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PREFACE.

—O P

THE present volume originated in some rough notes on the
thermodynamics of the steam engine, drawn up as long ago as 1871,
for the use of students of engineering and others interested in steam
engines. These notes, having proved useful, were expanded into a
complete treatise published in December 1877, which was intended
to serve as an introduction to applied thermodynamics, while at the
same time an attempt was made to study, more completely than
had hitherto been done, the process of the conversion of heat into
work in steam engines.

This treatise having been for several years out of print, the
Author has undertaken the preparation of a new edition with great
reluctance, feeling that, considering the progress made since 1877, a
new book rather than a new edition of an old one would be required
to deal with the subject in a manner at all commensurate with
its difficulty and importance. It seemed, however, on consideration,
that the ground occupied and the method of treatment being in
many respects different from those adopted by others, the book
might with some changes and additions still prove useful, and this
opinion would not have been altered if the Author had had the
advantage of being able to consult the two able American treatises
by Professors Peabody and Volson Wood, which appeared some time
after the greater part of this volume was in type.

It is hoped that in many ways this edition will be found an
improvement on the original work. In reprinting the first nine
chapters considerable additions have been made in order to illustrate
more fully the principles of thermodynamics. These additions are
described in the Appendix and need not here be further noticed. In
other respects little change has been found necessary in these
chapters. Had the Author been writing a new book, it is probable
that a larger value would have been adopted for the mechanical
equivalent of heat, since it is now generally admitted that the long
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iv PREFACE.

established value, 772, is somewhat too small. = This has been
explained in the notes at the end of the book, but pending an exact
determination of this important constant, there is little inducement
to transfer the correction from the notes to the text.

The tenth and eleventh chapters have been completely re-written -
and greatly enlarged. In 1877 it was already obvious that cylinder
condensation was the rule in steam engines, and its absence the
rare exception, but so far as experimental research had then
proceeded, no opinion could be formed as to the law which it
followed. Since that time a large amount of work has been done,
and much attention has been drawn to the question by the labours
of Messrs. Mair & Willans, Colonel English, and others. In 1887
Major (now Colonel) English read a paper before the Institution of
Mechanical Engineers, describing a series of experiments on an
engine consuming a large amount of steam, and found that the
theoretical law of the inverse square root of the speed might be
applied in comparing this engine with others. = The Author, on
examining the various experiments on single expansion non-jacketed
engines, has been led to concur in this view ; and he has, therefore,
described carefully the theory of the conduction of heat, and
explained the difficulties which are encountered in applying it to
the case of a steam cylinder. While engaged on this task he found
that a simple. formula, the form of which was suggested by
theoretical considerations, would, with certain limitations, give a
fair approximation to the amount of steam wasted in single ex-
pansion non-jacketed engines by initial condensation and other
causes. As might be expected, the formula involves a constant to
be determined by experience for each type of engine, but the values
of the constant in a large number of examples of engines of widely
different types appear fairly consistent. The causes of cylinder
condensation are complicated, and the facts relating to it may be
interpreted in more then one way, but this uncertainty does not affect
the value of the formuls, if it should be found on further examina-
tion to represent the facts with sufficient approximation. How far
this may be the ease, the Author must leave to the judgment of
of those interested in this question.

In the eleventh chapter, other questions relating to the efficiency
of steam engines as thermodynamic machines have been considered
much more fully than in the original book, and the whole put into a
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shape which it is hoped will be found practically useful. The
action of feed-water heaters, a part of the subject which has been
much neglected, is also dealt with. The few observations made
on compound engines and on jacketing, are intended chiefly as
suggestions for further investigation, since it seems clear that no
real progress can be made until the question of cylinder condensation
in a single expansion non-jacketed engine has been more thoroughly
studied.

The obligations of the Author to the various treatises and
original memoirs from which information has been obtained, are
fully stated in the text or in the notes at the end of the book, and it
need only be added that if the present edition should be received
as favourably as the original work, the Author will be fully
rewarded for the not inconsiderable amount of time and labour
which has been spent in its preparation. His best thanks are due
to his assistant, Mr. J. H. Slade, R.N,, for the correction of various
errors in the earlier chapters.

Rovar NavaL CoLLEGE, GREENWICH,
July 1890.
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THE

STEAM ENGINE

CONSIDERED AS A THERMODYNAMIC MACHINE.

CHAPTER L

PHYSICAL PROPERTIES OF STEAM.

1. OUR knowledge of the properties of steam is chiefly derived
from experiments made by Regnault at the Paris Observatory,
under the authority of the French Government, for the express
purpose of ascertaining the numerical data necessary in calculations
respecting steam and other heat engines. The experiments relating
to steam are published in the twenty-first volume of the Memoirs of
the Institute of France (Paris, 1847), to which the reader is referred
for all details which it is not absolutely necessary for our purpose
to mention : and such a reference is very desirable to obtain an idea
of the immense labour and ingenuity employed in rendering the
experiments as perfect as possible.

To understand precisely what Regnault ascertained, some pre-
liminary explanations and definitions are requisite, as follows :—

In the figure, 4 B is a cylinder open at the top, and containing
a piston : the piston is loaded with weights, which with the atmo-
spheric pressure are equivalent to P lbs. per square foot of the area
of the piston, and rests on the surface of a mass of water placed below
it ; the quantity of water is immaterial, but, for convenience, will be
supposed 1 Ib. : the temperature of the water is supposed that of
melting ice, or 32° on Fahrenheit’s scale. If now heat be applied
to the water, the temperature rises, becoming greater and greater
the more heat is added, the piston remaining stationary (save a
very small rise due to the expansion of the water) until a limiting

B



2 PHYSICAL PROPERTIES OF STEAM. {Cm. I

temperature has been attained, the value of which depends on the
pressure : the temperature then remains stationary at that limit
value, and the formation of steam commences, the piston rising as

Fig. 1. t
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more and more of the water is evaporated ; finally, when sufficient
heat has been added to convert the whole of the water into steam,
the temperature commences once more to rise, and may be raised to
any amount if sufficient heat is added. These successive stages of
the process are represented in the figure, which shows the piston in
three positions, and for a complete theory of the steam engine a
thorough knowledge of all three is indispensable. Such a thorough
knowledge has not yet been attained as regards the third stage, in
which the temperature of the steam is raised above that at which it
was originally formed, but by the aid of Regnault’s experiments
almost all the needful information can be obtained respecting the
first two stages, to which we shall confine ourselves in the present
chapter.

Connection between Pressure and Temperature.

2. It was stated above that evaporation takes place when the
temperature reaches a certain value depending on the pressure;
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now if the constitution of fluid bodies was completely understood,
it might be possible to determine the relation between pressure and
temperature by theoretical considerations ; at present, however, this
cannot be done, an direct experiment is our only resource. Such
experiments had b.”n made by various experimentalists ; but the
results showed considerable discrepancy, and hence Regnault’s first
object was to set the question at rest by a thorough investigation.
His apparatus consisted of a boiler containing, when half full, about
thirty-three gallons of water, a condenser of suitable dimensions to
condense the stea'n as fast as it was formed, and an air chamber
three times the size of the boiler, provided with force pumps by
means of which any desired pressure could be produced at pleasure.
Pressures were measured by means of a column of mercury open to
the atmosphere, an arrangement admitting of greater accuracy than
the manometers of compressed air employed by others, but involving
the manipulation of a column of mercury nearly 50 feet high at the
greatest pressures experimented on. The air chamber and condenser
enabled any desired pressure to be maintained for any length of
time.

The principal difficulty to be overcome is, however, in the
measurement of temperatures, which requires to be effected,
especially at high pressures, with extreme accuracy. Now, a
mercurial thermometer is not an exact measure of temperature
unless it has been graduated by comparison with some standard
instrument : differences in the quality of the glass and the mode
of construction producing sensible differences in the indications,
especially at high temperatures, differences which were probably the
most important cause of the discrepancy in the results of the earlier
experiments on the elastic force of steam. Hence, in the measure-
ment of temperature, Regnault employed as a standard, not a mer-
curial, but an air thermometer, an instrument which will be referred
to further in a subsequent chapter.

Regnault’s experiments at pressures above the atmospheric
extended to pressures of twenty-eight atmospheres, or more than
400 lbs. per square inch, while those at pressures below the atmo-
sphere made with a different apparatus extended not only to what
is commonly called steam, but likewise to the vapour given off by
water at all temperatures, even the lowest. His results are given
in degrees centigrade, and millimetres of mercury, and are not

B2
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merely stated in tables, but expressed graphically by means of a
curve drawn on copper with extreme care and accuracy. In
reducing them to English measures, it has to be remembered that
100° centigrade corresponds to the pressure 760 millimetres of
mercury, or 29°922 inches, at the temperature 32°, and at a height
of 60 metres in the latitude of Paris above the level of the sea: at
any other level and in any other latitude, 100° centigrade will, on
account of the variation of the force of gravity, correspond to a
column of mercury of somewhat different height. Now, 212° on a
British standard thermometer corresponds to 30 inches of mercury
at the equator, 29-922 inches in the South of France, or 29905
inches at London, and hence lies a little below 100° centigrade ; so
that 1° Fahrenheit is not exactly §ths of 1° centigrade, but is a
little less ; and thus the reduction from French to English measures
requires considerable calculation. The reduction has been made
with great care and accuracy by Professor Dixon in his valuable
Treatise on Heat (Dublin, 1849), and the table at the end of this
book (Table Iz) has been deduced from that given in his work,
omitting the lower part of the table as not required for purposes
connected with the theory of the steam engine, and converting
inches of mercury into lbs. per square inch. In the reduction, it
has been supposed that the British standard thermometer shows
212° at the pressure 147 Ibs. per square inch, which is exact in the
south of France, and near enough at any point of the earth’s surface.
The ratio which the pressure at any temperature bears to the
pressure at 212° is the same everywhere, and it is this which for
theoretical purposes it is important to know with accuracy. The
table shows the pressure corresponding to each degree Fahrenheit,
from 93° to 432° in lbs. per square inch. A supplementary table
(Table 1d), extracted directly from Dixon’s work, shows the same
pressure from 70° to 150° in inches of mercury. The third column
in the principal table shows the rise of pressure consequent on an
increment of temperature of 1°.

The general result of the experiments is to show that the pres-
sure increases with the temperature, and that the more rapidly, the
greater the pressure. For example, at 212° the pressure is 147 lbs.
per square inch, and the increase of pressure for a rise of temperature
of 1° is about *29 Ib.; at 247° the pressure has increased to 28-34,
and the difference for 1° to about 4 1b. ; at 300 the pressure reaches



ARrT. 2] PHYSICAL PROPERTIES OF STEAM. 5

67:22, and the difference 1 Ib.; while at 432° the pressure is no
less than 350°73, and the difference is 3+64. Thus, at 350 lbs. per
square inch, the pressure increases about thirteen times as rapidly
as it does at the atmospheric pressure.

Many formule have been devised for the purpose of representing
algebraically the results of experiments on the elastic force of steam
at a given temperature, a brief account of which will be found in
the Appendix.

The simplest of these formule, which represents the results with
tolerable accuracy, is—

t - 212
logp=5.t—T—3—6,-7 + log 14°17,

where p is the pressure in Ibs. per square inch, and ¢ is the tem-
perature in degrees Fahrenheit. In the absence of the table this
formula may safely be used, unless for some special purpose minute
accuracy is required.

For such purposes and for ready numerical calculation the table
is more useful ; examples will be found attached to the table. It
was mentioned above that Regnault constructed a curve graphically
representing his results; this may be done by setting off the tem-
peratures as absciss®, and the corresponding pressures as ordinates ;
and the reader will find it a useful exercise to construct such a curve
for himself, using the numerical values given in the table, so as to
familiarise himself with the general character of the relation between
pressure and temperature. _

Before leaving this part of the subject, some circumstances must
be noticed which modify the results now given in certain cases.

If perfectly quiescent water, perfectly free from air or other
foreign substance, be heated in a clean glass vessel, the temperature
may be raised far above 212° without occasioning ebullition ; and
when ebullition does take place it is effected, not regularly and
quietly, but by fits and starts, producing what is called *bumping,”
This effect, which is much more manifest when sulphuric acid is
used instead of water, is due to molecular cohesion ; for particulars,
the reader is referred to Professor Clerk Maxwell’s treatise on the
Theory of Heal, page 269. If such an effect could be produced in
the circumstances of an ordinary steam boiler it would be a great
source of danger, for suppose a boiler constructed to work at a
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pressure of 67 lbs. per square inch absolute, say 52 lbs. above the
atmosphere, this corresponds to a temperature of about 300° Fahr.,
if now the temperature could be raised to 320° Fahr., without the
corresponding increase of pressure to 75 lbs. above the atmosphere
taking place in the usual way, the slightest change of circumstances
might produce explosive ebullition, accompanied by a great and
sudden increase of pressure. The subject requires further investiga-
tion, but although it is certainly possible that some of the numerous
cases of explosion which have occurred immediately after starting
an engine may be accounted for in this way, yet the circumstances
under which the effect is produced are rather those which occur in a
laboratory than in actual practice.

Secondly, if a salt be dissolved in water the temperature of
ebullition is varied ; thus ordinary sea water contains one thirty-
second part by weight of common salt, the temperature of the steam
produced under the atmospheric pressme is not 212°, but 213°-2,
and it is said that if more salt be added the boiling point of the
brine is raised by 1°-2 for each thirty-second part of salt which is
added. The steam in such cases is quite free from any admixture
of salt, but probably has the temperature of the boiling brine, and
is therefore to some degree *superheated,” a term the meaning of
which will be explained presently.

Subject to these observations, the elastic force of steam is always
connected with its temperature, as shown by the table, so long as it
remains in contact with water, no matter how the steam has been
produced ; thus if, instead of supposing the water confined in a
cylinder provided with a piston which rises as the steam is formed,
we suppose the steam to be produced in a closed steam boiler, then
the temperature and pressure will keep rising as more and more
heat is added, instead of remaining stationary; but the relation
between pressure and temperature remains precisely the same so
long as any water is left.

Specific Heat of Water.

3. Returning to our cylinder and piston, and considering the
first stage of the process before the production of steam commences,
we have now determined the limit temperature (¢°) in terms of the
pressure on the loaded piston, and we next consider, in order to
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complete our knowledge of the first stage, the quantity of heat
which must be added to the water in order to produce the change
in question, or, in other words, to raise its temperature from 32°
to . Now quantities of heat are measured in thermal units—that
is, by the quantity of heat which is necessary to raise a Ib. of water
through 1° at its temperature of maximum density, or from 39° to
40° Fahr. ; if then the same quantity of heat were required to raise
a Ib. of water through 1° at any other part of the scale, say from
212° to 213°, then the amount of heat required would be ¢ — 32
simply, and this is what is usually assumed by practical writers on
the subject of the steam engine.

