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PREFACE

Dr Johnson wrote, ‘A man may turn over half a library to make one book’.
In the present case around a score of writers have turned over about as
many libraries to make this Encyclopaedia. The Book of Proverbs states,
‘God hath made man upright; but they have sought out many inventions’.
Whatever one may think about Charles Darwin’s ‘Descent of Man’, it is a
fact that man walked upright, giving him a pair of hands which he could
use for manipulation, rather than ambulation, and his cranial capability
enabled him to evolve many inventions. This book tells the story of these
inventions from stone axe to spacecraft, from cave dwelling to computer.
The objective has been to simplify the study of the History of Technology
by putting into the hands of the reader, be he or she student or layman, a
single volume telling the whole story in twenty-two chapters, each written
by an acknowledged expert.

The content and layout of this book are based on an analysis of human
needs. From earliest times man has existed in a fundamentally hostile
environment and has had to use his wits in the struggle for survival. From
the start, this has involved his remarkable power of invention. Other
primates, such as chimpanzees, have been known to add one stick of
bamboo to another to enable them to reach and hence to enjoy a banana
otherwise out of reach. Many species of birds show remarkable ingenuity in
the construction of their nests, while insects like the ant, the wasp and the
bee display a constructive capacity which could be mistaken for genuine
creativity, but these examples are no more than instinctive and isolated
responses to a set of circumstances peculiar to the species. Only God knows
why man is the only species of animal capable of inventive thought and
equipped with the dexterity to make practical use of his ideas.

The Encyclopaedia had its inception during the period when I was
Executive Secretary of the Newcomen Society for the Study of the History
of Engineering and Technology, and worked from an office within the
Science Museum in London’s South Kensington. In this position I was able
to call upon a host of specialists, many of whom are members of the
Society, and some also on the curatorial staff of that excellent institution.
Thus while the conception, chapter contents and planning were my
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PREFACE

responsibility, the execution of the work was dependent on the contributors.
I would like to thank them all for keeping to my original plan and layout,
only adding topics that I had inadvertently omitted, and for the excellent
chapters that they have written.

The final text has benefited enormously from the work of Mrs Betty
Palmer who has laboured hard and long to cut out duplications, correct
errors and generally shape the disparate typescripts into a uniform and
coherent style. I would like to record my thanks to her, as well as to
Jonathan Price and Mark Barragry of Routledge for their patience, good
humour and encouragement. My gratitude must also go to the proof
readers John Bell, George Moore and Jenny Potts and to the indexer, Dr
Jean McQueen, whose work has contributed so much to the usefulness of
the Encyclopaedia. I would like also here to acknowledge the generosity of
the Trustees of the Science Museum for permission to reproduce over 60 of
the illustrations contained in this book and thank the staff of the Science
Museum Photographic Library for their assistance in tracking down
photographs sometimes specified only vaguely.

Lastly I would like to thank my wife for her patience and forbearance.
The period of gestation of this book has been longer than the others I have
written and has caused a greater amount of paperwork to accumulate
around my desk than usual. She has put up with it all with admirable
fortitude.

Tan McNeil
Banstead, Surrey
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INTRODUCTION

BASIC TOOLS, DEVICES
AND MECHANISMS

TIAN McNEIL

THE PLACE OF TECHNOLOGY IN HISTORY

It is strange that, in the study and teaching of history, so little attention is paid
to the history of technology. Political and constitutional history, economic
history, naval and military history, social history—all are well represented and
adequately stressed. The history of technology is neglected in comparison yet,
in a sense, it lies behind them all. What monarchs and statesmen did in the
past, how they fought their wars and which side won, was largely dependent
on the state of their technology and that of their enemy. Their motivation was
more often than not economic, and economic history and the history of
technology can surely be considered as twin hand-maidens, the one almost
totally dependent on the other. So far as social history is concerned, the lot of
the common man, as of his king and his lords, was usually directly related to
the state of technology prevailing at any particular time and place, whatever
political and economic factors may also have been of influence.

"Technology is all around us: we live in a world in which everything that
exists can be classified as either a work of nature or a work of man. There is
nothing else. We are concerned here with the works of man, which are based
on technological and, to some extent, aesthetic factors. It is a sobering thought
that every man-made object of practical utility has passed through the process
of conception, testing, design, construction, refinement, to be finally brought to
a serviceable state suitable for the market. Aesthetics may have entered into the
process of development and production at some stage, increasingly so in our
present consumer age, although from a glance at some of the products on the
market, one might well question the makers’ artistic sensibility.

It is even more sobering, however, to try to contemplate a world in which one had
absolutely no knowledge of history, of one’s own country or of the world at large. It
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INTRODUCTION

1s almost impossible to imagine a citizen of an English-speaking country being in a
state of total ignorance of William the Conqueror, of Henry VIII and his six wives,
of Napoleon and the Duke of Wellington, of Lord Nelson, of Abraham Lincoln and
Gettysburg, of Kaiser Wilhelm, of Adolf Hitler and Auschwitz. These are the very
stuff and characters that make up the pages of conventional history. Yet there are also
Johann Gensfleisch zum Gutenberg, Leonardo da Vinci, McAdam and Telford, the
Stephensons and the Brunels, Edison and Parsons, Newcomen and Watt, Daimler,
Benz and Ford, Barnes Wallis, Whittle, von Braun, Cockcroft, Shockley, Turing and
von Neumann and many others. It is interesting to consider which group had the
greater influence on the lives of their contemporaries. Even more, which group has
had the more long-lasting influence on the man in the street of later generations. It is
a matter of regret that space does not allow us, in the present volume, to deal in a
biographical manner with these and the many other mnventors mvolved, but only
with their works. o do so would require a whole shelf of books, rather than just a
single volume.

We might well question the value of studying the history of technology. One
answer is much the same as that for history as a whole. By studying the past,
one should, with wisdom, be able to observe its successes while perceiving its
mistakes. ‘Study the past, if you would divine the future,” Confucius is said to
have written some 2500 years ago, and even if this is an apocryphal quotation,
the precept holds good. In fact it seems self-evident that, in the normal course of
events, in the process of invention or of engineering design, the inventor or
designer starts his quest with a good look at the present and the past. Inventors,
though not necessarily ill-natured, tend to be dissatisfied with things around
them. The endeavour to invent arises when their dissatisfaction becomes focused
on a single aspect of existing technology. Typically, the inventor seeks a method
of improving on past and present practice, and this is the first step in the process
of moving forward to a new solution. Thus the history of technology and the
history of invention are very much the same.

Why study the history of technology? One could argue that it is a discipline
with all the essential elements needed to give a good training to the mind, if
such an exercise be considered desirable. Then there is another school of
thought; a growing body of people find the study is its own reward. They are
willing to pursue it for the pure fun of it. Though many of them may be
professionals, they are in fact truly amateurs in the exact sense of the word.
Long may they flourish and continue to enjoy the pursuit of knowledge in this
field for its own sake.

SCIENCE AND TECHNOLOGY

It is important at the start to distinguish between science and technology, for
science as such can have no place in the present volume. Though the dividing line
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1s sometimes imprecise, it undoubtedly exists. In our context, at least, science is the
product of minds seeking to reveal the natural laws that govern the world in which
we live and, beyond it, the laws that govern the universe. Technology, on the other
hand, seeks to find practical ways to use scientific discoveries profitably, ways of
turning scientific knowledge into utilitarian processes and devices.

It is quite clear where the line must be drawn in most cases. The steam
engine, for instance, the first source of mechanical power and the first heat
engine, was to release man from reliance on his own or animal muscles or the
fickleness of wind and water. For a short period in the seventeenth century
scientists, mostly dilettantes, took a lively interest in the possibility of
harnessing the power of steam, but little came of their curiosity. Nor did that of
certain less scientific but more practical experimenters such as Sir Samuel
Morland, ‘Magister Mechanicorum’ to King Charles II, Gaptain Thomas
Savery or Denis Papin, the French scientist who invented the pressure cooker
and worked for some time at the Royal Society, lead to the crucial
breakthrough. Claims may be, and have been made for any one of these to
have ‘invented’ the steam engine but, without question, it was Thomas
Newcomen, a Dartmouth ‘ironmonger’, who devised and built the world’s first
practical steam engine, which was installed for mine-pumping at Dudley Castle
in 1712. There is equally little doubt that Newcomen was a practical man, an
artisan with little or no scientific knowledge or any training in scientific
matters. Science and scientists had little direct or indirect influence on the early
development of the steam engine. The prestigious Royal Society, founded as
recently as 1662, did not even honour Newcomen.

The situation was little different when Sir Charles Parsons patented and
produced the first practical steam turbine in 1884. True, Parsons had a top-
drawer upbringing and education. Sixth son of the Earl of Rosse, he was
privately tutored until he went to Trinity College, Dublin, and then to
Cambridge University. There, the only pure science that he studied was pure
mathematics, before starting an engineering apprenticeship. This was before
there was any established School of Engineering at Cambridge, but he did
attend such few lectures that were given on Mechanisms and Applied
Mechanics. That was all the ‘scientific’ training given to the man who was to
revolutionize both marine propulsion and the electrical supply industry.

But matters are not always so clear-cut. Take horology, for instance, or
timekeeping. The men who evolved the first calendars, who observed the
difference between the twelve cycles of the moon and the one of the sun, were
astronomers, scientists. Admittedly they were working towards the practical
solutions of how to predict the seasons, the flooding of the River Nile, the
times for sowing and the time for harvest. But they were scientists. Technology
entered into the matter only when mechanical timekeeping had arrived, when
clock and watchmakers and their predecessors had devised practical
instruments to cut up the months into days, the days into hours and the hours
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into minutes and, later, seconds. These were technologists. They were practical
men who made their living by making instruments with which scientists and
others could tell the time.

Perhaps the matter may best be summed up by a quotation, supposedly
originating from Cape Canaveral or one of the other stations involved in
United States NASA Space Programme. One of the engineers is speaking:
‘When it works,” he is reported to have said, ‘it’s a scientific breakthrough.
When it doesn't, it’s those b— engineers again.’

Purists, of course, would doubtless dispute the difference between
engineering and technology. The latter—the science of the industrial arts, as the
Concise Oxford English Dictionary puts it—includes engineering but is a much wider
concept. Engineering—mechanical, civil, electrical, chemical etc., with further
sub-divisions into smaller sectors—is defined in the same work as the
‘application of science for the control and use of power, especially by means of
mechanics’. It is but a part of technology, although a large and important paxrt.

One further possible source of confusion exists. It 1s clear that the
astronomer, the man who looks through the telescope, is a scientist. On the
other hand, the scientific instrument maker, the man who made the telescope,
1s a technologist. In some cases, like those of Galileo and Sir William Herschel,
they may be one and the same man. However, as space is at a premium, we
must forgo the telescope as a part of technology and consider it the prerogative
of the editor of an Encyclopaedia of the History of Science, just as we would
consider the violin and the bassoon as musical topics although the craftsmen
who originally made them were undoubtedly technologists.

THE ARCHAEOLOGICAL AGES

The neglect of technology, the near-contempt in which archaeologists and
historians seem to hold it, is all the more surprising when one considers that it
was one of the former who originated what is now the standard classification of
the archaeological ages, and which is based on technological progress. Christian
Jurgensen Thomsen, who became Curator of the Danish National Museum in
1816, first started the system that is used world-wide today. He had previously
read a work by Vedel Simonsen which stated that the earliest inhabitants of
Scandinavia had first made their tools and weapons of wood or stone, then of
copper or bronze and finally of iron. This inspired him to arrange his collections
by classifying them into the three ages of Stone, Bronze and Iron and, from
1819, visitors to the museum were confronted with this classification. It first
appeared in print in 1836, in his guidebook to the museum.

The scheme was by no means universally accepted until, in 1876, Frangois
von Pulski, at the International Congress of Archaeology in Budapest, added a
Copper Age between the Stone and Bronze Ages and, in 1884, published his
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book on the Copper Age of Hungary. This added the final seal of approval
and thenceforth the world took wholeheartedly to Thomsen’s classification.
Yet although it was clearly based on the materials from which tools were made,
and such tools are the predecessors of industry, industrial archaeology and
industrial history are only grudgingly accepted and taught but sparingly in the
majority of centres of learning.

One archaeologist who was convinced that we should look upon pre-history
primarily as a history of technology was Professor V.Gordon Childe who
studied, rather than the rise and fall of civilizations, the rise and fall of
technologies—the technologies of hunting and weapon-making, of herding and
domesticating animals, of crop-growing and agriculture, of pottery and metal
working. Childe held that one should not study the palace revolutions that
enabled one pharaoh to displace another, but the technologies that enabled one
tribe or nation to overcome another in battle and the technologies that enabled
people to produce such a surplus of food in the valley of the Nile or the Tigris
or Euphrates that great states could be set up. Of recent years more and more
archaeologists have been adopting Professor Childe’s approach.

THE SEVEN TECHNOLOGICAL AGES OF MAN

When studying the history of mankind from the point of view of technological
development, it is possible to distinguish seven to some extent overlapping
ages: 1. the era of nomadic hunter-gatherers, using tools and weapons
fashioned from easily available wood, bone or stone and able to induce and
control fire; 2. the Metal Ages of the archaeologist, when increasing
specialization of tasks encouraged change in social structures; 3. the first
Machine Age, that of the first clocks and the printing press, when knowledge
began to be standardized and widely disseminated; 4. the beginnings of
quantity production when, with the early application of steam power, the
factory system began irreversibly to displace craft-based manufacture; 5. the
full flowering of the Steam Age, affecting all areas of economic and social life;
6. the rapid spread of the internal combustion engine, which within 50 years
had virtually ousted steam as a primary source of power; 7. the present
Electrical and Electronic Age, which promises to change human life more
swiftly and more radically than any of its predecessors.

THE FIRST AGE: MAN, THE HUNTER, MASTERS FIRE
The history of technology can be said to be older than man himself, for the
hominids that preceded Homo erectus and Homo sapiens were the first to use tools.

Australopithecenes, typically Taung Man, whose skull was turned up by Dr
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Table 1: A summary of the material ages

Age Approx. dating Notes

EOLITHIC c.1omillion ybp  Origins of tool making
(Dawn Stone Age)

LOWER 5 to 13 million ybp  Itinerant hunter tribes
PALAEOLITHIC Hand axes widespread

(Old Stone Age)

MIDDLE 400,000 to 35,000

PALAEOLITHIC vbp

(Old Stone Age)

UPPER 35,000 to 12,000  Origins of blade technology
PALAEOLITHIC ybp

(Old Stone Age)

MESOLITHIC 12,000 to 7,000 BC

(Middle Stone Age)

NEOLITHIC 6,000 to 3,000 BC  Agrarian revolution

(New Stone Age) The beginnings of towns
AENEOLITHIC or 3,000 to 1,500 BC  Writing known in Near East
CHALCOLITHIC Earliest copper articles in Egypt
(Bronze Age) €.4000 BC

Tin (hence bronze) discovered in
Mesopotamia ¢.3000 BC

IRON AGE started ¢.1500 BC

Note: ybp indicates years before the present. The dates given are approximate:
the same event took place in different countries at different times.

Louis Leakey and his wife Mary in 1925 in the Olduvai Gorge in Tanzania, was
one of the earliest and has been found associated with simple stone tools as well
as potentially useful flakes of stone, the by-products of the tool-making process
(see Figure 1). Australoplthecus, originating probably between two and three
million years ago, was the first of man’s predecessors to walk upright. This
ability was to lead to the whole story of technology, for it made available a pair
of forelimbs and hence the ability to grasp sticks or stones and later to fashion
them for particular purposes and to sharpen them to a cutting edge. The first of
the hominids was Ramepithecus, thought to date back as far as fourteen million
years and closely related to the great apes. However, it appears to have taken
eleven or twelve million years for the tool-making habit to emerge.
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Figure 1: Basalt side-chopper; over 2.5 million years old from the Oldurai Gorge,
Tanzania.
After M.D.Leakey.

The ability to fashion stone tools was followed by a further advance
otherwise unknown in the animal kingdom. No other species has the ability to
make fire. It is one of man’s most wonderful accomplishments and one which
was to lead to innumerable benefits.

‘Making’ fire is not the same as ‘using’ fire: the use of natural sources of
fire, such as volcanoes, meteorites, spontaneous chemical combustion or the
focusing of the sun’s rays through a raindrop, clearly predated the ability to
generate fire. In early tribal societies an important function was the tending of
a source of fire, started from one of the natural sources and which must, at all
costs, be kept alight, fed and nurtured. It is said that, even today, there are
Tasmanian and Andamanese tribes who have not mastered the art of making
fire but have to borrow it from their neighbours. The first hominid known to
have made fire was the Homo erectus (originally classed as Sinanthropus pekinensis)
of Choukoutien in China. Many layers of charcoal have been uncovered there
in the caves that they used, indicating intermittent occupation and fire making
over a period of many years. This activity dates from about 600,000 BC.

The uses to which fire was put were many and may be summarized as: for
warmth, for cooking, for the curing of hides, for protection in scaring off wild
animals, and as a focus for the social life of the tribe after darkness had fallen.
At a later period it was used also for hollowing out logs to make primitive
boats, and in firing pots, bricks and tiles, while the extraction of copper and
iron from their ores, the very bases of the metallurgical eras, and the
subsequent working of those metals into tools, weapons and ornaments, was
entirely dependent on fire. The making of glass objects was also based on the
control of fire.

The ability to make fire at will was thus one of the first major advances in
the early history of technology. There were two principal methods of doing so,
by impacting flint and iron or iron pyrites, and by the generation of heat by the
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Figure 2: Fire drills from northern Queensland Australia, Alaska and the
Kalahari.

friction of a hard stick, or fire-drill, against a softwood block, or hearth. While
the flint (silicon dioxide) method seems the more likely to have occurred by
chance and is therefore likely to be the earlier, it does require the addition of
dried grass or some other suitable tinder to make a fire. On the other hand, the
fire-drill, which would seem to imply a higher degree of intellectual capacity
for its conception, provides its own tinder from the friction of the hard, pointed
stick on the soft wood of the hearth (see Figure 2). Possibly a later
development of the fire-drill was the addition of a doughnut-shaped stone,
drilled through its centre, held in place by a tapered peg to the drill, which
would act as a flywheel by its own inertia. Some authorities have interpreted
this artefact as merely a digging stick. It does seem, however, that the makers
of so sophisticated a tool must have gone to an inordinate amount of toil and
trouble to bore out the flat, circular, stone to weight a digging stick to which a
weight could easily be attached by tying with a thong or cord.

The fire-drill was rotated simply between the two hands of the operator,
limiting the number of revolutions it made before its direction of rotation had
to be reversed. The stroke could easily be increased from the nine or ten
revolutions that would be made by a 1/4-inch diameter stick between average
hands before reversing, by a quite simple addition. This was to wind a piece of
cord or thong once round the stick and then to tie the ends to a bent piece of
springy wood in the shape of a bow. Thus evolved the bow-drill, used as much
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for drilling holes as for starting fires and one of the first multi-component
machines to be invented. Indeed, some archaeologists have propounded the
use of such a drill as a component of an elementary machine tool, in which a
weight and lever arm comprised the tool feed, the tool of hollow bone being
fed with powdered flint at the cutting edge, the drill being rotated by a bow.
Such a machine is purely conjectural, but the bow is known to have turned
lathes in the RomanoBritish period of the Iron Age.

The bow when used as a weapon supposedly invented by the people of
Birel-Ater in Tunisia in the middle to late Stone Age, was also the first
energystoring device. The energy of the bowman is gradually put into the bow
as it is drawn and stored until released instantaneously at the moment of
shooting. This was a considerable advance on the spear-thrower, a sling which
merely extended the leverage of a man’s arm. Bone, for example from a deer’s
antler, was used as the bow, with an animal sinew as the string, sometimes as a
substitute for a suitably flexible piece of wood.

Wood was, of course, a natural and usually easily obtained material which by
the nature of its growth would suggest itself to primitive man for many
purposes—for digging, for spears and clubs, and for use as a lever in many
situations. Bone came into service in slivers for making needles and for digging
on a grander scale as in the Neolithic flint mines such as Grime’s Grave in
Norfolk, where the quantity of flints removed suggests that they must have been
a commodity of primitive trade. The shoulder-blade of an ox is flat and splayed
out in such a way as to make an ideal natural shovel, while a part of the antler of
the red deer would serve as a suitable pick. Similar flint mines have been found
in Belgium, Sweden, France and Portugal. In some cases the shafts of such mines
are as much as thirteen metres deep and extend at the bottom into galleries
where the richest seams are to be found. Trade in these flints, sometimes in the
raw state and sometimes shaped into finished tools, was international as well as
within their countries of origin. International commerce was thus established,
probably several thousand years before the Bronze Age and, it seems likely, long
before the introduction of agriculture and settled centres of population.

Bone, ivory and horn found use for making spear-tips, fish-hooks and
harpoons, as well as needles. Fish was a valuable addition to the diet of
hunting and food-gathering peoples as it was to agricultural communities, and
fishing increased as the building of boats became possible. This appears to
have occurred about 7000 BC. Even boat-building, however, was much
dependent on the mastery of fire to hollow out logs.

The development of tools in the Stone Age

Owing to its density and hardness, stone was probably the most popular material
for tools in the Stone Age. Thanks to its durability, it is also the most common
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material of such tools as have survived the centuries since they were in use. The
oldest and, at the same time, the most primitive that are undoubtedly man-made,
or made by his predecessors, are the pebble tools found by Richard Leakey in
Kenya which have been dated at 2.6 million years old. These include the
characteristic core and flake tools; the flakes produced as waste in the process of
developing the core were put to good use, as many of them had sharp cutting
edges. Characteristically such core pebble tools were only flaked to produce a
sharp edge at one end. It is notable that in this, the world’s oldest industry, dating
back probably some 5 million years, ‘tools to make tools’ were included, hammer-
stones and anvil stones being found in the lowest levels at Olduvai in Tanzania.

So-called hand axes, on the other hand, were bifaced, that is to say,
sharpened by flaking all round the periphery. The development of this type of
tool is also attributed to peoples in Central Africa, supposedly dating from
about half a million years ago. This was a general purpose tool, serving not
only as an axe but also for piercing and scraping the hides of animals. Not
only pebbles were used in their manufacture: some show signs of having been
quarried from the natural rock.

Where long parallel-sided flakes were produced, usually from flint, chert
or obsidian, they represent the so-called blade-tool industries. From these
basic knife blades a number of variants have been found: gravers,
spokeshaves, saw blades, planes and drills have been identified by
palaeontologists, although the common man might have some difficulty in
distinguishing some of them. All belong to the Upper Palaeolithic period that
is, say, from 35,000 to about 13,000 years ago when hunting was still the
primary source of food.

The Mesolithic, or Middle Stone Age, lasting approximately from 12,000 to
7000 BG, saw a revolution in the making of stone tools. The techniques of
grinding and polishing, already applied to bone and ivory in Middle and Upper
Palaeolithic times, began to be used for the surfacing of stone tools. An axe with
a smooth surface would be much easier to use for felling trees, though its
advantages with some other types of tool do not seem to be so evident. Basalt
and epidiorite, finer grained igneous rocks, are more easily ground and polished
than flint and it is supposed that the technique probably originated in regions
where these rocks were in common use for toolmaking. This grinding and
polishing was probably at its peak around 6000 to 5000 BG, declining in
importance after 3000 BC when copper and then bronze came into use.

The grinding and polishing process generally involved rubbing the tool
against a slab of wetted sandstone or similar hard rock, sand being used as an
abrasive powder if only a non-friable rock was available as a grinding base.
Some axes of the Neolithic and Bronze Ages, probably used for ceremonial
purposes, have a very high polish suggestive of a final burnishing with skins
and a polishing powder. These have generally been found associated with the
burials of tribal chieftains.
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The production of the basic core and flake tools was a skilled occupation
using one of two methods—pressure flaking or percussion flaking. In the
former, a tool of bone, stone or even wood was pressed against the core so as
to split off a flake and the process was repeated. In percussion flaking a
hammer stone was repeatedly struck against the core or against an
intermediate bone or wooden tool applied to its edge. Either process requires a
high degree of skill, acquired through long practice and much experience and,
in the case of the more complex shapes such as barbed and tanged
arrowheads, indicates a degree of specialization at an early date.

The adze, roughly contemporary with the hafted axe, similarly developed
into a polished tool about 6000 BC in the Middle East with the general adoption
of agriculture as a method of food production. The spokeshave is also of this
period; of course, it was not at that time used for wheel spokes but more for
refining spear shafts, needles, awls, bows and the like, in wood or bone.

It is interesting to note that the impulse to create and the ability to produce
images of animals (including men and women) seems to date from late
Palaeolithic times at least, that is before about 12,000 BC. Relief carving on
cave walls, modelling in clay and powdered bone paste, and cave wall painting
were all included in the artistic activities of the Gravettian and Magdelenian
cultures that were established in the Dordogne region of France. Black oxide of
manganese and the ochres or red and yellow oxides of iron, generally ground
to a powder and mixed with some fatty medium, were the colours generally
used and probably represent man’s first excursions into the world of chemistry
as well as that of art. Mammoth, woolly rhinoceros, bison, reindeer, horse,
cave lion and bear have all been found in these paintings, mostly of men
fighting with bows and arrows, credited to the people of Bir-el-Ater, Tunisia, in
the Middle to Late Palaeolithic period. Another rock painting in Spain shows a
woman collecting honey with a pot or basket and using a grass rope ladder,
another early invention extant in this period.

THE SECOND AGE: THE FARMER, THE SMITH AND THE
WHEEL

The change from nomadic hunter to settled agricultural villager did not
happen overnight, even over centuries. It must have taken several thousand
years. It started some time about 10,000 BC, when a great event took place—
the end of the last Ice Age when the melting ice flooded the land and brought
to life a host of plants that had lain dormant in seeds. Among these was wild
wheat as well as wild goat grass. It was the accidental cross-fertilization of these
that led to the much more fruitful bread wheat, probably the first plant to be
sown as a crop, which was harvested with a horn-handled sickle with
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sharpened flints set into the blade with bitumen. At an oasis near the Dead
Sea, as at other places, a village grew into a city: this was Jericho, with fortified
walls and buildings, at first of reed and mud, then of unbaked clay until baked
brick was used between 8000 and 6000 BC. Barley and millet were also grown
and harvested (see Chapter 16). As well as the already domesticated dog, the
sheep, the goat and the onager, a form of ass, were added to the domestic
animals. Pottery was made not only by the old method of smoothing together
coils of clay but also on the newly invented potter’s wheel. Copper was used
for ornaments in Egypt about 4000 BC (see Chapter 1). It came Into more
general use for making tools 1000 years later, at about the time that tin, which
could be alloyed with it to make bronze, was discovered in Mesopotamia. Iron
was not discovered as a useful material until about 1500 BC (see Chapter 2).

Social influences of copper and iron

The social implications of copper and iron were very different. Copper, as later
bronze, was something of a rarity and consequently expensive when it had been
worked into a tool or weapon by someone with the skill and knowledge to do so.
It came, too, at a time before there was an establishment, a hierarchy of king and
priest and counsellor. Wealth was the only uncommon denominator and wealth
could be equated with worldly success in the business that mattered most—
success in agriculture. Copper tools, and weapons, thus became available only to
the powerful, to those who were already wealthy, and had the effect of increasing
their power and multiplying their wealth. It thus tended to create an elitist society
in which the majority, who formed the lower ranks, were still confined to
grubbing the earth with tools of bone and wood and stone. It was socially
divisive, helping only the rich to become richer in creating the small agricultural
surpluses that were to be at the foundation of subsequent cultures.

The technology of ironmaking and the forging of tools and weapons from the
refined metal was a more complex process, a more specialized business. On the
other hand, iron became more widely available than copper or bronze, it was far
cheaper and could be made into much better and longer lasting tools and
weapons. Thus, once the techniques and the craftsmen became established, iron
tools became more generally available to a wider spectrum of the population
than had those of copper or bronze. Iron has rightly been called the democratic
metal, the metal of the people, for so it was in comparison with its predecessor.

The common ground

On the other hand, the introduction of metallurgy, whether of bronze or
iron, and its processes did become the start of a new way of living in which
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specialization and the division of labour were important factors. Metal
workers were a class of specialists who needed specialist equipment and who
depended for their sustenance on the labours of their fellow men, the
farming community for whom they provided the tools. Many ancillary
trades, too, were involved, in the quarrying or mining of the ores to be
smelted. The construction of furnaces and the manufacture of crucibles were
to become other objects of specialization. The human lungs and the blowpipe
produced a very limited area of high temperature for smelting, so that the
blowpipe was virtually restricted to goldsmiths. Around 3000 BC bellows
were developed, at first from the whole skins of sheep, goats or pigs, or from
clay or wooden pots topped with a flexible membrane of leather. Copper ore
was not to be found in sufficient quantity in the ‘fertile crescent’ where it was
first used. Thus traders and carriers were required using, at first, pack
animals and later wheeled vehicles, then riverboats and sea-going ships. All
these called for further specialists to produce them. These in turn needed
further tools with which to work and added to the number of specialists who
had to be fed.

It has been suggested that copper ore was mined at Mount Sinai as early as
5000 BC and 2000 years later in Oman in the south of Arabia. These are
respectively some 1400 and 2000km (875-1250 miles) from Mesopotamia, a
long haul for the unrefined ore and a powerful incentive towards the invention
of the wheel. It was about 3500 BC that the wheel was first added to a
primitive sledge at Erech in Sumeria. Strictly speaking, the invention consisted
more of the axle to which the wheel was fixed, for previously wheel-like rollers
had been placed beneath the sledges, especially when heavy loads were
involved.

Some of the heaviest of these were the great obelisks, a characteristic of
Egyptian civilization, which were as much as 500 tonnes in weight and 37m
(122ft) hlgh when erected. They were quarried in the horizontal position, in
one piece, from around 1470 BC. It is believed that the huge blocks were cut
out of the parent granite by continual pounding from a round stone of dolerite
so as to generate a narrow trench all round; the final undercutting to separate
the obelisk must have been an awesome task. Apart from the glory brought to
the name of the pharaoh who had ordered the obelisk, it had little use except
as the gnomen of a sundial.

The plough was a vital invention for a civilization that was becoming
increasingly dependent on agriculture, and a great improvement on the hoe as
an instrument for tilling (see Figure 3). An intermediate device, which survived
in the Hebrides until the nineteenth century as the caschrom, was the
lightweight man-plough and it was not until about 3000 BC that animals
started to be harnessed to the plough or the cart. In warfare, horses were at
first used to draw two-wheeled chariots: men did not learn to ride horses until
about 2000 BG and the saddle is a much later invention which did not become
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Figure 3: The plough. The development of more effective instruments for tilling
the soil lies at the heart of agricultural production. An Egyptian hand digging
implement, ¢. 1500 BC. See Chapter 16.

truly effective until stirrups were added, allowing the horseman a better
purchase with sword or spear.

There has always been a need to join one piece of material to another, be it
wood, leather or metal, or to join wood to stone as in the hafted axe. Thongs
and cords or ropes of fibres woven together served at first, but both the nail
and the rivet were known to the coppersmiths of Egypt well before 2500 BC.
Such nails were used in sailing ships some five centuries before that date.
These again were Egyptian and represent the first known application of a
natural source of power other than animal power, the wind. The use of wind
power to drive the rotating sails of a windmill does not appear to have
occurred for another three millennia or more.

The Iron Age naturally brought with it, among other things, iron nails,
but for large timbers, such as are used in ships, where these were to be
joined, it was common to use trenails. These were no more than closely
fitting dowels and they remained the conventional method of joining ships’
and other heavy timbers until iron replaced wood as the basic construction
material in the nineteenth century AD. There is some doubt about the
woodscrew: examples exist from Roman sites between AD 400 and 450, but
in a very corroded state so that it is impossible to be sure of their purpose.
All that we know for sure is that the first illustration of a woodscrew is in
Agricola’s De Re Metallica, first published in Venice in 1566. This remarkable
and detailed work does not mention that there was anything unusual about
the woodscrew, from which it has been assumed that by that time it was an
article generally in common use.
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Another method of joining wood, known at least by 3000 BC, was the
mortise and tenon joint, implying the use by that date of quite sophisticated
carpenter’s tools. These must have included saws and chisels and a high
degree of skill must have been needed to use them effectively.

The first type of hinged tool, as we know it today, with two separate
components, was in fact made in one piece, depending on the spring of one
part of the metal for the relative movement between the two blades. The
Egyptians, perhaps as early as 4500 BG, had shears similar to a tailor’s
scissors (and they are still made in steel in Japan). With these they could
cut silhouettes, and it is suggested that this resulted in the Egyptian
convention of making carved or painted representations in profile. The
same principle was then applied to making tongs for those employed in
coppersmith’s work. Previously there was no alternative to holding the hot
metal between two stones.

It may appear to the reader that an excessive number of events and inventions
are recorded as having taken place in the period 3500-3000 BC. There may be
some unintentional distortion of the facts due possibly to the dating of the
earliest surviving written records. The first known writing was the cuneiform or
wedge-shaped script evolved by the Sumerians about 3400 BC. Before that
everything depended on memory and speech, the only method of recording and
recalling the past. Egyptian hieroglyphic writing followed within a couple of
centuries and by 2000 BC the Egyptians had reduced their system to an
alphabet of twenty-four letters. In contrast, the Chinese, in advance in so many
other techniques, were not so in writing. It is known that Chinese writing was
well established by 1700 BC, but the date of its origin is not known.

Pots and baskets

The development of both tools and weapons increased the demand for
containers in which to remove the spoil of excavation or to preserve or to cook
the winnings of the hunt. Basketwork 1s a characteristic of the Neolithic Age and
is a development of the weaving of rushes to make floor coverings for mud huts.
Such forerunners of the carpet date from some time before 5000 BC. The same
weavers learned to work in three dimensions so as to produce baskets in which
grain could be stored. By 3000 BC the skill was widespread.

Similarly pottery, in its broadest sense, did not start with the making of pots
(see Chapter 3). Long before vessels were made—as early it seems as 25,000
BC—small figures representing human beings were moulded in clay and baked,
at first, in the sun. The making of pots by coiling strips of clay in a spiral and
then moulding them together is supposed to date from about 7000 BC, as is
the moulding of clay to take the form of the inside of a basket. Sun drying
would be msufficient to produce a watertight vessel and slow baking in a kiln
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would be required. The kiln process was first used in Mesopotamia and Persia
around 4000 BC and in Egypt within the next thousand years.

The advance of the wheel

The inventor of the potter’s wheel wrought, perhaps, better than he knew. A
simple turntable mounted on a central pivot was turned by an assistant so that
the potter had both hands free with which to manipulate the clay. It originated
about 3500 BC in Mesopotamia, not far from Sumeria where, at about the
same time at Erech, came that great advance in technology, the addition of an
axle to a sledge on to which a wheel could be fixed, thus to form a primitive
cart or wagon. Both of these concepts were, of course, preceded by the use of a
round flat stone with a hole in the centre to act as a flywheel when spinning
thread for weaving. Doubtless the wagon at Erech was an experiment and
doubtless the same idea came to others about the same time: technology has a
habit of working like that. But to the anonymous experimenter at Erech must
go our thanks, for what would we do without wheels and axles today?

Glass

Untl the plastics age of the twentieth century, and many might say into and beyond
it, glass was the ultimate material for making containers. It resists all substances—
except hydrofluoric acid. It exists in nature in the form of obsidian, a volcanic rock of
which man-made artefacts have been found, such as arrowheads. The earliest man-
made glass is dated at about 4000 BC in Egypt, as a simple glaze on beads. Not until
about the seventh century BC are Assyrian examples of small decorated jugs found,
made by casting the glass round a clay core which could then be scraped out. A great
advance was the blowing iron, allowing larger and thinner vessels to be made. This
originated in the first century under the Romans.

Gearing

We know little more of when and where gear wheels originated than we do of
the invention of the wheel. Aristotle (¢c. 384 BC) recorded seecing a train of
friction wheels set in motion, that is a series of contiguous wheels with smooth
peripheries but without teeth. Ctesibius of Alexandria is said, by Vitruvius, to
have constructed a water-clock with gears about 150 BC. In this, a primitive
rack was mounted on a floating drum and meshed with a circular drum so as
to rotate it. This is the earliest reference to toothed gearing, but no mention is
made of the materials used.
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Gearing, then, developed in two materials—in wood for large installations
transmitting power; and in metal, usually bronze or brass initially, for
timekeeping and other related astronomical instruments. The earliest surviving
‘mathematical gearing’, as the latter is known, is probably the Antikythera
mechanism now in the National Archaeological Museum, Athens, which takes
its name from that of a Greek island off which it was found in a wreck in AD
1900 and is thought to date from the first century BC. It is supposed, from the
complexity of this mechanism, of which no less than thirty-one gear wheels
survive, that this was far from the first example to be made and that, by that
date, there was an established tradition of making mathematical gearing. The
teeth on such an early example of gears were filed with a straight tooth profile
and a root angle of approximately 90 degrees.

Wooden power transmission gears for mills date at least as far back as
Roman times, a comprehensive range of carpenter’s tools being available such
as lathe, plane, bow drill, saw, chisel, awl, gimlet and rasp. It was customary at
that time to bind the ends of shafts with iron hoops as well as to line the pivot
sockets of timbers to provide a bearing surface. The blacksmith was equipped
with forge hearth, bellows, hammer, tongs and anvil by the time of Vitruvius,
who wrote about these matters in about 25 BC.

The traditions established at this time in both carpentry and blacksmithing
were to continue well into the nineteenth century with little change in
techniques but with great improvements in the products made. Improved tooth
profiles, so as to provide true rolling contact between gears, were introduced.
Bevel gears were substituted for the earlier ‘lanthorn and trundle’, the latter
being a wheel with pegs, and later shaped teeth, set into its flat surface, the
lanthorn resembling a lantern or bamboo birdcage, two discs being connected
by a number of pins or dowels equally spaced near to their periphery. The use
of wrought iron in clock gears from the Middle Ages developed into the use of
cast-iron mill gearing in the 1770s, but mortise gears—wooden teeth let into a
cast-iron rim—persisted into the nineteenth century. Hornbeam was the most
popular wood until lignum vitae, the wood of the guaiacum tree, a native of
South America, began to be imported in the eighteenth century.

Helical gears were developed by Robert Hooke in 1666. There being then
no machinery for cutting such teeth, he built them up from a series of
laminations which were staggered or progressively displaced when the faces of
the teeth were then filed smooth. Ten years later Hooke devised the universal
joint named after him and contributed much to later mechanical engineering.

Early machines in Egypt

It was not until about the time of Christ that Hero of Alexandria classified the
five basic machines as the lever, the wheel and axle, the wedge, the pulley and
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the screw, but the first three of these had been in common use since about
3000 BC. The shaduf for irrigation and the balance beam for weighing were
applications of the lever. It was, as we have already said, at about this time that
written records started with the Sumerian invention of cuneiform script usually
inscribed on clay tablets. The same period saw the first attempts at
standardization of weights and of linear measures, the span, the palm, the pace,
the inch and the cubit all being based on parts of the human body by the
Egyptians.

The Egyptians were also the first large-scale builders, largely using huge
quantities of slave labour rather than mechanization, or craftsmen working off
their tax dues or debts. No pulleys, for instance, were used in raising the
thousands of huge blocks of limestone for the pyramids. The great pyramid of
Cheops covered over 5.3 hectares (13 acres) and contained some 2.3 million
blocks of over 1 tonne each. It was 146m (479ft) high. Though it was a natural
progression for a civilization that had the wheel, the Egyptians did not have
the pulley. The first depiction of it is in an Assyrian relief dating from the
eighth century BC, in which it is clearly shown in use on a building site
hauling up a bucket or basket, the workman on the ground grasping a pointed
mason’s trowel.

In spite of the replacement of the blowpipe by bellows, at first operated by
hand but later by the feet, articles of iron were of limited size even towards
the end of the Egyptian Empire, that is, until about 600 BC. Drill bits,
chisels, rasps, door hinges, edging for ploughshares, bearings, spindles and
hoes are typical. Wood and stone were the principal materials of the
Egyptians. Cast iron, however, was developed by the Chinese as early as the
fourth century BC.

Greece and Rome

The Greeks were great builders but, apart from a few exceptions such as
Archimedes, were theoretical scientists rather than practical technologists.
Their contributions to sciences such as mathematics and astronomy, were
considerable—not to mention philosophy—but they were not great inventors
except, perhaps, in the production of mechanical devices to strike the
worshipping plebeians in the temples with a sense of awe. Falling weights drove
some of these, but more common was the use of hot air or hot water, even
steam being brought into service as well as a form of windmill. The Romans,
although a far more practical people, invented little of their own but did much
to adapt the principles, used by the Greeks only for their temple ‘toys’, to large-
scale practical applications such as could be used ‘for the public good’.

The Greek and Roman empires lasted for about a thousand years, from 600
BG to about AD 400, during which period the Chinese made some remarkable
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advances in technology. They had cast iron as early as 350 BC, some thirteen
centuries before it was known in the West; they developed the double-acting box
bellows; steel was produced in the second century BC; they invented
papermaking about AD 100. Gunpowder, mainly used in fireworks, is another
Chinese invention. It is surprising that there seems to have been so little transfer
of technology to the West in spite of so many travellers passing along the ‘Silk
Road’. These, however, were merchants or royal or papal envoys. Technology
was, perhaps, above the intellectual level of the merchants and below the notice
of the envoys. Marco Polo, for instance, in his Zravels, recorded by Rustichello of
Pisa in 1298-9, records the glories of architecture, customs, weapons and
armour, food, gemstones, crops, natural history, governments and rulers but
rarely, if ever, records seeing a technological process in twenty years of
wanderings in the Middle East, India and China.

One practical invention of the Greeks was the horizontal waterwheel, the
predecessor of the turbine, now known more commonly as the Norse mill.
This was the first form of power of non-animal origin except, perhaps, the
sailing ships used by the Egyptians as early as 25600 BC. Its use spread
northwards throughout Europe. Except for the shaft from the wheel to the
millstones above and the bearings, which were usually of iron, practically the
whole construction was of wood which became the principal material of
millwrights for the next thousand years.

The Roman mill, described by Vitruvius in about AD 180, was the first
machine in which gears were used to transmit power. This mill had a vertical
wheel driving the horizontal upper millstone through lanthorn and trundle gears.
However, the Romans were well supplied with slaves and hence not encouraged
to mvest in labour-saving mechanization. Watermills did not increase greatly in
number until the fourth and fifth centuries AD, towards the end of the era of the
Roman Empire. By the time of the Domesday Book, completed in AD 1086, this
survey was to record over 5600 in use in England alone, mostly used for corn
milling but possibly a few for ore crushing and for driving forge hammers.

In building, the Romans used cranes frequently fitted with a treadmill to
turn the windlass, the rope running in pulleys. The most powerful of them
were of about 6 tonnes’ lifting capacity. The stone blocks were lifted by means
of a ‘lewis’, a dovetail cut by a mason in the upper surface into which a
wedgeshaped metal anchor was fitted and locked in place by a parallel-sided
metal key. The key of the lewis and the wedged anchor could be released
when the stone had been positioned, even under water.

As well as the extensive network of roads across the Roman Empire, which
included many bridges, a great number of aqueducts were built to supply
water to their cities. The construction of river bridges often involved the
building of coffer dams of timber piles, sealed with clay, and in the building of
these two machines were used: first, the pile driver and, second, the ‘snail’ or
Archimedean screw to drain the water from the completed coffer dam.
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Water supply was of the greatest importance, for the Romans in the cities
are said to have used more than 270 litres (59 UK gallons, 71 US gallons) per
person per day. Rome in the fourth century AD had over 1350 fountains and
850 public baths, while flowing water was also used for flushing the plentiful
sewers. Some houses at Pompeii had as many as thirty water taps each. The
common use of lead pipes for water distribution, producing lead poisoning and
resulting in brain damage, is held by some to have been one of the causes of
the decline of the Roman Empire.

The Dark Ages

The last Roman troops left Britain in AD 436 and all contact between Britain
and Rome had ended by 450. To a great extent the Roman legacy of roads,
bridges and aqueducts died, the relics being allowed to fall into disuse and
decay, but a good deal of knowledge was preserved as well as the skills to
transmute it nto practice. Many of the engineering crafts were kept alive by
the monastic orders who became rich on the basis of the products that they
made but largely from the water-powered mills that they built and operated.
The Romans, for instance, had superseded the half horsepower (or one
donkey power) Greek or Norse mill with the Vitruvian mill which generated up
to three horsepower. As civilization could no longer depend on large numbers of
slaves, there was a demand for such mechanization as was available and the
successors of the Romans continued to build water mills. At the time of the
Domesday survey there was an estimated population in England, south of the
Severn to the Trent, of nearly 1 1/2 million and hence one watermill for every
250 people, the vast majority being devoted to corn milling. Later, from AD
1000 on, mills were used for beer-making and for fulling cloth, particularly
woollen fabrics. Later applications were for forge hammers and bellows, for
paper-making, crushing woad and bark for tanning, for grinding pigments and
also for making cutlery, for water lifting and irrigation, and for saw mills, lathe
drives and wire-drawing. In the twelfth century engineers turned their attention
to harnessing wind power and the first post mills resulted. Tidal mills also
existed, but had the disadvantage that their working hours varied each day. The
first mention of a post mill is in about 1180 in Normandy. Post mills were of
necessarily limited size and hence powder, but tower mills, which first appeared
in the fourteenth century, could double or treble this. They did not come into
extensive use until the sixteenth century, particularly then in the Netherlands.
Naturally most inventions of the period were related to agricultural
improvements, textile production or building construction, or else for military
applications. Agricultural performance was greatly improved with the
development of the horse collar which transferred the load from the neck of
the horse to the shoulders, thus not interfering with its breathing. Though
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more costly in food, needing oats, the horse continued to replace the ox and
nailed iron shoes took the place of the earlier cord or leather sandals with
which horses had been shod. The heavy wheeled plough and the harrow also
appeared and helped to increase production. The three-field system of crop
production was introduced. In the military arena, stirrups improved the
purchase of a horseman allowing him to transfer the momentum of his mount
to the weapon in his hand, be it sword, axe or lance.

Some idea of the state of manufactures in the sixth and seventh centuries is
given by artefacts found in the excavation of the Sutton Hoo ship in 1939 near
the River Deben, not far from Ipswich in Suffolk. There an impression of a
ship, its timbers decayed and disintegrated, was found in one of seventeen
mounds, many still unopened, although there were signs that others had been
disturbed in the sixteenth century. It was, if not a royal burial place, a royal
memorial; no body was found, although there were signs of a coffin. A helmet,
a sword of gold with garnet fittings, a battle axe, a spear, silver and bronze
bowls, a gold buckle or reliquary, intricately worked and patterned, a purse of
Merovingian coins, silver-mounted drinking horns, spoons and jewellery were
among the buried treasure.

The ship itself had been carvel-built of 2.8cm (1 in) planks for sailing or
rowing by thirty-six men. It was 24m (79ft) long by 4.4m (14.5ft) beam and
some 23 tonnes displacement with an estimated speed of 14kph (7.6 knots)
when fully manned. The strakes were mounted on 7.5-12.5cm wide ribs at
9ocm centres but 45 cm apart near the stern, where a steering oar or rudder
had been fixed. A variety of iron fastenings had been used in the
construction—rib nails, keel plate spikes, steerage frame bolts, gunwhale spikes
and keel scarf nails and thole pins to form rowlocks for the oars. Once in
place, these were clenched over, after iron roves or diamond-shaped washers
had been placed over the shanks of the various fittings. The long axes of the
roves were all placed fore and aft in the vessel. The Sutton Hoo ship thus
shows a high degree of practical and artistic craftsmanship in Saxon days.
From the coins, it has been dated at about AD 630.

Some five centuries were to elapse, after its emergence in China, for the
rudder mounted on a sternpost to be adopted in Europe in the thirteenth
century. This was a great improvement on the steering oar for it was of larger
area and, being well beneath the water level, it was far less affected by the
waves. Simultaneous improvements in the rigging and an increase in hull size
meant that longer journeys could be undertaken. The properties of the
lodestone had been known since Roman times but it was not until the late
twelfth century that the compass began to appear in Europe as an aid to
navigation. The first crossing of the Atlantic was made by the Genoese
Christopher Columbus, then in the service of Spain, in 1492. He observed the
difference between magnetic and true north, a fact already known but now
confirmed from a different location.
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Considerable advances were made in the development of textile machinery.
The rope-driven spinning wheel replaced hand spinning, while the weaving
loom developed into its box-shaped frame with roller, suspended reed and
shedding mechanism. Water-power was sometimes applied to spinning as well
as to the fulling of cloth. These developments came in the thirteenth and
fourteenth centuries.

Between AD 1100 and 1400 universities were founded in many European
cities, particularly in Italy, signalling the start of a period of higher learning for
its own sake. Towards the end of this period, the technique of paper-making,
originating in China about AD 100, reached Europe via the Middle East,
North Africa and Spain where it had existed since 1100. By 1320 it had
reached Germany, paving the way to the printing of books.

Apart from the building of many fortified castles and some notable manor
houses, the twelfth and thirteenth centuries were the peak of the construction
of Europe’s many cathedrals, marvels of architecture, their lofty slenderness
seeming to defy the laws of nature. One of the most grandiose and eloquent
was begun at Chartres in 1194 and completed in 1260. In the more prosaic
field of vernacular architecture, the use of chimneys, which started about 1200,
added considerably to the comfort of the occupants. Another improvement
was the introduction of window glass on a small scale. Though it was a
Roman invention, its use did not become at all common until the seventeenth
century. Stained glass, of course, was of earlier date, its use at Augsburg
cathedral dating from 1065.

THE THIRD AGE: THE FIRST MACHINE AGE
Timekeeping

The history of timekeeping, at least by mechanical means, is very much the
history of scientific instrument making (see also Chapter 15). Although
scientists may have conceived the instruments they needed for astronomical
observation, a separate trade of craftsmen with the necessary skills in brass and
iron working, in grinding optical lenses, in dividing and gear-gutting and many
other operations grew up. It is impossible to say whether it was a scientist or a
craftsman who was the first to calculate the taper required in the walls of an
Egyptian water-clock to ensure a constant rate of flow of the water through the
hole at the bottom as the head of water diminished. But water-clocks, together
with candle-clocks and sandglasses were the first time measuring devices which
could be used in the absence of the sun, so necessary with the obelisk, the
shadow stick and the sundial. Once calibrated against a sun timepiece, they
could be used to tell the time independently. On the other hand, portable
sundials to be carried in the pocket became possible once the compass needle
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became available from the eleventh century AD. By the time of the Romans,
the water-clock had been refined to the state that the escape hole was fashioned
from a gemstone to overcome the problem of wear, much as later mechanical
clockmakers used jewelled bearings and pallet stones in their escapements.

The sand hourglass had one advantage over the water-clock: it did not
freeze up in a cold climate. On the other hand it was subject to moisture
absorption until the glassmaker’s art became able to seal the hourglasses. Great
care was taken to dry the sand before sealing it in the glass. Candle clocks
were restricted to the wealthy, owing to their continual cost.

Mechanical clocks, in the West, were made at first for monasteries and
other religious houses where prayers had to be said at set hours of the day and
night. At first, though weight-driven, they were relatively small alarms to wake
the person whose job it was to sound the bell which would summon the
monks to prayer. Larger monastic clocks, which sounded a bell that all should
hear, still had no dials nor any hands. They originated in the early years of the
fourteenth century. When municipal clocks began to be set up for the benefit
of the whole population, the same custom prevailed, for the illiterate people
would largely be unable to read the numbers on a dial but would easily
recognize and count the number of strokes sounded on a bell. The weights
that drove the clock were also used to power the striking action and to control
the speed of the movement through a ‘verge’ escapement. Dials and hands
were often added to clocks at a later date, as at Wells and Salisbury, first dating
from 1386 and 1392. So also were jacks or Jacques’ which, in dramatic
fashion, appeared and struck the hours at the appointed times.

The most remarkable clock of the age was that completed by Giovanni di
Dondi in 1364 after sixteen years’ work. Giovanni, whose father Jacopo is
credited with the invention of the dial in 1344, was lecturer in astronomy at
Padua University and in medicine at Florence and also personal physician to
the Emperor Charles IV. He fortunately left a very full manuscript describing
in detail his remarkable clock from which modern replicas have been made
(one is in the Smithsonian Institution in Washington and the other in
London’s Science Museum), for the original has not survived. It had separate
dials for the five planets then known and even included a perpetual calendar
for the date of Easter driven by a flat-link chain. The whole was driven by a
single central weight. All the gears were of brass.

Galileo’s observations of the swinging altar lamp in the cathedral of Pisa
marked the start of the use of the pendulum as a means of controlling the speed
of clocks. Having no watch, he timed the swing of the lamp against his own
pulse and established the time of the pendulum’s swing, finding that it varied not
with its amplitude but according to the length of the pendulum. The Dutch
astronomer Christiaan Huygens turned this knowledge to good effect when he
built the first pendulum clock in 1656. Within twenty or thirty years the average
error of a good clock was reduced from some fifteen minutes to less than the
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same number of seconds in a day. The pendulum was a great advance but, like
the weight drive, still only suitable for fixed and stationary clocks.

The coiled spring drive rather than the falling weight was first used by the
Italian architect Filippo Brunelleschi in a clock built around 1410, and the
problem of the decrease in the pull of the spring as it unwound was solved soon
after that date by the incorporation of a conical spool, the fusee. The verge
escapement was replaced by the anchor escapement which greatly reduced the
arc of the pendulum, invented by William Clement about 1670. It was Robert
Hooke who devised the balance spring to drive the escapement and thereby
obviated the use of the pendulum in 1658. This enabled truly portable clocks
and watches to be made for the first time. Huygens again was one of the first to
make a watch with a balance spring, but this was probably not until 1674, a little
later than Hooke’s invention. At last, with a main spring and a balance spring, a
timepiece could now be made entirely independent of gravity. Accurate clocks
that could run at sea were essential to mariners for establishing longitude. Such a
clock was made by John Harrison in 1761 and enabled him to win a £10,000
prize offered by the British government. On a nine-week trip to Jamaica, it was
only five seconds out, equivalent to 1.25 minutes of longitude.

The very first watches, almost small clocks, were Italian ‘orlogetti’ but
Germany, particularly Nuremburg, became the leading centre of watchmakers
early in the sixteenth century. By about 1525 other centres had started up in
France, at Paris, Dijon and Blois. German supremacy was soon eclipsed, a
disastrous effect of the Thirty Years War which ended in 1648. By this time
many French watchmakers who were Huguenots had fled the country, a
number settling in Geneva to help found the industry for which Switzerland is
still famous. Others settled in London, mainly in Clerkenwell, a great stimulus
to the British watch trade.

Clockmakers were at first largely drawn from blacksmiths, gunsmiths and
locksmiths and were itinerant craftsmen, for municipal public clocks and
monastic clocks had to be built where they were to be installed. Only later,
when timepieces became smaller, could the customer take them away from the
maker’s workshop or could they be delivered to the user complete and
working. It was from the same groups of craftsmen that the early scientific
instrument makers came, producers of celestial and terrestrial globes,
astrolabes, armillary spheres and orreries for the use of astronomers, while, for
surveyors and cartographers, chains, pedometers, waywisers, quadrants,
circumferentors, theodolites, plane tables and alidades were among the
instruments in demand. Together with the Worshipful Company of
Clockmakers, a guild founded in 1631, stood the Spectacle Makers Company
whose members supplied telescopes for probing the skies and microscopes for
looking into the minuscule mysteries of nature. Both these instruments appear
to have originated in the Dutch town of Middleburg in the workshops of
spectacle makers.
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Optics

The telescope originated, so history relates, in the shop of Johannes Lippershey, a
spectacle maker of Middleburg, in 1608. Two children playing in this unlikely
environment put two lenses in line, one before the other, and found the
weathervane on the distant church tower miraculously magnified. Lippershey
confirmed this and, mounting the lenses in a tube, started making telescopes
commercially. He applied for a patent, but was opposed by claims from other
Dutch spectacle makers. The secret was out and, within a year, a Dutch
‘perspective’ or ‘cylinder’ was displayed at the Frankfurt fair, was on sale in Paris,
seen in Venice and Padua and, by the end of 1609, was being made in London.

These telescopes were made virtually without any understanding of the
principles of optics, but needed only a competence in the grinding and polishing of
lenses, craftsman’s work. The true inventor of the microscope is not known, there
being several claimants to the invention. Galileo, by 1614, is reported to have seen
‘flies which looked as big as lambs’ through a telescope with a lengthened tube, but
Zacharias Jansen, one of the spectacle makers of Middleburg, a rival contender with
Lippershey for the telescope, is a possible candidate. Early users were certainly
Robert Hooke who used his own compound instrument to produce results
published in his Micrographiain 1665 and Anton van Leeuwenhoek of Delft who was
reporting his observations with a simple microscope to the Royal Society by 1678.

The surveyor’s quadrant is an instrument of particular importance, for it
was the first to which Pierre Vernier’s scale was fixed so that an observer could
read an angle to an accuracy of one minute of arc. The invention dates from
1631 and the earliest known example was made by Jacob Lusuerg of Rome in
1674. Yor linear rather than angular measurement the Vernier gauge has been
a standard instrument in engineering workshops for many years. It seems that,
once they had grasped the principle, the Lusuergs wanted to keep it in the
family for it was Dominicus Lusuerg, who lived in Rome from 1694 to 1744,
who manufactured a pair of gunner’s calipers with a Vernier scale for
measuring the bores of cannon and the diameter of cannon balls.

The crank

An important development in the Middle Ages was that of mechanisms for the
interconversion of rotary and reciprocating motions. The cam had been known
to the Greeks: it was illustrated by Hero of Alexandria. In the early Middle Ages
the crank came into use (see Figure 4). First a vertical handle was used to turn
the upper stone of a rotary quern, in itself an improvement on the saddle quern
for hand-grinding corn. About AD 850 the same simple mechanism was applied
to the grindstone for sharpening swords. In the fourteenth century it was used to
apply tension to the strings of the crossbow, while it was frequently to be found
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Figure 4: The crank—a key element in mechanism.
From Agostino Ramelli’s Diverse et Artificiose Machine, 1588.

in the carpenter’s brace. In all these cases the mechanism was hand-operated.
The first known use of the crank and connecting rod is found about 1430 when
it was used in the drive of a flour mill. A useful drive mechanism was the treadle,
used first for looms and, by about 1250, to drive a lathe, a cord attached to a
treadle having a connection to a flexible pole above the lathe for the return
stroke. Some two hundred years later, a treadle with a crank and connecting rod
was used for flour milling.
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Print

One of the greatest inventions of the Middle Ages, undoubtedly one that had the
most widespread and long-lasting effect on the lives of every man and woman who
lived after it, was the printing process devised by Johannes Gutenberg, a goldsmith
of Mainz in Germany, about 1440 (see also Chapter 14). The success of this was
dependent on the invention of paper, knowledge of which reached Germany about
1320. The printed book enormously stimulated the spread of knowledge,
superseding the slow, costly and laborious copying of manuscripts in monastic
houses on scarce and expensive parchment, made from the skins of sheep and
goats, or vellum from the calf. Printing from movable type demanded a whole
series of inventions in addition to those that had brought block printing into use in
China, and even in Europe, for book illustrations, maps and currency. It involved
the mechanical processes of cutting punches of brass or copper and later of iron,
each of a single letter; the stamping of the punches into copper plate to form the
moulds into which the molten type metal of tin, lead and antimony could be cast.
The stems of all the letters were of the same cross-sections and the same height, so
that they could be assembled in any order and were interchangeable. They were
then clamped in trays to form blocks of type to make up pages, inked and then
pressed against sheets of paper in a screw press. The casting of the type, the
assembly into trays, the formulation of the ink and the use of the press were all
steps evolved by Gutenberg over a period of years at no small cost and
considerable litigation in which he lost most of his plant and process to Fust who
had invested in the process and Peter Schoffer who had been Gutenberg’s
foreman. The popularity of the new process can be judged by its rapid spread. By
1500, only forty-six years after the first book was published by Gutenberg, there
were 1050 printing presses in Europe. The first book printed in England was by
William Caxton at his press in Westminster in 1474.

THE FOURTH AGE: INTIMATIONS OF AUTOMATION
Coinage—the first mass production

Coinage originated long before Gutenberg, as early as the sixth century BC.
Herodotus writes that King Croesus was the first to use gold and silver coins,
in Lydia, now in the southern half of Turkey but from 546 BG a province of
Persia. Yet as late as the mid-thirteenth century AD Marco Polo, whose Travels
were recorded in 1298, says of the Tibetans, ‘for money they use salt’ and of
other eastern peoples he records the use of gold rods, white cowries, ‘the Great
Khan’s paper money’ and ‘for small change’ the heads of martens.

The convenience of coins over shells or the skulls of small animals,
however, is not difficult to see and the practice of minting coins soon spread.
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At first coin blanks were cast into clay moulds to be softened by re-heating
before being struck between upper and lower dies, sometimes hinged together
to keep them in alignment. A collar was later placed round the blank, limiting
radial expansion and, at the same time, if suitably serrated, producing a milled
edge. About AD 1000 coin blanks were formed from sheets of metal,
hammered to the right thickness and then cut into strips. Not until after 1500
did Bramante of Florence introduce the screw press for coining. A further
sixteenth-century development was the use of small rolling mills, not only to
standardize the blank thickness but with the dies, circular-faced in the rolling
axis, set into pockets in the rolls. Chill cast-iron moulds were used for
producing ingot blanks for rolling to the correct size. In 1797, Matthew Boulton
of Soho in Birmingham started minting his own ‘cartwheel’ pennies on a screw
press, turned by the vacuum derived from a steam engine. Several presses
could be run from a single engine. Subsequently Boulton supplied plant for the
Royal Mint in London and many overseas mints. Diedrich Uhlhorn’s
‘knuckle’ press, patented in 1817, followed by Thonnelier’s press of 1830,
dispensed with the rather slow speed of operation inherent in the screw press
and led to the era of modern coining practice.

Although not interchangeable in an engineering component sense, coins are,
in fact, examples of interchangeable manufacture, as are Gutenberg’s sticks of
print each bearing a single letter. Moreover, both minting and printing involved
a common factor: the workers used machines that belonged to their masters
and were installed in premises belonging to the masters. They were the
forerunners of the Factory System.

The Factory System

The mint and the printing works employed few workers, at least in the early
days of both. It was not the same in the textile industry in the second half of
the eighteenth century. Until this time the spinning of thread and the weaving
of it into cloth had been done by outworkers in their own cottages, the raw
materials being delivered and the finished products often being collected by the
work-masters, who also financed the entire operation. When the new machines
arrived—Kay’s Flying Shuttle (1755), Arkwright’s Water Frame (¢.1790),
Hargreave’s Spinning Jenny (¢.1760), Crompton’s Mule (c.1788) and Roberts’s
Power Loom (1825)—they were all operated by a steam engine or, at least, a
water wheel, either of which could be able to drive a number of machines: a
factory (see also Chapter 17). It thus became necessary for the workers to
travel daily from their homes to a central place of work.

With the steam engine as a power source, factory masters were no longer
constrained to set up their enterprises on the banks of fast-flowing rivers or
streams. Admittedly economies could be made by setting up close to a coalfield,
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for the cost of transporting boiler fuel from the pithead could be a substantial
proportion of the total cost of coal. Instead of being spaced out along the river
banks so as to take advantage of the available water power, factories could now
huddled together cheek by jowl as close as was convenient to their owners.
Passenger transport being non-existent for all but the wealthy, the workers had
to give up the freedom of the countryside and move to houses within walking
distance of the factories, houses often rented to them by their masters. Regular
working hours were introduced and penalties strictly enforced for failure to keep
to them. Thus were founded Britain’s major industrial cities, Liverpool,
Manchester, Glasgow, Leeds...Nottingham, Birmingham. A similar process, if
on a lesser scale, went on around the mines, whether for coal, iron or other
minerals, as well as in the other countries of Europe.

The metal-working industries followed the same pattern. Apart from the
lathe, machines for boring, milling, shaping, slotting, planing, grinding and
gear-cutting were among the whole family of machine tools that flourished
during the late eighteenth and nineteenth centuries, and these began to be
located in workshops offering general engineering facilities (see Chapter 7).
Instead of the separate pole or treadle drive, a host of these would be driven by
a single steam engine through line shafting, pulleys and belting. An important
feature of machine tools is that, in skilled hands, they have the ability to
reproduce themselves, so the machines create more machines. The work ethic
already existed, for man had long become accustomed to the need for the
sweat of his brow and the labour of his hands. Now he could produce much
more, his hands enhanced by the machine, but in much less pleasant
surroundings and circumstances which often approached slavery.

Interchangeability of components in manufacture

About 1790, Joseph Bramah in conjunction with his foreman Henry Maudslay,
evolved a number of special machine tools for the production of his locks (see
pp- 395-6). Individually they were of no special importance but, taken
together, they are of the greatest significance. They established a completely
new and revolutionary concept—that of the interchangeability of components
in manufacture. So accurately were parts machined with these tools, that the
barrel of one lock could be applied to the casing of another, while the sliders of
one lock could similarly be inserted into the barrel of another.

The same principles were adopted in the USA. After his unprofitable
invention of the cotton gin, Eli Whitney looked around for another product to
manufacture. In 1798 he wrote to the Secretary of the United States Treasury
proposing to supply the government with ‘ten or fifteen thousand stand of
arms’, arms at the time being smooth-bore flintlock muskets. His offer for the
lower quantity was accepted and he set up production, splitting the labour
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force into sections to make the different parts instead of a single gunsmith
making all the components of one gun at a time, sawing, boring, filing and
grinding each separately so that they would fit together. With a series of
machines, jigs, clamps, stops and fixtures, each lockplate, barrel, trigger, frizzle
and every other part was exactly the same as all its counterparts. Thus
Whitney established the American system of mass production. It took him
eight years instead of the three that he had originally projected to fulfil the
contract, but the government was well pleased and placed a repeat order. Each
musket was supplied complete with bayonet, powder flask and cartridge box.

A further link in the chain was forged with the construction and installation of
the Portsmouth blockmaking plant of Brunel, Bentham and Maudslay in 1803 to
1805. These forty-five machines, of twenty-two different types, driven by two
22.4kW (30hp) steam engines and ranging from circular saws and mortising
machines to pin turning lathes, could produce 130,000 ships’ pulley blocks a year,
more than enough for the entire requirements of the navy when a 74-gun ship
needed as many as 922 blocks. With these machines, ten unskilled men could
produce as many blocks as had previously been made by 110 skilled blockmakers.
A considerable advance over Bramah’s lock machinery was that Sir Marc Brunel’s
machines, some of appreciable size, were built almost entirely of metal, without
timber beds or frames. The only operations performed by hand were the feeding
of the material, the moving of part-finished components from one machine to the
next and the final assembly. Only when transfer lines were introduced in the
twentieth century was Brunel’s concept truly surpassed.

An automatic flour mill

Oliver Evans, born in 1755 in Newport, Delaware, has been called the Watt of
America, but his field of operation and inventions was much wider than that of
James Watt, who concentrated on steam engines. Evans’s first and possibly
greatest invention was a flour mill which was entirely automatic. Bucket
elevators were used for raising the corn to be ground, Archimedean screws to
transfer it horizontally and a device called a hopper boy to take the moist
warm meal and spread it evenly on an upper floor. He later added a
‘descender’, another conveyor of the belt type, and the ‘drill’ in which small
rakes dragged the grain horizontally. The mill would run with no one in
attendance so long as it was constantly fed. Evans worked on the design from
about 1782 to 1790 and licensed over a hundred other millers to use his ideas.
Evans’s flour mill lacked one thing. It worked at a constant speed. If the
feed hopper was filled, it would grind what was put into it: if the hopper was
left empty, the mill and all its functions would continue in operation without
producing any meal. Speed regulation was dependent in automatic machines
on the principle of negative feedback exemplified by Watt’s centrifugal
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governor added to his rotative engines in 1788. The governor, generally
regarded as the first deliberately contrived feedback device, is an example of a
closed loop system. It consists of a pair of weights, generally in the form of
balls, pivoted on arms so that they are free to rise by centrifugal force as they
revolve. As the speed of the engine increases, the arms rise and are connected
so as to operate a butterfly valve which admits and cuts off the steam supply to
the engine. The more the engine tends to exceed a given speed, the less is the
energy supplied to enable it to do so. The engine thus became self-regulating.
Similar devices are common today in many fields of automation. In fact, Watt
did not invent the centrifugal governor commonly associated with his name. It
was already in use for controlling the distance between the stones in windmills,
although it does date from the last quarter of the eighteenth century.

A computer too early

Charles Babbage, at one time Lucasian Professor of Mathematics at Cambridge,
devoted a great deal of his time to calculating figures, astronomical, statistical, actuarial
and others. At one time, he is credited with having said, How I wish these calculations
could be executed by steam!” He devoted much of his life to the design and attempted
manufacture of, first, a Difference Engine (see Figure 5), which he started in 1823,
and then, from 1834, an Analytical Engine. The former was a special-purpose
calculating machine, the latter a universal or multi-purpose calculator. He pursued
these goals for much of his long life, but unfortunately he was ahead of his time.
His machines were purely mechanical and the precision needed in their manufacture
was almost beyond even such an excellent craftsman as he employed— Joseph
Clement. He died a disillusioned man, but left behind him thousands of drawings
that contain the basic principles upon which modern computers are built. Gears,
cams and ratchets could not do what transistors or even the diode valve was capable
of. The computer had to wait for the age of electronics.

THE FIFTH AGE: THE EXPANSION OF STEAM

Estimates vary, but it is generally accepted the about one-third of the
population of Europe died from the Black Death which ravaged England from
1349 to 1351. The consequent shortage of labour enabled those who survived
to bargain successfully for higher wages and was a great spur to investment in
wind and water mills and their associated machinery. By the mid-sixteenth
century any site with reasonable potential was occupied by a mill and the
search for some other source of power began to occupy the minds of ingenious
men. It was another hundred years before the first tentative results began to
appear (see also Chapter 5).
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Figure 5: Charles Babbage’s Difference Engine, 1833. See Chapter 15.

In 1606, Francesco della Porta demonstrated the suction caused by
condensing steam and its power to draw up water. In 1643, Evangelista
Torricelli demonstrated the vacuum in a mercury barometer. Otto von
Guericke, Mayor of Magdeburg, in 1654 performed his most dramatic
experiment in which two teams of eight horses were shown to be unable to pull
apart two halves of a copper sphere from which the air had been exhausted by
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an air pump to leave a vacuum. Atmospheric pressure held them together. In
1648, Blaise Pascal showed that the weight of a column of air was less at the
top of a 4000-foot (1220m) mountain than at the bottom. In 1660, the Hon.
Robert Boyle formulated the Gas Laws and demonstrated the maximum
height that water could be drawn by a suction pump.

Others took up the theme of producing a vacuum by the condensation of
steam. In 1659 the Marquis of Worcester described experiments with boiling
water in a gun barrel, the steam forcing the water out of one or more receivers
connected to it. It was recorded that Sir Samuel Morland, ‘Magister
Mechanicorum’ to King Charles II, had ‘recently shown the King a new
invention... for raising any quantity of water to any height by the help of fire
alone’. Denis Papin, a Huguenot refugee from France, worked for Robert
Boyle and later, in the early 1690s, constructed a small atmospheric steam
engine. It worked, it is said, but was only a model, of no practical use outside
the laboratory. Papin shied at the problems of building a large-scale
reproduction, such as could be used for mine pumping. He devoted himself
from then on to trying to harness the power of steam without the use of a
cylinder and piston. His attempts led to no success.

In 1699, Captain Thomas Savery demonstrated to the Royal Society a
vacuum pump with two receivers and valve gear to alternate them and later
built full-sized machines. Unfortunately the maximum suction lift he could
achieve was some twenty feet, insufficient for pumping in the mines. It was left
to Thomas Newcomen, re-introducing the cylinder and piston but now of 21
inches diameter, to build the first practical steam pumping engine near Dudley
Castle in Staffordshire (see Figure 6). It made twelve strokes a minute lifting at
each stroke 10 gallons of water 51 yards. Newcomen died in 1729, but engines
of this type continued to be made until the early years of the nineteenth
century. At least 1047 are recorded as having been built including those in
France, Hungary, Sweden, Spain, Belgium and Germany.

Many people ascribe the invention of the steam engine to James Watt, but
this 1s far from the truth. Great though his contribution was, Watt was
fundamentally an mmprover of the Newcomen engine which was his starting
point. In 1757 he was appointed ‘Mathematical Instrument Maker to the
University of Glasgow’, where he was allowed a small workshop. The
Professor of Natural Philosophy, John Anderson, instructed Watt to put a
model Newcomen engine into working order. He was not long in appreciating
that the low efficiency of the engine, when he got it working, was due to the
need to cool the cylinder at each stroke to condense the steam and so create
the vacuum. If the steam could be condensed in a separate exhausted vessel,
the cylinder could then be kept continually hot. This was his first and perhaps
his greatest invention—the separate condenser. The first Watt engine
incorporating it was erected in 1769, the same year that he was granted a
patent. His other major inventions were the double-acting engine, patented in
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Figure 6: The first practical working steam engine of Thomas Newcomen, 1712.
Erected to pump water from a mine near Dudley Gastle, Staffordshire, England.

1782, and the rotative engine, patented in 1781. The latter greatly extended
the use of the steam engine from pumping to a multitude of purposes and
brought additional prosperity to the partnership of Matthew Boulton and
James Watt.

Throughout his life and that of his extended patent which lasted until 1800,
preventing anyone else in Britain building any engine with the essential
separate condenser, Watt stuck rigidly to low pressure or atmospheric engines,
relying on the condensation of steam to create a vacuum against which the
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pressure of the atmosphere would move the piston. Many engineers were
anxious to throw aside this cautious attitude, none more than Richard
Trevithick, sometimes called ‘the apostle of high pressure’. Once the Boulton
and Watt stranglehold patent expired and the brakes were released in 1800,
indeed even before this, for there were many who were willing to risk
prosecution and to infringe the patent, Trevithick was ready to go ahead. In
1799 he built two engines working at 25psi (1.72 bar) for a Cornish mine.
Later his pressure was to reach 100psi (6.9 bar).

So small were these engines compared with the massive Watt beam
engines that Trevithick was soon using them in transport. In 1801-2 he
had road carriages running in Cornwall and London. By 1804 he had built
a railway locomotive to draw wagons on the plate tramway that had
already been built from the Penydaren Ironworks of Samuel Homfray to
the Glamorganshire Ganal at Abercynon, a distance of nearly ten miles. A
load of 25.5 tonnes was pulled at nearly 8kph (5mph) (see Chapter 11). In
the years that followed a number of other locomotive experiments were
made culminating in the Rainhill Trials of 1829. Stephenson’s ‘Rocket’ was
the winner and thus became the prototype for the traction on the Liverpool
& Manchester Railway, the first public passenger railway in the world (see
Figure 7). The Rainhill Trials were the highlight of the opening of the
railway age over much of which George Stephenson and his son Robert
presided unchallenged until in 1838 the young Isambard Kingdom Brunel
began to build his broad-gauge Great Western Railway.

Steam also took to the seas over the same period (see Chapter 10). William
Symington built a steamboat for Lord Dundas to run on the Forth & Clyde
Canal in 1802 and this was followed by Henry Bell’s Comet working between
Glasgow and Helensburgh on the Clyde in 1812. The American Robert
Fulton, however, could claim precedence with his Clermont on the Hudson
River, running a regular service between New York and Albany from 1807. In
1815 the Duke of Argyle sailed from Glasgow to London carrying passengers.
The Savannah, a steam paddleship carrying a full spread of sail, crossed the
Adlantic from New York to Liverpool in 27 1/2 days in 1819, but only steamed
for 85 hours. In 1830 the Sirius of the Transatlantic Steamship Company of
Liverpool competed with Brunel’s Great Western to be the first to cross the
Atlantic under steam alone and won, having started four days earlier and
averaging 12.4kph (6.7 knots). The Great Western arrived the following day,
averaging 16.3kph (8.8 knots) to make the crossing in 15 days 5 hours. A new
era in transatlantic steam navigation had truly begun.

The effects of the ‘railway mania’, which reached its height in 1845-6, only
fifteen years after the Rainhill Trials, were many, various, sudden and
dramatic. Providing employment for thousands of navvies, as well as
surveyors, engineers and clerks, it changed the landscape of Britain and earned
fortunes for contrac tors and investors—apart from those who were drawn into
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Figure 7: The ‘Rocket’ of George and Robert Stephenson, 1829. The advent of
the high pressure, as opposed to the atmospheric, steam engine allowed it to
become mobile. See Chapter 11.

many of the ‘bubble’ schemes that failed. The railways brought about a
standardization of time throughout the country, emphasized the existing
divisions between different social classes, and tended to bring about a
uniformity in the materials used in buildings. They caused the decline of many
towns and villages which were not served by the railway lines. They speeded
up the mails and greatly accelerated the spread of news by the rapid
distribution of the daily papers. They popularized seaside and other holiday
resorts and improved communications by their use of the telegraph. Most of
all, the railways took away business from the turnpike roads and the canals
until the horse and the canal barge became almost obsolete. More and more
people travelled, many of whom had never travelled outside their own villages
before. Lastly they were excellent for the rapid transport of freight. Fish was
added to the diet of people living inland, something they had never enjoyed
before. The supremacy of the railways for carrying both passengers and freight
was to last until early in the twentieth century, when the internal combustion
engine began to be made in large quantities.

The reciprocating steam engine reigned supreme as a form of motive power
until late in the nineteenth century when the newly invented internal combustion
engine was beginning to pose a threat for the future (see Chapter 5). There was,
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however, another alternative. In 1884, Sir Charles Parsons patented the high-
speed steam turbine which was first to make the reciprocating engine redundant
in electrical power stations. In 1887 he demonstrated a small turbine-engined
steam yacht, the Turbinia, at the Spithead Naval Review held to celebrate the
Diamond Jubilee of Queen Victoria. The tiny yacht that could attain a speed of
64kph (34.5 knots) amazed all who saw her, as she darted in and out of the lines
of ponderous warships. The following year the Admiralty ordered a 55.5kph (30
knot) turbine-driven destroyer from Parsons. In another three years the first
turbined passenger ship was launched and, by 1907, this was followed by the
52MW (70,000hp) 39,000 tonne liner, the Mauretama. The steam turbine and
reduction gearing was well and truly launched on the oceans.

THE SIXTH AGE: THE FREEDOM OF INTERNAL
COMBUSTION

In 1884, the same year as Parsons’s first patent, Gottlieb Daimler built and ran
the first of his light high-speed petrol engines and in 1885, Carl Benz built his
first three-wheeled car (see Figure 8). In 1892, Rudolph Diesel patented his
‘universal economical engine’, thereby completing the base upon which
modern road transport runs. The internal combustion engine, petrol or oil
fuelled, effectively ended the supremacy of the steam locomotive for long-
distance transport, as well as contributing towards marine propulsion and
other applications (see Chapter 5).

People had experienced a taste of freedom with the mtroduction of the
bicycle which preceded the motor car by only a few years, the ‘safety’ bicycle,
similar to that used today, having first appeared about 1878. They were ripe
and ready for the added freedom that an engine would give them, that is those
who were able to afford it. Until Henry Ford started making his first ‘product
for the people’, the Ford Model ‘A’ in 1903, motor cars were luxury
commodities. Ransom Olds had the same idea in 1899, but his success was
nothing like that of Ford.

A motor car, or a bicycle, is of little use unless there are good roads to run
it on. The pneumatic tyre, invented by Dunlop in 1887, caused much trouble
as it sucked up the dust from the untarred road surfaces of the day. Bath was
fortunate, for the hundred-mile road from London was watered every day
from pumps situated at two-mile intervals; there was a proposal to lay a pipe
up the road from Brighton to London to water it with sea-water, but this
came to nothing. Many groups campaigned for improvements and, funded at
first by the Cyclists’ Touring Club, the Road Improvement Association was
formed in 1886. Eventually the government was forced to act and the Road
Board was set up in 1909. A tax of three pence a gallon on petrol provided
the necessary funds for the local authorities which had to carry out the
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Figure 8: The Benz ‘Patent Motorwagen’ or Motor Tricycle of 1885. See
Chapter 8.

improvements. The era of the motor car had truly begun. In 1904 there were
17,810 motorized vehicles in Britain, including motorcycles: this had grown
to 265,182 in 1914 and to 650,148 by 1920. In 1938, 444,877 vehicles were
produced in Britain and 2,489,085 in the United States. There are some 22
million cars in Britain today.

The rest of the story of the motor vehicle is told elsewhere. The product of
the world’s most extensive industry has now reached the stage where cities are
congested almost to a standstill, pollution of the atmosphere is widespread and
a threat to health, and road construction programmes are said to cover the area
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of a whole county with concrete and tarmacadam every ten years. Pedestrian
precincts have already sprung up like mushrooms in even quite small towns
and by-passes proliferate to deflect the traffic from almost every town and
village, but it seems that even these measures may be inadequate and sterner
laws may have to be introduced to restrict the spread of the automobile and the
toll of death and destruction that comes with it.

Internal combustion takes to the air

Sir George Cayley investigated the principles of flight and as early as 1809
expressed the opinion that passengers and freight could be carried at speeds of
up to a hundred miles an hour (see Chapter 12). William S.Henson and John
Stringfellow formed the Aerial Steam Transit Company in 1842, Henson
having patented an ‘Aerial Steam Carriage’ in that year. The Aeronautical
Society was established in 1866 and held an exhibition at the Crystal Palace in
London in 1868. The French society was set up even earlier, in 1863. Men
such as Lilienthal and Pilcher experimented with unpowered gliders, both
being killed in the process. It was not until the internal combustion engine was
available that powered flight became possible.

On 17 December 1903, Wilbur and Orville Wright flew some 165m
(540ft) in twelve seconds, the culmination of four years of experiments with
kites and gliders and even longer in theoretical studies. Unable to find a
suitable engine on the market, they had built one to their own specification,
an in-line 4-cylinder giving about 9kW (12hp) at 1200rpm with an
aluminium crankcase.

The piston engine and propeller was the solitary form of air propulsion
until Heinkel in Germany and Frank Whittle in Britain evolved their separate
designs of jet engine, or gas turbine. The Heinkel He 178, with an engine
designed by Hans von Ohain, made its first flight in August 1939. Dr Ohain’s
first experimental engine had been run on a test-bed in 1937 and the whole
development was made without the knowledge of the German Air Ministry. In
England, Whittle had taken out his first patent for a gas turbine for aircraft
propulsion in 1930 while he was still a cadet at Cranwell RAF College. One of
his first engines made its maiden flight in the Gloster-Whittle £28/39 at
Cranwell on 15 May 1941. The performance of a plane with a Whittle
turbojet engine was superior to any piston-engined machine, reaching speeds
of up to 750kph (460mph). Civilian aircraft with jet engines came into service
soon after the Second World War, the first service being started by BOAG with
a flight by a de Havilland Comet to Johannesburg from London in May 1952.
Transatlantic services started with a Comet 4 in October 1958.

The most recent chapter in man’s conquest of the air is that of the supersonic
airliner with the Anglo-French project Concorde. Simultaneously at 11.40 a.m.
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on 21 January 1976, planes took off from Paris and London to fly to Rio de
Janeiro and Bahrain. The Russian factory of Tupolev made a similar aircraft
which does not seem to have lasted long in service and was apparently not used
for international flights. Unfortunately, the effects of the ‘sonic bang’, which
occurs when Concorde exceeds the speed of sound, were taken by the aviation
competitors of Britain and France as an excuse to prevent it landing on
scheduled flights in their countries. Political rather than technical or economic
considerations were foremost and the full earning potential of the plane has
never been achieved, but Concorde is a magnificent technical achievement.

THE SEVENTH AGE: ELECTRONS CONTROLLED
Power on tap

The Electrical Age, which brought about power generation and mains
distribution of power to every factory, office and home, was preceded by gas
and hydraulic mains supply on the same basis. Experiments with gas for
lighting were among the earliest reports to the Royal Society, as early as 1667.
Sporadic trials were made all over Europe during the next hundred years but it
was largely due to William Murdock in England and Philippe Lebon in France
that the gas industry was started.

Lebon, an engineer in the Service des Ponts et Chaussées, made a study of
producing gas from heating wood which he patented in 1799. He exhibited its
use for both heating and lighting in a house in Paris. Commercially, his work
came to nothing except, perhaps, to enthuse the German, Frederick Winzer (later
Winsor) who formed the New Patriotic and Imperial Gas, Light and Coke
Company and lit part of Pall Mall in London by gas in 1807. William Murdock,
who was James Watt’s engine erector in Cornwall, experimented with coal as the
source of gas and developed it to a commercial success in the first decade of the
nineteenth century. Winsor’s company was chartered in 1812 as the Gas, Light
and Coke Company by which name it was known until nationalization. It
dispensed with its founder’s services and, with Samuel Clegg as engineer, started
laying mains, twenty-six miles being completed by 1816.

It was Joseph Bramah, the Yorkshire engineer, who had invented and
patented the hydraulic press in 1795, who had the idea of transmitting power
throughout cities through hydraulic mains. He patented this idea in 1812,
envisaging high pressure ring mains fed by steam-driven pumps and weight-
loaded or air-loaded accumulators. Unfortunately he died two years later, too
early to put his ideas on power supply mains to practical use and municipal
hydraulic mains did not come into being for more than another half-century
with the work of W.G.Armstrong and E.B.Ellington in particular. A small
system was started up in Hull Docks in 1877. The cities of London,
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Birmingham, Liverpool, Manchester and Glasgow installed municipal systems
while Antwerp, Sydney, Melbourne and Buenos Aires had dockside or other
mstallations. That in London was the biggest, having over 290km (180 miles)
of mains supplying, at its peak in 1927, over 4280 machines, mostly hoists,
lifts, presses and capstans.

Electricity, which was to do so much to change the world, had long been
the subject of experimental investigations, at least since William Gilbert wrote
his De Magnete in 1600 (‘On the magnet and magnetic bodies, and on the great
magnet, the earth’). Alessandro Volta, Professor of Natural Philosophy at Pavia
some two hundred years later, took a series of discs of zinc and silver separated
by moist cardboard and arranged alternately to form a pile. This Voltaic pile
was the first true battery, a static source of electric power. Michael Faraday
showed in 1831 that an electric current can be generated in a wire by the
movement of a magnet near it and constructed a machine for producing a
continuous supply of electricity, i.e. the first electric generator (see Chapter 6).
Many other scientists repeated his experiments and produced similar machines.
The substitution of electromagnets for permanent magnets by Wheatstone and
Cooke in 1845 was the final step to bringing about the dynamo.

The development of the incandescent light bulb independently by T.A.
Edison in the USA and by J.W.Swan in England brought public lighting by
electricity into the realms of reality. Godalming in Surrey was lit in 1881.
Edison’s Pearl Street generating station in New York was commissioned the
following September. Brighton’s supply started in 1882 and there were many
others in the same period. Ferranti’s Deptford power station started operating
in 1889. Thus the electricity industry was born. Its applications in the home,
in industry and transport, in business and entertainment, are innumerable and
contribute hugely to our comfort, convenience and well-being, One field,
however, must in particular be singled out for special mention, the revolution
in electronics (see Chapter 15).

