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PREFACE

THE boy of to-day lives in a world of engines—en-
gines in front of him, engines behind him, engines
all round him—and most boys are devoured with
curiosity to know how they are made and how they
work. They will go out of their way to see engines,
pluck up courage to ask questions of those in charge,
spend hours reading about them when a suitable
book falls into their hands, and at night dream that
they are spinning along at sixty miles an hour with
their hand on the starting lever of a locomotive, or,
more probably in these days, soaring 10,000 feet high
in an aeroplane.

It is to satisfy such am admirable thirst for in-
formation that this book has been written. Beginning
with an account of a simple engine, and an explana-
tion of how it works by steam, the reader is next
introduced to the pioneers and their difficulties in
order to bring out more clearly the principles involved
in the production of mechanical power. After a
survey of the various types of steam engines and
boilers, gas, petrol, and oil engines are described.

These chapters are followed by brief accounts of the
\4




Preface

application of steam to the propulsion of railway
trains and ships. Finally, power and its measure-
ments are explained in an elementary way, and the
book closes with a chapter on the problems of {fuel, upon
which the future of mechanical power largely depends.

The author has written throughout as for his own
boys, and two of them, aged seventeen and thirteen,
have read the whole of the proofs without apparently
being bored. It is not pretended that they under-
stood everything in it; a book of over 300 pages
on engines which is wholly intelligible to a boy of
thirteen should be burnt rather than printed. At
the same time an effort has been made to exclude
any discussion of matters which are of greater difficulty
than importance. In the selection of material there
must always be room for difference of opinion, and in
this respect the author craves the indulgence of his
readers. In a book of this kind there is ample oppor-
tunity for the exercise of judgment, but the essentials
are a properly balanced view, numerous illustrations
and the avoidance of statements which have to be
unlearned by those who at a later stage will acquire
their knowledge professionally.

Of the 182 illustrations about 150 have been
specially drawn for the book, while the rest are re-
produced by permission of leading engineers and
manufacturers. For help in this and other ways
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the author desires to render grateful acknowledgments
to Messrs. Marshall, Sons and Co., Limited, The Brush
Electrical Engineering Co., Limited, Messrs. Gallo-
way, Limited, Messrs. Babcock and Wilcox, Limited,
Messrs. H. F. Yarrow and Co., Limited, The Crosby
Gauge and Valve Co., Limited, Messrs. Holden and
Brooke, Messrs. Hopkinson and Co., Limited, Messrs.
Lockwood and Carlisle, Messrs. Belliss and Morcom,
The British Westinghouse Co., Limited, Messrs.
Greenwood and Batley, Limited, Messrs. C. H. Parsons
and Co., Limited, Messrs. Crossley Bros., Messrs.
Wolseley Motors, Limited, Messrs. Richard Hornsby
and Sons, Limited, Messrs. Mirrlees, Bickerton and
Day, The Electric Boat Co., Messrs. G. and J. Weir,
Limited, The Bonecourt Waste Heat Boiler Co.,
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ALL ABOUT ENGINES

CHAPTER 1
How a Modern Engine Works by Steam

OBODY, from the oldest to the youngest among
us, unless he possess not a grain of intellect or a
spark of imagination, can look at a steam engine work-
ing without thinking of more than is apparent to the
eye. To those whose life is lived away from workshops
the number of pipes, levers, wheels, and quickly moving
rods only bewilders, and simple facts are obscured
by complexity of detail. And yet there is nothing
very intricate about the engine. The man who
has lived among engines could almost manage one
blindfold. True, he would not get the most out of
it, but he would make it work. The principles are
the same in all engines, and as they can be learnt
as easily from a simple one as from the most elaborate
one ever built, we shall devote this chapter to an
examination of the parts and of the duties they
perform.
THE BOILER
The first necessity for a steam engine is a boiler
which will supply as much steam as the engine re-
quires. What sort of boiler shall we choose—vertical,
B
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Cornish, Lancashire, marine, locomotive, or water-
tube ? There they are, all of them interesting, and
most of them the best for one purpose or another.
Let us select one of the vertical type, which is easy
to understand and efficient in use. Fig. 1 shows

(1] gy s> 111

. s
It
Fig. 1.—Vertical boiler, Cochran type

A, Fire-grate; B, Furnace door; C, Up-take; D, Flue;
E, Chimney

this boiler in sec-
tion, so that the in-
terior arrangements
can be studied.
The fire-grate 1is
wholly surrounded
by water, except in
one place, where
the furnace door
is situated. The
hot gases pass up
into the flue on
the right, thence
through the tubes
until they reach
the up-take, lead-
ing to the chim-
ney on the left.
A door in the face
of the up-take just
above the furnace

door enables the tubes to be cleaned out occasionally.

Now, if water is heated in an open vessel the
temperature, as measured by a thermometer, gradu-
ally increases until it reaches 212° Fahrenheit, or

100° Centigrade, when the water boils. At this tem-
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perature the pressure of the steam is just equal to
that of the atmosphere. If the operation took place
at the bottom of a mine the temperature of boiling
water would be higher, because there is a greater
thickness of air overhead ; and if it were carried out
on the top of a mountain the temperature would
be lower because the thickness of the atmosphere
overhead would be less. The temperature just given
for the boiling point is true for the neighbourhood
of sea level and with the barometer at 30 inches.
On heating water in a closed vessel the tempera-
ture and pressure both increase, and for every tem-
perature there is a corresponding pressure of steam.
Thus at a temperature of 212° Fahr. the pressure
is 147 Ib. per square inch, or equal to that of the
atmosphere ; at 293° Fahr. the pressure is 60°4 Ib.
per square inch; at 320° Fahr. it is 1019 Ib. per
square inch; at 374° Fahr. 182'4 Ib. per square
inch; and so on. As boilers are not constructed
to stand more than certain definite pressures, and as
a man cannot always be watching the pressure gauge,
some device is
needed to enable
steam to escape
when the pressure
exceeds that which
the boiler was in-
tended to bear
safely. Such a de- :
vice is shown in 2428 . V&
Flg Z. Fig, 2.—Lever safety-valve
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The opening in the boiler is closed by a cup-
shaped or “ conical ” piece of brass, which has been
ground to fit the end of the seating upon which it
rests, and this is held in place by the short rod
pinned to the lever just above it. If the area of the
opening covered by the valve is 6 square inches and
the highest pressure in the boiler is to be 60 lb. on the
square inch, the total force, when steam blows off,
is 6x60=1360 Ib. By hanging a weight at the
end of a long lever a much smaller one is required
to balance the force on the valve. Thus if it is at
eight times the distance of the valve from the fulcrum,
the weight need only be #§%=45 Ib.

While the safety valve prevents accidents from
too high a pressure, the man in charge has to see
that enough steam is supplied to enable the engine
to do its work ; and in order to know how to manage
the fire without continually blowing off steam at the
safety-valve, he must know what the pressure in
the boiler really is. For this purpose a pressure gauge
is provided, and Fig. 3, Plate 1, shows one of the
Bourdon type, with the dial partly removed to show
the interior. The gauge is connected to the boiler by
a U tube or syphon, in which some of the steam con-
denses, so that steam never actually enters the curved
tube inside the gauge. When the tap A is turned,
pressure inside the curved tube B, which is not round
but oval in section, rises to that of the boiler. The
effect of the steam pressure inside this tube is to
make it more nearly circular, and at the same time
to straighten it. The end of the tube then pulls




Fig. 5—Good simple type of Horizontal Engine

SECTIO?‘
oF TUBE

Fig. 3—Bourdon Pressure
Gauge

PLATE 1

Photo by permission of Messrs. Marshall, Sons & Co., Ltd.

