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PREFACE.

THE progress of technical education in this country during
the last few years has rendered necessary the production of
an elementary text book on the Steam Engine, containing
information upon branches of the subject which have
hitherto received but seant notice i works of this nature.
I have endeavoured, as far as the limits of space in this
small volume permitted, to make good these deficiencies,
which were for the most part brought under my notice by
engineering students.

There are four important points in which I venture to
hope this_book will be found to contain information, put
in a form suitable for beginners, which has hitherto only
been accessible in works of a more advanced character or
in those which only profess to treat special branches of the
subject.

They are as follows :—

1. The modern science of thermodynamics, which is the
foundation of all knowledge of the steam engine considered
as an apparatus for converting heat into mechanical work.

2. The very important effects exercised on the motion
of quick running engines by the inertia of their reciprocat-
ing parts.
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3. The geometrical methods of fixing the dimensions
and the setting of slide valves.

4. The investigation of the methods in use for diminish-
ing the losses of efficiency in expansive engines, due to the
cooling of the cylinders by the expanding steam, the prin-
cipal of which methods are, superheating, steam jacketing,
and compounding.

The space required  for even an elementary treatment
of the above subjects could not be gained without a certain
sacrifice, and after full consideration 1 came to the con-
clusion to sacrifice’ altogether the historical part of the
subject, partly because there are alreadyin existence many
clementary works full of historical information, and partly

because I doubted whether a history of the steam engine

has any legitimate place in a text book for students. I
have endeavoured throughout this work to make the de-
scriptions as simple -as possible, ~and their sequence as
systematic as. the nature of the work allowed. I believe
that fully one half of the difficulties experienced by students
in mastering new subjects is“due to the want of system which
characterises too much of our older technical literature. It
is the rule rather than the exception in many books to
present to the student ready-made formule without indicat-
ing the steps by which they are reached. I have carefully
avoided this source of difficulty to beginners, for I conceive
it to be the duty of all who attempt to teach even the most
elementary subjects to husband the powers of their readers
by saving them all unnecessary trouble.

I cannot claim anything original in the ook, but T do
claim that I have endeavoured to render the information

which it contains very easy to understand, so that it can be
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followed from first to last by any student who possesses -a
slight acquaintance with elementary mathematics. Wherever
it has been advantageous to do so I have used geometrical
instead of analytical methods of demonstration. I have net
assumed the slightest acquaintance on the part of the reader
with the sciences of heat or of motion, and have consequently
devoted many pages to the explanation of such parts of
these sciences as are necessary for the proper understanding
of the working of engines. In this I have followed the
precedent set in many excellent works included in this
series.

If I were to acknowledge in detail all the sources of
information from which I have freely drawn, I fear this Pre-
face would run to an inordinate length'; but I cannot forbear
to express my deep obligations to my old friend and private
tutor at Cambridge, Professor James Stuart, M.P., who has
kindly revised the proofs of the entire work, and to the
Editorsand Proprictors of ¢ Engineering’ and the ‘ Engineer,’
who have allowed me free use of many of the illustrations
and of the inexhaustible stores of information which have
appeared n their journals. Students of thermodynamics
would be in a bad way without the writings of the late
Professor Rankine, F.R.S., and of Professor Cotteril, F.R.S,
and I have availed myself freely of the information contained
in their invaluable books. 1 have also found much that
was valuable in the published papers of the Institutions of
Civil Engineers, Mechanical Engineers and Naval Archi-
tects, and am greatly indebted to the Councils of these
Societies for permission to make use of many drawings
which are reproduced in these pages. Among the other

authors whom I have consulted, I may mention Mr. Arthur
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Rigg, whose very ingenious system of circular diagrams
of twisting moments on crank-shafts I have adopted in
Chapter V. ; Professor Zeuner, whose invaluable system of
valve diagrams is explained in’ Chapter VIL ; Mr. Cowling
Welch, Mr. Porter, Professors Galbraith and Haughton, Clerk
Maxwell'and Cawthorn Unwin, Mr. A. E. Seaton, and lastly C O N T E N T S
Mr. R. Sennett, to whom I am indebted for several illustra- - -

tions and for much valuable information on the subject of

the distribution of the steam in Compound Engines.
CHAPTER L
GEORGE C. V. HOLMES. INTRODUCTION,

PAGE
5 ADELPHI TERRACE: The elementary conception of a steam engine—The essential ele-

Decemier, 1886, ments of steam engines—Description of a simple form of
modern steam-engine and boiler—Distribution of steam by
ordinary slide valve —The use of the fly wheel—Various pur-
poses for which steam engines are employed-—Import [
the accurate studyof the engine in all its bearings—The natu-
ral subdivisions of the subject
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lute temperature —Combination of Boyle’s and Charles’s laws
The specific heat of gases—Difference in the specific heats
according as the gas is heated at constant volume or at con-
stant pressure— External and internal work done when a gas
is heated at constant pressure— Effect of application of heat to
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sorbed in evaporating water at various pressvres—External
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representation of the expenditure of heat in eyaporating water
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CHAPTER IIL
THEORETICALLY PERBECT HEAT ENGINES.

Application of Boyle's and. Charles's laws to_gases—Specific heat
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2 rectangular hyperbola, the equation for which
- ¢ 3 (2) when the equation of the curve takes the form
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curve when no heat ds supplied or/abstracted—The ideally
ct heat engine—Caleulation jof the efficiency of such
The reversed action of the ideal heat engine—Froof
that no other engine has a greater efficiency than the ideal
heat engine—Practical limits of efficiency in the ideal heat
ine=—Laws rconnecting the - pressure;. temperature, - and
volume of dry saturated steam—Specific heats of water and
steam— Law* connecting the pressure, volume, and tempera-
ture of superheated steam — Total heat expended in converting
water into steam-—Proportion of total heat expended in doing
: .

» steam is not u expansively i of

mal and internal work— Expenditure of heat in a steam
- -

engine when t
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representing heat by an ‘equivalent pressure’— Expenditure
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THE complete study of the steam engine is, in its nature;
somewhat-complex, invelving as it does-an acquaintance
with the sciences of heat, of chemistry, and of pure and
applied mechanics, as well'as a knowledge of the theory of
mechanism and the strength of materials. Tt is proposed,
therefore, to begin thi§ work by showing, in a very simple
case, how steam can be used to do work, and then to pro-
ceed to describe an actual steam engine of the most modern
construction, but one which at the same time is remarkably
free from complexitys ~When studying this description, the
student will soon find out how it is that ‘the perfect know-
ledge of the steam engine involves an acquaintance with so
many branches of science; and the order in which these
I

subjects must be studied, so far as they bear on the matter
in hand, will naturally be suggested by the description.
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Take a hollow cylinder (fig. 1) of indefinite height, the
bottom of which is closed while the top remains open, and
fill this cylinder to the height of a few inches with water.

. Next cover in the water by means of a fat
| plate; or-piston, which fits perfectly the -
terior_of 'the cylinder, and then apply heat
to the water; we shall witness the following
phenomena.  After the lapse of some minutes
the water ‘will begin to boil, and steam will
accumulate at its upper surface between it
and/the piston, which latter will be raised
slightly in order to make room for the steam.
As the boiling process continues, more and
more steam will be formed, and the piston
will ‘be raised higher and higher, till the
whole of the water is boiled away, and

; nothing but steam is' contained in the
& cylinder. Now this apparatus, consisting of
eylinder,. piston,. water, and fire, is an elementary form of
steam engine of the simplest kind. For a steam engine
may be defined asan apparatus for doing work by means of
heat applied to water ; and it is“manifest that the appliance
just described, inconvenient and clumsy though it may be,
perfectly answers to the definition; for the piston is a
weight, and this weight has been raised to a certain height by
the formation of steam from the water. Now the raising
of a weight through'a height is'a particular form of doing
work, and consequently this combination is an apparatus
capable of doing work by means of heat applied to water.

f, instead of a simple piston, we had taken one loaded
with weights, and applied ‘heat as before, the result would
have been similar but not-precisely the same. ' The water
would not have begun to boil so soon, and when it was all
boiled away the loaded piston would not have risen to the
same height as did the simple one. The reason of this will

be amply explained in the chapters on heat. Supposing

Introduction.

that, having raised the weight to the utmost height it would
go, we then removed it from the n, and wished
employ the apparatus in order to raise a similar weight
the same height, we should have to bring back the steam to
its original condition of water. This we could do by remoy
ing the fire and by surrounding the cylinder instead with cold
water. The result would be that the steam would all con-
dense into water, and fall back to its original place, the
piston following it, and everything would be ready for a
fresh start. Now, though this apparatus answers the defini-
tion of a steam engine, it is, nevertheless, a very bad one,
for the following reisons. The only kind of work it can do
s the raising of weights through certain heights. When we
want to repeat the operation we have to remove the fire and
surround the cylinder with cold water, and then replace the
fire, which is a most cumbrous process. While eondensing
the steam we made the cylinder cold, and a large quantity
of heat is wasted in warming it again.  Moreover, when, at
the cost of a ‘considerable amount of fuel, we have heated
he water and turned it into steam, we allow the whole of
the heat in the steam to escape into the cold water, and thus
become wasted, {hwll;il it 18 r;qm':»lc of li*)!ﬂ_‘_’ much more
work if properly used. Thus we see that -our elementary
engine is limited in its scope, clumsy in use, and extremely
wasteful of fuel. It is in obviating these disadvantages that
actual engines differ from the one we haye described.

It will have been observed that this engine consists of

incipal elements, viz.: the fire, or source of heat; the

water, or medium to which the heat is applied, and by the
conversion of which into steam the work is done; the cyli
der with movable  piston, which contains the water and
steam; and which prevents the latter from escaping into the

air when formed and becoming lost; and, lastly, the source

e
of cold, or the water by means of which the steam was con-
1 |

densed and brought back to its original condition. The

great majority of actual engines consist of precisely the same

® 2
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elements, more advantageously arranged, with the addition
of certain mechanism for changing the straight line move-
ment of the piston into circular, or any other kind of motion,
This mechanism has also to effect other subsidiary objects
which will-be fully described hereafter. It should also here
be mentioned that if, instead of condensing the steam by
means of cold water, we had opened a temporary communi-
cation between the steam space inside the cylinder and the
open air, we. should have' equally well succeeded in bring-
ing the piston back to its original position, when, by Intro-

ing into-the cylinder a fresh quantity of water, we could
have again raised the weights.

In practice the arrangement adopted.is as follows :—

. The sourcé of heat, and the vessel containing the
water to be boiled, are kept quite separate and distinct
from the cylinder. These parts of the apparatus are called
respectively the furnace and boiler. The steam is supplied
from the boiler, where it.is generated, to the cylinder where
it is used, as it _is_wanted, by means/of a pipe, called the
steam pipe.

2./ The steamy after doing its-work in the cylinder, is led
away through a second pipe, called the exhaust pipe, into
the open air, orelse to be condensed in a separate vessel
kept quite apart from the cylinder, and which is called the
condenser.

3. The cylinder, instead of being open at one end,and
of indeéfinite lengthyis closed at both ends,and in length
seldom exceeds twice the diameter of the piston.

4. The steam, instead of being used only on one side of

the piston, is admitted alternately to and exhausted from

each side in suceession, so that when thé engine is in use,

the piston is constantly travelling backwards and forwards
from one end to the other of the cylinder.

5. Suitable openings are made at each end of the
cylinder, to allow the steam alternately to enter and escape,

and valves driven by suitable mechanism are provided in

Introduction. 5

order to ensure that the admission and escape of the steam
shall take place at the proper moments.

6. Instead of placing the weights to be lifted directly
upon the piston, a cylindrical bar or rod called the piston
rod is attached firmly to the centre of the piston, and is
continued through one end of the cylinder to the open air,
so that the outside end of the rod moves backwards and
forwards in a straight line, exactly as the piston does. By

means of suitable mechanism, which will be fully described

hereafter, this str: motion of the piston rod end IS

changed into rotatory or circular motion, so that the engine
can be used, not only for lifting weights up in a vertical
direction, but for doing any kind of work which may be
!L‘-’ﬂ.li!Cd of it.

'The manner in%vhich all this'may be accomplished in
practice will be shown in the following deseription and
drawings of an engine and boiler, which are here selected
for description on account of their simplicity of eonstruction
We will commence with the source of heat, and apparatus
for turning the water into steam ; then go on to the engine
proper, i.e. the cylinder with the mechanism belonging to it
The abstracter of heat, or condenser, will be considered.in
a separate chapter. Fig. 2 1sanc¢ levation of the boiler, fig. 3
a vertical section through its axis, and fige.4 & horizontal
section through the furnace bars.

The type of steam generator here exhibited is what s
known as’ a vertical tubular beiler. "The outside casing or
shell is cylindrical in shape, and is composed of wrought
iron or steel plates riveted together as shown in fig. 2.
The top, which is likewise composed of the same ma
i8 slightly dome-shaped, except 1e /centre, which 1s cut
away in order to receive the chimney, @, which is cylindrical
in sl and formed of thin wrought-iron plates. ‘The

ior is shown in vertical section in fig. 3. It consists of
a furnace chamber, 4, which contains the fire. The furnace

is formed like the shell of the boiler of wrought iron or steel
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plates in the form of a cylinder, the top of which is covered
by a flat circular plate, ¢, firmly attached to the cylindrical

Y

portion by flanging and' riveting. The bottom is occupied
by the grating, on which rests the incandescent fuel. The
grating consists of a number of cast-iron bars, 4 (iig. 3), and
shown in’ plan in-fig. 4, placed so asto
have interstices between them like the
g of an ordinary fireplace. The
bottom-of the furnace is-firmly, secured
to the outside shell.of ‘the boilerin the
manner shown in fig. 3. The top cover-
ing plate, ¢ is perforated with a number
of circular holes of from one and a half

tny t1 s mmehee Yor. an = - Py | "~
L0 three Incnes er, according to the size of the boiler.

Into each holes 1s fixed a vertical tube made of

[l!/)'t‘(['11(]'[-(‘1[. 7
brass, wrought iron, or steel, shown at fff (fig. 3). These
tubes pass through similar holes, at their top ends in the
plate gg, which latter is firmly riveted to the outside shell
of the boiler. The tubes are also firmly attached to
the two plates, &, g&. They serve to convey the flame,
smoke, and hot air from the fire to the smoke box, %4, and
the chimney, @, and at the same time their sides provide
ample heating surface to allow the heat contained in the
products of combustion to escape into the water. The
fresh fuel is thrown on to the grating when reqguired
through the fire door; A (fig. 2z). The ashes, cinders, &c.,
fall between the fire bars into the ash pit, B (fig. 3). The
water is contained in the space between the shell of the
boiler, the furnace chamber, and the tubes. It is kept at
or aboutthe level, zmer(fig. 3), the spaceabovethis part being
reserved for the steam as. it rises. The heat, of course,
escapes into the water, through the sides and top plate of
the furnace, and through the sides of the tubes. The steam
which, as it rises from the Doiling water, ascends into the
space above v, is thence led away bythe steam pipe to the
engine. Unless consumed quickly enough by the engine,
the steam would accumulate too much within the boiler, and
its pressure would rise to a dangerous point. To provide
against this. contingency, the steam is enabled to escape
when it rises above a certain pressure through the safety
dve, which is shownin sketch on the top of the boiler in
iz 2. The details of the tonstruction of safety valyes will
found fully described in Chapter IX,, which is devoted
exclusively to the consideration of boilers and their fitt
In the same chapter will be found full descriptions of the
various fittings and accessories of boilers; which it would b
out of place here to describe in detail, such as the water
and pressure gauges, the apparatus for feeding the boiler
with water, for producing the requisite draught of air to
maintain the combustion, and also the particulars of the

'

4} | 1 } 1 « and | B Girn >
construction of the boilers themselves and LOer wurnaces
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and the principles on which their strength is determined,
and their various parts proportioned, so as to fully realise
the effects intended.

We now come to the description of the engine, and the
type selected for illustration is that usually called horizontal
single cylinder, direct acting.

Fig. 5 is an elevation of the exterior. Fig, 6 is a hori
zontal section of the cylinder, piston, and valve box. Fig. 7
is a plan. The cylinder is shown at A, figs. 5, 6, 7; its
construction is best seen from the section, fig. 6. It is
formed of cast iron, the ends being flanged to allow of the
cylinder cover or end plate, aa, and the frame, PP, being

bolted to it. The piston is shown at B ; itis a circular cast-
iron disc, made to fit the cylinder in a steam-tight manner.
Into the piston is fixed the piston rod, C, which passes
through the front cylinder cover, the place where it passes
through being made steam-tight by the stuffing box, D. . The
front end of the piston rod is fastened to the crosshead, E
(fig. 5), which is a joint used for connecting the piston rod to
the connecting rod, ¥, in such a manner as to allow the
latter to swing in a vertical plane as the piston travels back-
wards and forwards. The crosshead is also provided with
two slides, ¢ (fig. 5), which move between the guide bars, ff
(figs. 5 and 6), and which prevent the piston rod from being
bent, and from moving otherwise than in a straight line
The counecting rod, F (figs. 5 and 7), joins the end of the
piston rod to the crank pin, G. The crank axle in which
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the crank is formed is shown in section at H (fig: 5),

seen more clearly in the plan, fig. 7, where it is shown pass-

ing through the two bearings, LL. The distance between

it
the centre of the crank pin, G, and the centre of the erank
|

axle. H (fig. <), is called the length of the crank arm, and is
exactly equal to half the distance which the piston moves
from one end to the other of the cylin

Supposing now that steam were allowed to flow from the
boiler into the cylinder in such a manner as to obtain ad-
mission behind the piston, B ; this latter would commence
to travel towards the front cover of the cylinder, and in
doing so would push forward the piston rod and the cross
head. The end of the connecting rod next the crosshead
would also be pushed forward, but the other end of the con-
nectiig rod which'eneircles the ‘crank pin; mot being free to
move simply forward, would describe an arc of a « ircle round
the centre of the crank axle, H, and in so doing the
of the rod would become inclined so as to form an ¢
with the axis of the cylinder. By the tim¢ the piston has
travelled to the front end of the cylinder, the crank pin
will have been turned round into the position G’ (fig. 5)
diametrically opposite to its initial position.  Suppose that,
just before this takes place, the steam is shut off from the
back of the piston, and the steam already in the ylinder is
allowed to escape, while at the same time fresh steam from
the boiler is allowed to enter 'the cylinderiat the froas side
of the pistony this latter will commence to travel back to its
original position,' and in doing so will cause the crank
pin to revolve from the position G (fig. 5), through a semi-
circle. till it. reaches its original position, it having thus
described a complete revolution round the centre of the
crank axle, while the piston was making a double troke
backwards and forwards. This operation may be repeated

as we like provided we have

simplifyis
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for admitting the steam alternately on each side of the piston,
and then allowing it to escape either into the open air or
a condenser

The manner in which the steam admission is regulated
is as follows. - Byreferring to.the section (fig. 6), it will be
seen that a box-like casing, MM, is cast in one piece with
the cylinder and on onge side of it. ) This box contains the
valve, V, which controls the flow of the steam. It will be
noticed that the side of the cylinder next the valve box
contains two passag these are called the steam ports
because the steam I;) means of them gains access to and

escapes from either end of the ("'\'lindcr For the sake of

YARC
clearness the following diagram, fig. 8, is given, showing the

valve and side of a cylinder to a larger scale. The cast-iron
box| containing the: valve is always filled, when the engine
is at work, with. steam from the ‘boiler. If the valve occu-
pies the position shown in fig. 8, the steam cannot enter the
cylinder at all, because both ports are covered up by the

valve. If the latter, however, be moved a little to-the right

to uncoyer ‘the steam port s, two things will happen.

n will be enabled to pass zhrnu‘bh lhc port s into

3 , and Irh\]l the piston forward from left to right,
while at the same time the port ' will be uncovered by the
inner ui'<: ) mc valve, .m:l ;m) steam \\Em(: may be con-

ide of the piston

Introduction. I3

will be enabled to escape through the port s’ into the interior
hollow of the valve, and thence into the exhaust passage ¢,
whence it can escape to the air of the condenser. This
condition of things is shown by fig, ¢

If when the piston has reached the end of its forward
stroke the valve be moved backwards into the eorresponding
position on the other side, the steam port s* will .(‘!u-:‘.vlw
uncovered and will allow the boiler stéam to enter the cylin-
der, and force the piston back from right to left, while the
steam on the left-hand side of the piston will be enabled to
escape into the exhaust passage.

he foregoing=remarks must be looked upon as merely
an elementary sketch of the working of this particular sort
of valve (which is ommonly called the D slide valve). The
proper way of ]n'u;muiuu:rt; the i arts of the valve, the widths
of the steam ports, and the f driving the yalve so

admit and cut off the ) steam and 1 '. ase the e
haust steam prec isely at the rgi ng the stroke
of the piston, are points of the greatest nicety v"d ref I
most carefdl study, and are fully descri ': in 'Chapter \ H
but’ enough has been now said to illustrate the method of
working in a general way without going into complexities.

It will be noticed that the valve is connected by a rod
(see fig. 7) with a cam, C, fixed to the crank axle of the engine.

cam, which is called an eccentric, drives the valve
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backwards and forwards; its manner of working will be
found described in the chapter already referred to.

When the centre of the crank-pin occupies either the
point G/, fig. 5, or the diametrically opposite position, the
centre line of the crank is-in the prolongation of the axis of
the cylinder and connecting rod; and itis evident that when
in‘either of these positions, which are called the dead centres,
the steam would only tend to press the crank axle against
its bearings, LI, fig, 7, and 'would exercise no rotating effect
whatever. . Consequently unless some means can be devised
for getting the crank over the dead centres the engine will
stick fast.

The plan invariably adopted with a single cylinder engine
is to provide a ‘heavy fly-wheel, shown in-elevation in fig
and in plan in fig. 7. The momentum acquired by.this fly-
wheel during the stroke carries the crank over the dead centre.
In addition to the above the fly-wheel exergises other useful
functions which aré explained in /Chapter V., but which need
not be dwelt upon at present.

I'he engine which has been described above is mounted
on the heavy combined bed plate and frame PPP, shown in
elevation fig, 5, and in plan fig:'7. The bed plate is bolted
down to a solid mass of masonry as shown in fig. 5.

For our present purposes it is not necessary to examine
into the other details of the mechanism, such as the governor
and feed pump shown.on fig. 7.

The engine which'we have just described belongs to a
type which is very much employed to drive machinery on
land. It must not be supposed, however, that the steam
engine, as originally invented, was anything like so simple
a machine. On the contrary, it has taken two centuries
of time to attain its présent degree of perfection. We have
no intention of ent

ering into the history of the steam

engine ; indeed, the limits of this volume would pre
clude any such idea ; moreover, the historical part of the

subject has been dealt with over and over again in special
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books, and in the biographies of the great engineers. At
present we are only concerned with the engine as we actually
find it, and with its possible future. The past will only be
referred to for the purpose of showing what increase in effi-
ciency has been attained in more modern times.

I'he importance of the accurate 7 of the steam
engine will not be disputed when it is remembered to what
-:,n.rl)n\cs the engine is applied now-a-days, and to what an
extent this manufacturing and sea-trading country is depend
ent upon its efficiency. Foremost among these purposes
are :

r. Locomotion on railways. The steam engine i1s em
ployed in effecting nearly the whole of the internal goods
and passenger traffic of the country. At the present moment
there are in this country over 18,000 miles of railway opened
for traffic, and the various railway companies employ between
themn many thousands of locomatives.

2. Marine locomotion. For this purpose the engine is
employed in propelling the numerous steam vessels, which
effect the greater part of the ocean-carrying trade of the
world. Another important use of marne engines is the
propulsion of those ships of war on which we depend for
the protection of our coasts and our mercantile navy from
foreign enemies.

:“The driving of machinery in our factories. The'im-
portance of the engine for this purpose can_ hardly be over-
;-.\'tmmtcd, when it is remembered’ that we depend’ on our
factories, and on the export of our manufactures, for the
means of maintaining our present population, which is far
too large to be supported by the produce of the country.

.. 'Thé winding of veal and (other, minerals, and the
pumping of water out of mines.

z. The tillage of the soil, and ration of its pro-
duce for the use of mankind. 1S 1S a €O ratively novel
purpose for which the steam engine is employed, but one

which is daily increasing in importan
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Each of these purposes requires a different type of engine
for itself. In a small volume like this, it would be out of
the question to describe every variety of engine at present
in use. It will only be possible, at best, to explain the
principles on which-they should all alike be designed. The
great importance of an accurate study of the subject is this :
that without this study we cannot make our engines econo-
mical in the use of fuel.  This economy should be one of
the first objects of eévery constructor of ‘a steam engine ; for
even if our supply of fuel at present prices were inexhaustible,
nevertheless in many cases e onomy is-of paramount im-
portance. Take only-the case of steam vessels which have
to make long voyages. Up to a comparatively recent period
it was not found commercially practicable. to' run merchant
steamers on the longest trade routes, such as to China : for
the mere coal required to develop the power necessary for
propulsion would have occupied so much ‘of the carrying
capacity of. the vessel as to leave insufficient room for a re-
munerative ca Thanks, however; to /the fuel economies
introduced during the last twenty years, steamers can now
be employed with advantage on the lonzest voyages. Simi-
larly the magnificent passenger steamers which now cross
the Atlantic owe their high speed mainly to the modern im-
provements which have enabled great power to be attained
witha ‘comparatively moderate weight of mac hinery and fuel.

The ultimate object of all study of the steam engine is
this :—to enable us to attain the maximum economy in the
use of fuel with the-greatest efficiency of the machinery.
e theoretical portion of the subject naturally divides
itself into two principal parts.

fi
1
t

Hence

First, the study of the engine
as a heat enginey that.is, as an apparatus for the conversion
of the heat supplied to.it into mechanical ‘work. Second,
the study of the engine as a piece of machinery.
The study of the heat engine involves a knowledge of the
}

nature of heat, and the laws of its conversion into mechanica

work ; hence we shall have the following divisions :
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A chapter (IL.) in which is explained the nature of heat,
and the mode of measuring it. This chapter will only deal
with the subject so far as it bears directly upon the heat
engine, and all reference to other branches of this science
will be avoided.

A chapter (I11.) which deals with the conversion of heat
into mechanical work, by its application to gas and water.
This chapter will give an exact account of the physical pro-
perties of these bodies, and an explanation as to how ('i.-c
heat supplied to them under given circumstances is actually
spent. It will also contain a description of the theoretically
perfect heat engine, and show what proportion of the total
heat supplied to it can, under the most favourable circum-
5'1111]\L‘: be in theory turned into work, and also the con-
ditions to be observed in order that this ratio of work done,
to heat supplied, may be realised. It will, lastly, show how
to apply the principle of the theoretically perfect heat engine
to actual steam engines, and will explain why these latter
are comparatively wasteful of heat.

We now come to the consideration of the engine, as a
piece of machinery, and the student will require to study
in detail, both theoretically and practically, the nature
of .the mechanical means, or mechanism, by which the
pressure of the steam is transformed into work. The study
of “this part of the subject is contained in the following
divisions.

Chapter IV..shows the connection between the size of

nder; the pressure ‘of the steam, the velocity of the

he useful work to be done, and the incidental

tances which have to be overcome ; and will show prac-

tically how to proportion the size of the cylinder to the work
it has to do

Chapter V., on the laws of motion, as applied to the

ing parts of an engine, so that the effects of
velocities, and directions of motion, on the

whole may be understood.
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The practical part of the book contains descriptions of
the various organs of which different types of engines and
boilers are made up, and the rules for proportioning them
to their several purposes.

Chapter V1. is on the practical details of the mechanism
employed. « This' chapter will contain illustrations of the
working, parts of various sorts of engines.

Chapter VIL, on a pazxt.of the mechanism—yiz., the
valyes and valve gear—which, on account of its importance
and complexity, requires.a separate detailed description.

Intimately connected with the subject of valve-gearing is
the instrumentywhich is used in practicein order to ascertain
if the valves are effecting a proper distribution of the steam.
This instrument is called the indicator, and it is used not only
for the aboye-mentioned purpose, but ‘also to measure the
power which-1s being exerted by .the engine. The indicator
records the performance of ' the engine by inscribing a geo-
metrical figure called an indicator diagram on a piece of
paper.

Chapter VIIL is devoted to the consideration of indi-
cators and the interpretation of their diagrams, and is illus-
trated“by numerous 'diagrams taken from actual engines,
each of them being remarkable for some peculiarity.

Chapter IX. deals with the means of generating steam
in practice, and contains an account of the nature of com-
bustion; the constituents of fuel, and the various descriptions
of furnaces, boilers, and their fittings,

The subject of the cendensation of steam, and the
various forms of condensers, air and circulating pumps, are
dealt with in Chapter X.

In the chapters containing descriptions of the mechanism
of steam engines, several arrangements, which may be looked
upon in the light of refinements, have been omitted. Most
of these contrivances have been designed with the object

of minimising the losses of efficiency of actual engines, as

compared with those which are theoretically perfect. These
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sources of loss are enumerated at the end of Chapter IIL,
and a special chapter (XI.) is devoted to the various remedies,
and contains an examination into the merits of steam jackets,
super-heating, and the compounding of engines.

Students who approach this subject for the first time, or
those who wish only to acquire a general knowledge of the
construction of engines and boilers, are recommended to
omit Chapters III, IV., V.. and the latter part of Chap-
ter VII.
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CHAPTER H.

Its effects on

1 houons

of heat
ure and volume ras a

ifiition of ‘an 1sothermal—Charle
; —Dalton’s law con-

1 nometer
> laws—
according

pressure

al constant

iture of he

rmal exy
rmi 93

1NSION Ol gas
In-this and the following chaptér it is hot by any means
proposed to go into the study of heat, otherwise than as it

no refer-
will\be ymade to theories” and, phenomeéna lof heat)

bears direc ll\ upon the heat engine. Consequently

than those which affect gases and water ;: nor will any
be made to describe_ the numerous exj eriments

y dwelt upon 1n treatises devoted exclu-

this branch of science. On the contrary, these

Q...xllu will be found to be mere summaries of certain

Nature of Heat.

crted here

necessary to the correct knowledge of the :
Everyone is familiar with the sensations produced by
heat on the human body, as, !m’ instance, when the hand is

water. The agency which produces this sensation is called

exposed to the action of a fire, or plunged into boiling
Heat. The nature of Z?‘:r‘ agency has, ever since the }l?:\n.

sciences were first st , been the ~=.:‘,ﬁ,w t of specul:

b
with natural phil u»n,'h . In the last and the beginning of

the pres entury, hu! was supposed to be a kind of

m:m:cr which differed from all other forms of matter with

which we are acq §, in that it had no w It was,

in fact, supposed to be a subtle and mpor able fluid,

\\}‘;irh\\J\(.:kr.Lfm,'nf spreadin inuat itself

all the elementary particles which constitute -matter;-a1

flving from hot bodies to (uI der ones, no matter

stance apart these bodies might be. This theory ¢

service in its time, in helping pl '!.quin rs to aécoun

many of the effects of heat : it had, however, ulti

be r!w .mht\ hu wise it failed ¢ ltw'u 1er to account

fact t ; itly |

k'\*‘I\'.(‘ fron (nld ]' H“L\ ]!. 1111'11_‘1 them ‘;;L‘I}'._[

is , by the process of friction, cold bodies could be

mé uh, hnl and uml(l be.anade to.communicate heat to a
of other cold bodies. This phenomen

.muu.l ed for] by the |believers' in the material theory of

heat, in the following ‘manner ; /The bodies to be tubbed
possessed in their state of heat, or thermal condi
rre the commencement of the experiment, ¢ i

quantity of the fAuid called heat, which cause

hot as, say; for g\.u: [ e human body.

by saying that the bodies when as warm a

had a certain capacity for heat, i.e. they req 1r

juantity of the imponderable fluid to be al sorbed bet

irticles. in order that they might become :

Now, when 11§k‘ bodies were
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and became eventually hotter than the human body, this
was accounted for by saying that their capacity tA’m?,h‘-i
became diminished by the action of friction rI-m{ is to .Lﬂ_l
.thcy could not, when rubbed, retain the same nmou;n (r)f's‘r;}:
1mponder‘.1l,)]c fluid as before, without becomine l;ouer ‘ ]I}
any experiment.could be-devised which shou]?l p;m'c. that
the capacity of bodies for heat is not diminished by frictﬂ ;
lhen' the material theory of heat would fail to "té(v_'oum“t)'n?
the fact that bodies become hotter when rubhedk =
. ['he first absolutely conclusive experiment \\jhich estab
lished the fact that friction makes bodies hot' while itmdﬂ )
not diminish their capacities for heat. was 11;adc L DOL'S'
In. 1799. His' experiment consisted in i'ubbitm tO"’Ctl)lC‘r :“
pieces of ice till they melted into water, due cqarc ha "“(j
been taken to prevent heat from entering i ; s
other means-than friction alone. -
old theory, the resulting water ougt
for heat than the original ice :

t 1e_ice by any

Now, according to the
it to'have a less eapacity
but.it has been proved over

and over again by experiment that'the capaci

ity of water for

heat is not only not less than, but dbout double that of ice :

consequently the material theoryfailed completely to acc
for'the facts, and Davy, after reasoning on his 'exl‘)crilno“tlllln'
for SOmE years, came to the following kconclu:ionA whi(-hL “75
repeat in his own words :— : o
‘Heat, then, or that power which prevents the actual
contact of the corpuscles of bodies, and which .is the (ale“
of our own sgnsations of heat-and cold, may be deﬁiled‘ ":i
pecg]mr motion, probably a vibration of the corpusel " ‘f
bodies tending to separate them,’ Again, in 1811; ;; O'
thus states his theory :—*¢ The immediate cause c{f {I;C “1“:\
nomenon orf heat; then, is ‘motion, and ‘Lh('z laws otI'J ]i(l::
communication are precisely the same as the ]:1\\'% of th:
communication of motion,’ ' i

Another way of stating = 4] "
y of stating the above is that heat is a form

going further
hat is under-

(')( energy. To make this point clear before
into the nature of heat, we must first define w

Energy and Work.

stood by the term energy and the involved term work, and
illustrate the definitions by examples.

Energy is the power of doing work.

Work is the overcoming of a resistance through a certain
space, and is measured by the amount of the resistance
multiplied by the length of space through which it is over-
come.

The simplest possible example of doing work is to raise
a weight through a space against the resistance of the earth’s
attraction, that is to say, against the force of gravity. For
instance, if a hundred pounds be raised vertically upwards,
through a space of three feet, work is done, and, according
to the above, the amount of work done is measured by the
resistance due to the attraction of the earth or gravity, ie.
one hundred pounds, multiplied by the space of three feet,
through which it is lifted. The product formed by multi-
plying a pound by a foot is called a foot-pound. Thus, in
the above instance, the amount of work done is 300 foot-
pounds. Had the weight been only three pounds, but the
height to which it was raised been 100 feet, the quantity of
work done would have been precisely the same, Le. 300
foot-pounds.

In-Great Britain, the unit of work is—a resistance, equal
to the attraction of the earth upon a pound of matter, over-
come through a space of one foot ; or, in other words, one

foot-pound.

RATE oF DoiNg Work. HoRrse-POWER.

The rate of work of any agent means the quantity of
work which it performs in a given time, and is measured by
the number of foot-pounds done in an hour, or a minute,
or a second.

A gquantity of work equivalent to the raising of 33,000
pounds through one foot. in one minute, ts called a horse-power.
This is the unit generally employed to represent the rate
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of work of a steam en gine, and is adopted to avoid the use

of the very high numbers which would result if foot- pounds

per minute were chosen. Thus an engine which can over-

come resistances equivalent to ru\u.\ 10,000

,000 pounds verti-
cally u]]\' ards through 33-feet every minute is said to be an

engine of 10 horse- POWEr or 10-H.P,
the same weight through the same heig

If the engine raised

ht once every second,
instéad| of every minute, then by the definition

done would be equal to sixty times ten horse power, or 600
H.P. | Hence if 7 = the resistance expressed in pounds,
% = the height in feet through which 7 is overcome, and
7 = the time in minutes whic h it takes to-do thc work, then

the work

The horse-power exerted — :
33,000 % ¢

1s only one special form of doing
eare also many other ways-of doing it. = For
if a carriage be pmlgd dl"n’r a level 1:..1d, it is
well known. that its progress'is resisted by the friction of its
wheels against the surface of the rmd
axles. }IL”(.(. the pulling of sucl
feetly to the definition of doing
overcome through a space,

The lifting of weights
work, but t there
example :

and against their own
d ‘ll]'l"& answers I)Cl
g work, for resistance is thereby

Again, it is wnll undeérstood
the laws of motion that if a mas
be projected upwards it will rise to

‘)_\ those who have studied
as, for L'\'i]ilj:lc a stone—

a certain hu;.n depend-
left the hand. | THelexact
is precisely e qual ‘to the height

ing on the veloci ity with whieh it
height to which it-will rise
through which it must fall,
order that, at the end of ju
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weight raised to a height, and attached to a string passing
over a pulley, is capable, during its fall, of raising another
weight, or of driving machinery, and consequently it also
possesses energy. Again, a body in motion, such, for in
stance, as-a'railway train,is capable of overcoming the fric-
tion-of the brakes for a certain-time till it is brought to a
standstill, and therefore possesses energy, Similarly a pro-
jectile from a modern rifled gun possesses very great energy
owing to the high speed at which it moves, so much so that
before it is forcibly brought to a rest”it can do work repre-
sented by piercing many inches of iron armour. It will be
noticed that there is a great difference between the kind of
energy of which the first'two cases are examples and the last
two. The first two are instances of bedies which, though
themselves at rest, are capable at any moment of doing work.
In the case of the coiled spring its energy was due to the
relative position of its parts with regard to each other and
to the mutual forces acting between them. In the case of
the raised weight, its energy was solely due to its position
with regard to the earth and to the forces acting between
the earth’ and it.This energy, due to position, is called
potential energy, a 'term which signifies that the energy. is
capable of being exerted. The last two instances on the
contrary are cases of bodies possessing energy by virtue of
their motion. This kind has been called actual or kinetic
energy. » The last term, which is-derived from a Greek
word signifying “motion, is, perhaps, the most appropriate of
the two.

Bodies may be possessed of both descriptions of energ
instance, when the raised

at one and the same time. For in
weight of the former exampleé begins to

fall, (it possesses
kinetic energy by virtue of the motion which it has acquired,

while it still possesses potentiz

ry, for it is capable of
falling further still. For ever i

which it descends its
kinetic energy increases, while potential diminishes.

Just as it touches the earth its kinetic energy is a maximum,
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&S

potential has vanished altogether. Thus during

has changed from being all potential into

Moreover, the kinetic en acquired at

the end of the fall is exactly equal in amount to the poten-

tial energy possessed at the commencement. For, before its
fall the mass was capable of pulling up another mass of nearl

ual weight with itself, to the same height above the ground

1 3 Nt Las
n it oc U.’lriu‘.‘ while at the end of the fall it has
1

whi
acquired a velocity, sufficient, if reversed, to send itself back
to whence it came. Moreover, it is clear that at any time
during the fall, the sum of the potential energy left, and the
kinetic energy acquired, are equal to the orig rgy, for
what the one has lost in amount the other has gained.

This is an example of what is called the fransmutation of
energy, by which s meant that the energy is changed from
one form into another, and also of the consert
encrgyy by which is meant that the total energy of the two
bodies—viz. the earth and the weight—is not altered in
amount, but onlyinkind. Tt is one of the eardinal doctrines
of modern science, and one whieh has done more to extend
our knowledge of heat than any other, that energy, like
matter, can neither be created nor destroyed by matenal
agency, but can'only bé transmuted from one form to an-
other. This doctrine is called the Principle of the Conser-
vation of Energy. In books on Dynamics, the principle is
proved by, mathematical reasoning to_be true for certain
cases, and it has, moreover, béen proved by experiment to be
true in all cases which can be tested by experiment. Hence
it is believed to be universally true. The following is a
general statement of the principle.

The energy of any systém of bodies cannot be altered in
quantity by the mutual-action of the bodies’; it can only be
transmuted in kind into one or more of the forms which
€ne

We are now in a position to return to

Heat. and to understand how it is that heat
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energy—i.e. a form of the capability of doing work. For
Davy’s statement is, that heat may be defined to be a pecu-
liar motion of the corpuscles of bodies ; now, we have seen
that matter in motion is capable of doing work, and is
therefore possessed of energy, and consequently if heat be
motion, or the cause of the motionof the ultimate corpuscles
of matter, heat is also a form of energy.

HEAT A ForM or ENERGY.

The reasons for believing that Davy’s’ definition of heat

1S a true one are the following =

It seems impossible to believe that heat is a substance;
for if it be such, then no- theory has yet-been advanced
which can account for certain phenomena, such for instance
as the production of heat from bodies in ‘boundless quanti-
ties by means of friction or other mechanieal action.

2. Heat can always be generated by-doing work upon
bodies. For example, we have seen how' Davy melted ice
by friction. Again, let the student attempt to file a piece
of metal,’ and jafter-a very few strokes of the file, he will
find that both it and the metal have become perceptibly
warmer, and if he continues the action smartly for some
time on a small piece of metal, he will not be able to touch
it without burning his hand. As an example of another
kind of mechanical action producing heat, it/is well known
that a smith can hammer a small piece of iron to a red heat.
Again, if water be allowed to fall several times from a height
into a nonconducting receptacle, and care be taken to pre-
vent the escape of heat, it will be found that after its fall
the water will be warmer than at the commencement of the

experiment. Another and most important example is the
effect of compression upon gases. Tf; for instance, a portion
f air be inclosed together with a piece of easily inflammable

tinder in a cylinder provided with a movable piston, and
the piston be driven down suddenly. it will | und that

]lz'.‘[f a f‘)/h ‘//

the contained air has become so warm that it can cause
ignition of the tinder. Now in all the above instances, unless
we are prepared to admit that energy is destructible, that \
that it can be put out of existence altogether, we are forced
to confess that it is merely transmuted into heat, for heat is
apparently the only thing we have to show for the energy
L'\llL‘!‘.(;L"I in the majority or these exampies.

. The converse of the above is also true, viz. heat can
be lm(h to produce work, and for every unit of work which
it does, a certain amount of heat disappears, and there is
nothing to show for the disappearance of the heat but the
work done. As an example of this, we need only refer

the elementary steam engine described

in the first chapter,
where we saw that the heat of the fire, communicated to the
water contained in_the cylinder, was partially converted into
work done ; for by the agency of heat alone the piston with
its weights was raised to a certain height. The conditions of
this experiment were not such as to enable us to ase ertain
what heat, if any, had disappeared in consequence of the
work done ; but the following modification of the experiment
will render this fact also demonstrable

Instead of holding water, let th cylinder contain a
portion of air of a-certain-warmth, and let the piston, instead
of being loaded with common weights, have a vessel con-
tﬁnin-;\'u quantity of water placed on it.  Then, so long as
the weight on the piston remains constant, and so long 4s no
heat is communicated to the gas from outside, nothing will
happen. 4

If, however, a little of the water be removed from the
can, the pressure of the inclosed air will cause the piston
with its 1pad torise throvgh a small space, and again come
to rest.  For, the air occupying a larger Space in the cylinder,
its pressure becomes diminished by a well-known law, which
will be explained hereafter (see p:
this diminished pressure on the bottom

diminished pressure oi the piston
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closed air (caused by some of the water having been taken
away) then the whole must come to rest. Let now a little
more water be abstracted ; the piston will rise a little higher,
and so on, till the whole of the water has been removed,
when the piston will have risen higher still. A convenient
way of abstracting the water, as fast or as slowly as we like,
is”by.means of a syphon. ' If nowwe have any means for
ascertaining the warmth of the .xir at the beginning and at
the ‘end of the experiment; it will be found to have lost heat
at the end, after-having- done work, measured by lifting the
piston, together with the pressure of the external atmosphere
and the empty can through the whole height, and «Iiﬂchm
;»umoh of the water throu h different heights. Now, unless

this heat has.been spent in effecting internal ut]mn;:;.\ in the
constitution of the gas itself; it must have been spent in
doing the abové work, for no other effects have been pro-
duced. It is of course assumed that in the experiment no
heat has been allowed to escape from the air in the cylinder
to external bodies, or, vice Zersi, 1o reach the air from
external bodies.

Most claborate experiments have been made on steam-
engines-when at work, in which the following quantities have
been measured:—r1. All the heat which enters the engine in
the shape of steam ; 2. All the heat which leaves the con-
denser in the shape of warm water; and 3. All the heat which
escapes during the working of the engine in various ways'y
and it has been foundthat the quantities comprised under
the 2nd and 3rd headings are not equal to but less than
the heat which enters the engine ; so that a certain quantity
remains to be accounted for, the disappearance of which can
only be explained on the supposition that it has been turned
into the mechanical work done by the engine.

From all the above considerations we conclude that heat
is a form of energy. It is further supposed that the special
form which this energy takes is that of a motion of the

Heat a Fornz :'/‘ ﬁ);'i.;:,;""h

molecules which constitute matter. Into the
motion, however, it is not proposed to enter hch'.
hing which we shall toknow 1

is the exact relation between heat and work ; that is to say,
What quantity of heat can be produced by the doing of a
ertain quantity of work, and, wiee zersd, How much work
15 a given quantity of heat capable of doing? Before it is
possible to answer '.':u-w'll' stions, it must first be explained
;-."1.11 is meant by aquantity of heat, and how heat is measured

at u’:“.
MEASUREMENT oF Heatr. TEMPERATURE.

Everybody is familiar with the sensations caused by diffe
rent intensities of heat. For instance, the sensation produced
by plunging the hand into hul ing wateris very different from
that /caused by contact with col Id water taken direct from a
well. The quality of heat which causes these sensations is
called femperature. In the first case the immediate cause of
the sensation experienced was the heat leaving the boiling
water and entering the comparatively cold hand ; while n
the second instance exactly the reverse took place, heat
entering the cold water from the comparatively warm hand.
This communication of heat from one body to another
depends on the differences: between their temperatures ; so
much so that temperature has been defined as follows: *The

temperature of a body is its thermal state considered with

reference ‘to its power._of ‘communicating heat to_other

i‘wiix.\.
f now two bodies be so placed that they can freely com
municate heat to one another, and are isolated from the in-
fluence of all other bodies, then if neither of them loses heat
they are said each to have the same temperature, but if one
of 1"'"-- m loses and the vv!hcr gains heat, then the body which

loses is said to have the highest temper

! See Clerk Maxwell’s Zheory ¢/ Heat, p
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ISIIIIJCI‘JILII'Q‘S are measured and compared by noting
the effects which heat has upon bodies. One of the ln()::t
rcnnu.k(l}’»lc effects of heat is that it expands most sui:ulunr@
to which it is communicated, so that the higher the tempera-
ture the greater the expansion. If then we want to uml
the temperatures of two bodies, we have only to |

2 ; ring each
{ e - ' t} 1 1 ]
Ob them 1 turn mto thermal communication with some

third  substance which expands readily under the action of
heat. i

If care/|be| noyw taken that each of the bodies in turn
remains sufficiently long in contact with the third body, so
that the latter mayacquire, first, the exact temperature of one
of them, and afterwards that of the other, and if its expansion
in each case be carefully measured, then that body which
causes the greatest-expansion has the highes .

: L lemperature.
An instrument des

: !:_'nu.l to serve the purpose of this third
body is called a Thermometer.

THERMOMETERS.

A thermometer for practical use should be portable

readily acted upon by slight differences of temperature, and

difficult to.put out of otder ; it should be furnished with &h
index, or scale, for reading off differences of temperature,
and should always give the same reading on the scale. for the
same temperature, under the same circumstances,  Thérmo-
meters are made. of various substances, but we propose at
present to” deseribe only the one which is in most common
use, viz. the ordinary mercurial thermometer. This instru-
ment (see fig. 10) is made by taking a tube of glass, a few
inches,in length, having a capillary bore; that is to say a bore
of very small calibre. " A bulb is' blown- at one end of the
tube, and while the bulb is warm, so that most of the air it
contains is expelled, the tube is plunged into mercury. The
effect of this is to cool the tube, and, as we shall see after-

wards, 1o reduce the pressure of the air which remains in the
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bore and bulb. Some of the mercury then enters the bore,
and partly fills the bulb. By boiling this mercury while in
the bulb, the remainder of the air is expelled, its place being
taken by the vapour of mercury. If now the open end of the
tube be again plunged into mercury,

both tube and bulb will be completely Fakrnha 1) Contigrade

filled, and while still warm the open 2129 FLo 0 ores
end is closed hermetically., As soon
as the tube and its contents have
cooled down, the mercury will be
found to have contracted, leaving part
of the bore quite empty. The instru-
ment is now ready for graduation.
This is done by first marking on the
tube the position at which the mercury
stands for two different temperatures,
and then dividing the interniediate
space into an arbitrary number of
equal spaces, each of which is said to
represent one degree of temperature.
The two temperatures always chosen
are those of melting ice and beiling
water. “The temperature of melting
ice is always the same, at the varying
pressures of our atmosphere. The
thermometer. is. plunged into_a mix-
ture of melting ice and water, and,
after remaining immersed for some
time, the point at which the mercury

stands is marked on the tube. We
may De certain that we have/ thus
marked the exact temperature of melt-

ing ice ; for if; during the process of immersion, heat enters

Fig. 1

Vo
)

g
the mixture of ice and water, its effect will be simply to

melt some more of the ice, and not to raise the tempe-
rature of the water. This action of heat will be explained
D
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hereafter. It is more difficult to mark the point at whicl
the mercury stands for boiling water, for it is known t}‘( ;
water does not always boil at the same tcm;'mraturc llrlt
fact, thc greater the pressure under which the water 'bo'l:]
the higher-will be its_temperature. (fonsulum;ll\‘ 0 -
day when the barometer stands high, boiling water ilsy h?n -ﬂ
than when the opposite is the case. thet e

It is therefor ’
v : g cfore neces-
R 3 , 3 . -5 D O T )
uy to hix upon some one special atmospheric pressure in
)lmc. to_settle a standard boiling-point, and the pressure

always JAAT g -
; ays adopted’ in’ this country i§ that marked by the

sarometer when the mercury i i ;

: cury stands ight of 29°

ry stands at'a height of 29:gos

mchcs,_rhc temperature of the mercury being that of melting
u:g If then, on a day when the barometer indirratcs lh‘j
ub(;\?,_l)x-csmn'c, the thermometer be immersed in I}IIL' \.lc"'ntl
o{ hn!lmg water, it will be found that the contained m;rc;;r\'
?\'111 rise to a certain point, and remain there : and by m"irk‘-
ing the tube at this place we obtain a point \\'}ﬁ('h) 11\;'1 'S
shews the temperature of boiling water at the smn(hra‘i >r‘ )‘
sure of the-air. This temperature is always fixed :n;d inlv:rz:
able, 50 long as the pressure undér which the water b::ils
remains fixed; for the effect of adding more h;-«u to il s
water is only to turn moreof it into su-:m‘ but nol to mizc*
its temperature. The reason of this will be explained | : =
4 e xplained here-
: Having now got two fixed points on the tube of the
thermometer, we are at liberty to call them by any numbers
) b plc;-..sc, and to“divide the' space between them into any
mn\‘cm_u?[l number of divisions, or degrees, and.to carry
lhgsu dn‘is_u)ns above the boiling and below the l'rcl-;'*nl'
:iumts. aszl;lr as Ehc length of the tube permits. There ari:

iree  modes imbering 1 '
(.‘)umric: i, of numbering in common use ‘in various
L he Centigrade scale, in which the temperature of ice
';<.<*;1llcd zero, or o°, and the temperature ut'l)(»ili‘n;_' water looDL
I'he space between these two is divided into rlmc‘ hﬁm‘rci
equal parts, each of which, if the bore of the tube be I‘ICF(-
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fectly even, is assumed to represent an equal increment of
temperature, and the divisions are carried up above boiling-
point, and down below freezing-point as far as the tube per-
mits. Those degrees below freezing-point are called negative.
This scale of temperature isin common use in nearly all the
countries of the continent excepting Russia.

». The Fahrenheit scale, used in the British Empire and
the United States. On this scale the freezing-point is called
32° the boiling-pomnt 2127 and the intermediate space Is
divided into one hundred and eighty equal parts. The
ow freezing-point, and below this

zero of this scale is 32° bel
zero the numbers are negative.

3. The Réaumur scale is used chiefly in Russia. This
scale differs from the Centigrade, in that the boiling-point is
called 80°, and the space between it and zero or melting ice
is divided into eighty equal parts. This st ale is less in use
than either of the others. Throughout this book the Fahren-
heit scale is the one generally referred to. Whenever the
Centigrade scale is made use of, it will be specially indicated
by writing C. after the numeral showing the number of
degrees. ' Fig. 10 shows the scales of the Fahrenheit and
Centigrade thermometers side by side.

To compare degrees on the Fahrenheit and Centigrade
scales it is only necessary to remember that the freezing-
point on the Fahrenheit s ale is 32° and on the Centigrade

g~

o°. while the number of degrees between this and boilir
point is in the former ) case 180, and in the latter 1oo.
Consequently the length of one degree F. is § of one degree
C. Now the actual number of degrees F. above freezing-
point is equal to the number on the scale minus 32° Let
T stand for the number! of! degrees ‘on(¢ither scale, then
Tl=4(Ty*=32%) and conversely T =%T¢" + 32°

It is not proposed to enter here into the refinements of
thermometer-making, but it will be necessary now to point
out how far the mercurial thermometer may and may not
be trusted, as a measurer of temperature, and what errors

D2
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are inseparably connected with its use, no matter how
perfectly it may be made,

For the mere purpose of ascertaining whether two or
more bodies ave precisely of the same temperature, or for
stating generally in.which of them the temperature is highest,
the instrument is trustworthy enough. It is only when it is

wanted to measure the thermal condition of bodies quanti-
fatively-that its indications ¢an no longer be accepted. For
instance we cannot be certain that a difference of tempera-
ture of one degree between say 32° and 33° in any body
measured on a mercurial thermometer represents the same
difference in its thermal condition as does a difference of
one degree between, say, 200° and 201°.. In other words, if
we heat acertain quantity of water from 32° to 33°% and a
similar quantity of water from 200°.to 201° we cannot by
any means state thatwe have in each operation altered the
thermal condition of the water by the same amount.

There are two reasons for this. . The first has to do with
the thermometer, and the second ‘with the substance of
which the differences of temperature have to be measured.
It will be remembered that the'way in which the length of
degrees was arrived at when making the thermometer was
by dividing the space between freezing and boiling point
mnto 180 equal divisions, each of which was called one
degree of temperature. Now in order that each of these
degrees should represent an equal increase of heat.of the
mercury-we should have to prove that if we add successive
equal quantities of heat fo the mercury, we thereby expand
it by each operation by an absolutely equal quantity, Now
we have no right to assume that this is the case, for the
actionrof heat in causing some bodies to expand is: known
to be mostiirregular. - If, for instance, the thermometer had
contained water instead of mercury, then, commenc ing at
freezing-point, it is known that the first effect of increasing
the temperature is to cause the water to contract. This

contraction would go on till the water had reached the tem-

Defects of Therntomelers.

f about 39°, after which further additions of heat
perature of about 39°% after which further addit

* cr - | a1 .'4.“

would cause the water to expand. In the same way, careful

IS Va3, CArSto,
experiments made with mercury have proved that its rate of
: = -onsiderably oreater than
expansion at high temperatures is considerably ...‘.L.l.gry u.{

‘ for equal increme s of heat ; consequentty the
at low ones, for equal increments of he L
errors in the high part of the scale become considerable.

The second reason has only to do with the substance
f which has t : measured. Even as-
the temperature of which has to be measure e
vere e ~ *CL, WE Shoull

suming that our thermometer were quite periect -
: ; If e e quanti-

still be unable to use it by itself alone to determine quan

“' 1 7 ies : for the thermo
tatively the thermal condition of bodies ; for the

irst i ! v the tembperature of its
meter in the first instance shows only the temperature .
- it h its degrees might be so marked
ywn mercury, and though Iits degrees mignt §
¥ < Wiy Ny 1 i 2 :'1. e g
that each successive one would correspond with succe

f t he mercury, still it does
siver equal additions of heat to the mercury, st

1 i n f the substance
not follow that this would also be true of the ubstance

whose temperature had to be ascertained.

On the contrary,

' 1$ water, show that
experiments on some substances. as water,

it takes more heat to raise their témperature by one degree
at:the high part of the scale than at the low part. e

This last remark leads us at once to the object of a .
experiments on | thermometry; Wviz. the lm‘i\?“lv’m‘lem,-;)t,
quantitiés of heat. Tt might at first be supposed:that the

me thing as the

measurement ol t¢ Hll'\ rature was ”l(' Sa : ”
neasu - : : e ol v -
measurement ot l]lld!‘:'\li‘\‘l'l heat, but an ¢4 Y €XK nmentwi

1 "
i 1ot the case. Take two vessels, One con
prove that this.is not the case. lake

¢ live o1l
nound 'of water and the other a pound of olive oll,

15 » -
t;l‘[]}lll ﬂ.lml«i having the temperature of the air .ur.ih%‘ ’r\n
say 252  Take also two pieces ol copper, €ac n‘ W I..,‘i.nv. \
i'(;\ll.ﬂlk For the purpose of the experiment sheel COpper
about oné-sixteenthyonan inch' thick is best'; 1 r conveni-
ence sake-it should be bent round nearly to the form ,nl a
cylinder. Bring each ! 0 a certain ‘.' gh ﬁu_”:'
perature. This is best accomplished by f'nll}.‘.‘._‘ them for a
short time in water, so that their temperature !‘ci omes 21
Next, plunge one of the pounds of copper into the pound of
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water, and the other into the pound of 0il. The two liquids
will of course receive heat, each from its own plece of
copper, and they will therefore rise in temperature. Let
the rise in temperature be carefully noted by means of two
identical thermometers, one immersed in the water and the
other in the oil. ( As/'soon-as the mercury in the two ther-
mometers has ceased to rise, we.may assume that the pieces
of copper have parted with their surplus heat, but it will be
found that the temperature of the water is 68%°, while that
of the oil is nearly 92°. Here then we have a pound of
copper at 212% which ‘is only capable of heating a pound of
water, having the original temperature. of 55°, up to 685°,
In other words, while the copper haslost 212° — 68}°= 1434°
the water has gained only 684° — 55° While in the
case of the oil, the eopper has lost 212° - 92°=120, and the
oil has gained 92°—55°=37% Now the amount of heat
lost by the copper-in each case is of ‘course exactly equal to

2l
135

that gained by the water in the one instance, and by the oil
in the other; therefore it is-evident that it takes less heat to
raise the temperature of the oil by 37° than it does to raise
that'of the water by 134°, while the same quantity which
suffices' to produce this latter effect upon the water is compe-
tent to raise the temperature of the copper 1435°.

These figures show conclusively how very differently the
temperatures of different bodies are affected by different
quantities of heat.

Specific, Heat~—The amount of heat which a body of
unit mass absorbs in order that its temperature may be raised
by one degree ; or, @ice versd, the amount of heat which the
body parts with while its temperature is lowered one degree,
is called its Capacity for Heat: '

To _compare this. quantity for different bodies we must
first fix upon some unit of quantity of heat. The unit
generally adopted in Great Britain is the quantity of heat
required to raise one pound of pure water from the tempe-
rature of 39°to 40° ; or, vice versd, the quantity of heat

Specific Heat.
in cooling from 40° to 39° It is

parted with by the water in cooling from 40” to 39
necessary thus to specify the temj
eed most bodies, have different capac :
This quantity of heat is called the

erature, because water,

ities for heat
and indeed

at different temperatures.
British Thermal Unit.
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The capacities for heat of other
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The ratio of the quantity of heat req =
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quired to raise an equal weight of wat s [Gepre
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Let M be the mass of one of the bodies.

M’ be the mass of the other body.

P be the temperature of the body of mass M.

T° be the temperature of the body 1.)t mass M.

S be the specific heat of the body ()l-lﬂﬂﬁi M.

1y of mass M'.

S’ be the “[)L'(‘ili(' heat of the boc
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pounds, is M.S (T° - ¢ )- \nmlml\ the quantity gained by
the other body is M.’ S’ (6°—T"°), and since these two quan-
tities are equal, we obtain the equation

M.S. (T°—6°)=M".S". (6°=T"°).

This equation. is only trite-provided the whole effect of heat
upon bodies is the chang ging of their temperatures ; but it is
known that this is not 1lm only effect. We shall afterwards
see-that a Jarge quantity of heat may be added to bodies
without chﬂnwm" their temperatures in the least, and that its
effect is-in these cases to ch ange the state of constitution of
the body ; as, for instance, w th ice of 32° is changed into
water of 32° or water/of 212° o hanged into steam of 2y2°,
For such cases, therefore, as the mixing of ice and water
together, the above equation’ does not hold good. The

equation is also only true on the supposition that the specific *

heat of bodies is the same at all temperatures. This also is
not, strictly speaking, true, but for ordinary purposes the
error thus-introduced. m: 1y be neglected,

MEcHANICAL EQUIVALENT OF HEeaT,

Having thus examined the question of the measuremerit

f heat, we are now in a Position to revert to the subject of
the equivalence of heat and energy.” What we want to know

s, firstly, how much heat can be got by the doing of acer-
tanquantity of work. | The/ converse question, viz,, how
much'work can ‘be got out“of a certain quantity of heat, is
of a more complicated character, and its disc ussion must be
postponed till the following chapter

The first n,l.uuun Was accurately settled e Apernment: .“\
by Dr. Joule, ‘of Manchester. He conducted an mmense
number of experiments on the friction of various solids and
liquids, and on the compression of gases. His experiments
on the friction of fluids were carried out in the following
way. The work was done by causing a known weight to

(=
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descend through a given distance ; the weight during Its
descent caused, by means of a suitable mu'lmmim. a ]n.n‘.(':h;
to revolve inside a closed vessel filled with the ]l'-llllll to be
experimented upon. This paddle, by agitating the contents
of the vessel, produced friction between the ;‘u;lrtlj’lcs'ff[ the
liquid, the walls of the vessel and the paddle, which friction
would of course be converted into heat, and would raise
the temperature of the vessel and its contents, (_‘:lrgn:l
allowance was made for the resistance caused by the friction
of all mechanism exterior to the vessel, and also for all the

}

heat which escaped into the sides of the vessel or into the

L
1

air. The temperature of the liquid was carefully noted, first
before the experiment commenced, and next ;lhcl‘.(m‘ weight
had descended through a given distance. The rise of tem-
perature multiplied by the mass of liquid, multiplied by its
specific heat, gave, after .mmz., all allowances, the quantity
e ; gave,

of heat generated by the descent of the weight.

The result was that a.quantity of work n;;'jrc\x;‘z«;d !.}-.
772 foot-pounds is capable, when all converted into heat, of
N fos - g ] sy
raising the temperature of a pound of pure water, weighed
n vacuoy and having the temperature of 50°% through one
legree Fahrenheit. -

In other words : Z%e British Thermal Unit is equtvalent

) 772 foot-pounds of work. This number is called the me-
chanical equivalent of heat.

I'his result has been fully confirmed by numerous other
experiments; made on various substances and in various
ways, ahd it"constitutes by far the most important practical

iscov ery which has yet been made in the science of heat.
Another way of putting the above resultis this. If a pound of
er be allowed to fall in vacuo down a height of 772 feet,
and if all the heat 'generated by its impact at the end of its
cent be collected into the pound of water, its temperature
will be raised one
The equivalent of the units of mechanical work in

thermal units can now be readily expressed. For example,
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one foot-pound of work is equivalent to »iynd part of a
thermal unit. One horse-power exerted for a minute, or
33,000 foot-pounds, is equivalent to 42'74 thermal units.

It might at first be supposed that if by doing 772 foot-
pounds_of work on-a_pound of water, we thereby raise its
temperature one degree, the converse of this must also be
true, viz, that by cooling a pound of water by one degree we
should thereby be enabled with a suitable apparatus to do

72 foot-pounds of work. It will be seen hereafter that
this is not possible ; but before this question can be

thoroughly understood we must examine into the effect of

heat upon gases and water, as it is in_general through the
medium of these substances that heat is converted into
mechanical effect.

Ture ErfFect oF THE APPLICATION-OF HEear 10 Gas.

The effect of heat upon water has more to do with the
stibject-matter of this book than-has its effect upon gases ;
but as steam is an imperfect gas, and as the laws which
govern the behaviour of ‘gases are much simpler than those
forwater and steam, we will commence with the subject of
£asScs. f

Gases differ from solids and lig hids in that they have
no tendency to keep to any fixed funn and volume. A small
portion_of gas if introduced into a closed empty vessél will
at once expand, so as to fill the whn]c of il. and \\'ill press
with a certain equal pressure
the containing surface of the \uwl. If 1;) any means th
vessel be enlarged, the gas will expand still further, so as to

fill it completely as before, but its density or weight per unit

of volume will be less; and the pressure which it exerts
against the sides of the vessel will also be less.

Take for instance a cylinder closed permanently at one
end, and containing a movable piston, by means of which
the volume of the portion below the piston can be changed
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at pleasure. Let the area of the horizontal section of the
cylinder be one square foot, and let the piston, which is sup-
pmul to be without weight, be placed at a height of one
foot above the bottom of the cylinder, so that the space
beneath it is filled with one cubic foot of gas or air at the
ordinary temperature and pressure (say 14'7 1bs. per square
inch) of the atmosphere. The volume of the air is now one
cubic foot ; and its pressure is 14°7 Ibs. per square inch, or
21168 lbs. per square foot. Next, let the piston be raised
by hand to a new position, two feet from the bottom of
the cylinder, the temperature of the inclosed air being
maintained constant. The volume of the air is now doubled
or- two cubic feet. If we had a proper instrument for
measuring pressures, we should find that the pressure
per square foot s only half what it was before, or 105574
per square inch, and as the same weight of air now occupies
twice the original bulk, its weight per cubie foot is halved
If instead of rmaising the piston we had weighted it, or
pushed it down to within half a foot of the bottom of the
cylinder, and if we had taken care to keep the temperature
of the inclosed air constantly the same, we should thus
have halved the volume, which would now be half a cubi
foot ; and doubled the pressure to 42336 1bs. per square
foot, and also doubled the density or weight per cubic foot.

These facts are expressed generally byBoyle's law of the
pressure and volume of gases, which. is as follows :

The volume of @ portion of gas varies inversely as e
pressure, so long as the temperature is constant.

This law may be expressed in other words as follows:

The product of the pressure m ultiplied by the volume of a
portion of gas @ a constant quantity, 'So leng as the tempe-
rature is constant.

If we remember, that in the above experiment the weight
of the gas per rvhu foot diminished in proportion as the
volume increased, we may express the law otherwise thus

The pressure of a gas 13 proportional {o ifs denstty.
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If P represent the pressure in any units, say in pounds,
per square foot, and V represent the volume in cubic feet,
and C is a constant quantity, to be determined experimentally
for one particular case, then the algebraical expression for
Boyle's law is

PXYV=€_or ]’:t;.

GRAPHIG REPRESENTATION OF BovLE's Law.

The law may be exhibited graphically in the following
manner, Takea line OV, fig. 11, along which volumes are
measured to any scale ; and
a line OP at right-angles to
OV, ralong which pressures
are .measured, likewise to
scale. - Now, reverting to the
former experiment, measure
off along OV a distance Oz to
scale, representing the original
volume of the air beneath the
piston, viz. one cubie foot,
and draw @A at right-angles
to Oa so as to represent to

scale the original pressure,

then the product of this vo-
lumé and pressure is represented by the area of the rectangle
OaAp, which is the cor

viz. 2116°8 lbs. per square foot,

r

1stant quantity in the above equation.
Next draw O/ to represent the volume in the second stage
of the experiment, viz. two cubic feet, and 4B to represent
the corresponding pressure, viz 1o 587 1bs. per square foot
Then‘the produet of these two quantities isrepresented by the
rectangle O4Ba which is equal to the original rectangle OzAB
because its base 0 = 20a, while its height 4B = .(1\
Next, for the third stage, measure Og equal to half a cubic

foot, and ¢G equal to twice the original pressure, or 42336
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Ibs. per square foot. Then the product of this pressure fmd
volume is represented by the rectangle OgGy, which like-
wise is equal to the original rectangle. In a similar way we
can obtain the point D such that the rectangle Od x 2D equals
the original rectangle, and similarly any other number of
;:«._-m!,\.‘ Now, a curve drawn through the angles GAB D
&e. of any number of rectangles of equal area, arranged as
in the l’u\vurr is called a rectangular hyperbola ; and not
merely for these points, but also for every other point along
the curve, the condition holds good, viz that the rectangle
formed by drawing perpendiculars to the lines OV and OF
is equal to the original rectangle

If we designate all lines measured parallel to OV by the
symbol #, and all mrrnpund ng lines measured parallel to
OP by the symbol #, then it is evident that the curve GABD
is expressed by the equation pz=4¢, in which ¢ represents the
area of the original rectangle. This equation corresponds
exactly, in form, with the equation used to express Boyle's
law. The lines OV and OP are called respectively the axes
of volume and of pressure ; they are also what are called the
asymptotes of the hy perbola GABD.  The lines drawn from
any point on the curve, perpendicular to the axes, are called
the ordinates of the point.

IsoTHERMAL LINES

We see! therefore, that! the/ volume and pressure of
portion of gas, when exj yanding or being compressed, the
temperature remaining always the same, may be represented
graphically by the ordinates of an hyperbola. Such an hyper-
‘lm]:‘l as hn\'in-t been 'drawn ' is calledcan ssothermal line
of expanston or compression - of a 'gas, orbriefly an isothermal.
This term, which is derived from two Greek words signifying
eoual and heat, signifies that the temperature s constant
tﬁruughr_uzt the expansion or compression represented by the

line.
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The system of representing graphically the varying
pressures and volumes of a portion of gas, by means of :1
line should be carefully marked, for it is, as we shall after-
wards see, the basis of the graphic representation of the
working of all gas or. steam engines, called indicator dia-
grams. '%'hc method may also be used in many theoretical
mvestigations connected with the expansion of gases and
steam under different circumstances, in place of (:o‘mplic:uud
algebraical expressions, or also to supplement and explain
these latter.

Lffect of varying the lemperature of a gas—Let us now
revert to the cylinder of the previous experiment, the
piston being, as- before, one foot above the bottom, and
the air beneath it beingat the pressure_of the atmosphere
but at the temperature of melting ice. ' Let us now hc;ti‘
the air by any means so as to bring it up to the tempe-
rature of boiling water. | During the rise of lcmpcr;uu.rc
the piston will gradually ascend, and when the tempera-
ture of 212 has been attained, it will have risen to 366 t\:ét
or 4'39 inches above. its original position, and will remain
there so long as the temperature is maintained at 212°% and
the ‘other circumstances continue unchanged. \

If the piston had not been allowed o rise, but the air
beneath it had been heated as before up to 2[2:"“5 pressure
would then have increased from 1 to 1'3654 ;11111031»}3@;@—
Le. from 14°7 to 2008 lbs. per square inch. During .thc
first of these operations the air is said to be heated ata(’f.)w
st‘xn'l‘prcssurv. and during the second at constant volume.

I'he fact that air, and indeed all gases, increase in bulk
\\.'hcn heated from freezing to boiling point by a fixed frac-
tion (which isnearly the same for every gas) of their m'iqi‘rﬁl
volumes at freezing-point, was first discovered in France l;\'
("!mrlgs. Hence the numerical statement of the amount of
the expansion is usually called Charles’ law. The dilatation
of gases was afterwards investigated more completely by
Dalton in this country, and by Gay Lussac in France - h'cnc;;
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the statement is also often called the law of Dalton and of
Gay Lussac. Though both these philosophers agreed as to
the total increase in the bulk of a gas when raised in tem-
perature from 32° to 212° there was, nevertheless, an im-
portant difference between them in investigating the increase
for each individual degree between these two temperatures,
Gay Lussac’s view was that the increase for each degree
is a certain fixed quantity, which quantity is a definite frac-
tion of the volume at any temperature. Thus, if V, be the
volume of the gas at o° and V the volume at any other
temperature 77, and if @ be the fraction of V, by which the
volume is increased for each degree of rise of temperature
(commonly called the coefficient of expansion), then,

according to Gay Lussac,
V=Ng4 2a. V= Vol(r + /(I).

The total increase in volume between 32° and 2127 Is, as
stated above, in the ratio of 1 to 1°3654, and the increase per
degree is therefore 3654 =+ 180 = "00203. If the original
volume be taken at o°, the corresponding increase per
degree = '00217.

In a similar manner, if the volume of a gas be kept con-
stant and it be heated from 32° to 212% the pressure will
and the increase

be increased in the ratio of 1 to 173054,
S b by
13

per degree of temperature will Be as before, “cozo3. This
experimental  result_can_also be deduced by the-aid of
Boyle's law from the known' increase of volume when the
temperature is raised and theé pressure kept constant. For,
let the pressure be P and the original volume at 32 be V.
When heated to 212° at constant pressure the volume
becomes |V X 173654, Let the gas now be compressed at
the constant temperature 212° back to'its original volume,
and the pressure by Boyle’s law will become P s 1\;\;05.;
=P x 1'3654.

According to Dalton, however, if @ be the coefficient of
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expansion for a rise of one degree from 32° to 33% so that
the volume at 33° =V+aV; then at 34° the volume
becomes (V+aV)+a (V+aV) =V (1+4a)* and at '35 it
is V (1+a)®and so on. In other words, a gas at a given
temperature; say 507, for a rise of one degree, say to 51°
increases in bulk 'by a fixed fraction of its volume at 50°
and not of its volume at 32%—as stated by Gay Lussac—
and so on for any other temperature. It will be seen that
there is a most important difference between the two laws,
and many of 'the theoretical calculations relating to steam
would be largely modified by the adoption of Dalton’s
instead \of Gay Lussac’s statement. It might have been
thought that the question of accuracy between the two
could be easily settled by experimental investigation, and
the subject has naturally received much attention at the
hands of Regnault, Stewart, and others. It is, however, not
possible absolutely to prove the truth of either law experi-
mentally, because, as we have seen, no/accurate experimental
method exists of measuring temperature quantitatively. The
experiments above referred to ‘are, however, generally
accepted as proving that Gay Lussac’s statement is the
nearer to truth of the two, and, in conformity with this
generally reeeived opinion, his law will be made use of
throughout the remainder of this book.

It should here be stated that both Boyle’s and Gay
Lussac’s laws are only true for perfect gases, — For actual
gases Regnault has found :

1. That the product P xV is not quite constant, especi-
ally for those gases which can be liquefied.

2. That the coefficients of expansion of air and other
simple and compound gases are not quite identical.

3~ That the coefficients of expansion of all gases, with
the exception of hydrogen, increase somewhat as their
density increases.

4. The coefficients of expansion of all gases become

more nearly equal to each other as their pressures diminish,

Air Thermometers.,

THE AIR THERMOMETER.

One of the most important practical
deductions from the above laws is the con-
struction of the air thermometer. There
are several reasons why air, or any other
cas, is a better substance for measuring
temperature than any liquid or solid.
Foremost among these is the fact, that no
two different liquids or solids will agree
when used for measuring temperatures
other than the two originally selected
temperatures, which are invariably those
of freezing and boiling water. On the
othér hand, air and all gases, when at the
same pressures, will expand by almost
exactly identical amounts when subjected
to the same temperatures. Anotherreason
for preferring gases to other substances
for thermometrical purposes is. that the
specific heats of gases remain the same
at all temperatures. .

Without going into the question of an

thermometers in actual use, a very simple

theoretically possible form of such an in-
|

strument will now be described for the

purpose of illustrating whatis meant’ by
(4 A‘.‘lr’,‘," ralure.

Take a tube with a uniform bore, and
inclose in it a_portion. of air or other gas,
in such a way that, at the temperature of
melting ice, the air will occupy a space
of one foot measured from the bottom

and will be separated from

re by an air-tight piston,

:

which, however, 15
E
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free to move up and down the bore of the tube (see fig. 12).
The pressure on the inclosed gas is to be maintained
constant. If, now, the tube be exposed to the steam of
boiling water, the inclosed air will expand, causing the
piston to rise to a point 1-3654 feet above the end of
the tube., A mark at this point will indicate the tempe-
rature of 212% | If we-divide the space between this and
freezing-point, viz. ‘3654 feet, into 180 equal divisions,
each of these will, if Gay Lussac’s law be true, represent
one degree Fahrenheit. Hence we see that for each degree
of rise of temperature the volume of the gas inclosed in
the thermometer increases by a- fraction of its original

volume at 32°=

ABSOLUTE TEMPERATURE,

If we choose we canmow extend these subdivisions below
freezingand above boiling point as far aswe like. Asthe space
between freezing and boiling points, viz. *3654 feet, contains
180 divisions, the space below freezing-point to the bottom
of the tube, viz. one foot, will contain 492°6 divisions ot
degrees. | In othér-words, the bottom of the tube .is
49276°—32°=460'6° or in round numbers, 461° below
zero. As we shall see hereafter, great useis made in thermo-
dynamical calculations of the above fact.

This point has been called the adsolute zero of tenpe-
raturé; and the first eonclusion ‘which would be deduced
from the foregoing would be, that by depriving a portion of
gas of all its heat we should thereby reduce its bulk to
nothing. It is needless to say that all reasoning as to the
condition of a gas when deprived of all its heat is mere
speculation, as we have no experimental knowledge of the
subject whatever. Dalton’s law, it will be observed, would
lead to quite other conclusions. It is, however, very con-
venient in calculations respecting gases to measure tempera-

Absolute Temperature.

ture from the absolute zero, instead of from the zeros of any
of the scales in common use. Temperature thus measured
is called absolute femperature. o convert temperature
measured on Fahrenheit’s scale to absolute temperature, we

13 ’ T » absolute
have only to add 461° to the reading., Thus the absolute

temperature of boiling water would be 461°+212°=673°.
/

Combination of Boyle's and Gay Lussacs laws.—Let V,
be the volume of a portion of gas at the pressure p and the
temperature o°, ‘

Let V be the volume at any other temperature #°, the
pressure remaining 2.

Thenby Gay Lussac’slaw V=V, (1 4 a/) ". Vy=

Now by Boyle's law the volume V/, at any pressur
'.L'lnlit_rllt'-“l," #, multiplied by its pressure p', equals the
volume at pressure g, and same temperature £, multiplied
by its pressure p,

= ’ : + I+ al
or, \ p = Va (1 4 af )= Y i
Now by reference to the description of the air thermometer
and the definition of the absolute zero, it will be seen that
1+a?' and 1+ af bear the same relations to 7/ and ¢ that
the absolute temperatures do to the temperaturés on the
Fahrenheit scale ; therefore writing =' and r for the absolute
temperatures instead of 1+a/" and 1+af, we get the very

simple _equation

or in other words, #4e e volume and pressuve f
a portion of gas is proportional to the absolute temperature,

" The above equation will be found of the greatest use in
solving all questions as to the varying volumes, pressures
and temperatures of I
any one temperatur

The same result n A:
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way by the mere inspection of the air thermometer, for this
latter is nothing more nor less than the record of a series of
experiments on the varying volume of a portion of gas when
llk pressure remains constant and the temperature changes

The varying volume is in fact the exact measure ot'thc
varying temperature. Hence the product of the pressure
and volume 1s exactly proportional to the length of the
column of gas—i.e. to the absolute temperature. Now there
Is'no reason why any one pressure should be chosen rather
than any other, hence the above statement is perfectly
general.

Ll specific heat of gases.—The specific heat of a gas, is,
in accordance with the definition on page 39, the ratio of
the amount of heat required to raise a given weight of it one
degree in‘temperature, to the amount required to raise the
same weight of water one degree. ' In heating a gas, it is
possible to do so when the volume is kept constant, or the
pressure constant, or partly in the one way and partly in the
other. The first two cases are the most important. It will
be seen that, if the mechanical theory of heat be true, it will
take more heat to raise the gas one degree in temperature
when, the pressure is kept constant while the volume is

variable than in the reverse case. For, take a cylinder closed
at one end, having a section of one square foot; and confine
a cubic foot of gas in it, by means of a piston free to move,
The cubic foot nr gas has then to sustain the pressure due
to the weight of the atmosphere ])lu« the weight of the
piston. \When, therefore, the inclosed gas-1is hmzul and

expands, the whole weight of the atmosphere and piston is
raised through a certain space, and work is done. Conse-
quen itly, the heat supplied to the gas is partly expended jin
faising its tunpgr‘mm and partlyin doing external work.
Now; in the case of heating a

t constant \o!umc. the weight
of the atmosphere is not raised at all, and no external \\';;rk
is done, and therefore less heat is required in this than in the
former case.
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The ratio which these two specific heats of a gas bear
to each other can be easily ascertained. Reverting to the
<:_\'Iim' , let the cubic foot of gas be at the temperature
of 32°% .md let it be heated till its volume is doubled. To
do this the temperature must be raised, according to Gay
Lussac’s law, by 492'6°.

Now, according to Regnault’s experiments the specific
heat of gas—say air—is, when heated at constant pressure,
02375, therefore the quantity of heat in thermal units re-
quired to effect the above operation is equal to the original
weight of the cubic foot of air at the atmospheric pressure of
147 Ibs. per square inch, and temperature of 32° mul.
tiplied by the rise in temperature, multiplied by the specific
heat. Now the weight of the cubic foot of air, under
the above circumstances, is ‘o8o7lbi ~The rise of tempe-
raturé i8 492°6° and the specific heat is 02375 ; therefore,
the quantity of heat required is,

0807 % 492°0 % 0'2375=0"422 thermal units.

Now: the external work done during the process is equal
to the weight of theé atmosphere, viz. 14'7 1bs. per square
inch, resting on the surface of the piston, viz. 144 square
inches, multiplied by the height through which it is raised
viz. one foot.

=147 X144 X 1=21106"3 foot }.nundx
- e ) 2116’8
Now 21168 foot-pounds is equivalent to =274
/
Q

thermal units. Therefore, of the above quantity of thermal

units 2'74 have been expended in doing external work, and

9422 —274="06"682 thermal units

represent the quantity of heat expended in raising the
temperature of the air, 1 rrovided that no other effect has been
produced by the heat.

Now, before we can establish a ratio from the above data

between the two specific heats, we must ascertain whether




54 The Steam Engine.

heat has been expended in any other way than in doing
exteérnal work, and in raising the temperature of the mass of
gas. Itwill be noticed, that the gas, at the end of the above
experiment, is in a different molecular condition to what it
was at the commencement, the particles composing the gas
being much further apart. It might be thought that part of
the heat was expended in effeeting this molecular change.
Whatever may be the case with other substances, it has been
experimentally proved by Joule that no heat is expended in
this way in the case of the permanent gases. The experiment
consisted in warming a mass of gas in a closed vessel, and
then, by opening a cock, allowing thc confined and heated
gas lo-expand into-another vessel, in | communication with
the first, and which was in a condition of vacuum. In this
cas¢ the gas evidently expanded without doing-any work ;
therefore, no heat was consumed-.in this way. At the
end of the experiment  the temperature was found to be
unchanged, showing-that no heat had been expended in
altering the distance apart of the particles.

Reverting now'to the original experiment, we see that
the only effects produced when the gas was heated at con-
stant pressure were :—1. The doing of external worky 2. The
raising the temperature of the mass of the gas ; and 3. The
further separation of the particles of the gas, We have
seen that the last effect required no expenditure of heat
at all; and consequently we may beisure that the above-
named quantity of 6°682 thermal units represents the
amount of heat expended in raising the temperature of the
gas.