Regnault, however, has shown, by a series of direct experiments,
that the quantity of heat in question is always greater than { — 32,
the difference becoming greater and greater as the temperature ¢° is
higher. His results changed into English measures are given in
Table Ila at the end of the book, for every 27° from 77° to 401°, in
which the first column gives the temperature £, and the second
t — 32, while the third gives the quantity of heat in question as
determined by Regnault’s experiments. A knowledge of this quan-
tity of heat is continually required in the course of our work, and
hence a special symbol (%) is used for it, and it must be understood
that & in this work always means the quantity of heat necessary to
raise a lb. of water from 32° to ¢, and is never used for any other
purpose.

As just stated, the value of % is given by the table at the
temperatures indicated in the first column; at any intermediate
temperature interpolation is necessary, for which purpose the mean
difference for 1° is given in the fourth column of the table. These
numbers represent the mean quantities of heat required to produce
arise of temperature of 1°, or, in other words, the mean specific
heat of water between the temperatures indicated, whence it will be
seen that the specific heat of water increases very considerably at
high temperatures, becoming as much as 104 at the temperature 375°,
corresponding to a pressure of 185 lbs. per square inch. Examples
of the process of interpolation will be found at the end of the tables.

Regnault’s results require certain corrections in order to make
them precisely applicable to our purpose, that is, to make them
represent with absolute accuracy the heat expended in the first
stage of the process we are considering. These corrections are,
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however, undoubtedly much less than the deviation of the specific
heat of water from unity, and will not be considered here ; for further
information the reader is referred to the Appendix. Unless we have
to do with steam of very high pressure the difference between A
and ¢ — 32 may frequently be safely disregarded, but much depends
upon the particular question considered.

The quantity of heat requisite to raise a lb. of water through 1°
has of late not unfrequently been called a * pound degree” by
writers on the steam engine. If this expression be adopted, it must
be remembered that it expresses a different quantity of heat for each
particular temperature, so that for steam of 185 lbs. pressure it is
about 4 per cent. greater than at low temperatures. Hence to make
the “pound degree” a definite unit of measurement, the temperature
employed as a standard must be indicated. There seems no advan-
tage, however, in abandoning the well-understood term ‘ thermal
unit,” used in measuring quantities of heat.

. Total and Latent Heat of Evaporation.

‘ 4. We next go on to consider the second stage of the process,
that is, the evaporation of the water, which takes place gradually as
heat is added, the piston steadily rising, and the cylinder remaining
at the constant temperature already investigated.

Let us first suppose that so much heat has been added, that every
drop of the water is evaporated, and the cylinder contains nothing
but steam of the same constant pressure under which it was originally
formed, then the first question t@ be considered is the quantity of
heat required to evaporate the water as described. This quantity
of heat is called the latent heat of evaporation of water, a term the
origin of which will be explained hereafter. If further we consider
the quantity of heat expended in the first and second stages together,
that quantity of heat is called the fofal heat of evaporation of water.
Thus the fotal heat of evaporation of water is the quantity of heat requisite
lo raise a pound of waler from 32° to a particular lemperature, and evaporate
it at that temperature, while the latent heat of evaporation of water is the
quantity of heat requisite to evaporate a pound of waler at a given tem-
perature. The first of these quantities will in this work invariably
be denoted by H, and the second by L, symbols which will be used
for-no other purpose.
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The values of H and L in the present state of our knowledge
can only be determined by experiment, and as the results obtained
by the earlier investigations of Watt and Southern were discrepant,
a second principal object of Regnault’s experiments was to set this
question also at rest by a thorough investigation.

Regnault’s apparatus consisted, as before, of a boiler, condenser,
and air chamber, arranged so that a perfectly steady evaporation
could be maintained for any length of time required under any
desired pressure, the steam being conducted to the condenser and
condensed as fast as it was formed in the boiler, quite independently
of the calorimeters, mentioned farther on, used to measure the heat
given out in condensation. The steam pipe conducting the steam
from the boiler to the condenser and calorimeters passed into the
boiler below the water line, and after several convolutions terminated
in the centre of the steam space, which was large ; while outside the
boiler the pipe was thoroughly steam-jacketed and clothed ; and
hence thoroughly dry steam was secured without any possibility of
superheating.

Suitable steam of a given temperature being thus obtained, is
conducted into a calorimeter consisting of a pair of copper globes
surrounded by cold water. Condensation of the steam in the globes
immediately takes place, the heat given out being abstracted by the
cold water, the rise of temperature of which furnishes a measure of
the quantity of heat, while the condensed water issuing from the
globes gives the weight of steam condensed ; hence the heat given
out by each pound of condensing steam is fully determined.

Great care is necessary in conducting experiments of this kind
to secure accuracy, a special difficulty being to find the quantity of
heat lost by radiation from the calorimeter while the experiment is
proceeding. For details I must refer to the original Memoirs. It
is sufficient to say that all difficulties were overcome by Regnault,
whose results are universally accepted as being as perfect as the
nature of the case permits.

If now we carefully consider the way in which Regnault’s experi-
ments were made, it will be seen that the result he obtained is no
other than the total heat of evaporation as defined above ; for if,
after the water has been completely evaporated by the application
of heat to the cylinder, we imagine some cold body to be applied to
take away the heat again, the steam will begin to condense and the
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piston to descend under its constant load, a process which will go on
till all the steam is condensed and there remains nothing but water :
a further abstraction of heat causes the temperature to fall till
finally we have the pound of water at 32°, with which the process
began. And the whole heat taken away when the steam is condensed
is the same as the whole heat added when the water is evaporated.
Now while the steam was being condensed in the globes of Regnault’s
calorimeter, a constant pressure was maintained throughout the
apparatus during the whole period of the experiment, and thus we
are sure that the circumstances of the experiment were just the
same as in the case of our hypothetical cylinder and piston. The
necessity for insisting on this point will be understood when we
come to the next chapter ; for the present it is sufficient to say that
the values of H are certainly given to a great degree of accuracy by
these experiments, which, together with the two other series already
mentioned, form the experimental basis of the theory of the steam
engine.

Regnault’s experiments on the total heat of evaporation extended
from a pressure of one-fifth of an atmosphere to a pressure of four-
teen atmospheres, say 3 lbs. to 200 lbs. per square inch, and the
general result is that H increases slowly with the temperature by
+305 thermal unit for each degree Fahr., so that it may be expressed
by either of the formulae

H =1091-7 + -305 (¢t - 32),
= 1082 + -305¢
= 1146 -6 + - 305 (f — 212).

Below one-fifth of an atmosphere the difficulty of securing a regu-
lar steady ebullition prevented Regnault from obtaining thoroughly
reliable results. It is, however, usual, to suppose that the same
formula applies to all cases.

Table Ila shows the results of the formula for every 27°, from
77° to 401°, and also at 32°, the fifth column giving the differences,
which in this instance are constant. Intermediate values may be
obtained either directly from the formula or by interpolation.

In our definition of the total heat of evaporation, it has been
supposed that the temperature of the water was 32° when the heat-
ing commenced ; in practice, however, it generally happens that the
water originally has some other temperature f), we then speak of
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the total heat of evaporation from f,at ¢t. The tabular values of H
and & enable the result in this case to be easily obtained, for if ¢ be
the required quantity of heat, we shall have

Q=H-h,

where k, signifies the heat necessary to raise a Ib. of water from 32°
to the temperature f,. For example, to find the total heat of
evaporation of water from 104° at 293° : on referring to the table we
find for the value of A at 104°, 72:09, and for the value of H, at
293°, 11713, hence

@ =1171-3 - 72:09 = 1099-21.

In this case, if the temperatures are not those given in the tables,
H and h, must be found separately by interpolation ; but we may
almost always simplify by using ¢ — 32 for . Thus in the present
example the error of so doing is less than one-tenth of a thermal
unit, a quantity which is inappreciable compared with the value
of h.

From the total heat of evaporation H we can at once deduce the
latent heat of evaporation L, for it is clear that

L=H-h;

so that we have only to subtract the tabular value of % from the
tabular value of  in order to find the value of L. The seventh
column of table Ila has been formed in this way, and shows the
latent heat of evaporation of water for every 27° from 77° to 401°,
while the eighth column shows the differences for 1°, from which
the latent heat at any other temperature can be found by interpola-
tion. The table shows that the latent heat L diminishes as the
temperature increases, the rate of diminution not being exactly
constant, but increasing with the temperature. Unless, however,
special accuracy is necessary, the formula

L =966 — 71 (¢ - 212°)

gives results which are amply sufficiently approximate, according to
which the latent heat diminishes by rather more than seven-tenths
of a thermal unit for each degree Fahr., and is 966 thermal units at
the temperature 212°.
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Density of Steam.

5. To complete our knowledge of the first two stages of the
process we are considering, it is now only necessary to know what is
the volume of the resulting steam, or how high the piston will have
risen at the instant when the last drop of water is evaporated.
Unfortunately, in the present state of our knowledge, this question
cannot be answered with the same degree of accuracy with which we
know the elastic force of steam or the total heat of evaporation.
Two distinct methods have been adopted : first, by a series of direct
experiments ; secondly, by a calculation based on the principles of
thermodynamics from the data already given.

No experiments on the density of saturated steam have been
published by Regnault, and the only investigation possessing any
claim to be considered reliable was made by Messrs. Tate and
Unwin, under the auspices of the late Sir W. Fairbairn, and pub-
lished in a paper read by the latter before the Royal Society
in 1860. An abridged account of these experiments is given in
Fairbairn’s Mills and Mill Work, Part 1., p. 207, to which the reader
is referred for details; we shall here only mention the principle of
the investigation and its results.

A glass globe was provided with a long stem, say 32 inches long,
which was filled with clean mercury, and inverted in a dish of
mercury, the mercury being previously boiled to secure the absence
of air. A bubble of glass containing the water to be experimented
on was then introduced into the globe floating on the top of the
mercury. If now heat be applied to the globe the water vapourises,
the mercurial column descends, and the capacity of the globe having
been previously measured, furnishes the means of measuring the
volume of steam produced from the known weight of water in the
bubble at a known pressure and temperature. Two special diffi-
culties occur when attempting to measure the density of steam by
such a method.

First, it is impossible to tell directly the exact instant at which
all the water is evaporated, and it is clear that if the volume be
observed before all the water is evaporated there will be no means
of determining the weight of water turned into steam ; while if the
volume is observed after the water is all evaporated, the volume
measured will not be that of steam in contact with water, but of
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steam which is more or less superheated. Now this first difficulty
was overcome by replacing the dish of mercury by a long glass tube
projecting below a copper boiler containing water, in which the glass
globe was immersed. On heating the boiler, steam was produced
outside the globe of the same temperature as the steam inside the
globe, and hence so long as any water remained in the bubble the
pressure outside and inside the globe was the same, as shown by
the mercury standing at the same height in the stem of the glass
globe and the outer tube connected with the boiler. The moment
the steam inside the globe becomes superheated the pressure inside
the globe becomes less than the pressure outside, and this is at once
indicated by a rise of the mercurial column in the stem of the glass
globe, and the precise instant at which the volume should be
measured was thus determined; hence this first difficulty was
successfully overcome.

The second special difficulty which besets experiments of this
kind is the cohesive attraction between water and the glass vessels
in which it is contained, in consequence of which a glass vessel may
be heated considerably without being at once dried, and in all
probability steam is condensed on a glass surface as hot or hotter
than itself. This source of error remains in the results of these
experiments, and it is probable that the densities determined by
them are somewhat too large.

The experiments extended from 2} lbs. on the square inch to
70 lbs. on the square inch, and their results are given in Table III.
for a whole series of pressures. The fourth column of this table
gives the weight in lbs. of a cubic foot of steam, at the pressure
indicated in the first column, as determined by these experi-
ments.

The second method of obtaining the density is by calculation on
the principles of thermodynamics from the values of the latent heat
of evaporation given above. This method will be fully considered
hereafter ; it is sufficient to say at present that certain needful
numerical data are not as yet known with absolute exactness, and
that consequently the results of the calculation are not free from
possible error. The fifth column in Table III. gives the weight of a
cubic foot of steam as determined by this method, and the approxi-
mate agreement with the results obtained by direct experiment
shows that neither method can be very far wrong. The calculation
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values, which are the smaller, are to be preferred, and it is highly
improbable that they can be so much as 1 per cent. in error.

The general results of calculation and experiment on the density
of steam are that the weight (w) of a cubic foot increases nearly in
proportion to the pressure (p), but at a somewhat slower rate, as
shown by column 6, which gives the differences per lb. from which
the values of w for pressures not given in the table can easily be
found by interpolation.

The reciprocal of w, the weight of a cubic foot, is the volume in
cubic feet occupied by 1 Ib. of steam, a quantity which in this work
will always be denoted oy v when steam is under consideration.
The value of » is given in the second column of the table for the
pressures indicated in the first column; and we shall call » the
specific volume of the steam.

It is common to compare the volume of the steam with the
volume of the water from which it is produced, which may be
done by multiplying » by 62-4, which is nearly the weight of a
‘cubic foot of water at ordinary temperatures ; this may be called the
relative volume of the steam, though by some writers the term
“ gpecific volume ” is used in this sense.

Various formule have been devised for the purpose of connecting
the pressure and density of steam, of which we shall here give two.

First, we place the formula given in Fairbairn’s paper to repre-
sent his experiments, viz. 289

ve et
altering the constants to suit the case when the pressure is given in
Ibs. per square inch, and the volume in cubic feet. This formula®
gives the results obtained by direct experiment, and the values as
stated above are probably somewhat too small for perfectly dry
steam below 110 Ibs. per square inch. At pressures much exceeding
this limit the formula gives too large a result.
Secondly, the results of calculation are represented with great
accuracy by a formula of the form
p V" = constant

¢ In Fairbairn's 3Mill Work, Part I. p. 214, this formula is quoted with a
wrong sign in the denominator of the fraction. The error has been copied by
Rankine in his work on Shipbuilding, where the formula has been applied to a
numerical example. In Rankine’s Uscful Rules and Tables the formula is quoted
correctly.
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where n is an index. To test this and to determine the value of =,
let the formula be written

log p + n.log v = constant,

and let the values of log v and log p be plotted on a large scale on
paper as horizontal and vertical ordinates. It will be found that
the extremities of these ordinates lie very exactly in a straight line,
showing that the formula is correct in form. The index n will be
the tangent of the angle which this straight line makes with the
horizontal axis, and will be found to be

n = 1-0646.

