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A  HISTORY OF STEAM  POWER

Steam engines and later steam turbines made it possible to obtain work from heat through the
medium of steam. Steam engines were the first engines to provide power largely independent
of location, weather, season or animal endurance. The first steam engine was invented close to
300 years ago, but even 200 years ago there were very few steam engines outside Great
Britain. Having mechanical power available was one of the most important factors making the
change to industrialized societies possible, providing a dramatic increase in wealth of the
nations taking part in the change.

Obtaining work from heat was also a completely new way to utilize forces of nature, and it is
therefore not surprising that steam engines gave a huge impetus to the development of
thermodynamics: the science of energy.

This note describes how various steam engines and steam turbines work, and their use and
development in terms of size and efficiency, and also answers briefly two obvious questions:
Why were steam engines invented when they were, and why were they invented in Britain?

Power is given in kW or MW in this note, although most of the sources use horsepower.
There exist both a metric and a British horsepower, they are very similar, and can for most
purposes both be converted by  0.75 times hp = kW. This conversion plus some rounding has
been used throughout. Sometimes the sources give power in indicated horse power (from the
pressure and the known cylinder volume), and usually only 70-90 % of these are actual ones.
Therefore, if the power is given in indicated horse power without specifying so, the result will
be in error.

Pressure is given in bar, while the sources usually give it in pounds per square inch (psi).
Also, the sources give gauge pressure (over pressure), i.e. as psig, while the pressure here in
bar is absolute pressure, which is better if steam properties has to determined. To convert,
divide the psig by 14.5 and add 1.

The efficiencies given are thermal efficiencies, i.e. amount of work divided by the amount of
energy released by the fuel times 100 to give percent.

The sources used for this note are listed at the end, and are in most cases not referenced
specifically in the text.
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Introduction

To make it technically possible to invent some machinery, at least two factors must be in
place:

• A knowledge of the principles or phenomena to be utilized. An understanding may not
be needed.

• The necessary technology to make the device
These two factors will determine when an invention can take place, although rarely to an
accuracy of a few years.

A number of factors related to society will then determine if and where a technically possible
invention takes place and afterwards is utilized. Such factors include encouragement of
investigations and inventions, available capital, property rights, patent protection, demand for
the invention, and several others.

Preceding experiments and understanding

By around 1600 there was no clear realization of what the atmosphere was or its properties. It
was something that was just there, and it was generally accepted that nature would always act
to avoid a vacuum. Torricelli in 1640 showed that the atmosphere was a fluid on top of the
earth’s surface, and that it exerted a pressure upon the ground. Using a mercury column, he
showed both the existence of a vacuum, and that the atmospheric pressure was around 760
mm Hg (in our units).  In the 1650’s Otto von Guernicke invented a vacuum pump, and using
this he could demonstrate the effect of atmospheric pressure. This was most dramatically
demonstrated when he showed that 16 horses could not pull apart two half spheres forming an
evacuated sphere. Thus, if a vacuum could be produced somehow, the atmosphere could be
used to provide work.

Figure 1.  Otto von Guernicke's demonstration.
   (Eckoldt  1996)
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Denis Papin got the idea in 1690 to use condensing water to obtain vacuum, which he
demonstrated on a small scale. In a cylinder with diameter about 6 cm and length 20 cm he
boiled some water. This raised a piston in the cylinder, which was then locked in the upper
position. Cooling the cylinder produced vacuum, and releasing the lock,  the piston was
pushed down by the atmosphere. He never succeeded in making a working engine despite
trying, but he did go on to invent the safety valve and the pressure cooker.

Thomas Savery in 1698 constructed a pump using steam to provide both suction by    vacuum
and to provide pressure to force the water upwards. The principle is shown in the figure; the
parts looked very different in reality.

 

Figure 2.   Principle of Savery’s pump.
  (http://encyclopedia.farlex.com)

Steam was produced at above-atmospheric pressure – 3 to 6 bar perhaps – in the  boiler. In
steady operation, steam would press the water in the vessel after valve A out and up through
valve C. Valve B would then be closed. With only steam in the vessel, some of the water
would cool down the vessel by spraying it on the outside, and condense the steam inside. The
resulting vacuum would then suck water up through valve B and the vessel would be filled
anew. It was built with two vessels and set of valves in parallel, making for a near continuous
operation.  The pump was ingenious as it had no moving parts, but Savery showed little
understanding of the properties of water and steam when using direct steam as a pressure gas
on water.

So much for the principle. In practice, the pipes and boilers would burst from the pressure,
and in addition the efficiency when it did any work was extremely low, certainly below 0.5 %.
So Savery’s “Miner’s Friend”, as he called it, never pumped any water in any mine, but did
perhaps pump water for one or a few gardens. Improving the condensation process by
injecting water into the vessels was not enough to make the pump practical. The power
delivered was around 0.7-0-8 kW it has been estimated. However, he obtained a patent so
general that Newcomen had to include him as co-inventor in his patent.

To sum up: A number of persons understood the effect of the atmosphere, that it could be
used to push on a piston against vacuum, and that condensing steam was most likely the best
way to produce vacuum, since heat could be used to provide the steam.

The technology at this time was such that it was just barely possible to construct an engine
based on this understanding, as Newcomen’s rather clumsy first engine shows. This combined
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with the understanding above fixes the possible time for the invention of the steam engine. It
could probably have been invented 10-15 years earlier than 1712, and perhaps as much as 10-
20 years later. But it could not have been invented in ,say, 1650, nor could it have been
delayed to 1750.

Why Britain?

Britain in the 1700s had Europe’s best system for generating capital for investing, thanks to
improved agriculture, greatly increased trade not least overseas, efficient but not excessive
taxation, a number of independent banks and a working financial market, respect for property
rights and an established patent system. It was also a society with an inquiring and
entrepreneurial spirit.

Since Britain lacked enough wood they relied more and more on coal for heating and
metallurgy. Coal and ore had to be dug from mines which would flood with water as they
became deeper unless the water was pumped out. Traditionally such pumps were driven by
horses, but increasing demand for pumping as the mines were deepened led to the need for
more and more horses (up to 500 in one mine) making for impractical and expensive
operations. Thus, power for pumping was an obvious challenge for technical inventors.

The Steam Engine

Steam engines are driven by steam acting upon one or more pistons. The various main types
were invented during the hundred year period from around 1700 to around1800. The next
hundred years saw various great improvements in the construction of steam engines, and not
least their use for transportation. From around 1900, steam engines were more and more
superseded by steam turbines for large scale power production (power stations and ships) and
by internal combustion engines for transportation and smaller scale uses, although they were
still produced in large numbers for ships and locomotives. After about 1950 steam engines
were not produced in the rich part of the world any more.

Today, operating steam engines can only be seen in museum settings, like in veteran ships or
trains. The steam engine is "open", i.e. pistons, cranks, slides, rods etc can be seen, and
particularly in slow motion make a fascinating display. Various animations can be found on
the internet, showing for instance how the various parts move in a steam locomotive.

Many persons made contributions great and small to the development of the steam engines,
but it is usual to classify the major steps using these inventors:



6

• Thomas Newcomen: 1712 first atmospheric engine

• James Watt: 1765-1800, several important modifications, resulting in huge overall
improvement

• Robert Trevithick: 1797 first high pressure engine

Newcomen's atmospheric engine

The steam engine from 1712 invented by Thomas Newcomen (1663-1729) is shown in the
figure below:

                            

Figure 3. principle of Newcomen's steam engine from 1712
(www.unb.ca/web/transpo/mynet/mtu82.htm)

Steam flows from the separate boiler into the cylinder above. The piston is moved upwards
not by the steam (which is essentially at atmospheric pressure), but by the downward pull of
the pump rod to the left. (The counterweight in the figure has been added in this later
drawing; the weight of the pump rod and plunger is enough to raise the piston again.) In the
upper position, the steam feed is closed, water is injected into the cylinder, the steam
condenses and creates a vacuum, and the atmosphere pushes the piston downwards, which
raises the pump rod. It is not steam that does the work, but the atmosphere. Initially all
openings and closings were done manually, but within a few years the movements of the
machine was used to regulate the steam and the water. Initially the cylinder was cooled from
the outside, but early in the work a leak occurred improving the performance markedly,
leading to the adoption of water injection.

Newcomen's engines were large, slow and inefficient. However, for the age they were
powerful, and were eagerly accepted. His first engines had cylinders made of brass, later on
the cylinders were made of cast iron. The cylinder and piston could not be made to fit exactly,
so Newcomen covered the top of the piston with a cloth and covered that again with water to
get a proper seal. This may look strange today, but was actually an ingenious solution, as was
found later when a modern copy was made (Hill 1989).
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The first engines made 3-4 strokes per minute, later improvements increased this to twelve.
The first engines had cylinder diameter of 53 cm, and seems to have given about 4 kW. Later
engines were even larger; the largest had a cylinder diameter of 1.8 m and a stroke of 2.1 m,
and yielded 56 kW, i.e. at least five times a typical good water wheel.

