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PREFACE. 

THE purpose of this book is to exp1ain the scientific principles of 
the action of " PBnm MoVERS," or machines for obtaining motive 
power, and to show how those principles are to be applied to 
practical questions. 

It has been deemed adviaable to prefix to the Treatise a very 
brief Historical Sketch, relating chie1ly to the Steam Engine, tht" 
only prime mover whose history is known. 

The body of the work commences with an Introduction, treating 
of principles, and of mechanbl contrivances, which are common 
to all prime movers, and of the laws or the strength of materials, 
so far 88 they are applicable to thOl!e machines. Some passage!' 

in the Introduction are 'extracted from a previous Treatise on 
.J.ppli«J MecAanics, and abridged or amplified 88 may be required, 
in order to suit t.he purpose of the present Treatise. Such passage!! 

are indicated by t.he letters.d. M., with a rererence to the number 
of the corresponding Article in that work. 

The first part following the Introduction treats or tbe use of 
mU8CUlar strength to obtain motive power. 

The second part treats of prime movers driven by the motion of 
. water and or air, including water-pressure engines, waterwheeh<, 
turbines, and windmills. 

The third and largest part treats of engines driven by the me
chanical action or heat, and especially of the steam engine. It ex
plains, in the first place, tbe phenomena of beat, 80 far 118 they affect, 
directly or indirectly, mechanical action in engines; secondly, 
tbe laws of combustion and properties or fuel, and the principles 
upon which economy or fuel depends; thirdly, the laws of tht' 
action of ht!!'t in producing motive power, or "PRINCIPLES OF 

TUBBIlODYliAJIICS," 88 applied to the various engines in which that 
action_takes place, and especially to steam engines of all varieties; 
fourthly, the nature and action of the parte of furnaces and boilers; 
fifthly, the nature and action or the mechanism of steam engines. 

The fourth part explains the principles or the action of electro-
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vi PREFACE. 

magnetic engines; but very briefly, in consideration of their small 
importance as prime movers, and absence of economy; the true 
practical use of electro-magnetism being, not to drive machinelj, 
but to make signals; and the subject of telegraphy being foreign 
to the purpose of this work. 

The principles of thermodynamics, or the RCience of the' me
chanical IWtion of heat, are explained in the third chapter of the 
third part more fully than would have been neceBSary but for the 
fact, that this is the first systematic treatise on that science which 
has ever appeared; the only previous sources of information re
garding it being detached memoirs in the transactions of learned 
societies, and in scientific journals. 

The experimental and practical examples used to illustrate the 
application of the principles of that science, and of rules and tables 
deduced from them, are, to a considerable extent, taken from the 
Author's pel'ROnal observations of the performance of marine engines. 

At the end of the book, as well as interspersed through it, 
are various tables, useful in calculations respecting prime movers, 
ttipecially the steam engine; and many of those tables contain 
results which have never before been published. 

The Author has endeavoured to the best of his ability and 
recollection to acknowledge, in the course of the book, the sources 
from which he has derived information. For much of that informa
tion, for opportunities of inspecting furn8AleS, boilers, and engines, 
making experiments, and in some cases for drawings of engines, 
which have been reduced to a small scale to illnstrate this' work, 
he has now to return his most grateful thanltlfto many engineers, 
IIhipbuiIdel'8, manuflWturers, and men of science; and amongst them 
to PROFESSOR WEISBACH; M. DU TREMBLEY; MK. JAMES R. 
NAPIER; 11K. FAIRBAIRN; DR. JOULE; DR. W ILLIAJ( THOJ(SON; 
PROFESSOR J AHES THOJ(SON; MEssRs. NEILSON &; CO.; MESSRS. 
CHARLES TENNANT &; CO.; MESSRS. R. NAPIER &; SONS; MESSRS. 
RANDOLPH, ELDER, &; Co.; MESSRS. RoWAN &; Co.; MESSRs. CATRD 
&: Co.; MESSRs. A. MORE &; SON; MESSRs. KITSON, THOMPSON, &; 

HEWITSON; l\lE~ DUNN, HATTERsLEY, &; Co.; MEssRS. JOHN 
REID &; Co.; MESSus. SCOTT &; CO.; MESSRS. HENDERSON &; SON; 
THE LANCEFIELD FORGE COJ(PANY; and many others. 

GLASGOW, 22d September, 1869. W. J. M. R. 
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HISTORICAL SKETCH, 

RELATING CHIEFLY TO 

THE ST NGINE. 

are wrongly 8CCuseci in the most ancient 
honourecl and remembered their conquerors and tyrants only, and 
of having neglected and forgotten their benefactors, the inventors 
of the useful arts. On the contrary, the want of authentic records 
of those benefactors of mankind hlU! arisen from the blind excess of 
admiration, which led the heathen nations of remote antiquity to 
treat their memory with _ divine honours, so that their real history 
has been lost amongst the fables of mythology. 

During a period less remote, still ancient, the i""nw-mn"", 

mechanical arts were biographers and 
mistaken prejudice practice, as being 

contemplation; in the case of men 
and Archimedes, combined practical 

_,,'nt,tjp knowledge, the labours that have 
our times give but vague and imperfect accounts of their mechanical 
inventions, which are treated as matters of trifling importance in 
comparison with their philosophical speculations. The same pre
judice, prevailing with increased strength during the middle ages, 
and aided by the prevalence of the belief in sorcery, rendered the 
records of the progress of practical mechanics, until about the end 
of the fifteenth century, almost a blank. 

remarks apply, with force, to the history 
machi:nes called PRIME aid power or 

from natural sources, perform work for 
It would be vain to trace the 
of muscular 
machinery. exception of the air engine 

!!Orne other heat engines, and the electro-magnetic engine, which 
are still in their infancy, the STEAl[ ENGINE is the only prime mover 
whose history is known with any certainty; and even its origin ill 
lost in antiquity. 

The published writings on the history of the steam engine are 
very numerous. They are to be found at the commencement of all 

Digitized by ( 



xvi HISTORICAL SKETCH. 

the large treatises on the steam engine, such as Farey's, Tredgold's, 
and Mr. Bourne's ;-and of articles on the same subject, and on 
steam navigation, by Mr. Scott Russell. The most complete col
lection of accounts of various inventions is Stuart's HiatoTy ofeke 
Steam EngintJ j a book now very scarce. A complete and exact 
history of the more important steps in the progress of the steam. 
engine down to the time of Watt, and of the inventions of Watt 
himself, is contained in Mr. Muirhead's Mechanical, Inventions of 
James waU, and Lift of Janna WaU j works specially distinguished 
by the fullness and precision with which original documents and 
authorities for facts are cited. It is impossible to pursue the same 
course within the limits of the present essay, which is only & 

brief summary of the leading e\"ents in the history of the steam 
engine. 

The earliest written account of mechanism in which heat is made 
to perform work by means of steam, is contained in the P'1I~ 
of Hero of Alexandria, who flourished about 130 ROo That author 
describes a rotatory engine, or steam turbine, driven by the reaction 
of jets of steam issuing from orifices in revolving arms, and also an 
engine in which the pressure of steam, or of heated air and vapour 
mixed, is made to raise liquid by expelling it from a receiver. An 
apparatus similar to the last is described by Giovanni Battista 
della Porta, in his Pnewmalics, published in 1601, with this 
addition, that the condensation of steam within a close vessel is 
de8Clibed as a means of producing a vacuum, and thereby causing 
water to ascend and fill the vessel A French engineer, Solomon 
de Caus, in a work entitled Lea Raisons deB Forces MoofXJ1lk8, 
published in 1615, described a machine for propelling a jet of 
water to a great height by the pressure of steam evaporated in the 
same vessel from which the water was ejected. In 1629, Branca 
described an engine, in which a wheel was driven round by the 
impulse of steam against vanes. The Marq\lis of Worcester, in his 
work called A CerU'UIf'!J of tire Nanna anul Scantlings of Inwlltions, 
&c., p\lblished in 1663, described a machine for raising water by 
the pressure of steam. So far as the description is intelligible, it 
appears that this machine differed from that of De Caus, in having 
a separate boiler for the production of the steam which forced 
water out of other vessels; and it appears further, from the Diary 
of Cosmo, Grand Duke of Tuscany, that the machine of the 
Marquis of Worcester had been constructed, and was in operation 
at Vauxhall, in 1656. It is probable, that in the time of the 
Marquis of Worcester, the action of steam in exerting a great pres
sure when confined within a limited space, and the possibility of 
raising water to a height by means of it, had become generally known 
to persons acquainted with mechanics, and that the original part 
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of his machine was the ~ boil.er, without which it would 
have been practica.lly useless. About 1697, Savery invented an 
engine in which water was not only (as in that of Worcester) forced 
above the level of the engine by the pressure of the steam from a 
separate boiler, but was also raised to the level of the engine, from 
a lower level, by the pressure of the atmosphere, after the conden
sation of the steam in the water receiver by means of cold water 
externally applied. This engine was extensively used for draining 
mines. In all the machines hitherto described, the steam either 
acted by its momentum alone, or by pressing directly on the surface 
of water. The first invention of the' imPOl-tant idea of making 
steam. afford the means of driving a piBton, which should com
municate motion to mechanism, appears to be due to Denis Papin, 
who, about the year 1690, constructed a working model, consisting 
of a vertical cylinder with a piston. In the lower part of the 
cylinder was placed a small quantity of water. On placing a fire 
under the cylinder, the water evaporated and lifted the piston; on 
removing the fire from the cylinder, or the cylinder from the firE', 
the steam was condensed, and the piston forced down by the prell
sure of the atmosphere. Papin proposed that engines on thhc 
principle should be made to work pumps, and also, by means of' 
rack and pinion work, and ratchet wheels, to drive paddle wheels of 
vessels, and other revolving mechanism. Papin had, about ten 
years before, invented the safety valve for boilers. In 1705, New
comen, Savery, and Cawley, combined the cylinder and piston with 
the separate boiler, and with surface condensation, and produced 
the well known atmospheric engine for pumping mines. They 
afterwards rendered the condensation more rapid and complete by 
injecting a shower of cold water into the interior of the cylinder. 
Appa.ratus for enabling the engine to open and shut its own valV6ll 
was introduced by Humphry Potter, and improved by Heighton. 
The high preasure engine was invented in 1725, by Leupold. 
About 1770, the details of the atmospheric engine were much 
improved by Smeaton, until it became, considering the general 
condition of practical mechanics at the time, a very perfect machint> 
in wOl'lnnansbip and mechanism. 

Fig. L shows a vertical section of the principal parts of Savery'l! 
engine :-a, receiver, in which the steam presses on the surface of 
the water; h, ascending pipe; c d, clacks opening upwards; J, 
boiler; g, steam pipe from boiler to receiver; h, cock, to open and 
c10ee it; i k, flues; I 'Ill, gauge cocks· to ascertain the water level; 
,., af'ety valve (it is doubtful, however, whether Savery used the 
safety valve); 0, condensing cock, to let a stream of cold water fall 
on the receiver, and condense the steam. The engine was worked 
by openiDg and closing the cocks k and 0 alternately. On opening 

h 
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ll, steam boiler forced the the receiver a up 
through the pipe b; on closing II. and opening 0, the steam was 

Fig.I.-savery'8 

condensed, pressure of the forced water up 
through the clack d, 80 as to fill the receiver again. 

Two improvements made by Savery on his engine are not 
IIhoWD in the figure: a second receiver, similar to a, and standing 
alongside of it, to be filled and emptied alternately with a, 80 as to 
keep up a continuous stream of water; and an auxiliary boiler, or 
heating vessel, in which water was heated before being supplied to 
the principal boiler f, and from which was forced intof 
by the steam when required. 

Fig. N ewcomen's atmospheric earliest form. 
a, beam lever; boiler; c, lever rod chain; e, 
pump furnaoe; g g, er; p, steam 
pipe; ; l, tank for m, its supply 
pipe, coming the pump in the pit; n, condensation water 
pipe; 0, cock; q, discharge pipe for water n"Om cylinder, leading 
downwards to a point thirty-four feet below it (being one atmo
sphere of" water); 8, piston rod; x, piston rod chain; y z, sectors 
on ends of beam. 

For an example of the atmospheric engine in its most perfect 
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.nate, reference may be made to the description and drawing of tllt' 
" long Benton engine" in Smeaton's reports. 

Fig. I1.-Newcomen'. Atmospheric Engine. 

Fig. III. is Leupold's proposed high pressure engine, with a pair 
of cylinders in which the steam acts alternately, being admitted 
and discharged by a" four-way-cock." 

In the history of mechanical art two modes of progress may be 
distinguished-the empirical and the scien4ftc. Not the practical 
and the thtJormc, for that distinction is fallacious: all real progress 
in mechanical art, whether theoretical or not, must be practical. 
The true distinction is this: that the empirical mode of progTel!ll 
is purely and simply practical; the scientific mode of progresR is 
at once practical and theoretic. 

Empirical progress is that which has been going on slowly and 
continually from the earliest times to the present day, by means of 
gradual amelioration in materials and workmanship, of small suc
cessive augmentations of the size of structures and power of 
machines, and of the exercille of individual ingenuity in matters of 
detail. This mode of progress, though essential to the perfecting 
of mechanical art in its details, is confined to making small alters-
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tions on existing examples, and is consequently limited in the range 
of its effects. 

Scientific progress in the mechanical arts takes place, not con
tinuously, but at inter
vals, often distant, and 
by great efforts. When 
the results of experience 
and observation on the 
properties of the ma
terials which arc used, 
and on the laws of the 
actions which take place, 
in a class of machines, 
have been reduced to a 
science, then the im
provement of such ma
chines is no longer con
fined to amendments or 
enlargements in detail of 
previously existing ex
amplcs; but from the 
principles of seience prac
tical rules are deduced, 
showing not only how to 
bring the machine to the 
condition of greatest effi-

Fig. I1l.-Leupold·. Engioe. ciency consistent with 
the available materials 

and workmanship, but ah!o how to adapt it to any combination of 
circumstances, how different soever from those which have pre
viously occurred. When a great advance has thus been made by 
scientific progre&ll, empirical progress again comes into play, to 
perfect the regults in their details. 

Up to the period when Smeaton perfected the atmospheric 
ellgine, the progress of the" fire engine," as the steam engine was 
then CIIlled, had been merely empirical; and in everything that 
depended on principle, the steam engine of that period was a most 
rude, wasteful, and inefficient machine. Then came the time 
when science was to effect more in a few years than mere em
pirical progress had done in nineteen centuries. In 1759, James 
Watt had his attention directed by Robison to the subject of the 
!Iteam engine, and for a few years afterwards made various experi
ment/! on the properties of steam. In 1763 and 1764, Watt, while 
engaged in the repair of a ' small model of Newcomen's engine 
(belonging to the University of Glasgow, and since preserved by 
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that University 88 the m08t precious of relics),· perceived the 
,'Vious defects of that machine, and ascertained by experiment their 

• Fig, IV,-Watt's model in GlasllOw College, 
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causes. Watt set to work scientifically from the first. He Rtudied 
the laws of the pressure of elastic fluids, and of the evaporating 
:lCtion of heat, 80 far as they were known in his ti.JD.e; he ascer
tained as accurately 88 he could, with the means of experimenting 
at his d.ispoI!al, the expenditure of fuel in evaporating a given 
quantity of water, and the relations between the temperature, 
pressure, and volume of the steam. Then reasoning from -the data 
which he had thus obtained, he framed a body of principles expres
sing the conditions of the efficient and economic working of the 
steam engine, which are embodied in an invention described by 
himself in the following words, in the specification of his patent of 
1769:- . 

" My method of lessening the consumption of steam, and conse
'luently fuel, in fire engines, consists of the following principles:-

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

"Secondly, In engines that are to be worked wholly or pa.rtiaIly 
by condensation of steam, the steam is to be condensed in vessels 
distinct from the steam vessels or cylinders, although occasionally 
communicating with them; these vessels I call condeDSel'8; and, 
whilst the engines are working, these condensers ought at least to 
ne kept 88 cold 88 the air in the neighbourhood of the engines, by 
app\i.cation of water, or other cold bodies. 
"~, Whatever air or other elastic vapour is not condensed 

hy the cold of the condenser, and may impede the working of the 
engine, is to be drawn out of the steam vessels or condensers by 
means of pumps, wrought by the engines themselves, or otherwise. 

"Fou,rtlUy, I intend, in many cases, to employ the expansive 
force of steam to press on the pistons, 01' whatever may be used 
instead of them, in the same manner in which the pressure of the 
:\tmosphere is now employed in common fire engines. In cases 
where cold water cannot be had in plenty, the engines may be 
wrought by this force of steam only, by discharging the steam into 
the air after it has done its office. 

" LaBIly, Instead of using water to render the pistons and other 
parts of the engines air and steam tight, I employ oils, wax, 
resinous bodies, fat of animals, quicksilver, and other metals in 
their fluid state." 
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The expense of carrying out of Watt's invention was at fil'llt 
defrayed by Dr. John Roebuck, the original projector of the CalTOn 
hon Worb; On his retirement from the enterprise, his place was 
taken by Matthew Boulton of Birmingham, whose liberality and 
energy furnished all that was necessary to render the genius of 
Watt practically available. Few patents have had their validity 
more obstinately contested than that of Watt's great invention; 
and the successful result of the trials of which it was the subject 
has greatly contributed to ascertain and fix the interpretation of 
the patent laWs. In 1769, Watt had invented the cutting-oft'the 
admission of steam, 80 as to make it work expansively, as appeal'll 
from a letter of his to his friend Dr. Small He began to use that 
invention in 1776, but did not publish it till 1782, when he 
patented along with it his invention of the double acting engine. It 
is certain that before 1778, Watt had invented the double acting 
steam engine, and the application of the crank to the steam engine; 
but the latter invention having been pirated a.nd patented by 
another, Watt invented and patented other methods of producing 
rotatory from reciprocating motion, which were used until the 
patent for the crank expired; after which time the use of the crank 
became general. The adaptation of the steam engine to the pro
duction of rotatory motion was the crowning improvement, which 
led to its employment as the prime mover of every kind of 
mechanism In 1784, Watt patented and published his inventions 
of the pa.rallel motion, the counter for recording the strokes of 
engines, the throttle valve, the governor for regulating the speed, 
and the indicator for ascertaining the power, and also a locomotive ./ 
engine; which last, however, he did not put in practice. The,/ 
improvements on the steam engine since the time of Watt ha 
chiefly related either to the boiler and furnace, to the details fl 

mechanism, to the more full development of Watt's p . ~ of 
using the expansive force of the steam to drive the p' ! 01' to. 
the means of applying the steam engine to the Ion of 
carriages and ships. The double cylinder engine n.vented bl 
Hornblower in 1781, and was afterwards com' With WattN 
condenser by Woolf. • . pu1 

The history of the application of the gme to the pro -
sion of ships has been brought into a v complete stat:e by the 
compilation, under the direction of Oo?cro£t, .of abndgments 
of patents for marine propulsion, er With .va.no~ .documents 
relative to inventions of that c patented In ~ntain. • . 

It appears from the co ce ~ween Papm and Lelbmtz, 
that Papin was present, in . ' at 8; tnal of a boat propelled ?y a. 
machine contrived by .? m whi~ paddle wheel~ were driven 
by a water wheel, w· as Itself driven by water raised by means 
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of Savery's steam engine, already mentioned; and also that Papin 
himself, in 1707, made either a vessel or a model of a vessel (it is 
not clear which) on a similar plan, with which he was on his way 
by the Fulda and Weser to England, when it was taken from him 
and destroyed by boatmen. 

In 1736, Jonathan Hulls patented a steam vessel in which paddle 
wheels were driven by ratchet work, acted upon by chains or ropes 
attached to the pistons of atmospheric cylinders. 

In 1752, Daniel Bernouilli invented a form of screw propeller, 
which he proposed to drive by a steam engine. 

In 1781 and 1783, the Marquis de Jouffroy executed and used 
upon the Rhone two steam vessels of considerable size-in the first 
of which paddle wheels were driven by chains, and in the second 
by rack work. They are said to have realized a considerable 
speed. 

The early attempts at steam navigation made in France by the 
Marquis de Jouft'roy iu 1781 and 1783, in America. by Rumsey 
and Fitch about 1783 and 1784, and in Scotland in 1788.and 
1789, by Miller of Dalswinton, Taylor, and Symington, appear 
to have failed chiefly because of the imperfect nature of the 
means employed for the transmission of motion from the piston to 
the propeller. In fact, Watt's invention of [the rotative' engine, 
which effects that transmission smoothly and without shocks, was 
an indispensable step towards the success of steam navigation. 
Symington, instructed by the previous failure of his engine in Mil
ler's boat, availed himself of that invention, when he built for Lord 
Dundas, in 1801, the "Charlotte Dundas," which was used in 1802 
on the Forth and Clyde Canal, with complete success as a tug, but 
abandoned owing to an apprehension on the part of the directors of 

"lry to the banks. The" Charlotte Dundas" (fig. V.) had one 

Fig. V.-The ·'Cbarlou.. Duudaa," 1801.2. 

paudle wheel near the stern, driven by a direct acting horizontal 

'" Digitized by Google 



Ift'E.UI LOCOMOTION ON LAND. xxv 

engi.oe, with a connecting rod and crank. The ammgement of 
her mecbaniam was BUch 88 would be considered creditable at tM
present day; and she baa been justly styled by Mr. Woodcroft 
.. the finIt pmctica.l steamboat." 

Fulton having made himself well acquainted with what had been 
pnniously done in starn navigation, began to experiment with a 
small paddle steamer in 1803. In 1804, Steveus ran a steamer 
between New York and Hoboken, with a sorew propeller, driven 
by one of Watt's engines. 

The establishment of steam navigation as a remunerative art 
was finIt etfected in America, by Fulton, in 1807, on the East 
river; and in Europe, by Bell, in 1812, on the Clyde. Fulton's 
vessel, the "Clermont," W88 propelled by paddles. driven by an 
engine made by Boulton and Watt. Bell's Tellllel, the "Comet," 
W88 propelled by two pairs of paddles (fig. VL), driven by an 

- :~\.~ .. 
...r- V>-' 

Fig. VI.-Tbe "Comet," 1811-12. 

engine of peculiar design (fig. VII.) Since that period the advan~ 
ment of steam navigation has consisted not 80 much in tJ> 
development of new principles, 88 in the improvement of wr ~ 
manship, arrangement, and economy of fuel, and the progr , 0 

increase of the size, power, and speed of starn ships, and tl> "'::: 
of their voyages-the climax at the present time being t~ ,~, ..t 

Eastern," 680 feet long, 83 feet broad, drawing 30 ' •. ",."J"V 
when loaded, displacing 26,000 tous of ,water, havir.; A-'3; .. '.· ·60 
can work at from 8,000 to 12,000 indicated ho~ ~ "IP ~ ozi
capable of carrying coals for a voyage round th".. .r·d '.11· .. ' 

quality, as Mr. Scott RU8IIell baa stated, is th~t.i.~".r/. ~r .. lUsJy, to 
bulk. The" highest speed attained in Eur ~ r, r'k ,to which 
17 -1 nautical miles or 20 statute miles ... ..: ,rer~ -!" ~() change 

'i , ..... 1 t;J/>' ;vtJ- a reSl ted 
HOme instances, by steamers on the A,io .. .J :e"'" If a simil,sesen 

The application of the steam eT~,Jm...1 ' J.e where re \Dds on 
I\.CCOrding to Watt, suggested by;;,: :?'" tion re-
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patented a locomotive engine, which, however, he never executed. 
A bout the same time Murdoch, assistant to Watt, made a very 

}iig. VlI.-Engine of the" Comet.," 1811.12. 

efficient working model of a locomotive engine. In 1802, Treyithick 
and Vivian patented a locomotive engine, which was constructed 

"ld set to work in 1804 or 1805. It travelled at about five miles 
"our, with a net load of ten tons. The use of fixed steam 

.'8 to drag trains on railways by ropes, was introduced hy Cook 

'arious inventors had long exerted their ingenuity in 
. the locomotive cngine a firm hold of the tTa.ck by 

·work.rails, and toothed driving wheels, legs, and 
-ntrivances, Blackett and Hedley, in 1813, made 

~overy that no such aids are required, the 
.. 'lth wheels and smooth rails being sufficient. 

,.,., engine to the great and widely varied 
'I to travel, and the varied loads which 

Fig. V.-The-·ings are eBAential-that the rate of 
ldl 1 1 h te .l:i.mna 1 source of the power of the 

pa.( e w lee near t e s rn, w'1>~ k h· h th . h to "wor w 1C e engme !l.S 
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perform, and sball, when required, be capable of being increal!ed to 
many times the rate at which fuel is burned in the furnace of a 
stationary engine of the same size; and that the surface through 
which heat is communicated from the burning fuel to the water 
shall be very large compared with the bulk of the boiler. The first 
of these objects is attained by the bla8t-pipe, invented and used by 
George Stephenson before 1825; the second, by the tubular boiler, 
invented about 1829, simultaneously by ~guin in France and Booth 
in England, and by the latter suggested to Stephenson. On the 6th 
October, 1829, occurred that famous trial of locomotive engines, 
when the prize offered by the directors of the Liverpool and Man
chester Railway was gained by Stephenson's engine, the" Rocket," 
the parent of the swift and powerful locomotives of the present day, 
in which the blast-pipe and tubular boiler are combined. (Fig. 
VIII.) Since that time the locomotive engine has been varied and 

~d ",-r ..I 
1 . ' • '~r . -, 

n ' -tJxi
~ 'O'"f>.;OJ' 

.ust··d • ·~r..;sjilsly to 
Fig. VIII.-Tbe "Rocket," 18.3'·f('ub;.i).J{; ratto whlch 

• .. . . • ver-eJ: l;'~'k P' 0 chancre 
unproved lD vanOtIB details, and by v~ t:JP . .e"r..t a resi :resen~ 
now ranges from five tons to fifty tomT "6" r' If a simi1"nds 
h dred 'ts peed fro te .J "",. • on 

un tons; 1 s m n I.rPp"JII' &,..ne where re ~on re 
The reduction of the laws wJ.' j" -
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energy to a physical theory, or COl1llected system of principles, 
ca.lled the science of Thermodynamics, is of recent date, and, in 
many respects, may be considered to be still in progress. The steps 
in reasoning, and in experimental knowledge, which have gradually 
led to the formation of that system of principles, are difficult to 
trace, and more difficult to separate from the history of the two 
kinds of mechanical hypotheses which have been proposed as means 
of deducing the laws of heat from those of motion and force; 
for one of those hypotheses-that which supposes th&fhenomena. of 
heat to be caused by the presence, in greater or less quantity, of a 
substance called "caloric"-has been the chief'iglpediment to the 
progress of the accura.te knowledge of the laws of the relations 
between heat and motive power; while the other hypothesis, which 
supposes the phenomena. of heat to be caused by molecular vibra
tions and revolutioWl, has been the means, in some instances, of 
anticipating laws, and predicting numerical results, which have 
since been confirmed by experiment, and in others, of suggesting 
experiments whereby important laws have been discovered. 

In the stage which our knowledge has now attained, it is possible 
to express the laws of thermodynamics in the form of independent 
principles, deduced by induction from the facts of observa.tion and 
experiment, without reference to any hypothesis as to the occult 
molecular operations with which the sensible phenomena. may be 
conceived to be COl1llected; and that course will be followed in 
the body of the present treatise. But, in giving a brief historical 
sketch of the progress of thermodynamics, the progress of the 
hypothesis of thermic molecular motions cannot be wholly separated 
from that of the purely inductive theory. 

The Aristotelian hot element, as well as the other IITl11)C1ia, 

appears, so far as we can judge, to have been understood by 
Aristotle himself, not as a substance, but as one of the states of 

'nch substances are susceptible. ' 
1. the acIwlastic sense of the term " ElemenJ/um Ignis," viz., the 
~ substance, afterwards ca.lled "phlogiston" and" caloric," 

"I!putes the real existence of anything corresponding to it, 
leclares it to be one of those "ncmina nmi.«m.t.m" which 

" I dda fori molestissima." The hypothesis of molecular 
;utained by Galileo, Bacon, Boyle, Daniel Bernoulli, 

___ ' '""it ala.ter period by Rumford, Davy, Leslie, Mont
~ and Grove. Rumford and Da.vy supported 
~ ~xperiments on the production of heat by 

. v: 1~hich is the key to the whole soience of 
Fig. .- ~ ~guin endeavoured to put the mechani-

paddle wheel near the stern, 7'l: Young, in his lectures, stating 
", forcible m&I1Iler peculiar to him, 
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!!howed that the fac:ts of experiment, as known in his time, were 
conclusive against the hypothesis of substantial caloric. That hypo
thesis, however, continued to hold its ground, and to a considerable 
extent does 80 still-a fact which is probably in a great measure 
owing to the employment of its language in works of reference, and 
to the popular tendency to ascribe substantive eXL-;tence to the sub
ject of a name. The adoption of the hypothesis of thermic molCCll-
Jar motions, and, what is of ° ce, the abandonment 

hypothesif of substantial been much pl'<J,mo·ted 
series of diIlloveries which shown, that the communication 

and heat ~ radiatiou, actually consisting i 
~~tJ!on of molecftIar movements, takes place 

analogous to those propagation of such ml",v",'mp1>t.;': 

and wholly at variance with those of the diffusion of any conceivable 
substance. 

A most important step towards the formation of a true physical 
theory of the relations, not only between heat and motive power, 
but between heat and every other kind of physical energy, was 
made by Black's great discovery of latent heat, and by Watt's appli
cation of that discovery in the improvement of the steam 

term "latent 1u!nJ" freed from hypothetical UV'''VJLI,<l, 

amount of that matter called 
dlsapl>ea:red in producing effects different from 

expansion, fusion, and chemical Cllllnl2:es,,_md 
may be made to reversing the changes 

physical effects by compression, CU"IL"""~ 
tron, liquefaction of vapours, and inverse chemical changes. 
progress in the true theory of thermodynamics, to which this dis
covery might have led, was for a long time retarded by a fallacious 
principle, arising from the hypothesis of substantial caloric in the 
following manner :-Let a substance change from a less bulky to a 
more bulky condition, or from the liquid to the gaseous state, or 
generally, from the state A to the state B, that change being of 
l!Uoh nature, that 8CCO discovery, heat disappea'· 

physical effect heat is produced. :Let ... n,:.. 
be called (A, B), the amount of 

Next, let the change back from tP' 
original state A : be called (B, .Ii r" 

certain quantity reappear. ~ b Po 
of intermediate changes undergone the substr •ct, o~rs)ils]y, to 
prooe!lB (B, A), be exactly the reverse, step f('vb;~.s: raito which 
undergone during the process (A, B), ever·~ ry.ok ~o change 
first process will be exactly undone by t:!P "t-i a ~es~.resented 
nent physical effect will ensue from #; _ t' If a suru1\nds on 
and the amount of heat which reappr~ ... ~ ...ne where re Zion re-
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equal of heat Hb which disappeared. This 
was understood from the time of the first discovery of latent heat; 
and so far there is no fallacy, but an important truth. But it was 
further assumed, that heat has a substantial existence, and that, 
consequently, Ho = Hb under all circumstances, even although the 
processes (A, B) and (B, A) should differ in their intermediate 
steps. This assumption leads to the following paradoxical result, 
which be fallacious. It that the process 
(B, A) to differ from (A, intermediate steps, 
in such that a permanent effect shall be pro-
duced combined processes. such circum-
stances to be still = HI! that by employing 
the of the combined deoeloping htm 
by friction, may increase eM qf httat eM wni176rse, or 
create caloric;-Q consequence opposed to the original assumption 
of the substantiality of caloric, and proving that assumption to be 
self-contradictory. 

That fallacious assumption unfortunately pervaded the reasonings 
of Carnot (son of the great Carnot), in his R~ IfUr la PuiB
sance Motrice du Feu (Paris, 1824)-& work which, notwithstand-
ing this contains the first discovery important law:-
tllat greatest po88ible pttrfO'r'11l6fl by II luJat engine, 
to the , is II j'lJhl.Ction of tM limits of temperor 
ture engine workB, aM nature oj the 
substance ThoIU80n's Theory, Edt/lib. 
Tram,s., xvi)-The fallacy prevented Carnot 
from discovering what that function of temperature is. 

The phenomena of the development of heat by the friction of a 
fluid pol!8eSSes peculiar advantages as a means of ascertaining the 
relations between heat and mechanical power, owing to the sim
plicity of the action which takes place; for at the end of the process 
the fluid is left exactly in the same condition as it was at the 
'leginning; so that the evolution of a certain amount of heat is the 

Ie effect and this being the mechanical 
agitating the fl . the most simple, 

and satisfactory the relation 
mechanical power. subjecting this 

experimental measurement appears to have been 
independently by in 1842, and Mr. 

-- The numerical results at obtained were, as 
1 in a new kind of experiment, somewhat rough 

"" long perseverance, Mr. Joule increased the 
.Fig. V."'lds of experimenting, until he succeeded in 

~nts on the friction of water, oil, mercury, 
paddle wheel near the stel') the accuracy of ri-r of its amount, if 
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not more closely still, the meclumical equival6nt 0/ a unit 0/1IMM; 
that is, 1M ",umbm- of /oot-pm.t,nds of mechanical energy whick muat 
be ~ in order to rain 1M temperallu.re of 0ruJ pown.d 0/ water 
by one .. For Fahrenheit's degree, that quantity is 772 foot
pounds: for the Centigrade degree, t )C 772 = 1389'6 foot-pounds 
(Phil. TmntI., 1860~ This, the most important numerical constant 
in molecular physics, has been styled by other writers on the sub
ject .. Joule's Equivallmt," in order that the name of its discoverer 
may be perpetuated by connection with the most imperishable of 
memoria1&-a truth. Mr. Joule, at the same time, proved by ex
periment the law which had previously been only a matter of 
speculative theory with others: that not only heat and motive 
power, but all other kinds of physical energy, such as chemical 
action, electricity, and magnetism, are convertible and equivalent; 
that is to say, that anyone of those kinds of energy may, by its 
expenditure, be made the means' of developing any other in certain 
definite proportions. Meanwhile, partly through a theoretical an
ticipation of this law, and partly through the in1luenCl' of the hypo
thesis of moltJcvla,r moti.onB as applied to heat, the formation of a 
systematic theory of the relations betweeu heat and motive power 
advanlJed. Me8Il1'8. Helmholtz and W aterston may be referred to 
as havil1g aided that progress. The investigations of the Count de 
Pambour on the theory of the steam engine, although not involv
ing the discovery of any principle in thermodynamics properly 
speaking, were conducive to the progress of that science by pointing 
out the proper mode of applying mechanical principles to the 
expansive action of an elastic fluid. 

The general equation. of tIaermod~, which expresses the 
relations between heat and mechanical energy under all circum
stances, was arrived at independently, and by different methods, in 
184,9, by Professor Clausius and the Author of this work; and 
published by the former in Poggen.dorjfB Af&fIalen, and communi
cated by the latter to the Royal Society of Edinburgh in Feb
ruary. 1800. (Edin. Tf'OIIUI., 1860). The consequences of that 
equation have since been developed, and applied to scientific anel 
practical questions in a series of papers which have appeared g,,, .1 

Poggendorff'B Annalen,· the PMJmophioal Magazine since ~.: •. ~ 
the Edinburgh PhilAJBopl,ical Jw,rrw/, for 1849 and IS'-".; J:ci
TrtJRlltJdionB 0/ 1M Royal, SoMlI 0/ Edinhwrgh, since bgp.;OJ. 
XL; and the PMloMYphical Tran.aacti0n8 for 1864 and ··~jiisJy to 

Professor William Thomson, adopting the true tb,.J~s; mtio whlch 
186~, not only B?lved 80~~ new ~roblems in thf ~'k ~ ~ change 
devised and earned out, Jomtly With Mr. J ouIp. df4. a ~8!r;esented 
taut experiments; but he extended anaJo,; . t' If a SlIDl1\nds on 
tricity and magnetism, and thereby C~ ... 1i ,.ne where re Zion re-
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styled a new science. His papel'B have appeared in the PrtJ1I.8tlC
tions o/IM Royal Society of Edinburgh for 1851, and subsequently in 
the PMJOBOphical Magazine since 1851, and the PhiJosophicalPrtJ1UI
adionB since 1854. NumericaJ data, without which the theoreticaJ 

, researches before referred to would have been fruitleSB, were fur
nished by the experiments of Dulong, and MM. Bravais, Martins, 
Mon, Van Beek, and others, on the velocity of sound; by those of 
M. Rudberg, on the expansion of gases; by the experiments, almost 
nnpara.lleled for extent and precision, of M. Regna.ult, on the proper
ties of gases and vapours, made at the expense of the French Govern
ment, and published in the P'I"OC«di'1l1J8 and Mf111Wir8 oflM AcOOemY 
of ScienceB, from 1847 to 1854; and by the joint experiments of 
MeBBJ'8. Joule and Thomson, on the thermic effects of currents of 
elastic fluids, made at the expense of the Royal Society, and pub
lished in the PhiloBophical PransactionB for 1854. 

HYPOTHESIS OF MOLECULAR VOBTICES.-In thermodynamics as 
well as in other branches of molecular physics, the laws of phenomena 
have to a certain extent been anticipated, and their investigation 
facilitated, by the aid of hypotheses as to occult molecular struc
tures and motions with which such phenomena. are assumed to be 
connected. The hypothesis which has answered that purpose in tht' 
case of thermodynamics, is ca.lled that of .. molecular vortices," or 
otherwise, the" centrifugal theory of elasticity." (On this subject, 
see the Edinburgh PMJ080phical JO'IJIr'II,a/" 1849; Edinburg!, Prom.a
actiom, vol. xx.; and Philosophical Magazine, paarim, especially for 
December, 1851, and November and December, 1855.) 

ScIENCE OF ENuGETIC8.-Although the mechanicaJ hypothesis 
just mentioned may be l186ful and interesting as a means of antici
pating laws, and connecting the science of thermodynamics with 
that of ordinary mechanics, still it is to be remembered that the 
science of thermodynamics is by no means dependent for its cer
tainty on that or any other hypothesis, having been now reduced 
to a system of principles, or general facts, expressing strictly the 
results of experiment as to the relations between heat and motive 

f)wer. In this point of view the laws of thermodynamics may be 
trded as particula.r cases of more general laws, applicable to all 

fitates of matter as constitute Energy, or the capacity to per
"k, which more general laws form the basis of the BCience 

'.-11. science comprehending, as special branches, thE' 
__ ·otion, heat, light, electricity, and all other physical 

lltrnlHlr, 1859.-The experiments of Mr. Fairbairn and Hr. 
Fig. ~ have jast been published. They agree well with the 

"orlt (_ page 662). 
paddle wheel near the s'-q1a PAikIIopIIkal J-4 1855. 
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INTRODUCTION. 

OF HACHINES IN GENERAL. 

SECTION 1.-Of Rf18i6tance and Work. 

1. The .&cd_ .t. lIIae .. _ is to produce Motion against Resist
anee. For example, if the machine is one for lifting solid bodies, 
such as a crane, or fluid bodies, such as a pump, its action is to 
produce upward motion of the lifted body against the resistance 
arising from gravity; tliat is, against its own weight: if the 
machine is one for propulsion, such as a locomotive engine, its 
action is to produce horizontal or inclined motion of a load against 
the resistance arising from friction, or from friction and gravity 
combined: if it is one for shaping materials, such as a planing 
machine, its action is to produce relative motion of the tool and of 
the piece of material shaped by it, against the resistance which that 
material offers to having part of its surface removed; and so of 
other machines. 

2. w .... (.d. M., 513.)-The&ction of a machine is measured, or 
expressed as a definite quantity, by multiplying the motion which 
it produces into the resistance, or force directly opposed to that 
motion, which it overcomes; the product resulting from that 
multiplication being called WORK. 

In Britain, the distances moved through by pieces of mechanism 
are usually expressed in feet j the resistances overcome, in poundM 
avoirdupois; and quantities of work, found by multiplying dis
tances in feet by resistances in pounds, are said to consist of 1>' .J 

many foot-poundll. Thus the work done in lifting a weight of, ,'r} 
pound, through a height of one foot, is one foot-pound j tht' .. ,~, 
done in lifting a weight of twenty pounds, through a heigiP ~ o:n-
hundred feet, is 20 X 100 = 2,000 foot-pounds. ./1 <lSi' 

In France, distances are expressed in metres, resistar .~ •.• JUsJy,. to 
in kilogrammes, and quantities of work in what ,..:c( lto which 
~, one kilogrammetre being the work p"; . r C ~() change 
a weight of one kilogramme through a height (' dfi: =l'~nted 

The following are the proportions amongst f· . t' h '\?ds on 
resistance and work with their 10garitlunr .... li,..ne w ere re tion re-, , 

B 
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Logarithms. 
One metre = 3'2808992 feet, •••.•.•••••.•••••. 0.5159929 
One foot = 0'30479449 metres, ••.••••••. :1.4840071 
One kilogl'anlme = 2·204621bs. avoirdupois, ..••.. 0·3433340 
One lb. avoirdupois = 0'453593 kilogramme, •••••••.• I·6566660 
One kilogrammetre = 7'23314 foo~pounds, .•..•••.••• 0·8593269 
One foot-pound = 0'138253 kilograDunetres, .••.. I·1406731 

3. The Bate .r w •• of a machine means, the quantity of work 
which it perfonns in some given interval of time, such 88 a. second, 
a minute, or an hour (.4.. M., 661). It may be expressed in units 
of work (such as foot-pounds) per !IeCOnd, per minute, or per hour, 
as the case may be; but there is a peculiar unit of power appro
priated to its expression, called a. HORSE-POWER, which is, in Britain, 

550 foot-pounds per second, 
or 33,000 foot-pounds per minute, 

or 1,980,000 foot-pounds per hour. 

This is also called an actual or real horse-power, to distinguish it 
from a 1UJminal horse-power, the meaning of which will afterwards 
be explained. It is greater than the performance of any ordinary 
horse, its name having a conventional value attached to it. 

In France, the term FORCE DE CHEVAL, or CHEVAL-VAPEUR, is 
applied to the following rate of work ;-

75 kilogrammetres per second 
or 4,500 kilogrammetres per minute = 

or 270,000 kilogrammetres per hour 

Foot-I'" 
542+ 

32 ,549 
1,952 ,948 

being about one-seventieth part less than the British horse-power. 
4. VrloellT.-If the velocity offJlIJ moti<m. which a machine causes 

to be performed against a given resistance be given, then the pro
luct of that velocity into the resistance obviously gives the rate of 

l"k. or effective power. If the velocity is given in feet per second, 
'116 resistance in pounds, then their product is the rate of work 

lOunUs per second, and so of minutes, 01" hours, or other 
·'ne. 

--11y most convenient, for purposes of calculation, to 
locities of the parts of machines either in feet per 

{>Ell' minute. For certain dynamical calculations 
}~Jg. ,ferred to, the second is the more convenient 

'I; the performance of machines for practical 
}l1l.ddle wheel near the 81oo-he unit most commonly employed. 
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VELOClTY-AXGULAB IIO'l'IOB-8'l'ATICAL KOJlENT. 3 

Jmee Feet Feet Fee. 
per hoar. perlecoDcL per miDute. per hoar. 

I 1"46 88 = 5280. 
0·68is I = 60 3600 
0·OIJ36 0·016 r 60 
0·ooo189j 0"00027 0·016 = 1 

per hour, or = 1.1507 
lll&utica.l mile } 

= 1"6877 101"262 = 6°75·H 
.. knot," •..••• 

The units of time being the same in all civilized countries, the pro
portions amongst their units of velocity are the same with thOlie 
amongst their linear measures. 

5. w ...... T __ .c.bpl_ .... _ (..4.. M., 593.)-When a 
resisting force opposes the motion of a part of a machine which 
moves round a fixed axis, such &8 a wheel, an axle, or a crank, the 
product of the amount of that resistance into its lecerage (that is, 
the perpendicular distance of the line along which it acts from the 
fixed axis) is called the mo7M1It, or Btatical mo7M1It, of the resist
ance. If the resistance is expressed in pounds, and its levemge in 
feet, then its moment is expressed in terms of a measure which 
may be ca.lled a fCJOt.pfYund. but which, neverthelllll8, is a quantity 
of an entirely different kind from a foot-pound of work. 

Suppose now that the body to whose motion the resistance is 
opposed turns through any number of revolutions, or parts of a 
revolution; and let T denote the angle through which it turns, 
expressed in revolutions, and parts of a revolution; also, let 

2 .. = 6·2832 

denote, 88 is customary, the mtio of the circumference of a circle to 
its radin& Then the distance through which the given resistance 
Us overcome is expressed by 

the leverage X 2 .. X T; •. ':~ 
that is, by the product of the circumference of a circle whOIf' ~ o:.r:i
is the leverage, into the number of turns and fraction. <lSi' ] 
made by the rotating body. ~r"us Y'. to 

The distance thus found being multiplied by the".;( P' lto ~hich 
come, gives the work performed; that is to say, ~. a resi() c angeted 

If . ·ll~n 
:TM work perf~ . tl a 8lDU mds on 

= the r6Biatanca X e/UJ leverage ... Ii,..ue where re tion re-
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But the product of the resistance into the leverage is what is called 
the f1lOII7I.e1It of the resistance, and the product 2 T T is called the 
anf1Ulo;r motion of the rotating body; consequently, 

Tlte '/JXYrk performed 
= tlte f1lOII7I.e1It of tlte resi8ta'M6 X tlte a'l'l.{/'lllM motion. 

The mode of computing the work indicated by this last equation 
is often more convenient than the direct mode already explained in 
Article 2. 

The angular motion 2 T T of a body during some definite unit of 
time, as a second or a minute, is called its a'l'lfl"dar wlocity,' that is 
to say, OI1I.(fUlar wlocity i8 tlte product of tlte turns and fractions of a 
turn made in an unit of time into tlte ratio (2 T = 6'2832) of Ute 
circumference of a circle to ita radituJ. Hence it appears that 

Tlte rate of '/JXYrk 
= Ute moment of tlte resi8ta'M6 X Ute angular Mocit'!/' 

6. We ... T_. el Pre.IIn _ •• el_. (A. M., lH7.)-If 
the resistance overcome be a prel!sul'e uniformly distributed over an 
area, as when a piston drives a fluid before it, then the amount of 
that resistance is equal to the intensity of the pressure, expressed 
in units of force on each unit of area (for example, in pounds on 
the square inch, or pounds on the square foot) multiplied by the 
area. of the surface at which the pressure acts, if that area. is per
pendicular to the direction of the motion; or, if not, then by the 
projection of that area on a plane perpendicular to the direction of 
motion. In practice, when the area of a pi8ton is spoken of, it is 
alwaYR understood to mean the projection above mentioned. 

Now, when a plane area. is multiplied into the distance through 
which it move.s in a direction perpendicular to itself, if its motion 
is straight, or into the diRtance through which its centre of gravity 
moves, if its motion is curved, the product is the volume of UI.8 
space traveraed by the piston. 

Hence the work performed by a piston in driving a fluid before 
, or by a fluid in driving a piston before it, may be expressed in 

'<Jr of the following ways:-

Reristance X di8ta'M6 tmveraed 
-4tensity of pre88'11/re X area X dUta'M6 tmveraed j 

- inten8ity of pre8w/re X volume tmverBed. 

Fig:'\pute the work in foot-pounds, if the pressure is 
-. the square foot, the area should be stated in 

paddle wheel near the b'lme in cubic feet; if the pressure is stated in 
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pounds on the square inch, the areR should be stated in square inchee, 
and the volume in unite, each of which is a prism of one foot in 

length and one square inch in area; that is, of f!"4 of a cubic foot 

in volume. 
The following table gives a comparison of various units in which 

the intensities of pressures are commonly expressed. (A. M., 86.) 

One pound on the square inch, •••.. 
One pound on the square toot, ..... 
One inch of mercury (that is, weight 

of a column of mercury at 32" 
Fahr., one incl?- high), ...........• 

One foot of water (at 39°'1 Fahr.), 
One inch of water, ................... . 
One atm08phere, of 29'922 inches 

Poauda on the 
Ill_foot. 

144 

7°'73 
62'425 

5'2021 

of mercury, or 760 millimetres, 2116'4 
One foot of air, at 32" Fllhr., and 

under the pressure of one atmo-
sphere, •••••.••••••.................... 

One kilogramme on the square 
m~tre, ••••.....••••••........••••..... 

One kilogramme on the square 
millimetre, .......................... 204810 

One millimetre of mercury,......... 2'7847 

Po1Ulda 011 the 
lIluaNiDcb. 

I 

rio 

0'4912 
0'4335 
0'°36125 

14'7 

0'0005606 

1422 '28 
0'01 934 

1 . ........ '_1 _ ... 1 __ f'_ ...... (A. H., 515, 511, 593.)
To express the results of the preceding articles in algebraical sym
bols, let 

• denote the distance in feet through which a resistance is over· 
come in a given time; , 

R, the amount of the resistance overcome in pounds. 
Also, supposing the resistance to be overcome by a piece which 
turns about an axis, let ..I 

T be the number of turns and fractions of a turn made in I·t 
given time, and i = 2 ... T = 6'2832 T the angular motio!J. 0;;' 
given time; and let . 

I be the leverage of the resistance; that is, the pe!"'~usJy, to 
distance of the line along which it acts from the Q" ra;to which 
so that. = i I, and R I is the statical moment of the ,r1"k ~;o change 
posing the resistance to be a pressure, exerted bef-l a ~S! J1'tlSented 
B fluid, let A be the area or projected area of t' If a SlDlll 'l.nds on 
intensity of the pressure in poundil lll'r unit,..ne where re tion re-
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Then the following expressions all give quantities of work in the 
given time in foot-pounds:-

RB; iRl; pAB; ipAl. 

The last of these expressions is applicable to a piston turning on 
an axis, for which l denotes the distance from the axis to the centre 
of gravity of the area A. 

B. Wem ...... _ ....... _ P--. (A. M., 511.)-The resist
ance directly due to a force which acts against a moving body in a 
direction oblique to that in which the body moves, is found by 
resolving that force into two components, one at right 8Jl.gles to the 
direction of motion, which may be called a lateral, force, and which 
must be balanced by an equal and opposite lateral force, unless it 
takes effect by altering the direction of the body's motion, and the 
other component directly opposed to the body's motion, which is 
the resistance required. That resolution is effected by means of the 
well known principle of the parallelogram of forces as follows:-

In fig. 1, let A represent the point at which a resistance is over-
come, A B the direction in which 

R .A. ~ ]I th .. • d I ~ V at pOInt 18 movlDg, an et A .r' 
be a line whose direction and 

)I" length represent the direction and 
Fig. 1. magnitude of a force obliquely 

opposed to the motion of A. 
From F upon B A produced, let fall the perpendicular F R; the 
length of that perpendicular will represent the magnitude of the 
lateral component of the oblique force, and the length A R will 
represent the direct component or resistance. 

To express this in algebraical symbols, let F denote the obliquely 
applied force, , the angle of its obliquity, or RA F, Q the lateral 
force, and R the resistance i then 

Q = F . sin '; R = F . cos ,. 

9. .. __ .... .c ... _ ..... • t w.I'k.-In every machine, resist
f\cces are overcome during the same interval of time, by differ

. moving pieces, and at different points in the same moving 
and the whole work performed during the given interval is 
v adding together the several products of the resistances 
~pective distances through which they are simultaneously 

Tt is convenient, in algebraicalsymbols, to denote the 
. "unmation by the symbol-

FI& l . R B ; .............................. (1.) 

paddle wheel near thebe operation of taking the sum of a set of 
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stTlOIA.TION 'OF WORK. 7 

quantities of the kind denoted by the symbols to which it is pre
fixed. 

When the resistances are overcome by pieces turning upon axes, 
the above sum may be expressed in the form-

1l·iRl; .••.....•...•..•••.••••...... (2.) 

and 80 of other modes of expressing quantities of work. 
The following are particular C88e8 of the summation of quantities 

of work performed at different points :-
L In a akifti1l{l piece, or one which has the kind of movement 

ca.11ed translatiun only, the velocities of every point at a given in
stant are equal and parallel; hence, in a given interval of time, the 
motions of all the points are equal; and the work performed is to 
be found by multiplying the 8'U7Il of the resistances into the motion 
as a common factor; an operation expressed algebl1ucally thus-

8 ~ Rj .............................. (3.) 

II. For a turni1l{l piece, the angular motions of all the points 
during a given interval of time are equal; and the work performed 
is to be found by multiplying the BUm of the f1U1I1I6'TI.tB of the resist
ances relatively to the axis into the angular motion as a common 
factor-an operation expressed algebraically thus-

ill' R l j ............................. (4.} 

The sum denoted by ::! • R l is the total ~ of resis:tanc6 of the 
piece in question. 

llI. In every train of meclw/niBm, the proportUms amongst the 
motions performed during a given interval of time by the severol 
moving pieces, can be determined from the mode of connection of 
those pieces, independently of the absolute magnitudes of those 
motioDlJ, by the aid of the science called by Mr. Willis, Pure 
Jleclumitrm. This enables a calculation to be performed which is 
ea.lled reducing the resistances to the driving point; that is to say, 
determining the resistances, which, if they acted directly at the 
point where the motive power is applied to the machine, would 
require the same quantity of work to overcome them with tr 
actual resistances. al. 

Suppose, for example, that by the principles of pure mecJ· 
it is found, that a certain point in a machine, where a resjiisly to 
is to be overcome, moves with a velocity bearing the ratio whlch 
the velocity of the driving point. Then the work P' p change 
overcoming that resistance will be the same as if a resi :~nted 
were overcome directly at the driving point. If a simiJ\nds on 
tion be made for each point in the machine where re ~on re-
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8 INTllODUCTION. 

overcome, and the results added together, as the following symbol 
denote&:-

2' n R., •••••••••••••••••••••••••••••• (5.) 

that sum is the equiwlent resistance at the driving point i and if in 
a given interval of time the driving point moves through the dis
tance 6, then the work performed in that time is-

6 % • n R. ............................ (6.) 

The process above described is often applied to the steam engine, 
by reducing all the resistances overcome to equh-alent resistances 
acting directly against the motion of the piston. 

A similar method may be applied to the moments of resistances 
overcome by rotating pieces, so as to reduce them to equivalent 
moment8 at the driving a:de. Thus, let a resistance R, with the 
leverage I, be overcome by a piece whose angular velocity of rota,.. 
tion bears the ratio n : 1 to that of the driving axle. Then the 
equivalent moment of resistance at the driving axle is n R l; and 
if a similar calculation be made for each rotating piece in the 
machine which O\'ercomes resistance, and the results added to
gether, the sum-

2' n R 1 ............................. (7.) 

is the total equivalent moment 0/ resistanctJ at the driving axle; and 
if in a given interval of time the driving axle turns through the 
arc i to radius unity, the work performed in that time is-

i % • n R 1 ............................. (8.) 

IV. Centre 0/ Gravity.-The work llerformed in lifting a body 
is tiUJ product qf tll8 weigh" 0/ the body into the Migl,e thrQ'U{/1I. which 
ita centre qf gravity is lifted. 

If a machine lifts the centres of gravity of several bodies at once 
to heights either the same or different, the whole quantity of work 
Jl6rformed in so doing is the sum of the several products of the 
weights and heights; but that quantit.y can also be computed by 

. multiplying tM sum 0/ all tks ., lIoi-------.IB weigliU into the Might thf'O'l.U}lI. 
wltW~ their common centre 0/ 
gravUy ialifted. 
lO.~ ....... f'w ... F 

_ ___-As a quantity of , 
work is the product of two 

r+--f-H'-+++-sH-+- quantities, a force and a motion, 
Fig. 2. 

paddle w} plane figure, which is 
it may be represented by the 

the product of two dimensions. 
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WORK AGAINST VARYING RESISTANCE. 9 

Let the base of the rectangle A, fig. 2, represent O'1UJfoot of motion. 
and its height one pquml of resistance; then will its area represent 
one foot-pound of work. 

In the larger rectangle, let the base 0 S represent a certain 
motion 8, on the same scale with the base of the unit-area A; and 
let the height O.H. represent a certain resistance R, on the same 
scale with the height of the unit-area A; then will the number of 
times that the rectangle 0 S . 0 R contains the unit-rectangle A, 
express the number of foot-pounds in the quantity of work R 8, 

which is performed in overcoming the resistance R through the 
distance 8. 

11. WM'k ........ YIll'7i ........ ce. (.t. ill., 515~-In fig. 3, 
let distances as before, be re- y 

presented by lengths measured 
along the base line 0 X of the 
figure; and let the magnitudes F. 

of the resistance overcome at 
each instant be represented by 
the lengths of ordinates drawn . o~~~~~~~--~~-perpendicular to 0 X, and paral- S ~. R :.. x 
leI to 0 Y: - For example, FIg. 3. 
when the working body has moved through the distance repre
&ented by 0 S, let the resistance be represented by the ordinate S R. 

H the resistance were constant, the summits of those ordinates 
would lie in a straight line parallel to 0 X, like R B in fig. 2; but 
if the resistance varies continuously as the motion goes on, the 
summitd of the ordinates will lie in a line, straight or curved, such 
18 that marked ERG, fig. 3, which is not parallel to 0 X. 

The values of the resistance at each instant being represented by 
the ordinates of a given line ERG, let it now be required to deter
mine the work performed against that resistance during a motion 
represented by OF = 8. 

Suppose the area 0 E G F to be divided into bands by a series of 
parallel ordinates, such as A C and B D, and betw!l8n the upper 
ends of those ordinates let a series of short lines, such as C D, be 
drawn parallel to 0 X, 80 as to form a stepped or sen'8.ted outline, 
CODBiating of lines parallel to 0 X and 0 Y alternately, and approzir 
fIIating to the given continuous line E G. 

Now conceive the resistance, instead of varying continuously, to 
remain constant during each of the series of divisions into which 
the motion is divided by the parallel ordinates, and to change 
abruptly at the instants between those divisions, being reptesented 
for each division by the height of the rectangle which stands on 
that division: for example, during the division of the motion re-
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10 mTltODUCTION. 

presented by A B, let the resistance be represented by A 0, and so 
for other divisions. 

Then the work performed during the division of the motion re
presented by A .H, on the supposition of alternate constancy and 
abnlpt variation of the resistance, is represented by the rectangle 
AB 'AC; and the whole work performed, on the same supposition, 
during the whole motion 0 ~', is represented by the sum of all the 
rectangles lying between the parallel ordinates; and inasmuch as 
the supposed mode of variation of the resistance represented by the 
stepped outline of those rectangles is an approximation to the real 
mode of variation represented by the continuous line E G, and is a 
closer approximation the closer and the more nwnerous the parallel 
ordinates are, so the sum of the rectangles is an approximation to 
the exact representation of the work performed against the conti
nuously varying resistance, and is a closer approximation the closer 
and more numerous the ordinates are, and by making the ordinates 
numerous and close enough, can be made to differ from the exact 
representation by an amount less than any given difference. 

But the sum of those rectangles is also an approximation to 
the area 0 E G F, bounded above by the continuous line E G, and is 
Ii closer approximation the closer and the more numerous the ordi
nates are, and by making the ordinates numerous and close enough, 
can be made to differ from the area 0 E G F by an amount le88 
than any given difference. 

Tlu:refore t1~ area OEGF, boo/nasa by the 8lraight line OF, which 
repr88e1I.t8 the motiun., by the line E G, WOOIJIJ ordinata represent the 
val'U88 of the reai81muJe, and by the two ordinata 0 E and F G, repre
sents ~y the UXYrk performed. 

'I'he llEAN RESISTANCE during the motion is found by dividing 
the area 0 E G F by the motion 0 F. 

The following is the mode of expressing the above results in -
algebraical symbols :-

Let any division of the motion, such as A B, be denoted by ..0. 8 ; 

8 = 1 . ..0. 8 being the sum of all theae divisions, or the entire motion 
OF. 

Let one of the values of the resistance for the division A H of the 
motion be R; and let this represent the height A C of th!l rectangle 
which stands on A B in the approximate representation of the work. 
Then 

R..o.8 
represents the area of that rectangle; and the sum of the whole 
series of rectangles, which is an approximate representation of the 
work performed, is denoted by 
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:I·RA' ............................. (1.) 

The limit or DTEGRAL towards which that sum approximates as 
t~e di~ions ~. a~ increased indefinitely in number, and dimi
nished mdefin1tely m length, being the area 0 E G F, and the e:mct 
~Um of 1M tDOTk perfrwmed, is denoted by 

J R d,j ............................. (2.) 

and the rII«Zn reaiatafIU by 

JRd8 
-- ............................... (3.) 

• 
To illustrate the application of those principles by an example, let 
there be a spiral spring which exerts a tension of" 1001bs. when it 
is stretched one-tenth of a foot, and whose tension at other elonga.
tions varies simply as the elongation j and let it be required to find 
how much work is performed in stretching it from its ordinary staw 
to an elongation of 0-(}6 of a foot. In fig. 4, on the straight 

line 0 X, take 0 A to represent 0·1 A1l\ 
foot, and draw A B ..L 0 X to re-
present 100 lbs. Draw the straight R 

line 0 B j then because the tensions 
are simply proportional to the elon-
gations, the ordinate R S II A B will J "..... Yo 

represent the tension R for any given Fig. 4. 

elongation 0 S = '; and the triangular area 0 S R = R 2' will re

present the work performed in producing that elongation. In the 
present case, 

.=O-o6footj R 0'060~ 100=60 lbs. j and 

R. 2= 1'8 foot-pounds, 

while the-mean resistance during the elongation is 
R, R 
"2" +8=2 =30Ibs. 

11 A. A....-ma'" «:_._ ..... c .......... (Extracted from 
.d. H., 8I~-Reference having been made to the process of i1/J,egnr 
tCon, the present article is intended to afford to those who have not 

Digitized by Google 



12 INTRODUCTION. 

made that branch of mathematics a special study, llome elementary 
information respecting it. 

The meaning of the symbol of an integral, viz. :-

J gdrx:, 

is of the following kind:-

In fig. 5, let A C D B be a plane area, of which one boundary, AB 
11' is a portion of an axis of abscissre em 0 X, - the opposite boundary, 

C D, a curve of any figure,-a.nd 
the remaiuing boundaries, A C, 
B D, ordinates perpendicular 't9 

& A. .111 a 'X 0 X, whose respective abscissre, 
Fig. 6. or distances from the origin 0, are 

OA=a; OB=b. 

Let E F = '!I be any ordinate whatsoever of the curve C D, and 
o E = rx: the corresponding abscissa. Then the integral denoted by 
the symbol, 

J>drx:, 

means, the area of the figun A C D B. The abscisse a and b, 
which are the least and greatest values of rx:, and which indicate 
the longitudinal extent of the area, are called the limits of integra
tion,· but when the longitudinal extent of the area. is othel-wise in
dicated, the symbols of those limits are sometimes omitted, as in 
the preceding Article. 

When the relation between g and rx: is expressed by any ordinary 
algebraica.l equation, the value of the integral for a given pair of 
values of its limits can generally be found by meaIl/j of formube 
which are contained in works on the Integral Calculus, or by me&JllJ 
of mathematical tables. 

Cases may arise, however, in which g cannot be so expressed in 
terms of rx:; and then approximate methods must be employed. 
Those approximate methods are founded upon the division of the 
area to be measured into bands by parallel and equi-distant ordi
nates, the approximate computation of the areas of those bands, and 
the adding of them together; and the more minute that division is, 
the more near is the result to the truth. The simplest approxima
tion is as follows :-

Divide the area: A C D B, as in fig. 6, into any convenient num-
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DITEOBATlOW-t"SEFUL AND LOST WOItK. 13 

ber of bands by parallel ordinates, whose uniform distance apart 
is 4 z; so that if n be the num- rIDrI 
her of bands, n + 1 will be the c 
number of ordinates, and 

b-a=n4 M 
" .A B or 

the length of the figure. Fig. G. 
Let y', 1/, denote the two ordinates which bound one of the 

bands; then the area of that band is 

11 + 11 '.1 Z nearl.J· 2 ,~, 

and consequently, adding ~er the approximate areas of all the 
bands,-denoting the extreme ordinates lIS follows,-

AC=y.; B 0=Y6; 

and the intermediate ordinates by y., we find for the approximate 
value of the integral-

1: y d z = (~+ ~. +:z. YI) A z, nearly. 

12. 1]''''. Wel'll ......... w ___ -The useful work of a ma-
chine is that which is performed in effecting the p111"JX»l8 for which 
the machine is designed. The lost work is that which is performed 
in producing effects foreign to that purpose. The resistances over
come in performing those two kinds of work are called respectively 
tlMfol reaistana! and prejudicial f'68istanc8. 

The useful work and the lost work of a machine together make 
up its tdnJ, or grou work. 

In a pumping engine, for example, the useful work in a given 
time is the product of the weight of water lifted in that time into 
the height to which it is lifted: the lost work is that performed in 
overcoming the friction of the water in the pumps and pipes, the 
friction of the plungers, pistons, valves, and mechanism, and the 
resistance of the air pump and other parts of the engine. 

In many machines, there is great difficulty in precisely drawing 
the line between useful work and lost work. In the case of the 
special subjects of this treatise, PaUlE MOVERS, that difficulty sel
dom exists. They are machi1lMjO'l' driving otMr fnacki1lM; so that 
their useful work is that performed in overcoming the resistances 
of the machines which they drive; and their lost work is that per
formed in overcoming their own resistances. 
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14 INTRODUCTION. 

For example, the useful work of a marine steam engine in a 
given time is the product of the resistance opposed by tha water to 
the motion of the ship, into the distance through which she 
moves: the lollt work is that perl'ormed in overcoming the resist
ance of the water· to the motion of the propeller through it, the 
friction of the mechaniRDl, and the other resistances of the engine, 
and in raising the temperature of the condensation water, of the 
gases which escape by the chimney, and of adjoining bodies. 

There are some cast"s, such 88 those of muscular power and of 
windmills, in which the useful work of a prime mover can be 
determined, but not the lost work. 

13. Priede •• (Partly extracted and abridged from .4. M., 189, 
190, 191, 204, and 669 to 685).-The most frequent cause of loss 
of work in machines is friction-being that force which acts be
tween two bodies at their surl'ace of contact so as to resist their 
sliding on each other, and which depends on the force with which 
the bodies are pressed together. The following law respecting the 
friction of solid bodies has been ascertained by experiment:-

TM friction which a givtm pair 0/ solid bodies, 'IDith theVr sur/actJB 
in (J givtm condition, are capable of e:r,erling, is simply proportional 
to the force with whic/, they are 'fJ'f'6BBed together. 

There is a limit to the eXllctness of the above law, when the 
preBSure becomes 80 intense as to cnlsh or grind the parts of the 
bodies at and near their surl'ace of contact. At and beyond that 
limit the friction increases more rapidly than the preBSure; but 
that limit ought never to be attained at the bearings of any 
machine. For some substances, especially those whose surl'aces 
are sensibly indented by a moderate preBSure, lIuch as timber, the 
friction between a pair of surl'aces which have remained for some 
time at rest relatively to each other, is somewhat greater than that 
between the same pair of surl'aces when sliding on each other. 
That excess, however, of the !riA:tion 0/ rest over the /rWtion 0/ 
motion, is instantly destroyed by a. slight vibration; so that the 
friction 0/ motion is alone to be taken into account as causing con
tinuous loss of work. In general, the bearings of machines ought 
not to be left long enough at rest at a time to allow the friction 
sensibly to increase beyond the friction of motion. 

The friction between a pair of bearing surl'aces is calculated by 
multiplying the force with which they are directly pressed together, 
by a factor called the co-e.fficient o//riction, which has a special 
value depending on the nature of the materials and the state of the 
surl'aces 88 to smoothness and lubrication. Thus, let R denote the 
friction between a pair of surl'aces j Q, the force, in a direction per
pendicular to the surl'aces, with which they are pressed together; 
and / the co-efficient of friction; then 
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R =/Q. ............................. {1.) 

The oo-efficient of friction of a given pair of surfaces is the tan
gent of an angle called the angle 01 repo8e, being the greatest angle 
which an oblique pressure between the lIurfaces can make with a 
perpendicuht.r to them, without making them slide on each other. 

The following is a table of the angle of repoae ~. the co-efficient 
of friction 1 = tan ~, and its reciprocal 1 :j, for the materials of 
mechanism-oondensed from the tables of General Morin, and 
other sources, and arranged in a few comprehensive classes. The 
values of those constants which are given in the table have re
ference to the lriditm of 11Wtion. * 

No. SURFACES. rp f 1 :f 

1 Wood on wood, dry, ..•. ..•. ..•... ......... 14° to 26'-< ·25 to '5 4to2 
2 

" " 
soapOO, ••••••••••.••••••.. 11~0 to 2b '2 to '04 5 to 25 

8 Metals on oak, dry, ....................... 26! 0 to 31° '5 to '6 2 to 1'67 
4 " "wet, . .. .. ... .. . ........... . l3fo to t4~o '24 to '26 4'17 to 3'85 
6 " " soap)' roo' •••••••••••••••••• 11~0 '2 5 
6 Metals on elm, dry, .••.• , ................ . llie to 14.0 '2 to '25 5 to 4 
7 Hemp on oak, dry, .....•...•.............. 28° '5<1 1'89 
8 " "wet, ................•..•.... 18§0 '33 3 
9 Leather on oak, .....•... ...............•... 15° to 19~o '27 to '38 8'7 to 2'86 

10 Leather on metals, dry •................... 29tO - '56 1',9 
11 .. tt wet, ................... 20° '36 2'78 
12 ,. " sreas)', "0 •••••••••••• 13° '23 4'35 
13 " "oily, .................. 8~0 ' 15 G'67 
14 Metals on metal!, dry, .................... 8io to 1l~0 '15 to '2 6'67 to 5 
16 " " wet., ..••...•.••••••.•.•. 16~0 '3 3'33 
16 Smooth surfaces, ocCJlSionall y greased, 4° to 4!O '07 to '08 14. '3 to 12'f) 
17 tt " 

continual1~' greased. 3° - '05 20 

1
18 

.. .. best results, .......... 1;10 to 2° 03 to '036 33'3 to 27 '6 
19 Bronze on lignum vital, constantly "et, 43° ? '05 ? 20 ? I 
• In a peper, of "Wch an abstract baa appeared in the Complu Rendu or the 

French Academy of Sciences for the 26th of April, 1858, M. H. Bochet describes a 
IIrieI of experiments which have led him to the conclusion, that the friction between 
a pair 01 surfaces or iron Is not, as it has hitherto been believed, absolutely in
~ of the velocity of sliding, hot that it diminishes slowly as that velocity 
-oes, a.ccording to a la" expressed by the following formula. Let 

R denote the friction; 
Q, the presaure ; 
". tbe velocity of sliding, in metres per aec:ood = velocity in feet per second 

X 0'8048; 
f, a, )" coutant co-e1Iiclents; then 

R f+ ),al' 

Q= 1 + al'~ 

The following are the values of the co-e1Iiclents deduced by M. 80chet from hid 

Digitized by Google 



16 INTRODUCTION. 

14 . ..,. ... _ ... -Three results in the preceding table, Nos. 16,17, 
and 18, have reference to smooth firm surfaces of any kind, greased 
or lubricated to sucb an extent that the friction depends chiefly on 
tbe continual supply of unguent, and not sensibly on the nature of 
the solid suri8.ces j and this ought almost always to be the case in 
machinery. Unguents should be thick for heavy pressures, that 
they may resist being forced out, and thin ~r light pressures, that 
their viscidity may not add to the resistance. 

Unguents may be divided into four classes, as follows :-
I. Waler, which acts as an unguent on surfa.ccs of wood and 

leather. It is not, however, an unguent for a pair of metallic 
surfaces; for when applied to them, it increases their friction. 

II. Oily unguents, consisting of animal and vegetable fixed oils, 
as tallow, lard, lard oil, seal oil, whale oil, olive oil. The vegetable 
drying oils, such as linseed oil, are unfit for unguents, as they 
absorb oxygen, and become bard. The animal oils are on the 
whole better than the vegetable oils. 

III. SoaP'!! unguents, composed of oil, alksJi, and water. For a 
temporary purpose, such as lubricating the ways for the launch of 
a. ship, one of the best unguents of tbis class is soft soap, made from 
whale oil and potash, a.nd used either alone or mixed with tallow. 
But for a permanent purpose, such as lubricating railway carriage 
axles, it is necelffl8l"Y that the unguent should contlrin. less water 
and 'Dlore oil or fatty matter than soft soap does, otherwise it 
would dry and become stiff by the evaporation of the water. The 
best grease for such purposes does not contain more than from 25 
to 30 per cent. of water; that which contains 40 or 60 per cent. 
is bad. 

IV. Bituminous ~, composed of solid and liquid mineral 
hydrocarbons. These unguents have tbe advantage of not becom
ing dry, nor being altered by the action of the air. 

The inJensiJ,y of the pretJlfUre between a pair of greased surfaces 
ought not to be so great as to force out the unguent. It appears, 
that in practice, the following are ordinary values of that in
tensity:-n. 

seL Lb& per BlJuare Inch. 
'1 For cylindrical journals, ....•••...•...••.•.••..•.••• 450 to 150 

multl For fl.at pivots, •••••.... : ..•••...••• : •...•.. :......... 2240 

by a ·'or tlmber ways used m launching ships, •.• ••• 50 

:~~ uti, for iron 81lIfaces of wbeela and skids rubbing longitudinally OD iroo 

fricti?n L v 8url'ace1, 0·8, 0·26, 0·2; for damp 8urfaces, 0'14. 
pendlculaIeels sliding on rails, 0·08; for skids sliding OD rails, 0-07. 
and I the Co. deLermined, bUl treatell meanwbile u Inappreciably IIIDalL 
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The tDOrk ptII'jUl"fTllJd in a given time in overcoming the friction 
between a pair of surfaces is the product of that friction into th" 
distance through which one surface slides over the other. 

When the motion of one surface relatively to the oth"r consists 
in rotation about an axis, the work performed may also be cal
c:u1ated by multiplying the relative afI1!I1lar motion of the surfaces 
to radiW! unity into the 11lOFI'IAmt of friction,. that is, the product of 
the friction into its leverage, which is the mean distance of the 
robbing sur6wes from the axis. 

For a cylindrical journal, the leverage of the friction is simply 
the radius of the journaI. 

For a jlIa pifJOt, the leverage is two-thirds of the radius of the 
pivot. 

For a collar, let,. and r be the inner and outer radii; then the 
leverage of the friction is 

! r-,n 3- -11-", .••.•••..........•..••.....• (1.) 

For .. S~'. aRti-/riction pi'lJOl,," whoae longitudinal section is 
the curve called the "tmctrix," the moment of friction isj X the 
load X the external radiU& This is greater than the moment for 
an equally smooth fiat pivot of the same radius; but the anti-fric
tion pivot has the advantage, inasmuch as the wear of the surfaces 
is uniform at every point, so that they always fit each other accu
rately, and the pressure is always uniformly distributed, and never 
becomes, as is the case in other pivots, so intense at certain points 
88 to force out the unguent and grind the surfaces. 

In the cup and ball pivot, the end of the shaft, and the step 011 

which it presses, present two recessea facing each other, into which 
are fitted two shallow cups of steel or hard bronze. Between the 
concave spherical surfaces of those cups is placed a steel ball, being 
either a complete sphere, or a lens having convex surfaces of a. 
somewhat less radius than the concave surfaces of the cups. The 
moment of friction of this pivot is at firat almost inappreciable, 
from the extreme smallness of the radius of the circles of contact 
of the ball and cups; but as they wear, that radius and the moment 
of friction increase. 

By the rolling of two surfaces over each other without sliding, a 
resistance is caused, which is called sometimes "rolling friction," 
but more cotrectly rollitng resiBta.nce. It is of the nature of a couple 
resisting rotation; its f'1lO71UJIIt is found by multiplying the normal 
pl'MR1l'8 between the rolling surfaces by an arm whose length 
depends on the nature of the rolling surfaces; and the work lost 
in an unit of time in overcoming it is the product of its moment 
by the tIInfJfIltw wlocitg of the rolling surfaces relatively to each 

o 
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other. The following are approximate values of tOe arm in decimals 
ofafoot:-

Oak: upon oak ........................... o·oo6 (Coulomb). 
Lignum-vital on oak ................... 0·004 -

Cast-iron on cast-iron, ................. 0·002 (Tredgold). 

The work lost in friction produces HEAT in the proportion of one 
British thermal unit, being so much heat as raises the temperature 
of a pound of water one degree of Fahrenheit, for every 772 foot
pounds of lost work. 

The heat produced by friction. when moderate in amount, is 
UBeful in softening and liquefying unguenta; but when excell8ive, 
it is prejudicial by decomposing the unguenta. and sometimes even' 
by softening the metal of the bearings. and raising their tempera
ture so high. &8 to set fire to neighbouring combustible matters. 

Excessive heating is prevented by a COllstant and copious supply 
of a good unguent. The elevation of temperature produced by the 
frictiOn of a journal is sometimes used as an experimental test of the 
quality of unguents. When the velocity of rubbing is about four 
or five feet per second. the elevation of temperature baa been found 
by some recent experimenta to be, with good fatty and _py un
guents, 40° to 600 Fahrenheit, with good mineral unguents a bout 30°. 

14A. WeI'k .c Aeeel-a ••• (.d. M., 12,621-33.63.6,;6(7,549,554, 
589, 691, 593, 695-7.}-In order that the velOCIty of a body's 
motion may be changed, it must be acted upon by some other body 
with a force in the direction of the change of velocity, which force 
is proportional directly to the change of velocity, and to the mass 
of the body acted upon, and inversely to the time occupied in pro
ducing the change. If the change is an acceleration or increase of 
velocity, let the first body be called the drit1en body, and the second 
the drWing body. Then the force must act upon the driven body 
in the direction of its motion. Every force being a pair of eqnal 
and opposite actions between a pair of bodies, the same force which 
accelerates the driven body is a mliBtance as respects· the driving 

.• body. 
n. For example, during the commencement of the stroke of the 
se\. iston of a steam engine, the velocity of the piston and of its rod is 

It >.elerated; and that acceleration is produced by a certain part of 
~u 1. ipressure between the steam and the piston, being the excess of 

y a 1 pressure above the whole resistance which the piston has to 
v'::e d, u~e. The piston and its rod constitute the driven body; th" 
~. ~ . the driving body; and the same part of the pressure which 
nctl?n L v hS the piston, acts as a reai8tance to the motion of th" 
peddifC~&I~ \dditioD to the resistance which would have to be over
an t e c. t. velocity of the piston were uniform. 
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The resistance due to acceleration is computed in the following 
manner :-It is known by experiment, that if a body near the 
earth's surface is accelerated by the attraction of the euth,-that 
is, by its own weight, or by a force equal to its own weight, its 
velocity goes on continually increasing very nearly at the rate of 
32'2 f- per ItJCO'TIIl of additional tJtiociJ.y,jOf" eam s«ond d1Jll'ing 
di,ck 1M fOf"ClJ acta. This quantity varies in cillferent latitudes, and 
at different elevations, but the value just given is near enough to 
the truth for purposes of mechanical engineering. For brevity's 
sake, it is usually denoted by the symbol g j 80 that if at a given 
instant the velocity of a body is "1 feet per second, and if its own 
weight, or an equal force, acts freely on it in the direction of its 

. motion for t seconds, its velocity at the end of that time will have 
increased to 

11,= "I + 9 t •••...•••..•......•••.••... (l.) 

If the acceleration be at any cillferent rate per second, 1M fOf"ClJ 
~ to produce that ~, being 1M rwiBta~ on 1M 
driving body due to 1M acceleration. of 1M driven. body, bears 1M BtJrM 

~ to 1M driven. body' B 'IDfJlghI td.ic4 the actual rate of at:.C8le
rat-iotl becvB to lire rate of accsleratwn producetl by gra,tJity acting 
ffYJl1y· 

To express this by symbols, let the weight of the driven body be 
denoted by W. Let its velocity at a given instant be til feet per 
second; and let that velocity increase at an uniform rate, 80 that 
at an instant t seconds later, it is .,. feet per second. 

Let f denote the rate of acceleration j then 

f 11, - til = -t- ; .......................... (2.) 

and the force R necessary to produce it will be given by the pro· 
portion, 

. g :f::W :R; 
thai is to .y, 

fW W (tit - VI) 
R = g = g t .................... (3.) 

The factor W, in the above expression, is called the lW!8 ofthl' 
g 

driven body; and being the same for the same body, in what place 
soever it may be, is held to represent the quantity of maJJ,er in the 
body. 

The product W " of the mass of a body into its velocity at any 
g 
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instant, is called its HOJlENTUJ[; so that the resistance due w a 
given acceleration is equal w tM iru:rease of momentum di11idetl by 
tiUJ time whick that iru:rease occupiea. 

If the product of the force by which a body is accelerated, equal 
and opposite to the resistance due to acceleration, inw the time 
during which it acts, be called Il(PULSE, the same principle may be 
otherwise stated by saying, that the iru:rease of ~ ia equal 
10 the i'llllflUls6 by whick it ia COAJ8IJfl. 

If the rate of acceleration is not constant, but variable, the force 
R varies along with it. In this case, the value, at a given instant 

of the rate of acceleration, is represented by/ = ~ ;, and the cor

responding value of the force is 

fW W d" 
R= 9 =9' Tt .. ,··················(4.) 

The WORK PEllJ'ORIIED in accelerating a body is the product of 
the resistance due w the rate of acceleration inw the distance 
moved through by the driven body while the acceleration is going 
on. The resistance is equal to the mass of the body, multiplied by 
the increase of velocity, and divided by the time which that 
increase occupies. The distance moved through is the product of 
the mean velocity inw the saine time. nerefore, the work per
formed is equaJ to the mass of the body multiplied by the increase 
of the velocity, and by the mean velocity; that is, 10 the matIII of 
the body, mtdtiplied by the ~ o/the hoJ,f-BqtU1If6 ofiU wlocity. 

To express this by symbols, in the case of an uniform rate of 
acceleration, let. denote the distance moved through by the driven 
body during the acceleration; then 

"1+"1 () '=-2- tj ••••••••••••••••.••••••••• 5. 

which being multiplied by equation 3, gives for the work of accel
eration, 

W "I - "I ,,_ + "I W ": - ~ R,=-. -,-. -2-' t=-. -2-.········(6.) g g, 

In the case of a variable rate of acceleration, let" denote the mean 
velocity, and d, the distance moved through, in an interval of time ' 
d t 80 short that the increase of velocity d" is indefinitely small 
compared with the mean velocity. Then 

d. = "dt; ........................... (7.} 
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which being multiplied by equation 4:, gives for the work of accel
elation during the interval d t, 

W d" Rd8=- . -:J ." dl g ",t 

W = - ." d ,,; ..•.........••.....••••. (8.) 
g 

and the ir&tegmtion of this expression (see Article 11 A) gives for 
the work of acceleration during a finite interval, 

J fRo d 8 = W J tJ d tJ = W • ~ -2 ~ ......... (9.) 
g g 

being the same with the result already arnved at in equation 6. 
From equation 9 it appears that eM work perfO'l'f1l8d in producing 

II given acctleration depends on the initial anulfinal wlocitiea,VI and 
Va. and not on eM intermediat6 c/ltJng6IJ ofwlocity. 

If a body falls freely under the action of gravity from a state of 
rest through a height h, so that its initial velocity ill 0, and its final 
velocity", the work of acceleration performed by the earth on the 
body is simply the product W ", of the weight of the body into the 
height of fall Comparing this with equation 6, we find-

". 
k = 2g ............................... (10.} 

This quantity is called the height, or fall, tln.u to eM wlocity v ; 
and from equations 6 and 9 it appears that eM work perfO'l'f1l8d in 
produci.ng a given acctleration is eM 8a'111ie tl1itk that perfO'l'f1l8d in 
lifting eM driven body tIwough fl.a difference of eM heights dw to Us 
inilial anul final wlocitifJlJ. 

If work of acceleration is performed by a prime mover upon 
bodies which neither form part of the prime mover itself, nor of the 
machines which it is intended to drive, that work is lost; as when 
& marine engine performs work of acceleration on the water that is 
struck by the propeller. 

Work of acceleration performed on the moving pieces of the 
prime mover itself, or of the machinery driven by it, is not neces
aarily lost, as will afterwards appear. 

15 • .......... of .. .tit .,.&_.......-11 __ 1 ., • ____ 1Ie-

.... ____ -If several pieces of a maclline have their velocities 
increased at the same time, the work performed in accelerating them 
is the sum. of the several quantities of work due to the acceleration 
of the respective pieces; a result expressed in symbols by 

l: {; . v: ~ vf} ............. : ......... (l.} 
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The prooesB of finding that BUm is facilitated and abridged iu 
certain cases by special methods. 

1 Accelerated Rotatiunr-Moment of lnertia.-Let a denote the 
angular velocity of a solid body rotating about a fixed axis i-that 
is, as explained in Article 5, the velocity of a point in the body 
whose radius-vector, or distance from the axis, is unity. 

Then the velocity of a particle whose distance from the axis 
is r, is 

t7 = G rj ...••.•••.•••••••••••••.•••••• (2.) 
and if in a given interval of time the angular velocity is accelerated 
from the value tit to the value a., the increase of the velocity of the 
particle in question is 

lit - 111 = r (a. - ( 1) •••••••••••••••••••••••••• (3.) 

Let to denote the weight, and ! the mass of the particle in ques-
g 

tion. Then the work performed in aooelerating it, being equal to 
the product of its mass into the increase of the half-square of its 
velocity, is also equal to tk product of its '111488 into tk Bt['UQH6 of its 
mditJ.M18Ctqr, and into tki7/.C'l"6a8e oj tk 1w.lj-Bf[U4rtJ of tk angtdar 
wlocity,· that is to say, in symbols, 

w .,,-~ tOri a:-c4 g . -2-= 9 . -2- ................. (4.) 

To find the work of aooeleration for the whole body, it is to be con
ceived to be divided into small particles, whose velocities at any 
given instant, and also their accelerations, are proportional to their 
distances from the axis; then the work of acceleration is to be found 
for each particle, and the results added together. But in the sum 80 

obtained, the increase of the half-square of the angular velocity is a 
common factor, having the same value for each particle of the body; 
and the rate of acceleration produced by gravity, g = 32·2, is a 
common divisor. It is therefore 8ufficient to add together tM prcr 
ducts oj tk weight oj each parlicle (w) into tk Bt['UQH6 oj its mdim
'VecWr (1"), and to multiply eM BUm so obtained (:Z. w r') by tk in-

crease of tk 1w.lj-Bf[U4rtJ of tJUJ rmgular wJocity G (a: - a~»), 0JNl 

divide by tk rate of acceleratitm dtJ8 to grGt7ity (g). The result, 
viz. :-

:z {i . ." ~ t1} = a: 2-ga~ . :z w,.. ......... (5.) 

is the work of accelemtion sought. In fact, the sum ~ w" is tM 
weight of a body, whic/" if ~ at tM dista.ncs 'Unity jrom 
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t1.e a:r:U of f'OCatiml, ttJOUld nltJUire tJ~ same tDOf"k to prodtlCtJ (J gm... 
Uacrea. of ~ wlociJy wIW:h 1M ootuol body ~ru. 

The tenn XOJOllT OF INERTIA is applied in some writings to the 
81lD1 J tD~, and in others to the corresponding ma88 J 10 r' + g. 
For purposes of mechanical engineering, the sum J 10 r' is, on the 
whole, $he m.ost COIlvenient, bearing as it does the _me relation 1:6 
angular acceleration which weigit does to aooel.eration of linear 
velocity. 

The Rad"" of(J.yration" or H."" RadilfU ofa rotating body, is a 
line whOl!e square is the mean of the squares of the distances of its 
particles from die axis; and its value is given by the following 
equation:-

~ =~ ............ _ ...... _ ...... (6.) 
:ltD 

81) that if we put W = J 10 for the weight of the whole body, the 
moment of inertia may be represented by 

1= W t .............................. (7.) 

The following examples of radii of gyration of bodies of different 
figures rotating about their axes of figure are extracted from a more 
extensive table in A. H., 578:-

PIGuaE OF SOLID. 
SQUARE OF 

RADIUS OF GYRATION. 

2r' 
Sphere of radius r, •• ••..•.•.•. .••......... ..•.•......• .••..•• -5-

Spheriml shell-extmnalradius r, internal r',... ....... ~ ~~ = ~ 
2r' 

SphericBl shell, insensibly thin, radius r, ......... ....... 3 

Cylinder or flat circular disc, radius r, ................... .. 

Hollow cylinder or ring, external radius r, internal r', 

Hollow cylinder or ring, iwrensibly thin, radius r,...... r' 

~e square of the radius of gyration of a body rotating about an 
axis which does not traVen!e its centre of gravity, is equal to the 
square of its radius of gyration about a parallel axis traversing its 
centre of gravity, added to the square of the distance between those 
two axes. 

n. Inertia Reduced to tk Df'iving Point.-If by the principles of 
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D'l'BODUC'1'ION. 

pure mechanism it is known, tbat ill a machine, a certain moving 
piece whose weight is W, has a velocity always bearing the 
ratio "': 1 to the velocity of the driving point, it is evident that 
when the driving point undergoeli a given acceleration, the work 
performed in producing the corresponding accelerstion in the piece 
in question is the same with that which would have been required 
if & weight "," W had been concentrated &~ the driving point. 

If a similar calculation be performed for each moving piece in the 
machine, and the results added together, ihe 8UID 

~ • 'II! W •.•••.•.••.••..••.••••••..•••• (8.) 

gives the weight which, being concentrated at the driving point, 
would require the same work for & given acceleration of the driving 
point that the actual machine requires; so that if ", is the initial, 
and VI the final velocity of the driving point, the work of accelera.
tion of the whole machine iii 

~ . :! ''1I!W ••••••••••••.•••••••••••• (9.) 
2g 

This operation may be called the reduction of eM inert"' to 1M 
driving point. Mr. Moseley, by whom it WIlB first introduced into 
the theory of machines, calls the expression (8.) the "tXH.fficie'rU qf 
8tetuii'M88," for reasons which will afterwards appear. 

In finding the reduced inertia of a machine, the ma88 of each 
rotating piece is to be treated as if concentrated at a distance from 
its axis equal to its radius of gyration t; so that if " represents the 
velocity of the driviug point at any instant, and a the corresponding 
angular velocity of the rotatmg piece in question, we are to make 

a" (' n" = __ ........................... (10.) .,. 
in performing the calculation expressed by the formula (8.) 

16 . ••• ...,-.c v ....... IUatI • • cw .... -In order to present at 
one view the symbolical expression of the vari01l8 modes of perform
ing work described in the preceding articles, let it be BUpposed that in 
a certain interval of time d t the driving point of a machine moves 
through the distance d 8; that during the same time its centre of 
gravity is elevated through the height d h; that resistances, 8.11y 
one of which is reprel!6nted by R, are overcome at points, the re
spective ratios of whose velocities to that of the driving point are 
denoted by"'; that the weight of any piece of the mechanism is W,and 
that n' denotes the ratio of its velocity (or if it rotates, the ratio of 
the velocity of the end of its radius of gyration) to the velocity of 
the driving point; and that the driving point, whose mean velocity 
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is " = dd , , undergoes the acceleration d v. Then the 'WIlde tJXYrlc t . 
per/O'I"fn«l during the interval in question is 

dh·:f. W +d"l!nR+ vdv • :f.n"W ... (1.) 
g 

The mean total 1'68i8tance, reduced to the 
computed the above eXIlrelWC,n 
driving t, giving the 

W+:f.nR+ ...... (2.) 

SECTION 2.-0/ DeuUuing and Centrifugal Force. 
17. Deriad •• I!'_ .(. 8 .. 1., ."y. (..4.. M., 537.)-It is part 

of the first law of motion, that if a body moves under no force, 01' 

.balanced forces, it moves in a straight line. (..4.. M., 510, 512.) 
It is one consequence of the second law of motion, that in order 

that a body may move in a curved it must be continually 
acted by unbalanced force at the direction 
of its direction of the force tewards whi('h 
the path curved, and its bearing the same 
ratio to the body that to the body's 
velocity radius of curvature 

This expressed symbolically 
Half radiu of Height due Bod(s Deviating 

CllrYature. to nlocity. weig t. force. 

r ,r 
W 

Wv· 
2 2g 

Q =-...... (1.) gr 
In the case of projectiles and of the heavenly bodies, deviating 

force is supplied by that component of the mutual attraction of 
two which acts perpendicular to the direction of their rela.-
tive motiolL machines, deviating IlUpplied by the 
strength some body, which revolving mass, 
making curve. 

A pair attracting each both deviated 
motions, the of each guiding their devia-
tions of to their common gravity are 
inversely as their masses. , 

In a machine, each revolving body tends to press or draw the 
body which guides it away from its position, in a direction from 
the centre of curvature of the path of the revolving body; and thl\t 
tendency is resisted by the strength and stiffness of the guiding 
body, and of the frame with which it is connected. 
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18. ~ P_ (..4. M., 538) is the force with which a 
revolving body reacts on the body that guides it, and is equal and 
opposite to the deviating force with which the guiding body acts 
on the revolving body. . 

In fact, as has been already stated, every force is an action be
tween two bodies; and deviating force and centrifugal force are but 
two different names for the same force, applied to it according as 
the condition of the revolving body or that of the guiding body is 
under consideration at the time. 

