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PREFACE

TO
THE EIGHTH EDITION.

THE plan of this book is the following :—The first chapter
contains a sketch of the steam engine as it existed in the
time of Watt, together with an account of the ideas then
prevalent as to the nature of heat, and concludes with a
summary of some physical properties of steam. The
second and third chapters are occupied by an investigation
of the principles of the modern theory of heat in its appli-
cation to the steam engine. Then comes a chapter on the
conversion of motion, which deals with certain salient
points in the mechanism of an engine. The fifth chapter
is mainly devoted to the expansion of steam, to the action
of valves, and to the application of Watt’s indicator. The
sixth chapter treats of boilers and the consumption of fuel.
The seventh chapter is on compound cylinder engines,
and is illustrated by some drawings of the engines con-
structed by Messrs. Maudslay, Sons, and Field for the
White Star line of mail steamers making the voyage be-
tween Liverpool and New York. Finally, there is a chapter
on miscellaneous details, such as steam-engine governors,
Giffard’s injector, the link motion, modern valve gears, and
valve diagrams, The part relating to the steam engine
contains also an Appendix, with a serics of examination
questions and answers. There is in the present edition a

Supplement on Gas Engines.
T. M. GOODEVE,

5 CROWN OFFICE Row, TEMPLE.
January, 1887.
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ON THE

STEAM-ENGINE.
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CHAPTER I

THE STEAM-ENGINE AS VIEWED UNDER A KNOWLEDGE OF
THE DOCTRINE OF LATENT HEAT.

THais treatise is intended to prepare the way for a complete and
extended study both of the theory and practice of the steam-
engine. We premise that there is much introductory matter
which the student should consider and arrange in his mind
before he can hope to grapple successfully with the difficult
questions which occur in practice ; and the mode of treatment
herein adopted is to be taken, not as something sufficient in
itself, but rather as an indication of the points wherein existing
books on the subject may with advantage be supplemented.
The nature of the work will soon become apparent to those
who take it as a guide in this particular branch of study.

It is only within the last thirty years that a knowledge of the
principles of the mechanical theory of heat has influenced the
practice of those who are engaged in improving the construction
of the steam-engine, and in seeking to obtain from it a larger
2mount of useful work with a given expenditure of fuel. The
student of mechanics will do well to look backward into the history
of scientific discovery, and he should endeavour to trace the pro-
gress which has accompanied each successive step in our compre-
hension of the real nature of that origin of force which we call heat.

B



2 The Steam-Engine.

Living at the present day, he finds himself face to face with a
novel conception, which has struggled into life by slow and almost
insensible degrees, but which appears to be accepted with the
same degree of confidence as that accorded to Newton’s theory of
universal gravitation. True it is that the new doctrine, which is
recognised under the name of the dynamical theory of heat, has
not come upon scientific men in the complete and startling
manner in which Newton announced his great discovery; but al-
though its development has been gradual, its applications are
almost universal, and we are ever finding it a guide to valuable
results which would probably have remained undiscovered were it
not that a new impulse had been given to our thoughts.

This chapter is devoted to an account of the progress of the
steam-engine, under a perception of the doctrine of latent heat, and
extends only to the period of Newcomen and Watt, when tlie state-
ment that heat was a material substance was almost universally
accepted as being true. In pursuing still further, through sub-
sequent chapters, the progress of improvement and discovery, we
shall gradually develop the application of that mechanical theory
which has displaced all others, and has become the foundation on
which the whole fabric of physical knowledge is built up.

It appears that in the year 1757 Black commenced a course of
lectures in the University of Glasgow, and at that date the ac-
cepted opinion on the subject of the liquefaction of any substance
(say, for example, ice) by the agency of heat was the following :—

A certain quantity of heat being competent to raise the tem-
perature of a mass of ice from 31° F. to 32° F., the same quantity
of heat would be competent to melt the ice completely and to
produce an equal weight of water at 33° F. In other words, the
rise of the thermometer revealed the entrance of heat into the
melting body, and gave an exact measure of the quantity so
entering and combining with its substance.

This was the statement propounded in the schools at the time
referred to ; and, in respect of congelation, it was supposed that
the inverse process was a simple undoing of that which had been
done before, whereby water lost no more heat when passing into
ice than that indicated by the fall of the thermometer.

Black was, however of opinion that when a solid substance,
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such as 1ce, changed into a liquid, it received a much greater
quantity of heat than that perceptible immediately afterwards by
the application of a thermometer ; and he performed an experi-
ment which not only established his conclusion, but also gave him
a measure of the excess of heat required to cause liquefaction in
a solid substance.

BLACK’S DOCTRINE OF LATENT HEAT.

The object being to estimate the amount of absorption of
heat into melting ice, and the concealment of it in water, Black
selected two thin globular glasses, A and B, each about 4 inches
in diameter, and very nearly of the same weight. Into A he
poured 5 ounces of pure water, which he congealed by a freezing
mixture of snow and salt, and after allowing the glass to stand for
a few minutes until the ice inside was beginning to melt and the
temperature of the surface had risen (in Ais estimation) to 33° F.,
he suspended A by a slender wire in a large empty hall, the air of
which remained at a uniform temperature of about 47° F. through-
out the experiment.

In like manner he poured into B exactly 5 ounces of water
previously cooled as nearly as possible to 33° F., and after placing
a very delicate thermometer therein, he suspended this latter vessel
at a distance of 18 inches from A.

At the end of one half-hour the water in B rose to 40° F., but
it was not until a lapse of ten and a half hours that the water in A
arrived at the same temperature, and that the whole of the ice
became practically melted, the residue being a very small spongy
mass which was disregarded.

Black reasoned, according to the scientific language of that
day, somewhat as follows :—The external heat is entering the
water-glass with a certain celerity whereby it has received 40-33
or 7 degrees of heat in one half-hour ; the external heat is entering
$he ice-glass under similar circumstances, and the heat received by
theice-glass in twenty-one half-hours is 21 x (40-33) or 147 degrees.
This is a quantity of heat which, had it been added to the liquid
water, would have directly raised its temperature by a correspond-
ing amount. No part of this heat, however, appears in the water

except, at the utmost, 40—-32 or 8 degrees, and the inference is
B2



4 The Steam-Engine.

that the remaining 139 or 140 degrees have been absorbed by the
melting ice and are concealed in the water into which it has been
changed.

The expression ¢a degree of heat’ was here used as meaning
that which is properly called a ‘unit of /eat,’ and which cannot be
defined until the theory of heat is explained. The student will
find the whole matter set forth in the second chapter ; at present
he should regard heat as something measurable as to guantity,
although not a material substance, a thing apparently impossible at
first sight, but hereafter shown to be entirely reasonable. At this
stage he should be careful to avoid the use of the word ¢ degree’
except as applied to temperature. As a general rule, it is wrong
to estimate quantities of heat by degrees of temperature.

For a definition of temperature we refer to Mr. Maxwell,

DEF :—The femperature of a body is its thermal state con-
sidered with reference to its power of communicating heat to other
bodies.

For a definition of latent heat take the following :—

DEF :—Latent keat is the quantity of heat which must be com-
municated to a body in one given state in order to convert it into
another state without changing its temperature.

In like manner it was taken for granted that after a body is
heated up to its vagorific point, nothing further was necessary than
the addition of a little more heat in order to change it into vapour,
but Black disproved this notion by a series of experiments, whereof
one is recorded as having been made on October 4, 1762.

Into each of two flat-bottomed tin-plate vessels, about 4 or g
inches in diameter, he poured the same quantity of water at a tem-
perature of 50°. The vessels were placed on an 1ron plate, nearly
red-hot, under which a fire was burning, and the water in each
began to boil after an interval of four minutes. In twenty minutes
more the whole of the water had boiled away ; and since it had
gained (in the imperfect language of that day) 162 degrees in the
first four minutes, or 404 degrees in one minute, and since the tem-
perature of the steam was no higher than that of the boiling water,
the experiment showed that 20 X 40} or 810 degrees of heat had
been absorbed by the water and carried off by the steam. This

result is not accurate, for the sources of error are numerous, but
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the experiment induced more careful investigation, and it is now
generally taken that 9666 #nifs of /eat become latent when one
pound of boiling water is converted into steam.

Another illustration is thus described by Black :—

‘I have put a lump of ice into an equal quantity of water
heated to the temperature of 176° F., and the result was that the
fluid was no hotter than water just ready to freeze.’

Assuming this to mean that the ice in melting cools the hot
water down to a temperature of 33° F., we should have 176~33
or 143 as the number of units of heat on the Fahrenheit scale
which became latent during the liquefaction of one pound of ice
at 32° F. This number expresses the latent heat of liquefaction
in the case of ice.

Even at the present day the writers on heat are not in agree-
ment as to the measure of the latent heat of the liquefaction of ice.
Tyndall assigns the number 143, Balfour Stewart adopts 142, and
Maxwell 144, as the number of units of heat on the Fahrenheit scale
which become latent in the passage of 1 b of ice at 32° F. into
water at the same temperature.

It appears, therefore, that heat becomes latent when a sub-
stance undergoes a change of consistence, that is, when it passes
from a solid into a liquid state, or from a liquid state into one of
vapour. Hence we speak of the latent heat of fusion, and of the
latent heat of evaporation. But heat disappears under other
conditions, as will be explained, and accordingly it becomes neces-
sary to refer to the disappearance of heat during expansion as
well as during certain chemical changes. The doctrine of latent
heat, so far as it is material at present, relates only to the cases
of liquefaction and evaporation.

THEORY OF HEAT AT THE TIME OF BLACK.

In order to prepare the way for the first great discovery in the
steam-engine, we should carefully consider the view which Black
himself entertained as to the nature of this thing called heat which
became latent during the conversion of ice into water or of water
into steam.

To us, at the present day, while profiting by the light of the
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knowledge everywhere existing, it seems incredible that anyone
who thought en the subject could have seriously entertained any
doubt but that something capable of being measured as to its
quantity was really passing from the furnace into the boiler of an
engine during the whole time that the water was being converted
into steam. Any such erroneous notion as the measurément ot
quantities of heat by a thermometer was swept away at once and
for ever by Black’s experiments ; but nevertheless it is a remark-
able thing to find that the very men who became the leaders in a
new advance of scientific research should have embraced theo-
retical views as to the agency of heat which in their turn barred
the way to all true progress.

The doctrine of latent heat was made transparently clear by
the facts just referred to, but the question as to what heat really
was received a most unsatisfactory solution. For the present pur-
pose it is unnecessary to refer to the arguments by which the so-
called material theory of heat, or the doctrine of caloric, was sup-
ported.

It may here suffice to state the view entertained by Black and
those who followed in his steps, viz., that Zea? is a subtle elastic
Auid termed caloric, which surrounds, as by an atmosphere, the
grosser particles of all material bodies; the atoms of caloric being
so much smaller than those of matter, that each material particle
may be conceived to be surrounded by a large number of them.
Further, the atoms of caloric have a strong repulsion for each
other at the same time that they attract the particles of matter.

In other words, heat is an indestructible, elastic, gaseous fluid,
which weighs nothing, which insinuates itself into the pores of
bodjies, causing them to expand and dilate, which combines with
bodies so as to become latent when they pass from a solid to a
liquid state, or from a liquid into a vapour, and which reappears
when the passage is reversed. Just as certain gases are absorbed
and become fixed in bodies, so this subtle fluid of heat enters into
every form of matter, and causes repulsion by reason of the
property that its own particles are self-repulsive and not attrac-
tive. In this way the repulsion due to the heat fluid separates
the particles of ice till it becomes water, and still further drives
asunder the particles of water till it passes off as steam or vapour.



Savery's Engine. 7

At the time of Watt, when the advantage of using high-pressure
steam came to be discussed, the absorption of heat in generating
steam was thus regarded, and it was said : ¢ Highly elastic steam
requires as much more heat for its formation as it is more elastic;
for it is, in fact, only a greater quantity of heat and water crowded
into a smaller space. Hence, any greater power that it possesses
will be obtained by a proportionately greater expenditure of heat.’

The conception that heat was a fluid received all possible
adornment at the hands of mathematicians, as in Kelland’s theory
of heat, A.D. 1837, which was a text-book at Cambridge down to
the year 1849, or even later. In this work the statement on the
first page is that ¢ the popular (probably the correct) idea attached
to heat or caloric is that of a subtle fluid emanating from hot
bodies and entering between the particles of colder ones.’

SAVERY'S ENGINE,

ART. 1. We pass on to review the invention of steam-engines as
preceding and accompanying the discovery of the doctrine of latent
heat, and we prefer to begin with an account of the invention of 2
steam-engine which was the subject of letters patent, bearing date
July 25, 1698, and granted to Thomas Savery. An account of
this ¢ engine to raise water by fire’ was set forth by the inventor in
a treatise called ¢ The Miner’s Friend.” A cheap reprint of the
paper, together with facsimile copies of Savery’s drawings, can be
obtained at the Patent Office.

Inaletter addressed to the‘ Gentlemen Adventurers in the Mines
of England’ the patentee says that he should never have pretended
to any invention by the old causes of motion, bu. that he ¢ had
happily found out this new, but yet much stronger and cheaper,
force or cause of motion than any before made use of’ Then
he points out the advantages of the new method, and makes one
observation which gives an idea of mechanical construction at that
time : ¢ As for pump-making, that part of the trade will be much
improved by my engine, for I must use board and timber for
pipes, and have considerable employment for pump makers and
carpenters for timber used about my engine. . . . For my design
{s not in the least to prejudice the artificers, or, indeed, any other
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sort of people by this invention, which on the contrary is intended
for the benefit and advantage of mankind in general.’

Coming after the discovery of the law of atmospheric pressure,
Savery’s engine was based on the principle of the barometer, the
action being that water was forced upwards into an empty receiver
by atmospheric pressure, and was afterwards carried to an ad-
ditional height by the pressure of steam.

The arrangement and operation of its working parts will be
understood from an inspection of fig. 1, which is a diagram show-
ing the principle of the engine without giving the details of its
construction. Steam is generated in a boiler 4, and passes into a
receiver B, which communicates with a pipe H K leading from
sorne water below the level of the apparatus to a reservoir overhead.
At E and D are two clack valves, each opening upwards, and F is
a tap for throwing cold water on the receiver.

o

Fic. 1.

The action is the followmg :—The stopcock G, which admits
steam from the boiler into the receiver, is opened, and the rush of
steam expels the air from B by driving it upwards through E. Then
F is opened and c closed, while a jet of cold water is allowed to
play upon the outside of B, thereby condensing the steam to a
great extent and lowering the pressure of the vapourin B. The
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pressure of the external air at ® presently forces a quantity of
water up the pipe H and through the valve b, whereby the receiver
becomes nearly filled with water. Steam is again admitted into
the receiver and forces out its contents through the valve £. The
tap F is opened with the same result as before, and the action is
renewed. A drawing which shows the general appearance of the
engine and the mode of applying it to the draining of a mine, is
to be found in ¢ The Miner’s Friend.” There are two receivers,
. each similar to B, the object being to force water out of one vessel
while the other is being filled, and thus to render the flow con-
tinuous. The boilers and receivers stand upon a stage which ap-
pears to be some 20 or 25 feet above the level of the water, while
the height of the overflow may be 30 or 4o feet above the boilers.

A trial of Savery’s engine, as made at Manchester in 1774, is
recorded by Smeaton.

The receiver was a cylinder, 2 feet in diameter and 7 feet high.
The engine delivered water ata height of 19 feet above the surface
of a well, and made 7} strokes per minute, each stroke filling the
receiver to a height of 6 feet. The work done was the raising of
183 cubic feet of water per stroke through a height of 19 feet,
which was equivalent to raising 136 cubic feet per minute to the
same height. The consumption of coal was 32 cwt. in 24 hours,
or about 1§ bushels of 84 Ibs. per hour. Each bushel of coals
would therefore raise about 5% millions of pounds through one
foot. This is less than one-tenth part of the work performed by
a modern pumping-engine.

The loss of heat was enormous. First, there was the conden-
sation of a quantity of steam, consequent upon its coming in
contact with the cold water about to be driven out by it. No
doubt this action would speedily come to an end, because a layer
at a boiling temperature would form upon the surface, and the -
bad conducting power of water would prevent this layer from
extending to any depth, but in the mean time a considerable waste
Of heat took place. And secondly, during the expulsion of the
contents of the receiver additional surfaces of cold metal would
be continually presented which would cause condensation, the
Beat so absorbed being entirely wasted. The principal defect,
namely, the alternate heating and cooling of the receiver, remained

Ky
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uncorrected and clung to the engine through all subsequent stages
of modification and improvement until the invention of a separate
condenser in the year 1769.

THE PRESSURE OF STEAM FROM WATER BOILING IN THE OPEN
AIR IS EQUAL TO THE PRESSURE OF THE ATMOSPHERE.

2. There are many simple experiments for showing that the
pressure of steam from water boiling in an open vessel is equal to
the pressure of the atmosphere.

1.—A cylindrical vessel with flat ends, made of tin-plate,
say 5 inches in diameter and 10 inches long, has a stopcock fitted
at the top. A small quantity of water is poured into the cylinder,
and made to boil by the heat of a lamp. As soon as steam issues
freely from the stopcock, the tap is closed and the vessel is ex-
posed to a jet of cold water ; this condenses the steam, whereby
a partial vacuum is formed within the vessel, and the atmospheric
pressure causes its sides to collapse and to flatten together with
considerable violence.

The explanation is that the steam displaces and drives out
the air—just as it cleared the air from the receiver B in the
Savery engine—but supplies a pressure undistinguishable from
that of the atmosphere, which pressure continues until conden-
sation takes place.

2.—Another experiment, very easy of performance, gives the
young student an insight into some fundamental properties of
steam.

A glass flask, wj-about 4 inches in diameter, is partly filled with
water and placed over the flame of a lamp.
c D is a bent glass tube, one leg of which is
open and passes through a cork in the neck
of the vessel, while the other terminates in a
fine orifice and dips into a beaker of cold
water.

First, let the open end of the tube in A
be raised above the level of the water.

On applying heat, bubbles of air continue
to escape into B ; this shows the expansion
of air by heat as well as the displacement of it by the vapour of

Fi6. 2.
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water. The bubbling of the air in B goes on until the water has
been boiling some little time, the steam which is carried over with
the air being condensed in the tube itself ; but presently no more
air escapes and a loud cracking noise indicates the escape and
condensation of the steam at the orifice.

The next thing tv be noticed is the rise of temperature of the
water in B. It may easily be arranged that the water in B shall be
caused to boil by the condensation of the issuing steam, and then
we have the water boiling in both vessels. This result was
observed by Watt and caused him to consult with his friend Dr.
Black as to the correct explanation of it.

Secondly, press the tube further into a until the end dips below
the level of the water, and remove the beaker. It will now be
seen that the water rises up the tube and begins to travel along
cD. By withdrawing the lamp and again applying it, the end of
the column of water may be made to move to and fro along ¢ b,
thereby indicating the delicacy of balance between the pressure of
the steam in A and the pressure of the atmosphere outside the
vessel.

Finally, replace the beaker, and the water can be passed from
B to A or from A to B at pleasure.

SAVERY'S ENGINE INADEQUATE FOR DRAINING MINES.

3. In considering the practical working of Savery’s engine it is
necessary to remember that although water could be raised through
a height of 20 feet or thereabouts into the receiver by simple
atmospheric pressure, there would still remain the task of forcing
it to the top of the mine, and for this purpose a supply of steam
would be required at a pressure proportionate to the height of the
column of water lifted, every additional 33 feet of water demand-
ing an increased pressure of 15 Ibs. on the square inch, which
ggain would require to be supplemented to the amount of 3 or 4 Ibs.
in the boiler in order to overcome loss by cooling, condensation,
and friction.

The main obstacle to the application of the apparatus on a
large scale would be found in the boiler. How was a vessel to
be constructed which should support with safety an internal burst-
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ing pressure some two or three times greater than that of the
atmosphere? The practical difficulties connected with the con-
struction and form of boilers will be discussed in a separate chapter,
and here it may suffice to refer to Mr. Bramwell (* Lectures on the
Steam-Engine ’), who remarks :—* It is by no means surprising that
the mechanical skill and appliances of that time were unable to
cope with the demands made upon them, and that pipes, joints,
and cocks leaked and gave way,” whereby it became impossible to
make a good working engine for mines.

A pumping apparatus on Savery’s principle was thus inadequate
to the wants of mining engineers, and the problem of adapting the
power of steam to the lifting of water through considerable heights
yet remained open for solution. It was speedily mastered by the
inventive genius of Newcomen, whose engine, improved and altered
and remodelled by Watt, has yet remained to the present day as
the representative type of a single-acting pumping engine.

NEWCOMEN’S INVENTION OF THE ATMOSPHERIC ENGINE.

4. It appears that about the year 1710, Thomas Newcomen,
ironmonger, and John Cawley, glazier, of Dartmouth, in the county
of Devonshire (whose names are associated as the makers of the
first engine which worked a pump), made several experiments in
private, and in the year 1712 put up at Wolverhampton an engine
which acted successfully. The progress made was very rapid,
and it is recorded that in the year 1737 there was a pumping
engine of the Newcomen construction working a succession of
pumps each 7 inches in diameter and 24 feet apart, and making
6 feet strokes at the rate of 15 per minute, whereby water was
pumped from cistern to cistern throughout the whole length of a
shaft 267.feet deep, by steam at or near the atmospheric pressure.
Nothing can show more clearly the remarkable character of
Newcomen’s invention than a statement of these numbers, but it
remains to set forth the exact principle as discovered and applied.

It would seem that improvements connected with the steam-
engine have followed closely upon those made in connection with
enquiries into the nature and properties of air. As pointed out
by Mr. Scott Russell in his excellent work on the steam-engine,
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savery’s idea was nothing more than an application of the discovery
of the law of atmospheric pressure ; and in like manner Newcomen
might well have been a pupil of Otto von Guericke, and might
have claimed merely to have put to a practical use one of the
earliest experiments on the power of an air-pump. As a matter
of fact it is very probable that Newcomen worked out the problem
quite independently of any previous knowledge of what had been
done by Otto von Guericke, but in collating the history of inven-
tions it is impossible to lose sight of the various steps made in one
common direction. The most striking early experiment with the
air-pump was the cohesion of two hemispheres known as the
Magdeburg hemispheres, but there was another illustration nearly
as remarkable, which was the following :—

A vessel of copper made truly cylindrical was fitted with a
piston 8 inches in diameter, which allowed no air to leak round it.
The piston was attached to a rope passing over a pulley above the
cylinder and carried on one side so as to run over a second pulley
before being attached to a heavy weight. When the trial began
the weight was on the ground, and the piston was at the top of
the cylinder. A boy then pumped out the air from the bottom of
the cylinder by means of an air-pump, and the result was that the
pressure of the external atmosphere on the movable piston forced
it down and lifted the weight.

The work here done by the air-pump could be accomplished
equally well by steam. The exhaustion of the cylinder might be
effected by a jet of steam, which would displace the air within,
and supply a pressure equal to that of the atmosphere. Upon
condensing the steam the cylinder would be exhausted even more
completely than by the mechanical action of an air-pump, and the
piston would be forced down just as in the previous experiment.

Instead, however, of lifting a weight by a chain passing over a
pulley, Newcomen employed a beam and gave us the type of
modern beam engines. The object in view was to pump water
dut of a mine, and the arrangement for doing it was to hang the
pump rods at one end of a strong beam centred on its middle .
point, and to hang the piston of a steam cylinder at the other end
of the beam. The condensation of steam in the space below the
piston produced a vacuum, and the piston was forced downwards
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by the pressure of the atmosphere. The descent of the piston at
one end of the beam caused the rise of the pump rods at the other
end, and thus the atmosphere was continually exerting a mighty
force in pulling down one end of the beam against the drag of the
pump rods. As soon as steam was readmitted under the piston
the pressures on its upper and under surfaces were balanced,
whereby the weight of the pump rods caused them to descend and
carried the piston to the top of the cylinder. This was the general
plan of the engine, and it is said that a beam was indispensable,
for there was at that time no special machinery for boring out
cylinders, and the packing of a piston so as to make it steam-tight
was most easily effected by a layer of water lying on the top
thereof. In order to use this water-packing the cylinder was of
necessity vertical, and the pumps did their work as the piston de-
scended. It will be seen that the leakage would be trifling during
the ascent of the piston, at which time the pressure of the steam
balanced that of the atmosphere, and that on the descent of the
piston or during the condensation, the leakage might be consider-
able, but it would do no harm but rather good, as the water passing
into the cylinder would help to condense the steam. A story is
told to the effect that in putting up his first engine, Newcomen in-
tended to condense the steam by dashing cold water on the out-
side of the cylinder, and was surprised to find the engine make
several strokes and very quick together; on searching he found
that the piston leaked so much as to allow a quantity of cold
water to pass to the inside of the cylinder, and thereby to condense
the steam. This led to the use of a jet condenser as it is called,
that is, a jet of cold water thrown in a spray into the interior of
the cylinder itself,

DESCRIPTION OF NEWCOMEN’S ENGINE.

5. The general arrangement of Newcomen’s engine is shown
in the diagram. A piston P, movable in the steam cylinder %,
was attached by a chain to one segmental end of the working
beam, the pump rods R being hung by a chain at the other end.
The boiler B was directly under the cylinder, and a plate or
regulator valve .k admitted the steam thereto. Towards the
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bottom of the cylinder was a small pipe terminating in a clack
valve D, called a snifting valve, which opened upwards. A pipe
EF leading to a cistern of water overhead was fitted with an
injection-cock E, and there was an eduction or waste pipe L M ter-
minating in a small cistern, and having at its end a clack valve M
immersed in water and opening upwards. The drawing also
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shows a vertical rod H g, called a plug rod, which was employed
for working the valves, but no attempt is made to indicate the
manner in which the connections were made. There was also a
small pump T which raised water into the cistern above F, the pipe
connecting T with the cistern not being shown.

The weight of the pump rods was greater than that of the
piston, and acted as a counterpoise to keep it at the top of the
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cylinder unless brought down by external pressure. In order to
work the engine, the pressure of the steam in the boiler should be
at least 1 Ib, per square inch in excess of that of the atmosphere,
and the reservoir should be several feet (usually 10 to 12) above
the bottom of the cylinder, whereby a strong jet of injection
water would be thrown in. The piston being, as above stated,
at the top of the cylinder, the steam regulator Kk was opened and
the entering steam cleared out all air from the space A, and drove
it through the valve . The injection-cock E was then opened,
whereby the injection water entered the cylinder, slowly at first,
but with great force afterwards, as the condensation went on and
the pressure of the enclosed vapour was reduced to 4 or % that of
the air outside. The injection-cock was provided with a hammer
weight to ensure its opening quickly. The condensation of the
steam took away the pressure from the lower surface of the piston,
and there being nothing to balance the pressure of the atmosphere
on its upper surface, the piston descended and lifted the pump
rods together with the column of water resting upon the buckets.
In this way the down stroke of the piston, technically called the
‘indoor stroke was completed.

The ascent of the piston in making the return or ¢ outdoor’
stroke was effected by closing the injection-cock E, and opening
the regulator K so as to admit a fresh supply of steam. The
waste injection water at the bottom of the cylinder would cause
some loss of the entering steam, but it would soon be expelled
through the eduction pipe. The pressure on the lower surface of
the piston would be at first a little greater, and afterwards about
equal to that of the atmosphere, and hence the weight of the
pump rods would carry the piston to the top of the cylinder. .
The injection-cock would then be opened and the action would
go on as before. )

6. The following example of the working of a small Newco-
men’s engine is given by Farey, and demonstrates its superiority
over Savery’s contrivance. It is said that the original engine put
up at Wolverhampton bhad a cylinder 23 inches in diameter with
a 6 feet stroke, and made 15 strokes per minute when worked by
hand, or 12 strokes when made self-acting, and the dimensions
now about to be given are nearly identical with these.
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ExaMPLE.— Diameter of cylinder=24 inches, area==452 square
inches.

Pressure of atmosphere=14% 1bs.

Pressure of residual vapour in cylinder at temperature of
140° F. to 160° F.=4 lbs. suppose.

.. effective pressure on piston=10% lbs.

Here the pump was of 8-inch bore, and the lift 54 yards in
perpendicular height, whence weight of column of water=3,535 lbs.

Taking the pressure on piston at 7°8 lbs., we have 452 x7°8
=3,525, and therefore a pressure of 7'8 lbs. will about balance
the weight of the water lifted, leaving the difference to raise the
counterpoise and overcome the friction of the engine.

Let the stroke of the piston be 5 feet, and the number of
strokes 15 per minute.

.+ Work done=3535 x 75 foot-pounds=265,125 foot-pounds.

Adopting Watt’s estimate that a horse can raise 33,000 lbs.
through one foot in one minute, we have the horse-power of the
engine

= 265125 _ g nearly.
33,000

Also the quantity of water raised per minute is equal to 261
cubic feet, which is 1,566 cubic feet per hour.

7. A singular fact is observed in the working of the engine,
namely, that at the beginning of the ‘indoor’ stroke the cylinder
is heaved upwards with a jerk. In a large engine the weight of
the cylinder will not counterpoise this upward action, and accord-
ingly massive beams are built into the wall of the engine-house
in order to hold the cylinder securely in position.

The lifting of the cylinder is caused by the immediate con-
densation of steam when the injection water is first admitted, and
affords a remarkable illustration of the rapidity with which the
steam loses its elastic force in the presence of a colder body.
The pressure is instantaneously relieved, but there is a small
ingerval of time, probably from 4 to % a second, before the inertia
of the pump rods and of the water column is overcome, and the
piston begins to move. During that interval the pressure of the
atmosphere on the piston and on the base of the cylinder tends
to bring them together, and whichever can move first will do so.

c
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Usually it is the piston which moves, but during the small interval
while the piston is held immovable by the inertia of the pump
rods, the cylinder would be pressed up to meet the piston unless
" it were restrained, and hence the necessity of the precaution
referred to.

As regards the height of the cistern for the supply of injection
water, it was usually 12 feet for an engine of 6 feet stroke, but
was raised, in some of the largest engines, to 24 or 36 feet.

8. The construction of the Newcomen engine was greatly
improved by Smeaton, who designed and erected an engine for
the Chase-Water mine, in Cornwall, which had a cylinder of 72
inches in diameter, with a ¢ feet stroke, and worked up to 76
horse-power.

The whole structure was on an unexampled scale at that time,
and it may be interesting to point to one or two matters of detail.
Thus the cylinder weighed 4 tons 16 cwt., and was 1o} feet long.
The piston was in the form of a flat circular dish 66 inches in dia-
meter and 14 inch thick, the edge of the dish being raised soas to
form a vertical rim 5 inches high. Underneath the iron dish was
a planking of wood 2} inches thick, bolted on by a number of
bolts, and forming the actual steamtight packing. The planking
was surrounded by a hoop of iron § inch thick and 2} inches
broad. There were three columns of pumps, each 16% inches in
diameter, and 17 fathoms in length, making a total lift of 51
fathoms. ‘The weight of the column of water in the pumps was
estimated at 14 tons. The load on the piston was 74 lbs. per
square inch. The great beam was 27 feet in length, and was
made up by bolting together zo balks of timber, the four nearest
the central line being 12 inches square, and the remainder being
6 by 12 inches. There were three boilers, each 15 feet in dia-
meter.

This was the last effort on a system then about to pass away.
The engine was set up in 1775, no less than six years after the
date of Watt’s patent ; and we are told that ¢ when erected it was
the most powerful machine in existence. It worked for a few
years, and was then altered by Mr. Watt to his improved system,
which soon after superseded all the atmospheric engines in
Cornwall, where fuel is very expensive, and the mines very deep.’
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WATT’S EXPERIMENTS WHILE REPAIRING rHE GLASGOW MODEL

9. It now becomes necessary to enter upon a brief account of
the great invention connected with the steam engine, and in doing
soit may be convenient to refer to the illustration in the frontispiece.
The engraving is from a photograph showing the present condition
of the celebrated model of Newcomen’s engine, which forms one
of the principal mechanical treasures preserved in Scotland, and
which was exhibited at South Kensington in the Loan Collection
of 1876, with the following label attached to it :—* In 1765, James
Watt, in working to repair this model belonging to the Natural
Philosophy class in the University of Glasgow, made the discovery
of a separate condenser which has identified his name with the
steam-engine.’

We have an account of the progress of the discovery to which
the mind of Watt was now directed in the language of the inventor
himself, and a very brief abstract is here given, partly in his own
words. Watt says :—* I set about repairing the engine as a mere
mechanician, and when that was done and it was set to work, I
was surprised to find that the boiler could not supply it with
steam, though apparently quite large enough; the cylinder of the
model being 2 inches in diameter and 6 inches stroke, and the
boiler about ¢ inches in diameter.’

Such small models of engines often work very indifferently,
and Watt’s next observation was that the engine required an
enormous quantity of injection water, though but lightly loaded
by the column of water in the pump.

He considered that the waste of steam was caused by the fact
that the little cylinder exposed a greater surface for condensation
in proportion to its contents than would be found in the cylinder
of a large engine. Then he thought that ¢the cylinder of the
model, being of brass, would conduct heat much better than the
cast-iron cylinders of large engines (generally covered on the
inside with a strong crust), and that considerable advantage could
be gained by making the cylinders of some substance that would
receive and give out heat slowly.’

He next tried a wooden cylinder, well soaked in oil and baked

to dryness, but it soon became apparent that the material was
ca
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unsuitable, and that the proportion of steam condensed on ad-
mission into the cylinder still exceeded that observable in large
engines. He found also that any attempt to produce a better
exhaustion by throwing in more injection water caused only a
greater waste of steam. Qu reflection, he attributed some part of
the difficulty to the boiling of water ## vacuo at low heats, a dis-
covery then recently made by Dr. Cullen, whereby the water in
the cylinder would produce a steam, capable in part, of resisting
the pressure of the atmosphere.

Watt was then led to experiment as to the temperature of
water boiling under pressures greater than that of the atmosphere,
from which it appeared fthat when the heats proceeded in an
arithmetical, the elasticities proceeded in some geometrical ratio.’

Being now led to examine the bulk of steam which could be
obtained from a given quantity of water boiling under atmospheric
pressure, Watt made the following experiment :—¢ Into a Florence
flask capable of holding 17} oz. of water, he poured 1 oz. of
distilled water, and fitted a glass tube into the flask by a steam-
tight joint made by packthread and putty.” He goes on to say :—
‘When the flask was set upright, the end of the tube reached
nearly to the surface of the water, and in that position the whole
was placed in a tin reflecting oven before a fire, until the water
was wholly evaporated, which happened in about an hour, and
might have been done sooner had I not wished the heat not
much to exceed that of boiling water. As the air in the flask was
heavier than the steam, the latter ascended to the top, and expelled
the air through the tube. When the water was all evaporated,
the oven and flask were removed and a blast of cold air was
directed against one side of the flask to collect the condensed
steam in one place.’ Then he weighed the flask with these con-
densed globules in it, again heated the flask and dried it by blow-
ing air into it with a bellows, and found the weight of the water
to be rather more than 4 grains (estimated at 44 grains). Also
the flask held 174 oz of water, or 8,220 grains. From these
numbers it was apparent that the volume of steam was about
1,900 times that of the boiling water from which it was generated.

Allowing for sources of error in the estimation, Watt appears
to have considered that 1 cubic inch of water at 212° F. formed
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1 cubic foot of steam at 212° F., and at the atmospheric pressure.
Both estimates are too large, and Mr. Maxwell gives 1,650 as
representing approximately the number of cubic inches of steam
at 212° F. obtained from 1 cubic inch of water at its temperature
of greatest density, viz., 39'1° F.

The next experiment was of great practical value :—A glass
tube being bent at a right angle, one end was inserted horizontally
into the spout of a tea-kettle and the other end was turned down-
wards into a vessel containing a known quantity of cold water
taken from a well The temperature of the water is not re-
corded.

Steam from the kettle was passed into the water until it began
to boil, and the weight which it had then gained was found to
be % part of the original weight. Watt inferred that water when
converted into steam can heat about 6 times its own weight of
well-water to 212° F., or till it can condense no more steam, and
he goes on to say: ¢ Being struck with this remarkable fact, and
not understanding the reason for it, I mentioned the matter to
my friend Dr. Black, who then first explained to me the doctrine
of latent heat. On reflecting further, I perceived that, in order
to make the best use of steam, it was necessary first that the
cylinder should be maintained always as hot as the steam which
entered it; and secondly, that when the steam was condensed,
the water of which it was composed, and the injection itself,
should be cooled down to 100° F., or lower, where that was
possible. The means of accomplishing these points did not im-
mediately present themselves; but early in 1765 it occurred to
me that if a communication were opened between a cylinder
containing steam and another vessel which was exhausted of air
and other fluids, the steam, as an elastic fluid, would immediately
rush into the empty vessel, and continue so to do until it had
established an equilibrium ; and that if that vessel were kept very
cool by an injection or otherwise, more steam would continue to
enter until the whole was condensed’ Then Watt proposed to
employ a pump to extract both the air and the water from this
second vessel, which formed the separate condenser of the improved
steam-engine.

Other improvements ¢ followed as corollaries in quick succes-
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ion.' Thus water packing was inadmissible, for if any water
entered into a partially exhausted and hot cylinder, it would boil
and prevent the production of a vacuum. This defect he proposed
to remedy by employing wax, tallow, or other grease to lubricate
and keep the piston tight. Then he saw that the open mouth of
the cylinder would admit air and cool the interior thereof, and
he therefore proposed to ¢ put an air-tight cover upon the cylinder
with a hole and stuffing box for the piston to slide through, and
to admit steam above the piston to act upon it instead of the
atmosphere.” There still remained the cooling of the cylinder by
the external air, and this he remedied by the use of an external
cylinder containing steam (now called a sfeam-jacket) surrounded
by another of wood, or of some other non-conducting substance.

WATT'S PATENT OF 1769

1o. Having thus pursued the train of thought developed in
carrying out the invention of a separate condenser, it may be use-
ful to turn to the specification of the patent granted on January 5
1769 to James Watt (No. g13) for ‘a new invented method of
lessening the consumption of steam and fuel in fire-engines.” The
document commences with an unfortunate sentence, viz, ;—

¢ My method of lessening the consumption of steam, and con-
sequently fuel, in fire engines consists in the following gréinciples.’

Now it is a maxim of the law that there cannot be a patent for
a principle, and accordingly the property in an invention which
revolutionised the mechanical industry of the whole world was
nearly shipwrecked on the technical objection that the method
claimed was a principle and not a manufacture; and it was only
after a long struggle that the question was determined in favour of
the inventor. The Court of Common Pleas was unable to arrive
at any decision, but the objection was finally disposed of by the
strong common sense of Lord Kenyon, C.J., who observed :—‘1I
have no doubt in saying that this is a patent for a manufacturs,
which I understand to be something made by the hands of man.’
An account of the proceedings in Boulton and Watt z. Bull, and
in Hornblower z. Boulton, is given in an ¢ Abstract of Paten* Cases,’
by the author of the present treatise.
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The specification goes on to describe the invention of the
separatecondenser, and shows the sense in which the word principle
has been employed, as follows :—

¢« 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 engine is at work, be kept as hot as the
steam which enters it.

¢1. By enclosing it in a case of wood or other materials they
transmit heat slowly.

¢2. By surrounding it with steam or other heated bodies.

¢ 3. By suffering neither water nor any other substance colder
than steam to enter or touch it during that time.

¢ Secondly. In those engines that are to be worked wholly or
partially by condensation of steam, the steam is to be condensed
in vessels distinct from the cylinders, though occasionally com-
municating with them. These vessels I call condensers, and whilst
the engines are working they ought to be kept as cool as the air
in the neighbourhood by the application of water or other cold
bodies.

¢ Thirdly. Whatever air or other elastic vapour is not condensed
by the cold .of the condenser is to be drawn out of the steam
vessels or condensers by means of pumps wrought by the engines
themselves or otherwise.’

The remainder of the specification is not important for the
present purpose except towards the end, where the patentee states :
—*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 or other metals in their fluid state.’

There was no drawing annexed to the specification, and in this
respect the description was imperfect.

11. It appears that in Watt’s first experimental model the con-
denser consisted of two small pipes of thin tin-plate, each about
12 inches long, connected at their upper ends with the steam
cylinder and at their lower ends with a common suction pump ;
the tubes and pump being wholly immersed in a vessel of cold
water. This would now be called susface condensation.

It further appears that the pipe condenser was afterwards
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changed for an empty vessel, generally of a cylindrical shape, into
which an injection of cold water played in the form of a jet, and
the air-pump was enlarged in consequence of there being more
water and air to extract. ‘This is a _jef condenser.

Watt says that ‘the change was made because, in order to
procure a surface sufficiently extensive to condense the steam of a
large engine, the pipe condenser would require to be very volumi-
nous, and because the bad water with which engines are frequently
supplied would crust over the thin plates and prevent their con-
veying the heat sufficiently quickly.’

Portions of some such apparatus as that here referred to are to
be found among the collection of Watt’s models now preserved at
South Kensington.

12. The annexed drawing approaches closely to the form of
one of the early pumping engines with a separate condenser, and
it is introduced in order to show that a steam-jacket was an
essential portion of the steam cylinder. Here, as in Newcomen’s
engine, the piston and pump rods were suspended by chains from
the working beam, and the work done by the steam was that of
lifting a weight. When the engine was at rest the piston remained
at the top of the cylinder.

The drawing shows a steam pipe s opening into a jacket or
steam casing which surrounds the cylinder a, and which provides
that a supply of steam shall always press down upon the upper
surface of the piston p. The cylinder is now completely closed
in, and accordingly the piston rod passes through a steam-tight
box and packing at X, the construction of which will be explained
in Chapter V., to which we refer for all such details. At the bottom
of the cylinder is an eduction pipe leading into the condenser c,
and there are two valves, E and D, the valve E opening into the
eduction passage from the steam casing and the valve p being in
the pipe itself. There is also an injection orifice for admitting
cold water into the condenser, a foot valve R for preventing the
return of any water or air after it has been drawn out therefrom,
and an air-pump Q for removing from the condenser the water and
air which are continually accumulating. At the top of the air-pump
chamber there is a valve N (called a delivery valve), which opens
into a reservoir or hot well, intended to receive the water that
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has been warmed by condensation of the steam, and from which
the supply for the boiler is continually being drawn. There is also
a blow-off valve L, or valve opening outwards from the condenser,
which corresponds to the snifting valve in Newcomen’s engine.

In setting the engine in motion the first thing to be done is to
clear all the air from the lower part of the steam cylinder and con-
denser, which is effected by allowing the steam to pass freely through
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the condenser and to escape at the blow-off valve. The air being
expelled the engine can begin to move. The equilibrium valve E
1s closed, the eduction valve D remains open, and the injection
cock is opened ; a jet of cold water now rushes into the condenser
and creates a partial vacuum, the steam from below the piston flows
into the condenserand is converted into water, whereupon the pres-
sure of the boiler steam on the upper surface of the piston carries it
down and raises the pump rods. When the piston reaches the
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bottom of the cylinder the eduction valve is closed as well as the
injection orifice, and the equilibrium valve is opened, thereby per-
mitting the steam from the boiler to flow freely into the space below
the piston. This equalises the pressure on both surfaces, and the
weight of the counterpoise or of the pump rods carries the piston
again to the top of the cylinder just as in the case of Newcomen's
engine. All this time the air-pump is at work, removing water or
air from the condenser, and sending it through the delivery valve
into the hot well. .

The principle being that nothing colder than steam shall enter
the cylinder during the working of the engine, the air which pressed
down the piston in the atmospheric engine is replaced by steam
at a pressure equal to or a little above that of the atmosphere.
The function of the equilibrium valve is to allow steam to pass
underneath the piston, and the condensation takes place in a
separate vessel, The early commentators on Watt’s engine (Dr.
Robison, for example), speak with interest of the fact that ¢the
cylinder may be allowed to remain hot ; nay, boiling hot, and yet
the condensation may be completely performed.” The reason that
this happens will be better understood when the properties of a
vapour are discussed, but the instantaneous fall of pressure in the
steam can hardly be accounted for without reference to the modern
theory of the constitution of gases.

13. In the form above described, the engine should be regarded
as a Newcomen’s engine with steam instead of air acting upon the
piston, and provided with a separate condenser. But a material
change was soon introduced, for it was seen that many advantages
would arise from cutting off the free communication between the
boiler and the top of the piston by means of a third valve capable
of regulating both the periods of admission and cut off of the
steam in the upper part of the cylinder. At the present time three
valves, viz. a steam valve, an egquilibrium valve, and an eduction
valve, are always to be found in a single-acting pumping engine
of Watt’s construction, and as a matter of precaution a fourth
valve, or steam regulator, is interposed just on the boiler side of
the steam valve, being kept permanently open while the engine is
at work.

The drawing shows the arrangement of the three principal
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valves in a single-acting engine of the early construction ; s is the
steam valve which admits steam from the boiler, £ the equilibrium
valve, D the eduction valve which opens or closes the passage to
the condenser.

The action is the following :—As before, the piston being at
the top of the cylinder, and the air being blown out of the cylinder,
condenser, and steam passages, the valves s
and D are opened, and E is closed. At the
same time a jet of cold water is admitted into
the condenser, whereby the steam which has
displaced the air in the interior of the engine
is condensed and a partial vacuum is formed
below the piston, the result being that the
steam above the piston forces it down and
raises the pump rods. When the piston
reaches the bottom of the cylinder s and D
are closed and E is opened, whereupon the
steam which drove the piston down circulates
freely on both sides of it, neither assisting 3
nor retarding its motion, and the weight of T
the pump rods or counterpoise drags the
piston to the top of the cylinder. The
double movement is thus completed, and it
will be seen that s is an independent valve which can be closed at
any period of the stroke.

It should be noted that the method of representing the valves
is conventional, the object being to indicate their operation, but
not their construction.

Fie. 5.

GENERAL ARRANGEMENT OF THE WORKING PARTS IN WATI’S
SINGLE-ACTING PUMPING ENGINE.

14, The drawing on p. 28 is inserted in order that the general
arfangement of the engine may be placed before the student.
It is taken from one of the series of lecture diagrams published
by Messrs. Chapman and Hall in connection with the Science
and Art Department, and gives a fair idea of the respective-work-
ing parts. The beam is the first thing to notice as an example
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FIG. 6.—~WATT’S SINGLE-ACTING PUMPING ENGINE.
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of construction, for it is put together with a due regard to me-
chanical principles, and presents a striking contrast to the beam
which appears in early drawings of Newcomen’s engine.
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The beam of a modern pumping engine is, of course, no longer
a trussed wooden beam, but it is made either of cast or wrought
iron. By way of comparison we may refer to an example to be
found in a pumping engine at the Clay Cross Colliery, which has
a cylinder 84 inches in diameter, with a stroke of 1o feet, and
raises water from a depth of 420 feet. Here the beam is of
wrought iron, formed by two massive slabs placed side by side,
each 2 inches thick, and 7 feet 1 inch deep at the middle, but
tapering to 3 feet 4 inches at each end. The full length of the
beam is 364 feet, and when the several parts are all put together,
with a strong cast-iron centre piece for supporting the gudgeons,
it weighs about 33 tons.

In our drawing the pump terminates suddenly in a cistern of
water, but the intention is not to follow out what is done literally,
and the pumps at Clay Cross are combined lifting and forcing
pumps, the water being lifted through 150 feet, and forced up the
remaining 270 feet by a plunger.

The valves in Watt’s engine are worked by toothed sectors
engaging with racks, a method which is represented in a drawing
given in Chapter V. The operation of the valves is the same
now as formerly, their construction being the only thing that has
been varied ; and at Clay Cross the steam valve is 14 inches in
diameter, while the equilibrium and eduction valves are re-
spectively 12 and 18 inches in diameter. Except in matters of
detail there is no essential difference between an early example
of Watt’s single-acting engine and the Cornish pumping engine of

" the present day.

TH?. EXPANSION OF STEAM. WATTS PATENT OF 1782.

15. Referring back to Article 13, where it is stated that s is an
independent valve which can be closed at any period of the stroke
of the piston, we have now to consider the consequences of closing
the valve s when some portion only, say 4 or } of the stroke, has
been completed. Under such circumstances the engine is said
to work expanstvely.

There was no such thing as the expansion of steam, either in
Newcomen’s engine or in Watt’s earliest engine with a steam-
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jacket fully open to the cylinder. In the atmospheric engine the
function of the steam was merely to oppose a force which should
continuously balance the pressure of the external air, and the
work was done while the steam was being exhausted and not
while it was in action. In the engine with a separate condenser
the case was different, for the steam did the work and everything
was ready for expansion as soon as provision was made for it by
the introduction of a separate valve. But without a cut-off valve
there would of course be no expansive working.

It appears that as early as 1776 Watt made experiments on
the expansion of steam, and about that time he altered an engine
at the Soho Works so as to test the result of an early cut-off. Other
trials succeeded, but it was not until the year 1782 that Watt took
out his patent for ¢ certain new improvements upon steam or fire-
engines for raising water, and other mechanical purposes,’ and
gave a demonstration of the economy due to expansion.

The specification (No. 1,321) stated :—

¢ My first new improvement in steam or fire-engines consists in
admitting steam into the cylinders or steam vessels of the engine
only during some part or portion of the descent or ascent of the
piston of the said cylinder, and using the elastic forces wherewith
the said steam expands itself in proceeding to occupy larger spaces
as the acting powers on the piston through the other parts or
portions of the length of the stroke of the said piston.’

In other words, the steam-valve remains open until some definite
portion of the stroke of the piston has been completed, and is
closed during the remainder of the stroke.

In order to comprehend the effect produced we must refer to
a law discovered by Robert Boyle in 1662, and subsequently veri-
fied by Marriette. It is known as Boyle’s or Marriotte’s law, and
is often termed the firs¢ law of the expansion of gases.

BOYLE'S LAW.

16. The law may be stated as follows:—The pressure ot a
portion of gas at a constant temperature varies inversely as the
space it occupies.

In order to verify this statement roughly by experiment we
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refer to a simple apparatus consisting of two pieces of strong glass
tube A B, C D, each about } inch internal diameter, and having their
ends secured in a small metal box, F, provided with a stopcock.
The tube AB is open at the top, and is a little more than 35 inches
in length while the shorter leg is somewhat over 10 inches long,
and is provided with a cap closed by a screw-plug. A board having
a scale graduated to inches carries the tubes, the zero of the scale
being a little above the box, and the graduation for 1o inches
marking the bottom of the plug, so that the space from o to 10 is
a definite measured length of the tube c .

The plug at D being unscrewed so that air can enter, a little
mercury is poured in at B, and the cock F serves to withdraw any
excess and to bring the level of the mercury to the
zero of the scale. Then D is closed and mercury
is introduced slowly at B until thelevel in A B
is 3o inches in excess of that in cp. Supposing
the barometer to mark 3o inches at the time of
the experiment, it will now be found that the level
of the mercury in cp is 5 inches. That is, the
air in ¢D is compressed into half its volume by a
pressure of two atmospheres. In this way the law
may be approximately verified ; and the important
thing to be noticed is that it does not hold unless the
‘temperature of the enclosed air remains unchanged.
This is an imperative condition.

Note.—Since the pressure of a portion of gas ata
constant temperature varies inversely as its volume,
and since the density of the same portion also varies
inversely as its volume, it follows that the pressure of
a portion of gas varies directly as its density.

It is stated by Mr. Maxwell that this law ‘is not
perfectly fulfilled by any actual gas. It is very nearly
fulfilled by those gases which we are not able to con-
dense into liquids ;* and moreover, that when a gas is
about to pass by condensation into a hquld form ‘the density -
increases more rapidly than the pressure.’

In the year 1829 MM. Dulong and Arago carried the experi-
ment above described to an extreme degree, for the tube A B was

Fi1G. 7.
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elongated until the pressure of the compressed air reached a7
atmospheres. These experimenters failed to detect any deviation
from the law laid down by Boyle and Marriotte.

BOYLE'S LAW REPRESENTED BY A CURVE.

17. The application of Boyle’s law to the expansive working
of steam will be made more clear if we deal with a substance, such
as air, having the same elastic properties, but which does not pass
into liquid in the same manner.

Suppose the case of a cylinder with a circular base, partly filled

with compressed air, and having a

q piston capable of moving along it
without friction.
° | Take 0 x, 0 y at right angles to each

Al B other, and let 0 x represent a line along

y which volumes are measured, called a

line of volumes, and oy a line along

which pressures are measured, or a

$ line of pressures. Starting with a vo-

lume of air enclosed in the space E a,

it is evident that the travel of the pis-

wel.  ton represents the increase of volume

0 A mno B P of the enclosed air. Also, if AR be

Fic. 8. the pressure of the air in E 4, the line

B's will represent the pressure in E B, under the condition that

BS __ VoLEA __ oA
AR _ VOLEB OB

Press.
7]

If a sufficient number of lines corresponding to Bs be drawn
the curve R s may be set out, and will present to the eye a series
of changes of pressure and volume made in accordance with Boyle's
law. But since the pressure of the enclosed air varies inversely
as its volume, it follows that the product of the numbers repre-
senting its volume and pressure is a constant quantity.

That is, if 0 A = v, AR = p, we have the equation

2 v =a constant,

as an analytical representation of Boyle’s law. It is known that



Diagram of Energy. 33

the equation 0 A X A R==a constant, represents that particular curve
called an hyperbola, which may be a section of a right cone made
by a plane parallel to its axis, the cone being of such dimensions
that its asymptotes are at right angles to each other. Hence the
curve RS is an hyperbola. In Chapter IV. the mode of repre-
senting a curve by an equation is explained.

The fundamental property of the curve of expansion, accord-
ing to Boyle’s law, is, as we have stated, that the temperature re-
mains constant, and accordingly a name has been adopted for the
curve which recalls at once to the mind this fact of uniformity of
temperature. It is common to speak of it as an ésotkermal curve.
The term is derived from two Greek words, and signifies a curve
of equal temperature.

DIAGRAM OF WORK DONE DURING EXPANSION.

18. The geometrical method of treating the subject of the
expansion of a gas possesses another advantage, viz., that the
work done by the enclosed air in forcing the piston from A to B
is represented by the area ARS B.

Conceive that the air in the cylinder expands from a volume
0 A and pressure AR to another volume oB and pressure BS, and
let it be required to represent the work done during this expan-
sion by a diagram, the temperature of the air being supposed not
to change during the expansion. (Hereafter we shall see that this
will not happen unless heat is supplied artificially.) Take 7, s, two
points in the curve R s very near to each other, and draw #m, s 2
perpendicular to o, and suppose that the pressure of the air does
not change sensibly during its expansion from volume cm to
volume o 7.

Since the space moved through by the piston is directly pro-
portional to the increase of volume, it follows that the rectangle
s m, which is the product of the pressure 7 7 and the volume m 7,
is also the product of the pressure 7 and the space described
by the piston in traversing 7 # ; that is, the rectangle s m represents
work done by the air upon the piston in moving it through the
space mn. And the same is true for each small element of the
motion. But the limit of the sum of all such rectangles is the whole

D
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area ARSB; therefore A RSB represents the work done by the
air upon the piston in expanding from volume 0 A to volume 0 B.

THE DIAGRAM OF WORK DONE DURING EXPANSION. WATT'S
PATENT OF 1782 (continued).

19. The description of the invention of expansive working
will now be readily understood. The drawing is copied from the
specification of the patent, and presents the firs? published example
of the diagram of energy as applied to a steam-engine.

The cylinder is described as being perfectly closed in at the
upper and lower ends, the piston P being accurately fitted to the

cylinder so that it can easily slide up
= and down without suffering any steam
to pass. The piston rod passes
through an opening in the cover,

0 jl X which is made air and steam tight by

a collar of oakum well greased, and

T -T—&—#E contained in the box o. Near the
.l 12 \ ] top of the cylinder there is a pipe
E to admit steam from a boiler. The
whole cylinder is enclosed in a case

L M, M, containing steam, and there are
} also cases N, N, containing steam at

the two ends thereof.
The available length of the cy-
/ linder being subdivided into twenty
L equal parts, numbered 1, 2 . . ., 20,
steam at the atmospheric pressure

{t = (say 14 lbs. on the square inch) is
UI H admitted freely, while the piston
—i 0 I.:I‘ travels over five divisions, and is then
shut off. Hence, at division 10 the

< pressure will have fallen to 4 x 14 LUs.

or 7 Ibs. At division 1g it will be
Fie. 9. 3 x 14 Ibs,, or 4% Ibs.,, and at division

20 it will be 4 x 14 Ibs. or 34 lbs.
Watt here assumes that Boyle’s law applies strictly to the
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&xpansion of steam, Further, the vertical divisions represent
the travel of the piston, and the horizontal lines represent the
pressure of the steam. The subdivisions of the steam pressure
are noted on the diagram exactly as Watt estimated them, but
are omitted here for want of space. They are —

1, 1,1, 1, 1, ‘83, "711, "625, '555, "500, "454, ‘417, ‘385, ‘357,
‘333, "312, *294, 277, "262, "250.

Then each of these numbers representing the steam pressures
at the respective points 1, 2,3 . . . 20, is supposed to remain
constant during the passage from one division to the next in order,
and is multiplied into the number 1 representing the space tra-
velled over by the piston, and in that way a series of rectangles
are obtained, each of which is an area representing work done.
The addition of all the rectangles would give an area a very little
less than that of the true diagram of work, that is, of the diagram
set out, one side of which is the curved line in the sketch.

The sum of all the 20 numbers enumerated is 11°562, which,
divided by 20, gives ‘578, or approximately ‘57, as the mean
pressure of the steam during the stroke.

But & is greater than 4, and the conclusion follows in these
words :—¢ Whereby it appears that only } of the steam necessary
to fill the whole cylinder is employed, and that the effect produced
is equal to more than 3} of the effect which would have been
produced by one whole cylinder full of steam, if it had been
permitted to enter freely above the piston during the whole length
of its descent.’

By this explanation Watt showed conclusively that the direct
result of expansive working was to obtain an increased amount
of work by the consumption of a given quantity of steam.

But the principle cannot be carried to any extreme degree,
for the increase in the size of the cylinder, and the inequality in
the pressure on the piston would soon present formidable difficul-
ties. It will be necessary to recur to this subject after some
preliminary enquiry into the principle of heat engines. Not only
is expansive working a source of direct economy, but it is valuable
also as a regulator, that is to say, it enables an engine to put forth
variable amounts of power without the necessity of a permanent
alteration in the pressure of the boiler steam,

D2
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1t is.important to observe that in the drawing of the specifica
tion the cylinder has a steam-jacket surrounding its ends as well
as its sides. ‘The proposition in the original patent was that the
cylinder should be kept as hot as the steam which entered it, and
Watt was too good an engineer to enter upon a discussion as to
the behaviour of steam when admitted into the cylinder at a total
pressure of 14 Ibs. per square inch, and at the same time to show
the cylinder entirely unprotected from the cold of surrounding
bodies. The true value of the steam-jacket will be understood
after the next two chapters have been examined, but it may be
permitted to say that it is unfortunate that the teaching of the
great master should have been so soon disregarded by those who
came after him—for example, Tredgold, in his large work on the
steam-engine, enters into an elaborate attack upon the steam-
jacket, which he sums up as follows :—¢I hope this will be suffi-
cient to establish the truth, that the steam-case is a useless addi-
tion to the expense of an engine.’” This was before practical men
had taken account of the conversion of heat into work.

THE DOUBLE-ACTING ENGINE. WATT’S PATENT OF 1982 (continued).

20. In order to adapt the steam-engine for driving machinery
much yet remains to be done. Something must be known of the
first principles of the conversion of motion before the problem
can be fully grasped, and at present it may suffice to refer to
a double-acting engine as set forth in the patent (No. 1321).

Watt says:—¢My second improvement upon steam or fire-
engines consists in employing the elastic power of the steam to
force the piston upwards, and also to press it downwards alter-
nately, by making a vacuum above or below the piston respectively,
and at the same time employing the steam to act upon the piston
in that end, or exerted upon the piston only in one direction,
whether upwards or downwards.’

The object here is to allow the steam to enter on one sidewof
the piston, while the other side is in free communication with the
condenser. For this purpose there are four valve chests, viz. at
A.G, B,and F. In each chest there is a valve opening upwards,
and between the valves A and c there is a passage leading to the
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top of the cylinder, while between B and F there is a passage
leading to the bottom of the cylinder. The steam-pipe KAD'B

A K
I L Steqny
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=
w

e
]

enables steam to enter either the top or bottom of the cylinder,
according as the valve A or the valve B is lifted from its seat. In
like manner by opening the valve c, the top of the cylinder is
freely open to the condenser by means of the pipe CEF H; and
by opening F the bottom of the cylinder also opens to the
exhaust. Thus, in the working of the engine a is opened for
steam and F for exhaust, whereupon the piston descends; other-
wise B is opened for steam and c for exhaust, and the piston rises.

F16. 10.

HORNBLOWER’S PATENT OF 1481I.

21. There can be no question as to the fact that Watt invented
the expansive working of steam, but, technically, he does not
stand first in the records of the Patent Office, for he was antici-
Pated by a patent of Hornblower for a single-acting pumping
engine which dates from the year 1781.

The specification of this patent (No. 1,298) is a mere statement
of what is to be done, and rather publishes an idea than an in-
vention, The patentee says :—
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¢ 1, I use two vessels, in which the steam is to act, and which
in other steam-engines are generally called cylinders.

¢ 2, I employ the steam after it has acted in the first vessel, to
operate a second time in the other, by permitting it to expand
itself, which I do by connecting the vessels together, and forming
proper channels and apertures, whereby the steam shall occasion-
ally go in and out of the said vessels.

¢3. I condense the steam by causing it to pass in contact with

metalline surfaces while water is applied to the opposite side.’

We can obtain no further information from the specification,

Fic. 11,

and the mode of carrying out the improvement is therefore
taken from other sources, the sketch given being a mere lecture
diagram,

The engine is single-acting, and works with a separate con-
denser, after the method invented by Watt. The valves a, ¢,
and E are open while B and p are closed, whereby steam from the
boiler is entering the small cylinder H, and is also escaping from
below the piston into the larger cylinder k, while steam from
below k is passing into the condenser. The result is that both
pistons descend together. When they arrive at the end of their
respective strokes the valves A, ¢, and E are closed while the
equilibrium valves B and D are opened, and the pressure of the
steam is thus equalised on both surfaces of each piston, which is
all that is required for performing the up stroke.

It will be noticed that the cylinders are of unequal length, the
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reason being that the piston rods are attached to the same work-
ing beam, and that the small, or high-pressure cylinder, is nearer
to the centre of motion of the beam.

WATT'S INVENTION OF THE INDICATOR.

22, In giving evidence before a parliamentary committee in
1829, Mr. Farey mentioned that Watt had been the first to invent
and apply to steam-engines an instrument called an sndicator, with
the object of determining the amount of plenum and vacuum
formed on either side of the piston of an engine during the work,
and further that Watt himself had kept the invention in the com-
plete and perfect form which was essential to its successful use
a profound secret for many years. Mr. Farey also said :—An
instrument fell into my hands in Russia, where it had been made by
some of the people sent out from England with Mr. Watt’s steam-
engines. On my return to England I made one, and also showed
several other engineers how to make such for themselves, and since
that time every one of those persons has very greatly improved
his practice by the light it has enabled him to throw upon the
operation of steam in an engine.’

In an appendix by Mr. Watt to Dr. Robison’s ¢ Mechanical
Philosophy,’ it is stated that although a barometer serves very well
for ascertaining the degree of exhaustion in the condenser of an
engine, it is quite unsuited for testing the degree of pressure or
exhaustion in the steam cylinder on account of the vibrations to
which the mercury would be subjected by the rapid fluctuations
which take place. Then Watt proceeds to describe his invention
of an ¢ndicator, or instrument for observing the changes of pressure
of the steam or vapour in the cylinder of an engine.

A cylinder, about 1 inch in diameter and 6 inches lorg, ex-
ceedingly truly bored, has a solid piston accurately fitted to it, so
as to slide easily by the help of some oil ; the stem of the piston
bing guided in the direction of the axis of the cylinder, so that it
may not be subject to jam or cause friction in any part of its
motion. The bottom of this cylinder has a cock and small pipe
joined to it, which, havinga conical end, may be inserted in a hole
drilled in the cylinder of the engine near one of its ends, so that
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by opening the cock a communication may be effected between the
inside of the cylinder and the indicator. There is also a frame with
a steel spring attached to it by one end, the other end being
fastened to the piston. The cylinder is open to the atmosphere at
the top, and the piston remains at rest when the steam pressure is
equal to that of the atmosphere, but rises or falls as the pressure
becomes greater or less than the air pressure. The amount of the
rise or fall will be determined by the strength of the spring, which
must be tested, and a graduated scale together with an index at the
end of the piston serves for measuring pressures.

The account here set forth appears to be all that Watt made
public, and it leaves the instrumentin an unfinished state. If, how-
ever, the index at the end of the piston be replaced by a pencil,
and a board carrying a sheet of paper be caused to move to and
fro underneath the pencil with a motion identical with that of the
piston of the engine but on a diminished scale, the direction of
motion of the pencil being vertical and that of the board being
horizontal, it will be found that the pencil traces upon the paper
a closed curve, which is Watt’s diagram of work.

The instrument is shown in the drawing, which is copied from
a sketch of early date, and is not
very correct in proportion. It is
screwed into an opening made
in the cylinder at one end, where-
by the steam passes through the
cock K into the lower end of the
cylinder, and presses upwards
against the piston p. The piston
rod carries a pencil R which traces
out the diagram on a board mo-
ving to and fro horizontally in
the frame aBcD. When the
pressure of the steam balances
that of the external atmosphére
the piston is at rest, the spring
being in its normal position and

Fie. 12. exerting no force to resist either
extension or compression. If, in this state of things, the sliding




Tre Indicator. 41

board be moved to and fro, the pencil will trace the horizontal
line EF, technically called the atmospheric line. Whereas, if the
pressure of the steam (or uncondensed vapour below the piston)
"be either greater or less than that of the atmosphere the pencil
wiil rise or fall, and the curve (which is a rough copy of the diagram
of work) will be the result of combining the motion of the pencil
with the to and fro movement of the board. The string passing
upwards round the pulley on AD is attached to some moving
part of the mechanism in such a manner that the motion of the
board shall reproduce that of the main piston, but reduced until
the travel is limited to the breadth EF. A weight is fastened
to a second string in order to produce the return movement of
the board.

Hereafter it will be explained that the curve traced out by the
indicator pencil gives more than a mere measure of the actual per-
formance of the engine, and that it enables us to clear up many
obscure points connected with the construction and action of the
working parts.

THE PROPERTIES OF A VAPOUR.

23. It is difficult, in writing a book of this kind, to treat every
subject in a perfectly logical order. Strictly speaking we ought
to begin with a complete series of definitions and experiments,
and suppose nothing to be known until it has been explained in
due course. If this method were adopted the chapters might gain
in methodical arrangement but they would be intolerably dull, and
it seems preferable to assume a general acquaintance with things
which every reader would know, and to enter upon a more
complete examination at any particular stage where it would be
useful.

Recurring to the properties of the vapour of water, we remark
that water gives off vapour at all temperatures, whether in a liquid
of frozen state, and that the vapour, being a gas, has that property
of indefinite expansion which characterises gases. It follows that
if a small quantity of vapour be formed in a closed vessel, however
large, it will at once expand so as to fill the whole of it, and will
exert a pressure against the enclosing surface,
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There are two cases to be considered—

1. When the vapour is in contact with the generating liquid.

2. When it is entirely separated therefrom.

A simple experiment may be arranged for giving some insight
into the behaviour of vapour when in contact with the generating
liquid.

1. Take a barometer tube, say about 33 inches long, and
closed at one end. Fill it with clean mercury, which may be done
by pouring in mercury nearly to the level of the open end, closing
the end with the finger and then passing the large bubble of air two
or three times up and down the tube. This removes all the minute
bubbles of air which adhere to the glass, and mercury may be added
up to about % an inch from the open end ; then fill this empty space
with bisulphide of carbon (a very volatile liquid), and invert the
tube in a deep well of clean mercury, as shown in the
diagram. The bisulphide of carbon will rise to the top
of the tube, vapour will form in the empty space above
the mercury, and will, by its pressure, drive down the
column of mercury so as to shorten it considerably as
compared with the column in an ordinary mercurial
barometer. We have accordingly a small layer of
liquid lying on the top of the mercury and several
inches of apparently empty space above the liquid.

A singular result may now be exhibited. Depress
the tube by the finger so as to sink it in the well, or
cause it to rise higher, when it will be found that the
height of the column A P remains absolutely constant.
1f the tube be raised quickly the liquid begins to boil,
fresh vapour is formed instantly, and the pressure

F16. 13.  is kept at a constant intensity. On the other hand, a
portion of the vapour passes into the liquid state when the space
which it fills is contracted, and nothing will alter permanently the
height of the mercurial column except a permanent change in tl.xe
temperature of the liquid and of the tube.

Another experiment is instructive, as illustrating the action of
vapour in the condenser of an engine. A glass receiver, H, from
4 to 5 inches in diameter, with a wide neck, has a cork fitted into
it, through which three small tubes are passed. One tube, ABC,

]'u




Properties of Vapour. 43

is a bent barometer tube about 36 inches long and dipping into a
vessel of mercury at c. Another is a tube, fitted with a stopcock,
and terminating in a small glass cap, 0. The third tube, EF, is
connected with an air-pump.

On pumping out air from the receiver
we have an illustration of the barometer
gauge of a condenser. The pressure of
the air in H is diminished in the same
proportion as that in which the mercury
rises in B, and by comparison with an
ordinary barometer the exact degree of
exhaustion can be estimated. Thus, if
the top of the scale was marked 30 inches
and the mercury stood at 25 inches, it
would be said that the pressure of the air
in H was competent to support 5 inches of
mercury. In common parlance that is
called a vacuum of 5 inches, a phrase not
very correctly adopted. Pour now some
ether into D, and open the stopcock just
enough to allow the pressure of the ex-

ternal air to force a little of the liquid into

the receiver. In an instant vapour is !ﬁ_
formed and the mercury drops through

several inches. The vapour of ether may Fic. 14.

be then pumped out, and the mercury will rise as before, but it
may be again as suddenly depressed by the admission of a fresh
supply of ether.

The rapidity with which vapour forms in wacue is strikingly
shown by these experiments, the results of which are in strict
accordance with the known laws which regulate the behaviour
of a vapour when in contact with the generating liquid, viz.:—

I+ Vapour exerts pressure.

2. Vapour forms with great rapidityin an empty space, though
slowly in air. .

3. The pressure of a vapour rises as you exalt its temperature

4. The further formation of vapour is arrested by the pressure
of the vapour already formed.
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5. If the temperature be given, reduction of volume causes
liquefaction, leaving the pressure unaltered.

6. If the volume be given, reduction of temperature causes
liquefaction.

24. When a vapour is formed in a closed space, and is in contact
with the generating liquid, it is said to be safwrated. That is the
technical word for expressing its physical condition when just
ready to yield some portion of liquid on the smallest increase of
pressure or reduction of temperature. Thus steam at 212° F
exerts a pressure equal to that of the atmosphere, and is called
saturated steam, the condition being that it is taken direct from
the boiler without being separated at a lower temperature and
heated up to 212° F. by subsequent treatment.

If it were so heated it would approach the condition of a
permanent gas, and would be called swperieated steam. The two
extreme cases are those of a saturated vapour and a so-called
permanent gas. The experiment gives an example of the former ;
thus the vapour of bisulphide of carbon becomes in part liquefied
rather than support an additional pressure of one or two inches of
mercury. There is one gas which is ordinarily permanent, but
may be liquefied by pressure without difficulty, viz., carbonic acid,
and its properties have been investigated in a systematic manner
by Dr. Andrews.

ISOTHERMAL LINE FOR A VAPOUR.

25. The behaviour of a vapour when near the point of
saturation may be studied by the aid of a diagram. Conceive
¥ that a mass of vapour exists at
I a volume o N, and pressure R N,

its temperature being above that

at which coundensation would

begin. Conceive also that its
temperature remains constant

wop  during any changes of .volllme
0 L ™ N @ and pressure through which it is
Fic. 15. about to pass. According to

Boyle’s law the expansion or contraction of the vapour, so long

press

R
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as it possesses the properties of a gas, will be given by the curved
line PR. Suppose, further, that when the pressure is increased to
pM liquefaction begins. At this point reduction of volume may
go on, but the pressure cannot be increased, and the way to express
that fact geometrically is to carry the line P sin a direction parallel
to 0« ; the result being that the isothermal’ is no longer curved
throughout, but suddenly passes into a straight line at the point
of saturation.

EXPERIMENTAL DETERMINATION OF VAPOUR PRESSURE.

26. Let us now examine the methods adopted for ascertaining
the pressure of the vapour of water at different temperatures, both
above and below 212° F.

The earliest accepted authority on this subject is Dalton, who
published his results in the ¢ Memoirs’ of the Lit. and Phil. Soc.,
Manchester, in 1802 (vol. v. page 551).

It appears, however, that Watt had obtained approximate
results as to the vapour pressure of water while working out his
discovery, and that his mode of experimenting was substantially
that adopted by Dalton.

The paper in the Manchester ¢ Memoirs’ begins with some
prefatory observations on the remarkable increase observed in
the elastic force of a vapour when heat is applied directly to the
generating liquid :—

¢ By increasing the temperature of any gas a proportionate
increase of elasticity ensues ; but when the temperature of a liquid
is increased the force of vapour from it is increased with amazing
rapidity, the increments of elasticity forming a kind of geometrical
progress'on to the arithmetical increments of heat. Thus the
ratio of the elastic force of atmospheric air at 32° to that at 212°
is nearly 5 to 7, but the ratio of the force of aqueous vapour
proceeding from water of 32° and 212°is as 1 to 150 nearly.’

This striking fact being pointed out, Dalton goes on to
desgribe his experiments, and states that he introduced a very
little water into the inside of a harometer filled with mercury,
leaving a layer of 3 or 44 inch of water upon the top of the
mercurial column.  The upper part of the tube was then enclosed
in a larger glass tube, 2 inches in diameter and 14 inches long, by
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means of two perforated corks which formed the top and bottom
of a water chamber or hot bath enveloping the whole of the upper
portion of the barometer tube, and wherein the water was
maintained at a fixed temperature by means of a lamp. The
vapour enclosed in the top of the barometer as well as the
generating layer of liquid thus became heated at a constant tem-
perature, and the depression of the column of mercury as com-
pared with the column in a standard barometer showed the
amount of pressure exerted by the saturated vapour.