The thermal efficiency was low, perhaps 0.5 %. Later developments by others (particularly
the engineer Smeaton) doubled this to around 1 % by 1767. One reason such low efficiency
could be accepted was that the engines were often fired by low grade coal the mine owners
could not sell anyway. It seems (the sources are not explicit) that about 120-130 Newcomen
engines were produced until about 1770 and about 1000 until 1853. It took only four years for
them to spread to eight European countries according to one source, the first one outside
England was built in Belgium in 1721 according to another, and the first in the US in 1753-
55.

James Watt's improvements

James Watt (1736-1814) is often credited with inventing the steam engine. This is not correct.
However, he did make a large number of improvements and extensions, and engines of his
design superseded the earlier ones as they became available.

James Watt was an instrument maker at Glasgow University who in 1763  repaired a model
of a Newcomen engine so it could be used in the lectures. However, he was not satisfied with
its performance. He was both creative and systematic, so he undertook a series of experiments
on various aspects of the machine and of properties of steam, and on the relationship between
steam and liquid water. He quickly realized that a major source of inefficiency was the too
large consumption of steam caused by the cooling and subsequent heating of the cylinder. On
a Sunday walk in 1765 he got the idea of the separate condenser, whereby the condenser was
always cold and the cylinder itself always warm. By opening a valve, the steam below the
piston would rush into the vacuum of the condenser and condense there, and the piston would
come down as it should. Comparing with Newcomen and Pepin, we see that Pepin had both
boiling, filling of steam, and condensation in the same cylinder, Newcomen separated the
boiling, while Watt separated all three operations.

To get around the problem of the leakage around the piston, where he could no longer use
Newcomen’s cooling layer of water, he closed the cylinder above the piston, and only had a
small opening for a piston rod. Above the piston, he used steam at just slightly above
atmospheric pressure do the work previously done by the atmosphere. The main reason for
this change was to keep the piston and cylinder hot. Thus, he had invented the first steam
engine using steam itself as the working medium. The principle is shown in the figure below.
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Figure 4.  Principle of Watt's first use of steam as a working medium
(Crowley 1976).

Watt made a model in 1765 and obtained a patent in 1769 covering these improvements and
some others, including use of a steam jacket to keep the cylinder hot and a pump to remove
water and air from the condenser. To manufacture the engine capital was needed, and Watt
came in contact with a very enthusiastic backer, John Roebuck. A first machine was built, but
it had many problems due to faulty workmanship. Before it could be improved, John Roebuck
went bankrupt for unrelated reasons, and James Watt had to discontinue development for a
number of years. In 1774-75 he entered into partnership with the factory owner Mathew
Boulton who was willing to undertake the financing. After applying to Parliament they were
granted an extension of Watt's patent in 1775,  and the first full scale steam engine was built
in 1777.

Note that the engine in figure above is still a single-acting one, i.e. work is only produced
when the piston is pushed downwards, while the piston is lifted by the pump rod through the
beam; the beam being used on all Watt's engines. The next major improvement in 1782 was to
make the engine double-acting, i.e. the piston did work moving in both directions. This was
obtained by letting the steam on either side escape to the condenser and letting in fresh steam
on either side in opposite sequence. Double-acting could of course not be used for the pumps,
but had great advantages in other applications, not least when making rotary motion.

All the early engines provided only reciprocating motion, but soon there was a demand for
rotary ones in addition. The crank had already been patented, strange as it may seem since it
was well known from early times. So Watt, who did not want to pay royalty, together with his
associate William Murdoch invented the so-called sun-and-planet gear to convert the piston
movement to rotation. The double action and the rotary motion were patented in 1781.

It was then impossible to use the flexible chain connection to the beam, as the up-and down
movement of the piston had to be rigidly connected to the arch movement of the beam. This
problem was solved by Watt by a so-called parallelogram connection; the invention Watt was
most proud of. This is shown in the figure, below the left end of the beam.
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Figure 6.   Watt double-acting rotary engine with sun-and planet gear.
(Eckoldt 1996)

Note in the figure that the small gear wheel C connected to the rod D does not rotate. Instead,
by being fixed, it forces the gear wheel B to rotate, actually two rotations for each up and
down stroke. Note also that this engine incorporates the centrifugal governor (marked by e),
also invented by Watt in 1787 to keep a constant speed. (If the speed goes up, the two balls
are raised, which through proper connection closes down a bit on the steam supply.) This
rotary engine was primarily used in corn mills and in the textile industry, which was one of
the drivers of the Industrial Revolution.

It is not possible to see from the figure that the engine is double-acting, but there seems to be
no correct and clear drawing of the principle.

Despite the technical success, it was only in 1785 the firm Boulton & Watt made a profit, just
before Boulton (not the company) went bankrupt for other reasons. From then on the firm
became both profitable and dominant. By 1800, when their first patent expired, Boulton &
Watt had manufactured 496 engines. A typical power rating for their engines would be 5-10
kW, and the efficiency was around 2-3 % at that time.

James Watt made many inventions, among them a pressure gauge in 1790; he introduced the
indicator (P-v) diagram, and he also introduced the power unit horse power that became
accepted over other definitions.
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Trevithick's high pressure engine

It was already recognized that steam at high pressure would bring many benefits, but it was
also recognized that this was a dangerous undertaking with the materials and techniques of the
time.

Richard Trevithick (1771-1833) first made a model stationary high pressure engine and a
model "road locomotive" in 1797-98. He then built a full scale road locomotive in 1801. The
steam pressure was probably around 3 bar initially. In 1803 he built another stationary engine,
and also another road locomotive, now using 10 bar pressure. The boiler for this engine was
of cast iron with 4 cm walls. The cylinder was 18 cm in diameter and had a stroke of 0.9 m.
Using high pressure, he could omit the condenser, the beam and other extra equipment, thus
getting a compact engine which could be used for transportation. The next year, in 1804, he
built the first successful railroad locomotive, which pulled five wagons and a load of ten tons
( plus 70 men on the opening trip) for a Welsh iron works over a distance of 16 km at a speed
of 8 km/h.

The figure below shows to the left how Trevithick's road locomotive of 1801 may have
looked (the drawing was made later by his son Francis), and to the right the locomotive of
1804.

Figure 6.  Trevithick road locomotive of 1801 (left) and his small
                rail locomotive of 1804 (right).

 (Hodge 1973)
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Further  improvements

During the 1800's steam engines were improved continuously in many small and big ways,
getting more powerful, faster and more efficient. While the early engines produced about the
same power as the water wheels they replaced (typically 7-15 kW), power soon increased.
However, there seems to be few data on the development, only scattered examples. A two
cylinder engine in 1876 produced 1000 kW at 36 rpm. In 1900, engines of around 2200 kW
were made.

The development in speed is also poorly documented. Probably in the early 1800's 60 rpm
was reached, and some time in the second half of that century 300-600 rpm. There was not
any need for higher speeds until the electric generator was introduced in the last quarter of the
century. Eventually some fast running steam engines were built that were coupled directly to
generators, but they were soon superseded by steam turbines. As an alternative, the generators
could be built to run at lower speeds, e.g. 350 or 500 rpm.

Increasing the pressure will make possible more efficient engines, but because of the danger
of boiler explosions the increase in pressure was rather slow for the better part of the 1800’s.
To utilize the higher pressure two different techniques were adopted:

• Expansive working
• Compounding

Expansive working means the steam feed is cut off after part of the expansion has been
performed, so the remaining expansion takes place with the amount of steam remaining in the
cylinder. This came first, and remained the preferred way of operation for locomotives. The
cut off point would be adjustable, e.g. using full steam pressure for the full stroke when
starting. During ordinary running, the cut off could be at, say, 10 or 5 %. James Watt
understood the advantages of expansive working and patented it. According to some sources
he also applied it.

Compounding means that the high pressure steam expands in a smaller high pressure cylinder,
and then expands further in a separate low pressure cylinder. The first to build a compound
engine was Jonathan Hornblower in 1780, but he was declared to have infringed on Watt’s
patent. The next pioneer was Arthur Woolf in 1803, when Watt’s patent had expired. After a
lot of trial and error he succeeded in improving the performance over the Watt engine, but it
was not until 1845 that one McNaught found a satisfactory solution to the design, in an engine
operating at 9-11 bar.  The first ship with a compound engine was built in 1854. Later (1870)
came triple compounding and around 1900 quadruple compounding, i.e. four stages, for steam
pressure above 12 bar. ( The standard Royal Navy boiler in 1900 delivered steam at 17 bar.)
Compounding became usual for stationary engines including shipboard ones, and was used in
some locomotives. In the 1890’s, when the steam engine had reached a high degree of
perfection, the following rules for compounding and pressure were used

Table 1. Steam pressure and compounding (Lindsey, 1938/1896)

Steam pressure, bar Compounding
6 – 9 None
8 – 11 Double
11 – 15 and more Triple
12 – 15 and more Quadruple
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Valves and valve gear: Better valves were a necessary part of engine improvements. The first
valves were ordinary plugs, like in a bath tub plug. It was soon found that such valves were
difficult to operate with sufficient precision, particularly as pressure rose. A number of the
improved ones are illustrated in the figure.