The constant is found to be 479 for pressures in lbs. per sqﬁare inch
and volumes in cubic feet, so that the formula becomes

p vt = 479,

When employed for finding the volume corresponding to a given
pressure, it is most conveniently written

log v = 2:5174 — -9393 log p,

and when, as is sometimes the case, we require the pressure corres-
ponding to a given volume, it becomes

log p = 2:6800 ~ 1-0646 log v.

Neither of these formule rest on any theoretical basis, but both
are empirical formule employed to represent in a simple form the
results of calculation and experiment. The second formula is that
which will be chiefly employed in this work, when a formula is
necessary ; for numerical calculations the table may also be employed,
examples are given in the Appendix.

Partial Evaporation—Superheating.

6. In all that has been said in the two preceding divisions of this
chapter, it has been supposed that the process of evaporation has
been carried on until every drop of the water has been evaporated,
and there remains nothing but steam, while care has been taken
to stop the application of heat at the instant the water has all
disappeared, so that the temperature is still stationary. '

In such a condition the steam has the greatest density possible



16 PHYSICAL PROPERTIES OF STEAM. Cun. L

in perfectly dry steam at that pressure, and is hence said to be steam
of “maximum density,” or otherwise it is said to be *saturated.”
Likewise the temperature of such steam is the lowest possible at
that particular pressure. Steam, however, seldom exists in a
perfectly dry and saturated condition ; either it is more or less
mixed with water, or else its temperature is greater than that cor-
responding to the saturated condition.

In the first place, the steam supplied by an ordinary steam boiler
is probably rarely perfectly dry ; much obscurity rests on this point
from the absence of any easy means of testing steam so as to ascertain
the proportion of suspended water, but there can be little doubt that
if from any cause the ebullition is irregular, such as, for instance, is
the case when the irregularity in the consumption of steam always
existing is aggravated by small steam space and rapid evaporation—
that water is carried over from the boiler along with the rushing
steam. This effect is called “priming,” and is often produced on a
large scale by impurity of water and other causes which we need not
here consider. And even if the steam from the boiler be originally
dry, it almost always condenses to a greater or less extent on
entering the cylinder.

Thus, in a theory of the steam engine it is not sufficient to
confine ourselves fo the consideration of dry steam, we must like-
wise consider steam containing a certain amount of moisture. The
amount of moisture in steam is estimated by the amount of pure
steam (z) contained in a pound of the actual steam, then z is a
fraction which is smaller the wetter the steam, and which may be
called the dryness-fraction of the steam. Let s be the volume in
cubic feet of 1 1b. of water, then since 1 1b. of the steam contains
z lbs. of dry steam and (1 - z) lbs. of water, it is clear that the
specific volume 7" must be

V=vae+ (1 -2)s

where v as before is the specific volume of dry steam considered in
the preceding section.
We may write this
V=z@®-s) +s
Now s is a small fraction, being *016 at ordinary temperatures and
less than 20 per cent. greater (see Appendix, Note B) at the highest
temperatures possible in practice, we may therefore safely neglect
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it ; further, unless z be small, the remaining term s may be neglected,

and we obtain simply
V=vaz

These simplifications cannot be made at very high pressures, nor
when (as is sometimes the case) we have to do with mixtures of
steam and water, consisting chiefly of water. To show the amount
of error involved, the value of v — s is given in the third column of
Table IIL

So much for the density of moist steam. Next, for its total heat
of evaporation, we have only to consider that for each lb. of such
steam a lb. of water has been raised from 32° to ¢, but only z lbs.
have been evaporated ; hence if @ be the heat expended,

Q=h+zL;

or if the water originally be at ¢, instead of 32°
Q=h-hy+2L;

a formula which, by the aid of tabulated results given previously,
enables us to find the total heat of evaporation very readily when z
is known.

The heat necessary to produce dry steam from and at 212° is
966 thermal units, and the total heat of evaporation under any cir-
cumstances may conveniently be expressed by stating the equivalent
evaporation from and at 212°. Suppose we call this E, then

Q@ _h-h+zL
= m = —966— per 1b. of steam.
For example, suppose a boiler to supply steam with 10 per cent.
of suspended moisture, the evaporation taking place from 100 at

320°, then
E=———"\" = — = 1055,

which is the factor by which the actual evaporation must be multi-
plied to obtain the equivalent evaporation from and at 212°.

The possibility of the steam generated by a boiler containing
suspended moisture, and thus requiring less heat to produce it,
should not be lost sight of when the efficiency of the boiler or the
evaporative power of the fuel is being considered, for important
errors may easily be produced in this way.

c
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Not only may steam be wet, but it frequently happens, either
by direct application of heat or by other causes to be considered
hereafter, that its temperature is raised above the limit value, which
is the lowest possible at the pressure considered, and in that case it
is said to be superheated. Such is the case in the third stage of
the process we have been considering, in which after the water has
been all evaporated the application of heat is continued. The tem-
perature then rises continually, instead of remaining stationary as
before. Our experimental knowledge of this third stage is very
imperfect, and the little that is known with certainty cannot advan-
tageously be introduced here; we shall therefore proceed in the
succeeding chapter to explain the fundamental principle upon which,
together with the results of experiment now given, all successful
reasoning on the subject of the steam engine must necessarily be
based.
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CHAPTER IIL

CONVERTIBILITY OF HEAT AND WORK.
INTERNAL WORK.

7. WHEN a resistance is overcome by the action of force, the
effect of the force, considered as acting through space, is measured by
the magnitude of the resistance multiplied by the distance traversed,
estimated in the direction of that resistance. The force is then said
to do work, and the work done is numerically equal to the product
of the resistance and the space.

The power of doing work is called emergy, and a body or
system of bodies possessing this power is said to “possess energy,”
an expression which implies that energy is treated as if it were
something independent of the bodies through which it is manifested,
capable, like matter, of measurement in quantity, and, as we shall
see presently, like matter, indestructible. In simple mechanics
energy is of two kinds, energy of position and energy of motion,
otherwise called potential energy and kinetic energy, exemplified
by the simple cases of a raised weight and a rotating wheel, each of
which possesses the power of doing work : the one, in virtue of its
position at a certain height above the earth’s surface ; and the other,
in virtue of its motion.

When the force applied is just sufficient, and no more, to over-
come the resistance, the energy exerted is exactly equal to the work
done ; and this is true not merely of a single force applied directly
80 as to overcome the resistance, but to any number of forces applied
by means of a machine of any degree of complexity, so that we may
say in any case in which the forces just balance the resistance,

Energy exerted = Work done.

This is the principle of work as applied to balanced forces, and
is identical with the older principle of virtual velocities explained and
applied in all text books of elementary mechanics.

¢ 2
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It will, however, rarely happen that the forces applied exactly
balance the resistance overcome; let us suppose that the applied
forces are the greater, then the unbalanced part of these forces takes
effect by causing the parts of the machine to move quicker and
quicker, and thus to increase their energy of motion ; hence the
energy exerted by the applied forces is not all employed in doing
work, but partly takes effect in increasing the kinetic energy of the
parts of the machine. In this case the principle of work is equiva-
lent to the statement,

Energy exerted = Work done + Kinetic Energy accumulated
in the moving parts of the machine ;

a statement which, by supposing the accumulation of energy
negative, will include also the case in which the applied forces are in
themselves insufficient to overcome the resistance, so that a part of
the work is done at the expense of the kinetic energy of the moving
parts. Now, as the expression accumulated energy implies, the
energy employed in altering the velocity of a particle or machine
is not lost, but merely transferred to the particle or machine,
existing there in the form of kinetic energy or energy of motion.
And further, when the work done consists in raising weights or other
similar operations, it is clear that the energy exerted is not lost, but
exists in the weights raised, which possess, by falling, a capacity of
doing work, or potential energy, exactly equal to the work done in
raising them ; so that if we confine ourselves to such operations we
may assert that energy, when exerted is not destroyed, but simply
transferred from one body to another.

In all cases, however, some, and in many cases all, the work done
consists of mechanical operations in which energy is to all appearance
lost, a principal instance of this being friction. When one surface
rubs against another, work is done in overcoming friction; and
although no doubt there is a certain amount of wear, so that some
energy might be imagined to be regained by replacing the abraded
particles in their original positions, yet it is certain that but a small
amount of the whole energy exerted is thus accounted for. Thus,
confining ourselves to simple mechanics, energy is not indestructible,
and we cannot go farther than to say that energy cannot be created
out of nothing, but must be obtained from some store of previously
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existing energy. To this extent the principle of work is equivalent
to the statement that a * perpetual motion is impossible,” an axiom
which is actually forced on all those engaged in mechanical operations,
and which was practically known to our great engineers of the last
century, long before the principle of work was formally stated by
Poncelet in the Mécanique Industrielle.

We now, however, can go much farther than this, since we know
that mechanical energy is only one of several forms in which energy
may exist, and that the processes by which energy is to all appearance
lost are really processes by means of which mechanical energy is
transformed into one or other of those forms, and that when account
is taken of all the results of the processes in question, we shall find
that the energy which has disappeared is in nowise lost, but is merely
transferred from one body to another, and altered in form, not
substance.

The principal other form into which mechanical energy is capable
of being transformed, and the only one which concerns us, is that
powerful agent in producing physical changes which we call heat.
It is unnecessary here to trace the steps by which the idea arose
that heat and mechanical energy are quantities of the same kind,
capable of conversion the one into the other; I shall content
myself with enunciating the FIRST LAW of Thermodynamics, that
is to say, of the science of the relations between work and heat, as
follows :—

Heat and mechanical energy are mutually convertible, a unit of heat
corT ing to a certain fixed amount of work, called the mechanical
equivalent of heat.

Thus, when mechanical energy is expended in overcoming
friction, it is a matter of common experience that heat is produced,
and the law just enunciated tells us that this heat is merely the
energy expended in a different form. Assuming, which is very
approximately the case, that the surfaces remain in the same state
as before, the energy expended bears a fixed proportion to the heat
generated, that fixed proportion being the mechanical equivalent of
heat, and by comparing the heat generated with the energy expended
the mechanical equivalent of heat may be determined.

The first attempt to establish a connection between work and
heat was made by Count Rumford in his celebrated experiments on
the heat generated during the boring of a cannon, but the first



22 CONVERTIBILITY OF HEAT AND WORK. [C=m.IL

accurate determination of the mechanical equivalent of heat was
made by Joule, and hence we commonly speak of Joule’s equivalent.
Joule experimented on the heat produced when a given amount of
energy was employed in agitating water, and obtained the number
772, signifying that the heat necessary to raise a Ib. of water from
39° to 40° would, if wholly converted into work, raise a lb. weight
through 772 feet. This value, originally obtained by Joule in 1849,
has been since verified by a repetition of the experiments. Some
further particulars will be found in the Appendix.

Since heat and mechanical energy are merely different forms of
the same thing, it follows that quantities of heat may be expressed
in foot pounds, and conversely quantities of work may be expressed
in thermal units ; thus the total and latent heat of evaporation of
water may be expressed in foot pounds, as is shown by Table IIb
derived from Table Il¢, by multiplication by 772. And again a
horse-power of 33,000 foot pounds per minute is equivalent to
33,000/772 = 4275 thermal units per minute, or 2565 thermal
units per hour, numbers convenient to remember in working
examples.

Internal and External Work done during Evaporation under Constant
Pressure.

8. Having now obtained a principle by means of which heat
expended can be compared with work done, let us return to the
case of the evaporation of water beneath a piston, which we consi-
dered at some length in the preceding chapter. It is clear that,
when the piston rises during the evaporation, work is done in over-
coming the pressure P with which the piston is loaded, and it is
easy to find from the data of the last chapter the amount of that
work. For let 4 be the area of the piston in square feet, y, the
depth of water in the cylinder before evaporation begins, y the
height of the piston above the bottom of the cylinder when the
water is all turned into steam, then clearly A y,is the volume of
the water in the cylinder, and A4 y the volume of the resulting steam,
or, using the symbols of the preceding chapter,

Ay, =s; dy=v;

but the piston rises through the space y - y, overcoming a pressure
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of P lbs. per square foot, or a total pressure P 4, hence the work
done is given by

Work done = P4 (y - y,) = P (v - s3).

Since both P and » are known, and s is the constant fraction
*016, the work done can be calculated for any pressure or tempera-
ture from the experimental data of the preceding chapter. The
results are exhibited in Table IVa, the fourth column of which gives
in foot pounds the value of P (v — s), or the work done, for every
27° of temperature from 104° to 401°, while the fifth column gives
the differences per 1°, which enable the result for any other tem-
perature to be readily found by interpolation. It appears from this
table that the work done during evaporation of a lb. of water
increases with the temperature, the rate being slow and slowly
diminishing as the temperature rises. At the atmospheric pressure
the result is 55,730 foot pounds.

Our next object is to compare this work with the amount of
heat expended, in order to do which we have only to find the heat-
equivalent of the work done, or else the work equivalent of the heat
expended. Let us choose the first course, and obtain the heat-equi-
valent of the work done by dividing the values just found by 772,
the results are given in the sixth column of the same table (Table
IVa), while the seventh column shows the differences needed for
interpolation. Now let us compare the result with the heat
expended during evaporation, that is, with what we have previously
called the latent heat of evaporation, and given in the seventh
column of Table Ila, and we are at once struck with the great dif-
ference which exists, the heat-equivalent of the work done forming
but a small fraction of the heat expended. For example, take the
temperature 293°: here the latent heat of evaporation is about
908 thermal units, and the heat-equivalent of the work done is only
786 thermal units, or about one-twelfth. The principle of work
tells us that the work done cannot have been produced out of
nothing, but must have been done at the expense of an equivalent
amount of heat which has disappeared, while the numerical values,
just obtained, show that the heat thus disappearing is comparatively
small, and that the greater part of the heat must have been employed
in producing changes within the water itself.

We are thus introduced to a conception of great importance,
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namely the conception that work may be done, not only in raising
weights or performing other visible operations in which the resist-
ances overcome are manifest to our senses, but also in overcoming
resistances caused by molecular forces invisible to us, if I may use
the expression, and only manifest by their results. Thus, in the
present example the difference between 908 and 78:6 is 829°4,
which is the heat-equivalent of the work done in overcoming the
molecular cohesion of the particles of water resisting its conversion
into steam. Work done in this way is called “internal work,”
because the changes considered take place within the body itself,
whereas in contradistinction the work done in raising the piston is
called “ external work,” because the change considered takes place,
not in the body itself, but in external bodies.

The internal work done during evaporation at constant tempera-
ture obtained by subtraction, as in the example just given, will be
found in foot pounds and thermal units in the second and fourth
columns of Table IVd; it is always denoted in this work by the
symbol p. The differences needful for interpolation are given in
the third and fifth columns, and examination of their values shows a
nearly constant result, hence the value of p is given with very con-
siderable accuracy in foot pounds and thermal units by the formulse
exact at 212°:

p = 819,330 — 611 ¢ foot pounds.
p=1061'4 - <792 ¢ thermal units.

