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Prologue - The machine inside the light
switch

Flip a switch anywhere on earth and there is a fair chance that,
somewhere far away, a wheel of steel has just been asked for a
little more. Hidden inside a plain hall at the far end of a
transmission line, steam at a temperature that would soften
glass is pouring through rows of blades shaped like the wings of
birds, and a shaft weighing as much as a house is turning fifty or
sixty times every second. That wheel is a steam turbine, and it is,
by an enormous margin, the hardest-working machine ever
built.

We notice the things electricity does. We almost never notice the
thing that does electricity. The lamp, the screen, the motor, the
charger: these are the actors on the stage. The steam turbine is
the stage itself. In 2025 the world generated about 32,000
terawatt-hours of electricity, and the great majority of it, from
coal, gas, nuclear, geothermal and solar-thermal plants, was
born inside a spinning steam turbine [T9]. Even in an age that
celebrates the solar panel and the wind blade, the single most
common way humanity turns heat into light is still a jet of steam
pushing against a curved piece of metal.

This is a book about that machine: where it came from, who
imagined it, what it is made of, who makes it, and what it has
quietly done to the human story. It is also a book about an idea
so simple that a child can hold it and so deep that two centuries
of thermodynamics grew up to explain it. Boil water. Aim the
steam at a wheel. Catch the wheel's turning and put it to work.
Everything else, the empires of coal and uranium, the skylines,
the shipping lanes, the factories, is elaboration.



The Industries of India method is to take one item and follow it
completely: its first invention, its science, its industry, its
economics, its future. The steam turbine rewards that treatment
like few subjects can. It was invented twice in the same decade
by two men who never collaborated, a Swede chasing cream and
an Anglo-Irish aristocrat chasing speed. It went from a
laboratory curiosity to the engine of the British Grand Fleet in
barely twenty years. It made electricity cheap enough to be a
utility and then a right. Today a single one of these machines can
power a city of millions, and the handful of forges on earth that
can make its largest rotors have become a quiet strategic asset
that governments watch like ports or pipelines.

A word about what this book is not. It is not a textbook, though it
respects the physics enough to explain it properly. It is not a
company history, though companies fill its later chapters,
because the turbine industry is one of the oldest continuous
industrial stories there is. And it is not an argument about
energy policy, though the turbine sits at the centre of the largest
argument in energy, because nearly every plan for the future of
electricity, green or otherwise, still involves boiling water
somewhere and spinning one of these wheels.

Start with the material fact. Somewhere near you, right now,
water is being boiled at industrial scale so that a blade can be
pushed. That is worth understanding. The story begins, as so
many industrial stories do, with a toy that nobody could find a
use for.



PART I - THE LONG WAIT



Chapter 1 - The toy on the temple steps

The first steam turbine in recorded history did no work at all,
and that is the most instructive thing about it. Sometime in the
first century of the common era, in the city of Alexandria, a
teacher of mechanics named Hero described a small copper
sphere mounted between two pivots over a fire. A pipe fed
steam from a covered cauldron into the sphere, and two short
bent tubes, pointing sideways in opposite directions, let the
steam escape. When the water boiled, the jets pushed backward
on their own nozzles and the sphere began to spin, faster and
faster, for as long as the fire lasted. Hero called it nothing
special; we call it the aeolipile, the ball of Aeolus, the wind god
[T8][T10].

Hero was not trying to power anything. His book, the
Pneumatica, is a catalogue of wonders: temple doors that open
by themselves when a fire is lit on the altar, statues that pour
libations, trumpets that sound when a door swings. The aeolipile
sits comfortably among them, a demonstration of the strange
strength of heated air and water vapour. In Hero's Alexandria, a
spinning ball driven by an invisible force was a marvel for a
festival, proof that the gods' breath could be bottled. The idea
that it might pump a mine or turn a millstone does not seem to
have crossed anyone's mind, and it is worth pausing on why,
because the reasons are the same reasons the steam turbine had
to wait eighteen centuries for its second life [T10].

First, materials. A useful engine must hold pressure, and ancient
metallurgy made vessels that were weak, heavy, and prone to



splitting. Hero's cauldron ran at little more than a simmer.
Second, speed without use. The little sphere spun far too fast to
be coupled to any machine the ancient world possessed, and
there were no reduction gears precise enough to tame it. Third,
and most quietly, there was no need pressing on the problem.
The Mediterranean economy ran on human and animal muscle,
waterwheels where the rivers allowed, and wind where the
coasts allowed. Nobody was short of a way to grind grain badly
enough to reinvent fire. The aeolipile was a solution with no
problem attached, so it remained what it was: a beautiful,
useless demonstration of a true principle [T10].

Yet the principle was completely stated, right there in the first
century. A jet carries force. Direct it sideways from a spinning
body and the body turns. Every reaction turbine built since,
including the giants that generate a city's worth of electricity, is
Hero's sphere with better metal and better mathematics. The
history of technology is full of inventions that arrived before
their supporting cast, and the steam turbine may be the extreme
case: an idea that waited through the fall of Rome, the whole of
the Middle Ages, and most of the Renaissance for the world to
catch up.

The wait was not entirely empty. In the sixteenth century the
idea resurfaced, as good ideas do, in a kitchen rather than a
temple. Taqi al-Din Muhammad ibn Ma'ruf, the Ottoman
astronomer and engineer who ran the Istanbul observatory
under Sultan Murad III, described around 1551 a device for
turning a roasting spit: steam rising from a boiler struck vanes
on the rim of a wheel, and the wheel, through gearing, rotated
the meat above the fire. It is the first known description of an
impulse turbine, a wheel pushed by a jet aimed at it from
outside rather than spun by its own escaping steam. Taqi al-Din's
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context was practical, even humble: he wanted an even roast
without a boy standing by the fire. There is no evidence the
machine spread beyond his manuscript, but the impulse
principle, the second of the two great turbine principles, was
now also on paper [T11].

Then, in 1629, an Italian engineer named Giovanni Branca
published a book in Rome with a title that translates as
Machines and Various New Inventions. Branca was an architect,
the keeper of works at the shrine of Loreto, and his book is a
treasury of mechanisms: pumps, mills, hoists. One plate shows a
boiler shaped like a human head, the mouth blowing a jet of
steam against the vanes of a horizontal wheel, the wheel driving
pestles through a pair of toothed gears. Branca's design is the
first recognisable ancestor of the industrial turbine: boiler,
nozzle, bladed wheel, and, crucially, gearing to slow the wheel's
speed down to something a mechanism could use. Historians
doubt that the machine was ever built at full scale; the boiler of
1629 could not have sustained the jet for long. But the drawing
travelled, and with it the template: aim steam at a wheel, and
gear the wheel to the work [T8].

Notice what is missing from all three of these machines. None of
them had a theory. Hero, Taqi al-Din, and Branca worked from
the observation that steam pushes, and observation alone could
not tell them how hard it could push, or how much of the fire's
heat was being wasted, or why a faster jet pushed harder than a
slow one. There was no concept of pressure as a number, no
concept of heat as a quantity of energy, no concept of efficiency
at all. The scientific revolution was assembling those concepts
piece by piece in the same decades Branca was drawing his
boiler-head: Torricelli weighing the atmosphere with his
mercury tube in 1643, Otto von Guericke astonishing the
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Reichstag with his hemispheres, Boyle and Hooke compressing
air in their pump. Steam would become an industry only when
fire had become a science.

And there is one more thing to notice, because it is the thread
this whole book follows. Each of these early machines was a
rotary idea trapped in a world that could only use pistons. The
spinning wheel wanted a job that needed spinning, and for two
thousand years the economy's jobs, lifting water, crushing ore,
driving bellows, were all back-and-forth jobs. The turbine's
moment would come only when a new kind of work appeared
that wanted exactly what the turbine was: smooth, continuous,
high-speed rotation. That work was electricity, and it arrived in
the nineteenth century like an answer to a question Hero had
asked in the first. Before we get there, we have to watch the
piston have its century, because the steam engine everyone
knows, the hissing, clanking beam engine of the Industrial
Revolution, is both the turbine's parent and the thing it replaced.

The piston's century began with a mine problem. As the
seventeenth century closed, the tin and coal mines of England
were flooding faster than horses and buckets could drain them.
The need was real, priced, and urgent, exactly the condition
Hero's world had lacked. A military engineer named Thomas
Savery patented a steam pump in 1698, the "Miner's Friend",
which sucked water up by condensing steam in a chamber and
then blew it higher with steam pressure; it was dangerous and
shallow-working, but it was the first machine sold to do steam's
work [T12]. Then, around 1712, an ironmonger from Dartmouth
named Thomas Newcomen put the pieces into the arrangement
that would actually work, and the age of steam began in earnest,
on the piston's terms [T13].
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The manuscript that almost disappeared

Hero's Pneumatica itself survived by the thinnest of threads,
copied and recopied through Byzantine and Arabic hands until
Renaissance printers put it back into circulation in the sixteenth
century. The aeolipile’s second career began as a citation:
engineers of the early modern world read Hero not as a
museum piece but as a colleague. When Branca drew his boiler-
head in 1629, he was working in a tradition that treated the
Pneumatica as a live engineering text, and when seventeenth-
century natural philosophers wanted to argue about the power
of steam, the little sphere was their shared reference point. It is
one of history's quiet jokes that the most-cited machine of
classical antiquity was one that never did a day's work [T8][T10].

Nor was Hero's sphere the only rotary steam device of the pre-
industrial centuries. In 1672 Ferdinand Verbiest, the Flemish
Jesuit astronomer at the court of the Kangxi Emperor in Beijing,
described and apparently built a small steam-jack trolley: steam
from a boiler struck a wheel, and the wheel drove a toy cart, a
demonstration for the imperial court. Around the same decades,
English writers like John Wilkins were describing steam jacks
for turning spits, in the same tradition as Taqi al-Din's kitchen
machine of a century earlier. And James Watt himself, with the
ink on his engine patents still fresh, sketched a reaction turbine
in 1775, an enclosed wheel driven by the reaction of escaping
steam, intended as an alternative to his own pistons. It was built
at Soho and it worked, more or less; it leaked, it was hard to feed
and harder to control, and Watt, with a factory full of engines to
sell, set it aside. The idea kept knocking; the century kept
answering "not yet" [T8].

Why the piston won the first round
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It is worth being precise about what the pre-industrial world
could not do, because each incapacity is a chapter of this book.
Boilers: before rolled plate and machine-driven rivets, a boiler
was a riveted or brazed copper shell fit for a simmer, not a
pressure; every pre-1800 steam device ran close to atmospheric
pressure, which meant weak steam and feeble jets. Bearings:
before Babbitt's white metal and precision boring, a shaft at
high speed simply seized. Gearing: before Maudslay's screw-
cutting lathe and the machine-tool tradition it founded, gears
were cast, not cut, and a cast gear at turbine speed is a bomb.
And metrology: before the pressure gauge, the tachometer and
the thermometer became workshop instruments, nobody could
even see what a fast machine was doing. The turbine did not
merely need inventing; it needed an entire supporting
civilisation of metal and measurement, and that civilisation is
what the eighteenth and nineteenth centuries built [T13][T14].

Chapter 2 - Fire engines

The machine that actually launched the age of steam had no
turbine in it, and no real theory either, and both facts matter.
Thomas Newcomen was an ironmonger in Dartmouth, in the
west of England, a supplier of tools to the tin mines of Devon
and Cornwall, and he knew his customers' central misery: the
deeper a mine went, the more water it made, and the more
horses and whims and buckets you needed to lift the water out
before you could get at the ore. Around 1712, at the Conygree
Coalworks near Dudley Castle in the Black Country, Newcomen
erected the first engine that really worked, and for the next sixty
years his design, the atmospheric engine, was what the world
meant by a fire engine [T13].
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It is worth understanding how it worked, because the steam
turbine is, in a sense, the answer to every weakness the
atmospheric engine displayed. Newcomen's engine had a single
open-topped cylinder with a piston in it, chained to one end of a
great rocking wooden beam; the other end of the beam went
down the mine shaft as pump rods. Steam from a boiler filled
the cylinder, pushing nothing, just filling the space at barely
more than atmospheric pressure. Then a jet of cold water
sprayed into the cylinder, the steam collapsed back into water;,
and the vacuum that formed let the weight of the atmosphere
itself shove the piston down. The beam rocked, the pump rods
lifted, and the mine breathed out a stroke of water. Then the
cycle repeated: steam in, spray, collapse, stroke. The steam was
not the working force; the atmosphere was. Steam was only a
way to make and unmake a vacuum [T13].

The machine was enormous, slow, and hungry. Early engines
made perhaps ten or twelve strokes a minute, and their thermal
efficiency, the share of the coal's heat that came out as useful
work, was well under one percent. But coal at a pithead was
nearly free, and a drowned mine was worth a fortune, so the
arithmetic worked. Newcomen engines spread through the
British coalfields and then to the continent; by the time the
design was sixty years old there were hundreds of them, rocking
away at mines from Cornwall to Hungary, and the basic
arrangement had barely changed. The engine had a rhythm you
could hear a mile off, and it taught two generations of engineers
the practical arts of boilers, cylinders, valves and cast iron. What
it could not teach them was why it worked, because nobody yet
understood heat. That would come, and Chapter 5 tells that story
[T13].
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The man who made the first great improvement did come at it
through measurement, and this is where the story starts to feel
modern. James Watt was a maker of mathematical instruments
at the University of Glasgow, asked in 1763 or 1764 to repair a
model Newcomen engine used in demonstrations. The model
behaved badly: it swallowed steam and gave back little. Watt,
being an instrument maker, measured it, and found the design's
hidden crime. Every stroke, the cylinder had to be heated by the
steam and then chilled by the condensing spray, over and over,
and most of the steam's heat went into re-warming the metal
walls rather than pushing the piston. The cylinder was being
alternately cooked and quenched dozens of times an hour, and
the coal bill was paying for the temperature swings of the iron
itself [T14].

Watt's fix, conceived, by his own famous account, on a walk
across Glasgow Green in 1765, was beautifully simple: keep the
cylinder hot all the time, and condense the steam somewhere
else. A separate vessel, kept permanently cold, connected to the
cylinder by a valve; the steam rushes into the cold space and
collapses there, while the working cylinder never cools. The
separate condenser roughly tripled the engine's economy at a
stroke: a finished Watt engine used about 75 percent less fuel
than a comparable Newcomen engine [T14]. Suddenly steam
power did not need a pithead. It could live anywhere, and that
meant it could drive anything.

Getting from the idea to the machine took Watt a decade of debt
and difficulty, and it is here that the story acquires its industrial
cast. His backer John Roebuck went bankrupt; his debts were
taken up by Matthew Boulton, the Birmingham manufacturer
whose Soho works were the wonder of the age. Parliament
extended Watt's 1769 patent; Boulton's capital and Watt's
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invention became the partnership of Boulton & Watt in 1775.
The new engines still needed one more thing before they could
power factories: rotary motion. The mine engines rocked a
beam; mills needed a turning shaft. Watt added his sun-and-
planet gear (a dodge around someone else's crank patent), the
double-acting cylinder, the centrifugal governor that watched
the engine's speed and trimmed the steam, and the parallel
motion that kept the piston rod straight. By the 1780s the
rotative steam engine existed, and the Industrial Revolution had
its prime mover [T14].

Now step back and look at what the piston engine actually is,
mechanically, because the turbine can only be understood as its
opposite. A reciprocating engine is a start-stop machine. The
piston accelerates from rest at the top of the stroke and comes to
rest again at the bottom, hundreds of times a minute, and every
moving part shares that punishment. The forces reverse every
stroke; the bearings hammer on one side and then the other; the
whole engine shakes against its foundations, which is why steam
engines sat on mountains of masonry. Speed is limited not by
steam but by the violence of reversal: push a piston engine
faster and it beats itself to pieces. And the motion it makes is, at
root, a reciprocating motion bent into a circle by a crank, with
all the side-thrusts and uneven torque that bending involves.

For seventy years this did not matter, because the work was slow
work. Pumping, winding, mill-driving, locomotion: none of it
needed more than a few hundred revolutions a minute. Then, in
the 1830s and after, Michael Faraday showed that a conductor
moving in a magnetic field makes current, and by the 1870s and
1880s inventors on both sides of the Atlantic were building
dynamos and dreaming of electric light. A dynamo is a rotary
machine by nature. Worse, it is a fast rotary machine: the early
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generators wanted to turn at speeds that made piston engineers
blanch, hundreds or thousands of revolutions per minute,
smoothly, hour after hour [T8].

You can belt a dynamo to a steam engine, and people did; the
first power stations, including Edison's Pearl Street station of
1882, ran their dynamos off reciprocating engines. But the
mismatch was fundamental and it got worse as generators grew.
A big dynamo wanted a shaft that spun fast and true; a big
piston engine wanted to lumber and shake. Belts slipped and
snapped. The engine's cyclic torque made the generator's output
tremble. The larger the electrical load, the more absurd the
marriage became: here was a load that was, for the first time in
the steam age, naturally rotary and naturally fast, chained to a
prime mover that was naturally reciprocating and naturally
slow.