A  foreman at Boulton & Watt invented the sliding valve in the 1790’s, and an improved
version was invented by someone else a decade later. A further development of that is the
piston valve, which only became common towards 1900. In the Corliss valve, invented
probably in 1849, the opening and closing is done by turning partly hollow cylinders. In the
Cornish valve, the full pressure acts in opposite direction on the two parts, so a smaller force
is needed to open it. Note that for the three first valves in the figure the piston is double
acting, while the Cornish valve is just one inlet valve. The Corliss valve was used in
conjunction with a mechanism that let the governor (see the picture of the Watt engine) act on
the steam cut-off point in expansive working instead of acting directly on the steam flow.
Corliss’ valve also made it possible to operate the inlet and outlet valves independent of each
other.

Figure 8. Various types of valves.
  (Hayes 2001)

Valve gear is the mechanism used to operate the valves. The most common mechanism was a
rod connected to an eccentric wheel on the main shaft. The operation of a steam engine using
a sliding valve is shown in the figure The common Walschaert valve gear used on
locomotives is shown at the web site http://home.new.rr.com/trumpetb/loco/, including an
option showing how to change direction of the rotation, a necessity for locomotives and ships.
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Figure 9. Steam engine with sliding valve (also called D-valve).
(www.unb.ca/web/transpo/mynet/steamengine.gif)

Horizontal cylinders. Initially all engines had the cylinders placed vertically, since everybody
were convinced that a horizontal cylinder would have uneven wear. Horizontal cylinders were
introduced in 1825, but it still took many years before they were routinely used. Horizontal
cylinders did not make the engines more efficient, but it made the engines better suited for
many purposes, e.g. in locomotives.

Supporting technologies. The developments of the steam engine relied on parallel
developments of other technologies, in particular better metals making and machining.
Although there were several improvements in metal making throughout the 1700’s and
1800’s, cheap steel only became available through the processes named after their inventors:
Bessemer 1856-1860, Siemens-Martin 1856, Thomas (or Gilchrist-Thomas) 1875. With these
converters tons of steel could be made in minutes, while earlier steel was made in crucibles
during hours.

James Watt’s financial difficulties and therefore delay after the patent made it possible for
him  to make use of John Wilkinson’s much improved boring machine in 1874, and a long
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cooperation followed. In the 1880’s Willans was the first to routinely machine parts to 0.001
inch.

The initial lubricants were tallow or vegetable oils that could not withstand high temperatures.
The far better lubricants based on mineral oil only became generally available after the oil
itself became easily available after 1860. (The successful oil drilling was of course made
using a steam engine.)

Improved efficiency: the Cornish engines

There is one remarkable exception to the paucity of data on engine efficiencies. In 1811
Cornish mine owners agreed to publish monthly data on the performance of  their engines.
Since the reporting was made most of the time by various members of the Lean family, the
result is generally known as Lean’s Engine Reporter, and there is no distinguishing between
various Leans here. The publishing went on until 1904. Unfortunately, the complete report
does not seem to be on the internet, so the small extract here is from a paper by Nuvolari and
Verspagen (2005).

Engine performance was reported as duty, which was originally defined by Smeaton but
slightly modified by Watt, to be number of pounds of water raised one foot by one bushel of
coal. Since coal was bought by the volume and the engines were installed to pump water, the
duty was directly an economic measure of the efficiency. However, to convert the duty to
thermal efficiency it is necessary to know the weight and the heat of combustion of the coal in
one bushel.

Several sources give 84 pounds of coal per bushel. However, this was for lighter Newcastle
coal, while the coal used in Cornwall was heavier. Lean made measurements once of 31
different bushels, finding from 88 to 98 pounds. Later, the bushel was taken to hold 94
pounds, which is used here. The heat of combustion varies with the type of coal. The South
Wales coal used was of good quality, it had to be because of the transportation costs.
Bituminous coal has a heat of combustion of 24.4 to 32.6 kJ/kg according to ASTM. Here a
value of 30 kJ/kg has been chosen. Using these values, the number of millions of pounds of
the duty should be multiplied by 0.11 to give thermal efficiency in percent. Because of the
uncertainties involved others have published factors giving about 40 percent higher
efficiency, which is probably too high.

The Cornish engines were typically single acting, expansively working engines, with steam
pressure probably always below 4.5 bar. Some compound engines were used too, but were not
found to give any improvement and were also more demanding to run and maintain. The
engines were single cylinder beam types, with cylinder diameter up to 90 in. (2.3 m). To carry
the heavy weight of the beam, it was usually supported by the wall of the engine house,
leaving the pump half of the beam outside above the mine shaft.

The table shows the best results for some of the years when the best engine showed a marked
jump in efficiency. For comparison, three earlier engines are also listed
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Table 2.  Efficiencies for some early engines and some best Cornish ones.

Year Type Efficiency,
%

Pressure,
 bar

1772 Newcomen a) 0.5 1
1772 Smeaton b) 1.0 1
1778 Watt  a) 2.0 1
1812 Cornish 2.4 -
1816 Compound 6.2 -
1828 Cornish 9.5 3.7
1835      “ 10.5 -
1841      “ 11.6 4.3

         a) Measured by Smeaton              b)  Newcomen improved by Smeaton

Lean measured the duty of each engine, in all up to 60 different ones, and reported for them
all. The average efficiency also kept increasing; in 1841 it was around 6 %. Lean also
reported the engine dimensions, and for all years the ones with cylinder diameters 70-80
inches (1.8-2.0 m) were best. After 1841 the efficiencies started falling for unknown reasons.

The Cornish engines were the most efficient ones by far in their days. Hill (1989) gives some
values for engines offered to the textile industry in Lancaster in 1841: A condensing engine
1.4 %, a compound one 3.9 % .

Growth in applications and use of steam engines

It was the textile industry that above all embodied the industrial revolution, particularly the
production of cotton cloth. The cotton import to the UK of cotton grew from around 1000 tons
in 1780 to around 500 000 tons in 1860. The various stages in cotton processing (carding,
spinning, weaving) had become mechanized by around 1800, and the steam engine made it
possible to run all the new machinery. Water mills were built until around 1850, but the major
drives were the steam engines. Hill (1989) gives the following data for the number of power
looms in the UK in this period:

Year 1803 1820     1829 1833 1857
Number of power looms 2400 14 650     55 500 100000       250 000

One steam engine could drive more than one loom, so the factories had one central engine
connected to lay shafts on the other floors which again drove the looms or spindles by belts.
However, the textile industry certainly employed the largest number of steam engines. The
engines did not need to be particularly powerful initially; it seems most were well below 70-
80 kW. Later mills used engines up to at least 1500 kW, driving larger and/or more looms or
spindles. Typical for steam engines in mills and for many other applications was a large
flywheel; the largest weighed about 90 tons.

A few examples of applications that are less obvious to us:
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• Steam engines revolutionized fire fighting in the cities in the 1860’s. Horse drawn
carts with steam engine driven pumps made an enormous difference over the earlier
hand operated pumps.

• Steam engines were used for plowing, although not on a large scale. The tractor had
not been invented yet, but stationary engines and wires were used to pull the plow
back and forth.

• The Royal Navy needed at least 100 000 pulley-blocks a year during the Napoleonic
wars. The production was mechanized in 1802, and a 22 kW steam engine was used
to drive 43 different machines – not all at the same time - producing 130 000 blocks a
year from elm logs with a reduction in workers from 110 to 10 men. This is an early
example of the production gains to be had by mechanization.

The first of the following two tables illustrate the number of early steam engines, in a rather
incomplete fashion. The second gives the installed power, taken from Dahl (1979).

Table 3.  Number of early steam engines

Table 4.  Installed steam engine power,  MW

1840 1870 1896
Great Britain 465 3030 10 300
Germany  30 1860   6 060
France  68 1340   4 400
Russia  15  690   2 300
Italy    7  250   1 100
Spain    7  155      880
Netherlands    -    95      450
Sweden   -    75      380

Total Europe 650 8800 30 200
USA 570 4200 13 500

Hill (1989) quotes a different source giving much lower installed power for Great Britain (or
only England?), showing that steam power surpassed wind power well before 1800, and

Newcomen engines to 1800: 150-
200 (?)
Watt engines 1777-1800:  500
US 1803:                    5-7
UK 1810:                                            5000
Cornwall 1834:                                    105
       “       1838:                                    153
       “       1864:                                    253
Manchester area 1859:                       1570
Prussia 1837:                426
Saxony (Sachsen) 1845:                      100
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passed water power in 1830 when both are listed at 120 MW. However, Derry and Williams
(1960) give a few data that are consistent with Table 4.