The science of electronics could be said to have started with the invention
of the thermionic valve by J.A Fleming, patented in 1904. This was the diode
and was followed in a short time by Lee de Forest’s triode in America.
Designed at first as radio wave detectors in early wireless sets, thermionic
valves made use of the effect that Edison had noted with his carbon filament
lamps, a bluish glow arising from a current between the two wires leading to
the filament. The current flowed in the opposite direction to the main current
in the filament, allowing current to flow in only one direction, from cathode to
anode. The thermionic valve had many other applications. When the first
computer, ASGC (or Automatic Sequence Gontrolled Calculator) was
completed by H.H.Aitken and IBM in 1944, the necessary switching was
achieved by counter wheels, electromagnetic clutches and relays. Two years
later, at the Moore School of Engineering at the University of Pennsylvania,
the first electronic computer was completed. It had 18,000 valves, mostly of
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the double triode type, and consumed about 150kW of electrlcal power. To
keep all these circuits in operation at the same time is said to have been
extremely difficult but, if this could be done for one hour, ENIAC (Electronic
Numerical Integrator and Calculator) could do more work than ASCC would
do in a week.

Despite the success of ENIAC, computer engineers did not long have to
depend on thermionic valves for in 1948 the point-contact transistor of
Bardeen and Brattain and the junction transistor of William Shockley both
emerged from the laboratories of the Bell Telephone Company in the USA.
The transistor was much smaller than the thermionic valve, consumed less
power and was far more reliable. The controlled flow of electrons in crystalline
substances was also used in other semiconductor devices, such as the varistor,
the thermistor, the phototransistor and the magnetic memory. From printed
circuits, the technology soon moved on to integrated circuits in which the
transistors and associated components are formed and interconnected i sifu as
thin films on a chip substratum. Up to 20,000 transistors can be integrated on
a chip 6mmx3mm and 0.5mm thick.

It is little over a hundred years since Alexander Graham Bell invented
the telephone (1876) and Edison and Swan the incandescent lamp (1879).
In the century that followed electronics has given us radio, television, the
tape recorder, the video recorder, the pocket calculator, automation and
robotics, the electron microscope, the heart pacemaker, myo-electrically
controlled artificial limbs, the automatic aircraft pilot, the maser and the
laser, computer-aided design and manufacture, solar cells, satellite
communication and, with the rocket, man in space and unmanned space
probes. Science and technology have combined to accelerate us into the
Electronic Age. As J.G.Crowther wrote, ‘Faraday, Henry and Maxwell
would have had little influence in the world without Bell, Edison and
Marconi.” Science and technology, the two arms of progress, have
combined to leave us on the shore of a vast ocean of possibilities brought
about by electronics.

Before and during the Industrial Revolution the ingenious powers of man
were devoted to saving labour and to enhancing the capabilities of the paltry
human frame. As we approach the last decade of the twentieth century, a new
vista is opening before us, one in which at least the drudgery of brainwork is
taken over by the electronic machine, the computer. This has already
happened in fields such as accountancy and banking, in such affairs as
stocktaking, engineering design and many others. But according to modern
research programmes we are only at the beginning. The door is scarcely ajar,
the door which opens on to life in a society where knowledge, the most prized
possession, is freely available to all.

The Japanese, in a joint programme between government, industry and
academics, are deliberately co-ordinating resources to develop a fifth generation
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of computers, computers which would be endowed with ‘artificial mtelligence’,
that 1s, computers which can think for themselves. This is a concept that to
many people appears ridiculous and to many others a threat to the dignity of
themselves as members of the human race or worse, a threat to the very
existence of humanity as the only reasoning animal living on the planet.
Americans who, up to now, have dominated the computer market world-wide,
both technically and commercially, are expressing concern about the Japanese
attack on their leadership. Perhaps the situation on a global basis is best summed
up by the following quotation from Professor Edward Fredkin of Massachusetts
Institute of Technology:

Humans are okay. I'm glad to be one. I like them in general, but they’re only
human. It’s nothing to complain about. Humans aren’t the best ditch-diggers in
the world, machines are. And humans can’t lift as much as a crane. They can’t
fly without an airplane. And they can’t carry as much as a truck. It doesn’t make
me feel bad. There were people whose thing in life was completely physical —
John Henry and the steam hammer. Now we’re up against the intellectual steam
hammer. The intellectual doesn’t like the idea of this machine doing it better
than he does, but it’s no different from the guy who was surpassed physically.
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NON-FERROUS METALS

A.S.DARLING

NEOLITHIC ORIGINS

The birth of metallurgy is shrouded in obscurity, although weathered
crystals of native copper might well have attracted the attention of
ancient man because of their remarkable green colouration. Beneath
this superficial patina copper in metallic form would have been
discovered. Decorative and practical applications would undoubtedly
have been sought for this relatively hard, heavy material, and
primitive man would have been most impressed by the malleability of
copper, which allowed it, unlike wood and stone, to be hammered into
a variety of useful shapes.

The sharp distinction between the brightness, lustre and ductility of
the interior of a crystal of native copper and the brittleness and
stonelike characteristics of the green patina with which it was
encrusted, would also have been noted. From this, the first users of
metal might have concluded that all non-living primordial matter had
originally been in this pure, bright, noble and amenable metallic state,
although it had, like human beings, a natural tendency to fall from
grace and, by contact with nature and the passage of time, to assume
a degraded form.

Differing conclusions can, however, be drawn from the same set of
evidence, and some of the earliest metallurgists, it appears, favoured a
more optimistic interpretation which suggested that the natural
tendency of most metals was towards rather than away from
perfection. This tendency was encouraged by contact with nature so
that metals buried deep in the bowels of the earth tended to mature
and improve. Silver, according to this interpretation, was regarded as
an unripened form of gold.
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COPPER
Cold forging of native copper

The archaeological evidence indicates that although lead was also known at a
very early date, the first metal to be practically utilized was copper. Small beads
and pins of hammered copper found at Ali Kosh in Western Iran and Cay6nii
"Tepest in Anatolia date from the period between the 9th and 7th millennia BG
and were made from native, unmelted copper. During the later stages of the
Neolithic period more significant metallurgical developments appear to have
originated in the mountainous regions north of the alluvial plains where the
civilizations of the Tigris and Euphrates subsequently developed. Much use was
then made of native copper which was hammered directly into small articles of
jewellery or of ritual significance. At a later stage larger artefacts such as axe-
heads were made by melting together native crystals of copper in a crucible and
casting the molten metal to the required shape. Finally, however, copper was
extracted from its ores by pyrometallurgical methods.

The period during which copper was known to Neolithic man but not
extensively employed is known as the Chalcolithic Age. The beginning of the
Copper Age is associated with the emergence of smelting processes which
allowed copper to be extracted from its ores. Native copper must undoubtedly
have been worked in sites which were close to the outcrops where the metals
had been found. It seems logical to assume, therefore, that copper ores were
first reduced to metal, quite fortuitously, in the fires where native crystals were
annealed at temperatures well below their melting point to soften them after
cold forging, or in the furnaces where crystals were melted together.

Apart from gold, silver and the other noble metals, copper is the only metal which
1s found as native crystals in metallic form. This is because its affinity for oxygen is
lower than that of most other common metals, and as a result native crystals, although
not always abundant, can usually be found in weathered out-crops of copper ore.

The native copper which is still abundantly available in the vicinity of the
Lake Superior deposits in North America, was worked from 3000 BC until
shortly after the arrival of the Spanish invaders by the North American Indian:
Giovanni Verazzano, who visited the Atlantic Coast in 1524, commented upon
the vast quantities of copper owned by the Indians, and in 1609 Henry Hudson
found them using copper tobacco pipes. Although unaware that copper could be
melted and cast, they were working large lumps into weapons and jewellery.

The burial mounds of the pre-Columbian Indians of the Ohio valley contained
many copper implements such as adzes, chisels and axes, which from their
chemical composition appear to have been made from Lake Superior copper (see
Figure 1.1). In more recent times the Indians on the White River in Alaska used
caribou picks to dig copper nuggets out of alluvial gravels. Eskimos living in the
Coppermine district on the Arctic shore of Coronation Gulf were using native
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Figure 1.1: Adze blade from an unmelted nugget of native copper forged by
preColumban Indians of the Ohio Valley Hopewell culture. Found in a burial
mound at Mound City, Ohio, USA. Date 200 BC-AD 600. Note how internal
flaws in the nugget have spread to the surface and failed to weld during forging.
Courtesy of the British Museum Laboratory.

copper as late as 1930, when it was reported that nuggets were occasionally found
which were large enough to forge into knives with 20cm (8in) blades.

The implements and weapons produced in North America from native
copper all appear to have been produced by cold forging with frequent annealing
at temperatures below 800°C. After an approximation to the final shape had
been obtained in this way, the articles were finished by cold working. The
cutting edges were hardened as much as possible by local hammering, and the
craftsmen who produced these artefacts were obviously well aware that copper
could be hardened by deformation and softened by annealing. It 1s difficult to
understand, however, why they never succeeded in melting copper.

In Asia Minor, however, where copper was far less accessible, metallurgical
development was very rapid. Cities and civilizations, which produce both
wealth and demand, seem far more effective than natural resources in
stimulating successful technical innovation.

Melted and cast native copper

Most of the larger copper artefacts produced in the Middle East between the
seventh and fourth millennia BC have a micro-structure which is far from
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uniform. It consists of crystals which appear to have grown from the melt by
throwing out arms into the surrounding liquid. From these arms secondary
branches and spines have grown, thus producing a ‘dendritic’ structure
characteristic of cast metal. Because of this structure, and their generally high
purity, such articles could have been produced only by melting together
crystals of native copper. This technique marks a great step forward, although
the evidence available is very limited and it cannot be said when copper was
first melted or even when the first attempts were made to utilize the effect in a
practical manner. During the long period when native copper was being
worked and annealed, some of the smaller crystals would, inevitably, have
been accidently melted. The early coppersmiths would have attempted,
instinctively, to avoid such unfortunate accidents, and would soon have
developed an appreciation and recognition of those fiery conditions which
would encourage copper to renounce the solid state and become mobile.

It seems most probable that when native copper was first intentionally
melted it would have been heated from above by a heaped charcoal fire, and
encouraged to run together and form a lens-like ingot in a clay-lined saucer-
shaped depression in the ground immediately beneath the fuel bed. This
arrangement might possibly have required forced draught, from bellows, to
attain the temperatures required, although with suitable chimney arrangements
this may not have been essential.

Crucible furnaces must soon have been employed, however, to produce items
such as flat axes or mace heads which were cast directly to size. The earliest
crucible furnace remains so far identified were found at Abu Matar, near the old
city of Beersheba i Israel on a site used between 3300 and 3000 BC (see Figure
1.2). These furnaces appear to have had a vertical cylindrical clay shaft, supported
in such a way that air could enter freely at the lower end, providing the necessary
draught. The hemispherical clay crucible, about 10cm in diameter, was supported
about half-way up the shaft by charcoal packed into the base of the furnace.

The slags produced by such melting processes appear, in general, to be far
more enduring than the furnaces themselves. The earliest vitrified copper-
bearing slags were found at Catal Huytik in Anatolia at a site dating from 7000-
6000 BC, where specimens of beads and wire which appear to have been made
from native copper were found. The first copper artefacts which, from their
purity, appear almost certainly to have been produced by forging melted and cast
native copper were found at Sialk in Iran, at a site dated around 4500 BC. These
contained substantial quantities of copper oxide, and from their microstructure
appeared, after casting, to have been either hot forged or cold worked and
annealed. The earliest Egyptian artefacts produced from cast and wrought native
copper appear to date from the period between 5000 and 4000 BC.

The archaeological evidence suggests that the technique of melting and
casting native copper originated in Anatolia, and between 5000 and 4000 BG
spread rapidly over much of the Middle East and Mediterranean area. Three
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Figure 1.2: A reconstruction based on the remains of the earliest known crucible
furnace, dating from 3300-3000 BC, found at the Chalcolithic site at Abu Matar,
near Beersheba, excavated by J.Perrot in 1951. This appears to have been a
natural draught furnace used for remelting impure copper in a hemispherical
crucible which was supported on and immersed in a bed of charcoal halfway up
the furnace shaft.

After J.Perrot.

flat axes produced by this approach were found between 1908 and 1961 in the
Eneolithic Italian sepulchral cave Bocca Lorenza, close to Vicenza. Because of
their high purity, these axes can be clearly distinguished from artefacts
produced from smelted copper.

Smelting of oxide and carbonate copper ores

It seems that towards the end of the fourth millennium BC, the supplies of native
copper accessible to the ancient world were incapable of satisfying a rapidly
increasing demand. Most of the copper artefacts produced after 3500 BC contain
substantial quantities of nickel, arsenic, iron, or other base metal impurities
which indicates that they had been produced from copper which had been
extracted from ore. Systematic copper mining was being undertaken well before
this time, however, as early as the first half of the sixth millennium.

The Copper Age began when improved copper extraction techniques meant
that primitive copper workers were no longer dependent upon supplies of
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relatively pure native metal. The rate of this transformation increased rapidly
soon after the establishment of the Tigris and Euphrates civilizations. The
wealth and specialized demand provided by these urban societies must have
stimulated early copper workers to prospect in the northern mountainous
regions where weathered outcrops of copper were most likely to be
encountered.

The earliest copper workers appear to have extracted their metal from oxide
or carbonate ores which, although not always rich or plentiful, could generally
be smelted successfully in the primitive furnaces then available. The early
smelters all appeared to understand instinctively that charcoal fires could be
adjusted to provide atmospheric conditions which simultaneously reduced
copper and oxidized iron. Methods were thus evolved which allowed relatively
pure copper to be separated in the molten state from iron and other unwanted
materials in the ore. These, when suitably oxidized, could be induced to
dissolve in the slag. The primary ores of copper are invariably complex
sulphides of copper and iron, and are generally disseminated in a porous rock
such as sandstone which rarely contains more than 2 per cent by weight of
copper. Such deposits were too lean to be exploited by primitive man, who
sought for the richer if more limited deposits produced by the weathering and
oxidation of primary ores. Thus, at Rudna Glava in Yugoslavia, a copper mine
worked in the 6th millennia, did not exploit the main chalcopyrite ore body,
but worked instead a thin, rich carbonate vein produced by leaching and
weathering. This concentrated ore contained 32 per cent of copper and 26 per
cent of iron. Quartz sand would have been added to such a smelting charge to
ensure that most of the iron separated into the slag.

At Timna, in the southern Negev, copper has been mined and smelted since
the dawn of history. Extensive workings, slag heaps and furnaces have
remained with little disturbance since Chalcolithic, Iron Age and Roman times.
These mines, traditionally associated with King Solomon, were in fact worked
by the Egyptian Pharaohs during much of the Iron Age until 1156 BC.

The primary ore deposit at Timna is based on the mineral chrysocolla and
is currently being exploited on a large scale. Since this ore contains only about
2 per cent of copper, it could not have been effectively smelted in ancient
times. During the Chalcolithic or historical periods copper was extracted at
Timna from sandstone nodules in the Middle White sandstone beds overlying
the chrysocolla deposits. The nodules contain between 6 and 37 per cent of
copper, which exists as the minerals malachite, azurite and cuprite. The
remainder is largely silica, and the nodules contain little iron. In the fourth
millennium BG copper was extracted from them in furnaces: a rough hole in
stony ground, approximately 30cm (1ft) in diameter, was surrounded by a
rudimentary stone wall to contain the charge, which consisted of crushed ore
mixed with charcoal from the desert acacia. Controlled quantities of the
crushed iron oxide haematite, was added to the charge as a flux, to reduce the
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Figure 1.3: Reconstructions based on the remains of smelting furnaces used (a) in
the twelfth century BC, and (b) in the eleventh century BC, at the ancient
copper smelting site of Timna in the Southern Negev region of Israel.

Courtesy of the Institute of Metals.
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melting point of the silicious material and improve the separation between the
copper and the slag.

The Chalcolithic smelting furnaces at Timna appeared to have had no tap
hole and no copper ingots were found. High concentrations of prills and blebs
of metallic copper were found in the slag, however, and it seems possible that
the metal never, in fact, separated from the slag in massive form: after smelting
the slag would have been broken up to remove the prills which were then
remelted together in a crucible furnace.

A more highly developed smelting furnace used by the Egyptians at Timna
around 1200 BC is shown in Figure 1.3 (a). The slags from such furnaces
contained up to 14 per cent of lime which was added to the charge as crushed
calcareous shells from the Red Sea. This addition would have improved slag
metal separation and allowed the reduced copper to settle to the bottom of the
furnace and to solidify below the slag as plano-convex ingots.

Smelting techniques appeared to have reached their zenith at Timna around
1100 BC. After the smelting operation the slag and metal appear to have been
tapped simultaneously from the furnace into a bed of sand where, as recent
simulation experiments by Bamberger have shown, they would have remained
liquid for about fifteen minutes, providing ample time for the molten copper to
sink beneath the slag to form well-shaped ingots about 9cm (3.51n) in diameter.
For Bamberger’s reconstruction see Figure 1.3 (b).

The rings and other small artefacts of iron found at Timna are now thought
to have been by-products of the main copper refining operation. Lead isotope
‘finger-printing’ has shown that the source of the iron was the haematite used
to flux the copper ore during refining. It would appear that when the ‘as
smelted’ copper was remelted in a crucible furnace in preparation for the
casting of axes and other artefacts, any surplus iron it contained separated at
the surface of the melt to form a sponge-like mass permeated by molten
copper. This layer would, in all probability, have been skimmed from the
surface of the melt before it was poured. At a later stage it must have been
found that the iron/copper residue could be consolidated by hot forging and
worked to the shape required. The presence of copper is known to improve the
consolidation of iron powder, and it would seem, therefore, that a sophisticated
powder metallurgical process, utilizing liquid phase bonding, was being
operated at Timna in Iron Age times.

Smelting of sulphide copper ores

From the presence of arsenic and other impurities in many of the early Copper
Age artefacts it must be concluded that much of the copper used was extracted
from sulphide rather than oxide or carbonate ores. In prehistory, as in modern
times, the bulk of the world’s supply of copper appears to have been obtained
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from ores based on chalcopyrite, a mixed sulphide containing equi-atomic
proportions of iron and copper. Chalcopyrite must be roasted in air to convert
it to a mixture of iron and copper oxides before it can be smelted. Moreover,
because chalcopyrite ores contain in general less than 2 per cent of copper, and
because of the presence of large quantities of unwanted earthy material, they
do not respond to simple smelting processes.

The sulphide copper ores exploited at the beginning of the Copper Age
appear to have been thin, localized and very rich deposits which lay some
distance below the surface of a weathered and oxidized primary outcrop.
Although the presence of such enrichment zones has been recognized by
mining engineers and geologists for many years, their significance as ancient
sources of copper has only recently been fully appreciated.

Due to the atmospheric oxidation which occurs at the surface of
chalcopyrite outcrops, the sulphides are partially converted to more soluble
compounds which are slowly leached away. The exposed surface of such an
outcrop is therefore slowly robbed of most of its heavy metals with the
exception of iron which concentrates at the surface as iron oxide, generally in
the form of limonite. The iron-oxide regions above rich copper deposits are
known as gossans, and the German term eisener Hiit to describe a gossan led
to the saying, ‘For a lode nothing is better than it should have a good iron
hat,” and extensive gossans are noteworthy features of most of the sulphide
copper ore deposits which were worked in antiquity. At Rio Tinto in south-
west Spain, where copper has been extracted from the earliest times, iron is
so extensively exposed at the surface that the terrain resembles that of an
open-cast iron ore mine. Streams such as the Rio Tinto and Aguar Tenidas
which leave this gossan owe their names to the red contaminant iron oxide.
The ancient mines at Oman, which provided the Sumerians with copper, are
characterized by huge ferruginous gossans, and similar terrain exists at
Ergani Maden in Turkey.

From these gossans the copper content has been completely leached away,
and transferred in aqueous solutions to lower horizons, where, as the dissolved
oxygen becomes depleted, it is precipitated in sulphide form in the surrounding
strata. In this way zones of secondary enrichment are formed which contain
most of the metallic content which was originally uniformly distributed
throughout considerable depths of rock. The average copper content of the
thin secondary enrichment zones at Rio Tinto sometimes approaches 15 per
cent and values as high as 25 per cent of copper in the enrichment zones at
Ergani Maden have been reported.

The arsenical and antimonial minerals are associated with the copper in the
cementation zone, and the preponderance in the Copper Age of artefacts
containing substantial quantities of arsenic is therefore a further indication of
the fact that much copper of this period came from these thin zones of
secondary enrichment.
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Arsenical copper

When an awareness that many early copper artefacts were in fact dilute alloys
of arsenic in copper began to develop after 1890, it was thought that arsenic
had been deliberately added to improve the mechanical properties. Bertholet,
i 1906, was the first to demonstrate that the concept of alloying would have
been unknown when these artefacts came into general use, and that arsenical
copper, which was extensively used by the ancient Egyptians, was a natural
alloy obtained by smelting arsenical copper ore.

In the cast condition arsenical copper is only marginally harder than pure
copper, although its hardness increases very rapidly as a result of cold working.
This must have been a factor of great importance in the Copper Age when
edge tools were invariably hardened and sharpened by hammering. Arsenic
deoxidizes copper very effectively and the alloys are noted for their excellent
casting characteristics, a factor which early copper workers would much have
appreciated. Cast billets of arsenical copper would, however, have been more
difficult to work than pure copper, and it seems evident that when not cast
directly to the required shape weapons and cutting tools were fashioned by a
judicious mixture of hot and cold working. Such implements would certainly
have retained their cutting edges for longer periods than their pure copper
counterparts.

When arsenical copper ores are smelted with charcoal, the arsenic has little
tendency to escape because it is held in solution by the molten copper. Similarly,
when copper alloys containing up to 7 per cent of arsenic are melted in a crucible
under reasonably reducing conditions, little is lost. Arsenious oxide, however, is
very much more volatile than elementary arsenic, and toxic fumes must certainly
have been emitted in copious quantities during the roasting of copper sulphide
ores containing arsenic. Since sulphur dioxide fumes would also have been given
off in vast quantities, the additional health hazards caused by arsenic would not,
however, have been separately identifiable. Certainly nothing appears to have
inhibited the use of these accidental arsenical copper alloys, which were
extensively produced for a very long period over most regions of the ancient
world. Primitive man, when he stumbled upon the thin layers of concentrated
copper ores immediately below the gossan must soon have appreciated that they
produced artefacts having properties vastly superior to those of the copper
hitherto obtained from oxide or carbonate ores. On the basis of gradually
accumulated experience he would have sought for similar or even richer ores in
other localities, but in view of the absence of any concept of alloying it seems
unlikely that attempts were made to control the hardness of the copper obtained
by adjusting the mixture of ores fed into the smelting furnace.

The beginning of the arsenical copper era is difficult to date with any
certainty. The earliest Egyptian artefacts of arsenical copper were produced
around 4000 BC in predynastic times. In addition to arsenic these early
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weapons contained around 1.3 per cent of nickel. All the copper or bronze
artefacts found by Sir Leonard Woolley during his excavations of the Royal
Graves at Ur contained similar quantities of nickel which at the time these
discoveries were made was considered to be a most unusual constituent of
ancient copper.

It has been suggested that the Sumerians who made these artefacts came
from the Caucasus and were instrumental in transferring the arts of metallurgy
from the land of Elam (which now forms part of Iran) into Babylonia. The first
Sumerian kingdom was destroyed by the Semitic King Sargon, and one of his
mscriptions, dating from 2700 BC, indicated that the Sumerians obtained their
copper from the copper mountain of Magan. Shortly after the Royal Graves
excavation at Ur, the remains of extensive ancient copper workings were
discovered in the vicinity of the small village Margana in Oman. The impurity
spectrum of this copper ore deposit, including the nickel content, corresponded
exactly with that of the artefacts of Ur.

Oman, however, is a long way from Babylonia, and since nickel bearing
copper ores are also found in India and in the Sinai desert, the true origins of
Sumerian copper are still uncertain. Indirect evident for direct links between
Ur and Oman is provided, however, by evident similarities between the
smelting techniques used to produce plano-convex copper ingots at Suza in
Iran and at Tawi-Aaya in Oman, during the third millennium BGC. The
archaeological evidence also indicates strong cultural links between Southern
Iran and Oman at this time.

Some of the slags found at Oman contained copper sulphide matte. Well-
roasted sulphide ores can be effectively reduced to metal by techniques similar
to those used to treat oxide or carbonate ores. Separation of the copper from
the slag is facilitated by small flux additions such as bone ash, and this echoes
the sea-shell additions made at Timna (see p.54). The essential difference
between the treatment of oxide and roasted sulphide ores, however, is that
small quantities of copper sulphide matte appear to be produced in that
furnace when the roasted sulphide ore is being treated under atmospheric
conditions which reduce the copper, but retain the iron in an oxidized state.
This matte, being insoluble in the slag, separates out as a thin silvery crust on
the surface of the copper ingot. The presence of copper matte in ancient slag
deposits is not, therefore, conclusive evidence of matte smelting.

TIN AND BRONZE
The Early Bronze Age

For well over 1500 years arsenical copper artefacts were extensively produced
in the ancient world, which had come to expect from its metallic implements
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standards of hardness and durability which were unattainable from pure
copper. After about 3000 BC, however, the arsenical content of Middle Eastern
copper artefacts begins to decline, perhaps because of the progressive
exhaustion of rich, accessible arsenical copper ore deposits. Artefacts
containing small quantities of tin made their first appearance during the early
stages of this decline although the quantities involved rarely exceeded about
2.5 per cent. Such alloys, which first appeared in Iran around 3000 BG, did
not reach regions such as England and Brittany, on the outer fringes of
civilization, until about 2200 BC.

These low tin bronzes must be regarded as the precursors of the later true
bronzes containing 8-10 per cent of tin. They presumably emerged
accidentally, either by the smelting of copper ores which contained tin
minerals, or by the use of tin-bearing fluxes.

If the possibilities of alloying had been grasped at this stage it seems logical
to assume that they would have been progressively exploited. No evidence for
such a gradual evolutionary process has been found, and virtually no artefacts
containing more than 2.5 per cent of tin have been identified which antedate
the sudden emergence of the 8-10 per cent tin bronzes in Sumeria between
3000 and 2500 BC. It would appear that the copper workers of Ur suddenly
discovered or acquired the concept of alloying, and rapidly developed and
optimized the composition of bronze. This sudden leap forward cannot be
separated from the rapid expansion of trade in the Middle East around 3000
BG, since it seems improbable that the significance of tin as an additive to
copper would have first been identified in a region where its ore was not
indigenous.

Sources of ancient tin

The most abundant and significant tin mineral is cassiterite, the oxide Sn O,,
which varies in colour from brown to black. Cassiterite is noteworthy in that
its high specific gravity of 7.1 is comparable to that of metallic iron, and also
because its hardness is comparable to that of quartz, so that it is highly
resistant to abrasion and tends to concentrate in gravels and alluvial deposits.
The name tin appears to be derived from the Chaldaean word for mud or
slime, which implies that the tin originally used at Ur came from alluvial
deposits. The Greek word kassiteros was taken from a Celtic term which has
been literally translated as ‘the almost separated islands’, presumably the
mythological tin islands. In classical times, kassiteros was loosely used to denote
tin, pewter and sometimes even lead. The Greek word for Celtic, kentikov, was
also used by Aristotle to describe metallic tin.

Four cassiterite mines have been located in the eastern Egyptian desert, one
of which was accurately dated from inscriptions associated with the Pharaoh
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Pepi II to around 2300 BG, approximately 500 years after the appearance of
the first Sumerian bronze. Gopper artefacts containing significant quantities of
tin were not produced in Egypt before the Fourth Dynasty, around 2600 BC,
and the true Bronze Age in Egypt, when artefacts containing 8-10 per cent of
tin were produced, did not begin until 2000 BC.

It seems logical to assume that at some time around 3000 BC, the concept
of bronze manufacture was acquired by the Sumerians, either by trade or
conquest, from a region outside Mesopotamia where tin was a readily
available commodity. Many historians have claimed that by 3000 BGC
commerce in the Middle East had developed so extensively that supplies of
tin might well have reached Sumeria by sea, up the Persian Gulf, from
regions as remote as Malaysia or Nigeria. Support for this general idea is, of
course, provided by the known importation by Sumeria of copper from
Oman. From the Gulf, the tin would have been transported by overland
caravan. Between 2600 and 2500 BG supplies of tin to Mesopotamia appear
to have been interrupted, many of the copper artefacts dating from the
Second Sumerian Revival being simple arsenical coppers containing little or
no tin. This occurred, of course, in biblical times, when the Land of Sumer
was devastated by floods. The shortage of tin, whether it was caused by
natural disasters or by political upheavals, was not prolonged, however, and
after about 2500 BC the use of 8-10 per cent tin bronzes expanded rapidly
throughout the Middle Eastern world.

Early Bronze Age developments have also been found in southern China,
Thailand and Indonesia, where alluvial tin and copper ore are sometimes
found in close association. It was not until 2000 BC that bronze, or even
copper, was manufactured in northern Thailand. The bronze artefacts,
including spears, axeheads and bracelets, recently found at the village of Ban
Chiang were obviously made locally, since stone axehead moulds were also
discovered. The alloys, which contained 10 per cent of tin, must have been
produced by craftsmen well-versed in bronzeworking technology; and since no
evidence of earlier or more primitive metal working has been found, it would
seem that this modest agricultural community suddenly acquired a fully
developed facility for bronze manufacture. It probably arrived with the
peaceful integration of a group of skilled foreign workers, perhaps displaced by
military disturbances in China. Chinese bronze containing 8 per cent of tin
was being produced in Gansu province as early as 2800 BC, apparently
independently of the emergence of high tin bronzes in Sumer.

The earliest tin bronzes so far identified appear to date from the fourth
millennium BC and were found in the 1930s at the site of Tepe Giyan, near
Nahavand in Western Iran. This mountainous region, situated midway between
the Persian Gulf and the Caspian Sea, was in the Land of Elam mentioned in the
Bible, from which the Sumerians were assumed to have obtained the arts of
metallurgy. Although Tepe Giyan does not appear to have a local source of tin, it
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is possible that there were alluvial tin deposits, now exhausted. The sudden
appearance of true bronzes at Ur around 2800 BC, and in Amugq, near Antioch
in Turkey, about 3000 BC would be consistent with the view that the concept of
bronze manufacture originated in a community such as Tepe Giyan, in the
Persian highlands, during the 4th millennium, and subsequently moved
southwards to Sumeria and the Persian Gulf, and westwards to the
Mediterranean seaboard, during the third millennium.

Bronze was first made in Italy between 1900 and 1800 BG, using tin from
deposits at Campiglia Marittima in Tuscany, although it seems possible that
cassiterite was also being obtained from mines in Saxony and Bohemia. Copper
extraction started in Spain in Neolithic times and during the third millennium its
copper and precious metal deposits were extensively worked (see p. 55)
Exploitation of the Spanish tin deposits, however, did not begin until 1700 BC,
when bronze artefacts were first produced at El Argar and other sites in the
south-east. Most of the bronze artefacts of this period, which contain around 8
per cent tin, appear to have been cast roughly to shape and finished by forging.
Evidence that the early Mediterranean cultures obtained significant quantities of
tin from Cornwall, Brittany or Saxony-Bohemia is singularly lacking, although
some of the tin used for Central European bronzes made between 1800 and
1500 BC appears to have come from the Saxony deposits.

Apart from a tin bracelet dating from 3000 BC found at Thermi in Lesbos,
very few Bronze Age artefacts made of metallic tin have been discovered. This
paucity is difficult to reconcile with the vast quantities of tin which must have
been used for bronze manufacture over the period. It has been suggested that
bronze was originally produced by co-smelting copper ore with minerals of tin,
and that at a later stage, when better compositional control was required,
weighed quantities of cassiterite were reduced directly with charcoal on the
surface of a bath of molten copper. This implies that cassiterite, rather than
metallic tin, was the standard commodity of trade. Metallic tin, however, far
from behaving at all times as a highly inert material can sometimes, when buried
for example in certain types of soil, disintegrate very rapidly into amorphous
masses of oxide and carbonate sludge, destroying the identity of tin artefacts.

The most enduring evidence of Early Bronze Age technology is provided by
a few accidentally vitrified clay tuyeres from between 2000 and 1800 BC.
Many early tuyeres were ‘D’ shaped in cross-section and appear to have been
used in primitive crucible furnaces. Here the crucible was heated from above
by radiation from a glowing bed of charcoal, much of which must inevitably
have fallen upon the surface of the melt.

The crucible in the furnace used at Abu Matar for remelting impure smelted
copper between 3300 and 3000 BC (see p. 51) would presumably have been
extracted via a hole in the side of the vertical shaft. Many crucibles used in the
Mediterranean region between 3000 and 2500 BC had, to facilitate handling, a
socketed boss moulded on one side. Clay-covered wooden or metal rods were
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Figure 1.4: Rocking crucibles of this type were extensively used in the Greek
Islands and also in Sinai between about 1600 and 1200 BC to ease the problems of
lifting a heavy crucible of molten metal from a primitive furnace and subsequently
pouring from it in a controllable manner. The rocking crucibles had thick
hemispherical bases and were provided as shown with a pouring hole. When tilted
they rolled away from their charcoal bed and discharged their content of molten
metal simply and safely. One crucible of this type, found by Flinders Petrie at
Serabit in Sinai in 1906 was large enough to contain nearly 8kg of bronze.

mserted into these sockets so that the crucible could be removed. During the
Late Bronze Age, the crucibles used were thicker and more robust. The casting
arrangement shown diagrammatically in Figure 1.4 was used between 1550
and 1200 BC in the Greek Islands and also in Sinai. Pouring was
accomplished by rocking the crucible on its base, either by pulling with a hook
from the front, or by pushing from the rear of the furnace.

Bronze Age casting techniques

Few plano-convex ingots of arsenical copper have been found, although the
material appears to have been available at any early stage in the form of ingot
torcs. These Osenhalm'nge, or neck-rings with recoiled ends, resemble in shape
the later iron currency bars. Worked from cast ingots, they were traded as an
intermediate product suitable for the manufacture of pins, jewellery and other
small objects. No unworked Early Bronze Age ingots from which large
artefacts such as axeheads could have been cast have yet been found.
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Although many arsenical copper artefacts of the Early Bronze Age appear to
have been roughly cast to shape in open stone moulds and then forged to size,
this practice died out soon after the 8 per cent tin bronze alloy came into
general use. Most artefacts were cast almost directly to the finished size in
fairly advanced closed moulds similar to that shown diagrammatically in
Figure 1.4. Many of these moulds were made from clay into which internal
cavities were precisely moulded before firing.

During the early years of the third millennium foundry processes in the
Land of Sumer appear to have developed rapidly. Before 3000 BC most of the
copper artefacts from Ur were simply fabricated from sheet metal. By 2700
BG, however, very refined cast copper articles were being produced, probably
by a version of shell moulding, using a prefired mould of thin clay. Long thin
sections, such as the blades of swords and daggers, were also cast into thin
shell moulds, which appear to have been heated to redness before the molten
metal was introduced.

By 2500 BC the Egyptians had developed considerable expertise in the
production of hollow copper and bronze statuary. Many large Egyptian statues
were cast with an internal sand core, which is still present in some of the figures
which have been found. Smaller components, such as the spouts of copper water
vessels, were undoubtedly made by the cre perdue (‘lost wax’) technique, which
had obviously been mastered by Egyptian craftsmen before 2200 BC.

Grecian bronze

Daggers with bronze blades inlaid longitudinally with niello, a black
compound of sulphur with copper or other metals which formed a background
for lively and naturalistic pictures in gold and silver, figured very prominently
in the grave goods found by Schliemann in 1876 when he opened the Royal
Bronze Age tombs of Mycenae. Such weapons, and most of the other
metalwork which was found, are now believed to be of Cretan origin. The
shaft graves date from the sixteenth century BC and are therefore of the Late
Bronze Age, the absolute chronology of which is now well established.

By the beginning of the second millennium BC, Crete was beginning to
obtain tin from Etruria and southern Spain, and their designs for spear heads
and daggers were widely copied throughout the ancient world. The
characteristic metal artefact of Crete was the double axe, an object of great
ritual significance; the compositions of some of which range from pure copper
to ductile 4 per cent tin bronzes, and finally to hard, brittle bronzes containing
18 per cent tin.

The Dorians, who invaded the Peloponnese from the north-east across the
Gulf of Corinth in the thirteenth century, had primitive metal working skills of
their own, and from the amalgamation of Dorian vigour and Minoan
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sophistication eventually emerged the metallurgical virtuosity of classical
Greece. Bronze statuary soon began to demonstrate a mastery of foundry
techniques which remained unsurpassed until the European Renaissance. Such
castings represent what is probably the high peak of Bronze Age technology,
before the later domination by Rome of the classical world.

Between prehistoric times and 500 BG, bronze technology had developed in
a slow and irregular manner which does not relate in any metallurgical sense
with the Early, Middle and Late Bronze Age classifications of the archaeologist.
The major metallurgical discontinuity occurred around 1600 BC, in late
Minoan times, when large copper ingots weighing more than 30kg (661b) first
appeared, and the usage of bronze throughout Europe and the Mediterranean
region began to increase very rapidly.

The arsenical coppers and low tin bronzes hitherto employed had been
gradually displaced by bronzes containing 8-10 per cent tin, similar in their
general characteristics to those first utilized a thousand years previously at
Ur. The emergence of the full Bronze Age, in the middle of the second
millennium BG, is characterized by the almost universal employment of this
type of alloy. However, after about 1600 BC the majority of the bronzes
produced contained lead, which, in most cast objects of any intricacy, was
present in concentrations between 5 and 10 per cent by weight, and which
was added to improve casting fluidity.

Chinese bronze

The chronology of early Chinese bronze is more difficult to interpret, since
there appears to have been no specific date before which no lead additions
were made. The belief that China had little or no prehistorical metallurgical
experience probably originated because of the massiveness and mature artistic
competence of the Shang bronzes, which, having been looted from the Imperial
Graves at Yin, were the first to make an impact on the artistic sensibilities of
the West. It was assumed that the Chinese had waited until the middle of the
second millennium BC, the culmination of bronze technology in the West,
before it began, with no significant earlier experience, to produce large bronze
artefacts of the highest artistic quality. However, more than 300 metallic
artefacts dating from the period before 1600 BC have been discovered, and
bronze was being produced in northern Thailand in 2000 BC (see p. 59).

China obviously began to produce bronze and other copper alloys at an
early date. The presence in Kuangtung Province of tin deposits, both alluvial
and in lode form, might well have facilitated the process. The art of bronze
founding, which is now believed to have originated independently in China,
appears to have first been practised in the adjacent provinces of Hansu, Shensi
and Honan, where Chinese culture first began.
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Figure 1.5: Bronze ritual vessel ‘Fang Ding’ Shang dynasty, eleventh century BC.
Decorated with a pattern of snakes and roundels.
Courtesy of the British Museum.

The Shang bronzes, produced at Anyang between 1400 and 1027 BC, are
now world famous for their artistic merit and technical virtuosity (see Figure
1.5). These ritual objects, which were produced entirely by casting, were
notable for the richness of their relief patterns and also for their mass and
solidity, although some smaller wine vessels were also produced. One vessel
weighed over 1.6 tonnes and had obviously been cast in a multipart mould
made from prefired clay segments.

Most of these Shang artefacts had lead contents less than 1 per cent by
weight, and some contain negligible quantities of lead. It would appear lead
was an accidental impurity. The tin content of the alloys varies considerably,
however, in what appears to be a random manner from about 1.8 per cent to
more than 20 per cent.

The founders of Anyang could hardly have regarded tin as a rare or
expensive commodity, to be used as economically as possible. However, the
most impressive, highly decorated and least utilitarian items of Shang bronze

64



NON-FERROUS METALS

tend to be those with the highest tin content, and rarely contain more than half
a per cent of lead. Items of utility, however, such as weapons and
accoutrements, contain smaller quantities of tin and higher concentrations of
lead. It seems that the Shang foundrymen were well acquainted with the effects
of composition on the characteristics of the bronzes they produced. Thus when
the objective was to produce large, intricate and decorative castings which
would not be subjected to mechanical ill treatment, they preferred to use a very
high tin content, rather than a smaller quantity of lead to obtain the casting
fluidity required. When weapons were being made, however, brittleness was a
characteristic to be avoided. The tin content was then very considerably
reduced and a minimal quantity of lead added to improve the castability of the
alloy. The melting point of a binary 20 per cent tin bronze is approximately
880°C: a similar quantity of lead only reduces the melting point of copper to
1000°C. The high tin, lead-free alloys would therefore be easier to melt and
cast in large quantities and this must have been a factor which encouraged
their use in a situation where tin was plentiful and intricate castings weighing
perhaps a tonne were being produced.

Bronzes containing 20 per cent tin are invariably associated with the
manufacture of bells, and Theophilus in the twelfth century AD, following
what was obviously an age-old tradition, recommended this composition for its
purity of tone. The bell is generally regarded as being a Chinese invention,
and the cast artefacts of the Shang and Chou dynasties are associated with the
rituals of ancestor worship where music had a magical significance. It seems
possible, therefore, that the ritual vessels were expected to be sonorous as well
as artistically impressive.

The distinctive green patina of ancient Chinese bronzes has occurred by a
process of slow corrosion during the long internment of the bronzes in deep
loess of Central China. This yellow, porous, windblown, sandy clay contains a
good deal of calcareous material, which, when taken into partial solution by
circulating groundwaters, is believed to have played an essential role in the
patination process.

Greek metallurgical specifications

At a very early period the Greeks attempted to standardize the composition
and mechanical proportions of bronze. An inscribed stela found at Eleusis in
1893 provides what is probably the earliest known specification for bronze and
cites a decree concerning the manufacture of empolia and poloi, the bronze
fittings which were used for joining the drums of stone columns. The structure
involved was the Philonian Stoa, a portico which was erected around 360 BC
in front of the much older Telestrion at Eleusis.
It is specified that the contractor
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will use for the blocks copper from Marion, the alloy being made of twelve parts,
eleven of copper to one of tin. He will deliver the blocks clean, rigid and four-
square and will round off the dowels on a lathe as in the example provided; he
will fix them into the blocks straight, and perfectly rounded, so that they can be
rotated without deviation. Bids for the contract are to be made at so much per
mina of bronze, and the contractor will weigh out the bronze while there is
constantly present one of the building commission, either the public recorder or
the site supervisor.

It seems that the Greeks were aware of the weakening effect of lead on
bronze and preferred the binary tin-copper alloy for structural items. The
requirement in the specification that the poloi should be turned on a lathe is
also a matter of unique importance: this Eleusinian inscription apparently
provides the earliest evidence for the use of a metal-turning lathe in the Greek
mainland.

The requirement of the specification that an 8.3 per cent tin bronze
should be used for these castings shows that the fourth-century Greeks
were well aware of the effect of tin on the properties of the alloys they
employed. From the weapons which were found in the Mycaenean tombs
it is evident that metal workers, even in the sixteenth century BG, knew
exactly how much tin could be put into bronze before the alloy became
too brittle for hot or cold forging. They improved the hardness and
elastic limit of their bronze sword blades by judicious cold working, and
knew that ductility could be restored, when required, by careful
annealing. Pure copper rather than bronze was the preferred material
where high ductility was required for the manufacture of rivets and other
fixing components.

METALLURGY IN THE ROMAN WORLD

Although few metallurgical ideas or processes appear to have been truly
Roman in origin, the improved standards of living associated with the rapid
dissemination of the Roman way of life stimulated metallurgical demand,
and encouraged the rapid diffusion of improved processes and techniques
throughout the Empire. The primary metallurgical requirement of the army
was 1ron (see Chapter 2). Bronze, in quite formidable quantities, was needed,
however, both for military and non-warlike purposes, and coinage utilized
vast quantities of gold, silver and copper. Roman civilization also brought
with it the rapid expansion of highly organized urban life which required
large quantities of lead for plumbing. The main metallurgical innovation of
Roman times, however, was the general introduction of brass which was first
used for coinage when tin became expensive.
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Roman copper and bronze

Well before Imperial times the extraordinary mineral wealth of the remoter
regions such as Spain, Germany and Britain became evident. The mines of
Spain provided gold, silver, copper, iron and zinc in great abundance, the
richer deposits being situated in a region known as Tartessus, twenty-five miles
north of Huelva on the Gulf of Cadiz.

At Rio Tinto (see p. 55) copper was extensively extracted in the Bronze
Age, and the Phoenicians appear to have worked the deposits for silver
between 900 and 700 BC. The Carthaginian empire was also dependent upon
silver from Rio Tinto, and the Romans worked the Tartessian mines
continuously from about 200 BC until AD 400. In Republican times the mines
were worked on a limited scale, largely for silver. Under Augustus, however,
the scale of operations increased very rapidly and deep tunnels were driven
into the main chalcopyrite body to exploit secondary veins of rich copper ore.

The mines appear to have reached their maximum output between the
second and third centuries AD. The Roman troops left Spain in AD 410, and
although the Visigoths took over the Peninsula in 475 they did nothing to
revive the mining industry, which was also largely ignored by the Moors. The
ancient Roman workings at Rio Tinto were not reopened until the middle of
the sixteenth century, during the reign of Philip II.

Rome did not begin to exploit the copper mines of Timna in the Negev (see
p- 52) until the third century AD, although working continued until the middle
of the seventh century when the Arabs invaded. Mining activity at Timna
appears to have been controlled largely by the availability of fuel, charcoal
obtained from the desert acacia.

The horses of San Marco

Most of the statuary of the Graeco-Roman world was cast in bronze. In fourth-
century Greece leaded tin bronzes were generally used although zinc found its way
into many of the later Roman bronzes, which by the middle of the second century
AD tended to contain comparable quantities of zinc and tin. The characteristics of
these alloys, which resembled those of the later gunmetals were, after all, well
known, and utilized by all practical foundrymen. Thus, their low melting points
and wide freezing ranges facilitated mould filling and helped to compensate for
any incidental deficiencies in feeding and venting arrangements which must have
been difficult to avoid when large, thin-walled castings of a complex nature were
being produced in a primitive foundry. Zinc would also have deoxidized the alloys
and assisted greatly in the reduction of casting porosity.

However, some artists of this period cast their statues from what we would
now regard as most unsuitable material. The four horses of San Marco in
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Venice, when accurately analysed in 1975, were found to have been cast from
virtually pure copper, containing only about 1 per cent of tln and lead.
Because of its high melting point and narrow freezing range, this alloy would
have been difficult to melt and cast properly.

The San Marco horses were cast by the indirect lost wax process, the
technique used some 1500 years later by Benvenuto Cellini when he cast his
celebrated Perseus. In this approach, the wax layer applied to the surface of the
core is equal in thickness to the wall thickness of the casting to be produced.
The wall thickness of the San Marco horses varies between 7.5 and 10.5mm,
and originally they were gilded. From the duplex structure of the surviving
areas of the gilded layer, it can be inferred that before the application of the
gold leaf, the copper surface had been treated with an aqueous solution of gold
mercury amalgam. When this had reacted chemically on the surface of the
copper to produce the amalgamated layer required, the work would have been
heated gently and the gold leaf applied.

Theophilus, writing in the twelfth century AD, warned that this technique
could not be used to gild a lead-containing substrate, and the information
would probably have been available in Roman times. The artist who produced
the horses of San Marco might have decided to produce his castings from
copper because it was easier to gild than a bronze which might well have
contained substantial quantities of lead. They were popularly attributed to
Lysippus of Sicyon, the official sculptor of Alexander the Great, who worked
in the fourth century BC. It is possible, however, that they were cast eight
hundred years later, during the reign of Constantine, although a more probable
date would be some time during the second century AD.

Lead and silver

Lead is comparable to copper in its antiquity and was probably obtained in its
metallic form by reduction from its ore at an earlier date. The earliest known
metallic artefacts, small beads and pins of copper dating from the period between
9000 and 7000 BC, were hammered from crystals of native, unmelted copper
(see p. 48). However, at 6500 BC horizons in the ancient Anatolian mound of
Catal Huyuk beads of fused lead have been found in close association with
hammered beads of native copper. It appears that lead must have been extracted
from its ores at an earlier date than copper, especially in view of the low melting
point of lead and the ease with which its oxide can be reduced by carbon.

Native lead is rarely found. Its sulphide, however, galena, upon which most
lead ores are based, is fairly abundant and would have been instantly recognizable
by primitive man because of its lustre, high density, and by the structural
perfection of its dark grey cubic crystals. When exposed at an outcrop, galena
weathers and oxidizes. Anglesite, the sulphate of lead, 1s a mineral formed during
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the intermediate stages of this reaction process which generally concludes with the
formation of cerussite, a lead carbonate. Galena usually contains between 0.03
and 0.1 per cent by weight of silver, and the economics of lead extraction are
generally determined by the value of the silver present in the ore.

Metallic lead has been found in Iraq, in a 6000 BC context at Yarim Tepe,
and at the fifth-millennium site of Arpachiyeh. Lead artefacts have also been
obtained from the fourth-millennium sites of Anan and Hissar III in Iran and
Nagada in Egypt.

The earliest evidence of lead being used for aesthetic rather than practical
purposes is provided by an Egyptian figurine 5cm high, dating from about
4000 BG, which is now in the British Museum. It is unusual in having been
carved from a solid block rather than being cast to shape; the lead is of such
high purity and contains so little silver that it could apparently have been
obtained only by reducing the oxide residues from a silver cupellation process.
Few leaden artefacts of comparable age have been found, although a mid-
fourth millennium cemetery at Byblos in Lebanon recently yielded more than
200 silver artefacts. Silver objects of the late fourth millennium have also been
unearthed in Palestine, in Ur and Warka in Mesopotamia, and also from
various sites in Asia Minor. It seems probable that they emerged as a by-
product of lead refining operations.

Lead artefacts of the third and second millennia BC include spindle whorls,
weights for fishing, and wire which appears to have been used for repairing
pottery. Lead weights, based on a unit module of 61g (2.202), have also been
found throughout the Aegean in Middle and Late Bronze Age contexts. Shapeless
lumps of lead were found in that layer of the Hissarlik ruins corresponding to the
period between 3000 and 2500 BC, and many fine silver artefacts dating from
about 2700 BC were found by Sir Leonard Woolley in the Royal Graves at Ur.

Numerous deposits of silver-rich lead are known in the Aegean area, several
of which were described by classical authors such as Aeschylus, Herodotus and
Strabo. In the fifth century BG, silver from the mines at Laurion provided the
wealth needed to support the Athenian Empire. Other famous silver mines
were those in the Pangaean region of Macedonia, and the Cycladic island of
Siphnos. Mining at Siphnos began some time between 3150 and 2790 BC.
The silver recovered from the Early Cycladic tombs appears never to have
been melted down for recycling, and this has made it possible to utilize isotope
abundance analysis to identify the lead mines from which the silver was
obtained. Specific identifications can now be made by measuring the relative
abundance of the natural isotopes in each element present in the metallic
artefact. This approach allows the origin of the major alloying constituents to
be identified, not from the impurities they contain, but from their own specific
internal atomic characteristics. The metals extracted from every ore deposit
each have an isotope distribution spectrum which is specific to, and
characteristic of that deposit. Isotope abundance ratios are not influenced in
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any way by smelting or refining processes, or by the presence or absence of
impurities introduced during alloying.

The silver artefacts in the Cycladian tombs, therefore, which appear to have
been made from virgin metal and almost immediately interred, have isotope
abundance ratios which make it possible to identify very precisely the lead
mines from which the silver was obtained.

Of sixteen artefacts, six were found to have come from the Laurion mine
near Athens and eight from the Siphnos field. A number of lead and silver
artefacts from the shaft graves at Mycenae (¢.1550 BC) were made from metal
coming from the Laurion mine. Egyptian silver artefacts of the 10th and 11th
Dynasties (2175-1991 BC) also appear to have been made from Laurion
metal. Isotope ratio measurements on Cretan lead and silver artefacts of the
period 1700-1450 BC indicate that about 80 per cent of the metal came from
Laurion and only 10 per cent from Siphnos. Many lead and silver artefacts
were preserved under the volcanic ashes which submerged Akrotiri, on the
island of Thera, in 1500 BC. About 96 per cent of this metal came from
Laurion and only 4 per cent from Siphnos.

Rio Tinto

At this period, Rio Tinto was being worked only for copper; silver was first
exploited in this area between the twelfth and eleventh centuries BC. The
chalcopyrite ore which appears to have been worked for silver around 1200 BC at
Rio Tinto was taken from a thin, concentrated cementation layer, only a few
centimetres thick, between the oxidized gossan and the principal mass of copper
ore (see p. 55). It could have contained around 40g of silver per tonne. Up to this
time the bulk of Mediterranean silver had been derived from lead by cupellation.
Since Rio Tinto copper contained little lead, it is evident that lead oxide, or a lead
ore must have been added to the smelting charge to take up the silver. The
chalcopyrite ore might have been fused directly in a small shaft furnace to form a
copper sulphide matte, from which the silver was absorbed by molten lead, and
the alloy thus obtained would then have been cupelled to extract the silver.

The silver deposits at Rio Tinto were controlled successively by the
Phoenicians, Carthaginians and, from about 200 BC the Romans. By this time
the wealth of Tartessus, the biblical land of Tarshish, had become legendary
throughout the Graeco-Roman world.

Silver production at Laurion

Silver was extracted at Laurion from a geological formation of three layers of
whitish marble and limestones separated by two layers of micaceous schist.
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Contact deposits of silver-bearing lead concentrated below each layer of schist.
The galena-based ore from the lower contact deposit was particularly rich and is
reputed to have yielded between 1200 and 1400g of silver per tonne in the time
of Themistocles. This was not exploited until the beginning of the fifth century
BC. Earlier mining was confined to the upper contact layer, which was closer to
the surface, and yielded ore based largely upon the mineral cerussite, a carbonate
of lead. The lower, richer contact layer in the mines was discovered in 484 BC
and 100 talents of the silver it produced were used by Themistocles to build the
fleet which destroyed the Persians at Salamis in 480 BC.

Subsequent references to the mines in plays by Aristophanes and
Pherecrates suggest that they were then operated under state control. During
the fourth century the mines and mining rights at Laurion still belonged to the
Athenian state, who auctioned off operating franchises to private contractors
and speculators. The industry declined very rapidly towards the end of the
fourth century, when the silver coinage standard of the Athenian state was
superseded by the gold standard introduced by the Macedonian kings. The last
Athenian silver tetra-drachmas were minted in the second half of the first
century BC, by which time the mines were largely exhausted, and once
prosperous mining towns such as Thorikos had been virtually abandoned.
Attempts made in the mid-nineteenth century AD to revive mining at Laurion
were unsuccessful.

The ore extracted at Laurion in the fourth and fifth centuries BC was
crushed with iron mallets and then ground to a sandy consistency in rotating
stone hourglass mills or in hopper querns. The crushed ore emerged as a fine
powder from which the lighter, earthy material was removed by water washing
in some very ingenious helicoidal washers. A continuous current of water,
during its passage around the spiral, carried the suspended particles of ore
from cup to cup and classified them. The rich ore was the first to be deposited,
then the poorer ore and finally the sand and silts. When the water reached the
lower tank all suspended solids had been deposited and it could be returned to
the stand tank, so completing the circulation process.

The argentiferous lead ore, concentrated in this way, was then taken from
Laurion to smelting complexes at Thorikos, Puntazeza and Megola Pevka,
where vertical shaft furnaces, using locally produced charcoal, were used to
reduce the ore to metal. The silver content of the lead alloy obtained from this
smelting process was subsequently recovered by cupellation, and taken to the
Athenian mint, at the south-east corner of the ancient Agora, where the famous
silver drachmas, the ‘owls of Athene’ would have been struck.

Some of the lead produced was used to a limited extent for sealing and for
holding in place the iron clamps used to prevent relative movement between
large marble building blocks. From the extensive deposits of litharge in the
Laurion, it must be concluded that the value of lead at this time did not always
Justify the cost of recovery from cupellation waste.
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Roman lead and silver

Roman municipal life was characterized by a prodigal use of water, for the
supply of which very impressive aqueducts were constructed, and lead piping
was extensively used for local distribution and plumbing.

Some of the lead piping from the ruins of Pompeii, which was submerged
by volcanic ash in AD 79, has recently been examined in considerable
metallurgical detail. These pipes varied in outside diameter from 30 to
40mm, and had a wall thickness of 5mm. The method used to produce the
pipes was a model of simplicity. Lead sheets 6mm thick were cast on a flat
stone surface, cut to size, and then wrapped around an iron mandrel in such
a way that a narrow longitudinal gap was left along the pipe. Into this gap
molten lead was poured at such a temperature that it was able to remelt the
edges of the cast sheet before solidification. The pipes were then hammered
on the mandrel over the whole of their cast surface to reduce their thickness
to 5mm and to increase their diameter so that they could be withdrawn.
These Pompeian lead pipes contained about 0.05 per cent copper and 0.1 per
cent of zinc.

The mineral wealth of Britain provided much incentive for the Claudian
invasion. Tacitus, for example, remarked that ‘Britain produces gold, silver
and other metals which are the reward of victory’, and although the British
output of gold was disappointingly low, substantial quantities of silver were
soon obtained by the cupellation of lead. The Romans were working lead
mines in the Mendips six years after the conquest, in AD 49. After the silver
had been extracted, the lead was run into pigs weighing 77-86kg (170-1901b)
which were exported to the Continent from the port of Clausentum in
Southampton Water.

The lead from Derbyshire and more northern districts contained very
little silver, and the lead mines of Mendip, Devonshire and Cornwall,
although significantly richer, were still unable to compete with the
argentiferous chalcopyrite deposits of Rio Tinto. Most of the Roman
lead which has been analysed had already been desilverized by
cupellation and it is difficult to estimate the silver content of the lead
ores being worked in Britain. Desilverized Roman lead rarely contains
less than 0.007 per cent silver. Samples taken from the Roman site of
East Cliff in Folkestone and from Richborough Castle contained
respectively 0.0072 and 0.0078 per cent silver, in good agreement with a
silver content of 0.00785 per cent found in a lead pipe installed in
Rome between AD 69 and 79. Such levels, although considerably
higher than those present in modern commercial lead, probably marked
the feasible limits of cupellation in Roman times.
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BRASS AND ZINC

The origins of brass are almost as uncertain as those of bronze, although as a
newcomer to the metallurgical world, the alloy was frequently discussed by
classical authors. Zinc, in its natural deposits, is rarely associated with copper,
and although some sulphide copper ores do contain small quantities of zinc,
this element does not appear to have found its way, to any significant extent,
into the composition of ancient artefacts. It seems most probable that in the
arsenical copper and Early Bronze Age periods, any residual zinc in a sulphide
ore would have been substantially removed, as a volatile oxide, either during
roasting, or at a later stage during smelting, when fairly oxidizing conditions
were required to prevent too much iron dissolving in the copper.

Certain ancient sources of copper, however, contained enough zinc to
ensure that when smelted they produced low zinc brasses rather than copper.
Thus at Cyprus, which by about 2000 BC had become one of the major
sources of copper in the Middle East, many copper artefacts have been found
containing zinc in random quantities up to a maximum of 9 per cent. Most of
the artefacts contain between 3 and 5 per cent zinc, presumably inadvertently
introduced during the smelting of a zinc-bearing copper ore. Modern Cypriot
copper ores contain about 32 per cent copper and 1.5 per cent zinc. If all this
zinc was retained during smelting, the brass obtained would contain around 5
per cent zinc, comparable to the higher zinc contents of copper artefacts from
the Early Bronze Age site of Vounous Belapais in Cyprus.

During the Late Bronze Age, however, concentrated sulphide ores from lower
horizons in the ore body were being worked, and these could have been smelted
only after a roasting process which burned out most of the sulphur originally
present. During this roasting zinc, as well as sulphur would have been rejected
from the ore as a volatile oxide, thus accounting for the apparent anomaly that
copper artefacts made in Cyprus during this period contain only traces of zinc.

Brass, containing only copper and zinc, dating from the period between
2200 and 2000 BC has been found in the Shantung province of China, where
deposits of copper ore containing high concentrations of zinc occur. Zinc then
disappeared from the Chinese metallurgical scene until around 220 BC, in the
Han Dynasty, when some of the bronzes began to contain small quantities of
zinc varying between zero and about 5 per cent. Nickel also began to establish
itself as a minor constituent of bronze at this time, when, it seems reasonable to
assume, the Chinese had started to utilize a complex copper-nickel-zinc ore
similar to that which was used at a later date for paktong (see p. 96). Bronzes
containing more than 10 per cent zinc were not made in China until about AD
1200, at which time zinc in metallic form must have become available and
would have been deliberately incorporated into the alloys.

It 1s important, therefore, to distinguish between a group of natural alloys,
usually of variable composition, where the zinc content has been inadvertently
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mncorporated, and the true brasses which have been consciously produced. The
Greeks, who appear to have been the first Western culture to appreciate this
distinction, began to import brass in small quantities from Asia Minor around
700 BC. Brass was certainly being produced in Asia Minor at an early date:
apart from the somewhat anomalous brass of Shantung province, the earliest
artefacts so far discovered which have been produced from a binary alloy of
copper and zinc are some fibulae of the eighth to the seventh centuries BG,
found in 1958 at Gordion, the ancient capital of Phrygia. These alloys we
should now refer to as gilding metal rather than brass, since they contain only
10 per cent zinc.

Zinc is rarely found in significant quantities in early Hellenistic bronzes,
although a sixth-century BC statuette of Apollo was found to contain 6 per
cent zinc. This high level could not have occurred inadvertently, and the
historical evidence indicates that the sixth-century Greeks were beginning to
use significant quantities of brass which at that time, because of its colour and
rarity, was held in high esteem.

The first historical reference to brass as ‘oreichalkos’ (‘mountain copper’), as
opposed to ‘chalkos’, which was ordinary copper or bronze, occurs in the poem
‘Shield of Herakles’ dating from the seventh century BC: ‘So he spoke, and
placed about his legs the greaves of shining oreichalkos, the glorious gift of
Hephaistos.” One of the later Homeric ‘Hymns to Aphrodite’ refers to ornaments
of gold and oreichalkos being attached to the ears of the goddess. This early
misconception, that oreichalkos was a metal comparable to gold in its rarity,
value and desirability, persisted for a considerable period in the Greek world.

In the fourth century brass was still being imported into Greece from Asia
Minor. Theopompus referred to the manufacture of oreichalkos on the shores
of the Euxine, and as quoted by Strabo in his ‘Geography’, he mentions
Andeira, a town in north-west Asia Minor, ‘which had a stone which yields
iron when burned’. After being treated ‘in a furnace with a certain earth, it
yields droplets of false silver. This, added to copper, forms the mixture which
some call oreichalkos.” The mediaeval zinc reduction process produced just this
type of zinc droplet by a downwards distillation/condensation process similar
in general principle to the alchemical technique of destination per descendum,
which is obviously of great antiquity. Irrefutable evidence that metallic zinc
was known and used in the ancient world is also available in the form of a
sheet of zinc, 6.5cm long, 4cm wide and 0.5mm thick, dating from the third or
second centuries BC, which was found in 1949 during an excavation of the
Athenian agora. A Hellenistic statuette from the agora was also of 99 per cent
pure zinc, although its dating was not quite so precise.

Alexander’s eastern campaigns appear to have disseminated the methods of
brass making used in Asia Minor throughout the Greek world. One
interesting, if rather dubious, pseudo-Aristotelian work, ‘On Marvellous
Things Heard’, compiled in the late Hellinistic period, mentions both the
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odour and the taste of brass, characteristics which are well known, but rarely
mentioned in metallurgical works. Brass which has come into contact with
sweaty hands is claimed to emit an unpleasant metallic smell, and the bitter
metallic taste of brass is also mentioned. This work is also the first to refer to
the tribe of the Mossynoeci, who lived on the southern shore of the Euxine,
between Sinope and Trebizond. This tribe, from whose name the German
word Messing is said to derive, made brass by smelting copper with an earth
called ‘calmia’, presumably calamine. Pliny and also Dioscorides later referred
to this substance as ‘cadmia’, and a material which is obviously zinc oxide is
referred to as ‘cadmia’ by Galen in AD 166.

It has generally been assumed that the Mossynoeci made their brass by a
cementation process similar to that which had been used by the Romans since
the middle of the first century BC for coinage manufacture. The description is
equally compatible, however, with the idea that copper and zinc ores were
mined and co-smelted. This approach, although it would not have given a
good yield of zinc, might well have produced brasses containing 10-12 per
cent zinc, which, because of their golden colour, were greatly prized.

By the early years of the first century AD, Rome was making brass on a
large scale by the cementation process even though metallic zinc was known
and used in Athens three hundred years earlier. The situation is reminiscent of
that which existed in eighteenth-century Bristol when, even after the
introduction of metallic zinc by Champion (see p. 87), the cementation process
of brass manufacture, being simpler and cheaper, continued to be used for a
further century.

The Etruscans were producing statuary from brass, rather than bronze, as early
as the fifth century BC. Those dating from the third or second century contain
around 12 per cent of zinc. Egypt does not appear to have used brass before 30
BC, although Rome, by that time very familiar with brass, first introduced it as a
coinage alloy for the manufacture of sesterti and dupondii in 45 BC. It seems to
have been regarded as an attractive and economical alternative to bronze, since tin
was a commodity obtainable only from Spain and Britain, whereas sources of zinc
were relatively abundant within the Mediterranean area of Roman influence. The
alloy, containing 27.6 per cent zinc and negligible quantities of tin and lead, was a
typical product of the cementation process.

The Roman process of zinc manufacture was described by Pliny the Elder
in his Natural History. Of the various types of copper available, he reports, the
type known as ‘Marian’ absorbs cadmia most readily, and helps to produce the
colour of ‘aurichalcum’ (oreichalkos) which was used for sestertit and dupondii
manufacture. The fine white smoke escaping from the brass-making furnace is
mentioned by Dioscorides and the use of the condensed white oxide in zinc
ointment manufacture is also described by Pliny. Professor Gowland in 1912
was able to simulate the process used by the Romans and provided the
following description:
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The calamine was ground and mixed in suitable proportions with charcoal and
with copper granules. This mixture was placed in a small crucible and carefully
heated for some time to a temperature sufficient to reduce the zinc in the ore to
the metallic state, but not high enough to melt the copper. The zinc being
volatile, its vapour permeated the copper fragments, thus turning them to brass.
The temperature was then raised, when the brass melted and was poured from
the crucible into moulds.

Such a process, operated at 1000°C, will produce brass containing about 28
per cent zinc. If, instead of copper, 60/40 brass granules are added to this charge,
their zinc content reduces progressively to 28 per cent. At the beginning of the
Christian era, brass appears to have been made by the cementation process on a
considerable scale near Aachen and Stolberg, where signs of Roman calamine
working have also been found. Evidence of early brass making in Roman Britain
has also been found at Colchester, Baldock and Cirencester.

The usage of brass in the first and second centuries AD increased rapidly,
particularly for the manufacture of light decorative metalwork such as
brooches, rings and horse trappings, although the zinc content of the coinage
fell steadily from 27.6 per cent in 45 BC to 15.9 per cent in AD 79 and finally
to 7.82 per cent in AD 161. After the third century AD brass coins were no
longer produced. In decorative metalwork, where a golden colour was
required, the usage of brass increased from 76 per cent in the first century AD
to 88 per cent in the second century. These alloys, with a median zinc content
around 12 per cent, contain little or no tin and were probably made by diluting
brass made by the cementation process with pure copper. Producers concerned
with the manufacture of cast rather than wrought alloys appeared to have
remelted a great deal of the withdrawn brass coinage alloys and diluted them,
for reasons of economy, with scrap bronze rather than copper. This produced
the quaternary leaded tin bronzes, similar to modern gunmetals, which
because of their excellent casting characteristics are still widely employed.

Zinc in mediaeval India

The original home of brass manufacture seems to have been Asia Minor where,
according to Theopompus and Strabo, zinc in metallic form was being produced
and used for brass making in the fourth century BC. Brass was subsequently
manufactured in the Western world by the cementation process, and a feasible
method of producing metallic zinc on a commercial scale was not developed in
Europe until 1740. Metallic zinc was being produced by a refined distillation
process at Zarwar in Rajasthan in India, certainly as early as the fourteenth
century AD and probably much earlier. Extensive slag tips in this area provide
evidence of silver, lead and zinc smelting activities over a long period of time.
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Slags produced before the fifteenth century contain zinc, cadmium, lead and only
about 10 per cent of iron. This type of slag is produced when a mixed sphalerite/
galena ore is smelted for lead, the remaining metallic content of the ore being of
no value. Slags from close to the zinc retorts, however, contain between 20 and
35 per cent iron, and this sudden change has been interpreted as an indication
that before zinc was refined the only function of the sphalerite was to reduce the
melting point of the smelting slag. Where, around 1400, spharelite was required
for the production of zinc, it became necessary to add iron oxide as a flux to the
lead smelting charge.

The sphalerite was ground into a fine powder and roasted to convert zinc
sulphide to the oxide, which was then rolled into balls with gluelike organic
materials and fluxes before being inserted into clay retorts similar to those shown
in Figure 1.6. The charge, being in the form of balls, did not fall out of the retort
when this was mserted in the furnace, and it also facilitated the escape of zinc
vapour from the mouth of the retort. The vitrified condition of the discarded
clay retorts indicates that the charge must have been heated to temperatures
between 1050° and 1150°C, which is considerably higher than the boiling point
of zinc at atmospheric pressure (913°C). Operating conditions within the furnace
chamber would have been controlled to ensure that the outlet nozzles of the
retorts were cold enough to condense the zinc vapour, but hot enough to ensure
that the zinc condensed above its melting point of 432°G, so that it could run out
of the nozzle into a collection vessel under the influence of gravity.

This technique of zinc manufacture is described in several Indian alchemical
words of the mediaeval period including the thirteenth century Ras
Ratnasmuchchaya. The word used in this document to describe the distillation
process involved is ‘tirakpatnayantra’, which, translated literally, means
‘distillation by descending’, so close to the Latin nomenclature that it is
tempting to conclude that links existed at this period between European and
Indian alchemical workers (see Figure 1.7(a)).

Salt must have been included in the Zarwar charge, since it has been
detected in the remains of spent retorts, although not originally present in the
ore. The precise function of salt in the zinc distillation process is still obscure,
although its presence is known to facilitate the process, and it was occasionally
used in the European horizontal zinc retort process in the nineteenth century.

The Indian production of metallic zinc does not necessarily conflict with the
idea that the secrets of zinc and brass manufacture were first discovered in Asia
Minor. Evidence of zinc refining on a considerable scale can still be seen near
Deh Qualeh, which lies north of Kerman in eastern Iran, where Marco Polo
observed the manufacture of ‘tutty’, or zinc oxide, in the fourteenth century,
and the technical operations involved were also described by the Islamic
author Hamd-allah Mustafi in 1340.

The refining process differed considerably from that used at Zarwar since it
began by subjecting the ore to a high temperature distillation process which
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Figure 1.6: Zinc was produced in metallic form on a considerable scale at Zawar
in Rajasthan from the fourteenth century by a distillation process based on the
use of large numbers of clay retorts of the type illustrated. Zinc production was a
major industry in India during the sixteenth century when the metal was
unknown in Europe. The mines were in full production in 1760 and zinc
production did not completely cease at Zawar until the opening years of the
nineteenth century.

Courtesy of Mining Magazine.

removed zinc oxide as a pure volatile vapour and condensed it as a fine powder
in the cooler regions of the furnace. As a preliminary to this distillation, the
ground ore was formed with some binder into cylindrical bars. The spent bars of
ore from which the oxide has been removed consist largely of iron oxide, thus
indicating that the ore treated was probably sphalerite. From the size of the waste
heaps it is clear that vast quantities of zinc oxide must have been produced, and
brass manufacture appears to be the only technology which could absorb this
output, whether the zinc oxide was directly converted to metal, or used for a
cementation process for which it would have been well suited.

Metallic zinc appears to have been a commodity well known to the Chinese
at an early date. Zinc coins were first struck during the early years of the Ming
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Dynasty (1368-1644). Some of the later Ming bronzes also contain more than
30 per cent zinc, a level which could have been obtained only by the
incorporation of metallic zinc in the melt. Zinc ingots weighing 60kg (1321b)
were belng exported from China in 1585, and in 1785 a shipment of zinc
ingots from China was lost in Gothenburg harbour. When salvaged in 1872,
these ingots were found to contain less than 1 per cent of impurities.

The evidence currently available, therefore, indicates that brass certainly,
and probably also metallic zinc, were first made in Asia Minor before 800 BG,
and that by 700 BC golden-coloured brasses were being imported by the
Hellenes from regions such as Phrygia. The Greek usage of brasses increased
considerably as a result of Alexander’s eastern campaigns, and the alloy may
have been exported from Asia Minor to the Far East as early as 200 BC via
trading cities such as Taxila in the Punjab. Brass manufacture in this region of
India started in the first century AD. However, the manufacture of a natural
brass alloy in Shantung province around 2000 BC, and the early usage by the
Chinese of a complex copper-nickel-zinc ore for bronze manufacture, seems
more consistent with the idea that the identity of zinc as a metal, and the
possibilities of brass as an alloy, were indigenous discoveries owing little to the
Western world.

Mediaeval Europe

European mining and metallurgical activities did not cease completely after the
collapse of the Roman Empire. After a brief decline the economy began to
revive, a process which achieved a momentum of its own, in Aachen, under
Charlemagne, in the ninth century, Frankish miners, using Saxon slaves, first
began to work the Fahlerr (=pale ore) copper ore deposits of Frankenburg in
Saxony, and then advanced eastwards in a campaign which brought under
their control the mineral wealth of Bohemia and Slovakia. Mines were initially
sunk in the Hartz Mountains in the Black Forest, and then in Styria and the
Tyrol. The first gold mines were in Silesia, but greater quantities were soon
obtained from Hungary.

The German miners were noted for their ability to recognize the subtle
differences of colour, contour and vegetation from which the presence of a rich
vein of ore near the surface of the ground could be discerned. The legends
however, describe accidental, almost magical discoveries. Thus, it is claimed
that the fabulously rich silver deposits of Rammelsburg in the Hartz
Mountains were discovered not by prospectors, but by the horse Ramelius
who, when tethered to a tree by his master in AD 938, struck the ground with
his hoof and uncovered a rich outcrop of silver-bearing ore. Since that time
vast quantities of lead, silver, zinc and copper have been taken from the mines
which still produce copper ore on a considerable scale.
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The ore body at Rammelsburg was worked initially for its lead, which was
rich in silver. Then, as the mine became deeper, copper ore was extracted.
From the town of Goslar at the foot of the mountain came the silver which
sustained Frederick II during his struggle with the papacy, and financed the
Sixth Crusade. The uppermost deposit of Rammelsburg, which was grey in
colour, was ignored in the early days because it contained an objectionable
constituent which made it uneconomical to work for lead. This was spharelite,
a zinc sulphide, which was obviously of no value to the early miners who
knew nothing of the metal zinc. European brass was then made in the Aachen
area, from calamine by a rather incomprehensible cementation process.

Erasmus Eberner of Nuremberg is usually regarded as the first modern
European to have recognized the existence of zinc as a new metal with an
identity of its own. In 1509, when working at Rammelsburg, he recovered
some condensed droplets of a whitish metal from the cooler regions of a lead-
smelting furnace and was able to dissolve them in molten copper to make
brass. This experiment demonstrated to his satisfaction that the droplets were
of the same metal which was absorbed by copper, from calamine, when brass
was being made by the cementation process. It seems improbable that the
German metal producers of that time were completely ignorant of the brass-
making processes of their eastern contemporaries: perhaps Eberner had seen
or even handled samples of this rare eastern metal from which brass could be
made, and recognized it in the condensed droplets from the lead smelter. This
identification had little immediate impact upon European brass making
technology. Paracelsus, however, named the metal Jinken before 1541, and
Agricola in 1556 referred to it as figuor candidus.

Zinc ingots of Chinese manufacture began to appear on the European metal
markets towards the end of the sixteenth century, and after 1605, when the
Dutch and English East India Companies became involved, zinc ingots became
a standard trading commodity. Commercial zinc was generally referred to as
spiautre, from which the modern term spelter derives. Other names used at the
time were tutty, tutinag, and Indian tin. Although far too expensive for the
manufacture of conventional brass, which was more economically produced by
the cementation process, GChinese zinc soon found extensive usage for the
manufacture of golden coloured brasses of the gilding metal type which were
used for cheap jewellery, trappings, and accoutrements and generally referred
to by exotic names such as Mannheim gold, Princes metal, pinchbeck or
tomback. These required zinc contents between 12 and 15 per cent, whereas
the zinc content of cementation brass generally fell between 28 and 30 per
cent. The availability of zinc in metallic form also made it possible to prepare
brasses of low melting point, containing 40-50 per cent zinc, which were then
used as brazing alloys for joining copper and steel components.

European zinc manufacture on a small scale seems to have started at
Rammelsburg shortly after Eberner’s famous experiment, although the output
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was consumed locally and the techniques initially employed are unknown. A
great deal of European brass was made in the region between Li¢ge and Aix-
laChapelle, following traditions established initially by the Romans. In the
sixteenth century abundant calamine deposits were worked at Nouvelle
Montagne, and at Vielle Montagne, situated at Moresnet. The cementation
process then employed was similar to that described by Theophilus in the time of
William the Conqueror, and had obviously changed little since Roman times.
The brass made in the valley of the Meuse was well known, being generally
referred to in Europe as ‘dinanderie’. Britain, which at that time had no brass
industry of its own, imported most of its requirements from this region.

Brass was referred to in Tudor Britain as latten, or sometimes latyn, from
the French word laiton. The word ‘brasse’ was then used, as in the English
Bible, for copper, and not untl the seventeenth century was the name bronze
given to the copper-tin alloy, from the Italian brondosion, which later
degenerated into bronzo. It derives from the city of Brundisium, now known as
Brindisi. Much confusion has stemmed, therefore, from the free and
ambiguous usage of terms such as brass, bronze and latten to describe
mediaeval and Tudor copper alloy artefacts.

The royal monopolies of Britain

Until 1565 brass had not been made in Britain since Roman times, and
copper mining had been undertaken intermittently and on a negligible scale.
Soon after the Norman conquest working rights for mines which produced
gold and silver were vested in the Crown, effectively putting all metallurgical
mining under government control, since the winning of silver, for all practical
purposes, was inseparable from the mining of lead and copper. The Crown
monopoly of ‘mines royal’, which included the extraction of gold, silver,
lead, copper and sometimes even tin, persisted until the end of the
seventeenth century.

In 1528, Henry VIII attempted to persuade the celebrated German mining
expert Joachim Hochstetter to direct the English metallurgical developments.
Hochstetter visited England, advised the construction of a smelting house at
Combe Martin, Devon, and accepted the office of Principal Surveyor and
Master of the Mines to the King. In 1529 however, he left England to develop
the copper mines at Neusohl in Hungary, south of the Tatra mountains. In the
reign of Edward VI, another German, Joachim Gundelfinger, was appointed to
manage the silver mines at Wexford in Ireland and under Mary, Burckard
Kranich was granted permission to develop the silver mines of Cornwall. Both
activities were unsuccessful.

Under Elizabeth I, a large contract for refining the debased silver coinage of
England was given, in 1561, by Sir Thomas Gresham to the Augsburg firm of
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Haug & Co, who found the business so profitable that they began to consider
the prospect of further co-operation with the English Crown. A preliminary
survey of Britain’s mineral resources by Daniel Hochstetter in 1563 revealed
favourable prospects, and in 1564 substantial deposits of silver-bearing copper
ore were found at Keswick in Cumbria.

In September 1564 the initial Patent for working copper ores in Britain was
granted jointly to Daniel Hochstetter and Thomas Thurland, Master of the
Savoy. The organization thus established, formally incorporated in 1568 as the
Company of Mines Royal, was the first joint stock company to be set up in
England for the manufacture of a commodity (copper) rather than for trading
purposes only. From the legal controversies stimulated by the grant of a Royal
monopoly for a ‘new method of manufacture’, patent law as we now know it
emerged, evolved and refined itself.

A sister metallurgical enterprise, established in 1565, was the Society of
Mineral and Battery Works. It was a specialist organization, concerned with
the manufacture of brass and wire, and owed its existence largely to the
enterprise of Sir William Humfrey, Assay Master of the Mint. Humfrey’s
partner in this venture, Christopher Schutz, an expert in brass manufacture,
was the manager of the calamine mining company of St Annenberg, Saxony.
‘Battery’ was the name originally applied to all sheet metal utensils which had
been formed into the shape required by beating with a hammer. By the
eighteenth century the term applied specifically to beaten hollow ware of brass
or copper. Before Humfrey, who was one of the original shareholders in the
Mines Royal Company, applied to Lord Cecil for the privilege of introducing
‘battery works’ into England all the brass required was imported from Europe.

A further object of the Mineral and Battery works was to introduce
improved methods of wire drawing into England, where the wool trade was
then rapidly expanding and large quantities of fine brass and iron wire, needed
for the manufacture of wool carding equipment, were imported from the
Continent.

The Society’s Patents, granted in September 1565, gave Schutz and Humfrey
the sole rights to mine calamine and to make brass in England. They were also
authorized to work mines and minerals in any of the English counties not
already under the jurisdiction of the Mines Royal Company. By June 1566
calamine deposits were discovered at Worle Hill in Somerset, at the western end
of the Mendips on land belonging to Sir Henry Wallop. Zinc ore from this
deposit contained less lead and was superior in quality and yield to that which
was currently imported from Aachen. A brass manufacturing site was sought
within easy reach of the Mendip hills. The partners eventually erected their
manufacturing plant along the Angiddy Brook at Tintern, where lead and
copper working had been carried out on a small scale since mediaeval times.

Schultz estimated initially that his works would produce 4ocwt (2032kg) of
iron wire and 20cwt (1016kg) of brass wire per week. This output was never
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achieved, and not until the end of 1567 was any brass at all produced at
Tintern. Although of the right colour, indicating that it contained the
appropriate amount of zinc, it lacked ductility and could not be drawn into
wire. An innovation introduced by Schultz had been the use of pit coal rather
than charcoal as fuel for the cementation furnaces, and it has been suggested
that the sulphurous fumes thus introduced embrittled the brass as they did
iron. In 1569, Humfrey and Schultz gave up their manufacturing endeavours
and leased the Tintern works to a man experienced in drawing iron wire.

Brass manufacture was in fact completely ignored until 1582 when a group
of merchants headed by Sir Richard Martyn bought the rights to mine
calamine and make brass for the sum of £50 per annum. The factory they set
up at Isleworth, west of London, made brass of excellent quality for a number
of years under the managership of a London goldsmith, John Brode. The
manufacturing operation became very profitable, and when Brode refused to
provide the Society with details of his manufacturing processes, they revoked
his licence and drove him into bankruptcy. In 1605, Brode appealed against
the decisions of the Society to the House of Lords, claiming that he was ‘the
first here in England that co-mixed copper and calamine and brought it to
perfection to abide the hammer and be beaten into plates, kettles and pans by
hammers driven by water’. This was probably perfectly true.

After this failure brass sheet and battery ware was imported from Europe so
cheaply that few British brass-making enterprises managed to survive. Since
the death of Daniel Hochstetter in 1581 the mining activities of the Mines
Royal Company at Keswick had steadily declined. After the Civil War the
industry declined very rapidly indeed, since Parliament refused either to
reduce the duty on imported copper or to protect English manufacturers
against the importation of cheap imported brassware. After 1650 hundreds of
tonnes of high grade zinc ore were shipped to the Meuse valley and other
European brass-making centres to be turned into brassware, subsequently to be
sold in English markets at prices well below that of the domestic product.
When the Society of Mineral and Battery Works became aware of the extent
and profitability of this illicit commerce they did not attempt to restrict it,
finding it more expedient to impose royalties, of the order of five shillings on
each ton of the ore exported. By the 1680s it had become very evident that the
privileges granted to the Mines Royal Company and to the Society of Mineral
and Battery Works had been exercised in a repressive manner to the detriment
of the non-ferrous industry. The Crown monopoly on metallurgical mining
rights was finally abolished in 1689 when the Mines Royal Act was passed.
Further legislation passed in 1693 enabled manufacturers to participate freely
in metallurgical activities.

The British non-ferrous metal industry began to revive in the 1670s, when
development work by Sir Clement Clarke at his lead works at Stockley Vale in
Bristol led to the use of coalfired reverberatory furnaces firstly for refining
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lead, and then in 1687 to the refining of copper. John Carter, a protégé of
Clarke, subsequently went into partnership with a group of London merchants
headed by William Dockwra to establish in 1692 the Copper Works of Upper
Redbrook, north of Tintern on the River Wye, where deposits of copper ore
had recently been discovered.

Dockwra had in 1691 become the proprietor of a brass works at Esher in
Surrey which had initially been set up in 1649 by Jacob Mummer, a German
immigrant. At Esher, brass made by the cementation process was cast into
stone moulds to produce flat ingots weighing seventy punds. These were then
rolled to sheet, slit, drawn to wire and finally made into pins. The copper for
the Easher brass works came from Upper Redbrook, then being profitably
managed by John Carter. A rival copper refinery, the English Gopper
Company, was established soon afterwards at Lower Redbrook, only a short
distance downstream. In its early days, copper refining operations at Lower
Redbrook were controlled by Gabriel Wayne, who, like John Carter, had
formerly been employed by Sir Clement Clarke. Wayne, however, soon
perceived the limited opportunities for expansion along the River Wye, and in
1696 he set up a new copper refinery at Conham, on the banks of the River
Avon two miles to the east of Bristol, where the water was still navigable. His
business associate in this enterprise was the merchant Abraham Elton. The
improved reverberatory furnaces built at Conham owed much to the earlier
Clarke developments and to the practical lessons learned at Lower Redbrook.

The sulphide copper ores used at Conham were shipped directly ip the
Avon from Cornwall and also from North Molton in Devon. After the ores
had been roasted at Conham they were melted with lime in a reverberatory
furnance to remove silicious impurities. The iron and sulphur remaining in the
purified matte thus attained was then gradually removed by reverberatory
melting under oxidizing conditions until crude copper in metallic form began
to separate from the melt.

At that time Bristol was a very logical centre for metallurgical activity, since
it also offered a port from which metal products could be exported to all parts
of the world, and locally mined coal was available at prices very much lower
than eleswhere in the country. The decision to produce brass at Bristol was
made in 1700 by Abraham Darby, Edward Lloyd and several other
businessmen who were all Quakers of Bristol. Copper was being locally
produced on a large scale by three competing refineries, and William
Dockwras’s works at Esher was the only brass-making establishment in
England worthy of note. Darby was a manufacturer of malt mills, while
Edward Lloyd was a cidermaker, and both these activities involved the
extensive use of brass fittings and components.

Around 1703, it appears, Darby went to Holland, hired some Dutch or Low
Country workers and set up the Brass Works at Baptist Mills. This was
situated on the River Frome about 2.5km north-east of the point where this
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tributary emerges into the Avon. Darby’s immigrant workers seem to have
been skilled in casting large thin slabs of brass into flat granite moulds and in
the manufacture of hollow ware and other brass utensils by standard battery
procedures. In the early days at Bristol the ingots were beaten into sheet by
hammering and in this respect the activities at Baptist Mills were technically
behind those at Esher where brass had been rolled into sheet for a considerable
time. The Bristol enterprise flourished, however, and by 1708 an additional
mill had been set up on the River Avon at Keynsham.