19. A. awelri .. Pea4I.l_ is one of the simplest practical appli
cations of the principles of deviating force, and is described here 
because its use in regulating the speed of prime movers will after-

wards have to be referred to. It consists of a 
c 

Fig. 7. 

ba.ll A, 8U8pended from a point C by a rod C A 
of small weight as compared with the ba.ll, and 
revolving in a circle about a vertical axis A R· 
The tension of the rod is the resultant of the 
weight of the ball A, acting vertically, and of its 
centrifugal force, acting horizontally; and there
fore the rod will assume such an inclination that 

height B 0. = weight = g" .... (1.) 
radius A B centrifugal force tI~ 

where t' = A B. Let T be the number oftuf"IIIJ per second of the 
pendulum; then 

and therefore, making B C = '" 
gil 9 

1'=11' = 4~T' 
_ (. th la 'tud f La d ) 0'8154 foot _ 9'7848 inches (2 ) - m e tl eo non TI - 1'1 .... 

20. Den.dq P_ ,. T_ ~ A.IIpIIII' VeleeIq. (..4. M., 540.) 
-When a body revolves in a circular path round a fixed axis, as 
is almost always the case with the revolving parts of machines, the 
radius of curvature of its path, being the perpendicular distance of 
the body from the axis, is constant; and the velocity" of the body 
is the product of that radius into the angular velocity; or symboli
cally, as in Article 5-

tI = at' = 2 .. Tr. 

If these values of the velocity be substituted for tI in equation 1 of 
Article 17, it becomes-
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. W(J'r W'4rT-r 
Q=-= .................. (1.) 

9 9 
21. __ ..... ~1III'tftIpl P--. (.4. M., 603.)-The whole cen

trifugal force of a body of any figure, or of a system of connected 
bodies, rotating about an axis, is the same in amount and direction 
as if the whole mass wele concentrated at the centre of gravity of 
the system. That is to say, in the formula of Article 20, W is to 
be held to represent the weight of the whole body or system, and r 
the perpendicular distance of its centre of gravity from the axis; 
and the line of action of the resultant centrifugal force Q is always 
paralW to r, although it does not in every case coincide with r. 

When the axis of rotation waverllU the centre of gravity of the 
body or system, the amount of the centrifugal force is nothing; 
that is to say, the rotating body does not tend to pull its axis as a 
whole out of its place. 

The centrifugal forces exerted by the various rotating pieces of 
& machine against the bearings of their axles are to be taken into 
account in determining the latel'lll pressures which cause friction, 
and the strength of the axles and framework. 

As those centrifugal forces cause increased friction and stress, 
and sometimes, also, by reason of their continual change of direc
tion, produce detrimental or dangerous vibration, it is desirable to 
reduce them to the smallest possible amount; and for that purpose, 
unless there is some special reason to the contrary, the axis of r0-
tation of every piece which rotates rapidly ought to traverse its 
centre of gravity, that the resultant centrifugal force may be no
thing. 

22 . .,......... .,...Ie-P __ • .&m.-It is not, however, 
sufficient to annul the effect of centrifugal force, that there should 
be DO tendency to mift the axis as a whole; there should also be 
no tendency to turn it into a new angular position. 

To show, by the simplest possible twUllple, that the latter ten-
dency may exist without x 
the former, let the axis of ~ 
rotation of the system 
shown in fig. 8 be the 
centre line of an axle rest
ing in bearings at E and F. 
At Band D let two arms 
proj~ perpendicularly to 
that axle, in opposite direc
tions in the same plane, 
carrying at their extremi-

c 

Fig. 8. 

ties two heavy bodies A and C. Let the weights of the arms be 
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insensible as compared with the weights of those bodies; and let 
the weights of the bodies be inversely as their distances from the 
axis; that is, let 

A'AB = C ·CD. 
Let A 0 be a straight line joining the centres of gravity of A 

and 0, and cutting the axis in G; then G is the common centre of 
gravity of A and C, and being in the axis, the resultant centrifugal 
force is nothing. 

In other words, let a be the angular velocity of the rotation; 
then 

The centrifugal force exerted on the axis by A 
at A·.AB 

9 
The centrifugal force exerted on the axis by C 

atC'CD 

9 
and those forces are equal in magnitude and opposite in direction; 
80 that there is no tendency to remove the point G in any direc
tion. 

There is, however, a tendency to tum tke a:ciB ohout the point G, 
being the product of the common magnitude of the cqu,ple of cen
trifugal forces above stated, into their leverage; that is, the perpen
dicular distance B D between their lines of action. That product 
is called tke moment of tke cenJlrifogal tXYUple j and is represented by 

Q . BD ; .............................. (1.) 
Q being the common magnitude of the equal and opposite centri
fugal forces. 

That couple causes a couple of equal and opposite PreBBUres of 
the journals of the axle against their bearings at E and F, in the 
directions represented by the arrows, and of the magnitude given 
by the formula-

BD 
Q • EF ; ......•...................... (2.) 

these pressures continually change their directions as the bodies 
A and C revolve; and they are resisted by the strength and 
rigidity of the bearings and f'nune. It is desirable, when practi
cable, to reduce them to nothing; and for that purpose, the points 
B, G, and D should coincide; in which case the centre line of the 
axle E F is said to be a per11WIT/.6nt a:ciB. 

When there are more than two bodies in the rotating system, 
the centrifugal couple is found as follows :-
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Let X X', fig. 9, represent the axis of rotation; G, the centre of 
gravity of the rotating body or system, situated in that axis; 80 

that the resultant centrifugal force is nothing. 
Let W be anyone of the parts of 

which the body or system is com
posed, 80 that, the weight of that 
part being denoted by W, the 
weight of the whole body or sys
tem may be denoted by ]I • W. 

Let ,. denote the perpendicular 
distance of the centre of W from 
the axis j then • 

WaI,. 
-g-' 

is the centrifugal /M'CB of W, pull
ing the axis in the direction II: W. 

x' 
F'1g.9. 

Assume a pair of axes of co-ordinates, G Z, G Y, lzL 
perpendicular to X X' and to each other, and fixed M 

relatively to the rotating body or system-that is, • 
rotating along with it. 

From W let &Ii W y perpendicular to the plane 
of G X and G Y, and parallel to G Z j also W Z, 

perpeudicular to the plane of G X and G Z, aDd G v 
pa.raJlel to G Y j and make· Fig. 10. 

lI:y=Wz=Yj zz=WY=Zj GII:=:z:. 
Then the centrifugal force which W exerts on the axis, and which 

is proportional to,., may be resolved into two components, in the 
direction of, and proportional to, y and Z respectively, viz. :-

W aa y parallel to G Y, and 
g 

Wei! parallel to G Z j 
g 

and those two component forces, being both applied at the end of 
the lever G II: 11:, exert 'I1IO'IMIItB, or tendencies to turn the axis 
X X' about the point Z, expressed as follows:-

W ely 11:, tending to turn G X about G Z towards G Y; 
g 

W cI Z 11:, tending to turn G X about G Y towards G z. 
g 

In the same manner are to be found the several moments of the 
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centrifugal forces of all the other pa.rts of which the body or syatem 
consists; and care is to be taken to distinguish moments which 
tend to tum the axis towards G Y or G Z from those which tend to 
tum it from those positions, by treating one of these claaeea of 
quantities as positive, and the other as negative. 

Then by adding together the poaitive moments and subtracting 
the negative moments for all the parts of the body or system, are 
to be found the two sums, 

a l Q,I _ . ~'Wyz; _. ~·Wzz;. ................ (3.) 
g g 

which represent the total tendencies of all the centrifugal forces to 
tum the axis in the planes of G Y and G Z respectively. 

In fig. 10, lay down G Y to represent the former moment, and 
G Z, perpendicular to G Y, to represent the latter. Then the dia.
gonal G M of the rectangle G Z M Y will represent the resultant 
moment of what is called the CENTRIFUGAL COUPLE, and the direc
tion of that line will indicate the direction in which that couple 
tends to tum the axis G X about the point G. Its value, and its 
angular position, are given by the equations, 

GM= J(GY'+GZ"); 1 .............. (4.) 
tanLYGM=GZ+GY S 

The condition which it is desirable to fulfil in all rapidly rotating 
pieces of machines, that the axis of rotation shall be a perrn.oment 
aa:is, is fulfilled when each of the sums in the formula 3 is nothing; 
that is, when 

~ . W 11 z = 0 . ~ • W ~ z = 0, ............ (5.) 

The question, whether the axis of a rotating piece is a permanent 
axis or not, is tested experimentally by making the piece spin round 
rapidly with its shaft resting in bearings which are suspended by 
chains or cords, so as to be at liberty to swing to and fro. If the 
axis is not a permanent axis, it oscillates; if it is a permanent axis, 
it remains steady. 

The practical application of those principles to locomotive engines 
will be explained in the sequel 

SECTIOlf 3.-0/ Effort, Energy, P(1lDel', mul EfficienctJ. 

23. .._ is a name applied to a force which acts on a body in 
the direction of its motion (A. M., 511). 

If a force is applied to a body in a direction making an acute 
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angle with the direction of ~e ~y's motion, t~e co!Ilpo~ent 
of that oblique force along the direction of the body s motion 18 an 
effort. That is to say, in fig. 11, let A B represent the direction 
in which A is moving; let A F repre- -..-
Bent a force applied to A, obliquely to A~P 
that direction; from F draw F P per-
pendicular to A B; then A P is the 

Fig. 11. 
~url due to the force A F. The trans
verse component P F is a lateral ff1f'C6, 
like the transverse component of the oblique resisting force in 
Article 8. 

To express this algebraically, let the entire force A F = F, the 
effort A P = P, the lateral force PF = Q, and the angle of obli
quity P A F = I. Then 

P = F' cos ';1 
Q= F . sin , 5 ........................ (1.) 

24 • .,.... ..... , .,. .. ,_ -.-.. (A. M., 510, 512, 537.)-Ac
cording to the first law of motion, in order that a body may move 
uniformly, the forces applied to it, if any, must balance each other; 
and the same principle holds for a machine consisting of any num
ber of bodies. 

When the direditm of a body's motion varies, but not the _city, 
the lateral force required to produce the change of direction depends 
on the principles Bet forth in Section 2; but the condition of balance 
still holds for the forces which act alung the direction of the body's 
motion, that is, for the t!fforl8 and reNta1lC6/I; 80 that, whether for 
a single body or for a machine, the condition of uniform wJocity is, 
that the t!ff01't8 81wll balatn.ce 1M r68ista1IC6II. 

In a machine, this condition must be fulfilled for each of the 
single moving pieces of which it consists. 

It can be shown from the principles of statics (that is, the science 
of balanced forces), that in any body, system, or machine, that con
dition is fulfilled when the BUm of the product8 of the t!fforl8 into the 
wlooitia of their ~ poi/flU of action i8 equal to the BUm of the 
products of the t'6IIiBta1lCe8 into the ~ of the pointll 'IJJItere they 
are owrcome. 

Thus, let t1 be the velocity of a drit1i1l{/ point, or point where an 
effort P is applied; 11' the velocity of a 'WOf'kitng point, or point where 
a resistance R is overcome; the condition of uniform velocity for any 
body, system, or machine is 

]I • P 11 = ]I • R t1' ........................... (1.) 

H there be only one driving point, or if the velocities of all the 
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driving points be ahke, being the total single 
product P v may be put in in place of the sum J • P 11; reducing 
the above equation to 

Pv = J' Rv' ........................... (2.) 

Referring now to Article 9, let the machine be one in which the 
comparative or proportioruJJ,e velocities of all the points at a given 
instant are known independently of their absolute from 

construction of the that, for " ..... llJl"", 
the point where R is overcome 
driving point the 

n' J 

then the condition of uniform speed may be thus expressed :-

P = J ·nR; ........................... (3.) 

that is, the total tUfort is equal to the BUm of the resistances reduced to 
the driving point. 

25. E • .....,-P...,.da1 E • .....,.. (A. M., 514, 517, 593, 660.~ 
Energy means capacity for performing work, and is expressed, like 
work, by the product of foree into a space. 

The energy of an called "potential 
distinguish it from energy to be 

is the product the distanu:e 
of actirtg. of 100 pounds 

A'A'VJtt;lOn of 20 feet ground, or above the plane 
to which the circumstances of the case admit of its descending, 
that weight is said to possess potential energy to the amount of 
100 X 20 = 2,000 foot-pouruls; which means, that in descending 
from its actual elevation to the lowest point of its course, the 
weight is capahle of performing work to that amount. 

To take another example, let there be a reservoir containing 
10,000,000 gallons of water, in such a position that the of 

of the ma!!8 reservoir is 100 
point to which made to descend while 

resistance. Then as weighs 10 lbs., 
store of water is Ibs., which being 
height through is capable of 

10,000,000,000 the potential 
weight of the store of 

36. E • ..o.,. of E.el'!P' Ellerle4i _. Work Perf'_ed.-When 
an effort actually does drive its point of application through a 
certain distance, energy to the amount of the product of the effort 
into that distance is said to be e:rmtIJdi and the potential energy, 
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or energy which remains ~ of being etI1tJ'rl«l, is to that amount 
diminjshed. 

When the energy is exerted in driving a machine at an uniform 
speed, it is tJqtUJl to 1M tCOrk perfO'l"lll«l. 

To express this algebraically, let t denote the time during which 
tire energy is exerted, II the velocity of a driving point at which an 
dort P is applied, 8 the distance through which it is driven, 11 the 
velocity of any working point at which a resistance R is overcome, 
" the distance through which it is driven; then 

8=l1t;8'=1It; 
and multiplying equation 1 of Article 24 by the time t, we obtain 
the following equation :-

:II • P II t = :II • R tI t = :II • P 8 = :II • R 8' j ••••••••• (1.) 

which expl'E88ell the equality of energy exerted, and work per
formed, for constant efforts and resistances. 

When the etrorta and resistances vary, it is sufficient to refer to 
Article 11 to show, that the same principle is expreued R8 

follows :-

:II J P tl, = :If R tl 8' j ••••••••••••••••••••• (2.) 

where the symbol f expresses the operation of finding the work 

peIformed against a varying resistance, or the energy exerted by a 
varying effort, &8 the case may be; and the symbol :II expreeses the 
operation of adding together the quantities of energy exerted, or 
work performed, &8 the case may be, at different points of the 
machine. 

2'1. v ..... 11--. ., ~_A quantity of energy, like a 
quantity of work, may be computed by multiplying either a force 
into a distance, or a statical moment into an angular motion, or the 
intensity of a pressure into a volume. These processes have already 
been explained in detail in Articles 5 and 6. 

28. The E • ..,. E ...... ill ..... etq AceeJftIIde. (.A.. M., 549) 
is equal to the work of acceleration, whose amount has been inves
tigated in Articles 14 A and 15. 

29. The .I.e_I ...... E._ (.4.. M., 554) by which a given 
increase of velocity in a given Dl&88 is produced, and which is 
exerted by the driving body against the driwm body, is equal and 
opposite to the resistance due to acceleration which the driven 
body exerts against the driving body, and whose amount has been 
given in Articles 14 A and 15. Referring, therefore, to equations 4 
and 8 of Article 14 A, we find the two following expressions, the first 
of which gives the accelm:ating effort required to produce a given 

D 
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acceleration d" in a body whose weight is W, when. the time d t in 
which that acceleration is to be produced is given, and the second, 
the 8&lDe accelerating effort, when the diBttmc8 d 8 = "d t in which 
the acceleration is to be produced is given :-

W d" p= g' dl .......................... (1.) 

W ".d1) W d(1!) 
=9' dB,= g' 2 d 8 ...... ••• .. • ...... (2.) 

Referring next to Article 15, case 1, we find f'rom equations 6, 
6, and 7, that the work of' acceleration corresponding to an increase 
d (J in the angular velocityof' a rotating body whose moment of' 
inertia is I, i& 

I . d (a,) I a d (J 

2g =-g-' 

Let d, be the MN, and d i = (J d t the amgular motion in which 
that acceleration is to be produced; let P be the accelerating effort, 
and l its leuerage, or the perpendicula.r distance of' its line of' action 
from the axis; then, according as the time d t, or the angle d i, is 
given, we have the two f'ollowing expressions for the accelerating 
COUtple :-

I d a 
P l = g' dt .......................... (3.) 

I a d (J I d (a') 
= g' di = g' 2ai .. ••••• .... • .... ·• .. (4.) 

La8tly, ref'erring to Article 15, case 2, equation 9, we find, that 
if a train of' mechanism consists of various parts, and jf' W be the 
weight of' anyone of those parts, whose velocity tI bears to that of 

the driving point 1) the ratio..! = fl, then the accelerating effort 
1) 

which must be applied to the driving point, in order that, during 
the intervs.1 d tj in which the driving point moves through the 
distance d 8 = " d t, that point may undergo the acceleration a ", 
and each weight W the corresponding acceleration", d ", is given 
by one or other of'the two f'ormube-

'J""W a1) 
P= -g-' at ........................ (5.) 

'J ",2 W "d " 'J ",' W d (1)') 
= -g-' 1l8=-g-' 2d8 .. · .... ·· .. ·(6.) 

Digitized by Google 



STORED AND REII'l'OlI.BD DBIlGY-ACTUAL ENEBGY. 35 

30 . ....................... -B...,. ......... BI ..... 
(A. M., 528, 549, 550.}-In order to cause a given retardation, or 
diminution of the velocity of a given body, in a given time, or 
while it traverses a given distance, resistance must be opposed to 
its motion equal to the effort which would be required to produce 
in the same time, or in the same distance, an acceleration equal to 
the retardation. 

A moving body, therefore, while being retarded, own:MMt ,. 

Ntance and Pff'"forms work,· and tha.t work is equal to the energy 
exerted in producing an acceleration of the same body equal to the 
retardation. 

It is for this reason that it has been stated, in Article 12, that 
the work performed in accelerating the speed of the moving pieces 
of a machine is not necessa.rily lost; for those moving pieces, hy 
returning to their original speed, are capable of performing an 
equal amount of work in overcoming resistance; 80 that the per
formance of such work is not prevented, but only deferred. Hence 
energy exerted in acceleration is said to be IIlorerl j and when by a 
subeequent and equal retardation an equal amount of work is per
formed, that energy is said to be 'IVtored. 

The algebraical expressions for the relations between a retarding 
resistance, and the retardation which it produces in a given body 
by acting during a given time or through a given space, are ob
tained from the equations of Article 29 simply by putting R, the 

. symbol for a resistance, instead of P, the symbol for an effort, and 
-d t7, the symbol for a retardation, instead of d t1, the symbol for 
an acceleration. 

31. The ~ B • ..,. (A.. M., 547, 689) of a moving body is 
the work which it is capable of performing aga.inst a retarding 
resistance before being brought to rest, and is equal to the energy 
which must be exerted on the body to bring it from a state of rest 
to its actual velocity. The value of that quantity is the prodtu:t of 
1M tDeig1&t of 1M body into tM Mig1&t from wIW:II, it my fall to acquire 
u. adual wlocity j that is to say, . 

W,,; 
2 9 .....•.........•••...........•.. (1.) 

The total actual energy of a system of bodies, each moving with 
ita own velocity, is denoted by 

]l·W'; 
2 9 ; ..•........................•. (2.) 

and when tboae bodiea are the pieces of a machine, whose velocities • 
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bear definite mtios (anyone of which is denoted by n) to the velo
city of the driving point ", their total actual energy is 

,,' 
2 g . :z n' W, ........................... (3.) 

being t1UJ product of ths 'I'eduetJ. inertiG (or co-efficient of steadiness, 
as Mr. Moseley calls it) into ths height dtuJ to tIUJ velocity of ths 
driving pm/nt. 

The actual energy of a rotating body whose angular velocity is G, 

and moment of inertia :z W r = I, is 

a'I 
2 g ; .•••••....•.•.•....••..••••••... (4.) 

that is, t1UJ prodtu:t of ths moment 0/ inertia into ths height dtuJ to tAe 
wlor:itll, a, 0/ a point, wIwae distance /f'O'ITl the azis of rotation iB 
'lJlfl.ity. 

When a given amount of energy is alternately stored and ze.. 
stored by alternate increase and diminution in the speed of a ma
chine, the actual energy of the machine is alternately increased and 
diminished by toot amount. 

Actual energy, like motion, is matitJ6 only. That is to say, in 
computing the actual energy of a body, which is the capacity it 
po811e118e8 of performing work upon certain other bodies by 'I'6tJ8On 

of ita motion, it is the motion 'I'elatitJely to tIwBe otker bodia that is 
to be taken into account. 

For example, if it be wished to determine how many turns a 
wheel of a locomotive engine, rotating with a given velocity, would 
make, before being stopped by t1UJ /riction of ita bearing, cmly, sup
posing it lifted out of contact with the rails,-the actual energy of 
that wheel is to be taken 'I'elatitJely to t1UJ /rome of tIUJ engi'TUJ to 
which those bearings are fixed, and is aimplythe actual energy due 
to the rotation. But if the wheel be supposed to be- detached from 
the engine, and it is inquired how high it will aBCe1Ul up a per/ect/.lI 
Bf'1I.()()th inclined plG'TUJ be/O'I'6 being ,topped by tIUJ attmcl,ion of tIuJ 
6I1II'th, then ita actual energy is to be taken 'I'elatitJelll to tAe eotrlh " 
that is to say, to the energy of rotation already mentioned, is to be 
added the energy due to the t'l'Gmlation or forward motion of the 
wheel along with ita axis. 

32. .& BecJpNCIIIiII. 11_ (..4. M., 556) is a force which acts 
alternately as an effort and as an equal and opposite reaiatan.ce, 
according to the direction of motion of the body. Such a force is 
the weight of a moving piece whose centre of gravity alternately 
rises and falls j and such is the elasticity of a perfectly elastic body 

~-==o=-__ .,... ___ .,.. _____ Di~ed by Goo-sle 
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The work which a body performs in moving against a reciprocating 
force is employed in increasing its own potential energy, and is not 
lost by the body; 80 that by the motion of a body alternately 
against and with a reciprocating force, energy is ~ and r&-

1IImed, as well as by alternate acceleration and retardatiolL 
Let 2 W denote the weight of the whole of the moving piecet> 

of any machine, and ", a height through which the common centre 
of gra~ty of them, all is alternately raised and lowered. Then the 
quantity of energy- All W, 

is stored while the centre of gravity is rising, and restored while it 
is falling. 

These principles are illustrated by the action of the plungers of 
a Bingle acting pumping steam engine. The weight of those 
plungers acts as a resistance while they are being lifted by the 
pressure of the steam on the piston; and the same weight acts as 
eft'ort when the plungers descend and drive before them the water 
with which the pump barrels have been filled. Thus, the energy 
exerted by the steam on the piston is stored during the up-stroke 
of the plungers; and during their down-stroke the same amount of 
energy is restored, and employed in performing the work of raising 
water and overcoming its frictiOlL 

33 • .... MIeaI ........ (..t. M., 553.)-If a body moves in such 
a manner that it periodically returns to its original velocity, then 
at the end of each period, the entire variation of its actual energy 
is nothing; and if, during any part of the period of motion, energy 
has been stored by acceleration of the body, the same quantity of 
energy eDCtly must have been during another part of the period 
restored by retardation of the body. 

If the body also returns in the course of the same period to the 
lI&IIle position relatively to all bodies which p.xert reciprocating 
forces on it-for example, if it returns periodically to the same 
elevation relatively to the earth's surface-any quantity of energy 
which has been stored during one part of the period by moving 
against reciprocating forces must have been eDCtly restored during 
another part of the period. 

Hence at fk end of each period, fk equality of energy and tDOrk, 
a7Ul eM balance of mean effort and mean resistance, lwlda with 
re6p6CI to fk drifling effort and fk resiBtancu, tJZaCtly all if the speed 
tom!I uniform and eM m:iprocating f0rctJ8 null j and all the equa
tions of Articles 24 and 26 are applicable to periodic motion, pro
vided that in the equations of Article 24, and equation 1 of Article 
26, P, R, and tI are held to denote the mean mlua of the efforts, 
resistauces, and velocities,-that 8 and II are held to denote spaces 
moved through in one or more entire periodB,-and that in equa-
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tion 2 of Article 26, the integrations denoted by f be held ~ 
extend to one or more entire periods. 

Theile principles are illustrated by the steam engine. The velo
cities of its moving parts are continually varying, and those of 
some of them, such 88 the piston, are periodically revened in dirac
tiolL But at the end of each period, called a ret1Olutiun, or douhle
stroke, every part returns to its original position and velocity; 80 
that the equaluy of energy and work, and the equality of 1M mItm 

d"ort to 1M mean 'l"eBistance redtM'#l to 1M driuing point,-that is, 
the equality of the mean effective pressure of the steam on the pis
ton to the mean total reHistance reduced to the piston-hold for 
one or any whole number of complets ~, exactly 88 for 
uniform speed. 

It thus appears that there are two fundamentally different waya 
of considering a periodically moving machine, each of which must 
be employed in succession, in order to obtain a complete knowledge 
of its working. 

I. In the first place is considered the action of the machine 
during one or more whole periods, with a view to the determina
tion of the relation between the mean resistances and mean effort&, 
and of the EFFICIENCY; that is, the ratio which the tIIleful part of 
its work bears to the whole expenditure of energy. The motion of 
every ordinary machine is either uniform or periodical. 

II. In the second place is to be considered the action of the 
machine during intervals of time less than its period, in order to 
determine the law of the periodic changes in the motions of the 
pieces of which the machine consists, and of the periodic or recip
rocating forces by which such changp.s are produced. 

34 . ................... (A. M., 691.)-The Btaning of a 
machine consists in setting it in motion from a state of rest, and 
bringing it up to its proper mean velocity. This operation requires 
the exertion, besides the energy required to overcome the mean re
sistance, of an additional quantity of energy equal to the actual 
energy of the machine when moving with its mean velocity, 88 fOWld 
according to the principles of Article 31. 

If, in order to stop a machine, the effort of the prime mover is 
simply suspended, the machine will continne to go until work has 
been performed in overcoming resistances equal to the actual energy 
due to the speed of the machine at the time of suspending the effort 
of the prime mover. 

In order to diminish the time required by this operation, the 
resistance may be increased by means of the friction of a bra.ke. 
Brakes will be further described in the sequel 

35. The ._eiae)" of a machine (A. M., 660, 664) has already 
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been defined to be a fraction expressing the ratio of the useful 
work to the whole work performed, which is equal to the energy 
upended. The limit to the efficiency of a machine is tmiIy, denot
ing the efficiency of a perfect machine in which no work is lost. 
The object of improvements in machines is to bring their effi.ciency 
88 near to unity 88 possible. 

AJJ to tuJeful and lost work, see. Article 12. The algebraical ex
presaion of the efficiency of a machine having uniform. or periodical 
motion, is obtained by introducing the distinction between useful 
and lost work into ~he equa~0D8 of the conservation of energy. Thus, 
let P denote the mean effort at the driving point, 8 the space de
ecribed by it in & given interval of time, being a whole number of 
periods or revolutioDB, ~ the mean useful resistance, 8, the 8pace 
through which it is overcome in the same interval, R, anyone of 
the prejudicial resistances, .. the 8pace through which it is over
come; then 

P ,= R, 81 + ~ . R. 8,; •••••••••••••••••• (1.) 

and the effi.ciency of the machine is expressed by 

Rpt 'I = R !" ': '0- ..•••••••••...•••• (2.) 
8 , 'I 2 ..... '. 

In many eases the lost work of a machine, R. Be coDSists of a con- . 
stant part, and of a part bearing to the useful work a proportion 
depending in some defini~ manner on the sizes, figures, arrange
ment, and connection of the pieces of the train, on which also de
pends the coDBtant part of the lost work. In such cases the whole 
energy expended and the efficiency of the machine are expressed by 
the equations . 

p, = (1 + A) RI 'I + B; } 

~: = l+~+i.. . ................ (3.) 

and the first of these is the mathematical expression of what Mr. 
Moseley calls the " modulus" of 1i. machine. 

The useful work of an intermediate piece in a train of mechanism 
consists in driving the piece which follows it, and is less than the 
energy exerted upon it by the amount of the work lost in overcom
ing its own friction. Hence the efficiency of such an intermediate 
piece is the ratio of the work performed by it in driving the follow
ing piece, to the enerv ~xerted on it by the preceding piece; and it 
is evident that fk ejficienI:y of II 'f1IJJChitM is fk prodvd of fk e.Ifo
ciencia of fk ,...;. of movi'l/{/ pi6cu tDAid. tnmBmie tmergy from fk 
tlrWmg poinI to fk tIXlrki'l/{/ penni. 
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The same principle applies to a train of mccemtJe maclfifll!ll, each 
driving that which follows it. 

36. P_ ... B8'_B __ pewer.-The power of a machine 
is the energy exerted, and the t;//'ect, the UBeful work performed, in 
some interval of time of definite length, such lUI a second, a minute, 
an hour, or a day. 

The unit of power called conventionally a Aor~, is 550 
foot-pounds per second, or 33,000 foot-pounds per minute, or 
1,980,000 foot-pounds per hour. The effect is equal to the power 
multiplied by the efficiency. The lOllS of power is the difference 
between the effect and the power. (See also Article 3.) 

37. ae-a B ...... _The following general equatlOn presents 
at one view the principles of the action of machines, whether mov
ing uniformly, periodically, or otherwise:-

JPd8=:z!R1ds':±: h:zW+:z' W(V: - ~ 
• 2 g 

where W is the weight of any moving piece of the machine; 
h, when positive, the elevation, and when negative, the depres

sion, which the common centre of gravity of all the moving pieces 
undergoes in the interval of time under colll4ideration; "1 the velo
city at the beginning, and ", the velocity at the end, of the interval 
in question, with which a given particle of the machine of the 
weight W is moving j 

g, the acceleration which gravity causes in a second, or 32'2 feet 
per second; 

J R d tI, the work performed in overcoming any resistance 

during the interval in question; 

( P d 8, the energy exerted during the interval in question. 
-he second and third terms of the right hand side, when positive, 

are en,erW Btored; when negative, e'IUJ'I'f/Y 'I'Ufnred. 
The principle represented by the equation is expressed in words 

lUI follows:-
PM t!MrfI1I e:r.erled, added to the e'IUJ'I'f/Y 7'68tored, is equal to the 

en,ergy strwea added to the work performed. 

• SECTION 4.-0/ Dyna;mmneI.e1'8. 

38. ~_ .... are instruments for meuuring and recording 
the energy exerted and work performed by machines. They may 
be classed as follows :-

L Instruments which merely ind~ the /~ exerted between 
a driving body and a driven body, leaving the dista7&C6 through 
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which that force is exerted to be observed independently. The 
following are eXllomples of this class:-

Go The weight of a 80lid body may be 80 suspended as to balance 
the resistance to be overcome, as in Mr. Scott Russell's experi
ments on the resistance of canal boats, published in the TrQIIUIaC
tiom of 1M Royal SocU!ty 01 Edinburgh, vol. xiv. 

h. The weight of a column of liquid may be employed to balance 
and measure the effort required to drag a carriage or other body, 
as in the mercurial dynamometer invented by Mr. John Milne of 
Edinburgh. 

Co The available energy of & prime mover may be wholly ex
pended in overcoming friction, the magnitude of which is measured 
by a weight; as in Prony's dynamometer, to be afterwards more 
particularly described. 

d. A spring balance may be interposed between a prime mover 
and a body whose resist4nce it overcomes, 80 as to indicate at ea.eh 
instant the magnitude of that resistance. 

II. IJl8truments which 'f'eC()'f'(/, at once the loree, motion, and 
tDOri of a machine, by drawing a line, straight or curved, as the 
case may be (such as that shown in fig. 3, Article 11) whose 
abecissIe represent on a suitable scale the distances moved through, 
its ordinates the corresponding resistances overcome, and its area 
the work performed. 

A dynamometer of this class consists essentially of two principal 
parts: a spring whose deflection indicates the force exerted between 
a driving body and a driven body, and a band of papt'r, or a card, 
moving at right angles to the direction of deftection of the spring 
with a velocity bearing a known constant proportion to the velo
city with which the resistance is overcome. The spring carries a 
pen or pencil, which marks on the paper or card the required line. 
The following examples of this class of instruments will be de
acribed in the sequel :-

Go Morin's Traction Dynamometer. 
h. Morin's Rotatory Dynamometer. 
c. Watt and M'Naught's Steam Engine Indicator. 
III Instruments which record the work performed, but not the 

resistance and motion separately. 
39 • ..... ,.. ..... e .... DyJumI_.eaer 

measures the useful work performed 
by a prime mover, by causing the 
whole of that work to be expended 
iD overcoming the friction of a 
brake. In fig. 12, A represents a 
cylindrical drum, driven by the FIg. 12. 

prime mover. The block D, attached to the lever B 0, and the 
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smaller blocks with which the chain E is shod, form a brake which 
embraces the drum, and which is tightened by means of the screws 
F, F, until its friction is BUfficient to cause the drum fA> rotate at 
an uniform speed. The end C of the lever carries a aca.1e G, in 
which weights are placed to an amount just sufficient to balance 
the friction, and keep the lever horizontal The lever ought to be 
so loaded at B that when there are no weights in the scale, it shall 
be bslanced upon the axis. The lever is prevented from deviating 
to any inconvenient extent from a horizontal position by means of 
aa£ety stops or guards H, K. 

The weight of the load in the scale which balances the friction 
being multiplied into the horizontal distance of the point of suspen
sion C from the axis, gives the f1W1'II/mt 0/ .{rU:titm, which ~ing 
multiplied into the angular velocity of the drum, gives the rt.W 0/ 
tlMjul work or e§«!IAme pouMf' of the prime mover. 

As the whole of that power is expended in overcoming the fric
tion between the drum and the brake, the heat produced is in 
general considerable; and a stream of water must be directed on 
the rubbing surfaces to abstract that heat. 

The friction dynamometer is simple and easily made; but it is 
ill adapted to measure a variable effort; and it requires that when 
the power of a prime mover is measured, its ordinary work should 
be interrupted, which is inconvenient and sometimes impracticable. 

40. 111 ...... or--.. Dp-=_.... The descriptions of this 
and some other dynamometers invented by General Morin are 
abridged from his works entitled Sur q'fIIJlquM ApptJf'6ils dynQ/,oo
mMiquu and NotimuJ/~ tk M~ 

Fig. 13 is a plan and fig. 1311 an elevation of a dynamometer for 
recording by a diagram the work of dragging a load horizontally. 
II II, b b, are a pair of steel springs, through which the tractive 
force is transmitted, and which serve by their deflection to measure 
that force. They are connected together at the ends by the steel 
links f, f. The effort of the prime mover is applied, through the 
link r, to the gland d, which is fixed on the middle of the fore
most spring; the equal and opposite resistance of the vehicle is 
applied to the glaud c, which is fixed on the middle of the after
most spring. When no tractive force is exerted, the inward faces 
of the springs are straight and parallel; when a force is exerted, 
the springs are bent, and are drawn apart, through a distance pr0-
portional to the force. The springs are protected against being 
bent so far as to injure them by means of the aa£ety bridles i, i, 
with their bolts 6, 6. Those bridles are carried by the after-gland" 
and their bolts serve to atop the foremost spring when it is drawn 
forward as far &8 is consistent with the preservation of elasticity 
and strength. 

r 
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The frame of the apparatus for giving motion to the paper band 

TJg.I&. 

Fig. IS a. 

is can-ied by the after-gland. The principal pa.rtB of that apparatus 
are the following:-

I, store drum on which the paper band is rolled before the com
meacement of the experiment, and off which it is drawn as the 
experiment proceeds; 

g, takiDg-up drum, to which one end of the paper band is glued, 
and which draws along and rolls up the paper band with a velocity 
proportional to that of the vehicle. Fixed on the axis of this drum 
is a fusee having a spiral groove round it, whose radius gradually 
increases at the same Tate as that at which the effective radius of 
the drum g is increased during its motion by the rolling of succes
sive coils of paper upon it. The object of this is to prevent that 
increase of the effective radius of the drw'D. from accelerating the 
speed of the paper band; 

" is a drum which receives through a train of wheelwork and 
endless acrews, a velocity proportional to that of the wheels of the 
vehicle, and which, by means of a cord, drives the fusee. The 
mechanism is usually 80 designed that the paper moves at one-

. &lieth of the speed of the vehicle. 
Between the drums l and g, there are three small rollers to sup

port the paper band and keep it steady. 
One of the safety bridles carries a pencil k, which, being at rest 
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relatively to the frame of the recording apparatus, traces a 
s~ht line on the band of paper as the latter travels below 
the pencil That line is called the ~ line, and corresponds to 
o X in fig. 3. 

An arm fixed to the forward gland carries another pencil, whose 
position is adjusted before the experiment, 80 that when there is 
no tractive force its point rests on the zero line. During the ex
periment, this pencil traces on the paper band a line such as 
ERG, fig. 3, whose ordinate or distance from any given point in 
the zero line is the deflection of the pair of springs, and propor
tional to the tractive force, at the corresponding point in the jour
ney of the vehicle. 

The areas of the diagrams drawn by this apparatus, representing 
quantities of work, may be found either by the method described 
in Articles 11, 11 A, or by an instrument for measuring the areas of 
plane figures, called the Planim.eter, of which vilriOUS forms have 
been invented by M. Ernst, Mr. Edward Sang, and Professor 
Clerk Maxwell. 

A third pencil, actuated by a clock, is 80metimes caused to mark 
a series of dots on the paper band at equal intervals of time, and 
80 to record the changes of velocity. 

When one vehicle (such as a locomotive enginE!!) drags one or 
more others, the apparatus may, if convenient, be turned hind side 
before, and carried by the foremost vehicle. In such a case the 
motion of the band of paper ought to be derived, not from a driving 
wheel, which is liable to slip, but from a training wheeL 

When the apparatus is used to l"OOOrd the tractive force and 
work performed in towing a vessel, the apparatus for moving the 
paper band may be driven by means of a wheel or fan, acted upon 
by the water; in which case, the l'&tio of the velocity of the band 
to that of the vessel should be determined by experiment. 

Owing to the varieties which exist in the elasticity of steel, the 
relation between the deflections of the springs and the tractive 
forces can only be roughly calculated beforehand, and should be 
-determined exactly by direct experiment-that is, by hanging 
known weights to the springs and noting the deflections. 

The best form of longitudinal section for each spring is that 
which gives the greatest flexibility for a given strength, and con
sists of two parabolas, having their vertices at the two ends of the 
spring, and meeting base to base in the middle-that is to say, the 
thickness of the spring at any given point of its length should be 
proportional to the square root of the distance of that point from 
the nearest end of the spring. To express this by a formula, let 

c be the half-length of the spring; 
h the thickness in the iniddle; 
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II: the distance of any point in the spring from the end nearest 
to it; 

h' the thickness at that point i then 

h' = h· V~ .......................... (l.) 
The breadth of each spring should be uniform, and, according to 

General Morin, should not exceed from Ii to 2 inches. Let it be 
denoted by h. 

The following is the formula for calculating beforehand the pro
bahk joint deflection of a given pair of springs under a given trac
tive force :-

Let the dimensions c, h, h, be stated in inches, and the force P 
in pounds. 

Let y denote the deflection in inches. 
Let E denote the rrwdtd'U8 0/ elasticity of steel, in pounds on the 

square inch. Its value, for different specimens of steel, varies from 
29,000,000 to 42,000,000, the smaller values being the most com
mon. Then 

8Pe' 
y = Ehl~S .. • .. ··•· .. ·•··•····•· .... ··(2.) 

The deflection should not be permitted to exceed about one
tenth part of the length of the springs. 

41 • ....... ......,. D,..._ .... is represented in figs. 14, 14 a, 

Fig. If. Fig. 14 a. 

and is designed to record the work performed by a prime mover in 
transmitting rotatory motion to any machine. A is a fast pulley, 
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and C a loose pulley, on the same shaft. A belt transmits motion 
from the prime mover to one or other of those pulleys according aa 
it is desired to transmit motion to the shaft or not. 

A third pulley, B, on the same shaft, carries the belt which 
transmits motion to the machine to be driven. This pulley is also 
loose on the shaft to a certain extent, so that it is capable of mov
ing relatively to the shaft, backwards and forwards through a small 
arc, sufficient to admit of the deflection of a tlteel spring by which 
motion is transmitted from the shaft to the pulley. 

One end of that spring is fixed to the shaft, so that the spring 
projects from the shaft like an arm, and rotates along with it. 
The other end of the spring is connected with the pulley B near its 
circumference, and is the means of driving that pulley; so that the 
spring undergoes deflection proportional to the effort exerted by 
the shaft on the pulley. 

A frame pl'ojecting radially like an arm from the shaft, and 
rotating along with it, carries an apparatus similar to that nsed in 
the traction dynamometer, for making a band of paper move radi
ally with respect to the shaft with a velocity proportional to the 
speed with which the shaft rotates. A pencil carried by this frame 
traces a zero line on the paper band; and another pencil carried 
by the end of the spring, traces a line whose ordinates represent 
the forces exerted, just aa in the traction dynamometer. 

The mechanism for moving the paper band is driven by a toothed 
ring surrounding the shaft, and kept at rest while the shaft rotates 
by means of a catch. When that catch is drawn back, the tootbed 
ring is set free, rotates along with the shaft, and ceases to drive 
the mechanism; and thns the motion of the paper band can be 
stopped if necessary. 

4:2. III ....... I111epa1bqJ D7--.... record simply the work 
performed in dragging a vehicle or driving a machine, without re
cording separately the force and the motion. The general principle 
of the method by which this is effected is shown by fig. 15, in 

which A represents a plane circula.r 
Ie. ___ ~B disc, made to rotate with an angular 
• velocity proportional to the speed of 

A. --____ -..,. p the motion of the vehicle or machine, 
. and B a small wheel driven by the 

motion of the disc against its edge, 
Fig. Iii. and having its axis parallel to a 

radius of the disc. The wheel B, 
and some mechanism which it drives, are carried by a frame 
which is carried by one of the dynamometer springs, and 80 ad
justed that the distance of the edge of B from the centre of A is 
equal to the deflection of the springs, and proportional to the·eft'ort. 
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The velocity of the edge of B at any iDstant being the product 
of ita distance from the centre of A into the angula.r velocity of A, 
is proportional to the product of the effort into the velocity of the 
vehicle or machine-that is, to the rate at which urork ia pttrjorm«l j 
therefore the motion of the wheel B, in any interval of time, is 
proportiqnal to the tDOr'k pttrjO'1"f1lt8d '" that time; and that work can 
be recorded by means of dial plate&, with indexes moved by a train 
of wheelwork driven by the wheel B. 

4:3..... 'W .................. __ ....... This instrument 
'WB8 invented by Watt, an<} has since been improved by other in
ventors, and especially by Mr. M'Naught. Ita object is to record, 
by means of a diagram, the intensity of the pressure exerted by 
steam against one of the faces of a piston at each point of the pis
ton's motion, and 80 to afford the means of computing, according 
to the principles of Article 6 and Article 11, first, the energy 
exerted by the steam in driving the piston during the . forward 
atroke; secondly, the work lost by the piston in expelling the 
steam from the cylinder during the return stroke; and thirdly, the 
difference of these quantities, which is the tJtHJilahls or '!ffectifJe 
energy exerted by the steam on the piston, and which, being mul
tiplied by the number of strokes per minute and divided by 33,000 
foot-pounds, gives the INDICATE BOBSB-POWEB. 

The indicator in its present form is represented by fig. 16. A B 
is a cylindrical case. Its lower end A contains 
a small cylinder, fitted with a piston, which 
cylinder, by means of the screwed nozzle at its 
lower end, C&Jl be fixed in any convenient posi
tion on a tube communicating with that end of 
the engine cylinder where the work of the steam 
is determined. The communication between the 
eagine cylinder and the indicator cylinder can be 
opened and shut at will by means of the cock K. 
When it is open, the intensity of the pressure of 
the steam on the engine piston and on the indi
cstor piston is the same, or nearly the same. 

The upper end B of the cylindrical case con
tains a spiral spring, one end of which is at
tached to the piston or to its rod, and the other 
to the top of the casing. The indicator piston 
is pressed from below by the steam, and from 
above by the atmosphere. When the pressure lis 18. 

JI 

of the steam is equal to that of the atmosphere, • 
the spring retains its unstrained length, and the piston its original 
position. When the pressure of the steam exceeds that of the 
atmosphere, the piston is driven outwards, and the spring com· 
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pressed; when the pressure of the steam is less than that or the 
atmosphere, the piston is driven inwards, and the spring extended. 
The compression or extension of the spring indicates the difference, 
upward or downward, between the pressure of the steam and that 
of the atmosphere. 

A short arm C projecting from the indicator piston rod carries at 
one side a pointer D, which shows the pressure on a scale whose 
zero denotes the pre81J1JlrtJ of eM aIImoBp~, and which is graduated 
into polmda on the square inch both upwards and downwards 
rrom that zero. At the other side, the short arm has a longer arm 
jointed to it, carrying a pencil E. 

F is a brass drum, which rotates backward and rorward about a 
vertical axis, and which, when about to be used, is covered with a 
piece of paper called a "card." It is alternately pulled round in 
one direction by the cord H, which wraps on the pulley G, and 
pulled back to ita original position by a spring contained within 
itself. The cord H is to be connected with the mechanism of the 
steam engine in any convenient manner which shall insure that 
the velocity of rotation of the drum shall at every instant bear a 
constant ratio to that of the steam engine piston: the back and 
forward motion of the surface of the drum representing that of the 
steam engine piston on a reduced scale. This having been done, 
and before opening the cock K, the pencil is to be placed in con
tact with the drum during a few strokes, when it will mark on the 
card a line which, when the card is afterwards Sl)read out 1la.t, 
becomes a straight line. This line, whose position indicates the 
pressure of the atmosphere, is called the atmoBpMrW line. In fig. 
17, it is represented by A A. . 

Thell the cock K is opened, and the pencil moving up and down 
c with the variations of the pressure 

A 

o 

of the steam, traces on the card 
during each complete or double 
stroke a curve such as BCD E B. 
The ordinates drawn to that curve 
from any point in the atmospheric 
line, such as H K and H G, indi
cate the differences between the 

:r pressure of the steam and the at-
Fi 17 moapheric pressure at the corre-

Ig. • aponding point of the motion of the 
piston. The ordinates of the part BCD E represent the pres
sures of the steam during the forward stroke, when it is driving 
the piston; those of the part E B represent the pressures of the 
steam when the piston is expelling it from the cylinder. 

To found exact investigations on the indicator diagrams or steam 
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engines, the atmospheric pressure at the time of the experiment 
ought to be ascertained by means of a barometer; but this is gene
rally omitted; in which case the atmospheric pressure may be 
a.ssumed at its mean value, being 14'7 lbs. on the square inch, or 
2116'4 lbs. on the square foot, at and near the level of the sea. 

Let A 0 = H F be ordinates representing the pressure of thc 
atmosphere. Then 0 F V parallel to A A, is the ahsolute or t'I"I.UJ 
zero line of the diagram, corresponding to no pr688Urej and ordi
nates drawn to the curve from that line represent the absolute 
intensities of the pressure of the steam. Let 0 Band L E be ordi
nates touching the ends of the diagram; then 

o L represents the 'OOlwme traversed by the piston at each single 
stroke ( = 8 A, where 8 is the length of the stroke and A the area 
of the piston); 

The area. 0 BCD E L 0 represents the energy exerted by thc 
steam on the piston during the forward stroke; 

The area. 0 BEL 0 represents the work lost in expelling the 
steam during the back stroke; 

The area BCD E B, being the difference of the above areas, re
presents the effectiw work of the steam on the piston, during the 
complete stroke. 

Those areas can be found by the method explained in Article 11 A. 

The meanjoncard pr688U're, the mean back pr688Ure, and the mean eJf-* preB8'IJII'e, are found by dividing those three areas respec
tively by the volume 8 A, which is represented by 0 L. 

Those mean pressures, however, can be found by a direct process, 
without first.measuring the areas, viz. :-

Divide the length of the diagram 0 L into any convenient num
ber, n, of equal parts (the usual number is ten), and measure the 
ordinates at the two ends and the n -1 points of division; so that 
ordinates are measured from n + 1 equi-distant points in 0 L. 

Let Po be the first, Pa the last, and Ph p., &c., ·the intermediate 
ordinates of the upper curve C DE; let p'o be the first, P'. the last, 
and Ph Ps. &c., the intermediate ordinates of the lower curve 
E G B; let P. denote the mean forward pressure, P' .. the mean 
back pressure, and P. _p'. the mean effective pressure. Then 

p. = ~ ((P: !p~ + PI + PI + &c.)); '1' 
P'.=-;;" Po 2Pa+rll+p'2+&c.; , (1.) 

, 1 (Po+Pa Po+p'. ) P.-P.=; ~+Pl+P2+&c.·"--2--Pl-P2-&C .. 

E 
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It is obvious that the mean effective pressure may be computed 
at once irrespectively of the forward and back pressures, and of the 
true zero line, simply by measuring a series of equi-distant breadtJlI1 
of the diagram perpendicular to A A, such 88 G K; the mean of 
which breadths represents the mean effective pressure. That is, let 
ho be the first, h. the last, and b), h21 &c., the intermediate breadths; 
then 

p. -:[I. =~ eo;h,!+ h) +b2 +&O.). ............ (2.) 

The effective energy exerted by the steam on the piston during 
each double stroke is the product of the mean effective pressure, 
the area of the piston, and the length of stroke, or 

(P. -:[I.) A8 ; ......••..•.........••.•.. (3.) 

and if N be the number of double strokes in a minute, the indicatetl 
power infoot-pounds per 'minute iii 

(p.-:[I.) AN 8 j ••••..•••••••••.•••••••. (4.) 

from which the indicated Mr8e-power is found by dividing by 
33,060. 

In a no •• 1e Aedq .... _ the steam acts alternately on either 
side of the piston; and to measure the power accurately, two indi
cators should be used at the same time, communicating respectively 
with the two ends of the cylinder. Thus a pair of diagrams will 
be obtained, one representing the action of the steam.on each face 
of the piston. The mean effective prel'lSure is to be found as a.bove 
for each diagram !leparately, and then, if the areas of the two faces 
of the piston are sensibly equal, the mean oftlwse two retfIIlt8 is to 
be taken 8.'J the general meo;n effective p7'6IJ8'IIIrej which being multi
plied by the area of the piston, the length of stroke, and twice the 
number of double strokes or revolutions in a minute, gives the 
indicated power per minute; that is to say, if p. denotes the gene
ral mean effective pressure, the indicated power per minute is 

p. A . 2 N B •••••••••• •••••••••••••••••• (5.) 

If the two faces of the piston are sensibly of unequai areas 
(as in "trunk engines "), the indicated power is to be computed 
separately for each face, and the result.s added together. 

If there are two or more cylinders, the quantities of power 
indicated by their respective diagrams are to be added together. 

The following is an example from a double cylinder, double act
ing engine :-
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Bmwmm OF DIAOLUl8, MBAsutum BY A ScALE RBPUBBNTL'm 

POlJlO)8 ON TB.B SQUAD INCB. 

fa= Xo. 

FIRST CYLINDER. SECOND CYLINDER. 

TOP, 1IOTrOK. 'fOP, IIOTTOJI, 
~ 

be . 27 36 x6'o 12'4 
hlO • 13 12 2'0 3'8 

Sum, , 4P 48 x8'o 16'2 

Half sum, 20 24 9'0 8'1 

h. , , , 83 97 10'5 xo'8 
b, 9x 96 8'5 9'0 
h. , , 9x 84 7'5 8'0 
h, , , 64 64 7'0 7'x 
h, . 57 57 6'6 6'7· 
b. , 53 46 6'2 6'0 
br , , , , , 42 40 6'0 5'6 
b8 , 35 32 5'x 5'4 
b, 22 22 4'5 5'0 

Sum, , , , 558 562 70 '9 71'7 

I : 
Sum .;- x 0 = mean eft: pres. 55'8 56'2 7'09 7'17 

, . , • . 
Mean oCtop and bottom, 56'0 7"3 
X Area. of piston, sq, ins. , 345 1380 -- ---
Mean effort, in lbs., 19320 9839'4 
X Stroke, in feet, 2ll 

262'5 262'5 X, revolutions per f 
~ute. 52l, X 2 = 

Indicated power, in ft.- } 
5071500 2582842'5 I 

lbs. per minute, I 
, . I 

• : 
Total indic. power, in ft.-Ibs. per min., 7654342 '5 

I -;- 33000 = indicated horse-power, 232 
I 
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The-inertia of the moving parts of the indicator, combined with 
the elasticity of the spring, cause oscillations of its piston above 
'and below the curve which would accurately represent the pres
sures; but the errors which those oscillations produce in the indi
cation of the pressures at particular instants, being alternately 
upward and downward, neutralize each other, and do not in the 
least affect the indicated power, nor the mean effective pressure. 

The friction of the moving parts of the indicator tends on the 
whole to make the indicated power and indicated mean effective 
pressure less than the truth, but to what extent is uncertain. 

Every indicator should have the accuracy of the graduation of 
its scale of pressures frequently tested by comparison with a stan
dard pressure gauge. 

The conclusions to be drawn from the figures of indicator 
diagrams will be treated of in the part of this treatise which 
relates l:lpecially to the steam engine. 

44. I ... ____ .. er .Appuead._-The indicator may obviously 
be used for measuring the energy exerted by any fluid, whether 
liquid or gaseous, in driving a piston; or the work performed by a. 
pump, in lifting, propelling, or compressing any fluid. 

SECTION 5.-Of Brakes. 

45 . ...... D ...... _ • ., ...... -The contrivances here com
prehended under the general title of Brakes are those by means of 
which friction, whether exercised amongst solid or fluid particles, 
is purposely opposed to the motion of a machine, in order either to 
stop it, to retard it, or to employ superfluous energy during uniform 
motion. The use of a brake involves waste of energy, which is in 
itself an evil, and is not to be incurred unless it is necessary to con
venience or safety. 

Brakes may be classed as follows:-
I. Bleck brakes, in which one solid body is simply pressed against 

another, on which it rubs. 
II. Flexible lwakea, which embrace the periphery of a drum or 

pulley (as in Prony's dynamometer, Article 39). 
III. Pump lwakea, in which the resistance employed is the fric

tion amongst the particles of a. fluid forced through a narrow 
passage. 

IV. Fan lwakea, in which the resistance employed is that of !\ 
fluid to a fan rotating in it. 

46 . .Aed ••• ,. ."'N'" Ge. __ .-The work disposed of by a 
brake in a given time is the product of the resistance which it I'ro
duces into the distance through which that resistance is overcome 
in a given time. 
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To Btop a machine, the brake must employ work to the amount 
of the whole actual energy of the machine, as already stated in 
Article 34. To retard a machine, the brake must employ work to 
an amount equal to the difference between the actual energies of 
the machine at the greater and less velocities l'e8}lCCtively. 

To dispos! 0/ mrplm tmergy, the bl'ake must employ work equal 
to that energy; that is, the resistance caused by the brake must 
balance the surplus effort to which the surplus energy is due; so 
that if n is the ratio which the velocity of rubbing of the brake 
bears to the velocity of the driving point, P the BUrplUB effort at 
the driving point, and R t.he resistance of the brake, we ought to 
have--

R = ~ .............. : ................ (1.) 
n 

It is obviously better, when practicable, to store surplus ellergy, 
or to prevent its exertion, than to dispose of it by means of a 
brake. 

When the action of a brake composed of solid material is 
continuous, a stream of water must be supplied to the rubbing 
surfaces, to abstract the heat that is produced by the friction, 
according to the law stated in Article 13. 

47. Bleck BNIl_-When the motion of a machine is to be 
controlled by pressing a block of solid material against the rim of a 
rotating drum, it is advisable, ina.'IlD.uch lUI it is easier to renew the 
rubbing surface of the block than that of the drum, that the drum 
should be of the harder and the block of the softer material-the 
drum, for example, being of iron and the block of wood. The best 
kinds of wood for this purpose are those which have considerable 
strength to resist crushing, such as elm, oak, and beech. The wood 
forms a facing to a frame of iron, and can be renewed when worn. 

When the brake is pressed against the rotating drum, the direc
tion of the pressure between them is obliquely opposed to the 
motion of the drum so as to make an angle with the radius of the 
drum equal to the a,ngk 0/ repo88 of the rubbing surfaces (denoted 
by ~; see Article 13). l'he component of that oblique pressure in 
the direction of a tangent to the rim of the drum is the friction 
(R); the component perpendicular to the rim of the drum is the 
normal pressure (Q) required in order to produce that friction, and 
is given by the equation-

R 
Q = I ; .............................. (1.) 

/being the co-efficient of friction, and the proper value of R being 
determined by the principles stated in Article 4~. . 
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It is in general desirable that the brake should be capable of 
effecting its purpose when pressed against the drum by means of 
the strength of one man, pulling or pushing a handle with one 
hand or one foot. As the required normal pressure Q is usually 
considerably greater than the force which one man can exert, a 
lever, or screw, or a train of levers, screws, or other convenient 
mechanism must be interposed between the brake block and the 
handle, so that when the block is moved towards the drum, the 
handle shall move at JeaRt through a distance as many- times 
greater than the distance by which the block dVrectlyapproaches 
the drum, as the required normal piessure is greater than the force 
which the man can exert. 

Although a man may be able occasionally to exert with one 
hand a force of 100 lbs. or 150 lbs. for a short time, it is desirable 
that, in working a brake, he should not be required to exert a 
force greater than he can keep up for a. considerable time, and 
exert repeatedly in the course of a day, without fatigue-that is to 
say, about 20 lbs. or 25 Ibs. 

48. The BI'IIk .. oC., .......... are usually of the class just de
scribed, and are applied either to the wheels themselves or to 
drums rotating along with the wheels. Their effect is to stop or to 
retard the rotation of the wheels, and make them slip instead of 
rolling on the road or railway. The resistance to the motion of a. 
carriage which is caused by its brake may be leSB but cannot be 
greater than the friction of the stopped or retarded wheels on the 
road or rails under the load which. rests on those wheels. The 
distance which a carriage or train of carriages will run on a level 
line during the action of the brakes before stopping is found by 
dividing the actual energy of the moving maSB before the brakes 
are applied by the sum of the ordinary resistance and of the addi
tional resistance caused by the bmkes; in other words, that dis
tance is as many times greater than the height due to the speed as 
the weight of the moving mass is greater than the total resistance. 

The ,kid or Blipper drD1l, being placed under a wheel of a carriage, 
causes a resistance due to the friction of the skid upon the road or 
rail under the load that rests on the wheel. 

49. "'eldMe Bnlka (A. M., 618).-A lI.exible brake embraces a 
greater or leSB arc of the rim of a drum or pulley, whose motion it 
resists. In some cases it consists of an iron strap, of a radius 
naturally a little greater than that of the drum; 80 that when left 
ti'ee, the strap remains out of contact with the drum, and does not 
resist its motion; but when tension is applied to the ends of the 
strap, it clasps the drum, and produces the required friction. The 
rim of the drum may be either of iron or of wood. In other cases, 
the brake consistrt of a chain, or jointed series of iron bars, uBUally 
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with wooden blocks on the 
applied ends of the the blocks 

produce friction when that tension is removed, blocks 
back from drum by springs to which they are attachL-d, 

and the friction ceases. 
The following formullll are exact for perfectly flexible continuous 

bands, and approximate for elastic straps and for chains of blocks. 
their demonstration, the is referred treatises 

mechanics. 
18, let be the and C its and let 

direction of rotation of the drum indicated 
by the arrow. Let Tl and T2 represent the 
tensions at the two ends of the strap, which 
p.mhnlli'.- the the drum throughout the 

The Tl exceeds the tension 
by amount equal to the between 
strap and drum, R; that is, 

R = T1-T2' 

Let c denote the ratio which the 
to circum/t'fI'tmc(J drum ; 

ee-efficient friction between the strap 
; then ratio T 1 : 'f q is nUlm!Jt'fI' 

w/w8e common logarithm is 2'728tl/c, or FIg.18. 

Tt _ 102'7288/ c - N . (1 ) T - - , ... ~~~~",,*,,"$........' 
2 

number to be the following 
for finding tensions required order to pro· 

duce a given resistance R:-

Backward or greatest tension, T 1 = R . N ~ 1 ;. u ............ (2.) 

Forward or 
I 

R· N _ I ...... ·,. ...... · 

The following cases occur in practice:-
I. When it is desired to produce a great resistance compared 

/orctJ to eke brake, backward of the brake, 
the T1, is to he fixed to the framework of 

machinery, and forward end moved by of a lever 
other suitable mechanism; when the force to he applied by means 
of that mechanism will be T2, which, by making N sufficiently 
great, may be made small as compared with R. 
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II. When it is desired that tll.6 '1'e8iatance shall olUJaY' be less than 
a ~in given /urce, the forward end of the brake is to be fixed, 
and the backward end pulled with a force not exceeding the given 
force. This will be T 1; and, as the equation 2 shows, how great 
soever N may be, R will always be less than. Tt • This is the 
principle of the brake applied by Professor William Thomson, to 
apparatus for paying out submarine telegraph cables, with a view 
to limiting the resistance within the amount which the cable can 
safely bear. 

In any case in which it is desired to give a great value to the 
ratio N, the flexible br.ure may be coiled spirally round the drum, 
I!O as to make the arc of contact greater than one circumference. 

50 . .... p BI'IIk_-The resistance of a fluid, forced by a pump 
through a narrow orifice, may be used to dispose of superfluous 
energy. 

The energy which is expended in forc~ a given weight of fluid 
through an orifice is found by multiplying that weight into the 
height due to the greatest velocity which its particles acquire in 
that process, and into a factor greater than unity, which for each 
kind of orifice is determined experimentally, and whose excess 
above unity expresses the proportion which the energy eXpended in 
overcoming the friction between the fluid and the orifice bears to 
the energy expended in giving velocity to the fluid. 

The following are some of the values of that factor, which will be 
denoted by 1 + F :-

For an orifice in a thin plate, 1 + F = 1·054 •••.••••••..•..... (1.) 

For n. straight nniform pipe of the length I, and whose ltydra'lllic 
mean depth, that is, the area. divided by the circumference of its 
cross-section, is m, 

1 + F = H;05 + /1 ...................... (2.) 
m 

For cylindrical pipes, m is one-fourth of the diameter. 
The factor 1 in the last formula is called the co-ejficient ollriction 

of the fluid. For water in iron pipes, the velocity" being expressed 
in feet per second, its value, according to W eisbach, is 

0'0043 1 = 0'0036 + --==- ; .................... (3.) 
Jv 

For air, 1 = 0'006 nea.rly ........................ (4.) 

The greatest velocity of the fluid particles is found by dividing 
the volume of fluid discharged in a. second by the area. of the outlet 
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at its most contracted part. When the outlet is a cylindrical 
pipe, the sectional area of that pipe may be employed in this 
calculation; but when it is an orifice in a thin plate, there is a 
otmWacted mn of the issuing stream after passing the orifice, whose 
area. is on an average about 0·62 of the area of the orifice itself; 
and that contracted area. is to be employed in computing the 
velocity. Its ratio to the area of the orifice in the plate is called 
the co-e.flicifnU of cuntrtu:tion. 

The computation of the energy expended in forcing a given 
quantity of a given fluid in a given time through a given outlet, is 
expressed symbolically as follows :-

Let V be the volume of fluid forced through, in cubic feet per 
8«:O'1Id. 

D, the density, or weight of a cubic foot, in poundB. 
A, the area of the orifice, in aqua;re feee. 
e, the co-effi.cient of contraction. 
t1, the velocity of outflow, infeet pM' 1J6CO'1I,(/,. 
B, the resistance overcome by the piston of the pump in driving 

the water, in p01Jl1ul8. . 

u, the velocity of that piston, in feet per IJ6CO'1lI:l. 
Then 

V 
" = c A ; ........................... (5.) 

and 
v2 

R u = D V (1 + F) -2 ; .••••••••••••••••• (6.) 
. g 

the factor 1 + F being computed by means of the formulm 1, 2, 3, 4. 
To find the intensity of the pressure (P) within the pump, it is to 

be observed, as in Article 6, that if .A: denotes the area of the 
piston, 

consequently, 
V = A' U; R = p .A:; ..................... (7.) 

R v2 
P = A: = D (1 + F) . 2 g ; ................ (8.) 

that is, the i1llen8ity of eM pl't!881JII'6 is that due to eM weight, of a 
urtical column of eM jluid, whoae Might is greater tlwm, that due to 
th6 fJelocily of O'I.djlow in eM ratio 1 + F : 1. 

To allow for the friction of the piston, about ()'M-tenth may in 
general be added to the result given by equation 6. 

The piston and pump have been spoken of as single; and such 
may be the case when the Telocity of the piston is uniform. When 
a piston, however, is driven by a crank on a shaft rotating at an· 
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uniform speed, its velocity varies; and when a pump brake is to be 
applied to such a shaft, it is necessary, in order to give a sufficiently 
near approximation to an uniform velocity of outflow, that there 
should be at least, either three single acting pumps, driven by three 
cranks making with each other angles of l20°, or a pair of double 
acting pumps, driven by a pair of cranks at right angles to each 
other; and the result will be better if the pumps force the fluid 
into one common air vessel before it arrives at the resisting 
orifice. 

That orifice may be provided with a valve, by means of which its 
area can be adjusted, so as to cause any required resistance. 

A pump brake of a simple kind is exemplified in the apparatus 
called the" cataract," for regulating the opening of the steam valve 
in single acting steam engines. It will be more fully described 
nuder the head of those engines. * 

iiI. Pa. BI'IIk_-A fan, or wheel with vanes, revolving in 
water, oil, or air, may be used to dispose of surplus energy; and 
the resistance which it causes may be rendered to a certain extent 
adjustable at will, by making the vanes so as to be capable of being 
set at different angles with their direction of motion, or at different 
distances from their axis. 

Fan brakes are applied to various machines, and are usually 
adjusted so as to produce the requisite resistance by trial. It is, 
indeed, by trial only that a final and exact adjustment can be 
effected; but trouble and expense may be saved by making, in the 
first place, an approximate adaptation of the fan to its purpose by 
calculation. 

The following formule are the rellUlts of the experiments of 
Duchemin, and are approved of by Poncelet in his Mecanique 
I ndustri.elle. 

For a thin flat vane, whose plane traverses its axis of rotation, let 
A denote the area of the vane; 
I, the distance of its centre of gravity from the axis of rotation ; 
B, the distance from the centre of gravity of the entire vane, to 

the centre of gravity of that half of it which lies nearest the axis of 
rotation; 

t1, the velocity of the centre of gravity of the vane ( = a I, if a is 
the angular velocity of rotation); 

D, the density of the fluid in which it moves ; 
R I, the moment of resistance ; 
k, a co-efficient, whose value is given by the formula 

• Pump brakes have been applied to railway carriages by Mr. Laurence HDL Iu 
1855, it was proposed by Mr. Johu Thomson and the author to apply them to the 
paying-out apparatus of telegraph cablel!; but that proposal has not .ret been practi

. cally tried. 
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Ie ::. 1'254 + 1'6244 lJ A ; .••....•••••••••• (1.) 
-B 

then 
v-

R l = l k D A . 2 g" •••••••.••••••••••••• (2.) 

When the vane is oblique to its direction of motion, let, denote 
the acute angle which its surface makes with that direction; then 
the result of equation 2 is to be multiplied by 

2 sin!, 
1 + sin! i .... · ...... · .......... · ..... (3.) 

It appears that the resistance of a fan with several vanes increases 
nearly in proportion to the number of vanes, so long as their dis
tances apart are not less at any point than their lengths. Beyond 
that limit the law is uncertain. 

SECTION 6.-Of Fly Wheels. 

52. • ..... _. Pl._I ••• oC I!JpeN in a machine (..4. M., 689) 
are caused by the alternate excess and deficiency of the energy 
exerted above the work performed in overcoming resisting forces, 
which produce IUl alternate increase and diminution of actual 
energy, according to the law explained in Article 30. 

To determine the greatest fluctuations of speed in a machine 
moving periodically, take ABC, in fig. 19, G K 

to represent the motion of the driving point ffiE yo 
during one period; let the effort P of the H I 

prime mover at each instant be represented by· 
the ordinate of the curve D GEl F; and let 
the sum of the resistances, reduced to the .A. • B C 

driving point 11.8 in Article 9, at each instant, FIg. 19. 
be denoted by R, and represented by the ordinate of the curve 
D H E K F, which cuts the former curve at the ordinates AD, 
BE, C F. Then the integral- . 

!(p-R) dB, 

being taken for any part of the motion, gives the excess or defi
ciency of energy, according as it is positive or negative. For the 
entire period ABC this integral is nothing. For A B, it denotes 
an e:ue8B of energy received, repreRented by the area D G E H; and 
for B C, an equal e:x:ceBB of 'llXYf'k performed, represented by the equal 
area E K F L Let those equal quantities be each represented by 

Digitized by Google 



60 INTRODUCTION, 

~ Then the actual energy of the machine attains a maximum 
value at B, and a minimum value at A and and ~ is thc 
difference of those values. 

Now let '110 be the mean VI the greatest velocity, '112 the 
least velocity of the driving point, and ~ . n2 W the reduced inertia 
of the machine (see Article 15); then 

#, ": 
2g 

A ; ......... "" ...... (1.) 

which, being divided by the mean actual energy-

= Eo, 

gives 
~E 
Eo ; ... " .................. " .(2.) 

and observing that '110 = ('Ill t'2) 2, find 

a ratio which may be eaned the co-efficient oj jluduation of speed 
of unsteadiness. 

The ratio the periodical excess and defieiency of energy ~ 

to the whole energy exerted in one period or revolution, J P d 8, 

has been determined by General Morin for steam engines under 

various circumstances, and found to from 1 to 1 for single 

cylinder engines. For pair of engines driving the same shaft, 
with cranks at right angles to each other, the value of this ratio 
about one-fourth, and fer three engines with cranks at 120°, one
twelfth of its value for single cylinder cngines. 

The following tahle of the ratio E f P d s for one revolution 

of steam engines of different kinds is extr-.wtcd and condensed from 
General Morin's works 

NON-EXPANSIVE ENGINES. 

Length of connecting rod 
--'Length of crank--

ds 

co 

'1°5 

6 5 4 

18 



FLY WHEELS. (il 

ExPAliSIVE CONDElmNG ENGINES. 

Connecting rod = crank X 5. 

Fraction of stroke at} I I 

which steam is cut oft· - 6 "8 3 4 5 7 

AE + JPds - '163 '173 '178 '184 '189 '191 

ExPANSIVE NON-CONDENSlNG ENGINFB. 

Steam cut oft' at 
I 

2 

A E + JPds = '160 

I 

3 
'186 

4 

'2°9 
5 

'23 2 

For double cylinder expansive engines, the value of the ratio 

A.E + J P d s may be taken 88 equal to that for single cylinder 

non-expansive engines. 
For tools WO'I'lcing at intert:ala, such as punching, slotting, and 

plate-cutting machines, coining presses, &c., A E is nearly equal to 
the whole work performed at each operation. 

53. Wly Wlleel. (.4. M., 690).-A fly wheel is a wheel with a 
heavy rim, whose great moment of inertia being comprehended in 
the reduced moment of inertia of a machine, reduces the co-efficient 

of fluctuation of speed to a certain fixed amount, being about ;~ for 

ordiDary machinery, and 5~ or 6~ for machinery for fine purposes. 

Let .!. be the intended value of the co-efficient of fluctuation of 
m 

speed, and A E, as before, the fluctuation of energy. If this ill to 
be provided for by the moment of inertia I of the By wheel alone, 
let IJo be its mean angular velocity j then equation 3 of Article 52 
is equivalent to the following;-

1 gAE. m = ~i- , ........................... (1.) 

1= mgAE ; ........................... (2.} 
a: 

the second of which equations gives the requisite moment of inertia 
of the fly wheeL 

The fluctuation of energy may arise either from variations in the 
effort exerted by the prime mover, or from variations in the resist
ance, or from both those causes combined. When but one fly 
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wheel is used, it should be placed in as direct connection as poBBible 
with that part of the mechanism where the greatest amount of the 
fluctuation originates; but w hen it originates at two or more points, 
it is best to have a fly wheel in connection with each of those points. 

For example, let there be a steam engine which drives a shaft; 
that traverses a workshop, having at intervals upon it pulleys for 
driving variOll8 machine tools. The steam engine should have a 
fly wheel of its own, as near as practicable to its crank, adapted to 
that value of A E which is due to the fluctuations of the effort 
applied to the crank-pin above and below the mean value of that 
effort, and which may be computed by the aid of General Morin's 
tabletl, quoted in Article 52; and each machine tool should also 
have a fly wheel, adapted to a value of A E equal to the whole 
work performed by the tool at one operation. 

As the rim of a fly wheel is ll8ually heavy in comparison with 
the arms, it is often sufficiently accurate for practical purposes to 
take the moment of inertia as simply equal to the weight of the 
rim multiplied by the square of the mean between its outside and 
inside radii, a calculatioa which may be expressed thus;-

1= Wrj ............................ (3.} 

whence the weight of the rim is given by the formula-
mgAE mgAE o· 

W = a:r = ~, ................... (4.) 

if v' be the velocity of the rim of the lIy wheel 
The usual mean radius of the fly wheel in steam engines is from 

thrt!6 to five times the length of' the crank. 
The ordinary values of the product m g, the unit of time being 

the second, lie between 1,000 and 2,000 feet. 
The fly wheel of a steam engine is often itself a pulley, used to 

trallilmit motion to machinery by means of a bel t. 

SECTION 7.-0/ Regulators and GO'IJe'I'n07'8 in General, (A. M., 693). 

54:. The ....... r of a prime mover is some piece of apparatus 
by which the rate at which it receives energy from the source of 
energy can be varied; such as the sluice or valve which adj\l8ts the 
size of the orifice for supplying water to a water wheel, the appara
tus for va.rying the surface exposed to the wind by wind-mill sails, 
the throttle valve which adjusttl the opening of the steam pipe of a 
steam engine, and the damper which controls the supply of air to 
its furnace. In prime movers whose speed and power have to be 
varied at will, such as locomotive engines, and winding engines for 
mines, the regula.tor is adjusted by ha.nd. 
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OOVERNORS IN GENERAL. 63 

55. PeHId_ 0.. ... _ In other cases, the regulator is ad
justed by means of a self-acting apparatus called a governor. 

In the most ordinary governors, the principal part of the 
apparatus consists of a pair or set of equal and similar revolving 
pendulums (see Article 19) turning about one vertical axis, and 
driven by a train of mechanilllD which causes their angular velocity 
of revolution to bear a fixed ratio to the velocity of the prime 
mover. The rods of the pendulums place themselves at an angle 
with the vertical axis, such that the common height of the pendulums 
(B C, fig. 7, Article 19) is that corresponding to the number of 
tums in a second, as given by equation 2 of that Article. Conse-
quently, in a given governor, the cosine of that angle, B (j .;- b A, 
varies inversely as the square root of the speed. The regulator 
must be 80 adjusted, as to be in the proper position for supplying 
the propel' amount of power when the pendulum rods are at tho 
angle of inclination corresponding to the proper speed of the 
machine. When the speed deviates above or below that amount, 
the outward or inward motion of the pendulum rods acts on the 
regulator 80 as to open it when the speed is too low, and close it 
when the speed is too high, either directly through levers and 
linkwork, as in Watt's steam engine governor, or by throwing into 
gearing with a revolving bevel wheel, one or other of a pair of 
bevel wheels which move the regulator opposite ways, as in water 
wheel governors, or by means of epicyclic gearing moving the 
regulator in a direction and with a velocity depending on the 
difference between the velocity of a wheel driven with a speed 
varying with that of the engine, and a wheel rotating with a con
stant speed along with the set of pendulums, as in Mr. Siemens's 
governor. 

56. .....H11 G ......... -Mr. Silver's governor consists of a 
pair of rotating pendulums, each suspended by its centre of gravity 
from their common axis, to which a pair of springs tend to place 
them paralleL When made to rotate, the pendulums diverge from 
the axis until the centrifugal couple of each (Article 22) balances 
the statical moment of the force exerted by the spring. This 
governor is useful for marine engines, because of its action being 
independent of the direction of its axl.'J, and of the force of gravity. 

57. 1.1'_ G ... _..... Mr. Hick, Mr. G. H. Smith, and others, 
have invented governors in which the greater or less resistance of 
air or of some liquid to the motion of 0. fan driven by the prime 
mover, canses the adjustment of the opening of the regulator. 

The details of regulators and governors vary 80 much with the 
kind of prime mover to which they are applied, that they can be 
described in connection with special prime movers only. 
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SECTION 8.-Sum'lMl1'Y of the Principia of the Strength of Macl,i'llU. 
58. N • ....., ••• DI .... _ .r .... 8aItJ_ (A. M., 2(4).-The 

present section contains a very brief summary of the application of 
the principles of the strength of materials to the most simple ques
tions which arise in designing machines. The rules are . gi\'"en 
without demonstration, in 8.8 small compass as possible, in order to 
88.ve the nece88ity of referring, in ordinary cases, to more bulky 
treatises; and are almost all abstracted and abridged from a treatise 
on ApplWl Mec/uJ,niclJ, Part II., Chapter III. 

The Wad, or combination of external forces, which is applied to 
any piece, moving or fixed, in a machine, produces Btreu amongst 
the particles of that piece, being the combination of forces which 
they exert in resisting the tendency of the load to disfigure and 
break the piece, which is accompanied by strain, or alteration of 
the volumes and figures of the whole piece, and of each of its par
ticles. If the load is continua.lly increased, it at length produces 
either fracture, or (if the material is very tough and ductile) such a 
disfigurement of the piece 8.8 is practically equivalent to fracture, by 
rendering the piece useless. 

The 111~ .. 8creqt1t of a body is the load requiI-ed to produce 
fracture in some specified way. The PRer 1!IIre .... is the load 
required to produce the greatest strain of a. specific kind consistent 
with wety; that is, with the retention of the strength of the 
material unimpaired. A load exceeding the proof strength of the 
body, although it may not produce instant fracture, produces 
fracture eventually by long-continued application and frequent 
repetition. 

The Wedd •• L ... on each piece of a machine is made less than 
the proof strength in a certain ratio determined by practical 
experience, in order to provide for unforeseen contingencies. 

Each solid has 8.8 many different kinds of strength as there are 
different ways in which it can be strained or broken, 8.8 shown in 
the following classification ;-

StrahL Fracture. 
Lo 'tudi I {Extension ...... Tearing. 

ngJ. na ........ Compre88ion •••••• Crushing. 

f Distortion ••.••• Shearing. 
Transverse ........... l Twisting •••... Wrenching. 

Bending •••... Brea.king across. 

59. (A. M., 247.) P.ee .... ar l!Iaf"ea, are of three kinds, viz. :
the ratio in which the ultimaJe 8trength exceeds the proof strength, 
the ratio in which the ultimate strength exceeds the wor!";'ng load, 
and the ratio in which the proof Itrength exceeds the working load. 
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The following table gives examples of the values of those factOl"!4 
which occur in machines:-

IDL I&nDgtb.I IDL 1treagth.1 proof' a&reagth. 

Proof ItrIDgth •. Working load. I Workiag load. 
Steel and wrought iron,....... 2 I. to 6 2 to_3 
Wroughll iron boilers, ......... 2 6 3 
~tiron, ........................ 2to316to8 I 2to3 
Timber; average,............... 3 10 I 3~ 
Stone and brick,.. ...... .........:3 8 I • 

Almost all the experiments hitherto made on the strength uf 
materials give the tdl.imate tJtf'm!PI, only. In using those data for 
the designing of structures and machines, the most convenient pro
cess of calculation is to multiply the intended tIJOf'king load of It 
piece by the proper factor, 80 as to find the brtaking load, and to 
make the ultimate strength of the piece equal to that breaking l08d. 

60. The .... ,. or T ..... by experiment of the strength of 1\ 

piece of material is to be conducted in two different ways, acconl
ing to the object in view. 

L If the piece is to be a~ VMCl, the testing load must bt· 
so limited that there shall be no possibility of its impairing thl" 
strength of the piece; that is, it must not exceed the proof strength, 
being from one-third to one-half of the ultimate strength. About 
double of the working 10lid is in general sufficient. Cilre should 
be taken to avoid vibrations and shocks when the testing load 
approaches near to the proof strength. 

IL If the piece is to be aat:tific«l for the sake of ascertaining thl'" 
strength of the material, the load is to be increased by degreeH 
until the piece breaks, care being taken, especially when the break
ing point is approached, to increaae the load by small quantities at, 
a time, 80 as to get a sufficiently precise result. 

The proof tJtrmgt1 requires much more time and trouble for itK 
determination than the ultimate strength. One mode of approxi
mating to the proof strength of a piece is to apply a moderate l08d 
and remove it, apply the same load again and remove it, two or 
three times in succession, obeerving at each time of application of 
the load, the Btrain or alteration of figure of the piece when loaded, 
by stretching, compression, -bending, distortion, or twisting, as thf' 
case may be. If that alteration does not aensiblll inm"ea8tl by re
peated applications of the same load, the load is within the limit 
of proof strengtb. The effects of a greater and a greater load being 
successively tetIted in the same way, a load will at length be 
reached whose successive applications produce increasing disfigul't'
menta of the piece; and this load will be greater than the proof 

F 
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66 1:!o"TRODUCl'ION. 

IItrength, which will lie between the last load and the last load but 
one in the series of experiments. 

It was formerly supposed that the production of a set, that is, a 
disfigurement which continues after the removal of the load, was a 
test of the proof strength being exceeded; but Mr. Hodgkinson 
showed that supposition to be erroneous, by proving that in 
most materials a set is produced by almost any load, how small 
soever. 

The strength of bars and beams to resist breaking across, and of 
axles to resist twisting, can be tested by the application of known 
weights either directly or through a lever. 

To test the tenacity of rods, chains, and ropes, and the resist
ance of pillars to crushing, more powerful and complex mechanism 
is required. The apparatull most commonly employed is the 
hydraulic press. In computing the stress which it produces, no 
reliance ought to be placed on the load on the safety valve, or on 
II. weight hung to the pump handle, lioii indicating the intensity of 
the pressure, which should be ascertained by means of Bourdon's 
gauge. This remark applies also to the proving of boilers by 
water pressure. 

From experiments made by MelI8l'8. More of Glasgow, and by 
the Author, it appears, that in experiments on the tension and 
compression of bars, about one-tenth should be ckduct«l from the 
pressure in the hydraulic press for the friction of the press plunger. 

The measurement of tension and compression by means of the 
hydraulic press is but a. rough approxima.tion at the best. It may 
be sufficient for an immediate practical purpose; but for the exact 
determination of general laws, although the load may be applied 
at one end of the piece to be tested by means of a hydraulic press, 
it ought to be resisted and measured at the other end by means of 
a combination of levers such as that used at Woolwich Dockyard, 
and described by Mr. Barlow. 

61. T-U,. (..4. M., 265, 268, 269).-The ultimate strength 
or breaking loaa of a bar exposed to direct and uniform tension is 
the product of the area of cross-section of the bar into the tenacity 
of the material. Therefore, let 

P denote the breaking load, in pounds ; 
8 the area of section, in square inches ; 
/ the tenacity, in pounds on the square inch; then 

p 
P =/8; S = 7 ....................... (1.) 

The following are some of the most useful values of the tenacity 
of materials used in machinery, in lbs. on the square inch :-
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METALS. 

Bronze or gun metal (copper 8, tin I), ............... 36,000 
Copper, cast, ................................................ 19,000 

" sheet, ............................................. 3 0 ,000 
" bolts, .............................................. 36,°00 

" wire, .............................................. 60,000 
Iron, east, various qualities, ............... 13,400 to 29,000 

" "average British, ..................... about 16,500 
Iron, malleable: boiler plates, .......................... 51,000 

" " bars, rods, and bolts, ... 60,000 to 70,000 

" " wire, ..................... 70,000 to 100,000 
Steel, ......................................... 100,000 to 130,000 

Tnnin. 
Ash, ......................................................... 17,000 

Fir and pine, .................................. 1 2,000 to 14,000 
Oak, ............................................. 10,000 to 19,800 

Teak, Indian, .............................................. 15,000 

MISCELLANEOUS. 

Hempen cables, ............................................. S,600 

Iron wire ropes, ptJI' aqoortJ irwk of iron, .......... , ... 90,000 

" "PtJI' pound weight to tMlatIwm, ...... 4,480 
Leathern belts, working ttJn8Wn, ........................... 285 

62. c:JJUIIIIrIeal ...... _ • .....-Let r denote the radius of It 
thin hollow cylinder, such as the shell of a high pressure boiler; 

t the thickness of the shell ; 
I the tenacity of the material, in pounds per square inch; 
p the intensity of the pressure, in pounds per square inch, reo 

quired to burst the shell. This ought to be taken at SIX TIKES the 
effective working pressure---eifective pr688Ure meaning the excess of 
the pressure from within above the pressure from without, which 
last is UBUally the atmospheric pressure, of 14'7 lbs. on the square 
inch or thereabouts. 

Then 
It . 

p =-.............................. (1.) 
r 

and the proper proportion of thickness to radius is given by the 
formula-

e p • r = ] ............................... (2.) 
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The tenacity of good wrought iron boiler plates has been stated 
as 51,000 lbs. per square inch. That of a double rivetted joint, 
per IItJ'IU1I'6 iru:h of tk iron left between tk rivet hoiea, is the lIUIle ; 
that of a Bingle rivetted joint somewhat less, as the tension is not 
uniformly distributed. It is convenient in practice to state the 
tenacity of rivetted joints in lbs. per IIfJUOII'6 iru:h of tk entire pIaU; 
and it is so stated in the annexed table, in which the results for 
rivetted joints are from the exptniments of Mr. Fairbairn, and 
that for a welded joint from an experiment by Mr. Dunn. The 
joints of plate iron boilers are single rivetted j but from the man
ner in which the plates break joint, analogous to the bond in 
masonry, the tenacity of such boilers is considered to approach 
more nearly to that of a double rivetted joint than that of a single 
ri,-etted joint. 

Wrought iron plate joint&, double rivetted, the dia
meter of each hole being -t, of the distance from 
centre to centre of holes,................................ 35,700 

Wrought iron plate joints, single rivetted, ............ 28,600 
Wrought iron boiler shells, with single rivetted joints 

properly crossed, ...... ...... ...... ........................ 34,000 
Wrought iron retort, with a weldedjoint,............. 30,750 
Cast iron boilers, cylinders, and pipes (average 

British iron), ........ ..................................... 16,500 

63. lIpIaerieal 8Iae .... such as the ends of " egg-ended" cylindrical 
boilers, the tops of steam domes, &c., are twice all /Wrong as cylin
drical shells of the same radius and thickness. 

Suppose a shell of the figure of a segment of a sphere to have & 

circular flange round its base, through which it is bolted to a. flange 
upon a cylindrical shell, or upon another spherical shell. 

Let r denote the radius of the sphere, in inches; 
'1", the radius of the circular base of the segml'.ntal shell, in inches ; 
p, the bursting pressure, in lbs. on the square inch; 

then the number and dimensions of the bolts by which the flange 
is held should be such, that the load required to tear them asunder 
all at once shall be 

3'14:16 r'2 pj ........................... (l.) 

and the flange itself should require, in order to crush it, the follow
ing thrust in the direction of & tangent to it :-

~ 'P 'I" • J r2 - '1"2 ........................ (2.) 

If the segment is & complete hemisphere, r = r, and the last 
expression becomes = O. 
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Resistance to a crushlng force will be considered farther on. 
M. Dlek Bellew ." ..... (A. Jf.j 273).-The assumption that 

the tension in a hollow cylinder is uniformly 
distributed throughout the thickness of the shell @ 
is approximately true only when the thickness 
u. small as compared with the radius. . 0 JI, 

Let R represent the external and r the in- r 

ternal radius of a thick hollow cylinder, such as 
a hydraulic preBB. the tenacity of whose material 
is f, and whose bursting preBBUle is p. Then we FIg. 20. 
must have 

RZ - r2 P 
RI + ,.II = 1 ; .......................... (1.) 

and, consequently, 

~ = v' ~~ :); ...................... (2.) 

by mea.na of which formula, when r,f, and p are given, R may be 
computed. 

65. TWck B.IIew ..... (.4. M., 275).-ln this case, using 
the same symbols as in the last Article, the following formula! give 
the . ratios of the bursting pretlBUle to the tenacity, and of the 
external to the internal radius :-

p 2 R3 - 2,.a 1 = R3 + 2,.a ; ...................... (1.) 

~=\! e{/_2:) .................... (2.) 

66 . ........ ,. (A. M., 276).-The Bides of locomotive fire
boxes, the ends of cylindrical boilen, and the Bides of boilers of 
irregular figures like those of marine SteaDl engine&, are often made 
of fiJ,t plates, which are fitted to resist the preBBure r---' 
from within by being connected together 8.CroBB the 0 0 0 l~ 
water-epace or steam-space between them by tie- 0 0 0 n 
barB, called stays when long, bolts when short. 
For example, fig. 21 represents part of the flat Bide 0 0 0 0 

of a locomotive fire-box, and shoWl the arrange- 0 0 0 0 

ment of the bolts by which it is tied to the flat FIg. 21. 
plate at the other side of the water-space. 

F.ach of these bolts or stays sustains the pressure of the steam 
against a certain area of the plate to which it is attached. Thus, 
in fig. 21, the bolt a resists the pressure of the steam on the square 
area which surrounds it, and whose Bide is equal to the distance 
from centre to centre of the bolts. 
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Let (J be the sectional area of a stay; A, that of the portion of 
fiat plate which it holds; p, the bursting pressure, andj the tenacity 
of the material of the stay. Then 

pA 
(J=T 

Experience has shown, that the plate, if its material is as strong 
as that of the stay, should have its thickness equal to halj t!.e 
dwmeter of the stay. If the plate be of a weaker material than the 
stay, its thickness should be proportionally inCl'ell8ed. 

The flat ends of cylindrical boilers are sometimes stayed to the 
cylindrical sides by means of triangular plates of iron called" gtUI

setB." These plates are placed in planes radiating from the axis of 
the boiler, and have one edge fixed to the flat end, and. the other 
to the cylindrical body. Each gusset sustains the pressure of th~ 
steam against a sector of the flat circular end. Considering that 
the resultant tension of a gusset must be concentrated near one 
lldge, it appears advisable that its sectional area should be three or 
four times that of a stay bar suited for sustaining the pressure on 
the same area. 

The best experimental data respecting the strength of boilers are 
due to the researches of Mr. Fairbairn, especially those recorded in 
his work called Usejul InjO'l'1TWJ,iunjor Engineer8. 

67. "'11 ..... _. PI __ When a thin hollow cylinder, such as an 
internal boiler flue, is pressed from without, it gives way by 
collapsing, under a pressure whose intensity has been found by 
Mr. Fairbairn (PM108. T'IYlITUJ., 1858) to vary nearly according to 
the following laws:- • 

Inversely as the length; 
Inversely as the diameter; -
Imrersely as a function of the thickness, which is very nearly 

the power whose index is 2'19; but which for ordinary practical 
purposes may be treated as sensibly equal to the 8IJUOII'6 of the 
thickness. 

The following formula gives approximately the cdlapsing prt!8IfUH'fJ 
p, in lbs. on the square inch, of a plate iron flue, whose length l, 
diameter d, and thickness t, are all expressed in the 8IJm6 units of 
-1Il.6a8U1'6 :-

t2 
P = 9,672,000 Td ....................... ·(l.) 

Let t and d be expressed in inches, and let L be the length in 
feet; the above formula becomes 

t2 
p = 806,000 Ld ........................ (2.) 
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As the resistance. of flues to collapse depends very much on their 
being exactly cylindrical, Mr. Fairbairn recommends that they 
liliould be made, not with lap joints, like boiler shells, but with 
butt joints and covering strips. 

Mr. Fairbairn having strengthened tubes by rivetting round 
them rings of T-iron, or angle iron, at equal distances apart, finds 
that their strength is that corresponding to. the length from ring w 
ring. Safety requires that the collapsing pressure of a flue should 
be the same with the bursting pressure of the boiler shell in which 
it is contained; and for other reasons it is desirable that the plates 
of the flue should be of the same thickness with those of the shf'll. 
The thickness of the shell having been adapted to a given bursting 
presu.re by the formula. of Article 62, and the same thickness having 
been assumed for the flue, its collapsing pressure is to be computed 
by the formulre 1 or 2 of this Article, putting for l or L the whole 
length of the boiler. Should the collapsing pressure 80 calcula.ted 
prove less than the bursting pressure of the shell, let n be either 
the ratio 

bursting pressure 
coltapslngpress\ire' 

if that is a whole number, or the nearest whole number exceeding 
that ratio, if it is fractional; then " - 1 rings are to be rivetted 
round tbe flue, so 8S to divide its length into n equal divisions; 
when it will become 118 nearly a., possible of the same strength wit]. 
the liliell 

68. BlUptlcal ..... -Mr. Fairbairn finds that the collapsing 
pressure of a flue of an elliptic form of C1"088-MeCtion is found 
approximately by substituting in the formulre of the preceding 
Article, for d, the diameter of the osculating circle at the fl.a.ttest 
part of the ellipse; that is, let a be the greater, and b the leR!< 
llemi-azia of the ellipse; then we are to make 

2 a2 

d=T 

69 . ......... Iruce eI Key8, pt ... ae .... Blnc., A:e. (A . .Jl., 
280).-1n machines, ca.ses occur in which the principal pieces, such 
as plates, links, or bars, being themselves subjected to a direct 
pull, are connected with each other at their joints by fll8tenings, 
such as rivets, bolts, pins, screws, cotters, or keys; which are under 
the action of a shearing force. It is in every such case important, 
that the pieces connected and their fastenings should be of equal 
strength. 