The steam engine in transportation

The steam engine revolutionized transportation in the 1800's through railroads and steam
ships, while road transportation remained horse-drawn until the automobile arrived.

Road transportation
The first use of a steam engine for road transportation was made in France, by  F.J. Cugnot
who made two artillery tractors in 1769. One of them is shown in the figure below.

     Figure 9.  Cugnot's artillery tractor from 1769.
(Eckoldt 1996)

One of them ran into a wall because it was too hard to steer it, and no further developments
came from his vehicles. The first road use in Britain seems to have been Trevithick's road
locomotive already mentioned. Some bus routes came into use in Britain and France. In
Britain, further developments to road use was stopped  for a long time by a law requiring a
person with a red flag walking in front of all self-propelled road vehicles In general, the steam
engine was too heavy and clumsy for road use, particularly on the roads at that time.  Some
heavy vehicles were in use on farms and for other heavy duties, as we are reminded of in the
word steamroller. However, steam driven trucks were made in Great Britain until the mid
nineteen thirties. They had compound engines developing about 20 kW, and could only go at
about 25 km /h.
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Figure 10. Steamroller from 1898.
(Rayner 2002)

Railroads
Trevithick invented the steam locomotive, and his invention included discharging the steam
through the funnel to increase the draft. This part was kept in all later locomotives, giving
them the characteristic puffing sound. Other steam locomotives were made some years later,
e.g. George Stephenson's first locomotive in 1814. His later Locomotion no.1 was in use on
the Stockton-Darlington railroad from 1825, pulling 90 tons at 24 km/h over a distance of 40
km. The breakthrough in use is nevertheless usually dated to 1829, when George Stephenson
with his Rocket locomotive won a competition at Rainhill to determine the locomotive for the
new Liverpool-Manchester railroad. The Rainhill distance was 3.2 km on even ground, and
the Rocket had an average speed of 22 km/h, a steam pressure of 3.5 bar, and developed 15
kW. However, it tells a lot of the technological status at the time that the drive wheels of the
Rocket were mainly of wood with iron rim and flange.

George Stephenson and his son Robert were the leaders of an intense development work in
this period, and the Rocket itself soon became obsolete. Already in 1830 they produced the
Planet locomotive, which was adopted in many countries in the following years, and from
which most later designs were derived.



19

Figure 11. Replica of George  Stephenson's Rocket locomotive of 1829.
(www.samlindsey.com)

Size and speed increased fast. By mid-century speeds of more than 100 km/h were common.
Even more impressive is the growth of railroad track, as illustrated in the table:

Table 5. Railroad  track 1830- 1890  and in 2001, km

Year Great Britain Germany USA
1830       152    -         37
1840     2 308     549     4 537
1850   10 653  6 044   14 524
1860   16 768 11 633   49 322
1870   24 999 19 575   85 166
1880   28 854 33 711 150 152
1890   35 165 51 678     -
2001   34 100 36 500     -

For comparison, Norway got its first railroad in 1854, 68 km long between  Oslo and
Eidsvoll. The present railroad net in Norway is 4175 km.

The steam locomotive was not superseded by diesel-electric locomotives until 1930-1960, and
steam engines for locomotives were therefore further developed until around 1940. In 1929
there were 57000 steam locomotives in the US and 34 diesel-electric ones. In 1950, there
were 26000 steam locomotives and 10000 diesel-electric ones. This was also the year the last
steam locomotive was manufactured in the US. Norway got the first diesel-electric
locomotives in the late 1950s, which together with further electrification led to rapid replacing
of the steam locomotives.

Compounding (two stages) was introduced in the later years of the 1800s. Very high pressure
- around 60 bar - was introduced in Germany around 1930, but did not become usual. Despite
all the improvements, efficiencies were typically only 8-12 %, a consequence of expanding
only to atmospheric pressure. Large locomotive power increased to 1000-3000 kW; one of the
largest developed 4500 kW and weighed 500 tons.
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The following five figures illustrate the development of steam locomotives in terms of size
and looks. In figure 12, the locomotive to the left is the first one in New Jersey, imported from
Robert Stephenson in 1831 by the Camden and Amboy (C&A) Railroad. The tracks in New
Jersey were not as good as the ones back in England, and C&A added a leading truck, which
is the smaller wheels in front of the drive wheels on locomotives and which helps keeping the
locomotive on the tracks. Later the leading truck was connected by a pivot, but here C&A
modified in a different fashion and had to have drive on only the second pair of large wheels.
Later they added the cow catcher, increased the shape of the smoke stack, and added a cab for
the engineer, giving the locomotive a look that was much closer to the successors, e.g. the one
in  figure 13. The passenger cars were also soon changed to modern-looking ones, with a four
wheel bogie at each end.

Locomotives are often designated by their wheel arrangement, counting the leading truck, the
drive wheels and any wheel under the rear behind the drive wheels. Thus, the C&A
locomotive as imported was a 0-4-0 type, when modified it became 4-2-0. This is also the
designation for the next one in figure 13, while the next one from 1905 is 2-6-2.

Figure 12. First train in New Jersey 1831 before and after modifications.
(www.biocrawler.com/encyclopedia/John_Bull_(locomotive))

Figure 13. Locomotive used during construction of the transcontinental
    railroad in the US, opened in 1869.

(www.northeast.railfan.net/Images/up119.jpg)
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Figure 14. American locomotive from 1905.
(www.steamlocomotives.com)

Figure 15. British streamlined locomotive from late 1930’s.
It claims the world speed record for steam locomotives

at 200 km/h for a very short stretch.
(www.members.shaw.ca/dballantine/trains.html)

Figure 16. One of largest locomotives built, in the 1940’s.
Designation 2-8-8-4. Weight 534 tons.

(www.explorepahistory.com/Images/ExplorePAhistory-a0b3d1-a_349.jpg)
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Ships
The first trials were made in France in 1775, but the power was insufficient. In 1783 another
Frenchman ( Jouffroy d'Abbans) ran a 182 ton paddle-wheel steamer upriver near Lyons. In
1787, one of several American experiments used the steam engine to drive an on-board pump,
the first example of water jet propulsion. In 1788, William Symington constructed an engine
to propel a boat on a lake near Dumfries in Scotland. In 1801, he constructed an engine with a
56 cm double-acting piston to drive a tug boat.  His engine was without the cumbersome
beam, but this was not followed up by his successors. The trials were successful, but were
nevertheless stopped because of fear of damage to the canal banks by excessive waves. The
American Robert Fulton had seen Symington's tests, and in 1807 - after previous experiments
- achieved the first commercial success with a steamer between New York and Albany. His
ship used a Boulton & Watt engine, and obtained a speed of 4 knots (7.4 km/h). Five years
later, there were 50 steam ships in the US. The first commercial success in Europe was in
1812 on the river Clyde. The first war ship was built in 1814.

Figure 17. Fulton’s ship Clermont.
    (http://Images.encarta.msn.com/xrefmedia/sharemed/targets/Images/pho/00012/00012BA6.jpg)

These early stream ships could not carry enough fuel to move large distances. The first
Atlantic Ocean crossing was in 1819 by the American ship Savannah; however this was really
a sail ship with an extra steam engine of 66 kW which was used only for about 80 hours
during the 29 day crossing.

Figure 18.  Savannah
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(http://Images.encarta.msn.com/xrefmedia/sharemed/targets/Images/pho/00012/00012BA7.jpg)

Combining sails and steam engine was common for a long period, into the last quarter of the
1800s. In 1838 two ships managed the Atlantic crossing using only a steam engine, one at 702
tons  having an engine of 220 kW, another of 1300 tons and  550 kW.  Norway got its first
steam ship, the Constitutionen, in 1826 for traffic between Oslo and Bergen in the summer
season.

A huge improvement in ship propulsion came with the invention of the propeller (often called
screw) in 1838 by F.P.Smith and J.Ericsson independent of each other after 40 years of
experiments by a number of persons. The first Atlantic crossing using a propeller driven ship
was in 1845, but as seen in Table 5 it took another ten years before a propeller was the
obvious choice.

All ship engines used condensation, as opposed to locomotives. Compounding was first used
for a ship engine in 1854.

Cross-Atlantic passenger and mail transportation on a regular basis started in 1840, initially
with some problems in the winter months. The UK-US route developed into a prestigious
competition between the major shipping lines and the major Atlantic nations, becoming
heavily subsidized by the respective governments as well as a spur to further developments.
Thus the winners (i.e. the fastest ship) in general represent the utmost in technology at the
time. The table below lists some of the winners using steam engines, later winners used steam
turbines.