In 1707, Darby had begun to appreciate the potentialities of cast iron. He
withdrew from the brass company in 1708 and acquired an established blast
furnace at Coalbrookdale, where in 1709 he demonstrated for the first time,
the feasibility of making iron of high quality by using coke rather than charcoal
as fuel for the blast furnace (see p. 153ff). The indications are, therefore, that
Darby was the man responsible for the use of coke rather than charcoal in the
brass works at Baptist Mills, to avoid sulphurous contamination of the metal
from raw coal, and that he introduced the practice of turning the coal into coke
by roasting it in the brass furnace itself during the preliminary stages of brass
making. Between 1710 and 1712 over 400 cartloads of coal per week were used
by the Bristol Brass Works.

In September 1709, as the Company for Brass and Battery Work at Bristol,
they combined with their former competitors, the proprietors of the Brass Wire
Works at Esher, to form the Societies of Bristol and Esher for making Brass,
Battery and Brass Wire. Compared to the Bristol establishment, the works at
Esher were small, and here the production of wire was concentrated. Brass
sheet and battery ware were produced at Bristol. By 1712, Baptist Mills were
producing 255 tonnes of brass a year, well in excess of the 210 tonnes then
being imported from Europe. Between 410 tonnes and 540 tonnes per year of
copper were then being produced in Bristol by two large copper refineries,
both situated on the River Avon. The site at Crew’s Hole, half a mile
downstream from the Conham works, had been established by the Bristol
Brass Gompany to ensure their own requirements of copper which increased
greatly after their amalgamation with Esher.

In the early 1720s, Henric Kahlmeter of the Swedish Board of Mines visited
England and reported that the two copper refineries at Bristol and those at
Upper and Lower Redbrook were the ‘most considerable’ of those he had
seen. By that time the four companies were working as a loose form of trade
association to run a group of copper mines in Gornwall and Devon. By
working together and refusing to buy copper ore until prices fell the group was
able to obtain its supplies from primary producers at very low terms.

The brass works at Bristol were then being managed by Nehemiah
Champion, a man of considerable technical ability. In 1723 he applied for
and obtained Patent No. 454 which was concerned with the preparation of
copper used for the manufacture of brass by the calamine process.
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Champion’s leap forward was to use granulated copper rather than broken
fragments. By this approach, which greatly improved the surface-to-volume
ratio of the copper, the uptake of zinc during cementation increased from 28
to 33 per cent, approaching the level which is now known to be the
theoretical maximum possible by cementation. Since copper was the most
expensive component of the alloy, Champion’s approach gave him an
important commercial advantage over his competitors, and helped to ensure
the prosperity and growth of his works.

The calamine brass process

The brass cementation process used at Baptist Mills did not differ
significantly in principle from that used by the Romans. Fairly
comprehensive details of the brass-making processes used during the
sixteenth century were given in 1574 by Lazarus Ercker, a native of
Annaberg in the Saxon Erzgebirge, and Chief Superintendent of Mines in the
Holy Roman Empire. The cementation process he describes differs from that
of Theophilus and Pliny in that alum and salt were added to the copper/
charcoal/calamine mixture charged into the crucible. After smelting in eight
small pots, the brass was transferred to a large crucible and cast into ingot
moulds of large flat ‘Britannish Stone’. It is interesting to recall that small
quantities of salt were found in the zinc retorts of Zarwar (see p. 77).

The Swedish brass-making techniques described by Swedenborg in 1734
were virtually identical to those outlined 160 years previously by Ercker, with
the exception that neither salt nor alum were added to the charge. The copper
and calamine were still melted in eight small crucibles, the combined contents
of which were then cast into sandstone ingot moulds.

In 1720, Kahlmeter reported that the thirty-six brass-making furnaces in
operation at Baptist Mills were grouped into six separate brass houses, which
were worked as required to produce 305 tonnes of brass per year. As in
Ercker’s and Swedenborg’s descriptions, cementation was effected in eight
small crucibles of Stourbridge clay, which were inserted into each circular
furnace and emptied twice every twenty-four hours. The calamine used by
Champion was carefully calcined to convert it from the carbonate to the oxide
and was then ground into a fine powder before being incorporated into the
cementation charge. Apart from the use of water granulated copper, the main
technical innovation introduced by Champion appears to have been in the way
the cementation furnaces were arranged in groups of six under large brick
covers similar to those used in the glass industry. This formation, which
provided improved draught and ventilation, was commonly adapted when
brass making moved from Bristol to Birmingham towards the end of the
eighteenth century.
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William Champion and his zinc metal process

Nehemiah Champion’s youngest son, William, visited most of the industrial
centres of Europe before returning to Bristol in 1730 at the age of twenty.
Metallic zinc was then being imported from the Far East at prices around £260
a ton, too costly for the manufacture of battery brass, although it was in great
demand for manufacturing those brasses of low zinc content and attractive
golden colour used for making cheap jewellery. It was also used for making
brazing alloys containing 40 per cent or more of zinc which could not be
obtained by cementation. William Champion’s immediate objective on
returning from Europe was to produce metallic zinc from English calamine at a
price low enough to allow it to be used for routine brass manufacture.

His early work soon showed that zinc oxide could only be reduced by
carbon at very high temperatures, so that the zinc obtained left the reaction
zone in vapour form and oxidized to a blue powder as soon as it made contact
with air. The essence of his reduction process, which required six years of
‘great expense, study and application’ before success was achieved, was to
condense the vapour rapidly to metal in the complete absence of air. To do this
he used a vertical retort and, as can be seen from Figure 1.7(b), the equipment
he evolved is remarkably similar in its geometry and general arrangement to
the vertical zinc retorts used at Zawar in the fourteenth and fifteenth centuries.

An iron tube led from the base of the reaction crucible to a cold chamber
below the floor, its end being sealed by immersion in a bowl of water. This
ensured that the zinc vapour did not encounter significantly oxidizing
conditions before it condensed and settled as granules below the water surface.
The reaction crucibles, approximately 1m high, and Qocm in diameter, were
arranged in groups of six in each furnace. The distillation process took about
seventy hours, during which time around 400kg (882Ibs) of zinc were obtained
from the six retorts.

William Champion encountered some opposition from his colleagues, and
he was dismissed from his old firm in 1746. Between 1738 and 1746 he built a
new factory for zinc manufacture at Baber’s Tower in Bristol, where he was
able to produce 205 tonnes (200 tons) of metallic zinc. This, he found, was
virtually unsaleable, since the merchants who imported zinc from the Far East
dropped their prices and seemed quite prepared to lose £25 per ingot ton in
their efforts to drive him out of business. Moreover the city fathers of Bristol
had complained about the fumes emitted by his Baber’s Tower factory which
he was forced to demolish. He then built a new large works at Warmley, five
miles to the east of Kingswood. In complete contrast to the fragmented
operations of the old Bristol Company, the Warmley plant was intended to be
completely integrated, co-ordinated facilities for copper smelting, zinc
distillation and brass manufacture being arranged on the new site. In 1748 the
factory at Warmley was in full production. Copper ore was brought from
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Figure 1.7 (a): Methods of zinc production.

Zinc production by the process of Tyryakpatnayantra, or ‘distillation by
descending’ is described in the thirteenth-century Hindu alchemical work, Ras
Ratnasammuchchaya. This recommends that the retort should be charged with
mgredients such as lac, treacle, white mustard, cherry plum, resins, borax, salt
and zinc ore.

Cornwall, refined on the site and granulated in water for the manufacture of
brass by cementation according to the original patent of William’s father
Nehemiah. For the manufacture of ingot moulds, William seems to have
departed from tradition in using granite slabs rather than sandstone.

The zinc distillation process was carried out at Warmley under conditions
of great secrecy, and it was not until 1766 that the processes involved were
described by Dr Watson in his Chemical Essays. The Warmley plant grew
rapidly, and further capital was raised in 1761 for the erection of 17 new
copper refining furnaces. In 1765 the Warmley Company began to
manufacture brass pins on a large scale. By 1767, when the fortunes of the
Warmley plant were at their peak, the pin-making operation, which was
probably undertaken in the old Clock Tower building was in full operation,
and the works at Warmley housed two large rotative steam engines.
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Figure 1.7 (b): Methods of zinc production.

When William Champion introduced his version of this process in Bristol in
1738 his crucibles were charged merely with a mixture of calcined calamine and
charcoal.

Following petitions by his competitors to the Lords Committee of the Privy
Seal, Champion’s application for a Charter of Incorporation was rejected in
March 1768. This decision destroyed the Warmley Company, since it made it
impossible to raise the capital required for continued operation by the issue of
transferable shares. Following an unauthorized attempt to withdraw some part
of his share capital from the company, Champion was dismissed by his fellow
directors in April 1768. He was declared bankrupt in March 1769, when the
works at Warmley were offered for sale. These were eventually acquired by the
Bristol Brass Company but never extensively used.
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Figure 1.7 (¢): Methods of zinc production.

The horizontal zinc retort process, introduced by the Abbé Dony in 1807, was far
simpler and more economical to operate. Most of the zinc produced in Europe
and the United States between 1820 and 1940 was made in this way.

The decline and fall of Bristol brass

The demise of the Warmley Company was soon followed by that of the ‘Old
Bristol Company’, which had been largely responsible for its failure and
destruction. The four brass companies which had prevented William
Champion from obtaining his Charter of Incorporation were led by the Brass
Battery, Wire and Copper Company of Bristol as it was then known. The
others were John Freeman and Copper Company of Bristol, Thomas Patten
and Goy of Warrington, and Charles Roe and Copper Company at
Macclesfield. Brass manufacture represented only a small part of the total
activities of John Freeman and Company. Together with the Bristol Brass
Company, however, Thomas Patten and Charles Roe produced most of the
brass used in Great Britain.

Bristol had, in fact, begun to lose its predominance as the centre of copper
and brass production in 1763. In the autumn of that year, Charles Roe of the
Macclesfield Copper Company first sensed the possibilities of the copper ore
deposits of Parys Mountain in Anglesey, and leased part of it from Sir Nicholas
Bayly. Extensive bodies of rich ore were found in 1768 and rapidly exploited.
The remainder of the Parys Mountain complex was soon being worked by the
Warrington Copper Company under Thomas Patten, and the Parys Mine
Company which in 1780 opened its own smelting works at Ravenshead in
Lancashire.

Thomas Williams, the solicitor who led the Parys Mine Company was a
man of energy and vision who recognized soon after he joined the industry
that the Anglesey copper ore, being abundant, close to the surface and easily
worked, could be sold very cheaply at prices which would make the Cornish
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mines unviable. By that time the old Bristol Company had relinquished its
earlier control of the copper mines in Devon and Cornwall and bought the
copper ore needed by its smelting works on the open market. With Parys
Mountain copper, Thomas Williams became the major producer and found
himself able to control the copper market. Bristol was forced to increase the
price of brass, a move which antagonized many customers and had particularly
unfortunate consequences in the Birmingham area.

Birmingham began to emerge as a centre of brass fabrication at the
beginning of the eighteenth century, and the vast quantity of brassware it
exported to the Continent was discussed by Daniel Defoe as early as 1728.
Much of the brass worked on there was initially imported from Europe,
although by the middle of the century it was all obtained either from Bristol or
from Thomas Patten at Cheadle in North Staffordshire. A small brass-making
factory was established at Coleshill Street in Birmingham in 1740 by the
Turner family. By 1780, Birmingham consumed about 1000 tonnes per annum
of brass, most of which came from Bristol. By then, however, the Birmingham
fabricators were beginning to resent the high price of the brass they bought
from Bristol and the attitude of Brass Battery, Wire and Copper Company
(derisively referred to as the ‘OC’, or ‘Old Company’) which protected its
monopoly by controlling brass prices in such a way that any new brass
manufacturers in the Birmingham area were soon forced out of business.

A public attack on the brass manufacturers cartel, which was headed by the
Old Company, was mounted in the autumn of 1780, when, according to Aris’s
Gazette, the Birmingham fabricators ‘boldly stood forth the Champions of
Industry, and in Defiance of Oppression, ventured to erect Works and risque
their Fortunes therein’. The result of this campaign was the formation of the
Birmingham Metal Company, set up in April 1781, initially under the aegis of
Matthew Boulton, although he shortly afterwards resigned from the
committee. The first action of this company was to negotiate with Thomas
Williams for a regular supply of copper on very advantageous terms.

Bristol, therefore, rapidly lost its hold on the Birmingham market and its
fortunes dwindled. In 1784 the lease Charles Roe had taken at Parys Mountain
expired and Thomas Williams then assumed control of the whole copper
mining complex of Anglesey. The Bristol Brass Company had encountered
serious difficulties during 1786 and the joint proprietors resolved in December
of that year that the business should be dissolved and terminated. The firm at
that time was owned and managed largely by the Harford family, and in
February 1787 the firm was sold for £16,000 to ten Bristol merchants, six of
whom were Harfords.

Relationships between the Cornish and Anglesey mining concerns had,
meanwhile, stabilized. Thomas Williams had been requested by the Cornish
Metal Company to market their vast stocks of unsold copper, a task which he
accomplished by 1790 without any reduction in copper prices. He also
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assumed at this time most of the other responsibilities of the Cornish Metal
Company including the purchase of ore from the Cornish mines.
Arrangements for smelting this ore were made with various companies which
included the Harfords and Bristol Brass and Copper Company, and also the
Freeman Copper Company. To take advantage of the low price of coal and
improved port facilities in South Wales, Harfords at that time moved their
smelting facilities to Swansea and discontinued smelting in Bristol.

Although the Birmingham industry flourished the Bristol company
continued to decline. By 1820 smelting at the Swansea site had ceased and by
1836, when the Baptist Mills site was sold, the company was no longer a
manufacturing concern. Its remaining properties had been leased in 1833 to a
company partner Charles Ludlow Walker. In these premises, brass continued
to be made and fabricated by traditional methods until the Saltford rolling mill
stopped work in 1925 and brass making at the Avon Mill premises ceased
entirely in 1927.

Zinc in Belgium

Attempts to obtain zinc directly from calamine were being made in the Liege
district at the same time as William Champion was experimenting at Bristol.
Margraff, a somewhat legendary figure who was experimenting in 1746,
appears to have passed on his results to the Liége professor Villette. He in turn
confided the information to the Abbé Dony who introduced the first
commercially successful zinc reduction process (see Figure 1.7(c) above).

Jean Jaques Dony was born in 1759 and, having been brought up in a
brassmaking locality, he was greatly interested in the metallurgy of zinc. The
origins of the extraction process he evolved, however, are still very obscure. It
is recorded in the Biographie Liggeoise, 1836, that ‘before 21 March 1805, Dony
had succeeded in extracting metallic zinc from calamine and had managed to
melt and cast it in quantity’. In March 1806 he obtained from Napoleon an
Imperial concession to exploit a deposit of calamine at Moresnet, and in 1807
he constructed a small factory in Isle. Here, it is said, zinc was first produced in
quantity.

The limited room temperature ductility of zinc improves markedly if the
metal is warmed slightly and Sylvester and Hobson of Sheffield first
demonstrated the feasibility of producing zinc sheet by rolling at moderately
elevated temperatures in 1805. Dony produced his first sheet of zinc in January
1808 and offered it, in acknowledgement of the concession he had been
granted, to the Minister of the Interior. After 20 July 1809 high-quality zinc
was being produced in abundance, and an Imperial decree of 19 January 1810
granted Dony a patent, giving him a monopoly for the manufacture of zinc for
fifteen years.
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Between 1810 and 1818 considerable technical advances were made in the
factory he established in the Li¢ge suburb of Saint Leonard. Here a rolling mill
was producing zinc sheets 1.5m long by 41cm wide (59inx16in) by 1811, and
by 1813 the roof of St Paul’s Cathedral at Li¢ge had been sheathed in zinc. In
the same year, in recognition of his Imperial patent, Dony sent to Napoleon his
bust in Zinc, a casting weighing 74kg (163lb). Between September 1809 and
February 1810 Dony had reduced the price of zinc in Liege from F8.60 to
F2.60. Like all industrial innovators, however, Dony soon begun to encounter
financial difficulties, and after 1818 he was forced to surrender all his
commercial interests to his business partner Dominique Mosselman who, in
addition to the calamine workings of Vieille Montagne, took over the entire
factory at Saint Leonard. Dony died in Liége on 6 November 1819,
Mosselman died in 1837. His heirs established the Vieille Montagne Company
which dominated the Belgian zinc industry for many years.

Champion’s vertical distillation process, which had never made zinc at a
price low enough to ensure its commercial viability, was soon superseded by
Dony’s system. Its use of massed banks of horizontal retorts reduced
considerably the quantity of fuel required. Fuel efficiency was improved even
further when double-faced furnaces were introduced. The clay condensers
emerged almost horizontally from the ends of the fireclay retorts and were
cooled by air rather than water as in Champion’s approach. Dony appears to
have stumbled, probably inadvertently, on a simple and very effective
geometry for his condenser. It is now known that the zinc vapour entering
such a condenser from the retort is subject to a great deal of convection, and
assumes a rapid revolving spiral motion round the inside of the condenser wall
before condensation to the liquid state occurs.

Soon after the Belgian process emerged, Germany, which had large deposits
of zinc ore in Silesia, developed a zinc furnace system which used retorts much
larger and stronger than those used in Belgium. This approach, which
improved both labour and fuel economy, was possible because the Silesian ore
had a coarse, porous texture which facilitated the egress of gas and zinc vapour
from deep beds of ore. The Rhenish retort subsequently developed was rapidly
adapted throughout Europe, Britain and the United States. The retort
dimensions, a compromise between those of the Belgian and Silesian systems,
were the largest which could be used for treating fine high-grade ore. In
crosssection the Rhenish retorts resembled an oval chain link, being about
18cm wide and 3ocm high (7inx12in) inside. Regenerative furnaces became
almost universal after 1900 and by 1920 fuel consumption had been reduced
to one tonne of coal per tonne of zinc distilled. Careful tests made in Swansea
in 1851 on one of the last remaining Champion vertical retort plants showed
that it required about 24 tonnes of coal to produce a tonne of zinc.

The bulk of the world’s supply of zinc was produced in horizontal retorts
until 1950. However, the process, being discontinuous, was labour and fuel
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intensive. The first practical continuous zinc reduction process, introduced in
the 1930s by the Imperial Smelting Corporation at Bristol, utilized a large
vertical retort built of carborundum bricks which was fed by briquettes of
roasted ore mixed with bituminous coal. The labour requirement of such
retorts was well below that of any earlier process. The output of such a unit,
around 9 tons of zinc per day, should be compared with the 60lb (27kg)
produced by the best horizontal retort of that period.

During the nineteenth century the possibility of devising an effective zinc
blast furnace attracted the attention of many ingenious metallurgists, although
little progress was made. Labour and fuel were at that time very cheap
commodities, and the world as a whole seemed content with the horizontal
retort process. This situation began to change rapidly after the First World
War. By that time profitable metallurgical enterprise had returned to the Bristol
area, and lead and zinc were being refined at Avonmouth on a large scale. The
continuous blast furnace process developed by the Imperial Smelting
Corporation took, in all, about seventeen years to develop and was not put
into production until 1957.

Like all successful and profitable innovations, the Imperial Smelting Process
depends on very simple principles. Thus, at 1000°G, the vapour pressure of lead is
negligible compared to that of zinc. It is also well known that when a bath of
molten lead saturated with zinc is cooled, the zinc thrown out of solution contains
less than 1 per cent of Impurities, and can be skimmed from the surface of the
melt as a virtually pure metal. The zinc blast furnace is charged with a mixture of
lead and zinc oxides which are reduced by hot coke as in a conventional iron blast
furnace. The lead and slag produced by this reaction sink to the hearth of the
furnace, where they are tapped and separated. The zinc leaves the reaction zone as
a vapour and, mixed with the carbon monoxide formed by the reduction process,
is carried into the condensing chamber where it is absorbed by streams of molten
lead. Dissolved in this way it can safely be exposed to the atmosphere without
serious risk of oxidation. The lead is then slowly cooled and the layer of pure solid
zinc which separates out on its surface is skimmed off. The remaining molten lead
1s then pumped back to the condenser.

Each of these zinc blast furnaces can produce 60,000 tonnes of zinc per
year, and at least ten are in operation throughout the world.

Early applications of zinc

As a new exotic metal which had only recently become an article of commerce,
zinc was of great interest to the experimentalists of eighteenth-century Europe,
and it began to play an increasingly important role in their physical and
chemical investigations. Alessandro Volta demonstrated that the muscular
contractions observed by Galvani were caused by electrochemical potentials
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associated with the moist contact of dissimilar metals (see Chapter 6). In one
form of his voltaic pile, silver and zinc plates were used. A cheaper and more
practical version, however, was his ‘couronne de tasses’, or crown of cups,
which used zinc and copper electrodes.

Well before this time, however, it had been noted that the behaviour of zinc
when immersed in water or aqueous solutions was very different to that of
copper, iron or lead. As early as 1742, Dr P.J.Malouin of Rouen had shown
that zinc could be substituted for tin as a corrosion-resistant coating for iron
utensils. As described by Richard Watson, Bishop of Llandaff, the coating was
applied to the surface of hammered iron saucepans by immersing them in an
iron pot filled with molten zinc, sal ammoniac being used as a flux. For a
variety of reasons galvanized iron never seriously challenged tin plate in the
manufacture of cooking utensils, and little further progress occurred until the
second decade of the nineteenth century.

In 1819 the French chemist Thenard began to appreciate that metallic
corrosion was caused by electrochemical effects. His ideas were subsequently
developed by de la Rive, who in 1830 interpreted the rapid corrosion of
impure zinc in terms of the localized electrochemical cells established between
the zinc matrix and segregated impurities. This led to the idea that corrosion
might be inhibited by coating the metallic article with a thin layer of metal
which would preferentially corrode and thus protect the substrate. Sorel
attempted to apply zinc to the surface of rolled iron sheet, and in 1837 he and
an associate named Ledru obtained a French patent for iron protected against
corrosion by a hot dipped coating of zinc. Sorel christened his new process
‘galvanizing’, in acknowledgement of the electrochemical background from
which his concept of sacrificial protection had emerged.

The English patent for galvanizing was granted in 1837 to Commander H.V.
Craufurd RN on the basis of a communication from Sorel. It was exploited by
the establishment in London in 1838 of the English, Scotch and Irish galvanised
Metal Company, which started in Southwark and shortly afterwards, as demand
increased, moved to Millwall. Many components such as iron sheets, chains,
nails and wire were treated. In 1839 a very much larger organization, the British
Galvanisation of Metals Coy, began to operate the process in Birmingham,
paying royalties to Craufurd at a rate of £3 per ton of components treated. Flat
sheets of galvanized iron lcm thick were supplied by this company on a
considerable scale as roofing material for the new Houses of Parliament.

Galvanized corrugated iron is first mentioned in 1845 in a patent taken out
by Edmund Morewood and George Rogers. Morewood soon established
works in the Black Country, where he galvanized black corrugated iron sheet
obtained from J. and E.Walker of Gospel Oak, London. When Morewood ran
into financial difficulties in 1847, J. and E.Walker took over his plant and
equipment in part payment of debts and transferred them to Gospel Oak. The
‘G anchor O’brand of galvanized corrugated iron made at the Gospel Oak
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plant soon gained a world-wide reputation for its quality and reliability. Vast
quantities of galvanized iron sheet and utensils were exported to the expanding
colonies and the profits made from bursts of trade stimulated by the gold
rushes in California and Australia were very considerable. Around 1850 the
company designed and constructed a ‘beautiful Gothic villa’ constructed
completely with galvanized corrugated iron which gained much attention.

During the nineteenth century zinc sheet became a popular roofing material
in its own right, being lighter and very much cheaper than lead. Unlike
corrugated iron, zinc sheet had no structural stiffness, although when properly
applied to a suitably supporting surface it provided excellent protection. After
about 1850 zinc sheet was extensively employed for cladding the roofs of
railway stations and other buildings.

Although the hot dip galvanizing process afforded excellent protection
against corrosion, it had the disadvantage of increasing significantly the
dimensions of the articles being treated and could not, therefore, be easily
applied to the routine coating of small components such as nuts and bolts
where close dimensional control was required. Galvanizing, normally carried
out between 430° and 540°C also had a tendency to soften cold-rolled and
heat-treated components. Sherardizing, a process introduced by Sherard
Cowper-Coles between 1900 and 1904, avoided many of the disadvantages
of galvanizing. It was a cementation process, made possible by the high
vapour pressure of zinc. The steel or iron components to be treated were
packed in sealed retorts in contact with zinc dust, and heated for 4-5 hours
at about 375°C, which is well below the melting point of zinc. At this
temperature, zinc vapour soon saturated the interior surface of the retort and
diffused well below the surface of the ferrous components being treated,
providing a corrosion-resistant surface without serious change in external
dimensions. This process, which after 1904 gained rapid commercial success
on both sides of the Atlantic, is still widely employed for the treatment of
small, precise components. It has the incidental advantage of producing a
matte surface on the component which assists considerably the subsequent
adherence of paint.

THE EMERGENCE OF NICKEL

Metallic zinc was used to produce golden brasses containing less zinc than
those obtained by the calamine process. It was noted in the eighteenth century
that when zinc was added to copper in higher concentrations than those
obtainable by cementation, the alloys obtained, which were usually used for
brazing, were very much paler in colour. Some of these were confused with
another whitish alloy, paktong, which, in smaller quantities, had found its way
to Europe and Britain from the Far East since the sixteenth century. It was

96



NON-FERROUS METALS

hard, whitish in colour and, unlike the high zinc brasses, relatively ductile in
the cold condition. Being resistant to corrosion and free from the unpleasant
taste of brass it was much favoured for the manufacture of musical
mstruments. Although the metal nickel had been identified by Axel Cronstedt
in 1751, the composition of paktong was unknown until 1822, when analysis
by Fytfe of Edinburgh showed that it was, in essence, an alloy based on copper,
nickel and zinc. It was then being sold in the British Isles for about 12 shillings
per lb, and was beginning to find fairly wide application as a cutlery alloy,
largely because of its white colour and resistance to corrosion.

It is uncertain when the Chinese first made paktong, although they made
extensive use of a cupro-nickel coinage as early as the first century AD. Paktong
was first mentioned specifically in the Chinese literature by Kung Ya in the third
century and a century later it was also being used for coins. Some details of the
method by which the alloy was manufactured were provided by Ho Wei in 1095.
His description does not suggest that the Chinese were then aware of the
existence of nickel as a metal in its own right, since the alloy was made by
adding small pills prepared from the ore to a bath of molten copper held in a
crucible. When a layer of slag developed over the molten metal surface, saltpetre
was added to the bath, the alloy was stirred, and the ingot was then cast. It is not
clear whether zinc was an ingredient of the pills prepared from the ore or
whether the zinc was added at a later stage. It is mentioned, however, that the
ore came from Yunan, and it seems logical to assume that it would have
contained arsenic and possibly iron in addition to the nickel. During the
eighteenth century cupro-nickel alloys in ingot form, which were sent from
Yunan to Canton, contained approximately 30 per cent nickel and 20 per cent
copper. The ingots, in the form of triangular rings about 23cm in diameter and
4cm thick (9inx1.5in), were remelted in Canton, and zinc was added until the
alloy was silvery white. During the seventeenth and eighteenth centuries,
paktong was shipped from Canton to England by the East India Company, both
in ingot form and also in the wrought condition.

It was difficult to manufacture paktong from first principles in Europe since
a suitable source of nickel had not yet been identified. Complex cobalt-
nickeliron-arsenic ores were, however, available from the Schneeburg district of
Germany, where they had been used for many years by the celebrated
Blaufarbenwerke for the manufacture of cobalt blue and other pigments for the
ceramic industry. By 1824 a Dr Geitner had devised a method of extracting
reasonably pure nickel from the waste products of the cobalt-blue process and
set up a plant for the manufacture of nickel silver which he sold throughout
Europe under the name Argentan at around three thalers a pound.

In 1829, Percival Norton Johnson arranged with Geitner to operate the
process in England. A works for purifying the crude nickel speiss from
Schneeburg was set up at Bow Common behind the Regents Park Canal in
London, and from the nickel thus obtained ingots of nickel silver
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containing 18 per cent Ni, 55 per cent Cu and 27 per cent Zn were
subsequently cast at Hatton Garden. Between 1829 and 1832 Johnson,
who was certainly the first man to refine nickel in the British Isles,
produced, on average, about 16.5 tonnes of nickel silver a year. Most of
this was made into cutlery, and close plated by the Birmingham
manufacturer William Hutton. The cutlery was sold under the trade name
Argentine. After 1830 several other firms began to make nickel silver and
the price of the alloy had fallen to four shillings a pound. Johnson’s most
serious competitor was the Birmingham firm of H. & T.Merry, which was
managed by Charles Askin and Brook Evans, the technical operations
being in the hands of a very ingenious chemist, Dr E.W.Benson, who
devised greatly improved methods of cobalt and nickel separation. Around
1832, H. & T.:Merry changed its name to Evans & Askin and marketed a
brand of nickel silver known as British Plate.

Nickel silver made in Europe was generally known as Neusilber or
Argentan. The common designation in England was German Silver, although
it was also known as nickel silver, Argentine, Albati, and British Plate.

The world’s consumption of nickel in 1850 was approximately 100 tonnes
per annum, most of this being obtained from small arsenical nickel deposits
such as those at Schneeburg and Dillenberg. Usage of the metal increased
slowly, until 1889 when the invention of nickel steels by James Riley of
Glasgow created a demand which was difficult to satisfy. The nickel pyrrhotite
deposits of Norway produced about 4600 tonnes of nickel between 1848 and
1907. This output was small, compared to that of the garnierite deposits of
New Caledonia, which were discovered in 1865. These deposits, which
contained initially 10-12 per cent of nickel, produced ore and mattes
equivalent in total to approximately 165,000 tonnes of metallic nickel between
1875 and 1915. By 1920 the nickel deposits of the island of New Caledonia
were virtually exhausted.

The famous nickel deposits of Sudbury, Ontario, are like those of Norway
based on nickel pyrrhotite, although the ore is richer and more extensive. They
were discovered in 1883 when cuttings were being made for the Canadian Pacific
Railway. The next major nickel deposit to be uncovered was the Merensky Reef,
near Rustenburg, in South Africa. Since its discovery in 1924 this has become one
of the world’s major sources of nickel and some of the less common metals. Very
large cupro-nickel deposits in the north-western province of Gansu in China were
discovered in 1958, and this area, where mining has developed rapidly since 1965,
might well become a major source of nickel in future years.

The world’s usage of nickel increased slowly in the second half of the
nineteenth century. Several European governments were attracted to the
use of nickel silver as a coinage alloy, but were deterred initially by the
difficulty of reconciling the nominal and actual values of the metals from
which the coins were composed. Switzerland, which introduced a nickel
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silver ‘billon’ coinage in 1850, solved this problem by including specified
quantities of silver in the alloys used for the various denominations. In
1879 the silver content was omitted and Switzerland adopted the 75:25
copper-nickel alloy which was already being used by Belgium, the United
States and Germany.

In the years which followed the introduction of pure unalloyed nickel as a
marketable commodity, it came to be regarded as a metal which was difficult
to melt, cast and fabricate. Although no serious problems were encountered in
melting the metal in the coke-fired pot furnaces usually employed for melting
carbon steel, the ingots obtained were often too brittle to be worked either hot
or cold. Sometimes it was found that an ingot would crumble into fragments
when hot working was attempted, whereas other ingots from the same batch
could be cold rolled.

This problem, which seemed to be analogous to the hot shortness of
Bessemer steel (see p. 167) was solved by adding spiegeleisen, an alloy of iron,
manganese and carbon, to the melt, although this addition had a deleterious
effect upon the corrosion resistance of the nickel sheet produced and it became
necessary to use pure manganese. In the Birmingham works of Henry Wiggin
& Co, nickel wire being produced in 1880 required between 1.5 and 3.0 per
cent manganese to ensure ductility. The standing melting procedure at that
time was to reduce the carbon content of the melt to about 0.10 per cent by
additions of nickel oxide, and then to complete the scavenging process by
adding manganese in concentrations up to 3 per cent.

By that time it had been found by Thomas Fleitman and other workers in
the United States that magnesium was far more effective than manganese in
improving the ductility of nickel and that lower concentrations were required.
The use of magnesium as a scavenger was confined initially to the United
States until 1924 when the mechanism responsible for the variable ductility of
nickel and its alloys was elucidated by Paul Merica and his co-workers at the
National Bureau of Standards in Washington. They were able to show that
nickel was embrittled not by oxygen but by sulphur contamination of anything
above 0.005 per cent. The secret of success was to treat the molten nickel with
a metal such as magnesium which has a higher affinity than nickel for sulphur.
Any excess magnesium not required for desulphurization removed itself by
evaporation from the melt.

Claims to most of the significant ore bodies in the Sudbury district had been
established by numerous prospectors, mining engineers and small companies
soon after the mitial discovery of ore in 1883. By 1886 most of the metallurgical
assets had been acquired by the Canadian Copper Company under the
leadership of SJ.Ritchie. This company shipped most of its roasted ore to the
Orford Copper Company of Bayonne, New Jersey, for refining. Difficulties were
encountered, however, in extracting the nickel since no satisfactory method
existed at that time for separating the constituents of a copper iron nickel matte.
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By 1891, however, John L.Thomson, the Superintendent of the Orford Copper
Company, had devised an elegant method of extracting nickel from the Sudbury
ore. He utilized the ability of nitre cake, or acid sodium sulphate, to split up the
molten copper nickel matte into two distinct layers. The copper-sodium sulphide,
being lightest, separated into the upper layer, while the bottom layer contained
nearly all the nickel in the matte. When the molten matte, thus treated, was
allowed to cool very slowly in large pots, the two layers separated very sharply.
Thus was born the celebrated ‘tops and bottoms’ process. The tops were
transferred to convertors and blown to blister copper. The bottoms were roasted
to remove all sulphur. The black nickel oxide remaining was then reduced to
metallic form in an open hearth furnace, from which ingots suitable for
electrolytic refining were cast.

The patent covering the Orford process was filed in May 1891, Thomson’s
assistant C.C.Bartlett being named as the inventor. Two years earlier, however,
a very much simpler method of extracting nickel from cupro-nickel ores had
been discovered in London by Ludwig Mond. After settling in London at the
age of twenty-three, Mond had become deeply involved in the world of the
chemical industry and in his forties had established the industrial empire of
Brunner Mond & Co. In the early 1880s he set up a private research
laboratory at his London home, and here, in October 1889, his young
Austrian research colleague Carl Langer, who had been heating finely divided
nickel in a tube furnace under a current of carbon monoxide, became aware of
a remarkable effect. The colour of the carbon monoxide flame, burned at a jet
as it left the furnace tube, changed from blue to a sickly green colour when the
temperature of the nickel in the furnace fell somewhat below that of the boiling
point of water.

Mond was immediately called to see this strange effect, and found that a
nickel mirror was deposited on the surface of a white porcelain tile thrust into
the flame. It was soon demonstrated that the gas leaving the furnace contained
a hitherto unknown volatile compound of nickel which was named nickel
carbonyl. It was found to form when carbon monoxide contacted pure nickel
below about 110°C and to decompose above 180°C, when pure nickel, free
from carbon was deposited, Mond appreciated very quickly that carbon
monoxide gas could very well be the ideal leachant for selectively removing
nickel from the Sudbury ores. By 1892 he had demonstrated the effectiveness
of this approach in removing nickel from most types of ore in his London
laboratory, and by the end of that year he had established a large-scale pilot
plant at Smethwick, near Birmingham, on land belonging to Henry Wiggin.
This plant was soon extracting nickel from the Canadian ore at a rate of about
1400kg (3080Ib) a week.

By the end of the century the Mond Nickel Company had been established,
and had acquired the Garson and Levack Mines in the Sudbury nickel
complex. By that time the Canadian Copper Company, united with its former

100



NON-FERROUS METALS

allies and associates such as the Orford Copper Company, had transformed
itself into the International Nickel Company and had transferred its refining
operations from New Jersey to Port Colborne, Ontario, where nickel was
extracted from the matte by the Orford process. By 1921 the International
Nickel and the Mond Nickel Companies were the only two organizations
treating the Sudbury ores. Mond Nickel had a smelter at Coniston from which
the matte was shipped to Clydach in South Wales for refining by the carbonyl
process. Carbonyl nickel as originally produced at this plant contained less
than 0.05 per cent metallic impurities, and since 1900 has been the purest
grade of nickel commercially available.

In 1905, fourteen years after the Orford process had been introduced, it
was suggested by Robert Stanley of International Nickel that if the copper
nickel iron converter matte then being received by the refinery was converted
directly to metallic form instead of being laboriously separated into its
constituents, it would yield a ductile, corrosion-resistant cupro-nickel alloy
which could be of considerable value to the chemical industry. Monel metal
was named after Ambrose Monell, at that time president of the International
Nickel Company. It contained approximately 67 per cent nickel, 28 per cent
copper and 5 per cent iron plus manganese. In this natural alloy the copper
and nickel retained the same relative proportions as in the converter matte.
The 1ron also came directly from the matte, the only intentional addition
being the manganese which was incorporated to remove the last traces of
sulphur from the alloy.

Monel metal is still widely used where a ductile corrosion-resistant alloy is
required. In its colour, mechanical properties and ductility it resembles nickel,
and it is resistant to anhydrous ammonia, sea water and a wide range of
organic chemicals. It is used for marine propellers and much marine hardware
and at one time was used for roofing train sheds and railway stations in the
United States. Between the two world wars it was also used extensively for the
manufacture of kitchen sinks and for the heads of golf clubs. From such
applications it has been largely displaced by austenitic stainless steels which are
significantly cheaper.

The Orford process was not superseded until 1950 when it was found that
the converter matte, when allowed to solidify in its equilibrium condition,
crystallized as a mechanical mixture of the copper and nickel phases. These
were separated by crushing the matte to a fine powder from which the nickel-
rich phase was removed by magnetic and flotation processes.

The International and Mond Nickel Companies have now combined their
resources, and the nickel oxide produced by the new Inco refining process is
turned into metallic form either by electrolytic refining or by the carbonyl
process. Monel metal, for reasons of control and economy, is no longer a
natural alloy, but is produced by alloying copper, nickel and iron together in
the desired proportions.
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THE LIGHT METALS, ALUMINIUM AND MAGNESIUM

In the middle years of the nineteenth century, most of the metals in the
periodic table of the elements had been chemically identified, although few had
been produced in the pure metallic state and engineers were still dependent
upon iron and a few copper-based alloys for the construction of machinery.
The metals which were used had oxides which could be reduced by carbon at
atmospheric pressure. The other metals which were known could not be
obtained in metallic form because of their high chemical activity.

A particularly stable metallic oxide which could not be reduced was
extracted from alum in 1760 and named alumina by the French chemist
L.G.Morveau. By 1807, Sir Humphry Davy had concluded that even the most
stable chemical compounds should be electrolytically reducible with the aid of
the newly available voltaic cell, and had succeeded by this approach in
obtaining sodium, potassium, barium, strontium and calcium in metallic form.
For this remarkable demonstration of the power of electrochemistry, Davy was
awarded a prize of 50,000 francs by Napoleon. Although he failed in his
endeavours to obtain the element he first named ‘aluminum’ and then
‘aluminium’ in metallic form, it seemed evident that the other reactive metals
he had obtained might well, under appropriate conditions, prove to be more
powerful reductants than either carbon or hydrogen. In 1808 he succeeded in
obtaining pure elementary boron for the first time by reducing boric oxide
with electrolytically obtained potassium.

The search for metallic aluminium was continued by the Danish chemist
Hans Christian Oersted, who in 1825 described to the Imperial Danish
Society for Natural Philosophy a method of reducing aluminium chloride to
metallic form with a mercury amalgam of potassium. The mercury from the
amalgam was subsequently removed by distillation, leaving behind a grey
powder which was described as aluminium, although it must have contained
a good deal of oxide.

In 1827, Wohler, who was then a teacher of chemistry at the Municipal
Technical School in Berlin, improved on Oersted’s reduction method by
using a vapour phase process in which volatilized aluminium trichloride was
reacted with potassium in metallic form. Potassium was a rare and costly
reactive metal, and aluminium trichloride, because of its hygroscopic
characteristics, was also a very difficult material to work with. Wohler’s
initial experiments, therefore, although they produced small quantities of
aluminium powder, did not provide a basis for a viable aluminium
production process. His early work on aluminium was abandoned until
1854, when he was able to modify his process so that it produced a quantity
of small shiny globules which were sufficiently pure to allow the low density
of aluminium to be confirmed, and the ductility and chemical characteristics
of the metal to be established.
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In 1854, however, Henri Lucien Sainte-Claire Deville had already delivered
an address to the Académie des Sciences of Paris on the subject of aluminium,
and had been awarded a grant of 2000 francs to continue his research. Bunsen
had also published a paper in Poggendorf’s Annalen on improved methods of
obtaining aluminium by the electrolytic reduction of fused salts. This
approach, although of great theoretical interest could not then be used on an
industrial scale because no satisfactory sources of heavy electric currents were
then available.

Deville had initially studied chemistry at the Sorbonne and after several
years of private research was appointed Professor of Chemistry at the Ecole
Normale, where he began to work on aluminium. His first step was to
substitute sodium for the reactive and expensive potassium which Wohler had
used. Sodium had the additional advantage that the sodium chloride formed
by the reaction fluxed the surface of the globules of aluminium obtained, and
assisted them to fuse together in an adherent lump. By 1855, Deville had a
small chemical works at Javel, and bars of aluminium he produced there were
exhibited at the Paris Exhibition of 1855.

It was soon found that the aluminium trichloride used by Wohler was
far too deliquescent and temperamental for use in a routine production
process, and sodium aluminium trichloride (AICL,NaCl) was generally used
by Deville. He also devoted considerable attention to the production of
cheaper sodium, since the cost of this reagent largely determined the selling
price of any aluminium produced. Having seen the new light metal at the
1855 Exhibition, Napoleon III appreciated its military possibilities. He
asked Deville to make him a breastplate of aluminium, a service of spoons
and forks for state banquets and other items. As an artilleryman, he was
also interested in the promotion of aluminium as a material for gun-
carriage wheels.

In 1854, Deville had established a small company, the Société d’ Aluminium
de Nanterre, to exploit his reduction process. Further developments took place
at Salindres, near Arles, at a factory belonging to Henri Merle & Co. In 1860,
Deville sold his aluminium interests to Henri Merle who died soon afterwards.
The Salindres plant was subsequently acquired by Alfred Rangod Pechiney,
who eventually came to dominate the French aluminium industry via his
Compagnie de Produits Chimiques et Electro-metallurgique Alais Froges et
Camargue. In the 1860s, however, Pechiney appears to have been somewhat
unenthusiastic about the future possibilities of aluminium which, he felt, was
redeemed only by its lightness.

The manufacturing process at Salindres began with the production of pure
alumina. This had originally been accomplished by the calcination of
ammonium alum. In 1858, however, Deville had been introduced by the
mining engineer Meissonier to the mineral bauxite, found at that time as a
band of red earth in the limestone formations of Les Baux in Provence. Since
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this material contained a good deal of iron, it required extensive purification
after which it was mixed with sodium chloride and carbon and reacted with
chlorine at a good red heat to sodium aluminium trichloride. This, being a
vapour, distilled away from the reaction zone, and condensed as a crystalline
deposit at temperatures below 200°C. The double chloride was then mixed
with cryolite and reacted with metallic sodium in a reverberatory furnace. The
furnace charge consisted of 100kg (2201b) of the double chloride, 45kg (991b)
of cryolite and 35kg (771b) of sodium. The function of the cryolite was to act
as a flux and dissolve the alumina on the surface of the aluminium globules
produced, so that they were able to coalesce. It also produced a slag which was
fluid enough and light enough to let the reduced globules of aluminium sink to
the base of the reaction bed and unite.

The reverberatory furnace reaction was accomplished at a good red heat
and once started was accompanied by a series of concussions which persisted
for about fifteen minutes: it was necessary to brace the brickwork and roof of
the furnace with iron rods. After three hours at red heat the reaction had
been completed and the products had settled down into two layers at the
bottom of the furnace. The upper layer was a white fluid slag free from
aluminium which was easily tapped off. The molten aluminium from the
lower layer was then run into a red hot cast-iron ladle from which it was cast
into ingots.

In 1872, 3600kg (79351b) of aluminium were made at Salindres at a cost
of 80 francs per kilo. Since the selling price of aluminium at that time was
only 100 francs per kilo, profit on this activity was not large. Deville had
visited London in 1856, when he demonstrated his aluminium reduction
process to the Prince Consort and to Michael Faraday. His first contact with
the London firm of Johnson and Matthey was in 1857, and from 1859 they
acted as the British agents for the sale of his metal. At that time sodium
reduced aluminium was around 98 per cent pure, and was being sold in
Paris at 300 francs per kilo. By 1880 the price of aluminium in most parts of
Europe had settled down to about 40 francs per kilo. The demand for the
metal was not large, however, and in 1872, for example, the total quantity of
sodium reduced aluminium sold by Johnson and Matthey was only 539
ounces (15kg).

The possibility of using cryolite not merely as a flux for the reaction
process, but as the primary raw material for aluminium production, was first
investigated by H.Rose in Berlin around 1856. Shortly afterwards William
Gerhard established a plant in Battersea, London, for producing aluminium in
this manner. Unexpected technical and economic difficulties were encountered,
however, and aluminium production at Battersea was discontinued at the end
of 1859.

At the beginning of 1860 the firm of Bell Brothers started to produce
aluminium by a variant of the Deville process at Washington, County
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Durham. The driving force behind this enterprise was the celebrated
ironmaster Sir Lowthian Bell who, although primarily concerned with the
rapidly developing iron and steel industry of Teesside, was also interested in
the Washington Chemical Company. In preparation for this venture into
aluminium production, he sent his son Hugh to Paris in 1859 to study under
Deville. At a later stage, Hugh Bell worked with Wé&hler who, by that time,
had become Professor of Chemistry at Géttingen.

The works at Washington, using a process very similar to that developed at
Salindres, produced aluminium from 1860 to 1874. Sodium reduced
aluminium was also being produced by James Fern Webster, who began to
experiment with the metal in 1867 at his private house in Hollywood near
Birmingham. Webster’s aluminium was very much purer than Deville’s,
generally containing only about 0.8 per cent impurities. In 1882 he established
the Aluminium Crown Metal Company at Hollywood. Hamilton Y.Castner
brought his sodium reduction process to England in 1887, and shortly
afterwards he established a manufacturing plant at Oldbury near Birmingham.
Webster seized this opportunity to obtain cheap sodium and chlorine. He
acquired a site adjacent to that of Castner, raised a working capital of
£400,000 and established a factory intended to produce 50 tons per year of
aluminium. Chlorine was bought by pipeline into Webster’s plant from
Castner’s.

The aluminium produced by Webster was rolled into sheet, and
aluminium foil of high quality was produced by beating. It had,
unfortunately, been established too late to succeed. The manufacture of
aluminium by the sodium reduction process in Britain became obsolete
overnight in July 1890 when the Aluminium Syndicate at the Johnson
Matthey site at Patricroft began to produce aluminium by Hall’s electrolytic
process on a considerable scale (see p. 108).

The other British firm producing sodium reduced aluminium at this period
was the Alliance Aluminium Company at Wallsend on the River Tyne, which
used the Netto process devised by Professor Netto of Dresden. Sodium was
produced by spraying fused caustic soda on to an incandescent bed of coke
held in a vertical retort. Reduction occurred very rapidly, and sodium vapour
escaped from the reaction chamber before entering a water-cooled condenser.
The sodium thus obtained was used to reduce cryolite in a modified version of
the Deville process. The reaction bath was in fact similar to that used by Hall
and Héroult, since it consisted of cryolite in which alumina was dissolved.
Lumps of sodium weighing 2.25kg (5lb) were immersed in this fused salt
solution.

Sodium reduced aluminium was also produced at this time in the United
States by Colonel Frishmuth of Philadelphia, whose firm cast the famous
aluminium pyramid used to cap the Washington Monument which has been
in service since December 1884. When last examined in 1934, this cap had
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been fused near the top by a lightning flash but was remarkably free from
corrosion. Like most aluminium produced by Deville’s process, it was only
98 per cent pure, and contained about 1 per cent lron and 0.75 per cent
silicon. At the Alumimium-und Magnesiumfabrik at Hemelingen in north
Germany, which was established in 1886, magnesium was used to reduce
cryolite, the final result being a silicon aluminium alloy containing 1-2 per
cent iron.

Electrolytically produced aluminium

Generators capable of producing heavy electrical currents did not become
generally available until the mid-1870s (see Chapter 6). By this time, interest in
electro-metallurgical possibilities had begun to revive, at a time when the
limitations of existing metallurgical production techniques were becoming very
obvious. One interesting application of electrical power to metallurgical
production was patented in 1885 by the brothers Eugene and Alfred Cowles of
Cleveland, Ohio, who utilized the newly developed electric arc furnace to
produce the high temperatures required for the direct reduction of alumina
with carbon.

In general, the Cowles process was used for the manufacture of
aluminium bronze, for which at that time a greater demand existed than for
aluminium in its pure condition. A suitably proportioned mixture of alumina,
carbon and copper was smelted with the arc on the furnace hearth. The
function of the copper, which did not participate directly in the
decomposition of the alumina, was to absorb the aluminium vapour
immediately it was liberated and to remove it from the reaction zone before it
could reoxidize. Very clear analogies can be discerned between this process
and the cementation method of brass production, where copper was used to
dissolve the zinc liberated by the reduction of calamine with carbon. In both
instances, the product of the reduction process, either aluminium or zinc, was
held in a state of low activity, thus allowing the reduction process to be
driven to completion.

The Electric Smelting and Aluminium Company, set up in 1885 by the
Cowles brothers, established production units at Lockport, NY, and at Milton,
near Stoke-on‘Irent in Staffordshire, which produced copper alloys containing
between 15 and 40 per cent of aluminium. These were subsequently diluted
with copper for the manufacture of aluminium bronze.

Between 1885 and 1890 the process enjoyed considerable success, since the
alloys it produced cost far less per pound of contained aluminium than pure
aluminium produced by other methods. This advantage declined when cheap
electrolytically produced aluminium became generally available.
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Electrolytic aluminium

Since the early work of Davy, chemists and metallurgists had come to equate
the voltage required to decompose compounds in electrochemical experiments
with the strength of the bond holding the atoms of the compound together.
From observations of the differences in electrical potential which developed
when dissimilar metals were brought into moist contact, the metals themselves
were also sorted out into a well defined voltage series. As early as 1854, when
Bunsen and Deville himself had employed the electrochemical route, it was
evident that aluminium was an extremely electronegative element. Its affinity
for oxygen was higher than that of any of the metals known to antiquity, and
the electrochemical route to its production was the only feasible alternative to
the hopelessly expensive sodium reduction process.

The first serious attempts in the United States to obtain aluminium by the
electrolysis of fused salts appear to have been made by Charles S.Bradley of
Yonkers, NY. His ideas and conceptions were similar to, and anticipated in
several ways those of Hall and Héroult. Bradley was very unfortunate,
however, because for reasons which are difficult to understand, his Application
encountered much opposition from the US Examiners, and his Patent was not
granted until 1892. By that time it was difficult for him to contest the validity
of the Patents on which the Hall/Héroult process was based since that process
was already in commercial operation in several countries.

The Hall process

Charles Martin Hall was instructed in chemistry at Oberlin College by
Professor F.F.Jewitt, who in his youth had studied in Germany where he had
met and had been strongly influenced by Wohler. One of the undergraduate
projects he gave Hall was concerned with the chemistry of aluminium, and he
encouraged Hall to believe that the world was waiting for some ingenious
chemist to invent a process for producing aluminium cheaply and reliably on a
large scale.

Immediately after graduating in 1885, Hall began to investigate various
electrolytic approaches in his private laboratory and soon concluded that fused
salt baths would be essential. On 10 February 1886, he found that alumina
could be dissolved in fused cryolite ‘like sugar in water’ and that the alumina/
cryolite solution thus obtained was a good electrical conductor.

It was well known that cryolite would dissolve alumina. Deville, for
example, had added cryolite to his reaction mixtures at Salindres to reduce the
melting point and viscosity of the slag, and to dissolve the thin layers of
alumina which formed on the surface of the reduced globules of aluminium,
thus enabling them to coalesce. Cryolite also figured prominently in the
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sodium reduction processes devised in the late 1850s by Rose in Berlin and
Netto in Dresden.

By dissolving 15-20 per cent of alumina in cryolite Hall obtained a bath
whose melting point was between 900 and 1000°C, at which temperature its
electrical conductivity was high enough to permit electrolysis (see Figure 1.8
(a) below). The only difficulty was that the bath rapidly dissolved silica from
the refractory materials used to contain it. By 16 February 1886, Hall had
solved this problem by containing his melt in a graphite crucible and had
obtained a number of small globules of aluminium, which formed close to the
crucible which acted as his cathode.

Hall experienced difficulties both in establishing his patent rights and in
finding backers for the production of aluminium by his process. He finally
gained the financial support of Captain A.E.Hunt, who owned the
Pittsburg Testing Institute. The Pittsburg Aluminium Company was
established in 1889 and set up works at Smallman Street in Pittsburg which
by September 1889 were producing about 385 pounds (173kg) of
aluminium a day at a cost of only 65 cents per pound. This figure contrasts
strongly with the $15 per pound which Colonel Frishmuth had been
charging for his sodium reduced aluminium. By 1890, however, the
Pittsburg Aluminium Gompany was still not paying a dividend. Hall was
on a salary of $125 per week. At this time the firm, being dangerously
short of capital, sold 60 of its shares to Andrew Mellon, thus bringing the
Mellon family into the aluminium business.

Also in 1890, Hall contacted Johnson Matthey, who were at that time the
main British dealers in aluminium. The Magnesium Metal Company, owned
by Johnson Matthey, produced magnesium in a factory at Patricroft, close to
Manchester on the banks of the River Irwell. Here the Aluminium Syndicate,
owned by the Pittsburg Aluminium Company rented land and erected a
factory, in which two large Brush engines and dynamos were installed. By July
of 1890, this plant was producing about 300Ib of aluminium per day by Hall’s
process. This metal was sold by Johnson Matthey until 1894, when aluminium
production at Patricroft was discontinued.

The statue of Eros in London’s Piccadilly Circus, cast in the foundry of
Broad, Salmon and Co. of Gray’s Inn Road and erected in 1893, appears to
have been made from electrolytic aluminium supplied by the Aluminium
Syndicate of Patricroft. The composition of the metal (99.1% Al, 0.027% Fe,
0.6% Si and 0.01% Cu) is incompatible with the general assumption that
sodium reduced aluminium, which generally contained about 2 per cent
impurities, had been employed. The foundry where the statue was cast was
only a few hundred yards from the Hatton Garden establishment which was at
this time handling a considerable quantity of the aluminium output of
Patricroft. Moreover, it is well known that Sir Alfred Gilbert chose aluminium
for his statue because it was cheaper than copper or bronze, which would not
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have been the case if the only aluminium he had been able to obtain had been
the sodium reduced variety.

In 1895 the Pittsburg Aluminium Gompany, now known as the Pittsburg
Reduction Company, moved to Niagara Falls to take advantage of the large
supplies of cheap electric power which were available there. By 1907 the
Company was producing around 15 million Ib of aluminium per year, compared
to the 10,000 Ib produced in 1889 when operations were first started. In 1907
the company changed its name to the Aluminium Company of America.

The Héroult process

Paul Louis Toussaint Héroult was born at Thury-Harcourt near Caen in 1863.
At the age of 15 he read Deville’s book on aluminium and became obsessed
with the idea of developing a cheap way of producing the metal. After studying
at L’Ecole Ste Barbe in Paris he returned to Caen and began to experiment
privately in a laboratory in his father’s tannery. His first French patent, applied
for on 23 April 1886, described an invention which was virtually identical to
that of Hall: ‘a method for the production of aluminium which consists in the
electrolysis of alumina dissolved in molten cryolite, into which the current is
introduced through suitable electrodes. The cryolite is not consumed, and to
maintain a continuous deposition of metal it is only necessary to replace the
alumina consumed in the electrolysis.” See Figure 1.8 (b).

A further patent, filed in 1887, describes the production of an alloy, such
as aluminium bronze by collecting the aluminium liberated by the electrolytic
process in a molten copper cathode. This process was developed by Héroult
with the encouragement of Alfred Rangod Pechiney who had taken over the
works at Salindres where Deville’s process for making sodium reduced
aluminium was still being operated (see p. 103). It was operated for a short
while at Neuhausen in Switzerland, but was abandoned in 1891.

Although an industrial expert from Rothschild’s Bank reported
unfavourably on Héroult’s process in 1887, he was able to gain support from
the Swiss firm of J.G.Neher S6hne, who had a factory at the Rhine Falls with
plentiful supplies of water power. The ironworks at this site, established in
1810, had become unprofitable and new metallurgical applications for water
power were being sought. In 1887 the Société Metallurgique Suisse was
established, Héroult being the technical director. In the following year the
Société joined the German AEG combine to establish the Aluminium
Industrie Aktiengesellschaft with a working capital of 10 million francs. This
consortium subsequently established large aluminium production units, at
Rheinfelden (1897), Lend in Austria (1898) and Chippis, near Neuhausen
(1905). The combine soon amalgamated with the French producers to form
L’Aluminium Francais.
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Figure 1.8: Electrolytic aluminium.

(a) The electrolytic process of aluminium production introduced by Charles
Martin Hall in 1886 (U.S. Pats 400664, 400665, 400666, 400667, and 400766,
April 1889) used a bath of fused cryolite in which pure alumina was dissolved.
This bath was maintained at temperature in the molten condition by passage of
the electrolysing current.

(b) Paul-Louis-Toussaint Héroult also filed patents in 1886 for a similar process.
Figure 1.8(b) 1s based on the drawing in Héroult’s French Patent 175,711 of 1886
when he did not appreciate that external heating was unnecessary. In a
subsequent patent of addition he claimed the same electrolytic process without
external heating.
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Aluminium developed very rapidly in Europe where it was well appreciated
as a light and corrosion-resistant metal which had also a very high thermal
conductivity. This encouraged its use for cooking utensils. The first
authenticated use of aluminium as a roofing material is provided by the dome
of the Church of San Gioacchino in Rome which was roofed with Neuhausen
aluminium in 1897. When examined by Professor Panseri in 1937 this sheeting
was still in excellent condition. Its composition agrees closely with that of Eros
in Piccadilly Circus (see p. 108); both were typical of electrolytic aluminium
produced between 1890 and 1897.

Much discussion has centred on the remarkable coincidence that two
young inventors, several thousand miles apart, should independently, at the
same age, have defined identical technical objectives: after considerable
experimentation, each in his own private laboratory, they arrived at the same
technical solution to their problem and applied for patent cover within a
month’s interval. Even more remarkably, Hall and Héroult were both born
in 1863 and both died in 1914.

The Bayer process

The extraction metallurgy of iron, copper and the other metals was
characterized by the use of smelting and refining processes which accepted, as
their raw materials, grossly impure ores, and produced, as an intermediate
product, impure metal or pig which was subsequently refined to the required
level. The impurities present in aluminium, however, having far less affinity for
oxygen than the parent metal itself, could not be selectively removed after the
initial extraction process had been accomplished, and it was soon appreciated
that the only feasible philosophy of aluminium manufacture was to produce
directly, in one stage, molten aluminium having the highest state of purity in
which it was likely to be required.

Since the purity of the aluminium obtained, either by sodium reduction or
by electrolytic dissociation, is largely determined by the purity of the alumina
from which it is derived, the industry has, since its earliest days, been
dependent upon its ability to purify minerals such as bauxite cheaply, and on a
very large scale. One tonne of aluminium requires two tonnes of alumina and
this requires four tonnes of bauxite. Approximately 20,000kWh of electrical
power are needed for the production of one tonne of aluminium by the Hall
process, so the electrolytic process can be economically undertaken only where
cheap electricity, generated by water power or by nuclear reactors, is available.
Bauxite, however, can only be purified economically in countries where fuel
such as coal, gas or oil is cheap and plentiful. Many of the most modern
electrolytic refineries are dependent, therefore, upon the importation not of
bauxite but of foreign alumina.
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Deville, at Salindres, found that only after very carefully purifying his
alumina was he able to produce aluminium containing less than 2 per cent
impurities. The technique he employed, the Deville-Pechiney process, was
developed by his associate Paul Morin; it is still occasionally used for the
treatment of bauxites which contain a lot of iron although it was not too
effective in removing large quantities of silica.

The Deville process was, however, superseded in 1887 by a cheaper and
simpler approach devised by the Austrian chemist Karl Joseph Bayer which is
now almost universally employed. Unlike the expensive Deville technique, it
depended entirely upon wet chemistry and involves no fusion process. Bauxite
was digested under pressure by a caustic soda solution in an autoclave at
temperatures between 150° and 160°C. This reaction produced a soluble
solution of sodium aluminate, the major impurities, such as iron oxide, titania
and most of the silica, being left behind as a red mud. Alumina was precipitated
from the caustic soda solution when it was cooled and diluted with water. After
calcination it was then suitable as a feedstock for the electrolytic cells.

The British Aluminium Company (BAC) Limited was floated on 18
December 1894 to acquire the British rights to the Bayer and Héroult
processes and others including the patents and factory site of the Cowles
Syndicate at Milton in Staffordshire where a rolling mill was installed. Lord
Kelvin was appointed as Scientific Adviser to the company and in 1898 he
joined the board of directors. The progress of this company, however, is
inevitably associated with William Murray Morrison, who was appointed as
chief engineer at the beginning of 1895 and served BAG for half a century.
Over this time the world output of aluminium increased from 200 tonnes per
annum in 1894, to 5000 tonnes in 1900, and in 1945 to well over two million
tonnes. The world output of primary aluminium in 1980 reached a peak in the
vicinity of 16 million tonnes per annum.

The first BAC plant was established at Foyers, close to the Falls of Foyers on
the southern side of Loch Ness, in 1895. It produced about 3.7MW (5000hp)
of hydroelectric power and by June 1896 it was extracting about 200 tonnes
per year of aluminium, most of which could not be sold. In 1896 about half
the power generated at Foyers was sold to the Acetylene Illuminating
Company which made calcium carbide by fusing lime and carbon in an
electric furnace, a process which had been invented by Moissan in 1892.
When after the turn of the century the world demand for aluminium began to
increase significantly, BAC started to build an additional hydroelectric plant at
Kinlochleven. This took about five years to build.

The Lochaber scheme, which commenced in the mid-1920s, was far more
ambitious, since it took water from a catchment area covering more than 300
square miles. Waters draining from the Ben Nevis mountain range and the
waters of Lochs Treig and Laggan were collected and fed to a powerhouse
situated only a mile from Fort William. Further hydroelectric plants were
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established in other regions of the Western Highlands as the demand for
aluminium increased after the 1930 period.

Magnesium

Magnesium was first isolated in 1808 by Humphry Davy, who electrolysed a
mixture of magnesia and cinnabar in naphtha. The magnesium liberated was
absorbed into a mercury cathode to form an amalgam. The first chemical
reduction was accomplished in 1828 by Bussy, who used electrochemically
produced potassium to reduce anhydrous magnesium chloride. Magnesium,
however, remained a chemical curiosity until 1852 when Bunsen, at
Heidelberg, devised a method of producing it continuously by the electrolysis
of fused anhydrous magnesium chloride. In 1857 the metal was produced for
the first time in quantities large enough to allow its properties to be evaluated
by Deville and his colleague Caron. Using the technique he had already
perfected for aluminium production (see p. 103), Deville reacted sodium with
fused magnesium chloride to obtain magnesium, which was found to be a very
light reactive metal. It was also volatile, and could readily be separated, by
distillation in hydrogen, from the mixture of fused sodium and magnesium
chloride left behind in the reaction vessel.

By this time it was also known that magnesium was a metal which burned
readily to produce a very intense white light. Bunsen, who studied this effect,
found that the light emitted had powerful actinic qualities which rivalled
those of sunlight, so that the metal could therefore be of value to the new
science of photography. In 1854, Bunsen and a former pupil of his, Dr
Henry Roscoe, published a paper on the actinic properties of magnesium
light in the Proceedings of the Royal Society and this stimulated a great deal of
interest in the metal. In 1859, Roscoe became Professor of Chemistry at
Owens College, Manchester. The paper stimulated the inventive genius of
Edward Sonstadt, a young English chemist of Swedish descent who is known
today largely because he was the first analyst to determine accurately the
concentration of gold in sea water. Between November 1862 and May 1863,
Sonstadt applied for patents which covered an improved process for
producing magnesium, and for purifying it by distillation. By the summer of
1863 Sonstadt was able to claim that his ‘labourer and boy’ had produced
several pounds of magnesium metal.

During 1863, Sonstadt met Samuel Mellor, from Manchester, who made his
living in the cotton industry. Mellor was an enthusiastic amateur chemist, who
had, as a part-time student at Owens College, worked under Roscoe and had
established close personal contact with him. Sonstadt and Mellor became
partners, and Sonstadt moved his laboratory from Loughborough to Salford.
In Manchester, Mellor introduced Sonstadt to the pharmaceutical chemist
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William White, who had developed an improved method of making sodium
metal, needed by Sonstadt for his magnesium reduction process.

On 31 August 1864 the Magnesium Metal Gompany was incorporated
with a working capital of £20,000. Land for a production plant was acquired
at Springfields Lane at Patricroft, with a frontage on the River Irwell. One of
the directors appointed at this time was William Matther who also acted as
chief engineer of the company. At a later stage, as Sir William Matther, he
headed the well-known firm of Matther and Platt. At Salford he developed
improved methods of drawing magnesium wire which was then rolled into
ribbon. Magnesium ribbon was a major innovation, since it was simpler and
cheaper to produce than fine round wire. A very important advantage from the
photographic viewpoint was that it burned far more consistently than wire of
circular crosssection.

Magnesium production at Salford commenced in 1864 and in 1865 the
plant produced 6895 ounces (195.5kg) of the metal. A peak output of 7582
ounces (215kg) of metal was reached in 1887 In 1890 magnesium was being
imported into Britain from Germany at 1s 64 per lb: Salford could no longer
compete and the works were closed.

Just before the First World War, Britain had no indigenous source for the
magnesium it required, and in 1914 Johnson Matthey, in association with
Vickers, set up a magnesium plant at Greenwich. Using the sodium reduction
process originally developed by Sonstadt, this plant produced most of the
magnesium needed by the Allies for pyrotechnical purposes. After it was closed
down in 1919, no more magnesium was produced in the United Kingdom
until 1936.

German magnesium

Bunsen had appreciated as early as 1852 that the cheapest and most favourable
production route would involve the electrolysis of a fused anhydrous
magnesium salt. Large deposits of carnallite were found in the salt beds of
Stassfurt, and most of the earliest German magnesium production operations
attempted to utilize this readily available compound.

Carnallite, which is found in many evaporite deposits is extremely
hygroscopic. Magnesium metal was first obtained on a production scale by
the electrolysis of fused carnallite in 1882 by the German scientists
Groetzel and Fischer. In 1886 the Aluminium- und Magnesiumfabrik
Hemelingen established a plant for the dehydration and electrolysis of
molten carnallite using cell designs based almost completely on Bunsen’s
original conceptions. Much of the magnesium originally produced at the
Hemelingen plant was used for the manufacture of aluminium by a variant
of Deville’s process (see p. 106).
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Shortly after the turn of the century, the Hemelingen plant was acquired by
Chemische Fabrik, Griesheim Elektron, who transferred it to Bitterfeld in
Saxony which soon became the centre of the magnesium world. Before this
time magnesium had been regarded merely as an inflammable metal which
had applications in photography and pyrotechnics. Griesheim Elektron,
however, was led by the energetic and far sighted Gustav Pistor who was one
of the first to appreciate the engineering possibilities of a metal with a density
of only 1.74g/cm?® (0.0631b/in®). Aluminium, the only comparable alternative,
had a density of 2.70g/cm® (0.0981b/in%). Magnesium could be of great value, it
was felt, particularly in the aeronautical field. The first hurdle to be overcome
was to develop a magnesium free from the corrosion difficulties which had
hitherto inhibited its industrial application.

Pistor, supported by the very able chemist Wilhelm Moschel, concentrated
initially upon the existing carnallite process and evolved an electrolytic bath
based on the chlorides of sodium, calcium and magnesium, mixed in such
proportions that the eutectic mixture formed melted at approximately 700°C.
This type of bath, although melting at a lower temperature than the cryolite/
bauxite mixture used for aluminium production, was and still remains far more
difficult and expensive to operate. The main difficulty is that the magnesium
metal obtained, being lighter than the electrolyte, floats to the surface of the
bath where it must be collected without shorting the electrodes. Furthermore,
the gas liberated at the anode is chlorine rather than the oxygen given off in
the aluminium cell. The chlorine liberated in magnesium production is
collected in bells surrounding the anode and utilized in the production of fresh
magnesium chloride.

These disadvantages were soon appreciated and after 1905 determined
attempts were made to evolve a magnesium bath using an analogy of the
Hall/ Héroult method in which magnesia was dissolved in a fused salt which,
like cryolite, did not participate in the electrolytic process. A process
developed in 1908 by Seward and Kiigelgen utilized magnesia which was
dissolved in a mixture of magnesium and lithium fluorides. A cathode of
molten aluminium was used and the cell produced a magnesium-aluminium
alloy. A variation of this approach was introduced by Seward in 1920 (see
Figure 1.9) and was used in the 1920s by the American Magnesium
Corporation: magnesia was dissolved in a bath of fused sodium, barium and
magnesium fluorides and electrolysed to obtain magnesium of 99.99 per cent
purity. The fundamental obstacle in such processes is the low solubility of
magnesia in fluoride baths, so that it is difficult to ensure its constant
replenishment.

A problem encountered at Bitterfeld was caused by the reluctance of the
magnesium globules produced to coalesce. To improve this, small quantities of
calcium fluoride were added to the bath. This addition had no beneficial effect,
however, upon the hygroscopic tendencies of the carnallite-containing baths,
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Figure 1.9: Electrolytic magnesium. A sectional view of the cell subsequently
introduced by Seward in 1920 (US Pat. 1408141, 1920). In this process, operated
by the American Magnesium Corporation, pure magnesia was dissolved in an
electrolyte consisting of the fluorides of magnesium, barium and sodium. The
cell shown used currents of 9000-13,000 amperes at emfs of 9-16 volts. The
Dow process by then was producing purer and cheaper magnesium, and the
American Magnesium Corporation ceased production in 1927.

and special techniques were required to dehydrate the fused salts so that
magnesium oxychloride was not produced.

It was against this difficult electrochemical background that Pistor and
Moschel developed the first practical magnesium alloys, which contained
aluminium and zinc for strengthening purposes and were introduced by
GriesheimElektron to the general public at the International Aircraft Exhibition
at Frankfurt in 1909. These alloys were used in considerable quantities by
Germany during the First World War, by which time Griesheim Elektron had
merged with IG Farben Industrie.

After struggling with the carnallite process until 1924, Pistor and Moschel
decided to synthesize a truly anhydrous magnesium chloride using the chlorine
which was readily available from IG Farben. Chlorination was accomplished
in large retorts where magnesite was reacted with chlorine in the presence of
carbon at temperatures above 708°C, the melting point of the chloride. This
accumulated as a liquid in the base of the reactor, and was transferred, still in
the molten state, to the electrolytic cells. Since 1930 most of the world’s
magnesium has been produced by the electrolytic route of Pistor and Moschel,
now known as the IG electrolytic process. Although some technical
improvements have been introduced, the general philosophy of this approach
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has never been seriously challenged in situations where chlorine and cheap
electric power are readily available and continuous magnesium production
over a long timescale is envisaged.

Revival of magnesium production in Britain

After the First World War, British interest in the future of magnesium was kept
alive by two firms, F.A.Hughes and Co. and British Maxium, later Magnesium
Castings and Products.

F.A.Hughes was led by Major Charles Ball, who originally established
contact with IG Farben and Griesheim Elektron while he was still in the post-
war Control Commission. F.A.Hughes and Co. gradually developed the
market for magnesium, although the demand was not great until the mid-
1930s when industry began to revive. By that time it was obvious that Britain
would soon require an indigenous source of magnesium, and in 1935
F.A.Hughes, supported by the British government, acquired the British and
Commonwealth rights to the IG patents covering the Pistor/Moschel process of
magnesium production, and then, in partnership with IG and ICI, set up
Magnesium Elektron Ltd (MEL) as an operating base.

The site of the works at Clifton Junction, near Manchester, was determined
by its proximity to the ICI works from which the large quantities of chlorine
needed for the production of anhydrous magnesium chloride could be
obtained. The Clifton Junction plant began production in December 1936. It
was Initially intended to produce 1500 tons of magnesium a year, although by
government intervention in 1938 this capacity was increased to 4000 tons per
annum. In 1940 another unit of 5000 tons per annum was added, and a
further plant, capable of producing 10,000 tons per annum of magnesium
commenced production at Burnley in 1942.

The MEL production process soon began to use sea-water-derived
magnesia as a raw material. Before 1938 it had been dependent upon imported
magnesite. The sea-water magnesia was produced by the British Periclase
Company at Hartlepool, by treating sea water with calcined dolomite so that
both constituents precipitated magnesia. During the period 1939-45, 40,000
tonnes per annum of magnesia were produced in this way for the UK.

Magnesium in North America

Magnesium appears to have first been manufactured in the United States by an
offshoot of Edward Sonstadt’s Magnesium Metal Company in Salford. The
American Magnesium Gompany (AMC) of Boston, Massachusetts, was
incorporated by Sonstadt on 28 April 1865, shortly after the grant of his US
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Patent, to which the company was given an exclusive licence. Sonstadt himself
appears to have been the head of this company, which continued to produce
magnesium by the sodium reduction process until it ceased operations in 1892,
two years after the demise of the parent company in Lancashire.

Magnesium production in the United States then ceased until 1915 when a
number of prominent American companies, such as General Electric, Norton
Laboratories and the Electric Reduction Company, were persuaded to produce
some part of the magnesium requirements of the Allies. American production
in 1915 totalled 39 tons. Three producers were involved in the production of
magnesium stick and ingots which sold for $5 per Ib.

The Dow Chemical Company started to produce magnesium in 1916. By
1920 only Dow and the American Magnesium Corporation remained in
operation. The AMC, then a subsidiary of the Aluminium Company of
America, operated the oxide/fluoride process developed by Seward and
Kiigelgen. AMC went out of business in 1927, leaving Dow as the sole primary
producer of magnesium in the United States.

The Dow magnesium process

Dr Herbert Dow initially established his company to extract the alkali metals
sodium and calcium, together with the gases chlorine and bromine, from the
brine wells of Michigan. No outlet was found for the magnesium chloride
solutions which were originally run to waste. As the demand for magnesium
began to increase, however, Dow devised a very elegant method of making
anhydrous magnesium chloride in which the hydrated chloride was dried
partially in air and then in hydrochloric acid gas, which inhibited the
formation of the oxychloride. The anhydrous chloride thus obtained was then
electrolysed in a fused salt bath. This magnesium extraction process, which ran
as an integral part of the existing brine treatment operation, produced
magnesium so cheaply that Dow soon emerged as the major US manufacturer.

In 1940, Dow moved his magnesium plant from Michigan to Freeport in
Texas where anhydrous magnesium chloride was obtained from sea water by
processes similar to those used by MEL in Britain. The Texas site had the
advantage of unlimited supplies of natural gas, which allowed it to produce
magnesium very cheaply indeed.

The strategic significance of magnesium as a war material had become very
evident by 1938, and between 1939 and 1943 the United States Government
financed the construction of seven electrolytic and five ferrosilicon plants so
that any foreseeable demands for the metal could be satisfied. The biggest
plant, Basic Magnesium Inc., was jointly built and managed by Magnesium
Elektron from Clifton Junction and by the US Company Basic Refractories.
This plant, in the Nevada Desert, used power from the Boulder Dam, and had
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a rated capacity of 50,000 tonnes per annum of magnesium. All these
government-financed plants ceased production in 1945, leaving the Dow
Chemical Company unit at Freeport as the sole US manufacturer, although
some were reactivated for short periods during the Korean war.

Thermochemical methods of magnesium production

Magnesium, unlike aluminium, is a fairly volatile metal which at high
temperatures behaves more like a gas than a liquid. It can, therefore, be
obtained from some of its compounds by thermochemical reduction processes
to which alumina, for example, would not respond. Because of its volatility,
magnesium is able to vacate the vicinity of a high temperature reaction zone as
soon as it is liberated, and this provides the reduction mechanism with a
driving force which is additional to that provided by the reduction capabilities
of carbon or of a reactive metal. Some of these processes are capable of
producing high quality magnesium directly from magnesite without consuming
vast quantities of electric power, although the total energy requirements of such
processes are usually greater than the electrolytic technique, and they tend also
to be highly labour intensive. During the war years, when magnesium was
urgently required, the economics of thermal reduction processes were of less
importance than the simplicity of the plant required and its ability to produce
metal quickly, using indigenous resources without the benefit of hydroelectric
power. Several processes were pressed into service and some proved
surprisingly effective, although few survived into the post war era.

The ferro-silicon reduction process was developed at Bitterfeld by Pistor and
his co-workers in parallel with electrolytic routes to magnesium production. As
with the electrolytic process, British and Commonwealth rights to the IG
Ferrosilicon process were acquired by MEL at Clifton Junction in 1935.

The process depended upon the reaction which occurs between dolomite
and silicon, in which, as indicated below:

2 Mg O Ga O+51 — 2 Mg+(CaO)2 S1 O,
In this reaction, the tendency of silicon to reduce magnesia is assisted by the
high affinity of lime for silica. Because the product of the reaction, calcium
silicate, 1s solid, it has little tendency to reoxidize the liberated magnesium,
which escapes from the reaction zone as a superheated vapour and is then
rapidly condensed directly to the solid state.

Rocking resistor furnaces were used at Bitterfeld to obtain magnesium from
dolomite in the 1930s. The coaxial resistance element provided temperatures
in the reaction zone of 1400°C and the furnace was run 1n a vacuum. Ferro-
silicon was found to be the cheapest and most effective reduction agent, and
the magnesium liberated from the reduction zone condensed directly to the
solid state in a cooled receiver at the end of the furnace. Furnaces of this type,
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Figure 1.10: One of the earlier experimental retorts used by M.Pidgeon in
Canada in 1941 for his thermo-chemical magnesium production process. In this
approach dolomite was reduced by ferrosilicon, in nickel-chromium retorts, in
vacuo, at temperatures around 1100°C. The magnesium vapour which distilled
from the reaction zone condensed, as indicated, on the inside of a tube
maintained at 450°C. Gas pressure inside the retorts were kept below 0.2 mm of
Hg. From L.M.Pidgeon and W.A.Alexander, Magnesium, American Society for
Metals, 1946, p. 318. With permission.

which produced about a tonne of magnesium a day, were built by IG Farben
for the Italian government and used at Aosta until 1945. Magnesium is still
produced from dolomite in Italy by variants of the ferrosilicon process.

The ferrosilicon process was also used, very successfully, by the Allies during
the Second World War, more particularly in North America. The process
introduced by M.Pidgeon in Ganada in 1941 produced high purity magnesium
from dolomite by reacting it with ferrosilicon in horizontal tubular metal retorts
which i the first pilot plant were only about 10cm in diameter. These retorts
were disposed horizontally, as shown in Figure 1.10, in a manner which
resembled closely that of the Belgian zinc retort process (see p. 93). A plant built
by the Dominion Magnesium Company at Haley, Ontario, began to produce
magnesium at a rate of about 5000 tonnes per annum in August 1942, and five
similar plants were subsequently established in the United States.
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Magnesium can be obtained by the direct reduction of magnesite with
carbon, although at atmospheric pressures the reduction does not commence at
temperatures below about 2000°C. The magnesium escapes from the reaction
zone as a superheated vapour, and to prevent reoxidation it must then be
rapidly cooled, when a fine pyrophoric powder is obtained.

The reaction involved in the carbo-thermic process is as indicated by the
equation below completely reversible.

MgO+C$S Mg+CO
If, therefore, the magnesium vapour released from the reaction zone is allowed to
establish contact with carbon monoxide at a lower temperature, it will reoxidize.
In this respect, therefore, the vapour of magnesium resembles that of zinc. After
carbo-thermic reduction the magnesium vapour must be rapidly cooled and a
variety of approaches to this difficult problem have been explored.

Most of the plants which attempted to operate the carbo-thermic process
used variants of the approach patented by Hansgirg in Austria in the 1930s.
This involved the reaction of magnesite with carbon in a carbon arc furnace at
temperatures which exceeded 2000°C. The magnesium vapour leaving the
furnace was rapidly cooled by a recirculating curtain of gas or by an
appropriate organic liquid, and was obtained in metallic form as a fine
pyrophoric powder.

A good deal of magnesium was made this way in Austria by the
OsterrAmerick Magnesit AG before and during the Second World War. In
1938 the Magnesium Metal Corporation was jointly established by Imperial
Smelting and the British Aluminium Company to produce magnesium by this
approach. The factory, at Swansea in Wales, produced magnesium at a high
cost and was shut down in 1945. The magnesium powder produced was
handled under oil to avoid pyrophoric combustion, and required pelleting
before it could be melted down. A large carbo-thermic plant built privately by
Henry Kaiser during the Second World War at Permanente, California, had a
rated capacity of nearly 11,000 tonnes of magnesium per annum. The
magnesium vapour leaving the reaction furnaces at this plant was condensed in
a curtain of oil. The lethal potentialities of this type of mixture were soon
appreciated. Under the trade name of Napalm it was soon in great demand.

Although the bulk of the world’s requirement of magnesium is still
produced electrochemically, thermochemical reduction processes continue to
attract a good deal of research effort and it is possible that a cheaper and more
viable alternative to electrolysis will eventually emerge.

AGE HARDENING ALLOYS

At the beginning of the twentieth century, steels were the only alloys which
were intentionally strengthened by heat treatment. In 1909, however, Dr Alfred
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Wilm noted that an aluminium alloy he was working on had the remarkable
ability to harden slowly at room temperature after having previously been
quenched from a temperature just below its melting point. The effect was
observed, quite fortuitously, while Wilm, working on a contract from the
Prussian government, was attempting to develop alloys for cartridge cases
which were lighter than the 70/30 brass which was normally employed.

Between 1909 and 1911 Wilm filed several Patent Applications, and
assigned his rights in this ‘age-hardening’ invention to the Durener-
Metallwerke in Duren, who subsequently marketed the alloys under the trade
name Duralumin. During the First World War large quantities of age-hardened
aluminium alloys were used by the combatants, first for Zeppelins and then for
other types of aircraft. It was found that the strengthening reaction could be
slowed down, very significantly, by refrigeration. This made it possible to
quench aluminium alloy rivets, and store them in the soft condition in a
refrigerator. The age hardening process began only after the rivet head had
been closed after insertion into the aircraft structure.

A great deal of the metallurgical research stimulated by the introduction of
Duralumin was co-ordinated in Great Britain from 1911 by the Alloys
Research Committee of the Institution of Mechanical Engineers. The 11th
report of this committee, published in 1921, summarized eight years of work
by the National Physical Laboratory (NPL). The outstanding result of this
work was the development of ‘Y’ alloy (4 per cent Cu, 2 per cent Ni, and 1.5
per cent Mg), which retained its strength to moderately high temperatures and
was extensively used for pistons and cylinder heads. Y alloy was originally
used in the cast form. High Duty Alloys was established in 1928 by Colonel
W.C. Devereux to produce variants of Y alloy in the forged condition for
aircraft engine use. From these experiments stemmed the RR series of light
alloys, jointly developed by Rolls Royce and High Duty Alloys.

The first rational explanation of the age hardening process in light alloys
such as Duralumin and Y alloy was provided in 1919 by Paul Merica and his
colleagues Waltenberg and Scott at the National Bureau of Standards in
Washington. They found that when an alloy such as Duralumin was heated to
temperatures close to its melting point most of the alloying constituents were
taken into solution by the matrix. Quenching retained the dissolved metals in
this supersaturated solid solution which was, however, somewhat unstable at
room temperature: minute crystals of various intermetallic compounds were
slowly precipitated. Provided these crystals were below a certain critical size,
invisible to the optical microscope, they strained and distorted the aluminium
lattice and acted as mechanical keys, which inhibited plastic flow in the alloy
and increased its strength. The aluminium alloys which behaved in this way
were unique only in the sense that the precipitation effects manifested
themselves, quite fortuitously, at room temperature. A wide range of other
alloys were soon identified in which precipitation could be induced by ageing
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at elevated temperatures and new precipitation hardening alloys of all types
were rapidly developed. In 1934 Dr Maurice Cook of ICI was able to review
the precipitation hardening characteristics of 37 copper alloy systems.

Beryllium and beryllium alloys

Beryllium, first identified as an element by Wohler in 1828, was at first
regarded merely as a chemical curiosity. Soon after the introduction of the
incandescent gas mantle by Auer von Welsbach in 1885 it was found that the
strength and durability of the ash skeleton could be greatly improved by
adding small quantities of beryllium nitrate to the mixtures of thorium and
cerium nitrates used to impregnate the fabric of the mantle. This treatment was
probably the major outlet for beryllium until the end of the First World War.

Attempts to produce beryllium by the electrolysis of a fused bath of
beryllium chloride were first made in 1895 by Wilhelm Borchers. Goldschmidt
in 1915 found that fused fluoride baths offered better production prospects.
This approach, refined by Stock, Praetorius and Priess, yielded relatively pure
beryllium for the first time in 1921. The properties of the metal obtained
confirmed theoretical predictions that beryllium would be a light metal with a
density around 1.8 grams per cm® and that 1ts direct modulus of elasticity
would be significantly higher than that of steel. If its ductility could be
improved, it was likely to be the light, stiff metal which had long been sought
by the aircraft industry.

The alloying behaviour of beryllium was studied by Regelsberger in 1924.
Additions of up to 10 per cent by weight of beryllium improved the hardness
and tensile strength of magnesium without making it brittle. Up to 10 per cent
of beryllium could also be dissolved in copper to produce a pale yellow alloy.
The colour of the alloy improved as the beryllium content decreased, and
Regelsberger was the first to mention the beautiful golden colour of copper
containing around 2 per cent of beryllium.

Research on beryllium in the United Kingdom was initiated by the Imperial
Mineral Resources Bureau at the Metallurgy Department of the NPL in 1923.
By 1926 Dr A.C.Vivian had produced solid deposits of metal by the
electrolysis of fused baths of beryllium and sodium fluorides similar to those
used by Stock, Praetorius ¢ al., whose detailed results had been published the
previous year. The NPL beryllium was 99.5 per cent pure and, like the
German product, was completely brittle when cold.

By 1926 popular interest in beryllium had started to develop. With a
density equivalent to that of magnesium, a stiffness higher than that of steel,
and a melting point approaching 1300°C, this seemed destined to become the
light metal of the future. Towards the end of 1926, when facilities for the
production of relatively pure beryllium existed in Germany, the USA and the
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United Kingdom, it was estimated that the metal could, if required, be
produced for approximately 205 per lb. The electrolytic beryllium available in
1927, although reasonably pure, had a Brinell hardness of 140 and was still
brittle when cold. In 1928 when the NPL improved the purity to 99.8 per
cent, beryllium was still brittle and no improvement was noted when the purity
level was gradually increased to the 99.95 per cent level. By 1932 attempts to
produce ductile beryllium at the NPL were abandoned, and it was generally
concluded, throughout Europe and the United States, that beryllium would in
future find its major use as an alloying ingredient where the problems of purity
and ductility were not so critically involved.