Letf denote the resistance per square inch of the material of th" 
principal pieces to tearing; S, the total sectional area, whether of 
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one piece or of two or more parallel pieces, which must be tom 
88Under in order that the structure may be destroyed; f, the 
rt".&stance per square inch of the material of the fastenings to 
shearing; 8', the total sectional area. of fastenings at one join~ 
which must be sheared acroes in order that the connection may be 
destroyed; then the principal pieces and their fastenings ought to 
be so proportioned, that 

, 8' J 
f8 =f S; or S = /, ..................... (1.) 

For wrought iron rivetted plates, taking the value ofJ' as deter
mined by the experiments of Mr. Doyne, we have 

f.= 1 nearly, and .'.8' = 8 ............... (2.) 

For wrought iron bars connected 'by bolts or rivets, we have 

f. = ; nearly, and.'. 8' = ~ S ................ (3.) 

The following are the resistances of some materials to shearing, 
in pounds on ~he square inch :-

Cast iron, .................................... 32,500 
Wrought iron ............................... 50,000 

Fir and pine, ... ~........................... 500 to 800 

Oak,..................... ..................... 2,300 

70. "'_.ee .. BINet "--... (..4. Jf., 28~, 286).-The 
formula! of this Article have reference to direct crushing only, and 
are limited in their application to those cases in which the pillara, 
blocks, struts, or rods, along which the pressure acts are not 80 

long in proportion to their diameter as to have a sensible tendency 
to give way by bending sideways. Those cases comprehend-

Stone and brick pillars and blocks of ordinary proportions ; 
Pillars, rods, and struts of cast iron, in which the length is not 

more than five times the diameter, approximately; 
Pillars, l'ods, and struts of wrought iron, in which the length is 

not more than ten times the diameter, approximately; 
Pillars, rods, and struts of dry timber, in which the length is not 

more than about twenty times the diameter. 
Let P denote the C'l"U8king load of the piece ; 
8 the area of its tranverse section in square inches ; 
J the resistance of the material to crushing, in Ibs. on the square 

inch; then P 
S=]. 
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MATERIALS. Crublag ~ 
In 1_ on the equan inch. 

Brick, red, ........................................... 550 to 1,100 
Fire brick, ................................................... 1,7OO 
Granite, ........................................... 5,500 to 11,000 
Limestone, ........................................ 4,000 to 4,500 
Sandstone, ........................................ 2,:100 to 5,500 
Rubble ruasonry, ................................ t\ of cut stone. 
Cast b1'888, .................................................. 10,300 
Cast iron, ..................................... 8:1,000 to 145,000 

" " average, ....................................... 112,000 
Wrought iron, ......................... about 36,000 to 40,000 
Ash (dry, along the grain), ............................... 9,000 

Oak, elm,,, " .............................. 10,000 
Fir, pine,,, " .................... 5,400 to 6,200 
Teak, Indian, " .............................. 12,000 

The resistance of timber to crushing, while green, is about one
half of its resistance after having been dried. 

11. ____ ., .................... .,..... ... 1Iy.~ 
CA. M., 321-335~-Pillars and struts whose lengths exceed their 
diameters in considerable proportions (as is almost always the case 
with those of timber and metal), give way, not by direct crushiug, 
but by bendiug sideways and breaking acl'Osa--being crushed at 
one side and torn asunder at the other. 

Let P be the crushing load of a long rod 01' pillar, in lbe. ; 
8 the sectional area of material in it, in square inches ; 
I, its length, } both· th 'ts f 
k, its least external diameter, lD e same uru 0 measure. 
Then, approximately-

P = 18 l2 .......................... (I.) 
l+a',\i 

The following are the values of I and a, as computed by Mr. 
Gordon from Mr. Hodgkinson's experiments on pillars FIXED AT 

BOTH ENDS, by having flat capitals and bases:-

f. 1bs. per inch. 

Wrought iron, ....................... 36,000 

Cast iron, ............................. 80,000 

3,000' 

1 

4 00' 

A pillar 01' rod ROUNDED OR JOINTED AT BOTH ENDS is as flexible 
-as a pillar of the same diameter, fixed at both ends, and of double 
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the length, and its strength is nearly the same. Hence, for such 
pillars-

fS 
p = l2··························(2.) 

1 +4a!i:2 

Mr. Hodgkinson found the strength of a pillar,jixeci at one end and 
rounded at eM other to be a mean between the strengths of two 
pillars of the same length and diameter, one fixed at both ends, and 
the other rounded at both ends. 

In using the fonnulre, the ratio ~ is generally fixed beforehand, 

to a degree of approximation sufficient for the pUl-poseS of the cal
culation. 

CONNECTING RODS of dquhle acting steam engines are to be con
sidered as in the condition of pillars rounded at both ends; PISTON 
RODS, as in the condition of pillars fixed at one end and rounded at 
the other. 

The piston rods of Bingle acting steam engines are exposed to 
tension only. 

In wrought iron framework and machinery, the bars which act 
as struts, in order that they may have sufficient sti1lhess, are made 
of various fonns in cross-section, well known 1\8 "angle iron," 
"channel iron," "T-iron," "double T-iron," &c. In each of these 
fonns, the line to be considered as represented by II, in the fonnulre 
is the diameter in that direction in which the bar is most flexible 
of a triangle or rectangle circumscribed about its section. 

Wrouglu iron cdls are rectangular tubes (generally square) 
usually composed of four plate iron sides, ri\"etted to angle iron 
bars at the corners. The ultimate resistance of a single square cell 
to crushing by the buckling or bending of its sides, when the thick
ness of the plates is 'fUJt less than one-thirtietl, of eM diameter of Ute 
cell, as determined by Mr. Fairbairn and Mr. Hodgkinson, is 

27,000 lbs. per square inch section of iron; 

but when a number of cells exist side by side, their stiffness is 
increased, and their ultimate resistance to a thrust may be taken at 

33,000 to 36,000 Ibs. per square inch section of iron. 

The latter co-efficients apply also to cylindrical cells. 
72. 1!Icre .... or TI_1oer P_ ... BIni" •••• Coaaeed .. ..... -The 

following formula is given on the authority of Mr. Hodgkinson's 
experiments, for the ultimate resistance of posts of oak and red pine 
to crushing by bending :-
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1,2 
P = Ali 8 ; .......................... (1.) 

S being the sectional area. in square inches, ",: I the ratio of the 
least diameter to the length, and A = 3,000,000 lbs. per square 
inch. 

The factor of safety for the working load of timber is 10. 
For square posts and struts, the formula \x>comes 

"" P=A 12 ............................. (2.) 

H the strength of a timber post be computed both by this for
mula and by the formula for direct crushing, viz.:-

P =/8, .............................. (3.) 

the 1688t/1" value should be adopted as the true strength. 
Timber connecting rods for steam engines, being in the condition 

of pillars jointed at both ends, are of the same stren"gth with fixed 
pillara of d,quJJle the length. 

73. B ..... ce .. c- ......... -The formul~ of this Article 
are applicable not only to beams for supporting weights, but to 
levers, cross-heads, cross-tails, axles, journals, cranks, and all pieces 
in machinery or framework to which forces are applied tending to 
break them across. 

The tendency of a force to bend or break a beam is called the 
moment 0/ jlea:ure. It is the product of the magnitude of the force 
into its leveroge--that is, into the perpendicular distance from the 
line of action of the force to the place where the beam will soonest 
give way. 

When the load is diatriln.tt«l over a finite length of the beam, 
the leverage of its retrrdtant is to be taken. 

The place where the beam will soonest give way is-
In a beam fixt'd at one end and free at the other, the boundary 

between the fixed and free parts ; 
In a beam supported at both ends and loaded at any intermedi

ate point, or supported at any intermediate point and loaded at thl~ 
ends, the intermediate point; 

In a beam supported at both ends, with an uniformly distributed 
load, the middle of the beam. 

The magnit,wk of the load is most conveniently expressed in 
poumdB, and the leverage in inches,. 80 that the '1II011le'nt of jlea:ure 
may be said to be expressed in inellrpoo/,ula. 

In the following formuhe, W denotes the UJtalload, in pounds; 
c, in beams fixed at one end and free at the other, the length 0/ 

lite ~ part, in inches; 
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c, in beams either loaded or supported at both ends, the half 
span, between the extreme points of load or support and the middle, 
in inches; 

M, the moment of flexure in inch-pounds. 

For beams 

~~:: :::e:,~~.~~.~~~ } M = c W ...... (1.) 

fixed at one end and uni-} 
formly loaded, ............ '" 

supported at both ends and} 
loaded at an intermediate 
point, whose distance from 
the middle of the beam is :1:, 

supported at both ends and} 
loaded in the middle, ...... . 

supported at both ends and} 
uniformly loaded, ....•....... 

cW 
M="T ...... (2.) 

(c2-z2)W 
M = 2c ... (3.) 

cW 
(:1:=0); M=T .. (4.) 

cW 
M=T·······(6.) 

H W be the intended breaking load of the pi~, found by mul
tiplying the working load by a proper factor of safety, M will be 
the moment 01 rupture, to which the reaistanctJ to rupture at the 
place where the tendency to break is greatest must be made equal. 

That resistance is given by the formula-

in whieh 
M = nfbAI ....................•••.... (6.) 

b denotes the extreme breadth of the piece, in inches; 
A its extreme depth, in inches; 
1 a factor depending on the material, called the modultul of rup

ture, in pounds on the square inch; 
n a factor depending on the figure of the cross-section. 
M having been computed from the breaking load and its lever

age, and fand n being known, the scantling or transvel'8e dimen
sions of the beam are to be such that 

M 
bAI = nl ............................ (7.) 

It is obvious that the breadth and depth DUty be varied, and still 
give the product b Il2 the same value; but there are limits to that 
variation founded on considerations of BtiftDess and stability, which 
make it desirable that in most CBBe8 A should not greatly differ 
from one-f~ of the span, unless there be special reasons to 
the contrary. 
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The following table gives examples of the values of the factol' n 
for some of the more usual forms of Cl'OS8-section :-

I. :Rectangle b h (including square), .......••... 
1 
6' 

II. Ellipse, vertical axis h, horizontal axis b, } I 
(including circle, for which b = h,)........ 10'2 = OO()982. 

III Hollow rectangle, b h - b' /{; also I-fOrmed} 1 b' h'l) 
section, where b' is the sum of the 6 (I - b 1s)' 
breadths of the lateral hollows, ........... . 

I ( h") IV. Hollow square, h2_1 .. 2........................... 6" 1- M • 

V. Hollow ellipse,...... ......... .................... 1~.2 (l-~ :0' 
VI. Hollow circle,.................................... 1~'2 (l-~). 

MODULU8 OF RuP'l'U1U!:, IN LBs. ON THE SQUARE INCB. 

f. 
Wrought iron, plate beams, ................................... 42,°00 

" " bars and axles, ................................ 54,000 

Cast iron, ......................................... 18,750 + 23,000 ~, 
(where H is the depth of MJlid metal in the section of the 

beam, and h the td.rtIf1IAJ depth.) 
A:'h,.: ................................................. 12,000 to 14,000 
Fir, pme, ............................................... 7,ooo to 12,300 
Larch, .................................................. 5,000 to 10,000 
Oak, British, Russian, and American, ......... 10,000 to 13,600 
Teak, ............................................................... 14,800 

The modulus of rupture is eig""'-' times the load required to 
break a bar, one inch square, supported at two points, one foot 
apart, by being applied in the middle of the bar. 

The section for cast iron beams first proposed by Mr. Hodgkin
son, in consequence of his discovery of the fact, that the resistance 
of cast iron to direct crushing is more than six times its resistance 
to tearing, consists, as in fig. 22, of a lower flange B, an upper 
ftange A, and a vertical web connecting them. The sectional &reo. 

of the lower Bange, which is 8ubjected to tension, is nearly six 
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times that of the upper fla.nge, which is subjected to thrust. In 
order that the besm, when cast, may not be liable to crack from 

unequal cooling, the vertical web has a thickness l A at its lower side nearly equal to that of the lower 
flange, and at its upper side, nearly equal to that 
of the upper flange. 

0----- - -----0 The tendency of beams of this class to break by 
tearing of the lower flange is slightly greater than 

Fi II 22 the tendency to break by crushing of the upper 
g.. flange; and their modulus of rupture is equal, or 

nearly equal, to the dll-ect tenacity of the iron of which they are 
made, being, on an average of different kinds of British iron, 
16,500 lbs. per square inch. 

The following formula for the moment of nlpture of such beams, 
though not strictly exact, is in general near enough to the truth 
fOl" practical purposes :-Let B be the sectional area of the lower 
flange, in square inches; "the depth in inches from the centre of 
the upper flange to the centre of the lower flange; then 

M = 16500h'B. ........................ (8.) 

74. ... .... ee .. wre.eh .... -For equal values of the modulus 
of rupture, denoted by f, the strength of a cylindrical axle to resist 
wrenching is double of its strength to resist breaking across. 

Let l denote the length, in inches, of the lever (such as a crank), 
at the end of which a wrenching or twisting force is applied to an 
axle; let the working load, in pounds, multiplied by a suitable 
factor of safety (usually six) be denoted by W; then 

W l = M ............... : ............ (1.) 

is the wrenclting moment, in inch-pounds. 
The following are the formulre which sez-ve to compute the 

dimensions of axles whose resistances to wrenching shall be equal 
to a given wrenching moment :-

For a solid axle, let'" be its diameter; then 

Ihs .... J5TM 
M= 15-1; andh=·V -r···············(2.) 

For a hollow axle, let I". be the external and "'0 the internal 
diameter; then 

M =/(/tt-h~) =IM . (1-~\ . } 
5'1 /~l 5'1 ltV J 

and A, = V' {f(/-~) }; ......... (3.) 
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last formula serves to cOlnpl11te the diameter of a hollow 
the ratw of its and external diameter 

,,"Blues of the modulus of wrenching f arc-

For cast iron, ........................... sbout 30,000 

For wrought iron, ... .... ....... ....... " 54,000 

and taking 8ix factor of safety, if we the wQ'I·/.:ing 
of Wrsi()1~ in the instead u'I'encMng 

"'J",,yn.!u< we may irultead of/-

For cast iron, .................................... 5,000 

For wrought iron, .............................. 9,000 

Twi"'UII ••• dl.. (A. .lE., 
important shown in 

reTlreI;eII1I;.~ a shaft having a at one 
At the centre of the crank-pin P i~ ap

plied the prt'8Sure of the connecting rod; and at 
the centre of the bearing S scts the equal and 
Op,poI"ute resistance that bearing. Represent-
ing common of those forces by 
P, they form a whose moment 

M=P·I:)P. 

Draw S Q bisecting the angle P S M. On S Q 

-One 
23, which 

let fall the perpendicular P Q. From Q let fall 28. 
Q perpendicular 

Calculate the as if to the bending 
action P applied and it strong enough resist the 
l'Ombined bending and twisting action of P applied at the point 
marked P. 

To express this symbolically, taking the factor of safety at G, let 
W P. Make the angle P S then 

=PS 

and the diameter /~ of the axles is to be suited to the moment of 
breaking acroBB-

M' 

that 

1 + cosj 
----:,:--"-". .. ...... (1.) 

~ 

h = VlO~ M' ......... ............... (2.) 
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76. T .... ( Wlaeeh.-The following is Tredgold's fonnula for 
the thickness of'the cast iron teeth of wheels, which are to trans
mit the worlcing preBlI'UIr6 P. 

Let that pressure be expressed in pounds, and the thickness h of 
each tooth in inches; then 

h= Vl:00: 
SECTION 9.-Prime Muver80laaatJ. 

77. Prime movers are classed according to the fonns in whicb 
the energy that drives them is first obtained. These are-

I. JltI.8CIilar PO'IIJtJ'r, applied by men to machines and implements 
of very various kinds,-and by beasts, chiefly to overcoming resist;. 
ance by traction and to carrying of burdens. 

II. PM Weight and Motion 0/ Fluids, acting in water pressure 
engines, water wheels, and other hydraulic engines, and in wind
mills. 

III. Heat, obtained by means of chemical combination, and 
applied to the producing of changes in the volume and pressure of 
fluids, 80 as to drive engines, of which the 8team engi1l6 is the chiet: 

IV. Electricity, obtained originally by means of chemical com
bination, and applied to the production and alteration of magnetic 
force, 80 as to drive certain engines. 

The division of the remainder of this work is founded on the 
above classification. 

====:l---=~L· -----



PART I. 

01' KUSCULAB. POWER. 

CHAPTER L 

'/8. 1'1 .... ., ... .. .....-Although it has been shown, in a 
paper by Dr. Joule and the late Dr. Scoresby (Phil. Mag., 1846), 
that animals acting 88 prime movers have a higher efficiency than any 
inorganic machines, still the present state of our knowledge is in
BUfticient to enable us to frame a complete theory of their efficiency. 
We C&1Ulot determine with precision the whole amount of energy 
which a given animal developes in a given time, so 88 to compare 
that amount with the energy which can be rendered effective in 
the same time in overcoming mechanical resistance. All that we 
can do is to ascertain by experiment and observation the quantities 
of 'lffecAfNJ energy exerted by different animals working under dif
ferent circmnstances, and to compare those quantities with each 
other. 

In the present chapter will be stated some principles which hold 
respecting the muscular power both of men and of beuta. The 
power of men will be considered specially in the second chapter, 
and that of beasts in the third. 

,/9. The DaIIF w .. of an animal is the product of three quan
tities-the resistance overcome, the wlociIt! with which it is over
come, and the number of unitB oj timIJ per day during which work 
is continued. It is known that the amount of the daily work 
depends on various circumstances, of which the principal are-

(1.) The species and race. 
(2.) The health, strength, activity, and disposition of the in· 

dividual. 
(3.) The abundance and quality of food and air, the climate, 

and other external circumsta.nces affecting thoae mentioned under 
head 2-

(4.) The load, or reaista.nce overcome. 
(6.) The velocity. 

Q 
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(6.) The fraction of the day employed in working. 
(7.) The nature of the machine or implement used in performing 

the work. This cause affects men more especially, owing to the 
variety and complexity of the machines on which they can exert 
their muscular power. Beasts are made to work almost exclusively 
in two ways-by traction and by carrying of burdens; 80 that 
little variation in the amount of their mechanical work arises from 
the circumstances under the present head. 

(8.) The practice and training of the individual This applies 
principally to men, and in a less degree to beasts. 

80. • ••• eaee .c IA.d. VeI_lty, •• d. Tillie .C W ..... _ Dally 

Werk.-It is known that for each individual animal there is a cer
tain set of values of the three factors of the daily work which 
makes their product a maximum, and is therefore the best for 
economy of power, and that any departure from that set of values 
diminishes the daily work. Various attempts have been made to 
represent the law of that diminution by an equation, but they 
have succeeded imperfectly. The equation which agrees on the 
whole oost with observation is that of Maschek, which is as fol
lows:-Let ~, VI' T I , represent respectively the reSistance, velo
city, and daily time of working which give the greatest daily work, 
and R, V, T, any other resistance, velocity, and daily time of work
ing; then 

R V T . 
~ +V1 +T

1 
=3 ....................... (1.) 

According to this equation, the maximum daily work ~ VI Tl is 
realized under the following circumstances:-
~ is one-third of the resistance which the man or bea8t can 

overcome for an instant and no more. 
VIis one-third of the velocity which can be maintained without 

resistance for an instant. 
Tl is one-tltird of a day. This last principle is generally ad

mitted to be true; the others are doubtful 
The above formula agrees approximately with experiment for 

circumstances not greatly deviating from those in which the daily 
work is a maximum. 

81. •••• _.c .... Clln ...... e_-The circumstances num
bered 4, 5, and 6 in Article 79 have been considered first, because 
for them alone has anything approaching to a mathematical prin
ciple been ucel"ta:ined. The effect of the circumstance 7 will be 
considered in the ensuing chapters. The influence of the other 
circumstances, 1, 2, 3, and 8, involves questions of natural history 
and physiology rather than of mechanics. With respect to the 
drcumstance 3, it may be stated, that other things being alike, 
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the individual that can beneficially breathe most air and digest 
most food, can also perform most muscular work; and inasmuch as 
the capacity for the beneficial digestion of food depends in a great 
measure on the capacity for the beneficial breathing of air, the 
volume, strength, and soundness of the lungs, and the abundance 
and purity of the air supplied to them, are of primary importance 
to muscular power. 

It is well known that, by a reciprocal action, muscullU' exertion 
increases the powers of respiration and digestion. 

82. In the T._-..n 0( ....... cases sometimes occur in which 
it is impossible exactly to determine the resistance overcome by an 
animal; and it is consequently impoBBible to calculate the absolute 
value of the work performed. But a quantity can be computed in 
each such case which bears some unknown proportion to the work 
performed, viz. :-th8 product of the load into the IImizontaJ, distance 
over whick it is CU1/IV6l1ed. That product is called" transporl," anrl 
t'xaDlples of its values will be given in the sequel. 
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CHAPTER II, 

POWER OP lIEN. 

83. TUI_ eC die ........ ee til ____ The reB1.11ta in the fol-
lowing tables are given on the authority of Coulomb, Navier, and 
Poncelet, with the exception of those m&rked 16, which are from 
eXl)6r1.ments by Lieutenant David Rankine. 

WORK OP MAN AGAINST KNOWN RESISTANCES. 

R V 8600 
RV RVT 

Knm ow ExmmOB. ft.p.-. ft.-lbe. ft.-lbe. P. lIay. (hOUl'll per-. 
p.uy.) 

1. Rallling own weight up 
stair or ladder ••••••••.•..•• 143 0'5 8 72'5 2.088.000 

2. Hauling up weighta with 
rope, IIIDd lowering the 
rope unloaded, ••••..••••••• 40 0-75 6 30 648.000 

3. Lifting weightll by hlllDd, .... 0'55 24'2 522,120 
4. CIIIT)'ing weigh til up stairs, 

and returning unloaded, 148 0'13 6 18'5 399,600 
5. Shovelling up earth to III 

height of 5 ft. 8 in .••••••• 6 1-8 10 7-8 280,800 
6. Whee1ing earth in barrow up 

Ilope of 1 12. i horiz. 
ve1oe. 0'9 ft. per sec., and 
ntuming ullioaded,"' ..... 182 00()75 HI 856,400 

7. Pw!hing or pnlling horizon-
tally (capstan or oar),M ••• 26'5 2'0 8 53 1,526,400 

f2'5 
0'0 ? ... 

8. Turning a crank or wlnch, ••• 180() 2'0 8 45 1,296,000 
20'0 14'4 2mlul, 288 ... 

9. Working pump" .............. 18'2 2'5 1.188.000 
10. Hammering, ................... 15 ? 8? ? 480,000 

Explanation. - R, resistance; V, effective velocity = distance 
through which is overcome .;. total time occupied, including 
the time of moving unloaded, if any j T", time of working, in 

T" 
seconds per day; 3600' Banle in hours per R V, effective 

power, in per V T, daily work 

P" Qby O( Le -
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II. PBuoBJIANCB OP A MAN JlI' TRANSPORTING LoADS 
HOlUZONTALLY. 

'1' LV I LVT 
EDD c. ExuftOJL L V 8iiOO \be. COIl-

DIe. ~p.- (bcmn m I \be. COIlft18ll f P. dq.) 1 Hoot. 

11. Walldug 1IDload, traD8pOrt 
fJl own welght, •••••••••••••• 140 6 10 700 .116.200.000 

12. Wheeling load L lu II-whld. 
bamnr. ntlIm. 1IDI0Ided, 224 

U 
10 878 18.428,000 

18. Ditto lu l-wh. barrow. ditto, 182 10 220 7.920.000 
14. TranJIiag with borda!, •••••• 90 7 226 6.870.000 
16. Canyiag barden, retamlag 

1IIIlo.ded, .................... 140 If 6 238 6.082.800 

18. Caftying bardeII. tor 80 .. r611 
0 .., 0 ... 

1211 11-7 ... 1474'2 ... ClOIICIa oa11 ................... 0 23'1 ... 0 ... 
----

EzplanaIion.-L, load; V, flfectiw fJJociJy. computed as before; 

'r, time of working, in seconds per day; 3;~O' in hours per day, ~ 
before; LV, ilrG1lB[H1rl ptII' tIeOO'fI.d, in foot-pounds; LV T, daily 
transport. 

84. Wedl.c. 111_ ............. WeIPto- The average 
amount of this is given in line 1 of the table in Article 83, and is 
greater than the work which the man can perform by any other 
mode of exertion. The most simple method of rendering available 
this.kind of work is that invented by a French officer of engineers, 
Captain Coignet, and applied to the lifting of barrows of earth from 
an excavation about forty feet deep. A Itoist is constructed, con
sisting of a strong rope passing over a large pulley, and having 
auspended at each end of it a cage or enclosed platform. Each 
1.rrow of earth on being brought to the foot of the hoist is placed 
in the cage which has just descended to the lower level At the 
same time a man with an empty barrow steps into the other cage 
at the upper level, and descending along with it, causes the cage con
taining the full barrow to rise to the higher level, and the barrow i. 
then removed. The man then leaves the cage in which he has 
deacended, and at once returns to the higher level by mount
ing a ladder. When he mounts the ladder, he storu I1MI'fI1I to an 
amount equal to the product of his weight into the vertical height 
of aacent, which energy is expended when he descends in one cage 
and raises the load in the other. A party of men are employed in 
t.IUa operation alone, the barrows being wheeled to and from the 
Iloid by others. There is one man whose lOla duty it is to attend 
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to the machine, and either by hand or by means of II. brake to con
trol the motion when it tends to become too rapid. 

The velocity of vertical ascent given in the table being the 
effective velocity only, is found by dividing the whole height 
ascended in a day by the whole number of seconds occupied, 
whether in ascending or in descending. 

85. Ll8bItI Weip" Ity • llepe.-Tbe data in line 2 of the tables 
are obtained from the results of the exertions of men in working a 
ringing pile engine, in which a heavy ram moving vertically between 
guides is attached to a rope passing over a pulley. The other end 
of the rope branches out into several smaller ropes, held by a suffi
cient number of men, in the proportion of about one man for each 
40 lb. weight of the ram. The men, pulling all together, lift the 
ram from three to four feet, and let it drop suddenly on the head 
of the pile. It is found that they work most effectively when, 
after every three or four minutes of exertion, they have an interval 
of rest. 

86. • ....... eC .:I( ..... _.-It is scarcely necessary to state 
that in none of the lines of the first table except that marked 1 is 
the weight of the man himself included in any load which he is 
stated as moving. 

In line 6, the resistance R = 132 lbs. is the net weight of the 
earth in the barrow, and excludes the weight of the barrow 
itself. The mean actual velocity going and returning is 1'8 feet 
per second; but as the effective velocity is to be cOJ.llputed from the 
distance travelled when Waded only, it is one-half of 1'8, or 0'9 foot 
per second; and as the rate of ascent of the slope is 1 in 12, the 
effective vertical velocity is 0'9 + 12 = 0-015 of a foot per second, 
a.'i set down in the column V. It is to be observed that the work 
set down in this line is that due to the vertical raising of the earth 
only, and is by no means the whole work performed by the man; 
the conveying the earth horizontally also involves the overcoming 
of resistance and performing of work, though to what amount is 
only known by a rough approximation to be mentioned in the next 
Article. 

Line 7 shows that, next to raising his own weight up a ladder, 
the most favourable modes of exerting a man's strength are the 
pushing of a capstan bar and pulling of an oar. 

Next in amount of daily work, as shown by line 8, is the turn
ing of a crank or winch-the ordinary mode of driving purchases, 
cranes, monkey pile engines, and a great variety of other machines. 

The resUlt in line 9, relative to working a pump, will also apply 
to windlasses which are worked by levers in the position of pump 
handles. It applies, amongst other pumps, to those of hydraulic 
presses-a kind of machine which, although generally worked by 
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men, involves hydrodynamic principles, which make it necessary to 
defer its consideration till Part II. of this work. 

In line 10, relative to swinging a 15 lb. hammer, some of the 
data are wanting, and the result is doubtful. 

87. ~ -.-.. In the second table, the only line in 
which the weight of the man is taken into account is that marked 
11, where his own weight is the only load conveyed. 

By comparing line 13 in the secOnd table with line 6 in the first, 
it appears that the exertion of wheeling a load of earth horizontally 
in a one-wheeled barrow from ten to twelve feet or thereabouts, 
must be nearly equal to that due to the raising of the same earth 
one foot vertically in wheeling it up a slope. 
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CHAPTER m. 
POWER OP HORSES AND OTIIEB BEABT8. 

88. Ta .... ., .... .........,.., __ -The results in the 
following table are given on the authority of Navier and Poncelet, 
&:t:nthe line marked 1, which is from experiments by Mr. David 

. e and the Author. Line 2 contains the mean of several 
results of experiments on draught horses, and may be considered 
the G1JtI/YI{/B of their ordinary performance under the most favourable 
circumstances as to time of working and velocity. 

L WORK OP A HOBBE AGAINS'l' A KNOWN REsIsTANCE. 

T 

I 
."T Knn> o~ ExmmOlf. B V 8800 B" 

1. Canterlug and trottIDg, draw-
iDg a Ugbt railway ear-

{DUD. 22t} riage (thoroughbred), •••••• mean80 ut 4 447i 8,4«,-
max. 60 

2. Hone drawiug cart or boat, 
walkiog (dranght hone), 120 8'6 8 482 11,"1,_ 

8. Hone drawiug a gill or mill, 
walkiog, ..................... 100 8-0 8 800 8,640,000 

4. Ditto, trotting, ................... 66 6-6 41 429 8,'60,000, 

E~-R, resistance, in Ibs.; V, velocity, in feet per 
second j T + 3600, hours' work per day j R V, work per aecond; 
R V T, work per day. 

IL PBuolUlAlfCB OF A HOBBE IN TBABSPOBTINO LoADI 
HORIZONTALLY. 

T 
Knn> o~ ExaJmolf. L V 8800 LV LVT 

--
6. WalklDg with cart, I1wall 

loeded, ....................... 1,600 8'6 10 6.400 194,400.000 
6. Trotting ditto, .................. 760 7'2 4. 6.400 87.480.000 
7. Walklog with cart, golog 

loaded, retornlog empty; 
V = j mean velocity ••••••• 1.600 2-0 10 8.000 108,000.000 

8. CarryIng borden, walking •••• 270 8'6 10 972 84,992,000 
•• DItto, trottiDg, ................. 180 7-2 7 1,296 82.669,200 

I 
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E~-L, load~ in Ibs.; V, velocity in feet per second; 
T .... 3600, working hoUl'S per day; L V, transport per second j 
LV T, transport per day. 

Table II. has reference to conveyance on common roads only, and 
those evidently in bad order as respects the resistance to traction 
upon them. 

The average power of a draught horse, as given in line 2, 

Table I., being 432 foot-pounds per second, ill :!~ = 0'785 of the 

conventional value assigned by Watt to the ordinary unit of the 
rate of work of prime movers (Article 3). 

89. ---. ...... .a--Authorities differ considerably as to 
the power of theBe animals, The following may be taken as an 
approximative comparison between them and draught horses:

Ox.-Loa.d, the same as that of average draught horse; best 
velocity, and work, I of horse. 

MULE.-Load, one-half of that of average draught horse; best 
ve1ocity, the same with horse; work, one-half. 

A8B.-Load, one quarter of that of average draught horse; best 
velocity, the same; work, one quarter. 

90. __ m..-In this machine, as is shown by line 3, a horse 
worb less advantageously than in drawing a carriage along a 
straight track. In order that the beet possible results may be 
realized with a horse gin, the diameter of the circular track in 
which the horse walks should not be less than about forty feet. 

91. or.-. ... Ia ..... H_ ... e._ have been used, each 
conaisting of a plane cirou1ar platform, rotating about an axis 
80mewhat inclined to the vertical, and ribbed to prevent the feet of 
the animal from slipping. The animal walks continually up the 
slope of the platform at or near one end of the horizontal diameter, 
and by its weight causes the platform to rotate against a resistance. 
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PART II. 

POWER AND 

CHAPTER I. 

OF SOURCES OF WATER FOB POWER. 

92. "'......, of ".reM I. Ge~-The original source of water 
power is the solar heat, which evaporates liquid water from the 
surface of the earth and sea. The vapour, condensing in the upper 
and colder regions of the atmosphere, falls as rain, and forms 
streams, whose descending from to low level, 
exert product of the water which 
descends through which it the natural 
condition whole of the the descent 
of its waters in wearing away the 
materials in producing ; but by 
proper part of that energy available to 
overcome resistance of machines. 

The art of collecting and distributing, for useful purposes, the 
rain-fall of a district,-of planning and making reservoirs for storing 
part of it in seasons of flood, in order to supply its deficiency in 
seasons of drought, and of adapting natural lakes to answer the same 
purposes-the art of preserving and improving the natural channels 
in which it and planning and making artifieial channels, 
constitute- important branch civil engineering, and 
cannot be within the limits of the treatise, whose 
object, as principles and 
the mode that avail-
able when is to say, 
a stream, given quantity per second, and 
having a given descent within a convenient distance. Such 
a combination of circumstances makes a "HILL SITE" or "FALL." 

93. Power of ..... of W_E.et_ey.-The gross power of a 
fall of water is the product of the weight of water discharged in a 
given unit of time (such as a second, or a minute), into the total 
1uJad; that is, the difference of vertical elevation of the upper BUr/ace 
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0/ tk tDatt!r at the points where the fall in question begins and ends. 
To express this in symbols, let 

Q be the flow, or volume of water discharged, in cubic feet per 
8000ndj 

D, the weight of a cubic toot of water, in lbs., = 62·41bs., nearly; 
H, the total head j then 

D Q H ....•.•...................•... (l.) 

is the grou fHM"I', in foot-Ibs. per 8000ndj which being divided by 
550, gives the gross hOl'l.le-JlOwer. 

There is in every case a certain loBs of TIMId arising from the waste 
of energy in various ways to be afterwards mentioned. That waste 
can usually be computed in the form of a certain fraction of the whole 
energy exerted; let k denote that fraction; then the ~tJCtifJ6 potDtJr. 
in foot-Ibs. per 8OOOnd, is 

(1 - k) D Q Hj ........................ (2.) 
and the efoMn.cg is 

1 - k; ............................. (3.) 

Ie H is called the lOBB of AtxMl, and (1 - k) H the d"tJCtw. Mad. 
94. III_eM et. ____ .r w ... •• _.-Two things are 

to be measured about a fall of water, the head H, and the flow Q. 
The head is measured by the ordinary operation of levelling. The 
flow is measured by different methods, according to circumstances. 

L In large streams, the flow can in general be only measured 
directly; that is, by finding the area. of c1'088-section of the stream, 
measuring by suitable instruments the velocities of the current, at 
various points in that c1'088-section; taking the mean of these 
velocities, and multiplying it by the sectional area. The moat 
convenient instrument for such measurements of velocity is a amaJl 
light revolving fan, on whose axis there is a &crew, which drives a 
train of wheel work, carrying indexes that record the number of 
revolutions made in a given time. The whole apparatus is fixed at 
the end of a pole, 80 that it can be immel'8ed to different depths in 
different parts of the channel The relation between the number 
of revolutions of the fan per minute, and the corresponding velocity 
of the current, should be determined experimentally, by moving the 
instrument with different known velocities through a piece of still 
water, and noting the revolutions of the fan in a given time. 

II. When from the want of the proper instrument, or any other 
cause, the velocity of the current cannot be measured at various 
points, the velocity of its swiftest part, which is at the middle of the 
surface of the stream, may be measured by observing the motions of 
'fly convenient body ~oating down. Let this greatest velocity in 
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feet per second be denoted by V; then according to an empirical 
formula of Pronis, the mean velocity is 

7'71 + V 
t1 = V • 10'25 + V .•.•.•. · .•. · •••...••• ··· (1.) 

DI. When the stream is 80 small that it is practicable to make 
IICI'088 it a temporary weir, such a weir is to be made, care being 
taken that it shall be perfectly water tight at every point except 
the outlet through which the whole flow of the stream is to pass. 
The site ought to be chosen with a view to the tightness and 
security of the weir; and the channel of the stream immediately 
below the weir should be straigh~ in order that the rapid current 
rushing from the outlet may not injure the banks. 

The outlet should be a notcII. or depression in the upper edge of a 
vertical board; hence weirs of this class are called notcA boards. In 
fig. 24, A repre
sents a front view, 
and B a vertical .A. r 

a~~ 1Il11iliillll!il!iilr' 
The sides and 

bottom of the 
notch should be Fig. 24-

chamfered to a fine edge, with a vertical surface opposed to the 
water in the pond above the weir, as shown in the section B; and 
the better to fulfil this condition, the notch may be edged all round 
with thin sheet iron. The object of this is, to prevent as far as 
possible the friction and cohesion between the water and the edge 
of the notch from interfering with the result. 

A vertical scale, divided into feet and decimals, and having its 
zero at the level of the lower edge of the notch, is to be placed in 
the pond above the notch board, at 80me point where the water is 
either sensibly still, or has a very slow motion only; and the height 
at which the surface of the water stands on that scale is to be noted 
from time to time. 

Let " be that height, in feet; let b be the breadth of the notch, 
also in feet. Then the 1l0w, in cubic f" per B8CO'fUl, is given by the 
f')rmula 

2c ~ Q = 3" . b ,. '" 2 9 ,,; ..................... (1.) 

2 9 being 64:,4, and J 2 9 ,. the velocity due to the height"; while 
c is a fraction called the tXH.§icVtm of c:onWcJc:hon, expressing the 
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rntio sectional area of the part of the jet 
or cascade flowing from the notch bears to the area of the rectangle 
bIt. 

The above formuhl. may also be expressed as follows :-

Q = 5'35 c b ,~; ......................... *(2.) 

It is advisable that the breadth of the notch should not be less 
that of the weir. any convenient 
amount up to the of the weir. 

co-efficient of l'.otltt'lllCtlon 

t of the width 
the whole width 

." ....... '595 
........ '667 

and for intermediate proportions, the following empirical formula is 
very nearly correct :-

c = 0·57 + It-B' ........................ (3.) 

B being the breadth of the weir. 
When the velocity of the current at the point where the vertical 

scale large to be neglected, let denote that velocity 
(callod a/approach), and 

v~ 
1'0 = 2 g' 

the height it. Then, according Neville's work OD 

Hydraulics, the flow is the difference between that from a still pond 
due to the height h + 1"0. and that due to the height 1'0; so that it 
is given by the formula 

Q = 0'35 c b {(/~ + lto)t - hoi} ................ (4.) 

cannot be directly measured, it can be computed approxi-
taking approximate value of from equation 2, aD(1 

sectional area of the place where the 

TABLE OF V ALVES OF 

b 
0'8 B"" 0'7 0'3 0'25 

c, ... ... '667 '66 '65 '64 '63 '62 '61 '60 '595 
5'35 c, 3'57 3'53 3'48 3'42 3'37 3'32 3'26 3'21 3'18 

• hi is easily computed, as follows, by the aid of an ordinary table of squares and 
cuhee :-Look in the column of sqUAre! for the nearest square to Ii; then opposite, in 
the column of cuhee, will be an approximate valne of Al 
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IV. Besides the variations in the co-efficient of contraction 
already stated, which depend on the proportion between the 
breadth.'! of the weir and of the notch, there are other variations 
which have been reduced to no general law, depending OD the 
proportions of the dimensions of the notch to each other. 

To avoid this inconvenience, 
Professor Thomson of Bel
fliSt has adopted a form of 
notch in which the section of 
the issuing jet is always of a 
similar figure-that is to say, 
a triangle with the apex down- . 
wards, as in fig. 25. Fig. 26. 

Let I. be the depth, in feet, of the apex of the notch below tIlE' 
surface of still water in the pond, b the breadth of the notch at the 
[em of the tlUrf~ of atill water i then the area of the triangle 
bounded by that level and the edges of the notch is t b 11,; and 
theory gives for the discharge in cubic feet per second-

8e bh --- _ 
Q= 15'2 .J2gh; ..................... (.).) 

Mr. Thomson's experiments, made for the British Association, 
give for the co-efficient of contraction-

whence 
e = '619 ; ............................. (6.) 

bh -- _bh~ 
Q = '33'2 J2gh = 2'64" 2· ........ · ..... (7.) 

Let b = 2 a A, a being a constant ratio; then 

Q = 2'645 ht ........................... (8.) 

V. Instead of an open notch in the top of a weir board, there 
may be an orifice, or a TOW of ori/iC6ll, wholly beneath the level of 
the water in the pond. In that CIU!e, on account of the variations 
in the co-efficient of contraction which occur when the orifice has 
various proportions of length to breadth, and also when the ratio 
of the 1uJad of water above the orifice to the breadth of the orifice 
,'aries, it is desirable to select such forms and proportions as shall 
give rise to the smallest variations. For that purpose the orifices 
should be made either /J(jUfJTe or circv1ar i and their size should be 
such that the height of the surface of still water in the pond shall 
not be less at any time than three times the diameter of an ori
fice. These conditions being fulfilled, let A be the area of an 
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orifice, ,. the depth of ita cmtre below the upper 8111'face of atill 
water; then the llow through it in cubic feet per second is 

Q = cA ../2 g" ; ......................... (9.) 

the values of c being-

For round orifices, ............................... 0-62 

For square orifices, .............................. 0'6 

and the values of c ../2 g = 8-020-

For round orifices, ............................... 4.98 
For square orifices, .............................. 4·82 

No very serious elTOr will be incurred by using these oo-eiIici8lltB, 
even when the height" falls to douhla the diameter of the orifice. 

VI. When the edge of an orifice partly coincides with the bor
der of the channel by which the water is brought to it, so that the 
water is partially guided in a. straight COUl'lle towards the orifice, 
the ca.se is called one of partWl contraction; and in computing the 
discharge, instead of the co-efficient c, there is to be employed-

c + 0-09 7&; .......................... (10.) 

7& being the fraction of the edge of the orifice which coincides with 
the border of the channel This formula is Mr. Neville's, and is 
shown by him to be sensibly correct when 7& is any fraction not 
exceeding f. 
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CHAPTER II. 

OJ' WATER POWER ENGINES IN GENERAL 

95 ........ ~ .c w_ ......... _-In every 
water power engine, or in connection with it, there exist the fol
lowing parts, or parts equivalent to them :-

L The CILUINEL OJ' SUPPLY, or HEAD RACE, whereby water is 
brought to the engine, and which extends from the beginning of 
the fall to the place where the water begins to act on the mecha
nllun. It may be an open conduit, or a clORe pipe, or a combina
tion of both. Economy of power requires that it should be as large 
as possible:. economy of first cost that it should be as small as 
possible. The right mean is a matter for the judgment of the 
engineer in each particular case. This channel wrually commences 
at a head reservoir or pond, and the lower end of it is BOmetimes 
of such dimeDllions as to constitute a second reservoir or penUtock. 
The lower end of the supply channel is of various kinds and forms 
a.coording to the nature of the engine. 

II. The WABTE CHANliEL, or BYE WASH, whereby any dow of 
water which is in excess of that required for the stream, and which 
there is not reservoir room to store, is discharged into the natural 
drainage channels of the conntry. This genm-ally commences with 
a weir or overfall forming part of the bonndary of a reservoir, and 
of snch length that the greatest possible 1I0w of waste water can 
escape over it without rising to a dangerous or inconveniept height. 

IlL The REGULATOR, beiug the sluice, valve, or other apparatus 
whereby the .1low of water delivered by the head race to the engine 
is adjusted to the work to be performed. For reasons which will 
afterwards appear, economy of power requires that the regulator 
should be as close as po88ible to the engine, and therefore at the 
lower end of the channel of snpply. The regulator is very fre
quently controlled by a governor, wruallyof the revolving pendulum 
class (Art. 65), of which the details will be exemplified farther on. 

IV. The ENGINE PROPER, being the machine to which the water 
transmits energy. 

V. The TAIL RACE, by which the water is discharged after having 
driven the engine, and which terminates at the bottom of the fall. 
The lI&IDe principles of economy of power and economy of coat 
apply to this as to the head race. 

H 
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96. The a.- til w_ P_ ....... are:-
L W ATD-BUCKET DOINES, in which water, poured into 8Q8-

pended buckets, causes them to descend vertically, and so to lift; 
loads or overcome other resistance, &8 in certain hydraulic hoists. 

II. W ATD-PB.BII8UBE DOINES, in which water by its pressure 
drives a piston. 

III. VERTICAL WATER WHEELS, being wheels rotating in a verti
cal pl&ne, and driven by the weight and impulse of water. These 
are the most common of all water power engines. 

IV. HORIZONTAL WATER WHEELS, or TURBINES, being wheels 
rotating in a horizontal pl&ne, and driven by the pressure and 
impulse of water. 

V. RAxs and JET PUIIPII, in which the impulse of one mass of 
fluid is used to drive another. 

97. w_ P __ ....... willa .AftUlet.l ......,.. The smooth-
ness and steadiness of motion, and some other advantages of water 
power engines, sometimes occasion the use of machines exactly 
resembling them in everything, except that the flow and head of 
water are produced artificially-for example, by pumps worked by 
hand, as in the common hydraulic press, or by pumps worked by 
steam, as in some hydraulic hoists and cranes, and in some water 
wheels for driving fine manufacturing machinery, which are 81lp
plied by pumping steam engines. 

Such machines are not, properly speaking, prim6 mot16I"'8 for 
obtaining energy from natural 8O\1rOO8, but rather pieces of mecha
nism for transmitting and conveniently applying energy a1ready 
obtained by means of other prime movers. The identity of their 
construction and action, however, with those of true water power 
engines, renders it advisable to consider them in the present 
treatise. 

98 • .. _ ~ Ity • ...., til ...u (A. H., 619-621).
Let a continuous and uniform stream, whose volume of flow is Q 
cubic feet per second, and weight of flow D Q lbs. per second, 
descend from the height or head of H feet to a given point of dis
oharge. That stream is capable of performing work, by the direct 
ACTION OF ITS WBIOHT in descending, to the amount of 

D Q H ft.-Iba. per 88COnc1..: ................ (I.) 

Now 81lppose that from the original elevation H of the upper 
aurface of the stream, down to a point whose elevation above the 
bottom of the fall is z feet, the descent of the water takes place 
t.ait/wu,t rwista'1lC6. It will at the latter point possess the power of 
performing work by iU fDBig/tt to the amount of 

D Q 1/1 ft.-lba. per second only; ................ (2.) 
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but supposing the source to be a reservoir, where the velocity is 
insensible, the stream will now by its free descent through the 
~eight H -~, have acquired. the velocity-

,,= ../1.g (H-~)j •••...•......•..•..... (3.) 

80 that, before being brought back to an insensible velocity, it is 
capable, by lJIPUUJB, of performing the additional work due to its 
tJt:CtuJl tIMI'fI1/, viz.:-

DQ.,t 2U = DQ (H-~) ft.-Ibs. per second, ......... (4.) 

which being added to the quantity of work in the expression 2, 
reproduces D Q H, the total original power. 

Next, let the stream be supposed to descend, in a cloBe p;pe so 
large that the velocity of current is still insensible, from the ori
Kina! head H to the less elevation ~ above the bottom of the fall. nen, as in the last example, equation 2, the stream will at the 
latter point possess the power of performing D Q ~ ft.-Ibs. per 
aeoond only of work by its tJJtJigllt; but its pn8I1UII'6 will have 
become, in lbs. on the square foo~ 

p = D (H-~)j ......................... (5.) 

and BY JIEAB8 01' ITS PRBSSUllB the stream will be capable of per
forming work to the amount of 

p Q = D Q (H -~) ft.-Ibs. per second, ............ (6.) 

which being added to the quantity of work in equation 2, repro
ducea the total original power D Q H, as before. 

It appears, then, that if it were possible for ... stream to descend 
abaolutely without resistance from the elevation H to any less 
elevation above the bottom of the fall, and if the pressure at the 
latter elevation were p lbs. on the square foot, and the velocity" 
feet per second, the power or energy per second at that elevation, 
being equal to the original power, would be expressed by 

Q (P+D~+~i) = DQHj ............... (7.) 

or, if the Migllt dus 10 tJ~ preB8U" be denoted by p + D-

DQ (~+;: + ~) -.D QH ................ (8.) 

In this expreasion, 
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D Q (. + ~) is poteMal energy, or capacity for perform- } 
D ing wOl·k by weight and pressure. 

(9.) 
D Q'.!/:. adt.1.Ol mtttrgy, or capacity for performing work 

2 g' by impulse. 

. The following equation:-

· +: + DE = H, ••••••••••••••••••••• (10.) .g 

mows, that at a given elevation ., where the velocity of the stream 
is fI, and the pressure p, there is, 

Besides the adt.1.Ol Mad .. 
A tJirlual Mad, composed of-

The height due to the velocity, vi.;. 2 g, 

And the height due to the pressure, p.;. D, 

making together a toIal Mad, which, if the stream has descended 
without resistance, is equal to the original head H. 

Throughout this Article, and the present Part of the treatise, 
when not otherwise specified, pt'6I8'IIft is used to mean, the GCU8 of 
tha pre881Ift of tha water abow UI4t of tlul atmosphere. 

99. :r- ~ Bed is the form in which the effect of waste of 
energy in the stream of water during ita descent is moat con
veniently expressed. It may be denoted in the form of a certain 
fraction of the total head-

A=MH, 
and then 

H-A = (1-k') H ........................ (l.) 

will be the cwatlab16 Mad; 

D Q (H -A) :;: (1-k') D Q H, ................ {2.) 

the cwatlabl6 [KIIIN11', or the energy exerted per second by the fall on 
the engine j and 

H-A 
I-It = ~ ........................... (3.) 

the efficimcy of tlullall. 
If, in the W01'king of the engine, there is a further waste of the 

fraction It of the energy exerted on it, 80 that the tUJejul t/'fJCt is 

(l-l.:j (l-k') D Q H ..................... (4.) 
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then 1 -~ is the ~ of 1M mecAtmUm, and 

(1-1") (I-A:) = I-A: (88 in Article 93) .•••••••. (5.) 

the raulttJne e.fIicWncy of the fall and engine combined. 
The causes of loes of. head are, the velocity of the current in the 

tail race, and fluid friction. . 
I. Otlll'f'e1lt in 1M tail 'IY.ICe.-H " be the velocity with which the 

stream is discharged along the tail race, there must be a descent of 
,,'2+29 to produce that velocity, which descent is a loes of head. 
Hence, as stated in Article 95, the tail race should be 88 large 88 
is consistent with due economy of first coat. 

IL Frictioo. of patIMIfJ68 MW, cI&oJnml8 in ~.-Let A be the 
aectional area of any paseage or channel along which the stream is 
conveyed, then 

Q 
tI = :\ ............................... (6.) 

is the mean velocity of the current through it. 
The loes of head from friction is expreued by the following 

general formula:-
.,t 

F . 29; .............................. (7.) 

that is, the product of the height due to the velocity by afodor of 
~ F, whose value depends mainly on the nature, form, and 
dimensions of the paseage. 

The friction takes effect in open channele by producing a decli
vity of the surface and a loes of actual head; in a close pipe it 
takes effect by djminishing the pressure, and the virtual head due 
to it. 

A few values of the factor denoted by F have already been given 
in Article 50, under the head of " Pump Brakes." They will now 
be repeated in greater detail, and with several additions. 

III. Frit:I;ion of an ~ m a Utin plate:-

F = 0-054 ............................ (8.) 

IV. Friction of ~ 0'1' ~ .from rtIBtIrtIOif'B into 
pipa.-Straight cylindrical mouthpiece, perpendicul&r to side of 
reBe"oir:-

F = 0·506 ............................. (9.) 

The same mouthpiece making the angle i with a perpendicular 
to the side of the reservoir:-

F = 0'605 + 0'303 sin i + 0'226 sinl i ......... (10.) 
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For a mouthpiece of the form of the "contracted vein," that is, 
one of such a form, that if d be its diameter on leaving the reser
voir, then at a distance d + 2 from the side of· the reservoir it con
tracts to the diameter '7854 d,-the resistance is insensible, and 
F nearly = O. 

V. FridUm at ItIdden. enlargement8.-Let A be the sectional 
area. of & channel, in which a Rluice, or slide valve, or some such 
object, produces a sudden contraction to the smaller area a, fol
lowed by a sudden enlargement back again to the original area. A. 
Let " = Q + A be the velocity in the enlarged part of the channel 
The ~mve area. of the orifice a will be c a, c being a ~ 0/ 
contraction whose value may be taken at '62 + V 1 - '62~. 
Let the ratio in which the channel is suddenly enlazged be denoted 
by 

m=A + ca= V(2'62!: -1.62) ......... (11.) 

Then m tI is the velocity in the most contracted part. It appears 
that all the energy due to the diJfertmee of the velocities, m" a.nd e, 
is expended in lluid friction, and consequently that there is a loss 
of head given by the formula---

fIl 
(m-l)!' 2g; ......................... (12.) 

80 that in this case 
F = (m-l)2 ....................... (12 A.) 

VI. Friction in pipes and conduita.-Let A be the sectional area 
of a channel; b its border, that is, the length of that part of ita 
girth which is in contact with the water; l the length of the chan
nel; then, for the friction between the water and the sidea of the 
channel-

lb 
F =/. A ; ........................... (13.) 

in which the co-efficientjhas the following values:-
- 0'0043 

For iron pipes, ............ / = OO()036 + J" ........... (1(.) 

For open conduits, ..... /= OO()0741 + 0·000227 ......... (15.) 
tI 

The ratio ~ is called the "hydraulic mean d8pt/I. " of the channel, and 

for cylindrical a.nd square pipes running full is obviously O'IUJ;/'ou.rtJ. 
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olthe diameter ; and the l18me is ita value for a semi-cylindrical open 
conduit, and for an open conduit whose sides are tangents to a semi
circle of a diameter equal to twice the greatest depth of the conduit. 

In an open conduit, the 1088 of head-

fib f11. ", = T . 2('" ..................... (16.) 

takes place as an actual fall in the surface of the water, producing 
a declivity at the rate-

", fb f11. 
1 = A . 2g ; .......................... (17.) 

and by the last two formulm are to be determined the fall and the 
rate of declivity of open head races and tail races of' given dimen
sions, which are to convey a given flow. In close pipes, the 1088 of 
head takes place in the virtual head due to the pressure. 

VIL For bmdII in circular pipJa, let. d be the diameter of the 
pipe, r the radius of curvature of ita centre line at the bend, i the 
angle through which it is bent, .. two right angles; then, according 
to Professor Weisbach-

F = ~ { 0'131 + 1'847 (;'1}'} ............ (18.) 

VIIL For bmdB in ~ pipJa:-

i (d)t} F =;: { 0'124 + 3-104 2 r ............ (19.) 

IX. For~, or sharp turns in pipes, let i be the angle made 
by the two portions of the pipe at the knee; then 

F = 0'946 sinS i + 2'05 sin'~ .............. (20.) 

X. s~ of lOBBBB of Aead.-Let " be ~e velocity of the 
current in the tail race; F' the factor of resistance f9l' the tail race ; 
" the velocity in any other part of the course of the water; F the 
proper factor of resistance for that part of the course; then the 
whole 10IIII of head may be thus expressed:-

'fI2 ,jJ 
It = (1 + F') 2g +};. F 2g .... •·• ........ (21.) 

100. The.&edea ~ ... w_ •• alae ...... has already been 
distinguished, in Articles 96 and 98, as taking place in three 
waya:-
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I. By weight. 
II. By pressure. 

III. By impulse. 

Now, in all those three modes of acting, the imm«liate effort by 
which energy is exerted by the water on the engine is a pre88Uf'6 
between a certain layer of the water and the surface of a moving 
piece, whether a bucket, a piston, a vane, or another fluid mass 
which that layer of water drives before it; and the original cause of 
that effort is the weight of the descending stream. The distinction 
set forth arises in the nature of the process whereby the weight 
causes the pressure. 

I. When the water is said to act by weiglll, portions of it are . 
poured into buckets, and the preasure by which each bucket is 
driven is the direct effect of, and simply equal to the weight of the 
water contained in the bucket, and acts vertically downwards, its 
resultant traversing the centre of gravity of the mass of water in 
the bucket. 

Waste of energy may occur in this case through spilling of the 
water from the buckets during their descent, or through the remain
ing of water in the buckets during their ascent. The latter cause 
of waste of energy ought not to operate to any sensible amount 
in a well designed machine. The former ought to be reduced to 
as small an amount &8 possible. 

II. When the water is said to act by pr6II8WI'6, the pressure which 
drives the piston or vane acted upon is not simply the effect of the 
weight of a portion of water descending along with it, but is the 
effect of the weight of some more or less distant mass of water 
transmitted through an intervening mass, and altered to any ex
teut in direction and in the velocity of its action. 

III. When the water is said to act by impulse, its weight, either 
directly, or through intervening pressure, is allowed to act freely to 
such an extent as to produce a jet or current of a certain velocity, 
whose particles, coming in contact with a float board or vane, or 
another fluid mass, have that velocity either diminished or taken 
away; and during that operation they exert a pressure against the 
Boat board or vane, or the driven mass of fluid, proportional to the 
momentum which is taken away from them in each second. 
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ORA PTER III. 

01' WATER BUCKET ENGINES. 

101. The w ..... ekel ...... the simplest engine driven di
rectly by the weight of water, is frequently used for raising waggons 
of coal and other materials to an elevated platform. It consists of

L A strong timber frame, supporting at the top one or more 
large pulleys. 

IL A chain pa.'!8ing over the pulleys. 
m. A cage for waggons, hung to one end of the chain, and 

moving between vertical guides. The upper and lower platforms, 
between which the cage travels, should be provided with strong 
catches to fix the cage a~ the higher and lower levels when required. 

IV. A water bucket, hung to the other end of the chain, usually 
moving between vertical guides, and having a valve in the bottom, 
opening upwards, for discharging the waoor. This valve may be 
made self-acting, by making its spindle project downwanis, below 
the bottom of the bucket, so that when the bucket has finished its 
deacent, the spindle may strike upon a floor and lift the valve; but 
in lOme cases it is mare convenient that the valve should be opened 
by hand. Rectangular wooden buckets are used; but for lightness 
and strength, the best material is sheet iron, and the best shape a 
cylindrical body with a hemispherical bottom. 

V. A reservoir and RpOut for filling the bucket when it is at the 
higher level The valve of the spout may, if required, be made 
eelf-acting, by causing it to be opened by the rising and shut by the 
falling of a weighted lever, which is lifted by the edge of the 
bucket when it reaches the top of its ascent, held up until the bucket 
is foll, and allowed to drop when the bucbt·begins to descend. 

VL A drain or tail race, to carry away the water discharged 
from the bucket at the lower level 

VII. A brake, which may be applied to one of the pulleys. 
It is advisable, for safety's sake, in moat cases, to enclose the 

coone of the cage and that of the bucket in light wooden casings. 
The weight of the unloaded cage ought to be somewhat in excess 

of that of the empty bucket, added to the friction of the machine 
when unloaded. 

The weight of the full bucket ought to be somewhat in excess of 
that of the loaded cage, added to the friction of the machine when 
loaded. 
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The friction is from one-tenth to one-twentieth of the gross load. 
In order that the weight of the chain may always be balanced, 

two pieces of chain with their lower ends lying loose on the ground 
are hung, the one from the bottom of the cage, and the other from 
the bottom of the bucket. 

The bucket hoist is a bulky and heavy machine, and slow in ita 
operation; but from ita great simplicity, it is easy to make, main
tain, and manage, and very durable. Ita reservoir may be sup
plied by a naturRl source, where one is available; in other caaes, 
water may be raised to it by a pump worked by a steam engine. 
The latter combination is a good means of economiziDg power when 
heavy loads have to be lifted during short times and at distant 
intervals. Duri~ the intervals when the hoist is standing idle, 
the steam engine 18 still storing energy by pumping water into the 
reservoir; so tbe work peri'ormed by the hoist during a few hoUl"R 
of each day may. be distributed, so far as the exertion of energy by 
the steam engine is concerned, over the whole twenty-four hours ; 
and a steam engine, quite inadequate to lift the load to be raised 
directly, may thus be made to peri'orm the whole work easily by 
the intervention of the reservoir and hoist as means of storing and 
restoring energy. 

102. ~.,. OeM ... aellel H-....-.The actual energy with 
which the water runs from the reservoir into the bucket, and from 
the bucket into the tail race, is wholly wasted in fluid friction. 
Therefore iu every bucket engine, besides the fall of the tail race, 
there is a loss of head equal to the height of the surface of the 
water in the reservoir above the highest level of the surface of the 
water in the bucket, added to the height of the surface of the water 
in the bucket wheu at the bottom of ita stroke above the surface of 
the water in the tail race; that is, the depth of the bucket at least;. 
In other words, while the total MoJ, is the elevation of the top 
water of the reservoir above the outfall of the tail race, the avail
~ MoJ, is the height through which the bucket descends only. 

103 • .& ....... .& ................ has sometimes been used, 
consisting of a balanced beam, having a pair of equal and similar 
buckets hung to ita two ends, which rise and fall alternately. Each 
bucket, on arriving at the top of its stroke, is filled with water by 
a spout from a reservoir, with a valve which is opened and clOBed 
by the mechanism. On aniving at the bottom of ita stroke, each 
bucket is emptied through a self-acting valve in ita bottom into the 
tail race. Thus, as in the bucket hoist, the buckets descend full 
and ascend empty; and the energy due to the descent of the water 
in them is employed to work pumps, or otherwise. 

The chief advantage of this kind of machine is ita adaptation to 
regions where only rude workmanship can be obtained. 
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CHAPTER IV. 

01' WATER PRESSURE ENGINES. 

SECl'ION l.-Genmd Pri'lldplu. 

104. ......,. w_ "'maN ....... -In a water pressure 
engine, the several principal parts mentioned in Article 95 as be
longing to water power engines in general, take forms suited to 
that class of engine. 

L The 1I«Ml f'tJC8 consists of a iwpply plpB leading from a reser
voir to the working cylinder. That pipe, together with the reser
voir, constitute what is called the prtJ8I1Uf'6 column. Besides the 
regulator, to be presently mentioned, there should be a stop valve 
or sluice at the upper end of the supply pipe, in or close to the 
reservoir, 80 that in the event of an accident occurring to the supply 
pipe, the current of water may be prevented from entering it. 
There should also be a grating to prevent the entrance of solid 
bodies from the reservoir. 

All water contains air di1fused through it, and most water con
tains sediment. H there are summits and hollows in the course of 
the supply pipe (which is often of great length), the air collects at 
the former and the sediment at the latter. There should be a cock 
at the uPIMlr side of each summit in the course of the pipe, for 
blowing off air, and at the lower side of each hollow for blowing off 
sediment. 

IL The bye wash bas no peculiarities arising from the class of 
engines. 

IlL The f'tJ{fIIlator is a valve of one or other of certain kinds to 
be afterwards mentioned, which are capable of being adjusted to 
any required extent of opeuing. 

IV. The mg&m proper consists of a pimm moving in a cyli1Uler, 
together with the mlWll for admitting and discharging the water 
from the cylinder. The engine is single acting or double acting 
according as the water acts on one face of the piston only or on 
each face alternately. . 

The valves are sometimes worked by band, in which case the 
same valve may act as the regulator and the admission valve,-
80metimes by mechanism directly driven by the piston of the 
engine, -and sometimes by a small auxiliary water pressure 
engine. 
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The place of the piston is sometimes supplied by a mass of air ; 
in which case the alterations of volume of that air require to be 
taken into account. 

V. The tail race consists of a discharge pipe, whose final outlet 
may be either at, below, or above the level of the cylinder. 

105 . .. cdea pJpe.-The pressure of the water at the outlet of 
the discharge pipe is equal to that of the atmosphere, added to that 
due to the depth at which the water outside the pipe stands above 
that outlet; so that when the outlet is below the level of the piston, 
the pressure within the upper end of the discharge pipe, and in the 
cylinder while the water is being discharged, may be less than the 
atmospheric pressure. In this case, the discharge pipe is called a 
BUCtion pipe, and the pressure at its upper end is described by 
stating by 1ww much it is belm.o eM atmMpl.eric prutUII'8, either in 
pounds on the square inch or square foot, or in feet of water, and 
that deficiency of pressure is conventionalll called so many pounds 
on the inch or foot, or so many feet, "of "acuum." Thus, if the 
atmospheric pressure is 14·7 Ibs. on the square inch, being equi
valent to 33·9 feet of head of water, and the absolute pressure in 
the cylinder during the discharge is two Ibs. on the square inch, 
being equivalent to 4·6 feet of head of water, that prearure is 
described as 12-71bs. on the square inch, or 29·3 feet, of t1aCUWIl. 

This mode of expression has been adopted on account of the prac
tical convenience of reckoning pressures from that of the atmo
sphere as an arbitrary zero. 

The absolute pressure against the piston during the discha.rge is 
equal to the atmospheric pressure, added to the pressure required 
to overcome the resistance of the discharge pipe, less the pressure 
due to the elevation of the upper surface of the water beneath the 
piston above the bottom of the falL There never acts in water, at 
all events in agitated water, negative pressure (that is, tension) to 
an amount appreciable in practice; therefore, the height of the 
upper surfa.ce of the water beneath the piston can never be greater 
than the head due to the atmospheric pressure, added to the head 
lost in overcoming the friction in the diSChal'g6 pipe. Should the 
height of the piston itself above the bottom of the fall be greater 
than this, the water in the cylinder, on the opening of the discharge 
valve, will not continue in contact with the piston, but will sud
denly drop down to the level given by the principle just stated, 
leaving between itself and the piston what is commonly called a 
"vacuum" or " empty space," being in reality a space filled with 
rare vapour. The height of that space is so much head lost; its 
existence tends to make the piston leak, and its periodical empty
ing and filling is accompanied by shocks or abrupt motions in the 
water, which tend to injure and wear out the machine; therefore, 
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ita formation ought to be' avoided; and for that purpo!I6 the height 
of the piston above the bottom of the fall ought never to be greater 
than that due to the least atmospheric pressure and the resistance 
of the discharge pipe. Now, the water in the discharge pipe is some
times at rest, and then the resistance is nothing; so that we arrive 
finally at this rule :-1'he greate8t Might 0/ the piston abow the 
6oIIom of the /all qught ?lOt to e:lICt1IKl the head 0/ water equ.iwlem to 
de lea.e ~ prtJIIIIUIt'6 in the locality. 

106. The ___ ~ p_ at the level of the sea is 
about 28 inches of mercury, or 13'75 Ibs. on the square inch, or 
31'7 feet of water. 

The ratio in which the least atmospheric pressure is less than 
the above amount at a given elevation (.e) above the level of the 
sea, is computed with sufficient exactness for practical purposes by 
the following formula, in which Po is the pressure at the level of 
the sea, and PI the pressure at the elevation of z feet :-

I PI> II ) og ~ = 60346' ......................... (1. 

In the abeence of tables of logarithms, the following formula, 
deduced from one proposed by Mr. Babinet, is approximately 
correct, for heights not exceeding 3,000 feet :-

~ = ~~!~~ : : ........................ (2.) 

When the height exeeeds 3,000 feet, divide it into a series of atag6ll, 
each not exceeding 3,000 feet in height; calculate the ratio of the 
preasures at the top and bottom of each stage, and multiply 
together the seTeral ratios 80 found for the ratio of the pressures at 
the top and bottom of the entire height. 

For moderate heights, the following rule is sufficient:--dedtt.ct 
..frrm the pre1WtIR'e one-h1llldredth part of itsti//O'I' eacA 262 feet of 
~ 

107 •• ~ .r w_ 117 R~'&."'--"" P __ I&-"-
....... .r 11 ... .r.... "" It is seldom necessary in calculations 
connected with water pressure engines to take into account the 
expansion of water by heat; but in the event of its being at any 
time requisite to do so, the following formula, although only a 
rough approximation in a scientific point of view, is sufficiently 
accurate for the practical purpose in question, and is extremely 
convenient, from the ease and rapidity with which its results can 
be computed, especially when a table of reciprocals is at hand :-

Let Do = 62'425 lbs. to the cubic foot, be the maximum density 

Digitized by Google 



110 WATER POWER Alro. WIND POWElL 

of water; Dl its density at a given temperature of 1.'" on Fahren
heit's scale; then 

D 1 2 Do 
1 ne&rJY = TO + 4610 500 

500 + T" + 461° 

At 21~, this fonnula gives too great a result by about !h; at 
lower temperatures its errors are much smaller. 

COHPAlUSON 01' HEADS 01' WATER IN Fur WITH PBE88UUS IN 
VARIOUS UNITS. 

One foot of water at 39°'1 Fabr. = 62'425 lbs. on the square foot. 
,. " 0'4335 lbs. on the square inch. 
" " 0"0295 atmosphere. 
" " 0'8826 inch of meroury at 32°. 

773'3 {feetofairat3l:°,and 
"" 1 atmosphere. 

One lb. on the square foot,.. .... .•. 0'01602 foot of water. 
One lb. on the square inch,. ....... 2'307 feet of water. 

On:f==:~.~~~.~·~~.~.~~~~~} 33'9 "" 
One inch of mercury at 32°, ......... 1'133 " " 
One foot of air at 32°, and one} 0'001293 

atmosphere,.............. ..... ... "" 
One foot of average sea. water, ...... 1'026 foot of pure water. 

107 A. Pn_ ..... -v ___ ...... -Instruments for 
indicating the intensity of the pressure of a fluid contained in a 
close vessel are called "pressure gauges," or "vacuum gauges," 
according 88 they show how much that pressure is above or how 
much it is below that of the atmosphere. Frequently the same 
instrument answers both those purposes. Of this an example bas 
already been given, in the Indicator (Articles 43,44), which can be 
applied to water pressure engines as well as to the steam engine. 
The following are three examples of other kinds of gauges :-

I. The f1Itl'I"CtIH'i presawt'6 gfNIUJ8 is the most exact for scientific 
purposes. It consists, like a siphon barometer, of an inverted 
siphon, or U-sbaped tube, the lower part of which contains mer
cury, and whose vertical legs have a scale attached alongside of 
them, divided either into inches and decimals, or divisions corre
sponding to pounds on the square inch, or other convenient units of 
pressure. One leg, by means of a brass nozzle, communicates with 
the vessel. within which the fluid is contained j the other is open to 
the air. The mercury stands lowest in that leg in which the 
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pretlRll'e OD its upper surface is most intense; and the di1Ference of 
level of the mercury in the two legs indiqates the di1Ference between 
the pl"llll8\U"e in the vessel, and the atmospheric pressure. 

To determine, if required, the absolute pl"llll8\U"e within the vessel, 
the absolute pressure of the atmosphere at the time of observation 
may be ascertained by means of an ordinary barometer. 

Mercurial vacuum gauges are sometimes used, which indicate 
directly the absolute pl"llll8\U"e within a vessel, by being constructed 
euct1y like a barometer, having the leg containing the mercurial 
column that balances the presmre to be measured closed hermeti
cally at the top, with a Torricellian vacuum above the mercury, 
produced in the usual way, by inverting the tube and boiling the 
mercury in it. 

It is necessary to a.ccurate measurement, that the scales of mer
euria.l pressure gauges should be exactly vertical 

The re1atiODS stated in Articles 6 and 107 between inches of 
mercury and other units of intensity of preB8U1'e, have reference to 
a temperature of 32" Fahrenheit. For any other temperature, 1"', 
on Fahrenheit's scale, let I{ be the observed height of a mercurial 
column, and " the corresponding height 'I'6fluced to 32"; then 

I{ 

" = 1 + 0'0001008 (1'" _ 321 .... •·•· .. · .... ·(1.) 

IT. The air f'IIGnometBr consists of a long vertical glass tube, 
cloeed at the upper end, open at the lower end, containing 
air, provided with a scale, and immersed, along with a thermo
meter, in a transparent liquid, such as water or oil, contained in a 
strong cylinder of glass, which communicates with the vessel in 
which the preilII1lnl is to be ascerta.ined. The scale shows the 
volume occupied by the air in the tube. 

Let t7e be that volume, at the temperature of 32" Fahrenheit, and 
mean preasure of the atmosphere Po; let "1 be the volume of the air, 
at the temperature 1"', and under the absolute pressure to be 
meuured, PI; then 

llL BfIUf'dcm'. fP1dI1I' is the most useful yet known for practical 
porpoeeL Ita ordinary construction is represented in fig. 26. A. is 
a cock, communicating with the vessel in which the pressure is to 
be meawred. BB is a curved metallic tube, communicating with 
A at one end, and closed at the other. The Cl'OIIII-section of this 
tube is of the ftattened form represented in fig. 27, and its greatest 
breadth is in the direction perpendicular to the plane in which the 
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tube is curved. When the pressure within the tube is greater than 
the pressure without, the tube becomes less curved; when the 

A 

pressure without is 
the greater, it be
comes more curved. 

Fig 2;. The motions of the 
closed end of the tube are communi
cated either through the link 0 D, and 
lever D E, or by means of wheel-work, 
to the index E F, which points to a 
graduated arc. The positions of the 
graduations on the arc are fixed by 
comparison either with a mercuriaJ 
gauge for moderate pressure.!, and an 
air manometer for very high presaures, 
or with another Bourdon's gauge known 
to be correctly graduated. 

These gauges can be made of any 
required degree of sensibility, 80 that 
some are suited to measure pressures 

Fig. 26. of less than one atmosphere, and others 
to measure pressures of several thousand lbs. on the square inch. 
Their mechanism is usually contained in a cylindrical brass 
box, and the dial plate and index are protected by a plate of glass. 
They can be screwed in every required position upon machines 
acting by the pressure of fluids. 

108. 'PWq D __ .. eI ..... , ptpe.-In designing a water 
pressure engine, it is often necessary to fix: the diameter of the 
supply pipe 80 that it shall deliver a given number of cubic feet of 
water per second with a loss of head not exceeding a given limit. 

Let II. denote the prescribed greatest loss of head, in feet. This 
must correspond to the greatest velocity, and therefore to the 
greatest flow, through the supply pipe. 

Let Q be the number of cubic feet of water required by the 
engine per second, and ct the greatest flow per second through the 
supply pipe. Then if the piston moves for a considerable period 
with a continuous motion in one direction (as in hydraulic hoists), 
if the engine is double acting, with an uniformly moving piston, or 
if it has a pair of single acting cylinders with pistons moving alter
nately and uniformly, 

q = Q nearly; ....... . ................. {1.) 

If the engine drives a rotating crank shaft, 

Q' = 1'57 Q nearly; ...................... (l A.) 
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if U1e engine baa only one Ringle acting cylinder, and Q is reckoned 
per tJtJt#IIIl of 1M tDIwle WM ocevpUJ by lie piIIltm in tJ.omding tu 
IDt1Il all in rUing, the water stands still in the supply pipe while the 
piston is descending, and, therefore, in this case, 

q = 2 Q nearly ........................ (2.) 

It baa already been stated, in Article 99, that the 1088 of head 
in a straight pipe is given by the formula 

", =f1' · 6:.4:' ••••••.•.••••••••••••••• (3.) 

l being the length, b ~e circmnf'erence, A the sectional area, and 

0-0043 f = 00036 + J t1 ...................... (4.) 

In a cylindrical pipe 'of the diameter d, ! = i j and, therefore, 

the equations 3 and 4 may be reduced to the following form :-

4fl tfA ", = d . 64:'4: ; ........................ (5.) 

0-0112 
4f= 0-014:4 + -=-..................... (6.) 

Jt1 
Now A = • 7854 d2; and, therefore, the velocity in the pipe baa 

the following value :-
Q' ct 

t1 = X = '7854 as i ..................... (7.) 

and the height due to the velocity, 

tfA Q'2 
64:'4 = 39'73 dt;· ...... •••· .. • .. ~· .... ··(8.) 

which, being introduced into equation 6, gives 

4fl Q'2 
", = 39'73 tJ6 i· .. · .. ··•······•· .. • .. • ... (9.) 

and consequently 

d in feet = (~{~~ 1 .................. (10.) 

In this formula, the co-efficient of frictionf depends on the velocity, 
which itae1f depends on the dia meter d, being the quantity sought. 

I 
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It is, therefore, necessary to assume in the first place an approxi
mate value for 4 f. The value commonly assumed is 

0-0258, 

which gives, for the first apprw:imation to the diameter of the pipe, 

( lQ'~l (l~i d = 0-00065 T) = 0'2304 T) ........ (11.) 

The approximate diameter thus found is to be substituted in equa
tion 7, to find an approximate velocity; from which is to be 

. deduced, by equation 6, a corrected value of 4 J, which being 
employed in equation 10, gives a second a.pp7"O:l:imation to the 
diameter of the pipe i and this ill almost always sufficiently accurate. 

To provide for unforeseen causes of increased resistance, such as 
the deposit of a crust in the pipe, it is customary to add ONE-SIXTS, 

or thereabouts, to the diameter given by the preceding formula 
The diameter, though computed in feet, is commonly reduced to 

inches when mentioned in the description or specification of the 
pipe, or written on a drawing. 

The pipe is supposed, in this Article, to have what it ought 
always to have, a mouthpiece at its upper end of the form of the 
contracted vein, whose resistance is nearly insensible (Article 99). 

The fonnula for the friction of water in pipes, which is that of 
ProfeBl!Or Weisbach, first published in his work on the M«M/I&W 
0/ En,gi'Mfll'ing, has of late been amply confinned by the experi
ments of the same author on velocities of flow up to about forty 
feet per second (see the periodical Oivil I~, new series, 
voL v., part 1 ~ 

Another method of approximating to the required diameter is &8 

follows:-
Assume a diameter d', from which, by equation 7, compute the 

velocity'll corresponding to the l"equired flow Q'. From that velo
city, by eq~ation 6, compute the co-efficient 4/; and thence, by 
equation 5, the loss of head 11.' corresponding to the assumed dia
meter. If this differs from the assigned loss of head 11., the required 
effective diameter d is to be computed by the formula-

d = (/ . (~l ; ........................ (12.) 

and the actual diameter is to be made one-sixth greater than this 
effective diameter. 

If ~ is a ratio differing little from unity, then 
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d = fl· { 1 +~ (i-I) } nearly .••••••••• (12 A.) 

109 ...... ., .............. -Let A be the sectional area. of the 
aupply pipe; a the area of the opening of the regulator, when par
tially closed; c the co-efficient of contraction of that opening, 
as to whOll8 values for different openings, see Article 99. Then by 
comparing equations 12 A and 13 of Article 99 together, it appears 
that for equal velocities of flow in the same supply pipe, the 
resistance is increased by the partial closing of the regulator in the 
proportion-

fbi A )1 Ibl (:a -Ir· A 
T + (;;-1 :T:: 1 + Ibl : 1...(1.) 

(A-Ir'd 
= (for a cylindrical pipe) 1 + ca 4:/1 : l. 

Let this be expressed, for brevity's sake, by 

1 + n : 1. 

This increased resistance may take effect either in increasing the 
lOBS of head, or in diminishing the flow, or in both ways at once ; 
but in any case, if Q. represents the flow and ho the lOBS of head, 
with the pipe uninterrupted, and Q1 the flow and h,. the lOllS of 
head, with the regulator partially closed; then 

1: 1+7&::~: ~ ..................... (2.) 

The same principle may also be expressed in the following way:
let .." "t, be the effective mean speed of the piston of the engine 
corresponding to the discharges Qo, Ql; then 

1 : 1 + 7& :: ~ : ~ ..................... (3.} 
tlQ ttl 

It is better for economy of power that the contraction of the regu
lator should take effect by diminishing the speed of the engine than 
by increasing the lOBS of head; for the volume of water whose 
passage is prevented by a diminution of speed can be stored in the 
reeervoir for future use; but an increased lOBS of head gives rise to 
an irretrievable waste of energy. 
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110. .&edeII et lite W ... _ "e .-......-In a single acting en
gine, let 

Hl denote the height of the top of the fall above the mean level 
of the face of the piston, the action of the water on which is under 
consideration; 
~, the loss of head, by the friction of the water in the supply 

pipe, regulator, valve ports, and cylinder; 
Q, the mean flow, in cubic feet per second; 
D, the weight of one cubic foot of water; 
A, the area. of the piston, in square feet; 
PI' the mean intensity of the effort exerted by the water on the 

piston during the forward. stroke, in lbs. on the square foot; 
u, the mean velocity of the piston, in feet per second j 
It', the co-efticient of friction of the p~ton and mechanism, so 

that (I -It') Pt is the intensity of the 'fJMfulload j then 

PI = D (H.-~j ........................ (l.) 

A PI = D (H. - ~ A = total effort of the water on the 
piston j •••••••••••••••••••••••••••••• (2.) 

2Q 
U = T ; ............................. (3.) 

energy is exerted by the water on the piston during the forward 
stroke, at the mean rate of 

u APt = 2 D Q (Hl-~ ft.-lb. per second; •••.••• {4.) 

and 'fJMjul tDOrk perjfYl"lMll, at the rate of 

2 (l-kjuApl = 2 (l-kj D Q (Hl-~ ......... (5.) 

The value of It', from experiments of the Messrs. More and the 

Author, is about 1~' 
Further, let 
Hz be the mean height 'of the face of the piston a.bove the bot

tom of the fall (not exceeding 31'7 feet~-If the bottom of the fall 
is a1Jof1e the mean level of the piston face, HI is to be made ne
gative; 

As, the loss of head in the discharge pipe and valves j 
. PII the mean intensity of the effort exerted on the piston during 
the back stroke j then 

PI = D (H1I-As>j.· ...... • ...... ••• ...... (6.) 

ApI = D (Hz-As> A ..................... (7.). 

L: 
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If Hz is less than ~ or negative, these expressions become nega
tive, and represent ~ exerted by the water agau the 
piston. 

During the retum stroke energy is exerted on the piston at the 
mean rate of 

v A PI = 2 D Q (Hs - hJ ft.-lb. per second. ........ (8.) 

If this expression is negative, it represents work lost in forcing the 
water out of the cylinder. 

Finally, taking the mean of the expressions 4: and 8, we find for 
the whole energy exerted by the water on the piston, per second-

vA .Pt ~P2=DQ (HI + H2-'~-hJ 
= D Q (H -h) ; ......................... (9.) 

H = HI + Hz being the total fall, and 
A = ~ + h.. the totallOBB of head; 

while the useful work per second is 

(1-1") D Q (H-h), ..................... (lO.) 

and the combined efficiency of the fall and engine-, 

(l-~-h) ........................ (ll.) 

This varies, in di1rerent cases, from about 0'67 to about 0·8. 

SECl'ION 2.-01 Val'IJU. 

Ill. 'Y __ Ia a-J, considered with reference to the means 
by which they are moved, may be divided into three principal 
cJasaes:-Valves, sometimes called ~, which are opened and 
shut by the pressure of the fluid that traverBell their openings, and 
are usually intended for the purpose of permitting the passage of 
the fluid in one direction only, and stopping its return i-valves 
moved by hand j-and valves moved by mechanism. When a. pis
ton drives' a fluid, as in ordinary pumps, the valves are usually 
moved by the fluid: when the fluid drives the piston, it is in 
general necessary that the valves should be moved by hand or by 
mechanism. In water pressure engines that work occasionally and 
at irregular intervals, such as hydraulic hoists and cranes, the 
valveR are usually opened and shut by hand; in those which work 
periodically and continuously, they are moved by mechanism con
nected with the engine. 
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Safety valves for permitting a fluid to escape from a vesael when 
the pressure tends to rise above the limit of safety, belong to the 
clasa that are moved by the fluid. Regulating valves are adjusted 
either by hand, or by means of a governor. 

The BEAT of a valve is the fixed surface on which it rests, or 
against which it pl"eBBe8. 

The PACE of a valve is that part of its II1l1'face which comN in 
contact with the seat. 

When a valve 0CCUl'8 in eM course of a pipe or passage, the valve 
box or chamber, being that part (If the passage in which the valve 
works, should always be of such a shape as to allow a free paaaage 
for the fiuid when the valve is open, so that the fiuid may pass the 
valve with as little contraction of the stream as possible; and if 
necessary for that purpose, the valve chamber may be made of 
large1' diameter than the rest of the passage. 

The usual materials for valves and their seats are iron, bronze, 
bl'888, hardwood, leather, iridia rubber, and gutta percha. 

When a valve and ita 8tl&t are both of metal, they should be of 
the BaDIe metal; for when they are of different metals, a galvanic 
action takes place, which causes one or other of them to be cor
roded. 

In water preBBUre engines and pumps, the best material for the 
seats of metal valves is some hard wood, such as elm or lignum 
vitlle, the fibres being set endways, and constantly wet. 

India rubber and gutta percha being di880lved or softened by 
oils, whether fatty or bituminous, are unsuitable materials for 
valves to which those fiuids have acceaa. 

112. The ___ ValYe or «leIdeaI Vabe is a fiat or slightly 
arched circular plate of metal, whose face, being formed by its rim, 

Fig. 28. 

is sometimes a frustum of a cone, and some
times a zone of a sphere, the latter figure being 
the beat. Ita seat, being the rim of the circular 
orifice which the valve closes, is of the aa.me 
figure with the face or rim of the valve, and 
the valve face and its seat are turned and 

gnnmd to fit each other exactly, so that when the valve is closed 
no fiuid can pass. The thickness of a valve of this form is usually 
from a fifth to a tenth of its diameter, and the mean inclination of 
its rim about 45°. 

To insure that the valve shall rise and fall vertically and always 
return to its seat in closing, it is sometimes provided with a Bpindl~, 
as shown in fig. 28, being a slender round rod perpendicular to the 
valve at its centre, and moving through a ring or cylindrical socket. 
A knob on the end of the spindle prevents the valve from rising too 
high. When the valve is to be moved by hand or by mechanism, 
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the spindle may be continued through a stuffing box, and connected 
with & handle or a lever, 80 as to be the means of transmitting 
motion to the valve. 

When the valve seat is at the upper end of a cylindrical passage, 
88 in ordinary safety valves, the place of the spindle is often 8U~ 
plied by means of & tail, which will be described in the next 
Article. 

113. The ~_ ....,. y .... used for steam boilers as well as 
(or water pressure engines, is a bonnet valve loaded with a weight 
equal to the greatest excess of the pressure upon each area equal to 
that of the valve within the vessel on which the valve is fitted, 
above the pressure of the atmosphere, to which it is safe to subject 
that vesael during its ordinary use. 

Sometimes the valve bas a vertical spindle rising from it, moving 
in guides, and loaded directly with cylindrical weights which rest 
on & collar that surrounds the spindle. 

Fig. 29. 

Sometimes the load is applied by means of & lever, as in fig. 29, 
which represents & section of the valve seat and valve, and an ele
"&tion of the lever. A is the valve, D & stud or knob in the centre 
of ita upper aide, C B a lever jointed to a fixed fulcrum at C, B the 
weight, which can be shifted to different positions on the lever, so 
as to Yary the load on the valve. 

The intensity of the effective pressure p per square inch nece.c;
sary to open the valve is given as follows :-Let B denote the 
weight applied to the lever, L that of the lever itself, G C the dis
tance of the centre of gravity of the lever from the joint 0, W the 
weight of the valve, A its area in square inches; then 

= {B.BC+L.GC+W}-,-A. 
P DC . 
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Fig. 30 is an elevation of the valve, showing the tail (already 
referred to in the last Article), by which it is guided 80 as to move 
vertically, and to return always to its seat. Fig. 31 is a horizontal 

section of the tail, which consists of three vertical ribs 
or "feathers," radiating at angles of 120°. Their 
outer surfaces or edges are small portions of a vertical 
cylinder, turned to fit the cylindrical tube on which 

the valve is placed easily but not too 

Y looaely. 
Modifications of the safety valve, spe

cially suited to steam engines, will be de
scribed under the head of that class of Fig. 80. Fig. 81. . 
pnme movers. 

114. The ..... "18ek (fig. 32) is a valve of the form of an accu
rately turned sphere. When of large size, it is in general hollow, 

in order to reduce its weight. Its face is its 
entire 6Ul"face: its seat is a spherical zone, as in 
the case of some bonnet valves already referred 
to. As the ball clack fits its seat alike in every 
position, it needs neither spindle nor tail; but 
either the chamber in which it works must be of 
such a shape and size as to insure its always fall
ing into its seat, or the same object mtm be 

Fi In effected by means of wire guards encloeing it, as 
/g.. shown in the figure. The latter plan is the better, 

as it is the more likely to insure that there shall always be a free 
p88BIIoge for the fluid round the valve when open. 

115. D .... d. " ... cal ,, __ Bonnet valves of large size, when 
working under high pressures, often require an inconveniently 
great amount of work to open them, and shut with such violence 
as to cause injurious shocks to the machine. To obviate thia evil, 
a valve has sometimes been used, composed of a series of concentric 
rings. The largest ring may be considered as a bonnet valve, in 
which there is a circular orifice, forming a seat for a smaller bonnet 
valve, in which there is a smaller circular orifice, fonning a seat for 
a still amaller bonnet valve, and so on. Thia arrangement enables 
a large opening for the passage of water to be formed with a 
moderate upward motion of each division of the valve; and conse
quently with a moderate expenditure of work to open it, and a 
moderate shock when it shuts. 

116. The .... ~.BeaI " .... e (an invention of Mesal'S. Harvey 
and Wf'.Bt) is the best contrivance yet known fOl" enabling a large 
passage for a fluid to be opened and shut easily under a high pres
sure. Fig. 33 represents a section of the valve, with its seats and 
chamber, and fig. 34 a plan of the valve alone. 
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The valve shown in the figure is for the pUl'pose of opening and 
shutting the communication between the pipes A and B. 

FIg. 84. 

FIg. 88. 

The pipe B is vertical, and its upper rim carnes one of the two 
valve Beats, which are of the form of the frustum of a cone, and 
~h markeda. 

A frame C, compoeed of radiating partitions, fixed to and resting 
on the upper end of the pipe B, caqies a fixed circular disc, whose 
rim forms the other conical valvtl seat. 

The valve D is of the form of a turban, and has two annular 
conical faces, which, when it is shut, rest at once on and fit equally 
close to the two _ts G, a. When the valve is raised, the fluid 
}l88I!e8 at once through the cylindrical opening between the lower 
edge of the valve and the upper edge of the pipe B, and through 
the similar opening between the upper edge of the valve and the 
rim or the circular disc. 

The greatest possible opening of the valve is when its lower edge 
is midway between the disc and the rim of the pipe B, and is given 
by the following formula:-

Let 
d1 be the diameter of the pipe B; 
t4., that of the disc ; 
h, the clear height from the pipe to the disc, lees the thickne811 of 

the valve; 
A, the greatest area of opening of the valve; then 
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A = HU6 dl ~~.", ; .................... (1.) 

and in order that this may be at least equal to the area of the pipe 
B, viz., '7854'd~, we should have 

d' 
", at least = 2 (d

l 
.+ d2) ; .................... (2.) 

which, if as is usual, dl = dl , gives 
d 

", at least = t ; ...................... (2 A.) 

but ,\ is in general considerably greater than the limit fixed by 
this rule. 

If the upper and lower seats are of equal diameter, the valve is 
little affected by any excess of pressure either in A or in B; and a 
force a little exceeding its own weight is sufficient to open it. It 
is then called an EQUILIBRIUM VALVE. 

If the diameter of the upper seat is the less, an excess of pres-
8Ul'6 in A over B tends to keep it shut, and an excess of pressure 
in B over A to open it. 

If the diameter of the upper seat is the greater, an exceBI:I of 
pressure in A over B tends to open the valve, and an excess of 
pressure in B over A to keep it shut. This arrangement is seldom 
used. 

In each case, the force arising from difference of intensity of 
preB8Ul'6, and tending to open or shut the valve, 8.8 the case may 
be, is nearly equal to that difference multiplied by the difference 
between the area of the pipe B and that of the circular disc. 

The equilibrium valve is the kind of double-beat valve most 
commonly used in steam engines. In water pressure engines, 
pumps, and hydraulic apparatus generally, the ~ower valve seat is 
generally made a little larger than the upper. 

117. A. ..... ValYe, illustrated by fig. 35, is a lid which opens 
and shuts by turning on a hinge. The hinge may either be a metal 

joint, or may be provided by the flexibility of 
the material of the valve itself, when that is 
leather or india rubber. 

The face may be of leather, india rubber, 
or metal; in the last case the face and seat 

should be carefully scraped to true planes. 
In hydraulic machines, the most common material for flap valves 

is leather, which should, as far as possible, be kept constantly wet. 
A large leather flap may be stiffened in the middle by a plate of 
wood or metal 

Fig. ali. 
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A pair of flap valves placed hinge to hinge (US118lly made of one 
piece of leather fastened down in the middle) constitute a "BUTl'ER
FLY CLACK." The chamber of a flap valve should be of considerably 
greater diameter than the valve. 

118. I&. ........ Grad .. Vain! consists of a round disc of water
proof canvlIB or of india rubber, resting on a flat horizontal grating, 
or on a plate Forated with holes, to which it ill fastened down at 
the centre, tieing left loose at the edges. To prevent the val'\"e 
from lising too high, it is usually provided with a guard, which is 
a thin metal cup formed like a segment of a sphere, grated or per
forated like the valve seat, to which it is bolted at the centre, 
serving also to fasten the valve down at that point. The cup 
should have a metal shoulder at its base, a little less in depth than 
the thickness of the flap, to press directly against the seat, 80 that 
the tension of the bolt may not be brought to bear on the flap, 
which would be unable to sustain it. When the valve is raised by 
a current from below, it applies itself to the bottom of the cup. 
When the C1lrrent is reversed, the fiuid from a.bove, pressing on the 
valve throngh the holes in the cup, drives it down to its seat again. 