The sixth column shows the proportion (k) which the internal
work bears to the external work, and exhibits in a striking manner
the magnitude of the internal forces with which we have to deal
for we see that the internal work is from nine to sixteen times as
great as the external,

9. We may with great advantage exhibit this graphically. In
the figure (Fig. 2) O X is a line on which are measured the volumes
occupied by the steam and water during the process of evaporation,
or, what is the same thing, the volumes swept out by the piston as
it rises, on which line we set off 0 4 = s = 016 cubic foot, and
OB = v cubic feet. Let the ordinates parallel to O ¥ represent
pressures, and draw a horizontal line C D, the ordinate A4 C of which
represents the pressure P, with which the piston is loaded ; then if
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we complete the rectangle 4 D, its area will represent the external
work done in raising the piston. Now to represent the internal

Fig. 2.

work we have only to draw a corresponding rectangle below 0X
on the same base 4 B: the height of this rectangle will be £ P, in
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order that its area may be & times the area of the upper rectangle.
Thus the internal work is represented as the work which would be
done in overcoming a pressure & P on the piston, an ideal pressure
which may be called the pressure equivalent to the internal work,
or for brevity, the internal-work-pressure.” In practice pressures
are always stated in lbs. per square inch, not lbs. per square foot,
and the internal-work-pressure is consequently to be stated in like
manner, as so many Ibs. on the square inch. For example, take the
temperature 293°, at which evaporation takes place under a pressure
of 60°45 lbs. per square inch : the molecular resistance to evapora-
tion is equivalent to a pressure 10°55 times as great, say to a pres-
sure of 63775 lbs. per square inch of the piston area. The figure
(Fig. 2) is drawn to scale for this case, except that O A4, being only
*016 cubic foot, is for clearness set off on a much larger scale than
O B, which represents 7 cubic feet, the volume of dry steam at the
pressure 6045 lbs. on the square inch.

For any other pressure of evaporation, a corresponding internal-
work-pressure exists, usually denoted by P, which may be found
from the tables already given by the method just indicated. But
this pressure being frequently required, a special table has been
calculated (by a different method) which gives it for any desired
pressure. In Table V. the internal-work-pressure is given in lbs.
per square foot, and in lbs. per square inch for pressures ranging
from 4 Ibs. per square inch to 250 lbs. per square inch, together with
the differences necessary for interpolation.

Since the heat expended is the equivalent of the internal work
and the external work taken together, it appears that the heat
expended may be represented as overcoming a pressure on the
piston equal to (¢ + 1) P: in the numerical example this pressure
is 6982 lbs. on the square inch; it may be called the pressure
equivalent to the expenditure of heat, or, more briefly, the heat-
pressure. The last column of the table (Table V.) shows the heat-
pressure. In the figure the heat expended is represented by the
wholé area C D! of the two rectangles. When quantities of heat
are represented by rectangles, the heights of which are pressures in
Ibs. per square inch and the bases volumes in cubic feet, the
numerical value of the area is to be multiplied by 144, to express
the quantity of heat in foot pounds, or divided by 772/144, that is
to say, 5°36 to-express it in thermal units,

N\
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Internal Work done during Rise of Temperature.

10. Hitherto we have considered exclusively the second stage of
the process, namely, that in which water at a given temperature is
converted into steam of the same temperature under the corre-
sponding constant pressure ; but internal work is also done during
the first stage, in which the temperature of the water is raised from
some lower temperature to the temperature at which evaporation
commences. This is shown by the heat expended, which must be
expended in producing molecular change of some kind ; the nature
of which it is needless for us to inquire into. Strictly speaking,
indeed, external work is also done, for the water expands as its
temperature rises and so raises the piston, but the amount of this
is so small as to be quite insensible as compared with the heat
expended, the value of which can be found in foot pounds or
thermal units from Table II., as previously explained. Hence
practically the whole heat expended is employed in producing
molecular changes, or, as we express it, in doing internal work.
(Comp. Art. 15.) Thus, in the numerical example given above, in
which the steam is formed at 60°45 lbs. per square inch, the heat
required to raise the water from 32° to 293° is 2634 thermal units,
or 203,300 foot pounds, all of which is spent in internal changes.

The proportion which the internal work so done bears to the
external work done during evaporation is obviously got by dividing
one by the other : thus, in the example, the ratio is

263-4

and hence we may represent this internal work also as equivalent to
raising the piston through its whole height against a pressure equal
to k' times the actual piston load. In the example this pressure is
3:351 x 60°45, or 202°57 lbs. on the square inch.

To treat the questions graphically, we have only to prolong
B D' (Fig. 2) to D", making D' D" equal to 202°57, and complete
the rectangle 4’ D", then the area of that rectangle represents the
internal work done during the rise of temperature of the water
from 32°.

The height of the rectangle may, however, conveniently be
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found thus, without the calculation of ¥, for any initial temperature
of the water. The heat requisite to raise a lb. of water from ¢, to
t,is by — hy, calculated as previously explained, but may usually be
taken as ¢, — f, thermal units. Let P’ be the corresponding
pressure in lbs. per square foot, which would do an equivalent
amount of work upon the piston, then

P.(v—-3s)=( - ) 772,
or if ' be the same pressure in Ibs. per square inch,
772
P’. (v - 8) = m. (tl - tO) = 5-36 (tl - tO)‘

In Fig. 3 set off 4 B = 5°36 cubic feet and 4 F equal to ¢, - ¢,
reckoned as lbs. per square inch, and complete the rectangle B F.

Fig. 3.
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Now set off 4 C = v - s cubic feet, complete the rectangle 4 E,
and join 4 E; further complete the rectangle 4 D by drawing a
parallel through G, then the rectangles BF and A D are equal;
therefore C'D represents p, the required pressure. This con-
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struction will be found of great use in the graphic treatment of
questions relating to the theory of the steam engine, as will be seen
hereafter when we consider the expansion of steam.

Total Internal Work.

11. The total amount of internal work done is of course obtained
by adding the two results together : hence

Internal Work =k + p=h + L - P (v - s)
=H-P(@-s);

thus in the numerical example for steam at 293° the internal work
done during the rise of temperature is 2634 thermal units, and
during evaporation 829°3 thermal units; hence the whole amount
of internal work done in turning water at 32° into steam at 293° is
1092°7 thermal units, a result which may also be obtained by
subtracting the heat-equivalent of the external work (78:6) from
the total heat of evaporation (1171-3). Table IVc shows the results
of this simple calculation for the same range of temperature as in
the previous tables: these results are given in foot pounds and
thermal units, together with the differences, which facilitate inter-
polation and serve other purposes.

These results show that the whole heat expended in internal
changes increases with the temperature, though at a rate which is
still slower than that of the total heat of evaporation.

Partial Evaporation.

12. In the three preceding sections it has been supposed that
the evaporation is complete, so that the result of the operation is
dry saturated steam. Let us now imagine the evaporation stopped
when z lbs. of water have been evaporated, as in Art. 6, Chapter I.

In this case the specific volume is

V=x(@-3)+s;
and by reasoning similar to that in Art. 8, it is clear that

External Work = P (V - s)
= 2P (v-s);
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thus the external work done is simply z times what it would have
been had the evaporation been complete. The heat expended
during evaporation is clearly x L, and therefore bears the same
proportion to the external work as if the evaporation had been
complete : in the same way the internal work will be pz during
evaporation, but will be 4, as before, during the rise of temperature.
Thus the whole internal work from water at 32° is given by

I="h+pu

Or we may express our result in terms of the internal-work-
pressure P = k P, for just as the external work is P (¥ - s), so we
shall have during evaporation

Internal Work = P (¥ - s);
.~ Total Internal Work = b + P (V - s).

In graphically representing the process of evaporation, the
rectangle representing the internal work during evaporation will
be of the same height as before, but described on the base 7 instead
of the base v; while the rectangle which refers to the rise of
temperature is not of the same height, but of the same area as
before : it is constructed as in the last article, except that the base
is 7 instead of ».

In the figure (Fig. 2, Art. 9) the construction is shown supposing
the volume 7 three-fourths that of dry steam at the same pressure.

Formation of Steam in a Closed Vessel.

13. We have now thoroughly considered the whole process of
evaporation, when conducted in a cylinder, beneath a loaded piston
which rises as the evaporation proceeds, and we proceed to a
different case, by supposing that the evaporation takes place not
beneath a rising piston, but in a closed vessel of given capacity.

Let a Ib. of water at the temperature 32° be placed in a closed
vessel of known capacity, and let heat be gradually applied, then
the temperature of the water will gradually rise as before, but
instead of the formation of steam commencing at some definite
temperature, as in the previous case, steam will be formed at once,
and the pressure will keep rising as more and more steam is formed.
The pressure is still connected with the temperature by the same
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invariable law as before, but the evaporation now takes place at a
gradually rising temperature, instead of a certain fixed temperature.
If sufficient heat be applied, every drop of the water will at length
" be evaporated, and we shall have nothing but steam : the pressure
of that steam will depend on the volume of the vessel, which must
be supposed large to avoid excessive pressure. The magnitude of
the pressure is found by reference to the table of density (Table
II1.) : thus, for instance, suppose that the volume of the vessel is
4 cubic feet, then the Ib. of dry saturated steam occupies 4 cubic
feet, therefore its pressure must be that corresponding to a volume
of 4 cubic feet, which a reference to the table shows to be almost
exactly 110 Ibs. on the square inch. On reference to the tempera-
ture table (Table Ia) the corresponding temperature is found to be
about 334}°, which is the temperature to which the vessel has risen
when every drop of the water is evaporated. If the application of
heat be still continued, the steam will become superheated ; we,
however, suppose it stopped before this takes place, and the question
proposed for consideration is to find how much heat is spent in
evaporating the water under these circumstances.

Now the essential difference between the two cases is, that in
the first case, work is done by raising the loaded piston, while, in
the second case, no work is done, and hence, in the first case, we
have done two things instead of one; not only has the water been
evaporated, but a certain amount of work has been done on external
bodies : this amount of work cannot have been produced out of
nothing, but must have been obtained at the expense of the energy
applied to the water, in the shape of heat. Hence, unless some
difference be imagined in the amount of heat requisite to produce
internal changes, we shall be obliged to conclude that the heat
expended in the second case is less than the heat expended in the
first case by the exact amount of the heat-equivalent of the external
work, which is done in the first case, and is nof done in the second.
There is, however, no reason to believe that any such difference can
exist ; the steam produced is the same in both cases, and the water
from which the steam is formed is likewise the same, and con-
sequently the amount of internal change must be precisely the same,
and we are entitled to conclude that when water is evaporated in a
closed vessel, the heat expended is the same as that expended in
internal work, when the water is evaporated beneath a loaded piston.
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It is therefore given by the table of internal work just calculated
(Table IVc). )

The reader will now understand why, in defining the total heat
of evaporation, it is necessary to specify that the evaporation is
supposed conducted at a fixed temperature, and why it was
necessary to examine the method in which Regnault carried out his
experiments to see if the prescribed condition was satisfied. If that
condition be not satisfied, it will be necessary, in order to find the
heat expended in the production of steam, to consider how much
external work has been done during its formation, and to add its
heat-equivalent to the heat just found to be necessary to produce
the steam itself. In fact, whenever external work is done in the
formation of steam, heat flows out of the steam under the form of
mechanical energy, just as really as when it escapes in the form of
heat by the process called radiation.

Similarly when steam is condensed, the heat which it gives out
i8 not always the same, but depends upon the circumstances under
which the steam is condensed: if it be condensed under constant
pressure, the heat given out will be what we have previously defined
as the total heat of evaporation, and will include not only the
energy given out by the steam during its contraction into water, but
likewise the mechanical energy exerted by the pressure of the piston,
which will appear in the form of heat in the condenser. But if it be
condensed under any other circumstances, the heat given out will
be different, because a different amount of energy will be supplied
from external sources. In the next chapter we shall have ample
illustrations of this in the working of a steam engine.

In Regnault’s experiments we have a process of evaporation and
a process of condensation carried on simultaneously under given
pressure in vessels of constant volume. One of these processes is
exactly the reverse of the other, and if we consider the two together,
the final result is zero whether internal work or external work or
heat expended. But the formation of steam takes place exactly as if
that steam had been employed to drive a piston, the external work
representing energy applied to condense the steam under constant
pressure. It must be remembered that external work simply means
work done in overcoming resistances external to the mass of matter
which happens for the moment to be under consideration.

Similarly, in the process of formation of steam under rising
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pressure in a closed vessel ; on the whole, no external work is done,
but if the evaporation of a small part of the liquid is considered,
external work is done in compressing the steam already formed.
We shall return to this question hereafter ; but it may be stated here,
in anticipation, that the mixture of steam and water mus$ be sup-
posed so treated that the temperature throughout is sensibly uniform.
If the experiment were tried without proper precautions, the steam
would probably be found to be of higher temperature than the water,
that is, it would be superheated.

Internal Work in General.

14. As in the case of steam, so in the most general case of the
action of heat on any body whatever : we must always separate the
external and visible work, done on external bodies, from the internal
and invisible work, done in changing the state of the body. The
second part, which we call the internal work, depends upon the
change of state alone, and not upon the way in which the change of
state is produced ; while the first part represents energy, which has
passed out of the heated body into external bodies, and may have
any value according to the way in which the change is accomplished.
The heat expended is the sum of these two amounts of work as

expressed by the equation :
Heat Expended = Internal Work + External Work ;

which is the general statement of the principle of work as applied to
such cases.

In the case of a heat engine, it frequently happens that the
change considered is of such a kind that heat is added to the steam
or other fluid during one part of the process, and taken away during
another part: the heat added is then usually called the ‘heat
expended,” and the heat taken away, the ‘heat rejected,” and the
statement of the principle takes the form :

Heat Expended = Internal Work + External Work
+ Heat Rejected.

If, moreover, the change considered be such that the steam or

other fluid, after going through any number of intermediate changes,
D
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finally returns to its original state, then the internal work done is
evidently zero, and we write simply :

Heat Expended = External Work + Heat Rejected.

Thus, for example, in the steam engine, if the feed water be taken
from the condenser, forced by the feed pump into the boiler, there
evaporated, and finally, after passing through the cylinder, be
returned to the condenser in the shape of water of the same
temperature as before, the internal work done in the whole operation
is zero, and we shall have :

Heat Expended = Useful Work done + Heat Rejected into the
condensation water.