Beryllium copper and beryllium nickel alloys were first produced
commercially for Siemens and Halske by Dr W.Rohn at Heraeus
Vacuumschmelze at Hanau, which began to operate just after 1923 at the
height of the inflationary period in Germany. Also in the early 1920s, Michael
Corson in the United States was pursuing similar lines of development. In
1926 he patented the composition of an age hardening beryllium-nickel-copper
alloy, while Masing and Dahl of Siemens also protected the compositions of
beryllium copper and beryllium cobalt copper alloys which had higher
electrical conductivities than those of the American alloy and were therefore of
greater industrial potential.

Beryllium copper displayed a degree of age hardening far higher than that
of any other copper-based alloy, and in spite of its cost beryllium copper soon
found extensive industrial applications. It was particularly valuable as a spring
material: the alloys were soft and ductile in the solution treated conditions and
could then be fabricated into complex shapes. After heat treatment at
temperatures between 300 and 350°C the best alloys developed tensile
strengths approaching 100 tons per square inch, and as a result of the
precipitation which had occurred the electrical conductivities improved to
about 40 per cent that of pure copper. Even higher mechanical properties were
obtained with beryllium nickel alloys, although these were not suited to
electrical work because of their higher resistivity.

DEVELOPMENT OF HIGH TEMPERATURE ALLOYS

One effect of the rapid introduction of mains electricity into the domestic
environment was an increasingly urgent requirement for improved alloys for
electrical heating applications. The alloy required was one which combined a
high electrical resistivity with extreme resistance to oxidation at high
temperatures and mechanical properties high enough to ensure that it did not
fail by creep after prolonged use at a good red heat. Prior to 1900 the only
high resistivity alloys available were cupronickels such as Ferry and
Constantan and iron alloys containing up to 20 per cent nickel.
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Nickel-chromium alloys

The first satisfactory electrical heating alloys, introduced by A.L.Marsh in
1906, were based on the nickel-chromium and nickel-chromium-iron
systems. Wires of these alloys had an electrical resistivity around no
microhms per cm® more than twice that of the best cupro-nickel alloys. They
were, moreover, far more resistant to oxidation and stronger at high
temperatures. Previous investigators had found that chromium additions
tended to increase the oxidation rate of nickel. Marsh found that chromium
additions in excess of 10 per cent rapidly decreased this rate and that alloys
containing around 80 per cent nickel and 20 per cent chromium showed a
good balance between oxidation resistance and resistivity. They were also
ductile enough to be drawn into wire. It is now known that the oxidation
resistance of alloys of this composition depends on the formation of a
protective oxide layer.

These alloys were initially induction melted in air and deoxidized with
manganese. Air melted material was cheap to manufacture, although it was not
always easy to draw into fine wire. At the end of the First World War, Siemens
and Halske found that vacuum melted nickel-chromium alloys were easier to
draw into wire and also had a longer high-temperature working life,
compensating in some degree for the added expense of vacuum melting.
Heraeus constructed at Hanau in 1921 a 300kg (6601b) capacity low frequency
vacuum melting furnace of the Kjellin type for melting nickel-chromium based
resistance alloys. By 1928 two 4000kg (8800lb) furnaces capable of casting two
2000kg (44001b) nickel-chromium ingots were in regular operation. Siemens
and Halske acquired Heraeus Vacuumschmelze in 1936, after which
considerable quantities of nickel-chromium alloys, beryllium copper, and other
specialized materials for the electrical industry were produced.

The rare earth effect

In the early 1930s it was found that some of the vacuum-melted alloys which
had been processed from melts deoxidized with mischmetall (a rare-earth
mixture) were remarkably resistant to high temperature oxidation. Rohn was
able to show that the metal responsible for this effect was cerium, and in 1934
Heraeus applied for patents covering the manufacture and use of heating
elements to which small quantities of cerium and other metals of the rare earth
group had been added. This ‘rare earth effect’ was followed up n the Mond
Nickel Laboratories at Birmingham, and led to the introduction of the well-
known ‘Brightray G’ series of alloys. The mechanism which permits small
quantities of the reactive metals, such as cerium, yttrium, zirconium,
lanthanum and hafnium to improve the protective nature of the oxides which
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form on the surface of nickel chromium and other high temperature alloys is
still imperfectly understood, although the effect is widely employed.

Aluminium containing nickel-chromium alloys

It was found in 1929, by Professor P.Chevenard of the Imphy Steelworks, that
small quantities of aluminium improved the oxidation resistance and high
temperature strength of nickel-chromium alloys and made the alloys responsive
to age-hardening. In 1935 he showed that the strengthening effect of
aluminium could also be augmented by small quantities of titanium.

When, around 1937, Britain and Germany both began to develop a
workable gas turbine for aircraft propulsion, the main technical problem they
encountered was that of producing turbine rotor blades which were strong
enough at high temperatures to withstand the high, centrifugally imposed
tensile stresses. The alloy selected was the 80/20 nickel-chromium solid
solution alloy, strengthened in accordance with Chevenard’s findings by small
quantities of titanium and aluminium. Work on this material started in 1939,
and the first production batch was issued in 1941. Nimonic 80, as the alloy
was called, was the first of the long series of nickel-based ‘superalloys’
produced by Mond. All of these depend for their high temperature strength
upon substantial quantities of the precipitated ? (gamma prime) phase which,
although based on the compound Ni,Al, also contains a good deal of titanium.

The first Nimonic alloys were melted and cast in air and hot forged. As the
alloys were strengthened and improved, however, very reactive alloying
constituents were being added, and vacuum melting became mandatory. By 1960,
most of the stronger alloys were being worked by extrusion rather than by forging.
The use of molten glass lubrication, introduced by Sejournet in the 1950s, made it
possible to extrude even the strongest Nimonic alloys down to rod as small as
20mm in diameter in one hot working operation. The alloys were progressively
strengthened, initially by increasing the aluminium content and subsequently by
additions of the more refractory metals such as tungsten and molybdenum.
Nimonic 115, the last of the alloys to be introduced, marked the practical limit of
workability. Stronger and more highly alloyed materials could not be worked and
by 1963 a new generation of nickel-based superalloys was being developed. There
were not worked, but were cast directly to the shapes required.

Since the early years of the century it had been known that the grain
boundaries of metals, although initially stronger than the body of the grains,
tended to behave in a viscous manner as the temperature increased and lost
their strength far more rapidly than single crystals. The concept of an equi-
cohesive temperature, applicable to any alloy, above which the grains
themselves were stronger than the boundaries and below which the boundaries
were stronger than the grains, was first advanced in 1919 by Zay Jeffries. This
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suggested that the strongest high temperature alloys would have large rather
than small grains.

Difficulties were, however, caused on odd occasions by very large randomly
orientated grains. After 1958 it became customary to apply a thin wash of
cobalt-aluminate to the interior of the moulds in which the turbine blades were
cast. This coating helped it to nucleate a uniform grain size in the castings. It
also seemed logical to produce blades having as few grain boundaries as
possible aligned at right angles to the axis of the tensile stress to which the
blade would eventually be subjected. Methods of directionally solidifying
superalloys in such a way that the structures obtained formed a bundle of
longitudinally aligned columnar crystals were first described in 1966 by
B.J.Piercey and F.L. Versnyder of the United Aircraft Corporation. This
process, now known as directional solidification, resulted in an immediate
improvement in high temperature blade performance even without change in
alloy composition. Single crystal blades, which contained no boundaries, were
soon produced as a logical development of the directional solidification
concept. Because grain boundary strengthening additions such as hafnium
were no longer required in single crystal blades, and tended to interfere with
the perfection of their growth, single crystal turbine blades are now
manufactured from alloys which have very much simpler compositions than
the conventional casting alloys.

Cobalt-base high temperature alloys

While the British were using the 80/20 nickel-chromium resistance wire alloy
as a base for their first turbine blade material American manufacturers were
adopting a completely different approach to the problem of high temperature
alloy strength. The blades and other components of gas turbines used for
driving the superchargers of large piston engines had, for a considerable time,
been very effectively and economically manufactured by casting them from
cobalt chromium alloys.

Alloys based on the cobalt chromium system had originally been developed
by Edward Haynes. His original ‘Stellite’ alloy, which would ‘resist the
oxidizing influence of the atmosphere, and take a good cutting edge’ was
patented in 1909. Further improvements in hardness were obtained by
tungsten and/or molybdenum additions. Although originally intended for
dental and surgical instruments, the alloys soon found a considerable industrial
market when it was found that they could be used for heavy turning
operations. During the First World War they were used extensively by the
Allies for shell turning, and in 1918 approximately four tonnes a day of the
alloy were being cast. The Haynes Stellite Company was acquired by Union
Carbide in 1920, and the alloy Vitallium was developed in the late 1920s. This
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was successfully cast into turbine blades used to supercharge the engines of the
Boeing Flying Fortress.

The American engine manufacturers understood that no long-term future
existed for workable turbine blade alloys: the high alloying content needed to
achieve high temperature strength inevitably lowered the melting point of such
alloys and simultaneously reduced their workability, and it was illogical that an
alloy specifically designed to withstand creep failure at high temperature
should also be expected to undergo severe plastic deformation during
manufacture. From the very beginning of superalloy development, therefore,
turbine blades were produced in the United States by vacuum melting and
investment casting. The alloys employed were based on the cobalt chromium
system, being strengthened, not by the ‘gamma prime’ phase on which the
British nickel base alloys depended, but by the presence of substantial
quantities of stable carbides.

The way in which the high temperature capabilities of superalloys has
increased with time is illustrated diagrammatically in Figure 1.11. It is
significant that the safe operating temperature for the best single crystal alloys
is only marginally higher than that of directionally solidified material. In view
of the limitations imposed by the known melting points and oxidation
resistance of existing superalloys it seems unlikely that new alloys having high
temperature capabilities greatly superior to those currently available will be
developed. Improved gas turbine performance will, most probably, result from
the exercise of engineering rather than metallurgical ingenuity.

POWDER METALLURGY

Prehistoric iron must have been the first metal to have been consolidated from
a spongelike mass (see Chapter 2). The legend of Wayland the Smith, which
appears to date from the fifth century AD, obviously embodies a good deal of
the folklore on which the whole fabric of powder metallurgy has since been
erected. Various accounts describe him as making a steel sword by
conventional blacksmithing techniques, then reducing it completely to filings,
which were mixed with ground wheat, and fed to domestic geese or hens. The
droppings of these birds were collected, reheated in his forge, consolidated, and
then hammered into a sword. This again was reduced to filings and the
process repeated, the end product being a weapon of unsurpassed strength,
cutting power and ductility.

Apparently even the early smiths were aware that metallurgical quality
could be improved by subdivision, and that by repeating this process of
subdivision a product would be eventually obtained which would combine
hardness and ductility. The improvements which ferrous metallurgists have
attributed to the passage of steel filings through the alimentary canal of a
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domestic fowl are more difficult to account for, however, as it is difficult to
believe that this would reduce the phosphorous content of the metal to any
significant effect. It is possible, however, that the high ammonia content of bird
droppings might help to nitride the metal particles during the early stages of
consolidation, although in the absence of reliable confirmation of this effect it
seems logical to attribute the effectiveness of Wayland’s working approach to
the way in which it was able to progressively refine an initially coarse
metallurgical structure.

The use of powder metallurgy by Wayland the Smith was obviously one
approach to the problem which all swordsmiths have encountered: swords
which were strong and hard had a tendency to break in service, while those
which were free from this defect bent too easily and did not retain their cutting
edge. Wayland’s technique must have produced a refined crystal structure
which, like that which existed in Samurai blades, combined strength and
ductility with the ability to maintain a fine cutting edge. It provides an effective
demonstration of the ability of powder metallurgy to improve the quality of an
existing product even when the metals involved could, if required, be melted
together.

Powder metallurgical techniques were used in pre-Columbian times by the
Indians of Ecuador to consolidate the fine grains of alluvial platinum they were
unable to melt. These platinum grains were mixed with a little gold dust, and
heated with a blow pipe on a charcoal block. The platinum grains were,
therefore, soldered together by a thin film of gold and it was possible by this
method to build up solid blocks of metal which were malleable enough to
withstand hot forging, and were fabricated into items such as nose rings and
other articles of personal adornment.

Although platinum was a metal unknown to the ancients, fragments of this
metal and its congeners (elements belonging to the same group in the periodic
table) were unwittingly incorporated into many of the earliest gold artefacts
from the Old and New Worlds. The first important source of the metal was
Colombia on the north-western corner of South America. Here, the grains of
native platinum were regarded initially as the undesirable component of South
American gold mining operations. The identity of platinum as a new element
was recognized in 1750, by William Brownrigg. In 1754, William Lewis of
Kingston upon Thames found that the grains of platinum could generally be
dissolved in aqua regia, and that the ‘beautiful brilliant red powder’ now
known to be amino-platino-chloride was obtained when sal ammoniac was
added to the aqua regia solution. This precipitate, when calcined, decomposed
to provide a dark metallic powder which appeared to be pure platinum. No
satisfactory method of melting this platinum powder or sponge was found,
however. The first truly ductile platinum was produced in 1773 by Rome
Delisle, who found that if the platinum sponge, after calcination, was carefully
washed and then reheated in a refractory crucible it sintered to form a dull
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grey mass which could then be consolidated by careful forging at a good red
heat. The density of the mass changed, as a result of this treatment, from 10.05
to 20.12g/cm®. This was the first time that the high theoretical density of
platinum had been demonstrated.

This sintering process was described by Macquer in 1778 in his Dictionnaire
de Chimie, and in doing so he provided what is probably the first interpretation
of the scientific principles upon which powder metallurgy depends: ‘a metallic
mass quite compact and dense, but it completely lacks malleability when it has
been exposed to a moderate heat, and only assumes it when subsequently
subjected to a much greater degree of heat’. He goes on to report that:

Particles of platina being infinitely divided in the precipitation it is not surprising
that the heat penetrates such very small molecules more effectively than the
ordinary grains of platina which, in comparison, are of enormous size; and their
softening occurring in proportion, they should show the extraordinary effect on
their agglutination in the proportion of their points of contact; moreover, these
points being infinitely more numerous than can be those of much greater
molecules, solid masses result which have all the appearance of quite dense
metal, melted and solidified on cooling, but they are nothing but the result of a
simple agglutination among an infinite number of infinitely small particles, and
not that of a perfect fusion as with other metals.

This powder metallurgy route was subsequently refined and applied by
William Hyde Wollaston who in 1800 at the age of thirty-four retired from
medical practice and decided to make his fortune by producing and selling
ductile platinum on a commercial scale. Wollaston was a friend of Smithson
Tennant, who between 1803 and 1804 had shown that the black residue which
was left behind after native platinum had been dissolved in aqua regia contained
the two hitherto unknown noble metals, osmium and iridium. The presence of

Figure 1.11: Improvement in the high temperature capabilities of nickel based
superalloys improved since their introduction in 1940. The strongest wrought
alloy to be developed was Nimonic 115 which was introduced in 1960. Stronger
alloys could not be worked, and cast alloys were then introduced. These were
subsequently improved, firstly by directional solidification and finally by turning
them into single crystals

The upper curve on the diagram shows how the solidus of the workable alloys
began to decrease rapidly as the alloys were progressively strengthened by
alloying. By 1960 the gap between the melting point of these alloys and their
working temperature capability had decreased to about 100°C. It was found,
however that single crystal alloys could be based on very simple compositions,
since no alloying additions were required to impart grain boundary strength. As
these alloys developed, therefore, their melting points began to increase, thus
providing a much needed margin of high temperature safety.
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the noble metal palladium in the soluble fraction was demonstrated by Wollaston
m 1803, and he announced the discovery of another noble metal, rhodium, in
the following year. Ruthenium, the sixth and last member of the platinum group
was identified by Claus in 1844.

Wollaston’s process of platinum production was probably the first to utilize
a chemical extraction and refining process so controlled that it produced pure
fine metallic powder which was specifically intended for consolidation by the
powder metallurgical method. He soon became well known for the high
quality and ductility of the platinum he produced in this way. In the early
years of the nineteenth century, large quantities of platinum were needed for
the construction of items of chemical plant such as sulphuric acid boilers.
Between 1803 and 1820, Wollaston produced about 7000 ounces (197kg) of
ductile platinum for sulphuric acid boilers alone.

Platinum deposits were discovered in the Ural mountains in Russia in 1819
and rich alluvial platinum deposits were found in 1824. In 1825, deposits at
Nizhny Tagil north of Ekaterinburg (Sverdlovsk) were found to yield 100
ounces of gold and platinum per ton (3.6kg per tonne) of gravel, and Russian
platinum continued to satisfy the world’s demands until 1917, when political
changes encouraged the extraction of this metal from the nickel deposits at
Sudbury, Ontario (see p. 98). In 1924 platinum was discovered by Dr Hans
Merensky in a South African reef near Rustenburg in the Transvaal, now
known to be one of the world’s richest platinum deposits. Vast quantities of
copper, nickel and cobalt, and also gold and silver, are also associated with the
rich metalliferous vein.

The very large cupro-nickel ore deposits discovered at Jinchuan in Ganzhou
Province in China in 1958 also contain considerable quantities of both gold
and platinum. Rich palladium-platinum deposits have also been found in the
Mitu area of Yunan Province which is only about 80km (50 miles) away from
the nearest railway line and is therefore capable of being rapidly developed.

Powder metallurgy in electrical engineering

The first critical metallurgical requirement of the electrical engineers was a
lamp filament which was more robust and could run at higher temperatures
than the carbon filament of Edison (see Chapter 6). By the end of the
nineteenth century it was appreciated that the light emitted by an incandescent
filament varied as the twelfth power of its temperature. The most efficient
lamp, therefore, was that which could operate at the highest possible
temperature, and attention was concentrated upon the melting points of the
most refractory metals then known. These melting points reached a peak at
tungsten. Rhenium and technetium were unknown at that time and hafnium
and zirconium had never been made in pure metallic form.
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Osmium, however, was known to have a high melting point and could
readily be produced as an exceedingly pure finely divided powder. The use of
osmium as a light filament material was first proposed in 1898 by Welsbach,
ironically the inventor of the incandescent gas mantle.

The ‘Osmi’ lamp, first produced in Berlin, although more economical in
operation than the carbon lamp was more expensive and rather delicate. It was
soon overtaken by the tantalum lamp which was introduced by Siemens and
Halske of Charlottenburg in 1903. Although the melting point of osmium,
3050°C, was marginally higher than that of tantalum at 2996°C, the latter
metal had the tremendous practical advantage of being ductile so that it could
readily be drawn into fine wire. Ductile tantalum was first produced in 1903
by W. von Bolton. The gaseous contaminants in the nominally pure tantalum
sponge were removed by melting buttons of the metal under high vacuum
conditions. The prototype vacuum furnace used by von Bolton for this work is
shown in Figure 1.12. These arc furnaces had water-cooled metal hearths, and
were so successful that scaled-up versions were designed and used by Kroll
during the Second World War for melting titanium (see p. 143). The tantalum
lamp met with great and virtually instantaneous success. Between 1905 and
1911 over 103 million tantalum lamps were sold.

Tungsten, which melted at 3422°C, was of course the ultimate lamp
filament material, although tremendous practical difficulties were initially
encountered i producing ductile tungsten wire. The first tungsten filaments,
produced in 1904 by a squirting process similar to that used for the osmium
filaments, produced a great deal more light than carbon filament lamps, but
they were brittle and expensive. The process was developed by Just and
Hanamann in 1904 at the Royal School of Technology in Vienna and lamps
were produced in Britain from 1908 in the Hammersmith Osram-GEC Lamp
Works, although the operation was never a commercial success.

Ductile tungsten filaments were first produced by W.D.Coolidge of the US
General Electric Company at Schenectady in 1909. The process he patented in
1909 is still used. Fine tungsten powder was pressed into bars about one square
inch in cross-section. These bars were then sintered by heating them electrically
in a pure hydrogen atmosphere to temperatures approaching their melting point.
They were then reduced into wire by a process of hot fabrication within a well
defined range of temperatures so that a fibrous structure was gradually
developed within the rod or wire. See Figure 1.13. The Coolidge tungsten wire
process was the first to make extensive use of the newly developed rotary
swageing machine. Swageing was continued until the bar had been reduced to
rod about 0.75mm in diameter. This was then hot drawn to wire through
diamond dies. By 1914, over 100 million lamps had been sold in the United
States alone, and manufacturing licences had been granted by the US General
Electric Company to most of the developed world. The trade name Osram, first
used by the Osram Lamp Works in Berlin, derives from the words osmium and
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Figure 1.12: The vacuum arc furnace first used in 1902 for the production of
ductile tantalum. The pressed powder pellet, weighing 80-100g was melted on a
water cooled nickel hearth by a direct current arc of 50-300 amperes. During
melting, pressure in the furnace chamber increased from 5 x 10° to 5 x 102 mm
of Hg. This process was devised by Dr W. von Bolton of the Charlottenburg
lamp factory of Siemens and Halske. He was assisted in this development by the
engineer Otto Archibald Simpson and also by Dr M.Pirani who later invented
the thermal conductivity vacuum gauge.

Between 1903 and 1912 more than 60 million tantalum lamps were produced at
Charlottenburg. For this about one ton of vacuum melted tantalum was processed.
The furnace diagram shown here was first published by Dr Pirani in 1952.
Courtesy Vacuum.

wolfram. After 1909 it became associated with those lamps using drawn tungsten
filaments made in accordance with GE patents.

After about 1913 ductile tungsten, and then ductile molybdenum, became
the dominant materials of the electrical industry. When tungsten contacts were
introduced the reliability of motor-car ignition systems improved considerably.

The Coolidge X-ray tube, introduced in 1913, had a tungsten target and
was the first to permit the long exposures required by the new technique of X-
ray crystallography.
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Between the wars, most of the serious metallurgical research in Great Britain
was undertaken by firms such as Metropolitan Vickers, GEC, Telcon, Standard
"Telephones and the major cable companies. Bell Telephones, the US General
Electric Company and Westinghouse exercised a similar influence in the United
States. The influence of Siemens and Heraeus in Germany, and the Philips
Laboratories at Eindhoven was equally profound. The healthiest and most
vigorous offspring of this marriage between metallurgy and electrical technology
was the sintered carbide industry which must, by any standards, be regarded as
one of the major metallurgical innovations of the twentieth century.

SINTERED CARBIDE CUTTING TOOLS

Tungsten wire had to be hot drawn, and the deficiencies of the steel dies which
were first used to reduce the diameter of the hot swaged tungsten rod to the
dimensions of wire which could be handled by diamond dies soon became
apparent. Tungsten carbide seemed to fulfil most of the characteristics of the
material required. The extremely hard carbide W,C had first been prepared by
Moissan in 1893 when he fused tungsten with carbon in his electric furnace.
Sintered carbides were first produced in 1914 by the German firm of
Voigtlinder and Lohmann. These compacts, which were rather brittle, were
produced by sintering mixtures of WG and W, C at temperatures close to their
melting point.

As Moissan had shown, tungsten carbide could be melted and cast from an
electric arc furnace. Cast tungsten carbides dies were produced by this method
before 1914 by the Deutsche Gasgliihlicht Gesellschaft, although the cast
product had a very coarse grain size and the dies were again very brittle. By
1922 Schréter of the Osram Lamp Works in Berlin had shown that tungsten
carbide, sintered in the presence of a liquid cement could be very tough. The
three metals, iron, cobalt and nickel all provided a satisfactory molten cement,
although cobalt provided the best combination of hardness and toughness.

The new sintered alloy was rapidly adopted in Germany for the
manufacture of wire drawing dies and between 1923 and 1924 was used and
sold by the Osram Group under the trade name Osram Hartmetall for wire
drawing and also for cutting tools. Friedrich Krupp AG of Essen were granted
a manufacturing licence for this exciting new sintered product in 1925 and
introduced the first successful sintered cutting tools to the world in 1927. Widia
(wie Diamant =like diamond) consisted of tungsten carbide powder sintered
together with a cement consisting of about 6 per cent cobalt. It was exhibited
in 1927 at the Leipzig Fair, where its ability to machine cast iron at unheard-of
speeds was demonstrated. A.C.Wickman of Coventry acquired the sole rights
to import Widia and sell it in the United Kingdom. In association with
Wickman, Krupps started to manufacture tungsten carbide in Britain in 1931.
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Krupp, originally the major shareholder in the Tool Manufacturing Company,
eventually became the sole owner. When the Second World War started in
1939, A.C.Wickman took over control of the factory and changed its name to
Hard Metal Tools Ltd. Manufacturing licences to produce sintered carbides
had by the mid-1930s been granted by Krupp to British firms such as BTH
Ltd, Metro Cutanit, Firth Brown Tools and Murex Ltd.

The American General Electric Company acquired the sole American rights
to the Widia process in 1928 and issued many manufacturing licences. From
this operation emerged nearly all the well-known proprietary grades of carbide.
In order to circumvent the German patents, firms such as Fansteel attempted in
1932 to introduce tantalum carbide tools which were sintered with nickel
rather than cobalt. Such materials were inferior in toughness to the cobalt
bonded composites and were never very successful.

Other powder metallurgical innovations

Other products of the powder metallurgy industry, which began to develop very
rapidly after 1910, are too numerous to describe exhaustively. Sintered porous
self-lubricated bronze bearings were introduced by the American General Electric
Company in 1913, and this was followed by sintered metallic filters, first
produced by the Bound Brook Oilless Bearing Company in 1923. Powder
metallurgy was also used to produce a variety of magnetic alloys, since it was
found that fine powders of metals such as iron, cobalt and nickel could be
cheaply produced in a high state of purity by chemical methods. Such powders
could be fully or partly consolidated into any desired shape by powder
metallurgical methods without the contamination inevitably associated with
conventional melting and alloying procedures. Permalloy, a very soft ironnickel
magnetic powder, was developed in 1928 by the Bell Telephone Laboratories. In
the 1940s when the domain theory of magnetization suggested that very fine
powders could be used to produce permanent magnets of very high coercive
force some very elegant powder metallurgical techniques were developed.

Figure 1.13: The ductile tungsten wire, first produced by Coolidge of the General
Electric Company of Schenectady in 1909 was obtained from bars of tungsten
sintered in apparatus similar to that illustrated. After a preliminary low
temperature sintering process, pressed bars of tungsten powder about in square
crosssection were gripped between water-cooled copper electrodes. The lower
electrode floated on a bath of mercury to allow for the considerable shrinkage
which occurred as the bar sintered. The apparatus was then capped by the water
cooled copper bell shown, and all air purged from the vessel by a flowing current
of hydrogen. Sintering was accomplished by passing a heavy alternating current
through the bar so that its temperature was raised to about 3300°C. Bars thus
sintered were then hot worked by rotary swageing and finally drawn to wire in
diamond dies.

137



PART ONE: MATERIALS

Powder metallurgy also made it possible to produce, merely by mixing the
appropriate powders, a whole range of composite materials which could have been
manufactured in no other way. In this way a whole generation of new electrical
contact materials was developed between the wars. These included, for example,
composite contacts which incorporated insoluble mixtures of silver and nickel,
silver and graphite, silver-tungsten, copper tungsten and, probably the most
mmportant, silver-cadmium oxide. The last formulation is still widely employed
because it combines the low contact resistance of silver with the ability of cadmium
oxide to quench any arcs formed when the contacts open under load.

The compaction of powdered metals

As in the time of Wollaston, metal powders are still compacted in steel dies
since this is generally the cheapest and most convenient method of producing
large quantities of components on a routine basis. The technical limitations
imposed by die wall friction are generally accepted and various expedients
have been devised to obtain more uniformly pressed components and to
reduce the incidence of interior cracking caused by concentrated internal
stresses in the compact.

Considerable difficulties were encountered, however, in the early years of
the powder metallurgy industry when the production of larger and more
complex components was attempted. It was then appreciated that such
products would most effectively be compacted under a pure isostatic pressure
but it was not until 1930 that F.Skaupy devised a method of hydrostatic
pressing which was simple, cheap and industrially acceptable.

Figure 1.14 illustrates a typical arrangement which was used for pressing
relatively thin-walled tungsten carbide tubes, an operation which would not
have been feasible in a conventional steel die. The carbide powders were
contained in a sealed rubber bag, which was then subjected to hydrostatic
pressure from a fluid pumped into the pressure vessel shown. The shape and
configuration of the powder compact was ensured by the use of polished steel
tubes which were so arranged that they allowed the working fluid to act on the
compact from all directions. Compacts with high pressed densities and low
internal stresses were thereby obtained. With arrangements of this type,
compaction pressures of the order of 9250 bar (60 tons per square inch) could be
safely utilized. Pressures in a steel die were usually limited to about 2300 bar (15
tons per square inch) to avoid the formation of internal cracks in the compact.

In the years immediately after the Second World War it was established by
organizations such as the Nobel Division of ICI that large metallic compacts
could be effectively compacted by surrounding them with a uniform coating of
high explosive which was then detonated within a large bath of water. This
technique was among those investigated for the consolidation of large ingots of
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Figure 1.14: The first satisfactory method of consolidating metal powders under a
hydrostatic pressure devised by F.Skaupy in 1930.

titanium from the sponge then being produced by the Metals Division of ICIL.
The explosive approach, though versatile, is expensive and not well suited for
routine manufacture, although its value in the research and development area
has been amply demonstrated. Isostatic pressing is now widely employed for
the manufacture of smaller components: vast quantities of pressings such as the
alumina insulators of sparking plugs are economically produced in this way.

In 1958 the Battelle Memorial Institute of Columbus, Ohio, began to
modify and improve the isostatic pressing process so that it could be used to
consolidate metal powders at high temperatures. See Figure 1.15. Laboratory
gas pressing equipment was developed which allowed metals, alloys and
ceramics to be consolidated in metal capsules at temperatures up to 2225°C
and pressures up to 3900 bar (25 tons per square inch). The commercial units
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Figure 1.15: The technique of hot isostatic pressing, introduced in 1960 by the
Battelle Memorial Institute is shown in the second diagram. In this approach the
metal or alloy powders are poured into shaped sheet metal cans which are
subsequently evacuated and sealed by welding. The can and its contents are then
subjected to the combined effects of heat and an external pressure of an inert gas
in a cold-walled autoclave. The hot isostatic pressing ‘HIP’ process is now
widely employed, particularly for consolidation of complex shapes from
superalloy powders.

available in 1964 operated at similar temperatures, although routine operating
pressures were limited to about 1100 bar (7 tons per square inch). Pressing was
accomplished in a cold wall autoclave, with the furnace used for heating the
compact enclosed within this chamber and thermally insulated from it so that
the chamber walls remained cold. The unit was pressurized with an mert gas
such as argon. HIP (hot isostatic pressing) is now extensively used to compact
either one very large component or a multiplicity of relatively small specimens.
Units with an ability to consolidate components up to 22 inches in diameter
and 108 inches long (56cmx274cm) were being used in the USA in 1964 and
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much larger facilities are now providing routine service throughout the world.
‘Hipping’, as a metallurgical technique, is no longer confined to powder
metallurgy. Many critical and expensive castings such as those used for gas
turbine blading are routinely processed in this way to seal up and eliminate any
blowholes or other microscopic defects which might possibly be present.
Higher operating pressures are now available; the economics of the process are
largely dictated by the fatigue life of the pressure vessel.

TITANIUM AND THE NEWER METALS

Titanium was first produced in metallic form i 1896 by Henri Moissan, who
obtained it by electric furnace melting. His product, being heavily contaminated
by oxygen, nitrogen and carbon, was very brittle. In the early years of the
twentieth century ferro-titanium alloys were widely used for deoxidizing and
scavenging steel. Metal containing less than 1 per cent of impurities had been
made, however, and such material had a specific gravity of only 4.8g/cm® The
metal had a silvery-white colour and was hard and brittle when cold, although
some material was forgeable at red heat. Widely varying melting points were
initially reported, although work by C.W.Waidner and G.K.Burgess at the US
Bureau of Standards indicated that the true melting point was probably between
1795° and 1810°C. The extraordinarily high affinity of titanium for nitrogen was
noted in 1908 and this led to a number of proposals that the metal could be used
for the atmospheric fixation of nitrogen. It was claimed that the titanium nitrides
reacted with steam or acids to produce ammonia.

Pure ductile titanium was first produced at the Schenectady Laboratories of
the General Electric Company in 1910 by M.A.Hunter, who reduced titanium
tetrachloride with sodium in an evacuated steel bomb. This approach was used
for a considerable time for producing small quantities of relatively pure
titanium for experimental purposes.

Titanium of very high purity which was completely ductile even at room
temperature was first made in 1925 by Van Arkell and De Boer who prepared
pure titanium iodide from sodium reduced titanium and subsequently
decomposed this volatile halide on a heated tungsten filament. It had a density
of 4.5g/cm?, and an elastic modulus which was comparable to that of steel. For
the first time titanium was seen as a promising new airframe material which
was free from many of the disadvantages inherent to beryllium.

W.J.Kroll began to work on titanium in his private research laboratory in
Luxembourg in the decade before the Second World War, using an approach
which was identical in principle with that employed by Wahler in his work on
aluminium in 1827 (see p. 102). He found that the metal obtained by reducing
titanium tetrachloride with calcium was softer and more ductile than that
obtained from a sodium reduction, and applied for a German patent for this
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Figure 1.16: This cell was used by W,J.Kroll in 1940 to obtain ductile titanium by
reacting titanium tetra-chloride with molten magnesium. This approach, which
was developed during the war years by the US Bureau of Mines, was soon
generally adopted as the most feasible method of producing titanium on an
industrial scale. Much of the titanium now being made is reduced to metallic
form by sodium rather than by magnesium.

process in 1939. High purity calcium, however, which was required with a
low nitrogen content, was an expensive commodity. Kroll found that
titanium tetrachloride could be very effectively reduced by pure magnesium,
which was cheap and readily available. Details of Kroll’s magnesium
reduction process were first published in 1940 in the Transactions of the
Electrochemical Society of America. By this time Kroll had left Europe to
join the United States Bureau of Mines.

A simplified version of the reaction vessel in which magnesium reduced
titanium was first obtained is shown in Figure 1.16. Liquid titanium
tetrachloride was dropped on to a bath of molten magnesium held between
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850° and 950°C in the molybdenum container at the bottom of the cell. Once
the reaction started no further heating was required, and the temperature was
controlled simply by adjusting the rate at which titanium chloride was fed into
the reaction vessel. The product of the reaction was titanium sponge, which
built up in the reaction vessel. Apart from the small quantities of iodide
titanium produced by the Van Arkell process, Kroll’s magnesium reduced
titanium was the first which had shown a high degree of room temperature
duclity.

Titanium is the fourth most abundant metal in the earth’s crust, after
aluminium, iron and magnesium. The most valuable deposits are those based
on the minerals rutile and ilmenite, first found in the Ilmen Mountains of the
USSR. The US Bureau of Mines research programme was imitially concerned
with the exploitation of the large ilmenite deposits in North Carolina. The
Kroll process as first developed was based on powder metallurgy. The sponge,
after careful washing and purification was crushed, sieved and consolidated in
steel dies. The pressed ingots so obtained were vacuum sintered, after which
they were worked, either by hot or cold rolling. It was found, however, that the
titanium powder did not consolidate very well. Pressures of the order of 4650-
7725 bar (30-50 tons per square inch) were required to produce components
having a density high enough for effective sintering, and large components
were not obtainable from vacuum sintered bars.

By the early 1940s it was known that the true melting point of titanium,
approximately 1670°C, was well below the level of earlier estimates. Even so,
titanium could not be melted by conventional methods, since it reacted
strongly with all known refractories. This was a problem which von Bolton
had encountered and solved with tantalum in 1903. The trick was to melt the
metal on a water-cooled crucible with an electric arc. When, in 1940, Kroll
adopted this approach, he found that titanium could be readily melted on a
water-cooled copper hearth, providing the non-consumable tungsten electrode
he used was made the cathode. Such furnaces have now been superseded by
large consumable electrode furnaces capable of producing titanium ingots
weighing many tonnes.

Titanium has been commercially available, in pure and alloyed form, for
over forty years, although a mass market has not yet developed. Titanium
alloys are beginning to find a place in the construction of new supersonic
aircraft, but as a constructional material, titanium suffers from one insuperable
defect: an allotropic change in structure occurs at 882°G and even the best and
strongest alloys begin to weaken catastrophically at temperatures above 800°C.
Titanium is therefore unlikely to become a high temperature material.
However, the corrosion resistance of pure titanium is comparable to that of
stainless steel, and this should eventually result in its wider usage in the
chemical industry. It is extremely resistant to prolonged exposure in sea water
and, being resistant to both cavitation—erosion and corrosion—fatigue, has
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found many applications in shipbuilding and marine technology. The possible
use of titanium for the construction of deep-water submarines has recently
attracted much attention. Submarine hulls, like all thin shells, fail by
compressive buckling at extreme depths. By constructing the hull from
titanium rather than steel, the outer shell can be doubled in thickness without
serious increase in weight, thus permitting safe descent to considerably greater
depths without danger of collapse.

Thin adherent films of oxide develop on the surface of titanium when
exposed to air even at ambient temperatures, and this accounts for the metal’s
resistance to corrosion which can be greatly improved by anodization. Many
proprietary anodizing processes have been developed for titanium and its
alloys, and these are widely used for the application of coatings resistant to
both corrosion and abrasion. The films developed on titanium are roughly
proportional in thickness to the anodization voltage applied. Since they are
transparent, interference colours are formed as the film thickness increases, and
this allows for the selective and intentional production of very attractive colour
effects, which are widely used, particularly on titanium costume jewellery.
Anodized pictures can also be painted on titanium sheet by a cathodic brush
supplied with an appropriate electrolyte. A potential controlled power source is
connected to the brush so that any desired colour can be readily selected.

Because of its lightness, stiffness and abrasion resistance, thin anodized
titanium sheet is now the preferred material for low inertia camera shutters.
Titanium electrodes are employed in those cathodic protection systems used to
inhibit the corrosion of ships and other marine structures immersed in sea and
brackish waters. Here the anodes consist of a core of titanium supporting
externally a thin layer of platinum. This combination permits the safe
discharge of very heavy currents to the sea-water at voltages which are well
below those likely to break down the anodized layer on the titanium.

NIOBIUM

Niobium was one of the last new metals to emerge into the industrial arena. It
resembles in many ways its sister metal tantalum, although it has several
unique characteristics which it was felt, in 1960 when the metal first became
commercially available, would allow it to assume a far more important role in
the technologies which were then emerging. Niobium, it was then believed,
being a perfectly ductile refractory metal with a density only half that of
tantalum, would provide a basis for the development of a new group of high
temperature alloys, capable of operating effectively at temperatures far in
excess of those which nickel-base alloys could resist. Niobium also had unique
superconducting characteristics. The hard superconducting alloys such as
niobium-tin and niobium-titanium had transition temperatures very much
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higher than those of the alloys hitherto available and it was felt in the 1960s
that such materials would soon be needed in large quantities for constructing
the magnets needed for the magneto-hydrodynamic generation of electrical
power. The third unique characteristic of niobium was its low neutron cross-
section, only about 1.1 barn per atom. In 1960, therefore, it was also
considered that niobium would be required in large quantities as a fuel canning
material in the new generation of atomic reactors.

Unfortunately, however, no large-scale industrial applications for niobium
emerged, in spite of a prodigal expenditure of money, enthusiasm and
research ingenuity. Superconducting alloys were never required in significant
quantities after the magneto-hydrodynamic approach to power generation
was abandoned, and the role for niobium as a canning material for fuel
elements disappeared when it was found that stainless steel was perfectly
adequate. Interest in the prospects of niobium and its alloys as high
temperature materials began to fade rapidly after 1965 when it became very
clear that they had no inherent resistance to oxidation, and could not be
relied upon to function in the hotter regions of the gas turbine even if
protective coatings could be developed.
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W.XK.V.GALE

INTRODUCTION

Iron and steel are an essential feature of the industrial civilization in which we
live. They were largely responsible for it, and they remain an indispensable
part of it.

The metal iron, which is derived from one or other of several
naturallyoccurring ores, can be made to take on different characteristics
according to the way it is processed. It has the useful property of being able to
combine with other elements to produce an alloy, and a small quantity of some
elements will have remarkable effects on its properties. Steel, which is itself a
form of iron, can exist in even more forms, all having different chemical or
physical properties, or both, and some properties can be varied considerably
without changing the chemistry. Thus carbon steel (an alloy of iron with a
small amount of carbon) can be soft enough to be cut by a file, hard and
brittle, or hard and tough. Which of these states is obtained depends on how it
is processed. A simple tool like a metal-cutting chisel, for example, must be
hard at the cutting end, but not so hard that it breaks. At the other end, where
it is struck by the hammer, it must be soft, so that there is no risk of pieces
breaking off and perhaps injuring the user. By heat treatment (very careful
heating to a chosen temperature and then cooling) the chisel is made hard at
one end and gradually getting softer towards the other.

Steels, like other metals, have some strangely human characteristics, too.
They can be toughened up and have their strength increased by hard work
(that is by subjecting them to external forces such as squeezing them between
rolls, hammering them, or stretching them by machinery). But if they get too
much work they suffer from fatigue. In the end they will break, unless they are
given a rest and subjected to processes which remove the fatigue. Other steels
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are extremely strong and will put up with a tremendous amount of hard work.
Three fundamental types of iron are used in commerce: wrought iron (the
oldest, historically, but now virtually extinct, although some decorative
metalwork is incorrectly described as wrought iron); cast iron (the next in age
and still in use); and steel (the youngest historically).

It was man’s ability to make and use tools that first distinguished him from
other animals, and iron was crucial in this respect. Other metals were used
before iron, the most important being bronze (see pp. 57-67) but when iron
came on the scene it gradually took over, since it is better, stronger and more
abundant. It was a very good material for weapons as well. Given weapons for
the hunt man was assured of food, and the same weapons gave him some
protection against his natural enemies. With tools he could more readily cultivate
crops and prepare his food, clothes and shelter. So he gained a security which
could never have been his had he relied on his hands alone. With this security
the human race was able to settle and develop; as it did it found a greater need
for tools, and it discovered, too, a multiplicity of new uses for iron.

As the art of ironworking progressed it became possible to harness natural
forces more effectively. A windmill or waterwheel could be made of stone or
brick and timber (although metal tools were needed to build it), but when
ways were found to use the power of steam only metal was strong enough for
the machinery involved. And if iron made steam power practicable—and with it
the industrial revolution—steam made possible the production of iron on an
industrial scale and turned a domestic craft into an important industry. The
demand for iron increased as well, for the availability of mechanical power
brought a boom in the demand for machinery. Iron, steam power and
machinery all helped each other; more of one meant more of the other two.

WROUGHT IRON: THE PREHISTORIC ERA TO AD 1500

Iron has been made for at least 4000 years. The discovery may well have been
accidental and have been made in several different places over a long period.
Throughout history iron has been produced from naturally-occurring iron
ores. Very small amounts of iron—more accurately, a natural alloy of iron and
nickel-have been found as meteorites, and they were hammered out into
useful shapes, but the quantities were so small that meteoric iron has never
been more than a curiosity. Specimens can be seen in some museums. Most
iron ores—there are several varieties—are a dusty reddish-brown rock, though
some are darker in hue, almost black or purple. Iron is the fourth most
abundant element in the world, and reddish-coloured earth gives a clue to its
presence. The red soil of Devon, for example, shows that iron is present,
though in fact the few ores there are not rich enough to be worth working.
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Iron ores are all, basically, a chemical mixture of iron and oxygen (iron
oxide), with small quantities of other elements, and as found in the earth they
also have varying amounts of contaminants such as clay, stone, lime and sand
mixed with them. Some of the impurities are easily removed; others are more
difficult, and many of the important inventions in the history of iron and steel
have been connected with the removal of impurities.

Iron ore is an oxide because iron has a strong affinity for oxygen and there
is always a supply of oxygen available in the air. If metallic iron is left exposed
to the air it will slowly become an oxide again: it will rust. Fortunately for the
ironmaker, carbon has an even greater affinity for oxygen than iron. If iron ore
is heated strongly in contact with carbon, the oxygen and carbon will unite to
form a gas, which burns away, leaving the iron behind. That is the basis of
iron ore conversion into iron—reduction or smelting.

One of man’s earliest technical achievements was to make fire, and it could
be that when a fire was started—for protection, warmth and cooking—
somebody noticed a change in the nature of the stones used to surround and
contain the fire. If two of the stones were banged together, they gave off a dull
sound and did not crack or splinter: the charcoal (which is a very good and
pure form of carbon) of the wood fire, urged perhaps by a strong wind, had
reduced to iron some of the stones, which were actually iron ore. It would not
be long before somebody had the curiosity to try other likely-looking stones
round the fire, then it would only be a matter of time before somebody tried
hammering one of the changed stones while it was red hot. He would find that
he could beat it out into useful shapes which, when cold, were strong and did
not break or bend easily. By hammering the material into, say, a knife or a
spearhead, and rubbing the point on a rough stone to sharpen it, our early
experimenter could make a much better tool or weapon than he had ever had
before. Such speculation is justified in the absence of known facts. At all
events, ironmaking had spread to Europe by about 1000 BG from the Middle
East, where it apparently began much earlier.

At first, and for many centuries, the equipment used was very simple and
the production of iron extremely small. A group of men working for several
hours could only make a piece of iron perhaps not much bigger than a man’s
fist, and weighing no more than one or two kilograms. But the trade of
ironmaking had started, and villages began to get their ironmakers—just as
they had their millers, potters and weavers—wherever iron ore could be found.
In those parts of the world where there was no iron ore, traders began to take
iron goods to exchange for other products and international trade in iron
began to spread. Iron was still scarce, however, and used only for such things
as tools and weapons.

The product made by the early workers in iron was wrought iron. Pure iron
as such is only a laboratory curiosity and has no commercial use, but wrought
iron is quite close to it. It has a fibrous structure: if a piece of wrought iron is
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nicked with a chisel on one side and then hammered back on itself it will tear
and open out to show a structure that looks very much like that of a piece of
wood. Wrought iron can be shaped by hammering it while it is hot (or in later
years by passing it between rotating rolls) and if two pieces at the right
temperature are hammered together they weld into one piece. It is possible to
melt wrought iron but of no practical value, so it was never melted in practice:
the iron was converted, or reduced, directly from the ore in what is therefore
termed the direct reduction process.

The early equipment used to make wrought iron was as simple as the metal
itself, consisting of a small furnace, heated by charcoal and called a bloomery,
hand- or foot-operated bellows to blow the charcoal fire, and some tongs to
hold the hot metal while it was forged into shape. Bloomeries varied in shape
and size, though they all functioned in the same way. They were made of clay,
which would resist the heat of the fire. Charcoal was lighted inside the
bloomery and then, while a continuous blast of air was kept up by the hand or
foot bellows (the operators taking turns), more charcoal and some iron ore
were fed in by hand through a small aperture in the top. As the oxygen in the
ore united with the carbon of the charcoal it became a gas, which burned off at
the top of the bloomery as a light blue flame. After a few hours all the oxygen
had gone from the iron ore, and a small, spongy ball of iron, the bloom from
which the bloomery took its name, remained. Then the front of the bloomery
was broken open and the bloom was raked out and taken to an anvil for
hammering to whatever shape was required. In common with workers in other
trades, ironworkers relied on their practical skills, not on theoretical
knowledge. Apprentices learned from their masters, or their own experience,
how to judge when the bloom was ready inside the enclosed furnace, or how
to choose the best ores from their appearance. Such craftsmanship was the
basis of their operations until comparatively recent years, when scientific
methods took over.

The bloomery could never have been operated on a large scale, even if
mechanical power had been available. Some modifications were made to the
process in some parts of the world and sometimes a waterwheel was used
mstead of manpower to work the bellows. Individual bloomery outputs grew a
little, too, but no essential change in technology occurred in the three thousand
years up to the fifteenth century AD.

CAST IRON: 1500-1700

The blast furnace, introduced near Liége in what is now Belgium some time
towards the end of the fifteenth century, reached Britain by about 1500 and
spread slowly throughout Europe. Eventually it came to be used all over the
world, as it still is.
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Externally the blast furnace looked like a short square chimney, standing
straight on the ground. It was built of brick or stone—whichever happened to
be available on the particular site—and internally it had a lining of bricks or
stones chosen for their ability to resist fire. The furnace, at 3-5m (10-16ft) tall,
was much bigger than anything used previously for ironmaking, though still
tiny by today’s standards.

The blast furnace brought several changes, technical, economic and social.
"Technically it introduced a new product, cast iron, an alloy of iron and carbon
which, unlike wrought iron, is quite easily melted. When molten it will flow
into a cavity where it solidifies to produce a faithful copy of the mould. It can,
in short, be cast—hence the name—and moulds can be made in sand or certain
other materials to produce simple or complicated castings as required. Cast
iron is very different from wrought iron. It is strong in compression—that is, it
will support heavy loads resting on it—but it is comparatively weak in tension—
it will not carry heavy loads suspended from it. In addition it is relatively
brittle and cannot be forged or shaped by hammering, so its uses were limited
in comparison with wrought iron. But cast iron could be made in much larger
quantities in the blast furnace, and it can be converted into wrought iron by a
second process, so the needs of the market were met.

A blast furnace, like a bloomery, needs a continuous blast of air to keep the
fire burning, but its greater size demanded mechanical power to work the
bellows. This meant, at the time, a waterwheel, and blast furnaces were built
alongside streams where water was available. Nature does not always put
streams and rivers close to deposits of iron ore—and blast furnaces needed
both, plus forests to provide timber for making charcoal. One district in Britain
which had all these requirements was that part of Surrey and Sussex known as
the Weald, and it was also close to an important market, London. The iron
trade became important there, and many signs of its former importance
survive in place names like Furnace Mill or Farm, Forge Wood, Minepit Field
and Hammer Brook. Several of the old waterwheel ponds remain, some of
them now used for commercial watercress growing.

Economically the introduction of the blast furnace meant that ironmaking
took the first real steps towards becoming an industry as distinct from a craft.
It also brought about a change in the organization of the trade. A bloomery
worker needed little more than his skilled knowledge: everything else he
required to work his furnace he made himself. Stonemasons and bricklayers
were needed to build and maintain a blast furnace; millwrights were necessary
to make the waterwheels and keep them in repair, and numbers of other
specialized workers were also required. All this called for a new type of
organization, and investment. Some landowners were able to finance the
building of blast furnaces themselves; otherwise groups of men formed
partnerships, sharing the funding and the profits. Partnerships in business were
not new, but they were novel in the iron trade.
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The blast furnace also brought about social change. It had to work
continuously, twenty-four hours a day, seven days a week, and the workers
had to be organized accordingly. Two teams of men, each working twelve
hours, were needed to operate the furnace, so shift working, now general in
many industries became common. These men would have to adjust their home
lives to a programme which meant that sometimes they worked all night and
at other times all day.

The blast furnace was in some respects like a bloomery (though much
bigger) and it still used charcoal as its fuel. The major difference was that,
because the furnace operated at a higher temperature and the ratio of charcoal
to ore was greater, the iron absorbed a greater amount of carbon; therefore it
produced, instead of a spongy piece of wrought iron ready for forging, molten
cast iron. This was allowed to accumulate in the bottom (or hearth) of the
furnace and taken out, or tapped every twelve hours or so. The molten iron
was allowed to run into channels moulded in a bed of sand, where it solidified.
To produce pieces a man could lift, a main channel was made, with others
branching off it at right angles and from these a number of short, dead-ended
channels branched off again, looking from above not unlike a number of
combs. The side channels also looked, some people thought, like a litter of pigs
lying alongside a sow: pig iron is now made by machine, but the individual
pieces are still called pigs.

As the charcoal and iron ore were used up in the furnace, more were tipped
in at the top. The earthy materials and other rubbish mixed with the iron ore
also melted and, being lighter than the molten iron, floated on top of it; they
were also run off at intervals. Some limestone was also charged into the
furnace, along with the iron ore and charcoal, to act as a flux, that is, to
combine with the waste materials and help to form a molten waste called slag.
At first, and for very many years, slag had no real use—except perhaps to fill
up holes in the ground—so it was tipped in heaps and forgotten. Old furnace
sites could often be traced by slag heaps or the remains of them, but this is
becoming more difficult as the heaps are bulldozed away to tidy up the area, or
for use as hard core in road or motorway construction. Slag was also left by
bloomeries and some slag heaps are known to result from Roman or even
earlier ironworking. The presence of the right kind of slag will always indicate
that there has been ironworking of some kind nearby, but interpretation of slag
heaps calls for expertise. Other metals besides iron produced slag, and some
so-called ‘slag’ heaps are not of slag at all—colliery waste heaps are an example.

The blast furnace spread gradually; there was no dramatic change, and a
number of bloomeries still remained in use; some survived into living memory
in remote areas of Africa and Asia.

A few uses were found for cast iron as it came from the blast furnace—cast
iron cannons were being made in Sussex by 1543, and decorative firebacks for
domestic fireplaces are among the oldest existing forms of iron castings—but
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most of the iron made in blast furnaces went through a second process for
conversion into wrought iron. This apparent duplication of effort was in the
interests of increased production: even in the early days of the blast furnace it
would make as much iron in a day as a bloomery could make in weeks.
Conversion of the cast iron from the blast furnace into wrought iron was done
in a furnace called a finery, which also used charcoal for fuel and was blown
by waterwheel-driven bellows. Here the solid pieces of cast iron were remelted
in the fire and the carbon, which had combined with the iron in the blast
furnace, was driven off, leaving wrought iron. Because this iron was made in
two stages instead of one as in the bloomery, the name indirect reduction is
given to the process.

With the blast furnace and the finery, both worked by water power, it was
not only possible to make more iron, it was possible to make bigger pieces and
the waterwheel-driven hammer came into use for hammering the wrought iron
pieces (still called blooms). Records exist of power hammers before the blast
furnace and finery, but before 1500 they were rare.

The making of iron in bigger pieces, although it was more economical,
brought its problems, for many iron users still needed long thin bars,
blacksmiths for horseshoes, for example, and nailmakers. The power hammer
could not forge a bar smaller than about 20mm square, simply because when
hot the iron became too long and flexible to be handled. Furthermore, the long
thin lengths cooled down too quickly, and no furnace available at that time
could reheat them.

A very effective answer to the problem was provided by the slitting mill.
This machine, driven by water powder, cut up long thin strips of iron into a
number of small rods as the strip passed between rotating discs or cutters, and
it could be adjusted to slit various sizes. To prepare the long thin strip for
slitting the machine incorporated another device, a pair of smooth rolls which
were, in the long run, even more important than the slitting mill itself. They
were the forerunner of all the rolling mills which are vital in steel processing
today. A piece of iron hammered out as long and thin as possible was passed
between the rolls while it was still red hot and they squeezed and elongated it
to make the required strip.

Some slitting mills were in use in Britain by 1588, having been introduced
from Li¢ge, where the blast furnace originated, and the rolling mill came with
them. The idea of rolling metals was not new; Leonardo da Vinci drew a
sketch of a mill in about 1486 and simple mills had been used on soft metals
such as gold long before the slitting mill was devised.

Ironmaking was now properly on the way to being an industry and ready
to take part in the general industrialization of Britain and some of the
continental countries. By 1600 there were about 85 blast furnaces in various
parts of Britain, notably in Surrey and Sussex. For every blast furnace there
would be three or four wrought iron works or forges and quite a few
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bloomeries still remained in use. But expansion of output demanded increased
supplies of raw materials, and charcoal was becoming scarce. Although there
were large forests in various parts of Britain, there were many uses for the
timber besides charcoal making, notably for house building, shipbuilding, and
as household fuel. When it seemed that timber supplies for building naval
ships might be affected, laws were passed in Britain to control the use of timber
but they were not very effective. In spite of increased tree planting, forests were
being felled much faster than new ones were growing. By the early part of the
seventeenth century the charcoal shortage was serious. Blast furnaces often
had to be stopped for a time, or blown out, and wait while more trees were
felled and a stock of charcoal was built up. Just at the time when the
ironmakers had the technical processes suitable for expansion it was hard to
see how they could carry on at all, let alone expand.

MINERAL FUELS

It was known that coal would burn and make a fierce fire if a blast of air were
blown at it. Coal had been used long before the seventeenth century for a few
purposes, and there was plenty of it. However, for various reasons, raw coal,
Just as it was mined, could not be used at that time in the blast furnace. The
chief difficulty lay in the fact that coal, as found in the earth, contains
impurities. It has been pointed out that iron unites easily with some elements.
Sulphur is one of them and there is sulphur in coal. If sulphur gets into iron—
even a very small amount—it makes the metal brittle (or hot short). Worse,
sulphur makes iron brittle when it is hot, so if an ironworker hammered 1it, it
would crumble and he would find it impossible to shape the metal at all.

Several people tried using coal for making iron and a few actually took out
patents, but none was successful. Dud Dudley, a Midlander, not only took out
a patent but also wrote a book about using coal in the blast furnace, and
because he claimed to have been successful his name has gone on record as the
first man to use coal for making iron. However, if he made iron at all (which
he could have done) it could not have been useable.

The year 1709 marks the second great step forward in the history of iron
after the introduction of the blast furnace in about 1500. It is not an
exaggeration to say that the industrial revolution really became possible after
that date, for in that year Abraham Darby succeeded in making iron in the
blast furnace with mineral fuel-not, that is, with raw coal, but with coke.
Darby did not invent coke—it was known and used before his time for a few
purposes such as making malt for brewing—but he did invent the idea of using
it in a blast furnace. Coke was made at the time by burning coal in large heaps
until all the unwanted impurities had gone off in smoke, and then cooling it
quickly with large quantities of water. It was a similar method to that used for
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making charcoal from wood: in both cases what was left behind was really
carbon, an essential constituent of ironmaking. By a stroke of good luck the
coal Darby used had a low sulphur content, most of which was burned off
during coke making.

Darby was a maker of cast iron cooking pots who had learnt his trade in
Birmingham and Bristol. In 1708 he took over a small charcoal blast furnace at
Coalbrookdale in Shropshire and in 1709 he made his successful experiments
there. Today the site is a museum of ironmaking (part of the Ironbridge Gorge
Museum). Darby’s original furnace has not survived, but a later one, rebuilt in
1777, 1s more or less complete and it is possible to see the sort of equipment
Darby used. There are also many examples of objects made from cast iron in
the Darby works which, after nearly 280 years, is still in operation as a
foundry. It no longer has any blast furnaces.

It took some time for Darby’s coke-smelting process to spread to other parts of the
country, and there were very good reasons why development was slow. Coalbrookdale
was a very remote place then and news of developments there leaked out slowly.
Secondly, Darby was only interested in the process for his own use: he did not patent
it, but neither did he publicize it. However, by 1788 there were 53 coke-fired blast
furnaces in England and Wales and only 24 using charcoal. By early in the nineteenth
century the last of the charcoal furnaces had stopped.

STEAM POWER AND EARLY INDUSTRIALIZATION

Coke smelting made it possible for the blast furnace to develop and the iron
industry took advantage of its new freedom. It was no longer necessary to
choose sites that were near to woodlands and sources of iron ore: blast
furnaces could be built near to the new fuel, coal, and where coal was to be
found, iron ore was usually available as well. The iron trade began to expand
in different parts of the country. But the blast furnace needed power.
Windmills, used for centuries for grinding corn and a few other industrial
processes (see Chapter 4), were of no use for ironmaking. The wind varies in
strength and sometimes it does not blow at all, and the blast furnace needs a
constant and continuous amount of power. Streams and rivers suitable for
driving waterwheels were scarce and often in the wrong place. Moreover, water
has an unfortunate habit of drying up in the summer and freezing in the
winter. Some protection against the failure of water supplies in a drought could
be provided by building dams to store water and this was usually done.
Against frost there was no defence at all. Forced stops when the water supply
failed for any reason meant, naturally, that the furnace produced no iron. It
takes several days to raise the temperature of a furnace to the working level,
and also to blow it out, so there were periods beyond the actual stop when the
furnace was unproductive.
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It was not practicable to locate a furnace in a place where there was a good
stream but no coal or iron ore and then transport the raw materials to it. There
were no railways and the roads were very bad; some of them were no more
than tracks. The cost of transporting tonnes of ore and coal over even a few
kilometres would have been much too high.

A further difficulty was that, although the blast furnace could now use coke
fuel, charcoal was still needed at the finery to convert the blast furnace cast or
pig iron into wrought iron. There was no point in making great quantities of
cast iron if it could not be converted into the wrought product, which was still
the one in greatest demand.

The iron trade needed a new source of power and a new way of making
wrought iron from pig iron. Both came at about the same time. They were
James Watt’s improved steam engine and Henry Cort’s wrought ironmaking
process, which became known as puddling.

Both were of great importance but of the two the steam engine was the
greater. It had a tremendous effect on the iron industry, and it was also
responsible for many changes in the life and standard of living of Britain and
indeed of the whole world. It laid the foundations of the industrial towns—not
just the ironmaking centres but the others as well. For steam power could
operate any kind of machinery and there was a great surge of inventions which
could never have succeeded without mechanical power.

The Darby works at Goalbrookdale supplied a number of cast-iron
cylinders for the engine devised by Thomas Newcomen in 1712 (see p. 275).
Cast iron was ideal for the purpose. It would withstand the heat of steam and
it could be cast into the cylindrical form required. The Newcomen engine was
used at a number of coal mines and it also found a limited use at a few
ironworks, where it pumped water from the waterwheel back into the
reservoir, from which it could be reused.

Watt went into partnership with a Birmingham manufacturer, Matthew
Boulton, in 1775, to market his improved steam engine and the first one
was supplied for draining a Midland coal mine. The second went to a
famous ironmaster, John Wilkinson, to blow one of his blast furnaces at
Broseley, in Shropshire. Wilkinson, in fact, built the engine, by
arrangement, to Watt’s design.

The association between Wilkinson, Boulton and Watt was not only of
great importance to the iron trade; it was an interesting example of three
remarkable men, each of whom could contribute something vital to success.
Watt was purely an inventor; Boulton was a businessman; Wilkinson was
both. He was a fanatic about iron. He used it for everything he possibly could,
even making himself a cast iron coffin and joking about it to his friends. (He
was not, in fact, buried in it, for when the time came he was too fat.) Naturally,
people scoffed at him—he was called ‘Iron-mad Wilkinson’—but apart from his
personal publicity stunts he did some valuable work. He invented a machine
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for boring cast iron cannons, but which would also bore engine cylinders to a
much greater degree of accuracy than the earlier ones. For a time, Wilkinson
was really the only person who could cast and bore a cylinder suitable for the
Watt engine.

He went on to pioneer other iron developments including, in 1787, a
wrought iron boat. Wilkinson was also associated with the building of the
famous cast-iron bridge which still stands at Ironbridge in Shropshire, though
he was not the actual builder of it. The credit for this, the first iron bridge in
the world, goes to Abraham Darby III, the grandson of the Abraham Darby
who invented coke smelting. The bridge was cast at the Goalbrookdale
works in 1779.

When Watt adapted his engine to produce rotative power in 1781, and
improved it to become a better mechanical job in 1784, the forges and rolling
mills could use it as well as the blast furnaces, and the problems of water
power were over. Many other industries also took advantage of this new type
of engine—textiles particularly—and all this development was good for the iron
trade. The ironmakers not only had the means for producing more iron; they
now had an increasing number of customers for it.

Because the trade was no longer dependent on charcoal and water power,
but did need iron ore and coal, it began, naturally, to move to sites where
these two minerals could be found. In Britain these included South Wales
and parts of Staffordshire and the West Midlands. The latter was to become,
in the first half of the nineteenth century, the biggest ironmaking area of the
world and provides an example of how the iron trade changed an area
completely, once it had the technical facilities to use what natural resources
the area offered. It was known long before the eighteenth century that there
was plenty of coal and iron ore in the area, as well as limestone (for flux) and
fireclay (for building furnaces), and they were all either at or near to the
surface of the ground. The one thing it lacked was water power, but when
the steam engine was perfected the district had advantages no other area
could equal for a time. Blast furnaces and ironworks were built in large
numbers and other industries using iron and coal came into the area for the
sake of these raw materials. From the vast numbers of smoking chimneys the
area soon acquired the name of the Black Country, which it still has, though
its smoke has almost gone and its trade has altered. Much the same
happened in parts of Wales, where the steep valleys, which had never before
housed more than a few farms and villages, found themselves, almost
overnight, industrial areas.

While new ironmaking communities sprang up, changing the face of the
countryside, the older areas such as the Weald were in decline. The last blast
furnace there, at Ashburnham, Sussex, using charcoal to the end, was blown
out in about 1810. A forge making wrought iron carried on there for a few
more years and then the Weald iron industry came to an end. Here and there a
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few charcoal ironworks carried on but they were not important; the charcoal
iron industry was effectively dead by about 1800.

The change meant prosperity for many people, and great unheavals for
some. Migration of population into the industrial areas was to increase greatly
during the nineteenth century, not because of iron and coal alone, but these
materials certainly played their part in this great social transformation.

Concurrently with these developments there was one more, which did not
arouse much interest at first but came to be of vital importance. This was the
invention, in 1784 by Henry Cort, of a process for making wrought iron from
cast iron with mineral fuel, which was to free the ironmakers from their last
dependence on charcoal. Others had tried to use coal for converting cast into
wrought iron, but Cort was the first to succeed.

It has been pointed out (see p. 153) that if sulphur in the coal combined
with the iron, it spoilt it. Cort solved the problem by burning the coal in a
separate part of his furnace, allowing only the flames to come into contact with
the iron. He used a kind of furnace (known before his time) in which the
flames were reflected or reverberated down on to the iron to be treated by a
specially shaped, sloping roof. From this fact the furnace was known as a
reverberatory furnace.

A quantity of cast iron in the form of pigs, totalling about 250kg (550Ib)
was put into the furnace, the coal fire being already burning brightly and, in
about two hours, the charge was decarburised and converted to wrought iron.
This, by the nature of the process, was not molten, but in the form of a spongy
redhot mass. It was then puddled, that is, worked up by the puddler, a man
using a long iron bar, into four or five rough balls and the balls were pulled out
of the furnace with a large pair of tongs. Each ball was taken to a heavy power
hammer and shaped into a rectangular lump called—keeping up the old name—
a bloom. This was wrought iron and it could be rolled or forged into whatever
shape was needed.

Cort’s puddling process was wasteful and inefficient (see p. 162) but it was
very much better than any of the earlier processes, and it used coal instead of
charcoal; it was taken up by many ironmakers and eventually the old finery
died out.

No output figures are available for the period around 1700, but by 1788,
when the coke-fired blast furnace was beginning to spread, British
production was about 68,000 tonnes of iron a year. By 1806 the annual
production had risen to 258,000 tonnes. These figures may be unimpressive
by today’s standards (British steel production in 1988 was 19 million tonnes
and world output is more than 700 million tonnes a year) but they were
remarkable at the time.

A typical blast furnace of the period 1790-1820 was similar in shape to
what it had been more than 100 years earlier, but it was much bigger, being
perhaps 10m (33ft) or so high. It had to be fed at regular intervals with iron
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ore and coke, which were wheeled to the top in barrows and tipped in.
Wherever possible the furnace was built close to a hillside, so that the raw
materials could be collected on the hill, loaded into the barrows and wheeled
over a short wooden, stone or brick bridge to the furnace top. The furnace at
Coalbrookdale, now part of a museum, shows this arrangement very well,
though the actual bridge has not survived. So do the furnaces at Blaenavon, in
Gwent, and Neath Abbey in West Glamorgan.

When a furnace was built on flat land, a ramp had to be provided for the
men to wheel the barrows to the furnace top. Before the nineteenth century
was very old, steam power was used to raise the barrows to the furnace top,
cither by pulling them on a wheeled carriage up the ramp, or by a vertical lift.
By the end of the eighteenth century an average furnace made about 1000
tonnes of iron a year, and it would need 3000-4000 tonnes of iron ore
(depending on how pure the ore was). It would also consume at least 2000
tonnes of coke—possibly much more. Thus some 7000 tonnes of raw and
finished materials had to be moved in the course of a year, all by hand, with
shovels and wheelbarrows.

A little-known fact is that of all the materials needed to operate a blast
furnace the air for the blast is the largest in quantity. For every tonne of
iron made, the furnace would use about 5 or 6 tonnes of air: this is where
the steam engine was essential. Steam power also made possible what is
now called the integrated ironworks; that is, a works which produced
everything from the ore to the finished product, all on the same site. In the
waterwheel-powered ironworks it was often necessary to build the blast
furnace and the wrought-iron works some distance apart and cart the pig
iron to the finishing works. This was unavoidable when the water power
was limited, as there would be insufficient power at any one point to work
a blast furnace bellows, a finery, a hammer and possibly a rolling mill. The
stream would be used for a blast furnace and the water allowed to run
away to be caught and used again a few kilometres downstream for the
forge. Steam power eliminated such waste of effort, time and money. An
ironmaker could set up his works close to the iron ore and coal pits and
build as many steam engines as he needed to carry out all the processes on
the same site. Not every ironworks was integrated, but the arrangement
became quite common.

The famous Coalbrookdale works developed in this way, and so did many
in the Black Country. In some places, such as Ebbw Vale, Gwent, the effects
can still be seen today. When the first small ironworks was started in the valley
above the present town of Ebbw Vale in 1779, the population of the area was
only about 140. As the industries developed, so a complete town, with houses,
shops, churches and chapels and, later, schools, grew up to house several
thousand people, where formerly there had been only a few farms. By 1900
the population was over 20,000. Ebbw Vale owes its entire existence to coal
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and iron and it is by no means unique: there are several other places where the
same process of development can easily be traced.

By the beginning of the nineteenth century the iron trade was prepared to
meet the increased demands that the fast-developing industrial revolution was
to make. The next 50 years or so saw iron as the supreme metal for making
countless types of machinery and products of use to man.

STEEL

If the right amount of carbon is added to iron, the metal is capable of being
hardened to any required degree. This fact was known some thousands of
years ago. It was discovered that if a piece of iron were heated in contact with
charcoal, the surface became quite hard, a process now called casehardening.
The trouble was that only a very thin skin—as little as a few hundredths of a
millimetre—was hard. When this wore off, as it would in time, the softer part of
the iron was exposed.

By the early years of the eighteenth century it was well known that the
longer iron was heated while packed in carbon, the deeper the carbon
penetrated into the iron, giving a thicker hard skin. The process was known as
cementation. Some carbon steel was made in this way but it took a long time
to get the composition right. Iron could be in the furnace for as much as three
weeks to produce what was called shear steel (because it was widely used for
making shears for the textile industry). It was not of very good quality, but it
was the best that could be done at the time.

Some further processing would improve the quality and this was practised
to make the so-called double shear steel. Because it was so slow and costly to
make, shear steel was only used when it had to be, and even then it was
employed very economically. Such things as scythe blades and other tools were
made by heating a thin strip of carbon steel and a thicker one of wrought iron
together and welding them into one piece quickly under a power hammer. In
this way the expensive steel was only used at the cutting edge, where it was
essential. The process was satisfactory for some things but it was of little use
for a type of tool which was going to be in increasing demand as the industrial
revolution developed, the engineer’s cutting tool.

Cast and wrought iron were excellent materials for making the many types
of machinery needed, but they could not be cast, forged or rolled to the precise
shape and dimensions required. Parts of iron components, at least, had to be
machined to shape. A steam engine cylinder, for example, could be as it was
cast on the outside, but the inside had to be machined to fit the piston, and the
piston itself had to be machined also.

The man who found the first way of making better carbon steel was neither
an engineer nor an ironmaker. Benjamin Huntsman, a Doncaster clockmaker,
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was dissatisfied with the steel available for making clock springs. In 1740 he
took some shear steel and melted it in a clay pot or crucible. He poured out the
molten metal, let it solidify and tried working it: it was better than anything he
had ever seen before.

Although the process was not understood at the time, the carbon had
spread itself throughout the molten metal, and the resulting steel was much
more uniform. Huntsman tried in vain to keep his discovery secret, but it was
taken up widely in Sheffield, where Huntsman started a small works to make
what soon became called crucible steel.

In time it was found that the quality of the steel could be not only controlled
but varied according to need. Steel for making, say, a wood chisel, or a chisel for
cutting metal, or a razor, needed different grades. Crucible steel could be made
to suit the application, and the steelmakers of Sheffield in particular became very
expert at supplying exactly what their customers needed.

Crucible steelmaking lasted all through the nineteenth century and into living
memory, but it is now extinct. A crucible steel-melting shop has been preserved
at Abbeydale industrial museum, Sheffield (where some very good examples of
waterwheel-driven hammers can also be seen, in proper working order).

THE INDUSTRIAL IRON AGE: 1800-1850

The many inventions and developments in the period we have been
considering—especially during the eighteenth century—had not only changed the
whole structure of the iron industry: they had brought into being a new breed of
men. The small teams of men needed to work the bloomeries were largely
mterchangeable and could do most, if not all, of the jobs. As the blast furnace
processes became more mechanized, so specialist workmen became essential. Of
course there was still plenty of work for an unskilled labourer: the man who
loaded barrows with iron ore and coke and wheeled them to the furnace could
just as easily wheel barrowloads of pig iron away from it. But a large blast
furnace plant of the early nineteenth century needed steam engine drivers;
blacksmiths, to make and repair tools; mechanics and engineers to keep the
machinery in order; and many more trades as well. In an integrated works the
number of specialized craftsmen were even greater. All these were needed in
addition to the men who worked at charging and tapping the blast furnaces, at
the puddling furnaces and at the rolling mills on the actual manufacture and
shaping of iron. As the ironmaking centres developed into complex organizations
of craftsmen in many trades, specialization among the workers arrived.
Expansion in ironmaking, and in all the other industries in which iron
played its part, soon began to have outside effects, among which the need for
better communications was particularly strong, Improvement of roads was the
first development, from the middle of the eighteenth century onwards (see
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Chapter 8) Ironmakers took no significant part in this, but they did to some
extent make use of the better facilities. Areas such as the Black Country and
South Wales were a long way from the established commercial centres like
London and Bristol, so any improved way of transporting the iron was
welcomed. Water transport was used as much as possible, but it was still
necessary to get the iron to a seaport or to a navigable river. Most of the
Shropshire ironworks were fairly close to the River Severn, and the ironworks
of South Wales were relatively near the sea, but the rapidly-developing Black
Country was a long way from both rivers and sea.

When an ironworks was a short distance from water transport it was often
connected by means of a tramway with wooden rails and wagons hauled by
horses. The iron industry was not the inventor of tramways, nor the only user
of them, but it was responsible for the iron rail. Richard Reynolds, a
Shropshire ironmaster, experimented with cast-iron rails in the Coalbrookdale
area in 1767 and by 1785 he claimed to have over 32km (20 miles) of iron
tramways. In this development we can see the beginnings of the railway age:
see Chapter 11.

The other great transport system which grew up in the second half of the
eighteenth century was the canal (see Chapter 9). The first Midland canal, the
Staffordshire and Worcestershire, built under an Act of Parliament of 1766,
passed outside the coal and iron areas of the Black Country but it was not long
before a connection was made, and canals were constructed in the Black
Country itself from 1769 onwards. This form of transport was vital to the
rapidly expanding iron industry.

Ironfounders were acquiring new skills. Developing industries wanted bigger
castings and more complex shapes, steam engine cylinders and valve gears, for
example. Many other kinds of machinery called for castings which had to be
accurate as well as of complicated shape. Mining, too, called for quantities of
iron castings, especially in the form of pipes for pumping water to the surface. So
did a new industry, gas manufacturing. William Murdock had shown that an
inflammable gas could be made by heating coal in a closed retort. An ideal
material for making the retorts and for the main gas pipes was cast iron. Steam
engines generally were originally made largely of wood with the stonework or
brickwork of the building playing an important structural part, and with iron
only where it was essential. By the early 1800s iron had replaced wood. So new
skills were coming into the iron trade to match the developing skills of the
engineers whose main material of construction was now iron.

Inventors and improvers were active in the iron trade as elsewhere. The
puddling process (see p. 157), for instance, was made more efficient in about
1816, when Joseph Hall, of Tipton, Staffordshire, introduced a method which
was soon to supersede Cort’s, not only in Britain but in every other industrial
country. The older method, dry puddling, lingered on in places, like the old
charcoal blast furnace—indeed, it could be found, rarely, in living memory—but
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for all practical purposes Hall’s process quite quickly became the standard one
as long as wrought iron was made.

In Cort’s process he used atmospheric air as a decarburizing agent and
ignored the other chemical reactions in his furnace; chemistry, like other
sciences, was far from advanced at that time. The amount of oxygen available
for decarburization was limited, so the process had to be slow and the longer it
took the more fuel would be needed. Much worse, however, was the
inefficiency of the process: for every tonne of wrought iron made, about two
tonnes of pig iron were needed. When the pig iron was brought up to melting
point, some of it formed magnetic oxide (Fe, O,) which made slag with the
silica in the sand lining of the furnace. This was the source of the waste; about
half of all the pig iron went away with the slag.

Hall’s wet puddling used the same reverberatory furnace as Cort, but a flux
was added with the iron which helped the chemical reaction by providing a
better source of oxygen than could be provided by air alone, and made the
whole process much more efficient. The reaction was a violent one, with the
iron at one stage literally boiling; at his first trial Hall was alarmed and thought
the whole furnace would be destroyed. But after a short time the boiling
stopped and the iron, when taken out, was found to be excellent. Hall started
his own works to use the new idea and his iron became famous for its high
quality. Others followed and before long the old Cort process was dropped by
most ironmakers in favour of Hall’s process, known from what happened at
one stage as ‘pig boiling’.

The man responsible for improving the blast furnace was not an ironmaker
but the manager of Glasgow gasworks, J.B.Neilson, who put his idea to work in
1828. Before that date the air for the blast furnace was blown in at its natural
temperature: Neilson tried heating the air before it was blown into the furnace.
In fact the current general theory was that the colder the blast could be, the
better. This was later shown to be quite wrong, and eventually Neilson’s hot
blast was generally adopted. Today every blast furnace uses hot blast, which can
now mean 1000°G or more. Neilson’s blast temperatures were very much lower,
but he succeeded in showing that they resulted in fuel economy as well as some
technical advantages. When Neilson started his experiments the amount of coal,
converted into coke, needed to produce a tonne of iron was about 8 tonnes.
Neilson brought this down to 5 tonnes very quickly and when he had improved
his apparatus, it came down again, to 2.25 tonnes. The use of hot blast spread,
though slowly at first, especially in those areas where coal was cheap. The Black
Country, with its famous ten yard (9m) thick coal seam was one such: coal was
certainly cheap there and it was thought to be inexhaustible. Nevertheless, hot
blast was attractive not only because it saved money. It enabled outputs to be
increased as well, and it was adopted by progressive ironmasters.

Among other developments in the first half of the nineteenth century was
alteration in the internal shape of the blast furnace. A Midland ironmaster,
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John Gibbons, had several blast furnaces under his care, all made in the
traditional shape, square inside at the bottom, or hearth. He noticed that every
furnace which was blown out for repair had altered its shape. It was no longer
square, but roughly round. In 1832, Gibbons built a furnace which had a
round hearth from the start. The new furnace was run alongside a traditional
one, using the same raw materials and with all other conditions unaltered, and
made 100 tonnes of iron a week, then a record. The old furnace, which was
for the time a big one, could only make 75 tonnes.

The most important development in the blast furnace was the use of waste gas.
A blast furnace makes large quantities of inflammable gas as a result of the
ironmaking reactions. This gas came out at the top and burned away. Any area
which had a number of blast furnaces was very impressive at night, with every
furnace giving out great flames three or four metres (10-13ft) long. If the gas could
be trapped and taken down to ground level, it could be burned there under steam
boilers or to heat the air blast. However, the top of the blast furnace, where the gas
vented, was also the place where the raw materials went in. It had to be open for
this purpose, and charging of raw materials carried on day and night. As early as
1834 an idea was tried for collecting the gas on a furnace at Wednesbury,
Staffordshire, but it was not a success and nor were several other attempts.

In 1850, G.Parry, of Ebbw Vale, produced a device known as the bell and
hopper (or cup and cone) which is found in modified form on most blast
furnaces today. Parry fixed at the top of the furnace a large cast-iron hopper,
roughly funnel-shaped, with the narrow neck facing down into the furnace.
Raw materials tipped into this hopper fell down into the furnace in the normal
way. To close the hole in the hopper when raw materials were not being
tipped, a cast iron ‘bell’ was fitted inside it and connected to a lever by which it
could be raised or lowered. When it was raised, the bell sealed off the hopper
completely and no gas could escape. When it was lowered, the gap between it
and the hopper allowed the raw materials to enter the furnace (see Figure 2.1).

To collect the gas a large pipe was fixed in the side of the furnace, just
below the top. It led down to ground level where it branched off into smaller
pipes to feed the gas to steam boilers and to stoves to heat the blast. Although
some of the gas was lost when the bell was lowered, the greater part was made
available as fuel, bringing marked improvements in economical working.

Parry’s idea is, in essence, still in use today although a modern furnace has
two bells and hoppers, one above the other to prevent loss of gas. The top bell
is opened and the raw materials fall on the lower one, which is closed and
sealing the furnace. Then the top bell is closed and the bottom one opened,
while the top bell does the sealing. Another design, the bell-less top, using two
hoppers with valves, is now beginning to supersede the double bell top.

By the middle of the nineteenth century iron was at its peak. Cast iron has
many uses, but wrought iron was still the most important form of the metal
and by far the most important metal of commerce. Not only was there a better
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Figure 2.1: From ¢.1900 the mechanically-charged blast furnace began to be
adopted widely. These two were at Corby, Northamptonshire. The photograph
was taken in 1918.
Author’s collection.

method of making it—Hall’s process—there were several improved ways of
processing it by rolling and forging. And the market was still expanding.

In 1822, Aaron Manby built an iron steamboat at Tipton, Staffordshire: it
was sent in sections by canal to London and assembled and launched there.
The Aaron Manby was not the first iron boat, nor was it the first to have a steam
engine, but it was strikingly successful, trading to France for many years.
Steamboats of iron, and engines for steamers, opened up a whole new market
for the iron trade.

But the biggest new market of all was that provided by the railways. The
efforts of Richard Trevithick, George Stephenson and others, helped by the
ironmakers, who produced wrought iron rails to stand the heavy loads, made
railways a practicable proposition. The first half of the nineteenth century saw
tremendous railway expansion.

Up to about 1850 wrought iron was still the king of metals and by far the
greatest amount was made by Hall’s puddling process. Each puddling furnace

164



FERROUS METALS

Figure 2.2: The product of the puddling furnace was a white-hot spongy mass of
wrought iron. It was taken out as four or five balls and hammered (shingled) to
blooms.

Author’s collection.

was operated by two men—a puddler in charge of an underhand or assistant
who was often learning the job (see Figure 2.2). A furnace charge of about
250kg (5501b) of pig iron took about two hours to work up to wrought iron
and then the process started all over again. As the men worked for 12-hour
shifts, each furnace produced about 1500kg (3300lb) of wrought iron per shift.
It was not a very big output compared with what the mild steel makers were to
achieve later (see p. 169), but the needed quantities were obtained by having
large numbers of puddling furnaces. There are no official records for wrought
iron production in the middle of the nineteenth century but it has been
estimated that in 1852 the British output was about 1,270,000 tonnes. Sizes of
wrought iron works varied considerably. Some had only a few puddling
furnaces, others had as many as a hundred—but size was the only real
difference between the various works: they were all very much the same
otherwise, and up to a certain point in the manufacture the process was also
the same. However, there were now several different grades, or qualities, of
wrought iron in production. The wrought iron balls as they came from the
furnace were always hammered out into a bloom, but the next stage depended
on the grade of iron being made.
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For the first grade—merchant, or common iron—the balls were rolled out to
bars. These were cut up into short pieces, put together in a cube-shaped block,
reheated and rolled out to the finished shape and size required. There had
been changes in this part of the works. The old water-powered hammer had,
of course, given way to the steam-driven hammer—known as a helve. This, in
turn, had been superseded in most works by the direct-operating steam
hammer invented by James Nasmyth in 1839. Merchant iron was good
enough for many purposes. A large part of the output went to iron merchants
all over the country—which is the reason for the name—and for export. For
some applications a better quality was needed, and merchant iron was
processed to provide it.

Up to a point, wrought iron improves as it is reprocessed. It becomes
tougher and stronger and more able to resist shocks and stresses. Merchant
iron was reheated and rerolled to produce ‘Best’ iron and ‘Best’ iron was
treated in the same way to produce ‘Best Best’ (or BB) iron. A few firms
went even further and made ‘Best Best Best’ (or BBB) iron. Iron used to
make, say, a fence, need not be of such high quality as that used to make the
piston rod of a steam engine. Iron for such things as steam boilers, for the
axles of railway engines, for chains used in collieries and for anchoring ships,
had to be of good quality. There had been improvements, too, in the rolling
of iron. More sizes and shapes were now available, and their accuracy and
consistency were better.

One important fact must be noted, however. Although power had been
applied very widely in all branches of the iron industry, it was still used only
for tasks that were beyond human muscle power. At the blast furnace, for
example, men shovelled ore and coke into the charging barrows. Steam power
then hoisted the barrows to the furnace top, where the men took over again,
wheeled the barrows to the mouth of the furnace and tipped the contents in. At
the pig beds the cast iron pigs, when solid but not cold, were broken off the
sows by a man using a heavy sledgehammer or a long iron bar, walking on the
hot iron. When the pigs, each of up to 50kg (110lb) were cold, they were lifted
by hand from the pig bed and wheeled away. The only steam power at the
blast furnaces was for providing the blast and hoisting the barrows; and in the
wrought iron works the same applied. Steam drove the hammer and the rolling
mills and operated cutting machines (or shears) for cutting the rolled iron to
length. Everything else was done by hand, including feeding the red-hot iron to
the rolling mills. An ironworker had to be strong and agile, and prepared to
work long hours in hazardous conditions.

The iron industry was not behind other industries in the use of mechanical
power: it was neither better nor worse than any other. Certainly it used power
only where it had to, but so did other industries. Ironmaking, again in common
with several other industries, also offered plenty of scope for a man to develop skill
and craftsmanship if he was not restricted to a purely manual job. Coke and iron
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were not tipped casually into a furnace, for example. They had to be charged
according to a plan, otherwise the working of the furnace could be upset. Various
factors could cause this plan to need changing and the man in charge had to use
his own judgement to decide when and how to change it. The puddler was
another man who was very much on his own in the matter of deciding how and
when to act. His own skill and judgement were all he had to guide him.

By about 1850 the three main iron-producing areas in Britain were the
Black Country, South Wales and Scotland. All were based on local supplies of
iron ore and coal. All produced both pig and wrought iron, though the Black
Country was the biggest maker of the wrought product. It had a high
reputation for quality and a few of its firms had become world-famous for their
iron. At that time Britain was the world’s leading producer of iron and in
many respects was almost alone. But abroad there were also signs of
development. In Belgium and France there were some important ironworks,
with the English ones as a model. Germany had some works of note and, to
back them up, developments in railways and in industry generally. In the USA
ironmaking was growing as well. Sweden had an iron industry which,
although it was not large by the standards of the time, was in a special position
because that country’s very pure iron ore made it possible to produce iron of
very high quality. It was in demand for special purposes such as carbon steel
manufacture (see p. 159) and in fact Sheffield used it almost entirely; smaller
quantities of Russian iron were also imported for the same purpose.