City of Paris was the first to use two propellers, and the first of these liners with a triple
compound engine. Nevertheless, she still had three masts rigged for sail.
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Table 6.  Some of the fastest cross-Atlantic ships 1840-1902

Year Ship Country Size,
tons a)

Speed,
knots b)

Power, kW Paddle/prop.

1840 Acadia UK 1180 10.6 550 Paddle
1850 Asia UK 2230 12.1 -    “
1851 Baltic US 2850 13.2 -    “
1856 Persia UK - 13.8 -    “
1857 Adriatic US 3900 15.9 - 1 prop.
1876 Britannic UK 5000 16.0 4000     “
1883 Oregon UK 7400 18.5 9700     “
1889 City of

Paris
UK 10 500 20 21 000 c) 2 prop.

1892 Campania UK 13 000 22 18 000 ? c)    “
1900 Deutschland D 16500 22-24 c)    “
1907 Kronpr. Cecilie D 19400 22.7 33 700 d)    “

a) Ship size is measured in tons, but there are confusingly three main types of such tons. For passenger
vessels the ton used is "register" ton, which is actually the volume of the ship measured in units of 100
cubic feet = 2.832 m3 = 1 ton. This unit has two divisions, gross and net, with gross being the most used
and the one used in the tables here. War ships are generally measured in "displacement" tons, which
equals the weight of the displaced water which is equal to the weight of the ship. For large commercial
ships "deadweight" tons are used. This is the weight of the carrying capacity, which for large ships (e.g.
oil carriers) is basically the weight of the cargo. The origin of the word ton is the old English word tun
meaning a fairly large cask of wine. The number of tuns carried was the basis for ship taxation in the
1500s.

b)     The speed given is the average for one crossing. One knot is 1.852 km/h, which corresponds to
            one meridian minute (10000km/90. 60) per hour.
c) City of Paris and Campania had triple compound engines, Deutschland had a quadruple compound

engine.
d)       Kronprinzessin Cecilie has the record for installed steam engine power in a ship.

A sister ship of the Baltic was the first to cross westwards (usually a little longer) in less than
10 days. Deutschland crossed in five and a half day

From reported coal consumption, the thermal efficiency of the first ship compound engine in
1854 was 6.1 %, and in 1859 9.4 % (Hill 1989). The efficiency of the Britannic engine was
12.1 %, the  Normandie in 1882 had 13.0 %.

Some of the ships listed in the table are shown in the figures below.
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Figure 19. Britannica (sister ship of Acadia) 1840, in the ice at Boston.
(Maddocks 1978)

Figure 20. Baltic. It had three masts initially.
(www.victoriaweb.org/history/letters/images/baltic.jpg)

 
  Figure 21. City of Paris

 (www.history.navy.mil/photo/images/h55000/h55241.jpg)

Figure 22. Campania
(www.cosmoclub.net/cu/cuimages/pc33-cu.jpg)
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Figure 23.  Postcard of Kronprinzessin Cecilie

While it is straightforward to find data for the fastest cross-Atlantic ships, it is very difficult or
impossible to find good data for the totals. The table below is made from graphs by Lowe
(2004), based on ship registries.

Table 7. Development of sailing and steam ships 1870-1915

1870     1915
No. of sailing ships above 50 tons 60 000    20 000
 “        steam    “          “   100 “   1 000    25 000

Million tons sailing ships above 50 tons     16       5
     “        “     steam   “        “     100 “       2     27

This rather short period covers the time when steam ships came to dominate, in particular in
tonnage. 1915 was too early for diesel engine ships, and very few turbines ships were in
operation. Today perhaps the most remarkable fact is how long the use of sailing ship lasted,
into the 1920’s actually for oceanic trade.

Boilers

The boiler is the largest part of a steam engine system, as is clearly seen in any steam
locomotive. The boilers were the limiting factor in increasing engine size, pressure and
efficiency, and improvements in boiler design were as important as engine improvements.

Feeding the boilers was heavy and hot work. Even worse was to haul coal from narrow
storages in a heaving or rolling ship. The boilers needed much cleaning and repair, which
meant working in a very confined space. This gave rise to a special garment: the boiler suit.

Coal was the main fuel from the beginning, and it has kept that position since we now get so
much electricity from coal. But switching to oil in ships started in earnest in 1912 when the
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Royal Navy initiated a rapid change-over. It could then fill up faster, reduce the crew, and the
position below the horizon would not be given away by a smoke of coal.

The earliest boilers

Initially, the boiler was similar to a pot of water on a stove. The boiler was a cylindrical
vessel, heated from below and with the flue gases in addition passing along the cylinder walls.
Newcomen‘s first boiler had diameter of 1.7 m and a height of 2.2 m. These boilers, similar to
those in breweries, had a dome (usually of lead), and were therefore called haystack boilers.
Later, Smeaton made a boiler with diameter of 3.1 m and height 5 m for one of the largest
Newcomen engines. The first boilers by Savery, Newcomen and Watt were made of copper,
and Watt always preferred this material even if boilers of iron also were available.

The boilers were made of plates riveted together. Savery in addition used solder, which
melted as the temperature rose because of his need for high pressure. Riveting rolled plates
together was not straightforward, since the manually made holes often were improperly
aligned. A riveting machine was invented in 1837 which seems to have solved the problem.

James Watt changed the vertical boiler to a horizontal one (a so-called wagon boiler) having a
rectangular box with a half-cylindrical top. The fire was underneath, and the gases passed
underneath and then along the sides of the boiler. Watt, systematic as always, made several
experiments to determine the proper size of the boiler. Among his results were that he needed
a heating surface of 4 ft2 per ft3  cylinder volume, 12 ft2 per horse power, and 8 ft2 per ft3
water boiled, Hill (1989). This last number is equal to 38 kg/m2h, which is much higher than
newer data given elsewhere.

Thus, Watt realized that it was the heating surface that was determining, not the amount of
water as for instance Newcomen had believed. Thanks to experiments by Smeaton, it was
found that the coal should burn with a clear flame for best results, that it should be stirred
frequently and that the feed must not be too much at a time. The reason for the last point is
that the coal is first coked giving off combustible gases, and with a too heavy feed these gases
may not burn. In the 1820’s it was found that a secondary source of air was needed to keep
the fire even, and in the 1840’s the fire door was given holes that could be regulated.

Probably in the 1790’s Boulton&Watt had introduced automatic feeding of water to the boiler
from the condenser, using a float in the boiler. In 1799 Murray connected a second float to a
damper at the base of the chimney. With increasing steam production and falling water level
the damper would slow the air flow to decrease the fire and thus the steam production.

Fire tube boilers

In 1792, Evans in the US led the flue gas from underneath the boiler and through the boiler
itself before exiting. Probably independent of this, Trevithick invented the first Cornish boiler
in 1811/1812, where the firebox was inside the boiler. The flue gases made a U-turn inside
and then passed along the side of the boiler before exiting. The heat from the fire would now
pass mainly to the water, and not so much to brickwork etc outside the boiler. In addition,
particles in the water that sank to the bottom would not be subjected to the fire on the opposite



28

side. These boilers were made for around 4.3 bar, and there seems to be no record of boiler
explosions in the Cornish mines, perhaps because of the intense maintenance.

Figure 24. The Cornish boiler.
(www.steamboats.com/museum/engineroom3.html)

One drawback of the Cornish boiler was the low level of water above the firing space, which
could lead to the plates there being heated without water. This problem was more or less
removed by the Lancashire boiler, with two fire canals. This type of boiler came in use in
1828. It became very popular and is still used for smaller boilers.

 Figure 25. The Lancashire boiler
(http://twaintimes.net/boat/images4/boiler5c.jpg)

Already in 1829 the Rocket locomotive (see below) was equipped with a boiler containing 25
tubes of 76 mm (3 in) diameter. The pressure was 3.3 bar.
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Figure 26. The boiler of the Rocket locomotive in 1829
(Bailey and Glithero 2002)

The first successful use of an “economizer”, i.e. preheating of the water feed by the exiting
gas, occurred in 1845 in the US. The reason for the success was that the pipes with water were
continuously scraped to keep them free of soot.

For locomotives the traditional boiler configuration with pipes inside the water was kept,
because they needed a large steam reserve for climbing uphill. The figure below shows a
more modern locomotive, probably from sometime in the period 1910-1930. Note the semi-
automatic coal feed system. The coal is moved forward automatically, but the spout is
directed manually. This locomotive probably developed more than 1500 kW which was about
the upper limit for manual feeding of the coal. The steam leaves the boiling water at the top
marked with 13. It then passes through superheating pipes: The dark red ones, made as U-
tubes inside their own flue gas channels. The valve is of the piston type, and the valve gear is
of the Walschaert type. The dome 18 contains sand which can be dropped in front of the
wheels to improve traction.