A change of this latter kind is called a “cycle of operations,”
because the fluid goes through a cycle of changes, returning to its
original state. The conception of a cycle of operations is due to
Carnot, and, we shall find, was a most important step towards a true
theory of heat engines. Besides, whenever, from deficiency of
experimental information, we have no means of telling directly or
indirectly the work spent in internal changes, we are obliged to
resort to a cycle of operations as being the only case in which we
can find the relation between heat expended and work done. For
instance, when superheated steam is in question, we cannot reason
except in this way, because our experimental knowledge of super-
heated steam is still very scanty, so that we have no means of
knowing with certainty the work done in internal changes.

In the case of saturated steam and permanent gases, the internal
work is known with tolerable certainty, and we are not obliged to
confine ourselves to the consideration of cycles of operation. Thus,
in a steam engine, it will sometimes happen that the condensed
steam is not at the same temperature as the feed water from
which it was originally produced; then the original state of
the steam was water of temperature ¢, say, and its final state is
water of temperature #,, so that the internal work done in changing
from the original state to the final state is not zero but ¢, - ¢
thermal units, whence we see that the principle of work takes the
form : :

Heat Expended = ¢, — ¢, + External Work + Heat Rejected ;
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the external work being expressed by its heat-equivalent in thermal
units. For an example the reader is referred to the discussion of
various experiments in a subsequent chapter.

15. When the temperature of a body remains constant during
the application of heat, that heat is said to be latent.” So long
as heat was supposed to be a material substance, such an expression
as the “latent heat of steam ” was strictly appropriate ; but, if used
now, it must be distinctly understood that a part of the heat is
latent, not in the steam, but in external bodies in the form of
mechanical energy. In this work the term will only be used in the
phrase “latent heat of evaporation,” which has the well-understood
conventional meaning defined in Art. 4.

In contradistinction to “latent,” the word “sensible” was
formerly applied to heat which is effective in raising the tempera-
ture of the heated body : while the sum of the *sensible ” and the
“latent ” heat was the fofal heat. It is now advisable to employ
the expression * total heat” to signify the sum of the quantities of
heat expended in internal and external work respectively; and
when steam is formed in any way we shall call the whole heat ex-
pended its TOTAL HEAT OF FORMATION, while the phrase *total
heat of evaporation ” will always be used, in accordance with the
definition already given, for the particular case in which the steam
is formed under constant pressure.

The expression * internal work ” has been employed throughout
to signify energy expended in internal changes, without any dis-
tinction between different kinds of internal change: Writers on
thermodynamics, however, often distinguish between internal
changes consequent on change of temperature and internal changes
consequent on change of molecular position, and confine the term
“internal work” to the latter kind of changes only. It seems
better, however, to use the term in a sense capable of exact ex-
planation, without any hypothesis as to the nature of the changes
considered. The whole of the reasoning in this chapter depends
solely on the principle that heat and mechanical energy are merely
different forms of the same thing, and are, therefore, completely
interchangeable. No hypothesis is involved as to the ultimate
nature of heat or the constitution of matter. Another very expres-

sive term was introduced by Rankine, which is directly applicable
D 2
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to the case in which a heated body is a source of energy. Every
such body possesses, in virtue of the heat which has been applied
to it, a store of energy which is precisely equal to the internal
work done during the heating, and which consequently depends
upon the state of the heated body alone, and not upon the cir-
cumstances under which the body was heated, or upon its relation
to external bodies. This store of energy is therefore called the
inirinsic energy of the body, and when the body returns to its
original state it is always given out, either wholly as heat, or partly
as heat and partly as external work done upon a piston during
expansion. Thus, intrinsic energy and internal work are the same,
differing only in sign. For example, the total internal work done
in producing dry saturated steam from water at 32° (given in
Table IVc) may likewise be considered as the intrinsic energy of
that steam. We shall occasionally use this term hereafter, but
‘“internal ” energy may also conveniently be used in the same

sense.
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CHAPTER IIIL
THEORY OF THE STEAM ENGINE (PRELIMINARY).

16. THE principle of work is not, by itself, sufficient to answer
many of the most important questions which arise respecting the
operation of heat engines; but we shall nevertheless go on at once
to consider such parts of the theory of the steam engine as can be
conveniently treated here, reserving other parts which are complex,
or which require the application of a second equally important
principle, till a later period.

In studying a difficult problem of any kind it is necessary to
commence with the most simple cases, and pass gradually on to the
more complex, in order that we may be enabled to deal with the
difficulties of the subject one at a time. ' These simple cases are
ideal, being formed by abstracting, from cases actually occurring, a
number of disturbing causes which complicate the problem in
practice. When once such cases are thoroughly understood, it is
comparatively easy to estimate the effect of each disturbing cause
separately in modifying the result of the preliminary investigation.

In dealing with the steam engine then, we, in the first instance,
make certain suppositions, never exactly, and sometimes not nearly,
realised in practice, as follows :

(1) In the first place, the supply of steam is supposed uniform,
which cannot be the case in practice on account of the varying
speed with which the piston moves. At the beginning and end of
the stroke no steam passes from the boiler to the cylinder, and in
expansive engines this stoppage lasts during a considerable part of
the stroke : hence the evaporation is necessarily irregular, and that
the more so, the greater the expansion and the smaller the steam
space in the boiler as compared with the capacity of the cylinder.
No attempt has yet been made to estimate quantitatively the effect
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of irregular ebullition, but there is no reason to think it important,
except as a cause of the production of moist steam.

(2) The effect of clearance is neglected and also that of wire
drawing during the passage from the boiler to the cylinder. Both
these disturbing causes always exist and exert considerable influence
on the working of the engine : they will consequently be considered
hereafter.

(3) The exhaust is supposed to open suddenly, exactly at the
end of the stroke, and the mean value of the ¢ back pressure”
always existing behind the piston is supposed given. In practice
some lead is usually given to the exhaust, and the back pressure
depends on various complicated circumstances not yet reduced to a
complete theory.

(4) The action of the sides of the cylinder is either neglected
altogether, or some simple supposition is made respecting it. In
practice this action has a most important prejudicial influence, and
hence will form hereafter the subject of a special chapter.

Subject to these observations, we proceed to discuss various cases,
commencing with the simplest.

Non-ezpansive Engines.

17. When the steam port is open throughout the stroke the
engine works without expansion, the pressure remaining constantly
that of the boiler (Art. 16, [2]). In this case the process of
evaporation is the same as in the simple case of cylinder and piston
considered in the two preceding chapters ; the only difference being
that the evaporation of the water takes place in a boiler connected
with the cylinder by a pipe instead of in the cylinder itself, and that
the piston, instead of moving continuously in one direction, moves
backwards and forwards. Neither of these circumstances has any
influence on the heat expended on, or the energy exerted by, each
pound of steam, which are accordingly given by the preceding
rules.

The energy exerted in driving the piston is, however, somewhat
greater, as is seen thus. Let z be the length in feet described by
the piston in a given time, say 1’, 4 the area of the piston in square
feet, then 4 z is the volume swept through by the piston per 1’ in
cubic feet. If P be the pressure in Ibs. per square feet, P 4 x will
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be the work done per 1, and supposing the engine uses NV lbs. of
steam per 1', the volume of each of which is v,

Nv=Az,

since for each cubic foot swept through by the piston a cubic foot of
steam must pass from the boiler to the cylinder. Thus the work
done per Ib. of steam in driving the piston is Pv instead of P (v — )
which is the true value of the energy exerted by 1 1b. of steam
during evaporation. The reason of this is that part of the energy
exerted in driving the piston is obtained by the action of the feed
pump, which for each 1b. of steam used forces 1 1b. of water into
the boiler, and, in doing so, does an amount of work represented by
Ps. Thus the true energy exerted by 1 lb. of steam is the differ-
ence between the energy exerted in driving the steam piston and
the piston of the feed pump. This distinction, though theoretically
interesting, is unimportant in practice, so far as the steam engine is
concerned, on account of the smallness of s, as compared with v, in
consequence of which, except at very high pressures, P v is sensibly
equal to P (v — s) as is shown in Table IVe by the values of these
quantities there given.

The energy exerted in driving the steam piston is, however, by
no means the same as the useful work done by the engine ; this is
always less, and often much less, on account of “back pressure.”
Back pressure consists of three parts: (1), the pressure corre-
sponding to the temperature of the condenser, or the pressure of
the atmosphere if there be no condenser ; (2), the pressure of the
air always contained in the water of the condenser or present
through leakage; (3), the difference of pressure between the
cylinder and condenser. The first may be taken on the average as
1 Ib. per iquare inch where there is a condenser, and 14°7 where
there is none; the other two depend on the speed of the piston,
the state of the steam, the size of the ports, and other circumstances,
but are probably seldom less than 1 or (under normal circumstances)
more than say 3 lbs. on the square inch. Thus for non-condensing
engines the back pressure may range from 16 to 18 lbs. on the
square inch, and for condensing engines from 2 to 4 lbs. on the
square inch, but these values may be much increased by improper
construction and management.

Let now P, be the back pressure, then the effective pressure is
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P — Py, and the useful work done per lb. of steam is (P - Pp) v,
which is less than if there were no back pressure in the proportion
P — P, : P, a fraction which is at most 9 in non-condensing
engines and *95 in condensing engines. The annexed table gives
the effective work of 1 lb. of steam in an engine working without
expansion at various boiler pressures. The results are given in
thermal units and foot pounds in columns 2 and 3, while the fourth
column shows the number of pounds of steam required per indicated
horse-power per hour, which is readily obtained by dividing 1,980,000
by the work done by 1 lb. of steam.

The expenditure of heat per Ib. of steam is simply the total heat
of evaporation from the temperature of the feed water af the tempe-
rature of the boiler ; it is given in column 5 in thermal units, while
column 6 shows the heat expended, in thermal units per indicated
horse-power per 1', a mode of stating the expenditure of heat,
which is often convenient ; the circumstances chosen are described
in the table.

PERFORMANCE OF A NON-EXPANSIVE ENGINE.

Eﬂ'ective work | 1o Heat expended

Pressure r 1b. in thermal
(absolute) pe Steam units, Ef
Remarks. 1bs. per -

T
quare | hormal| Foot. | Uper - | Perlor | Par, | S5
' unite. | 1bs. | hour. Sb:a.m. p'er.l’:

( . . .
Non-condensi bsb“k 160 75-3 |68,100] 346 | 1012 | 582 074
, 16 Ibs. . . .
Fel;‘;!l::amtedwmr 80 64 49,400 40-1 996 | 668 064
55 55:6 42,900 46-2 989 | 763 | -056
Condensinl%s.backpres-" 60 76-2 58,800 33-7 | 1099 | 620 | ‘069
, 2 . . .
F:e‘:lretaken rom eon_J 30 70-1 |54,100] 36°6 | 1086 | 663 064
denser at 104° 20 66-2 151,100 38:8 | 1079 | 701 | -061

The ratio which the useful work done bears to the heat ex-
pended is called the Efficiency of the Steam, and is given in the last
column of the table, from which it appears that only from 5 to 73
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per cent. of the heat expended is converted into useful work, the
remainder being dissipated in the atmosphere or condenser. Yet
the performance indicated is better than will actually be realised in
practice, on account of the disturbing causes mentioned above,
which always have a more or less prejudicial influence, though to a
less extent in the present case than in cases where the engine
works at a high rate of expansion.

18. Since the useful work amounts to from 5% to 74 per cent.,
the remainder of the heat expended is from 94} to 92} per. cent. of
the whole. This remainder is conveniently called the *heat
rejected,” and appears in the condenser, where there is one, in the
form of heat. When an injection condenser is used, this heat is
employed in raising the temperature of the injection water up to
the temperature of the condenser. Let 6 be the rise of temperature,
n the number of pounds of injection water per lb. of steam, then
each n pounds of that water abstracts from 1 1b. of steam 79 thermal
units nearly, whence

"= Heat rejected
9 )
which determines the amount of condensation water per Ib. of steam,
from which it is easy to deduce the amount per indicated horse-
power per hour. The annexed table shows the result of such a
calculation for the same pressures as before, assuming a rise of tem-
perature of 40°.

CONDENSATION WATER.

Heat rejected. Lbs. of condensation water
Pressure
(absolute) | Thermal units | Thermal units Per 1b. of Per L.H.P.
p. per lb, per LH.P. per 1'. Steam. per 1'.
60 1023 577 256 14-4
30 1016 625 254 156
20 1013 658 25°3 16-4

It is here supposed that the feed water is (as usual) taken from
the condenser, which, in the numerical calculations, was supposed,
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as before, to be at the temperature 104°; if this be not the case, let
At be the difference of temperature, then A must be subtracted
from the heat rejected, when the temperature of the feed is lower
than that of the condenser, and added if it be higher, as will be
seen on referring to Art. 14. Again, when a surface condenser is
used, the temperature of the condensing steam is higher than that
of the condensation water, and unless the feed be taken from the
condensed steam a correction will, strictly speaking, be necessary.
Minute accuracy here, however, is only useful for the sake of prac-
tice in reasoning correctly on these questions, since, in practice,
ample margin must be allowed for leakage and contingencies.

Measurement of the quantity of heat given out in the condensa-
tion water of an engine furnishes an excellent test, which has of late
been practically introduced, of its efficiency. We shall return to this
in a later chapter; for the present it is sufficient to say that the
difference between the heat expended, and the work done as shown
by the indicator, a quantity which we have here called the heat re-
Jjected, and tabulated in the table last given, is nearly the same as
the heat discharged from the condenser, differing from it only on
account of piston friction and radiation, and the difference of tem-
perature (if any) of the feed water from that of the water enfering
the condenser.

The size of cylinder required for a given power is expressed by
the number of cubic feet which the piston must sweep through per
1' for each indicated horse-power : this is easily obtained from the
consumption of steam per hour, or directly by the formula

C= 33000 229
P-P p-pm

varying inversely as the effective pressure of the steam. The actual
dimensions of the cylinder will then be fixed by the piston speed
-and the stroke. The capacity of the feed pump (when single-
acting) will be to the capacity of the cylinder in the proportion
which unity bears to half the relative volume of steam at the boiler
pressure, but allowance of course has to be made for leakage and
contingencies.

19. The calculations made in Arts. 17, 18, presuppose that the
boiler supplies dry steam ; if this be not the case, then the total heat
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of evaporation, and the useful work done, must be calculated
according to the method explained in Arts. 6 and 12. The general
effect is that both the work done, and the heat expended, per Ib. of
steam, will be diminished, but the former in a greater proportion
than the latter ; hence the number of pounds of steam per indicated
horse-power per hour is increased, and the efficiency diminished, but
the diminution of efficiency is but small, being occasioned solely by
the fact that all the feed water must be raised up to the temperature
of the boiler, though only part of it is afterwards evaporated. If
however, liquefaction takes place after admission to the cylinder,
then the work is diminished, while the heat expended remains
unaltered, and the efficiency is diminished in precise proportion to
the liquefaction.