In this way Dalton had ¢ water as high as 155° F.’ surround-
ing the vapour tube. For higher temperatures up to 212° F. he
modified the apparatus, and employed a tin tube 4 inches in
diameter as a casing for the bath ; also the observation was made
with a siphon barometer having two parallel legs, whereof one was
enclosed in the bath, and the reading of the mercury in the leg
outside the tin tube gave the required depression of the column as
due to the pressure of the vapour.

25. Dr. W. A. Miller gives the following table of the pressures
of the vapours of several liquids estimated in inches of mercury.
Thus it appears that at 50° F. the vapour of bisulphide of carbon
will depress the mercurial column through 7846 inches, a fact
which is apparent when trying the experiment described in Art. 23.

- isulphi .
Tempgre | B | BRORY | Waer | Aleohl | QRS
—_4 272§ —_ '036 ‘131 —
14 4356 3’110 082 256 —_
32 7°146 5008 182 *501 ‘082
50 11'278 7846 *361 948 ‘090
68 17117 11'740 686 1732 *168
104 35°971 24°310 2168 5159 *460
140 68-121 43°71 5874 13776 1°058
176 116°03 79°94 13°998 32°'00 2408
212 193°72 130°75 30°00 6633 5310

We have seen that the condenser of a steam-engine has for
its object the complete discharge of all steam from the working
cylinder after it has done its work in propelling the piston. The
degree of completeness with which this is effected will depend
entirely on the temperature of the water after condensation, and
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the table of pressures of the vapour of water shows at a glance
what may be done. If ice at 32° F. were converted by the waste
steam into water at 32° F. the pressure of the vapour left in the
cylinder would fall to } inch of mercury. The temperature of
the condensing water is, however, commonly r10° F., giving off
vapour capable of supporting a pressure of 24 inches of mercury.
If a smaller quantity of condensing water be used it will be raised
to a proportionately higher temperature, and a less perfect con-
densation will be effected. At 212° F. the object of the condenser
would be entirely frustrated.

THE TEMPERATURE OF HIGH PRESSURE STEAM RISES WITH
ITS PRESSURE.

28, It is well known that when water is confined in a closed
vessel and heated, the pressure of the vapour formed therein con-
tinually increases. The precise temperature of the vapour which
corresponds with any assigned pressure has been a subject of care-
ful enquiry, and an apparatus called a Marcet's boiler has been
designed for exhibiting the relation to a class. It is
in a form which forbids any exact determination, but
the student may contrast it with the arrangement
employed by Regnault, and described in Art. 29.

The apparatus consists of a small boiler, provided
with a thermometer and a mercurial pressure gauge.
The drawing shows the boiler containing a small
quantity of mercury covered by a layer of water rest-
ing upon it. The mercury is intended for filling the
pressure gauge, which is a piece of barometer tube,
CD, open at both ends, and passing down nearly to
the bottom of the boiler. EF is a thermometer
about zo inches in length, whose graduations begin
at 130 and go on to 250. A large thermometer is
chosen, in order that its graduations may be seen at
a distance. H is a pipe provided with a stopcock.

On applying heat to the boiler by a Bunsen burner or a
spirit lamp the temperature soon rises above 212° F., and some
mercury will ascend the tube, by reason that the pressure of the
enclosed vapour becomes greater than that of the external air

D
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The height of the column of mercury denotes the pressure of
the vapour, and the corresponding temperature given by the
thermometer may be observed ; thus at 230° F. we should find
the column at a height of about 124 ins., and so on. The effect of
opening the stopcock should be noticed ; for, with a little care, it
is easy to keep a small jet of steam blowing off without any fall in
temperature or pressure, just as in the case of the boiler of a
working engine, whereas, if the stopcock be fully and suddenly
opened, the pressure and temperature drop at once, and the mer-
cury in the thermometer very quickly falls to 212° F.

REGNAULT'S EXPERIMENTS FOR DETERMINING THE PRESSURE OF
THE VAPOUR OF WATER.

29. The methods above described have been improved upon
by Regnault, who has published a complete series of observations
of the pressure of the vapour of water, ranging
from — 32° C, as far as 230° C.

For temperatures below o° C. a special ap-
paratus is required, a description of which is
beyond the scope of this book, while for tem-
peratures ranging from o° C. to 50° C. the
apparatus shown in fig. 17, which closely re-

sembles that of Dalton, has sufficed.
. Two barometer tubes, corresponding to
those of Dalton, stand side by side in the
same vessel of mercury. The tube A is a
common barometer, and the tube Bis also a
Fic. 17. barometer, but with a small layer of water
resting on the top of the mercury. The upper portions of both
tubes are enclosed in a metal cylindrical vessel, filled with water,
and provided with a glass window. The water in this vessel
is heated by a lamp, and is agitated so as to keep the tempera-
ture uniform throughout while the depresexon of the mercury m B
is noted by comparison with the column in a, the difference’ in
altitude of the two columns giving the amount of vapour pressure
at the temperature of the observation.
For temperatures above 50° C. an apparatus has been con-
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trived involving a special principle. The idea carried out has
been to subject the water to the pressure of an artificial atmo-
sphere capable of being regulated and measured with extreme
nicety. The mercurial gauge no longer dips into the boiler, but a
separate receiver connected with a pump is employed for produc-
ing an artificial pressure on the surface of the heated water.

Fia. 18.

1. There is a boiler, A, placed over a furnace, and fitted with
four thermometers for ascertaining the temperature.

2. A condensing tube, B, is inclined upwards at an angle, and
is surrounded by an envelope of cold water. Any steam issuing
from the boiler would condense in this tube and drain back again.

3. A globular reservoir of air, ¢, is enclosed in a vessel of cold
water, and is maintained at a constant pressure, either greater or
less than that of the external air, by means of a compressing or
exhausting pump. This reservoir bas a free passage through B
into the boiler, and forms the atmosphere under the pressure of
which the vapour is generated.

4. A measuring instrument of special construction is used for
determining the pressure of the air in c, and is capable of being
read to a pressure of twenty-seven atmospheres, Inthe drawinga
mercurial siphon gauge serves to exhibit the nature of the measure-

E



50 The Steam Engine.

ment, which is the same in principle to whatever extent it may be
carried.

By this apparatus Regnault was enabled to measure accurately
the temperature of the vapour, and at the same time to preserve a
nearly constant artificial pressure upon the surface of the water in
the boiler.

Note.—Hitherto the term ‘pressure’ has been used in its
ordinary sense, but the word has a technical meaning, and is used
to denote the pressure in pounds on a square inch of surface.
When we say that the pressure of steam in a boiler is thirty
pounds, we mean that the pressure of the enclosed gas on each
square inch of the surface of the shell is thirty pounds.

We append a few results of the pressures of the vapour of
water estimated in inches of mercury at the sea level at different
temperatures on Fahrenheit’s scale, the place of observation being
in latitude 53° 21’. Our authority is Mr. Balfour Stewart, and the
numbers are, no doubt, of a high degree of accuracy :—

Temp e P; in inches Temp P in inches
Fahrenheit of mercury Fahrenheit of mercury

32 1810 21§ 31°73

40 *2475 220 34'98

50 *3607 225 3850

60 5178 230 4230

70 ‘7327 240 5083

8o 1°0227 250 60°76
100 1917 270 8530
120 3423 300 13672
150 7°540 350 27478
200 23°43 400 © 503'90
212 2989 430 69858 ‘
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CHAPTER 1II.

HEAT IS NOT A MATERIAL SUBSTANCE.

30. WE pass on to describe two principal attacks made upon
the theory that heat is a material substance, and shall give some
details of Joule’s experiment for determining the numerica!
measure of work done by the expenditure of heat.

The sketch will be very brief, inasmuch as the subject matter
is only introductory to the purpose of this volume.

It is worthy of notice that the conception that heat wasin some
way caused by motion had been entertained before the time of
Black, as to which it is customary to quote the following passage
from Locke’s writings, where it is stated :—* Heat is a very brisk
agitation of the insensible parts of the object, which produces in
us that sensation from whence we denominate the object hot ; so
what in our sensation is heat, in the object is nothing but motion.’
This idea did not find favour with Black, who argued against the
possibility of accounting for the phenomena of latent heat on any
such hypothesis (¢ Lectures,’ p. 125), in the following terms : ‘Some
persons may perhaps imagine that the heat which thus disappears
does not truly enter into the melting ice or become combined with
that into which it is changed. This heat is perhaps entirely ex-
tinguished and destroyed. As heat has been supposed by some
to consist in a rapid tremor or motion of the particles of bodies, or
of some subtle matter that is intermixed with them, those who
choose to adopt this opinion may imagine that motion may meet
with friction and resistance in the ice, and that a part of it may be
thus destroyed or the moving parts brought to rest’ Then he
combats the idea thus set up by showing experimentally that ¢ while
water is congealing it is constantly imparting heat to the air with-
out becoming cooler itself,’ and he considers that this heat must

E2
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have been previously absorbed or concealed in the water on the
last occasion of its becoming liquefied by the melting of ice.

The mistake here made consisted in adopting a Dbelief that the
motion of heat could be destroyed. At the time of Newton it
was supposed that the motion arrested by fricton was absolutely
lost and put out of existence. Any such idea is now entirely
abandoned, and Black’s reasoning has no application.

By way of contrast to the erroneous statement thus laid down,
it may be useful to lead up concisely to the modern views enter-
tained as to the nature of heat.

COUNT RUMFORD’S EXPERIMENT ON THE PRODUCTION OF HEAT
BY FRICTION.

31. A first overwhelming blow to the doctrine of caloric was
given by Count Rumford’s experiment of causing water to boil
by the agency of mechanical force, and the following details are
extracted from a paper read before the Royal Society in 17¢8.

In casting guns it is usual to leave a cylindrical head of metal
at the muzzle end so as to ensure soundness of structure, the
mould being placed in a vertical position with the muzzle end
upwards.

FIG. 19.

The drawing shows the end of a six-pounder brass gun,
having a cylindrical neck of solid metal, A, 22 inches in diameter,
and 3'8 inches in length. Beyond the neck the waste portion of
metal forming the head for the casting was shaped into a cylinder
¢, 7-15 inches in diameter and 9'8 inches in length, having a
cylindrical cavity bored out for the reception of a hard steel blunt
borer, The borer was made from a plate of steel 3'5 inches wide
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and ‘63 inch thick ; it is marked » in the figures, being shown
both when turned edgeways and also when presenting its flat side.
The cavity of the cylinder is given in section, with the borer i
situ, the piece marked E being a rectangular iron bar terminated in
a cylindrical plug and holding the borer b.

The borer was firmly held at rest and was pressed against the
base of the cavity by means of a screw, the estimated pressure
being 10,000 Ibs. The gun itselt was rotated by horses, the
number of revolutions being 32 per minute.

The cylinder was enclosed within a deal box shown in section
in the diagram. The box was 115 inches long, 94 inches wide,
96 inches deep, and it contained 1877 lbs. of water. The square
bar E, and the cylindrical stem A passed through packed water-
tight openings in the sides of the box. The temperature of the
water at the commencement of the experiment was 60° F.

The rotation of the gun under a pressure of 10,000 lbs. caused
a considerable evolution of heat, traceable to the friction of the
rubbing surfaces, and the heat so generated was but slowly con-
ducted away by the comparatively slender neck of the cylinder.
The result was that the temperature of the water rose as the trial
went on, and at the end of one hour a thermometer placed in the
water marked 107° F. At the end of the next halfhour the
temperature had risen to 142° F., then in another half-hour to
178° F., and, finally, at the end of two and a half hours, the water
boiled. In describing this result, Rumford breaks out into an
enthusiastic recital of the effect upon those who witnessed it, and
exclaims : ‘It would be difficult to describe the surprise and
astonishment expressed in the countenances of the bystanders on
seeing so large a quantity of water heated and actually made ‘o
boil witheut any fire.” He goes on to say :—

¢ By meditating on the results of these experiments, we are
naturally brought to that great question which has so-often been the
subject of speculation, namely, What is heat? Is there any such
thing as an fgneous fluid ? Is there anything that, with propriety,
can be called caloric?’

) The conclusion which he draws is full of sound philosophy, and
Is a statement which the student should examine carefully and
carry in his mind through the enquiries here presented :—
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¢ In reasoning on this subject we must not forget to consider that
the source of heat generated by friction in these experiments ap-
peared evidently to be inexhaustible.

It is hardly necessary to add that anything which an insulated
body or system of bodies can continue to furnish without limita-
tion cannot possibly be a material substance ; and it appears to me
to be extremely difficult, if not impossible, to form any distinct
idea of anything capable of being excited and communicated in
the manner heat was excited and communicated in these experi-
ments except it be motion.’

DAVY’S EXPERIMENT ON THE MELTING OF ICE BY FRICTION.

32. On the recommendation of Count Rumford, Davy was
appointed to a lecturership at the Royal Institution in 1802. His
experiment in refutation of the doctrine of caloric is regarded
as conclusive.

In an atmosphere at a temperature of 29° F. he rubbed to-
gether two small slabs of ice, each 6 inches long, 2 inches wide,
and £ inch thick. The slabs were attached by wires to iron bars,
and the friction was continued for several minutes.

The result was that the ice melted at the surfaces of contact,
producing water at a temperature of 35° F.

Now a mass of water is known to contain an absolute quantity
of heat far greater than that contained in an equal mass of ice, and
it is therefore impossible to account for the presence of this heat
on the assumption that heat is a material substance.

Davy’s conclusion is a wonderful example of clear insight into
the nature of heat, and we shall adopt it as the guiding statement
in considering the working of heat engines. It is expressed in the
following sentence:—

¢ The immediate cause of the phenomenon of heat is motion,
and the laws of its communication are precisely the same as the
laws of the communication of motion.’ ¢

It follows that the three laws of motion laid down by Newton,
together with the principles applicable to the measurement of the
action of force, should be studied most diligently by anyone who
desires to understand thg theory of heat.
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" HEAT IS PRODUCED BY THE AGITATION OF THE MOLECULES
OF BODIES.

33. After the experiments of Rumford and Davy, the belief that
heat was a material substance necessarily languished and died
away, and the time has now come for stating more precisely the
modern theory according to which the particles of all bodies by
which we are surrounded are to be regarded as in a state of rapid
and never ceasing agitation.

In order to present to the mind a sense-image’ of the nature .
Qf heat, we begin by regarding all bodies as made up of assemblages
bof parts called molecules. A molecule may be of a complex character,
Yconsisting of distinct portions of matter held together by chemical

bonds (as in the case of water, where a molecule is made up of
separate parts of oxygen and hydrogen), and whatever may occur
in the disposition of these separate parts or portions of matter, as
to which we say nothing, it is agreed to call each whole collected
mass a molecule, so long as its different portions do not break up
and part company.

Heat is produced by the agitation or motion of the molecules
of bodies. But the motion of heat is too minute to be recognised
in any way by the senses, and cannot be detected by direct obser-
vation. Itis evident, therefore, that very cogent evidence ought
to be adduced before the new proposition is accepted. The
doctrine of caloric may be untenable, and may have been de-
molished by experiment, but the student should nevertheless
distinctly set before himself the question—How is a theory to be
established which appeals for its support entirely to facts of ob-
servation, and which yet starts with the assumption that the thing
to be made manifest to the mental vision exists in a region where
no direct observation has ever yet penetrated ?

Without doubt there is an enormous difference between the
work of demolition and the work of construction. The former is
cemparatively easy, but the latter can only be arrived at by a slow
and tedious process. Two decisive experiments abolished at once
and for ever the theory supported by Black, but not one, nor two,
nor one hundred isolated experiments can be appealed to as con-
clusively establishing Davy’s proposition, and it is only by passing
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over the whole domain of physical research that we meet with
an aggregate of facts reconcilable with the one theory and irrecon-
cilable with any other, and thus gradually yield to a conviction
which it becomes impossible to resist.

Mr. Maxwell tells us (‘ Theory of Heat,’ p. 306): ¢ The mole-
cules of all bodiesarein a state of continual agitation. The hotter
a body is, the more violently are its molecules agitated. In solid
bodies a molecule, though in continual motion, never gets beyond
a certain very small distance from its original position in the body.
The path which it describes is confined within a very small region
of space.

¢ In fluids, on the other hand, there is no restriction to the ex-
cursions of a molecule. Hence in fluids the path of a molecule is
not confined within a limited region, as in the case of solids, but
may penetrate to any part of the space occupied by the fluid.

¢ A gaseous body is supposed to consist of a great number of
molecules moving with a great velocity.

‘The actual phenomena of diffusion both in liquids and in
gases furnish the strongest evidence that these bodies consist of
molecules in a state of continual agitation.’

THE CONVERSION OF WORK INTO HEAT.

34. Inthe year 1843 Mr. Joule made the following observation:—
‘When we consider 4ea?, not as a substance,but as a state of vibra-
tion, there appears to be no reason why it should not be induced
by an action of a simple mechanical character, such, for instance,
as is presented by the revolution of a coil of wire before the poles
of a permanent magnet’ Some striking experiments followed
upon this suggestion, and it was shown that heat was actually in-
duced in the manner anticipated. It is, however, not within the
scope of this book to describe more than one illustration which
has grown out of that originally suggested by Mr. Joule, and which
powerfully confirms the belief that heat is caused by vibration,

In order to perform the experiment which we are about to
describe, it is necessary to be provided with a very powerful electro-
magnet and a whirling table, the arrangement being to bring the
axis of the whirling table between the poles of the magnet and to
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rotate at a high speed a small copper tube containing an alloy of
metal which fuses ata low temperature, After three or four minutes
of rotation the alloy melts, and may be poured as a liquid out of
the tube.

The question then arises, what agency has been at work to fuse
themetal. The heat is not traceable to direct friction, for the tube
rotates in the empty space between the poles of the magnet and
does not rub against anything. The effect must be in some way
due to magnetism, for it is found that unless a battery current is
sent through the coil of the magnet the rotation of the tube may
go on as rapidly and as long as we please without producing any
effect whatever. The tube remains perfectly cool, and there is no
appearance of any heating action.

The connection between heat and work becomes apparent
upon testing the increased exertion necessary for rotating the spindle
of the whirling table while the metal is being heated. Before the
magnetism is set up, a certain amount of effort is necessary in
order to overcome the friction and inertia of the moving parts
and to keep up the rotation. But the moment the magnetism is
called forth, an increased resistance is felt, and a greater effort must
be made in order to sustain the speed of the whirling tube. The
additional work so demanded is passed in the form of heat into
the tube. The conversion of work into heat is direct and pal-
pable, but the precise nature of the molecular changes presents
great difficulties. It will suffice here to point out that the experi-
ment is based on an observed fact, viz., that when a flat blade or
strip of copper is passed between the poles of an excited electro-
magnet a resistance is felt, and if the blade be moved to and fro
the sensation experienced is not that of moving through free air
but rather of cutting through some viscous substance which clings
upon the knife. It appears that the magnensm sets up an electric
current in the strip of copper when its opposite ends are brought
into contact, as they would be if the strip were bent round into a
tube, and that new sets of particles come into action during the
rotation. The resistance felt is exactly like that due to friction,
but it is here not traceable to the rubbing of any material sub-
stances bat rather to the indisposition of the metal to receive new
cwrrents of electricity induced by magnetic action and involving
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sets of particles in which a new molecular motion is continually
being set up, the disturbance caused thereby coming out as heat,
and the work done being the increased effort made by the arm of
the operator. The effect has been called by Dr. Tyndall *friction

against space.’

JOULE’S DETERMINATION OF THE MECHANICAL EQUIVALENT
OF HEAT.

35. In a paper read before the Royal Society in 1849, Mr. Joule
stated :—¢ From the explanation given by Count Rumford of the
heat arising from the friction of solids, one might have anticipated
as a matter of course that the evolution of heat would also be
detected in the friction of liquid and gaseous bodies. Moreover
there are many facts, such as, for instance, the warmth of the sea
after a few days of stormy weather, which had long been commonly
attributed to fluid friction. The first mention, so far as I am
aware, of experiments in which the evolution of heat from fluid
friction is asserted was in 1842 by M. Mayer, who states that he
has raised the temperature of water from 12°C. to 13° C.by agitating
it, without, however, indicating the quantity of force employed or
the precautions taken to secure a correct result.” And he further
said that he considered it of the highest importance to obtain the
relation between force and heat with accuracy, and proceeded to
describe the apparatus employed for that purpose as well as the
mode of using it.

The apparatus employed for producing the friction of water
consisted of a brass paddle-wheel furnished with eight sets of arms
working between four sets of stationary screens attached to the in-
side of a copper cylinder, 7§ inches in diameter and 8 inches deep.
A facsimile model of the paddle and cylinder is deposited at South
Kensington. The cylinder was covered by a lid having two necks
@ and b, the latter for the insertion of a thermometer, and the
former being an opening for the axis of the paddle to revolve in
without contact. t

The general arrangement will be apparent from the sketch.®
The weights which rotated the paddle were each 29 Ibs. (more ac-
curately, 203,066 grains and 203,086 grains), and they fell through
63 inches at a rate of about 2°43 inches per second. Each weight
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was attached by pieces of thin twine to a wooden roller A B, 2 inches
in diameter, as shown, the roller being supported by steel axles
inch in diameter, and running upon friction wheels. A wooden
pulley, E, 12 inches in diameter and 2 inches'thick, was also carried

Fic. 20,

by the roller and was connected by a string to the small roller f
on the axis of the paddle. The roller f could be fixed to the
paddle axis by a pin g, or be disconnected at pleasure. While the
friction was going on the paddle and roller revolved together, but
they were disconnected by taking out the pin p as soon as the
weights reached the ground, the roller being then supported in a
movable frame while the weights were wound up ready for
another descent.

The manner in which the friction of the
water was set up will be apparent from fig. 21,
which is a sectional elevation of the cylinder
and paddle. The dark crossbars, two of which
have square ends, are the paddles, and there is
only just room for them to pass between cor-
resbonding openings in the fixed plate cp. A
second plate, similar to cp, stands at right
angles to it, and there are in all eight sets of
paddles, whereby the drag upon the motion becomes very corr
siderable. The plate c b is 7} inches wide and 7 inches deep.

Fi1G. 21,
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The laboratory was a spacious cellar, the temperature of which
preserved a remarkableuniformity. The copper cylinder rested on
a wooden stool, or rather grating, supported at some distance from
the ground, and there was a wooden screen to protect the cylinder
against any radiation of heat from the person of the operator.

Each experiment lasted 35 minutes, during which time the
weights were allowed to fall twenty times in succession.

Two thermometers of extreme delicacy were employed, one, A,
for reading the temperature of the water in the cylinder, and the
other, B, for reading that of the air in the room. The space of
1° F. was subdivided into 12°951 divisions in thermometer a, and
into 9'829 divisions in thermometer B, whereby Mr. Joule con-
sidered that he could estimate the temperatures to two-hundredths
of a degree.

There were two classes of observations, viz.: (1) a frictional
observation, wherein the total fall of the weights was recorded, as
well as the temperatures of the water in the cylinder before the
rotation of the paddle began and after it had ended. Thermo-
meter B was also read at the beginning and end of the trial. (2)
There was a so-called radiation experiment, intended to furnish an
estimate of the probable passage of heat to or from the apparatus
during the time of the frictional experiment. The nature of the
observation is well given by Mr. Joule, who says :—¢ Previously
to and immediately after, each of the experiments, I made a trial
of the effect of radiation and conduction of heat to or from the
atmosphere, in depressing or raising the temperature of the fric-
tional apparatus. In these trials the position of the apparatus, the
quantity of water contained in it, the time occupied, the method
of observing the thermometers, the position of the experimenter ;
in short, everything with the exception of the apparatus being at
rest, was the same as in the experiments in which the effect of
friction was observed.’

Taking the fourth experiment as an example of what was done
we find a tabulated result which is perfectly intelligible. The total |
fall in inches is recorded, and the word friction refers to the time *
when the paddle was in action, while the word radiation refers to
the observations made in the next thirty-five minutes by starting at
the temperature in the top line of column 6.
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%ﬁem“ Tempera- | Tem, E
Total tx““ mean of |cure when mnmn Gain o
fall in Dy [cols. 5 andjexperi | low
inches [tUreotalr ™ g ng began ended
col. 3.
Friction . | 125274 | 61'001 | I'110 | 59'5G2 | 60°I91 | °599 gain
Radiation . | — [ 60'8go | 0'684 | 60°191 | 60222 | ‘031 gain
1 2 3 4 5 6 7

From a comparison of forty trials Mr. Joule deduced the
numerical measure of the work done asbeing 6,067 114 foot-pounds,
and inferred that the total rise of temperature in the water and
copper was equivalent to a rise of *563209 F. in 9%,470°2 grains of
water, or to 1° F. in 7'84229¢ Ibs. of water. But

6,067°114 _
7842299

Hence he deduced the mechanical equivalent of heat, as shown
by the friction of water, viz. 77364 foot-pounds in air, or 772692
foot-pounds if the experiment had been conducted ina space freed
from atmospheric air,

There were other experiments on the friction of mercury and
cast iron, giving remarkable approximations to the above result,
and Mr. Joule's paper ends with the following observations :—

1. “The quantity of heat produced by the friction of bodies,
whether solid or liquid, is always proportional to the quantity of
force expended.

2. ‘ The quantity of heat capable of increasing the temperature
of 1 1b. of water (weighed 7 vacuo, and taken at between 55° F,
and 60° F) by 1° F. requires for its evolution the expenditure of a
mechanical force represented by the fall of 772 lbs. through the
space of one foot.’

€

77364

THE KINETIC THEORY OF GASES,

36. Here it may be convenient to refer to the Ainatic theory
of gases, viz, the theory that a gas consists of a number of
molecules, flying in straight lines, and impinging Like little pro-
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jectiles not only on one another, but also on the sides of the vessel
holding the gas. It is well known that a quantity of gas, however
small, will expand and fill the whole of a vessel, however large ;
and further that it will exert some pressure upon its sides.

Also, gases of every kind will diffuse into each other—a striking
fact which may be illustrated by the following experiment. Fill
two glass vessels, one with chlorine gas and the other with hydrogen
gas, and connect them by a glass tube so that the hydrogen is
uppermost. Chlorine gas is thirty-six times as heavy as hydrogen,
yet in a few hours the gases will have diffused through both vessels,
which will be filled with equal parts of chlorine and hydrogen.

The expansion and diffusion of gases are accounted for at once
by the kinetic theory, and so is the law of Boyle, as well as a
second fundamental law presently to be examined, and known as
the second law of gaseous expansion. According to this theory
the molecules should be pictured to the mind as endued with
velocities somewhat greater than that of a rifle bullet, and thereby
competent to rush into and fill an empty space with great rapidity.

Also, by continually rebounding from the sides of the vessel and
from each other they keep up an incessant cannonade, and the
aggregate of these minute blows is felt as a sensible pressure on
the surface subjected to them. A bladder partly filled with air
looks shrivelled, but when held before a fire it becomes hard and
tense. The heat of the fire has given increased velocity to the
molecules, and has enabled them to do more work. They dis-
charge themselves with greater impetus against the inner surface
of the bladder and overpower the bombardment from without.
Presently their power becomes weakened by the increase of the
area to be supported, and the bladder ceases to enlarge. As the
air cools down the motion partially dies away and the bladder
shrinks back to its original dimensions. It is thought that the
velocity of a molecule of hydrogen at 32° F., and at the atmo-

spheric pressure, is 6,097 feet per second. We have to take this

theory with us to the consideration of the loss of heat experiexced

by a gas when doing work, and there can be no question that it*
enables the mind to grasp the fact with clearness. Add to which,

that a general statement of the ideas now prevailing amongst

certain writers is, at any rate, serviceable to the student.
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THE SECOND LAW OF THE EXPANSION OF GASES: CHARLES’S, OR
GAY LUSSAC’S LAW.

37. The expansion of gases under the action of heat is now
to be discussed. Whatever view may be adopted to account for
gaseous pressure, the fact of its dependence on temperature is
thoroughly established, and such an illustration as that of the
shrivelled bladder when pamally filled with air becoming tense
under the action of heat, is to be connected with a particular law
known as the second law of the expansion of gases, and which
was discovered by Charles, a professor of physics in Paris, some
fourteen years betore it was made public. It was pubhshed by
Dalton in England in 1801, and by Gay Lussac in Paris in 1802,
and is often called Gay Lussac’s law.

The method of experimenting adopted by Gay Lussac will be
understood from the annexed diagram.

o C :
&3 1)

o
L

Fi1g. 22,

A certain volume of air, freed from moisture by passing it
through chloride of calcium, was introduced into a thermometer
tube having an enlarged bulb. A drop of mercury served both as
an index and a valve, marking the expansion and separating the
air within the tube from the external atmosphere. This air ther-
mometer A B was then introduced into an iron vessel containing
water and placed over a source of heat. The liquid was agitated,
and two thermometers, ¢ and D, marked the temperature. The
drop of mercury p indicated by its position the volume of the
englosed air, both when the experiment began and when it termi-
nated, the tube B A being drawn out through a water-tight collar and
pushed in when necessary, so as to keep the mercurial index just
outside the vessel.

The conclusions arrived at were the following :—



66 The Steam Engine.

and shall endeavotr to show that a mass of air may have its
temperature lowered, not by the escape of heat according to the
usual processes of conduction or radiation or convection, but in a
totally different manner, namely, by allowing it to perform external
work.

If we accept Davy’s belief ‘that the immediate cause of the
phenomenon of heat is motion, and that the laws of its communi-
cation are precisely the same as the laws of the communication of
motion,’ there should be no hesitation in applying Newton’s law
that ¢action and reaction are equal and opposite.” In doing so
the result arrived at is no doubt startling. Granted that 772 Ibs.
(about 4 of a ton) would, by falling through 1 foot, develop an
amount of heat sufficient to raise 1 Ib. of water through 1° F., it
follows from the above law that the converse proposition should
also be true, and that the heat necessary to raise the temperature
of 1 1b. of water by 1° F. should be competent to lift 772 lbs.
through a height of 1 foot. It does not appear that any direct
experiment has ever established such a result, and it is difficult
even to conjecture that it could be accomplished. Nevertheless
our theory accepts the conclusion, and the failure is traced to
practical difficulties. The student should therefore set before him-
self, as a model, an apparatus capable of converting heat into work
according to the numerical result above stated, and should contrast
the imperfect performance of actual practice with the imaginative
working of an ideal engine where all imperfections or impossibilities
of construction are supposed to be eliminated. By noting the
degree in which the conclusions of theory exceed those actually
reached, he will be working in a path which is continually leading
to some improvement. Already important changes have taken
place in the ideas which formerly prevailed among engineers as to
the directions in which greater economy of fuel may be prac-
ticable.

41. We propose, in the first instance, to consider the perform-
ance of an ideal engine, where the material is such that no exterral
heat can enter the working cylinder and no internal heat can pass
away by the ordinary processes of conduction or radiation, and
where the piston moves without any friction. Introduce now into
the cylinder a mass of air at a high pressure and at a given
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temperature, and allow it to expand doing work. Although the
air enclosed can lose no heat by conduction or radiation, yet its
* temperature will rapidly fall as the expansion goes on. The walls
of the cylinder present an impassable barrier to the transfer of heat
according to the ordinary processes by which heat passes, but the
engine is at work and there is no obstacle to the transfer of motion.
If heat be motion, the machinery outside the cylinder cannot start
into action unless the air within loses an exact mechanical equiva-
lent in the agitation of its molecules, and it would be futile to
expect that Boyle’s law should be strictly fulfilled.

It is remarkable that Watt, in his patent of 1782, showed a
working cylinder surrounded by a hot steam jacket, the direct ten-
dency of which would be to preserve a constant temperature
within, and to cause the expansion to follow the precise law laid
down in his description of the invention.

In order to understand the matter more thoroughly it may be
well to refer to some facts which have been observed in the appli-
cation of compressed air engines. Taking the case of a compressed
air engine set up at the Govan Colliery near Glasgow in 1849, it
appears that a steam-engine was employed to compress air to a
pressure of 2o to 3o Ibs. per square inch. The air was then con-
veyed down a shaft 176 yards deep, and along a road through a
further distance of 700 yards. The first difficulty arose from the
heating of the compressed air in the cylinders of the compressing
pumps, and layers of water covered the series of balls forming
the piston and delivery valves, and thereby absorbed a quantity of
heat as soon as it was generated. In recent engines, the flooding of
the valves is not practised, buta horizontal compressing air cylinder
has a water jacket open at the top in order to keep down its tem-
perature.

According to the old theory it was believed that the heat fluid,
or caloric, was squeezed out of a mass of air by sudden compres-
sion, and in this way the lighting of a piece of German tinder at
the bottom of an air syringe by the sudden forcing down of the
piston was commonly explained.

The development of heat by the act of compression being thus
rendered apparent, we have to point out what takes place at the
bottom of the mine where the compressed air does work in ex-

F 2
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panding. The air engine referred to was an old high-pressure
engine with a cylinder of 10 inches in diameter and 18 inches
stroke, making about 25 revolutions per minute ; and the next
practical difficulty arose from the disappearance of heat in the
working cylinder, whereby, on some occasions, the formation of
ice in the cylinder and exhaust pipe clogged the working parts.

In order to meet the difficulty various suggestions have been
made, and Mr. Siemens has pointed out that according to theory
the better course would be to inject cold water, in the form of
spray, into the compressing cylinder in sufficient quantity to keep
the temperature practically uniform throughout the stroke ; and
afterwards, if such a thing were practicable, to take the very same
water which had become heated in the compressing cylinder, and
inject it again into the expanding cylinder, so that the heat taken
from the air during the compression should be restored to it during
the expansion.

UNIT OF HEAT AND FIRST LAW OF THERMODYNAMICS.

42. Adopting the belief that a quantity of heat means a quantity
of molecular motion, the unit of measurement is the following :—

DEFINITION.—A wnit of heat is the quantity of heat required
for raising the temperature of 1 lb. of water, at or near its tem-
perature of greatest density (39'1° F.) through 1° F.

The ‘pound’ here spoken of is the unit of mass, viz.,, the
standard pound avoirdupois.

First Law. Heat and mechanical energy are mutually con-
vertible, and heat requires for its production, or produces by its
disappearance, mechanical energy in the proportion of 772z foot-
pounds for each unit of heat.

The number 772 is usually denoted by the letter J, in token of
Mr. Joule’s experiment, and the temperature of the water referred to
in defining a unit of heat is taken at 39'1° F. instead of lying
between 55° F. and 60° F., as in the original experiment.

ON SPECIFIC HEAT.

43. The term ¢ specific heat’ is used in a technical sense, for
the word ‘Aeat’ signifies guantity of heat, and specific means
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peculiar to the substance. There must be some standard of
reference in the measurement of specific heat, and the substance
selected for this purpose is water at or near 39°1° F.

Der.—The specific keat of any solid or liquid substance is
the ratio of the quantity of heat required to raise the tempera-
ture of a given weight of the substance through 1° F., to the
quantity of heat required to raise the temperature of an equal
weight of water at 39'1° F. through 1° F.

Water is selected as a standard, because it opposes a greater
resistance to a change of temperature than any other liquid or
solid substance, and it follows that the specific heats of all solids
or liquids are registered as fractions less than unity.

The specific heat of water is not absolutely constant, the
specific heat of boiling water becoming increased by a minute
fraction, and a progressive increase continuing at still higher tem-
peratures.

In symbolical language it may be said that if ¢ be the quantity
of heat required to change the temperature of a given mass M
from 7 to T, we should infer that ¢ varies as (T —¢) when M is given,
and that ¢ varies as M when (T -7¢) is given.

Hence ¢ varies as M (T -¢),
or =c¢M(T-1?),
where the constant ¢ is called the specific keat of the substance,
and is the measure of the quantity of heat which will raise the
unit of mass through one degree. )

44. In estimating the specific heat of a gas it is necessary to
bear in mind the fact that the temperature of a gas is lowered by
causing it to do work.

1. If a portion of gas be enclosed in a rigid vessel whose form
is unalterable, and be heated, it does no external work, and its
specific heat would be assigned just as in the case of a solid or
liquid, that is, by comparison with water whose specific heat is
unity.

The specific heat of air at a constant volume is *169.

2. If a porfion of gas be enclosed in a vessel in such a manner
that it can expand under a constant pressure, and if it be subjected
to the action of heat, it will increase in volume, and will push
away any external air which presses upon it. thereby doing work.
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The result is that it absorbs more heat in rising through a given
number of degrees of temperature than it would do if no heat
were converted into work.

The specific heat of air at a constant pressure is -238.

The next step is to apply symbols to these results, and to
certain calculations about to be given.

Let % be the specific heat of air at a constant pressure,

y € ” . ” constant volume.

Then é = 1'408 = y suppose.
The ratio 'g is of such frequent occurrence that it has been

usual to designate it by a Greek letter y.

The velocity of sound (in feet per sscond) in air at the tem-
perature 32° F. may be proved to be /¢y H, where g is 32°2 feet,
and H is 26,214 feet, the height, as it is called, of the homogeneous
atmosphere at 32° F. The measured velocity of sound hence
gives y = 1°408.

The value of % has been found by experiment, and (as stated)
is equal to *238, but the value of ¢ cannot be ascertained by direct
experiment, and is therefore deduced from the equation

k238

THE LATENT HEAT OF STEAM.

45. The principle successfully carried out in determining the
temperature of high-pressure steam, has been also applied for
determining the latent heat of steam.

The apparatus employed by Regnault (whose results are of the
first authority) was too complex to admit of explanation here. A
full account of it, together with an engraving of the several parts,
is to be found in Jamin's ¢ Cours de Physique.’

Steam was generated in a boiler containing some 30 to 40
gallons of water, and was passed through a coiled pipe in the
interior thereof before it was led away, the result being that
any water adhering to the issuing steam was vaporised, and that
the supply consisted of dry saturated steam. The pressure of the
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vapour thus generated was determined by an artificial atmosphere,
and was measured as in the previous case.
There were two vessels, technically
known as calorimeters, through each of
which the steam passed twice for a few
minutes, and wherein its latent heat was
given up to a measured quantity of water.
"T'he annexed drawing shows the construc-
tion of one of the calorimeters employed.
Steam enters the copper reservoir, ¢,
which opens into a second reservoir, B.
There is also a worm pipe passing from B,
and twisted in a spiral round the inside of
the calorimeter, but terminating in a pipe,
b, leading to the receiver which regulates Fic. 24.
the pressure of the artificial atmosphere. A thermometer, T, gives
the temperature of the water in the calorimeter. In order to preserve
a continuous flow of steam through the apparatus at a time when
the measurement is not proceeding, there is a condenser, into
1 which the supply is turncd at pleasure ; also the pipe which leads
- from the boiler to the calorimeters is steam-jacketed throughout.
i The results were, of course, given in graduations of the centi-
,grade thermometer, and were as follows :—
1. The latent heat of steam produced at atmospheric pressure,
-or at a temperature 100° C., was represented by the number 537.
+ 2. Taking the temperature of the stcam at T degrees centi-
-grade, it appeared that the quantity of heat necessary to raise a
unit of weight of water from ¢ to T and to transform it into vapour
at a temperature T was equal to
606'5 + ‘305 T

Since 537 C. = 966°6 F., we estimate that 9666 units of heat
become latent in the conversion of one pound of water at 212° F
ingo one pound of steam at the same temperature.

Adopting now the graduations of the Fahrenheit thermometer,
and remembering that 1° C. is equivalent to §° F., let L re.
present the latent heat of steam, and let u be its Zofa/ feat. The
designation ‘total heat’ is conventional, and is taken to express
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the heat required to raise 1 Ib. of water from 32° F. to the tem-
- perature of evaporation and afterwards to convert it into vapour,
then H = 1091'7 +°305 (?—32°)
= 1091'7—"695 (¥—32°)
= 1092 —.7 (#— 32°) approximately ;
or = 966—'7 (—212°).

Watt experimented on the latent heat of steam, and in 1781
estimated it by the number 950, but subsequently he put the
numerical value a little higher, viz., at 96o. Also, using the term
‘free heat’ to indicate the amount of sensible heat above 32° F.
as measured by a thermometer, he enunciated the law that in
steam at any given temperature—

Latent heat + free heat = a constant quantity. For ex-

ample :—
Units,

One pound of steam at 212° F. . { 180 sensible heat.
condensed at 32° F. gives out . | 966°6 latent ,,

amounting together to . 11466
Again—

Units,
One pound of steam at 250° F. . [ 218 sensible heat.
condensed at 32° F. gives out 9286 latent ,,

still amounting together to 11466
But Regnault showed a variation from this law, and his formula
gives 1158'2 as the total heat of steam at 250° F., instead of
1146°6.
It will be necessary to recur to this subject in the Appendix,
where numerical examples and questions set in the Science and
Art examination papers are brought together.

THE ABSOLUTE ZERO OF TEMPERATURE.

46. If air be adopted as a thermometric substance we com-
mence our researches upon temperature in a very advantageaus
manner, for it is easy to conceive that the law of expansion of ’
air is carried on indefinitely at increasing temperatures, and that
the law of its contraction pursues an undeviating course as far as
the point at which the whole of the heat contained in a mass of
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air has been taken away from it. Then arises the question:
What is the rea/ zero of an air thermometer, or the
indication which it would give if the air were deprived
of all its heat?

In order to make the matter clear, let us take the
case of air enclosed in a cylindrical tube of indefinite
length, and separated from the atmosphere by a small
globule of liquid which does not evaporate sensibly.

Let the tube A P be 60a inches long, and conceive  ma{im
that when the index is at B, marking 32° F., the length,
A B, is 30a inches.

At 212° F. the index will rise to E, where AE is .||

e

B
41a inches. o4|D
Let x be the number of graduations in B P, when
the index rises to p, such that A P = 6oa.
~166

Then BP:BE = x : 180°
or 3oa:11a=ux:180° ~230-
S IIX = §,400°
x = 491° very nearly.

Hence 30a inches is added to the tube of air by
an increase of temperature of 491°; and, in like manner,
30z inches would be cut off by a fall of temperature
of 491°. But that is the whole length of the tube, and
it follows that the air cannot contract more than by a fall of 491°,
or that the zero of the scale is 491° below B.

Hence DA = 491°—32 = 459°.

The true value of the expansion is taken, however, to be ‘3665,
and not ‘3666..., and consequently this number is slightly altered ;
so that whereas the bottom of the tube would be marked correctly
at—459°13 F., it is usual to assign the number — 460 F. as the
zero of the scale.

This number indicates what is termed the adsolute zero of
temperature, and if the reading could be observed at the bottom
ofethe tube it would imply that the volume of the air had been
reduced to nothing. Mr. Maxwell says :—¢If it were possible to
extract from a substance all the heat it contains, it would probably
still remain an extended substance, and would occupy a certain
volume. Such an abstraction of all its heat from a body has

~460li A
Fic. 23,
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never been effected, so that we know nothing about the tempera-
ture which would be indicated by an air thermometer placed in
contact with a body absolutely devoid of heat.’

If we agree to adopt the absolute zero of the air thermo-
meter as the point at which the readings commence, and adhere
to Fahrenheit's scale, we shall estimate freezing point, not as 32°,
but as 32° + 460° or 492°. And like alterations for other tempera-
tures.

On pausing to consider the amount of progress which has
been made in travelling down the tube of an air thermometer to-
wards the limit of the absolute zero, we shall find that hitherto the
best results have been obtained by combining chemical with
mechanical action. Thus Faraday obtained carbonic acid snow
by allowing the substance when liquefied under pressure to escape
into a small box, and the snow so formed could be wetted with
ether, so as to produce a sort of paste having a temperature
of —106° F. By accelerating the evaporation of the ether from this
paste under the exhausted receiver of an air-pump the tempera-
ture was reduced to —166° F.

Natterer has obtained a still more intense degree of cold, by
mixing liquid protoxide of nitrogen with bisulphide of carbon, and
placing the bath in an exhausted receiver. By this process he has
lowered the reading of a thermometer to —220° F.

The two laws of the expansion of gases, namely, the laws
of Boyle and Charles, are connected together in a very simple
manner under the view now suggested.

Thus if p, v, ¢ represent the pressure, volume, and adsolute
temperature of a quantity of gas, then while Z is constant, the pro-
duct p » is for this gas invariable. This is Boyle’s law.

When ¢ varies, pv varies as 4, or pv = K¢, R being constant.
This is the expression of the law of Charles or Gay-Lussac, which-
ever it may be called.

THE PROPERTIES OF AN ADIABATIC CURVE.

47. Another point for explanation is that there is a special
curve which represents the expansion of a gas when confined in
a vessel which possesses the imaginary property of not suffering any
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heat to pass through its substance, and where the gas is doing
external work during its expansion.

In such a case the curve of expansion will not follow Boyle’s
law, by reason that the temperature of the air will be affected
through the interaction between heat and work.

For example, if the expanding gas does work, its temperature
will fall by the conversion of the molecular motion of heat into
the sensible motion of the mass upon which the work is done,
and, since the pressure of a portion of gas is influenced by its
temperature, the reduction of pressure will be greater than that
exhibited by Boyle's law.

The curve of expansion is now called an adrabatic curve (from
two Greek words, signifying not to pass through), and the name is
intended to express the conditions under which expansion takes
place, viz., that no heat passes out of the gas e¢ither by conduction
or radiation.

The calculations necessary for determining the form of an
adiabatic curve will now be given; but the processes cannot
be made intelligible to students who are not conversant with
mathematics, and the explanations in the next chapter are so
framed that those who are unable to follow the symbolical reason-
ing may nevertheless take the results here investigated and apply
them as required.

48. Prop.—To find the relations between the pressure, tem-
perature, and volume of a portion of gas when it is expanded or
compressed without addition or subtraction of heat,

Let p be the pressure, v the volume, and # the temperature of
a given portion of gas.

Thenpv = Rt
sopdv +vdp=Rdt (1)

As before, let 2 be the specific heat of the gas at a constant
pressure, then the quantity of heat necessary to be given to a unit
of weight of the gas without change of pressure, in order to increase
#s volume by d v is

dt
k.d-—v.dv;

and if ¢ be the specific heat at a constant volume, the quantity of
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heat required to increase the pressure of the same portion by
d p without change of volume is

! d
], 2
If the variations of volume and pressure occur together, we
adopt the principle that small increments from different causes

may be superposed without interference, and the whole quantity
of heat so required will be
k. “i’ L dv+ec. d}, .dp.

But, taking the equation p v = R/ and differentiating, (1) when
2 is constant, (z) when v is constant, we have

dt _p _ ¢

i Sl

dt _ v _ ¢

RT3

.% quantity of heat = k?-f dv + %f d p = o by hypothesis,

since there is no addition or subtraction of heat.

Substituting in (1) we have pdw—'%’-’.dv:l?dt -..—.PTz'dt.

e (559 =2,
or —('y- 1 '-l-vf—!;,smcey —-é.
=~ log (:,)7'x= log? + C.

Taking g, 7'y, as values of the pressure and volume correspond-
ing to a temperature £, we have

s (3= ()

. (%')w tZ—fi:jo
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h 2 _ (% 7, v? = a constan
whence £ (v) orp t,

which is the equation to the adiabatic curve.
Also the relations betwecen the temperature, pressure, and
volume of the enclosed gas are given by the equations

;;-_-(fg)";(}%)-’;". )

Cor.—If y = 1, the adiabatic curve passes into the curve
v = constant, which is the curve of Boyle’s law,

DIAGRAM OF AN ADIABATIC CURVE.

49. Itis instructive to set out an adiabatic curve in a diagram,
and to compare it with an ssotkermal curve, which follows the law
of Boyle.

Let oM represent the volume, 7, and P M the pressure, 2,, of a
portion of gas at a temperature 4, 1f the gas be compressed at a
constant temperature Z,, we shall
have R N representing the pressure
at a volume oN and heat will escape.
Whereas, if it be compressed to a
volume 0 N without escape of heat,
the pressure will be represented by
Q N, asassigned by the previous cal-
culation, and it is easy to see that
QN is greater than R N.

Also the temperature will rise
from #, to 7, as determined by the Fig. 26.
formula.

The conclusion is that air resists compression with greater
power when the action is sudden, and the heat has no time to

pe, than when it is gradual and the heat insensibly passes
away. It is often said that a gas has two elasticities, viz., (1) the
the elasticity at a constant temperature, (2) the elasticity when no
heat escapes, and that we lose sight of the latter, which is the true
elasticity, because it so rarely influences any observed result.

7| A\ \@
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A remarkable illustration is afforded by reseaiches on the velo-
city of the propagation of sound. The sound-waves compress and
rarefy air suddenly. As stated by Mr. Maxwell :—¢ The changes
of pressure and density may succeed one another several hundred
times in a second, whereby the heat developed by compression
in one part of the air has no time to travel by conduction to
parts cooled by expansion, even if air were as good a conductor
as copper is. But we know that air is really a very bad conductor
of heat, so that in the propagation of sound we may be quite
certain that the changes of volume take place without any appreci-
able communication of heat, and therefore the elasticity, as de-
duced from measurement of the velocity of sound, is that corre-
sponding to the condition of no thermal communication.’

Newton calculated the velocity of sound by assuming that the
elasticity of air followed Boyle's law, and made it less by one-
sixth part than the observed result. The error was subsequently
pointed out and corrected by Laplace.

¢ The ratio of the elasticities in the case of air, as deduced
from experiments on the velocity of sound, is 1°408, which is also
the ratio of the specific heat at constant pressure to the specific
heat at constant volume.’

50. It may here be useful to point out one or two applica-
tions of the formule obtained.

Let a mass of air at volume 12, pressure 15 Ibs., and tempera-

8 ture 60° F., be compressed with-
§3 . out addition or subtraction of
8 heat till its pressure rises to 30
Ibs., the increase of temperature

45 ass® will be given by the formula,

y-1
30) 178° t_= ﬁ)—y‘
% Do
.l eo® Buty = 1°408 .-, LAk P ‘29
Y

.

PRESS.
ISOTH.

&0

Here 7, = 60° + 460° *
° 3 6 9 2 voL = §20°
Fic. 27. and g, = 15, whence tempera-

ture at pressure 30 pounds = §20 (%) 29 = % suppose.
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% log. x = log 520 + 29 x log. 2.
= 2'7160033 + ‘0872987
= 2'8033020
= log. 635'77

.*. temperature = 635'77 — 460 = 176° F.

In like manner the temperatures corresponding to pressures of
45 lbs. and 60 Ibs. will be 255° F. and 318° F. respectively, the
results being marked down in the annexed diagram.

51. To find the work done by a gas while expanding we
proceed as follows :—

Adopting the previous notation, let % be the work done, and
remembering that p @ v expresses the work performed in passing
from » to » + dv, or is represented by the rectangle s m referred
to in Art. 18, we have to find the sum of all such rectangles
analytically, which is done by integration, whence

w = [pdv.
But = £, (’g’) Y

oo W= Py (vo)y./. g—z—
=2 fa- (%)}

«m 2 (o (£)F)

This formula may also assume the following shapes :—

w=£ﬂ° {I—t_
v—1I %

= ,yi—l{l’o”o—l’”}

&2. A comparison is often instituted between the relative
ﬁvantages of compressed air or of water under pressure as a
medium for the transmission of power to a distance. Those who
advocate the use of compressed air, which is of great practical
value in many cases, should nevertheless understand the penalty
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which must be paid for the use of it. We are now in a position
to calculate the loss of work due to the cooling of compressed air
after it has been heated by the action of the compressing pumps.
Let a mass of air of volume v, and pressure g, be compressed
to a pressure g, the work expended during its compression will be

-t fy(2)5]
y—I 2o
The temperature of the mass of air will be raised by this com-
pression, and the simplest way of looking at the question will be
to conceive that the air is allowed to cool at a constant pressure 2,
but contracting to a volume z.
Then g, vy = pv by Boyle’s law ;
and work restored by the air when expanding behind a working

piston
-1
=2 {- %)%}

. work expended _ r# ) 1
*° “work restored Y
Ex.—~Let p = 3 p,, or let the air be compressed to three times
its original pressure,
. Wwork expended _ (:if_’) 29 __ ‘29
** “work restored =3
But 379 = 1375,

. work restored = i°°: x work expended,

= 73 x work expended.

That is to say, before any useful work is obtained from the com-
pressed air, as much as 27 per cent. of the power has been thrown
away. In tunnelling through the Alps, where the boring machinéy
were worked by engines supplied from a reservoir of air at a pres-
sure of six atmospheres, the loss by cooling amounted to about
40 per cent. of the power expended during compression.
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CHAPTER IIL

ON HEAT ENGINES,

53. A HEAT ENGINE, in the sense adopted in this book, is an
apparatus for converting heat into mechanical work.

We purpose to discuss, in the first instance, the performance
of an ideal heat engine, such that the curve of expansion of the
working substance shall be an adiabatic curve.

On this hypothesis the working substance is a perfect gas,
say air, enclosed in a cylinder provided with a piston capable of
moving without friction. When the air is doing work, the material
of the cylinder should be such that no heat can pass out of it
and none can warm it. At other times it may be necessary for
the air within the cylinder to accept or reject heat. The condi-
tions for working are therefore contradictory, and accordingly, in
the books on heat engines it is supposed that the piston, and the
whole of the cylinder except its base, are perfect non-conductors
of heat, while the base of the cylinder is a perfect conductor of
heat, but yet has no capacity for heat, z.. the amount of heat
required to alter its temperature may be left out of consideration.
Then there are two bodies A and B kept at different fixed tempera-
tures, and there is a stand with a non-conducting surface on which
the working cylinder can be placed when required. The engine
is supposed to be placed on A when it takes in heat, to be carried
to B when it gives out heat, and to rest on the stand when it works
wjsk the heat bound up in the enclosed gas. What is to become
of the mechanism is not stated.

Under these circumstances it appears to be a waste of time
to go through the formulary of supposing the engine to be actually
at work, and shifted about during its performance. The whole

G
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thing is the creation of the mind, and we shall disregard these
details of supposed practice which clear up nothing, and shall
merely conceive that everything takes place as required, so that
the engine performs work in the manner intended.

Having thus settled the qualities which a heat engine should
possess, we have next to ascertain what can be done with it.

The hypothesis being that a given mass of air is enclosed in
the cylinder of an engine behind the working piston, it has been
shown that if the air expands, doing work, its temperature will
fall, not by conduction or radiation, but by reason of the conver-
sion of heat into external work. The air inside the cylinder gives
up part of its motion to the piston, and the fall of temperature is
an interchange of motion and of nothing else.

DIAGRAM TO REPRESENT THE WHOLE WORK STORED UP IN A
HEATED GAS.

54. Starting then with a mass of air at a volume ,, a pressure
20 and a temperature 7, we observe that although it is impossible
to predict anything as to its
physical condition when ap-
proaching the temperature zero,
yet we may assume that its pres-
sure and temperature fall during
the expansion of its volume ac-
cording to the laws already dis-

Fi1c, 28. cussed, whereby the shaded area
bounded on one side by the adiadatic curve P Q, represents the
whole work capable of being yielded up during an indefinite
expansion which finally depresses the temperature to the absolute
Ze10.

Further the line o x is an asymptote to the adiabatic curve p q,
wherefore it becomes impossible to obtain the whole work theo-
retically bound up in the mass of air in question without carrying
on the expansion till P Q meets o x, or until the volume becomes
infinite. When that takes place, and not until then, will # become
equal to zero.

At present we are engaged on a work of the imagination, and
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have divested the problem of all practical difficulties, but it is
nevertheless important to remember that an expansion down to
460° below zero in the Fahrenheit scale would be required in
order to compel a mass of heated gas to yield up the whole of its
molecular motion in the form of work. Itis a common thing for
people to say that 1 Ib. of carbon, in burning, gives out heat
enough to do the work of raising 772 x 14,500 lbs. through one
foot, and they are apt to disregard the primary condition under
which this performance would be possible. That condition is as
hopelessly removed from our reach as if it were to be grasped
only in some distant planet, and therefore it is better not to give
any prominence to this mode of estimating the work stored up
in fuel, but rather to think of it as a conception of the mind, and
as something quite unreal.

MEANING OF THE TERM °‘CYCLE.

55. At this stage it will be convenient to introduce a technica
word, namely, a ¢ycle, and to explain the use made of it.

DEF.—A series of successive states of the volume and pressure
of a working gas, which may be represented by a continuous line
returning into itself, is called a ¢ycle.

A cycle is reversible when the series of changes of volume and
pressure can be passed through indifferently in either direction.

It should be understood that a cycle is the bounding line of
some definite area, and the important consideration connected
with it is that the area so enclosed represents either the external
work done during the series of transformations by the enclosed
gas; or, if not, it represents the work done upon the gas while
carrying through these transformations in a reverse order.

Furthermore, by the first law of thermodynamics, heat and
work are convertible the one into the other, whence it follows
AMat the area enclosed by the cycle represents also the amount of
heat expended in doing the work in question. This is universally
true. If an area represents an amount of work done, it must also
represent the quantity of heat expended in doing that work.

Referring to the diagram where the axes are the lines of

a2 *



84 The Steam Engine.

pressure and volume as in the previous cases, let the point 7,
whose position indicates the pressure

y/ and volume of a given quantity of
P gas at a given temperature, trace

B out the closed curve AP BP. That

Al curve will record the corresponding

P values of the pressure and volume

of the gas at any instant, and is
calledacycle. AlsotheareaMAPBN
represents the positive work done

Frc. 29. in passing through A P B, while the
area M AP BN represents the negative work done in passing
through B ¥’ A, the difference A P B ' being the work done by the
substance in undergoing the series of transformations.

The same area might also represent the work done upon the
substance under altered conditions, and it necessarily represents
the heat expended in the first case, or that absorbed on the
alternative supposition, viz., that work is done upon the substance.

M N x

DIAGRAM OF HEAT ABSORBED OR REJECTED BY A PORTION OF
GAS IN PASSING FROM ONE TEMPERATURE TO ANOTHER.

56. Let 07, » T represent the volume z, and pressure p of a
portion of a gas (say air), at a given absolute temperature T, and
draw the adiabatic curve TT' R. Let the air expand doing work,
to a pressure 2’ T/ and temperature T. Then lower its tempera-
ture at a constant volume o 7/, till its pressure falls to #/ 7/, and its
temperature to #. Compress the air to its original volume o2,
as shown by the adiabatic curve # 7 when its temperature will
rise to # (suppose), and finally heat the air at a constant volume
0, till its temperature rises again to the original value T. This
will form a complete cycle of operations, and, according to the
principle laid down, the work done by the air during the cycle
will be represented by the area 7T/ # 4 Y,

Referring to the diagram where o x represents the line of
volumes, and 0 y the line of pressures, we observe that the two
adiabatic curves approach indefinitely near to the line o x as the
expansion goes on, and therefore also they approach indefinitely
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near to each other. But the air gains heat in passing from
?to T, and loses heat in passing
from T’ to #, and it is apparent ¥
that as the expansion goes on
this lost heat is continually be-
coming less and less and finally
vanishes, wherefore the whole
heat absorbed in passing from
#to T is represented by the in-
definitely prolonged area TR S #, F16. 30.

bounded by T # and the two adiabatic curves TR, #s.

This conclusion follows, indeed, as a corollary to Art. 54.

In like manner if the volume and pressure be caused to vary
in any arbitrary manner between
the points A and B, as shown by
the curve A D B, and the adiabatic
lines B R, A 5, be drawn as before,
the shaded area ADBRS will
represent the mechanical equi-
valent of the heat absorbed or
given out by the substance in
passing from the state A to the state B, or conversely.

FiG. 31.

HEAT ENGINE WORKING BETWEEN TWO FIXED TEMPERATURES.

57. It is the property of an engine that it must continually get
back to a starting-point, and go through all its operations over
again, and of course it becomes necessary at once to abandon all
idea of obtaining the work represented by the indefinitely pro-
longed strip ABRS. A heat engine can only operate in a closed
cycle such that the working substance reverts continually to the
volume, pressure, and temperature which it had at starting. All
that we can hope for is to obtain as large a slice of the strip ABR s
as may be practicable under the conditions of expansion which

«#e construction of the engine will permit. The method will be
to travel a certain distance down the adiabatic curve T R, then to
cross over to another adiabatic curve s# to pursue an upward
path through a certain space, and finally to return in some con-
venient manner to the starting-point. Our hypothesis shall be
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 that the engine works between two fixed temperatures T and 7
Ar bemg the greater), and that the working substance, say air,
takes in a quantity of heat H at the higher temperature T, and
rejects a quantity £ at the lower temperature 7, and performs
external work under these conditions.

The cycle of operations will be the following :—Starting from

the point T in the adiabatic curve c s, the air expands through TT -
according to Boyle’s law, remaining at a fixed temperature T and

4

prese.

o vor x
Fic. 32.

taking in a quantity of heat H. It then expands through T # along
the adiabatic curve a R, doing work, and falling from a tempera-
ture T to 2 Itisnext compressed along ## at a constant tempera-
ture # giving out the quantity of heat 4, and finally it is compressed
along the adiabatic curve s c from # to T, and returns to its
original volume, temperature, and pressure.

The enclosed shaded area is the indicator diagram of the
engine, and gives a measure of the work done, or equally, of the
heat converted into work.

In truth, the heat taken in along the curve T T is represented
by the indeﬁnite]y prolonged area TTRS, while that rejected
along ¢ is given by #/R s, the difference between the two areas
marking the conversion of heat into work, .

The problem now in view is to find some relation between
(s, %) on the one hand, and (T, #) on the other hand.

Let it be granted, as there is no reason to doubt, that if the
absolute temperature of any uniformly hot substance, such ay the



Diagram of Heat or Work. 87

working gas or air, be divided into an indefinitely large number
of equal parts, the effect of each of those parts in causing work to
be performed will be the same ; and it will follow that if #T be
made very small at any temperature 4 however selected, the area
T T ¢ will always bear to the whole area /7R s the same propor-
tion which T # bears to 4

In other words if ¢ be the quantity of heat represented by the
area #ZR s, and ¢ that represented by T T #¢, the alteration from
1 to T being represented by 47, we shall have

dg _ dt
¢ &
or ¢ = A/, where A is a constant.
That is the same thing as saying that
H_ A
T 2
a fundamental relation which is of the greatest possible use in this
theory, and which has been shadowed forth throughout the reason-
ing of the previous pages.

It is material to comprehend the exact agency of the heat
consumed in the operations, and we note that the heat H is taken
in while expanding according to Boyle’s law, and that the heat 4
is given out during a like compression.

In order to estimate the work done we proceed as follows :—

Let y represent Joule’s equivalent, or 772 foot-pounds.

The quantity of heat H is capable of doing the work j &, and
in like manner the quantity of heat % can do the work j 4.

+* work done by the engine =j (H—%) = ju (1— g)
But - f,
H T
. work done = jH (1—--’) =]H T__t)
T T
Conceive that an ideal engine worked with air heated up to
“§o0° F, and cooled down to 50° F., we should have
T = 460 + 300 = 760,
t = 460 + 50 = 3r0.

% work done = Jj u ( 72-;’—5%13) = % J H, very neatly,
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‘That is to say, our ideal engine, which is absolutely faultless
in construction, and therefore unattainable, cannot reproduce,
under the assigned differences of temperature, so much as # of
the work which is stored up in the mass of heated air. A practical
mechanic who is concerned at the statement that the modern
steam-engine is full of glaring defects, may derive some consola-
tion from an accurate definition of the limits within which im-
provement is possible.

It is hardly necessary to point out that the cycle of operations
is reversible. Thus we may start from the point T in the line cs,
travel down T¢ doing work, cross over through ## taking in a
quantity of heat %, then rise through #T doing work upon the air,
and pass through T T giving out a quantity of heat H. The work
done upon the enclosed air would therefore be represented
by J (2 - £).

58. As an example of a cycle which is not reversible, take the
indicator diagram of an ordinary condensing engine as given by
theory.

The steam is supplied at a uniform pressure along A B, it
expands and does work along Bc, its
temperature and pressure fall suddenly
as shown at c D, and its pressure re-
mains constant through b E.

c In the reverse operation the steam
E p and condensed water should be com-
) ol pressed till its pressure rises through
Fic. 33. D ¢, and the water into which the steam
has been condensed should be reconverted by pressure into steam
at the temperature at which the expansion during the direct
working came to an end. This is an impossibility, and an ordinary
condensing engine is therefore non-reversible.

A B

PrEss.

ELEMENTARY HEAT ENGINE. (N

59. It is convenient to distinguish by a particular designation
an engine which works under the three conditions now to be enu-
merated, viz., that



Carnot's Principle. 89

1. All the heat is taken in at a higher constant temperature T.

2. All the heat is rejected at a lower constant temperature %

3. The cycle is reversible.

When an engine fulfils these conditions, it is termed an
elementary heat engine, and enjoys the property that it cannot be
surpassed in efficiency by any other engine working between the
same temperatures ; it is, in fact, an ideal perfect engine, and is
the model instituted for mental comparison in viewing the per-
formance of real engines.

CARNOT’S PRINCIPLE.

6o. At this stage we propose to discuss the principle laid down
by Sadi Carnot in 1824. Carnot, who was a French officer, and
son of the celebrated Minister of War under Napoleon, founded
histheory of heat engines on the erroneous supposition that heat was
a substance, but his errors were those of 2 man of genius, and the
principle which he enunciated is a fundamental truth according to
the dynamical theory. Writers on the subject of heat tell us
exactly where Carnot was right, and where he was in error, and
they distinguish and analyse his statements. In the present
treatise we shall not attempt to follow them, and shall merely refer
the student to other sources, such as Maxwell on ¢ Heat, for in-
formation on this point.

Camot’s book was entitled ¢ Reflexions sur la puissance motrice
du feu, et sur les machines propres & développer cette puissance,’
and the idea firmly fixed in the mind of the writer was that the
performance of work should be attributed solely and absolutely to
the agency of heat.

The principle of Carnot may bhe stated as follows :—The
amount of work done by a reversible heat engine depends only
on the constant temperatures at which heat is received and at
which it is rejected, and is independent of the nature of the in-

ediary agent (such as steam, air, &c.).

This principle involves two propositions which are sufficiently
striking, and the first is that the elementary heat engine heretofore
discussed, and which took in heat at one constant temperature and
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sion, that passes without any contest, the whole theory of heat
engines is based upon expansive working. And here it may be
instructive to review the progress made by engineers in the use of
high-pressure steam without reference to the doctrine that heat
alone is the agent which does the work.

It has been stated in Art. 21 that Hornblower invented the
double or compound cylinder engine for expansive working, and
that he intended, as did Watt in his patent of 1782, to employ steam
at or near the atmospheric pressure. The economy resulting from
the expansion of steam at a high-pressure was, however, first in-
sisted upon by A. Woolf, a Cornish man, who converted Horn-
blower’s double cylinder engine into a form suitable for driving
machinery (see Chapter VII.), and erected a so-called Woolf’s
engine working with high-pressure steam and condensation at
Meux’s Brewery in 1806. Woolf entertained the most fanciful and
erroneous ideas as to the power of high-pressure steam when ex-
panded, but, although quite wrong in his theory, he persevered in
the construction of his engines, and erected several which worked
with steam at a pressure of from 40 to 6o pounds above the
atmospheric pressure. Down to the year 1814 the pressure of
the steam in Cornish engines never much exceeded that of the
atmosphere, and at this low initial pressure there was practically
but little economy resulting from expansive working, whereby it
appears that after Watt’s immediate connection with the mining
district ceased, expansion fell rapidly into neglect. Then it was
that R. Trevethick and Woolf both advocated in Cornwall the
economy of high-pressure steam with expansion, a mode of work-
ing which was applied by the former in Watt's single cylinder
engine and by the latter in the double cylinder engine.

It was indeed proved that, by the new method, it was possible
to raise the duty of an engine (see Chapter V.) from 20 millions of
foot pounds for one bushel of coal (94 Ibs.), at which Watt had left
it, to 50 or 60 millions of foot pounds. This was an extraordinary
result, and the only question that arose related to the mannegin
which the principle should be carried out. At the present day
there are often long discussions as to the comparative value of one
or two cylinders for expansive working, but in Cornwall the
practice soon settled down into that which has been maintained
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ever since, viz., the use of a single cylinder engine with steam at a
pressure of some 30 Ibs. above the atmosphere, and cut off at }th
or }th of the stroke.

Note—In practice, steam at 3o lbs. pressure means 3o Ibs.
above the atmosphere, unless the contrary be expressed In
theory, it means 30 lbs. acfual or absolute pressure, giving an
effective pressure of 15 lbs. approximately.

1. It is now worth while toapply our conclusions as to the effici-
ency of a heat engine to the case of expansive working, under Watt
in the first instance, and afterwards under Woolf or Trevethick.

Watt used steam at atmospheric pressure and condensed at a
temperature of 100° F. He expanded it (say) four times.

At that time there was no numerical measure of the conversion
of heat into work, and the idea of regarding the higher temperature
of denser steam as entering at all into the question of its economy
as an agent was not entertained by any engineers. It was enough
to be satisfied that additional work was obtained from the steam
before it was thrown away.

Theoretically, in a heat engine, the working substance should
expand from the temperature of the source of heat to that of the
refrigerator, in this case the condenser, That would require, for
steam falling from 212° F. to 100° F. an expansion to about fifteen
times the original volume, which of course was impracticable.

Taking that expansion as accomplished, we should have
T == 212 + 460 = 6%2, and # = 100 + 460 = 560,

.. greatest work possible = JH 2—_;: JH X —; .. (@

2. Taking a Woolf’s engine working with steam at 45 Ibs. actual
pressure, e at a temperature of 274° F., and condensing at 100° F.,
as before. The expansion should now go on to about 45 times,
and if that were possible we should have

w = 7_34_—52) = 4 Ce
'ork done = ju 34 JH X i nearly (2)

Referring to Chapter V., we find that with ordinary coal y u
represents a consumption of 4 1b. of coalper H.P. per hour ; hence
the above results are (1) 1} Ibs. of coal per H.P. per hour ; and
(2) 144 Ibs. of coal per H.P. per hour.
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These examples show unmistakably that theory soon leaves
practice far behind. They are inserted solely with the intention of
exhibiting the subject from a modern point of view.

After reviewing the theory of heat engines it must appear to
be a remarkable thing that the progress in the use of high-pressure
steam with expansive working and condensation should have gone
on so slowly.

In the year 1817 marine engines were worked at a pressure 3
to 5 Ibs. above the atmosphere. In that year an engineer giving
evidence before a Select Committee on Steamboats took it for
granted that cylindrical boilers would not be used in steamboats,
because, as he put it, the most convenient form of the boiler was
one adapted to the shape of the boat, and the safety depended
upon the strength of the metal and not upon the form. The
committee had been appointed in consequence of the explosion
of a boiler using high-pressure steam on board a vessel at
Yarmouth ; the boiler was cylindrical, with a flat cast-iron end,
which gave way. Other engineers who were examined were of
opinion that the steam-pressure in a boiler should not exceed 6 1bs.
above the atmosphere, and further, that there was no saving to be
effected by employing a higher pressure.

When screw ships were adopted in the navy, one of the first of
the new series of vessels, the ¢ Arrogant,” was designed to work at
6 lbs. steam pressure ; but the ship was deep in the water, and
the boiler would not blow off under 7 lbs. It appears that
Mr. Penn soon went to 10 lbs. and then to 14 lbs. But boilers
for 14 Ibs. nominal pressure were capable of supporting zo Ibs.,
and the usual average of pressure came to be about 16 to 17 lbs.

Within the last 15 years, however, a great change has occurred
in the conmstruction of marine engines, and it is shown from the
tabulated results furnished by Mr. Bramwell in a paper on the pro-
gress effected in economy of fuel in steam navigation, which is
particularly referred to in Chapter VII., that the advantage of using
steam at a high pressure, with an early cut-off, and as perfect dn-
densation as can be obtained, is now thoroughly recognised. Mr. *
Bramwell gives the experience of 19 engines of ocean steamers,
with high and low pressure cylinders, working at a steam pressure
of from 45 to 6o pounds in the boiler with a consumpticn of coal
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certainly less than one half that which commonly prevailed in the
days of single cylinder engines with low-pressure steam and very
moderate expansion. In like manner the practice with stationary
engines has improved, so that it is common to hear of engines
with compound cylinders using steam at o to 8o lbs. pressure,
and consuming % or  less coal than was formerly required for ob-
taining the same amount of work.

ON AIR ENGINES WORKING WITH A REGENERATOR.

63. Having investigated the conditions under which an ideal
heat engine exhibits the greatest efficiency, whereof one is that all
changes in temperature of the enclosed air shall be caused
sclely by compression or expansion, we may remark that, in the
present state of knowledge, no method has been proposed whereby
the conclusions of theory can be successfully carried out, the
enormous dimensions which the cylinders would assume presenting
insuperable difficulties.

But although the practical obstacles which stand in the way
cannot be overcome, they may be evaded by a method which per-
mits of a deposition and a taking up of heat within the interior of
the engine itself, so that none is lost, the result obtained being
much better than would probably have been anticipated.

The artifice consists in the use of a so-called regenerator (said”
to have been invented by the Rev. R. Stirling), which is an
apparatus employed in various forms, and which was described by
J. & R. Stirling in the specification of a patent (a.n. 1827, No.
5,456), for improvements in air engines for working machinery.

The principle of a regenerator is perhaps most readily exhibited
by the safety-lamp of Sir H. Davy. It is well known that if a
piece of wire gauze be brought down upon the flame of a candle
the flame will be cut off at the part where it touches the gauze.
The explanation is that the meshes of the metal wire have robbed
the gases of so much heat as to lower their temperature below the
point at which ignition is possible. They are not otherwise
affected, and may be at once rekindled on presenting a flame at the
upper surface of the gauze.

In its earliest form the Davy lamp was an ordinary lamp,
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having the flame encased in a cylindrical covered chimney of wire
gauze. By multiplication of the layers the effectis heightened, and
we arrive at a respirator for filtering out heat from a warm current
of air, and heating up a current of colder air sent through in the
opposite direction.