THE STEEL AGE
The Bessemer process

Sir Henry Bessemer was well known for his inventions before he started to
take an interest in iron. Before he was twenty he had invented a stamp for
government documents which could not be forged. Then he improved lead
pencils and printers’ type, devised a better means of embossing velvet, and
found a new way of making bronze powder, which brought him a useful sum
of money. Machinery for crushing sugar cane came next and then a method of
making plate glass.

When the Crimean War started, in 1854, Bessemer invented a new type of
gun, which he offered to the War Office, but got no response. His gun, however,
showed the need for a better type of iron to withstand the stresses set up. Although
he only began to consider the matter just before Christmas 1854, by 10 January
1855 he had taken out his first patent for ‘Improvements in the Manufacture of
Iron and Steel’. Bessemer says in his autobiography that his knowledge of iron and
steel at that time was very limited, but that this was in some ways an advantage for
he had ‘nothing to unlearn’. His earlier inventions had brought him enough
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money to be able to experiment on the new idea, working at his bronze-powder
factory in London—near to where St Pancras railway station now is—and in a fairly
short time he had made what we now know was a new metal, by a process so
novel that many people thought it impossible.

More patents followed and then, when Bessemer felt that his ideas were
properly protected, he read a paper called “The Manufacture of Malleable Iron
and Steel without Fuel’ to the British Association meeting at Cheltenham in
August 1856.

This historic occasion marked the beginnings of what is now called the
Steel Age. In fact, after a flying start, the process ran into serious technical
trouble and it was a long time before it became widely adopted. Nevertheless
the process caused a great stir in ironmaking circles from the start. There were
ironmakers in the audience when Bessemer read his paper and straight away
they became divided into two camps. Some tried to dismiss the whole idea;
others saw it as having great potential and were anxious to try it out in their
own works. Bessemer, who had watertight patents, prepared to grant licences
to use it, on payment of a royalty.

It is easy to understand why many people scoffed at Bessemer’s idea. He
took molten cast iron and blew a blast of cold air through it. Surely, people
reasoned, all this would do would be to cool the molten iron down. In fact the
iron actually got hotter. Even Bessemer, who was not easily surprised, was
alarmed at what happened when he set his experimental apparatus—or
converter—to work: he said later that it was like a veritable volcano’, with
flames, slag and bits of molten metal shooting up into the air: see Figure 2.3.
(This was no exaggeration. The Bessemer process remained to the end—it is
virtually extinct now—the most spectacular sight in the iron and steel industry.)
He let the process go on, indeed nobody could approach the converter to turn
it off, and after some minutes the fireworks stopped and there was nothing but
a clear flame from the mouth of the converter. Bessemer tapped the metal he
had made and found it behaved like good wrought iron.

It will be remembered that to convert cast iron into wrought iron the carbon
has to be removed. In the puddling furnace this was done by heating the iron
in contact with fluxes containing oxygen. Bessemer used the cheapest form of
oxygen there is, ordinary air, which contains about 21 per cent of oxygen.

Because there was so much oxygen, the carbon in the cast iron reacted very
strongly with it. The reaction was exothermic, that is, it actually generated
heat; so the iron became hotter instead of colder, and produced the
pyrotechnics.

Bessemer had achieved his object of making what he called ‘malleable iron’
from molten cast iron without fuel, but what kind of metal, in fact, had he
made? His term ‘malleable iron’ is confusing, for strictly it describes a kind of
cast iron so treated that it became to some extent capable of being bent or
formed with out breaking. In Bessemer’s time the words were often incorrectly
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Figure 2.3: The Bessemer process is now obsolete. This 25 tonne converter,
shown at the start of the blowing cycle, was formerly at Workington, Cumbria.
British Steel Corporation.

applied to wrought iron. Bessemer was really trying to make a better form of
wrought iron. In many ways he succeeded, for his new metal-which we now
call mild steel —would do almost everything that wrought iron would. And
since he could make it much quicker than in the puddling furnace, and in
bigger quantities at a time, it could be cheaper once the plant was set up.

His experimental converter was only big enough to deal with about 350kg
(7701Ib) of iron at a time, but it did so in about thirty minutes, compared with
a production of about 250kg (5501b) in two hours in a puddling furnace. It
was easy to make a bigger converter and, as the time taken by the process
was no longer whatever size the converter was, larger outputs were soon
possible. It was realized that Bessemer metal was not the same as wrought
iron—technically it is different in several ways but it could be used for most
purposes where the older metal had been supreme for so long, it was cheaper
to make, and the demand for all kinds of iron and steel was still growing.
Licences were granted, the necessary apparatus was set up and it seemed that
Bessemer would confound his critics. But when the licensees started
production there was trouble: all the steel they made was useless. These
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licensees included the Dowlais and Ebbw Vale works in South Wales and,
with a number of others, they had paid thousands of pounds for the privilege
of using a process that would not make good steel. Yet Bessemer had done
so, and had demonstrated the fact at his St Pancras works. It took more than
twenty years for the cause of the trouble to be found and a remedy devised:
the Bessemer process was first announced in 1856 but it was not until 1879
that it was modified so that it could be used on a really large scale. Then it
spread all over the industrial world.

The Thomas process

The most important problem affecting the Bessemer process derived from the
presence of phosphorus, which occurs naturally in small quantities in most iron ores
found in Britain and on the Continent. As with sulphur (see p. 153), if even a
minimal amount of phosphorus combined with wrought iron or steel, the product
became weak and brittle. Processing in the puddling furnace removed the
phosphorus; the Bessemer process, as at first used, did not. By pure chance the early
experiments at St Pancras were carried out with a cast iron made from an ore mined
in Blaenavon, Gwent, one of the very few British irons with negligible phosphorus.
When the licensees tried to apply the process using iron which contained
phosphorus, the result was failure; and most of the iron ores then available were
phosphoric. So, once the problem was identified, the Bessemer process developed
slowly, and only in places where suitable iron was available. One of these places was
Sweden, where the ores, and therefore the iron, were very pure.

Bessemer, a good businessman as well as an inventor, set up his own works at
Sheffield and made himself another fortune (see Figure 2.4). His steel was
gradually accepted and in 1860 steam boilers were made of Bessemer steel.
Railway rails followed in 1863 and two years later the London and North
Western Railway started making Bessemer steel and rolling rails for its own use,
but the wrought iron trade was still far from threatened by the new material.

In the 1870s a completely unknown man, P.G. Thomas, started to look into
the Bessemer process. He was a police-court clerk in London, who had studied
chemistry at night school and heard it said that whoever could solve the
phosphorus problem in the Bessemer process would make a fortune. By 1879
he had modified the process so that it could use phosphoric iron and the way
was wide open for a great expansion of steelmaking.

In his converter Thomas used a special form of lining such as dolomite,
which, being chemically basic, united with the phosphorus and left the metal
free of this troublesome element. The phosphorus went away with the slag,
and he was able to sell this as an agricultural fertilizer. Phosphorus is necessary
for plant life, the Thomas process slag was a cheap way of providing it, and
there was a ready market for all the slag that was made.
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Figure 2.4: Bessemer plant at Sheffield. Converters, ladle and casting pit.
From Sir Henry Bessemer’s Autobiography, 1905.

There were now two bulk steelmaking processes: Bessemer’s original, which
suited non-phosphoric iron, and Thomas’s, which would deal with the
phosphoric types. As the latter were the most common the Thomas process
spread rapidly, in Britain and on the Continent: in France and Belgium it
became so common that the steel was generally called Acier Thomas, or
Thomas steel. In the English-speaking world the two processes were
distinguished by the names acid Bessemer (the original) and basic Bessemer
(Thomas’s) because of the chemistry involved.

The Siemens-Martin process

Meanwhile the open-hearth steelmaking process had been developed. It was
the work of C.W.Siemens, a German, who came to Britain when he was 20
and eventually became naturalized. Siemens had a scientific education and he
applied his knowledge systematically. He was initially concerned with
improving furnaces—any furnaces—and his first successful one was used for
making glass. The novelty lay in the fact that the waste gases, which normally
went up the chimney stack, were used to heat the air used to burn the fuel. By
1857, Siemens was able to claim that he could save 70-80 per cent of the fuel
previously used in glassmaking. The Siemens furnace was first applied to
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making steel in France, by Emil and Pierre Martin in 1863. Siemens set up a
small works in Birmingham in 1866 to demonstrate how steel could be made
in his furnace, and by 1869 a company at Swansea was producing about 75
tonnes a week. By 1870 the Siemens process (often called the Siemens-Martin
process for the obvious reason) was fully established.

Wrought iron now had some really serious competition. The Siemens and
Bessemer processes were complementary, but both could use phosphoric or
non-phosphoric iron. Bessemer was cheaper since it used no fuel, but it needed
to be charged with molten iron. This was easy when the Bessemer plant was
adjacent to blast furnaces. Molten iron could be used in the Siemens
openhearth furnace, and it often was, but an advantage of this process was that
it could melt scrap iron. With the spread of industry, scrap had become a
useful raw material as machinery of all kinds wore out or was replaced by new
and better types and it was cheaper than pig iron. See Figure 2.5.

The Siemens process was slower than the Bessemer. A Bessemer charge of
iron took about thirty minutes to convert to steel; in the Siemens furnace it
took eight to twelve hours. This could be an advantage, for it enabled the
furnace operator to make frequent checks on the steel and to adjust its
composition as required. Various grades were now demanded, and the new
steelmaking processes were able to provide them.

In the second half of the nineteenth century steel began, slowly but surely,
to push the wrought iron trade out of existence; although it survived in a small
way until recently, from about 1870 onwards steel was what really mattered.
Cast iron continued to be made, partly for castings but increasingly as the raw
material for steel and this is still the position today.

Alloy steels

Before 1856 there were only two important iron products, cast and wrought
iron. A third, carbon steel, was essential for some purposes but its output was
small. Bessemer added a fourth, mild steel. In 1868 appeared the first of a fifth
group, now called special, or alloy, steel, made by R.F.Mushet in his small
works in the Forest of Dean in Gloucestershire.

More engineering products meant that more machining had to be done and
this needed cutting tools. Before Mushet’s time the only means of cutting iron
and steel was a tool made of carbon steel. This can be hardened by making it
red hot and cooling it quickly; the obvious way was to plunge it into cold
water. Such treatment makes the steel very hard and brittle; it has to be heated
again to a lower temperature, and cooled once more to make it both hard and
tough. Carbon steel which has been hardened can be softened again by
making it red hot and letting it cool naturally. When a carbon steel tool wore
or was damaged, it was useful to be able to soften it, file it or machine it back
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Figure 2.5: Like the Bessemer process, open hearth steelmaking is now obsolete.
Open hearth furnaces could range in size from 5 or 6 tonnes in the early days to
as much as 500 tonnes capacity at the end.

British Steel Corporation.
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to its original shape and reharden it. However, softening was a distinct
disadvantage when it occurred accidentally. Heat is always generated during
cutting and when iron or steel are cut the temperature can easily reach a point
where the tool is softened. Then it is useless until it has been rehardened. Thus
there is a limit to the speed or depth of cut which can be made by a carbon-
steel tool.

Many improved machine tools had appeared in the first half of the
nineteenth century. Driven by steam, they were strong and powerful, and
capable of heavier work than their cutting tools could achieve. Mushet was
asked to make somebody else’s patent tools and, finding them a failure,
invented one of his own. He took advantage of the fact that iron and steel will
unite with many other elements and experimented with tungsten. Mushet’s
tungsten steel could be forged to shape and left to cool naturally in the air,
when it became very hard and tough. It only needed grinding to a sharp
cutting edge to be ready for use, and when it became blunt from use it was
reground. The most useful feature, however, was that the new steel did not
soften even at a dull red heat. Engineers and machinists welcomed it, although
it was much more expensive than carbon steel. Tungsten steel is still used
today, although its detailed composition is often a little different. The best
engineers’ drills are usually made of a form of tungsten steel called High Speed
Steel introduced in 1900.

Others followed Mushet with different alloys for special purposes. R.A.
Hadfield, for example, used manganese, in 1887, to make a steel which was
particularly tough and wear-resisting. It was used in such things as railway
points and crossings, and in rock-crushing machinery. Over the years very
many more alloy and special steels have been added to the list, all of them with
some special application or group of applications. Stainless steel, in particular,
has affected all areas of everyday life.

Stainless steel was invented by Harry Brearley, in Sheffield, in 1913. While
experimenting with a better steel for rifle barrels he noticed that one of the
steels he made was unaffected when he tried to treat it with acid so that he
could examine it under the microscope. Attack by acid, or etching, is a form of
corrosion. If the steel would not etch it would not corrode either, at least under
many conditions where ordinary steel would. Some possible uses for the new
steel suggested themselves at once, including cutlery.

Many foods contain weak acids which do not harm people but will stain
and corrode ordinary steel. Brearley had some table knives made and found
that they stood up to use very well, without losing their bright surface. His
original experimental steel contained nearly 13 per cent of chromium and
Brearley tried out other proportions, and also added different elements such as
nickel. After his experiments had been suspended during the First World War,
he and others went on to develop several kinds of stainless steel. One problem
was that of hardening the steel: Brearley’s first knives were thick and blunt and
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he once said that he got a name for making knives that would not cut. Over
time, several different kinds of stainless steel were developed for particular
purposes. One of the commonest for table ware such as dishes and coffee pots
contains about 18 per cent chromium and 8 per cent nickel, hence the figures
18/8 which are often found stamped on such goods. Other types, of different
composition but all correctly called stainless steel, are used for such things as
knives and razor blades, and surgeons’ scalpels. Still further varieties are used
in industry to resist the heat of furnaces, or in other severe conditions.

Steel manufacturing after 1860

While new types of steel were being invented and improved, developments
were also taking place in the manufacture and handling of the product. Rolling
mills, in particular, changed drastically. A rolling mill in its simplest form
consists of a pair of rolls (never called rollers in the iron and steel industry)
mounted one above the other in a strong framework. Their surfaces may be
flat, for rolling strip, plates or sheets; or they may have grooves cut in them to
shape the iron or steel into, say, a round bar, railway rail or girder. Only a
limited amount of shaping can be done in a single passage through the rolls;
the metal must be passed through several times. This was done by men with
tongs holding the red-hot metal, hard but skilled work. With the Bessemer and
Siemens processes steel could be made not only quicker but in bigger
individual pieces. Molten steel was cast into rectangular blocks, or ingots,
which were rolled to the required shape. As ingots became bigger, men could
not handle them and machinery had to take over.

Sir John Alleyne, of Butterley in Derbyshire, patented a mechanical device
for moving ingots in 1861. He also devised a rolling mill which could rotate
the rolls in either direction, enabling the metal to be passed back and forth,
some rolling being carried out at each movement, until it was of the required
size and shape. These two devices saved time and took over work which was
too heavy for men to do. Alleyne’s mill was improved upon by John
Ramsbottom, of Crewe railway works, who made the first really successful
reversing mill in 1866 by coupling the engine of a railway locomotive to a
rolling mill. A railway engine, of course, has to be capable of running in either
direction, so it could just as easily rotate the rolls either way; all the man in
charge had to do was to pull a lever.

These inventions were the basis on which many modern rolling mills
operate today. There were several other changes in steel rolling, some of them
matters of detail, but all adding up to a general improvement. One
development, however, was a completely new idea. This was the continuous
rolling mill invented by George Bedson, of Manchester, in 1862. Bedson built
a mill, for rolling small iron rods for making into wire, with sets of rolls in a
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long straight line, so that the metal being rolled came out of one pair of rolls,
passed immediately to the next pair and so on down the line until the finished
size and shape were achieved. It saved time, needed fewer men and made a
better product. The first Bedson mill had sixteen pairs of rolls so the metal was
rolled sixteen times before it came to the end of the line. Later mills had even
more pairs of rolls and could produce rods at very high speed. The principle
was adapted to roll other steel products besides rods, and it is the basis of
many modern mills.

By the end of the nineteenth century iron- and steelmaking were very much
more mechanized, but the source of power was still steam. Electricity had
appeared in the iron- and steelworks, but at first only for lighting: some works
had electric light in the 1880s. Today it is the source of power in every works
and the steam engines survive only in museums.

Electricity is also used today in steelworks as a direct source of heat, and its
beginnings for this purpose go back a long way. If an electric arc is struck very
intense heat is generated; Siemens suggested that it could be used for
steelmaking in 1878, but nothing came of it at the time. Nor was there much
interest in the arc furnace designed by the Frenchman Paul Héroult in 1886,
though he used it himself for making aluminium (see p. 109), and in 1900
actually made steel in it. The electric furnace was ahead of its time, and it was a
national emergency which really started it going. In the First World War,
munition manufacture produced quite large quantities of small shreds and scraps
of metal called swarf, which was very valuable raw material for steelmaking if it
could be melted. Neither the Bessemer converter nor the Siemens open-hearth
furnace would do this adequately, but the electric furnace would.

MODERN STEELMAKING

During much of the first half of the present century two world wars and
several years of international trade depression hindered development in the
steel industry throughout the world. But changes were still taking place and
many technological improvements were on the way.

In the last twenty years or so the industry has altered at an enormous rate,
technologically and economically. Iron- and steelmaking are now,
technologically, international. Any large modern steelworks, no matter where it
1s, will use plant and processes from many countries.

The Anchor development of the British Steel Corporation (BSG) at
Scunthorpe provides a typical example. Anchor—a code name—was completed
at a cost of some £236 million. A multi-product iron and steel complex which
will make about 5.2 million tonnes of steel a year, it is not the biggest project in
Britain and far from being the biggest in the world. The BSC works at
"Teesside was designed for an annual output capacity of 12 million tonnes, and
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the planned capacity at the Fukuyama works in Japan was 16 million tonnes a
year. But Anchor is as modern as any and serves as a good example of how
international a steelworks is today.

The route to steel at Anchor is the same as at other large integrated works
and this pattern is likely to continue for some time. Briefly, iron ore is reduced
to cast iron in large blast furnaces, converted to steel by a new method, the
Basic Oxygen Steel process (see below), cast into slabs or ingots and rolled into
blooms, plates, billets or sections. Some idea of the size of the works can be
gained from the fact that the bloom and billet rolling mill building alone is
more than 1.6km (1 mile) long.

The blast furnaces are fed with a mixture of British and foreign iron ores,
all in the form of sinter, an agglomerated mixture of fine ore and other
ironbearing substances which produces a very uniform raw material. Sinter
originated in the USA; the use of 100 per cent to form the charge is a British
development which took place on an earlier plant at Scunthorpe.

Steel i1s made by the BOS (Basic Oxygen Steel) process (see p. 178)
perfected in Austria, with some background work in Germany and
Switzerland. The original idea was Bessemer’s, though he never tried it out.
The process needs very large supplies of pure oxygen, which were not
available in Bessemer’s time.

Much of the steel is made into large slabs by a process called continuous
casting. This again was first suggested by Bessemer, but his idea was not
successful. As used today the machines are based on the work of S, Junghans in
Germany, with important contributions from Britain and the Soviet Union.
The first commercial machine was built at Bradford in 1946. The Anchor
continuous casting plant was built by a German firm, rolling of the steel is
carried out in mills of British and German design, and some of the electrical
equipment is Swedish.

Economics, always important in iron- and steelmaking, are even more so
today and this is the reason for the changes in blast furnace ore practice and
steelmaking. The British, German, French, Belgian and other Western
European iron industries developed because there were large local supplies of
iron ore and coal, as did those of the USA and the Soviet Union. In most cases
there are still large—sometimes very large—reserves of iron ore left, but they are
often of low grade, and in Europe and some other parts of the world it is now
more economic for ironworks to import high-grade foreign ores. At the Anchor
site, for example, the local ores contain about 20 per cent of iron. Vast new
deposits have been opened up in Africa, Australia, Canada and South
America, and these ores can contain as much as 60 per cent of iron. With
supercarriers —ore-carrying versions of the giant oil tanker—these ores can be
brought halfway round the world at low cost. Some of the local ores, however,
although they are of low grade, are very close to the surface, and can be
quarried cheaply by modern earthmoving machines. In some places, therefore,
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a certain amount of local ores will be used, mixed with larger quantities of
imported ores.

Consequently, British bulk iron- and steelmaking are being concentrated at
five sites, all near to deep-water ports capable of taking supercarriers of
100,000 tonnes now and expected to become twice as big or even bigger in the
near future. These sites are: Scunthorpe, near to the Immingham ore terminal;
Port Talbot and Llanwern, both served by the Port Talbot terminal; Lackenby,
close to Redcar terminal; and Ravenscraig, Scotland, near Hunterston
terminal. Some steelmaking will continue away from the ports and so will a lot
of processing, but the bulk tonnages will come from these places. A similar
pattern obtains in Europe and Japan, though the latter country, having no local
ore reserves of any value, is even more dependent on imports. The Soviet
Union alone, among the big steelmaking nations is likely to remain
independent of imports.

The blast furnace remains the same in principle, although very much bigger.
A blast furnace of the nineteenth century had a hearth—or lower working part —
about 1.8-3m (6-10ft) diameter and made 100 tonnes or so of iron a week.
Number three new blast furnace at BSC’s Llanwern Steelworks, Gwent, has a
hearth diameter of 1 1.2m and will produce at least 5000 tonnes of iron a day,
and BSC’s Redcar furnace, Cleveland, can produce 10000 tonnes a day. All
modern blast furnaces are of course mechanically charged, the machinery being
under push-button control or even automatic, according to a present
programme. Mechanical charging originated in the USA towards the end of the
nineteenth century and spread in time to all ironmaking countries.

The BOS process is the biggest single development in steelmaking in the
present century. It looks rather like the Bessemer process, but it uses pure oxygen
instead of air and the oxygen is blown on to the surface of the molten iron at a
very high speed, instead of through it as the air was blown in the Bessemer
converter. Some modern BOS vessels are very large; there are three of 300
tonnes capacity each both at Port Talbot steelworks, for example, and at Anchor.

BOS steelmaking is very fast; a charge of 300 tonnes of iron can be
converted into steel in about thirty minutes. Enormous quantities of oxygen
are used and the BOS converters have to have their own oxygen plant in a
nearby building. The process gives off a vast amount of gas and, under
modern anti-pollution regulations, this has to be cleaned and disposed of
harmlessly instead of being discharged to the atmosphere, a costly but essential
procedure. In fact everything to do with the BOS process is expensive. The
BOS plant at Port Talbot, for instance, cost more than £28 million, but the
process is so fast, and uses comparatively so little labour, that it is more
economic than any other process for bulk steelmaking today.

Oxygen steelmaking is another example of the international nature of the
industry. It was first put to practical use in Austria in 1953, because it
happened to suit local conditions there at that time. From the fact that it was
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used in the Austrian towns of Linz and Donawitz the process was often called
by the initials L-D. However, Basic Oxygen Steel (BOS) 1s now the accepted
term in English-speaking countries.

The oxygen process has caused a complete revolution in bulk—or to use
another common name—tonnage steelmaking. The Bessemer process had been
dying out for some time. The last British basic Bessemer converters—at Corby,
Northamptonshire—closed down in 1966 and only two converters remained in
Britain, at Workington, Cumbria, both of the acid type. They finally closed in
1974. The Bessemer process is now extinct in Britain and practically so
throughout the world, and now the BOS process has sealed the fate of the
open-hearth furnace, which is being phased out fairly quickly.

Speed of production, attractive though it is, brings its problems, one of
which is the control of the process. It calls for a very high order of
instrumentation. In the days of the open-hearth furnace the more leisurely pace
allowed the operator to take samples of steel, have them analysed in the works
laboratory, and make adjustments to the furnace charge as required. Now the
analysis is done automatically: a small sample of steel is cooled down and
polished, then analysed by an automatic spectrograph.

Disposing of the steel made in the BOS converter calls for equipment which
will work at the same rate. One of the ways of doing so is continuous casting,
as revolutionary in its way as the BOS process. Ever since steel was first made
in bulk it has been poured molten into moulds to produce rectangular pieces
(ingots) or heavy flat ones (slabs). These could then be processed into finished
products by rolling. Ingots can now weigh anything from about 45kg (991b) or
so in the case of special steels to as much as 20 tonnes or more in tonnage
steels. For many purposes continuous casting, simple in principle but needing
very accurate control, has replaced ingots. Liquid steel is poured into an open
copper mould of the required size for a billet, bloom or slab. The mould is
water-cooled and the outer skin of the metal solidifies rapidly. At the bottom of
the mould the metal is solid enough for it to be drawn out at the same rate as
the molten metal enters at the top. Water sprays below the mould complete the
solidification. As long as molten steel is poured in, a solid product comes out in
a continuous length. This is cut up automatically by a flame-cutting head into
the lengths required for further processing. Continuous casting is not literally
continuous in that it never stops, and produces a billet or slab which would be
of infinite length if it were not cut up: in fact steelmaking itself is not
continuous, so the casting machine has to deal with batches of molten steel.
But it is sometimes possible to get several batches in succession so that the
casting machine can have a satisfactorily long run.

If steel is cast into ingots there is always a certain amount of unsound metal
at the end, which has to be cut off. In continuous casting there is also a small
piece at the start and finish of the cast which has to be discarded, but this
means that there are only two pieces of scrap for every batch. If a batch of, say,
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100 tonnes were cast into twenty 5-tonne ingots there would be twenty pieces
to discard. The saving is obvious, so it is not surprising that continuous casting
has spread all over the industrial world.

Compared with steelmaking and casting, rolling mills have evolved in a
rather less spectacular way, but development has been impressive nevertheless.
Continuous wide strip rolling now produces all the steel sheet used for motor-
car bodies, cookers, refrigerators, washing machines and a host of other
industrial and domestic purposes.

Bedson’s continuous mill is still used in modified form for rolling rod and
the idea was adapted for wide strip. It seems logical that this development
should have taken place in the USA, for it solved the problem of the time. In
the 1920s the growth of the mass-produced car trade, pioneered there, coupled
with increased demand for kitchen equipment and canned goods, created a
vast market for steel sheets and the old hand-rolling methods of sheet
production could not cope with the demand. The answer was mechanization
and the Americans provided it in the form of the wide strip mill.

A steel slab is heated to rolling temperature and passed through a series of
rolls in line until it is reduced to a very long thin plate. This is automatically
wound into a coil weighing several tonnes. Then the coils are pickled in acid to
clean the surface and passed through a further series of rolls, this time cold, to
become finished coils of thin, wide strip.

Coils of strip can be used in several ways. They can go to cut-up lines,
where they are unwound and the continuous length is cut automatically,
without stopping the line, into sheets of a required length. Alternatively the
coils can go direct to the user, where they become the raw material for
automatic production lines. Or the coils can be passed through an automatic
tinning line, where they are given a microscopically thin coating of tin to
become tinplate, which is used for making cans (or, as they are often, and
wrongly, called, tins).

Some coils go through a different automatic production line to be coated
with zinc (galvanized). The product, like plain wide strip or tinplate, can be
sold in coil form or cut automatically into sheets. If galvanized strip is cut into
sheets, many of them will be corrugated to form the product still familiarly and
mncorrectly known as corrugated iron. It has been made of steel for many years
now, but the old name has stuck, as it has with ‘L’-shaped or angle sections
which are now of steel, although they are popularly called angle iron.

Two other means of finishing strip steel-wide and narrow—are of growing
importance: plastic coating and prepainting. Sheets and coils can now be coated
on either or both sides with a thin layer of plastic film. It is bonded on to the
steel and adheres so tightly that it cannot be pulled off without destroying it.
Several different colours and surface finishes are available and plastic-coated
sheets have many uses. Office furniture and partitioning are common outlets, as
are some domestic appliances such as electric fan heaters. Another use is for the
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sheeting on the outside and roofs of buildings. In prepainted sheets and coils
there is also a wide range of colours and types of paint available. All the paints
are chemically based and adhere very firmly. Typical uses for prepainted sheets
are for car instruments and clock faces: all the customer has to do is to cut out
the required shape and print on the figures. Both types of sheet can be shaped by
metalworking machinery without damaging the finish, and they save the user
having to install expensive finishing equipment.

The continuous wide strip mill did not attract much attention outside the
USA at first, but as other countries stepped up their demands for more sheet it
began to spread. The first outside the USA was put down at Ebbw Vale,
Gwent, in 1938. It produced about 5000 tonnes a week which, though not
particularly impressive by current standards, was a great advance over
anything possible in Britain before. Strip today can be either ‘narrow’ (up to
and including 600mm wide) or ‘wide’ if it exceeds that figure. Thickness is
now usually stated in millimetres and decimals of a millimetre: it is technically
sheet if it is up to and including 3mm; above that it is plate. So tinplate, which
is much less than 3mm thick, should really be called sheet—it is neither tin nor
plate—but the name is very old and it shows no sign of disappearing.

Like any other process operating at high speed the wide strip mill demands
very accurate control. Strip can issue from the finishing end of the mill at
about 95km/h and the mill could make scrap very fast if anything went wrong.
One of the problems found in any rolling mill is that the component parts can
stretch and distort when the metal is rolled. The stretch may be very small. It
may only cause inaccuracies in the finished strip thickness of a fraction of a
millimetre, but such inaccuracies are unacceptable to some buyers of strip and
sheet, and allowance has to be made for this problem in the design. A British
invention, now used all over the world, which deals with this problem is
automatic gauge control. With this device variations in strip thickness are
measured as they are actually occurring, and corrective action is taken
automatically before there is time for a serious fault to develop. Very
remarkable strip accuracy is possible: consistency of strip thickness to within
0.005mm is achieved regularly in commercial production.

Such control is automation in the correct sense of the word. Automatic
operation of many types of machine—not only in the steel industry—is very
common and quite old. It is not, however, automation, for automatic operation
merely goes through a preset programme with workers to check the products
and adjust the machinery. With true automation the machinery checks its own
products and makes its own corrections. This is exactly what automatic gauge
control does. As production rates increase, automation is becoming more
essential, particularly as customers are now demanding higher standards in
their steels than ever before. For some purposes the computer is providing the
answer; the steel industry shares with the oil refineries the credit for much
pioneering work in this field.
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Apart from the obvious office use of computers for anything from preparing
wage statements to scheduling orders so that they go to the works in the most
economic way, computers are now being used ‘on-line’, to control actual
production processes. A simple example comes from the cutting of billets to
suit customers’ orders. Billets of special and very expensive alloy steel have to
be cut into many different lengths to suit individual customers. The billets do
not come from the mill in exact lengths, and the practice was always for the
operator who controlled the billet saw to be given the measured length of each
billet as it came to him. He then had to decide the best way to cut it up,
according to all the orders he had to satisfy, and set the saw accordingly, so
that as little as possible of the expensive material was wasted. However skilled
the operator, human error was unavoidable.

With computer control the billets are measured automatically as they are
rolled and this figure is fed into the computer with details of the customers’
orders. It equates these two sets of information and produces figures for each
billet which will use it most economically. There are numerous other examples
of computer control in steelmaking and processing, and the trend is increasing.

In special and alloy steelmaking there is also a great deal of mechanization
and process control is highly instrumented, but the scale of operations is
smaller and the range of products wider. Today all alloy and special steels are
made in electric furnaces. The old crucible process is extinct, though there is a
crucible melting shop preserved in working order at Abbeydale Museum,
Sheffield. Electric furnaces can be of two types, arc or induction. In the arc
furnace heat is generated by means of an electric arc and metal is melted by
this heat in a refractory-lined vessel of drum shape, which can be tilted
mechanically to tap the finished steel (see Figure 2.6). Arc furnaces are now of
many sizes, holding from a few tonnes to 150 tonnes or more. The induction
furnace was invented in Italy in 1877 but the time was not ripe for it to
develop and the first one in Britain was installed in 1927. In this furnace there
is no arc; an electric current induces a secondary one inside the furnace itself
and generates sufficient heat to melt steel. Induction furnaces are generally
used for the very special and expensive alloy steels and may range in capacity
from a few kilogrammes to 5 tonnes or more.

Neither type of electric furnace uses liquid, solid or gas fuel, so the steels
made in them cannot be contaminated from these sources, an important
consideration in the higher-grade steels. Any contaminant—even in a very small
percentage—might be disastrous in a gas-turbine disc, for example, so a very
‘clean’ furnace is highly desirable.

Unfortunately, some gases also act as contaminants in steel, and since these
gases are present in air it is impossible to avoid their getting into the steel.
They must then be removed and there are several ways of doing so.

One is vacuum melting. Steel is made as carefully as possible in an ordinary
electric furnace and then remelted in an induction furnace which is contained
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Figure 2.6: Model of an electric-arc furnace.

in a sealed chamber under a vacuum. As the steel melts, the gases are given off
and drawn away by the vacuum pumps. Vacuum furnaces are complicated
pieces of machinery, with equipment for taking samples of molten steel,
making corrective additions to the melt, and casting the steel into an ingot, all
without disturbing the vacuum. They are naturally expensive to buy and they
have small outputs, but they are justified when very high quality is essential.
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Among other methods of cleaning and purifying high-grade steels, is
electroslag refining, which is of growing importance. In this process a long bar
of steel is made and the end of it is gradually melted off under a pool of
molten slag. The slag is specially prepared so that the impurities pass into it; in
effect they are ‘washed’ out of the steel.

Iron and steelmaking today is a pattern of highly sophisticated and very
expensive plant and, for the bulk producers, of very large outputs coming from
a few works in coastal areas. The pattern is world-wide; almost every major
industrial country is concentrating its bulk steelworks in this way.

There are, however, two exceptions to this trend towards ever-increasing
size. In the first place the alloy and special steelworks have not followed the
pattern and are not likely to. A new giant steelworks could cost £1000 million
or more to build today, a cost which could only be justified by the very large
outputs achieved for tonnage steels. Alloy steels are not wanted in such great
quantities, so the alloy steelworks, though bigger and costing considerably
more than they used to, will never reach giant size.

In the second place, there is a new type of steelworks, not at all large by
modern standards, which is proving very successful. This is the so-called
minimill, made economically possible by the electric furnace and continuous
casting. There are several in Europe and quite a number in the United States
and Japan, where the giant works 1s often thought to be supreme. One has
been built in Britain and others are under construction or planned.

A mini-mill is a steelworks based on scrap steel, collected over a fairly small
area locally, melted in an electric-arc furnace, cast in a continuous casting
machine and then rolled in a mechanized mill. Its products will be few in
number; sometimes there will be only one finished product. Concrete
reinforcing bars are a typical mini-mill product. The output can range from as
little as 50,000 up to about 400,000 or more tonnes a year.

The size of a mini-mill is determined by that of the local market and that of
the area from which the raw material, scrap, is collected. In the USA, with its
great land mass, a market can be a long way—and in terms of transport an
expensive way—from the traditional steel-producing areas, so a locally-based
works can do well. But even in Japan and Britain, mini-mills can prosper if
they get their economics right. The first British mini-mill, at Sheerness in Kent,
was designed for expansion from an annual capacity of 180,000 tonnes to
400,000 tonnes.

Discounting the possibility that steel may in the foreseeable future be
superseded by some other material, it is difficult to imagine any major changes
in the metal itself. Specifications will change, new alloys will be developed for
new, unforeseeable applications, but steels will still be recognizable as such.

It is in the methods of manufacture that the greatest changes are likely. The
blast furnace could be the first to face this effect. At present it is the most
economic means for converting iron ore to metal. But coke is getting more
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expensive and scarcer: not every type of coal is suitable for making coke and
the world’s reserves of those that are are dwindling. There are alternative
methods of reducing iron ore. Some modern plants using oil or natural gas as
fuel can produce relatively pure iron pellets which are suitable for melting
down to make steel. It is also possible to smelt electrically. In a few parts of the
world, where coke is too expensive, they are already in use: in Mexico, for
example, where there is iron ore, but coke would have to come from the USA
and the transport charges alone would make it very expensive.

Perhaps the ultimate dream of the steelmaker is the fully-continuous
production of steel. Raw materials would come in at one end of the works,
flow through the various processes in a continuous line and come out at the
other end as finished products. Parts of the production line are already
continuous, but there are major technical problems to be solved before truly
continuous steelmaking is practicable.

But there are quite a lot of people in many countries, trying to fill the gaps
between theory and practice and nobody can predict what might happen, or
when. The one certainty is that we have not yet heard the last of steel or of its
basis, the element iron.
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THE CHEMICAL AND
ALLIED INDUSTRIES

LANCE DAY

INTRODUCTION

The chemical industry is that by which various kinds of matter are transformed
into other kinds that are needed in manufacturing or in everyday life. Its history
falls into two periods. The first, the pre-scientific stage, stretches back into the
distant past, to man’s earliest attempts to deal with materials. The second,
scientific, period is of quite recent origin, in the late eighteenth century, when
chemical science began to be usefully applied to chemical technology.

In the earliest period up to the end of the neolithic age, that is around 3000
BG, practice of the chemical arts was restricted almost entirely to the making
of fire, alcoholic fermentation and the baking of pottery. This was succeeded in
various parts of the world by what are termed the ancient civilizations, such as
those of Egypt, Mesopotamia, the Indus Valley and, somewhat later, China.
Here city life began, communication, above all writing, developed to make it
possible to keep records and disseminate knowledge, and new techniques were
developed. Some of these, such as medicine, surveying and astronomical
observation, were carried out systematically. At the same time the range of
materials available and the processes by which they were treated widened, with
the effect of improving the way of life for the citizens. Most important of these
materials were the metals, gold and silver, copper and tin, alloyed in bronze,
and later iron (see Chapters 1 and 2).

Throughout this period, and in the succeeding ages of Greece and Rome, the
rise of Islam and on into Western Europe, the extraction and preparation of useful
substances was essentially a craft, carried on, like any other, by skilled artisans
who learned their trade through apprenticeship and experience and not from a
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corpus of literature; there was none, and if there had been, very likely they were
unable to read. Such accounts as there are of the ancient chemical arts were drawn
up by those not engaged in the craft. For example, the encyclopaedic Historia
naturalis of the Roman official Pliny has embedded in it many descriptions of
chemical processes, some accurate, some less so, for they are based on secondhand
reports rather than original observation. Many recipe books survive to give us
some idea of what went on, like the chemical tablets of seventh-century BC
Assyria, although these are no more than lists of ingredients.

With the coming of printing and a mercantile and practical class of reader, a
demand developed for clear accounts of the making of various substances. These
begin to appear early in the sixteenth century, some being fine examples of the
art of book-making. Hieronymus Braunschweig’s books on distilling were
printed early in the 1500s and were the first to include illustrations of chemical
apparatus. Neri’s sober account of glass-making followed and there were the
metallurgical treatises of Vannoccio Biringuccio (1540), Agricola (Georg Bauer)
(1556) and Lazarus Ercker (1574). This literature is severely practical and shows
little trace either of magical or superstitious elements on the one hand or, on the
other, of the current philosophical ideas about the nature of matter. It was the
Greek philosophers of the sixth century BC onwards who began to seck an
underlying unity in the variety of materials in nature and a few fundamental
principles or elements from which this variety could be derived. The explanation
that gained widest acceptance was the four-element theory propounded by
Aristotle and his followers from the fourth century BC, which held that all
materials consisted of varying proportions of the elements fire, air, water and
earth. This theory was not seriously criticized until the seventeenth century and
fell into disuse during the following century, surviving today only in such
phrases as ‘the fury of the elements’. This and certain other ideas about the
nature of matter and the ways it could undergo change were applied by the
alchemists in the course of their work attempting to make gold.

The artisan did not think in philosophical terms because he had not been
educated in the schools, and if he had been, it would not have been the slightest
help in his craft of making useful materials. The lack of a genuine theoretical
understanding was a great handicap particularly in identifying and valuating
materials. The glass-maker, for example, did not know that silica, sodium
carbonate and lime as such were needed to make glass; the first glass-maker
discovered by accident, and his followers knew from experience, that sand
melted with the ashes of certain plants would yield glass. They knew that the
whiter the sand, the more colourless the glass. Likewise, it had been found from
experience that the ash from some maritime plants produced the best glass, but
not because they understood that these contained soda, potash and lime and that
these were necessary for glass making. Materials were recognized by their look
and feel, learned from those who already knew. Knowledge of materials and
processes tended to be kept within rather closed communities and not widely
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disseminated. Communications were difficult enough without the deliberate
secrecy that was sometimes practised, as when the earliest Venetian glassmakers
sought, albeit vainly, to prevent a knowledge of their art from spreading.

Lacking a means of identifying substances correctly, the early chemists
could be so confused about them as sometimes to use the same name for
different substances, such as ‘nitrum’, which could mean both sodium
carbonate and potassium nitrate. On the other hand, different names could
unwittingly be used for the same substance: ‘vitriolated tartar’ and ‘vitriolated
nitre’ were both used at times for more or less impure potassium sulphate,
apparently with no awareness that the substances so designated were
essentially the same.

Inability to identify materials made it impossible to evaluate them, that is, to
determine how much of them was present. Finding out what and how much is
the object of chemical analysis and not surprisingly it arose in connection with
those materials that could be recognized, namely the metals, particularly gold
and silver. The printed books on the assay of metals which began to appear
early in the sixteenth century are evidence of a practical tradition in the
quantitative evaluation of gold and silver. But for other materials it was hit or
miss. The ironworker, for example, had no way of knowing whether he had
extracted all the iron from a charge of ore. Very likely more than half would
have been left in the refuse or slag, so that later workers often found it worth
while to rework them. As for determining the quality of the product, if the
customer was satisfied, that was enough; there was no other criterion.

Not understanding what was going on, the artisan found it difficult to
regulate his processes and distinguish significant from irrelevant factors.
Adding a new ingredient one day, or giving the mixture a good stir, might
appear to have improved the result and the new procedure would have passed
into timehonoured practice until somebody accidentally omitted it without
adverse effect. Nobody would have known or even asked why the new
procedure seemed to work. There was thus no understanding of the effects of
temperature, pressure and all the other conditions that are now known to
influence chemical changes. Temperature was in any case difficult to control.
The mainly charcoal-fired furnaces were awkward to regulate and things could
easily get out of hand, as illustrated by the explosive mishaps that befell the
alchemists of Chaucer and Ben Jonson. The poor quality of many of the
reaction vessels was also a hindrance and led to much waste. Considering all
the handicaps, it is indeed remarkable that such a range of useful materials was
produced with an acceptably high quality. It was all achieved by craftsmen
relying on skill of eye and hand gained through years of practice and inherited
from generations of work in the industries concerned.

All this was to change dramatically within a relatively short space of time. The
idea of increasing natural knowledge gained from observation and applying it to
industry or the useful arts developed during the seventeenth century. The Fellows
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of the Royal Society, from its foundation in 1662, took a considerable interest in
industry and made some useful suggestions for improvements in chemical
processes. One of the founder members, the Hon. Robert Boyle, sharply criticized
the prevailing ideas in chemistry and urged that it shed its disreputable alchemical
connection and apply the concepts of the new mechanical philosophy. This
criticism lacked precision, however, and a further century was to elapse before a
chemical theory was established which actually corresponded with reality, at the
hands of Antoine-Laurent Lavoisier from around 1780. The processes involving
oxygen, such as combustion, were correctly explained, the nature of acids, bases
and salts was put on a sounder footing, and in particular a clear definition of a
chemical element was not only stated but usefully applied to draw up the first list
of elements in the modern sense. A beginning was made in chemical analysis and
after 1800 great improvements were made in quantitative analysis. Soon after
1800 rules for the way in which elements combined to form compounds were first
enunciated, and with the atomic theory of John Dalton, chemists could visualize
and explain chemical reactions in terms of the ultimate particles forming the basis
of all matter.

Early beneficiaries of the chemical revolution were the manufacturers of
cheap sulphuric acid, caustic soda, and chlorine for the textile industry.
Developments in the industry gathered pace, informed by discoveries on the
theoretical side. The nineteenth century was the era of pure and applied
chemistry. The pure chemist was concerned to advance chemical knowledge for
its own sake, irrespective of its possible practical use. The applied chemist,
meanwhile, was employed to improve the processes for producing commercially
useful substances, seeking new exploitable materials and, above all, in chemical
analysis to monitor processes and the quality of products. Too often the two
kinds of chemist worked in isolation from each other, the former being blissfully
unaware of the needs of industry and the latter prevented from carrying out
research that did not show an obvious profit. This division of role has, however,
become increasingly blurred with the growth from the beginning of this century
of the great chemical firms: indeed, the terms ‘pure’ and ‘applied’ chemistry can
be said to belong to a bygone age. Improved contacts between the universities
and industry make the former’s research departments more aware of problems in
industry, while much research in industry is in areas wider than those for which
there is an immediate cash return. In addition, in most industrialized countries
the state sponsors research and itself carries it out, in government laboratories,
and without rigidly restricting its attention to problems of public concern. It is a
melancholy fact that, in Britain, state, industry and the universities combined to
deal with common needs never so effectively as in the two world wars. The
production of the first atomic bomb is the prime example of such co-operation
on an international scale.

By and large the chemical industry in the developed countries has been in
the hands of private commercial firms and, however altruistic some of their

189



PART ONE: MATERIALS

activities may be at times, the ultimate reason for a process or product to be
developed is that it will make a profit. It is worth noting that this profit is the
source of funds for research by the state and the universities whether by direct
sponsorship or indirectly through taxes. Because of the successful and
systematic application of theoretical chemistry, first in inorganic then in
organic chemistry and physical chemistry, especially the mechanism of
reactions, the range of substances which the chemical industry has produced
for man’s use, with ever-improving quality, has been truly remarkable. The
comparison with several millennia of near stagnation makes the progress of the
last two centuries all the more striking. In 1800 the chemical industry was
important, but on a small scale, its products limited to metals, acids, alkalis,
pigments, tan-stuffs, medicines and a few other chemicals, some made on a
scale not much greater than in the laboratory. Now the scale is vast, yet the
industrial chemist exercises a precise control over the processes to yield an
exactly predictable result. The source of this progress has been research.
Sometimes progress has come by directing research to solving a particular
problem, such as making a substance with certain required properties. But the
more fruitful source has been to apply discoveries not made with a particular
practical end in view. An example of the first is presented by Alfred Nobel and
his intention to make nitro-glycerine a safe explosive. In the course of this he
invented dynamite and blasting gelatine (see p. 223). But the more remarkable
discoveries have been those that were not intended. Thus Perkin, while trying
to synthesize quinine lighted on something quite unexpected, the first aniline
dye, mauve—which led to a whole new industry (see p. 201). An example of
the deliberate application of the results of pure research can be seen in the
hydrogenation of oils to make fats like margarine, stemming from the study of
the catalytic hydrogenation of unsaturated compounds in the presence of a
metallic catalyst by Sabatier and his colleagues around 1900. Until then, the
production of margarine, invented in 1869 by the French chemist Hippolyte
Meége Mouri¢s, had been limited by the availability of raw materials, but the
hydrogenation process enabled almost unlimited quantities of oils such as
cottonseed oil to be converted into solid fats.

This chapter follows the history of the making of the more important
substances or groups of substances that are a help to man, in one way or
another, in his everyday life.

POTTERY, CERAMICS, GLASS
Pottery and ceramics

The hand-forming of plastic clay and changing it by heating into a hard body
impermeable to water is a technique that goes back to the dawn of civilization,
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that 1s, to before 6000 BC. Indeed, primitive man, whether in prehistoric times
or the present, fashions clay by hollowing out a ball and leaving it to dry in the
sun or heating it on an open fire. Such simple means can hardly be classed as
even primitive industrial chemistry, but with the rise of the ancient civilizations
and the settled urban life that made tolerable the fragile nature of pottery, a
number of materials began to be used for a variety of decorative effects. Potters
learned, too, to control the temperature of their kilns to produce different
colours. In modern parlance they employed reducing and oxidizing conditions to
achieve various effects, without of course understanding the reason for this.

Clays are, chemically speaking, hydrated aluminium silicates with other
substances such as alkalis, alkaline earths and iron oxide. It is this last that
gives the commonest clay its characteristic red colour. The clays commonly
found in nature are plastic when mixed with water and can be formed into a
variety of shapes. When left to dry until the water content is 8-15 per cent the
clay can still be worked, by scraping or turning, but lacks mechanical strength.
After further drying and firing at 450-750°C the chemically-combined water is
driven off, the clay can no longer combine with water, and it becomes like
moderately hard stone. Firing at a higher temperature eventually causes the
clay to vitrify and fuse, but that stage was rarely reached in the ancient world.
It is impossible to date the technical advances made during the early
civilizations of Egypt, Mesopotamia and the Indus, but the art of throwing pots
on the potter’s wheel evolved at this time, as also the firing of the ware in kilns,
fuelled with wood or charcoal, in place of the open fire. Temperatures of just
over 1000°C could occasionally be reached and much greater control of the
draught and therefore the heating conditions was achieved. Pottery could be
rendered sufficiently non-porous by burnishing, that is, smoothing the unbaked
surface by rubbing, but a better surface could be obtained by dipping the ware
in a ‘slip’ or a slurry of fine clay and firing, or by glazing, that is, painting on to
the surface a substance which on firing would turn into a thin layer of glass.
The Egyptian blue glaze was a notable example. It was made from white sand,
natron, limestone and a copper compound, perhaps malachite, which imparted
a blue colour to the mixture. This was heated for two days at around 900°C,
powdered and applied as a glaze to a siliceous body.

The Assyrians, about 700 BC, introduced lead oxide-based glazes, an
important development as this was the first glaze that would adhere to a clay
base. They were able to obtain a yellow colour by roasting antimony sulphide
with lead oxide, and blue and red from copper compounds. The Greeks and
Romans made progress in fine workmanship and artistic design rather than in
technology. The Greeks, from about 600 BC, did however develop the
technique of black and red ware achieved by using reducing and oxidizing
conditions to produce two different states of the iron oxide in the red clay.

The most interesting development over the next millennium was that of
lustre ware. A paste formed from powdered sulphides of copper and silver was
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applied to a body that had already received a tin-lead glaze, then heated to
leave a thin, lustrous layer of copper and silver. The technique arose in the
Middle East in the ninth century AD and spread through Islam, reaching
Moorish Spain by the fourteenth century. From here it was exported
throughout Europe and highly prized by those who could afford more
sophisticated tastes, while of course simple peasant ware continued to be made.
In Italy it was doubtless the spread of lustre ware that stimulated the tin-glazed
ware known as majolica which flourished particularly over the period 1475-
1530. Applying coloured tin-lead glazes to sculpture, Luca della Robbia
achieved delightful results. A manuscript by one Picolpasso gives details of the
glazing and colouring materials and processes that were applied to the white
clay base.

Now, however, an entirely new product was about to make an impact on
European taste and fashion, Chinese porcelain. It was known to the Muslims,
but examples did not percolate into Europe until the sixteenth century. The
trickle became a flood after the eastern trading companies were set up, in the
wake of the voyages of exploration, in particular the Dutch East India
Company founded in 1609. Chinese pottery is of great antiquity, going back to
the third millennium BC. Glazed pottery appears in the third century BC and
lead glaze soon afterwards in the Han dynasty, a little earlier than Roman
practice in the West. But the great Chinese discovery was that of porcelain, of
which the main constituents are kaolin or china clay, which is infusible, and a
fusible mixture of feldspar, clay and quartz. This had to be fired at a higher
temperature—around 1400°C. Various colours were applied, but above all blue
from cobalt minerals. A mineral with just the right amount of impurities,
imported probably from Persia in the fourteenth and fifteenth centuries,
produced a particularly lovely blue. Thereafter a local mineral had to be used,
giving a rather inferior colour. The earliest porcelain is of the eighth or ninth
century, it came to maturity during the Sung dynasty (960-1127) and reached
its glorious perfection in the Ming dynasty (1368-1644).

The energies of European potters were now to be directed to discovering
the secret of Chinese porcelain and to making something that looked like it.
Dutch potters centred on Delft produced the first successful imitation, using
carefully prepared clay and tin-enamel glaze. By the end of the seventeenth
century delftware had spread to England and was being manufactured at
Lambeth, Bristol and Liverpool.

Porcelain is fired at a temperature that produces vitrification, that is, the
formation of a glassy substance, hence its translucent appearance. It seemed to
the early experimenters to be half-way between pottery and glass, so they tried
using glassmaking materials and fair imitations were the outcome. But the first
true porcelain, using china clay, was achieved by the German Johann Friedrich
Bottger, who began working on the problem in 1701 in the royal laboratory of
Friedrich August II, Elector of Saxony, in the town of Meissen. After ten years
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he came across kaolin, being sold as a wig powder, and feldspar, which often
occurs with it. With these he obtained a true porcelain. By 1716 he had
perfected the technique to such an extent that the products could be marketed.
The Elector was anxious to keep the secret to himself and kept Bottger a
virtual prisoner, but to no avail. The knowledge spread with the wares, and
Meissen was soon to be overtaken by Sévres. Originally at Vincennes, the
French state factory moved to Sévres in 1756. It always enjoyed royal
patronage and by 1759, Louis XV had become proprietor. At first, soft paste
substitutes were produced, but eventually, from 1768, under the
superintendence of the chief chemist P.J. Macquer, a true hard porcelain was
produced.

In England the pattern was repeated. A soft paste porcelain, using powdered
glass with a white clay, was produced at factories established at Stratford-leBow
in east London, in the late 1740s, followed by Chelsea, Derby, Lowestoft,
Longton Hall in Staffordshire and Worcester. At the same time, William
Cookworthy, the Plymouth chemist, had been experimenting with clays in
Devon and Cornwall and in 1768 he felt sufficiently confident to take out a
patent for the production of a true porcelain. His technical prowess was not,
however, matched by business acumen and he disposed of the patent to
Richard Champion. The latter found difficulty in renewing the patent in 1775
when it was successfully challenged by a group of Staffordshire potters
including Josiah Wedgwood, who began to make hard paste porcelain from
1782 at New Hall, near Shelton.

Most of the factories mentioned above were not particularly well sited in
relation to sources of raw materials and fuel. Those in north Staffordshire were
much better in this respect and so it was here that the great industrial
expansion of porcelain manufacture took place. The momentous changes that
came about were largely the work of one of the greatest potters of all time,
Josiah Wedgwood. One major change was the substitution of a white-burning
clay and calcined crushed flint (silica) to give a ware that was white through
the whole body in place of the common and buff clays. The preparation of the
raw materials, including the crushing of the flint, required mechanical power,
first supplied by water power, then by steam. Wedgwood had seen a
Newcomen engine at work when visiting clay sites in Cornwall and he was the
first potter to order an engine for his works from Boulton and Watt (see p.
276). Wedgwood evolved a ware consisting of four parts ground flint and 20 to
24 of finest white clay, glazed with virtually flint glass. Having secured royal
patronage, it became known as Queen’s Ware and was widely used for all
kinds of table ware.

Wedgwood pioneered the application of steam power in the pottery industry
in 1782. As elsewhere, this changed the pattern and scale of operations and led
to the factory system with a central source of power for a variety of mechanical
operations. Wedgwood’s Etruria works were the first on these lines. But he was
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also concerned to apply the scientific knowledge of the time to materials and
processes, as with his clay pyrometric cones which contracted on heating,
enabling the temperature in the kilns to be more accurately measured and
therefore more effectively controlled.

By 1787 there were some 200 master potters, employing 20,000 in north
Staffordshire, making it the foremost pottery manufacturing area in the world.
A new product was introduced by Josiah Spode: bone ash and feldspar with
white clay to produce that characteristically English ware, bone china. As the
Industrial Revolution gathered pace, there was an increasing demand for
porcelain or similar ware, otherwise called ‘china ware’, and two inventions,
both originating in the mid-eighteenth century, helped to meet it. One was
mould forming, in place of the traditional potter’s wheel, while the other was
transfer printing instead of decorating each piece freehand. A compromise
here was to transfer only a faint outline of the design on to the piece, leaving
the craftsman to paint in the detail. This method was practised from the
1830s especially at the Coalport works in Shropshire and the Rockingham
works at Swinton in Yorkshire. Mass production methods and improved
transport brought cheap china to most tables in the industrialized countries,
although, as often but not necessarily happens, there was a decline in the
quality of design. On the other hand, after the chemical revolution, a better
understanding of the nature of the potter’s materials produced better bodies
and glazes. This among other things ended the dependence on lead glazes, to
the great benefit of the health of those who had to use this harmful material.
New effects were produced, such as the celebrated Persian turquoise blue of
J.T.Deck of Paris in 1861 (blew de Deck). New colouring agents arrived, like
uranium (1853), and new effects such as flame-mottling by controlling
conditions in the kiln.

Meanwhile developments in other industries found new uses for ceramic
materials, above all the electrical and chemical industries. The word
‘ceramics’ also came into common use during the last century, denoting
articles made by forming and firing clay, from the Greek kerameikos, the
potters’ quarter of Athens. The mechanical, weathering and electrical
properties of porcelain made it an ideal material for insulators and resistors,
still largely made from ceramics. In the 1850s bell-shaped insulators for
telegraph poles came into use throughout the world. In the chemical
industry, ceramic-lined vessels became a necessity for certain processes and
to contain such materials as acids: chemical stoneware is resistant to cold
acids, except hydrofluoric, and most hot acids.

Progress in the metallurgical industries could not go far without improving
on the crude clay-lined furnaces of earlier times. From 1860, Austrian
magnesite bricks came into wide use for iron and the new steelmaking
furnaces. An understanding of the acid or alkaline nature of refractory furnace
linings was crucial to the success of the Bessemer steelmaking converter. When
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the outbreak of the First World War interrupted the supply of magnesite, the
drawbacks in the use of the cheaper dolomite were overcome.

The effect of mechanization in raising output has already been
mentioned. A further boost was provided by improvements in kiln design.
Efforts were first made to economize in fuel consumption and to cut down
the smoke that poured from the kilns, making the pottery districts most
insalubrious. But the major development was, as in other industries, to
replace batch, or non-continuous, heating by continuous firing, as in the
tunnel kiln. The first was built in Denmark in 1839 and, although not
really satisfactory, its importance was recognized. Improvements followed
and a kiln fired by producer gas was erected in 1873 and patented four
years later. In 1878 a tunnel kiln was installed in London and the first in
the USA was at Chicago in 1889.

During the last half of the nineteenth century, the ceramics industry
changed further into a science-based technology, as the materials used in the
industry and the processes they underwent were subjected to systematic
scientific examination. The credit for much of the pioneer work on the clays
belongs to the chemist H.Seger.

In the present century the range of ceramic materials and their application
throughout industry has greatly widened. In fact over the last fifty years the
traditional definition of ceramics as clay-based products has had to be
abandoned. The term is now broadened to cover any inorganic substance
which, when baked, attains the familiar rock-like hardness with other special
characteristics. Silicon carbide is such a material, with important applications in
the abrasive industry.

Glass

Glass is one of the most familiar of materials, with a wide range of applications
in the modern world, yet with a history stretching back into antiquity. It is
formed by melting mixtures of various inorganic substances and cooling them
in a way that prevents crystallization—the molecules do not, as with most solids
such as metals, arrange themselves in regular crystalline patterns. It is in fact
more accurate to speak of glass as a rigid liquid than a solid. The basic
ingredients of common or soda-lime glass are sand (15 parts), soda ash (5
parts) and lime (4 parts). Instead of sand, the silica could be in the form of
quartz or crushed flint. In pre-industrial eras the alkali was provided by the ash
of certain plants, fern being particularly preferred.

Primitive man sometimes fashioned naturally occurring glasses such as
obsidian, a glassy volcanic rock, into useful objects, like arrowheads. The
earliest artificial glass dates from around 4000 BC in Egypt, in the form of a
coloured, opaque glaze on beads. During the second millennium BC small
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hollow vessels could be produced by core moulding. A clay core was covered
in successive layers of molten glass and the core scraped or washed out.

During the first century BC came one of the technological breakthroughs of
the ancient world, the invention of the blowing iron. This made possible the
art of glassblowing, either free or into a mould. The art spread rapidly through
the Roman Empire and, with tools for decorating the surface of the glass and
materials for colouring it, a wide variety of useful and often beautiful ware was
produced. In essentials the techniques employed have survived throughout the
period of hand-made glass even to this day.

After the collapse of the Roman Empire the tradition of glass-making in its
most sophisticated form survived in the Near East and later in Islam. In
Europe during the so-called Dark Ages, the tradition remained alive in a
simpler form. The compilation of ¢. 1100 by the German monk Theophilus of
Essen, Schedula diversarum artium (Account of various arts), gives details of the
glass-making methods in use at the time, including window glass. This was
formed by blowing a vessel like a ‘long bladder’, opening it out and flattening
it. It was then cut into the required sizes and shapes. Very early ecclesiastical
stained glass can be seen in the churches in Ravenna, but it reached its
perfection during the Middle Ages. The glory of mediaeval glass is the richness
of its colouring, produced by chance combinations of impurities in the
colouring materials used. These combinations have long since been lost, so the
colours of mediaeval stained glass have hardly been matched.

The Roman glass-making techniques were brought to Europe, possibly as a
result of the Crusades, especially to Venice, where the art began to flourish
during the thirteenth century. The Venetian craftsmen established themselves
on the island of Murano, at first in conditions of strict secrecy; but as their
ware became renowned throughout Europe, so knowledge of their materials
and methods spread too. Apart from the quality and intricacy of the glass,
prized above all was the cristallo, a colourless glass produced, like the Romans
before them, by adding to the melt manganese dioxide, which oxidized the
iron in the sand to the colourless ferric state.

The furnaces and tools in use during the sixteenth century are described
and illustrated in the celebrated De re metallica of Agricola, printed in 1556. The
furnaces were in two portions; in the lower the materials were melted in pots
from which the glassblower gathered a ‘gob’ of molten glass on his blowing
iron. The upper part was the annealing chamber, where the finished ware was
allowed to cool slowly, to ease out the strains which would be caused by rapid
cooling and result in breakages.

Glass-making was scattered throughout Europe, where the raw materials
were to hand, but Venetian clear or ‘cristallo’ glass remained highly prized.
The Worshipful Company of Glass Sellers of London commissioned one
George Ravenscroft to find a recipe for a comparable glass using local
materials. At first he took crushed flint as his source of silica, but this produced
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numerous fine cracks in the glass, known as ‘crizzling’. To overcome this defect
he used increasing amounts of lead oxide and obtained a relatively soft, heavy
glass with high refractive index and dispersive power. This made it amenable
to deep cutting and this, with its optical properties, produced the brilliant
prismatic effects of cut glass. Ravenscroft’s lead glass was patented in 1673 (it
has also been called ‘flint glass’ from his original source of silica) and from it
was formed the sturdy baluster ware, the later engraved Jacobite ware and the
familiar cut glass.

Glass has been made for optical purposes since the Chinese began to make
magnifying glasses in the tenth century. Spectacles to correct long sight
appeared in thirteenth-century Italy. During the seventeenth century, the
period of the scientific revolution, the invention of the telescope and the
microscope made much greater demands on optical glass, but glass of
satisfactory quality for lenses was not consistently made until Guinand’s
invention in 1805 of a porous fireclay stirrer to bring about a proper mixing of
the glass melt and eliminate gas bubbles.

Another use of glass with a long history is for windows. In Roman times,
only small pieces of flat glass could be produced, by casting in a mould. From
the Middle Ages until the present century window glass was formed by
blowing, following one of two processes. The crown glass method involved the
blowing of a cylinder which was opened at the bottom; after heating the open
end at the furnace mouth, or ‘glory hole’, the blowing iron was rotated rapidly
until by centrifugal force the bottle suddenly flared out to form a flat disc. This
was then cut into rectangular pieces measuring up to about 50 cm (20 in). The
glass at the centre or crown of the disc (hence the name crown glass), where
the iron was attached, was too thick to be used in windows except in lights
above doors where light was to be admitted but transparency not required.
The other process also entailed blowing a cylinder, but this was then slit down
the side and the glass gently flattened while still in a plastic state. In the
nineteenth century very large cylinders could be blown and these were the
source of the glass for such structures as the Crystal Palace and the large
railway station roofs that were such a feature of Victorian structural
engineering. Later, in the 1920s the drawn cylinder process was developed
whereby a circular plate was dipped into molten glass, then slowly drawn up.
The flat glass produced by these methods retained a fire-polished finish but
was never perfectly flat. To achieve that, the cast plate process was invented in
seventeenthcentury France, particularly for the large windows and mirrors for
the Palace of Versailles. In the 17805 the process was established in England at
the Ravenhead works near St Helens in Lancashire. Some forty years later the
firm was rescued from the low ebb into which it had sunk by a Dr Pilkington,
one of the most illustrious names in glass-making history.

Cast plate glass was certainly flat, but removing it from the casting tray
destroyed the fire finish and this had to be restored by grinding and polishing.
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The age-old dilemma, between nearly-flat glass with a fire finish and flat glass
without it, was eventually resolved in the 1950s by perhaps the most notable
advance in glass technology this century, the invention of the float glass
process. Patents for float glass date from the early years of the century but
came to nothing. It was the invention by Sir Alastair Pilkington FRS that
succeeded, working at Pilkington Bros (he is a namesake, not a relative of the
family). In 1952 he conceived the idea of floating a layer of molten glass on a
bath of molten tin in a closed container, in an inert atmosphere, to prevent
oxidation of the tin. The product is flat glass that retains a polished fire finish.
After seven years of development work, the new product was announced and
became a commercial success.

During the nineteenth century the increased wealth generated by the
Industrial Revolution led to an increased demand for glassware of all kinds
and in 1845 the repeal of the excise duty that had been hampering the British
industry since 1745 stimulated growth still further. The old furnaces with their
small pots for making glass were outpaced and outmoded. They were replaced
by the large-scale, continuous operation tank furnaces, developed by Siemens
and others. The pot furnace survived only for small-scale handmade
glassworking.

The glass bottle had begun to replace stoneware to contain wine and beer
around the middle of the seventeenth century. The earliest wine bottles were
curiously bulbous in shape but as the practice grew of ‘laying down’ wine, the
bottles had to take on their familiar parallel-sided form, by about 1750. The
use of glass as a container for food and drink grew considerably from the
middle of the nineteenth century and improvements were made in form and
process. Codd in 1871 invented an ingenious device for closing bottles of
mineral water, by means of a marble stopper in a constricted neck. So far
bottles were hand blown into moulds but in 1886 Ashley brought out a
machine that partially mechanized the process. The first fully automatic bottle-
making machine appeared in the USA in 1903, invented by Michael Owens of
Toledo, Ohio. Further development came with the IS (Individual Section)
machine from 1925, in which a measured amount or ‘gob’ of molten glass was
channelled to the bottle moulds.

The trend throughout this century has been to greater mechanization;
stemware, for example, could be produced automatically from 1949. The other
trend, from the last two decades of the nineteenth century, was to develop
glasses with special properties with different compositions. One of the
bestknown examples is borosilicate glass, formed essentially from silica, boron
trioxide and alumina, magnesia or lime. It has a high resistance to chemical
attack and low thermal coefficient of expansion, making it very suitable for
laboratory and domestic ovenware.

New forms of glass have appeared, such as glass fibre, with the interesting
development of fibre optics. Experiments were made in the 1920s on the
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transference of images by repeated internal reflection in glass rods and these
led in 1955 to the fibrescope. Bundles of fibres cemented together at the ends
can be used to transmit images from objects otherwise inaccessible to normal
examination.

TEXTILE CHEMICALS
Dyestuffs

Man’s attempts to brighten himself and his surroundings with the use of colour
go back to prehistoric times and many kinds of plants were used to stain skins
and textiles with variable success. To dye cloth successfully so as to withstand
the action of air, light and wear, dyers settled down to use scarcely more than a
dozen or so dyestuffs and this limited range lasted up to the middle of the
nineteenth century. It was only then that progress in organic chemistry enabled
the secrets of the structure of the chemicals concerned to be unravelled and
this paved the way for the synthetic dyestuffs industry, adding enormously
thereby to the stock of colouring materials at man’s disposal.

It is useful here to distinguish between vat and mordant dyes. In vat dyeing,
the dye substance, insoluble in water, is converted by chemical treatment into a
substance that is soluble; the cloth is then steeped in a solution of the latter and
left to dry. The action of the air forms, by oxidation, the colour of the original
substance on the fibres of the cloth. Indigo and woad were used in this way.
With mordant dyeing the cloth is first boiled with a solution of the mordant,
usually a metallic salt, and then again in a solution of the dyestuff. Different
mordants can form different colours with the same dyestuff. Since antiquity the
mordant used above all was alum, a term now commonly taken to mean a
double sulphate of aluminium and potassium crystallized with 24 molecules of
water. Before its composition was known, towards the end of the eighteenth
century, the word was more loosely used to mean a white astringent salt to
cover several different substances. The use of alum as a mordant for dyeing
cloth red with madder can be traced back to around 2000 BC in Egypt.

The mediaeval dyer used alum in large quantities, sometimes from native
alum-rock from Melos or other Greek islands, a source since Roman times.
Various kinds of alum were imported from Middle Eastern regions, or the
mineral alunite was converted to aluminium sulphate by roasting. Alternative
sources were eagerly sought, particularly after eastern supplies were cut off by
the advance of the Turkish Empire in the fifteenth century. Fortunately a large
deposit of the mineral trachite, which yielded alum on being treated with
sulphurous volcanic fumes, was found at Tolfa in the Papal States. This led to
a highly profitable papal monopoly in the alum trade. After the Reformation,
Protestant countries sought other, local, sources. In England, for example the
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shale found in Yorkshire was used; roasting oxidized the iron pyrites it
contained to ferrous sulphate, which at a higher temperature decomposed and
converted the aluminium silicate also present to alum. Similar processes were
carried on all over Europe. They remained inefficient until they were better
understood; when it was realized that the aluminium ion was the active agent
in mordanting, aluminium sulphate gradually replaced alum.

Of the dyestuffs themselves, the only successful blue dye known before the
last century was indigotin, derived from the indigo plant in tropical areas and
from woad, with a lower content of indigotin, which grew widely throughout
Europe. Indigotin is insoluble and so could not be used in a dye bath. The
plants were therefore left to ferment to produce the soluble indigo-white. The
cloth was steeped in the liquor and as it was hung out to dry, oxidation to
indigo-blue took place. The Egyptians of 1500 BG were dyeing with indigo
and some of their fabrics have retained their blue colour to this day. In
GraecoRoman and mediaeval times, woad was chiefly used to dye blues.

For yellow, the earliest dye appears to have been safflower. It had a long
history for it has been detected in mummy wrappings of 2000 BC and was still
in use until quite modern times. Saffron, the stigmas of the saffron crocus, was
also used, hence for example the name of the town Saffron Walden in Essex, a
noted centre for the flower in the Middle Ages. It has long been used in India
for dyeing the robes of Buddhist monks. The most widely used yellow dye in
mediaeval times was weld or dyers’ weed, which gave a good yellow on cloth
mordanted with alum.

The madderplant, derived from a species of Rubia which grows wild in the
Mediterranean and Near East regions, also has a long and distinguished
history. Again, the Egyptians were using it around 1500 BG, to dye cloth red.
From Graeco-Roman times a red dye was also obtained from various species of
Coccus, insects parasitic on certain plants, such as cochineal. The Arab word for
coccus was kermes, from which our word crimson is derived. When cardinals
began to sport their red-coloured robes in 1464, the hue was produced from
kermes with alum as mordant—a crimson rather more subdued than the
brilliant scarlet we know today. The latter became possible in the seventeenth
century using cochineal mordanted with a tin salt. A highly prized colour in
the ancient world was a dark brownish-violet produced from several species of
shell fish including Purpura, hence the name purple. The purple-dyeing
industry tended to be located in Mediterranean coastal regions and the
Phoenician towns of Tyre and Sidon were notable centres of the trade.

Of the dyer himself and his methods rather less is known. His was a messy,
smelly occupation and he tended to keep to himself the secrets of his craft. It
was a skill learned from others and by practice which probably changed little
until the first printed accounts began to appear. The craft was virtually static
until the late eighteenth century when rapid changes in the textile industry
demanded improvements in dyeing techniques. But the range of dyestuffs
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available remained the same until the mid-nineteenth century, when the
ancient craft began to be transformed into a science-based technology.

Although chemical theory had been put on a sound footing around 1800,
the structure of colouring matters was too complicated to be quickly resolved.
Starting with Lavoisier in the 17805, then Jéns Jakob Berzelius, and Justus von
Liebig from 1830, substances found in the plant and animal kingdoms, hence
known as organic compounds, were analysed. Lavoisier had established that
carbon was always present and usually hydrogen and oxygen. Later the
presence of other elements such as nitrogen or sulphur was recognized. By the
middle of the century the formulae of many organic substances had been
ascertained, that is, the numbers of the different kinds of atoms contained in
the molecules. It was found that compounds could have the same ‘molecular
formula’ but possess different properties because their atoms were combined in
a different way. This was expressed in structural formulae or diagrams
showing how the atoms were imagined to be combined. Certain groups of
atoms, like a carbon atom linked to three hydrogen atoms (CH,), were found
to be present in many different compounds, producing a particular effect on its
properties.

At the same time as progress was being made on the theoretical side, many
of the constituent compounds were being extracted from natural substances.
One of the most important of these was benzene, found to be present in coal
tar in 1842, which became a subject of research by the brilliant group of
chemists which August Wilhelm von Hofmann gathered round him at the
Royal College of Chemistry, founded in 1845. Prince Albert had been
instrumental in securing Hofmann’s appointment as the first professor there.
Benzene was the starting point for many compounds, including an oil called
aniline (first prepared from the indigo plant for which the Portuguese name is
anil). One of Hofmann’s keenest and brightest students was the eighteen year-
old William Henry (later Sir William) Perkin. In 1856, in a laboratory fitted
up at his home, he was trying to prepare quinine from aniline and its
derivatives, as they appeared to be related structurally. The result, not
unfamiliar to chemists, was an unpromising black sludge. On boiling it in
water he obtained a purple solution from which purple crystals were formed.
He tried dyeing a piece of silk with this substance and found it produced a
brilliant mauve colour, resistant to washing and fast to light. It was the first
synthetic, aniline dye. Perkin sent a specimen to the dyers Pullars of Perth,
who reported favourably. He then set about exploiting the discovery, first on a
back-garden scale, and then in a factory opened the following year at
Greenford Green near Harrow, from family capital. The new ‘aniline purple’
swept the board in England and abroad—the French seized on it, naming it
‘mauve’. Queen Victoria wore a mauve dress at the opening of the
International Exhibition of 1862; penny postage stamps were dyed mauve.
Perkin’s commercial success was such that he was able to retire from business
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at the ripe old age of 35 and devote his time to chemical research. Other
chemists followed in his wake with other dyestuffs derived from aniline. It was
found that aniline could be subjected to the diazo reaction, lately discovered by
Peter Griess and so named because two nitrogen atoms were involved. When
the product of this reaction is treated with phenol, highly coloured substances
are formed, many yielding satisfactory dyes. The first azo dye was Bismarck
brown, prepared by Carl Alexander Martius in 1863.

The next nut to crack was the synthesis of the red colouring matter in
madder, alizarin. The elucidation of its structure had to await further progress
on the theoretical side and this was forthcoming when August Kekulé realized
that benzene had a cyclic structure, that is, the six carbon atoms in the benzene
molecule were joined up in a ring, visualized as the famous hexagonal benzene
ring. Following on this, Graebe and Liebermann were able to work out the
structure of alizarin and then to devise a way of synthesizing it on a laboratory
scale. It was however Heinrich Caro, a chemist responsible for many advances
in this field, who worked out a manufacturing process for synthetic alizarin,
involving sulphonation of anthraquinone with concentrated sulphuric acid,
while working for the firm Badische Anilin- und Soda-Fabrik. Perkin was
working along the same lines and was granted a patent for his process on 26
June 1869—one day after Garo received his. A friendly settlement was reached,
allowing Perkin to manufacture alizarin in Britain under licence from BASF.
The synthetic dye was much cheaper than the natural version, so the madder-
growing industry fell into rapid decline and expired.

Success with alizarin stimulated chemists to turn their attention to indigotin.
After many years of research, in which Adolf van Baeyer figured prominently,
the molecular structure was found and in 1880 a method of synthesizing
indigotin described. Again, the transition to manufacturing scale proved
difficult; it was only in 1897 that success was achieved, after long and
expensive research supported by BASF.

By 1900 and beyond, the industry had not only achieved cheaper and more
consistent production of the dyes previously found in nature, but at an
everincreasing rate added enormously to the range of dyestuffs and colours
available. In this great advance Britain had been given a head start by Perkin’s
discovery, but the initiative was let slip and passed to Germany. The British
industry lagged behind to such an extent that by the outbreak of the First
World War, Britain had to import all but 20 per cent of her dyestuffs, mainly
from Germany. The sudden removal of German competition had a tonic effect
on the home industry, which rose to the occasion to meet the need. British,
and also American, industry soon matched the Germans in this field. Two
main factors contributed to the German pre-war pre-eminence in this and other
areas: one was the sound education offered in school, university and
polytechnic, heavily subsidized by the state, to ensure a good supply of well-
trained chemists, and the other was the willingness of industrial concerns to
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employ chemists and fund research on a quite lavish scale. The synthetic
aniline dye industry was the first really science-based industry and
demonstrated the spectacular progress that could be achieved by the direct and
deliberate application of scientific knowledge to industry.

The twentieth century has become the most riotously colourful period in
history thanks to the researches of the dyestuffs chemists. Apart from
improving the properties of the existing dyestuffs, research has been
directed to finding new dyes and ways of applying them to the new man-
made textile fibres (see Chapter 17) and to a wide range of other products—
plastics, rubbers, foods, printed materials and so on. Of particular lines of
progress, the evolution of rigorous, internationally standardized colour-
fastness tests is notable, also the widening of the range of vat dyes,
including the first really fast green dye, Caledon Jade Green, announced by
James Morton of Scottish Dyers Ltd in 1920. The introduction of artificial
fibres was held up for a while when it was found that the water-soluble
dyes that had so far been used could not be applied to them. The British
Dyestuffs Corporation was particularly effective in the 1920s in solving the
problem. Certain insoluble amino-azo compounds could dye acetate fibres
when used in a finely divided state; later anthraquinone dyes used with a
dispersant gave a good range of fast colours for these fibres. Another
development was that of the metal phthallocyanine dyes, giving brilliant,
fast colours. Manufacture was begun on a small scale by ICI in 1935-7
and, after the Second World War had held up development, these became
commercially significant during the 1950s.

Soaps and detergents

Man’s efforts to keep himself and his clothes clean go back to ancient times.
The Egyptians used natron, an impure form of sodium carbonate from lake
deposits, as a cleansing and mummifying agent, and some other alkaline
materials obtained by extracting with water the ashes of burnt plants,
yielding potash (impure potassium carbonate). Oils were also used and if
these were boiled with lye, or alkali solution, a soap would have been
formed, as is mentioned by the Ebers papyrus of 1550 BC. There is,
however, no clear reference to soap and its use by the ancients must remain
conjectural. In Graeco-Roman times, oil was much used and also abrasive
detergents such as ashes or pumice stone. Soap, it would seem, still was not
used, although the roots of certain plants contained saponin and would
therefore form a lather.

The earliest clear reference to soap occurs in writings of the first century
AD. The word itself is probably of Teutonic or possibly Tartar origin; the latter
may, indeed, have invented it. Soap was certainly widely used in mediaeval
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times, for washing clothes rather than people. The lye was ‘sharpened’ by
adding lime (this would convert it to the caustic form) and the clear solution
boiled with oil or fat. Lye prepared from wood ashes (potash) yielded soft
soap, while that from natron, barilla or rocchetta, forming soda, produced hard
soap. A French manuscript of ¢. 800 has the first European mention of soap. In
northern countries it was soft soap that was produced, by boiling wood ash lye
with animal fats or fish oils. Its smell would not have been pleasant, which
explains why it was used for washing clothes and not people. But in
Mediterranean regions, the ash of the soda-plant was used, with olive oil, to
give a hard, white, odourless soap. Its manufacture flourished in Spain from
the twelfth century—Castile soap has an eight-hundred-year history. Marseilles
became a leading centre in the fourteenth century and later Venice. From these
areas, hard soap was exported all over Europe as a luxury item.

In England, by the end of the twelfth century, Bristol had become the main
centre for the making of soft soap. Three hundred years later, this had become
a major industry, for which ash had to be imported to supplement local
sources, to meet the needs of the flourishing woollen cloth industry. The Royal
Society, founded in 1662, took an interest in soap manufacture, among many
other technical processes, and soon afterwards occurs the first mention of
‘salting out’, that is, the addition of salt to the hot soap liquor to throw the
soap out of solution, on which it floats and solidifies on cooling. It can then
easily be removed. This had the effect of speeding up the whole process. The
imposition of the salt tax hindered the spread of this improvement but its
removal early in the nineteenth century was a fillip to this and other branches
of the chemical industry.

Soap reigned supreme in the nineteenth century, but it had its drawbacks. It
broke down, and so was ineffective in acid, but the main problem was the
scum formed on textile fabrics in hard water. The textile industry had a
definite need for non-soapy substances with soap-like properties. Again, it was
the academic chemists, in Germany, Belgium and Britain over the period 1886
to 1914, who showed the way, by finding that compounds with a long
hydrocarbon chain ending in a sulphonate group could act as detergents
without the undesirable properties of soap. Industry then had the task of
converting these findings into commercially viable production. The first
synthetic detergent appeared in Germany in 1917, stimulated by the extreme
shortage of animal fats during the war, and was marketed under the name
Nekal, but it was not altogether satisfactory. Further work during the 1920s on
sulphated fatty alcohols led at last to a product that was commercially
successful for wool, but less so for cotton. During the 1930s American,
German and other European chemists developed new detergents incorporating
complex phosphates with the previous constituents. Another major
development of the 1930s was the production of detergents from petroleum-
based materials, in which the oil companies figured.

204



THE CHEMICAL AND ALLIED INDUSTRIES

Another innovation, generally adopted after 1945, was the use in minute
quantities of fluorescent whitening agents—‘blue whiteners’ as they are known.
Krais, a German chemist, noted in 1929 that certain substances converted the
ultra-violet rays in sunlight to visible blue rays. The first patents were taken out
by IG Farbenindustrie in 1941 and led to the commercial use of this means of
offsetting the yellowing of whites in the wash.

Shortage of the raw materials for soap-making during the Second World
War hastened the steady replacement of soap by detergents; now soap is
almost entirely restricted to personal washing.

Bleaching

The ability to remove unwanted colour is as important as the means to
introduce wanted colour. The revolution in the textile industry would have
been much impeded had it not been for the improvements in the bleaching
process, speeding up what had been until then a very slow process. Linen
was boiled in lye, washed and laid out in the sun for a few weeks. This was
repeated several times, until a final treatment with sour buttermilk. The
whole process took six months, and a good deal of space, for which the rent
was an appreciable cost. Cotton took up to three months to bleach. Around
the middle of the eighteenth century, sulphuric acid was substituted at the
‘souring’ stage, which was thereby reduced to a matter of hours. Then, in
1774, the Swedish chemist Carl Wilhelm Scheele discovered chlorine, among
many other substances of fundamental importance, and noted its bleaching
properties, but it was Claude Louis Berthollet who in 1785-6 experimented
in the practical use of chlorine for bleaching. The method was quickly taken
up in England, Scotland and continental Europe. The gas was first prepared
by the action of sulphuric acid on manganese dioxide. Water was then
saturated with the gas and cloth was bleached by soaking it in the heated
chlorine water. This dangerous process was still in use in 1830, but better
methods soon came in. The chlorine was dissolved in alkaline solutions, to
give hypochlorites, which were safer to handle. More widely used was
Charles Tennant’s bleaching liquor from 1798, made from chlorine and lime-
water. A year later this was converted into solid bleaching powder, which is
used to this day.

Between 1866 and 1870 the Weldon and Deacon processes for producing
chlorine began to supersede the earlier methods, and in turn gave place to the
electrolysis of fused sodium chloride (salt). For materials such as wool and silk
that are damaged by chlorine, sulphur dioxide was the normal agent.

The only additional agent for bleaching has been hydrogen peroxide,
discovered by Louis Jacques Thenard in 1818. It was usually prepared by the
action of dilute sulphuric acid on barium peroxide.
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FUELS
‘Wood and charcoal

The origins of fire-making are lost in prehistoric times, even antedating our
own species, for it can be traced back to Peking man. The most widely used
fuel was wood, although in the regions of two of the earliest civilizations,
Egypt and Mesopotamia, where wood was in relatively short supply, other
materials were used, such as dried ass’s and cow’s dung and the roots of
certain plants, including the papyrus plant. But for the more demanding
processes, such as the firing of pottery or the smelting of metals, wood and
charcoal had to be imported. Charcoal is a porous form of amorphous carbon,
made by burning wood with a supply of air insufficient to secure complete
combustion. It is the almost perfect solid fuel, for it burns to give a high
temperature with little ash and no smoke. It was used widely for domestic
heating, being burned on shallow pans, but, much more important, it was the
fuel par excellence for industrial furnaces from ancient times until the seventeenth
century, when it began gradually to be replaced by coal. The environmental,
social and economic effects of the charcoal burner’s trade were profound, for
vast tracts of forest land were laid waste to satisfy the voracious appetite of
industry for fuel.

The method of making charcoal hardly varied over the centuries. Logs, cut
mto 90cm (3ft) lengths, were carefully stacked around a central pole into a
hemispherical heap, up to 9m (30ft) in diameter at its base. The heap was then
covered with earth or, better, turf, the central pole was removed and burning
charcoal introduced down the centre to set light to the mass. Combustion was
controlled by closing or opening air-holes in the outer covering.

The charcoal for iron smelting was often made from oak or ash, while
alderwood stripped of its bark was used for charcoal that was to be ground
fine for gunpowder. From the early nineteenth century the firing was carried
out on a hearth that sloped towards the centre so that liquid products,
particularly pitch, could be drained off. Pine and fir were preferred where these
products were important, as they were for making timber preservatives, above
all for the shipping trade, which required pitch for timbers and ropes.

Another important product of the combustion of wood was the inorganic,
alkaline constituent of the wood, required in large quantities by glass- and
soap-makers (see pp. 195, 203). All in all, the demands on the forest resources
were great and ever-increasing; a substitute would sooner or later have been
essential, but a rival claimant for timber made matters worse. Throughout this
period timber was the main construction material and the demands of
shipping, particularly the strategic requirement of navies, hastened the arrival
of coal on the scene.
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Coal

Coal is formed from tree and plant remains under the influence of high
temperature and pressure over a period of thousands of years. The formation
of peat and brown coal or lignite are stages in the process. It was first used as a
fuel in either India or China about 2000 years ago and it was certainly known
to the Greeks and Romans. In mediaeval Europe it was in use for industrial
purposes, especially in dyeing and brewing, but not for domestic heating. In
the absence of chimneys, the fumes from burning fuel had to find their way
out through windows or any other available opening; the products of
combustion of wood and charcoal were apparently tolerable, but those of coal
were too offensive.