According to Mr. Bourne, ,'lllves of this class, when made of 
india rubber, may be about six inches in diameter aud five-eighths 
of an inch thick. They are adapted to la.rge pumps by making 
them sufficiently numerous. They are now much used for the air 
pumps of steam engines, in which the pressure they have to SUB

tain is less than one atmosphere. It is probable that they are not 
capable of bearing very high pressures. 

119. The DIM _d PI .... VaI_ or T......., v.m. consists of a 
thin flat metal plate or disc, which, when shut, fits closely the 
opening of a pipe or passage, generally circular in section, but 
sometimes rectangular. The valve turns upon two pivots or 
journals, placed at the extremities of a diameter travel'BiDg its 
centre of gravity, 80 that the pressure of the fiuid against it is 
balanced about its axis of rotation, and the valve can be turned 
into any angular position by a force sufficient to overcome its 
friction. 

When the valve is turned 80 lIB to lie edgeways along the pIIB
sage, the current of fiuid passes with very little obstruction: when 
it is turned transversely, the C1lrrent is stopped, or nearly stopped. !llacing the valve at various angles, various openings can be 

e. If the valve, when shut, is perpendicular to the axis of the 
pipe, the opening for any given inclination of the valve to that 
axis is proportional to the cmJeraed-aine 0/ the inclination. If the 
valve is oblique when shut, the opening at a given inclination is 
proportional to the difference between the aiM 0/ that inclination 
and the Bins of the inclmaeion when shut,. 
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The /ac6 of this valve is its rim; its Beat is that part of the 
internal surface of the passage which the rim touches when the 
valve is shut; and thoae surfaces ought to be made to fit very 
a.ccura.tely, without being so tight as to cause any difticnlty in 
opening the valva. 

One of the journals of the valve usually pasaes through a bWlh 
or a stuffing box in the pipe, so as to afford the meys of commu
nicating mot~on to the valve from the outside. 

It is difticnlt to make valves of this class perfectly water-tight or 
steam-tight without too much impeding their motion. They are, 
therefore, not so well suited for stop valves as for regulating 
valves, and for the latter purpose they are much used, both in 
water pressure engines and in steam engine& 

Their form will be illustrated in the figures of engines of which 
they form part. 

120 • .... e -v.--The 8tKJt of a slide valve consists of a plane 
metal surface, very accurately formed, part of which is a rim sur
rounding the orifice or port, which the valve is to cloae, and from 

{ to 2~ of the breadth of that orifice, while the remainder extends 

to a distance from the orifice equal to the diameter of the valve, in 
order that the valve, when in such a position as to leave the port 
completely open, shall still have every part of its face in contact 
with the seat. 

The valve is of such dimensions as to cover the port together 
with that portion of the seat which forms a rim surrounding the 
port. The f~ of the valve must be a true plane, so as to slide 
smoothly on the seat; and in large slide valves consists of a rim 
surrounding that central part of the valve which dil'OOtly clOl!e8 the 
orifice, and which is more or less concave, to enable it the better 
to resist the pressure which acts on the back of' the valve when it 
is closed. 

Very large slide valves, such as those in the COUl'lJ6 of the main 
water pipes of large towns, are strengthened at the back by ftanges 
or ribs. 

The valve and its seat are contained within an oblong box or 
C8.1!e, large enough to permit the easy motion of the valve within 
it, and usually forming an enlargement in the COUl'lJ6 of a pipe. 
The ~f16 rod, by means of which the valve is opened and shut, 
passes out through a stuffing box; or instead of such a rod., a 
valve of moderate size often has a nut fixed to it, within which 
works a screw on the end of an axle, which passes out through a 
bush, and has shoulders within and without to prevent it from 
moving longitudinally, and a square on the outer end on which the 
key fits that is used in turning it. 
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The total pressure between the face and seat of a slide valve is 
equal to the total area of the valve, multiplied by the excees of 
intensity of the preeaure behind it above the preasure in front 
or it. 

That total pressure being multiplied by the co-efficient of friction 
between the face and seat, which may be as much as 0'2 (see 
Article 13), gives the resistance of the valve to being opened, 
which is almost always considerable. For the double purpose of 
euabling that resistance to be overcome by a moderate effort, and 
of preventing the shocks which would arise from suddenly closing 
~ valve when there is a rapid current passing, it is necessary 
that the valve should move slowly as compared with the driving 
point of the apparatus by means of which it is moved. In mode
rate sized valves, this is usually provided for by causing them to 
be opened and shut by turning a screw, as already described, or 
by moving the valve rod by a rack and pinion of suitable dimen
sions. 

Large slide valves are sometimes moved by attaching the valve 
rod to & piston contained in a cylinder, which has a pair of supply 
pipes, one for each end, bringing water from the main pipe behind 
~e valve, and a pa.ir of discharge pipes, one for each end, leading 
to the main pipe in front of the valve. These four pipes are pro
vided with suitable cocks or valves to be opened and shut 
by hand; and thus is formed a smaJI water pressure engine, by 
means of which the slide valve can be moved either way when 

uired. 
he opening and shutting of a very large slide valve is sometimes 
facilitated by making it in two divisions-a larger and a smaller. 
The smaller division is opened first and closed. last : the effect of 
which is, that it alone bas to be moved against the resistance 
arising from the greatest difference of pressure before and behind 
the valve; and that the larger division bas only to be moved 
against the resistance arising from the pressure corresponding to 
the lou of Mad caused by the contraction and subsequent enlarge
ment of the stream in passing through the smaller division of the 
orifice; as to which see Article 99. 

Rotating Blid. ml'De8 are sometimes used, in which the valve and 
ita seat are a pa.ir of circular plates, having one or more equal and 
aimiJa.r orifices in them. The passage is opened by turning the 

. valve about its centre until its openings are opposite to those of 
the seat, and shut by turning it so that its openings are opposite 
aolid portions of the seat. . 

Vanous forms of slide valve peculiar to the steam engine will be 
described under the head of that class of prime movers. 

121. .& ...... v ..... is a piston moving to and fro in a cylinder, 
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whose internal surface is the mlw seat. The port is formed by a 
ring or zone of openings in the cylinder, communicating with a 
passage which surrounds it; and by moving the piston to either 
side of these openings, that passage is put in communication with 
the opposite end of the valve cylinder. Details and particular 
forms of the piston valve will be illustrated farther on. 

122. «loeb-This term is sometimes applied to all valves which 
are opened and shut by hand, but its proper application is to those 
valves which are of the fonn of a frustum of a cone, or conoid, 
turning in a seat of the same figure. 

In the most common form of cock, the seat is a hollow cone of 
slight taper, having its axis at right angles to the pipe in whose 
course it occurs. The valve is a cone fitting the seat accurately, 
and having a transverse passage through it of the same figure and 
size with the bore of the pipe, so t~at in one position it forms 
simply a continuation of the pipe, Ilnd offers no obstruction to the 
current, while by turning it into different angular positions, the 
opening may be closed either partially or wholly. A screw and 
washer at the smaller end of the cock serve to tighten it in its seat. 
"Schiele's curve" (Article 14) is sometimes used for cocks. 

In a form of cock: much used for fire plugs, a short vertical pipe 
rising from a water main terminates in a hollow conical frustum, 
tapering slightly upwards, and having an orifice in its side leading 
into a lateral pipe. Inside the hollow cone is the valve, being 
another cone, also hollow, open at the base, closed at the top, and 
having an orifice in its side of the same size and figure with that 
in the outer cone. This inner cone is pressed upwards into the 
outer cone by the water within and below it, which thus tends to 
keep the joint between the cones water-tight; and by turning the 
inner cone into various angular positions, the lateral orifice can be 
fully opened, or partially or wholly closed. 

123. 1!'ledtle T81te _d D .......... -v ..... -A class of valves 
has lately been introduced, in which an india rubber or gutta percha 
pipe, which when fully open is cylindrical, can be wholly or par
tially closed by pinching it as if in a vice, by means of a screw. 

In another class of valves, the mouth of a cylindrical pipe, from 
which a current of water is discharged, has opposite to it a flexible 
circular diaphragm of india rubber, of larger diameter than the 
pipe, fixed at the edges at such a distance from the pipe as 
to leave a sufficient passage for the fluid between the edge of 
the pipe and the face of the diaphragm. Behind the diaphragm 
is a round, slightly convex stopper or plug, which, when 
pushed forward by means of a screw, presses the diaphragm 
tightly against the mouth of the pipe, and so closes the 
passage. 

_J-a a_v 'I. Digitized toy Google -----



PLUlI'OD-ITS LOAD. 127 

SECTION 3.-PIUngerB, PiseonB, atnd Packing of Wat6r P'1WB'U11"8 
Engines. 

124 . .& Pi ..... is a metal cylinder, closed at the ends, and accu
rately turned on the cylindrical surface, which, in a single acting 
pump or water pressure engine, acts at once as piston and as piston 
rod, by having a reciprocating motion in a cylinder. The internal 
diameter of the cylinder is larger than that of the plunger by an 
amount sufficitlnt to prevent their touching. Round the circular 
aperture through which the plunger works is a water-tight" cupped 
leather collar," to be described in the next Article. A section of 
a cylinder showing a plunger working in it is given in fig. 37, a few 
pages farther on. 

The area of the transverse section of the plungtf/', and not that of 
the cylinder in which it works, is to be used in computing the effort 
exerted by the pressure of the water upon it. 

The weight of a plunger is often made considerable, and some
times a load also is placed upon it, in order that energy may be 
stored in lifting it, and restored when it descends. 

To exemplify the mode of adjusting the weight and load of the 
plunger for that purpose, let W denote the gross weight of the 
plunger and load of a single acting water pressure engine, which is 
to be adjusted in such a manner that the useful resistance overcome 
during the ascent and descent of the plunger shall be equal Let 
R. denote that useful resistance. 

Let PI be the effective effort of the water on the plunger during 
the up stroke; P 2J if positive, the excess of the effort of the atmo
sphere above the resistance from back pressure of the water during 
the down stroke. If the latter quantity is the greater, PI becomes 
negative, and its sign must be reverSed in the following equations 
(see Article 110):-

Let ~ be the friction during the up stroke, and Hz during the 
down stroke. (As to the friction of the collar, see the next Article.) 
Then, during the up stroke, when W is a resistance, 

Rv = PI - Rl - W; •..................... (l.) 

and during the down stroke, when W is an effort, 

Rv = PI - Hz + Wi· ... ·· ..... · .......... (2.) 

then subtracting (1) from (2), and dividing by 2, we find, 

W = PI - R. ~ Pg + Rg ................... (3.) 
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125. The.,..... --..... ........ through which a plunger works 
is shown in section on a small scale in fig. 37, farther on, and on a 
larger scale in fig. 38. It resembles in shape an inverted annular 
channel; and is lodged in an annular recess surrounding the 
plunger. Its hollow channel is turned towards the inside of the 
cylinder; and the water, tending to enlarge that channel, presses 
its outer side against the recess, and its inner side against the 
plunger, and 80 keeps a water-tight joint. 

From experiments by Messrs. More, and by the Author, it appears 
that the friction between a plunger and its collar is about OM-tmth 
of the total effort of the water on the plunger, at all events 8Ome
where between * and 'lIT, 

Smaller cupped leather collars are used as packing for the orifices 
through which piston rods and valve spindles work. The friction 
between a piston rod and its collar may be estimated at one-tenth 

. of the pre88ure of the water upon an area equal to the cro88-sectiOD 

of the rod or spindle. 
Leather collars should be kept always wet, if possible. 

, 126. Lea ... Packflll pa-.-A piston is distinguished from a 
plunger by accurately fitting the cylinder in which it works, 80 as 
to be water-tight, and by being of DO greater thickness than is 
necessary to make it water-tight. It is attached to a rod, strong 
enough to traDBmit the effort that acts on it to the mechanism 
which it drives (see Articles 61, 7l~ The water acts on one face 
of the piston, or on both, according as the engine is single acting 
or double acting. 

When the water acts on that side of the piston from which the 
rod extends, the cylinder cover has a stuffing box in its centre, 
through which the rod works; and the opening is made water-tight 
by a leather collar, as already described, or by hempen packing. 

In computing the elfort exerted by the water on that side of' the 
piston from which. the rod extends, the BeCtional area of eM rod v 
to be ~ from eM area of eM piBton; in other words, the 
effective area of the piston on that side is less than the total area 
in the ratio 

d'2 
1-'(ji:l; 

where (/ is the diameter of the rod, and d that of the piston. 
When the piston is to be packed by means of leather, ita disc, 

which fits the cylinder easily (and to which the rod is firmly 
attached by a screw, or a serew and nut, or a key), is made slightly 
concave on the upper and under facetj; then on each of those faces 
is placed a leather ring, shaped somewhat like a saucer with a hole 
in the centre, and ha~g ita edge turned up all round 80 as to preas 
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flat against the inside of the cylinder for a breadth of an inch, or 
an inch and .. half, or thereabouts. The edges of those leather 
rings are ~hus turned opposite ways, that of the upper ring upwards, 
and that of the lower ring downwards. Each of the rings is held in 
ita place by a round sauoer-shaped guard or piston cover, bolted or 
BCreWed to the body of the piston. 

The friction of such pistons, like that of plungers, is found to be 
about ~1etIJA of the effort of the water. 

A piston, like a plunger, may be loaded for the purpose of storing 
energy, and according to the same principles. 

127. Be.pea .......-The body of a piston which is to be 
packed with hemp is from two to four inches less in diameter than 
the cylinder in which it is to work; and its depth is about one-sixth 
of the diameter of the cylinder. It bulges a little at the middle of 
ita depth. Round ita base there projects a horizontal flange, whose 
rim fita the cylinder easily. Above that ftange and round the body 
of the piston is wrapped the packing, consisting either of loose 
hemp, or of a soft loosely spun hempen rope, called "gasket," 
soaked with grease. Above the packing is a ring of the same size 
and figure with the flange, for pressing the packing down, and 
causing it to fit tightly in the cylinder. This" junk-ring" is held 
down and oan be moved towards the flange so as to compress the 
packing when required, by means of screws. 

The stuffing box of a piston rod is packed with hemp in a similar 
manner, the hemp being pressed down and made to fit tightly round 
the piston rod by means of the stuffing box cover and its bolts or 
ICI"eW8. . 

SHImON 4.-0/ Hydmvlic p,... tMd HoitM. 

128. The By"""'" ___ is supplied with water from an arti-
ficial source, as stated in Article 97, and is thereon not a prime 
mover, but a piece of mechanism for conveniently applying the 
energy of the muscular power, or steam power, by which ita supply 
pumps are worked. It is described here first on account of ita 
exemplifying in a simple form various parts which enter into water 
pressure engines generally. 

Fig. 36 ia an elevation of a hydraulic press supplied by a hand 
forcing pump; fig. 37 is a vertical section of the cylinder and 
pump; and fig. 38 represents the plunger collar: these figures have 
already been referred to in Articles 124, 125. Fig. 39 is the 
safety valve, differing from that previously shown in Article 113 
only in being so small that the spindle is of 811 great diameter as 
the valve. 

.A is the preas cylinder, made thick enough to resist the prea1II11'e, 
according to the principles of Article 64. The bottom should be 

J[ . 
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segmental or hemispherical, not fta.t. B is the plunger; Q its collar 
(see Articles 124, 125); C a plate carried on' the head of the 

· G 

fig. 86. 

" 

p 

Fig. 88. 
Fig. 89. 

, . . . 
plunger; D the upper plate of the press; E standards guiding the 
motion of the plate ,C, and strong enough to resist'a working ten
sion equal to the force W be exerted, hy, ~he pl,unger. . F ill the 
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pump cylinder, I ita plunger, and K a guide for the plunger rod. 
G is the pump handle; H and H' are two alternative centres, about 
either of which it can be made to work, 80 88 to give a greater or a 
less leverage 88 required. L is the supply pipe of the press cylinder, 
through which Water is forced into it by the pump. -- It contains a 
self-acting clack, N, opening towards the press cylinder, to prevent 
the return of water towards the pump.- M is the supply valve or 
suction valve of the pump. beinK a clack opening upwards; Ois 
th~ safety valve, P its weight;. It the escape valve or discharge 

_ valve, beirig a conical plug worked by means of a IICl'tlW, kept shut 
w~e the plunger is beiug raised, and opened, 80 88 to let the water 
escape from the press cylinder, when the pl~r is to be.allowed 
to descend by ita weight. The discharge pipe. leadiug from this 
valve to a tank from which the pump draws ita water, is the tail 
t'YJC8 of the machine. 

The followiug formuhe relate to the: efficiency of the hydraulic 
preas, and show how to compute the force and the energy required 
to'work it. . '. 

Let R be the useful resialtance to be overcome by the plunger in 
rising. and " the velocity with which it is to rise in feet per secon«L 
Then the useful work per second is 

R " •••.• ~ ••••..••.•••••••••••••••••• (1.) 

Let W be the weight of the plUnger; then R + W is the fII'OB8 
load of the plunger. To this· has to be added, for· friction. a 
quantity estimated approximately at about one-t./mIA of the gross 
load; 80 that the e1l'ort ofth.e water on the pl~r is nearly 

11 
P = 10 (R + ~ ....................... (2.) 

Let A be the ares. of the transverse section of the plunger. Then 
the intensity of the e1l'ective pres8l~of . the. water in. the. pre8Il 
cylinder ought to be 

P 11 (R + W) . 
p = A = 10 A .................... (3.) 

in pounds on' the square foot or square inch, according &8 A is in 
square feet or square inches. . . . 

Let ti be the sectional ares. of the supply pipe L; then A ~ 
. . II 

is the velocity with which the Water flows. through that pipe; and 
fIJ AI . . 
2 9 tJlthe heigh~due. to that. velocity. 
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Let 1: • F be the sum of the various/a,cI,(m of ~ due to 
the length and diameter of that pipe, and the several bends, knees, 
contractions, enlargements, and other causes of resistance which 
occur in ita course, computed according to the principles of Article 
99. The head due to the velocity of the current in the pipe is lost 
owing to the sudden enlargement of the channel in entering the 
cylinder. Hence the lOBS of head in the pipe is 

""As 
A = (1 + 1: • F) 2-'11 ............. · ...... ·(4.) ga 

Let tI = D A be the p1'ell8Ul'e equi~nt to this lOBS of head. Then 

p+JI ............................... (5.) 

is the pressure in the pump; and if a be the area of the pump 
plunger, 

a (p + p) ............................. (6.) 

is the eft'ort to be exerted by it on the water, with a velocity A " ; 
a 

80 that the energy exerted per second by the pump plunger on the 
water is 

" A (p + p) ........................... (7.) 

To this has to be added an allowance for the friction of the 
pump, which, as it includes not only the Diction of the plunger 
collar, but that of the mechanism and valves, may be estimated at 
about one-fifth of the efFort on the water; giving for the whole 
energy expended per second, 

6 
jj " A (p + tI) ..................... ~ .... (8.) 

Comparing this with the expression (1) for the useful work, it 
appears that the ~ of the machine is 

5 
5 R 7(R 
6' A(p+p') = ~! (R+W)+Ap ........ · .. (9.) 

Let n be the ratio of the velocity of the pump handle to that of 
the pump plunger j then 

nA" 
-a-······························(lO.) 
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is the e.ffectifJ6 'tJ8lociJ,y of the pump handle, reckoning down strokes 
only, and 

61l (p + p) 
-j}--........... " ............ (11.) 

effort required there. effort which have 
required, had there been no friction and no loss head, and 
load except the useful load, would have been 

aR 
n A'"'''''''''''''''''''''''''''' (12.) 

less than actual effort proportion 
the efficiency is less than 

In order to produce a continuous current of water into the press 
cylinder, there are sometimes a pair of pumps having their plungers 
connected to the opposite arms of a lever with two arms of equal 

so as to perform their down strokes alternately. At the 
each arm of lever is bar for workmen to 

hold 
the pumps workod steam engine, is usual 

have a set of three, with their plungers respectively connected with 
three cranks on one shaft, making angles of 120° with each other. 
Let 8 be the length of stroke of one of them, Il the area of its 
nh""",,,p T the number of revoluJ,ionB made by the in a second; 

the quantity water per second A, we must 

3 T a 8 =" A ........................ (13.) 

The hydraulic press may be workod by water from a natural 
source; in which case the waste of energy owing to the friction of 
the pump disappears, and the becomes simply 

A (p + [I) ; .......................... (14.) 

the flow and total head required to drive the machine being 
respectively 

Q ...... (10.) 

........ " ..... " ...... (16.) 

129. w ..... .--..., a ........ ~-The simplest water 
pressure hoist is a hydraulic press, having on the top of its pres& 
P a croas-hesd, from the ends which chains for lifting 
a Such was the apparatus girders of the 
J:mtt811iDl& Bridge. 
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For this machine, R, in the equations of the preceding Article, 
represents the load to be lifted, and W the weight of the plunger, 
C1'088-head, and chains. 

To a similar 'class belongs the water pressure hoist or purchase 
invented by Mr. Miller for dragging ships up the inclined plane of 
" Morton's slip. » In this machine the press cylinder is placed at. 
the upper end' of the inclined plane, and at an inclination equal to 
that of the plane; and the ~ve force is exerted upon the 'Chain 
which drags the vessel eitherby a plunger with a Cl'OIIIl-head, or 1)1 a 
piston with a' piston rod ]!Using through a stuffing box in the bot
tom of the cylinder; the effective area of piston A in the latter case 
being the total area leSs than the sectional a.rea. of the piSton rod. . 

Let i denote the angle of incliii8.tion of the slip; , 
f, a co-:efficient of friction, . whose value is about ft; 
WI' the weight of the ship; , ' . 
~, her total resistance to being dragged up the slip; then 

~ = WI (sin i+ /coe ,) .................. (1.) 

and if t1 be the velocity with which she is to be dragged, the tIM/ul 
work p«' 86CO'IIIl is ' . 

. ~ " .. , ............................ (2.) 

, Let WI be the weight of the cradle, chains, piston or plunger, 
and every additional weight which moves along with them; then 
the resistance '" ' 

~ + Rs = (WI + WJ (sin i + /cos i} ......... (3.) 

is to be substituted ,for R + W in equations 2, 3, and 9, of Article 
128, ,when the formula; of that ,Article will all ,become applicable 
to the machine now in question. " " 

130. w ... p~ ClaP ...... - A water pressure hoist for 
raising and lowering a cage containing mineral wagons, or other 
heavy bodies, coniliSta essentially o( the following parts ;-

I. IL ITL A frame, carrying pulleys, a chain passing over the 
pulleys, and a cage hung to one end of the ,chain, as already 
described for a bucket hoist in Article 101. ' 

IV. A vertical or nearly vertical lwiBt cyli'tldtlr, firmly fixed to 
one side of the frame, and having a leather packed piston (Article 
126) with a piston rod passing upwards through a &tuffing box in 
the cylinder COVtlr. The upper end of the piston rod carries a pulley, 
usually about thirty or thirty-six inches in diameter. The chain 
is carried under this pulley, and its end made fast to the top of 
the frame; the effect of which is, that the velocity of the piston is 
one-half of that of the cage; and the length of stroke of the piston 
is one-half of the lift. 
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V. The BUpJilll ~ of the hoist cylinder; having, near the hoist 
cylinder, ita regulator, which is a screw slide valve, opened and 

sh.uV' tLbYThhan~:_1.A_ . f th h· lin'd " ha .' 'also'·' e --lI8 11'1'8 0 e oist cy er, vmg Ita 
screw sli4e valve. As to f'6luj clacks, see Article 134: A. . 

VIL ;The 8km cyli1lllm, from' which the supply, pipe' of the hoist 
cylihder comes,' resembles'~ahydraulic press,' with ita collared 
pl~er. It is destined to Contain a reserve of water to ,supply the 
hoist'when it is occasi~nally ·worked so rapidly as to expend water 
mater'than the source' can supply it. ' The, stOre cylinder is ,re
plenished with water from the source in the intervals when the 
hcriat is standing ~dle. , The plunger of the store cylinder is lOaded 
with a weight corresponding to Ple pressure required. The same 
store cylinder, if large enough, l1!&y ~er fonevera! poiats., ' 

The stOre. cylliuler. may 'also be made like a, hydraulic press 
iDvertec1, the plunger being fixed,. and standing on a firm, founda
tion, with the supply and discharge pipes travening it; and the 
cylinder being moveable, with ita collared end. do~wards, and ita 
clOsed end upw&rds, and a sufficient weight placed upon' it: 

VIIL The supply pipe of the store cylinder. " 
IX. The source, whlch may be an elevated reservoir, or a water 
w~ main giving a sufficient flow and pressure, but which is 
~uch more' frequently artificial, being a set of forcing pumps 
worked·by a &team engine, as described in Article 128. ' , 
, The following 8.re the formulm applicable to m8ch.ines of this kind. 

Let ~ be the UBefulload to be lifted, 8~ the height to whlch it 
is to be lifted in the time' with the velocity "1 = 81 + '; then the 
ufol m-k per tiet:Mvl is -

.~ "1········.········~·····~········~(1.) . ;' 
An ordinary value oh,.is OMjoot, ptII' s6txmd. ' 

. For a first ro~gh eStimate of ' the pOwer required to produce this 
efFect, the efficiency of the whole machine may be taken 'approXi: 

2 .. ,' ;, .. " 
mately at 3; so that the tmIIf'g1J ~ ptII' BeCtmd will ~ 

, 3, 
D Q H = '2 R" "1' raearlll ..... : ............. (2.) , 

The object of making this rough estimate is to fix the size of the 
h_ cy~d~., I~ the source is a reservoir or a water work pipe, 
the total head H is in general fixed; if the ,source is artificial, 
there are in most cases reasons which fix a limit to H; it is seldom, 
(or eumple, desirable to exceed 500 or 600 feet. The value of H 
having been fixed approximately, we have for the flow of water per 
second while the cage is being lifted-, " 
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Q = ~ ~ :t ; ......................... (3.) 

and for the flow pttr IIfIrolte of the hoist, which is the effective 
volume of the hoist cylinder-

Qt = ~ ~il = A2.!1· .. • .. · .. · ...... ·····(4.) 

Al being the tt/f~ area of the piston j that is, the excess of the 
area of the piston above that of the piston rod; and 'I + 2 its 
length of stroke, 80 that 

2Qt 3R1 . 

Al = - = DH·······················(5.) 
It . 

When H is limited to 000 feet, the piston rod may be made one
fiftieth of the area, or about ODe-seventh of the diameter, of the 
piston j 80 that we shall have in that caae-

lJionNJ,er ofpiBtim = V 4:~ "~4 = 1-14 JA1···(6.) 

Let WI be the weight of the cage; then 

~ +WI ••••··••• .. ··················(1.) 
is the working tmfton em tIN cAai" j and six times this should be 
the ultimate strength of the chain. Let W II be the weight of the 
chain and pulle)'ll; then 

Rz = ~ 1"0 WI + !2 ..................... (8.) 

will be very nearly the.frU:lMm of the mechanism. 
Inasmuch &8 by the tackle used, the velocity of the piston is 

half that of the chain, we shall have for the tlmBicm em eM pittton 
rod-

2 <Rt + RJ ; ........................... (9.) 

to which adding one-tenth for the friction of the piston and rod. 
we find for the tt/fMC p A, and intensity of preB8'UII"6 p, exerted by 
the torJNr on 1M pUtoR-

P A = ~~ <Rt + RJ· } .................. (10.) 
p_22.&+~ 

-10 Al . 

The 10118 of head by the ~ of IAe IJUpplll pipe, and the 
corresponding PrelWl'll, are found 88 in equation 4: ot' Article UB, 

-L 
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with due attention to the formuhe of Article 99. Let tI be the 
pnamre 10 found. Then 

p + p' ....•••••••.•..•.....••.•..... (ll.) 
is the pr68BUf'e in eM BIDre cylifldtJr ... i4B plvngw is jalling. 

Let As be the &rea of the plunger of the store cylinder, to be 
fixed in a manner which will be afterwards explained. Then add
ing one-ninth for the friction of the collar, we have-

10 "9 (p + p') As··· ..................... (12.) 

for the 9fYM' lOtJd of eM BIDre cylW/m plungtJr, including ita own 
weight. 

The pressure in the store cylinder teMn i4B pltIII'IfP is riBing is 

11 9" (p + p') .......... ..•..........•... (13.) 

and noI Mily eM Bfme cylifldtJr but eM lwittl cylW/m tmd supply piptl 
ought to have their strength adapted to this working p1'e8ll1lJ'e, by 
making their bursting pressure six-fold, and using the rules of 
Article 64. 

Let p" 118 the pressure due to the resistance of the supply pipe 
leading from the 80urce to the store cylinder; then 

11 
D Hl =P1 = 9" (p + p') + p" .............. (14.) 

is the preaaure correspon~ to the total head required at the 
source, natural or artificial Should the head HI calculated by this 
formula prove greater than the head H originally IU!8Umed, the 
supply pipes should be made larger, 80 88 to diminish their resist
ance until HI does not exceed H. .As to this, see Article lOS. 

Then the et/IJJ'fI1I ezpendtIcl by eM t«Jter for each second that the 
hoist works is 

PI Q = D Q H I , .. ·····················(15.) 
and the ~ of eMjall of water is 

~ ~1 ••••••••••••••••••••••••••••• (16.) 

If the IIOIlI'C8 is artificial, the work lORt in overcoming the fric
tion of the pumps or other mechanj8JD used in producing it is to be 
added to PI Q in estimating the whole energy expended per BeCOnd 
of working of the hoist and the resultant efficiency of the entire 
machine. 

A single dore cylinder and a Bingle 80Urce or set of pumps m&y 
BUpply either one hoiat or 88Veral. To find the rate of flow from 
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the pumps or other source into the store cylilider, ascertain the 
length of the interval during which the hoists usually stand idle; 
and add to it the length of, the, following interval during which 
thev are at work. Let T be the number of seconds in the wIuJk 
~ so found; and of these seconds let T 'bt}. the number of 
seconds during which any hoist is rising, an'J Q the quantity of 
water it requires per second while rising. TlieIl' summing the 
quantities for all the hoists- ' " 

~. QT1 ··:· .... ····················(17.) 

is the quantity of water required in each: period of. T seconds;, 80 
that the uniform rate of flow from the source into the store 
cylinder should be 

'~'QT" ',' 
, ,~ = T 1 ; •••••••••••••••••••••••• (18.) 

~~J~r the uniform power.ofthe fall, in fOO~POUDds'per second, 

TGe ci.pacity ohaol~Y Mce88a1"Jl. for the store cylin4er is " 

8t AI = ~ . Q '!l - Q ~ ·Tl" .......... : ..... (~9.) 

(81 being its length of stroke); but it is in 'general 'advisable to 
~e ' ' 

azA. = ~ . Q Ti ....... : ........... :(19 A.) 

In the preceding description, ,the chain tackle is supposed to be 
so a.rrimged that the velocity of the; hoist cylinder: piston' is one
half,of that of the cage; butc,any requiredvelocity-ratio/can.be 
given by suitably, arranged' fixed . and moving pUlleys. This com
biuation in mechanism·of. chain-and-pulley· tackle, ;with ,hydraUlic 
connection, was first introduced: by, Sir Wil)ia.m ,Armstrong,' who 
has applied it not only to hoists but, to cranes and variOUlJ' oth~ 
machines. (See' T'IY1In8. of eM I mt.: of j[ ec/umica1 Engineer8, Aug., 
1868.) 

SECl'ION 5.-:0/ Sell-Acting Water P'IWIfII,Te Engi'MII. 
131. a--a ~ When a "water pressure engine" is 

spoken of without qualification, it is generally a self-acting water 
pressure engine that is meant; that is, an engine ,which ,di1l'ers 
from a mere press, hoist, or crane, in having diBtributing tK1l1J68 . for 
regulating the supply and discharge of the water, which are moved, 
directly or indirectly, by the engine itself; so that it is a machine 
having. a periodical motion, which motion having once been made 
W~mmence, goes on of itself until it is stopped, either by shutting 
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the throttle valve and so stopping the aupply of water, or by eli&-
engaging or otherwise stopping the valve motion. . 

The distributing valves are in general of the piston tHJlw kind 
(Article 121), and worked by a small auxiliary water pressure 
engine. 
~uch as the friction of water in passages varies 8S the square 

of the velocity, and the work performed in overcoming it as the 
cube of the ,velocity (other things being equal),-and inasmuch as 
the velocity for a given flow of water varles inversely as the area of 
the passage :"":"'it is favourable' to the efficiency of a water pressure 
engi,ne, which is to perform, useful work at a given rate, that its 
dimensions should be made as large and its moftment 8S slow 
as is Consistent with ·due economy of first cost in each p8.tticular 
case.' ' 

It is also favourable to efficiency that the stroke of the piston 
should be IO~j for the reversal of its motion is seldom unaccom
panied bY J shock; and at each such reversal the poaition of the 
valves has to be altered; both of which cause loss of work. 

The most advan~us use, therefore, to which a water pressure 
engine can be ap'plied ill the pumping of water, to which slow 
motion an4 a long stroke are well adaJl¥, because they are 
favourable to efficiency, not only in the engine but in the pump 
which it works. 
Nev~eless, in situations where a large aupplyof water at a 

high pressure can easily and cheaply be obtained, water presaure 
engines have been used with advantage where considerable speed 
is requisite.' as in driving rotating machinery. Various engines 
of this kiiid have been designed and executed by Sir -William 
A~ng. . 

The whole of the' mathematical principles which apply to water 
preSsure engines bave been explained in the preceding sections of 
this :Chapter. . 

Their resultant efficiency, as ascertained by practical experience, 
is stated by di1I'ereut authorities at values ranging from 0'66 to 
0'8. The variations probably arise chiefly from di1I'erences in the 
resistance of the pas8agestt:averseci by the water, and, perhaps also 
to some extent frOm errors in the mode of calculating the quantity 
of water used. 

In estimating the probable efficiency of any proposed water 
pressure engine, the lowest value of the efficiency; viz., 0'66, is 'of 
~ the safest to asaume as a rough estimate; but a closer 
approximation· may be obtained by making a calculation according 
to the method already exemplified in detail in Articles 128 and 
130; that is, commencing with the resistance of the useful work 
and the velocity of the piston, and computing in their order all the 
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different prejudici;U resistances to be overcome, and the quantities 
of work to be performed in overcoming them. 

132. ...~ Aed.. w.... PR_ ...... e. - The example 
chosen to illustrate this kind of water pressure engine is a. mme 
pumping engine, designed by M. Junker, 88 described by Mr. 
Delaunay. It resembles in many respects the pumping engines 
of Mr. Darlington. 

Fig. 40 is a. complete vertioalaection of the engine, during the 
inducliun., or admission of the water to the cylinder. 

r~---'L 
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Fig. 41 is a vertical section of the valve ports and passages 
during the eduction, or discharge of water from the cylinder. Both 
figures are lettered alike. 

A is the main piston, which lifts the 
pump plunger rod by means of a rod tra.
verBing the bottom of the main cylinder 
BR 

C is the supply pipe, and U its throttle 
valve. 

D is the valve port, consisting of a pipe 
oonnectiDg the bottom of tbe cylinder with 
an annu1ar paesage surrounding the valve 
cylinder, 88 already described in Article 
121. 

E is the piston valve. 
G the discharge pipe, and V its throttle 

valve. 
When E is below D, 88 in fig. 40, D 

communicates with 0, and water is ad
mitted into the cylinder to raise the main 
piston. When E is above D, 88 in fig. 
41, D communicates with G, and the water 
is di8charged from the cylinder during the 
deecent of the main piston. The piston 
valve E is notched at the edges, in the 
manner shown in the figure, in order that 
the opening and closing of the port may 
take pla.ce by degrees-the water Bow
ing partially through the notches for 
a short time before and after the edge 
of the piston arrives at the edge of the 
ports. 

FIg. 41. 

The valve cylinder consists of two parts of unequal diameter, 
the upper being the Ll.rger. In the lower, or smaller part, the 
piston valve E works. In the upper, or larger part, wholly above 
tbe supply pipe, works the count8r~ F; thill being larger than 
E, and fixed to the same rod, the pressure of the water between E 
and F tends to raise them both. The upper side of F is provided, if 
necelllllU'Y. with a rod, or a "trunk" (that is, a bollow piston rod), 
passing through a stuffing box in the top of the valve cylinder. 
The use of this is to diminish the effective area of the upper side of 
F, 80 that it shall not be more than is requisite to enable the 
preasure of the water, when admitted through the port I into the 
space above F, to overcome the friction of the piston valve and its 
appendages, together with the excess of the preMUre on the lower 
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side of F above the effective presaure on E. The sectional area of 
this rod or trunk, therefore, should be about as mllch lel!ll than the 
area. 'of E as the area. of E is le8IJ than the whole area. of F. 

H is the supply pipe and. M the disCharge pipe of'the part of the 
valve cylinder above the counter-piston, which, with" ita cylinder, 
forms an "auxiliaiy engine to. work the valve of the principal 
engine. K is the piston valve of this auxiliary engine, which 
regulates the a~onand discha.rge of the water through' the 
pOrt I, exactly as the main piston valve E regulates the admil!sion 
and discharge of the water' through" the . port D of the main 
cylinder. L is a plnnger of the same size with K, and fixed to the 
same rod,·in order' that the pressure of the water in the space 
between K and L may not tend to move the piston valve K either 
upwards or downwards. 

The auxil.iary valve rod to which K and L are fixed is connected 
by means of a train of levers' and liIikwork marked 0 QR S T, 
with a l~ver carryiDg on ita end a "C'I'Utch," P. N is a vertiCal 
"tappet rod," carried by the main'piston A, from which project the 
tappetaX and Y for moving the crutch P. 

The engine works in the following manner:-
Bup~se, as in fig. 41, that the main piston valve E is raised, the 

water escaping by the route D G from the main cylinder, and 
the main piston falliug. When the main piston approa.ches the 
bottom of ita stroke, the upper tappet Y strikes the lower' hook of 
the crutch P, and depresses it, together with the auiliary piston 
valve K. 

This admita water from the main supply pipe C, by the route 
H I, to the annular space above the' counter-piston F, so as t.() 
depress it, together with the main piston valve E, into the po!Iition 
shown in. fig. 40. Then the water from the main supply pipe 
passes through D into the main cylinder B B, and l.ifts the main 
pistOn.A.. When the main piston approawhes the top of ita stroke, the 
lower tappet X strikes the upper hoOk of the crutch P, and raises 
it, together with the auxiliary piston valve K. 

This allows the water to be discharged from the annular space 
above the counter-piston F, by the route 1M; so that the pressure 
of the water between F and the main piston valve E upon the 
exCel!ll of the area of F above that of E, raises F and E together 
back to the position shown in fig. 41, cuta oft' the supply ofW&ter 
to the main cylinder, and opens, tJie passage for the diScharge of 
water from the main cylinder through D into G. The main piston 
then descends, thns completing a' double stroke, and the entire 
cycle of operations recommences. The process may be summed up 
by saying, that of the two ,engines, the main and the "auxiliary, 
each works the valve of the other. . 
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The frequency of the StrOkes of the engine depends on the speed 
with which the valve mechanism works; and this can be controlled 
by means of ~ting cocks on H and M, the supply and dis-
charge pipes of the auxiliarY engine. . 
. 133 ... A..""'''' A. .... ,W_·'''I _ ...... baa a maio 
cyli.Jider, whose ends are both closed, the maio piston rod passing 
out throUgh' a stumDg bo;x:.in one of them, and each end being pro
vided with a port like D in figs. 40 and 41, communicating with 
one. valve cylinder, bo$ of whose ends' communicate with the dis
charRe pipe.: The supply. pipe enters the valve cylinder at the 
middle of. its length. On one rod are carried a pair of equal and 
aimilar piston valves, lone for each port, which rise and fall to
gether: the ·distance between them is'80 adjwited, that when they 
are raised, and the u.pper piston valve leaves the upper port in 
cOmmunication with the 8upply pipe, the l~wer piston valve at the 
same time leaves the' lower. port . in 'communication with the dis
charge pipe through the lower end of the valve cylinder-and that 
when they are depressed, and the lower piston valve leaves the 
lower port in communication with the ~pply pipe, the upper pia
ton valve at the same time leaves the upper port in communication 
wjth the discharge pipe through the upper end of the valva 

• cylinder. ., ' , 
. The valve piston rod may be moved either directly by tappets, 

or indirectly by a sma.ll auxiliary engine. 
134 ....... " w_ "!I~I'II • ....--In this class of engine, 

the Cylinders are either double or single acting, and the piston 
rods,' by ,means of connecting rods and cranks, drive a shaft.. 
In order to diminish as much 8.8 possible the variations of the 
eft'ort upon the' crank shaft, it is usual to have two, three, or 
four cyijnders acting in 8ucceasion; but a single cylinder would 
answer,' if the fly wheel were made of su1Iicient inertia. 

The inertia of the fly wheel for a rotative water pressure engine 
is to be determined by the aa.me rule as for a non-expansive steam 
engine. (See Articles 52, 53.) , 

The frequency of the strokes is greater in this than in other 
kinds.of water pressure,engineS; and therefore, ,to ,avoid great re
sistance, the supply and discharge pipes, 'and the valve porta, must 
be larger 8.8 compared with the piston than in other water preanu:e ' 
engines.. The best rule is to make, if practicable, every pasaage of 
BUch an area., that the velocity of the water in it shall not exceed 
the maximum velocity of the pistons. The best valves appear to be 
double, piston, valves. Engines of this kind are very useful and 
coDvenient for driving small machines in towns where there is a. 
copious, BUpply of' water at a high pressure; and also in mines, 
where steam engines might be inconvenient or unsafe. In the 
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latter situation they may be driven by a portion of the water 
which is pumped up by the draining engine of the mine. 

The most successful in practice of rotative water preamre en
gines are thoae of Sir William Armstrong, 88 to which, and 88 

to hydraulic cranes and hoists, detailed information lday be fOUDd 
in the PtvmBtJCtionB 0/ eM InstitWitm 0/ Met:ltanMxIl E~, 
August, 1868. Their efficiency is roughly estimated at from ·66 
to ·77. 

134 A. IIeIIeI' "...... fonn an important part of the engines of 
Sir William Armstrong. Their object is to prevent the shocks 
which would otherwise oocur within the cylinder on the closing of 
the port, and coIl8equent sudden stopping of the motion of the 
water. A set of relief clacks for a single acting cylinder conaista 
of two, one opening upwards, in a pauage leading from the 
cylinder port into the supply pipe, and the other opening upwards, 
in a p!lBBIlg8 leading from the discharge pipe into the cylinder port. 
The effect is, that the preBBUre in the cylinder cannot rise above 
that in the supply pipe, nor fall below that in the exhaust pipe. 

For a double acting cylinder, four clacks are required, two for 
each port.. 

Supplemt:n.t to PMf, II., Chapter IV., S«:tion 2. 

134 B. .,..... .. ClIacb for large pumps are now much used, in 
which the general fonn of the compound seat is like a cone with 
ita vertex upwards, and an inclination of from 40° to 75°; but the 
sides do not Blope, being fonned into a Beries of flat circular steps. 
.Each of those flat steps is pierced with a ring of openings, and 
forma the seat of a clack or Bet of clacks, prevented from rising too 
high by a projecting or overhanging portion of the step next above. 
When there is a single clack to each step, it is a ring of metal or 
india rubber; when a Bet of cI8.cks, they are leather flaps or india 
rubber balls. (See a paper by Mr. John Hosking, Pran& 1M. 0/ 
Meek. Engirw;rB, August, 1858.) 

SECTION 6.-0/ Water Preuure Engi'I/IJJJ tDitA Air PiBtrm& 

135. The ........... lIIacIIbIe is the name given to an engine 
tint used for pumping mines at Chemnitz, in Hungary, in which 
the duty of a piston is perfonned by a m88B of confined air, trans
mitting preBBUre and motion from a stream of water whose fall 
conatitutea the source of power, to another m&8B of water, whose 
elevation to a given height is the UBeful work to be perfonned. 
Ita principle is identical with that of a piece of apparatus known 
88 "Hero'8 Fountain," from having been described in the p,... 
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maIicI of Hero of Alexandria, a philosopher who lIouriahed in the 
second century B. Co 

The 1I0w of the fall must ex- . 
eeed the quantity of water to be 
raised in a given time, and the 
head must exceed the height to 
which that water is to be raised, 
in proportions whose approxi-
mate values will afterwa.rda be 
pointed out. 

The principal parts of the 
machine are indicated in fig. 42. 

A, a tank or well at the bot
tom of a shaft, for collecting the 
water to be raised. 

B, an air-tight receiver, of 
BU1licient strength to resist the 
greatest internal pressure that 
acta in the apparatus, wholly im
mersed in the water of the well 
This may be called the pump 
lJornl. The bottom of the re
ceiver must not touch the bottom 
of the well, for there must be 
space enough between to admit 
the access of the water of the 
well to· 

0, a clack opening inwards, in 
the bottom of the receiver B. 

D, a delivery pipe, rising from 
near the bottom ofB to the drain 
at the top of the shaft which 
carries away the water raised. 
It is desirable, thongh not abso
lutely necessary, to have at the 
bottom of D a clack: open\ng u~ 
wards. 

E, an air-tight receiver, at 
least 8.8 strong 8.8 B, which cor
responds to the cylWllr of a 
common water pressure engine, 

I 

D 

FIg. 42. 

and is placed in any site near the top of the shaft which is 
convenient for discharging the water of the driving source after it 
bas done ita work. This may be called the wurking barrel. 

F, the cWr pip, connecting the top of the pump baJTel B with the 
top of the working barrel E. 

L 
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G, the.~ air cock, at the top of E. 
H, the discJwlrge wlve, at the bottom of E, for discharging the 

water which has performed its work in the working barrel 
I, a reservoir, at the top of the fall . 
K, the tl'Upply pipe, connecting that reservoir with the bottom of 

the working barrel E. 
L, the admiaBWn valw, near the bottom of the supply pipe. 
The valves Hand L may be opened and shut by floats in the 

working barrel, or by a small auxiliary water pressure engine, or 
by a small wheel driven by the water discharged. The sketch 
shows them as spindle valves; but a single piston valve might be 
made to do the duty of both. 

The machine is set to work by opening the air waste cock G, L 
at the same time being shut. The water from the well A opens 
the clack C, enters and fills the working barrel B, and drival 
out the air through G, 80 that E and F only remain filled with 
air. Then G is shut, and remains shut while the machine is 
working; H is shut and L opened, and the working proceeds as 
follows:-

The driving water from I descends through K and L into E, 
and compresses the air contained in E and F. The pressure so 
exerted on that air is transmitted to the water in B, and causes it 
to rise in the delivery pipe D. When the pressure has become 
equal to that of the column of water in D added to its resistance, 
the lifted water issues from D into the drain, and continues to do 
so until E is filled with water. Then by the valve gearing, L is 
shut and H opened; and the water in E is made to flow out, 
partly by its own weight, and partly by the pressure of the expand
ing air. As soon as the air has fallen to its original PreHSUl'e, more 
water from the well flows through C into B, and drives all the air 
back into F and E. Then H is shut and L opened, and the cycle 
of operations recommenClt*'. 

In the following investigation of the efficiency of this engine, the 
fluctuations of level of the water in the pumping and working 
barrels, Band E, are neglected in comparison with the height of 
lift, and the head of fall. 

Let "'0 denote the head of water which is equivalent to one 
atmosphere, or 33'9 feet on an average. 

Let h, be the height of the outlet of the delivery pipe D above 
the surf/l.Ce of the water in A; D, the weight of a. cubic foot of 
water; or 62'4 lbs.; Q1' the number of cubic feet per second to be 
raised; then 

DQl~·"""""""··""···"""(l.) 
is the useful work per second. 

Let ~ be the head lost by the resistance in the pipe D, com
puted by the principles of Article 99; then 
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"" + ~ + hz ........................... (2.) 

i~ the head of water equivalent to the pressure to which the air 
must be compressed in E, F, and B, before the water will issue from 
the outlet of D. Tha~ pressure, in atmospheres, may be expressed 
thus--

n = L+ ~ t .hz ; ..•••••••••••...•..•..•• (3.) 

and the working pressure which the barrels and air pipe must be 
adapted to bear is .,. - 1 atmospheres. 

The volume of air which must p888 per second from E into B, 
while the water is being forced out of B, is Q1 cubio feet at the 
pressure of .,. atmospheres. 

Whell. air is compressed or dilated 80 suddenly that it has not 
time to lose or gain heat by communicatioll with adjoining bodies, 
its density varies much more slowly than its pressure; but when 
there is time for all the heat produced by compression to be con
ducted away, and for all the heat which disappears during expan
sion to be replaced from neighbouring bodies, the density varies 
very nearly as the pressure simply. It is probable that the latter 
supposition is very near the truth in the present case, especially as 
the air is charged with moisture, which facilitatell the communica
tion of heat. 

Therefore, as the original pressure of the air, before being com
pI'eIIIed by the deacent of the water from I into E, is one atmo
sphere, the volume of the mass of air which descends per second, 
at the original pressure, is 

Q = n Ql ............................. (4.) 

and this also is the volume of water whioh must descend from the 
source per second, in order to perform the work. 

Let B and E be taken respectively to represent the capacities of 
thoee portions of the pump barrel and working barrel which are 
alternately filled and emptied of water at each stroke, and let F 
denote the capacity of the air pi~; then we must evidently have 

E+F 11 + F =n. ........................... (5.) 

Let ka be the lOBS of head by the resistance of the supply pipe, 
valves, &c. Then the Cotal head required for the fall is 

H = 161 + At + ka;················· .. ····(6.) 

so that the Cotal fIMITIY ~ pM" ItICOfId is 
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DQH =nDQl{"l +hs+hz) 
= "o+~ +h,. D Q1 (~+h,+hz)j ............ (7.) 

o 
and comparing this with the useful work in formula 1, it appears 
that the efficiency of the engine is 

Q1 ~ ~ . . Au ~ (8.) 
Q H = n (hi + h, + hz) = (Au + ~ + hz) • {~ + As + As)"" 

The diminution of efficiency represented by the factoT .!. in the 
n 

above expression, and corresponding to a loss of head to the 
amount of 

arises from the loss of the energy exerted in compressing the air, 
and in agitating the water in E and K during the time of that 
compression, when the head is more than sufficient to produce the 
entrance of the water with the proper velocity. 

The energy exerted in compressing the air is restored during its 
expansion j but being wholly employed in forcing the water out of 
the discharge valve 11, it is lost in the end. 

The chief recommendation of the Hungarian machine appears to 
be its simplicity. 

136. Aa .AIr T-a is a sufficiently strong air-tight receiver, 
generally cylindrical, with a hemisphel-ical top, the upper part of 
which contains some imprisoned air, while the lower part containR 
water, and communicates with the cylinder or the supply pipe of 
a water pressure engine, or any other vessel or passage in which 
changes of the velocity of a mass of water occur. The compressi
bility and expansibility of the air, admitting of the alternate flow 
of a portion of water into and out of the air vessel, enable such 
changes of velocity to be made by degrees. Rotative water engines 
were formerly made with an air vessel in connection with each end 
of the cylinder j but relief valves (Article 134 A) are now considered 
preferable. 

Su,pplmnent to pfJIrl II., Ohapter I., Arlicls 94. 
136 A. ...... 11_ are instruments for measuring and record

ing the flow of wa.ter throngh pipes. Detailed descriptions of 
several kinds maybe found in the T~ oftM I'I'UltiINJMJn of 
Mechanical EnginetIrB for 1856. 

The meters now in ordinary use may be divided into two classes: 
pilton meter. and 'tOIwJ, meter,. 
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As an eumple of a Piston meter may be taken Mr. Kennedy's, 
which is a small doubfe acting water pl"ell8Ul'e engine, driven by 
the flow of water to be measured. As it has been found, in other 
piston meters, that the recording merely the nUf1lbw o/1IfIroktJB 
made by the piston leads to errors in computing the flow, this 
meter is 80 constructed that, by means of a rack on the piston rod 
driving pinions, the ~ traversed by the piston is recorded by 
a train of wheelwork, with dial plates and indexes. 

.An example of a wheel meter is that of Mr. Siemens, being a 
sma1l f"I!rJChon turbiM or" Barkel's mill," driven by the flow. The 
revolutions are recorded by a train of wheelwork, with dial plates 
and indexes. 
. .Another eumple of a wheel meter is that of Mr. Gorman, being 
a small/tm turbiM or txnW:I: U1Msl driven by the flow, and driving 
the indexes of dial plates. 

All those three meters are found to a.nswer well in practice, and 
can be placed in the course of a pipe lmder any pressure. 

The ordinary errors of a good watm· meter are from i to 1 per 
cent. j in extreme cases of variation of pressure and speed, errors 
may occur of ~ per cent. 

The value of the revolutions of a wheel meter should be ascer
tained experimentally, by finding the number of revolutions made 
during the filling of a tank of known capacity. 

, 
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CHAPTER V. 

OF VERTICAL WATER WIIEEL8. 

SECTION 1.-lhnmJ Principles. 

137. Po..t ... Wetr.-The head race or supply channel of a 
vertical water wheel commences either at a large store reservoir, 
being a natural or artificial lake in which the rainfall of a district 
is collected, or at a smaller reservoir 01' pond, being an enlargement 
in the course of a river, formed by building a weir or dam &Crol!ll 

it. The object of that weir is not merely to store a surplus flow of 
water at one time, and employ it to supply deficiency of flow at 
another, but to prolong a high top water level from its natural 
situation at a place some distance up the stream, to a place as near 
as possible to the bottom of the fall, where the tail race joins the 
natural channel, and thus to diminish as far as possible the loss of 
head arising from friction in the head race and tail race. 

The weir, throughout either the whole or a part of its length, acts 
as a toaBt8 1Mr or owrjall, discharging over its crest the surplus 
flow of floods, beyond what the wheel can use. 

I. Lwti of PO'IUl-W iii" not .Drowned.-In order to find how 
high the water in the pond will stand above the crest of the weir, 
a formula is to be used founded on equation 2 of Article 94, with 
this difference, that whereas for a sharp edged notch the co-efficient 
of discharge c is from 0'595 to 0'667, it is considerably smaller for 
the flat or slightly rounded crest of a weir. Its values under 
various circumstances have been determined by the experiments of 
Mr. Blackwell. Forthe purpose at present in view, it is sufficiently 
accurate to take the following average value :-

For tDa8C6 wei,,8, C = 0'5 7UltJ7'lg ........................... (1.) 

This gives for the flow over the weir, in cubic feet per second, 

Q=5'35chAl = 2'67 hAl; ................. (2.) 

so that the greatest height h, in feet, at which the water in the 
pond near the weir stands above the crest of the weir is given by 
the following formula :-

/, = V 7~: fUlfD'lyi ................... (3.) 
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Q being the greatest flow in cubic feet per second, and b the breadth 
in feet of the outlet over the weir crest. 

IL Wei,. lJrmmuJd.-A weir is said to be "drowned" when the 
water in the channel below it is higher than its crest. Let 1, A', 
be the heights of the water above the weir crest, in the pond and 
in the waste channel respectively; then the flow per second is 

when Q and A' are given, the exact determination of A requires the 
solution of a cubic equation, but the following approximate solution 
is in general sufficient :-

F_~ion, l'J.=h'+V 1~···· .. ··················(5.) 

This always gives too great a result. 
&co7ul ~ An amended value As of A, is given by 

the formula 

( 5 hI) 
~ = l'J. - A' 1 - 4' ';;=--h' ................ (6.) 

Closer approximations may be obtained by repeating the process. 
138. ______ is the effect produced by the elevation of the 

water level in the pond close behind the weir, upon the surface of 
the stream at places still farther up its channel 

For a channel of uniform breadth and declivity, the following is 
an approximate method of determining the figure which a given 
elevation of the water close behind a weir will cause the surface of 
the stream farther up to assume. . 

Let i denote the rate of inclination of the bottom of the stream, 
which is also the rate of inclination of its surface before being 
altered by the weir. 

Let 30 be the natural depth of the stream, before the erection of 
the weir. 

Let al be the depth as altered, close behind the weir. 
Let at be any other depth in the altered part of the stream. 
It is required to find Z, the distance from the weir in a direction 

up the stream at which the altered depth ~ will be found 
Denote the ratio in which the depth is altered at any point by 

a 
a;; = r; 

And let. denote the following function of that ratio :-
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J d" I { 3,.} f = ,., _ I = 6 hyp.log. 1+ (,. _ 1)1 

+ _1_ tan. 2,. + I 
J3&rC· J3 

100-(10) 

J 
A convenient approximate formula for computing' is 88 follows :-

111 
, nearly = 2 r2 + 5 ~ + 8 ,., ................ (2.) 

Compute the values, '1 and 'BI of this function, corresponding to 
therati08 

Then 

31 32 
"I = i. and r2 = a; 

II: = 31 ~ 32 + (} - 264). ('1 - '2) 30 ....... · .. (3.} 

The following table gives some values of' :-

f' 'f' qJ 
1-0 •••••••••••• ••• 00 I -8 •..•..•........ '166 
1'1 ............... '680 1'9 ............... '147 
1'2 ••••••••••••••• ' ... 80 2'0 ••••••••••••••• '132 

1'3 ............... '376 2'2 ............... '107 
1'4 ............... '304 2'4 ............... '089 
1'5 ......... ...... '255 2-6 ............... '076 
1'6 ............... '218 2'8 ............... '065 
1'7 ............... '189 3'0 ............... '056 

The first term in the right band side of the formula. 3 is obviously 
the distance back from the weir at which the depth 31 would be 
found if the II11lface of the water were level The second term is 
the additional distance arising from the declivity of that tmrt'ace 
towards the weir. The constant 264 is an approximation to 2 + f, 
fbeing the oo-e1Iicient of friction. For a natural declivity of 1 in 
264, the second term vanishes. For a steeper declivity, it becomes 
negative, indicating that the II11lface of the water rises towards the 
weir; but although that rise really takes pJace in such cases, the 
agreement of its true amount with that given by the formula is 
somewhat uncertain, inasmuch 88 the formula involves 88BUmptioDB 
which are less exact for steep than for moderate natural declivities. 
It is best, therefore, in cases of natural declivities steeper than I 
in 264, to compute the extent of backwater simply from the first 
term of the formula. 
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139. w ......... in 'a wall forming part of the weir are used to 
enable the surplus water of floods to be discharged with a lower 
elevation of the surface of the pond, and a less extent of backwater, 
than wonld be practicable if all the surplus flow had to pass over 
the weir-crest.. 

A IItllf-actmg tDa8t8 sluic6 invented 
by a French engineer, M. Chaubarti, 
is shown in fig. 4:3, which is a ver
tical section. It has been found to 
answer well where it is required to 
maintain the lI11l'face of the water in a 
pond 01' canal very accu:rately at a 
certain level 

A B is the sluice or valve plate, re-
~nted as shut, its upper edge A x 
being at the proper water level ~ •• _ •••• P' 

The sluice is supported by a pair of ' 
cast iron sectOl'8, resting on horizontal Fig 48. 
platforms. E is one of those sectol'S; F G its platform. The edge 
of each sector has a groove, in which lies a chain, fixed at F to the 
platform, and at H to the sector. This pair of chains resists the 
tendency of the water to preas the sluice forward. 

When the water is at the level of A, the resultant of its pressure 
acts at a depth A 0 which is ttDo-tlKnlB of the whole depth A B 
of the sluice. Through 0 draw 0 D perpendicular to A B, cuttiug 
the centre liM of eM c/w,in F HinD. Then the sectol'S and plat
forms must be 80 formed and placed, that when the sluice is shut, 
the point of contact of each sector with its platform shall be 
vertically below D; and then the combined resistance of the chains 
and platforms will be directly opposed to the pressure of the water, 
and will balance it. 

When the water rises above A, and begins to overflow, the 
centre of pressure rises above 0, 80 that the pressure and the 
resistance are no longer directly opposed. The sluice then rolls 
upon its sectol'S into a new position of equilibrium, and in 80 doing, 
it Dot only depresses the edge A, 80 as to make the overflow more 
,rapid, but raises the edge B, 80 as to make an outlet at the bottom 
of the passage B X, through which the surplus water escapes much 
more rapidly than it could do by merely overflowing. 

14:0. _ ......... ~-To protect the conduit, which is 
the head race, from the surplus water of floods, it is advisable that 
between it and the natural stream there should be a wall or an 
embankment rising a snfficient height (say from two to three feet) 
above the highest level of floods; and also that a similar wall or 
embankment should extend across the upper end of the conduit, 
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where it leaves the pond. In the latter situation a waJJ. is the more 
suitable. It is traversed by a passage for admitting water from the 
pond to the conduit, capable of being closed or opened to a greater 
or le88 extent, by means of one or more aluWu, which are slide 
valves moving vertically in guides, made of timber or iron, and 
moved by means of a screw, or of a rack and pinion. It is advis
able not to make sluices broader tha.n about four or five feet. If a 
greater width of opening is required, the paSBage from the pond into 
the conduit should be divided by walls or piers into a BUfficient 
number of parallel passages, each furnished with a sluice. 

The losa of head at a sluice is to be found by the principles of 
Article 99, Division V. 

The channel of the head race is to be made as large as is con
l!istent with proper economy in fil'llt cost. Supposing its flow Q in 
cubic feet per I!eCOnd, and its figure and dimensions, to be fixed 
beforehand, the declivity which it requires is to be computed by the 
principles of Article 99, Division VI., equations 13, 15, 16, 17. 

Supposing the flow Q, and the rate of declivity i = II, + 1 (II, being 
the fall), to be given, the figure and transverse dimensions of the 
channel are to be fixed in the following manner :-

The form of least resiata~ for the cross-section of an open 
channel of a given area A, is obviously a semicircle; its border b 
being the shortest which can enclose the given area. Its hydraulic 
mean ~ is rms-half of ita melius,· that is, r being its radius, and 
also the maximum depth of water in it, and m the hydraulic mean 
depth, 

A f' 
m= fj= 2· .......................... (1.) 

Mr. Neville has shown, that if it is necessary that the cross
section of a channel should be bounded by straight lines, the form 
of least resistance, for given directions of those lines, is one in 
which all the straight lines are tangents to one semicircle, having 
for its radius the greatest depth of water in the channel; and in 
such forms, the hydraulic mean depth is still one-half of the radius 

of the semicircle, as in equa-

~
o A. D tion 1. For example, let it 
~ be required to draw the best 

I figure for a channel with a 
: flat bottom, and sides of a 

given slope. In fig. 44, let 
z rCA D represent the surface 

. FIg. 44. of the water, and A B = f' 

Its greatest depth. With the radius A B describe a semicircle j 
draw a horizontal tangent to it, E B F, fOl' the bottom of the 
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chaDnel, and a pair of tangents E 0, F D, at the given inclination, 
for the sides. The border is b = 0 E F D, and the area A = b r.;- r. 
In such channels, the length of each of the slopes, 0 E, F D, is 
equal to the half-breadth 0 A-

II the channel is to be built of brick, stone, or concrete, with 
cement or hydraulic mortar, either the semicircular form may be 
employed, or a rectangular form with a flat bottom and vertical 
sides, the breadth being double of the depth; or a aemi-luJrm,gon, 
consisting of a flat bottom whose breadth is equal to half the 
breadth at the surface of the water, and a pair of slopes inclined 
at 60° to the horizon. The second and third are figures which fall 
under Mr. Neville's role; and the third hail the least resistance of 
all figures whose borders consist of a bottom and two slopes. 

II the channel is to be made of clay with rubble atone pitching, 
Mr. Neville's form is to be used, with slopes of at least It to one. 

The figure having been selected, it is obvious that the sectional 
&nl88 of all similar figures will be proportional to the squares of their 
hydraulic mean depths; 80 that we may put 

A = 16 mil ; ........................... (2.) 

,. being a factor depending on the figure. 
For a semicircle, 

For a half-square, 

For a half-hexagon, 

,. = 2 .. = 6'2832; ....................... (3.) 

"=8; .............................. (4.) 

,. = 4 J3 = 6'928 ; ....................... (5.) 

For Mr. Neville's figure, with a flat bottom, and slopes inclined 
at any angle , to the horizon, 

16=4 (cosec ,+ tan ;) ................... (6.) 

The velocity of flow is 
tI= Q + Rml .......................... (7.) 

Making, therefore, the proper substitutions in equation 17 of 
Article 99, we find 

. / Qi /Qi' ,= m . 2 gnim' = 2 gn'l. m6;" ............ (8.) 

from which is deduced the following value of the f"fItjUired hydraulic 
m«m dtJpIh :-

m = (2/~ .)t ........................ (9.) 
gn t , 
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The value of 1 is given in Article 99, equation 15, and contains & 

small term varying inversely as the velocity. Assuming as &n 
approai'll/lJJ,e a'lJtll'agd value 

we find, 
1= 0·007565, .••••••.•••••••••••.•••• (10.) 

m = (8lil~:ri)i-; ..................... (11.) 

and having computed the required hydraulic mean depth, all the 
other dimensions of the channel can be deduced from it. 

The head race should have a waste weir and sluice of its own, 
near its lower end, to prevent the risk of the water over.8.owing its 
banks; and if it is of great length, it may be advisable to have 
several waste weirs along its course. 

140 A. Tllltle.f -.- ...... P_The preceding for
mula is exactly similar to equation 11 of Article 108, except that 
in the ;present case the diameter of the pipe d is replaced by the 
hydraulic mean depth of the channel m, and the multiplier 0'23 by 
(8512 '1&2)-1-. 

Considering that for pipes and channels of similar figures, the 
fifth powers of the corresponding tranllverse dimensions are propor
tional to the squares of the volumes of flow, it appears that a table 
of squares and fifth powen, such as is here given, is useful in com
paring pipes and channels of different dimensions. Suppose, for 
example, that for two similar channels of the same declivity, the 
volumes of flow are in a given proportion, look, in the column of 
fifth powen, for two numbers as nearly as possible in that propor
tion; and opposite them, in the column of squares, will be found 
two numbers nearly proportional to the correspondiug transverse 
dimensions of the channels. 

141. The ......... IIIIIIee should be placed as close as possible 
to the wheel It delivers the supply of water either above its 
upper edge, like a weir or notch board, or between its lower edge 
and the lower edge or Bill of the opening in which it slides. 

The delivery above the sluice is the best suited for wheels on 
which the water acts chiefly by its weight. The discharge in cubic 
feet per second for a given depression of the upper edge of the 
sluice below the surface of the water in the head race may be cal
culated by the formulm of Article 94, Division III. 

The delivery between the lower edge of the sluice and the sill is 
the best suited to wheels on which the water acts chiefly by impulse. 
In both these cases, the co-efficient of discharge for a vertical sluice 
may be taken on an average as 

1:=01 ; .••.•••.......•.......••..•• (1.) 
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Squ-. FIftII Ponr. ~ JUlJlPonr. 

10 100 100000 55 3025 503284375 
II 121 I 61051 56 31 36 550731776 
12 144 248832 57 32 49 601692057 
13 169 371293 58 33 64 656356768 
14 196 537824 59 34 81 7149 24299 
15 225 759375 60 3600 777600000 
16 256 10 48576 61 37 21 844596301 
17 289 14 19857 62 38 44 916132832 
18 3 24 1889568 63 39 69 992436543 
19 3 61 2476099 64 40 96 1073741824 
20 400 32 00000 65 4225 1I60290625 
21 441 4084101 66 4356 1252332576 
22 4 84 51 53632 67 44 89 1350125107 
23 5 29 6436343 68 4624 1453933568 
24 576 79 62624 69 47 61 15640 31349 
25 625 97 65625 70 49 00 1680700000 
26 676 11881376 71 50 41 1804229351 
27 7 29 14348907 72 5184 19349 17632 
28 7 84 17210368 73 53 29 20730 71593 
29 841 205 11149 74 5476 2219006624 
30 900 243 00000 75 5625 23730 46875 
31 9 61 28629151 76 5776 25355 25376 
32 1024 33554432 77 59 29 27067 84157 
33 1089 391 35393 78 6084 2887174368 
34 1156 45435424 79 62 41 30770 56399 
35 1225 525 21875 80 64 00 3276800000 
36 1296 60466176 81 65 61 3486784401 
37 13 69 69343957 82 67 24 3707398439 
38 1444 792 35168 83 6889 39390 40643 
39 1521 90224199 84 70 56 4182119424 
40 1600 102400000 85 7225 44370 53125 
41 1681 115856201 86 7396 4704270176 
42 17 64 1306 91232 87 75 69 4984209207 
43 18 49 147008443 88 7744 5277319168 
44 1936 164916224 89 79 21 55840 59449 
45 2025 184528125 90 8100 59049 00000 
46 2116 205962976 91 8281 , 

6240321451 I 
47 2209 229345007 92 84 64 65g08 15232 

48 23 04 254803968 93 86 49 6956883693 
49 24 01 282475249 94 8836 73390 40224 
50 25 00 312500000 95 9025 7737809375 
51 2601 345025251 96 9216 8153726976 
52 27 04 

I 
380204032 97 94 09 8587340257 

53 2809 4181 95493 98 9604 9039207968 
54 29 16 459165024 99 9801 95099 00499 . 
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because the contraction is partial,. but the sluice is very often 
inclined ; and then, for an inclination of 60° to the horizon, or 
thereabouts, 

c=O'74 j ••••• ••••• •• • •• ••••• •• ••• . •• (2.) 

and for an inclination of 45°, or less, 

c=0·8 .•.. ... ....... .. .•.•.... ..•... . (3.) 

The regulating sluice is moved by mechanism suitable for adjust
ing its position with nicety, such 88 a rack and pinion, or a screw. 

142. Wac. WIleel e., ...... are all much alike in principle, 

Fig. 46. 

Fig. 46. 

though varied in detnils. 
The single example here 
chosen to illustrate them 
is by Mr. Hewes. 

Figs. 45 and 46 are 
elevations of this appara
tus viewed along and 
&Cro88 a horizontal shaft, 
to be afterwards men
tioned j fig. 47 is a hori· 
zontal section, below the 
level of the pair ofre
volvingpendulums, which 
are shown in the elevation 
as forming the uppermost 
part of the apparatus, and 
are carried by a vertical 
spindle, driven by the 

Fig. 47. water wheeL 
As to revolving pendulums in general, see Articles 19, 55. 
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From the rods of the revolving pendulums two links B11Bp8nd a 
square slider, which rotates, rises and falls with the balls of the 
pendulum, and from which projects a cam A. 

From a vertical shaft D, there projects a horizontal fork B, whose 
prongs are at opposite sides of the pendulum spindle. The end of 
the right-hand prong is above, and the left-hand prong below, the 
level of the cam A, when it is at the elevation con-esponding to the 
proper speed of the wheel, 80 that the cam revolves without touch
ing either prong; but the slider, immediately above and below the 
cam, is of mch dimensioll8, as to bring the fork to its middle 
position if it has deviated from it. 

[In many water wheel governors, the fork corresponding to B is 
four-pronged, having one pair of prongs at the middle elevation of 
the cam, and wide enough apart to allow the cam to revolve freely 
between them when the fork is in its middle position. The other 
two prongs are closer to the spindle, and one is above, and the 
other below, the middle elevation of the cam, like the two prongs 
of the fork shown in the figures.] 

The lower end of the pendulum-spmdle carries a horizontal bevel 
wheel, which drives two vertical bevel wheels, turning loosely on a 

. horizontal shaft, which by suitable mechanism is connected with 
the regulating sluice. The vertical bevel wheels obviously rotate 
in opposite directions. 

E is a double clutch, which in its middle position is free of both 
the vertical bevel wheels; but which, by being moved to one side 
or .w the other, can be made to lay hold of either of those wheels, 
110 88 to make that wheel communicate its rotation to the horizontal 
shaft. 

C is a second fork, projecting from the vertical shaft D, and 
clasping the clutch, so as to regulate ita position. 

When the water wheel goes fll.Ster than its proper speed, the 
pendulums rise, lifting along with them the revolving cam A, which 
atrikes the upper and right-hand prong of the fork B, and drives it 
towaTds the right, together with the second fork C, which shifts 
the clutch so as to lay hold of one of the vertical bevel wheels, and 
thus causes the horizontal shaft to rotate in such a direction as to 
close by degrees the regulating sluice; and this closing goes on 
until the water wheel has resumed its proper speed, when the pen
dul1lDl8 fall to their middle position, and lower the cam so that it 
no longer strikes either prong of the fork. The clutch is then 
~ from both wheels, and the sluice remains in the position 
w which it has been brought. 

When the water wheel goes slower than its proper speed the 
pendulums sink, lowering at the same time the cam A, which 
at.rikea the lower and left;.hand prong of the fork B, and drives it 
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towards the left, together with the second fork 0, which shifts the 
clutch 80 as to make it lay hold of the other vertical bevel wheel, 
and thus causes the horizontal shaft to rotate in such a direction 88 

to open by degrees the regulating sluice j and this opening goes on 
until the water wheel has resumed its proper speed,'when the pen
dulums rise to their middle position, and lift the c8.m. A 80 that it 
no longer strikes either prong of the fork. The clutch is then dis
engaged from both wheels, and the sluice remains in the position 
to which it has been brought. 

143 • ... 0-... DeIeI'Ipdea .t T ........... ~ will now be 
given, and illustrated by figures of those forms of the d.i1l'erent 
classes of wheels which were most common before the latest im
provements, these being reserved. for the more detailed descriptions 
in the ensuing sections. 

Vertical water wheels may be classed as follows :-L ~ 
wheels and lwea8t whuls, being vertical wheels, on which the water 
acts partly by its weight, or by potential energy, and partly by 
its impulse, or by actual energy. IL UndMBhot toItetJl8, being ver
tical wheels, on which the water acts by its impulse. The follow
ing are the essential parts common to all vertical water wheels:
l. The a:N or shaft, and its gudgeons or journals. 2. The radiating 
parts on which the water acts j which in overshot and breast wheels 
are lruckets or cells; in undershot wheels, floats or 1HJneB. 3. The 
OII"ITUI or apoku and other framework by which the buckets or floats 
are connected with the shaft. The channel or chamber in which 
the wheel works is called the wliMl mce or wliMl trougl.. Wat.er 
wheels are protected from frost, and from other causes of stoppage 
and injury, by being enclosed in a wliMllwt.tse. 

L Overshot and B'I'«JIJt Wkeela.-The water is supplied to this 
class of wheels at or below the summit, and acts wholly, or 
chiefly, by its w~ht. The periphery of an overshot wheel con
sists of the sole plate, a cylindrical drum, and the crowns, being 
two thin vertical rings, connected with the shaft by tmn8 and 
bracelJ, and having the space between them divided into cells by 
curved or angular trough-shaped partitions called lYuckets. The 
water pours from the pentstock through the regulating sluice, sOme
times guided by a spout, into the openings at the outer edges of 
the circle of buckets, filling them in succession. Formerly the 
buckets used to be closed at their inner sides, which are parts of 
the 80le plate, but now they are made with openings for the escape 
and re-entrance of air. While the buckets are descending, part of 
the water over8.ows and escapes, and this is a cause of waste of 
energy: 88 each bucket arrives at the lowest point of its revolution, 
it discharges all its water into the tail race, and 88Cends empty. 
A breast wheel differs from an overshot wheel chiefly in having 
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the water poured into the buckets at a somewhat lower elevation 
as compared with the summit of the wheel, and in being provided 
with a casing or trough, called a breast, of the form of an arc of a 
cylinder, extending from the regulating sluice to the commencement 
of the t&il race, and nearly fitting the periphery of the wheel, which 
revolves within it. The effect of the breast is to prevent the over
flow of water from the lips of the buckets until they are over the 
t&il race. The usual velocity of the periphery of overshot and high 
breast wheels is from three to six feet per second; and their avail
able efficiency, when well designed and constructed, is from 0'7 to 
0'8. The diameter of an overshot wheel must be little less than 
the height of the fall of water, and that of a high breast wheel 
somewhat greater j and they are, consequently, sometimes of enor
mous size. A few exist exceeding seventy feet in diameter. Wheels 
of this claas are the best where there are large supplies of water 
and fa.lls that are not too low. 

n UndtJra1w4 and Low lJto«M ww..-Wheels of this class are 
driven chiefly by the impulse of water, discharged from an opening 
at the bottom of the reservoir with the velocity produced by the 
fall, against jl/XJI.B or vanes. Every such wheel has a certain tJelocity 
of tJ'ItU:imum e.flU:ien.cy, being the velocity of the wheel which gives 
the least possible velocity to the discharged water, and bearing a 
ratio to the supply-velocity of the water which depends on the form 
of the floats, but does not in any case differ much from!. In 
undershot wheels of the old construction, the floats are fiat boards 
in the direction of radii of the wheel, and the maximum theoretical 
efficiency is.. The available efficiency is much less, seldom ex
Ceeding i. An undershot wheel, provided with a breast or casiDg 
extending as before described from the sluice to the commencement 
of the t&il race, becomes a low breast wheel, in which the water 
acts pa.rtJy by weight, though chiefly by impulse. This claas of 
wheels was much improved by Poncelet, who curved the floats with 
a concavity backwarc:lll, adjusting their position and figure so that 
the water should be supplied to them without shock, and should 
drop from them iJ:.to the t&il race without any horizontal velocity. 
The maximum theoretical efficiency of such wheels is as great as 
that of overshot wheels, but their available efficiency has not been 
found to exceed 0'6. They are well adapted to low falls with large 
sue]!lies of water. 

Fig. 48 is a general view of an overshot wheel of the old con
struction. A, spout; B, shaft and gudgeons j 0, spokes j D, 
crowns, one having a toothed ring, for driving a pinIon, and 80 

giving motion to machinery; E, sole plate j F, buckets j G, t&il 
race, in which the water runs in the direction opposite to that of 
'the motion of the adjoining part of the wheel 

M 
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Figs. 49, 50, and 51, are vertical sections of part of the rim of an 
overshot wheel; figs. 49 and 50 showing wooden buckets, and fig. 

FIg. 48. 

FIg. 62. 

Fig. 63. 

FIg. 49. FIg. 60. Fig. 61. 

51 iron buckets. In each of these 
figures, D denotes the crown, E the 
sole plate, F the buckets. 

Two methods were formerlv em
ployed of preventing the air in the 
buckets from impeding the entrance 
of the water; one was to make a 

few small holes in the sole 
plate, and the other, to make 
the wheel broader than the 
spout, so that the air could 
escape at the ends of the 
buckets while the water en
tered in the middle. The 
method now used will be de
scribed in the sequel 

Fig. 52 is a wooden breast 
wheel of the old construction, 
with fiat Boats. A, reeervoir; 
B, sluice, worked by a rack 
and pinion; C, breast and 
wheel trough; D, wheel; E, 
tail race, in which the water 
moves along with the wheel 
The water acts on this wheel 
partly by impulse and partly 
by weight. 

Fig. 53 is an undershot 
wheel of the old construction. 
A, reservoir; B, sluice; C, 
wheel trough; D, wheel; E, 
tail race, in which the water 
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moves along with the wheel The water acts on this wheel wholly 
by impulse. 

14:4 ......... ... w .... _ v_ (partly extracted from ..4.. M., 
648, 649).-The action of water "by impulae" against a solid 

i' 

FIg,64. 

FIg. 56. 

Fig. 55. 

A...-La c ---,y 
FIg. 117. 

c 

Blll'face, is that pressure which is exerted by the water against the 
surface in consequence of the velocity and direction of the motion 
of the water being changed by contact with the IIIU'f'ace. 

The direction and amount of the pressure exerted by a jet or 
stream of water against the solid surface are determined by the 
following principles, which are the expression of the II6CO'f&d law of 
motion (already cited in Articles 14, 29, 30),88 applied to this 
case:-

L The direction of that pressure is opposite to the direction of 
the change produced in the motion of the stream during its contact 
with the surface. 

IL The magnitude of that pressure bears to the weight of water 
flowing along the stream in a second, the same ratio which the 
velocity per second of the change in the motion of the stream bears 
to the velocity generated by gravity in a second (viz., g = 32·2 feet 
per second). 

It only remains to be shown, how the direction and velocity of 
the change of motion of the stream are to be determined. 

In what follows, the eft'ect of friction between the stream and the 
vane is supposed to be insensible. 

Digitized by Google 



164 WA.TER POWER AND WIND POWEL 

In each of the figs. 54, 55, 56, 57, A reprel!eIlts the stream or 
jet, and B the vane. Fig. 54 represents the case in which the vane 
guides the stream in one definite direction E F j and the 8Olution 
of this case leads to, or- comprehends, the solution of the others. 
Figs. 55 and 57 represent cases in which the vane has a plane sur
face, and the stream glances off it in various directiOD& In fig. 55 
the vane is perpendicular, and in fig. 57 oblique, to the direction of 
the stream. Fig. 56 represents a concave cup-shaped vane, turning 
the stream backwards. Corresponding lines on the different figures 
are marked with the same letters. 

A jet of fluid A, striking a smooth surface, is deflected 80 as to 
glide along the 1I11rface, and at length glances off at the edge E, in 
a direction tangent to the surface. As the particles of fluid in 
contact with the surface move along it, and the only sensible force 
exerted between them and the surface is perpendicular to their 
direction of motion, that force cannot accelerate or retard the 
motion of the particles, relatively to the surface, but can only 
deviate it. 

When the II11rface has a motion of translAtion in any direction 
with the velocity v, let B D represent that direction and velocity, . 
and B e the direction and original velocity " of the jet. Then 
D e represents the direction and velocity of the original motion of 
the jet relatively to the surface. Draw E F = D e tangent to the 
surface at E, where the jet glances off j this represents the relative 
velocity and direction with which the jet leaves the surface. Draw 
F G II and = B D, and join E G j this last line represents the 
direction and velocity relatively to the earth, with which the jet; 
leaveR the surface, being the resultant of E F and F G. 

L GtIntIf'f1l Problsm.-Draw D H parallel to the tangent E F. 
and equal to D e j then will the base e H of the isosceles triangle 
e D H represent the direction and velocity of the c/wm,g6 of motioR 
undergone by the jet during its contact with the vane j 80 that, 
according to the first of the principles already laid down, 

H e is the direction of the pressure exerted by the jet against 
the vanej 
and, according to the second of those principles, the magnWde of 
that pressure is 

He 
DQ ._j ................................. (1.) 

g 

when D Q is the weight of the flow of water in a. second. 
But the whole magnitude of that pressure is of less importance 

than the magnitude of that component of it which is an e.ffort. 88 
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'the vane's motion. To find that effort, H C in equation I is to be 
replaced by ita projection on B D, viz., L M; H L and C M being 
perpendiculars let fall on B D from the two ends of H C. Then'
fore, let P denote the effort; required; then 

P=D Q .LM ; ..•..•...•••.•••.•.•.••• (2.) 
9 

and the tmIII'fI1I P'" BtIC01Itl exerted by the jet on the vane is 

.LM·BD Pu=DQ .................... (3.) 
9 

fIn fig. 66, the line corresponding to L M is simply D C, the 
diiterence between the velocities of the jet and vane.] 

To 8Xp1"e88 these principles algebraically, let 
"1 = B C denote the original velocity of the jet; 
u = B D, the velocity of the vane; _ = L. D B C, the angle between the directions of those veloci

ties; 
" = L. M D H = supplement L. E F G, the angle which a. 

tangent to the vane at the edge where the jet leaves it, makes with 
the direction of motion of the vane; then, 

BM="ICOS-; DM="I COS -- U; 
D H=D C=J{Va+uz - 2 U"1 cos_}. 

D L = - D H COB ,. (in which it is to be observed, that coainea 
of obtuse angles are negative); and, consequently, 

L M ="1 cos - - u - COB,.' J{"'+uz - 2 u "1 cos _} ••. (4.) 

P=DQ·!{"I COS _- U- COS ,.' } 
9 •••..• (5.) 

J {~+uz - 2U"1 COS_} 

PU=DQ'.!{U"ICOS_-UZ-u.cos,.. } 
9 ... (6.) 

.J{~+uz - 2u"l cos.} 

If the final velocity of the water, E G = B H, be denoted by 
"it ita value is 

"z= J{lf1}I+D HZ+2BD·DR . COB,.} } (7.) 
= J{~-2U("ICOS.-u)+2u·cos" J (~+UZ-2U"IC01:1_)j 

Digitized by Google 



166 WATBB POWEll AND WIND POWBB. 

From which it is evident that equation 6 is equivalent to the 
following :-

P DQ ~-"': ) u= ·2g; ..................... (H. 

that is, the t1I/J!It"fIy e:xtJr1Ml by the water on 1M 1Hm8 i8 eqtu:d to the 
actual 61U1I"fJ1I lOBt by the tDat6r, a consequence of the 888UDlption 
that the friction is insensible. 

The El'PlCIENCY of the action of the jet on the vane is the ratio 
of the energy exerted on the vane in a second to the tJCtuGl eMI"fI'II 
of the lI.ow in a second; that is, ita value is 

I-A: Pu _=I_!!=I_ BlP I 
DQ. ~ ~ BO! 

2g ~~ 

U u9. U ... I{ ~ u } = 2;;: . C08& - ~ - ;; • COB " .• 'V 1 + 'Df - 2 ;- COB • 

It is obvious that there are two cases in which the efficiency is 
nothing; first, when the vane stands Btill, or u = 0; and, secondly, 
when the vane moves at such a speed that P = 0; that is, when 

u + "1 = COB. + sin. cotan " ................ (10.) 

For each particular pair of angles • and ?', there is an inter
mediate value of the ratio u + "I' which makes the efficiency a 
maximum. The determination of that ratio in the most general 
case involves the solution of an equation of the fourth order, and is 
not useful in proportion to the trouble of obtaining it. The ratio, 
therefore, will be determined in those particular caBell only which 
are most useful . 

IL OQ116 it~ which H 0 )1 B D.-In this case, the pressure exerted 
by ~e jet on the vane 18 wholly an effort, being parallel to the 
direction of motion of the vane. In order that it may be so, the 
angles 0 D M, H D M = ", made respectively by the original and 
final motion of the jet relatMJely to the m7Ul, with the direction of 
motion of the vane, must be equal, so that 

D L=lfM="l COB" - U; 

and equations 4, 0, 6,7, and 9, become 

L M =2(vl COB. -u); .................. (11.) 

2 D Q ("1 COB. - u) P= g ; ••••••••.•••.•••• (12.) 
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u) 
----'---'--'-----<; .............. {13.) 

=.J {~- 4" ("1 C08. - ")} ; .••....••...•. (14.) 

1 ~k--P--l _~ _ 4 ("'1 COB _-u) (15) 
-DQ"'- "'- ~ ..... . 

2g 

In this it is evident, that the efficiency is nothing when " ill 
either = 0, or = "1 cos ., and that the speed qf greatest efflCitrnC'!/ is 

"= *'1 ~8. ; ........................ (16.) 

for which the effort, the energy exerted per second, and the final 
velocity of the water, have the values 

p = D Q "1 C08 ; ••.•.••..•.•••••.•••. (17.) 
9 

D Q~C082. 
Pu= --,,-- ; .................... (IS.) . Mg 

tIl! = til sin • ; •••.•.......•......•••... (19.) 

and the greate8t eJIicienc1J itself is 

1-1&=0082 ......................... (20.) 

IlL Case qf a Flat Vane, normal to the J eI" and mooing in tlte 
8(IfM directUm (fig. 55).-In thi8 case the water glances oft' from the 
edge of the vane in all dire(ltioDB; C08. = 1; cos ~ = 0; and 
equations 5, 6, 7, and 9, become 

P = D Q . *'1 - ; ••••••••••••••••••••• (21.) 
9 

,U("l-U) 
P = D Q' ; .... " ......... ,,(22.) 

9 
"2 = J (t!. - 2 ""1 + 2 u2) ................ (23.) 

2 U (VI -u) 
1 - Ie = !If ..................... (24.) 

The greatest efficiency evidently takes place when 

V = j ; ......................... ,,(25.) 

and in that case 
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p == D2~ "1 .......................... (26.) 

P u == D 4~ Va ; ....................... (27.) 

"1 = ~; .......................... {28.) 

I 
1 - k = 2 ; ......................... (29.) 

80 that at least one-half' of the energy of the jet is lost. 
IV. CaM of a Cwp V MUl (fig. 56).-Let the motion of this vane 

be in the same direction with that of the jet, 80 that cos • = 1 ; 
and to avoid the inconvenience of using negative quantities, let 
" = ~ - 90° be the acute angl6 made by the edge of the cup, aU 
round which the water glances off, with the axis of the cup; 80 

that - cos ~ = + cos {J. Then equations 4, 5, 6, 7, and 9, become 

LM == ("1 - u) (1 + cos~) ; ............... {30.) 

P = D Q • "1 - U • (1 + cos~) ; ............ (31.) 
g 

P D U ("1 - u) + ) u = Q' (1 cos" ; .......... (32.) 
g 

"z == J {Va- 2 U ("1 - u) . (1 + COB ,,)} ....... {33.) 

2 u ("1 - u) • (1 + cos _) 
1 - k = I ............ (34.) 

"1 
The speed of greatest efficiency is obviously, as in case IlL, 

" u= -/; ........................... (35.) 

and then 

P = D Q • ;~ . (1 + cos") ; ................ (36.) 

. Va 
Pu == D Q • 4 g • (1 + cos "); ............... (37.) 

Vz == "1 • v' (1- 1 +;os ~; ............... (38.) 

l+cos_ 
l-k. 2 ...................... (39.) 
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The Jurm ot greatest efficiency for the vane is a hemisphere, for 
..... hich cos ~ = 1; and then, when the IptJtXl of greatest efficiency is 
maiutained, we find 

DQvf p = -- ; ........................ (40.) 
9 

p" = D 2~ t7f ; .•••••••••••••••••••••• (41.) 

". = 0 ; .•••••.•.•.•.••••••••...••.. (42.) 

being fII1'fect ~. 
1 -I = 1; .......................... (43.) 

V. Ot1116 of G Flat VG7I6, obliqu6 to tAe J. (fig. 57~-In this case, 
the easiest method of solution is the following :-

Let ,l = Debe the velocity of the jet rtlct,timy to tAe WM, 
found as in the general case. Let the angle C D K which it makes 
with a normal to the vane be denoted by'. 

Resolve" = C D into two components, viz. :-

D K normal to the vane = " . cos ';} .••..•.•• (44.) 
K C along the vane = 'II • Bin , ; 

. Then according to the suppOsition that friction is insensible, K C 
is not affected in magnitude by the vane; but D K is entirely taken 
away; 80 that DK, in fig. 57, corresponds to He in fig. 54, and 
represents the direction and velocity of the entire change of 
motion produced by the action of the vane on the water. Hence . 
the whole pressure exerted by the water on the vane is in a direc
tion normal to the vane, and its magnitude is 

t1·cos' 
P = D Q. . .................... (45.) 

9 
Now let u be the velocity with which the vane moves, in .. direc
tion making the angle a'with the normal to its surface; then the 
efforl of the water on the vane is 

"cos'cos3 p = P cos a = D Q • , ........... (46.) 
g 

and the energy exerted, 
u"cos'cosa p u = D Q • ; ............... (47.) 

9 

which being divided by D Q V. + 2 g, as in former cases, gives the 
efficiency. 

Another mode of arriving at the same result is as follows :-
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Let , be the angle which the original direction of the jet mU8lI 
with the normal to the vane. Then 

,,' cos ,= "1 C08 ,- U cos a; ............... (48.) 
from which we obtain 

"1 cos , cos a - u cost a 
P = D Q' ; .......... (49.) 

9 
P u = D Q . U "1 • COR , cos a - uS coal a ;. ..... (50.) 

9 
u ut 

1 - k = 2 - . C08 'cos a - 2 ...I • cost a ......... (51.) 
"1 ~ 

The speed of greatest efficiency is 

u = i :: f j ........................ (52.) 

giving the following results :-
"1 cos , COB a 

P=DQ' 2g j ................ (53.) 

Vt cost' Pu=D Q'4g ; .................. (64.) 

cosl ' 1 - k = -2- j ....................... (55.) 

which is i1ldependent of a. 
145. B_ r- .t v_ ... --.. ..... -In all water wheels, 

whether the water acts chiefly by weight or chiefly by impulse, it 
is desirable, in order to reduce to as small an amount as poesible 
the lOBS of energy by agitation of the water, that the jet, on first 
coming in contact with the vane, float, or bucket lip, should not 
Btri/r,s it, but glide along it. 

That object is attained in the following manner :-
In fig. 58, 0 B E is a vane, float, or bucket, moving in the 

o 

K 

Fig. 58. 

direction B D with the velocity 
u=BD. A is a jet, moving in the 

c direction B C with the velocity 
"1 =1fc, and first touching the vane 
at and near the point B. Join DC: 

N then that line will represent the 
direction and velocity of the motion 
of the water rJativelll to the mnB,
and of what shape soever the vane 
may be elsewhere, its II11rl'ace at and 
near B, where it first receives the 

jet, should be pa.ra11el to D C. 

IL 
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POJl'CELBT'S FLOAT8.-This improvement in the form of va.neB or 
floats was introduced by Poncelet, and applied to his undershot 
wheels, which will be further described in the sequel The prin
ciple is applicable to all wheels whatsoever. 

The following coDSequences of the principle are applicable to the 
case No. IL of Article 144, in which the angle ,,=N D H, made 
by the edge of the va.ne where the water glances off, with the 
direction Qf motion of the vane, is supplementary to the angle 
which is made with that direction by the original relative motion 
of the jet. This condition is fulfilled in Poncelet's wheels; for the 
water, after running up towards 0, to the vertical height due to its 
relative velocity DC, returns, and glances off at the edge E near 
B; 80 that D H, equal and opposite to :r>C, represents the direction 
and velocity of its final motion rtlatiwly to the tlaM, and B H the 
direction and velocity of that motion relatiwly to the 6I1Irlk. It has 
been mown, in the division of Article 144 just referred to, that 
the speed of greatest efficiency, neglecting friction, is 

111 cos .. 
u=--2-' 

(where _=L C B N). Therefore, from C let fall C N perpendi
cular to B N; bisect B N in D, and join DC; then to this line 
the vaDe, at and near B E, would have to be made parallel if there 
were no friction. But one of the effects of friction is to make the 
speed of greatest efficiency somewhat greater than 111\ COB .. ; and 
this must be considered in designing vanes, as will be ilhown in the 
next Article. 