By permission of the Brush Electric Co., Lid,

Fig. 12—Hero’s Engine
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By permission of the Brush Electric Co

Fig. 13.—Branca’s Engine e Fig. 19,—Model of Watt's Sun and Planet Motion
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round the toothed sector D by means of the rod E,
and the sector causes a toothed wheel on the axle of
the pointer to rotate. The pointer then indicates
on the dial the pressure of steam in the boiler.
There is one other safety contrivance fitted to all
boilers which must be noticed now, and that is the
water-gauge. If any part of the interior of the boiler
upon which the hot gases play is not in contact with
water it may become overheated. The metal is
then injured, or at any rate buckling occurs, and
stresses are produced which the boiler was not con-
structed to bear.- Consequently,
the water must be maintained
above a certain level. On the
other hand, it must not be
too high, or some passes over
with the steam, and as water is -«
not elastic, in the sense that
steam 1is, it is of no wuse in
driving the engine. The water- (L1
gauge shown in Fig. 4 is a glass O
tube, communicating with the
interior of the boiler above and
below the proper water level, g oo i
and the level of the water in section
the tube shows the level of the water in the boiler.
When this gets too low more water is pumped in.

wid
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THE ENGINE

We can now consider a simple engine, learn its
parts, and examine its mode of operation.
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What an engine of this kind looks like in reality
will be gathered from Fig. 5, Plate 1, which shows
the front view of one made by Marshall and Sons,
of Gainsborough.

In order to understand how it works we shall
have to look inside it, and for that purpose we shall
rely mainly on diagrams in which what is unneces-
sary to the explanation is left out. Thus Fig. 6
shows a section through such an engine. For the
sake of the reader who is not quite sure what “a
section ”’ means, it may be said that it is the view
which would be obtained if the whole thing were cut
through, and one of the cut faces were being looked
at. Generally a section would be drawn to scale,
so as to reproduce the exact proportions of the
original engine before it was, in an imaginary sense,
cut in two. This one is not drawn to scale. It is
purely diagrammatic. It represents roughly the shape
and general arrangement of the parts, but it does
not show exactly their shapes or relative sizes.

As each of the parts on the drawing is named, a
very full written description will not be required.
The cylinder is of cast iron, shaped like a barrel,
with a box on the side called a steam chest, and it has
covers bolted over each end and over the steam chest,
The interior of the cylinder and steam chest are
connected by narrow steam passages or ““ ports,” and
there is another opening between them by which
steam can escape from the cylinder when it has done
its work. This may lead to the open air or into a
condenser ; but in this case it leads into the open
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air, and as there is no condenser the engine is said
to be a non-condensing engine. What this means
we shall learn later.

The cylinder is fitted with a plug or “ piston,”
rendered steam tight by springy cast-iron rings lying

<

STEAM PORT

'CONNECTING ROD
PACKING BEAF

VALVE SPINDLE. llll
o ECCENT

=" ECCENTRIC ROD”
ECCENTRIC STRAP
SLIDE VALVE

[3—CRANK Pliy

ROSS-HEAD
PACKING

Fig. 6,—Diagram showing parts of a herizontal engine

in grooves in its curved face. It is attached firmly
to a steel rod which passes through a steam-tight
“ stuffing box” on the front cover of the cylinder.
This stuffing box contains oiled packing which fits
closely round the rod and can be forced still closer
by screwing in the gland. The gland is usually of
brass and the hole in the cylinder cover is usually
lined with the same metal. On the outer end of the
piston rod is a block or “cross-head ” which slides
between guides to prevent the rod being bent. A
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steel connecting rod serves to communicate any
motion of the piston to the crank shaft of the engine.
Now, if steam is admitted to the cylinder behind
the piston, the latter will be forced forwards, the
push will be communicated to the crank, and the
crank and the shaft will turn until the crank pin is
exactly in line with the piston rod and on the farther
side of the shaft from it. The piston will now be at
the front end of the cylinder, and no further motion
in the same direction will be possible. But if steam
be admitted between the piston and front cover
of the cylinder, the piston will be forced backwards,
and the pull on the connecting rod will bring the
crank round another half turn. So that if this pro-
cess be repeated, if steam is admitted alternately
behind and in front of the piston, the shaft will
probably continue to rotate in the same direction.
So far as the description has carried us, however,
there is a possibility that the crank, having made
one half turn, will make the next half turn back-
wards. Moreover, with a single cylinder engine there
would be a tendency to stop on the “dead points,”
when the piston rod, connecting rod, and crank were
in a straight line. For in that position the connect-
ing rod merely pushes or pulls the crank-pin, and exerts
no turning effect on the shaft. This difficulty is
overcome by the flywheel. A heavy wheel requires
a good deal of force to start it from rest, or to increase
its speed, and when once it is moving much force is
required to decrease its speed or to stop it. The first
stroke of the piston sets the flywheel moving, and
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the flywheel carries the crank over the dead centre,
so that at two points in its revolution the flywheel
alone keeps the engine working. For ninety-nine per
cent. of the time the engine drives the flywheel, and
for one per cent. the flywheel drives the engine.

But it does more than this. Not only are there
variations of pressure inside the cylinder, but the
turning effort of the connecting rod alters with its
position. Everyone who has turned the handle of a
grindstone knows that the greatest effect is obtained
when the push or pull is exerted at right angles to
the crank. When this greatest effort occurs in the
steam engine the flywheel is forced to turn more
rapidly, and when the effort falls off the speed de-
creases very slowly, because of the flywheel. The
flywheel, therefore, smooths out the inequalities of
motion and gives steadiness. It is like a policeman
keeping a crowd always on the move. But the
policeman does not work for nothing. His services
have to be paid for. Some of the force exerted by
the steam is employed in turning the heavy wheel.
There is no increase, but a decrease, in the work done
by the engine. The only thing that can be said in its
favour is that the engine would not work without it.

Let us now inquire how the steam is admitted to
each end of the cylinder at the right moment to
operate the piston. By referring to Fig. 6 it will
be observed that the ports are partly covered by a
sort of shallow box with the face downwards. This
is the slide valve, and from its shape it is often called
a “D?” slide valve. The hollow in the under side
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of the valve is large enough to cover the middle
or “exhaust” port, and one of the steam ports, but
not both. As the valve moves backwards and for-
wards it not only uncovers each steam port in turn,
so that steam can enter the cylinder, but it also places
the covered port in communication with the exhaust
port, through which the steam escapes into the open
air or into a condenser. If this valve, then, moves
backwards and forwards, always in the opposite
direction to the piston, steam
is admitted to each end of
the cylinder alternately, at
the right moment for con-
tinuous working.

The wusual device for
securing this motion of the
_____ / slide valve is called an eccen-
tric (Fig. 7). An eccentric
ECCENTRIC | consists of a cast-iron disc
ROD > or ““sheave,” keyed on to

; Fdﬂ] the shaft, with a strap fitting
l@__L' ' [@| closely round it and connected
i < by a jointed rod to the slide

valve. Now if the hole in
the sheave through which
the shaft passes were in the centre the sheave would
merely turn with the shaft like a wheel. But this
hole is out of the centre—hence the term eccentric—
and as the sheave rotates with the shaft the valve is
moved backwards and forwards over the cylinder
ports. The distance from the centre of the sheave

ECCENTRIC SHEAVE
ECCENTRIC STRAP

~T -~

o o

Fig. 7.—Eccentric
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to the centre of the shaft is called the ‘‘throw,”
and corresponds to the “throw’ of a crank. The
eccentric, in fact, acts like a small crank. If the
“throw” is 2 inches the travel of the valve is
4 inches, but the sheave is fixed on the shaft so that
the motion of the valve is opposite to that of the
piston, so that when the piston is moving forwards
the valve is moving backwards and vice versa.!

An engine supplied with these parts will run quite
well so long as the work it is required to do, or the
“load,” is constant. But if the load varies the speed
of the engine will vary, and if it is taken off altogether
the engine will “race.” Now racing is undesirable,
not only on account of possible damage to the engine,
but also because of the unnecessary waste of steam.
Steam requires coal to produce it, and coal costs
money. So that if money is not to be wasted, steam
must not be wasted, and some means has to be em-
ployed whereby the engine takes only as much steam
as it requires to keep up the speed.