If, now, the mass of gas be heated at constant volume
instead of at constant préssure, no external work is done,
and no separation of the particles takes place, and the whole
heat is expended in raising the temperature of the gas. The
quantity of heat required for this purpose is, as we have seen,
only 6°682 thermal units. The specific heat of the gasat con-

stant volume is, therefore, less than the specific heat at con-
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stant pressure in the ratio of 6682 to 9422, and rf.x*.\‘:;u;m-znl‘y
the numerical value of the specific heat at constant volume is

0237 X o'.ms: =0'167.

9’422

Our knowledge of the specific heats of various gases is
derived chiefly from Regnault’s experiments, which were all
made upon gases at constant pressure, The c\llclllncl.ﬂ;ll
determination of the specific heat at constant volume is a
very difficult operation, hence it is usnally derived theoreti-
cally from the specific heat at constant pressure in the manner
explained above. Though the true value of thc.r.xtm of zh‘c
two specific heats has not been confirmed by direct experi-
ment, still it has been assumed in calculations, such as the
theoretical determination of the velocity of sound in air ;
andas the calculated velocity agrees practically with the result
of experiment, we may assume lll.ll.!)’:(' value for the ratio has

been indirectly confirmed by experiment

Tue Erfecr oF THE APPLicaATiON oF HEAT TO WATER.

Having thus briefly considered the effect of heat when
applied to gases, W¢ must now consider 1ts C“.‘” on water.
This latter is the more complicated subject of.the two, but
is at the same time of the greater importance in the
study of the steam’ engine.

It will be convenient to commence with the solid form of
water of ice at the temperature of ‘o°F. In this condition
the specific heat is about o5, that is, it takes half.as much

t
heat to raise a pound of ice one degree In temperature that
}

to raise the same weight of water by the same
amount:  To, raise the temperature of the ice up to
requires then 32 Xo'5=16 units of heat., At this t
‘ture its volume ompared with water at its maximum d
sity is as 1°09o3 to 1. ‘
' If we continue to heat the pound of ice at 32 it will

begin to melt, but the temperature will remain stationary
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till the whole of the ice is turned into water. To effect
this transformation 144 units of heat must be supplied,
equivalent to 144 X 772 = 111,168 foot-pounds of work.
In other words, it would require as much heat to raise
a pound of ice at 32° through a height of about 21
miles, as it does to conyert it into water of 32°% As
the temperature remains stationary during the melting
process, the question arises—what becomes of the heat
which has been expended. The eatly discoverers of this
phenomenon, being unable to account for the heat thus
apparently lost, invented the theory that it had become
latent, or concealed in the water, and, in accordance with
this theory, it was said ‘that the Jatent /feat of water was 144°.
In accordance with the mechanical theory, it is recognised
that the heat thus expended is spent in.doing internal work
on the particles of the ice, which results in their cohesion
being overcome so that the condition of the ice is changed
from the solid to the liquid. state. ~We should say, there-
fore, that 144 units of internal work, or of latent work,
are done upon the ice in order to transform it into water.
The term,internal or latent work, is used in contradistinc-
tion to the external work, which, as we have seen before,
a body can perform when increasing in volume under the
influence of heat.

It should here be noticed how enormous are the internal
forces which have to be overcome in changing the molécular
condition of the ice from the solid to the liquid state. The
111,168 foot-pounds of work necessary to effect the trans-
formation in a pound of the substance being equivalent to
about 505 tons raised one inch high. At the same time,
the volume of the water is slightly less than that of the ice
from which it was formed, being in the ratio of 1°0go8 to
1'000127, thus showing that there is no great change in the
distance apart of the molecules.

If we continue to apply heat to the water, its effect is to
raise thé temperature till the boiling-point is reached. This
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point being 180° above the temperature of melting ice, the
number of units of heat required to accomplish this rise in
temperature would, if the specific heat were unity through-
out the whole process, be 180. As, however, the specific
heat is only unity at 39'1° and after that increases slightly
with the temperature, the actual number of heat units re-
quired has been found to be 1809. During this rise in tem-
perature the volume of the water decreases slightly to 39°1°

the point at which it is reckoned unity, and after that in-
creases with the temperature till it reaches 104315 at 212%

The further application of heat to the water will not
increase its temperature, so long as the pressure is that of
the atmosphere, but will only result in the formation of
steam of atmospheric pressure. In other words, the water
will boil and.-will continue to.doso till it is all turned into
steam. To effect this change from water of 212° into steam
of the'same temperature, 9657 units of heat are required,
equal to 745,520 foot-pounds. That is to say, to turn a
pound of water having the temperature of 212° into steam of
atmospheric pressure, heat has to be supplied to it, equi-
valent to the work involved in raising the weight of water up
1o a height of about 146 miles, or, in raising about 346 tons
a foot high. When the whole of the water is turned into
steam its \olmm. is about 1650 times that of the water from
which it was formed, and in this state it 1s called dry satu-
rated steam, and in many-of its qualities it resembles a gas.
Its temperature is the same as that of the water from which
it was formed, viz. 212°.

If more heat be added, the pressure remaining that of
the atmosphere, the temperature of the steam will rise, and it
will become what is called superheated, which means that it
is of higher temperature than the water from which it was
formed. The specific heat of steam is only 0’4805, SO that
for every unit of heat now supplied to it the temperature will
rise 2208, and the volume will also increase directly as the
absolute temperature.
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Just as in the case of the liquefaction of ice, so with the
vaporisation of boiling water, the ¢635*7 units of heat which
have been supplied for this purpose, and which produce no
effect on the thermometer, have all been expended in doing
work. Part of the work so done is internal or latent work
expended in overcoming the molecular resistances of the
water, and. part is t\lmndud in doing external work against
the pressure of the atmosphere. To make this point clear,
and to show how much heat is spent in each of these sorts
of work, suppose a cubic foot of water at the temperature of

2° to be inclosed in a cylinder of indefinite length and of
one square foot in section. Suppose the water to be covered in
by a piston without weight, and free to move. The pressure
of the air on this piston will be 14'7 Ibs. X 144=21168.
The cubic foot. of ‘water weighs 62:42.1bs. To turn it into
steam requires; therefore, 62 4: % 965'7=>002709 units of heat
equivalent to 46,535,388 foot-pounds. At the end of the
pracess:the piston is lifted 1,650 feet from the bottom of the
cylinder, or 1,640 feét from its original position. The
external work done is, therefore, this height multiplied by the
pressure on the plst(m or 1649 x2116" 8=3,490, 60) foot-
pounds’; while the internal or latent work is equal to the
total minus. the external work = 46,z

Q

1535:388 — 3,490,603
3,944,785 foot-pounds. The external is to the internal
work, therefore, in the ratio of 1 to 12°33 3 nearly.

Slllvlyusc now the ;»I,\Irwn in the :mmg L.\;um)cnt to be
loaded with some.other \\'ci;ht in addition to that of the

atmosphere, say with another 14 1bs. to the square inch,

and that heat be applied as hdora The result would
be that the water would rise in temperature to nearly 2

. 9'3
before steam began to form. ~When it did' form. the steam

would have the 'same temperature as the water. viz s 249°%

viz. 294 Ibs.
per square inch. When the water was all turned into steam,
the piston would have risen to a height of 838 feet above
the eylinder bottom, i.e.

and the same pressure as the piston sustains,

to 857 feet .lhl)\l. its original po-
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sition. The quantity of heat requisite to effect this trans-
formation is found by experiments to be 1157°85 units for

each pound of water, whereas in the last example only
‘ , quired, thus showing
r)h:"* 180 (,_11\‘»() units were req A

an increase of 11°25units. Also the way in which .\” ‘m‘
is expended is different. For i instance, in [l\c‘ second L:.lil.]:lk
the final temperature of the water is 249° l.n,\u-'_ul n ,-I.“
consequently, the heat expended in raising It IH\!.‘I'_{,:
is about 2184 units against 180°9. l.hc hL’.l.ﬁ L\'_".'.“‘..Li in
merely vaporising the water is 115785 —215'4=039°45 10

] rainst g | he first \l‘!‘»'.\al“’ there-
the second example against 9657 In the hrst,

fore, a decrease of 26°45 units. Now, of these 939745 units,
a certain quantity is spent in doing external \uu,\,.n‘;‘lim\i
the load on the piston, 'l"nu whole heat thus p'-:%«_-n(‘lu_ u'L
the cubic foot.of water=144 X 29'4 X3857= ; 6238, u,_.t lvuu‘.
pounds = 4699°7 thermal units. Consequently, the H.x‘l‘L'(::.lt;
or latent work done per pound of water = 939°45— o348
—864°15 units ; and the ratio 02: the external to th-_]- l-llicl-
nal'work is 1 to 11:47 instead of 1 to 12733, as in the I
I
(\”\I: 112(0 therefore, that by increasing the load (m.mi
pistoni we have changed eve rything;viz. the tunpcr;mn.t: at
which the water boils ; the temperature, pressurc, \‘ul'\.llm.,-.
and consequently density of the steam ; the tn't.:fl 1cxtt
necessary. to effect the change, and also the proportions ‘.,
the heat whichare expended in raising the temper: m.rglui tl ;j
water, in vaporising it and in doingext ernal and n -\‘\u. t
The laws which regulate many of these change

not yet perfectly understood, and mn\'-,:'!:m'.:l‘i |
«mi\"un;.:im:.l formulz are available toexpress "' \h,‘ h
formulz are founded upon-the results of ¢ \Ht'.'ng nts v e
have been carried out in the most L\xl\lll\xl‘\}‘il. : 1‘th ' 11‘:
results of these experiments are recorded in tables, 1: .
the student is, except for the purpose ol  analytical calculation,

i1 jent of the formulz.
rendered independent of the lormu
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Connection between pressure and temperature of steam.—

The connection between the pressure and temperature of

steam was determined by Regnault, and the numerical
results are given in the Table, page 489, transformed into
English measure for-every degree between 100° and 401°
Fahrenheit. Regnault’s experiments were made at pressures
varying from 3 Ibs. to 200 lbs. per square inch. It will be
seen by studying the table that the pressure increases with
the temperature, but  not'in'a uniform manner as in the case
of gas. ' For instance, starting at 212°, the pressure is 147
Ibs. per square inch and the increment of pressure per degree
of rise of temperature is o'z9 Ib. At 300°% however, the
pressure is 67:22 lbs, ‘and the increment of pressure per
degree is 11b.; while at 408° the pressure is 270'gg lbs.,
and the increment of pressure per degree is 3 Ibs.

Total heat of steam.—The connection between the tem-
perature of the steam and the total quantity of heat required
to raise the water from 32° and vaporise'it was also deter-
mined by Regnault, and the numerical results are given
both ‘in thermal tnits and in foot-pounds in col. 4 of the
Table: ' Tt will be seen that the total heat increases with the
temperature, the rate of \increase being about 0’305 of a
thermal unit for.each- degree above 212° so that if 11466
units is the total heat of one pound of steam at 212°, and
if we want to know the total heat at any other temperature
#° it will be given by the expression

Total\heat—=1146"6+ 305 (#°—=2129),

Heat of vaporisation of steam.—The heat of vaporisation,
as distinguished from the total heat. is easily calculated, if
we know the total heat, by <ub:r.1cting from this latter the
number of units.of heat required to raise the water from 32°
to the boiling-point ; see col. 3 of the Table, The Table
shows that the heat of vaporisation diminishes as the tem-
perature of the steam increases, but not by a constant rate.

The rate of diminution increases with the temperature.
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When a table is not at hand, very approximate results can
be obtained by assuming that the rate of «,‘;nnimm«)n. is 071
of one thermal unit for every degree above 212°. Thus for
steam of 7° temperature,

Heat of vaporisation = 965°7 —'71 (#°—212%),

965°7 units being the heat of vaporisation of steam of 212%
" Volume of steam.—The heat spent in external work qc-
pends of course on the volume which the steam occupies
when formed. Experiments have also been made upon this

i 4 ¥ in cubic feet occupied by a pound of
point. The volume in cubic feet occupied by a poun

1 team is called the specific volume of
water when turned into steam is called the specific voi

T elative volume is used to denote the
the steam. The term relative volume is used to denot

. el Ko the Ao .
comparison between the volume occupied by the steam, ind

that occupied by the water from which it is tm'lingd. b

Connection between pressure and volume of steam. T'he
weight in pounds ofa cubic foot of steam iscalled its density.
In the case of a gas the connection between the pressure,
the volume, and the density is, as we have seen, c\m‘m.uly
simple. The equation 2 = constant, giving lh_u rtnnmilfm.\.
between pressure and volume, while the du‘x:«ny is (:"'\‘U l'l.\
proportional to the pressure. In i'nc.uh'c of steam, the Kl.
lationship is not so-simple. No r.almn‘al formula has c\g“
been devised to express the relationship, but experiments
have been made for each separate case, t}u:- TL‘T".HIFS of wh.u h
are given in col. 5 of the Table, An empirical formula has
been given by Rankine, which' very nearly gives the results

of the experiments on préssure and volurne; and is of the

ectint

same form as ## = constant. Rankine’s formula, connecting

B erA Ty 2 follov
the pressure and volume of steam, 15 as follows,

17
pa' % = constant

where # is the pressure in pounds per square inch, and o is
S , the nt being

-~ . sl §
the volume in cubic feet, the value of

475
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Lxternal work done during zvaporisation of waler.—This
formula enables the external work done during the \(zprm\a,
tion of water to be calculated, but except where it is neces-
sary to use a formula in analytical investigations, the figures
are best taken from the Table by multiplying the volume
as given in col. 5/ by the pressure per square foot. It will
be noticed on \md)m" the results that the L\[L“L’ll work
done increases slowly with the temperature, but not by a
uniform rate of increase.  The rate 'diminishes as the tem-
perature rises.

Internal work done during vaporisation.—The heat ex-
pended in doing internalor latent work during vaporisation, in
altering the molecular constitution of the water, is the differ-
ence between the heat of vaporisation and the heat expended
in doing external work: It may be deduced from the Table
by subtracting the c\:und] work, plus the heat 0\1»u.dcd
in raising the temperature of the watér as given in col 3
from the total heat as given in col, 4./ It diminishes with
the temperature by abett o 792 unit for every degree.

The heat necessary for turning water of 32° into steam,
at constant pressurey is expended in the three following ways,
which ‘must be kept distinct from one another.

. In/raising the temperature of the water from 32° to
the u.mpumu of the boiling-point, which last depends
upon the pressure.

In changing the physical constitution of the water
from the liquid state to the condition of steam.
what has been called above internal or latent work.

In doing external work, |
of the atmosphere, or

This is

)y overcoming the resistance
other external resistance through a
certain space; corresponding to the volume which the:steam
occupies at the particular pressure.

It should here be noticed that when steam is formed
in a boiler, in connection with

a non-expansive engine at
work, it s ger

rerated under the condition of nearly constant
pressure ; the piston which is constantly moving backwards

Heat expended in making Steam.
.

] on with
and forwards in a cylinder whic h is in communication 3
and forwards z : i
the boiler, corresponding tothe piston, in the example g1 ;
Nne O« S| = E ; L
\bove. while the forces which n a steam engine o ypose the
above 1 i -~ ‘ V ~
A : ' 1pon
motion of the piston correspond to the weights placed up
notio e ‘
the piston in the example. The -
case of steam formed in a close

vessel is different, for here no B

heat has to be expended In domng
external work, for by the nature

of the case none can be done.

The relative proportions of
the three separate quantities of
heat necessary to raise a pound
of water from 32° to boiling tem-
perature, and then to evaporate
it, may perhaps best be exhibite d
by a graphical diagram. Draw
a line OX (fig. 13)along which
to measure the volume of one
pound of water when turned into
steam. Suppose¢ the water as
before contained in a cylinder

having a section of one square
foot.
Draw aline OY along which
to measure the total pressure
pounds on the piston. et
us take for the first illustration

steam of 3o lbs. pressure to the
i

square inch, the temperature ot
which, mccording to the Table,
is_about 2350°% ‘and/ the specihic e
volume 13°49 feet., Now the ong yal volume o« l'l.vll'h ‘.
the pound of water is o'o1b <'1’M foot, tt:u"x. !”.”\. ‘\x 1?
through which the steam lifts the piston when domg wOrk

; e wsure off a length OA to
is 13°49—"010=13'474 lecL Measure 0 g
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scale along OX to represent 13°474 feet, and a length OB
along oy to represent to scale the pressure on the piston
=144 X30=4320 Ibs. Then the exterior work done by the
steam when formed js =4320 X 13°474=58207'68 foot-
pounds, and this is represented on the diagram by completing
the rectangle AB, the area of which is of course QA x OB, and
which therefore represents the-above number of foot-pounds,
Similarly the heat spent in internal work and in raising the
temperature of the water may be represented by the areas of
rectangles, ' "For the sake of comparison these rectangles
should have the same base OA as the original rectangle, and
should be drawn belowOX. Now the heat spent in internal
work may be caleulated from the Table to be 6

80,021 foot-
pounds, which is about 116 times

as much as the external
work.  Draw . therefore OC downwards at right angles to
OA and in length 116 times as much as OB. The area of
the rectangle AC will then represent the heat calculated in
foot-pounds expended in internal work.
Similarly the heat expended in raising

the temperature
of the water from-32° to 250°

3 can be represented. This
heat is 21975 thermal 1:nils=ui<j)..;5.; foot-pounds, which is
about 2'g1 times-as much as the heat 5]

ent in external work.
FromC therefore draw CD downwards, in length equal to

2'91 times OB, and complete the rectangle. Its area will then
represent the amount of heat cale ulated in foot-pounds re-
quired to raise the temperature 32

An inspection - of this diagram will show what
wasteful kind of steam engine such a
would constitute ; for the whole

of the water from 32°to 250°,
a very
cylinder and piston
of the work done by the
the rectangle AB, while the
whole heat supplied is represented by the big rec tangle BE,
which is 15°51 times the area of AB.

heat expended is represented by

Therefore for every
I5'5t units of heat supplied to such an engine only one
unit can possibly be expended in doing useful work.

By constructing, with the aid of the tables, similar

diagrams for every pressure of steam, we should be able to

e
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mass of gas, the variations in pressure and volume are
different for different temperatures, though following the
same law. For instance, if, at any given volume, the tempe-
rature is in one case 32° and in another 100° the pressure
will be greater-in the second than in the first instance, in
accordance with Gay Lussac’s law.

If we have a series of 1sothermal lines drawn to scale, as
in_fig. 14, for a portion of any ‘gas, such as air, we can

Fig. 14.

immediately find out by simple measurement either the
temperature, the pressure, or the volume, when any two of
these - quantities- are given.  Each isothermal should be
marked with the degree of temperature for which it is drawn.
Suppose in the figure that there is a separate line drawn for
each degree, and suppose that lines measured parallel to Op
represent pressures, and those parallel to Oz volumes, Let

! Figs. 14 and 15 are taken from Clerk Maxwell's Z%eory of Heat.

Isothermals of Steam.

the
let

draw an ordinate LP verti

thermal for 4°, then LP will be the required pressure.

'he isothermals of dry saturated steam are very di
to those of a gas. Suj ¢ t a pound of water
cylinder closed by a pist

atmospheric pressure, and !
down, while the temperati is maintained at 212°% the

pressure will not rise at all, while will diminish,

o —

and, to permit of this takin

back o water.

15 shown

341° ‘Thi
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square inch, and it can exist at no higher pressure so long
as the temperature remains the same. If] however, instead
of pressing the piston down, it were raised up, the volume
of the steam would increase, and if the temperature were
maintained -constant the pressure would diminish as the
volume increased, but not strictly in accordance with Boyle’s
law; that is, as has been before explained, the product pz
would not be quite constant,-though nearly so; and the
isothermal 'curve would | consequently not be a perfect
hyperbola. | Fig. 13 illustrates the isothermal lines of steam
and water. Take for instance the full line ¢fa which is the
isothermal for the temperature 212°;we see that as the
volume is enlarged the pressure diminishes as the ordinates
of the curve’ éa; which is not a hyperbola. When, however,
the mass of steam is compressed from the point 4, the tem-
perature remaining constant the isothermal is a straight line
parallel to the base oz, showing that the pressure remains
unaltered as the volumeis diminished,” The isothermal for
the temperature 302°is shown by the full line fed. The
dotted line shows the pressures and volumes at which con-
densation commences for the temperatures marked on the
left hand side of the diagram.

Adiabatic-lines—TIn what has been said above regarding
variations in the pressure and volume of gas and steam,

Bds

the only condition observed when determining the shape of
the curyes was that the temperature was to. be maintdined
constant throughout the changes. If, however, a portion of

gas be inclosed in a cylinder as before and the cylinder and
piston be supposed to be absolute non-conductors of heat,
and to be also incapable of communicatingany heat of their
own to the gas, and if the pressure be then made to vary,
the ‘temperature ‘will fall when the volume increases; for
external work will be done, and, as this work can only be
done at the expense of the heat contained in the gas, its tem-
perature must fall. Now the pressure of the gas, other
things being equal, depends on the temperature; conse-

Adiabatic Lines. 69

quently, when a gas expands in a non-conducting cylinder
doing external work, its pressure will be less for a given
volume than when it expands isothermally to the same
volume.

Let us now, instead of allowing the gas to expand in the
cylinder, compress it by adding weights to the piston. The

piston and weights, when closing in upon the gas, do work

upon it, and consequently raise its temperature. As the
cylinder is non-conducting, none of the heat represented by
this increased temperature can escape, and its effect conse-
quently is to increase the press f the gas to a greater
degree than would be the case if the compression took place
isothermally.

The effect of this difference in the cond
be exhibited graphi Take two (:.i“l’i&f,‘ of ¢ ju
and inclose in each of them an equal portion of gas
intheir initial state the volumes, pressures, and temperatures
shall be the same.  Lét the ordinates of the point of inter
section of the two curves on
fig. 16 represent the initial \
pressure and volume of each \
portion of gas. Let one of :
the cylinders be a non-con-
ductor and in the other let the
gas change its volume iso-
thermally._In the latter case
the variations in its pressure
and volume will be represented by the isothermal curve or
.Yw\]'g};ll'i.{. I!. however, I‘lu\ £as ?w.' l'[L\l'”‘\!_'{ from .!:_-

giving or parting with heat by the non-

the temperature will cause the pressure.ordin
point to be less than the corresponding ordi
isothermal, and the new curve will co
the hyperbola. When, on the other

1 i - ] 1 he daine work
diminished, this can only be accomplished by doing work
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upon the gas, and, as no heat can escape, the temperature
rises, and the pressure ordinates will consequently be greater
than in the first case, and the curve will lie above the
hyperbola. The second curve is represented on the diagram
by the second-dotted line. Itis called an ediadatic line in
conttadistinction to/the isothermal. The term adiabaticis
derived from two Greek words signifying not passing through,
and the line is so called 'because, in the operation above
described, mo heat passes through the cylinder either in
or out.

Adiabatic_ ltnes of steam.—The-adiabatic lines of dry
saturated steam differ essentially from the corresponding
lines for gases. Take a given mass of steam at the lxrcs;

P

Fig. 17.

sure of the atmosphere, and the corresponding temperature
212° Then, as we have seen, if the volume of the steam
be diminished and the temperature preserved at 212 , the
pressurel will remain constanty and part of the. steam will
be changed 'back into water; because steam at the tempe-
rature 212° can exist at no higher pressure than that of
the atmosphere. The isothermal will be then, as before
explained, a horizontal straight line Aa, fig. 17, while the

volume is being diminished from the point A; and in order

Adiabatics (j/. Steam. 71

to effect such a diminution and keep the temperature
constant, heat must be abstracted from the steam. If]
however, the compression be effected adiabatically, so that
no heat can escape, the work done upon the steam by the
act of compressing it will raise its temperature above
and consequently enable it to exist at a higher pressure ; and
the more it is compressed, the greater will be the-increase in
the temperature, and consequently in the pressure. The
adiabatic line therefore, during the diminution of volume of
dry saturated steam, will be a curved line Ag resembling
very closely the corresponding line for a gas. It has been
shown by Rankine and Clausius that if the cylinder, in addi-
» also some water at the
same temperature, the heat generated by the compression
is sufficient to.cause some of this water to become steam.

If we now return to the point A, and allow the volume to
increase, so that the) steam does external work, without
gaining or losing any additional heat by conduction from
outside: bodies, the temperature will fall, for the external
work i5 done at the expense of the heat contained in the

hat

steam. The heat will diminish so much that when the

pressure is reduced to any given extent there will no longer
be thequantity of heat present in the-mass of steam, neces
sary, according to Regnault’s experiments, tomaintainitinthe

dry saturated condition (see p. 6o and the Table, p. 439),

] e th . =111 loncee 1 1t
and _consequently part of the steam will condense back in

water, and in 50, doing will part with that portion of its\heat

g
effected its transformation from waler into steam.
1

ws liberated will maintain the remainder of the

dry and satur: tion. Consequently,
during expansion froni the point A, the volume for a given

pressure will be 'less—being reduced by’ the condensation

of so much steam—than if the whole of

hroughout in the dry and satu
and less still than if the temperature

uniforin throughout.
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The above example is applied to steam of the atmo-
spheric pressure and corresponding temperature, but any
other temperature might have been chosen, and the same
reasoning would have applied. Just as in the case of the
isothermals, so-with-the adiabatic lines, a separate one can
be drawn for every separate degree.

We have now examined into the nature of the expansion
lines of gases and steam for two separate cases, viz. first, the
case of the temperature being maintained constant through-
out the change, and second, the case of no heat being
allowed to escape from or reach thegas and steam by
conduction, radiation, &c., from or to other matter.

It is ewident; however, that these are not the only
possible cases, for.we might, had we wished, have supplied
or abstracted any quantity of heat we chose, to or from the
gas, during the process of alteration of volume and pressure,
and thus have made the shapes of the curves ot expansion
anything we pleased. The two cases.above described are,
however, the most important.
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impossible, but the study of it is nevertheless of the greatest
importance, as enabling us to find out the deficiencies of
existing engines, and to ascribe to each of these deficiencies
its due share in causing waste of heat.

On account of the greater simplicity of gas, it will be
found convenient, fitst;to-describe the mode of operation of
the ideal engine when worked with gas or air, and afterwards
to apply the results obtainéd to the case of steam. Before
doingso, however, it\will be necessary to recapitulate the
laws affecting gasés which were explained in the last chapter,
but with greater numerical exactitude, and then. from these
laws, to make certain deductions, which, as they refer to the
commonly classed under the head of the Thermodynamics
of Gases.

power of doing work through the medium of gases, are

Numerical application of Boyle's law to cases —The first
of the laws referred to is Boyle’s law, connecting the pressure
and the volume of the gas, when the temperature is main-
tained constant. The algebraical expression for this law was
shown'to be po=c

If one pound’s weight of air'be taken, at the pressure gy
of the /atmosphere, equal to 21168 1bs. on the square foot,
at the temperatiire-32°, then the volume of this pound of air,
or @, multiplied by the pressure on the square foot has been
proved by Regnault’s experiments to be

20¥=26,214 foot-pounds.

This quantity, 26,214 foot-pounds, is therefore the value of
the constant ¢ so long as the temperature remains 32°%

If the temperature be changed, the value of the constant

is changed also. /This leads us to Gay Lussac’s law (see

page 46) ‘connecting ‘the 'pressure and volume with the
t

emperature. This law states that the product gz is in-
creased when the temperature is raised from 32° to 212°%
in the ratio of 1 to 13654 ; and that

3 for each' of the 180

degrees intermediate between 32° and 212° the INCrease is

: "u > 4 'y Vol ”nr
1)’(11'/!'\\' 14({:\. H‘,f'/-"':ret? fo Gases. 75

2 : - [ on .24 D >
rigth .part of the increase at 212° If then py7, be l}mi
Ay 4 an A » the OQSIT anc
pressure and volume at 32° and pv be the pressure a1
if £=212°,

volume at any other temperature #°, then

PU=p"0 "3054 Lol

and if £ be any other temperature then

PU= poty

f ] i iwse applies al 'hen the tem-
This rate of Increase of course apj lies also when t

I

perature is raised above 212° o
It was also shown (see page s at i the tempera-
1 ] the tub 1 alr
be reckoned from the bottom of the tube of the ai
thermometer, which was shown to be 492° below 32
1 1 he oreatly sin ed
Fahrenheit, the above law could be greatly simplihed.
For. the product of the pressure and volume of a portion
: : : ] o ‘olute te - so that if
of /gas is proportional to the absolute te ?“:’LF’JH]M. o that
# be the absolute temperature corresponding to £ ; then,
L 1 SALUSUIN i is i
i | ] el
remembering that 492:6° absolute, corresponds to 32° on
7 15 before

Hence we get
which 15 a very simple
14} i

me, and the atsol

the volu
—T'he next law,which isnow mention
ime, relates to the :pw'il:( heat of gases, and as

’

at constan
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pressure does not change with the temperature, as is the case
with water,
lhhc capacity of air for heat, that is, the amount of heat

r}e}qmrcd to raise one pound of it through 1° of temperature
the pressure bei aintaine tant, i i :
Rc(.-,lnul .‘L‘nc_ I')Qn‘g maintained constant, is, _accordmg to
Sb ault's - experiments, 02375 thermal units, equal to

b et 1, Wiggesa !

11 3:35 f(.)gt-pounda. This quantity of heat is, as has been
shown before, not all expended in merely raising the tem-
perature of the air ; for, the heati ing been acc
i ‘ ; for, ‘the hc‘mng. having been accom-
piished at constant pressure, part of the heat has been
spent in doing external work.

| Let 2,71, o575 be the original and final volumes and
absolute temperatures of a pound of air 3 and let  be the
pressure which temains constant. Then the external work
15 measured 'by the increase in the volume, viz zy—o

bas 1
multiplied by the pressure s ; therefore

External wortk=(2,—2,)p ;
and, as we have seen, 7p=53"2.7 ; therefore
'he external work =532 (ry—r,).
Al'so the.total heat expended- equals the specific heat multi-
]'lled. l)}’ the number of foot-pounds in one thermal unit
multiplied by the number of degrees of rise of temperature
T'he usual symbol for the specific heat at constant pressure

lmfluphed by the, number of foot-pounds in oné thermal
1c K/ 17 aq " 1 1 i
umtis K ;! and as the rise in temperature is To—14, We have

Total heat expended=K (r,—r,).

Hence the heat expended in doing internal work—that is. in
merely raising the temperature of the air—is the diﬂ'crcx’u'c
!)ct\\'ccn the total heat expended and that part which is spent
in doing external work

1 (o r - ~ S -
K, and K; are spoken of hereafter for the sake of brevity and in
accordance with a usual custom as specific heats; but in reality a
specific heat is only a ratio, whereas K, and K, areabsolute quanli'i-u:
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Therefore the internal work = (r,—1;) (K, —5372).

Now this latter quantity within the right-hand bracket is
also the value of the specific heat of air when heated at
constant volume ; because, as we know by Joule’s experiment
(see page 54), the mere separation of the particles of air
requires no heat to effect it when no external work is done,
and as the heat is only expended in doing external and
internal work, and as, moreover, when the air is heated at
constant zolume no external work is done, therefore the
specific heat of air heated at constant volume is the same
as the internal specific heat at constant pressure, and, calling
the specific heat at constant volume K, we have

K,=K,—532=130'25 foot-pounds.

Consequently the heat required-toraise the temperature of
one pound of air at constant volume from ;° to 7,° is

K‘,(.-Q-rl).

From the equation K,=K,— 532 we get, by simply
transposing, K, —K,=3532. Thatis to say, the difference in
the two specific heats of air is equal to the constant quantity
532, which, as we have seen before, when multiplied by the
absolute temperature, equals the product #2.

From the result given above for the value of the heat
expended in internal work, when the air was heated at con
stant pressiire, viz. (K, =5372)(rs—71) =K, (5= 71); We see
that the internal  work is proportional ‘to, the change of
temperature, and is equal to the change of temperature
multiplied by the specific heat at constant volume.

This result is true whether the air be heated at constant
pressure, or at constant volume, or partly in the one way
and partly in the other, or in fact in any way we can con-
ceive of. For, as an example, first change the air from
volume #,, and temperature 7, to volume 2, keeping the
pressure constant at let the new temperature be r; then
by the above the heat expended in internal work is K(r—7,).
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Next change the pressure from p to p,, the volume being
kept constant at #,. To do this we must add heat to
he gas, raising its temperature to =y ; the heat spent is
K,(73 — ), which is all internal work ; adding to this the
heat spent in_doing internal work during the first part of

the operation, we get

Total heat spent in internal work =K (r —r; + r,— 1)

=K(ry—7))

This result might be proved to be true for any other case
which might arise, by similar reasoning to the above, but it
may also _be shown to be generally true from the following

Cyde of Qperatipns.—1If a substance such as gas or water
be subjected to the action of heat, and be thus brought
through a series of changes of state, and eventually brought
back to its original condition, it is said to have undergone a
Cycle of Operations. During these changes of state:heat has

been expended in doing two things-only, viz. external work,
h

and internal work of various sorts, such as altering the
temperature or_the molecular condition of the substance.
When, however, the body is brought back to its ‘original
condition, the sum-of all the quantities of heat expended in
doing internal work must be nil, because if during one part
of the operation heat has been thus expended, when the
substance is brought back to its original condition this heat
is again liberated or rejected.

Now when the state of gas or air is changed by the
action of heat in any way whatever we can analyse the ope-
ration into three distinct sets of processes, viz.,

tst., Heating at constant. pressure, the  volume being
changed ;

2nd. Heating at constant volume, the pres
changed ; and

3rd. One or more cyclical processes.

Now during the latter processes no heat is spent in

Cycle of Operations.

internal work, and during the two former the heat thus sp
» have seen = K (ro—;). Hence the proposition is
univers true that when the state of a gas is changed by
juantity of heat spent in doing internal
pends only on the difference of temperatures of the
nd is equal to the specific heat at constant
lied by this diffe i
From the above fundamental laws we are enabled to
reason on all the questions which may arise regarding the
thermadynamics :if.,\.i'l_’:n All that we require to know is,
how much heat is expended in doing external, and how
much in doing internal work. The total heat expended is
When we possess
this information we can deduce all that it is requisite to
know regarding the pressure and temperature at every §
of the process. Conversely if we know the pressur :
temperature we can calculate the éxternal .u}d internal work
done, and the L‘\]l(:zeelfllil’c of heatt The mternal work s,
as has been proved above, always given by the expression
Kre—m;). The external work is different in different cases.
For instance, if during the changes of volume and pressure
sufficient heat be supplied to keep the temperature uniform,
we get-d certain quantity of external-work. If ‘on the
contrary no heat be supplied we get quite another quantity,
and if more than enough or less than enough heat be sup
plied to keep the temperature uniform, we get still d
quantities of external work done in each case.
The quantity of external work done
calculated 1 by means of di:
seen (see page 44) how the varying pressure and volume of
a iunl',i(el) of gas can be el resented "\ the ordimnates ol
line GD, fie. 11. We also saw (see page 63) how work done
could be represented by the area of a rectangle. An exte
i

sion of these methods will now be explained.

Let az, €0, fig. 18, represent the initial, and

final pressures and volumes of a portion of gas.
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intermediate co-ordinates of the curve ab represent the inter-
mediate pressures and volumes while the gas is expanding.
Draw a line ¢, indefinitely near and parallel to the line ac,
While the volume of the gas has been increasing from O¢ to
Of; the pressure has-been falling from acto ¢f. Now the ex-
ternal work done is represénted by the increase in volume cf,
multiplied by the pressure.. The pressure in this case is not
uniform, but decreases as the ordinates of the curved line
ae. We must therefore multiply the increase of volume by
the average pressure, It is difficult to find the average
pressure when the line ae is curved ; but if we take ef as
being very near indeed to a¢ we may recard ae as being to

all intents and purposes a straight line, and in this case the
average pressure will be represented by the mean between

] . ac+ef. o
the two lines ac and ¢f;, viz. ¢*¢. The external work

ac+ tf

> is therefore represented by the expression ¢f X

Jut this expression-also represents the area of the strip acfe
therefore the external work done while the volume of the
gas is increasing from O¢ to Of is represented by the area
acfe. We can divide the whole figure afdc up into a series
of such strips, and the above reasoning would hold good for

(; )'11/’"’5.-'\' /v\'f/‘i't'\\'( nialion af Wor /A I

ear 'r:lr.-i them. Now the sum of the areas of these strips
L'!'ll;{fS the area of the figure aldr; therefore when the
volume of a portion of gas increases from Oc to 04, the
pressure at the same time varying as the vertical ordinates
of the line a4, the external work done during the process 1s
Tl.'i‘](.*tll(k'(l }r'\ the area inclosed by the }Jkl\x. line o repre-
senting the increase of volume, the vertical lines ac .m..li bd

representing the initial and final pressure

: . 5, and the line ad,
which represents the way in which the pressure varies

I'he line 46 may be an r that ]
: 1ay be anyth 1at please, For

instance, if duri the expansion of gas enough heat
were ‘1]]-:'11'\_1‘11-!!{'\1¥'}J.|’:-2‘: miform throughout
| = - AR Ll UEHOuUL,

it would be a straight line drawn
If enough heat were supplied to }

Il)’l‘:li‘ll]:LI 1‘1’:1:&-:\\}-::“.. as has been 1-1:4?01.‘ be an =.-~-rl'n rmal
h T gases 1s a common rectangular hyperbola dent
by the equation pf = constant

If no heat were supplied ar lowed to esc 1pe. the

line would be an adiabatic, th for which will be

shown to be L7 = constant, 15 of very

constant occurrence denotes the ratio

Most of the lines occurriy theory of the heat

the mdaex » vares (“("‘!"I!.’!” o me
i} 3
s the two preceding cas

the first of whi

gure

malytical gegmetry

Weé can now ex
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external work done. The internal work in this case is nil,
because the temperature does not change, and consequently
the expression K, (r,—r,) vanishes.

The external work is obtained by calculating the area of
the diagram adde (see fig. 18). We assume that the initial
pressiire and volume are represented respectively by the line
ac, drawn to scale so as to represent pounds on the square
foot, and Oc¢ drawn to represent cubic feet. Similarly the
lines #d and O4 represent the final pressure and volume to
the same scale. 'As the temperature is uniform the line 2
is a rectangular hyperbola, having for its asymptots OV and
OP;
0Od
3

Also; as by the principle of the hyperbola ac x Qs =
bd x Od

and the area® of the figure abde=acx Oc xlog,

=1,

. the area is also = 0 xOd x log, 8‘2

It will be noted that the logarithms used are hyperbolie.
A table of the hyperbolic logarithms of the most useful
numbers will befound at the end of the book (see page 498).
L. The area is calculated in"the following manner :

Let a b, fig. 18, be a curve of the equation.
Hay

£
The avea abde, is'the sum of a number of small strips such as af;
By making these strips indefinitely narrow they may each be repre-
sented by the- expression gx dn, where p represents the height, and
d 2 the indefinitely small width.
Letac=p, 3 Oc=v, and'bd=p,; Od=
Then the areca=
Now as pov

of 4
O

substituting

Area
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y

The ratio of the final volume O4 to the initial volume O¢ is

74
alled th - . 1
called the ratio of expansion, and

symbol 7. Calling the initial anc

final volumes z, and vy,

1s generally denoted by the

and the mitial and final pressures p, and 2, respectively, the
expression for the area becomes 2,2, log, 7, or gy, log, 7
foot-pounds.  Also if r be the absolute temperature of the

:
gas, then, aswe have seen, PV =Pt

.. the area=e¢r log, 7 foot-pounds.
I'his quantity is, therefore, the expenditure of heat in
loot-pounds when a gas expands isothermally from volume
) Lo 2.
2. Let the curve ad, instead of being an hyperbola of the
€quation pr=constant, be a curve of the form
po"=constant,
where # may have any value we like to assign to it except
unity. In this case the area' of the figure adde
— 2i¥\ —Pas
n—1
1 in the following manner :

l'(ilL\:l* '

ng volume
ing volume.
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Let 7, be the initial, and 7, the final absolute tempera-
tures. The expression for the area becomes then

ry—Cry__ € (ri—7s)
n—1 n—1

As before, the heat expended=the internal work+the
extérnal work

2

=K (ra—r1i)+—

ZE g

(r1—7a)
Also, as has beén proved before; e=K,—K, ;

: K,—K i e K=K,
- S apy 1€ 1 (ry—re)=———2 (ro—11);
n—1 f—1x 7n—1 n—1

5 Substituting this value of (ry—72) in the above

7n—1

equation, we get heat expended

(=) (K, + BB oy ) (2B,
7n—1 7

3 Let no heat be communicated to or taken from the gas
during the expansion. In other words, let the ling @4 be
an adiabatic curve.

The /last expression for heat expended, viz. (rg—7))

nK_ —K, . s
2 must, when no heat is expended, equal zero.
n—1 x

Hence one or other of the terms within the brackets must
equal zero. - We know; howeyer; that (r, —r,) cannot equal

zero ; because during the expansion the temperature falls,
I

and therefore 7, is less than r,. If, therefore, we make

nK.—K,

H—1

the other term, viz.
2K, —EK,;=o0

The L'f]’.l.iii:)!‘. pot=constant, becomes therefore P =
constant for the case of adiabatic expansion

As no heat is supplied t * gas, the external work

Expenditure of Heat during Expansion. 83

must be done at the expense of the heat already existing in
the gas, consequently the temperature falls, and the internal
work done is of a negative character

The temperature at the end of the expansion may be
found in the following manner, using the same symbols as

e, We have eTy=

Now 1’7 7

which, as ".'-“-l'.}-f."“\ bhecomes To= ."(

an expression which, when the initial pressure and volume
and the ratio of expansion are given, enables us to find the
final temperature.

Supposing in all the above examples that tl

compressed ba k 1o its onginal condition, the va
sures and volumes could be represeénted graphically,
in the case of expansion. If the conditions of compression
were the same as those of expansion, the same curve swould
represent each operation. For instance, if the temperatur
were maintained constant the curve would be.an hyperbola
If no heat were added or abstracted, the compression curve
would be an adiabatic , and the température would s
as the compression eont o] [_the conditions »of the
COMPIEssIon Werd il to those of the expansion,
curve would alse

Tug Ipgarvy PErRpPeECT HEAT ENGINE

We are now in a positi

. 3 A
conditions of working ot the
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object in discussing it is therefore to separate the action of
the heat on the gas from the accidents of its surroundings,
so that we may be enabled to ascribe to the s;xrr‘r.wtxxlkiixwus“ill
actual engines their proper influence, The efficiency of the
action of this engine-does not depend in any way upon the
mechanism by which its motion.may be converted, but only
on-the-manner in which it receives and rejects heat. We will
therefore, for the sake of simplicity, suppose it to consist of

[ o e

a working cylinder, connected by means of a piston and
connecting rods with a crank.
; > f 1 i i 1
Let AP, fig. 19, be the working cylinder which containg
between the  end AP and the piston whén ‘at it§. initial
position 1.2 ‘certain quantity, say one pound, of ¢as at the
temperature ). The space in front of the piston is sup-

posed to be a perfect vacuum, so that the engine is Single

acting. The sides of the cylinder are supposed to be made

1 , 11} - shi 3 4
of an ideal substance which can neither give heat to nor
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receive it from the gas. The bottom of the cylinder is, on
the contrary, supposed to be made of a substance which
though it has no capacity for heat itself, is nevertheless a
perfect conductor of heat. C is a source of heat having the
absolute temperature r;. D is similarly a body having a
temperature r, less than =, which is used for the reception
of the heat rejected by the gas. is a cover made of
the same material as the sides of the cylinder which, when
applied to the bottom AP, renders it perfectly non-con-
ducting like the rest of the cylinder.

Let the piston commence to move forwards from the
position 1. To prevent the temperature of the gas from
falling, apply the source of heat C to the end of the cylinder.
As this end is a perfect conductor, heat will flow into the
gas and maintain_the temperature constant. lLet the co-
ordinates of the point 1’ with reference to the lines OV, OP
denote the initial volume and pressure of the gas. So long
as the body =, is kept in contact with the eylinder end, the
gas will expand isothermally; and the variations in its pres-
sure-and volume will be denoted by the co-ordinates of the
hyperbolic curve 2. When the piston has reached the
point 2, the exact position of which will be presently deter-
mined, withdraw the body =, and apply the non-conducting
cover B. The gas will now continue to expand adiabatically,
as represented by the curve 2'3’. During this part of the
expansion the temperature will fall, and the point 2’ must
be sa chosen that. the temperature will, when'the piston
has reached the end of its stroke, have fallen to that of the
cold body, viz. r,. The piston must now be caused to

n in the opposite direction. As the engine is single-
acting,'this can only be done by the application of forces
external to the engine. ‘The piston when returning will
compress the gas and do work upon it. To prevent the
temperature from rising apply the cold body D to the end
of the cylinder. The compression will then take place

isothermally, at the temperature r,, along the hyperb lic
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curve 3'4. When the piston has reached the point 4—the
position of which will be presently determined—the cold
body must be withdrawn, and the non-conducting cover

1
reapplied to the end of the cylinder. The compression of

as must then be continued, and as no heat can escape
it will take place adiabatically along the line 4'r’. During
this part-of the compression the temperature will rise, and, if
the point 4 has been rightly chosen, it will reach =, when
the piston has returned to its original position.

During the first' operation the gas has \been receiving
heat, and doing external work, which is represented by the
area of the figure 1/ 2", #,/ During the second operation
the gas has received no  heat from without, but, at the
expense of the heat which it already possessed, it has done
external work, represented by the area 2/ 3t2y v,. During
the third operation, work has been done upon the gas,
measured by the area 3" 4’ 2, vy, and the. gas has rejected
heat into the body D ; and during the fourth and last
operation work has been-done upon the gas represented by
the area ¢’ 1 #,, with the result of restoring it to the
original pressure, volume, and temperature, We see there-
fore thatthe work done by the gaseXceeds the work dq neupon
the gas, by the differénce-between the sum of the two first,
and the sum of the two last-mentioned areas. This difference
15 equal to the area 1’ 2’ 3’ 4', which therefore represents
the effective work done by the engine,

Calculation  of < the efficiency of. perfect heat engines.
We must now calculate the heat expended, and the work
done.  During the first operation, the heat supplied to the
gas is all expended in doing external work : for no internal
work is dene, as the| temperature ©Of the gas/is not raised.
The heat supplied" therefore ‘in foot-pounds is equal to the

’

area 1' 2' 7, oy=p' ¢ logr =¢r, logr, where » is as

before the ratio 2. During the second operation no heat

is supplied to the gas. During the third operation, the gas

1027, where 7 is the rati

I.m\-cd:‘::'f, During the fourth op

)
no heat. The total heat supplied theref
the total heat I‘Ljr"h;(l crylog. 7,

The work done can be calculated in two ways. We may
either compute the area 1’ 2’ 3' 4, or we may make use of
the i)l‘inri!uhf of the Cy( le of ope rations, For since the gas
returns to its original condition no heat is spent in doing in-
ternal work upon thé gas and the heat expended must there-
fore equal the external work done, plus the heat rejected.

Consequently the external work

=, loggr—ecrs logr={(ry—rs)< log,r.

The efficiency of the engine is the ratio of the work

done to the heat expended
(ry—rq) ¢logr 7

T c l¢ W

That is to say the efficiency of the engine is the ratio of
the difference of temperatures of the sources of heat and of
cold to the temperature of the source of heat ; the tempera-
tures being regkoned in absolute measure.

The efficiency of the engine can only become equal-to
unity, i.e.the (-nj.;in(- can only. turn the whole of the- heat
\‘l!M'r]i‘:fl to it into mechanical ‘work, when the temperature
ro=o0 ; that is to say, when the cold. body has the absolute
zero of temperature ; a result which is of course unattain-
able,

On the other hand, the nearér to’unity the fractior

becomes, the greater is the efficiency of the engine.
This result can only be attained by making r;—r, as
nearly as possible equal to r, I'o do this we must make

d 74 as small as possible,
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In practical engines, the limits of temperature which we
can make use of are soon reached, and consequently the
efficiency of such engines is necessarily low.

In order to fix the points 2 and 4 with precision, we
must remember-that-the isothermal expansion and com-
pression must be stopped soon.enough to allow the tempera-
ture_to. fall to r, and rse to 7y respectively during the
subsequent adiabatic expansion ‘and compression. We have
seen| (see page) 85) that when a gas expands adiabatically,
the temperatures and) the ratio of ~expansion are con-
nected together by the equation -':="x(;)" I_

> 1
Consequently 7' ="' and » =('_.‘\""
T2 2

That is to say, in fig. 19, 07'3—&():'2:(1-‘) ", which
'-‘l
fixes the pomt 2.
Similarly during the adiabatic compression from 7y to

1§
7

71 We h,‘.\‘c().“(+(\:-1:('.') ', which fixes the point 4.

Hence we see that O‘-":()‘”‘": or the ratio of adiabatic
Oz Oz

compression equals the ratio of adiabatic expansion. 1t may

likewise easily be proved that the ratio of the isothermal

compression equals the ratio of isothermal expansion.

We can now prove that no other engine can have a
greater efficiency than the one which has just been described.
We must, however, first state what is meant by the reversed
action of -the jepgine., Let: the piston, starting from  the
position' 1, move. forwards, the conducting cover B being
applied to the cylinder end. The gas will expand adia-
batically along the curve 1’4. As soon as the temperature
has fallen to r, apply the cold body D so as to k.x;q. the

temperature constant, and allow the gas to expand still

Efficiency of Perfect Heat Engines. o1

further along the isothermal curve 4'3'. When the point 3
is reached reverse the piston, by means of external forces,
and compress the gas adiabatically along the line 3'2'. As
soon as the temperature has risen to r; apply the hot body
C and continue the compression isothermally till ‘the piston
reaches its original position, and the gas its original state.
The result will be, that we shall have done the exact reverse
of all that was done when the engine was worked in the
usual way. Instead of the engine having done any work,
external work has been done upon the gas represented by
the area 1'23'4’. Instead of heat having been taken from
the hot and rejected into the cold body, it has been taken
from the cold and rejected into the hot body. The quantity
of heat taken from the cold body is ¢r, log> and the
quantity rejec ted into the hot body is ¢ry log.7, the work
done upon the gas being the difference of these two quan-
tities.

If now any engine can be devised having a greater
efficiency than the one deseribed, let it be employed to
drive this latter in the reversed manner. Then engine
No. 2 takes heat from the hot body and rejects heat into
the cold body, while engine No. 1 does exactly the
reverse, taking heat from the cold body and rejecting it into
the hot one. Let the power of eas h engine be the same.
In the case of engine No. 1 this work is done upon the gas,
and in the case of No. 2 it is done by the gas, so that upon
the whole the engine does no external wark, and the com-
bination is self-acting, and ¢an, if weneglect friction; go on
running for ever.

Let R, be the heat which No. 1 takes from the cold
body, and| H,| be| the | heatwhich! it\ rejects into the hot

body.~ Let-‘Hy-and R, ‘be the quantities which engine
]<

No. 2 takes from the hot l»(»(’;)' and T<':[L(1< into the cold

body. Now, the heat taken from the cold body by No 1,
':,‘111; the work done on the gas, L-.;ml:. he heat given to the

t
hot body ; therefore H, —R, is the work done on the gas in
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se of No. 1, and H,—R, is the work done by No. 2.
But, since the power of each engine is the same, i
”,—REZH_.—R._..
Now, the efficiency is the ratio of the work done to the
- H,—- R, H,—R, .
heat supplied=="" for engine No. 1, and Ly l\"lur
H H,
No. 2. According to the hypothesis the efficiency of No. 2
AV ~VH =R, —R
1S the greater, therefore~-2 Ra S H, }\‘.

Hy |1

this may be so, the denominator of the first fraction must

[n order that

be less than that of the second, for the numerators are equal,
therefore H, is less than H,,

Now, Hj is the quantity of heat which No, 2 takes from
the hot body ; and H, isthe quantity which No. r.rejects
into ity and as H, is less than H, upon-the whole the hot
body receives heat'; and similarly upon-the whole the cold
body parts with heat, and if the engine wére kept at work
lunz r:"wll,{i'. the-whole“of the heat in the cold body could
be uthef it and conveyed to the hot body, that is to

uld be'transferred from a’cold to a hot bod y by
contriy ance, which-1s the ex: act opposite of 'i”
experience ; mn\'mlm-mlj.' we must conclude that engine
No. 2 has not got a greater efficient cy than No. 1, and that
no arrangement we can imagine can have a greater efficiency

No.

The Sucondi Totsr o FTh 7 ; T ’
The Socond ' Latw of Thermodynamics.— The statement of

the prfm iple from which the above conclusion is drawn is
called the Second Law of Thermodynamics. 1t may be ex-
I*l'('\\'('t! as follows : '

Heat cannot pass_from alcold tda hot-bod 1y by a self-actine
process, unaided /:1 external ageney.

The peculiarity of engine No. 1 is its reversibility, and
this is due to its receiving heat always at the tempe ature of
the hot body, and rejec ting it at that of the cold body. If
this condition did not obtain, we could nst work the engine

Conditions of Maximum Efficiency. 03

in the reverse sense. Hence we conclude, that for a heat
engine to develope a maximum of work out of the heat
supplied to the gas or other working substance it must receive
all its heat at the temperature of the hot body, and reject it
all at the temperature of the cold body. If these conditions
are complied with, the maximum of work obtainable is got 1»\‘
multiplying the heat supplied to the engine, measured 1

Ty—Ta

foot-pounds by the ratio
1

It may at first appear anomalous to the student that the
whole of the heat supplied to the gas cannot be converted
into work. Perhaps the best way to overcome this difficulty
is, if he can conceive of any arrangement by which he hopes
to get more work out of an engine, to calculate out the
various steps in the process, and compare the heat expended
with the work done.

Take, for instance, a pound of air inclosed in a cylinder

before, and at the pressure and temperature = of the
atmosphere. Heat the air, keeping the volume constant till
it attains any desired pressure gy, and corresponding tempe-
rature r,; hext expand it adiabatically, till the original
temperature of the atmosphere is reached, the corresponding

14

pressure, pe, beingattained. During this part of the-process

the exact c\;m\';llm. of the heat e
converted into mechanical work.

¥ 0

pended is K (ry—r), and the work done is (sce page
(ry—7) = K.(r, =7).  But/in order to bring

to its original pressure, volume, a
wble to make another revol

ne constant

must | either COMpress the @air at t
must. temporarily_open
ter air, and force back

the

must do IK upocn it represented Dy
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2

er log, = (see page 83). In the second case we do work
<

equal to the pressure of

the atmosphere=2116 |bs. per
square fi ot,

multiplied by the space through which it has to

be overcome, viz, 72—z feet. In either case the work so

done upon-the air must be-subtracte d from the work done
by theé air during the ‘first half-of the stroke, so that in
neither instance can we realise’ the full e juivalent of the

heat expended. It may in fact be proved by a calculation

similar to that on pages o8, 89 that in this case the efficiency

| . ¥ T —
is less than the maximum, viz, T 77,
T
To take another case. Ifa portion of gas be expanded
at constant temperature, it is known that the heat

dl)\nl'l)(ll
equals the external work done.

It might therefore be sup-

posed thata ready means was herel v\ presented of conv erting

the whole of the heat supplied to an engine ntr') work. Let

the point 1, fig. 20, represent the initial cone

tion of the gas
as rv;:mh pressure and volume. |

€t it expand at constant
emperature till the i pressure and ve :l"m

are indicated by
the point 2. During

eration external

Effictency of Heat Engines.

work would be done represented by the area
= ¢ry log, f}-‘:thc heat supplied to the gas during expansion.
‘ l - . .

If we were now to restore the gas to its original 'l‘“-’"‘“_"’\'v
volume, and temperature, we could do so by compressing
it isothermally ; but 1is case the compression curve
would be identical wi > expansion curve, 4:1‘;‘ con-
sequently in compressing the gas we should h.'m- to do the
same work upon it that we got out of it during the expansion,
and the resulting work done would be nil. In orde rto get
work out of the gas, we must therefore, when the point 2 Is
reached, make it reject heat. Let this be done at constant

volume. The pressure will fall, and this part of the opera-

, : ,
tion is represented on the diagram by the vertical straight
!

line 2 3. When the pressure has fallen to the point 3, }:n,
temperature has also fallen to 7, and the heat rejected « U!I!'_.;
the fallis K (T,—r,). The gas may now be compressed
isothermally at the temperature =,, till the end of the stroke
is reached, and the work done upon it equals er, log, -* We
thus arrive at the point 4, where we see that the pressure
and temperature are less than at the initial position. In
order, therefore; to complete the cycle-of ()[h"r:l(llm-\'..\\u
must now heat the gas at constant volume till its original
1USL 1Cat € £ L : : :
temperature and pressure are restored, and In 50 doing heat
equal to K_ (r,—=7,) will have been expended. We shall,

therefore, have the following quantities :

Heat expended = ¢r) log, :)J‘_ Kol —7a)

. = x"_ %
Heat rejected=cry log, -
Work done=difference of two above quantitie

=aT;—T3) IO;Ie _;,’,v'
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Efficiency=ratio of work done to heat expended

dry—71a) loge =

Ty 1‘-‘}1:

Now the first factor in the above result, viz.
presents the maximum efficiencyattainable under any I( ircum-
stances, and the second factor is/a fraction, the denominator
of which-is-greater thanunity ; therefore the effic iency in
this case is less/than the maximum efficienc y.

It has been already pointed out (see page 8g) that
in otder| to-approximate-to perfect efficiency the l'r‘;n'lmn

T)—Tg 1 : 2
% must be made as large as possible, ‘unity being its
T £

I‘»?mf.. !lm can  only-be (.lun.u by /increasing 7, and
diminishing 7, as far as i'!"l(illil!)lt'. In/other words the
efficiency of-a perfect engine will become greater in propor-

tio Hm-lhg temperature of Hl' source of heat is inc reased, and
ased, ¢
that of the source In practice we are
extremely Jimited i the power of ¢ h:._»-':s:n; both temperatures
for two reasons ; firstly, becatse the range of

. nge lt'lw':cr iures
m nature is limited, for commercial 1 purposes, by those of the

products.of combustion-of coal-on the one hand and ice on

the other: and, sec ondly, because the highest te mperatures

thus: available: are far more than sufficient to destroy the

substances of which engines are constructed,
If, }‘\ Special engine
could be made
ind the lower li f . .
id the wer_ limit of 'c\ll"t'!i\':'l‘,' to

329 Fahrenheit, the theoretical effic iency of such
e would be given by the fraction !
(8) Y.L’.‘.Tﬁ:. Seythat 1Isto s Y, o every ';rm of i-"-;,[ \1aI,|.?;,~(: to
1 an engine, only half a unit could possibly be converted
mto mechanical work

Pressure, Volume and Temperature of Steam. 97

LLAWS CONNECTING THE PRESSURE, VOLUME, AND
TEMPERATURE OF DRy STEAM.

It will now be possible to apply the principles of the
foregoing pages to the case of steam. As was explained in
the last portions of Chapter IL., dry saturated steam is a very
imperfect gas, and the laws connecting its pressure, tempera-
ture, and volume cannot be L'\}lTL‘.\SL'd with the same sim-
plicity as those relating to a perfect gas. In fact, the formule
hitherto devised are purely empirical. The general results
which were stated in Chapter II. will now, for convenience
in calculation, be expressed in algebraical language.

Rankine's and Zeuner's laws connecting the pressure and
volunte of dry steam.—The product of the pressure and volume
of dry saturated steam, imu- d of being expressed by the very
simple law, pz=constant, is given according to Rankine by
the equation

17
27 ¥ =constant.

According to Zeuner the index }F=1"06235 should be 1°0646.
If the pressure be expressed in pounds per square inch and
the volume.in cubic feet, the constant has the value 475,
and adopting Zeuner’s index the equation becomes

P 1 {1
/"Ll'.“’_*h‘

e above formula, relates to one pound weight of steam.

volume occupied by one pound of steam is called

volume. 'The density of the steam of course

diminishes as the specific volume increases, and can be

calculated by solving the above equation for 7, which can

be-done  with the help of a table of ¢ommon logarithms,
[‘I}i’;s. i.:;' 241 u();h In) .‘__h)' 475=2 .’l d;r)j(»

5 — 939 log 2.

ton between the pressure and temperature of dr

steam.—The connection ‘Lm“ een the pressure and tempera-

H
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ture of steam is also much more complicated than the corre-
sponding relation for gases. It will be remembered (see
page 75) that for common air the relation was expressed by
the formula gz=53'2. 7. In the case of steam there is no
formula of general application, and the temperature must be
taken for each pressure from the Table, page 489 e/ segg.

Specific heat of water and. steam,—The specific heat for
water and steam is equally complicated. In the case of air,
we have seen (see page  76) that the specific heat at constant
pressure is a fixed quantity, K,=183'35 foot-pounds, and
the specific heatat constant volume K, is also a constant
quantity=130r25 foot-pounds. = Also the heat expended in
effecting any change of state in the air can be easily calcu-
lated, when we know these specific heats, and the quantity
of external work done. | In the case of water, however, the
specific. heat is constantly increasing from 772 foot-pounds
at the point of maximum density, 36°F., and is about 80288
foot-pounds when the temperature is '4oo®. While the water
is being changed into steam, large quantities of heat are
supplied te it which produce no effect upon the thermo-
meter, and which_consequently cannot be measured by any
reference to the specific heat.of the substance at that stage.
When the water has become dry saturated steam, any further
heat supplied to it does certainly raise the temperature, but it
also changes the state from the saturated to the superheated
condition.

When once thoroughly superheated, the properties of
steam resemble those of a perfect gas, and may be reasoned
on accordingly. The equation connecting its pressure,
volume, and absolute temperature in this state is pv = 85'5 7,
and differs from the corresponding equation for. air only
in the value of the numerical constant, which” for air was
proved to be 53'2. The heat required to raise one pound
of superheated steam at constant pressure through one
degree is given as 370'56 foot-pounds, and at constant
volume as 285°03 foot-pounds, while the ratio of the first
of these quantities to the last is y==1"3.

Total Heat of Steam. Q9

Total heat required to convert water into steam.—TIn con-
sequence of all these complications, we cannot deal with
the quantities of heat required to effect changes of state in
water and steam with the same ease and simplicity as in the
case of gases and air. The total heat required to change
water of a given temperature into steam at a given constant
pressure is (see page 62) divisible into 3 parts, viz.

1st. The quantity required to heat the water from the
given temperature to the natural temperature of formation
of the steam ;

2nd. The quantity required to change the substance
from the liquid to the gaseous state :

3rd. The quantity required to do external work, that
is, to overcome the external pressure through the space
represented by the difference between the volumes of the
steam and the water from which it was formed.

The two latter quantities taken together are usually
called ‘the /Jatent Jeat of evaporation. Tt is, however,
necessary to bear in mind that this latent heat consists of
two elements,

The total heat required for any particular case may be
extracted from the tables, the original temperature. of the
water being supposed to be 32°; orit may be calculated
very approximately by the following empirical rule :

The total heat required to change one pound of water of
32° into steam of atmosphéric pressure is known by experi-
ment to be 885,200 foot-pounds, and for ‘every degree of
increase of temperature of the steam about 23546 foot-
pounds have to be added. Thus if T be the temperature of
the steam, the total heat required is

885,200+ 23546 (T—212°),

If the water be warmer than 32° to start with, less heat
will be required. If the specific heat of water were constantly
772 loot-pounds, we should have no trouble in calenlatin

he

t
quantity to be subtracted, and we may without sensible
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error regard the specific heat as constant for the usual

temperatures of water. Thus if Z be the temperature of

the water, it would take 772 (/—32°) foot-pounds to heat
the water from 32° to #°; Lln.\ quantity must therefore be
subtracted -in the above formula, so that we get total heat
required

=885,2004 23546 ([ —212°)—772(7 — 32°).

The quantity of heat required to do external work in

the above i1s not difficult to calculate.” Let # be the volume

occupied by the steam when formed in cubic feet. 2’ the
space occupied originally by the water. Then the external
work done is equal'to the increased space occupied by Uu,
steam above that occupied by the water, viz. (v
multiplied by* the c¢onstant pressure of formation of the
steam, viz. p pounds per square foot; or, external work
done=p(v—7") foot-pounds. Now 7/ is the space occupied
by a pound of water; viz. 016 cubic foot, and is so small that
it may,in general be neglected. . Henee we may write :—

External work=pz foot-pounds.

The product pv may be calculated from the equation
given above (see page 97), viz. po 10616 =y47z,

Another _equation has been devised by Zeuner, and is
commonly used, on account of its convenience, to express
the external work empirically. Let 4 be the quantity of
heat in foot-pounds required to heat the water from 32° to
T the temperature of the steam ; then,

External work =15,450+4846T —/ foot-pounds.

If we know the total heat required to raise the water
from 32°to the temperature of the steam, and then evaporate
it, and _if we also_know by. calculation the external work
done, we can deduce the quantity of ‘heat spent in\ doing
internal or latent work durmg evaporation, for,

The total heat=+~ + internal work + external work.

885,200+235°46 (T —212°)
=/ +internal work + (15,450 +846T — %)
.. internal work=3819,832 ~611 T foot-pounds.

Heat Expended in Steam Engines.

EXPENDITURE oF HEAT IN A STEAM ENGINE

We can now examine a question of great practical impor-
tance, viz, what quantity of heat must be supplied toa steam
engine, in order to get a certain amount of work out of it.
Steam engines regarded as heat engines may be divided into
two principal classes, viz. 1. Those which work with full pres-
sure of steam throughout the entire stroke, and 2. Those
which use the full pressure of the steam during a portion only
of the stroke, and then cut off all connection between the
cylinder and the boiler, allowing the steam which is isolated
in the cylinder to expand to the end of the stroke. The
former are called non-expansive, the latter expansive engines.
We will first consider the case of a non-expansive engine, and
will suppose the .steam supplied to. it to. be in.the dry
saturated condition, and free from moisture. It is necessary
to mention the subject of moisture, because in the generality
of cases the steam which enters a cylinder is not pure, but

carries over with it from the boiler a large per-centage of
suspended moisture.

How fo répresent heat by an eguivalent pressure on the

piston.—We have seen, in the case of the external work done

by an engine, that the heat expended in doing this work
can_be represented by the pressure in pounds on the piston
multiplied by the space in feet through which the piston
moves.

The heat expended in raising the temperature of the
water and in doing any internal work can be represented in
a similar manner, by a pressure on the piston multiplied by
the space through which it moves. Thus referring to fig. 13,
page 63, it will be remémbered that the total heat expended
in converting a pound of water into steam was represented
by the area of the three rectangles BA, AC, and CE, of
which CE represented the heat spent in raising the temper-
ature of the water, AC the heat spent in doing internal

work while changing the water into steam, and BA the heat
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spent in doing external work while the volume of the
steam was increasing at constant pressure.

Now, we may take the line QA as representing the stroke
of a steam engine, working with full steam throughout. The
pressure, due-to-the resistance to the motion of the piston
(see pages 62 and 63), is represented by the vertical line OB,
and “the external work done during one stroke of the piston
is represented by the area of the réctangle BA. Now, the
internal work 'done when changing the water into steam is
represented by the area of the rectangle AC, and as both
these rectangles have the same base, OA, their areas are to
each other in the same ratios as the vertical lines, OB and
OC}; and just as OB represents the pressure due to external
work, so OC may be said to represent an ideal pressure
due to internal work; and CD an ideal pressure due to the
heating of the water; and the sum of the three lines, viz.
BD, represents a pressure due to the total expenditure of
heat,

Now, if the area of the pision beone square foot, then
the volunie occupied by the stecam af'the end of the stroke
or 7=0A, and if H s the total hedt expended expressed in
foot-pounds, viz. the area. BE, then the line BD, represent-
ing the pressure due to-thie heat expended, multiplied by #
equals the area BE, or denoting the line BD by P, we have

Pxz=H, or l‘:l.l"

That is to say, the ideal pressure, due to the heat expended,
equals the heat expended expressed in foot pounds, divided
by the volume in cubic feet occupied by the steam.

If 2 equals unity, then the work done by the piston equals
the pressure on it, equals # ; that is to say, when the piston
travels through one cubic foot, the external work done equals

' Properly speaking 2 should be

¢ diminished ?:_\‘ the volume of the
original pound of water, but as this is

been omitted in this and the succee ling ca

Heat Expended in Steam Engines.

#, and the total heat expended equals P; or c:\[»n:sscd
generally, the work done per cubic foot swept through by
ihc piston=p, and the heat c,\‘;mndudzil’. ' N

Let us take the case of a condensing engine, working
with dry saturated steam of 6o pounds pressure on the
square i’m‘h, and find out how much useful work it can do
per pound weight of steam used, and how much heat has to
be expended in order to do the work.

At first sight it might be thought that the useful work
done equals the pressure on the pi,\‘wn multiplied by (h.c'
space through which it moves, and this wou»ld.lw t‘hc- case if
there were a perfect vacuum at the back of the piston. It
is, however, impossible to realise a perfect vacuum with a
condenser, lllnd.(\)11~c<]11cl1tl)' the back of the pi.\h"m experi-
ences a pressure varying according to Hu‘.]u:rtu tion of the
vacuum, and acting in the contrary direction to 'thu steam
[vrc.\'sun:. This back pressure in a condensing engine usually
varies from 2 to 4 pounds per square inch. In 1h.c case of
a non condensing engine, the back of the piston is plcwc.(,i
upon by the wholeweight of the atmosphere, or 14°7 pmxl'\}(!?
per square inch, as well as by the ru.\lfiuzll pressure of the
exhaust steam, which cannot escape quickly enough .Lhr-m;.',h
he narrow exhaust passages, so that with-these engines the

!
X "
: £, . S B e
back pressure varies from 16 to 19 pounds per square inch.
In the present example the back presstre is taken as

three pounds, and the effective forward I'ﬂfL‘nSlll‘C'irl the
steam is 6o— 3= 57 pounds per squaré inch. ' Now the
specific volume of steam of 6o 1bs. 1s }’\cc page 493) 7 37
cubic feet, and the effective external work or po m!’:f-;- juently
equals 7'037 X57 X 144=57755'4 I-Ml-['f",‘.ﬂ'lw. his thc‘n
is the useful work which one pound of steam can realise
when worked non-expansively: . Also ‘as _one horse-power

1 y > . Ling
per hour is 33000 X 60 foot-pounds, an engine worxing
under the above conditions would require ===
pounds weight of steam per horse-power per
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Now, the heat expended in order to attain this result is
the whole heat of formation of the pound of steam at the
temperature (‘(_>rre>pum_1ing to 6o pounds pressure, viz. 203",
If the water were taken originally at 32° this quantity of
heat would be 904,106 foot-pounds (see Table L), but if
the water were taken originally at the temperature of the
condenser, which would be about'104° we should have to
subtract from the above quantity the heat requisite in order
to raise the water from 32° to 104% This latter quantity
expressed in foot-pounds would be approximately (104°—
32%)772=55,584, and consequently the total heat expended
would be go4, 106 —55,584=2848,522 foot-pounds.

Thus we see that, in order to obtain 57,758 foot-pounds
of external work we have to expend 848,522 foot-pounds of
heat, and the consequent efficiency of the engine would
57758
848522
such a form of steam engine is, The above result, bad
though ‘it be, is.far more favourable than anything that
would take place in practice ; for it must be remembered
that we have not taken account of any losses due to radia-

only be =008 ; a result which shows how wasteful

tion, condnction, leakage, &c.,-and we have supposed the
steam to be formed without any waste of fuel ; whereas we

know that even in the best boilers this waste is Very con-
Sidcrﬂ]‘:]c.

At the end of the stroke the whole of the hedt in the
steam, whichis -equal to the 'heat of formation minus
the external work done, is rejected into the condenser,
part of it heating the injection water and the remainder is
wasted.

If we desire to express the above quantitics, per. cubic
foot swept through by the piston; instead of per pound of
steam used, we can do so very simply. For the heat ex-
pended equals the work done plus the heat rejected. Now,
if H be the total heat of formation of the steam from the
temperature of the water, and # its specific volume in cubic
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: H . N
feet, then — equals the heat of formation of one cubic foot

of the steam. Also the external work done per cubic foot
equals the pressure of the steam per square foot, equals 2,
and the heat rejected is the heat left in the cubic foot of

H

steam after it has done its work ==——p. Now, part of the

work done is spent in overcoming the resistance of the back
pressure, If 2, be the back pressure per square foot, the
work so spent per cubic foot swept through by the piston is
also equal to g, and as this work is done upon the con-
densing steam it reappears as heat in the condenser, and
must consequently be reckoned as so much heat rejected.
Therefore the heat rejected, instead of being [—I— 2, will be
ks

5 VAN

I,,l —/"+/’:.- !
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% PO T EXPANSION OF STEAM.
/
" Tt is evident from the foregoing that the heat rejected is
very nearly equal to the total heat supplied. The only way
of increasing the efficiency of a steam engine is to utilise
some of this wasted heat. This abject can be attained by
cutting off all communication between the cylinder and the
boiler when the former is partly filled, and then allowing
the steam to expand during the remainder of the stroke.
The amount of the expansion may be varied, according as
the steam is cut off earlier or later during the stroke. There
is theoretically no reason why the expansion should not be
carried on till the final pressure of the steam equals the
back pressure; but there are practical reasons, which will
be- explained hereafter, which render such “high degrees of
ansion inexpedient.
The great economical advantage of using steam expan-
sively will be seen at once from the diagram, fig. 21. Let
the steam be, as before, of 6o pounds pressure per square inch

above zero, and the original temperature of the water 104"




V= 7037 cttd _/c’c‘(

Measure off Op to represent 6o pounds,
and' Oz to represént\ 77037 cubic feet,
viz. the specific volume of one pound of
steam / of 6o pounds pressure. Then,
neglecting the small _initial volume oc-
cupied by the pound.of water, the rect-
angle pOv represents the external work
= 60 X 144 X 7'037=60,800 foot-pounds.
Also the total heat of formation of the
steam,.-the /initial -temperature of the
water being 104° 15 848,616 foot-pounds,
represented as before by the rectangle pB,
the area of which is 13°95 times that of
the rectangle p02.

Let, now, the steam be expanded
till its final volume Oz, is four times the
original volume Oz. The work done
during this expansion will depend ‘upon
the curve p's, which may be anything
we please, according as heat is m"is not
supplied to the steam during its expan-

g
sion. Let us suppose, for the sake of

simplicity, that the curve is a rectangular

hyperbola, and that the heat supply
necessary to make it one may be neslec

ted—and it may
here be noted that this is the curve to which the ex-
pansion line of steam most nearly approximates, under the

ordinary circumstances of a well-constructed steam engine.
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The area of the portion p'vug, of the diagram is then
v logr or pu. logor ; for since the curve is a rect-
angular hyperbola p x v =g, x #. Also the total area
POu gy, representing the total external work done, is
pu+pologr=puv(r+log.7). In the present instance r=j4,
and logr=1'3863, and pr=60,80c0 foot-pounds, .. pv
(x +log) = 60,800 x 2°3863 = 145,087 foot-pounds. In
order to obtain the useful work done, we must subtract
from the above amount the work expended in overcoming the
back pressure, say of 3 Ibs. per square inch. As the back
pressure is overcome through a space of 4 x7°037 feet, the
work done=3 X 144 X 4 X 7°0; 12,160 foot-pounds, and
the useful work therefore=132,927 foot-pounds, against
57758'4 In the previous example, when there was no
expansion. Now the expenditure of heat was shown to be
848,616 foot-pounds, and the efficiency is therefore I;;.:l”:T
348,616
=-156, as against 'o68 in the case of the non-expansive
engine, The ratio of the external work done to heat
expended is represented graphically by the ratio of the area
of the figure pp 2,0 to the area of the rectangle pB.

To find expenditure of heat when condition of steam at end
of stroke-is givem—The above result is only trueif the expan-
sion curve be a rectangular hyperbola. If, however, some
other condition had been given, such as, that throughout, and
at the end of the expansion, the steam should be dry and
saturated, we should have had a different result ; for we know
that the expansion curve of dry saturated steam is not po=
constant but pz ¥ =constant.

In practical experiments it is found easier to ascertain the
uantity and state of the steam atthé end ofthe stroke, rather
than at the point of cut off'; weshall therefore next show how
to find the expenditure of heat, when the condition of the
steam at the end of the stroke is given, and the work done is
known.

In the first instance, suppose that the original pressure of
; i e I
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the pound of steam is p, the final pressure p, and that the
steam is dry and saturated at the end of the stroke. Now,
the heat rejected is the amount of heat in the steam at the
end of the expansion, together with the work done upon the
exhausting_steam, by the piston overcoming the back pres-
sure gy The heat in the steam at-the end of the expansion
is the total heat of formation of dry saturated steam of the
pressure g, minus the amount due to doing external work=
b ; for, of course, the heat' spent in doing external work
disappears from the steam, having been transmuted into the
work done.

Consequently heat rejected=H— 24 .7

where p.a, (is the -work done in overcoming the back
pressure A, through the space 7., and H,is the total heat
of formation of dry saturated steam of the pressure g,

Now, the heat expended equals the heat rejected, plus
the external work done by the steam during admission and
expansion.  If p; be the‘mean or average pressure through-
out the stroke, then (p,—2y)7;is the external work done,
and consgquently

Heat ux;:undcd: H, =2c¥cF PV (P — 2o ) Vs

i)
vy

— ] 1: ~v~/"::,’-‘! 7}6

If we wish to express these results per cubic foot swept

through by the piston, we have only to divide by z, the

number of feet occupied by the steam at the end of the
stroke; and we get

Heat (,“-‘])Ln(l(.(l: ]{ ' ;

Steam Jackets—Wemust now ascertain whether the heat
contained in the steam, as supplied by the boiler, is as

.. H T
much as the above quantity —f+ 2, —#. for if not, one of
“1

two things must happen, viz. either more heat must be

supplied to the steam while it is in the cylinder from some f\

)
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external source, or else at the end of the stroke it will not be
dry and saturated, but a certain proportion will be condensed
into water,
let H; be the total heat contained in a pound of the
steam, in its initial condition, as supplied by the boiler,
then, as 2z, equals the contents of the cylinder, or the
number of cubic feet swept through by the piston in one
stroke, therefore is the expenditure of heat per cubic foot
Y
swept through, provided that no heat is obtained from any
other source than from the boiler. But the heat actually
y s . H; ... H
expended per cubic foot swept through isnot — but—+
T 7
Pu—pe Subtracting, therefore, the first from the last of
. or H,—H,
these quantities, we get a difference=p,—p+—
Now, the numerical value of the two quantities H; and H
may be taken from Table I, and as H, is always greater

H,—

than H, the quantity — B win always be negative, and for

H,—H

{

1
every particular case the difiercnce p, — g+ ~““twill be
found to be a positive quantity ; therefore, the heat actually
wanted for the steam in order that it may remain dry and
saturated is greater than the quantity present in the steam
as it is supplied by the beiler.

The difference must therefore be supplied to the steam

while in the cylinder, and this is usually effected by
surrounding the latter with a casing always kept full of
boiler steam or hot air. The temperature of the steam in
the jacket is evidently greater than the mean temperature of
the steam in the cylinder, and consequently heat will flow

from the former to the latter, and will either check or wholly

prevent condensation, according to the quantity of heat

tnus supplied.

The question, whether or no it is desirable to prevent
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condensation during expansion, is a rather complicated one,
and will be discussed in Chapter XI.

In the foregoing we were only concerned with proving
that if the condition be given that the steam must be dry
and saturated at the end of the expansion, in order to
fulfilthis" condition, heat must-be supplied to the steam
from a hot casing, which is generally called a steam jacket.

Rankine's empirical formule for the expenditure of heat
I a steap engine—From' the above formula for the ex-
Hy

o

penditure of heat, viz. : +Pwm— P it would be easy to

construct a numerical formula involving only the mean

and final pressures, and ‘the temperature of the steam and
feed water and certain constants. It has, however, been
found by Rankine that the results are-equaliy well given
by a very simple empirical formula which for condensing
engines is :

Heat expended =g+ 157 ;
and for non-condensing engines :
Heat expended=p,+ 142, :

the results being expressed.in foot-pounds per cubic foot
swept through by the piston.

THEORY OF THE PERFRECT HEAT ENGINE APPLIED TO
THE CASE OF STEAM.

We can now proceed to apply the principles laid down
with regard to perfect heat engines to the case where steam
1s employed instead of a (gas. The amount of steam and
fuel necessary for a perfect steam engine under given
circumstances will first be considered. The nature of the
diagram indicating the varying states of the steam in such
an engine will then be examined, and finally the question
will be discussed how far actual steam engines of the best
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construction comply with, and how far they depart from, the
conditions of maximum efficiency.
The efficiency of a perfect heat engine has been shown

(see page 89) to be -2, where 7, and =, are the

7
absolute temperatures of the sources of heat and cold,
Hence, in such an engine, if H be the quantity of heat
supplied, and W the exterior work done, we obtain the
relation
H. 11772 =W or H=W.

T) T

Hence if we require to know the least amount of heat
necessary in order to obtain one horse-power per hour
when the limits of temperature within which the engine
works are known;we have W=33;000 % 6o=1;980,000 foot-
pounds,

and H=1,980,000 x — L foot-pounds.
T|—Ty

In a steam engine the limits of temperature ought to be
thé temperature of the hot gases in the furnace of the
boiler on the one hand, and the temperature of the con-
denser on the other, or in the case of non-condensing
engines, the lower limit is the temperature due to the pres-
sure of the atmosphere, i.e. 212°+461° absolute,.  We pos-
sess at present, however, no means of utilising the tempera
ture of the furnace gases,-and consequently the higher limit
in a steam engine'must be taken to be the temperature of
the steam in the boiler.

Let us consider the case of a perfect engine working
with steam of 6o pounds pressure, as before; the temperature
of the condenser being 104° +461° absolute? The absolut
temperature of steam of 6o pounds pressure is 293°+ 461

754°. The quantity of work obtained per pound of

eam is the total heat contained in the steam, multiplied
by the fraction 7-"‘4_'_—5{'5:‘; very nearly. Now, a perfect
195
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engine, as will be seen presently, always uses the same
water over and over again, and always evaporates it fromn
the temperature of the steam ; consequently the heat
supplied to the water in order to turn it into steam of
293° is less-than the quantity given in Table I, by the
amount necessary to heat ‘the water from 32° to 293° ; that

5 to say, the quantity of heat in question is o4, 106 — 202,444

701,662 foot-pounds. Therefore  the work obtainable
er pound of steam is yor,622 X }=175,413 foot-pounds.

In order to obtain from lhm engine one horse-power

1,080,000
175,413
=113 poundsof steam. If we wish to find out at what ex-
penditure of fuel this power is attained, we must know what
heat can be developed by the combustion of a given weight

per hour we should require to expend ' therefore

of fuel. Thissubject will be fully dealt with in the chapter
on hoilers ; butat present it may be stated that one pound of
good average coal properly burnt should give 12,000,000 foot-
pounds of heat. Nowas one pound of steam of 6o pounds
pressure requires for its formation, from water of 293°
701,662, foot-pounds, 'the' pound of coal should theoreti-
12,000,000

cally be‘able to evaporate
. 701,002

17 pounds of water,
XA
and consequently we ought to require —2=166 pound
) 1 -

1

of coal per horse-power per hour.