From the middle of the sixteenth century coal production in Britain
increased considerably, in mining areas in South Wales, Scotland and, above
all, Northumberland and Durham, all coastal regions whence the coal could be
transported to London and other centres by sea (hence the term ‘sea-coal’). In
Elizabethan times, town skylines began to be punctuated by chimneys, to
enable the domestic user to burn coal, with effects on the environment that
provoked a sharp reaction from the authorities. From the early seventeenth
century, anxieties about timber supplies led to prohibitions of its use in certain
industries. In 1618 glass-makers had to turn to coal, covering their pots to
prevent harmful fumes affecting the molten glass. The iron masters were
considerable potential customers, but periodic efforts to smelt iron ore with
coal during the century ended in failure. The sulphur often present in coal
transferred itself to the iron, rendering it brittle and useless. The problem was
overcome by using coke instead of coal (see p. 153). Brewers had found in the
seventeenth century that coal fumes affected the brew unpleasantly, but
substituting coke left the flavour unimpaired. The real technological
breakthrough came in 1709 when Abraham Darby, at Coalbrookdale in
Shropshire, succeeded in smelting iron ore by first converting the coal into
coke. For economic reasons as much as innate conservatism the new process
made slow headway but, with increasing demand and technical improvements
in iron production, surged ahead in the 1750s, and a decade later coke-smelted
iron overtook charcoal iron, which was virtually extinct by the end of the
century. In other countries, where the balance of timber and coal supplies was
different from Britain, charcoal remained in use much longer.

British domestic and industrial users stimulated coal production to such an
extent that by 1800, Britain was producing 80 per cent of the world’s coal.
This had far outstripped the resources of open-cast and drift mines and by the
end of the seventeenth century, miners had penetrated to the limit of what
could be drained by animal or water power. There would have been a real
impasse had it not been for the invention of the steam engine by Thomas
Newcomen in 1712, to enable deeper mines to be pumped dry. But it was the
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nineteenth century that was the age of coal, as a fuel and as a source of other
useful materials.

The possibility of extracting tar from coal had been envisaged as early as
1681, and cropped up several times during the next hundred years, but coal
tar really made its presence felt when vast quantities of it were obtained as a
byproduct from the early coal gas plants (see below). In desperation, the Gas,
Light and Coke Company obtained permission to dump tar in the Thames.
Others made attempts to use it as fuel or, as in 1838 by Bethell, as a
preservative for railway sleepers. But its use as a source of useful chemicals had
to wait until the 1860s, that is, until the theoretical and practical equipment of
organic chemists was equal to the task of separating and identifying the pure
constituents of tar. Hofmann and his group of chemists at the Royal College of
Chemistry turned their attention to coal tar and it was Mansfield who
published a classic paper on the extraction of benzene from tar, by distillation
and fractional crystallization. He recommended benzene as a solvent of grease
and so paved the way for dry-cleaning. Sadly, benzene’s high inflammability
led to Mansfield’s untimely death when one of his benzene stills caught fire.

Besides benzene, coal tar contains many other organic compounds, mainly
hydrocarbons, including toluene, naphthalene and anthracene. These, with
other constituents such as phenol, were not only useful in themselves but were
the starting-points for the synthesis of a whole range of useful substances.
Synthetic dyestuffs were the first area opened up by coal tar derivatives (see p.
201). However, with the rise of the petroleum industry, petroleum has
supplanted coal tar as a source of organic chemicals.

British coal production rose steadily, showing a marked increase just before
mid-century, reaching its zenith in 1913. The coal industry in other countries,
especially Germany and the USA, took off at this time, so that Britain’s
proportion of world output had fallen to 35 per cent by 1900.

Coal gas

By the end of the eighteenth century, the importance of the liquid and gaseous
products of coal was beginning to be appreciated. Several investigators had made
experiments with producing an inflammable gas by heating coal, but it was
William Murdock (born Murdoch) who made the first successful largescale
attempt. In 1792 he succeeded in lighting part of his house at Redruth in Cornwall
by gas produced by distillation of coal in an iron retort and washing the gas
produced by passing it through water to remove some impurities. In bare
essentials, the process has remained the same ever since. A few years later he
joined the celebrated firm of Boulton and Watt and, although failing to enlist their
help in securing a patent, installed a plant to produce gas for lighting their factory
mn 1802. Other factories received the same treatment and in 1808 Murdock was
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awarded the Rumford Gold Medal. He had been helped by the chemist Samuel
Clegg, who, on leaving the firm, carried out mstallations in other factories and in
1811 the first non-industrial establishment to receive gas lighting, Stonyhurst
College, the Jesuit seminary and school in Lancashire. Meanwhile in France,
Philippe Lebon had made a striking demonstration of gas lighting, using gas from
wood distillation, although the patent granted him in 1799 envisaged coal gas. His
efforts were cut short by his untimely murder in 1804.

So far, there was no plan for large central plants serving a whole
neighbourhood; indeed Watt, Murdock and later Sir Humphry Davy, no less,
opposed the idea. This larger concept was first developed by the flamboyant
Friedrich Albrecht Winzer, anglicized to Winsor, who, failing to stimulate
interest in Germany, migrated to England in 1803 and was soon giving
striking demonstrations of gas lighting. In 1807 he lit one side of Pall Mall in
London from an installation in his house there. Winsor knew little chemistry
but was energetic in urging his ideas of large central installations serving a
wide area. Parliament eventually, in 1812, approved a more modest scheme
than the one he originally had in mind and the Gas, Light and Coke
Company came into being. After an uncertain start, Clegg joined it as Chief
Engineer in 1815. He made a number of important contributions to the
development of the industry; for example, he invented the gasholder, and
introduced lime washing to remove hydrogen sulphide and sulphur from the
gas. The demand for gas lighting was immediate and widespread; by 1820
fifteen of the principal cities of England and Scotland were equipped with it
and at mid-century hardly a town or village of any consequence lacked a gas
supply. Other countries soon followed suit.

The method of production remained in principle that devised by Murdock,
but improvements in detail raised quantity and quality. The horizontal oven or
retort remained supreme until after 1890 and in places survived untl the end of
coal gas in Britain in the 1960s. Iron retorts had some advantages but a short life
and after 1853 gave way to clay retorts. In the 1880s, the inclined retort was
introduced and soon after 1900 the vertical, together with mechanical handling
of solid charge and product and improved treatment of the gas. By the end of the
century a rival had appeared, electric light (see Chapter 6), but two innovations
enabled gas lighting to keep its place for a while longer—the incandescent mantle
produced by Welsbach in 1887, using the property of rare earth oxides to glow
brightly in a gas flame, and the penny-in-the-slot meter introduced by Thorp and
Marsh in 1889; this increased the number of potential customers by bringing gas
lighting within reach of the working classes.

After centuries of rush light, candle and torch, gas light burst upon the
scene with staggering effect, and with profound social and economic
consequences. In commerce and industry the working day, especially in winter,
was lengthened. Streets became much safer to frequent after dark; it was
indeed the police in Manchester who promoted their gas lighting system. It
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made it easier for dinner, until now taken at around three in the afternoon, to
slip into the evening. Not least important, evening classes became a possibility,
enabling working people to gain an education after the day’s work was done.

But water and space heating with gas came slowly. After many experiments
with ceramic radiant materials, the first successful gas fire was evolved by
Leoni in 1882 using tufts of asbestos fibre embedded in a firebrick back. The
‘cookability’ of gas was established rather earlier. Alexis Seyer, the great chef at
the Reform Club in London, was cooking with gas in 1841. Bunsen’s famous
burner of 1855 greatly improved the design of burners in all appliances, but it
was not until the 1870s that gas cookers became widespread. In fact, it has
been these applications that have made great strides, while gas light was
gradually supplanted during the first quarter of this century.

Natural gas

Other materials were tried for gasification, but through the period of cheap and
accessible coal, some 100 years, it was the major fuel. It had the advantage of
yielding coke as a by-product, not of a quality suitable for metal smelting but still
useful as a fuel in its own right. But the rise of the petroleum industry (see
below) brought a new feed-stock for gas production and in the 1950s the change-
over from coal to oil was virtually complete. A wider range of gases could be
produced, without the toxic carbon monoxide present in coal gas. The plant to
produce town gas was more compact and less capital-intensive. This upheaval
had hardly been settled when another newcomer appeared—natural gas. Large
reservoirs of natural methane gas, usually associated with oil, occur in various
parts of the world, including North America, the Soviet Union, Mexico and
Africa. Britain was importing liquefied natural gas for some years but in 1959
came the first major find in Western Europe—the Netherlands Slochteren field. In
1965, Britain began to develop the North Sea field and it became possible to pipe
in gas, with minor treatment, direct to the consumer. Methane has different
burning characteristics from the hydrogen that is the main constituent of coal
gas. The former has roughly double the calorific value of town gas, yet needs a
little greater air supply for combustion. It has therefore to be supplied at a greater
pressure and a different design of burner is required. The change to natural gas
in Britain thus entailed a mass conversion programme of some forty million
appliances, a scale unparalleled anywhere.

Petroleum

Gaseous and liquid seepages of petroleum were known in the ancient world,
the greatest concentrations being in Mesopotamia. The Babylonians gave to an
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inflammable oil, of which no use was made, the name ‘naphtha’, or ‘the thing
that blazes’. A use was found for rock asphalt and the thicker seepages, to form
bitumen, preparations of which were used for many centuries for
waterproofing. Petroleum also had medicinal applications, in which a trade
developed in Europe in the fifteenth and sixteenth centuries. There were
scattered instances of the treatment of naturally occurring oils to obtain useful
materials, such as the sandstone shales at Pitchford-on-Severn in Shropshire,
patented in the late seventeenth century. By distillation and boiling the residue
with water, a turpentine was extracted and sold as medicine and as pitch,
useful for caulking ships. Elsewhere, there were rock asphalt workings which
after 1800 became important for pavements and roads.

The more serious search for mineral oils was stimulated by the need for
improved lighting during the Industrial Revolution. Although gas lighting
could satisfy this need, it was not always a practical or economic proposition in
rural areas. Better lamps improved the lighting quality, like the circular burner
with cylindrical wick and glass chimney invented by Argand in 1784 and
developed over the years. Even so, the vegetable and animal oils available
produced a rather poor illumination. Salvation was looked for from the
mineral kingdom. In the 1850s, James Young was manufacturing a paraffin oil
by distilling a brown shale in Lothian in Scotland and after 1862 went on to
develop the Scottish shale oil industry. A better product, however, was
developed in the USA by Abraham Gesner, a London doctor with geological
leanings, by treating and distilling asphalt rock, to obtain kerosene (in English,
paraffin). This was sold with a cheap lamp and by 1856 seemed a promising
answer to the lighting problem. But a complete transformation of the scene
was soon to take place, brought about by the drilling of the first American oil
well. This historic event was the outcome not only of the stimulus of demand,
but of various technological factors. In 1830 the derrick was introduced to
make it easier to manipulate the drilling equipment, the steam engine by 1850
was providing adequate power and sufficiently hard drills were available. A
few accidental ‘strikes’ were made in the 1840s and 1850s, but in 1859, the
industrialist G.H.Bissell began a deliberate search for oil. He had samples of oil
seepages in Pennsylvania examined by Benjamin Silliman Jr, Professor of
Chemistry at Yale, who showed that illuminating gas, lubricating oil and, most
interesting then, an excellent lamp oil could be obtained. Bissell’s contractor,
Edwin L.Drake, drilled 69 1/2ft (21.18m) through bedrock and struck oil on
27 August 1859. This event not only opened up the Pennsylvania oilfield; it
began a new chapter in world history.

Progress was rapid in the USA; within fifteen years, production in the
Pennsylvania field had reached 10 million 360lb (163.3kg) barrels a year.
Oilfields were developed in Europe too, particularly in Russia, where the first
well was drilled at Baku in 1873. Flush drilling with hollow drill pipes was first
used in France in 1846, enabling water to be pumped down to clear debris and
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thus speed drilling. It also enabled rock samples to be removed to reveal the
structures of underground formations, and so assist prospecting. Drilling bits
were first of wrought iron with steel cutting edges, but these were replaced by
cast steel bits, and then diamond drills, introduced by the French in the 1860s.
The crude oil was heated to yield useful products by means of distillation, a
process long familiar to chemists. Further refining was achieved by treatment
with various chemicals, such as sulphuric acid or caustic soda. The most
volatile fraction of the oil to distil over first was petroleum or gasoline, for
which at first there was no use; indeed, it was a nuisance because it was highly
inflammable. The second fraction, boiling at 160-250°C was paraffin
(kerosene) and for the rest of the nineteenth century this was the useful
product, as an illuminant. The final or heavy fraction became valuable as a
lubricant, replacing the animal and vegetable oils that had previously satisfied
the ever-increasing lubrication demands of machinery of all kinds.

The invention of the motor car changed the balance: now, it was the light,
petrol, fraction that was in demand, leading to rapid expansion of the
petroleum industry. To boost petrol production, cracking was introduced and
became widespread during the late 1920s. Here, the heavier are converted into
the lighter fractions by subjecting them to high temperature and pressure to
break down the chains of carbon atoms into shorter ones. On the other hand,
lighter, gaseous products can be formed in the presence of catalysts into motor
fuel, as in platforming or re-forming with a platinum catalyst. A small but
extremely important proportion of the output, about 1 per cent, is a source of
organic chemicals; by 1900 it had accounted for a third of the organic
chemical industry. Before the First World War, the petrochemical industry
produced mainly simple olefins, such as ethylene and its derivatives including
ethylene glycol, the first antifreeze for motor cars, available from 1927. The
range of chemicals widened rapidly after 1940, stimulated by the demands of
the synthetic rubber, artificial fibre and plastics industries (see p. 217).

Nuclear energy

The possibility of using the energy locked up in the atomic nucleus is the
direct result of research into the nature of matter, stemming ultimately from the
speculations of the materialist philosophers of ancient Greece. Leukippos and
Demokritos of the fifth century BC conceived of matter as consisting of
myriads of minute, indivisible particles called atoms. The variety and
behaviour of matter was explained in terms of the arrangement and motions of
these atoms. The concept was elaborated in the poem De Rerum Natura (On the
nature of things) by the first-century BC Roman poet Lucretius, but fell into
obscurity, from which it was not rescued until the revival of atomism in the
seventeenth century. From 1803, John Dalton developed his atomic theory,
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that is, that the atoms of each chemical element were identical but different
from those of other elements in one respect: they had different weights (now
called relative atomic masses). He also indicated the ways in which compound
atoms, or molecules, could be formed by combinations of atoms and embarked
on the determination of the weights of the atoms of various elements, that is,
the number of times heavier they were than the lightest known element,
hydrogen. Progress was promising at first, but some anomalous results cast
doubt on the possibility of working out atomic weights and led to half a
century of confusion, when it was said in despair that each chemist had his
own system of atomic weights. At the Karlsruhe Conference of 1860, sound
rules were finally established and from then on, reliable and accurate values for
atomic weights became available to chemists. In 1869, Dimitri Mendeleev in
Russia and Lothar Meyer in Germany arranged the elements in ascending
order of atomic weight, noting that elements with similar properties formed
themselves into classes or group. This was a step towards understanding the
relationship between the elements, which hitherto seemed to be unrelated,
1solated individuals. But the atoms were still regarded, until the end of the
century, as solid, indivisible, indestructible particles of matter, obedient to the
traditional Newtonian laws of motion.

A series of discoveries around the turn of the century shattered this image. By
1897, J.J. Thomson had established the existence of the electron, a particle with a
negative electric charge only a minute part of the weight of an atom. From 1895,
Henri Becquerel and Marie and Pierre Curie explored the radioactivity of the
heavy elements such as uranium and radium, which were disintegrating
spontaneously with the release of energy and minute particles of matter. Albert
Einstein showed that matter and energy are interchangeable, a very little mass
being equivalent to a very large amount of energy, related to each other by the
now celebrated equation E=mc?, where E is the energy, m the mass and c the
velocity of light. After the work of Frederick Soddy and Ernest Rutherford
during the first decade of this century, Niels Bohr was able to propose in 1913 a
model for the atom entirely different from the traditional view. The mass of the
atom was concentrated in a positively charged nucleus at the centre and
sufficient negatively charged electrons circling round it to leave the atom
electrically neutral. During the 1920s a new system of mechanics, quantum
mechanics, was developed as, at the atomic level, traditional mechanics no
longer applied. The neutron, a particle identical in weight to the proton but
having no electrical charge, was discovered by Chadwick in 1932. From then on,
the atom was visualized as a nucleus made up of protons and neutrons with,
circling round it in orbits, a number of electrons equal to the number of protons.
The latter is the atomic number and determines the chemical identity of the
element. The number of protons and neutrons is the mass number.

Atoms of the same element with the same atomic number can have a slightly
different number of neutrons: these are known as isotopes. Thus, most uranium
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(atomic number 92) has in its nucleus 146 neutrons, giving a mass number of
238. But there is another isotope of uranium with only 143 neutrons, known as
uranium (U-235). Around the mid-thirties, scientists were trying to obtain
artificial elements, heavier than uranium, with nuclei so unstable that they could
not occur in nature. The most promising method was to bombard uranium
atoms with slow neutrons in a particle accelerator. Hahn and Strassman were
adopting this method in 1938 and expected to detect the element with atomic
number 93 but instead found indications of an element similar to barium, with
an atomic number about half that of uranium. This was puzzling and it was the
Austrian physicists Lise Meitner and Otto Frisch who published the correct
explanation in two famous letters in Nafure in February 1939: the neutrons had
split each uranium atom into two medium-sized ones with the liberation of
further neutrons and a considerable amount of energy. Later that year, Bohr and
Wheeler suggested that the liberated neutrons could split more atoms, with
production of yet more neutrons, and so on—a chain reaction. Two days after
this publication appeared, the Second World War broke out.

The sudden and immense release of energy upon the splitting of fissile (easy
to split) atoms had military possibilities that were not at first realized, but
found recognition in the setting up of the Manhattan Project in the USA.
Leading scientists in this field were assembled from the Allies and from the
distinguished refugees from Nazi and Fascist oppression. International
cooperation in science on this scale was unparalleled and has not since been
matched. The objective was to develop knowledge and processes relating to
nuclear energy and to make an atomic bomb. Two kinds of fissile material
were chosen, uranium-235 and plutonium-239, an artificially made element
with atomic number 94. Small quantities of the latter had been produced on a
laboratory scale, but this was quite inadequate. Enrico Fermi, who had come
over from Italy, designed and built at Chicago University the first nuclear
reactor in which plutonium could be produced by a controlled reaction. It was
a historic moment on 2 December 1942 when the reactor first went critical,
that is, the chain reaction continued spontaneously. The Project reached its
objective. Two atomic bombs were dropped on Japan in August 1945, bringing
the war to a swift conclusion and raising two mushroom-shaped clouds that
have haunted mankind ever since.

The spirit of international co-operation and exchange of knowledge did not
long survive the war and soon each country with the will and the means
pursued its own programme of research and development. In Britain, two
bodies under the Ministry of Supply were set up in 1946, to carry out research,
which was the prime purpose of the establishment at Harwell, and to
manufacture atomic bombs. It was decided that the plutonium route to the
bombs would be more practicable and economic than the U-235 route; two
large graphite-moderated, air-cooled reactors were constructed at the
Windscale site in Cumbria and early in 1952 began to produce plutonium
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which was then passed to the weapons establishment at Aldermaston. In
October of that year Britian’s first nuclear weapon was tested. More plutonium
was needed and design started on a second station alongside Windscale,
known as Calder Hall. Here, it was decided to make use of the heat generated
by the process and compressed carbon dioxide was circulated by powerful fans
through the reaction vessel and through boilers to produce steam, which could
drive a conventional electric generator. To do this, it had to work at a higher
temperature than Windscale; among various design changes, the cladding of
the uranium-metal fuel rods had to be altered from aluminium to a specially
developed alloy of magnesium, known as Magnox, a word that came to be
applied to the power stations based on the Galder Hall design. In October
1956, the Queen opened Calder Hall, the world’s first commercial atomic
power station. The British government announced a programme, the world’s
first, for building atomic power stations, and by 1971, eleven had been
constructed on the Magnox pattern with a combined output of electric power
of some 4000MW. In 1964 a further programme was begun, to build power
stations with an improved reactor developed from the Magnox—the Advanced
Gas-cooled Reactor (AGR). Working at a much higher gas temperature and
pressure, these gave steam conditions and performance matching the most
efficient oil and coalfired stations. Changes in the materials used had to be
made to enable them to withstand the more demanding conditions; instead of
cladded uranium metal fuel, uranium oxide pellets were used.

Meanwhile the USA was pursuing a different line to the same end. The
requirement to create small reactors for powering submarines determined the
development of the Pressurized Water Reactor (PWR), in which water under
high pressure acted as both moderator and coolant. Even so, the temperature
of the water had to be kept below 280°C to ensure it did not boil. In the less
demanding conditions of on-shore power stations, the water was allowed to
boil and the steam passed direct to the turbo-generator—the Boiling Water
Reactor (BWR); one drawback is that the water becomes somewhat
radioactive and so special precautions are needed in the turbine as well as the
reactor area. Through vigorous promotion, the American system has been
more widely taken up by other countries than the British. France at first
followed the British in using Magnox reactors but changed over to PWRs from
the mid-1960s. The Soviet Union early entered this field, achieving a nuclear
explosion in 1949. Again, power generation was first based on Magnox but in
view of the Soviet nuclear-powered submarine programme, moved over to
PWR. A unique application here is the nuclear-powered ice-breaker.

Many countries embarked on nuclear energy programmes in the 1960s and
1970s, and by the end of 1986 there were 394 nuclear reactors producing
electricity in 26 countries, with more under construction. Nuclear power
accounts for over 15 per cent of world electricity production, although there is
considerable variation between one country and another. In a number of
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countries, the proportion is very small. In the USA it is just over 16 per cent,
Britain rather more at around 20 per cent, while France and Belgium attain
nearly 70 per cent.

POLYMERS: RUBBERS, PLASTICS AND ADHESIVES

Everyday and industrial life has been transformed by the introduction of a
large group of substances quite different from the metals and non-metals in use
over the centuries. They have in common a certain type of complex chemical
structure, in which large molecules are formed by linking up small groups of
atoms into long chains, known as polymers. Some occur in nature, like
cellulose, and the first materials of this kind to be made were derived from
natural materials. But from the 1920s, when the chemistry of their structure
and formation became clearer, an ever-increasing range of materials was
produced, from organic chemicals derived first from the coal-tar industry, then
from petrochemicals.

Rubber

In Central and South America, rubber trees were tapped for latex, a milky
emulsion of rubber and water, from which the rubber can be coagulated and
separated by heating. In the thirteenth century the Mayas and Aztecs used
articles made from rubber, such as balls for games, but the material remained
unknown to Europeans until the Spanish conquerors descended on the
Americas. Even so, they made little use of it and it was left to the French
Academy of Sciences to make a systematic examination of caoutchouc, as it was
called, published in 1751. Joseph Priestley in 1770 noted its use in rubbing out
pencil marks, hence the word by which the material is known in English. The
uses of rubber remained limited until Thomas Hancock introduced improved
methods of making sheets, using spiked rollers turning in hollow cylinders. His
‘masticator’ dates from 1820. Soon afterwards, Charles Macintosh found that
rubber dissolved in naphtha, a product of the new gas industry, could be
brushed on to clothing to make it waterproof (see p. 849). During the 1830s
rubber imports to Britain rose sharply and it came into wide use for garments
and shoes, for miscellaneous engineering uses such as springs, and for various
surgical purposes. Its use spread to France and to the USA. The untreated
rubber so far used was found to be unsatisfactory in the wide extremes of
temperature met with in the USA. Charles Goodyear, a hardware merchant of
Philadelphia, found that heating rubber with sulphur greatly improved its
properties, a process that came to be known as vulcanization. Finding little
interest in the process in the USA, Goodyear passed samples of vulcanized

216



THE CHEMICAL AND ALLIED INDUSTRIES

rubber to Hancock, who developed a process for producing it, patented in
1843. The growth in the use of rubber during the rest of the century is
indicated by the rise in output by Brazil, the main supplier, from 31.5 tonnes in
1827 to nearly 28,100 tonnes in 1900. This, however, was not enough to meet
the demand and plantations of rubber trees were established in the Far East,
including Malaya, and in the West Indies, Honduras and British Guiana,
becoming effective after 1895, so much so that they led to the collapse of the
Brazilian trade. But the application that was to swamp all others, transport,
made a slow start. Hancock was making solid tyres for road vehicles in 1846
and there was an abortive use of pneumatic tyres around the same time. In the
1870s, bicycles were equipped with solid tyres and in 1888, Dunlop
introduced, then improved his pneumatic tyres. This development was timely
for it coincided with the invention of the motor car. Michelin’s first motor tyre
appeared in 1895, Dunlop’s in 1900, and production rose rapidly as motoring
increased in popularity (see p. 449).

Plastics

The word denotes an organic substance that on heating can be shaped by
moulding and retains its shape on cooling. Some plastics, after being softened
by reheating, become hard again on cooling; these are thermoplastics. Others
undergo some chemical modification on heating and can not be softened by
reheating; these are thermosetting plastics.

Some natural substances could be formed in this way; gutta percha, a latex
derivative imported from Malaya after 1843, was moulded into small
ornamental objects. Next, chemists experimented with organic substances of
natural origin to produce plastic materials. Christian Friedrich Schénbein, of
the University of Basle, produced cellulose nitrate by the action of nitric and
sulphuric acids on paper (cellulose) and this could be shaped into attractive
vessels. This led the metallurgist and inventor Alexander Parkes to develop the
first commercial plastic, cellulose nitrate with camphor as a plasticizer. He
exhibited this Parkesine at the International Exhibition of 1862, but the
company he set up to manufacture it failed in 1868. More successful was the
American printer John Wesley Hyatt, whose attention was turned to cellulose
nitrate by the offer of a prize of $10,000 by Phelan & Collander, makers of
billiard balls who had run short of ivory, thanks to the efforts of the elephant
hunters, and were desperate for a substitute. After experimenting Hyatt filed a
patent covering the use of a solution of camphor in ethanol as a plasticizer for
the cellulose nitrate, or Celluloid, as it came to be called. It could be shaped
and moulded while hot and on cooling and evaporation of the camphor,
became ‘hard as horn or bone’. Hyatt prospered and set up plants to make
celluloid in Germany, France and Britain, where it became a popular material,
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particularly for detachable collars and cuffs. It was found that cellulose acetate
could also be used, with the advantage that it was non-inflammable. Towards
the end of the century it was available in thin film, and could be used as a base
for photographic emulsions. Photography and the new art of cinematography
made increasing demands on cellulose nitrate, which reached a production
peak in the 1920s, when it began to be replaced by other less flammable
plastics derived from cellulose. A notable use of cellulose acetate was as a
covering for aircraft wings, rapidly developed during the First World War.

The second semi-synthetic plastic was formed from the reaction between
casein, the main protein in milk, and formaldelyde, announced in 1897 by
Spitteler & Krische in Germany. The manufacture of the first casein plastics, giving
a hard, horn-like material, began three years later and has continued ever since,
being especially suitable for buttons. More important was the announcement in
1909 of the first thermosetting plastic by a Belgian who had settled in the USA,
Leo Hendrik Baekeland. The German chemist Baeyer had observed in 1872 that
phenol and formaldehyde formed a hard, resinous substance, but it was Baekeland
who exploited the reaction to produce commercially Bakelite, a versatile material
resistant to water and solvents, a good insulator, like other plastics, and one which
could be easily cut and machined.

Chemists were now investigating the structure of such substances as
cellulose, produced in plants, with long-chain molecules. This led to the notion
that such molecules might be produced in the laboratory. Also there was a
growing understanding of the relationship between physical properties and
molecular structure, so that it might be possible to design large molecules to
give materials of certain desired characteristics. More than any other, it was
Hermann P. Staudinger in Germany who achieved an understanding of the
processes of polymerization, or forming large molecules from repeated
additions of small, basic molecules, upon which is largely based the staggering
progress of the plastics industry since the 1930s. For this work Staudinger was
awarded the Nobel Prize in Chemistry in 1953. The other great name in
fundamental research in this field is Wallace H.Carothers, who was engaged
by the Du Pont Company in the USA in 1928 to find a substitute for silk,
imports of which from Japan were being interrupted by the political situation.
Carothers developed a series of polymers known as polyamides; one of these
mentioned in his patent of 1935 was formed from hexamethylenediamine and
adipic acid. Production of this polyamide, known as Nylon, began in 1938 and
the first nylon stockings appeared the following year; during the first year, 64
million pairs were sold.

Another extremely important result of Carothers’s researches was synthetic
rubber. He found that when polymerizing acetylene with chlorine, the product,
polychloroprene, was a superior synthetic rubber, better known as Neoprene.
Commercial production began in 1932. Meanwhile, in Germany a general
purpose synthetic rubber was developed as a copolymer of butadiene and
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styrene. These products assumed desperate importance after the Japanese
overran the Asian rubber plantations in 1941, cutting off the Allies’ source of
this essential material.

For the rest, it is not possible to do more than indicate a few of the
betterknown plastics. Vinyl acetate had been synthesized in 1912 in Germany
and by 1920 polyvinyl acetate (PVA) was being manufactured, used mainly in
adhesives, emulsion paints and lacquers. An important discovery by
W.L.Semon of the B.F.Goodrich Company in the USA in 1930 showed that
placticized polyvinyl chloride (PVC) produced a rubber-like mass, which
found many applications, as cable insulation, substitute leather cloth, and in
chemical plant and packaging.

Various chemists had described glass-like polymers of esters of acrylic acid
(produced by the action of an alcohol on the acid). In 1931, Rowland Hill of
ICI began to study the esters of methacrylic acid. (Imperial Chemical
Industries Ltd had been formed five years earlier by the merger of several
chemical companies, forming one of the world’s great chemical concerns from
which a succession of notable discoveries have flowed.) It was found that the
polymer of the methyl ester was a clear, solid glass-like material which could
be cast in a mould, and was light, unbreakable and weatherproof. Another
chemist at ICI, J.W.C.Crawford, worked out a viable method of preparing the
monomer and commercial production of polymethyl methacrylate, or Perspex
began in 1934. This was another product which had valuable wartime uses;
nearly all the output of Perspex sheet up to 1945 was required for RAF aircraft
windows. Since then, many other uses have been found.

Another important ICI discovery was polyethylene (polythene). It stemmed
from investigations into the effect of high pressure on chemical reactions,
begun at the Alkali Division in 1932. Fawcett and Gibson heated ethylene with
benzaldehyde, aniline and benzene at 170°C at 1000-2000 atmospheres
pressure and noticed the formation of a white, waxy coating on the walls of the
reaction vessel. It was found to be a polymer of ethylene. In 1935
polymerization of ethylene alone was achieved, further development followed
and commercial production began days before the outbreak of war. Polythene
was found to be a very good electrical insulator, was chemically resistant and
could be moulded or made into film or thread. Yet again, it proved to be a vital
material in war, mainly on account of its electrical properties. As a dielectric
material, it made manageable tasks in the field of radar that would otherwise
have been impossible; that testimonial comes from Sir Robert Watson Watt,
the inventor of radar. After the war, polythene became one of the major
commercial plastics, with a wide range of domestic and industrial uses.

One final ICI contribution may be mentioned. Carothers and Hill in 1931
described some aliphatic polyesters which could be extruded and cold-formed
into strong fibres. During the war, Whinfield and Dickson of Calico Printers
Association followed this up, with a strong fibre and lustrous film, identified as
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polyethylene terephthalate. ICI evaluated this in 1943 and the possibilities of
Terylene, as it was named, were realized; commercial production at ICI’s Wilton
plant started in 1955, with the result that most people wear some garment made
from Terylene fibre. A year earlier, the Du Pont Company in the USA were
producing the material under the name of Dacron (see Chapter 17).

Adhesives

Natural products have been used to bond surfaces together from earliest times.
A number of animal, plant and mineral products were used in the ancient
civilizations for particular applications. For example, the Egyptians were
employing animal glues made by boiling bones, hooves and hides, to join
veneers to wood surfaces around 3000 BC, while they used flour paste to bind
layers of reeds to form papyrus as a writing material. Bitumen and pitch were
also mn use in the ancient world. Such materials, and the methods of making
them, survived virtually unchanged until the present century. Then, within a
few decades, chemists produced not only a spate of new synthetic adhesives,
but also a theoretical background against which more appropriate and effective
adhesives can be produced. The science of adhesives began to take off during
the 1940s, notably with the work of Zisman. The first purely synthetic
adhesive was due to Backeland and his development of phenol formaldehyde
resins in the early years of this century, although their large-scale application to
the plywood industry did not take place until the 1930s. Then IG Farben
introduced urea formaldehyde resins, also as a wood glue. After the Second
World War, polyvinyl acetate emulsions began to supplant animal glues for
woodworking purposes.

The growth of the synthetic polymer industry has enormously increased the
range of adhesive available, notably the epoxy resins from the 1950s.

HEAVY INORGANIC CHEMICALS
Acids and alkalis

During the early period of industrial chemistry, the alkalis were the most
important inorganic substances, that is, those that do not form part of living
matter, whether plant or animal. Their preparation and uses in the textile, glass
and soap industries have already been mentioned. Another important group of
substances were the mineral acids—nitric, sulphuric and hydrochloric. Nitric
acid and aqua regia (‘royal water’ —a mixture of nitric and hydrochloric acids)
were probably discovered during the second half of the thirteenth century in
Europe. Their preparation is first mentioned in a chemical work compiled
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soon after 1300, the Swmma Perfectionis attributed to Geber, the latinized name of
the eighth-century Arab alchemist Jabir; the Summa appears to be a European
compilation derived from earlier Arabic sources. Nitric acid was prepared by
heating green vitriol (ferrous sulphate) and saltpetre (potassium nitrate). If
ammonium chloride is added, chlorine is formed and remains dissolved in the
acid, giving it the ability to dissolve gold, hence the royal association. The
main use of these acids was in metallurgy, in the purification of gold. Saltpetre
soon acquired considerable importance, for it was the major ingredient in
gunpowder; invented in Europe some time in the thirteenth century but known
in China centuries earlier, its preparation became a major industry. It was
commonly to be found in earth saturated with animal refuse and excrements;
its soluble salts were extracted with boiling water and fairly pure saltpetre
separated by successive crystallizations.

Sulphuric acid, or vitriol, was little used until it became important for the
manufacture of soda in the eighteenth century. Recipes for preparing it begin
to occur in the sixteenth century, by strongly heating sulphates of copper and
iron or burning sulphur, and absorbing some of the gaseous product in water.
In the following century, hydrochloric acid was recognized as a distinct
substance and Glauber set out in 1658 the standard method of preparation,
from common salt and oil of vitriol. This acid too found little use in the
chemical industry until the nineteenth century.

But it was the increasing demand for alkalis, particularly from the rapidly
developing textile industry, that stimulated the major advances in the chemical
industry. Overseas natural sources were exploited to the full, such as wood ash
in bulk from Canada, as a source of potash. In France, international conflicts
had led to an acute shortage of alkali and in 1775 the Academy of Sciences
offered a prize of 2400 livres for a successful method of making soda from salt.
Nicolas Leblanc, physician to the Duc d’Orléans met the challenge, patenting
in 1791 a process that was to be of fundamental importance to the industry for
over a hundred years. The process consisted of treating common salt with
sulphuric acid, to form a salt-cake (sodium sulphate) which was then roasted
with coal and limestone. The resulting ‘black ash’ was leached with water to
extract the soda, finally obtained by evaporating the solution in pans.

In Britain the salt tax inhibited the spread of the Leblanc process until its
removal in 1823. James Muspratt set up a plant near Liverpool, where the raw
materials lay close at hand. In 1828, in partnership with Josias Gamble, he
established new works near St Helens, ever since an important centre of the
chemical industry in Britain. Charles Tennant had meanwhile started making
soda at his St Rollox works outside Glasgow, which became for a time the
largest chemical works in Europe.

One of the main ingredients of the Leblanc process was sulphuric acid.
Improvements in its manufacture had been made in the eighteenth century. In
1749, Joshua Ward (otherwise known as the quack in Hogarth’s Harlot’s
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Progress) patented the making of sulphuric acid by burning sulphur and
saltpetre in the necks of large glass globes containing a little water. That was
converted to sulphuric acid, concentrated by distilling it. The price fell from £2
to 2s a pound, but the fragile nature of glass limited the scale of the process.
Largescale manufacture only became possible when John Roebuck substituted
lead chambers’, consisting of sheets of lead mounted on wooden frames, lead
being both cheap and resistant to the acid. Roebuck, a student of chemistry at
Leyden and Edinburgh set up his lead-chamber process outside the latter in
secrecy, a condition that lasted as long as it usually does. Knowledge of the
process spread rapidly; France had its first lead-chamber factory at Rouen
around 1766. The process was improved and enlarged in scale; Roebuck’s
chambers had a capacity of 200ft* (5.66m® but by 1860 Muspratt had
achieved one of 56,000ft> (1584.8m®). The rise in scale of course lowered the
price; by 1830 it was 2 1/2d a pound.

The first stage of the Leblanc process produced large quantities of
hydrochloric acid gas, both poisonous and destructive. Not for the first or last
time, the chemical industry made itself unpopular by its unfortunate
environmental effects. In this case, from 1836 the gas began to be absorbed by
a descending stream of water. The Alkali Act of 1863 required manufacturers
to absorb at least 95 per cent of the acid. Important as the Leblanc process
was, it had other drawbacks, principally the problem of disposing of the
unpleasant ‘galligu’ or residue after the soda had been extracted. This led to a
long search for an alternative and the gradual emergence of the ammonia-soda
process, which eventually achieved success at the hands of the Belgian brothers
Ernest and Alfred Solvay, with a patent in 1861 and satisfactory working four
years later. It was introduced into Britain in 1872 by Ludwig Mond, who set
up a works at Winnington in Cheshire in partnership with John Brunner
which was to become part of Imperial Chemical Industries.

Improvements were also made in the utilization of the hydrochloric acid
formed in the Leblanc process. Henry Deacon oxidized it to chlorine using a
catalyst (a substance that facilitates a reaction but can be removed unchanged
at the end of the reaction). Also, Walter Weldon introduced the successful
oxidation to chlorine using manganese dioxide, which enabled the output of
bleaching powder to be quadrupled, with a considerable reduction in price.

A new method of producing sulphuric acid had been suggested in 1831, by
oxidizing sulphur dioxide to the trioxide using a platinum catalyst, but the
platinum was found to be affected or ‘poisoned’ by the reaction and progress
came to a halt. There was then little incentive to solve the problem, until the
new organic chemical industry in the 1860s began to make demands for not
only more but stronger sulphuric acid. So far, the only source of oleum, a form
of strong sulphuric acid with an excess of sulphur trioxide, had been
Nordhausen in Saxony, where it had been produced in limited quantities since
the late seventeenth century. The contact process, as it came to be called, was
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revived and at the hands of the German Rudolf Messel became, from around
1870, a practical proposition. The Badische Anilin- und Soda-Fabrik (BASF)
was very active in pursuing research into this process. Various catalysts were
tried, but from 1915 BASF used vanadium pentoxide and potash, and this
became the most widely used material.

Explosives

Another important branch of the chemical industry was the manufacture of
explosives (see Chapter 21). Until the middle of the nineteenth century, the only
important explosive was gunpowder, but in the 1840s two other substances were
noted. Schénbein found that the action of nitric acid on cellulose produced an
inflammable and explosive substance and with John Hall at Faversham began to
make gun-cotton, so called because cotton was the source of cellulose. In the
same year nitroglycerine was discovered, formed by the action of nitric acid on
glycerine, a product of soap manufacture. But these two substances were found
to be too explosive to make or use. Alfred Nobel, however, showed that
nitroglycerine could be made by absorbing it on kieselguhr, a kind of clay; in this
form it was called dynamite. It was found that it would explode violently when
touched off by a mercury fulminate detonator. In 1875, Nobel invented blasting
gelatine, consisting of nitroglycerine with a small quantity of collodion cotton.
The first application of these materials was in blasting in mines and quarries;
their use in munitions became important in the 1880s.

Fertilizers

A less destructive application of the chemical industry was the manufacture of
fertilizers. Apart from carbon, hydrogen and oxygen, there are three elements
needed in relatively large quantities for plant nutrition: nitrogen, phosphorus and
potassium. Until the end of the nineteenth century, the most important source of
nitrogen was natural organic materials, but mineral sources were also important.
Of these, by far the most significant were the sodium nitrate deposits in Chile,
providing some 70 per cent of the world supply. By the 1960s this figure had
shrunk to 1-2 per cent. The reason for the decline was the successful tapping of
the richest source of nitrogen of all: the air we breathe. The ‘fixation’, or
chemical combination, of nitrogen was known to be chemically feasible by the
end of the eighteenth century and from around 1900 several processes had been
developed on an industrial scale. But by far the most important of these was that
worked out by Fritz Haber. It consisted of the synthesis of ammonia from its two
constituent elements, nitrogen and hydrogen. The reaction had been studied
spasmodically for many years but it was Haber who transformed it into an
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industrial proposition. High pressures were at first avoided, but Haber found
during his researches from 1907 to 1910 that a pressure of 200 atmospheres
produced the highest yield. At that stage BASF once again entered the scene and
engaged in research to find the most suitable catalyst. In 1913 the first full-scale
plant for the synthesis of ammonia by the Haber process was built at Oppau,
with a second at Leuna, near Leipzig three years later. By 1918, the process
contributed half of Germany’s output of nitrogen compounds. Hostilities with
Germany hindered the spread of knowledge of the process and it was only in the
1920s that manufacturing plants were set up in other leading industrial countries.
Progress was then rapid and by 1950 fourfifths of nitrogen fixation was by this
process. The catalyst most widely used from 1930 was finely divided iron mixed
with various oxides. Nitrogen fixation became important not only for the
production of ammonium sulphate and nitrate fertilizers but for the manufacture
of nitric acid, much in demand before and during the wars for making
explosives.

As to phosphorus, the main source until around 1900 was ground bones or
bone meal, but in the last decades of the nineteenth century large deposits of
calcium phosphate were discovered in northern Africa and, later, other major
producers were the USA, USSR and the Pacific island of Nauru. The calcium
phospate is converted to ‘superphosphate’ by treatment with sulphuric acid,
first achieved on a large scale from 1834 by John Bennet Lawes at Rothamsted
in Hertfordshire. “Iriple superphosphate’, or monocalcium phosphate
produced by treating the mineral form with phosphoric acid, attained equal
importance with the ‘super’ variety in the USA in the 1960s.

Potassium fertilizers (potash), mainly potassium chloride, have been applied
as they were mined, the Stassfurt region in Saxony being the leading source for
some 130 years.

Electrolysis

An entirely new way of producing chemicals arose towards the end of the last
century. Electricity had been used to decompose substances, for example by Sir
Humphry Davy in 1807 in obtaining sodium metal for the first time, but it was
not until cheap supplies of electricity were available that electrolytic methods of
preparing chemicals became commercially viable. In 1890 an American
working in Britain, Hamilton Castner, developed a method of producing
sodium by electrolysis of molten caustic soda, for use in the making of
aluminium. At the moment of success, an electrolytic method of preparing
aluminium was achieved by Hall and Héroult (see pp. 107-9), rendering the
sodium superfluous. But relief was at hand. The ‘gold rushes’ of the 1890s
dramatically increased the demand for sodium, in the form of its cyanide, used
in the purification of gold and silver.
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Castner then worked out a cell for making high-purity caustic soda, by
electrolysis of brine over a mercury cathode and carbon anodes. The sodium
released formed an amalgam with the mercury which, by rocking, came into
contact with water in a central compartment; there, it reacted with the water to
form caustic soda. An Austrian chemist, Carl Kellner, was working along
similar lines and to avoid unpleasant patent litigation, the two came to an
arrangement, with the result that the cell is known as the Castner-Kellner cell.
The Castner cell was later modified, particularly by J.C.Downs’s patent of
1924, defining the electrolysis of molten sodium chloride with graphite anode
and surrounding iron gauze cathode, and using calcium chloride to lower the
melting point of the electrolyte. This was a more efficient process electrically,
although until 1959 both cells were in use, to provide cheap sodium. Other
heavy chemicals were made by electrolytic methods from around 1900, such as
sodium chlorate, much used as a herbicide.
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The three main forms of natural power have a long history of development, and
since classical times the development of water and wind power has been
interrelated. The use of all three forms has not ceased, for water and wind power
are gradually coming back into use as alternatives to the fossil fuels—oil and coal —
and to nuclear fission. The need to develop rural communities in the Third World
has brought about a rediscovery of the primitive uses of water, wind and animal
power which can remain within the competence of the rural craftsmen.

WATER POWER
The ancient world

The first confirmed attempts to harness water to provide power occurred in the
Fertile Crescent and the countries that border the eastern Mediterranean, in
the centuries before the birth of Christ. The harnessing of these natural forms
of power grew out of the difficulties of grinding grain by hand or raising water
for irrigation laboriously by the bucketful. Slaves were not cheap, and the
milling of enough flour by hand became increasingly expensive. At first the
grain was ground by being rubbed between two stones known as querns. The
grain would rest on a stone with a concave upper face and would be rubbed
with a large smooth pebble. The next stage was to shape a bottom quern and
to have a top stone which matched it and which could be pushed from side to
side over the grain. By making both upper and lower stones circular, and by
fixing a handle in the upper stone, a rotary motion was imparted to the hand
quern. From that it is a short step to mounting the quern on a frame and
having a long handle to rotate the upper millstone.
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The first attempt to power millstones with water resulted in a form of
watermill which we now call the Greek or Norse mill (see Glossary). In this
the two millstones—derived from rotary hand-processing—were mounted over a
stream with a high rate of fall. The lower millstone was pierced and mounted
firmly in the mill, and the upper (runner) millstone was carried on a rotating
spindle which passed through the lower millstone. This spindle was driven by
a horizontal waterwheel which was turned by the thrust of water on its blades,
paddles or spoon-shaped buckets. The stream was arranged, possibly by
damming, to give a head of water, and this head produced a jet of water which
hit and turned the paddles of the horizontal waterwheel. The horizontal
watermill was a machine, albeit primitive, which ground grain faster than it
could be ground by hand, and soon improvements began which further
increased the speed of grinding.

The Romans adopted the Greek mill and made the hand mill more profitable
by turning it into a horse-driven mill. Roman Europe became a civilization in
which the countryside supported a growing number of larger towns. The use of
slaves or servants to grind the grain for the family became too expensive, and
there was a real need to increase the production of meal from the millstones. The
often-quoted example of the range of ass-driven hourglass mills in Pompeii (see
p. 262) shows how a town bakery was able to produce large quantities of meal
for sale or for a baker’s shop. The Romans are thought to have been the
inventors of the vertical waterwheel. In this system a waterwheel is turned in a
vertical plane about a horizontal shaft and the millstones are driven from this by
means of gear wheels. About 25 BC Vitruvius wrote De Architecture, and in the
tenth book he describes the vertical waterwheel and its gear drive to the
millstones. The earliest form of mill in which a single pair of millstones is driven
by a waterwheel is therefore known as the Vitruvian mill.

Many examples of the Vitruvian mill have come to light in archaeological
excavations. The most famous of all the Roman Vitruvian mills is the group at
Barbegal near Arles, in the Bouches-du-Rhéne department of France. Here an
aqueduct and channel delivered water to a chamber at the top of a steep slope.
The water descended in two parallel streams, and between the streams there
were the mill buildings. There were sixteen overshot waterwheels in two rows
of eight, the water from one wheel driving the next one below it. This example
from ¢. AD 300 shows a sophistication in millwrighting design which typifies
the Roman approach to many of their problems of engineering and
architecture. There are representations of vertical waterwheels in Byzantine art
and in the Roman catacombs. By Hadrian’s Wall in 1903, Dr Gerald Simpson
excavated a Roman watermill which dates from ¢. AD 250. Lord Wilson of
High Wray prepared drawings of this which were published in Watermills and
Mulitary Works on Hadrian’s Wall in 1976. Similar and more important
excavations, carried out in Rome in the 1970s by Schieler and Wikander, show
how universal the spread of the Vitruvian mill was in the Roman period.

230



WATER, WIND AND ANIMAL POWER

Further archaeological evidence confirms the presence of Roman watermills in
Saalburg, near Bad Homburg in Germany, and Silchester, Hampshire.

The Romans and their colonials were among the first people to dig mines for
metals. In some of these deep mines there was a need to install mechanical water-
raising devices and in the mines at Rio Tinto in south-west Spain a substantial
water-lifting wheel has been found. While this is not strictly a waterdriven wheel it
is analogous. The large rim carries a series of wooden boxes which have side
openings at the upper ends. The wheel is turned by men pulling on the spokes and
the boxes lift the water so that it empties out at high level into a trough which leads
it away from the wheel. This wheel is one form of water-raising device and its
derivatives still exist in parts of Europe and the Near East. The best-known
examples are those at Hama in Syria, where waterdriven wheels carry containers
on the rim which raise the water to the top of the wheel where it empties out into
irrigation channels. The biggest of these is 19.8m (651t 6in) in diameter.

Mediaeval and Renaissance Europe

As a result of archaeological excavation, the Dark Ages are now producing
examples of water-powered devices, and more attention is being paid to these
examples. At Tamworth in Staffordshire the excavation of a watermill shows
evidence of a well-designed mill of the Saxon period. These excavations
revealed that the mill had been powered by two horizontal waterwheels housed
in wooden structures.

The mediaeval period gives us our first real insight into the growth of water
power in Europe. In England, the Domesday survey of 1086 gives a record of
the number of mills in England—some 5000. While all the counties in the
country were not surveyed, those that were show a surprising number of mills
in relation to the manors, villages and estates. It must not be taken for granted
that all the mills were water driven: hand mills may be indicated by the low
level of their rents. Similarly, it must not be assumed that the mills were
separate buildings, just that there was more than one waterwheel. The
documents, cartularies, leases and grants of land give a greater insight into the
way in which the use of water power was developing. All over Europe the
abbeys, manors and towns were building watermills, and while most of these
were corn mills, there is evidence of the construction of fulling mills, iron mills
and saw mills. For example, the most famous drawings of a saw mill were
made by Villard de Honnecourt in 1235. A mill built to his drawings was
erected as a monument to him at Honnecourt sur Escaut, France. In this mill
the waterwheel rotated as an undershot or stream wheel, and by means of
cams the reciprocal motion was given to the saw blades. Although it cannot be
assumed that this was the first saw mill, it is the first positive document
showing the mechanism to have survived.
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Although drawings may always have been few in number, it must not be
assumed that the knowledge passed slowly from one centre to another. It is well
established that there was a great deal of movement of master masons about
their own countries, and also about Europe, and it is likely that the knowledge of
new methods of millwrighting was passed around in the same way. It is also true
that the industrial development of monastic orders, and in particular that of the
Cistercians, enabled processes to take place on several of their lands, as
industrially-minded monks would be moved about to take their technology to
other sites. The working of iron and lead, in the Furness district of Gumbria and
the Yorkshire Dales respectively, is an example of the great industrial
development pursued by the Cistercians. These religious orders also crossed
national boundaries quite easily, and so the development would take place in
related sites in other countries. In these countries the local landowners would
also take pains to copy the latest monastic developments in machinery.

In terms of the movement of technologists, in Britain there is the example of the
deliberate invitation of Queen Elizabeth I to the German miners of the Harz, such
as Daniel Hochstetter, to start up the Cumbrian lead, silver and copper mining
industry in the Vale of Newlands, with water-driven smelt mills at Brigham near
Keswick. From that settlement further members of the German community
moved to start smelt works in the Vale of Neath and Swansea in South Wales. The
site at Aberdulais (National Trust) is one started by German mining engineers
from Keswick in about 1570. The production of iron in England required furnaces
which had water-powered bellows and hammers for the refining of the iron
blooms produced by the furnaces (see Chapter 2). The large number of hammer
ponds in the Weald of Kent and Sussex give an indication of the scale of water
power required in mediaeval England to produce wrought iron and the cast-iron
guns and shot. The hammer ponds were created to supply the water power for the
furnace bellows and for the tilt and helve hammers.

In 1556, the German author Georg Bauer, writing under the pseudonym
‘Georgius Agricola’, wrote De Re Metallica which is effectively a text-book of
metal mining and metallurgy (see p. 145). In this large book, well illustrated by
wood-block pictures, he sets out the whole process of mining and metal
refining on a step-by-step basis. His illustrations show the various stages
through which the mining engineer finds his mineral veins, how he digs his
shafts and tunnels, and how he uses waterwheels, animal-powered engines and
windmills to drain the mines, raise the ore and ventilate the workings. It is
quite clear that Bauer was not the inventor of these systems, just that he
recorded them from his own studies of central European practice, particularly
in the German lead and silver mines. In these areas there are fifteenth- and
sixteenth-century religious pictures which are as detailed as the illustrations in
De Re Metallica. The painting by Jan Brueghel of Venus at the Forge of about
1600, shows several forms of water-driven forge and boring mills. Obviously,
these painters could take only existing installations as their models.
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In the English Lake District there are some sites of mineral-dressing works
which date from the late sixteenth century. While some have been overlain by
later developments, it could be possible to identify waterwheel sites,
waterdriven buddles (ore-washing vats) and the like, by archaeological
excavation. The dressing works at Red Dell Head, on the flanks of Coniston
Old Man and Wetherlam, were abandoned quite early in the 1800s. As the
mines grew the mill streams were diverted to other sites where the workings
have not been obscured by later developments.

The construction of waterwheels is quite clear in De Re Metallica. Obviously
the wheels were made of wood with only the very minimum of iron being
used for bearings. Joints would be pegged with dowels rather than fixed with
nails. The construction of the millwork, according to these German precedents,
would be seen and copied by the local millwrights, when they were concerned
with corn mills. This sixteenth-century pattern continued with little
improvement until the beginning of the eighteenth century.

The eighteenth century

The corn mill of the late mediaeval period followed the Vitruvian pattern in
which each pair of millstones was served by a separate waterwheel. At Dowrich
Mill, near Crediton in Devon, this mediaeval arrangement can be seen. There
are two holes for the shafts of two waterwheels, each of which served a pair of
millstones; these have been lost, and have been replaced by a conventional
arrangement of two pairs of millstones driven by stone nuts off a single great
spur wheel and a single waterwheel. The water-driven corn mill at Barr Pool in
Warwickshire, shown in an illustration in the Uniwersal Magazine published in
1729 (Figure 4.1), shows how the Vitruvian arrangement worked in the case of
the pair of millstones over the shaft. The same illustration shows a variant on the
Vitruvian mill in which a second pair of millstones was driven off a lay shaft,
and not by a great spur wheel. In the Barr Pool example it is clear that at the
beginning of the eighteenth century the millwrights were still working entirely in
wood, the only metal parts being the bearings and gudgeons.

In France, Germany and the Netherlands, the beginning of the eighteenth
century saw an upsurge in the study of millwrighting and mechanical
engineering. The professional millwright was becoming an engineer and he was
approaching millwork design scientifically rather than empirically. In France, in
1737, Bernard Forest de Belidor produced his classic volume Architecture
Hydraulique in which he showed designs for improved waterwheels. Buckets in
overshot waterwheels, though still made of wood with wooden soles to the back
of the bucket, were angled so that the water would flow in more smoothly, and
so that the water was held in the bucket for longer, therefore giving an increased
efficiency to the waterwheel. He worked out designs for all forms of floats and
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Figure 4.1: The water-driven corn mill at Barr Pool in Warwickshire. This is the
llustration from the Universal Magazine of 1729.

buckets for the waterwheels, and he improved the way in which the water was
led from the mill race through hatches, or launders, on to the waterwheels. It is
thought, too, that Belidor first formulated the idea that the wheel would be
better if the buckets were built between the rims so that the water did not spill
out at the side. He was working towards a greater efficiency in the use of water
power by also improving the design of dams and water controls.

One particularly important use of water power which grew in scale in the
seventeenth and eighteenth centuries was the supply of water for drinking
purposes in towns. In Paris, waterworks had been erected on the Pont Neuf
about 1600 and these were rebuilt by Belidor in 1714. In London, a similar
series of waterwheels was built under the northern arches of London Bridge by

234



WATER, WIND AND ANIMAL POWER

George Sorocold about 1700, to replace an earlier set inserted by Peter Morice,
a Dutch engineer, in 1582. Sorocold had been responsible for the installation of
several other water-driven water supply systems in English towns, including
Derby, Doncaster and Leeds. The system at Pont Neuf was known as a
‘moulin pendant’. The Seine rises and falls quite severely and so the
waterwheel has to rise and fall with it. Since the moulin pendant is a stream
wheel, which is turned only by the flow of the water, it is important that the
floats retain the same relationship to the flow of the water at all levels of the
river. At Pont Neuf the whole body of the pumps and waterwheel was raised
on four large screws as the water rose, so that the pumps could continue to
work. The waterwheels at London Bridge had a slightly different set of
conditions to deal with. The bridge spanned the tidal Thames and the starlings
(foundations) of the bridge piers reduced the water passage to 50 per cent of
the river’s width. At high water the difference in level across the width of the
bridge was 25cm (1ft) and at low water 1.38m (4ft 6in). To meet these
differences in level the shafts of the waterwheels moved up and down on
hinged levers and the gears continued to be engaged with the pumps since
they moved about the centre of the shaft on the hinged beams. Later
waterwheel-driven pumps were installed at Windsor (The King’s Engine),
Eton and Reading and these continued in use, in some cases, until the
beginning of the twentieth century.

In Germany there were similar pumps for pumping the town water at
Lineburg, but more important examples existed to pump water for the
fountains in the Nymphenburg gardens, near Munich. The idea of the water
supply of formal gardens being raised from nearby rivers was developed to its
fullest extent in the Machine de Marly, built about 1680 to supply water to the
gardens and fountains of Versailles. Fourteen waterwheels were built below a
dam on the River Seine and the water was brought on to these wheels through
separate mill races. These undershot waterwheels were 11m (36ft) in diameter
and 1.4m (4ft 6in) wide. In addition to 64 pumps adjacent to the wheels,
connecting rods took a further drive a distance of 195m (600ft) to a second
group of 49 pumps which lifted the water a further 57m (175ft) above the first
reservoir. In all, the fourteen waterwheels operated 221 pumps and lifted the
water 163m (502ft) above the level of the river.

While the waterwheels of the period, such as those at Marly, appear to have
behaved well, they were clearly cumbersome and inefficient. The millwrights
were able to build large wheels with high falls, such as those in the
mountainous metal-mining areas, but these were still empirical in design. The
designs shown in the books of this period, such as Jacob Leupold’s Schauplatz
der MeuhlenBau-Kunst published in Leipzig in 1735, bridge the gap between the
apprentice system of training millwrights and the scholarly, scientific approach
which came later in the eighteenth century. Leupold’s book shows, by means
of copperplate engravings, exactly how water-driven mills could be built. The
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plans are very accurately set out, with useable scales, so that the millwright
could build his mill. The associated explanations, to be read with key letters on
the plans, explain every step which has to be taken. The illustrations show
grain mills, ‘panster’ mills with rising and falling wheels, mills with horizontal
waterwheels, boat mills, paper mills, oil mills, fulling mills and saw mills. They
are a design guide to every conceivable form of mill which the millwright
could be asked to construct. There are tables showing how the lantern gears
and pinions should be set out, so that the millwright could almost work with
the book propped up in front of him. There are other German text-books of a
similar character which produce even greater detail for the millwright. A good
example is the text-book on water-driven saw mills Von der Wasser-Muehlen und
von dem inwendigen Werke der Schneide-Muehlen by Andreas Kaovenhofer, which
was published in Riga in 1770. This book details all the joints and fastenings
required in a waterwheel, for example, and as in Leupold’s book details of
dam and watercourse construction are also included.

In France, the great encyclopaedia of Diderot, with its associated eleven
volumes of plates, was published between 1751 and 1772. These plates, like
Leupold’s, showed the methods of construction and manufacture of every
trade. Thus, in the chapter on the making of black powder or gunpowder, the
nineteen plates show not only the various machines required and the stages to
be undertaken, but also the way in which that machinery was driven. While
the purchase of a set of Diderot volumes would have been beyond the purse of
a master craftsman, enough copies would exist in manor houses and stately
homes for these plates to have been seen, and used, by the millwrights of the
locality. Indeed, it may well have been that the landowner as client would show
such books to his millwright. Modern understanding, based on mass
communication and transportation, finds it hard to realize how much
craftsmen moved about, and equally how the intelligent gentry absorbed
everything they could see and find on their travels abroad or on their ‘Grand
Tours’ with their tutors. If they had a mechanical bent they would follow this
up in the workshops and libraries of the countries they visited.

In the mid-eighteenth century there was an upsurge of understanding in
mathematics and science. In terms of millwork, one breakthrough concerning
the efficiency of the water-powered or wind-powered mill was the move, in
Britain, away from cog and rung gears to cycloidal gears (see Figure 4.2). This
was partly the result of the application of scientific and mathematical thought
by scientists like Leonhard Euler. In Britain, the application of science to the
profession of millwright was to be seen in the work of John Smeaton—a civil
engineer in the modern sense of the word. He was the designer of many types
of civil engineering works but he also designed forty-four watermills between
1753 and 1790, ranging from corn mills to iron-rolling and slitting mills. He
also carried out research into windmills and watermills which was published in
his paper ‘An Experimental Enquiry Concerning the Natural Powers of Water
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Figure 4.2: The low-breast shot waterwheel and gears at Hunworth in Norfolk.
This watermill still has all its wooden gears which date from about 1775.
Drawing by J.Kenneth Major.

and Wind to turn Mills” in 1759. His work was parallel to that of Christopher
Polhem in Sweden, and they could well have been aware of each other’s work.
Smeaton’s experiments set out to analyse the relationship between the various
waterwheel types, the head and flow of water, and the work these could do.
This had a great influence on the design of waterwheels for given situations of
fall, flow and power required. No longer was an empirical solution the only
one which answered a given problem, and design in the fullest sense of the
word came into the process of creating a water-powered answer to the
requirements of a factory.

Smeaton’s work was closely studied abroad, and the newly-created United
States of America in particular accorded new reverence to the scientific
solution of problems. The corn millers who had arrived in the eastern states
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brought with them the old empirical solutions. Many of them had escaped
from the repressive laws controlling milling in Europe, and had brought their
old technology with them. However, they moved from small village mills, the
result of the ancient institution of milling soke, to create much larger mills.
Some of these were trading mills; others still worked on a toll-milling system,
but without the imposition of a landlord who had to have his ‘rake-off. These
millers frequently settled in an area where millwrights were not readily
available, and so books such as The Young Mill-Wright and Miller’s Guide by
Oliver Evans, first published in Philadelphia in 1795, were invaluable as guides
to the ‘do-it-yourself miller. He explains the science behind his designs, but
because of the problems in the emergent states, his machinery is still made of
wood. Evans, too, was the innovator of many changes in corn-milling practice.
The most important plant in the corn mills following the publication of his
book, was his grain elevator and horizontal feed screw, both of which cut
down on the amount of labour needed to run the mill. No longer were two
men required to hoist the grain sacks up the mill, nor to take the meal sacks
back up so that the meal could be dressed. As the meal fell from the millstones,
it was deposited at the foot of the bucket elevator to be taken up the mill to the
bins, from which it would pass through first one dressing machine and then
another, until it was properly graded. The screw crane for lifting and reversing
millstones when they had to be redressed is also an example of an arrangement
needing only the operation of one man. This was important designing in a
country which was short of labour.

While Smeaton and Evans worked mainly with wooden machinery, by the
end of the eighteenth century cast iron had become cheap and was used for
millwork in Britain (see Figure 4.3). In Scotland, Andrew Gray published T%e
Experienced Millwright in 1803, and this was filled with many details of millwork
in which cast iron was the predominant material, particularly for gears, wheels
and shafts. At this time the machining of gears was not easy, so many
arrangements of gearing were built up using a large mortice wheel, in which
wooden teeth were mounted in sockets in an iron wheel, and a small all-iron
gear wheel. In the text-books of a parallel date in Germany, the millwork was
still made of wood. In fact, in Holland and North Germany iron millwork was
never used to any great extent before the water-driven mills ceased to work.
The use of cast iron enabled the mills to be better set out, as the iron gears
occupied less space. The change to cast iron also meant that the millwrights
cither owned foundries, such as Bodley Brothers in Exeter, or had to send
designs or wooden patterns to the foundries.

Although the steam engine began to be used in factories in the 1750s, a large
growth in water-driven factories took place throughout the eighteenth century to
reach a climax in about the 1830s, at which time steam-powered factories
became universal (see Chapter 7). Water-driven factories for the production of
woollen cloth sprang up in the Yorkshire valleys and in the steep valleys of the
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Figure 4.3: The conventional arrangement of a waterwheel and gears at Heron
Corn Mill, Beetham, Cumbria. This dates from the early 19th century and is a
combination of wood and iron gears with an iron waterwheel.

Drawing by J.Kenneth Major.

west face of the Cotswolds, while cotton factories were built on the western flank
of the Pennine chain and in the Derwent valley in Derbyshire (see Chapter 17).
Here the power requirements were larger for each factory than for the humble
corn mill. Where the corn mill had managed with, perhaps, 9-11kW (12-15hp),
the cotton mill would need five times that amount. The Arkwright cotton mills
i Cromford, Derbyshire, and the Strutt cotton mill at Belper in the same county,
had huge waterwheels. That at Belper, designed and built by T.C.Hewes of
Manchester, was 5.5m (18ft) in diameter and 7m (23ft) wide. While the iron
wheels at Belper appear at first sight to be iron versions of wooden patterns,
there were many innovative features about them. In the first place, they were
suspension wheels, in which the rim was held equidistant from the hub by
tension rods rather than by stff spokes. The buckets ceased to be angular but
had outer sides made of sheet iron in smooth parabolic curves which were joined
to the iron sole plates. The brick or stone casings to the wheel pit could fit more
perfectly because the iron wheel could be held in a circular shape more easily
than a wooden one, and in the head races new iron hatches gave a much more
sophisticated control of the water flow.
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During the eighteenth century water power also became more widespread
in the mining fields and in the iron- and metal-working areas. The preserved
site at Abbeydale, on the southern side of Sheffield, is an example of a
waterpowered edge-tool factory, and it was typical of dozens in the Sheffield
river valleys. A large mill pond was created across the valley, and on the
downstream side of the dam the various low buildings of the edge-tool factory
hide. There are four waterwheels: for furnace blowing, for tilt hammers, for
edge-tool grinding and to power the workshop. Apart from the forges with
their blowing engines, the edge-tool industry of Sheffield required grinding and
polishing workshops for the finish to be added to the tools. The preserved
Shepherd Wheel is an example of a grinding and polishing shop in which the
waterwheel drove twelve or more grindstones.

The nineteenth century

In the mining fields the introduction of cast-iron millwork enabled better use to
be made of the potential of water power. The use of waterwheels for mine
drainage and mine haulage had become well established in mining areas
throughout the world by the nineteenth century. In Britain there were some
very large waterwheels for mining purposes. The Laxey waterwheel on the Isle
of Man, built in 1854 by Robert Casement, is the largest surviving waterwheel.
This 1s a pitch-back waterwheel where the water is delivered on to the top of
the waterwheel in the opposite direction to its flow in the launder, and it is 22.1
m (72ft 6in) in diameter and 1.8m (6ft) wide. In the Coniston copper mines in
Cumbria there were several large haulage wheels. The biggest was 13.4m
(44ft) in diameter and 2.75m (9ft) wide, and there were others of 9.1m (301t)
and 12.8m (42ft) in diameter. Down in the Paddy End copper ore dressing
works there were several waterwheels of which the biggest, 9.75m (32ft) in
diameter and 1.5m (5ft) wide, was replaced by a turbine in 1892. So much
water was used that the main streams were interlinked by four principal mill
races, and Levers Water was turned into a large holding reservoir by means of
a 9m (30ft) high dam. In a similar way the slate industry had water power for
its machinery, and at Llanberis in North Wales the factory and maintenance
works of the huge slate mines and quarries were powered by a waterwheel
which was 15.4m (501t 5in) in diameter and 1.6m (5ft 3in) wide, built in 1870,
later to be replaced by a Pelton wheel (see p. 244).

On the continent of Europe and in the United States of America factories
began to spring up along the larger rivers. The New England states began the
concept of the factory town in which the factories were water powered. In
these towns complicated water power canals were arranged so that many
factories could be supplied in sequence as the water flowed through the town.
Lowell, Massachusetts, had an extensive power system of which the first part
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dates from 1820. Here the Pawtucket Falls on the Merrimack River were of
sufficient height to give an overall head across the town of 11m (35ft). An
existing barge canal was taken over, a new dam was constructed, and the canal
became the head race for the mills. Lateral canals supplied individual cotton
mills and the tail races were collected to form the head races of further mulls.
At first waterwheels were used, but these were very soon replaced by turbines.
The Lowell system was followed in Lawrence, Massachusetts and Manchester,
New Hampshire. In parallel with the creation of Lowell’s water-power system,
one was brought into being at Greenock in Scotland where, in the early 1820s,
Robert Thom designed a system of dams and feeder canals. This system was
completed and at work in 1827 supplying 33 mills over a fall of 156m (512ft).
Similar schemes were put in hand on the river Kent, above Kendal in northern
England, for the corn mills, bobbin mills, woollen and powder mills of that
valley, and in the area around Allenheads in Northumberland, a further
scheme was created to serve the needs of lead mines and mineral dressing
works. John F. Bateman was the civil engineer responsible for the river Kent
scheme, and as an engineer he achieved a name for many water supply
schemes in Britain.

The need for water power went on increasing as the factory units grew in
size and a number of large millwrighting and engineering firms grew up in
Britain to meet the needs of the textile industries. Hewes has been mentioned
above for his work at Belper and, in combination as Hewes and Wren,
supplied the huge waterwheel for the Arkwright mill at Bakewell. Hewes had a
draughtsman named William Fairbairn in 1817, who left him in that year to
join in partnership with James Lillie. Lillie and Fairbairn were responsible for a
large number of big waterwheels in textile factories in Britain, and their
partnership was to run for fifteen years. One of their big wheels was at
Compstall, near Stockport in Cheshire. This breast-shot waterwheel, situated
between two halves of the mill, was 15.25m (506) in diameter and 5.2m (176:)
wide. Other wheel diameters available as stock patterns in the Fairbairn works
were 18.4m (60ft 4in), 14m (46ft), 12.1m (39ft 9in), 11m (36ft) and 9.15m
(30ft), and of course other sizes were also made. In using waterwheels of this
size a change had been made in the way in which the power was delivered to
the machinery. No longer was the shaft of the waterwheel extended into the
mill so that a pit wheel could provide the power take-off; instead, a rim gear,
often of the same diameter as the rim or shrouds, would engage with a pinion
on the shafts going into the mill. William Fairbairn was a famous civil engineer
and millwork formed only a small part of his business, but he did make several
changes in the design of waterwheels and the arrangements of the water
controls for those wheels. One innovation was the ventilated bucket on the
waterwheel. As the water went into an unventilated bucket, a cushion of air
was built up beyond the water which prevented the water from entering the
bucket smoothly. By providing a ventilation slot at the back of the bucket on
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the sole, the air was forced out of the bucket and the water filled it properly.
Fairbairn was also responsible for the introduction of a workable system of
governors to control the flow of water through the hatches and on to the
waterwheel, and by using a shaped series of slots in the hatch a smoother flow
of water was delivered to the buckets.

William Fairbairn was knighted for his engineering work, and was
recognized for his scientific approach to structures by being elected a Fellow of
the Royal Society. His book Treatise on Mills and Millwork, first published in
1863, became the classic text-book in Britain on the construction of these
‘modern’ waterwheels. On the continent of Europe, Armengaud the elder
published his Moteurs Hydrauliques in 1869, Heinrich Henne his Die Wasserrdder
und Turbinen in 1899, and Willhelm Miiller his Die eisernen Wasserréider in 1899,
while in the United States, Practical Hints on Mill Building by Fames Abernathy,
published in 1880, was of great importance. By 1900 the emphasis on water
power was switching from large, efficient waterwheels to the smaller and even
more efficient water turbine.

WATER TURBINES

In France, the design of waterwheels had been given considerable attention at
the beginning of the nineteenth century, but there was always a search for
greater efficiency. J.V.Poncelet had taken the old form of vertical undershot
waterwheel which had straight blades or floats made of wood and set radially,
and by curving the blades and constructing them of metal, had produced much
greater efficiency. By using tight-fitting masonry walls and floors in the wheel
pits, he ensured that all the water would be swept into the space between the
blades. He used formulae to determine the size of the floats in relation to the
wheel and the water flow. A further vital point, particularly with an undershot
wheel, was that the water flowing out of the floats fell clear of the wheel so that
it did not run in tail water. This interest in waterwheel performance led to the
first viable turbine designs being produced in France: it is significant that the
south of France, Spain and Portugal had large numbers of water-driven corn
mills in which the waterwheel ran horizontally, often forced round by a jet of
water. Benoit Fourneyron produced a successful water turbine in 1827, and the
design of other water turbines was proceeding in Germany and in the United
States, but not in Britain where the waterwheel designs were reaching their
peak. The Fourneyron turbine consisted of an inner fixed ring of curved gates
set in one direction, and an outer ring, which had curved blades set in the
opposite direction, mounted on the drive shaft of the mill or factory. The water
flowing into the fixed ring was controlled by a circular iron hatch which
moved up and down in the water to control the flow. The water flowed over
the gate and through the fixed gates to impinge on the rotating outer ring of
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blades, and thereby revolve it at a considerable speed; thus a small turbine
could produce more power at greater speed, using less space than the
equivalent waterwheel. The Macadam brothers of Belfast, Northern Ireland,
produced a very efficient version of the Fourneyron turbine, of which the
preserved example from Catteshall paper mill in Godalming, Surrey, is typical.
The stator (fixed inner ring) and rotor (rotating outer ring) each have forty-
eight vanes, and the inside of the stator is 2.5m (8ft 3in) in diameter. The
Catteshall turbine developed 37kW (49.6hp) at approximately 25rpm, and in
1870, when it was built, it was among the biggest then in use. The principle of
the Fourneyron is that of an outwardflow reaction turbine.

In England, between 1734 and 1744, an invention called the Barker’s Mill
was introduced. In this water is led into a vertical tube, which rotates, and at
the bottom of this tube two arms project which have nozzles at their tips. As
the water flows, so the jets spout out at the ends of the arms, and the whole is
pushed round by the reaction of the jets against the pressure of the air. While
one or two examples of this are known, such as that at the Hacienda Buena
Vista at Ponce, in Puerto Rico, it must have been hopelessly inefficient. James
Whitelaw took the principle of the Barker’s Mill, improved the shape of the
arms and introduced the water from below, to give a much more efficient
machine known as the Scotch turbine. The arms were in the form of an
elongated ‘S’ with the inlet pipe in the centre. The new shape induced a better
flow out of the nozzles at the ends of the arms. The Whitelaw turbine had
governors to control the speed of rotation. After 1833, when Whitelaw built
his prototype, several of these were installed in factories in Scotland. One
example 1s quoted as having 1491.4kW (200hp) with a fall of 6.7m (22ft) and
a speed of 48rpm. Escher Wyss & Co. of Zurich installed Whitelaw turbines in
1844, and these were up to 45kW (60hp).

James Thomson trained as an engineer in the works of Sir William Fairbairn
and became a professor in Belfast. In 1846 he was at work on the design of a new
form of turbine which, when tested in 1847, worked at one-tenth of a horse power
at an efficiency of some 70 per cent. He went on to patent this turbine in December
1850. Described by its inventor as a Vortex turbine, it was an inwardflow turbine
in which the water came into the casing and was taken through a spiral path to be
discharged through gates on to the rotor. At the same time J.B. Francis was
working on a similar arrangement in Lowell, Massachusetts, which he called a
centre-vent turbine. His work was published in Lowell Hydraulic Experiments. He was
associated with Uriah A.Boyden in producing the Boyden turbine which was an
adapted Fourneyron, designed for the particular needs of the Lowell cotton mills,
and the horse-power results were extremely good. In 1854, the Merrimack
Company’s mills had Boyden turbines of 2.75m (9ft) diameter which generated
522kW (700hp) under a 10m (33ft) head.

Meanwhile, the development of other turbines was proceeding in France,
owing to a lack of coal to power steam engines, and in Switzerland and
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Germany. The ability to use a high head of water, as one would get in
Switzerland or Germany, led to the design of other forms of turbine. The most
famous of these high-head turbines, requiring only a small flow, is the Pelton
wheel. This is an impulse wheel, patented in 1880, in which a jet of water is
focused on to a bucket on the diameter of a small wheel. The bucket is cast in
the form of two cups which receive water equally when it comes out of a jet at
a tangent to the wheel. The water is turned back on itself as the bucket moves
forward. The Pelton wheel can achieve high speeds and is easily controlled by
the amount of water allowed out of the nozzle which opens or closes the size of
the jet. On the Coniston Fells in Cumbria there was a Pelton wheel made by
Schram and Marker of London, 0.6m (2ft) in diameter with approximately a
150m (500ft) head, which drove the air compressor in the slate quarries high
up on the fell.

Hydro-electric power

Professor Thomson’s first English turbine, made for him by Williamson
Brothers of Kendal in 1856, was a 3.73kW (5hp) Vortex made for a farm.
(This turbine, Williamson No. 1, can be seen in the Museum of Lakeland Life
and Industry in Kendal.) In 1880 this firm supplied their 428th turbine to Sir
William Armstrong of Cragside, Northumberland. Here Armstrong, himself a
prominent engineer, installed the turbine on an 8.8m (29ft) head of water to
evelop 9hp, transmitted by belt to a 90V dynamo from which Cragside was lit
by Swan’s electric lighting (see Chapter 6). This was the first hydro-electric
plant in Britain. In 1884, W.Ginther of Oldham built his turbine number
twelve, a ‘Girard’ impulse turbine of 30kW (40hp), which was used for the
electric lighting of Greenock, Scotland.

Although factories continued to require turbines to power their machinery,
the main demand for water turbines lay in the production of hydro-electric
power. Turbines grew bigger, more efficient, and increased in horse power to
meet the growing demand for electricity in hilly countries where coal was not
available. The upper Rhine, between Basel and Strasbourg, has eight
hydroelectric stations, the dams of which make the river fully navigable to
Basel all the year round. Kems, built in 1932, is the oldest of this series, with
six turbines each developing 18.6MW (25,000hp) on a 16.5m (54ft) head. The
whole suite of hydro-electric stations between Basel and Strasbourg can
produce 895MW (1,200,000hp). Similarly, the Tennessee Valley Authority
(TVA) water control requirements enabled the Federal Government of the
United States to build a series of dams with hydro-electric plant in the years of
the Roosevelt ‘New Deal’, and in the immediate post-war years. The basic
turbine type for most of the high-powered hydro-electric plant has been the
Kaplan. This is a reaction turbine which uses a large flow on a low head, and
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which is made like a ship’s propeller with variable pitch vanes running in a
close-fitting casing. Victor Kaplan patented his turbine before the First World
War in Brno, Gzechoslovakia, but it was neglected until the 1920s. These
turbines have been capable of some 85 per cent efficiency, and modern
developments in their design have made them even more efficient.

Perhaps the most impressive use of the Kaplan derivatives is in the great
tidal-power system of the Rance estuary by St Malo in France. This scheme
was completed in 1966 and presents many additional factors. As turbines they
must work on a variable head yet give a constant speed. Thus the Rance
design must represent the most flexible of all turbine solutions. It is interesting
to note that, in the new proposals to use the flow of the tides in areas such as
the Bay of Fundy in the United States, and the Severn estuary and Morecambe
Bay in England, there is a harnessing of a water-power source first used in the
late twelfth century in England.

Water power has been harnessed to great effect for 2000 years to provide
power for the many requirements of life. It started in order to ease the grinding
of grain for food, and grew to power all man’s industrial needs before steam
came into use as the power behind the burst of development which we know
as the Industrial Revolution. It is developing again to provide electricity on a
huge scale, as well as being used as a means of giving minor industrial
development to the Third World.

WIND POWER
The ancient world

While there is some certainty about the timescale and geographical distribution
of the water-powered corn mill in antiquity, there is far less knowledge about the
geographical spread of windmills. Given that the grinding of grain took place
between a pair of quern stones which rotated in a horizontal plane, then it would
seem to be easy to accept that the upper (runner) millstone could be fixed at the
bottom of a vertical shaft which could be turned mechanically. If that shaft were
to be of a fair length, and if it had sails attached parallel to it, then these could be
blown round by the wind. The problem is, of course, that the sails present the
same area of face to the wind as they are blown by it and as they come towards
it. This would seem to create equilibrium and prevent the mill from turning. We
are fortunate to have survivors of such very primitive horizontal windmills at
Neh, in the area of eastern Iran which is near the Afghan border. Here there are
rows of these mills built together to economize on the construction of the
supporting walls. The arrangement of a typical windmill in this area is that two
walls are built, some 6m (20ft) high, on top of a roofed mill room containing the
single pair of millstones. The shaft from the runner millstone rises through the
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roof of the mill room to a bearing in a beam between the tops of the two walls.
On the side facing the prevailing wind a wall is built up to the top of the two
walls but only across half the space between them. The wind, its force
concentrated by being funnelled through the row of narrow openings, turns the
shaft by means of the six or eight sails mounted on it. These sails are made of
wooden slats or reed mats fixed to the five or six sets of spokes on the shaft. As
the sails turn, the lee surfaces are never opposed by the wind because of the
protective wall. These windmills were first recorded in use in AD 644 in a
Persian manuscript of the early tenth century, but it is thought that they may
have existed in Egypt at the time of Moses.

The Persian horizontal windmill appears to have remained a static concept,
unchanged to the present day. What 1s missing is the link to the Mediterranean
windmill which is thought to be the precursor of all our vertical windmills.
The Mediterranean windmill is a two-storeyed stone tower mill with one pair
of millstones driven from the windshaft. The wooden windshaft projects
beyond the face of the tower and carries six, eight or twelve triangular cloth
sails which are set like jib sails from the sail stock to the opposite sail stock.
Indeed, the vertical windmill used in Europe may be a quite independent
innovation which derives from the Vitruvian arrangement of the water-
powered corn mill and not from the Persian windmill. The arrangement of the
drive in a vertical windmill is that the nearly-horizontal shaft through the sails,
which turn in a vertical plane, has a gear wheel mounted on it which engages
with a second gear wheel on the drive shaft of the runner millstone. It we
substitute the windmill sails of this concept by a waterwheel, we can see the
validity of the argument to support the lack of a technological link between the
Persian horizontal windmill and the European vertical windmill.

Mediaeval and Renaissance Europe

There were windmills in England in the years just before AD 1200. The
charters of St Mary’s Abbey at Swineshead in Lincolnshire give ownership of a
windmill there in 1179, and at Weedley in Yorkshire there was also evidence of
a windmill. Pope Celestine III ruled that windmills should pay tithes, so the
use of the windmill would seem to have been well established if they were
worthy of concern over their tax and tithe dues. The windmill was therefore
well established in northern Europe by the end of the thirteenth century, and
had an advantage in that it did not freeze up in winter as the watermill was
prone to do.

One great problem with the windmill in Europe is that the wind has no
prevailing direction as it clearly has in Persia. This means that the windmill
must always face the wind and that the wind must never be presented to the
back of the mill. The post mill would appear to be the first type of windmill to
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do this, and is the type of which we have the largest number of windmill
illustrations from the Middle Ages.

The post mill in the mediaeval period was probably quite small and simply
arranged. Stained glass and documentary representations show considerable
variation in form and construction, much of which must be discounted as
fanciful, but enough remains for the mill student to be able to learn the form of
the early windmill. All post mills consist of a wooden body, known in England
as the buck, which carries the sails, the windshaft, the gears and the millstones.
This can be turned into the wind, because it is pivoted about the top of the
king post. The mill body is heavy, and as it should not be backwinded, it is
fitted with a tail pole coming out of the back of the bottom storey of the body.
The miller puts his back to the tail pole and pushes it round when there is a
variation in the wind direction. The king post could not be a single post as it
would blow over, but would have to be propped by other timbers to give a
broad base to prevent the whole mill being overturned. Archaeological
excavation, such as that at Great Linford in Buckinghamshire, shows the
horizontal crosstrees which had the king post at their centre and the diagonal
quarter bars at their ends which provide the props to the king post. This frame
of the crosstrees, quarter bars and king post is so made that it is a rigid entity
which sits either on a cross of masonry on the ground, or on four pillars at the
ends of the crosstrees.

Post mills are shown in several mediaeval documents and in the illustrations
in the margins of manuscripts. From these we can see that the mill was small:
probably only big enough to house one pair of millstones with space over them
for the windshaft, brake wheel and gears on the runner millstone spindle. The
body would be suspended one floor up on the king post propped by the
quarter bars. In the picture in the fourteenth-century Decretals of Pope Gregory IX
the mediaeval post mill is properly understood, for here the post is seen to go
up to the underside of the second level within the body. Clearly, the body
cannot just sit on top of the post, for it must have some lateral hold on the post
where it passes through the framing of its bottom floor.

The sails of these primitive post mills were made of a frame of laths over
which cloth was stretched and tied in place. The sails were short, stretching to
the ground so that the miller could set the sails on the sail frame, and climb up
the frame if he wanted to remove the sail cloth completely. To adjust to
variable wind speeds he would set less sail, and he was possibly aware that by
adjusting the space between the millstones he would also meet the problems
associated with variable wind speeds. The windshaft (holding the sails) may or
may not have been inclined so that the plane of the sails was tipped slightly
backwards. A refinement such as that, which made for better balance in the
sails and windshaft and stopped a tendency to tip forward, is clearly a matter
of empirical knowledge. The gears would be heavy cog and rung gears, and
the method of braking is unknown; possibly the miller turned the mill out of

247



PART TWO: POWER AND ENGINEERING

the wind in order to stop it. No storage was available in this early post mill and
probably none was needed, because the mill would certainly have been held by
a landlord, such as a manor or an abbey, and the miller would be an employee
or a tenant operating under the milling soke and receiving his payment, or
multure, by removing a proportion of the meal.

"Tower mills followed the post mill and appear to be shown in pictures and in
stained glass from the fifteenth century. In the tower mill only the cap and sails
rotate to face the wind while the mill body remains stationary. The principal
advantages of the tower mill over the post mill are in its stability and in the fact
that the portion to be turned to the wind is so much lighter. The cap is built up
on a frame which has a beam under the neck bearing supporting the front end of
the windshaft. The rear of the frame is usually extended to support a tail pole
which goes down to ground level. When the sails are turned to face the wind the
miller pushes the tail pole, and the cap, windshalft, sails and brake wheel turn.
The turning is usually achieved by the frame being supported on rollers or
sliders on top of a rigid circular track on the top of the tower.

The post mills of the Renaissance period are quite accurately depicted by artists
such as Brueghel the Elder. The picture known as The Misanthrope, painted in 1568,
shows a post mill very like those to be seen today in the Low Countries. This has a
tallish body on a post and quarter bars, with a ladder and tail pole at the rear and
four sails. An even more acceptable representation is the picture in the National
Gallery, London, 4 Windmill by a River, which was painted by Jan van Goyen in
1642. Here the post mill stands on a tall frame of multiple quarter bars on tall brick
posts, and has the steep tail ladder which characterizes many Dutch post muills.
The tower mill depicted in The Mill at Wik by Durstede by Jacob van Ruisdael,
shows a vertically-sided tower mill with a reefing stage, from which the cloth sails
were set, and to which the strutted tail pole extended. By the time this was painted,
about 1670, the windmill for grinding corn had become a much larger building. In
the case of the post mill, it could well be built so that there were two pairs of
millstones, each driven off the windshaft by its own set of gears. The tower mill
would be made bigger in diameter and taller, with a storage floor at the top of the
mill, and then, with the use of a great spur wheel and stone nuts, there could be
more pairs of millstones on the stone floor.