The principle here set forth has also been applied in the
construction of furnaces, where a regenerator is composed of a
number of open fire-bricks, exposing a large surface for the
absorption of heat. In such a case the products of combustion
from the furnace gradually deposit their heat before escaping into
the chimney, and the end of the regenerator nearest to the furnace
reaches a very high temperature, while the chimney end remains
comparatively cool. The direction of the draught is now re-
versed, and the air for supplying combustion in the furnace is
drawn through the heated regenerator, while the waste gases are
led into a second cool regenerator, in order to yield up their heat
in the manner already described. By alternating the current
between the two regenerators a great saving of fuel is effected, for
the furnace is supplied with heated air, and the escaping gases
deposit a large amount of heat, which is carried back to the fuel
instead of being wasted.

The regenerator of a Stirling engine was intended to raise and
lower very rapidly the temperature of a mass of air, and the
substance employed for the purpose was the thinnest sheet-iron.
The area of surface exposed was very large, amounting to as much
as 3,200 square feet in an air engine of 45 horse power. A
number of strips of sheet-iron, each 38 inches long and 1 inches
broad, and of a thickness of 4} inch, were arranged side by side at
intervals of ;4 inch. The narrow passages between the strips
formed channels through which the air passed in alternate direc-
tions. If a regenerator were formed of sheets of wire gauze
placed parallel to each other and separated by non-conducting
material, it would be easy to conceive that each plate might
preserve its proper temperature, but where the air passed through
continuous metal channels it might be thought difficult to maintain
one end hot while the other was cold. With one engine making
about 30 strokes per minute, it did not appear that the loss by
conduction was serious, but the specification of a subsequent
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patent of 1840 (No. 8,652) for an improved air engine described
the plates as divided into four or-more portions, the object being
*to diminish their effect in conducting heat from the hot to the
cold part of the plate-box.’

64. Two engines have been constructed on Stirling’s principle,
and have worked with considerable success. The first had a
cylinder 12 inches in diameter, with a 2 feet stroke, making 40
revolutions per minute, and giving out 21 H.P. The consump-
tion of coal was 24 lbs. per H.P. per hour. Subsequently an
engine of 45 H.P. was set up at the Dundee Foundry, and drove
all the machinery of the works for a period of three years. .The
cylinder was 16 inches in diameter, with a 4 feet stroke, and
the number of revolutions was about 28 per minute. The heating
vessels, however, caused so much difficulty that the method was
given up.

DESCRIPTION OF STIRLING'S AIR ENGINE.

65. Stirling’s engine is supplied with compressed air; that is
an essential condition, for otherwise the power developed would
be insufficient to move the working parts. In one example the
pressure of the air varied from 160 Ibs. to z40 lbs. per sq. inch,
the temperature rising to 650° F. on one side of the regenerator,
and falling to 160° F. on the other side.

The appearance of the engine is that of an ordinary steam
engine, the usual steam cylinder being converted into an air
cylinder. Two cylindrical air vessels are connected with the
working cylinder, one at each end thereof, and they perform the
double office of a slide valve and boiler. They are of considerable
size, being more than five times as large as the working cylinder ;
and it is stated that § of each air vessel is occupied by its plunger,
which is a hollow vessel, also cylindrical, turned so as to fit the
interior of the air vessel quite closely, but without friction, and
having a quantity of brickdust or other slow conductor of heat at
its base.

The drawing shows a section of the air vessel A B, with its
plunger x H; both are formed of cast iron, and the object is to
obtain a very close fit between the plunger and the cylindrical

H
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casing, 50 as to prevent as far as possible any leakage of air along
its sides. The bottom of the plunger is lined with brickdust, and
a pipe leads from the space K B to a box E F, containing the
regenerator. Two-thirds of this box
is filled with plates of sheet-iron, and
the remainder is filled with a number of
copper pipes § inch internal diameter,
and % inch thick, through which cold
water circulates. The pipes are at a
distance of g inch apart, and form a
refrigerator for removing any heat
which has not been previously ex-
tracted by the cold end of the re-
generator. Any empty space round
the pipes may be filled with blocks ot
iron or brass. The plate box ter-
minates in an open pipe E M leading
to the working cylinder. A fire is
kept burning under the bottom of the
: air vessel, which is of increased thick-

Fic. 34. ness at the base. There is a compress-
ing pump for supplying any waste of air by leakage, the usual
pressure of the enclosed cold air being ten atmospheres.

When the plunger is raised it sends a quantity of air from the
top of the air-vessel through the regenerator into the space K B.
The air in K B is heated not only by passing through the hot end
of the regenerator, which is at its base, but also by the heat of
the fire ; its pressure rises, and it expands so as to produce an in-
creased pressure along the passage R, which is at once felt upon
one,side of the piston in the working cylinder. On the other side
of this piston is a second similar air-vessel, with its plunger de-
pressed, whereby heated air has been forced through the re-
generator into the space corresponding to A H, and has been
cooled to a lower temperature and pressure, thereby causing
the pressure on its side of the piston to fall, and the result is that
we have air at, say, 240 lbs. pressure on one side of the piston, but
at 150 Ibs. pressure on the other side, and that there is an ample
amount of working power. The peculiarity of the engine is
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that the enclosed mass of conmpressed air is divided into two
distinct portions, A and B, which are in some sense separate,
although an open passage leads always from one to the other.

The mass of air A fills the air vessel and passes to and
fro through the regenerator. It is heated and cooled alternately,
and the changes in its temperature give rise to the work done.
The mass of air Bis in contact with the piston of the engine ;
and since B and A open freely to each other, the pressure of the
mass B rises or falls with the pressure of the mass A. But that is
all, for B is a mere carrier of pressure to the piston of the engine,
and its temperature is comparatively unaffected.

As to the mechanism of the engine, that is the same as for an
ordinary steam engine. The only point to be noticed is that the
plungers of the two air vessels are first worked by hand, in the
same manner as the valves of a steam engine, and that after the
engine is fairly started the motion is continued by an eccentric on
the fly-wheel shaft.

66. It may be useful to give the type of the diagram of energy
in Stirling’s engine, although the subject demands much more
space than is available in order to examine it thoroughly. Starting
from the point s, with a mass of air at volume 9|
oM, and pressure s M, and remembering
that we are not now dealing with the
working cylinder—for the primary effect is
modified by the cushion'of air, so that the
diagram in the cylinder would be some-
what as if that now to be exhibited were
drawn on an elastic sheet of indiarubbe
and pulled out at two opposite corners—we FIG. 35.
proceed as follows :—

1. The air takes up heat in passing through the regenerator,
and its pressure rises to P M.

2. The air expands along the isothermal curve P q, for the loss
of heat in doing work is at once repaired.

3. The air deposits heat in the regenerator, and its pressure falls
from QN to RN,

4. The air is compressed along the isothermal curve R s, for
the heat given out in compression is at once absorbed.

H2
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The shaded area P QR s is the diagram of energy, and we see
that by the artifice employed the engine works approximately.
according to the figure given above, but only approximately, for
the heating or cooling does not take place exactly at a constant
volume, and does not affect more than a poition of the enclosed
air, nor do the expansion and compression occur exactly at con-
stant temperatures.

It does not appear that a heated air engine with a regenerator
has ever taken root, but the principle is established, and accordingly
the reversible quality of such an engine has been successfully
applied to that which is somewhat misnamed by its advocates, viz.,
the so-called ¢ mechanical production of cold.’

67. In a reversed Stirling’s engine the working cylinder is
converted into a pump driven by external force, and the cool end
of each air vessel receives a substance from which heat is to be
abstracted. Referring to fig. 35 we find that—

1. The air is compressed through Q P, and its temperature
rises,

2. Heat is then abstracted by a refrigerator cooled by a cur-
rent of cold water, and further by a regenerator, the pressure
falling to s M.

3. Theair expands through s r doing work, losing temperature,
and taking up heat from the substance to be cooled.

4. Itis passed through the regenerator, becoming warmed, and
its pressure rises to Q N.

This cycle is continued, and at each double stroke of the pump
a portion of heat is taken from the substances in each air vessel
which are undergoing the cooling process, and is deposited in the
regenerator, and this goes on until such a difference of temperature
is set up between the hot and cold ends of the absorbing surfaces
that the heat taken away from the substances is continually
restored by conduction through the material of the regenerator.

In a working engine it has been found that this result takes
place at a temperature of 50° to 60° below the zero on the
Fahrenheit scale.
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CHAPTER IV.

ON THE CONVERSION OF MOTION.

68. JusT as it is necessary to know something of the theory of
lieat in order to understand the philosophy of the steam engine, so
also it is essential to pass through some training in the elements of
the conversion of motion in order to comprehend the mechanism of
the moving parts. We propose in the present chapter to give a brief
outline of certain fundamental propositions which will be useful.

The belief held by the ancients as to the nature of cii-
cular motion was fanciful in conception, and was obviously unten-
able. It was said that motion in a circle was simple, in the sense
that it was a primary movement, and not made up by putting
together other separate movements. We, on the other hand, hold
that the only case of simple motion is that of a point describing a
straight line with a uniform velocity. Whenever a point deviates
from a rectilinear path it is, or may be, the subject of two in-
dependent movements in lines at right angles to each other.

It is upon this idea that the whole learning of analytical geo-
metry is built up. If we wish to repre- y
sent a curve by means of a relation be- L\
tween symbols, called an eguation lo the M N

[

curve, we begin by drawing two lines,
xox,y0 y’,.at right angles to each other, 5 N T
and employing them as lines of refer-
ence.
For example, let the curve be a -
circle whose centre is the point o. Y
Take P, auy point in the curve, and F1e. 26.
draw P N perpendicularto ox. Let ON=&, NP =%,0P=a
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ThenoN® + NP* = 0P?; ora® + 3% = a4,
a relation between x, y, @ which is satisfied by points situated in
the circular curve AP, and by none other, and which is there-
fore called the equation to thé curve.

The lines x, y are the co-ordinates of the point p, and the
axes x 0%/, y 0 are the axes of co-ordinates. Also the signs +
and — are employed to indicate the position of P in any particular
quadrant ; thus, if P were situated anywhere in the quadrant
a’ 0y the corresponding values of x and y would both be negative.

Itis to be observed that when P starts from A and travels
round the circle, the point N follows this movement and makes an
excursion from Ato B and back again from B to A (see fig. 38). 1In
other words, N makes a complete double oscillation in the line A B,
while p describes the circumference of the circle.

In like manner if we draw pM perpendicular to o y, we shall
find that M makes a complete double oscillation in the line yy/,
while p describes the circumference beginning at A and ending
there again. And yet there is a marked dissimilarity, as well as a
resemblance, between the movements of N and M, which should

now be made clear.
69. Referring to the drawing, which is sketched from a model

intended to exhibit simultaneously the motions of the points M
and N, the framework
being left out, we have
a pin p passing through
the grooved bars RS
and T v, which overlap
each other, and are con-
nected by slender rods
sliding between guides.
Also x and y are small
balls or index fingers
traversing over a gra-

F1e. 37. duated scale, and indi-
cating the movements of the respective bars. As the pin P
travels round a circular groove APBE formed in a board, it is
apparent that x will oscillate to and fro with a motion identical
with that of N, and that y reproduces the movement of M.

>
——
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Also everything depends on properly timing the rectilinear
movements. In order to describe a circle, x starts from rest when
y is at the middle of its swing. This is the essential condition ;
and it is worth notice that if the board with a circular groove be
replaced by another having a straight line groove inclined at 45°
to o x, the two balls will start together from rest, and after preserv-
ing identical movements throughout will come to rest at the same
instant, the difference between the times of starting glvmg a circle
in one case and a straight line in the other.

ANALYSIS OF CIRCULAR MOTION,

70. To express analytically the relation between the move-
ments of the points N and p we proceed as follows :—

LetAN=x, NP= y,0P=a,PON=0,
then AN = 0A —ON = & — & cos 0,
orx=a(r —cosb)... (1)
whence the position of N is known from

that of p,

In comparingthe velocities of the same
points it is usual to refer to the calculus
and differentiate, when we have :—

dx _ o a6 FiG. 38.
77 =asmi x 77
and remembering that velocity of N = %‘;, and velocity of
40 . .
P=a it is apparent that

vel. of N _ .

vel.ofr=smo .o (2)
Equations (1) and (2) contain the whole theory of the subject,
the first defining the law according to which the point N travels
along A B, and the second indicating the velocity with which it
moves at any instant. That velocity being variable, its value
may be most readily assigned by a process in the differential
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calculus, but it may also be deduced by geometrical reasoning, and
the student would probably be able to solve the problem for him-
self, now that the answer has been given.

THE MOTION OF AN INDICATOR PENCIL.

y1. The model serves extremely well to exhibit the combina-
tion of movements which occur in tracing an indicator diagram.

For this purpose replace the board with a circular groove by
another having an indicator diagram traced upon it. As the pin
P travels round the outline
of the diagram it is ap-
parent that the index y
will rise or fall with the
fluctuations of the steam
pressure, while the ball x
moves to and fro hori-
zontally with a motion de-
rived from that of the piston
of the engine, though on a
diminished scale. Watt’s
first idea was to observe
only the motion of y, but the invention was completed by com-
bining therewith the reciprocation derived from the piston. The
model presents an image of this combination of motions in a
manner which renders it perfectly intelligible.

F16, 39.

THE SUN AND PLANET WHEELS.

72. The sun and planet wheels, as used in the early rotative
steam engines, were invented by Watt, and were employed for
converting the reciprocating motion of the working beam of an
engine into the circular motion of the fly-wheel. They involve a
distinct principle in mechanism, which is applied in the construc-
tion of some governors of steam engines.

In a note upon this invention Watt says :—¢ Having made my
reciprocating engines very regular in their movements, { con-
sidered how to produce rotative motions from them in the best
manner ; and, amidst various schemes which were subjected to
trial or which passed through my mind, none appeared so likely
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to answer the purpose as the application of the crank in the
manner of the common turning lathe’ He goes on to say:—*T
proceeded to make a model of my method, which answered my
expectations ; but having neglected to take out a patent, the in-
vention was communicated by a workman employed to make the
model to some of the people about Mr. Wasbrough’s engine, and
a patent was taken out by them for the application of the crank
to steam engines. In these circumstances I thought it better to
endeavour to accomplish the same end by other means. Accord-
ingly,- in 1981 I invented and took out a patent for several
methods of producing rotative motions from reciprocating ones,
amongst which was the method of sun and planet wheels.’

It appears that in 1780 a patent (No. 1,263) was granted to
J. Pickard, of Birmingham, for a ‘new invented method of apply-
ing steam engines to the turning of wheels.” In the specification
it is stated that a lever, commonly called a crank, is fixed to the
shaft or arbor of a great wheel, the pin of the crank being inserted
into one end of a spear or carrier, the other end of which spear is
connected by a moving joint with the regulating or great work-
ing beam, and in some cases to the piston, of the fire engine
cylinder. This is precisely the mode of connection now ordinarily
adopted.

The drawing shows Watt’s invention as specified in a patent
of 1781 (No. 1,306). cB is the working beam, and A B is the
spear or connecting rod ; E is a wheel fixed upon the end of the
shaft or axis F, which receives the rotatory motion which is com-
municated to it by a second wheel, firmly fixed to ABin sucha
manner that it cannot rotate. Behind E B there is a heavy wheel,
G G, having a groove or circular channel around its circumference,
into which a pin at the back of A enters. The wheels A and
are- thus kept in gear, and some such precaution is indispensable,
but instead of the wheel with the groove and pin there may be a
link connecting A and . The construction having been described,
the specification states that in the working of the engine the
connecting rod pulls the wheel A up and down; and since its
teeth are locked in the wheel E and it cannot turn upon its own
axis, it cannot rise or fall without causing E to turn upon the axis
F. When the two wheels A and E have equal numbers of teeth the
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wheel r makes 2w revolutions on its axis for each stroke of the
engine.

In proving this result we shall assume that an imaginary arm
connects the centres of the wheels A and E

Let £ make x revolutionsin one double stroke of the piston; then
the arm makes one revolution in the same time, and the wheel a
remains practically at rest. Therefore E makes x— 1 revolutions
relatively to the arm, while A makes 0—1 relatively to the same

FiG. 40.

arm ; also E and A are two equal wheels in gear, and consequently
their relative rotations are equal in amount and opposite in sign,
It follows that
=0T 1=, 0t =2
xX—1
That 15, the wheel & makes two revolutions while the wheel A 13
carried once round it.
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After explaining the contrivance Watt makes one most impor-
tant observation :—¢ And in order that the motion may be more
regular 1 fix to or upon the shaft or axis F, or to or upon some
other wheel or shaft to which it gives motion, a /Aeavy wheel or
flyer, to receive or continue the motion communicated to it by
the primary movement.” And further, that in the cases to which
this method may be applied, ‘a flyer or heavy rotative motion
should be applied in order to equalise the motion.’

The heavy wheel or flyer is the fy-wheel which gives smooth-
ness and regularity to the motion of the shafting employed for
driving the machinery of mills.

THE CRANK AND CONNECTING ROD.

73. We pass on to analyse the conversion of circular into
reciprocating motion by means of a crank and connecting rod.

A crank being a lever or bar movable about a centre at one
end, the connecting rod may be a bar attached to a sliding piece
moving between guides, as in an ordinary direct acting engine.

F1G. 41.

Let c P represent an arm or crank centred at c, and attached
by means of the connecting rod P Q with a point Q constrained to
move in the straight line c p.

Draw PN L7tocQandletCP=4,PQ=24PCA=0,PQAa =@
Thencgoq=cN + NQ
= a cos 0 4+ & cos ¢.

B EL"_‘”_E.. =7
ut 0=} sin ¢ = bsmﬂ

T
whence cos ¢ = ,\/ 1= sin? 6,
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. CQ=acos 0 4 /¥ — a*sin? 6,
which gives the relative positions of Q and p at any instant.
Cor.1. Let@=o0.,.cD=a+,
=%, CE=—a+,
whence DE=CD — CE = 24.

The length D E is called the throw of the crank.
Cor. 2. If we refer the motionof Q to the point D we have
DQ=cCD~CQ=a+b—acosd — bcos ¢,
or Q=a (1 — cos ) 4+ & (1 — cos ¢).

This result might have been predicted beforehand, for it is
evident that the circular motion of p round the fixed point ¢ carries
Q through a space @ (1 — cos 0), and that in the same time P is
describing a circular path round the moving point Q, whereby,
after completing the arc 5 ¢, it superadds the space & (1 — cos ¢).
In other words, the circular motion of P round c gives rise to the
ordinary reciprocating motion represented by a (x — cos 6), while,
at the same time, the swinging of p Q through an angle ¢ superadds
an inequality represented by & (1 — cos ¢).

Cor. 3. As becomes more nearly equal to a the inequality
will rise in importance, and the particular case where & is equal to
a should be noticed. In that case ¢ =0,. DQ =24 (1 — cosb).

Let0=12r Scosb=0,andDQ=2a.

The conclusion is that the inequality becomes so great that
the motion fails. The point Q would move up to ¢ when the
crank had revolved through 9o° and ce and PQ would then
rotate round c as one piece, the movement of Q along b ¢ having
come to an end.

Cor. 4. The relative velocities of P and @ should be in-
vestigated, because a comparison of their values at any instant will
afford a comparison also of the pressures doing work at these
respective points.

Letpo=ux,thenx=a + 6 —acos  — & cos ¢,

Ldx oo d0 . do
..ﬁ—asmod"+bsm¢?t.
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sing __a
But-559 = 3
do __ d0
..bcosgo:i—;_acose.d_t
. A4y _ : . cosf | 40
..dt—-{asm0+asm¢c___.os¢ T
—asin(@+9) 40
T T cosp dt
rvel. ofQ _ sin (6 + ¢),
vel. of P cos ¢

WATT’S PARALLEL MOTION.

74. Hitherto we have described the piston and pump rods of
an engine as being suspended by chains from the great working
beam, a state of things which might have been tolerable in a
single acting engine, but which was an absolute bar to the appli-
cation of this type of engine for driving machinery. The idea of
the necessity of a beam as part of a steam engine having ap-
parently been adopted by the first makers of engines, it was,
as Mr. Bramwell has pointed out, extremely difficult to per
suade them to get rid of this particular construction and to set
to work on any other method.

And indeed one of Watt’s first inventions in mechanism, and
probably that which he regarded with more satisfaction than any
cther, was a combination of linkwork for enabling the piston to
act ¢ both by pushing and by drawing,’ as he expressed it, on the
working beam or great lever of an engine. The contrivance is
described in the specification of a patent of 1784 (No. 1,432) to J.
Watt, for ¢improvements in steam engines.” The patentee states :—
¢My second new improvement on the steam engines consists in
methods of directing the piston rods, the pump rods, and other parts
of these engines, so as to move in perpendicular or other straight
or right lines without using the great chains and arches commonly
fixed to the working beams of the engines for that purpose, and so
as to enable the engine to act on the working beams or great
levers, both by pushing and by drawing, or both, in the ascent and
descent of their pistons. I execute this on three principles. . . .
The third principle, upon which I derive a perpendicular or
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right-lined motion from a circular or angular motion, consists in
forming certain combinations of levers moving upon centres,
wherein the deviation from straight lines of the moving end of
some of these levers is compensated by similar deviations, but in
opposite directions, of one end of other levers.’

The annexed sketch is taken from the original drawing de-
posited in the Patent Office.

A B is the working beam of the engine, the piston rod or air-
pump rod being jointed at P to the rod BD, one end of which is
attached to an iron bar, ¢ b, centred on a fixed support at c.

F16. 42.

As the beam oscillates the point B describes a circular arc on
the centre A, and the point D describes a like arc on the centre ¢,
‘and the convexities of these arcs, lying in opposite directions,
compensate for each other’s variation from a straight line, so that
the point P, at the top of the piston rod, which lies between these
convexities, ascends or descends in a perpendicular or straight line.’
This is Watt’s account of the invention, and for full details we
refer the student to practical treatises. At present it may suffice
to discuss one or two geometrical propositions which place it
in a clearer light.

75. In order to simplify matters we will examine the case
where AB = CD.

Taking A and c as the centres of motion, and Bp the con-
necting link, we observe that B describes a circular arc with its
convexity turned to the right, and in like manner » describes
an identical circular arc with its convexity turned to the left,
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Some point in B p will describe a straight line, and our object is to
find its position. Now B D manifestly begins to shift in the direction
of itslength, and hence the required line will coincide with the normal
position of BD. It is also evident that the point p, which most
nearly describes a straight line, must bisect B D ; for the end B is
describing a circle round a, and the end D is describing a circle
round c, and it is only at the centre of BD that the tendency to
describe a curve with a convexity approaching that of the path of
B is or can be neutralised by the tendency to describe another
curve with an equal convexity in the opposite direction, due to its

connection with the arm ¢ b.
A4

FI1G. 43. Fi1G. 44.

The defect of the contrivance is, that when the motion is
pushed to an extreme degree, so that the connecting link tends to
come into a line with either arm, the point p deviates sensibly into
a curved path. By carrying B D round as far as it will go we obtain
the figure in the sketch, which is made up of two intersecting
straight lines (or lines not sensibly deviating therefrom) running
into curved loops.

In truth, this is not exact straight line motion at all, and the
path of P, even where 1t is apparently most accurate, only ap-
proximates to ideal excellence. But it is sufficiently near the
truth for all practical purposes, and there appears no indication of
any better or simpler combination for producing the same result.
An exact straight line motion has, indeed, been discovered, and
will be discussed presently, but it requires sezen bars instead of
three only for producing the motion in its most simple and
elementary form. )
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In practice the beam of an engine seldom swings through an
angle of more than 20° on each side of the horizontal line, and
within that limit the deviation of the so-called parallel point p
from a true rectilinear path is quite inconsiderable, as may readily
be shown by analysis or verified by construction. Before entering

upon a technical demonstration it

A may be useful to refer the student to

fig. 45, which is intended to confirm

the correctness of the previous reason-

ing, by showing the manner in which

the first regular looped diagram is

¢  distorted and affected by placing the

pencil at the point P unduly near to

the extremity p. The influence of

the curvature which attaches to the

path of D is now quite apparent, and a like distortion in the op-

posite direction would occur if the describing point were carried
towards B.

76. In like manner, if AB and cD are unequal, A B being
greater than c b, the path of the point P will, if in the centre of
BD, be unduly affected by the increased convexity due to its con-
nection with the shorter arm ; and in order to escape from this
effect it will be necessary to move P away from D, and to bring it
nearer to A B.

It is pretty clear, since we are dealing with circular arcs, that
the point P must now approach B in a proportion identical with
that given by comparing a B with c D, or that we should have

Fi1aG. 45.

%{:g as in fig. 46.

It is easy to conmstruct models and to verify the principle of
Watt’s parallel motion, when it will be found that the point P must
be kept away from the shorter arm.

The analytical proof is the following :—

Refer now to fig. 46, and suppose the rods to be moved
from the position A BD c into another position, A4dc. Draw
¢ m, d n perpendicular to A B, ¢ D, respectively, and let p-be the
point in B p which most nearly describes a straight line.
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letaB=7r,bP=1x,BAb=0.
cp=ys,Pd=yDcd=¢.

We shall suppose in what follows that the motion of A B and cp
is restricted within narrow limits, and shall deal approximately with
our equations by substituting for the sine of an angle the corre-
sponding value of its circular measure :—
Then ¥ = b _Bm
y dp D=2
_7 (1 —cos f)
~ s(1 —cos ¢)
L. 0
, 2 sin? z
= X
$ 252 ?
2

= ‘_;’..nearly Fic. 46.

But the link itself begins to move in the direction of its length,
whereby, as a first approximation, its angular motion may be dis-
regarded, in which case 6 m = dn, or 0 = s ¢ nearly.

s P 5
bp
or2P=CD
rd AB

that is, the point P divides B D into two parts, which are inversely
as the lengths of the nearest radius rods.

Cor. 1. If AB and c D are so placed that their centres both lie
on the same side of B, it will be found that p lies in B D produced,
but we shall still have BP : DP . CD: AB.

Cor. 2. If it be desired to calculate the amount of deviation of
the path of P from the normal direction of DB we shall con-
fine the investigation to the case where AB = cD.

Let p B move into the position &4 by shifting vertically and
rotating through an angle a.

Then deviation of P = ik_:l_’f

;(cosﬂ—comp) coo (1)

1
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Alsolet Bp=/ then/ 4+ mb=7lcosa+ an

or/+7rsin6=7cosa+ rsin ¢
Srsing=rsinf+7(x—cosa)...(2)
Again, /a=Bm + D 7 very nearly
=7 (1 — cos ) + 7 (1 — cos ¢)
= 2 r (1 — cos 0) nearly.
27

Soa= 1_(1 — cos 6).

By substituting this value of a in equation (2) we can deduce ¢
with considerable accuracy, and calculate the required deviation
of .

Ex.—Let 6 = ’-;, and assume = s = 50 in., /= 30 in.

&~ a =10 (-0603074) = '2010247.
Or a represents an angle of 11° 31
2% sin ¢ = sin 20 + § (1 — cos 11° 31)
= 3420201 + $ ("0201333)
= *354100I.
% ¢ represents an angle of 20° 44’ nearly.

Hence deviation of P = 5 (cos 20 — cos 20° 44’)
= 25 ('0044544)
= {4 inch approximately.

It may be shown that this amount of deviation is again capable
of reduction, if we cause the centres of motion, a and c, to ap-
proach each other by shifting them horizontally through small
spaces, the angles ABD and cDB being thus rendered each a
little less than a right angle. This is a well-known artifice,

SCOTT RUSSELL’S STRAIGHT LINE MOTION,

77. Another straight line motion has been suggested by
Mr. Scott Russell as applicable in the conversion of reciprocating
into circular motion in the case of steam engines. We propose to
discuss it, not on account of its utility, for there would probably
be some difficulty in finding an example in a working engine, but
because it forms a step in the progressive stages which carry us to
the complete solution of the problem of drawing a straight line,
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Some very useful combinations in mechanism may be derived
from propositions in Euclid by simply arranging a diagram model
with movable joints.

For example, the angle in a semicircle is a right angle.
Taking this proposition, let BAD be a right angle, 3D a rod
forming the diameter of a circle
B A D whose centre is c, and jointed F
toabyalink ac

If the end B be constrained to
move in the horizontal line AE the
point D will traverse the vertical
line AF, in virtue of the property g

that the angle in a semicircle is a B A K
right angle.
In this way a straight line motion -
is obtained, but it is not exact, being
simply a copy of the truth of the line F16. 47.

AE. In practice A E would be the surface of a so-called ¢true
plane,’ upon which B would slide, and the truth of the line ¥ D
would be the same and no greater than that of the approximate
plane. Mr. Scott Russell’s idea was to connect the end of the
piston rod with the point b, and to adapt this construction to any
given engine.

78. The previous proposition has commended itself also to
an inventor, J. Booth, who took out a patent in 1843 (No. 9,824)
for a ‘means of converting rectilinear into rotatory motion or the
converse.’

Since the point A is fixed and Ac remains constant, it follows
that the centre, c, of the given circle will itself describe another
equal circle round the point . Whence, if FH, EX be two rect-
angular grooves, divided at A, and the ends of the bar B D be pro-
vided with pins running in the grooves, the rotation of ca will
cause D to slide up and down in FH, while B slides to and fro
along E K.

In like manner if the end of a piston rod moving in a vertical
cylinder be connected with p, and there be a flywheel to carry
the crank c A over the dead points, we should have a combination
capable of application to a steam engine.

12
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Recurring now to Art. 73, Cor. 3, we can extricate the move-
ment from the failure there pointed out, and shall obtain the
singular result that the throw of the crank becomes doubled.

As before, let the point B move to and fro in the line E K, and
instead of working with a crank Acand a connecting rod cB
produce the connecting rod B C to the point b, making ¢p =cB.
Then attach a pin at the end D and supply two vertical grooves in
the line HF, leaving a break about the centre, a.

If now we rotate the crank c A round the centre of motion A,
it will be found that B oscillates through a space equal to 2 B D, and
that the throw of the crankis 4 Ac. There is a model showing
this result in the collection of apparatus belonging to the School
of Mines.

GRASSHOPPER ENGINES.

79. A modified form of Mr. Scott Russell’'s arrangement was
carried out many years ago in the marine engines of a vessel
named the ‘ Gorgon,’ and may be met with in an analogous shape
in small engines, which are convenient in the workshop, and are
known as ‘grasshopper engines.’ The device has been to replace
the slide on which B moves by a lever centred at some distance
below it, whereby B describes the small arc of a circle which is
approximately a straight line.

Here the point F is attached to the end of the piston rod, also

Fia. 48.

aand o are fixed centres of motion, and B is connected with o by
the arm os. We will take the case when c F and c® are unequal



Grasshopper Engsnes. 117

Draw cR 1 "aBand cv L' FL, which latter line is the direc-
tion of the piston rod.
Letac=ga,cB=x,CaB=0,
CF=19¢, CBA=¢.

2
Then A R = a cos 0=a(1 —%)nea:ly,

2
cv=bcos¢=b(1—¢;) »

2 ]
e AL=@q — _g_ﬂ +b__¢_
2 2
. . . ab?_sb
But AL = a — J, since F describes the line LF, .’._2— =-~

Saxal=bad orat=ab,

which determines the position of the point B, when the motion is
correctly performed.

In a grasshopper engine B F is the working beam, and Bo is a
vibrating pillar at one end ; the piston rod is attached at F, and
the connecting rod is jointed at a point intermediate between c and
B. The great advantage, besides compactness of form, is that the
power and the resistance act on the same side of the fulcrum of the
working beam, and that the friction thereon is correspondingly
reduced. It is an objection to an ordinary beam engine that the
power and the resistance act on opposite sides of the fulcrum,
whereby the resultant pressure influencing friction is the sum of
these forces, instead of being only their difference ; or, to siate the
matter differently, in one case the beam is a lever of the second
order in the other case it is a lever of the first order.

PEAUCELLIER’S EXACT STRAIGHT LINE MOTION.

80. The important discovery of the method of drawing a
straight line by a combination of bars jointed together, and some
of which are movabie upon fixed centres, was first made public
in the year 1864 by M. Peaucellier, an officer of Engineers in the
-French army.
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The combination consists of seven bars, as in fig. 49, whereof
¢ R=CS5, C beinga fixed centre of motion ; ED = § D ¢, the poim

Fi1G. 49.

E being a fixed centre of motion ; and FR=RD=DS=SF, the
whole of the respective bars being so jointed at their ends as to
permit perfect freedom of motion in the plane of the paper.

If the system be moved within the limits possible by its con-
struction the diamond-shaped figure F R D s will open out or
close up, the points R and s will describe circles about c, and the
point » will describe a circle, which, if completed, would pass
through the point ¢, but F will describe an exact straight line.

To prove this we refer to fig. 50, where the bars have been
moved upwards, one half of the combination being left out for

greater simplicity in the diagram.

Fia. s0.

Join ¢ P and produce it to Q, and draw RN 1 "PQ
letCR=¢PR=)PN=NQ=a, NR=J.
Then =3 + (x + cp)?
3=y 4 a?
SB=B=cPl+2x xcCP
=CP(CP + 2x)
=CPXCQ
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When the rods are in the normal position, as shown in fig. 49,
let Q be at,the point F. Join F Q and P D. )
Then by parity of reasoning we have

CDXCF=A3—-P=cPXCQ
S CD:CP!.CQ:CF.

Hence in the triangles c Q F, c D P there is one angle common
to each, viz., the angle Q c F, and the sides about this common angle
are proportional ; therefore the triangles are equiangular and the
angle ¢ P 0 = angle Q F ¢ (Euclid, book vi. prop. 6).

But ¢ P D is the angle in a semicircle, and is therefore a right
angle; hence QF is L' cF, and Q lies always in a straight line
through F, which is at right angles to c r.

Hence the point Q moves in a straight line.

81. It is universally admitted among scientific men that this is
a discovery of the highest value as a contribution to the science
of geometry, and the student will do well to examine it carefully in
detail. For this purpose he should take the combination when
unfettered by the bar D E, and should establish by trial the relation
between the sides, viz.:—

CD X CF=CR?—RD?,

It is usual to call the figure FRDS a ce/, the points D and F
being the poles of the cell, and the arm ED being introduced
simply to control the motion.

Thus, if the pole p describes a circle of any given radius round
some point in the direction of D c, the pole F.must of necessity
describe another circle whose centre lies also in the same line—it
may be that these fragments of circles have their convexities in the
same or in opposite directions. All that is a matter for trial or
study. And again, the relative sizes of the circles will vary, so
that it becomes possible to draw an arc of a circle of almost any
required radius.

The case in the text is where these two circular arcs,
which always co-exist when E D is centred at some point
Ein D ¢, or that line produced, are so related that the radius of
one of them becomes infinite.
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DUPLICATE STRAIGHT LINE MOTIONS.

82. In the application of Watt’s parallel motion to the steam
engine it became necessary to provide for two parallel points, as
they were called, one for the attachment of the piston rod to the
beam, and the other at the end of the air-pump rod.

Watt solved this problem in an admirable manner by in-
corporating into his combination a jointed parallelogram, which
gave a means of obtaining two, three, or any number of points
severally describing straight lines.

In order to understand the contrivance we require in the first
instance to know when two curves are similar, and in a treatise
on Newton’s ¢ Principia ’ the test of similarity is stated as follows :—

‘Two curves are similar when there can be drawn in them two
distances from two points similarly situated, such that if any two
other distances be drawn equally inclined to the former the four
are proportional.’

We come now to another example of the value of a movable
geometrical figure.

Let BDFE be a jointed parallelogram with any given sides.
Produce EF, EB to convenient lengths and take A as a fixed
centre of motion. Draw any line
A P Q, through a, as shown, meeting
EFin Q and Bpin p. It will be
found that p and @ describe similar
curves. This is evident, for

AP:AQ=AB:AE,
and if B and E originally occupied
the positions H and K we have also
AB!AE=AH!AK,
and AP, AQ both make the same
nngle with A K, whence P and Q always fulfil Newton’s condition
of similarity.

Cor. If p describes a straight line Q must do the same.

Note. The jointed parallelogram appears also as a very useful
drawing instrument, called a pantograph, and employed for pro-
ducing enlarged or reduced copies of plans or drawings. For this
purpose a centre is fixed at A, and pencils are inserted at P and Q

1G. 51,
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To recur to the parallel motion of a beam engine. It is a
common construction to make the arms A B, cD equal to each
other, A being the centre of the working beam, and c being
a fixed point for the attachment of the
rod cp. In such a case the end of the
air-pump rod is jointed to the middle of 4
BD, and the parallelogram D F is added
by taking B F = A B, the end of the piston
rod being jointed at the angle E.

If c¢p be not equal to A B, it will be
necessary to find BF by calculation, in
order that the second parallel point may
lie at the vertex, E.

B

Fic. 52.

Thus, letaAB=7,CcD=ys,BF=ux.

Then ': =DF_ ; by property of the parallel motion ;

Hence the complete arrangement consists of two distinct
portions incorporated together in the manner pointed out.

The same construction is directly applicable to Peaucellier’s
straight line motion.

Taking the ordinary combination, produce the lines c R, cs to
the points H, L, making cH = cL, and add two bars, HT, LT, of

Fie, 53.

such length that they are respectively parallel to R P and s». This
parallelism must necessarily continue throughout the motion, and
it follows that if PQ were drawn parallel to H R we should have
an actual pantograph connecting P and T, just as Watt made it
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Hence p and T must describe similar paths, which in this case are
straight lines.

For a compound cylinder beam engine, that is, an engine
having two steam cylinders placed side by side under the same
working beam, it is necessary to provide that three points shall
respectively describe straight lines. The arrangement for effecting
this object will be understood from Fig. 54.

The line AF represents one-half of the working beam, the
centre of motion being at o. There is also the primary combina-
tion of two equal arms A B, ¢ D, with the connecting link BD, and
the guiding parallel point is at R, the middle point of BD.

F
;g
B
" Q R S
ry
T
S/ D
c o[ v
Fi6. 54.

The parallelogram rBD P is the added portion, constituting the
pantograph ; and the lengths of the respective lines being so chosen
that A R, when produced, meets FP at the angular point », it fol-
lows that p also describes a straight line. Also if any interme.-
diate jointed bar, such as HL, be interposed between B and F,
50 as to be parallel to BD or F p, it is apparent that the point q,
where H L is intersected by AR, will fall under the same geo-
metrical conditions as the point P, and will describe a straight line

similar to the path of .
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CHAPTER V.

THE INDICATOR, AND DETAILS OF CONSTRUCTION.

83. IN every branch of science our knowledge increases as
the power of measurement becomes improved ; and we have now
to discuss, in the first instance, the measuring instrument pecu-
liarly appropriated to the steam engine, viz., the indicator invented
by Watt. The student must thoroughly understand the reading of
an indicator diagram before he can appreciate the reasons for the
various methods of construction adopted with reference to some
of the working parts of an engine.

We begin with a few observations as to the mode of estimating
work which is adopted in this country.

THE HORSE-POWER AND DUTY OF A STEAM-ENGINE.,

84. Work is done by a force when some resistance is over-
come, whereby the point of application of the force is continually
moved, notwithstanding the resistance.

The most simple case is where the force is constant and the
direction of motion is in the line of direction of the force. The
work done will thus be expressed by the product of the force, or
resistance, into the space described.

Definition.—The unit of work is the work done in lifting one
pound through a height of one foot, and is called a foot-pound.

The number of units of work performed in a given time, say
one minute, is a measure of the efficiency of the agent employed.

Watt estimated the work of a horse for one minute at 33,000
foot-pounds, and this estimate is adopted by universal consent,
though it is too large. For estimating the work performed by a
steam-engine the standard of measurement is technically termed a
horse-power, and is 33,000 foot-pounds. An engine which raises
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33,000 pounds through one foot in one minute is said to exert
one horse-power, and its rate of doing work is determined.

When an engine is at work for a length of time it has been
customary to estimate its performance by a still larger standard.
Thus the term duty is applied to indicate the number of millions
of pounds raised through a height of one foot by the burning of
one bushel of coal.

In Cornwall a bushel of coal weighs 94 Ibs., whereas in New-
castle it weighs 84 lbs. Hence, for the sake of uniformity, the
measure has been altered by substituting ‘ one hundred and twelve
pounds’ for ¢ one bushel’ of coal.

But this measure, though suitable for estimating the work
done by pumping engines, is not convenient for other purposes,
and it has become the practice to estimate the performance of an
engine by ascertaining the number of pounds of coal burnt per
hour for each horsc-power at which the engine is working. This
gives a useful measure in small numbers, easily remembered.

It has been a common performance with steam engines to
burn 4 1bs. of coal per horse-power per hour; and in order to form
an idea of the numbers which would probably be met with, we
deduce the duty of such an engine as follows :—

Ex.—Let the duty be estimated by the burning of 112 lbs. of
coal. Then 4 lbs. does the work represented by 60X 33,000,
or 1,080,000 foot-pounds per hour. Therefore 112 lbs. does
the work represented by 1,980,000 x 28 foot-pounds,

or duty of engine = 28 x 1,980,000 ft.-lbs.
= 55,440,000 ft.-lbs.

This being so, it follows that the duty of an engine which
burns 1 Ib. of coeal per H.P. per hour is four times as great, or is
represented by about 222 millions of foot-pounds.

85. The progress made in the economy of fuel by successive
‘improvements in the steam engine may be readily traced by com-
parison of the number of pounds of coal burnt per H.P. per hour,
Thus, in Smeaton’s early engines on Newcomen's principle the
consumption was 29'76 lbs. of coal per H.P. perhour. In hislater
engines it was improved to 17°6 lbs.

The reported duty of Cornish pumping engines has shown a
consumption of 1087 Ibs. in the year 1811, 1°73 lbs. in 1842, and
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of 2°go lbs. in 1872. It is said that Watt began with 8°3 lbs. and
went on to 2°7 lbs.

As already stated, before the year 1863 the average consump-
tion of coal in the best marine engines was 4% lbs. per H.P. per
hour. In the year 1872 it appeared, from a comparison of nine-
teen ocean steamers, that the consumption had been reduced toan
average of 2°11 Ibs., being a saving of 5o per cent.

Here we may notice the theoretical capability which engineers
sometimes attribute to fuel. Thus, in commenting on the pre-
vailing waste of coal, Mr. Siemens (1872) has remarked:—

“One pound of ordinary coal develops in its combustion
12,000° (Fahr.) units of heat, which, in their turn, represent
12,000 x 772 ft.-Ibs. of work (9,264,000 ft.-Ibs.), and these repre-
sent a consumption of barely 4 1b. of coal per indicated horse-
power per hour ; whereas few engines produce an indicated horse-
power with less than ten times that expenditure, or say 24 Ibs. of
coal’

The estimate of } 1b. of coal per H.P. per hour may be arrived
at as follows :—Since 9,264,000

33,000
formance would be to that of an engine burning 1 Ib. of coal per
H.P. per hour as 280°7 : 60, which is somewhat greater than 4 to 1,

We have seen in the third chapter the true meaning which is
to be attached to such observations. A pound of coal can only
do work by the operation of a heat engine, its function being to
store up heat in a gas which does work by expanding between
two given temperatures.

Let the pound of coal supply without any loss steam at 300 Ibs.
pressure to a perfect engine where the condenser is at a tempera-
ture of 100°F. The temperature of the steam will be 417°F.

877—560 . 317 . _ 4
817 JH__SEJH_HJH'
Now, jH represents 2%%1 H.P. for 1 Ib. of coal. ;‘1‘ JH re-

= 2807, it appears that the per-

Thus, work done =

presents 17 H.P. for 1 1b. of coal.  Also 2} Ibs. of coal for 1 H.P,
is the same as 1 Ib. of coal for 2 H.P. Hence the comparison

lies between 1 1b. of coal for 1°7 H.P.,and 1 Ib. of coal for 4 HLP.,
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which numbers are as 17 : 4, being a little more than 4 to 1, in-
stead of 1o to 1.

In truth, we begin by throwing away EZE of the whole heat,

which passes into the condenser and is lost; and indeed we are
constrained to work between temperatures which lie within mode-
rate limits of difference, for which reason it becomes hopeless
to refer to the whole heat as a standard.

IMPROVEMENTS IN THE INDICATOR.

86. The indicator, as originally constructed, was not in a form
convenient for use, and it has been modified and improved by

F1c. 58.

various makers, The first obvious change has been to replace
the flat-board by a cylinder enclosing a spring. The cylinder is
caused to reciprocate through one turn by the pull of a string
attached to some piece whose motion is identical with that of the
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piston, and it returns with a corresponding movement, whereby
a diagram is traced upon a sheet of paper wrapped round the
cylinder, just as in the former case.

Another improvement consists in reducing the motion of the
piston, and magnifying that of the pencil. It is manifest that
when steam at a high pressure is suddenly admitted into the
cylinder of the instrument the pencil will rise with a jerk, and will
oscillate with a tremulous motion during the time that it ought
to be descending smoothly according to the curve of expansion.
The result will be a wavy line instead of a regular curve, being the
very defect which Watt said was sure to occur when the steam
pressure was read by a mercurial gauge. The jumping up and down
of the pencil has proved a source of great annoyance in practice,
so that thoroughly good diagrams could scarcely be obtained from
fast-going engines. However, Mr. Richards has overcome the
difficulty by diminishing the piston-stroke and multiplying the
travel of the indicator pencil, so as to bring it up to the original
standard. He supplies a stronger and shorter spring than that
used in an ordinary instrument, and the vibrations become incon-
siderable. The drawing shows the improvement, and furnishes
an illustration of a useful adaptation of Watt’s parallel motion -

Fic. 36.

Two equal bars A B and c D are connected bya link D B carry-
ing a pencil P at its middlepoint p. The piston rod E R is attached
bya link R stoa point s in ¢ D, such thatcs = } cp. Also when
aBand cp are in the position of rest, as in the sketch, it will be
found that R s is parallel to D B, and that R P is a straight line.

It follows that, just as in the duplicate straight line motion of
Peaucellier, the pantograph exists in a disguised form. Thus the
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points R and p necessarily both describe straight lines, which are
similar paths ; and sR and D, being parallel at starting, must
remain so throughout the motion. They would be kept parallel
to each other if the pantograph were constructed, and they remain
parallel in virtue of the motion, which is that due to a pantograph,
and not to be distinguished from it.

Hence, travel of p : travel of R = CD : CS.

In the indicator, as constructed, the movement of R is magni-
fied about four times.

It should be understood that the frame carrying the parallel
motion bars is attached to a collar which can be rotated on the
cylinder, whereby the pencil is readily brought up to the paper
or removed from it.

DIAGRAM EXHIBITING THE RELATION BETWEEN THE PRESSURE
AND VOLUME OF SATURATED STEAM.

87. Hitherto we have spoken of the expansion of air either
according to Boyle’s law or in an adiabatic curve, but in ap-
plying the results of experiments on the expansion of steam to a
practical use it becomes important to regard the behaviour of that
particular substance from another point of view.

It has been shown that the pressure and temperature of satu-
rated steam rise conjointly, though not in the same degree, and
tables have been formed expressing the relation between the
pressure, volume, and temperature of saturated steam. It will be
borne in mind that steam in contact with the water from which it
is generated is called saturated steam ; and further, that when
saturated steam at a high pressure expands while doing work its
temperature falls, and a portion of the steam is re-converted into
water. Furthermore, if we operate with saturated steam at a given
temperature and endeavour to compress it, we may reduce its
volume, but we cannot increase its pressure. Each temperature has
its own corresponding pressure, which cannot be varied; and, as
we have sufficiently shown in the first chapter, if the volume be
diminished while the temperature remains constant, the only result
will be that more and more of the steam will be reconverted into
water, the pressure remaining unchanged.
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If the relations between the pressure and volume be mapped out
for any given weight of steam, we have a curve, which is of great
value in interpreting the diagrams given by an indicator. It
differs from Boyle’s curve of expansion, it differs from the curve
of expansion of superheated steam, which would be that of a
perfect gas; it is a curve furnished by experimental data, and
expresses the conditions which obtain when saturated steam
changes its state of pressure, volume, and temperature without
ceasing to be saturated.

The table generally relied on is deduced from Regnault’s ex-
periments, but as a matter of illustration we refer to the results of
experiments made by Fairbairn and Tate. The substance being
saturated steam, those numbers only are selected which are re-
quired for the present example :—

. . e! ature
P o™ PeF e viume
I 197777 2167°4
12 20196 1994°0
14°7 212 1641°5
25 240 9848
35 25965 7134
36 26083 694°5

By ‘specific volume,” or, as itis sometimes termed, ‘relative
volume,’ is meant the volume of the steam as compared with
that of the water from which it is generated; and since the numbers
are large it is common to reduce them by increasing the unit of
volume fifty times.

Conceive now that we deal with a given weight of saturated
steam at a pressure of 36 lbs. and a volume 694°5, and allow 1t to
expand doing work. Since 3 x694'5 = 2083.5, it is apparent
that if the expansion be carried to three times the original volume
the pressure will become less than 12 lbs., whereas, according to
Boyle’s law, it should be exactly 12 lbs. There is, therefore, asmall
deviation from Boyle’s law in the form of the curve.

The point to be noticed is that the curve, when obtained, repre-
sents a theoretical indicator diagram. In the present example,
setting out a number of intermediate points for pressures at 34,

K
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33, &c. lbs. and registering the corresponding volumes, also calling
694’5 unity, we have the annexed diagram, where all vertical lines
represent lines of pressure, and all horizontal lines refer to
volumes, and where the steam is maintained in its hypothetical
state by a supply of heat from without.

212*

<
=]
I

Fi1G. 57.

Let the horizontal line terminating at D represent the travel of
the piston of an engine which is supplied with saturated steam at
36 lbs. pressure, and let the pressure be continued constant
during 4 of the stroke, as indicated by Hs. The steam now ex-
pands along the curved line s®r and its pressure falls to R D,
which is a little under 12 Ibs. A full opening is then made to the
exhaust ; and if the condensation of the steam were instantaneous
and perfect the pressure would fall to zero, and would remain so
during the return stroke. Assume that the condensation is
instantaneous, but that the pressure falls only to 4 lbs., repre-
sented by B D, and remains constant till the piston reaches the end
of its stroke.

The area HsRBA will represent the whole work done in the
double stroke, and is contrasted with the area Hs E A, which re-
presents the work which would have been performed by the same
weight of steam if there had been condensation without expansion.
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In 1849 Mr. C. Cowper published a complete diagram of the
expansion of saturated steam, ranging from a pressure of z lbs. per
square inch up to 120 lbs. He stated that the diagram was ¢in-
tended to facilitate the calculation of the amount of power ob-
tained by different methods of employing steam.” There were
two divided scales, viz., (1) a vertical scale of pressures from zero
up to 120 lbs. (2) a horizontal scale of volumes, giving the volume
of the same weight of steam at each different pressure as com-
pared with the water from which it was generated, one division on
the scale representing 50 units of volume.

The general character of the diagram is shown in fig. 58, each
little square being further subdivided into 25 squares in the pub-
lished card. A dotted line represents the curve of expansion
from the top of the figure according to Boyle’s law. The dimen-
sions are the following :—Line of volumes = 11 inches, line of
pressures = 6 inches.
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F16. 58.

88. Having employed this expansion curve for obtaining the
normal or theoretical form of an indicator diagram, which closely
resembles that given by Watt, we refer to fig. 58, where five small
sketches are appended, which, when rightly understood, present
a summary of successive improvements in the steam-engine,
the horizontal dark line being the line of atmospheric pressure
throughout :—

1. The shaded rectangle is the diagram of work done by a
given weight of steam when employed in a condensing engine.
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The rectangle cut away at the base represents the loss by imperfect
condensation.

2, The diagram of work when steam at the atmospheric pres-
sure is expanded 2} times with condensation, as in Watt’s early
engines, before the employment of high pressure steam.

3. This figure represents the work done by an equal weight of
steam at a pressure of 6o lbs., without expansion and without
condensation.

4. Then comes moderate expansion of steam at 6o Ibs. pressure,
without condensation, It is apparent that the curve is taken in
every case from the normal diagram, and here the expansion is
carried to three volumes. The rectangle cut away represents, in
each case, the loss by back pressure.

5. The same case repeated, except that the expansion is con-
tinued to 9 volumes, and we have the theoretical indicator diagram
of an engine working according to a more economical method.

The indicator being a measuring instrument attached to
the cylinder, and intended particularly to inform us as to the
action of the valves connected therewith, it will be essential to give
some sketch of these working parts before discussing the peculi-
arities of the outline traced out by the pencil.

It is not within the purpose of this book to present that full
information which is to be found in large works crowded with
working drawings, and it must suffice to point out enough for a fair
explanation of the matter before us.

VALVE MOTION OF A SINGLE-ACTING ENGINE.—THE HYDRAULIC
GOVERNOR, OR CATARACT.

89. To begin with the valve motion of a single-acting engine.
It will be remembered that there are three principal valves con-
nected with the cylinder, viz. (1) the steam valve, (2) the equili-
brium valve, (3) the exhaust valve. Originally these valves were
simple discs covering the respective openings, but at the present
time they are balanced valves, usually of the Cornish double-beat
or crown-valve construction, to be presently described. There is
no rotating shaft or fly-wheel connected with a pumping engine
for mines, and hence the motion available for rendering the
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mechanism selfacting is not continuous but intermittent. The
exact period of opening each valve will determine the number of
strokes made per minute, and is the first thing to be provided for.
It is evident that some independent agent must be at work to
open the valves, and when that is effected the motion of the beam
may be utilised for closing them at the right instant.

The independent agent referred to takes the name of a catarad,
probably from the original form of the apparatus, which, in the
early days of steam engines, was that of a vessel into which water
was poured at a definite rate through a partly-opened tap. The
vessel was lop-sided and tilted over, so as to discharge its contents
in a sort of cataract as soon as the water had risen to a certain
height. The falling over of the vessel determined the period of
opening the valve with which it was connected, After a sufficient
time the same valve was closed by a lever actuated by a projection
or tappet on the plug rod, of which mention was made in the
account of Newcomen's engine.

The principle of the cataract in its modern form will be under-
stood from the annexed sketch. Inside a cistern partly filled with
water there is placed a plunger
pump P, connected with a valve o,
opening upwards into the chamber
of the pump, and having a tap a,
capable of being regulated by a
lever A @ and a rod 4 e The
plunger p is loaded, so that after
being raised it will force out water
through the tap . The valve ois |=—=J—
fully open when the plunger rises, wlommm —
and closes as soon as it begins to T1G. 59.
descend, and the only escape remaining for the water is through
the parily open tap, the regulation of which determines the rate
at which P descends. Up to this point the cataract is a simple
plunger pump, with a partly open tap in place of the usual delivery
valve.

The next drawing, on p. 134, will show the external form of
the cataract as well as its connection with the valves of the engine.
And here we may point out that there are commonly two cataracts
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employed, the function of one being to open the steam and exhaust
valves, and that of the other being to open the equilibrium valve.
In the drawing the cataract is represented as acting upon the steam
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and exhaust valves. The plunger p is a hollow cylinder, closed at
the bottom but open at the top, and called a trunk ; it is attached by
a rod to the lever N 0 M, which is centred at o, and is raised when
the tappet or projection shown at # on the plugrod comes in contact
with the tail of the curved lever-arm springing from m, which
lever-arm is a handle for rotating the small chain-wheel. The
result is that the chain is wound up to some extent, and pis raised,
The weight hung at N now causes the plunger to sink, and water
is forced out at the partly open tap, the cataract rod rising until
eventually its extreme end lifts the lever at the top steam arbor
(that is, axis) and liberates the catch,

The regulation of the descent of the plunger being effected by
opening the waste tap at 4 more or less, there is a separate bar de
connected with the short lever attached at @, which has a screwed
portion, as shown, and by rotating the knob ¢ at the upper end of
the bar the tap may be opened or closed.

In order to complete the explanation it is necessary to turn to
fig. 61, which exhibits the mechanism employed for opening and

closing the steam valve s. A catchrod 7 s holds the catch 1, which
has a fixed centre at E. As soon as 1 is liberated w descends
and s opens. The left-hand sketch shows the cataract rod
ascending and just about to raise the end 7 of the catch rod rs.
The tail f of the lever fE 4 will then move upward into the position
fhown in the second sketch, and it should be understood that the
only part of the plug rod which interferes with the freedom of
motion of f is the dark-shaded piece macked H.
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‘When the valve s is raised the piston descends and pulls down
one end of the working beam; this brings down also the plug rod,
and causes the part H to strike the tail f of the lever 4 £ £; and to
depress it into a position ready for being locked by the catch rod
s as soon as that rod is set free by the sinking of the cataract
rod. When once locked the valve s must remain closed until it
is liberated by the cataract or by hand, for of course the valves,
may be worked by hand if desired. The period, or rather the
portion of the length of stroke, during which the steam valve
remains open is regulated by adjusting the position of the piece H,
and determines the amount of expansion. Ina powerful pumping
engine, such as is employed at waterworks, where a weight of 30
or 4o tons is lifted some eight times in a minute, it is most
remarkable to watch the steam valve lever and to note the short
space of time which elapses between the opening and closing of
the passage for steam.

CYLINDER, SLIDE-VALVE, AND PISTON.

go. We pass on to the cylinder, piston, and slide-valve of a
locomotive engine. Several drawings would be required for exhibit-
ing these respective parts completely, but there is not space for

F1G. 62.

more than a longitudinal section of the cylinder, together with the
piston and valve for distributing the steam.
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The cylinder is 16 inches in diameter and § inch thick ; it is
made of cast iron, and is bored out in a lathe. The thickness of
a steam cylinder depends, of course, upon the diameter and the
intended pressure of the steam. One cover is movable, in order
to admit the piston, but the other cover is often a part of the
casting. The openings into the cylinder are called steam-ports,
being rectangular in shape and bounded by a plane surface
scraped up so as to approximate to a so-called true plane. The
ports lead into passages shown in the sketch through which the
steam enters into or escapes from the cylinder.

MURDOCK'S SLIDE-VALVE.

The most important element of the combination is the slide-
valve, which is in a form derived from the original invention of W,
Murdock, who, in 1799, obtained a patent (No. 2,340) for an im-
proved construction of the steam valves in Watt’s double-acting
engine.

91. Murdock’s valve, technically calleda I valve, consists of a
hollow pipe 4, usually semicircular in form, and attached to a rod
as shown. Upon the flat side of the pipe are two
plane rectangular faces which slide upon correspond-
ing plane surfaces having rectangular openings called
ports, which form passages into the cylinder and
convey the steam to either side of the piston. The
sliding faces are scraped so as to be as nearly as
possible true planes and work upon a corresponding
plane surface, the object being to render the valve
steam-tight on the plane side. The valve is cylin-
drical at the back, and is kept steam-tight by packing
at p and E. It will be understood that the sketch is
a mere lecture diagram, and does not show the con-
struction of the several parts ; thus, the packing at D
and E is not carried with the valve, but is pressed
against it through openings in the back of the slide-case.
Any steam which enters the central portion by the Fi6. 63.
passage indicated will circulate freely round the pipe, while the
space below the valve is permanently open to the condenser.

In the drawing steam is entering below the piston », and is

B §
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driving it upwards, while the steam above P escapes through the
upper port, passes down the hollow pipe, and enters the condenser.
Upon raising the slide-valve the reverse takes place, for steam
enters at the upper port and escapes through the lower port
directly into the condenser.

Each end of the pipe may be regarded as a separate valve, and
accordingly in Murdock’s account of his invention it is stated that
the upper and lower valves are worked by one rod or spindle, the
stem or tube which connects them being hollow, ‘so as to serve
for an eduction pipe to the upper end of the cylinder, by which
means two valves are made to answer the purpose of the four used
in Mr. Watt’s double engine.’ It will be remembered that a dia-
gram showing the arrangement of the four valves in Watt’s
early engine has been already set out at page 37.

OTHER SLIDE VALVES.

92. Another form of valve derived from the above is called a
box valve, being a sort of box with plane faces and containing a
passage along the back of it. Here the packing
may be dispensed with, but a third port becomes
necessary, so that in one sense the contrivance is less
simple. It is sketched in fig. 64, where A is the
A upper steam port, B the lower steam port, and ¢ the
eduction port. The drawing shows steam entering
above the piston at A, and escaping through B into c,
and so to the condenser ; whereas, by lowering the
I valve, steam would pass into the space below the

H piston at B, and would escape from the upper part of
J the cylinder into the passage formed by the valve,
IEC—q which would now lead directly into the condenser.

J

Bk
&= STEAM

It will be readily seen that the flat portions of the
. valve are in steam-tight contact with the faces on
F16. 64. which they work.

93. If the ports be interchanged, so that c lies between 4 and 5,
the construction of the valve is greatly simplified, and it is no
longer necessary that it should assume the form of a pipe, for it
may be a simple box with flat faces. Such a valve is applied in
engines of every class, but is of universal use in locomotive
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engines, and is distinguished as a locomotive D valve, or three-
ported valve. It is the valve shown in the section of a cylinder
and its appendages which has led to this discussion about valves,
and may be conveniently studied in the following example, which
is taken from an oscillating engine working in one of the boats on
the Thames.

The annexed diagram shows the steam ports 4 and B, together
with the eduction port ¢, and a passage s leading to the boiler.
The valve and ports arc covered by
a rectangular box or casing, seen
in section in fig. 66. The metal
surface a b ¢4 surrounding the ports,
including the intermediate bars 7 z,
is carefully planed in the first instance,
and is usually scraped afterwards,
according to the method originated
by Sir J. Whitworth, so as to be as
nearly as possible a true plane
surface. In the year 1840, when
slide-valves scraped up to a standard Fic. 65,
surface plate first came into use,
and were tried against others prepared on the old plan by grind-
ing with emery, it was stated by the Superintendent of the
Manchester and Liverpool Railway, in answer to a letter from Mr.
Whitworth : ¢I have this day taken out a pair of valves got up
with emery that have been in constant wear five months, and I
find them grooved 1n the usual way. The deep grooves are 4 inch
deep, and the whole surface, which is 8 inches broad, is 4}; hollow
or out of truth. Those that are scraped are perfectly true, and
likely to wear five months longer.’

The grooving action which here arose, probably from the emery-
powder which adhered to the metal, has in some form or other
always been a source of difficulty, and is also traceable to the
inequality of wear due to the open faces of the ports as compared
with the sides. Mr. Webb has accordingly patented a circular
slide-valve which is free to rotate in the buckle that holds it; ‘so
that if the valve should have a tendency to seize in any one part
of the sliding surface, which would put more friction on that
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particular side, it will immediately begin to revolve, and so rectify
itself by bringing different portions of the surfaces to bear.’ The
steam ports are annular segments on this construction, the exhaust
port being circular. A pair of valves exhibited at a meeting of
the Institution of Mechanical Engineers in 1877 had run 20,000
miles on the North-Western Railway, and the surfaces were polished

by wear, but appeared to be perfectly true.
"ll’ﬁ

J_—;)J

The next drawing shows (1) an outside casing b D, which forms
a receiver into which the steam enters on its way from the boiler;
(2) the valve E and its spindle ; (3) a stuffing-box and gland at H,
forming a steam-tight collar through which the spindle passes;
(4) the steam passages marked A and B respectively, and the
eduction passage ¢ which leads directly into the condenser.

Two sections are given of the valve and the slide case, one a
longitudinal section through the valve spindle, the other a cross
section through the middle of the slide case, showing the breadth
of the valve. Taken with the plan of the ports, these sketches
make the construction of the whole apparatus sufficiently clear.
Also it is apparent that when the valve moves to the left suf-
ficiently to uncover the port a, there will be an escape for steam
from B into the condenser, the arch of the valve forming a passage
from Btoc. On moving the valve sufficiently to uncover the
port B to the steam there will be an escape through A into the
condenser. The action is, therefore, precisely the same as in
Murdock’s valve.

Fic. 66.
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THE PISTON AND ITS PACKING RINGS.

94. We come now to the piston and the method of packing
it so as to prevent any steam from passing from one side to the
other by leakage. The drawing (fig. 62) shows the piston wrought in
one solid piece, and dished out so as to form a deep surface of
contact with the sides of the cylinder. Here the depth of the
guiding surface of the piston is 4 inches, and the three grooves
shown in section are intended for the reception of metallic pack-
ing rings, as applied by Mr. Ramsbottom about 1854, and which
form the simplest method that has been devised for keeping the
piston steam-tight under the high pressure employed in locomo-
tive engines. The contrivance is thus described in a paper on
an improved piston for steamn-engines :—‘ Three separate grooves,
each } inch wide, } inch apart, and 4% inch deep, are turned in
the circumference of the piston, and these grooves are fitted with
elastic packing rings. These rings, which may be of brass, steel,
or iron, are drawn of a suitable section to fit the grooves in the
piston, and are bent in rollers to the proper curvature, the dia-
meter of the circle to which they are bent being about ;th larger
than the cylinder. They are placed in the grooves in a com-
pressed state, and along with the body of the piston are thus put
into the cylinder, care being taken to block the steam-port. The
rings are therefore forced outwards by their own elasticity, which
is found quite sufficient to keep them steam-tight.” Of course the
rings are put on so as to break joint. One object in the con-
struction of this particular piston has been to reduce as much as
possible the amount of rubbing surface. Itis a maxim in books
on mechanics that the amount of friction is independent of the
extent of surfaces 1n contact, but that rule only applies where the
surface is directly supporting a pressure, and it has nothing to do
with the friction of a piston, where an increase of surface un-
doubtedly increases the friction. Here the lightness of the piston
reduces the friction, and so also does the small amount of elastic
surface pressed against the interior of the cylinder.

As to the amount of bearing surface, it appears that for an
18-inch piston it would come to about 42 sq. inches, whereas in a
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piston of the same diameter with 24 inch packing rings the area
of rubbing surface would be 141 sq. inches. The simplicity of
construction is also an advantage, the only workmanship expended
on the piston being that of turning its rim and forming its centre.
The packing rings are drawn as ordinary wire, and are afterwards
bent into shape, the cost of production being very small.

The mode of attaching the piston rod is apparent from the
sketch. There is a shoulder, and the rod terminates in a coned
end, the whole being screwec up tight by a nut. The cylinder
covers are copies of the configuration of the piston, thereby avoid-
ing a waste of steam.

PISTON OF AN OSCILLATING CYLINDER.

95. In contrast with the locomotive piston, 28 inches in dia-
meter, take a piston for an oscillating cylinder of a large paddle-
wheel steamer, the work done by which is 300 nominal H.P., but
is really much greater. .

In the present example the piston is made of cast iron, and is
88 inches in diameter. It has to support the enormous driving
pressure of the steam, which at 13 lbs. per square inch would
amount to 35 tons, and is constructed of two plates of iron of
great strength, increasing from 1} inch in thickness near the cir-

E Su;,:’—:—:ul

Fi1G. 67.

cumference to 1} inch near the piston rod, being further strength.
ened by six ribs of iron, indicated in the sketch, each of which
is 14 inch thick. The depth of the piston is 7 inches at the
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packing ring, and increases to about 13 inches near the centre,
whereby every vertical radial section presents an analogy to a
cantilever or beam supported at one end.

There is one large metallic packing ring, made of cast iron, 5
inches deep, and § inch thick. It is turned in the lathe, and then
cut through and jointed with a tongue, so as to be the exact
size of the cylinder, an outward elastic pressure being maintained
by junk packing, which is wound round the piston behind the
ring in the empty space 4, and is held down and compressed as
well as forced outwards by a ring with a shoulder. This ring is
tightened on by a series of bolts, whereof one is seen in the
drawing, having square heads to prevent their becoming loose,
and being retained in position by one tight encircling ring,

The piston rod is 10 inches in diameter, coned at one end,
and secured by a nut 16 inches in diameter. The nut is tightened
up by a long lever, which has a forked end, terminating in two
pins, which enter the recesses shown in the nut.

BALANCED VALVES.

96. The next point to be considered is an improved construc-
tion of valve which will permit of an opening being made with but
little effort in a space exposed to the full
pressure of steam. The subject-matter
for alteration is the old disc valve em-
ployed by Watt, and shown in the annexed
drawing, as being lifted by a rack and
segmental pinion.

The steam pipe opens into the box or
casing above the valve, and the steam Fic. 68.
therefore presses with its full force upon the surface of the disc,
which cannot be raised until that force is overcome. It is, how-
ever, easy to vary the construction so as to remedy this defect,
and the method adopted is to balance the fluid pressure by subject-
ing two equal areas to equal pressures in opposite directions. The
applications of this principle are the following :—

1. T#ke Throttle Valve.

This valve was introduced by Watt, and consists of a circular
plate turning on a spindle which coincides with a diameter of the
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plate. It is shown in section in fig. 69, the seats being indicated
at £, %, and the point ¢ being the axis of rotation of the valve. The
pressurerof the steam on one half of the valve—viz. 0 é—is, of course,
balanced by that on the other half 0 @, and there is equilibrium in

Fi16. 69.

all positions. The valve is a sort of door swinging on a central
line in its own plane, and is actuated by the rod = acting on a
crank or lever handle.

2. The Double Beat Valve.

This valve consists of two circular discs A B and ¢ b, threaded
on the same spindle E 5. The principle here relied on is again
the opposition of fluid pressure on two surfaces, but the mode of
application is different. Steam is supposed to be on its way to
the cylinder and to have passed a regulator—viz. the throttle valve
—so asto be entering the space between the discs. It is manifest
that the tendency of the steam pressure is to lift A B upwards and
to press ¢ D downwards ; and if the areas of the two discs be equal
these opposing forces will balance, and the valve may be lifted
with a very small exertion of ferce.

The same thing is done in organs, where it is an object to open
and close passages for the supply of compressed air with compara-
tively little effort ; but in that case the valves are discs attached to
the opposite ends of a lever whose fulcrum is supported at a point
raised a little above the general plane of the discs. Also the discs
themselves are on opposite sides of a partition, so that one moves
outwards in the direction of the air pressure, and the other inwards
against that pressure, the result being the same as in the steam
valve, but arrived at by a different mode of construction.
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In the left-hand sketch the steam is entering between the discs,
but it may come upon them from the outside, as in the adjoining
diagram, and it is manifest that the principle of the opposition
of fluid pressure applies equally in this case.

3. The Cornish Double Beat or Crown Valve.

This is & valve very extensively used, and consists of a hood
or cover resting upon two seats. It matters not wbether the steam
passes through the valve from above
downwards or in the reverse direc-
tion, and for the purpose of explana-
tion we will assume that it is passing
upwards, as shown by the arrows.
The pipe H is permanently closed
at the top by a fixed plate oA . The
only thing movable is the part Ec b,
which forms a casing to the open
sides of the pipe just below A B.
The seats are shown in the diagram ;
and inasmuch as the resultant vertical pressure on the inside of
the curved portion c D is zero, the valve is in equilibrium when on
its seat, although exposed to the full pressure of the steam. The
construction of the valve is indicated in the annexed sketch,
which shows an ordinary steam or eduction valve suitable for a
pumping engine.

An important advantage attaches to a double-beat valve in
respect of the area of opening for the passage of steam under a
given amount of lift. The question is one of geometry.

Let 2 » be the internal diameter of a pipe covered at one end
by a disc of the same diameter. When the valve is raised let x
be the linear motion of the disc along the axis of the pipe, and
we have

area of opening = 2 7 7 X .
But if the pipe be fully open, area of opening = area of pipe.
Or 2rrx=mr2
°, = : =_I. N
SE= 2 (27)

Which proves a well'known rule, viz.,, that a pipe, closed by an
L
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ordinary plate valve, is fully open when the lift of the valve is one-
fourth tne diameter of the pipe.

97. As a mechanical device for effecting the object in view—
viz., the opening of a closed pipe against fluid pressure, with a small
expenditure of force—the double-beat valve is a perfect apparatus.

An ordinary slide-valve, such as the locomotive valve, occupies
a sort of intermediate position between the simple disc and the

double-beat valves. It is a great deal better than one and worse
than the other. If a passage be opened by the sliding of a plate
over an orifice the pressure of the steam exerts no direct influence
to oppose the motion, but indirectly it causes friction, which in
the case of the large D valves of marine engines becomes very
serious, and accordingly slide-valves are converted into so-called
balanced valves by first boring a hole through the valve and then
attaching a packing ring at the back thereof, which ring comes
in close contact with the slide case and takes off the pressure from
the area so encircled.

The drawing, taken from a marine engine, illustrates this ar-
rangement. The valve and the packing ring are shown in section,
and it will be noted that the back of the slide case is strengthened
by arched ribs, so as to avoid any warping under pressure. The
inside surface is faced, and a circular packing ring cuts off the
steam pressure from the whole area which it encloses. It would
be right to show this ring in plan, but there 1s not any great
necessity for doing so, as the drawing in plan is easily supplied.
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There are small packing rings, like Ramsbottom’s rings in a
locomotive piston, which keep the principal ring steam-tight as
far as the annular portion in contact with the valve is concerned ;
and the upper plane surface which is in contact with the back of
the slide case is pressed against it by the action of the steam on
the projecting edge.

A slide-valve having been thus improved by diminishing the
friction which impedes its working, the next step is to cause a

Fi1G. 72.

large area to be set open for the passage of steam by means of a
comparatively small movement of the valve. For this purpose a
distinct principle has been brought into play, which is well known
in its application to the ventilators of a railway carriage, and which
consists in the multiplication of a single valve several times over.
Valves of this kind are distinguished as grédiron valves,
and there is an example in the expansion valve of the marine
engine, to which the former valve belongs. Steam is admitted by
the pipe s into a small chamber with a grating at the base, which
is, in fact, the valve and its seat. There are eight rectangular
openings for the passage of steam in the bottom of the chamber,
and attached to the rod above is a plate or grating having eight
corresponding rectangular slots cut in it. Supposing the valve to
be so placed as just to cover all the openings, it is obvious that a
motion of 4 inch would cause each of the eight valves to open
by 4 inch, or would give the same result as with a single valve
Lz
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moving through 8 half-inches. In other words, the area opened is
multiplied without any increase of linear motion.

The reason for the peculiar form of the slide-valve of the
engine, shown in fig 71, will now be understood. The outside
shell of the valve forms an ordinary D slide-valve, but the two
inner pieces, a, 8, are passages through which the steam circulates.
There is, therefore, a pair of steam ports communicating with the
top of the cylinder, and another communicating with the bottom
of it, and the length of stroke of the valve is halved with the same
effective opening. This result may be of great value in powerful
screw-propeller engines.