The actual amount of water which a'‘pound of fuel can
evaporate in a good boiler 1s, however, much less than the
above ; in fact, as will be seen hereafter, it seldom exceeds
eleven, and is more often from seven to eight pounds. If,
for the sake of simplicity, we suppose that 11°3 pounds of
water are evaporated by a pound of coal, then, in the case
of the engine under discussion, we should require to burn
one pound of fuel per horse-power per hour. In the best
constructed modern steam engines \\'orkin” with steam of

5

the pressure under discussion, viz. sixty pounds absolute,

Losses of Efficiency in Steam E ngines. 3
or about forty-five pounds above the at mosphere, the amount
of fuel burnt per horse-power per hour is far greater than one
pound. It is, in fact, never less than two pounds, while in

from eight to ten pounds,
and even larger quantities, are consumed.

fore, plainly, that, in additic

engines of inferior construction,

We see, there-
n to the loss of heat which takes
place in the boiler, there are other sources of waste. It be-
comes, then, nece ssary to compare the working of an actual
engine with that of the theoretical engine, step by step, in
order to ascertain all the causes of ineffic iency.

Causes of loss of efficie ney in steam engings.—

In accordance
with the principles laid down.

the water should receive all
its heat at the fixed higher temperature ; in other words, it
should be turned into steam at constant pressure. The
steam shuuld then be allowed to expand adiabatically,
till ‘the temperature falls to that of the
should next reject heat into
temperature, though

none of the steam it-

condenser. It
the condenser at this fixed

self is supposed to enter
the condenser. Finally,
at a given point, the
cooled steam, or mix-
ture of steam and water
as it would probably be,
.\II(MIH f'c lnl:lprc\wtl
till it returnsto its first
condition -of ‘water, of 4l
the original tempera-
ture of the steam.

Fig. 22

Fhese changes are indicated by fig: 22

Let the point 1 represent the volume and pressure of one
pound of water, the pressure being that at which the steam
is formed. In strict theory, the steam ought
at the temperature of the furnace

€ 8

ASe8, S
has been before stated. is practically imj 1\»\\1[ le, and we will

1
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suppose for the moment that the water receives its heat at
the constant temperature, due to the pressure at which the
steam is formed. During evaporation the pressure remains
constant and the volume increases, till the whole of the
water is converted into steam. This state of things is
indicated by the point 2. The steam is now allowed to
expand adiabatically along the curve 2 3 till the temperature
has fallen to that of the source of eold." The volume is then
reduced at' the constant pressure, corresponding to the
temperature of the source of cold, till the point 4 is reached,
when the mixture of steam and water is compressed adia-
batically along the line 41, till the whole is re-converted
into water of the-original temperature, pressure, and volume,
The area of this diagram, as before, represents the external
work done during the cycle of operations, and it may either
be computed analytically, if we know the equations of the
adiabatic curves, or, calculated more simply on the principle
that the work done equals the heat supplied, multiplied by
the efficiency of the engine ; in other words it equals the
heat necessary to turn a pound of water of the temperature
7, into steam of #,, multiplied by "'~ 72,

Now, in an-actual steam-engine, the series of operations
which takes place differs more or less at every step from
that which has been just described. In the first place, the
water, instead of receiying all its heat at the higher tempera-
ture 7, is introduced into the boiler as feed water at a
much lower temperature. During the process of evaporation,
the condition of receiving heat at constant pressure is ful-
filled, so long as the pressure in the boiler is kept constantly

1e same, which it never can be when the steam is worked
expansively.

During the expansion, the condition that heat shall not
be supplied to, or abstracted from, the steam is not fulfilled,
because the metals of which cylinders are constructed
render the fulfilment of this condition impossible. Cylinders
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are of three sorts ; the first sort is made of me
exposed to the outer air. In this «

tal directly
case, the metal being a
good conductor is rapidly heated by the steam, and parts
with its heat to surrounding bodies by radiation and con-
duction, thus causing the steam to be cooled during its
passage through the cylinder, so that the expansion line
falls below the proper adiabatic curve. A

The second class of cylinder is clothed with some non-
conducting substance, so as to prevent the escape of heat
to outside bodies. For the sake of simplicity, we will
suppose the substance to be a perfect non-conductor.
When first the steam enters such a cylinder it finds the
metal cool, and parts with some of :H"n«.-.a: ; after a few
strokes, however, the cylinder gets warmed, and if the
temperature of the steam remained uniform throughout the
entirg¢ stroke, no further loss would ensue from this cause.
But the temperature of the steam is only uniform while the
line 1, 2 is being described ; after that point, and during ex-
pansion, the temperature drops from = 71 to Ty § consequently,
when:the steam enters, it finds the sides and end of the
cylinder cooled down, they having just been in contact with
steam of the temperature r,. Part of the heat of the steam,
therefore, 15 spent in re-heating the metal of the cylinder.
This causes part of the steam to condense, if it be. oris ginally
in the dry and saturated condition. When, however, the
expansion.begins, the temperature of the steam rapidly drops
below the temperature of the walls of the cylinder, These
latter consequently giveu p partof their heat again to the steam,
and partially re-evaporate the condensed portions. This re
evaporation is facilitated by the circumstance that a portion of
the condensed steam has the temperature ‘=, and conse-
quently, when the expansion commences and the pressure
falls, it is too hot to remain any longer in the condition
of water, and its surplus heat helps in re-evaporating
. Thus, though no heat is lost to external objects
during the stroke, when the cylinder is perfectly clothed,
12
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still, during one period, heat is taken from, and during
another period given back to the steam, by the cylinder,
and consequently, the curve of expansion is not, strictly
speaking, adiabatic. The exact effect of this peculiar action
on the shape of the expansion curve is difficult to ascertain,
because the rapidity with which the metal of the cylinder
can take up and give off heat is'noet accurately known. The
subject will, however, be further-examined in Chapter XI.
The third description of cylinder is surrounded by a
Jacket or casing filled with steam from the boiler, and which
is itself covered with non-conducting-substances so as to
prevent the esc ape of heat to the outside. It is evident
that in this case the temperature in the jacket is higher than
the average temperature in the cylinder, and consequently
heat will flow from the former to the latter throughout a great
part of the stroke, and will thus tend to raise the curve of
expansion above the adiabatic line. ' The effect of the
action of the jacket upon-the working of the steam engine
will be more particularly considered in’ Chapter XI.
During-the third operation in an actual steam engine,
viz. the rejection of heat, the condition of maximum efficiency
is not/fulfilled, for, the heat.is not all rejected at the tem-
perature of the condenser. If the expansion were carried
so far that the temperature of the steam were reduced to the
temperature of the condenser, this condition could be ful-
filled, but in practice it is not found possible to carry the ex-
pansion so-fary and.consequently, when condensation com-
mences, there is a sudden drop from the temperature due
to the terminal pressure of the steam, to that of the conden-
ser. This is illustrated by the diagram fig. 23, where the
point | 3 répresents the pressure’of the steam at the end
of the expansion, and the vertical ordinate of the point 4

represents the back pressure due to the temperature of the

I
condenser. When the steam commences to reject its heat,

the temperature suddenly falls from that due to the pressure
of the point 3 to that due to point 4. In strict theory the
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expansion should have been continued to the point 3/,
where the curve intersects the horizontal line of back, or
condenser pressure.

During the remainder of the period of heat-rejection the
condition of maximum efficiency is fulfilled very approxi-
mately. At this part of the process, however, another evil
arises, for the metal of the cylinder was heated up to a

certain temperature during the admission anc

1 expansion of
the steam; when, however, the steam is being condensed,
its temperature is much lower, and consequently the
cylinder parts with some of its heat to the condensing steam,

thus retarding condensation, and cooling the cylinder down ;

P

so that, as has been before stated, some of the fresh steam
on entering is condensed. If the cylinder be provided with
asteam jacket the first of these évils may be increased, for,
during half the time such an enginé is running, the steam
jacket is employed in wasting heat on the condensing steam

The fourth condition of maximum efficiency, viz. that at
a certain point the rejection of heat'should be stopped, and
the mixture of steam and water-in-the cylinder should be
compressed into water of the original pressure and tempera-

ture, which water should be used over again in the boiler, is

not fulfilled at all in the ordinary steam engine, If the

engine be of the condensing type, the condensation is
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carried out completely, and all the heat in the steam is spent
in warming up from 2o to 3o times its own weight of water
employed in the condensation to a temperature about one
third of that of the water in the boiler. Of this water, only
one twentieth to one thirtieth can be used over again to feed
the boiler, and, must, when,in-the boiler, be suddenly raised
from the temperature of the condenser to that of the steam,
thus infringing the first condition of efficiency.

If, on the other hand, the engine be a non-condenser,
the steam all escapes into the open air; and is there con-
densed, and the boiler is fed with cold water, unless some
special provision is made for heating the latter with waste
steam, or furnace gases, ‘which arrangement has, of course,
nothing to do with the engine, properly so called.

We thus see that the actual engine differs at every stage
of its working from the theoretically perfect heat engine, and
these differences are multiplied and rendered more compli-
cated by numerous other circumstances which will presently
be referred to.. For instance, it has been taken for granted,
in all that has gone before, that the engine receives dry
saturated steam from the boiler. Now, as a matter of fact,
boilers do  not usually deliver dry steam, but send over
large quantities of hot watér with the steam into the cylin-
ders. When this takes place, the calculations for heat
expended and work done have to be materially modified;
for it is evident that a large quantity of heat has been spent
in warming this water up, from the temperature of the feed
to that of the steam ; which heat is wholly or in greater part
wasted, as no work can be done by this water unless it

evaporates in the cylinder. Under the most favourable

circumstances the water canonly be partially évaporated
viz. when a jacket supplies heat to the steam in the cylinder,
and when by expansion the pressure of the steam is so far

y

lowered that the water is too hot to remain water at the

lower pressure, and consequently expends its surplus heat in
partially evaporating itself,

This subject of wet steam is
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chiefly of interest in so far as it affects the subject of
jﬂCkLilﬂ;: and will consequently be referred to again in
Chapter XIL.

Again, in all that has gone before, it has been assumed
that the action of the valves which admitted the steam from
the boiler to the cylinder, and from the cylinder to the
condenser, was perfect ; that is to say, that they opened and
closed fully and quickly, precisely at the proper moment,
and in no way by their slowness of motion or imperfect
design strangled the steam on its passage to or from the
cylinder. In actual steam engines the valves not infrequently
fall short of this ideal perfection.

The results usually attained in practice fall short of what
they should do owing to the three following sets of causes :—

. The boiler is imperfect, inasmuch as it wastes heat,
and delivers water along with the steam to the cylinder.

2. The engine, considered merely as a heat engine, is
imperfect for the following reasons :-

a. The limits of temperature within which it is possible
to work it in practice are narrow, so that the numerical value
of the fraction T—"L is very small.

P

4. The series of operations does not comply with the
conditions of maximum efficiency, for the heat is neither
received nor rejected at constant temperatures, and the
metal of which the cylinder is made is capable of absorbing,
transmitting; and radiating heat, so that adiabatic expansion
is impossible. )

3. The engine, considered as a piece of mechanism, is
defective for the following reasons:

a Work is lost/in friction of the different moving parts.

. The passages conveying the stéam from the boiler to
the cylinder, and from the latter to the open air or condenser,
alx\';l)js impede somewhat the motion of the steam, thus
diminishing the useful pressure on the piston and increasing
the back pressure.
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¢. It is impossible to avoid leaving, and is even necessary
to allow a certain space between the piston, when at its
extreme positions and the face of the cylinder cover, which
space, together with the cubic contents of the steam port, is
called clearance. Nowyit is evident that this clearance space
has to be filled with fresh steam at every stroke, which does
no work except when expanding, and consequently causes a
loss of efficiency.

The losses due to the imperfections of the boiler and of
the mechanism 'will be duly considered in the chapters
devoted to these subjects. The losses-due to the defects of
the engine proper considered as a heat engine have been
considered so far as space and the scope of this work will
allow in the present chapter. Some of them will, however,
be referred to again in Chapter X1., which deals principally
with the refinements of the engine, contrived to neutralise
the deficiencies.

SUMMARY OF THE LAws AND FORMULZE oF
THERMODYNAMICS.

It may be useful and convenient to sum up here the
prineipal laws and formule of the science of heat, as ex-
plained in this and the preceding chapter.

First Law of Thermodynamics—Heat and mechanical
energy are mutually convertible. A unit of heat requires for
its production, and produces by its disappearance, a fixed
amount of mechanieal energy.

British unit of heat.—The unit of heat used in this
country is the quantity of heat required to raise one pound
of water of the temperature 39°3° through one degree
Fahrenheit:

Mechanmical  equivalent of heat.—One  British thermal
unit is equivalent to 772 foot-pounds of mechanical work.

Second Law of Thermodynamics.—Heat cannot pass from
acold to a hot body by a self-acting process unaided by
external agency.
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Boyle's law applied to gases.—The product of the pressure
and volume of a portion of gas isa constant quantity so long
as the temperature remains constant.

For air at 32° the constant quantity is 26,214 foot-pounds.

Hence the expression of the law for air is :

pv=26,214 foot-pounds.

Law of Charles and Gay Lussac applied to gases.—When
the pressure is constant all gases expand alike for the same
increase of temperature, The amount of the expansion
between 32° and 212° is *3654 of the original volume: and
for each degree between 32° and 212° it equals L::}:
‘00203,

Similarly, when the volume remains constant the pressure
varies in the above proportion. )

Combination of the two foregoing laws.—The product of
the pressure and volume of a portion of gasis proportional
to the absolute temperature, . Thus :

L7 and S Py T = Py,

(o T

N.B. The absolute temperature is equal to the ordinary
temperature on Fahrenheit’s scale plus 461°.

Hence, remembering that the absolute temperature of
32°is 493, and that the value of pv for 32°is 26,214, we
get the very important law

l,‘l.": 32T

The specific heat of gas al constant pressure is the
all temperatures.

The mechanical equivalent of the/heat required to raise
one pound of air; one degree, at constant pressure is :

K, = 2375 thermal unit = 183335 foot-pounds.

3 ; )/ 7 p o iyl 1lc 10 AP YT
If a gas expand without doing external work, its lempera

fure 1s unchanged,
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The mechanical equivalent of the heat required to raise
one pound of air, one degree, at constant volume is :

K, = 1686 thermal unit = 1302 foot-pounds.
The ratio of the two above numbers is :

Y= = I {OS

18325
130.2
B xpenditure of heat during isothermal expansion :
For isothérmal expansion Boyle’s law applies.
<o PP = constant,
and the external work done during the expansion
= polog, » = ¢ r log, » foot-pounds.

As the temperature of the gas does not alter during the
expansion, there is no internal work done, and, consequently,
the above expression represents the total heat supply.

Expenditure of heat when expansion takes place according
to the formuda :

27" = constant.

The external work done during expansion

1D n—1

74) foot-pounds.

The internal work done in changing the temperature from
TitoT,
=K. (rs—)
Therefore, the total heat expended is the sum of the two
above quantities :

— (r __.)(;/}\',——K‘_ﬂ)
2= Ty =

LExpenditure of heat duringadiabatic expansion :
The resultsin this-case are got by substitutingy = 1408
for z in the above formula. Hence
heat expended in doing external work during expansion
4

= (1 —73) foot-pounds ;
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the internal work
=K, (ra—71)
and the total heat supplied
(17408 K,—K,'
n) (— o8 )

The final temperature in adiabatic expansion is

. ( 1\ ‘408
T =T1, ,)

The efficiency of a perfect heat engine is the ratio of the
difference of the absolute temperatures of the sources of heat
and cold, to the absolute temperature of the source of heat

Law connecting the pressure and volume of dry safurated
steam,
1'0046
2o =5
where the pressure is expressed in pounds' per square inch
and the volume in cubic feet.
. log. v = 2'516—"939 log. 2.

The specific heat of water is constantly varying. It has
the value unity = 772 foot-pounds only at the temperature
39'3°. At 400° the specific heat = 80288 foot-pounds.

Superheated steam,

The law connecting the pressure, volume, and absolute
temperature of supérheated steam is

Pv=2355T
as against p # = 532 r in the case of air.

‘The mechanical equivalent of the heat'required to raise

one pound of superheated steam, one degree, is
At constant pressure, 370°56 foot-pounds.
At constant volume, 28503 foot-pounds.

The ratio of the two numbers, or y = 1°3.
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Total heat required to change one pound of water of 32°
into steam of 1°=2885,200 + 23546 (/‘*——z12:‘)armxn‘).\im;ztely.
If the water were originally hotter than 32°, say #,°
Total heat required = 88s, 200423546 (£°—212°)—

(#,°— 32°) approximately.
Of the above the quantity required to do external work
= p v foot-pounds.
; . - 1'0625
where p 7 is calculated from the equation g2 =i ghs
Zeuner's empirical equation for the heat expended in doing
external work.

External work = 15,450+ 846 #—# foot-pounds.
where % is the quantity of heat required to raise the water
from 32° tothe temperature of the steam.

Expenditure of heat per pound of steam expressed by an
equivalent pressuve.

A

where Pis the equivalent pressure required. H is the heat
of formation of one pound of steam in foot pounds, and 2
the corresponding volume of the steam.
Expenditure of heat per cubic foot swept through by the
piston.
: H
)

21
[

Heat expended =

and heatrejected = I_l —p+ 1

where p = pressure of the steam per square foot, and g, =
the back pressure per square foot.

Lxpansive working of steanm.

70 find expenditure of heat when steam at end of ‘stroke
5 dry and saturated.

Let H, be the total heat of formation of one pound of
steam having the pressure #, per square foot at some point
just before the end of the stroke and the corresponding
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volume 7, Let p,, be the mean pressure, and let the other
symbols have the same meanings as before.

Heat rejected = H,— g, v+ 2, 7.

Heat expended = H,—p, 9+ps U+ (fm—0s) 0r=H,+

P Ur—Pr Tp At
Heat expended per cubic foot swept through by the
piston

Do
, / . 4o sxcdendititrs of Jie
Rankine's empirical formula for the expenditure of heat
&t a steam engine

Heat expended = p,,+ 15 2, for condensing engines.
= Pt 14 py for non-condensing engines.
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CHAPTER 1V,

CONNECTION = BETWEEN THE SIZE OF AN ENGINE, THE
EVAPORATIVE POWER OF THE <BOILER, AND THE
EXTERNAL WORK WHICH CAN BE DEVELOPED.
er's modification of Bovle's law applied to ste 141-~\\(“l— done during

expansior steam calcitlated 1| —De Pambour’s
theory of the double-acti am er >~ lh l.m fundame m-l prin
and their- mathematical expression— -Analysis of H.n tance to

motion'of the piston of a
friction—I.oad

de \.cL\p d by
2 'to be avercome the pistons of
i 1 i ) uniform
dient—
s 1o ic resis-
tance—Application of De Pambour's theory to loc ux.\“lln:-] xamples.

IN the preceding chapters the physical properties of steam
and gases, and the Taws which regulate their changes of state,
have been briefly consi 'iuui The purpose of the present
chapter is more practical, it being proposed to show what
mechanical work. can lm accomplished by an engine of
a_ given /size working at a givén rate of expansion, when
attached to a boiler uu..uu of yielding a given quantity
steam. Or, vie versd, what quantity of steam must be
evaporated in order that the engine may under the given
circumstances perform the given quantity of work.

It would be veryeasy 1o devise suitable formula to solve
these questions if the law of expansion of d ry saturated steam
in a cylinder could be expressed. with the same simplicity as

Boyle’s law for the expansion of gases. To facilitate ‘the

calculation of the questions we will in this chapter make

Boyle's Lazw applied to Steam. 127
: ; 7

usz of an empirical modification of Boyle’s law, discovered
by Navier, and which is more suitable for the purposes of
calculation than Rankine’s law.

If we were to make use of Boyle’s law, and to start with
the constant obtained by multiplying the pressure by the
corresponding volume of a pound of steam of atmospheric
pressure, the calculated volumes would all be too small for
pressures above the atmosphere, when compared with the
volumes as given by actual experiment. To avoid this
error, Navier increased the value of the constant in Boyle’s
law, and added a small constant to the number showing
the pressure. Thus, instead of pv = Navier adopted a
formula of the form

C
alFs

where C is a larger number than 4 and % is the constant
added to the pressure.

The numbers which give the best results are, for steam
between the pressures of 20 1bs. and 180 Ibs. absolute C =
28,200 and £=4 ; and for steam below 20 Ibs. C = 31,000
and # = 4. Hence the formula becomes in the two cases

2+4

The relative volume of steam is its volume compared with
that of the water from which it is formed. The Tables give
the absolute volumes of steam'formed from one pound of
water. Now as the volume of one pound of water is T
cubic feet, we have only got to multiply the volumes as given
in_the Tables by 62-42/in\order to get the relative volumes.
According to this formula, the ratio of the volumes V,, to Vs
at two different pressures P, and P would no longer be equal
to the ratio of the pressures P to P, but to the ratio P4-4
to P,+4 Thus,

/s
A

P+ £
s
}

=y
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Calculation of the work done during the expansion of steam
by Navier's formula.

Let P be the pressure of the steam on entering the
cylinder in pounds per square inch. After it has raised the
piston through the height /, let it be cut off and allowed to
expand to the end of the stroke L. At any point & between
/.and L the pressure p may be got from the proportion

2+EIPFR: x
pmotn i
and multiplying each side of the equation by the elementary
space Zv and integrating between the limits ¥=/ and x=L,
we have
‘Lprr’.\':(l‘+/(')/log‘_ Lls =1
¥ /

The quantity on the right-hand side of the equation is
the work done per square inch of piston during the
expansion “of the steam. If the aréa of the piston be A
square feet, then the work done by the steam up to the
time /it was cut off is equal to”the total pressure on the
piston, or 144AP multiplied by the space through which it
moves = 144AP/ _Add to this the total work done during
expansion

= 144.-\1:(1’ + %) log, I/ —k (L—/):I,

e get

I.H.\j_/ (r4-log 1 :1'+z'>—m}

Let the resistance which can be just overcome by the
steam-be at the rate of R pounds per square inch, then we
must have,

144;\[_/(_14—]0;:,_ '/u:ma-;-u]:[44.-\RL

L_L_R+#%
iy i

S I+log ; .
I+ log Pk
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. 3 ; L -

In the above the fraction 1= the rate of expansion
d ¢+ 3

usually denoted by the letter E and the fraction },\T"x;

P42

according to Navier’s formula, the ratio of the relative volumes

If we

and V,

of the steam at the pressures P and R respectively.
represent these relative volumes by the symbols \';:
we get the equation :
1 +log, E=EYe

R
by means of which all questions relating to the work done
by steam when used expansively in a cylinder can be
calculated.

For example, take an engine having a cylinder 30 inches
diameter, and 6o _inches stroke, working with steam having
a pressure of 6o Ibs, per square inch, cutting off at a quarter
stroke. . Find the work done per stroke.

We have (14 log,. 4)=4 x \."”-

Ve
Now, log, 4=1"3862, and V=440, from table of
volumes ;
l’;(n)
3802 273862
=S138S
which' number corrésponds, aceording to the table, to [the
relative volume for the pressure, 345 1bs. per square inch.

This, then, is the value of all the resistances to the motion
of the piston, of whatever nature, reduced to pounds per
square inch ; and the work accomplished. in overcoming
them, per stroke of the piston,

=34°5 X area of piston X 5 fee(
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Similarly, we might have used the formula in order to
determine at what pressure steam should enter the cylinder,
in order that it might overcome a resistance of 34°5 Ibs. per
square inch, if cut off at a quarter-stroke.

D Pampour’s THEORY 0f THE DOUBLE-ACTING
SrEaM ENGINE.!

De Pambour, was the first to form a theory of the
mechanical action-of -the-steam engine, connecting the size
of the 1'_‘.“11'1( r, the L‘\'ﬂ!'“)r.'l[i\'k,‘ power of ‘the boiler, the rate
of expansion, and the awork done. His' theory depends on
the two following principles:—

1. When the engine is running at uniform speed, the work
done by the steam on the piston is equal to the work due
to overcoming the resistance to the motion of the piston.

2. The steam which is evaporated in the boiler is equal
to that used in the cylinder.

The. first of these propositions/is evident to anyone
acquainted with the-€lements of mechanics. If the average
pressure on thé piston were greater than the average resist-
ance, the motion of the piston would be accelerated, and the
engine would, consequently, not be running at a uniform
rate of speed. If, on the contrary, the resistance. predomi-
nated, the motion of the piston would be retarded.

As to the second principle, it is now known not to be
strictly true.. At first sight it would appear that; with the
exception of preventible leakages through safety valves and
imperfect joints, the steam generated in the boiler must all
be used in the cylinder, but we know from Chapter I1L
that when expansion takes place in a cylinder; part of the

which not been previously expinined,
I y exj
s alternately on either

> side only, as is the case with a few

De Pambour's Theory of the Steam E
steam 1s condensed back into water, and, as we sha
wards see, if this condensation is prevented in the ¢
by the use of a steam-jacket, the condensation take

in the jacket, instead of in the cylinder, and in neither case

can the steam be said to be used in the ecylinder. in the
manner contemplated by De Pambour, who, in his theory.
]

supposed that the whole of the steam was used in producing

mechanical effects. In spite of this defect, the theory may

be accepted as sufficiently accurate for many practical

purposes,

Mathematical expression of De Pambour’s first pri
Let P be the pressure of the steam when admitted to the
cylinder.

2 be the pressure of the steam when the piston has
moved over the space x .
been cut off.

I. be the length of the stroke in feet.

, after the steam has

/ be the distance traversed before the steam is cut off.

Cbe the clearance, i.e. the space between the initial
position of the piston and the bottom of the

cylinder.!

Before expansion commences, the work done per.square
inch of area of piston is equal to the pressure P multiplied

by 4 the space traversed= P/ Afterexpansion commenees,
the pressure must be ealeulated by Navier's formula. . “Thus,
at the moment expansion commences, the space occupied
by the steam is /4-C. At any point x, the

;.Il‘;l'u‘ 0C( !ll-ia ll
Is 2+¢, and we have, as before, the following proportion:

I4C i x4 Cuptis P4k

from which we find the pressure p at the position x is

the admissior

of cylinder
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Similarly, we might have used the formula in order to
determine at what pressure steam should enter the cylinder,
in order that it might overcome a resistance of 34°5 1bs. per
square inch, if cut off at a quarter-stroke.

DE Pampour’s THEORY oF THE DOUBLE-ACTING
S1TEAM. ENGINE.!

De Pambour was the first to form a theory of the
mechanical-action of the steam vnginu, connecting the size
of the cylindér, the evaporative power of the boiler, the rate
of expansion, and the work done. | His theory depends on
the two following principles:—

1. When the engine is running at uniform speed, the work
done by the steam on the piston isrequal to the work-due
to overcoming the resistance to the motion of the piston.

2., The steam which 1s evaporated in the boiler is equal
to that used in the cylinden

The first of these propositions is evident to anyone
acquainted with the elements of mechanics, If the average
pressure ‘on- thé piston were greater than the average resist-
ance;the motion of the piston would be accelerated, and the
engine would, consequently, not be running at a uniform
rate of speed. If, on the contrary, the. resistance predomi-
nated, the motion of the piston would be retarded.

As to the second principle; itis now known not to be
strietly true. At first sight it would appear that, with the
exception of préventible leakages through safety valves and
imperfect joints, the steam generated in the boiler must all
be used in the cylinder, but we know from Chapter III.
that when expansion takes place.in a cylinder; part of the

explained,
lternately on either

1 inste of on one side f

ly, as is the case with a few

engines in use in Cornwall and elsewhere, for pumping water from mines.

De Pambour’'s Theory of the Steam Engine

steam 1s condensed back into water, and, as we shall after-

wards see, if this condensation is prevented in the cylinder

by the use of a steam-jacket, the condensation takes place

in the jacket, instead of in the cylinder, and in neither case
can the steam be said to be used in the cylinder, in the
manner contemplated by De Pambour, who, in his theory,
supposed that the whole of the steam was used in [.-m.h:riﬂ:;:
mechanical effects.

be

In spite of this defect, the theory may
accepted as sufficiently accurate for many practical

purpaoses.

)

Mathematical expression of De Pambour's first pr

Let P be the pressure of the steam when admitted to the

cylinder.

5 p be the pressure of the steam when the piston has
moved over the space &, after the steam has
been cut off.

L be the length of the stroke in feet,

/' be the distance traversed before the steam is cut off,

Cbe the clearance, i.c. the space between the initial

position of the piston and the bottom of the
( ylm(_icr.'

Before expansion commences, the work. done per square
inch of area of piston is equal to the pressure P multiplied
by /, the space trayersed="PZ  After expansion commiences,
the pressure must bécalculated by Navier’s formula. " Thus,
at the moment expansion commences, the space occupied

the steam is /4-C. At any point x, the space occupied

and we have, as before, the following proportion:
/+(‘ 4 -\""(‘::/”'{'—/". . ‘J+;:.
from which we find the pressure p at the position a

< f1}
s of the

1 of eylin
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p="tC P2k
x+C

Multiplying by dx to obtain the work done during the pas-
sage.of the piston over the small space dx, and integrating
between the limits./and I, we obtain for the total work
done during expansion the expression

r' pdr=log, S (P+) (+C)—F (L—1).
7 Gl & 2\

If to this'we add the work done before the steam was cut
off, viz. P/ we obtain the total work done during the
stroke
~+C / o
:(logp] +C 4 7\ (P4#) (4 C)—2L.
eHC 4G
Now, according to De Pambour’s first principle, this
quantity of work equals the total ‘resistance which the
piston encounters, multiplied by the length of the stroke.
The resistance is composed of different elements, some of
which vary in amount-at different parts of the stroke ; but,
callifg the average resistance R pounds per square inch of
piston area, and  RL=work done per stroke in overcoming
the resistance ; we have,
L+4C / +-£) L
]”.'-:« 2 ~t = (1\+ ) 2
[ +C 7+C (P+4&) (I4-C)
= S R+2% . : -
Now, by Naviers law 1\)"/ is the ratio of the relative
1 - o 5 5 ) ) V!'
volumes of the steam at the pressures P and R, or V.
R

Also /-+‘(., is a ratio which it is convenient to représent by
the separate symbol E. Hence

Yoi l,+(‘_ + . l ‘:\...
SI4+C I+C Vi
is the mathematical expression of the first principle.

De Pambour’s Theory. 33

8

The mathematical expression of the second princ iple i
as follows. Let F be the number of cubic feet of water
evaporated per minute in the boiler, then the steam formed
from this water at the pressure l'=l"\',, cubic feet. This
quantity, according to De Pambour, is equal to the quantity
consumed in the cylinder. Now the amount of steam used
in the cylinder per minute depends on the piston speed,
Le. on the number of strokes made per minute and on the
point of cut-off; viz /4+C,

If 2 be the piston-speed per minute,

then 1 = the number of strokes per minute,
and l‘ x a (/4 C)
the number of cubic feet of steam used per minute, where
a=area of piston.
I'herefore, va x i FVy or va=E.FV,,

but we-have already seen that
o L+C 4 :
E.V,={log
P (l"”"u. C +/+(’)'\"

and multiplying both sides by F we have,

E.FV, .= (l(n_gl l'ﬁr".,;v :
' T YHHE it

I'herefore, #

The resistance, R, to the motion of the piston is made up
of the back pressure, the friction ©f the engine, and the
load: “The back pressure in non-condensing engines is
made up of the pressure of the atmosphere plus an additional
quantity due to the resistance of the steam ports to the
exhaust steam, and to the compression of the steam remain

ing in the cylinder after the exhaust is closed by the valve.
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The pressure of the atmosphere may be taken on the average
as 14'7 lbs. t?» the square inch ; t]ll; remainder of the l);\;;k
pressure varies in amount according to the size of the
f.“\hillh( passages, and the point of the return stroke where
the exhaust-is” closed. It “may be roughly taken at 3lbs,
per square inch ; making ‘the total back p‘rcssmu lj':,'”h.
Inthe case of condensing engines the back pressure depends
onthe perfection of the vacuum maintained in the condenser,
‘m%l also on the resistance of ‘the exhaust passages, and the
point where these latter are-closed by thevalve. ' Its amount,
as a rule, in engines in fairly good condition, does not
exceed 4 Ibs. per square inch. ' |

I'he friction of the engine is made up of two parts, viz.
hn.n: due to ‘the friction of the unloaded engine, and the
other due to the load. The friction of the unloaded engine
'551“'”.'1* on a variety of eonditions, such-as' the di;m:’ctcr
of «-_\'hml} rrelative to the power given out by the engine, the
l\-n;‘zh of stroke, the relative length of the rmmuullin;' rod
to the 5‘:11‘0‘M', thenaturé of the valves whether balanced or
nul,' and, lastly; the general conditionof the engine as to
workmanship, repair, “and lubrication. It is t‘uilscf]ilcﬂll)’
“"‘I“‘ sible 0 j"-\"i;n a general value to this quantity. De
I.;innh ur took itas being 1 1b. per square inch for engines
of average size and in fair :

: _ : ‘ condition, and o'5 1b. per
Square l!ﬂl for large engines in good condition. The ad-
(llliul].‘il friction. due to-the Joad on the engine is extremely
difiicult to caléulate., “As a general rule it may be said l;)
INcrease ‘}_HL"‘I\ with the load, but this statement is by no
b universally true, for ad may in many (IL\L:S be
driven from the main axle in such a \\'.l_\'-:|~ to dixvnin'bh the

friction on ‘the main i
n on the main( bearings, and experiments with  the

friction brake have 1 i
tion }i“P\L nave been made which show that in some
CASes Ne 0SS iue 1
ases x..«_ 10ss due to friction remains nearly constant, while
the lcad on the brake is increased :

".'VXY.'.,. - .
. H]“ ..u.x.‘m‘.n. to the friction assumed by De Pambour in
s calculations was one seventh of the load

Resistances to Motion of Piston. 13

The load multiplied by the distance moved by the
piston in a given time is the useful work done by the
engine during that time. The load here referred to is not
the actual weight lifted, or pressure overcome by the engine
at the point of application of the weight or pressure, but is
supposed to be ‘reduced’ to the motion of the piston in
the ratio of the length of the stroke to the ac tual distance
the real load is overcome during a stroke. Thus, supposing
an engine having a cylinder of 10 inches diameter, or
75°5 square inches area. and 2 feet length of stroke to be
employed in turning a winding drum by its direct action, the
drum having a diameter of 3 feet ; and suppose further that
the drum is used to lift a weight of 1o cwt. vertically up-
wards: we have in this case the actual load of 1,120 Ibs,,
which for each stroke of the engine is lifted up a height
equal to half the circumférence of the drum or 471 feet, but
the load *reduced’ to the piston is

1120 X471

2

=26432 lbs.

and the pressure due to the load per square inch of piston
area is

If we call the pressure per square inch due to the load=z,
aind assign to the other elements of the resistance thel
values as.given above, we have for non-condensing engines
Rew+ D4 1+177=—+187:

7

and for condensing engines
RE= S: W +1 4+ 4=

7
The horse-power of the engine is found by calculating the
number of foot-pounds of work done in the cylinder per
minute, and dividing the result by 33,000, which latter

number is the number of foot-pounds: per minute equal to




136 The Steam Engine.

one horse-power. In calculating the power of the engine, the
work done in overcoming the back pressure, which is for
the most part pure waste, is left out of the account. The
useful power of the engine is simply the power required to
overcome the resistance. due to the load, and is equivalent
to the power found as above, minus that required to over-
come the friction of the engine,  Thus, if 7 be the pressure
per square inch due to the load, then 144a.2=total pressure
on piston due to load, and if 2 be the velocity of the piston
in feet per minute, then 1444.7.70=work done per minute in
overcoming resistance of load, and *##%%% _ iseful horse-
33,000
power exerted.
EXAMPLE,

The diameter of cylinder of a non-condensing engine is 15 inches,
the stroke is 30 inches; the number of revolutions per minute= 70 ;
the steantis cut off at one third of the stroke, and the boiler is able to
evaporate ‘4 cubic ft. of water per hour: find out the useful power
given out by the engine.

We bhave area of cylinder in square feet = 1:22].
30% 122,-.7 70 . 350,

Piston speed in
feet ‘per’ minute =

We have already established the relation,

LGN
0a = (loge /T(j._"L/r—(")'}"\ Ry We require to find R.

The quantitywithin the brackets has for a cit-off =L stroke; and
clearance =5 per cent. of stroke, the value 1:87: 3

Also 'F =4 cubic
feet. Hence we have

which number, by the table'of Volumes corresponds with the pressure
of 45°5 1bs. per square inch.
This pressure is the total resistance to the piston per square inch,

which, as the engine is non-condensing — Si’{, 187 Ibs. per square
) 7
inch.

~ 8w o

P R= 7+ 18'7: 45°5

Examples on De Pambour's Theory.

. ... 288x7
ey W=Es——=

=234 1bs.
And the useful power
£ 234XTNGT ooy
33,000
Find the initial pressure of steam in the cylinder.
We have,
L+C 7 Vp &
ey, A M (o
e G I E Ve

which number corresponds very nearly with the relative volume for the
pressure 65 Ibs. per square inch,

Find the power of the engine with the above evaporation and cut-
off provided a condenser were used.

We should obtain as before Vi = 573, and R=4551bs. per square

inch, but in this case ; w+5=R=45"5,

2 w= 40_'53.’(,7 =355 Ibs. per square inch nearly,

and the useful horse-power exerted

= 144-0.2% 35'5 _66-3 1.7,
33,000
Find the power, and the initial pressure in the cylinder, if the cut-
off were at half the stroke, all the other data as above.
Using the same equation as before, we have

L+C 4 e T
1,'11:429‘45:(logez.+ ¢ + YTC) x ‘4% VR.

The quantity within the bracket has in this case the value 1°55

*, R=37"5 Ibs. per square inch="w+187,
=164 lbs,
and the useful power exerted

- Y44 6O X173 _ 252 H.p,
33,000
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example shows the advantage gained by working expan-

onstant, the powers exerted at
y 436 and 30°5.

same as in the last example except the

d to 300, we have

368 =62 Vg,
4375 1bs. per square inch,
% per square mch;

This example shows that by reducing the- piston speed,
all the other conditions remaining constant, we.can increase
the power exerted, beeause the slower speedywith a fived
evaporation, enables a higher. pressure to be maintained. in
the boiler, and consequently a higher average-pressure in the
cylinder.. Hence the conclusion might be drawn that, the
slower the piston-speed with a fixed rate of eyaporation, the
morezadvantageously. the engine-could be worked, and this

conclusion is triedn so far as slow piston-Speed favours the
ittainment’ of 'high pres$ure, though,-as will be explained
ibsequently,/slow speeds’ cause-a’ loss of power in pro-
moting the condensation of the steam in the cylinder,

SL

4 circumstance of which De Pambour’s theory takes no
account. The -

He
ady

problem how to work the engine to most
.Hxl,ll;‘_ WIth 2 gven I:«H;-\‘J—ln\)\‘.rr is not the one '\\}‘l('il
most, fréquently - presents, itselfl fo/ the! engineer : on the
Contrary

Y, LIS more often his by MNess (o ]-lw‘.nvl?!illl the !Nlilcl‘

1¢, rather than to adjust the rate of

st to suit the boiler.

The problemof finding the evaporation; L.e. the necessary
supply of steam, when the size of cylinder. -
speed of piston and power of the engine are given, can also
be easily solved by means of the equation made use of in

Iviner ¢} 3
soelving the above examples. Also. by

rate of expansion,

> help of this same

tormula, and the empirical formula for the relative volume
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of steam (see page 127), the diameter of the cylinder may be

calculated when the power of the engine, the piston-speed,
the cut-off, and the evaporation are known.

EXAMPLE.

The useful power exerted by an engine i5s 436 H.7.; the rate of
evaporation is ‘4 cubic foot per minute ; the piston-speed, 350 per
minute, the cut-off takes place at one third the stroke: find the diameter
of the cylinder. We have as before,

and, according to Navier, Vg=

3

28000
R+4
substituting the value of Vg, and reducing, and remembering  that
A4.a.0.w )
T4 = the useful horse-power
33,000
we obtain a = 1°*
or « = 14798 inches,

a result which agrees very well with the previous example when the
1ate nature of the formula for Vi is taken into account.

LocoMOTIVE ENGINES.

In the case of locomotives the equations hitherto used
apply in principle, "but the expression for R, the resist:
ance, requires modification. To understand the nature
of the resistance a short account must be given of the
method of action of locomotives. Fig. 24 is an outline
diagram of such an eéngine. | A /s 'the boiler, a descrip-
tion of the details of which will ‘be’ found commencing
at page 371 ; B is one of the cylinders. It will be noticed
that the connecting rod isattached to a crank formed on the
axle of the main or driving wheels, one of which is seen at
¢; the wheels are keyed to their axles. Two of the other
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whee A B -
eels, which support the weight of the engine and boiler

'I‘).L AIM¢ ) 1 c CIS are

t¢ \\hl h [h‘ ( 'lln(l
' 1 . 7 ;
h Hea, \UIJ on \‘v“ll.l )

are seen at /..

i ) 1 the boiler rests, and which also carries
tve be: rings of the three axels, is shown ate, . With the
details of the construction—of t} :

: 1¢ locomotive we o .
nothing to.do ¢ ¢ have now

reat we merely wish to arrive at the relationship

e 2 » » N B4 > \

#01he resistance to be overcome by the pistons, the
J .

size of the r)jinnicrs, and the-€vaporative power of the boiler
l he l«,.u'(_)m()ll\'n‘ engine has not merely to propel itself 'ilun"
the rails, but also to pull after it a tendér containing ‘m;x!és
: : When steam is admitte

the cylinders, and the pistons move bac k\l\'(.::'?l,s- l:::;h{:]»lvl\i:(ri ltf)
the driving wheels, ¢, revolve. When this takes pi‘x-.v‘ ”LY:\L
either “the wheels will revolve,

and watér, as'well as the train

of two things must happen

the whole enoing - :
I.l »‘h le engine remaining stationary the wheels merely
slipping on the rails - . : Wi ¥
PPing on'the rails ; 'or. else the wheels will revolve and

at the same time rol I ]
the same time roll on'the rails, thus propelling the whol
a vhole

o B | rain attached to it,
: s _ he former of these two effects would take
place if the surface of the rails and the A D
W huﬂs were perfectly smooth and hard, so that there w:

friction between them - or, even if friction st l il
he wheel and rails. the B e

engine, together with the tender and 1t
through space,

outside rim of ‘the
former might merely slip on the

f the recicts : B
{ the resistance to motion of the train wer
atter of the two effects would take I

I:
Tl

itter, )
"
h

€ very great.

el

lace whenever the
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friction between wheel and rails is sufficient to allow of the
resistance to motion of the train being overcome.

The friction between the driving wheels and rail is
called the adhesion, and is equal to the weight on the
wheels multiplied by a coefficient which depends on the
condition of the surface of the rail. In ordinary dry weather
the coefficient equals o'1s, but in damp weather or when the
rails are greasy it falls to o'o7.

The resistance which has to be overcome by the pistons
is made up of several elements.

1st. There is the back pressure which, as a locomotive
is a non-condensing engine, is equal to the atmospheric
pressure plus an extra quantity due to the forcing of the
exhaust steam through the blast pipe (see page 376), and to
the compression caused by the closing of the exhaust port
before the end of the stroke when the engine is working ex-
pansively (see page 338):

The excess of pressure due to the blast pipe when all the
other conditions remain constant varies—

As the square of the speed of piston ;

As the pressure of the steam at the moment the exhaust
begins, i.e. at the point of release, which point in the case
of locomotives-is implicitly connected. with: the rate of
expansion (see page 339);

Tnversély as the square of the area of the nozzle of the
blast ]»il;t'.

The | above is only applicable to the case of \dry
steam.~ When much water is presentin the cylinder at the
point of release, the back pressure may be increased up to
as much as seventy per cent. in excess of what it would
be with dry steam.

and. The resistance due to friction of the mechanism of
the engine. This quantity, as in the case of stationary
engines, in part depends upon the load, but it is usual in
calculations affecting locomotives to make use of a formula
which includes not only the friction of the mechanism but
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also the resistance to rolling motion at a uniform speed of
‘(hc whole weight of the engine and tender. This formula
is given below. :

3rd. The frictional resistance to uniform motion of the
whole train including the engine and tender. This is
:.:>11:!?i}' expressed by giving the direct pull in pounds neces-
sary in order to propel each ton’s weight of the train u]nn---a
le'j.': Lline ata given speed. The pullvaries with the ('llll"!l!i\-nl
of the line, the state of the; surface of the rails, the state of
therplling stock and the speed. For instance, 'with h:‘nL'l'\m}I
rn»lim:' stock in good condition, dry rails, and 1 speed oflh-ﬁ
xixlilrs an hour, it would be necessary to exert a ]»n“ of about
kml}[z; per ton of weight of/ train, including engine and

If M be the speed.in miles per hour, and T the weight
: : _ : 5t the gl
of the train in tons, exclusive of engine and tender th
de) b : g and y he
resistance to uniform motion may be expressed by the
formula ! ‘ i
L o

104 3(M~=10)} T,

¥ 2 _ ¢ .
I T be thé weight of the enfine and ténder

| { : : , the corre-
sponding resistance is V

24 3(M—1o)) T,

which expression includes the fric tional resistance of th
mechanism of the engine referred to in the | i

receding -
e eceding para
D saep - 7 ;s 3

qth, Resistance.due-to gradient-—~1f the tfrain be movin
i N g X . Liv L) i 44
up an inc line, its whole weight has to be ¥
height equal to the difference in level
the summit of the incline.

raised up a vertical
: s between the foot and
f the eradient s

s he gradient be represented
by the fraction

I
— then, by the laws jof statics, the force i

n
pounds necessary to lift a weight of T

o7 . tons up such a
inching, neglecting friction, is : i

T x2240
= = Ibs.
a
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This quantity has to be added to the frictional resis-
tances, as set forth in the last paragraph, if the incline is
ascending, and subtracted if descending.

5

sth. Resistance due 1o the passage of the train through the
air.—This, of course, depends largely upon the force and
direction of the wind. In calm air, it is proportional to the
square of the velocity of the train. A strong side wind, by
pressing the tires of the wheels ag inst the rails, may
inerease the frictional resistance of the train by as much as
twenty per cent. No formula has yet been devised which
satisfactorily takes account of the resistance due to the ever-
varying force and direction of the wind and speed of the
train.

6th. When a train is being started from a state of rest,
in addition to the frictional resistances to motion, the whole
mass of the train hastobe put in metion— that.is to.say, the
inertia of the train has to be overcome:. The resistance due
to this cause is the principal one which has to be considered
in the case of urban railwavs. It does not, however, enter
into the computations affecting trains which have attained a
uniform rate of motion, and it 15'these latter only which are
dealt with in De Pambour’s theory.

t will be noticed that many of these elements of resis-
tance. such. for instance, as the back pressure and the force
of the wind, depend, for their nume rical value, on so many
variable circumstances that it is impossible to express them
acchrately “with' simplicity. /By ‘substituting their: yalues,
when obtained, for R in the general equation for double-
acting engines, viz

L+C 4 7
Ta=|10g - 1 Vi
a <1 DL T2 T/+(;)I R

it would, of course, be possible to obtain an equation which
wonld enable all problems, connecting the speed of

engine, the rate of evaporation, the dimensions o
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cylinders, the rate of expansion, the weight of engine,
tender, and train, and the varying resistances, to be solved ;
but such an equation would be too complicated, and, when
used for finding the speed, of too high dimensions for

ordinary use. The analysis of the resistances given above

will, however; be useful to students, as it will often facilitate
the solution of individual problems.

CHAPTER V.
THE MECHANICS OF THE STEAM ENGINE.

Elementary principles of dynamics—Definitions
X Units employed

amples of ther

of effort on cranl
rod is taken y <gthycase; when 1t
cities of the reciprocating parts are takeninto account—
accelerating these parts— Power restored by their
ent 1 1tion the press )\
indicator diagrams nece v for galculating effort on erank pm ) t
{ i disty i the action of the moving parts—Means of

ing the t: ntial effoit ‘on erank-pin— wheels—Theory of

their action—Graphic diangrams illustrating their action.

Brrore discussing the questions of applied mechanics
which arise in the study of the moving parts of the. steany
engine, it will be useful for the sake of accuracy, to re-
capitulate briefly the elementary principles of dynamics, a
1-1«;\'11)\15 .auln.\ihl:xnrc with the principles of the composition
of /tesolution of forces and welocities, on the part of ‘the
réader being, however, assumed. We il start with-the
following definitions :

1. Mass. This word denotes the quantity of matter
contained in a body.

2. Weight'is the attraction which thé earth exercises on

3. Velocity is the speed at which a body moves, i.e. the
space which it traverses in a given time.

4. Motion. This word is employed n dynai
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merely to denote movement on the part of a body, but also
takes account of the mass of the body moved. Thus, if two
bodies have each the same velocity, but the mass of one
be double that of the other, then the mofion, or guantity of
motion, Or mementum, as it is variously termed, of the body
having the larger mass is'double the motion of the smaller
one:. If the bodies had each' the same mass, but the
veloeity of one were double that ‘of the other, then the
motion of the body having the greater velocity would be
likewise double that of the other. ‘When the velocity
remains constant; the motion varies-as the mass moved.
When the mass is constant, the motion varies as the velocity.
Therefore,  generally, the motion varies as the mass x the
velocity.

5. Force is any cause which produces, or tends to
produce, motion in a body, or which changes, or tends to
change, the motion of a body.

UNITS ADOPTED IN MEASURING MAss, WeicHr,
VELOCITY, AND FORCE.

The only means we have of measuring the masses of
different-bodies; i.¢. the-quantities of matter in them. is by
weighing them; that is to say, by comparing the attractions
of the earth on them relatively to some standard substance.
Consequently, the measure of mass is dependent upon-the
unit chosen to measure weight.

The unit of weight adopted in this country is the weight
in London of a certain piece of platinum, l;gt.'\ in the office
[ the Exchequer, and called a pound avoirdupois, The

tht-of this piece of platinum varies in different parts of

: globe. | Tts weight depends on the attraction eéxercised
by the earth upon the matter contained in it. This force
of attraction, called gravitation, was discovered by Newton
to depend on the distance between the centre of t

! the 0 e earth

In consequence of tl

I
+ fia
{ ac a

and the object attracted.

Units ,;_7/‘. Mass, ”'a‘.';g‘/lf. I"Z‘/m'/“,;f and Force. 147

of the earth towards the poles, and its bulging out t(_n\';xr-cif
the equator, the surface of the earth is nearer to the rcmu:
in London than in more southern places, and g)lln-x;tiunt}_\
the weicht of the standard piece of platinum 1S greater in
London than it is at the equator. _ _

The mass of a body is then measured by its \\'clghl- at
a given place. There are two units of mass ma@c use of in
d}fnmnirx‘, The so-called gravitation unit of mass is the
quantity of matter contained ina body wu;)nn; 32°2 ]J(.’Fl'l‘.'d.\..

The so-called absolute unit of mass is the quantity of
matter in a body weighing one pound. :

Let M denote the mass of a body measured by the gravita-
tion unit, then its weight by the definition is W=M x 32°2
Ibs. The symbol gis used to denote the number 32°2.
Hence we have -

W=M.gor M= —.
o

The velocity of a body is measured in diﬁl-rrnF ways
according as it is a linear velocity, i.e. due o a motion of
wranslation of the body from oné point to another ; or an
angular velogity, i.e. due to the rotation of the body round
an axis,

Velocity is uniform when the body traverses equal spaces
in_equal times. When uniform, li-nc.ur velocity is always
measured by the number of feet of linear space, traversed
I one se ond of time. - Thus, for instance, we speak of a
body having a velocity of two thousand feet a second.

Let 7 denote the \'L.'lxt)fil_\' of a body moving uniformly. Let
s denote total the number of feet which it passes over, and ¢
denote the number of seconds occupied in describing the s
leet,

: $ 3
Then v="3 or s=47.

¥ - ’ age 1T Firh an. 4l
Further, the centrifugal force (see page 159) which in all
cases tends to diminish the weight 1§ greater at the equator

than at the poles.




148 The Steam Engine,

Force is also, like mass, measured in two ways. Accord-
ing to the gravitation system, a force is measured by the
weight which it can support. Thus a string is said to
exercise a force of ten pounds when the tension in the string
is sufficient-to-prevent a force of ten pounds from falling to
the earth. ) The unit of force in gravitation measure is the
force which can support a weight of one pound.

The second or abdsoluté system of measuring force. is
more|in_harmony  with 'the definition. By this system a
force is measured by the velocity which it can impart to a
given mass in & given time, when acting continuously on the
mass for that time.  Thus, for instance, the force of gravity
is measured by the velocity which it can generate in a given
mass whenacting on it for a second of time. The unit of
force in absolute measure is the force which can generate a
velocity/ of .one foot ‘per second, when acting on a mass
weighing a pound, during one second of time.

Tuar JAws oF Morion.

First Law.—Every body continues in a state of rest or
of uniform’ motion \in, a straight line, unless compelled by
unpressed forces to-change that state.

This law lays down that matter has of itself no power to
chanee its own condition of rest or of uniform motion. In

other words, it possesses what is called inertia, ('nn\'cqucml\'

when we note that a body 18 not moving with a uniform velo-
city, we know that it is bemg acted upon by external force.

Second Law.—Change of motion is proportional to the
impressed force, and takes place in the straight line in which
the force isimpressed.

In‘the above statement the word motion has the meaning
already explained, viz. Mass multiplied by velocity.

ws if two equal forces act on two unequal masses, the
itity of motion generated in each case will be the same,

greater mass will have the least velocity, and the
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product of the mass multiplied by the velocity will be the
same in each case. If the velocities of the two masses are
to be equal, then the force acting on the greater mass must
be greater than the other in the same ratio that the mass
itself is greater. -
This law enables us to compare the relative magnitudes

of forces, for we have only to observe the velocitit
by the various forces in the same mass, when acting for the
same time. The standard for comparison is the velocity
generated in a mass by the force of gravity, i.e. by its own
weight when acting for a second of time. This velocity is g
or 322 feet per hu'(an . that is to say, if the force of gravity
act on a free body for one second, it will at the end of
second have .mpnlu‘ to the body a velocity of 322 feet per
second. Thus a force F acting on a body weig hl 12
for ‘a second generateés a velocity of 5o feet per second ;
what is the magnitude of the force in gravitation measure?
The force of gravity, i.e. the weight of the body, or
20 lbs, would generate a velocity in the body of 322 feet
ver.second. Therefore we have

.1 50

X 20

In the general case; if Ju* velocity # be r'cncmtcd in one
second by a force ¥ in a body weighing W 1bs., then

7 1bs.

-
S

The statemient in the above lay that the change of
motion takes place inthe direction in which the impressed
force acts may be illustrated by the following example :

A ball is projected from a 11 ifle in a perfectly horizontal
direction, AB (fig.25), from a hei ght above the gre wund, AH.

]

b Saanted on Byt
Directly it leaves the muzzle of the gun it is acted on by two
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forces, viz. the momentum acquired while in the barrel, and
which would in a given number of seconds carry it to, say, B;
and the force of gravity which acting alone would in the same
time carryit to, say, H. According to the law, each force gene-
rates motionin the ball in the direction in which each acts, and
the consequence is, that atthe end of the given time, the ball

. : C

will have travelled as far forward'as B, and as far downwards
as.H, and hence-its resultant position will be C. The law
in effect states that-dynamical forces may be compounded
and resolved in'the saime manner as statical forces.

The | motion of \bodies moving under the action of a
constant force—Let us take, for example, a body falling
freely from a state of rest under the action of gravity. At
the end of the first second, its velocity, having been zero to
start with, will have increased up to 322 or & feet per second.
As the force continues to act uniformly'it will have produced
precisely the same effect by the end of another second : that
is to say, the velocity will have been gradually increased by
another 32-2 feet per second. Hence the velocity at the
end of the sécond second will be 64°4 or 2¢ feet per second.
At the end'of 3'seeonds it will be 3¢ and so on, and generally
at the end of # seconds v=ygl. ] '

Next, as to the space traversed at the end of 7 seconds.
If it were travelling all the time with its final velocity e

o

we should, using the formula s=24 have for the space
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: - - . v
As. however, the velocity is constantly

2
= = o7° :
b gt.[ _bf : in conse-

increasing, we can only take the average, which, .
A o ) y : i N e
juence of the perfectly uniform nature of the rate of increase,
gque )

- 2 g & i e M sl
or acceleration as it is called, 1s very easy to s hC
If the sum of the initial and final velocities, anc

o+gt_gt

a

alculate, and

is in fact ha

in this particular case =

Hence, instead of s=g7* we have
rf2

s=52 =1,

>

: Tl o ailns npnnact the
where o is the final velocity. I'hese formule connect the
‘here o 1¢ g )

space, time, and velocity.
If we wish to connect the s
velocity, without taking account of t

yace traversed with the final
he time we can eliminate

¢ by combining the formulz,
o, and v=g&

"o
“5

Third Latw.—To every action there 1s always an equ

and contrary reaction.

F THE APPLICATION OF THE [LAWS OF
MOTION.

EXAMPLES O

ExAMPLEAT).
infl ~e of gravity ; what will be
A body falls from rest under the influence ol gravity ; \v il W 7
velocity nd of 10 seconds, what will be the total space.i
1 locity e end o : DR the Joi 9
verseds and what the space traversed during the U nth st
SCU AL Wilal & C

2 leet per second.

1,610 feet

2.
2+ Space described in nine seconus.
i foet
. a1 04°1 ieel.

3 jescril i nth se 1610— 13041
o Space described in tenth ¢ %
305°0 leet
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ExamerLe (2).

feet ; find m hewght to which it would reach if
It expenenced no resistance from the air. How long i
take to reach this height? )The height to which the 1
is equal to the height down whi »
rof 1,000 feet pe ond, r, from the moment
diminished at the rate of
I d, till'thelinitial velocity is all xpended and the
't come to rest at the top of its ht, | Iffrom this point it com-
menced to fall it would attain velocity of 1,000 feet a second on

¢ starting point. ~Using, therefore, the formula

1,000,000

13,527 feet,

he fime occupied. As clocity o is generated
nd, a velocity of 1,000 feet per second will be genérated

=31'05 seconds,

EXAMYLE

A weight of 12 1bs, rests an smooth surface and is con-
passing over a smooth
weight of 6 Ibs. hanging
wards. What velo x'\'\] er
cond will the weights have at the end of
hrst secomd from resy s
The

form throug
Fig. 26.

lownwards, minus the tension i

Examples on Laws of Motion.

As the velocity of the mass of 6 1bs. is the same
velocity is generated by the force 6--T, we have

6—T : 6 : mass x

4 1bs,

To find the velocit nerated at the end of one second.
Gravity, ¢ acting on the mass of 12 Ibs, for one

second, w

A mass 00 Ibs. is moved from rest by a constant force F, and
passes over a » of 60 feet in the first second ; what is the measure
of the force ?

As the space passed over from rest is 60 feet, the velocity at the
end of the second is 2 60 = 120 feet per second. The force of gravity

5

or 200 Ibs.; would in the same time gencrate a velogity of 32

The following example illustrates the application of the

laws of motion to the moving parts of a steam ¢ngine,

EXAMPLE (5).

and conn

Diuring: eac starts from a

velacity s gradu maxioum, and from this

the stroke,

During the
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point of maximum velocity is reached, the speed of the moving parts
h.\.\ t l' be »l(:ti; ced to nu:hing L)' the end of X.."u_' stroke, and “‘fi;i«' ‘\hi:
r-;;n:c:x-'n is taking ; parts press upon the crank-pin
\\:.1!\ more or less severity depending on their weight, their um\\mim
velocity, and the space in which the velocity is reduced from lh.r'

maximum to zero. .. Consequently hile d i ]

r quently, while durning the first part of the
strok e erank-pin “ha nly Nad e S pare of The
: 2 Crank-pin S Oonly a_potrlion of the steam pressure tran

tt fo 1 1. i} fior 3 S
mitted-to it, during the latier portion, on the contrary, it is subjected
not” only.to the full steam pressuré acting on' the piston, but also to th

¥ ton, but als the

extra pressure due to the pulling up of the moving parts
ing parts,

In the present case the length of stroke and speed of rotation of the

crank are such, that at!the commencement of the stroke the piston
moves through 000183 ft. in the thousandth part-of a second 'l ’
is the total pressure, P, required to move the ¥ i l : \‘.“M
rest aver this space in /a given time ? g

The velogity at the end of the time = 2 x 000183 ft. per
. QERNTAPEE \ VIO - pe
.*, the.velocity per second at the end of one second
= 2 % 000183 x 1000* = ;"”5.4-
Now oravity . i
Now, gravity,-or the weight-of the movir .
+q ” i Rt oving parts, i.e. 400 b e
capable of gene (4] s i.e. 400 lbs., is

ng m them a velogity of 322 feet per second

'Y q.- o 3

and the pressure of st 785 5q. inches
d he pressure of stedm at the commencement of the i ‘]1 ,
10 fnart the his . “as OLLIE S € necessary
10 1mpart the réquired velocity to the moving part y

= 4539 _ v e :
785 57:8 1bs. per square inch,

3 At the extreme end of the stroke the mation of the moving ¥
1‘< .;n. stedat’ the same rate as it is imparted at the "”illli"w‘:nl?nt
A ‘:"“‘"l“' ntly a pressure at the rate of ¢78 1hé ”_ 2%
of piston area is transmitted to the crank 5735 1 per qgu.(:;. inch
pressure of steam may "“‘l"\ en 1o acting o the whatever
moment, : 5 the piston at that

Eneray.—T : :
nergy.—The term. energy, or capacity for doing work
/ 5 y

o L AT d‘ €X 'LHHC i (SCC 1€ 25). l € matier 1s

} S D 1 alrea l C I ) 1atte

For the sake f simplicity the Hiuence of ¢ length f il -
t k | 1 3 £ X i the con

Wl relatively to the lenetl t ki
3 ¢ length o ¢ Cra n ret i i
th of the crank in retardiy r the motion
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now referred to again for the purpose of showing the effect
on the working of steam engines, of the energy stored up n
masses in motion. A body in motion possesses energy ; for,
if the motion be, for instance, vertically upwards, it will carry
the body up to a certain height before it is brought to rest,
ie it will overcome the attraction of the earth through a
certain space. The height to which the body will rise is, as
explained in Ex. (2), p. 152, equal to the height down which
the body must fall in order to acquire the same velocity.

In questions concerning the steam engine we are chiefly
concerned with the energy of bodies in motion. Very fre-
quently work is said to be stored up in a body in motion,
or in a raised weight. What is really meant is that energy
or the capacity of doing work is stored.

Take as an example the case of a cannon-ball weighing
roo 1bs. and having a velocity of 2,000 fect a second ; what
is its capacity for doing work ? The velocity of 2,000 feet a
second would be acquired by falling down a height S,
calculated by the formula

-_—_—‘1‘0’00'0040:: 62,111 ft.
04°4

Therefore the velocity-of 2,000 ft. per second is capable of
raising the body to a height of 62,111 feet, and the work
which would be done=the Hheight multiplied by the weight

="" % w=062,111 X 100 foot-pounds:

Vice versd. in order to impart this velocity to the ean-

non-ball, 6,211,100 foot-pounds of work would have to be
t the bore of the gun. If the bore

done upon it before it lef
of the latler were sixinches in diameter,cand ten feet long
from the front of the powder-cartridge to_the muzzle, what
would be the average pressure of the powder gases per
square inch? As 6,211,100 foot-pounds of work have
to be done on the shot while it traverses the space of

ten feet, the total average pressure on the shot must be
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6,211,100

= 62 3 S i1
=2 21,110 Ibs.  Also as the diameter of the bore

ib' bi.\' 1 1cnes .'ﬁ' < < > L =
1N }1 S, IS area ']"Jl I”l’hL‘.‘. ll!ELE 'h(: average
pressure I)CI‘ sgquare 1 — ’ - -= 2 > |
| SLUAYE INC h i
1 = = -[.()IO ”) or a llltl B
Da o < c
IL‘.\\ than. tén ms.,

Sinilarly take the case of £ i
Y lake the case of the steéam engine given in Ex

(X 0. Do (| o p 7.
5) P- 153, The moving parts which weigh

. v 400 ] attai :
maximum yelocity toward i ek

i) s\ the middle of the stroke, \\hnh
educed to nothing at the end of the stroke.

}\L'( 11]1‘ >
to find the work which the moving parts Seied

sare capable of d
s oing
t. L'{\ xlnwng attained their maximum veloci ity, the length of
stro 4 :
: ¢ being 1§ feet and the number of revolutions » per
nintte Z g
inute, lh( pmu described by the crank
ank-pin in each

TeY. =
36 ftand the veloci ity of the crank-pin

per su;on(l
5236 X 2006
-=17'5 ft.

6o

The eneray o8
encrgy stored up-in the moving mass at this velocity

is obtained from the formula Y

> ¢r

400 X(17/5 X 17:5
64’4

! 1‘_Hns cnergy is given out while the piston is

17 . . { }

alf the stroke,! i.e. ten inches

=1902 foot -pounds.

5 trave r~m‘r

and is consequently equiya-

. ! ~ 1002 D 2

lent toa pressure of 1992 X2 Jg ¢ 1bs., ‘acti

1 + 2 S, acting through

this space.  As the area of the piston is 78c4 sauare ;

the enerey stored ur Sl 79°54 Square inches
gy stored up in the moving parts is equivalent to

an average I cSsure l 5, € 1Al 1 }
£ | I S UT O €T square inch
at

| 'l'l'f tat T

his statement is i
o Basen: : ting rod is infinitely
ng. It is also true for finite connecting ) t T
mean ol the forward and back stroke e

Motion of Bodies in Circtes.

Motion of bodies n circles—In all the cases hitherto
considered, the motion has been in a straight line, but in
dealing with the mechanics of the steam engine cases of
great importance occur in which the motion takes place in
a circular path. Such for instance is the motion of the fly
wheel, \\hl( h is a wheel having a heavy rim, It is generally
keyed to the crank axle of “the engine, and is used for
modifying the effects of any irregularity either in the driving
power or in the resistance to be overcome. When, for
instance, the driving power is in excess of the resistance to
be overcome, the surplus is expended in increasing the
velocity of the fly-wheel ; and, vice versd, when the resistance
is in excess of the driving power, the energy stored up
the fly-wheel is expended in helping to overcome the
resistance, during which operation its velocity is lowered.

The consideration of the motion of hodies in circles is
somewhat complicated by the fact that different parts of the
bodies may be at diffe-
rent distances from the
centres of the circles in
which théy are moving,
and as the velocities
necessarily vary directly
with the distance from
the centre, so also do
the quantities of motion.

l'ake, forinstance, such

i body as a fly-wheel re-

muuuul y fig 27. It

1S ('1)‘.111.(|\u1 of a rim, a

setof arms,and axcentral Sl

boss. | The ‘velocity of

the rim is many times greater than that of the boss, and
again the \"‘111(:i{\' of the exterior portion, 4, of the rim is
greater than that of the interior portion, &; conse }"L'-‘Jli'l\‘

it is usual in uxlcuhmx.\:‘;: respecting fly-wheels, to con isider
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the whole of the weight as concentrated at a certain distance
from the centre, where its effect will be the same as the sum
of the effects of the various portions of the real wheel, each
acting at its own distance from the centre. It is very often
a complicated calculation to determine this distance with
accuracy, but for all practical purposes we shall be suffi-
ciently correct if we take the mean radius of the rim as the
distance at which the whole of ithe weight is supposed to be
concentrated,

The laws of motion; as already stated \and illustrated.
apply equallywhen the difection of the motion is in a

circle. ' Thus, for  instance, )if a weight 2z move round

centre witha velocity 2, the energy stored up in it=", For
2g
a given number; N, of revolutions per second the velocity
© varies with the length of the radius 7, and equals 277N
Substituting this expression for # in the above cquzllion we
have
W4T r*N?
]'lL gy = 4

2
28

and._consequently. the enefgy varies as” the square of the
radius;. that is of distance of the weight moved from the
centre.  A-fly-wheel, therefore, of a given weight, the mean
radius of the tim of which is five feet in ]uxgdl, is rather
more than twice as efficient as a TCServoir of energy as if
its mean radius were 3°s feet.

ExXAMPLE (6).

wmber of revolutio

f the weight is, for simplicity, sup-

the-end of the mean radiusg

T ’ 2w 4.0¢
The mean velocity per’ second; o 30
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ExXAMPLE (7).

A fly-wheel weighs 5,000 Ibs. and the mean nm moves with a maxi-
fly- ghs 5,00

ant of the e : of the
mum velocity of 35 feet per second. On account of the inequality of th

force transmitted to the cra the fly-wheel has, durin

[ i rv 3 what will its velocity be
stroke, to expend 9,000 foot-pounds of energy ; what will its velocity

g a portion of the

after having done so?
1 =05, 108 foot-pounds,
The maximum e 95 I
i i 00 fi nds, t nergy remaini
After expending 9,000 foot-pounds, the er yr

=05, 108 — g,000 = 86,108 foot-pounds,

e 86,108,

pre SIS XA 4 00,
5000

v =333 feet.per second,

{ § the maximum velocity, which i
being a loss of 17 foot per second from the maximum \L.l city i
c-qm\.' ilent to a variation of 48 per cent. from the maximum or of 2°4

per cent, from the mean yelocity.

Centrifugal force.—By the first law of motion a body will
continue to move in @ straight line unless compelled to do
otherwise by impressed forces. When a body moves in a
circle it is, however, changing its direction from instant to
instant, and consequently must be (-}nl}l]]m)\x.\]y 11nuq the
influence of some force. Suppose this force were nmnu:l,
the bodywould ne longer move.in the circle, ‘hu‘\ would fiy
off'in a straight line at a tangent to the circle lmm_lhc point
at which the force was removed. This is true of any ;‘mtl
every point on the circumference, from which it is L“nl!'.lLIH
that the direction of the force which compels the body to
move in the circle is always at right angles to the tangent at
any point, and consequently always points tuvihg Lun:rﬁz . I }.'xh
force, which keeps a body moving in a circle, is, on ‘utw’:x‘mt
of its direction, always called the centripetal force. I'he
resistance which the mass of the body u'v]um‘_‘i to being mo \ul

] wh ir w of motion is
towards the centre, and which by the third law of m
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equal to the centripetal force, is called centrifugal force. This
force may be measured as follows.

Let a body be supposed to start from the point @, fig. 28,
and move in the circle represented, with the uniform velocity
v feet per sccond:—1f the centripetal force F were removed,

the. body would during a very

s

b short time # move in a straight

-G . y
A= line ‘over the space ab. By the
/ : second Jaw of motion the effect

of thel ceptripetal force would

k y therefore be-to cause the body
\

to move over the space &¢ during
the time 4

By a well-known proposition
in Euclid éex bd = ab?. Calling
be=x we have x (zr42x)=ab’.
As ab 1s supposed to’ be very small, and consequently also

&6, we may neglect x* and put ab=ad,

d

. o age

S 2NX=ACT A= s

"

Also; since/ the motion in the eircle is uniform, and since.ac
is the space"movedin. the time 4 we have

ac=1=r,

o .

27
Calling the weight of the body z, and £ the velacity which
the centripetal force ' can generate in 70 in one second, we
have

We have next to express f in terms of # and » Now z
1S5 th

he space ¢ which the body would move over from rest

under the influence of the centripetal force in time 7 secs.
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Therefore the veloeity at the end of time #'=2x per #'
PEr sec,

Therefore the velocity which would be acquired at the
end of one second is

This important expression which is constantly made use
of gives the centripetal force in terms of the weight of the
body, its velocity, and the radius of the circle in which it
moves.

If the velocity is given in reyolutions per second, 7, we
have

9 = 271N,

and the above formula'becomes
o 4 _‘_'l.'Z”‘_
F=% x%*°
' 7
= wn’r % 12206.
If the revolutions are given as so many per mtnute, N, we

have
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CONVERSION OF THE PRESSURE OF STEAM ON THE PISTON
iNnto Rorative EFFECT ON THE CRANK AXLE.

One of the -most-important applications of mechanical
science to questions relatng to the steam engine is, to
ascertain the exact effect which the pressure of the steam on
the piston has in causing the crank to rotate. In dealing
with this question there are several points to consider :—

First of all, in 'the great majority of cases the pressure
of the steam varies considerably at different parts of the
stroke.

Secondly, this variable pressure is transmitted to the
crank-pin through a connecting rod, which is constantly
changing its angle of inclination to the axis of the
cylinder, as it swings between its extreme positions on either
side of this axis.

Thirdly, the varying préssure transmitted through the
connecting rod._meets  the crank at an angle which is
constantly changing. The pressure may be resolved at the
crank-pin into two components, oné in the direction of the
crank;‘and the other at right _angles to it, i.e. tangential to
the circle deseribed by the crank-pin.  Of these the latter
alone produces any turning effect on the crank, the former
producing merely pressure on the bearing.  The tangential

component, or furning effort on the crank, as it may be

called, yaries in value continually, for it depends not only on
the net pressure of the steam on the piston, but also on the
varying angles of inclination of the connecting rod, and the
crank.

Fourthly, 'the| effective ‘turning effort on the |crank
depends not only on-the above-mentioned  variablés; but
also on the weights and velocities of the reciprocating parts,
viz. the piston, and piston and connecting rods; for, as we
have seen before, p. 153, Ex. 5, a considerable proportion of
the steam pressure may, during a portion of the stroke, be
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absorbed in merely imparting motion to the reciprocating
parts, and may consequently never reach the crank-pin at
all ; while on the other hand these parts as they come to rest
may impart a considerable pressure to the crank-pin quite
independently of the pressure due to the steam on the
[ii.\'lun.

The problem will be investigated in the first instance
freed from all possible complications.  The pressure of the
steam will be supposed to be uniform throughout the
stroke. The connecting rod will be taken to be of infinite
length, in other words it will be supposed to act always
parallel to the axis of the cylinder. Lastly, the moving
parts will be imagined to be without weight, or their velocity
may be supposed to be so small that no appreciable part of
the steam pressure is absorbed in imparting motion to them.

In the next instance the pressure of the steam will be
supposed to vary during the stroke j then the angular vibra-
tion of the connecting rod will be taken into account, and
finally the effects of the weights and velocities of the reci-
procating parts will be considered In every case graphical
methods will be employed, in preference to analytical, to
investigate the problems.

In the diagram, fig: 29, let the circle ABC represent
the path of the crank-pin.  Let AC represent the direction
of the axis of the cylinder. Let the pressure of the steam
on the piston. throughout the stroke be P 1bs. per square
inch, and let ‘the scale of the diagram be such that the
length of the radius OA represents P 1bs.  The reason for
so doing will soon become apparent. First assume that the
crank lies in the position AO. The pressure transmitted
through the crank at this moment acts tadially through the
centre O, and has no effect whatever in turning the crank.
I'he same is true when the crank occupies the position OC
hence the two positions OA, OC are called the dead centres.
Next suppose  the crank to occupy the position OB, at
right angles to the dead centres. As the connecting rod i1s

M 2
M2
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supposed to be of infinite length it acts in the direction
BB parallel to AC, and consequently the whole of the force

D
Fig. 20.

transmitted has the effect of turning the crank. The arm of
the lever with which the-force acts is BO, viz. the radius of
the crank, and the tuming.moment per square inch area of
piston=P xBO. The same is true'for the position D dia-
metrically opposite’ to B. \ Hence we see that while the
crank is-at A'and C the steam pressure has no effect whatever
in turning it, at B and D, on the contrary, its whole effect is in
turning, At any other pointinany of the four quadrants the
force of the steam is partly expended in turning the crank,
and is partly transmitted through the crank asimere pressure
on the main bearing at Q.

I'ake, for instance, the point E. At this position, the
force acts with a leverage measured by the length of the
perpendicular let fall from the point O on the direction
of EE viz. EYO=EF=EO sin «, and the turning:moment
consequently

=P xEO sina.

The tangential force which acts at the end of the crank,
and tends to turn it round. as distinguished from the

Twwisting Moment on Crank Shafts. 165

turning moment is got by dividing the above quantity by the
length of the crank arm. Calling this force P, we have
Pr= Lo “) SINAE_p xsina

EO

This expression is equally true for any point on the
circumference of the circle. Hence, we see that the tangen-
tial pressure on the crank, when the connecting rod is
infinitely long, is equal to the pressure on the piston
multiplied by the sine of the angle of inclination of the
crank to the axis of the cylinder.

The same result may be got by resolving the force P at
the point E, into two components, viz. one acting radially,
ER, and the other tangentially, ET. Of these, ER merely
produces pressure on the main bearing, while ET alone
tends to turn the crank.

Now, ET=EE' sin EE'T.

Also, EE'=P=EQ, the scale of the figure being such
that EO represents P.

And the angle EE'T'=gq, because E'T is parallel to EO
and the angles ETE! and EFO are both right angles. There-
fore the two triangles are equal; and ET=EF=P sin a.

Thus we see that, though the pressure on the piston may
be perfectly uniform throughout the stroke, the turning effort
on the crank is very variable, and begins by being zero at
the dead centre, increases to a maximum when the crank
is at right angles tothe axis of the eylinder, again decreases
to. zero by the time the other dead centre is reached, and so
on during the return stroke, or second half of the revolution.

It may be here noted that it was this fact, that the
tangential pressure on the crank is always less than the
pressure on the piston, eéxceptfor two positions of the crank,
which led old writers on the stéam-engine into the blunder
of asserting that there is a loss in the employment of the
crank as a means for converting reciprocating into circulax
motion. We now know, by the definition of work, that

there is no such loss; for, although the average tangential
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pressure on the crank is much less than the pressure on the
piston, on the other hand, the path traversed by the crank
in a revolution is greater than that traversed by the piston in
a double stroke, in the ratio of the circumference of a circle
to its double diameter, ec2.: = =1 : 1'57079.

By the principle of work; the lesser average pressure on
the crank, multiplied by the path’ described by the crank-
pin; must-equal the greater pressure on the piston multi-
plied by the 'space traversed by the latter.

Graphic represéntation of the tangential effori on the crank-
H

pin—The variable 'tangential pressure on' the crank-pin

throughout a revolution can be very well shown, graphically,
by means of a diagram. Let the semicircle ABC (fig. 30)
represent the path described by the crank-pin during half a
revolution. Diraw Oa torepresent the uniform pressure on the
piston to scale; and with centré O-and radius Oq, draw the
inner semicircle abe.  Divide the circumference of this semi-
circle into 10 equal divisions, for the sake of convenience, and
draw radial lines through each point of division, intersecting
the semicircle ABC. Then, at each position of the crank

Graphic Representation of Tuwisting Moments. 167

represented by the points of division of the outer semicircle,
the tangential force on the crank is equal to the pressure on
the piston multiplied by the sine of the angle of the crank.
As aO represents the pressure on the piston, the tangential
forces are represented in magnitude by the perpendiculars
1, 2, 3, 4 5 &c. let fall from the points of division of the
inner circle on the line 0. On the prolongations of the
radial lines beyond the outer circle set off the lines 1, 2, 3
4, 5, &e., equal, respectively, to 1, 2, 3, 4, 5. Join the
extremities of these lines by the curved line ADC. Hence,
ADC represents, graphically, the tangential pressure at every
position of the crank ; since, for any position, we have only
to draw a radial line through the point in question, and the
piece intersected between the outer circle and the curved
line will represent the tangential force. If the tangential
pressure were uniform all round the circle the curved line
ADC would be a circle concentric with the path of the
crank-pin. . Its deviation from concentricity is the measure
of its want of uniformity. The average tangential pressure
on the crank-pin may be represented by drawing the circle
EFG from the centre O, the line EA which represents this
average pressure being obtained by the following proportion

EA :aQor P 2=

When the engine is running at a uniforn rate of speed,
this average tangential pressure on the crank, is, of course,
exactly equal to the resistance’ which the work to be done
offers to the motion of the crank-pin ; for, if the resistance
were greater, the speed would be reduced, and if the resis-
tance were less, the speed would be inc reased, and in
neither case would the engine be running uniformly. Con-
sequently, this average tangential pressure circle may
equally well be called the Resistance Circle.

The diagram (fig. 30) only shows the tangential pres-
sures for one half of the revolution, but the other half is, of
course, a precisely simiiar figure, and need not, therefore, be
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shown. By inspection of the diagram, we see that there are
four points during a complete revolution where the actual
tangential pressure exactly equals the average, viz. the
points e¢’y &c. ; where the resistance circle intersects the
curves ADC,-AD'C.— Between the points ¢ ¢’ and the corre-
sponding points ¢’ the préssure is in excess of the resistance,
while between ¢ and ¢'¢"’, the resistance is in excess of the
Pressurt; consequently, during the two first intervals, the
surplus work' is poured into the fiy-wheel, and during the
last two intervals the deficiency in work 18 supplied by the
energy of the fly-wheel being diminished, 'As the fly-wheel
can only receive or restore energy by having its velocity
increased or diminished, we see that the velocity of the
crank-pin is not, strictly speaking, uniform, but it can be
kept within any assigned limits of deviation. from uniformity,
by altering the weight of the fly-wheel.

The diagram shown on fig. 30 can also be drawn on a
straight base instead of on‘the circumference ABC. This

form of the diagram is more generally used in practice,
because it is. easier to test the ac uracy of the work; but

it is not so graphic to the ‘eye as the circular form of
fig. 30:./ To construct the diagram on a straight base, draw

a straight lineAC equal in length to the semicircumference

of the circle described by the crank pin. Divide AC into

ten equal parts corresponding with the divisions of the semi-
circle ABC. From each of the points of division, 1. 2. 3, &c.,
erect a perpendicular, and mark off the lengths 1a, 10, 1¢,
&¢., equal to the lines 1/, 2/, 3, &c., in fig. 30.
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Through the points @ &, &c., draw the curve AaéC ;
then the ordinates of this curve will give the tangential pres-
sures on the crank for any position of the latter.

It is evident that the area bounded between the straight
line AC and the curve measures the work done upon the
crank ; for the ordinates represent the effective pressures on
the crank pin, and the abscisse the spaces through which
they are exerted. Now the amount of work done upon the
crank is, as has been shown above, equal to the work done
upon the piston. Hence the area “fv fig. 30A should be
exactly equal to the area of the indicator (15.1{41;111'\. _ '.‘_\'
measuring the area and comparing it with that of the 1411(‘11
cator ding'r;nn, we have a ready check of the accuracy of the
work.

If we wish to show the diagram of tangential pressure
for the whole revolution, we have only to prolong AC to
double its original length and construct on the prolonged
portion another curve precisely similar to ,\a/f(f.v

We will now take the case of an expansion diagram and
show: the effect which the want of uniformity in the steam
pressure acting on the piston has upon the form of t?lc
diagram which shows the tangential effort on the (‘r.ml.-]luvl.
\\'c: will further suppose as before that the connecting rod 1s
infinitely long, and that the moving parts possess no weight,
or are n'lmin; at a very slow velocity. B

The steam diagram is shown at the upper part of‘fig. 31,
The cut-off is supposed to take place at %} of the sll‘ukg.
The engine is non-condensing. The first thing to ascertain
is the net pressure of the steam which urges the piston

l

forward. In order to find this it will in most cases be

necessary to construct from the ordinary indicator (.‘.‘i.'l;rtun
anew di'.'lj;r;n'n showing the actual pressures after deduc :11‘1;
the corresponding back pressures (see page 340). In the
present instance this step will not be necessary, hwun:}sc to
avoid complication an indicator diagram has been chosen

in which the back pressure is uniform throughout the stroke
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and the compression curve at the end of the return stroke
is exactly similar to the exhaust curve at the commencement;,
consequently to obtain the net pressures on the piston we
have only to measure the length of vertical ordinate bounded
between the upperand lower boundary lines of the diagram.!