Suppose a heavy weight is tied to a string. Let
the string be held in the hand with the weight hang-
ing down. Then let a gentle but gradually increas-
ing circular motion be given to the suspended weight.
As the speed increases the weight tends to fly farther
outwards, but in doing so it also rises. This is the
principle upon which the governor acts. Two iron
balls are attached to rods which are held by pin
joints to the top of the main rod in Fig. 8, in such

! This is not quite true. As will be explained later, the valve begins its
stroke in a given direction just before the piston,
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a way that while the balls can rise or fall, they are
forced to swing round when the main rod is turned.
Two other rods are pinned to the balls and to a
collar round the main rod. This collar is connected
to a valve in the steam
pipe, by which the steam
can be ¢ throttled,” so that
a smaller quantity passes
to the engine. The main
rod ‘is driven from the
engine through pulleys and
a belt, and toothed wheels.
If the speed of the engine
increases, the balls fly out-
wards, lift the collar, and
shut off some of the steam.
When the speed of the
engine decreases the balls
fall, the throttle valve is
opened wider, and more steam passes to the engine.

Every engine is constructed to run at a certain
speed, and the governor is designed and adjusted to
cut off steam when that speed is exceeded. Like
the flywheel it acts as a policeman, not, however, in
keeping the parts moving, but in preventing rushes.
And, like the flywheel in another respect, it needs
power to drive it.

The governor on the engine in Plate 1 is of
a different type, though the principle upon which it
acts is the same. It is called a Pickering governor,
and there are three balls mounted on flat steel springs

Fig. 8.—Simple form of governor
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attached at their lower ends to the spindle, and at
their upper ends to a loose cap. The governor is
mounted directly over a valve in the steam pipe,
and this valve is operated by a thin steel rod which
passes through the main spindle of the governor.

We are now in a position to inquire more care-
fully what goes on inside the cylinder. When steam
is admitted behind the piston it drives the latter
forward, filling up the space behind the moving piston
as rapidly as it can squeeze through the port. As
we shall see later, the port is only open for part of
the stroke, but even when the supply is cut off the
expansive force tends to propel the piston forward.
Moreover, the piston, piston rod, cross-head, and
other working parts tend to continue their motion,
just as a boy running at full speed cannot pull up
immediately. When the crank reaches the farther
dead centre this motion must, of course, come to an
end, and the stoppage of this motion tends to set
up very heavy stresses in the engine. This is pre-
vented by causing the slide valve to close the exhaust
port and to open the steam port a little before the
piston has reached the end of its stroke, so that the
steam forms a ‘ cushion” which brings the piston
gradually to rest. The clearance space in which this
cushioning takes place, together with the volume
of the steam port, is about one-eighth of the volume
of the cylinder.

The control, in this way, of the admission and
release of steam depends partly on the position of
the eccentric with reference to the crank, and partly
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on the overlapping feet of the valve. In Fig. g
the eccentric is shown with the throw at right
angles to the throw of the crank, and a plain
: ; valve, with no
yis /T o overlapping feet,

\ ) in mid-position.

: The piston, tra-
/ velling to the
g left, has just
reached the end

of the stroke,
and is ready to move to the right. But the steam

port is not open. In order, then, that the port may
open a little before the end of the stroke the eccen-
tric must be set a little forward of the position
shown, and the amount by which the port would then
be open is called the “lead.” It is usually fixed at
one-eighth of the breadth of the port.

Now con-

Anagys VaNCE
sider Fig. 10, in 2 or;nf;‘/
which the feet /
extend beyond
the steam ports
when the valve
1s in mid- posi-
tion. Owing to the outside lap,! the eccentric will
have to be set still more forward from the right-
angle position in order that the port may be open
at the end of the stroke. The sum of this angle and

! Outside lap is the amount by which the feet of the valve extend beyond the
port when the valve is in mid-position,

Fig. 9.—Simple slide valve, with no lap
and no lead
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the last one is called the “angle of advance,” so we
get the rule: angle required to allow for lap + angle
required to produce lead = angle of advance.

Since the lap on the outside of the valve had to be
allowed for in the angle of advance, why, it may be
asked, is it put on the valve at all? The reason
will be clear if the reader considers what happens
when the valve is moving backwards—that is, from
right to left. The piston is now moving to the right,
and the effect of the outside lap is to shut off steam
before the piston has completed its stroke, and this
saves steam. When water is converted into vapour,
this vapour becomes more and more elastic as the
temperature rises, and it is not the full force of the
boiler pressure but the expansive force of the steam
which is used in the engine. If only a small portion is
admitted and then the admission port is closed, it
will exert a force on the piston right up to the end
of the stroke in its effort to expand. It is, in fact,
usual to cut off at three-quarters, one-half, one-third,
one-quarter, or even one-fifth stroke in order to utilise
this expansive property to the full. Of course, the
pressure and temperature both fall during expansion,
so that the average force acting on the piston is less
than that which would be produced by the boiler
pressure acting throughout the whole stroke.

For example, if steam is admitted at 150 Ib. on
the square inch and cut off at one-fifth stroke, it
expands to five times its original volume, and the
pressure falls to 30 Ib. on the square inch. As we shall
see better later, even this is wasteful, because steam
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at 30 Ib. on the square inch is still capable of doing
work. Besides, it would never do to play with steam
at 150 Ib. on the square inch in the first chapter !
And, for reasons which cannot be given here, the slide
valve will not allow of steam being cut off so early as
one-fifth of the stroke.

The outside lap, therefore, delays the admission
of steam fo the cylinder, and cuts it off earlier. In
other words, the outside lap controls the admission
of the steam, and the larger the overlapping feet the
longer time are the ports closed during each stroke
of the piston.

The reader will probably be wondering by now
why the author has been so stupid as to bore him
with this minute analysis of valve motion so early
in the book; and if he can keep a secret he shall be
told. There are a good many boys, and even young
men, who set out to make an engine and who succeed
admirably up to a certain point. The workman-
ship is good, the joints are tight, and every part is
polished in a way that reflects the patience and
loving care which has been bestowed upon the work,
But when steam is admitted the engine refuses to
work, and—whisper this low—they have to get an
engineer to set the valve for them !

Now this is perfectly unnecessary. A boy who
has the skill and perseverance to make an engine
has the intelligence to adjust it, and if he really
wishes to know how it works he should construct the
model shown in Fig. 11 and spend a few hours in
making experiments with it. The black parts are
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cut out of thin wood or stiff card and fastened to a
board in the positions shown by tacks or drawing
pins. A is a piece of card or thin wood upon which
a piston and rod have been drawn, and a strip of
wood or card B, representing the connecting rod,
connects it with the circular disc ¢ representing the
crank or crank disc. For these joints a drawing pin
with its point upwards is convenient, and the point
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Fig. 11.—Model for study of valve motion

can be rendered less dangerous by a piece of cork.
D, again, is a piece upon which the valve is drawn,
and it is similarly connected with a smaller disc F
through a connecting rod E. The parts A and p
are free to slide backwards and forwards on the
board. Tt is a good plan to mount the discs ¢ and
F on small wood pulleys connected by a rubber ring
so that they both rotate at the same speeds, and
piston and valve move together.
C
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: ; Having made a piece of apparatus like this, it is
i no use playing with it. Make several copies of the

# card p with varying amounts of lap, study the effect
. of lead varying from nothing up to a quarter of the
‘ width of the port, and measure roughly the magni-
; tude of the angle of advance. Note also the cut-off

? for varying lengths of lap, and find out why it is that
H with a valve like this steam is never cut off earlier
| than half stroke. There is more real knowledge to
: be got out of this model in a couple of hours than in
weeks of reading, and if this advice is followed it
will not be necessary to eat humble pie by asking
somebody to set the valve of your engine for you.
| It is as well to remember that the man you asked had
1 to learn it, or he would not be able to do it for you ;
I and it is not wise to confess too early in life that other
fellows have more perseverance than you have.
' Time enough for that later.
q We propose now to leave this simple engine and
get on to something bigger. But before we proceed
to examine boilers that evaporate fifteen tons of
water every hour, and engines that yield a thousand
or ten thousand horse-power, it will be a good plan
to look backwards and see how the early pioneers
succeeded in the face of difficulty and disappoint-
ment in clearing the way for those who came after.
What is that you say ? You want to know what
horse-power is, and how to find the horse-power of
an engine? Well, here you are.