Dutch mills and millwrights

The Netherlands were situated well below sea level throughout the early
mediaeval period. It was a country beset by continual flooding, of which the
floods of 18 and 19 November 1421 were perhaps the worst, when seventy-two
villages were destroyed. Sea defences were constructed to keep out the sea flood
water; solid land was formed by draining the spaces between these sea dykes;
residual pools and lakes remained to be emptied; and windmills were brought in
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Figure 4.4: A wip mill for pumping water. This is not the Dutch type but one in
which the water is pumped by cylinder pumps.

for this purpose. When the polders were dry it became necessary to retain the
windmills to drain the rainwater off the land and keep a level water table.

The first drainage mills were a variant of the post mill. The drainage was
carried out by scoop wheels, 1.e. wateiwheels in reverse, at ground level. The
problem was to get the drive from the sails down to the scoop at ground level
when they were, in fact, separated by the buck and the post. The hollow post
mill was created to solve that problem. Here the drive is taken down through
the centre of the post, which is made up of four pieces, to gears at ground level
which turn the drive at right angles to power the scoop wheel. This hollow
post mill, Wipmolen in Dutch, was small but efficient and can still be found on
many of the polders. A version of the drainage wip mill, using cylinder pumps
instead of scoops, is illustrated in Figure 4.4. The tower drainage mill was
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mtroduced about 1525. This was, in fact, an octagonal smock mill made of
timber and thatched, and it had a conventional rotating cap. Smock mills are
not really a different type of mill; they are effectively tower mills in which the
stone or brick is replaced by wood and weather-boarding or thatch.

One of the great names in the history of millwrighting is Jan Leeghwater. In
the first half of the seventeenth century he was renowned for his dyke building
and hydraulic engineering, became a consultant, and travelled to Holstein,
Flanders, France and England to advise on drainage schemes. In Holland, the
most famous of his proposals—the drainage of the Haarlemmermeer—would
have required 160 windmills to do the work. The hydraulic designs
demonstrated in the Haarlemmermeer study were much in demand for use
elsewhere in Holland. Leeghwater followed Cornelius Vermuyden, who came
to England in the reign of James I to carry out drainage schemes in the Fens of
East Anglia and in the Yorkshire Carrs. He also brought with him the
principles of the drainage smock and tower mills.

Although we have little or no knowledge of the work of the British
millwrights in the seventeenth century, we have a few remains of mills which
were built in that period. While the envelope of the mills must remain
essentially as it was constructed, it would be extremely difficult to say that
these mills represented seventeenth-century practice. No cycloidal gears were in
use, so the windmill gearing would have been cog and rung. The post mills,
which are usually the only dated seventeenth-century examples, may have had
only one pair of millstones at that time, whereas the survivors frequently have
two pairs, and they are spur wheel driven. The efficiency of the new millwork
of the late eighteenth and early nineteenth centuries would appeal to the
millers who would insert it in the older envelopes of their mills.

The great period of the windmill is the early eighteenth century in the
Netherlands. The country had shaken off the oppressive yoke of the Spanish
empire, and a new prosperity was spreading throughout the land with its many
wealthy towns. The towns grew and had to be supplied with meal. Often the
Italian-style fortifications around these towns had a windmill on each of the
star-shaped bastions. De Valk in Leiden is a working survival from this period
standing on a bastion to the north of the town and typifies the great wind-
driven mills of the Netherlands. It is a brick tower mill, 30m (98ft) to the cap,
reputedly containing 3,000,000 bricks, and it was completed in 1743. The
common (i.e. cloth covered) sails are 27m (88ft 6in) in diameter and are reefed
from a stage at fourth-floor level. The two lowest floors are the miller’s house,
and then there are two floors of storage space before the floor at which the
reefing stage is mounted and which was used as the meal floor where the meal
was stored after it had come from the millstones. The four pairs of millstones
on the stone floor (the fifth floor) were driven from the great spur wheel
mounted at the bottom of the upright shaft which comes down to this level.
The sixth floor contains the sack hoist and was where the sacks of grain were
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stored before milling. The top floor, which is open to the cap, contains the
gearing which takes the drive from the windshaft to the upright shaft: the
brake wheel and wallower. The sails are mounted in a cast-iron canister on the
windshaft which must have been inserted at some time after 1743. The cap is
turned to the wind by means of the tail pole which drops from the cap to the
reefing stage. On the tail pole there is a spoked wheel which turns a windlass.
The windlass winds up a chain, which is anchored to bollards on the stage, to
pull the cap round.

The detailed design of De Valk is repeated in the books which gave the
Dutch millwrights text-books of windmill construction at this time. These large
folio volumes are invaluable documents for they are the source of our
knowledge of the windmill at the beginning of its great period. The most
important of these are the Groot Volkomen Moolenboek by Natrus and Polly,
published in 1734, and the Groot Algemeen Moolen-Boek of van Zyl, published in
1761. The Groot Volkomen Moolenboek contains precise instructions, illustrated
with scale drawings and projections, of the way in which gears are made to
relate to each other properly, and the way in which the sail stocks are socketed
at angles to produce the correct curving sweep (known as the weather) from
shaft to tip. The notes explain the stages whereby the detailed work is carried
out. A nice touch is the presence of the men on these drawings which gives an
added reference to the scale of the mills; the various tools and pulley blocks
required for the erection of the frames are also shown.

What is more important in the Groot Volkomen Moolenboek 1s the pattern of
windmill usage which was available in Holland in 1734. The list contains saw
mills, paper mills, oil mills, corn mills, glass-polishing mills and the various types
of drainage mills. In the Netherlands industrial windmills form a very large
element of windmill history, although there are very few among the several
thousand preserved windmills, because drainage and corn mills remained
financially viable after the industrial processes had become factory based.

It is useful to examine some of these processes in the industrial windmill in
order to realize the heights which the Dutch windmill had achieved in the first
half of the eighteenth century. The windmills used for wood sawing come in
two forms: the tower mill and the ‘paltrok’. The paltrok is a windmill in which
the whole body is turned to face the wind on a series of rollers mounted at
ground level. The windmill sails are mounted in the tower or paltrok cap. The
windshaft carries the large brake wheel which is braked by means of curved
wooden blocks around the outside of the wheel which are tightened by means
of the brake strap. The peg teeth of the brake wheel engage with a lantern cog
mounted on a horizontal shaft. This horizontal shaft has a crank on either side
of the lantern cog, and each of the cranks moves a saw frame up and down. A
supplementary crank on this upper shaft works levers which drive the timber
carriage forward when each cutting stroke of the saw is finished. The timber
carriage is mounted on rollers right across the body of the mill. The timber is
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Figure 4.5: The paltrok ‘De Poelenburg’ at Zaandam. This saw mill was built in
1869. The brick base on which the whole mill rotates is visible behind the ladder
and winding windlass. The crane for lifting the logs onto the stage is on the left.
Anders Jespersen.

hauled up on to the carriage by means of a crane at the entrance end of the
carriage. The chain on the crane is wound up by a windlass driven by the sails
through the drive shafts of the carriage. The saw frames consist of double top
and bottom bars separated by about 25mm (lin). In this gap the saw ends are
slotted and are separated by amounts equal to the thickness of the timbers to
be cut. The saws are tensioned by wedges driven into sockets in the ends.
These saws are extremely powerful, and at d’Heesterboom, the smock saw mill
in Leiden, built in 1804 and still used, the wind-driven saws are used for logs
of 600mm (24in) or more in diameter. Figure 4.5 shows the paltrok ‘De
Poelenburg’ of 1869.
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The paper-making windmills are exemplified by De Schoolmeester at
Westzaan in North Holland, a thatched smock mill with a reefing stage, a tail
pole and windlass, where fine white paper is made from rags. The drive
comes from the cap right down to ground level where the machinery is
situated. The rags are sorted and cut by hand against fixed knives in order to
reduce the pieces to a manageable size. The rags are then chopped to finer
particles in a tub with a strong wooden bottom in which four knives on poles
are lifted and dropped by means of cams, and they are then soaked in a
caustic solution and placed in the ‘hollander’. The hollander is a long tub
with semicircular ends and a spine down the centre. On one side of the spine
the floor of the tub rises to meet the underside of a drum which is covered
with blades along its length and around the rim. The fluid of rags, chemicals
and water is pushed around the tub by the motion of the drum. As the fluid
passes under the drum, the blades reduce the rags to their constituent fibres.
The resultant fibres are then taken to the vats, where the vatman makes the
individual sheets of paper by hand. He takes a wire frame of gridded brass
wire, possibly with a pattern on it which becomes the watermark, shakes an
even layer of fibres on to his wire frame, lifts it out of the water and drains it.
He then flops the fibre out of the frame on to an adjacent sheet of felt, and
this is the basic material for one sheet of paper. The paper with its sheet of
felt is lifted on to a pile of felts which are gradually draining. The felts are
then put into a screw press to be reduced to the normal thickness of that
quality of paper. The screw is turned by hand until it needs more force to
make it go down further. At that point a horn is blown and all the staff of the
paper mill drop whatever they are doing and come to pull on a long lever
arm on the press. They may even be on a rope attached to the end of the
arm. They pull until the press is right down, the water has drained out, and
they have the sheets of paper between the felts. The pile is opened out and
the sheets are hung, one at a time, over cow-hair ropes (which do not stain)
to dry. This explains the presence of the long shed which extends to the base
of the windmill across the prevailing wind.

A third type of industrial windmill, the oil mill, is almost the only industrial
windmill known in England. The oil mill is usually a smock mill, and Het
Pink at Koog an de Zaan is a preserved example. See Figure 4.6. The drive
comes down from the cap to drive the machinery, which is so heavy that it
must stand at ground level. There are three wind-driven elements in the oil
mill: the kollergang (or roller crusher), the stamps and the heating plate. The
kollergang consists of two huge stone edge-runners which roll, on different
paths, around a circular stone base. The oil seed is put on this base and the
drive to the kollergang is engaged. The rollers turn ponderously round and
round on the base. The oil seeds are crushed while wooden rakes, fixed ahead
of the rollers, keep the seed in the tracks. The seed is then taken to the heating
plate where it is heated to release the oil. To circulate the heat the seeds are
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Figure 4.6: The cross section of a smock windmill for crushing oil seeds. The
stamps, kollergang and heating bowl are shown in this picture.
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turned over and over by an ‘S’-shaped blade rotating over the plate. The
heated seeds, releasing oil, are put in horse-hair pockets which are held in a
great wooden beam by blocks and wedges. Each block has a wooden stamp
above it which is raised and lowered by a cam which is driven from the upright
shaft. After the stamps have dropped a set number of times, a further stamp is
released which hits a reverse wedge, and this loosens the hair pockets and the
seed is lifted out. As the stamps and blocks squeeze the seed in the hair
pockets, so the oil runs out to be collected. The first pressing of oil is set to one
side before the crushed seed is subjected to the same process again.

John Smeaton designed a wind-driven oil mill at Wakefield. This is like the
Dutch oil mill, of which Smeaton was well aware, but has several refinements
which indicate the state of the windmill millwrights’ craft in the mid-eighteenth
century. Wakefield oil mill was completed in 1735 and was a smock mill on a
square brick base. The base consisted of two tall storeys containing all the
machinery, while the smock was a means of giving height to the sails and had
no floors or machinery in its height. The machinery consisted of a kollergang,
which was right in the centre of the mill so that the two rollers were turned by
the upright shaft without intermediate gearing, and to one side of this there
was the bank of stamps. In Smeaton’s design in the Royal Society Library
there is no hot plate shown, but this was certainly a requirement of this type of
mill, as it is needed in the cracking process. Above the first floor there are sack
hoists and hoppers. The other variation from conventional windmill design lies
in the sails, of which there were five, mounted on a cast-iron windshaft by
means of a cross, a series of flat channels into which the sail stocks are bolted.
The other way of mounting the sails is in a canister, or poll end, through
which the sail stocks are wedged. The shafts and gear wheels were all of wood
and only the windshaft was made of cast iron.

Eighteenth- and nineteenth-century innovations

Smeaton carried out experiments in watermill design (see p. 236) and his
curiosity also extended to improvements in windmills. There is a model of his
experimental design for windmills in the Science Museum in London. It is
interesting to note that the ‘weather’ detailed for the sails in his experiment is
the same as that shown in the diagram in the Groot Volkomen Moolenbock. Of
course other millwrights were working at the same time as Smeaton to improve
the efficiency of the windmill. Perhaps it is in the development of the sails that
the largest number of types and patents is found.

A common sail is one in which a sheet of canvas is stretched over a sail
frame. A common sail frame which is not clothed consists of square panels
formed by the laths and hemlaths over which is draped the rolled-up sail. At
the inner end of the sail there is a ‘curtain rod’ with rings on it to which the
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sail cloth end is fastened. All down the stocks there are cleats to which ropes in
the hems of the sail cloths are tied. The other edges of the sail cloths are tied
around the laths. At low windspeeds the sail is stretched out fully, but as the
windspeed increases, the area of the sail is reduced by making the sail cloth
dagger-shaped, with the point towards the tip. One great disadvantage of the
common sail is that the miller cannot set four sails at once; each sail has to be
brought to the ground, its cloth set, the brake released, and the next sail
brought into the vertical position. This cannot be hurried, and is a real
problem, or even a danger if a squall should develop suddenly: we can imagine
the miller’s horror if improperly braked sails started to turn while he was on
the bottom one.

Andrew Meikle, a famous Scottish millwright, produced the spring sail in
1772. In the spring sail, a number of hinged shutters made of wood and canvas
take the place of sail cloths. The shutters are all connected to each other by
means of a shutter bar running the length of the sail. The movement of the
bar, therefore, moves all the shutters open or closed together. The movement is
controlled by a spring at the tip of the sail which can be pre-set by means of a
slotted strap. As the wind blows, the tension in the spring causes the shutters
to open or close according to the wind pressure, letting the wind spill through
the openings and slowing the sail to the required speed. The disadvantage of
this arrangement is that the tensioning has to be done to a sail at a time when
it is stopped in the vertical position.

In 1789, Captain Stephen Hooper patented an automatic sail system which
is known today as the roller-reefing sail. In this type of sail a number of small
roller blinds replace the shutters of the spring sail. Each roller blind is attached
to the one above it and below it by means of webbing straps. The blinds are
connected to two wooden bars which run along the sail. The pressure of the
wind adjusts the extent to which the rollers open or close the sail. It was not a
great success, as too many parts could fail or decay. Sir William Cubitt, a
millwright and engineer, introduced his ‘patent sail’ in 1807, and this is the
shuttered sail most commonly met in England. The shutters, made of wood
and canvas, are interconnected as in the spring and roller-reefing sails, and all
their inner ends are connected by means of bell cranks to a ‘spider’ mounted in
front of the cross or canister. The windshaft is hollow and contains a rod,
called a striking rod, which projects from the back of the windshaft and is
joined to the spider at the front of the windshaft. At the rear, an endless chain
and a weight hang from a chain wheel on a pinion. The pinion engages with a
rack on the striking rod, and as the sails respond to the wind the weights
control the extent of opening to meet its pressure. This form of shutter is most
useful because it can be adjusted while the mill is running and without
stopping the sails.

On the continent of Europe, the shuttered sail in the English form is not
met with except in north Germany and Denmark, where it derives from
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English practice and millwrights. In the Netherlands there are some shuttered
sails in the north-east, near the German border, but most of the mills still
have cloth sails. There are several variations on sail forms, in particular in
the design of leading boards and stocks, but these are incidental to all the
processes of sail design. In France, the sail form most usually met with is the
Berton sail. In this the four sails are made of wooden slats set parallel to the
sail bars. The slats can open out or close according to the wind speed and
pressure. The controls run down inside the windshaft and can be adjusted by
the miller inside the cap according to the requirements of grinding and
windspeed.

Another contribution to ease the miller’s duties was the introduction of an
automatic means of turning the mill to face the prevailing wind (known as
winding and pronounced ‘win-ding’). In 1745, Edmund Lee patented a ‘Self-
Regulating Wind Machine’. The patent drawing shows a fantail geared down
to a ‘travelling wheel” at the rear of the mill on the tail pole which moved
around the base of the tower and turned the cap when the fantail turned. By
modern standards this would have been ineffective, as the fantail was shielded
to a considerable extent by the body of the windmill. In 1782 John Smeaton
observed that...‘in this part of the country’ (Yorkshire, near his home) ‘it is a
common thing to put Sail Vanes that keep the mill constantly in the wind
without attention or trouble to the millman’. In 1782 he used a fantail in the
construction of a five-sailed windmill, Chimney Mills, Newcastle upon Tyne,
and this is thought to be his first use of this detail. The post mill could also be
winded in the same way, using a fantail mounted on the end of the tail pole or
ladder strings, and driving the wheels on a cast-iron track on the ground. This
system grew until the large Suffolk-pattern post mills, of which the preserved
mill at Saxtead Green is an example, reached the peak of efficiency and
performance. This type of post mill has a body mounted above a two-storey
roundhouse with the quarter bars at high level and a long ladder with a fantail
coming down to ground level.

The grinding of the hard wheat of the European prairies in Hungary
and elsewhere was a problem which was solved in Hungary in 1829 by the
invention of the roller mill. In this the grain was ground between successive
pairs of steel rollers in a continuous reduction process, being carried up the
mill by elevators between each grinding. The mill could be as big or as
small as capital would allow, since most of these mills were, from the start,
steam powered. The amount of grain ground even in the smallest plant
would be six times the amount ground between a pair of millstones. The
miller with a windmill could not compete with the roller mills because of
the uncertainties of his trade: low windspeeds on many days in the year,
and storm conditions when the mill would have to shut down completely.
The end came gradually, but by 1939 the demise of the windmill in Britain
was virtually complete.
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Wind engines and electric generators

In Britain a change in the form of the windmill took place and reached one or
two windmills: those at Haverhill and Boxford in Suffolk for example. This
was the annular sail. Here a ring of shutters is mounted at the tip of the sail
stocks and these provide the driving force to the windshaft instead of the
conventional sails. In the case of Boxford, there were 120 shutters in eight units
between eight stocks. By having all the shutters in the approximate position of
the tips of the conventional sails the greatest use can be made of the wind, for
it is at the uppermost tip that the work of the wind is most effective. Structural
difficulties prevented the conventional windmill from being adapted to take
annular sails: the pressure on the sail stocks would be greater, with more risk
of failure, for example. The originator of the Suffolk annular sail was Henry
Chopping. He built one at Richard Ruffle’s mill at Haverhill where the sails
were 14.6m (48ft) in diameter on a tower 20.1m (66ft) high.

Chopping had a provisional patent which he assigned to John Warner &
Sons of Cricklewood who were pump and machinery manufacturers—for
example they made a low-level horse-driven pump. They produced a pumping
wind engine which consisted of a skeletal tower carrying an
adjustableshuttered annular sail in which the shutters radiated from the centre
and were not in a ring at the outside of the diameter. Haverhill was equipped
with its annular sail in 1860-1, by which time annular-sailed windmills were
beginning to appear in the United States. (In American usage, the word
‘windmill’ has come to mean an annular-sailed windmill on a skeletal tower,
but in Britain the windmill is a post or tower mill with four sails. It is more
appropriate, therefore, to use the term ‘wind engine’ when referring to the
American version.)

The first commercially successful wind engines to appear in the United
States were invented in 1854 by Daniel Halladay of Marlbro, Vermont. He had
been in London in 1851 to visit the Great Exhibition in Hyde Park which had
such a great effect on the development of invention in both Europe and the
USA. Halladay worked on a wind engine which had self-reefing sails and
which was turned into the wind by a wind vane at the back so that it turned to
the wind like a weathercock. He quickly moved from paddle-shaped blades to
thin blades slotted into wooden rims. As the wind pressure varied, so the angle
of the vanes to the plane of their mounting varied. At low speeds the vanes
would be fully extended and flat with the face of the mounting, but at high
speeds the vanes would be at right angles to this face. There are many variants
in a whole series of adjustable-vaned wind engines, but the common American
wind engine which was quickly brought into being was one with fixed vanes
which met the variations in wind pressure by the way in which the tail vane,
held by a tensioned spring, turned the vanes away from the wind. This type of
wind engine was erected in tens of thousands all over the United States and in
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particular in the prairie states, and is still to be found in use. In the ranch
country, one duty of the cowboy was wind engine maintenance, a role which is
never part of his film image. One peculiar variant of the wind engine in the
United States was the creation of horizontal wind engines, such as the Gladden
Mill preserved in Randolph, New York.

In Europe, the wind engine followed the fixed-vane pattern common in the
United States, and perhaps the best-known British example is the Climax, built
in its thousands by Thomas of Worcester. This is a fixed-blade wind engine
with the gears encased in a box filled with lubricating oil. This oil-bath wind
engine was adapted by many manufacturers and was popular because
lubricating was reduced to a once-a-year task. In addition to the fixed-blade
wind engines several forms of adjustable-vaned or shuttered wind engines were
produced in England and in Europe. One particularly notable group of these,
produced by John Wallis Titt of Warminster, achieved a very large diameter—
up to 12.2m (40ft)—and were exported all over the world for water pumping.
In Germany and Denmark, several other types of shuttered wind engines were
produced, such as those of G.R.Herzog & Karl Reinsch of Dresden and Reuter
& Schumann of Kiel. Other experiments with wind engines saw a return to the
principles of the water turbine, in which the wind was focused by the fixed
non-rotating vanes of a stator on to the rotating vanes which represent the
rotor. One group of these wind engines was the invention of the Bollée family
of Le Mans, France, who also made pumps, steam cars and, later, automobiles.

While the majority of wind engines were used for pumping, they were also
used for conventional farm duties and to generate electricity. The wind engine
is now being examined seriously for the development of electric power and
water pumping. Perhaps the most famous of all the wind-driven generators
was that at Grandpa’s Knob in Vermont, which began to supply electricity on
19 October 1941. In a 40kph (25mph) wind it had settled down and was
producing 700kW (940hp). However, by 26 March 1945 it had failed
structurally. This was a two-blade windmill with adjustable aerofoil section
blades mounted in front of a generator housing on top of a heavy structure.
The two blades were 53.3m (175ft) from tip to tip on a 32.6m (107ft) high
tower. There were experiments going on at the same time in Britain, the Soviet
Union, Denmark and Germany with very big wind engines. A formidable
variant of this is the EnfieldAndrew 100kW (134hp) generator which was
erected in St Albans in Hertfordshire, following development of a prototype in
France. In this the 24m (791t) diameter blades drew air through themselves at
considerable velocity and threw this out at their tips by centrifugal force. The
air was drawn up the tower through the turbine and generator from the
bottom. The advantage of this was that the turbine and generator were in the
fixed base of the machine, which eased the problem of getting the electricity
out of the generator. On other types of wind engine the generator rotates with
the crown and blades, making the supply of electricity very difficult.
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Since the mid-1970s the supply of electric-generating wind engines has
grown in Europe. In the southern Netherlands there are modern wind engines
around the towns, but because these are very new no one form has become
established as the most appropriate type. The conventional Dutch smock mill
has been used to generate electricity on the island of Texel, and several other
forms of wind generator derive from scientific studies which have been carried
out in Denmark and in the United States. One important example is at
Gedsermolen, on a cape in the south-east of Denmark, with a 24m (69ft)
diameter for three blades, and this and many other small examples are used to
power greenhouse sites, private houses and objects which can have no
attachments to power stations such as the lights on sea marks and buoys.

Research has also been under way in Europe to develop small wind engines
for use in the Third World. This work has been undertaken in many
universities and development centres and is successful in producing small
lowpowered pumps for irrigation and town water supplies. This is in some
way a logical development because the small unit is within the means of the
Third World, but the capital costs of large wind engines inhibit their
development as an alternative power source to oil or coal in the western world.

Wind power has a long history and it can go on contributing to the well-
being and needs of the world in many ways for the foreseeable future.

ANIMAL POWER
Classification

While animal power has made a significant contribution, it stands to one side
of the main stream of development. It may be true to say that in terms of the
development of power the use of animals as a power source came first.

Animal-powered machines fall into two categories: those in which the
animal is working in a vertical plane around a horizontal shaft, and those in
which the animal moves on a horizontal path around a vertical shaft. Within
these two classifications there are several types of animal-powered engine. The
vertical engine is the simplest classification, for in this there are only two types.
In the more important, the treadwheel, farm animals, or men, trod the inside
of the boarded rim of a wheel. The treadmill is a minor form in which men, or
more rarely animals, trod the outside of the rim of a wheel.

Horizontal animal-powered engines are far more varied and fall into several
types. The first division contains those machines which have a direct action,
L.e. there is no gearing between the animal and the work it does. One well-
known form of direct-action machine is the cider mill, in which a large edge-
runner stone rolls over the cider apples in a circular trough. The crushing of
ore or brick clay by a similar edge-runner mill is another form of the direct-
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Figure 4.7: A two-horse winding engine for a colliery. This illustration from
Pyne’s Microcosm of 1803 is of a one-up one-down arrangement.

action animal machine. The ‘direct action’ designation can also be applied to
the horsedriven winding drum used in coal or ore mines. In this engine a
large-diameter drum is mounted at the head of a vertical shaft, and underneath
this a horse arm is mounted to which one or two horses can be harnessed. As
the horses walk in a circle so the cage, or kibble, is drawn up out of the mine
shaft. This type of machine often has two cages so that by working on a one-
up one-down principle, the weight of the cage and the rope is counterbalanced
(see Figure 4.7).

In the second division there is a train of gears between the motion of the
animal and the work it does. The geared machine was used for an even
greater number of agricultural and industrial purposes, and there are two
types of these. The older type is one in which a large-diameter gear wheel is
mounted on a vertical shaft at high level above the height of a horse. The
horse is harnessed inside the circumference of the wheel or outside it,
according to the diameter of the gear wheel. The gear wheel engages with a
second gear on a lay shaft which takes the power from the ‘horse wheel’ to
drive other machinery by means of further gears or pulley belts. The later
type, which was really only made possible by the universal use of cast iron
for gearing and machinery design, is the low-level machine, in which a small
gear wheel is encased in a frame from which the vertical shaft rises to be
harnessed to the horse. The animal has to step over the gear shaft which
runs at ground level from the engine in the centre of the horse path to the
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equipment which is to be powered outside the horse path. This form of
horizontal machine is often to be found as a portable machine which can be
taken round the farm to do various jobs.

To the vertical and horizontal machines should be added two forms of
animal-powered machines which are outside the above classification. In the
oblique treadmill the animal, usually a horse, is harnessed firmly between two
frames and stands on an obliquely-mounted belt which moves off from under
his feet. The upper end of the belt is on the same shaft as a pulley wheel so
that there is a considerable speeding up between the engine—often called a
paddle engine—and the machinery, which could be a circular saw or a
threshing drum. The other ‘oddity’ is the oblique treadwheel, which consists of
a fairly small-diameter circular tread plate which has treads fixed radially on its
upper face. The underside of the oblique treadwheel carries a gear wheel from
which the drive is taken, and which is used for small tasks like churning butter.

The ancient world

We have considerable knowledge of the use of animal-powered engines in
prehistoric and classical times, but no certainty of their form until the Roman
period. The use of the vertical treadwheel for hoisting purposes is shown in a
relief in the Lateran Museum. This shows a treadwheel with at least four
operatives inside. The windlass on the shaft of this treadwheel is lifting a stone
by means of two two-sheave pulleys in order to give a further 4:1 lift in
addition to the advantage of the treadwheel. Ropes pass from the treadwheel at
the bottom of a single boom to lift a stone on to the roof of a temple. While
this is not the only example, the quality of this relief shows how skilled the
Roman engineers were in being able to set up the treadwheel in a temporary
setting such as a building site.

The Romans were probably the originators of the hourglass animal-
powered corn-grinding mill. There are examples of this form of direct-drive
animalpowered mill in London, Pompeii, Capernaum in Israel, and Mayen in
the Eifel region of Germany, the best being the row of four set up in a bakery
in Pompeii; the example in the Museum of London, from a London site, is
similar. The fixed stone of the mill is a single stone, circular in plan and
finished in a long cone on a short cylindrical base. The runner stone, to use
the analogy of the ‘normal’ pair of millstones, consists of a large stone block
which is carved to form two connected shells in the form of an upright and an
inverted cone. This sits over the base and is cut to be a close fit. The middle of
the runner stone has sockets on either side of the waist to take the fixings of
the rigid wooden frame to which the animal, usually an ass, was harnessed.
The grain, fed into the inverted cone—in effect a hopper—works its way down
and round the lower cone, and is ground by the motion of the runner stone on
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it. The meal is collected from the base of the mill after it is ground, but there
appears to be no means of collecting it mechanically; it just remained to be
swept up.

Another direct-drive animal-powered engine used in Roman times is the
trapetum. This is an olive-crushing mill, and it has a successor of more recent
times: the cider apple crusher (see p. 260). In the trapetum two crushing rolls,
in the form of frustrums or spheres, rotate and move around a circular trough.
The spheres are suspended just clear of the trough so that the olive pips are not
crushed, making the oil bitter. The animal is harnessed to arms which are
inserted in sleeves in the roller crushers so that the rollers rotate about the
sleeves while describing a circular path in the trough. The central part of the
trough is raised to form a pillar on which the arms and rollers are pivoted.

In the fertile areas of the eastern Mediterranean there were several forms of
water-raising device which were used principally for irrigation. Some of these
are still in use today in the same manner as they were some 2000 years ago,
except that they are more sophisticated in their construction. The chain of
buckets, raised at first by the action of men on levers, was fitted with a crude
arrangement of gears at quite an early date. An ox or camel could be
harnessed to the arms on top of the gear wheel, and by the movement of the
animal walking round the central point the gear wheel, engaging with the gears
on the same shaft as the chain of buckets, could raise these to the surface,
where they discharged automatically into irrigation ditches. Their successors,
which can be found in Portugal, Spain and the Greek islands, are now made of
metal, but are rarely to be found in use as they have been superseded by
electric or diesel pumps. In a similar way a bucket was wound out of a well on
a drum windlass mounted on an upright shaft which was turned by an animal
walking round the shaft in a circular path. The animal would be harnessed to
one end of an arm socketed into or housed around the shaft. This form of
water-raising device can still be found, regrettably not in use, on the North
Downs, between Canterbury and Maidstone, in Kent.

Mediaeval and Renaissance Europe

As with waterwheels and windmills, the sources of information on the use of
animal-powered engines in the mediaeval period are only archival or
iconographic. There are one or two examples of treadwheels in place in the
cathedrals of Europe where they were installed as lifting devices for the
maintenance of the stone walls, roofs and timbers of the tower, or of spires and
high roofs. These date back to the mediaeval period, and we know that they
also played a large part in the construction of the buildings themselves. As the
great nave vaults were gradually being built the scaffolding followed the
building from bay to bay. A treadwheel crane would be mounted on the
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scaffolding, or on the top of a completed vault, and moved along as the work
proceeded. Those which still remain are, of course, well constructed and
properly built into permanent housings, but if they were used as part of the
moveable scaffolding they could have been more crudely constructed. Some of
the English survivors are interesting and worthy of note. At Tewkesbury there
is a single rim supported off the shaft and windlass by a single set of spokes. A
man worked the wheel by treading on the outside of rungs which project on
either side of the rim. This example may date from about 1160 when the tower
was completed. At Salisbury, a similar wheel in which the simple single rim is
replaced by three rims, but which still has only one set of spokes, dates from
about 1220. The conventional treadwheel, in which a man walks on the inside
of a drum, can still be seen at Beverley Minster and at Canterbury. On the
Continent examples of the treadwheel may be seen in Haarlem in the
Netherlands and at Stralsund and Greifswald in the German Democratic
Republic.

While slaves and workmen had used the treadwheel to lift materials and
water in the Roman and mediaeval periods, the deliberate use of machines as a
punishment did not become general practice in Britain until the nineteenth
century. Sir William Cubitt is thought to have invented the prison treadmill in
about 1818, although he did not patent it. In this machine the prisoners trod
the steps on the outside of a wheel which turned away underneath them. The
power generated was used to grind grain into meal, to pump water or merely
to work against a brake. The treadmills, of which the only survivors are at
Beaumaris gaol in Anglesey and the one from York now at Madame Tussauds
in London, appear to have been made from standard castings so that the
length could be determined by the number of prisoners required to tread them.
This form of punishment existed in nearly all British prisons until it was
abandoned in about 1900.

As with the watermill, the documentation of the form of the animal-
powered engine can be seen in Agricola’s De Re Metallica of 1556 (see p.
232). The use of animal-powered machines in mining in the 1550s is also
shown in the Kutna Hora Gradual which dates from the last years of the
fifteenth century. This shows particularly accurately the use of a large-size
windlass for winding ore out of mine shafts. The illustration shows four
horses harnessed in this engine. What is more interesting in the history of
technology is that this machine shows the horses to be harnessed outside a
large-diameter gear wheel which engages with the windlass. The vertical
horsewheel house containing the engine has a parallel in the preserved
example at Kiesslich-Schieferbruch bei Lehesten in the DDR. While these
iconographic examples are artistic, the details provided in De Re Metallica are
factual, and appear quite workable. The horsewheel house (Book VI) with a
conical roof has four arms to which eight horses can be harnessed. The
upright shaft passes below ground where a crown wheel with peg teeth
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engages with a pinion in which the teeth are carved out of a cylinder, rather
like a lantern gear. The pinion then drives the lifting drum of a chain pump
which is mounted on the same shaft. Again in Book VI there is a
conventional treadwheel driving a chain pump through a train of a spur gear
and a lantern gear. The evidence is all there to demonstrate a substantial use
of animalpowered machines in the mediaeval period, and it is unfortunate
that only very few examples survive to show how efficient they were.

On ships, and sometimes on land, heavy loads such as the anchor and its
cable or packages for transportation, were lifted by means of the capstan. This
is usually a long wooden drum mounted on one deck with its head projecting
above the main deck. This gives it stability when the load is taken up. Capstan
bars are inserted in the head so that a large number of sailors can push on the
bars and turn the cylinder. The load is drawn up by the chain or cable being
wound on the lower portion of the drum. A ratchet stops the load pulling the
chain off the drum again as it tries to sink back under its weight.

As the industrialization of Europe grew in pace in the period following the
1500s, so the use of animal-powered machinery grew as well, although the
number of these machines could never have been as great as the number of
waterwheels, for they are more cumbersome and not necessarily as powerful.
With the growth of printing, and with it the proliferation of wood-block
illustrations (see Chapter 14), the designs of the various machines were
published throughout Europe. Similarly, people travelling in Europe, either on
the Grand Tour or as master craftsmen moving from job to job, were able to
take the information on the many machines for use in other countries. One
important book was Ramelli’s La Diverse et Artificiose Machine, published in 1588
in Paris. In this book there are many examples of animal-powered engines;
some may be regarded as purely fanciful, but others, such as the horse-driven
corn mill in figure CXXII, are examples of workable machines. This was
followed by Zonca’s Novo Teatro di Machine et Edifici, published in 1607 in Padua.
This showed similar examples to those above, and also the first example of the
oblique treadwheel, driven by an ox, for grinding grain.

The eighteenth century

In the early 1700s the first really good millwrights’ books were published, true
text-books with scale drawings and fairly complete constructional details. The
great millwrighting books of Holland (see p. 251) were in circulation in Europe:
it is known that John Smeaton had his own copies and used them. They were
clearly intended for the new professionals, for they were written by millwrights
and engineers. While these millwrights’ books were comprehensive in that they
dealt with windmill and watermill construction, they also gave details of the
construction of horse-driven corn mills and other horse engines. The use of
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horses to drive corn mills in Dutch towns is unexpected, as there were windmills
all round the towns and on the town walls in many cases. These horsedriven
corn mills, called grutteryj, were established at the back of bakers’ shops to grind
buckwheat for the production of pgfferties and pancakes.

In the eighteenth century the use of the high-level horse-driven engine
became well established for industrial purposes, although it is now impossible
to determine the scale of this introduction. In Europe the established use of the
horse-driven corn mill is well documented, particularly by the presence of
preserved examples in the open-air museums of the Netherlands, Germany
and Hungary. In Hungary, for example, there are several horse-driven corn
mills and a preserved example of the oblique treadwheel, as shown in Zonca,
drove the corn mill from Mosonszentmiklos in the open-air museum at
Szentendre. These appear to date from the eighteenth century, for although
they do not have sophisticated cycloidal gearing, the cog and rung gearing has
reached a high standard. In England there is a fine example of a horse-driven
corn mill at Woolley Park in Berkshire, but there are not many records to
show that other examples existed in substantial numbers. In industrial terms,
too, there are not many records to identify particular sites where these
machines were used. It is known, for example, that Strutt and Arkwright had a
horse-driven cotton mill in Derbyshire before the foundation, by Arkwright, of
the large water-driven mills in the Derwent valley. In Holland, the use of
horse-driven machinery to drive oil-seed crushing mills was well known. In
these mills, which exist in museums, the horse pulls round the great edge-
runner stones, and by the same motion drives the oil stamps and the rotating
‘cracking’ plates, by means of trains of gears on the head of the shaft. Similar
machines existed for the grinding of black powder in gunpowder works and
for the grinding of pigments in colour mills. In the national open-air museum
at Arnhem there is an example of a horse-driven laundry which was rescued
from a site between Haarlem and Amsterdam. In going round the vertical
shaft, the horse turned a shaft on which cams were mounted which effectively
rotated and squeezed the clothes in three wooden tubs. These laundries, of
which there were several near Amsterdam, provided a service for the twice-
yearly spring and winter washes. The normal weekly wash of a town house
was not done here, for after washing in the mechanical laundry, the linen
would be bleached in the fields.

High-level direct-drive mine windlasses must have been fairly numerous, as
the illustrations from the English mining districts show many examples. The
drawings of T.H.Hair in his book Sketches of the Coal Mines in Northumberland and
Durham show one or two examples of these high-level winding drums with a
good example as a vignette on the title page. This was published in 1839, long
after the introduction of the steam-driven winding engine to the mines. We
know from the insurance papers of 1777 from Wylam colliery,
Northumberland, that there were five horse-driven winding engines (locally
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called ‘whin gins’) there. Horse engines, erected temporarily on scaffolding,
were needed when mine shafts had to be dug. There was one at East
Herrington, near Sunderland, which was left in place to service the pumps in
the pump shaft of this mine, and there is the preserved example at Wollaton
Hall Industrial Museum, Nottingham, known to have been built in 1844 as a
colliery gin, and which ended its days being used for shaft inspection and
repair. The same type of horse-driven winding drum continued in use until
much more recently in the Kimberley diamond mining field in South Africa
and in the Australian goldfields. At the turn of the century, the ‘Big Hole’ in
Kimberley was ringed with these winding drums.

While the industrial use of horse-driven machinery remained low, the real
growth in the use of the horse-driven engine was on farms in the last quarter of
the eighteenth century. Andrew Meikle patented a horse-driven threshing
drum in 1788 in Scotland, and this helped to overcome the shortage of labour
which existed on farms in Scotland and the north of England, from which the
country labourer had been driven to more remunerative work in the coalfields
and the expanding industrial towns. These machines did not grow in number
in the south of England where labour was still available to work on the land
and where the ‘Captain Swing’ riots of the 1830s took place to protest against
mechanization. Meikle’s horse engine was a high-level machine with a large
gear wheel mounted so that the horses could be harnessed underneath it.
Clearly, while it was set up in permanent structures attached to the barns, it
could be used for other purposes such as chaff or turnip cutting, wood sawing
and water pumping. The number of these high-level wooden horse engines in
existence is extremely small, but the buildings which housed them can still be
found in quite large numbers in north-east England. More than 1300
horsewheel houses have been identified in Kenneth Hutton’s paper “The
Distribution of Wheelhouses in the British Isles’, in the Agricultural History
Review, vol. 24, 1976.

The nineteenth century

The large number of horsewheel houses indicates the number of high-level
horse-driven gear wheels which must have existed at one time. They were
manufactured throughout the eighteenth and nineteenth centuries. Early in the
nineteenth century the universal use of cast iron made it possible to introduce
the low-level horse engine. In this the horse or horses went round the central
shaft harnessed to the end of the horse arm. The central shaft was usually
short and carried a small-diameter crown wheel of cast iron. The first gear
wheel would engage with a smaller bevel wheel which could be connected
with the farm machinery to be driven by means of a universal joint. Sometimes
the frame carrying the horse wheel would carry a train of gears so that the
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shaft, which is the final element in the engine, could rotate extremely fast in
relation to the 4kph (2.5mph) which the horse imparted to the ends of the
horse arms. If the machinery required to be driven with considerable rotational
speed, then the horse engine could be connected with it by means of
intermediate pulleys and belts. Examples of the low-level horse engine exist in
which the engine is mounted on a frame with wheels so that it can be pulled
around as necessary. One or two designs for threshing engines with integral
horse engines are known and these were dismantled and placed on a frame so
that the whole unit could be taken from farm to farm by contract threshers.
These, of course, were displaced by the portable steam engine.

The production of the low-level horse engine must have reached
enormous numbers during the nineteenth century; so much so that
competitions were held at the shows of the Royal Agricultural Society to
evaluate the work done by these machines. The low-level gear came in
several forms, but the type usually met with is the one in which there is no
casing to protect the user from being trapped in the gear. Later, safety
models were introduced in which all the gears were enclosed in a casing, so
that all that was to be seen was the horse arm and upright shaft at the top,
and the drive shaft and universal joint coming out at the bottom for
connection to the machinery. The example of the safety gear produced by
the Reading Iron Works in England, was a cylinder of iron some 90cm (3ft)
high and 60cm (2ft) in diameter. Examples of this Reading safety engine
have appeared in Western Australia, together with the ‘standard’ Reading
Iron Works corn mill. This corn mill had one pair of stones, mounted on an
iron hurst frame, driven by gears from the associated horse engine. The
Reading Iron Works, which had previously been the firm of Barratt, Exall &
Andrewes, maintained offices in Berlin and Budapest in the nineteenth
century, and even printed their catalogues in Russian as well as other
European languages. England exported a great many low-level horse engines.
Hunt of Earls Colne and Bentall of Malden, both in Essex, and Wilder of
Reading are names of manufacturers whose products have been found
overseas. In the USA and Canada horse engines were required in large
numbers and these countries produced their own models. The manufacturers
were usually based in the prairie states, such as the Gase Co. of Racine,
Wisconsin. In the USA horse engines were considerably larger than in
Europe, for on the vast prairies reaping machines had large blades and were
hauled by teams of up to twenty-four horses. When the reaping had been
completed, the horses were harnessed to low-level horse engines to drive the
threshing machines. As a result of this, the horse arms grew in size and
number so that they could take twelve horses rather than the three or four
catered for by European designs. The horses were harnessed to the horse
engine and the teamster then stood on the machine to ensure that the horses
pulled their weight. In the USA, too, the paddle engine, or oblique treadmill
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(see p. 262), was frequently to be found in farmyards where it was attached
to saw benches or to farm machinery. These were worked by one or more
horses and were usually made to be portable. The oblique treadmill for
churning butter, and worked by dogs, was also known.

On the dry chalk uplands of England low-level horse engines are
occasionally to be found operating pumps to deliver water from deep wells to
1solated houses. In other places they are to be found in use for haulage from
small mine shafts such as the copper mines on the Tilberthwaite Fells in the
English Lake District.

Nowadays, animal-powered machines can still be found at work in countries
where irrigation is necessary, such as Egypt, Syria and Iran, but these survivals
are rare. Occasionally they are to be found in use on farms in Europe. It is to
be regretted that so little remains of this element of natural-power machinery
for it played a significant part in the history of agriculture, and a minor part in
the development of industry.

GLOSSARY

Bell crank a means of turning a pulling motion at right angles. Two arms at right
angles are mounted to pivot about a point between their tips.

Cog and rung gears a gear system in which plain, unshaped teeth engage with a set of
staves held between two flanged rings.

Cycloidal gears gears formed to a precise profile so that when they engage they roll
along the face of the teeth to give a smooth motion and not the striking effect of the
cog and rung gear.

Fantail a means of turning a windmill into the wind automatically. This consists of a
set of blades mounted at the back of the mill at right angles to the sails, which rotate
the cap by means of a gear train.

Grain elevator a series of small rectangular buckets mounted on a continuous belt
inside a double wooden shaft. Grain is poured in at the bottom of the rising shaft so
that it falls into the buckets which empty themselves into a hopper at the top when
the belt goes over the top pulley.

Great spur wheel mounted on the upright shaft in a mill, drives the millstones by
means of the stone nuts and stone spindles.

Greek mill a mill in which a horizontal waterwheel is mounted on the same shaft as
the runner millstone. As the horizontal waterwheel turns so the runner millstone is
turned at the same speed. This type of watermill is in common use from Portugal
across the Mediterranean area.

Hemlath the longitudinal member at the outer edge of a sail frame.

Horizontal feed screw a means of carrying meal horizontally in a watermill. A rotating
shaft in a long square box or sheet metal tube carries a continuous screw of sheet
metal or a series of small paddles set in a screw form. The meal is pushed along to
the appropriate opening by the motion of the screw.
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Horizontal waterwheel a waterwheel mounted to rotate in a horizontal plane so that
its rotation is transmitted into the mill by means of a vertical shaft.

Hurst frame the frame of stout timbers which carry the millstones. Often this frame is
independent of the structural timbers of the mill.

Impulse wheel waterwheels, or more particularly turbines, which are driven by the
pressure of the water being forced on them through a nozzle, rather than by the
weight of water flowing on to them directly.

Lantern gears and pinions gears (resembling a lantern) having staves between two
flanges, turned by pegs on the rim of another wheel.

Mortice wheel a cast-iron wheel in which sockets in the rim are set to receive wooden
gear teeth.

Moulin pendant a form of watermill still to be found in France in which an undershot
waterwheel is suspended in a frame so that the whole can be raised or lowered to
meet variations in the water level caused by flood water.

Norse mill another name given to the drive system found in the Greek mill (q.v.). This
form of mill still exists in Scandinavia and was common in the north of Scotland
and the Faroes.

Overshot waterwheel a waterwheel in which the water is delivered to the top of the
wheel so that it turns in the direction of flow.

Panster Muhle the German equivalent of the French moulin pendant (q.v.) which can
still be found in the German Democratic Republic. In some instances the frame
carrying the waterwheel is hinged and raised by chains and large man-operated
lifting wheels.

Pit wheel name given to the first gear wheel in a watermill mounted on the waterwheel
shaft. Because of its large size it usually runs in a pit on the inside of the wall which
separates the waterwheel from the mill machinery.

Querns name given to primitive hand-operated millstones. These can be stones
between which the grain is ground by rubbing or in which an upper flat-faced
circular stone is rotated over a fixed flat-faced stone.

Stream waterwheel waterwheel in which there is no head of water but in which the
floats are driven round by the flow of water striking them.

Tail water the water emerging from the bottom of a waterwheel while it is turning.

Undershot waterwheel a waterwheel in which there is a small head of water driving
the wheel around. The water hits the wheel at about 60° below the horizontal line
through the centre of the wheel.

Vertical waterwheel waterwheel mounted on a horizontal axis and rotating in a
vertical plane.

Vitruvian mill the simplest form of watermill with a vertical waterwheel. The
waterwheel is coupled by a pit wheel to a single runner millstone by means of a gear
on the stone spindle. It is so called because it is described by Vitruvius in the tenth
book of De Architectura which was published in about 20 BC.

Wallower a gear wheel which transmits the drive from the pit wheel to the upright
shaft in a watermill or from the brake wheel on the windshaft to the upright shaft in
a windmill.
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STEAM AND INTERNAL
COMBUSTION ENGINES

E.F.C.SOMERSCALES

INTRODUCTION

This chapter outlines, in a more or less chronological sequence, the history of
power production by steam and by internal combustion. Steam power is
represented by the reciprocating steam engine and the steam turbine. The
internal combustion engine and the gas turbine are examples of the other class
of thermal prime movers.

The devices described in this section are practical realizations of the
theoretical concept called a heat engine. This is the ideal against which all
practical engines are evaluated, and with which the inventor formulates his
original concept and the performance of which he strives to attain. Because of
the central role of the heat engine and thermodynamics (the relation between
heat and work), a brief review is given in the Appendix, p. 342.

The historical progress of thermal prime movers is concisely summarized by
a chronological record of the important performance parameters. Appropriate
graphs are given for each class of prime mover. The parameters displayed are
maximum temperatures and pressures, the power output, and the thermal
efficiency or specific fuel consumption. For the reciprocating internal
combustion engine the mean effective pressure (P) and the piston speed
(=2xstroke Xrpm) are also presented. These are, in turn, related to the power
output (hp) of the single-cylinder engine through hp=PLAN. (P=mean
effective pressure (N/m? or lbs/in?, L=stroke (m or ft), A=piston area (m2 or
in2), N= number of effective strokes per minute=rpm/2 (four-stroke internal
combustion engine) or rpm (two-stroke internal combustion engine or the
single-acting steam engine). For the opposed piston or double-acting engines
the power given by the formula must be doubled.)

272



STEAM AND INTERNAL COMBUSTION ENGINES

STEAM ENGINES

The role of the steam engine in bringing about the industrialization of a rural
world is well known. It also had an important influence on the development of
materials and of design methods. Another remarkable feature is its longevity.
The first steam engine was built in 1712, and steam engines continued to be
built, admittedly in decreasing numbers, into the Second World War and after.
See Appendix for a discussion of the operating principles of the steam engine.

Developments before 1712

The discoveries that, when brought together by Thomas Newcomen in 1712,
resulted in the steam engine were (a) the concept of a vacuum (i.e. a reduction in
pressure below the ambient); (b) the concept of pressure; (c) techniques for
generating a vacuum; (d) means for generating steam; () the piston-andcylinder.

The concept of the vacuum is very old and appears to have been most clearly
enunciated by Strato, an Athenian scientist of the second century BC, but it has
come down to us through Hero, an Alexandrian scientist who probably lived in
the first century AD. It was a theoretical idea that played an important part in
Greck science, but its application in the conversion of heat into work had to wait
until the Neapolitan scientist Giambattista della Porta described in 1601 the way
in which a vacuum could be produced by the condensation of steam.

The ability to produce a force by means of a piston and cylinder, with the
piston exposed on one side to the pressure of the atmosphere (a concept due to
Evangelista Torricelli) and on the other to a vacuum, was demonstrated in 1672
by Otto von Guericke. However, his device could not operate very conveniently
or very rapidly because the vacuum was produced by filling a container with
water and then allowing it to empty. The use of steam to accomplish this had to
await the invention by Denis Papin, sometime between 1690 and 1695, of the
piston and cylinder. In the meantime, devices in which the pressure of the steam
acted directly on the surface of water that was to be moved were invented by
Edward Somerset, second Marquis of Worcester, and by Thomas Savery, in
1663 and 1698 respectively. These apparatus were used to raise water by a
vacuum, produced by the condensation of steam, and then to raise it still further
by the action of the steam on the free surface of the water. Somerset was unable
to obtain financial support for his device, but Savery, the shrewder individual,
was successful, and his apparatus was used in mine-pumping.

Finally, in 1690, Papin demonstrated a small piston-and-cylinder device
(Figure 5.1) in which the piston is raised by the evaporation of water due to
heat applied to the outside of the cylinder. With the demonstration of Papin’s
engine, all the elements were available for manufacturing a reciprocating
steam engine.
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Figure 5.1: Schematic arrangements of the steam engines of Papin, Newcomen,
and Watt.

Papin’s engine. A small quantity of water in the cylinder is heated by an external
fire. The steam formed raises the piston to the top of the cylinder where a latch
engages a notch in the piston rod. The fire is removed and condensation
(perhaps assisted by an external water spray on the cylinder walls) of the steam
produces a vacuum below the piston, on removing the latch the piston is driven
downward by the atmospheric pressure. This raises a weight attached by a rope,
passing over a pulley, to the piston rod. The cycle may be repeated.

Newcomen’s engine. Steam passes from the boiler through a valve into the
cylinder, this balances the atmospheric pressure on the upper side of the piston
and allows the weight of the pump rod, connected to the piston rod by a beam
balanced on a fulcrum, to raise the piston. The valve between the boiler and the
cylinder is closed and a jet of water is sprayed into the cylinder. This produces a
vacuum by condensing the steam, so the atmospheric pressure on the upper side
of this piston forces it downward, lifting the pump-rod by means of the beam.
The cycle may be repeated. See also Figure 6, p. 34.

Watt’s engine. Steam is admitted, through a valve, into the steam case surrounding
the cylinder. The separate condenser is then connected to the cylinder, the
condensation of the steam produces a vacuum and the pressure of the steam in the
steam case acts on the upper side of the piston and forces it downward. When the
piston reaches the base of the cylinder, a valve is opened that equilibriates the
pressure on either side of the piston so the weight of the pump rod, acting through
the beam and piston rod, raises the piston. The cycle is then repeated.

Reproduced with permission from H.W.Dickinson 4 Short History of the Steam
Engine, 2nd edn (Cass, London, 1963).
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Newcomen’s engine

The practical steam engine (Figure 5.1) was introduced in 1712 by Thomas
Newcomen. A crucial element of this machine was the overhead beam, which
allowed mechanical effort to be obtained from the engine. Other important
features were: (a) a jet of water to condense the steam inside the cylinder,
which would increase engine speed by decreasing the time required for
condensation; (b) valve gear that makes the engine self-acting (the second
example, after the clock escapement, of a self-acting device).

The first Newcomen engine was erected in 1712 to operate a mine drainage
pump near Dudley Castle in Staffordshire (see p. 34). The subsequent
chronology of Newcomen engine erection is impossible to determine with
certainty, but engines were erected in Britain and on the European continent
chiefly for water pumping (mine drainage, recovery of flooded land, emptying
dry docks, water supply etc.). They were built by various engineers, many
English, operating under licence from a committee of proprietors who owned
the master patent (originally belonging to Savery).

Watt’s engine

In 1764, James Watt, the most significant figure in the history of the steam
engine, was employed as an instrument maker and was retained to repair a
model Newcomen engine owned by the University of Glasgow. He noted the
high internal energy of steam compared to liquid water (a ratio of about 6:1
for the conditions in Watt’s model engine), which demonstrated to him its
great economic value and the need to conserve its internal energy. Accordingly,
Watt insulated the boiler and steam pipes, and applied a steam jacket to the
engine cylinder. However, he quickly appreciated that even more significant
losses occurred, namely: (a) energy lost in cooling the piston and cylinder
when water was sprayed into the cylinder to produce condensation and a
vacuum; (b) loss of power due to the pressure of vapour below the piston as a
consequence of incomplete condensation.

He realized that these losses could be avoided if condensation was carried
out in a separate chamber that was connected to the engine cylinder (see
Figure 5.1). Immediately, in May 1765, he built an improvised engine, using a
large (44mm (1.75 inch) diameter by 254mm (10 inch) long) brass surgeon’s
syringe, to demonstrate the correctness of his ideas. Two other models (1765,
1768) were built, and in 1768 Watt applied for a patent. A fourth, much larger
(450mm (18 inch) stroke by 1500mm (5 feet) bore), engine was built with the
financial assistance of Dr John Roebuck at Kinneil, Scotland, probably in 1769.

In 1768, following a visit to London to obtain his patent, Watt met Matthew
Boulton, a Birmingham manufacturer, owner of the Soho Foundry. Boulton
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was immediately interested in Watt’s invention and in 1769 the two became
partners (although Watt did not move to Birmingham until 1774). The
combination of Watt’s scientific and engineering talents, the business acumen
of Boulton, and the compatability of their personalities ensured the success of
the partnership and of Watt’s engine.

Interest in Watt’s engine among engineers concerned with mine drainage
and water supply was immediate, both because of Boulton’s reputation for
sagacity and because of its manifestly superior efficiency and higher speed
compared to the Newcomen engine. However, engines of the latter type
continued to be built for many years after Boulton and Watt commenced
manufacture in 1774.

The initial application of the Watt engine was to mine pumping, but
Boulton recognized that there was a large market for engines that could drive
mill machinery. This required a rotary output from the engine.

On 25 October 1781, Watt obtained patent on his sun-and-planet gears
that provided a rotary output from the engine without the use of a crank.
Watt wanted to avoid the use of a crank which is the obvious, and
currently conventional, method of achieving his objective, not, as tradition
has it, because others had patented this device (in fact, Watt considered it
unpatentable because of its prior application in the foot lathe by an
unknown person), but because he did not wish to become involved in
lawsuits that might overthrow his 1781 patent or others he owned. This
could have happened if patents owned by Matthew Wasbrough and James
Pickard, which had employed the crank, without patenting it, as part of
various mechanisms to convert reciprocating to rotary motion, had been
declared invalid.

While the sun-and-planet gear will in principle convert reciprocating motion
to rotary motion it produces a very irregular speed at the engine output when
combined with the single-acting single cylinder engine. The double-acting
engine, in which steam is supplied to both sides of the piston, is essential for
uniform speed. This was covered by a patent issued to Watt on 17 July 1782
(the patent was also concerned with the expansive use of steam and a rotary
engine). The first double-acting engine was built in 1783 for John Wilkinson,
and another for the Albion Flour Mill, London, in 1784.

The double-acting engine requires a rigid connection between the piston rod
and the oscillating beam that transmits the power from the cylinder to the
engine output, in order to transmit the piston thrust on its upward stroke. In
June 1784, Watt devised a suitable mechanism called by Hartenberg the
‘perpendicular motion’. This particular linkage had the disadvantage that it
lengthened the engine by about half a beam-length, so only two engines were
fitted with this arrangement. Watt then devised the so-called ‘parallel motion’,
which connects the end of the beam to the piston rod by a pantograph. So,
nearly three-quarters of a century after Newcomen built his first engine, the
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steam engine was able to provide a rotary output, but, more than that, because
it was now of necessity double-acting, its power output had doubled.

1800-1850: new types of engines

In 1800, Watt’s patents expired, opening the way for the development of new
types of engines. These can be broadly classified into three groups. First, the
high pressure engines, in which the boiler pressure was increased above the
0.34bar (5psig) used in the Watt engines, and exhaust was to the atmosphere
instead of into a condenser. The second type was the Cornish engine, which
was essentially a non-condensing Watt pumping engine. The third group (not
described because of space limitations) comprises those engines that cannot be
classed as high pressure or as Cornish engines.

The high pressure engine

High pressure non-condensing engines appear to have been first proposed in
1725 by Jacob Leupold of Leipzig. Watt, as well as his assistant William
Murdock, also considered the concept. The advantages of this type of engine
are: (a) it can operate at a higher speed because there is no need to allow time
for the condensation process to occur; (b) the valve gear is simpler than that of
the atmospheric engine; (c) the dimensions for a given piston force are
independent of the atmospheric pressure, so the higher the boiler pressure the
smaller the piston diameter; (d) the engine is easy to work because of its simple
valve gear, and because there is no longer any need for constant vigilance over
the condenser; (e) because of its light weight and small size the engine is low in
manufacturing and installation costs. Disadvantages of the high pressure
engine are: (a) it is of lower efficiency than its condensing counterpart, but this
could well be of secondary importance where fuel is cheap (e.g. at a coal
mine); (b) at the beginning of the nineteenth century boilers suitable for
operating 34bar (50psig) did not exist.

The first engineers to build and operate successful high pressure engines
were Richard Trevithick, a Cornish mining engineer, in 1798, and Oliver
Evans in the United States in 1804.

The Cornish engine
The high pressure engine entered into engineering practice by way of the
lowspeed Cornish engine rather than the high-speed engine of Trevithick and

Evans, although Trevithick was intimately connected with the development of
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the Cornish engine. This engine was essentially a non-condensing Watt
engine, operated expansively, and supplied with steam at a higher pressure
than the 0.34bar (5psig) favoured by Watt. It had a profound effect on the
history of the steam engine because it demonstrated the possibilities of the high
pressure, non-condensing engine as an efficient prime mover. Its immediate
impact was in the mines of Gornwall where, following the installation of the
first Cornish engine by Trevithick in 1812 at the Wheal Prosper mine, the
reported average thermal efficiency of pumping engines increased more than
three times between 1814 and 1842.

This ever-improving performance attracted the attention of engineers
elsewhere, and in 1840 a Cornish pumping engine was installed at the Old
Ford Water Works of the East London Waterworks Gompany. A slightly
smaller Boulton and Watt engine was also placed in service at the same site
with the intention of comparing the performance of the two engines. Tests
showed that the Cornish engine was more than twice as efficient as the
Boulton and Watt engine. Consequently, the use of Cornish engines spread to
other water supply companies and mines.

The power output of any non-condensing steam engine (or steam turbine) can
only be increased by raising the boiler pressure. Because of the direct relationship
between steam density and pressure, the mass of steam admitted to an engine
cylinder of a given size will increase as the boiler pressure increases. Consequently,
with ever-increasing boiler pressure larger and larger volumes of steam have to be
accommodated in the cylinder at the end of the piston stroke. If the cylinder is of
fixed size it may not be possible to expand the steam to atmospheric pressure, with
aresulting loss of energy. To avoid this waste, the engine cylinder can be increased
in size, but there is a practical limit to this, fixed by manufacturing facilities and
means of transporting the massive cylinder, and this had been reached by 1850
when Cornish engines with cylinder bores in excess of 2540mm (100 inches) and
strokes longer than 3000mm (10 feet) were being constructed. The only way to
avoid this situation was to carry out the expansion in two or more cylinders: that
1s, the compound had to be mtroduced.

The compound engine

In the compound engine the steam supplied by the boiler is expanded to the
exhaust pressure by passing successively through a number of cylinders,
where each cylinder operates between decreasing inlet and outlet pressures
(see Figure 5.2).

The compound engine was patented by Jonathan Hornblower in 1781 in an
attempt to avoid the Watt patent. He erected the first one at Radstock Colliery,
near Bristol, in 1782 and a second in 1790 at the Tincroft Mine in Cornwall.
Neither engine was superior to the contemporary simple (non-compound),
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atmospheric engines, because the boiler pressure (0.34bar, 5psig) then in use
was too low to justify the application of the compound principle.

The first engine to realize some of the theoretical advantages of
compounding was an existing simple engine that was modified in about 1803
by the addition of a cylinder by Arthur Woolf. Probably Woolf was aware of
Hornblower’s work with compounding because he was employed by the latter
in erecting steam engines. He appreciated that high pressures were essential to
the successful operation of a compound engine, and in its final form his engine
incorporated a cast-iron high pressure boiler that produced steam at about
3.1bar (45psig). Unfortunately, Woolf employed completely incorrect cylinder
proportions in designing his engine, but apparently it worked well enough to
convince him and his employers, a London brewery, that a larger engine
should be built. This was completed in 1805 (HP: 203mm (8 inch)
borex914mm (36 inch) stroke; LP: 762mm (30 inch) borex1524mm (5 feet)
stroke; boiler pressure 2.8bar/40psig), but it was unable to produce its design
power output of 27kW (36hp). Woolf, in consequence, left the brewery, and
went into partnership with Humphrey Edwards, and by 1811 he had
apparently obtained a satisfactory design for his compound engine.

The partnership between Edwards and Woolf was dissolved in 1811 and
Edwards emigrated to France. There he built Woolf compound engines and
sold them throughout Europe. The Woolf compound engine was characterized
by having the cranks on the high and low pressure cylinders set at 180°.

In spite of the success of the Woolf engine on the Continent, the compound
engine did not reappear in Britain until 1845, when William McNaught
patented an arrangement where a high pressure cylinder was added to an
existing beam engine in order to increase its power output. This system was
widely employed to increase the power output of stationary engines and was
known as McNaughting.

1850-1900: the steam engine in its final form

By 1850 the steam engine was a well-established machine, in which the
particular forms most suitable for each application had been identified, and in
which the manufacturing techniques and tools to ensure reliable operation had
been established. In the second half of the nineteenth century the emphasis in
steam engine development and design was on techniques for improving the
efficiency of the engine, on increasing the crankshaft speed, and on ensuring
the maintenance of a steady speed. High efficiency was particularly important
in marine engines (see Chapter 10). A high and uniform speed was important
in driving textile mill machinery (see Chapter 17), and in electric power
generation, which spread rapidly after Edison began operating the Pearl Street
generating station in New York in 1881 (see Chapter 6).
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Figure 5.2: The multiple expansion steam engine.

(a) Tandem compound engine. This works on the Woolf principle with steam
passing directly from the high pressure (HP) cylinder to the low pressure (LP)
cylinder during the whole stroke. A receiver is not required between the HP and
LP cylinders because the cylinder events are appropriately synchronized.

(b) Compound engine with side-by-side cylinders. The arrangement shown has
cranks at 90°. This makes the engine easier to start and to reverse than one

280



STEAM AND INTERNAL COMBUSTION ENGINES

working on the Woolf principle with cranks at 180°. However, a steam
receiver must be placed between the HP and LP cylinders because of the
relative order of events in the two cylinders.

(c) Side elevation of (b).

(d) Three crank triple expansion engine. Note the use of a piston valve
on the high pressure (HP) cylinder, and slide valves on the intermediate
pressure (IP) and low pressure (LP) cylinders. Cranks would usually be
set at 120° and receivers would be placed between each stage of
expansion.

(e) Four-crank triple expansion engine. The low pressure (LP) expansion
is divided between two cylinders in order to avoid a low pressure
cylinder of impracticably large diameter.

(f) Plan view of (e). Note the pipes connecting the various stages of
expansion are sufficiently large in this case to act as receivers.
Reproduced with permission from: W.J.Goudie, Ripper’s Steam Engine
Theory and Practice, 8th edn (London, Longmans, Green, 1932).

The beam engine, except for a few special cases, disappeared between
1850 and 1870 with the increasing adoption of the crosshead (possibly
introduced by Trevithick in his high pressure engine, above) for converting
reciprocating motion into rotary motion. The most notable application of the
beam engine during this period was in American river and coastal
steamships, where it was known as a walking beam engine. Engines of this
type continued to be built for this purpose until the late 1880s. As an
example of the sizes attained, the Long Island Sound steamship Puritan,
launched in 1889, used a compound beam engine of 5600kW (7500hp)
output with cylinders of 1900mm (75 inch) borex 2700mm (106 inch)
stroke, and 2800mm (110 inch) borex4300mm (14 feet) stroke. Beam type
pumping engines were built for water supply purposes in Europe until at
least 1878.

Automatic variable cut-off

Expansive working, in which steam is admitted to the cylinders only during
the first part of the piston stroke, is essential for maximum efficiency. This
type of operation is most effective if the point of steam supply cut-off is
related to the engine load. However, from the time of Watt variations in
engine load had been accommodated by adjusting the opening of the throttle
valve between the boiler and the engine which controlled the steam pressure
at inlet to the engine. In most cases (except steam locomotives) this was done
automatically by a governor, and the engine was then said to be throttle
governed. However, the energy lost (wire drawing) by the steam to overcome
the pressure drop in the throttle valve was no longer available to do work in
the cylinder.
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Figure 5.3: Corliss and drop valves.

(a) Schematic arrangement of Corliss valves. The valve is a machined cylinder
oscillating about an axis lying at right angles to the piston stroke. The upper
valves are the steam and the lower valves the exhaust valves. The valves are
loose on the valve spindle so they are free to find their seats under the action of
the steam pressure, and free to lift off their seats to allow trapped water to
escape.

Reproduced with permission from R.A.Buchanan, and G.Watkins The Industrial
Archaeology of the Stationary Steam Engine (Allen Lane, London, 1976).

(b) Trip gear that controls the cut-off of the Corliss valve. The valve is opened
by means of the oscillating link driven by the eccentric. When the connection at
the points A and B is broken the valve closes under the action of the powerful
spring. The moment of closure depends on the height h of the lever. As the
engine speed increases, h increases and the valve closes earlier. Closure of the
valve is assisted by atmospheric pressure acting on the exposed side of the dash-
pot piston and the vacuum formed on the other side when the valve is opened.
The exhaust valves are not provided with trip gear and the angular motion in
one direction is an exact repetition of the motion in the other direction.
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Reproduced with permission from D.A. Wrangham The Theory and Practice of Heat
Engines (Cambridge University Press, Cambridge, 1951).

(c) Schematic arrangement of equilibrium drop valves. The valves are mushroom
shaped and seat as shown. Motion is in the vertical direction. Note that identical
valves are mounted on the same stem so the pressures on the valve faces oppose
one another and a balanced arrangement is obtained. Gonsequently, the valve
operating force is only required to overcome friction and inertia. Because there
are no sliding parts (cf. Corliss valve) the valve is well adapted to use with
superheated steam.

Reproduced with permission from R.A.Buchanan and G.Watkins The Industrial
Archaeology of the Stationary Steam Engine (Allen Lane, London, 1976).

Admission and exhaust of the steam was controlled from the beginning of
the nineteenth century in most cases by the slide valve or in some cases, by the
poppet valve. Both types of valve were subject to wire drawing because they
did not close sufficiently quickly at the points of cut-off.

In 1842, F.E.Sickels took out a patent on a quick-closing valve gear using
poppet valves, and a trip gear to control the cut-off (see Figure 5.3), with
gravity assisted closure (called ‘drop-valves’ by Oliver Evans). To save wear
and tear on the valve seat and value face, Sickels used a water-filled dashpot
to decelerate the valve smoothly as it approached the end of its travel.

Sickels was not the only engineer who understood the advantages of rapid
valve operation, and in about 1847, G.H.Corliss invented a quick-closing valve
gear (patented in 1849) consisting of four flat slide valves, one inlet and one
outlet at each end of the cylinder, but he did not persist very long with this
valve gear. In order to simplify manufacturing and to reduce valve friction,
engines built by his company after about 1850 used the oscillating rotary valve
(see Figure 5.3) that is normally associated with his name. Corliss made an
evenmore fundamentally important contribution to steam engine technology
by replacing the inefficient method of throttle governing with the better
method of adjusting to load variations by using the governor to control the cut-
off, socalled cut-off governing.

Engines using Corliss valve gear (commonly called Corliss engines) were
built by Corliss, and his licencees from 1848, and by many others after the
Corliss patent expired in 1870. This type of engine was extensively used for
driving textile mill machinery where the close regulation of engine speed, that
was ensured by the governor control of cut-off, was essential.

The medium speed engine
Automatic trip gear mechanisms do no operate satisfactorily at rotational

speeds in excess of about 150rpm. Higher speeds became possible in 1858
when C.T. Porter combined his very sensitive governor with a positive action,
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variable cutoff valve gear that had been invented in 1852 by J.F.Allen. In 1861,
Porter and Allen formed a partnership to build engines using their two
inventions.

The outstanding feature of the Porter-Allen engine was its quiet,
vibrationfree operation at all speeds, which resulted from Porter’s careful study
of the dynamics of the reciprocating engine. Because of their high and closely
controlled speed, engines of this type were extensively used from about 1880
onward for driving electric generators, e.g. Edison’s Pearl Street Station.

The high speed engine

Steam engines operating with piston speeds in excess of 3m/s (600ft/min) could
be made sufficiently small, for a given power output, so that a significant
reduction in first cost could be realized compared to slower-running engines,
by the invention in the early 1870s of the shaft governor, which is usually
mounted on the flywheel shaft. This operates by balancing the force of the
governor spring against the centrifugal force. These had a tendency to hunt
(an mability of the governor to locate a steady operating speed) because the
rate at which they acted was independent of the rate of change of the load.
This fault was overcome by the invention in 1895 by F.M.Rites of the inertia
governor in which inertia forces augmented the centrifugal forces in the
governor. With this modification the high speed engine could be applied where
very close control of the engine speed was required, e.g. electric power
generations.

High speed engines were characterized by stroke: bore ratios less than unity,
and power outputs that did not usually exceed 370kW (500hp). Typically,
piston valves and cam-driven poppet valves were used for steam distribution.
Lubrication was particularly important and in 1890 the Belliss & Morcom Co.
in England introduced forced lubrication, which is now a standard feature of
any high speed machinery.

Many of the characteristic features of the high speed engine were carried
over into the early internal combustion engines, so that contemporary engines
of both types bear a considerable resemblance, both in superficial features and
in certain details.

Compound engines

The zenith of steam engine design was in the multiple expansion engines that
were developed in the second half of the nineteenth century. Such engines were
used in the largest numbers for water supply system pumping and as marine
engines, because efficiency was an important consideration in these applications.
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The inverted engine, in which the cylinders are arranged above the crankshaft
with the piston rod acting downwards, was the universal type in large multiple
expansion engines, because of the need to economize on floor space.

Stationary engines

Stationary compound engines were employed for operating the pumps of
public water supply systems and for turning electrical generators, as well as in
textile mills, as rolling mill drives, mine hoisting engines and blast furnace
blowing engines.

In 1866 a pressurized water supply system using a pump, rather than an
elevated reservoir or standpipe, started operating at Lockport, New York. This
development, which was to have a significant effect on the history of steam
pumping engines, was due to Birdsill Holly. The Lockport pumps were driven
by a water-wheel, but a second installation in Dunkirk, New York, used
steamdriven pumps.

The compound engine was first applied to water pumping in 1848 by the
Lambeth Water Works, London, but the employment of this type of engine
was not extensive until E.D.Leavitt installed such a machine at Lynn,
Massachusetts, in 1873. These engines were landmarks in both capacity and
efficiency, and their performance was not surpassed until H.F.Gaskill
introduced (1882) a pump driven by a Woolf compound steam engine at
Saratoga Springs, New York. This was a compact, high capacity, efficient steam
pump, which was very popular in the United States.

The first triple expansion pumping engine (see Figure 5.2 (d) above) was
built in 1886 for the City of Milwaukee. It was noteworthy in being designed
by E.T. Reynolds of the E.P.Allis Co. (later Allis-Chalmers). He joined this
company in 1877 from the Corliss Steam Engine Co., and was one of the chief
proponents of engines using the Corliss valve gear after the Corliss patent
expired in 1870.

Two 7500kW (10,000hp) double tandem compound engines were designed
in 1888 by S.Z.de Ferranti for use in the Deptford Power Station of the
London Electricity Supply Company. This was a pioneering AG distribution
system, but because substantial difficulties were encountered in placing it in
service, Ferranti’s connection with the company was terminated, and the
engines were never completed.

Somewhat later, in 1898, the Manhattan Railway Co., which operated the
overhead railway system in New York, purchased from the Allis-Chalmers Co.
compound engines with horizontal high pressure and vertical low pressure
cylinders. These unique engines, which were undoubtedly among the largest
stationary engines ever built, and probably the most powerful (6000kW;
8000hp), are usually known as the Manhattan engines.
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Marine engines

It was the application of the compound engine that allowed the steamship to
take over from the sailing vessel on the longest voyages. The consequent
reduction in coal consumption made more space available on the ship for
passengers and cargo, and fewer stops were needed to replenish the bunkers.

Compound engines had been tried in small vessels between 1830 and 1840,
but they were not fitted in ocean-going ships until 1854, when the Brandon was
launched by Randolph, Elder & Co., of Govan on the River Clyde in Scotland.
This had a Woolf compound engine with inclined cylinders and an overhead
crankshaft, designed by John Elder. Saturated steam was supplied at 2.8bar
(40psig), and in service the coal consumption was 2.13kg/kWhr (3.5Ib/thphr)
which was about a 30 per cent improvement over the performance of vessels
fitted with simple engines.

The compound engine was quickly adopted by British shipping companies
operating to ports in the East and in Africa. However, it was not until the
1870s that vessels operating on Atlantic routes were fitted with engines of this
type. By about 1880 the compound engine was used almost universally in
marine service, but between 1875 and 1900 triple expansion, and then
quadruple expansion engines, were adopted for the largest vessels.

The triple expansion engine was originally proposed in 1827 by Jacob
Perkins, but no engine of this type was built until 1861 by D.Adamson; this
was a stationary engine. The first application to a sea-going ship was by John
Elder & Co., who in 1874 fitted an engine using steam at 10.3bar (150psig)
with cylinders 580mm (23 inch)x1040mm (41 inch)x1550mm (61 inch) bore
by 1070mm (42 inch) stroke i the Proponts.

However, it was the Aberdeen, launched in 1880 by Robert Napier & Sons,
that had the greatest influence on the history of the marine engine. The engine
had cylinders 760mm (30 inch)x1140mm (45 inch)x1780mm (70 inch) bore
by 1370mm (58 inch) stroke. It used steam at 8.6bar (125psig) and had an
output of 1340kW (1800ihp). On its first voyage the coal consumption was
1.0kg/kWhr (1.7lbs/ihphr). This engine was the prototype for thousands of
marine engines that were built until the middle of the twentieth century:
Liberty ships were fitted with triple expansion engines.

The first quadruple expansion marine engine was fitted in the County of
York built at Barrow, Lancashire, in 1884, but this type of engine was not
tried again until 1894 when the Inchmona was launched, this was a 707kW
(948ihp) engine supplied with steam at 17.6bar (255psig) 33°C (60°F)
superheat.

The reciprocating steam engine undoubtedly reached its highest level in some
of the quadruple expansion engines built for the very large ocean-going liners at
the close of the nineteenth century. One of the most outstanding was the
29,830kW (40,000hp) engine produced for the twin-screw Kaiser Wilhelm I1.
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Uniflow engine

The Uniflow engine, which represents the final stage of the development of the
steam engine, was motivated by the problem of cylinder condensation and
reevaporation, which was a serious cause of energy loss in the engine. Steam
enters the engine cylinder and is immediately exposed to cylinder walls that
have been cooled by the previous charge of steam, which had itself been
cooled in consequence of its expansion during the working stroke of the piston.
If the cylinder wall temperature is low enough, the incoming steam will
condense on the cylinder walls, and energy is given up to the walls. As the
expansion proceeds in the cylinder the steam temperature can fall below the
cylinder wall temperature, resulting in re-evaporation of the condensed steam.
However, because this occurs near the end of the stroke, very little of the
energy thus returned to the steam is available to do work and it is carried away
as the steam leaves the cylinder.

The question of cylinder condensation and re-evaporation became the
central concern of steam engine engineering from 1855 to 1885. Several
developments alleviated this problem, either deliberately or incidentally:
compounding; steam jacketing of the cylinders; superheating; and increasing
inlet steam pressure. While these techniques were used on large marine and
stationary engines, they were prohibitively expensive for the lower power
single-cylinder engines that were widely used in industrial applications: an
economical solution for engines of this type required a radically new design.
The requisite development was the introduction of one-way steam flow (hence
‘Uniflow’ or ‘Unaflow’) in the cylinder, so that steam was admitted at each end
of the cylinder and exhausted in the centre through circumferential ports in the
cylinder wall uncovered by the piston (Figure 5.4).

The Uniflow principle appears to have been proposed quite early in steam
engine history (Montgolfier, 1825; Perkins, 1827), but serious consideration of
the idea did not occur until T.]. Todd took out a British patent in 1885 on an
engine of this type (he called it the “Terminal-exhaust’ cylinder). It is not clear
if such an engine was ever built, so the practical realization of the Uniflow
engine is usually credited to J.Stumpf.

Uniflow engines were built in Europe, Britain and the United States. One of
the most successful builders was the Skinner Engine Company of Erie,
Pennsylvania. This company built Uniflow engines until the mid-1950s, and
during the Second World War supplied them for naval craft (where they were
popular because they generated less vibration than other types of reciprocating
engines).

The progress in the steam inlet pressure and the heat rate between the time
of Newcomen (1712) and the end of the nineteenth century is indicated in
Figure 5.5. The data for the earliest years do not have the precision and
accuracy of the later period, nevertheless they are indicative of the general
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Figure 5.4: Schematic section of a Uniflow engine. The diagram shows the
Uniflow steam path and the small difference in temperature between the steam
and the cylinder wall throughout the piston stroke. Since the exhaust ports must
not be uncovered until the piston reaches the end of the expansion stroke the
piston length must equal its stroke. Hollow construction is used to reduce the
piston weight. Because the return stroke of the piston is a compression stroke
and because the compression ratio (expansion ratio for the expanding steam) is
high, typically 46, there is a danger that the pressure of the residual steam in the
cylinder could become high enough to dislodge the cylinder head cover. This is
avoided by providing additional clearance space, in the form of a cavity in the
cylinder head connected to the cylinder by a spring-loaded valve, with manual
override for starting the engine, or by using various types of automatic and
manual valves that divert the residual steam into the exhaust.

Reproduced with permission from D.A.-Wrangham, The Theory and Practice of Heat
Engines (Cambridge University Press, Cambridge, 1951).

trend. In the final decade of the nineteenth century, the introduction of

regenerative feed-water heating, in which steam used in the cylinder jackets

was returned to the boiler, had a marked effect in lowering the best values for
the heat rate. In fact, the best of the final generation of reciprocating steam

engines with cylinder steam-jacketing had heat rates that were comparable with

those of contemporary non-regenerative steam turbines (typically 23.0x103

btu/kWhr; see Figure 5.10).

STEAM TURBINES

The steam turbine is a device that directly converts the internal energy of

steam into rotary motion (see Appendix). It is also characterized by uniformity
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Figure 5.5: The historical trend of reciprocating steam engine inlet pressure
(boiler pressure) and power plant heat rate between 1800 and 1900. The data
shown are based on marine practice, but are also representative of stationary
engines. The upward trend beginning between 1850 and 1860 marks the
mntroduction of the compound engine. To convert heat rate to efficiency multiply
by 2.93x10-4 and invert.

Adapted with permission from R.H.Thurston, 4 History of the Growth of the Steam
Engine, Centennial edition (Cornell University Press, Ithaca, N.Y., 1939).

of turning moment and by the possibility of balancing it perfectly, which is
important where high powers are involved, when a reciprocating engine would
have correspondingly massive dimensions that could produce vibrations of an
unacceptable magnitude.

Because the steam flow through the turbine is continuous rather than cyclic,
it is able to expand steam from a high pressure to a very low pressure, thereby
maximizing the efficiency. This, because of the low density of the low pressure
steam, would require the cylinder of a reciprocating engine to have
impracticably large dimensions.

The continuous flow characteristics of the steam turbine allow it to avoid
the complex valve gear necessary in the reciprocating engine, which should
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have made it attractive to the ancients, and indeed there is some historical
evidence that a turbine was built in the first century AD by Hero in
Alexandria. Later, in the seventeenth century, an Italian, de Branca, proposed
another type of steam turbine. Unfortunately, these primitive machines
suffered from the fatal defect that, for their times, their speed was too high to
be either needed or useable. Consequently, the practical steam turbine had to
await the development of the ability to design and construct high speed
gears, or high speed electrical generators, or the formulation of such
principles of fluid mechanics as would allow the energy of the steam to be
utilized without high rotational speeds. None of this occurred until the end of
the nineteenth century.

1884-1900: early history

The simplest form of turbine (Figure 5.6 (a)), which was first demonstrated by
the Swedish engineer Gustav de Laval in ¢.1883, is constructed by arranging
the blades on a single revolving wheel in such a way that they turn the steam
through an angle, thereby imparting a portion of the kinetic energy of the
steam jets to the rotating blades with no change in steam pressure as it passes
through them. This last is an important distinguishing characteristic of this
type of turbine, which is sometimes known as an impulse turbine. In about
1888, de Laval made the crucial discovery that in order to extract the
maximum amount of energy from the steam, the nozzle had to be of a
converging-diverging form (see Appendix). This results in a very high steam
velocity, leading to: (a) high rotational speeds (10,000-30,000rpm), which
usually requires a speed reducing gear for its practical utilization; (b) wasted
kinetic energy in the leaving steam; (c) large friction losses between the steam,
the blades, and the turbine rotor. The losses, items (b) and (c), make the
efficiency of the de Laval turbine inferior to that of a reciprocating engine
operating with identical inlet and exhaust conditions.

The principles of the impulse turbine, and its problems, were well known to
nineteenth-century engineers, including James Watt. GConsequently, until the
close of the century it was never considered a serious competitor to the
reciprocating engine. The steam turbine was first placed on a practical basis by
C.A. Parsons. He took out a patent in 1884 on a turbine which avoided the
limitations of the impulse turbine by using the steam pressure drop inlet to
exhaust in small steps rather than one large step (see Figure 5.6 (b)), resulting
in a much lower steam speed. However, there is an important difference
between the Parsons and impulse turbines in the way in which the pressure
drop is arranged in a stage (a pair of moving blades and stationary nozzles): in
the former the pressure drop occurs in both the rotating and stationary
elements, while in the impulse turbine the pressure drop only occurs in the
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stationary element. The Parsons turbine is known as a reaction turbine, and
since Parsons arranged for equal pressure drops to occur in both the stationary
and rotating elements of each stage, it is called a 50 per cent reaction turbine.

Parsons commenced experimental work on his turbine shortly after
becoming a partner in 1883 in the firm of Clarke, Chapman & Co. In 1885
he constructed his first working turbine Figure 5.7 which drove an electrical
generator at 18,000rpm having an output that appears to have been between
about 4kW (5.4hp) and 7.5kW (10hp). The surprisingly high speed,
considering the Parsons turbine was intended to avoid this feature of the de
Laval turbine, is a consequence of the small dimensions of the first Parsons
turbine. Thus, an increase in the mean blade radius from 4.4cm (1.75 inches)
(estimated for Parsons’s first turbine) to 26.7cm (10.6 inches) would reduce
the rotational speed to 3000rpm. The essential point is the lower steam speed
in the Parsons turbine compared to the de Laval turbine. Thus, for
comparable steam conditions, the steam speed in the de Laval turbine is
about 760m/s, (2500ft/sec), whereas in the Parsons turbine it is about 116m/s
(380ft/sec).

From 1885 until 1889 development of the Parsons turbine was very rapid
with machines of maximum output 75kW being ultimately produced.
However, Parsons’s partners did not have his faith in the steam turbine, so in
1889 the partnership was dissolved. Parsons founded C.A.Parsons & Co. and
proceeded to develop a radial reaction turbine that circumvented the patents
controlled by his former partners (a truly remarkable achievement). In 1894,
Parsons came to an agreement with Clarke, Chapman that allowed him to
use his 1884 patents for the axial flow steam turbine, and, as a result,
construction of the radial flow steam turbine stopped.

Although the Parsons turbine was in many ways significantly superior to
the de Laval turbine, it did have some disadvantages. In particular, it was
difficult to build with outputs greater than 2000kW (2682hp). This was a
consequence of the great length of the machine, which was necessitated by the
numerous rows of moving and stationary blades that were required to keep the
steam velocity low. As a result the rotor was particularly sensitive to slight
mechanical and thermal imbalances that could lead to distortion and, hence,
damage to the moving blades if they touched the turbine casing. The
techniques that were eventually devised to overcome this problem are
discussed below.

In addition to the limitations in size that were encountered in the early
Parsons turbine, there is a substantial loss in power output due to leakage
through the clearance space between the rotating blades and the turbine casing,
which 1s particularly serious in the high pressure sections of the turbine where
the blade heights are small. In order to avoid this leakage problem and yet
retain the advantages of the Parsons multi-stage concept, Auguste Rateau, a
French engineer, designed sometime between 1896 and 1898 a multi-stage
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Figure 5.6: Schematic arrangement of the basic steam turbine types.

(a) Simple impulse turbine: de Laval (¢.1883). Key: 1: stationary nozzles; 2:
rotating blades; 3: wheel; 4: rotating shaft. The lower diagram shows the change
m pressure (P) and velocity (V) of the steam as it passes through the turbine.