Divide the length of the diagram into ten equal “parts, and

from each point of division draw a vertical ordinate to the
upper boundary of the diagram. Draw a line AB of the

' Thisi g e .
! ThisTisa, case which would probably never occtr in practice. ln
rdinary cases two diagrams, are required # viz..one from the top
Y f o 5 . { . e % "
from the Ix over of the piston, The net pres-
n by deducting from the gross pressure as shown by

: :
15 back pressure as shown by the other
ry frequently neglected, and has

lntion « U Al furted
dation of curves of twisting moments,
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same length as the diagram to represent the diameter of the
crank-pin circle. Divide the line AB into ten equal parts,
and from each point 1 2 3 &c. erect a perpendicular 1,1°
2.2’ 3,3 &c., intersecting the circumference at the points
1’ 2! 3’ &c. These lines are not actually drawn, so as to
avoid complicating the diagram. Then at each position of
the crank-pin 1’ 2° 3" &¢,, the direct pressure on the pin is
represented by the corre sponding ordinate taken from the
indicator diagram. From the centre O draw radial lines
o1’, 02, 03/, &c. intersccting the circumference It is only
necessary to show the ynmun\ of these lines which are
prolonged beyond the circumference ACB.  On these lines
measure off the parts Oa, 02, O, 0d, &c., equal respec-
tively tothe ordinates of the steam diagram 1, 2, 3, 4, &C.
Then, as in the first case, the actual Zangeniial pressures on
the crank-pin will be equal to these lines Oa, 02, Oc, Od,
&e., multiplied by the sinés of the angles which the crank
makes with AB. In other words, the tangential pressures
will be equal to the perpendiculars let fall from the points
& boeyds &e., on AB,i.e. aa', by o'y dd | &c. Produce the
radial lines Oa. 04, &c., and from the points ¥’ 2/, 3, 4,
&c. on the circumference sct off the parts r'a”, 2 8, 3c", 4d’%
equal in length respectively to aa’, 6%, o, dd', &c., then the
curve drawn from A to B through the points a”, #”, ¢, &',
&c., will be the diagram of tangential effort, or twisting
moment on the crank-pin.

To ascertain the diameter ‘'of the circle of ‘average
tangential pressure, i.e. the resistance circle, we have only

to compute the average steam pressure as shown by the
indicator. diagram and multiply the same by the fraction

the pre duct will give the radius of the resistance circle. The
tangential effort on the return stroke is, of course, exactly
similar to the curve Aa'%'B, and is obtained in the same
\\'."l}'.

The above method is purely graphical. In actual
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practice it will probably be found more expeditious to con-

struct a curve of twisting moments, the radial ordinates of

which are found by multiplying the steam pressure for any
given position of the crank by the leverage at which it works,
and then settingoff the- moment thus obtained to scale. Thus,
for the position of the crank 2 fig. 314, we have a pressure
of 181bs. to the square inch, ac cording to the scale on which
the diagram is drawn

Scale 1% 201bs when the piston oc-

cupies the position
2 corresponding with
the position 2’ of
the crank. Also the
leverage at which it
acts is 2'0. __If the
radius of the crank
be ‘one foot, then
to /the same scale
2’b='799 ft., and the
product 18 X 799=
143 = the twisting
moment. Draw a

radial line through
2’ and set off 2/4'=
14'3 to any conveni-
ent scale: + Proceed
in a similar manner
for all other positions
of the crank, and the curve A¥B drawn through the

Scale &= 1 foob

Fig. 31'a:

extremities of the radial lines*is the curve of twisting
moments,

Influence of the connecting rod in modifying the curve of
tangential effort on the crank-pin.—In actual steam engines
the connecting rod is of course always of finite length, and
consequently is always acting at an angle to the axis of the
cylinder, except when the crank-pin is on the dead centres.

~ - 7 : = " -, Ll
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The size of the angle which the (‘()nl'lc(".H"ll_'»l'(’)(i makes \\'i.Lh
the axis for any position of the cr;mk-[»m- dc;rcnds‘ on Ivr:c
length of the rod compared to the length of the crank. The
shdﬁu the relative length of the rod, Ihk:’ greater thu" ;111_;]u
for any given position of the pin. To hn.d xhc.ml.lm;mun
of lhc'conllculing rod for any given position of lh_c cr:mk‘
we have only to take the length of the rod as a radius, and

Fig. 32.

from the centre of the erank-pin to describe an arc inter-
secting the axis of the cylinder prolonged. The line joining

: 2 by R ran k. DI Tives
the point of intersection with the centre of the crank-pin gives
the angularposition of the connecting rod and also the position
of the iyis'.(m for the given position of the crank-pin. Thus, let

the length of the ‘connecting rod be four limcf that U]’ the
crank, so that when the rank-pin is at A the piston rod v('nxl
of the connecting rod will be at A’, and AA'=4A( ) When
the crank has moved round a quarter of a w\'uh.nu'm to .I ),
with centre D and radius=AA’ /describe an arc intersecting
the line AO. ‘The point-of intersection-will .l‘u‘.- [i_. the
distance AD' being greater than the hnl:'»s:ro'xTc of ”N.I”’\[f{'?'
which latter equals A'C'. ,When th»; piston is at half-stroke,
the crank will occupy the position-OC, 'y

The tangential effort on the crank due to the piston pres
sure may be calculated by estimating the effect u': this I»rr:.\z.:rc
in the direction of the connecting rod, and then resolving
this tangentially and radially to the crank circle ; or,

be more conveniently computed geometri ally by finding
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the leverage with which the connecting rod acts on the
crank-pin.. The amount of the tangential pressure will, as
before, be proportional to the length of the arm of the lever.
Take, for instance, the position E of the crank-pin, the
connecting rod assumes the position EE/, and the leverage
with which it acts, instead of being EP, as would be the c;{sc
were the rod of infinite length, is. €O, found by producing
EE and letting fall a perpendicular tpon it from O. The
product of the line ¢0) iinto the pressure or tension in the
connecting rod gives the twisting moment. Now the pres-
sure or tension in the connecting rod is.to, the pressure on
the piston as the line EE' is to the line E'P. Also the tri-
angle Oee’ is similar to the triangle EE/P, and

050 E'P ' E'E

0"\ x E'P=0¢ x E'E;

That is to say, theé pressure on the piston multiplied by O¢’
equals the force in the comnecting rod multiplied by O,
which latter product is the twisting moment,

Hence to obtain the twisting moment we have only to
prolong the line of the connecting rod till it intersects the
position' DIY of the crank, and the product of this line into
the pressure.on the piston gives the moment mlnircd By
proceeding in this way fig. 314 may be modified so as to take
account of the influence of the connecting rod. By an in
spection of fig. 32 it is evident that the new :1rn‘..§ of the
moments are greater than those obtained avith infinite con-
necting rods-until the axis of the connecting rod intersects
the point D, after which they are less till the end of the
stroke is reached. During the return stroke the opposite
effect takes place, the arms of the levers being shorter during
the first portion, and longer during the latter part of Lh:‘
stroke, than for the corresponding positions when the con-
necting rod is of infinite length. The arm of the moment
is a maximum when the axis of the connecting rod makes
a tangent with the circle described by the ('r.mkjl.in‘
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An inspection of the diagrams, figs. 30 to 314, shows how
far from uniform is the tangential effort on the crank-pin,
and consequently how irregular is the driving power, in the
case of single cylinder engines, even when, as in the first
case illustrated, the steam pressure is uniform throughout
the stroke, and the angularity of the connecting rod is
neglected. There are various methods of diminishing this
irregularity of driving power. One plan is to fit on to the
crank-shaft a fly-wheel of adequate weight and dimensions
to overcome the irregularity. The principle of the action
of fly-wheels has already been explained (page 157). Another
and very usual plan is to use two or more cylinders with the
cranks forming angles with each other. These are usually
so arranged that the tangential effort on one crank is a
maximum when it is a2 minimum on the other crank. This
subject will be again referred to, and examples will be
illustrated, when all the disturbing causes which influence
the forms of twisting moment diagrams have been ex-
plained, but in the meantime it will be a useful exercise
for the student to prepare such diagrams for the two
cases illustrated in figs. 30, 31 (pp. 166 and 170), assuming
that in each case a second cylinder of equal size with the
first, and working under precisely similar conditions, Is
added, 4nd that the cranks are set at right angles to each
other.

The method of proceeding is as follows:—A precisely
similar diagram tothe curve Ag“7c’ B, fig. 31 (p. 170),
must be constructed on the diameter COD which is at right
angles to AOB. When complete, there will be four of these
curves round the circle ACBD, viz. one for each stroke of
eachccylinder, (The radial lines intercepted between the cir-
cumference and the curves for each position or’, o2', &c.
of the crank, &c., must then be added together, and a
resultant curve drawn through their extremities. This curve
will be a diagram of the tangcntial effort for the two
cylinders combined.
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Influence of the weights and velocities of the reciprocating
farts—We must next consider the effects of the weights
and velocities of the reciprocating parts on the form of the
tangential effort diagram. In the first part of this chapter
(p. 153) it was shown that a large portion or even the whole
of the-steam pressure during the first part of the stroke
might be absorbed in generating the velocity in these parts;
and consequently, that only a portion, or in some case not
any of the steam pressure on the piston was available for
transmission to  thé erank-pin ; while,/on the other hand,
the effect of the velocities of the parts being reduced during
the latter portion of the stroke would be to cause a greater
pressure to appear onthe crank-pin than is-due to the steam
pressure in the cylinder. It is evident, therefore, that to
construct a tangential effort diagram for such cases we must
first deduce’ fromr the indicator diagram a new diagram, by
taking away from the steam pressure, during the first part
of the stroke, such a portion of /it as'goes to accelerate the
velocity. of the-moving parts, and vz vérsd, adding to the
steam pressure during the remainder of the stroke such a
portion as represents the effect of théir retardation.

If the/steam pressure were free to act on the recipro-
cating masses-in the same way that gravity acts on a falling
body, or in the way that the pressure of powder-gases in a
gun acts ‘'on ‘a projectile; it would be easy to calculate the
effects produced ; but when the motion is controlled bya
crank vevolving uniformly, it is a little more difficult to
calenlate the increments of velocity imparted to the piston
in successive intervals of time. The pressures required to
impart these accelerations, as they are called, are of course
proportional to the amounts of the increments:

We must again' suppose for the sake of simplicity that
the connecting rod is of infinite length. In such a case
while the crank travels through successive equal angles
corresponding to the positions A, A’, A\ (fig. 33) the piston
moves through successive spaces AA, A A, A A, &c. The
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velocity of the piston at each point A, A, A, &c. may be
calculated graphically as follows :—

Let the radius of the circle A B C represent to scale
the linear velocity of the crank-pin in feet per second, At
any point A" for example,
corresponding to the posi- T/
tion A, of the piston, the
velocity of the crank-pin

4’/
v B
: .
may be resolved into two AL am g
components, one horizontal A
and the other vertical. The Afb-da'™ |
horizontal component will ;
be the velocity of the

AALAz A3 O C

l‘ig. 33.

"

piston. From the point
A" draw a tangent A'T
to the circle. Make A”T=the radius of the circle, then
A"T represents the velocity of the crank-pin.  Draw A”H
horizontal and TH vertical, then will A”H and TH repre-
sent respectively the horizontal and vertical components
of the velocity at the point A", and A”H represents also
the velocity of the piston when at a point in the stroke
corresponding to the position A, in the line AC. In the
same way the piston wvelocity may be obtained for any
other point in the stroke, It may, however, be ascertained
more simply as follows. The two triangles A”TH and
A”A 0 are in every respect equal to each other and A”"H
equals A”A,. Now A"A, is the sine of the angle of the
crank x A”Q, therefore the velocity of ‘the piston’ at any
point A, is proportional to the sine of the angle of the crank
for that position, and is in fact equal to the length of the
perpendicular. drawn from. the given point, such as Ay, to
meet the circumference of the circle, when the velocity of
the crank-pin is represented by the length of the radius of
the crank circle. Hence we see that the velocity of the
piston at a series of successive positions A; A, A; &c. is
represented by the vertical ordinates A'A; A”A, A"'A; &,
N
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As the crank-pin is supposed to travel at a uniform
velocity, the crank-pin circle represents time, just as does the
hour circle of a watch, and equal divisions of this circle, such
as AA/, A’A", A"A",| &c., represent equal divisions of time.
Now, the difference between the velocity of the piston at the
beginning and end of any suech interval is the increment of
velocity, or acceleration imparted to the piston during the
interval. —Thus the difference between the velocities at A’
and A’ equals A"2j and similarly between A"’ and A"
equals A"'a". Now, the force or pressure required to im-
part a velocity to a given mass in a given interval of time is
proportional to the velocity imparted, and when this latter
and the mass are known the force may be calculated (see
p- 149). (If we suppose the divisions AA’ &c. to be taken so
small that the force“acting throughout the interval may be
considered as uniform and the acceleration imparted uni-
formly, then in this case any division such as A”A" may
be considered a straight line, and the two triangles A”A"'a"
and A”’A,O are similar, because the angle OA”A’” may be
considered a right angle-and «”A”Ag is a right angle, and
taking away the common angle the remainder a”’A"A"'=
the remainder OA"A,, | Also-the angles at @” and A, are
right angles, therefore the third angles in each triangle are
equal and the two. triangles are similar, therefore } i

A'A"
A0

\:, ij=<‘0sinc of angle of crank. Consequently the acceleras
7 )

tion at any position-of the crank equals’ the velocity of the
crank-pin multiplied by the cosine of angle of crank, and

the forces required to produce the accelerations are pro-
portional to them.

The magnitudes of the forces may be found in'the follow=
ing manner. Suppose that the weight of the reciprocating
parts is all concentrated round the crank-pin, the connecting
rod being, as before, infinite. The weight is kept moving in
the circular path by the action of centripetal force (see p. 159).
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The centripetal force always acts radially, and at any point
D, fig. 34, may be resolved horizontallyand vertically. The
horizontal component is the measure of the force which
imparts motion to the reciprocating parts. The vertical com-
ponent merely producesan
upward or downward pres-
sure on the bearings. At
the dead centre A the

D
force has no vertical com- 1 ;
ponent, and therefore the ‘ ‘
|
A

» '
entire centripetal force ",,)
produces acceleration of F l~'~~(,
the reciprocating parts. Y
At B there is no horizontal component, and therefore there
is at this point no acceleration, at any. other point D, the
horizontal component =DE = FO=DO cos a. If the radius
of the erank circle represent the centripetal force, then the
horizontal component at any point==the centripetal force
multiplied by the cosine
of the angle of the crank.

The expression for
the centripetal force in
terms of the weight, the
revolutions per minute,
and the radius of the
crank, /is+ given on p.
161, and is F=wN* 7 X

‘00034. This may be

expressed in pounds per
square inch of piston
area by dividing by the
area of the piston. Draw
a circle ABCD (fig.

35) of which the lengtl

y of the radius represents the centri-
cl

petal pressyfg per square inch of piston area. Then the
pressures per-square inch of piston area required to accele-
N2
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rate the reciprocating parts at any points corresponding
to the positions A’A” &c. of the crank will be represented
by the lengths of the horizontal lines A'a, A”a"” &c. While
the crank is moving from A to B the pressures go to accele-
rate the reciprocating parts, and must therefore be subtracted
from the indicator diagram’ pressures for the corresponding
points; if we wish to arrive at the true turning effort on the
crank. On the other hand, as the crank moves from B to
C the opposite effect takes place, the motion of the recipro-
cating parts is being retarded, and imparts pressures to the
crank-pin, which for any given positions A? A! &c are

measured by the horizontal lines A%z, Ala" &c. These
pressures must therefore be added to the pressures shown
by the indicator diagram for. the corrésponding points.

XA simpler diagram for use with the indicator diagrams is
made as follows: Let AC, fig. 36, represent the stroke of
the piston or diameter of crank-pin circle, to the same scale
as theindicator diagram is drawn. Calculate the centrifugal
force persquare inch of piston ‘area from the known weights
of the reciprocating parts, radius of the crank circle, and
number of revolutions per minute, by the formula given,

p. 161, and draw a perpendicular Aa to the same scale as

the pressure scale of the indicator diagram, to represent this
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force. Erect an equal perpendicular from C. Join ac
Divide the line AC into ten equal parts corresponding to the
ten divisions of an indicator diagram, then will the ordinates
Aa, A'a', A"a", &c. between A and B represent the pressures
to be subtracted from those given by the indicator diagram,
while the corresponding ordinates between B and ¢represent
pressures to be added to those shown by the diagram.

Influence of the weights of the reciprocating parts in verti-
cal engines.—1f the engine were of the vertical type, we should
also have to take account of the pressures required merely
to overcome the force of gravity acting on the weights of the
piston, &c. . During the up stroke the weights act against,
and during the down stroke in the same direction, as the
motion of the piston. Hence we should have to modify
fig. 36 as follows. Add to Az a portion aa’, fig. 37, represent-
ing the weight of the reciprocating parts per square inch of
piston, to the same scale as Aaq represents theé pressure re
quired to accelerate the parts. At the other end of the
stroke the action of the weights is to reduce the pressure
restored by the retardation of the reciprocating parts to the
crank pin. Set off therefore «’=aa’ and join @'¢" ; then the
ordinates of the line a'B’ represent the pressures to be sub
tracted from-those given by the indicator diagram, while the
ordinates of B'c’ represent pressures to be added to those
shown by the diagram.

In the reverse stroke the action of the weights is in‘the
same direction-as the steam pressure, and aids the acgelera-
tion of the reciprocating parts at the commencement of the
stroke, and increases the pressures on the crank-pin at the
end. This is clearly shown by the ordinates of the line a'c
in'fig. 38.) The /influence of the direct weights of the
reciprocating parts becomes of great practical importance in
the case of the large low pressure cylinders of quick running

compound engines in which the average steam pressures are

low, and the weights often reach as much as 3'5 Ibs. per

square inch of piston,
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It is impossible to exaggerate the benefit to be derived by
testing the proposed indicator diagrams of any engine under
design, in the manner described, before finally settling the
weights of the moving parts, the pressure and distribu-

Nlg

tion of the steam in a quick‘running engine.

This will be

clearly shown from an example taken from actual practice,

after we have considered the last remaining complicating
circumstance, viz. the effect of the length of the (‘«,nm‘xcctin::'
rod on the pressures required to accelerate and retard the
reciprocating parts.
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Effect of the connecting rod in modifying the influence of
the reciprocating parts—A finite connecting rod, instead of
moving always parallel to the axis of the engine, vibrates
from side to side, and is always inclined at an angle to the
axis of the engine, except when the crank is on the dead
centres. The result of this is that during the first quarter
of a revolution the piston moves through more than half the
stroke, and its average velocity is therefore greater than
when the connecting rod is infinite, and zice versa during
the second quadrant the piston has to move through less
than half stroke and its average velocity is therefore less.
These changes are illustrated by fig. 39, in which the length
of the connecting rod aé is three times the length of the

Fig. 39.

crank. While the crank has been moving from A to &' the
piston has moved through a distance AZ=A0+0¢, where
OF =a't/ versin.Oa’tl. While the crank moves from &' to B
the piston moves through a distance=¢'B=0B-a'// versin
Oa’®. During the return stroke the opposite effect takes
place, while the crank moves from B to D, the piston moves
through B¢, and while the crank moves from D to A, the
piston moves through ZA. Generally speaking, if 7 be the
ratio of the lengthof the connecting rod to that of the crank,
then for any position of the crank, say &, in the first and second
quadrants, the distance moved through by the piston=Ae+
ec=versin angle of crank + 7 versin angle of connecting rod.

On the other hand for any position, say 4", in the second
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or third quadrants the distance traversed by the piston=
versin angle of crank —» versin angle of connecting rod.

The consequence of the increased velocity during the
first part of the forward stroke is that more of the steam
pressure will be required to accelerate the moving parts than
in the case of an infinite connecting rod. The amount of
this pressure varies from point to powt, and is proportional
to the amount of the acceleration at each point. During
the latter part of the stroke, the retardation is less sudden,
and consequently the moving parts never exert as greal a
pressure on the crank pin-in coming to rest as they would
do were the connecting rod infinite, During the return
stroke the converse takes place. Duringthe first portion
of this stroke the steam pressure required to produce
acceleration is less, and' during the latter portion the
pressure exerted by the moving parts on the crank pin is
greater, than in the case of an infinite connecting rod.
As, however, the length of the connecting rod cannot alter
the area of the diagram, fig. 36, but only its shape, we shall
find that the period during which high pressure is being ex-
erted is less, and that during which low pressure is being
exerted is/greater than in the ease of the infinite rod.

To calculate the exact amount of these pressures for
every point of the stroke would be rather a tedious process.
It is, however, easy to ascertain the pressures for three
positions of the piston, and-a curve drawn through these
points will enable us to measure the pressures expended
in accelerating the reciprocating parts, or given out during
their retardation. The relative velocities of the crank-pin
and the piston may easily be ascertained geometrically in
the following manner.

Let AB, fig. 40, be a portion of the path of the crank pin,
and Cé any position of the crank, and ab the corresponding
position of the connecting rod. The velocities of the twa
ends of the connecting rod are in different directions, the
cross-head end always moving in the fixed direction eC
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with variable velocity, while the crank pin end always moves
with fixed velocity at right angles to the momentary position
of the crank arm. As the velocity of the crank pin is
known, that of the cross-head, which is the same as that of
the piston, can be ascertained. Produce aé till it cuts the
perpendicular CB in &. From & draw &f perpendicular to
Ch. Let the velocity of the crank pin be represented by
the radius C4. Make 4/=Cé. Then &/ represents the

Fig. 40 Fig. 41

velocity of & both in magnitude and direction. From f let
fall a perpendicular, /7, to the direction of the connecting
rod, and produce the line /& From & draw &4 parallel to
the direction of velocity of the point a. Then, since the
connecting rod is of invariable length, the components of
the velocities of-edch end resolved along the rod-are equal.
Now & is this component for the velocity of 4, therefore it
is also the corresponding component for a; and therefore
bd represents the magnitude as well as the direction -of the
velocity of @.. Now, comparing the triangles Cle, &/d, their
angles are equal, because the sides of ‘one triangle ar¢ per-
pendicular to those of the other; also the side #f equals the
corresponding side Cb, therefore the two triangles are equal,
and therefore the line Ce; cut off from CB by the prolonga-
tion of the line ad, represents the variable velocity of the
point @, while C4 represents the constant velocity of 4.

We can now cofistruct a very simple curve of piston
velocities. For any positions of the crank, Cé, C&', &c.
(fig. 41), set off Cy, Cv/, &c.=Cs¢, C¢, &c, Through all the
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points 7, 7', &c., draw the closed curyve Co7' . . ¢/C, then the
portion of the radius intercepted, at any position be;wcen the
centre C and the circumference of this curve réprescnts the
velocity of.the piston for that position. It will be noticefl
tl.mt a portion.of this curve travels outside the crank pin
circle, §hox\'ing that the piston velocity during a part of llrhe
revo}utwn is greater than that of the crank pin. The
maximum velocity and ' corresponding position of the crank
can be (?l‘)tained from the diagram.” In practice, when the
connecting rod is three or more times as ]o’ng as the
crank, the position for maximum velocity corrcsponds- very
nearly with the position when the connecting rod m"lkeszl
tangent with \the crank pin circle, Now forb this po%ition
length of connecting rod :

Fogth it ek | =tan angle of crank.

}f‘or instance, when the connecting rod is 3, 4, 5, or 6
times the length of the crank we have 7

tan ¢=3,4, 5, and 6 respectively,
which, by means of a-table of natural tangents we find
correspond with values of ¢ of 71°34/, 75° 58/, 78° 42/, and
80° 32" aespectively. ,
l'ake the caseof a piston rod four times the length of

¢

’

c

Fig. 42, e

the crank. It is required to find three points on the curve
a'd, fig. 42 which corresponds with the straight line a¢
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fig. 36,and the ordinates of whichmeasure the pressureswhich
have to be added to or subtracted from those of the steam
diagram. The point D corresponds with the position which
the piston occupies when the connecting rod makes a
tangent with the crank circle—that is to say, when the
crank is at the angle 75° 58'; for, at this point, as has been
stated above, there is neither acceleration nor retardation.
The points @ and ¢ of the curve may be found from the
following considerations.

When the crank-pin gets into line with the axis of the
cylinder—i.e. at the two dead centres, the weights of the re-
ciprocating parts act with a full centrifugal effect on the
crank. At the near dead centre they tend to pull the crank
towards the cylinder, while at the far centre their action on
the crank is reversed. The centripetal force in the crank
at the near centre gives the measure and direction of the
force absorbed in accelerating the reciprocating parts when
the connecting rod is supposed infinite. When, however,
the rod is of finite length another effect is produced ; for on
passing the near centre the crank-pin end of the connecting
rod describes an infinitely small arc of a circle round the
piston rod end as a centre, and a centrifugal effect is pro-
duced which increases that in the crank.  Onthe other hand,
when the far dead centre is being passed the centrifugal
tendency in the connecting rod end diminishes that in the
crank. . The amount of the centrifugal force in the con-
necting rod circle may be derived from that in the crank,
very simply, because the weights are common to both,
also the velocities are the same, and nothing differs but
the length of the radii. Now the radius of the connecting
rod is four times that of thecrank, therefore, as the centri-
fugal forces vary inversely as the radii when other things are
equal, the centrifugal force in the connecting rod is one
fourth of that in the crank. Add therefore to Az, a piece

: . Ce .
aa’:‘l.\a, and subtract from Cc a piece ¢¢’=="then will the
4
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points @’ ¢ be the initial and terminal points on the curve,
The point D has been already found. Tt may be proved
that the curve to be drawn through the three points @', D,
¢ is a parabola, but for all practical purposes a circular arc
is sufficiently accurate.The ordinates of this curve between
a' and_D represent pressures which are expended in accele-
rating the moving parts, wh'ch pressures must therefore be
subtracted from the pressures as-shown by the indicator
diagram ; on the other hand, the ordinates between D and
¢ represent pressures which are exerted by the moving parts
on the crank pin when they are being brought to rest, and
whichmust theréfore be added to the pressures as shown by
an indicator diagram. For the return stroke the same
diagram may be used, starting from C as_the commence-
ment of the stroke. “The ordinates of D represent the
pressures absorbed in accelerating, and those of D' the
pressures restored during retardation,

If the engine be of the vertical type a correction must
be applied to fig. 42, similar to that already explained in
the case of fig. 37.

An inspection of fig. 42 shows what a powerful influence
on the working of the engine may be exerted by the action
of the reciprocating parts:~ This influence may, according
to circumstances, be either good or bad. Thus, take the
case of a quick running single cylinder expansion engine.
The steam pressure in such an engine would be high at the
Commencement of the stroke and low at the end. but the
power required 'to impart motion to the rec iprocating parts
absorbs pressute at the beginning of the stroke, and thus
relieves the pressure that would otherwise come on the
crank ; whileat the end (of the stroke the opposite. effect
takes place, and thus the inertia of the moving-parts may
tend to equalise the pressure throughout the stroke, and
may consequently promote steady running. In this respect
the action is similar to that of a fly-wheel. On the other

hand, it may happen, if the speed at which the engine runs
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is very high, or if the r;-ci;vrv,u-:n?ng I\(\H.\l‘.ll'(‘ ‘vc!'j-' hu\r; th;:
the whole of the steam pressure in the cylinder is ll?ﬁl! 1:_ ‘:',‘L.
to impart the requisite motion at the comment C“,l,u.“\‘{ \u. 3
stroke, and consequently the LIAL‘“('I('.H( y of for € must ‘m“. 1
plied by the fiy-wheel, the result being Hn.t at 1!7‘.‘%‘ ( m,mn(ﬁ :
ment of the forward stroke '\Al'.c-wnm‘r'm‘:‘; M'Ti ‘-1(.11“13
being dragged by the crank-pin instead »ol turning t{\l:iu.:] gi;
As soon, however, as a certain amount of me .
imparted, the pressure of S

rank-pi : » strain 0
B it ‘ :;nd a knock or jar is experienced

3 ~ 2 > » n
the steam begins to be fdtl on
rod changes from

tension into compression ¢
at the joints which greatly tends to wear out the
The following example,
engine, has occasionally been adduced to 1 e
- ' : 1 1 o s are ove
1()‘im The essential particulars of this engine are give

p;tr‘o‘.
taken from the well-known Allen
y 1llustrate this

below : — ¥
i inder =1 foot.
Diameter of cylinder 1 fc
Strok =24 inches.
Stroke
i inute =200
Revolutions per minute o .
Weight of reciprocating parts =470 Ibs. o
Steam pressure =060 lbs. per sq. inch.
Ratio of length of conneeting } — @Gt - 1.
rod to crank
indi jagram when steam I
ABC, fig. 43, shows an indicator diagram when ste S
cut off at one twentieth of the a?.r(‘{ku: .
If ‘the connecting rod were 1niinite, SguRe per
area required to accelerate the moving
ares
the stroke would

the pressure per

squaré inch of piston

: .nt and end of
parts at the commencement i :
e T {2 vage 101, VIZ.:
be obtained by the formula given on page 10T,

N T £0000 X1 X "00034
wN2r 00034 | 470 X 4000 3¢

F 3o .

113
56°5 lbs. per square inch.

M re from A to C, and from D to C, 56'5 lbs. to
Measure { A to G

} e ordinates of the triangle
le. and join CC. Then the ordinates of the triangie
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ACE represent pressures to be subtracted from the cor-
responding steam pressures as deduced from the diagram,

Fig. 43

and the ordinates of the triangle DC'E represent pressures

to be added to those of the diagram in order to arive at
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the true pressures transmitted through the connecting
rod to the crank-pin, on the assumption that the length of
the connecting rod is infinite. The effect of the connecting
rod being 6:16 times the crank in length is to add 15.(1(;,
=g'17 to AC and to subtract the same quantity from DC'.
Mark off therefore «C and /'C’ each = g*171bs. Ascertain the
point G in the manner already deseribed, and through Ge
describe a parabolic curve. The ordinates of this curve
above and below the line AD represent pressures to be
respectively added to and subtracted from those deduced
from the indicator diagram. We must next find from the
indicator diagram the true net pressures of steam on the
piston. This is done by deducting from the pressures, as
shown by the diagram, the simultaneous back pressures as
shown by another diagram, taken from the other cylinder
cover. In the absence of such a diagram, we may make
use of the back pressure line of the diagram on fig. 43,
remembering, however, that from the steam pressure at A
must be deducted the back pressure at the exhaust end.
We thus obtain the true curve of pressures shown by the
line GF beneath the expansion line of the diagram, and
terminating below BB at the point ¥.  Haying now deducted
from the true steam pressures the amounts given by the
ordinates of the curve ¢G¢, we obtain the curve defg,
the ordinates of which represent the true pressures.trans-
mitted through the connecting rodi The pressurés above

the line” BB are positive, while those below are negative,

and show that the steam pressure on the piston, wherever

the curve falls below the line, are insufficient even to
accelerate the moving parts.. Thus, for instance, we have
seen that at the commercement of the stroke 56°5+917=
65'67 Ibs. per square inch are required for this purpose,
whereas only 6o Ibs. are available, without even deducti
for the back pressure. The deficiency has to be supplie

the fly wheel, and the consequence is that at the commence-
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ment of the stroke the piston is actually being dragged
forward by the crank-pin, instead of pushing the latter
round, as it should do. When the curve defr rises above
the line there is a small amount of pressure transmitted to
the crank-pin, and consequently the strains in the piston and
conneeting rods are reversed from tension to compression,
and a knock must occur if there is the least wear in the
!)msscs. Between ¢ and f the steam pressure is again
insufficient; ‘and the piston is again drawn round by the
crank-pin, and at.each of these points aknock will oceur,

It will be noticed that the general effect of the action
of the reciprocating parts is to completely reverse the
pressures as dedueed from the indicator diagram ; for whereas
these are greatest at the commencement of the stroke and
dwindle down to nearly nothing at the end, when the re-
ciprocating parts are taken into account, the pressures are
greatest at the end of the stroke and are actually negative at
the beginning.

During the return stroke the state of things at the com-
mencement will not be sobad because the pressure required
is-only 56°5—9'17 = 4733 Ibs.; and there is sufficient steam
power-available for this purpose and to leave a balance over
to transmit to-the crank pin. On the other hand, at the end of
the stroke the state of things will be very unfavourable for easy
running because of the enormous accumulation of |>rc.’~surct

In order to improve this engine, one of three plans
might be adopted. The initial ‘'steam pressure might be
increased : the piston speed might beé diminished ; or, lastly,
the weights of the moving parts might be reduced. A com-
bination of these methods would, of course, also be effectual.

Effect of distribiition of steam on, the action' of the recipro-

cating parts.)—Great care must be taken when designing the
valve gear of high-speed engines to see that the distribution
of the steam is properly effected, otherwise the ill effects of

ta kave o) Tl e 13
s who have no knowle indicator diagrams should
grams s

on after studying Chapter VIII,
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a bad distribution may be greatly aggravated. Take, for
example, the very common fault of a late exhaust, as repre-
sented by fig. 44 Assuming that the diagram of the return
stroke is equally bad, the result will be that there will be a
back pressure @'t = ab
at the commencement of
the stroke, and the effec-
tive steam pressure will
only be Ad/, which, if the
piston speed is high, and
the weight of the recipro-
cating parts considerable,

may not be sufficient to

impart the desired velo-

city to these latter. A late admission of steam will, of
cqurse, produce a similar result to astill greater degree.

On the other hand a good compression curve, which, as
we shall hereafter see, is an excellent feature in an indicator
diagram, is productive of great good from the point of view
of steady running, when its effect on the action of the
reciprocating parts is taken into account. We have seen
that the tendency with high-speed expansive engines is that
the effective pressure on the crank-pin is transferred to the
end of the stroke. Now it is very undesirable that the
pressure on the pin should be very high at the extreme
end of the stroke, as it causes heayy strains_on< many
parts of the machinery; but the effect of a marked curve of
compression is to cause a considerable back pressure at the
end of the stroke, which pressure must of course be de-
ducted from the pressure on the crank-pin, due to the
combined effort of the) steam and'the retardation of the
reciprocating parts.  This action is of course much assisted
if the exhaust opens early. In fact, in such cases it often
happens that when a strong compression curve exists the
back pressure on the piston is much in excess of the direct

'pru»surc.
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This effect is clearly shown in fig. 43, and is also illus-
trated by fig. 45. The indicator diagram is clearly recog-
nisable ; FGH, the curve showing the effect of the recipro-
cating parts, is indicated by the full line. The irregular
dotted line AB is the resultant
curve, giving the true nett
pressures on the piston, and
showing a negative pressure at
the end of the stroke, on the
assumption that a diagram
taken from the other end of
the cylinder would give a
similar line of back pressure
to that shown on fig. 4s.

The -student is now in
possession of the means, of
constructing a curve of twist-
ing moment, or tangential
effort on the crank-pin, taking
into account all the principal modifying circumstances. It
will have been observed that the effect of the connecting
rod is twofold, Firstly, by its varying inclination it alters
the length of -the tangential component of the pressure
transmitted to the crank-pin (see p. 173) ; and secondly, it
modifies the action of the reciprocating parts in the manner
just explained.

Fig. 45.

‘The various steps to be'taken to preduce a complete
curve of effort on the crank-pin are as follows :—

1st. To obtain a pair of indicator diagrams, viz. one
from each end of the cylinder.

2nd. By taking account of the back pressure at each
point in the stroke to deduce a pair of resultant diagrams
showing the true pressures on the driving sides of the ]:lSt(_m,
as explained pages 190 and 340.

srd. To find the effect of the weights and velocities of
the reciprocating parts as modified by the length of the
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connecting rod, and to correct the last found diagrams
accordingly, as explained pages 183 to 192.

4th. To deduce from the last diagrams the circular
diagrams of effort on the crank-pin, taking into account the
obliquity of the connecting rod, as explained pages 17210 175.

These various steps have been explained at such length
that it will not be necessary to give a final example illustrat-
ing them. The student will have no difficulty in applying
the principles to any example whatever.

In the case of two or more cylinders being coupled on
to one crank shaft, the diagram of effort will have to be
made for each cylinder separately, unless they are identical
in dimensions and steam distribution, and a resultant
diagram formed by adding their separate effects together ;
see page 175.

How lo approximate to uniformity of cffort on the crank-
pin—In all of the examples given the engines have had
single cylinders, and though it is possible in such engines to
attain to great uniformity of driving power throughout the
greater portion of the revolution, even when very high rates
of expansions are made use of, by running them at high
speeds so as to utilise the action of the reciprocating parts,
nevertheless, the difficulty exists that at the beginning of
each stroke there is no rotative effort whatever on the crank.
"There are two methods of overcoming this defect.

First. Two or more cylinders may be made use of
coupled on to the same crank shaft, but with the cranks set
at angles to each other, in'such a manner that one engine is
producing its maximum rotative effort when the other is at
the dead centre. Each of these cylinders may be identical
in dimensionsand in steam distribution, as is the case with
locomotives and many types of land engines ; or the engine
may be compound, one cylinder being much larger than the
other, and the steam which has been partially expanded in
the small cylinder being used over again in the larger. This
type of engine, which presents many advantages from the

02
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point of view of fuel economy, will be more particularly de-
scribed in Chapter XI. It has, on account of its economical
properties, come into very general use for marine purposes.

Second. A fly wheel may be used which, by absorbing
energy when the turning power is in excess of the resistance,
gives it out again when this condition is reversed, and thus
enables the engine to pass the dead centre.

The double cylinder type of engine is invariably used
where there is much stopping and starting and reversing to
be done, because it may be easily started from any position
of the cranks.  The single cylinder engine with a suitable
fly wheel is used with advantage whenever there is much
steady running to be done in one direction. This is the
case with the majority of factory engines. The single
cylinder type with a fly wheel, and a high rate of expansion.
has even been used successfully for marine purposes.

Fig. 46.
Graphic representation of the action of a fly wheel—In
cases where the resistance is uniform the power applied
tangentially to the crank-pin in single cylinder engines is in
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excess of the resistance during two portions of the revolu-
tion and is less than the resistance during the other two
portions. This is illustrated in fig. 46, where AB is the
crank circle, a# the circle of uniform resistance. The curve
showing the twisting moment on the crank is denoted by
ACB, BC’'A. The tangential pressure is in excess of the
resistance from ¢ to¢’ and from ¢, to ¢, and during the other
two arcs the resistance is in excess. The average value of
the excess of ‘twisting moment is represented by ed, and of
the resistance by &g.

The same thing may be illustrated also by a diagram
constructed on a straight base similar to fig. 30A. The line
ABA' is equal in length to the circumference of the crank-
pin circle. ACB and BC'A’ are the curves of twisting

Al

moment during the forward and back strokes respectively.
The uniform resistance is shown by the line @a’, the ordinate
aA being the mean of all the ordinates of the curves ACB,
BC’A’. The excess of tangential pressure between ¢z -and
¢,,y above the. resistance is shown by the ordinates of the

curves ¢Ce' and ¢,C'¢;,, and thé excess of resistance above
tangential pressure during the remainder of the stroke is
shown by the ordinates of Ae, ¢'B, Bey, and ¢;;A’. At the
four points ¢, €.¢;5 ¢, the resistance exactly equals the tan-
gential pressures | The average values of the excess of tan-
gential pressure is given by the lines ¢Z and ¢,d,, the areas
edd'¢' and e, d, d\, e, being equal respectively to the areaseCe’
and ¢;C'¢;y. Similarly the average values of the excess of
resistance are given by the ordinates ¢g and ¢¢’.  Also the

S
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sum of the areas edd'¢’ and e, 4, d,, ¢,, 1s exactly equal to the
sum of the areas ag, ¢'¢;, and g,,4'.

The weight of fly wheel necessary in any given case de-
pends on the following conditions :(—

1.-The mean diameter of the fly wheel rim.

2. The velocity at which this rim moves.

3. The variation from uniform speed which is to be
permitted.

4. The fractions of the entire revolution during which
the tangential force is above or below the uniform resist-
ance.

5. The average amount of the-excess of power of
resistance.

When-these conditions are known we can compute the
weight of the fly wheel.

The value of elements 4 and 5 may be computed for
any given case by constructing a diagram similar to fig. 47.

Let W=weight of the fly wheel in/lbs.

V=the nmiean velocity of its rim in feet per second.

V, and V,=the maximum and minimum velocities.

=the fraction of the mean velocity allowed for varia-

tion, that is to say the difference between V, and V,=
Sy
Wiy
ke
Then the energy stored up in the fly wheel when at its
maximum velocity

Wy,
and when at its least velocity the energy remaining
I WV '
28
Therefore the work given out by the fly wheel while its
velocity falls from V, to V,
V(V,2= V)

20
“S

Y A 3 ot Thonls .
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Now this work is measured by the product ed X ee' XA
the area of the piston (see fig. 47), e being the average excess
of tangential pressure in Ibs. per square inch of piston.
W(V,*-Vy’)
o edxed x A= —
:KS .
V
W (V4 V) (V= V) _ Wx2Vxk
- 28
w —=8% bxed xed X A
.. - . \v.,
Now V. the mean velocity of the fly wheel rim in feet per
second. may be expressed as follows in terms of the diameter

D. and the number of revolutions per minute R
) 2

~.D.R
6o

v

Substituting this value of V in the above equation and
reducing to tons, we have very nearly
r B kX ed Xee' X A
W (tons) = 5§25 DIRE
It will generally be found that the value of ¢ diﬁl‘rn‘ in
the two strokess we must therefore take the value which
shows the greatest inequality in making the l‘\]NA)\'C ‘<‘x1("\v1~
lation for the weight of the fly wheel, otherwise it mll»
permit a greater fluctuation than is desired. ']“hc value of
% varies a cording to the kind of work the engme has' to
do. ~When employed ‘in/ driving~ dynamo mac hines or
spinning machinery, or in any kind of '\v».]‘r; where very
uniform motion is required, the variation from the mean
velocity should not exceed from 1 to 13 per cent, that is
Lo say the value of % would vary from teo to 8o. : In other
cases the variation may be as much as one twentieth, or §
per cent. or A=zo0. It will be seen from the f(H‘L;()H\'j.I
formula that the weight of the fly wheel varies directly as £,

that is to say the less the permissible variation from the mean
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speed the greater the weight of the wheel. It also varies
inversely as the square of the diameter and inversely as the
square of the number of revolutions per minute.

The foregoing investigation applies to the case where
the resistance is practically uniform. If the resistance fluc-
tuates during leach revolution, asfor instance when the engine
is_driving a two-bladed screw propeller, a proper curve of
resistance would have to be drawn in lieu of the line @ @,
fig. 47. When the resistance is liable to sudden fluctuations,
as for instance \in/the case of factories where a large number
of machines are occasionally thrown on or off, the fly wheel

by itself is powerless to produce even' an approximation

to steady running. To effect this in such cases is the duty
of the governory which controls the actual power developed
by the engine, either by throttling the steam on the way
from the boiler, so thatits pressure is reduced considerably
by the time it enters the cylinder ; or else, by varying the
rate of expansion so that the engine develops more or less
power in proportion to the work it has to'do. For descrip-

tion of various governors see p. 239.

CHAPTER VL
THE MECHANISM AND DETAILS OF STEAM ENGINES.

Cylinders with their fittings—Clearance—St ssages— Valve boxes
 Jacketing — Lubr — Pisto 1 K1 Piston rods
Cross heads and s 1 ; : '

— Eccentric rods— nk she nals—Shaft bear-

ings and pedestals— 2§ X heels

1 ecoentrics

It is intended in this chapter to give an account of the
separate parts which constitute the mechanism of the steam
engine, excepting only the valves and valve-gear, which re-
quire separate treatment. The variety of form and arrange-
ment of the parts of steam eéngines is so great, that it will
only be possible to give a few representative examples. A
more extended knowledge of the mechanism can only be
gained by close observation of numerous engines, or working
drawings.

The Cylinder.—The cylinder of a steam engine is the
closed vessel in which the piston works backwards and
forwards. It is so called because the interior is cylindrical
in shape, though the form of the exterior is complicated by
sundry additions. Examples-of statienary engine cylinders
are given in figs. 5 to 7, and of marine engine cylinders in
figs. 104, 195, 197 to 200. Fig. 48 is a longitudinal section
of a steam cylinder:of a, locomotive engine. It is made of
cast iron, the interior being carefully bored 5o as to form a
smooth and cylindrical surface for the passage of the piston.
It consists of the following principal parts. The cylin-
drical body AA, which is cast in one piece ;—the valve
box BB, in the thickness of which are formed the two




The Steam Engine.
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box BB, in the thickness of which are formed the two
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steam passages SS and the exhaust passage E ;—the two
covers CC, which are flanged, and which are attached to the
body of the cylinder by means of studs and nuts. The
cover through which the piston rod works is provided
with a stuffing box D and gland ¢, to prevent the steam
escaping round ‘the rod.  This object is accomplished in
the following manner. The space @z between the rod and
the inner cylindrical surface of the stuffing-box is filled with
plaited hemp saturated with tallow, or with one of the
numerous patent packings now procurable, The gun-metal
gland ¢, through which the piston rod passes, is forced up

e

against the packing by means of the two nutsand screwed
studs shown in the drawing,” The result is that the packing
can be squeezed with any desired degree of tightness round
the piston rod, and can thus prevent the escape of steam.
The opening by which the piston rod passes through the
substance of the cover is lined with a gun-metal bush, «
In many engines, especially those of foreign manufacture,
there is a stuffing box on the other cylinder cover, through
which a prolongation of the piston rod works. The object
of this arrangement is to prevent the piston bearing unequally

on the lower side of the cylinder. It is also adopted in the
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case of condensing engines, when the plunger of the air
pump is driven direct from the piston. It will be noticed
that the interior faces of the covers are cast so as to fit into
the corresponding faces of the piston. The reason of this
arrangement is that the piston has in many cases to be
f()ﬂl\éd in the shape shown in fig. 48, viz. with a broad rim
or flange, and a thin disc ; now if the cover faces were not
shaped correspondingly, there would be at each end of the
stroke a large space to be filled with steam before the piston
began to move, which steam would do no work till expan-
sion began.

Clearance.—The interior length of the cylinder bore, from
cover to cover, is always a little longer than the stroke, plus
the thickness of the piston, so that a small vacant space called
the clearance.is invariably left at the end of each stroke. If
it were not for this precaution the covers might be knocked
off whenever water accumulated in the cylinder. The
clearance spaces and also the contents of the steam passages
SS, between the valve face and the inner surface of the bore
of the cylinder must at each stroke be filled with steam
before the piston can be moved. This steam of course does
no work till expansion begins, but a great portion of the loss
due to this cause may be recovered by compressing the
exhaust steam before the end of the stroke. This operation
is called cushioning the piston, and is most essential for
many. reasons. It helps to bring the piston gradually to
rest, and partially restores the temperature of the sides of
the cylinder which become cooled during the exhaust. It
further tends to produce uniformity of tangential effort on
crank-pin in the case of quick running engines ; see p. 193

. The joints of thexcovers aré made stéam tight by placing
between  the flainges a layer of red lead cement, or soft
copper wire, or one of the numerous patent packings, and
then tightening up the bolts.

Steam passages— The design of the steam ports and pas
sages is a matter of the greatest importance. It is desirable
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to make the length of the passage as short as possible, so
that its cubic contents may not add unduly to the contents
of the clearance spaces, and on the other hand it is essential
that the area of the passages should be ample, so that the
fresh steam may-not be-throttled on its way into the cylinder,
nor the exhaust steam on its way out, the result of which
would be a considerable loss of power by reducing the
pressure of the incoming steam and increasing the back
pressure. It is ‘not easy to reconcile these desiderata with
the lise of a single slide valve ; for, if the passages were made
as short as possible, the ports would necessarily be situated
near the ends of the cylinder, and a valve that would cover
both of them would be of unwieldy dimensions. Again, if
the ports were made very wide so as to give a very free
passage to the steam, the distance which the valve would
have to move over—commonly called the travel of the
valve—in order to fully uncover the ports would be so great
that the work of moving the valve would.absorb no incon-
siderable portion-of the power of the engine. Consequently
in' engines which are worked with a short slide valve.—and
these constitute the great majority of engines in actual use,

a compromise has to be effected between conflicting evils
The area of the steam ports is obviously connected with the
piston speed of the engine ; for, the greater the speed the
greater the'quantity of steam which has to be admitted in a
given time ; and consequently a port which would be found
ample for a slow running engine might be totally inadequate
if the speed were considerably increased. The following
empirical rule has been found to give satisfactory practical
results in the case of engines having long steam passages.

The areaof steam port : aréa of piston :: speed of piston
in feet per sec. : ‘100

area of piston x speed of piston
100.

or area of port =

In some types of modern engines, which are designed
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with the object of economising fuel, the steam ports are
placed quite close to the <‘.\'1in|.‘u~r ends, and separate passages
are provided for the escape of the _cxh;‘ulst steam. Il.l y..xrh
case the simple slide valve is, of course, dispensed with,
and each passage is worked by a separate valve (see page 264
and fig.99). The object of providing separate c\.h;msl passages
is, that the fresh steam on entering the C):!llnjcr may not
be cooled down by coming in contact with the sulcs' of
passages through which the cold exhaust steam has just
escaped. . |
Valve boxes.—The valve box is generally flanged and pro-
vided with a cover, which is bolted to the face of the lm.\. just
as are the covers to the cylinder ends, The valve boxis pro-
vided with a stuffing box, through which \\Ul’l_\'.\ the rod -\\'lnr.h
actuates the valve,-and also with an. opening to which is
attached the steam pipe from the boiler. The exhaust steam
after it has done its work; escapes through each steam passage
alternately, and passes through the hullo.w portion of the
valve V ix".tu the exhaust port E, whence it 1s _lcd thruu;lh
an exhaust passage cast on the body of the ('ylxmi‘cr. and is
suffered to escape through a pipe into the open air, or else
in the case of condensing engines, is conducted by a pipé to
the condenser. n
The face on which the slide valve works is, u\.];\rgc
engines, often cast separately from the body fuf the c\']mldc_ri
to which it is attached by belts.. In this manner it is
possible to secure a sound face for the valves to work on,
and to renew it when it becomes worn. .
Jacketing—In many engines of the better class, thcryluﬂrr
is surrounided by an outer casing, sometimes cast in one piece
with it, and sometimes attached to/it, in >7m’h a manner as
to leave an annular chamber between casing and t‘j\lm'«z.(‘-r
In this case the cylinder is said to be jac ky!qi. ['he
annular chamber is filled with fresh steam direct from the
boiler. 'The object of this arrangement is to keep the .]i'”d'\.
of the cylinder proper at, as nearly as possible, a uniform
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temperature, and thus to avoid the injurious effects due to
the cooling of the cylinder sides by the expanding and
exhaust steam. Fig. 49 illustrates, in a longitudinal section,
a jacketed cylinder. Where jacketing is carried out very
thoroughly, the covers are jacketed as well as the body of the
cylinder.” For further examples of jacketed cylinders see
pages 456 to 463.

In many modern marine engines, the inner surface or
barrel of the cylinder is cast as a separate piece and fitted
into the outer body. 'One end is attached by a flange to
the outer body, while/ the other end is left free to expand
and contract with' the variations in temperature that take

plnro. The free end must be packed steam tight. This
mner portion is called the liner. There is usually a space
!)clwccn the liner and the body which forms the steam-
']:frkct. Cylinders thusconstructed posséss many advantages.
They are easier to make. When the inner surface wears
down, it can be easily taken out, and a new one inserted.
The cylinder is mnot unequally strained by variations 'of
temperature in its different parts.  Lastly, the liner can be
made of cast steel, which is the strongest and most durable
material for the purpose. For further on the subject of
jackets, see page 450. The exterior surface of the cylinder,
or of the jacket casing, should always he covered with a layer
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of non-conducting material, such as wood, felt, or asbestos
cloth, to prevent losses by radiation.

In order to discharge condensed water, or water which
may have lodged in the cylinder on account of priming in
the boiler, a small opening is made in the bottom of each
end of the cylinder, and is provided with a cock called the
‘pet-cock.” Sometimes, instead of the pet-cocks, small
relief valves are provided, which open outwards, whenever
the pressure within the cylinder exceeds the pressure which
holds the valve down.

In order to lubricate the rubbing surfaces of the piston

Fig. so.

and slide valve, small openings have to be provided, into
which are screwed lubricators containing oil or tallow. = Fig.
so represents a form of lubricator in common use. The
bulb A contains the oil or tallow which is introduced
through the funnel B. The lubricator is screwed into the
cylinder or valve box by means of the screw C. The cocks,
shown in the sketch, make or close communication between
the bulb and cylinder, or bulb and funnel.

Fig. 51 represents Mr. Ramsbottom’s continuous feed
lubricators. The bulb A is filled with oil introduced by the
plug B. The pipe C is screwed into the cylinder. The
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steam, entering this pipe, condenses by degrees on the
surface of the oil, and the water thus formed sinks to the
bottom of the bulb, displacing a small quantity of oil. This
process continues till the bulb becomes entirely filled with
water, which can then be drawn off through the lower plug.

Great care should be devoted to the choice of a good
material for lubrication.  Tallow, even of the best quality,
and. animal oils generally, are unsuited for use with high-
pressure steam, as they are decomposed by the high tcmbc-
rature into stearic and other acids, which readily attack the
iron of the cylinders,| If the waste steam from the cylinders
is mixed with the feed water for the boilers; the effects of
the decomposed- tallow on the boiler are fatal and rapid.
Sometimes the iron plates are eaten away, and sometimes a
soapy deposit, of a very non-conducting mature, forms on
the crowns of the furnaces, which permits the crown plates
to become overheated, and to collapse.. Whenever high-
pressure steam is employed, some preparation of mineral oil
should be used as.the lubricating material

Pistons.—The piston is the metallic disc or moveable
diaphragm which accurately fits the bore of the cylinder,
and which receives and transmits the pressure of the steam
to the other moving parts of the engine. Fig. 52 illustrates
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in section a piston which is used for locomotives on the
London & North-Western Railway. It consists of three
principal parts, viz. the central disc @, @, which forms the
body of the piston, the circumferential portion &, 4, which
contains the packing that enables the piston to move steam-
tight along the cylinder, and which is so shaped as to form
a large surface of contact with the sides of the latter, and the
central boss ¢, ¢, which receives the coned end of the piston rod.

The forms of pistons are innumerable, and depend alto-
gether upon the purpose for which the engine is intended,
and the size of the cylinder, which in different classes of
engines varies from a few inches to over g feet in diameter.
The chief points to attend to in the design of a piston are
the following :—it should be strong enough to withstand the
pressure of the steam, and to hold the end of the piston rod
immovably ;—the packing round the circumference should
be steam-tight, without causing undue friction, and not
liable to get out of order j—the width of the circumferential
postion should be such that the pressure per square inch
due, inithe case of horizontal engines, to the weight of the
piston—be not sufficient to cause undue wear of the inner
surface of the cylinder. In many engines the weight of the
piston is taken off the surface of the cylinder by prolonging
the piston rod backwards through the back cover of the
cylinder ; in such cases the weight is partly transferred to
the stuffing-boxes and slide-bars, which are easily got at for
purposes of examination and adjustment.

The importance of keeping the surface of the cylinder
true, and of keeping the piston in steam-tight contact with
it, will be readily recognised when it is borne in mind that
a leakage of steam past the piston. means that during the
whole time the engine is at work there is an open passage
from the boiler to the condenser or outer air, through which
steam is continuously escaping without doing any work.

Methods of packing pistons.—In the early days of steam
engines, when the pressure used was low, a good packing was

P
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obtained by winding plaits of hemp, soaked in tallow, round
the flange of the piston. These plaits were secured in place
and packed tightly together by a ring, called the junk ring,
which was bolted down to one face of the piston. Such a
system would be quite inapplicable to modern high-pressure
engines.  One of the simplest-and best modes of packing
pistons of moderate dimensions was devised by Mr. Rams-
bottom ; it is illustrated in fig. 53 The flange of the piston
& (fig. 52)is broad enough to

allow -of \three rectangular

channels’ being turned in it.

Into eachof these channels

or grooves is placed a steel

ring of rectangular section, as

shown in.the figure. These

rings are not bent into an

exact circle of the same dia-

meter.as the piston, but are

so formed that they have a

tendency to spring outwards,

i and consequently, when the

' piston is confined in the

cylinder, they press-against the working surface of the latter,

and thus effect a steam-tight joint. Fig. 53 s

53 shows one of the

rings, before it has been sprung into its place. The inner
complete circle represents the diameter, of the cylinder.
The three rings are'so arrangéd that the/joints are not ina

straight line. It has been, found that if the spring on the

rings is sufficient to cause them to press against the cylinder

with a pressure of 3 Ibs. to the square inch, the joint will be
steam-tight.

It is‘not necessary to make the rings of steel. - In many
cases they are made of cast iron, the ring when cast being
The outer face of the ring is turned, and
the inner face left as it comes from the mould.
2 good amount of spring.

slotted across.

This msures
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There are many varieties of metallic packing rings in use.
In some cases they are made without any initial outward
spring of their own, but are pressed outwards by the action
of the steam, which is admitted behind the ring by small
holes in the body of the piston. In other cases the metallic
packing, instead of being a simple ring, is made in the form
of a spiral which makes rather more than two complete
turns round the circumference of the piston, the groove in
the latter being of course formed to correspond. In this
manner the butt joint of the simple ring is avoided, and the
leakage of steam through this joint is prevented.
In the case of marine engines, the packing ring is usually
pressed against the barrel of the cylinder by means of a

Fig. s¢.
series of independent adjustable springs contained within
the body of the piston. Figs. 54 and 55 show the details
of such an arrangement. The spring ring, whichis of con-
siderable depth, is held up against the sides of the cylinder
by a series of steel springs, aaa, fig. 55. The joint in the
ring is formed as in fig. 54 to prevent leakage. Anoblique
slot-is taken: out of the ring.; A plate, fitted with a tongue
piece, is fastened behind the slot, as shown in the section,
fig. 54, and the tongue piece, which slides in a groove,
allows the ring to expand and contract, and at the same

' Taken by permission from Mr. R. Sennett’s work, Zhe Mari
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time makes a steam-tight joint. The ring, with its springs,
is covered by a flat circular piece of iron called the junk
ring, which is shown in plan on one half of fig. 55. This
enables the springs to be got at easily for examination and
repair. The junk ring is attached to the body of the piston
by bolts which work into brass nuts embedded in the metal
of the piston. When the threads work loose, the nuts can
be easily replaced. In-the case of horizontal marine engines
the part of the spring ring which is in contact with the lower

side of the cylinder 'is not backed by springs, but by solid
blocks. * These are necessary in order to support the weight

of the piston, as otherwise the springs at the bottom would
be abnormally compressed and those at the upper part of
the circumference; correspondingly, slack. ~Within the /last
two or ‘three years it has been possible, owing to the im-
provements introduced into the methods of c.n{im steel, to
manufacture pistons of that metal instead of cast i;«_m, which
is the material which has hitherto been almost invariably

used. In marine engine pistons, it has been found possible
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by the use of cast steel to effect a saving in weight of between
thirty and forty per cent. as compared with cast iron.

Piston rods.—The piston rod is the member which trans-
mits the motion imparted to the piston to the mechanism
outside the cylinder. It consists of a truly cylindrical bar of
wrought iron or steel, one end of which is fastened securely
into the piston. Therod passes through the cylinder cover by
means of a steam-tight stuffing-box, as shown in fig. 48, and
the outer end terminates in the cross-head which will be de-
scribed presently. There are various methods in vogue of
fastening the rod into the body of the piston. Sometimes the
end of the rod is turned cylindrical and a hole bored in the
piston slightly less in diameter than the rod. The piston is
then heated, which causes it to expand, when the rod can be
insertéd. After cooling, the piston contracts, and holds the
rod firmly in its place. In the majority of cases the end of
the rod is turned conical as.in fig. 52, with a serew thread on
the extreme end, by means of which, together with a nut, the
rod is firmly embedded in a conical recess bored in the piston.
Sometimes instead of a nut the rod is fastened by means of
a cotter, and occasionally it is screwed and pinned into the
boss of the piston.

The strength of piston rods has to be fixed with special re
ference to the fact that they are subject to alternating strains,
When the piston is making the stroke towards the crank shaft
the rod is in compression, and when making the return stroke
the rod is'in tension. The maximum stress per square inch
of cross section at any part of the stroke is equal to the total
pressure of the steam on the piston divided by the area of
the rod. It isusual in designing pieces of machinery which
have to bear alternating strains of tensionand compression to
make them much stronger than would be necessary were the
strain always of one sort.

Cross-heads and slide-bars.—The outer end of the piston
rod is attached to the cross-head, or motion block, which
serves the double purpose of forming the means of connection




214 The Steam Engine.

between the piston rod and the connecting rod, and of
guiding the piston rod so as to keep it straight and in the
line of the axis of the cylinder, in spite of the bending moment
due to the angular position of the connecting rod.

The cross-head generally counsists of three principal parts,
viz:{1) the body which often contains a conical hole into
which the coned end of the piston rod is fastened by means
of a cotter ; (2) the part by which the joint with the con-
necting rod is effected’; and (3) the guides or motion blocks
which travel betwéen fixed bars parallel to the axis of the
cylinder, called slide-bars, and which prevent the end of
the piston rod from being deflected as the connecting rod
assumes an angular position. Fig. 56 shows a piston rod,
cross-head, slide-bars, and connecting rod in position.

Fig: s6.

Pressure wpon —slide-bars.—Before giving examples of
cross-heads, it is necessary to explain the nature of the

strains which they transmit to the slide-bars. As the crank-

pin revolyes, the connecting rod assumes an angular position,
the amount of the angularity increasing till 'the crank is at

right angles to the axis of the cylinder and then again
diminishing to nothing.

In the accompanying diagram (fig. 57) suppose the piston
to be making a stroke towards the erank” axle, the crank-pin
revolving in the direction’ of the arrow. In this case the
piston and connecting rods are both in a state of compression,

and consequently there is a downward resulting force acting

at the cross-head, which is opposed by the resistance of the
slide-bar. Next take the return stroke, the connecting rod

being in the position shown by the dotted line. In this case
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both piston and connecting rods are in a state of tension,
and consequently we have again a downward resultant force
acting at the cross-head. Therefore so long as the engine
runs in the direction shown by the circular arrow the pressure
is always downwards. Similarly if the engine were reversed
so as to run in the opposite direction, there would always be
an upward resultant pressure acting at the cross-head and we
should require a top slide-bar in order to prevent this pressure
from deflecting the end of the piston rod. 1f the steam ceased
to act on the piston during a portion of the stroke, and if at
the same time the valves were so set that there should be
considerable compression or back pressure on the other face
of the piston, the piston rod might cease to be in a state of

Fig. 57.

compression (or tension as the case might be) at a certain
point in the stroke, and the above reasoning would not apply.
In such a case we might have a downward pressure on the
slide-bars during one portion of the stroke and an upward
prassure during the remainder/ (dr vice versd), and thus two
<lide-bars are often necessary even in factory engines which
are usually not reversed. Of course in the case of loco-
motives. marine and winding engines, which are constantly
reversing, two slide-bars or'some corresponding arrangement
are-an absolute necessity ; but in factory éngines if the valves
are so set that there is no fear of a reversal of the direction of
stress on the piston, one slide-bar is often sufficient. Of
course in such cases the engine is arranged to run so that
the pressure may act downwards, as it is much easier tokeep
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the working face of the bottom bar lubricated than the
corresponding top face,

The amount of the pressure on the slide-bar depends
upon the angle («) made by the axis of the connecting rod
with the axis of ithe piston-rod. The greater the angle
(other-things being equal) the:greater the pressure. The
sizé of the angle depends on twothings: first, the position
of the crank, the angle constantly increasing till the crank
is at right angles to the axis of the piston rod, and then
again diminishing ;-and second, the relative lengths of the
crank arm and the connecting rod ; the shorter the connect-
ing rod, as compared with/the crank arm; the greater will
be the value of « for a given position of the crank. In the
great majority of engines the connecting rod lies between
6 times and 3°5 times the length of the crank. The amount
of the pressure on the slide-bar equals'the vertical com-
ponent of the pressure or tension in the ‘connecting rod.
When the crank is at right‘angles to the axis of the piston
rod this vertical component equals the horizontal pressure
or tension in the piston rod multiplied by the tangent of the
angle between the piston and connecting rods. With the
proportions of length of connecting rod to length of crank
arm usually adopted, this angle is so small that there is no
material difference between its sine and its tangent. Hence
the usual rule is: Maximum pressure on slide-bar=pressure
on piston xsine of angle between piston and connecting
rods = pressuré on_piston x crank radius -+ length of con-
necting rod.

We are only concerned to know the maximum pressure
because the slide bar must be made wide enough to bear
this pressure with saféty. [ The/ safe \amotnt of working
pressure per square inch of ‘slide-bar surface varies with the
material of which the bar is constructed. In locomotives
with steel or case-hardened wrought-iron bars the pressure
is sometimes as high as 120 lbs. per square inch. This is,

however, too high a pressure, and occasions very rapid wear
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of both bars and motion blocks. In the best modern prac-
tice the width of bars and areas of motion blocks are so
chosen that the pressure shall not exceed 4o 1bs. per square
inch when the bearing surfaces are of cast iron, and half as
much again when they are of steel. The m"ma.l pressure
acting on the piston rod when the crank arm 1s at r_lght
angles to the axis of the cylinder must be calculated from
di;lgrams constructed as cxplaincd.in (,‘,haiftcr V. page 194 ;
it can only be taken from the indicator diagrams when the
piston speed is very moderate. ' ’

The cross-head should be so designed that the point at
which the vertical pressure is transmitted by the connecting
rod shall be exactly over the centre of the guide or motion
block. otherwise an undue proportion of pressure will 'be
transmitted to the edge of the block nearest to the point

M N |
o1
= 3 =

Fig, 58

where the pressure is applied. Fig 58 is an illustration of
a cross-head in which this consideration has not been
attended to.

Fig. 59.
Fig. 59 shows a longitudinal and transverse section of a
type of cross-head commonly in use in factory engines
which require only one slide-bar,
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Fig. 6o is an example of a cross-head provided with but
one slide-bar. The motion block is so arranged as to
envelope the bar, and the pressure comes on the upper or
lower surface of this latter, according to the direction in
which the éngine is running:

Fig. 61 is an illustration of the cross-head of the largest
type of marine engine showing also the ends of the piston
and connecting rods, and' sections of. the large  slides and
massive slide bars, the latter being attached to the main
frames of the engines. Specimens of cross-head and slide
bars are also given in pages 458 to 461.

In the older types of engines slide-bars were not used.
The end of the piston rod was kept straight by means of a

Cross Heads. 219

parallel motion, which is an arrangement of link-work so
contrived that a pressure is always brought to bear on the
end of the rod equal in amount, but opposite in direction
to the pressure due to the angular position of the connecting
rod. Parallel motions are now seldom used for this purpose,
and need not therefore be described in this volume. A

Fig. 61.

simple_form of parallel motion, as used in the construction
of indicators, is illustrated on page 310. .
Connecting rods and cranks.—The connecting rod_ 1S
the link which enables the reciprocating rectilinear motion
of the piston to be converted into the circular motion of the
crank pin. It is a link or rod of metal so formed at the
two ends that it can be jointed to both the cross-head and
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the crank-pin. Suppose the piston to be at the commence-
ment or end of the stroke as shown in the upper diagram
fig. 62. Corresponding to these positions, the crank lies
in the direction of the axis of the piston rod prolonged. If
pressure be-applied to the piston when at rest in either
of these positions, that pressure will be transmitted direct
to the bearings of the crank axle, there will be no turning
force applied to the crank, and consequently the latter will
have no tendency to revolve. ' Hence these two positions of
the crank are called-its ‘dead centres.| “Let, however, the
crank occupy the position a'c, fig. 62. The connecting rod
will now be inclined to the directions of both piston rod and
crank. ' If when in this position pressure be applied to the

Fig. 62.

piston, the pressure will be transmitted through the con-
necting rod to the crank-pin, and can there be resolved in
two directions, viz. along the crank and at right angles to it
i.e.tangential to the crank circle; ' The former (’n':n;;onum
merely exerts pressure on the bearings of the crank axle,
but the latter tends to cause the crank to revolve. The two
components are constantly varying in size and in relation
to each other, as'is fully explained)in Chapter V. "When
the crank is on either dead centre the tangential component
vanishes, while the radial one is a maximum ; and i versd,
when the crank occupies such a position that the axis of the
connecting rod forms a tangent with the crank circle, the
radial component vanishes, while the tangential is 2 maximum.
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This position, which occurs twice in each revolution, depends
upon the length of the connecting rod relatively to that of
the crank. If the connecting rod were of infinite length it
would form a tangent with the crank circle when the crank
was at right angles to the direction of the axis of the
piston rod. The shorter the connecting rod relatively to
the crank, the nearer to the dead centre will be the posi-
tion of the crank when the tangent is formed. This is

a
T

B
3

Fig. 6.

illustrated by the three diagrams, fig. 63, which represent
the tangential positions for connecting rods having respec-
tively lengths equal to_ infinity, and to six times and three
times the length of the crank.

The force transmitted by the connecting rod is estimated
as follows. Let P be the force acting on the piston rod, and
a the angle which this latter forms with the connecting rod,
then P sec a is the force in the connecting rod. If P were
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constant the value of this expression would increase with a.

The maximum value attained by a is when the crank is at

right angles with direction of the line PC. Let the con-

necting rod be » times the length of the crank arm. In

this position ABC is a right-angled triangle and sec a

=AB<AC == r . Suppose that »= 6, then the force
r—1

in the connecting rod=P—{) =P-x 1ot14e. Ifr=3,then

35

. k]

the forcke=P 2 =P X 1°06.
38

It will thus be| seen that the connectingrod transmits a
r-l‘:nstantly varying force to the crank-pin, and the component
of the force which causes the crank to rotate is also
constantly varying from zero, which value it attains at the

d ce o / r* 1 1
dead centres, to Psec a=P V7 1 which it attains at the

r
two positions when the connecting rod _is tangential to the
crank circle. |The proper method of exhibiting graphically the
tangential effort transmitted by the connecting rod to the
crank-pin_is explained in detail in” Chapter V., which also
shows how to take account of the varying steam pressure on
the piston, the effect of the inertia of the reciprocating parts
o Ao & 1 1 5 i a

and the length of the connecting rod relatively to the crank
arm.

It will be noticed that while the piston is'moving once

5 o Do e s S : P .

backwards and forwards in"the ‘cylinder, the crank-pin is
desc rll;mg a circle, having a diameter equal to the length of
stroke. Consequently the relative lengths of the ‘p'lllh
travelled by piston.and crank-pin: are as the diameter to the

semicircumference. of a ' circle as’ 2r 3 =y -
t a'circle, or ‘as’ 27 xr=2 @ 3'14159.

.\owI by the principle of work, the pressure on the piston
multiplied by the length of the path it travels equals the
tangential pressure on the crank pin multiplied by the
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is to the average tangential pressure on the crank pin as
314159 : 2. The fact that the average tangential pressure
on the crank-pin was less than that on the piston led old
writers on the steam engine into the fallacy of asserting that
the oblique action of the connecting rod caused a loss of
power in the steam engine. They forgot, however, that
though the full pressure on the piston does not in general
appear tangentially to the crank, the path travelled by the
latter is correspondingly greater than that of the piston.

In addition to the stress due to the pressure of steam on
the piston, which is alternately one of compression and ten-
sion, the connecting rod is also subject to stresses, due to
the inertia of the piston and piston rods and also due to its
own inertia. These stresses, which are dealt with in
Chapter V., may become very considerable in high-speed
engings. The rapid vibration of the rod from side to side,
somewhat after the manner of a pendulum, also tends to
produce a peculiar motion of the rod called whipping. This
arises from a bending stress due to the resistance of the rod
to acceleration in a direction at right angles to the motion
of the piston. The tendency to whip is greatest in rods of
great relative length, It may be guarded against by sparing
unnecessary weightin the rod, by making it strongest where
the tendency to whip is greatest, and by so distributing the
material in the cross-section of the rod that its resistance to
bending stresses may be a maximum, For instance the rod
is usually tapered from the piston rod end to the crank-pin
end ; and instead of being made round, it is usually given a
rectangular section, the side of the rec tangle which lies in
the plane of the motion being the greatest. In this manner
a given weight. of materialis distributed so_as best to resist
a_bending stress. = Sometimes the rod\is given a section
resembling that of a flanged girder, the greater part of the

material being distributed in the two flanges.!

) The rules for estimating the stresses on and
f the various moving |

Professor Unwin's Ele ts of Machine Des
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Fig. 64 represents a connecting rod, and its various
details as used in a stationary engine. The parts surrounding
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the crank and cross-head pins are made of gun metal, brass,
or white metal so as to diminish friction. They are made
in separate pieces, called steps, and are held in place by the
straps aa, which are fastened to the rod by means of the
gibs 44, and the cotters . When the brasses wear they can
be tightened up by driving in or screwing up the cotter,
which draws up the strap, and
thus tends to shorten the rod.

Fig. 65 showsasolid ended
rod. In this case the brass
steps are placed in the rect-
angular opening formed in the
end of the rod, their flanges

being partly cut away so as to
allow of their being inserted.
They are held in“position by
a cotter, which in/its turn is
prevented from moving byone
or more set screws. When Fig-s.
the brasses wear they can be tightened up by driving in the
cotter, which has the effect of lengthening the rod.
Fig. 66 shows a fork-
ended connecting rod
which 1s necessary with
certain sorts of cross-heads.
Fig. 67 is the ordinary type
of marine| connecting rod.
In this rod the brass steps
are not held by gibs and
cotters, but by bolts, which
are clearly shown' in the
sketch.
The lubrication of the
surfaces of the brass steps
where theyrub on the crank
and cross-head pins must be very carefully attended to.

O
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The ends are for this purpose provided with lubricators,
which are sometimes of brass, and can be removed, but are
more commonly forged solid on to the straps or ends. If

the lubrication is well attended to, and if the diameters and
lengths of the pins are made sufficiently large so as to keep
the pressure per square inch within moderate limits, the
wear of the brass steps should give very.little trouble.

In old-fashioned engines the connecting rod was often
made of east iron, but nowadays it is invariably of case-
hardened wrought iron, or of mild steel.

Cranis and ¢ccentrics—The crank is simply a lever of
the first order, either attached to, or forged in one piece with
the main shaft of the engine. By means of it, the recipro-
cating motion of the piston is finally converted into circular
motion, as has been ‘explained in'the previous section. The

manner in which the force, transmitted by the connecting

rod to the crank, is resolved into a radial component
which has no effect but to exert pressure on the main
bearing, and a tangential .component which- alone tends to
revolve the shaft, is also explained in that section, and more
fully in Chapter V.

Fig. 68 shows two views of one of the simplest forms of
crank ; a is the crank shaft, ¢ the crank-pin. The distance
from the centre of a to the centre of ¢ is the length of the
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crank arm, which is, of course, equal to half the stroke of the

piston. 6 1s the web of the crank, Z, &' the bosses. Cranks of
this form are generally of cast iron, and are attached to the

Fig. 68.

main shaft by means of a key e. The fastening of a move-
ablé erank on a shaft requires the greatest eare, because all
the stresses thrown on the crank are liable to reversion during
¢ach stroke, especially in the case of a slow-running engine
working with a considerable cushion of steam. Very severe
reversalsof pressur€also occurif wateris allowed toaccumulate
in the cylinder. In such cases the piston is brought up dead
before the end of the stroke is reached, while the crank
endeavours to pull it-on, thus throwing a-heavy strain on all
the connections, and amongst others on the key. Cranks
of this type in addition to being keyed are generally shrunk
on to the shaft, or else are forced on by hydraulic pressure.

Fig. 69 shows an end eleyvation and cross-section of
another form of cast-iron crank, called a disc'erank. Itis, as
its name implies, formed of a disc of cast iron, attac hed to
the shaft by the methods just described, and provided with a
wrotight-iton or steel crank-pin.- The portion of the (h:sc
opposite to the pin is usually much' thicker and heavier
than the remainder of the disc, this extra weight being used
as a balance to the weights of the reciprocating parts.

Very often it is impossible to arrange that the crank
shall overhang the end of the shaft, and in such cases it has

Q2
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to be forged in one piece with the latter. A great number
of engines also work with two or more cylinders, and
a corresponding number of cranks. In the case of two-
cylindered engines, the cranks are, as a rule, set at right
angles to each other, so_that when one of them is on its

Fig: 6.

dead centre, the otheris in the most favourable position,
and thus, the resultant force tending to

, . urn the shaft is
made more uniforim. " Fig. 70 shows two views of the crank

shaft of a locomative engine, with two cranks forged in one

piece with the shaft, the whole being made of steel. which
metal, on acconnt of its great strength, is especially useful
in cases “.h”F‘ frnm‘ want of space, the thickness of the
webs or side pieces of the crank is limited. It will be noted
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that in the case illustrated in fig. 70 the want of thickness
in the webs is made up for by increasing their width, which
is nearly double the diameter of the shaft.

The crank-pin is the portion of the engine which receives
the greatest stress, and special care must therefore be given
to its design and lubrication. The pressure which comes
upon it varies in practice, according to the type and speed of
the engine, from 500 Ibs. to 2,000 Ibs. per square inch. This
latter figure is far too high for safety. The diameter and
length of the pin should be so chosen that the pressure
may not exceed 1,000 Ibs. per square inch. It is desirable
to make the pin as long as is consistent with strength and
other considerations, because bearings retain their lubrication
better when long than short. In high speed-engines, there
is a great tendeney to expel the lubricating oil-from the
crank pin by centrifugal force, and this tendency must be
carefully. guarded against, otherwise excessive wear of the
connecting rod brasses will be the result.

Fig. 71,

In the crank proper, the pin a, fig. 71 (A), is of such a
diameter that it does not come in contact with the shaft.
There is, however, a species of ¢ rank called the eccentric, in
which the pin is so large that it completely envelopes the

shaft. Such a crank isshown at fig. 71 (B). The distance
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ac is the same as at A, but the pin has assumed the diameter
of the outer circle Ze. In such a case, of course, the web is
impossible and unnecessary. A crank is used for converting
the rectilinear motion.of the piston into circular motion ;
the eccentric, on the other hand, is usually employed for
converting the circular motion of the main shaft back into
rectilinear motion.  The ordinary crank Is, of course, equally
capable of effecting this conyersion, but. it would in many
cases be impossible to apply it to such apurpose. A crank
always weakens a_shaft except when overhung ; hence, the
fewer the number of cranks made use of, the better.
Moreover, when cireular motion is converted into rectilinear,
as a rule, the rectilinear path travelled is short, relatively to
the diameter of the crank shaft ; hence a crank would be
an impossibility, because the crank-pin would fall either
wholly or ‘partly withinthe sec¢tion of the shaft. With an
eccentric, however, the case is different, the distance ag
fig. 71 (B), corresponding to the length of the crank arm,
may be as small aswe please. The most frequent uses to
which eccentrics are putare to drive slide valves and pumps,
the travels of which are very much less than that of the
pi.\[(m,

The distance a¢ from the centre of the shaft to the
centre of the eccentric, is called the eccentric radius, the
eccentricity, or the half-throw of the eccentric, and is equal
in length ‘to the half-travel of the part to be driven, such as
the pump plunger, or slide-valve.

Fig. 72 represents side elevation and a longitudinal sec-
tion of an eccentric and rod as used for driving an ordinary
slide-valye., | The circular portion, @, which corresponds
to the crank pin, is called the sheave of the eccentric.\ It is
usually made of cast iron in two halves, which are bolted
together round the shaft, and keyed on in the proper
position. The piece 44 is called the strap, and corresponds
with the big end of a connecting rod. The strap is made of
cast iron, wrought iron, or steel, according to circumstances,
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and is lined with a brass or white metal ring, where it comes
in contact with the sheave. This ring is grooved, as shown
in the section at ¢; so as to prevent it from getting off the

© I

sheave. The strap is made in two halves bolted together
so that it can be readily put on, or taken off the sheaf. It
should be made sufficiently rigid not to spring when the
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engine is running, as the effect of this would be to canse a
great deal of local friction between the sheave and strap.
An ol cup 4 is usually forged solid on one half of the strap,
and particular care must be given to the lubrication, the
friction of eccentries being mueh greater than that of cranks.
The eccentric rod, which corresponds with the connecting
rod of a crank, is sometimes forged solid with one half of
the strap ; it is, however, often made separate, and attached
by bolts to the strap.  The length of the eccentric rod,
relatively to the-half throw of the cccentric, is always much
greater than that of the connecting rod, relatively to the
crank arm. Hence, the disturbing influence on the point
driven, due to the finite length of the rod;is usually very
slight.

The manner in which the eccentric, or combinations of
eccentrics, are used to actuate the valves, will be explained
in the next chapter.

Crank Shafts.—The shaft of the engine is the part
which receives circular motion from the crank and the
reciprocating pieces. By means of the shaft, the power
generated in 'the cylinder is transmitted to the machinery
intended to.be driven.  Thus,in the case of factory engines,
a pulley 1s usually keyed on to the shaft, and by means of a
leather belt passing over. this. pulley,. the various lines of
shafting throughout the building are driven, In locomotive
engines; the driving wheels are, keyed direct on to the shaft.
and rotate with it, and in the case of marine engines, the
paddles or screw are also attached direct on to the shaft or
its. prolongation.

Strains in Crank Shafts.— Shafts are subjected to a
variety of strains. In the first place, they undergo' bending
stresses from any weights which may be attached to them
the most considerable of which is that of the fly-wheel, acting
vertically downwards. Also the pull of the driving belt
causes a bending stress, which acts in the line joining the
driving and the driven shaft.

,

The most important stresses,
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however, are due to the direct thrust and pull of the con-
necting rod, or rods, which, when at their maximum, act in
the line of the axes of the cylinders. These various bending
stresses may act in such directions as either to partly neu-
tralise or to reinforce each other. In any case a resultant
stress can always be found which represents their combined
action. A shaft under the action of these stresses behaves
in exactly the same manner as a loaded girder.

The 'x‘un:'-_'uing strains act in the planes of the axis of the
shaft. Shafts are, however, subjected to a totally different
class of strains, which act in planes at right angles to the
axle, viz. those which result from the l\f'i.\tin; (er mrsi‘unnl.
effects of the power and resistance acting at the ends of
levers represented by the length of the crank arm, rm.d the
radius of the pulley,.over which the main belt passes in the
case of factory engines ; or the radius of the driving wheels,
or of the centres of effort. of propellers, in the cases of
locomotive and marine engines respectively. The tendency
of these torsional strains is to shear the metal, composing
the shaft, in a plane at right angles to the axis. They are

4

consequently opposed, by the resistance of the metal to

shearing. In fig. 73 let A represent a section of ashaft. Let
be=/ be the lengt

mum force in 1bs. transmitted to the crank pin by the con-

3
h

of the crank arm, and P be the maxi-

necting rod, estimated in the direction of the arrow. Then,
T 55 5 tha chif F 7

P x /is the twisting moment applied to the >n.m.A If 1.\_

expressed in feet, then the moment is In foot-pounds, and if

in inches, then the moment is in inch-pounds. The forces
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at work are prevented from shearing the shaft by the resis-
tance to shearing of all the metal in the section A. If the
shaft were just upon the point of shearing, the moment got
by multiplying the resistance of the metal by the distance of
its centre of resistance from ¢, would be exactly equal to the
twisting moment P4 To calculate the value of this moment
of resistance, we must proceed in the following manner :
Conceive the section of the shaft to be divided up into a
number of triangles (one of which is shown), and the triangle
to be divided up by lmes parallel to its base into a series of
hands (one of which is also shown shaded); then, the power
of any one of these bands to oppose the shearing effect of
the twisting moment P/ relatively to the corresponding
power of the exterior band, depends upon the area of the
given band, and its distance from the centre, relatively to the
exterior radius of the shaft. Call the variable distance of
the bands from the centre p, and the angle at the apex ¢ of
the triangle, 48, then the breadth of the band, measured
along the radius;is @, and its length p.d0 ; consequently,
its area 15 p.dp.dd, and if the band were carried right round the
circle, its area would be 27.p.dp.  The distance of this annular
band from the centre, relatively to that of the exterior cir-

cumference of the shaft="; hence, the power of the strip
-
to resist shearing; relatively to that of the outside,=2r.p.dp.”