There was a second mismatch too, a thermodynamic one. High-
pressure steam, which engineers were learning to make through
the nineteenth century as boiler plates and riveting improved, is
a fluid that wants to expand continuously and gently through a
great range of pressure. A piston can only capture a slice of that
expansion per stroke; compound engines chained two, three,
even four cylinders to catch more of it, at the cost of more iron,
more valves, more friction. A jet of steam expanding through a
well-shaped passage, by contrast, converts heat into speed in
one smooth rush, and a wheel that intercepts that jet has no
stroke to reverse, no dead points, no reciprocating mass at all.
The physics of steam and the physics of the piston were quietly
at odds, and the better the steam got, the louder the
disagreement [T15].

So by about 1880 the stage was fully set, and every condition
Hero's world had lacked was now present. There was a need: the
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electrical industry crying out for a fast, smooth prime mover.
There was fuel arithmetic: coal cost money everywhere, so
efficiency mattered, and the piston was nearing its limits. There
was metallurgy: cheap steel after Bessemer and Siemens-Martin,
machine tools that could bore a true cylinder or cut a precise
gear, gauges that could measure pressure and speed. And there
was theory, or nearly: the new science of thermodynamics, born
in part from studying the steam engine itself, was ready to
explain what a jet of expanding steam could do.

What the moment wanted was someone to take the old toy
seriously, to aim steam at a wheel and refuse to stop until the
wheel did honest work. In the event, two somebodies did it at
once, independently, in different countries, from opposite
principles, in the same handful of years. One was a Swedish
doctor of philosophy trying to spin the cream out of milk. The
other was a mathematician's son from the Anglo-Irish gentry
who wanted, among other things, to make ships go faster than
any ship had ever gone. Between them, in the decade of the
1880s, they invented the steam turbine, twice [T4][T8].

The piston's golden age

Before we leave the reciprocating engine, it deserves its portrait
at full power, because the machine the turbine replaced was not
the lumbering Newcomen but its magnificent descendants.
Cornwall, where coal was dear and mines deep, turned
efficiency into a sport: engineers published their engines' "duty",
the foot-pounds of work extracted from a bushel of coal, and the
numbers climbed like athletics records. Early Watt engines
managed a duty of twenty million foot-pounds per bushel; the
Cornish improvements, insulated boilers, expansive working,
Richard Trevithick's heresy of strong steam, carried the figure
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past thirty million, and by the 1810s high-pressure engines were
approaching fifty million. Duty was thermodynamics before
thermodynamics: an empirical efficiency league table, and the
best evidence that Watt's condenser plus strong steam plus
expansion was the right road [T43].

The apogee came from America. George Henry Corliss of
Providence, Rhode Island, patented his valve gear in 1849,
rotary valves with variable timing that let steam into a cylinder
in precisely measured breaths, and his engines became the
standard of the world's exhibitions. The climax was the
Centennial Engine of 1876: forty-five feet tall, cylinders of forty-
four-inch bore and ten-foot stroke, a thirty-foot flywheel, 1,400
horsepower, powering every exhibit at the Philadelphia
Centennial Exhibition through more than a mile of shafting,
started at the opening ceremony by President Grant and the
Emperor of Brazil. It was the most famous machine in the world,
the piston engine as high cathedral. It was also, though nobody
said so yet, a dead end: everything about it was slow, heavy,
reversing iron, and the future belonged to something that could
not have looked less like it [T44].

The electric summons

The customer that killed the piston arrived on 4 September
1882, when Edison's Pearl Street Station began service in a 50-
by-100-foot site at 255-257 Pearl Street in Manhattan, the first
commercial central power plant in the United States. Its
dynamos, the "Jumbos", were driven by Porter-Allen
reciprocating engines, and the whole apparatus, dynamos,
wiring, meters, lamps, was Edison's system as much as his
invention. Pearl Street is usually told as the birth of the grid,
which it was; for our story it is something else: the first time a
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steam plant existed to feed a rotary electrical load. The
mismatch was immediately visible. The engines' governors
hunted, the belts needed a building's worth of space, and the
dynamos wanted speeds the engines could not give without
multiplying jackshafts. Within two decades the turbine would
arrive as the obvious answer, and the engine halls of the first
electrical age would be torn out for turbo-generators barely a
generation after they were built [T45].

Speed is the whole story in one number: a first-class Corliss
engine ran at under a hundred revolutions a minute; Parsons'
first turbine ran at 18,000. Between those two numbers lies the
entire mechanical culture shock of the 1880s [T17][T44].
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PART II - TWO INVENTIONS



Chapter 3 - The cream separator's child

Karl Gustaf Patrik de Laval did not set out to change the world's
power supply. He set out to spin milk, and the steam turbine
was, in the beginning, a means to that end. Born in 1845 into an
old Swedish military family, de Laval took a doctorate in
engineering at Uppsala and then did something few PhDs of his
day did: he went into industry and stayed there, moving
between the Swedish steel works and the drawing office,
collecting patents the way other engineers collected titles. By the
late 1870s he was absorbed by a problem from the dairy: cream
rises from milk, but slowly, and a farm cannot wait. If you spin
the milk in a drum, centrifugal force flings the heavier skim
outward and lets the light cream gather at the centre in minutes
rather than a day. In 1878 de Laval patented his continuous
centrifugal cream separator, and in 1883, with his partner Oscar
Lamm, he founded the company that became Alfa Laval to sell it
[T16][T4].

The separator worked, but it was a demanding child. To throw
cream out of milk you must spin the drum at several thousand
revolutions per minute, smoothly, for hours, in a dairy, by a
machine a farmer can run. The obvious prime mover of the
1880s was the small steam engine, and it was hopeless at the job:
too slow, too shaky, too needy. What de Laval wanted was a shaft
that turned very fast and very true, driven by steam, with as few
moving parts as possible. The old toy gave him his answer. Do
not push a piston with steam; blow the steam at a wheel. In 1883
he filed the patent that history remembers: a turbine wheel

23



driven directly by jets of steam, the steam doing its work by
impact, by impulse [T4].

Read de Laval's 1883 United States patent today and you can still
feel the freshness of it. The turbine wheel is mounted on a
slender shaft; steam, admitted through stationary nozzles,
strikes curved buckets on the wheel's rim; the jet's whole
velocity is surrendered to the buckets, and the spent steam falls
away at low pressure. The beauty of the arrangement is its
simplicity. In what we now call an impulse turbine, all of the
pressure drop happens in the nozzles, not across the moving
wheel. The casing around the wheel holds no pressure to speak
of; the wheel itself is just a disc with scoops on it, spinning in a
draught of spent steam. No seals under pressure, no delicate
axial clearances, no piston, no valves, no reversing mass. A
machine reduced to a jet and a wheel [T4][T8].

But simplicity on paper is terror in the workshop, and de Laval's
turbine forced him to solve, one after another, problems that no
engineer had ever needed to solve before. The first was speed
itself. To extract work efficiently, the buckets must move at a
good fraction of the jet's speed, and a jet of steam from even a
modest boiler moves at hundreds of metres per second. De
Laval's wheels ran at 10,000, 20,000, eventually beyond 30,000
revolutions per minute, at a time when the fastest machinery in
ordinary industry turned in the low hundreds. At such speeds
centrifugal force tries to tear the wheel apart from the inside;
the rim of a turbine wheel at these revolutions carries stresses
no flywheel had ever survived. De Laval answered with the
strongest steels he could get, with wheels kept small in diameter,
and with shapes refined by trial until they held together [T16].

The second problem was subtler and its solution more elegant.
Any shaft has natural speeds at which it wants to wobble, what
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we now call critical speeds, and a wheel spun through its critical
speed can shake itself to destruction. The conventional wisdom
of the day was to make shafts stiff and stay below the critical
speed. De Laval went the other way. He made his shafts
deliberately slender, flexible, so that the machine could
accelerate through the critical speed quickly and settle into the
calm region above it, where the wheel, remarkably, spins about
its own centre of mass and runs truer the faster it goes. It is one
of the lovely counter-intuitive discoveries of mechanical
engineering: the whippy shaft outruns the stiff one. Every
modern turbomachine, from jet engines to the giants in power
stations, lives with critical speeds on de Laval's terms [T16].

The third problem was the jet. Steam leaving a simple
converging nozzle can never exceed the speed of sound in
steam; it chokes, and no extra pressure helps. De Laval found,
and in 1890 perfected, the nozzle that bears his name: a passage
that first narrows, then flares. In the throat the steam reaches
sonic speed; in the flare, expanding and cooling, it accelerates
beyond it, converting pressure into a supersonic river of vapour
that strikes the buckets with tremendous effect. The de Laval
nozzle is the same shape, physics and all, that later sat at the
back end of every rocket that ever flew; it was invented for a
dairy machine [T16].

Even geared down, de Laval's turbines were small machines,
tens or hundreds of horsepower, driving his separators, pumps,
blowers, and small dynamos. They were expensive in steam: a
single-stage impulse wheel throwing away fast-moving exhaust
is wasteful, and the early de Laval sets had efficiencies that
made station engineers smile. The Swede had built the world's
first practical steam turbine, but he had not built the turbine
that would electrify the world. That required the opposite
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principle, more stages, and a man who thought in infinite series
[T8].

Still, never undersell what de Laval did. He was first to make the
spinning wheel do steady, saleable, industrial work. He proved
that steam could be turned directly into rotation at fantastic
speed, that flexible shafts and supersonic jets were not monsters
but tools, and that a turbine could run all day in a dairy without
a mechanic standing over it. His firm prospered; his separators
went around the world; his nozzle went, eventually, to the
Moon. And his principle, impulse, did not die. It went into the
first turbines of General Electric and lives today in the control
stages of nearly every large turbine running, as we will see [T8]
[T17].

The physics of the jet, in one breath

De Laval's machine is worth one careful paragraph of physics,
because everything later stands on it. Steam in the boiler holds
energy as pressure and heat. In the nozzle, that energy becomes
speed: the fluid accelerates through the converging passage, and
at the narrowest section, the throat, it reaches the speed of
sound in steam. Beyond the throat a simple tube would do
nothing more; de Laval's flare lets the steam keep expanding,
and in expanding it accelerates past sonic speed, cooling as it
goes. The jet that leaves is a river of vapour moving at hundreds
of metres per second, and its kinetic energy is what the wheel is
invited to catch. The buckets on the wheel's rim turn the jet
nearly back on itself; the change in the jet's momentum is the
force that drives the wheel. For a single impulse wheel, ideal
theory says the buckets should run at about half the jet's speed,
and that the best possible efficiency of the stage is capped by the
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square of the cosine of the jet's angle, which is why real nozzles
are set as close to the wheel's plane as metal allows [T8][T16].

The elegance is that the moving parts see no pressure difference
at all. The wheel spins in steam that has already spent its push.
That is why an impulse turbine's casing can be light, why it
tolerates dirty or wet steam that would wreck fine clearances,
and why, a century and a half later, the first stage of almost
every great turbine in every power station is an impulse stage, a
Curtis wheel or a nozzle-governed row, standing guard at the
inlet where the steam is hottest and meanest. De Laval's brute of
a wheel turned out to be exactly the right gatekeeper [T8][T18].

A business built on spinning

The separator made de Laval wealthy and the turbine made his
company durable. The firm he founded with Oscar Lamm in
1883 built its fortune on centrifugal separation and the
machinery around it: separators for every dairy in Europe, then
the world; milking machines; and the small turbines that drove
them where electricity had not yet arrived. De Laval himself
held dozens of patents and died in 1913; the company,
reorganised as Alfa Laval, is a global engineering firm to this
day, still headquartered in Sweden, still making separation and
heat-transfer equipment. The steam turbine industry, which de
Laval effectively founded, remembers him mostly through the
nozzle and the principle; the dairy industry remembers him as
the man who mechanised it. Few inventors have founded two
industries with one insight about spinning things fast [T16].

Chapter 4 - The quiet Irishman
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If de Laval made the turbine violent and simple, Charles
Algernon Parsons made it gentle and complete. The two men
never worked together, barely acknowledged each other, and
approached the same machine from opposite ends, which is why
the history books say, correctly, that the steam turbine had two
independent inventors in one decade [T8].

Parsons was born in 1854 into a family that mixed aristocracy
with workshop grease in a way only Victorian Ireland could
manage. His father, the third Earl of Rosse, was president of the
Royal Society and the builder of the Leviathan of Parsonstown, a
six-foot telescope that for seventy years was the largest in the
world; Charles grew up in a castle where the stables had been
converted into foundries and the guests were astronomers. He
read mathematics at Cambridge, rowed, and then, instead of
taking up a gentleman's orbit, apprenticed himself to engineers.
By 1884 he was a junior partner at Clarke, Chapman and
Company of Gateshead, makers of marine engines and pumping
sets on Tyneside, and he was thinking about speed [T17].

His thinking ran like this. De Laval's impulse wheel threw the
whole pressure drop into a single roaring jet and caught what it
could with one wheel; the jet is supersonic, the wheel screams,
and a great deal of the steam's energy leaves with the exhaust.
Parsons wanted the steam to walk down its pressure staircase
step by step, giving up a little speed and a little push at each
tread. His turbine was a drum carrying many rows of blades,
dozens of them, alternating with fixed rows mounted in the
casing. Steam expands slightly through every row, fixed and
moving alike, so that pressure itself pushes the blades around:
the reaction principle, Hero's principle, multiplied into a long,
calm axial procession. No supersonic jets, no single screaming
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wheel; just a smooth gradient of pressure flowing through a
forest of blades, each row taking its small share [T8][T17].

In 1884 Parsons patented the design and built the first machine.
It was tiny: a few feet long, connected to a dynamo of his own
design, turning at 18,000 revolutions per minute and generating
7.5 kilowatts, about ten horsepower. Its thermal efficiency was
dismal, around 1.6 percent, worse than a good Watt engine of a
century earlier. By every commercial measure it was a failure,
and by every historical measure it was one of the most
consequential prototypes ever run, because everything essential
was already there: the staged reaction blading, the direct-
coupled dynamo, the astonishing, unshakeable smoothness of
rotation. Contemporaries who saw it run used the same word
over and over: quiet. A machine of the steam age that did not
clank [T17][T8].

Parsons understood exactly what he had and where it had to go.
The turbine's destiny was not to compete with the little engines
of factories; it was to be bolted directly to the new electrical
generators and to grow. Through the late 1880s he developed the
machine at ferocious pace, first at Clarke Chapman and then,
after a bitter parting that cost him the temporary use of his own
patents, at his own firm, C. A. Parsons and Company, founded in
1889 in the Heaton works in Newcastle upon Tyne. He put a
condenser on the exhaust so the steam could expand to below
atmospheric pressure, nearly doubling what each pound of
steam could give; he refined the blading; he built ever larger
dynamos to match. In 1890 the Newcastle and District Electric
Lighting Company opened Forth Banks power station in
Newcastle, the first power station in the world built around
turbo-generators, and the turbine stopped being a laboratory
marvel and became public infrastructure [T17].
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The numbers that followed belong to one of the steepest scale-
ups in industrial history. From 7.5 kilowatts in 1884, Parsons'
machines passed 100 kilowatts within a few years, then a
thousand, then tens of thousands. By the time of his death in
1931, units of 50,000 kilowatts, fifty megawatts, were running;
the capacity of a single machine had grown about ten-thousand-
fold within one inventor's lifetime, and turbo-generators built
by Parsons and his licensees already made the great majority of
the world's new electrical power [T8]. Efficiency climbed from
that humiliating 1.6 percent to figures the best reciprocating
engines could not touch, and the cost of a kilowatt-hour fell year
after year. Cheap electricity, the kind that built the twentieth
century, is in large part the story of those curves.

Parsons also had the industrialist's instinct for multiplication.
He licensed the patents widely: to Westinghouse in America, to
the great continental electrical houses, and each licensee pushed
the design into its own markets. The turbine was too good to
keep. Within twenty years of the 1884 prototype, reaction
turbines of Parsons type and impulse turbines of de Laval and
Curtis type were being built by every major electrical
manufacturer on earth, and the steam engine's long reign had
an official successor [T8][T18].

And the quiet Irishman was not finished. Having conquered the
power station, he looked at the sea, where ships still crawled at
the speed of pistons, and decided his wheel belonged there too.
That story, the fastest yacht in the world, a gatecrashed naval
review, and the accidental discovery of cavitation, deserves its
own chapter. It gets one [T1][T2].

The mathematics of gentleness
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Parsons' reaction staging deserves its own careful paragraph,
mirror to de Laval's. In a reaction stage there is no screaming
jet. Each row of fixed blades accelerates the steam a little; each
row of moving blades is itself shaped like a ring of nozzles, so
that the steam accelerates again as it passes through, and its
reaction, its recoil, pushes the wheel around. Pressure falls
smoothly across every row, fixed and moving alike, which is
why a Parsons machine carries so many rows: the whole
expansion from boiler pressure to condenser vacuum is divided
into dozens of modest steps, each step gentle enough for the
blades to catch efficiently at civilised wheel speeds. Where de
Laval concentrated the fall into one violent leap, Parsons spread
it into a staircase. The reaction principle also carried a hidden
tax: because pressure differs across the moving rows, steam
constantly tries to leak past blade tips and shaft, and to shove
the rotor bodily downstream. Parsons' machines needed fine
clearances and heavy thrust bearings to pay that tax; his heirs
spent a century learning to pay less of it [T8][T17].