146 • •• eca.t IrrIede ........ ....... -In the two preceding 
Articles, the friction, during the impulse of the water on the vanes, 
has been supposed to be insensible. Nothing precise is known of 
its mode of action, and the following investigation is in a great 
measure conjectural; but its results show a general agreement with 
thoee of experiment. 

Let it be assumed, that the friction in question causes a 1088 of 
energy per second proportional to the Mig," dtuJ to the w10city of tlt.e 
tDtJI,er relatively to the WM j which velocity is 

DC = J {('Ut. cos. -u)Z + tIf sin" _}. 

Then the 1088 of energy per second by friction may be repre
sented by 

(111 cos. - u)" + ~ sin" -D Q/. 2 g •••.••••.•••••. (1.) 

f being an unknown co-eflicient. 
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Let the case under consideration still Case of Article 14:4:, 
illustrated in fig. 58; then referring to equation 13 of that Article 
for the energy exerted on the vane per second when friction is not 
allowed for, it appears that, after deducting 1088 by friction, that 
energy becomes 

80 that 

P '1£ = D Q . { 2 '1£ (vI cos • - '1£) 

(VI cos. - 'U)2+~ 
2g 

; ...••••••.•. (2.) 

OmCl101JCY is reduced to 

= 4: U (111 COB '" - '1£) 
111 

r -"-""'---=-_-'- _ / sinl ... (3.) 

From this expression it is easily found that the apeed of ~ 
efficiency has the value 

2+/ 'Ut = 4 + /' VI COB .; ..................... (4.) 

the Bpeed of greatest cm'Clelllcy when friction is 
proportion 

4 + 2/: 4 

speed of greatest "''''''''''IOU''":! 
found by experiment. 

'1£:1, for a given 
co-efficient / is 

given by the formula. 

f= 4 U'---=-¥_!l COB ·; .......................... (5.) 
"1 cos • - 'Ut 

which value having been substituted in equation 3, gives for the 
greatest efficiency, 

(VI COB • -"t) . sinS .... (6.) 

by a numerical Suppose that C09 • 

; and that it found by experiment 
that being = 'VI cos • be the case if 
there friction, is "1 COS • X 

Then by equation 5,/= 1 ; and by equation 6, l-k = 0'78. 
This result is approximately verified in practice, as will after

wards be shown; and, such being the case, it appears that, in 
designing float boards according to the principles of Article 145, B D 
should be made = Ii B N. (See fig. 58.) 
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14:7. Dbeat A.edeII ................. ___ .. -The pressure 
which a jet exerts ~ a vane, can always be distinguished into 
two parts, viz. :-

L The pressure arising from the changing the direct component 
!1 ~ • of the velocity of the water into the velocity u of the vane. 
Thia, which may be called the pre88U1"e due to direct impui86, has 
alttxr.yB for ita value 

PI = DQ' "1 cos. -u; ................. (1.) 
g , 

and is not affected by friction nor by any other cause; and the 
energy which it exerts per BOOOnd on the vane is always 

"("1 cos. - u) PI u=DQ· , .................. (2.) 
g 

bearing to the whole actual energy of the water the proportion 

2 u ("1 cos • - u) V. ; ••••••••••.•...••••.•••. (3.) 
. I 

whose maximum value, viz.,

cos". 
-2-'·······························(4.) 

corresponds to the speed, 

"t = "1'; ., ............................ (5.) 

For a flat vane moving normally, as in fig. 55, this direct action 
is the only action by impulse of the water on the vane. It is also 
the only action by impulse when water enters a bucket and does 
not immediately glance out again, but continues to move along with 
the bucket. 

II. The term reaction is applied to the additional action de
pending on the direction and velocity with which the water glances 
off from the vane. It is this which is diminished by the friction 
between the water and the vane, or amongst the particles of water 
which act on the vane. 

Still referring to the case so often supposed, in which the water 
glances off at the lIIIDle obliquity with which it first glided on to 
the vane (Article 144, Case IL), it appears, from equations 12, 13, 
and 15 of that Article, that if friction were insensible, the pressure, 
energy, and efficiency due to reaction would be simply equal to 
those due to the direct action, so that its effect would be to double 
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each of these quantities; and it appears further, from Article 146, 
equations 2 and 3, that the pressure, energy, and efficiency due to 
reaction, when friction is considered, are-

P =DQ{1'1cosa-1.£_/(1'loosa-1.£}2+1'1sin2 a} (6.) 
2 9 2g1.£ 

P21.£=DQ{1.£(Vlcosa-1.£)_.f.(vlcosa-~2+~sin2.} (7.) 
.g 9 

Additional efficiency-

=2u(tJ1oos.-u)_j(v)cosa-u)2 f' 2 (8.) 
~ vr BIn ......... . 

The value of f, in the case of Poncelet's vanes, for which • is a 
small angle, appears to be nearly = 1. It is not, however, to be 
taken for granted that it has the llILDle value for vanes of other 
forms. It is probable, on the contrary, that j depends in some way 
on the angle a,.becoming smaller as a approaches a right angle, and 
also that it depends on the figures . of the vanes; but experimental 
data are wanting to determine the law of such dependence. 

148 . ..... .". .,," ... _1 w .... WIIeeI8 .. o-fta�.__As respects 
the laws of their efficiency, the vertical water wheels now in use 
belong to two classes, viz.,-Weight and impulse wlU!6ls, com
prising overshot and breast wheels; and impulse wll.88ls, being 
undershot wheels. 

L Weight and Impulse Wkeels.-Let H be the total head, and 
HI = (1 -It) H, ........................ {l.) 

the aw.ilable head at the wheel, as reduced for losses of head, 
according to the principles of Article 99. This available head is 
to be distinguished into two parts, as follows :-

HI = h + ~; ............................ (2.) 

2'" being that portion of the head which is employed in giving the 
9 . 

water the velocity with which it is delivered to the wheel, and II, 
the height through which the water acts directly on the wheel by 
its weight. 

Let u be the velocity of the circumference of the wheel. Then 
the total energy of the available fall per second is composed. of that 
due to action by weight, D Q h, and that due to dinIct adion by 
impulse, 

D Q' u(v) cos- - u). 
9 , 

.- ~ 
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and of that energy a certain fraction, which may be denoted by It", 
is lost through leakage or escape of water, and various resistances 
which can only be ascerta.ined empirically j so that the EFFECTIVE 
POWBR of the wheel is 

R. u = (I-It"> P u= (l-k"') D Q { h+ U (11100; -- U> } (3.) 

and its effective load, reduced to its ch'CUDlference, 

RI =(I-kj P=(l-kj D Q {~+ u("l 00; --U)} ... (4.) 

The value of I -ltI", according to experiments on many water 
wheels made and recorded by Poncelet and General Morin, ranges 
from '74- to '82, and is on an average 

(l-k·,) = '78 nearly ....................... (5.) 

The El'l'ICIBNCY of the wheel is 

h + U ("1 008 _-u) 

l-k" = (l-k·,) ~ •...•••......• (6.) 
h+-! 

2g 

It ranges from about '66 to '8 nearly. 
The mrface..velocity u of the wheel is fixed by considerations of 

practical convenience. It was formerly limited to 3 feet per second, 
bnt is now generally 6 feet per second, or thereabouts. 

The velocity of supply "1, corresponding to the greatest efficiency 
for a given value of u, is 

2u 
"1 = --; ........................... (7.) 

cos -
and the corresponding greatest efficiency of the wheel, 

h+ V. h+ Ull 

l-k"=(I-i·')~=(I-i·,) g ••.••••• (8.) 

h+~ h+ 2ull 
2g g 

IL Impulse wheels are to be distinguished into those without 
and those with reaction. The oldjlat-jloaterl underBhot 111"", shown 
in fig. 53, is an example of an impulse wheel without reaction. 
Tlie formuhe applicable to it are obtained from those just given, 
simply by making h = 0 j but the value of 1 - i"' for it is only 
about '66 or '7, so that its greatest efficiency is from '33 to '35. 
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The improved undershot wheel, or "Ponr.el& tJJMel," is an. 
example of an impulse wheel with reaction. The principle upon 
which the form of its vanes depends hR8 been given in Article 145,and 
the formuhe for its load, its work per second, and the efficiency or 
the action of the water upon it, in Article 146, supposing le'" = O. 
Taking, as in Article 146, the co-efficient of friction / = 1, and multi
plying by 1-le'" to allow for leakage, &0., we find, for the DFBO
TIVE LOAD, POWER, and EFFICIENCY, the following formuhe:-

1-lc"' { } R1=DQ· 2gu· ("lcou-u)·(5u-"IC08.)-~·sin. 

_DQ.I-Y"( .. 1 _J\ 
- 2gu 6u"1 008·-UU -"', •.••.•... (9.) 

1 le'" ( :\ Rt u=D Q. 2g 6U"1 008 .-5 uI-tl., .... (10.) 

~u (u U2 ) 1 -lJ' = _""_'1_ = (1 -Mj 6 - COB • - 5 7. - 1 (11.) 
D Q '" "1 1 

2g 

The value of 1 -le"', by the experiments of Poncelet and General 
Morin bas been found to be nearly the l!8.Dle as for overshot and 
breast'wheelsj-tbat is, it ranges from about ·75 to ·8, and is on 
an average about--

1-le"'= ·78 .........................•. (12.) 

The apeed 0/ greatat e.fficiency is, as stated in Article 146, about-

"t = ·6 "I COB • j •••••••••••••••••••••• (13.) J 

and then equatioIlB 9, 10, and 11, become-

" ("11.8 cosll. - I) 
~ :(I-le 1 D Q 2 g-o.6 008. j ••••••••• (14.) 

Rt "t = (l-le"') D Q :~. (1.80081 .-1);. .••• (15.) 

l-le" = ~;,. = (l-le"') . (1.8 cosll.-l) ..... (16). 

2g 

Taking, as in the example at the end of ~cle 146, coal • z: '99, 
and 1 -le"' = ·78, we find for the greatest effiClency:-
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-'18 X '78 = '608 j 

Ill:-lt' = '75, we haY&-

-'15 X 18= '685; ................... (17.) 
and if 1 -11' = '8,-

'8 X '78 = '624. 

When a water wheel works "drorDnsd,"-that is, when the tail 
race is flooded, 80 as to immerse the lower part of the wheel, the 
factor l-li" is reduced to about 0'6 j 80 tnat ths ~ of a 
~ UJlwJ, is about ~8 0/ that of a UJlwJ, not iJroum,ed. 

149. Cl ..... • 1. m.u. et WlteeL-Taking the efficiency of that 
part of the fall which acts by weight on a weight-and-impulse 
wheel at 0'8, and of that part which acts by impulse at 0'4, and 
the efficiency of an impulse wheel at 0'6, it is evident that the 

weight-and-impulse wheel is { less } efficient than the impulse more 
wheel, according as the portion of the fall of the former which acts 

by impulse is {~=} than one-hal£ In a weight-and-impulse 

wheel, also, the speed of the wheel should be about half of that of 
the water when lIupplied j that is, should he due to about one
quarter of that part of the fall which acts by impulse. Therefore 

~e weight and impulse wheel is { less } efficient than the impulse . more 
wheel, according as the height due to the B1l1'face velocity of the 

wheel is t ~= } than O'1UJ-6ighek of the whole fall at the wheel 
It is Jviaable that the surface velocity of a water wheel should 

Dot be less than 6 feet per second. Eight times the height due to 
this velocity is about 4l feet; therefore for all falls not exceeding 
this, the impulse wheel is certainly the best j and the greater the 
required surface velocity, the higher is the limit of fall up to which 
the impulse wheel is superior. 

The rule now laid down is of COUl"Be only to be followed when 
;there is no good reason for deviating from it. 

BECrION 2.-0/ OtHnBlwt and Breast WMel8. 

150 • .................... ~In order that 
• wheel may be a breast wheel, it must be provided with the "breast" 
or circular trough mentioned in Article 143, for diminishing the 
spilling of water from the buckets. Although, therefore, the term 
•• overshot wheel It was 'origiDally employed to designate thOBt\ 

N 
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wheels only in which the penstock is above the level of the top 
of the wheel, so as to shoot the water over the wheel, it is desirable 
that it should now be extended to every bucket wheel which re
ceives the water at a high part of its circumference, and is not 
provided with a breast. 

The necessity for a breast depends on the form and dimensions of 
the buckets; and its presence or abeence does not affect the prin
ciples of the action of the wheel 

un. D_ ................ .. eeL-The following description 
of a breast wheel, which may aerve as a type of the entire c1us of 
overshot and breast wheels, is extracted from a paper by Mr. 
Fairbairn. 

Fig. li9 is a eectional plan of the wheel, on a ecale of about Yhth 
of the real dimensions. Fig. 60 is a vertical 
eection perpendicular to the axis of the wheel, 
on a ecale of ..-h, and fig. 61 is an enlarged 
vertical section of some of the buckets and 
part of the sole plate. The wheel shown is 50 
feet in diameter, the greatest available fall 
being 48 feet. 

The shrouding of the wheel is 8uspend«l 
from the shaft by means of the arms, which 
are slender rods of wrought iron, in this caae 
from Ii inch to 2 inches in diameter. The 
weight of the wheel exclusive of the water in 
the buckets, hangs from the shaft by thoee 
arms which point obliquely or directly down
wards at the time. The inner ends of the 
arms are inserted into sockets in a cast iron 
nave or boss, and are fixed and pulled tight 
by means of cotters or wedges. Some of the 
arms, marked a, are perpendicular to the shaft, 
and these support the greater part of the 
weight; the other arms, marked b, run dia
gonally, and ael'Ve to give stiffness. 

The weight of the water in the buckets is 
borne by the pinion which transmits motion 

Fig. 69. to the machinery, being driven in inside 
gearing by the cogged ring B. In the present example the pitch 
of the cogs is 3* inches, and their breadth 15 inches. 

This improvement of using tension rods instead of stiff spokes, 
and of placing the pinion so as to support the weight of the water, 
and relieve the wheel shaft of all load except the weight of the 
wheel, is ascribed to Mr. Hewes. It has greatly diminished the 
weight, cost, and friction of large water wheels. 
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A is the shuttle or regulating sluice, which, 88 described in Article 
141, is a moveable overfall delivering water over its upper" edge, 

Fig. 60. 

and moved by means of a rack and pinion, whose motions are con
trolled by the govemor. The figure of the sluice is that of a portion 
of a cylinder concentric with the wheel; and BO also is the figure 
of the front of the penstock. The water is delivered into the 
buckets between a Bet of guuu blad6s, like the ban of a Venetisn 
blind, which are 110 placed 88 to cause the stream to glide into the 
bucketa without striking them. 

C F is the breast, to prevent the spilling of water from the 
buckets. Its figure is part of a cylinder concentric with the wheel. 

The breast, front of the penstock, and edges of the guide blades, 
are all situated in one cylindrical surface, as cloee to the circum
ference of wheel as is practicable without the risk of actual contact. 
About 0'4 inch of clearance is IlUfticient for that purpose. 

At the point F, 10 inches back from a vertical line let fall from 
the axis, the breast terminates with a sudden drop into the tail 
race E. The depth, from the lower edge of the breast to the bottom 
of the ta.il race, is about two feet. This allows the buckets to clear 
themselves rapidly of water before beginning to ascend, and lets 
~e tail water escape easily, without too much 1088 of head. 
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In fig. 61, buckets are shown with a close sole plate, and a 

!T{i(?: rTT?7 ~J::~ ~ ~ ~ mg an Boll' hole moo 
:rig. 81. FIg. 82. it from each bucket 

for the discharge of air, while the bucket is filling with water, and 
the re-admission ot air while the bucket is discharging its water. 
This construction is suitable for wheels which are liable to be 
drowned by the flooding ot the tail race. 

Another construction ot vertical bucket is shown in fig. 62; 
the 801e plate being dispensed with, and each bucket having an 
air-passage behind the bucket next above, opening into the int.erior 
of the wheel. 

The present mode ot ventilating buckets W88 introduced by Mr. 
Fairbairn. 

152. ........ ~ WIleeL-The best BUl'face velocity for an over
shot or breast wheel being about 6 feet per second, and the best 
velocity tor the water supplied to it being about double of that, or 
12 teet per second, which is due to a f'all ot about 2t feet, it tollo'WB 
that the summit of the wheel, if it is to receive the water exactly 
on the top, should not be more than 2t feet below the top-water 
level in the penstock. The bottom of the "heel should just clear 
the water in the tail race. ThereCore the diameter of the wheel 
should not be 1u8 than 

T!IIJ tJtHJilable /alZ-2t teet; • •••.•. .. ...••• • :(1.) 

and this applies to overshot wheels not ventilated. 
But in order that the water may not escape through the air

passages of wheels with ventilated bucket&, it is advisable that the 
water should be ted to the wheel at about 30° below the summit; 
that is to say, at a depth of about '933, or 1 + 1-072 ot the 
diameter below the summit. ThereCore, tor such wheels, it is 
advisable to make tk di.amlt8r not 1u8 tJw.n 

1-072 x (available f'all-2t teet); ............... (2.) 

and this rule will answer when the level ot the water in the pen
stock is not IJ'Uhject to tkjl~ 0/ more tJw.n about afoot. 

When the level of the water in the penstock is subject to greater 
fluctuations than this, it is desirable, in order to facilitate the adjust... 
ment ot the position of the regulating sluice to those fluctuations, 
that the wheel should receive the water at a place where its 
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circumference is more nearly vertical j that is, at from 60° to 90° 
below the summit; 80 that the diameter should be 

.{rum I! 10 2 l( (ava.ilable faJ1-2i feet); .......... :.(3.) 

These rules are not given to be implicitly followed, but only to 
guide the engineer when there are no other circumstances to fix 
his choice of a diameter for the wheel 

163 .......... (legeIl ..... -The position of the pinion 
should be such, that the pitcA-point, where its teeth are driven by 
those of the cogged ring, may be in the same vertical plane Jl&l'IIllel 
to the axis, with the centre of gravity of the ID8I!8 ot water 
contained in the buckets. 

The distance of the centre of gravity of a circular arc fi:om the 
centre of the circle is given by the formula, 

Radius x chord. 
leDgth of arc J 

and if this be applied to an arc trav~ the full buckets, midway 
between the BOle plate and the outer circumference of the wheel, 
it will give the position of the centre of gravity of the descending 
water very nearly. 

It would be desirable that there should be a pair of cogged rings, 
one at each aide of the wheel, driving a pair of piniODll, in order to 
relieve the shaft of all pressure arising from the weight of the 
water; were it not that it has been found impossible in practice to 
obtain such exact fitting of the two rings and two pinions 88 to 
insure perfect equality of pressure and smoothness of motion. 

164:. ........t a .... _ The gudgeons, or ends of the wheel 
shaft on which it turns, have each to bear, when the wheel is 
unloaded and at rest, one-half of the weight of the wheel When 
the wheel is loaded and in motion, the gudgeon nearest the cogged 
ring has to bear half the weight of the wheel less about half the 
weight of the water, and the gudgeon farthest from the coJUted ring, 
half the weight of the wheel added to about half the weight of the 
water. 

Let L denote the greatest actual load on a given gudgeon in 
pounds; then if ita length is from five-aixths of its diameter to about 
equal to its diameter, ita proper diameter in inches is about 

JL 
d= 30' 

155. "'1 .. .t .a-.-The weight is supported by the several 
arms which point directly or obliquely downwards, very nearly in 
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the proportion of the sq1l&1"e8 of the coIIines of their inclinations to 
the vertical. 

Let i, then, denote the inclination of any one arm to the vertical 
at a given instant, and 

the 8\lD1 of the squares of the ooaines of the inclinatiODll to the 
vertical of the several arms which point downwards at the given 
instant. Also, let W be the total weight to be supported. Then 

T 

is the greatest tension on any radial arm, at the instant when it 
comes in ita turn to point verticalJy downwards; and allowing 
10,000 Ibs. on the square inch as a safe working tension on wrough~ 
iron bare, 

T 
10,000' .............................. (2.) 

is the proper sectional area for each radial arm, in square inchea. . 
Let ~ denote the least inclination to the vertical of each of the 

oblique arms; then the proper sectional area for each of them ia 

T cosl i 
10000 .............................. {3.) , 

166. .... ... ______ ., ........ - The least su.ri'ace 
velocity for overshot and breast wheels is about 6 feet per second. 
Deviations from that velocity may be made for particular purpoeea ; 
but it is seldom deRirable to go below 4i fE!8t, or above 8 feet per 
second. The rkpth of the shrouding or crowns between which the 
buckets are contained, ranges from 1 foot to If foot, its most usual 
value being about Ii foot. Let this be denoted by b. It is also 
the extreme breadth of each bucket, measured in the direction of a 
radius of the wheel 

Let l be the cl«w ~ between the croWDS, being also the 
cl«w lengt1a of each bucket. 

Let f' be the outside radius of the wheel; U, as before, its surl'ace 
velocity. 

In omer to avoid as far as possible the waste of water by spilling 
from the buckets, it is considered that only about two-thirds of the 
apace between the croWDS, on the loaded arc of the wheel, ought to 
be filled with water. The wheel, then, ~ down water at the 
following rate per aeoond (all the dimensions being in feet) :-
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Q =: '" lb (1 - 26,); .................... (1.) 

from which we deduce the following formula to determine the cl«w 
1weadtA of tdwJ" or l4ngII& 0/ bucks, 1, when Q, If, r, and h, are 
given:-

1= ( 6 ) ...................... (2.) 
2",6 1--

2r 

3Q 

157. PIpN'" ........... 1 •• cIleb.-The general figure of 
bucketa has already been illustrated. It is usual to make the dis
tance between their bottoms, meaaured. along the sole plate, equal 
to the depth of the ahroudi.ni b. 

The width of the opening between the tip of each bucket aud the 
front of the bucket next above, when the wheel receives the water 

near the top, may be made = ~ b j but the lower the wheel receives 

the water, the wider must that opening be made; and as a general 
rule, when the inclination to the horizon of the wheel's circum
ference at the place where it receives the water exceeds 24°, the 
proper width is about 

6 .• _l!_-ti 2" X sm. lnWUla on. 

158. GUIe........ ....... :As already shown in fig. 63, 
the water is supplied to the wheel between a • 
aeries of guide blades. 

These blades are from three to four inches 
apart, and their lower eclgIlIJ come within 
about 0'4 inch of the wheel They are usually 
ofcaatiron,about~hthsofaninchthick. 

Their positions are determined by the fol
lowing method, founded on the principles of 
Article 145 :- . 

In ~. 63, let A B be a section of a bucket, 
B ita lip. Draw the straight line B D H a 
tangent to the circumference of the wheel j 
and make .B P.= tt, the surface velocity; and 
B H = 2 u. Draw D L pa.raJlel to a tangent 
to the lip of the bucket; draw H 0 perpen
(iicular to B H, cutting D L in 0; join B O. FIg. S8. 

Then B 0 represeota the beat velocitY "I fnr the eupp1y of water 
to the wheel j and the middle outlet lietireen the .,mea of guide 
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blades is to be placed at the depth below the topwater level in the 
penstock due to that velocity, viz. :-

:~ ................................. (1.) 

Also, L H B C will be the proper angle for the guide blades of 
the middle outlet to make wj.th the tangents to the circamf'erence 
of the wheel at the points where they meet it, in order that the 
water mal'tflide into the bucket without collision. It appears that 
the co-e.Jli.tMnt 0/ ~ for orifices between guide blades is 
about 

0=016 ; ............................. (1) 
consequently, the total area of the outlets required for the ft.ow Q, 
is given approximately by the formula, 

4Q 
A=3" ; ....... , ..................... (3.) 

1 

and this is to be provided by having a sufficient number of outlets 
before and behind the middle outlet. 

The positions of the guide blades for these outlets are found as 
follows :-

Take the depth of the narrowest part of each outlet below the 
topwater level of the penstock; compute the velocitf' due to tJlat 
depth; from B layoff distances, such &8 B X, B L, representing 
those velocities, 80 as to find a series of points, such as X, L, in the 
line DeL; then will L H B K, L H B L, be respectively the 
proper inclinations to tangents to the wheel, for the guide blades 
of outlets where the velocities are B X, B L; and 80 on for other 
guide blades. . 

The formula 3 gives a total area of outlet rather greater than is 
absolutely neceasa.ry; but this is the best Bide to err on, as any 
exC888 of outlet can be closed by the regulator. 

Besides computing the area of the outlets between the guide 
blades, the height of the topwater above the regulator, necessary to 
give the required ft.ow Q, treating the regulator as an overfall with 
the C<Hlfficient of contraction 0'7, should be computed by the for
mula 

II = (3'~ Z)f ; ........................ (4.) 

and the depth of the upper edge of the lowest guide blade below 
the topwater level should be made not leas than the height 80 found. 

169. IInuI-TIIIl __ ..:... When the width of the opening of the 
bucket is only about one-fourth or one-fifth of the depth of the 
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ahroading, that is, when the wheel receives the water within about 
30" of the top, the breast is unnecessary; but for greater openings " 
of the bucket, it is required. 

The tail race, according to Mr. Fairbairn, should commence at ." 
10 inches behind a vertical line let fall from the axis, and should, 
be at least It foot or 2 feet deep at the commencement. 

160. The ..... CJ' is found by the formula! of Article 148, 
putting for _ the angle H B C of fig. 63 . 

.As a small proportion only of the energy exerted by the water 
on an overshot or breast wheel is due to impulse, the loss of 
efficiency by moderate deviations from the best surface 'velocity is 
but smaIl Thus, although the surface velocity of greatest effi
ciency is 

that velocity may vary between the limits 

0'3 (111008.) and 0'7 (111 008.) 
without any important waste of energy. 

If the average efficiency of overshot and breast wheels, designed 
and corurtructed in the best manner, be estimated at 0'75, itfol1ows l,u 

that the energy of the available fall, from the penstock to the tail 
race, to give OM d'6Ctiw Iwrs~, is on an average, 

33,000 44 OOOfc"--' n. • 
0'75 =, Wfrl(NI. ptJI' """ute. 

161 . • f ...... WIIeeIII ............. (..t. M., 634~-In a few 
cases of not very ordinary occurrence, it is necessary to give the 
wheel 80 great a speed that the centrifugal force causes a sensible 
proportion of the water to be spilt from the buckets during their 
descent. 

In fig. 64, let C represent the axis of the wheel, 
and B a bucket. Let a denote the t1III{/fIlM velocity 
of the wheel, whose value is 

u a=-,; .................... (1.) 

Take C A vertically upwards from the axis, to re
present, as given by the equation 

- gr 9 9 
CA=-S=-Z=4 _'1 2' .. • .. • .. (2.) u a w-n Fig. 64. 

where n is the number of re,olutions per secon~ Then the surface 
of the water in the bucket;is perpendicular to A B. 

I 

\ ' ,: 
" -
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The height of A above 0 is independent of every clrcamata.nce 
except the time of revolution; being, in fact, the height of a 
revolving pendulum which revolves in the same time with the 
wheel (see Article 19). The point A is the same for all buckets 
carried by the same wheel with the same angular velocity, and for 
all points in the surface of the water in the same bucket, whether 
nearer to or farther from the axis 0; so that the upper 811I'f'ace of 
the water in each bucket is part of a cylinder described about an 
axis traversing A, and parallel to the axis of the wheel 

By dra'Ying a vertical lieCtion of the circle of buckets to a aea1e, 
finding the point A, and describing arcs about it to repreaent the 
811I'f'ace of the water in each bucket, the wute of water and of 
energy by eentrifugal force may be determined. H A is in the cir
cumference of the wheel, no water can enter the buckets. 

BBCTIOli 3.-0j UndtJraAot WMJl& 
162. De_ ...... et • • ___ ...... -The wheel repreaented 

in fig. 65 is one erected in England by Mr. Fairbairn, and is of the 

FIg. 66. 

best design in every respect except one, viz., that the bottom of the 
wheel race is straight, iDstead of being curved in a manner which 
will be described in Article 166. 

A is the reservoir; B, the wheel race; 0, the regulating sluice, 
held against the pressure of the water by jointed links, balanced 
by a counterpoise, and moved by a rack and pinion; D, the wheel, 
having a pair of crowns, no sole plate, and a series of curved vanes; 
E, the tail race, with a drop into it from the end of the wheel race, 
as for a breast wheel 

163 • ........ ., ...... -When not fixed by other conaidera-
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tioua, it ie uau&l to make the diameter of the wheel about double 
the fall 

164,. The ..... .,.... " .. ought to be IlUfticient to prevent the 
water which glides up the vanes from overflowing their upper edges ; 
becauae in order to produce the beat efficiency, the water should 
all glide down again, and glance off at the lower edges of the vanes. 

The beat velocity of the water rela.tively to the vanes ie about 
0'4 of the velocity of su~y "1; but to F,vide for the contingency 
of that velocity amounting to 0'7 "1' It ie advisable to give the 
shrouding the depth due to 0-7 "1; that ie to .y, about half tile 
tIiJpIA./rtJIn. Me IoptDaItIr l«NJl in tile jitmBIoclc 10 tile ov.tlet of tile Bluic& 

160. The .......... IIIIdee ie placed as close as possible to the 
wheel, and ie cousequently inclined. The co-efIicient of eontraction 
e ofits outlet (as already stated, Article 14:0), ie from 0-74: to 0'8; 
therefore, the depth of its opening ie from four-thirds to five-fourths 
of the depth of the stream which iaro.es from it. 

The greatest depth of that stream should not exceed about one
fifth of the depth of the shrouding; therefore, the depth of opening 
of the sluice for the t'IIt.IIoI:imum jlotD should be about one-fourth of 
the depth of the shrouding, or one-eighth of the depth of the 
centre of the orifice below the topwater level. 

Let Q be the greatest flow to be used, in cubic feet per second ; 
lI. the depth of the middle of the orifice below topwater ; 
d, the depth of the orifice ; , 
l, the lfmgfA of the orifice, or lwec&dO& of the opening of the sluice; 

then 

l-~- Q • 
- c d t'l - e d J 2 gil' 

all dimensions being in feet. 
166. The .... Rue ie designed as follows (see fig. 66):

Draw H F G a tangent to the wheel, with a declivity of one in ten. 
Thie declivity is to preserve the velocity of supply til undiminished. 

At the height c d (Article 
165) above H F G, draw 
K 1. to represent the upper 
8Ul'f.ace of the stream, meet
ing the circumference of the 
wheel at the point 1.. Then 
make the section of the bot
tom of the wheel race from 
G to F an arc of a circle, 
equal to G L, and of the 
.une radius; that ie, the FIg. 66. 
J'Bdiua of the wheel. 
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From G to E the wheel race is formed 80 B8 to clear the wheel 
by about 0'4 inch. 

167. The ...... YeIeaIaF of the wheel for the greatest efticiency 
has already been stated, in Article 146, to be 

fAt ='6 "1 cos ......................... (1.) 

In this expression, • is to be held to represent the m«m angle 
which the stream makes with a ta.ugent to the wheel, which is very 
nearly 

1 . cd (2 • = '2 arc. ve1'81D. r-' ........... I........ .) 
168. Y __ ........ -As to the number of vanes, from two to 

three in the length of the arc L G are in general enough. 
The determination of the proper form for those vanes, near theil' 

outer edges, baa already been explained in Articles 146, 146. They 
are usually curved in a circular arc, 80 that their inner ends are 
tangents to radii of the wheeL 

169. The B~ baa been stated, in Article 148, to be about 
0'6 when the wheel is not drowned, and 0'48 when it is drowned. 
At these rates, the energy of the available t'all from the penstock 
to the tail race, for each 'lfftJCtifJ6 iwrll8-fX1llJ'll', is 

Foot.-lbe. per minute. 
33,000 . 

For the undrowned wheel, .......... ........ ----:-:L""-" = 55,000 
O'u 

For the drowned wheel, ..................... 33,008° = 68,750. 
0'4 

170. ..... .. _ ..- Cl---. - Wheels of this class are 
carried by boats moored in a rapid current. Their floats are usually 
plane and radial, and fixed at distances apart equal to their length. 
in the direction of a radius. 

According to the experiments of Poncelet, the following is the 
useful work per second of such a wheel; VI being the velocity of the 
current; U, that of the centre of a float; A., the area of a float in 
square feet; and D, the weight of a cubic foot of water :-

Ru=0'8 D AVI (VI - u)u. 
g 

According to this formula, the velocity of the centres of the floats 
for the greatest efficiency is half the velocity of the current; and 
the efficiency at that speed is 0'4, it' A "1 be taken to represent the 
volume of water acting on the wheel in a second. 
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CHAPTER VI. 

or TUBIIINE8. 

SECTION 1.-Gen6ml Principia. 

171. TIntI ... a--uy --.. ... ~A turbine is a 
water wheel with a. vertical axis, receiving and discharging water 
in various directious round its circumference. The wheel cousists 
of a drum or annular passage, containing a set of suitably formed 
~, which are curved backwards in such a manner, that the 
water, after glancing oft' them, is left behind with as little energy 
88 poBBible. 

Turbines have the advantage of being of BJD&ll bulk for their 
power, and equally efficient for the highest and the lowest falls. 

The supply of water takes place either directly from a reservoir, 
in which case the wheel is placed close to a suitable opening at the 
bottom of the reservoir, or through a supply pipe and wheel case. 
The former method is the best suited to moderate falls, the latter 
to very high falls. 

The opening through which the water is delivered to the wheel 
is in most cases furnished with gtJMk blades, to make the water 
arrive at the wheel in the direction best suited to drive it efficiently. 

Turbines may be divided into three classes, according to the 
direction in which the water moves before reaching the guide 
blades, and after leaving the wheel, viz. :-

L POII'Ollel Fl(YIJJ Turbi1llJB, in which the water is supplied and 
discharged in a current parallel to the axis. 

n 0ulNJ0Ird Flow Twrbinea, in which the water is supplied and 
discharged in currents radiating from the axis. 
In lnuKIII"d Flow Twrbi1llJB, in which the water is supplied and 

discharged in currents converging radially towards the axis. 
Those three classes of turbines differ in certain deta.i1s; but there 

are general principles which are a.pplicable to them all, and general 
equations which are adapted to anyone of them merely byaBBigning 
suitable values to certain symbols in them. The clia.grams which 
will now be given show the general arrangement of the principal 
parts of each, the details of their construction being reserved until 
Jater. 

Fig. 67 represents a pa.raIlel flow turbine. A is the supply 
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chamber, being an annular pa.saage through the bottom of the 
reservoir, which contains the guide blades j these are vertical at 

PIg. 87. 

£ :--x 
PIg. 89. JIg. 70. 

.~ 

2/y~ 
L .-.!4 

PIg. 88. 

o 

PIg. 71. 

their upper edges: the form and position of their lower edges, &8 

shown by dotted lines, are BUch 88 to direct the water in several 
small streams or jete obliquely against all parts or the circum .. 
ference or the wheel B. The wheel B consists also or an annular 
p8IIIIBg6 between two cylindrical drums, containing a aeries or vanes, 
resembling the guide blades in shape, but tumed with their lower 
edges pointing backwards. 

Fig. 68 shows a vertical section or a few or the guide blades 0, 
and vanes D. 

Fig. 69 is a horizontal section of part or an outward flow turbine j 
A is the BUpply chamber, being a vertical cylinder with a ring of 
openings round its lower end; C are the guide blades for directing 
the water obliquely forwards 88 it rushes out or these openings j B 
is the wheel aurrounding the ring or openings, and consisting of a 
pair or crowns, or flat rings, with a aeries of curved vanes D between 
them j these vanes are radial at their inner edges, and directed 
obliquely backwards at their outer edges. 

Fig. 70 represents a plan or one form of the t'I!tJCtion wW-a 
kind of outward floW' turbine without guide blades. The water is 
conducted by a vertical BUpply pipe A into the centre or a rotating 
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hollow disc, provided with two or three hollow arms, which dis
charge the water through orifices directed backwards. In the 
figure, the hollow disc, and its two arms B B, are shown of such a 
form lUI to leave the largest possible space for the motion of the 
water from. the centre of the disc towards the circumference, in 
Older to avoid friction, and for other reasons which will afterwards 
appear. C, C, are the orifices. The circumferences of the anns 
B, B, here perform the functions of vanes. 

Fig. 71 is a horizontal section of an im.oartl jlouJ turbine. A is 
the supply chamber; C, one of the guide blades, directing the water 
obliquely forwards against the wheel; B is the wheel, occupying a 
central space surrounded by the supply chamber, and discharging 
the water through openings in its centre; it consists of a pair of 
crowns with a set of curved vanes D between them: these vanes 
are raclial at their outer ends, and are directed obliquely backwards 
at their inner ends. 

In treating of the theory of the efficiency of turbines, it will be 
assumed that they are constructed of the fOnDS and proportions, 
and worked in the manner most favourable to efficiency, according 
to roles which will presently be explained. The waste of power 
cauaed by deviations from those rules can afterwards be allowed for 
by means of empirically-found multipliers. 

112. By Veleclq ~ ........ is to be understood the velocity of that 
component of the motion of the water by which it is carried 
towards, through, and away from the wheel; that is, the com
ponent, whether parallel to the axis or radial, which is at right 
an~es to the motion of the vanes. 

Let A denote the total effective sectional area in square feet of 
the orifices through which the water passes, whether in the wheel, 
or amongst the guide blades, 88 measured upon a surface perpen
dicular to the direction of the flow; that is, in a parallel flow tur
bine, on a plane perpendicular to the axis, and in an outward or 
inward radial flow turbine, on a cylindrical surface described about 
the axis. 

Let Q be the volume of water used in cubic feet per second. 
Then 

Q + A .............................. (l.) 
is the velocity of flow. ., 

Inasmuch &8 sudden changes in the velocity of a stream are 
accompanied with waste of energy, it is desirable that the velocity 
of flow should either be constant, or change slowly during the 
~ of the water through the wheel 
- In parallel flow turbines, such 88 fig. 67, the velocity of flow 
would be made constant, if the vanes were insensibly thin, by 
making the .drum, or annular case containing the vanes, simply 
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cylindrical; but owing to the obliquity of the vanes at their lower 
edges, they occupy more of the passage there than at their upper 
edges; BO that the dnun has to be made to spread a little at its 
lower end, as will be shown afterwards in the detailed figUre. 

x 
In radial ilow turbines, the 

uuiformity of the velocity of ilow 
may be insured by making the 
vertical section of the dnun of 
the wheel of the shape shown in 
fig. 72; that is to say, let 0 X 
be the axis; 0 R a radius at the 
middle of the depth of the wheel; 
the vertical sections M N, P Q, 
of the rings or crowns between 

F"Jg. 72. which the vanes are carried are 
to be portions of h~bolas having 0 X and 0 R for asymptotes; 
or in other words, the depths of the iuside and outside circum
ferences of the wheel, M P, N Q, are to be inversely as their respec
tive radii. 

Ont of the available head ~ in the supply chamber, there will be 
expended to produce the velocity of ilow, when that changes 
gradually or not at all, . 

2 ~Ar;· .......... •• .. ········ ...... ·(2.) 

where Al denotes the sectional area of the stream where it letweB 
the wheeL 

173. veleclrr ~ WIIIrL-Let 11 denote the whirlim.g or tangenNd 
component of the velocity with which the water issues from 
between the guide blades and arrives u~n the wheel. This is the 
velocity which would be computed by dividing Q by the sum of the 
effective areas of the openings between the guide blades, as measured 
upon the planes marked E F in fig. 68. It is evident that the 
tJtJlocUy 0/ flow has the following value in terms of this initial vel0-
city of whirl :-

Q FE A = tI • E G =" . tan .; .................. (1.) 

• = L. F G E being the inclination of the guide blades to the 
direction of the whirling motion. 

The ordinary values of • range from 22" to 35" in different 
examples; and about 30° may be taken as an average value. 

In order that the water may work to the best advantage, it 
should enter the wheel without shock, and leave it without whirl
ing motion; for which purpose, the velocity of whirl, on first 
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entering the wheel, should be equal to that of the first circum
ference of the wheel, and the 1Jtlocity of whirl relatively eo the tDhssl, 
on leaving the wheel, should be equal and contrary to that of the 
IIeCOnd circumference of the wheel 

Consequently, the ratio of the latter of these velocities (10) to the 
former (tI) should be that of the radius of the discharging side of 
the wheel to the radius of the receiving side. Let n denote that 
ratio j then to = n "; in which, 

for a parallel flow turbine, n = I; } 
for an outward flow turbine, n "7 I; ........ :(2.) 
for an inward flow turbine, n L. I; 

and if the drum is made of that figure which causes the velocity of 
flow to be uniform, the angle ~ = L. H K L in fig. 68, which the 
hinder edges of the vanes make with a tangent to the wheel, should 
have the value given by the equation 

HK tan_ 
tan ~ = =---,- = --; .................... (3.) 

HL n 

and as H L = n . E G, this formula is equivalent to the follow
ing:-

H K = E F ............ : ........... (3 A.) 

174 . • aete.Q' ..... _1 ..... ed ••• -The following investigation 
has reference to the case in which the supply of water is sufficient 
to fill the orifices and channels. Reference will be made in it to 
the principle of the tJf]UfJlity of angt.datr impulse wnd om,gular momen
tum-a consequence of the second law of motion, which will now 
be explained (A. Y., 560, 561, 562). 

Let a body whose weight is W move with a. velocity V in a given 
direction relatively to a point C; let r denote the length of a per
pendicula.r let fall from C upon a tangent to the path of the body 
Ws motion. 

Then the angular ~m of W relatively to C means the 
quantity 

WVr 
g • 

Let M denote the moment of a tXJ'UjJle of equal and opposite, but 
not directly opposed, forces; that is, the product of their common 
magnitude into their arm or lever, which is the perpendicular dis
tance between the lines along which they act. 

The angular impulse of such a couple means, the product of its 
o 
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moment into the time during which it acta. To produce & given 
change in the angular momentum of & body, an equal angular 
impulse is required-a principle expressed by the equation 

W 
Mdt = 9 . d (V ,.) ...................... (1.) 

To apply this to the action of water on a turbine, the weight of 
water acting in a second (D Q) is to be ascertained; when the 
moment of the couple exerted between it and the wheel will be 
measured simply by the change which ita angular momentum 
undergoes in passing through the wheel 

The product of that couple into the angular velocity of the wheel 
a is the t!IIII1I'W exerted by the water on the wheel in a second 
(Article 5~ 

L Computation oleM EMI'fI!J Eztfrltxl by tM WaIM'on tM ww.. 
-Let f' be the radius of the wheel where it receives the water. 
(For parallel flow turbines, the t'1IIfan radius may be taken.) Then 
n,. is ita radius where it discharges the water, and a ,., and "a r, 
are ita two Il1ll'face velocities. 

Then, the velocity of whirl of the water when it entel"8 the 
wheel being.." ita initial anagulM ~1M' BIJCO'IUl is 

DQ..,,. . 
-g-' 

and &8 the velocity of whirl of the water when it leaves the wheel, 
as determined by the conditions of Article 173, is 

"a,. - tD = ,,(a,. -..,), 
itajinal anagulM fI'IOf'MI&tum pet' 8«O'IUl is 

D Q "I (a,. - ..,) f' • 
g , 

the difference between these quantities, being the moment of the 
couple exerted between the water and the wheel, is 

(I + "I) " ,. - "I a ,.t M = D Q' ; .............. (2.) g 
and the t!IIII1I'W e:t:6rlI!d pet' second by the water on the wheel is 

(I + "I) a.., ,. - nl a2 ,.t 
M a = D Q . g ............ (3.) 

The factor by which D Q is multiplied in equation 3 is the 
effectiw lwMl, neglecting friction. . 
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II. O~ of 1M EfIIII'91J Ezpend«l.-This calcu1ation is 
best made by finding the head required to produce the various 
velocities that are given to the water. 

To produce the final ~ of jlWJ n "tan~, there is required 
the head 

n2 tfl tan2 ~ + 2 g. 

To produce the inilial wlocity of ttiWrl, ", there is required the 
head 

tfl + 2g. 

To produce the reversed relative velocity of whirl with which the 
water leaves the wheel, to = "", there is requh-ed the head 

,,2 tfl + 2 g; 

and to balance centrifugal force, the head 

as,.z (1 - "I) + 2 g, 

which is {~e:;r:;} for {~ :::} turbines. 
po81tive mward flow 

Putting these quantities of head together, we find for the Mad 
in 1M 8Upply cAamber, 

'-t = 21g { (1 + ,,2 + ,,2 tan2 ~) tfl + (1 - n2) as,.z } ; •.. (4.) 

for the energy expended at the wheel, per second, 

D Q '-t ; ••••••....•..•••••.••.••.••.... (5.) 

and for the D'J'ICIBNCY (neglecting friction), 

M (J 2 (1 + n2) (J " r - 2 n2 a2 ,.z 
D Q'-t = (1 + n2 + n2 tanll~) tfl + (1 - nl) as ,.z-..... (6.) 

The above are general expressions for all turbines with guide 
blades. For pa.raJlel flow turbines, they, become 

1 
'-t=-2 (2+tanl~)tfl; ...................... (1.) 

9 . 
Ma 4a"r-2all ,.z 

D Q'-t = (2 + tanll ~).,z ................... (8.) 

By the aid of equation 4, "can be expressed in terms of hi and 
(J r, 80 88 to transform equations 6 and 8, 8.8 follows:-
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,,= J2g~-(I-n2)all,aj ................... (9.) 
J 1 +n2 +nll tanll (J 

a,. 
Let J 2 g Xl = It, then, 

M a = 2 (1 + n2) It • J 1 - zt + nil zII 2 nil zII .... (10.) 
D Q~ J 1 +n2 +nll tan2(J , 

which, when n = 1, becomes 

Ma 4:21 
D Q hl = J 2 + tanll (J - 2 zII ................ (Il.) 

The efficiency of the reaction wheel is a 8pecial case, which will 
be considered in Article 176. 

175. T ... a.-re. •• eleaQ' .... _ ......... is attained, &8 has 
been stated in Article 173, when 

,,= a,. .............................. (1.) 

Substituting this value of" in equation 4: of the last Article, we 
find 

all,a 
~ = (2 + n2 tan\! (J). 2 g j ....... ........... (2.) 

and, consequently, the surface velocity of the wheel, where it re
ceives the water, 8hould be 

(H=V (2+:~~1I(J) ........... ~ ..... ·(3.) 

So that in equations 10 and 11, 
1 

21= • J 2 + n2 tan2 {J 

The efficiency corresponding to this 8peed is 

Ma 2 
D Q 161 = 2 +n2 tan2 (J= 2 ~, ................. (4:.) 

showing that the only energy lost is that due to the final velocity 
of flow, n" tan (J = n a,. tan (J. 

The following table show8 80me values of the best speed &8 com
pared with the 8peed due to the whole available head, and of the 
greatest efficiency, neglecting friction, for a few values of the 
obliquity {J of the vanes, aud on different supposition8 &8 to the 
value ofn:-

Digitized by Google 



D'FICIENCY OF TUBBIlfB-BBACTIOll' WHEEL. 19'7 

B {J 
{J 

for Ma for for 1 ntan{J. z. DQ~ = 2z2. 
n= J2. n= 1. n= 2' 

,·"t 20° 36° '364 '685 '93 
18° 25° 43° '466 '672 '90 
22° 30° 49° '577 '655 '86 
26° 35° 54°, '700 '634 '80 

The proportion n = J2 is usual in outward flow turbines, such 

as Fourneyron's; n = ~ is usual in inward flow turbines, such as 

Thomson's vortex wheel 
The case of n = 1, {J = 30°, is very nearly that of Fontaine's 

parallel flow turbines. Theory gives, as the above table shows, for 
the best velocity of the wheel, at the middle of the ling of vanes, 

a" = '6fjfj J 2 g ~, ....................... (5.) 

The experiments of General Morin give 

a,,= '645 J~; 

and the agreement is as close as can be expected. 
176. The _.,.... .. eel is equivalent to an outward flow tur

bine in which (J = 0, " = 0, z = 0; while for n" is to be substituted 
r, the radius from the axis to the centres of the orifices; for n 11 iH 
to be put tD, its original symbol; for n z is to be substituted 

ar 
i= J2gh; 

Then for the velocity of outflow of the water from the orifices, 
we have 

tD = J 2 g Ax + a2 r'I = J 1 + zt J 2 g h ; ........ (1.) 

and for the efficiency, neglecting friction, 

Ma 2i 
D Q ~ = i + J 1 + zt· .............. ···· .. (2.) 

This expression increases towards the limit 1, or perfect efficieucy, 
as i increases without limit; 80 that if there were no friction, the 
efficiency of a reaction wheel would have no maximum, but would 
increase towards unity as the velocity increased without limit. 

177 . •• ca.Q' ~ T ....... ~ ... Pdcd_-L Parollel 
Fu,1D Turbina.-The fact stated in Article 175, that the best 
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actual speed of these turbines is the l!8oDle with that calculated in 
the supposition that there is no friction, shows that the loss of 
energy by friction may be allowed for by multiplying by a coIl!ltant 
factor, less than unity. 

From the experiments of General Morin and others, it appears 
that the value of that factor is nearly the same as for the best over
shot and undershot wheels; that is to .y, (1 -111 = from '15 to '8, 
with an average value of about '18. 

If we multiply the efficiencies in the table of Article 115, corre
sponding to on = 1, fJ = 25", and 30", we find the following results, 
which agree well with experiment :-

1- Aft 

'8 
'72 } resultant 
'688 efficiency. 

II. I'IlMt1tf'd Flow TtWbifle8.-In these turbines, the co-efficient 
(1 - ~") appears to be about the l!8oDle as for parallel flow turbines ; 

which, for fJ = 36", on =~, gives, as the average resultant efficiency, 

about '73-& conclusion confirmed by practical experience. 
IlL 0ttJ;wa,nJ, FluID TwrbineB, which generally work drowned, 

loee in overcoming fluid friction .a, quantity of work per second, 
which has been shown by Poncelet, and by General Morin, to be 
proportional to the volume of flow, and to the height due to the 
velocity of the outer circumference of the wheel That velocity 
being denoted by on a ,. = on a J 2 g 161, the loss of work per second 
by friction is 

on2 a2 r2 ID Q 2g =/D Q onl at ~ ; ................ (1.) 

being the traction/ on" at of the energy expended. 
I is a co-efficient of friction, whose value, as deduced from experi

ments by General Morin, is nearly 

/=0'25. 

This cause of loss of work not only diminishes the efficiency of 
the turbine, but dimjnjshes very considerably the speed of greatest 
efficiency. 

Subtracting Ion" at from equation 1 0 of Article 174:, we find for 
the actual efficiency of an outward flow turbine, at any given 
velocity a,. = Z J 2 g "1 of its inner periphery, the value 
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Ma =!(nl +l)·.·Jl+(nl -l)e2 -(2+l)n2 zS(2.) 
DQi1 Jl+",2'sec'fJ 

The following are the results of investigating the conditions 
which make this quantity a maximum :-

Let t1x r ~ *t. J 2 9 ~ be the best speed. 
For brevity's sake, let 

Then 

~ / {<o+.r\I ,_4(n'-I)(n2 +1)}_U V ,. JI n l+nl8eClfJ -. 

_... / {(2 + 1)",1 - U} . 
-"l-'V 2(nl-l) U , ................ (3.) 

and the greatest efti.ciency is given by the formula 

Ml~ (2+/)",2_ U 
D Q~ = U ~= 2 (",2_1) ................ (4.) 

As a numerical example and verification of these formuhe, the 
case may be taken of a Foumeyron's turbine, for which 

",2 = 2 nearly; 

1= 0'26; 
1 

n'l. tanl fJ = - nearly • 
. 2 

Using these data, we find U = 3'16, and, consequently, 

*t. = J '215 = '464 j } 

Efficiency. U ~ = '68 j 
................... (6.) 

results which exactly agree with those of experiment. 
IV. ReactUm WMel.-If we assume that this wheel is resisted in 

the same manner with an outward flow turbine, and denote, as in 
Article 176, the ratio of the Bp«Kl 01 eM 0'1'ijic8 to that due to the 
available head by i, and the best value of that ratio by iI' we find, 
for the efficiency in general, 

Ma 2i I'J. 
D Q~ = i+ J 1 +i2-/~ ; ............... (1.) 

whichbeingDWdeamaximwm,giv~ 

v' { 2+1- J(2+ J)i_ 4 } 
i l = 2J(2+fl- 4 ; ............... (2.) 
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~._2+I-J(2+n-4: ............ (3.) 
DQ~- 2 

From experiments by Professor Weisba.ch, it appears, that the 
greatest efficiency of a good reaction wheel is 

:~~ = '666; ........................ (4.) 

which vaJue being substituted in equation 3, gives for the co-efficient 
of friction 

1= ·136; ............................. (5.) 

and for the ratio of the best speed of the orifices to that due to the 
available fa.ll, 

zll = ·97 .............................. (6.) 

This result is confirmed by general experience of the working of 
these wheels, from which it appears that the best velocity for the 
orifices is very nearly equal to that due to the ava.ila.ble fall, and 
the greatest efficiency about J. 

178. V .... e .t .... w ... __ .t ~-In Article 114, 
equation 9, an expression is given for the whirling or tangential 
component of the velocity of flow through the openings between the 
guide blades; from which are deduced the following expressions fOl' 
the total velocities, through the openings between the guide blades, 
and through the openings between the vanes of the wheel respec
tively; in which, Q being as before the volume of flow per second, 
the joint area. of the contracted Btream in the former set of openings 
is denoted by 01' and that in the latter set by 02 :-

Q -- JI+(n2-1)~ 
0-=tJseclf=seclf·J2gh,.· . ; ... (1.) 

1 ./ 1 + n2 sec2 (J 

Q -- n'JI+(n2-I)z2 
- =ntJ sec{J= sec{J' J 2 gh,. . . (2.) 
02 Jl+n2.~ 

For reaction tJJheel8, 

Q ---
O=w=J2gh1 'Jl +z'2 .............. (2 A.) 

2 
The formnbe 

01=~; 02= Q =~, .......... (3.) 
tJsec" ntlsec{J W sec ... 

serve to determine the effective areas of inlet and outlet required 
to employ to the best advantage a given flow of water in a given 
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wheel, with a given available fall and speed, the speed being that 
of greatest efficiency, computed 88 in Articles 175 and 177. 

The ~ of COfIttrtJction for the inlets and outlets of turbines 
ranges from '85 to '95, and is about '9 on an average; 80 that the 
actual openings are to be made O7I8-ninlh Uwgt/l' than tho8s gi'lJlJn bll 
1M equo,tion8. 

179 • • ael_.". ........ ItT ......... -The fiow of water 
through a turbine is controlled by a regulating valve, of which 
different kinds will afterwards be described. 

In parallel fiow and outward fiow turbines, the regulator usua.lIy 
collllists of a set of slide valves applied to the orifices of supply 
between the guide blades. 

In the best form of reaction wheel, known 88 Whitelaw and 
Stirrat's, the regulator consists of slide valves applied to the orifices 
at the ends of the arms. 

In Thomson's inward fiow turbine, the regulator consists of the 
guide bladeH themselves, which turn about axes near their inner 
ends, 80 88 to be set at any required angle _ to the circumference 
of the wheel. 

The preceding investigations and statements of efficiency have 
reference to the case in which the passages of supply are uninter
rupted, or nearly so. Their partial closing by slide valves causes 
loss of energy through sudden contractions and expansions of the 
stream. 

The following are average values of the reductions of efficiency 
produced by partial closing of the supply passages by slide valves :-

Ratio of the actual opening} 1 2 1 
to the full opening, ....... 5 5 '2 

RAtio of the diminished effi- } 1 
ciency to the maximum 2" 
efficiency, .................. . 

2 5 
3" 6' 

Such diminutions of efficiency do not occur where the fiow is 
regulated by varying the orifices of discharge, or by varying the 
inclination of the guide blades. 

SECTION 2.-De6Cf'ipiMm 0/ VariouB Turbine8. 

180. .....raIan Tlultlae, a parallel fiow turbine, the invention of 
11. Fontaine-Baron, is illustrated by fig. 73, which is a vertical 
diametral section, and by fig. 74, which is a vertical section by a 
cylindrical surface traversing the guide blades and vanes, like that 
given in an elementary form in fig. 68. 

A is the tank or reservoir, in the bottom of which is the ring-
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shaped cast iron passage B, containing the guide blades e, and regu
lating sluice valves d. There are 88 many sluices 88 guide blades, 

Fig. 78. 

each guide blade having a sluice sliding vertically behind it. The 
backs of the sluiOOll are rounded, 80 as to make the contraction and 
deflection of the stream graduaL Each sluice is hung by a rod b 
from the iron ring II, which is raised and lowered by means of 
three rods marked C, 80 88 to raise, lower, or close, the whole of the 
sluices at once. 

C is the drum or annular passage of the wheel, containing the 
vanes I E is a disc, by which the drum is carried. The disc, 
drum, and vanes, may all be cast in one piece. 

F F is the hollow vertical shaft of the wheel, at the top of which 
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is the pivot, supported upon the top of the fixed vertical spindle G, 
which rises from the bottom of the tail race within the hollow 
shaft. The object of this is to facilitate the oiling of the pivot.. 

The dimensions and proportions of turbines of this class may be 
varied to suit different circumstances; nevertheless the following 
are given as being usual in practice, on the authority of General 
Monn:-

_, obliquity of the guide blades, .............. 22° to 25° .. 

fJ, obliquity of the vanes,. ......................... 'Zoo to 30°. 

Breadth of ring-shaped passage&-

= from Iv to "* of mean diameter of wheeL 

Least depths of openings between guide blades, and between 
vaneS, from 21 inches to 6 inches. 

Depth of drum of wheel = depth of openings x 2 .. 
As to the work, efficiency, best speed, 

and volume of flow, see Articles 172, 
173,174,175,177, Division 1.,178. 

The speed may deviate from the best 
speed to the extent of one quarter, 
without materially diminishing the effi
ciency.. As to the effect of the sluices, 
see Article 179. 

To avoid the diminution of efficiency 
by the lowering of the sluices, duuhl8 
tuf'binu have been used, consisting of a 
pair of concentric wheels made in one 
piece, supplied with water by a similar 
pair of concentric annular supply pas
itiges. Each of those passages has its 
own set of sluices, hung from an indepen
dent ring; 80 that either division of the 
double wheel can have its supply of water 
cut off at pleasure.. Thus the power of 
the turbine can be varied in a proportion 
exceeding that of two to one, without 
the necessity for employing very contracted orifices, and CODl!e

quently wasting energy .. 
181. .......... _ .......... T ... ..." the invention ofM .. Jonva], 

and ~by Messrs. Koechlin & Co., resembles Fontaine's turbine, 
with jille wheel working in a vertical B'UCtion pipe (Article 105) 
in 'WIiich the pressure is below that of the atmosphere. This 
~les the wheel to be placed at any convenient elevation not lceeding the head equivalent to one atmosphere, above the level 

i 
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of the surface of the tail race, without incurring (88 would be the 
case in the absence of the suction pipe) a 1088 of head equal to the 
drop from the bottom of the wheel to the water level of the tail race. 

182. Jr ..... ."... ••• TIII'IIIae, one of the earliest and best known 
of turbines with guide blades, is an ozaward flow turbine. The 
average ratio of the outer to the inner radius of the wheel is 
11. = J2, and the depth of the wheel is about equal to, or a little 
greater than the breadth of the crown& 

An example is represented in figs. 75,76, of which fig. 75 is a 
.... ertical section, and fig. 76 a sectional plan of the wheel and supply 
cylinder, showing the form and arrangement of the guide blades 
and vanes. 

Fig. 75. 

A is the tank or penstock; B, the· supply cylinder. This is the 
arrangement for moderate falls; for very high falls, the water may 
be brought down from a reservoir to the supply cylinder by a pipe, 
whose resistance must be allowed for in determining the available 
fall. 

_ D;gitZedbyGoogle _ 



TURBINES-FOURNEYRON'S, "c. . 205 

The cylinder B consists of two concentric tubes: the upper is fix~ : 
the lower slides within it like the inner tube of a telescope, and I.l! 

raised and lowered by means of the 
rod.t! b. Near the upper edge ofthe 
inner tube is a leather collar, to make 
the joint between it and the outer 
tube water-tight. The lower part a 
of the inner tube acts as a regulating 
sluice for all the orifices at once. It 
has fixed to its internal surface 
wooden blocks, 80 shaped as to round 
off the turns in the course of the 
water towards the orifices. 

The bottom of the supply cylinder 
is formed by a fixed disc C, which is 
supported by hanging at the lower Fig. 76. 
end of a fixed vertical tube enclolling the shaft. This disc carries 
the guide blades. 

D are the vanes of the wheel In the example shown, the 
passages between the vanes are divided into three sets, or horizontal 
layers, by two intermediate crowns or horizontal ring-shaped parti
tions. The object of this is to secure that the passages shall be 
fill«l by the IItream at three different elevations of the sluice, and 
80 to diminish the loss of efficiency which occurs when the opening 
of the sluice is small. 

E is the disc of the wheel; F, its shaft; G, the tail race. 
The pivot at the lower end of the shaft is supplied with oil 

through a small tube seen in the figure, which is laid down one 
side and along the bottom of the tail l"II.Ce, and rises directly below 
the pivot. 

K H is a lever which supports the step of the pivot, and is itself 
supported by fixed bearings at K, and by a rod, L, which can be 
raised or lowered by a screw, 80 as to adjust the wheel to the 
proper level 

183 • .......... 0.,.... ....... T ...... _An improvement in t.he 
regulating apparatus of Fourneyron's turbine, introduced by Mr. 
Redtenbacher, is to vary the rmpplyopenings when required, by 
raising or lowering the disc C which carries the guide blades, by 
means of a screw at the top of the tube to which it is fixed. Thill 
dispenses with the necessity for an internal sliding cylinder within 
the fixed supply cylinder. 

Another modification of the regulating apparatus of Fourneyron's 
turbine, by M. CalIon, is to make the sliding vertical tubular 
sluice in several segments, which can be opened or shut separately. 

To prevent the drowning of Fourneyron's turbine, M. Girard 
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added to it a bell, or fixed vertical cylinder with the mouth down
wards, which dips into the tail race, and within which the wheel 
works. A sufficient quantity of air is enclosed in the bell to keep 
the surface of the water within it below the level of the wheel ; 
and the gradual 1088 of this air by leakage and diffusion in the 
water is supplied by means of a small forcing pump. It is of 
Course the level of the water in the tail race outside the bell, that 
is to be taken into lIOOOunt in estimating the available head. 

It is probable that the effect of this may be to make the best 
imide-WII'jace speed ~ r, and the lII&Ximum efficiency, the l!&Dle &8 for 
parallel1iow turbines, viz.:-

~r=.L J2g 1. = . '2r' J 1 ; ......... (1.) 
-~ .~ '" '" 1/'"1 2 + nl·ta.n2~ 

M.ll1t 2 (1 - V~ 
D Q ~ = hf(1 - kj = 2 + nlltanl,s ; ............ (2.) 

1-V' being from '75 to '8, and on an average about 18. 
184. B_c .... ......... -This class of wheels, of which the theory 

has been given in Articles 176, 177, Division IlL, and 178, 
comprehends all turbin.ea toitAor.ct gvid6 bladsa, of which a great 
variety have been contrived and, used. The earliest form, well 
known &8 "Barker's Mill," discharged the water from orifices in 
the ends of straight tubular arms projecting from a hollow shaft. 
The friction of the water in the arms caused considerable 1088 of 
energy. Tubular arms, curved in various ways, were afterwards 
employed; b.ut it is obvious that in any curved arm the friction 
must be greater· than in a straight arm of the sa.me diameter. The 
best form is one more or less resembling fig. 71; that is, a hollow 
disc, with projections leading the water to nozzles of a form 
approximating to that of the contracted vein. In the figure there 
are two nozzles; but three are better calculated to insure steady 
motion, provided they are exactly similar and equal. 

The best mode of regulating the 1iow is that introduced by 
Messrs. Whitelaw and Stirrat, of having the regulating valves at 
the orifices of discharge. This insures nearly equal efficiency at all 
openings of the orifices. 

The best mode of making the water-tight joint between the 
supply pipe and disc is that sketched in fig. 77. A is the supply 
pipe; B, the wheel, or hollow disc; 0, the vertical shaft; D, the 
neck of the wheel through which it receives the water. Near the 
end of the neck is an annular recess containing a cupped leather 
collar, within which fits a tube E. The outer edge of this tube, 
scra.ped to a true plane, is pressed by the pressure of the water over 
the equal area. of the inner edge, against the truly plane surface of 
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the flange F of the supply pipe, upon which flange it turns round, 
making a good joint with very little friction. 

Another form of this arrangement 
consists in having the annular recetI8 

and collar within which the tube E 
fits, at the end of the supply pipe, and 
the flange against which the outer 
edge of the tube at the end of 
the neck 

To UJWWLUADU 

friction 
bearings, 
loaded sufficient to 
balance the pressure of the water on 
the area of the openings of the neck 
of the wheel, or of the supply pipe, 
whichever is the greater. 

c 

Another mode of balancing the Fig 77 
pressure is that devised by Mr. . . 
Redtenbacher, who has in some C8B68 employed a vertical outward 
flow double consisting of a pair of wheels at the 
two ends shaft, supplied interme-
diate horizontal cylinder, to which introduced 
by a pipe This construction high falls, 
and possesses advantage in the shaft rests on 
horizontal journals bearings, which are kept in order 
than pivots. 

185. Ta..-.'. Tlulllae, _ v_ ~L-This wheel, the 
invention of Professor James Thomson of Queen's College, Belfast, 
is the only example yet in use of the inward.ftuw turbine, whose 
general theory has been explained in Section 1 of the present 
Chapter. 

The deScription is for the most 
paper by in the Report of 
A.ssocia.tion 

There turbine for high 
and for low Fourneyron's 
turbine; may be an 
open tank ; falls it must closed vessel, 
supplied by a pipe from an elevated reservOIr. Fig. 78 is a vertical 
section, and fig. 79 a horizontal section and plan of a high pressure 
vortex wheel, for a fall of about thirty-seven feet. The dimensions 
of these figures are -It of the real dimensions; a diagram of part of 
the wheel on a somewhat larger scale is added, to show the form of 
the vanes. 
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A A is the wheel, B its shaft. The wheel occupies the wheel 
clw/mlJer, which is the central part of the upper division of a strong 

Fig. 78. 

cast iron case C C. The lower division D D of that case is called 
the i!Upply clu1!mber j it receives the water from the supply pipe E, 
and delivers it through four large openings marked F, into the 
guide blade charn1Jer, which is the outer part of the upper division 
of the case. There are four guide blades marked G; the figure of 
each of them, near the wheel, is nearly that of a quadrant of the 
same radius with the wheel; beyond the quadrantal portion they 
are sometimes st1'll.ight, and sometimes curved the reverse way. 
The four openings marked H, between the guide bI.a.des, regulate, 
by their area (01, Article 178), the volume of water supplied per 
second, and consequently the power of the wheel. To vary these 
openings, the guide blades are moveable about gudgeons near their 
points, seen as small circles in fig. 79: these gudgeons are sunk in 
the roof and door of the chamber, and do not impede the dow of 

D;gitzed byGoogle 



I 
I 

l 

VOB'I'EX WHBEL. 209 

the water. The guide blades are connected by a set of levers and 
links with a , spindle K, by turning which, they can all four bt> 

Fig •• 9. 

~hifted at once, 80 88 to make any required angle (.) with the ci.o-
cumference of the wheel. (The advantages of this mode of regula
tion have already been stated in Article 179.) 

The water, after passing through the paBRIlges between the 
vanes of the wheel, is delivered into the central opening of the 
wheel, 88 nearly 8S possible without any whirling motion left; it 
then escapes at once upwards and downwards through the two 
outlets of that openingo L L are two pieces called join/, ri1l178, 
fitted to those central outlets, and adjusted by means of studs and 
nuts, 80 88 to come 88 close to the wheel 88 is possible without 
rubbing against it, in order to prevent leaking of water between 
the wheel and its case. 

The lower end of the shaft passes through an oil-tight stuffing 
box into the pivot box M, and terminates in an inverted cup, con
taining a concave brass disc, which rests on the convex top of a 
fixed steel pin. The pin is fixed in a bridge N, and is capable of 
being set to the proper level by means of a croes bridge 0, with 
adjusting acrews. The cup of the pivot is supplied with oil through 
a small pipe sunk in a groove in the shaft B. 

p 
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Mr. Thomson states in a. note, that he has found that the pivots 
la.st well without oil, by simply admitting the free a.cceas of the 
water. Of late, lignum-vitle, set endwise, and kept constantly wet, 
has been found a good material for the bearings of such pivots. 

Four vertical tie bolts, marked P, tie the top and bottom of the 
case together, to enable it to resist the pressure of the water. 

The value of the ratio n of the internal to the external radius, in 
those turbines, is usually i; that of the obliquity of the inner ends 
of the vanes ~, ranges from 30° to 45°. Applying the formuhe of 
Articles 175 and 177 to these data., and assuming the 1088 of . 
energy by friction to be one-fifth, 80 that 1 -It!" = '8, we find the 
following results :-

~ zt= Rt" 2~ 1"6 .: 

) Effioionoy ••• (l.) 
J2gh 

30° '693 '96 ''1'1 
36° -685 '93 ''15 
45° -66'1 '89 ''1 1 

These results are in accordance with the fact, that the average 
efficiency of vortex wheels has been found in practice to be about 
'75. 

The velocity of the water in the openings between the guide 
blades is 

"1 sec • = zt sec. J 2 g ~ ; ............. ~ .... (2.} 

the effective area. of those paasa.ges (takWg c = '9 for the co-efficient 
of contraction) ia very nearly 

01 = -9 X 2 .,,,b· sin.; .................... (3.) 

where b is the clear depth of the guide blade chamber; hence the 
volume of How is 

Q = 01 "1 sec • = '9 X 2 .,,, b • tan • ; ......... (4.) 

and the qle • of obliquity of the guide blades required to deliver 
a given How per second, may be computed by the formula 

10Q 
tan·=9 X 2.,"b;· .. • ........ · ........ (5.) 

but care should he taken to make " and b such, that tan • during 
the ordinary working of the wheel shall deviate as little as possible 
from n tan ~; that is, with the usual proportions, i tan (J. The 
reasons for this9a.re given in Article 173. 

The crowns of the wheel shown in the figure a.pproximate to the 
form recommended in Al1iicle 172. 
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CHAPTER VII. 

OP PLUIIH>N-PLUID DlPULSE ENGINES. 

186 . ...... ea.y BlIph_d._ -In the engines to which the 
present Chapter relates, motion against resistance is produced in om>: 
portion of fluid by the direct impulse of another portion of fluid, the 
driven portion of the fluid doing the duty of a float board, or vane. 

Such machines may be divided into two clasaee-
L Those in which the energy of a 1ll8.II8 of liquid descending 

from a small height is made to raise a small portion of that 1ll8.II8 to 
a greater height: this class consists of the" Hyclrtw1ic Ram." 

II. Those in which a stream of fluid moving at first with a certain 
velocity, drives and carries along with it an additional stream, the 
two streams finally mingling and moving together with a velocity 
less than that of the driving stream. This class comprehends the 
jet pump, the water blower, and the blast pipe. 

187. By ..... c ..... -This machine, a well known invention of 
Mont'golfier's, is used where a considerable flow of water with s 
moderate fall is available, to raise a small portion of that flow to It. 

height exceeding that of the tall. 
To supply it with water, a 

weir is to be erected 8Cl"Ol!8 a 
stream, eo 88 to form a pond, as 
if for a water wheel From the 
lower part of that pond comes 
the supply pipe A, fig. 80. In 
the course of that pipe is the 
waste valve chamber B, contain
ing a conical clack which opens 
downwards, and which is large 
enough to let the flow of the 
supply pipe pass without con- Fi 80 
traction. D is the tail race, for !g. • 

carrying away the water which escapes from the W88te valve. 
At the end of the supply pipe is a small air vessel C, for diminish

ing the violence of shocks. 
E are clacks opening from the supply pipe into the larger and 

outer air vessel F, from the bottom of which the discharge pipe is 
seen to rise, for the purpose of conveying a certain portion of the 
water to the required elevation. 
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A small relief clack opens from a paBIIIIge communicating with 
the external air, into the inner air vessel When the quantity of 
air in that vessel becomes deficient, periods occur in the coune of 
the action of the machine, when the pressure within the vessel falls 
below that of the atmosphere; and then the relief clack admits a 
small quantity of air, to supply the 1088 caused by its di1I'usion in 
the water. 

The following is the mode of operation of the hydraulic ram :
Suppose the waste clack to have been shut, by pnaure from 

within, and to fall snddenly open, owing to the diminution of that 
preBBUl'e. The water begins to fiow from the reservoir through the 
supply pipe and out at the waste clack, with a gradually increaaing 
velocity. At length that velocity reaches a maximum, being the 
velocity of steady fiow which the head in the pond is capable of 
maintaining through the supply pipe and its outlet. The weight 
and load of the waste clack are so adjnsted., that the impnlse of the 
current upon it with this velocity raises it, and causes it suddenly 
to shut. 

Thus the current through the snpply pipe is abruptly checked. 
The water between the reservoir and the waste clack still tends to 
advance, by its momentum, and compresses the water between the 
waste clack chamber and the air vessels, and the air in the BJDal1er 
air vessel. In an inappreciably short time the pressure becomes a 
little more intense than that in the outer air vessel; that is, than 
the pressure due to the length to which a portion of the water is to 
be lifted. Then the clacks E open, and water passes into the air 
vessel against the higher pre&ll11re, and thence up the discharge pipe, 
until the energy of the mass of water in the snpply pipe is so far 
expended. that its pressure can no longer keep the clacks E open, 
nor the waste clack shut. Then the clacks E shut, the waste clack 
opens, and the operation begins anew. 

The following proportions for hydraulic rams have been found to 
answer in practice :- . 

Let k be the height above the pond to which a portion of the 
water is to be raised; 

H, the height of top water in the pond aoove the outlet of the 
waste clack; 

L, the length of the supply pipe, from the pond to the waste clack ; 
D, its diameter; then 

k H k 
H=20; L=2·SH=0·14k; D=lO =200;···(1·) 

Let Q be the whole supply of water in cubic feet per second, of 
which q is lifted to the height k above the pond, and Q - q runs to 
wastE' at the depth H below the pond. Then the efficiency of the 
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ram has been found by experience to have the following average 
value :-

q'" 2 Q H = 3 nea.rly •••...•.....•.••.•.•..•.. (2.) 

187 A. .J'. ..... This machine works by means of the tendency 
of a stream or jet of lluid to drive or carry contiguous particles of 
lluid along with it. The general nature of its construction is repre
aented by fig. 81. A is the jet pipe, by which a sufficient supply of 
water is brought from an elevated souroe; B is the auction pipe, by 
which another portion of water is drawn 
from a low level. 0 is the contracted 
throat of the passage, at or a little behind 
which is the nozzle of the jet; D is the 
trumpet-mouthed spout in which the jet 
DlinJles with the stream from below, 
carnes it forward, and causes a diminu
tion of pressure behind the nozzle, and in 
the suction pipe, sufficient to make the 
water rise. 

c 

FIg. 81. 

D 

Contrivances depending on the same principle with this machine 
have long been known; but the water jet pump, in its present 
form, was invented by Professor James Thomson, and first described 
in the Report of the British .Association for 1862. In the report 
of that body for 1853, Mr. Thomson published the results of some 
experiments on a small scale 88 to the efficiency of the jet pump. 
The greatest effi.aiency was found to take place when the depth 
from which the water was drawn by the suction pipe was about 
~ of the height from which the water fell to form the jet; 
the llow up the suction, pipe being in that oue about Mll!rfifo of 
that of the jet, and the efficiency, consequently, 

9 1 
10 X [j=0·18. 

This is but & low efficiency; but it is probable that it may be 
increaaed by improvements in the proportions of the machine. 

The WATBB BLOWBB, in which a shower of water, falling in drops 
within a vertical cylinder with holes in its sides, carries a current 
of air down with it, which is expelled through a nozzle near the 
bottom of the cylinder, is a machine on the same principle with the 
jet pump. Its efficiency is said to be about 0'15. 

The BLAST P1PB, the most important of George Stephenson's im
provements in the locomotive engine, is an example of the aam8 
kind of action, which will be mentioned again in its proper place : 
so also is Mr. Gurney's STEAl( 1ft VUTlLA'l'OB for mines. 
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01" WIlQ)JDLLS. 

188. &ell'" ..... ..--The energy of the wind, in driving 
a. windmill, is exerted upon a wheel, or fan, consisting of four or 
five vanes called Bails, radiating from a horizontal or slightly 
inclined shaft called the wind mft, which is kept always turned 
endwise towards the wind. 

The inclination of the wind shaft; to the horizon is from 00 to Hio j 
its object is to make the sails revolve clear of the tower or other 
building which contains the mill 

There are two methods of enabling the wheel always to face the 
wind. In a "post mill," the whole machine, with its framework 
and casing, turns upon a pivot on the top of a vertical post, and is 
shifted when the wind changes, by means of a long horizontal lever. 
In a .. tower mill," or .. t1f1ItOClc mill," there is a fixed tower with & 

rotating cap j the cap supports the wind shaft, and is turned to the 
quarter from which the wind blows, by apparatus which is some
times controlled by hand, but oftener self-acting. The remainder 
of the mechanism is supported by a stationary frame. 

The obliquity of a windmill sail, 01' the angle which it makes 
with its plane of revolution, is called its weatIu1r. 

Fjg. 82 is & front view of the frame or skeleton of a common: 
windmill sail C is the end of the wind shaft, from Ii foot to 2 
feet square, if of wood j from 6 inches to 9 inches in diameter, if of 
iron. CAB is the arm, or whip, of one of the sails, usually from 
30 feet to 40 feet long, 8 inches to 10 inches square at the inner 
end, and about J of these dimensions at the outer end. From AD 
to BEare the bMs of the sail-alender wooden rods, from 15 to 18 
inches apart. A B is the leading or foremost edge of the sail, 
which in the present example lies along the whip itself: in some 
sails, a small portion, called the leading Bail, extends before the 
whip. 

Fig. 83 shows the frame of the sail, as seen edgeways j fig. 84 is 
a diagram of the sail, as seen endways, in which 0 P and 0 Q show. 
the positions of the bars at the top and at the inner end of the sail 
respectively: these two figures show how the 1JJtJatIwr gradually 
diminishes from the inner end of the sail to the tip, for reasons 
which will appear in the next Article. 
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The leading sail, when there is one, is u8ua11y covered with thin 
boards; the main body of the sail, either with canvas, or with a 
number of narrow boards called 
mlWII, capable of being adjusted 
w different angles, in a manner 
to be afterwards described. 

189. fiI~~-The 
reduction of the art of designing 
windmills to general principles 
is almost wholly due to an 
experimental investigation by 
Smea.ton, communicated to the 
Royal Society in 1759, and ~ 
published in Tredgold's Trac18 
on H,ItItnwlics. 

The general principles esta
blished by. Smeaton are to a 
certain extent capable of being 
expressed by a proper adapt&
tion of the fOimulm of Article 
144, Case V., equations 49 to 
15-& term being subtracted to 
represent 10118 of energy by fric
tion between the air and the 
sail, as follows :-

Let D denote the weight of a 
cubic foot of air ; 

Q, the volume of air which 
acts on the sail, or part of a 
sail, under consideration, in 
cubic feet per second; 

t1, the velocity of the wind, in 
feet per second. 

H 8 be taken to represent the 
sectional area. of the cylinder, 
or annular cylinder of wind E~. =lJ:::=ti 
through which the sail, or part ]I 

of a sail, in question swoop!! in FIg. 82. 
the course of its revolution, we may put 

E 

PIg. 83. 

Q = C t1 8 ; ••••••••••••••••••••••••••• (1.) 

where c is a co-efficient to be found empirically. 

1> 

As it is difficult, if not impossible, in the present state of our 
knowledge, to distinguish between that factor in the power of a 
windmill which depends on the quantity of wind that acts upon it, 
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and that factor which expresae. the diminution ot efficiency by the 
friction of the BIIa/t, it is beet to make the eo-effi.cient C, in the above 
equation, comprehend the allowance for that friction: aBd thi8 
being understood, it appears from experimental data by BmeatoB, 
to be afterwards referred to, that for a windmill with four sail8 
proportioned in the best manner, if 8 be taken for the sectional area 
of the tDIwltJ cylinder of wind in which the wheel rotates, 

c = 0'75 nearly ......................... (2.) 

The friction olthe air will be 8eparately allowed for. 
Let 'denote the f.IJtJIJt1I8f' of the sa.il; then because the direction 

of motion of each point in the sa.il is perpendicular to that of the 
wind, we must make, in the fOlmuba of Article 144, 

a = 90° - " and 008 a = Bin ,. 
Consider a narrow band of a sail at a given distance from the 

a.xis, and let u be its velocity. 
The toMle velocity of the wind relatively to this band is N + v,I; 

and as it is probable that the energy lost through thelriction of 
the air is proPOltiOnal to the square of that velocity, we may.put 
for that lost energy, per pounul olths acting IfnoIm olfDind, 

~+Ul 1·2g ............................. (3.) 

f being a co-e.fti.cient of friction, to be found empirically. 
From data by Smeaton, to be a.ftel'wa.rds referred to, it appears 

that the probable value of this co-efficient for the beet aa.ils is 

1= OO()I6 ........................... (3 .A.) 

Then modifying the symbols in equation 60, as already described, 
and deducting the lOllS of energy by aerial friction, we find for the 
u98ful work per aeoond done by the action of the wind on the band, 
or bands of sail, that &Weep through the stream. of air whose sec
tional area is 8, 

Ru = cD 811 • 2~ { 2u" . C08 ,Bin, -ul (2 sin' '+1)-1'" } 

=c D 8V' 219 {U11'ain 2 '-U'(I-008 2 ,+ I)-/~} (4.) 

Dividing this by D28:, the whole energy per second of the 
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stream of wind, we find for the e.ffUMn.cy of the dOn of that 
stream 

R';a =0 {~sin 2, -~ (l-oos 2 ,+ I)-f} ... (5.) 
D,-

2g 
The ratio of the speed of greatest efficiency for a given tJJ«JlMr " 

to the speed of the wind, is 

!I sin 2, 
l' = 2 (1- 0082 ,+ 1) .................... (6.) 

The efficiency COl'!'eIJPODding to that speed is 

{ sin1 2' } o 4(I-cos2{+I)-f ; ................ (7.) 

and the 1188fu.J. work oorresponding to that efficiency 

. ~ { sinl 2, } 
~ "I = 0 D, . 2 g 4 (1- cos 2, + I) - f ....... (8.) 

The following are lOme eu.mples of the results of these formule, 
taking, 88 already stated,f= Oo()16, 0 = 0"15 :-

~uJ 
{ ~ ::-;;r 

l' D, ~g 

13° 1'86 0'29 ................. (9.) 
7° 2-63 0'24 } 

19° 1'41 0'3' 
It will afterwards be shown within what limits these formula! are 

applicable. 
- 190. The __ .. _ .............. .c ...... 88 determined 

experimentally by Smea.ton, are 88 follows :-
In fig. 8li, A is the wind shaft; A C, the whip of one sail; 

B DEC, the main. or following division of the Sail, which is 
recta.ngu.Iar; B 1!' C, the leading division of the sail, which is trian-
gular. 

The following are the best proportions :-

- 1- - 5- 1 AB=6 AC; BC=ir AC; 

- - 1..--r; RT> 2-
BD=CE=8 Av; vF=1l)AC 

.......... (1.) 

The following are the best values for the ~ of ~ a.t 
different distances from the axis :- . 
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Distance in Bi:x:IJIB } } 
of A B,......... (first \.r) 2 3 " 5' (Jp) (2.) 

Weather, "....... 18° 19° ISO 16° 12°1 ,t 
c 'P 191. The Belli..... for the tips of tAe mila, 

II:.---;Y-...., weathered as above, was fonnd by Smeaton to be 
about 2'6 times the velocity of the wind; that is, 

for, = 7°, "t = 2'6 tI .. , ......... (1.) 

It is from this experimental result that the value 
of the co-efficient of friction employed in Article 
189 baa been deduced, viz.,f= 0'016. 

The result computed in the same Article, that 

for, = 19°. ~ = 1'41, indicates that 19" is the 
• tI • 

proper angle of weather for a pomt about the 
middle of the Bail; which is confirmed by experi

Ament. 
Fig. 85. The application of the formuhe of that Article to 

all parts of the Bail would give it a slightly convex 
surface; but Smeaton fonnd a slightly concave surface (as indicated 
by Table 2, Article 190) to be somewhat more efficient; upon 
which he observes, "that when the wind falls upon a concave sur
face, it is an advantage to the power of the whole, though every 
part, taken separately, should not be disposed to the best advantage." 

It further appears, that the formuhe should not be applied. 
between the middle and the inner end of the Bail, it being better to 
preserve nearly the same angle of weather through~ut that part of it. 

192 . • __ ... •• cte.q.--The effective power of a windmill, 
as Smeaton ascert.ained by experiment, and as equations 4 and, 8 
of Article 189 indicate, varies as 8, the sectional t.I'I"etI of tAe tJCttng 
streMn of wind; that is, for similar wheels, as tAe 8tfIJDIfW oftAe mil. 

The value 0'75, assigned to the multiplier c in Article 189, is 
fonnded on the fact ascertained by Smeaton, that the ejfectime power 
of a windmill with mila of tAe bat fO'l'fll" cmd alJota 151 fM raditul, 
with a breae of 13 fM p1I' 8tJCO'1ld, U alJota one Iwr~. In 
the computations fonnded on that fact, the m«.&n angle of weather 
,is made a 13", and f= O()16 as before. Then making the radius 
.A B =", and the area of the cylinder of wind, 

8= .. rt, 
equation 8 of Article 189 becomes as follows:

D"s 
~ "t = 0'29 • 2g ... r! j .................... (1.) 
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being the effective power at the best speed, when the tips of the 
sails move at 2'6 times the speed of the wind. 

To find the effective power at any speed; equation 4 is referred 
to, which, when ,= 13°, becomes--

R"= 0'75 ~; . 1r,-2 { 0'438 ",,-0'117 tJI-OoQI6"z } (2.) 

The value of D,-the weight of a cubic foot of air,-may be 
found exactly by means of Tables IL and IlL at the end of this 
volume; but taking it on an average at OoQ75 lb., the above 
formube become,-

.,s 
~u,. = 0'022 2 g . Ir ,-2; ••••••••••••••••••• (1 A.) 

R"= 0'056' 2"g' Irrl { 0'438" 11-0'117 "s -0'016 ~ } (2 A.) 

From equation 1 it appears that a windmill of the best form and 
proportions, with the tips of the sails moving at 2'6 times the speed 
of the breeze, has an effective power equal to & of the actual 
energy of the cylinder of . wind which passes it in a second. 

193. T __ lIUIL-~edq Clap.-Fig. 86 is a vertical section, 
and fig. 87 a horizontal section, of the top of a tower mill, with 
ita self-acting cap. 

A A A is the tower; B B B the cap, whose lower edge is an 
iron ring, resting on a circle of rollers which rest on another iron 
ring on the top of the tower, and are kept at their proper distance 
apart by an intermediate riug R, in which their axes have bearings. 
G, G, G, G are blocks with horizontal guide rollers. ' 

C is a circular rack fixed to the top of the tower. 
S is the wind shaft, carrying a bevel wheel D, which drives a 

bevel wheel on the upright shaft N, through which motion is given 
to the machinery of the mill 

Prom the back of the cap projects the frame L L, carrying the 
fan )I, which through a train of wheelwork marked band c c, 
drives the pinion f, which works in the rack c, alrea.dy mentioned. 
When the wind wheel faces the wind, the fan is turned edgewise 
towards the wind, and remains at rest. So soon as the wind 
changes ita direction, it makes the fan rotate in one direction or 
another, and so drives the pinion J, which makes the cap turn 
until the wind wheel again faces the wind. 

The bevel wheel D on the wind shaft is often used also as a 
~, ita rim being encircled by a flexible brake (Article 49~ 

194 . ...... _ 1IepIaII_ ., ...a..-The old method· of cover
ing.a windmill sail was with a sheet of canvas, of which a greater 
or less extent could be spread according to the strength of the wind. 
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Varioua methods have been invented for varying the B1J1'face 
exposed to the wind while the mill is in motion, such as rollers, 
upon which a greater or leu extent of the canvas can be rolled up; 

JIg. 86. 

lI'fg. 87. 

boards furling by sliding behind each other like the sticka of a fan ; 
and boards tuming on nee into dift'erent positions, like the bars of 
a Venetian blind. The last method, the invention of Sir William. 
Cuhitt, is illustrated in figs. 88 and 89. Fig. 88 is a aide view, 
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fig. 89, a front view. A is the wind shaft, which is hollow; B C, 
a rod passing through it; C, a swivel, to enable the foremost end 
of the rod to rotate with the 
shaft; CD, the hinder end of the 
rod, which is a toothed rack, 
working with the pinion E; F, a 
drnm on the axis of that pinion; 
G, a cord wound on it, from 
which hangs a weight W; I, a 
guide roller for the rack. 

K is the head of the rod 
B C, connected by links L with 
the levers M, which turn on 
bearers carried by the project
ing brackets N. P is a rack; 
V, a guide roller; Q, a pinion; 
R, a lever; S, a rod, connected 
with all the levers for moving 
the mltHJIJ, or transverse boards, Fig. 88. 
which, when shut, or turned 
flatwise to the wind, fill the spaces between the bars of 
the sail, and make a continuous fiat surface; when 
opened, or turned edgewise to the wind, allow it to 
pass through with little action on the sail; and when 
turned into intermediate positions, give the same effect 
with a greater 01" less surface of sail. Each sail has 
similar apparatus. 

The axes on which the valves turn are placed nearer 
to one edge than to the other, 80 that the pressure of 
the wind tends to open them. It is opposed by the 
weight W, which tends to close them. The valves 
adjust their own obliquity, 80 that the pressure of the 
wind balances the weight W; and thus the ~urt of the 
wind on the sails is maintained nearly constant through 
all variations of its spetd. Fig. 89. 
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PART IlL 

OJ!' STEAM AND OTHER HEAT ENGINES. 

195. K __ ... Dlma. ., 1M "IdeeL-It is believed to bve 
been first remarked by George Stephenson, that the originall!OUl"Ce 
of the power of heat engines is the sun, whose beams furnish the 
energy that enables vegetables to decompose carbonic acid, and 
80 to form a store of carbon and of ita combustible compounds, 
afterwa.rds used as fuel The combination of that fuel with 
oxygen in furnaces produces the state of heat, which being com
municated to 80me fluid, such aa water, causes it to exert an 
augmented pressure, and occupy an increased volume; and those 
chaoges are made ava.ila.ble for the driving of mecha.nism. 

According to a speculation originated by Mr. Waterston, and 
modified and developed by ProfeBllOr William Thomson, the heat of 
the ann is produced by the fall of a shower of matter into it; 80 
that the original source of the power of heat is gravitation. 

In the prt'IiICnt treatise we are concerned with those operations 
only in the obtaining of mechanical energy by means of heat, which 
are performed after the fuel has been procured in a state fit for 'Use. 

The present pArt of this treatise consists of two main divisions; 
the first treating of those laws of the relations amongst the pheno
mena of chemical combination, heat and mechanical energy, upon 
which the work and efficiency of heat engines depend: the second, 
of the structure and operation of those engines. . 

The former of those main divisions consists of three subdivisions, 
the first treating of relations amongst the phenomena of heat them
selves; the second, of combustion, 01· the production of heat by 
chemical action; and the third, of the relations between heat and 
mechauical energy, whose principles form the science of THEBJlo
DYNAJlICB. 

The latter of the two main divisions consists of two subdivisions, 
the first relating to the apparatus by which heat is obtained from 
burning fuel, and communicated to a fluid, which apparatus, in the 
steam engine, comprehends the furnace and boiler; the second, 
relating to the apparatus by which the heated fluid is made to per
form work by driving mechanism, being the "tmgine" proper, as 
distinguished from the furnace and boiler. 
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CHAPTER I. 

OF BELATION8 AMONGST THE PHENOMENA OF HEAT. 

196. R .. Ded.eta ... D-.t.e..-The word "HEAT" is used in 
two senses--

I. A certain CD of sensations. 
II. That oondition of bodies which oonsiste in the capacity for 

producing such sensations. 
It is in the aeoond of those senses that the word will be employed 

in this treatise. 
The oondition called heat has other properties besides that by 

which it has been defined. Of these the principal are as follows :-
I. Heat is f,mm,af~ from one body to another; that is, one 

body can heat another by becoming leas hot itself; and the ten
dencies to effect that transfer are capable of being oompared 
together by meana of a we of quantities on which they depend, 
called~ 

II. The transfer of the oondition of heat between two bodies 
tends to bring them to a state called that of uniform temptmJtfJlT"e, 
at which the transfer ceases. 