Figure 27. Newer locomotive boiler.
(http://home.new.rr.com/trumpetb/locoworks.html)
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Water tube boilers

A major improvement occurred with the Babcock and Wilcox boiler, patented in 1867  in the
US and an improved version in Britain in 1874. The first actual boiler still took some years to
appear. Babcock and Wilcox changed the position of fire and water:  water was now inside
several pipes and the fire was on the outside. Since the pressure needed for a cylindrical
vessel (or pipe) is proportional to the diameter, this opened the way for steadily increasing
pressure.

Figure 28. Principle of a Babcock and Wilcox boiler
(www.showmepower.com/dict/images/00106.gif)

In the original design these boilers had natural convection of water (cold feed water sinking,
hot water with steam rising) and used tubes of 90-100 mm diameter. To increase the pressure
forced circulation was used, sometimes in a once through configuration. The pipes can be
made smaller then, perhaps 1 inch, or 25 mm. Such boilers can reach 400 bar, high enough
not to pose any constraint on steam turbine design for power stations.

In a Babcock and Wilcox boiler superheating (i.e. raising the temperature above the one in the
boiling section) initially took place only in a second bank of pipes after the boiler pipes. This
was first introduced in 1895. All modern large boilers employ superheating (in more than one
bank of tubes) as well as economizers and preheating of the air feed. The coal is usually
pulverized and blown into the furnace. In large boilers the air is also forced through by fans.
The first one to use a fan was probably de Laval in 1897, for a boiler that reached 240 bar
using spiral water pipes of his design. It is not known if he used such high pressure in the
turbine-generator sets he delivered.
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For fairly modern versions of boilers with flue gases inside the tubes (i.e. Lancashire type) the
production rate of steam is 15 – 25 kg/m2h depending on the construction. For the Babcock
and Wilcox type with natural water circulation, the production rate is up to 70 kg/m2h, and
with forced circulation up to 100 kg/m2h. With fuel oil the firing load is up to 22 MW/m3

firing space, and for light oils or kerosene up to 40 MW/m3. Modern large boilers have
efficiencies around 90 %, while 70 % was acceptable in the first half of the 1900s. The
modern ones can be made in sizes up to 4000 tons of steam per hour at 300-350 bar. The fire
temperature is around 1650 oC. Such boilers are only used in power stations, and since they
are so integrated with the water and steam flows to and from the turbines a picture is
postponed to the section on steam turbines.

Condensers

Using water injection in the condensers gave efficient condensation, but it meant that extra
water with salt and dirt was always added to the boiler where it accumulated. This was a
particular problem at sea, since then it was salt water that was added to the boilers, giving
increased incrustation and corrosion. Therefore, the boilers needed frequent stops for blow
down of the very concentrated salt solution. To solve the problem surface condensers were
introduced. These condensers consisted of tubes with cold water on the inside and condensing
steam on the outside. James Watt had experimented with surface condensers, and one was
tried on a ship in 1822. The first successful one is said to be the one onboard the ship Moltan
in 1851. The surface condensers had a large number of tubes (13 000 in the one onboard Lord
Clyde), so there was a lot of difficult manufacturing involved. In addition, equipment for
distillation of the water needed to top up because of the inevitable losses had to be added.

Safety

The development towards higher pressures was punctuated by boiler explosions, which could
occur even in an atmospheric boiler. One of the very first high pressure engines made by
Trevithick exploded because the operator tied down the safety valve while he went fishing.
After that Trevithick invented the fuse plug which was supposed to melt if the temperature got
too high. Because of incrustation it did not always work as it should, but it became standard
on all boilers in addition to the safety valve (one or more).

Tying down the safety valve was very common and well known. In the specifications for the
locomotives taking part in the Rainhill competition in 1829 one point laid down that the
locomotives should have two safety valves “one of which must be completely out of reach or
control of the Engine-man”.

The Mississippi river boat was invented in 1826. These ships carried up to 1000 passengers.
During the first 33 years of operation 235 boats were destroyed by explosions, killing 2500
people. The worst accident occurred when three of four boilers exploded in one ship, killing
more than 1200 persons. The river boat captains had a tendency to race each other, which did
not improve the safety record. In the first 40 years of steam boats after 1807 about 500 ships
were lost, although not all to explosions. In the US in the 1850’s one person was killed on the
average every four days from boiler explosions, and in 1867-8 this had increased to one
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person every day. The accidents and the deaths and injuries led to inspection and certification
agencies, the first one in England in 1845.

The development in pressure is illustrated in the table below:

Table  7. The increase in boiler pressure over the years.
Where temperature is given it shows superheating

( SS = steam ship, TS = turbine ship)

Year Machinery Pressure,
 bar

Year Machinery Pressure,
 bar

Temperature,
 oC

1712 Newcomen 1 1900 Power station 10 290
1800 Watt 1.4 1910 Power station 15
1802 Trevithick 11 1930 Locomotive d) 60
1804 Evans (USA) 7.7-11 1936 TS Queen Mary 28 370
1812
1841

Cornish
engines

3.7-4.3 1952 TS United States 69 570

1894 Textile mill 11.0 1930’s Power stations 60
1841 SS Acadia 1.6 1960’s U S  P o w e r

station
350 650

1850 Royal Navy 1.7 1970-
today

Power station,
typical

250 540

1860 Royal Navy 2.4 a)

1870 Royal Navy 5.1
1885 Royal Navy 12.0 b)

1900 Royal Navy 17.0 c)

1829 “Rocket” 4.3
1845 Locomotive 6.0
1847 Locomotive 7.7
1857 Locomotive 9.0

a) 1863 first navy compound engine
b) triple compound engines introduced
c) quadruple compound engines introduced
d) not typical, a German experiment
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The Steam Turbine

In a steam turbine the steam the steam works directly on a turbine (one or more wheels with
blades) to produce rotary motion. Since almost all steam engines – reciprocating engines –
were used to produce rotation, a direct conversion by the steam to rotary motion should in
principle be more efficient and give a more compact engine.

A steam turbine relation to a steam engine is thus completely analogous to a gas turbine’s
relation to an internal combustion engine (gasoline, diesel).

Just as the need for mine pumps was the motivation for inventing the steam engine, from
1870-80 the need for drivers for electricity generators became a motivation for developing an
engine that could run at the high speed needed, some thousand rpm.

Early ideas and efforts

The first sketch of a steam turbine goes back to Heron (or Hero) of Alexandria, who lived in
the first century AC, and was a well known inventor and lecturer. He also wrote books, which
is why his idea is preserved. (His best known book is available on the same internet site as the
lecture by Parsons listed in the References.) His proposal is shown in the figure below. We
don’t know for certain if he ever tried to actually build a turbine.

Figure 29. Heron’s idea for a steam turbine
(www.aircav.com/img/cav/turbine/fig2-1.jpg)

In Heron’s turbine, the steam makes the rotor “react” to the force the steam exerts upon it
when the steam is forced to change direction, and it is called a reaction turbine.

The next early idea came from the Italian G. Branca in 1629, and is shown in the next figure.
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Figure 30. Branca’s “conceptual study” of an action turbine.
(Eckoldt 1996)

In Branca’s proposal, the steam is given a high velocity and then flows tangentially into the
turbine wheel, “acting” on the blades. Hence, this is called an action or impulse turbine. The
gear wheels drive a stamping mill not shown in the figure.

James Watt had the idea of a turbine having a kind of rotating piston, similar it seems to a
modern Wankel engine. He did not pursue this idea. Later it was rumored that an Hungarian
had invented a steam turbine, and Watt then calculated (correctly) that such a turbine would
need an enormous velocity to give an acceptable efficiency and would not be possible to build
at that time.

In 1837 Avery in the US and Wilson in the UK both developed steam turbines using the
principle of Heron, but feeding the steam continuously through the rotor axle. Avery’s rotor
was 5 ft across and had a speed of 280 m/s. His turbine was used to drive a saw mill and a
cotton gin. The Swede O.E.Carlsund constructed a reaction turbine in 1870 that drove a saw.

In 1878 the Swede C. G. P. de Laval patented a milk separator driven by a much improved
Heron and Avery type turbine, using an S-shaped rotor. He built one and also developed it
further, and got a patent in 1883 for an improved version. However, he soon gave up his work
on this kind of turbine, and that is the last of the Heron type turbines.

Modern steam turbines

Modern steam turbines were developed in three basically different types, depending on how
the steam flows relative to the turbine wheel. The alternatives are:

• axial flow
• tangential flow
• radial flow

The basic design of all three types were kept in the subsequent development, the
improvements were in the details of the construction.
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All steam turbines share some advantages: There is no direct contact between moving and
stationary parts outside the bearings, meaning that there is no lubricating oil in the
condensate. The lack of contact between oil and the hot parts means that steam at a higher
temperature can be used, which is also needed to avoid condensation and drops impinging on
the blades. At least for the axial flow turbines, the general rule is that there must be no drops
in, and not more than 10 % drops out after the last stage.