The business of Newcastle

The industrial story matters as much as the physics. After the
1888 split with Clarke Chapman, in which Parsons lost the use of
his own turbine patents and had to rebuild around a radial-
outflow design, he recovered the patent rights in 1894 and built
C. A. Parsons and Company into the anchor firm of Tyneside's
engineering economy. Forth Banks, opened in 1890 for the
Newcastle and District Electric Lighting Company, was the
world's first power station built for turbo-generators; the
machines were small by later standards, but the station's
importance is what it proved: a public utility could run on
turbines, continuously, at a cost that electric lighting companies
could sell. From Newcastle the machines went out under license
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to the world: Westinghouse in America, the German and Swiss
houses in Europe. Parsons himself kept inventing to the end,
searchlights, optical glass, an amplified gramophone, and died in
1931 on a cruise ship in the West Indies, having watched his 7.5-
kilowatt prototype's grandchildren pass fifty megawatts [T17]
[T3].

The third cradle

It is tempting to read the turbine's birth as a two-man story, a
Swede and an Irishman dividing the machine between them, but
the truth is better: once the conditions existed, the invention
happened everywhere. In France, the same idea arrived by a
road that began underground. Auguste Rateau, born at Royan in
1863, trained at the Ecole Polytechnique and the Ecole des
Mines, and made his first reputation in mine ventilation: the
problem of moving great volumes of air gently and efficiently
through pits and galleries. Fans taught him what de Laval's
cream jets and Parsons' generators taught them, that rotating
machinery is a dialogue between a fluid and a shaped passage,
and in 1896 he patented a multi-stage impulse steam turbine
that brought him instant standing in the engineering world. At
the Paris Exposition of 1900, the same fair where Parsons'
Turbinia was shown, Rateau exhibited a turbine installation for
a torpedo boat [T62].

Where de Laval had stacked speed on a single wheel and
Parsons had stacked wheels along a shaft, Rateau stacked
pressure stages, each taking its modest, manageable fall: his
name survives in the vocabulary of the machine itself, for a
pressure-staged impulse section is still a Rateau stage in every
design office. In 1903 he founded the Societe Rateau, which grew
to employ some three thousand people with branches across
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Europe, and though the steam turbine stayed his first love, his
firm became as important in what it moved as in what moved it:
his compound centrifugal compressors, including the great
Brown Boveri-built machines for the experimental 1906
Armengaud-Lemale gas turbine, are ancestors of every turbo-
compressor and turbocharger running today. He ended, fittingly,
in the air: a Rateau turbocharger on a Renault engine took a
Breguet 14 to a world altitude record after the First World War.
The American Society of Mechanical Engineers elected him an
honorary member in 1919, one of the few foreigners so
honoured [T62].

The pattern matters more than the biography. In Sweden,
Britain, France and America, within two decades, four
independent traditions worked out the same machine from four
different trades: separators, generators, mine fans, and, with
Curtis in America, the electric utility itself. That is not
coincidence. It is what a ripe idea looks like: the boilers, steels,
instruments and needs of the 1880s made the steam turbine not
so much invented as discovered, simultaneously, by everyone
who was listening to steam [T62].

Chapter 5 - Catching up with the theory

There is a comfortable myth that science explains and then
engineers apply. The steam engine's century ran the other way.
The machines came first, built by men who knew that steam
pushed and had no idea why; the science of heat was assembled
afterward, largely by staring at the machines and asking what
they were doing wrong. A saying attributed to the physicist L. J.
Henderson has it that science owes more to the steam engine
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than the steam engine ever owed to science, and through most
of the nineteenth century that was simply the truth. The steam
turbine changed the relationship. It was the first great heat
engine built after the theory existed, the first to be designed with
the equations in hand, and the machine whose economics then
forced the theory to sharpen itself into an engineering tool [T19].

Carnot's waterfall

The theory begins with a young French officer of engineers, Sadi
Carnot, and a short book he paid to print in June 1824:
Reflections on the Motive Power of Fire. Six hundred copies,
published in Paris by Bachelier; and almost nobody read it.
Carnot asked the question nobody had thought to ask in a form
anybody could answer: is there a limit to how much work a
given amount of heat can do? His answer, worked out with an
imaginary ideal engine, is one of the deepest results in all of
science. The work a heat engine can do depends not on the fluid,
not on the mechanism, not on the cleverness of the inventor, but
only on the temperatures between which it works. Heat does
work by falling from hot to cold, exactly as water does work
falling from high to low, and the size of the fall sets the limit. An
engine taking heat at temperature T1 and rejecting it at T2 can
convert at most the fraction (T1 - T2)/T1 into work, temperatures
counted from absolute zero. That is the Carnot limit, and no
machine, then or now, can beat it [T19].

Carry that one idea around a steam plant and everything about
it lights up. Why did Newcomen's engine waste nineteen-
twentieths of its coal? Because it accepted heat at barely above
boiling and rejected it barely below: a puddle-deep fall. Why did
Watt's condenser triple the economy? It deepened the cold side
of the fall. Why did engineers through the whole nineteenth
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century chase higher boiler pressures, and with them higher
steam temperatures? To raise the hot side. Why does every
power station on earth sit beside a river, a sea, or a pair of
sweating cooling towers? Because the cold side of the fall has to
be made somewhere, continuously, at colossal scale. The whole
shape of the industry, its siting, its hardware, its economics, is
Carnot's fraction wearing concrete [T15][T19].

Energy, accounted

Carnot still thought of heat as a fluid, the caloric, flowing like
water. The correction took twenty years and several
independent minds, and its working instrument was a brewer.
James Prescott Joule, of the Salford brewing family, spent the
1840s measuring heat with obsessive precision, and in 1843, and
more famously with his paddle-wheel experiment reported in
1845, he established the mechanical equivalent of heat: a fixed,
exact exchange rate between work and heat. Heat is not a
substance; it is energy in transit, and energy is conserved. A
falling weight stirring water warms the water by a calculable
amount; a steam engine cooling steam by a calculable amount
owes you work in return, to the joule. After Joule, the steam
plant became an accounting problem: every unit of heat in the
coal could be tracked into work, into the condenser, up the
chimney, or into the river, and good engineers began to keep the
books [T19].

The bookkeeping got its grammar from Rudolf Clausius and
William Thomson, later Lord Kelvin, in the 1850s and 1860s.
Clausius formalised the second law of thermodynamics and
gave the world entropy, the quantity that always grows and that
measures, in effect, how much of the heat has slipped beyond
recall. Kelvin gave the absolute temperature scale on which
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Carnot's fraction is computed. And a Glasgow professor of
engineering, William John Macquorn Rankine, put the
machinery of the new science into the engineer's pocket: his
manuals and his cycle, the Rankine cycle, described the actual
path of water and steam through boiler, engine, condenser and
pump, and remain, name and all, the standard description of
every steam power plant on earth [T15][T19].

The turbine makes it a tool

Here is where our machine re-enters. The reciprocating engine
could be built by rule of thumb and improved by tinkering; the
turbine could not. A turbine is a machine of continuous flow,
and everything in it, the expansion of steam through a nozzle,
the speed of a jet, the angle at which it should meet a blade, the
pressure that remains after each row, is calculable only through
the new thermodynamics. De Laval's nozzle of 1890 is
thermodynamics turned into brass: below the throat, steam
accelerates as it is squeezed; at the throat it reaches the local
speed of sound and chokes; beyond, in the flare, it expands into
supersonic speed, trading pressure and temperature for velocity
exactly as the equations say it must [T16]. Parsons' blading is the
same science at walking pace: divide the expansion into dozens
of small pressure steps, each step a modest velocity, and let
velocity diagrams, triangles of steam speed and blade speed,
decide the shape of every blade. The turbine was the first engine
whose parts were drawn from the equations outward.

The practical tool that made the new science daily-bread for
designers arrived in 1904, when Richard Mollier of Dresden
published his chart of steam's properties: enthalpy against
entropy, the heat content of steam against its disorder, with all
the lines of pressure and temperature drawn in. On a Mollier
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diagram a turbine expansion is literally a line you can draw
with a ruler; the length of the line is the work. A century of
turbine design has been, in one sense, the art of drawing good
lines on Mollier's chart [T20].

Then the industry got its textbook. Aurel Stodola, born in 1859 in
Liptovsky Mikulas, in what is now Slovakia, professor of
machine construction at the Federal Polytechnic in Zurich from
1892, published Die Dampfturbinen, The Steam Turbines, in
1903. It was the first complete scientific treatment of the
machine: the thermodynamics of the expansion, the fluid
mechanics of the jets and blades, the strength and vibration of
discs, the stresses in rotating shells, all in one disciplined
volume. It went through edition after edition, appeared in
English in 1927, and was still the standard reference when the
first American jet engines were designed around it; the same
book sits behind both the power station and the jet age. Stodola,
who had once computed steam tables in a Budapest factory,
became the tutor of everyone who built turbines afterward, and
his correspondence and advice run through the papers of half
the industry [T21].

What the theory bought

It is worth being concrete about what all this mathematics
purchased, because the purchase was not elegance but fuel. A
Carnot ceiling tells you what to aim at; a Mollier chart tells you
where you are; velocity triangles tell you what to fix. Between
Parsons' 1.6 percent of 1884 and the great reheat machines of
the mid-twentieth century lies a climb of more than twentyfold
in fuel economy, and every step of that climb, superheat, reheat,
feedwater heating, higher pressures, better staging, was a
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thermodynamic idea before it was a piece of hardware [T8]
[T15].

A few numbers mark the ladder, and they will recur through the
book:

Approx. thermal
Machine Era PP

efficiency

Newcomen atmospheric engine 1712- under 1%

1770s
Watt engine with separate 1780s about 2-4%
condenser
Best Cornish pumping engines mid-19th 10-17%

C.
Parsons' first turbine 1884 1.6%
Mature condensing turbines 1920s 20-25%
Reheat, high-pressure turbines 1950s 33-40%
Ultra-supercritical steam plants 2010s- 45% and beyond

2020s
Gas-steam combined cycle (steam as  2020s over 60% (whole
bottoming) plant)

[Sources: T13, T14, T17, T8, T22, T23]

The turbine did not merely inherit thermodynamics; it
completed the loop by giving the theory its most demanding
customer. Every percentage point in that table is a fortune in
coal not burned, and the hunt for points drove a century of
metallurgy, manufacturing and measurement as surely as it
drove the equations. The next chapter opens the machine up
and looks at the hardware those equations had to live inside.
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A worked example, kept honest

Make Carnot's fraction concrete, because it governs every design
decision in this book. Take steam admitted at 600 degrees Celsius
and a condenser at 30 degrees. Convert to absolute temperature:
873 and 303 kelvin. The Carnot ceiling is (873 - 303)/873, or about
65 percent. No real plant touches its ceiling; the actual best
steam plants deliver around 45 percent, the gap being the price
of real machinery: throttling, friction, moisture, the
impossibility of infinite heat-exchanger area. Now try Hero's
cauldron: steam at 100 degrees, rejection at 30, ceiling (373 -
303)/373, about 19 percent, before any losses. And the
Newcomen engine, condensing in the same cylinder it worked
in, could not even hold its ceiling's temperature difference. In
one equation you have the entire plot of Part I: the piston age
was thermodynamically doomed from the start, and every
engineering generation since has been paid to close the gap
between the machine and the ceiling [T19][T15].

The Rankine cycle, walked through

The working description of every steam plant is the Rankine
cycle, and it has only four steps. One: the feed pump squeezes
water to boiler pressure, the only place the cycle spends work.
Two: the boiler adds heat at roughly constant pressure, boiling
the water and then superheating the steam to its admission
temperature; this is where the fuel's energy enters. Three: the
turbine expands the steam down to condenser pressure, and the
enthalpy it surrenders becomes shaft work; this is where the
money is made. Four: the condenser rejects the remaining heat
to the cooling water at constant pressure, and the steam
collapses back into the liquid the pump can handle. On Mollier's
chart the four steps draw a lopsided loop, and the area of the
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loop is the work. Reheat splits step three into two falls with a re-
warming between; regenerative feed heating skims steam from
step three to pre-warm step one. Every plant in Part IV is that
loop, dressed in local costume [T15].

Stodola's students

The theory's last gift was a profession. After Stodola's book,
turbine design became a discipline with its own methods:
velocity triangles for the blades, critical-speed analysis for the
shafts, disc-stress equations for the wheels. Stodola's Zurich
chair taught a generation of European turbomachinery
engineers, and his influence crossed into the new gas turbines
and compressors of the 1920s and 1930s; when American firms
raced to build jet engines during the Second World War, the
English translation of Die Dampfturbinen was on their desks.
There is a straight line from a leather manufacturer's son in
Liptovsky Mikulas to both the power station and the jet age, and
it runs through one textbook [T21].
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PART III - THE MACHINE
LEARNS ITS TRADE



Chapter 6 - Anatomy of the machine

Stand beside a modern utility steam turbine and the first
surprise is that there is almost nothing to see. The machine is a
long, low, rivetless hull of casing, forty feet of it, humming like a
struck bell, with pipes the diameter of tree trunks feeding it and
a forest of smaller pipes, wires and lagging around it. Everything
that matters is inside, turning. Open the casing, which happens
rarely and with ceremony, and the machine reveals its logic:
steam enters at the small end as a dense, ferociously hot fluid
and leaves at the large end as a thin cold ghost of itself, and
every stage in between is sized to the steam's growing volume
and falling energy. The turbine is, in cross-section, the biography
of its working fluid.

The casings: a pressure vessel with a memory

A big turbine is not one cylinder but usually three or four in a
row, coupled on one shaft line: a high-pressure (HP) cylinder,
one or two intermediate-pressure (IP) cylinders, and one to four
low-pressure (LP) cylinders. The HP casing is a compact, thick-
walled steel pressure vessel, because it must hold steam at up to
250 atmospheres and 600 degrees Celsius and more; double
casings are common, an inner shell seeing the hottest steam and
an outer shell carrying the pressure, with the space between
filled by steam at an intermediate condition to keep thermal
stresses honest. The LP casings are the opposite: vast, thin,
fabulously fabricated hoods, because the steam there is a near-
vacuum vapour a thousand times more voluminous than when
it entered. Between them, the steam gives up its enthalpy, and
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the machine's shape, small hot end to enormous cold end, is
simply a map of that surrender [T8][T24].

The rotor: a shaft with a biography

The rotor is the heart and the hardest thing to make. In older
and smaller machines, wheels or discs were shrunk onto a shaft,
each disc carrying its row of blades. In large modern HP and IP
cylinders the rotor is a single solid forging, tens of tonnes of
vacuum-degassed steel with the blade grooves machined
directly into it, because at 600 degrees a shrunk fit creeps loose
over decades. In the LP end, welded rotors and shrunk discs still
serve, since temperatures are low but diameters are huge. The
rotor of a big machine is among the largest and most perfectly
finished forgings mankind makes, and Chapter 14 will show that
only a handful of forges on earth can produce the largest of
them. It spins at 3,000 revolutions per minute in a 50-hertz grid,
3,600 in a 60-hertz one, or exactly half that, 1,500 or 1,800, if it
serves a nuclear reactor, where the wetter steam favours slower
blades [T8][T24].

The blades: the business end

If the rotor is the heart, the blades are the hands. A large turbine
carries thousands of them, from stubby HP blades the length of a
finger to last-stage LP blades the length of a man and beyond.
Every one is an aerofoil, designed by velocity triangle and wind
tunnel to turn the steam's direction with minimum loss, and
every one lives a hard life: centrifugal pull of tonnes per blade at
the LP end, steam-borne moisture and erosion, vibration at
resonant frequencies that must be tuned away from the
machine's running speed. Blades are machined from forged
bars, or increasingly milled whole from solid blocks by five-axis
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machines; long blades are laced together at their tips with
shrouds and tie wires so they brace one another against
vibration. The last-stage blades are the machine's glory and its
limit. The Arabelle nuclear turbines run last-stage blades of 75
inches, sweeping an annulus the size of a small house; the
longer the last blade, the more exhaust area, the more of the
steam's last energy is caught, and the faster the tip screams
through the wet exhaust [T6][T8].

Two blade philosophies divide the whole machine, and we met
them in the inventors. In impulse staging, the pressure drops
only in fixed nozzles, the jet does the work, and the moving
blades merely change the jet's direction; de Laval's legacy. In
reaction staging, the moving blades are themselves nozzles,
pressure drops across them, and they are pushed by the steam's
reaction as much as struck by it; Parsons' legacy. Real large
turbines are compromises and marriages: a Curtis or Rateau
impulse control stage at the inlet, where pressures are
murderous and control must be precise, then long runs of
reaction blading where efficiency matters most [T8][T18].

The auxiliaries: the machine that keeps the machine

Around the blades runs a world of supporting cast, each
indispensable. Labyrinth glands, combs of thin metal teeth, seal
the shaft where it leaves the casing, leaking as little steam as
physics allows. Journal bearings, babbitted shells floating on
wedges of high-pressure oil, carry the rotor with a film thinner
than paper; a thrust bearing fixes its axial position to fractions
of a millimetre against the steam's push. Steam-admission valves
the size of coffins modulate the flow; emergency stop valves can
slam the machine to a halt in seconds if it overspeeds. A
governor watches the shaft speed and the grid's needs and trims
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the valves continuously; a turning gear creeps the rotor around
when the machine is off, so its own heat does not bow the shaft.
And at the exhaust end sits the condenser, a cathedral of brass or
titanium tubes with river or sea water running through them,
collapsing the spent steam back to water and pulling the
vacuum that deepens Carnot's fall. A large condenser passes tens
of thousands of tonnes of cooling water an hour; the visible
power station is mostly a machine for making that exchange
[T8][T24].