THE ECCENTRIC CIRCLE.

98. Before proceeding further it will be convenient to explain
the use of an eccentric circle in actuating the slide valve of an
engine. For this purpose we refer back to Art. 73, where the
contrivance of the crank and connecting rod has been discussed ;
and, beginning with the conversion of circular into reciprocating
motion in its simplest form, it will be remembered that if the con-
necting rod could be prolonged until it became infinite the line P Q
would always remain parallel to itself, and the travel of the point Q
would be represented by the equation pQ = @ (1—cos. 6).

A cank with a connecting rod of infinite length is an
imaginary creation, but there are simple combinations which will
give the motion, and which have been commonly used.

1. Let a pin P, fixed in the face of a circular plate whose
centre is ¢, move in a horizontal groove Rs attached to a vertical
rod passing between guides, as shown.

It has been proved that this motion causes a reciprocation in
the point B, which is that of a crank with an infinite link.

2. Let a circular plate centred at c rotate in a vertical plane
under a horizontal bar R s which is attached to a vertical bar b,
constrained by guides and pointing towards c, as in the previous
case.

Taking P, the centre of the plate, draw P B parallel to cp, then
the point of contact of RS and the plate remains in a vertical
line through P during the motion. But the point P describes a
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circle round c, and therefore c Pis in effect a crank of fixed length ;
alsn since P B remains parallel to itself, the motion is the same as

F1c. 73.

if the connecting rod between p and the piece moved by it were
infinite. Thus the motion is that of a crank with an infinite link.

3. A new form, of the greatest possible utility, and giving the
motion of a crank and connecting rod of any length within certain
limits, is deducible at once from that last examined.

Conceive that the bar R s is wrapped round the plate so as to
encircle one-half of it, and let the end B of the rod BD be con-
strained to move in a line pointing to c. As the circle revolves
the crank c P remains constant, and the connecting rod is now p B,
which may be extended at pleasure beyond the limits of the
circular plate. The combination is a mechanical equivalent for
the crank and connecting rod.

The form usually adopted in practice is derived from the
arrangement just described. A circular plate is completely en-
circled by a hoop to which a bar (always pointing to the centre of
the plate) is attached, the object of the complete hoop being to
cause a reciprocation of B in both directions. If there were only
a half-hoop, as in our sketch, the eccentric circle would drive B
upwards, but it would not necessarily return, and might require the
force of a spring or the action of a weight to assist in completing
the double oscillation.

As before, the throw of the eccentric is the same as that of the
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crank, viz.,, a space equal to the diameter of the circle whose
radius is c P.

99. Having thus explained the principle of construction
adopted in the eccentric, it remains to give a sketch showing the
contrivance as made and applied in an
engine. Usually the eccentric occupies
so much space in a drawing that it is
difficult to find an example suitable for
insertion in the smali page of this book.
The annexed diagram, however, may
suffice, the eccentric rod being very
short, as in a small oscillating engine,
from which the sketch is taken.

The circle ¢ represents a section ot
the crank shaft, c being its centre.
Upon the crank are fitted two circular
half-pulleys of cast iron, which are bolted
together, and have a centre at p. Two
half-hoops of brass, tinted in the sketch,
and united together by bolts and double
nuts at E and H, carry the eccentric bar,
which actuates a pin at B connected
with the valve lever. The engine being
designed for a river boat, and therefore
requiring to be reversed at pleasure,
there is a strap @ 4, to prevent the ec-
centric rod from falling away from the pin while the valve is being
moved by hand. Also, in this case, the eccentric pulley rides
loose upon the shaft within certain limits defined by stops, and
there is consequently a disc b, forming a counterbalance to the
weight of the pulley, which prevents it from falling out of position
during the disengagement of the pin at B. It should be noted that
P, the centre of the pulley, may be brought as near as we please
to the centre of the shaft, and that the throw of the eccentric may
be reduced accordingly ; but that we are limited in the other direc-
tion, for the shaft must be kept within the boundary of the plate,
and the plate itself must not be inconveniently large—considera-
tions which are sufficient to prevent any great increase in c P.

Fi1G. 74.
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DIRECT-ACTING ENGINE.

100. The general arrangement of a direct-acting engine in its
sxmplest form may be made clear by the lecture diagram, ﬁg 754
which is taken from Dr. Anderson’s :
collection, as published for the
Science and Art Department, and
represents a small vertical engine
driving some light machinery.

The steam cylinder is marked ¢,
and H is the slide case, the piston
rod being connected with the crank
pin by the connecting rod Pr. The
slide valve is worked by an eccentric,
shown at E, and the eccentric rod
attached to the valve spindle is
marked E D.

It is apparent that the use of a
crank in the position shown in the
drawing entails the division of the
shaft A B,in order to leave an empty
space which the connecting rod may
sweep over. This necessarily hap-
pens unless the crank is at one end
of the shaft ; and the great value of
the eccentric arises from the circum-
stance that it enables us to derive
the motion which would be given by
a crank and connecting rod from any part of the shaft, whether at
the end or not, without forging a crank upon it or subdividing it.
The main object of the sketch is to make this matter clear, and to
show the conversion of the reciprocating motion of the piston into
the rotation of the shafting in the first instance ; and further the
re-conversion of that circular motion, so set up, into the reciproca-
tion of the slide valve. We shall presently refer to the construction
of the ends of a connecting rod and the mode of fitting the brasses.
As to the cranks, it is enough to say that they are frequently forged
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in one solid mass upon the shaft, and are shaped afterwards by the
machinery of the workshop. Where the crank shaft is of great
gize, as in some marine engines, a special machine tool is adapted
for turning the crank pin while the shaft itself is at rest.

VALVES LIFTED BY CAMS.

ro1. It often happens that the steam and exhaust valves of an
engine are lifted directly by cams. The term ¢ cam’ is applied to
a curved plate or groove which communicates motion to another
piece by the action of its curved edge.

In general mechanism the particular curve which determines
the nature of the movement communicated has every possible
variety of form according to circumstances, but in the application
of a cam-plate to the actuation of a valve all that is required is to
lift the valve rapidly, then hold it raised for a certain proportion
of the stroke and allow it to come down again upon its seat. Itis
apparent that in a simple movement of this kind, where one end
of a lever is to be raised, held up, and allowed to drop, it will
suffice to surround the shaft by a plate or cylinder having a
circular portion ¢/, on which the end of the valve lever rests when

B the valve is closed, and a raised portion, 4 B,

~' p also circular, upon which the valve lever runs

/ ( when the valve is to be opened, and which
holds it open until the end of the lever runs

down a slope and comes upon the lower circuiar

" portion corresponding to ¢f. For some pur-
poses, as where steam is to be worked expan-

FIG. 76. sively, the raised portions are of different lengths,

as AB, AC, AD, arranged in successive steps,
one behind the other, whereby the valve may be held open for
different periods.

Also it is manifest that the cam may be on the face of the
plate, instead of being part of its edge, and that in effect two
portions of flat plates rotating about a common axis perpendicular
to each, and raised one above the other, with a sloping surface
connecting them, would be a mechanical equivalent for the cam
described. Such a cam-plate was used by Sir W. Fairbairn,
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THE LAP OF A VALVE.

To2. A peculiarity in the construction of the valve described
In Art. 93 could hardly escape notice, even if it were passed by
without comment. Referring to fig. 66, it is seen that the arch
of the valve exactly bridges over the interval between the inner
edges of the steam ports A and B, but that the faces of the valve
considerably overlap the ports on the outside edges. The valve
is placed symmetrically with regard to the ports, and is therefore
in the middle of its stroke.

In the annexed diagram there are three vertical lines intersect-
ing a horizontal dotted line at the points o, N, and . The space
o N denotes the extent to which the face of the valve overlaps the
port A, and is technically distinguished as the ‘/zp’ of the valve.
The space ND indicates the extent to which the port a is opened
for steam, and is often less than the whole breadth of the opening,
the reason being that the same passage serves both for the entrance

—— ‘;/X:Lwc i
=) e o= @m

FiG. 77.
and exit of the steam, and that a larger opening is required for the
rapid passage of steam into the condenser than for its admission
into the cylinder.

The circle on the right hand may be taken to represent the
path of the centre of the eccentric pulley which actuates the slide-
valve. The diameter HD is the whole travel of the valve, and p
is the point which the centre of the pulley occupies when the
piston is at the end of the stroke. Draw PN R perpendicular to
H p, and we have (neglecting obliquity of eccentric rod)

ON = lap of valve,

ND = opening of steam port.
Since 0 H represents the direction of the crank of the engine when
the stroke is commencing, the first thing we observe is, that the
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centre of the eccentric pulley has been set back through an angle
EO P, such that 0 N = lap of valve, and that if there were no lap
the line o P would be at right angles to o 5.

The importance of putting lap upon a slide-valve will be better
understood by noting what would happen without it. If there
were no lap the opening for steam would be represented by o b,
and the result would be that the steam port could only be perfectly
closed at the precise instant when the valve was in the middle of
its stroke, at which time it would be moving most rapidly. It is
apparent that a valve of this kind is unsuitable for an engine, the
better plan being that the steam should be compressed or cushioned
on one side of the piston, so as to assist in bringing it to rest,
and that the driving pressure on the opposite side should be
relieved by opening a passage to the exhaust or releasing the
steam, as it is termed, just before the stroke terminates. This
precaution prevents the violent jerk and strain which would come
upon the crank-pin if the piston were thrown with full force upon
the crank at the dead points.

103. The value of an indicator diagram in interpreting the

\?EGIMS.
RELEASE.
COMPRESSION
%_//

a b

=N

.

F1c. %8.

action of a slide-valve should now be made clear. The drawing
will give an idea of the activn of a model belonging to the School
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of Mines, and intended to illustrate the relative motion of the slide-
valve and piston in a direct-acting engine.

The moving parts are attached to a board carrying a sheet of
paper on which the circles described by the crank-pin and centre
of the eccentric are marked. Below this is a space for tracing
the indicator diagram. The crank and connecting rod which
actuate the piston are at the back of the board, but an index arm,
0 H, is placed in front and moves with the crank, thereby trans-
ferring its apparent motion to the part where it can be seen. The
eccentricis represented by an actual crank, oz, whose extreme end
describes the smaller circle, and the rod p L carries on the motion
to the valve. The point p can be shifted along the arm o,
thereby varying the amount of travel of slide, and the length
of the rod AL can also be adjusted. In this way the effect pro-
duced by any deviation from the proper length of the eccentric
rod can be studied.

We are at present in a position to trace out the diagram as
given by an indicator. The crank being horizontal, with the
piston at the end of its stroke, the first thing to be done is to
place the valve in the correct position for admitting steam by
setting back 0p until the lap is allowed for. The valve then
opens ; and if the pressure of the steam is sufficiently maintained,
the indicator pencil will trace the horizontal line ¢4  When
the crank gets to the end of the first dotted line, A is closed, so
that expansion begins, the pressure falls, and we have the curve
bc. At the point marked ‘release’ the valve is moved so far to
the left as to open a passage from A to ¢, and the reease, as it is
termed, begins. The pressure falls from ¢ to /; and continues
very low till the point marked ¢compression,” when B is closed,
and the steam in the corresponding end of the cylinder is cushioned
so as to increase its pressure, the pencil rising from m to o
when the double stroke has been completed.

104. The effect of putting lap upon a slide is thus to produce
a fixed amount of expansive working, and it is easy to calcu.
late the amount of lap which should be assigned in order that
the steam may be cut off at any part of the stroke.

Let the larger circle represent the motion of the crank-pin in
a direct-acting engine, and let the smaller circle be the path of
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the centre of the eccentric. When the crank is in the position
o H, and centre of the eccentric at p, steam is just beginning
to enter the cylinder. Draw
2 nr perpendicular to o4, then
P » must be the centre of the
eccentric when the steam is
shut off, at which time let op
be the position of the crank of
the engine. Draw PN perpen-
dicular to o p.
LetoPN=gqa,pod=dor=6.

Then angle H0p = angle Po7,
s 180°—0=0 4+ 9o° —a,

or 0=45°+§,

Fic. 79.

- = °— oy M= o_%
S HOp=180 (45+2) 135 >

whence the position of 0 can be calculated.
Ex. Let the steam be cut off at § of the stroke from the ex-
treme end.

I
Then ND=-HD =

Ior

6 3

D—ON I

or 9—-——-:.,

oP 3
. : 2
or 1—Ssin a=z, JeSlna = —,
3 3

Referring to a table of natural sines, we find that

Sin 41° 48’ = 66653
.. a = 41° 48’ approximately
SLHOp=135°—20° 54’ = 114° 6.

on .
But == = cos HO p = sin 24° 6’
Y, V4 40,

and sin 24° 6’ = 4083 by the tables,
». 07 =408 X 0p = ‘204 x travel of slide.

In like manner the amounts of lap in order to cut off at dis-
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tances of 4, 4, # of the stroke from the end thereof are ‘289, *250,
*177 of the travel of valve,

105. An inspection of fig. 78 shows that the four principal
points in the valve motion are (1) the admission of steam, (2) the
cut-off, (3) the release or opening to the exhaust, (4) the compres-
sion or cushioning of steam behind the piston.

We have shown how to arrange for expansive working, and it
remains to consider the causes which determine the periods of
compression and release.

Just as expansion begins when the outside edge of the valve
face comes upon the outer edge of the port A, so compression
begins when the inside edge of the arch of the valve comes upon
the inner edge of the port a, and it is easy to draw a figure and
repeat the calculation for the compression.

When the point of compression is determined it is only ne-
cessary to cross over in a diameter of the circle to the opposite
circumference, and the point of release is obtained, which is as far
from D as the point of compression is from #. Thusa first general
idea of the motion is arrived at.

106. Before going further two points may be noticed :—

1. A single indicator diagram does not give an accurate
measure of the work done, for the line @ 4cf records the steam
pressure at one end of the cylinder, and the line f7 & records the
amount of condensation and compression at the same end, but
does not combine the steam pressure above the piston with the
vacuum pressure below it, or conversely. In order tn effect this
object, which is what is really wanted, two diagrams are required,
which should be taken consecutively (usually on the same piece of
paper) at the top and bottom of the cylinder. An inspection and
measurement of the pair of cards will give a complete opportunity
of estimating the work done. It is common, however, to regard a
single diagram as indicating sufficiently the general character of
the performance of the engine.

2. The measurement of pressures is made from the atmospheric
line, taken before steam is admitted into the cylinder of the in-
dicator, and not from the zero line of pressures, as in the case of
the theoretical diagram. This is simply a matter of convenience
as it is perfectly evident that if the point m, for example, is at a
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perpendicular depth below the atmospheric line which would give
a reading of 11 Ibs. on the indicator spring, that informs us that
the zero line is 14'7—11 below the point », and that the back
pressure is 3°7 Ibs.; and it is, in fact, easier to look only to the
number 11, and not to go through a process of subtraction, in order
to arrive at the same result. Of course, in any case, subtraction
will be necessary when two bounding lines of the curve pass along
upon the same side of the atmospheric line.
The average pressure of the atmosphere is taken to be :

147 . . . . . Ibs. per sq. inch.
21164 . . . . . lIbs. ,, sq. foot.
29'922 . . . . . inches of mercury.

THE LEAD OF A VALVE.

107. In a previous article we have spoken of the indicator
pencil as being carried up to the highest point of steam pressure
simply by compression, but it is obvious that such a movement
would seldom occur in practice unless assisted from without.

Accordingly, it is the rule to open the steam port, so as to
admit fresh steam into the space where the cushioning is going on,
just before the piston comes to the end of the cylinder. In such
a case the valve is said to anticipate or /ead the motion of the
piston ; and the ‘lead of a valve’ may be defined as the width of
opening of the steam port when the piston is at the end of its
stroke.

By giving lead to a valve a strong pressure is brought against
the piston just as it is reaching the end of its motion in one
direction, and the strain upon the crank-pin is correspondingly
relieved. The more rapid the motion of the piston the greater
the necessity for giving lead, and accordingly we find that the
lead in a locomotive engine is very considerable. Thus Mr.
Clark, in his book on locomotives, gives 44 inches as the travel
of a Stephenson’s slide-valve, the oufside lead being % inch.

The lead of which mention has been made is outside lead ;
that is, it relates to the admission of steam; but of course lead
can be given on the exhaust side of the valve, and in that case it
would be called inside lead. In the case of Stephenson’s valve
the inside lead amounts to 1% inches,
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DIAGRAM OF WORK DONE IN ROTATING THE CRANK.

108. The indicator gives a measure of the mean effective
pressure on the piston during a stroke ; and, supposing that pressure
to be known, there yet remains the problem of investigating its
transmission to the crank shaft. It is common to set out a diagram
of work done in rotating the crank shaft, and to trace thereby the
fluctuations of driving pressure as due to the position of the crank
and the obliquity of the connecting rod. Such a diagram may be
viewed under different conditions. First, the pressure on the
piston may be taken as constant ; that is, as having its mean value
throughout a stroke, in which case the diagram of work done upon
the crank is symmetrical, or nearly so. But, secondly, there is
another way of looking at the questicn which is more ccmplete
and accurate, and that is, to trace the outline of the diagram of
work on the supposition that the actual pressure of the steam on
the piston is transmitted at each point of the diagram. Thissecond
method involves accurate drawing and measurement, and the
student can easily set out such a diagram after comprehending the
principle on which it is constructed.

To begin with an old proposition in applied mcchanics which
may be solved analytically as an exercise.

109. ProP.—To find the work done upon the crank in a
direct-acting engine, friction being neglected.

Here a force p, which we assume to be constant, pulls the end
D of the connecting rod D B, and turns the crank ¢B. Except at
the dead points the line p B is inclined to D p, and it may be said
that there is a force Q pulling against P in the line o B. This force

Fi1c. 8o.

produces a reaction R perpendicular to one of the guides (friction
being neglected), and R itself may be resolved into components,
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one in BD, and the other perpendicular to it, whereof the former
acts against Q. Hence, if BDc = ¢, BCD = 6, we have
Q= Pcos ¢ + Rsin ¢,
also Psin ¢ = R COS ¢,
. sin % } P
S Q=P = —.
° {cos ¢+ cos ¢ cos ¢
This result may be obtained more easily, but with less appre-
ciation of the precise action which takes place, by resolving Q in
directions parallel and perpendicular to b R , when

QCos ¢ =P,

orQ=——.
cos ¢

Let ¢cB = a, D B = 4, then moment of force to turn the crank

— Pasin (6+9)

cos ¢
« work done while c B moves through an angle 26

=PaSin(0+¢)d6
cos ¢ ’

whole work = Pa/' sin (0 + ¢) 49,

cos ¢

= pa/(sino + cos6.tan ¢) d 6,

Butsin«p:g.sinﬂ S oS ¢ = \/I—g-:—sin’o,

a .
= sin 0 cos 0

.*. whole work = Pa/ sin6+ _% 40,
a2 . 4
I = ﬁ sin 20

b 7,
=ra(-coso—; 1—%,sm’0)+c,

=P X 24,
the integral being taken between the limits § = 0, § = m.

_ Ttis well known that this result might have been arrived at
directly, and without any calculation, as an application of the
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principle of work. For, adopting the notation of the previous
proportion, P x 2« is the work done upon the piston in one
stroke, and P x 24 is also the work done upon the crank-
pin in half a revolution from one dead point to the other. It
may, indeed, be said that no amount of symbolical reasoning can
establish the proposition more conclusively than the simple state-
ment that it follows as a deduction from the principle of work.

110. The diagram of work done in rotating the crank, in the
case where friction is entirely left out of consideration, may be set
out as follows :—

1. Let the obliquity of the connecting rod B D be neglected,
or let B D be supposed to remain always parallel to D c.

Then ¢ = o, .. cos ¢ = 1,and Q=P.

In order to construct the diagram of work take a line equal in
length to the semicircumference of the circle A ¢ E and divide
itinto ten equal parts. Erect perpendiculars at the respective
points of division such that each in its turn represents the
resolved part of P in a direction at right angles to ¢ B, and mark
off the numbers against these perpendiculars.

For example, when B has described {; of the semicircumference,
P sin O = P sin 18°% and the remaining values of 6 are 36°, 54°,
let ca = 1, and P = 100, and let B describe vy,

v - . . of the semicircumference. Then o'
P sin 18° = 100X ‘3090 = 30°90, 30’90
P sin 36° = 100 X ‘5878 = 5878, and so on. ;8

In the diagram the numerical values of these
magnitudes are assigned, and the curve, passing
through their extremities, encloses an area which is
the diagram of work done upon the crank in a e
semi-revolution. 95°11

According to the proposition in Art. 109, the g.g
area of this diagram should be P x 2ca or 200.

8o'g0

95'!1

878
Now, the mean value of the ten perpendiculars, $ .7
beginning at o and ending at 30'co, is 3%
6 8 o‘o

3! 3 or 63'138. FiG. 81.

Hence work done = 63132 X 3'1416 = 108'354, which
M
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approaches very closely to zoo, and would be exactly 200 if
arithmetical computation were capable of being extended to sub-
divisions as minute as those allowed for by theory.

2. Let the obliquity of the connecting rod be taken into
account, and let c B = @, BD = 4, as before.

We here refer to Art. 73, Cor. 4, where it is proved that

dx=asin 040 + ¢S99 4o
cos ¢

Hencerdx =P x asin 640 + f-t;a.;n%? (a sin 6 40),

. — : ‘Ptan ¢ .
~Srdx afps1n0d6+a./ —nd sin 646,

orworkdone =P X 2¢a + 0o=pP X 2a.

This mode of setting out the analysis shows that the diagram

of work given, on the supposition that p remains always parallel to
o' itself, is subject to correction when the inequality
3580 of motion caused by the connecting rod is taken
into account. But the correction becomes zero in

6 |
::.; every case, for the area of the diagr?m of work is
\\ certainly P x 2 &, so long as P remains constant.
Too'e7 \ The suppositions made previously are retained
100° in this example ; thatis, 2 = 1, 4 = 6, P is con-

stant, and friction is neglected. The respec-
tive perpendiculars are varied as marked ; thus
30°go is changed to 3580, and so on, the com-
P sin (0 + ¢)
cos ¢

90'15
72°90
50'80

ponent of P being ,instead of Psin 6,

as heretofore. But the variation is not large under

Fie. 82, ordinary circumstances, and the two curves are
contrasted by the superposition of the dotted line wbich bounds
the area on the first hypothesis.

Also the mean of the ten values,

o, 35'80, 6676 . . . . 26, is 63°138, as before.

There yet remains the actual case occurring in practice where
P varies at each point of the stroke, as recorded by an indicator
diagram, and the effect is to slice or hollow out a large portion of

oo
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the symmetrical diagram from the point where expansion begins ;
and this can be done, if desired, without difficulty.

111. Connected with this subject, and forming part of it, is the
estimation both of the tangential pressure upon the crank and of
the thrust upon the axis of the crank shaft, friction and the inertia
of the moving parts being disregarded.

Since the force Q, or col; 5 acting along the connecting rod can

be resolved at once into its components,
pcos (8 + ¢)
cos ¢

p sin (0 + ¢) .
and —cosp perpendicular to c B,

along c B,

we can infer the pull or push along ¢ B at any instant of the stroke
as well as the pressure acting perpendicularly to ¢ B and tending
to produce rotation. The diagram of work sets out the latter
pressures, and a corresponding diagram may be constructed for
the pressures in ¢ B without difficulty.

ESTIMATE OF WORK DONE WHEN STEAM IS EXPANDED
IN THE CYLINDER.

112. Having discussed the general character of an indicator
diagram, as taken from a double-acting condensing engine, the
next step is to estimate the area of the enclosed space.

In the case of a theoretical diagram, where the curve of ex-
pansion is that given by Watt, the true area can only be ascertained
by a mathematical process. The calculation is now given, and
those who are unable to follow it may take the result as
established.

To find the work done in each stroke of an engine where the
steam is supposed to expand according to Boyle's law :

Let cH represent the steam cylinder of an engine, P R being
its piston.

Also, let cD =/, CE=ga, or the space described by the
piston before the steam is cut off.

CP = X, A = area of piston, p = pressure of steam,
M2
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Then work done through cE=4pa.
Also pressure of steam on piston at P = ‘%{1’

.. work done through space dx = ﬁi_adx.
Whole work = Apaf %xfrom x=a,tox=/
l
=apalog. 2

.. Whole work in one stroke = A;ﬁa{ 1 + log. é} .. (y
This is the theoretical expression for the work done by the
steam on one side of the piston, and no account is taken of the
back pressure from uncondensed vapour on the
other side. In practice the mean back pressure
should be subtracted from the mean forward

Ef pressure, viz., 21‘3 (1 + log. é ), and the result
A will be the mean effective pressure during one
P R
stroke.
Cor. 1. To find the horse-power, or the work
D g done on the supposition that 33,000 foot-pounds
FiG. 83. per minute is the unit of work, we multiply ex-

pression (1) by the number of strokes (say #) per minute, and
divide by 33,000. Thus,

4
Apna q1 + log 7
33,000
It is a common thing to ascertain the mean pressure of the
steam per stroke by measurement, much as Watt found it, and in
such a case :—

Horse-power =

Area of piston in sq. inches x mean press, x n/
33,000

Cor. 2. If ili = E, or the steam be expanded E times, we have

Horse-power =

work done = 5{—1{ 1 + log. n}
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Cor. 3. In practice there is a vacant space between the
cylinder cover and piston at the beginning of the stroke, and aiso
there is a definite space occupied by the passages leading to the
valve ; taking the whole content so regarded as equivalent to the
volume cut off from the cylinder by a plane parallel to its base,
and at a distance ¢ from it, we have

then work done=Apa+Ap(a+£)/‘i_x

_ I4¢
=Ap {a + (@ + ¢) log. y +£}
the limits being / + ¢, and @ + ¢, instead of / and a.

In applying these formula it must be noted that the symbol
‘log.’ represents the Napierian logarithm, and not the logarithm
to base 10. The two kinds of logarithms are connected by the
equations

Log. 7 to base 10 = 434294819 x Nap. log. 7,
Or, Nap. log. # = 2°3025851 x log. 7 to base 10.
The following results for Napierian logarithms are useful :—
Log. 8 = 2'0794415
Log. 9 = 2'1972246
Log. 10 = 23025851

Log. 5= 16094379
Log. 6 = 17917595
Log. 7 =r1'9459101

113. It will be instructive to recur to the theoretical diagram
set out in Art. 19, and to find its area according to Watt’s method,
as well as by theory.

Divide the stroke of the piston into twenty equal parts, and
conceive that the steam pressure remains constant throughout each
division, having (1) its value at the end of each respective division,
and (2) its value at the commencement thereof. Then multiply
each assumed value of the steam pressure into the distance between
two consecutive divisions, and we shall obtain a series of rectangles
representing work done, and lying within the curved line on one
hypothesis, but overlapping it on the other. Let these be dis-
tinguished as inside and outside rectangles respectively. The
pressures up to 5 are all equal, and each interval is unity, whence
the pressures are as follows :—

Log. 2 = 6931472
Log. 3 = 10986123
Log. 4 = 1°3862944
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Press.at 1 . =1 Press. at 11 = & = *4545
s 2 =71 ’ 12 = 5 = *4167
” 3 =1 n 13 =% = '3846
» 4 =r ”» 14 = = '357!
” 5. . =TI i) 15 = 5 = ‘3333
”» 6= § = '8333 » 16 = 5 = ‘3125
” 7= 4% = 7143 » 17 =y = 2941
» 8= § = ‘625 » 18 = & = 2778
” 9= § = 5556 ) 19 = 5 = ‘2632
» o=, = '3 » 20 = fy = "25

Hence area with inside rectangles = 11'572 . . (1)
Also sum of pressures from 6 to 19 = 6.322.
.. area with outside rectangles = 12:322 . . (2)

But the true value of the area is, by the formula, 5+ 5 %g. 4.
And log. 4 =1"3862944 .. 5 log. 4= 69313
whence true value of area =11°9315 . . (3)
The mean pressure of the steam in each case is deduced by
dividing these respective areas by zo.
Hence on 1st supposition, mean press. of steam = *5786.
» 2nd ” " = '6161.
9 3rd » » = ‘5905.
Thus Watt’s estimate, the little inaccuracies in Art. 19 havirg
been corrected, gives 5786 as the mean value of the steam pres-
sure, while the theoretical true value is *5965. This shows what
may be done by taking pains and subdividing sufficiently, so as
to estimate by small rectangles. Watt’s method is commonly
tollowed in practice, as it is very simple and easily carried out.
Further, we remark that the difference of pressure between any
two consecutive divisions continually diminishes. This factis pre-
sented to the eye by the form of the curve, which continually tends
to become more nearly parallel to the line of volumes.
The differences between the pressures at 5 and 6,and 6 and 7,
and so on through the series, are :—

*1667, *119, ‘089, ‘0694, ‘0556, ‘0455, ‘0378, ‘0321
‘0275, ‘0238, *0208, ‘0184, ‘0163, ‘0146, ‘0132,
Whereof the last difference is about 3y of the first.
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INDICATOR DIAGRAM OF ATMOSPHERIC ENGINE,

114. We pass on to discuss the performance of an engine by
teference to an indicator diagram taken from it, and shall com-
mence with an atmospheric engine. The card is taken from the
collection of steam diagrams.

A scale of pressures, showing the strength of the spring of the
instrument, should always be marked or recorded on the diagram,
and is here noted on the vertical line at the left hand of the
sketch.

Also we require to know the diameter of the cylinder, the
length of stroke, and the number of strokes made per minute,
The product of the number of square inches in the area of the
piston and the length of stroke, when divided by 33,000, forms
what may be called the piston constant for the engine, and the
horse-power is then obtained by multiplying the piston constant
by the mean pressure of the steam and the number of strokes per
minute.
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In the present example the steam pressure never rises above
o, which here marks the atmospheric line, and, as before, horizontal
lines represent volumes occupied by steam in the cylinder, or
otherwise the amount of travel of the piston, for one measure is
identical with the other. The diagram is intersected by ten vertical
lines at equal distances, dividing the length of stroke into ten
equal parts, and the first thing to be done is to determine the
mean pressure of the steam in each of these divisions. An
estimate of this kind is to some extent uncertain, and the results
are marked on the diagram, in order that the student may verify
the conclusions for himself. In domng so he should remember
that the outlines of the curves cannot be copied with any great
accuracy, and that some corrections may appear desirable.
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Referring to the diagram, the action of the steam is quite
intelligible. The pressure is maintained during the upward stroke,
but there is a loss at the commencement due to the injection
water which remains in the cylinder. On the downward stroke the
condensation is imperfect at first, but improves afterwards, and the
pressure of vapour in the cylinder never falls quite solow as 5 Ibs.,
which would be called 10 lbs. vacuum according to the usual mode
of estimating it.

Adopting the numbers as printed and adding them together,
we find that their sum is 73'5, which, when divided by 10, gives
7°35 as the mean effective working pressure on the piston in pounds
per sq. inch during a stroke.

The dimensions of the engine and the rate at which the piston
moves are now to be taken into account. In our example the
diameter of the cylinder is 72 inches, the length of the stroke is
8 feet, and the number of strokes per minute is 10 ; hence

Area of piston = 40715 sq. inches.

Travel of piston per minute = 8 x 10 feet.

7°35 X 4071'5 X 8 x 10

Indicated horse-power =
33,000

=725

INDICATOR DIAGRAM OF SINGLE-ACTING ENGINE.,

115. In the single-acting engine two diagrams must be taken,
one from the top and the other from the bottom of the cylinder.
These diagrams are quite unlike in form, for the action during the
down stroke is not repeated during the up stroke, as in a double-
acting engine, and our first task will be to comprehend the reasons
of the particular conformation observed. For this purpose re-
ference is made to a diagram taken from a Cornish pumping
engine, having a cylinder 70 inches in diameter, and making 4
strokes per minute, undera mean pressure of 151 lbs. per sq. inch.
The figure is reduced from one on a larger scale, so that the
indicator spring would extend one inch on the reduced diagram
for a steam pressure of 4o lbs. per sq. inch.

One card is taken from the top and the other from the bottom
of the cylinder, and each must be interpreted in its turn.
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As far as the upper card is concerned that figure indicates the
admission and cut-off of steam, together with the opening of the
equilibrium valve, which corresponds to imperfect condensation in
our normal diagram. The lower card has reference to the state of
things below the piston, where the equilibrium and exhaust valves
are opened consecutively.
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Beginning at the point A, with the piston at rest at the top of
the cylinder, we note that the pressure rises until the down stroke
commences when the steam line B c D is traced out. The portion
B C is horizontal, and the cut off takes place at c. It is common
for the steam line Bc to drop considerably before the cut off
begins, especially in large engines. The line D E indicates that
the equilibrium valve is opened, and that the steam pressure has
fallen somewhat during the circulation which takes place. At
the point E the equilibrium valve is closed, and compression cr
cushioning begins, just as in a double-acting engine. At the point
A the piston is coming to rest, and there is a drop in the curve,
which is often much more marked than in the present example
and which indicates loss of pressure before the down stroke begins.
Such loss would be due to leakage of the compressed steam round
the circumference of the piston or perhaps to loss of heat.

As to the lower card, the nearly horizontal line & @ shows that
the equilibrium valve is opened. When compression begins at E,
above the piston, expansion will also begin to much less extent
below it, and there will be a slight drop towards the end of 4 a.
Otherwise the lines D E and 4 @ nearly coincide, and would do sc
absolutely, if there were no disturbing causes at work ; but the
diagram shows some difference of pressure at the two ends of
the cylinder when the equilibrium valve is open.
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With regard to work done, the piston is driveu down by the
steam from above it, as opposed to the back pressure of the
exhausted space underneath, and that part of the action is fully
determined by comparison of the lines BcDp and 4z But the
whole work done by the steam in the double stroke is, according
to our principles, obtained by a careful measurement of the areas
of the enclosed figures.

At first sight the student might imagine that the horse-power may
be calculated by simply noting the pressures indicated by the steam
and exhaust lines, the cutting away of any part of the intermediate
area—as by compression, or by want of coincidence of the linesp E
and 4 a—affecting only the up stroke when the weight of the pump
rods is the moving force. But a little consideration will show that
such a notion is erroneous, and that the compression of steam in
the up stroke and the resistance to the motion of the piston due to
inequality of pressure when the equilibrium valve is open must
be deducted from the total efficiency. The steam opposes the
piston in its ascent to some degree, and this gives rise to negative
work, which must be deducted from the positive work accomplished
in the down stroke. In other words, during the down stroke the
steam does the work, and during the up stroke work is done upon
the steam.

It follows, therefore, that the portion of unoccupied space
between the two intermediate horizontal lines is a verlta.ble sub
traction from the efficiency of the agent.

116. We pass on to calculate the horse-power in the case of
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a single-acting pumping engine, having a cylinder 112 inches in
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di?,meter, with a stroke 9'166 feet, and making 7°5 strokes per
minute.

Referring to the diagram where the steam pressures are noted,
and taking each group of numbers in order, there is, above the
atmospheric line, a series amounting in all to §6'5. Below the at-
mo.spheric line the first series amounts to 485, and the second
series gives 39°3.

Hence mean pressure of steam =-; (56°5+48°'5+39°3)=14'43

.~ H.P. = 1443X3'14159%56x56%9'166X 7'5
33,000

= 296°5.
In an example of this kind the answer is very readily obtained
by the use of a table of logarithms.

DOUBLE-ACTING ENGINE.

117. In illustration of the mode of estimating the work done
by a double-acting engine we go back some thirty years to an
example from a powerful oscillating cylinder of a marine engine,
which may give an idea of the performance commonly accepted
before the days of compound cylinder engines with high pressure
and expansion.

The engine was composed of two cylinders, each 8z} inches
in diameter, with a stroke of 6 feet, making 144 revolutions per
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minute. It would be described as a pair of z50’s, meaning that
each cylinder was of 250 H.P.,, according to a nominal scale then
adopted, but now almost, if not quite, obsolete.

The scale is not marked on the diagram, but the student will
infer it approximately from the values of the steam pressures
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above the atmospheric line at the respective divisions, which are
45, 45, 445, 4'35, 43, 4'3, 4'T, 27, 6,

stopping at the ninth division,

The so-called vacuum pressures are estimated as follows :—

88, 108, 11°2, 11°3, 11°3, 114, 11°4, 11°4, 11'5, 1O,
Hence the sum of pressures = 109'1 4+ 338 = 142'9;
mean pressure = 14'29.

It is recorded on the card that the steam was blowing off, and

that the barometer gauge of the condenser stood at 264.

WIRE-DRAWING AND CLEARANCE.

118. Among the causes which deteriorate from the perfection
of an indicator diagram one is that of wire-drawing. This term is
intended to convey the idea that the pressure of the steam is
attenuated by obstacles which impede its passage.

The effect of wire-drawing is to cause a gradual decline or
subsidence of the steam line. Itis commonly seen in the indi-
cator diagram of a large Cornish pumping engine, The cubic
content to be filled by the steam increases so rapidly as the piston
descends that the steam pressure can hardly be maintained.

Again, it will have been noticed that the definite well-marked
angle at the point where the curve of expansion leaves the hori-
zontal line of steam pressure is seldom to be noticed in an actual
diagram, or certainly not in an engine worked by a slide-valve
B and eccentric. In such

'%\\ C a case the valve closes
(L i \ gradually, and the out-
AN line becomes rounded
\\K at the point of cut-off.
"~ "This rounding at the

point where expansion

P‘/ begins is also marked

in diagrams where the

Fic. 88, valves are lifted by

cams, as in the annexed figure, which is taken from an engine by
Fairbairn & Sons, having the following particulars :—

A
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Diameter of cylinder . . . 40 inches.
Length of stroke . . . . 6 feet.
Number of revolutions . . . 25 per minute,

Steam is admitted a little after the crank-pin has passed the
dead centre, and is cut off at 45 of the stroke. The lead of the
exhaust is § inch. The valves are double-beat or balanced valves,
and the exhaust is kept open during the whole stroke, Here,
therefore, there is no compression; and to obviate the sudden
strain on the crank-shaft from admitting steam while the piston is
at the exact end of its stroke, the curve is cut away along the
bounding vertical line, instead of before reaching it, as in the case
of the locomotive engine.

The diagram tells at once what is happening by the little tail
at the point A, Then comes the rise of steam pressure and a
small jump of the pencil at B. There is also, to a small extent,
wire-drawing, as shown by the gradual drop of the steam line
between B and c; and thereis a small rounding at the extreme
end of the upper steam line, showing the lead of the exhaust.

According to a scale of the strength of the indicator spring
the mean effective pressure on the piston is 11°5 lbs., the vacuum
being 13 !bs.

119. Hitherto it has been assumed that the travel of the piston
is exactly equal to the length of the cylinder, but in practice the
piston does not come home to the cylinder cover at the end of a
stroke, and a certain empty space or clearance is left between
their respective surfaces. Also the steam passages leading from
the valve to the cylinder increase this ineffective space, which
must be filled with steam before any work can be done. The
cubic content thus occupied, which causes waste when the steam
is perfectly exhausted, but forms no part of the real working
cylinder, is called the clearance. It may be estimated in terms of
the content of the cylinder by assigning a length thereof (say ¢)
which determines its volume. Thus, let A be the area of the piston,
then A ¢ is the clearance. But for simplicity it is common to call (¢)
the “clearance,’ especially in analytical calculations of work done.

The tendency of compression or cushioning is to eliminate the
waste due to clearance. The steam compressed at the end of the
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stroke behaves like an elastic spring and gives out during ex-
pansion the work expended in compressing it, whereby it obviates,
as far as it will go, the waste of boiler steam.
The effect of clearance on the indicator diagram is to lift the
curve of expansion in some degree.
Thus, let AN be the travel of a piston, 0 A the clearance,
where o is the real zero from which volumes are measured.
Neglecting clearance, we should assume
y that the volume A D expanded accord-
ing to Boyle's law, and on this sup-
position B PR would represent the lines
of pressure, wherebyif AD=DM=MN

Q
=
w

we should have pM= 22 yr="2P
2

But since oD is the true volume of
0 A D M =~ = Steam undergoing expansion, it is
Frc. 8. evident that tne true pressures at M
and N are somewhat greater tham

before, and are in fact represented by p M, 7 N, such that

I .1, 1
vol.oM "vol. oN “vol. oD’

In other words, let vol. AD =V, vol. 0 A =7, and let p be the
pressure at B.

If there be no clearance, pressure at M = 12’

PM:rN:BD::

But with clearance, pressure at M =%

1+ 2
v

]
IS

1+_7j_
2V

. g0
= g { I+ ;; } , heglecting %,.

The amount of clearance which is to be allowed for in prac-
tice may be set out upon an indicator diagram by drawing a
vertical line similar to the dotted line in fig. 97, and regarding it
as a zero line from which volumes are to be measured.
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The indicator diagrams in fig. go are intended to give an
idea of the effect now referred to. They are takep from a blast
engine, having a cylinder 42
inches in diameter, with a stroke
of 8 feet 3 inches, working at 14 '§
strokes per minute. The smaller
diagram, with the less perfect
vacuum line, was taken when
there was an excessive amount of °
clearance, the cut-off valve being
placed in the steam-pipe, whereby |
the steam contained in a side
pipe or steam-chest expanded
after the valve was closed. The
effect of clearance has been to raise the expansion curve in the
manner pointed out in the previous investigation. That such is
the case will be rendered more certain by reference to the second
diagram, which is the card taken when the two valves—viz., the
steam and cut-off valve—were replaced by a single valve lifted by
acam and placed close to the cylinder. The expansion curve
falls at once by reason of the diminution of clearance.

It must be noted that the pressure of the steam is not the
same at the beginning of the stroke in the respective diagrams,
nor is the point of cut-off exactly the same, so that the comparison
is not perfect; but we see that clearance must be allowed for in
estimating the expansion curve of an indicator diagram, and that
otherwise the information given is entirely deceptive. Another
point is, that excessive clearance diminishes the excellence of the
vacuum, by reason that the condensation is less perfect when a
portion of steam is lodged in the passages. This is apparent from
the diagrams, the vacuum having improved from g Ibs. in the first
card to 10°g lbs. in the second, solely from the lessening of the
amount of clearance.

TR, . N—

154
F1e. 9o.

EXPANSIVE WORKING OF STEAM.

120, This example suggests a connection between the subject of
ciearance and that of expansive working as carried out by seperate



176 The Steam Engine.

valves. It will be understood that expansion of steam may be
provided for :—

1. By putting lap on a slide valve, whereby a fixed rate of
expansion is secured.

2. By employing four independent valves lifted by cams, viz.,
two steam and two exhaust valves. Here the expansion can be
regulated without any difficulty, all that is required being to
change the cam-steps for different grades of expansion.

3. By employing a separate expansion valve, placed behind the
ordinary slide valve.

This method will be understood by referring back to fig. 69,
where a double-beat valve, acting as an expansion valve, is shown
in combination with a slide valve. The latter has scarcely any
lap, and contributes nothing to expansive working, its function
being merely to distribute the steam on its way from the slide case
to the exhaust. The double-beat valve would probably be lifted
by a cam, and would regulate the passage towards the slide valve,
being opened or closed at will, and at any desired period of the
stroke. It does all that is required for cutting off the supply cf
steam, but it labours under the defect that it causes a sensible
addition to the amount of clearance which is inherent to the use
of a slide valve. The waste of steam now commences a step
further back, and is reckoned from the valve A BcD, instead of
from the slide valve, It has consequently been a common practice
to retain four valves for distributing the steam in a double-acting
engine, according to the method originally practised by Watt.
Each of these valves may be opened and closed by cams at any
period of the stroke, and they give a power of carrying out expan-
sive working with great facility.

If, on the other hand, a combination of a slide valve with a
separate expansion valve be employed, it is essential that the
latter should be placed as close as possible to the former, or indeed
should form part of it, as in the following instance, which illustrates
an excellent mode of providing expansion, viz., by a dack cut-off
valve.

Such a valve is shown in the drawing, and is marked =. ,

We have here the cylinder, with its steam ports and eduction
ports, as in the repeated examples. Instead of an ordinary D
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slide valve there is a box with steam passages and an arch for
bridging over the interval between the steam and eduction ports.
It is apparent that on lowering both this box and the supplemen-
tary block behind it, marked H, the steam will enter the top of the
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cylinder, and will escape from the bottom of it in the manner pre-
viously described. Whereas on raising the block H no more steam
can enter the upper port, and an effectual cut-off is the result.

The back of the valve as well as the face of it will be plane
surfaces, and, by properly adjusting two eccentrics connected with
the valve and with H respectively, it is possible to provide for a
cut-off at any part of the stroke, and to do so with scarcely any
waste of steam other or greater than that which would occur with
a single D valve.

N
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The effect of expanding in different degrees is marked on the
diagram by way of illustration, and requires no special explana-
tion after the previous remarks, but it is necessary to notice the
stuffing box and gland for keeping the piston rod steam-tight.

This is an improvement upon Watt’s method, which is drawn
in fig. 9, as it appeared in his patent of 1782. The stuffing box,
marked E E, is provided with a brass bush at the bottom of it,
which is bored to fit the piston rod. An empty space is left for
packing, and a gland, o D, with a brass lining, is screwed down, so
as to compress the packing and tighten it round the piston. The
top of the gland is formed into a cup for oil, and this completes
the arrangement.

FURTHER INDICATOR DIAGRAMS.

121, In a diagram taken from a locomotive engine the periods
of expansion, compression, and release are often well marked, as
confirmed by the following example, which exhibits successive

STEAM

EXPe 1

FiG. 92,

stages in the modification of the indicator figure. The engine
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being non-condensing, the atmospheric line is below the whole
enclosed area.

1. Here the diagram is intersected by three vertical lines ut
equal distances, and represents a species of theoretical curve. The
steam line is maintained during the first third of the stroke ; then
come expansion, release, exhaust, and compression in the order
and to the extent marked.

2. This is a tolerable copy of an actual diagram given to the
writer, where the boiler pressure was 128 lbs., the diameter of the
cylinder 17 inches, with a stroke of 2z feet. The train was de-
scribed as consisting of fifteen carriages, and was just starting.
The three periods in question are extremely well defined.

3. Here the three periods are still defined, but the greater
speed of the engine causes them to lose much of their distinctive
character. The boiler pressure is still 128 lbs., but the speed is
28 miles per hour.

4. The boiler pressure is marked at 123 lbs., but the speed of
the piston has quite swept out the characteristics of the steam line.
The train is now running on a level line at 58 miles per hour, and
the principal effect to be seen is the jump of the indicator pencil ;
but, taking the dotted line as an approximate mean, it is appa-
rent that cut-off, expansion, and release are hopelessly blended
together.

122. As an illustration of the necessity of providing in the
design of an engine for effective condensation of steam, we refer to
a simple illustration.

Some thirty years ago, in the iron district of South Stafford-

Fi16. 93.

ghire, an indicator diagram taken from a mill engine of nearly 200
N2
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H.P,, having a cylinder 42 inches in diameter, with a 7 feet stroke,
gave the result shown in fig. 93. The engine took steam at
about 194 lbs. pressure, which was maintained nearly uniform
to the middle of the stroke, falling only to about 17} lbs., and was
then reduced by wire-drawing to 6 Ibs. The average vacuum was
23 Ibs. below the atmospheric line, the lowest point attained being
51lbs. This is made very clear by the outline of the diagram. Of
course such a performance was most defective, and accordingly a
careful examination was made into the construction of the engine,
when it was seen that the steam and eduction valves, as well as the
thoroughfares or passages, were on too small a scale. The con-
denser B D was of insufficient size, and water was admitted into it
by a simple opening, a, without any pipe or rose for throwing out
a divided stream.

The conclusion arrived at was to remodel the valves and steam
thoroughfares as well as the condenser. The engine was worked
by four Cornish valves, so that it was easy to supply others on a

F1c. 94.

larger scale, and accordingly the steam and eduction valves were
enlarged from % inches to 12 inches in diameter, and the pipe
marked E was similarly altered. The condenser was improved by
the addition of a supplemental chamber, c, and an injection pipe
with a rose, P, was introduced. Otherwise the construction of the
engine was undisturbed.

The altered form of the indicator diagram at once shows the
gain of power. The largest portion of the area of work done is
below the atmospheric line, instead of being above it, the vacuum
averaging a very little over 10 lbs,, instead of only 23 Ibs. The
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steam pressure commences at 8 Ibs., and averages 5°4 1bs. through-
out the stroke. It is instructive to note the gain of work under
the new conditions, and we can form a general idea at once from
the increase of effective pressure below the atmospheric line.

In the first case it was found that a mean effective pressure of
19 Ibs. from steam and vacuum combined gave 19o horse-power;
and in the second case there was a gain of 743 lbs. from conden-
sation alone; whence it followed that the actual gain was to
190 H.P. as 7°43 to 19; thatis,

7—;-";—3- x 190 H.P., or 74 H.P.

123. As an additional illustration two indicator diagrams are
appended, which were taken from a direct-acting horizontal engine
at Woolwich. In the one diagram the engine was working much

Fi1G. 08,

in its ordinary manner, and the curve of expansion is well marked ;
but in the other the condenser was leaky; and in order to keep
the machinery in action it was necessary to maintain the steam
pressure nearly to the end of the stroke, the contrast between the
two diagrams being here greater than in the example first com-
mented on.

PROTECTION OF THE CYLINDER.

124. There are three conditions of the steam cylinder in the
working of an engine : (1) it may be entirely unprotected by any
covering ; (z) it may be coated with felt and wood or some non-
conducting material : (3) it may be steam-jacketed, the jacket
itself being covered with a non-conducting material.
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1. It seems clear that the first mode of working is wrong. But

I in arder to impress this view

D upon the student we refer to

07 |a the annexed diagram, which
b shows the expansion curve of
10 steam in an imperfectly pro-

4 tected cylinder, as contrasted
0 with the true theoretical curve
x_\ which would have corre-
7 B c sponded with the weight of
1 L steam found in the cylinder
15 - at the end of the stroke. In
Fic. 96. the diagram A B C represents
the actual expansion curve of the steam,and v c that which should
have been the expansion curve if the walls of the cylinder had de-
tracted nothing from the work done. The steam loses pressure
on its entrance by the chilling of the colder metal, and there is an
‘mmediate drain upon the molecular motion within the cylinder,
on which we rely for the movement of the machinery outside.
The escape of heat, from whatever cause it may arise, is a direct
subtraction from the efficiency of the working substance, and at
the present day it can scarcely be necessary to marshal all the
reasons to be urged against such a practice.

2. The second case is where the cylinder is coated with some
non-conducting material, and here it is essential to remember that
steam cannot expand and do work behind a piston without a fall
in temperature. If the steam enters the cylinder direct from the
boiler, as is commonly the case, it will be saturated, and reduction
of temperature will cause partial condensation.

As the expansion goes on it appears that the temperature of the
steam will fall below that of the surface surrounding it, and towards
the end of the stroke the heated metal will boil off the water de-
posited and send it out as steam into the condenser. By such an
action steam will have passed through the cylinder without doing
work. A cylinder of metal may be covered with a non-conducting
casing, but it remains a large metallic mass, and it is impossible to
reason about it as if it were not alternately heated and cooled
during the working of the engine. It was this alternate heating
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and cooling which Watt strove to eliminate by a separate con-
denser and a steam-jacket. In the last diagram the curve of expan
sion appears to rise more than is usual towards the end of the stroke,
and this indicates, as clearly as if the thing were spoken in words,
that the steam which has been condensed by chilling is evaporated
by the walls of the cylinder towards the close of the stroke.

Adopting a view similar to that now referred to, Mr. Cowper
has pointed out that, with high expansion and a marked difference
in temperature at the beginning and end of the stroke, the cylinder
acts somewhat as a condenser to the entering steam, and as a
boiler just before it escapes. That this is so became apparent
from an experimental trial, where a glass tube closed at one end
was fitted to the non-jacketed cylinder of a high-pressure engine
working expansively. Mr. Cowper found that the steam condensed
in a cloud inside the tube at the beginning of each stroke and re-
evaporated before its conclusion. He then brought a shovel of
hot coals near the tube, and the heat of the fuel effectually pre-
vented condensation, for it acted as a steam-jacket.

The point is, that no covering to the cylinder would raise its
temperature permanently to that of the entering steam, for the heat
deposited on condensation would not remain, but would be carried
away afterwards, during the re-evaporation.

3. The last case is that where the cylinder is covered both at
its ends and sides by a steam-jacket, the external casing being also
protected by a covering of non-conducting material. Under these
circumstances the walls of the
cylinder may be kept nearly as
hot as the entering steam, and the
chilling effect of the metal surface g,
is to a great extent eliminated.
Enough has been stated in the dis- 1
cussion on heat engines to demon-
strate the serious waste of heat
which is inevitable with even the j
best-constructed engines, and it -
is a clear advantage to get the Fic. 97.
greatest possible amount of work
out of the steam just at the precise instant when it is in action.

0
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There is no known material which is insensible to the action of
heat; that is, which cannot be warmed or cooled, and which will
not conduct or radiate heat. Of necessity a cylinder is made of
metal, a material peculiarly sensitive to changes of temperature,
and possessing every quality, except strength, which we should
prefer not to find in it. It would, therefore, appear that the most
reasonable course would be to enclose the cylinder in a hot
envelope, which may serve to maintain its temperature at a high
level and to supply the heat which is otherwise escaping.

Mr. Cowper has brought before the Iron and Steel Institute
several valuable observations on the utility of a steam-jacket,
and he has illustrated his remarks by reference to indicator dia-
grams taken from cylinders with and without steam-jackets. The
card (fig. 97) was from an engine with a steam-jacket over the
ends and sides, and the curve of expansion was nearly that given
by theory. Towards the end of the expansion the true curve
is represented by the dotted line, and it appears that the actual
expansion rises above it, showing that the steam was a little super-
heated by the hot casing. Several diagrams were adduced, which
came pretty much to a repetition of that given above, the point
being that the greater the amount of expansion the greater was
‘the loss of work from the absence of a steam-jacket.

DIAGRAM FROM A CORLISS ENGINE.

125. A form of engine was introduced some thirty years ago by
Mr. Corliss in the United States, and has worked successfully,
although the arrangements for actuating the valves are somewhat

complicated. The only point to
which reference is made is the
form of the indicator diagram, as
taken from engines of this type.
Without attempting to de-
scribe the engine, we may say
K g that it works with two steam and
two exhaust valves.
Fic. ¢8. The steam valves are ex-
tremely rapid in their action ; they are opened, when under the
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control-of springs, like the hammer of a gun, and they move
suddenly into the position of being fully open. They are closed
in like manner and are, as it were, shot round from the position
of being fully opened to that of being fully closed, or conversely.
The valves are cylindrical slides working in the arc of a circle.

It is remarkable that liberating gear for disengaging a valve
which was lifted by the action of a falling weight was introduced
by Watt, and is therefore as old as the condensing engine; but
here the valves are not lifted, but rotated, and they are actuated by
springs, and not by weights.

Another point is that in engines of this class the governor acts
directly on the steam valves, so as to cut off the steam earlier,
instead of actuating a throttle valve, as in Watt’s arrangement.

FURTHER REMARKS ON INDICATOR DIAGRAMS.

126. It is hoped that enough has been said to present a general
view of the application and use of the indicator, and before leaving
this branch of our inquiries it may be useful to append a few
general remarks.

Rankine, in his book on the steam-engine, discusses several
causes which influence the form of the indicator diagram.

1. It appears that the steam pressure undergoes some fall
during the passage from the boiler to the cylinder. The amount
of such fall varies greatly in different engines, but the general
result is, that the highest average indicated steam pressure before
expansion begins is some two or three pounds less than the boiler
pressure.

Among the points to be noticed are (1) the resistance of the
steam pipe through which the steam passes, (2) the resistance of
the regulator or throttle valve, (3) the resistance due to the ports
and steam passages ; and here also the bends or sharp angles as
well as the imperfect coating of the steam pipe must be taken
into account.

Rankine szys that in the present state of our knowledge it is im-
possible to calculate separately the losses of pressure due to these
causes, and if it were possible the resulting formule would be too
complicated to be of much use. An observation of this kind has
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a wide application. It may be pointed out that steam which has
been lowered in pressure by the resistance of passages, or has been
wire-drawn, as we have termed it, is to some extent superkeated by
the friction of its molecules, the tendency of all friction being to
produce heat.

2. There is in practice a rounding of the angle at which the
expansion curve begins in the theoretical diagram. This is called
wire-drawing at cut-gff. It 1s always to be seen where a slide
valve, closing gradually, is employed, and is reduced to a mini-
mum in a well-formed diagram of a Corliss engine. Speaking
generally, it may be said that the steam begins, as it were, to work
expansively a little before the valve is completely closed, or that
the energy exerted is nearly the same as if the valve had closed
instantaneously at a somewhat earlier point of the stroke, which
point may be termed the ¢effective cut-off.” Such a point is easily
obtained by carrying the expansion curve a little higher, and by
prolonging the probable steam line to meet it.

3. There is a rounding of the expansion curve when release
begins before the end of the stroke, and it is recommended that
the point of release should be so adjusted that one-half of the fall
of pressure takes place at the end of the forward stroke, and the
other half at the beginning of the return stroke. Where the release
is small the expansion curve is continued to the end of the dia-
gram, as may be seen in fig. 98, and in such a case the exhaust
line slopes gradually downwards as the piston returns instead of
being nearly horizontal.

4. The general effect of water in the cylinder, from whatever
cause produced, but which we will suppose to be present in some
degree throughout the stroke, is to lower the steam line in the first
portion of the stroke and to raise it in the latter portion. On this
subject it is very easy to propound theories; but the subject-
matter lies so much within the region of experiment that any
theoretical deductions, which are nearly all that we can be said
to have at present, may indeed be interesting, but would perhaps
admit of being classed among conclusions in which nothing is
concluded.’

5. There is also the conduction of heat to or from the walls of
the cylinder, the general effect of which is that in the last case,
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6. Clearance will modify the form of the expansion curve of
stram, by removing backwards through a small space the zero
line of volumes. And, as we have seen, if the steam be completely
exhausted from the cylinder during the return stroke the effect of
clearance is to waste a quantity of steam during the double strokec.
But, inasmuch as it is possible to compress a portion of steam in
the cylinder during the return stroke, the loss above referred to
may be greatly or perhaps whollv eliminated. On this subject
Rankine recommends that the point of compression should be
adjusted in such a manner that the quantity of steam confined or-
cushioned should be just sufficient to fill the clearance with steam
at the initial pressure when the piston comes to rest. In such a
case the work expended in compression is restored again during
expansion, and the steam spring is continually reproduced without
waste.

CONNECTING ROD ENDS.

127. Two principal methods of forming the ends of connect-
ing rods will be apparent from the sketches, which are copied from
the collection of lecture diagrams.

In Fig. 99 we have an elevation and side-view of a con-
necting-rod with a forked end, showing the combination known
as a strap, gib, and cotter. A
pin to which the rod is at-
tached is encircled by brasses
made in two halves, as indi-
cated by the tinted pieces
while the brasses themselves
are bound round by the strap
¢¢, and held together by the
gib, marked &, and the cotter
(sometimes called ‘cutter’)
marked 4. This part of the
contrivance affords a good
illustration of the use of
wedges in combination with a tightening screw. As the brasses
wear the oblique surfaces of @ and & slide upon each other, and

Fi6. 99.
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the thick end of the cotter is continually advanced by the screw,
while the surfaces which abut against the brasses on the one side,
and the connecting-rod on the other, remain parallel, as at first.
The key-way, which is cut through the strap and connecting rod
for the insertion of the gib and cotter, is shown in the side-view,
and spaces are left to allow for the screwing up of & as the bearing
wears. Also the connecting rod is enlarged towards the middle,
as indicated by the broken piece which marks the increase in
size.

128. Another construction for the end of a connecting rod
is simple in its details, and is much used in marine engines, as in
the compound cylinder engine by

Messrs. Maudslay (see fig. 127).
b Here a brass block is divided
a into two parts, and is bored through
L for the reception of two holding
2 u bolts, each screwed at one end.
The connecting rod terminates in a
T-piece marked ¢, the brasses abut
against it, the bolts are passed
through the brasses, and a plate &
affords an abutment to keep every-
F1G. 100. thing in place after the nuts have
been screwed up tight and locked.
A side-view shows that the central portion of the brass is elon-
gated, in order to secure a sufficient amount of bearing surfate,
the advantage of elongated bearings being now well understood.
The blocks may, of course, be hollowed out sufficiently to leave a
layer of patent metal for diminishing the friction, the surface of the
soft metal being scored by channels, so as to admit oil for lubri-
cation. Where great force is transmitted the inside of each brass
is lined with soft metal. Soft metal bearings, as they are termed,
formed the subject of a patent taken out in 1843, No. 9,724. The
specification stated that the inner part of the boxes for the support
of gudgeons or axles was to be lined with a compound metal,
composed of 5o parts of tin, 5 of antimony, and 1 of copper. In
order to prepare the boxes for this composition they were ‘to be
cast with projecting rims or fillets along their interior edges and
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on their ends, within their semicylindrical parts.” The interior of
the boxes and the fillets or rims were then to be cleaned and
tinned in the usual way of performing that operation. A cylindri-
cal core was then inserted, and the alloy was melted and poured
in, so as to form the lining, the object of the rims or fillets being to
keep the lining in its place. The method described in the speci-
fication has been commonly adopted, and indeed the composition
is so soft that it would be squeezed out unless it were retained by
a harder fillet or edge. The device is an example of a means of
counteracting the tendency of rubbing surfaces to set up the
vibratory motion of heat. The soft plastic tin will not accept that
vibration ; and if the surfaces be well oiled the bearing may sup-
port great pressure without becoming heated. Where the force
transmitted is very small, as in watchwork, the bearing surfaces
are made of the hardest possible material ; for example, a steel
pivot works in a ruby collar.

Where a shaft works under water the mechanical conditions
are changed, and in the case of screw-propeller shafts it has been
found that hard wood bearings are superior to all others. In
1854 Mr. Penn took out a patent (No. 2,114) for ¢ an improvement
in the bearings and bushes for the shafts of screws and submerged
propellers.’ According to this invention the bearings were not
continuous metal surfaces, as previously constructed, but were
formed in a series of wooden fillets or ridges made of lignum vitz,
and having water spaces between them, one main object being to
allow the water to pass freely along the channels lying between
the ridges.
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CHAPTER VL

ON BOILERS.

129. THE two forms of boilers principally used for stationary
engines are the Cornish boiler and the Lancashire boiler. The
Cornish boiler stands first in the history of the subject, having
been adopted in Cornwall during the early part of the present
century, and being, in fact, the type from which the Lancashire
boiler has been derived.

The shell of a Cornish boiler is a cylinder with flat ends,
having one internal furnace tube which runs along the whole
length of the boiler. The furnace occupies a portion of the tube,
and the burning fuel is entirely enclosed within the shell. Such a
system is technically known as ¢internal firing,’ and if the furnace
were placed outside the boiler and below the cylindrical shell, as
may often be the case, the boiler would be an externally fired single-
flued boiler, and the term ¢ Cornish > would not be applicable to it.

The Lancashire boiler is said to have been introduced in 1844
by Fairbairn and Hetherington, and is a cylindrical boiler with
flat ends, having two internal tubes instead of one only, each
furnace being enclosed within its respective tube.

Since there is no essential difference between these two forms
of boiler, except in the number of furnace tubes, it may be con-
venient to describe the Lancashire boiler.

The tubes necessarily govern the diameter of the boiler ; they
are usually z feet 9 inches in diameter, and, in order to allow
sufficient space between their sides and the shell, the latter should
be 7 feet in diameter. With tubes 3 feet in diameter the shell
would be increased to 7 feet 6 inches in diameter. The length of
the boiler may, of course, be varied. Short boilers evaporate more



Boilers. 191

rapidly in proportion than long boilers, and suffer less from strain-
ing action. The maximum lergth is 30 feet, and the usual length
for a full-sized boiler is 27 feet.

The construction of a boiler should be regarded from two
points of view: (1) There is the general form and structure
adapted to support the bursting pressure of the steam. (2) There
are considerations arising from the unequal action of the heat of
burning gases, and there are precautions to be taken for diminish-
ing the waste of heat.

CONSIDERATIONS WHICH INFLUENCE THE FORMS OF BOILERS. '

130. The early boilers were designed in simple defiance of all
mechanical principles. This matter has been touched upon in
Chapter ITI., where the opinion of an engineer was quoted, to the
effect that a marine boiler should be adapted to the shape of the
vessel, and that its safety would depend upon the strength of the
metal, and not on its form. Without doubt the safety of a boiler
depends on the strength of the metal, but it is quite wrong to say
that it is independent of the form of the shell, and anyone who
thinks for a moment on the subject will comprehend thata cylin-
drical tube of some kind is the proper vessel wherein to retain a
supply of steam under pressure.

The strongest form of vessel for holding a gas under pressure
is a sphere—that is the natural form for the purpose—as we learn
in blowing a soap-bubble. But no one would recommend a
spherical boiler, there are so many practical reasons against it.

The next best theoretical form is a cylinder, which may be of
any size, and only suffers from weakness at the two ends. Accord-
ingly, when a chemist wishes to operate on gases under enormous
pressure he confines them in tubes; if he is about to expose
water to a temperature which shall cause the whole of it to pass
into steam approaching the density of the liquid, he encloses a
small quantity in a tube. Faraday’s first experiments on the
liquefaction of carbonic acid gas were performed with the aid of
small tubes. Cagniard de Latour found that water enclosed in a
tube became gaseous in a space equal to four times its original
bulk at a temperature of about 773° F. (that of melting zinc).

The practice of an engineer in this question of form has been
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precisely the same as that mentioned above. When steam was
first used at or about the atmospheric pressure the shape of the
boiler somewhat resembled that of a teakettle. Then followed
the waggon boiler of Watt, designed solely for economising heat,
and shown in section side by side in contrast with a cylindrical
boiler having two internal flues. (n the ordinary waggon boiler
the fireplace is underneath the shell, and there is an arched base
for preventing an accumulation of deposit, together with curved
sides for exposing a larger amount of surface in the flues. These
boilers were of considerable size, and the example taken is that of
a 16 H.P. boiler, which would be 11 feet g inches long, and
5 feet in breadth, It would contain 238 cubic feet of water, and

Fi1G. 101.

would have a steam space of 97 cubic feet, the total heating surface
being estimated at 156 square feet. The flues were arranged for
what was termed a ¢ wheel-draught,’ that is to say, the heated gases
passed under the boiler through c, rose up to the flue 4,and came
back along one side in order to pass through the flue B along the
other side, and so to the chimney,

If such a boiler were subjected to internal bursting pressure,
and were capable of altering its form, each of three surfaces, 4, B,
and c, would be bulged outwards, and the type would approach
that of a cylinder. It follows that the peculiar waggon-shaped
section can only be preserved by the employment of a sufficient
number of wrought iron stays or rods passing from surface to
surface, and holding the plates in an immovable position ; and
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further, that the only part of the shell which can assist itself is the
arched top.

A first idea of the Lancashire boiler will be obtained from the
sectional sketch. Here the diameter of the shell is supposed to
be 7 feet; and that of each tube is 2 feet 9 inches. The water
space between the tubes is 5 inches, and that between the tube
and the shell is 4 inches. The water level is about that indicated.
It is common to place intermediate water pipes across the fur-
nace tubes, as shown in the sketch, for the purpose of intercepting
some of the heat of the gases. There are various contrivances
of this kind, called water pipes or water pockets. As to the cir-
culation of the heated gases, that is arranged by flues running
the whole length of the boiler. The hot gases, passing first
along the furnace tubes, dip under the boiler, and return through
a single flue having a breadth equal to the radius of the shell.
Then the gas from the side c rises to B and passes back along
the outside shell, while that from D passes into A and returns in
like manner. The gases meet again at the end of the boiler and
proceed horizontally on their way to the chimney-stack, but
before reaching it they may encounter some form of economiser
or apparatus for heating the feed water, consisting of a group of
wafer pipes placed in the main flue which absorb heat from the
waste gases, and return it to the boiler by raising the temperature
of the feed water, say to 240° F. or thereabouts.

The arch of the boiler is carefully protected, first by a layer of
non-conducting substance, and secondly by an arch of brickwork.

With cylindrical boilers there is a difficulty about strengthening
the ends. Theory would tell us to make the ends hemispherical,
when their strength would be as much as twice that of the cylin-
drical sides. There is, however, a practical objection to forming
a hemispherical or ¢ egg-end,’ as it is called, from the boiler plate,
and the result is that the ends are commonly made of flat plate,
which is strengthened artificially in such a manner as to give
security against danger.

The use of high-pressure steam was advocated by Trevithick
and Woolf, and both these engineers adopted the cylindrical form
of shell, Trevithick originating the Cornish boiler, with internal

firing, and Woolf constructing a boiler in 1803 composed of nine
(o}
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cast-iron pipes, each 12 inches in diameter, exposed externally to
the direct heat of the fire, and connected above to a larger pipe,
which again was in free communication with a large cylindrical
receiver forming the steam chest.

In order to show what may be done in this direction we refer
to Perkins’s steam boiler, consisting entirely of wrought-iron tubes,
each 2} inches internal diameter and 3 inches external diameter.
The boiler is made up of five layers of these tubes, all placed
horizontally, and connected together by small vertical wrought-iron

. tubes, with screwed gaspipe joints. It was designed for an engine
working at a pressure of 500 lbs. per sq. inch. The influence of
size must not be disregarded. Thus Mr. Perkins states that the
strain upon the material of a cylindrical boiler 3 feet in diameter,
and with steam at 19 Ibs. pressure, is the same as in one of these
tubes at 500 lbs. pressure,

THE STRENGTH OF CYLINDERS UNDER INTERNAL PRESSURE.

131. The strength of a cylindrical boiler to resist internal pres-
sure is calculated as follows :—

Let r be the radius of the inner surface of a cylinder composed
of a metal which can support a tensile strain of w 1bs. per sq. inch.
Let ¢ be the thickness of the shell, and p the pressure of the en-
closed fluid.

We shall confine our attention to a small rectangular piece of
the shell, whose sides are x, », and whose thickness is ¢, and which
is under the action of a force gx y acting outwards on the area
xy, as well as to the forces P, P, Q, Q, marked in the sketch.

Looking sideways at the slice, as in the right-hand figure, we
observe that the two forces Q, Q, acting tangentially at the ends of
the arc A B, balance pxy. Let acB = 20, then

2Qsin6=7pxy.

But AB=y, .. sin = z'lr very nearly ; also a bar 1 sq. inch
in sectional area supports wlbs. .". ex sq. inches support we x Ibs.,
whence Q= wex.

Sawex x 2

pr
=X ore=+—
27 2%, W
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This gives the thickness for supporting a given circumferential
pressure, and the conclusion is that the thickness must increase
in the same proportion as the diameter, in order to resist the strain
on a longitudinal section.

* Taking the expression for Q, viz., Wex, and substituting the

value of ¢ just found, it appears that Q = wx X ‘% =pra

b
) Q | Q AJ’
s () 7
Q
c

F1G. 102.

We have next to consider the strain produced by the forces
P P, which tend to tear the shell asunder along a transverse section.
Such a strain is produced by the pressure on the flat ends.

The pressure on one flat end =p x w73 and this pressure
is supported by the cohesive strength of the material in a transverse
‘section whose area is 2w 7e  As before, 2 = ¢ square inches will
support 2 = rew lbs.,

S.2mrew =p7rr’,ore=‘:~w,
which is exactly half the value before obtained. To put this in

another way, since P is the strain on an area ¢y, being part of a
ring whose area is 2 = 7¢, it is apparent that

P e ry
= Y , Or P=£.._
wrip a2mre 2

Cor. Letx=y=1. .‘.P=22—’, =pr,whence Q =2Pp,
or the strain on a longitudinal sectien (per linear inch for any

thickness) is twice that on a transverse section.
oz
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132. The strain on a longitudinal section per linear inch of
the material of a cylindrical boiler may also be found by a simple.
application of a law of fluid pressure.

Let D E H B A represent a portion of a cylindrical boiler, D E a,
c H B being two planés perpendicular to its axis, and b ¢ B A being

i a plane containing its axis. The pro-

perty of fluid pressure relied on is that

- the whole bursting strain on the metal
strips A B and D cis the same as the
pressure of the enclosed fluid on the

D A i area D C B A,
Let A B=ax, D A= 27 and let
FiG. 103. 2 be the pressure of the fluid or steam.

Further, let ¢ be the thickness of the shell (a section at A B
being really represented by Aa 4 B, where A¢ = B = ¢), and let
w be the tensile strength of the material per square inch of section.
Hence A B and ¢ D together can support 2 w ex lbs.

Now the pressure on each unit of area of the curved surface of
the cylinder can everywhere be resolved into two components, one
perpendicular to the plane D C B 4, and the other parallel to it.
Of these components the sum of the former is the pressure on
D C B A, and the sum of the latter is zero; hence

2 X area D C B A = strain on A B + strain on b C,
orp X xx2r=wex + Wex

wWe
.o?"""r_a

The material of the shell of a full-sized Lancashire boiler is
usually wrought iron, but steel plates are frequently introduced in
the furnace tubes, especially in the part around the fire. The
thickness of the iron plates would be % inch for a pressure of
75 1bs. per sq. inch, or & for 100 Ibs., and the width of a plate is
(say) 3 feet.

As to the strength of boiler-plate the general rule is that a
rolled plate is less strong per square inch of section than a thick
bar of the same iron. Also the reduction of strength is more
marked in the transverse than in the longitudinal direction. There
is a further subtraction from strength by riveting ; and according
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to Sir W, Fairbairn the breaking strains of riveted joints of boiler
plate are estimated somewhat as follows :—

Pounds.
Iron . . . . . . . . . 50,000
Double riveted Jomt . . . . . . . 35,000
Single riveted joints . . . . . . 28,000

per square inch of section of plate

Since the plates after rolling are stronger in the direction in
which they are rolled than transversely, it is apparent that they
should be so disposed that the direction of greatest strength
should encounter the greatest strain.