IlL The quantities called temperatures are accompanied in each 
body by cerlain oonditions as to the relations between density and 
elasticity; the general law being, that the hotter a body is, the l8l!ll 
is its elaaticitll of.ftgt.tn, or tendency to preserve a definite form and 
arrangement of parts, and the greater its t'laaticity of tJOlwme; that 
is, its tendency, if solid or liquid, to preserve a definite volume, and 
if gaseous, to expand indefinitely. 

IV. The oondition of heat is a oondition of ENERGY; that is, of 
capacity to effect changes. One of those changes has already been 
mentioned under the head I., viz., the change in the oondition of 
heat of bodies which are unequally hot, tending to bring them to 
uniformity of temperature. Amongst other of those changes are 
changes of density, changes of elasticity, chemical, electrical, and 
magnetic chauges. 

V. The oondition of heat, oonsidered as a kind of energy, is 
capable of being indirectly measured, so as to be expressed as a 
quantity, by means of one or other of the directly measurable effects 
which it produces. 

VI. When the oondition of heat is thus expressed as a quantity, 
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it is found to be subject, like other fonna of energy (mechanical 
energy, fOl" example,) to a law of conaeroatUm'- that is, if in any 
system of bodies, no heat is expended or produced through changes 
other than changes of temperature, then the total quantity of heat 
in the system cannot be changed by the mutual actions of the 
bodies; but what one body loses, another gains; and if there are 
changes other than changes of temperature, then if by thoee changes 
the total heat of the system is changed in amount, that change is 
compensated exactly by an opposite change in some other form of 
energy. 

Although the present chapter treats RpeCially of relations HoDlongst 
the phenomena of heat, yet it is impossible to explain these relations 
without occasionally referring to relatioJlll between phenomena of 
heat, and other cJasses of phenomena, as has already been done in 
the preceding general description of heat. 

The remainder of this chapter is divided into three sections. 
The first relates to the measurement of f.em.pt1raIIuf'6, and to the 

phenomena with which particular temperatures are accompanied. 
The second relates to the measurement and comparison of quan

titia of Mat, whether such as are lost by one body and gained by 
another during changes of temperature, or such as appear and 
disappear during changes of other kinds. 

The third relates to the rapidity with which the tramlflf' of Mat 
takes place under various circumstances. 

SEC'lION 1.-01 T~, and Plterwmma deptmding on tMm. 

197 . ..... T_ ........ -Two bodies are said to be at 6tJ:'IUd 
ttnnperaturetl, or at the 8QIfM ttnnperaJNlre, when there is no tendency 
to the transfer of heat from either to the other. 

198. ..Is .. T_ ......... or standard temperatures, are tempera
tures identified by means of certain phenomena which occur at them. 

The most important and useful of fixed temperatures is that of 
the KELTING OF lOB under the average atmospheric pressure. This 
pressure is specified for the sake of precision; for although the 
variation of the temperature of melting ice with variations of pres
sure is exceedingly small, it is still appreciable. 

Next in importance and utility is the BOILING POINT OF PURE 
WATD UNDER THE AVERAGE ATKOSPBERIC PBESSURE of 

14·7 Ibs. on the square inch, or 
:1116·4 Ibs. on the square foot, or 

29·9:l2 inches of a vertical column of mercury, 

the mercury being at the temperature of melting ice. 
Q 
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There are many other phenomena besides the melting of ice and 
boiling of water under the mean atmospheric pressure, which serve 
to identify fixed temperatures; but the two phenomena which have 
heen specified are chosen, because of the precision with which 
they can be observed, for the purpose of fixing the standard tem
peratures on the scales of THEBllOHETERS, or instruments for 
measuring teml>erature. 

199. Df1INM oC T-.-a-Pedlel Ga8 T .... _.-The 
two standard points of the scale of temperatures having been found, 
it is next requisite to express all other temperatures by means of & 

scale of degrees, and fractions of a degree; which scale is to be 
graduated according to the magnitude of some directly measurable 
quantity depending on temperature. 

The quantity chosen for that purpose is the product of the pres
sure a.nd volume of a. given mass of a perfect gas. 

A PERFECT GAS is a substance in such a condition, that the total 
pressure exerted by any number of portions of it, at a given tem
perature, against the sides of a vessel in which they are enclosed, ill 
the sum of the pressures which each such portion would exert if 
enclosed in the vessel separately at the same temperature; in other 
words, a substance in which the tendency to expand of each appre
ciable mass, how small soever, that is diffused through a given 
space, is a property independent of the presence of other masses 
within the same space. Absolutely perfect gases are not found in 
nature; every gas approximates more closely to the condition of a 
perfect gas the more it is heated and rarefied; and air is sufficiently 
near to the condition of a perfect gas for thermometric purposes. 

Let Vo denote the volume of a given weight of any perfect ga.'! 
under a pressure of the intensity Po, at the temperature of melting 
ice, and Po Vo the product of those factors;_ quantity whose vaIule' 
in foot-pounds, for one pound avoirdupois of air and other gases, is 
given in Table II., at the end of this volume. 

Let PI VI be the corresponding product for the temperature of 
water boiling under the pressure of one atmosphere. 

Then it is known from the experiments of M. Regnault and 
Mr. Rudberg, that these two products bear to each other the fol~ 
lowing proportion :-

PI. VI = 1.365 .............................. (1.) 
Po v. 

Now let To, TIl denote respectively the temperatures of melting 
ice and boiling water under the pressure of one atmosphere, in de
grees of the scale of a perfect gas thermometer, the intervals upon 
which scale correspond with the intervals between the values of 
the ratio p V ..;- Po Vo-

Digitized by Google 



THERIIOllE'l'RIC SCALES. 227 

Let T be any third temperature, and P" the corresponding pro
duct of the pressure and volume of the gas. 

'!'hen because the interval Tl - To corresponds to the difference 

PI "I - P; Vo = 0'365, it is clear that the interval T - To, corre
Po Vo 

sponding to the difference- P ,,-Po "', must have the following 
Po Vo 

value:-

T T T\-To P"-Po"o (2) 
- 0 = 0'365' Po Vo ;. •.• •••.• ••.•.. • 

and this equation expresses the relation between intenlGlB of tenl
perature, and differences of the product P ". 

200. D .. -. T .... ...-.c 8eaI_-The number of degret'.K 
Tl - To into which the interval between the two standard tem
peratures is divided, and the number of degrees, To, between the 
zero of the scale and the temperature of melting ice, are arbitrary. 

On Reawmwr's scale, the zero is the temperature of melting ice, 
and TI - To = 800 ; therefore, 

To = 0°; Tl = 80'; 

T-T _ SO° P"-Povo _ "190'2 P"-Po". ... (l.} 
o - 0'365' Po "0 - .. Po "0 

On the Centirfra,tk scale, used in France, and over most of the 
continent of Europe, the zero is the temperature of melting ice, and 
T 1 - To = 100°; therefore, 

To = 0°; Tl = 100°; 

T -T ~ 1000 • pV-Povo_ 27'0 P"-Po"o (2) 
o - 0'365 Po Vo - ~ Po Vo ..... 

On FakrenMit's scale, used in Britain and America, the zero is 
an arbitrary point, 32" below the temperature of melting ice; 
Tl - To = 180°; and therefore, 

To = 32"; Tl = 212"; 

T _ T _ 180° P v - Po Vo _ 4930,2 P" - Po Vo ... {3.) 
o - 0'365' Po) Vo - Po "0 

In the present treatise, Fahrenheit's scale is used when no other is 
Rpecified. 

On all thermometric scales, temperatures below zero are reckoned 
downwards, and distinguished by having the negative sign pre
fixed. 
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201 • .......... __ A .... 1Ite T_ ......... -There is a tempera
ture which is fixed by reasoning, although no opportunity ever 
occurs of observing it; and that is, the temperature corresponding 
to the disappearance of gaseous elasticity, at which p tI = O. 

This is called the ABSOLUTE ZERO of the perfect gas thermometer. 
By reckoning temperatures from it, the laws of all the phenomena 
which depend on temperature are found to be expreBBed more 
simply than by reckoning from any ordinary zero. It is therefore 
the most BUitable zero for purposes of scientific reasoning. For the 
purpose of recording obeervatioDB, the ordinary zeros are more con
venient, because of" the remoteneBB of the absolute zero from any 
temperature which is ever observed. 

Temperatures reckoned from the absolute zero are called ABS0-
LUTE TEKPERATURBII. In this treatise, they will be denoted by the 
symbol '1'. 

Let '1'0 be the absolute temperature of melting ice; and '1'1 that of 
boiling water, under the preBBU.re of one atmosphere. 

Let 'I' be any third absolute temperature. 
Then 

TI-To 
'1'. = 0'366 ; •••....•.•••.....•...••••.•••• (1.) 

'1'1 = 1'366 '1'0; ............................ (2.) 

ptl .,. = "'0 ~ -- ••••••••••••••••••••••••••••••• (3.) 
Po tlo 

These formulm beoom~ 
for R«w.mur', Beale, 

'1'. = 219°'2; '1'1 = 299°'2; 'I' = 219°'2 ~ l 
Po "0 j' .... (4.) = T + 219°'2; 

for the Ctf1IJ.igrad8 BCOle, 

'1'0 = 274°; '1'1 = 374°; 'I' = 274°..l!..!!.- = T + 2740 ;..(6.) 
Po tlo 

for FakrtmAei(, tJCale, 

'I' = 4930 '2; '1'1 = 673°'2; 'I' = 493°'2 P "l (6 ) 
Po "0 f'" . = T + 461°'2; 

and the positions of the absolute zero on 1M onli'llDll1J IJCtIla are, 

on Raumur's scale, - 2190 '2, } 
on the Centigrade scale, - 2740 , ......... (7.) 
on Fahrenheit's scale, - 461°'2. 
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Table IlL, at the end of the volume, shows a series of ordinary 
temperatures on the Centigrade and Fahrenheit's scales, with the 
corresponding absolute temperatures, and the corresponding values 
ofp" +Po"oo 

202 • ............ ____ .r ae--A gas sensibly perfect 
has the law of its expansion and elasticity expressed as follo~ :-

P" = ~; ........................... (1.) 
Po "0 "0 

and the results of this fonnula are given in Table III., already 
referred to. 

The ctH.ffo:Umt 0/ apmuion of a perfect gas, being the increase of 
volume under constant pressure, for one degree of rise of tempera
ture, of 80 much of the gas as fills unity of space at the temperature 
of melting ice, is the reciprocal of the abSolute temperature of 
melting ice, or, 

1 • . 
493'2 = OO()()20276 per degree of Fahrenh61t. 

This is a theoretical limit to which the co-efficients of expansion of 
gases approximate as their densities diminish and temperatures in
crease. Their actual co-efficients of expansion exceed that limit by 
small quantities depending on the nature, density, and temperature 
of the gas. 

A hypothesis called that of "molecular vortices," referred to in 
the historical sketch prefixed to this work, led to the conclusion, in 
the case of i~fJCt gaB!8, that the law of their expansion and 
elasticity would be found to be expressed approximately by an equa
tion of ~e fonn, 

p " =~ - Ae-!J - ~ -&0. .......... (2.) 
Po tlo TO l' or-

At, AI' &0., being functions of the density -.!., to be determined 

" empirically. This conclnsion was verified by a comparison with 
the experiments of M. Regnault. (Memoif'B o/IM AcadtJmy of 
ScWnceB, 1847; TrtmB. Roy. Soc. Edin., 1850; Plw,. Mag., Dec., 
18/H ; Proc. Roy. Soc. Edm, 1855; PMl. Mag., March, 1858.) 

The fonnula for CARBONIC ACID GAS is as follows :-

p " ,. 3'42 "0 - = 4932 - - . -; ................. (3.) Po "0 . l' tI 

in which,Po = 2116·41bs. on the square foot; tlo = 8'15725 cubic 
feet to the Ib. ; Po "0 = 17264 foot-pounds. 
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It is probable that a fonnula of this class will at some future 
period be found to expre88 the relation between the temperature, 
pl'tlll8Ure, and density of steam; but at present it is impossible to 
find such a fonnula, for want of experimental data. The difficulty 
IIf ascertaining exactly how much of the water or other fluid within 
a given space is in the liquid state, and how much in the state of 
vapour, constitutes a serious obstacle in the way of obtaining such 
,lata. The principal causes of that difficulty are, first, that a vapour 
near the point of liquefaction has the power of retaining 8U8pended 
in it a portion of its liquid in the state of clnud or mitJtj and, 
l!eCOndiy, that if in experiments on the density and expansion of 
I!team, glass vessels are used, in order to show when the steam ill 
free from cloud, a new cause of uncertainty is introduced by the 
t8.ct, that the attraction between glass and water is sufficient to 
retain in the liquid state, and in contact with the glass, a film of 
water at a temperature at which, but for the attmction of the glass, 
it would be in the state of steam. 

The ideal density of perfectly gaseous steam, given in Table n, 
is deduced from its chemical composition. . One cubic foot of 
hydrogen, and half a cubic foot of oxygen, combine together, and 
collapse into one cubic foot of steam. Hence the ideal weight of a 
cubic foot of steam at 32", and under one atmosphere (being a 
quantity to be used in calculation only, inasmuch as steam cannot 
exist at that pressure and temperature), is computed as follows :-

Lbe. 
One cubic foot of hydrogen,................. 0'005592 
Half a cubic foot of' oxygen, ............... , 0'044628 

One cubic foot of ideal ste8.m, DOl ......... = 0'050220 

From this result are calculated the following, ideal also :

Volume of one lb. steam at 32° and one atmosphere; } 

"0 =. ~o = 19'913 cubic feet; ..... (4.) 

PotJo = 19'913 X 2116'4 = 42141 foot-IbH. 

If from these quantities are computed the corresponding quan
tities for one atmosphere of pressure and 212", the following resuittl 
a.re obtained :-

. "'I = 1'365 "'0 =!n'18 cubic feet; } 
Dl -= 0-03679 lbs.; ........... (5.) 

PI "1 ~ 1'365 Po"o =- 57522 foot-Ibs. 
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The volumes and densities of steam given in Tables IV. and VI. 
are computed by a method which will afterwards be explained. 
From 320 to 1040 they agree very well with the assumption of the 
perfectly gaseous condition, with the following values of 110 and 
Po 'V", which are somewhat smaller than those deduced from chemical 
composition :-

"0 (ideal, for 3~ and one atmosphere) 19'699 cubic feet; } 

Do = 0'05076 lbs.; (6.) 

Po "0 = 41690 foot-Ibs. 

If atmospheric steam were perfectly gaseous at 212°, the follow
ing would be the results of the above formulm :-

'111 = 1'365 'Vo = 26'89 cubic feet; } 

• Dl = 0·037191bs.; ........... (7.) 

PI "1 = 1'365 Po 'Vo = 56907 foot-Ibs. 

It is proved, however, by such experimental data as exist, that 
the actual density of steam, at pressures of one atmosphere and 
upwards, exceeds that computed on the assumption of the perfectly 
gaseous condition, and that the excess is greater, the greater the 
pressure; although there is no direct experimental determination 
of the exact amount or law of that excess. By the indirect method 
to be afterwards explaiued, the amount of that excess is found at 
any given temperature; but the general law which it follows is 
unknown. 

The tables give, for one atmosphere and 21~, 

'VI = 26'36 cubic feet per lb.; } 

D1 = 0'03797 ; ........... (8.) 

PI "1 = 55783 foot-Ibs.; 

differing by about one-fiftietl, part from the results given in the for
mula (7); and the proportional difference at higher pressures is 
greater. 

The data from which the densities and volumes in these tablel! 
were calculated, were the experiments of M. Regnault on the heat 
transferred from a boiler to a condenser, by sending from the fOl'lller 
to the latter known weights of steam under different pressures; and 
it is certain, that whatsoever may prove to be the law connecting 
the density, pressure, and temperature of steam under other cir. 
cumstances, the densities and volumes in these tables cannot err, 
to an extent appreciable in practice for steam obtained 'I.I.1/Jer 
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circumsIcmceB similar to t1wse of M. Regnatdl,'. ~, which 
circumstances are, in all important points, similar to those under 
which steam is obtained in ordinary steam engines. 

In the P'I'OC88ding' of the Institution of Mechanical Engineers 
for June, 1852, was published a paper by Mr. C. W. Siemens con
taining the results of experiments "on the expansion of isolated 
steam." Those experiments show a very rapid rate of expansion 
with increase of temperature under constant pressure near the 
boiling point corresponding to the pressure, and a gradually 
dirninishmg rate 88 the temperature rises. For steam under the 
pressure of one atmosphere, and at temperatures varying from 25uo 

to 3800 Fahrenheit, M.r. Siemens's experiments give 88 the mean 
co-efficient of expansion, 

d" -- = 0-00385 nearly· 
"odt ' 

• the co-efficient of expansion of a perfect gas being 0-0020276. 
The experiments which have for some time been in progress by 

M. Regnault, and those lately undertaken by Mr. Fairbairn and 
Mr. Unwin, may be expected to give p~ data on the subject of 
the density of steam, and its expansion by heat. 

In Table V., the densities of the vapour of Ether are computed 
88 for a perfect gas from its chemical composition; because in the 
only case in which data exist for computing its density otherwise, 
the results of the two modes of computation agree exactly, as will 
afterwards be shown. 

The quantities in the column headed E in Table II., being the 
expansions of unity of volume at 3T in rising to 21T, are 180 times 
the CO-6.f!it:ienu of ~ per defrree of Fahrenheit. 

203 . ......... ot LI • ..w-JIIenlD'lal T. ___ .-The rate 
of expansion of every liquid increases as the temperature becomes 
higher, and diminishes as the temperature becomes lower. 

In the case of water, there is a temperature at which the rate 
of expansion disappears, and the volume of a given weight reaches 
a minimum. That temperature, according to the most trustworthy 
experiments, is 

390 .1 Fahrenheit ............•••...•.•••• (1.) 

Between that temperature and 3T, the yolume of a given weight 
of water i1lC'l'tJCU1tJll by cold. 

It is possible that a similar phenomenon may take place in other 
liquids; but it has not yet been observed in any liquid except water. 

The above temperature of the maximum density of water, being 
the temperature at which the specific gravity of water can be most 
accurately ascertained, is used in France as the standard tempera-
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ture, at which the weight of an unit of volume of water is taken 
for an unit of weight, and of specific gravity. The standard tem
perature for the British standards of weight and measure is 62" 
Fahrenheit. 

The following empirical formula for the expansion of water 
between 32" and 77° Fahrenheit, deduced from the experiments of 
Stamptfer, Despretz, and Kopp, is extracted from Professor W. H. 
Miller's paper on the Standard Pound, in the PhiloBophical Prana
actionB for 1856, and reduced 80 as to be suited to Fahrenheit's 
scale instead of the Centigrade scale, for which it was originally 
computed:-

1 ! _ 10·1 (T - 39·1)2 - 0-0369 (T - 39·1)8 (2) 
og tlo - 10,000,000 .•••. . 

tit denotes the -volume of a given weight of water at 39°·1 Fah
renheit, and under one atmosphere of pressUl'e, which for one 
pound of water, has the value 

1 
tlo= 62.425= 0-0160192 j •••••••••••••••••• (3.) 

log tIo= 2-2046414. 
tI denotes the volume of the same weight of water at any other 

temperature T on Fahrenheit's scale. 
For rough calculations of the density of water, a simple approxi

mate formula, suited for most practical purposes, has already been 
given in Article 107, p. 11 o. 

The greater convenience of thermometers filled with liquid, as 
compared with those filled with air, causes the former to be em
ployed for all purposes except certain special scientific researches; 
and the liquid commonly employed is mercury. 

A mercurial thermometer consists of a bulb and stem of glass. 
The stem should be as nearly as possible of uniform bore; and the 
inequalities in the bore should be ascertained by passing a small 
quantity of mercury along the stem, and marking the lengths that 
it occnpies in different positions j and in the graduation of the scale 
those inequalities should be allowed for, 80 that each degree of the 
scale shall correspond to an equal portion of the capacity of the 
stem. A IIllfficient quantity of mercury having been introduced, it 
is boiled, to expel air and moisture, and the tube is hermetically 
sealed. The standard points are ascel"tllined by immersing the 
thermometer in melting ice, and in the steam of water boiling 
lmder the pressure of 14·71bs. on the squal'e inch, and marking the 
positions of the top of the column; the interval between those 
points is divided into the proper number of degrees (100 for the 
Centigrade scale, 180 for Fahrenheit's scaJe), and similar degrees 
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are marked above and below those points if necessary, the aacer
tained inequalities in the bore of the stem being allowed fOl". 

The rate of expansion of mercury with rise of temperature in
creases as the temperature becomes higher; from which it follows, 
that if a 'thermometer showing the dilatation of mercury simply 
were made to agree with all air thermometer at 320 and 212°, the 
mercurial thermometer would show lower temperatures than the 
air thermometer between thOI!e standard points, and higher tem
peratures beyond them. For example, according to M. Regnault 
(Mem. A cad. Sc., 1847), when the air thermometer marked 
3500 C. ( = 6620 F.), the mercurial thermometer would mark 
36T'16 C. (= 683°'89 F.), the error of the latter being in excess, 
12D'16 C. ( = 21°'89 F.) 

Actual mercurial thermometers indicate intervals of temperature 
proportional to the apparent expansion of mercury con~ined in a 
gllloS8 vessel,-that is, the difference between the expansion of mer
cury and that of glass. 

The inequalities in the rate of expansion of the glass (which are 
very different for different kinds of glass) correct, to a greater or 
less extent, the errors arising from the inequalities in the rate of 
expansion of the mercury. 

For practical purposes connected with heat engines, the mercurial 
thermometer made of common glass may be considered as sensibly 
coinciding with the air thermometer at all temperatures not ex
ceeding 500° Fabr. 

For full information on the comparative indications of thermo
meters, reference may be made to M. Regnault's papers in the 
,l{emoirB oftM Academy·of Sciencea for 1847, entitled respectively 
" De 1a Mesure des Temperatures," and " De la. Dilatation Absolue 
du Meroure." 

Spirit thermometers are used to measure temperatures at and 
below the freezing point of mercury. Their deviations from the 
air thermometer are greater than those of the mercurial thernlO
meter. 

204 . ......... oC ....... -The numbers which it is customary to 
give in tables of the expanRion of solids are the rates of expansion 
if OM dimenaicm, and are therefore respectively O'IUJ-third of the 
corresponding rates of expansion in volume. 

Solid thermometers are sometimes used, which indicate tempera
tures by Mowing the difference between the expansions of a pair of 
bars of two substances whose rates of expansion are different. 
When such thermometers are used to indicate temperatures higher 
than the boiling point of mercury under one atmosphere (about 
6760 Fahr.), they are called PyrometerB. In this case the exact 
value of their degrees is somewhat uncertain. 
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205. neldq Pebd.-One melting point has a.lready been men
tioned as a fixed temperature,-that of ice. It is lowered by 
pressure to the extent of 0°'014 for each additional atmosphere of' 
pressure,-a fact predicted by Prof. James Thomson, and ascer
tained experimentally by Prof. William Thomson. 

The following are .the melting points of a few of the more 
important substances. ThOile marked 1 have been measured by the 
pyrometer 

Mercury, 
Ice, ....... 
Alloy-Tin 

Bismuth 2100 

Sulphur, ..................... 228 J 

Alloy-Tin 4, Bismuth 5, 
Lead 1, ................... 246° 

Alloy-Tin 1, Bismuth 1, 2860 

Alloy-Tin 3, Lead 2, ... 3340 

Alloy-Tin 2, Bismuth 1, 3340 

Tin, .......................... 4260 

Bismuth, ... , " "...... 4930 

Lead, " ....... 630° 
Zinc,..,. '" ...... 700° 1 
Silver, ..... 1280° 1 
Brass, ........................ 186901 
Copper,. .................. ... 25480 '1 
Gold, ......................... 25900 1 
ClUlt iron, ................... 3479° 1 
Wrought iron,hlgher, but 

uncertain. 

Ice, 
Nasm 
state, near 
state; as 
material. 

biHmuth, and antimony, 
substances, are more 

point, than they 
the solid material 

according to Mr. 
in the solid 
the liquid 

the melted 

For of volume in the the volume 
in the liquid state is very great, and has been ascertained, with the 
following results ;-

Volume of 1 lb. 
cubic feet. 

Weight of 
1 cub. fL. in Ills. 

Water, at 32° ........................ 0·01602 62'425 
57'5 Ice, at 320 ........................ 0.0174 

206. v......-........... - • .w .. --The tempera-
fluid boils under is a fixed 

to explain this the laWK 

necessary in the escribe the 
betW!l(!n the liquid and and the 

mode in substances pass from other. 
I. The Liquid state is that condition of each internal part of a 

body, which consists in tending to preserve a definite volume, and 
resisting change of volume, and in offering no resistance to change 
of figure. It is known that most substances, and believed that all 
lIubstances, are capable of assuming the liquid condition under suit
able ci.rcumsta.nces. The property of offering no resistance to 
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change of figure, is common to the condition of liqtdd and gas, and 
constitutes the fluid condition. The liquid condition is distin
guished from the gaseous by the property of tending to preserve a 
definite volume: a body in the gaseous condition tends to expand 
indefinitely. Rise of temperature increases the resistance of liquids 
to compression, and diminishes their cohesion. It is known of most 
liquids, and believed of all, that for each temperature of a given 
aubstance, there is a certain minimum pressure on its external sur
face, which is necessary to its existence in the liquid state, and 
under which the communication of additional heat to the liquid 
mass, makes it boil, or emit bubbles of vapour from its interior. 
There is also reason to believe, that all liquids under, all circum
stances emit vapour from their surfaces, and are surrounded by an 
atmosphere of their own vapour. 

II. Vapour is any aubstance in the gaseous condition, at the 
maximum of density consistent with that condition. This is the 
strict and proper meaning of the word " Vapour." It is sometimes 
used in an extended sense, identical with that of " gas," in speaking 
of substances whose ordinary condition is the liquid or solid. It is 
certain that most aubstances are tIOlatik, that is to say, that they 
can and do exist in the· state of vapour, at all attainable tempera
tures. Many vapours, whose existence cannot be proved by 
mechanical or chemical processes, are bbvious to the sense of smell ; 
for example, those of iron, copper, lead, and tin. Whether all aub
stances are volatile at all temperatures is yet uncertain. If there 
be cases of exception, it is to be understood ~t the laws stated in 
the sequel of this Article do not apply to them. 

III. pfVJ/J8W1'6 a,n,d DtJn.BiJ,y of V t1f1OW'"s.-For each volatile aub
stance at each temperature, there itt a certain pressure which is at 
once the least pressure under which the aubstance can exist in the 
liquid or solid state, and the greatest pressure which it can austain 
in the gaseous state at the given temperature. That p1'ell81ll"e is 
called the prt!8IIt1lrS 0/ aat'llll'ation, or the p7W8tlA'tl of 'IXIpO'IIII' of the 
given aubstance at the given temperature; it is a function of the 
temperature; and the density of the vapour is a function of the 
pressure and the temperature. The relation between the pressure 
of vapour and the temperature, for various aubstances, bas been the 
subject of many series of experiments, of which the latest and best 
are those of M. Regnault on steam (Memoirs de l' Academis rl«t 
ScWn.oea, 184:7), and on various other vapoUl"S (Oompta Rend., 
1854:). The best sources of information as to the presaures of 
vapours are the tables computed by M. Regnattlt from thOl!e experi
ments; but such pressures may also be computed in most cases with 
great accuracy by the aid of a formula, which, with the constants 
applicable to vapours, as deduced from M. Regnault's experiments .. 
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was first given in the EdinlYwrgh PhilosophU:aJ, Joumol for July, 
1849, and afterwards, with revised constants, in the P~U:aJ, 
Magatlitns, Dec., 1854. The following is the formula for calculating 
the pressure p of vapour from the absolute temperature 'I' = T + 
4:61°'2 Fahr. of the boiling point:-

B 0 
logp=A- - - , .••.••.••..••....... (1.} 

'I' .,. 

The following is the inverse formula for calculating the absolute 
temperature of the boiling point from the pressure :-

{ ... I (A - log P BIl) B } 
'1'= 1 + 'V ----0- + 4011 -20 .... (2.) 

The following are the values of the constants in the formula, for 
temperatures in degrees of Fahrenheit, and pressures in pounds on 
tAe aquat'IIjooe:-

FLUID. log B. log Co 
B 

2C 
Water, ..... 8'2591 ... 3'43642 ... 5'59873 ... 0'003441 ... 0'00001184 
Alcohol, ... 7'9707 ... 3'31233 ... 5'75323 ... 0'001812 ... 0'000003282 
1Ether, ..... 7'5732 ... 3'31492 .. ,5'21706 ... 0'006264 ... 0'00003924 

B~b,,~~} 7'3438 ... 3'30728 ... 5'21839 ... 0'006136 .. ,0'00003765 

Mercary,. .. 7'9691 ... 3'72284 

For inches of meroury at 32°, subtract from A, ......... 1'8496 
" lb. on the square inch, " A, ......... 2·1584 

For the Centigrade acale, subtract from log B, ......... 0·25527 
" log 0, ......... 0'51054 

multiply 2B 0 by 1'8 

BI 
" 4 Oil by 3'24 

From the preceding formula and constants were calculcated the 
pressures in Tables IV. and VI. for steam, and Table V. for ether, 
at the end of this volume. 

The general result of such formulle and.tables is, that the pressure 
of vapour increases with the temperature at a rate which itself' 
increases rapidly with the temperature. If any vapour were a per
fect gas, its clenNlI D II, at any temperature Til' might easily be 
computed, when its density D I , at some other temperature T1, had 
been ascertained by experiment, by means of the formula, 
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Dl! (T2 + 461°'2 Fahr.) = Dl (Tl + 461°'2 Fahr.) ; ... (1 .A.) 
P2 PI 

in which PI,. and P2 are the pressures of the vapow' at the tempera
tures TI and T2 respectively; but no vapour is an absolutely-per
fect gas; and the density of every vapour increases more rapidly 
with increase of pressure than that which would be given by the 
above formula. That formula., however, is sufficiently near the 
truth for practical purposes when the density of' the vapour is below 
certain limits, as is the case with the vapours of most substances at 
the temperatures which usually occur in the atmosphere. The 
experimental determination of the densities of vapours, to a certain 
rough degree of approximation, sufficient to enable the formula (1 A) 
to be applied, is easy, and is assisted by a knowledge of their chemi
cal composition, in consequence of the well established laws, firat, 
that perfect gases combine by volumes in simple numerical ratios 
only; and, aecondly, that the volume of a given weight of a compound 
perfect gas always bears simple numerical ratios to the volumes 
which its constituents would occupy separately. Examples of the 
application of these laws are given in the case of steam, in Art. 202, 
equations 4, 5, and in BOme parts of Table II., marked thus, *. The 
direct experimental determination of the densities of vapours, to a. 
degree of accuracy sufficient to show the ea:act amount of their 
deviation from the perfectly gaseous condition, has not yet been 
a.ocomplished. A method of computing the probable value of such 
densities theoretically, from the heat which disappears in evaporating 
a given quantity of the substance, will be explained in Chapter III. 

IV. Atmwspheres of Vapowr-SpheroUJaJ, Stat6.-From what has 
been stated, it appea1'8 that every solid or liquid substance in a 
state of molecular equilibrium, wherever it is not enveloped by 
another solid or liquid substance, is enveloped by an atmosphere of 
its own vapour, of a density and pressure depending on the tempera
ture (provided the substance is volatile at that temperature). It 
has been suggested as a hypothesis, that the density of a very thin 
layer of this atmosphere, immediately adjoining the surface of such 
liquid or solid, may, owing to the attraction of the liquid or solid, 
be much greater than the density at considerable distances, and that 
the elasticity of an atmosphere of' vapour so constituted may be the 
cause of that resistance to being brought into absolute contact, 
which is displayed by the surfaces of solid and liquid bodies in 
general (60 g., when raindrops roll on the surface of a river), and 
which is so great at high temperatures as to produce what is called 
the "spheroidal, state" of masses of liquid, in which they remai n 
suspended over hot solid surfit.ces with a visible interval between. 
The only ~ubstance on the earth's surface which is sufficiently 
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abundant to pervade the whole of the earth's atmosphere at a.ll times 
with vapour to an amount appreciable by mechanical and chemical 
processes, is water. 

V. Mi:x:bure8 of VapourB and Gases.-It has already been ex
plained, in Article 199, that the pressure exerted against the interior 
of a vessel by a given quantity of a perfect gas enclosed in it, is the 
sum of the pressures which any number of parts into which such 
quantity might be divided would exert separately, if each were 
enclosed in a vessel of the same bulk alone, at the same tempera
ture; and that, although this law is not exactly true for any actual 
gas, it is very nearly true for many. Thus, if 0'080728 lb. of air, 
at 32°, being enclosed in a vessel of one cubic foot of capacity, exerts 
a. pressure of one atmosphere, or 14'7 Ibs., on each square inch of 
the interior of the vessel, then will each additional 0'080728 lb. of 
air which is enclosed, at 32°, in the same vessel, produce very nearly 
an additional atmosphere of pressure. It has now furtber to be 
explained, that the Bam6 law is applicahle to mizt'1JJ1'tJ8 oj gases oj dif
Jerent lei:rulll. For example, 0'12344 lb. of carbonic acid gas, a.t 
320, being enclosed in a vessel of one cubic foot in capacity, exerts 
a pressure of one atmosphere; consequently, if 0'080728 lb. of air 
and 0'12344 lb. of carbonic acid, mixed, be enclosed at the tem
perature of 32° in a vessel of one cubic foot of capacity, the mixture 
will exert a pressure of two atmospheres. As a second example: 
let 0'080728 lb. of air, at 212°, be enclosed in a vessel of one cubic 
foot, it will exert a pressure of 

212° + 461°.2 
32" + 461°'2 = 1'365 atmosphere. 

Let 0'03797 lb. of steam, at 212°, be enclosed in a vessel of 
one cubic foot: it will exert a pressure of one atmosphere. Con
sequently, if 0'080728 lb. of air and 0'03797 lb. of steam be 
mixed and enclosed together, at 212°, in a vessel of one cubic foot, 
the mixture will exert a pressure of 2'365 atmospheres. It is a 
common but elTOneous practice, in elementary books on physics, to 
describe this law as constituting a differew:e between mixed and 
homogeneous gases; Whel'e8B it is obvious, that for mixed and ho
mogeneous gases the law of pressure is exactly the same,-viz., that 
the preB8Ure of the whok of a gatJe(YUB maB8.is the BUm of the preB8'Ure8 
of oJl its parts. This is Ol)e of the laws of mixtures of gases and 
vapoUl'!!. A IJ6CO'1'Id law is, that the presence of a Joreign gas60'U8 
B'fIhstance in CO'IItact with the BWl'Jace of a solid or liquid, does not affect 
the density oJ the vapour oJtkat solid or liquid, unless (as M. Regnault 
has recently shown) there is a tendency to chemical combination 
between the two substances, in which case the density of tbe vapour 
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is slightly increased. For example: let there be a mass of liquid 
water in a receiver, at the temperature of 212°, and above the sur
face of the liquid water let there be a space of one cubic foot; it is 
necessary to molecular equilibrium at the given temperature of 21~, 
that that space of one cubic foot should contain 0·03797 lb. of steam, 
whether the space be void of all other substances, or filled with any 
quantity of air, or of any other gaseous substance which does not 
exert an appreciable chemical attraction on the water. To illus- • 
trate the law further, let the temperature of the water be 50°; then 
it is necessary to molecular equilibrium that the space of one cubic 
foot above the water should contain 0·00058 lb. of watery vapour, 
whether and to what amount soever air, or any other gaseous mb
stance not chemically attracting the water, is contained in the same 
space. This and the preceding law of mixtures of gases and vapours • 
(discovered by Dalton and Gay-Lussac), enable the following ques
tion to be fIOlved :-Problem. Given the total pressure P, of a mix
ture of & gas and of a given vapour, in a space saturated with the 
vapour at die temperature T; required the pressure and density of 
the gas separately.-8olution. Find, from a table of experiments, or 
from a formula, the piessure of saturation of the vapour for the, 
given temperature T; let it be denoted by p; then the pressure of 
the gas.is P - p; and its density is less than the density which it 
would have had under the pressure P, if no vapour had been pre
sent, in the ratio 

P-p -po 

Ezample. A space contains mixed air and steam, being saturated 
with steam at 50°, and the total pressure is 14·7 lbs. on the square 
inch; what is the pressure of the air separately, and what weight of 
air is COBtained in each cubic foot of the space'l-At'I8Wer. Either 
from M. Regnault's experiments, or from the formula already cited, 
it appeam that the pressure of the steam is 0·173 lb. per square 
inch; consequently, the pressure of the air separately is 14·7-
0·173 = 14·527 lbs. per square inch. Also, the weight of air in a. 
cubic foot, at 14·7 lbs. per square inch and 50°, bad there been no 
steam present, would have been 

4930 .2 
0·080728 X 500 + 461°.2 0-077885 lb.; 

consequently the weight of air actually present along with the 
steam, in a cubic foot, is 

14·521 
0-071885 X 141 = 0·07698 lb. 
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second problem is, to density of the mixture gas 
vapour; which is solved by adding to the density of the gas already 
found, the density of the vapour as computed by the methods for
merly referred to. Thus, in the case last given, it appears, by com
puting from the latent heat of evaporation, that the weight of steam 
in a cubic foot is 0·00058 lb.; consequently, the weight of a cubic 
foot of the mixture of air and steam is 0{)7698 + 0{)0058 = 

lb. With re amount of the deviations 
foregoing laws, when the ingredients 

mixture have a affinity for each other, 
refi~ITt!d to the later Regnault already U.":;ll ... "U<lU, 

mUll, 1854. 
vaporatWn ared Co:ndenaation.-When the 

vaporous atmosphere of liquid is diminished, by 
the enlargement of the space in which the substance is contained, 
or by the removal of part of the vapour, whether by mechanical 
displacement (as when it is blown away by a current of air) or by 
condensation ill an adjoining space, the solid or liquid evaporates 
until equilibrium is restored, by the restoration of the vapour to the 
density corresponding to the existing temperature. The same thing 

place when the molecular equilibrium is disturbed 
niclI,tiIlg heat to the liquid When the 
vaporous atmosphere is increased, either by the contraction 