If a weight of 1 Ib.is lifted a height of 1 foot,

¢ ft-Ib. of work has been done, and that is a unit
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of work. The next step is more easily put into a
table :

2 Ib. lifted through 1 ft. = 2 ft.-b.
1 1b. % w2 it =205,
3 1b. - » - I it =" 3G0b,
1 1b. 5 - - 3M =8 W

and so on, so that 1o 1b. lifted through 25 feet repre-
sents 250 ft-lb. of work, and generally the work
done in lifting x Ib. through a vertical height of y
feet is x x y ft.-Ib. This statement is not only true
in reference to lifting weights, but in all cases where
a force applied to a body succeeds in moving it or
deforming it—that is, altering its shape. Thus if a
force of 10 Ib. applied to a heavy table is sufficient
to move it steadily across the room without leaving
the floor, then 15 ft.-Ib. of work will have been done
when it has moved 1} feet, 30 ft.-lb. when it has
moved 3 feet, 70 ft.-Ib. when it has moved 7 ft., and
so on. Again, if a quantity of gas is enclosed in
a long, uniform tube by a piston, and if the piston
is forced slowly inwards so that the length occu-
pied by the gas is half the original length, then the
average force employed multiplied by the distance
through which the piston has moved will give the
work done in compressing the gas.

Suppose, as another example, a force is applied to
the handle of a grindstone, or the mangle used in
the laundry. If the arm to which the handle is
attached is 1 foot long and the force necessary to
keep the grindstone or mangle moving steadily is
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# 1b., we can calculate the work done in the following
way :

Distance moved by force in one

revolution®* . : ; C SR X
o j7“L ft.
Work done in one revolution =42 X 7
= 44 ft.-1b.

And for 20 revolutions, 44 x 20 = 880 ft.-Ib. would
be required.

It will be evident that work can be stored up in
a body which is lifted or deformed, or set in motion.
A weight of 14 1b. raised to a height of 5 ft. will have
had 7o ft.-Ib. of work done upon it, and there will be
70 ft.-1b. of energy, or ability to do work, stored up
in it. For in falling back to its former position it
can be made to draw a rope or a pulley, or raise by
means of a lever another weight. But it would not
do %o ft.-lb. of work because the lever or pulley
would produce friction, and work would have to be
done to overcome that. Similarly the gas would
not push the piston back quite to its original posi-
tion because of the friction against the walls of the
tube. And finally the grindstone or mangle would
turn for a time after the force was removed, and
would in this way raise a weight. Compare also the
action of the flywheel described on p. 8. But even
these will not give back all the work that has been
put into them.

1 The circumference of a circle is 3} or %? times the diameter. Hence the
circumference of the circle formed by the handle of the grindstone is 2 x %7 = 4%,
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A body or a machine which, as in these examples,
is capable of doing work, is said to possess energy.
Energy due to position, as in the case of the weight,
is called potential energy, and energy due to motion,
as in the case of the grindstone, the mangle, or the
flywheel, is called kinetic energy. The energy stored
up in the gas may, for the present, remain unclassified.
We shall need these ideas later.

Now work may be done quickly, or it may be done
slowly. A thousand ft.-Ib. may be done in an hour,
or it may be done in a minute, and the rate of doing
this amount of work is sixty times greater in the
second case than it is in the first. To measure the
rate at which work is done we need a unit, and that
chosen is 33,000 ft.-Ib. per minute. It is called a
horse-power, though it would require a pretty strong
horse to raise nearly 15 tons one foot high in one
minute or 1 1b. 33,000 feet high in the same interval
of time. If, therefore, the number of ft.-Ib. of work
done in a minute is divided by 33,000 it gives the
rate in horse-power. How, then, is the horse-power
of an engine calculated ?

Consider the piston in the cylinder with the steam
pressing on it, and let the average pressure per
square inch throughout the stroke be represented by
P. If the piston is A square inches in area the total
force acting on it will be P x A. In one stroke of
length L feet, the work done will be P x A x L
ft.-Ib., and in N strokes P x A x L x N ft.-lb., or
arranging the letters so that they are easily re-
membered, P.L.A.N. Lastly, since 1 horse-power is
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33,000 ft.-Ib. per minute, the horse-power of the
engine is :(—
P.L.AN.

33000

This represents the work done in the engine by
the steam, and not the work which the engine will
do, because some of it is used to drive the engine
itself. How the mean effective pressure P is ascer-
tained for the purpose of this calculation, and how
the work given out by the engine is measured must,
however, be left to a later chapter. Meantime, let
us consider the pioneers.




CHAPTER 1II
The Pioneers before Watt

OR a hundred and fifty years the steam engine

has been the most powerful agent in altering the
habits of mankind and in moulding the customs of the
civilised world. A century and a half ago there were
hardly any factories, no railways or telegraphs, and
only slow-sailing ships which depended upon wind
and weather for the power which speeded them upon
their way. Few metals were known, and even iron
and steel were produced in quantities less than a
thousandth of those turned out from the world’s
furnaces to-day. Kings, and princes, and parlia-
ments we should still have had, but without the
steam engine none of those other great things would
have come about. Even the British Empire could
not have developed as we know it, and the whole
world would, relatively speaking, have stood still.
And since great effects often come from little causes
these causes are not unimportant; so that now we
know how a steam engine works we will go back to
the beginning of things and see how the early pioneers
faced their difficulties and came near to achieving
their ends.

The real story of the steam engine begins with
the invention by James Watt in 1765 ; but, like most

23
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other great inventions, it was preceded by a long
chain of fruitless endeavour. From the first dis-
covery of fire and the effect of heat upon water, the
latent power in the steam which escaped in bubbles
from its surface must have been dimly recognised.
That this invisible giant revealed its strength in many
ways—sometimes to the hurt of the curious—can
hardly be doubted. In all probability some of its
secrets were discovered, but were lost again by the
simultaneous death of those who had dared to pierce
the veil. The mists of antiquity hide many a triumph,
and not a few grim tragedies.

Two thousand years ago, in the great city of
Alexandria, at the mouth of the Nile, lived one Hero,
who seems to have made many ingenious experi-
ments with fire and liquids and gases. And among
other things he invented a steam engine. From an
inspection of Fig. 12, Plate 1, it will be seen that it con-
sisted of a boiler with two upright tubes, bent at right
angles at the upper ends. A ball of metal, with short,
straight tubes fixed on opposite sides, was placed
between the upright tubes, so that it could spin
round on a horizontal axis. Two other tubes, bent
at right angles, were fixed to the ball in the position
shown in the figure. When a fire was lighted be-
neath the boiler the water boiled, steam entered the
ball and escaped from the bent tubes, and owing to
changing its direction in the bent tubes it urged the
ball round. Models of Hero’s engine, made in glass,
can be purchased from any scientific instrument
makers for a small sum. But a more satisfactory
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contrivance can be made out of a half-pound coffee
tin, a couple of pieces of copper tubing, some stiff
wire, solder, and a soldering iron. In this and the
glass-form boiler and rotating portion are in the
same piece.