But the strain on the longitudinal section is greater than that on
the transverse, and hence the plates, which may be 3 feet wide, are
wrapped round the circumference, being laid in three lengths, in
order that the longitudinal seams may clear the brickwork seatings.
As a consequence of the theoretical disproportion between the two
strains, it is further recommended that the longitudinal seams
should be double-riveted with $-inch rivets, pitched about 24 inches
longitudinally and 2z inches diagonally. The transverse seams are
single-riveted, the pitch being 2 inches. To double-rivet them
would appear to add but little to the strength of the boiler, though
it would increase its weight and cost.

The furnace tubes diminish the area of the flat ends, and relieve
the pressure tending to rupture the material on a transverse section ;
they further act as stays for holding the ends together. On both
these accounts a boiler with internal tubes becomes stronger than
it would be without the tubes, so far as transverse rupture is con-
cerned. The flat ends remain, however, a source of anxiety, and
in order to support them gusset stays and tie rods are employed,
as to which something will be said, after the disturbing action of
heat has been noticed.

Ex. Let a boiler be 7 feet in diameter, with two internal flues,
each 33 inches in diameter, and made of boiler plate } inch thick.
To find the bursting pressures (1) along a longitudinal and (2)
along a transverse section :

‘We shall assume that w = 35,000 for the double-riveted or
longitudinal joints, and W' = 28,000 for the single-riveted or
transverse joints.

Let p be the bursting pressure for a longitudinal section,
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thenp = ‘;:ﬁ= ‘:_sig}g = 416’5 Ibs.

Calling ' the value of p for a transverse section :—
Circumference of shell = 26389 inches
» each flue = 10367 ,,
Making a total of . . 471°23
Now, the tensile strength of a strip of iron single-riveted,
471°23 by % inches in area, is
28,000 x 47123 X % lbs.
&2 x 3,831°17 = 28,000 X 471.2 X %
o P = 1,722 lbs.

From which we infer that the boiler is more than four times
stronger along a transverse than a longitudinal section. These
numbers show the extent to which the flues strengthen the shell,
and confirm the statement which preceded the computation.

EFFECT OF HEAT.

133. The wear and ultimate strength of a boiler is greatly
influenced by adopting a construction which shall provide for the
inevitable changes of form caused by unequal expansion and con-
traction due to changes in temperature. Heat is motion, and as
soon as the fire inside a furnace tube is lighted the metal on the
top becomes more heated than the under surface, and the tube
arches itself, in consequence of the greater expansion of the
hotter portion. And not only so, but the tube lengthens as a
whole, and the flat ends bulge outwards. Finally, the water be-
comes heated, the whole structure elongates, and, unless sufficient
allowance be made for these pulsating movements, straining will
occur, which may possibly end in rupture.

The linear expansion of wrought iron (soft forged) under the
action of heat is stated by Dr. Percy to be ‘co12204 for a rise in
temperature from o° C. to 100° C.

Thus a bar of iron, 30 feet long, expands about 4% inch for a
rise in temperature of 270° F.

The expansion of the parts of a boiler as caused by heat is, of
course, capable of accurate measurement, and in particular the
so-called ‘hogging’ of a furnace tube has been observed by applying
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three gauge rods attached at equal distances along the crown of
the tube. Each rod is carmied vertically upwards, and passes
through a stuffing-box in the shell of the boiler, whereby it has
been possible to observe very accurately the distortion of the tube.
One boiler experimented on was 28 feet long, and it was found
that the tube rose § inch when the flame passed around the boiler
in the ordinary way along the side flues, and that it rose } inch
when the flame was carmried directly into the chimney without
heating the outer shell. The gauge rod at one-fourth the length
of the boiler from the front end rose as much as that, and in one
case it rose vy inch more. Also the colder the water at starting
the greater was the distortion, and generally the action was more
severe just after lighting the fires. As soon as the whole of the
water became permanently heated the gauge rods retired to their
primary position, the distortion of the tubes seldom lasting for
more than an hour. It is most instructive to read an account of
the Lancashire boiler as given by Mr. Fletcher, at a recent meeting
of the Institution of Mechanical Engineers (A.D. 1876), where all
these points are fully discussed. Our object is to point out to the
student that a boiler 30 feet long is a large piece of apparatus
constrained to obey and exemplify the laws of the communication
of heat, and that its structure and design should have reference
to these laws. Thus Mr. Fletcher remarks that when furnace
tubes are lashed to the shell they often tear themselves away from
it, and that in one case, where a furnace tube was supported by
means of a stay tying it to the top of the shell, it was found that
the thrust of the tube had crumpled up the stay by compression
and had broken it by an upward thrust, thus showing how little
need there was for suspending the tube by a rod in order to pre-
vent it from drooping.

STAYS AND TIE RODS.

134. We have seen that the double-flued boiler was introduced
by Fairbairn, and to that engineer we are indebted for a method of
staying the flat ends which has been generally adopted. In 1856
Sir W, Fairbairn recommended that boilers should be constructed
of a cylindrical form, in order to obtain as nearly as possible the
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boiler and one outside.

The Steam Engine,

maximum strength, and that where flat ends were used they should
be composed of plates one-half thicker than those forming the
circumference. The flues, if two in number, should be of the
same thickness as the exterior shell, and the flat ends of the boiler
should be carefully stayed with gussets of triangular plates firmly
connected with the shell by angle irons. Sir W, Fairbairn stated
that in his opinion gussets are infinitely better and more certain
in their action and retaining powers than stay rods ; also, that
when gussets were used they should be placed in lines diverging
from the centre of the boiler.

As to longitudinal stays, they are simply rods of iron, running
from end to end and secured with double nuts, one inside the

In the Lancashire boiler there are

commonly two such stays, placed about 14 inches above the
+ furnace crowns, one on each side of the central vertical line,
and near together.

The annexed drawing will give an idea of the manner in which
the flat end of a boiler is strengthened by gusset stays. The
portion shown is that most remote from the furnace. The in-
ternal tube is represented by BB, and there is a vertical water
pipe P, to which reference was made in a previous sketch. The
furnace tube is made in lengths united by Adamson’s flanged

........
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seam (see Art. 135). The gusset
staysare shown at a, A, A. They
appear in the drawing to come
close to the tubes, but that is
because the section of the tube
is shown on one side of its true
position, in order to bring it
into the drawing. A longitudinal
slice through the centre of the
boiler would pot indicate the
furnace tube at all, and thelatter
is merely projected on the actual
sectional drawing, in order to
make one sketch perform double

duty. The real position of the gusset stays will be apparent
from an inspection of fig. 106, where they are indicated by
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dotted lines. It is usually considered that there should be five
gusset stays on the large upper area of the flat end, and they
would then take the positions marked. It will be noted that
the middle stay supports the central area, just where the flat
plate requires additional support, and also where it can be firmly
held without preventing the movement of the furnace tubes. It
is important that the ends of a boiler should be elastic, in order
that they may yield to expansion, in which case the hogging of
the tube would not be so great; the conclusion being that
the greater the rigidity of the ends the greater is the strain upon
the tube. If the gusset stays come too near the tube a grooving
action may be set up in the iron plate forming the end.

It appears that such grooves are produced inside the boiler and
all round the furnace mouth. They are believed to be due to an
action which is partly mechanical and partly chemical. The furnace
tubes are continually expanding and contracting from the alterna-
tions of heat and cold, and there should be sufficient width of
plate between the tubes, as well as between the circumference of
the tubes and the ends of the gussets, to allow this bulging action
to go on without fatiguing the metal.

Mr. Fletcher recommends that the end plates of boilers, to be
used at a pressure of 75 Ibs. per sq. inch, should be }inch in thick-
ness, increasing to % inch for increased pressure within moderate
limits, excessive thickness being undesirable, as confining or re-
straining the necessary movement of the furnace tubes. The
object is to strengthen the end plate and yet to preserve its
elasticity; and in carrying out this intention it is a rule to attach
th. plate at the front of the boiler to the shell by external angle
iron This mode of construction is not, however, adopted at the
opposite end.

135. The furnace flues are a vulnerable part of the boiler, inas-
much as they are liable to yield by collapsing unless sufficiently
strengthened.

The subject of strengthening the internal tubes of the
Lancashire boiler was investigated by Sir W. Fairbairn, whose
experiments led to the following conclusions :—

1. The strength of a tube to resist collapse by external pressure
is inversely as its diameter.
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2. The strength varies inversely as the length.
3. The collapsing pressure in pounds per sq. inch

(thickness in inches.) 19
Length in ft. x diam. in ins.

In these experiments the ends of the tubes were firmly
attached to rigid plates, and the vessel in which the compressing
force was applied was a cast-iron cylinder 8 feet long, 28 inches in
diameter, and 2 inches thick, which could be safely strained as far
as 500 lbs. per sq. inch. Into this cylinder air was forced by a
pump, and produced any required pressure on the surface of a
quantity of water which nearly filled the cylinder, and in which the
tube under trial was completely immersed. There were two gauges
for reading the pressures, and a safety valve in addition, which was
loaded by a weight.

Some of the experiments followed the law as stated above
pretty closely. Thus, in the case of a 4-inch tube of thickness
'043 inch, and of length 30 inches, the collapsing pressure per
sq. inch was 93 lbs., whereas when the tube was 6o inches long the
collapsing pressure fell to 47 1bs., which is very nearly one-half the
former value, and verifies the law that the strength is (other things
being equal) inversely as the length.

Since log. 806300 = 59064967 = 5'9o65 approximately, and
since the thickness of boiler tube is generally a fraction of an inch,
it will be convenient to modify the formula as follows :—

Let p be the collapsing pressure per sq. inch of section, ¢ the
thickness of the plate, L the length in feet, D the diameter in inches ;
then

Log. P = 5'9065 + 2'19 log. ¢—log. L x D
=1'5265 + 2'19 (2 + log. ) —log. L x D
== 15265 + 2°'19 log. 100 ¢ — log. L X D.

In this shape the formula is applied without difficulty, and it

may be further simplified by putting it under the form

= 806,300 X

A
= 806 —_—
P= 806,300 X ——

Ex. Let the flue be 36 inches in diameter, 1o feet long, and
} inch thick.
Then log. r = 1'5265+2°19 log. 50—log. 360 = log. 491.
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Whence the collapsing pressure would be 491 lbs. and the safe
working pressure iglor 82 lbs. Taking the formula with 2 in
the place of 2'19, we have collapsing pressure = 560 lbs.

The Board of Trade has adopted a rule which dispenses
with logarithms, and is the following :—

Working pressure in lbs. per sq. inch = go,000 x e .
(L¥1)xD

This rule is applicable to marine boilers, where the practical
limit of length is from 10 to 15 feet.

The experiments made by Sir W. Fairbairn were valuable
as calling attention to a material subject connected with
the construction of boilers; but it appears that a special contri-
vance for strengthening furnace flues, while allowing at the same
time for their expansion and contraction, had been originated
some years prior to the researches to which reference has been
made. At a meeting of the Institution of Mechanical Engineers
held in 1876 Mr. Adamson stated that he had first employed a
¢flanged seam,’ as it is termed, for the strengthening of furnace
tubes as early as the year 1851. The annexed sketch exhibits three
forms of jointas applicable to tubes subjected

to external pressure. The first, marked a,
consists of a ring of T-iron riveted as shown. : A
It is abundantly strong and is in a form

which has been adopted for centuries past
in strengthening guns. The weakness of a

tube to resist a bursting pressure on a lon- B
gitudinal section has been already demon-
strated, and a common method of strengthen-

ing it has been to apply parallel rings

at intervals along its length. In this way

steam cylinders of great length, which are c
subjected alternately to a bursting and com- .
pressing pressure, have been strengthened.

Everyone is aware of the accession of Fi16. 105.
strength caused by the flange of a pipe.

Since action and reaction are equal and opposite, we might have
anticipated that a form of tube constructed so as to withstand a,
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bursting pressure from within, would also be the form best adapted
for resisting a collapsing pressure from without. The difficulty
of calculation in the latter case arises from the liability to defor-
mation, which is soon set up, after which theory is of little use in
enabling us to predict a result.

But although the joint A has ample strength it is deficient in
another quality which is of importance, viz., it does not permit
any alteration of length. The whole furnace tube is rigid, and
expands or contracts as one piece.

Whereas, in the joint marked B the expansion or contraction of
each length of the tube is provided for by the arched or corrugated
piece, and here there is increased strength combined with power
of expanding or contracting freely.

In the joint marked c, which is known as ¢ Adamson’s flanged
joint,” there is the strength of the T-iron directly combined with the
curved end, which allows of unimpeded expansion or contraction.
The arrangement is most convenient and effective, and is particu-
larly valuable as giving a seam where the rivets are protected from
the furnace gases, and are, in fact, immersed in water, one conse-
quence of the construction being that the joint will bear intense
heat much better than any other where the rivets are exposed.

FITTINGS FOR A BOILER.

136. Those fittings which require frequent access are arranged
80 as to be within reach of the attendant when standing in front of
the boiler. They will be enumerated in the order in which they
would probably attract attention, and some are to be seen in the
sketch annexed.

1. The pipe for supplying the feed-water is a vertical pipe
¢, which branches off into the boiler on one side above the
level of the furnace crowns, and is carried along for (say) 12 feet
in a horizontal direction, the last 4 feet of its length being per-
forated. The importance of introducing the feed-water in such a
manner as to avoid local contraction should now be pointed out.

Suppose that a supply of feed-water, not previously heated,
is introduced at the bottom of a boiler. The water enters after
the whole structure has been heated, and has therefore become
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larger throughout. The effect of the colder water is to cause
contraction of the under surface, but the rest of the boiler is
anwilling to yield, and a straining action is set up which tries
all the joints. Whether the upper portion is unduly heated at
first, in anticipation of the general enlargement which finally
takes place, or whether after the whole structure has been heated
the lower portion becomes cooled, the effect is equally bad—
one part of the boiler is pulling against the other, and the joints
are strained. Hence the better plan appears to be to carry the

F1G. 106.

feed-water for some distance along the interior of the boiler, and
then to disperse it, so as to moderate as far as possible any in-
equality of temperature.

On the opposite side of the boiler there is a vertical pipe BE,
intended for removing the scum which may have collected in a
sediment-catching trough, inside the boiler, with which it com-
municates.

At the bottom there is a blow-out cock, marked H, for clearing
out the water when necessary.
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2, The furnace mouth-pieces are fitted with fire-doors, which
are provided with some arrangement for admitting a variable
supply of air. For example, there may be a ventilating grid, as it is
termed, on the outside and a perforated box-plate on the inside, the
aggregate area of the air-passages being about 3 sq. inches for
each sq. foot of firegrate.

The standard length for the firegrate is 6 feet, with bars about
4 inch thick and § inch apart. The bearers are wrought-iron
bars, supported on brackets.

3- The Pressure Gauge.—A form of gauge very commonly met
with has been in use for more than twenty years, and was invented
by M. Bourdon, a French engineer. The circumstances attending
the application of a new principle in the measurement of fluid
pressure show the advantage of reasoning closely upon observed
facts. When a discovery is made everyone says how simple it is,
and wonders that it was never thought of before. In the present
instance M. Bourdon was engaged in repairing the worm-pipe
of a still which had become flattened, and he endeavoured to
restore its original form by forcing water with a powerful pump
into the interior of the tube. In doing so it was observed that
the flattened tube tended to uncoil itself, and further experiments
showed that the action of uncoiling might be applied in the con-
struction of a pressure gauge.

The sketch (fig. 108) is taken from a model belonging to the
School of Mines, and serves to exhibit the action of the gauge as
well as to test its accuracy as a measuring instrument. The gauge
consists of a flattened tube e¢, connected at one end with a pipe
containing fluid under pressure. The other end of the tube is
closed, and is attached to a link connected with a segmental rack
which is in gear with a pinion /; and thereby moves an index-
finger over a scale. The index-finger and the graduations are
shown separately in a reverse view of the circular case which con.-
tains the tube. AtD isan opening into which one end of a force-
pump is screwed tightly, so as to fill the tube with compressed air.
At H and A are stopcocks, the convenience of which is obvious ;
and it will be seen that beyond a there is a vertical piece of gas-
tubing, which supports an ordinary mercurial siphon gauge. At
B thereis a cap or nut, which can be unscrewed, so as to admit air,
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or to give access to the shorter leg of the gauge when .required.
Upon opening the stopcocks at A and 1 and forcing in air by the
pump at D, it will be found that the circular tube straightens itself
a little and pulls the end of the segmental arc sufficiently to turn
the pinion f and to rotate the index-finger. When the mercury

1
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F16. 107. F1G. 108.

sinks through 1 inch in either leg of the siphon it rises also to the
same amount in the other leg, and the difference of level is,
therefore, 2 inches, which roughly cormresponds to 1 Ib. in pres-
sure. The graduations of inches on the vertical scale correspond,
therefore, to pounds in pressure as read off on the circular dial-
plate ; and it will be found that the index-finger travels round the



208 The Steam Engine.

dial in accordance with the rise of metcury in the leg of the siphon.
It remains to examine the reason for the straightening of the
tube under pressure. One way of looking at the question is
based on a theorem in geometry by which it is proved that if a
flexible but inextensible surface be deformed in any way, and if
2 be a point in the surface, and @ # 4, ¢ # d be the principal sections
of the surface made by planes at right angles to each other and
passing through the line perpendicular to the surface at the point g,
the product of the curvatures of the two sections @ &, ¢ & will be a
constant quantity. The word  curvature’ is a technical term, and
its meaning will be understood when we say that the curvature of
a circle is inversely proportional to its radius ; also the principal
sections referred to are the sections of greatest and least curvature
at the point.

The form of the tube ¢ ¢ is given in cross-section by the curve
¢ 2 d, and the line @ p 4 may be taken to represent the curving of

2 ¢ ¢ in the direction of its length. Ifthe

/,71’& product of the curvatures—viz., those in

e A ¢ zbandcd respectively—be constant,

it will follow that when one increases

the other must decrease, and con-

rJ versely. That is to say, if the tube

c© 2 ¢ ¢ becomes more curved in the direc-

tion ¢ # 4, it will become less curved

in the direction @ 4. But the effect

of air under pressure is to bulge ¢ g @ outwards, and to make it

more convex, or to give it a larger curvature, and the direct result
is that the tube ¢ ¢ straightens and its end moves outwards.

It is easy to show that such an action will certainly occur, for
if we bend a vulcanised indiarubber tube it will become more
and more flat, and will finally straighten in the direction across
that in which it is being bent.

The gauge as constructed is subject to the objection that water
will collect in the lower end of the tube, thereby rendering the
metal liable to corrosion, and in order to obviate this result a -
semicircular tube is sometimes employed, from which any water
formed by condensed steam will drain out. But a shorter tube
limits the sensitiveness of the instrument and makes it necessary

F16. 1Q9.
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that the movement should be magnified in a greater degree. As
to the material, that is commonly thin brass, but sometimes the
tube is made of steel.

Another form of gauge which has been extensively used is the
¢Smith gauge,’ where a small diaphragm of indiarubber is confined
by a flange at the top of a tube, and is acted upon directly by the
stearn on one side. The yielding of the diaphragm is restrained by a
volute spring of steel, wound round and round in a close flat spiral
like the spring of a watch, but with its central portion projecting
4 little downwards when at rest, so as to cause the diaphragm to be
somewhat convex on the steam side when the pressure is cut off.
Atmedium pressures the spring becomes quite flat, and at extreme
pressures it curves inwards. The centre of the spring is attached
to an upright rod terminating in a straight rack, which actuates a
pinion and gives motion to the index-finger.

4. The water-gauges, marked f in the drawing, Of these
there are two, so that one may act as a check on the other.

In fig. 107 there is also a sectional elevation of a water
gauge, in which the outline of the instrument is shown, but no
attempt is made to indicate the separate metal pieces, which are
screwed together, so as to permit of the tube being removed and
packed. All that is shown is a glass tube @, inserted into the
supports by removing the cap 4, and packed so as to be steam and
water tight. There are three stopcocks—viz., at A, B, c—which can
be opened or closed, at pleasure. Ordinarily c is closed, while
A and B Temain open; but, if required, any of the passages
can be blown through by steam or water from the boiler. :

Gauge-cocks answer the same purpose as the glass tube in the
water gauge. They are three small cocks, placed one above the
other, and opening directly into the boiler, the middle one being
on the line of the usual water level.

5. Connecing pipes, such as the feed-pipe, or main steam-pipe,
should be elastic, so as to allow of some movement under changes
of temperature. Thus a copper elbow-pipe or a wrought-iron
horseshoe-shaped pipe may be introduced where necessary, and
will yield by bending, so as to relieve the thrust or pull caused by
expansion or contraction. So, again, if the main steam-pipe be
carried across the boilers and bolted lirect to the steam junction-

P
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valve the joints would be strained by the rising or falling of the
boilers when heated and cooled. To prevent any injurious action
from this cause a springing length is introduced between the steam
stop-valve (which is secured just above the boiler) and the main
steam-pipe.

Many boilers have a steam dome, from which the supply of
steam is drawn, but in others it is omitted, and an internal
perforated pipe or anfi-priming pipe is adopted instead of the
dome.

SAFETY-VALVES.

137. The ordinary safety-valve, held down by a lever and
weight, was invented by Papin before the date of Newcomen’s
engine, and the annexed sketch, taken from one of Dr. Anderson’s
lecture diagrams, shows the manner in which it is customary to
explain this well-known application of the principle of the lever

<%fg - e = -_-_‘.—-_._..-—.-.-..___.-\
e T a
) l = E__H
A B
Wi
FIG. 110,

The general construction is apparent from the drawing, the valve
A B being pressed upon its seat by the action of the weight w hung
at the end of the arm ¢ p. The fulcrum of the lever is at ¢, and
the arm c D is supposed, for simplicity, in the first instance to have
no weight ; also ¢ M = 1, and the points L, E, H, D are at dis-
tances from c respectively represented by the numbers 3, 4, 5,and
6, whence it follows that if the valve be lifted through a small
space the motion of D will be six times that of M, and so for the
other points, L, E, H, the numbers 3, 4, 5 indicating the relative
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motions of these respective points as compared with that of the
valve itself,

Let the area of the valve be 20 square inches, and let w be
200 lbs.

1. Letw be hung at p ; then by the principle of work,

pressure of steam on AB X I = W X 0;
or, pressure of steam per square inch x 20 = 200 X G
.*. pressure of steam per square inch = 6o Ibs.

2. Let w be hung at u; then

pressure per square inch X 20 =W X §5 = 200 X 5,
.*. pressure of steam per square inch = 50 lbs,,
and so for the remaining positions of w.

MNVote—It is necessary to take into account both the weight of
the lever and that of the valve. As to the former, it is clear that
the weight of the lever makes a slight increase to w, which can be
found by trial, remembering that the product of the weight of the
lever into the distance of its centre of gravity from c is equal to
the product of cD into the increase of w. And this latter can,
therefore, be found when we know the weight of the lever and the
position of its centre of gravity. The problem is that occurring
in the case of an ordinary steelyard. As to the weight of the
valve, that is merely to be added to the load on A B, produced by
w and the weight of the lever. ’

138. The construction of a safety-valve may be varied from its
original type in two principal ways :—

1. The lever may be retained, but the weight may be replaced
by a spring balance. This construction is very commonly to be
seen in the case of locomotive boilers, and the substitution of a
spring for a weight is an obvious alteration.

We may here examine a form of compound safety-valve, which
is different from the ordinary valve, and which is applied on the
North-Western Railway. It appears that in 1855 Mr. Ramsbot-
tom obtained a patent (No. 1,299) for an improved mode of load-
ing safety-valves, wherein ¢ two safety-valves, connected by a cross-
bar, were placed at such a distance apart as to admit of a spring
or weight being applied between the two of sufficient power to
resist the pressure on both valves.” By this arrangement the ordi-

P2
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nary spring balance was dispensed with, and the pressure on the
valves, when once adjusted, could not be increased. Also the
crossbar was prolonged at one end, in order to serve as a handle
for feeling the working condition of the valves.

Mr. Ramsbottom considers that the range of lift for blowing
off (owing to the non-intervention of levers between the valve and
spring by which it is loaded, and regard being had to the dimen-
sions of the spring itself) is
here about three times as
great as in the ordinary lever
and spring-balance valve,

The sketch is taken from
the specification of the patent.
The valves a and B are shown
resting on their seats, being

= made with conical recesses to
-HTJ receive the points of the
cross-bar p E.  The spring is
of sufficient power to hold
down both valves, and the
point of its attachment to the crossbar at cis below the bearing
points of the same bar on the respective valves. The tension of"
the spring is adjusted by a bridle and set screws at &.

When the pressure of the steam overcomes the resistance of the
spring the valves are raised ; and if one, as 4, rises more than the
other, the spring leans towards A a little, by reason that the point
of attachment of the spring is lower than the point of the lever
bearing on the valve, and thus B is relieved from a part of its load.
This arrangement tends, therefore, to secure the simultaneous
action of both valves.

2. The lever may be dispensed with, and the valve may be
loaded by a weight placed directly over it, or may be held down by
a spring also applied directly, when we have a ‘dead weight’ or
direct ¢ spring-loaded ’ valve.

The examples hitherto given show the common methods of
guiding the valve. There is (1) a central pin of some length and
swall diameter, as in fig. 110; or (2) there are wings radiating from
a central axis, as indicated in fig. 111.
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Where the weight is applied directly to a valve some guide is
necessary, but there is a form of dead weight safety-valve, largely
used in stationary engines, where guides are not required ; and in-
asmuch as they cause friction, and may possibly become jammed
it is an advantage to dispense with them.

The contrivance now referred to is known as a ¢ Cowbarn
valve,” and the construction is so simple that it will be readily un-
derstood without a drawing, The valve is spherical, and is placed
on the top of a vertical pipe, outside which there is a casing loaded
with annular discs of metal. The centre of gravity of the load is
below the surface of the seating, and the result is that the valve,
after having been lifted, drops at once into its position, and that
no wings or central pin are necessary.

The diameter generally adopted is as much as 4 inches, which
requires a load of about 8 cwt. for blowing off at 75 Ibs. pressure.
The great weight of the load is an element of security, as any
addition which materially varied the steam pressure could only be
obtained by putting on a weight the size of which would at once
attract observation. In practice the weights are annular rings, and
the shell on which they rest is cast with mouldings around it, near
the bottom, which present the same appearance, the whole being
so adjusted that each moulding as well as each annular plate re-
presents § lbs. per square inch in the total pressure of the steam
within the boiler.

Where the valve lever is held down by a spring the proportions
of the lever are commonly arranged so that t lb. tension of the
spring as graduated is equal to 1 lb. per square inch in the pressure
on the valve.

139. By aningenious variation in the construction of a safety-
valve it is possible to arrange that the valve shall blow off, not
only when the pressure of the steam rises beyond a certain limit,
but also when the level of the water in the boiler sinks below a
given point. The apparatus is then a combination of two distinct
parts, each operating independently of the other. Take, for ex-
ample, the low-water safety-valve by Mr. Hopkinson. This may
consist of an outer valve 5 inches in diameter, in the form of an
annulus or ring, which would be held down by a lever and weight,
and would be precisely the same in its action as an ordinary safety-
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valve, The central area of the ring is filled up with a circular disc-
valve (say) 24 inchesin diameter, which is loaded by a dead weight
hanging inside the boiler. This central valve cannot rise until the
pressure of the steam overcomes the weight; and we have, there-
fore, as far as the description goes at present, an ordinary safety-
valve, 5 inches in diameter, but made of two parts, separately loaded.

Inside the boiler, and suspended from the crown thereof, is a
lever, having a slab of stone at one end, and a weight, sufficient to
counterbalance the weight of the slab when immersed in water,
supported at the other end. Under these circumstances the lever
is balanced so long as the stone slab or float is just immersed.
The line of direction of the spindle of the smaller valve—viz., that
2} inches in diameter—passes near the fulcrum of the lever carrying
the float and counterpoise, and it is arranged that when the water
in the boiler sinks below a certain level the depression of the
stone float raises the opposite arm of the lever sufficiently to lift
the smaller valve together with the dead weight hanging within the
boiler, and thereby opens a passage for the escape of steam. Thus
the valve fulfils the double purpose required of it.

140. One practical difficulty connected with the safety-valve
arises from the deficiency of lift when the steam is blowing off,
whereby the internal steam pressure may considerably exceed that
to which the valve is loaded.

This has been matter of common observation for many years
past, and various modifications have been proposed in order to
remedy the defect. For example, in 1856 Mr. Hawthorn made
some experiments on the Newcastle and Carlisle Railway, where
two valves were fitted to the same locomotive boiler, viz., (1) a
common mitre-valve, 4 inches in diameter, and (z) an annular
safety-valve, as patented by himself in 1854, No. 2,582. The
heating surface was here 6352 sq. feet in the firebox, and 681°25
sq. feet in the tubes, making a total of 744'77 sq. feet. Also, each
valve was loaded so as to lift at a pressure of 58 lbs. per sq. inch,
as indicated by Smith’s gauge.

When the annular valve was locked down and the mitre-valve
was open, the steam pressure rose to 68 lbs. on the gauge, show-
ing an excess of pressure of 10 lbs. The steam was now blow-
ing off strongly at 68 lbs., and the annular valve was released,
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while the mitre-value was locked. The steam pressure immedi-
ately fell to 60 1bs., at which it remained without change. Other
experiments of the same kind gave similar results ; and in particu-
lar in the case of a goods engine for the East Indian Railway,
having two mitre-valves of 3} inches in diameter, and loaded to
105 Ibs., the heating surface being 102 sq. feet in the firebox, and
1035 in the tubes, it was found that the pressure rose to 130 Ibs.

On this subject Mr. Webb has stated, at a recent meeting of
the Mechanical Engineers, that, with the Ramsbottom system of
two valves 3 inches in diameter, he had never found the steam to
rise in locomotive boilers more than 5 or 6 Ibs, above the pressure
at which the valve was set to blow off.

He has also described an experiment which deserves atten-
tion, viz., that in the case of a locomotive boiler, when hard fired
and with a perfectly open outlet pipe for the escape of steam one
inch in diameter, it was possible to raise the steam pressure to some-
thing like 10 Ibs. above the proper pressure, whereas with a pipe
1} inches in diameter ‘ he could not raise the steam pressure at all.’

It appears to be considered that two causes are at work to pro-
duce this excess of internal steam pressure when blowing off, viz.,
(1) the increased resistance of the spring as due to the lift of the
valve, and (z) some unexplained action of the escaping steam in
relieving the pressure on the under surface of the valve.

Mr. Naylor has accordingly patented (a.n. 1863, No. 1,830) an
improved valve, wherein a bent lever of the first order is interposed
between the valve and the spring, it being arranged that the
leverage on the side of the spring shall become less as the valve
rises, whereby the defect caused by the spring is got rid of, and
where it may easily happen that the pressure of the spring on the
valve when fully open is rather less than when it rests upon its seat.

ON THE BURNING OF FUEL IN THE FURNACE OF A BOILER.

141. It being agreed that heat is the agent which does work in
an engine, and that steam, air, or vapour are but the instruments
for transmitting the motion of heat to the machinery, our object
will be to store up in an elastic working substance the heat de-
rived from fuel, and to guard against loss as far as possible.
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As a general rule ckemiécal combination is accompanied by the
evolution or production of heat, and chemical decomposition by the
disappearance of heat equal in amount to that produced during
the previous combination of the elements which are undergoing
separation.

Combustion, or burning, is the name given to rapid chemical
combination attended with the evolution of intense heat.

It is necessary to bear these facts in mind in estimating the
heating effect of fuel. Thus, where hydrogen and oxygen exist in
coal in the proportion necessary for forming water (viz., one of
hydrogen to eight of oxygen by weight), it is usual to assume that
they do not influence the heat of combustion. The hydrogen is
taken to have been already burnt in oxygen. In coal there may
be 5 per cent. of hydrogen and 4 per cent. of oxygen ; this would
leave 4} per cent. of hydrogen available for heating purposes.

There appear to be exceptions to the above rule, and Dr.
Percy gives the results of an experiment where two coals closely
agreeing in ultimate composition have been found to differ by 5
per cent. in calorific power.

The composition of various kinds of coal is given by Dr.
Percy, in his work on fuel, and it is well known that the differences
in the constituent parts of coal are very great, and give rise to quali-
ties of various kinds which influence the selection to be made for
heating purposes. Taking examples of an analysis of coal, we find—

Locality of Coal Carb. | Hyd [O%2%| suph.| Ash | Water

Lancashire . . . . |75'90| 514 [(10°11| 93 | 2°02 | 5'0
Noithumberland . . . |81:41|583 | 9'95| 74 | 207 | 1'35
Derbyshire . . . . | 83181476 679 | 1°42 170 | 2°1§
Anthracite, South Wales . |90°39!328 | 381| ‘o1 | 161 | 2°0

The heat given out in the burning of hydyogen and carbon is

estimated as follows :—
Units of heat,

1 1b. hydrogen consumes about 36 lbs. air, and gives out. 62,032
» carbon, burnt to CQ, ,, 6 1bs. » » . 4,452
» carbon, burnt to CO; ,, 12 Ibs. ” ”» + 14,545
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According to Dr. Percy the aalorific power of a substance is
the number of units of heat produced by the combustion of a
unit of weight of the substance ; and if the unit of heat be defined
according to the Centigrade scale,

Calorific power of hydrogen is 34,462

» ” carbon ,, 2,473 when burnt to . CO.
»” ” carbon ,, 8,080, » . CO,
Also 1 1b. of hydrogen evaporates 64°2 1bs. of water at 212° F.
»  carbon burnt to CO ,, 46 » .

»  carbon burnt to CO, ,, 15 »” »

It does not appear that the absolute heat of combustion can
be increased, but it is easy to pile up the waves of heat in an
enclosed space, and thereby to increase wonderfully the apparent
power of the combustion.

Upon this point we may refer to a lecture experiment by
Faraday, who showed that it was possible to melt platinum in the
flame of a common candle. As to the properties of platinum Dr,
W. A. Miller states ¢ that platinum resists the highest heat of the
forge, and can only be fused by the voltaic battery or by the oxy-
hydrogen blowpipe.” Any attempt, therefore, to melt it by an open
flame would appear to be hopeless. But Faraday’s proposition
was that the heat of burning hydrogen is the same wherever it
is produced, and he operated with a platinum wire attenuated to
a degree quite beyond the reach of ordinary manipulation, when it
was found that the end of the wire was actually melted and ran into
a little solid bead, which could be seen when magnified.

The furnace may be looked upon as a large chemical apparatus
in which coal and air are to be mixed together in the proportion best
adapted for burning the fuel without waste. In performing this
operation an engineer falls very far behind a scientific chemist -
when operating on a small scale in his laboratory. Thus a chemist,
in burning one pound of ordinary coal in a carefully protected
chamber, would cause the heat from the fuel to evaporate (say)
14 lbs. of water, whereas the evaporation per pound of ccal in a
steam boiler seldom exceeds 10 Ibs. or 10} Ibs. of water, a common
performance being the evaporation of from 6 bs. tc 8 Ibs. of water.
Looking at the question as one of admixture of fuel and air, the
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rough numbers usually quoted on the authority of Rankine are
the following :— ‘

For the actual burning of ordinary coal in a furnace 12 Ibs. of
air are required in order to combine with the constituents of
each 1 Ib. of coal. '

But . the gaseous products of combustion must be largely
diluted, otherwise the air would not get at the fuel, and for this
dilution as much air again is required, making a supply of 24 lbs.
of airto each 1 b, of fuel.

Note—13 cubic feet of air,at 60° F. and under a pressure of 30
inches of mercury, weigh about 1 1b. Therefore 312 cubic feet
of air are required for each 1 lb. of fuel, which comes to nearly
700,000 cubic feet of air for the effective burning of one ton of
coal.

That gas and hydrocarbon vapour proceeding from coal re-
quire a good supply of air for burning was frequently shown by
Faraday in a lecture experiment, and his illustration goes to the
substance of the whole matter. The device was to soak a little
cotton-wool in any hydrocarbon liquid and set it on fire in a jar
of oxygen gas. In such a case the hydrogen devours the oxygen
and the flame lights up with dazzling brilliancy, but very soon the
supply of oxygen fails, the light becomes less, when all at once,
for no apparent reason, the burning wool throws out a dense
mass of black flakes which fill the jar in a thick cloud. The
quantity of soot ejected would surprise anyone but a chemist, as
few would be aware that the unbumt liquid was capable of
throwing out such a supply of carbon. It is needless to say that
the effect here produced in the jar of oxygen is the same as that
occurring in the chimney of a steam boiler when the supply of air
is defective, the result being that so frequently seen, viz., the pour-
ing out of dense black smoke into the atmosphere.

The loss of heat from unburnt gases may also take place with-
out being made evident by the issuing of smoke. Thus carbonic
oxide (CO) may pass away instead of carbonic acid (CO,).

142. There have been a great number of inventions relating to
the prevention of smoke in steam boilers, which cannot be dis-
cussed in the space available, and it may suffice to mention that
Watt invented a ‘dead plate’ ; that is, a horizontal or slightly
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inclined plate at the mouth of a furnace, on which each fresh
charge of coal is placed, in order to be subjected to a species of
preliminary distillation, whereby the hydrocarbons are eliminated
before the residual carbon is pushed forward on the furnace bars
beyond the plate. This plan, where proper provision is made for
the supply of air, appears to obviate the production of smoke as
cffectually as any other contrivance. In burning anthracite a dead
plate is said to be useful for heating the fuel gradually, as other-
wise it would fly into small pieces, causing waste.

There is also a class of contrivances where mechanical feed-
ing takes the place of hand labour, the grate bars being connected
§0 as to form an endless chain, or the oscillation of alternate bars
throwing forward the fuel by a rocking movement,

Another class of contrivances deals with the supply of air both
above the fuel, to burn the gas, and below it, to burn the carbon.
The supply of air through the furnace doors may be regulated by
self-closing ventilators, like Venetian blinds, and the air itself
is, by the arrangement of the plates, warmed as it enters the
furnace.

Another plan depends on the double furnace with alternate
firing. It is apparent that in the Lancashire boiler with two
furnace tubes it is possible to keep one furnace always clear, and
to burn, by means of the gas proceeding therefrom, the smoke
proceeding from a fresh supply of coal in the other chamber.

Sir W. Fairbairn thus comments on this invention :—¢The
principle of double furnaces within the same boiler was first intro-
duced by myself. The two flues enable the stoker to fire alter-
nately, and to maintain a more uniform generation of steam than
with a single flue, and the flame, passing from one flue and mingling
with the gases from the other, assists in their combustion. I be-
lieve that this simple system of alternate firing, when conjoined
with the requisites of the economical generation of steam, viz.,
plenty of capacity in the boiler, sufficient admission of air, and,
what is quite as necessary, careful and attentive stoking, will effect
the prevention of smoke without any costly apparatus, so far as
that is possible with any given description of fuel. Again, a
double furnace tends to equalise.the supply of air. The two
furnaces, when fed alternately, will not require a maximum or
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minimum quantity at the same time ; and as the two currents of
gaseous products mingle, the surplus air of the one furnace will
supply the deficiencies of the other.’

143. The various modes in which fuel is wasted have been
classified by Rankine somewhat as follows :—

1. Fuel is lost by the escape of gases in an unburnt state, or
by permitting black smoke to be thrown off. Here the supply of
air is defective, and the physical action is traced to the remarkable
affinity of hydrogen fcr oxygen gas, whereby the oxygen is absorbed
to the exclusion of carbon in the first instance.

2. There is waste from external radiation and conduction.

M. Peclet states that the quantity of heat radiated from incan-
descent charcoal, is °5 of the total heat of combustion, and that
the heat radiated from coal somewhat exceeds that radiated from
charcoal.

The practical conclusion to be drawn from this statement is,
that the heat radiated from the burning fuel should be carefully
intercepted in every direction. Hence the economy resulting
from the use of a Cornish or Lancashire boiler with internal
furnace tubes.

As to the furnace door, that is in the form of a double plate,
with perforations not coinciding, or there are plates set obliquely,
like Venetian blinds.

As to the heat radiated into the ash-pit, that is carried back
again to the fire by the current of entering air.

In respect of the loss of heat by conduction, that is obviated
as much as possible by the use of firebrick, and where the furnace
is outside the boiler the resistance to conduction is increased by
double layers of brickwork, with enclosed air-spaces between the
layers.

3. There is loss of heat by the escape of gases up the chimney
at a temperature above that which is necessary for maintaining the
draught.

A general idea of the value of a chimney in promoting the
draught of a fire may be gathered from a statement of a law
which appears to be approximately true, viz., that the velocity of
air, as due to increased pressure, is that acquired in falling down a
height equal to the uniform column which gives the increased
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pressure. In making any calculations on thig subject it is usual
to adopt the hypothesis that air is incompressible and behaves as
a liquid. ’

Let the increase of pressure support 5 inches of water. We
know that 29°922 x 13°596 inches of water balance the pressure of
the atmosphere which would be produced by a stratum of in-
compressible air 26,214 feet high. Therefore, 1 inch of water
will balance 644 feet of air. Hence 5 inches of water balance
322 feet of air; therefore velocity due to increase of pressure

= + 644 x 322

=644+5
= 144 feet per second very nearly.

According to the old rule the area of the chimney should be
fr that of the fire-grate, and there should be 1 square foot of
fire-grate for each horse-power. The consumption of coals per
horse-power being estimated, Mr. Bourne gives Boulton and Watt's
rule for proportioning the dimensions of land chimneys, according
to which a factory chimney 8o feet high would have a sectional
area of 400 square inches, the consumption of coal being 300 Ibs.
per hour, and the suction of the chimney being that due to a pres-
sure of a little more than 1 inch of water.

Rankine gives formule for computing the height of a chimney
in order to produce a given draught, and states that the best
chimney draught takes place when the absolute temperature of the
gas in the chimney is to that of the external air as 235 to 12, or
when the density of the hot gas is one-half that of the external air.

For example, if the temperature of he external air be 50° F.,
the best temperature of the hot gas in the chimney will, according
to this rule, be 602° F., which is less than that of melting lead,
viz.,, 620° F. Hence the rule, that to insure the best possible
draught in a chimney the temperature of the hot gas should
be nearly sufficient to melt lead.

If the temperature of the furnace itself be estimated at 2,400 F.,
and that of the issuing gases at from 600° F. to 700° F., or even
higher, as is often the case, we see that 25 per cent. of the heat of
combustion passes up the chimney and is consumed in producing
a draught of air through the furnace grate. The loss of heat from
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the waste gases may be lessened by the use of an ‘economiser®
for heating the feed-water. Thus, in the case of some quadruple
engines by Mr. Adamson, described in Chapter VII., the steam is
supplied by two boilers, each 3o feet long by 7 feet diameter.
The temperature of the injection-water is set down at 8o° F.,
that of the feed-water from the condenser is 114° F., after which
it passes through an economiser in the flue, consisting of 192
upright pipes each 10 feet long and 4 inches in diameter, where
the temperature is raised as high as 262° F. ; the tempcrature
of steam in the boilers being 344° F.

Sir W. Fairbairn, in his treatise on ¢Mills and Millwork,’
p. 277, describes an economiser introduced by Mr. Green, of
Wakefield, as consisting of a series of upright tubes forming a
supplementary boiler placed in the main flues, and states that the
¢ formation of soot on the pipes was the source of the ill success
of previous attempts in this direction. "This difficulty has been
overcome by an apparatus of scrapers or cleaners ;’ and it is found
‘that when the waste gases escape at a temperature of 400° F. or
500° F. the feed-water can be heated to an average of 225°F,,
the temperature of the gases after leaving the pipes being reduced
to 250° F. To produce this effect 10 square feet of heating
surface should be provided for each horse-power.’

4. Fuel is wasted by brittleness, dust and small pieces dropping
unburnt through the bars into the ashpit.

5. The fuel is rendered less effective by the presence of earthy
compounds, which form clinkers, abstract heat uselessly, and choke
up the grate.

THE LOCOMOTIVE BOILER.

144. In the Museum of the Patent Office there are placed,
adjoining each other, two historical locomotive engines which
show the form in which our present system of railway travelling
was originated.

The first is the so-called ¢ Puffing Billy,’ bearing the following
label : ¢ This is the oldest locomotive engine in existence, and the
first which ran with a smooth wheel upon a smooth rail. It was
-constructed, under Mr. Hedley’s patent (a.p. 1813, No. 3,666),
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for C. Biuckelt, Esq., the proprietor of the Wylam Colliery,
near Newcastle-upon-Tyne. After many trials and alterations it
commenced regular working in 1813, and waskept in use until
June 6, 1872, when it was purchased for the Patent Museum.’

The second is Stephenson’s ¢ Rocket,’ being the engine which
competed for and gained a prize of 500/, offered in 1829 by the
directors of the Liverpool and Manchester Railway Company for
the best locomotive engine which should draw three times its own
weight upon a level road at the rate of ten miles per hour.

Mr. N. Wood, in his treatise on railroads, speaks of the im-
provements made upon locomotive engines before 1829, and shows
their gradual development into the most perfect specimen which
2xisted prior to Stephenson’s invention, viz., the engine in use on
the Killingworth Railway. He states ¢ that the locomotion of these
engines was effected by the action of the wheels upon the rail,
without the aid of any extraneous mechanism, and consisted of
the hold or adhesion of the surface of the wheels against the
surface of the rail.’

The boiler of the Killingworth engine was of malleable iron,
cylindnical, with spherical ends of large radius. It was ¢ feet
long, 4 feet in diameter, with a cylindrical internal tube 2 feet in
diameter passing through the boiler at a distance of 2 inches from
the bottom, and terminating in the chimney, the firegrate being
within the tube. In Mr. Blackett's engine the tube was carried
round and brought back to the firegrate end, alongside of which
was the chimney.

In applying the steam-engine to the purposes of locomotion
the steam is of necessity used at a high pressure, and escapes into
the external air after doing its work in the cylinder. The con-
sumption of steam is therefore enormous, and the student should
scrutinise minutely the progress made in solving the problem ot
generating a sufficient supply of steam within the limited space
occupied by the boiler and firegrate.

It is stated that the heating surface in the old Killingworth
boiler was 29°75 sq. feet, and that the engine evaporated 16 cubic
feet of water in an hour, the average speed of the train being six
miles per hour, and the weight of the load 50 tons.

The engines attached to the early locomotive were very rough
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in construction. There were two steam cylinders, placed vertically
and usually partly within the boiler. The pistons worked cranks
' respectively at right angles, and the engine ran upon four smooth
wheels, with flanges on the inside, the naves and spokes being
made of cast iron. In the Killingworth engine the wheels were
4 feet in diameter, and were coupled together, the boiler resting
on a square frame of wood supported by springs, two on each side.
It would be interesting to show the exact mode in which the
power was communicated from the engine to the driving wheels in
each early type of engine, but an explanation could not be given
clearly without drawings (for which there is not space), and for in-
formation on this point we must refer to other technical treatises.

Although at the present day we may regard almost with a
smile the early engravings of a line of railway with the stone
sleepers, the fish-bellied rails, and the imperfect methods of con-
necting the different lengths, so as to make a continuous road, yet
the whole invention is pretty clearly to be seen as far as the railway
is concerned, and but little improvement is required in order to
bring it up to modern ideas. As regards the boiler and engine
the case is different, for the interval bridged over between the
Killingworth engine and the Rocket was very great, and there was
apparently nothing to lead from the one to the other.

Itis dangerous to enter too closely upon the claims of in.
ventors, and, according to a French writer, the tubular boiler was
originated by M. Seguin, of the Lyons Railway, who patented his
invention in France in 1828, and altered two boilers sent over by
Stephenson in 1829. Also the height of the chimney being in-
competent to maintain the draught through the tube, a circular
fan was added, but this was found less effective than M. Pelletan’s
plan of discharging the waste steam into the chimney. The
writer goes on to remark that the problem was thus fully solved,
‘and, as usual, England appropriated the invention of the two
French engineers.’

As to the steam-jet, that-had been directed into the chimney
of a Killingworth engine by Stephensonin 1825 ; but the chimney
was large, and Mr. Wood considered that although it promoted
evaporation it wasted fuel.

It has been mentioned that a prize was offered in 1829 for the
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Iiwest locomotive engine. The trial was to take place on a 1} mile
course, with  mile extra at each end for starting and stopping.
Twenty double trips were to be made,

Three engines were entered :—

1. The Rocket, by R. Stephenson, of Newcastle.

2. The Sanspareil, by T. Hackworth, of Shildon.

3. The Novelty, by Braithwaite and Ericsson, of London.

The Rocket had a cylindrical boiler, with flat ends, 6 feet long,

. and 3 feet 4 inches in diameter. The fire-box in the rear of the
engine was 2 feet long, 3 feet broad, and 3 feet deep, inside
measure, and was surrounded by a 3-inch water space. The flue
consisted of 25 tubes, 3 inches in diameter, which are stated to
have been adopted at the suggestion of Mr. Booth. The cylinders
were two in number, placed obliquely next the fire-box, and work-
ing the fore wheels; they were 8 inches in diameter and 164
inches stroke. The driving wheels were 4 feet 8 inches in dia-
meter. It was originally intended that the exhaust should be
directed into the open air, but the night before the trial an alter-
ation was made, and the waste steam pipe was directed into the
funnel. The fire-box surface was 20 feet, and the tube surface
117'8 feet. The engine, with its tender, weighed 74 tons. For
the above statements Mr. D. K. Clark is our authority.

The Sanspareil had a cylindrical boiler, 6 feet long and 4 feet
2 inches in diameter. Within the boiler was a horseshoe flue,
containing the firegrate. The cylinders were vertical, and the
wheels were coupled.

The Novelty had an internal flue traversing the boiler three
times, and the fire was urged by a bellows.

At the trial the Rocket was victorious, being the only engine
that ran the stipulated 70 miles. The average speed was 138
miles per hour, the greatest speed being 29 miles per hour. Coke
consumed, ‘91 1b. per ton of load.

The Sanspareil ran at an average of 14 miles per hour, the
greatest speed being 224 miles. Coke consumed, 2°41 lbs. per
ton of load. )

The Novelty broke down.

After the trial the orifice of the exhaust tube of the Rocket
was contracted, to sharpen the blast and promote the generation of

Q .
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steam. The amount of water evaporated was then 29'6 cubic
feet per hour. The number of tubes was soon increased, till it
reached, say 170, instead of 25, the amount of heating surface
being raised so that the comparative numbers became roughly :—
Killingworth engine, heating surface,’ 30 square feet.
Rocket engine, ’ 5 118 »
Narrow gauge engine, ,, » 1,000 "
The amount of water evaporated rising to some 1oo cubic feet per
hour. )
The annexed drawing is copied from a lecture diagram, and
may serve to give a general idea of the locomotive boiler as it was
constructed some years after Stephenson’s invention. The fire-box
is at one end, marked A F, the firebars being at r. ‘This box, for

FiG, 112,

holding the fuel, is generally made of copper, on account of the
superior conducting power of that metal for heat. Dr. Tyndall
describes a good lecture experiment for showing that copper is a
better conductor of heat than iron. A thermo-electric pile, con-
nected with a galvanometer, is laid on a table with its face up-
wards, and upon it is placed a cylinder of copper, 2 inches long,
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with flat ends, and just large enough to cover the whole face of
the pile. A small block of iron, taken from a vessel of boiling
water, is placed on the copper, and as soon as the heat has travelled
through the metal and reaches the pile the needle of the galva-
nometer swings round to its stops.

The cylinder of copper is then replaced by another of iron,
of exactly the same dimensions, and the experiment is repeated
with an iron cylinder in the place of that of copper. It is found
that a much longer interval of time, perhaps five or six times as
great, elapses before the needle moves ; and such a result might
have been anticipated from an inspection of a table of conductivi-
ties of the metal, from which it appears that the conducting power
of copper is to that of iron as 74 to 12. The rate at which heat
travels throngh the metal depends, however, upon its specific heat
as well as its conducting power, and therefore an illustration of
this kind only affords a general confirmation of a physical fact,
and is not in itself sufficient, although it may leave no doubt as
to the superior conducting power of copper when compared with
iron.

The fire-box of a locomotive boiler is surrounded with a casing
of wrought iron, united to it by a number of copper bolts or stays,
and leaving an interval for a water space, which serves the double
purpose of keeping a quantity of water in immediate contact
with the copper sides of the box and of supplying a ready and
efficient mode of securing those sides from any injury due to the
effect of steam pressure.

To the fire-box, and arching over the top of it, is attached the
cylindrical barrel of the boiler, containing a large number of tubes
leading directly from the furnace to the smoke-box B H. The
number of such tubes has increased from 25 in the Rocket to
182 in the present example, each tube being about 10 feet long, 2
inches in diameter, and 2§ inches from centre to centre. It may
be estimated roughly that the heating surface of the fire-box and
tubes amounts to 1,100 square feet.

The supply of steam is admitted to the engine by moving the
handle H, which opens a regulator valve, as it is termed, situated in
the steam-dome D, and allows a supply of steam to pass down the
pipe marked s and so into the cylinders. After the steam has done

Q3
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its work it is discharged by the pipe B, which is placed directly
under the centre of the chimney, and drives out the air before it
50 as to increase prodigiously the draught through the tubes.

145. In order to heighten the effect thus produced by the
action of the waste steam, upon which the success of the loco-
motive boiler mainly depends, the blast pipe is contracted some-
what at the orifice, so as to spread the jet of issuing steam and
make it act as if it were a solid piston driving the air before it
through the chimney. On comparing the action of this steam-
pump with that of the lofty chimney of a stationary boiler the result
is certainly remarkable. Applying a siphon water gauge to test
the performance of a chimney on a prodigious scale, as in the gas-
works at Edinburgh, where the stack is 340 feet high, 20 feet inside
diameter at the bottom, and 11} feet inside diameter at the top,
and where the gases from 68 furnaces heating retorts are being
collected and passed into the atmosphere, it is recorded that the
vacuum on a calm day was about 2} inches, whereas in windy
weather it rose to 34 inches, and amounted under high winds to
as much as 6 or 7 inches. The increase here noticed was clearly
due to the influence of a cross-draught at the top of the chimney.

Taking the greatest pressure of the wind in England at 324 Ibs.
per square foot, and that of atmosphere as 2116°4 lbs. per square
foot, or 65 times as great, we infer that the pressure of the
strongest gale would raise water in the leg of a siphon gauge
through $3 feet, or 6 inches, and these numbers will give some
insight into the pressure of the wind as compared with the arti-
ficial draught of a chimney. At any rate they assist us in esti-
mating what takes place under the blast of the locomotive, when
we are told, as by Mr. D. K. Clark, that in a locomotive engine
where the boiler had 148 tubes, with a blast orifice 3% inches in
diameter, the vacuum in the smoke-box at a speed of 16 miles per
hour was 1} inches, as shown by a siphon gauge, whereas at zo
miles per hour it improved to 2% inches, and at 30 miles per hour
to 43} inches ; the recorded vacuum in another engine running at
40 miles per hour being 6} inches, or about equal to that, under
exceptional circumstances, with a chimney 340 feet high. Mr.
Clark analyses, in a very useful dissertation, the various condi-
tions which modify or vary the exhausting power of the blast, from



The Locomotive Boiler. 229

which it appears that every part of the locomotive boiler has been
subjected to careful experiment, in order that the best result may
be obtained.

Some idea of the dimensions of the various parts should be
given ; and, taking the case of a passenger engine by R. Stephenson
and Co. for the South-Eastern Railway, as described by Mr. Clark
in 1860, we find that the fire-box is 4 feet long, 34 feet wide, and
54 feet deep, surrounded by a water space 24 inchesacross. Inan
ordinary furnace of a stationary boiler the layer of fuel is some 4
inches deep, whereas here it might be as much as 14 feet deep, or
even more, and the different conditions for burning the fuel are
apparent at once from this statement.

For a modern example we refer to an express engine on the
London and North-Western Railway, where the cylinders are
inside, between the frames—in the smoke-box, in fact—and have
a diameter of 17 inches, with a stroke of 24 inches. The area of
the fire-grate is 15 square feet, the heating surface of the fire-box
being 89 square feet, and that of the tubes 1,013 square feet. The
boiler is fed by two injectors placed vertically behind the fire-box,
The distribution of weight on the wheels is stated to be g tons
9 cwt. on the leading axle, 11 tons on the driving axle, and 8 tons
15 cwt. on the trailing axle. The total wheel base is 15 feet 8 in.
The engine can draw a load of 293 tons on a level at a speed of
45 miles per hour with a working pressure of 120 lbs. per square
inch. There are four driving wheels, each 6 ft. 7} in. in diameter,
coupled together by outside rods, the leading wheels being 3 ft
7% inches in diameter. The consumption of coal per mile is 263
lbs. with trains averaging ten carriages.

Also for burning coal inste2d of coke there is a brick arch over
the fire-box extending from the front backwards through half its
length. Under this arch are two circular 7-inch holes covered
by doors which are worked from the foot plate and regulate the
supply of air.

146. There is not space to discuss fully the question of the
strength of the various parts of the locomotive boiler. It is obvious
that the rules as to the strength of the cylindrical barrel calculated
for the Lancashire boiler apply equally here, and in regard to the
fire-box we have only to point out that where one flat side is in
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juxtaposition with an outside flat casing, and connected with it by
stays, there is abundance of strength, as due to the stays—two
flat surfaces held together by a number of intermediate stays, and
subjected to equal pressures in opposite directions, being a con-
struction which presents no difficulties. But the same cannot be
said of the flat crown or roof of the fire-box, above which, at a little
distance, is the arched top of the cylindrical barrel. A method
adopted on the Great Northern express engines is to connect the
roof of the fire-box to the external shell by wrought iron radiating.
stays, each  inch in diameter, screwed into the copper plates and
into the iron casing. Anothermethod is that indicated in fig. 112,
where a series of ribs or girder beams are fitted to the bends of
the front and back plates of the fircbox, and to them the flat roof
is bolted. The ribs are further linked to the crown, so as to take
part of the downward strain on the lateral fixings of the fire-box.

THE MARINE BOILER.

147. We pass on to the marine boiler of the old-fashioned
type, which originally was provided with flues, but now has tubes,
and which possesses an advantage at one
time seriously referred to, viz., that it can
be adapted to the shape of the boat (see
page 94). The general construction will
be apparent from the sketch without any
particular description. The furnace is
enclosed entirely within the shell, and
the hot gases pass through a series of
horizontal tubes, which are larger in
diameter than those in a locomotive
boiler (say from 3 to 4 inches in diame-
ter). After passing through the tubes the
gases enter a smoke-box corresponding to
that previously described and rise by the
uptake into the funnel.

As the sketch shows only a section of
a boiler which is rcally in the form of a
box, a very little alteration would make it serve to represent a

Fic. 113.
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marine boiler for generating steam under a high-pressure. Such a

boiler may consist of a cylinder some 10 feet long and 12 feet in

diameter, the section of which is very similar to that shown, the

ends being flat, and a series of tubes running horizontally through.
the water space above the fire. It is unfortunate that the limits of
this book do not permit of a more extended reference to this

branch of engineering construction.

PROPORTION OF FIRE-GRATE TO HEATING SURFACE.

148. Before concluding the chapter something should be said
as to the relation between the area of the fire-grate and the amount
of heating surface in the boiler itself. This is a practical question
which has been settled to some extent by experience, and the
result can only be stated on authority.

In the Lancashire boiler, 27 feet long, with two internal flues,
the fire-grate has an area of about 33 sq. feet, and the heating
surface in the shell, furnace tubes, and water pipes amounts in all
to about 850 sq. feet ; whence the proportion of fire-grate to heat-
ing surface is about

I to 26.
Sir W, Fairbairn states (‘ Mills and Millwork,’ p. 267) that he has
usually adopted the proportion of 1 to 17 ; that the allowance in
Cornish boilers is about 1 to 25, whereas it has been a practice in
stationary boilers to adopt the ratio of 1 to 10 or 15.

In the North-Western express engine above referred to the fire-
grate area is 15 sq. feet, and the heating surface is 1,102 sq. feet,
making the ratio of fire-grate to heating surface as 1 to 73, while in
a goods engine for an Indian railway the heating surface is 1,327°3
sq. feet, and the area of the fire-grate is 25°5 sq. feet, making the
ratio r to 52. In a marine boiler generating steam at 8o Ibs. pres-
sure the heating surface may be 3,100 sq. feet, and the area of
the fire-grate 117 sq. feet, making the above proportion about
I to 26.
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CHAPTER VIIL

COMPOUND CYLINDER ENGINES.

149. IT hasbeen stated that an engine with two steam cylinders,
one exhausting into the other, was invented by Hornblower, in the
form of a single-acting engine, and that it was converted by Woolf
into a double-acting engine.

In 1804 Woolf took out a patent (No. 2,772) for ‘certain
improvements in the construction of steam-engines,’ in which he
proposed to employ two steam cylinders of different dimensions,
each furnished with a piston, the smaller cylinder having a com-
munication at the top and bottom with the boiler, but communi-
cating also with the two ends of the larger cylinder in suchwise
that the steam should cause both
pistons to rise and fall together.

The specification describes
the admission of steam at a pres-
sure of 4o Ibs. on the square inch
into the smaller cylinder, so as
to drive the piston down at the
time that steam from below
the same piston is expanding
into the larger cylinder, and
pressing its piston also in the
same direction.

The working of such an
engine will be understood from
the sketch (taken from a lecture
diagram), where the valves are
small pistons moving in cylindrical passages. Steam is entering
at s, and passes at once to the upper end of the cylinder a, while

F16. 114.
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the steam below the piston in A is escaping by an open passage
to the upper part of the large cylinder B. At the same time the
steam below the piston in B is escaping into the pipe H, which
leads to the condenser. Thus both pistons descend together.

On depressing each valve rod the passages are reversed.
Steam from s enters the lower part of A, while steam from the
upper portion of A passes down into the lower part of B. A’so
the upper end of B is freely in communication with E, which is
also a passage leading to the condenser.

Hence the two pistons are similarly actuated by the joint
pressure of the steam in each cylinder. Woolf was here adopting
Hornblower’s engine to a new purpose, and his specification is
principally remarkable for a palpable error made in the statement
of advantages to be derived from the use of high-pressure steam.
Woolf says :—* I have ascertained by actual experiments, and have
applied the same to practice, that steam acting with a pressure of
4 lbs. the sq. inch against the safety valve exposed to the atmo-
sphere is capable of expanding itself to four times the volume it
then occupies, and still be equal to the pressure of the atmosphere.’
And the like for steam of 2o lbs., 30 lbs., 40 Ibs. the sq. inch on
the safety valve when expanding to twenty, thirty, forty times its
original volume, the resulting pressure would ‘be that of the
atmosphere.” Thus steam of 20+ 15 Ibs. actual pressure would
expand twenty times in reducing its pressure to 15 Ibs.

Although Woolf wandered thus hopelessly in his theories he
was a thoroughly practical mechanic, and performed most admi-
rable work in the construction of high-pressure engines, and in
advocating tubular boilers for the generation of high-pressure
steam.,

ENGINES OF SIMS AND MCNAUGHT.

150. In 1841 a patent (No. 8,942) was taken out by J. Sims
for a compound cylinder engine, the improvement consisting * in
constructing a steam cylinder divided into two parts of different
areas, and with two pistons attached to one rod, whereof one fitted
the upper and the other the lower part of the said cylinder.’

A constant vacuum was maintained in the space BB between
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the two pistons by the open pipe T leading into the condenser,
and a pipe H, provided with an
equilibrium valve E, formed a com-
munication between A and c. The
specification described the area of
P as being one-fourth that of R,
and steam from the boiler was
admitted into A, through the
valve s, during a portion (say one-
third) of the down stroke, and the
space ¢ was opened to the exhaust,
whereby P descended, as in any
ordinary engine. On the return
stroke E was opened, when the
pressures in the spaces A and ¢
EXHAUST  became equal ; and since the area
F16. 115. of P was much less than that of R,
che pressure in ¢ would preponderate and P would be carried up-
wards. The arrangement of the valves bore a close resemblance
to that in a single-acting engine, and the peculiarity consisted in
the preservation of a constant vacuum between the pistons, As
far as expansion was concerned, a portion of the down stroke and
the whole of the up stroke was performed after the cut-off had
taken place.

151. In 1845 W. McNaught patented (No. 11,001) a new form
of engine, wherein a high-pressure cylinder was incorporated in an
ordinary condensing engine of the overhead beam construction.
This process, whereby many old and wasteful condensing engines
were converted into useful compound cylinder engines, was called
McNaughting an engine. The patentee described the improve-
ment to consist in the application of a non-condensing cylinder to
the kind or description of condensing or low-pressure beam engines
commonly used, and attaching the high-pressure cylinder to the
working beam at the end opposite to that with which the low
pressure cylinder is connected, whereby the steam, after being
used in the usual way in the non-condensing cylinder, passed into
the nozzle of the condensing cylinder, and was there used for
impelling its piston, after which it escaped into the condenser.
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The specification contains a drawing of the compound engine, and
describes a method of deriving the valve motion of each cylinder
from one and the same eccentric.

DOUBLE CYLINDER PUMPING ENGINES.

152. An example of double cylinder engines which has been
regarded with much interest is to be found in the pumping engines
erected by Messrs. Simpson at the Lambeth waterworks, where
four engines of 150 H.P. each are fixed side by side, arranged
in two pairs, each pair working into one shaft, with cranks at right
angles, and a flywheel between them. The stroke of the crank is
equal to that of the large cylinder, but the small cylinder, which
receives steam direct from the boiler, has a shorter stroke, and its
effective capacity is nearly one-fourth that of the large cylinder.
The pumps are of the combined plunger and bucket construc-
tion, that is to say, they are double-acting and have only two
valves, They are connected with the beam near its end. One
peculiarity of these engines consists in the use of a crank and
fly-wheel for controlling the motion of the piston. The work
to be done was that of forcing water along a cast-iron main,
9 miles long and 3o inches in diameter. As stated by Mr. Pole,
in his account of the matter, ‘the great mass of water in motion
along the main, combined with the fragile nature of cast-iron,
rendered it essential that the motion should go on in the most
equable manner, and that concussions or irregularities of pressure
should be as much as possible avoided’” The inequality in the
action of a single cylinder pumping engine was therefore dreaded,
and Mr. Pole, in conjunction with Mr. D. Thomson, was led to
design engines connected with a fly-wheel and at the same time
admitting a high degree of expansion in the use of steam. The
fly-wheel ensured regularity of motion, and the pair of cylinders
gave an opportunity of increasing the ordinary rate of expansion.

The engines were on a large scale, the low-pressure cylinder
being 46 inches in diameter, with 8 feet stroke, and the high-
pressure cylinder being 28 inches in diameter, with a stroke of
5 feet 6§ inches. The length of the beam was 26} feet. Also the
stroke of the pump was 7 feet, the diameter of the pump barrel
being about 23 inches.
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153. The valves were arranged so as to prevent as far as
possible any loss of pressure in the passage of steam from the
high to the low pressure cylinder. The general character of the
valve for distributing steam is apparent from the diagram, which
does not indicate in any way the details of construction. It will
have been noticed that in the sketch of Woolf’s engine two double
piston valves are caused to work in distinct passages. Here,
however, a single valve fulfils the same office as the pair of valves
in the former case, and the idea appears to have been to place
two of Murdock’s valves back to back and mould them into a
single hollow but closed pipe, with ports at its two ends.

154. The drawing shows the high and low pressure cylinders,
marked respectively A and B, and placed side by side with the
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valve E E, working in a pipe H K lying between the steam cylinders.
The circles at H and K represent passages leading to the condenser,
steam being admitted into the middle of the slide case by a pipe
marked on the sketch. In the right-hand figure steam is supposed
to be entering above the piston in A and driving it downwards,
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while steam from below the same piston is passing up the pipe
E E and entering the space above the piston in the low-pressure
cylinder B. At the same time steam below the piston in B is
escaping through an open port into the passage k leading to the
condenser. Thus the pistons descend together, and may therefore
be attached on the same side of the fulcrum of a working beam.

In the left-hand figure the pistons are both represented as

scending after the completion of the downward stroke. Steam is
entering below the piston of the high-pressure cylinder, and a
clear passage is open from the top of the same cylinder down the
pipe E E and into the space below the piston in the low-pressure
cylinder. At the same time the top of the larger cylinder is freely
open to the exhaust pipe 5. Thus both pistons ascend together,
the steam from A exhausting into B, while B itself has one end
open to the condenser. The action is extremely simple, and will
be readily understood.

The valves, which are worked by cams, are cylindrical, and
are packed by cast-iron rings, as in the case of an ordinary piston,
springs being placed inside the rings, in order to assist their elas-
ticity in pressing outwards and ensuring that the surfaces of contact
shall be steam-tight. The cylinder ports are rectangular, with
inclined bars across the faces, to prevent the packing rings of the
valves from catching against the edges of the ports.

It is stated that the passage E E is 6 inches in diameter or one-
sixtieth of the area of a section of the low-pressure cylinder, the
speed of the piston thereof being 230 feet per minute. It appears
that the valve has completely answered the expectation formed of
it in permitting only a very moderate fall of steam pressure during
the passage from a to B.

155. The drawing on the next page shows the arrangement of
a compound cylinder beam engine of moderate size. The sketch
has been simplified by substituting dark lines for many of the work-
ing parts. In particular the student will find the parallel motion
set out in that manner, and he should refer back to p. 122 for
fuller explanation. There are two black spots on the circular space
representing the end of the crank shaft, the object being to indi-
cate the centres of the eccentric sheaves which work the valves.
Also dotted lines pass from these points to other dark spots just
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under the base of the high-pressure cylinder, and are intended to
show the connection from the eccentrics to the bell cranks work-
ing the valves. The governor is clearly indicated, and the reason
for its particular form will be discusscd hereafter. At present we
may point also to the section of the condenser and air pump, the
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bucket being fitted with indiarubber valves, as subsequently de-
scribed.

The dimensions of the engine are the following :—

Diameter of high-pressure cylinder . . 12} inches.
Length of stroke . . . . 2 feet.

Diameter of low-pressure cylinder . . 2o inches.
Length of stroke . . . . 3 feet.

156. The general character of the indicator diagram taken
from Mr. Pole’s double cylinder engine will be understood from
its analogy to the diagram from a single-acting engine.

1. Asto the high-pressure cylinder, that appears to monopolise
the greater part of the area of work done, but it must be borne in
mind that the diameter of the

piston in A is much less than F —~ i ;";;'

that in B, and also that, in the i \'\ ,

case of a beam engine, the { \'\ "

length of strokeis less. Hence ! ~

the upper diagram requires to | S R

be viewed on a diminished !

scale before it can be fairly ]

compared with the lower one. — ‘ )
Fic. 118,

2. Asto the low-pressure
cylinder, that gives the diagram of an ordinary condensing engine,
and no remark is necessary with regard to it, except that the space
of separation between the two figures is seldom so small as in the
present example. There is commonly a much more considerable
loss of pressure in passing the steam from the high to the low
pressure cylinder than that shown by the divergence of the ex-
haust and steam lines in the middle portion of the diagram.

According to the present illustration steam is admitted into
the small cylinder at 35 lbs. pressure, and is cut off at four-tenths
of the stroke, the total expansion being carried on in the large
cylinder until it reaches eight times. Here, then, is an example
of a compound cylinder condensing engine working at a steam
pressure of 35 lbs. above the atmosphere and expanding eight
times, but yet preserving the smoothness and uniformity of motion
appertaining to an ordinary condensing engine expanding at a lcw
rate, as in the early days of steam power.
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In one trial of these engines the recorded duty for 112 Ibs. of
coal was 97,064,894 ft.-lbs., which is equivalent to 2°3 lbs. of coal
per actual H.P. per hour, neglecting friction and other losses.

CALCULATION OF WORK DONE IN A COMPOUND CYLINDER
ENGINE.

157. In the working of a compound cylinder engine, where the
small cylinder exhausts into the large one, the work done ina
stroke depends on the size of the large cylinder, and is the same
as that which would be performed in a single cylinder of the same
content, by expanding to the same extent from a like initial
pressure.

This proposition is easily proved, and anyone may satisfy him-
self that it is approximately true by examining a well-formed indi-
cator diagram as taken from a compound cylinder engine.

Referring to fig. 119, which is from an engine having a high-
pressure cylinder 18 inches in diameter, with a 6-feet stroke, and a
low-pressure cylinder 36 inches in diameter, with a stroke also of
6 feet, the number of revolutions being 34 per minute :

Since the lengths of stroke are the same, and the areas of the
pistons are as 1 to 4, it follows that the indicator diagram, marked
A, as taken from the high-pressure cylinder, would be reduced to
the same scale as that from the low-pressure cylinder, marked B,
if we supposed the diameter of the latter cylinder to be 36
inches and the stroke § feet, or one-fourth of that which it
really is. This result is set out in the sketch. The diagram
marked 4 is reversed in position and repeated on the right-hand
side by measuring off a series of horizontal lines, such as ¢ b, and
making ¢ & = } cD in every case. In this way the upper shaded
area represents the work done in the high-pressure cylinder as it
would appear on the scale adopted in the low-pressure cylinder,
The bottom shaded area is merely a repetition of the area B.

When the two diagrams are put together it will be seen that
the two portions of the expansion curves fit very fairly or run into
one, and that the expansion commenced above 4 is carried on
throughout the stroke. It will be noticed that there is a little
defect of similarity between this diagram and .fig. 118, Here the
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steam line in B is horizontal at first, and then slopes downwards.
That it is horizontal at all is owing to some peculiarity in passing

FiG. 110.

the steam from one cylinder to the other, as there should be the
slope of an expansion curve throughout.

But any deviation from theoretical proportions does not affect
the general inference to be drawn from the two diagrams when
viewed together, and we see that the expansion which has occurred
in the high-pressure cylinder might very well have taken place
in the low-pressure cylinder, as something which preceded the
actual expansion therein.

158. The mathematical proof is the following :—

Sirce the bottom of the smaller cylinder
opens into the top of the larger one, it will
simplify matters to suppose the cylinders to be
in one line, with their pistons at P and k such
that CP=ER.

Letcp=EH=/CP=ER=2x.

Also let A and B be the areas of the B
smaller and larger pistons, the pressure of the
steam above A being p, that below it being 2/,
and that below B being zero.

Then g/ :p =17a:(/—x)a + Bx (by =
Boyle’s law).