which the substance contained, or by the .... cu.."Ull 

from another the vapour condeneee 
~~~'''''~--'-- is restored same thing takes 

molecular equilibrium is disturbed by abstracting from the 
vapour. Evaporation is accompanied by the disappearance of heat, 
called ilie Latent Heat oj Evaporation, and condensation by the 
re-appearance of heat, according to laws to be stated in Section 2 of 
this Chapter. When the space abo~ve the solid or liquid is void of 
foreign substances, the restoration of equilibrium is sensibly instan
taneous; when that space contains foreign gaseous substances, the 
restoration of equilibrium less retarded, although 
conditions of equilibrium Division V. of Article) 

changed It of the diffusion 
by the presence 
atmosphere from 
ElndluUm.-When communication of heat liquid 

mass and the removal of the vapour are carried on continuously, so 
that the pressure throughout the mass of liquid is not greater than 
that of saturation for its temperature, evaporation takes place, not 
merely from the exposed surface of the liquid, but also from its 
interior: it gives out bubbles of vapour, and is said to boil. The 
ascertaining by experiment of the temperatuTeII of ebullition, or 

B 
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boiling points, of a liquid under various pressures, is the most accu
rate method of determining the relation between the temperature 
and pressure of saturation of its vapour. Convel'l!e)y, when that 
relation is known for a given fluid, and expressed by formula! or 
tables, the boiling point of the fluid may be made the means of 
measuring the pressure on it. On this principle is founded the 
method invented by W ollaaton, and since perfected by Dr. J. D. 
Forbes, of deducing the atmospheric pressure, and thence the eleva
tion of the place of observation, from the boiling point of water in 
an open vessel, as measured by a very delicate thermometer. (See 
E di7lhurgh TrtmIIaCtiuruI, volli. xv. and xxi r-When the term boUing 
point of a fluid is used without qualification, it means the boiling 
point under the average atmospheric pressure of 14'7 lhll. on the 
1IClU&.re incb. 

VIII. R68iatan,ce to Boiling-Brine.-The presence in a liquid 
of a substance dissolved in it (as salt in water), resists ebullition, 
and raises the temperature at which the liquid boW, under a given 
pressure; but unlesa the dissolved substance enters into the compo
sition of the mpowt', the relation between the temperature and 
pressure of saturation of the latter remains unchanged. A resist
ance to ebullition is a180 offered by a vessel of a material which 
attracts the liquid (as when water boils in a glass vessel), and the 
boiling ta.kf'S place by sts.rtB. To avoid the elTOrs which causes of 
this kind produce in the measurement of boiling points, it is advis
able to place the thermometer not in the liquid, but in the vapour, 
which shows the true boiling point, freed from the disturbing effect 
of the attractive nature of the vessel. The boiling point of satur
ated brine under one atmosphere is 2260 Fahr., and that of weaker 
brine is higher than the boiling point of pure water by 10 '2 Fahr. 
for each -h of salt that the water contains. A vera.ge sea water 
contains -h; and the brine in JIl8.l'ine boilers is not suffered to con
tain more than from /'1 to -h. 

IX. N ebulm.ul or VesU:ular Vapour is a condition of fluids, also 
called Olotul, Mist, or Fog, in which the liquid floats in the air, or 
in its own vapour, in the form of innumerable small globules. The 
condition of cloud is one into which fluids pass from the state of 
vapour on being condensed by mingling with cold air. By heat, 
the globules of cloud are made to evaporate and disappear; by cold 
they are made to coa1esce into drops, which fall to the ground, or 
adhere to neighbouring solid bodies. 

X. SuperluJat6d Vapour means vapour which has been brought 
to a temperature higher than the boiling point corresponding to its 
pressure, 80 as to be in the condition of a permanent gas. 
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SECTION 2.-0/Quantitiea 0/ Heat. 

207 • .,.....-.- .c Q_ ...... .c .... -The condition of heat 
is measured as a quantity, and its amounts in di1f.,rent bodies and 
under di1ferent circumstances compared, by means of the. changetl 
in some measurable phenomenon produced by its transfer or dis-

, appearance. Amongst the changes used for this purpose, changes 
of temperat'U/1'6 will be first considered. Heat employed in produc
ing elevation of temperature is called Ben8ihle heat. 

In so using changes of temperature, it is not to be iRken for 
granted that equal differences of temperature in the same body 
correspond to equal quantities of heat. This is the case, indeed, for 
perfectly gaseous bodies; but that is a fact only known by experi
ment. In bodies in other conditions, equal di1ferences of tempera
ture do not exactly correspond to equal quantities of heat. To 
ascertain, therefore, by an experiment on the changes of temperature 
of any given Bubstance, what proportion two quantities of heat bear 
to each other, the only method which is of itself sufficient in the 
absence of all other experimental data, is the comparison of th., 
weightIJ of that substance which are raised. from one and the sam~ 
lower temperature, to one and the same higher fixed temperatun>, 
by the transfer to them of the two quantities of heat respectively. 
For example, the double of the quantity of hest which raises the 
temperature of 0718 pownd of water from 32° to 32° + 30° = 62", 
is not exactly the quantity of heat which raises the temperature of 
one pound of water from 3T to 32° + 60° = 92° j but it is exactly 
the quantity of heat which raises the tempE'rature of two [KYUIIUl8 of 
Water from 32u to 6T. . 

The most usual experiments on quantities of heat are those in 
which the eqv,ality of two quantities of heat is ascertained. For 
example, m pounds of a substance A, at a temperature T1, and n 
pounds of a substance B at a lower temperature Ta> are brought 
into close contact, and either they are guarded against the transfer 
of heat to or from third bodies, or if such transfer is unavoidable, 
its amount is ascertained and allowed for. After a sufficient time 
has elapsed, equilibrium of temperature takes place, by both bodies 
acq~g the same temperature T2, intermediate between Tl and Ts-

Then a certain .amount of the condition called heat has been 
transferred from A to B j and the effects of that transfer are-

I. The lowering of the temperature of m pounds of A from Tl to Til ; 
II. The raising of the temperature of n pounds of B from Ts to T2 ; 

from which we conclude, that the quantities of heat corresponding 
to those two effects are equal. 

A further inference from the same experiment is the following 
proportion :-
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Quantity of heat corresponding to the Dlterval of temperature 
between T and Tz in the substance A, 

: Quantity olheat corresponding to the interval of temperature 
between Til and Ta in the substance B 

:: n: m. 

The same mode of experimentmg may be applied to two portions 
of the same substance, so as to compare the quantities of heat 
corresponding to intervals of temperature in different parts of the 
thermometric scale. 

207 A. .A. (laI ____ • or instrument for measuring quantities of 
heat, consists essentially of a vessel containing a known weight of 
some convenient liquid, such as water or mercury-a thermometer 
for indicating the temperature of that liquid,-and if necessary, an 
agitator, or fan, for making the liquid circulate, in order that all its 
parts may be at an uniform temperature at the same instant. 

Experiments of the kind mentioned in Article 207 are performed 
by immersing in the liquid, or mixillg with it, a known weight of 
the substance to be experimented on, at a known temperature, 
different from the temperature of the liquid, and noting the com
mon temperature of the liquid and of the immersed substance when 
equilibrium of temperature is restored; taking care at the same 
time that all losses of heat, and other causes of error, are ascertained 
and allowed for. 

In the mercurial calorimeter of ME Favre and Silbermann, 
there is no independent thermometer; the instrument being simply 
a mercurial thermometer with a bulb so large, that the body to be 
experimented upon can be· enclosed in a small chamber in the 
centre of the bulb, so as to insure that all the heat which that 
body loses shall be transferred to the mercury. This calorimeter 
has no agitator. 

For examples of the construction and use of the water calori
meter, see M. Regnault's papers in the MenwiJrs ofeM ACOOflITlI!/ 0/ 
Sciences for 1847. 

208. 11a1,., __ a.-For the purpose of expressing and compar
ing quantities of heat, it is convenient to adopt as an UNIT OF HEAT 
or THERMAL UNIT, that quantity of heat which corresponds to some 
definite interval of temperatU1'e in a definite weight of a particular 
substance. 

The thermal unit employed in Britain is-
The quantUy of Mat whU;h ~ to an interval of one degree 

0/ Fah1'flTW:it's seak in eM tempfll'ature of one pound of F,'1'fJ liquid 
water, at and near its temperature of greatest denAity (39 '1 Fahren
heit). 

The reason for the limitation to that part of the scale of telll-
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perature which is near the temperature of the greatest density of 
water is, that the quantity of heat corresponding to an interval of 
one degree in a given weight of water is not exactly the same in 
different parts of the seale of temperatures, but increases as the 
temperature rises, according to a law which will be stated in the 
next .Article. 

For temperatures not higher than 800 Fahrenheit, that quantity 
is sensibly constant. 

The thermal unit employed in France (called Colurie) is the 
qUfilltity of heat which corresponds to an interval of one Centigrade 
degree in the temperature of one kiWgram'l1/lJ of pure liquid water, 
at and near its temperature of greatest density. 

The following statement shows the mutual ratios of the British 
and French units of weight, temperature, and heat, with the 
logarithms of those ratios:-

Ratioe. 
Pounds avoirdupois in & kilogramme, ......... 2·20462 
Kilogramme in a lb. avoirdupois, .......••.•••• 0·453593 
Fahrenheit degrees in & Centigrade degree, 1'8 
Centigrade degree in a Fahrenheit degree, ... 0·555 

B~~.~~~~.~~.i~~.~.~~~~.~~~~ } 3'96832 
French thermal unit in a British thermal} 6 

. 0'2 1 UDlt,........................................... 5 99 

LoprIthm&. 
0'343334° 
1'6566660 
0'2552725 
1'7447 2 75 

0'5986065 

-
1'4°13935 

Other units in which quantities of heat can be expressed will be 
afterwards explained. 

209 . • peelA., __ a .c ........ _ • ....... -The specific Mat of 1\ 

substance means the quantity of heat, expressed in thermal units, 
which must be transferred to or from an unit of weight (such &8 a 
pound) of a given substance, in order to raise or lower its tempera
ture by one degree. 

According to the definition of & thermal unit given in Article 
208, the specific heat of liquid water at and near its temperature 
of maximum density is wnity,. and the specific heat of any other 
substance, or of water itself at another part of the seale of tem
peratures, is the ratio 0/ the weight of water at or 1/IJOIr 39"'1 
Fahrenheit, wAiek has Us temperatU'1'8 altered 01Ul degree by tl~ 
tram/er 0/ a given t[IIIJIIUity of heat, to the weight 0/ the other tn.th
staru:e 'UlMer consideration, wAiek has Us temperature altered O'TU! 

degree by the tram/er of an equal quantity 0/ heat: the equality of 
quantities of heat being ascertained in the manner explained in 
Article 207. 

The specific heat of a substance is sometimes called its "capacity 
/orl~." 
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The specitic heats of the substances to which reference will at"t.er
wards have to be made in this treatise, 88 expressed in ordinary 
thermal units, are given in the columns headed C in Table II., at 
the end of the volume. 

So far 88 those tables relate to liquids and solids, those 
quantities are to be regarded as merely approximate average 
values, near enough to the truth for practical purposes a.t the 
temperatures which usually occur; for the specific heat of every 
substance in the liquid or solid state is variable, becoming greater 
1\8 the temperature rises; and that to an extent which is in general 
greater, the more expansible the substance is. 

The only substance for which the exact law of that variation has 
boon ascertained is water, on whose specific heat a series of precil!e 
experiments WBS made by M. Regnault, a.nd published in the 
Memoir8 o/the Academy of Sciences for 1847. 

The following empirical formulm, tirst published in the Trans
(&etions o/the Roycr1 SociRJy 0/ Edinburgh for 1851, represent very 
closely the results of those experiments. 

Let T be the temperature of the water, reckoned from the 
ordinary zero of Fahl-enheit's we. Then the specific heat of 
wa.ter at that tRmperature is 

c = 1 + 0-000000309 (T- 39°·1)2; .....•...••..••• (1.) 

the number of units of heat required to raise one pound of water 
from any temperature Tl to any other temperature T2 is as 
followa;- . 

h= J:: cdT=Ts-Tl +0·000000103 {(T2 -39°·1)8 

-(Tl -39°·1)8} .........•........•...... (2.) 

and the mean specific Tum between any given pair of temperature>!, 
Tl and T2J is 

Ts~ Tl = 1 + 0·000000103 {(Til - 39°.1)11 

+ (f2 - 39°·1)(Tl -39°·1) + (T1-39°·1)2} ......... (3.) 

To adapt these formulm to the Centigrade sca.le, the following 
alterations are to be made;-

for 0·000000309 is to be put 0-000001 ; 
for 0·000000103 " 0·00000033 ; 
for T - 39°·1, " T - 40. 

The exact equivalent of 39°·1 Fahrenheit is 3°·94 Centigrade; but 
4° is sufficiently near the truth for the present purpose. 
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In calculations respecting the quantities of heat required by 
masses composed of variouB materialB to produce given alterations 
of temperature, it is convenient to substitute for the weight of each 
material an equivalent weigh~ of water, and then to calculate for 
the whole maBB as if it were composed of water. The equivalent 
weight of water is found in each case by multiplying the weight of 
the material in question by its BpecifiC heat. 

Suppose, for example, that a calorimeter contains m pounds of 
water, and that the vessel and the agitator are made of copper, and 
weigh q pounds. The solid part of the apparatus accom~es the 
water in its changes of temperature; and the heat required to pro
duce these changes must be taken into account. This is con
veniently done by BUpposiDg that for the q pounds of copper there 
are Bubstituted '0951 q pounds of water ({)9fil being the specific 
heat of copper); and then computing the reBults of experiments 
made with the calorimeter as if it consisted solely of 

m + {)951 q pounds of water. 

The following are the specific heats of a. few liquids and BOlids, 
in addition to those given in Table IL at the end of the volume. 
Some are given on the authority of M. Regnault; some on that 
of Lavoisier and Laplace, some on that of Dalton, and the specific 
heat of ice on that of M. Person. 

Ice, .................................... 0·5°. 
Sulphur, .............................. 0'20259 
Charcoal, .............................. 0·2.15 
Coal and coke average, ............ 0'201 

Alumina (Corun~um), ............. 0.19762 
Do. (Sapphire), ............... 0.21732 

Silica, ................................. 0.19132 

(BM, being composed of silica and alumina, has probably a 
BpecifiC heat of about 0'2 ~ . 

Flint glass, ............................ 0·19 
Carbonate of lime, ................... 0·2085 
QuickliIne, ............................ 0'2169 
Magnesian limestone, ............... 0·2IH3 

(StolU!8, being composed chiefly of silica, alumina, and carbo
nateB of lime and magnesia, have probably specific heats not 
differing greatly from 0'2 or 0'22). 

Olive oil, ~ ............................. 0'3096. 

From some of the above data may be deduced the useful pnw-
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tical conclusion, that the atJt/fYJg6 Bp«ific Mat of eM fIO'1H1llItallic 
mo.tBriala and conIentB 0/ a.fwmat:8, wlu!Owr bricks, tJkme8, or .fiu!1, 
floes not greatly differ .from one-fifth of tMt of water. 

It was discovered by Dulong and Petit, and has been verified by 
MM. Regnault, Newmann, and Avogadro, that most known 
Kubstances may be IUTII.IlgOO according to the analogies of their 
chemical constitution in groups; and that in anyone given group 
the specific heats of the substances are with few exceptions inversely 
as their chemical equivalents; or, in other words, that the product 
of the specific heat of a substance by its chemical equivalent is a 
constant for most of the substances in one group. 

For most of the metals, for example, that constant product is,-

According to the French scale of chemical equivalents, ... 37'5; 
According to the English scale, ......................•........ , 6' 

210. llpedae ._ .r e.-Although the exact value of the 
specific heat of air was predicted by an indirect calculation in 
1850, neither it, nor that of any other gas, was determined accu
rately by direct experiment until M. Regnault made his experi
ments on that subject, the results of which were published in the 
C0mpte8 Rerulus of the Academy of Sciences for 1853. 

The specific heat of a gas which is nearly in the perfectly gaseous 
state does not sensibly vary with density or with temperature; so 
that for such a gas, equal intervals of temperature correspond to 
equal quantities of heat on all parts of the thermometric scales. 

Hence it has been inferred as probable, that the absolute zero of 
the perfect gas thermometer (Article 201) coincides either exactly, or 
very nearly, with the ohaolttk zero 0/ Mat, or temperature at which 
bodies are wholly destitute of the condition called heat. This 
inference is corroborated by facts to be mentioned in Chapter III. 
of this Part. 

It was shown by Laplace and Poisson, that the specific heat of a 
gas is different, according as it is maintained at a COfIIItoInt 'OOlumtJ, 
01' at a conBtant pre88Ure, during the operation of changing its tem
pel'8.ture, and that the ratio which these two specific heats bear to 
each other is connected with the velocity with which sound is trans
mitted through the gas, in the following manner :-' 

When a pound of a given gas is enclosed in a vessel of invariable 
vol'lJll1l6, let c. denote the number of units of heat required in ol'der 
to raise its temperature one degree. 

When the same weight of the same gas is contained in a space 
capable of enlargement, and subjected to a constant prtJIIII'UrB, and 
when its temperature is raised by one degree, it not only becomes 
lUJUefo to the same extent as before, but also e:x:panda by 0'0020276 
of its volume at 32"; and it is known, that to raise its temperature 
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one degree, and expand its volume by that fraction, requires a 
quantity of heat cpt which is greater in a certain proportion than 
that required merely to raise its temperature one degree without 
expanding it (c.). 

Let the ratio Cp =~. Then it can be shown, that when the 
c. 

density of the gas D is made to vary without any transfer of heat 
to or from the gas, the pressure varies proportionally to that power 
of the density whose index is the ratio ~; that is-

pIX D,. ................................ (l.) 

The velocity with which sound is transmitted through any sub
stance is the same with that which a heavy body would acquire in 
falling through one-half of the height which, being multiplied by 
a small va.ria.tion of the density of the substance, gives the corre
sponding small variation of the pressure. That is, let u denote the 
velocity of sound; then 

u=y (u/J) ...................... (2.) 

According to equation 1, for a gas, 

-:-i> = ~fi = ~PfJ=~PofJo' ~; ........... (3.) 

and consequently, 

u = ... / (u ~ Po "0' ~); ~ = u'J. TO ....... (4.) V TO UPOVOT 

so that when the velocity of sound at a given absolute temperature 
T has been ascertained in a gas for which Po Vo is known, the ratio ~ 
can be calculated. 

The value of that ratio for atmospheric air, as deduced from the 
experiments of MM. Bravais and Martins, and MM. Moll and Van 
Beek, on the v~ocity of sound, is . 

~ = 1·408; ............................ (6.) 

and the same value agrees very nearly also with the experiments of 
Dulong on the velocity of sound in oxygen, hydrogen, and carbonic 
oxide. For the denser and more complex gaseR, its value appears 
to be smaller (see Edin. Tram., xx.) 

Owing to the difficulty of experimenting on the specific heats of 
gases at constant volume, their specific heats under constant pres-
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sure have alone been found by direct experiment with the calorime
ter. Examples of both kinds of specific heat are given in Table II. 

211. I..aeal Ileal means, a quantity of heat which has disap
pearedj having been employed to produce some change other than 
elevation of temperature. By exactly reversing that change, the 
quantity of heat which had disappeared is reproduced. 

When a body is said to possess or contain so much latent heat, 
what is meant is this,-that the body is in a condition into which 
it was brought from a former different condition by transferring to 
it a quantity of heat which did not raise its temperature, the change 
of condition having been different from change of temperature; and 
that by restoring the body to its original condition in such a man
ner as e:J:aCtly to f'6'IJe7'BfJ all the steps of the former process, the 
quantity of heat formerly expended can be reproduced in the body 
and transferred to other bodies. 

The principles according to which such disappearance and pro
duction of heat take place belong to the Second and Third Chapters 
of this Part; at pl'el!ent the facts are merely to be stated as they 
are observed. 

The effects other than rise of temperature, produced by quanti- . 
ties of heat which disappear, can be used to measure and compare 
those quantities. 

212 . ....... Deal ... Bs ........ -Heat which disappears in caus
ing the volume of a body to increase under a given pressure, has 
already been illustrated in the case of gases. For example, to 
raise the temperature of a pound of air one degree of Fahrenheit, 
a.nd at the same time to increase its volume by 0'0020276 of its 
volume at 32°, requires c, = 0'238 of a thermal unit; while the 
mere rise of temperature, without expansion, requires only c. = 
0'169; and it is evident that the difference between those quanti
ties, or c, - c. = OO()69 of a thermal unit, is tM heat wIH.t:h disap
pears in prodtu:ing tM be.fore-menlJim&ed ea;parurion j or, in other 
words, the ~ heat of e;xpamion of the air, for an expansion of 
0'0020276 of its volume under the same pressure at 3T. 

The fact nlready mentioned, that the increase of the specific heat 
of solids and liquids 11.8 the temperature rises is greatest for those 
which are most expansible by heat, and in particular, the instance 
of that fact which takes place for water, whose least specific heat 
corresponds to its greatest density, makes it probable that the 
mriable pORt of the specific heat of solids and Jiquids is ~ heat 
of e:cparwiqnj and that the reoJ apecific heat of every substance, or 
the heat which produces changes of temperature alone, is constant 
for all temperatures. 

213. L. __ I Heal .r p ...... -When a body ~ from the 
solid to the liquid state, its temperature remains stationary, 01' 
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nearly stationary, at a certain melting point (Art. 205) during the 
whole operation of melting; and in order to make that operation 
go on, a quantity of heat must be transferred to the substance 
melted, having a certain amount for each unit of weight of the 
substance. That heat does not raise the temperature of the sub
Ktance, but disappears in causing its condition to change from the 
solid to the liquid state; and it is called the latent heat of jusi,Qn. 

When body from the liquid state, its tem-
perature remains or nearly uring the whole 
operation a quantity of heat the latent heat 
of in the body; and that the opera-

go on, that heat transferred from 
the body body. 

The following are examples in British thermal units per lb. :-

Subetanc:es. Melting polnt& Latent heat 
offuaioD. 

loe (according to Peclet), ...••.••..••. 
" (according to Person), ........... . 

Spermaceti" , .................. .. 
Bees'wax, .............................. .. 
Pho .................... .. 
Sul ............................... .. 

32° ............... 135 
32 ............... 142 '65 
56 148 

.. 175 
9'06 

16'86 

M. paper published in Ohimie et de 
Phy8ique, for November, 1849, gives the following law as the result 
of his experiments on the latent heat of fusion of non-metallic 
substances :-

Let c be the specific heat of the substance in the solid state ; 
c, its specific heat in the liquid state; 
T, its temperature of fusion in Fahrenheit's ordinary sca.1e; then 

the latent heat of fusion of one pound, in British thermal units, is 

In the 

l, 
l, 

= (c - c) (T 

for example, c 

"""'''ILIAW,Vll, ................... .. 

expil!rnneu.t, according to M. 

" ........... (1. ) 

T = 320, and 

= 142 '86 
= 142 '65 

Difference,...... 0'21 

M. Person a.ll!O gives 8 general formula for the latent heat of 
fusion of metals, as to which it is sufficient here to refer the reader 
to the original paper cited. 

The fusion of solids is sometimes used for the measurement of 
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quantities of heat. For example, an ice colO'T'imeter consists essen
tiJilly of a block of ice, in which a cavity has been made, with a 
stopper of ice for closing it. If a piece of some substance at. a given 
temperature, higher than 3~, is enclosed in that cavity until its 
temperature falls to 32°, the quantity of heat transfel"red from it to 
the ice is indicated by the weight of ice melted, being at the rate 
of 142 British thermal units for each pound of ice melted. 

The lowering of the melting point of ice by pressure, discovered 
by Mr. Thomson, will be described in Chapter III. 

214. Laaeal Heal .r £_po-'l ••. - When a body passes from the 
solid or liquid to the gaseous state, its temperature during the whole 
operation remains stationary at a certain boili'1l1/ point (Article 206) 
depending on the pressure of the vapour produced; and in order to 
make the evaporation go on, a quantity of heat must be transferred 
to the substance evaporated, whose amount, for each unit of weight 
of the substance evaporated, depends on the temperature. That heat 
does not raise the temperature of the substance, but disappears in 
causin~ it to assume the gaseous state; and it is called the laeent 
Mat Of smporoeion. 

When a body passes from the gaseous state to the liquid or solid 
state, its temperature remains stationary, during that operation, at 
the boiling point corresponding to the pressure of the vapour; a 
quantity of heat equal to the latent heat of evaporation at that 
temperature is produced in the body; and in order that the opera
tion of condensation may go on, that heat must be transferred from 
the body condensed to some other body. 

The relations which exist between the latent heat of evaporation, 
and the pressure and volume of the vapour, will be explained in 
Chapter ilL 

The following are examples of the latent heat of evaporation in 
British thermal units, of one pound of certain substances, when the 
pressure of the vapour iR 01UJ atmospMre of 14'7 lbs. on the square 
inch:-

Boiling point 
Subltance. und8\' ODe atm. 

Fahr. 
Water, .••••••••••• 2I2°·0 

Alcohol, ............ I 7 2'2 

..tEther, ............ 95'0 
Bisulphuret of} 114'8 

carbon, ....••• 

Latent heat in 
British units. 

966'1 

364'3 
162'8 

156 '0 

Authority. 

Regnault. 
Andrews. 

do. 

do. 

The latent heat of evaporation of water at a series of boiling 
points extending from a few degrees below its freezing poiut up to 
about 375° Fahrenheit has been determined experimentally by M. 
Regnault (Memoirs oftll.6 AcoJemll of Sciences, 184n The follow-
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ing empirical formula represents the results of those experiments 
with great precision, in B'I'itisk t1.ermal unitB :-

l = 1091'7 - 0'695 (T - 32°) - 0'000000103 (T - 390 .1)8 .••• (1.) 

This formula is not eXII.(:tly the same with that given by M. 
Regnault himself, but is slightly modified for reasons explained in 
1\ paper on the specific heat of liquid water, in the Transacti0n8 of 
the Royal SocUty oj Edinhwrgh, voL xx. For the Centigrade scale, 
in French unitB, it becomes 

1= 606'5 - 0'695 T - 0'00000033 (T - 4°)8 .••••• (2.) 

In most of the ca.ses which occur in practice, it is BUfficient to 
calculate the latent heat of evaporation of water by the following 
approximate formula.:-

l nearly = 1092 - 0'7 (T - 320) = 966 - 0'7 (T - 212") ... (3.) 

The latent heats of evaporation' of other substances at preBll11l'ell 
different tram one atmosphere have not yet been ascertained. 

215. T_I Deal .t E_ ..... d_. or total heat of vaprYUlf, is a con
ventional phrase used to denote the sum of the heat which disappears 
in evaporating one pound of a given substance at a given tempera
ture (or lattmt Mat of evaporation), and of the heat required to raise 
its temperature, before evaporatIOn, from some fixed temperature 
up to the temperature of evaporation. ' The latter part of the total 
heat is called the Be'fUIihle heat. 

To express this by symbols, let T2 be the temperature at which 
the substance is origina.lly obtained, T that at which it is evapor
ated, c its mean specific heat between those temperatures, and 11 its 
latent heat of evaporation at the temperature T1 ; then its total 
11«11, oj~,from T20 at T1, is thus expressed-

''2'1 = c (1\ - T2) + ~ .................... (1.) 
In formube and tables relating to the total heat of evaporation, it 

is usual to take for the original temperature Ti • that of melting ice. 
Iu the case of water, the experiments of M. Regnault, already 

referred to, led him to the discovery of the very simple law, that 
the total heat of steam from the temperature of 'lTllitifUJ ice increatte8 
at an uniform rate as the temperature of evaporation rises. The 
following is the formula. by which that law is expressed, for Fall.
'I'61Ikif,'8 acale and British unita:-

h = 1091'7 + 0'305 (T - 32°) ; ............... (2.) 

which, for the a~igrade scale and Frmcl, unita, becomes 

h = 606'5 + 0·305 T ..................... (2 A.) 
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254 STEAK AND OTHER HEAT ENGINES. 

It is by subtl'lwting from this expression the quantity of heat 
required to raise unity of weight of water from the temperature of 
melting ice to the temperature of evaporation T, as given in Article 
209, that the formulre 1 and 2 of Article 214 are obtained. 

Let Co.l! be the mean specific heat of water between the tempera. 
ture of melting ice and the temperature Tl! of the "feed fJX1I,er." 

supplied to a boiler; then we have, for the total heat expended 
per pound of water evaporatedfrom T2 at T1, the following fonnula 
(in British units) :-

1'2>1 = 1091'7 + 0'305 (T1 - 32°) - Co. 2 (Til - 32°) ; ... (3.) 

the last term showing the diminution of the expenditure of the 
heat consequent upon the temperature of the feed water being 
T, - 3T higher than that of melting ice. 

In most of the cases which occur in practict', small fractions may 
be neglected, and the specific heat of liquid water may be treated 
as constant, and = 1; so that the following approximate formuloo 
are in such cases sufficient :-

h = 1092 + 0'3 (T - 32°) = 1146 + 0'3 (T - 212°); ... (4.) 

1""1 = 1092 + 0'3 (Tl - 32°) - (T2 - 32°) ......... (5.) 

215 A. -'.reme ••• f H_.,. __ ._d ... -The heat pro
duced by the combustion of a given weight of fuel (of which 
examples will be given in Chapter II.) is usually ascertained hy 
finding what weight of WItter it evaporates. In such experiments, 
it is essential to the obtaining of accurate results that the tempera
ture of the feed water and the temperature of evaporation should 
both be ascertained, and the total heat per pound of water com
puted; for which purpose the approximate formula fj is sufficient. 
That total heat being divided by 966, the latent heat of evaporation 
of a pound of water at 21T, gives a mttltiplier, by which the weight 
of water actually evaporated by each pound of fuel is to be multi
plied, to reduce it to the equivalent tflJO/plYloatiunfrlYm and at 21T; 
that is, eM weight of water which would M'1J6 been evapqrated by each 
poo.nd of f1.UJl, ItOO tlte water been both supplUd and evaporated at tlte 
boiling point corresponding to eM mean aI!tr~ pre8IIUre. 

The weight of water so calculated is called the evaporati'1J6 putDI!I' 
of the fuel. To state it is, in fact, to employ a peculiar thermal 
unit,-viz., the latent heat of evaporation of one pound of water at 
212°, which is 966 times greater than the ordinary British thermal 
unit. To exemplify the reduction above described, let the water be 
supplied to the boiler at 104° Fahr., and evaporated at 230° .. Then 
by equation {; of Article).l5, the total heat of evaporation in com
mon British units per polmd of steam is (ne.glecting fractions), 
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. 3 
~>1 = 1092 + 10 : 198-72 = 1079; 

and the multiplier by which the weight of water actually evaporated 
is to be multiplied to find the equivalent evaporation from and at 
212°, is 

1079 _ 1.117 
966 - . 

The following is a convenient form of the expression for that 
multiplier, or factor of evaporotion :-

1 0·3 (Tl-212°)+ (212°-T2) 
+ 966 

The table on the n~xt page gives the factor of evaporation as 
calculated by the above formula, for various temperatures of feed 
wste; and of boiling point. 

21D B. T~ Heal or Qallellcall_.-It is demonstrated by rea
soning to be explained in Chapter III. that the total heat required 
to convert a given substance from a state of great density at a given 
temperature To, to the perfectly gastJOUll state at a given temperature 
T l' the operation being completed under any constant pressure, is 
given by the equation 

II, = a + c (Tl - To} •..•.•••••••...••••.• (l.) ... .. ./ 

where a is a constant, and c is the specific heat of the substance 
in the perfectly gaseous state, under constant pressure. For steam in 
the perfectly gaseous state, or Bteamrgas, as it may be called, for which 

po "'0 = 42141 foot-lbs., 

the best existing dat-\l, give 

a = 1092;} c = 0'475. • •.....................••. (2.) 

For example, to convert one pound of water at 32° into Bteamrgas 
at 212", requires 

1092 + '475 x 180 = 1177 

units of heat; being more than the quantity required to make 
satUl'&ted steam at the same temperature, in the ratio 

1177 . 
1146 = 1-()28. 

• Equation 1 was lim demonstrated for certain cues in 1849, in a paper published 
in the TrtI1IIGCtionI qftA. BDgal 80cittly qf EdiwlJwgla, vol. XL; and was af\enrardll 
more generally demonstrated in a paper read to that SoeIety in 18:16, but DOt yet 
published. 
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SECTION 3.-Ofthe Trantlfer oj Heat. 

217. TnuI ..... rDea.1a o •• eraL-It has already been explained 
(Articles 196, 197), that equality of temperature between two 
bodies consists in the absence of any tendency to transfer of heat 
between them; and that when their temperatures differ, there is 
a tendency to equalize their temperatures, by the transfer of heat 
from the hotter to the colder. That tendency is the greater, the 
greater the difference between those temperatures. 

The rate at which the transfer of heat takes place between two 
bodies, at unequal temperatures, depends--

Firat, on the tendency to transfer heat, increasing as some func
tion of the two temperatures and their difference. 
. Seccmdly, on the areas of those parts of the surfaces of the bodies 

through which the transfer of heat takes place. In most of the 
cases which occur in practice, those areas are equal, and then the 
rateoftransferofheat is directly proportional to their common extent. 

Thirdly, on the nature of the material of each of the bodies, and 
the condition of their surfaces. 

Fuurthly, on the nature and thickness of the intervening sub
stances, if any. Increase of that thickness diminishes the mte of 
transfer of heat. 

The tmnsfer of heat takes place by three processes, called respec
tively, raduuWn, conductWn, and contH!Ction. 

218 . ...... 11 •• of heat takes place between bodies at all distances 
apart, in the same manner and according to the same laws with the 
radiation of light. Its phenomena have been studied, and its laws 
ascertained, by many scientific inquirers; but for purposes con
nected with prime moveTS driven by means of heat, the exact and 
complete statement of those laws is unnecessary. It is sufficient to 
state, that the rate of mdiation of heat by the hotter of a pair of 
bodies, and of its absorption by the colder, are increased by dark
ness and roughness of the surfaces of the bodies, and diminished by 
smoothness and polish. 

219 . ., •••• eat •• is the transfer of heat between two bodies or 
parts of a body, which touch each other. It is distinguished into 
intemaland e:dernal conduction, according as it takes place between 
the parts of one continuous body, or throngh the surface of contact 
of a pair of distinct bodies. 

The rate at which conduction, whether internal or external, goes 
on, being proportional to the area of the section or surface through 
which it takes place, may be expressed in the form of BQ many 
thermal units per BqtU1Ir6 foot of area, per lwwr. 

The rate of internal conduction through a given substance, thus 
expressed, is proportional-

8 
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258 STEAl( AND OTHER HEAT ENGIlfES. 

I. To the rate at which the temperature varies along a line per
pendicular to the section through which the heat is tl.'ansferred. 

II. To a co-efficient called the internal condudimy of the sub
stance, which depends on the nature of the substance. It also 
depends to a small extent on the temperature at the section under 
consideration, being in general somewhat greater at higher than at 
lower temperatures; but the law of its increase with temperature 
has not yet been accurately ascertained in any case; and it is 
usually treated as approximately constant. 

Those laws are expressed mathematically as follows :-
Let d a: denote the distance, in a direction perpendicular to a 

sectional plane through which heat is transfen-ed, between a pair of 
points in a mass of a. given substance ; 

d T, the difference between the temperatures of the Dl&B8 of those 
points ; 

Then the rate of conduction through the given sectional plane 
may be represented by 

dT 
q=k' d a: ; ......••.••.......•.•••.••• (1.) 

k being the co-efficient of conductivity. Now in C8.IIe8 where k 
without sensible error may be treated as constant, the above equa.
tion leads to the conclusion, that the rate of conduction through a 
flat layer, of any unifonn thickness, is simply proportional, directly 
to the difference between the temperatures of the two faces of the 
layer, and inversely to its thickness; a principle expressed as 
follows :-

T'-T 
q=k' --; .......................... (2.) 

a: 

where T' and T are the temperatures at the two faces of the layer, 
and a: its thickness. For reasons which will afterwards appear, it 
is convenient, in cases of this kind, instead of the conductivity k 
itself, to use its reciprocal, which may be called the internal tMrmoJ, 
reaistance of the substance, and may be represented as follows :-

1 e === k ; .............................. (3.) 

so as to transfonn equation 2 into the following fonn :

T'-T 
q=--............................. (4.) 

ea: 

The following are some values of the co-efficient of thennal 
resistance e, for different substances, when q is expressed in ~l 
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uniw ptW huur ptW aquare foot of area, and II; in inches, as computed 
from a table of conductivities deduced by M. Peclet from experi
ments by M. Despretz:-

e 
Gold, platinum, silver, •••.. , .. , ..••.••...•••• 0"0036 
Copper, •••.... , ..••..... _ ................. , ...... 0'0040 

Iron, •••••.............................•.......... 0'0096 

Zinc, •••••.•••......••.••••••...•••••••••....••••• 0·0099 
Lead, ....••.....••.••.....•...•....•...•••.••••.•• 0·OI98 
Marble, ......••...•...••••.•....••••••••••.•••... 0.1578 
Brick, ............................................ 0·3306 

The tots.l internal thermal resistance of a piau> consisting of 
layers of different substances may be found by adding together the 
resistances of the several layers. Thus, let II; denote the thickness 
of anyone of those layers; e, the co-efficient of thermal resistance 
of the substance of which it consists: let I, as usual, denote the 
summation of a set of quantities, so that I . 11;, for example, is the 
tots.l thickness of the compound plate; then 

I '~II;, 

is the total thermal resistance of that plate, and 

T-T 
q = -.... --, ............................ (5.) 

"" . ell; 
the rate of conduction through it per square foot per hour, when 
T' and T are the temperatures of its hotter and cooler faces respec
tively. 

The rate of e:J:ternal conduction through the bounding surface 
between a solid body and a fluid is approximately proportional to 
the difference of temperature, when that is small; but when that 
difference is considerable, the l'ate of conduction increases faster 
than in the simple ratio of that difference, as will afterwards be 
shown more in detail. 

The rate of external conduction may be expressed by dividing 
the difference of temperature by a co-efficient of e:x:tt:rnoJ, thermal 
ruiatance, depending on the nature of the substances, and also on 
their temperatures. Let the values of that co-efficient, for the two 
surfaces of a given plate, be denoted by.', ", respectively; let II; lx· 
the thickness of the plate in inches, as before, and e its co-efficient 
of internal thermal resistance; then the tots.l thermal resistance of 
the plate and of its two external surfaces is 

.'+.+1'11;; 
and the rate of conduction through it is 
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T'-T 
q= .. +"+ex·· .. ········· .. ··· .. ····(6.) 

\\~here T', T, are now the temperatures, not of the two surfaOOll of 
the plate, but of the two fluids which are respectively in contact 
with its two faces. 

The e:xternal thermal resistance of the metal plates of boiler flues 
and tubes, and other apparatus used for heating and cooling fluids, 
is so much greater than the internal thermal resistance, that the 
latter is inappreciable in comparison; and, consequently, the nature 
and thickness of those plates has no appreciable effect on the rate 
of conduction through them. 

The combined external thermal resistances of both surfaces of a 
plate, when one is in contact with a liquid and the other with air, 
have, according to M. Peclet, values capable of being expressed by 
the following formula :-

"+,,,= All +B\T-TW··········· .. ···('i·) 
in which the constants depend chiefly on the condition of the surface 
of the body, and have the following values :-

B for polished metallic surfaces, ............................... 0·0028 
B for rough metallic surfaces, and non-metallic surfaces, 0'0037 

A for polilJhed metals, about .•.....•.•..•.....••••..•••...... 0·4 
A for glassy and varnished surfaces, ...............•••...... 0'6 
A for dull metallic surfaces, ..••••••......•••••.......••••••... 0'7 

A for lamp black, ..........................•.......••.•......... 0'8 

When a metal plate has a liquid at each side of it, it appears 
from experiments by M. Peclet, that the constants in equation 7 
take the following values :-

B=0'058; A =4'0. 

It will be shown in a subsequent Article, that the results of 
experiments on the evaporative power of boilers agree very well 
with the following approximate formula for the thermal resistance 
of boiler plates and tubes :-

a 
If' +"=T'~ T; .... · ........ · .. · ...... (8.) 

which gives for the rate of conduction, per square foot of surface 
ller hour, 

(T -'T)I 
q = .......................... (9.) 

a 
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This formula is not proposed as being more than a rough approxi
mation, but its simplicity makes it very convenient, and it will be 
shown that it is near enough to the truth for its purpose. 

The value of a lies between 160 and 200. 
220. «l_.--.... _ c:JaftJIq of heat means the transfer and 

diffusion of the state of heat in a fluid mass by means of the motion 
of the particles of that m.a.ss. 

The conduction, properly so called, of heat through 1\ stagnant 
mass of fluid, is very slow in liquids, and almost, if not wholly, 
itlllppreciable in gases. It is only by the continual circulation and 
mixture of the particles of the fluid that uniformity of temperature 
can be maintained in the fluid mass, or heat transferred between 
the fluid mass and a solid body. 

The laws of the cooling of thermometer bulbs by convection, 
when placed in receivers filled with different gases in different 
states as to pressure, were ascertained by Dulong and Petit; but 
the circumstances of the experiments were too unlike those which 
occur in boilers and furnaces to etlllble those laws to be used in the 
solution of questions connected with heat engines. 

The free circulation of each of the fluids which touch the sides of 
a solid plate is a necessary condition of the correctness of the for
mulm for the conduction of heat through that plate, which ha ... e 
been given in Article 219; and in each of those formulm it is 
implied, that the circulation of each of the fluids by currents and 
eddies is such as to prevent any considerable difference of tempera
ture between the fluid particles in contact with one side of tht' 
solid plate and those at considerable distances from it. 

It is to promote that circulation, and so to insure uniformity of 
temperature in the fluid mass, that an agitator is employed in the 
water calorimeter, as already stated in Article 207 A. For a 
similar purpose, large boiler flues are sometimes provided with 
" ba.fllers j" that is, projecting partitions which compel the hot 
gases to take a circuitous course, in order that eddies may lx· 
formed, so as to bring as many different particles as possible suc
cessively in contact with the heating surface, Those bafilen, how
ever, have also another object, which is to promote that thorough 
mixture of air with the inflH.mmable gas from the fuel, which is 
necessary to complete combustion. 

The most rapid convection of heat is that which is effected by 
means of cloudy vapour, which combines the mobility of a gas with 
the comparatively greater conducting power of a liquid; as when 
steam communicates heat to a solid body by condensing on it~ 
surface. Some data as to the rate at which this procellS goes OIl 

will be given in Article 222. 
When heat is to be transferred by convection from one fluid to 
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another through an intervening layer of metal, the motions of the 
two fluid JDaS8eS should if poBSible be in opJKJifUe directiona, in order 
that the hottest particles of each duid may be in communication 
with the hottest particles of the other, and that the minim,un 
difference of temperature between the adjacent particles of the two 
fluids may be the greatest possible. 

Thus in the surface condensation of steam, by passing it through 
lIletal tubes immersed in a current of cold water or air, the cooling 
fluid should be made to move in the opposite direction to the con
densing steam. 

In a steam boiler, it is favourable to economy of fuel that the 
motion of the water and steam should on the whole be opposite to 
that of the dame and hot gas for the furnace. 

Thus, if there is a "feed-water heater," consisting of a set of 
tubes throngh which the water pa.B86S to be heated before entering 
the boiler, that apparatus should be placed in or near the foot of 
the chimney, so &8 to be heated by gas that has left the boiler, and 
thus to employ heat that would otherwise be wasted. The coolest, 
that is, the lowest portions of the water in the boiler, should, if 
practicable and convenient, be contiguous to the coolest parts of the 
furnace and heating surface; and if there is apparatus for t1Upt!1I"
lWlling the steam, or raising its temperature above the boiling point 
corresponding to its PreBSure, that apparatus will be most efficient 
if placed in the hottest part of the furnace, like that, for example, 
uf Messrs. Pa.rsons and Pilgrim. 

221. Bact_elY .r H-atq ..... _-When a layer of metal, 
lying between two flowing ma.sses of duid, serves as the means of 
transmitting heat from the hotter to the cooler of those JDaS8es, the 
proportion borne by the quantity of heat so transmitted to the 
whole quantity of heat which the hotter maBS must lose in order to 
reduce it to the temperature of the colder maBS, may be called the 
1ficiency of the heating SUlface of that layer of metal. 

In most of the cases that occur in practice, the layer of metal 
consists of the dues, tubes, and other portions of the solid material 
of a boiler which are exposed to heat; the cooler duid is the water 
in the boiler, which is introduced by degrees in the liquid state at 
a low temperature, raised to a higher temperature, and evaporated; 
t,he hotter fluid is the stream of air and hot gases which comes fronl 
the furnace, dows along the heating surface, and finally escapes by 
the chimney. 

Let W denote the weight of gas given out by the furnace in an 
hour; c' iti specific heat at constant preBSUre; T - t, the exceBS 
t If its temperature above that of the water in the boiler when it ill 
ill contact with some given portion of the heating surface, the area 
of which portion is d 8; let q denote the rate of conduction Iter 
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square foot of surface per hour, corresponding to the difference of 
temperature T - t; then 

qda 

is the heat t1'Bl1lllllitted by the portion d a of the heating surface 
from the hot gas to the water, and 

qda 
c'W = - dT, ........................ (l.) 

is the lowering of the temperature of the gas by passing over the 
portion of heating surface d a. It arrives at the next elementary 
portion of heating surface with a diminished temperature, and the 
rate of conduction is therefore diminished; 80 that each successive 
equal portion of the heating surface transmits a less and a less 
quantity of heat, until the hot air at last leaves the heating surface 
and escapes up the chimney, with a certain remaining exce88 of 
temperature above that of the water in the boiler, the heat corre
sponding to which exce88 is wasted. 

Let TI denote the temperature of the hot gas when it first comes 
in contact with the heating surface; Til its temperature when it 
fina.lly leaves the heating surface; then 

the whole heat expended per hour is c' W (T 1 - t); } ••........ (2.) 
the heat wasted per hour c' W (Til - t); 

the efficiency of the heating surface, 

!TI Til ; ............................ (3.) 
I- t 

and all those qUlLntities are connected together by the equation 1, 
or by either of the following equations, which are different ways of 
expreBBing its integral :-

c'W(TI-T~=J qds; ................... (4.) 

c,Sw = J:: dqT ; ........................ (5.) 

in which last equation, S denotes the whole heating surface. 
To represent these principles graphically, draw A D, fig. 90, to 

represent the whole heating surface S; and let any portion of that 
line, such as A X, repreEent a, a part of that surface. Let the 
ordinate A B = q1' the rate of conduction for the initial tempera
ture Tt. In D A produced, take 
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- c'W(T1-t) 
AO= ; ..................... (6.) 

ql 

then the rectangle 0 A . .if B- will represent the whole heat ex
pended per second. 

u Let the ordinate XV = q represent 
the rate of conduction corresponding to 
the temperature which the hot gas baa 
after having passed over the portion 
A X = 8 of the heating surface, and let 
BYE be a curve drawn through the 

l!l summits of a series of such ordinates; 
o .A. X D then the area of any part of that curve, 

Fig 90 such as A B Y X, represents the heat 
. . transferred per hour through the part 8 

of the heating sllrface; the area ABE D represents the heat 
transferred per hour through the whole heating surface S; and 
when the curve BYE is produced indefinitely, the area contained 
between it and its asymptote A D approximates indefinitely to that 
of the rectangle 0 A . A B. 

The definite results of these principles depend on the relation 
between q and T. 

CASE I.-If we assume Peclet's formula (Article 219, equation 0) 
for the thermal resistance of the plates, we find 

q = A(T- t){l + B(T-t)} ; ............... (7.) 

and this value being introduced into equation 5, gives for the 
integral of that equation 

~ __ ~. (T1-t I+B(T2- t»). 
c'W- A hyplog T2-t' I+B(T1-t) , ...... (8.) 

and for the efficiency of the heating surface, 

T1-T2 (;!-l)' {l +B(T1-t)} 
T = .......... (9.) 
I- t e'~.+ (e'~: -1) B (Tl - t) 

The values of the constants A and B under different circum
stances have been given in Article 219. 

AS 

The value of ,Iv; is easily found by the help of a table of hyper
bolic logarithms, being the number whose hyperbolic logarithm is 
AS..;.-c'W. 

__ ~byGoo81e 
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CASE 2.-The above formula being too complex for ready use in 
practice, and the values of A and B being uncertain in furnaces at 
high temperatures, the supposition expressed in equations 8 and 9 
of Article 219, viz., that the rate of conduction is nearly propor
tional to the square of the difference of temperature, has been tried, 
and found to agree well with experiment, as will afterwards be 
shown. That supposition gives as the integral of p.quation 5, 

c'~ = a . { T2 1 t - Tilt} ; .•.......... (10.) 

from whioh is easily deduced the following value of the efficiency 
of the heating surface :-

T1 -T2 S(T1 -t) 
'T---=S(T )+ 'W············· (II.) I-t I-t ac 

This may be put into another form, as follows :-Let H denote 
the expenditure of heat in an hour, in raising the temperature of 
the hot gas above that of the water,; then 

H 
Tl - t = c' W ; ....................... (12.) 

and making this substitution in equation 11, we find for the efti
ciency of the surface, 

s 
s + a c'* Wi .... ···· .. · .......... · .... · (13.) 

H 

This result is represented graphically by taking, in fig. 90, 

_ ac'2W2 
AO=--n-' 

and making BYE a hyperbola of the second order, with 0 D and 
o C for its asymptotes. 

The values to be assigned to the constants in equation 13, will 
be investigated in Chapter II. 

222. ,,_ .... 8l1dac_1Iarfiaee "eadca.lle • .--The formulre of 
the preceding Article, case 1, equations 8 and 9, are made appli
cable to cooling surfaces as follows :-Let t denote the temperature 
of a film of liquid, at one side of a metal plate; S, the extent of 
cooling surface, as before; let heat be communicated to the liquid 
at the temperature t by some such process as the condenMtion of 
steam, and let that be abstracted by the dow of a current of air, 
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water, or other fluid, in contact with the metal plate; the weight 
of fluid which flows past per second being W, its specific heat ti, 
its initial temperature T1, being lower than t, and its final tempera
ture TI , still lower than t, but higher than Tr Then in all the 
equations t - TI is to be substituted for TI - t, and t - Tli for 
T .. -t. 

~ An obstacle to the use of the fonnuIm &8 thus modified is, that 
the constants A and B have not yet been ascertained for the 
"surface condensation" of steam. It is only known that the 
coovection of heat by a vapour in the act of condensing is more 
rapid than by substances in other conditions; and that in certain 
particular experiments on the surface condensation of steam, certain 
remIts have been obtained, of which the following are examples :-

Steam con-
118 initial tem- Material or denaed per 

Cooling lald. perature T 1 plates or square root Authority. 
Fur. tubes. per hour. 

Lbe. 
Air, 59° Cast iron. 0.36 Peclet. 

" " 
Sheet iron, 0.36 

" 
" " Glass, 0·35 .. 
" " 

Copper, 0·28 
" 

" " 
Tin plate, 0·21 

" Water, 68° to 77° Copper, 21·5 " 
" 

1 
" 

100·0 Joule. 

In these exPeriments, each pound of steam may be estimated on 
an average as corresponding in round numbers to about 1,000 
British thennal units. 

The rapidity of the condensation depends mainly on that of the 
circulation of the cooling fluid at the other side of the plate. 
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CHAPTER II. 

01' COIIBUmON .um FUEL. 

223. T ... Heaa ~ ,,_ ........ ~ .--....-Every chemical 
combination is accompanied by a production of heat: every decom
position, by a disappearance of heat, equal in amount to that which 
is produced by the combination of the elementH which a.re sepa.ra.ted. 
When a complex chemical action takes place, in which various 
combinations and decompositions occur simultaneously, the heat 
obtained is the excess of the heat produced by the combinations 
above the heat which disappears in consequence of the decomposi
tions. Sometimes also, the heat produced is subject to a further 
deduction, on account of heat which disappears in melting or 
evaporating some of the substances which combine, either before or 
during the act of combination. 

Combustion or burning is a rapid chemical combination. The 
only kind of combustion which is used to produce heat for driving 
heat engines, is the combination of fuel of different kinds with 
oxygen. In the ordinary sense of the word comlnuJtible, it means, 
capahle of combining rapidly tJJith oxygen, 80 as td produce heat 
rapidly. By an elemenJ.ary or simple IJ'IJhatame is meant one which 
has never been decomposed. 

The chief elementary combustible constituents of ordinary fuel 
a.re cwibon and hydrogen" Stdphwr is another combustible consti
tuent of ordinary fuel; but its quantity and its heat-producing 
power are so small, that its presence is of no appreciable value. 

Substances combine chemically in certain proportions only. To 
each of the substances known in chemistry a certain number can be 
assigned called its "chemical equivalent," having these properties-
1. That the proportions by weight in which substances combine 
chemically can all be expressed by their chemical equivalents, 01' 

by simple multiples of their chemical equivalents. II. That the 
chemical equivalent of a compound is the sum of the chemical 
equivalents of its constituents. 

Chemical equivalents are sometimes called atomic weigkt8, 01' 

atoms, in accordance with the hypothesis that they are proportional 
to the weights of the supposed atoms of bodies, or 8'IImllut similar 
parts into which bodies a.re assumed to be divisible by known forces. 
The term atom is convenient from its shortc.ess, and can be used to 
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mean "chemical equivalent," without necessarily affirming or 
denying the hypothesis from which it is derived, a.nd which, how 
probable soever it may be, is, like other molecula.r hypothesell, 
incapable of absolute proof. 

The chemical equivalents of substances in the perfectly gaseous 
state are known to be either exactly or very nearly proportional to 
their densities at the same pressure and temperature, or simple 
multiples 01' submultiples of those densities. In other words, 
perfect gases at a given pressure and temperature combine, either 
exactly or very neal'ly, in simple numerical proportions by 'I-'Olume. 
The ,;olume of the compound also, if perfectly gaseons, beal'R 
always, either exactly or very nearly, some simple numerical ratio 
to the volumes of the constituents, at the same IJressure and tem
perature. 

These principles have already been illustrated in the case of the 
composition of steam, in Article 202. . 

The following are the chemical equivalents, ,according to the 
British scale, of the principal elementary constituents of fuel, and 
of the atmospheric air from which the oxygen required for com
bustion is derived, together with the symbols used in chemical 
writings to denote them, and their clU!/mica1 equivalents by volume 
in the perfectly gaseous state :-

Chemical Chemical 
Name. SymboL equivalent by equivalent by 

wdghL vwume. 
Oxygen, ......•...•••••• o ............ 8 ............ ~ 
Nitrogen, ............. . 
Hydrogen, •........•.. 
Carbon, ............... . 
Sulphul', ............. . 

N 
H 
C 
S 

I 

6 
16 

These numbers are given neglecting fractions too small to be of 
consequence for the purposes of the present treatise. 

The composition of a compound substance is indicated in chemi
cal writings, by affixing to the symbol of each element the num
ber of its equivalents which enter into one equivalent of the 
compound. 

The following table shows the composition of those compounru. 
of the above elements which are of importance to the purposes of 
the present treatise, either as furnishing oxygen for combustion, as 
entering into the composition of ordinary fuel, or as being llroduced 
by the combustion of ordinary fuel :-
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Name. 
Symbol of Proportions Chemical Proportions Chemical 
chemical oC elements equivalent of elements equivalent 

A:Ompontion. by weigbL by weighL by volume. by,·olulDt. 

Air,...... ...... ... !'OO N 28 + 0 8 36 N 2 + 0 i 24 
Water,............ H HI + 0 8 9 HI + 0 4 
Ammonia, ....... N Hs H 3 + N 14 17 
Carbonic oxide, C 0 C 6 + 0 8 14 C ~ + 0 1 1 

I Carbonic acid,... C 9.J C 6 + 016 22 C ~ + 0 I 
Olefiant gas,..... Cll H2 C I2 + H 2 14 C ~ + H 2 

Marshgas,Or} C~ C6+Ha 8 C~+HI' 1 
fire damp, .. 

The last two substances are the chief ingredients of coal gas. 
[There are numerous other compounds of hydrogen and carbon, 

known generally as "hydro-carbons," and comprising, amongst. 
other substances, various fusible and volatile ingredients of coal; 
but it is unnecessary to give their chemical composition in detail.] 

Sulphurous acid,........... S ~ 
SulphUl'6tted hydrogen,.. S H 
Bisulphuret of carbon,... S2 C 

S 16+016 
S 16+H 1 
S32 +C6 

32 
17 
38 

The French scale of equivalents differs from the BritiHh, princi
pally in making the equivalents of oxygen and sulphur by weight 
double, as compared with the equivalents of most other elements, 
and in taking 100 to represent the equivalent of oxygen. Thus 
the symbol for water, according to the French system, is Hll 0 ; 
and its equivalent (6'25 x 2) + 100 = 112·5 .. 

The following table shows the total heat of combustion with 
oxygen of one pound of each of the elementary substances named in 
it, in British thermal units, and also in Ibs. of water evaporated 
from 212°. It also shows the weight of oxygen required to com
bine with each pound of the combustible element, and the weight of 
air necessary in order to supply that oxygen. The quantities of 
heat are given on the authority of experiments made by MM. Favre 
and Silbermann with the mercurial calorimeter :-

Lb. oxygen 
Combustible. per lb. of Lb. air. 

combustible. 

Total heat Evaporative 

British units. power 
(rom 212°. 

Hydrogen gas, ................ 8 36 
Carbon, imperfectly bUrned} 

:Oxi:,~.~~~ .. ~~~~ IA 6 
Carbon, completely burned, ) 

80 as to make carbonic {,. 21 12 
acid, ......................... J 

62,032 64'2 

4,400 4'55 

14,500 15'0 
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It is to be observed, that the imperfect combustion of carbon, 
making carbonic oxide, produces less than one-third of the heat 
which is yielded by the complete combustion. 

224. T .... a_, .€ " ••• alld ••• € ., ......... -The following 
is a similar table, on the same authority, for the more important 
COOlljX)'Und ingredients of fuel :-

Combustible. Lb. ox~·geu. Lbo air. Total heat 
British unite. 

OlefiaI;1'li gas, I lb.,......... 3;
Various liquid hydrocar- \ 

bons, lIb., ............. .. 
Carbonic oxide, aR much 

as is made by the im
perfect combustion of J It 
I lb. of carbon, viz. , 
2i lbs., ................. .. 

15f 21,344 

{ from 21,000 

to 19,000 

6 10,100 

22'1 
from 22 

to 20 

10'45 

With regard to the quantities stated in this and the preceding 
Article as being the total heat of combustion respectively of carbon 
completely burned, carbon imperfectly burned, and carbonic oxide, 
the following explanation has to be made:-

The burning of carbon is always complete at first; that is to say, 
one pound of carbon combines with 2J lbs. of oxygen, and makes 
31 lbs. of carbonic acid; and although the carbon is solid imme
diately before the combustion, it passes during the combustion into 
the gaseous state, and the carbonic acid is gaseous. This terminates 
the process when the layer of carbon is not so thick, and the supply 
of air not so small, but that oxygen in sufficient quantity can get 
direct access to all the solid carbon. The quantity of heat produced 
is 14,500 thermal units per lb. of carbon, as already stated. 

But in other cases part of the solid carbon is not supplied directly 
with oxygen, but is first heated, and then dissolved into the gaseous 
state, by the hot carbonic acid gas from the other parts of the 
furnace. The 3i lbs. of carbonic acid gas from I lb. of carbon, are 
capable of dissolving an additional lb. of carbon, making 4~ lbs. of 
carbonic o:cide gas; and the volume of this gas is double of that of 
the carbonic acid gas which produces it. In this case, the heat 
produced, instead of being that due to the complete combustion of 
I lb. of carbon, or ............................................ ..... 14,500 
falls to the amount due to the imperfect combustion of 2 

lbs. of carbon, or .................................... 2 X 4,400 = 8,800 

Showing a lOBS of heat to the amount of............. .......... 5,700 
which disappears in volatilizing the second pound of carbon. Should 
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the process stop here, as it does in furnaces ill supplied with air, 
the WBSte of fuel is very great. But when the 4J lbs. of carbonic 
oxide gas, containing 2 lbs. of carbon, is mixed with a sufficient 
supply of fresh air, it burns with a blue flame, combining with an 
additional 2J lbs. of oxygen, making 7! lbs. of carbonic acid gas, . 
and giving additional heat of double the amount due to the com
bustion of I! lb. of carbonic oxide; that is to say, 

10,100 X 2 = 20,200 
to which being added the heat produced by the imperfect 

combustion of 2 lbs. of carbon, or •••. .. . ..••..... •. .... .. . . . 8,800 

there is obtained the heat due to the complete combustion 
of 2 lbs. of carbon, or ...•••.......... o_ ••• o_o_ ••• 2 X 14,500 = 29,000 

H the total heat of combustion of olefiant gas be compared "ith 
that of its constituents takeu separately, the result is as follows :-

6 6 
"7 1b. carbon; 14,500 X 7 ... ···.···························· = 12,430 

1 1 7 lb. hydrogen; 62,032 X "7 ............................... == 8,862 

Total heat of combustion of 1 lb. of olefiant gas as } 
computed by addip.g together the quantities of 

~e:!!r:;:~l~: .. ~~ .~~~~i~~ .. ~~ .. ~~ .. ~.~~~ 21,29
2 

As found by direct experiment, ...... 0_' .. 0_ ......... 0_... 21,344 

The difference, ............... 0_.... ••• 52 

is within the limits of errors of observation. 
Similar comparisons, for other hydrocarbons, give the 1JIWlt' 

result. From these facta it is concluded, that tll6 total heat of 
C07lliruation of any compourul of ltydrogen and can-bon is the 8U1n of 
the q'lw.ntitie8 of !teat whic/, the hydrogen and can-bon contained in it 
would produce separately by their combu8tion. 

In computing by this nue the total heat of combustion of a com
pound, it is convenient to substitute for the hydrogen a quantity of 
carbon which would give the same quantity of heat; and this is 
done by multiplying the weight of hydrogen by 

62,03 2 = '28. 
14,500 4 

It appears from experiments by Dulong, by M. Despretz, and 
others, that in computing the total heat of combustion of com
pounds containing w:ygen as well as hydrogen and carbon, the 
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following principle is to be observed;-When hydrogen and o:eygen 
e:ciat in a compound in tM proper proportion to form water (that is, 
by weight, very nearly, one part of hydrogen to eight of oxygen), 
tll.888 const·ituents ltave no ifect on eM total Mat 01 combustion. 

• It follows, that if hydrogen exists in a. greater proportion than is 
necessary in order to form water with the oxygen, only the surplw 
of hydrogen above that which is require4 by the oxygen is to be 
taken into account. 

From the preceding principles is deduced the following general 
formula for the total heat of combustion of any compound of which 
the principal constituents are carbon, hydrogen, and oxygen;

Let C, H, and 0, be the fract.ions of one pound of the compound 
which consists respectively of carbon, hydrogen, and oxygen; the 
remainder being nitrogen, ash, and other impurities. 

Let II, be the total heat of combustion of one pound of the com
pound, in British thermal units. Then 

II, = 14,500 { C + 4'28 (H -~) } •••.........•. (1.) 

Let E denote the theoretical evaporative power of one pound of the 
compound, in pounds of water evaporated from and at 21.2". Then 

E = 9:6 = 15 { C + 4'2S( H :-~) } ............. (2.) 

It has already been stated, that the values adopted in this treatise 
for the total heat of combustion of carbon and of hydrogen are taken 
from the experiments of MM. Favre and Silbermann. 

In the case of hydrogen, the results of these experiments agree 
very closely with those of the experiments of Dulong (GompteB 
Rentius, vol. vii), the total heat of combustion of one pound of 
hydrogen being, 

According to Favre and Silbermann, ...... 62,032 British units. 

A;:~::~:' .. ~~~.~~.~~~~~~.~~·~.~.~~} 62,536 " " 

In the case of carbon, the agreement amongst different experi
menters is 1e.'!S close. The following is a comparison of some of 
the results given by them;-

Dulong (mean), ................................ 12,9°6 
Despretz, ........................................ 14,040 
J4'avre and Silbermann, ....................... 1 4,5°0 

The result II.lTived at by MM. Favre and Silbermann is adopted 
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in this treatise, because it was obtained by means of the mercurial 
calorimeter-an instrument from which great accuracy may be 
expected-and because amongst a number of different results as to 
total heat of combustion, the highest is on the whole the most 
likely to be correct, most of the errors being caused by losses of heat. 

225. KI .............. _ ... r Ir.el.-The ingredients of every 
kind of fuel commonly used may be thus classed :-

(I.) Fixed 0'1' free carbon, which is left in the form of charcoal or 
coke after the volatile ingredients of the fuel have been distilled 
away. This ingredient burns either wholly in the solid state, or 
ll&l"t in the solid state and part in the gaseous state, the latter part 
being first dissolved by previously formed carbonic acid, as already 
explained. 

(II.) Hydrocarbon8, such as olefiant gas, pitch, tar, naphtha, &c., 
a.ll of which must pass into the gaseous state before being burned. 

If mixed on their first issuing from amongst the burning carbon 
with a large qnantity of air, these inflammable gases are completely 
burned with a transparent blue flame, producing carbonic acid and 
steam. When raised to a red heat, or thereabouts, before being 
mixed with a sufficient quantity of air for perfect combustion, they 
disengage carbon in fine powder, and pass to the condition partly 
of marsh gas, and partly of free hydrogen; and the higher the 
temperature, the greater is the proportion of carbon thus disen-
gaged. 

If the disengaged carbon is cooled below the temperature of 
ignition before coming in contact with oxygen, it constitutes, while 
floating in the gas, SMOKE, and when deposited on solid bodies, SOOT. 

But if the disengaged carbon is maintained at the temperature 
of ignition, and supplied with oxygen sufficient for its combustion, 
it burns while floating in the inflammable gas, and forms RED, 
YELLOW, or WHITE FLAKE. The flame from fuel is the larger, tht' 
more slowly its combustion is effected. 

(III.) O:r;ygen and hydrogtm either actually forming water, or 
existing in combination with the other constituents in the propor
tions which form water. According to a principle already stated, 
such quantities of oxygen and hydrogen are to be left out of account 
in determining the heat generated by the combustion. If the 
quantity of water actually or virtually present in each pound of 
fuel is so great as to make its latent heat of evaporation worth 
considering, that heat is to be deducted from the total heat of com
bustion of the fuel. 

The presence of water, or its constituents, in fuel, promotes the 
formation of lIlUoke, or or the carbonaceous flame, which is ignited 
smoke, as the case may be, probably by mechanically sweeping 
along fine particles of carbon. 

T 
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(IV.) Nitrogen, either free or in combination with other consti
tuents. This substance is simply inert. 

(V.) Stdpkwret. 0/ iron, which exists in coal, and is detrimental, 
as tending to cause spontaneous combustion. 

(VI.) Other mineral compounds of various kinds, which are also 
inert, and form the .ASH left after complete combUPtion of the fuel, 
and also the clirJcer, or glassy material produced by fusion of the 
ash, which tends to choke the grate. 

226. KIa ... ( PIIeL-The kinds of fuel in common use may be 
thus classed :-1. Cha.rcoeJ; IL Coke; III. Coal; IV. Peat; V. 
Wood. 

L Charooal is made by evaporating the volatile constituents of 
wood and peat, either by a partial combustion of a conical heap of 
the material to be charred, covered with II. layer of earth, or by the 
combustion of a separate portion of fuel in a furnace, in which are 
placed retorts containing the material to be charred. 

According to Peclet, 100 parts by weight of wood when charred 
in a heap, yield from 17 to 22 parts by weight of cha.rcoeJ, and 
when charred in a retort, from 28 to 30 ll&rts. 

This has reference to the ordinary condition of the wood used in 
charcoal making, in which 25 parts in 100 consist of moisture. Of 
the remaining 75 parts, the carbon amounts to one-half, or 37 ~ per 
cent. of the gross weight of the wood. Hence it appears that on 
an average nearly half of the carbon in the wood is lost during the 
lJartial combustion in a heap, and about one quarter during the 
distillation in a retort. 

To char 100 parts by weight of wood in a retort, 12i parts of, 
wood mUllt be burned in the furnace. Hence in this process, the 
whole expenditure of wood to produce from 28 to 30 }Jarts of char
ooeJ, is 112l parts; so that if the weight of charcoal obtained is 
compared with the whole weight of wood expended, its amount is 
from 25 to 27 per cent.; and the proportion of carbon lost is on an 
average III .... 37* = 0·3 nearly. 

According to Peclet, good wood chareosl contains about 0·07 of 
its weight of ash. The proportion of ash in peat charcoal is very 
variable, and is estimated on an average at about 0·18. 

IL Coke is the solid material left after evaporating the volatile 
ingredients of coal, either by means of partial combustion in 
furnaces called coke ovens, or by distillation in the retorts of gas
works. 

Coke made in ovens is preferred to gas coke as fueL It is of a. 
dark grey colour, with slightly metallic lustre, porous, brittle, and 
hard. 

The proportion of coke yielded by a given weight of ooeJ is very 
different for different kinds of ooeJ, ranging from 0·9 to 0·35. 
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Coke contains from 0-06 to 0'18 of its weight of ash, the re
mainder being carbon. 

Being of a porous texture, it readily attracts and retains water 
from the atmosphere; and sometimes, if it is kept without proper 
shelter, from 0'15 to 0'20 of its gross weight consists of moisture. 

III. Ooal.-The extreme differences in the chemical composition 
and properties of different kinds of coal are very great; but the 
number of those kinds is very great, and the gradations of their 
differences are small 

The proportion of free carbon in coal ranges from 30 to 93 per 
cent.; that of hydrocarbons of various kinds from 5 to 58 per 
cent.; that of water, or oxygen and hydrogen in the proportionll 
which form water, from an inappreciably small quantity to 27 per 
cent.; that of ash, from Ii to 26 per cent. 

The numerous varieties of coal may be divided into principal 
classes &8 follo~s:-

1. Anthracite or blind coal. 
2. Dry bituminous coal. 
3. Caking coal 
4. Long flaming or cannel coaL 
o. Lignite or bropn.coaL 
(l.) .A1&t.h~ or blind coal consists almost entirely of fret> 

carbOn. It has a colour intermediate between jet black and the 
greyish-black of plumbago, and a lustre approaching to metallic. 

Its specific gravity is from 1'4: to 1'6, that of water being 1. 
It burns without smoke, and, when dry, without flame also; but 

the presence of moisture in it produces small yellowish flames, ill 
the manner explained in Article 225. 

It requires a high temperature, and in general a blast produced by 
mechanism, for its combustion. If suddenly heated, it splits into 
small pieces, which are liable to fall through the grate bars of tht' 
furnace and be lost. In fumaces where it is used, therefore, each 
fresh portion should be gradually heated before being ignited. 

(2.) Dry bituminous coal contains on an average from 70 to 80 
per cent. of free carbon, about 0 per cent. of hydrogen, and 4: per 
cent. of oxygen; so that 51 per cent. of hydrogen is available to 
prodnce heat. This hydl'ogen exists in combination with part of 
the carbon. Such coal burns with a moderate amount of flame. 
and little or no smoke. Its average specific gravity is about 
1'3. 

(3.) Bituminous caJcing coal contains on an average from 50 to 60 
per cent. of free c&rbon, and about equal weights of hydrogen and 
oxygen, amounting to from 10 to 12 per cent. of its weight. It 
softens when exposed to heat, and pieces of it adhere together. It 
produces more flame than dry bituminous coal, and also produces 
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smoke, unless that is prevented by special means. Its average 
tlpecific gravity is about 1'25. 

(4.) Long flaming cool, differs from the last variety chiefly in con
taining more oxygen. In some examples it softens and cakes in 
the fire; in others not. It requires special means for the preven
tion of smoke. 

(5.) BrO'llm coal, or lignite, is found in more recent strata than 
any of the preceding kinds. It is intermediate in appearance and 
pl"Operties between them and peat. It contains on an a.verage from 
i7 to 50 per cent. of free carbon, a.bout 5 per cent. of hydrogen, 
and 20 per cent. of oxygen. Its specific gravity is from 1'20 to 1·25. 

With respect to the different kinds of coal, M. Peclet makeli 
a remark to the effect, that the caking bituminous coals pass 
to the dry coals and to anthracite by diminution of their oxygen 
nnd hydrogen, and to the long flaming coals and lignites by the 
augmentation of their oxygen. 

From the specific gravities already stated, it appears that a cubic 
foot of solid coal weighs from 70 to 90 lbs.; but coal in pieces, 
such as are commonly used for feeding furnaces, including the 
spaces between the pieces, occupies from Il~ to 1 y\ times the !!pIW(' 
that the same coal fills in a continuous mass; so that the average 
weight of coals, including the space between the pieces, is about 52 
lbs. per cubic foot. In a few examples it is as high as 1)6 or 60 lbs. 
to the cubic foot. 

IV. Peat, or turf, as usually dried in the air, contains from 25 to 
30 per cent. of water, which must be allowed for in estimating its 
heat of combustion. This water having been evaporated, the 
analysis of M. Regnault gives, in 100 parts of perfectly dry peat of 
the best qua.lity-

Carbon, ....•.••........•............... 58 
Hydrogen, •......... ............••.••• 6 
Oxygen, .•....•••.•............•....•.. 31 
Ash,.................................... 5 

JOO 

In some other examples of peat, the quantity of ash is greater, 
amounting to 7 and sometimes to 11 per cent. 

The specific gravity of peat in its ordinary state is about 0'4 or 
0'5. It can be compressed by machinery to a much greater density. 

V. Wood, when newly felled, contains a proportion of moisture 
which VaJies very much in different kinds and in different speci
mens, ranging between 30 and 50 per cent., and being on an 
average about 40 per cent. After eight or twelve months' ordinary 
drying in the air, the proportion of moisture is from 20 to 26 per 
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certt. This degree of drynE'88, or almost perfect dryness if required, 
can be produced by a few days' drying in an oven supplied with ail' 
at about 240" Fahrenheit. When coal or coke is used as the fuel 
for that oven, 1 lb. of fuel suffices to expel about 3 Ibs. of moistw'e 
from the wood. This is the result of experiments on a large scale 
by Mr. J. R. Napier. If air-dried wood were used as fuel for thll 
oven, from 2 to 2l Ibs. of wood would probably be required to 
produce the same effect. 

The specific gravity of different kinds of wood ranges from 0'3 
to 1'2. 

Perfectly dry wood contains about 50 per cent. of carbon, the 
remainder consisting almost entirely of oxygen and hydrogen in the 
proportions which form water. The coniferol18 family contain a. 
small quantity of turpentine, which is a hydrocarbon. The pro
portion of ash in wood is from 1 to 5 per cent. The total heat of 
combl18tion of all kinds of wood, when dry, ilt almost exactly the 
same, and is that due to the 50 per cent. of carbon. 

227. Til. T_I Deal .r Cl .......... of fuel is computed from itt! 
chemical composition, according to the principles explained in 
Articles 223, 224, and 225. The following table gives the result.4 
of such computations, founded chiefly on the analyses of M. Reg
nault, Dr. Playfair, and Professor Richardson. The numerouN 
kinds of fuel of which analyses have appeared have bt'en classed iu 
groups, and the average chemical composition of each group com
puted. By this process have been obtained the proportions of 
carbon, hydrogen, and oxygen, given in the columns headed C, H, 
and 0, respectively. 

The column headed C' shows the weight of pure carbon whose 
total heat of combl18tion would be the same with that of the fuel, 
as given by the formula 

C' = C + 4'28 (H -~). 
E = 15 C'is the theoretical evaporative power in pounds of water 

supplied and evaporated at 2120 by one pound offuel. 
II, = 14500 C'is the total heat of combustion in pounds of water 

raised one degree of Fahrenheit. . 
.Each kind of fuel is KUpposed to be perfectly dry, unless other

wise specified;-
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TABLE OF THE TOTAL HEAT OF COMBU8TION OF FUEL. 

FuEL. C. H. O. C'. E.. h. 

L CHARCOAL- } 
from wood, 0'93 0'93 14 13500 

" 
from peat, 0'80 12 II 600 

II. COKE-good, ... 0'94 0'94 14 13620 
" middling, 0'88 0'88 13'2 12760 
" bad, ........ 0'82 0'82 12'3 II890 

IlL COAL-
1. Anthracite, ... 0'915 0'035 0'026 1'05 15'75 15225 
2. Dry bitu-} 0'90 0'04 0'02 1'06 15'9 15370 minOl18, .... 
3. 

" " 
0'87 0'04 0'03 1'025 15'4 14860 

4. 
" " 

0'80 0'054 0'016 1'02 15'3 14790 
5. 

" " 0'77 0'05 0'06 0'95 14'25 13775 
6. Caking, ......... 0'88 0'052 0'054 1'075 16'0 15837 
7. " ......... 0'81 0'052 0'04 1'01 15'15 14645 
8. Cannel .......... 0'84 0'056 0'08 1'04 15'6 15080 
9. Dry long} 

flaming, .••. 0'77 0'052 0'15 0'91 13'65 13195 

10. Lignite, ........ 0'70 0'05 0'20 0'81 12'15 11745 
IV. PEAT-dry, ... 0'58 0'06 0'31 0'66 10'0 9660 

" contain-} 
ing 25 perc. 7'25 7000 
moisture, ... 

V.Woo~, ... 0'50 0'50 7'5 7245 
" contain- } 

ing 20 perc. 5'8 5600 
moistUl'e, ... 

With respect to the examples of coal given in this table, it is to 
he observed that they are all of good quality, as it has never been 
the practice to submit bad coals to chemists for analysis. It may 
be estimated, that the total heat of combustion of the worst coal in 
a given coal field is about two-tMrda of that of the best, the differ
ence arising chiefly from the proportion of earthy matter. 

228. ......... &em ••• 1. - The proportion which the heat 
radiated from incandescent fuel bears to the total heat of combus
tion has been determined for some kinds of fuel by the experiments 
of M. Peclet, with the following results:-

From wood, ........................... 0'29 
From charcoal and peat, ............. 0'5 
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From coal and Coke M. Peclet considers that the radiation must 
be greater than from charooal, although he has not ascertained it 
precisely. 

The practiCal conclusion to be drawn from this fact is, that the 
radiation from the fuel in the furnace of a heat engine ought to be 
carefully intel'cepted in every direction, in such a manner that the 
heat diffused by it may be communicated eithel' directly or indi
rectly to the substance to be heated. The means used for effecting 
this are various. One of the simplest is to have the furnace wholly 
contained in a due or fire box inside the boiler. Another is, to 
surround all those parts of the furnace whose radiation is not 
directly intercepted by the boiler, with brickwork so thick as not 
to admit of any material loss of heat by conduction. The resistance 
to conduction is greatly increased by having two, or three, successive 
layers of brickwork with air spaces between, such spaces being 
completely closed, in order that the air in them may not circulate. 
Two such layers of fire-brick, the inner 9 inches thick, the outer 4!, 
with an air space 3 inches thick between them, have been found 
to answer in practice. The great resistance of this coating to the 
transmission of heat causes the inner surface of the inner layer, 
which directly receives the radiation of the fire, to rise to a white 
heat, or nearly so, and almost the whole of the heat which it 
receives is, because of that high temperature and the rapid circula
tion of the furnace gases over it, carried off by those gases, and 
made available for communication to the boiler. 

The heat which is radiated down between the grate bars is 
intercepted by the sides and door of the ash pit, and carried back 
to the furnace by the air which enters through the ash pit. 

To prevent 1088 by radiation and conduction through the furnace 
door, the simplest plan is that used by Mr. Williams and others, of 
making it of two layers of cast iron plates, with an air !!pace 
between. The plates are usually perforated with small holes for 
the admis&on of air to bum the gaseous ingredients of fuel, and 
care is to be taken to place no two of those holes opposite each 
other. Thus the heat which is radiated through the holes in the 
inner plate is intercepted by the outer plate. The greater part of 
the heat thus received by the plates is carried back into the furnace 
by the entering stream of air. To intercept the heat and give it 
out to the entering air more completely, a series of sheets of wire 
gauze have sometimes been interposed between the outer and inner 
surfaces of a perforated fllrnace door. 

The most complete apparatus for intercepting the heat radiated 
to the furnace door is that of Mr. Prideaux, which consists of three 
gratings, each made of a series of thin iron plates set edgeways, with 
narrow passages between them for the entering stream of air. The 
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radiant heat is completely intercepted by placing two of those sets 
of plates with opposite obliquities, and the third parallel to the 
sides of the furnace mouth-piece. 

229. AJr ..... 1"". Cer ,,_It ......... DUa ..... -The number of 
pounds of air required in order to supply the oxygen necessary for 
the combustion of one pound of any sort of fuel whose chemical 
composition is known, may be computed by the aid of the data 
given in .A.rticle 2:&3, at the foot of page 269. 

To express that weight symbolically, let it be denoted by.A.; 
then, 0, H, and 0, having the same meanings as before, 

.A. = 12 0+ 36 (H -~) .................... (l.) 
'fhe following are a few of the results:-

I 
FuEL. O. H. O. .A.. 

I. OHARCOAL--from wood, ... 0'93 11'16 

" 
from peat, ..... 0'80 9'6 

II. OoKE-gOOd, ................ 0'94 11'28 

III OOAL-anthracite, ......... 0'9 15 0'035 0'026 12'13 

" 
dry bituminous, 0'87 0'05 0'04 12'06 

" 
caking, ............. 0'85 0'05 0'06 11'73 

" " 
.............. 0'75 0'05 0'05 10'58 

" 
cannel, ............. 0'84 0'06 0'08 11'88 

" 
dry long flaming, 0'77 0'05 0'15 10'32 

" 
lignite, ............. 0'7 0 0'05 0'20 9'30 

IV. PEAT--dry, ................. 0'58 0'06 0'3 1 7'68 
V. WooD--dry, ................. 0'50 6'00 

l 

It is unnecessary for practical purposes to compute the air 
required for the combustion of fuel to a great degree of exactness; 
and no material elTOr is produced if the air required for the com
bustion of every kind of coal and colee used for furnaces is estimated 
at twelve pounds per pound of fuel. 

Besides the air required to furnish the oxygen necessary for the 
complete combustion of the fuel, it is also necessary to furnish an 
additional quantity of air for the dilution of the gaseous products 
of combuation, which would otherwise prevent the free access of air 
to the fuel 

The more minute the division, and the greater the velocity with 
which the ail' rushes amongst the fuel, the smaller is the additional 
quantity of air required for dilution. 

From the various experiments, especially those made for the 
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American government by Mr. Johnson, it appears that in ordinary 
boiler furnaces, where the draught is produced by means of It 

chimney, the weight of air required for dilution is equal to that 
required for combustion; 80 that if A' denotes the total weight of 
air to be suppli~ to the furnace per lb. of fuel, 

A' = 2 A = 241bs. nearly ................... (:!.} 

But in furnaces where the ~ught is produced by m~ of a 
blast pipe, like those of locomotive engines, or by means of a fan, 
the quantity of air required for dilution, although it has not yet 
been exactly ascertained, is certainly much less than that which is 
required in furnaces with chimney draughts; and there is reason 
to believe that on an average it may be estimated at about O1l£-lwlj 
of the air required for combustion; 80 that in this case, 

A' =; A = 18 lbs. nearly .•••.••.•.•••••••• (3.) 

This estimate is roughly made; but it is the nearest approxima
tion at present attainable. It is probable that the supply of air 
required for dilution varies considerably in different arrangements 
of furnace, and for different kinds of fuel; and it is possible, that 
by blowing the air for combustion into a furnace in small enough 
jets, and with sufficient force, air for dilution might be rendered 
unnecessary, so that A' would be = A. 

An insufficient supply of air causes imperfect combustion of the 
fuel, which in bituminous coal is indicated by the production of 
smoke, and in coke and blind coal by the discharge of carbonic 
oxide gas from the chimney. That gas is trantlparent and in
visible; but its presence may be detected by the blue or purple 
flame with which it burns when ignited in contact with fresh air. 

An exCtlll8ive supply of air causes waste of heat to the amount 
corresponding to the weight of air in excess of that which is 
necessary, and to the elevation of the temperature at which it is 
discharged from the chimney above that of the external air. 

230 . ••• rI •• d •• • c P.e1 _d AIr.-In burning charcoal, coke, 
and coals which contain a small proportion only of hydrocarbons, a 
supply of air sufficient for complew. combustion will enter from 
the ash pit through the bars of the grate, provided there is a suffi
cient draught, and that care is takcn to distribute the fresh fuel 
evenly over the fire, and in moderate quantities at a time, so that 
the thickness of the layer of burning fuel shall never differ much 
from ten or twelve inches. 

To insure the complete combustion of highly bituminous coal, 
other means have to be adopted. That invented by Watt was the 
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use of a dead plate,. that is, a horizontal or slightly inclined plate 
at the mouth of the furnace, without perforations, on which each 
fresh charge of coal is laid, until the hydrocarbons are volatilized 
and expelled by the radiant heat of the fire. The layer of burning 
fuel on the grate being thin at the time when a fresh charge is 
needed, more air passes through it from the ash pit than is neces
sary for its own combustion, and the surplus serves to burn the 
inflammable gas as it passes above the grate. When the coal on 
the dead plate has been reduced to coke, it is pushed inwards and 
spread over the fire. The success of this process depends wholly 
on the care and skill of the fireman. It is useful not only to pro
mote complete combustion, but to prevent the clogging of the bars 
by caking coal 

In burning anthracite, a dead plate is useful for a different 
purpose, viz., to heat the fuel gradually; because sudden heating 
makes it fly into small pieces, which drop through the bars into 
the ash pit, and are partly wasted. 

In the double furnace with alternate firing, introduced by Mr. 
Fairbairn, the gas distilled from the fresh fuel in one of a pair of 
furnaces is burned by the excess of air which passes through the 
red coke on the grate of the other furnace. 

Another mode of insuring the complete combustion of the 
volatile parts of the coal is one of which various forms have 
been invented by Mr. C. W. Williams, Mr. Prideaux, Mr. Clark, 
and others, and consists in admitting air above the fuel to burn the 
gas, and below it to burn the coke. 

Mr. Williams admits air at a constant rate through perforations 
in a double door and double front. In the latest practical examples, 
the total area of these perforations is "* of the area. of the grate, 
when 25 Ibs. of coal are burned per hour on the square foot of 
grate; that is, when the area of the grate in square feet is -h of 
the number of Ibs. of coal burned per hour, the joint area of the 
air holes is Th- of the same number. 

Mr. Prideaux uses a self-acting apparatus for the admission of 
air, like a Venetian blind, which is opened when fresh coal is 
supplied, and which gradually closes as the gas of the fresh fuel 
becomes exhausted. The object of this is to supply enough of air 
at the time when it is needed, and to prevent an excessive supply 
at other times. Mr. D. K. Clark, by steam jets, blows in jets of 
air through holes immediately above the fuel. 

According to a method which seems to have been first used in 
America, a fan blower blows air through two sets of nozzles, one 
opening into the ash pit, which is closed in front, and the other 
into the furnace, immediately above the fuel. 

Mr. Gorman opens and closes the front of the ash pit, and the 
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air holes in the front of the furnaces, alternately, so that the com
bustion of the gas from the fresh fuel, and of the coke left after its 
expulsion, take place alternately. 

Dr. Marllh supplies the whole of the air for burning the coke as 
well as the gas, by jets directed downwards on the fuel from above. 

Incomplete combustion of fuel is often caused by the chilling 
and extinguishing of flame through contact with the surface of the 
boiler, before the combustion is completed. This is in some 
furnaces prevented by completing the combulltion in fire-brick 
chambers or passages. For example, in the furnaces introduced 
by Mr. Charles Tennant & Company, the combustion is com
pleted in an arched brick oven or reverberatory furnace, before the 
hot gas comes in contact with any part of the boiler. The sides 
and roof of that oven consist of two layers of fire-brick with a 
closed air space between, as already described in Article 228. 

In many furnaces the principles of the various contrivances 
beforementioned are combined; thus double furnaces are used 
with air holes in the front, and with fire..brick combustion cham
bers. The coal burning locomotive furnaces of various inventors 
are of this class. Various furnaces have been used, such 88 

J uckes's, in which the fuel is supplied at an uniform rate by 
mechanism. 

In the apparatus known by the name of the " Systeme Beau
fllm6," a partial combustion of the fuel is effected in a furnace 
surrounded by a water chamber, and supplied by a fan with just 
enough of air to form carbonic OJide with the whole of the free 
carbon, and volatilize the whole of the hydrocarbons, so that the 
whole of the fuel is ga.sefied except the ash. The mixture of car
bonic oxide and hydrocarbon gases thus produced is conducted by 
a pipe to a combustion chamber, where, by the introduction of jets 
of air of sufficient volume, it is completely burned. 

If smoke is mixed with carbonic acid gas at a red heat, the solid 
carbonaceous particles are dissolved in the gas, and carbonic oxide 
is produced. This is the mode of operation of contrivances for 
destroying smoke by keeping it at a high temperature, without 
providing a sufficient supply of air; and the result is a waste, 
instead of a saving of fuel. 

The details of the construction of various furnaces will be further 
considered in a subsequent chapter. 

231. Te ....... " oC I!'In.-By the temperature oftltefire is here 
understood the temperature of the products of combustion, and the 
air with which they are mixed, at the instant that the combustion 
is complete. The elevation of that temperature above the tempera
ture at which the air and fuel are supplied to the furnace may be 
computed, by dividing the total heat of combustion of one lb. of 
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fuel by the weight and by the specific heat of the whole products 
of its combustion, and of the air employed for their dilutioD, under 
constant pressure. . 

The specific heat, under constant pressure, 

Of carbonic acid gas L'J .......••..•.••.... 0·217 
Of steam, ................................... 0·475 
Of nitrogen (probably), .................. 0·245 
Of air, ....................................... 0'238 
Of ashes, probably about ............... 0'200 

By using these data, the following results are obtained for the 
two extreme cases of pure ·carbon and olefiant gfU, burned respec
tively in air :*-

Fucl, ................................................ C.lRBOlf. 

Total heat of combustion per lb.,......... 14,500 
Weight. of products of combustion in } lb 

. dil ted 13 9. aJ.r, un U , ........................ . 

Their mean specific heat,.................. 0'237 
Specific heat X weight,... .................. 3'08 
Elevation of temperature if undiluted, 4580° 

If diluted witJI, air = j air for combustion-

Weight per lb. offuel, .................... . 
Mean specific heat, ......................... . 
Specific heat X weight, ................... . 
Elevation of temperature, ................ .. 

If diluted with air = air for combustion-

19 
0'237 
4'51 

321 5° 

OLBPUlfT Gu. 
21,300 

16'43 1m.. 
0'257 
4'22 
50 50 ° 

24'2 
0'25 
6'06 
35 15° 

Weight per lb. of fuel,..................... 25 31'86 
Meau specific heat,.. ........ ................ 0'238 0'248 
Specific heat X weight, .................... 5'94 7'9 
Elevation of temperature, ................. 2HO~ 27 TOO 

It appears from these calculations that the mean specific heat of 
the products of combustion of furnaceK differs very little from that 
of air when they are undiluted, and still less when they are diluted 
with air. 

232. Bale oC (Jo •• ud ... -The weight of fuel which ean be 
burned in a given time in II. given furnace depends on the draught, 
01" quantity of air, which is made to pass through that furnace in a 
given time, and may be computed by dividing the weight of that 

• These calculations are made according to th~ Barno principles with thoae of 
Mr. Prideaux in hi .. treatise on Economy qf Fuel, Section VI.; but there are lOme 
differences in the data, especially as to the 8pecific hest of steam, which lead to 
differences (though not great ones) in the numerical reeult&. 
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air by the proportion which that weight bears to the weight of fud 
which it can completely burn, according to the principles of Article 

·229. 
The rate of combustion of coal in a furnace is usually stated in 

pqunda per hour, burned on each square foot of grak. The follow
ing are examples:-

I. WITH CHIlIINEY DRAUGHT. 

1. The slowest rate of combustion in pornish boilers, 
2. Ordinary rate in these boilers, ....... .... .. ......... . 
3. Ordinary rates in factory boilers, .................... . 
4. Ordinary rates in marine boilers, .................... . 
5. Quickest rates of complete combustion of dry } 

;:~ t::l;~::'~~ .. ~~.~~.~~~ .. ~~~~~ .. ~~~ 
6. Quickest rates of complete combustion of cak- } 

ing coal, with air holes above the fuel to the 
extent of' .,'. area of grate, ....................... . 

Lbs. per 
Iquare root 
per hour. 

4 
10 

12 to .6 
16 to 24 

20 to 23 

II. WITH DRAUGHT PRODUCED BY BLAST PIPE OR FAN. 
7. Locomotives,............................................. 40 to 120 

233. ........ .( ..-....- - The draught of a turnace, or 
quantity of mixed gas which it discharges in a given time, may bo 
estimated either by weight or by volume; or it may be expressed 
by means of the velocity of the current at some particular point; 
or by the pressure required to produce that current. 

When either the whole or part of the oxygen in a given weight 
of air, at a given temperature, combines with carbon so 88 to form 
carbonic acid, the volume of the mixed gas produced is the same 
with the original volume of the air; and the density is increased 
simply in the ratio of the sum of the weights of the air and of the 
carbon to the weight of the air. 

When the whole or part of the oxygen of a given weight of air 
combines with hydrogen so as to form steam, the volume of the 
mixed gas produced is greater than the original volume of'the air 
by an amount equal to one-half of the volume of' the hydrogen 
taken up. 

But the hydrogen in ordinary fuel bears 80 small a proportion to 
the whole weight, that in calculations for practical purposes, the 
volume at any given temperature of the gas which a furnace dis
ch&J:ges may be treated without sensible error 88 being equal to the 
volume at the same temperature of the air with which it is supplied. 
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The variations of density produced by deviations of the pressure 
of the furnace gas from the mean atmospheric pressure may also 
be neglected in practice; so that its 'OOlume at 3~ Fakrenlleit may 
be estimated approximately at 121 cubic feet for each lb. of air 
supplied to the furnace; or, if the supply of air be 

Volume at 82° per 
lb. of fuel. 

121bs. per lb. of fuel, .•••.•••••..•.• 150 cubic feet. 
18" " ............... 225 " 
24" " •.............. 300 " 

The volume at any other temperature T is 

o T + 461°'2 'I" 
V = volume at 32 x 493U'2 = Vo ·;0 ......... (1.) 

The following are some of the results:-
Supply of air in Ills. per lb. of fuel. 
12 18 24 

Temperature. Volnme of gases per lb. of fuel in cable feet. 
4640° 1551 

32 75° 1136 1704 
25000 906 1359 1812 
1832° 697 1046 1395 
1472° 588 882 1176 
1112° 479 718 957 
752° 369 553 738 
57 20 314 471 628 
3920 259 389 519 

, " 
21 20 205 307 409 
104° 17 2 258 344 
680 161 241 322 
32° 150 225 300 

Let to denote the weight of fnel burned in a given furnace per 
secmuJ . 

V OJ the volume at 32° of the air supplied per lb. of fuel; 
'1"1' the absolute temperature of the gas discharged by the chimney; 
A, the sectional area of the chinmey; then the velocity of the 

current in the chimney in feet per second is 

_wVo'l"!. . u_-A , ......••.•••..•••.......... (2.) 
• '1"0 

and the density of that current, in lbs. to the cubic foot, is very 
nearly 
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D = ;: (Oo()807 + ~) ; ................... (3.} 

that is to say, from Oo()84: to 0'087 X '1'0 + '1'1' 

Let I denote the whole length of the chimney, and of the flue 
leading to it, in feet; 

m, its "hydraulic mean depth," that is, its area divided by its 
perimeter (see Article 99); which, for a square or round flue and 
chimney, is une quarter ot the diameter; 

j, a co-efficient Qf friction, whose value for currents of gas moving 
over sooty surfaces is estimated by Peclet at 0'012; 

0, a factor of resistance for the passage of the air through the 
grate and the layer of fuel above it, whose value, according to the 
experiments of Peclet on furnaces burning from 20 to 24: lbs. of 
coal per square foot of grate, is 12. 

Then, according to a formula of Peclet, confirmed by pl'ootical 
experience, the " head" required to produce the draught in quetltion 
is given by the equation 

" = ;: (1 + 0 + ~D ; ................... (4:.) 

which, with the values assigned by Peclet to the constants, becomes 

u2 ( 0'0121\ ,,= 2g 13 + -m) .................. (4:.A.) 

It appears that in using this formula, a conical or pyramidal 
chimney may, without sensible error, be treated as if it were 
cylindrical or prismatic, with an uniform sectional area. equal to 
that of the opening at the top. 

The same formula enables the velocity u to be computed when 
the head " is given; and then, by meaI.ls of the equation 

uA'I'o 
w=-y , ........................... {5.) 

0'1'1 

the weight of fuel which the furnace is capable of completely burn-
ing per hour can be computed. . 

The head " is expressed in feet' in keigllJ. of a column of tllS lwt gas 
in 1M chimney. It may be converted into an equivalent pressure in 
pounda on 1M 8tJUM6 foot, by multiplying 88 follows by the density 
of that gas as given by equation 3;-

p=hD=h~ (0'0807 + ~~; ............ (6.) 
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and tills again may be converted into any other convenient unit of 
pressure, by multiplying by a suitable factor, such as those in 
Article 107, page 1l0. 

A n unit of head very commonly employed is -an inch oj water; 
siphon water gauges, graduated into inches and decimals, being 
used to indicate the difference of pressure within and without a 

flue. For this unit the multiplier is fj.i04 = 0'192; that is to !laY, 

JIead in. incha ojwater = 0'192 P = 0'192 h ~ (0'0807 + ,!J (i.) 

The head may be produced in three ways
I. By the draught of a chimney. 

II. By a blast pipe. 
III. By a fan or other blowing machine. 
I. The head produced by the draught of a chimney is equivalent 

to the excess of the weight of a vertical column of cool air outside 
t.he chimney, and of the same height, above that of a vertical column 
of equal base, of the hot gas within the chimney; and when 
expressed inJeet oJlwt gas, it is found by computing the weight of 
1\ column of the cool external air as high as the top of the chimney 
is above the grate and one foot square in the base, dividing by the 
weight of a cubic foot of the hot gas for the height of an equivalent 
column of hot gas, and subtracting the former height from the 
latter. 

Thus, let H denote the height of the chimney, and Til the absolultl 
temperature of the external air (= Til + 4610 '2), then 

H . ~ (0-080':") 
1£=:; -( T2 _--r-) -H=H (0'96 ~ - 1); ..... (8.) 

_0 0-0807+ _ Til 
Tl V 

H =1, + (0'96:~ - 1) ..................... (9.) 

Equation 9 serves to calculate the height of the chimney required 
in ol'der to produce a given draught. 

For a given external temperature, there is a certain temperature 
within the chimney which produces the mORt effective dmught; 
that is, the maximum weight of hot gas discharged per second. 
That temperature is found 88 follows :-

The velocity of the gas in the chimney is proportional to J It ; 
and therefore to ./ (0'96 T! - TII~ 
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The density of that gas is proportional to !.. 
7"1 

The weight discharged per second is proportional to velocity X 

density, and, therefore, to J (0'96 7"1 - 7"1); which expression be-
7"1 

comes a maximum when 

7"1 = :.;~ = 2ft 7"1 ; ........ : ............ (10.) 

therefore, the hue chi'l1lllUJ1l-dra.ught tak68 placs when. 1M ahaolute 
~re 0/ eM gaB in eM chimney iB to that 0/ eM a;temal air aB 

25 to 12. 
When this condition is fulfi.lled, we have evidently 

,,= H ; ............................. (11.) 

that is, 1M Iwul Jor eM hue chim~v1Jht, ezpreBll«l in hot 
gas, iB equal to eM Might oj eM chim'Mll j and it is also obvious, 
that 1M deTuJUy ofeM hot gaB iB one-halJ oj tAat oj 1M ezt.ernal air. 

Suppose, for example, that the temperature of the external air 
on the ordinal,. scale is........................................ 500 Fahr. 

then its absolute temperature is........................... 5 11'2 
the absolute temperature within the chimney, to give 

the best draught, is .•.................... 2h X 511'2 = 1065'0 
corresponding on the ordinary scale to.................. 603'8 

being a little below the temperature of melting lead. It may be 
laid down as a practical rule, that to imure eM beat pouilJle drattgllt 
tImmg" a gifHm chim'M'!J, eM temperature oj 1M lwe gaB in 1M chimney 
Jwuld be 'IIIX1A"ly, bu4 'IIOt quite, BVjU;ient to fMlt lead. 

As the proper allowance of air for a chimney-draught is 24 lbs. 
to each lb. of fuel, the volume, at that temperature, of the hot gas 
discharged by the chimney, is about 650 cubic feet per lb. of fuel, 
or 26 cubic feet per lb. of the hot gas itself. 

When the temperature in a chimney is found to be above this 
limit, it is to be reduced, not by admitting cold air to dilute the 
hot gas, but by employing the surplus heat for !!Ome useful purpose, 
such'as heating or evaporating water. 

So long as the draught in a chimney is sufficient to bum the 
requisite quantity of fuel in the furnace, the temperature in the, 
chimney may often be reduced With advantage considerably below 
that corresponding to the most effective draught, provided the heat 
abstracted from the hot gas is usefully employed; but it is never 
advantageous to raise the temperature in the chimney above that 
limit. 

IL The head produced by a blaat pipe is equivalent to that part 
U ' 

• 
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of the atmospheric pressure which is bala.nced by means of the 
impact of the jet of steam against the column of gas in the chimney. 
Its amount and effect will be considered in a subsequent chapter. 

III. The work which a fan or other blowing machine must per
form in a given time in blowing air into a furnace so 8.'1 to produce 
a given head, is found by multiplying the pre88'lJ/re equivalent to 
that head, in pounds on the square foot (p, equation 6), into the 
number of cubic feet of air blown in, at the temperature at 
whicb blowing machine, that temperature 
on the !!Cale (being equal '1"2> that of the 
external case may be); 'UIJejtd work of 
the per second is 

Yo '1"8 '1"11 ( 1) p. --=tDVo • - h 0-0807+ Y ....... (12.) 
'1"0 '1"1 

The groB8 power or energy required to drive a blowing fan is 
greater than the useful work in a proportion which varies much 
in different machines, a.nd is very uncertain. In some recent 
experiments, as nearly as it could be ascertained, the indicated 
power exerted by two steam engines driVing fans through long 
trains pulleys, and belts, appeared each case to be 
about useful effect. 

234. .c JI.I' __ .-

The a given II01't of 
fuel, which is com~ 
municated body to heat is burned; for 
example, to the water in a steam boiler; and the ejficien,cy of & 

given furnace, for a given II01't of fuel, is the proportion which the 
available heat bears to the total heat, when the given sort of fuel is 
burned in the given furnace. 

The word "furnace" is here to be understood to comprehend, 
not merely the chamber in which the combustion takes place, but 
the whole apparatus for burning the fuel and transferring heat to 
the to be heated, including ash flame chamber, 

heating surface of chimney. 
of furnace may for one sort of 

a.nd it may less efficient for 
according to the the combustion 

is m&Il8jl:ea, 
available· heat falls short of the total heat from several 

causes, of which the principal are the following:-
I. Waste oj Unhwrnt Fud. in eM SaUd State.-Thill generally 

arises from brittleness of the fuel, combined with want of care 
in the stoker; by which causes the fuel is made to fall into small 
pieces, which escape between the grate bars into the ash pit. 
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Many of the most valuable kinds of coal, such &8 the dry steam 
coals, are brittle. The waste of such coals in the solid state is to 
be prevented by the following means:-(I.) They are to be thrown 
evenly and uniformly over the fire with the shovel, 80 that there 
shall be no occasion to distnrb them after they are first thrown in. 
(2.) The fire is not to be stirred from above; and the grate bars 
are to be cleared when required, by a hook or slice from below. 
(3.) The ashes are to be riddled from time to time, and the 
small coal or cinders contained amongst them thrown npon the 
fires. 

It is impossible to estimate the greatest amonnt of this kind of 
waste which may arise from careless .firing; bnt the amount which 
is nnavoidable with good firing has in some cases been ascertained 
by experiment, and found to range from nothing, np to abont 21 

. per cent. 
II. TM W t.IIte 0/ U'IIhtrnJ Futl '" tIN (}tJIItIOUII MId Smoky SI4te8, 

and the means of preventing that waste, by a BUfficient supply and 
proper distribution of air, have been stated in the preceding 
Articles. 

The greatest probable amount of that waste, when the absence of 
any provision for introducing air to burn the inflammable gases is 
combined with bad firing, may be estimated by taking the propor
tion in which the total heat of combustion of the coke or fixed 
carbon contained in one pound of the coal is less than the total 
heat of combustion of all the constituents of one pound of the 
coal. 

When the firing is conducted with care, but the supply of air 
inBofticient, the waste may be estimated by treating the hydrogen 
as ineffective; that is, by taking the proportion in which the heat 
due to the tJJ!&ok of the carbon in the coal is 16118 than the heat due 
to the carbon and to the hydrogen in excess of that required to 
form water with the oxygen in the coal. This method of calcula
tion proceeds on the supposition, that the whole of the hydrocarbons 
are decomposed into carbon and hydrogen by the heat, that the. 
carbon is completely bumt, and that the hydrogen escapes unbumt. 
That supposition appears to represent with an approach to accuracy 
the state of things in good ordinary steam boiler fumaces which 
have no special provision for distributing air amongst the inflam
mable gases; for the result of experience with such furnaces is, that 
the relative values of coals consumed in them are nearly propor
tional to the quantities of carbon contained in those coals.. 

It appears, then, that there are tlDO degf-eeII of waste from imper
feet combustion of the gas and smoke from 0716 powul of bitumin01lll 
coal, which, as reduced to ~ UMigAt. of CtJf'bon, may be 
expressed &8 follows:-
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W ute reduced 
to carbou. 

(1.) Insufficient air, but good firing, the sur- } 
plus hydrogen wasted, ......................... . 4'28 (H-~). 

(2.) Verr insufficient air, and bad firing; alll 
the hydrocarbons wasted. If the hydrogen 
and carbon in these are combined in the (0) 
same proportion as in marsh gas (lIs 0); 7'28 H-g ; 
then for every lb. of hydrogen wasted, 3 J 
Ibs. of carbon are wasted also; giving as 
the total waste reduced to carbon, .......... . 

If the hydrogen and carbon are combined in} 
the same proportion as in olefiant gas (0) 
(lIs 09), then for every lb. of hydrogen 10'28 H-g ; 
Wa8tecf, 6 Ibs. of carbon are wasted also; 
giving 88 the total waste reduced to carbon, 

and for intermediate proportions, intermediate 
quantities are wasted. 

III. Waate by E:der1uJl Radiation and Oonduction.-The waste 
by direct radiation from burning coal through an open fire door may 
be approximately estimated according to the principles of Article 
228, by assuming, in the first place, the heat directly radiated from 
the fuel to be one-half of the total heat of combustion; next, con
ceiving the surface of the burning mass to be divided into several 
IIIDIIlI equal parts, from each of which an equal share of the heat 
radiates; then, finding what fraction of the surface of a sphere de
scribed about one of those parts is subtended by the opening threugh 
which the radiation takes place, and multiplying the share of heat 
radiated from the part of the fuel in question by that fraction; 
and, lastly, adding together the products so found for the several 
parts of the burning fuel The lOBS by conduction through the 
solid boundaries of the furnace might be estimated from their area, 
their material, their thickness, their thermal resistance, and the 
difference of the temperatures within and without the furnace, by 
the principles of Article 219. 

In well planned and well constructed furnaces, however, those 
losses of heat should be practically inappreciable; and the genel'al 
nature of the means of making them so has been stated in Article 
228. 

IV. Waste O'r LOBS of Heo}, in eke Hot Gas which EBCape8 by the 
Olaimney.-Oonsidering that the temperature of the fire, in a fur
nace with a draught- produced by a chimney, and supplied with 24 
lbe,. of air per lb. of fuel, is about 24000 Fahr. above the tempera- -
ture of the external air, and that the temperature of the hot gas in . 
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the chimney, in order to produce the best possible draught, should 
be about 6000 above the temperature of the external air, it appears, 
that under no circumstances can it be necessary to expend more 
than tYM-fUIIH'tA of the total heat of combustion for the purpose of 
producing a draught by means of a chimney. By making the 
chimney of large enough dimensions as compared with the grate, a 
much less expenditure of heat than this may be made to produce a 
draught sufficient for the rate of combustion in the furnace. 

When the draught is produced by means of a blast pipe, or of a 
blowing machine, no elevation of temperature above that of the 
external air is 'l'/AJCUBarg in the chimney; therefore, furnaces in 
which the draught is so produced are capable of greater economy 
than those in which the draught is produced by means of a chimney. 

It appears further, as has already been stated, that with a forced 
draught there is less air required for dilution, consequently a higher 
temperature of the fire, consequently a more rapid conduction of 
heat through the heating surface, consequently a better economy of 
heat than there is with a cWmney-draught. 

The proportion of the whole heat which is lost with the gas 
discharged by the chimney depends mainly on the e.ffi.cierwy oftM 
MaWng 8U11'face, which has already been considered in Article 221. 

Referring to equation 13, in case 2 of that Article, let E denote 
the theoretical evaporative power, and E' the available evaporative 
power, of one lb. of a given sort of fuel, in a boiler furnace in which 
the area of heating surface is S. Then 

E' S 
E-=B ·S+"c'iWII ...................... (l.) 

H 

Where B is a fractional multiplier, to allow for miscellaneous losses 
of heat, whose value is to be found by experiment. 

Now tf'J WI is proportional nearly to FZ V:, where F is the 
number of lbs. of fuel burnt in the furnace in a given time, and 
V 0> as in a former Article, the volume at 3~ of the air supplied 
per lb. of fueL Also, H ex F X a constant. 

Hence it may be expected, that the efficiency of a furnace will 
be expressed to an approximate degree of accuracy, by the follow
ing formula:-

E' 
E s!! I!' ;· •..•••...•••••.•.•..•... (2.) 

in which A ill a constant, which is to be found empirically, and ill 

• This formula, and mOlt of the examp1ee which follow it, were lirst publiabed In 
a paper read to the lnatitutlOll of EaglDeera ill Scot1aDd, OIl the 20th of Aprl~ 1859. 
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probably proportional approximately to the aqut.m of the quantity 
of air supplied per lb. of fueL 

It is customary and convenient to refer various dimensions and 
quantities relating to a furnace to the squtD'6/00f, 0/ !Jf'fIM,' there
fore B may be taken to represent the number of square feet of 
heating surface, and F the number of Ibs. of fuel burnt per hour, 
ptII' BfJV4r6 /oof, of fJ'fY1IA. 

The following are the values of the constants B and A which 
have been found to agree best with experiment, 80 far as the 
practical performance of boilers has hitherto been compa.red with 
the formula:-

Boiler Class I. The convection taking place in the 
best manner (see Article 220), either by introduc
ing the water at the coolest part of the boiler, and 
making it travel gradually to the hottest (as in 
Lord Dundonald's boiler), or by heating the feed-
water in a set of tubes in the uptake; the draught B A 
produced by a chimney,... ••...•.•.•.....••• •••• •••••••• I O'S 

Boiler Class IL Ordinary convection, and chimney 
draught, ••••••••••• ••••••••• ••••.••••••••• •••••• ••••••• ••••• H 0'5 

Boiler Class IlL Best convection, and forced draught, I 0'3 
Boiler Class IV. Ordinary convectiOD, and forced 

draught, •••••••.••••••••••.••••••••• d.............. ... ... ... H 0'3 

When there is a feed-water heater, its surface should be incltukd 
in computing B; and the surface of tubes surrounded by water is 
to be measured outside. 

The formula is of course not intended to supersede experiments 
and practical trials, nor to give results &8 accurate and satisfactory 
&8 such experiments and trials, but to furnish a con'Yenient mea:n.s 
of estimating approximately the evaporative power of fuel in pr0-
posed boilers, and the comparative efficiency of different boilers. 

The formula is framed on the supposition that the admission of air 
and the management of the fire are such, that no appreciable 1088 
occurs, either from imperfect combustion or from eJtOOll8 of air, the 
construction and proportions of the furnace, and the mode of using 
it, being the best possible for each kind of coaL 

H desired, the effect of imperfect combustion and bad firing may 
be estimated in the manner described in Division IlL of this 
Article, and that of an excess of air by increasing A in proportion 
to the square of the quantity of air supplied. 

The following are examples of efficiency calculated by means of 
the formula:-
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r 
E' 

8 For cIu! or bon. 
y I. IL ilL IV. 

0"1 0'16 0"15 0'25 0"22 

0'25 0'33 0'31 0· .. 5 0· .. 3 
0'5 0'50 0"46 0"62 0"59 
0"75 0'60 0'55 0"7 1 0'68 
1"0 0'66 0'61 0"77 0"73 
1"25 07 1 0'65 0"81 077 
1'5 0"75 0'69 0"83 0'79 
ro 0"80 073 0'87 0"83 

2'5 0"83 0'76 0'89 0"85 
3"0 0"86 0'79 0'91 0"86 

6"0 0'92 0"84 0'95 0"90 

9'0 0'95 0'87 0'97 0"92 

The following are particular cases :-

I. North country coal-
1075 

E=15"5j S=T2 =48; F=25; 

boiler with feed-water heater, and chimney-tlraught j or Class 1"

E' = 15"5 x 0'8 = 12'4.-

This agrees closely with the results of the experiments at New
castle on fresh coal, both by the Newcastle committee, and by the 
Admiralty reporters. 

II. Same coal, same boiler without heater-

755 
8=22"=35j F=27. 

Boiler Class IL-
E' = 15'5 x 0'66 = 10'23. 

This nearly agrees with an experiment made by the Admiralty 
reJlC>rters at Newcastle, in which the result was 10'54. 

III. Same coal-
8=25j F=25; no heater. 

Boiler Class IL-
E' = 15'6 x 0'61 = 9'5. 
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This applies to several ordinary marine boilers. 
IV. Locomotive boiler, Class IV.-

Coke, E= say 14'1; 8= 60; F=06. 

E' = J4.·1 x '74 = 10'43 nom 2120 ; 

Equivalent evaporation from 620 at 329°, 

10'43 -8'69 
1'2 - . 

The above proportions of 8 and F are computed from a formula 
of Mr. D. K. Clark, 88 being suitable to insure an evaporative 
lx>wer of 9, from 62" at 329°. The diff'erence is only -h. 

V. Locomotive boiler, Class IV. (mean of Mr. D. K. Clark's 
experiments, Nos. 38,39,40, 41,.42)-

E=sayI4'1; 8=83; F=60!; 

E' = 14:"1 >( '77 = 10'86 from 212° ; 

Equivalent evaporation nom 620 at 329°, 

~~::6 =9-00 

Mean result of experiments, ....••..•••. 8·72 

Difference, ••.•.....•••.•• 0·33 

VL Locomotive boiler, Class IV. (mean of Mr. D. K. Clark's 
experiments, Nos. 4~, 49, 00, 51, 03)-

E=say 14'1; 8=66'4; F=06'2; 
E' = }4'1 x '76 = 10'72 nom 212°; 

Equivalent evaporation from 62° at 329°, 

1~:~2 =8'93 

Mean result of experiments, ............ 8·75 

Difference, ............... 0·18 

VII. Locomotive boiler, Class IV. (Mr. D. K. Clark's experi-
ment, No. 50; mean of 10 trips)- . 

E=say}4'I; 8=57; F=44; 
E' = 14'1 x '77 = 10'86 nom 212°. 
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Equivalent evaporation from 62" at 329°, 

1~::6 = 9-oS 

.Result of experiments, .................. 9-00 

Di1Ference, ............... O-oS 

VIIL Locomotive boiler, Class IV. (Mr. D. K. Clark's experi
ment, No. 61, mean of 8 trips)-

E=say 14·1; 8=60; F=87 j 

E' = 14:·1 )( ·66 = 9·3 from 212° ; 

Equivalent evaporation from 62° at 329°, 

9'3 
1'2=7'7S 

Result of experiment, .•••••.••..•••••••.• 7·2 

Di1Ferenoe, ••••••••.••••.• 0·S5 

The only principle followed in selecting experiments from Mr. 
Clark's table is that of giving the preference to those cases in which 
a mean can be obtained from the results of a large nnmber of 
experiments under similar or nearly similar circumstances. 

The general conclusion to be drawn from the preceding compari
SODS is, that the formula agrees closely with the results of experiment 
up to & rate of consumption of about 60 lbs. per square foot of 
grate; and that above that rate of consumption, although there is 
still an approximate agreement, the results of experiment fall 
somewhat short of those given by the formula. It is probable, 
however, that for those high rates of consnmption, the combustion 
is not so complete as at lower rates, and that some heat is COWIe

quently wasted. 
Emmpls IX.-Boiler Class IL-

E=aboutI51; 8=60, nearly; F=6'4; 

E' = IS! )( '87 = 13'48 

Result of experiment, ....................... 13·56 

Differenoe, .................. 0-08 

The above is the result of an experiment of the Author'a. 
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E:r:ample X.-The Farl of Dundonald's boiler. This boiler is 
considered 88 belonging to Class I., because of the feed-water being 
introduced at the part where the gas from the furnace is coolest-

E = about 161 (for hand-picked Llangennech coal); 

8=3'35; F=10'17; 

E' = 16 x 0'87 = 13-92 

Mean result of two experiments with } 
thefeed-waterat50o, 12'14 x factor 14'20 
of evaporation 1·17, ................. . 

Difference,..... . ............ 0'28 
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OHAPTER IlL 

PBDlClPLBll OF TBEBlIODnr.uucs. 

SECTlOli 1.-4)/1M TUJO LGUJII oj TIutrmod1f1Ullll'iI:8. 

235. .....~_ Dd .... - It is a matter of ordinary 
observation, that heat, by expanding bodies, is a lIOurce of me
chanical energy; and conversely, that mechanical energy, being 
expended either in compressing bodies, or in friction, is a source of 
heat. Such phenomena have 8J.rea.dy been incidentally referred to, 
in Article 13, under the head of Friction; in Article 195, where 
the relations between heat and mechanical energy are mentioned; 
in Article 196, under the head of the Properties of the Condition 
of Heat, numbered IV., V., and VL; and in Articles 211 to 216, 
under the head of Latent Heat, which disappears in producing 
mechanical changes, and can be reproduced by revening those 
changes. , 

The reduction of the laws accOrding to which such phenomena 