One machine's numbers

Abstractions aside, here is the sort of specification a modern
large machine carries, drawn from the industry's published
data:

Typical modern utility

Arabelle nuclear

Ttem machine machine

Output 300-1,000+ MW (fossil)  up to 1,900 MW

Speed 3,000/3,600 rpm 1,500/1,800 rpm (half
speed)

Steam inlet up to ~25 MPa, ~600 C  saturated, ~7 MPa,

Last-stage blade

Reliability claim

Units of this family

(USQ)
40-48 in steel/titanium

high 90s % availability

thousands built since
1884

[Sources: T5, T6, T22, T24]

~290 C
75in

99.96% reliability
figure published

50+ delivered or
ordered

Every item in that table is a battle won: the temperature against
creep, the speed against stress, the blade length against
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vibration, the vacuum against the weather. The chapters of Part
III tell how the machine learned each trade: first how to be
reliable at all, then how to be efficient, then how to conquer two
very different empires, the power station and the sea.

The governor's hundred years

The most quietly important organ in the machine is the one that
watches its speed. A turbine coupled to a grid must hold its
revolutions to the grid's heartbeat; lose load suddenly, say a
breaker opens, and a governor has seconds to cut steam before
the machine runs away toward the speed where the rotors
burst. The first turbines used centrifugal flyball governors,
Watt's own device miniaturised and geared to the shaft, moving
the admission valves through hydraulic relays. The twentieth
century layered on hydraulic and then electro-hydraulic control;
the present century uses digital governors reading speed, load,
pressure and temperature a thousand times a second, trimming
several valve sets independently, and logging everything for the
insurers. Through every generation the last line of defence has
stayed deliberately primitive: a mechanical overspeed bolt,
flung outward by centrifugal force at one hundred and ten
percent of rated speed, that trips the stop valves shut. When
everything electronic fails, the bolt is supposed to work. Usually
it does [T8][T24].

The condenser, the river and the towers

The condenser deserves a portrait of its own, because it is half
the machine thermodynamically and most of the civil works
physically. A large condenser is a box the size of a small house
filled with tens of thousands of tubes, titanium or brass or
stainless steel, with cooling water rushing through them and
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spent steam collapsing on their outer surfaces. The vacuum it
maintains, typically around 0.03 to 0.05 bar absolute, is what lets
the turbine complete Carnot's fall; every degree the cooling
water is colder is money. Where water is scarce, the cooling
tower takes over: the warm water is sprayed inside a hyperbolic
concrete chimney and the earth's atmosphere becomes the final
heat sink, the white plume being pure water vapour. Where
even towers are impossible, air-cooled condensers, radiators the
size of football pitches with fans beneath, do the job at a penalty.
The geography of power, the plants on estuaries and coasts and
great rivers, is the geography of this one heat exchanger [T8]
[T24].

Oil, and the art of standing still

Two more auxiliaries round out the machine's life support. The
lubrication system is a power station in miniature: pumps,
coolers, filters, and a tank, circulating turbine oil to the bearings,
with emergency pumps and gravity tanks so that a coasting
rotor never loses its oil film even in a station blackout. And the
turning gear, a small motor that rotates the shaft at a crawl
whenever the machine is offline and warm, prevents the rotor's
own weight and uneven cooling from bowing it; a bowed rotor
started cold can destroy a machine in minutes. The turbine's
culture of patience, the slow roll, the warming hours, the
synchronised closing of the breaker, is not ceremony. It is a
hundred and forty years of expensive lessons, codified [T8][T24].

Chapter 7 - The fastest ship in the world
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By the early 1890s Parsons had the power station half-won, and
he was restless. Ships were the other great steam kingdom, and
ships were piston country: triple-expansion engines the size of
houses, turning at eighty revolutions a minute, shaking every
rivet in the hull. To marine engineers of the day, Parsons' little
machine, spinning at tens of thousands of revolutions, seemed
obviously useless at sea: a propeller wants slow, heavy torque,
and the turbine offered fast, light spin. In January 1894 Parsons
took out his patent for driving a vessel's propeller shaft by steam
turbine, and with a handful of backers, including the Earl of
Rosse connection and the lawyer Campbell Swinton, he formed
the Marine Steam Turbine Company to prove the sceptics wrong
[T1].

The failure, itemised

The company built an experimental vessel at Wallsend on Tyne:
Turbinia, one hundred feet long, nine feet in the beam, forty-
four tons, built light in steel by Brown and Hood. Into her went a
single water-tube boiler and a single radial-flow turbine
designed for 1,650 horsepower at 1,600 to 1,700 revolutions per
minute, driving one twenty-inch propeller. On her first trials in
1894 she was a profound disappointment. The best she could do
was under twenty knots, fast for a launch but nothing like the
thirty knots Parsons had promised his directors, and worse, the
power arithmetic was damning. Since the power needed to drive
a hull rises with the cube of its speed, the gap between twenty
knots achieved and thirty knots predicted meant the machinery
was delivering only a fraction, some eight parts in twenty-seven,
of the thrust the calculations promised [T1].

Parsons' response to this failure is the part of the story worth
memorising. He did not tweak the boiler or blame the hull. He
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instrumented the problem. He fitted a torsionmeter on the
propeller shaft, among the first ever used at sea, and discovered
that the turbine was delivering its power honestly; the propeller
was simply failing to grip the water. And there he found himself
standing in front of an undiscovered physical phenomenon. The
propeller was spinning so fast and so loaded that the water on
the low-pressure face of its blades was boiling in cold sea water,
cavitating, collapsing into pockets of vapour that robbed the
blades of thrust and chewed their surfaces. Naval architects
Thornycroft and Barnaby had glimpsed the edge of the effect
during destroyer trials, noting that propeller thrust collapsed
when the loading exceeded about eleven and a half pounds per
square inch of blade; Turbinia's propeller was loaded to sixty
[T1].

So Parsons studied cavitation itself, building what is generally
reckoned the first cavitation tunnel to watch propellers work in
glass-sided water. Then he rebuilt the whole power train on the
discovery's logic: spread the thrust across many blades lightly
loaded. Out came the single shaft; in went three turbines in
series, high, intermediate and low pressure, on three parallel
shafts, each shaft carrying three propellers, nine propellers in
all. The power that could not be pushed through one
overworked screw went quietly through nine lightly loaded
ones. In February 1896 the rebuilt Turbinia made thirty-two and
a half knots, and after further tuning, thirty-four. The fastest
vessel afloat of any kind was a private experimental launch with
a boiler in her belly [T1].

The gatecrash at Spithead

The demonstration that made the turbine famous was not
arranged by any committee. In June 1897 the Royal Navy held its
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Spithead Naval Review for Queen Victoria's Diamond Jubilee:
the assembled might of the greatest fleet on earth, line after line
of grey battleships, reviewed by the Prince of Wales. Into this
procession steamed, uninvited, a small smokestacked launch,
which proceeded to run the length of the lines at thirty-four
knots while patrol boats set to head her off churned hopelessly
in her wake. The navy's own picket boats could not catch her.
Dignitaries, admirals and foreign attaches watched a private
inventor humiliate the fastest craft the fleet possessed, in front
of the fleet, on the fleet's proudest day. It was the most effective
piece of technical theatre in the history of marine engineering,
and everyone present understood what they had seen [T2][T3].

The Admiralty, to its credit, moved. Parsons' Turbinia Works at
Wallsend received orders for two turbine-powered destroyers,
HMS Viper and HMS Cobra, launched in 1899 and capable of
speeds near thirty-seven knots, far beyond any piston-engined
ship. Both were lost within two years, Viper wrecked in fog,
Cobra broken in two in a storm, losses that owed more to the
hazards of pushing light hulls at unheard-of speeds than to the
machinery, but which set turbine warships back a nervous half-
decade. The merchant service was less sentimental. In 1901 the
little Clyde steamer King Edward went into excursion service
with three Parsons turbines and proved so fast, economical and
smooth that turbine Channel steamers and turbine ferries
followed in a rush [T1].

Then came the giants. In 1906 HMS Dreadnought went to sea,
the first turbine-powered battleship, her four shafts driven by
Parsons machines; her speed and her guns together made every
earlier battleship obsolete in a single afternoon, and the naval
arms race of the century's first decade was run on turbines. In
1907 the Cunard liners Lusitania and Mauretania entered
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service with direct-drive turbines of a combined seventy
thousand horsepower; Mauretania took the Blue Riband for the
fastest Atlantic crossing and held it for over twenty years. By the
First World War the battle fleets of every navy were turbine-
driven, and the turbine at sea had gone from gatecrasher to
establishment in seventeen years [T1][T27].

There is a footnote to Turbinia that the engineers remember
with special affection, because it shows how invention
compounds. The turbine went to sea to make ships faster;
instead, in its first year at sea, it discovered a new physical
phenomenon, invented the instrument to measure it (the
marine torsionmeter), and the laboratory to study it (the
cavitation tunnel). Cavitation research then fed back into every
propeller, pump and hydrofoil built since. The boat herself
survives: Turbinia rests in the Discovery Museum in Newcastle,
her original machinery in the Science Museum in London, the
pivot on which the whole story of marine power turned [T2][T3].

The naval ledger

The Admiralty's verdict came formally in 1905: all future Royal
Navy vessels were to be turbine-powered. It is hard to overstate
what that sentence meant in the capital-ship age. The largest,
most expensive, most politically watched machines on earth, the
battleships and battlecruisers that embodied national power,
were from that year forward to be built around Parsons'
invention, twenty-one years after the 7.5-kilowatt prototype.
Dreadnought herself, laid down in October 1905 and completed
with unprecedented speed in 1906, carried Parsons turbines on
four shafts; her twenty-one knots was as revolutionary as her
guns, and her name became the generic noun for an era of naval
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architecture. Every dreadnought of every navy after her was
turbine-driven [T3][T1].

The merchant service's verdict came from the accountants. The
King Edward of 1901, a modest Clyde excursion steamer,
demonstrated that turbines were not merely fast but economical
and free of vibration; passengers who had crossed the Channel
on pistons could feel the difference in their teacups. Cross-
Channel steamers followed within the year, and then the turbine
went up the tonnage ladder to the great ocean liners: Cunard's
Lusitania and Mauretania, completed in 1907 with direct-drive
Parsons turbines, the largest marine engines yet built, and
Mauretania's Blue Riband stood for over twenty years, a record
run for a record machine [T1][T3].

What Turbinia taught the shore

The strangest legacy of the little yacht is on land. The cavitation
tunnel Parsons built to save his propellers became a standard
instrument of hydrodynamics; the torsionmeter he fitted to her
shaft became standard practice in machinery trials; and the
series arrangement of her three turbines, high, intermediate
and low pressure each on its own shaft, prefigured the multi-
cylinder power-station machines of the following century. There
is a direct conceptual line from Turbinia's engine room to the
HP-IP-LP trains described in Chapter 6. Parsons solved a boat
problem and accidentally sketched the architecture of the
modern power station [T1].

Turbines on rails

One transport frontier resisted the turbine completely, and the
story of why is a small lesson in what the machine needs to live.
The steam locomotive seems an obvious customer: it already

52



carried a boiler, it vibrated itself apart with hammering pistons,
and its crews would have blessed a smooth rotary engine.
Between the wars, the best engineers in several countries tried.
Fredrik Ljungstrom built his first turbine locomotive in Sweden
in 1921, an odd machine with its driving axles under the tender;
a descendant design, built by NOHAB for the mountain line from
Tucuman to Santa Fe in Argentina in 1925, carried a condenser
that worked surprisingly well, losing only a few percent of its
water en route, but the locomotive itself proved unreliable.
Krupp-Zoelly built a geared condensing turbine locomotive in
Germany in 1928, with a steam-driven fan to draw the fire since
a turbine's exhaust has no piston-engine blast to pull on. France
tried twice, most boldly with the SNCF's 232.Q.1 of 1940, which
gave each of its three driving axles a turbine of its own [T63].

The most successful attempt was British. The LMS Turbomotive
of 1935, a turbine conversion of a Princess Royal express
locomotive, ran for eleven years in heavy service. Its secret was
humility: no condenser, because a condenser big enough for a
locomotive cannot be dragged behind it, and instead a clever
admission chest of six nozzles that could be switched on one by
one, so the machine always ran on full-pressure steam at
whatever power the driver demanded. It was measurably more
efficient than its piston sisters, and when its main turbine finally
failed in 1952 the railways, by then planning for diesel, did not
bother to repair it [T63].

The failure was not one of engineering but of habitat. A turbine
wants to run continuously, at one speed, at its design point; a
locomotive idles, sprints, climbs and coasts by the minute. A
turbine wants its exhaust condensed, and a locomotive cannot
carry the condenser. And above all, the diesel arrived, an engine
that starts cold, sips fuel at part load, and asks for no water at
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all. The same machine that ended the steam liner ended the
steam locomotive, and the turbine, for all its virtues, could not
save either one. On land, as at sea, the turbine holds only the
ground where its peculiar conditions are met: steady load,
condensed exhaust, and fuel it does not have to carry [T63].

Chapter 8 - The efficiency ladder

A power station is, from one angle, a machine for climbing a
ladder. At the bottom rung, the fuel's heat; at the top, electricity
on the busbars; and every rung between is an engineering
decision about how much of the heat to waste. The steam
turbine's mature history is the history of that ladder being
climbed rung by rung, from the 1.6 percent of Parsons' first
machine to figures above forty-five percent in the best plants of
our own decade. Each rung has a name, a date and a logic, and
none of them was free [T17][T22].

Rung one: condensation

Parsons' own first move was the deepest. Exhaust the steam not
to the open air but into a vacuum, and the pressure fall through
the turbine more than doubles. The condenser turned the
turbine from a curiosity into the most efficient heat engine ever
built, and it fixed the power station's geography forever after: a
steam plant is married to cold water. Rivers, estuaries, seas, and
later the great evaporative cooling towers with their drifting
plumes, all exist in the landscape because the bottom of Carnot's
fall has to be manufactured continuously. A large condensing
turbine rejects roughly half the fuel's energy as low-grade
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warmth into that cooling water, a number that improved a
century of design could shrink but never abolish [T8][T15].

Rung two: superheat

Saturated steam, steam exactly at its boiling point for its
pressure, begins to condense the moment it gives up energy, and
wet steam is poison to a turbine: droplets moving at jet speeds
sandblast the blades. The answer was to heat the steam beyond
its boiling point before admitting it, to superheat it, so that it
could work its way down the machine for a long while before
moisture formed. Superheaters, banks of tubes in the boiler's
hottest gas passages, raised both efficiency and blade life
together, and by the 1910s and 1920s steam temperatures were
climbing from one decade to the next as better steels permitted:
350, then 450, then past 500 degrees Celsius. The story of
superheat is really the story of metallurgy, of carbon steel giving
way to chrome-moly alloys and then to the stainless and nickel
alloys of the modern hot end, each alloy buying another slice of
temperature [T8][T22].

Rung three: pressure

Hotter steam invited higher pressure, and higher pressure
demanded a new kind of boiler. Water's critical point sits at 22.1
megapascals and 374 degrees Celsius: above it, liquid and
vapour are one continuous fluid, there is no boiling, and a boiler
can have no drum. In the 1920s the Czech engineer Mark
Benson, working for Siemens, built the first once-through boilers
designed to run at and above that threshold; a test unit went
into service at Gartenfeld in Berlin in 1929. Benson died young
in a mountaineering accident and his boiler nearly died with
him, but the idea, force the water through the tubes once, no
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drum, no boiling surface, became the foundation of every
supercritical plant. By the 1950s and 1960s American utilities
were commissioning true supercritical units, and by the 1990s
and 2000s the ultra-supercritical standard, 25 megapascals and
600 degrees and beyond, was lifting the best coal plants into the
middle forties of efficiency [T28].

Rung four: reheat and feed heating

Two quieter tricks complete the modern cycle, and both are
pure thermodynamic bookkeeping. Reheat sends the steam back
to the boiler after the high-pressure cylinder, warms it again,
and only then lets it finish its expansion through the
intermediate and low-pressure cylinders: two falls instead of
one, with less moisture and more work per kilogram.
Regenerative feed heating bleeds small amounts of steam from
the machine's intermediate stages to warm the feedwater on its
way back to the boiler, so that the furnace's heat is not spent on
merely thawing the returning condensate. Neither idea is
glamorous; both are in every large plant; together with reheat
they are worth many points of efficiency [T15][T22].

A different ladder: the Ljungstrém path

Not every rung belonged to Parsons and de Laval's axis. In
Sweden, the brothers Birger and Fredrik Ljungstrom built a
turbine that turned the geometry inside out: instead of steam
flowing along a shaft through rows of blades, it flows outward,
radially, through concentric rings of blades mounted on two
discs that rotate in opposite directions, each driving its own
generator. The Ljungstrom double-rotation turbine was compact,
efficient and elegant, and it found a lasting niche in exactly the
places where its compactness mattered: industrial plants,
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marine installations, and combined heat and power schemes
where the exhaust warms a district heating grid. Coupled with a
conventional Parsons machine it could reach about fifty
megawatts. The brothers' firm, ALSTOM Power's ancestor
through a long chain, kept the design alive into the era of huge
machines, though the giant axial utilities eventually eclipsed it
[T29].