Work done during Expansion.

20. The calculations just made respecting the performance of an
engine working without expansion show that some 40 Ibs. of steam
will be required per indicated horse-power per hour, and that in the
most favourable circumstances hardly 7 per cent. of the heat
expended will be utilised. An additional amount of work may,
however, be obtained without increasing the heat expended in the
same proportion, by cutting off the steam when a certain part of the
stroke has been performed, and allowing it to expand, thus obtaining
from each pound of the steam, energy which would otherwise be
uselessly dissipated in the condenser.

In the figure (Fig. 4) 0 X is a line on which are set off the
volumes of the whole amount of steam shut up in the cylinder,
the corresponding ordinates representing pressures which in the first
instance are supposed expressed in pounds per square foot. 04
represents the volume, and P 4 the pressure at the beginning of the
expansion, that is to say, at the instant when the steam is cut off ;
while O B, BQ represent the same quantities at the end of the
stroke. The cut-off is supposed instantaneous, and the pressure then
falls regularly from P to Q; the ratio O B:0 A is the ratio of
expansion. At any intermediate point of the stroke the volume and
pressure will have intermediate values O N, NS: the point S lying
on the expansion curve PSQ, a curve which is the same as that
drawn by the pencil of a good ordinary indicator, when properly set,
because the volumes of the steam are proportional to the spaces



44 THEORY OF THE STEAM ENGINE. {Cm. III.

traversed by the piston. It has already been shown that, if the
pressure be constant, the work done in driving a piston is P 7,
where 7 is the volume swept out by the piston (Art. 17) : take now
two points NN’ very near together, then NN’ is the increase of
volume of the steam, that is, the volume swept through by the piston
as it advances through a small space, and therefore P. N N is the
work done if P be supposed constant. But P may be made as nearly

. Fig. 4.

e

E T L4
4 i H
i i
P Py
| i
i i
o a r 4 N B X

constant as we please by sufficiently diminishing N V', and hence
the area of the strip S NV represents the work done during the small
advance of the piston considered. Whence, dividing the whole area
into similar strips, it appears that that area represents the whole
work done, during the expansion, by the whole mass of steam shut
up in the cylinder. By similar reasoning the rectangle 4 K repre-
sents the work done during admission, and the whole area X P Q B 0
consequently represents the total work done by the steam during
admission and expansion.

The work done in driving a piston is usually and very conveni-
ently expressed by finding the mean pressure of the steam, that is,
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the pressure which, if it remained constant throughout the stroke,
would do the same amount of work as actually is done. In the
figure set up B Z so that

Rectangle 0 Z = Area O K P Q B,

then B Z is the mean pressure required ; it is usually denoted by
P,y or pm, according as it is given in pounds per square foot, or
pounds per square inch, and called the *mean forward pressure,” to
distinguish it from the “mean effective pressure,” P, — Pp, found by
subtracting the mean back pressure P;. If the horse-power of the
engine be calculated by use of the mean forward pressure instead
of the mean effective pressure, the result is what is sometimes
called the fofal horse-power of the engine, as distinguished from the
indicated horse-power. The term is a misleading one, and will not
be used in this treatise.

21. The reasoning of the last article is supposed to be already
familiar to every reader of this work, and is here repeated for the
sake of pointing out that the question is one of pure mechanics, and
not at all respecting the nature of the fluid employed, or the circum-
stances of the expansion. The result of the calculation depends
solely on the form of the curve, and the total volume of the cylinder
in which the expansion takes place.

‘When, however, we wish to discuss questions relating to efficiency
by comparing work done with heat expended, it is indispensably
necessary to know directly or indirectly not merely the work done
by a given wiume of the fluid, but the work done by a given weight,
for simplicity, 1 Ib. For this purpose let ;N be the number of lbs.
weight of steam contained in the cylinder: then the work done by
1 1b. will be 1/N* the total amount, and the volume occupied by 1 1b.
will be 1/N* the total volume; hence if N be known, a simple
alteration of the scale on which volumes are measured will cause the
diagram to represent the relation between volume and pressure, and
the work done by 1 1b. of steam. It only remains to determine N,
and that is to be done either by direct measurement of the consump-
tion of steam by the engine, or by an independent knowledge of the
state of the steam at some one point of the stroke. Suppose, for
instance, that we know that, at the end of the stroke, the steam
contains a given percentage of suspended moisture, then by Art. 6
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the volume of 1 1b. of that steam can be calculated, and if the result
be compared with the total volume of the cylinder, the value of N
will manifestly be determined.

For the purposes of this preliminary investigation it will be
supposed, in the first instance, that the steam is dry at the end of the
stroke, a condition which ought always to be aimed at, for reasons
which will afterwards appear, but which cannot generally be realised
in practice, especially at high rates of expansion. The value of Nis
then found by dividing the whole volume of the cylinder by the
specific volume (v) of dry steam at the known terminal pressure;
and we may now take the diagram as representing the changes of
volume and pressure of, and the work done by, 1 1b. of steam. In
the second place, it will be supposed that the steam contains a given
percentage of moisture at the end of the stroke, determined by con-
siderations to be explained presently. The sole effect of this is to
alter the scale on which volumes are measured, so that when the
diagram represents 1 Ib. of steam, it is smaller in the proportion z: 1
where z is the weight of pure steam in 1 1b. of the actual steam. The
area of the diagram, and consequently the work done perlb. of steam,
is then diminished in the same proportion. Experience tells us that
the expansion curve does not differ widely from a common rectangular
hyperbola, the product of the pressure and the volume remaining
nearly constant. This implies (Art. 71) that the steam is initially
moist and becomes drier and drier as it expands, an effect due
mainly to the action of the sides of the cylinder, which condenses on
its relatively cold surface a part of the steam admitted, which then
forms a film of moisture on the sides of the cylinder, afterwards
re-evaporated during the expansion. Without here entering on this
question, we shall suppose that the curve is a common hyperbola, and
leave other cases to be discussed in a later chapter.

22. In the common hyperbola P @ (Fig. 4) the rectangles O P,
0 @ are equal, while the area PQB A4 is found by multiplying
either rectangle by log, », where » is the ratio of expansion O B
<= 04, and the logarithm is of the kind called hyperbolic, from
this very property of the hyperbola, found either by multiplying
the common logarithm by 2:3026, or by a special table such as is
given at the end of this book. Hence, taking first the case of dry
steam, since O B is now v,, the volume of dry steam at the known
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terminal pressure p, the area of the whole figure, or the energy
exerted by each pound of steam in driving the piston is

Energy Exerted = P, v, {1 + log,7}. 1)

The effective work is of course somewhat less, being found by
subtracting from the foregoing result the quantity P v, where P is
as before the back pressure, and consequently,

Effective Work = P, v, { 1 + loger - %”}. @)
. 2

Secondly, if the steam be moist at the end of the stroke, let
1 - z, be the weight of moisture in 1 Ib. of the steam, as in Art. 6,
then neglecting s (*016) the specific volume is «; v, and hence the
energy exerted on the piston is

Energy Exerted = Pyz,9, (1 + log, 7), 3)
while the effective work becomes
Effective Work =P, z, v, { 1+ log, 7 - %”} 4)
2

The greater the expansion, other things being equal, the greater
the amount of work done by the steam, until it is carried so far
that the terminal pressure has fallen to the back pressure; in that
case the expansion may be said to be complete. The effective work
per Ib. in complete expansion is evidently P, z, v, log, r where
z, is unity when the steam is dry. In practice, the prejudicial
action of the sides of the cylinder, and other causes, render a
moderate amount of expansion preferable, as will be seen here-
after.

The mean forward pressure in hyperbolic expansion is given
(whatever be the state of the steam) by the formula

1 + log, r

Pm=1’1°——,;,—,

where p, = 7 p, is the initial pressure.

The amount of steam passing through the cylinder per LH.P.
per hour, and the condensation water, can now be found, as in
Arts. 17, 18. (See also Note in the Appendix.)
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Ezxpenditure of Heat in an Ezxpansive Engine.

23. The heat expended in an engine is, of course, all primarily
employed in the evaporation of water in the boiler, but it is never-
theless not all used in the same way. When a steam jacket is used
a part of the steam is condensed in the jacket, and the steam so
used represents heat expended, although none of it passes through
the engine and does work. Again, without anticipating what will
be said in a subsequent chapter respecting the action of the sides of
the cylinder, it is clear that heat will be transmitted to the exhaust
steam as it leaves the cylinder, and that heat will be radiated
continually to external bodies by the hot cylinder. Of these two
causes of loss of heat the last is comparatively unimportant, when
the cylinder is well clothed ; but the first, being chiefly due to
evaporation of a film of moisture deposited on the internal surface
of the cylinder, is frequently great. 'We shall therefore call the loss
of heat occasioned in these ways the “ EXHAUST WASTE.”

The cylinder, then, is continually being cooled by the exhaust
waste, and heated by the steam jacket, if there is one; and the
difference between the two must be subtracted from or added
to the steam, during its passage from the boiler to the end of the
stroke, according as the exhaust waste, or the supply of heat by
the jacket, is the greater. Hence it is not sufficient to consider the
heat expended on the working steam during evaporation in the
boiler, but we must also consider the heat added or subtracted from
that steam during its passage from the boiler to the end of the
stroke. Now if the state of the steam at the end of the stroke be
known, it will be possible to find the heat so added or subtracted,
and thus the heat supplied by the jacket overand above the exhaust
waste will be known ; and, conversely, if the heat added or sub-
tracted be known, it will be possible to find the state of the steam
at the end of the stroke.

24. In the first place, suppose that the steam is dry at the end
of the stroke ; then if that steam were formed in a boiler by evapo-
ration at constant pressure, the heat expended would be simply the
total heat of evaporation (as defined in Chapter 1.) from the tempera-
ture of the feed water af the temperature corresponding to the given
pressure. The external work then done would be P,v, and the
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heat-equivalent of that work is included in the total heat of
evaporation.

But now the steam is formed in a much more complicated way.
It is generated in the boiler at a much higher pressure than that at
which we find it at the end of the stroke; it passes from the boiler
to the cylinder and expands, while, as it does so, heat is added or
subtracted. During this process external work is done by it, in
driving the piston, represented by Ppv, the heat-equivalent ot
which must form part of its total heat of formation. Hence (comp.
Art. 13) its actual total heat of formation must be greater than the
total heat of evaporation at P, by the heat-equivalent of the dlﬁ'er-
ence between P, vy and Py v, 'We must therefore have

Total Heat of Formation = H, — Ak, + (P — P,)v,,

where H, — h, is, as in Chapter L, the total heat of evaporation of
water from ty at ¢, and (P ~ P,) v, is expressed in thermal units.
Or if Q be the total heat of formation,

0=t~ b+ (5 - 1) ey,

where P, v, is given in thermal units by Table IVa.

The same results may be reached by comparing this case with
the case of a non-expansive engine, working with the same ferminal
pressure, when it will be seen that, although the circumstances
under which the steam is formed are different, the circumstances
under which it is condensed are identical. To fix our ideas, imagine
an engine working at 60 lbs. pressure (absolute), and cutting off at
one-tenth, assuming the common law of expansion, the terminal
pressure is 6 lbs. per square inch, and the steam is dry by
hypothesis ; therefore, the cylinder at the end of the stroke is full of
dry steam, of pressure 6 lbs. per square inch, which, when the
exhaust is opened, rushes out into the condenser and is there
condensed.

Now compare this with the case of an engine, working without
expansion, at the pressure 6 lbs. per square inch with the same back
pressure, a case which, though not occurring in practice, we are
entitled to assume for our purpose ; then at the end of the stroke,
in this case also, we have a cylinder full of dry steam at pressuro
6 Ibs. per square inch, which rushes into the condenser when the

E
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exhaust is opened, and is there condensed. Clearly it is impossible
to distinguish the two cases. They are identical, and the reader
who has carefully considered Chapter II. will perceive that we are
entitled to conclude that the heat rejecfed is the same in the two
cases ; there is, in fact, no possible reason for any difference.

The heat expended, however, is not the same, because the steam
is formed by a different process in the two cases ; in the first case it
is generated in the boiler at 60 lbs., passes into the cylinder, and
there expands till its pressure has fallen to 6 lbs, while in the
second case it is generated in the boiler at 6 lbs. But since we
know the heat rejected by the rule previously given for a non-
expansive engine, we can find the heat expended in the expansive
engine by simply adding to that rejected heat the useful work done,
for the two together make up the whole heat expended.

Using the same notation as before (comp. Art. 18), the heat
rejected is given by

R=H, - hy - (P, - Pp) v,

while the useful work done is (Pn — Pp)v,: adding which two
together we find as before,

Q=H2_h'0 +(Pm— 2)1’2.

This general formula is applicable to any case in which the steam is
dry at the end of the stroke, and from it we can find how much heat
is to be supplied to the jacket, independently of the exhaust waste,
which for dry steam is probably small. For H, — h,is the heat
supplied in the boiler to each pound of the working steam, assuming
the boiler to supply dry steam ; therefore if J be the jacket heat per
Ib. of working steam,

J=H, - H, + (Pm - P,
= Pm _ 1) _ . _
- P, v,(pz 1) 305 (¢, - 1,).

By division by H; — h, we find how much steam must be supplied
to the steam jacket besides that required to provide for the exhaust
waste, in which is included the waste heat of the liquefied steam dis-
charged from the jacket.

Whatever the form of the expansion curve, this must be true,
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but if we suppose, as before, that curve to be an hyperbola, we
get ‘
J = Pyvylog, r — *305 (¢, - t,),

which will give the required results, in conjunction with formula (2),
of Art. 22, for any ratio of expansion r: taking P,v, in thermal
units from Table IVa, and remembering that ¢, — ¢, is the difference
of temperature at the beginning and end of the expansion found by
Table Ia from the corresponding pressures.

PERFORMANCE OF AN EXPANSIVE ENGINE. Cask L

Effective | Lbs. of Steam per I.H.P. Heat
5 work per lb. per hour. expended .
Expansion. | 4 't} ermal per LH.p, | Effciency.

unita. Working. | Jacket. | Total. per 1'

None. 79°0 | 325 0 | 325 594 072
r=2 126-3 203 73| 21-0 | 382 112
r=>5 1801 14°2 | 1°15 (153 | 280 153
r=9 2067 12-4 | 1-33 | 13-7 250 171
r=13 | 218 11°8 | 1+44 | 13-2 242 177
Complete. | 228 11-2 | 1:77 | 13-0 236 -181

Remarks.—Condensing engine, initial pressure 95 lbs.. back pressure 3 lbs.
absolute. Steam dry at the end of the stroke. Exhaust waste neglected.
Temperature of feed 116°.