- ?T."-J'p. and its moment about the centre ¢= 27" Simi-
, =

larly with every other circular band into which the section of

the shaft can be divided. © Hence, the moment of resistance

of the whole shaft to resist shearing about the centre ¢ is

proportional to the above expression integrated between the

limits p=o0 and p=7, or

- - = A
2w \7 2% 7 "
0’dp= -
7 (o) el 4
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s S < d
If, instead of the radius 7, we take the half diameter
) ,.-(ii‘
the above expression becomes — =0"1964°
| ]

In order to make this expression practically useful we
require to know first, the ultimate resistance to she aring of the
metal of which the shaft is made ; and second, the factor
of safety to be employed, that is to say, the number of times
which the moment of resistance of ﬂh. shaft should exceed
the twisting moment, in order that it may be safe in practice.
The f(me\\inu are usually taken as the ultimate shearing
strengths of the metals usually employ ed in making shafts :

Cast iron . : - , . 28
Wirought iron

H)b [)\,r
4,00
Steel ; > \ : . 30,000

% square inch.
ol

As a rule the factor of safety employed for shafts is 6,
therefore in designing a shaft for a given purpose we must
only take one sixth of the above figures. Thus to ﬁnd'thc
proper diameter for a wrought-iron shaft subject to a given
twisting moment P/ in inch Ibs., we have

19643 X2 4?ov= Pz
)

~. d (in inches)="08275 x ¥/ P/

Sometimes the horse-power(HP) transmitted by the shaft
and the number of revolutions (N) are givén., One horse-
power = 33,000 foot-pounds per minute. The total horse-
power equals the average pressure (P) applied to the end of
the crank arm (/) x by the path of the crank pin in feet

(zil> x by the number of revolutions (N) pér minute,

| 34
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and, equating this latter expression to ‘1964° x gooo,

* JHP

we obtain d (in inches)=3295 N

Journals—The part.of the shaft which is supported by
the bearing(is called the journal. The usual form of the
journal of an engine crank is shown in fig. 74. The part

which runs in the bearings is turned so as to be truly cylin-
drical. The ‘end play of the shaft is limited by the two
raised collars. The length of the journal, or the distance
between the inner faces of the collars, relatively to the
diameter depends principally upon the number of revolu-
tions which the shaft has to make per minute. For slow-
running engines the length is sometimes equal to the dia-
meter, whereas 'in_cases of high speed it may be as much
as from two to three times the diameter of !'m':"]nnrn.\]. The
following figures give the proportions usually Am';n',.ml‘ for
wrought-iron journals.

No.of revolutions per minute 5o, 166, 1506, 200, 250, 500.

Ratio of length to diameter 1°2, 14, 1'6, 1'8, 2'0, 3'0.

Great care must ‘be taken in designing journals not to
pass abruptly from one section of the metal to another, All
such differences should be gradually rounded off as shown
in fig. 74.

Theystrains-toywhich: the journals of crank shafts rare
subjected are ‘due’ to the combined action of the twisting
forces and the transverse loads. .

Shaft Bearings and Pedestals,—The bearing usually con-
sists of brass steps supported by a cast-iron pedestal or

!

sigm, By Professor W. Cawthorne Unwin,
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plummer block. Fig. 75 shows three views in half elevation
and half section of a common form of pedestal which is

'y . e v o | F7O%
used with a masonry foundation. It consists of a W all plate

Fig. 7s-
which/is bolted to the foundation and on which is fixed the
pedestal proper. 'The nature of the arrangement and the
means by which the steps are adjusted and secured are
suffic icmiy explained by the drawing. ! .
In most stationary engines one or both of the pedestals
are attached to the cast-
iron framework as.shown
in fig. 76, which represents
the principal ‘pedestal of
a horizontal engine. In
this case the steps are not
divided horizontally; but'in
an oblique plane, so that
the direction of the re-
sultant force of ‘the pull-or
thrust in the connecting
rod and of the other forces
which act on the shaft, may pass through the solid metal of
the step and not through the junction between the steps.

In the case of locomotives the bearings are not hxcd,
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but are free to

ut _ slide up and down in a vertical plane,
within the limits allowed by the springs.

are called axle boxes. The whole weight of the engine is
ll';l{]xlllittud through them to the journals by means of the
springs. Fig. 77 explains the structure of an axle box
which eonsists of an outer case, arranged so as to be mp;lhlé
of sliding up and down, between guides called horn plates

which are bolted to the frameé of the engine, The casing

contains one- brass- step, the whole of the
course on the upper half of the journal.
the casing contains a re ul'm«k'- for th
after lubricating the bearings,

the oil box, and has also a socket
the foot of a spindle by m

pressure being of
The lower part of
e oil which escapes
The upper portion contairs
formed in it which receives

. cans of which the pressure from
the springs is transmitted.

Governors.—If, during the working of 2

4 ‘ steam engine,
the load were wholly or partially removed wh

ile the supply

These bearings
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of steam to the cylinder remained undiminished, the engine
would commence to race. If on the contrary, the load
were increased, the speed of the engine would be reduced
below the proper rate. To prevent such variations in the
speed, a contrivance called a governor is made use of which
acts upon the steam supply in one of two ways; viz either
by partially closing or opening the throttle valve which
regulates the flow of steam from the boiler; or else, by
acting directly on the valve gear in such a way as to vary
the point in the stroke where the steam is cut off, and thus
alter the rate of expansion.

The most common form of governor was invented by
Watt. It consists (see fig. 78)
of two heavy metal balls A, D,
attached to two inclined arms,
which' latter are jointed at
the point E, to the central
vertical spindle. The latter is
connected by gearing with the
main shaft of the engine so as
to revolve at a rate strictly pro-
portional to that of the shaft.
The effect of rotation is that
the balls tend to fly away from
the vertical spindle and; being
controlled by the arms, they
can only rise and fall in arcs
of circles about the centre E.
Supposing that the velocity of rotation were increased be-
yond the normal rate, the balls would fly out and occupy
some new position D', at the same time lifting the collar H
which slides on the central spindle and which is attached
by the links L. and K and to the ball arms M and N. Into
the collar H gears the forked end of a bell crank lever
which is connected by a link with the throttle valve. When
H is lifted the link acts upon the throttle valve, partly closing
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it, and reducing the supply of steam. Conversely when the
balls fall, H falls also and the throttle valve is opened.

The theory of the conical pendulum governor is as follows.
Let us suppose that the weight of the arms may be neglected.
When the balls occupy any position as in fig. 79, each of

them is maintained in posi-

A tion by the three following

forces. “The weight of the

ball. W' acting downwards ;

the tension T in the inclined

arm ; the centrifugal force

~ (where 2 is the velocity
of rotation «.f the ball), acting

radially and horizontally out-

wards. Since' the ball"i§ in

equilibrium, 'the three forces

may be represented in magnitude and direction by the three
sides of the triangle ABC. Let the radius BC be denoted
by 7, andrthe heightof the cone of revolution AC by % feet,

then Wi &T oY, ///
e =\ < g S = .

T g o Ag
Also since the ball is supposed to move in a circle in a
horizontal plane With a uniform velocity, let /= the time in
seconds occupied in making one revolution,

257 [/t

then = A I=2% \

Consequently the time of a revolution is proportional to the
square root of the height of the cone of revolution.

If we are given the number 6f revolutions N per minute,

then /=00, s '<:2"\/C
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If / be given in inches instead of feet, the above formula
becomes

i
KY_108_

N

As the speed of rotation of the governor and consequently
of the engine is inversely proportional to the square root of
the height of the cone of revolution, it is clear that the
possible variations in the height of the cone have a very
direct influence upon the sensitiveness of the governor.

For instance, if the governor were so contrived that the
height of the cone were a constant quantity, the speed of the
engine would remain constant. The object aimed at in
the practical design of governors is to keep the variations in
the height of the cone of revolution within convenient limits.
It will be noted that in fig. 78 the ball arms are jointed on
the axis of the vertical spindle, while in other cases the
joints are at some distance from the axis ; in other instances
the arms are crossed as in fig. 81, so that the joints are
on the sides of the spindle opposite to the corresponding
balls.

Each of these arrangements affects the height of the cone
of revolution for a given position of the balls.

It is evident, froma mere inspection of the figures, for a
given deviation of the balls from the axis of revolution, that
the variation in the height is greatest in fig. 78, and least
in fig, 81.

It is quite possible to make a governor so inconvehiently
sensitive, that it is never still for a moment, but is affected
by even the small periodic changes of velocity, which occur
in each revolution of the engine. As the governor can, by
its nature; neveract until after the change of velocity actually
occurs; which' it is designed to control, and 'as, moreover.

the

> periodic changes of velocity above referred to are oniy
momentary in their duration, it may easily happen that the
effect of ‘a hypersensitive governor is only felt by the
ehgine when it has resumed its normal speed of rotation, or

R
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even attained a rate of speed which has fluctuated in the
opposite sense to that which had affected the governor. In
such cases, only harm can be done by the sensitiveness of
the governor: for, supposing that it is affected at a period of
the revolution when the-erank-pin velocity is slightly above
the average of the revolution, the supply of steam will be
diminished when the crank-pin has re-attained its average
speed, or even sunk below it, in which case the effect of the
governor ‘will be' to aggravate the evil it was designed to
chre

Many advantages are found to attend the use of high-
speed governors; ‘They are more sensitive to alterations in
speed, the parts may-be made lighter and move with less
friction. In order; however, to prevent the balls from flying
out too far, in consequence of the increased speed of rotation,

a weight, or else a spring, is so arranged as to act on the
ball arms in such a manner as to develope a radial force in
the contrary direction to the line of action of the centrifugal
force. Fig. 8o shows a loaded high-speed governor. Each

ball is attached to two sets of links. The weight is ar anged
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1o slide on the central spindle, and presses directly upon the
lower pair of ball links. To find the height of the cone 4,
corresponding to a given speed of rotation, We reason as
follows : Each ball is at rest under the action of its weight
acting downwards,—the centrifugal force acting radially
outwards. and the tensions in the two ball arms due to the
weights which they support.

Calling the weight of each ball, W, that of the load, W/,
the radius BC=7, and the height of the cone AC=#, the
tension in BA=T, in BD=T, theangle BAC=«, and BDC
=/3, we have :

The centrifugal force in BC is balanced by the compo-
nents of the tensions in the two arms, estimated in the direc-
tion BC

W2 . =
Y —Tsina+ T sing.

Also, the vertical component of the tension in BA balances
the weight of the ball W, and the vertical component of
the tension in BD

2 Teosa=W + T'cosp3.
The tension in BD is due to half the weight W’

-~ AW =TlcosB, .. W=2T"cosp,

and, finally, »=BAsina=BDsinf}, from which equations it
is possible to eliminate the values of the tensions in the ball
arms, and also the angles a and J3, 50 that /4, for any velocityz,
may be expressed in terms of the weights of the balls and
load, and of the radins . The simplest case is when a=j3,
whence

\-?’;_.-z('l'-i'-'l"binu,

5

W==(T—=T")cosa,

W/=2T"cosa.

Also, /=rcota.
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Eliminating T, T", and cot«, we obtain

Waz? _ #(W4+W)
e

l+“”
W/
It has been already shown how the governor can be
arranged to act on the throttle valve. In many modern

engines the throttle valve is, however, not interfered with
during the working, and the governor is arranged to act
directly on the expansion gear of the slide vaives. Fie. 81

shows a simple method of efiecting this object. The collar
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a, on the vertical spindle of the governor, works a lever 4,
which is connected by a link ¢ with the end of the sliding
block & which works in a rocking link as shown. The block
4 is attached to the end of the eccentric rod ¢. On the
position of & depends the amount of swing given to the
rocking link. An expansion valve, working on the back of
the main valve (see p. 263) is driven from another point of
the rocking link, and on the travel of this expansion valve
depends the point at which the steam is cut off, The
main valve is driven by the eccentric rod g in the ordinary
manner.!

The forms of governors are so numerous, that it has been
impossible here to do more than explain the principles upon
which.they act.

Locomotive engines are never fitted with governors, but
in warine engines they are very necessary, as racing may
ensue whenever the propeller is partially out of water, or
whenever the propeller or crank shaft may give way. On
account.of the motion on board ship, the forms of governors
used on land engines could not be employed for marine
purposes. Marine governors are of two principal sorts, viz.
those that-are actuated by variations in the water pressure at
the stern of the ship, and those which depend for their
motion on variations in the velocity of the engine. The
former class_only provide for cases due to the incomplete
immersion of the propeller, but the latter will guard against
every contingency. In consequence of the great size of the
throttle valves and expansion gear of marine engines, an
ordinary governor cannot conveniently be employed to act
directly jon the controlling parts i hence,“in this class of

engines, what are called steam governors ate now generally

employed. The governor proper is arranged to move the
slide valve of a small steam cylinder, which, in its turn,
actuates the throttle valve.

' This will be better understood after reading the succ

ce "'llb I"H.‘.,[lh-f
on valve gearing,
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Fly-wheels—The functions of fly wheels have been ex.
plained in Chapter V., pp. 157 and 196. It is only necessary
now to consider the principles involved in their construction.

The . greater portion.of the mass of a fly wheel is con-
centratéd 'in’ its'rim, and when revolving, every particle of
the.rim is under the action of centrifugal force, and tends to
fly away radially from the centre’; hence the rim, when in a
state of revolution, resembles the condition of a ring put in
a state.of tension' by’ a_force from within acting outwards.
The tension devéloped.in the rim is opposed by the tensile
strength of the metal of which it is formed, and should the
former exceed the latter
the ‘rim will inevitably
burst_asunder, just as a
boiler would burst if the
steam  pressure were too
great’ for the strength of
the shell plates.

Suppose the rim in fig.
82 to be divided up into
a number of segments.
The centrifugal force on
any one of them, such
as A, acts radially along
the line AC, and may be resolyed into two components,

Fig. 82,

one along the diameter BI), and the other at right angles
to it, and similarly for all the other segments. The sum
of all the components at right angles to BD is the force
which tends to tear the ring asunder at the sections B
and D,

It is well ‘known-that-if a force press uniformly outwards
all along the semicircumference of a ring, the components
at right angles to a given diameter equal the total radial
force multiplied by the ratio of the diameter to the semi-
circumference. In the case of a fly wheel, the radial pres-

sure acting along any given semicircumference is half the
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centrifucal force of the entire wheel, and the sum of the
components at right angles to the diameter BD
e - : 27
— 1 centrifugal force of wheel X —
' ‘ xY
Hence, the tension at either B, or at D, 1s half the above
quantity=half centrifugal force of wheel X
If W=the weight of the wheel in lbs., 7 its mean radi
in feet. and N the number of revolutions per minute, We
have (see p. 161)
. W x N*? X 7 X "00034
Tension at B, or at D= o 5

> M 7

EXAMPLE.

A fly wheel, the mean radius of vhich is 8 feet, weighs 135,000 1bs.,
the whole of which weight is supposed 1o act at the mean radiys; what
is the tension on the metal of the rim at either end of any diameler, 1he
wheel mak

e . 15000 x 00 6o x 8
Answer. Tension =———

1 3 1 e h 11 N e
Taking the tensile strength of ‘cast iron at 15,080 1bs. per square

inch and allowinga factor of safety of 5, i
of the rim of the wheel must
order 1o attain. the

er than

Small fly wheels are usually cast in one piece, but when
so large that the weight would be unwieldy, the rim is cast in

pieces which are afterwards put together by bars and cottars,

or by bars and bolts, as shown in fig. 83.
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CHAPTER VIL
VALVES AND VALVE GEARS.

Action of the simplest form of D slide valve driven by single eccentric—
Definitions of ' Jap” and ‘lead '—Position of eccentric as affected by
the lap and lead of the valve—Ef on the steam distribution of the
lap and lead of the valve—Effect of ratio of ler gth of connecting rod
to length of crank in modifying steam di ion—Means of varying
the rate of expansion and of revers mson's link motion—
E of diminishing the tl eccentric— Reversing lever—
Ramsbotton VEISING SCr 35 in the details of Stephen-
san’s link motion—OQther systems of link motion—Other means of
varying the rate of expansion — Meyer's separateé expansion vaive
—Corliss's valve Varieties of valves—Valve gears in which
eccentrics ¢ i 8¢ - y's gear—Geometrical representa-

13 of the y — * dig
v without “ase valve wi p and Jead—Problems
on simple valve i 5 af »d to valves driven by
link mations—Analytic: fixing centres of valve circles—
3 ical method— Problems in link motion—The method of sus 1
motions—Zeuner's d ms applied 10 Meyer's valve gear—
g by Meyer's gear—Problems on valve setting with Meyer's

Tue successful and economical working of a steam engine
depends 1n a very large degree upon the design and adjust-
ment of the valve or valves which regulate’ the distribution
of ‘the steam in the ‘cylinders. ' The subject is, perhaps,
more complicated in its nature than any other question
affecting the design of the engine. Tn order to treatit simply
and, at the same time, systematically, it is intended in
this chapter, first to explain the simplest examples, and then
to proceed to the description of the cases which more
frequently occur in practice,

Action of the simplest form of slide valve driven by a single
eccentric.— As the motion of a slide valve is modified by the

length of the connecting and eccentric rods relatively to the
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the lap and lead of the valve—Ef on the steam distribution of the
lap and lead of the valve—Effect of ratio of ler gth of connecting rod
to length of crank in modifying steam di ion—Means of varying
the rate of expansion and of revers mson's link motion—
E of diminishing the tl eccentric— Reversing lever—
Ramsbotton VEISING SCr 35 in the details of Stephen-
san’s link motion—OQther systems of link motion—Other means of
varying the rate of expansion — Meyer's separateé expansion vaive
—Corliss's valve Varieties of valves—Valve gears in which
eccentrics ¢ i 8¢ - y's gear—Geometrical representa-

13 of the y — * dig
v without “ase valve wi p and Jead—Problems
on simple valve i 5 af »d to valves driven by
link mations—Analytic: fixing centres of valve circles—
3 ical method— Problems in link motion—The method of sus 1
motions—Zeuner's d ms applied 10 Meyer's valve gear—
g by Meyer's gear—Problems on valve setting with Meyer's

Tue successful and economical working of a steam engine
depends 1n a very large degree upon the design and adjust-
ment of the valve or valves which regulate’ the distribution
of ‘the steam in the ‘cylinders. ' The subject is, perhaps,
more complicated in its nature than any other question
affecting the design of the engine. Tn order to treatit simply
and, at the same time, systematically, it is intended in
this chapter, first to explain the simplest examples, and then
to proceed to the description of the cases which more
frequently occur in practice,

Action of the simplest form of slide valve driven by a single
eccentric.— As the motion of a slide valve is modified by the

length of the connecting and eccentric rods relatively to the
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length of the crank arm and to the throw of the eccentric
respectively, we will suppose, in the first case, that these rods
are infinite in length, Fig. 85 represents a portion of a
cylinder with steam chest, slide valve, and passages, in which
the above condition .as-to length of rods is supposed to
obtain.. The slide valve 1) is exactly the length contained
between the outer edges of the steam ports. This point is
impertant to notice, as will appear presently. Also the faces
d d" of the valye are just sufficient to cover the width of the
steamports-and no-more.

The genéral arrangement of the slide valve, steam chests,
steam and exhaust passages, in relation to the piston and

cylinder having been already explained (see page 202), the
reader will have no difficulty in understanding what follows.
In prac tice the eccentric is always mounted on’ the crank
shaft, and revolyes in a plane parallel with that containing
the crank arm, while the slide valve v
cylinder. In figs. 85 to 93 tl

the ¢ \l\n.h'r

works on the side of the
1¢ valve is shown on the top of
ind the eccentric E revolves in the same plane

as the erank K, and above the latter, as in this wav alone

can the relative n-mum of valve, piston, crank, and eccentric

be shown simultaneous The arrangement of the eccentric

is not one that could be carried out in an
actual stearmn engine.

and erank circles

I'he piston P is represented at one end of the cylinder

ing the two steam ws\wu. so that no steam can

either of the passag

Simplest Form of Slide Valve.

1 1 1ts o ee) ver-
and the valve is shown M 1ts middle position ex: wetly cove

l-.l.“

from the steam chest C to either side of the piston 3 while,
on the other hand, none can escape from the cylinder through

ges into the exhaust. As the piston is at

the end of its stroke the crank is on the de 1d centre, and as

the valve is at mid stroke the arm of the ecce ntric must also
be in the ',thmn midway between the two dead centres ;
that is to say, it is at right ang Jdes to the crank. Let 1’1.\(-
piston, however, be moved in the slightest degree to ‘\xu'-
right-hand side, turning the « ank K and the ecce ntric radius

i 1 TOW 1 ( 1 in-
E in the direction o1 the arrows, and two things wil

Fig. 86,

tantly happen The eccentric, whose action has been
Sl . 4 : A
L page 229), will pull the valve D

ceady €3 Sk ined (see . VAL
7 B of. the face &

slightly to \hL right, sO that the outs ide edge '
inut stean )
lT open the left-hand steam pory and thus admit steam U

o s on sdee of the faee
left side of the piston, while the inner edge of the fae

1l uncover the right-hand steam port, and thus permnt

. : he ht 1+ 3
\ hl’ ver steam Aay l‘{ 'l\( Cy ‘”](1LT on the ngnt sidc of
VAALEYCL LC i

( W
the piston to escape ‘Lluﬂ_ the passag sto the under or llow

side of the valve, whence it fine ds 1(: :

H. The result will be that the entering ;

piston {:nr\\'m‘. «nd the crank and eccentric will
tor , i

wayv to the exhaust
steam will
1!“~'l"z‘
-I"}Hl the : !
continue to rotate in the direction of the arrows.
When the crank reaches the pos ition shown in fig.
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which is at right angles to its first position, the piston will
be at h:lh‘-m'-okc. and the eccentric radius will also be at right
fm_;;lcs'm Its first position. From an inspection of the (ii'l\fr:1|1
it is L:'.'nlg'-nt that the eccentric has now pulled the >]ist :1.1\' ;
as far to the rightas it will 2o, and that, as the crank mmir;u k
0 rc\'n]\'v,. the ‘eceentric will commence to travel back r'm;:
rl;bt to left.  Also it is evident that the total :ep:u"ﬁ tlhmu'r\
which'the g(‘rc11tric has moved the valve from its urir:inﬂ :Ir
central ]m:ﬂfi-)n 18 exactly equal to the h:ih'—(iinmctcfnt: U()-
(:m:]? described by the eccentric radius As will be wuﬁ fr n:
the figurey the left-hand steam port is now fully ()l;un to :-h]~
ehtening steam, while the other is fully open to the C\‘hﬂl;\':

\K [h(.' cna U'{ ! « - I
n ano: hL‘l IUl te g n, ] 1Ston w ]
( reer-revoin on the 8
}..ﬂ(‘ FCA( &(I‘hl (”li“l.“\ St #}.( [

‘]‘n- (r:nk. . .
=L o > crank and ecce ,
will. oecupy the positions shown in fig. 8 Spare

| 4 32, while vvelon nll o

now regained its central positicn, cl¢ <I’n '”'L] g s
’ SHICn, closing both ports, T

=] S, e

slightest motion to the left will now admit

s o) ‘3 . the stean
the right side of the piston, and cause it

move backwards from right to left, :zn:; \-:';l(‘1)1“111!“:.”(.‘(.: 2
ume open the left-hand  port to the exhaust. -il thiL ‘Nllmc'
the next quarter-revolution the crank and ;m\ An;..k‘m o
or-'-u[_'-\ the positions shown in fig. 88 ; the right-h € duf W l.”
now fully open tothe entering steam, w hil‘c ;\L. ‘.[;”j .]‘m{rt =
open to the exhaust, and the valve has R'.’It.‘}‘;:w] ”:er,‘]‘:[',f”['
2 es

limit of its travel t i '
ts travel to the left. From the above we see that

Simplest Form of Slide Valve.

the total distance moved by the valve, called #ie travel of the
7{1(’[‘(‘. ."s' t'lth'[/:\' c't]l((l‘/ lo f/'IL' xiz':m::‘h'r Lr'f the cirele { rj.\(‘/‘.’l/’c'(.}
by the radius of the eccentric.

The next quarter-revolution will bring everything to the
positions occupied at starting, and the whole series of opera-
tions may be repeated over and over again so long as the
steam supply lasts. We thus see that by means of a slide
valve and a single eccentric, the operations of opening and
closing the steam and exhaust inlets can be satisfactorily
accomplished.

It will be noted, however, that the valve just described,

which only just covers the steam ports when in its central

Fig. 8

position, when driven by an eccentric set at right angles to
the crank, keeps the admission steam port open during the
whole length of the stroke, and thus does not permit of the
expansive working of the steam.| Similarly ‘it keeps the
exhaust open during the whole length of the stroke, thus
rendering compression or cushioning of the exhaust steam
impossible. Moreover, it only opens the admission and ex-
haust ports justa/ffer thestroke has commenced. In practice
these features areinadmissible, < In-order to effect economy
in working the supply of steam must be
tively early, and expanded during the remainder of the

cut off compara-

stroke. Similarly the exhaust should be closed before

the end of the stroke, so that the steam left in may
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compressed before ac 1 1
}. npressed bglurn. the advancing piston, and aid in bringing
the reciprocating parts to rest. e

Moreover, th
. Mo , the steam
be admitt .

i ed just before, instead of just after, the commence-
ment of the stroke,
. 'hese objeets -may all be accomplished, within certain
imits, by adding to the length of the slide valve so that
|§ over l.nps 11_1-: outer edges of thesteam ports, by diminishing
the width of the hollow portion D so that the faces of lhb
: i = : y < - 1C
\ixl\% overlap the\inner| edges of the ports, and lastly by
altering the position of the eccentric on the shaft relatively
to the crank. i
2 afars 1 a1t S '

. Before investigating this question the following defini-
tions must be stated. 1

Datsid ’ it |
Outside lap.—Any portion added to the length of a

valve more’ than is absolutely neécessary in order to cover
) J i OIdCc v

tl_m outside edges of \the steam ports, is called the

side lapof_ the valve.In fig. 89 th T T
i x HE. 69 INE portic ¢ are

il portions ¢¢ are the

Inside —Any '
wge ide lap.—Any portion added to the hollow portion D
o s aloo R Ay 1 3 v
of the valve more than is necessary in order to cov th
inher eddes 8 A,
nlnr edges .uf the'steam ports,is called the inside lap of th
valve o 8 i ' . : .
1 \l/. In-fig. 89 'the portions 77 are the inside laj ;
4 1' i g - )
Lead.— > amou rwhi imi
7 'he amount by which the admission steam port
at the commence h
i 1€ pis ; encement of the stroke
is called the lead of thevalve, Thus in fig. 8¢ the space b
1s the lead. § AR ) Y

15 open when the piston is

.'I“.r'u'«'/’(l §/4 th
) 7 ey A i 7, -
wnin lap and set with lead,

¢ valve D¢ '.":'...’7((“7
> ' - )
Referring back to fig. 83, i I

is obvious that if the valve
provided with outside lap, and had : 't ‘.)“ i
i ap, and had a certain lead, it would
ave to be moved out of its central posi

ition bBuv nan ary it
n py an amount
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equal to the lap and the lead together when the piston was
at the commencement of its stroke Consequently the
position of the radius of the eccentric can no longer be ¢ entral,
that is to say, at right angles to that of the crank, but must
be inclined forward at such an angle, DCE, fig. 9o, that the
space CL intercepted between the perpendicular EL and
the centre C shall be equal to the lap and lead added
together. It is also obvious that the travel of the valve will
have to be increased, for it has to move sufficiently to
uncover fully the steam port, and in order to do so it must
travel over a space equal to the width of the port plus the
lap. The result of altering the position of the eccentric
is that all the operations effected by the valve will be
completed earlier than in the previous examples. Con
sequently, not .only will the admission steam port be partly
open at the commencement of the stroke, but it will also
be entirely closed to the steam before the end of the stroke,
and the steam will consequently expand during the interval.
Similarly, the exhaust will be closed before the end of the
stroke. and the exhaust stéam remaining in the cylinder will
undergo compression. 1 his is ‘shown in the following four
diagrams, which show the points of the stroke at whichthe
steam and exhaust ports are opened and closed.

The relative positions of valve and piston during the
stroke will of course be very materially modified if we take
into account the ratios of the lengths of the connecting and
eccentric rods to.the length of the crank and-the throw of
the eccentric respectively. As a rule the length of the con
necting rod is from three to six HmEs the length of the
crank, according to the class of engine employed. The
wavel of the valve, and ‘consequently the throw of the
eccentric, is, however, always kept as small as possible, so as
to diminish to the utmost the waste work expended 1n
overcoming the friction of the valve on its seating; hence
the ratio of the length of the rod to the throw of the

2 }

eccentric is usually from ¢ to % . and it will be easily seen
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that the position of the valve is much less afiected by the
obliquity of the eccentric rod than is the piston by that of
the connecting rod ; also the efiect on the position of the
valve is most apparent at those points in its travel which
cause the least possible disturbance to the steam distribution.
The effect of the obliquity of the connecting rod upon
the !v»izion of the piston has .’I‘ll'uull\“ been L‘X]»].’iihcd
(see page 183). The general effect of a connecting rod of
finite length is that it causes the piston in its advance
towards the crank to be always in advance of the position
which it would occupy were the vod of infinite length ; and
vice wersd, in the return stroke the piston lags behind
Hence, as the movements of the valve are practically the
same, but those of the piston quite different relatively to the
positions of the crank, so also will the steam distribution
be different in the two strokes.

Means of reversing the engine and of varying the rate of
expansion~—The arrangement above described of a single
eccentric driving a properly preportioned slide valve will
answer very well for engines which have always to work in
one direction at a uniform rate of expansion. In many
engines, however, the rate of expansion has to be constantly
varied, and in some types, such as locomotives, marine, wind-
ing, and rolling-mill engines, the direction of working has to

be constantly changed. In orderto provide for these require-
ments other arrangements have to be adapted. Referringto

fig. 86 it will be readily understood, that if there were asecond

eccentric keyed on the shaft exactly opposite to the origina

one, and if the valve were by any means connected with
this second, and disengaged from the first eccentric, the
valve would be moved to the opposite end of its travel, and
the steam port, which in the figure is shown as open to the
exhaust, would be cpened to the fresh steam, and vice versd ;
the result of which would be that the engine would commence
running in the reverse direction.

A convenient arrangement for effecting this reversal and

S
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for regulating the distribution of the steam is the link
motion invented by Stephenson, which is illustrated in fig. 94.

The centre of the crank shaft is at C, and the centres of
the two eccentrics at ¢ /. It will be noticed that the two
latter -are not exactly opposite to each other, as they would
be if the valve had no lead, but are brought nearer to each
other by twice the amount of the angular advance. The
ends of the two eccentrics are connected to a slotted link, L,
at the two points P P". ' The link is curved, the radius of
curvature being the length of the eccentric rod, and is
suspended from the point P by means of a system of levers

and link work clearly shown in fig. g4. In the slotted portion
of the link is, a block; U, which fits the slot exactly ; and
when the link is raised or lowered in position by means of
the hand lever H, acting through the bell-crank lever K,
and the two rods / /, the block U slides in the slot, and is
capable of taking up an intermediate position between P’
and P, as isshown in the two diagrams, fig: 95, which represent
the link raised to such positions that the block occupies
first the centre of the link, and then a point opposite the end
of the lower eccentric.

The block U, fig. 94, is connected directly to the spindle
S, which drives the valve V. Now when the block occupies

Link Motions. 259

the position nearest to P’ it is almost wholly under the
influence of the eccentric E', and the engine will run in one
direction. Let, however, the link be raised so that U comes
into the position nearest P, the block is then under the influ-
ence of the eccentric E, and the position of the valve will be
so shifted that the engine will run in the reverse direction,
When U occupies a position intermediate between P’ and
P it is under the control of both eccentrics, but most under

Fig. 9s.

the control of the one to which it is nearest. When it

occupies the exact centre of the link it is equally under the
}

influence of both, and the consequence will be that the
engine will not run in either direction, When, however, it
occupies intermediate positions the effect is very curious
and most important. The block, being actuated by two
eccentrics working to a great extent against each other, will
not travel the full horizontal distance due to the th

either eccentric, but a distance which gets gradually less as

s2
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the block approaches the central point of the link. The
effect on the valye is the same as if it were driven by a new
eccentric of lesser throw than the original one. Now if
we refer back to figs. go to 93, and keep everything, with the
exception”of the throw of the eccentric, the same as in these
figutes, it can easily be proved, by drawing the positions of the
valve corresponding to the positions of the crank, that the
distribution of the steam is entirely altered, the cut-off being
effected at a much earlier period of the stroke, and the rate
of expansion consequently increased. It will thus be seen
in a general way, that the result of raising the link so as to
bring the block nearer to its central position is to effect the
cut-off of the steam atan earlier period of the stroke. It
will hereafter be shown that not only is'the point of cut-off
affected, but also the angle of advance of the ideal-eccentric
which represénts the combined action of the two actual
cccentrics, as well as the lead and the points of compression
and release of the exhaust steam.  The combination of a
pair of eccentries with a link and sliding block is, therefore,
capable not only of effécting the reversal of the direction of
running of an-engine, but alsa.of entirely altering the dis-
tribution.of the steam, and-for this reason we find it very
generally employed in locomotives, marine, winding, and
rolling-mill engines.

In order to fix the position of the block U in the slide,
the hand lever Hy figi 94;.0s provided with a catch and.a
notched guadrant Q. Each wotch corresponds with  a
separate rate of expansion in forward or back running. The
central notch is the position of no motion of the engine. By
dropping the catch on the hand lever into any :_;J-un nu[d'l
the link s kept In its new position relatively. to - the
block. ~ Thus a quadrant with three notches on either
side of the centre is capable of running an engine at as
many different rates of expansion. In order to provide for
any possible rate of expansion the arrangement shown in
fig. 96 was invented by Mr. Ramsbottom. In this plana
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screwed spindle works the lever, which also makes it easier
to reverse the engine when running.

The above is a general description of the action of a
particular sort of link motion. The actual motion of the link

O

Fig. ob.

under the influence of two eccentrics is extremely difficult to
follow accurately, and is further complicated by the method
of suspension, So complicated, indeed, is the motion, that
the travel of the slide valve can only be approximately ex-
pressed by mathematical calculation ar by geometrical con-
struction. ‘The approximate geometrical method of deter-
mining the motion of a slide valve driven by link motion
will be given hereafter.

There aré many different types of link motion in use,
and even considerable variations in the details of Stephenson

's
motion. For instance, in some cases the shape of the link

is that shown by figs: g4 andig7a;, in which the points of p’' pare
respectively above and ‘below the extreme positions of the
block U, the result of which arrangement is that the valve
is never exclusively under the control of either eccentric,
and never receives its full motion. Consequently with this
arrangement the throw of the eccentric requires to be greater
than the full travel of the valve. Fig. g7 represents a link
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in which the block in its extreme . positions is exactly oppo-
site the ends of the eccentric rods. Sometimes the link
is suspended from the
middle, and sometimes
from one or other of the
ends. Sometimes the ec-
centric rods are worked
in the open position as
shown in fig. 94, and
sometimes the rods are
crossed. All of these
details effect variations
in the distribution of the
steam., The other link
motions best known in this country are Gooch’s, in which
the link is not shifted up or down by the reversing gear,
but the block U slides within a link suspended to a fixed
point; and Allen’s, in which both-link and block are made
to shift in opposite directions.

It will be readily perceived from the description that the

link.motion is a very efficient method of reversing an engine,

and a convenient means of regulating the rate of expansion:
Its performance of the latter function is, however, attended
with certain drawbacks. Tn addition to altering the point
at which the valve cuts off the steam, each new position
of the link also aiters the lead, and the periods of release
and compression of the exhaust steam. As, moreover, the
travel of the valve is altered while the lap remains con-
stant, the extent to which the steam port is opened is very
seriously curtailed as the sliding ' block | approaches its
central position, - These peculiarities, coupled with the fact
that all simple slide valves open and close the ports with
a comparatively slow motion, thus causing the corners of
the indicator, diagrams to assume a rounded instead of a
sharp appearance, have led to the adoption of modifica-
tions of the above, or other methods of effecting the dis-

Meyer's Valve Gear.

tribution of the steam when economy of fuel is much sought
after.

Meyer's valve gear.—The method in most common use
to obviate the disadvantages belonging to the common D
slide valve and link motion is the adoption of a second valve
to control the cut-off, while the ordinary valve, or a modifica-
tion of it, regulates all the other points connected with the
steam distribution. There are several varieties of these
double valve motions in use, but the one selected for descrip-
tion, on account of its simplicity and efficiency, is that known
as Meyer’s valve gear, illustrated in fig. 98.

Infig. 98, A, A’, E are the two steam and the exhaust ports,
which are worked by a valve B B, differing from an ordinary
slide valve only in the fact that it is much longer, and that
two steam passages ¢ a’,
for enabling the fresh
steam to get to the ports,
are made through the
substance of the pro-
longed portions.  This
valve 1§ driven in the
usual manner either by
one eccentric or, when the engine is required to reverse,
by two eccentrics set opposite to each other in the ordinary
way and connected by a link, which latter, however, is not
used for altering the rate of expansion. | The valve B B is
called the distribution valve, and effects the admission, the

release, and the closing of the exhaust precisely in the same
way as an ordinary slide valve. The cut-off is effected by
closing the passages @ @’ at the proper point in the stroke by
means of the expansion valye C C',which slides on the back
of BB. The expansion valve is formed in two halves, which,
by means of the threaded valve spindle D can be caused to
approach or recede from each other, thus varying the point
at which they close the passages a @’ and cut off the steam.
The expansion valve is usually driven by a fixed e centric,
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and means are provided exterior to the valve box for turning
the spindle D by hand, so as to put the point of cut-off under
the control of the driver, or, in some cases, of the governor.

It is evident that, with this gear, the lead and the points
of admission, release, and compression are quite independ-
ent of the rate of expansion, and, when once fixed, are in-
variable. | Moreover, as the expansion valve, when closing
the passages @ a’; is always moving in the opposite direction
to the distribution walye, the cut-off can, be effected much
more rapidly than with the ordinary D.slide. The proper
method of (proportioning the two valves, and of setting the
eccentrics so as to'provide for any desired range of expansion,
will be explained in the theoretical porfion of the chapter
|5ee page 302}

Corliss valve. motion.—Meyer's valve gear, though it
possesses many advantages, does not rémedy the evil of
admitting the fresh steam to the cylinder through the passages
which have been cooled down by the low temperature of the
exhaust steam. Moreover, the extra power required to drive
it, in consequence of the friction of two sliding surfaces is
so considerable, that many eminent authorities doubt the
advantage of using a comparatively complicated gear, the
chief object of which is to prevent the compression curve in-
creasing too rapidly with the rate of expansion. In order to
provide against the evil of admitting the fresh steam through
comparatively cold passages, and at the same time to\dimin-
ish friction and retain the good points of the Meyer class of
gearing, the Corliss valve motion was brought out. and is
now very often employed, in some of its modifications. in
non-compound. expansive engines when fuel economy is a
point of primary importance.

The leading peculiarities of the Corliss gear are that
there are four steam ports and four valves, the two of the
latter which control the steam admission and cut-off being
driven by a special mechanism which ensures a very sharp
closing of the steam ports when the cut-off takes place. The
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two upper ports are intended solely for the admission of the

steam, the remaining two serving for the exhaust. Thanks
to this arrangement, the fresh steam on entering the cylinder
does not come in contact with surfaces which have just been
cooled down by the passage of the comparatively cold ';xh.;nht
steam. The valves do not belong to the class of D slhides,
but are formed of portions of cylinders, A A, B B, fig. 99,

Fig. 90

which oscillate on a cylindrical face. The valves are so ar-
ranged that the pressure of the |steam forces them against
their seats only when the port is closed. In all other posi-
tions there is no friction due to steam pressure, consequently
the operation of these valves absorbs very little lri"t}u' power
of the engines. Fig. 99 is a section of a cylinder pro-

vided with Corliss gear, It shows very clearly the four steam
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passages, and the cylindrical valves with the peculiarities of

seatings just explained.

Fig. 1oo gives a general view of the mechanism by which
the valves are worked. The disc L is caused to ();\'cillate in
an are ,(’f a circle round its own centre by means of the
<f:,'(:cntr1c and the eccentric rod F. To the ‘(iisr are jointed
four Y(lh'c rods, G G and 'H H, which are also :ma(;hcd to
the four valves.| The two belonging to the lower valves
B B are perfectly simple ; all they have.to do is to open th;'

=8
sl [l

Fig. 100

c;.\h.:mﬂ ports at the proper moment, and keep them open
during the required fixed period of the

L

stroke. The two
Their function s, not
only to open the steam ports at the proper moment, but also
to keep them open during whatever ]wlriml of the strukc.is‘
required by the rate of expansion, and then to lii)cm:c th’
valve so as to permit of its being closed sharply by an inde-
p;;m!cm piece of mechanism which will be described here-
after.

upper rods are more complicated.

I'he upper rods are made in two independent pieces,

one of which slides within the other. One of these pieces
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is attached to the disc L, and the other to the rocking arm
of the steam valves A A. By means of two side-clip springs
D D, fig. 101, which are permanently fastened to the disc end
of the rod, and which engage with the projecting shoulders ee,
on the valve end of the rod, the two halves can at will be
united into one rigid rod, or be disunited, so that the motion
of the disc no longer controls that of the valve. Ata certain

period in each stroke, dependent on the action of the go-
vernor, the clip springs D D are prised apart ; the valve rod
ceases to act as a whole, the valve is consequently liberated
from the control of the disc I, and is instantly closed by
the action of the mechanism contained in C.  The mechan-
ism by which the clip springs D D are prised apart is shown
on an enlarged scale in fig. 101 ; it consists of a toelever
centred on 7, and having an arm E, the inclination of which
is.capable of being altered by the rod Z, which in its turn is
under the immediate control of the governor rod R, fig. 100.
The toe lever Tocks during each stroke of thevalve rad, and
the period that it reaches its extreme ysition, and prises open
the clip springs, is determined by the inclination of the arm
E, and consequently by the governor. Hence we see that
in this type of valve gear the rate of expansion is controlled
automatically. When the clip springs are opened the valve is
closed in the following manner. The valve spindle A, fig. 100,
is provided with a second arm which is attached to a piston
or plunger contained in C. The back of this piston is always
in communication with the concenser, while the front receives
the atmospheric pressure ; and, consequently, whenever the

valve is released from the action of the valve rod, the piston
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is sharply forced inwards by the atmospheric pressure. and
actuates the arm which closes the valve. There is also an
air buffer, or dash pot, contained in C, which prevents the
concussion, due to the very sharp action of the piston, which
would otherwise ensue when the valve is closed.

Varieties of valves—There are many varieties of valves
besides the short D slides which have been described above.
These hf.tc.r. though in common use in the smaller types of
land engines ;n'¥d in lacomotives, would be quite imapplicable
to the large cylinders and-high pressures of modern marine
engines. It will be
readily ‘understood that
the friction to be Over-

come in driving the
ordinary type of D slide
valve) is very consider-
able, when high pres-

sures are used, as is
the case in locomotives,
In fact, it frequently
happens that each of
the valves of a large

locomotive is pressed

, against the surface on
Séelim = which it slides with-a

2 total net pressure of niné
or ten tons, so that the
mere driving of the
valves probably absorbs
some five -or six| per

cent. of the total power
exerted by the engine.

I'his defect would be
. very much exaggerated
9 ) + ~ - s v - > .- | = )
if the D type of slide valve were applied without modifica-
tion to marine engines,
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The types of valve generally made use of nowadays in
marine engines are either the double ported slide valve or
¢lse what is known as the piston valve, an example of
which is shown in fig, 102. Here it will be seen the valve
consist of two pistons, one to each port, connected together
by a common spindle. The pistons are provided with the
ordinary spring ring packings to keep them steam-tight ;
they move up and down in the two cylindrical spaces
shown, in which are cast the openings to the steam ports.
The latter are not made continuously open as is the case
with ordinary slide valves, but are cast with bars of metal
as shown in the section, to prevent the packing rings of the
pistons from springing out into the ports, and also in order
to afford a continuous guide to the pistons. It will be seen
that ‘this type of walve is perfectly balanced; as-far as the
steam pressure is concerned. The only friction to be over
come in its motion is that due to the pressure of the spring
packing rings. In the piston yalve shown in fig. 102 the steam
is admitted between the two pistons, the inner edges of which
cut off the steam.

The double ported slide valye is an ingenious modifica-
tion of the ordinary D slide already described. Examples
are shown in section in the valves of the low-pressure cylin-
der, pages 456 .and. 458, and. also_in_fig. 103, It will be
noticed that the steam passages of these cylinders have each
two perts or apeningson the yalve face. The steam 1s
admitted to the outside ports in the usual way, over the
outer edges of the valves, but the two inner ports get their
steam from the passages cast in the body of the valve, and
which are shown in section in the figures above referred to.
The advantage of thisarrangément is, that-{or a given move-
ment of the valve twice the area of steam port is uncovered
as with the ordinary single ported valve, and consequently
for a given area of opening the travel of the valve may be
greatly reduced.

In order to relieve the faces of the slide valves of marine
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engines of a portion of the pressure brought to bear on them
by the action of the steam on their backs, it is usual to fit
relief rings on to these latter, in order tocut off a portion of
their area from the pressure of the steam. It will be readily
understood that if the back of the slide valve were planed
perfectly flat, and if it could beso arranged as to work in
perfect contact with the inner face of the valve box cover,
so that no, steam could get between the two faces, then the
valve would only be held against its seating by the unbal-
anced portion of the pressire acting on the lips of the valve

Fig. 103.
¢4 fig. 8g. Such an arrangement could not howeveér be
made to work satisfactorily in practice, because, in conse-
quence of the different expansions under heat of the metals
of the valve and the box, the former would either jamb or
work lopse.  The relief ring is intended to get over this
difficulty. = It<consists of a flat ring on the back of the slide
valve, which is pressed outwards against the face of the
valve box cover by means of a spring. The ring fits steam-
tight into the back of the valve and works steam-tight against

the face of the valve box, and thus excludes a large portion

of the back of the valve from the direct pressure of the
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steam. In caseany steam should leak into the hollow space
within the ring, the latter is generally placed in communica-
tion with the condenser. Fig. 103 is a section of a double
ported valve fitted with a relief ring, which is shown in
section in black.

Joy's valve gear.—There are other methods in common
use for driving valves besides the eccentric system which has
been described. It has constantly been an object with in-
ventors to get rid of the complications of the two eccentrics,
link, &c., required for an expansion gear. Several success-
ful gears have been brought out, both in this country and
the Continent, in which the valve is driven from some
moving part of the engine. One of the best known of these

is the Joy valve gear, which has been largely used both for
locomotives and marine engines. Fig. 104 illustrates a simple
form of this gear applied to a horizontal stationary engine.
A vibrating rod or link, B; is.attached at one end to a point
A. near the middle of the connecting rod ; while the lower
end is jointed to the radius rod C, which compels B to
move in a vertical plane. To a point D in the link B is
jointed the end of the long arm of a lever E F, of which the
end-of the small arm works the valve rod. G, and the fulcrum
F is attached to a block which slides in the curved

This slot is formed in a disc, the centre of which i
position of the fulecrum ¥ when the piston is at

end of its stroke. The radius of the slot is equal

iength of the valve rod G. I'he disc can be made to
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rotate through an

arc by means of the worm and wheel
shown. Thus

the slot can be inclined to either side of the
vertical. The slot allows the fulcrum of the lever to
moye up and down with the motion of the point A of the
connecting-rod.. The forward or backward motion of the
t;ngin(‘ and the rate of expansion, are controlled by inclin-
ing the slot to one or other side of the vertical, the central
pesition corresponding with mid-gear. . If the end D of the
lever were attached direct to the connecting rod, the motion
of the fulcrum T about-the centre of ‘the slot would not be
symmetrical; and the result would be that the cut-off would

be unequal in the two strokes.
attaching

_ This error is corrected by
ttach the end of the-lever to-the point I of the
vibrating link. For'while the point A

' on the connecting
rod describes a nearly true ellipse, as st

1own in fig, 103, the
point D describes a bulged figure, and the :m‘m{lm of the
])lAl]gr: 15 so regulated as to correct the unequal motion
of the fulerum above and’ below its central position.. It'is
obvious that by shifting the point D the ‘

: amount of the
bulge may be altered, and thus the

error may be corrected

too little, or too much, and by taking advanta re of this cir-
cu

umstance a later cut-off may be
cylinder if found desirable.

given to either end of the
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Several advantages are claimed for this type of gear over
the ordinary link motion driven by eccentrics. Foremost
among these is the fact that it gives an almost mathe-
matically correct motion to the valve, which the older gear
does not. It is also considerably cheaper ; and from the
peculiarity that the valve boxes are on the top of horizontal
cylinders, and in front of vertical marine engine cylinders,
instead of being at the sides, as is the case when the valves
are driven by ordinary eccentrics, a considerable saving of
space is effected.

(GEOMETRICAL REPRESENTATION OF ACTION OF
SvtipE VALVE

There are few.points connected with the successful work-
ing of steam engines of greater importance than the design
of thevalve gearing, Mathematical calculations intended to
show the connection between the dimensions of the valve,
the position and throw of the eceentric, and the various
points.connected with the distribution of the steam—such as
the lead, the period of admission, the cut off, release,
duration of exhaust and compression—are too complicated
and cumbersomeé to be of general use. Many geome-
trical diagrams have been designed to meet tne drawbacks
of mathematical calculation, and of these the most simple
and comprehensive are those designed by Dr, G. Zeuner,
which we will now proceed to describe and illustrate.

Zeuner's valve diagrams.—It will be assumed for the
sake of simplicity that the obliquity of the eccentric rod has
no appreciable effect upon the position of the valve. The
diagram will ‘be made to show the particular angles of
the crank at which the various ¢ritical points of the steam
distribution take place, from which the corresponding posi-
tions of the piston can be deduced for the forward and
backward strokes when we know the ratio of the length of
the connecting rod to the arm of the crank.
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Referring to fig. 85, which represents a valve with-
out lap or lead and an eccentric set at right angles to the
crank, let AO, fig. 106, represent the position of the crank

at one of its dead
centres, and OE
at right angles to
AQO, the -corre-
sponding position
of the eccentric,
the valve being

< T thc'._x in its central
position ; also let
the amount of ec-
centricity or half throw of the eccentric equal OE. If
the crank now occupies successively- the positions - OB,
OC, &c., the eccentric will take up. the corresponding
positions OF, OG, &c,; and if from the points F, G, &c.
we let fall perpendiculars B7. | G &c., upon the dia-
meter AOH, the lengths Of, Of, &e., intercepted between
the centre of the circle and the feet of the perpendicu-
lars, ‘will represent the distances by which the valve has
been‘moyed from its central positi

Fig. 106

on when the eccentric
takes up successively the positions OF, OG, &.

Now, however;
suppose the _ec-
centric 'to be fixed
In position " inde-
pendently of the
crank shaft and
suppose the latter
to revolve with the
engine  cylinder
and all the moy-
ing parts attached round the centre O. It is evident that the
fixed eccentric will in this case impart exactly

the same

motion to the valve as was done in the former case, only
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that in this instance the revolution will have to start from
the dead centre H, fig. 107, and proceed in the reverse
direction, so that when the crank occupies successively the
positions OB, OC, &c., it will be represented in the diagram
as occupying the positions OB/, OC/, &c. From the centre
of the eccentric E let fall perpendiculars Ee, E¢, &c. upon
the lines OB/, OC/, &c. ; then the lines Oe¢, O¢ represent
the distances travelled by the valve from its central position
when the crank occupies the respective positions OB’, OC/,
&c, For in the diagram, fig. 106, we saw that the distances
moved by the valve were represented by the lines Of, Of ;
and it can easily be proved that Of Of are respectively
equal to Og, O¢, In the triangles OEe and OFf we have
OF = OE, both being radii of the same circle : also the right
angle O¢E = the right angle OfF. Also by construction the
angle EOF =the angle B'Of. Therefore, adding to each of
these the common angle FOe, we have the whole angle
EOe¢ =the whole angle FOf, and consequently the two
triangles are equal, and the side Oe¢= the side Of; and
similarly O¢' = O/, and so on for every other position of
the crank ; therefore Oe, O¢, &ec. represent the distances
travelled by the valve from its central position when the
crank occupies positions opposite OB/, OC/, &c. Hence
we see that the distances moved by the valve for any
positions of the crank OB, OC may be found graphically
by dropping perpendiculars from the centre of! the écecentric
E. upon the opposite positions OB’, OC’, and measuring the
lines intercepted between the feet of these perpendiculars
and the centre O.

Now it will be noticed that in this way a series of right-
angled triangles, O¢E, O¢'E, &c. are constructed upon a
common base OE ; and it is a well-known fact (depending
upon Prop. 31, Euclid, Bk. iii.) that when such a series of
right-angled triangles is constructed, their apices, ¢, ¢, ¢”, &c.,
all lie upon the circumference of a circle of which the base-
line is the diameter.
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The above suggests a very simple method of ascertaining
the position of the valve for every angle occupied by the
crank, and this method is the basis of all Zeuner's valve
diagrams. We have only to draw the line OE, connect-
ing the centre of
the eccentric with
the centre of the
crank-shaft, when
the crank is at
either of the dead
centres, and upon
this line as a dia-
meter to describe
a circle ; then the
chords ™ of = this
circle, Og OF,
O¢’, &ec., will re-
K present the spaces
traversed by the
valve from its cen-
tral position when the crank occupies successively the posi-
tions opposite to QeB’, 0'C’, O’ D, &ec. During the return
stroke the motion of the valve will be indir:uud‘hy the cor-
responding chords of the circle described on the line QK.

The application of this diagram to the valve shown in
fig. 85 is very easy, it being/‘remembered that the valve
has no lap, and that it occupies its central position when
the piston is at the commencement of the stroke. Com-
mencing with the edge of the valye & which works the left-
hand steam port, we see that when the crank oc upies. the
position opposite OH, fig. 108, in consequence of the position
of the circle on OF, there is no chord intercepted by any part
of the line OH, and consequently when the crank is on the
dead centre the portis not open at all ; but directly the crank
moves through any arc, no matter how small, there will be a
chord intercepted by the periphery of the circle, and the valve

Fig, 108
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will be opened by an amount equal to the length of the chord.
The port will continue to open till the crank-pin reaches the
position E, at which point the valve will have travelled to
one end of its beat, for no arc of a circle can be drawn
longer than the diameter. From this point the valve com-
mences to close the port, but does not cofnpletely close it
till the end of the stroke. Similarly the motion of the valve
during the return stroke can be ascertained by means of the
circle on OK.

The diagram is equally useful in tracing the exhaust
side of the valve. While the crank is travelling in the
direction of the arrow, fig. 85 (represented of course in the
diagram by the opposite direction), the outer edge 4 of
the valve is keeping the steam port open, but as soon as the
piston reaches theend of its forward- stroke the valve has
returned to its central position, and during the first half of
the return stroke continues its motion towards the left.
Directly the crank is over the dead centre the inner edge of
the valve opens the left-hand port to the exhaust, and the
arcs intercepted between O and the periphery of the circle
OK, fig: 108, measure the extent to which the port is opened.
Following the motion as before, we see that the exhaust is
fully opened when the crank is at OK, and that it remains
open. till the end of the stroke (compare fig. 88).

Hiw to indicate lap and lead on the valve diagram.—
When a valve is provided with outside lap, and when the
port has to be opened by the amount of the lead at the
commencement of the stroke, the valve can no longer be in
its central position when the crank is on the dead centre.
'his has been shown in fig. 9o, which also illustrates the
manner of setting the eccentrie. | Describe.a circle, fig. 109,
with radius OA equal to the half-throw of the eccentric.
From O measure off OB equal to the outside lap, and BC
equal to the lead. When the crank-pin occupies the dead
centre A, the valve has already moved to the right of its
central position by the space OB 4+ BC. From C erect the
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perpendicular CE, and join OE. Then will OE be the posi-
tion occupied by the line joining the centre of the ecceniri(‘
with the centre of the crank-shaft at the commencement oftlf
stroke. On the line OE as diameter describe the circle OCEL-
then, as before, the chords Oe, OE, O¢'. will represent thc;
spaces travelled by the valve from its central position when
the crank-pin occupies respectively. the positions opposite

I 1. 100,
to D, E, and F. But these chords will no longer represent
the exteéntito which thie onter edge of the valve has opened
the steam port, because before the port is opened at all

the valve must have moved from its central position by an
amount equal to the lap OB. -

l Hence to obtain the space
)y which the port is opened we must subtract from each of

the arcs O¢, OFE, &c., a length equal to OB. This is re-
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presented graphically by describing from centre O a circle
with radius equal to the lap OB; then the spaces fe, gE,
&c., intercepted between the circumferences of the lap
circle Bfz' and the valve circle OCE, will give the extent to
which the steam port is opened. Tracing the motion of the
valve as before, and remembering that, when we speak of
the crank occupying the position, say, OD), it really occupies
the position symmetrically opposite on the other side of the
diameter OG, we shall see at once how different is the
distribution of the steam to that illustrated in the last case.

To begin with, take the point 4, at which the chord OZ
is common to both valve and lap circles. At this point it is
evident that the valve has moved to the right by the amount
of the lap, and is consequently just on the point of opening
the steam port. JHence the steam.is admitted before the
commencement of the stroke, when the crank occupies the
position OH, and while the portion H A of the revolution
still remains to be accomplished.. When the crank-pin
reaches the position A, that is to say at the commencement
of thesstroke, the port is already opened by the space OC —
OB = BC, called the lead. From this point forward till the
crank occupies the position OE the port continues to oper,
But when the crank is at OE the valye has reached the
furthest limit of its travel to the right, and then commences
to return, till when in the position OF the edge of the valve
just covers the steam port, as is shown by the chord O,
being again common to both lap and valve circles. © Hence
when the crank occupies the position OF the cut-ofi takes
place and the steam commences to expand, and continues
to do so till the exhaust opens. For the return stroke the
steam port opens again at H' and closes at .

So far we have traced the action of the vaive in admitting
and cutting off the steam. There remains only the exhaust
to be considered. When the line joining the centres of the
eccentric and crank-shaft occupies the position opposite to
OG at right angles to the line of dead centres, the crank is
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in the line OP, at right angles to OE ; and as OP does
not intersect either valve circle the valve occupies its central
position, and consequently closes the port S, fig. 89, by the
amount of the inside lap # The crank must, therefore, move
through.such an, angular-distance that its line of direction
OQ must intercept a ¢hord on'the valve circle OK, equal in
length to the inside lap, before the port can be opened to
the exhaust. “This point is ascertained precisely in the same
manner as for- the outside lap, namely, by drawing a circle
from centre Oy-with-a radius equal to the inside lap ; this is
the small inner circle in fig. 109, Where this circle intersects
the two valve circles we get four points which show the
positions of the crank when the exhaust opens and closes
during each’ revolution. Thus at Q the valve opens the
exhaust on' the side of ‘the piston which we have been:con-
sidering, while at R the exhaust closes and compression
commences, and continues till the fresh steam is readmitted
at H.

Thus we see the diagram enables us to ascertain the
exact position of the erank when each critical operation of
the valve takes place. Making a #ésumé of these operations
for oneside of the piston, wé have

Steam admitted before the commencement of the stroke

at H.

At the dead centre A the valve is already opened by the
amount BC. '

AV E the port is fully opened, and valve Has reached
one end of its travel.

At F steam cut off, consequently admission lasted from
H to F.

At P valye occupies central position, and ports are closed
both to steam and exhaust.

At Q exhaust opened, consequently expansion lasted
from F to Q.

At K exhaust opened to maximum extent, and valve
reached the end of its travel to the left.
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At R exhaust closed and compression begins, and con-
tinues till the fresh steam is admitted at H.

Solution of problems relating to simple valve gearing b)
Zeuner's diagrams.—All problems bearing on valve gearing
involve relations between the following variables :

The inside and outside laps of the valve.

The angle of advance and the throw of the eccentric.

The angles of the crank or points of the stroke at which
take place the admission and cut-off of the steam, and the
opening and closing of the exhaust.

Oceasionally, and more especially when the valves of an
old engine have to be altered, we have also to take account
of the width of the steam ports, and the extent to which
they have to be opened.

Proprem I=The simplest-problem-which-occurs is the
following. Given' the length of throw, the angle of ad-
vance of the eccentric, and the laps of the valve, find the
angles of the crank at which the steam is admitted and cut
off and the exhaust opened and closed.

This problem is solved in the manner shown in fig. 110.
Draw the line OE, representing the half-throw of the eccentric
at the given angle of advance with the perpendicular OG.
Produce OE to K. On OE and OK as diameters describe
the two.valve circles. . With centre and radii equal to the
given laps, describe the outside and inside lap circles.  Then
the intersection of these circles with the two valve: circles
give  points - through which the lines OH, OF, OQ, and
O R can be drawn. These lines give the required positions
of the crank.

Proprem IL.—Given the points at which the steam is to
be admitted and cut off, and the exhaust to be opened, also
the throw of the eccentric, find the proper angle of
advance and the Japs of the valve, also the point at which
the exhaust closes.

Describe a circle AGA', fig. 110, with radius equal to the
half-throw of the eccentric, AA’ being the dead centres.  Let
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OF be the crank angle when steam is cut off, OQ when the
exhaust opens, OH when the steam is admitted. Now the
valve is in exactly the same position when the steam is ad-
mitted and cut off ; consequently it reaches the end of its
travel midway between these positions. Bisect the angle
HOF~ by the line OE; then:OE is the direction of the
crank'when the valve is at the end of its stroke ; that is to
say, the chord of the valve circle made by the line of direction
of the crank will be ‘a maximum at E, or in other words,
OFE is the diameter of the valve circle.  Produce EO to
K5 on OE and
OK  describe the
valve circles. Now
the circle on OE
intersects the line
OF ‘at the point e
Therefore Oe=the
outside lap. Simi-
larly OQ intersects
the circle on OK
at the point ¢ there-
fore O7 is the in-
side lap. Describe
the two lap circles
with radii O¢ and
O:. . The rintersec-
tion of the smaller lap eircle with the valve circle OK gives
the direction of the crank OR when the exhaust closes.

The line «@ gives the lead, that is, the extent to which the
steam port is admitted when the stroke commences.

If the amount of the lead ¢«d had been! given instead of
the angle of lead we should have had to proceed in a differ-
ent manner.

First assume that there is no lead, but that the port opens
when the crank is on the dead centre. Bisect the arc AOF

at the point E, fig r11.  From E' let fall the perpendicular
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E'¢onOA. From ¢ mark off ¢4 equal to half the required
lead. From 4 erect a perpendicular cutting the circumfer
encein E. Mark off the arc EH equal to EF. Then OH is
the required angle
of lead. The re-
mainder of the con-
struction will be as
before.

Another, and a
very simple method
of finding the posi-
tion of the crank
when steam is ad-
mitted, the amount
of the lead being
given, is to describe a small circle with centre A and radius
equal to the amount of the lead. Call this the lead circle.
From F draw a straight line tangential to the lead circle,
and prolong it to meet the circumference of the circle AFA
in the point H. Join OH, then OH is the required posi-
tion of the crank.

ProsLEM I11.—Given the throw of the eccentric, the ex-
ternal lap;and the
lead, find the point

where the steam
is cut off, and the
angle of advance.
Let OA=the half-
throw. With this

l.l(iiii> (]L'\llii‘(ﬁ a

circle.  Let Oc =
the external —lap:
e : . Fig. 112,
With this radius
des !,}“: another circle. | 4 ¢d = the le \xd. From (!' erect
the perpendicular ZE, cutting the cir umference of the
rcle in E Join OE, and on OE as diameter
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describe the primary valve circle. The angle GOE is the
angle of advance, and the steam is cut off at the point F,
obtained by joining O with the point of intersection of the
primary valve and the lap circles.

ProsreEM IV.—Given-the outside lap, the lead, and the
point where the.steam is cut off, find the throw of the
eccentric and the angle of advance.

Let Og, fig. 112 = the external lap, ¢Z = the lead, and OF
the position of the crank when the steam is cut off. The
problem then resolves itself into describing a circle ¢EO which
shall pass through the three points ¢ O, 4. The diameter
of this circle OE gives the length and position of the half-
throw of the eccentric, and the line OH gives the position of
the crank when the steam is admitted so-asito secure a lead
=4,

ProereEyM V.!—Given the position-of the crank when
the steam is cut off, the lead, and the amount the valve is
to be openfor any particular position-of the crank, find the
throw of the eceentric, the angle of advance, and the lap.

Let ¢E, fig, 113, represent the required lead, and ea the
extent to which the port is to be opened when the erank
occupies.a position parallel'to EG".  Also let EF' be j arall |
to the position of the crank when steam is cut off.

Draw ¢« and aq’ at right angles to ¢a ; Egat right angles
to EF' ; EJ at right angles to EG/, intersecting aa’ n the
point % Bisect the angles gic, Eka'. The point O where
the bisecting lines meet will be the centre of the lap circle

Draw OA parallel to ca. OA will represent the direction
of the cranks when on their dead centres. With centre @
describe a circle to touch the two lines 77, i¢.  The radius
of this circle represents  the lap.. Join OE, and on OE as
diameter describe the valve circle E20. Then OE represents
the half-throw and position of the eccentric. From O draw
through the point of contact ¢ of the lap circle with the line

! The very beautiful geometrical solutions of thisand the two follow-
ing problews are due to Mr. Cowling Welch.
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Eg the line OcF. Then O¢F is evidently parallel to the line
EF'. because it cuts ¢E at right angles. Also the point ¢ is
on ihc circumference of the primary valve circle because
the angle O¢E is a right angle, and as ¢ is also on the cir-
cumference of the lap circle, therefore the steam is cut off
when the crank is at OF parallel to the given direction EF.

Also the lead is evidently equal to the given lead ¢E ;
for, joining Ed, we have the angle OZE in a semicircle equal
to a right angle, therefore E4 is parallel to «', and therefore
¢E equals the lead as shown by the part of OA intercepted

F '\\
\

between the circumferences.of the lap and the primary valve
circles,

Also through O draw OG parallel to EG. Then #'n
equals 'a’, because the two triangles £0», £0a’ are equal,
and as ca’ equals ¢z by construction : therefore »'» equals
ca as required, and all the conditions are fulfilled.

ProBrLEM VI —Given the lead, the angle at which the
steam is cut off, and also the angles at which the release
takes place and compression begins, find the angle of advance
and thow of the eccentric, and the outside and inside laps
of the valve.
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This problem is useful in solving questions connected
with Meyer’s valve gear, in which the angles of release and
compression, as well as the lead, are regulated by the main
or distribution valve.

Take any point E in-a_horizontal line. Mark off E¢
equal-to the lead, and draw EF, EQ', and ER/, parallel
respectively to the positions of ‘the crank when the steam is

cut off, the release
takes place, and
the compression
comImences.

At ¢ erect a
perpendicular ¢¢’,
At E erect a per-
pendicularto EF
Then the direc-
tion of the radius
of the eccentric
must lie halfway
between the points
of lead and cut-
off, or, what is the
same thing, be-
tween the points
of release and of
compression;  Bi-

sect the angle Q'ER‘ by the line EE. Bisect also the

angle ¢'7e by the line #7. Through the point O where
these two lines intersect, draw the horizontal line OA.

From O draw the lines OF, OQ, and OR parallel to EF,
EQ’, and ER" respectively. Upon OE as diameter de-
scribe the” primary valve circle. This will' of necessity
pass through 4, because the angle OJZE is a right angk:..
With centre O and radius O¢' describe the outer lap circle.
This will of necessity pass through the point of intersection

¢ of the valve circle with the line OF. Hence with the
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dimensions arrived at the lead will be ¢d =¢E, and the
steam will be cut off at F. In order to provide for the
release taking place at Q and for the compression com-
mencing at R we have only to draw the other valve circle on
OE’, and with centre O to draw the inner lap circle through
the intersections of OQ) and OR with the circumference of
the circle OE/,

The following problem is of great practical utility in the
design of steam engines.

Prosrem VII.—Given the position of the crank when
tne steam is cut off, the lead, and the maximum opening of
the steam port, find the throw of the eccentric, the angle of
advance, and the outside lap.

Let CE represent the given lead, and Cz the maximum
opening of the port. Let EF' be drawn parallel to the
direction of the crank when steam is cut off. Through C
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and a draw CZ and GA at right angles to Ce, and from E draw
Eie at right angles to EF’. Bisect the angle ¢’ by the line
Oz, which produce till it intersects AeG in G. Join GE.
With centre 7 and radius = Ca describe an arc intersecting
GE in 4. Join #;,-and from E draw EO parallel to £/ and
intersecting O in the point O. Then O is the centre of
the lap circle.  Through O draw OA parallel to Ca. With
centre O and radius OA describe acircle.  Join OE, and on
OE as diameter describe the primary valve circle, and with
O as centre describe the lap circle ‘touching the line 72 in ¢,
and CZ in /.. Join O¢ and produce it to F. Then it can
be proved, as in the last problem, that the steam is cut off
when the crank occupies the position OF, which is parallel
to EF.  Also that ¢/d = CE, the given lap.

It remains only to prove that #E, which is evidently the
greatest’ opening -of the port =¢a., Through ¢ drawn #
parallel to ca. Then, because 7% is parallel to the side OE
of the triangle GOE, we haye—

GO27Gi ) OE/: iZ.

Also, because 7" is parallel to the side OA of the triangle
GOA, we haye—

GO7TGr:: OA ;i

But ' = 74, both being radii of the same circle ; therefore
also OA = OE ; and subtracting from each the equal radii
Oc and Oz, we have the remainder ¢'A = zE. But A is
by construction ‘equal to Ca; the maximum port opening;
therefore also #E = Ca.

Jefore passing on to the consideration of the more compli-
cated l_liagrams used to cxpl.lin the action of c:\];;m_\'i()n gears it
may be uséful to show how] from any diagram such as fig. 110,
to set out the dimensions of the valve and ports. The valve
travels to and fro on a plane surface, which is in general
made of such a length that when the valve reaches the end
of its beat, its edges do not overhang the end of the plane.
Take any straight line AB, and suppose the valve to occupy
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its central position. Itwill travel from this position in either
direction by an amount equal to the radius of the eccentric.
From A mark off AC equal to the radius OE, fig. 110
From C set off CD, equal to Og, the radius of the lap circle.
Now the greatest amount of opening which can be given to
the steam port equals the diameter OE, minus the radius of
the lap circle. From D, therefore, set of DE equal to this
difference ; this will be the width of the steam port. Next,
to determine the width EF of the bridge between the steam
and exhaust ports. It is evident that this width must be
great enough to render it impossible for the outer edge of the
valve, when at the right-hand end of its travel, to open the
exhaust port to the fresh steam. Therefore the length CF

must in-any case be greater than AC. ‘The only other
condition to observe in proportioning EF is that the bridge
must be strong enough to withstand the pressure of steam
upon it. If the width of the steam port has been properly
set off as described, the above-mentioned contingency ean
never arrive, for the lap of the valve plus the width of
the port, should together ‘equal the travel. In the present
instance the width is three quarters of that of the steam port.
From E/ set)off EG equal to the radigs OF of the inner lap
circle, fig. 'tro. In proportioning the width of the exhaust
port the principal point to remember is that it must never
be throttled, when the valve is at the end of its travel, to
such an extent as to affect the back pressure. It is conse-
quently usual to make it of such a width, that when the
U
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valve is at the end of its beat the port is still open to the
same extent as the steam port. From G, therefore, set off
the length GH equal to the half-travel of the valve p/us the
width of the steam port, then will FH represent the width
of the exhaust port.. The remaining dimensions are of
course the 'same as those of the corresponding parts which
have just been found.

Zeuner's Diagrams applied to Link Motion.—When a slide
valve is driven by two eccentrics' connected to a link, as

¥

5

Open\rods

Fig. 117,

shown in' fig: 94, the distance moved by the valve for any
angle turned through by the crank depends upon ' the
position of the block U in the link, and isalso influenced by
the manner in which the link is suspended. Neglecting for
the moment the latter consideration, it is capable of analy-
tical proof! that the distances moved by the valve from-its
central position may be represented by the chords of a pair
of circles touching each other, precisely as in the case of a

! The proof is too long and too complicated for insertion in an

elementary work, Those who wish to study it should refer to the
English translation of Zeuner's work.
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simple slide-gear. Moreover, to each new position of the
block in the link corresponds a separate pair of valve circles,
which differ both in their diameter and angle of lead from
the circles corresponding to any other position of the block.
It has also been found that the centres of these valve circles,
figs. 117, 118, all lie upon a curve, which in the case of
Stephenson’s link motion with open arms is a parabola,
C,. . ..Cq concave to the centre of the crank circle, fig. 117 3
while for the same motion with crossed arms the parabola is
convex to the centre (see fig. 118).

v

Crossed \ rods

Calling the angle of adyance a, the throw of the eccen-
tric 7 thé length of the eccentric rod / and-the half-length
/1 cosa

of link = %, the parameter of this parabola = ; while

~ b
2K

the distance between the vertex of the parabola and the
centre O

= g(sin a .‘*'_f]. cos a),

the plus or minus sign being used respectively according as
the arms are crossed or open.
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Analytical method of finding the centres of the valve circles
in link motions.—One of the main problems in connection
with the diagrams for link motion is to fix the positions of
the centres of the primary valve circles, fig. 117, correspond-
ing to-the given positions of the sliding block in the link.
These circles and/the inside and outside lap circles being
drawn in place, it is perfectly easy to trace the variations in
the lead, release, compression, &c., corresponding to the
varying points of cut-off. These peints may be fixed either
by analytical means, or with very approximate accuracy by
a graphical method.

Let x and ¥ be the co-ordinates of the centres, and #
the distance which/the slide has been moved in the link
for the given degree of expansion : and using all the other
letters in the same sense as above, we have the following
formulz, which are obtained from the investigation above
referred to ; viz.—

2

/‘:2‘_7£> COsS u) >

#COS a

2k

by means of which we can describe the primary valve eircles
when the angle of advance, the throw of the eccentric, the
lengths of link and eccentric rods, and the position of the
block in the link are given.

Let, for<instance, the link be of ‘the sort illustratedin
ig. 97, so that the block when fully raised or lowered in the

f

link comes éxactly opposite the ends of the eccentric rods.
Let the half-length 2 of the link be divided into say four

divisions, called (grades of ‘expansion. Then w# may be ex-

4 K‘

4

pressed as a fraction of £ Thus, at the third grade, # =

. 4%
At the fourth grade # = *— = /% ; and so on.

4
Substituting these values of # in the formula
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above, we have, when the fourth grade of expansion is
used,—

For the middle or dead point # = o, and—
1y &
= - (sina+ - cosu);
2 /
J =a5

which shows that for this position of the slide block the
centre of the valve circle lies in the straight line OX.

Tiet, for example, the angle of advance be 30° the throw
of the eccentric 1} inches, the half-length of link 3 inches,
and the length of the eccentric rod 3o inches. Substituting
these numerical values in the above formule, we obtain the
centres. of the primary valve circles as shown in fig. 117.
Thus, for the largest circle,

s To
2 % *866.

inates of the centres ¢!, &, &c., in fig. 117, ar¢
obtained his way. In order to avoid unnecessary com
plications of the diagram, the valve citcles for the second
and third grades of expansion are omitted.

We can see at a glance from fig. 117 how completely all
the critical points connected with the distribution of the
stcam are altere v the position of the sliding block
For instance, with the laps as given in the fig, and the link
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in full forward gear, the steam is cut off at F*, and the lead
equals ¢/, ; while at the first grade of expansion the cut-off
is earlier, viz. at F,, while the lead is increased to ¢ely, and
similarly the alteration in the points of compression and re-
lease may be ascertained by tracing the intersections of the
primary valve circles with the inner lap circle.

The alteration of the lead with the rate of expansion is
one of the peculiarities of the Stephenson Jink motion. In
the example first given, in which the eccentric rods are open
the lead increases with the rate of expansion ; but if the rods
are crossed, the contrary takes place, the lead decreasing.
It will also be observed that the travel of the valve, whichis
represented- by twice the diameter of the primary valve
circles,  varies with each rate of expansion, continually
diminishing till it reaches a minimum, when-the block
occupiesthe middle of the link. Consequently, if in full
forward gear, the valve completely uncovers the steam port
and no-more, for each succeeding rate of expansion the
maximum opening-of the port is redtced, till. at the central
position, the maximum opening only equals the lead. Asa
consequence of-this peculiarity it is necessary to make the
ports of engines provided with link motion unusually broad,
as otherwise the steam would be dangerously throttled at
the higher rates of expansion.

The distribution of the steam when the block is in mid-
By-reference to fig 117 it will be clear
thatthe steamiis cut off at about a quarter-stroke,
released shortly after half-stroke,

gear is very peculiar.

while it is
and admitted to the other

side of the piston at about three-quarter

stroke ; also com-

pression commences on one side of the piston very soon
The consequence s

s 1mpossible for the

after 'expansion begins on thé other.
that ‘with" the block at mid-gear it i
piston to make a stroke.

Geometrical method of finding the centres of valve circles
in link motions.—It is found I

ractically more convenient to
fix the

positions of the centres of the primary valve circles

Geometry of Link Motions

by a graphic method of

construction rather than by 5
calculation. The method \
in common use, which will
now be explained, thuugh
not theoretically exact, 1s
quite accurate enough for
all practical purposes.

As before, the throw
and position of the eccen-
tric and the lengths of the
link and eccentric rods are
supposed to be given. One
of the results obtained by
the.analytical investigation
of the subject is that lhu‘
radius of the curvature of
the link should always be
equal to the length x,{f Ll‘\‘c
eccentric rod. This fact 1s
made use of in the follow-
ing construction. Let LL
(f]‘g. ITg) represent .thc
length of the link. = Bisect

l.lj' in O, and through O
draw QA at right angles to
L. With'centre L, or L;
and radius equal to the
length of the eccentric rod,
describe an arc intersecting
OA in C.  With centre
C, and radius équal to the
length of the eccentric rod,
describe the arc LL/, which
represents the centre line

of the link. With centre C

/4

/

7\
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and radius CE equal to the
half throw of the eccentrics
describe a circle EE’A, and
draw CE, CE/, having the
given angle -of advance.
Upon-CE as diameter de-
scribe ~a primary valve
circle. Through the point
E draw the! line | EDB,
passing through' the' pri-
mary valve circle ‘at the
point D where the circum-
ference is intersected by
the line QL. Describe an
arc of a circle through the
points EBE. Divide the
arc EB into four equal
parts at the points ¢/, ¢”

¢, Join these points with
the centre 'C; then the
lihes: Qe Qi NG +CE.
will represent the lengths
and positions-of the dia

meters of the primary valve
circles, which will show the
distribution of the steam
when the slide block ‘occu-
pies the corresponding po

sitions in the link. Gene

rally speaking, if we wish
to know the effect on the
steam distribution due. to
the slide block occupying
any position & in the link,
we have only to divide the
arc EE/ into two portions,
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at ¢ bearing to each other the same proportion which L& bears
to #L'. By connecting the point ¢ with the centre C we
obtain the length and position of the primary valve circle,
which will illustrate the distribution of the steam.

If the eccentric
rods had been
crossed instead of
open we should
have proceeded as
above, except that
to find the position
of the point B we
should have joined
C with L ; then the
line joining E' and
the intersection of
CL with the cir-
cumference of the
primary valve cir-
cle will; at its in-
tersection with the line CO give a point B, such that the curve
drawn through EBE’ is convex to C, instead of being con-
cave as in the former case. This is illustrated in fig. 120,
which is merely a portion of fig. 119, the rods being supposed

to be crossed.

Supposing that, instead of having to find the distribution
of the steam when the position of the block in-the link is
given, the problem be reversed, and we are given the positions
of the crank at which the steam is to be cut off, and are
required to find the proper method of dividing the quadrant
of the reversing lever, so as to provide for the given rates of
expansion, the other data being as above; we should pro
ceed as follows. The link is supposed to be of the type
illustrated in fig. 97, which admits of the block being put
into full gear.

Let CE, fig. 121, be the radus and position of the eccen-
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tricc  Let the arc EE' be drawn in the manner already de-
scribed from the known dimensions of link and eccentric rods.
Let CF be the position of the crank when the steam is to
be cut off, when the block is in full forward gear, and let
J' f" be the points where the cut-off is required to be
effected when the engine is worked at higher grades of ex-
pansion. The length C7 gives the radius of the lap circle.
The points where the lap circle intersécts the two radii ¢f /
¢’ give points ‘on the circumferences of the two primary
valve circles. corresponding to the points of cut-off 7, 7.
One end of the diameters of these valve circles is in O, the
centre of the circle EAE', and the other ends are situated
in .I'nc arc EE". - From the points of intersection of Cf" and
G, with the lap circle draw tangents to “this circle inter-
secting the arc EE in ¢’ and ¢'. ' Join C¢“and C¢’. - These
lines are tl}u: diameters of the valve circles required. It now
only remains to divide the half-link LO;.in the same ratio

as thearc EB is divided ate” and ¢!, - These points of divi-

sion will give the positions of the slide block necessary in
order to effect the required expansion and the half of the
expansion lever - quadrant, fig. 94; requires to be divided
in the same ratio] in) order to~obtain the positions of the

tehee nece » 3 r 1A !
notches necessary to bring the slide block into the required
posttions

If we ]A"“I not originally been given both the length and
[;n,!\ll]lul) of CE, but had been furnished instead with some.of
the data given'in P > !