What the ladder cost and bought

Stand back and the ladder's economics are stark. In 1900 the
best central stations converted perhaps five percent of their coal
into electricity; a century later the best steam plants converted
over forty-five percent, and steam working as the bottoming half
of a combined cycle shared in plants above sixty percent. Every
point of that climb is coal, gas or uranium not burned, smoke
not breathed, rivers less warmed. The climb also explains the
machine's conservatism: a technology that lives within a few
points of thermodynamic ceilings does not reinvent itself
annually. It improves in hundredths, in blade profiles and seal
clearances and weld qualities, and the industry that runs it
looks, from outside, slow. From inside, it is the most refined heat
engine humanity operates, and the ladder is its autobiography
[T8][T23].

The feed-heating bargain

Regenerative feed heating deserves more than the single
paragraph it usually gets, because it is the least visible and most
universal efficiency device in the industry. The idea: steam bled
from the turbine's intermediate stages still holds useful warmth;
instead of letting it complete its fall, spend it on warming the
feedwater climbing back to the boiler. The bled steam does less
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work in the turbine, but the boiler burns less fuel to replace it,
and the ledger comes out firmly positive. Modern plants carry
seven to nine feed heaters in series, a whole second circulation
of pipes, pumps and drains wrapped around the main machine,
each heater taking its small bite of the temperature gap. Nobody
who tours a power station remembers the feed heaters, and yet
take them away and the plant loses efficiency measured in
whole percentage points, fortunes in fuel, decades of design
[T15][T22].

The mercury detour

No honest history skips the failures, and the steam industry's
grandest detour was mercury. Mercury boils at 357 degrees
Celsius at atmospheric pressure, far above water, so a mercury-
vapour cycle can top a steam cycle the way a steam cycle tops a
cooling tower: burn fuel into mercury vapour, run it through a
mercury turbine, and use the mercury's condensation heat to
raise ordinary steam for a steam turbine below. Between the
1920s and the 1950s a handful of binary mercury-steam plants
were built, mostly in America, and they worked; they were also
expensive, delicate, and quietly terrifying to operate, mercury
being a cumulative poison. The better steels of the superheat
ladder eventually let plain steam reach the same temperatures
directly, and the mercury plants were dismantled. The lesson the
industry drew is one it re-learns with every exotic working fluid,
supercritical carbon dioxide included: the fluid is only one line
in the cost ledger, and steam keeps winning the other lines [T8]
[T46].

The Ljungstrom inheritance
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The Ljungstrom brothers' second invention outlived their
turbine: the regenerative air preheater, a slowly rotating wheel
of metal plates that absorbs heat from the boiler's exhaust gases
and hands it to the incoming combustion air, now standard
equipment on nearly every large boiler in the world. Between
the preheater and their radial-flow turbine, the brothers shaped
both ends of the modern steam plant. The turbine itself survives
in the niche where it was always strongest, compact industrial
machines and combined-heat-and-power sets, and in the
company's long afterlife through STAL and ABB into Alstom's
and GE's product genealogies [T29][T47].
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PART IV - THE AGE OF
STEAM-ELECTRIC POWER



Chapter 9 - Current by the tonne

The steam turbine found its life partner in an unlikely place: a
Chicago beef baron's argument with a lamp. Samuel Insull,
Thomas Edison's former private secretary, had been sent west to
run Chicago Edison, and he understood earlier than almost
anyone that electricity was not a luxury good but a utility, to be
sold the way gas and water were sold, from vast central
machines over wires to everyone. Utilities need cheap power in
bulk, and cheap bulk power needs machines bigger than anyone
dared build. In 1903 Insull bet his company on the biggest
gamble of the young turbine age [T30].

The Fisk Street gamble

The Fisk Street Generating Station went into service on 2
October 1903, and its first unit was a machine that had no
business existing: a five-megawatt Curtis steam turbo-generator,
built by General Electric, nearly ten times the size of the six-
hundred-kilowatt turbines GE had been making. GE's chairman,
Charles Coffin, thought the jump reckless; Insull thought the
opposite. Their compromise deserves quoting because it built
the American utility industry: Insull told Coffin, "I will make no
claim against you.. all you have to do is stand by your
guarantee,” and GE took the manufacturing risk while Chicago
Edison paid for the installation. The great vertical Curtis
machine ran, and ran well, and within a few years turbines of
its kind were the default engine of every new power station in
America. The original unit was eventually returned to GE's
Schenectady works, where it stands as a monument, and the
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American Society of Mechanical Engineers designated Fisk
Street a landmark in 1975 [T30].

Fisk Street's logic then ate the world. Central stations grew from
megawatts to tens of megawatts by the First World War, to
hundreds by mid-century. The turbine made the growth possible
because it scaled so gracefully: double a piston engine and you
double its problems; double a turbine and its efficiency usually
improves, since leaks and clearances shrink relative to flow.
Every grid on earth is built on that scaling law. The unit size
curve that began at 7.5 kilowatts in 1884 passed one megawatt
in 1903 and a thousand megawatts by the 1960s, and it is not a
coincidence that electrification, the great definer of modern life,
tracked that curve year by year [T8][T17].

The shape of a steam-electric age

With the machines came the system's architecture, much of it
invented in Insull's Chicago. Load factors: turbines hate idling,
so utilities aggregated thousands of customers whose peaks
cancelled, and sold cheap night power to keep the machines
warm. Standardisation: 50 and 60 hertz grids, standard voltages,
interchangeable machines. Interconnection: stations knitted into
pools so the largest, cheapest machines ran flat out and the
small old ones idled. And finance: a turbine hall is a thirty-to-
sixty-year asset, and the utility bond, the regulatory compact,
and eventually the national grid were all, in part, ways to
finance rotors and casings on terms the machines' own patience
demanded [T30].

Through the middle of the twentieth century the steam turbine
was simply what a power station meant. Coal was the boiler's
food: pulverised coal blown into furnace walls of water-tubes,
raising steam that walked the efficiency ladder of Chapter 8. Oil
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joined where it was cheap, and after the 1970s shocks left again.
Nuclear arrived as, thermodynamically speaking, another way
to boil the same water, which gets its own chapter. The numbers
swelled to the edge of belief: by the 2020s, a single large coal
plant could carry turbines totalling four or five thousand
megawatts, enough for a small nation, and the global coal fleet
alone, the fleet of machines that begins and ends with a boiler
and a turbine, held roughly two terawatts of installed capacity
[T7]1[T23].

The shadow of the gas turbine

From the 1990s the steam turbine acquired a younger, brasher
colleague. The gas turbine, a descendant of the jet engine, burns
its fuel directly in its own working fluid and needs no boiler at
all; it starts in minutes where a steam machine needs hours. In a
combined-cycle plant, the two are married: the gas turbine takes
the first, hottest fall of energy, and its 600-degree exhaust raises
steam in a heat-recovery boiler for a steam turbine that takes
the second. The steam side of such a plant produces roughly a
third of its power with no extra fuel at all, and the whole
machine holds the efficiency records of the fossil age: the best
combined-cycle plants have been certified above sixty-four
percent net efficiency [T31]. The steam turbine, it turns out, was
not displaced by its rival; it promoted the rival and kept the
bottom half of the job. Where gas is burned for power at scale,
steam still spins.

The age the turbine built is now in managed retreat in some
countries and still expanding in others, and that tension is
Chapter 16's subject. But nothing in the retreat changes what the
century of current-by-the-tonne was: the largest single
transformation of daily life ever delivered by one machine.
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Light, motive power, refrigeration, computation, all of it rode
into the world on a spinning shaft that began, remember, as a
toy over a cauldron.

The unit-size century

One table tells the twentieth century of this machine better than
any paragraph: the largest turbo-generator in service, by era.
The curve below is approximate, assembled from the sources
cited in this book, but its shape is exact, and the shape is the
story [T8][T17][T30][T5]:

Year Largest unit Machine

1884 7.5 kw Parsons' prototype, Newcastle
1890 ~100 kW class Forth Banks sets

1903 5 MW Fisk Street, Chicago (GE Curtis)
1920s 50 MW class Parsons' machines at his death
1950s 200-300 MW class Reheat machines, US and UK
1970s 1,300 MW class American nuclear/coal giants
2006- 1,750 MW Arabelle, Flamanville 3

Three things stand out. First, the growth is about 200-fold per
half-century for a hundred and forty years, an almost geometric
climb that no other class of engine has matched. Second, the
table's nationality changes: Newcastle, Chicago, then the world,
and lately France's nuclear programme, because unit size
follows whoever is building the most ambitious plants. Third,
the curve flattened after the 1970s not because bigger was
impossible but because bhigger was imprudent: grid stability
limits the size of any single machine whose trip must not black
out a region [T5][T8].
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Insull's arithmetic

The business model mattered as much as the machine. Insull's
insight was that a turbine's economics depend on how many
hours a year it runs, its load factor, so the utility's job was to
aggregate demand: factories by day, homes by evening,
streetcars at rush hour, ice machines at night. Diversity made
the load curve flatter; a flatter curve meant the big machines
ran more hours; more hours meant cheaper kilowatt-hours;
cheaper power meant new customers, which further flattened
the curve. The flywheel of the electrical age was not only
mechanical. It is no accident that the man who bet on the five-
megawatt turbine was the same man who invented the modern
utility's rate structure: each made the other inevitable [T30]
[T45].

Chapter 10 - Steam at sea

The turbine's conquest of the ocean was faster than its conquest
of the land, and stranger, because the ocean eventually gave it
back. For half a century the steam turbine ruled the sea lanes
absolutely; then, in one generation, it was nearly gone from
them, surviving in two peculiar niches where nothing else will
do. Both halves of that story teach something about the machine
[T1][T27].

The turbine navy and the turbine liner

After Dreadnought, every capital ship worth fearing was
turbine-driven, and the reasons were the same ones that won
the power station: smoothness, reliability, and power density. A
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battleship's machinery spaces could hold four turbines, a
hundred thousand horsepower and more, in less weight and
volume than the equivalent pistons, and without the vibration
that shook fire-control instruments off their mounts. The great
fleets of two world wars, Jutland's battle lines, the carrier groups
of the Pacific, the Atlantic convoys' escorts, walked on turbine
shafts. Turbo-electric drive, turbines spinning generators
feeding electric propulsion motors, briefly bloomed in American
battleships and liners where flexibility mattered more than the
last few percent of efficiency. And the express liner became the
turbine's shop window: Mauretania's twenty-two-year hold on
the Blue Riband, then the Normandie, the Queens, the United
States of 1952, still the fastest liner ever built, all of them steam
turbines to the last [T27].

Then, almost within a decade, the sea slipped away. The marine
diesel, grindingly improved year on year, beat the steam plant
where it hurt: fuel per mile. A large slow-speed diesel burns
heavy oil directly, at thermal efficiencies no boiler-turbine-
condenser train could touch, with a fraction of the crew and
none of the water treatment. As fuel prices rose through the
1960s and 1970s, the economics became a rout, and the motor
ship took the oceans. The steam turbine, king of the sea in 1955,
was an eccentricity by 1985. The lesson is one this book will
meet again in the electricity chapters: the turbine has no divine
right to any application. It holds a niche only while its specific
virtues, smoothness, reliability, fuel flexibility, and the ability to
swallow any heat source, outweigh its standing handicap, the
inefficiency of boiling water to order [T27].

The two survivals
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And yet the sea kept two strongholds where those virtues were
decisive, and both survive today.

The first is the liquefied natural gas carrier. Natural gas goes to
sea liquefied at minus 163 degrees Celsius, and no insulation is
perfect: the cargo slowly boils. The boil-off gas cannot be vented,
flaring wastes it, and reliquefying it at sea was for decades
impractical, so the ship must burn it, and the question becomes:
what marine engine is happiest burning a variable mixture of
boil-off gas and fuel oil? Exactly one: a boiler feeding a steam
turbine. The boiler burns anything; the turbine never knows or
cares whether its steam was raised by gas, oil or both at once. So
while the rest of shipping went diesel, the LNG fleet went on
ordering steam plants, and for forty years nearly every LNG
carrier afloat was a steamship: boilers, a geared turbine, one
shaft, utter reliability. MHI's Ultra Steam Turbine, a reheat
marine steam plant fifteen percent more efficient than the
conventional design, was the type's last great refinement,
offered in 2007 against the arriving dual-fuel diesel-electrics that
have finally begun to displace steam in newbuilds [T32][T33].

The second survival is the nuclear navy. A naval reactor makes
heat and only heat; heat must become steam; steam must turn a
shaft. Every nuclear submarine and every nuclear-powered
aircraft carrier and cruiser on earth is, at the back end of its
reactor plant, a steam turbine ship: turbines on the main shafts,
turbine-generators for the ship's electricity. The silent service is
steam-driven. When the world's navies chose atoms for
propulsion, they chose, without quite saying so, to keep Parsons'
machine at sea into the twenty-second century [T27].

Gearing: the quiet enabler
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One piece of marine turbine history belongs to no ship and to all
of them. The early turbine spun far faster than any useful
propeller, and Turbinia answered with nine propellers. The real
answer was the reduction gear: precision double-helical gearing,
hardened and ground, that could take thirty or forty thousand
shaft horsepower from a 3,000-rpm turbine and deliver it to a
100-rpm propeller without a whimper. Geared turbines,
introduced from about 1910, united turbine smoothness with
propeller slowness, and the firms that mastered the gears,
Parsons’ own works among them, held keys to the marine
kingdom for decades. It is a reminder that industries are
ecosystems: the turbine's career at sea was made as much by
gear-cutters as by boiler-makers [T1][T8].

The turbo-electric temptation

One marine arrangement deserves its own note: turbo-electric
drive, in which the turbines turn generators and electric motors
turn the propellers. It offered perfect flexibility, instant
reversing, no long shaft lines, and quiet running, at the cost of
weight and a few points of efficiency. Its monument is
Normandie of 1935, the most powerful steam turbo-electric liner
ever built, her turbo-generators and propulsion motors by
Alsthom of Belfort, a French answer to the geared machines of
Parsons' world. Turbo-electric drive also powered American
battleships and the great liners of several fleets between the
wars, and its ghost survives today: modern cruise ships and
icebreakers are diesel-electric, the same architecture with a
different prime mover [T48].

The atom goes to sea
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The sea's second nuclear chapter came with a white-hulled
showpiece: NS Savannah, launched on 21 July 1959, the first
nuclear-powered merchant ship, a demonstration of atoms for
peace that cost 46.9 million dollars including her 28.3-million-
dollar reactor. She was, propulsion-wise, a steamship: the
reactor heated steam, the steam turned turbines and the shaft.
Savannah's career was short and her economics hopeless, she
was a proof of concept, not a business, but she proved it,
crossing the Atlantic and visiting dozens of ports under nuclear
steam. The Soviet icebreaker Lenin had preceded her by two
years as the first nuclear surface vessel, beginning a Russian
nuclear icebreaker tradition that continues today. The durable
legacy of both is naval: reactors went to sea to stay in
submarines and carriers and icebreakers, and every one of
those hulls moves, to this day, on steam [T49].

The last steam liner

The old order's farewell can be dated to a drydock. When
Cunard's Queen Elizabeth 2 was re-engined in 1986-87, her
steam turbines came out and nine medium-speed diesels went
in, converting the last great steam liner in service to diesel-
electric. The job was done for fuel economy, and it worked,
halving her fuel consumption; it was also the end of an era that
had begun when Turbinia outran the picket boats eighty-nine
years earlier. Steam left the passenger trade the way it had
arrived, through the accounting department [T50].

Chapter 11 - The nuclear turbine
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Of all the ways to boil water, splitting atoms is the newest and,
for the turbine builder, the strangest. A nuclear power station is,
to a first approximation, exactly what this book has described all
along: a heat source, a boiler, a turbine, a condenser, a grid. The
turbine in a nuclear plant does the same job as the turbine in a
coal plant and answers to the same Carnot. But the atom
imposes its own terms, and the machines built to those terms
are the largest steam turbines ever constructed, by a wide
margin [T8][T6].

Wet steam, slow shafts, enormous blades

The difference begins with temperature. A modern coal or gas-
fired boiler delivers steam at 600 degrees or better, hugely
superheated; a pressurised-water reactor, bound by materials
and safety margins, delivers steam that is barely steam at all:
saturated, around 290 degrees, at perhaps 70 atmospheres,
straight off the steam generators with no superheat worth the
name. Two consequences follow, and they shape everything.
First, efficiency: with such a shallow temperature fall, a nuclear
plant converts only about a third of its reactor's heat into
electricity, against the forty-five percent of the best fossil plants.
Second, moisture: saturated steam starts condensing the instant
it starts working, and a turbine fed on it must live its whole life
in a rainstorm. The high-pressure cylinder's exhaust is wrung
out in massive moisture-separator-reheaters, drums that dry the
steam and warm it back up before the low-pressure cylinders
take it. Blade erosion by water droplets is the standing enemy,
fought with hardened leading edges and drainage passages cut
into casings and blades alike [T8][T24].