[¥]

-]

F1a, 120,

VR 2ia
P =7 + (B—a)x’

R
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.~ work done = fapdx + [ (B—a)dx

" (B—a)d=x
=427+ A!l"/ Ia + (B—a)x

=apx+apllog {{a+ (B—a)a} +c
Taking the integral between the limits x = /, x = 0, we have
work done =ap/ + ap/ {log. B/—log. o7}
= Apl{1+log.§ } N § 9
If the steam had expanded in a single cylinder of sectional
area B, and the cut-off had occurred when the piston had traversed .
a space ¥, the expansion being finally in the ratio —B, we should

have had y == , and, applying the formula of Art. 112, it would
be found that
workdone=n;5y{1 +log.§—} . . (2)

But Bpy = ap/, and therefore the expressions (1) and (z) are
identical, which proves the proposition.
Cor. The form of equation (1) may be altered. Thus, let

the steam expand E times, so thatE = ;3,

.*. work done = _p_{ 1 + log. E} .
So, also, equation (2) becomes, (since y = ;_; } ,

work done=l%-l {1 + log. E}-

POINT OF CUT-OFF IN SMALL CYLINDER.

159. Mr. Pole proved, in 1851, that in the case of expansion
with compound cylinders there is one particular point of the stroke
where the steam may be most advantageously cut off, so far as the
initial pressure on the pistons is concerned, and that such pressure
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may be reduced to a minimum value dependent on the degree of
expansion. The investigation is the following :—

Let 7 represent the length of each cylinder,

7 the length of stroke in the small cylinder before the cut-off,

A, B the areas of the pistons of the small and large cylinders
respectively, B being constant, while A and 7 vary.

2 the pressure of the steam on admission into the smaller
cylinder, whence J’Tf' is its pressure on admission into the large
cylinder. Then

initial pressure = g A + (B—A)P-z—r-
But the whole expansion ={- X é: E suppose.
B
Let ;;= 5, then we have p A = %’
.. initial pressure = *5 +Bps— ??B = a minimum.

. — I
S O= -—72+I,
. I
« Z= —
AV E
or /=r/E.

Which determines the point of cut-off when the initial pressure of
the steam on the two pistons is the least possible.

Also, initial pressure = 22 4 5pz ~ 25,
Ez E

=;3{L_+_L_1}

vE ~E E
_ 2/E—1
._ps( > )
_ N S Y -t 2
Ex 1. LetE=10, .. = A/}3——1-6\/10--1(3,2) nearly.

Also A= 73§= % v 10 = B (*32) nearly.

Initial pressure = p B( 2_‘/;‘—’ .__I) =B X '532.
1o

R2
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Exz Letz=$ ~r=_t=_t =2

And V2= '\/'g_%‘=-§ nearly, . r= 1735

20 100

ENGINES WITH CRANKS AT RIGHT ANGLES.

160. For many purposes it is enough to have an engine with a
single steam cylinder, or the equivalent Woolf’s engine, with a pair
of cylinders acting as one only ; but, on the other hand, there are
numerous instances where two engines should be placed side by
side and work cranks at right angles to each other. This is
particularly the case in applying steam-power to flour mills or to
cotton mills, where it is of consequence to preserve the rotative
pressure on the crank as nearly uniform as possible, and to
maintain a smooth and even motion.  Or, again, in marine engines,
for convenience of starting in any position, the same rule would
hold ; and before proceeding further it may be useful to point out
the reason for the greater uniformity of rotative pressure which is
a consequence of working with a pair of cranks at right angles.

It has been shown in Art. 110 that the variations of tangential
pressure on the crank of a direct-acting engine are represented by
the vertical lines on a diagram similar to that shown by the dotted
curve 4 fin the annexed sketch. Putting a series of such curves
end to end, we obtain a graphical indication of the fluctuations of

FiG. 121.

tangential pressure during the working of an engine with one
cylinder. The force is zero at a dead point, and rises to fe, its
greatest value, after which it sinks again to zero. Butif there
be a pair of cranks at right angles, a second series of diagrams of
rotative pressures must be superposed upon the first series, as
shown by the second set of dotted curves, whereof one portion is
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marked e, and the final result is exhibited by the upper line, not
dotted, which is obtained by adding together the pairs of ordinates
at each point; for example :—

nm-+ myr=ms,
ab+ab=ac,
ef+o=c¢ef

The greater uniformity of rotative force is apparent, and it would
be improved by cutting off at half-stroke in each cylinder, for then
the curve 4 ¢ would be hollowed out and reduced, while the part
4 f would be unaffected, and the upper resultant wavy line would
become more nearly horizontal. By proceeding in this manner
it is easy to set out a diagram of the rotative pressure upon the
cranks of any pair of engines working under given conditions.

161. Inapplying Hornblower's principle to direct-acting engines,
where two cranks at right angles are to be connected with the
cylinders, there are different methods for adoption, each of which
has its advocates. One plan very commonly met with has been
to place the high and low pressure cylinders in pairs, with their
axes in the same straight line, so that one piston rod serves for
both., Thus, in marine engines, with the cylinders vertical, there
may be—

1. The high-pressure cylinder above the low-pressure cylinder.

2. The low-pressure cylinder at the top.

3. The low-pressure cylinder encasing the high-pressure
cylinder.

But in each of these cases, as also in compound cylinder
horizontal engines, it is usual to confine the expansion to one pair
of cylinders, although there is an example, to which reference will
shortly be made, in which the steam is carried in succession
through four cylinders.

THE USE OF AN INTERMEDIATE RECEIVER.

162. In another class of compound cylinder engines there are
two cranks at right angles, but only one cylinder connected with
"each crank. Here each cylinder forms, as it were, ar. engine
complete in itself ; the cylinders (called A and B, as before) are
placed side by side, and are of equal length, and the point to be
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noticed is, that the pistons in A and B no longer move together,
but that one leads the other by half a stroke. It is clear that
Hornblower’s mode of exhausting at once from A into B is no
longer applicable, and that some special method of distributing
the steam, different from anything that we have yet seen, must be
arranged. The difficulty arises from the fact that the directions
of motion of the pistons cross each other, whereby, for example,
when the piston in A is at the end of its stroke and about to
ascend, that in B is in its middle position and is descending. In
order to get over this obstacle Mr. Cowper has proposed to place an
intermediate receiver between the cylinders A and B, which shall
act as an exhaust reservoir for the steam coming from a, and as a
boiler for the steam going into B. It appears that engines with a
receiver have worked well in practice, but it seems difficult to
justify the use of this arrangement by a strict reference to the
principles of the theory of heat.

A general idea of the arrangement of the engine proposed by
Mr. Cowper may be gathered from the sketch, where the cylinders

(70) FAT
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A and B are placed side by side, and the high-pressure cylinder A
is enveloped in a steam receiver or reservoir, marked c, the
content of which is perhaps three times that of a. In a working
engine on this plan steam (say at 7o lbs. pressure) would enter a
and be cut off at half-stroke ; it would then expand and finally
exhaust itself into the receiver, where the pressure would vary
from, say, 10 lbs. to 14 1bs. The receiver would supply steam
for the low-pressure cylinder B, just as if it were the boiler of an
ordinary engine, and the pressure of the steam in ¢ would fall
to 1o lbs. when the demand upon it was madé, but would rise
to 14 lbs. when fresh steam entered it from A.

The temperature of the steam in the jacket surroundmg A is,
therefore, much below that of the entering steam, which is so far a
departure from Watt’s practice.
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MILNER'S COMPOUND CYLINDER ENGINE.

163. A mode of working a compound cylinder engine with
two cranks at right angles, and without an intermediate receiver,
was patented by J. Milner in 1853, No. 2,281. It does not ap-
pear that the engine has ever come into use, but it is referred
to as an exercise for the student.

The specification describes the engine as having two working
cylinders, with pistons connected to two cranks placed at right
angles to each other on the same shaft, one of the cylinders being
of greater capacity than the other. The valves are worked by
cams or eccentrics, and it is ‘arranged that steam may be admitted
from a boiler into the top of the smaller cylinder until the piston
has made half its stroke, and then be shut off. A communication
is next made between the top of the first cylinder and the top of
the second one, whose piston is then at the top of its stroke.’

A B A B A B )
st EXP EXH
Exp A
m
EXH BxH st
® ' ® ' ®
FiG. 123.

The part of the sketch marked (1) shows the piston of the
smaller cylinder A descending, the steam being just shut off, while
the piston in the larger cylinder B is at the top of its stroke, and is
on the point of descending, as marked by the arrow.

As to the opening of the cylinders A and B to the condenser,
it is to be observed that the lower part of A is open to the exhaust
during one half of the down stroke, and the same is true of the
upper part of A during one-half of the up stroke ; whereas the two
ends of B are alternately open to the exhaust through nearly a
whole stroke, just as in an ordinary engine.

The distribution of steam is different from that in the com-
pound engines hitherto examined. The steam which passes from
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A to B is not conducted from the top of A to the bottom of B, and
50 on, but the direct contrary, whereby the method which appears
most natural, and which was originated by Hornblower, is aban-
doned. Steam passes from the top of A to the top of B and
expands against both pistons at the same instant.

Diagram (z) shows this expansion going on. There are two
ordinary D valves working against steam-ports connected with a,
one at the top and the other at the bottom thereof, and the exhaust
passages communicate from the top of A to the top of B, and
from the bottom of A to the bottom of B.

Diagram (3) shows the state of things when the piston in B has
come to the end of its stroke and is beginning to return, the upper
ends of A and B having been just opened to the exhaust. And it
is apparent that during the interval existing between (2) and (3)
the space occupied by steam is getting less in A and is becommg

larger in B, whereby the actual expansion is from 2 to B + _2,
2

that is, from A to A + 2 B.

There is no difficulty in seeing that the action which is now
beginning in (3) would pass through a like phase to that indicated
in (2), and that expansion will go on between the lower ends of a
and B until the piston in B has reached the top of its stroke, when
openings to the exhaust will be made in both cylinders, as shown
by diagram (1). After this the operation repeats itself.

The indicator diagram, which might be taken from the high-
pressure cylinder of a Milner’s engine, is the only one which pre-
sents any peculiarity, and would be some-
what of the character sketched. The actual
expansion between A and B begins at half-
. stroke in A, but there may be a preliminary
cut-off of the steam in A, as shown at ¢, and
- in such a case the expansion would be carried
B - a little farther than has hitherto been sup-
posed. The steam in A begins to expand
into the cylinder B at the point &, and this
goes on until half the return stroke is completed, when there is a
sudden opening to the exhaust. This causes the pressure to drop,
and there is the lowering, marked at @, which indicates the gain

Fi1G. 124.
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due to this mode of working. The diagram in the other cylinder—
viz., B—is the same as in the case of any ordinary double cylinder
engine.

QUADRUPLE ACTION ENGINE

164. We have now to mention a successful engine by Mr.
Adamson, where the expansion is carried on through four cylinders,
A, B, C, D, whereof A and B are in one line, and have a common
piston rod, as are also c and D, the two cranks on the driving shaft
being at right angles, and the general arrangement of the engine
being that shown in the sketch.

H
B

CRANK SHAFT

{
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%
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Such an engine affords an example of the combination of
Homblower’s method of working with that of Mr. Cowper. Steam
from the boiler enters A and exhausts into B, the pistons in A and B
moving together. So far we have the ordinary double cylinder
engine working the crank at R by means of the connecting rod
PR But in passing over from B to C it is necessary to connect
two cylinders where the movements of the pistons cross, the crank -
at T being at right angles to that at R. Hence this is a case where
an intermediate receiver applies, and accordingly such a reservoir
is placed at E and acts as a boiler for the pair of cylinders ¢ and
p. These two latter cylinders are a mere repetition of the first
pair, with a common piston rod, and equal length of stroke. In
order to keep up the pressure of the steam the receiver £ is sur-
rounded by a jacket filled with steam direct from the boiler.
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The work done is that of driving the machinery of a cotton
mill having 48,000 spindles, with all the requisite preparation, and
the steam is produced from two steam boilers of the double-flued
Lancashire type, each 3o feet long by 7 feet in diameter, with
furnace flues 2 feet 10 inches in diameter, which are crossed by
five conical water tubes welded into the flue rings. The blow-off
pressure of the safety valves is fixed at 110 lbs. per square inch.
The shell and fire-box of the boilers are made of steel plate, and
the flues are put together with Adamson’s flanged seam formed on
flue rings in 3-feet lengths. It is estimated that—

Total heating surface in the two boilers is . 1,712 sq. ft.
Heating surface per square foot of firegrate . 259
» »  per indicated H.P. . . 317

The receiver is formed like a portion of the furnace flue of a
boiler, being a cylinder with flanged joints and crossed by conical
pipes, which increase the superheating surface. It is surrounded
by a cylindrical casing having flat ends, and with flanged joints,
the object being to obtain a strong superheating vessel which shall
keep up the temperature of the steam after exhausting from B.
The temperature of the boiler steam is given at about 344° F.

In an account of the performance of the engine it is stated
that steam at g2 lbs. pressure enters a, where it exerts a mean
effective pressure of 349 1bs. It then exhausts into B, entering
that cylinder at a pressure of 57 Ibs., and exerting a mean pressure
of 26'1 Ibs. From B it passes into the receiver E.

Steam for the supply of the cylinder ¢ is drawn from the
receiver, and enters ata pressure of 19 1bs., its mean pressure being
14'85 Ibs. It finally exhausts into D, entering at an initial pressure
of 1°5 lbs., and exerting a mean effective pressure of 9 lbs. From
D it passes into the condenser.

The engine has a stroke of 5 feet, and makes 43 revolutions
per minute. The diameters of a, B, ¢, and D are 17, 224, 30},
and 42 inches respectively, whereby the piston constants for a, B,
¢, and D may be obtained by multiplying 430 into the area of
each respective piston in inches, and dividing by 33,000. This
gives the following numbers for the piston constants, namely :

2957, 5'18, 9'36, and 18-05 for 4, B, ¢, and D respectively.
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« Indicated H.P.= 2957 X 34°9 + 5'18 X 26°1+9°36 X 1485+
1805 X 9.
= 103'24+1352+139'0+162'4
= 5398
The consumption is stated by Mr. Adamson to have been, on one
particular trial, as low as 177 lbs, per H.P. per hour.

FOUR-CYLINDER COMPOUND MARINE ENGINES.

165. We conclude this chapter by referring to some four-
cylinder compound marine engines, designed by Messrs Mauds-
lay, Sons, and Field, and fitted in the vessels of the White Star line
of mail-steamers which make the voyage between Liverpool and
New York.  Similar engines have also been fitted in other ves-
sels. They work to about 5,000 H.P., and exhibit a remarkable
economy in the consumption of fuel ; presenting, in fact, an ad-
mirable practical illustration of the, excellence of the system now
adopted in powerful steamships.

The writer is enabled to present two external views of the
engines in question, as well as a section through the cylinders and
valves, which latter will give the student a complete insight into
the method of distributing the steam.

Fig. 126 is a front elevation of the engines ; fig. 127 is a side
elevation, showing also a section of the vessel; and fig. 1281is a
section through the cylinders. But inasmuch as a section perpen-
dicular to the screw-shaft does not take in the valves and steam
passages, the drawing in fig. 128 is altered hypothetically, and the
valves are supposed to be brought round into the plane of section.
In this way one diagram suffices for exhibiting both the working
of the valves and the connection of the pistons with the screw-
shaft. '

To begin with the smaller, or high-pressure cylinder, which
is 48 inches in diameter, with a stroke of 5 feet. Steam from
the boiler, at a pressure of 70 to 75 lbs. per square inch, enters
the outer slide case on its way to the cylinder. The periods of .
admission, cut-off, and exhaust are regulated by two valves, one of
which works at the back of the other; the first, or expansion valve,
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FIG, 126, Four-cylinder marine engines by Messrs., Maudslay, Sons,
and Field,
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¥16. 128. Section through cylinders.
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being a gridiron or plate valve, and the second being an ordinary
slide, with the addition of two thoroughfare steam passages. In
order to make the diagram more clear the letter s is marked
on the spaces through which the steam passes on its way from
the slide case to the cylinder, and the letter £ is marked on the
exhaust passages. A series of arrows will serve to trace out the
pathway of the steam, by which we note it as entering the slide
case, passing out through the exhaust, and descending to the
low-pressure cylinder until it finally escapes into the condenser.
The whole matter is at once apparent from the drawing. '

Passing on to the low-pressure cylinder, which is 83 inches in
diameter, and has also a stroke of 5 feet, we find that the section
here is the same as that of an ordinary double-acting condensing
engine, and the only point to be noticed is the application of the
double-ported construction of valve, whereby the effective open~
ing for steam is doubled for a given amount of travel over the
ports.

The main slides of each pairof high and low pressure cylinders
are on one rod, and are worked by one pair of eccentrics with a
link motion. The cut-off slide at the back of the high-pressure
slide is worked by an independent eccentric.

On the platform in the front elevation are three wheels,
whereof the lower one is for reversing the engmes, and the upper,
or star wheel, is for altering the grades of expansion, while a
small wheel to be seen just over the head of the engineer is in
connection with the steam regulator valve, which is here of the
double-beat type.

The air-pump is single-acting, and we refer to fig. 117 for an
example of a single-acting air-pump with indiarubber valves. As
to valves of this construction, we may state that in the early
days of the marine engine the valves connected with the air-
pump were of brass ; but, when screw propeller engines were in-
troduced into the navy, and the number of revolutions made per
minute by the shafting was greatly increased, it became necessary
to provide valves which should be better adapted for rapid open-
ing and closing.  Accordingly, canvas valves were tried, but for
only a short time, as it soon became apparent that indiarubber
disc valves were much more convenient for use.
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The drawing shows the feed valve-box of a marine engine
fitted with indiarubber valves.

It should be understood
that there is a plunger pump
on the side of the pipe matked
A, and that the action of the
pump is to suck water up
through the opening at M.
The lower valve E is therefore
an ordinary suction valve, while
the upper valve k is a delivery
valve. Looking at the valve
E, there is : 1, a grating, shown
in plan separately at the top of
the drawing, and marked E;
2, an indiarubber circular disc,
shown tinted in the sketch ; 3,
a guard @, being a conical
shield, which prevents the disc
from rising too high when
forced up by the ascent of the
water. In the Allen engines,

FIc. 129. which make 200 strokes per

minute, the indiarubber valves

are rendered more quick in their action by means of springs fitted

at the back. There is also the delivery valve marked k, which is

the exact counterpart of E. The opening for the suction is shown

separately in plan, and is marked M. Also H is an air-vessel for

sending forward a continuous stream of water, being a contrivance
generally adopted in a force-pump.

In the present engine the air-pumps are worked from a beam
connected to the piston cross-head (see fig. 127), the feed and
bilge pumps being worked from the air-pump cross-head, which
is provided with guide blocks.

The drawings also show, in front and side elevation, a large
cylindrical vessel which is the surface-condenser, and of which a
detailed account must be given, as it is an apparatus which is
essential to economy in fuel with marine engines.




Marine Boilers. 257

According to the old system the boilers of marine engines were
supplied with salt water, that is, water containing solid matter in
solution, the result being, that as the water evaporated a deposit
took place and formed a hard non-conducting coating upon the
metal of the boiler. Two evils happened, viz., (1) the passage of
heat into the water was retarded, and (z) the flame concentrated
its effect more than it would otherwise have done on the material
of the boiler.

The remedy consisted in ¢blowing out,’ as it was termed, or
in allowing the steam to force out a quantity of water from the
boiler at intervals, supplying its place by fresh water from the hot.
well at a much lower temperature ; or otherwise a system of pumps
was employed for removing the so-called brine continuously. In
either case there was a direct loss of heat.

The older standard works on the steam engine are full of
practical directions as to blowing out. Thus, in Mr. Main’s
treatise it is stated that ¢ blowing out should be strictly attended
to while under steam at sea, in order to keep the boiler free from
salt and incrustation ; the common practice being to displace five
or six inches of water every hour,’ and so on. Directions are then
given as to the method of ascertaining the degree of saturation,
from which it appears that ordinary sea-water contains about 45
of its weight of salt and earthy matter, and may by evaporation
become charged with as much as 3% parts of salt, after which it is
said to be saturated and can hold no more salt in solution.

There are two instruments for ascertaining the degree of salt-
ness of the water in a boiler, viz., (1) a thermometer, which gives
the temperature at which such water will boil in the open air, and
(2) an hydrometer, which indicates the higher specific gravity of
water when holding a larger amount of salt in solution. Thus, water
boils at 213'2° F., when containing 5% of saline matter, but its
boiling temperature is raised to 226° F. with 43 parts of salt in
golution.  As to the reading of the hydrometet a special instru-
ent is provided, with graduations of 44, %, &c., on its stem, the
ybservation being made when the water under trial has been cooled
own to 200° F.

It is stated that the proportion of solid matter should never
"'reach % of the water, as incrustation commences somewhere
‘ s
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about that point. This state of things corresponds to a reading of
216° F. on the thermometer.

As to the loss of heat caused by blowing out it is easy to ex-
press the same in a formula, and Mr. Main gives the necessary
calculation, whereby, for example, the heat thrown away for a satu-
ration of .3; is to the whole heat given to the water as 6 to 100.

Where brine-pumps are employed they should be so ad-
justed that the quantity of water which they draw off, together with
the quantity evaporated, shall be equal to that supplied by the
feed-pumps. As to this, it appears that, in order to keep the
saturation at 4%, the evaporation, the quantity blown out, and the
feed are as the numbers 1, 4, # respectively.

SURFACE CONDENSERS.

166. For large ocean steamers the system above referred to
has been given up, and in its place the method of surface con-
densation has been adopted. The merit of introducing surface
condensers is due to Mr. S. Hall, a well-known engineer, whose
earliest patent on the subject was taken out in 1831 (No. 6,204).
Tredgold gives a detailed account of Hall's condenser as applied
in the steamer ¢ Wilberforce,’ and states that this vessel was fitted
in 1838 with engines of 285 H.P., and that surface condensation
was carried out by means of a series of copper tubes, as many as
2,374 being placed vertically in each condensing cistern. Each
tube was 4 inch in diameter and 8 feet long.

The waste steam was condensed in the tubes, and returned as
water to the boiler, to be re-evaporated, and to do its work over
again. At the present time it is a common practice to pass
water through the tubes and to allow the waste steam to fill the
intermediate space, whereby the surface condenser only differs
from an ordinary jet condenser in respect that the cold water does
not come in actual contact with the steam, but is sent through the
condensing vessel in a number of small streams, each of which is
separated from the steam by a metal sheathing.

The air-pump is, therefore, the same in character as that used
with a jet condenser, only it has less work to do. But nothing is
gained thereby, inasmuch as it is necessary to provide circulating
pumps for passing a supply of cold water through the tubes.
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Notwithstanding Hall's effort to establish the new system we
do not find that surface condensation was favoured by engineers.
Thus, in 1841, the condenser tubes of the ¢ Wilberforce’ became
so much coated with mud from the Thames and Humber that they
were taken out, and jet condensers were substituted. In 18359,
however, the system was revived by the Peninsular and Oriental
Company for the steamship ¢ Mooltan, and was successful. At
that time also the theory of heat was better understood, and soon
the use of surface condensers for steamers of the highest class
became more and more general.

In the case of the ‘Mooltan’ one condenser contained 1,178
seamless drawn copper tubcs, each # inch outside diameter, ‘o3
inch thick, and 7o inches in length ; the total condensing surface
amounting to 4,200 sq. feet. The indicated H.P. of the ¢ Mool-
tan’ was 1,731, which is about one-third the power of the com-
pound engines lately referred to.

The tubes were packed with a piece of linen tape pressed
down by a screwed gland, which formed a very good joint. The
condensing water flowed upwards in a stream around the tubes,
which were vertical, and the current was produced by a centrifugal
pump, with a disc of 36 inches in diameter, making about 200
revolutions per minute.

Mr. Bramwell, in his paper on ¢ Marine Engines,” describes a
condenser for a marine engine of the horizontal construction in
which the tubes are of brass, § inch in diameter, with § inch spaces.
They are divided into three tiers by horizontal partitions inthe water
compartments at the ends ; whereby the current of water from the
circulating pump is first of all forced through the lower tier, then
returns through the middle tier, and escapes through the top tier
of tubes. The exhaust steam from the engine enters the con-
denser at the top and quits it at the bottom, as shown in fig. 130,
whereby it comes last into contact with the coolest row of tubes.
tA table is appended to the paper giving particulars of the surface
?yndenser in a number of compound marine engines, and among
%the list is one where the high-pressure cylinder is 46 inches in
kliameter, and the low-pressure 8o inches, length of stroke 39 inches,
‘number of tubes 1,292, length of tubes 10 feet 10 inches, external
diameter § inch, space between the tubes '35 inch, total condensing

s2
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surface 2,758 sq. ft., vacuum 28 inches. The circulating pump is
single-acting, the barrel being zo inches in diameter, with a stroke
of 16 inches. These numbers refer to some engines by John
Elder & Co., which were started in 1868.

The condenser of Messrs. Maudslays’ engine is shown in the
sketch, The tubes are of brass, and fill the large cylindrical

Steam from
Cylinder

. Water: from
ﬂ.lzr.nlmf ﬁn‘u‘;a ting Pump.

F1G. 130,

casing shown in longitudinal and transverse sections. They are
indicated in the right-hand figure, and fill the whole empty space.
The water from the circulating pump enters below, and encoun-
ters a horizontal plate, which causes it to pass through half the
number of tubes, as shown by the arrows, and then the water
returns to the right hand through the upper series of tubes and
escapes by the overflow. In the meantime the steam is entering
the space which surrounds the tubes and becomes condensed, only
to -be carried away by the air-pump and again supplied to the
bonler.. ‘The circulating centrifugal pump is clearly shown in fig.
¥27 5 1t 15 at the extreme right of the drawing,
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The actual working of the engine will be understood from the
indicator diagrams shown in the annexed sketch, The scale
gives the amount of pressure in the original diagrams, which are
here reduced in the proportion of 30 to 56. The excellence of
the vacuum—viz, 28'5 inches—is especially to be noticed when

)

F16. 131.

taken in conjunction with the speed of the piston ; for we are told
that the number of revolutions is 55 to 6o per minute. The con-
sumption of coal speaks for itself, the record of consumption for
24 hours in an actual voyage being 96 tons, which is equivalent
to 1°8 Ibs. of coal per H.P. per hour. So much has already been
said on this subject that it is unnecessary to add anything further,
but we may at least point out that a powerful testimony to the
truth of the theory of heat is afforded by the increased economy
of our resources as consequent upon a systematic endeavour to
apply and put in practice the principles of that theory. It is
further stated that the speed of the vessel has been maintained
at 19 statute miles per hour for periods of twenty-four hours at a
time.
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CHAPTER VIIL

MISCELLANEOUS DETAILS.

167. It has been shown that the number of strokes made per
minute by a single-acting engine is adjusted by the action of the
cataract, but in a rotatory engine, such as may be suitable for
driving machinery, the regulation is of necessity different, and the
problem resolves itself into a question of controlling the rate at
which a driving shaft performs its work. Referring to the case of
a clock train, where the multiplication of velocity between the
driver and the last follower is considerable, it is well known that
the best regulation has been obtaihed by the combination of a
pendulum with an escapement. Such an arrangement involves,
however, a step-by-step movement, which is quite inapplicable for
heavy mechanism. Nevertheless, Watt appears to have been im-
pressed with the value of the pendulum as a regulator of motion,
and he determined to apply this apparatus to a steam-engine,
although under a new aspect, and in a shape in which it had not
previously been employed. For the complete regulation of an
engine upon Watt’s system two things are necessary : first, a fly-
wheel or heavy rotating body possessing inertia ; and, secondly, a
conical pendulum. The fly-wheel constitutes the most important
and primary step towards the obtaining of uniform rotatory motion.
It is a heavy wheel of cast-iron, with a massive rim, which becomes,
as it were, a storehouse into which energy may be poured un-
equally during the passage of the piston from end to end of the
cylinder, but from which it may be drawn out uniformly during
the operation of driving the machinery. The object of the fly-
wheel is to equalise the action of the force transmitted from the
piston to the crank pin, and to confine any inequality within
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narrow limits of variation. But the fly-wheel alone is not sufficient
for the purpose, since it is not only necessary to obtain a general
uniformity of motion under the varying pressure of steam in the
cylinder, but some method of adjusting the supply of steam itself
is also required, whereby more power may be exerted when the
resistance outside the engine increases, and less when the con-
trary happens. (Refer to ¢ Principles of Mechanics,” Art. 40).

THE REGULATION OF AN ENGINE.

It is with this latter object in view that the pendulum
governor was invented. That instrument consists of a pair of
heavy balls suspended from arms centred at or near a vertical axis
and caused to rotate by the engine. If the power of the steam be
in excess the fly-wheel accelerates its motion, the balls fly out-
wards and move the lever of a throttle valve, so as to diminish the
supply of steam ; whereas, if the power of the steam be in defect
the balls collapse and the throttle valve opens more widely. The
apparatus is called a pendulum governor, because the time of a
revolution is affected by the length of the axis of the cone formed
during the rotation, in a manner analogous to that in which the
time of oscillation of an ordinary pendulum is affected by the
length of the pendulum rod.

168. In order to comprehend the principle of the conical
pendulum it is necessary to revert to the consideration of the law
under which a body will move in a circle. This law was fully
established by Newton, who proved that whenever a body de-
scribes a circle with a uniform velocity it must be subject to the
action of a constant force tending towards the centre of the circle.
The analytical expression of the law is the following :—

Let w be the weight of the body,

v its velocity at any instant,
7 the radius of the circle in which it moves.

2
Then forcé towards centre = wo

169. This proposition being clearly laid down, it becomes evi-
dent that we can imitate in a body at rest the conditions which
obtain during circular motion by supplying a force equal and
opposite to the force which sustains the circular motion.
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For example, drop a marble into a l?at circplar dish with a
deep rim running round it. Se_t the dlSl.l in rotation about an axis
through its centre and perpendlcqlar to 1ts' plane, anq the .marble
will run to the side and press against the rim. ) The side will react
upon the marble and supply the centre-seeking force necessary
for circular motion, according to Newton’s statement.

If, therefore, we wished to imitate, when everything is at rest,
the action which is going on during the rotation, it would be
merely necessary to press the marble against the side of the.vessel
with a force equal to that which before kept up the circular
motion. The result is that during actual rotation there is a force
tending towards the centre ; but when all is at rest the effect of
rotation is imitated by supplying a force equal to the former and
tending from the centre outwards.

It follows as a consequence of this way of looking at the
subject that a problem in dynamics may be treated as a simple
question of equilibrium, where the forces balance each other. ]

To apply the method to the case of a conical pendulum it is

2
only necessary to supply a force v;_z;, acting outwards, and the

parallelogram of forces is at once applicable.

Let p represent a body of weight w, suspended at c by the
string ¢ D and describing a horizontal circle of radius » B with a
uniform velocity 2.

Letce=4% BD=7r,cD =/ also let T be
the tension of the string D c, and # the time of
a revolution.  Applying our principle, we shall
suppose the body b to be at rest and to be
acted on by three forces, viz, (r) its weight,

(2) the tension T, and (3) the force V%* acting

g' r
from the centre outwards.

Since D is at rest on this hypothesis, we have
wv"W"r'Iz' v”‘—rorv’lz— .
FiG. 132. o .e . .. o =7, =gr%

Also the motion is uniform ; therefore 2  » — to,

1"_'__2,“\/7
€ g

and
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Hence the time of a revolution varies directly as the square
root of ¢ B; that is, as the square root of the height of the cone
described by the string supporting w.

Cor. 1. If we refer to an ordinary pendulum of lengthc s or 4,
swinging through a very small arc, the time # of a vibration in one
direction is given by the equation

f=wﬂ, hence 2= 2¢.
&

Cor. 2. If # be the number of revolutions made per minute by

the weight p, we have / = @,

7
wam®, [T
”n—‘lr\//l

Cor. 3. Let Z be the length, in inches, of a pendulum oscillating
once in one second in London, then

1= ,\/ﬁ L=;g,= 39°1393-

By substitution we have #» = 30 \/% = ,\/ 35225

ork= _3235
n?

Ex. If 2= 18 inches, 7 = 44, and it is easy to form a table
with corresponding values of % and =

COR. 4. It is a well-known experimental fact that if the velocity
of rotation be increased the cone will flatten out, the weight w
rising more nearly to a level with ¢. In order to deduce this
result from the formula let w be the angular velocity of the line
B D round the centre, B, whence 7 = w 7.

Lelrth=grlorwlh=g¢

But 2=/ cos pcB =/ cos 6 suppose

% w?/cos 0 =g, and cos § =

g .
lv?

If w be increased, cos 6 is diminished, and @ is increased,
whereby D moves up into a higher position.

170. There is another observed result which will carry us on in
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the investigation, viz, that if a cyIindrica}l v.es:sel p.::lrtly ﬁlled.with
water be whirled round a vertical axis coinciding v«{lth the axis of
the vessel, and at a uniform velocity, the water will l?e. hollovged
out into the form of a cup, the particular surface exhibited being
that known as a paraboloid of revolution. .

In other words, if A be the vertex of the cup, cA being the
axis of rotation, any section of the surface, such as D 4, made by a
plane through the axis, is a parabola.

Note.—The curve called a parabola
is frequently met with in studying me-
chanics; it is, very approximately, the path
described by aball when thrown obliquely
into the air, and may be the curve formed
by the section of a right cone as made by
a plane parallel to a generating line, or
slant side, as it is commonly called.

By reason of the mobility of the
particles of water it is a property of this
substance, in common with other liquids, that the pressure at all
points of a surface formed upon it when at rest is the same. If it
were not so the particles would move along the surface. But the
water in the vessel is permanently rotating with a uniform velocity,
and is, therefore, in an artificial state of equilibrium. Hence a
particle at D will remain at rest just as much as a particle at 4.
Draw pc, 4 ¢ perpendicular to the surface of the water at the
points D and & respectively. Then D and & move with the same
angular velocity round the axis ca. Let this angular velocity be
o, and we have

C

FI1G. 133.

w! x CB=g, w? X cb =g whence cB=cd.

It is a property of a parabola that the subnormal is constant,
and the term ¢ subnormal’ is merely a ‘echnical name for the line
¢ B, being the part of the axis intercepted between any two lines,
suchas n ¢, D B, whereof D c is perpendicular to the curve and D B is
perpendicular to the axis A c. As soon as we knew that the section
of the fluid cup was a parabola it became possible to predict that
property of the curve which is now referred to.

171. The investigation of the property of a parabolic curve as
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applied t a conical pendulum will have prepared the student for
understanding the so-called parabolic governor. It appears that
in 1851 a governor was brought over from Vienna where the
pendulum halls rode on guides having the form of a parabola.
This governor had, as we might anticipate, the fault of being too
sensitive. The balls rose to the highest point or fell to the lowest
on the smallest variations of speed, and it became necessary to
diminish this extreme sensitiveness by attaching to the sliding
collar of the governor an air cylinder or cataract, whereby in rising
or falling the balls were made to suck in or force out air througha
a small adjustable aperture in the top of the cylinder.

172. It may now be convenient to refer to some working
models, deposited by Mr. Head in the Museum at South Kensing-
ton, which are intended to illustrate (r) the common pendulum
governor, (2) Watt's governor, and (3) an approximate parabolic
governor ; and we should premise that in applying the conical
pendulum to an engine the chief point to notice is that the
number of revolutions made per minute depends upon the height
of the cone, viz.,, cB, in fig. 134.

1. The common method of con-
structing the governor has been that
shown in the sketch. The balls are
suspended at the points E and H, a
little on either side of the central
vertical spindle c¢B. Each arm, as
H D, is connected by a link to asliding
block sT. As the rate of rotation
increases the balls fly out, ST rises,
and in doing so actuates a lever
which controls a steam valve and

diminishes the supply of steam. 3

The effect of placing Eand H at a TO VALVE
little distance from the axis cBis to
cause the variation in the height of FiG. 134.

the cone to become greater for any

given rise of the balls, and thereby to render the governor less
sensitive. Thus the heights of the cone in the two positions shown
are ¢ B and ¢4 respectively, the variation being equal to c¢c + B 4.
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2. In the governor as made by Watt, of whif:h there is an
example at the Patent Museum, the variation in height of the cone
was much reduced. The centre

of suspension was set in the ver-

10 VALVE By tical axis, and a jointed parallelo-
gram CE was attached to the sus-
pending rods, the angles DCE,
¥ ¢ Q being rigid and invariable.
It followed that as D moved up into
the position & the vertex E would
descend to ¢, and the variation in
the height of the cone would be B4,
which is certainly less than in the
previous construction. The valve

= lever was actuated from the point E,
“l instead of from B, and on the whole

a considerable rise and fall in the

F1c. 135. point E was secured by an extremely

small change of height in the described cone. The governor was
driven by a cord passing over a grooved pulley at H. It is stated
that Watt’s original governor would begin to rise at 36 revolu-
tions, and would reach its maximum height at 38, corresponding
to a variation of only 54 per cent. in the speed of the engine.

3. The approximate parabolic governor was designed by Mr.
Head, and is shown in fig. 136. It will be seen that the points of
suspension are on opposite sides of the central vertical line round
which the balls rotate. The apparatus is, therefore, termed a
¢ crossed arm’ governor, and the peculiarity consists in this, viz.,
that by properly adjusting the centres E and H to the lengths of
the arms it can be provided that the arc b &, in which either ball
moves, shall be approximately an arc of a parabola,

The following construction may be taken for setting out the
governor :—The balls, being on a level 4 4, and revolving in a
cone whose altitude is ¢ &, are required to make a certain number
of revolutions per minute, as shown by the formula. Draw & ¢
perpendicular to u ¢ and bisect 4 in @, then ¢ will be the
vertex of a parabola passing through @. The rise from & to B for a
higher velocity is then assigned according to any proportion which
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may be thought desirable ; and by a property of the curve we have
pB:db: Vas: Vab

This determines the point D, and other points in the curve
may be assigned in like manner ; after which it is only necessary
to select a centre H which shall give
a circular arc passing approximately
through the points so determined.

A comparison of the three modes
of construction is given by the model,
wherein the different governors are
connected with the same driving
wheel and move at the same rate.
On setting them in motion the first
to open out fully is the crossed arm
governor, then follows that of Watt;
and the least sensitive apparatus is
the common governor. On reducing the speed the balls fall in
the reverse order, viz, (1) the common governor, (z) Watt's
governor, (3) the crossed arm governor.

In practice the last apparatus would be too sensitive, and
accordingly a spiral spring is placed upon the spindle, as indi-
cated in the sketch, the object being to retard the balls during
their ascent. The spring is under no compression when the balls
are in their lowest position, but offers a slight and increasing
resistance as they rise; and the governor is thus rendered a
practical instrument, instead of being a mere mathematical ab-
straction. For example, at the Newport rolling mills, Middles-
borough, this governor has been applied to a large single cylinder
horizontal engine driving two plate-mills, The engine makes
about 40 revolutions per minute; and when nothing is passing
through the rolls the balls remain in their highest position, but
when the plates are passing through the rolls the arms collapse,
admit full steam, and rise again as soon as the work has been done.

173. The weighted pendulum governor is a form frequently
used, andis shown in fig. 117. It consists of two small pendu-
lum balls, weighing from 2 Ibs. to 3 Ibs. each, and attached by
links passing downwards to a collar on the driving spindle, which

FiGc. 136.
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carries a weight varying from 50 Ibs. to 3o Ibs,, according to ?he
size of the governor. The balls revolve at a high speed, making
from 200 to 300 revolutions per minute. Suppose that the rqu
carrying the balls are equal in length to the links connected w1‘th
the suspended weight W, then it is clear that for any small dis-
placement the vertical rise of w is twice that of either ball.

Let p be the sum of the weights of the two balls, and let there
be a small increase of velocity ; then the centrifugal force is the
same as in an ordinary governor, but the weight raised is different,
for when P rises through a small vertical space W is raised, by the
arrangement of linkwork, through twice that space. It follows
that the height of the cone is to that of an ordinary pendulum as
P 4+ 2w : p, and that the sensitiveness is increased in the propor-
tionof Pto P + 2 W.

SIEMENS’ CHRONOMETRIC OR DIFFERENTIAL GOVERNOR.

174. If the governor of an engine were absolutely perfect it
would regulate the velocity of the machine to one uniform, unde-
viating speed, and would not suffer any departure from that defi-
nite rate of motion. Such a governor would adjust the supply
of steam exactly to the demands made upon it, and would in
effect cause the machinery to move at one constant rate.

The governor by Watt makes no pretension to realise this ideal
perfection, and does nothing more than moderate the inequali-
ties to which a steam engine is liable under varying conditions of
load. So far from being perfect it is subject to two principal
defects, which are well known to exist, but which do not detract
from its general utility as the most effective of any simple apparatus
for regulating the speed of an engine which has yet been devised.

1. Watt's governor cannot prevent a permanent change in the
speed of the engine when a permanent change is made in the
load ; that is evident; for suppose that the load were diminished,
and that the speed were required to remain constant, such a
result could only be obtained by reducing the supply of steam,
whereas the governor fails to reduce the supply unless the balls

open out more widely, or unless a correspondingly higher rate of
motion is maintained,
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In order to retain one uniform speed two things appear to be
necessary, viz., first, that the pendulum constituting the governor
should be driven by a constant force, in which case its rate of motion
could be prescribed definitely beforehand, and would remain in-
variable ; and, secondly, the engine should be compelled to adapt
its own motion to that of the invariable pendulum by some
mechanical contrivance which should forbid any deviation.

Mr. Siemens has endeavoured to carry out the conception
stated above : he drives the pendulum by a raised weight, and
pours into it a little excess of maintaining power, which excess is
absorbed by friction. The pendulum, therefore, revolves at a
constant speed, and the apparatus for tying down the engine to
the rate of the pendulum is a differential train of wheels, which
will be described immediately.

2. The second defect is that the governor does not begin to
act until a sensible change has occured in the speed of the engine;
for the balls do not open out more widely until after the velocity
has increased, nor can they rise until an additional store of energy
sufficient to overcome the friction or inertia of the moving parts
has been accumulated.

Mr. Siemens’ invention is directed also against this second
defect, for by the operation of the differential motion it results that
the whole energy stored up in the revolving balls is ready to act
upon the steam-valve at the first instant that the engine attempts to
deviate from the pendulum ; whereas in the ordinary governor the
additional energy stored up in the balls by increased velocity of
rotation is the power available to control the valve. One action
1s slow and comparatively feeble, the other is instantaneous, and
cannot be resisted.

The annexed sketch shows an elevation of Siemens’ governor
partly in section, together with a plan of the levers between
the train of wheels and the raised weight. The differential motion
is made up of the mitre wheels A, B, B, and ¢, wlereof A is keyed
to the vertical spindle, and is driven by the engine, while ¢ rides
loose upon the same spindle, and is connected directly with a
heavy conical pendulum enclosed in a casing @, @. B, B are two
separate wheels, carried on a holivw spindle, through which the
driving spindle passes, and in gear with both A and ¢ The dif-
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carries a weight varying from 50 Ibs. to 3oo Ibs,, according to Phe
size of the governor. The balls revolve at a high speed, making
from 200 to 300 revolutions per minute. Suppose that the ro.ds
carrying the balls are equal in length to the links connected w1‘th
the suspended weight W, then it is clear that for any small dis-
placement the vertical rise of w is twice that of either ball.

Let P be the sum of the weights of the two balls, and let there
be a small increase of velocity ; then the centrifugal force is the
same as in an ordinary governor, but the weight raised is different,
for when P rises through a small vertical space W is raised, by the
arrangement of linkwork, through twice that space. It follows
that the height of the cone is to that of an ordinary pendulum as
P + 2w : P, and that the sensitiveness is increased in the propor-
tionof Pto P + 2 W.

SIEMENS’ CHRONOMETRIC OR DIFFERENTIAL GOVERNOR.

174. If the governor of an engine were absolutely perfect it
would regulate the velocity of the machine to one uniform, unde-
viating speed, and would not suffer any departure from that defi-
nite rate of motion. Such a governor would adjust the supply
of steam exactly to the demands made upon it, and would in
effect cause the machinery to move at one constant rate.

The governor by Watt makes no pretension to realise this ideal
perfection, and does nothing more than moderate the inequali-
ties to which a steam engine is liable under varying conditions of
load. So far from being perfect it is subject to two principal
defects, which are well known to exist, but which do not detract
from its general utility as the most effective of any simple apparatus
for regulating the speed of an engine which has yet been devised.

1. Watt’s governor cannot prevent a permanent change in the
speed of the engine when a permanent change is made in the
load ; that is evident; for suppose that the load were diminished,
and that the speed were required to remain constant, such a
result could only be obtained by reducing the supply of steam,
whereas the governor fails to reduce the supply unless the balls

open out more widely, or unless a correspondingly higher rate of
motion is maintained.
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In order to retain one uniform speed two things appear to be
necessary, viz., first, that the pendulum constituting the governor
should be driven by a constant force, in which case its rate of motion
could be prescribed definitely beforehand, and would remain in-
variable ; and, secondly, the engine should be compelled to adapt
its own motion to that of the invariable pendulum by some
mechanical contrivance which should forbid any deviation.

Mr. Siemens has endeavoured to carry out the conception
stated above : he drives the pendulum by a raised weight, and
pours into it a little excess of maintaining power, which excess is
absorbed by friction. The pendulum, therefore, revolves at a
constant speed, and the apparatus for tying down the engine to
the rate of the pendulum is a differential train of wheels, which
will be described immediately.

2. The second defect is that the governor does not begin to
act until a sensible change has occured in the speed of the engine;
for the balls do not open out more widely until after the velocity
has increased, nor can they rise until an additional store of energy
sufficient to overcome the friction or inertia of the moving parts
has been accumulated.

Mr. Siemens’ invention is directed also against this second
defect, for by the operation of the differential motion it results that
the whole energy stored up in the revolving balls is ready to act
upon the steam-valve at the first instant that the engine attempts to
deviate from the pendulum ; whereas in the ordinary governor the
additional energy stored up in the balls by increased velocity of
rotation is the power available to control the valve. One action
1s slow and comparatively feeble, the other is instantaneous, and
cannot be resisted.

The annexed sketch shows an elevation of Siemens’ governor
partly in section, together with a plan of the levers between
the train of wheels and the raised weight. The differential motion
is made up of the mitre wheels a, B, B, and ¢, wlereof A is keyed
to the vertical spindle, and is driven by the engine, while ¢ rides
loose upon the same spindle, and is connected directly with a
heavy conical pendulum enclosed in a casing @, 4. B, B are two
separate wheels, carried on a holww spindle, through which the
driving spindle passes, and in gea: with both A and ¢ The dif-
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ferential motion is made up of the three wheels 4, B, and ¢, the
fourth wheel being merely put in to equalise the driving pressure
on the two sides of the vertical spindle ; and it is well known ?yat
where three equal bevel wheels, as 4, B, ¢, are in gear the velocities
of A and ¢ are equal and in opposite directions. Also as long
as the velocities of A and ¢ remain equal and opposite B will
rotate on its axis but will not shift its position ; whereas on the
smallest difference between the motions of A and ¢ the wheel B
must begin to run round them, and it isonly by so running round
that a difference in the velocities of A and ¢ becomes possible.

It further remains to connect the weight w and the throttle

Fia. 137.

valve with the differential train of wheels. This is done by
attaching w to the end of one arm of a bell crank lever whose
fulcrum is at £, the other arm moving in a different vertical plane,
and being connected by a link ¢ to a short projecting rod which
acts as a handle to shift the wheels B, B round A or . The axis of
the valve spindle passes also through f, whereby, on turning the
bell-crank lever, a throttle valve is more or less opened and the
supply of steam is regulated.

A model of this governor is deposited in the Museum of the
Patent Office. The wheel 4 is driven by hand, and on examining the
apparatus it becomes easy to comprehend the action of the weight
w. First, move the handle suddenly, when A runs round, but
the inertia of the pendulum prevents ¢ from responding, and the
consequence is that w is jerked upwards. Next, turn the handle
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slowly, when all the wheels rotate on their respective axes, but w
remains atrest. On gradually increasing the velocity we find that
there is one particular speed at which w is just raised, and that it
can be maintained in higher and higher positions by further accele-
rating the motion until it reaches a stop which defines the limit at
which the governor ceases to act. As to the pendulum, that is,
in fact, a small fly-wheel divided into segments, and carrying a
sort of friction brake, which is pressed outwards against the
casing by springs. - So long as w is raised it tends to accelerate
the motion of ¢, and, according to the phraseology of mechanics,
it is the driver of ¢, and we have here an example of a conical
pendulum driven by a raised weight, and therefore moving at a
constant velocity. Also it follows that the engine must accommo-
date itself to the speed of the governor, for otherwise B would run
round and the throttle valve would be acted upon. It is further
evident that the whole energy accumulated in the pendulum
would be thrown upon the valve if the velocity of A varied from
that of .

In the year 1866 Mr. Siemens brought to the notice of the
Institution of Mechanical Engineers a new form of this governor,
in which the conical pendulum was replaced by a cup of parabolic
shape, open at both ends and dipping into water. In the modi-
fied apparatus the cup rotates about a vertical axis, and as it
revolves the water rises in a parabolic surface and may flow over
the rim. At a sufficient velocity a continual stream of water is
raised, which is projected over the edge, caught upon fixed
vanes, and deflected back against other vanes atiached to the
outside of the cup and rotating with it. Work is, therefore,
continually done and a resistance is opposed whereby the velocity
of rotation of the cup remains practically constant. As before,
the cup is driven by a raised weight, and the only difference con-
sists in the substitution of the liquid and the rotating cup for the
ordinary conical pendulum.

DONKEY ENGINE.

175. The greater number of the diagrams on the steam engine
which have been published by Messrs Chapman & Hall have
been reproduced in this book, and we purpose now to describe the

T
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arrangement of a small pumping engine, which has been photo-
graphed on wood from the large diagram. ) ) )

The method here adopted of placing the pump in a line with
the steam cylinder is in common use, and if the engine were of -
larger dimensions and placed horizontally it would represent the
type of engine employed for forcing water into a full-sized ac-
cumulator. The upper part of the drawing requires no special
explanation ; the throttle valve, the slide valve, the ports, and the
exhaust passage are sufficiently indicated, but there is a peculiarity
in the mode of actuating the slide and of obtaining the rotation of
the fly-wheel which should be made clear.

Supposing the fly-wheel to rotate upon the axis F L it is appa-
rent that the end @ of the crank D « will describe a small circle
round the central point of the extremity L, and that the slide s will
be driven by the motion of & in a circle, just as if an ordinary
eccentric had been constructed.

The rotation of the crank 1. H is obtained by a movement
which can hardly be recommended as being good of its kind, and
which is the converse of the motton shown in fig. 37. Instead of
the pin causing the slit bar to reciprocate, we have the reciproca-
tion of the bar R s causing the rotation of the crank r u. The
example is interesting as showing one of the devices used by
mechanics in the conversion of motion, as well as the utility of a
fly-wheel for carrying the crank over the dead points.

As to the pump, it is unnecessary to say more than that the
action is that of a common force-pump, with a suction valve at »
and a delivery valve at m,

GIFFARD’S INJECTOR.

176. The invention of the injector for supplying feed-water to
the boiler of an engine is principally remarkable as presenting an
illustration of the direct conversion of heat into work. Before
describing the apparatus it will be necessary to explain the mean-
ing of the term ‘induced current.’

Looking back historically it appears that in 1719 Hawksbee,
the inventor of a double cylinder air-pump, showed that when a
current of air was sent through a small box—entering by an opening
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at one side near the top and escaping by a correspom‘iin.g opening
at the opposite side—the effect was to rarefy the air within the box
rather than to compress it. Itis an old experiment to suck up
and drive a jet of spray out of a bottle by blowing through a
horizontal tube with a contracted nozzle whose end is placed just
over a vertical tube dipping into water contained in the bottle.
The current of air passing over the open mouth of the vertical
tube carries away some of the air from inside the tube, whereby
the water rises to the top and is dispersed in a jet of spray.

According to theoretical definitions the particles of gases
repel one another and have no coherent action among themselves.
In practice this is not the case; and if a definite current of air be
set upin a mass of air at rest, as when a jet escapes from the
mouth of a tube, the air in motion will drag a number of the
quiescent particles with it and will extend considerably the di-
mensions of the original current. It will, in technical language,
snduce a current also in the surrounding air.

The application of an induced current, with which we are now
concerned, is exhibited in the annexed sketch. The globular ves-
sel represents a boiler in which high-pressure steam is generated,
and from which it escapes at anorifice 2. ‘The steam is discharged
just inside a conical casing or nozzle, the object of which is to
provide a means for setting up an induced current of air which
will speedily exhaust the tube. The water, forced up by atmo-
spheric pressure to supply the loss of air, will, therefore, issue from
E, and we shall have made the first step towards the construction
of an injector, viz., the discharge through & of a mixed jet of steam
and water (see fig. 139).

In fig. 140, which shows a Giffard’s injector as constructed by
Messrs Sharp, Stewart & Co., there is a pipe marked ‘steam,”
which terminates in a vertical conical nozzle, having within it a
solid rod or reedle capable of contracting in any degree the
amount of the issuing jet. On the opposite side of the apparatus
is a pipe marked ‘water,” which corresponds to A B in the ele-
mentary diagram, and by turning the wheel marked ¢ water regu-
lator* the tinted sliding tube is brought up or down, so as to
regulate the supply of water which is sucked up by the inducing
action of the steam. There is here, therefore, precisely the ap-
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paratus already described, together with mechanical means for
regulating (1) the supply of steam and (2) the supply of water.
Near the bottom of the injector is a valve opening downwards
and leading to the flanged end, marked °delivery, which is in
direct communication with the boiler. The valve in question is

STEAM REQULATOR
G={[[E=D

F1G. 140.

shown open in the drawing, but it is closed by the pressure
within the boiler when the injector is not at work.

Recurring to the elementary diagram, which is intended to
show the action in its most simple form, we may point out that
M. Giffard discovered that a mixed jet of steam and water issuing
from E under the circumstances above stated is competent to
overpower and drive back a simple jet of water issuing from the
opening D, and that a supply of feed-water may be forced back
into a boiler by the steam generated therein without the inter-
vention of any pumping apparatus whatever.
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Since action and reaction are equal and opposite it is abun-
dantly clear that a simple jet of high-pressure steam issuing from &
could never drive back a jet of water issuing from D under the
same pressure. It was a great step in science to conceive the idea
that the absorption of heat which took place at E could furnish
a source of energy directly available for doing work. There has
been no parallel to this discovery in any analogous direction, and
it is difficult to account for the action.

On the steam side there is the kinetic motion of the molecules
of steam, and on the water side there is the motion of translation
of a quantity of water, and the problem is to show a possible
method of passing from the one to the other. Now, the steam
issuing at E has a velocity many times greater than that of the
water forced outat D. The instant that steam is liberated and
escapes, the kinetic motion of its particles appears under a new
form, viz., as a motion of translation, and the velocity of an issuing
jet of steam is many times greater than that of a jet of water forced
out by the same pressure. If, therefore, the jet of steam could be
condensed by an indefinite source of cold after it had fairly got
clear of the orifice it would be converted into a fine liquid line,
and the velocity with which its molecules were rushing out would
not be changed. The motion of heat would be diminished, but
the onward motion would remain unimpaired. This liquid line
would be moving at such a high velocity that it would pierce any
jet of water coming towards it from the boiler, very much as if it
were a steel wire forcing its way through the mass. We know of
no source of cold competent to produce this result, but what
really happens is the same in character though lessin degree. The
steam, liquefied at E, retains to some extent the higher velocity
which it possessed as steam, and on the whole the aggregate
energy of the water globules flowing onward at & is greater than
that of the water jet coming towards them from ». The latter
jet is overpowered and driven back, and a quantity of water from
the cistern at A is continually forced into the boiler.

As to the velocities with which we have to deal, it appears
that if the steam had an actual pressure of six atmospheres the
water would issue at a velocity of about 101 feet per second, and
the steam at a velocity of about 1,800 feet per second.
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In dwelling on this subject there is an experiment, easy of
performance, which exhibits the effect of fluid pressure in forcing
out a jet of liquid, and which recalls the cer-
tainty that without the direct agency of heat,
the injector would be powerless. The appa-
ratus consists of a brass tube, say 4 feet long
having a glass beaker at the top. There is a
stopcock at the base of the tube, and directly
opposite to it is a small open nozzle of the
same bore as the stopcock which leads into the
base of a glass tube about an inch in diameter.
The water in A is maintained at a constant
height, and it is found that the water rises in the
glass tube until it reaches a level B, which ap-
proaches closely to the level of the water in A. _
The difference depends on the loss of energy ==lre——=a
by friction and also upon imperfections of the FIG. 141
apparatus and the difficulty of adjusting the openings for the
water so as to cause the stream which comes from A to corres-
pond with that coming from B.

Referring again to fig. 140, it will be seen that a pipe marked
‘overflow ’ leads out from the centre of the instrument ; this pipe
comimunicates with a small chamber in the central channel just
below the level of the pinion, and is intended to allow the escape
of any surplus water. When the supply of steam is properly ad-
justed to the amount of water sucked into the instrument no over-
flow takes place, whereas an excess of water or steam will at once
give rise to a discharge at the overflow. In the one case the
energy imparted to the water is insufficient and part recoils, while
in the other case too great a condensation of steam will occur and
energy will be dissipated. Itis, however, easy to adjust the steam
and water regulators so as to avoid any waste.

The rise in temperature of the feed-water shows the amount
of energy available for doing work, and it is found that the quan-
tity of water delivered into the boiler increases as the feed-water
itself is supplied in a colder state. Thus, in one case, the tempera~
ture of the feed-water before entering the injector was 60° 9o°,
120°% and the number of gallons of water delivered per hour was
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973, 786, 486 respectively. It is a conﬁ.rmation of the _expla.
nation that steam at a given pressure will force water into a
boiler against a still higher pressure. Thus, steam at 27 1bs. pres-
sure forced water into a boiler where the steam was at 5z lbs,
pressure, the temperature of the feed-water being raised from 92°
to 170° during the operation.

LINK MOTION FOR REVERSING AN ENGINE.

177. When the piston is near the middle of its stroke in a
direct-acting engine the slide-valve will have moved over the
steam ports in the manner pointed out in fig. 142.

The large and small circles represent respectively the paths
traced out by the centre of the crank pin and the centre of the
eccentric which works the valve; and inasmuch as the slide would
not be seen in a sectional drawing it is repeated in a supplemental
diagram, where its position in relation to the steam ports is indi-
cated. The method of reversal is the following :—
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In the upper diagram the piston is moving to the right and
the valve to the left, the piston having advanced so far in its stroke
that the valve is returning to cut off the steam. In order, there-
fore, to change the motion it is necessary to drive the piston back
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by admitting steam on the opposite side and by letting out that
portion of the steam which is urging it forward. Hence the valve
must be moved into the position shown in the lower diagram,
which is equivalent to shifting the centre of the eccentric from the
position marked A to that marked B. The piston will then return
before it has reached the end of the cylinder, or in other words
the motion of the engine will have been reversed.

It will be seen that the imaginary crank which works the
slide is inclined at an angle somewhat greater than g9o° to the
crank which is connected with the piston, as must be the case
where lap and lead are given to the valve. Further, it is appa-
rent that the crank of the slide rod is in advance of, or leads,
the larger crank in its journey round.

The explanation shows that in reversing an engine we must
either shift the centre of the eccentric from the position A to the
position B, or else we must employ two eccentrics and provide
some means of connecting each in turn with the slide-valve.

The method of reversal by shifting the eccentric from the
position 4 into the position B was at one time largely employed
in marine engines, but it has gradually given place to the reversal
by a link motion. That apparatus for reversing an engine has
grown with the locomotive engine, and is so convenient and rapid
in its action that no other can compare with it.

The link motion appears under three forms : there is (1) the
shifting link, having its concave side towards the axle or crank
shaft ; (2) the stationary link, where the curvature is in the opposite
direction ; (3) the straight link, which is derived from a com-
bination of the two former contrivances.

1. In the shifting link motion two eccentrics are keyed upon
the shaft in the positions which we have agreed to callaand B;
the link is an open slotted circular piece, struck with a radius
equal to the effective length of each eccentric rod, and having, as
before stated, its concavity turned towards the axle or shaft of the
engine. The slide rod is connected with a block which moves in
the slotted link, whereby the end of the rod is actuated by either
of the eccentrics at will. This construction was adopted at an
early period, and is known as ¢ Stephenson’s link motion.’

a.. The stationary link, which is that shown in the drawing, was
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invented by Mr. Gooch, of the Great Western Railway. It will
be seen that the link r s is here suspended by an arm 4 ¢, 5o as to
be stationary so far as any up-and-down movement is concerned,
and that it is circular in form, being struck by a radius equal to
D R, whereby also its concavity lies towards the cylinder and
away from the axle or shaft of the engine. In the sketch the for-
ward eccentric is in operation, and the motion is readily traced
from the axle to the slide, which is shown as having partly un-
covered the steam port marked A. On pulling the rod & which is
in connection with the starting lever, or its equivalent, the bell
crank x ¢ L is moved, and the jointedrod D R is brought down by
the pull of L M into a lower position, whereby it imparts to the
slide the motion due to the back eccentric, and the engine is
consequently reversed.

3. A third method is Allan’s straight link motion, in which
the link and the valve rod are both shifted in opposite directions
at the same time. When the link is shifted it must of necessity
be curved towards the eccentric rods, and when the slide rod is
jointed as at D and shifted up or down the curvature of the link
must be towards the slide, from which it follows that if both the
link and the slide rod shift in a vertical plane the concavity and
convexity may neutralise each other and a straight link may serve
to give the motion. Link motions prove to be rather complicated
pieces of mechanism when any attempt is made to analyse them
thoroughly, and therefore it may suffice to say that witha stationary
link the lead of the slide is maintained constant under all changes
in the position of the sliding block, whereas with the shifting link
the lead increases a little towards the central position.

One advantage of the contrivance consists in the power which
it gives to the engineer of regulating the supply of steam admitted
into the cylinder. By moving the starting lever or its equivalent
into intermediate positions the amount of travel of the valve is
reduced at pleasure, for it is evident that no steam can enter the
cylinder when the lever is half-way between its extreme positions,
and that varying amounts of opening of the steam ports, increasing
to the maximum value, will occur when the lever is pushed over by
successive steps. ,

We pass on'to describe other arrangements of reversing geax
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which are now of considerable practical value, and shall confine
the inquiry to certain principal forms, commencing with that
patented by /. W. Hackworth, A.D. 1859, No. 2,448.

OTHER REVERSING VALVE GEAR.

178. Tt will be remembered that in working a slide valve by a
simple eccentric, the motion is equivalent to that of a crank cP
and connecting-rod P q, the end P being carried round in a circle
while the slide s reciprocates in a straight line.
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1t is clear that a sufficient motion of the valve might be ob-
tained if the point P were constrained to move in an inclined oval
curve as shown in the diagram, the longer axis of the oval, viz. g,
making an angle with the line co.

This idea has been at the foundation of the class of inventions
now to be considered, for it will be seen that there are many ways
of getting such an oval, each of which has its advocates and is
well worthy of consideration.

179. It is an elementary fact in geometry that, in the ordi-
nary combination of a crank and connecting rod, as used in a
direct-acting engine, any point in the connecting rod pQ will, as
the crank revolves, describe an oval curve in the plane crqQ.
Th.is curve resembles a section of an egg, being rather more
pointed at one end than the other, and is approximately an
ellipse.

In ﬁg. (x) of the annexed diagram, the end Q of the connecting
rod PQis constrained to move along the line a B, pointing to c,

FiG. 144.
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and a point R in the connecting rod, selected at pleasure, will de-
scribe an oval as shown by the dotted curve.

Taking the position of the connecting rod PQ when PcQisa
right angle, it appears that if A B be turned about the point Q so
as to take the position L M, or N T, the point Q will, as ¢ P revolves,
move up and down the lines LM or N T, as the case may be, and
the point r will describe an inclined oval curve such as that which
we are seeking to obtain. It appears also that the direction of the
longer axis of the ova depends on the direction of the guiding
slot in which the point Q moves.

It only remains to connect one end of the valve rod with the
point describing an oval, taking care that the other end moves in

1 P

F16G. 145.

a straight line perpendicular to cq, and we shall have a conve-
niently arranged valve motion which can be reversed by changing
the direction of the guide as in figs. (2) and (3).

180. Having premised these introductory observations, we
turn to Hackworth’s specification, which states that on the main
shaft of the engine and side by side with the driving crank there
is placed an eccentric pulley, the extreme throw of which is directly
opposite the extreme throw of the driving crank, while the throw
.of the eccentric must exceed the traverse of the valve.
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The annexed lecture diagram is taken substantially from that
in the specification, c P being the crank which is the equivalent of
the eccentric pulley, P @ the eccentric rod, the end Q being con-
strained to move in the vertical line c @, and the steam cylinder
being horizontal.

c B is the crank of the engine, terminating in the crank pin B,
while B D is the connecting rod. The piston is now at one end of
its stroke, and it will be seen that ¢ B and c P point in opposite
directions in a horizontal line.

The valve, with its strap or spindle, is connected with a hori-
zontal valve rod TR, jointed to the eccentric rod at the point ®,
which is preferably chosen so that Q k =4 qQ P, or nearly so.

When the crank is on the dead centre, as in the diagram, the
valve is thrown back by a space on the opposite side of ¢,
which is equal to the lap plus the lead.

In whatever position the bar A @ may be held it is always
capable of oscillating about the end 4, and it follows that if c e be
rotated about c, the end Q of the eccentric rod r @ will describe
a small arc of the circle whose centre is A and radius A Q, which
is practically the same as if Q were constrained to move in a
straight slot pointing to c.

In this state of things the port will not open any farther for
steam, but when c p and ¢ B have each made half a revolution the
valve will be moved back upon the other steam port by an amount
equal to the lap plus the lead, and neither port will open for
steam by a greater amount than that due to the lead of the valve.

There are different contrivances for shifting the lever a @, as
to which it is easy to arrange a convenient mechanism, and we
shall now suppose that A Q is shifted into the position L @, being
still free to oscillate about the end L, which is the new position
of A. It follows that during each revolution of cp the point @ will
oscillate in the dotted line /7, which is approximately a straight
line corresponding to LM in fig. 145, and as this line is inclined
to ¢ q the point R will describe an oval whose longer axis is simi-
larly inclined to c Q.

In order to make this clear the lever A Q is shown in three
positions in a separate diagram, and the corresponding oscillations
of the point Q are indicated by the dotted circular arcs.
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1t is evident, from what has been premised, that a valve motion
18 obtained by setting A  in the position L @, and it remains for
us to show that the engine will be reversed by placing the lever in
the position N, which is equivalent to causing the point Q to
oscillate in the line # # instead of the line /.

Whether /7 and 7 ¢ be actually straight lines, formed by a slot
in a block riding on a stud or pin, or whether they be approximate
straight lines formed by small arcs of a circle, as in the main dia-
gram, is only a question of construction. Both methods are fully
set out in the specification, and we shall therefore assume that /m
and 7 ¢ are straight lines.

The main diagram shows the piston at the end of its stroke, and
the present diagram is intended to show that the crank pin B has

m\\
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moved from B to B’ in the forward stroke, at which time the
piston will be near its middle position, the valve being open for
steam and the piston moving to the right.

Conceive now that the line /m, in which Q moves, is shifted
into the position # # by changing the position of the reversing lever
from LQ to N Q.

The effect of doing this will be at once to carry the slide to
the left hand, thereby opening the steam port on the opposite side
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of the piston and reversing its motion. In truth the joint of the
valve rod marked T in the main diagram will be shifted fromeé’ toe.

Inasmuch as the valve is set back by an amount equal to the
lap plus the lead when B c P is horizontal, and no motion is im-
parted to the valve by shifting the lever A Q into the positions L Q
or NQ it is apparent that the lead remains constant for every
position of A Q, whether in the direction marked forward or in
that marked backward, and hence, as stated by the inventor, the
lead never varies. This is a prominent advantage secured by the
forms of valve gear now under consideration.

181. In order to appreciate from a general point of view the
value of an oval curve in working a slide valve, the student should
refer back to Arts. 103 and 104, where the crank of the eccentrie,
marked o0p in figs. 78 and 79, is set back so as to make an
obtuse angle H 0 p with the line of centres, in order to allow for
the lap and lead. It follows that when the main crank arrives at
a dead point the slide valve will have completed the most rapid
part of its motion (which occurs when Hop is a right angle), and
its velocity will have begun to diminish.

But it is just at this moment that the steam port is opening
forthe entrance of steam into the cylinder, when it is an advantage
to quicken the motion of the valve instead of retarding it.

It will be found, on applying the oval motion, that the point
R, to which the valve rod is attached, is near the apex of the oval
when steam is admitted, and that in passing round this apex the
valve is shifted rapidly so as to complete the full opening for
steam. It is one of the advantages claimed by the inventor that
the valve opens quickly when the crank is passing a dead point,
or when the engine is on the centre, as engineers express it.

It is fully explained in the Elements of Mechanism that an oval
curve is the result of combining in a regular manner two motions
at right angles to one another, which are of proper amount and
properly timed. It is further apparent that the point R is the
recipient of two simultaneous movements at right angles to one
another, the result of the combination being shown by the form of
the oval.

Taking one of these movements as occurring in cq, and the
other at right angles to cq, it will be easy to trace the effect of

U



200 The Steam Engine.

each upon the valve and to find out when they tend to corroborate
or when to neutralise each other.

In this manner the valve motion may be subjected to a com-
plete analysis.

182. When the principle of a movement, such as that now
under discussion, is well understood there will be no difficulty in
suggesting modifications of construction,

QR B8 [P 3
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For example, it is obvious that if the point r in fig. 145 were to
reside in P Q produced, as in the annexed diagram, there would be
no material change in the character of the ovals traced out by the
point . In fact, the principal difference consists in the power of
obtaining an enlarged curve without increasing the length of the
crank.

As before, let the point Q in the connecting rod p Q be guided
in the straight slots marked A B, LM, and N T, when a point R in
P Q produced will, as required, trace out the ovals @4, /m, or nt.

In a patent of 1876, No. 4,246, Messrs. /. W. and 4. Hack-
worth described such a modification, and their specification states
that by attaching the valve rod to the overhanging end of the
eccentric rod there is obtained the advantage of giving a greater
travel of the valve with either a smaller eccentric or less amount
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of inclination of the changeable path, which has been called /
or ntin the description given above. Indeed, the firs# claim of
invention was obtaining ‘increased expansion of steam through
connecting the valve to the extreme end of the connecting rod.’
It was further claimed that there was an admission ‘of a more
equal charge of steam at both ends of the cylinder at all grades ot
expansion.’

Itis further apparent that the virtual crank of the eccentric may
coincide with the main crank instead of being opposed to it,
regard being had to the necessary motion of the valve, and we refer
to a diagram taken from the specification of a patent granted to

e
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Mr. F. C. Marskall, the well-known engineer, in 1880, No. 4,185,
where such a construction is set forth. The student may also
refer to the specification of a patent granted in 1879, No. 2,138,
to F. C. Marskall, on the same subject-matter.

vz
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The sketch is taken from the specification No. 4,185, and
shows the eccentric rod PQR having the intermediate point @
attached to the reversing lever A Q, whereby the point @ moves in
the small arc of a circle centred at a.

The direction of this arc being inclined to the line ¢ @, and
the valve rod being attached to a point R in cQ produced, it
follows that the end of the valve rod will describe a small inclined
oval curve such as is set out in the diagram.

The specification No. 2,138 states that the valve used with the
gear therein described ¢ is made dissimilar ended when connected
direct to the eccentric rod, having, in the case of a valve with
single exhaust opening, two steam openings at the end opposite
the gear and one steam opening at that other end, and in the case
of a valve with double exhaust openings three or four openings for
steam on that end opposite to the gear, and two only at the other
end.’ This is a combination of an ordinary valve at one end and
a gridiron valve at the other end.

JOY’S VALVE GEAR.

183. In Joy’s valve gear, which has been adopted in some
engines on the London and North-Western Railway and elsewhere,
and is a most valuable invention, there is no eccentric, but the
oval curve is derived from a single combination of linkwork, the
direction of the longer axis of the oval being varied by changing
the direction of a slotted guide.

The first patent was granted in 1879, No. 929, and there have
been other subsequent patents.

The nature of the invention will be apparent from the diagram,
which shows its application in a locomotive engine, ¢ being the
centre of the crank shaft, and B the crank pin.

The end Q of the connecting rod B Q is constrained to move in
the line c @, while R E is a link jointed at ® to the connecting rod,
and attached at the end E to an arm or lever D E having a fixed
centre of motion at 0. Another link sT is jointed at s to RE, and
carries at the point N a small sliding block which travels up and
down in the curved slotted block /.

The valve rod T v is jointed at T to a pointinsT, and at v it
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is further attached to the valve spindle. There is provision made
for changing the direction of /7 when it is required to reverse the
engine.

The precise arrangement of the working parts will be explained
in the next article, the present description being merely introduc-
tory.

The three principal ovals are marked out by dotted lines.

There is first an oval described by the point R, then there is
an oval described by the point s, which shows a peculiarity often

F1G. 150,

observed in the final curve on which we rely, viz. that one half is
flatter than the other half.

There is finally the curve described by T, which gives the re-
quired valve motion.

184. In order to set out Joy’s valve gear we proceed according
to the rules stated in a short pamphlet written by the inventor,
and to which the reader is referred for a more detailed account.

Let PQ c be the central line of the cylinder, c B the crank, BQ
the connecting rod, P Q the pistonrod, c 4, c 4’ the positions of the
crank, and 4 ¢, &'e those of the connecting rod, when the piston is
at half-stroke.

Select a point on the connecting rod such that its vertical
vibration between the positions & ¢ and &'e (which is marked ¢4 on
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the diagram) shall be about equal to c B, being preferably a little
in excess of the length of the crank.

Let r and z be the extreme positions of the point so selected
when the crank is on the dead centres. Produce the vertical cd
in both directions, and take a point E in ¢4 produced such that
the angle R Ez shall not be in excess of a right angle, being pre-
ferably a little less.

The link R E connects the points R and E as shown, and the
link ED has a fixed centre of motion D at some convenient point
in the framework of the engine.