¢ data given'in Problems 1L to' VL., we could have pro-
ceeded to find the throw and :

: angle of advance in the manner
explained in those prol

‘ lems by means of a separate diagram
afterwards proceeding as above. " -

We have [hitherto considered cases in which the data
relate either to'the position and
else to the lead, cut-off,
link is in fudl gear.

throw of the eccentric, or
and opening of the valve when the
. We might, however, have to solve a
question, the data referring to, say. the lead, point of cut-off,
and maximum opening of the valve when the slide block

Geometry of Link Motions.
occupied some position A/"’E'——

in the link #nfermediate
between full and central
gear, the lengths of link
and eccentric rods being
given as before. Find the
centre C, fig. 122, and de-
seribe the curveof the link
as explained. Next, with
the aid of a separate dia-
gram, find the position
and throw of an eccentric
which, if connected direct
to the valve spindle, will
give the required~ lead,
cut-off, and maximum
opening of the valve (see
Problem VI.). Transfer
the result to fig. 122, Ce
being the position and
length of the throw as
found. On Ce as dia-
meter describe a primary
valve circle. Let & bethe
given intermediate point
in" the link which has to
drive the wvalve in the
manner required. Join
4C, tersecting the cir-
cumference of the pri-
mary valve circle in' D,
Join €D, and prolong it
to intersect the line CO
in B. Describe an arc of
a circle which shall pass
through ¢ and B, and be
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symmetrical about the line CO. Prolong this arc, and
find in it a point E such that Ee is to ¢B as 4L is to 30.
Join EC, then EC and the corresponding line E'C will give
the positions and throws of the eccentrics, which with the
given length of link and eecentric rods will produce the
required effects’ when the slide block is at 4. This con-
struction is useful in solving problems connected with the
working of links which are joined to' the eccentric rods
in” such a ‘way that the slide block can\never be brought
opposite to-the cannecting-rod ends. | Such a link is shown
in fig. 974. Once the position and length of the line CE are
fixed, other problems can be solved in the same manner as
in the preceding example:

In all the diagrams which have been given to illustrate
the action of link gearing it has been assumed that the
motion of the link was inno way affected by the manner in
which it was suspended. This assumption is, however, far
from being justified by practice, for, the link being held up
by arod 7/, of finiite length (see fig. 94), which oscillates about
a point M, the point of suspension P consequently moyes
in an arc of which"M is the centre, and must therefore
move up.and down a little during each stroke.

The point
of the link which-drives the valve spindle

must therefore
also slide a little up and down in the link, instead of
keeping to the position intended. It is very easy to aggra-
vate this irregularity by, adepting a wrong method of‘;‘u_q_
pension. / The end of the rod /7’ moves in an arc of

a circle
of which K 1s the centre.

The object aimed at will be best
attained when the point of suspension 1s made to oscillate

for every position of the block /in the link—in arcs, the
chords of which are patallel to the line of the v
In practice the point of suspension is eit
or else the central point of the link.

alve spindle.
her the lower end
Theoretical investi-
gation proves that in the former case the point M, fig. 94,
should move in a parabolic curve, the highest position of M

(when the block is at the bottom of the link) being the
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x of the parabola, and the parameter being equal to

verte . : iy hquat 1o
the length of the eccentricrods ; the co-ordinates of the

twice €
vertex referred to C, fig.
123, as origin and to C\
and CY as axes, being Cx
—the length of the ec-
centric rod, and Cy= the /*\

length of the lifting link /. N

? §
¥y

'
]
I
i
|
'
1
[
i

In practice, instead of
the parabolic curve we
may make use of a circu- Fig 133

5 3 . ” f
lar arc, the radius 0O - |
which i; equal to the length of the eccentric mq. and

"y i i e the at a
the centre of which is vertically above the point C at
distance = /. ' e

When the link is suspended from its central point 1t 1;:

i 5 /e in 2
found that the point M, fig. 124, should also move 1
parabola, the middle posi-
tion of M corresponding
with_the vertex, and the
parameter being twice the
length of the eccentric rod.

The axis of the para-
bola is parallel to the line
CX, and the co-ordinates
of the vertex are Cx= - Ly

; -entric rod — where &=the halt-
the length of the eccentric rod 2l ( |
. 200060 e 1 ).

length of the link, and /= the length of the eccentric roc
eng . , and " ' e e
and Cy = the length of the lifting link 11. In };'r““[;'; e
; ubsti o) arabolaa.circular arc of whic e
ay s s for the parabola a ¢l Hioh e
e K w Y P l allel to €X, and at a distanc

eenteOlies a1 4 Hr A el soint K g to theleiof ¥
above it equal to Z, the central point K lying

. 22
at a distance = =7

i ssible to give the arm
In actual practice it 1S never possible to give the
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KM a length equal to the eccentric rod, but it is always
desirable to make it as long as possible.

Zeuner's Diagrams applied to Meyer's Valve Motion.—
These diagrams are peculiarly applicable to the investigation
of those gears which work with an expansion valve on the
back of the ordinary distribution valve. Itis true that in
consequence of the large number of eircles employed the dia-
grams look somewhat complex; but the principles on which
they are constructed are very easy to understand and to
apply.

It is perfectly obvious, fom what has gone before, that a
separate primary valve circle may be employed to show the
distance which each’ valve circle has travelled from its
central position, for every position of the crank. Conse-
quently the difference between the lengths of the chords of
the two circles got by drawing the direction of the crank
In any position, gives the distance apart of the centres of the
two valves for that position of the erank. Thus in fig. 125
let CE denote the length and position of the radius of the
eccentric which drives the main or distribution valve, and
CK the corresponding throw and position of the eccentric
for the expansion valve. On each of these lines as diameter
describe a circle, and describe the circle AEA/, to represent
the path of the crank-pin. Then the circle described on
CE shows in.the usual way, in conjunction with the lap
circle, thelead, cut-off, &c., as provided forby the distribution
valve. Also for any position of the |crank such as CD,
the chord e shows the distance moved by the main valve
from its central position, while the chord Cé' shows the
corresponding distance travelled by the expansion valve ;
therefore Ce— C¢/ = Z¢ shows. the distance apart of the
central lines of the two valves for the position CD of the
crank.

We will next prove that it is possible to draw a third
circle, viz. CG, the chords of which, such as Ce, will represent
the differences Ce—C¢’, and which chords will consequently
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show at a glance the distances apart of the centres of the
two valves for any position of the crank.

Join EK, and from C draw CG parallel to EK, and from
E draw EG parallel to CK ; then CG will represent the
length and position of the diameter of the third or resultant
circle. The problemis to prove that Ce = ¢e. Join Ge and
Ke¢/. From E let fall a perpendicular EB on Ke' produced.
Then in the two triangles GCe and KEB we have the side
GC equal to the side KE, being the opposite sides of a

B

A - \

Fig, 125,

parallefogram ;-also the angle GCe equals the angle’ BEK
since each of them is the sum of two alternate and conse-
quently equal angles. Also the angle GeC is a right angle,

being the angle in a semicircle ; and EBK is a right angle
by construction ; therefore the  two triangles are equal, and
Ce equals’ BE. ' But BE can easily be/ proved to be equal
to de. For join Ee; then in the quadrilateral Be we have
the angle at B a right angle by construction ; also the angle
Be'e is equal to the vertically opposite angle Ce'K, which
being the angle in a semicircle is also a right angle. For
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the same reason the angle Ce¢E is a right angle, therefore
the remaining angle BEe is a right angle, and the qmdrihtull
IS a para Ilglwnm and consequently BE equals ¢'¢ ; and
therefore Ce = ¢’¢ ; that is to say, the chord intercepted be-
tl\ucn( and the eircumference of the circle CG in the direc-
tion CD-is equal to the differenices of the chords intercepted
i.n the same direction between ‘the point C and the circum-
terences of the circles CE and CK.

This proof is perfectly general for all cases where the

Fig. 126,

direction of l“u crank ‘intercepts the ecircumfer

: ences of all
three circles.

Take, however, [hL case when it passes through

the iu)im of intersection e, fig. 126, of two of the circles

In this case the difference between. the chords/of the

: 8 1 P ! two
qrrlcs on CE and CK equals Ce, whichis a chord to' both
circles CE and CG; t}

rerefore the line Ce should not form
any chord with the circumference of the circle on CK. Join
¢G and ¢E. Then the angle CeG, being in

a semicircle, is
a right angle ; and for the same reason C:E

is a right angle :
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therefore GE is a straight line, and as CG is drawn equal and
parallel to EK, therefore GE is also parallel to CK, and
lhu’cf()rg the alternate angle GeC is cqml to the alternate
angle ¢CK ; therefore ¢CK is a right angle, and consequently
the line ¢C is a tangent to the circle (_ l\ at the point C, and
therefore the direction of the crank Ce does not intercept
any chord from the circle CK. A similar proof would hold
good for the point ¢'.

It must be borne in mind that the chords of the circles
CK and CE represent the movements of their respective
valves to the right of their central positions, while the corre
sponding circles on CE produced to E" and CK. produced to
K’ indicate movements to the left. If, therefore, any line of
direction of the crank CD should intersect simultaneously
say the expansion valve circle CK’ and the distribution
valve eircle CE, then the distances apart of the centres of
these two valves will not be represented by the difference of
the chords Cd and C&, but by their sum ; and it may readily
be proved that the chord CD of the circle CG equals this
sum. - Hence we see that for every possible position of the
crank the chords of the resultant cireles CG and CG' repre-
sent the distances apart of the central lines of the valves.

We must next show the connection between the distances
apart of the centres of the valves, and the opening which
the expansion valve EE/, fig. 127, permits in the port of the
distribution valve DD".

First let the centres of ‘the two valves coincide 'as in the
upper diagram, fig. 127, and next let both valves be moved
to the right, but of course to different extents, so that their
centres no longer coincide as shown in the lower diagram.
Let % be the distance/from the centre ‘of ‘the distribution
valve to the outer edge of the port.— Let /'be the length of
the half of the expansion valve. Let # be the distance
which the inner edge of the expansion valve is moved by
the screw spindle (see fig. 98) from the centre line The
distance # is variable, so as to allow of the rate of expansion

X
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being altered. Let » be the distance from the edge E of
the expansion valve to the outer edge of the port in the
distribution valve. The value of 7 is of course variable, and
depends upon #, so that
r=k—10—u
Now let both valves be moved to the right by their
respective eccentrics; let the distance moved by the distribu.

poswoe

g
Bowesone-

tion valve be x, and that by the expansion valve a2’ ; also let

the opening in the port in the distribution yalve be ¢ ; then
it is evident from the figure that—

r+&,=x+e
Se=r—(x—x)=% l—u—(x—x)),

which expression gives the opening of the port in the |valye
in terms of the two fixed dimensions %2 and Z the distance
# which is under control, and the distances 2 and 2/, traversed
by the valves.

It is very easy to show this opening of the port in the
valve graphically. As has already been proved, the chords
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of the two resultant circles CG, CG/, fig. 128, give the values of
a—a, for any position of the crank. If with centre C and
radius CH = %2 — / — u we describe a circle, then the differ-
ence between any radius of this circle, such as Ce, and the
corresponding chord of the resultant valve circle, viz. Cé/,
gives the opening of the port in the distribution valve.

We have now the means of tracing the distribution of
the steam throughout the stroke, and also of ascertaining
the effect on the ex-
pansion due to the
alteration of # the
half-distance  apart
of the two portions
of the expansion
valve.

We see that when
the crank lies in the
direction C# the port
in the distribution
valve is just closed,
for at the point 7
where the resultant
valve circle intersects
the circle described
with £ - /—x as ra-
dius we have 2 —/—

# =X —x,, and con- :

sequently the value of ¢ in the above equation 1s ze10.
Jetween the points 7 and 7 the port in the distribution
valve remains closed, but at # it is reopened, and the steam
wotld be readmitted to/the cylinder were it not for the
fact that by this time the cylinder port is closed by the
distribution valve, as is proved by drawing the line CF
through the intersection of the primary valve circle CE and
the lap circle CL. !

The tracing out of the steam distribution by means of

X2
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this diagram will be greatly facilitated if we bear in mind
the following points,

1st. The openingand closing of the exhaustare determined
solely by the distribution valye, are not affected in the
slightest degree by the existence of the expansion valve, and
may consequently be traced by noting the intersections of
the valve circle CE with' the outside and inside lap circles
in the manner already explained.

and.”No matter what the action of the expansion valve,
the distribution valve always cuts off the steam on its own
account at-the fixed position of the crank determined by
the intersection of the outside lap-circle with the valve
circle CE.- 1In fig. 128 this position.is denoted by the line
CF.

3rd. /Provided the plates of the rexpansion.valve are not
screwed so far apart as to cover the ports in the distribution
valve at the commencement of the stroke (which would of
course be absurd, as it would prevent all admission of steam),
the lead is determined solely by the valve circle CE and
the outside lap circle.

4th. The amount by which the port in the distribution
valve is opened, and consequently the point at which the
steam 15 cut off by the expansion valve, is determined by
the resultant valve circle CG and the circle described from
centre C and radius CH =%—/—« That is to say, it is
so determined for all positions of the crank between the
dead point and the position CF ; for'once the position CK
is passed the steam is cut off by the action of the distribution
valve, and the expansion valve can have no further effect.
The amount by which the ports in the distribution valve
are opened” are measured (for the port. farthest from the
crank shaft by the differences between the radii of the circle
described with radius CH and the corresponding chords of

the resultant valve circle CG, but for ‘the other port the

chords must be taken of the circle CG’. Thus we see that the
far port in the distribution valve is, in the case of fig. 128,
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opened during the whole of the stroke except while the arc
1 is being described, and similarly the near port is closed
only during the arc z2'".

sth. The details of the valves and eccentrics having
been fixed, the rate of expansion is altered solely by varying
the distance apart of the two halyes of the expansion valve,
that is to say, by varying the radius CH.

We must now examine more closely the results obtained
by varying this radius. Fig. 129 is similar to a portion of
fig. 128 to a larger scale, but with the eccentrics set at differ-
ent angles, and with all unnecessary complications left out.

Fig. 129,

The length CA corresponds with the value £~/ -~ The
length C% 'corresponds to the value &#—/—# shown in fig.
127. In this case we see that the steam is cut off at the
position CH of the crank, the port in the distribution \'nl.\ e
1s closed while the arc HH, is described, and at the point
H, the port in‘the valye is reopened, and steam would be
readmitted into the cylinder were it not for the fact that the
port in the cylinder itself is closed by the distribution valve
when the crank is at CF. If now we diminish the value
of u, so that #—/—u = C#k,, the expansion valve is so set that
it cuts off the steam at the position CH' of the crank and
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reopens the valve port at the position CH, ; that is to say,
at the same moment that the distribution valve covers the
cylinder port. The position CH! is therefore the /afest cut-
off which it is possible to effect by means of the valve gear

represented-by the above diagram ; for it is obvious that if

w is still farther diminished, then-the valve port will be re-
opened. before the cylinder port is elosed by the distribu-
tion valve, and consequently steam will be readmitted to

the cylinder ‘during a 'portion of the stroke. If the value of

u# be still further diminished, say to A%', the circle described
with C/4* as radius/will not intersect thé circle CG at all,
but wall merely touch it at the point G, showing that the
expansion valve then only closes the valve pal»rt for an
instant, and-consequently -does not | affect’ the expansion.
While if % be still further diminished, the-enly effect of the
expansion valve will be to reduce the ayailable width of the
valve port during a short portion of each stroke. Thus we
see that with the dimensions actually chosen this valve ‘gear
ceases to have any useful effect when we wish to cut off
steam ZJafer than at the angle CH',

On/the other hand, its action between the positions CH!
and CAvis perfect; For instance, if the value of # be in-
creased to AJS then the steam is cut off at the position
CH® If = be still further increased, so as to be greater
than £—/Z say to A%, then the cut-off will be (,-I'I'u'u:(l at a
position found by prolonging the line H3C backwards ;
while if # be still further increased to A4® the steam can ' be
cut off at the commencement of the stroke, while in each of

the latter cases the reopening of the valve port does not take
§ S not tz

place till after the position CF has been passed.

.Huncc we see that” the valve gear represented ahove is
perfectly efficient for any cut-off between the dead point and
the position CH', If we wish to be able to cut off at later
positions than CH!, we must alter the positions and throws
of the eccentrics. An inspection of fig. 129 will prove that
the nearer the diameter CG of the resultant circle .1.;.'1.‘1'(».1' hes
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the position CF, where the distribution valve cuts off the
steam, the later will be the position when the expansion
valve can cut off the steam. Fig. 130 will show that it is

Fig. r30.

perfectly possible so to arrange the eccentrics that the
steam may be cut off at any point that may be desired
between the dead point and the position CF where the dis-
tribution valve closes the cylinder port. In the case of
fig. 130 this result is attained by keeping the throw and angle
of advance of the eccentric represented by CE as before,
and by altering the angleand throw of the other eccentric to
such an extent that the diameter CG of the resultant circle
coincides with the direction of the line CF. It may here be
noticed that in designing a Meyer valve gear it is unnecessary
to/give the length AC=£—/, fig. 129, a greater valu¢ than
CG, the diametér of the resultant valve eircle; for by so doing
we merely admit of the possibility of the expansion valve
being absolutely useless under certain conditions. This
would be the case in fig: 129, for instance, whenever » had a
less value than AZ'.

Reversing by Meyer's valve gear— If the engine to which
Meyer’s valve gear is applied is expected to be able to run
backwards as well as forwards, the choice of the angle of

advance of the expansion valve eccentric will require a good
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deal of consideration, for it is evident that unless this latter
eccentric is situated exactly midway between the two distri-
bution valve eccentrics, the diameter of the resultant circle
will be quite different according as the back or forward
eccentric of the distribution valve is in gear.

ic ¢ This is illus-
trated in fig. 131, where CE and CE’ represent respectively
the positions and length of the radii-of the forward and back
gear eccentrics working the distribution valve, and CK that

131.

r)!j the expansion valve. We see that owing to the angle
of advance of the expansion valve eccentric I:(Tl\' not !)‘Iﬁnt
90% the lengthrand position of the diameter ul'-!hc rcL\'ul:'m\:
(:jrvic CG is quite different from that of ' the rc.s'\lltnﬂ R
CGY, and consequently the limits within which we ¢
the Lt‘.']LUhi\)ﬂ are quite different according
running backwards or forwards.

t circle
an vary
as the engine is
For instance, w

; backwa stance, when the
Woe ‘ - (TP - - }

eccentric CE is in gear, the expansion can be controlled by
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the expansion valve as far as the position CH of the crank ;
but when the eccentric CE' is in gear, then the cut-off can
only be effected by the expansion valve between the limits
CA and CH/, which is a much smaller per-centage of the
stroke.

It is easy to see that the more perfect the action of this
gear when the eccentric CE is in gear, the less perfect will
it be for the eccentric CE'. Hence, when an engine has to
do the greater part of its work running in one direction, it
is desirable so to arrange the eccentrics that the action of
the valve gear will be most perfect for this direction.

As in the case of simple valve gears and link motions,
Zeuner's diagrams may be applied not only to ‘analyse the
steam distribution when the dimensions, &c., of valves and
eccentrics are given, but also to solve problems—that is to
say, to find out some of the dimensions when other dimen-
sions or conditions are given.

ProeLEM. — Given the lead, the angles of the crank when
steam is cut off, the release takes place, and the compression
commences, find the position and throw of the eccentric
of the expansion valve which will permit of all degrees of
expansion between the dead point and the point where
the distribution valve closes the cylinder port. ~Also find
the length of the plates of the expansion valve, and the
distances apart of these plates for any given degree of ex-
pansion.

The data ‘all refer to the distribation valve. = From them
ve proceed to deduce the positionand throw of the eccentric
belonging to this valve in the manner explained in Pro-
blem VI, page 285. Having thus found the angle of advance
and the length of the throw CEy fig. 132 the external and
internal lap circles are found in the usual manner.

We have next to find the angle of advance and throw of
the expansion valve eccentric. If the main valve is to close
the cylinder port at the same instant that the expansion
valve covers the port in the distribution valye, the diameter
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CG of the resultant circle should coincide in direction with
the ling CF, which indicates the direction of the crank when
steam is cut off by the distribution valve. The length of
the d'mmcter CG may be anything we like so as to su?f. the
remainder of-the design.The longer we make CG, the
greater will 'be the angle/ ECK between the eccentrics of
thu.um valves ; and for engines which have to reverse, it is
desirable that the angle of advance of CK should ybc as
nearly as possible a right'angle. 'Having fixed the length

CG, join GE, and draw CK parallel to GE, and EK parallel
to CG ; then CK is the position and half length of l}lr():\' of
the expansion valve eccentric. ‘ 7

) The minimum length of £—7 equals CG (see page 311)
With centre C and radius CG describe an arc n!’ii (:)irfk:
i!][cr.ig'(‘lillg CA'in H; then'CH correspands with {lre lir;c
CA, h;._ 129,and equals £—7Z. We have now to fix the distance
apart of the plates of the expansion valve for any xic-';v.c of
expansion. Let AL to AA’ be the required ratio (»fscxllar;-
1S to say, supposing AA’ to represent t

sion ; that
S 3 it the stroke,
the steam is supposed to be cut off at I

Erect a perpen-
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dicular from L intersecting the circumference of the circle
described on AA’ in 4. Join 4C; then, neglecting the
influence of the length of the connecting rod, Cé is the angle
of the crank when steam is cut off. C& intersects the arc
GH in P’ and the resultant valve circle in H. With centre
C and radius CH’ describe an arc of a circle intersec ting
the line CA in 4. Then it will be evident, from the descrip-
tion accompanying fig. 129, that HZ is the half-distance
apart of the plates of the expansion valve for the given ratio
of expansion. But ZH = P'H/, hence we can measure the
distance required directly, as the part of the line C/ inter-
cepted between the arc GH and the circumference of the
resultant valve circle. Similarly, if steam were cut off when
the crank stood at the angle CE, the half-distance apart of
the plates would be represented by P“H". If steam were
cut off at the commencement of the stroke the half-distance
would be HH"".

To find the length of the plate Z of the expansion valve
we must first fix the highest grade of expansion. Having
done so; we can find the half-distance apart of the two valves
in the manner above described.  This gives the value # in
the formula #= 2—Z—u. And as we know that k—1=CH,
we can deduce # that isthe distance between the outer edge
E of the expansion valve, fig. 127, and the outer edge D of
the port in the distribution valye when both valves simulta-
neously- occupy their central position. If the grade of
expansion is very high, say one-eighth of the-stroke, we
shall find that # is greater than Z—/ which means that E
would stand to the left of D when the valves were simul-
taneously central. Having thus fixed the position of E
when thé two valves are supposed to be in their central
position, we must find ‘its position when 'the valves are at
their greatest distance apart. Now the greatest distance
apart is when the crank lies in the direction of the diameter
CG of the resultant valve circle, and the distance apart
equals CG. Hence it will readily be understood by refer-
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ence to fig. 127 that when the crank occupies the position
CG, fig. 128, the edge E of the expansion valve must lie still
further to the left of the point D by the distance CG, con-
sequently the edge E will be distant from D by the total
length 4 CG.__But when the crank is in this position the
plate of the expansion valve must f«/ly cover the port in the
distribution valye, otherwise steam would be momentarily
reddmitted into the cylinder. Hence the length of the
plate must be equal to #4-CG + the width of the port in the
distribution valve 4-a 'small overlap, Now the width of the
port is supposed to be known, and the small overlap may
be arbitrarily chosen, hence we know the length of the plate
l:and as 7+ /4t u=7% (see page 306), we can deduce 4, the
half-length of the distribution valve.

It would be possible to multiply examples of the appli-
cation of Zeuner’s valve gear to the solution of problems
connected with Meyer’s valve igear, but ‘the explanations
given are quite sufficient to enable /the student to solve by

himself the great-majority-of the questions shich may arise.

CHAPTER VIIL
INDICATORS AND INDICATOR DIAGRAMS,
Uses of indicator diagrams—Richards indicator—General cha ar
indicator diagrar The lines of admission, exj psion, Trelease,
exhanst, and compression—How to measure the power rwu;-«l during
a stroke of the piston—How to ascertain from diagram the horse-
power exerted by the engine —How peculiaritie
vealed by the diagram—Loss of pressure during a ; It
off of steam—Effects of clearance on expansion curve— Effects --!l_ «v.".;‘
densation and re-evaporation in cylinder on expansion curve—usud
form of the expansion curve—late and early releas i
steam on the exhaust line—( es affecting ’ll.:' e
Cushioning or compression of t nimxnfl‘rnlcxpn'{ causes mv :' -
ing forms of dia 'I.xm.s—I’,xulplalw of diagrams from def . tive "A ‘{_;n..‘<
—How to draw the hyperbolic curve of expa n—Initia ““‘,VJ‘.' ha
tion and re-evaporation shown by diagram—Leaky plﬂ_h‘rll\l.'h_ HI
valves—Gross a neét indicated power—Cause whic 1 ‘.mnl: :.(
economical rate of '~\]n.m~\urzf¥'!o“ to deduct t—(,m.munr,uuk m;,
grams the effective pressure on piston—How to ascertain the expendi-
wre of steam accounted for by the diagram.

racter

¥t has been already explained (p. 79) how the work _donc
during the expansion of a gas can be r'clrrc.\cmm gl.'np.lnrnlly.
by an area, while the exact way in whwh. the work is done is
shown by the nature of the lines bounding thF area. I_l is
of the ‘_:r.cdtcst importance to be able to mk%‘ diagranss of the
work done in the cylinder of a Steam-engine, for by com-
puting the area of the diagram we can ascertain exactly the
power exerted by the engine, and by examining (,lofcly 1‘hc
bounding lines we are énabled ito see how the \'.‘f)rkvls being
done :1:\ each ‘successive instanty and can t;ll‘ for instance,
when the steam is cut off, whether expansion proceeds
the proper manner, when the cylinder is open to lm.%\\h‘u‘.\,ﬂ,
what is the amount of the back pressure, \\:hcn lhcA valves
are closed to the exhaust, when the readmission of steam
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takes place, as well as numerous other details connected with
the working of the engine—a knowledge of which enables
us to ascertain whether the latter is working correctly, and,
if not, where the fault lies.

Without the help-of -these diagrams it would be impos-
sible to.tell in the ‘majority of instances what are the faults
and-shortcomings of éngines at work'; and it is no exaggera-
ton to state that all the improvements which have been
efiected in the economical working of the steam-engine, con-
sidéred as a means of turning heéat into mechanical work,
have been the result of the knowledge obtained from them.

Steam-Lngine Indicator.—An instrument for automatic-
ally drawing these diagrams is called a Steam-Engine Indi-
cator, and the figures which it draws aré called indicator
diagrams. = The indicator which is at present in most common
use/is illustrated infig. ¥33. It is called, after its inventor,
Richards’ indicator.  The part A is a steam cylinder con-
taining a piston, B, The part of the cylinder below the
piston can be placed in-connection with either end of the
engine cylinder. Above theé piston i5/a spiral spring, C.
Whenever steam is admitted below the piston it presses
against the spring, which is so constructed that the distance
through which it is compressed is proportional to the pres-
sure on the piston. Thus the height to which the piston
ascends under the action of the steam is a measure of the
pressure of the steam. When the steam is allowed to escape;
or its pressure is diminished, the piston /is immediately
forced downwards by the spring. D 'is'a piston rod, to the
head of which, E, it would be easy to fasten a pencil, the
point of which could be made to press against a piece of
paper, and-by its upward and downward -motion register
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with advantage, be three or four im:‘.m_‘s long. ' '[’?\c reason
why the range of the piston is limited in practice is that »lls
velocity, and consequently its momentum, are ti?us reduced.
In the older indicators the momentum was often so con-

Fig. 133

yarts enabled
d the point
hus

siderable that the work stored upin the moving p
the resistance of the spring to be overcome beyon
which represented the true pressure of the steam, and t
were un-

the steam pressure beneath the ‘piston. This was,lin fact,

the mode of action of the older forms of indicators. It 1S,
however, very desirable to limit the range of motion of the

wavy lines were generated and the indications

piston to something like three-quarters of an inch : while, . s were un
trustworthy. In order to obtain a long range of tne penci,

on the other hand, the indications traced by the pencil may,
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combined with a small motion of the piston, the piston rod
is attached, not directly to the pencil, but to the arm of a
lever, F, the fulerum of which is at G, while the pencil is
fixed to the end, H. This lever is so proportioned that the
total length, GH, is three or four times as long as the portion
between the fulerum' and the head of the piston rod, and
consequently the pencil sweeps through three to four times
the range of the piston. The pencil would now, however,
describe circular arcs'instead of straight lines up and down.
To prevent this-a parallel motion 15 made use of, which
consists of another lever arm, KL, equal in length to the
lever GH. Theends H and K are conneeted together by
a link. in the centre of which the pencil is fixed. What-
ever effect the lever GH may have in deflecting the part
which holds the pencil from the vertical straight line, it is
clear that the other lever exercises the epposite effect, and
consequently the line of motion of the pencil keeps straight.

The function of the indicator, however, is not merely to
register pressures, but to register them /in relation to the
position of the piston of the steam-engine. In order to
effeet this object, a-drum, M, is provided, capable of revolu-
tion on‘its/axis. | Round the lower end of the drum is coiled
a piece of string; the free eénd of which is attached to some
one of the moving parts of the engine, the motion of which
is proportional to the motion of the piston. Round the
drum is fastened, by means of the clip N, the piece of paper
on which the diagramis to be drawn.| The pen<il is brought
to bear lightly against the paper by moving round the frame-
work which carries the parallel motion and lever. When
the piston of the L’H__{il‘h,' l)k‘j;i!l\ to move forward, the >[ring
on the barrel M s ungoiled, causing 'thé barrelito revolve ;
the pencil-at the same time moving up or down under the
varying pressure of the steam traces a line on the paper,
which shows the pressure at each successive position of
the piston. When the latter has reached the end of its

stroke *he barrel revolves in the opposite direction by means
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of an internal spring, as fast as the tension of the string will
permit, the pencil meantime continuing its indications. If
the movement of the part of the mechanism chosen for
attaching the string is greater than the circumference of the
barrel, and if no part can be found having the requisite
movement, then some special means must be made use of
for reducing the motion of the piston to that of the circum-
ference of the barrel.

General Character of Indicator Diagrams.—Suppose that
the end, O, of the indicator is screwed into one end of the
engine cylinder, or into a pipe which can be connected at
will with either end of it. The cock, P, is furnished with a
three-way plug, formed thus =, and is also provided with a
small hole communicating with the outside air. By means
of the three-way plug the under side of the indicator piston
can be placed either in communication with the atmosphere,
or with the engine cylinder, or can be shut off from either.
Firstly, let it be placed in communication with the atmo-
sphere ; the spring above the indicator piston is then neither
in tension nor compression.  Let the pencil now be pressed
against the paper on the barrel, and draw the string by hand
50 as to make the barrel revolve ; the pencil will then trace
a horizontal straight line (aa’, fig. 134), which is the line of
atmospheric pressure. Next draw the line /7 parallel to aa
at a distance below it to represent 14 1bs. pressure to the
scale corresponding to the spring above the piston, This
will be the line of perfect vacuumiwhen the barometer stands
at its usual height. The atmospheric pressure i3 frequently
spoken of as 15 lbs. to the square inch,

Let the cock now be turned so that the indicator piston
shall be placed in: communication with the/steam cylinder at
the commencementof astroke.. The piston will immediately
rise, compressing the spiral spring above it, through a space
proportional to the steam pressure. Suppose the pressure
in the engine cylinder, when the steam is first admitted, to
be 65 lbs. by the gauge = 65+ 15 = 8o lbs. above the line

z
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of perfect vacuum or zero of pressure. The pencil will, when
steam is first admitted to the engine cylinder, rise vertically
upwards, tracing the line to represent 8o Ibs. on the same
scale that fa represents 15 lbs.

As the piston of the engine moves forward, let the steam
continue toenter at undiminished pressure, say for one-third
of the stroke, and
let it then be
sharply cut off.
During this period
the pencil will re-
main at the same
height and will,
consequently, as
the drum of the
indicator revolves
beneath it, trace
out the horizontal
straight line AB
parallel to fg, and
proportional in length to one-third of the stroke of the piston
of the engine.

When the steam-is cut off it will commence to expand,
and the pressure will consequently drop. We will suppose,
for the sake of simplicity, that the expansion takes place
according to Boyle’s law, and at the end of the stroke it will
be % = 263 lbs. absolute, and at intermediate points will
(see p. 45) be represented by the ordinates of a rectangular
hyperbola. The point of the pencil drops as the pressure
diminishes, and as at the same time the drum revolves, a
curve, BC, will be traced, which will be'a portion of a rec-
tangular hyperbola. — Erect, therefore, at the point g, which
represents the end of the stroke, the perpendicular ¢C, in
length equal to one-third of Af; and through the points
BC draw the curve BC, such that any ordinate, 4’4, multi-
plied by its corresponding abscissa f#, shall be equal to the
product BB’ x £ B’
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When the piston has reached the end of its stroke, let
the exhaust valve open fully and sharply ; then, if there be
no condenser, the pressure will fall to that of the atmosphere,
and the pencil will descend, describing the straight line Ca'.
The piston will now commence its return stroke, during
which there is no pressure of steam, but only the pressure
of the atmosphere opposing its return, and the pencil will
consequently trace the horizontal straight line &’g, till the
piston reaches its original position, when the same series of
operations recommences. If, however, the engine is pro-
vided with a condenser, when communication with the
exhaust is opened the pressure falls below the atmospheric
line to a point D, the position of which depends upon the
amount of vacuum maintained in the condenser. Suppose,
for instance, that twelve pounds was the amount of vacuum,
then the pencil will continue moving in the direction Ca’ till
the point D is reached, such that @D=}3=% of af If,
during the return stroke, the vacuum is maintained at this
figure, the pencil will trace the horizontal straight line DE,
parallel to @z’ ; and when the piston has regained its origi-
nal position and steam is readmitted, the pencil will rise
vertically upwards to A, and the above series of operations
will be repeated.

How to measure the Power exeried during the Stroke of the
Prston.—Tt must be remembered that all distances meastred
along aa’ represent spaces. traversed by the piston, while all
distances measured at right angles to this directionirépresent
pressures of steam in pounds per square inch.  And conse-
quently the work done, or pressure multiplied by space
traversed under that pressure, is represented byan area. If
the pressure/were uniform, as it is, for/instance, along the
line AB, it would be easy to caleulate the area, which would
in this case, if the engine were of the condensing type
=ABxAE. As, however, the pressure varies at different
parts of the stroke, it will be necessary to find the length of
line representing the mean or average pressure, which, when

v 2
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multiplied into the length of the stroke, will give an area
equal to the irregular figure ABCDE. The usual method
of finding the mean pressure is as follows. The line ED,
representing the length of the stroke in feet to scale, is
divided into-ten €qual parts, and from each point of division
a perpendicular is erected intersecting the bounding lines of
the diagram. The mean pressure in each of the ten divi-
sions of the diagram must next be'computed. This is easy
to do by eye if ‘the diagram is not very irregular. In the
latter event it will, for the sake of accuracy, be better to
divide the diagram into twenty instead of ten equal divisions.
The ten mean pressures must next be added together, and
their sum divided by ten, the quotient being the mean pres-
sure for the entire diagram, which, being multiplied by the
length of stroke in feet, gives the work in foot-pounds exerted
during each stroke for every square inch of area of the
piston.

Tb ascertain from the Diagram the Horse-power at whick
the Engine is working,—A horse-power-is, as has been before
explained, an expressionused to denote the amount of work
done in raising 33,000 pounds one foot high in a minute.
Having ascertained the mean pressure from the diagram, we
multiply it by the number of square inches of area of the
piston ; the product gives the total average pressure on the
piston. This number, multiplied by the length of the stroke
in feet, gives the number of foot-pounds of work per stroke,
which, multiplied by the number of strokes per minute and
divided by 33,000, gives the indicated horse-power.

EXAMPLE.

The eylinderjof anengine is 14} inches diameter; the stroke is' 3

feet, and the number of strokes per minute 88 ; the

mean, pressure in
the cylinder is asc rram to be 40 1bs, per
square inch : what 2-pOwWer is

The area of # cylinder of 143 inches diameter is 165 square inches.
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How peculiarities and defects are revealed by the indicator
diagram.—The indicator diagrams of most engines differ in
many important respects from the ideal diagram of fig. 134.
In a fairly well-constructed engine the following modifications
of form will probably take place. When the cylinder is fitted
with an ordinary slide valve, the pressure during the portion
of the stroke represented by AB will not be uniform, for two
principal reasons. In the first place, the steam ports are,
even when fully open, necessarily of limited area. At the
beginning of the stroke the piston is moving comparatively
slowly, while the valve, on the contrary, is at the quickest
portion of its stroke, and is rapidly uncovering the port, and
the steam pressure is consequently at first fairly well main-
tained. As the point of cut-off is approached, the piston 1s,
however. moving nearly at its maximum velocity, while the
port is' being gradually ¢losed by the valve, and the area
available for the admission of the steam is gradually dimin-
ished. It results that the steam cannot enter fast enough
to follow up the piston, It is, in fact, throttled at its en-
trance into the cylinder, and the pressure falls in conse-
quence, so that the line AB is no longer horizontal, but
droops, as represented by the full line.

Another-cause of loss of pressure at the.commencement
of the stroke when the steam is worked expansively is the
partial condensation of the entering steam, which takes
place in consequence of its coming in contact with-the
sides of the port and walls of the cylinder, which have
been previously cooled down by contact with the exhaust
steam of the preceding stroke. This condensation of the
fresh steam causes a very serious loss of efficiency in the
steam engine, and will be referred to again in Chap. XI. It
is sought to minimise theloss by keeping the eylinder hot by
surrounding it with a jacket or outer cylinder, which ought
always to be filled with fresh steam from the boiler.

The point of cut-off, B, instead of being sharply defined,
asin fig. 134, is usually arounded corner. This results from
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the very gradual manner in which a simple slide valve cuts
off the steam, causing excessive wire drawing and fall of
pressure at this point.

The line of expansion.—The expansion curve BC will not,
as a rule, follow the line shown in fig. 134. It may either fall
above orbelowit. Ifthe valvesand piston are properly steam-
tight, it will probably rise above BC,; for the following reasons.
In the first place, the line BC is calculated on the supposition
that only the portion of the cylinder represented by the line
AB is filled with steam.. In reality thisds not the case, because
the piston never quite reaches the two covers of the cylinder ;
there is always a vacant ‘'space between them, which, at the
commencement of each stroke, is filled with steam, which
expands with the remainder when the eut off takes place.
Moreover, the steam port, which is often of very considerable
cubic contents, is also filled with steam, which expands in
the same manner. These extra steam spaces are called the
tlearance. - The steam contained in-them at each stroke
would, under ordinary circumstances, but for expansion, be
utterly wasted, The influence of clearance on the curve of
expansion is, of course, to raise it ; for the clearance is vir-
tually equivalent to an increase of the length of the cylinder,
often of about five per cent. Consequently, instead of cal-
culating the curve on the supposition that AB represents the
volume of steam, we must also allow for the portion A’A,
which in this case Is represented as one-twentieth, or five
per cent. of the stroke aa’.

The second principal cause of the raising of the expan-
sion curve is the re-evaporation of some of the water which
was condensed at the commencement of the stroke ; for this
water, having the temperature of the incoming steam, is pos-
sessed of too much heat to remain in the aqueous condition
when the pressure islowered. A portion of it is consequently
re-evaporated towards the end of the stroke. This effect is
increased when the incoming steam, instead of being per-
fectly dry, contains a certain quantity of water. The waste
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due to condensation and subsequent re-evaporation is some-
times very considerable, for though work is done to a certain
extent during the re-evaporation, it is only done at the end
of the stroke ; whereas, had the steam not been condensed,
it would have done work throughout the whole stroke. The
only way to mitigate the evil is to jacket the cylinder with
boiler steam, and thus, as far as possible, to prevent conden-
sation.

A third cause of the raising of the expansion curve may,
in the case of jacketed cylinders, be traced to the action
of the jacket. The flow of heat from this latter to the
contents of the cylinder is proportional to the difference of
temperatures between these contents and the steam in the
jacket. The temperature of the contents of the cylinder
falls rapidly during the expansion, and consequently takes
up most heat from the jacket towards the end of the stroke,
the effect of the added heat being to raise the pressure of
the steam above what it would otherwise be.

The true curve of expansion of dry saturated steam is
not a-real hyperbola like BC (fig. 134), but is a curve which
falls slightly below BC. As the steam expands it does work.
At the same time its pressure, temperature, and total heat
diminish. The difference of heat between the states of higher
and lower pressure is all converted into the mechanical
work done during the expansion. The heat so supplied
is, however, not nearly sufficient to account for the whole
work done. In order to supply the total heat required
some of the steam must be condensed, and yield up its in-
ternal or latent heat for conversion into mechanical work.
As the expansion continues this condensation progresses,
while, at the same time, some of the water condensed from
the steam during the earlier period of the expansion is re-
evaporated, because its temperature is too high to permit of
its all remaining in the aqueous condition when the pressure
is lowered. Thus we see that the actual curve of expansion
of steam in the ordinary conditions of working of an engine
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is most complex, being, in fact, the resultant of a series of
opposing condensations and re-evaporations. The final
form of the curve, for a given ratio of expansion, is deter-
mined by the amount of the clearance, by the original con-
dition of the steam as-to dryness, and the efficiency of the
jacketing, (The general resultwith steam of the usual degree
of moisture is that the curve of expansion is often raised up
to, and even beyond, the true hyperbolic curve
by the full curve in/fig. 34

, as shown
The release and back-pressure lines.~Incylinders provided
with. an ordinary slide valve the expansion is rarely carried
to the end of the stroke. / The steam portis generally opened
to'the exhaust a little béfore this latter point is reached, in
= )
! : lime to get
away before the new stroke commences. : :
\ 1ces,.and in .order ¢
dlow of the i Beine bretiv |l 3 order to
dailow of the port being pretty well opened at the end of
the stroke. The result of this arrangement is that the

order to allow | the exhaust steam plenty of

expansion. curve termmates at a [n’)int ¢ rﬁ:. 134) near

the end of the stroke, and is succeeded by a rounded
corner | at ¢g.which is caused by the exh:

aust being throttled
) aperture of the port when it
commences to opens | | After this point the curve falls rapidly
to the end-of the stroke.

at first’' by the smallnéss of  the

n . As the whole of the exhaust
steam will probably not have escaped by the end of the
‘ » ) : ; ) i L
stroke; instead ofhaving a vertical Tine, 2D (fic. 134), bound-
: shall have a curyed line; /2,
showing /that: the pressure gradually falls /til] the
mimmum pressure, ¢, is reached.

ing the end of the diagram, we

point of
: : T'he character of the
exhaust curve, ca'c, cannot be determined he forel

: : : hand by
theoretical considerations. It depends on the size of the

exhaust,opening, relatively to the sizéof

exi : the cylinder; on' the
efficiency of the.condenser, and on the

Hi i pressure and con-
dition of the steam as to moisture at

& the point where
the exhaust commences.

i If the steam contains much sy
ended moisture, it is » difficult to expel it f ]

I e : Ld'k . 1\:mnm diffi 1'11\ to expel it from the
cylinder than when in the dry condition -

1S~

and this is one of
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those indirect causes of loss due to condensation in the
gylinder and to priming, which is to a great extent corrected
by the use of a jacket.

The height cf the point ¢ above the line of perfect
vacuum fr measures the minimum pressure which opposes
the return motion of the piston. This opposing pressure is
called the back pressure and, of course, the greater its
amount, the greater the loss of efficiency of the engine. No
matter how perfect the vacuum in the condenser, it is im-
possible to attain an equally good vacuum in the cylinder,
on account of the
resistance opposed
to the passage of
the exhaust steam
by the ports, and
the ‘pipe connect-
ing' the cylinder
with the condenser. Q !

If the engine £
be non-condensing, 7
the back pressure
will at the least be
equal to-the pressure of the atmosphere; and: in-addition -

there will be an increment of pressure due to the difficulty
of expelling the steam from' the cylinder through the ports
and exhaust-pipe. In the case of locomotives, where the
¢éxhaust passes through a blast:pipe, with a narrow orifice,
up the chimney, for the purpose of promoting a draught,
the increase of back pressure due to this cause may under
certain circumstances (see p. 141) be very considerable.
Fig. 135 shows the) usual character line of exhaust and of
back pressure fora non-condensing engine, the same letters
being used as in fig. 134

Reverting again to fig. 134, after the point ¢ of minimum
back pressure is reached, the pencil will, if the vacuum be
maintained uniformly, trace the horizontal line /2" till a
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point & is reached near the end of the stroke. At this
point, if the engine be fitted with a slide valve, worked
by an eccentric the exhaust will be closed ; for just as the
exhaust was made to open before the termination of the
forward stroke, 80 it miist close before the termination of the
back-stroke. The exact position of the point & relatively
16 ¢is explained in the chapter on valve setting (see fig. 109).
All the steam remaining in the cylinder and in the clearance
spaces when the exhaust' opening is closed, will be com-
pressed as the piston advances, and consequently the pressure
will ‘rise; and the (indicator pencil will \describe a curve,
which at some point or other, depending on the position of
4’ and on the pressure of the steam at &, will coalesce with
the vertical line EA

Cushioning, or compression of exhaust steam.—This com-
pression of ll\c steanv-at the end of the stroke—or auskion-
ng, as it is usnally called—by raising the mean value of
the back pressure, detracts from the ‘effective power of the
énging;-and would at-first _sight appear to be a souree of
waste. | It ‘must, however, be remembered that the steam
which is compressed by ‘the piston is, at the end of the
stroke;in a/condition to exert its pressure usefully on the
piston when making the next stroke. It, moreover, fills the
clearance spaces, which would otherwise have to be filled at
each stroke with fresh steam from the Dboiler, the whole
of which, excepting in so_far as it would raise the curye of
expansion, would be wasted./  Consequently, cushioning,
though it diminishes the effective power exerted, increases

the efficiency, or the ratio of work done to steam expended.

Some engineers recommend that the exhaust be closed at such
a point, that the compressed steam, by the'time the end of the
stroke is reached, shall attain the boiler pressure,; in which case
the curve of compression would terminate at the point A,
fig. 134. Cushioning is also very useful in engines having
a high speed of piston, inasmuch as it assists in l)rinulnﬁ

the reciprocating masses, viz. the piston and the piston and
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connecting rods, quietly to a state of rest. The lower diagram,
fig. 146, is intended to illustrate a very marked curve of com-
pression. It is taken from a locomotive engine working ata
hx'*h r'mde of expansion.

e have now seen how the actual diagram in an ordi-
nary steam engine may be expected to differ from the
theoretical diagram of fig. 134. We have also seen how the
diagram records the following facts and operations, viz.—

1. The exact point of the stroke at which steam is
admitted.

The initial pressure of the steam in the cylinders,
which being compared to the boiler pressure, shows us
whether the steam pipes and passages are of the necessary
dimensions.

The way._in which the initial pressure is maintained
or otherwise during the period of admission.

The point of cut-off.

5. The pressure during the whole period of exp ansion.

6. The point of release, Ze. when the exhaust is opened.

7. The rapidity with which the exhaust takes place, as
shn\\n by the nature of the exhaust curve.

The minimum back pressure, which in a condensing
engine is also the test of the perfection of the vacuum, and
in a non-condensing engine shows what the effect of the
friction of the exhaust pipes and passages is in additicn to
the unavoidable pressure due to the atmosphere.

9 The period when the exhaust is closed.

The nature of the curve of compression.

IT. 'l he power which is being given off by the engine.

Principal causes affecting the Sforms of diagrams “We have
also seen that the principal causes which dx.\lurh the shape
of the theoretical diagram are—

The friction of the steam pipes and ports.

The variable size of the opening of the steam ports
as caused by the gradual motion of the slide valve

The action of the sides of the cylinder in causing
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condensation and partial re-evaporation of some of the
entering steam.

The steam contained in the clearance spaces which
affects the curve of expansion.

5. The gradual opening of the exhaust port, which
makes it hecessary to releéase the steam too early in the
stroke.

The friction of the exhaust passages, which in the
case of condensing engines prevents the attainment in the
cylinder of the same degree of vacuum‘as'in the condenser,
and in the case of non-c umlubmg engines adds to the back
pressure.

7. The momentum of the moving parts, which, combined
with cause’ 4, and-also with the unavoidable nature of the
simple slide yalve driven by an eccentric, renders a curve of
compression necessary:

Lxamples of diagrams from actual engines—We shall
afterwards see that the indicator possesses other important
uses in addition_to those named above, but it is first pro-
posed to give a few examples of good and bad diagrams

taken from various

a engines, and to point
out some of the
peculiarities  which
they reveal.

The diagram re-
presented by fig. 136
shows a very late
admission of steam,

the maximum pres-
sure not being attained till the piston has traversed a portion
of the stroke represented by aa’,

The proper position of
the line éa’ is the dotted line Ja.

I'he fault is evidently

due to the valve having been badly set, either through be-
coming displaced, or else through the eccentric not ha\m"

been given sufficient advance (see page 253).
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Fig. 137 shows that the steam pressure during admission
is injuriously affected by throttling, owing to insufficient
opening or area of the
port.

Fig. 138 repre-
sents a  diagram
which in addition
to numerous other
defects shows a very
high back pressure.
This was due to the
fact that the steam,
instead of being al-
lowed to escape di-
rectly into the atmosphere, was passed first into a feed
water heater. With some classes of feed heaters it happens
that much more
power is lost by the
increase in the back
pressure  than is
gained by raising the
temperature  of the
feed.

How lo draw the
/uf(r.'n’"' curve of
expansion.—The dia-
grams (figs. 139 to r42) are given to show the effects of

Fig. 137.

Fig. 138

condensation and re-ev .\pomth n on the curves of expansion.
In order to be able to mark this effect more accurately it
is advisable in all cases to lay down on the diagram
the hyperbolic curve of expansion, which is the graphic
representation of Boyle's/law ; for though this curve repre-
sents neither the curve of expansion of steam nor the
curve of its relative volumes, it is found, nevertheless,
that it is the line to which the expansion of steam in
the best types of engines most closely approximates, and
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is for this reason the best curve to use as a standard of
comparison.

In order to draw the curve of expansion for a given
diagram, such as fig. 139, erect a perpendicular a5, to the line
of perfect vacuum-az, the distance @a’ representing the
clearance reduced  to an.equrvalent fraction of the stroke.
The lines ad, a¢, will be then the asymptotes of the hyper-
bola ; and ad, drawn at an angle of 45° with @ and ag, will
be the axis of the curye., We must now select some point
in the expansion curve of the diagram from which to com-
mence the hyperbolic curve. This latter will in general
vary for every point which we may choose, for if there be
condensation at the commencement and re-evaporation to-

wards the end of

pA L7 the stroke, it is
= evident that there

may be a higher
pressure of steam
in the cylinder at
the end of the
stroke than there
should be if the
true curve of sntur‘atcd steam expanding and doing work
were followed. Tt is usual to choose a point either at the

Fig. 139,

C e > » 2 > % o ~ o p .
ommencement of the curve, such as ¢ (fig. 139 ), when the

steam port has been completely closed, or else a point £
just before the exhaust is ‘opened. : ’

_ | The co-ordinates, eg
and ek, of the point ¢ (orof /if we select the latter point)
must then be measured and multiplied together. The points
¢, ', ¢, &, corresponding to the positions of the piston
: - ]

ol ol ¢

oM s &1 . N - 3 -

¢', g5 gy are such that the products of their co-ordinates

equal the product of the co-ordinates of the original point, &
ginal'p )6

Thus ¢’ xga = eg X ga. .. &g =% ,-'<.«;.41.

ga
Initial condensation and re-evaporation shown by
139, we see that the actual

diagrams.—In the diagram, fig.
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expansion curve, ef, of the steam lies throughout its whole
length above the hyperbola line, showing a considerable re-
evaporation of water, which has either been formed by con-
densation at the commencement of the stroke or carried
over in the form of spray from the boiler.

Fig. 140 shows the same effect in a still more marked
degree. 1In this case it was ascertained that a large quantity
of water was carried
over into the cylin-
der from the boiler,
which was partially
re-evaporated by the
end of the stroke.
That the water was
not wholly re-eva-
porated, before the
return stroke com-
menced, is shown by
the bad vacuum line. The effect of water in the cylinder
in increasing the back pressure is most marked, and is,
no doubt, in part due to the re-evaporation which goes on
during the exhaust, when the diminished pressure must
enable considerable
quantities of the
highly heated water
to burst into steam.

The diagram on
fig. 141 is’ given to
illustrate the case of
condensation at the
commencement and
re-evaporation at the
end of the stroke. Here, it will be noticed, the expan-
sion curve falls below the hyperbola at the commencement,
then crosses it, and for the remainder of the stroke lies
above it.

1

Fig. 141.




336 The Steam: Engine.

Leaky pistons and slide valves—In engines which have
been long at work, the expansion curve may be injuriously
affected by leakage of steam through the valve or piston.
The best method of ascertaining whether this is going on is
to block the fly-wheel at any point in the stroke while the
admission port is.open, then to admit steam, and to open
the lubricating cock at the other. end of the cylinder. If
steam continues to pour steadily forth from the cock, it shows
that there is a leak, || By blocking the fly-wheel when the
valve is at mid-stroke, and consequently covering both ports,
and then opening the lubricating cock, or looking at the
mouth of the exhaust
pipe, we can ascertain
whether the leakage is
through the valve.

Fig. 142 is the dia-
gram of an engine in
which a very consider-
able leak took place
past the valve. The
initial  pressure  of
steam in the cylinder
was about 67 lbs. abso-
lute, and the cut-off was supposed to take place at about
one-tenth of the stroke. Hence the pressure at release
should have been about seven pounds absolute, whereas
it is shown by the indicator to have been nearly’ twenty
pounds.

The diagrams on fig. 143 are intended to show differences
of the exhaust line. 1In No. 1 the exhaust port is opened
at @ before the end of the stroke; and by the end rof the
stroke the steam pressure has fallen very low. - In' No. 2,
which was taken from the same engine as No. 1, but with

the eccentric badly set, so as to cause a late admission of
the steam, the exhaust is not opened till just before the very
end of the stroke, and the terminal pressure, is much higher
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than in thecase of No. 1, although the initial pressure is
less, and the rate of expansion the same. The vacuum line
is inferior to that of No. 1
at the commencement, as
the steam has not had
time to escape before the
return stroke begins. It
very often happens that
what is gained by post-
poning the release till the
stroke is finished is lost
again through the increase

in the back pressure. The
terminal  pressures are,

however, very different in
the two cases, and conse-
quently, also, the twisting moments on the crank towards
the end of the stroke.

Fig. 144 is taken from a cylinder provided with exhaust
valves and ports quite inde-
pendent of the steam valves
and ports. Aswill be seen from
the sharp corner at @.and the
sudden fall of the pressure,
the exhaust port opens sharply
and fully, thus allowing the

Fig, 143

Fig. 144,
steam to escape very readily.
The diagram, fig. 45, shows as bad a distribution of the

Fig. 145.
steam as it is possible to conceive. The valve is deficient
both in lap and lead, consequently the admission of the
Z
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steam is late ; the engine works with full steam during the
whole stroke ; the port is opened so gradually that the full
pressure is not attained
till the end of the stroke.
The exhaust opens so
late and so gradually
Cut off 75 % that the pressure of the
exhaust steam had not
fallen to its proper point
tillnearly the end of the
return stroke.

The diagrams on fig.
146 have reference to
the 'line of compres-
sion. In an engine with
a single slide valve to
regulate the admission
and exhaust of the
steam from each end of
the cylinder, the point
Cat off 19 % of the stroke where the
exhaust closes 1§ de-
pendent on the point
where it opens—&e
the point of rclease;
and in proportion as
the latter occurs early
Cut off 15 7 in the forward stroke,
so will the former take
place early during the
retarn | stroke. This
effect is more ‘particu-
. larly apparent in the
diagrams of locomotives which are driven by a single slide,
the rate of expansion being varied by means of the link

motion. Nos. 1, 2, 3, and 4 are taken from the same loco-
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motive engine, working at different rates of expansion, and
with varying points of release and compression. In Nos. 3
and 4, the exhaust is closed so early that the curve of com-
pression rises to a great height before the end of the return
stroke, so much so that the back pressure at the end of
the return stroke rises nearly to the initial pressure at the
commencement of the forward stroke. 'The advantage of
compressing the exhaust steam has already been explained.

It would be impossible to give in this chapter examples
of all the peculiarities which may arise in diagrams from
defective valve setting, or leaky valves and pistons, priming
boilers, and unjacketed cylinders ; but, as the nature of the
best attainable diagram has been explained, and also the
principal faults and peculiarities which oceur in U!'(HH:}!'_\’
engines, enough has been said to enable the student to m-
\'cs;lxg;ltc the condition of most engines from an inspection
of their indicator diagrams.

Gross and net indicated power—The indicator diagram
gives us, as we have seen, an exact account of the working
of the engine and of
the power which 'is
being exerted and
which is.available for
transmission, either
to the working parts
of the engine proper

B

or to some external
train of mechanism.
1t also gives the total
power which is being
exerted by theengine
which’ includes the power which 15| being thrown away
in overcoming back pressure. Take, for instance, the dia-

A l

Fig. 147.

gram, fig. 147, which is taken from a high-pressure expan-
sive enaine, the line AE being the line of absolute vacuum.
It 1s evident that during the forward stroke the work done by

Zz32
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the steam on the piston is equal to the area ABCDE.
During the back stroke the return of the piston is opposed
by the pressure of the atmosphere and of the exhaust steam,
on which it does work, measured by the area DEAF, so that
the useful work available for transmission to the parts of the
engine and external objects is represented by the difference
between these two figures—z.e. BCDF.

The work represented by ABCDE is called the gross in-
dicated power, and BCDF is called the net indicated power.
This latter, again, is'divisible into, two parts, one being the
work necessary to overcome the friction of the moving parts
of the enging, and the other being the remainder, which is
called the useful power, and which is all that is availablg for
doing external work.

The above éxplanation will render.clear the reason why
the economy due to-expansion in non-condensing engines is
so very limited.  For instance, taking fig. 148, it is evident
that the power thrown away in overcoming the back pressure
is about forty per eent. of the total power exerted. If a still
greater degree of expansion wer¢ used, the gross power
would be diminished, while the-power wasted would remain
the same, and the comparison between the useful and the
gross power would be still more disadvantageous. Of
course, condensation removes this evil to a great extent, but
in condensing engines the theoretical gain due to high rates
of .expansion is also_limited by causes which are_explained
in Chapter X1

How to deduce from indicator diagrams the effective
pressure on the piston.—The indicator diagram, tho.;z_::h it
shows the pressure at every point of the stroke, does not
show the pressure which is ayailable for transmission through
the piston and connecting rods to the erank of the engine.

This pressure is the difference between the total pressure,

as shown by the diagram, on the driving side of the piston,
and the simultaneous back pressure on the other side of the

piston, which latter can only be obtained by taking a sepa-
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rate diagram from the other end of the cylinder. In well-
designed horizontal engines the diagrams from the two
cylinder ends should in most cases be as nearly as possible
alike, but in many engines, especially those in which the
valve setting is defective, or in which the connecting rod is
short compared to the length of the crank, the diagrams
differ from each other very considerably, and consequently a
pair of diagrams is often absolutely essential to enable us to
compute the net pressure transmitted by the piston.

In order to obtain the pressure available for transmission
externally at any point of the stroke we must construct a
new diagram, which shall show the differences between the
simultaneous forward and back pressures on the two sides
of the piston.

Let ABCD, A'B'C'D/, fig. 148, represent diagrams taken
from the opposite ends of a cylinder. The diagrams are
arranged so as to
overlap, the point
D' marking the
end. of the for-
ward stroke, being
in the same verti-
cal straight line
as the point A,
which marks the
commencement of
the back stroke.
This arrangement

is convenient, as
it enables the
simultaneous forward ~and back pressures to be seen at
a olance. . Thus at’ the commencement of the forward
stroke the pressure on the working face of the piston is
measured by the distance of the point A from the line of
absolute vacuum GG’. At the same moment the other side

Fig. 148.

of the piston is acted on by a back pressure measured by
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the distance of the point D’ from gz/, and therefore the

effective pressure is the difference between these two, and
is measured by the line AD". When the piston has reached
the position K, being the place where the exhaust line of
one diagram_crosses, the line of compression of the other
diagram, the two pressurés are-equal, and consequently the
piston 1s urged neither forwards. nor backwards by the
steam, and continues its forward hmotion only by reason
of the energy stored up in the moving parts of the engine
and the fly-wheel.  Erom the point”K to the end of the
stroke D), the pressure urging the piston. forward is actually
less than the back pressure, which latter consequently tends
to bring the piston to a state of rest.
The true diagram. of resultant pressure on the piston
is formed by setting off the differences-between the forward
and back pres-
A sures as ordinates,
measuring - from
the line of abso-
lute vacuum as a
base and drawing
a curve through
the ends of the
ordinates. When-

ever the forward
pressure-is. in-€x-
cess, the ordinate
Fig. 140, is drawn above
the line GG’ and
whenever the back pressure is in excess it is drawn below.
We thus get the dotted curve of fig. 148 which is reproduced
for the sake of clearness as ‘a separate diagram in the curve
D'ABZDA/, fig. 149, which shows the resultant pressure on
the piston at any point of the stroke.
We are enabled by this method to see what important

modifications of the resultant diagram may be caused by
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alterations in the positions of the points of release C :?nd
comprcssion E, fig. 148. If the rAclcnﬁsc occurred 1! Lh? 'L'l.ld
of the stroke instead of at the point C, the pressure hcnj'cgn
the points C and D would be greater than m:t[ nh()\':n in
the figure. On the other hand, the vacuum at the com-
mencement of the return str ke would not be 50 good, ”u;d
consequently the back pressure between the points ]1) Al}(} ,
would be greater than is represented. )I(,»rcm»\'cr, if the steam
di»:tri\;uti&n were controlled by an ordinary '.\hdc valve th.c
points of release and of compression would beinte rdependent,
and in the case under consideration there would be no :'1114
preciable compression. The general result \\'uuh'l be that Lh(_
positive pressure at the commencement and the mrm\;
pressure at the end of the stroke would .cm:h be ‘.hmmlshu..
and consequently the pressure on the piston would fluctuate
betseen less wide limits. -
The resultant diagram will be found of great 'us'c W nc]\n
we require to calenlate the twist nf.: mmnc-m on the crank-
pin throughout & revolution (see Chapter V.). e
How {0 ascertain the expenditure of steam accounted for 0y
the diaoram.—Another and most important use of the indi-
cator diagram is to
enable us to ac-
count for the ex
penditure of the
steam and the
heat supplied from
the boiler to the
engine. In order

to measure, from

the diagram, - the

steam consumed, —

we must ascertain . -
i v o 2o hefore the release

the pressure at a point a, fig. 150, Just before the x)dmu

takesplace. By reference to Col. 5 of Table I. we can deduce

LAN '1' < Al J A h

the weight of a cubic foot of steam of this pressure, We
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must ascertain the cubic contents of the cylinder, includ-
ing the clearance, in cubic feet, up to the point a, and
multiplying this number by the weight of the cubic foot
of steam, we obtain the weight of steam present in the
cylinder immediately before the release. When there is
any compression, we must deduct the quantity of steam
sayed by the early closing of the exhaust. To do this we
have only to measure the pressure at any point &, after the
exhaust ‘has closed, and to ascertain the weight of the con-
tents of the eylinder up to the point 4. The difference
between the steam spent and saved isthe quantity accounted
for by the indicator. / By comparing the quantity thus
accounted for in an hour with the weight of water which
leaves the boiler in the same time we can ascertain how
much of it is lost by the combined effects of priming, con-
densation in the pipes, and condensation in the cylinder
itself.

If we ascertain the pressure and ‘weight of the steam
contained in-the cylinder at a point immediately after the
admission - is closed, we can, by the help of Table I., as-
certain the number of thermal units contained in the steam
at that point of the stroke.~ This number of thermal units
will always be-less than the total heat which has been' sup-
plied to the engine up to that point, for a certain number
will have been expended in restoring the temperature of the
ends of the cylinder and piston.  Also during the expan-
sion the steam loses the heat which has been converted into
mechanical work, and consequently, if we were to measure the
heat contained in the steam at any point, say &, fig. 150, before
the release takes place, we should expect to find that the
number of thermal units was less than that contained in the
steam-at the point of cut-off by the number converted into
mechanical work  As a matter of fact, however, the number
is never less, and is often considerably greater, thus showing
that a great deal of the heat which passes from the steam to
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the sides of the cylinder during the early part ot .the st.r‘(nku
is, during the remainder of the stroke, re-transmitted from
- } -y r 1ot
the cylinder to the steam, and passes out with the exhaust

and is partly wasted. . o
The diagrams of compound engines will be considered
in Chapter XL
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CHAPTER IX.

FUEL—COMBUSTION~—THE GENERATION OF STEAM-—BOILERS
AND THEIR FITTINGS.

Combustion—Combination of oxygen with carbon—Combination of oxyge
with compounds of carbo \ !|~.ds'<u:«-n—('h(:mi":li symt (J\:l:;r;
atomic weights of constituents o fuel—Principal compounds of clv.ri;unL
hydrogen, and oxygen—~Constituents of fuel—H at of \‘mvnhuq‘iun of
carbon and-hydrogen with oxygen—Description’ of fuels in comr .
use—Table of the chemical constituents and. évaporative m\-'»"r]m“'
varigus 1\1-.-1\—\\".'1‘1')11 and temperature of the pro it ts of “)Il-];hv\;;(_l‘ﬁ
~—\\ aste of _mn-l by splintering, distllation, inlSllltl:r'cn'.»:\in» su -,h‘-ﬂ

ﬁmvyko» forming—Draught crention, radiation, ‘and u;nviw:lidnﬁl( “on-

duction of heat ti the plates of furnages—Importance of pre-
yenting an.over-su ly of air to fuel—The various types of A')\')ﬂt‘;l—

(.yvhndn"x‘! hailer th externil firing=— Cornish boil -;_"I"\l -1h 5

boilers—Lancashire boi lloway tuhes—The ey

flues — Lok v‘\mu:f-,v arine boilers for low-pressure steam—
am— Proportions of parts of boilers

—Consumption of fuel per square foot of

heati urface—Cubic-capacities of .

room h of boilers—Hollow cyli 1 fr
ressed fr

s otttdinnl om within :
longitudinal s s 2 transverse strain—stre ‘

i i3 of riveted joints
'H- llow Y d from without—Flat staved surf: U“"—Flﬁ'- 1:
of unequal heating in strai hoilers—Material g i
Boiler fittings—Safety i *
jectors—Water gauges,

L of construction—
1 prLSUTE - ¢
s ressure  gauges—Feed pumps—In-

WE have hitherto considered chiefly the nature and the laws

of heat, and the details of the engine which is employed to
convert the heat into mechanical work ; but of the source of
heat—viz the fuel, and the mediuvm: by means of which:it is
cor?\'uycd to the engine, viz. water, and the apparatus by
which the heat of the fuel is transferred to the water, viz
the boiler—we have up till now said but little. -

The source of heat which is always employed is fuel
c1 . - 3 ” g "t M " 1] j 4 g ¢ : .
such as coal, wood, peat, or mineral oil, the principal calorific
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constituents of which are carbon and hydrogen. The
chemical combination of these elements with oxygen pro-
duces intense heat, which, for the purposes of the steam-
engine, is transmitted to the water contained in the boiler in
a manner to be hereaiter described.

The amount of heat which can be generated by the
chemical combination of fuel and oxygen, commonly called
combustion, depends upon the relative proportions of car-
bon and hydrogen whic h the fuel contains, as well as on the
amount of oxygen which is supplied to it. Itis well known
that chemical elements combine with each other in certain
definite proportions only ; that is to say, for instance, a
certain definite weight of carbon—viz. twelve units—will
combine with a certain other definite weight of oxygen—viz
sixteen units—to form the compound called carbonic oxide,
and these two elements will only combine in these propor-
tions or in certain simple multiples of them. Thus, for
example, no chemical combinations can be formed out of
seven parts by weight of ‘carbon to five parts by weight of
oxygen ; but, on the other hand, twelve parts of carbon will
combine with twice sixteen parts of oxygen, forming the
compound  called carbonic acid or carbonic anhydride,
which.is the term applied to the product of the complete
combustion of carbon in oxygen.

The numbers 12 and 16 applied to carbon and oxygen
are called the atomic weights of these two substances, and it
is supposed that the ultimate atoms of which theyare com-
posed have to each other the relative weights of 12 t0 16.
These numbers are also called the chemical equivalents of
the substances.

If, instead of pure elementary substances, such as carbon
and oxygen, we had to deal with the combination of a com-
pound with a simple element, we should find that the
chemical equivalent of the compound would be the sum of
the equivalents of its constituents ; thus, for example, a
pound of olefiant gas, which 1is composed of carbon and
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hydrogen_ in the proportion of six parts by weight of carbon
to one of hydrog:n, would, in order to effect its combustion
require a quantity of oxygen computed as follows. 'l‘hé
(fﬂﬂn:)!} weighs ¢ of a pound, and would require }$ x2 of
its own weight of exygen in order to form carbonic acid
The hydrogen weighs 2 of a2 pound ; its chemical cqui\'a:
lent or n&um'ic weight is 1, and it combines with oxygen in
the -proportion of two parts by weight to sixteen of the
oxygen.. . That is'to'say, the weight of oxygen required is
+x 4 of apound.. Consequently for the p‘\)und of olefiant
gas we shall want (§ x 31§ x 2)+ (3 x %) = 3% 1bs. of oxygen
"I’hc. following are the chemical symbols and :zt'(TmiL:
weights of the principal elementary constituents of fuel.
Carbon . 7 s G
Hydrogen ol {1
Oxygen . Wi | 1)

12
I
. . 16

- ]hcj fnll«).\vmg are the principal chemical combinations
of the foregoing. ‘

Name Chemical composition Chemical
symbol

Carbonic oxide | Forme earbo il
I } ;?,l(-“;,r:,lf g:}rimnﬁnil oxygen, in | CO
3 portion of twelve parts by
weight of the {ormer to sixteen of
) ; the latter, or C,,+ 0O ‘
Carbonic acid Formed o d
or carbonic

anhydride,

of carbon and oxygen, in
the proportion of twelve ﬁ'lrt\' by
T {4 {; . ; y
weight of the former to thirty-two
t« vof the latter, or C,, + Q.
~12 b o

['he above are the products of the cmnhu%ti[ of ¢

on of carbon

in oxygen, the former being the result of imperfect, the
latter of perfect combustion. )

Sk : - .
Narme Chemical composition Chemical

symbol
Water F :
ate ormed o drocen and ovve -
1.} ed of hy drogen and oxygen, in H,O
the proportion of two parts by -
weight of the former to sixteen of
the latter, or H. + (7)1.,
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The above is the product of the combustion of hydrogen
in oxygen.

- —

Name Chemical composition

QOlefiant gas . Formed of carbon and hydrogen, in
the proportion of twelve parts by
weight of carbon two of hydrogen,
or Cio+ Ha.

| Marsh gas . | Formed of carbon and hydrogen, in CH,

the proportion of twelve parts by
weight of carbon to four of hydro-
gen, or Cj,+ H..

The two above are gaseous forms of the large family of
hydrocarbons, which exist largely in fuel in the solid and
liquid states also. To this category belong the vegetable and
mineral oils, animal fats, and the bituminous portions of coal.

Fuel.—Ordinary fuel is composed chiefly of carbon,
hydrogen, oxygen, and mineral matters, or of ¢ hemical com-
bmations of these three elements. Its heating power, as
before mentioned, depends on the relative proportions of
the two first elements, and on the manner in which they
are supplied with oxygen.

The heat evolved by a pound of hydrogen when burnt
with oxygen so as to form water is 62,032 thermal units,
which is sufficient to evaporate 042 Ibs. of water from and
at 212° It requires for its combustion 8 1bs. of oxygen.

The heat evolved by a pound of carbon\when burnt
complétely is 14,500 thermal units, which'is sufficient to
evaporate 15 lbs. of water from and at 212°. The amount
of oxygen required to effect the combustion is 2% Ibs.

When imperfectly burned 50, as to form carbonic oxide
the quantity of heat evolved is only 4,400 units, equivalent
to an evaporative power of 4'55 lbs. of water from and at
212°. The-amount of oxygen required is 14 1bs.

In every case the oxygen is obtained from the air, which

s a mechanical mixture of NITOgen and oxygen in the
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proportion of 77 parts by weight of the former to 23 of the
latter. The nitrogen plays no part in the combustion,
except that it mingles with the products of combustion, and
reduces their temperature,

It will-be noticed that the heat of combustion of hydro
gen is about ‘four times as-great as that of carbon, and
consequently those  fuels which contain a relatively large
quantity of hydrogen; such as’ the hydrocarbons, possess
the greatest evaporative’ power ; for'the heating power of a
compound 'of 'these two elements/is sn most cases nearly
equal to the sum of the heating powers of the constituents.

In making an exact estimate of the calorific value of
fuel, it is necessary to take account of the heat lost by
breaking up any existing chemical compounds ; for, just as
the chemical union of carbon and oxygen, or of carbon and
hydrogen, produces heat, so the separation of, say. carbon
from hydrogen, requires the expenditure of heat. If; then,
a fuel contains hydrocarbons, which, /during the combus-
tion, -are broken up into-their constituent proportions of
carbon and hydrogen, and each of these latter then com-
bined with oxygen so as to form carbonic acid and water,
we must not calculate the heat produced by the combina-
tion as being the same as if equal quantities of free carbon
and free hydrogen were so combined. The proper way to
proceed is to calculate first the heat that would be pro-
duced supposing the substances were all originally in the
free or uncombined state, and then to subtract from this
quantity the heat required in order to dissociate the
hydrogen from the carbon. The latter quantity is always
equal to the heat which would be produced by the com-
bination of the equivalent quantities of free carbon and
hydrogen. - Thus, for example, one pound of marsh gas
consists of three-quarters of a pound of carbon and one-
quarter of a pound of hydrogen. If these constituents
were in the uncombined state their combustion with oxygen
would yield the following quantities of heat :—

Heat of Combustion of Fuel.

= 10,875 thermal units,

Carbon, 3 1b. . 14,500%%
¢ X
“

Hydrogen, } 1b. . . 62,032

"»

Total . ,

Jut experiments prove that the heat (.k\'clopcd .b)' the
combustion of one pound of marsh gas in_oxygen is Of\l'\'
23,582 thermal units, thus lcu.\‘m; a f]chcwnc_v L?f :,‘_S?x
units due to the heat absorbed in splitting up the chemic .:l
compound of carbon and hydrogen. In those compouncs
of carbon and hydrogen in which only two equivalents of
hvdrogen are combined with one of carbon, the heat of
combination is so little that it is not necessary o take
account of it in computing theoretically the calorific value
of fuel. When a fuel contains oxygen, in addition to carbon
and hydrogen, it is found that so much of the hydrogen as
would be ;‘c'i\lirC(l to combine with' the ()xygcn.prcsml in
order to form water, must be left out of account 1n (‘.lh'ul.q-
ing the calorific effect. Any excess of hyd'rn-_g:n':xbm'c this
.U.mmity must, however, be taken into ('onsldcr;\tl()x‘l. b

The fuels in most common use are coal, coke, peat,
wood. and in some countries, such as Sn)mb Russia, unnAcr;.\l
oils. Of these coal is by far the most important ; it is
therefore the only kind of fuel which will be considered in
detail in this chapter. B

There are numerous varieties of coal found in_this
country, which differ from each other i.n appearance, in
chemical constitution, and in their l'ch_n\’lf:vur whc.n -unduv
going combustion.~ Of /these the ;:nm:‘l].":ﬂ varieties Jrg
ﬁn:h%.u‘i!c, dry bituminous, and caking bituminous uml'.».
Anthracite is found chiefly in South Wales. Chemically 1t
consists almost - entirely of -pure carbon. It !mfns’\\‘nhnm

flame. or smoke. It is a very difficult. coal to ignite, :1‘nd
unless gradually heated it splits up, when thrown on the fire,

Lo smae NEeces. _
mle.:rl\]'qll}iilulx:xi§n<ms coal is the most useful fuel mr,.\tcam
auncr.:tiun. It consists chemically of carbon, hydrogen,
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oxygen, and mineral matter which forms ash. Itis lighter
than anthracite, and burns easily with very little smoke.
Caking bituminous coal cantains less carbon than the
foregoing, and more hydrogen and oxygen. It is called
cakiﬁg because it softens when exposed to heat. It burns
casily with a good 'deal of smoke. The following table !
gi\'c; the chemical composition and theoretical heating
power of various kinds of coal. The theoretical heating
power is calculated in the manner already explained. The
practical heating power. differs very considerably from the

I. Charcoal from wood
" peat. )
II. Coke, good . ; 13,620
sy middling . : 12,760
,, bad ;
. Coaks:
Anthracite . . o915 0" 0'026
Dry bittminous O ‘04 | 002
A . 004 | 003
5 . S0 ‘054 | 0°010
33 T ‘05 | 006
Caking . . ‘052 | 0°'054

W

—
—

w

N0l O

SV = Lo N -
w

!

e . . > C 0°04
[ 8. Cannely ! C 008
9. Dry long flaming . |[/0:77 ‘0§52 | 015
10. Lignite . - ; '05 {020
IV. Peat, dry . . | 058 *0 031
Peat containing 25
per cent. moisture
Vs \‘\'n(_x'], lil’y ’ .
Wood containing 20
per cent. moisture —
VI. Mineral oil from . |08 016 ; 21,930
o'15 . 21,735

~3

G = So s &
v

()
w

NN o

' Taken from the Journal of the Royal United Service Institution.

Vol. XI.
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theoretical, and depends chiefly on the stoking, and on the
furnace being suitably made to develope complete combus-
tion. The proper method of designing furnaces will be
explained later on, but it may here be mentioned that with
the best of fuel and the most suitable of furnaces it is
possible *by bad stoking to obtain the most indifferent
results. For instance, if the fuel is laid on in such a
manner that air in sufficient quantities cannot reach it, the
coal will be partly distilled instead of being burnt; the more
volatile constituents, such as the hydrocarbons, will be
driven off in the shape of unburnt gas, and a large propor-
tion of the carbon proper will burn incompletely, forming
carbonic oxide instead of carbonic acid, its heating power
being thus reduced by more than 70 per cent.

The heating powers in the above table are calculated
on the supposition that one pound of pure carbon is capable
of evaporating fifteen pounds of water from 212°. This is
an experimental result arrived at by chemists, and is greatly
in excess of anything that has yet been realised in steam
boilers.

Weight and lemperature of the products of combustion.—
The temperature of the products of combustion of fuel
depends upon their weight and specific heat: The weight
of the products of combustion depends upon the quantity
of air which is supplied to the fuel. As stated above, one
pound of carbon requires for its perfect combustion two
and two-thirds pounds-of ‘oxygen, or about: twelve pounds
of air, When imperfectly burned’ it requires one and one-
third pounds of oxygen, or six pounds of air. One pound
of hydrogen gas consumes eight pounds of oxygen, or
thirty-six pounds of air.

It is found, however, that in practice more air than the
above quantities must be supplied to the fuel in order to
effect complete combustion. The extra quantity required
depends upon the nature of the draught. Thus when the
draught is produced by a chimuey it is usual to estimate

A A
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that twice the theoretical quantity is required, Ze. twenty-
four pounds of air per pound of carbon. When the draught
is artificial, such as that produced by a blower, or by a fan,
or by the blast-pipe, one and a half times the theoretical
quantity, or._eighteen pounds of air per pound of carbon,
is usually required.  Although common coal is & compli-
cated mixture of carbon, hydrogen, and oxygen, no serious
error will be committed by estimating the quantity of air
required for its combustion on the supposition that it is pure
carbon.

From the above it will be evident that, even with the
same fuel, the temperature of the products of combustion
will vary according to the nature of the draught. Thus
taking, ';1;_,'ain, the case of pure earbon, burnt under an
artificial blast, and, therefore, requiring eighteen pounds of
air per pound of fuel, we have the total weight of the pro-
duets of combustion =18+ 1=19 pounds. The total heat
of combustion is, as-stated above; 14,500 units. The mean
specific leat of the products is, according to Rankine,
237 for. constant pressure, and the temperature is found
by dividing the total heat of combustion by the weight
niultiplied by 'the specific heat, Thus, in the present in-
14500

stance, the temperature=
19 X 237
If the draught were produced by means of a chimney,
so that twenty-four pounds of air. would be required, instead
of eighteen, the temperature would only be 7_‘4:.0 _=2,440%
25X 237
On the other hand, if it were possible to burn the fuel
completely with only the theoretical quantity of air neces-
sary, viz. twelve pounds; the weight of the products of
combustion would be only thirteen pounds, and the tem-
n 4500 eRa% ¢ el F
perature =4,580°% or very nearly double the tem-
13X 237
perature which is usually obtained in practice. It will be
seen presently, when considering the waste of fuel in the
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gaseous state, that this question of initial temperature and
weight of the products of combustion assumes an important
aspect.

In practice it is found that a pound of coal falls very
far short of the evaporative power stated in the table. The
reasons for this are twofold. First, the fuel is wasted in
various ways, which will presently be enumerated ; and
second, the boiler is unable to abstract from the fuel all
the heat which actually is generated and to convey it to the
water, so the residue passes up the chimney unutilised.

Waste of fuel—The ways in which fuel is wasted are
various. Many kinds of coal, such as anthracite and dry
steam coal, are extremely brittle when exposed suddenly to
great heat, and small splinters are broken off which fall
through between the bars of the grate into the ashpit. In
the majority of cases, however, the great waste takes place
not 'so much in the solid as in the gaseous state. In an
ordinary coal fire, kindled from below, the upper layers of
fuel are heated through long before they become incandes-
cent. When thus warmed, the coal is partially distilled,
instead of being burnt, and many of its most valuable
constituents are driven off in a gaseous state, and escape up
the chimney unburnt, unless special provision 1s made to
mingle fresh air with the gases as they arise, and to burn
them, as it were, above the fuel.

Anjinsufficient supply of air-to, the fuel itself is often.a
saurce of very great waste, It has been stated before that
if only enough oxygen be present to burn the carbon into
carbonic oxide, instead of into carbonic acid, the units of
heat so generated will be only 4,400 per pound of carbon,
instead of 14,500, Carbonic oxide isa perfectly colourless

gas, and its formation in very large quantities may easily

escape detection. If mingled, however, with a sufficient
supply of fresh air, and suitably ignited, it will burn into
carbonic acid, and in so doing will give out the missing
10,100 units of heat.

AA2




The Steam Engine.

The formation of smoke is also a most fruitful, as it is
one of the most common sources of waste. Smoke is pure
unburnt carbon in a finely divided state which floats about
in the hot gases and air proceeding from the fire, so that
whenever we see dense volumes of smoke escaping from
a chimney, we know that it represents so much valuable
fuel absolutely thrown away, beyond the reach of recovery.
Smoke when once formed  is c\trw\d\ difficult to ignite,
and the greatest;art of go d firing consists in its prevention.
Coals which are rich in hydrocarhons are also the most
fruitful smoke pru‘lmux It is supposed that these volatile
hydrocarbons when' driven off at a considerable temperature,
in the manner described, evolve free carbon before they are
mingled with the air above the fuel, and bec oming cooled
down by contact with the air, the ‘suspended particles of
carbon show themselyes in the form of smoke. Many
arrangements have been contrived for mingling fresh air
with the gases arising from the fuel in order to effect their
combustion.. Some of these will be referred to hereafter, when
the practical details of boilers come under consideration.

Fuel is often largely wasted in forming the draught
which feeds the furmaces with air. The draught is pro-

duced either by means of a chimney or by some more
artificial - blower, such .as the steam  blast-pipe. or the
revolving fan. 1In the case of a chimney it is found that

the best temperature for the ascending gases is'about 600%
whereas the temperature of the fire is about 2,440° above
that of the outside air. Consequently about one-fourth of
the total heat of combustion is wasted in forming the
draught.. Hence it appears that a chimney is a most waste-
ful expedient, for it involves the necessity of sup I']“n” the
fuel with a double allowance of air, and in order to maintain
he draught efficiently it carries off this air at a high tem-
perature. With a blast-pipe or fan it is not necessary, as
far as the draught is concerned, that the escaping gases
should have any higher temperature than that of the

Waste of Fuel. 357

atmosphere, and, moreover, the quantity of air which must
be supplied to the fuel is one fourth less than when a
chimney is employed.