The annexed table has been calculated to show the performance
of a condensing engine of initial pressure 95 lbs. per square inch,
working at various rates of expansion, with back pressure 3 lbs.

- The results show that the efficiency may be more than doubled by
expanding the steam five times, and still further increased, though
only to a small extent, by a further increase in the expansion. Not
all the gain here shown can be realised in practice, chiefly on account
of the action of the sides of the cylinder, which' occasions greater
and greater loss as the ratio of expansion is increased ; till, at a
certain limit, there is no longer any advantage, but a positive loss in

E 2
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expansion. The reason of this cannot be discussed here. (See
Chapter X.)

25. The amount of heat indicated by the table as necessary to be
supplied to the steam, together with that required for the exhaust
waste, is 80 considerable, that the steam jacket will, in most cases,
be unable to supply it, and, in that case, the steam cannot be dry at
the end of the stroke, but must contain a certain portion of moisture,
either distributed over the internal surface of the cylinder or
suspended throughout the whole mass of steam. In the latter case
it will rush out into the condenser with the exhausting steam, but in
the former it will remain on the internal surface of the cylinder and
piston during the exhaust,and will be evaporated by heat abstracted
from the cylinder. Thus the exhaust waste will in general be much
increased when the steam is wet at the end of the stroke, and will
increase the difficulty of supplying enough heat by the jacket. We
shall now consider two cases in which the steam is wet. First, we
shall imagine the cylinder jacketed, but that the jacket supplies only
just enough heat to provide for the exhaust waste, so that the steam
obtains none, and expands as in a non-conducting cylinder, except
that the expansion curve is still supposed approximately an hyper-
bola. This case sometimes occurs in practice.

The steam is then moist at the end of the stroke ; let the dryness-
fraction be z,, then the total heat of evaporation of the steam in its
terminal state, is by Chapter 1.,

Total Heat of Evaporation = h, — &, + 2, L,

of which P,z,v, is due to external work : while during formation, in
the present case, by Art. 21, the work done in driving the piston is
P, z, v, hence the total heat of formation must be

Q=nhy - by + 2,1, + (Pm - Py z,v,

Now in the present case the stcam obtains no heat during its
passage from the boiler to the end of the stroke, and consequently its
total heat of formation must be equal to the heat supplied in the
boiler, therefore

H ~hy=hy+x,L, - hy + (Pp - P)) 2,

\

Ty
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or remembering that the expansion curve is supposed an hyper-
bola,

H =hy+2,Ly + 2, Pyv,.108, 1,

an equation which enables us to find out how much steam is liquefied
at the end of the stroke : for

e th-h
27 L, + Pyu,.loger
Having found =,, the useful work done can now be found by formula
(4) Art. 23, and the efficiency is deduced by dividing by H, - k&,
The annexed table shows the results of this calculation under the
same circumstances as in the preceding example.

PERFORMANCE OF AN ExXPANSIVE ENGINE. Casg II

Lbs. of Steam | Heat expended.
Expansion. Wetness. per L.H.P. per per LH.P. Efficiency.
hour. per 1’

None. 0 32+5 594 *072
r=2 <04 21-2 385 ‘112
r=5 *08 155 281 *152
=9 1 13-8 250 ‘171
r=13 *12 13-4 243 *176
Complete. *16 13-2 240 *178

Remarks.—Condensing engine, initial pressure 95 lbs., back pressure 3 lbs.
absolute. Jacket just supplies the exhaust waste, which is not included.
Temperature of feed 116°.

It will be seen that the results are nearly the same as in the pre-
ceding case : the loss by liquefaction being almost exactly compensated
by the circumstance that the steam considered all passes through the
cylinder instead of being partly used in the jacket, or we may express
it roughly by saying that the liquefaction takes place in the cylinder
instead of in the steam jacket. But no doubt in the second case
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the exhaust waste is greater than in the first case, and this has to
be provided for by jacket steam.

26. Although the two preceding cases may possibly occur in
practice, yet it can hardly be doubted that it is much more common
that the exhaust waste is greater than the jacket supply. In this
case the difference is abstracted from the steam during the passage
from the boiler to the end of the stroke, and it is obvious that, in
non-jacketed cylinders, this must always be so.

We shall now consider a particular case of this kind by supposing
that the exhaust waste is greater than the jacket supply by 20 per
cent. of the whole heat expended in the boiler. This proportion is
far from unusual in practice, in non-jacketed cylinders. Then, all
that heat is abstracted from the steam during its passage from the
boiler to the end of the stroke : a circumstance which is expressed
algebraically by the equation,

$(Hy ~ ) =Q=hy = by + 2Ly + (Pm — Py 2,70,
the notation being as in the preceding article. Whence we get an

equation for z,, replacing as before (Pw — Py) v, by P,v,log, r;
namely,

2. = $(H, = hy) = (hy — hy)
2 Ly+ Pyvylog, r

from which may be found the amount of water mixed with the
steam at the end of stroke, and the useful work done may be
calculated as before. The results are given in the annexed table for
the same data as in the two preceding cases. The steam is now
very wet at the end of the stroke, as is shown in column 2, and the
performance is much inferior on account of the exhaust waste being
included.

The assumption of a waste of 20 per cent. is of course an
arbitrary one introduced to fix our ideas. As a matter of fact,
the waste is in general greater at high rates of expansion than at
low ones, for reasons which will appear hereafter. So also the
expansion curve is not always an hyperbola ; but at low expansion,
the pressure falls quicker, and at high expansion slower, than is
indicated by a hyperbolic curve.
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PERFORMANCE OF AN ExXxPANSIVE ENGINE. Cask IIL

Lbs. of Steam | Heat expended
Expansion, Wetness. per LH.P. per per LH.P, Efficiency.

hour. per 1'.
None. <243 42°9 782 - +055
r=2 *264 27-6 503 +085
r=25 285 19-9 362 118
r=9 *291 17-4 319 *134
r=13 *312 16-9 308 *139
Complete. +323 167 303 141

Remarks.—Condensing engine, initial pressure 95 lbs., back pressure 3 lbs.
absolute. Not jacketed : exhaust waste assumed 20 per cent. Temperature of
feed 116°,

In the present case, the consequence of a uniform curve and a
uniform percentage of waste being supposed at all rates of expan-
sion, has been that the consumption of steam in Case III. has been
increased, in the fixed proportion of 25 per cent., approximately,
as compared with Case II., the advantage of expansion remaining
the same, but this will of course not hold good in practice.

Graphical Representation of the Heat Expended.
Equivalent Pressure.

27. The graphical method, explained in the last chapter, of
representing the internal work done during the evaporation of
water under constant pressure, may with great advantage be ex-
tended to the present case.

In the figure (Fig. 5), N4 BL O represents the expansion
diagram, showing, as in Art. 21, the energy exerted by the steam in
driving the piston, during admission, and expansion according to
any law from volume O M to volume O L, the pressure at the same
time falling from 4 M to BL. Then it was shown that the internal
work done during the formation of dry steam, at the terminal
pressure p,, could be represented by the area of a pair of rectangles,
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Fig. 5.

p-m § ot
%

p-% p

o=’ p,

the base of which is O L, the volume of the steam, und the heights
k p, ¥ p, respectively, k k' being numbers calculated for any
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pressure and temperature of feed by easy rules. (See Arts. 9 and
10.) Or the heights of the rectangles themselves may be found
without a previous determination of %, £, as explained in detail in
the same articles. In the figure these rectangles are O B and RS
respectively.

Now, as has been sufficiently explained, the energy expended in
internal changes in forming steam of given quality is always the
same, and to find the total heat of formation we have only to add
the energy exerted on external bodies during the process of forma-
tion. But this energy is represented by the area of the expansion
diagram, whatever the form of the curve may be, and thus it is clear
that the heat expended must be represented by the area of the
whole figure N 4 B L S, made up by the rectangles and the curve.

Moreover, it was shown that the internal work might be repre-
sented to our minds as equivalent to overcoming an ideal pressure
on the piston, which we called the *internal-work-pressure,” the
said pressure being represented by (¢ + ¥') p,, Now the energy
exerted is equivalent to overcoming a mean pressure p;, on the
piston where p,, as usual is the mean forward pressure, and con-
sequently the heat expended must be represented by a pressure pj
on the piston given by

Ph=pm + (k + k) py

This pressure is what Rankine called the * pressure equivalent
to the expenditure of heat,” but for brevity it may be also called
the “heat-pressure ”; it may always be calculated by the preceding
formula whatever be the treatment of the steam on its way from the
boiler to the cylinder, provided the steam be dry at the end of the
stroke. If it be not dry, then the same formula serves with the
same value of £, but a modified value of %, as explained in Art. 12
of the last chapter. Two examples will now be given of the
calculation of p.

First let us suppose

py=05:t = 90°

being data which might frequently occur in condensing engines.
Here the temperature corresponding to p is found by Table Ia
to be 162°, and we must calculate

=F
k_Pu’
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taking the values of p and Pu from Table IVa, whence we have

p = 933 Pu = 677
ok = 1378,

Next, to find &’ we take the formula
t-t, 162-90 72

ok + K =14-84.

Again, let
Py =25 : ¢ =62°,

being data which might occur in a non-condensing engine in which
no special provision was made for heating the feed. Then

t,=240° : p =871 : Pu =746 : t,-¢t, = 178,

Hence .
k=11-68 : ¥ = 2-37,
ok + K =14:05.

These examples show that % + k' does not vary very much
under a great variety of circumstances; hence Rankine recom-
mended the formule

Prn = pm + 15 p, (condensing),
Pr = Pm + 14 p, (non-condensing),

and no formule equally simple and general have in fact hitherto
been given. It must always, however, be remembered that the
exhaust waste is not included, and that hence the results obtained
are too small unless in the (probably) exceptional cases in which the
steam is dry at the end of the stroke: also it is better to calculate
k + ¥, or use the direct method of construction, than to trust to the
average values given.

If the steam be known to be wet at the end of the stroke, then
¥ is replaced by %'/x, where z, is the corresponding dryness-fraction,
but the modification so introduced is not important. The principal
difficulty in the application lies in the determination of p, which
ought to be known with accuracy ; whereas in general it can only be
determined to a rough degree of approximation. An example will
now be given in which the data are taken from an experiment on
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the Dezfer, a non-jacketed engine indicating about 200 horse-power
with speed of piston of 366 feet per minute as follows :

Terminal Pressure 16-87,
Temperature of Feed 114°,
Mean Effective Pressure = 37-54,
Mean Back Pressure = 3+65.

o

The value of k¥ + k'/z, here is 142, the value of z, being about
*72, whence

=412+ 14:2 x 16-87 = 281 nearly.

Dividing the mean effective pressure by 281, we get for the

efficiency, )
Efficiency = *134.

The thermal equivalent of 1 horse-power is 42:75, whence
dividing by *134 we get 319 thermal units per LH.P. per 1,
approximately, as the expenditure of heat. This result requires a
small correction for clearance, but is enough to show a very con-
siderable exhaust waste, the actual expenditure of heat being
probably more than 400 thermal units per indicated horse-power
per 1'. '

The method followed in the present article is capable of great
extension, but we must postpone further consideration of the nume-
rous and important questions relating to expansion till the chapter
specially devoted to that purpose.

The other calculations relating to an expunsive engine are just
the same as in a non-expansive engine working at the same terminal
pressure. (See Art. 18.)

Exrpansion in General. Elementary Compound Engine.

27. The work done by steam during expansion has been already
considered in Art. 20, 3o far as concerns the simple case of a single
cylinder within which the mass of steam is wholly contained. It
is, however, essential to consider the question from a more general
point of view, in order to be able to deal with cases of a more
complicated character.

Instead of supposing the steam to be shut up in a cylinder behind
a piston, the motion of which causes changes of volume, let us
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imagine the steam or other elastic fluid to be contained in a bag of
any size or shape which expands, retaining or not its original form
as the case may be. Then considering, first of all, a very small
increase of size and change of form, it is clear that the surface of the
bag may be supposed divided into an indefinite number of small
portions, each of which may be conceived to be the base of a small
cylinder, in which the corresponding portion of the surface moves as
a piston when the bag becomes a little larger. Hence, whatever the
size or shape of the bag, if P be the pressure, 7 the volume through
which the surface sweeps, or in other words the increase of volume
of the bag, P 7 will be the work done in overcoming a constant
pressure P. If P be variable, then if we set off on a horizontal line
absciss® to represent volumes, and ordinates to represent the
corresponding pressures, it appears by reasoning similar to that of
Art. 20, that the area of the expansion curve represents the work
done by the expanding fluid, just as in the particular example of a
cylinder and piston. Accordingly that work depends solely on the
changes of volume and pressure, and not at all on the changes of
shape which the bag may have undergone. Again, when a fluid
expands, the internal changes it undergoes are sometimes a source
of energy, by means of which the whole or a part of the external
work is done, and sometimes require a supply of energy in order to
produce them. In the first case, the difference between the energy
and the work is abstracted from, or supplied to, the expanding fluid
in the shape of heat, according as the energy or the work is the
greater ; while, in the second case, heat enough must be supplied
from without to do both the internal and the external work. In
neither case is there any reason to believe that change of shape
(unless made with very extreme rapidity) can have any sensible
influence on the internal work done or the intrinsic energy exerted
during a given change of pressure and volume, and consequently it
follows that the form of the expansion -curve depends solely on the
nature of the fluid and the amount of heat (if any) which it receives
during expansion. This will be illustrated fully in the case of air
and steam in a later chapter ; for the present I content myself with
the very important conclusion that—

The work done by a given quantity of expanding fluid does not depend
in any way on the particular machinery by means of which the expansive
energy 18 ulilised.
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Thus when 1 1b. of water is forced into the boiler and evaporated,
the resulting steam, expanded, exhausted, and finally condensed,
the work done by it does not depend on the number of cylinders
through which it passes during the series of changes it undergoes,
but simply upon the pressure of admission, the ratio of expansion,
and the amount of heat it receives during the process.

In a compound engine it frequently happens, that the series of
changes undergone is very complex ; the steam is admitted to the
high-pressure cylinder during a part of the stroke, is then cut off,
and expands till the stroke is completed ; on release, instead of
passing at once to the condenser, it is exhausted into a second
cylinder, either at once or through an intermediate reservoir, and
only reaches the condenser after a complicated series of changes of
pressure. Nevertheless, if our object is merely to find the power
of the engine, we have no occasion to consider these changes at all :
we have merely to discover how much steam is used and how many
times it expands.

Let the large cylinder or cylinders, if there be more than one, be
n times the small cylinder, and let the steam be cut off in the small
cylinder at 1/r® part of the stroke, then it is clear that the volume
finally occupied by the steam, immediately before exhaust, is to the
original volume, in the ratio n r : 1; therefore if R be the number of
times the steam expands,

R=nr,

and all the calculations for work done, and heat expended, per Ib.
of steam, are to be conducted just as if it were used in a simple
engine with ratio of expansion R.