Taking the direction of the valve spindle line v, which is
horizontal on the diagram, mark off upon it a space T on one
side of the vertical line d¢ produced upwards, which is equal to
the required /ap plus lead.

On R E measure R s=% ¢4, and join Ts cutting dcvin N. The
point N will be the centre of oscillation of a curved link, which, by
assuming different inclinations to &¢ 7, causes the reversal of the
engine.

As the crank goes round, and the connecting rod oscillates,
the point N travels up and down the curved link already referred
to in the last article, and T describes the oval curve for which we
have been seeking.

The curved link or slot in which the pin N travels to and fro
is indicated by dotted lines in the diagram which correspond to
/m and n ¢ in the Hackworth diagram. The curve of the link is
a circular arc having Tv as a radius. In the diagram the radius
of the curve is marked by the line N o, which is equal and parallel -
to Tv, and Mr. Joy states that the opening of the port beyond the
amount given as lead is dependent on the amount of angular
motion imparted to the curved link. Also that in this gear the
‘leads’ and ‘ cuts off’ for both ends of the cylinder and for back-
ward and forward going will be practically equal, the opening of
the ports being also as near as possible equal.

VALVE DIAGRAMS.

185. There is yet another matter connected with valves which
should not be passed over, and that is the graphical method of
representing the motion of a valve, as laid down by Zeuzer, who
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has written an elaborate treatise on the subject. We shall confine
the inquiry to an elementary explanation of the so-called va/ve
diagram.

When the slide valve of an engine is worked by an ordinary
eccentric, the motion of the valve is that due to a crank and con-
necting rod ; but in practice the length of the eccentric rod is so
much greater than that of the crank that we may, as a first
approximation, conceive that the eccentric rod remains parallel to
itself during the motion. On this supposition the position of the
valve during each instant of the stroke may be set out in a simple
form of diagram, giving the so-called curve of position of the valve.

For example, let ¢ be the centre of
the circle ADBE, described by p, the
Y centre of an eccentric pulley.

Draw the diameter acB, and let
AB represent the whole travel of the
B 2 ~ A valve. Draw pN perpendicular to AB ;

\/ then as P goes round in the circle the
position of N will indicate the position
of the valve.

On ac describe a circle cutting
cPin R, and join RA. Then in the
triangles CR A, CN P we have cP=cCa,
and angle cr a=angle c N P, each being a right angle ; also the
angle ® ¢ N is common to both triangles, therefore c R=cN.

Hence if cPp represent the crank of the eccentric pulley, and
the construction in the figure be completed, the curvearc will
give the position of N relatively to ® at any instant.

It follows that as P travels round the circumference of the
circle ADBE the two small circles drawn upon Ac, BC as dia-
meters are the curves of position of the slide valve. Thus when
P comes to P’ the line cR’' represents the distance of the valve
from its central position, or more accurately the distance of any
peint in the valve from the central position of the point in question.

If the obliquity of the eccentric rod be taken into account,
the curve of position of the valve can be set out in the manner
following.

Let cp be the crank of the eccentric, and pQ the eccentric

0

E
FIG. 152.
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rod at any instant. With centre @ and radius QP describe the
circular arc PR, and with centre ¢ and radius cr describe the
circular arc Rs, cutting cp in s. Then the curve of position of
the valve will be ascertained by setting out a sufficient number of
points, such as s. It is given roughly by the dotted lines in the

F16. 153,

diagram, the small circles indicating, as before, the curve of posi-
tion when the obliquity of the eccentric rod is neglected. The
student will note that the dotted curve lies inside one small circle
and outside the other. There is also a peculiarity in the shape of
the curve near the point ¢, which cannot be shown on the scale
of the diagram.

186. So much being premised, we pass on to consider the
method of setting out in a single diagram the movement of the
valve corresponding to any given position of the main crank of
the engine.

Taking the case of a direct-acting engine, let xx’ represent
the centre line of the cylinder, and let Bca be the travel of the
valve, the small circles being the curves of position as found in
Art, 185,

Disregard the lead of the valve, and let cE be the direction of
the crank of the eccentric, when cBx is that of the main crank.
Then c R is the movement of the valve from its central position,
and is therefore equal to the lap of the valve.

With centre ¢ and radius cRr describe the circular arc RQs;
then cr E is the direction of the crank of the eccentric at admis-
ston, and cse is the same at cur-g9f. Also, if any line cQP be
drawn from c it will represent the whole movement of the valve
from its middle position, when the crank of the eccentric takes
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the direction cp, and since cq is equal to the lap of the valve it
follows that QP is the opening of the steam port for the admission
of steam.

In like manner, while the crank of the eccentric moves through
dLD we can set out the points of release and compression. Thus
let ¢ 7 be the inside lap of the valve; then the circular arc #¢ cor-
responds to R Q, and just as P Q shows the opening for steam sop ¢
shows the opening for exhaust, the lines cL, c/indicating the direc-
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tions of the eccentric at the periods of release and compression
respectively.

As yet nothing has been said about the lead, the object being
to explain the principle of construction of the diagram in its sim-
plest form, but in the next article the lead will be taken into
account.

187. It remains to modify the diagram, so as to make it more
convenient for the solution of problems, leaving its general cha-
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racter untouched. What is really wanted is a method of recording
the motion of the crank and the travel of the valve in a single
diagram.

As before, let x X’ be the central line of the cylinder, and aB
the travel of the valve, and let a B, D4 be at right angles.

Let cr = lap of valve,
RT = lead of valve.

Draw T M at right angles to ca and join cM.  Then, upon com-
parison of this diagram with that in the last article, it is clear that

Releass

X Admission

Compression ¢

FiG. 155.

the angle McD represents the angle by which the crank of the
eccentric is advanced to allow for the lap and the lead.

Hence angle M c D = angle of advance.

Upon cM as diameter describe a circle which which will be one
valve circle of the diagram.

With centre ¢ and radius cr describe the circular arc mRrs:
Join c 7 and produce it to @ ; then a is the position of the main
crank at admission. Also join ¢ s and produce it to ¢; then ¢ is
the position of the crank at cut-off,
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In like manner we may deal with the points of release and
compression, and trace the period during which the exhaust of
steam is continued. .

For this purpose draw the second valve circle on cN, and with
centre ¢ and radius c#, equal to the inside lap, draw the circular
arc 7¢s; then L is the position of the crank at release and 7 the
same at compression.

The respective openings for steam and exhaust at any time
are represented by lines such as PQ and p¢g. The steam port is
always large enough to give the full opening as marked, but it
often happens that the exhaust port is more contracted relatively,
whereby the actual opening may be somewhat less than that set
out in the diagram.

Ex. 1. If the travel of a slide be 4} inches, outside lap
=1 inch, inside lap=1 inch, angle of advance=30° find the
positions of the crank at admission, cut-off, release, and compres-
sion.

Referring to diagram (1) in fig. 156, we have c D=2} inches

FiG. 156.

and angle McD=30°% also cR=1 inch, whence the point = is
found, and cma, cse can be drawn. Also c =} inch, whence
crL, cs/ can be drawn, and it will be found that
angle Aca = 3° 36’ 44", angle Ace = 123° 36' 44",
angle AcL = 156° 22’ 46", angle A c/ = 36° 22’ 46'.
Ex. 2. Given outside lap==1 inch, lead=+%; inch, and greatest
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opening of port to steam=1} inch, show that angle of advance
=35° 9/, travel of valve=44} inches, and that cut-off takes place
when crank has described an angle 115° 51/, or at 718 of stroke.

Referring to diagram (2), draw a valve circle whose diameter is
€Q + MQ=1 + I{y= 24 inches.

With radius ¢ Q=1 inch describe the arc 7 gs.

Draw cRrRTA such that RT=+3% ; then A is the position of
the crank when on the line of centres.

Draw cp at right angles to ca; then McD is the angle of
advance = 35° 9’ by measurement.

Draw cs ¢, which gives ¢, the position of the crank at the point
of compression, and if e# be drawn perpendicular to ac produced
we have A #="718 of the stroke, and angle Ace=115° 51",

Here it will be necessary to quit our subject for the present.
The object of the writer has been to point out the influence
which the modern theory of heat has exercised on the practical
construction of the steam engine, and to contrast the views
entertained under the old and new doctrines. No one can he
said to have a knowledge of the principles of mechanics who has
not grasped to some extent the philosophy of the dynamical
theory of heat, and an endeavour has accordingly been made to
put forward, in a simple manner, many elementary propositions
which are essential for the comprehending of that ideal heat
engine which an engineer should always keep in view as some-
thing to be aimed at though it can never be reached.

_The m¢ mechamsm and construction of the engine have been

T =-=~=tant narticulars ; the drawings have
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inches, the angle of advance |s 35° the inside lap 15 23 mcocoy o

side lap is § inch. Find greatest opening to steam, lead, and point of cut-off.
Ans. Greatest opening = 2} inches ; lead =} inch ; cut-off at {5 of stroke.
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Ex. 2. Given travel of valve=§ inches, outside lap=§ inch, inside lap=§
inch, angle of advance = 20°, prove that the position of crank is at

admission ........oies  2° 30’ before line of centres
cut-off ....ceneeens 142 30 after »
release ..... v 167 40, ”
COMPIesSion w..ceevesnns 332 20 ”

Ex. 3. An engine has steam and exhaust ports each 3 inches wide, also
inside lap =} inch, outside lap=§ inch. Find travel of valve when the port
just opens fully to exhaust ; find also the angle of advance when lead = inch.

Ans. Travel =6} inches ; angle of advance=15° 37'.

Ex. 4. Given width of steam port=2'5, opening to steam=1"5, outside
lead = '25, opening to exhaust=2-5, travel of valve=S5, no inside lap, find
outside lap and angle of advance, all the measurements being in inches.

Ans, Lap=1 inch, angle of advance=30°.

Ex. 5. Given travel of valve=4 inches, angle of admission= 3}°, cut-off
at § stroke, release at '95 of stroke, prove that lead =4; inch, angle of
advance = 39° 30, outside lap =1°176 inch, inside lap = *4728 inch ; also that

angle of crank at cut-off ...... =104° 29’
» s  release...... =154 IO
” s  compression =306 49

Ex. 6. Given travel of valve=4 inches, outside lap=1} inch, inside lap
=4 inch, angle of advance = 40°, prove that lead = '16 inch, also that

angle of crank at admission...= 5° 46/, period of stroke = ‘0025

»» s cut-off ...... =105 46 »» =+6359
» »  Telease...... =150 48 » =°9364
’» s  Compression=309 12 ” ='1839

Ex. 7. Given travel of valve=46 inches, cut-off at # of stroke, exhaust
opens when piston is ;% from end of stroke, angle of advance = 30° prove that

outside lap = ‘903 inch outside lead = *247 inch
inside lap =277 inch inside lead = ‘873 inch

Ex. 8. Given cut-off at y; stroke, outside lap=1 inch, lead=+ inch,
prove that angle of advance=36° 35’ 21", travel of valve =4 inches.

Ex. 9. Given cut-off at ‘6 of stroke, compression at ‘85 of stroke, angle of
admission = 4°, width of steam port=1} inch, and greatest opening of steam
ports=4 their area, prove that travel of valve=4% inches, angle of advance
=41}°, lead = ‘128 inch, outside lap = 1'438 inch, inside lap =17 inch, angle
of release=143° angle of compression=45} or 1344, period of stroke at
release = °9, period of stroke at admission = '0013.



SUPPLEMENT
ON GAS ENGINES.

1. THERE are two numerical results connected with the theory
of heat which are of the highest practical value. They are given
in the Text Book, and are the following :—

(1) By an expenditure of 772 foot-pounds of mechanical work
one thermal unit of heat is produced.

(2) In converting a quantity of heat into work the greatest
amount of work which can by any possibility be obtained from a
heat engine

T— f

= X total heat,
T+ 460

where T and £ are the temperatures on Fahrenheit’s scale between
which the heat engine (supposed to be perfect) is working.

In applying these laws in the construction and management of
heat engines, we begin by increasing the elasticity or pressure of a
quantity of gas, such as air or steam, by heating it. Such heated
gas is then passed into a cylinder and is expanded so as to do
work. After a portion of its heat has been converted into work,
the residue is expelled from the cylinder at a lower temperature.

The first operation, then, is to obtain a supply of heated gas,
and here we encounter losses at every stage. Thus in burning
coal for the generation of steam there is a continual escape of heat
by reason of the imperfections of the furnace, and by the discharge
of heated products up the chimney.

Again, there are difficulties to be overcome in forcing heat
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through the shell of the boiler, and in conveying it into each
individual particle of the water or steam.

It would appear then to be a manifest advantage if the heat
could be applied directly to the elastic gas without the intervention
of any furnace or boiler. An idea or suggestion so obvious as
this can hardly have failed to attract those who are in search of
improvements, and, accordingly, numerous attempts have been
made from time to time, in order to obtain an elastic agent by
setting fire to a mixture of coal gas and air within the very cylin-
der in which the piston of an engine is working. The neat deve-
loped in the gas during the act of burning would be thus compelled
to supply a source of energy in the closest contact with the moving
piece to which such energy is to be transferred.

No action can be more direct than this, and, in truth, it is the
very thing which for centuries past has been done in a gun.

When gunpowder is fired in a closed chamber the temperature
of the gases rises to a little above 2,000° C., and in the case of
guncotton the temperature of the gases is about twice that of gun-
powder (Noble).

The enclosed gases at these temperatures exert an enormous
pressure, amounting in the case of guncotton of specific gravity
*55 to as much as 70 tons per square inch, whereas with gun-
powder of specific gravity 1 and fired in a closed vessel, the
pressure would reach 43 tons per square inch (Noble).

Pressures such as these, generated suddenlyin a closed vessel,
cannot be dealt with in the present state of our knowledge, except
for the discharge of projectiles. They are not suitable for driving
the piston of an engine.

In orderto adapt heated gas to the performance of useful work
in an engine, we require (1) that its pressure shall not rise too
suddenly, (2) that the intensity of the pressure shall be kept within
reasonable limits.

These conditions can be tulfilled during the burning of coal
gas or of some form of carburetted hydrogen when mixed with air.

2. Explosive mixtures of gas and air.—Simple hydrogen
explodes when mixed with oxygen in sufficient proportions. Thus

2 volumes hydrogen | give a louder explosion than any other
1 volume oxygen } proportionate admixture.
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It is a fundamental fact in chemistry that water is composed
of hydrogen and oxygen in the above proportion.

For the purposes of an engine coal gas or some form of car-
buretted hydrogen is preferable to pure hydrogen, and we may
point out that, speaking generally, 100 volumes of coal gas contain

Hydrogen . . s . . 5o volumes
Marsh gas . . . ' . 35 »
Carbonic oxide

Carbonic acid . . 5 .
Olefines

Nitrogen

Total Too

3. We now refer to experiments made in relation to the explo-
sion of a mixture of marsh gas with air.

The substance marsk gas is carburetted hydrogen (CH,) and
it explodes when mixed with oxygen in sufficient quantity. The
most violent detonation takes place when 1 volume of marsh gas
is mixed with 2 volumes of oxygen. Thus—

CH,+20, = CO,+20H,,
the result of the combustion is carbonic acid and water in the form
of steam, and it is calculated that the pressure of the heated gases
would rise to about 37 atmospheres,

Since a7 contains } of its volume as pure oxygen, the marsh
gas would require 1o volumes of air for perfect combustion, and
there would be present 8 volumes of inert nitrogen, which would
reduce the force of the explosion.

Thus with 1 volume of marsh gas and 10 volumes of air the
pressure of explosion is estimated at about 14 atmospheres.

With a larger amount of air the explosion becomes weaker,
and with 18 volumes of air the mixture does not explode at all,
but burns with a pale blue flame round a taper immersed in it.

It is matter of interest to find out (r) when there is just
enough air for an explosion, and (2) when an explosion is arrested
by the presence of too large a quantity of air.

Experiments for ascertaining these limits were made in 1877
by Coquillon (‘Journal Chem. Soc.’ 1877, vol. i. p. 166), who
tested mixtures of marsh gas and air with the following results :—

X
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Marsh Gas .
Volume Air Volume

I 5 No explosion,
1 6 First limit of possible explosion.
¢ 7 Sharp explosion.
— —_— . . [ [ »
1 12 Explosion weaker.
1 14 Same.
I 15 Same.
1 16

Slight commotion, this being the last limit of
explosion. ‘The air is in excess.

Similar results had been previously obtained when coal gas
was mixed with air. There are limits of explosion in both direc-
tions ; with too little air the mixture will not explode, and the
same thing happens when the air is in excess.

Thus Wagner found (1876) that ignition of a mixture of gas
and air by means of an electric spark began at a proportion of
mixture of 1 of gas to 5 of air, and ceased when the mixture was
diluted in the proportion of 1 of gas to 13 of air. Ordinary
illuminating gas requires for its complete combustion 63 volumes
of air to 1 of gas.

4. Pressures produced by the explosion of gas and
air in a closed vessel.—Another point of inquiry is to ascer-
tain by experiment the extent to which the elastic pressure of a
mixture of gas and air is increased when the combustion or
explosion takes place in a closed vessel.

The first published experiments on this subject were made in
1861 by Hirn, who employed mixtures of hydrogen or coal gas
with atmospheric air. The explosion vessels were cylindrical, one
having a capacity of 3 litres and the other of 36 litres.! Taking
a mixture of 1 volume of hydrogen with 9 volumes of air the
pressure on explosion rose to 3-25 atmospheres, whereas the
pressure, as given by calculation, would have been 5'8 atmo-
spheres. The student will understand that the method of calcu-
lation is the following :—

Conceive that we select a definite mixture of hydrogen and
air. The burning of the hydrogen will give out a certain number
of thermal units, and the product of combustion will be steam,

V 1 litre = 61'024 cubic inches,
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having a known specific heat and a known latent heat. The rise
in temperature of the contents of the vessel consequent on the
explosion may, therefore, be estimated; and from the rise in
temperature the increase in pressure of the gaseous products can
be inferred. This rise in pressure would then be contrasted with
that actually recorded by a pressure gauge attached to the vessel.

Similar results were obtained with other mixtures of hydrogen
and air, as well as with mixtures of coal gas and air. 1In all cases
the observed pressures were much below those which theory would
have led us to anticipate.

In 1866 Bunsen made experiments (‘Phil. Mag.’ 1867, vol.
xxxiv. p. 489) wherein he used a very small explosion vessel,
having a capacity of only a few cubic centimetres.! Also he
passed the igniting spark through the whole length of the vessel
in order to secure an instantaneous spread of the flame. His
results supported those of Hirn, a similar difference between the
calculated and observed pressures being established.

In 1880 there were again experiments by Mallard and Le
Chatelier, giving a large difference between the calculated pres-
sures and those actually obtained.

5. Dugald Clerk’s experiments.—We pass on to the ex-
periments of Dugald Clerk, whose paper on the subject is inserted
in vol. Ixxxv. of the ¢ Proceedings of Inst. Civ. Eng’ Here the
mixtures of gas and air were exploded in a strong cast-iron
cylinder, the internal space being 7 inches in diameter and 8%
inches long. The explosion was produced by an electric spark,
and the pressures were marked on the drum of a Richard’s
indicator, which was caused to revolve uniformly by a clock train
driven by a falling weight, and regulated by a fly or fan. ‘

The revolving drum was enamelled, and a soft black-lead
pencil attached in the usual way to the parallel motion marked
“on the drum a line which recorded the movement of the indicator
“piston. Also the drum itself rotated uniformly at the rate of x
revolution in ‘3 of a second, and it followed that the position
of a mark made by the pencil recorded also the time elapsed since
the instant of explosion. ‘

Great care was taken in charging the vessel, the volumes and

! 1 cubic centimetre = ‘061024 cubic inch.
X2
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temperatures of the gas and air which were introduced being
measured. The drum was then set in rotation, and, the spark
being passed, a line was traced upon the drum which we propose
now to examine.

It has been found that in different towns the quality of coal
gas varies, and Mr. Clerk has been careful to distinguish the gas
accordingly.

In this notice it will suffice to select a few prominent results
as indicating the character of the curves.

Thus : Taking Glasgow coal gas and air.

Temperature before ignition=18° C. Atmospheric pressure
= 147 lbs.

Greatest Pressure in .
: . Time elapsed after
Vol. Gas Vol. Air ];om;;ls r :gp l;nch Passage of Spark

(a) 1 7 89 1bs. *07 second
) x 11 63 lbs. *18 second
(&)1 13 52 lbs, +28 second

The curves corresponding to («) (9) (¢) are given below, and
marked on the diagram.

s
—
e

Fi1G. 1.

The gradual falling off in pressure, as shown by the curves,
indicates the loss of elasticity due to the passage of heat through
the walls of the cylinder.

It is important to observe that in curve (a) the pressure rises
rapidly to the full intensity, and then falls gradually by reason of
the cooling action of the surface of the cylinder.

Whereas in (5) the pressure reaches its greatest value more
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slowly and is sustained for some little time before it begins to
diminish sensibly in intensity.

The same thing is shown in (¢), and the explanation probably
is that the complete combustion of the gas is retarded by the
presence of an additional quantity of air.

As before stated, a pressure curve, such as that under discus-
sion, shows different results with the gas supplied in different
towns.

The practical point for consideration is, what proportion of
air will give the best working pressure, and Mr. Clerk’s deduction
from these experiments is that with Glasgow coal gas the most
economical mixture would be 1 gas to 11 air, while with Oldham
coal gas he would prefer to use 1 gas to 12 air.

6. When hydrogen takes the place of coal gas and the mixture
is strong in gas, the explosion is so sudden and the rise of pres-
sure so rapid that the effect produced is that of a blow.

Taking 2 volumes of hydrogen and 5 volumes of air, where
the air contains just enough oxygen to combine completely with
the hydrogen, the pressure rose to its greatest amount in t}th of
asecond. An action of this kind is unsuitable for the purposes
of an engine.

It further appears from Mr. Clerk’s experiments that when
hydrogen is diluted with air in larger quantity the pressure rises
less rapidly and becomes quite manageable, but it is less in amount
than in the case of coal gas, and hydrogen is not at all a good
gas to employ in an engine.

7. Comparison between early and modern rifled
guns.—It is interesting to note that the same principle of sus-
tained pressure and less rapid action which has obtained in gas
engines has been applied in parallel lines to the modern rifled
gun.
If gunpowder be exploded in a closed vessel and pressure
gauges be provided to indicate the tension of the gas, we find :

() The same reduction of pressure from the cooling effect of
the vessel.

(2) The outline of the pressure curve varies considerably with
different kinds of powder.

That is to say, there may be a rapid rise of pressure to a great
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height, the gas being formed suddenly and brought at once to-
the highest limit of pressure, or the pressure may, as it were, rise
gradually, and be sustained for some little time at or near its
greatest value, which is less in amount than when the rise in
pressure occupied a shorter period.

The improvements made in modern artillery have been based
upon these observations, and a comparison of the old and modern
systems will be readily presented to the eye in the form of a
diagram, where (a) represents the outline of a 25-ton gun as it
would have been made some 10 or 15 years ago, and (B) is the
outline of the same 25-ton gun as it is now made, the bore of (a)
being 12 inches, and that of (2) being 10 inches.

We are here quoting from a lecture given by Captain Noble at
the Institution of Civil Engineers in 1884.

31 TONS
503
=]

20§ {180 FEET PER SECOND

53
P i 1:6 TONS

2228 FEET

F16. 2.

Upon each figure is drawn a pressure curve, the starting-point
being the base of the projectile before firing, as shown in dotted
lines, the vertical line indicating pressures, and the horizontal line
giving the position of the projectile for each pressure.

There is also a curve of velocities, showing the velocity gene.
rated in the projectile during each instant of the motion.
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Taking gun (a), it appears that the pressure rises rapidly to
31 tons per square inch, and falls along the expansion curve to
1'6 ton. This is analogous to the explosion of hydrogen in a gas
engine.

The velocity generated is 1,180 feet per second. Gun (a) is
not a breech loader, and on account of the sudden rise of pressure
it becomes necessary to increase the thickness of the metal enor-
mously around the powder chamber.

In gun (B) (which is a breech loader) the pressure rises only
to 17 tons per square inch, and falls to 52z tons, but the rise is
more gradual, and the intensity is sustained as shown by the
curve. Also the gun is much longer, whereby the velocity gene-
rated rises to no less than 2,225 feet per second, which is nearly
twice its former amount.

Of course the velocity impressed is the important thing aimed
at, as every student of mechanics will understand ; and here again
we have an analogy to the modern gas engine, where coal gas is
selected in preference to hydrogen, and air is mixed to nearly the
full extent which is practicable in order that the combustion may
be less rapid and the pressure more sustained.

It appears that about twenty-five years ago our most powerful
piece of artillery was a 68-pounder, throwing its projectile with a
velocity of 1,570 feet per second (Noble), whereas now the weight of
our guns is increased from 5 tons to 1oo tons, and the projectile
from 68 lbs. to 2,000 lbs., the velocities from 1,600 feet to
2,000 feet, and the energies from 1,100 foot-tons to 52,000 foot-
tons (Noble).

8. The Lenoir engine.—A patent for the Lenoir gas engine
was applied for on February 8, 1860, No. 335, by /. H. Joknson,
being a communication from abroad by /. /. E. Lenoir, of Paris.

The specification stated :—* This invention consists in the
application and use of an inflammable gas mixed with a proper
proportion of atmospheric air and ignited inside a cylinder by the
aid of electricity ; the expansion thereby produced acting upon
the piston and imparting motion thereto, which motion may be
transmitted in any convenient and well-known manner to a driving
shaft” Then it described the arrangement of insulated platinum
wires, in connection with a battery, and so disposed that an
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electric spark was produced at the right instant at either end of
the cylinder, whereby the mixture of gas and air was fired.

Subsequently the lighting was effected by a jet of gas and a
slide conveying a small flame of gas into the cylinder.

A general idea of the arrangement of the working parts will
be obtained from the annexed diagram, where c B is the cylinder
of the engine, P the piston, P Q the piston rod, A R the crank, RQ
the connecting rod, and F the fly wheel.

The actual working of the engine may be understood by com-
paring together the remaining diagrams. Fig. 4 shows a hori-
zontal longitudinal section through the axis of the cylinder, and
also gives a vertical cross section through the cylinder.

As the cylinder when at work attains a considerable tempera-
ture, it is surrounded by a water jacket, shown in both sections,
through which a supply of water is constantly circulating.

The slide L M regulates the admission of air and gas into the
cylinder, while the slide NT is concerned only with the exhaust
of the waste products of combustion. These slides are pressed
against the faces of the cylinder by springs not shown in the
drawing.

It will be observed that there is a gas inlet terminating in two.
forked branches » and s, which lead into gas orifices marked o, &.

There is also an air inlet g, communicating with the space a,
which would form the exhaust passage in an ordinary steam
cylinder, but is here applied for supplying air to the cylinder.
The pipe p is covered, as shown, by a head or cap 4, which forms
a sort of gasometer, and retains some gas which would otherwise

Fie. 3.
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escape and which is drawn into the cylinder at the next stroke of
the piston. .

The mode of working the engine is the following : The piston
travels a certain distance along the cylinder by reason of its con-
nection with the crank and fly wheel, and in doing so acts as a
pump to draw in a charge of air and gas at a pressure equal to
that of the atmosphere. When the piston has performed about
half its stroke, the charge is fired by the electric spark, and the
stroke is then completed under the pressure of the enclosed gases.
On the return of the piston the waste products in the cylinder are
expelled into the open air.

The patentee states that the slide L M opens the passage 7 to
air entering from a, just before # comes into communication with
the gas inlet 0. Thus air enters first of all, and then comes gas
and air which ‘both enter the cylinder but without becoming
entirely mixed together, and will exist in the space behind the
piston in distinct strata.’ This is what is said, but it would be
rather difficult to prove it, and in this treatise no attempt will be
made to deal with the subject of stratification of the charge, even
if there be such a thing. The slide now closes the passage ,
when an electric spark sets fire to the mixture, and the piston is
driven to the end of its stroke.

The products of combustion are got rid of by the slide NT
working over the exhaust passage E. The manner in which this
is done is precisely the same as in an ordinary steam engine, as
will be apparent from the drawing, and it is therefore unnecessary
to describe it.

Towards the end of the specification we find the following
passage :—*The object of introducing a supply of air into the
cylinder before the gas is allowed to enter is to neutralise the
effect of the carbonic acid gas formed by the combustion of the
inflammable gas, as the carbonic acid gas without being thus
neutralised might prevent the ignition of the remainder of the
inflammable gas.’

9. Some indicator diagrams taken from an early Lenoir engine
are to be found in vol. 51 of 3rd series, ¢ Journal of the Franklin
Institute.” One of the curves is set out in the diagram, which,
however, is imperfect, inasmuch as no scale of pressures is given.
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The atmospheric line is marked a B, and shows the stroke of
the piston. The charge is drawn in at the atmospheric pressure,
but the pressure of the mixture of gas and air falls to 11 Ibs.
above a vacuum or zero line just before explosion. It then rises
in a steep, inclined line to 48 lbs., and the rest of the diagram
tells its own tale.

It is stated that the crank shaft makes so revolutions per

!
A'r = ~—B

F1G. 5.

minute, that the cylinder is 8% inches in diameter, the stroke of
the piston being 16} inches, and that engines of this type are sold
at from § to 4 H.P.

10. The Otto and Langen atmospheric gas engine is
an engine of which large numbers were at one time made both
in England and Germany, and which attracted a good deal of
attention from the undoubted success with which it worked. It
was the subject of a patent of 1866, No. 434, to C. D. Abel. In
1875 Mr. Crossley, of Manchester, read a paper before the
Institution of Mechanical Engineers, wherein he described the
construction of the engine and the manner in which it operated.:

No doubt there were many valuable points about it, but being
in truth, as its name implies, an atmospheric engine—that is, an
engine with an ggen cylinder in which the piston is driven up by
the pressure resulting from the explosion of a mixture of gas and
air, and driven down by the pressure of the atmosphere, it is
rather difficult, when the principles of the theory of heat have
received full recognition, to understand how such an engine could
continue for any length of time to occupy the first place.

It is rather unsafe to state positively the lines in which
mechanical improvement will advance, and it happened that Mr.
Crossley, in the paper referred to, adduced a variety of reasons to
show that engines of the Lenoir type, in which a mixture of gas
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and air contained in a cylinder delivers its energy after combus.
tion in driving a piston connected with a crank and fly whee:
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bfter the manner of an ordinary steam engine, were wrong in
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principle and could never succeed because the effect is that of a
blow and is not a sustained pressure.

Then the argument advanced was that the Otto and Langen
engine worked on the only true principle, viz. that of sustained
pressure, and it did so in the following manner. The piston in an
open cylinder is provided with a piston rod in the form of a rack.
The piston is raised about 4y of the stroke, and sucks in an
explosive mixture. The charge is then fired, the engine being
really a gun which stands vertically with open mouth pointing
upwards, the explosive compound of gas and air taking the place
of a charge of powder, while the piston represents the shot. The
piston is free during its ascent—that is, it does not drive any of
the mechanism of the engine, and the charge is not sufficient to
force the piston out of the gun, but only to send it close up to the
open end.

After explosion a partial vacuum is formed beneath the piston,
which descends under the superior pressure of the atmosphere,
the rack on the piston rod being now suddenly caused, by the
operation of a friction clutch, to impart a sustained driving pressure
to the fly-wheel shaft.

It is not the purpose of the writer to describe this engine with
particularity, but only to give a general idea of its action.

The diagram shows the piston P, provided with a piston rod
PR in the form of a rack, and working in the vertical open-
mouthed cylinder A B, which has a water jacket as shown.,

It should be understood that s is the main shaft of the engine,
and that although P R is always in gear with a spur wheel T riding
on the shaft s, yet there is inside that wheel, and not shown in the
drawing, a friction clutch whereby T runs loose on the shaft s
during the whole upstroke of the piston, but is locked thereto
during the whole of the downstroke. In other words, the piston
is free during its ascent, but is a working piston during its descent.

In the diagram the piston has been raised through about 4 of
the stroke, and has sucked in a charge of gas and air which is on
the point of being fired by the slide L.

The piston is raised through this space by the lever DH N,
operated by an eccentric EH on the shaft & which is driven by
spur wheels from the main shaft s. The end N of the lever DN,
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whose fulcrum is at D, actuates a tappet at N uponthe rod PR,
and leaves PR free to ascend after the explosion.

On the shaft £ is a second eccentric, working the slide t by
means of the rod shown in the diagram.

These eccentrics, which are made fast to each other, are
carried loose upon the shaft E, and are started and stopped as
required by an arrangement of a ratchet wheel and catch or paul
not shown in the drawing. A movement of the eccentrics takes
place when it is wanted, and not otherwise.

Outside the slide a small gas jet is kept burning, by means of
which gas fed into a chamber in the valve is ignited, and at the
right moment the opening of the chamber to the outside is cut off,
and the flame therein is brought opposite the entrance to the
cylinder and explodes the charge.

The piston being then driven to the top of its stroke, and the
wheel T being, during this time, in effect an idle wheel, it will be
found that the products formed within the cylinder by the burning
of the gas rapidly fall in pressure.

y[D
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1t. The action within the cylinder will be made clear by an
indicator diagram, which shows a sudden upward jump of the
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pencil at the instant of explosion, and then a series of oscillations,
given in dotted lines, from which the mean curve of pressure, viz.
DE, is deduced. It thus appears that the pressure within the
cylinder falls to 11 lbs. per square inch below the atmosphere
when the piston reaches the top of its stroke, and that the driving
pressure in the return or working stroke, as recorded by E L, varies
from 11 lbs. per square inch below the atmosphere to the atmo-
spheric pressure itself, at about ¢ of the stroke, as shown by the
position of L. It averages g lbs, during the time of action, and
on the whole there is a mean of about 7 lbs. per square inch effec-
tive pressure during the period when the piston rack is driving
the mechanism.

It is admitted that engines of this type are necessarily limited
to a small power, and Mr. Crossley stated that no attempt had
been made to increase their size beyond that of a 3-horse-power
engine.

12. The Otto gas engine.—We have now to describe the
Otto engine, as made by Crossley Brothers, which has established
the efficiency and economy of gas engines.

This invention was the subject of a patent granted in 1876,
No. 2,081,t0 C. .D. Abel for ‘improvements in gas motor engines’
(a communication from abroad by V. 4. O).

The specification states that in gas engines, as previously con-
structed, an explosive mixture of combustible gas and air was
introduced into the eylinder and ignited, whereby there resulted
a sudden expansion of the gases, and a development of heat, a
great portion of which was lost by absorption. According to the
present invention, a combustible mixture of gas or petroleum
vapour and air is introduced into the cylinder, together with air in
such a manner that the particles of the combustible mixture are
more or less dispersed in an isolated condition in the air, so that,
on ignition, instead of an explosion ensuing, the flame will be
communicated gradually from one combustible particle to another,
thereby effecting a gradual development of heat, and a corre-
sponding gradual expansion of the gases.

A drawing showed the cylinder and piston in section, together
with aslide for the admission of gas and air. The piston on moving
outwards from the bottom of the cylinder drew in air for a certain
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space. It then moved an additional space and drew in com-
bustible gas and air. The whole contents of the cylinder were at
atmospheric pressure as in the Lenoir engine. The charge was
then fired by the action of a small external gas flame, and the
piston was driven to the end of its stroke. On the return of the
piston the products of combustion were expelled into the atmo-
sphere and the operation was repeated as before.

Then the patentee observes that, by this mode of operating,
any shock which would result from sudden explosion is avoided,
partly through the dispersion of the combustible charge, and
partly because the first admitted charge of air which does not be-
come completely mixed with the combustible charge acts as a
cushion between this and the piston, and owing to the gradual
development of heat and expansion of the gases there is compara-
tively little loss of useful effect.

Engines operating in this manner might be single acting, the
return stroke being effected by the momentum of the fly wheel, or
they might be double acting, a charge being introduced at each
end of the cylinder.

If the invention had remained at this stage it is probable that
it would have attracted little attention, but the specification goes
on to describe another and a different mode of working the
engine which is of the highest possible value, and which forms, as
the writer thinks, the real improvement disclosed in the specifica-
tion. After a statement that the engine might operate with the
gases at atmospheric pressure or compressed in any desired degree,
there follows a description and drawing substantially the same as
that annexed. NAVI S SALAR JUNG maMaADUR

In this case the piston does not come close up to the cylinder-
cover on its return after ignition, as in the engine first referred to,
but a considerable space is left at the end of the cylinder which
becomes filled with the residue of the products of combustion at
about atmospheric pressure. As soon as the piston begins its
forward stroke, air is drawn in, and afterwards gas and air. On
the return of the piston the whole contents of the cylinder are
compressed into the space at the end, and the charge is then fired.
The expansion drives the piston to the other end of the cylinder,
then follows the exhaust, and the cycle of operations is repeated.
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Referring to the drawing, the piston P is connected with a
crank shaft, and the space between the dotted lines g, 4, is the
length of stroke.

c is a passage for the entrance of the charge, while ¢ is an
exhaust passage, leading in another direction, for the escape of the
waste products of combustion. ce is a considerable space or

i
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clearance which is filled with the products of combustion at about
atmospheric pressure when we commence to trace the working of
the engine. The piston is driven by the fly wheel except during
that particular stroke when there is explosion, and we propose to
trace the operation of four strokes.

(1) As the piston travels from & to the position marked by the
dotted line 4, air is drawn in, then follows a mixed charge of gas
and air till the piston arrives at 4.

(2) As the piston returns from 4 to a the charge is compressed
into the space c @, and may attain a pressure of (say) 4o lbs. on the
square inch.

(3) The charge is fired by a gas flame and drives the piston
from a to d.

(4) The piston returns from & to @, and expels part of the pro-
ducts of combustion through E, leaving the space ca filled with
the residue at about atmospheric pressure.

The cycle of four strokes is then repeated, the piston being
driven onwards always at the third stroke.

The question arises, what is the new principle, or new idea,
here developed? No doubt it consists in the peculiar cycle of
operations. Up to this time gas engines were worked by drawing
in the charge during the first portion of a stroke and then firing

Y
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-it. Now, for the first time, the charge was drawn in at the first
stroke, it was compressed at the second stroke, it was fired at the
third stroke, and the residue was expelled at the fourth stroke.

This method of working was new and original, but it was also
founded on true mechanical principles, and formed an excellent
illustration of a useful application of the law of inertia of matter.
Suppose we have a small heavy wheel mounted on bearings with
its axis horizontal. It will be easy to keep it revolving by a series
of pushes or impulses with the open hand. 1In doing so, as the
wheel revolves faster and faster, each impulse may recur at longer
intervals, and the speed of rotation may nevertheless continue to
be nearly uniform.

So with the gas engine. The fly wheel of a small engine
makes (perhaps) 180 revolutions per minute, at which speed the
impulse of the burning gas may be given at intervals, but the
rotation of the fly wheel may continue to be nearly uniform. We
rely upon the inertia of matter to help us.

13. But not only is the mode of working practicable when look-
ing at the question from a mechanical point of view, but there is also
the direct and positive gain of dealing with a charge of compressed
gas and air instead of a mixture at or about the atmospheric pres-
sure. The engine acts as its own compressing pump. To start
at the instant of explosion with the compressed contents of a whole
cylinder full of gas and air instead of the uncompressed contents
of half a cylinder, is an advantage pretty evident to ordinary
apprehension, and which may be made more clear by calcu-
lation.

Then also it is claimed that the residue of unburnt products
remaining in the cylinder will act as a cushion to moderate the
effect of the explosion upon the working piston.

14. Having described in general terms the Otto engine as speci-
fied, we pass on to give a particular account, with diagrams, of
an Otto engine of half horse-power, recently furnished by Messrs.
Crossley to the Normal School of Science as an example of the
type of engine which they recommend at the present time.

It will be convenient to commence with an explanation of
the method of charging the cylinder with gas and air, then to
discuss the arrangement for firing the charge, as well as the
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method of getting rid of the waste products. Finally, the com-
parative position of the slide and piston will be shown, the action
of the governor will be explained, and a general view of the engine
will conclude this notice.

15. Charging with gas and air.—As in the gas engine
last described, a slide is employed for charging the cylinder and
also for conveying a flame to the charge. Such a slide is a flat
plate of metal, having certain passages, straight or curved, which
are so different from anything seen in a steam engine, that con-
siderable attention is necessary before the action of the slide will
be understood.

The annexed diagram shows a horizontal section through the
cylinder with the piston p at the end of the stroke. The space

Fi1G. 9.

c P is that portion of one end of the cylinder in which the charge
is compressed and corresponds to ce in fig. 8. There is also a
horizontal side passage terminating in a valve v, which leads to
an exhaust pipe through which the waste products are dis-
charged.

At the end, c, of the cylinder are three plates, the first marked
inner cover as being nearest to the cylinder, the second being the
slide itself, and the third being the oufer cover. These plates are
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shown separately in a perspective view, in order that the student
may form a better idea of their appearance.

The slide is faced on both sides and moves to and fro between
the fixed covers, being operated by an eccentric as in a steam
engine, but with this important difference, that the slide moves
once to and fro while the crank shaft makes fwo complete revolu-
tions. In other words, the slide makes two strokes while the
piston makes four strokes.

The general arrangement of the working parts being thus
made apparent, we have to point out that the slide has to fulfil
two functions, viz. (1) the charging, (2) the lighting, and since it
is arranged that one-half of the slide is concerned in the first
operation, and the other half in the second, it becomes convenient
to discuss each operation separately.

We refer now to fig. 1o, which shows the slide and its covers
fitted together, and fig. 11 gives other views in which each cover is
placed at an angle to that face of the slide with which it is usually
in contact, the object being to indicate the various openings and
passages made in and through the slide and covers.
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It appears that there are three principal openings in the inner
cover, viz. (1) the gas inlet B, (2) the air inlet b, (3) the port
opening to thecylinder, marked ¢ ; and inasmuch as it is necessary
to charge the cylinder with both gas and air, it is obvious that
passages must be contrived for conveying gas from B to ¢, and air
from D to C.

We pass on to the sectional drawings, but the student should
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continually turn back to fig. 11 in order to trace the operation as
completely as if he had the slide and covers before him.

In fig. 12, (1) shows a vertical transverse section of the slide and
covers taken through the gas inlet B. Within the material of the
outer cover, which is a thick plate of metal, there is a curved
passage R having two openings on the face of the cover. The
bend R communicates by small ducts or perforations marked e,
with another passage a, shown in section, which leads immediately
to c. The object of these perforations is to check or throttle the
flow of gas, and to prevent it from entering the cylinder too
rapidly.

The gas having entered A, passes directly from thence to the
cylinder, and at the same time becomes mixed with air. To
make this clear we refer to fig. 12 (2), whichis a horizontal section
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through the slide and covers taken on the level of c, the opening
to the cylinder. Within the material of the slide is a curved
passage D A c, having openings at D and c. The port » is the air
tnlet, and when the slide is in the position shown, there is a free
passage of air into the cylinder. At the same time, gas entering
A by the perforations e can pass directly to c.

In the Otto engine supplied by Messrs. Crossley to the Normal
School, which is of half horse-power, there is no provision for
admitting fi»s? a supply of air to the cylinder, and secondly a supply
of mixed gas and air. On the contrary, the gas and air are admitted
together from the commencement, and it is during the last part
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of the admission that the charge becomes richer in gas, the object
no doubt being to obtain a more combustible mixture at that end
of the cylinder where the combustion flame enters.

In the annexed diagram three positions of the slide are given.

In (3) the slide is moving to the right and is about to open
simultaneously both p and R to c.

~ In (4) the perforations ¢ have come opposite the chamber g,

also » is fully open to c, and the result is that gas and air are
both drawn into the cylinder.
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In (5) the slide now moves to the left, whereby the passage o
becomes contracted, while ¢ remains fully open. Hence the
supply of air falls off, and the last mixture drawn into the cylinder
becomes richer in gas, and therefore better adapted for accepting
and carrying on the flame of ignition which lights the charge.

16. Firing the charge.—We proceed to describe the
method of firing the charge in the cylinder, and refer to fig. 14,
which gives a vertical transverse section through the slide and
covers, and should be compared with the complete drawing in
fig. 11.

The chimney M is shown in section, and at the base thereof is

F1G. 13.
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a small jet of gas j, kept constantly burning, and called the s/ide
light.

The slide is at one end of its stroke, and has the forked
passage F in such a position that the lower branch of the fork is
opposite to the air passage H, and the upper branch communicates
with the base of the chimney.

It is to be noted that the single opening F, in which the forked
passage terminates, is on a level with c, the opening into the
cylinder.

On the side of the outer cover is a passage marked £ the
general arrangement of which is better seen in fig. 11. This
passage is freely open to a supply of gas passing along a pipe
marked ¢gas inlet] the object being to
keep ff filled with gas, and ready to
supply the chamber F, so as to support
a flame of gas burning therein.

The passage marked zagg, formed
by the mceting of two cylindrical passages
aa, gg, performs a double office, as will
be explained hereafter. At present we
regard it as allowing gas to pass freely
from the gas inlet f to the interior of the
chamber F.

The gas, on entering F, is carried by
the draught of the chimney to the lighted
flame, or slide light j, and begins to burn,
air being constantly supplied from below
at H, whereby the chamber r is filled
with the flame of lighted gas.

The gas, filling ¥, is readily lighted when the slide is in the
position shown, and the object will be to keep the flame alight.
In order to do so it will be necessary to supply F with both gas
and air up to the last moment before the ignition of the charge.

The annexed diagrams, marked (2) (3) (4), are horizontal sec-
tions through the slide and covers, taken on the level of the lower
edge of the opening c. .

In (2) the cylinder is receiving its charge, while F is becoming
filled with the flame of burning gas.




Otto Engine. - 329

It is particularly important to note the position of the passage
a a with reference to the passage ff. Both these passages are
shown by dotted lines, because they do not appear in the section,
by reason of their lying on a different level, but they play their
part notwithstanding.

Also (2) shows that @  is open to f/, which means that gas is
entering F freely.

In (3) @ ahas just passed beyond /7, at which time no more gas
can enter F, and the flame within that chamber would soon die
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out ; it will, however, keep burning during the brief interval
occupied in carrying F across the space marked by the dotted

lines cc and % 4, after which ¥ opens to ¢ and the charge takes
fire.
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In (4) the passage F is fully open to c, and the slide is at the
end of its motion towards the left-hand side of the diagram.

The diagrams (5) and (6) serve to explain a matter of con-
siderable importance,

On turning back to fig. 11 the student will observe a small
hole or perforation in the inner cover marked m, and the question
would be asked, what is the object of this perforation? Upon
careful examination it appears that the opening » is continued
through the cover and leads direct into the cylinder. It, there-
fore, forms a small aperture into the cylinder, and is ordinarily
closed by the face of the slide.

But m is on a level with 2 a, and in one position of the slide
it will lead directly from the interior of the cylinder to @ a.

p

INNER 5

COVER

,’% INNER COVER

,,,,,

(5) shows an elevation of the inner cover, and (6) is a sectional
drawing corresponding to (3).

In the state of things shown in (5) and (6) the passage m is
just on the point of opening into a4, and it will do so before the
edge of F passes the edge of c.

At this time the burning mixture of gas and air in r is at the
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pressure of the atmosphere, while the charge in the cylinder s
probably at about 4o lbs. pressure. It follows that if ¥ were
opened directly to c the sudden pressure of the gases in the
cylinder would drive the flame ‘back from the opening, and the
lighting of the charge might fail.

But, according to the arrangement under discussion, » opens
to aa before F opens to ¢, and as a consequence thereof the
pressure of the contents of F is brought up to 40 lbs. by the
entrance of gas and air from the cylinder, first through the
passage m into @a, and then through gg into . The result is
that at the instant when the full opening is made from F into c
there is an equilibrium of pressure in both r and c, and the
lighting of the charge is safely carried out.

17. The exhaust.—It has been explained that upon each
alternate return stroke of the piston an exhaust valve is opened
which allows the greater part of the waste products to escape into
the atmosphere, but leaves a residue in the end of the cylinder.

: ;
jani

FiG. 17.

An exhaust valve, marked v, is indicated in fig. 9, and we
have now to describe its operation and the method of working it.
It will be remembered that the exhaust .takes place through a
branch passage leading out at right angles to the axis of the
cylinder.

The annexed drawings show two vertical sections through the
valve v, that on the right being parallel to the axis of the cylinder,
and the other being transverse to it.
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The valve v has a spindle vB provided with a collar at B,
which is attached to the spindle by means of a pin. A spring s
abuts against B at one end, and against the valve casing at the
other end, and retains the valve closed except when B is lifted by
external pressure.

In order to lift the valve a cam P, keyed upon the shaft x,
depresses the end p of a bell crank lever » a 1, and thereby raises
the end H of the arm AH. As soon as the cam p has passed
under the roller » the elasticity of the spring comes into play, and
the valve is closed, as shown in the sketch.

18. Regulator for supply of gas.—The pendulum governor
of Watt is applied to the regulation of the engine, but its action
is different from that in a steam engine, inasmuch as its function
is not to control the rate of supply of gas by opening a valve in a
greater or less degree, but simply to determine whether the cylin-
der shall receive a fresh charge, or whether for one or more com-
plete double revolutions of the fly wheel the charge of gas shall be
entirely cut off.

The drawing is taken from an end view of the engine, showing
the slide in position as worked by a slide rod attached to a crank
pin E at the end of a revolving shaft. The gas supply comes
through a pipe on the right hand, provided with a stopcock, and
having a valve v, closed by a spring, which controls the admission
into the cylinder. The governor balls act upon a sleeve connected
with the short arm of the lever A cp, whose fulcrum is at ¢, and
which is provided with a vertical rod p T, hinged at p,and carrying
a projecting piece marked T. On the slide is another projection,
marked s, and when s and T are opposite each other it is apparent
that a sufficient movement of the slide to the right hand will cause
s to strike against T, and to push it to the right, thereby opening
the valve v, and allowing the charge of gas to enter the slide, and
§0 to pass on to the cylinder.

When the engine is at full work this would happen at every
alternate forward stroke of the piston, and if the speed is accele-
rated, so that the balls rise higher, the end A of the lever AcD
rises also, whereby T is depressed below s, and no gas is admitted
into the cylinder.

When the rate of revolution of the balls returns to the normal
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state, it-is apparent that T will come opposite to s, and that a
mixed charge of gas and air will again be drawn into the cylinder.
If T were allowed to rise above s, there is nothing to bring it
down again, and the engine would stop..
The cone on the top of the governor is a load which rests on
a shoulder upon the spindle. The slowest working-rate of the
engine would just suffice to bring the sleeve in contact with the
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base of the cone, in which case the stop s would be exactly
opposite to T.

If the balls tended to open still further, they could only do so
by raising the heavy cone, and it follows that a considerable rate
of increase in the speed of the engine will be necessary before T
can be lowered sufficiently to fall below s, or before the supply of
gas is cut off.

There are thus two rates of speed between which the engine
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can work in the usual manner. If the highest limit be exceeded,
the cone is raised and the gas cut off, which soon brings down the
rate, whereupon the supply of gas is automatically renewed. But
there is no automatic recovery at any speed below the lower limit,
or the engine will not work at less than a definite rate determined
beforehand by the position of the governor balls.

19. Working of the engine.—The annexed diagram taken
from the gas engine under consideration is intended to show the
positions of the piston and crank at certain periods of the working,
and at the same time to record the corresponding positions of the
slide.

Taking the diagrams in regular order, we find in (1) that the
slide is just about to admit the mixed charge of gas and air into
the cylinder, the piston being near the end of its stroke, and the
crank about to pass a dead point. This state of things is marked
charging begins.

In (2), the crank is proceeding onwards, the charging is in
full operation, and the slide is admitting the charge of gas and air
freely into the cylinder.

In (3), the crank has passed the dead centre and the piston is
beginning to return, whereupon the slide diagram shows that the
end of the cylinder is closed and that compression has begun. At
the same time the slide is beginning to assume the position neces-
sary for firing the charges.

In (4), the slide has arrived at the point of its stroke where
firing begins, and it will be seen that the piston is just approach-
ing the final limit of its movement towards the left hand, the
space into which the compressed charge of gas and air is forced
just before the instant of firing being indicated by the hollow
spaces under the word compression.

In (5), the mouth of the cylinder is again closed and the charge
pent up becomes expanded and heated so as to urge the piston
onwards and cause it to complete the working stroke. When the
piston atrives at the position shown in the sketch, the exhaust valve
commences to open, as may be clearly seen by inspecting the
indicator diagram given in a subsequent article.

zo. Plan view of the Otto engine.—The annexed full-
page diagram presents a general view of the complete engine now
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under examination, which is technically an engine of } H.P., and
which may, as stated in a circular by the makers, be enlarged up
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to 12 H.P, Twin cylinder engines of the same type are also
furnished which indicate 40 H.P.
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We are now referring to a plan view of the engine, which shows
a horizontal cylinder attached to a framing and having a crank
and connecting rod together with a crank shaft and fly wheel
arranged as indicated.

It appears from the previous drawings that the piston is a
hollow trunk having guides of some length, and linked to the
crank by a connecting rod as in an ordinary trunk engine.

The crank shaft carries a driving wheel marked (1) gearing
with another bevel wheel marked (z) having double the number of
teeth. This latter wheel is keyed to a shaft for working the slide,
the object being to reduce the motion of the slide relatively to
that of the piston and to cause the slide to make only two strokes
while the piston makes four strokes. This reduction of motion is
a fundamental characteristic of the Otto engine.

The slide is actuated by a slide rod shown in the diagram, one
end of the rod being attached to a pin, placed eccentrically on the
end of the driving shaft.

The position of the exhaust valve is also marked, as well as
the position of the governor, and the mechanism for operating
the exhaust valve is indicated. There is a lubricator, having a
mechanical feed for distributing oil to the slide and working parts.
The lubricator is kept working by a small strap running upon the
shaft used for working the slide, and there is a gaspipe shown for
admitting a supply of gas to the slide and cylinder ; a pipe for
circulating water would appear in the drawing, but this, together
with other minor fittings, has been omitted in pursuance of the
intention to give a general conception of the arrangements and
principal working parts of the engine.

21. Indicator diagram of the Otto engine.—The draw-
ing is a copy of an indicator diagram taken from the engine
already described.

The atmospheric line, which is also the line of volumes, is
marked c B, and it is apparent that the volvme of the clearance is
represented approximately by the distance between the vertical
line marked fgnition and the line of pressures cp. The hori-
zontal full line therefore represents the stroke of the piston, which
is 9 inches.

The charge of gas and air is drawn in at atmospheric pressure

z
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by the forward stroke of the piston ; it is then compressed to about
35 Ibs. above the atmosphere, as shown by the line BE. At this
point ignition takes place, whereby the pressure is carried up to
150 Ibs., the behaviour of the gases during expansion being shown
by the line marked expansion, the rapid slope at the end indicating
that the exhaust valve has begun to open.
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Then comes the exhaust at atmospheric pressure, whereby the
indicator pencil runs along the horizontal line and returns again,
retaking in a fresh charge as shown by the arrow vertically under
the point E.

While this card was being taken the fly wheel was making 180
revolutions per minute, and the length of stroke of the piston being,
as stated, equal to g9 inches, and the diameter of the cylinder
being 4% inches, it is easy to calculate the indicated horse-power
from the diagram.

This has been done, and it appears that the mean effective
pressure on the piston=60"975 lbs.

Hence LH.P.=00975XF(4})" Xy x1g% 198
33,000
=2 H.P. very nearly.

22. Fittings of the engine.—There are certain fittings
which we proceed to describe by reference to the engine of 4 H.P.
Taking, first, the supply of gas, it will be found that precautions
are necessary in order to prevent the disturbance produced by
successive explosions from extinguishing or making unsteady other
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lights in the building which are fed from the same pipe as that
which supplies the engine when at work.

For this purpose the gas passes through a regulator valve and
a gas bag before it reaches the engine. If it be desired to measure
the quantity of gas consumed, a meter may be placed between the
main pipe and the regulating valve. A $-inch pipe will suffice
for the engine, and a small pipe with two branches may feed the
slide light and the passage marked gas 7n/et in fig. 11, the function
of the latter inlet being to supply f f with gas.

Another fitting is an ai7 valve, which is a cylindrical box, open
at the base, 7 inches in diameter and 8 inches long, terminating
in a neck leading to the air inlet in the inner cover marked D
in the drawings. The cylinder is divided by five transverse plates
having 1}-inch holes alternately in the top and bottom of each
plate.

There is also the exkaust pipe, which is 1} inches in diameter,
and passes first into a strong cast-iron cylinder 5} inches in
diameter and 16 inches long, after which it leads on to a cylindrical
box 10 inches in diameter and 14 inches deep, filled with beads
or small pebbles, whereby the noise caused by the escaping gases is
reduced as much as possible. The jacket surrounding thecylinder
must be supplied with areulating water, which is here provided
by a $-inch pipe and regulating tap, the escape pipe being the
same size as that for the supply.

The starting of the engine is a simple matter. The sleeve of
the governor is raised and supported by a catch, the object being to
bring T opposite to s in order that the cylinder may take in a
charge of gas together with air. The gas is turned fully on, the
slide light is set burning, and three or four rapid turns are given
to the fly wheel, which are generally enough to commence an
action in the cylinder and to start the engine.
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APPENDIX.

QUESTIONS AND EXAMPLES, CHIEFLY NUMERICAL, TAKEN FROM
THE SCIENCE AND ART EXAMINATION PAPERS.

1. A steam engine at the mouth of a coal pit is employed in com-
pressing air to a density of four atmospheres, this compressed
air at once acquires a high temperature, and for convenience is
cooled with water down to 60° ; it is then conveyed in a pipe to
the bottom of a pit and along one quarter of a mile horizontally,
where it is set to work an engine similar to the ordinary non-
condensing engine ; the air when liberated produces a freezing
atmosphere all round. Will you explain the above by referring
to natural laws ? (Science Exam. 1869).

2. What are the chief constituents of coal, and their average relative
proportions, for which the engineer has to provide in the con-
struction of furnaces? Draw a comparison between what the
engineer has to do, as compared with the gas-maker, in the using
of coal. (1869.)

3. What is meant by capacity for heat? The capacity for heat of
mercury is ‘033 ; how much, at the temperature of 240° will be
sufficient to raise 12 lbs. of water from 50° to 58°? (1867.)

4. Define the duty of a steam engine. What is the duty of an engine
which burns 22 1bs. of coal per indicated horse-power per hour ?

(1874.)

5. How has the work done in raising the temperature of a pound of
water through one degree been ascertained? A pound of coal
gives out during combustion 12,000 units of heat ; how much
work in foot-pounds could be done by burning a pound of coal
if there were no waste ? (1873.)

6. If steam were admitted into a cylinder at a pressure of 15 Ibs. and
a temperature 212° F., and were expanded to a temperature of
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100° F., what is the greatest amount of work which could be done
according to theory? Prove the formula. (1878.)

7. An air engine takes in heat at a temperature of 300° F., and gives
out heat ata temperature of 50° F. ; find theoretically the amount

of work which it could do if certain conditions were capable of
being realized. State these conditions, and draw the indicator
diagram of the engine. (1877.)

8. A steam engine of the beam order of construction, having the
steam cylinder at one end of the beam and a lifting pump at the
other end, the pump being 24 inches in diameter, is employed in
pumping water from a dock to a height of 50 feet, the performance

of this duty requiring the whole power of the engine. Circum-
stances have arisen that require the engine to raise water 200
feet, and a smaller pump has been placed in the centre between

the fulcrum of the beam and the original pump, so arranged
that either pump may be used as required ; what should be the

size of the new pump so as to make available the full power of

the engine? (1872.)

9. Water has to be raised from a mine at two different levels, namely,
fifty and eighty fathoms ; from the former thirty cubic feet, and
from the latter fifteen cubic feet per minute. What power of
steam machinery will be required, assuming the modulus of the
plant to be % ? (1872.

10, Obtain a formula for determining the weight of water which must
be mixed with a given weight of steam, in order that the mixture
may be reduced to water of a given temperature. What weight

of water at 6o° F. must be mixed with 20 Ibs. of steam, at atmo-
spheric pressure, in order to produce water at 120° F.?  (1868.)

The formula is obtained as follows :—

Let x 1bs. of steam at a temperature Z be injected into y lbs. of
water at a temperature 2, and let the resulting temperature of the
condensed steam and water be T. Also let H be the number of units
of heat in steam at a temperature #, reckoning from zero of the
Fahrenheit scale.

Then the steam loses & (H—T) units of heat, and the water gains
¥ (T —#) units of heat,

Cox(E-T)=y (T-0).
Ex. Here x=20, /=212, T=120, H=11786, # =60,
.*. ¥ (120-60) =20 (1058'6). .*.y=352'87 lbs.
11. Describe the arrangement of the condenser and air-pump of a
condensing engine, and the valves connected therewith, The
temperature of the iniection-water is 60° the steam enters the
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condenser at a temperature of 212°; the water pumped out of
the condenser is at a temperature of 110°; what weight of
injection-water must be supplied for each pound of steam
which enters the condenser? (The latent heat of steam at
212° is 966°6.) (1870.)
12. How much water should you allow for the condensation of each
cubic foot of steam at 212° during the working of an engine?
‘What quantity of water is required to obtain one cubic foot of
steam at 212°? (1876.)
13. A pound of steam at 212° F. is passed into 20 lbs. of water at 70°
F., what is the temperature of the water at the close of the
operation ? (1878.)
14. If a pound of water at 212° be mixed with > pounds of water at
60°, what is the value of x when the resulting temperature is 100°?
Again, if a pound of steam at 212° be mixed with y pounds of
water at 60° find y when the resulting temperature is 100°
Account for the difference between x and y. (1876.)
15. A jet of steam at 210° F. is passed into an open beaker containing
a strong solution of a salt (say nitrate of soda) in water. The
solution presently boils ; its temperature is then tested by a ther-
mometer, and found to be several degrees above the temperature
of the steam which heated it. Account for this fact. (1874.)
16. The degree of saltness of the water entering the boiler is read
off as &, and that of the water in the boiler is kept at % ; the
temperature of the feed-water is 100°% and that of the water in
the boiler is 248°; what percentage of the total heat given to
the boiler is wasted by blowing off? (The total heat of steam
at 248° is 1189°4.) (1870.)
17. Describe the safety valve. If a circular inch be allowed on the
area of a safety valve for every 20 square feet of heating surface,
what must be the diameter of a valve for a boiler whose heating
surface is 1,200 square feet ? (1868.)
18. The steam cylinder of a trunk engine is 6oinches in diameter, and
the trunk is 24 inches in diameter. What is the diameter of an
ordinary steam cylinder of the same effective area ? (1872.)
19. A safety-valve has an area of § square inches, and is intended to
open when the steam has a pressure of 6o Ibs. per square inch.
Make a pen-and-ink sketch of such a safety-valve, use a lever to
hold it down, place a weight on the end of the lever in the
proper position, give the length of the lever from the fulcrum to
the centre of valve, and to the centre of the weight; give the
weight in pounds, Work the question out in arithmetic. (1870.)
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20. The area of a piston is 4,476 square inches, and the diameter of
the piston rod is 4th that of the piston : find it. (1868.)
21. The crank of a steam engine is 2 feet long, and the mean tangential
force acting upon it is 17,000 lbs. Whatisthe mean pressure of the
steam upon the piston of the engine during each stroke? (1876.)
22, Show, with a sketch, the method of fitting a safety-valve to a loco-
motive boiler. The safety-valve is 5 inches in diameter, and the
bearing faces are inclined at 45° to the axis of the valve. What
should be the lift, in order that the available opening for the
escape of steam may be % of a square inch? (1870.)
23. The stroke of the piston of an engine is 24 inches, and the dia-
meter of the driving wheel is 8 feet ; what is the mean velocity
of the piston when the engine is running at 40 miles an hour ?
(1872.
24. The safety-valve on the boiler of a locomotive is held down bz'
a lever and spring; sketch the arrangement. A safety-valve,
4 inches in diameter, is constructed so that each pound of
additional pressure per square inch on the valve corresponds to
1 Ib, pressure on the spring. What are the relative distances of
the spring and valve from the fulcrum of the lever? After the
valve is set, how much additional pressure per square inch will
be necessary in order to lift it th of an inch, the spring
requiring 10 lbs. to extend it I inch? 1871.)
25. In a direct-acting horizontal engine the lengths of the crank and
connecting rod are 1 and 5 feet respectively. How far is the
piston from the middle of its stroke when the crank is ver-
tical ? (187s.)
20. A surface condenser consists of 1,000 brass tubes each, 6 feet long,
and § inch outside diameter. What amount of cooling surface
does this give? Supposing that such a surface condenser is to
be fitted to an engine, what pumps, valves, &c., would be re-
quired? (1875.)
27. A safety-valve is 2} inches diameter on the steam side, the lever is
174 inches long, and the distance from the fulcrum to the valve
is 34 inches. What weight should be hung at the end of the
lever in order that the steam may blow off at 30 lbs. pressure ?
(1875.)
28. Explain the importance of balancing the cranks in a locomotive
engine. The leading wheel of an engine is 33 feet in diameter ;
what would be the pull on the centre of the wheel caused by an
unbalanced weight of g lbs. upon the rim when the engine was
running at 50 miles an hour? (1870.)
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29. In the old-fashioned wagon boiler a verticil open tube, called a
stand-pipe, passed through the shell of the boiler, and dipped
below the surface of the water inside. If the steam pressure in-
side the boiler were 4 lbs. per square inch, at what height would
the water stand in the pipe? (1870.)

jo. A cylindrical boiler, with flat ends, is 30 feet long, 6 feet in
diameter, and has two internal flues, each 2} feet in diameter.
The pressure of the steam in the boiler is 40 lbs. on the inch ;
what is the whole pressure on the internal surface, in tons?
How is the strength of a cylindrical boiler related to its dia-
meter, the material being unchanged ? (1870.)

31. In a direct-acting engine the diameter of the cylinder is 17 inches,
and the mean pressure of the steam is 6o lbs., the crank being
12 inches long : what is the mean pressure on the crank in the
direction of its motion ? (1878.)

32. Taking a direct-acting engine, and disregarding the effect of
obliquity of the connecting rod, you are required to assign the
proportion of lap to the travel of the slide valve, in order to cut
off steam at 2 of the stroke. (1878.)

33. Give a description of the reverse-valve. If kept in its place by a
weight of brass, what must be its thickness that it may be opened
when the -pressure of steam within the boiler is 1$ Ibs. below the
atmosphere ? The weight of a cubic foot of brass is 525 lbs.

(1868.)

34- The mean steam pressure on a piston being 26 lbs. above the
atmosphere, and the mean vacuum pressure 135 lbs., what is the
force exerted on a piston of 63 inches in diameter, and what
would have been the force if the engine bad worked without
condensation of steam ? (1866.)

35. The crank of an engine is 3 feet 6 inches, and the connecting rod
g feet long. Find the angle which the crank will make with
the vertical when the engine is at half-stroke. (1866.)

36. The pressure of steam upon a piston is 40 Ibs. per square inch, the
resistance from imperfect condensation is 3 lbs. per square inch,
the length of stroke is 10 feet, and the steam is cut off at } of the
stroke. Calculate the number of units of work done upon each
square inch of the piston, and give the numerical result (log. 5
being 1'60944). Find also the load per square inch, and the
position of the piston when the velocity is greatest. (1876.)

37. Describe an equilibrium valve. The upper side of an equilibrium
valve is g inches in diameter, and the lower side 8 inches; find
the power necessary to lift it when the pressure of steam is 16



Appendir. 345

Ibs. above that of the atmosphere if the space between the upper
and lower valves be a vacuum. (1867.)
38. What is a circular inch? A safety valve 7 inches in diameter is
loaded to 6 Ibs. on the square inch : what would be the load on
each circular inch? (1867.)
39. Describe and explain some form of equilibrium valve. The dia-
meter of a steam pipe is 12§ inches, the upper and lower discs of
an equilibrium valve being 12 and 104 inches in diameter
respectively ; what will be the lift of the valve when the pipe is
fully open ? (1869.)
40. Draw a section of a safety valve, loaded directly, and without a
lever. The diameter of the valve being 4 inches, what should be
the total load for blowing off steam at 75 lbs. actual pressure.
1877.
41. Assume that the beam of a steam engine weighs 5 tons, tl(ae ;731752
ton and piston rod 1 ton, the connecting rod 2 tons, and that the
radius of the beam is 124 feet, that the length of stroke is 5 feet,
and that the engine makes 30 revolutions per minute. The
question is : What expenditure of mechanical power has to be
incurred in overcoming the inertia of those parts due to the re-
ciprocation and changing from rest to motion and from motion
to rest ? (1873.)
42. The initial pressure of steam in a cylinder, whose stroke is 5 feet
4 inches, is 45 lbs.,, and expansion commences when 2 feet
3 inches have been performed ; find the pressure at the end of the
stroke. Find also the horse-power, if the area of the cylinder is
2,218 square inches, and the number of strokes per minute 30.
(1868.)
43. Describe a condenser gauge of an engine. The mean pressure on
a piston being 12 lbs. above that of the atmosphere, and the
mean vacuum pressure 13 Ibs.,, what is the force exerted on a
piston of 58 inches diameter, and what would have been the force
had the engine worked without condensation of steam ? (1868.)
44. Show how to find the work done by a crank, What force applied
to the extremity of a crank at right angles to it will do the same
work as a mean pressure of 4 tons acting on a piston throughout
the up and down stroke ? (1868.)
45. The cylinder of an engine is 74 inches in diameter, and the stroke
is 7§ feet ; what is the capacity of the cylinder? How many
pounds of water must be evaporated in order to fill such a
cylinder with steam at an actual pressure of 15 lbs.,it being given
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that steam at 15 lbs. pressure occupies a space equal to 1,670
times that of the water from which it is generated ? (1871.)
46. The internal edge of the seat of a conical valve is 5 inches in
diameter, the vertical angle of the cone being 90° ; what lift of the
valve would give 1 square inch area of opening? (1876.)
47. A steam engine is employed to work two pumps alternately, giving
out its full power in each case. The area of the plunger of the
one pump is A, and it lifts water 50 feet, the travel of the plunger
being 2 feet. Whereas the plunger of the second pump traverses

23—x feet at each stroke, and lifts water 150 feet, what should be its

area? (1876.)
48. The cylinder of an engine is 3 feet 6 inches in diameter, the stroke
is 5 feet, and the steam is cut off at 4 of the stroke. If steam be
admitted into the cylinder at 45 lbs. pressure, find the work done
in one stroke (log. 3 =1-0986). (1876.)
49. The stroke of a piston is 5 feet, and the cylinder is 4 feet in dia-
meter, steam is admitted at 20 Ibs. pressure and is cut off at half
stroke, find the work done. If steam be cut off at } of the
stroke, and the final pressure is required to remain unchanged,
what should be the diameter of the cylinder in order that the
work done may also remain unchanged? (log. 2="6931472, log.
3=10986124). (1875.)
50. The cylinder of a steam engine is 3 feet 6 inches in diameter, the
length of stroke is 5 feet, and the crank makes 3o revolutions per
minute; what is the horse-power of the engine, the mean effective
pressure of the steam in the cylinder being 10 lbs. on the square
inch above that of the atmosphere ? (1876.)
51. Investigate an expression for the work done when steam is cut off
before the end of a stroke. Steam at a pressure of 6o lbs. is
admitted into a cylinder, and cut off at } of the stroke; what
should be the area of the piston in order that a weight of 30 tons
may be lifted through the length of stroke? Allow for friction
and back pressure. (log. 6=1'792.) (1874.)
52. In a compound cylinder marine engine, the diameter of the high-
pressure cylinder is 57 inches, and that of the low-pressure
cylinder is 100 inches, the stroke of each piston being 22 feet.
The mean pressures of the steam in the respective cylinders are
26 lbs. and 84 Ibs., and indicated horse-power is 1,028 ; find the
number of revolutions made in one minute. (1875.)
§3 The diameter of a steam cylinder in a single-acting condensing
engine is 4 feet. The engine does the work of raising water to a
height of 125 feet, by a pump 17 inches in diameter. What
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should be the mean pressure of the steam on the piston, allowing
what you think reasonable for loss by friction and back pressure ?
(The weight of a cubic foot of water is 625 1bs.) ( 1875.)
54. Steam is admitted into a cylinder at atmospheric pressure (say
15 lbs) and is cut off at } of thestroke, Find the steam pressure
when 11 of the stroke has been completed. (1878.)
55. Steam i zs admltted into a cylinder at atmospheric pressure, and is
cut off at half-stroke. Divide the stroke into 20 equal parts,and
suppose that the pressure at the beginning of each of these por-
tions remains uniform until the piston reaches the next in order :
find the whole work done during the stroke, it being given that
the area of the piston is 200 square inches, the length of stroke
40 inches, and that 15 lbs. represents the atmospheric pressure.
IVAWAL SALAR JUNG BAMADUR. (1878.)
56. In an expanding and condensing engine the pressure of steam on
the piston at the commencement of the stroke is taken at 15 Ibs.
actual pressure, the steam is cut off at ‘4 of the stroke and the
back pressure is 4 lbs. on the square inch. The volume of the
steam compared with that of the water is taken as 1,665, find the
average pressure of the steam on the piston, and the number of
cubic feet of water required per horse-power per hour. Given :
log. 2 = *6931472, log. 5 = 1'6094379. Diameter of cylinder
= 2 feet ; length of stroke = 2 feet 6 inches ; number of revolu-
tions per minute = 30. (1877.)
57. Two horizontal steam engines develop the same power and have
each a 5 feet stroke. The cylinder of the one engine is 3 feet 6
inches in diameter, working with a steam pressure of 45 Ibs. per
square inch through the whole length of the stroke. The other
engine is worked by the same initial pressure of steam, cut off
at 4 stroke.

The question is : What would be the relative maximum strain
upon the crank pin, and also what kind of crank shaft would be
required for each engine, assuming the breaking strength to be
six times the working load and the material to be wrought iron
of average quality ? (1873.)