(b) Reaction Turbine: Parsons (c.1884). Key: 1: Nozzles and guide vanes; 2:
rotating blades; 3: rotating drum; 4: rotating shaft. The conical drum counteracts
the decrease in density of the steam as it passes through the turbine. This
arrangement was not used by Parsons who employed a limited number of step
changes in drum diameter. The lower diagram shows the change in pressure (P)
and velocity (V) of the steam as it passes through the turbine.
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(c) Pressure-compounded impulse turbine: Rateau (¢.1900). Key: 1: nozzles; 2:
rotating blades; 3: nozzles in diaphragm; 4: rotating wheels; 5: rotating shaft.
The lower diagram shows the change in pressure (P) and velocity (V) of the
steam as it passes through the turbine.

(d) Velocity-compounded impulse turbine: Curtis (1896). Key: 1: nozzles; 2:
rotating blades; 3: stationary guides; 4: rotating wheels; 5: rotating shaft. The
lower diagram shows the change in pressure (P) and velocity (V) of the steam as
it passes through the turbine.

Reproduced from E.F.C.Somerscales, “Two Historic Prime Movers’, ASME
Paper number 84-WA/HH-2 (1984).

impulse turbine that is now commonly known by his name. The principle of
this turbine is illustrated in Figure 5.6 (c). As in the Parsons turbine, the
pressure drop is divided between a number of stages, thereby limiting the
steam speed. This type of turbine avoids the leakage problem of the Parsons
turbine by only using each stage pressure drop in the stationary nozzles. The
Rateau turbine is classed as a pressure-compounded impulse turbine.

The Rateau turbine differed from the Parsons turbine in another important
respect. In the latter the moving blades are attached to the periphery of a
rotating drum, with the seals between the stages at its outer surface and at the
outer ends of the rotating blades. In the Rateau turbine the blades are mounted
on the periphery of a disc carried on the turbine shaft, so there is only one
interstage seal and it is where the rotating shaft passes through the diaphragm
separating the stages (see also Figure 5.6 (c)). This type of construction has
two advantages over the system used in the Parsons turbine: the leakage area,
and, hence the leakage flow, is smaller because the seal is at the shaft, which
has a smaller diameter than the Parsons drum; and a shaft seal involves parts
with heavier dimensions than a ring of stationary blades, so it can be made
more effective.

The disc construction of the Rateau turbine would, because of the pressure
drop across the moving blades, result in an unacceptably large axial thrust on
the shaft bearings if applied to the Parsons turbine. The axial thrust that does
exist in the latter is smaller because it only acts over the blade area, and is
accommodated by thrust balancing cylinders, connected externally to points of
higher steam pressure, at the high pressure end of the rotor.

Because the solid construction of the drum is better suited to the high
temperatures encountered in the high pressure stages of modern turbines, the disc-
on-shaft construction has been effectively abandoned in these sections and the
blades are mounted on vestigial discs machined out of a forged cylindrical rotor.

Although the Rateau turbine mitigated the leakage problem of the
Parsons turbine, it still required a long shaft to accommodate the large
number of pressure compounded stages. In 1896 the American C.G.Curtis
patented two concepts that resulted in a substantial reduction in the overall
length of the turbine. The first of these was the recovery of the velocity
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Figure 5.7: Cross section of the first Parsons steam turbine. This was supplied
with saturated steam at 5.5bar (80psig), ran at 18,000rpm and produced between
4 kW and 7.5 kW at the generator terminals.

Steam was admitted through the inlet (A) and flowed axially to right and left
through alternating rows of moving and fixed blades (shown schematically). The
steam exhausted into the passages C and D which were cast in the turbine casing.
The exhaust pressure (about atmospheric) was maintained by a steam ejector (B).
The diagram also shows the governor (designed because available rotary governors
could not withstand the high shaft speed), which consisted of a small centrifugal
fan, located just to the left of the item lettered G in the diagram, rotating at the
turbine shaft speed, and drawing air from one side of a diaphragm (located just
above the item lettered C). The motion of the diaphragm, as the vacuum varied
with turbine speed, was conveyed by the link (E) to the governor valve controlling
the steam admission. The sensitivity of this governor was increased by sensing the
generator voltage (actually the magnetic field strength, which is proportional to the
voltage) and bleeding more or less air into the vacuum system. In the figure, F is
the soft-iron field sensor mounted on the dynamo pole pieces, and coupled to this
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is the spring loaded brass arm (G) that controls the flow of the bleed air. Forced
lubrication using a screw pump (H) was used. The arrows show the direction of oil
flow. The small diagram at the foot of the figure shows one of the bearings that
were designed to allow some transverse movement of the shaft, due to small
residual imbalances. The shaft ran in a long thin sleeve, surrounded by a large
number of washers alternately fitting the sleeve and the casing. The washers were
held in contact with each other by the pressure of a short helical spring
surrounding the sleeve near its end and tightened up by a nut threaded on the
sleeve. The bearing oil was supplied by the screw pump.

Reproduced with permission from W.G.S.Scaife, in First Parsons International
Turbine Conference (Parsons Press, Dublin and London, 1984).

energy in the steam jet leaving a converging-diverging nozzle in several rows of
moving blades with stationary turning vanes between each row (see Figure 5.6
(d)). This multi-row de Laval turbine is known as a velocity-compounded
impulse turbine. The second arrangement patented by Gurtis, which was his
special contribution to turbine engineering, was to combine velocity- and
pressure-compounding (Figure 9).

To obtain the necessary funds to support the development of his turbine,
Curtis sold most of his patent rights to the General Electric Company of
Schenectady, New York, in 1897. However, a satisfactory working machine was
not produced until 1902.

The Curtis turbine, like the Rateau turbine, was a disc turbine. Eventually,
as discussed below, the Curtis and Rateau turbines were combined, so that
later forms of impulse turbines that have derived from these two types
generally tend to be of the disc construction, or at least have vestigial discs
machined from a drum.

By 1900 the four basic types of steam turbines had been developed into
practical machines. Although there was no general and immediate tendency to
adopt this prime mover, in spite of its obvious advantages, by the end of the
following decade the steam turbine had established itself in the electric power
generation industry, and had also provided a number of convincing
demonstrations of its usefulness as a marine power plant.

1900-1910: turbines take over

During the first ten years of this century the application of steam turbines to
both electric power generation and marine propulsion spread very rapidly in
consequence of a number of influential demonstrations of its capabilities. The
first of these was in 1891 when a measured steam consumption of 12.2kg/
kWhr (271b/kWhr) was reported for one of the 100kW condensing (the first
such) machines installed at Cambridge. This was a record for steam turbines
and equalled the performance of the best simple expansion reciprocating steam
engines.
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Figure 5.8: Vertical section through the 5000kW vertical Curtis steam turbine
supplied by the General Electric Co. to the Gommonwealth Electric Co. for
installation in the Fisk Street Station, Chicago in 1903. Steam inlet conditions:
11.9bar (175psig), 271°C (520°F); exhaust: 0.068bar (28in Hg vacuum);
minimum steam consumption 6.81kg/(kW/hr) (15.0lb mass/(kW/hr)). The
turbine had two pressure compounded stages consisting of a nozzle, three rows
of stationary guide and four rows of moving blades attached to one wheel. The
vertical arrangement was discontinued by the General Electric Co. built after
1913. Reproduced with permission from C.Feldman ‘Amerikanische
Dampfturbinen’, Zeitschrift des vereines deutscher Ingenieure, vol. 48 (1904), p. 1484.

A second significant installation was the two 1000kW turbines, the largest
built to date, that were delivered in 1900 by C.A.Parsons & Co. to the city of
Elberfeld in Germany. These had a steam consumption of 9.12kg/kWhr
(20.11b/kWhr). These turbines had many of the features of the modern unit:
they were two cylinder tandem compound (see below), and the condenser was
placed below the level of the operating floor, immediately under the exhaust
from the low pressure cylinder.

Another very influential steam turbine, which was placed in service in 1903
at Chicago’s Fisk Street station (see Figure 5.8), was the third Curtis steam
turbine sold by the General Electric (GE) Company. It had a power output of
5MW and was the most powerful steam turbine built up to that time. It was
unusual in being arranged with its axis vertical (a type of construction
abandoned by GE in 1913) and with the alternator above the turbine.
Pressure-andvelocity-compounding were used, and each of the two pressure-
compounded stages consisted of a row of nozzles, three rows of stationary
turning vanes, and four rows of moving blades attached to one wheel.
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1910-1920: blending of types

As the patent protection on various types of turbines expired the
manufacturers devised hybrid machines. One of the most significant of these
combinations was the addition to the Parsons turbine at the inlet of a single
velocity-compounded stage, sometimes called a control stage, in place of a
number of the high pressure reaction stages. The rotor of this combined
Curtis-Parsons turbine is much shorter than the rotor of the pure Parsons type
of the same power output. This arrangement confines high temperatures and
pressures to a shorter portion of the turbine, minimizing expansion effects due
to temperature gradients, which can lead to eventual failure of the machine.
Although the Curtis stage is not as efficient as the reaction stage it replaces, the
minimization of leakage and improvement in reliability result in a net gain to
the user of the turbine.

Another technique for minimizing the turbine shaft length, which was
probably first introduced into regular steam turbine design practice with a
256MW turbine built in 1913 by C.A.Parsons & Co. for the Fisk Street station
in Chicago of the Commonwealth Edison Company, was the tandem
compound. In this machine two rotors are arranged in two separate cylinders,
with bearings in each cylinder. The steam passes in succession through the two
cylinders. The rotors are coupled between the cylinders and the load is
connected to one end of the shaft, usually at the low pressure cylinder.

1920-1930: increasing size

The period between 1920 and 1930 was characterized by a very rapid growth
in steam turbine power output; preliminary attempts to use very high steam
pressures; and a large number of serious mechanical failures.

Increasing power output implies increasing mass rate of flow of steam, and
increasing dimensions. The largest dimensions are encountered at the exhaust
from the turbine, where the steam has the largest volume, and the critical
dimension in this region is the length of the last row blades, which are the
longest in the turbine and, therefore, are subjected to the highest centrifugal
stress. Consequently, very careful consideration must be given to the
mechanical design of the rotor and the last row blades, their manufacture and
the materials used, and the means of attaching the blades to the rotor. Since
sound forgings for the rotor can be assured with greater certainty the smaller
their size, there was a tendency during the period from 1920 to 1960 to use the
disc construction in the low pressure sections of the turbines.

Where the length of the last row blades could not be increased a number of
alternative techniques were developed in the 1920s including Baumann
multiple exhaust, due to K.Baumann of the Metropolitan-Vickers Co., multiple
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exhaust flows, and multiple low pressure turbines (not used untl the 1930s).
Extreme forms of this arrangement, involving three or four low pressure
turbines, each with a double exhaust flow, have been used on the very high
output machines constructed from 1960 onward.

In order to accommodate the largest outputs a combination of decreasing
the turbine speed and multiple exhaust flows was used in the 1920s. This was
in the form of a cross-compound turbine in which the high pressure cylinder
operated at 3000 or 3600rpm and the low pressure cylinder ran at 1500 or
1800rpm, the two cylinders being coupled to separate alternators. This
arrangement appears to have been first used for three 30MW turbines installed
by Westinghouse in 1914 at the 74th Street station in Manhattan of the
Interborough Rapid Transit Co.

The cross-compound tends to be an expensive solution to the problem of
building turbines with large outputs, and European machines, with their lower
speeds (1500 and 3000rpm), did not employ it as extensively as turbines built
in the United States. The two-speed cross-compound has not been used since
the 1970s (except to accommodate very large turbines with outputs of
1000MW or more), because improved materials of construction removed the
incentive for its use.

The steady growth in turbine power output in the 1920s culminated in a
208MW turbine that was constructed by GE for installation in the State Line
station near Chicago in 1929. This was a three-cylinder cross-compound
turbine, and it remained the turbine with the world’s largest output until 1955.

The application of very high inlet pressures to steam turbines was first
attempted in 1925, in order to increase cycle efficiency. Three such turbines
were installed at the Edgar Station of the Edison Electric Illuminating
Company of Boston (now the Boston Edison Company). The first (3.15MW)
had an inlet pressure of 83bar (1200psig) and the other two (10MW) operated
at 97bar (1400psig). They exhausted at 24bar (350psig) into the steam line
connecting the low pressure boilers to two 32MW units.

In many mnstances in the 1920s and 1930s new high pressure turbines were
employed in connection with existing low pressure systems; a method known
as superposition. (In a few cases the high pressure turbine was actually
mounted on the low pressure turbine casing.) It allows existing, serviceable
plant to be increased in efficiency and power output for minimum cost, and for
this reason it was popular in the post-depression years of the 1930s.

The rapid advances in steam turbine technology in the 1920s were not
achieved without some cost. Early in this period the manufacturers of disc
turbines experienced an exceptional number of failures. It was discovered that
the discs were subject in service to vibrational oscillations leading to fatigue
failure. This was overcome by employing better design theories and also by
using heavier discs, including discs forged integral with the shaft. Important
contributions to the solution of this problem were made both in the United
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States and in Europe; particularly noteworthy was the work of Wilfred
Campbell of the General Electric Gompany, after whom one of the important
design tools developed at that time, the Campbell Diagram, is named.

1930-1940: refinement

Between 1930 and 1940 no really striking advances of the type seen in the
1920s occurred. The depression following the stock market crash in 1929 did
not provide a business climate in which large orders for steam turbines could
be expected. Consequently, turbine manufacturers turned to improving the
detailed design of steam turbines and a number of features that are now
common practice in steam turbine construction were introduced.

As a result of the desire to increase the inlet pressure the double shell
construction shown in Figure 5.9 was introduced. This decreases the load on
the turbine casing and fastenings by dividing the pressure difference from the
turbine inlet pressure to the ambient pressure between two casings, one inside
the other.

In the 1930s creep, the slow ‘plastic movement’ of steel subjected to high
temperatures and pressures, which was first identified in the 1920s, began to
be considered in steam turbine design. This phenomenon can significantly
alter stress distributions during the time of exposure of the turbine parts to
operating conditions. Its effects can be minimized by adding suitable alloying
materials to the steel that stabilize the material, and by developing extensive
empirical data on the material’s properties for use in design.

Warped, or twisted, low pressure blades, were introduced in the 1930s.
These compensate for the effect of variations in the blade tangential velocity
with radius so as to ensure that the steam impinging on the blade enters the
blade smoothly and with the minimum flow disturbance.

1940-1950: increasing speed

Steam turbine progress in the 1940s was constrained by the outbreak of the
Second World War. After the war ended turbine design showed a definite
trend away from the standard speed of 1500/1800rpm and the establishment
of the high speed turbine operating at 3000/3600rpm. Higher speed turbines
are smaller and lighter than comparable low speed machines. Smaller
turbines expand less when heated, so distortion is decreased, which improves
the turbine’s long-term reliability. Consequently, the high speed machine is
better adapted to increasing inlet pressures and temperatures and to the
application of reheat, which were features of steam turbine design from the
late 1940s onwards.
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In about 1948 there was a revival of interest in the reheat cycle (first
introduced in Britain at North Tees in 1920, and in the United States at Philo,
Ohio, in 1924) which was an added incentive for the introduction of the high
speed turbine. In this cycle the temperature of the partially expanded steam is
raised to about the original inlet temperature by passing it through a special heat
exchanger, the reheater, which is heated either by the boiler combustion gases or
by high temperature steam (the latter arrangement was only used in the 1920s),
and then returned to the turbine for further expansion to the condenser pressure.
The motivation for the earlier application in the 1920s had been to decrease the
moisture, which causes blade erosion, in the low pressure sections of the turbine.
Because the required additional valves and piping could not be economically
justified at that time, the construction of new reheat turbines ceased in the early
1930s. The revival of interest in the late 1940s was stimulated by a need to
increase plant efficiency in order to counteract rising fuel costs.

Reheat produces a 4-5 per cent improvement in cycle efficiency, and has a
number of other advantages compared to non-reheat operation. Thus, there is
a reduction in the mass rate of flow of the steam, which, in turn, leads to a
decrease in the size of the boiler feed pump, the boiler, the condenser, and of
the feed water heating equipment. This, together with the ability to reduce the
wetness of the steam at the exhaust makes reheat an attractive feature, and is
widely used in modern steam cycles.

1950-1960: very high pressures and temperatures

The first turbines handling steam at supercritical pressures (pressures in excess
of 221bar/3200psig) were built in the 1950s with the aim of improving cycle
efficiency, while avoiding the problems associated with increasing the turbine
inlet temperature, which requires the development of new materials, an
expensive and time-consuming process.

The first supercritical turbine was installed in 1957 at the Philo station of
the Ohio Power Company. It had an output of 125MW and used steam at
310bar (4500psig) and 621°C (1150°F). Double shell construction was used,
and, because of the exceptionally high pressure, the outer casing is almost
spherical in form.

A significant feature of these very high pressure turbines is the small blade
lengths in the high pressure stages (0.95cm in the Philo turbine), which results
from the high density of the steam. The leakage space is, in consequence, a
large fraction of the blade length, so turbines operating at very high pressures
should, to offset the leakage loss, be designed for large outputs, e.g Philo
(1957), 125MW; Philip Sporn (1959), 450MW; Bull Run (1965) 900MW.

In about 1955 the ‘average’ steam temperature reached its present plateau of
566°C (1050°F). The attainment of this temperature was made possible by the
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mtroduction of the ferritic stainless steels (11-13 Per cent chromium), and required
the adoption of special design features. In the high pressure and intermediate
pressure sections all parts were designed to allow free expansion and contraction.
For example, the steam chests and valves were mounted separately from the
turbine casing and connected to the mlet nozzles by flexible piping. To reduce
temperature gradients in the turbine, the partially expanded steam was arranged to
flow through the outer space of the double shell construction.

1960-1980: increasing size

During the 1960s a number of extremely large output machines were placed in
service. The mass rate of flow steam is so great (for a typical 660MW turbine
about 2.1x10°%kg/hr or 4.7x10%b mass/hr) that multiple low pressure sections
have to be provided.

The 1960s was a period when many nuclear power stations commenced
operation, and often these used either the boiling water or pressurized water
cycles in which steam is supplied at pressures ranging from 31 bar (450psig) to
69bar (1000psig), with the steam dry and saturated at about 260°C (500°F). To
compensate for the relatively low energy content of steam, the turbines have
large outputs (1300MW), with correspondingly large steam mass flow rates (e.g.,
a 1300MW ‘nuclear turbine’ handles about 7.3x10%g/hr (16.0x106Ib mass/hr)).
The resulting long (1.143m, 3.75ft) last row blades in the low pressure sections
have forced American practice to adopt the 1800rpm tandem-compound design.
Because of the lower speed, European designs of ‘nuclear turbines’ have
sometimes been able to employ 3000rpm machines, but most examples of this
type of turbine have been tandem-compounds operating at 1500rpm.

The saturated inlet conditions result in a high moisture content in the
turbine low pressure sections, leading to blade erosion unless reheating is used.
Because the water cooled reactor provides only a low temperature heat source,
reheating is not as effective as it is in fossil fuelfired plants, so mechanical
moisture separation must be used in addition to reheating.

In the 1970s some even larger steam turbines, with power outputs in excess
of 1000MW, came into service. To handle the large quantities of steam
required by these machines, multiple low pressure stages were arranged in
parallel. Figure 5.9 shows the section of one of the two 1300MW turbines
completed by Brown Boveri in 1974 for the Gavin station of the American
Electric Power Company. Machines of this type are the largest ever to be used
on a fossil fuel-fired cycle.

The historical development of the steam turbine can be summarized in a
number of ways. Figure 5.10 shows the progress in power output, inlet
temperature and inlet pressure from 1884 to 1984.

301



PART TWO: POWER AND ENGINEERING

' ——i "
- - -

TRIL i

- o=

v L

-:“.-I: F alla
I.I..

£
= i
A =N -ﬂ_j}m&.‘_—;’

]

WY 0
=]

E )

il
4

i

F 3
h:r-_

Figure 5.9
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Figure 5.9: Vertical section of the 1300MW, 3600rpm cross-compound turbine
built by Brown, Boveri & Co. and installed at the Gavin station of the American
Electric Power Co. in 1974. Steam inlet conditions: 241bar (3500psig), 538°C
(1000°F) with single reheat to 538°C (1000°F). This is the largest steam turbine
in the world supplied by a fossil-fuel fired steam generator.

Although this turbine is described as a cross-compound (introduced c.1914)
because sections of the machine are divided to drive two separate loads, it also
incorporates tandem compound features (introduced ¢.1913) because the high
pressure (upper left) and intermediate pressure (lower left) sections are coupled
to the low pressure sections (on the right). All sections are double flow
(introduced ¢.1906) with steam supply at the centre point of the section. The
steam flows in opposite axial directions balancing any thrust on the rotors from
the stage pressure drops. The high pressure section is supplied with steam from
the steam generator. This section then exhausts, through the reheater, to the
intermediate pressure section, which in turn exhausts to the four low pressure
sections. Double shell construction (introduced 1937) is used in all sections.

The increasing inlet temperatures and pressure shown in Figure 5.10 are a
consequence of the desire to increase the efficiency of the thermodynamic cycle
of which the steam turbine is a part. The result has been a considerable
improvement in cycle efficiency over the years as indicated by the decreasing
plant heat rate. Reliability is as important as efficiency, and the continual
advances in steam conditions and power output have required a corresponding
effort in metallurgy, material behaviour and inspection, blade and disc
vibration, and fluid mechanics. The fact that reliability has been maintained
with the continuing need to increase the turbine operating parameters is a
monument to the engineers who have made it possible.

INTERNAL COMBUSTION ENGINES

The reciprocating internal combustion engine was the second type of thermal prime
mover, after the reciprocating steam engine, to be developed, with the first practical
example, the Lenoir engine, being built in 1860. There were three incentives to
replacing the steam engine: (a) elimination of the boiler and condenser, and the
need for good water; (b) the increasing availability of suitable fuels: coal-gas and
petroleum derivatives; (c) the potentially higher thermal efficiency of the internal
combustion engine, as indicated by thermodynamics, resulting from the higher
allowable maximum temperatures compared to other prime movers.

Three fuels, gas, petrol (gasoline) and oil are in normal use in the internal
combustion engine. In addition, there have been, and there are, efforts to use
coal as a fuel (although contrary to myth, Rudolf Diesel did not originally intend
this for his engine). Engines can, therefore, be classified by the fuel they employ.
Alternatively, engines may be categorized by the method used to ignite the fuel;
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Figure 5.10: Historical trend of the performance parameters of steam turbines in
electric power generation service 1890-1985.

The plotted curves represent the ‘average’ or ‘typical’ machine. The progressive
increase in inlet steam temperature is particularly dependent on the materials
used in the rotors and casings. Periods of application of different materials are
roughly as follows: cast iron: 1883-1913; cast steel (ferritic): 1913-37; alloy steel
(chrome ferritic): 1930 to date; alloy steel (austenetic): 1947-76. To convert the
heat rate values to efficiency multiply by 2.93x10* and invert. The curves are
based on data in K.Baumann, Fournal of the Institution of Electrical Engineers, vol. 48
(1912), pp. 768-877; vol. 59 (1921) pp. 565-663, and The Metropolitan-Vickers
Gazette, vol. 12 (1930), pp. 212-20, and the annual power plant surveys
appearing under various titles in Fower between 1931 and 1985.

PLANT HEAT RATE [ETUS AW -Fr)

a hot surface, a spark or compression of the working substance. The modern
tendency appears to favour the last method. Accordingly, the following
nomenclature has been adopted here: the spark ignition engine describes
essentially the modern petrol engine and its forebears; the compression ignition
engine refers to what is now commonly known as the Diesel engine (which is
not the machine originally invented by Diesel). Two additional classes,

described further below, are the gas engine and the ‘hot bulb’ engine.

Proposals and developments before 1860

The development of the internal combustion engine began in the seventeenth
century with attempts by Christian Huygens to harness the energy released in
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a cannon on firing. This was done by exploding a charge of gunpowder at the
base of a vertical cylinder, closed at its lower end; the expanding products of
combustion raised a free-piston fitted in the cylinder. If some of the products of
combustion were released when the piston reached its point of maximum
travel, then the residual gases would, on cooling and contracting, produce a
pressure less than atmospheric (a vacuum) in the cylinder below the piston.
The application of this vacuum to power production was the same as that in
the steam engine (see p. 273).

The free-piston engine is not convenient for producing mechanical power
because on the upward (expansion) stroke the piston has to be disconnected
from the output shaft. An atmospheric engine with a conventional permanent
connection to its load was first demonstrated by William Cecil in 1820. This
was a hydrogen fuelled, single acting, atmospheric engine that drove its load
through a rocking beam (like Newcomen’s steam engine: see p. 275) and
crank. It was spark ignited, and Gecil designed an automatic device for
metering and mixing the air-fuel mixture.

Samuel Brown, a Londoner, constructed between 1823 and 1833 the
first commercially successful internal combustion engine. A vacuum was
produced in a constant volume container by burning coal-gas and cooling
the products of combustion with a water spray (as in Watt’s steam engine:
see p. 275). The vacuum was then used in a separate power cylinder, fitted
with a piston.

A free-piston engine was designed and built, between 1854 and 1864, by
the Italians Eugenio Barsanti and Felice Mattucci. This was a return to the
original concept of Huygens, but the fuel was now coal-gas with spark ignition.
For various reasons it was not a commercial success.

1860-1880: the early gas engine

The first internal combustion engine that could be said to provide a reliable
and continuous source of power was the gas engine (using coal-gas) introduced
in France in 1860 by Etienne Lenoir. The air standard Lenoir cycle is shown in
Figure 5.11 (a). It was a double-acting, two-stroke cycle engine (see below) that
used slide valves to control the admission and exhaust processes. It was very
popular, being made in sizes between one half and six brake horsepower, but
the thermal efficiency was low (5 per cent).

The most important contribution to the identification of the principles that
should be followed in the design of internal combustion engines was made by
Alphonse Beau de Rochas and given in a French patent filed in 1862. In
addition, Beau de Rochas advocated the use of a four-stroke cycle (see Figure
5.12 (a)) for maximum efficiency, rather than the two-stroke cycle (see Figure
5.12 (b)) that was more popular at that time.
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Figure 5.11

(a) The air-standard Lenoir cycle plotted on coordinates of pressure (P) and
volume (V) for a double acting engine showing suction and exhaust strokes. In
the actual engine an air and coal-gas mixture is drawn into the cylinder (1)-(3).
When the piston reaches mid-stroke the mixture is ignited, followed by a steep
rise in pressure (1)—(2). The pressure decreases (2)-(3) as the piston continues its
stroke. The exhaust stroke is (3)-(3). This cycle is sometimes known as the non-
compression cycle because the maximum pressure at point (2) is obtained from
heat addition (by combustion in the practical engine) not from motion of the
piston. T/ =maximum temperature at the conclusion of the heat addition
(combustion) process, T =temperature at the conclusion of the suction stroke
(ideally equal to the exhaust/admission temperature T}).
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(b) The air-standard Otto cycle plotted on coordinates of pressure (P) and
volume (V). Exhaust and suction strokes are not shown. The working substance
(air-fuel mixture in the actual engine) is compressed adiabatically (no heat
transfer) and reversibly (with no friction or other dissipative effects) from (1)-(2).
Heat is added at constant volume (2)-(3) (by combustion of the air-fuel mixture
i the actual engine). Reversible and adiabatic expansion (3)-(4) follows. From
(4)-(1) the working substance is cooled at constant volume (in the actual engine
the products of combustion are discharged to the ambient at P1).

The free-piston internal combustion engine reappeared in 1867 when N.A.
Otto and Eugen Langen demonstrated one at the Paris Exhibition. Its fuel
consumption was less than half that of the Lenoir engine. Although this engine
sold widely, it was heavy and noisy, and in 1876, Otto produced an engine
working on the four-stroke cycle of Beau de Rochas. Otto based his engine on
an air standard cycle (Figure 5.11 (b)) that is nowadays identified by his name,
which is applicable to both two- and four-stroke cycle engines.

An important feature of Otto’s four-stroke engine was its incorporation of the
concept of the stratified charge, which is applied in some modern engines to
minimize the production of undesirable pollutants in the exhaust gases (see p. 319).
His objective was to provide smooth operation by eliminating combustion ‘knock’,
or detonation (see below). In the stratified charge engine the air and coal-gas mixture
was introduced into the cylinder in such a way that it was lean near the piston with
increasing richness toward the ignition source (a gas pilot-flame). This was
accomplished by a special valve gear that first admitted air and then admitted the gas
when the piston was about half-way through the induction stroke.

The Otto engine, called by its manufacturers the Otto Silent Engine
(compared to the very noisy Otto and Langen engine), was a landmark in the
history of internal combustion engines, because it incorporated all the essential
features of the modern internal combustion engine.

Four-stroke and two-stroke cycle engines

The cycles forming the basis of the reciprocating internal combustion engine
may be classed as either two-stroke or four-stroke (Figure 5.12), with the
former having a power stroke every revolution and the latter on every
second revolution. The four-stroke cycle is in practice (although not in
theory) more efficient than the two-stroke cycle, but nineteenth-century
engineers continued to be interested in the latter because of its theoretical
advantages, and, more importantly, because it circumvented Otto’s patents
on the four-stroke cycle. The first engine operating on the principle was built
by Dugald Clerk in 1878.

Experience showed that the power output of the two-stroke cycle engine
was only about 30 per cent greater than that of the corresponding four-stroke
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Figure 5.12

(a) Indicator diagram (actual pressure-volume diagram for one complete cycle) of
a four-stroke cycle internal combustion engine. This is the cycle advocated by
Beau de Rochas in his 1862 patent. The cycle events are as follows: (4)-(2)
intake during an entire outward stroke of the piston; (2)-(S) compression during
the following return stroke of the piston with ignition at point S; (S)—-(3) increase
in pressure due to combustion of the air-fuel mixture followed by expansion to
point (3) on the outward piston stroke; (3)-(1) exhaust on the fourth, and last,
stroke of the cycle.

(b) Indicator diagram (actual pressure-volume diagram for one complete cycle)
of a two-stroke internal combustion engine. The cycle of events is similar to
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that in the four-stroke cycle except for the exhaust processes. Close to the end
of the expansion stroke the exhaust ports (Ex.P.) open and the products of
combustion are discharged from the cylinder into the exhaust manifold. Before
the outward stroke of the piston is complete and before the exhaust ports close
the inlet ports (LP.) open. On the return stroke of the piston, after it passes
bottom dead-centre (BDC), the inlet ports close followed by the exhaust ports.
This shows the intake process in the two-stroke cycle differs from that in the
four-stroke cycle in the following respects: (i) as the piston returns from BDG
it is opposing the intake process; (ii) intake only occurs during part of the
piston stroke which can inhibit the induction of the charge. For these reasons
engines working on the two-stroke cycle are not self-aspirating and a
compressor (called the scavenge pump) is required to force a fresh charge into
the cylinder and to push the products of combustion out. Because there is a
tendency for the incoming charge to flow straight out of the exhaust ports,
two-stroke spark ignition engines, where the air is carburetted outside the
cylinder, have a high fuel consumption compared to the corresponding four-
stroke cycle engines.

Reproduced with permission from D J.Patterson and N.A.Heinen, Emissions_from
Combustion Engines and their Control (Ann Arbor, Ann Arbor Science Publishers,
1973).

cycle engine, instead of being 100 per cent greater, as predicted by theory. This
is because the two-stroke cycle engine is not self- exhausting (technically, self-
aspirating, see Figure 5.12 (b)). The fresh incoming charge (air or air-fuel
mixture) must drive out the residual gases, a process called scavenging.
Incomplete scavenging of the burnt gases decreases the amount of fresh charge
that can be introduced, so the power output of the engine is less than
predicted. The scavenging process is assisted by ensuring that the pressure of
the incoming fresh charge is slightly higher than the pressure of the burnt gases
in the cylinder at the end of the expansion stroke (see Figure 5.12 (b)). A
scavenge pump provides the necessary pressure increase in the engine inlet
manifold. Various types of reciprocating and rotary pumps are used, and in
some cases the under side of the piston in a single-acting engine (see Figure
17(b)). A supercharger can, in principle, also act as a scavenge pump, but
because the efficiency of a two-stroke cycle engine is very sensitive to the
design of its exhaust system, it is usual, particularly with an exhaust gas
turbine driven supercharger (turbocharger), to provide a separate scavenge
pump (see Figure 17 (b))

The two-stroke cycle is used only by the lowest power (15kW or 20hp)
spark ignition engines or by the highest power (7500kW or 10,000hp or
higher) compression ignition engines. In both situations the two-stroke
engine is used to provide the maximum power from an engine of
minimum volume. This is accomplished in the spark-ignition engine with
the very simplest techniques (crankcase compression), and in the large
compression-ignition engine the most sophisticated methods are applied
(see below).
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1880-1900: different types of fuel

By about 1880 the principles of the practical internal combustion engine were
established. These early engines used coal-gas as their fuel, but this was
inconvenient where the engine was to drive a vehicle, and, for stationary
applications, because ready access to the gas mains was not available at all
locations. Liquid fuels provided a solution to this problem, but satisfactory
combustion required them to be vaporized before they were ignited.

This was (and is) accomplished in one of three ways: (a) carburetion:
engine induction air passed over or through the fuel in a carburettor, which
was independently invented in 1885 by Wilhelm Maybach and Karl Benz; (b)
hot bulb engine: spraying the fuel on to a hot surface and passing the engine
induction air over it (see below); (c) compression ignition: spray the fuel into
the cylinder, relying for evaporation on the hot gases produced by compression
of the air in the cylinder (the Diesel engine, see p. 311).

The application of the first method was limited between 1880 and 1900
because the necessary low volatility fuels (flash point -12°C to -10°C; 10°F to
14°F) were hazardous, resulting in legislation that restricted their use. This
made hot bulb engines with fuels (e.g. kerosene) of high flash point (above
23°C or 75°F) the most practical form of liquid-fuelled engine until the relevant
legislation was changed.

The ‘hot bulb’ engine

The first iquid fuel engine was constructed by G.B.Brayton in 1872 in Boston,
Massachusetts. It used a carburettor, and the fuel-air mixture, which was
compressed before admission to the engine cylinder, was ignited by a flame.
The next liquid fuel engine was built by W.D.Priestman of Hull, Yorkshire, in
about 1885. This operated on the four-stroke Otto cycle and employed an
external, exhaust gas heated vaporizer (flame heated for starting) into which
the fuel was sprayed. The induction air passed through the vaporiser and the
resulting mixture was ignited in the cylinder by an electric spark. Thermal
efficiency was about 13 per cent (specific fuel consumption about 1lb mass/
hphr; 0.61kg/kWhr).

Herbert Akroyd Stuart was the first (1890) to invent an engine, operating
on the four-stroke Otto cycle, that made no use of an ignition source (spark or
flame) and 1is, therefore, clearly related to the modern compression ignition
engine. The vaporizer, or ‘hot bulb’, into which the fuel was sprayed was
mounted on the cylinder head and connected to the cylinder by a narrow
passage. It was heated either by hot cylinder cooling water, or by the exhaust
gases (an external flame was used for starting). The induction air was drawn
mnto the cylinder, and compressed, through the narrow connecting passage,
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into the vaporizer, where ignition occurred when a combustible fuel-air mixture
was attained. This was self-ignition resulting from contact between the mixture
and the hot walls of the vaporizer, and should not be confused with ignition
due to the high air temperatures encountered in the compression ignition
engine. The fuel consumption of Akroyd Stuart’s engine was comparable to
that of Priestman’s, but it avoided the spark ignition (unreliable in those days)
of the latter.

The hot bulb engine lasted in various forms until the late 1920s (often
being called a semi-diesel, no doubt for advertising purposes) even though it
was not as efficient as the compression ignition engine. It had the advantage of
simplicity because it did not require the air compressor used in the early
compression ignition engines, since the fuel was injected mechanically (so-
called solid injection) near the beginning of the compression stroke, at a much
lower pressure than the injection pressure of the compression ignition engine.

The petrol engine

The application of the internal combustion engine to transport requires,
besides a liquid fuel, a high power-weight ratio, which in turn requires an
engine operating at a high speed. Increasing the speed from 170rpm to 800rpm
should reduce the engine weight by about 80 per cent. This was the objective
of Gottlieb Daimler and Wilhelm Maybach.

Almost at the same time in 1886, Karl Benz and Daimler and Maybach
produced single cylinder Otto cycle engines, using petrol and a carburattor,
operating on a four-stroke cycle, that was light enough for use in the
automobile. One important difference between the engines was the method of
ignition. Daimler and Maybach employed the hot-tube igniter; Benz used spark
ignition provided by a battery and an induction coil (the coil contacts were
opened and closed independently of the engine speed, producing sparks at a
steady rate).

Ignition and carburation underwent significant advances before the close of
the century. The float-fed spray carburettor was introduced by Maybach in
1893 on the Daimler engine. In 1899, Daimler engines were converted from
the hazardous flame-heated hot tube to Priestman’s electric spark ignition with
the spark generated by the low tension magneto invented by Robert Bosch.

The Diesel engine
A most important advance in internal combustion engine design was made by
Rudolf Diesel with his invention of the compression ignition engine, so called

because the fuel is introduced directly into the cylinder, in the form of a finely
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Figure 5.13

(a) The air-standard Diesel (modified Carnot cycle) plotted on coordinates of
pressure (P) and volume (V). The true Carnot cycle (1), (2'), (3"), (1) was
modified by Diesel as follows: (1) expansion was terminated at point (5) in order
to provide a cylinder of reasonable dimensions (shown solid in the lower
diagram, with the dashed lines showing the cylinder dimensions required by the
true Carnot cycle); (i) the constant temperature heat addition process (3')-(4) of
the true Garnot cycle was replaced by the constant pressure heat addition process
(3)-(4) in engines built after 1893 when it was found in the prototype to be
impossible to produce a constant temperature combustion process.
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(b) The air-standard compression ignition cycle plotted on coordinates of
pressure (P) and volume (V). The heat addition (combustion in the real
engine) processes tend to be different depending on the method of fuel
injection. Research by Ricardo showed that fuel injected by air is much more
finely divided than that resulting from solid injection, so burning is very fast
and the rate of combustion can be controlled by the rate of fuel admission.
Consequently, the pressure-volume diagram follows the path (2)-(3). With
solid injection there is a delay before combustion starts, this is followed by a
rapid rise in pressure (2')-(3"). At point (3') the pressure and temperature of
the cylinder contents are so high that the remaining fuel ignites on entry,
and, as with air injection, the rate of burning depends on the rate of fuel

supply (3')-(4").

divided spray, at the end of the compression process, and is ignited by contact
with the high temperature compressed air in the cylinder.

Diesel’s original proposal, made in about 1890, was for an engine working
on the GCarnot cycle (see Appendix, p. 342), with a compression ratio of 50:1, a
maximum pressure of 253bar (3675psi) and temperature of 800°C (1470°F),
giving an air standard efficiency of 0.73 (Figure 5.13 (a)). However, the mean
effective pressure of the proposed cycle was very small, which meant that a
slight deviation from the design conditions would prevent the engine from
operating because it was unable to overcome the internal friction.

In 1892 the Maschinenfabrik Augsburg (later the Maschinenfabrik
Augsburg-Niirnberg or MAN) contracted with Diesel to construct an
experimental engine with a 15:1 design compression ratio in exchange for
manufacturing rights. This engine was tested between July and September
1893. It was not able to run under its own power because the friction power
exceeded the engine power, but it did demonstrate firstly that a charge of fuel
could be ignited by compression alone; and, secondly, that when the fuel is
injected it must be broken up into minute droplets, and that this was best
achieved (at that time) if the fuel was sprayed into the cylinder by
compressed air.

In spite of the problems, the engine was sufficiently promising to attract a
number of licensing agreements in 1893. In February 1897 a fourth
experimental engine (see Figure 5.13 (a)) with a compression ratio of 11:1 was
built, which, when tested, had a brake thermal efficiency of 30.7 per cent (fuel
consumption 0.44lb mass/hphr; 0.27kg/kWhr), which was substantially higher
than any contemporary heat engine. Further licences were taken up, but the
move was premature because no licensee was able to build a reliable engine.
Consequently, between 1897 and 1902 a major development programme was
carried out by MAN to produce a satisfactory engine.

During the next ten years or so, the Diesel engine gradually found its place
in the stationary engine field with engines of 15-75kW (20-100hp) that were
more convenient and more economical than gas engines. However, mobile
application did not appear practical because of the bulky air compressor
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required to produce the fuel injection ‘air blast’ and because of the low engine
speed (piston speed: 3m/s or 590ft/min).

The modern descendant of the Diesel engine is better called a compression
ignition engine because it does not operate on Diesel’s theoretical cycle.
Furthermore, beginning in the 1920s, when solid fuel injection was introduced
(see p. 322) the mode of operation differed even more from the original Diesel
concept (see Figure 5.13 (b)).

The gas engine: 1880-1986

The history of the gas engine from 1880 onwards has two phases, the first
lasting until about 1914, and the second from about 1925 to the present.

Until 1914 the history of the gas engine is very closely tied to the available
fuel. In its earliest days (1860 to 1880) coal-gas was used (LHV: 19,371k]/m?
or 520BTU/ft%), but it was expensive and restricted the engines to power
outputs of no more than 55kW (75hp). In 1878, J.E.Dowson invented the
suction gas producer which generated a gas mixture (LHV: 5029k]J/m? or
135BTU/ft%) by the partial combustion of coal with air and steam, and costing
about one-tenth the price of coal-gas. Because its lower cost more than
compensated for its smaller heating value compared to coal-gas, the use of the
gas engine increased, along with its size (up to 75kW/100hp).

In 1895, B.H. Thwaite demonstrated at the Glasgow Iron Works that blast
furnace gas (approximate composition CO 35%, N 65%; and LHV 3725k]/m?
or 100BTU/ft?) was a suitable engine fuel, and since it was otherwise a waste
product of the iron smelting process, its small heating value was no
disadvantage. The availability of large quantities of cheap gas and the need to
drive big blast furnace blowers, resulted in the construction of extremely large
gas engines for use in iron and steel works. One of the largest was a four-
stroke cycle engine of 7500kW (10,000hp) that was installed at the South
Chicago Works of the Illinois Steel Company in 1931. Nevertheless, by about
1914 it was clear that the gas engine could not compete with the compression
ignition engine or the steam turbine.

It was the commercial exploitation of natural gas (mostly methane, with
smaller quantities of other hydrocarbons; LHV: 39,113k]J/m?® or 1050BTU/ft%)
in the United States, starting in the mid-1920s, that revived the fortunes of the
gas engine. This gas has to be conveyed by pipeline from its source to its point
of use, requiring compressors located at intervals. These can be driven by
reciprocating engines (sometimes gas turbines) burning as fuel the gas being
pumped. The availability of well-developed compression ignition engines,
together with a fuel in the pipeline at a high pressure, suggested that these
engines could be adapted to burn natural gas by replacing the compression
ignition cylinder head by one incorporating a fuel injector, and either a spark
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plug or an oil fuel injector to provide a pilot flame, as an alternative to the
electric spark. Modern forms of this engine operate with compression ratios as
high as 13:1.

Supercharging: 1909-1930

Supercharging describes any technique intended to increase the density of the
air (oxygen) supplied to an internal combustion engine. It can be accomplished
by either raising its pressure by a compressor (‘blower’) or decreasing its
temperature by the addition of volatile liquids; however the name is usually
associated with the first method. So-called charge-air cooling has also been
considered for compression ignition engines.

Supercharging was apparently first proposed by Daimler, but was not tried until
1878 when Dugald Clerk employed it on his two-stroke gas engine (see p. 307). The
first significant use of supercharging was in aircraft engines, which operate at a low
ambient pressure. This was first proposed by Auguste Rateau in 1914, and the idea
was taken up about 1918 by, among others, S.A.Moss in the United States and
A Biichi in Switzerland. The supercharger has also been used extensively in racing
cars, since its first application by Mercedes in 1922, to increase the power output by
an engine of a given size. High power compression ignition engines have adopted
supercharging so extensively, in order to increase the power-to-weight ratio, that
supercharged engines of this type are the rule rather than the exception.

Supercharging can be provided by piston pumps, vane pumps, Roots
compressors and the centrifugal compressor. They can be driven mechanically
off the engine crankshaft, or, where space is not limited, electric motors and
even steam turbines have been used. However, it is the gas turbine, as
originally proposed by Rateau, using the exhaust gases from the engine, and
driving a centrifugal compressor that has been the most significant
development in supercharging (nowadays commonly called turbocharging).

The application of the gas turbine driven supercharger is not simple. Firstly, if
the engine is to produce power, the gas turbine-compressor combination must
have a high efficiency (more than 55 per cent) and the temperature of the
exhaust gas entering the gas turbine must be greater than about 400°C (750°F).
Secondly, difficulties can arise because of the overlap of the opening of the intake
and exhaust valves, which is required to minimize the effects of valve and gas
mertia and is, furthermore, required in the two-stroke engine to provide adequate
scavenging. If, when this situation occurs the pressure in the exhaust manifold is
higher than the intake pressure, then back flow can occur. This situation can be
overcome in two ways. In constant pressure supercharging the volume of the
exhaust system can be made large enough to keep its pressure essentially
constant and never exceeding that in the inlet manifold. This method, invented
by Rateau in 1914, is used in aircraft engines. In pulse supercharging the exhaust
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manifold is divided so that cylinders exhausting into a particular manifold do
not produce interfering pressure pulses. Biichi devised this method in about
1925 as a result of tests that he started in 1909.

The reasons for choosing a particular supercharging technique are complex,
but in general pulse supercharging is preferred in two-stroke cycle engines,
because it makes better use of the energy in the exhaust gas, thereby
compensating for the decrease in the gap temperature caused by the excess air
necessary to ensure efficient cylinder scavenging. Pulse supercharging involves
complicated exhaust manifold arrangements, so the constant pressure method
1s desirable where first costs must be minimized, as in automobile applications.

The spark ignition engine

The spark ignition engine is in almost universal use for automobiles, and it is
also used as an aircraft engine when the power and speed capabilities of the
gas-turbine are not required. The modern spark ignition engine has been
subjected in its lifetime to some of the most intensive scientific study of any
thermal prime mover because of its sensitivity to the fuel used, and because it
is a potent and very widespread source of atmospheric pollutants.

1900-1920: The kigh speed spark ignition engine

The need to produce a simple and reliable automobile engine led to changes in
combustion chamber shape, and increase in the number of cylinders (from
1900 to 1915), improved ignition systems, decreasing gasoline volatility, better
fuel supply systems, and forced lubrication (1908).

Combustion chambers were continually changing in order to provide an
engine that was simple to manufacture and maintain, had satisfactory power
output and fuel economy, and avoided detonation (see below). The most widely
used combustion chamber was the side-valve or L-head, which, however, had a
strong tendency to produce detonation. Research conducted by H.R Ricardo
between 1912 and 1918 showed that the compression ratio at which detonation
first occurred could be raised from 4.0 to 4.8 if the turbulence of the air-fuel charge
was increased and the spark plug was located nearer the centre of the cylinder.

1920-1945: detonation
This particular phenomenon produces an unpleasant noise, but more
importantly, it indirectly has a deleterious effect on the fuel consumption,

because it limits the maximum useable engine compression ratio.
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Detonation (‘knock’) was first identified and differentiated from pre-ignition
(due to hot surfaces) in 1906 by Dugald Clerk and H.R.Ricardo. It is defined
as self-ignition of the end gas (the unburnt portion of the charge) as a
consequence of its temperature and pressure having been increased by
compression resulting from the expansion of the burning portion of the charge.
This produces high frequency oscillations in pressure, and hence the
characteristic engine noise.

Detonation first became a significant consideration in 1905 as more volatile
petrol came into use, but it was not until the First World War that it became
critical as a result of its effect on aircraft engine performance. Consequently, a
group in the United States, under the direction of C.F.Kettering of the Dayton
Metal Products Company, developed a special aviation fuel consisting of a
mixture of cyclohexane and benzene which allowed aircraft engines to operate
without detonation at compression ratios up to 8:1.

Following the war, work on solving the detonation problem adopted two
approaches: firstly, the search for a chemical additive (dope) which would
suppress detonation, was undertaken by Kettering, T.A.Boyd, and Thomas
Midgley, all of General Motors. The second approach, involving the best
combination of engine design parameters and fuel to minimize detonation, was
initiated by Ricardo. Boyd, in 1919, starting from his discovery in 1916 that
iodine could suppress detonation, found that aniline was also suitable.
However, neither compound was entirely practical (iodine was corrosive and
aniline had a bad smell). Eventually in 1921, as a result of a lengthy search,
lead tetraethyl was identified as a suitable detonation suppressant. This historic
discovery made the modern high compression spark ignition engine possible
(see Figure 5.14).

In England, Ricardo formed his own company in 1917 with the objective of
finding the combination of fuel and combustion chamber form that would
eliminate detonation. As a result he decided that the detonation tendencies of
engines and of fuels must be defined in terms of standard fuels and standard
engines. In 1924 he introduced a mixture of toluene (resists detonation) and
pure heptane (readily detonates). The detonation characteristics of a candidate
fuel could then be expressed in terms of the percentage of toluene in the
standard fuel that matches the detonation characteristics of the given fuel.
Toluene was later (1927) replaced by octane, hence the now-familiar octane
number.

Since detonation depends on the engine compression ratio, as well as the
fuel, the candidate fuel must be tested in a standard engine in which the
compression ratio may be varied while the engine is running. Ricardo was first
to build such an engine (in 1919). Eventually in 1931 a committee (the
Cooperative Fuel Research Committee) of interested parties (engine
manufacturers, oil refiners) in the United States, under the leadership of
H.L.Horning of the Waukesha Engine Company, produced a standard engine
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Figure 5.14: Historical trend of the performance parameters of four-stroke cycle
spark ignition automotive engines 1920-85. Unfortunately, the data available to
the author were limited as shown.

The curves are based on data in C.F.Taylor The Internal Combustion Engine in Theory
and Practice, vol. 2, revised edition (The MIT Press, Gambridge, Mass., 1985) and
Automotive Industries, vol. 165, no. 6 (1985), p. 521.

design, known today as the CFR Fuel Research Engine, which is now a world-
wide standard for detonation research and testing.

1945-1986: power, efficiency and cleanliness

Initially, after the war ended in 1945, engines of ever increasing power, and
mean effective pressure were produced (Figure 5.14). There was also a
progressive increase in the compression ratio (Figure 5.14) and the octane
number of available petrols. This trend was arrested by the combined effects
of environmental concerns (since 1963) and the ‘energy crisis’ (1973).
Scientific investigations, particularly in southern California, in the late
1940s and early 1950s had demonstrated that hydrocarbons, carbon
monoxide, and various oxides of nitrogen, produced by automobile spark
ignition engines, were important air pollutants. It was clear that with the
anticipated increase in the number of motor vehicles, particularly in large
urban areas, control of emissions from their engines was essential. The

318



STEAM AND INTERNAL COMBUSTION ENGINES

government of the State of California, and then the United States government,
enacted legislation on automobile emissions, and comparable regulations were
imposed in many countries outside the United States.

The environmental regulations imposed by the US government on the
automobile engine were embodied in the so-called 1963 Clean Air Act, amended
in 1968, 1970 and 1977. The practical realization of the various techniques devised
to meet the legal requirements has resulted in the need to solve some of the most
challenging technical problems presented by the internal combustion engine.

There are five main emission control methods, (a) Air injection into the
exhaust manifold to burn hydrocarbons and carbon dioxide, (b) Exhaust gas
recirculation (EGR), which lowers nitrogen oxides emitted by the engine by
diluting the intake fuel-air mixture, thus decreasing the maximum cylinder gas
temperature, (c) Oxidizing catalytic converter, which is located in the exhaust
line and assists the oxidation of hydrocarbons and carbon dioxide. In 1981 a
so-called three-way catalytic converter, which additionally converts oxides of
nitrogen to nitrogen, was introduced. This has allowed the engine to operate at
conditions suitable for minimum fuel consumption, (d) Electro-mechanical
carburettor which controls the engine fuel supply by sensing the oxygen level
in the exhaust gas before it enters the three-way catalytic converter. The sensor
and the carburettor are linked through a microcomputer to provide a control
system that maintains the air-fuel ratio at 14.6£0.2. (e) Fuel injection into the
inlet manifold or at the cylinder intake ports, which allows even more precise
control of the air-fuel ratio than the electro-mechanical carburettor.

The effort to meet emission standards in mass-produced engines has resulted
in a complicated engine that has a higher first cost and is expensive to maintain.
It is possible that this situation could be avoided if the combustion processes in
the engine cylinder could be fundamentally changed. It has been known for
some time that a marked reduction in carbon monoxide and oxides of nitrogen
emissions (but not hydrocarbons) can be obtained if the fuel-air mixture was
weaker than that required by purely chemical considerations (the so-called
stoichiometric mixture): however, the engine has a low efficiency and runs very
roughly. This can be avoided by using a stratified charge (see p. 306-7), and a
substantial effort has been made by automobile manufacturers to develop an
engine of this type. Because its operation is sensitive to variations in design and
conditions of use, it has been found difficult to employ this type of engine in a
mass-produced vehicle: the only commercially available engine in the late 1980s
was the Honda Compound Vortex Controlled Combustion (CVCC) engine.

Aircraft engines

The contribution of the aircraft engine to the development of the internal
combustion engine has been particularly important in producing engines of
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low specific weight (kg/kW). Many of the features that have contributed to this
development have reappeared in the 1980s in low specific weight automobile
engines with minimum fuel consumption and pollution.

The automobile engines available to the earliest aircraft builders (c.1900)
were too heavy and of too low power, and the first practical engines produced
by the Wright brothers (see p. 622) and by C.M.Manly for Langley’s
‘Aerodrome’ of 1903, were designed specifically for use in aeroplanes. Manly’s
engine was remarkable in having a specific weight of 1.45kg/kW (2.38Ib mass/
hp), which was not improved on until the American ‘Liberty’ engine of 1918.
The Manly engine was unique in its anticipation of many features that became
standard on later aircraft engines: a radial arrangement of the cylinders with a
master connecting rod, the cam and valve gear arrangement, and crankcase,
cylinders and other parts that were machined all over to carefully controlled
dimensions.

Aircraft engines following the initial period (¢.1903-14) were of two
main types. The air-cooled radial engine was based on the Gnome rotary
(cylinders rotated around the crank shaft) radial engine, which was the
most popular aircraft engine up to the First World War and was used by
both sides in the conflict. It was mostly, but not exclusively, used by
civilian aircraft operators, because of its simpler cooling arrangements. The
first large radial air-cooled engine of modern design was the Pratt and
Whitney ‘Wasp’ (1927). It employed a mechanically driven centrifugal
supercharger, as well as a forged and machined aluminium crankcase and
cylinder head.

The liquid-cooled vee engine had its origins (¢.1915) in the Hispano-Suiza
engine (1.9kg/kW or 3.1lb mass/hp). The basic structure consisted of a cast
aluminium crankcase with en bloc water jackets. Initially, aircraft engines used
water for cooling, but this was changed ¢.1932 by the Curtiss Company in the
US when they introduced a water-ethylene glycol mixture. This boiled above
the boiling point of water, so that the higher temperature difference between
the coolant and the ambient air allowed the use of a smaller, lower drag
radiator.

The Curtiss Company, starting in 1920, developed a succession of in-
line engines, based on the Hispano-Suiza engine, which had considerable
success In racing, particularly in the Schneider Trophy sea-plane races (see
p. 630). This led the Rolls-Royce Gompany in Britain to design the
‘Kestrel” engine in 1927 (1.1kg/kW or 1.771b mass/hp), followed by the ‘R’
(for racing) type, and then the ‘Merlin’ (0.78kg/kW or 1.28lb mass/hp).
This last engine, together with the Wright ‘Cyclone’ and Wright “Wasp’
radial engines, represent the pinnacle of the reciprocating spark ignition
aircraft engine development.

Figure 5.15 summarizes the development of the aircraft piston engine
between 1900 and 1960.
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Figure 5.15: Historical trend of the performance parameters of aircraft spark-
ignition engines 1900-60.

Adapted with permission from: C.F.Taylor ‘Aircraft Propulsion: A Review of the
Evolution of Aircraft Power Plants’, Smithsonian Report for 1962 (Smithsonian
Institution, Washington, D.C., 1962).

The compression ignition engine

The modern compression ignition engine is the most efficient thermal prime
mover available today, and the pollutants in the exhaust are less than those
produced by spark ignition engines. It is the engine of choice in non-aircraft
transportation applications where low operating costs are more important than
the first cost. However, the compression ignition engine was not readily
adaptable to transport applications until about 1930 when engine speeds
increased and solid injection replaced air-blast fuel injection.
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1920-1945: The high speed compression ignition engine

Compression ignition engines for application to transport require a compact,
lightweight, high speed (piston speeds exceeding 7.6m/s; 1500ft/min), high
efficiency internal combustion engine, with solid injection of the fuel. Such an
engine was developed between 1920 and 1930. At the time it was a widely
held belief that high speed in the compression ignition engine was impossible,
because the combustion processes were too slow. In addition, Diesel had
found, and experience in the 1920s confirmed, that solid injection methods
required careful study, otherwise the engine ran roughly, with poor fuel
consumption.

The requirements for a successful high speed, solid injection engine were
elucidated as a result of careful studies of the details of the combustion process.
One of the most important contributions to this work was H.R.Ricardo. He
found among other things that careful control of the air motion in the cylinder
was important, consequently the introduction of solid injection coincided with
development of many different types of combustion chamber.

1945-1986: Power, ¢fficiency and cleanliness

In the years following the Second World War the history of the compression
ignition engine has been dominated by the development of engines of ever-
increasing specific power output (kW/kg or hp/lb mass), which has been due to
the rising mean effective pressure as a result of the universal adoption of turbo-
charging (Figure 5.16). Consequently, attention has to be paid in design to
handling high mechanical and thermal loads.

The design of the compression ignition engine has settled into a pattern
where most low speed (less than 250rpm), large stationary or marine engines
operate on the two-stroke cycle. High speed engines, with speeds in excess of
1200rpm are four-stroke, and medium speed engines (250-1200rpm) usually
operate on the four-stroke cycle, but occasional examples of engines using the
two-stroke cycle can be found (e.g. General Motors locomotive engines).

Because the fuel consumption of the compression ignition engine is not as
sensitive to pollution control measures as the spark ignition engine, a number
of passenger automobiles were offered in the mid-1970s with the former. This
interest seems likely to revive as oil supplies dwindle toward the close of the
twentieth century.

The need to develop a compression ignition engine with a high thermal
efficiency has resulted, among other things, in a re-appraisal of the combustion
chamber form. In particular, the direct injection combustion chambers, with
their lower heat losses compared to the indirect injection chambers (e.g.
Ricardo Comet), have been receiving considerable attention. However, prob
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Figure 5.16: Historical trend of the performance parameters of two- and four-
stroke cycle compression ignition engines 1900-85.

The curves are based on data in J.W.Anderson, ‘Diesel-Fifty Years of Progress’,
Diesel Progress, vol. 14, May (1948), pp. 5-331, and Anonymous, ‘Fifty Years of
Diesel Progress, 1935-1985°, Diesel Progress, vol. 37, 50th Anniversary
Supplement, July (1985), pp. 12-182.

ably of greater importance is the clear indication, as has already occurred in
the spark ignition engine, of a trend towards microprocessor control of the
engine.

Marine compression ignition engine

Approximately half the world’s tonnage of shipping is now propelled by
compression ignition engines, and the percentage is increasing. This form of
power was first applied in 1912 to ocean-going shipping in the Danish Selandia.
This was a 7500 tonne freighter fitted with two Burmeister & Wain four-stroke,
single acting, eight-cylinder engines of 1340SkW (1800shp) each.

There are a number of advantages in marine applications of the
compression ignition engine compared to the reciprocating steam engine, (a)
The oil fuel is easier to handle and store than coal: it can be carried in the
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bilges, whereas coal bunkers use cargo space, (b) The oil fuel has a larger
heating value than coal (about 25 per cent), and weighs less, (c) The
compression ignition engine is about half the weight of a boiler and
reciprocating steam engine of the same power.

The 1920s was the heyday of the four-stroke single-acting crosshead engine
with air injection, and probably the most important manufacturers of this type
of engine at that time were Burmeister & Wain of Copenhagen and their
licensees Harland & Wolff, the Belfast shipbuilding and engineering company.
However, by the mid-1920s these two companies had turned their attention to
the four-stroke cycle double-acting engine, and they jointly developed an
experimental single cylinder engine that produced about 745SkW (1000shp),
about 150kW (200hp) more than the then probable maximum value for a
single-acting four-stroke engine. However, in spite of considerable engineering
effort, this type of engine was never successful. The main difficulty was to
design the complicated lower cylinder head to withstand the thermal stresses
induced by its form.

By the mid-1920s the two-stroke single-acting engine started to compete
seriously with the four-stroke engine. The first engine of this type in an ocean-
going vessel was fitted in the Monte Penedo, which was built for Brazilian
owners, and had two 630SkW (850shp) Sulzer engines. By 1935 the two-
stroke engine had essentially eliminated the four-stroke engine from
consideration for marine use when engines of more than 1500kW (2000hp)
were required. (By 1930 Burmeister & Wain and Harland & Wolff, established
producers of four-stroke engines, were offering the two-stroke type.)

Inevitably, demands for even greater power output directed the attention of
owners and builders to the double-acting two-stroke engine. An engine of this
type was first built by Krupp in 1909; this firm and Maschinenfabrik
Augsburg-Nirnberg were each commissioned by the German navy in 1910 to
produce a double-acting lightweight engine for use in warships. The MAN
engine was a 8950SkW (12,000shp) machine with six cylinders. Work ceased
on the project in 1914 and it was broken up in 1918 by order of the Allied
Control Commission. However, this type of engine was revived in the
‘Deutschland’ class of pocket battleship (the Graf Spee was a member of the
class), which were fitted with eight double-acting two-stroke solid injection
nine-cylinder engines each rated for 4550BkW (6100bhp) at 450rpm.

The double-acting two-stroke engine suffered somewhat from the faults of
the four-stroke double-acting engine, except that the use of port scavenging
reduced the number of valve openings required in the lower cylinder head.
Although this type of engine was installed in ships up to the mid-1950s, it has
now, because of the lower head problems, been displaced by single-acting and
opposed piston types of engine.

The opposed piston engine was introduced in 1898 as a two-stroke gas engine
by W. von Oechelhduser and was adapted to burn oil by Hugo Junkers. It had
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been applied to ship propulsion in Germany without success, but in spite of this
the British firm of William Doxford & Sons, marine steam engine builders, decided
in about 1912 to investigate the possibility of using it for marine service. The first
production engine (four cylinders, 2240IkW/3000ihp, 75rpm) went to sea in 1921
in the 9140 tonne Yngaren (Swedish Transatlantic Lines). The Doxford engine
(Figure 5.17 (a)) has probably been one of the most successful marine internal
combustion engines ever produced, but in spite of this, production ceased in 1980
(undoubtedly as a consequence of the shift in the centre of shipbuilding activity to
the Far East). Opposed piston engines were also built by Burmeister & Wain-
Harland & Wolff, and Cammell-Laird, among others.

The development of the marine compression ignition engine since 1945 has
concentrated on increasing the power output per cylinder, the thermal efficiency,
and the ability to burn low-quality fuels. Two-stroke single-acting engines of this
type (Figure 5.17 (b)) produce up to 3505bkW per cylinder (4700 bhp per
cylinder) with a specific fuel consumption of about 157 grams/ BkWhr (0.258Ib
mass/bhphr) which for a fuel with a heating value of 44,184]/ gram (19,000btu/
Ib mass) corresponds to a thermal efficiency of 52 per cent. This performance
makes engines of this type the most efficient of all thermal prime movers.

Wankel engine

Rotary internal combustion engines in which all the processes of the cycle
occur in one structural containment (or body) are attractive because they have
the inherent dynamic balance characteristics of the turbine, but avoid the need
to provide separate components for each of the cycle processes. The first
attempt to produce an engine of this sort is probably due to an English
engineer Umbleby who proposed the adaptation of a steam rotary engine that
had been invented by J.F.Cooley of Alston, Massachusetts, in 1903. This
particular engine was essentially the last in a long line of steam rotary engines
that appears to have its origins in a proposal due to Watt in 1782, which was
the last of various types of rotary engines considered by Watt and his partner
Boulton between 1766 and 1782 in a frustrating, and eventually unsuccessful,
attempt to obtain rotary motion without using the piston and cylinder. Rotary
steam engines never successfully competed with the reciprocating steam engine
or, for that matter, the steam turbine. In general the necessary technological
sophistication, materials and financial resources were not available. This is
confirmed by the development history of the most successful of the rotary
internal combustion engines produced so far, the Wankel engine. Substantial
resources have been devoted to the development of this engine since its
original conception (1954), but it still (1988) cannot be said to be the equal of
or superior to the reciprocat ing engine, except in regard to the previously
noted characteristics of good balance and high power-to-weight ratio.
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(b}

Figure 5.17

(a) Doxford opposed piston two-stroke compression ignition engine, ¢.1950. The
figure shows two cylinders with a piston-type scavenge pump between the power
cylinders. The arrows trace the path of the scavenge air through the pump, to
the inlet manifold, through the intake ports, traversing the space between the
pistons in a spiral uniflow pattern, and leaving through the exhaust ports into the
exhaust manifold. In the right hand cylinder the pistons are at inner dead centre
and their faces are so shaped that an almost spherical combustion space is
formed. Reproduced with permission from W.H.Purdie, ‘Thirty Years’
Development of Opposed-piston Propelling Machinery’, Proceedings of the Institution
of Mechanical Engineers, vol. 162 (1950), pp. 446-64).

326



STEAM AND INTERNAL COMBUSTION ENGINES

(b) End section of a two-stroke, single acting, crosshead type compression
ignition engine, 760 mm (30 in.) bore by 1550 mm (61 in.) stroke, with power
output per cylinder of 1340kW (1800hp). This is actually a single cylinder
experimental engine (type 1RSA76) built by Sulzer Brothers in the late 1950s.
The engine is fitted with a turbo-charger (top left-hand) supplying air (through
an after-cooler, shown dashed) to the inlet plenum located on the right-hand side
of the engine. The lower side of the piston acts as a scavenge pump. Loop
scavenging is used with incoming air introduced through the right-hand ports
and the exhaust leaving through the left-hand ports. Super-charging is by the
pulse (Buchi) method. Direct fuel injection is by the injector mounted in the
cylinder head. The piston is water cooled with coolant supply and removal
through the hollow piston rod and a swinging link connected to the crosshead.
Reproduced with permission from A.Steiger, “The Significance of Thermal
Loading on Turbocharged Two-Stroke Diesel Engines’, Sulzer Technical Review,
vol. 51, no. 3 (1969), pp. 141-159).

The rotary engine is an elegant concept that undoubtedly appeals to the
aesthetic sense of the engineer. It has attracted a number of inventors, but the
difficulties of translating the idea into a working engine have been such that
only the engine conceived by Felix Wankel in 1954 has been developed to the
point where it has been extensively used in automobiles (most notably by the
Mazda Motor Corporation, formerly Toyo Kogyo Co. Ltd).

In the rotary engine the piston and cylinder of the reciprocating engine are
replaced by working chambers and rotors enclosed by a stationary housing.
The rotor and the working chamber are specially shaped to allow the working
substance that is trapped between these two components to undergo the
processes of some internal combustion cycle. The exact shapes of the rotor and
the working chamber depend on the kinematics of the linkage that connects
the rotor to the drive shaft. In the case of the Wankel engine the working
chamber is shaped like a figure of eight with a fat waist (actually an
epitrochoid), and this contains a three-cornered rotor that orbits the drive-shaft
so that all three corners are permanently in contact with the walls of the
working chamber. Ports allow for the admission of the mixture (carburetted
engine), or air (engine with in-cylinder injection), and the exhaust of the
products of combustion. For a spark ignition engine the necessary spark plug is
located at an appropriate point in the wall of the working chamber.

When working on a four-stroke Otto cycle with spark ignition, the space
between the rotor and the inner surface (the working surface) of the working
chamber continually changes in size, shape and position. These volumetric
changes provide for charge induction, compression, expansion and exhaust.
The cyclic sequence of these processes is followed by all three faces of the
rotor, so a single rotor engine is acting like a three-cylinder reciprocating
engine. As in the two-stroke reciprocating engine, no valves are required on the
inlet and exhaust ports, since the gas flow is controlled by the rotor motion (cf.
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piston motion in the two-stroke reciprocating engine). This feature of the
engine, among others, makes it mechanically quite simple.

The Wankel engine had its origins in a rotary compressor that was
invented by Felix Wankel between 1951 and 1954. He operated a
research and development company that carried out contract work for
various German engine manufacturing companies. He had little formal
engineering training, but had served German industry since 1922. One
of his most successful inventions prior to the Wankel engine was a
rotating disc valve, invented in 1919, that replaced the conventional
poppet valves of the reciprocating engine and required the solution of
particularly difficult sealing problems; this background was probably of
great assistance in the development of the Wankel engine, where the
sealing at the rotor apex, its point of contact with the working surface,
is especially critical.

The German NSU company obtained the rights to the Wankel disc valve
for use in racing motor-cycles, and at about the same time (1954) they also
considered the use of a Wankel compressor as a supercharger. It was only a
short and obvious step to investigate the possibility of adapting the
epitrochoidal chamber and triangular rotor of the compressor for use as an
internal combustion engine. NSU and Wankel then spent the period between
1954 and 1958 in an intensive development effort on the Wankel engine.
Ultumately a car, the NSU Wankel Spider (1964-7), was produced.

The Curtiss-Wright company in the United States acquired the American
rights to this engine, as have a number of other companies in various parts of
the world. The most successful of these licensees has been the Mazda Motor
Corporation in Japan. This company has manufactured since 1967 a line of
very successful cars using their version of the Wankel engine.

Experience with the Wankel engine has shown that its fuel economy and
emissions performance are not as good as those of the reciprocating engine.
The former is strongly affected by heat losses (the rotary engine has a larger
combustion chamber surface-to-volume ratio than the reciprocating engine), by
friction at the rotor seals, and by difficulties in optimizing the inlet port
configuration for all engine speeds. The Wankel engine has a lower oxides of
nitrogen content in the exhaust gases, but more hydrocarbons than the
reciprocating engine. Initially the high hydrocarbon level was reduced by
oxidizing this component in a thermal reactor (‘afterburner’) located at the
exhaust port, but more recently a two-bed catalyst in the exhaust system has
been found to reduce the hydrocarbon content of the engine exhaust gases.

The Mazda company appears to be still interested in the Wankel engine, so
it appears likely that this type of rotary engine will continue to be built for the
foreseeable future.

Figures 5.14 and 5.16 summarize the progress in internal combustion
engine performance from 1900 to 1986. The graphs refer to spark ignition and
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compression engines respectively, with performance data for both two-stroke
and four-stroke cycle engines included. The important effect of the fuel
injection method and the use of supercharging on the performance of the
compression ignition engine should be noted.

GAS TURBINES

The gas turbine appears to be the ideal prime mover, both mechanically and
thermally, since it involves only rotary motion, with its consequent
advantages, together with internal combustion, which avoids the drawbacks
associated with steam boiler plant. Because of this superiority to other forms
of prime mover, the gas turbine has been of interest to engineers from an
early date, with the first patent being issued to one John Barber in England
in 1791, although it is very unlikely that a practical device based on his
proposed machine was ever built.

The gas turbine can, in principle, be based on either of two air standard
cycles, see Figure 5.18: the constant volume heat addition (Lenoir) cycle and
the constant pressure heat addition (Brayton or Joule) cycle. The latter is used
exclusively as the basis for modern gas turbines, although considerable effort
was expended in the early years of this century on developing machines based
on the Lenoir cycle.

Both of the air standard gas turbine cycles incorporate a heater, an
expansion turbine and a cooler (see Figure 5.18). The constant pressure
cycle (Figure 5.18 (a) ), requires, in addition, a compressor. The lack of this
latter component in the constant volume cycle (Figure 5.18 (b)) gives it two
advantages over the constant pressure cycle: the air standard cycle
efficiency is higher for comparable conditions; and it avoids the need for a
high efficiency rotary compressor (very difficult to build with satisfactory
efficiency), which are used in gas turbines working on the constant
pressure cycle. The disadvantage of the constant volume cycle is the
unsteady nature of the heating process, which leads to unattractive
mechanical complications.

Working gas turbines have been built in which heat exchangers are
employed as the heaters and coolers, respectively, and the working fluid
(usually air or helium) is continually circulated in a closed system, i.e., a closed
cycle. A commercial closed cycle machine (12.5MW), using air as the working
fluid, which is no longer operational, was placed in service at St Denis, France,
in 1952. More recently a 50MW helium machine, using coal combustion as a
heat source, was built at Oberhausen, West Germany. The motivation for
using helium is the possibility of using the gas turbine to extract energy from a
power-producing nuclear reactor, because, unlike air, helium is not activated in
its passage through the reactor core.
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Figure 5.18: Schematic arrangement of the components of the air standard gas
turbine cycles. In the open cycle the heat removal process is omitted. An actual
gas turbine working on the open cycle would replace the heat addition process
by a combustion chamber, (a) Constant volume heat addition (Lenoir) cycle, (b)
Constant pressure heat addition (Brayton or Joule) cycle.

The majority of gas turbines are based on the so-called open cycle (see
Figure 5.18), where air is drawn into the machine from, and discharged to, the
ambient. In the practical open cycle gas turbine, the heater is replaced by a
combustion chamber (or combustor) in which a fuel (liquid, gaseous or solid)
is burned in the air supplied by the compressor. This means that the expansion
turbine handles the products of combustion, which, because of their
temperature and tendency to react chemically with the materials of this
component, has resulted in a major effort since 1940 to develop suitable
turbine blade and disc materials.

For non-aircraft gas turbine applications the products of combustion are
discharged at low velocity through an exhaust stack to the surroundings. In the
aircraft turbojet the gases leaving the expansion turbine are accelerated by
discharging them to the ambient through a nozzle, and this provides the
desired thrust.
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Early attempts (1900-10) to build gas turbines based on the constant
pressure heating cycle were unsuccessful because it was impossible, at that
time, to build a compressor of sufficiently high efficiency. The strong
influence of the compression process on the cycle efficiency is a result of
the large volume of air that must be handled by the compressor. This, in
turn, results from the need, because of material limitations at that time, to
limit the cycle maximum temperature (T)) to 538°C (1000°F). As an
alternative to employing large amounts of air, the combustor and expansion
turbine can be cooled. This was the approach used by Holzwarth, who
constructed a number of gas turbines based on the constant volume heating
cycle between 1908 and 1933 (see below). He was motivated to use this
method because of the inadequacies, already referred to, of contemporary
COmPpressors.

The necessary compressor efficiency requirements that had to be
attained by the early gas turbines can be demonstrated as follows:
suppose an air standard cycle thermal efficiency of 20 per cent is desired,
which is comparable to that achieved in actual steam power plants in
1910 (see Figure 5.10). Further suppose the maximum cycle temperature
is to be 530°C (1000°F), which is attainable if the materials used in the
expansion turbine are chosen with care, and if the turbine blades are
cooled (although it is doubtful that appropriate methods were available at
the time). Then the efficiency of the compressor (assumed, for simplicity,
equal to that of the expansion turbine) would have to be 88 per cent.
This is high for a centrifugal compressor now, and was certainly not
attainable in the early years of this century when typical efficiencies were
near 60 per cent.

The most successful of the early gas turbines were based on the constant
volume heating cycle in which high pressures at the expansion turbine inlet
are obtained by constant volume heating instead of using a compressor. In
theory, no compression work is required, which avoids the limitations,
mentioned above, of the constant pressure cycle, but in practice it is
desirable to employ a compressor, albeit of very modest performance, in
order to introduce a fresh charge into the combustor and to scavenge the
‘end gases’.

The apparent advantages, in the cycle thermal efficiency and in the
compression process, that made the constant volume cycle attractive to the
early gas turbine engineers, unfortunately brought with it some very
undesirable complications. Constant volume combustion must take place in
a closed chamber with valves for admitting the air and discharging the
products of combustion to the expansion turbine. Furthermore, the
unsteady combustion process is not well matched to the steady flow
expansion process. In spite of this a number of moderately successful
turbines based on the constant volume cycle were built.
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Early development

At the time (about 1900 to 1910) that engineers started seriously to consider
the gas turbine as a candidate prime mover, neither the necessary
understanding of turbo-machinery fluid mechanics nor satisfactory materials
were available. Nevertheless, the advantages of the gas turbine were such that a
number of machines were constructed and operated, notably by Armengaud
and Lemale (1903-6), Holzwarth (1908-33), Karavodine (1908), and Stolze
(1900-4). The Armengaud and Lemale gas turbine, and that due to Stolze,
used the constant pressure heat addition cycle, while the Holzwarth and
Karavodine turbines used the constant volume heat addition cycle. A
significant feature of these machines was the use of water cooling of the
expansion turbine in order to decrease the amount of air that would otherwise
have been required in order to control its inlet temperature.

Holzwarth’s was the most successful of the early gas turbines and a number
of versions were built between 1908 and 1933 under his supervision. The final
model, a 5000kW machine, was built by the Brown Boveri Company and
placed in service in a steelworks at Hamborn, Germany, in 1933. This
experience apparently demonstrated to Brown Boveri the superiority of
turbines based on the constant pressure combustion cycle and led to their
involvement in the development of this type; the company was to become one
of the major contributors to gas turbine technology.

1933-1946: beginnings of the modern gas turbine

There was a substantial hiatus in gas turbine activity following the early
attempts to construct the machines described above, while efforts were made to
develop high efficiency compressors with an adequate compression ratio (at
least 4:1). In addition, during this period, as a consequence of their work with
Holzwarth’s Hamborn gas turbine, the Brown Boveri Company took an
important step toward the development of a practical gas turbine based on the
constant pressure heat addition cycle. It was noted that in the Hamborn
machine, because of the high velocity and pressure of the combustion gases,
the heat transfer rates in the combustion chambers and turbine inlet nozzles
were extremely high. This suggested that it might be possible to construct a
boiler with a large output per unit of heat transfer surface. The gas (expansion)
turbine became an essential element of the device by employing the products of
combustion leaving the boiler to drive the compressor, which, in turn, supplied
the high pressure, high velocity air to the boiler. Brown Boveri called this
supercharged boiler the Velox boiler: it sold in substantial numbers between
1933 and 1965. The supercharging principle, and hence the gas turbine, found
a further application in 1936 when it was used in the Houdry catalytic
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converters being installed at the Marcus Hook, Pennsylvania, refinery of the
Sun Oil Company.

While these applications of the gas turbine did not involve the production
of useful amounts of work, the knowledge gained by Brown Boveri in the
development of the Velox boiler, and their association with the Houdry
process, placed it in a strong position to construct a power-producing gas
turbine. This came about in 1939 when the first commercial gas turbine-driven
electric generator was placed in service in Neuchétel, Switzerland. The set was
for emergency standby purposes and it was only expected to run on an
intermittent basis, an ideal application for a new and untried machine.

During the time that Brown Boveri were developing their land-based gas
turbine, Frank Whittle, a British air force officer, was working on aircraft gas
turbines. (A comparable or even larger effort was under way in Germany at
this time, led by Hans von Ohain, to develop an aircraft gas turbine. However,
its influence on gas turbine history appears to have been slight, probably
because of Germany’s defeat in the Second World War and the consequent
dominance of Anglo-American technology.) Whittle’s work, which was to
revolutionize aircraft propulsion and gas turbine technology in general, was a
consequence of his recognition that the thermal efficiency of the gas turbine
increases with altitude, which is the opposite of the behaviour of the
reciprocating internal combustion engine.

In 1930, Whittle obtained a patent on an aircraft gas turbine jet propulsion
engine. He was unable at that time to interest the British government in
supporting the effort to develop a working engine, but eventually, in 1936, he
raised some private capital. At this point the British air force recognized the
potential in Whittle’s ideas and released him from his regular duties so that he
could devote all his time to the development of the gas turbine engine.

Whittle commenced work, with the help of the British Thomson-Houston
Company, on his first engine (see Figure 5.19 (a)) in 1936. It employed a
double-sided centrifugal compressor, a combustion system, and a single stage
impulse expansion turbine with an output of about 3000hp. The compression
ratio was 4:1, much higher that the 2:1 available in contemporary centrifugal
compressors. Even more remarkable was the combustion system, which
involved volumetric heat release rates far greater than previously experienced
in a continuous flow combustor. The engine first ran on 12 April 1937.

In the summer of 1939 the British government placed an order for an
engine, called W1, that would be tested in an aircraft built specially for the
purpose. It first flew on 14 May 1941. (It was not the first jet propelled aircraft
to fly: a German Heinkel HeS3 engine first flew in August 1939.) This engine,
which is shown in Figure 5.19 (b), was, together with its successor the W2, a
remarkable technical achievement. A modified version of the latter engine, the
W2B, became the basis of the American version of the Whittle engine, the IA,
which was built by the General Electric Company at Lynn, Massachusetts.
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Figure 5.19: Early examples of Whittle gas turbine engines.

(a) First model of the Whittle engine which was operated between April and
August 1937. A single combustion chamber was located in the air duct (chain
dotted) carrying the air from the compressor to the expansion turbine. Note the
water-cooled turbine disc.

(b) W1 engine, the first flight engine, which was operated between January 1940
and May 1941. Ten separate combustion chambers were used. It is not clear if
water cooling was used during flight.

Reproduced with permission from F.Whittle “The Early History of the Whittle
Jet Propulsion Gas Turbine’, Proceedings of the Institution of Mechanical Engineers, vol.
152 (1945), pp. 419-35.

Meanwhile, the success of Brown Boveri with the gas turbine for its Velox
boiler stimulated the interest of other engineers, notably in the Large Steam
Turbine group of the General Electric Company in Schenectady, New York.
This interest by GE was natural, both because of the company’s extensive
experience with steam turbines and because it had a long-standing interest,
dating from 1903, in the gas turbine and, since 1918, in the gas turbine-
driven supercharger for reciprocating internal combustion engines. In the late
1930s design studies for a locomotive gas turbine 3355kW (4500hp) were
mitiated by GE. Before work on this had proceeded very far the engineers
concerned became involved in the American wartime effort to develop an
aircraft gas turbine, stimulated by information conveyed secretly in 1941 by
the British to the Americans. Consequently, a major engineering programme
involving the Westinghouse Electric Company, General Electric and various
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aircraft manufacturers was initiated. This led to the production by
Westinghouse (1941-3) of the Type 19 gas turbine, and by GE of two
engines, one a jet engine, the TG180 (1943-6) and the other a turboprop
engine, the TG100 (1941-5). The two GE engines are of considerable
historical significance because they were, apart from the German engines,
probably the first engines using axial compressors to fly, as well as being the
direct forerunners of a long line of GE aircraft and land-based gas turbines.

Post-war development of individual types

The successful demonstration of the aircraft gas turbines by Whittle in the
mid-1940s turned the thoughts of engineers to other applications of this prime
mover. Its coming had been long awaited and, as hindsight shows,
unreasonable expectations were raised. Numerous applications were proposed
which, when tried, were found to be inappropriate for the gas turbine.
Furthermore, many engineers appeared to forget that the development time for
such a radically new prime mover could be expected to be lengthy.

Probably the most important factor constraining the application of the gas
turbine has been fuel; it is just not possible for the gas turbine, as was first thought,
to use any fuel. These early opinions about fuel were undoubtedly influenced by
the experience in the 1920s and 1930s with fuels for gasoline engines, where the
problem of engine knock was a serious constraint on both automotive and
aviation applications of the spark ignition engine (see p. 316), and the struggle to
overcome it made a strong impression on engineers with an interest in prime
movers. Since the gas turbine ntroduces the fuel into the cycle after compression,
knock is absent. However, this difficulty has been replaced by the effects of
corrosion and ash on the performance of the expansion turbine blades (buckets).

It would appear that gaseous fuels are the most desirable, particularly
natural gas. Liquid fuels have to be refined and corrosive constituents
removed, or their activity suppressed by additives. Solid fuels have not so far
been applied successfully because of their tendency to foul the expansion
turbine blades with ash.

Historical trends show that the gas turbine is most useful in aircraft
propulsion and electric power generation, as well as in gas pipeline
compression.

Aircrafi
Aircraft propulsion is by far the largest use of the gas turbine. This has come
about because it has the following advantages compared to the piston engine:

(a) the efficiency increases with height and speed; (b) the engine weight and
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volume are smaller for a given power output; (c) lack of vibration; (d) greater
reliability.

Application of the gas turbine to aircraft propulsion was initially motivated by the
desire to fly at heights (11,000m or 36,000ft and above) at which the piston engine,
even with supercharging, could not produce adequate power because of the low air
density. Whittle, as noted earlier, appears to have been one of the first to appreciate
that the gas turbine could provide a suitable engine for high altitude flight.

The aircraft gas turbine is applied in one of three forms, the
turbojet, the turboprop, and the turbofan or ducted fan. This
classification is based on the way in which the engine output is used, as
illustrated in Figures 5.20 and 5.21. Although these different modes of
using the gas turbine had been known for some time (at least since the
mid-1930s, when Whittle described the turbofan engine, and work
started in Britain on the turboprop), attention was concentrated initially
on the turbojet engine, together with a somewhat lower level of interest
in the turboprop engine. Following the Second World War there was a
marked increase in the development effort applied to the turboprop
engine, and particularly noteworthy aircraft that flew using this type of
engine were the Vickers Viscount (1953), using four Rolls-Royce Dart
engines, and the Lockheed Electra (1959) with four Allison T56
engines. However, since about 1960 the turboprop has been mainly
applied in helicopter engines and in the smaller pressurized aircraft used
by feeder airlines. The most important type of aircraft gas turbine,
because of its high propulsion efficiency, is now the turbofan engine.

A high propulsion efficiency is ensured if the jet speed and aircraft forward
speed are about equal. However, under these conditions the engine has a very
low thrust (which is proportional to the difference between the two speeds). But,
because the thrust is also proportional to the mass rate of flow of air through the
engine, it is possible to have both a high thrust and high propulsive efficiency by
designing the engine to operate with a high air mass flow rate.

In principle, the turboprop could provide the required characteristics
because the effective mass flow (m) handled by the engine can be
controlled by suitably sizing the propeller. Unfortunately, at the time this
approach to improving aircraft engine performance was under
consideration (the early 1940s), compressibility effects at the tips of the
propeller at speeds exceeding 560km/hr (350mph) greatly degraded its
performance. In view of this limitation, it occurred to Whittle that very
short propeller blades, fan blades, arranged in an enclosure, so that the
incoming air was decelerated to avoid compressibility effects, would be
satisfactory. The fan would be driven by the expansion turbine and the
engine would be called a ducted fan, or by-pass engine.

Preliminary experiments with ducted fan engines were carried out by
Whittle and others, but these were premature because many other details of
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Figure 5.20: Turbojet and turboprop aircraft engines. (a) Single shaft turbojet. (b)
Twin spool turbojet, (c) Direct connected turboprop, (d) Free-turbine turboprop.
Reproduced with permission from R.H.Schlotel, “The Aircraft Applications’ in
H.R.Cox (ed.), Gas Turbine Principles and Practice (Van Nostrand, New York, 1955),
pp- 22-1 to 22-120.
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Figure 5.21: By-pass and fan turbojet aircraft engines, (a) By-pass engine (twin
spool), (b) Rear fan engine (twin spool).

Reproduced with permission from R.H.Schlotel, “The Aircraft Applications’ in
H.R.Cox (ed.), Gas Turbine Principles and Practice (Van Nostrand, New York,
(1955), pp. 22-1 to 22