For sixteen hundred years after Hero’'s inven-
tion there was no further progress. Books were
scarce and, until the invention of printing in 1445,
had to be copied laboriously by hand, so that few
could possess them. Moreover, the Great Schism
separated the Eastern and Western sections of the
Roman Empire, and the stores of ancient learning
remained jealously guarded in the East, while Western
Europe was sunk in barbarism. But with the sack
of Constantinople by the Ottoman Turks in 14571,
scholars and manuscripts flowed westwards, and in
Ttaly especially there was a new enthusiasm for
learning.

The Italian scholars, however, were not content
to accept the mere statements of the old writers
without question. Where these dealt with mechanics
or natural science they were put to the test of ex-
periment. Old explanations were found to be wrong
and new facts were added to knowledge. Galileo,
watching a hanging lamp swinging slowly to and
fro in the cathedral, and timing it by the beat of
his pulse, discovered the law of the pendulum—that
if the swings are small they are completed in equal
times. Dissatisfied with the statement that heavier
bodies fell to the ground more rapidly than light
ones, he allowed bodies of different weights to drop
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from the top of the leaning tower of Pisa, and found
that they touched the ground at the same instant.
And by these and other experiments he laid the
foundation of the modern science of mechanics.

Again, Torricelli, a pupil of Galileo, invented the
barometer, explained atmospheric pressure and the
action of the common pump, and made clear the
meaning of the ancient saying that ‘‘ Nature abhors
a vacuum.” It followed from Torricelli's experi-
ments that the atmosphere which surrounds the
earth presses upon its surface with a force of 147
Ib. per square inch at the sea level. This pressure is
greater at the bottom of a well or a mine, and less as
we ascend a mountain. Since the body of a man
has an area of about 15 square feet, the pressure he
supports under ordinary conditions is nearly 15
tons !

In these times of intense curiosity and feverish
inquiry lived one Branca, who pursued his studies in
the University of Padua. He constructed an engine
in 1619 which is illustrated in Fig. 13, Plate 2. In this
case the boiler did not rotate itself, but was used merely
to supply steam. The revolving portion consisted
of a wheel formed of two discs, with divisions between
which acted as vanes. The steam formed in the
boiler issued from a tube and, impinging upon the
vanes, caused the wheel to spin round. In the illus-
tration it is shown working a mortar for grinding
materials to powder. Nearly three hundred years
later, when tools and materials had endowed in-
ventors with new and more wondrous powers, Dr.
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Gustaf de Laval, applied this method of using the
force in a jet of steam in the turbine which bears his
name.

But these inventions were still far short of an
engine of practical value. A number of clever men de-
voted the greater part of their lives to the problem
before it was even partially solved. Denis Papin,
a French Huguenot, spent many years at it. He
studied medicine at the University of Paris, and
afterwards assisted the still more famous French-
man Huygens in some of his experiments. Forced,
with many other Protestants, to flee from France in
1681, he lived for some years in London, where he
was Curator of the Royal Society. Then he migrated
to Germany and became Professor at the Univer-
sity of Marburg. Early in his career he constructed
an improved pump for raising water out of mines,
made a diving bell, and showed how water could be
raised to a temperature higher than its ordinary
boiling point by heating it in a vessel in which the
lid was held down by a weight. On this last account
he may be regarded as the inventor of the safety
valve.

In 1674 Papin tried to raise water by the explo-
sion of gunpowder. A tall cylinder was fitted with
a piston. The bottom of the cylinder was capable
of being removed. A charge of gunpowder and a
slow match were placed on this, which was immedi-
ately fixed in position. When the explosion occurred
the piston was driven to the top of the cylinder,
and as it fell by its own weight it pulled down a
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rope passing over a pulley. Water was raised in
buckets attached to the other end of the rope.

This method, however, was far too slow and
cumbrous to be successful. Sixteen years later, in
1690, Papin tried the effect of boiling water under the
piston. The steam forced the piston up, the fire was
removed from beneath the cylinder, and the piston
fell again. But though the apparatus worked, the
slowness and the labour of moving the fire were
against its success.

Papin’s final attempt was made in 1704, when he
undertook to construct a pump to clear the water
from the mines in
Westphalia. This
time he used a boiler
under which a fire
could be kept burn-
ing continuously, see
Fig. 14. The steam
passed into a cylin-
der partly filled with
water. Under ordin-
ary circumstances it
would have rapidly condensed by contact with the
water, but this was prevented by a wooden float,
nearly as large in diameter as the cylinder, forming
practically a piston. Cooling was also prevented by
an iron box attached to the float and containing a
red-hot iron ball.

The steam forced the float down, driving the water
into another cylinder, where it compressed air, and

Fig. 14.—Papin’s pump
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the compressed air was used to force water to a higher
level. Each stage of the process was regulated by
taps or ‘“ cocks.” By the time the compressed air had
done its work water flowed into the cylinder again
from the reservoir, steam was admitted from the
boiler, and a further quantity of air was compressed.
With this apparatus water is said to have been forced
to a height of 70 feet; but the workmanship was
faulty, the pipes leaked, and the ultimate result
was a failure. Nevertheless, Papin had made two
advances of considerable importance: he had in-
vented the safety valve, and he had shown that
steam could be made to act on a piston contained in
a cylinder.

While Papin was endeavouring to solve the
problem in Germany, Captain Savery was busy in
England. He had advantages in that he had been
trained as a military engineer, was a skilful mechanic,
had amused himself with clock making, and invented
a machine for grinding glass. His attention seemed
to have been turned to the steam engine by the
condition of the Cornish mines. Worked, as many
of them had been, before the invasion of Britain by
Julius Caesar, the ore was only to be found at great
depths, and here the miner came into conflict with
his great enemy, water, which poured in at a far
greater rate than he could raise it with the clumsy
means at his disposal.

Savery’s engine consisted essentially of a boiler
and two egg-shaped vessels. The egg-shaped
vessels were connected with the boiler at their
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upper ends, and with the well or pit at their lower
ends. Before starting all taps were closed. Steam
was allowed to flow into one of the vessels, and
then the supply shut off. The cock leading to the
well was now opened, and cold water poured over
the outside of the vessel. The steam inside was
condensed to water. Since a cubic inch of water at
212° Fahr. forms 1,600 cubic inches of steam at the
same temperature and pressure, a vacuum was pro-
duced in the cylinder, and the water pressure of
the atmosphere on the surface of the water in the
well or mine forced it up the pipe until it filled the
vessel. Connection with the well was then shut
off, steam was again forced into the vessel, and the
water driven up the pipe to the overflow. This
pump lifted the water, and then forced it to a higher
level. Both wvessels were used, so that while one
was filling with water the other was discharging.

Several of Savery’s engines were set to work in
Cornwall, and at least one in Staffordshire, at a coal
mine near Wednesbury. But they were very liable
to get out of order, and when attempts were made
to force them the boiler blew up or the steam ““ tore
the engine to pieces.” Before they had been in use
very long a better engine was invented by Thomas
Newcomen, and of Savery’s engine there is little
record beyond his own description.