Then there is size. Because the steam is cool and wet, each unit
of it carries little energy, so a nuclear turbine must swallow
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stupendous volumes to reach useful power, and because the last-
stage blades are the only way to swallow volume, they became
the longest in the world. And because long blades at 3,000
revolutions flirt with every limit of stress and vibration, nuclear
machines almost universally run at half speed, 1,500 or 1,800
revolutions per minute, accepting a heavier, costlier machine for
a calmer one. The result is the class of machine the Guinness
record-keepers recognise as the most powerful steam turbine
generator on earth: the Arabelle, designed by Alstom and now
built and sold by GE Vernova's steam-power descendants at
Arabelle Solutions. The Arabelle family serves reactors from 700
to 1,900 megawatts, runs last-stage blades of 75 inches, and
publishes a reliability figure of 99.96 percent; the 1,750-
megawatt unit for EDF's Flamanville 3, ordered in 2006, holds
the single-machine record. More than fifty Arabelles have been
delivered or ordered, from France's fifty-six-reactor fleet to
Britain's Hinkley Point C to the world's largest reactor projects
[TS][T6].

The atom's bargain with the turbine

The partnership cuts both ways, and it is worth stating plainly,
because it is the load-bearing fact of the nuclear industry that
nobody outside it notices. Nuclear power has no other customer-
facing machine. Every commercial reactor ever connected to a
grid, all four-hundred-odd of them across thirty countries,
delivers its energy to humanity through a steam turbine. The
reactor is the fire; the turbine is the machine. When people
argue about the future of nuclear power, they are, whether they
know it or not, arguing about the future of very large steam
turbines, and the current renaissance of reactor orders, life
extensions, and small modular reactor programmes is, among
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other things, a rising order book for the handful of firms that
can build machines of this class [T6][T23].

There is also a historical symmetry worth savouring. The steam
turbine began, in de Laval's dairy, as a machine for spinning
fast; nuclear steam forced it to spin at half speed and grow to
twice the size, and it obliged without complaint. The machine
does not care what boils the water. Coal, uranium, the earth's
own heat, concentrated sunlight, burning gas that has already
been through one engine: give it enthalpy and a cold place to
exhaust, and it will turn. That indifference is its deepest
competitive virtue, and the next chapter tours the odd corners
of the economy where it matters most.

Two ways to boil: the reactor's handwriting on the
machine

The nuclear turbine reads its reactor like handwriting. In a
pressurised-water reactor, the reactor's radioactive water never
leaves its own sealed loop; it hands its heat through the tube
walls of steam generators to a second loop of clean water, and
that secondary steam, non-radioactive, saturated, drives the
turbine. The machine is radioactive-free and can be maintained
like any other, which is why the PWR became the world's
dominant design. In a boiling-water reactor, there is no
middleman: water boils in the reactor core itself, and the same
steam that danced over the fuel drives the turbine directly. The
machine gets simpler steam plant, fewer heat exchangers, but its
turbine, piping and condenser carry low-level radioactivity, and
every maintenance hour must be planned accordingly. Same
turbine family, two different working lives, chosen by the
reactor upstream [T8][T24].
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The French fleet shows what standardisation can do. France
built essentially one reactor design in one power class, then
repeated it more than fifty times, and its turbine island, the
Alstom and later Arabelle machines, became the most
homogeneous large turbine fleet on earth: same blades, same
spares, same overhaul playbooks, unit after unit. The economics
of that sameness, in outages shortened and crews experienced,
are a large part of why French nuclear power ran at the
reliability figures the industry quotes with envy, and why the
Arabelle line's published reliability of 99.96 percent is credible
rather than decorative [T6].

The biggest blades in the world

It is worth lingering on the last-stage blades, because they are
where nuclear turbine engineering touches the sublime. A 75-
inch blade, nearly two metres of precision titanium or steel
aerofoil, spins with its tip moving faster than sound through a
wet, eroding, corrosive exhaust. The centrifugal pull on each
blade root is measured in hundreds of tonnes. The blades must
not resonate at any multiple of the shaft speed they will ever
see; they are tuned like organ pipes, and if a fleet-wide defect
appears in one design, as has happened historically with stress-
corrosion cracking in certain blade rows, an entire national fleet
can find itself scheduling delicate, expensive inspections for
years. The blade is two metres of metal carrying a gigawatt on
its shoulders, and its limits are the limits of the machine [T6]
[T24].

The turbine that went back to sea

There is a pleasing symmetry in the nuclear story. The reactor
was born aboard a submarine, and before it ever lit a city it was
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already turning a propeller. The Nautilus showed that a uranium
kettle could drive a boat; the ship-owners of the 1950s
immediately asked whether it could drive a cargo. The answer; it
turned out, was yes in engineering and no in arithmetic.

The grand experiment was the NS Savannah, launched in July
1959 as a floating argument for the peaceful atom. She was
beautiful in the way only a government with something to prove
can afford: sleek hull, teak decks, a ballroom, and amidships a
pressurised-water reactor feeding steam to a perfectly ordinary
geared steam turbine. The whole enterprise cost about $46.9
million, of which the nuclear heart accounted for $28.3 million
[T49]. She worked. Her turbine turned, her propeller spun, she
crossed the Atlantic in state. What she never did was pay. Oil
was cheap, her crew was expensive, her ports were nervous,
and within a decade she was a museum. The Soviet Union had
reached the same water two years earlier with the Lenin, an
icebreaker whose reactors and turbines made rather more
sense: where fuel is dear; ice is thick, and resupply is a season
away, the uranium kettle earns its keep [T49].

That is where the nuclear turbine stayed at sea: in submarines,
aircraft carriers and icebreakers, the few hulls whose owners
value endurance over economy. Every one of those vessels is, at
the shaft, a steamship. A sailor standing in the engine room of a
nuclear carrier would recognise the business end of Parsons'
invention immediately. The fire changed three times in a
century, from coal to oil to uranium. The wheel underneath it
never did.

The biggest wheels of all

On land, the nuclear turbine grew to sizes the fossil plants never
quite reached. A coal or gas boiler can be built in modules and
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multiplied; a reactor is most economical when it is enormous,
and an enormous kettle wants an enormous wheel. The result is
the largest rotating machine in the electricity industry: the
Arabelle turbine, named for a valley in the French Alps where
Alstom long tested its machines, and now made by Arabelle
Solutions. The platform is rated for outputs up to 1,900 MW and
has been delivered to more than fifty reactors [T6]. In 2006
Guinness World Records certified an Arabelle set ordered for the
Flamanville 3 reactor in France, at 1,750 MWe, as the most
powerful steam turbine generator ever built [T5]. One shaft line,
one generator, roughly the demand of a million and a half
European homes.

There is a detail in that record worth pausing on. Nuclear steam
is cool steam. A pressurised-water reactor delivers steam at
barely 280 degrees, saturated and wet, where a modern coal
plant delivers it at 600 and bone dry. Wet steam is murder on
blades: droplets moving at hundreds of metres per second
sandblast the steel. The nuclear turbine therefore had to become
a specialist in moisture, with moisture separators and reheaters
between its stages, huge exhausts to swallow the swollen
volume of wet vapour, and blade alloys hardened against
erosion. It is a different breed of the same animal, bred for a
colder fire, and it is why the last-stage blade of a nuclear
machine is a thing of awe, longer than a man is tall, flinging its
tips through the steam at speeds no propeller has ever survived.

Small fires, familiar wheels

The pattern of this chapter repeats at small scale. The small
modular reactor makers now working through approval in
Britain, America and the Czech Republic, whose designs and
timelines belong to this book's final chapter, have nearly all built
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their plants around a conventional steam turbine island. Not out
of nostalgia: because a hundred and forty years of metallurgy,
blade design and operating discipline are embodied in that
island, and no start-up can afford to reinvent the only part of the
machine that already works. Every few decades a new heat
source arrives, announced as the successor to steam: the gas
engine, the gas turbine, the fuel cell, the photovoltaic cell. Each
finds its niche. And each time the heat source grows serious
about scale, it ends up boiling water.

Chapter 12 - The working horses

Beyond the great utility halls there is a second, quieter turbine
world, and it is enormous. Walk through a refinery, a paper mill,
a sugar factory, a fertiliser plant, a steelworks, and somewhere
in the noise you will find them: steam turbines the size of cars or
of wardrobes, driving pumps, compressors, blowers, fans, mills,
and generators, day after day, decade after decade. The
industrial steam turbine is the draft animal of process industry,
and its career explains more about the machine's real virtues
than any record-breaking giant [T25][T26].

Drive anything, burn anything

The logic of the industrial turbine is fuel flexibility and
reliability. A refinery or chemical plant is already boiling water;
process steam at several pressures runs through its pipework
like blood. Once steam exists, a turbine is the cheapest, toughest
way to turn heat into rotation: no electricity needed, no motor to
burn out, explosion-proof by nature, indifferent to dust,
humidity and heat, throttleable over a wide range. Where a
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process also throws off waste heat, a back-pressure turbine sits
between a high-pressure steam main and a low-pressure one
and generates power from the pressure difference alone,
electricity as a by-product of steam the plant needed anyway.
This is cogeneration in its oldest clothes, and it is why paper
mills and sugar refineries were generating their own power long
before the word existed. The industry's standard offerings run
from a few hundred kilowatts to a quarter of a gigawatt:
Siemens Energy's industrial ranges span two to 250 megawatts,
with machines like the SST-800 handling live steam at 180 bar;
GE Vernova, Elliott, MAN Energy Solutions, Dresser-Rand's
descendants and others cover the same ground, thousands of
machines in service, many of them older than the engineers
who maintain them [T25][T26].

The earth's own steam

The purest expression of the steam turbine is the geothermal
plant, because it is the only one where nature supplies the
boiler. At The Geysers, in the Mayacamas Mountains north of
San Francisco, steam rises out of fractured volcanic rock, is
cleaned and piped, and expands through turbines into
condensers, with the spent water re-injected to keep the field
alive. The complex, operated by Calpine, is the largest
geothermal power operation in the world: thirteen plants across
forty-five square miles, roughly 725 megawatts, enough for a
city the size of San Francisco, with roots back to a first
exploratory well in 1920 and the first large-scale American
geothermal plant in 1960. The turbines there run on steam they
did not make, at temperatures a utility engineer would call
pitiful, and they run profitably. Wherever the earth leaks heat,
at Larderello in Italy since 1904, in Iceland, New Zealand, Kenya,
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Indonesia, the Philippines, a steam turbine is the machine that
cashes it [T34][T35].

Sunlight, molten salt, and other people's exhaust

Concentrating solar power is the turbine's other natural ally:
mirrors focus sunlight on a receiver, the heat boils water or
melts salt that later boils water, and an entirely conventional
steam turbine does the rest. The great tower plants of the
American southwest and the trough fields of Spain and Morocco
are, behind the mirrors, steam plants, and their one great
advantage over photovoltaic panels, stored heat for the evening,
is stored precisely as hot fluid waiting for a turbine. Where
those plants have struggled, it has never been the turbine's fault
[T36].

Then there is the vast anonymous kingdom of recovered heat.
Combined-cycle plants, where the steam turbine bottoms a gas
turbine's exhaust, were Chapter 9's closing note. Waste-heat
recovery units sit atop cement kilns and glass furnaces; biomass
plants burn bagasse, wood waste, municipal refuse; organic
Rankine cycle units, which are steam turbines in every respect
except that the working fluid is a refrigerant that boils below
water's temperature, sip heat too cool for water and turn it into
power. Every one of these is the same 1884 idea, wearing the
local fuel [T15][T31].

Why the workhorse endures

The pattern across all of these is the turbine's constitutional
indifference to its heat source and its indifference to fashion.
Pistons left the factories a century ago; the turbine never did.
Anywhere heat already exists, or fuel is awkward, or electricity
is unreliable, or a machine must run for thirty years in a
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corrosive corner of a plant with two service visits a year, the
answer is still a jet of steam and a wheel. The glamorous end of
this industry builds gigawatt machines for nations; the
workhorse end, thousands of units a year, keeps the material
economy turning, and any honest account of the steam turbine's
place in the world has to count both.

Larderello: the first geothermal steam

The oldest industrial marriage of earth-heat and turbine is
Italian. At Larderello, in the deviled landscape of Tuscany's
boraciferous fumaroles, Prince Piero Ginori Conti tested the first
geothermal power production in 1904, lighting a handful of
bulbs from a small engine driven by the ground's own steam; a
commercial plant followed in 1911, and the field has generated
ever since, making Italy the cradle of geothermal power. The
machines there grew into specialised dry-steam turbines built
for corrosive, impure steam straight from the wells, a reminder
that the turbine's tolerance for awkward steam is itself a
product line [T52].

Mirrors and towers: steam from the sun

The largest concentrating solar plant on earth is Morocco's Noor
complex at Ouarzazate, 510 megawatts of troughs and a tower,
its molten-salt storage keeping the steam coming hours after
sunset. In California's Mojave, the Ivanpah towers boil water
directly at the top of their receivers and feed steam turbines at
their feet. CSP's fortunes have ebbed as photovoltaic panels got
cheap, but the technology's one durable claim, solar power at
midnight, is a claim about storing heat, and stored heat is, by
definition, a steam turbine's business [T53][T54].
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Standards: the workhorse's constitution

The industrial turbine's ubiquity rests on paperwork as much as
metal: the American Petroleum Institute's standards, API 611 for
general-purpose and API 612 for special-purpose steam turbines,
codify what a refinery-grade machine must be, from bearing life
to overspeed protection to documentation, so that a buyer in
Rotterdam and a maker in Jeannette, Pennsylvania are
specifying the same machine. When a compressor train in a
cracker must run for five years between turnarounds, the
standard is why the bet is safe. The glamour machines get the
record books; the standards machines get the uptime [T55].
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PART V - THE INDUSTRY



Chapter 13 - The makers

The steam turbine industry is one of the oldest continuously
operating technology businesses on earth, and its family tree is a
history of industrial capitalism in miniature: Victorian
partnerships, licensing empires, national champions, mergers,
breakups, and, in our own decade, a renaissance that has the
few surviving makers struggling to keep up with demand. This
chapter walks the family tree and meets the living firms [T8]
[T37].

The old houses

Every lineage starts with the two inventors' firms. Parsons' own
company, founded at Heaton, Newcastle in 1889, became the
heart of British turbine building, absorbed into Reyrolle
Parsons, then Rolls-Royce's industrial power interests, then
Siemens; the Heaton works made turbines for over a century. De
Laval's turbine interests flowed through his separator company
and Swedish industry into what became Asea, then ABB's power
generation, then Alstom, then GE, then GE Vernova and Arabelle
Solutions: a single thread of ownership passing through four
flags in thirty years, with the same machines and the same
workers underneath [T17][T16][T5].

Around them grew the great electrical houses, each with a
turbine line: Westinghouse, which licensed Parsons for America
in the 1890s; General Electric, which took the other path, buying
Charles Gordon Curtis's velocity-compounded impulse patents
and building the Fisk Street giants; Allgemeine Elektricitats-
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Gesellschaft in Berlin, Brown Boveri in Baden, Siemens-
Schuckert, Rateau and Alsthom in France, Ansaldo in Genoa,
Escher Wyss in Zurich, Metropolitan-Vickers and English
Electric in Manchester and Rugby. By 1914, thirty years after the
prototype, the machine was being built under a dozen badges on
three continents, and the badges were already beginning their
century of consolidation [T8][T30].

The living field

Consolidation's end state, as of the mid-2020s, is a small club. GE
Vernova, spun out of General Electric in 2024, holds the
American steam business, the Alstom-legacy fleets of Europe, the
Arabelle nuclear line, and a services organisation supporting
thousands of installed steam turbines worldwide. Siemens
Energy holds the German lineage, from the SST industrial
machines of two to 250 megawatts up to the great utility frames.
Mitsubishi Power and Toshiba cover Japan's fleets at home and
abroad; Ansaldo Energia serves from Genoa; Doosan Skoda
Power carries the Czech tradition from Pilsen. China's three
giants, Shanghai Electric, Harbin Electric and Dongfang Electric,
build most of what China commissions, which for two decades
was most of what the world commissioned. India has Bharat
Heavy Electricals, the public-sector colossus that has built the
backbone of India's thermal fleet: steam turbines and turbo-
generators up to 1,000 megawatts, supercritical sets at 660, 700
and 800 megawatts, with the factories, foundries and test beds
in Bhopal, Haridwar, Hyderabad and Trichy that make India one
of the few countries able to build large turbines at home [T25]
[T26][T38][T6].

At the specialist end, firms most people have never heard of
hold indispensable ground: Elliott of Pennsylvania and its global
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service network in industrial machines; MAN Energy Solutions;
Shin Nippon Machinery; Triveni in India for the small end; and
the service and repair houses that keep fifty-year-old machines
spinning long after their makers' nameplates changed [T26].

The services turn

The industry's quiet truth is that new machines are the minority
of its work. Steam turbines last forty, fifty, sixty years, and the
world is full of them; the money and the engineering
increasingly live in services: inspections, overhauls, rewinds,
blade replacements, retrofits that put modern blading into old
casings and hand the owner several free percentage points, and
digital monitoring that watches vibration and temperature for
the first whisper of trouble. GE Vernova speaks openly of
decades of expertise supporting thousands of turbines and of
predictive analytics; every major maker has a similar book. The
steam turbine business, like the machine, is built for the long
run [T26].