Radiation and conduction are usually set down among
the causes of waste of heat, but when the fire is properly
enclosed, and the boiler surrounded with non-conducting
materials, losses from this cause may be rendered extremely
small.

The inability of the boiler to abstract all the heat which
the fuel gives out is a consequence of the nature of the
conduction of heat through the plates which separate the
water in the boiler from the fire, The rate at which con-
duction takes place between the plates depends, first, upon
the difference in temperature between the two sides of the
plate ; the greater the difference the quicker being the rate of
conduction ; second, upon the conductivity of the metal which
forms the plate ; and third, upon the thickness of the plate.

As regards the difference in temperature between the
sides of the plate, it is evident that when the temperature
on each side is the same no conduction of heat can take
place. If, for example, a boiler be used to form steam of
100 lbs. pressure to the square inch, the temperature of this
steam and of the water from which it is formed is 337 ', "
consequently the hot gases coming from the fire cannot be
cooled down below this point, and must at the least escape up
the chimney at this temperature; and therefore all the heat
due to the difference between this temperature and that of
the atmosphere is of necessity wasted. As a matter of fact,
it is nnl».\.\.\ll)lb to retain the hot gases long enough in
contact with the plates to allow of their temperature drop-
ping to that of the steam, and consequently the waste from
this source is considerably greater than what has been stated
above. This evil may be reduced, to a certain extent, by
introducing the comparatively cold feed water at that part
of the boiler where the gases are coldest, an arrangement
which is always carried out in carefully designed boilers.
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From the above it will be readily understood how
important it is to reduce the supply of airto the fuel to
the minimum which is consistent with perfect combustion.
Any excess quantity of air, in the first place, reduces the
temperature within the furnace, and thus diminishes the rate
of conduction through' the heating surface ; and, in the next
place; it augments the bulk of the gaseous products of
combustion, and thus makes it more difficult than it other-
wise would be for the heating surface to reduce the tempe-
rature of the products to that of the steam and water within
the boiler.: for it is self-évident that a given area of heating
surface is more efficient in abstracting the heat from a smai.l
than from a large bulk of gases.

DeSCRIPTION OF VARIOUS TYPES oF BOILERS.

The essential parts of all boilers are¢ as follows :—

A furnace, which contains the fuel to be burnt; a water
receptacle, which.contains the watér to be evaporated ; a
steam 'space to hold the steam Avhen generated ; heating
surface to transmit the heat from the burning fuel to the
water ; a/ chimney, or other apparatus to cause a draught
to the furnace and to carry away the products of com-
bustion : and various fittings for supplying the boiler with
water, for carrying away the steam, when formed, to the

engine in which it_is used ; for allowing steam to e€scape
into/ the ‘open air when it forms faster/than it can be used;;
for ascertaining the quantity of water in the boiler; for

ascertaining the pressure of the steam, &c.

The forms of steam generators are most numerous, and
depend! chiefly upon/ the purposes for which they are re.
|{1!irr_'d. Tht.\' may all be divided into three 1.z'in( 1’!;;zl cate-
gories : viz. stationary, locomotive, and marine boilers.

In stationary boilers the size and weight are of secondary
consideration, whereas for locomotive purposes, they 3r-¢
paramount.
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The great majority of stationary boliers are cylindrical in
shape, because the cylinder is the best practical form for
strength as against internal pressure ; the ends are either
flat or else segments of spheres. It would be impossible
within the limits of this short work to describe all the
varieties of stationary boilers which have been contrived in
various countries, but a few representative types will be con-
sidered.

STATIONARY LAND BOILERS.

Cylindrical boiler with external firing. The simplest of
all steam generators, and one which is now but seldom used

in this country, is illustrated
in longitudinal and transverse
section in figs. 151, 152
It consists of a cylinder A,
formed of iron plate with
hemispherical ends BB, set
horizontally in_brickwork C,
The lower part of this cylinder
contains the water, the upper

part the steam. The furnace TREHRRTTTRETRN
D is external to the cylinder, Fig. 152.

being underneath one end. -It consists simply of a series

(o]
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of grate bars ¢e set in the brickwork at a convenient dis-
tance below the bottom of the boiler.

The sides and front of the furnace are walls of brick
work, which, being continued upwards, support the end of

) The fuel is thrown on to the bars through
the furnace door », which is set in the front brickwork. The
air_enters between the grate bars from below. The portion
beneath the bars ‘is called the ashpit. The flame and hot
gases, ‘when!formed,  first impinge on the bottom of the
boiler, and are then ‘carried forward by the draught to the
so-called bridge @, which is a projecting piece of brickwork,
which contracts the area of the flue z, and forces all the
products of combustign to keep close to the bottom of the
boiler. Thence the gases pass along the flue », and return
past one side of the cylinder in the flue  (fig. 152), and back
again by the other side flue 7' to the far end of the boiler,
whence they escape up the chimney: ' ‘This latter is provided
with a door or damper p,-which can be' closed or opened at
will, 50 as to-regulate the draught.

['his boiler has two reat defects. The first is that the
area’ of heating _surface, which” is represented by those
portions of /the flues which are bounded by the surface of
the cylindrical shell, istoo small in proportion to the bulk
of the boiler. The second is that if the water contains
solid “matter in solution, as nearly all water does to a
greater or less extent, this matter becomes deposited on the
bottorn of the boiler, just where the greatest evaporation
takes ‘place.  The deposit, being a non-conductor, prevents
the heat of the fuel from reaching the water in sufficient
quantities, thus rendering the heating surface inefficient -
and further; by preventingthe heat from éscaping to the
water, it causes ‘the. plates to become unduly heated, and
quickly burnt out. This defect is sometimes obviated by

placing within shell of the cylinder a segment shaped

trough, shown in transverse section in fig. 153. The

trough « is fixed a few inches from the bottom of the boiler.

Cylindrical Boiler.

In the water space below it the ebullition is most violent,
and the circulation of the water so rapid, that no deposit
can take place ; while within the trough the water is com-

s\\\\\x\ LR

Fig. 1

paratively quiet, and the mud consequently deposits itself
here and does no harm, dand can easily be remoyed
periodically.

There is-another defect belonging to this system of
boiler to which many engineers attach great importance,
viz. that the temperature in each of the three flues #, m, »'
is very different, and consequently the metal ofwhich the
shell of the boiler is composed expands very unequally in
each of the flues, and cracks are very likely to take place
where the effects of the changes of temperature are most
felt.

Cornish boilér~—The Cornish boiler obviates most of the
defects of the system just described. - It consists also of a
cylindrical shell A (figs. 154, 155), with flat or semi-circular
ends. The furnace, however, instead of being situated
underneath the front end of the shell, is enclosed within it
in a second cylinder B, having usually a diameter rather
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greater than half that of the boiler shell. The arrangement
of the grate and bridge is evident from the diagram. After
passing the bridge the flame and gases travel along through
the internal cylinder B, till they reach the back end of the
boiler ; they then refurn to the front again by the two side
flues #. #¢', and thence hack again to the chimney by the
bottom flue # . -

3% 154

In this form of boiler the heating
surface exceeds that of the last de-
scribed by an amount equal to the
arca of the internal flue, while the
internal capacity is diminished by its
cubic contents ; hence for boilers of
equal external dimensions_the ratio
of heating surface to mass of water

to be heated is greatly increased.
Boilers of this sort can, however,
never be made of as small diameters as the plain cylindrical
sort on account of the' necessity) of finding room insidc
below the‘water level, for the furnace and .ﬂuc. The disi
advantage attending the deposits in the plain cylindrical t '1‘nc
1S, (0 & '

great extent, got over in the Cornish boiler : for the
bottom, where the deposit chiefly takes place, is the coolest
7 4 4 - ]

instead of being the ttoat " 4}
instead of being the hottest, part of the heating surface
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The internal flue in the Cornish system is the hottest
portion of the boiler, and consequently undergoes a greater
linear expansion than the outside shell. The result is a
tendency to bulge out the ends, and when the boiler is out
of use the flue returns to its normal size, and thus has a
tendency to work loose from the ends to which it is riveted.
If the ends are too rigid to move, a very serious strain
comes on the joints of the flue. To remedy this the latter
is often made up of a number of short cylindrical lengths
jointed together by being riveted to a ring, the section of
which is shown in fig. 156.

This ring is intended to serve

as a spring, and to allow the

ends @, a' to approach or re-

cede from each other, when

undergoing change of tempe-

rature. It also serves to stiffen

the flue against the pressure from the outside, which tends
to collapse it. Another way of effecting the same end is
shown. in the section of the Lancashire boiler, fig 159.

Even while in use, the flue of a Cornish boiler is liable
to undergo great changes in temperaturg, according to
the state-of thefire. ~When this latter is very low, or when
fresh fuel has been thrown on, the temperature is a mini-
mum. and reaches a maximum again when the fresh fuel
commences to burn fiercely.

Lancashire boiler.—To remedy this inconvenience, and
also in order to attain a more perfect combustion, Fair-
bairn contrived the double-flued, or Lancashire boiler, the
arrangement of the furnaces of which is shown in trans-
verse section in fig, 160, It willbe observed that there
are two internal furaces instead'of one,.as in the Cornish
type. These furnaces are sometimes each continued as a
separate flue to the other end of the boiler, as shown in
fig. 160 ; but as a rule they merge into one internal flue,
They are supposed to be fired alternately, and the smoke
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and unburnt gases issuing from the fresh fuel are ignited
in the flue by the hot air proceeding from the other furnace,
the fuel in which is in a state of incandescence. Thus all
violent changes of temperature in the flue are avoided, and
the waste of fuel 'due to-unburnt smoke is avoided, if the
firing is properly conducted.

The disadvantage of the Lanecashire boiler is the dif-
ficulty of finding adequate room  for the two furnaces
without unduly increasing'the diameter, of the shell. Low
furnaces -are -extremely unfavourable ‘to complete com-
bustion, the comparatively cold crown plates, where they
are in contact with the water of the boiler, extinguishing
the flames from the fuel when they are-just formed, while
the narrow spaceé between the fuel and the crown does

permit’ of the proper quantity of-air being supplied
above the fuel to complete t}u combustion of the gases as

other hand, though this type of boiler
favours the distillation of the fuel ‘and the formation of
smoke, it supplies the
means of completing the
combustion afterwards by
means of the hot air from
the second furnace.

Another disadvantage
which the Lancashire
boiler has in common
with all steam generators
having circular internal

:
i
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furnaces, is the danger
to which the flues are
exposéd — of collapsing,
. : because of the 1)rcssllfc
which they have to sustain from without. There are many
ways of getting over this evil.

In the Galloway form of boiler the flue is sustained and

stifiened by the introduction of numerous conical tubes
= )
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flanged at the two ends and riveted across the flue. These
tubes, a sketch of two of which is given in fig. 157, are in
free communication with the water of the boiler, and,
besides acting as stiffeners, they also serve to increase the
heating surface and to pro-
mote circulation. Other
methods of strengthening
the flues have already been
described under the head
of Cornish boilers.

Mr. Fox of Leeds cor-
rugates the flues in the
manner shown in fig. 158.

This plan increases the re-

sisting power of the flues enormously, and, moreover, in-
creases the heating surface and pm\ldu for the contraction
and expansion of the flue.

The annexed illustrations give all the prmupll details
of a Lancashire boiler fitted with Galloway tubes. Fig. 159
represents a lun"muhml section, and fiz. 160 shows to a larger
scale. an end view of the front of the boiler with its fittings,
and also a transverse section, The arrangement of the
furnaces, flues, ‘and the Galloway tubes@ @ a is sufficiently
obvious from the drawings. The usual length of these
boilers is 27 feet, though they are occasionally made as short
as 21 feet.

The minimum diameter of the furnaces-is 33/ inches,
and in order to contain these comfortably the diameter of
the boiler should not be less than 7 feet. The ends of the
boiler are flat, and are prevented from bulging outwards by
being held in/ place by the furnaces an dflues, which stay the
two ends uthhu and also })\ the/so-called gusset stays, ¢,
fig. 159, which are explained in greater letail on page 397
Great care should be taken to keep the lower ends HT L}H
russet stays 8 or ¢ inches away from the nearest points of

furnaces and flues, otherwise when the latter expand under
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the influence of the heat the boiler ends will be so stiff, that
instead of slightly bulging out to accommodate themselves
to the increased length of the flues, they will be very severely
strained in the neighbourhood of the angle irons by which
they are-fastened to the flues. The result of this local strain-
ing will be the opening of the grain of the iron, and its
sttbsequent rapid ‘corrosion. / For the same reason the
thickness of the end plates. should not exceed a half inch
for pressures up to 75'1bs, per square.inch. In addition to
the gussetstays, the flat ends of the boilers frequently have
longitudipal rods to tie them together., One of these is
shown at AA; ig. 159,

The steam is eollected in the pipe S, which is perforated
all along the top 80 as to admit the steam, and exclude the
water spray which may rise from the-surface during ebul-
lition. The steam thence passes to the stop-valve T, out-
side the boiler, and thence by the steam pipes to the engines.

‘There are two safety valves on the top of the boiler, one,
B (fig:.159), being of the dead weighttype explained on page
404, and the other, C, being a so-called low-water safety valve,
It 1s attached ‘bytoeans of a lever and rod to the float F,
which ordinarily rests on\ the surface of the water. When,
through any neglect, the water sinks below its proper level,
the float sinks also, and causes the valve to open, thus
allowing steam to escape and giving an alarm,

M is_the man:-hole, with its covering plate, which admits
of access to the interior of the'boiler; and'H is the mud-hole
by which the sediment which accumulates all along the
bottom is raked out. Below the front end and underneath
are shown the pipe and stop-valve by which the boiler can
be emptied or blown off.

y

Onthe ‘front of the boiler {fig. 160) are shown the pres-
fure gauge, the water g

gauges, and the furnace doors, which
! K is the

seed-pipe ; RR, a pipe and cock for blowing off scum. In the

are described in deta

y, are shown two iron doors by which
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access may be gained to the lower external flues for clearing
PUrposes.

In the Lancashire boiler it is considered advisable to
take the products of combustion, after they leave the
internal flues, along the bottom of the boiler, and then back
to the chimney by the sides. When this plan is adopted
the bottom is kept hotter than would otherwise be the case,
and circulation-is promoted, which prevents the coldest
water from accumulating at the bottom. If this precaution
be neglected, the boiler is very apt to strain locally, from
the fact of the top and sides being hotter, and consequently
expanding more than the bottom. The result is that the
lower portions of the transverse seams of rivets give way.

The principal dimensions and other particulars of the
boiler shown in figs. 159 and 160 are as follows :—

Steam pressure \ . ; . 75 Ibs, per sq. inch
Length . d - . . 27 feet
Diameter § . > « TEB
Weight (total ’ . . . 15} tons
Shell plates . : X . v inch
Furnace diameter . - ) - 33 inches
Furnace plates . . : . #inch
Grate area . A : ; . 33 sq. feet
[Heating surface :—
In furnace and flues . . . 450
In Galloway pipes . ; . 30

In external flues ¢ : . 370

Total. : - .- §850  ,3
Fuel consumption, 17 to 23 Ibs. of coal per sq. ft. of grate per hour
Water evaporated per Ib. of coal, at and from 212° from 10} to

11 Ibs. with the help of a feed-heater.

TusurLous BOILERS.

The above term is applied to a class of boilers in which
the water is contained in a series of tubes, of comparatively
small diameter, which communicate with one another and
with a common steam-chamber. The flame and hot gases

. B B
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from the furnace circulate between the tubes, and are
usually guided by baffle plates or partitions, so as to act
equally on all portions of the tubes. 'I“hcre are many
varieties of this type of boiler. Fig. 161 illustrates l.{oots
patent boiler. ~Each-tube is screwed at either end into a
square cast-iron  head, and each of these heads has two

[ ")

opehings, one communicating with the tube below, and the
other with the tube above.  The communication is effected
by means of hollow cast-iron caps shown at the ends of the
tubes. The caps have openings in them corresponding with
the openings in the tube heads to which they are bolted, the
joints being made by india-rubber washers.

Locomotive Boilers.

LocoMmoTIVE BOILERS.

The essential features of locomotive boilers are dictated
by the duties which they have to perform under peculiar
conditions. The size and weight are limited by the fact
that the boiler has to be transported rapidly from place to
place, and also that it has to fit in between the frames of the
locomotive ; while, at the same time, the pressure of the
steam has to be very great, in order that with comparatively
small cylinders the engine may develope great power ;
moreover, the quantity of water which has to be evaporated
in a given time is very considerable. To fulfil these latter
conditions a large quantity of coal must be burned on a fire-
grate of limited area; hence intense combustion is necessary
under a forced blast. To utilise advantageously the heat
thus generated, a large heating surface must be provided,
and this can only be obtained by passing the products of
combustion through a great number of tubes of small
diameter. 'The manner in which these conditions are
carried out in practice will be best understood by reference
to the accompanying illustrations (figs. 162 to 165 ). Fig. 162
is a longitudinal vertical section of a boiler of a modern
locomotive. Fig. 163 is a vertical transverse section, half
through the fire-box, and half through the cylindrical body
of the boiler showing the tubes in section.  Fig, 164 is half
a section through the smoke box and funnel, and half an
elevation of the front end of the locomotive, showing the
smoke-box door. Fig. 165 is a horizontal section through the
fire-box, showing some of the fire-bars in plan. The furnace
(figs. 162, 163, 165), or fire-boxas it is called, is a box-shaped
casing of copper. In horizontal plan the fire-box is also rect-
angular, the width in this example being 40 inches, and the
length from front to back 6o inches, and the height from top
of fire-bars to crown 644 inches. The fire-bars B usually form
the bottom of the box, though in some boilers there is a water

BB 2
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=

space provided with two openings for the admission of air
below the bars. The lower edge of the furnace door is about

Locomotive Boilers. 373

30 inches from the grate. Within the fire-box and below the
tubes a bridge or arch of fire-brick is often built, which serves

Fig. 164.
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to deflect the products of combustion, which would otherwise
rush direct into the tubes, and causes them to impinge on the
sides and crown. The fire-box is enclosed completely within
the body of the boiler, and consequently the four sides, and
also the top or crown, are available as heating surface. The
sides and top, being flat, would quickly collapse under the
pressure of the steam unless special provision were made to
stiffen them. = The plan invariably adopted is to connect the
sides of the fire-box with the outside shell of the boiler by a
number of short bolts or stays CCC, screwed and riveted into
each, as shown in fig, 163. The shell of the boiler exterior to
the fire-box is also in plan a rectangular box made of wrought
iron plates, The tendency of the stéam being to bulge the
shell outwards, and the sides of the fire-box inwards, the two
pressures neutralise éach other in the stays, which latterare of
course put into a state of tension. They are clearly shown in
the drawing, and are spaced about four inches apart all over
the flat surfaces. _The portion of the shell immediately over
the crown of the firesbox is not flat, but semi-circular. It
would consequently be often inconvenient to stay these two
sturfaces together in the manner described. The crown of
the fire-box is thereforé stiffened in a different manner, and
usually by means of stout girders, though in the case of the
boiler under description, the crown is supported by stays EE
hanging from the shell plate.

The remainder of the shell of the boiler consists of ja
cylindrical barrel united tothe rectangular portion| sur-
rounding the fire-box. This barrel is 4 feet 24% inches in
diameter and 10 feet 11 inches long. The products of com-
bustion from the furnace dre conveyed through the barrel
to the smoke-box E, figs. 162 and 164, by means of 195 thin
tubes, made of brass, 1 inch in external diameter, and 10 feet
11} inches long. In this manner a very large heating surface

is obtained. Care must be taken in designing these tubes
to make their diameter sufficiently large to carry off the

products of combustion with ease. In some of the earlier
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locomotive boilers, the diameter was made too small, with
the object of getting as many tubes as possible into the
available space, and thus increasing the heating surface ;
but it was found that the narrow tubes offered a most serious
impediment to the escape of the smoke and gases, and they
were moreover, on account of their small diameter, very
liable to become choked by soot, so that this plan had to be
avoided. It was formerly the custom to make the tubes
much longer than shown in fig. 162, with the object of
gaining heating surface; but modern experiehce has shown
that the last three or four feet next the smoke-box were of
little or no use, because, by the time the products of com-
bustion reached this part of the heating surface, their tem-
perature was so reduced that but little additional heat could
be abstracted from them. The tubes, in addition to acting
as flues and heating surface, fulfil also the funiction of stays
to the flat end of the barrel of the boiler, and the portion
of the fire-box oppositeto it. They always tend to work loose
and consequently to leak at the tube plates (T, T, fig. 162),
because they expand and contract more than the outside
shell. . They must therefore be very securely fastened. This
is accomplished either by riveting the ends over the tube-
plates; and driving.in ring ferrules, or_else by expanding the
tube immediately behind the tube plates by an instrument
specially made for this purpose. In addition to the staying
power derived from the tubes, the smoke-box tube plate and
the front shell plate ¥ are stayed together by several long
rods. or-else the ends are strengthened by gusset stays eCC.
In the boiler under consideration the heating surface given
by the tubes is 964 square feet in area, while the sides and
srowi of the fire-box;jor; the direct heating surface, as it is
called, 'is’ 1o1 'square feet., The grate area is 16 square
feet.

The forced draught in a locomotive boiler is obtained
by causing the steam from the cylinders after it has done its
work to be discharged into the chimney by means of a pipe
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R (figs. 162, 164) called the blast-pipe. The lower portion of
the blast-pipe consists of two branches, one in communica-
tion with the exhaust port of each cylinder. One of these
branches and one cylinder L are shown in section, fig. 164.
The most advantageous position for the mouth of the blast-
pipe is some few inches below the base of the funnel. As
each puff of steam from the blast-pipe escapes up the
chimney, it forces the air out in front of it, causing a partial
vacuum ' which 'can ‘only be supplied by the air rushing
through the furnacé and tubes. | The greater the body of
steam escaping at each puff, and the more rapid the succes-
sion of puffs, the more violent is the action of the blast-pipe
in producing ‘a draught, and consequently this contrivance
regulates the consumption of fuel and the evaporation of
water, to/a certain extent automatically, because when the
engine is working its hardest, and using most steam, the
blast is at the same time most efficacious. The blast-
pipe 18 perhaps the most distinctive  feature of the loco-
motive boiler, and the one which ‘alone has rendered it
possible to obtain large quantities of steam from so small a
generator.

The chamber E (figs. 162, 164) into which the smoke and
other products of combustion issue on leaving the tubesis
called the smoke-box. It is provided with a door in front,
for giving access to the interior and to the tubes. The
chimney is placed on the top of the smoke-box. The steam is
either collected 'in a dome,on the top of the barrel, and
which contains the mouth of the steam pipe S, leading to the
cylinders ; or else, as in the case of fig 162, a perforated
pipe, S, is used, which runs along the top of the steam space
in the barrel of the boiler. Unless these precautions were
taken; the steam would earry over quantities of spray into the
cylinders ; in other words, the boiler would prime. Priming,
besides being a great inconvenience, is also a source of waste
of heat, for the hot water carried over into the cylinders

is incapable of doing work itself, and, moreover, lowers
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the temperature of the steam in contact with it, and in
this way may indirectly become a most prolific source of
waste.

On account of the oscillations to which the boilers of
locomotive engines are subject, weighted safety valves are
inadmissible, and springs are used instead to hold the valves
in place. A spring safety valve is described on p. 406.

MARINE BOILERS.

The boilers used on board steamships are of two
principal types. The older sort used for steam of com-
paratively low pressure, viz. up to 35 Ibs. per square inch,
is usually made of flat plates stayed together, after the
manner of the exterior and interior fire-boxes of a locomotive
boiler. Modern high-pressure marine boilers, constructed
for steam of 6o to 150 Ibs. per square inch, are circular or
oval in cross section, and are fitted with eylindrical interior
furnaces and flues like land boilers.

Figs. 166, 167 represent the general arrangement of the
older type of marine boiler, in longitudinal and transverse
sections. A A, fig. 167, are the grate bars ; B, the furnace
door4D, the-ashpit. After passing-the bridge the hot air
and flame enter a large chamber E, called the back up-take,
thence they return through the tubes ez, to the front up-
take F and the chimney, The heating surface consists of
the sidesand crown of the furnace, the sidés of the back up-
take and the tubes.” The front up-take F is provided with
doors G for giving access to the tubes and chimney for clean-
ing and repairs. The outside shell of this type of boiler is
rectangular box:shaped. ' Some of the stays are represented
at @ a @ in both views.

The general arrangements and construction of this type
of boiler are rendered clear by the illustrations. As the form
of the boiler contributes nothing to its strength, the latter is
maintained by staying all the opposite surfaces together in
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the manner already described for the flat fire-boxes of loco-
motive boilers.
The use of high-pressure steam of from 6o to 150 lbs.

iz, 166.%

jerseEsen

per square inch in modern marine engines has necessitated
the abandonment of the type of boiler just described, as it
would not be safe when dealing with such great pressures

! Figs. 166 and 167 are taken by permission from Mr. R. Sennett’s
work on the Marine Steam Engine,
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and large surfaces to depend solely on the strength of the
stays.  Accordingly we find that modern marine boilers are
circular, or nearly so, in cross section, with flat ends.

Fig. 168 shows a front elevation and partial sections of a
pair of such boilers, together with their up- takes, steam- chest,
and other fittings ; and fig. 169 shows one of them in lonw,.
tudinal vertical SCLthI’l It will be seen from these dm\m"s
that there are three internal cylindrical furnaces in each end
of these boilers, making in all six furnaces per boiler, The
firing takes place at both ends. The flame and hot gases
from each furnace, after passing over the bridge, enter a flat-
sided rectangular combustion chamber, and thence travel
through tubes to the front up-take, and so on to the
chimney. The sides of the combustion chambers are stayed
to each other and to the shell plate of the boiler. The tops
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are strengthened in the same manner as the crowns of loco-
motive fire-boxes already described. The flat-end plates of
the boiler shell are stayed together by means of long bolts,

which can be tightened up by means of nuts at their ends.

Access is gained to the up-takes for purposes of cleaning,

repair of tubes, &c. by means of doors on their fronts, just

above the furnace doors. The steam is collected 1n the

Marine Boilers.

large cylindrical receivers shown above each boiler.
material of construction is mild steel.

Fig. 169.

The following are the principal dimensions and other
particulars of one of these boilers :

Léngth from front to back, 20 ft,
Diameter of shell, 15 ft. 6 in.
of furnace, 6 ft. 10 in.
er of furnace, 3 ft. 101in.
weth of tubes, 6 ft. 9 in.
Diameter, 34 in,
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There are many varieties of marine boilers, adapted to
suit special circumstances. Fig. 170 for instance is a sketch
of 2 modern boiler, which is only fired from one end, and is
in consequence much shorter in proportion to its diameter
than the type illustrated in fig. 168. The cross section is often
not circular. The sidesare sometimes flat, and are prevented
from bulging by being stayedto each other. The top and
bottom are semicircular in shape. , This form of section has
been adopted in order to save some of the space which is
wasted when the true.circular shape is adopted, and which
can be ill spared on board ship. It will have been noticed
that the boiler illustrated in fig. 168 has a separate com-
bustion chamber for each of the six furnaces. This

arrangement is very good,
because if a tube gives way
in one chamber the fires in
the other furnaces are not

affected by it, but it is never-
theless not always adopted.
Sometimes, even in double-
ended boilers, all the fur-

naces have only one chamber
in common. The disad-
vantages of this plan are so
serious that it is now but
seldom adopted, Very-often
the two opposite fumaces of
a double-ended boiler have

a chamber in common, and

in single-ended boilers with two furnaces we frequently

find the same arrangement. The| number of furnaces. de-
pends upon the diameter of the boiler shell, and the very
confined natural limits, which are set to the diameter of fur-
naces. If the latter are less than 36 inches, the crown of

the furnace is so low that a large proportion of the heating
value of the fuel is lost by the process of distillation. On
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the other hand, if over 48 inches, the thickness of plates
necessary to give sufficient strength to the structure is so
great, th’m the metal would be liable to be burnt, and its
ilcm-‘Lransmiuing powers would be greatly diminished.
Boilers over nine feet in diameter have generally two fur-
naces, those over thirteen to fourteen feet three, while the
very lareest boilers used on first-class mail steamers, and
\\hi«'h often exceed fifteen feet in diameter, have four furnaces.

TarE PROPORTIONS OF THE ParTs OF BOILERS

In designing a boiler of a given type to furnish a certain
amount of steam in a given time, it is requisite to know the
following things :— .

The size of fire-grate necessary to burn the requisite
quantity of fuel in a given time with \'ari(:nm kinds of blast.

The capacity of different sorts of heating surface to trans-
mit heat.

The area of heating surface required to evaporate the
given quantity of water in.the given time,

The relative proportions of the cubic contents of the
boiler, which should be occupied by steam and’ water
respectively.

The quantity of water which a pound of fuel will convert
nto stc:u;w of a given pressure depends upon the pressure
of the steam, the nature of the coal, and the efficiency of
the type ofboiler, For. the purposes of comparison, all
rates of evaporation at various pressures and various tempe-
ratures of feed are reduced to the corresponding rates at
and from 212°. When the above data are known, it is easy
to fix theé size of fire-grate necessary i order to effect the
combustion of the fuel.

Evaporative power of fuel in different types of boilers.
As a general rule, with fair average coal, it may be stated
that ii\(,‘ following rates of evaporation are obtained with
the different types of boilers named :—
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Per 1b, of coal
1cashire boiler using feed heater ¢ to 10°51bs. of water at
from 212
Marine boiler of old type 8:7 Ibs. of water at and from
212°
Marine boiler of new type . . 81 1bs. of water at and from
212
Locomotive boiler . 5 . 9to 12 Ibs. of water at and
from 212

With bad fuel, such as stéamers have often to take in at
foreign.ports, these figures will have to be reduced about
twenty per cent. ; on the other hand, with picked fuel they
may all be increased about fifteen per cent.

Fire graté area~—A given grate-area will burn very
differentweights of fuel in a given-time according to
the nature of the dranght. Where the size of the boiler is
a matter of no impertance, as in most land boilers, a slow
rate of combustion is maintained, with a natural draught, on
account.of the'saving in“wear and tear of the furnaces. In
such cases a common rate is from ten to twenty pounds of
fuel per square footof grate area per hour. On the other
hand, when the Size of the boiler is limited by the circum-
stances; as in/ the case of locomotives and torpedo boats, a
rate of from forty t6 one hundred and twenty pounds per
square foot can be maintained by using a forced draught.
Most of the following figures are given in Rankine’s ¢ Manual
of the Steam Engine.’

Per sq. ft. per hour
Slowest rate of combustion-in Cornish-boilers 4 1bs.
Ordinary rate of combustion in Comish boilers . 10 Ibs.
+ in factory boilers 12 to 16 1bs.
= in marine hoilers . 1510 24 Ibs.
Quickest rate of complete
air coming through grate'alon : : « 20 to 23 1bs,
e in locomot oilers i st-pipe . . 40 to 120 lbs,
Ordinary rate of locomotive boil 63 Ibs.
The length of fire-grate is limited by the distance to
which a stoker can throw the coals back with accuracy. It
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is usual to fix six feet as the utmost limit. The breadth of
the grate depends chiefly on the breadth or diameter of
the boiler, and on the arrangement of the furnaces. In
Lancashire boilers with two internal flues the breadth is
extremely limited. Narrow furnaces have the great disad
vantage that they allow the fire, which is necessarily of small
bulk, to be chilled by the proximity of the cold sides of the
furnace, and allow but little room above the fuel for the
introduction of air to complete the combustion.

Grates of large area are difficult to cover evenly with the

fuel. As a consequence the fire is apt to burn through too
quickly in the thin places, and the air rushing in most where
it finds the easiest entrance, causes the imperfect and slow
combustion of the fuel wherever it is piled on too thickly.
Efficiency of heating surface.—The capacity of the heating
surface to transmit heat to the water depends on the con-
ductivity and the thickness of the metal, also on the position

of the surface, and the difference in temperature between
the water in the boiler and the hot gases in the furnace.
The metals most commonly used to separate the water from
the fuel are wrought iron ‘and steel. These materials are,
however, inferior to copper in conducting power, in the ratio
of about one.to three, and for ‘this reason the latter metal

is used to form the sides of furnaces in all cases where it
is necessary to obtain a high rate of evaporation from a
boiler of limited size. The inner fire-boxes in locomotives
form a case in point. For the tubes of Jocomotive and
many marine- boilers” brass is very generally tised, both on
account of its high conducting power, and also because of
the facility with which tubes can be drawn from this
material ; but tubes of steel and wrought iron are also used,
especially in_the ‘boilers of the mercantile marine. The
most effective portions of the heating surface are the sides,
and especially the crown of the furnace and combustion
chamber, and the first foot or two of the flues or tubes. The
reason of this is that the products of combustion are much

cC
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hotter at these parts than elsewhere, and the effects of radia-
tion are also most strongly felt in these portions of the
boiler.

In a boiler with horizontal flues and tubes the lower
portions-of these-latter are considered of no value as heat-
ing surface, because of the difficulty with which the steam
CS}?:II_»CS from them, For this reason the effective value of
tube-heating surface is ustally estimated to be only three-
fourths 'of the 'total area of the tubes. In estimating the
amount of ‘heating surface in a boiler the surfaces of the
furnace below the fire-bars, and of the combustion chamber
below the bridge, and also of the tube-plate, farthest from
the flame are altogether omitted.

It is impossible to lay down general rules for the evapo-
rating power of a given area of heating surface ; for, as has
been stated above, so much depends on the temperature
which is maintdained in the furnace; and also on the position
of the surface relatively to the hottest part of the fire. For
these reasons the effects.of different portions of the heating
surface in evaporating the watér are widely different, and
nothing but an-average of effect can be taken. In designing
boilers it will, therefore, besafest to follow the proportions of
heating - surface to-grate area, in the various types, which
experience has proved to give the best results. The follow-
ing are the proportions in a few representative cases—

Laneashire boiler, ratic.of grate area to heating surface.. 1126

Lancashire boiler, including surface of feed-water

héater, ratio of grate area to heating surface - Y44
Marine boiler, ratio of grate area to heating surface . 12210 35
Locomotive boiler, ratio of grate area to heating

surface . 4 5 . . S > . 1:060t090

Roughly speaking, it may be'said that for every foot of
heating surface in a Lancashire boiler 6'8 to g lbs. of water
can be evaporated per hour, excluding the surface of the
feed-heater ; in marine boilers from 6 to 8 lbs. ; and in loco-
motives from 10 to 13, for good average coal and ordinary
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conditions. The higher figures apply to the case of the
boilers being forced. With the locomotive type of boiler
applied to torpedo boats 18 1bs. of water have been evapo-

rated per square foot of heating surface, with a forced
draught equivalent to six inches of water. The ratio of
grate area to heating surface was, however, only 1 : 34, and
the water evaporated per pound of coal was consequently
very low, having been only about 6 1bs.

As a general rule it may be stated that the proportion
of heating surface to fuel burnt is as follows :

Per I al burnt per hour

For Lancashire boilers . : » I'Ito 1'5 sq. ft. of surface
]

For modern marine boilers . ! 1to1°'5sq. ft. of s

For modern locomotive boilers . ' to 15 sq. ft. of surface

In order to obtain good evaporative results the higher
figure should be chosen, but little is gained by any further
increase beyond 'the allowance of 1°5 square ft. per lb. of
coal per hour. When the allowance is less than 7 square
ft. per Ib. of coal the results are distinctly uneconomical.

Cubic capacities of botlers of different lypes—The absolute
cubic capacity and the relative capaeities of the water and
steam rooms in a boiler are determined very much by the
nature of the work which is expected to be'done. Of course,
in the case of boilers of a portable nature the circumstances
limit the absolute capacity, but in the case of land boilers,
where the bulk is of no particular account, the cubic con-
tents aré determined solely by the nature of the work to be
done.” Thus in cases where steam i$ only required occa-
sionally, and where, when wanted, it must be raised with
great rapidity, the capacity of the boiler is necessarily small,
and the; heating surface ‘and! grate_area large, relatively to
the ‘cubic contents’; but where steady continuous work is
required the capacity ;s always large.

In boilers of small capacity the greatest care must neces-
sarily be bestowed on the feed; otherwise it would be
impossible to maintain a uniform steam pressure, and more-

N
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over, on account of the rapidity of evaporation, the upper
portions of the heating surface are liable to be denuded of
water. in which case serious damage is likely to ensue. In
boilers of small capacity and great evaporative power it is
usual to put-a lead plug into the crown of the furnace, in
order that, if the water has been allowed to sink below the
level of this portion, the plug may melt, and allow the steam
to enter the furnace and extinguish the fire.

The ' absolute | capacity of steam' and water room in
cubic feet, per pound of water evaporated per hour in the
boiler, varies greatly in different types of boilers. The
following figures give the proportionsadopted in a few cases
ofithe best examples.

Lancashire builers . 1 gubic foot capacity for every 3 Ibs. of
walter to porated per hour
1 cubic foot capacity for every 710 10 Ibs,
of water to e evaporated per hotr

In the case of locometive boilérs the rate of evaporation
varies withifr-such wide limits in the same boiler according
to the work that has to'be done, that it is impossible to give
any general rule.

The/ relative cubic capacities of the steam and water
rooms also-vary very considerably in the different types of
boilers. For instance, where high pressure is used, and
small quantities of steam are very frequently withdrawn
from the boiler, as in the case of locomotives, the steam
roomy need nat berelatively §0 great as when large volumes
of steam are slowly withdrawn, in the case, for example,
of paddle engines. The effect of withdrawing a large vol-
ume of steam from a confined space is to lower the pressure
considerably); at the same time the/water in the boilér has
the temperature due to-the higher pressure ; consequently,
when the pressure falls, the surplus heat in the water at once
generates immense volumes of steam, which rushing to the
surface carry large quantities of spray with them, and thus

give rise to serious priming.
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In ordinary practice we find that in Lancashire boilers the
water occupies about three-fourths of the diameter of the
boiler.

In marine boilers the proportion varies from % to 3
of the total shell capacity, according as they supply quick-
running short-stroke screw engines, or slow and long stroke
paddle engines. It should be borne in mind that when
very steady running is required, and comparatively unskilled
stoking is all that can be had, it is imperative that there
should be not only a large steam room, but also a large water
room to back it up with. The importance of a large cubic
capacity of water as an equaliser of pressure lies in the fact
that the specific heat of water is so high, that whenever the
pressure tends to drop through the neglect of the firing, the
immense store-of heat inthe wateryat the-temperature due
to the higher préssure, is at once available for the immediate
generation of steam,

THE STRENGTH oF BOILERS.

Hollow cylinder pressed from withine—In considering the
strength of beilers the first point to be examined is the
case of a hollow cylinder pressed
from within. Let the circle (fig
171) represent the transverse
section of such a cylindery; which
is supposed ‘to be filled with

steam of a pressure of P 1bs. to

the square inch. It is required

to find the stress on the shell of
the cylinder at’ any two points Fig. 171,
AA, diametrically opposite. Tt is

evident that every inch of the circumference of the shell is

subjected to a pressure acting radially outwards from the
hat the total pressure acting on the semi-

SO t

circumference of a ring one inch wide==. » . P, where r=
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the radius in inches. The force, however, which tends to
separate the metal at AA is not the whole radial pressure
x.r. P, but the sum of the components of this force re-
solved in a direction at right angles to the diameter AA.
The stm of thes¢ components on a ring one inch in width
may be proved to be equal to the pressure on an area equal
to the diameter of the circle (27) multiplied by the width
(one inch). , Hence the sum'= 27P.. The cross section of
the metal at AA has, therefore, to sustain a tension =27P;
or at either of these points separately, the tension = 7P,
Let the thickness of the shell at A ‘be # inches, and let
the tensile strength of the metal be W-lbs. per square inch ;
then the total strength of the ring at"A per inch run of
length of cylinder = W# Ibs. ; and when the boiler is on the

. - W¢
point of bursting we must have W/ = 2P, or = In
7

other words, the pressure’ P, which @ cylindrical boiler will
support, is-directly proportional to the strength and thick-
ness of  the metal, and inversely proportional to the
diameter. 'This reasoning applies only to the case of the
thickness /of the shell \being small compared with the dia-
meter'; had the thickness at AA been considerable, as in
the case of hydraulic presses and heavy guns, we should
have had to argue in a different manner,

As an example, take the case of a cylindrical boiler of
wrought'iron of 6 feet diameter; the plates being % an inch
thick, and the steam pressure 8o Ibs. per square inch, the
tensile strength of the iron being 48,000 lbs. per square inch.
We have »P = the tension at any point in the circumference
of the shell = 3 X 12 X 80 ='2,88a lbs. per inch of length.
On the other hand, the strength of a ring one inch in length

A . . 48,000 e >
and half an inch thick is 4 = = 24,000 lbs.; that is to

say, the strength of the boiler in this case is about eight and
2 half times greater than the stress brought to bear upon it.
In actual practice, however, we could not take the full
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strength of the metal, because the riveted joints are much
weaker than the solid plate. The tensile strength of a
double riveted joint, for such a boiler, would be about 34,000
Ibs. per square inch, and consequently the strength of the
boiler at the weakest part would be 5"'?3:’ = 17,000 Ibs. per
inch of length ; that is to say, the strength would be about
six times greater than the stress.

Factors of safety.—The number which expresses the ratio
of the strength of a boiler to the working strain is called the
factor of safety. Thus in the above example the factor of
safety is six. The proper factor of safety is a point not yet
fully settled. The number adopted by the Board of Trade
for the shells of marine boilers, subject to their inspection,
is five for the most favourable cases ; that is to say, when
materials, construction, and workmanship are all of the best.
In Lancashire boilers the factor four is considered sufficient
for the weakest strip in the boiler. The French Govern-
ment has fixed three as the factor in land boilers, and this low
number has been found to give perfect security.

In addition to the strength of the longitudinal section of
a boiler we must also consider the case of the transyerse or
ring-shaped section. The stress in“this instance is brought
to bear by means of the pressure of the steam on the two
ends, and tends to pull the shell out like a telescope.

No matter what the shape of the end, the pressure on i

t
tending to pull the boiler in two is exactly the same as if
the ends were flat. Taking, therefore, flat ends, and using
the same symbols as before,

we have #7* = the area of the end,
#72P = the total pressure on the area,
277 = the circumference of any transverse section,

and 277/ = the area of such section.

The area 277# has, therefore, to sustain the pressure =7°P.
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When the boiler is on the point of bursting in this manner
we must have, therefore,

- ' ‘r o
77P = 277iW., P = '/“. or W= I;» whereas in the

former case we had W= ]{)': that is to say, W, or the

tensile strength of |the metal; requires to be only half as
great to resist the transverse stress.as the longitudinal.
I'aking the same example as before, we have the area of
theend = 314139 X (3 X 12)* = 40717 square inches ; while
the pressure on'the end = 4071'5 X 80'= 325,7201bs. Now
the area of 'the transverse section of the boiler to resist this
stress=3'14159 X6 X 12 X 4=113'1 square inches, the tensile
strength of which is 5,428,800 1bs. ; that s to say, the strength
is about sixteen and three quarter times greater than the
stress brought to bear on it. As before, however, we can-
not in practice consider the full strength of the plate,
because all boilers are made up of two or more rings riveted
together. ~Qn aceount, however; of the comparatively light
load which the joints have to bear, it is not considered
negessary 10 double rivet the” joints. The strength of a
single ‘miyeted joint in the above example would be only
about 26,000 Ibs: per square inch, and consequently the
factor of safety would be between eight and nine. The
transverse strength of a cylindrical boiler with internal fur-
naces is of_course much greater than in the above examyle,
for while‘the area of the ends 1s diminished by the transverse
area of the furnace orflue, the section of metal which resists
the stress is increased by the area of metal contained in a
transverse section of the flue. | The way in which the strength
is ¢alculated 1§ so apparent from what has gone before that it
is unnecessary to give another example. - See also pp. 398-0.
Strength of riveted Joints.—The prinri]n‘.m of the con-
struction of riveted joints are fully explained in the treatise
on the ‘Elements of Machine Design,’ published in this
series of text-hooks.! It is here only necessary to state that,

Eleme of Machine Design. By W. C. Unwin.
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according to Fairbairn’s experiments, the strength of a single
riveted joint when properly proportioned is 56 per cent. of
the strength of the plate, and that of a double riveted joint
70 per cent.  Fairbairn’s experiments were made on plates 4
mch in thickness, and it seems highly probable that with
the much thicker plates now in use, and the consequent
alteration in the pitch and proportions of the rivets, his
fizures can no longer be accepted as correct. They appear
to err in representing the strength of the joint as being
greater than it really 1s.

. J \——— sorfe
Stngle Riveted .,/(A nis.

iron Rivets Steel Plates,

hick., Dia.
{ meter
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T}'u above tables, and figs. 172 to 174, extracted from
Mr. Unwin’s work, give the proportions, together with the
efficiency of riveted joints

—that is to say, the ratio

of their strength to that of

the solid plate, for iron

and steel plates, and for

single and double riveting.

Fig. 172 illustrates a single

riveted lap joint ; fig. 173

a-similar butt joint, in both

single and double shear—

TR s T -
that 1s to say, with single and double cover plates, Fig

174 shows a double riveted lap joint of the usual dimen-
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sions. All dimensions are given in terms of the diameter
of the rivet as unit. See also App;, Examples 140 e/ segq.

Hollow cylinder pressed from without.—The strength of
cylinders pressed from without 15 much more difficult to
determine than when they are pressed from w ithin. Theo-
retically the metal would for similar pressures be in a state
of compression equal to the tension as determined above.
There is, however, a great practical difference between the
two cases. When a cylinder is pressed from without, unless
it is of a mathematically perfect shape, and perfectly homo-
geneous in strength, the pressure tends to change its shape,
so that it may yield by deformation long before the limit
of the crushing strength of the metal is approac hed. Thus
it is frequently found that internal furnace flues give way
by collapsiige. On the other hand, when pressed from with-
in, the tendency of the pressure is to keep the cylinder in
shape, so that it can only give way when the metal yields.
The standard experiments on the strength of cylinders to
resist external pressure were those made by Fairbairn thirty
three years ago, under onditions widely different from those
now common.  The results arrived at by Fairbaim were as
follows s The strength varies inversely as the length of the
cylinder, inversely also as the diameter, and directly as the
square of the thickness of the metal. The following formula
is given by Rankine to determine the collapsing pressure
of such cylinders :—

P = Saboool’

when P is the pressure in pounds per square inch, 7 'the
thickness of the sides in inches, d the diameter in inches,
and L the length in feet,

In order to obviate the weakness of long f rings of
angle or tee iron are riveted round them at fixed intervals,
as shown in fig. 1735, or else the joints are made as repre-
sented in fig. 156, or as shown in the furnace of the boiler

I'he strength in these cases, according to Fair-




306 The Steam Engune.

bairn, is to be calculated on the supposition that the length
Is equal to the distance between two consecutive rings.
Those portions of cylindrical flues
which do not contain the furnace
are very successfully strengthened
by means of Galloway’s tubes, de-
scribed~on p. 364. The method
of strengthening the furnaces them-

selves \which appears to be most

successtul is the plan of corrugating ‘the plates introduced
by Mr. Fox (fig. 158), and now much used in the furnaces
of high-preéssuré marine boilers.
already deseribed,; see p.
Staying of St

This system has been
305,

: surfaces.—When boilers are formed prin-
cipally of flat plates, like low-pressute marine boilers, or t

: ' he
fire-boxes of locomotive b ilers,

the form contributes nothing

to the strength, which must, therefore. b provided for by

staying the opposite_surfaces together, Fie. 176 shows the
arrangement. of the stays in a Iu«_'vmuli'.;:LI'AI\'»'I)O.\;. They
are usually pitched about 4 inches from centre to centre. and
are fastened into the opp plates by screwing, as shown,
tic heads being riveted over,

Each stay has to bear the
PreEssure ol steam on a sqguare
aa, and the sectional ;1.&.41 of
the stay must b¢ so chosen
that ‘the tensile’ strength will
be suffic ient to bear this strain
with the proper factor of
safety. Thus if # be the.area
of the section of ‘the stav. in

inches, and a” that of the square of plate which it supports,

A ; :

P the pressure of the steam per square inch, and # the
tenstle strength of the stay. we must have—
/{vI‘

, .

aP=at or a =
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It is usual to allow a factor of safety of eight for loco-
motive boilers, while in marine boilers the factor is from
nine to ten, a large margin of strength being necessary on
account of the liability of the stays to corrosion.

If the spaces between the stays are too great, or the plate
too thin, there is a danger of the structure yielding through
the plate bulging outwards between the points of attach-
ment of the stays, thus allowing the latter to draw through
the screwed holes made in the plates. Rankine recommends
that if the material of the plate is equal in strength to that
of the stay, the thickness of the plate should equal half the
diameter of the stay; and that if the material of the plate be
weaker, its thickness should be proportionately increased.

The flat ends of cylindrical boilers are usually stayed to
the cylindrical portions by triangular plates of iron, called
gusset stays (see figs. 159, 162, 177). Gusset stays should
never be brought too
close to any internal
flues riveted to the flat
ends for the reasons

explained on p. 36

The two opposite ends

are also stayed together
by long bar stays, run
ning the whole length
f boiler. It is dangerous, however, to trust too much
latter ‘class of stays ; for, in consequence of the
alternate expansion-and contraction which-takes place every
time the boiler is heated and cooled, they have a tendency
to work loose at the joints ; and if the portion of the boiler
in-which -they are situated should happen to be hotter
than the outside shell, they have a tendency to droop, and
are then perfectly useless.
In designing boilers with stayed surfaces care should be
taken that the opposite plates connected by any system of

stays should, as far as possible, be of equal area, otherwise
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there is sure to be an unequal distribution of load in the
stays, some receiving more than their proper share, and,
moreover, the least supported plate is exposed to the danger
of buckling

o

Ture ErFects oF UNEQUAL ExpansioN AND CONTRACTION
IN STRAINING A BOILER.

It every portion of a boiler were, when heated, raised
to exactly the same temperature, and. if the same description
of metal weré used throughout the entire structure, there
would' of course be no strains set.up by the change of
temperature, because all the parts would expand and
contract proportionately 'to their dimensions. In the
majority of beilers, however, the various portions are at very
different temperatures, and the more highly heated parts
expand to a greater extent than the remainder, thus distort-
ing ‘the shape of the-boiler, and inducing sometimes very
serious $trains. _Take, for instance, the internal furnace and
flue 0f-a Corfish boiler ; this portion, containing, as it does,
the fire, is-considerably hotter than the outside shell, and
consequently expands more.  One of two things must then
happen-+either the flat ends of the boiler must bulge out, or
if these are too rigid to yield, or are stayed too stiffly, the
whole of the metal of the flue will be put into a state of com-
pression, the effects of whic h are sometimes most con-
spicuously.seen in the joints.! Again, the flue, though hotter
on the whole than the test of the boiler, is not itself uniformly
heated, the upper portions above the fire-bars being at a
higher temperature than the lower. The result of this is to
swist rthe flue out of shape: provided the ends of the boiler
can yield, the flue cambering up towards the top of the shell.
If the ends were quite rigid the top of the flue would be
put into compression, and the bottom in tension.

The outside shells are also subject to considerable dif-

1 See also page 303.

Straining of Boilers by unequal Heating.. 399

ferences of temperature, caused by the top of the boiler
being filled with hot steam, while the bottom contains water,
often not much warmer than the feed. In the case of
Cornish and Lancashire boilers with external return flues,
this difference in temperature is compensated for, and some-
times more than compensated for, by the high temperature
of the hot gases circulating underneath, but in the case of

boilers having no external heating surface there may be a

considerable difference in temperature, unless means are
taken to circulate the water.

In estimating the intensity of the strains due to tempera-
ture it should be borne in mind that one degree of rise in
temperature elongates a bar of ordinary boiler iron by the
same amount as would a tensile stress of the intensity of
about 190 Ibs. per square inch. Hence such a bar, if held
rigidly at the ends, so that these could not'move, and then
heated ten degrees, would be subjected to a force of
compression equal to:1900 Ibs. per square inc h. Similarly,
it cooled ten degrees below the normal temperature, it ould
be subjected to a tensile stress of the same amount

MaTERIALS OF CONSTRUCTION.

The metals principally used in the construction of boilers
are wrought iron, mild steel, copper, and brass. Copper is
used almost exclusively for the inner fire-boxes of loco-
mofive furnices, on account of its great conductivity, and the
property which it possesses of resisting the intense tempera-
ture of combustion usual in this class of boiler. The use
of brass is limited to the tubes, but even these are now often
made of steel or iron,

Wronght iron has till' lately been, the principal metal
used in the structure of boilers, but it is now rapidly being
superseded by mild steel. The advantages of mild steel are
very great. Its strength to resist strains of tension and
compression is considerably greater than that of iron, thus
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enabling lesser scantlings to do the work. Its .duczmt)" is
greater, its structure more homogeneous, and its quality
more uniform ; while its power to resist corrosion, when

proper precautions are taken, is reported on most favourably

by those who have had-the best practical opportunities of
watc hing its behaviour in use. The only drawback which
retarded its general introduction was a certain difficulty
which the boiler-makers experienced in working the new
metal safely into shape, especially when at a black heat ;
but this difficulty has to a great extent been got over with
increased experieénce.

The following table gives the approximate numerical
value of the tensile strength of the three metals. It must
be understood that samples of the same metal vary so much
that nothing but approximate or rough average values can be
given.

Tensile Strength, 1bs. per
sq. inch

Name of Metal

With grain | Acrossgrain

Best Lowmoor plate \ % . : 58,487 55,033
Ordinary wrought-iron boiler-plate . - 50,000 46,500
Mild Siemen's steel plates, average . 64,600 64,500
Brass tubes . : S ! . : 80,000 —
Copper plates. . : - 30,000

Copper bolts . : - - 36,000

Lioyd’s rules for marine boilers require that when the
material of the shell plates is mild steel it shall have a tensile
streneth of not less than 26 tons and not more than 3o tons
per .\Ilnm(- inch of section, and the ultimate elongation of a
test'piecé 8 inches in length after fracture; must be not less
than 2o per cent: of the original length. \

‘The Board of Trade rules for steel marine boilers require
that the tensile strength of plates not exposed to flame should
be about 28 tons and should not exceed 32 tons per square
inch of section. The tensile strength of furnace, flanging

Boiler Fittings.

and combustion box plates should range from 26 tons to 30
tons per square inch.

FrrrINGS oF BOILERS.

The principal parts of boilers which now remain to be
considered are furnace doors and grates, safety valves,
pressure and water gauges, feeding apparatus, and feed
heaters.

Furnace Doors.—The chief points to be considered in
the design of furnace doors are to prevent the radiation of
heat through them, and to provide for the admission of air
above the burning fuel in order to aid in the consumption
of smoke and unburnt gases. In all cases where the doors
are exposed to very rough usage—such, for instance, as i
locomotive and:marine boilers=the means foradmitting air

must be of the simplest, and consist generally of simple
perforations, as shown in fig. 178, which represents a front
view and section
of the furnace
door of a locomo-
tive boiler. The
heat from the
burning fuel is
prevented  from

radiating through

the: perforations

in the outer door

by attaching to it
a second or baffle
plate @, at a distance of about 14 inch, the holes in which
do not | coincide in direction-with those of the door proper.
side the greater
part of any heat which may be communicated to the door
by radiation or conduction is returned to the furnace.
Doors similar to the above provide for the constant

DD
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admission of limited quantities of fresh air above the fuel
In actual practice, however, air is only needed above the
fire for a few minutes after fresh fuel has been thrown on
the grate, and is then required In considerable quantities.
In the.case—of land boilers, the furnace doors of which
undergo comparatively mild treatment, it is possible to
introduce the necessary complications for effecting the
above objects. Fig. 160 shows an arrangement In common
use in! Comish'and: Lancashire boilers, and consists of a
number of radial slits in the outer.door plate, which can be
closed or apened at will in the same- manner as an ordinary
window ventilator, Other and more complicated arrange-
ments have been frequently devised which work admirably
so long as they remain in order, but the frequent banging
to which furnacé doors are subjected, even in factory boilers,
soon deranges delicate mechanism.

Furnace doors should be kept  as' small as is compatible
with the proper distribution of the fuel over the grate area,
as otherwise the-great rash of cold air, when the door is
opened, rapidly cools down the flues, and does considerable
injury to tube plates, crowns of furnaces, &c. For this
reason it is desirable, when grates are over forty inches in
width, “to-have two doors to each furnace, which can be
fired alternately.

Dead-plate and Five-bars—Thedead-plate is a flat plate
of iron immediately inside the furnace door, and which is
used in' many boilers in order to insure the combustion of
the volatile “portions of bituminous coal.When the fresh
fuel is laid on it is placed on the dead-plate instead of on
the grate. In this position the coal is coked, the volatile
hydrocarbons being driven off by the radiated heat from the
incandescent fuel, and ignited asthey pass over the latter by
the surplus air coming through the grate, or by a special
admission through the furnace door. As soon as the cok-
ing process is complete the fuel is pushed forward from the
dead-plate over the fire-bars. Dead-plates are also frequently
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used where anthracite coal is burned, as this fuel is apt to
crack and splinter intosmall pieces if thrown fresh on to the
grate without having been previously warmed through.

The grate consists of a number of cast-iron bars, called
fire-bars, which are supported on wrought-iron bearers. In-
numerable forms of fire-bars have been contrived to meet
the cases of special kinds of fuel. The type in common
use is represented in fig. 179, which shows a side view and a
section of a single bar, and a plan of three bars in position
Each bar is, in fact, a small girder, the top surface of which
is wider than the bottom. On each bar are cast lugs, the

width of which determines the size of the mnterstices for the

Fig. 170

passage of air. In marine boilers the usual width of the
bar-on.the. top.surface. is. 1} inch, tapering down to one-
third of this size at the bottom. The interstice varies in
widthiaccording to the characterof the fuel.« Foranthracite
% inch is a maximum, while' for caking coals § inch is often
used. For long furnaces the bars are usually made in two
lengths, with a bearer in the middle of the grate. In 'the

Lancashire boiler, illustrated in fig. bars are in three

lengths of two feet each. They are $inch wide on the top,

and spaced § inch apart. In locomotive boilers the bars
long grates are set

with a considerable slope towards the bridge, in orde

Tac

are generally in one length. Asar

facilitate the distribution of thé fuel. A slope of
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to the foot is the rule. The grates of locomotive engines
are nearly always flat.

Safety valves—The safety valve is a circular valve seated
on the outside of the boiler, and weighted to such an extent
that when. the pressure of the steam exceeds a certain
point, the walve is lifted from its seating and allows the
steam to escape. || Safety valves can be loaded directly with
weights, in which case they
are called dead-weight valves,
or the load can be trans-
mitted to the valve by a lever.
Again, the end of the lever
is sometimes held down by a
simple (weight attached to it
a plan commonly adopted in
land | boilers ; while® some-
times, as in the case of loco-
motive and maring boilers,
the lever is weighted by means
of a spring, the tension of
which can be adjusted.

Fig. 180 shows a form
of dead-weight safety valve,

where @ is the valye which

rests on the seating 4.
i The valye is attached to
Bl the eircular casting AAA, so
that” both ‘rise and fall to
gether. The weights WW, &ec., are disposed on the casting

in rings, which can be adjusted to the desired blow-off

pressure. | Owing to-the centre of gravity of, the-easting
and weights being below! the ‘valve, the' latter requires no
guides to keep it in position. This is a great advantage,

n
as guides frequently stick, and prevent the valve from

Another advantage of this form of valve is that
it is difficult to tamper with. For instance, a four-inch
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valve, intended to blow off at roo lbs. per square inch,
would require weights of 11 cwt., which occupy a consider-
able bulk. An unauthorised addition of a few pounds to
such a mass would make no appreciable addition to the
blowing-off pressure, while any effectual increment of weight
would be immediately noticed. It is quite different with
the lever safety valve, about to be described. A small addi-
tion to the weight at the end of the lever is multiplied
several times at the valve.

ig. 181,

The second form of safety valve is shown in fig. 181
Here the load is attached to the end C of the lever ABC,
the fulerum of which is at A.

Calling the weight WV,
the weight of the lever 7,
the weight of the yalve, 2,
the distance of the centre of gravity of the lever from A, /,
3 AC /
T W L -+ w0 —
AB AB
is the pressure brought to bear on the seat 45 of the valve &
The effective pressure on the valve, and consequently the
blowing-off pressurelin the boiler, can.be regulated, within
certain limits; by sliding the‘weight W along the arm of the

lever. In locomotive engines the weight would, on account

u
of the oscillations, be inadmissible, and a spring is used to

g
L

hold down the end of the lever. The pressure on the valve
can be regulated by altering the tension of the spring.
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A valve much used in locomotives is shown in fig. 182.
It is called, after the name of its inventor, Ramsbottom’s
patent safety valve. It consists really of two valves AA, placed
side by side, at a little distance apart. A cross-piece B bears
upon-¢ach valve and to the cross-piece is attached a power-
ful spiral spring D, the lower end of which is so fixed at C

that its tension

, _can be adjusted
B (A S =) -
'):\ I

neans of a set

screw at E which
is out of reach of the engine
driver. | Before the valves can
rise they have to overcome the
resistance of the spring, to which
the pressure is communicated by

means of the cross-piece B. The
spring is. antached to the cross-
piece below the bearing points
of the cross-piece on the valyes,
If one of the valves should rise
from its seating before the other,
the spring leans a little towards
this latter, easing the pressure on it, and allowing it to open:
The-riseof the valves from the seating is much greater
with these directly loaded valves than when the pressure 1S
transmitted through alever, and thus the steam escapes with
much greater rapidity.

Every boiler sho ld be provided with two safety

valves. one of which should be put beyond the control

of the attendant. The size of the opening depends of

course upon thé stéam-producing power of. the boiler,
the object to be attained being to reduce the pressure
within the boiler to its normal point as quickly as pos-
sible. The following rule is given by Rankine for valves
having a lift of one-twentieth of their own diameter. Let

a— area of valve ; A = area of heating surface in square
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feet ; P = pressure of steam in pounds per square inch.
['hen

a =

The Board of Trade rule for marine boilers is to allow half
a square inch of safety valve for every square foot of fire-
grate area.

yessure Gauges.—These instruments are used for show-
ing the pressure at which the steam happens to be within the
boiler. The one in most common use is Bourdon’s, and is
illustrated in fig. 183. It con-
sists of a bent metal tube ag,
which is put in connection with
the interior of the boiler by
means of the pipe &, which is
provided with a stopcock. The
tube aa is elliptical in cross
section, as shown at A. The
effect of internal pressure on
the tube is to tend to transform
the elliptical into a eircular
cross section.  This, however,
cannot be:done without partially
unbending or straightening the
tube aa; that i1s to say, the
effect of internal pressure is
ultimately to straighten the
tube, and the greater the pres-
sure the more the tube is unbent, and consequently the
more the free end ¢ is moved from its normal position.
The free end is connected by means of a link with an index
like the handof a watch, either directly, or else through the
medium of a small rack and pinion, which multiplies the
motion of the index; and when the free end of the tube
moves under the influence of pressure, the end of the index

describes an arc of a circle. By placing a dial behind the
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index, and graduating the former experimentally, so that a
given position of the needle corresponds with a given pres-
sure in the tube, we obtain an exact pressure gauge. The
experimental division of the circumference of the dial is
made by connecting the Bourdon gauge with a mercurial
syphon gauge and a force-pump. The force-pump is then
worked, so that the syphon gange registers successive incre-
ments of pressure of one pound per square inch, and at
each of these a mark is made on the dial of the Bourdon
gauge  opposite the position of the index finger. These
gauges should be tested from time 'to) time by a mercurial
gauge, as they are apt to get out of order, in consequence of
water lodging in the end of the bent tube and corroding
the latter., It may easily be known when they are out of
order by raising the pressure of the steam in the boiler, and
watching till 1t commences to blow off ‘at the safety valve,
and then noting the position of the index finger. The pres-
sure registered by the finger should of course then corre-
spond with the known blow-off pressure of the valves ; if it
does not;-one or othér or both of these instruments must
be out of order: but the safeéty valve is usually kept in
order ; therefore when this is the case, and a disagreement
occurs, the Bourdén gauge may be presumed to need
correction.

Feeding Apparatus.—The water of a boiler is replenished
by means of force-pumps or injectors, or by beth:. FEor
safety’s sake every boiler ‘onght to hayetwo feeds, in order
to avoid accidents when one of them gets out of order.
Pumps for feeding are of two principal kinds, viz. those
driven by a crank or eccentric on the main axle of the
enging, and those which are‘connected direct to a separate
smatl ‘engine; which is only employed for pumping purposes
these latter are called donkey engines. The feed-pumps of
land boilers are usually made large enough to supply, if
kept continuously at work, from two to two and a half times
the quantity of water actually consumed by the engine.
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In old-fashioned marine boilers, where the engine is not pro-

vided with a surface condenser, the pumps had to be made
still larger, in order to allow for the waste occasioned by the
discharge of brine from the boilers, The pumps themselves,
being ordinary force-pumps, require no special description.
Injectors.—The injector, which was invented by Giffard, is
in many respects the most peculiar and interesting apparatus
connected with the steam engine. It is an instrument which
converts the energy of the heat in the steam into mechanical
work without the aid of any moving mechanism whatever.
Before describing it, it is necessary to notice the difference
between the velocity of steam escaping from a boiler, and
water escaping from the same vessel under the same pressure
of steam. The velocity of the water is, in accordance with a
well-known law of hydrodynamics, and neglecting the effect
of friction, the same as it would acquire by falling down a
height equal to the length of the column of water which
would produce the same pressure as the steam. Thus, let
the pressure of the steam in the boiler be five atmospheres
above that of the external air ; the pressure of one atmo-
sphere will balance the weight of a column of water 339
feet in height ; therefore five atmospheres will balance a
column of 169'5-feet. The velocity acquired by falling
down this height would be about 104 feet per second.
This, therefore, would be approximately the velocity of efflux

the zwater from the boiler.

of

The velocity of efflux \of the 'steam 3s much greater,
although the pressure is the same. It would’ be impossible
in the limits of this chapter to give an account of the theory
of the flow of gases and of saturated steam. It must be
enough to) mention 'that; for the pressures usual n land

boilers the velocity of the steam Is .from 16 to 13 times

Suppose now that some of the steam were discharged
fom a boiler through a pipe at this high velocity, and that

while in the act of discl > it were condensed suddenly by
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passing through an intensely cold medium ; the resulting
water would travel forward with the same velocity which it
had already acquired when in the state of steam ; and if the
various particles of water could by any means be gathered
together into a continuous stream, they would be more than
able 'to| overcome and to force back into the boiler any
opposing stream of water of the same size directed against
them from the water-room of the boiler. Now the velocity
of the condensed steam is so \great that it possesses not
only energy énough-to re-enter the beiler in the face of an
opposing stream of water of its own size, but it can also
impart energy to'a much larger mass.of water, so that this
larger mass can also enter the boiler. The injector issimply
an instrument for allowing steam to rush from a boiler, and
to suck up and mix with itself a stream of cold water, by
which it"is condensed, and to which it imparts so much of
its own velocity that the combined-mass of cold water and
condensed steam enters into/and feeds the boiler.

Fig. 184 shows an elementary form of such an injector.
A is the section of
a boiler, B a pipe
leading from  the
steam space and
terminating in a
nozzle, C is the
cold - water —pipe
leading from the
tank, and termi-
nating in a hollow
cone surrounding
the steam nozzle.
When the steam
is turned on, and
escapes from the lower edge E of the hollow cone, it
creates a partial vacuum in the cone and in the pipe C.

B

Fig, 184.

The water then rushes up the pipe and into the cone sur-
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rounding the nozzle, where it meets with the escaping steam,
which it condenses. The particles of condensed steam,
impinging on the water surrounding them, communicate
their motion to the latter, and the combined mass is de-
livered at a high velocity into the feed-pipe F, and through

the valve at G into the boiler. Such an injector, if properly

proportioned, would work
well for a fixed pressure of
steam in the boiler, and fora
fixed temperature of the feed
water. In practice, however,
these quantities vary, and in-
jectors must be made to suit
all such contingencies. For
instance, when, the pressure
of the steam ingreases, the
area, of the opening in the
steam nozzle must be. in
creased, and zice ersd. There
are very many forms of in-

jectors. Fig. 185 illustrates
one which is in common
use in this” country. The
steam and water supply pipes,
nozzle, and cone are rendered
sufficiently clear by the draw-
ing. | The steam supply is
varied by altering the posi
tion of the conical spindle
a, which can be screwed
towards or away from the
mofth of the nozzle.

The water chamber CC
is so arranged that it com-
pletely surrounds the steam nozzle. The supply of the water
is varied by contracting or expanding the conical aperture
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below the mouth of the steam nozzle. This is accomplished
by moving the conical sliding tube E backwards or forwards
by means of the hand-wheel D and the rack and pinion.

If the supply of steam is not properly adjusted to the
water, some of the latter will escape at the aperture made

in the sliding tube E into the overflow pipe. For instance,
t

if, the supply of steam be too small, the current will not
have sufficient energy to enter the boiler, and part of it will
choke' up' the' sliding' tube and escape by the aperture.
When. this occurs.it-is, only necessary to turn on more
steam, or shut off some of the water.

The efficiency of the injector is measured by the tempe-
rature of ‘the current of feed water as.it enters the boiler,
compared to its temperature before it enters the injector.
The less'the rise in temperature, the more the energy.of the
steam is utilised. ‘Theoretically speaking, if we measure the
units of heat in the feed water as it enters the boiler over
and above the heat before /it enters the injector, and sub-
tract-the amountfrom the total heat of the steam used, the
result ought to give the useful work which the injector does.
A’ great; deal -of power is_wasted in these instruments,
as at/ present constructed, by the formation of eddies.
When used for feeding boilers, all the heat represented by
the rise of the temperature of the feed water is of course
restored to the boiler.  As might be expected, the efficiency
of an injector increases-as the original temperature of the
feed water diminishes. These instrumrents are also used for
other purposes besides the feeding of boilers. They have
even been employed on a large scale to drain a mine. In
this case the work done was represented by about 8o gallons
per minute raised through a vertical height of 240 feet.
This probably is the greatest amount of work which has
ever been accomplished with an injector, and could of course
only be undertaken where expenditure of fuel was no
consideration.

Water Gauges.—These are used to ascertain the level

Water Gauges and Feed-Heaters.

of the water in the boiler. The simplest sort consist of
three cocks screwed into the face of the boiler at different
levels, one being L;\Li:‘in'\‘ at the normal level of the water,
one above this in the steam space, and a third lower down
at a level below which it is dangerous to allow the water to
sink. By opening these cocks in succession the position of
the water level can be approximately ascertained.

Another variety in common use consists of a straight
glass tube, so fixed that its upper end communicates with
the steam, and the lower end with the water space. Cocks
are provided for cutting off the connection at either end,
and for allowing steam or water to be blown through the
glass tube. The latter is fixed at the ends in metal sockets
which allow of its being removed and replaced when broken.
With this form of gauge the water level is always visible. It
15 usual to provide a boiler with both forms of gauge, in order
that if one gets out of order the other may be available.

Feed-water Heaters—1t 1s very desirable, whenever it
1s possible, to feed the boiler with water of the temperature
of ‘'or about 2x2°. There are three good reasons for this
practice. In the first place, the introduction of cold water
into ‘the hot boiler tends to produce the strains due to
unequal temperature which have been already commented
on. In the next place, it has been observed that water
which has been previously heated, otherwise than by surface
condensers, exercises a far less corrosive effect on the
Boiler than cold water, the corresive action taking /place
in_the heater instead, where its/ injurious effects’ are not
nearly so important. Lastly, there is of course a very cons
siderable saving of fuel effected by utilising waste heat ‘to
raise the temperature of the fuel., Supposing, for instance,
the water were ‘raised from 6¢° to, 212°, there would be a

[ 152 units of heat for every pound of water, which
is equivalent to about one-seventh of the total heat required
to evaporate the water at 212° from the temperature of 60°.

I'here are three distinet methods in use of heating feed
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water, In modern marine engines fitted with surface
condensers the steam condensed from the engines 1s used
over and over again in the boilers. The temperature of
water coming from surface condensers should be about
130°. Unfortunately such water is generally more or less
charged with fatty acids, generated by the decomposition of
the oils used for lubricating the cylinders, and consequently
areat care Has to be exercised to prevent the rapid corrosion
of the! boilers. | Sometimes,  also, the lubricant is carried
back into thé boiler in the shapeof a gelatinous, non-
conducting substance, which settles on the crowns of
furnaces, and prevents the transmission of heat through the
plates. The consequence Is, the furnace crowns become
over-heated and collapse.

With high-pressure non-condensing engines the exhaust
steam is frequently used to raise the temperature of the
feed When the apparatus for utilising the heat of the
exhaust steam is properly designed, very excellent results
may be obtained with this class of heater, but not unfre-
quently. the steam is forced through a series of pipes
surrounded-with-€old water, the result being that the back
pressure in the cylinder is-unduly raised, and much more
heat 15'thus oftén lostin the engine than is gained by raising
the temperature of the feed.

The third class of feed heater utilises the waste heat
from the furnaces before it passes up the chimney, and is
admirably adapted to fagtories where Toom can be spared.
The apparatus usually consists ‘of a series of vertical’ pipes
connected together, through which the feed water is forced.
The hot air and gases proceeding from the boiler flues
circulate between these pipes; and: heat the-water contained
in them. “As, however, the tubes rapidly get covered with
non-conducting soot, it is necessary to provide each of
them with a scraper driven by machinery, which is con-
stantly travelling up and down the tube as long as the

apparatus is at work. A feed heater of this description,

li 208232 00
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applied to the Lancashire boiler illustrated in fig. 159, has
sixty tubes, exposing a total heating surface of 6oo square
feet. It is situated in the base of the chimney. All heaters
of this type are, in reality, low-pressure tubulous boilers,
and, as such, should invariably be provided with safety
valves. '

CHIMNEYS AND OTHER MEANS OF PRODUCING THE
DRAUGHT.

A chimney promotes a flow of air through a furnace,
because the hot air contained in the chimney is lighter than
the surrounding atmosphere, which consequently endeavours
to force its way into the chimney from below in order to
restore the balance of pressure. The only way into the
chimney is through the fire-bars and furnace, and in passing
through these the air maintains the combustion, and at the
same time becoming itself heated, makes the action of the
chimney continuous.

In estimating the action of a chimney of a given size in
producing a draught, the density, temperature, and volume
of the products of combustion must be considered.

The nitrogen which passes through undergoés no
chemical change, and consequently. its density and volume
are unaltered except by the change of tun;;m.mn'c. The
oxygen combines partly with the carbon and partly with the
hydrogen contained in the fuel, while a great portion goes
through unchanged like the nitrogen. The portion which
combines with the carbon so as to form carbonic acid
undergoes no change of volume except so far as it is affected
by temperature, for the volume of the carbonic acid gas is
the same as that of the oxygen from which it is formed, but

"
its density is of course increased by the weight of carbon

taken up. The portion of the oxygen which combines with
the hydrogen forms steam, the volume of which is greater than
that of the oxygen, but the proportion of utilisable hydro-
gen in fuel is so small that it is usually left out of account.
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Consequently the mixed air and products of combustion which
escape from a furnace may be considered as approximately
of the same volume as the air which is supplied to the
furnace when at the same temperature. One pound of air
at 32° has a volume of 124 cubic feet ; and as we have seen
that when) the blast is: produced by a chimney 24 Ibs. of
air_are necessary to consume -a pound of coal, the volume
of furnace gases for every pound.of fuel consumed will be,
when reduced to)(32" = 124 X 24 = 300 cubic feet. At
any other température the volume will equal the volume at
32° multiplied by the ratio of the absolute temperature of
the new temperature to the absolute ‘temperature of 32°
Thus, taking 2o00® as the temperature: of the furnace, the
volume in the aboye case

- = 1497 “cubic feet;

and, generally, V=V, x—2 whére V.. is the volume at
T3

2%.and #and r3, the absolute temperatures of the gas

when at the heat of the furnace and at

% o

The density of the current depends on the quantity of

airsupplied perjpound offuel, and on the final temperature

of the products-of combustion. Thus, if 24 Ibs. of air be
lied per pound of fuel, the volume of this quantity of
t 24 X 125 = 300 cubic feet. The weight of the

mixture-of air and fuel is 2443 = 25 Ibs, and the volume

at the temperature r of the furnace gas is = 300 X —~,

>
<5

The density, or weight of a cub. ft.=

In the general case let 2 1bs. be the weight of fuel burned;
V3, the volume of air supplied at 3

Then the total volume of the products of combustion=

Chimneys.

: . WV 5
the weight of the products = + @ lbs.;
124 :

the density or weight per cubic foot equals the total weight
in 1bs. divided by the total volume

I
1252 Vg, 125 Vao/ 7

32

_wVp+12bw X Sy \Tas
: ‘ )

The qu:mtity\l varies in value according to the air
32
supply.

The Effect of Heightin a Chimney.—The difference be-
tween the weight of a column of outside air of the height of the
chimney above the fire-bars, and standing on a base equal
in area to the cross section of the chimney, and that of the
column of hot air within the chimney is the measure of the
force which produces the draught:~ Let #; be the outside
temperature (absolute measure), and H be the height of the
chimney in feet.

I

12

Then, sinceone cubie foot of air at 32° OF 3., weighs

. A Tan « : v
= 08 Ib,, therefore H (u.s "-‘)—_— weight of column of out-
k|
side air of height of chimney standing on an area of one

square foot. The corresponding column within the chimney

» 1 Txo >
weighs I-i('08+ . ) 32 and the difference between these
19 T

two, weights is the pressure in 1bs. per square foot of chimney
section which produces the draught. ' A column of the hot
gas equal in weight to this difference is called the head of
the chimney ; and just as in hydraulics the velocity of dis-
charge of water from the bottom of a full vertical pipe is
proportional to the square root (of the height of the pipe, so,
in the case of a chimney, the velocity with which air would
flow, if unimpeded, into the bottom of the chim is also
proportional to the square root of the height of the head.
The height of the head, reckoned in feet of hot gas, is found
by dividing the weight of a column of external air as high

EE
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as the chimney, as found above, by the weight of one
cubic foot of the hot gas (this gives the height of a column
of the hot gas weighing as much as the column of the ex-
ternal air). If we subtract from this the height of the chim-
ney, the-difference is the height of the head.

“In actual chimneys the velocity of the discharge of the
gas is greatly diminished by the resistance opposed by the
fire-grate and layer of fuel-to the entrance of the air, and
also by the friction of the sides of flues, tubes, &c., and of
the internal surface of the chimney itself.

Peclet gives the following formula for the height of head
necessary to produce a given velocity of the gas in the
chimney +—

Let /=the length of the chimngy + that of the flue

leading to it.

»= area of section of chimney divided by its cir-
cumference.

f=co-efficient of friction of sides of flues and
chimney, which-depends for value on the con-
dition of the surfaces.

G = co-efficient. of résistance of grate and layer of
fuel to entrance of air.

=velocity of gases in chimney.

o = acceleration due to gravity ; and

/i = height of head in feet.

Then, according to Peclet,’ 4= A (. €125 p.gp - _/Z)

2g z

The value of the co-efficients varies according to circum-
stances. When the surfaces of the flues are sooty, f= "o12.
With ordinary grates, burning from 20 to 24 lbs. of fuel per
square foot' of grate surface per hour, G =12, and the
formula then becomes—

See Rankine’s Sfanual of the Steam Engine, p. 287. Ninth edition.
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If the head is given, then the velocity of the gas can be
calculated from the same formula; and when this is ascer-
tained, the weight of fuel which can be consumed in a given
time may be calculate d on the supposition that each pound of
coal requires 24 lbs. of air = 316 cubic feet at the ordinary
temperature (60°) of the atmosphere,

The use of very high chimneys is in many situations a
necessity, not in order to create the draught, but in order to
discharge the noxious products of combustion at a consider-
able distance above animal and vegetable life ; otherwise a
forced blast might often be more advant: igeously employed.
It is considered that a chimney is most efficacious in in-y
ducing a draught when the temperature inside it is about
6oo® and at this temperature about one-fourth of the avail-
able heat of combustion is wasted in creating the draught.

When a forced blast is produced by means of a fan
blast-pipe, or air injector, the products of combustion may
be cooled down as far as is found practicable and con-
venient; and as much lessair is required to effect combustion,
the saving of heat may be very considerable. On the other
hand, heat must be expended in order to produce a forced
draught.  Thusin the case of the blast-pipe the heat ex-
pended is represented by the excess-of back pressure in
the cylinder.! In the case of a fan, the heat consumed in
driving the fan must be taken into account ; and when an

*“According to Mr. D, K. Clark’s @xperinients the excess 'of back
pressure over and above the pressure of t i

use nf the lr’ ast-pipe, i
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air injector is used, the heat expended in producing the
draught is represented by the total heat of formation of the
steam used in the injector.

Forced draught.—A forced draught is now frequently
applied to the furnaces of marine boilers, especially in ships
of war. Intorpedo boatsit is necessary to develope immense
power out of a comparatively small boiler, and some sort of
artificial draught becomesanabsolute necessity. A blast-pipe
is of 'course "impossible, as the engines are condensing, and
would, moreover, be quite inapplicable on account of the
noise and shape of the funnel. ~The method which has
been adopted is to force the air into.the furnace by means
of a rotary fan, driven either from the main machinery, or
else by a separate engine. | If the blast were directed solely
beneath the fire by means of the device of a closed ash-pit,
it would always be leaking outwards through the furnace
door, and would, whenever the latter were opened for
fresh-fuel, cause the smoke and ‘flame to fly out in the face
of the stokers. _"To obyiate this; the plan has been adopted
of closing the stoké-hold so as to make it air-tight, and
then forcing the air into the closed chamber, which can
only escape through and over the fuel and boiler tubes to
the funnel.When the furnace door is opened, the com-
pressed air in the stoke-hold rushes through it to the tubes,
thus preventing the escape of flame. In this way most re-
markable results have been obtained. The defect” of the
system-is that it is difficult, in a boiler of moderate size, to
provide sufficient surface to absorb the heat generated by
the large amount of fuel which can be burnt on the grate.
The result is that the water evaporated per pound of fuel
is necessarnly low.

The application of forced draught is by no means limited
to the boilers of torpedo boats. In large men-of-war the
system is also applied for the purpose of obtaining a large
additional supply of steam when extra speed is required.

The general result attained may be stated as follows. With
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natural draught about 10} horse-power are indicated per
square foot of fire-grate at full power; while with forced
draught between 16 and 17 horse-power are obtained. The
pressure of air being about two inches.

In the mercantile marine forced draught is beginning to
receive considerable attention, for two reasons. I"u‘st,i its

application will enable a considerable saving to be effected
in the weight of boilers, provided always that the evapora-

tion per pound of coal burnt be not seriously diminished.
Second, it enables very inferior and cheap fuel to be
utilised.