Thomas Newcomen was a blacksmith and iron
worker who lived in the quaint old town of Dart-
mouth, in Devonshire. He was not a man of educa-
tion, but there is some reason to believe that he
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was familiar with the work of Papin and Savery.
In 1705 he made a model engine which was an im-
provement on the others. It consisted (see Fig. 15) of
a boiler with a furnace beneath it and a cylinder above.
The cylinder was provided with a piston which was
- » forced up-
wards when
steam was ad-
mitted below.
The cylinder
being then
cooled by im-
mersion in
water, the
steam was
condensed,
and the piston
descended, partly by its own weight and partly by
the pressure of the atmosphere on its upper surface.
On this account the engine was called an “atmo-
spheric ” engine.
The piston was connected with one end of a beam,
to the other end of which was attached the rod of a
pump. When the steam piston was forced upwards
the pump piston, or “ bucket,” as it is often called,
fell, forcing up the water in the pump barrel by its
own weight, as the steam piston fell under the
pressure of the atmosphere, the pump piston rose,
and water from the well flowed into the pump barrel.
This model worked satisfactorily, but it was six
years before Newcomen could get an order for a full-

Fig. 15.—Newcomen’s engine
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sized one. But in 1711 he undertook to construct
one for a colliery near Wolverhampton. In trying
to make this engine work to his satisfaction, he was
led to an important improvement. Both in the
small and the large engine he had tried a tank of
water round the cylinder, and had naturally found
the method very wasteful of steam. Further, in order
to make the piston air-tight, he had a shallow layer
of water on the top of it. He noticed that occasion-
ally the engine made a few strokes much more quickly
than usual, and on inquiring into the cause found
that it was due to a small hole in the piston by
means of which a little water every now and then
reached the interior of the cylinder. This suggested
to him the desirability of condensing the steam by
a jet inside the cylinder, and he adopted this plan
with great advantage.

You can imagine the eagerness with which he
watched every movement, and how he bent his
thoughts to discover any little alteration which would
improve the machine upon which he had laboured
for many years. But the next step came from a boy
named Humphrey Potter, who was less interested
in the engine than in obtaining more time for play.
He was engaged to turn the taps admitting steam
and water alternately to the cylinder, and, tiring of
the monotony of this task, he conceived the idea
of fastening the taps to the moving beam in such a
way that the engine opened and closed them itself.
The result was surprising, for the speed of the engine
was increased from six or eight to fifteen or sixteen
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strokes a minute. The boy could not time the opera-
tion half so well as the engine could. At a later date
the cords used by Potter were replaced by rods by
Henry Beighton, of Newcastle, an arrangement which
was more durable and certain in its action.

Newcomen’s engine arrived at a fortunate time
for the mining industry. Coal had not been much
used as a fuel, and had been obtained mostly from
near the surface. But when the miner sought it at
greater depths, water disputed with him for its pos-
session. He raised it in buckets by a winch, or
pumped it up by the aid of horses or by hand
labour, and still it gained on him. So when the engine
erected near Wolverhampton proved a success, it was
soon followed by a second and third at pits near
Newcastle. The fourth engine was put up at Aus-
thorpe, near Leeds, in 1714. It had a cylinder about
2 feet in diameter and there were two pumps, each
9 inches in diameter ; while the water is said to
have been raised through a height of nearly 100
feet. The inventors—for Newcomen had a partner
named Calley, of whom little is known but his
name—received £250 a year for working it and keep-
ing it in order. And the task was worth it. Great
difficulty was experienced with the boiler, which in
the early years had to be renewed annually.

When the fame of Newcomen’s engine became
noised abroad, a demand for his assistance came
from the tin and copper mines of Cornwall and the
lead mines of Cumberland. The first Cornish engine
was set up at the Wheal Fortune mine in 1720, It

D
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was a huge contrivance, considering the tools and
workmanship of the day. The cylinder was 47
inches in diameter, and the speed of working was
fifteen strokes a minute. The mine was 30 fathoms,
or 180 feet, deep, and the barrels of the pumps were
15 inches in diameter. About 8oo gallons were
raised per minute. The engines were soon in use
all over England, though only a few appear to have
been made by Newcomen himself. Some were built
by Smeaton, the famous engineer who built the
Eddystone Lighthouse, and who had seen the Aus-
thorpe engine at work when a boy.

In the districts where coal was cheap the engines
were successful, but in Cornwall they were terribly
expensive to work. The cylinders of some of the
engines were 5 and even 6 feet in diameter ; while
one at the Walker Colliery, near Newcastle, was
7% feet in diameter and had a 10-foot stroke. At
every stroke this cylinder had to be filled with steam
—aye, more than filled, for on entering the cold
chamber much of it was condensed. Some of the
Cornish engines consumed 13 tons of coal a day!
Again, the workmanship was very imperfect. Some
of the engines constructed or repaired by Brindley
had wooden cylinders, built up like a barrel, and
held together with iron hoops! The lower portions
of the boilers were made of copper, and the upper
portion of lead! But for a time it kept water from
the mines, enabled the miner to pursue his calling,
and enabled coal especially, which was now, in the
first half of the eighteenth century, coming into use
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for the manufacture of iron, to be raised to the
surface.

As the engine became better known the inventor
vanished. You would have thought that a man
who had conferred such benefits upon his genera-
tion would have been at least famous, and probably
wealthy. Fame perhaps he had, but it was known
to but a few people of his own day ; and wealth he
had not, or his later life and end would not have
remained unrecorded. No one knows how, when,
or where he died; and this fact renders it probable
that he ended life poor and friendless, leaving others
to grow richer as a result of his labours.




CHAPTER III
James Watt: The Man and his Work

IT has been said of James Watt that his merit lay
in the fact that he was not merely an engineer.
He had read widely, was interested in many things,
and possessed a vivid imagination. He was familiar
with books written in French, German, and Italian,
and could talk freely upon poetry, sculpture, and
philosophy. He was as much at home in the fields
and hedgerows as he was in the workshop ; and yet,
until he was nearly forty, he had to struggle hard
both for life and for a living.

Born at Greenock in 1736, he was the son of a
carpenter who made furniture and ships’ fittings,
and repaired nautical instruments as opportunity
occurred. Fragile and delicate in body, shy and
reserved in manner, young Watt mixed but little
with other boys, and spent most of his spare time
reading at home, taking long walks into the country
__often with a book in his pocket—and watching
the men in his father’s workshop. At school he
made very little progress, but at home he acquired
a great reputation as a teller of stories.

At eighteen it was decided that he should become
a scientific instrument maker—and in those days
the only scientific instruments were those used by

36
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draughtsmen, surveyors, and navigators. In Glas-
gow, the nearest town, there was only one man who
could, by any stretch of language, be termed an
instrument maker, and he called himself an optician.
He lived by “repairing all sorts of things, from
fishing rods to spectacles,” and to him young James
Watt went for a year.

That period was quite long enough for a smart
lad to plumb the depths of his employer’s trade, so in
1755 he decided to go to London for further experience.
Carrying a letter of introduction from Professor Dick,
of the University, and travelling on horseback with
a relative of his father’s, a sea captain, he took twelve
days on the journey, his chest of clothes meanwhile
being sent to Edinburgh by road and conveyed the
rest of the distance by sea. But London instrument
makers would have none of him. He had not served,
and was not willing to serve, a seven years’ appren-
ticeship, and upon this matter the rules of the trade
were unyielding.

For a time he worked for a watchmaker, and then
managed to find an instrument maker who gave him
a year’s instruction for a fee of 20 guineas. He
lived in one room on 8s. a week, and made a little
money by private work in his spare time. But his
health was not good, and he returned to Greenock
in 1756. Then after a rest at home he made an effort
to set up in business for himself in Glasgow ; but in
those days the tradesmen of many towns were banded
together to prevent unqualified persons from prac-
tising their crafts, and no man could ply his trade
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without their permission. So when the Corpora-
tion of Hammermen objected to him on the grounds
that he was not the son of a burgess and had not
served a proper apprenticeship, he had to seek other
quarters.

When in this predicament he met with a slice
of good fortune. He secured a room within the
University, over which the townspeople had no
jurisdiction. It was a small room, not more than
20 feet square, but it was large enough for his pur-
pose, and its position enabled him to make friends
among the professors. He made quadrants for
mariners, and when orders for these failed, he made
musical instruments and repaired scientific apparatus
belonging to the University, But it was a hard
struggle, and he devoted many hours to study and
experiment which, if he had been able to choose, he
would have preferred to spend in making a living.