And the long run has lately turned busy. The 2020s have brought
the industry something it had not seen in a generation: demand
outrunning capacity, as data centres, grid reliability worries, life
extensions and a nuclear revival all order machines at once.
Lead times for large turbines and their forgings have stretched
toward the end of the decade. Chapter 15 puts numbers to that
boom, and Chapter 14 shows why the constraint is not the
turbine builders' drawing boards but something older and
heavier: fire and steel.

The genealogy table

Consolidation is hard to follow in prose; here is the family tree
compressed. Each arrow is an acquisition, merger or spin; the
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point is how few trunks remain [T8][T37]:

Lineage

Path

Where it stands (mid-
2020s)

Parsons (1889)

de Laval / STAL

Westinghouse steam

General Electric

Alstom

Brown Boveri

Ansaldo (1853)

Skoda (1859)

Mitsubishi / Toshiba

Shanghai / Harbin /
Dongfang

Reyrolle Parsons, Rolls-
Royce industrial, then
Siemens (2014)

ASEA, ABB power,
Alstom (1999), GE
(2015), GE Vernova
(2024)

Westinghouse, then
Siemens (1998)

GE, GE Power, GE
Vernova (2024)

Alstom, GE (2015), GE
Vernova; nuclear line to
Arabelle Solutions

BBC, ABB (1988),
Alstom, GE

Ansaldo,
Finmeccanica/Leonardo,
part-stake sales (2013)
[T57]

Skoda Works, nuclear
from 1956/1964, then
Doosan of Korea (2009)
[T57]

independent Japanese
houses throughout

state groups, built up
on licensed Western
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inside Siemens Energy

inside GE Vernova /
Arabelle Solutions

inside Siemens Energy

GE Vernova

GE Vernova / Arabelle
Solutions

GE Vernova

Ansaldo Energia,
Genoa

Doosan Skoda Power,
Pilsen

Mitsubishi Power;
Toshiba

China's three giants



. Where it stands (mid-
Lineage Path

2020s)
designs then
indigenised
BHEL founded 1956 with India's national

Soviet assistance, Heavy champion
Electricals (India)

merged 1974, later

global collaborations

The Indian anchor

This series will give many items their India chapter in due
course; the turbine's is short and proud. Bharat Heavy
Electricals was founded in 1956, in the first decade of
independence, explicitly to give India the ability to build the
machines of electrification at home; it grew with Soviet
assistance, merged with Heavy Electricals (India) Limited in
1974, and built up plants at Bhopal, Haridwar, Hyderabad and
Tiruchirappalli into one of the world's largest power-equipment
complexes. Today BHEL offers steam turbines and turbo-
generators up to 1,000 megawatts, supercritical sets at 660, 700
and 800 megawatts, plus the condensers, feed heaters and
valves around them, and it maintains a residual-life-assessment
and modernisation business on the country's ageing thermal
fleet. When the history of Indian electricity is written, it will
largely be written in machines that came out of these works
[T38][T56].

The invisible specialists

Below the giants sits a layer the public never sees and the
industry cannot live without: the blade shops, the balance-and-
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spin test facilities, the field-service crews who can re-blade a
machine on site, the independent repair houses, EthosEnergy,
Sulzer, Mechanical Dynamics and Analysis, that overhaul
machines whose original makers have vanished into mergers,
and the small-series specialists, Triveni Turbines in India, Shin
Nippon Machinery in Japan, Siemens' Dresser-Rand line, that
own the sub-50-megawatt industrial world. A large turbine's
lifetime of fifty-plus years means the aftermarket outlasts
corporate lifespans; machines outlive the names on their plates,
and this layer is why they keep running [T26][T37].

Chapter 14 - Forged in fire

Every steam turbine ever built began as a fire. Before the design
office, before the machine tools, before the test bed, somebody
had to melt fifty, or three hundred, or six hundred tonnes of
steel and persuade it to freeze into a single flawless ingot, then
beat that ingot into a rotor under a press the size of a cathedral.
Manufacturing is where this industry stops being history and
becomes metallurgy, and it is where its deepest bottleneck lives.
The story of who can make a large turbine, and who cannot, is
largely the story of who can make its forgings [T40].

The ingot and the press

The rotor of a large turbine is a monoblock: one piece of steel,
forged whole, because welded or shrunk joints are potential
failure planes in a machine that must spin for half a century.
The forging begins with an ingot poured from multiple ladles of
vacuum-treated steel, and the ingots for the largest machines
are the largest sound ingots mankind pours: the Japan Steel
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Works, the Muroran-based firm that dominates this art, cast 600-
ton ingots on its 14,000-ton press and has developed and
marketed techniques for 670-ton ingots, the largest in the world.
From such an ingot the press kneads a rotor blank, working the
steel at white heat until its grain is fine and uniform, then the
blank is heat-treated, bored, turned, and inspected by
ultrasound for the internal flaws that cannot be tolerated at
3,000 revolutions per minute. A single large rotor takes the
better part of a year from melt to machine shop, and there is no
way to hurry metallurgy [T40].

Only a handful of plants on earth can do this at the largest sizes:
JSW in Japan, a small number of European and Chinese forges,
and almost nobody else. This is not a normal industrial
concentration; it is closer to a natural monopoly of competence,
built over a century. When the nuclear industry needs a
pressure vessel or a rotor, when a utility orders a gigawatt-class
machine, the order book of a few forges in Hokkaido and the
Ruhr and coastal China becomes a fact of national strategy. In
the order boom of the mid-2020s, large rotor forgings became
one of the binding constraints on the whole power industry's
expansion plans, with lead times quoted in years [T40][T41].

The metals that hold the heat

The second manufacturing story is the alloys. Steam at 600
degrees and 250 atmospheres is an aggressive fluid, and the
enemy is creep: the slow, permanent stretching of hot steel
under load, measured in fractions of a percent over decades.
The industry's answer, developed over fifty years, is the high-
chromium ferritic heat-resistant steels, nine to twelve percent
chromium with molybdenum, vanadium, tungsten, cobalt and
boron in careful doses, each generation buying another twenty
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or thirty degrees of steam temperature and with it another point
or two of plant efficiency. For the next rung, advanced ultra-
supercritical steam at 700 degrees and 350 atmospheres, ferritic
steel runs out, and the industry has spent two decades learning
to forge nickel-iron superalloys at rotor scale: JSW has
manufactured ten-ton-class A-USC rotors of such superalloys
with the fine grain structure that ultrasonic inspection demands.
The blades tell the same story in miniature: forged, precision-
machined, sometimes milled whole from solid, erosion-shielded
at their wet ends with hardened strips, and finished to surface
qualities measured in microns [T40][T39].

Balance, spin, witness

A finished rotor is balanced to a standard most industries would
find absurd, because an ounce of imbalance at the rim of a
hundred-ton rotor is a force that can tear a hall down. Blades
are weighed, sorted and moment-matched around the wheel;
the assembled rotor is spun in a vacuum bunker, in a pit behind
concrete and steel doors, past its overspeed trip setting, while
instruments listen for the first hint of rub or resonance. Only
then does the machine go to site, to be aligned to its generator to
hundredths of a millimetre, steamed, and commissioned. And
the industry's final craft is testing: every large turbine's
guarantees of output and heat rate are verified against
measurement codes with instrumentation that can cost as much
as a small power plant, because at the gigawatt scale one
percent of efficiency is a power station's profit margin [T8][T24].

This is why there are so few makers, and why the makers guard
their process knowledge the way nations guard weapons
designs. A turbine is sold as paper, as megawatts and heat rates,
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but it is made of fire, steel, and accumulated scar tissue, and the
scar tissue is not for sale.

The other forges

JSW's dominance is real but not absolute, and the map of forging
capacity is a map of industrial strategy. Europe keeps its
capability at Le Creusot in France, where Framatome's forge
makes nuclear heavy components, and at Saarschmiede in
Germany; Britain's Sheffield Forgemasters survives on defence
and civil-nuclear work; China has built colossal capacity at
China First Heavy Industries and its sister works, partly to free
itself from imported rotors; Korea's Doosan forges at Changwon
serve both nuclear and fossil programs. Each national forge
exists because somebody decided that rotors, like reactors, are
not a thing to be wholly dependent on foreigners for. The 2020s
order boom turned that old strategic instinct into a commercial
queue: every forge's books filled years out [T40][T41].

The machining years

Between the forge and the test pit lies the machine shop, and the
numbers are worth a paragraph. A large rotor spends months
on the biggest lathes and milling machines in industry, its blade
grooves cut to tolerances of hundredths of a millimetre; a blade
shop runs five-axis milling centres that carve aerofoils from
solid bar; the LP last-stage blades, up to seventy-five inches, are
among the largest precision-forged, precision-machined rotating
parts made anywhere. Then come the inspections: ultrasonic
and dye-penetrant examination of every rotor and every blade
root, dimensional checks against the digital definition, spin tests
in evacuated bunkers at overspeed. The paperwork for one large
machine, its material certificates and test records, fills shelves,
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and follows the machine for its entire working life, because fifty
years from its forging somebody will make a life-extension
decision on the strength of those records [T24][T40].

Chapter 15 - The market

What is the steam turbine worth, as a business? The honest
answer has three parts: what the world spends on new
machines each year, what it spends keeping old ones alive, and
what the installed fleet makes possible, which dwarfs the other
two. This chapter takes them in turn, with the caveat that
market research houses disagree at the edges and their figures
should be read as careful estimates, not census counts [T7].

New machines

Grand View Research puts the global steam turbine market at
19.6 billion US dollars in 2025, estimated 20.7 billion for 2026,
and forecasts 29.4 billion by 2033, a compound growth rate of
5.1 percent a year, with Asia Pacific the dominant region in 2025,
as it has been for two decades. The shape behind the number:
most of the world's new steam turbine capacity is being ordered
in Asia, for coal plants in China, India and Southeast Asia, for
nuclear plants in China, Korea's export program, India's fleet
expansion, and Japan's restarts; the West's orders run mostly to
replacements, nuclear life-extension, combined-cycle bottoming
machines and industrial units [T7].

Segment the market and the turbine's many lives reappear:
utility power generation, the largest segment by far; industrial
drives and cogeneration; marine, now a small niche after the
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LNG fleet's turn to dual-fuel engines; and the nuclear segment,
small in unit count but immense in unit size, where a single
Arabelle-class machine is a billion-dollar-class project all by
itself [T7][T33][T6].

The services annuity

Then there is the fleet already built. The world carries an
installed base of steam turbines measured in the thousands of
gigawatts: coal fleets of roughly two terawatts, the bottoming
halves of the world's combined cycles, the entire nuclear fleet,
geothermal and solar-thermal plants, and the uncounted
industrial machines. Turbines last half a century and need
continuous care: annual inspections, major overhauls on multi-
year cycles, blade and rotor replacements, efficiency retrofits,
control upgrades. Services and parts are the industry's annuity,
often more profitable than new machines, and the makers guard
their positions on their own installed fleets accordingly. GE
Vernova describes supporting thousands of steam turbines
worldwide with parts, outage support and digital monitoring;
every other major maker runs a comparable book [T26][T23].

The boom nobody staffed for

Through the 2010s the industry's centre of gravity slid toward
gas turbines and renewables, steam talent retired, and capacity
was quietly rationalised. Then the 2020s reversed the flow.
Electricity demand, flat for a generation in the rich world, began
climbing again on the back of data centres and electrification;
utilities rushed to extend coal and nuclear lives and to firm
renewable-heavy grids; the nuclear order book swelled; and the
steam turbine, supposedly a sunset product, found itself with
the fullest order books in decades. Lead times for large
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machines and especially for their forgings stretched into years;
the forges of Chapter 14 became the industry's pacing item; the
makers began hiring and re-expanding capacity they had
shrunk. Forecasts from the market houses, all made before the
boom fully registered, already show steady growth; the order
intake figures the makers began reporting from 2024 onward
are stronger still [T7][T40][T41].

A note on the numbers

The reader will notice this chapter is shorter on precise figures
than earlier ones, deliberately. Steam turbine market numbers
scatter by definition: some houses count only utility machines,
others include industrial and marine; some count the generator
with the turbine, some not. Where a figure is used, it is cited;
where the sources disagree, this book says so. That honesty costs
a little narrative smoothness and buys the only thing a research
publication owns: the right to be believed on the figures it does
give.

The lead-time signal

The clearest public signal of the 2020s power-equipment boom is
time itself. Reuters reported in July 2025 that the rush to build
US gas-fired plants had driven equipment costs and lead times
sharply up, with S&P Global quoting waits of as much as seven
years for large gas turbines; GE Vernova's leadership told
investors through 2025 that its equipment backlog stretched into
2028 and beyond. Steam turbines ride the same supply chain, in
some cases literally the same factories and the same forges, so
the steam market's constraint is best read through the whole
rotating-machinery queue: slots at JSW and the other forges,
generator production lines, and the shrinking pool of veteran
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field engineers. When the market-research houses project five
percent annual growth for steam turbines to 2033, the constraint
that projection leans against is physical capacity, not demand
[T59][T60].

What the services business sees

The installed fleet's demographics guarantee the service annuity
for decades. The coal fleets of China and India are young, with
decades of life and decades of overhauls ahead; the American
and European fleets are old, which means life-extension,
retrofits and flexibility upgrades; the nuclear fleets everywhere
are mid-life or older; which means steam-generator and turbine
refurbishments on a rolling schedule. A turbine maker's service
arm is therefore a hedge against every policy future: whether
the world builds new plants, stretches old ones, or converts
them to new roles, the machines need the same care [T26][T7].

The orphan fleets

When a maker disappears, its installed fleet does not. That fact
has grown an industry of its own. Consolidation has folded
dozens of historic turbine names into a handful of survivors,
and hundreds of machines built by firms that no longer exist are
still spinning: turbines whose builder was absorbed twice over,
whose drawings burned in some archive fire, whose last trained
field engineer retired years ago. Keeping them alive is a trade in
itself. Independent shops reverse-engineer blades from worn
originals and cast new ones without a drawing in sight.
Specialists re-manufacture rotors for machines whose brand
name survives only on the brass plate in the hall. There are
engineers whose whole career has been one forty-year-old set in
a station everyone assumed would close by now, and whose
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employer is not any of the great makers but a workshop that
exists precisely because the great makers walked away from
other people's machines.

The orphan trade says something true about the machine. The
steam turbine is not only hard to build. It is hard to Kkill. A
machine whose casing was cast when television was a novelty
can, with a re-bladed rotor and a modern governor, earn its keep
for another generation, and as long as that is true the industry
around it will be larger, stranger and more durable than any
market figure suggests.

95



PART VI - WHAT IT
POWERS, WHERE IT GOES



Chapter 16 - The dependence audit

Every book in this series ends its middle sections with the same
audit: how much does humanity actually depend on this item?
For the steam turbine the answer is structural, and it can be
given in numbers [T9].

The arithmetic of the spinning shaft

Ember's Global Electricity Review and data explorer put the
world's 2025 electricity generation at about 31,900 terawatt-
hours. Coal was the largest single source at 33.2 percent. Add the
sources that generate by boiling or heating a working fluid and
spinning a turbine of the type this book describes: gas burned in
combined-cycle plants (whose steam sections produce roughly a
third of the plant's output) and in old single-cycle steam plants,
nuclear at around nine percent, biomass, geothermal, solar
thermal, and the steam fractions of oil-fired generation. Even
after giving wind, solar and hydro their full and growing share,
the great majority of the world's electricity, comfortably more
than half of every electron used on earth, comes off a shaft
turned by steam [T9].

The renewables record does not dent that statement as fast as
headlines suggest. Renewables crossed 32 percent of global
generation in 2024, a genuine record; but the renewable total
counts hydro, which is a different turbine altogether, and the
thermal fleet that steam drives is not merely surviving but still
growing in absolute terms, because total demand keeps climbing
faster than clean sources can be built. The world adds solar
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panels at a record pace and adds steam turbine orders at a
record pace in the same year; both things are true, and the
second one rarely makes the front page [T9][T7].

Inertia: the invisible service

There is a second dependence, invisible until it fails. An
alternating-current grid must hold its frequency, fifty or sixty
hertz, within a whisker, and the traditional anchor of that
stability is the sheer rotating mass of the fleet: thousands of
turbine-generator rotors, each weighing tens to hundreds of
tonnes, spinning in perfect synchrony. Their combined inertia is
the grid's flywheel, absorbing the shocks of faults and tripped
lines in the seconds before controls can respond. Wind and solar
connect through electronics and contribute almost no inertia; a
grid with too little spinning mass becomes fragile, and system
operators now model and even procure inertia as a service in its
own right. Every one of those synchronous condensers and
stabilising machines is, tellingly, a spinning rotor; many are
retired turbine-generators given a second career as pure inertia.
The steam turbine, it turns out, was quietly holding the grid
steady all along, and the engineers noticed only when they
began taking turbines off the system [T9][T23].

The human ledger

Dependence has a human column too. The turbine fleet supports
coal mines and gas fields and uranium mills; factories making
blades and forgings; boiler houses; the vast maintenance trade;
grid control rooms; and the hundred-thousand-odd specialists
worldwide who can overhaul a large machine. It also carries a
historical ledger: electrification, which the turbine made cheap,
is the single most powerful engine of human welfare ever
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measured, and nearly everything in a modern hospital, school,
home or server hall is downstream of a spinning shaft. When
this book says the steam turbine is the hardest-working machine
ever built, that is the accounting behind the claim: majority
share of thirty-two thousand terawatt-hours a year, and the
stability of the grids that deliver it [T9].