In the mercantile marine, hitherto, the closed ash-pit
has been used instead of the closed stoke-hold. Fig 186
illustrates the system applied by Mr. Howden successfully

Fig. 186

to the boiler of a merchant steamer. The ash-pit is closed
in front by a door, and the furnace door is double with a

hollow chamber between its outer and inner faces. Air
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under pressure is supplied beneath the fuel through the ash-
pit, and above the fuel through the holes in the inner furnace
door, the air issuing through these holes being under con-
siderably higher pressure than that in the ash-pit. The object
of this double admission is to secure the complete combus-
tion of the fuel with a very moderate supply of air, and thus
to increase the temperature of the products of combustion.
The air supply is heated by the waste gases from 180° to
200° above its ‘ordinary temperature, and whenever the
furnace door is-opened the current of air is cut off for the
moment so as to prevent the sudden cooling down of the
furnace.

At first sight/it would appear that the forced draught
system is of no special adyantage where economy of fuel is
a primary consideration ; for, although by its use the grate
area ‘may be diminished, nevertheless, the heating surface
and the total weight of boiler cannot be reduced. It must
however be borne in'mind that-if ‘the supply of air be pro-
perly regulated; the volume of the products of combustion
will be greatly diminished, and’ their temperature increased;
consequently; a ' less heating surface is required to produce
the same evaporative results per pound of fuel than when
natural draught is employed. Also with forced draught it
is- possible to make use of tubes of comparatively small
flmmrtrr. and consequently a considerably increased heat-
ing surface can be obtained without increasing the dimen-
sions of the boiler. '

CHAPTER X.

CONDENSATION AND CONDENSERS.

The obiect and advantages of condensing steam—General description of

condensers—(Juantity of water required condense steam—Objects ol

surface condensation for manne engines— Dest jet condenser

for a stationary engine—Lx n of a4 mg » condenser—

Air-pumps—Ejector « s—Method of 1 ; he vacuum.

Tue condenser may, in a certain scnse, be described as

having the inverse functions of the boiler ; for, whereas the
fatter is employed to raise the medium with which the
engine works to the superior limit of temperature, the
purpose of the latter is to reduce the inferior limit of
temperature as far as possible. The boiler fulfils its pur-
pose by converting the feed water into steam, and the con-
denser by ré-converting that steam after it has done its work
into water.

The advantages from the thermal point of view of
condensing the steam, instead of allowing it to escape into
the open air at a little above the atmospheri¢ pressure, are
very easily explained by reference to the principles which
enable us to calculate the maximum efficiency of heat engines
(see p. 88). Suppose, for instance, that we have two pre-
cisely similar enginés working with steam of 50 Ibs. pressure
per square inchabsolute; and one provided with a con-
denser, while the other discharges the exhaust into the open
air. Suppose, also, that the former expands down to a
pressure of 3 1bs. absolute, and the latter down to a pressure

of about 3 lbs. above the atmosphere, say 18 Ibs. absolute.
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fatter is employed to raise the medium with which the
engine works to the superior limit of temperature, the
purpose of the latter is to reduce the inferior limit of
temperature as far as possible. The boiler fulfils its pur-
pose by converting the feed water into steam, and the con-
denser by ré-converting that steam after it has done its work
into water.

The advantages from the thermal point of view of
condensing the steam, instead of allowing it to escape into
the open air at a little above the atmospheri¢ pressure, are
very easily explained by reference to the principles which
enable us to calculate the maximum efficiency of heat engines
(see p. 88). Suppose, for instance, that we have two pre-
cisely similar enginés working with steam of 50 Ibs. pressure
per square inchabsolute; and one provided with a con-
denser, while the other discharges the exhaust into the open
air. Suppose, also, that the former expands down to a
pressure of 3 1bs. absolute, and the latter down to a pressure

of about 3 lbs. above the atmosphere, say 18 Ibs. absolute.
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The relative theoretical efficiencies of the two engines may
be expressed as follows. The temperature of steam of solb.‘;.
absolute is 280'5° while that of steam of 18 lbs. absolute
is 2225, and of 3 lbs. absolute is 141'5°. Then, accord-
ing to the principles of the efficiency of heat engines, the
maximum efficiency of the condensing engine is—

28015 —141°5_ 139

461 +2807% 741°5
while that of the non-condensing engine is—

58
461 + 280'5 4415

280'5—222'3

Thus the condensing engine is theoretically the more efficient
of the two in theratio of 139 to 585, or 2°37 to 1.

From the mechanical point of view, as illustrated by the
indicator diagram; the advantages of condensation are most
apparent, for it enables/the back( pressure to be reduced
from some.three pounds above the atmosphere to, say, ten
or eleven pounds below it. Alse, as in non-condensing
engines it is. practically impossible to expand the steam
below, the atmespheric. pressure, it is evident that condensa-
tion enables us to.make use of much higher grades of
expansion than would otherwise be |»(,.~.<iblc.. This latter is
merely another mode of expressing the advantage explained

‘ I

D)

above by reference to the principles of thermodynamics,
The condenser is an apparatus into which the steam is
discharged when it has done its work, and where it comes
in contact either with a jet of cold water, or else with a
large area of metallic surface, one side of which is kept
cool-by contact with, cold: water;. The steam ron entering
this chamber is instantly condensed, giving up its heat to
the water ; and the result would be, if a sufficient quantity
of water were used, the formation of a practically pcrfcr‘.i
vacuum, were it not for the fact that the feed water usually
contains a Jarge quantity of air, which passes over with the
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exhaust steam into the condenser, and exerts a back pressure

against the piston. In order to get rid of this air, an air-
pump, driven by the engine, is fitted to the condenser, and
is also made use of to pump away the water into which
the steam condenses. Various types of condensers, together
with their fittings, are described and illustrated on pages 429
to 437.

Quantity of waler required 1o effect condensation—Sup-
pose the steam is expanded in the cylinder down to a pres-
sure of say 4'5 lbs. per square inch, the temperature corre-
sponding to which is 158° ; and suppose, further, that the

r
temperature of the final mixture of condensed steam, and of

condensing or injection water is to be 110° then for every
pound of steam which enters the condenser the injection
water will have to absorb the total heat of the steam of 158°
above the water of 110°

The total heat of steam of 158° is 1,130 thermal units ;
subtracting from this the heat of water at 110°% which is
approximately r1o thermal units, we have 1,020 units,
which have to be absorbed by the injection water. The
quantity of the latter required obviously depends upon its
initial temperature. Suppose the latter to be 50° e€ach
pound-of it-can absorb 110 — 50 =~60 thermal units by
rising in temperature to 110°% Therefore the total quantity

1020

of water required is This, therefore, is the

0o
minimum-quantity of water / required under/ the given
crrcumstances.

It is obvious from the foregoing that the quantity of
injection water required in any given case depends upon
the final jpressure of the steam,the initial temperature of the
injection water, and the temperature at which it is required
that the mixture of injection water and condensed steam
should be maintained.

Let T, = the temperature of the steam when the

exhaust opens.
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Let L= the latent heat of the steam at this
temperature,
Then T, + L =the total heat in thermal units of 1 Ib.
of the steam.
Let T, = the temperature of the injection water.
et Ty = 5 . final mixture.
Let W = the weight in pounds of the injection
water per pound weight of steam.
The injection water in rising from T, to T, absorbs—
(T3 —T,) W thermal units.
The pound of steam in falling from the condition of
steam at T to that of water at T gives out—
T 4L —T; thermal units.
Now the heat Iost by the steam must equal that gained
by the injection water. Hence we have—
(T3=T)W =T, + L—T,.
o7 W= Il +_IL_ T3
Ty;—T, °
The numerator of this fraction is the expression for the
total heat of steam of the temperature T 1 over and above
the heat contained in water at the temperature T, which
(see p. To0)
= 885,200+235°46 (T, —212°)—772 (T3—32) foot-lbs.
Reducing and dividing by 772, so as to obtain thermal units,

and substituting the result in the above formula for W, we
get—

W — 1114+ 3T, —T,
T,—T, ’

ExXAMPLE.

Find' the amount of injection" water required when the exhaust
steam has a pressure of 19°5 Ibs, absolute, the injection water a tem-
perature of 60° and the required temperature of the mixture 110°
The temperature T, of steam of the above pressure is 2272,

W= tild 3227 — 1101 o s
110—60 24 1bs,

Hence—
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Surface condensation.—In former times, when the pressure
of steam rarely exceeded 35 lbs. per square inch, jet con-
densers were universally used for marine engines. The boilers
were fed from the hot mixture of condensed steam and in-
jection water, which contained nearly as large a per-centage
of salt and other solid matters as the sea-water itself. The
necessity of making marine engines more economical of fuel
led to the abandonment of jet condensers at sea, and the
substitution for them of surface condensers, in which the
steam is condensed by contact with a cold metallic surface,
all mixture of the condensed steam and the injection water
being avoided.

There were two principal reasons for this change. The
first was that when jet condensers were used the boilers
could only befed with salt water, which during the process
of evaporation became constantly more and more saturated
with salt, and which would, unless special measures were
taken, eventually deposit its solid contents in large masses
on the heating surface, and thus destroy the boiler, or
render it useless. The only way to avoid this was from
time to time to blow off large quantities of the brine in the
boilers, and to supply its place with corresponding quantities
of feed water. The hot water blown away from the boiler
involved, of course, a large loss of heat, the amount of which
depended on the state of saturation which the water was
allowed'to reach before blowing off.. Ifithe latter be allowed
to ‘reach three times the density of sea-water, the loss of
heat in blowing out would be 7°4 per cent. of the total heat
supplied to the boiler ; and if less densities were permitted,
the loss was, considerably greater. A The maximum density
permnissible was three times that of sea-water. The average
loss of heat due to blowing off may fairly be set down as
equal to from 12 to 15 per cent. of the total fuel supply. 1In
order to save this loss it was necessary to feed the boilers
with fresh water, and to use the condensed steam over and
over again as feed water. This of course could only be
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effected by keeping the steam separate from the cor 1densing
water, and hence the introduction of surface condensers.
The second reason which led to the abandonment of
jet condensers-was that, in order to effect any considera blc.
economy in the engine as distin; guished from the boiler,
Wasmecessary to resort to higher pressures of steam. l\o“
if the temperature of the steam be raised above 280° which
is that due to 35 Ibs, per square inch above the atmosphere,
the sulphate of lime contained in/'the sea-water is deposited
in hard and insoluble layers all over the boiler surfac €, and
destroys the efficiency of the heating surface. Hence for
this reason also the use of fresh water in the boilers, and
consequently of surface condensation, became a ne €ssity.
The amount of water required to condense the steam
when/ surface - condensers are used depends upon the

efficiency of the cooling surface in abstracting the heat, and

depends upon the thickness and conductivity of

he metallic surfaeés, their condition as to cleanliness, and
the difference-in temperature bétween the two sides.

In spite of ‘the fact thaf the difference between the
temperatures is much less than in the case of boilers. the
efficiency of the cooling surface of the condenser in abstracts
ing heat is far greater than that of the heating surface of the
boiler in transmitting it.  I'his is dite in part to the fact that
the condenser surfaces are much thinner than are the tubes
and plates of(a boiler; and they are \also as a rule much
cleaner.. | For these reasons condensers have

than half the surface found nec essary for the boilers. I’ul

found experiment: ly that sheet copper backed by water of

the temperature of from 68° to 777 was capable of con-
densing 21

Ibs. of steam per square. foot per hours; while
Joule, adopting special means, condensed as much as 100
Ibs. per square foot in the same time ; but in
usual to allow one square foot

usually less

practice it is

for every 13 Ibs. of steam
of the terminal pressure usual in compound marine engines.
1 IS TR ¢ - ;
And even with this large allowance of surface the amount
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of cooling water required is about forty per cent. greater than
with jet condensers. The usual allowance is about 30 Ibs.
of water per pound of steam for vessels which run in the
tempers \te zone, and about 35 Ibs. for the tropics.

In order to realise the advantage due to maintaining the
greatest possible difference of temperature between the two
sides of the metallic surfaces, the cooling water must be
kept in a constant state of circulation through the condenser
by means of a special pump, which removes the water which
has been warmed by the condensing steam from contact
with the plates. As the air-pump of a surface condenser is

only required to pump the condensed steam and air, it may
be considerably smaller than the pump of a jet condenser ;
but in spite of this advantage surface condensers are much
larger, heavier, and more costly than those in which the
slc:nn comes into direct contact with the cooling water

Examples of condensers.—Fig, 187 gives a transverse and
longitudinal section of a jet condenser, applied to the quick-
run?)in;f Allen stationary engines. The plunger of the pump

2. 197,

A is worked direct by the engine piston-rod prolonged back-
ward. The exhaust steam enters the condensing chamber
B showed in transverse section, by means of the pipe S,
It there meets with the jet of water D, which enters by the
pipe E, and is condensed. Every time the plunger is with-
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drawn, the pressure in the condensing chamber predominates

out the air and vapour, and a certain amount of water,
over that in the pump chamber F, the valves, of which one

through the valves HH, the hot water flowing away through
the pipe C to a receptacle called the hot well. The valves
G and H, which are made of india-rubber discs, are closed

Fig. 18¢.
by spiral springs which exert a pressure u;txi\'nlc.m to a
: quarter of a pound per square inch. With very quick-run-
is shown at G, open, and the mixed air, vapour, and water
enter F. When the plunger returns, it displaces its own arranging the valves that they may close by their own weight.
volume of water, the level of the water in F rises. and forces It will be noticed that the valves G G are seated on a Slfﬁ[h‘.

. 'y ¥ - | -
ning engines these springs are found preferable to so
ning engine I g




432 The Steam Engine.

This is to allow the air and vapour as they come through
to escape easily to the surface of the water in F,. and so
avoid the possibility of the plunger working in a mixture of
air and water, which would injure its efficiency. The surface
of the water-in-this type of condenser is the real air-pump,
for it 1S by its rising and falling that the air is expelled and
admitted. | The velocity with which the surface rises and

falls'is, on.the  average, about 30 feet a second, while the
velocity of the plunger is 8oo feet.

Figs. 188, 189 illustrate longitudinal and transverse sec-
tions of a modern marine surface condensér for a compound
enging capable of working up to 3430 horse-power. Ttcontains
3402 brass tubes of i nch diameter external and 15 feet
long. The total cooling surface is 10,018 square feet, being
at the rate of a square foot of surface to ‘342 horse-power.
The tubes are arranged in three horizontal nests, and in them
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the cooling water circulates, entering the bottom and being
discharged after passing through the top nest. The steam
enters at the top, passes round the outside of the tubes, and
15 distributed evenly by means of the perforated plates, of

which some are shown in section above the top tubes in
fig. 188.

The air-pump which is shown in section in fig. 189
is worked by a lever from the cross head of the main engine.
It is of the single-acting vertical type, and is similar in
principle to the ordinary lift-pump. When the piston or
bucket ascends, it draws the condensed steam, air. and
vapour through the lower or foot valves, and at the same
time lifts whatever has passed throu

gh the piston-valves on
the down stroke through the

head valves shown at the top
of the pump, after passing which the water flows away to
the hot well. ‘There are two of the

se ait-pumps to the con-
denser in question, each having

a stroke of 3 feet, a diameter
of 34 inches, and 2 combined disc harging capacity of about
o't of the volume of the low-pressure cylinder. The barrels
are of gun-metal, and the valves are indiarubber discs of.the
type shown in fig. 191, where the full
lines represent the disc. above which-is
a curved metal guard plate which pre-
vents the valve rising too high, “and by
its shape ensures a quick return of the
valve to its seat, when the pressure which
causes it to open is removed.

Fig. 190 shows another section of the
air-pump, together with the circulating
pump which forces the cold water through s
the tubes.  The two are cast together in o
One piece. The circulating pump is a double action force-
pump of 3 feet stroke and 20 inches diameter. When the
engines are making 55 revolutions, it i
charging nearly g 1bs. of
surface per minute.

S capable of dis

Water per square foot of cooling
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The circulating, like the air pump, is worked by a Ic\‘c:r
from the cross head of the main engine. Very ofl.cn ccn‘trl-
fugal pumps are used for circulating the water in surface
.-<,m1u~,5u\ and not infrequently theyare driven by a separate
engine. ;

i Condenser tubes are almost invariably made of brass,
which is sometimes tinned ‘on both surfaces. Copp.cr.
though a better conductor, is never used, as thc fatty ZlC'ldS
formed in the ‘condenser from the lubricating materials
carried over by the steam from the cylinders attack the
metal and form salts of copper, which, becoming dissolved
in the condensed steam, are carried back into the boiler
where they act most injuriously on the iron plates. _

The [‘.-H‘rli”:i of the ends of the'tubes, so as to m:lk.c a
steam-tight joint, is a troublesome and expensive opcmtunlm
The method in most general use 18
shown in, fig. 192z In the thick-
ness of the tube plates small stuff-
ing boxes are formed, the tape pack-

at the bottom of which are
itened up by means of screwed
ferrules. When the tubes are se-
vertically, the bottom ferrule is
flanged so as to overlap the end of
the tube to prevent the latter from dropping out, should

the 1r;1(’killg béconie loose.

Air pumps.—Nothing is more important in a condenser
than the design of the air-pump. If the condenser is of the
old-fashioned type the pump has to discharge not only the
condensed steam, and the condensing water, but also the
large amount of air which is always present in sea: water,
and which of course expands in volume when raised to the
temperature of the condenser. It may be stated that, on
an ;;\»., rage, when the cooling water has a temperature of 60°
and the condenser 120° the discharging capacity of the air-
pump should be from thirty-six to forty times the volume
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of the water into which the steam condenses. Hence its
theoretical capacity may be calculated when we know this
latter quantity, and the number of revolutions made by the
engine per minute, and also the nature of the pump, whether
double or single acting. The actual dimensions are deter-
mined when we know the efficiency of the pump—that is to
say, the ratio which its actual bears to its theoretical dis-
charging capacity. Vertical single acting air-pumps are by
far the most efficient. They are almost always used with
vertical engines, but when the latter are of the horizontal
type, the use of a double-acting horizontal pump is often
unavoidable. The actual efficiency of a single-acting vertical
pump is, in the most favourable circumstances, about 6o per
cent, of the theoretical, but should not in general be taken
as. more than so per cent. The average  efficiency of
horizontal double-acting pumps is about 35 per cent., or in
other words the actual size of such a pump should be about
three times greater than is theoretically necessary.

In surface condensers the pumps have only to discharge
the condensed steam, and any small quantity of air which
comes over by leakage ; but as surface condensers are gene-
rally arranged to act with a jet in case of necessity, it is
usual to make the pumps much larger than is ordinarily
necessary, though not so large as if jet injection were the
rule.

Ljector. condensers.—Fig. 193 illustrates. a- type of con-
denser which has no air-pump nor other moving parts. It
i1s similar in principle to the injector described on page 400.

Water having a pressure due to a few feet of head enters by

the pipe A and flows through the nozzle B.. Exhaust steam
from one cylinder enters by the pipe'C at a velocity vary-
ing with its pressure. If the préssure is 5 Ibs. absolute, the
velocity of the steam entering a vacuum of 25 inches of
mercury is about 1200 feet per second. The entering steam
surrounds the nozzle B, and is condensed on coming in
contact with the cold jet issuing from B, and increases ten
FF2
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energy of the stream, just as the boiler steam imparts energy
to the feed water of an ordinary injector. When the con-
denser is used with a two-cylinder engine, the exhaust steam
from the second cylinder is ar-
ranged to enter by the pipe M, and
is. condensed by the combined jet
issuing from the nozzle F. The
steam from the second cylinder
further increases the energy of the
jet which passes through the nozzle
N and into the trumpet-shaped pipe
P, where its velocity is gradually
reduced. ~With a steam pressure

equal to r4°7 Ibs, per square inch

absolute at'the commencement of

exhaust;-and a double-eylinder en-
gine, the energy imparted to the jet
15 sufficient to raise the discharged
water to a height of 6 or 8 feet
above the condenser; or, if there
isno head of condensing water to
start with, the apparatus can raise
the water from a level of 6 to 8

{

feet below the condenser. In the

latter cases, however, the apparatus

must be started by means-of a jet

of boiler steam, introduced through

the pipe D and down the hollow

spindle E. The rate at which the

condensing water flows to the nozze B is regulated by

shifting the spindle E up or down by means of a hand:
wheel and screw.

By means of these ejector condensers a perfectly steady

vacuum can be maintained of 24 to 25 inches of mercury.

The initial temperature of the cooling water should not,

=

in general, exceed 60° and the quantity of water supplied
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should be such that its temperature, on issuing from the con-
denser, would not be raised more than 20° to 25°. Experi-

ments have however been made in which the rise of
temperature was 64° and the final temperature 120°; but
the vacuum at this temperature fell about two pounds per
square inch. It must be borne in mind that, with con-
densers of this type, the whole of the power usually employed
in driving the air-pump is saved, the energy of the exhaust
steam being alone sufficient for the purpose of discharging

the condensing water and the condensed steam.

Vacuum indications.—The amount of vacuum is indicated
by a Bourdon pressure gauge, graduated in inches of mercury.
It does not show the actual pressure in the condenser, but
the difference between that pressure and the external
atmosphere.  For instance, if the barometer stood at 30
inches, and the indication of the vacuum gauge were 26
inches, the actual pressure would be 30—26 = 4 inches of
mercury. If the pressure in the condenser remained
constant, and the outside barometer varied, the indications
of the vacuum gauge would vary correspondingly.

In'order to know if the vacuum is good or bad, notice
must always be taken of the state of the barometer. The
maximum attainable vacuum depends on the temperature at
which the condenser is maintained. Thus if the latter be
120° the pressure of vapour formed at this temperature is
168 1b. per squaré inch ; then'if the barometer stand at 30
inches of mercury, or 14-71bs. per square inch; the maximum
vacuum attainable will be 147 —1'68 = 12°02 Ibs. per square
inch.
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CHAPTER XL

ON SOME ‘OF THE PRINCIPAL CAUSES OF LOSE OF EFFI-
CIENCY ' IN  STEAM ENGINES, AND THE METHODS
EMPLOYED FOR REDUCING THE LOSS—SUPERHEATING
~—STEAM JACKETING— COMPOUNDING.
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IT was pointed out in the opening chapter that in the
elementary form of steam engine the cylinder served the
triple purpose of boiler, engine, and condenser. It was
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also shown that the principal subsequent improvements
consisted mainly in the separation of these functions, the
generation and condensation of the steam being now in-
variably effected in separate vessels, while the cylinder is
reserved for its true purpose—the conversion of the energy
in the steam into mechanical power. In spite of these
improvements, the cylinder, however, still acts in expansive
engines, to a great extent both as a steam generator and
condenser ; and, moreover, it exercises these functions pre-
cisely at the wrong times, for, as will be shown presently,
the metal sides and ends abstract heat from the entering
steam, causing a partial condensation at the moment when
it is most desirable to mamtain the temperature ; while, on
the other hand, the steam thus condensed is partly re-
evaporated during the whole period of expansion, when it
can only give out a fraction of its original energy, and partly
during the exhaust period, when it not only gi

useful energy whatever, but also tends to impair the vacuum

and to increase the back pressure. It is this peculiarity
which accounts, in a great measure, for the wasteful per-
formance of many engines which use steam expansively.

The foregoing statements have been confirmed by
numerous experiments on steam engines, in which the feed
water supplied to the boiler was carefully measured, and
the steam used in the engines was-calculated from indicator
diagrams for the point before release, in the manner explained
in Chapter VILL, p. 343. Inengineswhich workexpansively,
the amount of steam used, calculated from the diagrams, is
nearly always considerably less than that supplied by the
boiler, even after every allowance is made for priming and
for the condensation due to the mechanical equivalent of
the work done. . When no special precautions are taken the
deficiency is sometimes enormous. This proves that besides
the steam which issues at exhaust and which is accounted for
by the indicator diagram, there is also present in the cylinder
a quantity of water which must continue to evaporate during
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the period of exhaust, and which may partly be carried over
mechanically into the condenser, and which has no more use-
ful effect than if it were passed straight from the boiler to the
condenser.

This peculiarity of engines which use steam expansively
is‘accounted for by the great difference which exists between
the initial and final temperatures of the steam in the cylinder.
‘Thus, if the entering: steain had a pressure of 150 lbs. per
square Inch, and were expanded down to 2o lbs. absolute,
the initial ‘témperature would be 358° and the final 228°
showing a difference of 130°; while, if the engine were
condensing, the cylinder | would be' exposed, during the
whole of the’exhaust, to the temperature of the condenser,

)

say 158% showing a difference in this case of 200°. During
the whole period of expansion and exhaust, the surface of
the metal forming the sides and ends of the eylinder and
piston is being cooled down by the combined effects of
radiation to the moist steam—which readily absorbs radiant
heat—and conduction t6 the condensed steam, which is
re-evaporated- from the metallic surfaces. The result is,
that when the frésh steam re-enters the cylinder, it comes
in/ contact with' the relattvely cool surfaces, and a large

portien’ of it is condensed ; the latent heat of the steam

condensed raising the temperature of the sides up to that of
the entering steam. In order to make up for the steam
condensed, fresh steam rushes in from the boiler, and thus
much more stéam enters daring the period of admission than
is required to-fill'the cubic contents of this portion of the
cylinder.

When the steam is cut off and commences to expand,
its pressure and temperature. fall, but, during  the early
period of ‘expansion, its témperature is generally still higher
than that of the sides of the cylinder, and more c-undcmu"tion
takes place. At the same time, however, the reduction in
pressure allows a portion of the water formed by condensation

during the admission period to re-evaporate ; for this water
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has, when formed, the temperature of the entering steam, and
therefore, when the pressure in the cylinder falls, it possesses
too much heat to remain in the state of water, and part of
it boils off, the evaporation being aided and increased by
the supply of heat forthcoming from the hot sides and end
of the admission portion. Thus, during the whole period
of expansion, both condensation and re-evaporation go on.
During the earlier period of the stroke the condensation
predominates, but towards the middle and end of the
stroke, as the temperature of the expanding steam approxi-
mates more closely to that of the sides of the cylinder, the
condensation becomes less and less, and the re evaporation
becomes more active, and consequently the latter predo-
minates, while, during the exhaust, in consequence of the
very low pressure, the circumstances are most favourable
for re-evaporation.

It must be clearly understood that the action of the
sides of the cylinder above described goes on, no matter
how perfectly the outside of the cylinder may be protected
by means of non-conducting coverings. The latter are
only useful to prevent radiation of heat from the outer
surface of the eylinder, and in no way prevent the condensa-
tion..due to.loss of temperature by the sideés during expan-
sion and exhaust, though, as will be subsequently shown,
the failure to protect the outside of the cylinder may
enormously increase the action of the sides.

‘The effects due to variation of temperature in the cylinder
may perhaps best be understood by examiiiing the case of a
cylinder of given dimensions under circumstances which;
though they never actually occur in practice, are nevertheless
approximated to in yery bad cases

We will take as'an example a cylinder the thickness of
the metal of which is only {}; of an inch, and which is
supposed to be capable of instantly following the tempera-
ture of the steam. The cylinder is further to be lagged

with a perfectly non-conducting material ; the ends and




442 ' The Steam Engine.

piston are supposed to be of the same thickness as the
sides. The steam is cut off at one-tenth of the stroke
The following are the remaining data :—

Diameter of cylinder ¢ o = 2Zfeet

Length of stroke . . = 4

Length of admission portion. . = 4 ,,

Arcaof ends . | [ J . =314 square feet

Area of piston - ) =314 -

Area of admission portion ﬂf sides=2-51

Initial pressure of steam =go.Ibs. per sq. inch absolute

Initial temperature of steam | . | =320°

Exhaust temperature - o [ =5r3%

We will next suppose that the temperature of the cylinder
when the steam eénters is the same as that of the exhaust.
The c\p- sed surface is that of the cylinder end, the piston,
and the admission portion of the sides;or, in all;-8:79 square
feet, and weighing 35 1bs.  If the metal is supposed to be

iron, the specific heat will be 11 nearly, and the number of

thermal- units required to heat up-this weight of metal by
320%—157%'5.=-162°"5-15~
35 X 162°5 X 21 = 62°56.

We must next find out what proportion of the heat con-
tained in-the entering steam goes towards raising the tempe-
rature of the sides, &c., of "IL cylinder. The volume of the
admission portion of the cylinder is 1256 cubic feet, and
the weight of steam contained in this space is 26 Ib.
Now the, latent heat of & 1b. of steam.of go lbs. pressure
1s about 888 ‘thermal units, and, therefore, 888 X 26 = 231
thermal units is the latent heat of the steam which fills the
admission space. Now, as we have seen, about 62's units

must. be applied to heating up the metal'of the cylinder,
that is to say 27 per eent., or over one-fourth of the steam
condenses to water of the temperature of 320° and a corre-
sponding quantity of fresh steam from the boiler enters the

cylinder in order to make good the deficiency.

Let us next consider the state of things when the steam
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las expanded to double its bulk. It will then occupy a
length of ‘8 foot of the cylinder. Its final pressure will be
about 45 Ibs., its final temperature 275, and the mean tem-

~ v . "R+ 22 e
perature of the steam during expansion = 2757320 _ yg9q°
ap pxo\mmtd\. which is still about 138° above the tempera-
ture of the exhaust. Now, to heat up the 251 square feet

g

area of side in which the expansion has taken place requires
2°51 X ‘4 X 138 X '11 = 15°25 thermal units, which quantity
of heat must be supplied by the condensation of a portion
of the expanding steam. But, in the meantime, the tempe-
rature 1mmr'gd to the metal during the period of admission
iIs 22%5 above the mean temperature of the steam during
the period of expansion which we have just been considering.
The temperature of the 27 per cent. of -26 1b, of condensed
steam is also 22%5 fdvuu the average, and is consequently
too. hot to remain as water at the reduced pressure, and
consequently a portion of it re-evaporates. The supply of
heat available for re-evaporation is (35 X 22°5 X 'H) R
(067 X 22'5 x 1) = 10°17 thermal units ; so that during t
first stage of the expansion 15:25 units are abstracted from
the steam, while only 1017 units are given back to it, and
consequently condensation largely preponderates over re-
evaporation.

If the stroke were divided into ten equal portions, and
the processes of condensation and evaporation followed
each, in the manner above indicated, it would be found
that in the next stage the two processes would be nearly
equal, and that throughout the remainder of the stroke the
vaporation would preponderate.

If we suppose that the/pressuré of the steam before
release is about g-1bs. per square inch; its temperature will
be about 188° or about 30°'5 above the exhaust. The weight
of the whole exposed surface of the cylinder and piston will
be 12°5 Ibs., and if this fall to the temperature of the con-

(lcth'r, 12°5 % 3 ‘11 = 42 thermal units will be available
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for re-evaporation during the exhaust period, without count-
ing the surplus heat in whatever water may be present in
the cylinder at the end of the stroke.

The above description of what goes on in a hypothetical

cylinder differs very materially from the actual series of

operations as they occur in steam engines. In the first place,

the metal of which the cylinder is composed is greatly

thicker than in the example' given.. When once the thick
mass of metal has been' heated up, it, probably exercises a
moderating-influence onthe maximum difference of tempera-
ture.  Again, metal does not possess the power of nstantly
taking up the temperature of the steam with which it ma

be broughtin contact: A certain interval of time is nec essary,
and henee the speed with which the series of operations is
repeated, or, in other words, the veloéity of the piston may
materially affect both-the initial condensation and the re-
evaporation. Moreover, the dryness or wetness of the sides
exercises-an immense influence on the' condensation. Sup-
pose; for instance,that, in'the aboye’e: xample, the admission
space of the cylinder had been covered with a film of water
of ' one-hundrédth of an inch in thickness, of the same
temperature as the condenser ; the number of heat units that
would have been required to raise it to the

: ) temperature of
the entering

stream would have been 74:25, as against 62°5
required to heat up the metal sides to the same de
consequently the condensation i :

[ee, and
n the latter éasé would have
been more than double what it would 1
to start with.

e were the sides dry

In addition to the direct conder g effect which water
in the cylinder exercises, it also

: I ' acts as a_most excellent
medium for the interchange

: of heat between the steam and
the sides. It has been already stated that perfectly dry

steam is a very indifferent radiator and conductor of heat,
while moist steam is compara tively good in both respects.
Now the presence of water in the vlinder, by increasing the
moisture of the steam, aids in the rapid transmission of he
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from the latter to the metal sides ; and, vice zersd, the power
of the sides in transmitting heat to the exhaust steam is
enormously increased by the presence of a film of water,
which, as fast as it evaporates, takes up heat from the metal
with great rapidity.

There are four principal causes for the existence of water
in the cylinders, viz.—

Priming, or the carrying over of water in the fresh steam
from the boiler.

Excess of initial condensation over re-evaporation, which
always occurs when the expansion is carried beyond a certain
puim.

The disappearance of heat due to the work done by the
steam.

Loss of heat by radiation from. the external surface aof
the cylinder.

The latter cause of condensation always exists when the
cylinder is uncovered, or but imperfectly protected. The
great indirect harm caused by water in the cylinder accounts
for the fact already alluded to, that want of proper laggi
increases the loss of efficieney in expansive engines, the loss
r»cing enormously greater than the amount of heat which
escapes by radiation, Of these causes, the first—priming
is probably not always as harmful as might be supposed.
Very often the water comes over from the boiler in the con-
dition - of minutely fine spray, thoroughly mixed with and
having the same temperature as the body' of the gteam.
Under these circumstances priming is not so injurious as
when comparatively large bodies of water come over at
intervals, which accumulate in the cylinder, or form a film
over the surfaces,

The second causé—excess of condensation over re-
evaporation—is a most fruitful source of waste, and should be
most carefully guarded against. Itresults in the continuous
accumulation of water in the cylinder, and consequently

causes an amount of waste which goes on increasing with each
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stroke. It always exists when the expansion is carried
beyond a certain limit, and this is one of the reasons why
excessive expansion in a non-compound engine is unat-
tended by any economy. The exact point to which expan-
sioncan be safely carried, so as toavoid the accumulation of
water, depends largely npon-the piston speed and the dimen-
sions of the cylinder. It is alsogreatly affected by the supply
of heat to, oritsabstraction from, the steam during the progress
of expansion. If the eylinder be kept warm artificially, the
limit of economical expansion can be considerably extended :
on the other hand, if radiation from the outer surfaces be
permitted, the limit will be correspondingly reduced.

The third cause—disappearance of heat due to work
done—is comparatively insignificant, and as the resulting
condensation takes place throughout.the mass of the steam,
and does riot form a film over the surfaces, the mischief dué
to this cause may be overlooked.

The fourth cause—loss of heat by external radiation—
canalways be effectually guarded against by properly covering
the cvlinders. ’ A

'l'lxc_ initial condensation which takes place is, independ-
ently of all othér considerations, dependent on the dimen-
sions of the cylinder, the ratio of expansion, and the pressure
()r“t]}kml:;:x“.: “fl :' fik‘,‘.g.m.(‘ (Si;unct.vrof the r.\hnldcr in feet ;
It g stroke ; » the ratio of expansion; V the
volume of one pound. of steam at its initial pressure ; and E
the exposed surface of sides and ends of .r\lin\'icr and of
; )

face of piston per pound weight of steam. Then we have—

Exposed surface of end and piston face =T
2

admission pottion of sides I
7

Cubie contents of admission portion wd't

4
Weight of steam 1 _ md¥

47\
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Therefore the exposed surface per pound of steam, or—

_wd? | wdl  wd’l
T2 i r 4V

7 . 2
"‘(zﬂf)'

That is to say, the exposed surface per pound weight of
admitted steam, on which, other things being equal, the
initial condensation depends, varies directly with V, the
volume of one pound of the steam, and therefore varies
inversely with the pressure. It also varies directly with 7,
the ratio of expansion, and inversely with / and 4, the
dimensions of the cylinder. Hence we see that initial
condensation is diminished by increasing the pressure of the
steam and the size of the cylinder, and by diminishing the
expansion. One of the reasons why small steam engines

E

are. so uneconomical compared with large ones is the
relatively large surface exposed by their cylinders per pound
of steam admitted.

Experiments have been carried out upon steam €ngines
in order to ascertain the loss due to condensation 1n
cylinders, and to test the effects of the various methods of
reducing the loss. Some of the results are given on
page 453, and prove that in unfavourable cases, with
unjacketed cylinders, the steam wasted from this cause may
be very nearly equal to the steam accounted for by the
indicator diagram.

Experiments have also been made by Mr. Emery, in
America, to test the saving to be effected by using a non-
¢onducting material for the cylinders in place of metal.
Two cylinders were used of identical’dimensions, one made
of glass and the other of iron. They were worked under
precisely similar conditions as to steam pressure, valves,
ratio of expansion, &c. The steam used by each was

condensed and carefully measured.- The average of several
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series of experiments proved that the iron cylinder con-
sumed double as much steam on the average as the glass
one.,

Mzthods employed to diminish the Loss due to Liquefaction
in the Cylinders and subsequent Re-evaporation.—The great
majority of the improvements in the modern steam engine
have been directed towards diminishing the losses which
come under the above heading. The remedies all consist
in methods, either for the addition of heat to the steam before
it enters, or whilé it is in the cylinder ;\or else for reducing
the range of temperature within .the cylinder.  These
remedies are fourin number, two belonging to each category.
They may be; however, and often are, used in combination.
They are as follows:

1st, the use of superheated steam.

2nd, (jacketing; -or ) surrounding the cylinder with hot
steam from the boiler.

3rd; cushioning, or compressing the exhaust steam in
the eylinder before fresh steam is-admitted.

4th, eompounding;ror allowing the steam to expand in
two or more ‘eylinders successively instead of in one; thus
reducing the range of temperature in each.

.\.,'11."!'?',/.'t'd/('.f Steanr.—Steam 1s said to be _Ql]lwgrhc;][cd
when heat is added to it after it reaches the ordinary or satu-
rated condition.  Superheated steam resembles a perfect gas
in its behaviour. Its specific heat at constant volume is ‘336
thermal unit.~ That is to say, the addition of about one-
third of a’ thermal unit will raise the temperature of one
pound of steam by one degree ; so that a comparatively
small addition of heat will raise the temperature of the steam
very considerably,  In~ practice 'steam is superheated) by
passing it, on its way from the boiler to the cylinder, through
tubes or vessels surrounded by the hot gases as they pass
from the furnace to the chimney.

If we revert to the example given on page 442, in which

02,56 units were abstracted irom the entering steam, it wiil
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be seen that we should need to add 62'56 + 336 =136°
to the steam before entering the cylinder, in order that it
might possess heat enough to bring up the temperature of
the cylinder sides to that of steam of go lbs. pressure, and
still remain in the condition of dry saturated steam. As,
however, the natural temperature of steam of this pressure is
320° the temperature of the superheated steam would have
to be 320+ 186 = 506° in order eflectually to prevent initial
condensation. Such a high temperature as this, however,
is quite unsuited for use in the steam engine, as it burns up
and hardens all the lubricants, destroys the packing in the
stuffing-boxes, and exercises a chemically corrosive effect on
all brass and copper work with which it may come in contact.
It is found in practice that whenever steam reaches the
temperature of 400° injury to the cylinder, &c., invariably
follows. Hence we see that high-pressure steam cannot be
sufficiently superheated to thoroughly cure initial condensa-
tion. The case is different, however, with steam of com-
paratively low pressure, such as 3o to 35 Ibs. absolute per
square inch. If steam of 30 Ibs. pressure had been used in
the example already given, the difference between the
temperature of admission and exhaust would have been
259° —157%5=101°5  Consequently; only"39 thermal
units would have been abstracted from the entering steam,
the temperature of which would have needed the addition
of 39=+:336=116°, in order to provide for thisloss. Thus
the temperature of the superhéated steam-on entering
the cylinder would be 259° + 116° = 375° which falls
just within the safe limit. Of course the pressure as well as
the temperature of steam is raised by superheating, and in
the example, 'which” has' been given merely for the sake
of illustration, the ‘shape of the diagram and the power
indicated up to the point of cut-off would be altered by the
process.

It will be seen from the foregoing that superheating
the boiler steam is impracticable for modern high-pressure

GG
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engines, but it is used with great advantage iq the old type
of low-pressure marine engine. When the boﬂcrs are given
to priming, a moderate amount of heat may with qdmnmge
be added to the steam after it is formed, so as to insure its
being theroughly dry before it enters the cylinder. In this
way much of the loss due to accumulation of water in the
cylinders may be avoided.

Steam jar/:c‘/ing.-One of the most common methods of
checking the waste due to condensation is to supply heat to
the stcn;n while in the cylinder. | Thisis done by surrounding
the cylinder proper with a metallic casing, an interstice
being left between the two, in which circulates steam of the
boiler pressure. - An example of a jacketed cylinder has
been given on page 206, fig. 49. The effect of the jacketis
to supply heat to the inner surface of the cylinder walls, to
make up for that abstracted during expansion and exhaust.
The result is' that the difference between the temperatures
of the sides is greatly reduced, and condensation is checked
while re-evaporation is_promoted, and a preponderance of
condensation over resevaporationis greatly hindered.

The heat supplied to the eylinder by the jacket causes a
certain amount of the jacket steam to liquefy, so that the
question may be.asked, wherein lies the advantage of this
system over that of allowing the entering steam to supply
the required heat by its own liquefaction Tt is occasionally
urged that in the latter case a portion at least of the con-
densed steam does work by subsequent re-evaporation,
whereas in the case of the jacket the condensed steam can
do no work whatever. The answer to this question is, that
the loss when the heat is supplied by the incoming steam is
mostly due to the fact that the steam in the cylinder is

rendered moist by the first condensation, and' consequently
becomes a good radiator and conductor of heat, and thus

enormously increases the action of the sides. The mere alter-
ation of the temperature of the sides would not cause much

loss if only the steam could be kept dryeven in a comparatively
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cool cylinder, because mn this case there would be little inter-
change of heat between the steam and sides. Consequently
the benefit of a jacket lies in the fact that the condensation
which does take place occurs for the most part outside the
cylinder, and the inside steam is kept comparatively dry, and
thus the interchange of temperature between the sides and the
working steam is greatly checked, and the sides themselves
are consequently prevented from rapidly taking up the tem-
perature of the steam. Thusa jacket operates in two ways in
keeping the temperature of the cylinder walls constant. First,
by keeping the working steam comparatively dry, it reduces
the power of the sides of receiving heat from and giving it
out to the former, and thus deprives the sides of the power
of taking up the extremes of temperature which would other-
wise be possible ; and second, whatever differences of tem-
perature would actually occur are further greatly reduced by
the flow of heat from the jacket steam to the inner walls of
the cylinder. It is only the heat supplied in the latter
process which costs the jacket steam anything. The great
gain due to the rendering the working steam non-conduct-
ing and non-radiating costs nothing whatever, seeing that
it is an indirect effect of keeping the sides hot. Thus/the
steam jacket, though for half its time it is warming the
exhaust, has proved in the majority of cases to be an un-
doubted source of economy. It -would probably be much
more perfect in its action were it not for the fact, that it is
much more difficult to supply heat to the inner surfaces of
the cylinder through the thick sides, than it is for the cool
moist steam to abstract heat from these same surfaces with
which it is in immediate contact. The sluggish action of
the sides in conducting heat is. further promoted by the
difficulty of keeping up a really effective circulation of steam
in the jacket.,

Cases occasionally occur in which steam jackets have
been proved to have had little or no effect upon fuel
economy. It has been already mentioned that when expan-

GGg2
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sion is carried too far, condensation preponderates over
re-evaporation. Now one of the effects of steam jacketing
would undoubtedly be to increase the profitable range of
expansion. If, however. the expansion were carried beyond
this point; so that the condensation preponderated, water
would of course accurnulate in the cylinder, and the steam
would become moist in spite of the action of the jacket,
which latter would consequently be of little or no use.
Precatitions' to bé observed inJacketing Cylinders.—Many
cases have occurred in practical experience in which jacket-
ing has been carried out so as te be positively injurious
instead of beneficial. One of the commonest mistakes was
to allow the exhaust steam to expand into the jacket, so
that the eylinder, instead of being surrounded by a medium
hotter than its own mean temperature, was really immersed
in steam to which it was in a condition to impart heat.
Occasionally the fresh steam from ‘the boiler is allowed to
pass-through the jacket before it enters the cylinder. This
is.a bad practice, although it ensSures circulation in the
jacket; because, as has been shown before, jacket steam to
be effective must liguefy, and nothing can be worse than to
cause the steam to becomemoist before it enters the cylinder.
Very often it has been found that, in consequence of the
absence of good automatic means for drawing away the
water caused by condensation in the jackets, the latter have
become filled with cold water, thereby aggravating all the
evils which they were intended to mitigate. In every case
jackets should have their own independent supply of boiler

steam, and should be provided with trustworthy automatic
means for carrying off the condensed steam. -
Lxperiments-on the effect of Steam Jackets.—The follow-
ing table is extracted from the record of some experiments
made by Mr. Charles Emery on the engines of the United
States Coast Survey steamer ‘Bache,” in the year 1874.

The engines were compound, the high-pressure cylinder
having a diameter of 15'98 inches, the low-pressure 23
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inches, and the stroke 24 inches. During part of the trials
the large engine was used alone as a simple single cylinder
engine with and without jacket. During the remainder of
the trial the engines were worked compound, the large cylin-
der with and without jackets : the high-pressure cylinder had
no jacket.

From an inspection of this table we see that under all
circumstances, whether ‘the engine was worked simple or
compound, a considerable saving was effected by the use of
the jacket, when corresponding rates of expansion are com-
pared. - For instance, when worked compound, about 3 Ibs.
of water were saved per horse-power per hour, being at the
rate of about 13 per cent.; while in the case of the simple
engine worked at the higher rates of expansion as much as
22°5 per cent. was saved.

The same experimenter carried out tests on other marine
engines at about the same period; and the result, as given
in the published statements, conclusively proved the efficacy
of the jacket,

Cushioning, or compressing the Exhaust Steam in the
Cylinder before the Readmission of Fresh Steam—1It has
been already pointed out that in most engines the exhaust
port is closed before the end of the stroke, and the steam
then remaining in the cylinder is compressed at the expense
of the energy in the steam on the other side of the piston.
The advantages of compression in saymg the steam required
to fill clearance space and steam ports, and in improving the
diagram of twisting moment on the crank, have been already
made clear. There is, however, another advantage to be de-
rived from compression, inasmuch as the steam while under-
going forcible diminution of volume rises in temperature, and
partly restores the sides and end of the cylinder to their
original condition. In condensing engines compression is
rarely carried out sufficiently to be of any very great use ; but
in high-pressure engines, with link expansion gear, the greater
the ratio of expansion the greater must also of necessity be
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the degree of compression (see fig. 109, and also diagrams,
page 338), and it is probable thatin these cases compression
diminishes very greatly the tendency to initial condensation.
Moreover, it is a remedy which, when link gearing is used,
automatically proportions itself to the extent of the evil. For
the tendency to condensation grows as the rate of expansion
increases, and in the same ratio, as has just been pointed out,
the compression increases also. This is probably one of the
reasons which accounts for the economical performance of
locomotive engines.

Compounding, or allowing the Steam to expand succes-
stvely in two or more Cylinders—The use of steam of very
high pressures, worked at great rates of expansion, causes
such severe variations in the temperature of the cylinder,
especially in condensing engines, that the remedies above
referred to, taken by themselves, fail to cure the evil of
initial condensation. Hence it becomes necessary to divide
the total expansion between two or more cylinders, so that
each cylinder, in an ordinary two-cylindered engine, roughly
speaking, ranges through about half the difference of tempe-
rature which it would were the expansion carriéd out com-
pletely in a single cylinder. The term compound is applied
to all engines in which the steam is expanded partly in a
small or high-pressure cylinder, and thence exhausted into
a cylinder of larger diameter. In the most modern types of
marine engines the pressure used is so great—reaching
sometimes 160 1bs. per square inch above the atmosphere—
that the range of temperature in each of the cylinders of .an
ordinary compound engine is still too great, and in such
cases the steam is expanded successively in three, and even
in four cylinders. Such engines: are called, according to
the number of the cylinders in which successive expansion
takes place, triple or quadruple expansive engines.

There are many different arrangements of compound
engines, depending upon the number of cranks used, and
upon the angles which these form with one another.
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Tandem Engirzes.—When only one crank is used the
two cylinders must obviously be in the same straight line.
This arrangement is illustrated in fig. 194, which shows
the two cylinders connected
to each other by a distance
piece, or conical bracket.
The large and small pistons
are connected to the same
piston rod, and the slide
valves are in the same
straight line, so that they
can be both worked off the
same  eccentrics, It is
usual- to keep the twa
cylinders some little dis-
tance -apart, in.order-that
each cylinder cover may have

its own stuffing-box, asother-
wise direct leakage would in
time. take place between the cylinders. The pistons, of
course, occupy simultaneously the same positions in their re-
spective cylinders, and the steam exhausts directly from the
one face of the high-pressure on to the opposite face of the
low-presstire piston, there being no intermediate reservoir.
This type of compound engine has the merit of great
simplicity. It provides perfectly for the expansion of the
steam. It can be repeated as often as iswanted, so-as to
provide for €ases where two or more cranks are required,
and old-fashioned simple engines can be readily converted
to compounds on this type. As usually made its chief dis-

advantage lies in the long steam passages in the hizch pressure
cylinder, caused by the necessity. of bringing the valves of
bothcylindersinto the ‘same straight line.

These long
passages cause a considerable waste of steam.
Compound Engi t Cranks at Right

. ; Angles, and an
Intermediate Receiver.—Y

ery often 1tis found inconvenient
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to allow the length for horizontal, or the height for vertical
engines which is necessary when the tandem arrangement
is adopted. Consequently, when the engine has two cranks
at right angles to each other, as a rule a high and a low
pressure cylinder are placed side by side, each of them
driving its own crank. In such cases, however, the pistons
cannot occupy simultaneously the same positions in their
respective cylinders. For instance, when the high-pressure
piston has completed its stroke, the steam, which has just
done its work in the small cylinder, is ready to exhaust
into the large cylinder. But the large cylinder is not at
this moment ready to receive fresh steam, for its piston 1s
only at or about half-stroke. Hence the steam from the
high-pressure cylinder must in the first instance be dis-
charged into an intermediate receiver, in which 1t 1s com
pressed by the advancing high-pressure piston, until the large
piston has completed its stroke, when the low-pressure valve
opens, and admits the steam from the receiver. Figs. 195,
196 show the general arrangement of a compound receiver
marine engine having the cranks at right angles. Tig 195
shows a longitudinal section through the cylinders, and fig
196 is an end elevation, showing the arrangement of the
engine-frames and of the condenser and air-pumps. The size
of the receiver is a matter of somi¢ immportance. It was
formerly the practice to make it a large receptacle, in some
cases surrounding the small cylinder. One of the conse-
quences of having a:large receiver. 1s, that, when communi-
cation is opened between it and the exhaust ports of the
small cylinder there is a considerable drop in the pressure
of the issuing steam. This drop of pressure takes place
without the performance of any work, and there i1s a conse-
quent loss of efficiency in the steam owing 1o Its expansion
not being continuous. This point will be referred to again
when we come to deal with the indicator diagrams of com-
pound engines. At the present time it is usual to limit the
size of the receiver ; in fact, it often consists merely of the
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This arrangement is illustrated in fig: 194, which shows
the two cylinders connected
to each other by a distance
piece, or conical bracket.
The large and small pistons
are connected to the same
piston rod, and the slide
valves are in the same
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to allow the length for horizontal, or the height for vertical
engines which is necessary when the tandem arrangement
is adopted. Consequently, when the engine has two cranks
at right angles to each other, as a rule a high and a low
pressure cylinder are placed side by side, each of them
driving its own crank. In such cases, however, the pistons
cannot occupy simultaneously the same positions in their
respective cylinders. For instance, when the high-pressure
piston has completed its stroke, the steam, which has just
done its work in the small cylinder, is ready to exhaust
mto the large cylinder. But the large cylinder is not at
this moment ready to receive fresh steam, for its piston is
only at or about half-stroke. Hence the steam from the
high-pressure cylinder must in the first instance be dis-
charged into an intermediate receiver, in which 1t 1s com
pressed by theadvancing high-pressure piston, until the large
piston has completed.its stroke, when the low-pressure valve
opens, and admits the steam from the recewver. Figs. 195,
196 show the general arrangement of a compound receiver
marine engine having the cranks at right angles. Fig 195
shows a longitudinal section through the eylinders, and fig
196 is an end elevation, showing the arrangement of the
engine-frames and of the condenser and air-pumps, The size
of the receiver is a matter of some importance. It was
formerly the practice to make it a large receptacle, in some
cases suwrrounding the small cylinder. One of the conse-
quencesjof having a large receiver 1s, that when communi-
cation is opened between it and the exhaust ports of the
small cylinder there is a considerable drop in the pressure
of the issuing steam. This drop of pressure takes place
without the performance of any work, and there 1s a conse-
quent loss of efficiency in the steam owing to its expansion
not being continuous. This point will be referred to again
when we come to deal with the indicator diagrams of com-
pound engines. At the present time it is usual to limit the
size of the receiver ; in fact, it often consists merely of the




58 he Ste ngine. o o
4 The Steam Engne Compound Engines. 459

valve-box of the low-pressure cylinder, and the pipe con-
necting the latter with the high-pressure exhaust passages,
together with that ever-changing portion of the small
cylinder which is not cut off by the exhaust face of its valve.

their steam from a common receiver. The cranks in such
cases are usually at angles of 120° with one another, though
sometimes, in order to secure a special distribution of the

Whenever the power of the engines is so great that the F tecrchs
; steam, or a more uniform curve of twisting moments on the

low-pressure cylinder would become of very large diameter,
it is usual to have two low-pressure cylinders, which draw shaft, the two l("“"]_“rc”‘qm CIatihs die gxmlly_qmnsnc each
other, while the high-pressure crank is at right angles to
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them, and occasionally the high-pressure crank makes a
right angle with one low-pressure crank, the remaining one
being at 135° with each of the others. Figs. 197, 198 show the
general arrangements of a three-cylinder compound engine
where two low-pressure cylinders are used, the valves being

L5

5

at the sides iinstead of between the eylinders.. Tn  this
example the small cylinder is placed between the other two,
though occasionally the two low-pressure cylinders are
together, and the small cylinder outside.

Fig. 197 is a sketch of the front elevation, and fic. 108 a
section through one of the low-pressure cylinders with its
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piston valve. These engines belong to the well-known
Transatlantic mail steamer, the ‘ Arizona’

Triple Expansive Engines—The same arguments which
justify expansion in two cylinders successively, when the
steam pressure lies between 6o and go Ibs. per square inch,
render it advisable to expand in three cylinders successively

Scale 3/'.}.0() the

/

Fig. 198

when still higher pressures are used.. Such engines are
called triple expansive, to distinguish them from three-
cylinder ordinary compound engines. They were first intro-
duced by Mr. A. C. Kirk.

The simplest arrangement of triple expansive engines is

that illustrated in the frontispiece and figs. 199, 200, in which
i b4
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y
3

in the case of ordinary compound engines, the low-pressure
Sometimes the high- cylinder is divided into two, in order to avoid excessive size.

Triple Expansive Engines.
the high, mtermediate, and low pressure cylinders are side by
side, each working a separate crank.

L S

«

pressure is placed over the intermediate cylinder, tandem

fashion, the two working on to one crank, while the low-
pressure cylinder drives a separate crank.

In this case the small cylinder is placed over one low-pres-
sure cylinder, and the intermediate one over the other low-
Occasionally, as pressure, the engine resembling a double tandem with four
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«':yli.micrs and two cranks. The arrangement of the cylinders
is, In fact, a matter of convenience, and depends upon the
height and length available in the engine-room, and on
the approximation to uniformity which it is desired to effect
in the curve of twisting moments, Fig. 200 is a vertical
longitudinal section throngh the cylinders, and fig. 199 a
plan and half horizontal section through the C‘\'lindc‘rs. show-
ing the positions of the piston valyes, and the arrangement
of the steam pipes connecting the cylinders. b

Saving of Fuel effected by Conmpounding.—The saving
of fuel effected by the use of steam of the pressure u;
from 120 to 150 Tbs, worked in triple expansion engines
may be put down as about fifteen to twenty per cent. over
the expénditure_in ordinary compound engines using steam
of from 7o to go 1bs. pressure. One of the ﬁr.:t‘mnrinc
tripleé expansion engines ever made developed 1800 horse-
power on the trial trip of four hours, with an expendi-
ture of 1'28 Ih. of coal per hour. / The ordinary con-
sumption at sea may be put down as about 15 to 16 1b.
lff coal per Lu:P. perhour.  The ('UI'IL“]N'HL““L{ consump-
tion of the older type of enginé with the lower pressures
given above is generally from 18 to 22 lbs,

Thesaving of fuel effected by compounding is well
illustrated by the table on page 453 Comparing the simple
and compound engines when both working with Jackets, it
will be noticed that, with a ratio of expansion of bctwc’cn
5 and 6, the_simple engine consumed 2375 Ibs, of water
and 1.?1«: compound 2036 Ibs. per 1.4.p. ]»L-r‘hwur. showing
a saving in favour of the compound of 124 per cent. I"u:
ratios of expansion of between 7 and g the saving in fav
of the compound was about 15 Ipcr (‘.C-I))L, showiltl;; ]:s tl::xz;:{
?)c expected, that the greater the difference of t:l’npemt;lrc
in the cylinder, the greater the benefit to be derived from
compounding. The difference in the consumption of steam
hct'-.\'vcn the simple engine without, and the compound
engine with jacket, is still more marked. For instance,
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with a ratio of expansion of 76, the simple engine without
jacket requires 9-3 lbs. of water per horse-power more than
the compound with jacket, which shows that a saving of
nearly 32 per cent. is in this particular instance due to the
combination of the remedies of compounding and jacketing.
The distribution of the Steam in Compound Engines.—
Before we examine the actual indicator diagrams of compound
engines, or investigate their mechanical as distinguished from
their thermal advantages, it is necessary to trace out the
theoretical distribution of the steam in some of the types which
occur in practice. In doing so, we will assume for the sake
of simplicity that the steam is not released till the end of the
stroke, that there is no compression of the exhaust steam,
and that there is no resistance due to ports and passages.
Let 2 represent the volume of the small cylinder.
\Y - volume of the large cylinder.
B 5 ratio of the two cylinders.
Vi & ,». volume of the receiver.
p ratio of the volumes of the receiver
and the small cylinder.
rate of expansion in the small
cylinder.
rate of expansion in the large
cylinder.
total rate of expansion.
absolute initial pressure of the steam
in the small cylinder.
Then we have the total rate of expansion E = 7R,
The pressure of the steam at the end of the stroke in

5 'l - . -
the large cylinder = ; and the volume which it occupies

is V.
Hence, as the product of pressures and volumes is equal
during hyperbolic expansion, we have

vx2_2
x E_rxﬁ
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Tandem Engines with a Recefver.—This is the first case
which occurs in practice, because the passages between the
face of the high-pressure valve
and the back of the low-pres-
sure valve, including the valve-
box of the low-pressure cylinder,
constitute in themselves a re-
ceiver the effect of which must
not be neglected.

The steam is admitted into
the small cylinder during the
portion AB of the stroke, the
length of the line AB being
determined by the rate of ex-
pansion # Its pressure at this point being , and its volume

A B

It then expands to the end of the stroke C, when its
r i

volume is # and its pressure C) = A
s
At thispoint communication is opened with the receiver,
the volume of which is Vy,, and which is filled from the last
stroke with steam having the pressure pp. Consequently we
have now a_total volume 24V, and two masses of steam,

; - 5
one having the pressure ¢ and the other the pressure gy,
e p

I
These pressures at once equalise themselves and attain the
value

4 24 P Vi
o~

2+ V,
Let this pressure be represented by DE. Hence we see
that unless at the moment of the opening of the exhaust the
receiver is already filled with steam of the pressure in the

1 1° 1 P . 4 . "
small cylinder ¢, there will be a sudden drop in the diagram
5 .

represented by CE. That is to say, expansion will take place
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without any work being done, and the heat liberated in the
process will be expended in superheating the steam in the
receiver.

The pressure in the receiver is of course the initial pres-
sure in the large cylinder. From the point O mark off
ON’=DE. In drawing the low-pressure diagram it must be
remembered that the volume of the large cylinder is R times
that of the small cylinder ; therefore on the line of volumes
any given part of the stroke will be represented by a line R
times as long as the same part of the stroke in the high-
pressure diagram. Thus, for instance, the whole stroke is
represented by OP = OD x R.

The steam now expands in the low-pressure cylinder

. : / 2 T %
and receiver together till the point of cut-off, which is - of
r

the stroke. ~At this point the yolume of ‘the steam is made
up of three parts—viz.
The portion of the large cylinder up to the cut-off

])Qin! —

The volume of the receiver = V5.
The portion of the small eylinder which yet remains to
2 1
be traversed = v — ° = 2[.1= =);
r 7
I'he pressure is got, as usual, by remembering that the
product of the pressure and volume at all points is constant.
At the commencement of the stroke of the large cylinder
this product was

rv— X @+ V)

Therefore at the point of the stroke now under considera-

tion, the pressure FG = 27 4 5 vV,
=

v
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This is also the pressure of the point H in the diagram
of the small cylinder, where

KD = O(‘._ e :_'=z|(l_1’)
]{ r 7

As soon as the steam is-cut off in the low-pressure cylinder
it expands to the end -of the stroke, and as all the steam
which is admitted to the high-pressure cylinder must even-
tually find its way to the low-pressure cylinder, its final
H . .
pressure PL = £. At the same time the steam in the

N
“

receiver is being compressed by the advancing piston of the
small cylinder, and finally attains the pressure g, which was
assumed to exist in it just before the small cylinder exhausted
into it.

The value of pr can be easily expressed in' terms of
the known quantities. For, as we have seen, the volume of
steam in the large cylinder when) communication with the

receiver was cut-off was -,
i

and its pressure

Now at the end of the stroke the volume is. V _and. the
pressure is iC Hence the products of these two quantities

must be equal, or

N\ B
)Kr'Z\xii

An expression from which p, may be obtained.
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The above equation may be simplified by substituting for
Vy its equivalent pz
A% 5 Rz

E v R~

And then reducing we get

Pr= ‘;‘ (}.’_I +7 )
1‘. P

An equation which gives the receiver pressure just before
the small cylinder exhausts into it, in terms of the initial
pressure, the total rate of expansion, the rate of expansion
in the low-pressure cylinder, and the ratio which the volume
of the receiver bears to that of the small cylinder.

In the diagram fig. 201 OE’ represents the pressure gy,
and the curve HE' shows the line of compression as it
affects the small piston.

In most cases the pressure in the receiver is less than
the terminal pressure inthe small cylinder, and consequently
there is the sudden drop shown in the diagram by the line
CE. It is obvious, however, from the above equation that
the value of the receiver pressure can be varied by varying
7', the rate of expansion in the low-pressure cylinder. < If it
be wished to adjust the cut-off in this cylinder; so that the
receiver pressure may just equal the terminal pressure in the
small cylinder, we can easily find the required rate of ex-
pansion by equating the value just found for the receiver
pressure with the terminal pressure of the small cylinder—

viz. [, and solving for 7.
=

Compound Engines with Receivers and Cranks at right
angles—=In tracing the diagrams of the above type of engines
we must remember that, neglecting the effect of the length
of the connecting-rod, the large piston is always at mid-stroke
when the small piston is at either end of its cylinder ; con-
sequently the exhaust steam from the small cylinder enters
the receiver when the large piston is at mid-stroke. Whether
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it also simultaneously enters the large cylinder depends
upon the point of cut-off in the latter ; if this be before
half-stroke, the steam cannot enter, but if after half-stroke,
it must enter the large cylinder as well as the receiver.
In-the high-pressure cylinder the steam enters during the
portion AB of the stroke depending on the point of cut-off,
and expands to C, the end of the
stroke. At C the exhaust takes
place,; and the pressure falls to
E. The next step depends on
the rate of expansion in the
large cylinder. If this be after

P I half-stroke the steam will expand
D
= i

A B

{Q in receiver and large cylinder

-------- R together. till the cut-off takes
place, - Suppose this to happen
when the/ small piston has tra-

velled through DG ofits return stroke, and the pressure has
then fallen-to F. Afterthis point the small piston continuing
to advance compresses the steamin the receiver till it reaches
the point I corrésponding to half-stroke, the pressure having
then risen to H: | Now when the small piston is at mid.-stroke
the large one is-just about to commence its stroke, and ‘the
large cylinder is just commencing to take steam from the
receiver. Hence the pressure in the latter will fall till the
end of the stroke of the small piston, finally attaining the
value OK.

The diagram of the large cylinder must next be drawn,
the line of volumes, as usual, corresponding with the ratio
between the two cylinders.  The initial prc:\;uru is the same
as the receiver préssuré when the small piston is 'at half-
stroke, viz. HL - Set off, therefore, OI.=HI to represent
this pressure. From this point the steam expands in receiver
and large cylinder till half-stroke, when the small cylinder
exhausts intothe receiver. At half-stroke, then, the Iv-rcssurc
in the cylinder is the same as the pressure in the receiver
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when the small piston has returned to the end of the stroke,
vizz. OK. FErect therefore SM=O0K. At this point the
pressure suddenly rises to N, so that SN = DE, and then the
steam again expands in receiver and large cylinder till the
point of cut-off T is reached, when the pressure TP is the
same as FG. From this point onwards the steam expands
in the large cylinder till the end of the stroke R, while the
steam in the receiver is compressed as already shown by the
line FH. At the end of the stroke the pressure in the
large cylinder falls to that of the ondenser.

To express these various pressures in terms of the initia
pressure and the volumes of the two cylinders and the
receivers, we proceed precisely as in the first example. Let
% denote the portion DG of the stroke passed over by the
small piston, when steam is cut off in the large cylinder ;
then GO = (1—#%)z is the fraction ‘of the volume of the
small cylinder which at that moment 1§ open to the exhaust.
The terminal pressures CD and QR are exactly the same as

in the first example, viz, /)and]/: respectively. Also the
r Y

pressure in the large cylinder at the point of cut-off equals

the terminal pressure multiplied by the rate of expansion ;
. by : . :

or I P /; ,and this, as already shown, i5 the same as the

pressure GF. At this point the volume occupied- by the

steam is made up of two parts, viz.

The contents of the reservoir = Vi
and the portion GO of the small cylinder = (1 — %) #
and consequently the total volume =Veg+ (1 —-A)2

As soon as steam is cut off in the low-pressure cylinder, it is
compressed in the small cylinder and receiver along the line
FH till the high-pressure piston 1s at half-stroke, when the

{

volume occupied by the steam = Vg + -,

and the pressure
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H=p =l x Vet G=Btf _pr ptr—%
i Vi + 2 E™ p+i

This is also the value of OL, the initial pressure in the

large cylinder. From thenceforward the steam enters the

large cylinder and expands.in it and the receiver till half
. ; V

stroke; when its volume = Vg + —.

To obtain its pressure SM at this point we have
SM % (\.u + \) =[‘Ir 7 \_-‘E:*,' (1 _"{) L (\.;: + :’)

2 o \'H+1
X\IR+“7~\5’)"”=/£'XP+ I ,—A'
V. + i

2 >

It now only remains to find the pressure SN = DE,
which is that of the receiver when the small cylinder exhausts
into it. - The resultant pressure and volume is derived from
two components, one being that of the steam in the small

cylinder, whese volume is 2 and pressure f, and the other
”

thatof the steam in the receiver and half the large cylinder,

— A% :
whose volume is Vi 4+ —, and whose pressure SM is given

above. Compounding these two we get

":r +/: x\“ + ('7_\’4')7' X (\.R+\’>
-’ \~x+ , 2

2+ Vi +

o
Substituting for Vi, V. and' 7 their values zp, 2R, and
RE, reducing, we get
SN=DE=2 7o+t 1-H+R
I4p+

>
‘
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Here, again, there is a considerable drop of pressure in
the receiver, and an increase of pressure in the low-pressure
diagram at half-stroke. In order that there should be no
drop it would be necessary that the terminal pressure in the
small cylinder should be equal to the receiver pressure.
Then the resultant pressure would be the same as either of
its components, and theline CD would equal DE. Equating
the values previously given for these two pressures, and
solving for R, we can if desired find out what must be the
ratio between the two cylinders, with a given rate of expansion
in the large cylinder, in order that the receiver pressure may
be equal to the terminal pressure in the small cylinder.

When the cut-off in the low-pressure cylinder takes place
before half-stroke the diagrams will differ somewhat from
those explained in the preceding example.

At C, fig. 203, the high-pressure cylinder exhausts into
the receiver, the pressure falling to DE. Now when the
small piston is at the end of its
stroke the large piston is at half-
stroke, and therefore the steam
is already cut off, and conse-
quently the exhaust steam from
the small cylinder only enters the _ {}/
rc"(‘i\‘cr, and not the receiver v i
plus half the large cylinder, as  {
in the previous example. When o¥ G D §
the small piston makes the fixl .
return stroke it compresses the
exhaust steam before itand in the receiver till mid-stroke, the
line EF being the curve of compression. When the small
pistonyis at midsstroke the large piston is at one end of its
cylinder, and consequently draws steam from the receiver till
the cut-off is effected and the steam expands in the receiver
and the large cylinder along the curve FH. When the small
piston occupies the position I the steam is cut off in
the large cylinder, and the steam iIn the receiver is then

B
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compressed by the small piston along the line HK till the
end of its stroke.

The initial pressure OL in the large cylinder is of
course equal to the receiver pressure GF. From the point
L the steam expands in receiver and large cylinder together
till - the point of cut-off 8§ _is reached, and from this\pnint
expansion takes place in the large cylinder alone till the end
of the stroke.

The values of the terminal pressures in the two cylinders

) 5
E
the point of cut-off in the large cylinder, the pressure SM
equals ‘the terminal pressure, multiplied by the rate of
expansion in-the large cylinder ; therefore

At

are il . . h 1 1 p
are the same as in-the - previous example, viz. £ and
>

SM = £ x 7 =HI

Immediately the cut-off is effected the volume of the
receiver steam is made up of two parts, viz. the volume of
the receiver Vyand the portion OI of the small cylinder
which the piston has yet to trayel at the moment of cut-off
in thelarge cylinder.  Now O1 = (1 — £) . Therefore the
total volume occupied by the receiver steamis Vi, +(x - A) 2.
3y the time-the-small piston reaches the end of its'stroke
this volume is reduced to Vg, and the pressure
r Ve + (1 =27

| DR Vi

R

DX =

The small cylinder next exhausts-into the receiver, and
a volume of steam having the above pressure and volume
= V. becomes mixed with the contents of the small cylinder
A s\ f
having a pressure & = £

r ks

and volume = 2.

The resulting pressure

£
V4B

E
DE =
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by p\
L "\ 1 — o) - 7 ans
£2_ (Vg I :
1;"“‘(- it g E 27 (p+ 1%+ R

- Vg + 7 = p+1

This body of steam is compressed in the receiver by the
advancing high-pressure piston till it reaches mid-stroke,
when communication is opened with the large cylinder.
Therefore, the volume is reduced at this point by half the

contents of the small cylinder, and becomes Vi + -

While its pressure

GF iy Y (Ve+(1—£)v) +V el
K Vit ]

! (o X'=—= 2 + R

p+

This isal§e the initial pressure Oloin the large cylinder.

In order to avoid drop in the receiver when the small
cylinder exhausts into it, we should have, as before, to
equate the values of DC and DE, and solve for R, which
would give us the necessary ratio of the two cylinders for
the given rate of ex] ansion.

The value of 4, the fraction of the str ke traversed by
the piston of the small cylinder when steam Is_cut off in
the large cylinder, is not the same n
the two examples given. Let CE be
the position of the crank of the large ¥<
cylinder when steam is cut off inut, In L\l
the case of the first example, Le., after A{@ | 8
half-stroke. Then the corresponding \ e

position of the high-pressure crank 18

\-k
.‘ s
{

found by drawing FC.au right angles to

EC: and H and G are the correspond-

: & - . o AG _ ;. -
ing positions of the two pistons. [hen B = ks the frac-
tion of stroke traversed by the small piston when steam is cut

off in the large cylinder.
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Calling the radius of the circle unity, we have—
AG=1—GC=1—cos FCA=1—5inf;
AG_,

<

1 —sin @
and =— :

AB 2

B ¥ Yirate of expansion in large cylinder.

Deducing the corrésponding value of sin ¢ in terms of
7!, we have—

The /case when steam is cut off in the low-pressure
cylinder before half-stroke is represented by fig. 205, the
same letters being used as in the pre-

//_" vious example.
In this case it can easily be proved

g 3 that
af$ — i

y

P2y —1
27

Space will not permit of a full in-
vestigation being given for all the
possible arrangements of cylinders,
but the principles on which all such calculations i)rm,‘ccd,
having been fully illustrated in the three examples just given,
the student will have no difficulty in applying them to the
cases of ordinary compounds with two low-pressure cylinders
and cranks at any given angles; or to the case of triple com-
pound engines. Inthe case of ordinary compounds with two
low-pressure cylinders and cranks set at angles of 120° with
one another it is only necessary to bear in mind that three
separate cases may occur. According as the small cylinder

exhausts— - :
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1. Into the receiver only ; which it does when the cut-
off in the large cylinder takes place before one-quarter stroke

2. Into the receiver and one of the large cylinders ;
which takes place when the cut-off in each low-pressure
cylinder takes place between one-quarter and three-quarters
stroke.

3. Into the receiver and both large cylinders ; which
takes place when the cut-off in the latter is after three-
quarters stroke.

The latter case never occurs in practice, because the
distribution of the steam would be very bad, as the high-
pressure cylinder would discharge into one of the large
cylinders when its piston was at one-quarter stroke, and into
the other at three-quarters stroke, i.e. just before the cut-off
took place. Hence, the amount of work done by each of
the two large eylinders would be very unequal

Actual Indicator-diagrams of Compound Engines.—
We give below a few specimens of indicator diagrams of
various types of com-
pound engines, The
first is taken from a
tandem, or direct ex-
pansion engine. The
upper and larger dia-
gram is from the small
cylinder, while the
lower one is from the
low-pressure  cylinder.
‘The latter diagram,
however, gives no idea to the eye of the relative work done
by this cylinder, for it must be borne in mind that, though
the pressures shown are low, thearea of piston on which
they act is, as a rule, from three to four times that of the
high-pressure piston. In a subsequent example it will be
shown how to combine the diagrams of the several cylinders
of 2 compound engine, so that the work done by each may
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be directly compared, and the combined work compared
with what would be done by the steam, supposing the whole
expansion had taken place in the large cylinder only.

In the tandem type of engine the two cylinders are in
direct communication during the whole stroke till com-
pression begins in the small cylinder ; consequently the back
préssure line of the top diagram is practically identical during
the greater part of its length with the steam line of the lower

pressure diagram. | The gap between them represents loss of

pressuré due to the receiver formed by the pipes between
the two cylinders and to the resistance of the passages.

Fig: 207 represents a pair of diagrams from a tw o-cylinder
compound 'engine with receiver, the cylinders having dia-

meters of. 46 and 87 inches

respectively, and the common

stroke of 57 inches, and. the

ratio of the cylinders 36 to 1.

The particulars as to the initial

and mean pressures and the
LI horse-power developed by each
Moo | L cylinder are given on the dia-
. grams.

It will be noticed that the
scales of pressure for each
cylinder are quite different, that
for the high-pressure being 6o
Ibs, to theiinch, and forthe low-
pressure 16 1bs. to the inch.  In
order to make the diagrams

Fig. .
comparable, the pressure ordi-

nates ought each to be reduced to the same scale, and
the volume ordinates should be in the ratio of the volumes

of the two cylinders. This is effected in the following

manner Draw the base line AB, fig. 208, corresponding with
the zero of pressure. Divide each diagram, fig. 207, by any

number of vertical ordinates. Divide the line AB at the
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point C into two parts, so that AC: AB::vol. of small

cylinder to vol. of large cylinder :31 : 3'6. Divide AC and

AB into the same number of parts as there are divisions

in the original diagrams, and draw through these points a

series of vertical ordinates. Then measuring from the base

line AB mark off on these ordinates, to any convenient

scale, the pressures as found from the corresponding ordi-

nates on the original diagrams. And through the points

thus found draw the new diagrams as shown on fig. 2
In order to compare the work done by the

steam in the compound engine with the work

that would be done if the expansion took

place all in the large cylinder, we must know

first the rate of expansion in the compound

engine, This in the present example is as

nearly as possible ten. Hence, allowing an

admission line DEof one-tenth the stroke, and

drawing in the hyperbolic line of expansion
EF, we obtain the approximate diagram for
this ratio of expansion

inasingle cylinder, on

the assumption that
there 15 no loss from
condensation. It will
be seen that the two

actual diagrams fit
fairly well into the single approximate diagram after allowance
has beeén made for the “drop,’ or fall of pressure at the
end of the stroke of the high-pressure cylinder, and for the
resistance due to passages between the cylinders. Instead
of the hyperbola EF, the curve po****=C, which represents
the adiabatic cufve of expansion of dry saturated steam, is
often made use of. Some engineers consider that po*=C
represents more closely what takes place.

Fig. 209 isa set of indicator diagrams taken from a three
cylinder compound engine, having two low-pressure cylinders
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and cranks set at equal angles. The particulars as to boiler
and receiver pressure, vacuum, number of revolutions, horse-
power, &c., are given on the
diagrams. The engines from

Bocler pressure « 354

Meceocr - ::;..;/,,,:», -:’,‘A?,’.r-e‘:r . L .
per mim. - 55 Botom which these diagrams were
Ford Lom Pressure = L

taken belong to the Trans-

atlantic steamer the * Arizona’

illustrated in figs. 197, 198.

Fig. 210 gives the dia-
grams taken from a set of

modern  triple  expansive
marine.  engines, together
with“a ‘combination diagram
formed in the manner already
explained. The dotted line
shows the adiabatic expansion
of 'steam with the same ratio
of ‘expansion in a single

cylinder, and the gaps between
the actual diagrams and the
adiabatic line show the losses

Maan prezs 7853 {4s

due to ‘drop’ in the two re-

PR AT 5f= ceivers, to the resistance of
i 753 passages and to the conden
sation which takes place in the

cylinders.

The miechanical adovantages. of 'compound engines.—In
addition to-diminishing the loss due to condensation in the
cylinders, the compound engine possesses mechanical
advantages over the older type of engine, in which the
expansion takes place completely in a single cylinder. In
the latter case there is a great difference between the initial

and mean strains on the piston, whenever the rate of

expansion is high ; whereas in the compound engine the
difference between the initial and mean strains in each
cylinder is much reduced. Similarly the twisting moment
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on the crank shaft is more nearly uniform in the caseof the
compound engine. Now the dimensions of the moving parts
have to be designed to meet the maximum strains ; hence

Steam
Priler 15 10, M7 recaiver £2 B,
L. Prece Sibs M.2 Jocker 62k

L P Jacket 5 iy '

Rader pross 8.

Tertperatures
Feed woter I28° Discharge 100"
Sea water 53° on Deck 20,
Cons® pf Coal perday Olomsdemt

Total § 4.0, 813, .
.7 cot ofF 20] MPeut ¥ 22%
LPcut off 23%, Rev? €3

‘.
|I

.\.' étulg Yoo
X

\ MP253

\ LH.P 274

Fig. aro.

with compound engines a saving may be effected in the
weight of these parts.

As examples we will compare, first, the case of a
single cylinder expansive ‘engine with a tandem compound ;
and, second, a two-cylinder expansive with a two-crank
compound of the receiver type, neglecting clearance and
compression and assuming hyperbolic expansion.

Iét the initial pressute of the steam be 100 Ibs. per
square inch, absolute ; the ratio ‘of eéxpansion 6, and the
area of the piston in the ordinary expansive engine, A.
Then, if both engines have the same stroke, the area of the
low-pressure cylinder of the compound engine will also be

11
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A, and if the ratio of the two cylinders be, say, 4, the area

> - : . A
of the high-pressure cylinder will be —.
- 4

Taking first the simple expansive engine, the theoretical

mean pressure for hyperbolic expansionis got by the formula.
i+log, E 1417918
Mean pressuré =p — 00 10O —— 79X =465 Ibs,
E 6

If the back pressure be 4 lbs. absolute per square inch,
then the mean effective pressure on piston = (36'5—4) A
= 42'5 A Ibs, the initial effective pressure on piston =
(100—4) A= g6 A'lbs.

Taking now the case of the compound tandem engine,
we have, as in the first case,

The mean effective pressure = 42°5 A Ibs.

The initial pressure on the low-pressure piston equals
the terminal pressure on the high, provided there.is no loss.

Now the rate of expansion in-the high-pressure cylin-

6
der = =1'5.
4
o : . 100
Therefore the terminal pressure = = 666 1hs.
1’5
Now the effective initial load on the small piston
A o
={(100 —66'6) —= 832 A.
And the effective initial load on the large piston
= (66:66 — 4) A = 62766 A.
Total initial Joad = 71 A, as against 96 A in-the first case,
the mean pressure being the same in each instance.

Take next the comparison between a two-cylinder simple
expansive engine and a two-cylinder receiver compound,
the area of the low-pressure cylinder of the latter being, as
before, denoted by A, while the piston area of each cylinder

: . A
of the simple engine is . The other data are supposed to

be unchanged. The mean pressure in the simple engine is
the same as in the first example, viz. 46°5 Ibs. persquare inch.

Mechanical Advantages of Compound Engines. 483

The mean effective pressure on each piston
A
= (46'5—4)— = 21'25 A lbs.
2
The initial effective pressure on each piston
= (100—4) S 48 A lbs,

Next take the case of the compound engine, and suppose
the ratio of the cylinders to be 3 to 1. As the rate of ex-
pansion is 6, the cut-off in the small cylinder must be at
half-stroke.

In an engine of this description the receiver pressure
would probably be 28 lbs. Now to find out the point of
cut-off in the low-pressure cylinder in order that this may
be the receiver pressure at the commencement of the stroke
of the large piston, we must remember that the total rate of
expansion is 6, and therefore the final pressure in the large
cylinder is 1—29 = 16§ lbs, Therefore the cut-off in this

: . 16§ -
cylinder is ‘;-‘ = ‘59 of the stroke. From these data we

deduce the following particulars :—
Mean pressure in small cylinder

= 100 1+1(3gn ? = 8465 Ibs. per square inch.

Mean effective pressure in the small cylinder
= 84:65—28 = 5665 1bs. per square inch.
Mean effective load on small piston
3
— k665 x X = 1888 A Ibs.
9
Initial effective load on small piston

=(IOO—-2S);} = 24 A lbs.

3
Mean pressure in large cylinder
1+log, 169 __
169 o

Mean effective pressure in large cylinder
= 25'2—4 = 21°2 lbs. per square inch.

25°2 lbs. per square inch.

= 28
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Mean effective load on large piston = 212 %A lbs
Initial effective load on large piston = (28 —4) A = 24 lbs,

Hence we see that in the simple engine the initial load
is to the mean as 2'16 to 1. Whereas in the small cylinder
of the compound engine the ratio 1s 127 to 1, and in the
large cylinder 1°13-t0 1

It is unnecessary to pursue this investigation further, for
it is evident that in the cases of three cylinder ordinary
compounds, and triple expansive engines the ratios will be
more ‘in fayour of the compound system than in the two
examples given.

The foregoing calculations take no account of the strains
caused by the inertia of the reciprocating parts, and they

B I ot ma gt N

o=

therefore only apply to the strains when the engine is moving
slowly, as, for instance, when stopping and starting. The
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proper method of investigating the true pressures on the
moving parts, when their inertia and the effects of compres-
sion are taken into account, is explained
in Chapter V.

The curve of twisting moments on

the crank axle is also more uniform in
the case of the compound engines, an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>