It was in 1759 that his friend Robison called his
attention to the steam engine. There were none in
Glasgow, but Watt had read about it and promptly
made a model of one, which refused to work. Then
learning that there was a model of Newcomen’s
engine belonging to the University, which was then
in London for repairs, he asked for it to be returned.
At the same time he read everything he could find
in the University Library upon the subject, and
made many experiments, employing for his apparatus
glass phials such as were used by apothecaries, or
chemists as we call them to-day, and tubes of hollow
cane. In 1761, in order to ascertain what force
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steam could exert, he fixed a small syringe to the top
of a closed vessel filled with water and heater (a
Papin’s digester) and placed a weight on the top
of the piston, The piston was only %4 inch in
diameter, yet the steam lifted a weight of 15 Ib,,
representing a pressure of more than 150 Ib. per
square inch! Here was force -enough, if only it
could be utilised. But when he had proceeded so
far he had to put his experiments on one side in
order to undertake work that was more profitable.

The Newcomen model (see Fig. 15) arrived in
1763, and gave Watt plenty of food for reflection.
It had a cylinder 2 inches in diameter, with a stroke
of 6 inches, and the boiler was about as large as a
kettle. The engine would only make a few strokes,
and then stopped, as though there was no more
steam. Yet according to the dimensions of larger
engines the boiler was of ample proportions for such
a small cylinder. By experiment and calculation he
ascertained the weight of steam necessary to fill the
cylinder and the weight of steam produced by the
boiler in a given time ; and he found that the boiler
was capable of supplying more than enough steam
for the engine.

There was evidently some source of loss here,
and it gradually dawned upon him that the cold
walls of the cylinder condensed most of the steam
that entered. This would be more serious in a small
engine than in a large one, because the surface of
cylinders of different size decreases far less rapidly
than the volume. The cooling effect of a small
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cylinder is, therefore, greater than that of a large
one. But this did not help him much, and he
sought, by reading and experiment, for some means
of preventing this. He found that steam required
six times its weight of cold water to condense it
without altering its temperature, thus rediscovering
what his friend Professor Black had previously dis-
covered. He made the cylinder of wood to reduce
the cooling effect, he enlarged the area of the grate,
and placed flues through the boiler to increase the
rate of production of steam, but all to no purpose.
Finally he concluded that the cylinder must, by some
means or other, be kept as hot as possible, in order
to avoid condensation. How to do this and at the
same time to condense the steam was what puzzled
him.

One Sunday in the spring of 1765, when he was
== out for a walk, the solu-
I tion of the difficulty flashed
across him. Why not have
a separate condenser, a
separate chamber into
which the steam could
pass for condensation,
while the cylinder walls
were kept as hot as they
could be? Rising early
the next morning, he
, , borrowed a syringe, about
S LA T 14 inches in bore and 10

Fig. 16,— Wautt’s model inches long, made a cistern
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of tin plate with a pump in it, and immersed this
in cold water as shownin Fig. 16. He hung a weight
on to the piston rod, got up steam in the boiler, and
passed it through the cylinder until the latter was
hot and free from air, and then made a few strokes
with the pump to draw a little of the steam into
the condenser. At once the piston rose sharply, lift-
ing as it did so the weight of 18 Ib.

The problem was solved! The pump required
very little power, and could easily be worked by the
engine itself. Instead of spraying water into the
cylinder, the water could be sprayed into a separate
vessel, a condenser, into which the steam could
be drawn from the cylinder by a pump. Moreover,
why should not the cylinder be kept hot by making
it with double walls and providing it with a jacket
of steam? These and many other improvements
soon occurred to Watt, but the first problem was
to make a full-sized engine in order to convince
people of the value of his invention.

The construction of a full-sized engine, how-
ever, was a more difficult task than he had yet
essayed. His own experience had been in light
metal work ; there were very few skilled mechanics
in Scotland and, above all, there was need for secrecy,
lest someone should rob him of the benefits of his
invention. Watt started to make an engine with
a cylinder 6 inches in diameter and 24 inches stroke,
working first in a cellar and, later, in a disused pottery
works. He could not get the cylinder cast, and
would have had no means of boring it had he been
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able to do so; and it had to be hammered out of
sheet metal! Moreover, not only tools, but money
was needed. His business, which had prospered for
a time, had now fallen away, and in 1766 he had to
relinquish his experiments for a time and take to
surveying for a living.

Meantime, Watt looked about for someone to
help him, and thought himself fortunate in securing
the interest of Dr. Roebuck, who had established
the Carron iron works a few years before. The
Doctor paid his debts, amounting to about £1,000, in
return for a two-thirds share in the invention. It
was patented in 1769 ; but the engine, with a cylinder
18 inches in diameter, constructed for Dr. Roebuck
in that year, did not answer expectations, and shortly
afterwards Dr. Roebuck failed.

Watt’s fortunes were now at their lowest ebb.
His wife had died, he had a young family, he was
hard worked and ill paid, his health was bad—all his
life he had suffered from severe headaches—and it
seemed as though his invention would come to
nothing. His letters at that period revealed the
deep despondency into which he had fallen. But
he was encouraged by his friends, and his own
indomitable spirit brought him through.

Through his friends he got into communication
with Matthew Boulton, a Birmingham manufac-
turer and a man of wealth, enterprise, and per-
sonality. He was interested in the steam engine,
but had many things on his hands. Finally, how-
ever, he was persuaded to take Roebuck’s place,
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and in 1773 Watt entered into partnership with
Boulton and made arrangements to have his engines
made by his skilled workmen in the works at Soho,
Birmingham.

Let us now examine a little more closely the
nature of Watt's invention. In the specification of
his patent of 1769 he said :

“My method of lessening the consumption of
steam, and consequently fuel, in fire engines con-
sists of the following principles :

“ First, that vessel, in which the powers of steam
are to be employed to work the engine, which is
called the cylinder in common fire engines, and which
I call the steam vessel, must, during the whole time
the vessel is at work, be kept as hot as the steam
that enters it ; first, by enclosing it in a case of wood,
or any other materials that transmit heat slowly ;
secondly, by surrounding it with steam or other
heated bodies; and thirdly, by suffering neither
water nor any other substance colder than steam to
enter or touch it during that time.

“Secondly, in engines that are to be worked
wholly or partially by condensation of steam, the
steam is to be condensed in vessels distinct from the
steam vessels or cylinders, though occasionally com-
municating with them; these vessels I call con-
densers ; and, whilst the engines are working, these
condensers ought at least to be kept as cold as the
air in the neighbourhood of the engines, by applica-
tion of water or other cold bodies.

“ Thirdly, whatever air or other elastic vapour is
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not condensed by the cold of the condenser, and may
impede the working of the engine, it is to be drawn
out of the steam vessels or condensers by means
of pumps, wrought by the engines themselves, or
otherwise.

“Fourthly, I intend in many cases to employ the
expansive force of steam to press on the pistons,
or whatever may be used instead of them, in the
same manner as the pressure of the atmosphere is
now employed in common fire engines. In cases
where cold water cannot be had in plenty, the engines
may be wrought by this force of steam only, by dis-
charging the steam into the open air after it has
done its office.

“Lastly, instead of using water to render the
piston or other parts of the engines air and steam
tight, I employ oils, wax, resinous bodies, fat of
animals, quicksilver, and other metals in their fluid
state.

“And the said James Watt, by a memorandum
added to the said specification, declared that he did
not intend that anything in the fourth article should
be understood to extend to any engine where the
water to be raised enters the steam vessel itself, or
any vessel having an open communication with it.”

From the point of view of construction the really
important feature of the invention was the sepa-
rate condenser and air pump—and the air pump
was essential. The water which formed in the con-
denser could have been got rid of by connecting it
with a pipe leading to a well rather more than 34 feet
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deep—34 feet being the greatest height to which
the pressure of the atmosphere will force a column
of water into a vacuum. But all water contains a
little dissolved air which is driven off with the
steam ; and this air, together with air which entered
through imperfect joints, accumulated in the con-
denser. The only way to remove it was by means
of an air pump, and every ‘‘condensing’ engine,
therefore, must be furnished with this contrivance.