Of the three types, the axial flow ones became completely dominant very soon, and only that
type will be covered in the paragraph on applications.

Axial flow turbines
The axial flow turbine was invented in England by Charles A. Parsons in 1884; the first one
giving 4 kW. The principle is partly shown in the figure below:

Figure 31.  One of Parsons’ first axial flow turbines.
(Eckoldt 1996)

The basic idea is to let down the steam pressure in small increments through turbine stages, to
avoid too high rotational velocity. Each stage consists of a ring of blades fastened to the axle,
and another ring of stationary guide blades or vanes fastened to the casing. In each stage the
steam is given a change in direction by the rotating blades, and then given an opposite change
by the guide vanes (similar in shape to the rotating blades) to get the correct direction for the
rotating blades in the next stage. The change in flow direction across the blades means they
“react” to the steam, and it is classified as a reaction turbine, but it is actually a mix of action
and reaction turbine.  The steam flow is thus a kind of zigzag axial flow.

In the turbine in the figure, steam enters in the middle and flows towards the two ends. In this
way the axial forces are eliminated. Each half consists of sets of rows with equal diameter,
increasing as the pressure goes down and the steam volume increases. In the figure, each half
has 14 rows for the highest pressure, 7 for the intermediate and 5 for the lowest, making a
total of 26 stages in each half. The stationary guide vanes are not shown in the figure.

The first turbines exhausted to the atmosphere, which was one reason for their low efficiency.
Other reasons were too large spacing between the blades and between the blades and the
casing, and a still inefficient form of the blades. All these points were soon improved. For an
animation of such a turbine, see www.sciencemuseum.org.uk
/exibition/energyhall/page154.asp
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Tangential flow turbines
After de Laval had given up the Heron type turbine, he turned his attention to the tangential
flow type, where he was successful already in 1883. During his development work he had to
make three inventions:

• The converging-diverging nozzle which transforms the energy in the steam almost
wholly to kinetic energy at supersonic velocity. Such nozzles are often called Laval
nozzles. The principle of the nozzles feeding the turbine wheel is shown in the figure

Figure 32. Principle of de Laval nozzles and the impulse turbine wheel.
(www.tpub.com/content/fc/1404/img/1404_78_1.jpg)

• A gear to slow down the rotation, initially 30 000 rpm: The helical gear wheel.
• A flexible (i.e. thin) axle and bearings to avoid the vibrations at full speed. His axle

passed through the vibration zone as the speed increased, and ran smoothly at full
speed.

The de Laval turbine was initially limited very much in power, and had low efficiency. Later
models had lower speed, but a gear was always used. The turbines were gradually improved,
but it is still only used for low power. Both Dresser-Rand and Alstom offer single stage
turbines (i.e. one impulse wheel) for powers up to 3 MW.

Figure 33. Modern single stage turbine from Dresser-Rand.
(www.dresserrand.com)

The American Charles Gordon Curtis (in 1896) invented a compound (multi-stage) impulse
turbine. The whole pressure drop still occurs initially, but the high speed steam flows through
stages, each consisting of a rotating set of blades and a stationary set. The stationary set turns
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the steam around to get the proper direction for the next stage. A multistage impulse turbine
will have many fewer stages than an axial flow one, typically less than ten and often very few.
The flow now becomes curved axial in the guide vanes and tangential in the moving blades.
Since the whole pressure drop occurs across the nozzle and not across the wheel(s), such
turbines are also called constant pressure turbines.
For intermediate power it was customary to use Curtis wheels in front of the axial flow stages,
in the same casing.

Radial flow turbines
Parsons lost control of his patent for the axial flow turbine in 1889 and got it back in late
1893. In these years he developed a condensing radial flow turbine, at least one at 100 kW.
Little is given about the turbine design, but is claimed that this was the first turbine to have
higher efficiency than a steam engine of the same power. He did not pursue the development
of radial flow turbines once he got his patent back.

Two Swedish brothers, Birger and Fredrik Ljungstrøm developed a radial flow turbine with
counter-rotating wheels in 1906, and started production in 1908. The blades where fastened in
concentric rings on alternating wheels, and the blades on one wheel were the guide vanes of
the other and vice versa. Thus, the flow became a zigzag radial one. Because of the counter
rotation they either drove two generators or needed an extra gear. Their first full scale turbine
had a power of 380 kW and ran at 3000 rpm, in 1912 they made one of 750 kW, and later
ones giving 5 MW. Another Swede, G. Dalén, constructed one for torpedo propulsion in
1905.

Later, the Ljungstrøm brothers combined their radial flow turbine with an axial flow one on
either side of the two wheels. Neither kind is produced any more, but at least the combined
type still exists in a few places. In 1932 a turbine of this combined type delivered 38 MW, and
a later one 300 MW. In 1913 the company was reorganized and got the acronym Stal, which
also became the name for such turbines.

A comparison of some of the earlier turbines and with two steam engines is given in the table



38

Table 9.  Comparison of early steam turbines and steam engines.
      The data for Parsons turbines up to 1910 are from

Parsons (1911), the other from Hill (1989)

Year Turbine/engine Power, kW Steam pressure,
bar

Steam  consumption,
 kg/kWh  a)

1885 Parsons non-cond.   4 5 91
1888       “         “  75 7.9 25
1900        “    cond. b) 1250 7.9 8.3
1902        “       “ 1500 - 8.2
1902        “        “ 3000 10 6.7
1907    “    “ Mauretania 12 700 - 8.7 (ideal exp. 3.7) c)

1910   Parsons cond. 5000 14.8 5.9
1913        “ - 12.7 5.1
1923        “ 50 000 58.9 3.3 (ideal exp. 2.5) d)

1892 Parsons radial 100 7.9 12.3

1890 de Laval 45 - 12.1
1890         “ 230 - 9.7

1902 Steam eng.,  b)

triple compound
- - 9.4

1910 Steam eng. 155oC
superheat

- 12.7 7.3 (ideal exp. 3.3) c)

a) The steam consumption could be converted to efficiency for those cases where the steam temperature is
known. However, this efficiency neglects the efficiency of the boiler, probably 50-70 % at this time.
The efficiency neglecting the boiler for the last steam engine of 1910 is 20.5 %. The thermal efficiency
would then be in the range 10-14 %.

b)       These two were compared by an electricity company, probably using the same steam.
c) Ideal expansion is an expansion without any loss or friction. The ratio of the ideal steam consumption

and the real one gives the efficiency of just the expansion: 63 % for the turbine, 45 % for the engine.
Parsons give condensation at the remarkably low temperature of 22 oC which has been used for the
engine too.

d) This turbine uses reheat which gives more work per kg steam even if the thermal efficiency does not
change much. The ideal value is based on some reasonable assumptions since Hill does not give enough
information for a proper calculation. The expansion efficiency then becomes 76 % which is reasonable
at this time. Modern turbines will have around 90 %.



39

Steam turbine applications

This part only deals with axial flow turbines, since they are so completely dominant in size
and numbers. There were and are two main fields where steam turbines are used:

• Drivers for electricity generators
• Ship propulsion

Steam turbines have earlier been used as driver for other kind of equipment. One example is
driver for large compressors. A steam turbine can easily change the speed of rotation, which is
the best way to regulate a compressor. Also, earlier there were no alternatives. Today both gas
turbines and electric motors are made in much larger sizes, and unless steam is already
available a steam turbine will not be chosen any longer. Today some ships use the heat from
the diesel exhaust to provide steam for smaller generating sets of 0.5 – 25 MW.
(www.peterbrotherhood.co.uk)

There were many efforts to adapt the steam turbine to drive locomotives, but this was never
successful.

Generator drivers
The axial flow turbine was developed initially to drive electric generators, and after about
1905 steam turbines were the only drivers considered for thermal power stations. In fact, 80 -
85 % of all the electricity produced in the world (total in 2003: 16 000 TWh) is produced in
generators driven by steam turbines. The heat to produce the steam can come from coal or oil
(or any other fuel) in a conventional thermal boiler, it can come from nuclear reactors, or it
can come from the gas turbine exhaust in so-called combined cycle power plants. Here a gas
turbine provides about two thirds of the power, but the exhaust is hot enough to generate
steam for a steam turbine to provide the remaining third of the power. There are or have been
a few solar collectors focusing the solar rays to generate steam to a turbine.

The increase in size of steam turbines during the 1900’s is shown in the table:

Table 10.  Examples of maximum steam turbine power during the 1900s

Year Power, MW Power station efficiency, %
1900 1 12-13
1903 3-5
1910 10 18-20
1916 50
1930 200 30-32
1965 1000
1973 1380 40-43
1997 1550 35 (nuclear) a)

a) Nuclear power stations have larger turbines, but lower efficiency because
         the steam is not superheated and has lower pressure

Large steam turbines are usually divided into sets, where each set is one or two separate
turbines in a separate casing and with bearings at each end, as shown in the figure below. The
sets are mounted on the same axle as the generator, and for large combinations several
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hundred tons are rotating. Splitting the turbines into sets goes back to Parsons, who
introduced it early in the 1900’s. The larger turbines in the table above is therefore made up of
several sets.