5®. A steam engine is employed to drive machinery by means of a fly-
wheel, having teeth on its rim, and gearing with a pinion on the
line of shafting. Why is this a good arrangement? The fly-
wheel is 15 feet in diameter, and the crank which drives it is
2 feet long. If the mean tangential pressure on the crank pin is
16,450 Ibs., what will be the driving pressure on the pitch circle
of the pinion? (1874.)
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59 It is recorded of one of the earliest steam engines that it raised
18% cubic feet of water through a height of 19 feet at each stroke,
and made 7} strokes per minute. The consuraption of coal was
32 cwt. in 24 hours. Find the number of units of work obtained
by burning 112 lbs. of coal. (The weight of a cubic foot of water
is 624 Ibs.) (1878.)

60. A crank 2 feet long makes a complete revolution under a force of
2 tons acting tangentially to the path of the crank pin. What
pressure must act constantly on each square inch of a piston,
3 feet in diameter, and moving through a stroke of 4 feet, in order
that the work done on the piston may be equal to that done on
the crank pin? (1874.)

61. Will you state clearly the points which determine the energy of
any fly-wheel, and show by an example how the energy of a fly-
wheel would be affected—1st, by doubling the weight ; 2nd, by
doubling the diameter, the weight and number of revolutions
remaining the same; and 3rd, by doubling the number of revolu-
tions in a given time ? (1873.)

62. Sketch the ordinary pendulum or ball governor of a steam engine.
Mark on your drawing some particular line whose length is
related to the number of revolutions of the balls, State the
relation as nearly as you know it. If the line referred to
be shortened in the proportion of 2 : 3, how much would the
number of revolutions be increased ? (1876.)

63. Given the breaking tensile strain of wrought iron, find the thickness
of the shell of a cylindrical boiler which will support a given
pressure of steam. Example.—The diameter of the shell is 34
feet, and the pressure of the steam is 150 lbs. on the square inch,
what should be the thickness of the boiler plate when the tensile
strain of wrought iron is, for safety, estimated at 3 tons on the
square inch? Prove that a tube under internal fluid pressure is
twice as strong on a transverse as on a longitudinal section.

(1875.)

64. A steam engine of the overhead beam construction is employed in
working a cylinder for blowing air; the steam cylinder at one

end of the beam is 8 feet from the fulcrum, and the blowing
cylinder is at the other end, but is twice the distance, namely,

16 feet from the centre of motion of the beam. The area of the
steam piston is 1,000 square inches, with a uniform pressure of

40 Ibs. per inch. The question is, what average pressure could

be exerted by the blowing piston, its area being double that of

the other ? (1868.)
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65. Water is pumped from a well 400 feet deep by a single-acting in-

verted steam engine ; that is to say, the piston rod is downwards,
and steam is admitted under the piston for the up-stroke only,
the downward motion being left to gravitation. The piston rod
gives motion to a lever 15 feet from the fulcrum or centre of
motion, but the lever is carried out to 20 feet,and then the pump
rod is attached; there is thus 5 feet between the pump and
engine centres, and 15 feet to the fulcrum centre. The steam
pressure on piston is 50,000 lbs., and the question is, what force
will be exerted on the pump rod during the upward stroke ?
Referring to the former part of the question, the steam
under piston would have the piston, beam, and pump rods to lift
in addition to the water, but the lifting of those parts is not lost,
because it can be made to raise nearly an equal weight of water
during their descent ; will you explain how this can be done,
state the kind of pump that you would employ, where you would
introduce air-vessels, and the disadvantage that would arise from
their omission ? (1868 )

ANSWERS TO SOME OF THE ABOVE EXAMPLES.

3.—15°98 Ibs,
4.—100,800,000ft. Ibs.
6.—% J.H.
9.—H.P.=351°1
11.—21°372 lbs.
13.~—122'79 F.

14 {26 ‘965

17.—7°746 inches.
18, —55 inches.
20.—9°44 inches.
21,—26703°6 1bs,

22,—°06 inch.
23.—9°337 ft. per sec.

2§.—1°23 inch,
28.—8589 lbs.
32.—} (travel of slide).

__J123131°17 lbs.
34 81048°37 Ibs.
35.—11° 12’ 44",

36.—load = 178755 Ibs.

38.—47124 lbs.

42— {380 3;1)5

48.—218061 ft. lbs.
153192 ft. lbs.
49— {43 ‘I inches.
52.—46°3.
55.—8593°857 ft. 1bs.
56.— {n°4977442 Ibs.

*44 cub. ft.
59.—7264160° 156 ft. 1bs.
60.—6°91 lbs.
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ADDITIONAL EXAMPLES.

Science Exam. 1879.

1. The cylinder of an engine is 25 inches long, and steam is admitted
at 18 Ibs. actual pressure, the final pressure being 4 lbs. At
what point of the stroke was the steam cut off ?

Ans. 5% inches from beginning of stroke.

2. In a steam engine the diameter of the steam cylinder is 50 inches,
the length of stroke is 7 feet, the number of revolutions is 25 per
minute, and the mean effective pressure of the steam is 11°3 Ibs,
Find the horse-power of the engine. Ans. H.P.=2353.

3. Required the weight to be placed on the end of a safety valve
lever 174 inches long, the distance from the fulcrum to the valve
being 34 inches, the upward pressure on the valve required for
lifting the valve and lever being 20 lbs., and the pressure of
steam in the boiler being 100 Ibs. per square inch above that of
the atmosphere.

Ans. W=20A—4, where A is the area of the valve in square inches.

4. The cylinder of an engine is 25 inches long ; steam is admitted at
18 1bs, actual pressure, and the final pressure is 4 Ibs. Dividing
the stroke into 10 equal parts, find the steam pressure at each
point of division, and set out Watt’s diagram of work done.
Find also the mean pressure of the steam.

Ans. 18, 18, 13}, 10, 8, 62, 5%, 5, 4%, 4. Mean pressure = 1035 Ibs.

Science Exam. 1880.

1. What is the latent heat of steam ? If a quantity of steam weighing
one pound, and at a temperature of 220° F., is condensed in 100

Ibs. of water at 60° F., what is the resulting temperature ?
Ans. 711 F.
2. The stroke of the piston in a direct-acting engine is 4 feet, and the
length of the connecting rod is g feet. How far is the piston
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from the middle of its stroke when the crank has made } of a
revolution from a dead point ? Ans. 27 inches.
3. An engine is using steam at 21 lbs. pressure per square inch above
the atmosphere, the length of the stroke is 3 feet, and the steam
is cut off at one third of the stroke. Set out in a diagram the
approximate steam pressure on one side of the piston throughout
the stroke, and mark the pressures at the second and third feet
of the stroke. Ans. 18 1bs.; 12 lbs.
4. In a double-acting engine the mean pressure on the piston is
4 tons, and the length of stroke is 18 inches. What is the mean
tangential driving pressure which can be taken from the rim of
the fly wheel, the estimated diameter of which is 8 feet?
Ans. 1069°1 1bs.
5. What is the speed of the piston of a locomotive engine having
24 inches stroke, with 7 feet driving wheels, and running at
40 miles per hour? Ans. 10% feet per second.
6. The diameter of a safety valve is 2} inches, and the leverage is
5to 1. What is the pressure of the steam when the pull at the
end of the lever is 100 lbs. ? Ans. 101°86 lbs. per sq. inch.
7. The cylinders of a locomotive engine are 17 inches in diameter
and the length of stroke is 24 inches, also the driving wheel
makes 100 revolutions per minute, and the mean effective pres-
sure of the steam is 80 Ibs. Find the horse-power.
Ans. H.P. = 4402.
8. Find the pressure of steam necessary for blowing out a boiler
10 feet below the level of the sea, the weight of a cubic foot of
salt water being taken at 64 1bs.
Ans. 4% Ibs. per sq. inch above the atmosphere.
9. In a direct-acting engine find the ratio of the velocity of the
crank-pin to that of the piston in any given position of the
crank.
10. A non-condensing engine is using steam at 42 lbs. pressure per
square inch above the atmosphere, the length of the stroke is
3 feet, and the steam is cut off at} of the stroke. Find the
mean pressure of the steam.
Ans. Theoretical mean pressure =24'87 lbs,
11. Explain the operation of combining the indicator diagrams of
work done in a compound cylinder engine, the object being to
produce the diagram which would have been obtained if the
steam had performed the same work by going through the same
changes of pressure and volume in one cylinder.
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Science Exam. 1881,

1. Describe a double-beat or equilibrium valve. The upper side of
the valve is 11 inches in diameter, and the lower side 104 inches.
‘What power will be required to open it when the steam has a
pressure of 10 lbs. above the atmosphere, the pressure between
the valves being disregarded ? Ans. 211 lbs.

2. The stroke of a piston is 4 ft. 6 in,, the steam is cut off at
9 inches, and the pressure at the end of the stroke is 5 lbs.
below that of the atmosphere. At what pressure above the
atmosphere was the steam admitted ? Ans. 45 lbs.

3. How is a barometer gauge made and fitted? If the mercury in
an ordinary barometer stands at 30 inches when that in the
gauge stands at 26 inches, find the pressure per square inch of
the vapour or air in the condenser. Ans. 2 lbs.

4. The cylinder of a single-acting pumping engine is 72 inches in
diameter with a stroke of 10 feet, and it works a pump whose
plunger is 23 inches in diameter with a stroke also of 10 feet.
The load is 142 Ibs. per square inch of the area of the plunger.
Find the mean pressure of the steam per square inch of the
piston, and the horse-power when the engine makes 8 strokes
per minute. Amns. Mean pressure = 14'49 lbs. H.P.=143.

5. An ordinary cylindrical boiler has flat ends with two internal flues
running from end to end. The boiler is 28 feet long, the shell
7 feet in diameter, and each of the two flues is 30 inches in
diameter, the iron employed being } inch in thickness through-
out. Taking the ultimate strength for the longitudinal or
double-riveted joints at 35,000 lbs. per square inch of sectional
area, and that for the transverse or single-riveted joints at
28,000 lbs. per square inch, find the ultimate bursting pressure
(1) along a longitudinal ; (2) along a transverse section. In
what way are the internal flues strengthened ?

Ans. (1) 4166 Ibs. per sq. inch.
(2) 1534°2 Ibs. per sq. inch.

Science Exam. 1882.

1. What effect is produced by putting lap on a slide-valve? The
lap on the steam side of a slide-valve is 1} inches, that on
the exhaust side is } inch, and the lead is § inch. Find the
opening for exhaust which the valve will give at the lower port
when the piston is at the top of its stroke. Ans. 1% inch.
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2. State the law'according to which the pressure of a mass of air
diminishes as its volume increases, the temperature being un.
changed. Assuming this law to hold for the expansion of steam,
find the steam pressure at the end of the stroke of the piston in
an engine where the steam is admitted at a pressure of 301bs.
above the atmosphere and is cut off at Zths of the stroke.

Apns. 31bs. above the atmosphere.

3. The area of the piston of an engine is 3 sq. feet, the pressure of
the steam is 15 lbs. per square inch above the atmosphere on
admission, and the steam is cut off at 4 of the stroke ; the crank
shaft makes 4o revolutions per minute, and the length of the
stroke is three feet, find the H.P. (given hyp. log. 3 = 1°0986).

Ans. H.P. =659.

4. An engine 1 competent to raise 70 millions of pounds through one
foot by the burning of 1121bs. of coal. How many pounds of
coal does it consume per horse-power per hour? Ans. 3'168.

5. Find the number of cubic feet of water required per H.P. per hour
in a non-expanding non-condensing engine, the pressure of the
steam on the piston throughout the stroke being taken at 15 lbs,
above the atmosphere, and the volume of steam at that pressure
being taken at 874 times the volume of the water from which it
is generated. Ans. 1°05.

6. A mass of air at atmospheric pressure is compressed by the action
of an engine and is heated thereby. It is afterwards cooled
down to its original temperature before compression, and is then
expanded while doing work. When it again arrives at the
pressure of the atmosphere it is intensely cold and may be used
for refrigerating purposes. Explain these results according to
the principles of Thermo-dynamics. Why is it an advantage to
cause the air to do work while expanding ?

Science Exam. 1883.

1. In a beam engine the mean pressure of the steam on the piston is
20 tons, and the length of the crank is 2} feet, what is the horse-
power when the crank shaft makes 30 revolutions per minute ?

Ans. H.P.=4078.

2. In a jet condenser the temperature of the condensing water is 60°
and that of the entering steam is 212° Also the condenser
remains at a temperature of 104°. Under these conditions find
the weight of condensing water per pound of steam which enters
the condenser, Ans. 24°41bs,

AA
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3. Define the horse-power of an engine. If an engine consumes 2 ibs.
of coal per horse-power per hour, how many foot-pounds of work
will it perform when consuming 112 1bs. of coal ?

* 'What diameter of cylinder will develop 50 horse-power with
a four-foot stroke, 40 revolutions per minute, and a mean effective
steam pressure of 30 1bs. above the atmosphere, the engine being
non-condensing ?

Ans. 110,880,000 ft. Ibs. ; diameter = 14'8 inches.

4. Explain the method of constructing a parallel motion for a com-
pound cylinder beam engine. )

5. Show that no more work is obtained from a given quantity of
steam by passing it through two cylinders as in a compound
engine than by admitting it into a low-pressure cylinder only with
the same degree of expansion. '

6. In a direct-acting engine, set out by a diagram the relative
positions of the piston and crank during a stroke on the suppo-
sition that the connecting rod is of infinite length or remains
parallel to itself. How is this diagram altered when a definite
length is assigned to the connecting rod ?

Science Exam. 1884.

1. Define the horse-power of an engine. Find the horse-power of a
locomotive engine which can draw a train weighing 100 tons (in-
cluding its own weight) along a level road at 30 miles per hour,
the train resistance being taken at 101bs. per ton of load.

Ans. HP.=80.

2. Steam is admitted into the cylinder of an engine at an actual
pressure of 45 lbs. per square inch, and is cut off at one-third of
the stroke. Find the pressure in pounds at half-stroke, and also
at the end of the stroke. Ans. 30lbs, ; 151bs.

3. Describe a mercurial pressure gauge for indicating the pressureof
steam in a boiler. If the specific gravity of mercury be 13'5,
how much higher will the mercury stand in one leg than in the
other when the pressure of the steam is 10 lbs. on the square
inch above the atmospheric pressure. 4#s. 205 inches nearly.

4. In a condensing engine the back pressure is 4 1bs. per squareinch
on the piston, and the actual pressure of steam in the steam
chest is 3olbs. per square inch. If the clearance between the
piston and the inside of the cylinder cover be } inth, how far

.. must the piston be from the end of the stroke at the point of
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.compression in order to compress the vapour in the cylinder to

the pressure of the steam in the steam chest ?
) Ans. 3} inches from end of stroke.
5. If 21bs. of steam at 212°F. are passed into 30lbs. of water.at
70° F., what is the temperature of the water at the end of the
operation ? Ans.- 13928,
6. Find the greatest diameter of a cylindrical boiler to resist a pres-
'sure of 1001bs. per square inch, the plates being 2 inch thick,
and the safe stress upon the metal being §5,5001bs. per square
inch. Ans. 414 inches.
7. Steam is admitted to a cylinder at a pressure of 8o1bs. to the inch,
and is cut off at one-third of the stroke. The diameter of the
piston is 40 inches and the length of stroke 5 feet, the number of
-revolutions being 50 per minute. Given hyp. log. 3=1'0986,
find the horse-power of the engine. Ans. 1,0663 H.P.

Science Exam. 1885,

1. If 400 tons be lifted 10 feet in 10 minutes by a steam engine,
wherein the area of the piston is 400 square inches, the mean
pressure of the steam on the piston is 25 1bs. on the square inch,
the length of stroke is 4 feet, and the number of double strokes
made in a minute is 15: what proportion of the power applied
to the piston is lost in the working of the machinery ?

Ans. 254 per cent.

2, Steam is admitted into a cylinder at a pressure of 25 Ibs. on the
square inch above the atmospheric pressure of 15 Ibs. on the
square inch, and is cut off at such a point that its pressure at the
end of the stroke is 5 Ibs. below that of the atmosphere. At
what point of stroke was it cut off? Make a diagram, showing
approximately the steam pressure on the piston throughout the
stroke. Ans. Cut off at } stroke.

3. Steam is admitted into a cylinder 32 inches long at 4o lbs. pres-
sure above that of the atmosphere (viz. 15 Ibs. on the square
inch), and is cut off at one-fifth of the stroke. The area of the
piston being 3 square feet, find the work done in one stroke by
dividing the stroke into five equal parts and considering the pres-
sure in each of the latter four parts to be the mean of the pres-
sures at the beginning and end of the same.

n Ans. 34002°432 foot-pounds.
4. If the boiler of an engine gives out every minute 100 cubic feet
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of steam which propels the piston with an average pressure of
50 lbs. on the square inch, what is the horse-power of the
engine ? Ans. H.P. =215

S. In a direct-acting horizontal engine the length of the crank is
1 foot, and that of the connecting rod is 5 feet. When the crank
is vertical the pressure of the steam on the piston is 4,000 Ibs, ;
find the thrust along the connecting rod, and the pressure on the
guide bars at that point of the stroke.

Amns. Thrust = 408248 1bs.

Pressure = 816°496 lbs.

.6. If the cylinder of a locomotive be 20 inches in diameter with a
stroke of 2 feet, and the diameter of the driving wheel be 6 feet,

find the tractive force exerted by the engine for each pound of
pressure per square inch on the piston. Ans. 664 lbs.

7. It being given that the travel of a slide valve is 4} inches, the out-
side lap I inch, the inside lap } inch, and the angle of advance
of the eccentric 30° find (on the assumption that the obliquity
of the eccentric bar or rod may be neglected) the positions of
the crank at admission, cut off, release, and compression.

Ans. 3° 36%, 56° 23, 23° 374, 36° 223’ ; the angles being
measured from the line of dead centres.

8. In a compound cylinder tandem engine the steam is cut off at one-
third of the stroke in the high pressure cylinder, the areas of the
pistons are as 1 to 3, and the diameter of the smaller cylinder is
20 inches ; investigate an expression for the work done in one
stroke. Example: Find the horse-power of the engine when
the initial pressure of the steam is 85 Ibs. per square inch above
that of the atmosphere—viz. 15 lbs., the back pressure in the
large cylinder is 3 lbs. per square inch, and the speed of each
piston is 300 feet per minute. Given that hyp. log. 3 = 1°0986.

Ans. H.P. = 27866,

Science Exam. 1886,

‘1. Explain the advantage of working steam expansively and with
condensation. Steam is admitted into a cylinder at 30 lbs.
above the atmosphere, which is taken at 15 lbs. per square inch,

" and is cut off at a certain point and then expands to a pressure
of 5 lbs. below the atmosphere. If the length of stroke be
44 feet, at what point is the steam cut off ?

Ans. At §ths of stroke,

2. In a jet condenser the temperature of the injection water is 60° F.,
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that of the water after condensation is 100° F., and the latent

heat of the steam which enters the condenser is 1,016 thermal

units, the temperature of the steam being then 140° F. ; find the

number of pounds of injection water for each pound of steam

condensed. Ans. 26°4 lbs,

3. The diameter of the cylinder of an engine being 53 inches, the

stroke 5 feet, and the number of revolutions 30 per minute, find

the mean pressure of the steam to develop 600 indicated horse-

power. Ans. 299 lbs,, taking w =32,

4. Find the thickness of iron plates in a boiler shell 6 feet 4 inches

in diameter for a pressure of 4o lbs., the greatest tensile stress
permissible in the material being 5,000 1bs. per square inch.

Ans. 304 inches.

5. Given that the travel of a slide valve is 5 inches, outside or steam

lap # inch, and the angle of advance 224° find graphically, or

otherwise, the position of the crank at the point of cut-off.

Ans. 140° 2’ from the line of dead centres.

6. A motion of 1 inch in the pencil of an indicator, as due to steam

pressure, represents a pressure of 20 lbs. on the square inch,

What is the H.P. of an engine, making go revolutions per

minute, the diameter of the piston being 10 inches, the length of

stroke 20 inches, the area of the indicator diagram 8 square

inches, and its length 5 inches? Ans. 22:848, taking = = 3'1416.

7. An engine uses 10 Ibs. of steam per minute, the feed temperature

is 60° F., the boiler temperature 300° F., and that of the con-

denser is 104° F. What is the theoretical maximum efficiency

of the engine? State Regnault’s formula for the total heat of

steam at a given temperature, and deduce the amount of heat

which each pound of steam has received in the boiler. What

horse-power would be developed if the engine worked as a per-

fect engine? Ans. Max. efficiency =258 ; H.P.=69'135.
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- tion of smoke, 219
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Boyle, law of, 30
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Coal, analysis of, 216

Combustion, heat of, a17
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— — — by Woolf, 232
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Condenser, as applied by Watt, a4

~— surface, 258

Connecting rod, and crank, 107, 15r

— — ends, 187

Crank, work done in rotating, 159

Cycle, 83

Cylinder, protection of, 181

DIrecCT-acting engine, 151
Donkey engine, 275
Duty of an engine, 124

ECCENTRIC circle, action of, 148
Energy, first published example of the

of, 34
~~roughestimation of area of diagram, 35
~— area of theoretical diagram, 163
- sérea of diagram in particular engines,
167-171
Expansion valve, examples of, 176, 254

FuEL, waste of, 219

GASES, first law of expansion of, 30

~ second law of expansion of, 63

~ air thermometer, 64

— temperature of, lowered while doing
external work, 6.

— absolute zero of temperature, 72

— isothermal expansion of, 77

- adiabatic expansion of, 77

Gauges, pressure, 206, 209

— water, 209

Giffard's injector, 274

Governor, pendulum, 263

— as made by Watt, 268

— Head's, 269

— Siemens’, 270

Gusset stays, 200

HEAT, when it becomes ’”’"&3
— experiments of Rumford Davy
53, 54
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— latent, in steam, 70
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— of combustion, 217

Hornblower's compound cylinder en-
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Horse-power, of an engine, 133

INDICATOR, invention of, 39

~ model illustrative of, 104

- improvements in, 126

— theoretical diagram, 129

— diagram constructed, 154

— area of diagram, 163

— diagrams of different engines, 167-

187
— other examples, 339, 241, 248, 261

LAp, of a valve, 153

Lead, of a valve, 158

Link motion, for reversing an engine,
280

Locomotive, engine and boiler, 223

= cylinder, slide valve, and piston of,

136

MCNAUGHT'S engine, 234

Marine engines, example of, 251
- = surface condensation for, 260
= = boilers of, 230

Milner's engine, 247

Motion, conversion of, 10x
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=~ parallel, ro9
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— g;aplieue straight line, 120 p
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Pumping engine, 15, 18, a5, 28
— — at Lambeth Waterworks, 235

RAMSBOTTOM, packing rings, 141
- safety valve, a1a nes 14

, principle of, 95

359

VAP

SAVERY'S engine, description of, and
details of performance, 7

Sims’ engine, 233

Steam, pressure of, 10, 45, 48

~— condensation of, 13, 16, 23

~— expansive working of, 29, 163, 175

— properties of, 41, 45, 47, 48

— latent heat of, 70

— use of, at high pressure, 9x

— saturated, expansion diagram of,
128

Stephenson’s locomotive engine, 225

Stirling’s air engine, g5, 97

Sun and planet wheels, 104

THERMODYNAMICS, first law of, 68
— second law of, gt

VALVE shifting, 15, 25

— equilibrium, 25, 37

— steam, 27

— eduction, 25, 27

- regulated by cataract, 133

— by Murdock, 137

~— other forms, 138

— balanced, 143

— throttle, 143

~— double-beat, 144

~— Cornish or crown, 145

~— double-ported, 146, 255

— gridiron, 147

~— lap of, 153

— lead of, 158

— expansion, 176

— back cut-off, 176, 254

— safety, various forms of, 210

= indiarubber, 256

— gear, by Hackworth, 284

— — principle of construction, 285

— — arrangement of mechanism, 286,
287

— — explanation, 288, 289

— — modified form, 290

— — by Marshall, 291

~ — by Joy, 293, 2%3 .

— — setiing out the working parts,
294, 295 ..

— diagram, curve of position, 396,
2

- fz neral view of, 298

ner's, 399

- — examples of, 300, 301, 302

Vapour, properties of, 41 | :

—in contact with generating liquid,

—‘igothermal line for, 44

——
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VAP

Vapour, pressure of, determined by ex-
periment, 4§ .
~— Regnault's experiments, 48

WATT, repairs the Glasgow model,
19

— experiments leading to separate con-
denser, 20

— patent for separate condenser, 22

~ single-acting engine, 24, 27

Index.

WOoO

Watt, patent for expansive working of
steam, 30

— diagram of energy, 35

~ double-acting engine, 36

— invention of indicator, 39

— — sun and planet wheels, 104

— — parallel motion, 109

— — pendulum governor, 263

Wire-drawing of steam, 172

Woolf's engine, 232

INDEX TO SUPPLEMENT.

AIR and coal gas, explosive mixtures of,

304
— marsh gas, same, 306
- valve, 330

Cam, valve,
331

. Charging cylinder in Lenoir, 312

— — in Otto, 323

Circulating water, 339

Clerk, Dugald, experiments by, 307

Crossley, account of Otto and Langen
engine, 31

Cycle of opserations in Otto engine,

321
Cylinder, diagram of, 323

for working exhaust

EXHAUST, in Lenoir, 314

— in Otto, 331

— valve, 331, 337

- pipe, 339

Exgerimgms. by Coquillon, 305
— by Him, 306

— by Bunsen, go7 ‘,‘ >

FIRING of charge, 327

Fittings of Otto engine, 338, 339
Flame for firing charge, 328

— how carried to cylinder, 329
— how kept alight, 330

GaAs, analysis of coal, 305
— proportion of, to air in gas engincs,

309
Gas engine, Lenoir, 311
— — Otto and Langen, 315
~— — Otto, 319

INDICATOR diagram, Lenoir, 315
— — Otto and Langen, 318
— — Otto, 338

REGULATOR, for Otto engine, 332
Rifled guns, comparison between early
and modern, 309

E, construction of, 324
) ight, 328

sm for working, 337
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C.E. With numerous Diagrams. 18ma, 2s. 64, cloth.

“wA of practical inf fon, very admirably ged, and available for rpugh
estimates, as well as for the more exact calculati quired in the engi 's and puz"
offices."—Ariisan,

Strains.

THE STRAINS ON STRUCTURES OF IRONWORK; with
Practical Remarks on Iron Construction. By F. W, SueiLps, M. Iust. C.E,
Second Edition, with s Plates. Royal 8vo, ss. cloth.

« The student cannot find a better littls book on this subject."—Engincer.

Strength of Cast Iron, etc.
A PRACTICAL ESSAY ON THE STRENGTH OF CAST

IRON AND OTHER METALS., By THoMAs TrEpcorp, C.BE Fifth
Bdition, including Hopaxingon's Experimental Researches. 8vo, 1as. cloth,
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Hydraulic Tables,

HYDRAULIC TABLES, CO-EFFICIENTS, and FORMUL/E
oy finding the Discharge of Water from Ovifices, Notches, Weirs, Pipes, and
ivers, With New Formula®, Tablés and General Information on Rainfall,

Catchment-Basins, Drainage, Sewerage, Water Su ply for Towns and Mill

Power. By Joun NEVILLE, Civil Engineer, M.R LA, Third Edition, care-

;uzly mwsle‘ti!’x with considerable Additions. Numerous Illustrations. Crown
vo, 14s. cloth.

Alike valuable to students and engineers in practice ; its study will
avoidable failures, and n‘sﬂis} them to select t_he‘}eadigst_ means Xr sucfmi-"c?n'ﬁ:;";:f’ -n°§

N d

given work with hy eng z Fournal,
“ 1t is, of all English books on the subject‘ the one nearest to completion. . . From the
glodlur:lng%;wnt odtho; lnatteﬁ. tl;le ck;.-lnr € ions, and abundance of Iz, the 1t
culated tables, and, above all, the thorough acquaintance with bath th d 3 i
which is displayed from first 1o last, the book will b found to be & acquishion g rermg cHoR

River Engineering.

RIVER BARS : The Causes of theiv Formation, and theiv Treatment

by * Induced Tidal Scour.” With a Description of the Successful Reduction

by this Method of the Bar at Dublin. By I. J. ManN, Assist. Eng. to the

Dublin Port and Docks Board. Royal 8vo, 7s. 6d. cloth.

“We r d all i d in harbour ks 1,indeed, those concerned in the improve-
:gems of rivers generally—to read Mr. Mann's interesting wurk on the treatment of river bars.’ —

ngneer.

* The auther’s discussion on action, , and scour is intelligent and interesting. . .
a most valuable contribution to the history of this branch of eugineering."—Engincering and
Mining Fowurnal.

Hydraulics.

HYDRAULIC MANUAL. Consisting of Working Tables and
Explanatory Text. Intended as a Guide in Hydraulic Calculations and Field
Operations, By Lowis D'A. JacksoN. Fourth Edition. Rewritten and En-
larged. Large crown 8vo, 16s, cloth.

* From the great mass of material at his conmand the author has constructed a manual which
may be accepted as a trustworthy guide to this branch of the engineer's profession. We can
heartily recommend this volume to all who desire to be aequainted with the latest development of
this important subject.”—Engineersng.

“ The standard work in this der of hani The p edition has been brought
abreast of the most recent practice."—Scotsmar.

* The most useful feature of this work is its freedom from what is superannuated and its
thorough adoption of recent experiments; the text is, in fact, in great part a short account of the
great modem experiments.”~Nature.

Tramways and their Working.
TRAMWAYS : THEIR CONSTRUCTION AND WORKING.

Embracing a Comprchensive History of the System ; with an exhaustive
Analysis ot the various Modes of Traction, including Horse-Power, Steam,
Heated Water, and Compressed Air; a Description ot the Varieties of Roiling
Stock; and ample Details of Cost and Working Expenses: the Progress
recently made in Tramway Construction, &c. &c. By D. KINNEAR CLARK,
M. Inst. C.E. With over 200 Wood Engravings, and 13 Folding Plates. Two
Vols., large crown 8vo, 30s. cloth.

“ All interested in tramways must refer to it,as all railway engineers have turned to the author’s

work * Railway Machinery.'"—Engeneer.
“ An exhaustive and practical work on tramways, in which the history of this kln& o}‘ loconto-

tion, and a description and cost of the various modes of laying tramways, are
Buydi g News.

“The best form of rails, the best mode of construction, and the best mechanical appliances
are so airly indicaied in the work under review, that auy en, about to ICt & tyas y
will be ena{nled at once to abtain the practical Information which will be of most service to him,"—

Athenaum,

Oblique Arches.

A PRACTICAL TREATISE ON THE CONSTRUCTION OF
OBLIQUE ARCHES. By JouN Hart. Third Edition, with Plates. Im-
perial 8vo, 8s, cloth,

Strength of Girders. .
GRAPHIC TABLE FOR FACILITATING THE COMPUTA.-
TION OF THE WEIGHTS OF WROUGHT IRON AND STEEL
GIRDERS, &c., for Parliamentary and other Estimates. By ]J. H. WaTsoxn
Buck, M, Tost. C.E. On a Sheet, 25.64.
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MECHANICS & MECHANICAL ENGINEERING.

The Modernised ¢ Templeton.”

THE PRACTICAL MECHANIC'S WORKSHOP COM-

PANION. Comprising a great variety of the most useful Rules and Formula

in Mechanical Sci with ous Tables of Practical Data and Calcu-

lated Results for Facilitating Mechanical Operations, By WILLIAM TEMPLE-

TON, Author of *“ The Engineer's Practical Assistant,” &c. &c. An Entirely

New Edition, Revised, Modernised, and considerably Enlarged by WALTER

S. HurToN, C.E., Author of “ The Works’ Manager's Handbook of Modern

Rules, Tables, und Data for Engineers,” &c. Fcap. 8vo, nearly 500 pp., with

8 Plates and upwards of 250 Illustrative Diagraws, 6s., strongly bound for

workshop or pocket wear aud tear. {Fust published.

&~ TEMPLETON'S * MrRCHANIC'S WORKSHOP COMPANION "' has been for more
than a guarter of a century deservedly popular, having run through numerous Edi-
twons; and, as a recognised Text-Book and well-worn and thumb-marked vade
mecum of several generations of intelligent and aspiring workmen, it has had the
reputation of having been the means l:){ raising many of them in their position in life.

In sts present frmtly Enlarged, Improved and_Modernised form, the Publishers
are sure that it will commend 1tself to the English workmen of the grcsmt day all
thjc' world over, and become, like its predecessors, their indispensable friend and
referee.

A smaller type having been adopted, and the page increased in size, while the
number of faits s advanced from about 330 to nearly 500, the book piactically con-
tains aouble the amount of matter that was comprised in the original work,

*.* OPINIONS OF THE PRESs.

“ In its modernised form Hutton’s ‘ Templeton * should have a wide sale, for it contains much
valuable information which the mechanic wﬂroltcn find of use, and not a few tables and notes which
he n.ight look for in vain in other works. This modernised edition will be appreciated by all who
have learned to value the original editions of * Templ ! ‘mbnglish Mechanic,

«*It has met with great success in the engineeriug workshop, as we can testify ; and there are
a great many men who, in a great measure, owe theis rise in life to this little book.”'—Bus/diny

ens.

Engineer’s and Machinist’s Assistant.

THE ENGINEER'S, MILLWRIGHT'S, and MACHINIST'S
PRACTICAL ASSISTANT. A collection of Useful Tables, Rules and Data.
Bly l\;Vu.x.um TeMPLETON, Seventh Edition, with Additions. 18mo, 2s. 64.
cloth.

1 e handb
“ s

k pies a f place among books of this kind. A more suitabla
R,resmt to an apprentice to any of the mechanical trades could not possibly be made."—Bxilding
ews.

Turning.

LATHE-WORK : A Practical Tyeatise on the Tools, Appliances,
and Processes employed in the Art of Turmng. By PauL N. HasrLuck.
Third Edition, Revised and Enlarged. Crown svo, ss. cloth.
* Written by a man who knows, not only how work ought to be done, but who also knows how
to do it, and how to convey his knowledyze to others.” ~ Bnginecreng.
We can safely recommend the work to ymmﬁ To the it will simply be
invaluable. To the student it will cunvey a great deal of useful infora.ation.”"— Engineer,
** A compact, succinct, and handy guide to lathe-work did not exist in our Iulnfuage until Mr.
Hasluck, by the put ion of this ise, gave the turner a true vade mecwms,"—Ltowuse Decorator.

Iron and Steel.

“IJRON AND STEEL" : A Work Jor the Forge, Foundry, Factory,
and Office. Containing ready, useful, an trnstworthﬂlnformation for Iron-
masters and their Stock-takers; Managers of Bar, Rail, Plate, and Sheet
Rolling Mills; Iron and Metal Founders; Iron Ship and Bridge Builders;

Mechanical, Mining, and Consulting Engineers ; Architects, Contractors,

Builders, and Professional Draughtsmen, By CHARLEs Hoare, Author of

“The Slide Rule,” &c. Eighth Edition, Revised throughout and considerably

Enhrg:d. With folding Sca'ex of ‘‘ Foreign Measures compared with the

English Foot,” and * Fixed Scales of Squares, Cubes, and Roots, Areas,

Decimal Equivalents, &c.” Oblong 32mo, leather, elastic band, 6s.

2 Bor comprobonsiyonss he book has o e e in other beaaches of work thea
o e cordially racomiaacd tis book to th . in consldering the details of all kinds of
“We {] g
{ron and steel works."—Nava! Science. o8 engrged erig the
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Steam Boilers.

A TREATISE ON STEAM BOILERS: Their Strength, Con-
struction, and Economical Working. By RosErz WiLsow, C.E, Fitg Edition,
*“The best tmﬂn'cut has ever been published on steam bollers."—~Engincer.

*The author shows himself perfect master of his sub d heartil: mend .
ploying steaw power to possess themselves of the work‘.“‘—’-eliyt?::d’:;m Tr:dr:éo:::mr. ol em

Boiler Making.

THE BOILER-MAKER'S READY RECKONER. With Ex-
amples of Practical Geometry and Templating, tor the Use of Platers,
Smiths and Riveters., By JouN Courtnry, Edited by D. K. CLARK, M.LC.E.
Second kdition, revised, with Additions, 12mo, 5s. halt-bound.

* A nost useful work., . . . . No workman or apprentice should be without this book, —
Iron Trade Circuar,

‘‘ A reliable guide to the working boiler-maker."—/ros.

** Boiler-makers will readily recognise the value of this volume. . . . The tabl
printed, and so arrm;fzud that they can be referred to with the greatest facility, so ?hk!hmg
doubted that they will be generally appreciated and much used."—Mansng Fournal.

Steam Engine,

IEXT-BOOK ON THE STEAM ENGINE: With a Sup-
plement on GAS ENGINES. Ry L.M. Goopeve, M.A., Barnster-at-Law,
Author ot “The Elements ot Mechanism,” &c. Eighth Edition, enlarged.
‘With numerous Illustrations Crown 8vo, 6s. cloth.

Steam.
THE SAFE USE OF STEAM. Containing Rules for Un-

professional Steam-users. By an ENGINEER. Fifth Edition, Sewed, 6d.

*If steam-users would but learn this little book by heart, boiler explosions would become
sensations by their rarity."—&nglish Mechanic.

Coal and Speed Tables.
A POCKET BOOK OF COAL AND SPEED TABLES, for

Engincers and Steam-users. By NeLsoN FoLry, Author of Boiler Con-
struction.” Pocket-size, 3s. 64. cloth ; 4s, leather.

“This is a very useful book, containing very uscful tables, The results given are well chosen,
and the volume contains evidence that the author really understands his subject. We can recom-
mend the work with pleasure,"—AMeckanical I¥orid.

*These tables are desi d to meet the requi of every-day use ; they are of sufficient
scope for most practical purposes, and may be commended to engineers and users of steamn.”—
dron,

“ This pocket-book well merits the attention of the practical engineer. Mr. Foley has com-
piled a very useful set of tables, the information cont 1 in_wluch 15 freq ly by

engineers, coal consumers and users of steam.”"—/ron and Coal Trades Review.

Fire Engineering.
FIRES, FIRE-ENGINES, AND FIRE-BRIGADES. With

a History of Fire-Engines, their Construction, Use, and Management; Re-
marks on Fire-Proof Buildings, and the Preservation of Life from Fire;
Statistics of the Fire Appliances in English Towns; Foreign Fire Systems;
Hints on Fire Brigades, &c. &c. By CHarLks F. T. Younc, C.E. With
numerous Illustrations, 544 pp., demy 8vo, £1 4s. cloth.

“To such of our readers as arc interested in the subject of fires and fire apparatus, we can most
heartily coramend this book. It is really the only English work we now have upon the subject."—
AM" It ot much evid of careful h; and Mr. Young has put his facts neatly

» ¢ is evid enough that his i with the practical details ot the construction of
“It;lm fire °n2¢ilnﬁl, gld 'l_lld uew, and the conditions with which it is necessary they should comply,
and ful g

Gas Lighting.

COMMON SENSE FOR GAS-USERS: A Catechism of Gas-
A T el A
oBgRT Wirson, C.E,, Author of " Tea 8.
Seycond Edition. Crown 8vo, sewed, with Folding Plates and Wood En-
ey benefit, both in pocket and comfort, if they will avall themselves
“All will declded! it, co!
of Mr, WQM”—EM.
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Stone-working Machinery.
STONE-WORKING MACHINERY, and the Rapid aud Emomi-
cal Conversion of Stene, With Hints on the Amn a
of Stone Works. By M. Powis BaLe. M.1.M.E., A M.1.C.E. With
Tllustrations. Large crown 8vo, gs. cloth.

*The book should be in the hands of every mason or student of stone-work."—Colliery
Guardian.,

Engineer’s Reference Book.

THE WORKS' MANAGER'S HANDBOOK OF MODERN
RULES, TABLES, AND DATA. For Engineers, Millwrights, and Boiler
Makers; Tool Makers, Machinists, and Metal Workers; Iron and Brass
Fonnders. &c. By W. S, HurToN, Civil and Mechanical 'Engineer. Third
Edition, carefully revised, with Additions. In One handsome Volume, medium
8vo. price 15s. strongly bound.

“The author treats every suhject from the point of view of one who has collected workshop
notes for in rather than from the theoretical or literary aspect. 1he
volume eontains a great dul of that klnd of information which is gained only by practical experi-
ence, and is seldom written in books."—Emngncer.

*“The volume is an exceedingly useful one, brimful with engineers notes, memoranda.
rules, and well worthy of being on every g . « The reis
valuable information on every page."—Mecianical i orid.

* The information is precisely that likely to be required in practice. . ‘The work forms
a desirable addition to lhe library, not o;:ly of the works’ manager, but of anym connected with
fourna,

“A !ormldable of facts and figures, readily ibl an elab index
« « « + Sucha \olume will be found absolutely neceswsary as a book of reference in all sorts
of *works’ connected with the metal trades. Any find
all he wants in the crowded pages of this useful work. -—Ryland s l:'m Trcdc: Cimlar

Engineering Construction.

PATTERN-MAKING : A Practical Treatise, embracing the Main
Types of Enﬁmeermg Coustruction, and mcludmpiz Gearing, both Hand and
Machine made, Engine Wurk, Sheaves and Pulleys, Pipes and Columus,
Screws, Machine Parts, Pumps and Cocks, the Moulding of Patterns in
Loam and Greensand, &c., together with the methods of Estimating the
weight of Castings; to which is added an Appendix of Tables for Workshop
Reference. By a FOREMAN PATTERN MAaker. With upwards of Three
Hundred and Seventy Illustrations. Crown 8vo, 7s. 6d. cloth.
* A well-written technical guide, evidently written by a man who understands and has prac-
tised what he has written about ; he savs what he has tosay in a plain, straightforward manner.

We cordldl rer,ommend the treatice to_eng'neering d young Y 1, and others
d ing i d into the my of patt r king."
"We can fi 1 d this comprehensive ise."—~Building News.

* A valuable contribution to the literature of an important branch of en, meermg constmcnon,
which is likely to prove a welcome iﬁ uide to many workmen, especially to draughtsmen who

ed a training in the lhopsl pupi punumb their practical studies in our factories, and to exn-

and ng! — Hardware Trade Fournal.
*More than 3; o ll.lustntlons help to explaln the text, which is, however, llwnys clear and ex-
plicit, thus rendering the work an vade for the app 0 desires to become
master of his trade."—&nglish Mechanc.

Smith’s Tables for Mechanics, ete.

TABLES, MEMORANDA, AND CALCULATED RESULTS,
FOR MECHA NICS, ENGINEERS, ARCHITECTS, BUILDERS, etc.
Selected and An-anged by Francis SmitH. Third Edition, Revised and En-
larged, 250 pp., waistcoat-pocket size, 1s. 6d. limp leather,

“It would, perhaps, be as difficult to make a small packet-book selection of notes and formule
to sult ALL neers as it would be to make a universal mediclm. but Mr. Smith's waistcoat-
pockmwhzzgnmaybelookeduponua

* The best example we haveeverseenofzsopazuofuufhl mltter packad into the dimen-
sions of a card-case.”—Building N

A veritable pocket treasury of knowledg‘."-—lnn.

The High-Pressure Steam Engine.
THE HIGH-PRESSURE STEAM-ENGINE : An Exposition
of its rative Merits and an Essay towardsan Improwd Sytum o/ onstryce

By Dr. ERNST ALBAN. Translated from the German with Notes, by
Dr. Pox.:, M. Inst, C.E., &c. With 28 Plates. 8vo, 16s. 64. cloth.

*Goes thoroughly into the examination of the high. englm.th boncr append-
qu.mdduorv-nphuhwaryldnnﬁﬁcll -—gkm - sad its

1
pioy
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MINING AND MINING INDUSTRIES.

Metalliferous Mining.

BRITISH MINING : A Treatise on the History, Discovery, Practical
Development, and Future Pyospects of Metalliferous Mines in the United King-
dom. Bly Ronserr Hunt, F.R.S., Keeper of Mining Records; Editor of
* Ure’s Dicuonary of Arts, Manufactures, and Mines,” &c. Upwards of gso
Pp., with 230 lilustratious, Super-royal 8vo, £3 3s. cloth,

“«* OPINIONS OF THE PRESS.

“One of the most valuable works of reference of modern times. Mr. Hunt, as keeper of mini
records of the United Kingd has had ities for such a task not enjoyed by anyone el ol
and has evidently made the most of them. . . . The language and style adopted are good, an

treatment of the various subjects laborious, conscientious, and sciennﬁc."-—gngimm”z.

** Probably no one in this country was better qualified than Mr. Hunt for undertaking such a
work. Brought nto frequent and close association during a long life-time with the principal guar-
dians of our I and gical ind i joyed iti ionall !

or coll 1

he enj; ap rle

0 g the y The use which e has made of his opportunities is suffi-
ciently attested by the dense inass of information crowded into the handsome volumne which has
ust been published. . . . In placing before the reader a sketch of the present position of
ritish Mining, Mr. Hunt treats his subject so full*and illustrates it so amply that this section really
!‘orms a little treatise on practical mming. . . . The book is, in fact, a treasure house of statistical
f ion on mmimsl bj and we know of no other work embodying so great a mass of matter
of this kind, Were this the only merit of Mr. Hunt's volume it would%e sufficient to render it

indispensable in the library of everyone i d in the of the mining and metaliur-
gical industries of this coumry."—m}thcneum. e

‘‘ A mass of information not elsewh ilable, and of the value to those who may
be interested in our great industries.”"—Z£nugr) .

* A sound, business-like collection of interesting facts. . . . The amount of information
Mr. Hunt has brought together is enormous. . . . The volume appears likely to convey more
instruction upon the subject than any work hitherto published,"—Muning Fournal.

*The work will be for the mimug industry what Dr. Percy's celebrated treatise has been for the
metallurgical—a book that cannot with advantage be omitted from the library."—~/ron and Coal
Trades’ Review.

* The literature of mining has hitherto p d no work app hing in importance to that
which has sRISt been published. There is much in Mr. Hunt's valuable work that cvery shareholder
in a mine should nag with close attention. The entire subject of practical mining—from the first

& c;:{'or the lode to the latest stages of dressing the ore—is dealt with in a masterly manner.”
—HAcademy.

Coal and Iron.

THE COAL AND IRON INDUSTRIES OF THE UNITED
KINGDOM. Comprising a Description of the (*oal Fields, and of the Princi-
pal Seams of Coal, with Returns of their Produce and its Distribution, and
Analyses of Special Varieties. Also an Account of the occurrence of Iron
Ores in Veins or Seams; Analyses of each Variety; and a History of the
Rise and Progress of Pig Iron Mannfacture since the year 1740, exhibiiing the
Economies introduced in the Blast Furnaces for its Production and Improve-
ment. By RICHARD MEADE, Assistant Keeper of Mming Records. With
Maps of the Coal Fields and Ironstone Deposits of the United Kingdom.
8vo, £1 8s. cloth.
“The book is one which must find a place on the shelves of all interested in coal and iron
production, and in the iron, steel, and other metallurgical mdusl;les.“—‘;lmg;':}e;r. N o
" ly say that it is the best of its class which we have ever mi
sl e Ol'Atl:’l;ob:glf: :S&';‘.ﬁ,'cé"&'ﬁ?c’ﬁ":f oyne anazed in the iroa or coal trades should omit from his
HBbrary."—~Z/von and Coal Trades’ Review.
“An exh 3 ise and a valuable work of reft e M Fournal.

Prospecting. .
THE PROSPECTOR'S HANDBOOK: A Ghm(‘]lil fo!r)'l tlt\‘f Prlo~
spector and Traveller in Search of Metal-Bearing or other Valuable Minerals.
Jy J. Vs. ANDERSON, M.A, (Camb ), F.R G.S,, Authar of “Fiji and New
Caledonia.,” Small crown 8vo, 3s. 6d. cloth, . [ Fust :ubtl;sh:c:.
' c g Ci ists hose way are so often thro

mn;'r\,!‘:a‘os;?pl cbniz;tlgnmkee:ﬁﬁ:g :"Eioc?:zlt ?;osﬁﬁi_ul‘t‘ ;:sgolnyonz, not a specmisthso

dete! . The author has placed his instructions before his in the P

terms, and his boak is the best of its kind."—ZEngineer.

+ i 1s, and how to identify them when they are found, are the
anuﬂ&dwﬁaﬁﬁglioﬁ r:gr:c:e . The author has managed to pack as much mi‘l‘
detail Into his pages as would supply material for a book three times its size."—Mining .

“Thosa toilers who axplore the trodden or dden tracks on the face of tha rriobe will find
sauch that is useful to them in this book."—Atkeneum.
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Metalliferous Minerals and Mining. )

TREATISE ON METALLIFEROUS MINERALS AN
MINING. By D. C. Davies, F.G.S., Mining Engineer, &c., Author of “A
Treatise on Svlate and Slate Quarrying.” Illustrated with numerous Wood
Engravings. Second Edition, caref&lly Revised. Crown 8vo, 125. 64. cloth.
** Neither the practical miner nor the general readerinterested in mines, can have a better book
for his companion and his guide."—Mining Fournal.
*‘The volume 1s one which no student of mineralogy should be without."—Colliery Guardian*
Wo ';‘}Ve are doing our readers & service in calling their ion to this valuable work."—Afs;
oria.
oo i 2 ey B g, e praccal s and e g

** As a history of the present state of mining throughout the world this book has a real value,
and it supplies an actual want, for no such information has hitherto been brought together within
such limited space.”—A thenzum.,

Earthy Minerals and Mining.

A TREATISE ON EARTHY AND OTHER MINERALS
AND MINING. By D. C. Davies, F.G.S. Uniform with, and forming a
Companion Volume to, the same Author's ‘* Metalliferous Minerals and
Mining.” With 76 Wood Engravings. Crown 8vo, 12s. 6d. cloth.

“Itis ially a ical work, intended primarily for the use of practicalmen. . . . We
do not remember to have met with any English work on mining matters that contains the same
of & i ked in equally ¢ ient form. "=,

*The book is clearﬂy the result of manty {ean‘ careful work and thought, and we should be
nclined to rank it as among tbe very best of the handy technical and trades manuals which have
recently appeared.”—British Quarierly Review.

*The subject matter of the volume will be found of high value by all—and they are a numer-
ous class—who trade in earthy minerals.”—Atkenaumns.

“Will be found of permanent value for information and reference."—/ron.

Underground Pumping Machinery.
MINE DRAINAGE. Being a Complete and Practical Treatise

on Direct-Acting Underground Steam Pumping Machinery, with a Descrip-

tion of a large number of the best known Engines, their General Utility and

the Special Sphere of their Action, the Mode of their Application, and

their merits compared with other forms of Pumping Machinery. By STEPHEN

MICHELL. 8vo, 15s. cloth,

“Will be highly estecmed by colliery owners and lessees, mining engineers, and students

nerally who require to be acquainted with the best means of securing the drainage of mines. It

s a most valuable work, and stanus almost alone in the li e of steam p ing hinery."—
Colliery Guardian.,

“ Much valuable information is given, so that the book is thoroughly worthy of an extensive

lati ical men and purch of hi *

Y. —Mining Fournal,
Mining Tools,

A MANUAL OF MINING TOOLS. For the Use of Mine
Managers, Agents, Students, &. By WiLLiaM MoRrGANs, Lecturer on Prac-
tical Mining at the Bristol School of Mines. 12mo, 3s. cloth boards.

ATLAS OF ENGRAVINGS to Illustrate the above, contain-
ing 235 Illustrations of Mining Tools, drawn to scale. 4to, 6s. cloth boards.

*Students in the science of mining, and overmen, captains, managers, and viewers may gain
practical knowledge and useful hints by the study of Mr. Morgans' manual."—Colllery Guardian.

7 “ A valuable work, which will tend materially to improve our mining literature.”—Afining
ournal.

Coal Mining.

COAL AND COAL MINING : A Rudimentary Treatise on. By

WariNgToN W. SmyTH, M.A,, F.R.S., &c., Chief Inspector of the Mines of

the Crown. New Edition, Revised and Corrected. With numerous [llustra-

tions. 12mo, 43. cloth boards.

“ As an outline is given of wemown coal-field in this and other countries, as well as of the
principal methods of working, the will doubtless 4 a very large ber of readers.”—
Mining Fournal.

Subterraneous Surveying.

SUBTERRANEOUS SURVEYING, Elementary and Practical
Tseatise on; with and without the Magnetic Needle, By TrHoMas Frxwiock,
Swrveyor of Mines, and TruouMAas Baxgg, C.E. 12mo, 33. cloth boards,




NAVAL ARCHITECTURE, NAVIGATION, et 1y
NAVAL ARCHITECTURE, NAVIGATION, etc.

Chain Cables.

CHAIN CABLES AND CHAINS. Comprising Sizes and
Curves of Links, Studs, &c., Iron for Cables and Chains, Chain Cable and
Chain Making. Forming and Welding Links, Strength of Cables and Chains,
Certificates for Cables, Marking Cables, Prices of Chain Cables and Chains,
Historical Notes, Acts of Parliament, Statutory Tests, Charges for Testing,
List of Mcanufecturers ot Cables, &c., &c. By Tuomas W.'I'RAILL, F.E.R.Ng.,
M. Inst. C.E . the Engineer Surveyor in Chief, Board of Trade, the Inspector
of Chain Cable and Anchor Proving Establishments, and General Superin-
tendent, Lloyd's Committee on Proving Establishments. With numerous
Tables, Illustrations and Lithographic Drawings. Folio, £2 2s. cloth,
bevelled boards.
* The author writes not only with a full acquaintance with sclentific formulz and details, but
also with a prafonnd and fully-instructed sense of the importance to the safety of onr ships and

saflors of filelity in the manufacture of cables, We heani]y recommend the LOOK to the specialists
to whom it is addressed."—A¢hencercn,

Rt \s a vast of va
lete an dard work of refe on the sub

a
Pocket-Book for Naval Architects and Shipbwilders.

THE NAVAL ARCHITECT’S AND SHIPBUILDER'S
POCKET-BOOK of Formule, Rules, and Tables, and Marine Engineer's and
Surveyor's Handy Book of Reference. By CLEMENT MackRow, Member of the
Institution of Naval Architects, Naval Draughtsman. Third Edition, Re-
lvise};ﬂ. With numerous Diagrams, &c. Fcap., 12s. 6d. strongly bound in
eather.
*Should be used by all who are cnf,'aged in the consnuctio{n:r design of vessels. . . .
vy

be found to contain the most useful tables and tormule requi ly c

from the best authorties, and put togcther in a popular and sunple fnr;;’l."—l!u:'i”r‘!r
** The professional shipbuilder has now, in a convenient and accessible form, reliable data for
solving many of the numerous problems that present themsclves in the course of hus work."—/ren.
“There is scarcely a subject on which a naval architect or shipbuilder can require to refresh
his memory which will not be found within the covers of Mr. Mackrow’'s book."—English Mechansc.

Pocket-Book for Marine Engineers.

A POCKET-BOOK OF USEFUL TABLES AND FOR-
MUL/E FOR MARINE ENGINEERS. By Frank Procrog, A.LN.A
Third Edition. Royal 32mo, leather, gilt edges, with strap, 4s.

*We recommend it to our readers as going far to supply 2 long-felt want."—Nawal Science.

* A most useful companion to all marine enginecrs,” -~ United Service Cazette.

Lighthouses, .

EUROPEAN LIGHTHOUSE SYSTEMS. Being a Regort of
a Tour of Inspection made in 1873. By Major GeorGe H. ELrIoT, Corps ot
Engineers, U.S.A. With 51 Engravings and 31 Woodcuts. 8vo, 21s. oth.

ﬁothing seems to be wanting to make it

will

“,* The following are published in WEALE'S RUDIMENTARY SkrIrs.
MAS?’ING./MAST-MAKING, AND RIGGING OF SHIPS. By
RoserT KippiNG, N.A. Fifteenth Edition. 12mo, 2s. 64. cloth boards.

SAILS AND SAIL-MAKING. Eleventh Edition, Enlarged, with
an Appendix. By RoserT KIPPING, N.A. Illustrated. 12mo, 3s. cloth boards.

NAVAL ARCHITECTURE. By James Prake. Fifth Edition
with Plates and Diagrams. 12mo, 4s. cloth boards.

MARINE ENGINES AND STEAM VESSELS (A Trealise on).
By RoBerT MuRrray, C.E., Principal Officer to the Board of Trade for the
East Coast of Scotland District. Eighth Edition, thoroughly Revised, v.vxth
considerable Additions, by the Author and by GEORGE CARLISLE, (.r.g.,
Senior Surveyor to the Board of Trade at Liverpool. 12mo0, 55.cloth boards.

PRACTICAL NAVIGATION. Consisting of the Sailor's Sea-
Book, by James Greenwoob and W, H. ROSSER ; together with the requisite

athematical and Nautical Tables for the Working of the Problems, by
gnlnv Lg?, C‘.ré., m; Professor J. R. YOouNG, 12mo, 75, half-bound.
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NATURAL PHILOSOPHY AND SCIENCE.

Text Book of Electricity.

THE STUDENT'S TEXT-BOOK OF ELECTRICITY. B{
Hexry M. Noap, Ph.D, F.R.S, F.C.S. New Edition, carefully Revised.
With an Introduction and Additional Chapters, by W. H. Prece, M.I.C.E.,
Vice-President of the Society of Telegraph Engineers, &c. With 470 Illustra

s. Crown 8vo, 12s. 64. cloth.
*The original plan of this book has been carefully adhered to so as to make it a reflex of the

e state ot electrical sci dapted for d . . . Di 'y seems to have pro-

gressed with marvellous strides ; less it has now app ly ceased, and practical Ippgcl-

tions have commenced their carcer ; and it is to give a faithtul account of these that this fresh

edition 1{ Dr. Noad's valuable text-book is launched forth."—Zxtract frem introduction by W. H.

» £5G.
W . Noad's book for cls d f
Ve can r:c{:ommgnd Dr. Sug 's book for ‘: aal; .sty e, g;er:t mr;.ngs of slublect. a good index,

andap spensable.”—dAthernceiem.
“An admirable text-book for every d begi or ad d—of electricity.’ —
Enpinesving.
* Dr. Noad's text-book has earned for itself the rer ion of a truly sci manual for the
student of electriaity, and we gladly hail this new amended edition, which brings it once more to
the front. Mr. Preece as reviser, with the assistance of Mr. H. R. Kempe and Mr. J. P. Edwards,

has added all the practical results of recent invention and research to the admirable theoretical
expositions of the author, so that the book is about as ¢ lete and ad d as i for
any book to be within the limuts of a text-book,"— Telegraphic Fournal.

Fleciricity.
A MANUAL OF ELECTRICITY : Including Galvanism, Mag-
netism, Dia-Magnetism, Electyo-Dynamics, M a;ﬁm—Elcctricrty, and the Electric
2elcgraph. By Henky M. Noap, Ph.D., F.R.S, F.C.S. Fourth Edition.
With 500 Woodcuts. 8vo, £1 4s. cloth.
**The accounts given of electrizity and galvanism are not only complete in a scientific sense.
but, which is a rarer thing, are popular and iutercsting."—ZLaacet,
*“It is worthy of a place in the library of every public institution."—Mining Fournal,

Electric Light.
ELECTRIC LIGHT : Its Production and Use. Embodying Plain
Directions for the Treatment of Voltaic Batteries, Electric Lamps, and
Dynamo-Electric Machines. By J. W. UrQuHarT, C.E., Author of *“ Electro-
plating: A Practical Handbook "~ Edited by F.C. Wess, M I.C.E ,M.S.T.E.
Second Edition, Revised, with large Additions and 128 Illusts. 7s. 6d. cloth.

* The book is by far the best that we have yet met with on the subject."— Athenzsm.
“1t is the only work at present available which gives, in language intelhysible for the most part
to the erdinary reader, a 1 : !lnglor of the' means which have been adopted up to
i

the time in prod the el ight."—~Metrop
Electric Lighting.
THE ELEMENTARY PRINCIPLES OF ELECTRIC LIGHT-
ING. By AvLAN A. CAMPBELL SWINTON, Associate S.T.E. Crown 8vo,
1s. 6d., cloth. | Fust pudblished,
“As a stepping-stone to treatises of a more advanced nature, this little work will be found
most efficient.”—Bookseiler.

** Anyone who desires a short and thoroughly clear exposition of 1he el 'y principles of
electricighting cannot do better than read this little work."—Brad/vra Observer.
Dr. Lardner’s School Handbooks.
NATURAL PHILOSOPHY FOR SCHOOLS. By Dr, LARDNER,
328 Illustrations. Sixth Edition. One Vol,, 3s. 6d. cloth,

“ A very convenient class-book for junior stud in private ls. Ttis i ded to con e e
in clear and precise terms, ¥ ok of all the prﬁlcipll divisions of Physical Sdenc:ﬁ!-
British Quarterly Review.

ANIMAL PHYSIOLOGY FOR SCHOOLS. By Dr. LARDNER.
With 190 Illustrations. Second Edition. One Vol,, 3s. 64, cloth.
¢ Clearly written, well d, and llently ill d."—Gardener's Chronicle,

Dr. Lardner’s Electric Telegraph.
THE ELECTRIC TELEGRAPH. By Dr. LARDNER. Re.
vised and Re-written by E. B, Briout, F.R.A.8. 140 Illustrations. Small

8vo, 2. 64. cloth.
“One of the most readable books extant on the Electric Tel M—-Bnglish Mechani
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MATHEMATICS, GEOMETRY, TABLES, etc.

Pructical Mathematics.

MATHEMATICS FOR PRACTICAL MEN. Being a Com-
mon-place Book of Pure and Mixed Mathematics. Designed chiefly for the
Use of Civil Engineers, Architects and Surveyors. By OLINTHUS GREG-
ory, LL.D., F.R.A.S., Enlarged by HENrY Law, C.E. 4th Edition, care-
fully Revised by J. R. YouN, formerly Professor ot Mathematics, Belfast
College. With 13 Plates, §vo, £1 1s. cloth.

** The engineer or architect will here find ready to his hand rules for solving nearly every
mathematicai difhculty that may arise in his practice. The rules are in all cases explained by
means of examples, in which every step of the process is clearly worked out."—ZXuilder,

**Onc ot the most serviceable books for practical mechamcs. . . . Itisan instructive book
for the student, and a Text-book for him who, having once mastered the subjects it treats of,
needs occasieually to refresh his mewory upon them,"—Zut/ding News.

Metrical Units and Systems, etc.

MODERN METROLOGY : A Manual of the Metrical Units
and Systems of the Present Century. 'With an Appendix containing a proposed
English System. By Lowis D’A. JacksoN, A.M. Inst. C.E., Author of * Aid
to Survey Practice,” &c. Large crown 8vo, 12s. 6d. cloth.

*The author has brought together much valuable and interesting information, . . . We
cannot but recommend the work to the of alli in the practical reform of our
weights and measures.” —.Vayure,

“For exhaustive tables of equivalent weights and measures of all sorts, and for clear demonstra-
tions of t:e effects of ﬂie_ various systemns that have been d or adopted, Mr. Jackson's
a rival."—~dcadeny.

The Metric System.

A SERIES OF METRIC TABLES, in which the British Stand-

ard Measures and Weights are compared with those of the Metric System at present

tn Use on the Continent, By C. H. Dowring, C.E. 8vo, 10s. 6d. strongly bound.

* Their y has been ified by Profe Airy, the Ast -Royal."—Builder.

*Mr. Dowling’s Tables are well put together as a ready for the jon of one
system into the other."—Athenaum

Geometry for the Architect, Engineer, etc.
RRACTICAL GEOMETRY, for the Architect, Engineer and

Mechanic. Giving Rules for the Delineation and A'Ipplication of various

Geometrical Lines, Figures and Curves. By E. W, TArN, M.A,, Architect,

Author of “The Science of Building,” &c. Second Edition. With Appen-

dices on Diagrams of Strains and Isometrical Projection, With 172 Illus-

trations, demy 8vo. gs. cloth,

* No book with the same ohjects in view has ever been published in which the clearness of the
rules Jaid down and the illustrative diagrams have been so sansfactory."—Scofsmas.

*This is & manual for the practical man, whether architect, engineer, or mechanic. . . . The
object of the author being to avoid all abstruse formule or cnn&. icated methods, and to enable
persons with but a mod k ledge of g y to work out the problewms required.”—English

Mechanic.
The Science of Geometry.
THE GEOMETRY OF COMPASSES; or, Problems Resolved

by the mers Description of Circles and the use of Coloured Diagrams and
\mbols, By OLIVER ByrNg, Coloured Plates. Crown 8vo, 35, 64. cloth.
* The treatise is a good one. and remarkable—like all Mr Byrne's contributions to the science
of geometry~—for the lucid character of its teaching."—HSnilding News.

Iron and Metal Trades’ Calculator.

THE IRON AND METAL TRADES' COMPANION. For
expeditiously ascertaining the Value of any Goods bought or sold by Weight,
from 15, per cwt. to 112s. per cwt.,, and from one farthing per pound to one
shilling per pound. Eacg Table extends from one pound to 100 tons. To
which are appended Rules on Decimals, Square and Cube Root, Mensuration
of Superficies and Solids, &c.; Tables of Weights of Materials, and other
Useful Memoranda. By Txos. Downie. 396 pp., 9s. Strongly bound leather,
“ A most useful set of tables, and will supply a want, for nothing ke them before existed."—

Badiding News.
* Although speciall i d metal trades, the tables will be found ugeful in
Ovor:yﬁ;r e h);’hd:gted A thg‘ ml: b.:uzht and sold by weight."—Ratiway News.
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INDUSTRIAL AND USEFUL ARTS.

Soap-making. .
THE ART OF SOAP-MAKING : A Practical Handbook of the
Manufacture of Hard and Soft Soaps, Toilet Soaps, &c. Includinevmany New
Processes, and a Chapter on the Recovery of Glycerine from Waste Leys.
By ALEXANDER WaATT, Author of * Electro-Metallurgy Practically Treated,”
&c. With numerous lilustrations, Second Edition, Revised. Crown 8vo,

9s. cloth.
“The work will prove very useful, not merely to the tech ! but to the p i
soapboiler who wishes to understand the theory of his art."—Chemical MNews.
**It is really an excellent le of & 1 manual, as it does, th ghly and
exhaustively both into the theory and practice of soap "— A ledyre.

“*Mr. Watt's book is a thoroughly practical treatise on an art which has almost no literature in
our language. We congratulate the author on the success of his endeavour to fitl a void in Engliah
technical literature."—.\ature.

Leather Manufacture.
THE ART OF LEATHER MANUFACTURE. Being a
Practical Handbook, in which the Operations of Tanning, Currying, and
Leather Dressing aie fully Described, and the Principles of Tanning Ex-

Ehuned. and many Recent Processes introduced; as also Methods for the

stimation of Tannin, and a Description of the Arts of Glue Boiling, Gut

Dressing, &c. By ALEXANDER WATT, Author of * Soap-Making,” * Electro-

Metallurgy,” &c.” With numerous Tiustrations. Crown 8vo, 125, 6d. cloth,

*“Mr. Watt has rendered an important service to the trade, and no less to the student of
technolngy,” —Caemscal Aews.

‘A sound, comprehensive.treatise. The book is an emi ble prod which re-
doundas to the credit of bith author and publ(shers."—Chem-‘ca! Review.

** This volume is technical without being tedious, prehensive and lete without being
prosy, and it bears on every page the impress of a master hand. We have never come across a
berter trade treatise, nor one that so th hl, lied an absolute want."—Shoe and Leather
Trades’ Chwonicle.

Boot and Shoe Making.
THE ART OF BOOT AND SHOE-MAKING. A Practical
Handbook, including Measurement, Last-Fitting, Cutting-Out, Closing and
Making, with a Description of the most approved Machinery employed.
IVBJ JouN B, LeNo, late kditor of St. Crispin, and The Boot and Shoe-Maker,
ith numerous Illustrations, Crown 8vo, ss. cloth,

* This excellent treatise is by far the best work ever written on the subject. A new work,
bracing all mod i was much wanted. This want is now satisfied. The chnptern

on_&clj‘c:i;?.[‘\‘vhlch sl;g;:'f\'?w waste may be prevented, will save fifty times the price of the
Dentistry.

MECHANICAL DENTISTRY : A Practical Tyeatise om the

Construction of the various kinds of Artificial Dentuyes. Comprising also Use-

ful Formula, Tables and Receipts for Gold Plate, Clasps, Solders, &c. &c.

By CuarLes HunteEr., Second Edition, Revised. With upwards of 100

ood Engravings. Crown 8vo, 7s. 6d. cloth.

*We can strongly recommend Mr, Hunter's ise to all stud paring for the pi i
of dentistry, as well as to every mechanical dentist,"—Dubltn ynumaf o) tedscal Science.

“ A work in a concise form that few could read with ini from."—British
SFosurmal of Dental Sciesece.
Brewing.

A HANDBOOK FOR YOUNG BREWERS. By HERBERT
EpwaArDS WRIGHT, B A. Crown 8vo, 33, 6d. cloth.
e LI o, Solng L e ot o god w1 e, s
.
i Y S, T S Y e e s k.
Wood Engraving.
A PRACTICAL MANUAL OF WOOD ENGRAVING., With
a Brief Account of the History of the Art. By WiLLiaM Noxmax Browx.
With numerous [llustrations. rEmwn 8vo, 23, c?o

* The author deals with the subject in a thoroughly practical and easy series of renresent
lessons.”"—Laper and Printing Tmm' Fournal, vy ¥ naries of re? ative

th.
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Electrolysis of Gold, Silver, G'opper,- &e, '

- ELECTRO-DEPOSITION : A Pyactical Tyeatise on the Electyolysis
of Gold, Silver, Copper, Nickel, and other Metals and Ailoys. With descrip-
tions of Voltaic Batteries, Magnets and Dynamo-Electric Machines, Ther-
mopiles, and of the Materials and Processes used in every Department of
the Art, and several Chapters on ELECTRO-METALLURGY. By ALEx-
ANDER WATT, Author of ¢ Electro-Metallurgy,” “ The Art of Soapmaking.”
&c. With numerous Illustrations. Crown 8vo, 12s. 64., cloth.
* Evidently written by & practical man who has spent a loug period of time in_electro-plate

workshops. 1'he information given respecting the details of
complete. . . . Mr. Watt's book will prove of great value to electro.depositors, jewellers, and
various other workers in metal."—Nature.

“+ Eminently a book for the ical worker in electro-depositi It ins minute and
practical descriptions of methods, processes and materials as actually Pursued and used in the
workshop. Mr. Watt's book ds itself to all i d in its subj —&ugineer,

*‘Contains an enormous quantity of practical information; and there are probably few items '

omitted which could be of any ible utility to in gal plasty. Asa pra lical manual

Slr;e l}'ook’:can be recommended to all who wish to study the art of electro-depousition."—Esnglisk
echansc.

Electroplating, etc. .
ELECTROPLATING : A Pyactical Handbook, By J. W. UrqQu-
HAarT, C.E. With numerous Illustrations. Crown &vo, ss. cluth.

**The information given appears to be based on direct personal knowledge. . .  Its science
is sound and the style 1s always clear.”—Atkenaum.

Electrotyping, etc,

ELECTROTYPING : The Reproduction and Multiplication of Print-
sng Surfaces and Works of Art by the Electro-deposition of Metals. By J. W.
UrQuuaArr, C.E. Crown 8vo, ss. cloth,

“The book Is thoroughly practical. The reader is, therefore, conducted through the leading
aws of electricity, then through the metals used by cleclml%pers. the apparatus, and the depositing

processes, up to the final preparauon of the work."—dA»/ Fournal.
* We can recominend this treatise, not merely to but to those 1ty d in the
* trade."—Chemcal News.
Electro-Metallurgy.

ELECTRO-METALLURGY ; Practically Treated. By ALEXANDER
‘Wart, F.R.S.S.A. Eighth Edition, Revised, with Additional Matter and
Illustrations, including ﬁle most recent Processes. 12mo, 3s. 64. cloth boards.

“From th‘is book both amateur and artisan may learn everything necessary for the successful
of el lating.”~— (rosn. N

Goldsmiths’ Work.
THE GOLDSMITH'S HANDBOOK. By Georce E. GEE,
eweller, &c. Third Edition, considerably knlarged, 12mo, 3s. 64. cloth
ards.
. , and will be 13 ted as an authority. It is
os-elmA y & b’gg:di'ot: i::‘%riggom;:a:u:“ ex:cuy fuglgxl‘sertahay ;:ﬁggs: intended.”—ZHorological
y"'ff'\}v“ﬁi specdily become a standard book which few will care to be without.”—Feweller and
Metalworker.

Silversmiths’ Work.
THE SILVERSMITH'S HANDBOOK. By GEeorGE E. GEE,

Jeweller, &c. Second Edition, Revised, with numerous Illustrations. 12mo
3s. 6d. cloth boards. .
*The chief merit of the work is its practical character, . . The workersin the trade will
speedily discover its merits when they sit down to study it.” —English Mecnanic. k
“1*“.‘ work forms a valuable sequel to the author’s ‘( s
Tvade Fournal. .
** The above two works fogether, strongly half-bound, price 7s.

Textile Manufacturers’ Tables.

UNIVERSAL TABLES OF TEXTILZ'; STRUCTURE.

For the use of Manufacturers in every branch of Textile Trade. By JoserH

EpMoNpsoN. Oblong folio, strongly bound in cloth. price 75. 6d.

835 These Tables provide what has long been wasited, a simple and easy means
of adjusting yarns to “reeds” or ¢ setts,’” or to *! picks” ar " shots,” and vsie versa,
80 that fabrics may be made of varying weights or fineness, but having the same
character and proportions.
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" WEALE'S SERIES

RUDIMENTARY SCIENTIFIC,EDUCATIONAL,
AND CLASSICAL.
Comprising nearly Three Hundred and Fifty dustinct works im aimoet every
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1ssued, prices at which they are sold are as low as their excellence 13
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“ Amongst the literature of technical education, WEALE'S SERIES has ever
enjoyed a high repitation, and the additions being made by Messrs. CROSBY
LockwooD & Co. render the series even more complete, and bring the infor-
;n.tzon upon the several subjects down to the present time.''-—Mining

‘* It is not too much to say that no books have ever proved more popular
with, or more useful to, young engineers and others than the excellent
treatises comprised in WEALE'S SERIES."'—Engineer.

*The excellence of WEALE'S SERIES is now so well appreciated, that 1t
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“WEALE’'S SERIES has become a standard as well as an unrivalled
oallection of treatises in all branches of art and science."—Public Opinion.
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