The country table

The dependence is not evenly distributed, and the distribution is
itself informative. China's electricity system, the world's largest,
was built overwhelmingly on coal steam and is now adding
nuclear steam at the fastest rate on earth. India's grid is likewise
anchored in coal, with BHEL's machines carrying the baseload
and a growing nuclear programme alongside. America's steam
fleet is older, split between ageing coal, the ninety-odd reactors
of the nuclear fleet, and the bottoming cycles of the gas build-
out. France's grid is majority nuclear steam. Japan's post-2011
idling of its reactor fleet showed what removing the turbines
does: the country replaced them with imported fossil fuel at
enormous cost, and its reactor restarts since have been, in part,
a steam-turbine restoration programme. In every case, the
national electricity story is legible as a story about which steam
turbines are running [T9][T23].

The condenser machines

When a grid loses spinning machines to retirement, it now often
buys the spin back. A synchronous condenser is a generator
without a prime mover, spun up and left turning, existing purely
to provide reactive power, voltage support and inertia; the
modern grid-stability business installs them by the dozen in
renewable-heavy systems from Australia to Britain to Texas, and
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many are retired turbine-generators re-wound for the job. There
is something fitting in it: the machine that spent a century as the
grid's engine ends up, in retirement, as the grid's flywheel. The
physics that made steam turbines valuable, heavy rotors
spinning in synchrony, is itself now a traded commodity [T51].

When the wheels stop

The dependence is most visible when it is interrupted. Just after
four in the afternoon of 14 August 2003, an untroubled summer
Thursday, overloaded transmission lines in Ohio sagged into
trees and tripped, exactly as lines sometimes do. In the control
room of the local utility, FirstEnergy, a software bug had silently
disabled the alarm system that should have told the operators
what was happening; blind, they did nothing, because from
their screens there was nothing to do. What should have been a
manageable local fault then walked across the grid in seconds.
Lines and plants tripped in cascades, and within minutes much
of the midwestern and northeastern United States and the
Canadian province of Ontario had gone dark: an estimated fifty
million people and 61,800 megawatts of load across eight states
and Ontario, in what the official American-Canadian
investigation would call one of the largest blackouts in the
history of North America [T65][T64].

Look at the event through this book's lens and two things stand
out. The first is the fragility of the perimeter: the failure was not
in the great machines but in a control-room alarm, and the
turbines did nothing wrong as they tripped, one after another,
exactly as their protections are designed to do, spinning down
safely rather than destroying themselves in a collapsing grid.
The second is the weight of the restart. A black grid cannot
simply be switched on; thermal plants must be re-lit, warmed
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and synchronised island by island, and power returned
unevenly: much of it within a day, but some American
communities waited four days, and parts of Ontario endured
rolling blackouts for more than a week [T65]. New York City did
not see full power again until 16 August, two days later [T64].
The same patience that governs a single machine's morning
start governs the resurrection of a continent's supply. Society, it
turns out, does not merely depend on the electricity the turbines
make. It depends on the whole slow, careful culture of keeping
thousands of enormous machines spinning in step, and it
discovers that dependence only in the hours when the hum
stops.

The digital world's steam heart

There is one more column in the ledger, and it grows fastest. The
digital economy likes to describe itself in units of weightlessness,
the cloud, the stream, the wireless, but every server farm
training an artificial intelligence is, at the far end of its
transmission line, a hall full of steam and steel, and the data
centres' voracious new demand is one of the forces now
stretching the turbine makers' order books [T59][T7]. Every
electric car charged on a thermal grid is drawn along in part by
a descendant of Parsons' first turbo-generator. The digital age
did not abolish heavy industry; it moved it out of sight, down the
wire, into plain buildings near coal ports and uranium mines,
where the turbines hum at three thousand revolutions a minute
and nobody outside the profession ever thinks of them at all
[T9].

Chapter 17 - What comes next
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Forecasting is where books like this go to be wrong, so this
chapter keeps a rule: every forward-looking statement is
labelled as such, every programme named exists, and the
physics is allowed to argue with the headlines. Four futures
contend for the steam turbine, and the likeliest outcome is that
all four happen at once [T23].

Future one: the long twilight of coal steam

The world's coal fleet is the turbine's largest single employer,
and its trajectory splits by region. In the rich countries, coal
retirements continue; in Asia, plants are still being built, though
more slowly; everywhere, the youngest coal machines have
decades of life left. The turbine's coal future is therefore less a
cliff than a very long downslope: fewer new machines, an
immense fleet to maintain, and a steady business in making old
plants flexible, faster-starting, lower-minimum machines that
can back up wind and solar. The industry's flexibility retrofits,
new valves, controls and blading that let old baseload machines
dance, are the honest growth story here [T7][T9].

Future two: the nuclear second act

Nuclear power is ordering again: life extensions to sixty and
eighty years across the American and French fleets, new large
reactors in China, India, Britain and Eastern Europe, and a
queue of small modular reactor designs whose power
conversion systems are, nearly all of them, small steam turbines
or steam cycles of conventional type. Every gigawatt of that is a
steam turbine order, and the Arabelle line's record machines
have waiting company. If the SMR wave materialises as forecast,
it adds an entirely new product category: factory-built nuclear
turbines by the dozen rather than cathedral-built ones by the
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pair. This is the strongest single growth vector the industry has,
and the forges know it [T6][T40].

Future three: up the ladder again

The efficiency ladder still has rungs. Advanced ultra-
supercritical steam at 700 degrees and 350 atmospheres, with
nickel superalloy rotors of the kind JSW has now trial-forged at
ten-ton scale, would carry coal and biomass plants toward fifty
percent efficiency; national programmes in Japan, Europe and
India have built the components. Whether the world builds
many such plants is a climate-policy question; that it can is a
metallurgy fact [T39][T40].

Future four: the challenger's challenge

And then there is the heresy: what if the working fluid were not
steam at all? Supercritical carbon dioxide, compressed past its
critical point, behaves as a dense fluid that can be heated and
expanded through a turbine at high efficiency in a loop one-
tenth the size of a steam plant. The US Department of Energy's
STEP programme, a 169-million-dollar, decade-long effort led by
Gas Technology Institute with Southwest Research Institute and
General Electric, has built a 10-megawatt pilot plant in San
Antonio to prove a recompression closed Brayton cycle at
turbine inlet temperatures above 700 degrees, targeting two to
five points of net efficiency over steam and a smaller, cheaper
power block. If sSCO2 works at scale, it does not so much kill the
steam turbine as eat it from inside its own family: the sCO2
machine is still a turbine, built by turbine people with turbine
physics, only with a different fluid in the loop. The likeliest
forecast, and it is a forecast, is that steam holds the giant heat

103



sources for decades yet, while sCO2 and the gas turbine argue
over the fast and the small [T42].

The durable machine

Step back from the four futures and one fact outlasts them all.
Civilisation's primary energy is mostly heat: combustion, fission,
sunlight, the earth's warmth. Turning heat into electricity at
scale has exactly one mature tool family, the turbine, and steam
is its oldest, cheapest, most forgiving working fluid. The machine
that began as Hero's toy has survived the piston, absorbed the
nuclear age, outlasted the liner, and is currently outbidding its
own obituary writers in the order books. The safest forecast in
this entire book is that somewhere, a century from now,
something will be boiling water, and a wheel will be turning.

The small reactor, the standard machine

The SMR wave deserves a closer look, because it inverts the
industry's old economics. Rolls-Royce SMR's 470-megawatt
design, costed in 2019 at around 1.8 billion pounds per unit once
in production, passed into the UK's Generic Design Assessment
in April 2022, won selection for three units at Wylfa, and signed
early-works contracts in 2026 with CEZ for Temelin in the Czech
Republic. NuScale's modules, certified by the US regulator, are 77
megawatts each. Whatever one thinks of the forecasts, the
turbine point is structural: SMRs only work economically if the
whole plant, turbine island included, is factory-built and
repeated. The cathedral-era of one-off gigawatt machines would
be replaced by a production line of modest turbines, hundreds
of identical machines. For an industry that has spent a century
making each machine a little more bespoke than the last, that is
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the most radical proposal on the table, and it comes from the
nuclear side, not the renewable one [T58][T61].

The digital skin

The quietest of the futures is already installed. Modern turbines
run under continuous surveillance: vibration probes on every
bearing, thermocouples in the casings, steam temperatures and
pressures logged by the second, the whole stream compared
against models of how this machine, with these blades and this
many hours, should behave. The makers sell this as monitoring
and diagnostics; the old hands call it listening to the machine
with better ears. The payoff is unglamorous and huge: rubs
caught before they strip a diaphragm, cracks trended before
they grow, overhauls scheduled by condition instead of calendar.
Combined with the life-extension wave, digital monitoring is
how a 1970s machine gets safely talked into the 2050s [T26]
[T23].

Epilogue - The oldest new machine

There is a photograph the author likes to imagine, though it does
not exist: Hero of Alexandria standing in the turbine hall of a
modern power station, watching a six-hundred-megawatt
machine at full load. He would understand it instantly, that is
the thing. The boiler would be familiar; the spinning wheel
would be familiar; the dynamo would need a sentence of
explanation; and then he would have the whole of it, because
the idea has not changed in nineteen centuries. Boil water. Aim
the steam at a wheel. Catch the turning. Put it to work.
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What has changed is everything around the idea: the metals, the
mathematics, the scale, the stakes. The toy became the machine
that made electricity cheap; cheap electricity became modernity;
and modernity now asks the machine, in its old age, to do one
more thing, which is to share the grid gracefully with the
weather. It will. Machines this good do not get retired; they get
reassigned.

The steam turbine's story is the Industries of India argument in
a single object. Look closely at one item, really follow it, its
invention, its science, its makers, its economics, its futures, and
you find that you have accidentally described the whole
industrial world. The turbine touches the dairy and the
battleship, the atom and the mirror field, the forge in Muroran
and the grid under your street. It is the hidden engine of the last
century and the quiet workhorse of the next one. It deserves a
book. Now it has one.

A turbine timeline

All entries are sourced in the companion volume; dates for the
oldest items are conventional.

* 1st century AD - Hero of Alexandria describes the aeolipile, a

reaction steam sphere, in the Pneumatica.

. c. 1551 - Taqi al-Din describes an impulse steam wheel
turning a roasting spit, in the Sublime Methods of
Spiritual Machines.

* 1629 - Giovanni Branca publishes the first printed impulse

turbine design: boiler, jet, vaned wheel, gears.
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1672 - Ferdinand Verbiest demonstrates a steam-jack trolley
at the imperial court in Beijing.

1698 - Thomas Savery patents the Miner's Friend, the first
commercial steam device.

1712 - Newcomen's atmospheric engine begins work at
Conygree Coalworks, Tipton.

1765-1769 - James Watt conceives the separate condenser;
patent granted 1769.

1775 - Boulton & Watt partnership; Watt sketches a reaction
turbine at Soho the same era.

1824 - Sadi Carnot publishes Reflections on the Motive Power
of Fire, 600 copies, Paris.

1843-1845 - Joule measures the mechanical equivalent of
heat.

1849 - George Henry Corliss patents his valve gear in
Providence.

1850s-60s - Clausius and Kelvin complete the laws; Rankine
writes the manuals.

1876 - The Corliss Centennial Engine powers the Philadelphia
Exhibition.

1878 - De Laval patents the centrifugal cream separator.

1882 - Edison's Pearl Street Station opens, pistons driving
dynamos.

1883 - De Laval's turbine patent; Alfa Laval's predecessor
founded with Oscar Lamm.

1884 - Charles Parsons builds the first practical reaction
turbo-generator: 7.5 KW at 18,000 rpm.

1889 - C. A. Parsons and Company founded at Heaton,
Newcastle.
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1890 - De Laval perfects the convergent-divergent nozzle;
Forth Banks, the first turbo-generator power station, opens in
Newcastle.

1894 - Turbinia launched at Wallsend; first trials disappoint.

1896 - Rebuilt with nine propellers, Turbinia exceeds 32
knots.

1897 - Turbinia runs the Spithead review at 34 knots; the
world notices.

1901 - King Edward, first turbine passenger steamer; Viper
and Cobra lost.

1903 - Aurel Stodola publishes Die Dampfturbinen; Fisk
Street's 5 MW Curtis machine enters service in Chicago.

1904 - Mollier's enthalpy-entropy chart; first geothermal
electricity at Larderello.

1905 - The Admiralty commits the Royal Navy to turbines.
1906 - HMS Dreadnought, first turbine battleship.

1907 - Lusitania and Mauretania, turbine giants of the
Atlantic.

c. 1910 - Geared turbines; the Ljungstrom brothers'
radial-flow machine.

1920s - Mark Benson's once-through supercritical boiler;
mercury-steam binary experiments.

1929 - Benson-type test boiler in service at Gartenfeld, Berlin.
1931 - Parsons dies; his machines have passed 50 MW.

1950s - True supercritical units in America; reheat becomes
standard.

1952 - SS United States, fastest liner ever, steam turbines to
the end.

1956 - BHEL founded; India's turbine industry begins.
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1959 - NS Savannah launched, nuclear merchant steam.
1960 - First large-scale geothermal plant at The Geysers.
1970s - 1,300 MW-class units; the unit-size curve flattens.
1986-87 - QE2 re-engined from steam to diesel; the steam
liner era closes.

1990s - Combined-cycle plants spread; steam becomes the
bottoming half.

2000s - Ultra-supercritical reaches 600 C class in commercial
service.

2006 - EDF orders the 1,750 MWe Arabelle for Flamanville 3.
2014 - Ivanpah CSP opens in the Mojave.

2015 - GE absorbs Alstom's power business, including the
steam lines.

2024 - GE Vernova spun out; renewables pass 32% of world
generation while steam turbine order books fill to records.
2025 - World generation about 31,900 TWh; coal still the
largest source at 33.2%; the turbine market valued near 20
billion dollars.

2026 - Rolls-Royce SMR early works at Wylfa and Temelin;
the STEP sCO2 pilot programme nears its decade.

Glossary

A reader's key to the machine's vocabulary. Definitions are
plain-language; the engineering literature gives the rigorous
versions.

¢ Aeolipile. Hero's sphere: the first reaction turbine, a

demonstration device of the 1st century AD.
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Back-pressure turbine. A machine that exhausts steam at
above atmospheric pressure for use in a process, making
power from a pressure drop the plant needed anyway.
Blading. The rows of blades, fixed and moving, that do the
machine's work.

Carnot limit. The maximum fraction of heat any engine can
convert to work between two temperatures: (T1 - T2)/T1,
temperatures absolute.

Cavitation. The formation and collapse of vapour bubbles
where local pressure falls below vapour pressure; discovered
as a propeller disease by the Turbinia trials.

Combined cycle. A gas turbine whose exhaust raises steam
for a steam turbine; the two share one fuel and one
generator house.

Condenser. The heat exchanger that collapses exhaust steam
back to water under vacuum, deepening the cycle's
temperature fall.

Creep. The slow permanent deformation of hot metal under
load; the standing enemy of high-temperature rotors and
blades.

Critical point (of water). 22.1 MPa and 374 C, above which
liquid and vapour are one fluid; the threshold of supercritical
plant design.

Critical speed. A rotational speed at which a shaft resonates;
flexible-shaft machines accelerate through it to the calm
above.

Curtis stage. A velocity-compounded impulse stage: one
nozzle row, two or more moving blade rows.

Duty. The Cornish efficiency measure: foot-pounds of work
per bushel of coal.
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Enthalpy. The heat content of a fluid; the currency the
turbine spends.

Entropy. The measure of disorder that always grows; the
vertical axis of the designer's chart.

Feed heating. Using steam bled from the turbine to pre-warm
boiler feedwater; the quietest efficiency device in the plant.

Gland. The labyrinth seal where the shaft leaves the casing.

Governor. The machine's speed-keeper, from flyballs to
software; the overspeed bolt is its final argument.

Impulse turbine. De Laval's principle: all pressure drop in
fixed nozzles, work done by the jet's impact.

Last-stage blade (LSB). The longest blade in the machine, at
the exhaust end; the industry's measure of swallowing
capacity.

Mollier (h-s) chart. The map of steam's properties on which
expansions are drawn as lines.

Monoblock rotor. A rotor forged from a single ingot, no welds
or shrunk joints.

Nozzle (de Laval). A convergent-divergent passage that
accelerates steam past the speed of sound.

ORC. Organic Rankine cycle: a steam-turbine cycle using a
low-boiling fluid for low-grade heat.

Reaction turbine. Parsons' principle: pressure drops across
moving blades too; the steam's recoil drives the wheel.
Reheat. Returning part-expanded steam to the boiler for a
second warming before it finishes its work.

Supercritical / ultra-supercritical (SC/USC). Steam plants

operating beyond water's critical point; USC conventionally
means 600 C-class steam and up.
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Superheat. Heating steam beyond its boiling point so it can
work before it rains inside the machine.

Synchronous condenser. A generator spun with no prime
mover, providing inertia and reactive power; often a retired
turbine-generator.

Thermal efficiency. Electricity out divided by fuel heat in; the
industry's report card.

Turbo-generator. A steam turbine coupled directly to an
electrical generator; the power station's unit of account.
Turning gear. The slow-rolling drive that keeps a hot, stopped
rotor straight.
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