Figure 34. Two sets of turbines for a power station. The HP and IP turbine
                           in one casing, the LP turbines in another.

(www.energymanagertraining.com/power_plants/img/st2.gif)

According to the manufacturing company Alstom (www.alstom.com -> power ) a typical
shaft arrangement is as given in the table.

Table 11. Typical turbine set arrangement, from Alstom
HP: high pressure, IP: intermediate pressure, LP: low pressure

Power, MW Turbine set arrangement
100-180 1  set, or 1 HP set and 1 combined IP and LP set a)

100-300 1 HP set, 1 combined IP and LP  a)

250-900 1 HP set, 1 IP set, 2 LP sets a)

     “ 1 HP set, 1 IP set,  2 LP sets a)
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1550 1 combined HP and IP set a),  3 LP sets a)

a)  All LP sets and all combined sets have feed at the center of the casing to minimize axial forces. When steam
at different pressures is fed to the same casing, there is of course a dividing wall between the  turbines.

The turbine of 1550 MW listed last in the two tables above is the largest in the world. The
whole turbine sets and generator is 51 m long, has a width of 12.8 m at its widest, and weighs
2810 tons. The figure below shows the combined high and intermediate pressure rotor which
produces 900 of the 1550 MW. The HP steam enters at 71 bar and exits at 10 bar and with 15
% moisture, and goes to drop removal and some heating before going to the IP section. In the
figure the flow in the HP section is towards us, and in the IP section from us. The IP steam
exits at around 3 bar and flows directly to the three LP sets. The turbine needs a stable
foundation, so it rests on a concrete block of 1800 m3.  In addition to the generator the turbine
drives some auxiliary equipment, e.g. lubrication oil pumps. This is the reason the electricity
production is given as 1450 or 1500 MW. The world record for size will not last, for Alstom
has signed a contract to deliver a 1750 MW turbine in 2012. If we go back to Table 4, we see
that in 1870 only Great Britain and Germany in Europe had more installed power totally than
this single turbine produces. 1500 MW is  the same power as in 20 000 ordinary (100 hp)
cars.

      Figure 35. The HP and IP section rotor of Alstom’s 1550 MW Arabelle  turbine.
 (www.alstom.com)

In a 60 Hz system (e.g. the US), the turbine and generator speed is normally 3600 rpm; and in
a 50 Hz system (e.g. Europe) 3000 rpm is common. Half or even a quarter of this can be used.
The turbine –generator sets can go for a long time without stopping for maintenance: In 2007
a US coal fired power station ran for almost three years before a shut down, and in 2005 a
nuclear one for 707 days, both being the present records in the US.

The power station in the next figure shows a modern boiler and how steam is bled from all the
turbines to preheat the returning water (the green and yellow part). The tubes with water and
steam are only sketched as a few larger pipes, but there are about 500 km of tubes in the
boiler. The air is blown in by a fan but is not preheated, and there is another fan just before
the chimney. Coal is pulverized and also blown into the boiler. The cooling water is itself
cooled in a cooling tower. For this smaller station (only 100 MW) the cooling tower has
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mechanical draft; larger stations use natural draft through large hyperbolic towers. The units
are not drawn to scale, in particular the turbines and generator are enlarged to show how they
work.

Figure 36. Sketch of a coal fired 100 MW power station:
Platte generating station unit no 1
(www.giud.com/newimages/PGSsysOV.jpg)

Ship propulsion
The second large use of steam turbines was and is in fast and large ships. Previously, this
meant passenger liners, war ships and an increasing number of cargo ships, but after 1950-60
steam turbines are only used for nuclear powered ships: aircraft carriers and large submarines.
Nuclear power produces heat which boils water, and there is then no alternative to steam
turbines.

For ships too, the initial development was extremely rapid. Again it was Parsons who was the
pioneer. The main problem was the mismatch between the speed of the turbine and that of the
propeller. After some initial failures, and more than three years of tests, his small ship
Turbinia was ready in 1897. The ship was small, 100 ft long and 44 tons. In this he had
combined three turbines, at high, intermediate and low pressure, each one driving a shaft with
three propellers. In addition, there was a separate turbine for reverse movement. Altogether,
the turbines developed 1700 kW, giving Turbinia a speed of 34.5 knots, far above anything
else at that time.
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Figure 37.  Parsons’  test ship Turbinia in 1897.
(Derry and Williams 1960)

He showed off Turbinia running it at full speed between the large number of warships at the
Jubilee Naval Review in 1897. The admirals were furious, but they also recognized a useful
invention when they saw one, and already in 1900 the first  two British destroyers were on
trial making 37.1 knots. In 1905 the Royal Navy tested a cruiser of 3000 displacement tons
with turbines developing 10.5 MW, and after that decided to use steam turbines in all new
ships. Soon after, in 1906, the Royal Navy commissioned a new large ship, the Dreadnought.
This was larger (17900 displacement tons), better armed (10 heavy 12 inch guns), better
armored (11 inches of armor plate along the water line) and faster (cruise speed 17.5 knots,
top speed 21 knots) than any previous large warship, all of which were suddenly made
obsolete. The machinery was eight turbines ( two per shaft) connected to 18 boilers, giving a
total of 17.2 MW.

The first civilian turbine-powered ship was the small passenger ship King Edward in 1901,
with a 2.6 MW turbine. Several other ships followed. In 1907 and 1908, the Cunard Line's
sister ships Mauretania and Louisitania with 51 MW turbines started cross-Atlantic service.
This marked a new level of power for passenger ships, as the new list of cross-Atlantic
winners in the table shows. In 1911, Parsons estimated that there was as much turbine power
installed in ships as for generators ashore, about 4000 MW each.

Table 12.  Fastest turbine-powered cross-Atlantic passenger ships 1908-1952.
       All these ships had four propellers.

Year Ship Country Size, tons Speed,
knots Power, MW
1908 Mauretania     UK 32 000 25.4-
26.2        4 x 12.7 a)

1928 Bremen        D 52 000 27.9
       4 x 18.8

1933 Rex              I 51 000 28.9
       4 x 26.6

1935 Normandie  F 83 000 30.0
       4 x 24

1936 Queen Mary UK 80 800 31.7
       4 x 29.6

1952 United States US 53 300 35.6
       4 x 45

a) Based on the coal consumption the efficiency was 14.5-15 %
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Again, the speeds are averages for one crossing. Mauretania kept increasing her speed over
the years, as indicated in the table. She made up to 30 knots over short distances in the end.
The United States made 36.2 at its best. The two figures below show the first and last of these
liners.

Figure 38.  Mauretania
(www.simplonpc.co.uk/Cun_Mauretania1.html)

  
 Figure 39. United States

(www.usgennet.org/usa/topic/steam/Today/ModBoat.html)

There were some additional advantages in changing from steam engines to steam turbines.
The turbine was much more compact and ran much smoother. In addition, the engine room
became a place without a terrible noise, without hissing steam and without condensing steam
leaks, and without the need to touch a running engine to check the temperature of the bearing.
One advantage is less obvious: When a ship pitches in high seas, the propeller will rise out of
the water when the bow goes down. With a steam engine, the engine will then get a rush,
which is uncomfortable in terms of noise and shaking, and will give greater wear. In a steam
turbine drive the rotational inertia is much greater, so the propeller will be back in the water
before the turbine is much affected.

For nuclear powered ships an almost unlimited sailing range is one huge advantage, in
particular for warships that operate at sea for long periods. The additional great advantage for
submarines is that they don’t need air for burning fossil fuel, making possible month long
submerged cruises.

Table 13. Data for some nuclear and steam turbine powered ships.
( www.warships1.com)

Type Class a)(Country) Year Tons b) Speed, Reactors Power, MW
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 knots c)

Carrier Nimitz (US) 1975 95 000 30 + 8 4 x 52
Sub Astute (UK) 2004 6500 32 1 11.7
  “ Seawolf (US) 1997 9150 30 + 1 39
  “ Le Triomphant (F) 1996 14 300 25 1 31.1
  “ Ohio (US) 1981 18 800 26 1 45
  “ Typhoon (R) d) 1980s 33 500 25 2 75

a) Warships are usually built in series called classes and named after the first ship. The year
given is for the first ship.

b) Displacement tons, for submarines in submerged condition. The tonnage is fully loaded, including
for instance 8000 tons of aviation fuel aboard the carriers. For this class the displacement has
increased to 105 000 tons

c) For submarines in submerged condition
d) The largest submarine ever built. Typhoon is the Nato name. Probably not in service any more
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