The statements that the cylinder must be kept as
hot as possible and the condenser as cold as possible,
show that Watt recognised that the steam engine
was a heat engine, that the power to work the engine
came from the heat resident in the steam, and that
steam was only a means of conveying heat from the
fire to the cylinder. Any substance which expanded
as it cooled could be made to serve the purpose ;
but water was the most convenient and in many
respects the most suitable.

This fact is more particularly emphasised by his
reference to using steam expansively. If steam is
allowed to enter the cylinder during the whole length
of the stroke, a whole cylinder full of steam at,
roughly, the pressure in the boiler is used every
time, and the temperature and pressure at the end
of the stroke are the same as at the beginning. But
if steam be cut off at, say, one quarter of the stroke,
only one-fourth of the quantity of steam is used, and
the piston is pushed forward for the remaining three-
quarters, not by the pressure in the boiler, but by
the expansive force of the steam itself. The tem-
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perature and pressure are now lower; the steam
has lost some heat, and that heat has been turned
into useful work in pushing the piston. All engines,
from the time of Watt, are worked expansively,
whether they are condensing or non-condensing. The
disadvantage of the latter is that the steam which is
discharged into the air is still capable of doing work,
and therefore some of the heat which it has taken
up from the fire is being wasted.

As we shall return again to questions of the
power and efficiency of steam engines, we can now
follow the career of James Watt a little farther.
When he entered into partnership with Boulton his
troubles were by no means over. His patent had
been in existence for some years, there were un-
scrupulous rivals in the field, preliminary expenses
would be heavy, and they felt that unless they could
obtain an extension of time their efforts might bring
them no benefit. Two courses were open to them :
to secure an extension of the patent by applying to
the Patent Office, or to get an Act of Parliament
passed protecting them for a term of years. They
chose the latter, and after a great deal of trouble
and delay, Parliament, in 1775, granted them an
extension of twenty-five years.

The first engine was constructed to blow the
bellows of John Wilkinson’s iron works at Broseley,
in 1776, and in the same year another was supplied
to a distillery at Stratford. Then the Cornish mines
claimed attention. They were so far from the coal-
fields, and the consumption of coal by Newcomen’s
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atmospheric engine was so great, that the Adven-
turers, as the proprietors of the mines were called,
were on the brink of ruin. Moreover, the influx of
water was. becoming greater with increasing depth,
and the engines erected by Newcomen, and later, on
the same principle, by Jonathan Hornblower, were
unequal to the task. Some of the mines had closed
down and others were on the point of doing so when
Watt’s engine appeared in the field. The fact that
for a given power it consumed 60 per cent. less coal
than the atmospheric engine was its special recom-
mendation, and orders soon began to flow in to the
Soho factory.

Watt himself lived almost entirely in Cornwall
for some years, superintending the erection of his
engines. But he was a better man in the laboratory
and workshop than he was in the committee room,
and the terms upon which the engine was sold
necessitated frequent dealings with the purchasers.
Boulton’s and Watt’s remuneration for putting down
the engines and keeping them in order was fixed at
one-third of the saving in the cost of fuel. This sum
was so large that, though the Adventurers gained
greatly by the change, they soon began to resent
handing over even this proportion, and to bargain
for better terms. Watt was no hand at bargaining.
His health was still poor, he was peevish and irrit-
able, and his upright mind rebelled against people
who, having made an agreement, and not lost by
it, were anxious to break it. Time after time did
Matthew Boulton have to journey to Cornwall to
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smooth matters over. He was a man of business
habits, of charming manners, and ready address. He
could do what was quite impossible to Watt, and had
Watt searched the country from end to end it is
doubtful whether he could have found a man better
fitted in all respects to co-operate with him.

The trouble with the Cornishmen was not the
only one which had to be faced. The Soho works
had extended very rapidly, and Boulton had many
irons in the fire. Financial difficulties arose, money
had to be borrowed, and there were times when bank-
ruptcy seemed to be the inevitable end. But they
weathered the storm and gradually emerged from
their difficulties to enjoy the fruits of their labours. In
Boulton’s words, they set out *“ to make steam engines
for the world,” and they made them. Said he on one
occasion, ‘“ The country is steam engine mad’ ; and
from that day to this the madness has never ceased.

The earlier Watt cylinders—those constructed up
to 1778—were of the type shown in Fig. 17. The
cylinder, it will be observed, was open at the top
end, and ftotally enclosed in an outer wvessel filled
with steam. Starting with the piston at the top
of its stroke, the steam pressed it down until it
reached the lowest point. The steam valve then
closed, the equilibrium valve opened and, by admit-
ting steam to the lower half of the cylinder, made
the pressures above and below the piston equal.
The piston was then drawn up by the weight on the
pump rod at the other end of the beam. Immedi-
ately it reached the top the valve leading to the
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condenser opened and the piston was pressed down
by the force of the steam into the vacuum created
by the condenser. The valves were opened and
closed by rods from the beam as in the Newcomen
engine. The arrangement in this and all Watt
engines is very difficult to explain, even with a
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Fig. 17.—Watt’s early cylinder Fig. 18, —Watt’s later cylinder

drawing, and as it is now no longer used its considera-
tion may be omitted.

The cylinder described had certain disadvantages,
and was replaced by the form shown in Fig. 18.
In this the steam jacket was fed independently of
the cylinder, as it is in engines to-day, and a port
was constructed leading from the steam supply pipe
into the space above the piston. The mode of opera-
tion was similar to that in the earlier one. Steam

first acted on the upper side of the piston ; then
E
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the equilibrium valve opened to render the pressure
above and below equal; next the weight on the
pump rod pulled up the piston; and finally the
condenser valve opened and permitted the steam to
press the piston down again.

The condensers used were of the “ surface” type
—that is to say, the steam to be condensed was
drawn by the pump through copper tubes immersed
in cold water. When larger engines came to be
made these were replaced by “jet” condensers, in
which the steam was drawn into a vessel where it
came into direct contact with a stream of cold water.
The advantage of a surface condenser lies in the fact
that the cooling water and the condensed steam do
not mix. If pure water is scarce, as on board ship,
so that the condensed steam is required to be re-
turned to the boilers, water which would be impossible
for that purpose can be used for the condensers.

Watt soon began to apply the principle of ex-
pansion in his engines. He tried it on one made for
the Soho works in 1776, and definitely adopted it
on an engine made to pump water at Shadwell in
1778. It is possible that he was led to adopt it less
on theoretical grounds than in order to reduce the
force acting on the piston towards the end of its
stroke. At the same time he was aware that by cut-
ting off at half stroke he obtained nearly twice the
power from a pound of steam—a fact with which
he had been familiar since 1769. As the pressure
used in his engines was only about 10 Ib. on the
square inch above that of the atmosphere, he secured
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all the expansion he needed in a single cylinder.
But as Jonathan Hornblower took out a patent in
1781 for a double-cylinder engine in which the steam
passed first through one and then worked against
a vacuum in a second, he laid greater stress on the
principle of working expansively in the patent which
he took out in 1782.

So far the engines constructed had only been
suitable for pumping—they gave a to and fro motion
and not a rotary one, suitable for driving machinery.
Watt, always on the look out for new applications
of, as well as improvements in, his engine, saw what
was required, and puzzled long and earnestly how to
secure it. It is curious to us, who see the crank so
frequently, that this device was not thought of
sooner, but to the engine builders of those days it
was not so clear. A model of the crank was, among
other contrivances, made in the Soho works, and
a workman gave the secret away, so that when Watt
was ready to put a rotary engine on the market he
found that a Mr. Pickard, of Birmingham, had
patented the crank ; and as he never adopted other
men’s inventions on his engines, he was driven to
seek for some other device.
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