The weight of steam used depends upon the size of the large
cylinder or cylinders alone, because at every stroke the volume of
steam discharged is that of the large cylinder, and hence the power
and efficiency of a compound engine are (other things being equal) the
same as if the steam were used in the large cylinder alone with the same
total expansion.

The addition of a high pressure cylinder, then, has, in itself, no
influence on the power or the efficiency of the engine ; it is merely
a device for partially overcoming some of the difficulties which
attend the use of high grades of expansion.

The foregoing statements, however, must be understood with
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certain qualifications as expressed by the saving clause, *other
things being equal.” When steam is “ wire-drawn,” or when com-
munication is opened between vessels containing steam of different
pressures, a part of the expansive energy of the steam is employed
in generating violent motions in the particles of the steam itself ;
which motions are ultimately destroyed by fluid friction, and the
corresponding kinetic energy transformed into heat. This energy is
nearly all lost, so far as any useful purpose is concerned, and con-
sequently the steam does not do all the work which it might have
been made to do by a different arrangement. Since unbalanced
expansion occurs to a greater extent in a compound engine than in
a simple engine, the compound engine is at a disadvantage in this
respect ; the actual increase of efficiency generally produced by
compounding being chiefly due to a diminution in the prejudicial
influence of the sides of the cylinder, so that the exhaust waste is
greatly diminished.

28. The type of compound engine which it is most useful to
consider in a preliminary investigation, is that in which an inter-
mediate reservoir exists, through which the steam passes on its way
from the high pressure to the low pressure cylinder. In practice
the reservoir is of moderate dimensions as compared with the
cylinders, in consequence of which the pressure within it varies in
a complicated way ; but for the purpose in question, it is sup-
posed so large that the addition or subtraction of a cylinder full of
steam makes no sensible difference in the pressure, which accordingly
remains constant, so long as the weight of steam supplied by the
high-pressure cylinder in one revolution of the engine is equal to
that drawn out of it by the low-pressure cylinder. Variation of
pressure in the reservoir makes all the calculations relating to the
engine much more complicated without making any important
change in the conditions on which efficiency depends. We describe
the engine in this case as an Elementary Compound Engine.

Assuming then that the pressure in the reservoir has a constant
value (p,) to be determined presently, and neglecting the resistance
of the passages connecting it with the cylinders, the back pressure in
the high-pressure cylinder will have the constant value p, while the
low-pressure cylinder will be supplied with steam at pressure p,, just
as it might be from a boiler. In each cylinder the steam is admitted,
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cut off, and expanded, just as if there were two independent engines ;
the only connection between them is, that they each use the same
weight of steam per minute.

Fig. 6 shows the indicator diagram of such an engine, in which
O B represents the pressure at which steam is admitted to the high-
pressure cylinder from the boiler, while O A4 represents the pressure

9 12 226 80

in the reservoir. The line 3 3 3 passing through it, is at once the
back pressure line in the high-pressure cylinder, and the admission
line in the low-pressure cylinder, so that B 1 2 3 4 is the diagram
which would be drawn by an indicator applied to the high-power
cylinder. The line 5 5 near the base of the diagram, is the back
pressure line of the low-pressure cylinder due to the pressure (p,)
in the condenser into which it exhausts its steam,and 4 334 55 is
the diagram which would be drawn by an indicator applied toit. The
two diagrams are here combined into one, which shows the pressure
and volume of a given weight (1 1b.) of steam as it passes through
the cylinders in succession, by enlarging the low-pressure diagram,
so that its base may be greater than that of the high-pressure
diagram in the ratio of the cylinders. In Fig. 6 the ratio of
cylinders is 2}, so that 9 cubic feet of steam filling the high-pressure
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cylinder becomes 22:5 cubic feet at release from the low-pressure
cylinder.

The expansion curve in each cylinder may, as in previous
examples, be taken as a common hyperbola, and in the first instance
we suppose that the two hyperbole form part of one and the same
curve, a case represented in Fig. 6 by the full curve 1 2 3 4, of
which 1 2 is the high-pressure part, and 3 4 the low-pressure. The
pressure in the reservoir can on this hypothesis be at once deter-
mined, for supposing p the pressure at a point in the diagram
indicated by the suffix attached, m the ratio of expansion in the
low-pressure cylinder, and the other notation as in the last article.

m
Py =mM.Py = —Pr
The work done in each cylinder is now determined by the same
rules as before, from the area of its indicator diagram, and it will be
observed that the sum is less than the area of the complete diagram
B 1234505, by the small triangular portion 2 3 3 shaded in the
figure. This triangle represents a loss due to the “ sudden drop” of
pressure on exhaust of the high-pressure cylinder into the reservoir
given by
<P2“Ps)(V2"V3)

Loss by sudden drop = 3

nearly

where the symbol 7 is used as usual for volumes at points on the
diagram indicated by the suffix.

Remembering that the product P 7 is the same at all points this
equation is easily seen to be equivalent to

Loss by sudden drop = %P V(l - g:) (?n - 1).

In addition to this, the resistance of the passages will cause a loss
indicated by the shaded rectangle on the base 3 3, for the actual
pressure in the reservoir will be greater than the admission pressure
in the low-pressure cylinder, and less than the back pressure in the
high-pressure cylinder. But for these losses, as already pointed out,
the total work done in the compound engine would be the same as
in a simple engine with the same total expansion, and the same
liquefaction.
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It should carefully be noticed that the total expansion, and
- therefore, the total work done (neglecting losses) is not dependent
on the cut-off in the low-pressure cylinder. The only effect of altering
this, is to change the reservoir pressure and the distribution of power
between the cylinders. The earlier the cut-off in the low-pressure
cylinder, the higher the reservoir pressure, and the less the work
done in the high-pressure cylinder. But the relative liquefaction in
the two cylinders has also a great influence on the reservoir pressure
and distribution of power, as will be seen immediately.

29. When diagrams taken from the cylinder of an actual com-
pound engine of this type are combined in the manner described,
due account being taken of the effect of clearance, it will seldom be
found that the expansion curves of the high-pressure and low-
pressure cylinders agree ; the high-pressure curve either intersects
the low-pressure diagram or passes completely over. The reason of
this is that agreement is only possible when the liquefactions in the
two cylinders bear a certain proportion to each other. Hence the
value of P 7, though approximately constant in each cylinder, changes
on passing from one cylinder to the other. When a compound
engine is working to best advantage the high-pressure curve generally
passes over the low-pressure, so that the value of P V is greatest in
the high-pressure cylinder.

In Fig. 6 (p. 63) this case is represented by dotted lines; 1’ 2’3’ 3'
being the high-pressure diagram now much enlarged because the
steam is much drier. In constructing such diagrams the horizontal
ordinates represent the volume of a lb. of steam at pressures shown
by the corresponding vertical ordinate. Thus, for example, in
Fig. 6 at the end of the stroke in the high-pressure cylinder, the
pressure in both cases is one-third the pressure of admission because
the cut-off is supposed one-third, but the volume, which before was
9 cubic feet, is now 12 cubic feet, in consequence of the smaller
amount of water contained in the steam.

The low-pressure diagram is represented by the dotted lines
3’3’4’5’ 5 in which 3' 4’ the expansion curve is supposed part of the
same hyperbola as before, a supposition which implies that the
steam in the low-pressure cylinder is a little, though a very little,
drier than before. The terminal volume in the low-pressure cylinder
must he 24 times that in the high-pressure, because the ratio of

F
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cylinders is 24, and is therefore 30 cubic feet instead of 22}. From
the hyperbola 123 4 4’ the terminal pressure is now immediately
found, and thence the pressure in the reservoir. If the low-pressure
curve had not been part of the same hyperbola, it would have been
necessary to know the dryness fraction from which the volume of
dry steam can be found corresponding to 30 cubic feet of wet steam,
and the pressure deduced by the usual formula.

PERFORMANCE OF AN ELEMENTARY CoMPOUND ENGINE.

Percentage | Percentage of | Pounds of

of Water Power Steam Loss
Pressure | at End of developed passing ¢
in Stroke. |ineach Cylinder.| through |,B°% “®h
Reservoir. Cylinders | °F

per LH.P. drop.
H.P.|L.P.| H.P. ' L.P. | per Hour.

W

Case I .. 22} | 2
CaseIL.. | 162

[ SR |

21 52-6 ‘ 47-4 | 169 3
1637 ‘ 36-3 | 13-7 5

(S

!

Remarks.—Compound engine working with admission pressure of 100 Ibs,
(absolute). Ratio of cylinders 2}. Steam cut off in h.p. cylinder at one-third,
in Lp. cylinder at three-fifths the stroke. In Case I. the percentage of water at
the end of the stroke in h.p. cylinder is supposed 27, while in Case II. the steam
is nearly dry. In the Lp. cylinder the percentage is about 20 per cent. in both
cases, (Compare Fig. 6, p. 63.) Back pressure in Lp. cylinder 3 lbs. The steam
liquefied in the jackets (if any) is not included in the calculation.

The areas of the diagrams can now be found by the usual rules,
so that the work done in each cylinder is known, and it will be seen
that the percentage of work done in each cylinder is very different,
and the total amount much greater, points which are illustrated by
the annexed table of numerical results.

29A. The foregoing example is ideal, but it will serve the
purpose of conveying a general idea of the working of a compound
engine, of the conditions on which its efficiency depends, and the
reason why it is more economical than a simple engine. In a simple
engine working with ratio of expansion 7-5, as experience shows, the
consumption of steam, even after allowing for losses, would not be
less than in Case 1. of the table above. The expansion curve would
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probably not be hyperbolic, but an hyperbola coinciding with the
curve at its lower part, would fall cutside it at the upper, so that less
work per 1b. of steam would be done notwithstanding the “loss by
sudden drop” in the compound engine. Now, without anticipating
what will be said in a subsequent chapter, it may here be stated that
a principal factor in the production of liquefaction in a steam
cylinder, is the range of temperature in that cylinder. In the high-
pressure cylinder of a compound engine working as represented by
Fig. 6, the range of temperature is less than one-half that of the
simple engine, and unless there be some special cause, the liquefaction
would be much less considerable, though it probably would be greater
than in the ideal Case II. Hence the working of a compound engine
as compared with a simple engine, is approximately represented by
Case II. as compared with Case I., the simple engine consuming
25 per cent. more steam, the cause of the superior economy of the
compound being the greatly diminished liquefaction in the first
stage of the expansion. This advantage, however, may be, and
often is, thrown away by cutting off the steam too early in the high-
pressure cylinder, or in some other way occasioning an unnecessary
amount of liquefaction there.

The principle of compounding may be carried still further by the
use of triple instead of double expansion ; and if the full advantage
of steam of 150 lbs. pressure or upwards is to be realised in a
condensing engine, triple expansion is a necessity.

In making the calculations the expenditure of heat has not been
found. This, however, can always be done by the methods described
in preceding articles which may be applied to each cylinder
separately, or to the two comhined.

Cycle of Operations in a Steam Engine, Diagram of Energy.

30. The construction of an indicator, and the general nature of
the diagram obtained by its use, are supposed to be already familiar
to every reader of this work. Suffice it to say that, when properly
set, the motion of the drum precisely corresponds with the motion
of the piston, so that the diagram drawn on the card shows the
pressure of the steam at any point of the stroke : during the forward
stroke in front of the piston, and during the backward stroke at the
back of the piston. In practice, the diagram is generally considered

F 2
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as showing the total effective pressure urging the piston forwards at
each point of the stroke ; it being usual to take a diagram from each
end of the cylinder and combine the upper half of each with the
lower half of the other; thus obtaining figures often called “true”
indicator diagrams, which show the true driving force on the piston.

No doubt, if the object is to draw a true curve of crank effort
when studying the variation of the twisting moment on the crank
shaft, or the fluctuation of energy of the engine, this course must be
adopted ; but for the purposes of a theory of the steam engine,
the indicator diagram may be looked at from an entirely different
point of view ; it may, or rather must, be regarded as the graphic
representation of the series of changes undergone by the feed
water in the course of its transformation into steam, passage through
the engine, and subsequent condensation.

In the figure (Fig. 6a), suppose O N to represent the volume
of a small quantity of water contained in a bag according to the

Fig. 6a.
z T {
T
""“‘"-\.....,.
------.-......-....n.--- R
| ) -
| i K

conception of the preceding article, and let P N represent the boiler
pressure : then the vertical line P N represents the rise of pressure
which takes place as the water is forced into the boiler by the action
of the feed pump. Next, neglecting wire-drawing, the horizontal
line P Q represents the gradual increase of volume of the bag as
the water within it gradually evaporates and finally becomes all
steam. Imagine the steam suddenly cut off when the bag is wholly
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within the cylinder, then the bag gradually expands, as represented
by the curve @ T, till precisely at the end of the stroke (suppose)
the exhaust opens.

When the exhaust is opened, the bag undergoes a sudden expan-
sion as the steam rushes into the condenser, followed by an almost
coincident contraction as the steam within it is condensed. The
process is not exactly the same for all particles of steam, but may
be sufficiently nearly represented by the dotted expansion curve T' R,
and the horizontal line of condenser pressure L S B. During this
expansion the only work the bag does is in overcoming the condenser
pressure, the excess of expansive energy being employed in gene-
rating kinetic energy, ultimately reappearing as heat in the
condenser. During condensation, energy is exerted by the steam
piston in compressing the bag, which energy, after allowing for the
work done by it in the sudden expansion, is represented by the
rectangle § N. Hence, referring to Art. 21, the effective energy
exerted by the bag, which has now returned to its original state, is
represented by the area P Q TS L, being the difference between
P QT M N, the energy exerted on the piston, and S NN, the energy
exerted by the piston.

The figure thus drawn, representing the changes of volume and
pressure of the bag, may be called the Diagram of Energy of a Ib.
of steam. If clearance and wire-drawing be neglected, the figure is
identical with that drawn by an actual indicator, except that the
actual indicator diagram includes the very small rectangle O P,
representing, as previously shown, the work done by the feed
pump (Art. 17). The changes themselves are described as a Cycle
of Operations or briefly a Cycle. In all heat engines the working
fluid goes through a cycle of changes and the nature of the engine
depends chiefly on the nature of the cycle, which is represented
graphically by its indicator diagram.

The effect of clearance and wire-drawing is that all particles of
steam do not go through the same series of changes ; some are never
condensed at all ; some are more and some less wire-drawn ; there are,
therefore, many distinct diagrams, each representing its own particle
of steam. The figure drawn by the indicator may be regarded as
representing the average changes undergo