take place, to a physical theory, or connected system of principles, 
constitutes what is called the SCIENCE OF TIIDJIODYNAKIC8. 

236 . ............ ~ .........,.....-0_ M&d ~ 
#ItIIIt'rJ1I Me mtJJ.ua.lly contlflF'flihle j tmd /ltJIJI, ~ 1M ita production, 
tJfttl pr'tKluceB by ita ~ ~ t1tU'II'gy in 1M proJXW
cion oJ772 joot-puuftd8 for ea,cA BrtJ,UJ" tmic of /ltJIJI,: the said unit 
being the amount of heat required to raise the temperature of one 
pound of liquid water by ODe degree of Fahrenheit, near the 
temperature of the maximum density of water. This law may be 
considered as a particular caae of the application of two more 
general laws, viz. :-1. .All forms of energy are convertible. 2. The 
total energy of any substance or system cannot be altered by the 
mutual actions of its parts. 

The quantity above stated, 772 foot-pounds for each British 
thermal unit, is commonly called "Jovli. t!tJ"'itH1lent," and denoted 
by the symbol J, in honour of Mr. Joule, who was the first to 
detennine its value e:mctl,l. His first approximate determination 
of this quantity was published in 1843, a little after that of Mayer; 
his best set of experiments, from which the accepted value 772 is 
deduced, may be consulted in the PhiJoBophical T~ for 
181)0. 
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In these experiment8, the heat produced by mutual friction of 
the particles of a liquid was compared with the mechanical energy 
expended in producing that friction. The advantage of this kind 
of experiment is, that the liquid, and all the parts of the apparatus, 
are left exactly in the same condition at the end of the experiment 
as they were at the beginning; 80 that it is certain, that no per
manent effect whatsoever has been produced by the mechanicaJ 
energy expended, except a certain quantity of heat, which is 
accurately measured; and, therefore, that the heat 80 produced is 
the exact equivalent of the mechanical enel'gy expended. 

In all other cases in which heat is produced by the expenditure 
()f mechanical energy, or mechanical energy by the expenditure of 
heat, 80me other change is produced besides that which is princi
pally considered; and this prevents the heat and the mechanical 
energy from being exactly equivalent. 

The following are the values of Joule's equivalent for different 
thermometric scales, and in French and British units :-

J. 
One British ~h~rmal unit, or degree of} 77 2 foot-Ibs. 

Fahrenheit m a lb. of water, ......... 
One Centigrade degree in a lb. of water, 1389'6 " 

(or very nearly 1390). 
One French thermal unit, or Centi-} =,. ~~~ .. ~~.~. ~.~~~~: .. ~~ 423'55 kilogramm~tre& 
The production of heat by friction is distinguished from its pro

duction by other mechanical means, such as the compression of 
gases, in being ~,' that is to say, it is i~poBBible to make 
heat produce mechanical energy by any such means as MJt1I'Wng 1M 
p1'OCM8 of friction. 

237. D,..... ... .....-.. •• t Q ••• ddM et R.a.-All quantities 
of heat, such as the specific heaJ, of any substance, or the latent Mal 
corresponding to any physical effect, or any other of the quantities 
of heat treated of in Chapters I. and II., may be expreBBed d~ 
cally, that is, in units of work, by multiplying their values in 
ordinary units of heat by Joule's equivalent. Several examples of 
this mode of expre88ing quantities of heat, which is by far the 
most convenient in treating of thermodynamical questions, are 
given in the tables at the end of this volume. The following are 
additional examples:-

La.!:~ta~2:;~.~~~~~~~.~~.~.~~:.~.~:~~~:.~~} 745,812 
Total heat of combnstion of lIb. of carbon, .......... 11,194.000 
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238. a ...... BeprueIdId'" .c ... Pi .... La ..... -In fig. 91, let 
a.bscissal, measured along, or parallel to, the axis 0 X, represent 
the volumes successively BSBUDled by a given y 

mass of an elastic substance, by whose alter-
nate expansion and contraction heat is made 
to produce mechanical energy; 0 VA and 
o V B being the least and greatest volumes P. 

which the substance is made to assume, and 
o V any intermediate volume. For brevity's B 

" sake, these quantities will be denoted by fl., 
fI .. and fI, respectively. Then fl. - fl. may re-
present the space traversed by the piston of ~ 
an engine during a single strokt'~ 'i v 'u 

Let ordinates, measured parallel to the Fig. 91. 
axis 0 Y, and at right angles to 0 X, denote the expansive pre88ures 
successively exerted by the substance at the volumes denoted by 
the abscissa!. During the increase of volume from tI. to v., the 
PreBBUre, in order that motive power may be produced, must be, on 
the whole, greater than during the diminution of volume from fl. to 
fl.; 80 that, for instance, the ordinates V PI and V Pt' or the 
symbols PI and P2' may represent the preBBures corresponding to a 
given volume tI, during the expansion and contraction of the sub
stance respectively. 

Then, as in Article 43, and fig. 17, the area of the curvilinear 
figure, or indicatur-diagram, A PI B P ~ A, will represent the energy 
exerted by the elastic substance on the piston during a complete 
stroke, or cycle of changes of volume of the elastic substance. The 
algebraical expression for that area is 

J". 
" (PI - pJ d fI; 

and this, in virtue of the first law of thermodynamics, represents 
also, in units of work, the mechanical equiwlen.t of tli.e keat which 
dWJ,ppearB during a complete forward and back stroke of the 
piston; that is to say, if ~ represents the quantity of heat, in 
common thermal units, received by the elastic substance during one 
part of the process (such, for example, as the heat communicated 
to a certain weight of water in a boiler in order to produce steam), 
and "'2 the quantity of heat .ted by the same substance during 
another part of the process (such, for example, as the heat abstracted 
from the same quantity of water in the condenser of a condensing 
engine, or by the ail', in a non-condensing engine); and if HI and 
HII are the same quantities of heat expreBSed in foot-pounds, then, 
by the first law, 
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J (~-AJ=Hl-~= J (Pl-pJdfJ ........•.. (1.) 

239. or ..... ...... -A line drawn on a diagram of energy, 
such that its ordinates represent the pressures of a. substance cor
responding to various volumes, while the absolute temperature is 
maintained at a constant value, denoted, for example, by '1", may be 
called the iBotMrmoJ, liM of 'I" for the given substance (see fig. 92). 
Suppose, for instance, that the co-ordinates of the point A, fJ. and 
P., represent respectively a volume and a pressure of a given snb
stance, at which the absolute temperature is '1"; and ~he co-ordinatea 
of the point B, viz., fJ. and p., another volume and pressure a.t which 
the absolute temperature is the same; then are the points A and B 
situated on the same isothermal line T T. 

T 

o 

On the other hand, let the sub
stance be allowed to expand from 
the volume and pressure " .. P .. with
out receiving or emitting heat; and 
when it reaches a certain volume, 
" .. let the pressure be represented 
by P .. which is 1e1!8 than the pres
sure would have been had the tem
perature been maintained collBtant, 
because, by expansion, heat is made 

6--=~v .... ;::=:~.",t:c ~V;~B==::f....x to disappear. Then C will be a 
point on a certain curve N N JB88-
ing through A, which may be called 

a CUf'W of 7&0 ~, or a.diohatic cun;e. 

FIg. 92. 

It is to be understood that, during the process laat described, 
the mechanical energy exerted during the expansion, and which is 
represented by the area A C V 0 V At is entirely communicated to an 
external body, such as a piston; for if any part of it were expended 
in agitating the panicles of the expanding substance, a portion of 
heat would be reproduced by friction. 

H 0 0 0 be a curve whose ordinates represent the pressures corre
sponding to various volumes when the substance is absolutely 
destitute of heat, then this curve, which may be called the Iv.. 
ot absoluts cold, is at once an isothermal curve and an adiabatic 
curve. 

So far as we yet know, the line of absolute cold, for all sub
stances for which it has been ascertained, is an asymptote to a.ll 
the other isothermal curves and curves of no transmission, which 
approa.oh it and each other indefinitely as the volume of the 
substance increases without limit; and it coincides sensibly with 
the straight line 0 X; that is to say, a substance wholly destitute 
of heat exerts no expansive pressure. 
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The following property of adiabatic curves, in connection with 
the first law of thermodynamics, is the foundation of many W!eful 
pl'OpoeitiOIlB. (It waa first demonstrated in the PMiIJ80pAical 
Tf"(J~ for 1854.) 

TBBoBBJI. TM ~ tJqUitKJlem of fk 1uac ah60rbetl or 
gWen out by a ~ in paBBing.from 0716 gifJfM Beate lJII to 'fJ'I'U-
6UN aM wlfJ611.8 to MIOI1wr gWen 8CtJtfJ, e1mmgT. a __ 01 Beata 
~ by fk ~ of a gifJfM cut'W on a diagram oj 
entII"f/Y, is ~ by fk lJf"erJ incltuled ~ fk gWen curve 
.,..a two CUf'IlIfIB 01 flO ~ of 1uac clratonjf"O'l1& its ~, 
.,..a f.~ittJ,I prolonged ira fk di.rection ".~ing f.1IC'I"I!lJIIe of 
voltml& 

(Demonstration) (see fig. 93). Let the co-ordinates of any two 
points, A and B, represent respectively the volumes and pressures 
of the substanoe in any 
two conditioD8 j and let T 

a curve of any figure, 
A 0 B, represent by the 
co-ordinates of its pointe, 
an arbitrary succession 

B 

N of volumetl and pressures 
through which the sub
stance is made to pass, 
in changingfrom the con
dition A to the condition 

G-____ ~----~--------------------_;----~x "VA. ' 'a. 

Fig. 93. 

B. From the points A and B respectively, let two adiabatic 
curves A M, B N, extend indefinitely towards X j then the area 
referred to in the enunciation is that contained between the given 
arbitrary curve A 0 B and the two indefinitely prolonged adiabatic 
curves; areas above the curve A M being considered aa represent
ing heat absorbed by the substance, and those below, heat given 
out. 

To fix the ideas, let us in the first place suppose the area 
MAO B N to be situated above A M. After the substance has 
reached the state B, let it be expanded according to the adiabatic 
curve B N, until its volume and pressure are represented by the 
co-ordinates of the point D'. Next, let the volume tiD be maintained 
constant, while heat is abstracted until the pressure fa.lls 80 as to be 
represented by the ordinate of the point D, situated on the curve of 
no tranllDliasil)n A M. Finally, let the substance be compressed, 
according to this curve of no transmission, until it recovers its 
primitive condition A. Then the area A 0 B Dr D A, which re
presents the whole energy exerted by the substance on a piston 
during one cycle of operations, represents also the heat which dis
appears j that is, the cillI"erence between the heat absorbed by the 
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IIUbsta.nce during the change from A to B, and the heat emitted 
during the change from D' to D; for if this were not so, the cycle 
of operations would alter the amount of energy in the universe, 
which is impossible. 

The further the ordinate V D D D' is removed in the direction of 
X, the smaller does the heat emitted during the change from D' to 
D become; and consequently, the more nearly does the area 
A 0 B D' D A approximate to the equivalent of the heat absorbed 
during the change from A to B; to which, therefore, the area of 
the indefinitely prolonged diagram MAO B N is exactly equal. 
-Q.E.D. 

It is easy to see how Do similar demonstration could have been 
applied, mutatia mtttandis, had the area lain below the curve A M. 
It is evident also, that when this area lies, part above and part 
below the line A M, the difference between those two parts repre
sents the difference between the heat absorbed and the heat emitted 
during different parts of the openi.tion. 

OOROLLARY.-TM difftR'eTlCe between tk w/wk AeoJ, abBOrbed, and 
tM whole ezpansit'6 energy ezerted, dwri'll{/ tM operation ~ 
by a;ny curve, Il'IIICII. all A 0 B, on a dWgram of energy, deptnulB on 
tM initial and final conditions of tk substance alone, and not on tM 
intermediate proctJ88. 

(Demonstration.) In fig. 93, draw the ordinates A V AI B Va, 
pa.rallel to 0 Y. Then the area V A A 0 B Va represents the 
energy exerted in a piston during the operation A 0 B; and it is 
evident that the difference between this area and the indefinitely 
prolonged area MA 0 B N, which represents the heat received by 
the substance, depends simply on the positions of the points A and 
B, which denote the initial and final conditions of the substance as 
to volume and pressure, and not on the form of the curve A 0 B, 
.which represents the intermediate process.-Q.E.D. 

To express this result symbolically, it is to be considered, that 
the excess of the heat or actual energy received by the substance 
above the expansive power or potential energy given 0'Ut and 
exel'ted on an external body, such as a piston, in passing from the 
condition A to the condition B, is equal to the whole energy Btor6d 
wp in the substance during this operation, which consists of two 
parts, viz.-

Actual energy j being the increase of the actual or sensible heat 
of the substance in passing from the condition A to the condition 
B, which may be represented by this expression, 

A 'Q=Qa-QA' 

Potential energy j being the power which is stored up in producing 
changes of molecular arrangement during this process·; and which, 
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it appears from the theorem just proved, must be represented, like 
the actual energy, by the difference between a function of the 
volume and preasu.re corresponding to A, and the analogous func
tion of the volume and preasu.re corresponding to B; that is to say, 
by an expression of the form 

~ S = Sa - SA' ....................... (1.) 

Let HA,a=a.reaMACBN 

represent the heat received by the substance during the operation 
ACB,and 

the power or potential energy exerted on a piston. 
Then the theorem of this Article is expressed as follows:-

being a form of the general equation of the expansive action of 
heat, in which the poeen.Ml of molewlar action, S, remains to be 
determined. 

240. T-a .&ea.aI He.a.-Let a substance, by the expenditure 
of energy in friction, be brought from a condition of total privation 
of heat to any particular condition &8 to heat. Then, if from the 
total energy 10 expended, there is subtracted-first, the mechanical 
work performed by the action of the substance on external bodies, 
through changes of its volume and figure, during such heating; 
secondly, the mechanical work due to mutual actions between the 
particles of the substance itself during such heating; the remainder 
will represent the energy which is employed in 'I1I4king 1M 8uJJBWll11:6 

hot, and which might be made to reappear as ordinary mechanical 
energy, if it were possible to reduce the substance to a state of 
total privation of heat. This remainder is the quantity called the 
total actual heat of the substance; being the total energy, or 
capacity for performing work, which the substance possesses in 
mret'AJ of being hot. It is not directly measurable; but its value 
may be computed from known quantities, by means to be after
wards explained. When a homogeneous substance is uniformly 
hot, every particle of it is equally hot; and every particle is hot in 
virtue of a condition of its own, and independently of forces exerted 
between it and other particles. These are facts known by experi
ence; and they lead to the tbllowing consequence :-that when the 
total actual heat of a homogeneous and uniformly hot substance is 

x 
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considered &II & quantity made up of any number of equal parta, all 
those equal parts are similarly circumstanced j and hence follows-

241. TIle ..... Law ~ ..... ..,.. __ -1/ eM total actual 
.". of a lwmogeneotU att.tl wniformly kot ~ be CO'TICt1iwd to be 
divided into an'll numkr of eq'IMJl parlI, eM e.ff'ect8 0/ tIwIs parlB in 
ca'Ulling work to be per/O'I"TMd Me eq'IMJl.-Thi8 law may be con
sidered a8 &. particular case of &. general law applicable to every 
kind of actual tJ1/41'fIY j that is, capacity for performing work, con
stituted by a certain condition of each particle of a 8ubstance, how 
amall soever, independently of the presence of other particles (such 
&8 the energy of motion). The 8ymbolical expreBBion of the second 
law of thermodynamics is &8 follows :-Let unity of weight of a 
homogeneou8 8ubstance, poasesBing the actual heat Q, undergo any 
indefinitely small change, 80 &8 to perform the indefinitely small 
amount of work d U. It is required to find how much of tbis 
work is performed by the diaa.ppearance of heat. Conceive Q to be 
divided into an indefinite number of indefinitely small equal parts, 
each of which is ~ Q. Each of th08e parts will cause to be per
formed the quantity of work represented by 

tl 
aQ' dQ dU, 

consequently the quantity of work performed by the diaa.ppearance 
of heat will be 

d 
Q' dQ dU, ........................ (1.) 

which quantity is known when Q, and the law of variation of d U 
with Q, are known. 

242 . .& ... bde T_ ..... CI "CleMO ..... 1Iea1 ............. 
-Temperatwre is a function depending on the tendency of bodies to 
communicate the condition of heat to each other. Two bodies are 
at eq'IMJl temperatures, whm the tendencies of each to make the 
other hotter are equal. All substances absolutely devoid of heat 
are at the t!&JIle temperature. Let this be called the absolute %6rO 

of Mol j and let the BC&le of temperature be 80 graduated, that for 
a given homogeneous 8Ubstance, each degree aha.ll correspond to an 
equal increment of actual heat.· This mode of graduation necea-

• The mode of graduation above described leadJ to a dpamical IICIIJe of ablolllte 
temperatures. In Article 201, a scale of abaolilte temperatures Is described, founded 
upon tbe elasticity of a perfect gu. It was anticipated lOme yean ago, by certain 
tbeoretlcal and bypotbetical investigations, tbat tbe acale of the perfect gas th_o
meter would be found to agree with the dynamical abeolute tbermometric scale, as to 
the length 01 its degrees; and also lbat tbe zeroa of those scales would be found to be 
Dear each otber, if not coincidt'llt. Throughout many of the I'0pen referred to, tbe 
formulle were 80 framed u to contain unknown tenna, suited to provide for the poasI-
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sarily leads to the same scale of temperature for all substances. 
For if two substances A and B be at equal temperatures when they 
possess respectively two certain quantities of actual heat Q ... and Qs, 
then if each of those quantities of actual heat be divided into the 
same nnmber of equal parts n, the tendency of the substance A to 
communicate heat to B, arising from anyone of the nth parts of 
Q" must, from the property of actual heat already mentioned, be 
equal to the tendency of B to communicate heat to A, arising from 
anyone of the nth parts of QB; from which it follows, that so long 
88 the quantities of actual heat possessed by the two substances are 
in the ratio Q .... : QB' their temperatures are equal, independently 
of the ahsolute MTlQUnU of those quantities. The amount of actual 
heat, expressed in units of work, which corresponds, in a given 
substance, to one d8gres 01 absolut8 f4mpemture, is the real d1J1U1l1nicoJ, 
rpteific TUJaI, of that substance, and is a constant quantity for all 
temperatures. The total quantity of mechanical energy required to 
raise the temperature of unity of weight of a substance by one 
degree, generally includes, besides the real specific heat, work 
peri'ormed in overcoming molecular forces and external pressures. 
This is the a,pfJCI'I'8'1It d1J1U1l1nicoJ, specifo; heat; and may be constant 
or variable. Joule's equivalent is the apparent dynamical specific 
heat of liquid water at and near its maximum density; and it is 
probably equal sensibly to the real specific heat of that substance. 
The real specific heat of each substance is constant at all densities, 
so long as the substance retains the same condition, solid, liquid, or 
gaseous; but 8. change of real specific heat, sometimes considerable, 
often accompanies the change between any two of those conditions. 
From the mutual proportionality of actual heat and absolute tem
perature, there follows-

243. TIle ..... Law ~ T.~n, e:x:prettB«l witlI. rt/er
ence to ABSOLUTE TEMPERATURE. II the absolute f4m~ of om'll 
-Iormly hot BflhBtance be di,,-1.d«l into an'll n~ ol8l[lM1l. parl8, 
eM d"8CtB of tIwe parl8 in ca'lJling work to be perlormed are 8tj'UAJl. 
This law is expressed algebraically as follows :-from the relation 
between absolute temperature (T), and actual heat (Q), it follows 
that 

d d 
dT=Q(jQ' 

ooDBequently the expression 1, for the work performed by the dis
appearance of heat, is transformed into 

bDity of a eenaible difference between th088 zeros. Bnt as, lCCOldiog to the lateet 
&lid best uperimenta, no BUch appreciable dilFerence baa been found, the zero and 
..Ie of the perfect gas thennometer may be treated as aenalbJy, if not exactly, coin
deleDt with the dynamical abeolute zero and absolute thermometric seale. 
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'1" ;r; d U" ...... . 

eXllrel!Slo.n is applicable, not merely to homogeneous sub
to heterogeneous aggregates. 

When the expressions 1 of Articles 241 and 243 are negative, 
they represent heat which appears in eonsequence of the ex
penditure of mechanical work in altering the eondition a 
8ubstance. 

The first and 8eeond laws virtually eomprise the whole theory of 

244. Bee ... Law, Be:puuaae.i Grapll"'eaIIJ'.~THEOREK. In fig. 
94, let A\ A.. M, BI ~ N, be any two adiabatic curves, indefinitely 
eztended ,11, UI.6 direction oj X, inter/J6Ctd the points AI' B1, Ail B2, 

by two vothermal curves, Q1 Ql' ~ ~ B¥ Qs;, which COfTe
aporul to two olJBolute temperat'lllreB, '1'1 and '1'2' dijferr,ng by tll.6 qumraity 

'I'll '1'. 

Then fJI-UUlri1ateral area, A B, B Az, bearB the whole 
iru1ejin:it&y prolonged area M A ill ~, tk BarM proportion which 
the dijference of temperature A 'I' t;;i.B to the whole olJaolute temperar 

'I'j 

:: ~1f:::~2 = A'I''I'.uu ...... uuu ... (1.) 

(Demonstration.) Draw the ordinates Al V AI1 ~ V A!J BI V Bh 

V» Suppose, in the first place, that A 'I' is an aliquot part of 
", obtained by dividing the 

y ~ ~ latter quantity by an in
teger 71., which we are at 
liberty to increa!le without 
limit. 

The entire indefinitely 
prolonged area. Al N 
represents a quantity of 
heat which i8 eonverted 

~~.. ~J ~ x into mechanical 
Fig 9 during the expansion • 4. 

the substance from VAl to 
V II" in of continued presence of the absolute tem-
perature '1'1' 8i~ar ~teme~t maY?e .made 
respecting the area M A2 BlI N. (By Increasmg Without hDllt the 
number and diminishing A we may make the expansion from 
V", to as nearly we please an identical phenomenon with 
the expansion from V AI to V Bl') The quadrilateral Al B~~J .A., 
represents the diminution of conversion of heat to mec . caY 
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energy, which results from the abstraction of anyone whaU!oever 
of the n equal parts "'I' into which the absolute temperature is 
supposed to be divided, and it therefore represents the effect, 
in convemon of heat to mechanical energy, of the presence of 
anyone of those parts. And as all those parts "'I' are similar 
and similarly circumstanced, the effect of the presence of the 
whole absolute temperature '1'1 in causing convemon of heat to 
mechanical energy, will be simply the sum of the effects of all 
its parts, and will bear the same ratio to the effect of one of those 
parts which the whole absolute temperature bears to the part. 
il'hus, by virtue of the general law euunciated below, the theorem 
is proved when" 'I' is an aliquot part of 'I'll; but" 'I' is either an 
aliquot part, or a sum of aliquot parts, or may be indefinitely 
approximated to by a series of aliquot parts j 80 that the theorem 
is universally true.-Q. E. D. 

A symbolical expression of this theorem is as follows:-When 
the absolute temperature '1'1' at any given volume, is varied by the 
indefinitely small quantity a '1', let the pressure vary by the indefi-

nitely small quantity : ~ a 'I' j then the area of the quadrilateral 

Al BI Hz As will be represented by 

a 'I' J'" d P d11; 
v. d 'f' 

and consequently, that of the whole figure MAl Bl N, or the 
LATBli'T BEAT OF EXPANSION from V Aol to V B• lJ at '1'1' by 

J 1&1 = HI = '1'1 J'" ~ P d v; ................. (2.) 
v.r.t'l' 

a result substantially identical with that expressed in equation 1 of 
Article 24:3, when p d" is put for d U. 

The demoDBtration of this theorem is an example of a special 
application of the following 

GENERAL LAw OF THE TBAli'SFORIIATlON OF ENERGy. 

TM e.ff'ecI, of tM ~ in II BfIhBtance, of a fJ'II4ntity 0/ actual 
eMI'!/1J, in CQ/uBing trll7UJ/fR'7TltlJ.ion oj energy, is tM BUm of tM e.ff'ectB 
01 all its parl8; 
a law first enunciated in a paper read to the Philosophical Society 
of Glasgow on the 5th of January, 1853. 

24:5. Of' • ..a ............ T ..... ,...... "_ed--.-The 
second law of thermodynamics may also be expressed in the follow
ing form :-TM tDOrM per/O'I"IMtl by eM diBapp«wance 01 Mat during 
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0/11,1/ ~ IImIJll tx.If'iaWm in 1M BIat.a 0/ a ~ i8 MplCI886tl 
by 1M protlvd o/IM ab8olt.tJIJ temperature into 1M mriat.Con of a cer
tain fonctitm., vihirA fo'lldi,on .. 1M ~ of mriation oj 1M tt/fot:Ii.w 
work ptII'jOf"lMll ww..~; that ill to say, make 

aU 
(I; =Fj 

then the work performed by the disappearance of heat is 

or d F .............................. (1.) 

This function F has been caJled the 1um potential of the given 
substance for the kind of work under consideration. 

Now let the substance both perform work and undergo & varia.
tion of absolute temperature a 1', and let It denote its real dynamical 
specific heat. The whole heat which it must receive from an 
external source of heat, to produce thOl!e two effects simultaneously, 
is 

in which 
J a'" = a H = It a l' + l' a F = l' a q> j ••••• •••• (2.) 

aU 
q> = It . hyp log l' + a l' ..................... (3.) 

q> is called the tMrmod1JfU1lll'ic.fwnctiun. of the substance for the 
kind of work in question; and in some papers, the lum-factor. 
The equation (2) is the GENERAL EQUATION 01' THBBHODYlfAIIIC8, 
which we shall proceed, in the sequel, to apply, by determining the 
thermodynamic function for each particular case. 

In determining that function, it is to be observed, that the func
tion U, representing the work performed by the kind of change 
under contemplation, is first to be investigated as if the temperature 
were constant, and then the law of its variation with ablolute tem
perature found. 

The property of an adiaba.hc ctt.m!I is expressed by tl • H = 0 ; 
from which it is evident, that for such a. curve, tl q> = 0; that is to 
say,jor a git161& adiohatic curD6, eM thermodynamic jwn.cti.on Iuu a 
constam wlU8, proptJ1' to tIaat ct.mJWI. 

In fig. 94, Article 244, the indefinitely extended &rea. between 
the isothermal curve Q1' Ql' and the two adia.batic curves Al M, 
Bi N, is the product of the absolute temperature proper to the 
isothermal curve into the difference between the thermodynamic 
functions proper to the adiabatic curves. 

BECl'IOlf 2.-/!:r:paft8iw Action. of Heat in Fluids. 
246. ~ La_ .. .&...u- .......... - In representiDg 
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graphically the genela1 laws of thermodynamics, the illustrations 
already employed in Articles 238, 239, and 244, have been taken 
from the changes of presmre and volume of fluids 88 afFected by 
heat. It is to be bome in mind, however, that the general law8 
are applicable to the relations which heat heal'll to the energy of all 
kinds of elastic forces, 88 well 88 to the simple expansive preBll1ll'e 
exerted by fluid&. In the expresaion for work performed agaiDBt 
some external resistance, 

aU =p aft, 
d fI, instead of an elementary increase of the fIOlume of a substance, 
solid or fluid, may represent an elementary part of the motion 
which takes place amongst its particles, as it retw'IlS to its original 
figure after having been distorted, and p, the force with which it 
tends to recover its original figure; in which case, fI may still be 
represented by the abscissa, and p by the ordinate of a diagram of 
energy, and p a fI by an elementary portion of the area of that 
diagram. 

Inasmuch, however, as all known heat engines perform work by 
means of the changes of pressure and volume of fluids alone, it is 
unnecessary in this treatise to do more than to refer in general 
terms to the special application of the laws of thermodynamiCII to 
the elasticity of solids. 

In the present section will be considered the more important of 
their special applications to the eIamcity of fluids. 

Let fI denote the volume in cubic feet occupied by a given mass 
of any fluid, whether liquid or gaseous, enclosed in a vessel oJ 
variable capacity (such as a cylinder with a piston); p the preesure, 
or eft"ort to expand, which the fluid exerts against the interior of 
the vessel, in pounds per square foot j then, as in Articles 6, 43, &c., 
will P a fI denote the external work in foot-pounds performed by 

the fluid during an indefinitely small expansion a fI, and J p d ft the 
external work performed during any finite expansion, the relation 
between p and fI being fixed by the circumstances of the case. To 
find the thermodynamic function for the expansion of a fluid, the 
pressure p is to be expressed in the form of a function of the volume 
fI, and absolute temperature t', and the general value of the integral 

u= J paft, 

found on the supposition that ... is constant; then the thermody
namic function will be 

,= k' hyplog ... + J :~ a fI •••••••••••••••••• (1.) 
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The second term of this expression is represented graphically, 811 

in fig. 94, by the limiting ratio of the area of the band Al BI B,.A2 
to the difference between the absolute temperatures corresponding 
to the upper and lower edges of that band. 

Applying the thermodynamic function to the determination, in 
foot-pounds, of the whole quantity of heat d H, w.hich must he 
communicated to one pound of the fluid in order to produce 
simultaneously the indefinitely small variation of temperature d r, 
and the indefinitely small variation of volume d tI, we find, 

(d~ dt) 
dH=T" dr d'l'+-dv dtl 

=(k+ T JVo<~~'dtl)dT+T":~dtl; ....•.•.... (2.) 

which is the general eqnation of the expansive action of heat in a . 
fluid. 

If this expression be analyzed, it is found to consist of the fol
lowing parts:-

L The variation of the actual heat of unity of weight of the fluid 
kdT. 

II. The heat which disappears in producing work by mutual 
molecular actions depending on change of temperature and not on 
t'lhange of volume, 

Jv dip 
l' cz: d .,J d" . d T. 

The lower limit of this integral is made to correspond to the 
state of indefinite rarefaction; that is, of perfect gas, in which 

those actions are null. Let D =! be the density, or weight of 

" unity of volume of the fluid; then we have, as a more convenient 
form of the integral, 

dip 

J v dip d"=-JD d.,.2 ·dD .............. (3.) 
CIt d.,.2 0 D2 

III. The latent heat of expansion,-that is, heat which dis
appears in performing work, partly by the forcible enlargement of 
the vessel containing the fluid, partly by mutual molecular actions 

depending on expansion, .,. : ~ d ". 

The heat, expressed in units of work, which must be commUni
cated to unity of 1Veight of a. fluid to produce any given finite 
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changes of tempera.ture and volume, is found by integrating the 
expression 2. Now that expression is not the eXilct differential of 
any function of the tempera.ture and volume; consequently its 
integral does not depend solely on the initial and final condition of 
the fluid 88 to tempera.ture and volume, but also upon the mode of 
intermediate yariation of those quantities. The graphic represen
tation of that integra.! is the indefinitely prolonged area MAC B N 
in fig. 93. 

241 . .......... E...,. et • ....... -Another mode of analyzing 
the expression 2 of Article 246 is as follows :-

I. The variation of actual heat, 88 before, It d ... 
II. The ea:ternal tcOrk performed, p d 11, represented by an ele

mentary vertical band of the area V A A C B VB, fig. 93. 
III. The internal tcOrk performed in overcoming molecular forces, 

viz.:- .. J: ~~df" d .. + ( .. ~~ -p) dv. 

Now this last quantity is the exact differential of a function of the 
temperature and volume, viz. :-

-J=( .. ~~-p)d1l=-8 ...•...•....••.... (1.) 

A given value of 8 expresses the work required to overcome mole
cular forces, in expanding unity of weight of a fluid from a given 
state, to that of perfect gas; and the excess of the actual heat of 
the fluid above this quantity, or 

It .. - 8, ....•...................... (1 A.) 
is the intrinsic energy of the fluid, or the energy which it is capable 
of exerting against a piston, in changing from a given state as to 
tempera.ture and volume, to a state of total privation of heat and 
indefinite expansion. In fig. 93, the values of the intrinsic energy 
of the fluid in the conditions A and B are represented respectively 
by the indefinitely prolonged areas X VA A M, X VB B N. The 
quantity above denoted by 8 is the same with that denoted by the 
same symbol in Article 238. Let the suffixes a, b, denote the 
states of the fluid at the beginning and end of any given series of 
changes of tempera.ture and ,·olume, and H .. t, the supply of heat 
from an external source necessary to produce those changes, ex
presaed in foot-pounds; then 

H..,. - Jt\ pdl1 = (k .. - 8).-(k .. - 8)..; .......... (2.) 
11. 

that is to say, eM e:ue88 o/IM heat absorbed abow the e:r:lernal work 
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perf01"fMd W equal to eM increase 0/ eM intrinaic eMI'fJ1!; so that this 
tJ:lJCtJ88 depends on the initial and final states only, 88 already shown 
in Article 238. 

248. lb ..... _ el lile T._.,.....lc ... ..,... .. T_ eldle 
Tea..-.n ... ~_The volume of unity of weight of a 
fluid tI, its expansive pressure p, and its absolute temperature r, 
form a system of three quantities, of which, when any two are 
given, the third is determined. In the preceding Articles, the 
tHJlume and temperature are taken as independent variables, and 
the pressure is expressed as a function of them. In some investi
~tions it is convenient to take the ~ and temperature as 
Independent variables, the volume being expreMed as their func
tion. The following expression of the thermodynamic function in 
terms of this pa.ir of independent variables is taken from an 
unpublished continuation, now in the hands of the Royal Society 
of Edinburgh, of a series of papers already referred to. Let 1'0' as 
before, be the absolute temperature of melting ice; Po 170' the pro
duct of the pressure and volume of unity of w~ht of the fluid, in 
the JH1I"ecely gfJ11t!()'U8 state, at that temperature (of which quantity 
examples are given in Table IL, at the end of the volume); then 

,= (Ie + P~:o) hyp log l' - J: :: . dp ........ (l.) 
By the aid of the above equation, and of the following well known 
theorem:-

JI1& P dv = JP
& V dp + P.t1t- P." ............ (2.) 

"- P. 
all the equations of the preceding sections are easily transformed. 

The graphic representation of the quantity denoted by the second 
term of equation 1 is of the fol
lowing kind (see fig. 95) :-Let 
abscissle measured along 0 X 
represent volumes occupied by 
one pound of the substance. Let 
ordinates parallel to 0 Y repre

--~--='~, sent pressures exerted by it. It 
~ is required to find the second 

O~----::V.~2 Vic:!;'/:---------::x~ term of the thermodynamic fuDc

Fig. 96. 
tion for the condition of the 
substance corresponding to the 

point Al on the diagram, whose co-ordinates are 0 VI = tI, and 
o p = VI Al = p; the absolute temperature being 1'. Let At TI be 
the isothermal curve of 1'. Then the indefinitely extended area 
X 0 P Al Tl is what is represented by 
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J~ "dp. 

Let At T. be the isothermal curve corresponding to the absolute 
temperature .,. - A.,., and cutting Al PliO X in Ar Then the 
symbol 

JPd"d 
o d.,. P 

represents the limit towards which the quotient 

area T2 As Al Tl 
A'" 

approximat.eR, when A .,. is indefinitely dimini8hed. 
By using the form of the thermodynamic function explained in 

this Article, the general equation of the expansive action of heat in 
a fluid. is made to take the following form;-

J d i. = d H = T d, = (k + Po "0 - .,.JP d21J d P \ d 'F 
"'0 0 d,.2 J 

d" -.,. d.,.dp; .......•......•.•...••.••• (3.) 

a form which is convenient in. cases where the pressure and ita 
mode of variation are amongst the primary data. of the problem. 

It will be shown in a. subsequent Article, that the constant part 

k +Po"o 
'Fo 

of the co-efticient of d ... , is the dynam:;m}, I'fJfJCiIic 1wM oftM fluid, 
in tMlIIat6 of perfod gtM, tmder a comtant ptW8UI1"tI. 

2.9. Pai-tw-a .a .. ~ ""e La_ .rille ................. 
., -........-The relation between the temperature, pressure, and 
volume of one pound of any particular substance being known by 
experiment, the principles of the preceding Articles serve to com
pnte the quantity of heat which will be absorbed or rejected by one 
pound of that substance under given circutDBtances; and conversely, 
in BOme cases when the quantities of heat absorbed or rejected 
under given circumstances are known by experiment, the lILDle 
principles serve to determine l'ela.tiODS between the temperature, 
pressure, and density of the substance. The chief subjects to which 
the principles of the expansive action of heat are applicable, are 
the following :-Real and apparent specific heat; the heating and 
cooling of gases and vapours by compression and expansion; the 
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velocity of sound in gases; the free expansion of gases; the flow of 
gases through orifices and pipes; the latent and total heat of eva
poration of fluids; the latent heat of fusion; the efficiency of 
thermodynamic engines. The last of those subjects is that to which 
this treatise specially relates; but in order to make it intelligible, 
it is necessary in the first place to give a summary of the principles 
of the subjects enumerated before it. 

250. 1IftIl ............ ' ",lAc .... -These terms have been 
explained in a previous Article. The symbolical expression for the 
apparent specific heat of a given substance, stated in units of work 
per degree of temperature in unity of weight, is as follows:-

dU <ra·-
J _ K _ aH _ a· f _ :r.. + a l' •••••••• (1.) 

c - - d1' - ,. d T' - K aT' 

In which the term k is the real specific heat, or that which actually 
makes the substance hotter, being a constant quantity; while the 
other term represents the heat which disappears in performing 
work, internal and external, tor each degree of rise of temperature. 

a. a. aU 
The co-efficients ~ ~ and aT', represent respectively the 

yT' aT' 
complete rates of variation with temperature of the thermodyna
mic function and heat-potential, under the circumstances of the 
particular case. With respect to liquids and solids, it is impossible 
to regulate artificially the mode of variation of the thermodynamic 
function to an extent appreciable in practice. For substances in 
these states, the apparent specific heat increases with rise of tem
perature at a rate which is slow, but which appears, as theory 
would lead us to expect, to be connected with the rate of expan
sion. For gases, the mode of variation of the thermodynamic 
function with temperature may be regulated artificially in an arbi
trary manner, so as to vary the apparent specific heat in an inde
finite number of ways. It is customary, however, to restrict the 
term "Specific heat" in speaking of gases, to two particular cases; 
that in which the volume is maintained constant during the varia
tion of temperature, and that in which the pressure is maintained 
constant, as formerly explained in Article 210. The specific heat 
at conBtt:me fJOl'IJIIM, is expressed as follows, in units of work per 
degree, being deduced from the expression for the thermodynamic 
function in Article 246, equation 1 :-

J" rJ2 p Jc. = K" = k +,. QI (;hI av .............. (2.) 
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For a theoretically perfect gas, 

K" = It. ............................. (2 A.) 

The specific heat under constant preB8'UIf'6, deduced from the expres
sion for the thermodynamic function in Article 248, equation 1, 
ill as follows :-

P, 110 JP d2 11 J c, = K,. = It +---;:; -.. o""(iT!' dp ........... (3.) 

For a perfect gas, 

K,. = It + Po 110, ...................... (3A.) 
"0 

being simply the real specific heat increased by the work performed 
by unity of weight of the gas in undergoing, at any constant pres
rmre, the expansion corresponding to one degree of rise of tempera
ture j a quantity of work which is constant for a given perfect gas 

d2 p d 2 ", 
under all circumstances. The quantities d ,.2 and d ,.2' represent-

ing the deviation of the laws of the elasticity of actual gases from 
those of the ideal condition of perfect gas, are 80 small, that their 
effects on apparent specific heat, though calculable, fall withiu 
the probable limits of errors of observation in the direct experi
ments hitherto made on the specific heat of the more common 
gases, such as air and carbonic acid Referring, therefore, to the 
detailed papers already cited in the Trona. of the Royal Society oj 
Edinbwrgh, voL XL, for computations of the effects of such devia
tions, it will be sufficient for practical purposes to consider the 
specific heats of gases as represented by the formulm 2 A and 3 A. 
The specific heats of gases, as expressed in the customary way, by 
their ratios to that of water, are found by dividing the quantities 
in these formulm by Joule's equivalent (J), and may be thus ex
pressed:-

c. = ~j c, = } ........................ (4.) 

Examples of specific heat, stated in both ways, are given in Table 
IL, at the end of the volume. Before the period of M. Regnault's 
experiments on a great variety of gases and vapours, published in 
the OfYmptes Rtmdtul for 1853, no trustworthy direct experimental 
determination of the specific heat of any gas or vapour existed, ex
cept an approximate determination by Mr. Joule, made in 1852, of 
the specific heat of air j for the results formerly relied upon have 
been shown to be erroneous. In one of the papers referred to in 
the preceding Article, however (Edinburgh Tra1l.8fJCtiom, 1850), the 
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dynamical specific heats of air had been computed from the follow
ing dat&:-

Po ~OJ from M. Regnault's experiments 26214 foot-pounds. "0 = 
493°'2 Fahrenheit. 

_'. K,. - K" = Po "0 = 63-15 foot-pounds per degree of Fahren-
"0 

heit; being the energy exerted by one pound of air in undergoing, 
at a constant prellll111'e, the expansion corresponding to one degree 
of rise of temperature, and the mechanical equivalent of the latent 
heat of expansion of the air under those circumstances, which 
(as stated in Article 212) is OO()69 of a British thermal unit, = 
63-16 
772 . 

'1' = ~ as deduced from the velocity of sound in air, 8S81lIDed 

in the paper referred to as approximately = 1'4; but a more exact 
value is 1'408. Consequently, 

po "0 1 63'15 1 ~ K" -= -;:;- . '1' _ 1 = 0'408 = 30'3 ~oot-pounds per degree 

of Fahrenheit. 

Po "0 '1' 3 1 '408 K,. = -;; . '1'-1 .: 6 -16 x 0'408 = 130'3+63'15 = 183-46 

foot-pounds per degree of Fahrenheit. Hence is deduced the fol
lowing ratio of the specific heat of air under constant pressure to 
that of water, 

K,. 183'45 
c, = T = 772 = ..................... 0·2377. 

c, ac:~\~.~.~~~~.~ .~~~~~~~.~~~~~.~} 0'2379. 
Difference,............ ........................ 0'0002 

• In the calculation publlahed In 1860, 'Y was _med = 1'4. and ~ was com
puted as = 0'24; but the calculation just given being (ounded on a more accurate 
value of 'Y, ill of COIUII8 to be preferred as a teat of tbe dynamical tbeory of heat. Mr. 
Joule'8 approximate determination in 1862 waa 0'28. According to tbe dynamical 
theory of heat, the apparent specific heat of a gas under constant preuure Is UIfI8ibIJ 
tie _ at aU ~ tnld tmlpeTat"ru. if the gas ill nearly perfec&. AccordiDg 
to tbe hypotheela of ft&bMaRtiaI CtJloric, that apecifle beat diminWau III tAe pnawe 
iru:rea,u, according to a law which Is atated in many treatisee on phyaica, even of the 
moat recent dates (in BOUIe, indeed, _ con6dently as if it were an obeerved fact). The 
experiments of M. RegDlult, by which tbe apecifie heat of air under COllItant JIftBII'8 
was determined at vari0118 temperatures Crom-22° Fahr. up to 4370 Fabr •• and at 
varioaa pn.aree of from OM to tell atmospheres, and found to be eenaibly the __ 
under all theee clrcwnataDcel, coDititute "experimenta crucis " concluaive agaiDIt 

o,,,,,~.Gn08Ie---l.J 
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251. _---. _. Cl_ .... et G._ .... v ........ ,. Cle ......... 

_. ESJIII ...... -H a substance wholly or partially in the state of 
gas or vapour be enclosed in a vessel which does not conduct any 
appreciable amount of heat to or from the substance, then the com
pression and expansion of the substance through variations of the 
volume of the vessel will produce respectively heating and cooling, 
according to a law expressed by the condition, that the thermO
d!fllamic junction is C01I8tant. 

The following equations contain two modes of expressing this 
condition, deduced from the expressions in Articles 246 and 248 
respectively :-

J"d p It hyp log 'I' + GC d 'I' d v = constant, ......... (1.) 

( Po'tfl) JPdp k + --;; hyp log 'I' - o"(J-; dp = constant, ••. (2.) 

and each of those is the equation of an adiubaeic curve. 
For a perfect gas, we have 

~ P = po v~; and ~ 11 =Po Vo ; ................ (3.) 
Cot'" '1'0 V Cot" "'oP 

hence let PI VI correspond to one given absolute temperature '1'1' 

and P2 Vs to another given absolute temperature "I; then for a per
fect gat'. or a gas sensibly perfect, 

log 'I'll =(~-I)log v1 = ~-I.log &; } 
t'] VI ~ PI 

.... (4.) 
or,::"'= (!!J)"-1 = (PI)";!. 

"'1 VlI PI 

These equations give, for the law of expansion of a perfect gas, 
without receiving or emitting heat, the following relation between 
the pl'Cssure and the volume, 

1 
P oc: -, .............................. (5.) 

"" 
and this is the simplest form of the equation of an adiabatic curve 
for a perfect gas. The values of the several exponents in equations 
4: and 5 for AIR are, 

that " idolon fori," the hypothesis of caloric. ThOBe uperiment. also doni evidence 
of the fact, that the scale of the air thermometer sensibly agrees with that of absolute 
temperatures. 
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?' = 1'408 

?' 1 = 0·408 

1 
;-l = 2'45 1 

_?'- = 3'45 1 
'l 1 

= 0'7 1 
'l 

,. 1 -,.- = 0'29 

For STEAK in the perfeotly gaseous state, taking (as in Article 
202, equation 4), Po Va = 42141, and according to M. Regnault's 
experiments, K, = 772 x 0'475 = 366·7, we find, 

·3°4 
,. -1 = 0'3°4 

~-l 3'29 

,. 
--1 = 4'29 

1 
- =0'767 
'l 

~=O'233 
'l 

These value." however, are not 80 oertain those of the corre
sponding quantities for air, }'rom equation is easily deduoed the 
law of the variation of the pressure with the volume of any fluid, 
whether perfectly gaseous not, enclosed in a non-conducting 
vessel, viz. :~ rate of variation Q/ tM pressure with the 'VOlume 
when the .fluid is enclosed in a non-conducting vessel, e:r.ceedII the rate 
of variation WMn temperature constaJnt, in tJUl ratio of tM 
apparent specific Mat of tM fluid at constant pressure its apparent 
specific Mat at constant volume:-& law expressed symbolically as 
follows :-

dp 
d'p "(J; F 'l' d ..................... (6.) 

d 
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For a perfect gas this becomes, 

d'l' l' 
d . '17 = - " . ~' 

88 equation fj also shows. The cooling of air by expansion has been 
applied by Dr. Gorrie to the manufacture of ice, and by Professor 
Piazzi Smyth to ventilation. 

252. Vel_I, et ....... ~·-The velocity of sound in any 
ftuid is well known to be equal to that acquired by a heavy body 
in falling through one-half of the height which represents the varia
tion of the pressure of the fluid with its density during a sudden 
change of density. That is to say, let II be the velocity of sound 
in feet per second, g the accelerating force of gravity in a second 
= 32'2 feet per second, D the weight of one cubic foot of the fluid 

. d 1 d'lasti . ds ill poun s = '17' an l' Its e c pressure ill poun per square 

foot, then 

_ ... / dp 
II - V g. dD··························(l.) 

During the tl'Bnsmission of a wave of sound, the compression and 
expansion of the particles of a fluid take place so rapidly, that there 
is not time for any appreciable transmission of heat between dif
ferent particles, t and the variations of the pressure and density are 
related to each other a.s they would be in a non-conducting vessel j 
consequently, if I. represents the rate of variation of pressure with 
density at a constant temperature, then it follows from the principle 

of equation 6, Art. 251, that : ~ = "A, and 

II = J g " 16 ••••••••••••••••••••••••••• (2.) 

This equation WBB proved long ago by Laplace and Poisson, for 
perfect gases, for whiCh 

I. = l' '17 = Po'Uo • ,. ........................... (3.) 

". but it is true, a.s we have seen, for all fluids whatsoever. 
Applying the formula to air, considered a.s a sensibly perfect gas, 

with the following data;-

• In this Article the lOunda are mppoeed to be of moden te intensity. 10 that there Is 
DO III!IIIible aeceleratlOD of the IODDd dna to the caaae loves tlgated by Hr. Earnab&1I': 
U to which .. Proc. Roy. Soc., 1869. 

t Proved by Prof. G. fi. StokeI. 
y 
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Feet 
The following is found to be the velocity of BOund in per _d. 

pure dry air at the temperature of melting ice, ....... 1090·2 

The velocity by experiment is-
Acconling to MM. Bravais and Martins, .............. 1090·5 
According to MM. Moll and Van Beak, .•..•.••.•.••• 1°90.1 

Experiments on the velocity of BOund serve to determine the ratio ?' 
of the specific heats of a gas at constant pressure and at constant 
volume. For oxygen, hydrogen, and carbonic oxide, it is REm

sibly the same as for air; for carbonic acid, considerably lellll.
(Edinbwrgh Transactiona, vol. xx.) 

253. __ E~ e£a- ... v........ When the expan
sion of a g&8 takes effect, not by enlarging the vessel in which it 
is contained, and so performing work on external bodies, but by 
propelling the gas itself from a space in which it is at a higher 
pressure PI into a space in which it is at a lower pressure P2' a 
portion of energy represented by 

J:"d p 

is employed wholly in agitating the particles of the gas; and when 
the agitation BO produced bas entirely subsided through the mutual 
friction of those particles, an equivalent quantity of heat is developed, 
which neutralizes the previous cooling, wholly if the gas is perfect, 
partially if it is imperfect. The equation representing the result of 
this process is the following :-

J'I 'r d, = JPl '" d P .................. (1.) 
'1 PI 

In this equation, let the thermodynamic function be expressed in 
terms of the temperature and pressure, 88 in Article 248, and let K,. 
be put for its own value, according to Article 250, equation 3; 
then we bave 

J::Kp • d~= J~~ (~~: -"') dp .............. (2.) 
This quantity represents the amount whereby the heat reproduced 
by friction falls short of that which disappears during the expan
sion, and for a perfect gas is null. The phenomenon here in que~
tion W1I8 first employed by Mr. Joule, and Professor William Thom
son, jointly, to determine experimentally the relation between the 
absolute scale of temperature, and that of the air thermometer, 
which had previously been to a. considerable extent a matter of 
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conjecture and hypothesis. In such experiments the variation of 
temperature which takes place is very small, hence we may put 
approximately 

Kl b= ( .. dd .. -1) J~: t7dp •••••••••••••.• (3.) 

where .. is the mean of "1 and "I' and 

is the final cooling effect. Let T represent temperature me&8ured 
by the air thermometer on the ordinary scale, and k the dynamical 
specific heat of the gas under conatant pre&&ure &8 referred to this 
scale, which is formed by multiplying the specific heat &8 given by 
M. Regnault, by Joule's equivalent. Let the absolute tempera
ture .. be regarded &8 a function of T, 

.. =/(T) 
whose form is to be aacertained. Then for equation 3 we may put 

k 4 T= Cf:ffi . /r -1 ) J;;Vd p ••••••.••. (4.) 
Each experiment, on cooling by free expansion, gives a value of tht' 
cooling effect 4 T, corresponding to a particular pair of pre&8Ures 
PI' Pt The relations between p, t7, and T, are given by iormule, 
founded on M. Regnault's experiments on the elaaticity of gaaes, 
and already exemplified in Article 202, equations 2 and 3. Conse
quently from each experiment on free expansion, there can be cal-

i' (T) d . log. .. . 
culated the value of / (T) = d T ,for a partlcular tempe-

rature T on the air thermometer. This function, when multiplied by 
Joule's equivalent, is called "Carnot's Function," being a function 
of which .Carnot pointed out the existence, but failed, from reasons 
stated in the historical sketch, to discover the form. Those experi
ments on free expansion, so far &8 they have yet been carried 
(having been made on air and carbonic acid), indicate, that thp 
absolute zero of heat does not appreciably differ from that of 
gaseous tension, and that the scale of absolute temperature sen
sibly coincides with that of the perfect gas thermometer. (PMl. 
Tram., 1854.) This fact haying been established, experiments on 
free expansion become an eaay and accurate means of aacertaining 
the relations between the pressures, temperatures, and densities of 
various elaatic fluids. Experiments on the free expansion of steam 
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have been made by Mr. C. W. Siemens, and show (as theory leadA 
us to expect), that steam, after having been freely expanded, iB 
/1UperluJa,ted, or above the temperature of saturation corresponding 
to its pressure. 

254. J.I'Iew.c ~The principles of the flow of a perfect gas 
through an orifice, BII deduced from the laws of thermodynamics, 
were investigated in 1856 by MeMr8. Thomson and Joule (see Proc. 
Roy. Soc., May, 1856), and by Professor Julius WeiBba.ch (Cimlin-
genieur, 1856). The demonstration of those principles iB given in 
A Manuo}, of Applied Mec/w,n1cs, Articles 637, 637 A.. For the 
purposes of the present treatiBe, it is ·unnecessary to give more than 
the results. 

Let the pressure, density, and absolute temperature of a gas 

within a vessel be PI' .!, 7"1' and without the vessel, PI> .!, 7"2; 
VI "II 

Let 0 be the area of an orifice through which tke gas escapes 
from the vessel; 

k, a co-efficien,t of contraction, or of e.fIlu:x:, so that the e,fffJCtiw area 
oBhe orifice is k 0 ; 

u, the maximum velocity which the particles of the gas acquire 
in escaping, when there is no friction; 

W, the weight of the gas which escapes in a second; then, 

_A / {2g~ .POV07"l. (1 (P2)"-1)}. (1) 
u -'V ~ -1 -;:;- - \Pt'" ,....... 

W=kOu=kOu' 7"01'1 ,(P2)~ ........... (2.) 
"2 Po "0 7"1 PI 

The value of the co-efficient of emux k has been found experi
mentally by ProfeBBOr WeiBbach, for air with various forms of 
outlet, with the following results :-

Conoidal mouthpieces, of the form of the con-) k 
tracted vein, with effective pressures of from . 0'965 to 0'985 
'23 to 1'1 atmosphere" ............................ j 

Circular orifices in tbin plates, ......................... 0'555 to 0''187 
Short cylindrical mouthpieces, ......................... o·730 to 0'833 
The same, rounded at the inner end, ................. 0'927 
Conical converging m~ut~pieces, the angle of} 0'910 to 0'96• 

convergence about 7 9, ........................ .. 

For further details, see Professor WeiBba.ch's paper in the Civil
ingenieur. 

The principles of the flow of liquids may be applied without 
sensible error, to gases made to flow by small differences of pres
sure, as in the case of the draught of chimneys, Article 233. 

Digitized by Google 



t.ATENT HEAT OF EV APOBATION. 325 

255. LateId Deal 'e( B ......... _.-It is known by experiment, 
that the pressure under which a lluid boils at a given temperature 
(being the least pressure under which it can exist in the liquid 
state, and the greatest under which it can exist in the gaseous 
state, at the given temperature), is a function of the temperature 
only (see Article 206, Division tu, page 237, and Tables IV., V., 
and VI., at the end of the volume). Let 1)' be the volume occupied 
by one pound of a lluid, when in the liquid state, at the absolute 
temperature 1', and under the corresponding pressure of ebullition p, 
and 1) the volume of the same weight when in the state of saturated 
vapour at the same pressure and temperature. Then on applying 
equation 2, of Article 246, to this case, we find that because the 
temperature is constant, the first term is = 0; and because the 

pressure is constant, the factor l' ~ ~ of the second term is constant; 

so that the integral is 
dp 

H = l' d l' (1) - tI), ........................ (l.) 

which is the value in units of work of the heat which disappears in 
evaporating one pound of the lluid at the given temperature. Now 

suppose the weight of lluid evaporated to be ~; that is to say, 
1)-11 

so much of the lluid, that its increase of bulk in the act of evapor
ating is one cubic foot; then 

H dp 
L = --::; = ~d-........................ (2.) 

1)-11 ~ 

will be the latent luJat of evaporation in loot-lJJs. per cubic loot of 
space. This law enables us to compute the quantity of heat 
expended in propelling a piston through a given space, by means 
of a given vapour at .ful1 preuuf'6 and at any temperature, simply 
from the relation between the temperature and the pressure of 
ebullition, and without knowing the density of the vapour. The 
rate of increase of the pressure of ebullition with the temperature, 

~ ~, may be computed either from a table of such pressures for the 

lluid in question (such AS those given by M. Regnault in the 
Memoires and OowpUJa Rendus of the Academy of Sciences), or 
from formulm of the following form, deduced from that given in 
Article 206, Division III. :-

dp (B 20) L = ~ d ~ = p ,-; + -;2 hyp log 10 ............ (3.) 

(hyp log 10 = 2'3026 nearly). 
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For the values of B and C for oerta.in 1lmm, see the table in IIftgC 
237. P is of course to be computed in lbs. on the aquarefoot. 
. This was the formula employed in computing the numbers in the 

columns headed L in Tables IV. and V. at the end of the volume. 
256. «lea ........ ~ tile D-*F" v • ..- *-- die LaIea& H_ 

-As has been stated in Article 202, and in Article 206, Division 
Ill, the densities of vapours are but imperfectly known by direct 
experimeJl.t. The deD8lty of a vapour at saturation at a given 
temperature may be computed indirectly in the following man
ner :-Let L be, as above, the latent heat per cubic foot, and H the 
latent heat per pound of the 1luid, ascertained by experiments (such 
88 those of M. Regnault on water, and of Dr. Andrews on other 
fluids). Thtln 

11 -1J' = ~ ............................. (l.) 

is the increase of volume of one pound of the 1luid in evaporating, 
trom which the density of the vapour is easily calculated. The 
densities, thus computed, of the vapours of Ether and sulphuret of 
carbon, at their boiling points under the mean atmospheric pressure 
(2116'4 lb. per square foot) agree almost exactly with those com
puted from the chemical composition of those vapours, supposing 
them to be perfectly gaseous. The densities of the vapours of water 
and alcohol as computed from their latent heats of evaporation. 
are greater than those corresponding to the perfectly gaseous state. 
For steam at low pressures the difference is trifling, but increases 
rapidly as the pressure increases. (Proc. Roy. Soc. Edin., 1855.) 

E:r:am;ple.- p = 2116·4 (one atmosphere). 

Ether. Biaulph. of Carbon. Water. 
Boiling points (ordinary scale), 95° 114°8 212° 
Weight of one cubic foot of 

vapour-
Calculated from latent heat, •.• 0'1853 lb. 0·18291b. 0"03;90 lb. 
Calculated as perfect gas from } 0'1856 0'183 0 0'03679 

chemical composition, •••••• 
Differences, ••••..•••... 0'0003 0'0001 0'00111 

The quantities, in the column headed D, in Table IV., are the 

values of~, as calculated by this method. They agree 80 
v-v 

nearly with the values ~f !, that the difference, though capable of 
11 

being computed, is unimportant in practice. In Ta.ble VI, the 
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values of " are given in the column headed V. (See the remarks 
on those tables at the foot of page 231, and top of page 232.) 

257. TeIal Heaa.,. .......... .-The total heat of evaporation of 
unity of weight of a lIuid,/rom one temperature, at another tempe
rature, is the quantity of heat required to raise the temperature of 
unity of weight of the lIuid from the first temperature to the second, 
and then to evaporate it at the second temperature. Some fixed 
temperature, such as that of melting ice, is usually taken for the 
first temperature. It is deducible from equation 3, of Art. 24:8, 
that the total heat of evaporation of one pound of a lIuid, whose 
vapour is sensibly a perfect gas, and very bulky as compared with 
the liquid,/rom 9'OJ at "1' is sensibly equal to 

Do + K,. ( .. 1- .. 0)···············.··········(1.) 
In which Ho is latent heat of evaporation, in foot-pounds, of the 
lIuid at the temperature "OJ and K, is the dynamical specific heat 
of its gas under constant pressure. This equation is demonstrated 
by a cillferent process in the Edi1lhurgh T7't1ITIJIt1dions for 1850, 
vol xx. The demonstration of a principle which includes it will 
be given in the next Article. Steam is not a perfect gas; and its 
total heat of evaporation, as ascertained by experiment, is expressed 
in foot-pounds, by multiplying equation 2 of Article 215, by Joule's 
equivalent, 88 follows :-

Ho+a ("1 - .. 0); ............ · .. • .... ·· .... (2.} 

in which a is a certain constant, less than tbe specific beat under 
constant pressure, K,. According to M. Regnault's experiments, 
let "0 be the absolute temperature of melting ice; then 

Ho = 84:2872 pounds. 
a = 235 foot-pounds per degree of Fahrenheit.-

It is by means of equation 2, that tbe quantities in the column 
headed H, in Table VI., at the end of the volume, were com
puted. 

258. or ... Heaa .,. GtuIeII ....... -The law of the total heat of 
gasefication has been already stated in Article 215 B (or 216, as it 
ought to have been numbered). It may be demonstrated, either 
by the aid of the form of the thermodynamic function given in 
Article 24:8, or by a direct process. 

The.for. mtUuxJ, of demonstration is as follows :-

• The flmn or equation 2 was hypothetie&1ly anticipated by SIr John Lubbock i!1 
1840. 
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Let K. = It + ~o 110 be the eltJ'1l'1ll1lical specific heat under constant 
"0 

pressure, of a given substance in the state of perfoot gas. 
Let To be a temperature so low, that the saturated vapour of the 

substance is sensibly a perfect gas at that temperature. (This, for 
example, is the case for water at 32° Fahl'.) 

Let PI be a constant pressure to which the substance is sub
jected; 

Let Tl be a temperature so high, that at that temperature, and 
under the pressure PI' the substance is sensibly a perfect gas; 

Let the substance, by communicating heat to it, be brought from 
a condition of great density, whether in the liquid or solid state, at 
To, to the perfectly gaseous condition at TI ; under the constant 
pressure PI; 

The volume in the denser condition must be supposed to be inap
preciable, when compared with that in the gaseous condition. 

The thermodynamic function, as given in Article 248, in terms of 
the absolute temperature and the pressure as independent variables, 
is 

fp df! 
f .. K p hyp log 'r- 0 ~dp ••••••••••••••. (l.) 

The heat absorbed by the substance, during any indefinitely 
small change of temperature d 'r and of pressure d p, is 

dH = .. elf= .. (~: d .. + ~! dp) ............ (2.) 

In the present case, the pressure is constant; and therefore the 
term in which d P is a factor, vanishes; and the integration to be 
performed is as follows:-

H1=f'1 .. cl f= f"l .. d~ d .. 
'0 "0 d .. 

f"l fP d2" =Kph- .. o)- "0 oel.,.2·dpd ............... (3.) 

Now, because the substance, when at the higher limit of tempera

ture 'rl' is sensibly a perfect gas, the co-efficient ~2; at that tempe

rature is sensibly = O. Therefore the value of the second term of 
the above formula does not sensibly vary with the higher tempera
ture 'r1, and is sensibly the same as if "1 were ="0- Now in that 
case we should haYb 
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HI = Ho, 

Ho being the latent Mat of evaporation (in foot-pounds), of one 
pound of the substance at the temperature "0; 80 that, for equa
tion 3, may be substituted the following;-

J hI = HI = ~ + Kp ( ... - "0) 
=J ho+J c .. (T1 -To) ............... (4:.) 

which is the law formerly stated, when applied to quantities of 
heat expressed in foot-pounds. 

The second 'f1II!tMd of demonstration is as follows ;-
In fig. 96, as usual, let ab- 'Y Tf 

scissre parallel to 0 X repre-
sent the volumes in cubic feet AI----.......l\.B 
assumed by one pound of the 
substance in question, when 
in the gaseous state (its vo- D't----t---.::::.....;:---'I) 
lume& in the liquid state being 
neglected as inappreciable ....... ---;:;!---.........,±---;x 
when compared with its vo- 0 E 

lumes in the gaseous state), Fig. 96. 

and ordinates, parallel to 0 Y, its pressures in pounds on the 
square foot. Let T T be the iBotMrmal curve for the vapour 
at a given absolute temperature "I, which, as the vapour is perfectly 
gaseous, is a common hyperbola, the rectangles of its co-ordinates, 
such as A B X B E, -D C X C F, being equal for every point, 
and represented symbolically by 

P 11 = p' tl = Po Vo ....... = constant 
"'0 

where p = BE; 11 = A B; p' = C F j v' = DO. 

Let H, H' denote the values of the total heat of gasefication 
under the pressures p, pi respectively, for the same limits of tem
-perature, "0' "I' 

Then, FIBST, The total Mat of gaae.fi.caWm i8 independent of the 
pre88'Ur6: that is, H' = H. 

This is proved as follows. Let the substance undergo the fol
lowing cycle of operations ;-

I. Gasefication from "0 to "u under the pressure p. In this case, 

The heat absorbed is .................................... R 
The energy exerted by the fluid on a piston ........ p 11 

II. Expansion at the constant temperature "'1' from the volume 
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" to the volume'll. In this case, as the substance is perfectly 
gaseous, the heat absorbed and the energy exerted on a piston an' 
eaM, of till!11/, represented by the area. 

JII JP E B C F = ABC D = "p d", = 11''' d p. 

IlL Condensation from ~, and cooling to "'0' under the pressure 
p'. In this case, 

The heat gitJell, out is .................................... H' 
The energy exerted by ths piston on thsftuid ••..••. p tf. 

Hence, the heat which disappear8 during the cycle of operations, is 

H+ Jpdv-H'. 

The resultant or effective energy exerted by the gas on the piston, 

=area.ABCD=Jvdp= Jpd". 

And by the First Law of Thermodynamics, those quantities are 
equal; therefore, 

H-H'=O; orH'=H; ............................ . 

-Q. E. D. 

S~NDLY, Let Ho be the latent heat of evaporation at a tem
perature To> at which the saturated vapour is sensibly a perfect gas, 
and Hl the total heat of gasefication at any higher temperature T. 
under any constant pressure. Suppose the gas to be first produced 
by evaporation at To, and then raised under a constant pressure to 
T1; the expenditure of heat, in foot-pounds, per pound of gas, will 
be independent of the pressure, and will be 

H1=Ho+K. (T1-To), 

as before proveci.-Q. E. D. 
Taking for To the temperature of melting ice, we have, for steam 

in the perfectly gaseous condition, or 8TE.ur-G.A8, 

Ho = 842872 foot-pounds, } 
K.= 0'475 x 772=366-7 foot-pounds per degree of (5) 

Fahrenheit above 32°, ••• ..•. -
H = 842872 + 366"1 (T - 32j. 

From this formula have been calculated the numbers in the 
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column headed H, in a Tribk of fk Elaaticity and Total Heat of 
Om Pound of Steam-GfJIJ, which will be given in a subsequent 
Article. 

258 A. LMeId B_a .r ....... _ When freezing and melting are 
accompanied by a change of volume, the latent Mat 0//1I8ion is sub
ject to a law analogous to that given in Article 255 for the latent 
heat of eVllporation, viz., let" be the volume of unity of weight of 
the substance in the liquid state, ,,' the volume in the solid state, 

T the absolute temperature of fusion, and : ~ the reciprocal of the 

rate at which that temperature varies with the external pre88Ure 
under which fusion takeR place; then the latent heat of fusion, ill 
units of work, is 

dp 
H = T dT (v- "1······.· ... ··.···· .. ·(1.) 

When the latent heat and temperature of fusion. and the alteration 
of volume ,,-fl, are known by experiment for a given substance, 
the alteration of the temperature of fusion by pressure may be rom
puted by the following formula :-

dT T(v-,,) 
dp = -:fr-........................ (2.) 

When the bulk of the substance in the solid state exceeds that in 
the liquid state (as is the case for water, antimony, cast iron, and 

according to Mr. Nasmyth, for many other substanceS), then ~ 1> 
is negative: that is, the temperature of fusion is lowered by pressure ; 
a principIe first pointed out by Mr. James Thomson, as a conse
qnence of Carnot's theory (Edifllmrgh TransactiO'1lll, voL xvi.) For 
water we have the following data:-

" = 0-016 cubic foot per pound, 
'11= 0-0174 " " 
T = 493°'2 Fa.hr. 
H = 142 X 772 = 109624 foot-pounds ; 

consequently, - :; = 0-0000063 Fahrenheit, being the amount 

by which the melting point of ice is lowered for each pound of pres
sure on the square foot. An allmospMre of pressure being 2,1161bs. 
per square foot, we have, for the lowering of the melting point per 
atmosphere of pressure, 
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2116 x (- :;) = 0°o()133 Fahrenheit, 

a result verified by the experiments of Professor William ThotnSOlL 

SECTION 3.-E.fficien.cy ciftlle Fluid in Heat Engines in general. 

2.59. .&.at,... eC .. e •• el_e, .c a_I ..... _-If the number 
of British thennal units produced by the combustion of one pound 
of a given kind of fuel, be multiplied by Joule's equivalent, 772 
foot-pounds, the l'esult is the total hetB cif comlru8tion of the fuel in 
question, expressed in foot-pounds. For different kinds of fuel, 88 

may be deduced from the data. in Article 221, this quantity, in 
round numbers, ranges between 5,000,000 and 12,000,000 foot
pounds. This tota.1 heat is expended, in any given engine, in pro
ducing the following effects, whose sum is equal to the heat 80 

expended:-
1. The waste hetB 0/ tIIe.fwrnace, being from 0'1 to 0'6 of the total 

heat, according to the construction of the furnace, and the skill 
with which the combustion is regulated. See Article 234. 

2. The 'l/£Ce88arily-rej6cted hetB cif tile engiJUJ, being the excess of 
the whole heat communicated to the working fluid by each pound 
of fuel burned, above the portion of that heat which permanently 
disappears, being replaced by mechanical energy. 

3. The hetB 1IXU1ted by tile engine, whether by conduction or by 
non-fulfilment of the conditions of' maximum efficiency. 

4. The 'I.UI&ess work cif tile engine, employed in overcoming fric
tion and other prejudicia.l resistances. 

5. ';['he 'U8e/ul work. The efficiency of a heat engine is improved 
by diminishing as far as possible the first four of those effects, 80 as 
to increase the fifth. 

It appears then that the efficiency of a heat engine is the pro
duct of three mctors; viz. :-L The e.fficien.cy 0/ tile /urnt1C6, being 
the ratio which the heat transferred to the working fluid bears to 
the tota.1 heat of combustion; II. The ~ cif tile fluid, being 
the fraction of the heat received by it which 18 transformed into 
mechanica.l energy; and, III., The efficiency cif tM 'lMC!U1ITIimn, 
being the fraction of that energy which is ava.ila.ble for driving 
machines. 

The first of those fa.ctors,-the efficiency of the furnace,-has 
been considered in Chapter IL, and especia.lly in Article 234: the 
second,-the efficiency of' the fluid,-is the specia.l subject of the 
present section; the third will be considered in a subsequent 
section. 

260. Aedea eC ae ~ .. _ ....... -I •• 1eaaM .e_.-The 
part of a heat engine in which the fluid performs work consists 
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essentially of au enclosed space whose volume is capable of being 
alternately enlarged and contracted, by the motion of one of its 
boundaries. The enclosed space is of a cylindrical form, in all 
engines that are extensively used in practice; and it is called the 
CYLINDER, even in those exceptional engines in which it has some 
other figure. Its moveable boundary is called the PlSTON, and is 
usually a cylindrical disc fitting the cylinder, in which it moves to 
and fro in a straight line. In some exceptional engines the piston 
has other forms, but its action always is to increase and djmjnish 
alternately the volume of a certain enclosed space. 

The steam or other working fluid, while it is entering the cylin
der and expanding, drives the piston before it, and exerts on the 
piston an amount of energy equal to the product of the volume 
swept through by the piston into the mean intensity of the pressure 
of the fluid. This operation is the forward stroke. 

During the return, or backward stroke, the piston drives the fluid 
before it, and either expels it from the cylinder, or compresses it, 
or expels part and compresses part; and in 110 doing the piston 
exerts energy upon the fluid to an amount equal to the product of 
the volume swept through by the piston into the mean intensity of 
the pressure of the fluid, which is now called back pressure. 

The excess of the energy exerted by the fluid on the piston dur
ing the forward stroke above the energy exerted by the piston on 
the fluid during the return stroke, is the effective eneT"U'!J exerted by 
the fluid on the piston during one complet6 stroke, or revolution, 
consisting of a forward stroke and a return stroke, and is equal to 
the work perf01"'11llXl by the piston in overcoming resistance other 
than the back pressure of the fluid; and the amount of that work 
in some definite time, as a second, a minute, or an hour, is the 
INDICATED POWER of the engine. 

The method of computing that power from the diagram drawn by 
the indicator of a working engine has been explained in Article 43. 

It is to be borne in mind in such calculations (as has been ex
plained in Article 6), that the spaces swept through by the piston, 
and the intensities of the pressure, must be stated in sllch units that 
the product of a space into the intensity of a pressure shall give a. 
quantity of work in foot-pounds. Thus, for quantities of work in 
foot-pounds-

UNIT OF PRESSURE. 

One lb. on the square foot. 
One lb. on the square inch. 

UNIT OF SPACE. 

One cubic foot. 
A prism a foot long and an inch 

square, = 1!-4- cubic foot; 
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and for quantities of work in kiJ,ogra'lM1lllA'88-

UNIT OF PRESSURE. 

on~!:,~~~.~~.~~.~~ } 
On~!f~=~~.~~.~~.~~ } 

One kilogramme on the square } 
millimetre, ••••••.....•.•.••••... 

UNIT OF SPACE. 

One cubic metre. 

1 b' I li 10 000 cu lC metre = 10 tre. , 
I b' I 

I 000 00-0 CU lC metre = I 000 , , , 
litre. 

The method of computing the power of a double-acting engine, 
by finding separately the quantities of effective energy exerted 011 

the two sides of the piston, and adding them together, has been 
sufficiently explained and illustrated in Article 43, pages 50, 51. 

261. De .... "7 ............ e.-Cle ......... eI D ........ -In a 
double cylinder engine, the steam or other lIuid performs its work 
in two cylinders, a smaller and a larger, which at certain periods 
communicate with each other. In BOrne cases the functions of two 
cylinders are performed by the two ends of one cylinder. The 
details of such engines will be explained in a future chapter; the 
object of the present Article being to show how the indicator-ilia
grams of work obtained from a double cylinder engine are to be 
combined, BO as to produce the diagram that would have been 
obtained had the lIuid performed the same work by going through 
the same series of changes of pressure and volume in one cylinder. 

hn 
pC :frt:---,x 
P 0 N Q. 

Fig. 97. 

To fix the ideas, the lIuid will be spoken of as steam j although the 
principles are applicable to any lIuid. The steam, then, is first 
admitted from the boiler into the smaller cylinder, until it fills 3 

certain volume, represented by B C in fig. 97; the absolute pressure 
is represented by the height of B C above the zero line P 0 Q. Tht· 
admission of the steam is then cut off, and it expands in tht· 
smaller cylinder with a pressure gradually diminishing, as RhOWll 

by the ordinates of the curve CD. D N being let fall perpen-
dicular to 0 Q, 0 N represents the whole spaoo swept through by 

---------~ 
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the piston of the smaller cylinder during its forward stroke. At 
the end of that stroke, a communication is opened between the 
smaller and the larger cylinder; and the forward stroke of the 
piston of the larger cylinder takes place at the same time with the 
return stroke of the piston of the smaller cylinder. During this 
process, the steam is driven before the piston of the smaller cylinder, 
and drives the piston of the cylinder; it exerts more 

latter piston than from the former, 
the larger cylinder through the greater 

difference between of energy is 
rmerly exerted on the piston of 

This part of the steam is rep,rel!4cntiied 
curves D A and E: ordinates of D A representing 

backward pressures exerted by the steam in the smaller cylinder, 
and the ordinates of E F, the forward pressures exerted by it at 
the same time in the larger cylinder. 0 P represents the space 
swept through by the piston of the larger cylinder, on the same 
scale with that according to which 0 N represents the correspond
ing space for the smaller cylinder. 

The next operation is to communication 
cylinders, and open port of the larger 
thc admission port smaller. Then takes 

stroke of the larger during which the 
eXj.JI:lueu, exerting a represented by the ordlm~Ltel'l 

at the same portion of steam 
smaller cylinder, expanded as before, during a new 

forward stroke of that cylinder. 
Thus are produced the two indicator diagrams, BCD A B for 

the smaller cylinder, and E F A E for the larger, and the I!UDl of 
their areas represents the energy exerted on the piston by the 
quantity of steam which is expended at one strok('. When two 
such diagrams are taken by an indicator, for the sole purpose of 
computing the power of engine, they may be drawn 

or on different uantities of work AUCI"vt'''''U 

may be compured ,and then added WI!'etl1ler, 
a detailed example been given in 

the diagrams for the purpose of exslmininlj2; 
into the thermodynamic relations between heat expended and 
performed, or for other scientific purposes, it is best to combine 
them into one diagram, in the following manner:-

Draw any straight line K G H parallel to P 0 Q, and intersect
ing both diagrams. Produce that line, and layoff upon it 

HL= KG. 
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Then G L :: G H + K G representa the total volume occupied 
by the steam, partly in the smaller and partly in the larger cylinder, 
when ita absolute pressure is reprel!ented by 0 G; and L is a point 
in the indicator diagram which would have been described had the 
whole action of the !!team taken place in the larger cylinder only. 

By drawing a sufficient number of parallel lines, such as K L, 
and laying off the proper distances on them, as above, any number 
of pointa such as L may be found, 80 as to complete the combinerl 
dilUJ1'Ol1n BCD L M A B, whose length 0 Q = 0 P represents the 
volume swept through by the piston of the larger cytiJder; and 
this diagram may be reasoned about 8S if it represented the action 
of the steam in the larger cylinder alone. 

It is to be observed, then, as a general principle, that the energy 
exerted by a gi:/''6'T/, portwn of a fluid duri'f/{/ a given s6riea of ckangea 
of pre88Uf"e and volwme, depends 00 th.at 8tl'1"ie8 of cka'f/{/e8, and not on. 
1M numher and arra'f/{/emtmJ. of the cylinder8 in whick UUJ88 ckmgeB 
are 'lllll.dergone. 

262. Phd • .Ae ....... " ..... _To determine geometrically 
the efficiency of a heat engine, it is necessary to know ita true 
indicator diagram; that is to say, the curve whose co-ordinates 
represent the successive volumes and pressures which the fluid 
working the engine assumes during a complete revolution. This 
true indicator diagram is not necessarily identical in figure with 
the diagram described by the engine on the indicator card; for 
the abscisse representing volumes in the latter diagram, include 
not only the volumes assumed by that portiou of the fluid, which 
really performs the work by alternately receiving heat while ex
panding, and emitting heat while contracting, in such a manner as 
permanently to transform heat into mechanical energy, but also 
the volumes assumed by that portion of the fluid, if any, which acts 
merely as a CU8hion for transmitting pressure to the piston, under-

y going, during each revolu-
tion, a serieS of changes of 
pressure aud volume, and 
then the same series in an 
order exactly the reverse 
of the former order, so 8S 

to transform no heat per
lQ.anently to mechanical 
energy. 

In fig. 98, let abcdbe 
(9------------~'X the apparent indicator dia-

Fig. 98. gram. Parallel to 0 X 
draw H a and L c, touching this diagram in a and c respectively; 
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then those lines will be the lines of maximum and minimum pres
sure. Let H E and L G be the volumes occupied by the C'UIJkiun, at 
the maximum and minimum pressures respectively: draw the curve 
E G, such that its co-ordinates shall represent the changes of volume 
and pressure undergone by the cushion during a revolution of the 
engine. Let K F d 6 be any stJ:aight line of equal pressure, inter
secting this curve and the apparent indicator diagram; 80 that 
K 6, K d shall represent the two volumes assumed by the whole 
elastic body at the pressure 0 K, and K F the volume of the 
cushion at th~ same pressure. On this line take 

, . 6 B = d D = K-F; 

then it is evident that B and D will be two points in the true 
indicator diagram; and in the same manner may any number of 
points be found. 

The area. of the true diagram ABC D is obviously equal to that 
of the apparent diagram a 6 c d. 

263 • .. _ ... f'_ B...,. ____ .,. ............... - In fig. 
99, let ABC D E A repre-
sent the indicator diagram of P B C 

a heat engine, 0 V as usual 
being the line of 1&0 pre88fIA'6, 
and 0 P that of 1&0 oolU'IM 

The area. of that diagram, Q S 
representing the effective JII' D 

energy exerted by a certain 
quantity of the fluid, may be :r. M 

computed and expressed by 
either of two methods. 0 .. Q. 

Firat Metlwd.-Letthedot- FIg.99. 
ted lines B 6, E 6, be tangents to the diagram, parallel to 0 P, 
80 that 

06="2; 06='11'1; 
are respectively the greateat and the l8ast volumes occupied by the 
quantity of fluid in question. 

Let FG = '" 11 represent any small portion of the change of 
volume undergone by the fluid. Draw F L H, G M K, perpendi
cular to 0 V; and let 

p = mean o{F Hand G K, and 
p'=mean ofFL and GM, 

represent the mean intensities of the pressures of the fluid when the 
portion of the change of volume represented by F G = '" 11 takes 

z 
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place, during the /onJJt1HYl stroke, and during the rWwn stroke 
respectively, so that 

p-p 
is the ~«:tM pressure corresponding to F G. 

Then, 
(p - p') A v = area. L H K M nearly; 

and by dividing the whole diagram into a number of bands, su.ch 
as L H K M, and adding their areas together, we get sa an approxi
mation to the whole area. of the diagram, 

U =:1 {(P-P') At1 1 nearly; 
• 

being the value already given iu Article '3. 
The exact value of that area. is the limit towarda which that sum 

approximates, sa the bands into which the diagram is divided 
become more numerous and more narrow. That limit, or i'ltllegrtJl, 
is represented by the symbol, 

u = J"' (p-tI) dt1 ••••••••••••••••••••••• (l.) 
VI 

S6IXJI1Id MetAod.-Let PI represent the greatest, and Ps the least 
intensity of the pressu.re of the fluid during its action. 

Let N Q = A P represent any small portion of the change of pres
sure undergone by the fluid. Draw N T R, Q w a, perpendicWar 
to 0 P, and let 

" = mean of N R and Q a, and 
'" = mean of N T and Q W, 

represent the mean volumes occupied by the fluid when the portion of 
the change of pressu.re represented by N Q = A P takes place, during 
the/ot'II1t.Wd stroke and during the ~ stroke respectively. 

Then, 
(v-v) AP= area WaRT nearly; 

and by dividing the whole diagram. into a number of bands, such as 
waR T, and adding their areas together, we get as an approxima
tion to the whole area. of the diagram, 

U =:1 {(11- "') Ap} nearly: 

The exact value of that area. is the limit towards which that sum 
approximates, sa the bands into which the diagram is divided 
become more numerous and more narrow. That limit, or inIsgral, 
is represented by the symbol 
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u= j: (17-tI)dp; ..................... (2.) 

being a result equal to that given by equation 1, but obtained by a 
different process. 

The first method is the best for measuring the work indicated by 
the diagrams of actual engines. The second is the most convenient 
in some theoretical inquiries. 

It is always most convenient to consider the quantity of lIuid 
to which the equations 1 and 2 refer, as being on POUND; so that 
they give the tI1II1f'UY 6:Mrl8d pm" pown.d of fluid, and the values 
of 17 are simply the various volumes occupied by one pound at dif
ferent periods of the revolution of the engine. 

To express the energy exerted pm" "'"' of BfJIJCe ~ tlwougA by 
tk, piston (or in a double cylinder engine, by the piston of the 
larger cylinder), it is to be observed, that the Sp600 so swept 
through per pound of lIuid employed, is the difference between the 
greatest and least volumes occupied by one pound; that is to say, 

17S --:" 17'1 ; 

so that, TlIB BNBBGY BXBBTBD PBB UNIT 01' VOLUJIE 8WBPl' THROUGH 

_ U J(p-p)d" 
---,= 

171 -"1 17.-11'1 

J (17 -",) d p ; .......... (3.) 
tIl! -17'1 

H the unit of volume is a t:tAbic loot, this formula gives the mean 
~ prtJIIWII" in potmdB on tI&e BtJ1MM'6100t,. if the unit of volume 
is a prism a foot long and an inch square, the formula gives the 
mean d'et:IMJs prtJIlIIfIII"' in potmdB on tI&e 6qUt.ln incIl. 

The BNBBGY BXBBTED Jl( A GIVEN TDIE (such 88 a minute, or 
an hour), that is, the INDICATED POWD, is given by the expression, 

to U, ................................... (4.) 

in which to is the weiPt of lIuid employed in the given time; or 
otherwise, 88 in Article 43, equation 4, by the expression, 

NA"U 
--J~; ............................ (5.) 
"S-vI 

in which A is the area, and 8 the l~ of stroke of the piston (or 
of the piston of the larger cylinder, In a double cylinder engine); 
80 that A 8 is the volume swept through per stroke; and N is the 
number of strokes in the given time; which number, in a double 
acting engine, is to be doubled, as has been explained in Article 
43, unless the quantities of energy exerted on the two sides of the 
piston are computed separately, and added together. 
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Inasmuch as we have 
NAa 

to = -~:I' .......................... (6.) 
"'I - VI 

it follows that the tlNJigAt offtuid employed per Bt7Vk is 

tD Aa 
N = --_.I ........................... {7.) 

"I - VI 

If the diagram in fig. 99 is held to represent the energy exerted 
by OM pou1Ul of the fluid, then the abecill8le parallel to 0 V 
represent simply values of ", the volume of one pound. 

If the diagram is held to represent the energy exerted per vnU 
of 'VOlume 8tI:Mpt tlmYugh, then the line be represents that unit, and 
the abscisam parallel to 0 V represent values of 

" --_.I ................................ (8.) "2 - VI 

If the diagram is held to represent the energy exerted during 
OM ~,then the line be represents the volume A a, and the 
abecill8ll! parallel to 0 V represent values of 

"Aa 
--_.I ................................ (9.) 
"I - VI 

The quantity spoken of as the "tlNJight of fou,id employed" in 
every case means, the weight of fluid employed once i and if a 
given weight of fluid (as often happens) is made to act again and 
again, it is to be held to be equivalent to the same weight multi
plied by eM number of times th.at it is employed. 

264 . ...... _ .c .--.r ... w .... - The principle of the 
equality of energy and work (Articles 26, 33) when applied to the 
action of the fluid in a heat engine, takes the following form :-

When tile engine is movi1lfl wilh em wtaiform periodioal motion 
(that is, when each stroke occupies an equal interval of time, and 
when the velocity of each part of the machine is the same after 
any number of complete strokes), tile energy ezerled by tile fou,id on 
the piston during OI1I.y number 01 complete Btroka is equal to tile work 
perlOf"fMll by tile piston in overcomi1lfl resistance in eM same period. 

The most convenient method of expressing this principle by a 
formula is as follows:-

As in Articles 9 and 24, let all the resistances, useful and pre
judicial, which the engine has to overcome, be reducu:l to eM piston 
as a drim1lfl point. For example, suppose that while the piston 
performs a stroke, of the length a, a given part of the mechanism 
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movtlll through the distance ;, against the resistance R'. Then the 
equivalent resistance, directly applied to the piston, is 

! 'R" , J 

and the total rm.tMule twlu.c«l to tM pilton, obtained by adding 
together all such quantities as the above, may be denoted as 
follows:-

" . R = ~'- R' ...........•.•••..•....•.. (l.) , 
Now if N be taken, as in the last Article, to denote the number 

of strokes in a given time, such as a minute, the work performed 
by the piston in that time is 

N, R= N' ~.; R'; ..................... (2.) 

and this being equated to the energy exerted by the fluid on the 
piston in the same time, as given in Article 263, formulm 4 and 5, 
gives for the equation of 6neTf/'!/ and work, the following:-

NA,U 
N,R=wU= tI ..................... (3.) 

111 - 1 

AnQther form of expression for the same principle is obtained by 
dividing both sides of the above equation by N , A, as follows :-

R U 
A =--tI .......................... (4.) 

tllI - 1 

Now the first side of this equation is the total resistance per unit 
of area of piston; and the second side is the mean effective pressure 
of the fluid; so that the principle expressed by it may be stated as 
follows:-

In II IIIJat engine mOm/TlD?DitA tm uniJrwm pt!f'iodU:al motion, the 
mean elfectiw ~ of tM fluid i8 equal to the total rm.tMule ptrr 
',.mit of area oj piston. 

The proper mode of applying this principle to the steam engine 
was first pointed out by the Count de Pambour in his works On 
Locomoti'lJe8, and on the Theory of the Steo.m E'TI1Pne. It may be 
;!ummed up as follows, leaving the details to be explained further 
on:-

The resistance is in general determined by the nature of the 
work performed by the engine; so that in most cases, R is known 
from data independent of the action of the fluid. 

The resistance being a fixed quantity, fixes the mean effective 
pressure according to equation 4; in other words, the action of the 
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Huid adjuM itHif until the mean effective p1"8ll81ll'e balances the 
resistance. The process by which that adjustment takes place may 
be stated generally thus :-if the mean effective pressure is at first 
greater than the resistance, the motion of the engine is accelerated; 
that is, the number of strokes in a given time is incressed; the 
quantity of heat expended per stroke is diminished; and the mean 
effective pressure is diminished; and this goes on until the mean 
effective pressure exactly balances the resistance. If the mean 
effective pressure is at first less than the resistance, the motion of 
the engine is retarded until the same adjustment is effected by a 
process precisely the conve1'8e of that above described. 

The mean effective pressure being thus determined, the quantities 
U, "2 - til' and the various values of p and ", at different parts of 
the stroke, can be deduced from it by principles to be afterwards 
explained, depending on the nature of the Huid, and the manner in 
which its action is regulated in the particular engine. Then from 
equation 6 of Article 263, it appears that the number of strokes in 
a given time can be computed by the formula 

N = tD(~r~tlJ ........................ (5.) 

265 . • ~" .. e ........ _ .Je.eaIIIrr B ...... _ An 
elementary heat engine is one in which the reception of heat by 
the Huid takes place wholly at one absolute temperature '"I' and its 
rejection wholly at another absolute temperature"A" ~nsequently, 
in such an engine, the change between those two limiting tempera
tures must be made entirely by compression and expansion of the 

Huid. In fig. 100, let A B be part of the iao
thermal line of rl' D 0 part of that of ... ; and let 

... ADM, BON, be a pair of adiabatic lines, oor-

~ 
responding respectively to any two thermodyna-

" mic functions ~.. ~.. and produced indefinitely 
n towa.rds x. Then will ABO D be the diagram 

C of an elementary heat engine receiving heat at 
~ the absolute temperature rl' and rejecting heat 

"II 6 • x at "r The action of such an engine, during one 
Fig. 100. stroke, consists of four operations, represented 

follows :
by the four sides of the figure ABO D, as 

A B, expansion of the Huid at the higher limit of temperature "I ; 

B 0, further expaBBion, without reception or emission of heat, 
till the temperature falls to ~ ; 

o D, compression of the iuid, at the lower limit of tempera
ture "2; 
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D A, further compression, without reception or emiasion or heat, 
till the temperature rises again to 9'1' 

The heat received by the fluid from the furnace, at each stroke, 
during the pl'OCllllllJ A B, is 9'1 (,. - ,.) = HI' and is represented by 
the indefinitely produced area M A B N. The heat rejected at 
ea.ch stroke, during the process C D, and abstracted by some refri
gerating substance (such as the jet of cold water in the condenser 
of a steam engine) is 9'1 (,. - ,.) = Hz, and is represented by the 
indefinitely-produced area M DeN. The heat permanently trans
formed into mechanical energy at ea.ch stroke is represented by the 
areaABOD 

=H1-H1=(9'1 - 9'1l} (,.-~.} ............... (l.) 

Consequently the ~ oleM engi'M is 

HI-Hz 9'1-9'1 TI-TI 
HI =~ = Tl +461·2 .. · ............ ·(2,) 

The last equation expresses the law of eM ejficien,cy of ~ 
tMrmodynotmic tnl{linea, viz. :-tAat eM heat transformed into ~
nictJl mIN!f!I is to eM wlwle heat received by eM.fluid a.B the 'f'QlllIJe of 
~ v to eM abBoluls ~ aI tMich heat if 'l'tJCftvea. 

266 .• ~., ... ~ .. _eM ......... &--a.-Let 
the closed line A a b Bcd A be the diagram or any thermodynamic 
engine. Draw a pair or adiabatic lines A M, B N, touching the 
closed line in A B, respectively, and indefinitely l' 

produood In the - or 0 X. TIum ... rough-! ~ out the pl'OCllllllJ represented by the part A a b B of II 

the diagram, the fluid is receiving heat, and 
throughout the process is represented by the part : 
Bcd A, rejecting heat. Cut an indefinitely oar- ii 
row band from the diagram by any pair of indefi- z 
nitely-close adiabatic lines adm,bcn, correspond- FIg.IOL 
ing to the thermodynamic functions 11', ,+ d', respectively; and 
let the absolute temperatures con"esponding to the elements a b, c d, 
be 9'1' 9'2' respectively. Then, treating the band abc d as the dia
gram of an elementary engine, we find (expressing quantities of 
heat in foot-pounds), 

Heat received during the process a b = indefinitely-produced area 
mabn=dHI =9'1 d,; 

Heat rejectea during the pl'OCllllllJ c d = inde1ihltely-produced area 
mdcn=dHz=.-z d,; 

Heat transformed into mechanical energy = area. abc d = d HI 
-dH, = h-9'Jd,. 
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Consequently, whole heat received by the fluid, 

= area. M A ab B N = HI = f" "1 d 41 ..................... (1.) ,£ 
Whole heat rejected, 

= area M AdcB N =H. = J" "2 d q, ••••••.•..•••••••.•. (2.) ,£ 
Heat transformed into mechanical energy, 

= U = area A a b Bcd A = HI - HI 

= f(P-P')dv= f (v-tI)dp= f:: h-.. 2)dq, •..•••••• (3.) 

Efficiency of the engine .,. J ("1- .. 0d 41 ,£ ....................... (-1.) 

f'· "1 d 41 ,£ 
267. Heat B ...... c lIIImba_ B.d .. ."..-B~ gifHm lim"'" 

of temperature, the efficiency of a thermodynamic engine is the 
greatest possible, when the whole reception of heat takes place at 
the higher limit, and the whole rejection of heat at the lower; that 
is to say, when the engine is an elementatry eng'/M; and the effi
ciency of the fluid in such an engine is independent of the nature 
of the fluid employed. 

268. Heat Be ..................... - To fulfil strictly the 
above condition of maximum efficiency between given limits of 
temperature, the elevation of the temperature of the fluid must be 
performed wholly by compression, and the depression of its tem
perature wholly by expansion; operations which are in many cases 
impracticable, from the great bulk of cylinders which their per
fonnance would require. 

This difficulty is almost entirely avoided by the following process 
for producing alternate elevation and depression of temperature 
with a small expenditure of heat, invented about the year 1816 by 
the Rev. Dr. Robert Stirling, and subsequently improved and 
modified by Mr. James Stirling, Captain Ericsson, Mr. Siemens, 
and others. 

The fluid whose temperature is to be lowered is passed through 
the interstices of an appal"8.tus called an ecmwmiz6r 01' reg67UJf"ator, 
formed by a number of thin plates of metal or other solid conduct
ing substance, or by a network of wires, exposing a great surface 
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within a small space. The material oC the economizer becomes 
heated by the cooling oC the fluid. When the temperature of the 
fluid is again to be raised, it is passed through the interstices of the 
economizer in the contrary direction, and the heat which it had 
previously given out is in part restored to it. 

It is impossible to ptll'form this procell8 absolutely 'without waste 
of heat. In some experiments by Mr. Siemens, on air, the waste 
of heat at each stroke appears to have been about one-twentieth 
part oC the heat alternately abstracted from and restored to the 
air; and in the air engines of the ship "Ericsson," about one
tenth. 

269. • ....... d1l LI_-One condition of the economical work
ing of the economizer is, that the quantity of heat given out by the 
fluid during any given stage oC the lowering of 
its temperature shall be equal to the quantity Y It 

received by it during the corresponding stage Of~ .a ., 
the raising of its temperature. This condition is a 
realized in the following manner:- D L 

Let E F be an arbitrary line representing the G. oJ • 

mode of variation of the PreBllure and volume of (9-----,& 

the fluid during the lowering of its temperature. 
Let G H be the corresponding line Cor the raising FIg. 102. 

of the temperature of the fluid. Let K L, M N, be any pair of 
isothermal lines, intersecting G H in A and D, and E F in Band 
C, respectively. Let 'A. fa. 'e. 'D, be the thermodynamic functions 
for these four points. Then if, for every poBBible pair of isothermal 
lines, 

'a - 'A = 'e - 'Do 
the lines E F and G H have the required property, and are said to 
be iBodiahatic with respect to each other. 

SECTION 4.-Oftk E.Ificimcy of Air Engines. 

270. T._I Lbaee eft AIr.-The ease with which air is obtained 
in any quantity, and its safety from explosion at high temperatures, 
have induced many inventors to devise engines in which it is the 
working fluid. 

Very few, however, of those engines have been brought into 
practical operation, owing chiefly to the difficulty of obtaining a 
sufficiently rapid convection of heat to and from the mass of air 
employed, and to the necessity for uring a more bulky cylinder 
than is required for a steam engine of the same power, and with 
the same maximum pressure. 

The efficiency of air engines is here treated of before that of 
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steam engines, because of the greater simplicity of its mathematical 
principles. 

In such investigations 88 the present, air may without sensible 
elTOl' be treated 88 a perfect gas. 

Each VotAermol line for a perfect gas is a common recta.ngular 
hyperbola, whose asymptotes are 0 X, 0 Y, its equations being 

1''' = 1'0"0' !:. ........................... (1.) 
"0 

For air, 

foot-pounds per degree of Fahrenheit. 
Each adiabatic line for a perfect gas is a curve of the hyperbolic 

kind, having 0 X, 0 Y, for asymptotes, its equation being 

• • 
'P t? = J. = constant. ........................ (2.) 

" for air = 1'408. 
See Article 251. 

Each pair of iBodiabatic lines for a perfect gas are 80 related to 
each other, that if", 'II, be the abscis8lll of the points of intenection 
of these two lines respectively, with one and the same isothermal 
line, the ratio" : 'II is a constant quantity for all isothermal lines. 
The same is the case with the ratio p: p. It follows from this, that 

.allatraight lines of constant volume, parallel to 0 Y, are mutually 
isodiabatic (which is equivalent to saying that the specific heat at 
constant volume is constant), and also that all straight lines of 
constant pressure, parallel to 0 X, are mutually isodiabatic (which 
is equivalent to saying tha.t the specific heat under constant pres
sure is constant). See Article 250. 

271. T .... ~ .... --. ,. .&Ir.-When the two forms 
of the thermodynamic function, given respectively in Article 246, 
and in Article 248, viz., 

qJ=lthyplog .. + f:~d"; 
and 

qJ = (It + Po "0) hyp log .. - f d" d p ; 
"0 d .. 

are applied to a perfect gas, it is to be observed (88 already stated 
in Article 251), that for a substance in that condition, 

d p =!! = Po "0 • ! ; 
d <r .. "'0 " 

Digitized by Google 
'-----



d" " 1'0"01 -=-=-- '-j 
d.. .. "0 l' 

and also, as baa been ahown in Article 250, that 

k=K.= 1'0"0 ; k+Po"=K, 
(~- 1)"0 "0 

347 

These values being introduced under the signs of integration, give 
the following results:-

1'0"0 ~yp log .. + I ) + ( ,= - 1 hyp og 11 constant.. .... 1.) 
"0 ~-

Po 110 (~ hyp log .. ) , = - 1 + hyp log P + constant. ..... (2.) 
"0 ~-

In these formuhe, the value assigned to the arbitrary constant 
introduced by integration is immaterial j because the dijf~ 
between thermodynamic functions have alone to be considered in 
any problem; and from them the arbitrary constant disappears. 

The values or the co-efficients in the above formuhe, for air, 
though they have already been given in Article 251, may here, for 
the sa.ke of convenience, be repeated. 

_1_ = 2'451; ~ = 3'451; } 
~ - 1 ~ - 1 ... (3.) 

Po 110 = 53'16 foot-lhe. per degree of Fahrenheit. 
"0 

In using the formullil 1 and 2 with tables or comt7IO'n, inBtea.d of 
hyperbolic logarithms, it is to be observed that 

hyp log n = com log n X hyp log 10; } 

hyp log 10 = 2'3026 nearly; 

1!..0 tlo X hyp log 10 = 63'15 X 2'3026 = 12~'38 ... (4.) 
"0 

foot-lhe. per degree of Fahrenheit. 

272 ...... .&Jr ......................... .-Fig. 100 (Article 
265) may be taken to represent the diagram of the energy exerted 
by one pound of air during one stroke of an engine of this cIaas. . 

Let "1 and ... be the absolute temperatures of receiving and 
rejecting heat respectively. 

Then A B is part of a common hyperbola, the isothermal curve 
of "1; and its equation is 
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pv=PoVo. rl = 53·Hi r 1 ..... •••• .... ·······.(1.) 
rO 

o D is part ofa common hyperbola, the isothermal curve of r,; 
and ita equation is • 

pv=Povo . r 2 =53·159'1··················(2.) 
ro 

B 0 and D A are portions of adiabatic curves, whose equations 
are of the form given in Article 270, equation 2. 

Let 
P.,P .. P .. P~ 

denote respectively the pressures in lbs. on the square foot, and the 
volumes in cubic feet, of one lb. of air, corresponding to the four 
angles of the diagram, A, B, 0, D. Then the proportioruJ of those 
quantities are regulated by the following formlilie :-

~ = ~ =P. = ~ =r; ................. (3.) 
P. v. P. v. 

P. =P. = (~)~ = (~)a~I .............. (4.) 
P. P. r l r, 

v. V. (r) _,_- (rl)N61 - - = - = :.l ')'-1 = - ............. (5.) 
v. v. r 2 r 2 

In equation 3, r denotes the ratio of ea:pansion onul compreBBion 
of t1UJ air at C01I8tant temperature, which is arbitrary, and is to be 
fixed by considerations of convenience. 

If a certain quantity of air is confined within the engin~ and 
used over and over again to drive the piston, the absolute values of 
the pressures and volumes whose ratios are given in equations 3, 4, 
a.nd 5, are arbitrary also. But if the air is wholly or partly dis
charged at each stroke, and a fresh supply of air taken in from the 
atmosphere, the minimum pressure POI maximum volume v. of one 
lb. of air, and temperature of rejection of heat rz = P. v. + 53·15. 
are fixed, being those of the external air. If the temperature r 1 of 
receiving heat is also fixed, then the pressure and volume P .. 1." •• 

3re fixed by the formulre 

P.=P.· (~r'461; t1.=v.·(;~r'46\ ......... (6.) 

I!O that nothing remains arbitrary except the ratio r, of expa.n .. ~ion 
and compression at constant temperature, which having been fixed 
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according to convenience, fixes the other limits of pressure and 
volume, viz., 

tI. II. (7 ) p.=rp.j p.=rp.; 11.= -; " .. = - ......... . r r 
, 

Let 41 .. ~ .. be the thermodynamic functions proper to the curves 
AD, B 0, respectively. Then according to Article 271, equations 
1, 3, and 4, the difference of those functions is 

f6 - ,. = Po tlo (hyp log II. - hyp log II.) } 
ro 

= 53-15 hyp log r ......... (8.) 

= 122'38 com log r 

being a function of the ratio of e:x:panBion at constant temperature 
alone. 

Introducing this value into the general equations of Article 265, 
we find the following results :-

. WAok ea:penditure of heat in foot-potl:ndiJ of energy, per pound of 
atr per IItroIt:&-

HI =r1 (4I.-~.) =53'15 rl . hyplog r = 122'38 rl . com logr; ... (9.) 

Heat ~ and alJstmct6d by refrigerating apparal:u&-

~=rll (~.-41.) = 53-15 rll ' hyp logr= 122'38 rll' comlogrj ... (10.) 

Jf tJC1wm,icoJ, energy e:r:erted on piston-

u =HI-~=h -rJ (41.-41.)=53-15 (rl-rJhyplogr 

= 122'38 (rt - r2) com log r ••••...•.....••• (l1.) 

E.fIicimcv of fluid (as in the general casa)-

HI rl -9'11 -U =-- ........................ (12.) 
r l 

If it were possible to perform the whole cycle of operations on 
the air in one cylinder, the IfJKJC6 to be 8'lDe'pt through by the piston, 
per pound of air per stroke, would be the difference between the 
greatest and least volumes of a pound of air; that is to say, 

{ I ('I' )2'461} 
". - tI. = tI. 1-r ~ ; .............. (13.) 
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and the mean ~_w pr68BfIII'6 would be 

U P. (~ - 1) hyp log ,. 

,,-,-_-,,_ = r, 1 (rl)1-6&1 ............. (14:.) 
1-- -

1" rl 
There may, on the other hand, be a comptWlling pump &8 well 

&8 a tlX1'fking cylind6r, the air being supplied to the pump at 
the pressure and volume P .. v.; compressed at the constant absolute 
temperature r l to the pressure and volume p., ""; compressed with 
elevation of temperature to PM ".; then transferred to the working 
cylinder, and expanded at the constant absolute temperature r 1, to 
the pressure and volume P .. "t; then expanded with depression of 
temperature back again to P.. ".; and then discharged. In this 
case the compressing pump and working cylinder Diust be of equal 
size; and the piston of each oC them must sweep simply through 
the maximum volume 

11 .................................. (16.} 

per pound of air per stroke, giving Cor the mean effective preIIJ1D'e 

U = P. (~ _ 1) hyp log 1" ............... (16.) ". r, 
When the engine takes its periodical supply from the external 

air, P. is the atmospheric pressure. 
It is often convenient to express the ~iIunJ of""" m joolr 

pquw ptJI' cuhic foot If/.IJt1}Jt t/wuu,gh j that is, to state a pl'e88Ul'e in 
pounds on the square foot, which, acting on the piston, would 
exert energy equivalent to the heat expended. This is given by 
the formula 

HI HI --or - , ......................... (17.) 
v. - tI. V. 

&8 the case may be. 
The following is a numerical example:-

Ratio of expansion, 

DATA. 

1" = 2. 

P. = 2116·41bs. on the square foot. 

Temperatures on the ordinary scale, TI = 6500 F. TI = 1500 F. 
Absolute temperatures, ................ r I = 1111,2 9', = 611'2. 
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( ~)a"461 7'87' (~)I'4lil =0'231 =~ 
"II ' "1 4·33 

53'15 
-_ .... = 16'35 cubic feet per 

P. 
Then by equation 8-

351 

Thermodynamic function f. - f. = 122'38 

By the formula (6)-
'30103 '" 36'84. 

P. = 16666; tI, 3'646. 

By the formula (7)-

P. = 2p. = 33312; tI. = ~ = 1'773; 

P4 = 2 P. = 4232'8; "4 = !! = 7'675; 2 
By equations 9, 10, 11-

Foot..lbs. 

Hp; =~:~~~~ .~.~~' .. ~ } 1111'2 X 36'84 = 40,931 
~ = heat rejected, ... u .... ' ........ 611'2 X 36'84 = 22,511 

U energy exerted on 500 X 36'84 18,420 

By equation 12-

Efficiency of fluid ..................... = ~. 
1 

600 = 0'45 

For one cylinder acting as compressing pump and working 
cylinder, formtilie 13, 14-

Space swept through per lb. air per stroke-

v. - tI. = 13'68 cubic feet. 

Heat per cubic foot swept through-

40931 = 3014 on the square foot. 

Mean effective pressure-

18420 _ 13561bs. the ""uarc foot = 9'42Ibs, on the Al1uare inch. 13-68 - ~ -".1 

For separate compressing pump and working cylinder, by for
mtilie 15, 16-
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Space swept through by each piston per lb. air per stroke

v. = 15'35 cubic feet. 

Heat expended per cubic foot swept through-

40937 
15'36 = 2666 Ibs. on the square foot. 

Mean effective pressure--

18420 . 
15'35 = 1200 Ibs. on the square foot = 8·331bs. on the square mob. 

This la8t result illustrates one of the practical difficulties attend
ing the use of air engines in which the changes of temperature are 
to be effected by means of changes of volume, viz., the smallness of 
the mean effective pressure compared with the maximum pressure, 
and the consequent great bulk and strength required for an engine 
of a given power. In the supposed example, the excess of the 
maximum pressure, P .. above that of the atmosphere, is 

33312 - 2116 = 31196 lbs. on the square foot 

= 216'6 Ibs. on the square inch; 

and the strength of the cylinder, and of other parts of the engine, 
must be adapted to sustain this great pressure, of which the mean 
effective pressure is only about one twenty-sixth part. 

The better to illustrate the bulk required for the engine, on the 
supposition of there being a sepal'ate compreBlling pump and work
ing cylinder, it may be observed, that the volume to be swept 
through by the piston in its effective strokes per minuk, to give OM 

indicated IlO'rse-power, would be 

33000 . 
1200 = 27l cubiC feet. 

273. Peneea .AJr _ .... _ wldl Bepa_ .... III G __ L-Fig. 
102, Article 269, may be taken to represent the general case of the 
diagram of an engine of this class. A B, D 0, are portions of two 
isothermal lines, being common hyperbolas; AD, B 0, are portions 
of a pair of isodiaba.tic lines, of any figure whatsoever, but con
nected together by the condition explained in Article 270. 

The structure of a regenerator, or heat economizer, has already 
been explained in Article 268. 

The operations undergone by the working mass of air are 
represented in the diagram as follows :-
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C D represents the' compression of the air, at the lower limit of 
absolute temperature "21 the heat produced by the compression 
being abstracted by a refrigerating apparatus of 80me kind. 

D A represents the series of changes of pressure and volume 
undergone by the air in passing through the grating or network of 
the regenerator; which having been previously heated, gives out 
enongh of heat to the a.ir to raise it to the higher limit of absolute 
temperature "1' 

A B represents the expansion of the air at the absolute tempera-
ture "1' 

B C represents the series of changes of pressure and volume 
undergone by the air in passing back again throngh the grating or 
network of the regenerator, to the material of which apparatus it 
gives out 80 much heat as to lower its own a.bsolute temperature 
back to "2; and that heat remains stored in the regenerator until 
employed to raise the temperature of the air at the next stroke. 

By thus storing a.nd restoring a certain quantity of heat, the 
alternate lowering and raising of the temperature of the air is 
effected without the expenditure for that purpose of any heat from 
the furnace, except such as is required to supply the waste of heat 
that occurs in the regenerator j that waste, according to experi
ment, being from O'M-tentA to O'M-t~ of the whole quantity of 
heat required to raise the temperature of the air at each stroke; 
which quantity of heat, per pound of air, has the following value 
infoOt-pOlI/nels :-

130'3 h - .. J:±: f P d 11; ................ (1.) 

in which f p d II denotes the area between one of the isodiabatic 
lines (as A D), and the ordinates let fall from its ends perpendicular 

to 0 X j and that area is to be { su~ } according as { t } 
is the f'a.rther from 0 Y. 

(For an adiabatic line, the expression 1 becomes = 0). 
ln the air engines which have been used in practice, the tMigl.t 

of material in the ngenerator appears to Mt16 been fIlKyut fmy times 
tAe weig/.t of the air paued through it at one stroke.. 

The formnlle for the relations amongst the pressures, volumes, 
and temperatures, for the expenditure of heat in expanding the air, 
the energy exerted per lb. of air per stroke, and the efficiency, are 
the same with those in the last Article, except that the ratio, 

~ = ~ = ~ . ~ = !J . !! , .................. (2.) 
Pd p. "I II. "I II. 

which in an engine without a regenerator is fixed by equation 4 of 
2A. 

Digitized by Google 



354 

Article 272, becomes arbitrary in an engine with a regenerator. 
Hence all the equations of Article 272 hold in the present case, 
except 4 and its consequences, viz.,5, 6, 13, and 14; instead of 
which we have simply the relations given in the formula 2 of the 
present Article. 

The volume swept through by the piston per pound of air at each 
stroke cannot be less than the difference between the greatest and 
least volumes of the air, and may be greater to an extent depending 
on the structure and mode ·of working of the particular engine. 

Particular cases of that structure and mode of working will be 
considered in subsequent Articles; meanwhile the diagrams of 
energy of two of the more important cases are presented at one 
view in fig. 103. 

In that figure, A B A' B' is the isothermal line of the higher 
limit of ~mperature, and D' aDO that of the lower. A D, B 0, 

A 

FIg. 108. 

are a pair of adiabatic curves, so that ABO D is a diagram for the 
case already considered in Article 272. D A', 0 B', are a pair of 
straight lines, each corresponding to a constant pressure; so that 
.A! B' 0 D is the diagram of an engine in which the changes of 
temperature take place at constant pressures. AD', B a, are a 
pair of straight lines, each corresponding to a constant volume; so 
that A B aD' is the diagram of an engine in which the changes of 
temperature take place at constant volumes. 

274. T_......., ., ........ , .,....... Pre _ - .~_ .. 
... Iae.-To illustrate the stmcture of engines whose diagrams 
approximate more or less closely to A' B' 0 D in fig. 103, a sketch 
of the principal parts of Oaptain EriCBBOn's air engine (as used 
about the year 1852) is given in fig. 104, which is a vertical section 
of a single acting land engine of that kind. 

B is the working cylinder, placed over the furnace H. This 
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cylinder consists of two parts; the upper part, accurately tumed, 
in which the piston works, and the lower part, less accurately 
made, and of somewhat larger 
diameter, in which the air re
ceives heat from the furua.ce. 

A is the piston of that cylin
der, consisting of two parts. The 
upper part is accurately fitted, 
and provided with metallic pack
ing, so as to work air-tight in the 
upper part of the cylinder. The 
lower part is made of the same 
shape with the lower part of the 
cylinder, but of less dimensions, 
so as nearly to fit the cylinder, 
but without touching it. This 
lower part is hollow, and is 
filled with brick dust, fragments F' 104 
of fire clay, or some such slow Ig. . 
conductor of heat. The object of this is to resist the transmiSHion 
of heat to the upper parts of the cylinder and piston, and especially 
to the packing, in order that the bearing surfaces of the cylinder 
and packing may be kept cool. The cover of the cylinder B has 
holes in it marked a, to admit the external air to the space above 
the piston. 

D is the compressing pump, being a cylinder standing on the' 
cover of the working cylinder. C is the piston of the compressing 
pump, connected with the piston A by three or by four piston rods, 
of which two are shown, and marked d. . The space below the 
pistoR D, and above the piston A, forms one continuous cavity, 
communicating freely with the external air through the holes u. 
E is the upper piston rod, by which the pistons C and A are con
nected with the mechanism. That rod traverses a stuffing box in 
the cover of the compressing pump. 

The compression of the air takes place in the upper part of the 
compressing pur;np. The air enters through the admission clack c, 
is next compressed, and is then forced through the discharge clack e 
into a receiver or magazine of compressed air, F. 

G is the regenerator, being a box containing several layers of 
wire gauze, which are traversed by the air when it enters and leaves 
the working cylinder. 

b is the induction valve, andf the eduction valve, both worked 
by the mechanism of the engine. When b is opened, air is admit
ted from the receiver F through the regenerator into the cylinder, 
and lift.'! the piston A. After a portion of the stroke has been per-
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fonned, b is shut, and the admission of air cut off; the remainder 
of the stroke of the piston A is performed by the expansion of the 
air. During the return stroke, the eduction valve f is kept open, 
and the air driven out through the regenerator, and through the 
exhaust pipe g, into the atmosphere. . 

The ratio of the sizes of the compressing pump, and of the work
ing cylinder, ought to be that of the absolute temperatures of 
receiving and 1'('jecting heat; that is, 

compreSBing pump _ '1'2 
working cylinder - ;1 ................... (1.) 

As the lengths of their strokes are the same, the above ratio is 
that of the &reaEI of their pistons. 

Referring back to fig. 103 in the last Article, the diagram 
A' B' C D may be taken to represent the action of one lb. of air 
during one stroke in this engine, when the conditions of maximum 
efficiency between given limits of temperature are fulfilled. Pro
duce .A: D to E, and B' C to F. Then E D C F is the diagram of 
the compressing pump, and E A' B' F the diagram of the working 
cylinder. F C 1'('presents the admission of the air from the atmo
sphere into the compreBBing pump at the atmospheric pressure P. ; 
eDits compression in that pump at the constant absolute tem
perature 0'2' until its pressure is raised to P~, the heat produced by 
the compression being dissipated by conduction, or taken away by 
Kame refrigerating apparatus. Owing to the elevation of tempera
ture required in order to cause this heat to be given out as rapidly 
as it is produced, 0'2 is always higher than the temperature of the 
external air, but to what extent is uncertain. 

D E represents the -expulsion of the air from the compressing 
pump into the receiver. 

E A', the admillllion of the air into the working cylinder, when, 
by its passage through the regenerator, its absolute temperature is 
raised to 0'1' and its volume increased from 11 .. to" .. 

In order thu.t the operations represented by D E and E A' may 
he performed without any sensible falling oft' in the pressure, the 
engine ought to be triple, or still better, quad'l"lJple (like that which 
was tried in the steamer " Ericsson "), consisting, in the latter case, 
of II. set of four cylinders, each with Its own compressing pump, all 
driving the same shaft, and communicating with the same receiver, 
and making their strokes in succession at intervals of a quarter of 
It revolution. This arrangement is desirable also in order to obtain 
steady motion. 

A' B' represents the expansion of the air in the working cylinder 
aftel' its admission is cut off, at the constant absolute temperature 
'T l' until the pressure returns to the atmospheric pressure. 'l'he heat 
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required for this expansion is supplied by the furnace through tht" 
bottom of the cylinder. 

B' F represents the final expulsion of the ail', in the course of 
which it traverses the regenerator in the reverse direction, and 
transfe1'8 to the wire gauze a quantity of heat which is used at the 
next stroke to raise the temperature of the next mass of ail'. 

The following are the formube appropriate to this class of 
engines:-

DATA. 

9'1' temperature at which heat is received by the ail' from the 
furnace, and the air expanded. 

9'\1> temperature at which the ail' is compressed, and heat ab
stracted. 

P .. atmospheric pressure, if the engine draws its air directly 
from, and discharges its air directly into the atmosphere, as in the 
engine just described. 

'1', ratio of expansion at constant temperature. 

RESULTS, 

all of which have reference to 01Ul stroke of 01Ul pound of air, pres
sures in pounds on the square foot, and volumes in cubic feet-

Volumes, 

P. = P.; } ........................ (2.) 
p" = P. = rp .. 

53'15 "2 
11,=---; 

P. 
"1 63'159'1 

". = - ". = --
9'2 P. 

'II. "."1 "oj = r; ". = r = ~ v". 

............ (:3.) 

Thermodynamic fo.1lction, as in Article 272-

~. - ~. = 63'15 hyp log r = 122'38 com log '1' ...... (4.) 

E:cpendiJ,ure of 1uJaJ. in ea:panding tM aM, as in Article 272-

Hl = 122'38 9'1 com log '1' ................... (.5.) 

H eo/. rej«ted during tM comp1'tl8Bi.on of tile ai'1'-
Hi = 122'389'2 com log '1' ................... (6.) 

.1leclumical energy, as in Article 272-

U = 122'38 ("1 - 9'2) com log '1' ............... (7.) 

Digitized by Google 



STEAl( .UT]) OTHER HEAT ENGINES. 

Efficiency, 8'Upposing 'IW Mat wasted, as in Article 272-

H
u ="1 - .. 1 •••...••.••••......••••... (8.) 

1 '"I 

Heat stored and restored by regeneratoT, in foot-Ibs.-

K, ('"I - .. ~ = 183'45 ("1 - ..J ............... (9.) 

If, according to Mr. Siemens's experimentAl, O'IIIJ-ttoentieth of this 
quantity of heat is wasted, the efficiency will be diminished to 

U 
HI + 9'17 ("1 _ .. ~ ..................... (IO.) 

But from experimentAl made by Professor Norton on the ship 
" Ericsson," it seems I,robable that the waste in the regenerator 
was more nearly one·tenth than one-twentieth of the heat stored; 
and in that case we have for the diminished efficiency 

U 
H + 18'31< ( .................. (10 A.) 

1 i) "1 - "2) 

Vol'U11I8 IfIDffJJl fll/I'O'Uf/l, by the piston A, per pound of air per 
~troke--

=tI ............................... (ll.) 

Jlean ejfecti1JtJ pre8B1J/1'8, per lmit of area of the piston A-

U .. -.. "1 -"I -= P.· _1 __ ~. hyp log l' = 2'3026 P • • -- com log r ... (12.) 
'/,'. "'I "1 

Heat e:xpencled per cubicfoot swept tIvrot.u;h, not including waste-

H 
~ = P. hyp log l' = 2'3026 P. com log 1' ........ (13.) 
v. 

The same, with the addition of the supposed waste from the 
rugenerator-

v. 

= P.( 2'3026 com log l' + 3'451 m "1 ~ "'2) ...... (14.) 

m is the fraction which is wasted of the whole heat stored by the 
regenerator, being from one-tenth to one·twentieth. 

In the following numerical example, the proportion of the 
working cylinder to the compressing pump, v. : v'" and the ratio of 
t'xpansion, 'D. : v. = 1', are those of the air engines of the" Ericsson ;" 
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but the temperatures of receiving and rejecting heat, and the 
atmospheric pressure, are merely assumed as probable. The waste 
of heat in the regenerator is assumed at one-tenth. 

Yolum&9-

DATA. 

TI = 122"; "I = 583°'2; 

Tl = 413°'6; "1 = 874°'8; 

P. = 2116'4; 

r = 1'54; ~ = 1'5. 
"s 

RESULTS. 

P. = 2116'4; P .. =P. = 3259'3. 

tI. = 14'65; tI. (greatest volume) = 21'97; 

tI .. = 9'/>1; tI. = 14'27. 

T1wrmod1f1Wll1lt.c j'vtMtimlr--

'. - ,. = 122'38 X 0'1875 = 22'95. 
Foot-lba. 

Laltmt heaJ, of~, ........ H 1 = 874'8 X 22'95 = 20077 

183'45 X 291°'6 
Heat waBt«l by regenmMor, ........... 10 = 5349 

Whole heaJ, ezpended per lb. of air per stroke,......... 25426 

Heat rejected, ........ ................ H I = 583'2 X 22'95 13385 

Mechanical energy per lb. air per strok~ 

U = 291°'6 X 22'95 6692 

E.fIicie'ru;y of fluid, supposing no heat wasted, ,. 

E.fIic'i.t:nqJ of fluid, estimating heat wasted as abov~ 

6692 
25426 = 0'263. 

Mean f:ffect.i'D6 pre8IfUII'B-

6692 . . 
21'111 = 305 lbs. on the square foot = 2·121bs. on the square mch. 
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The air engines of the "Ericsson" had four working cylinders, 
each of 14 feet in diameter, 80 that the joint area of their pistons 
was 

154 x 4 = 616 square feet. 

The length of stroke was 6 feet; the number of revolutions per 
minute 9; hence, according to the above computation of the mean 
effective pressure, the energy exerted by the fluid on the piston W88 

305 x 616 x 6 x 9 = 10,145,520 foot-Ibs. per minute; 
or 307 indicated horse-power. 

In Professor Norton's report, the indicated horse-power} 300 
of those engines is stated to have been ................. . 

Difference,...... ...... ......... 7 

Volwme to be B!.06pt through by the working pi8fmuJ per indicated 
1wr1lS-'JXYlDt!lf'-

33000 108 hi f1 • 307 = cu c eet per Dllnute ; 

by the compressing pistons, 72 cubic feet per minute. 
These results show the excessive bulk of the air engines of the 

" Ericsson" in proportion to their power; being the chief obstacle 
to their use for marine propulsion. 

According to Professor Norton, the quantity of fuel (anthracite) 
consumed in those engines per indicated horse-power per hour, W88 

1·871b. 

'.Chis gives, for the duty of one lb. of anthracite, 

1,9:~~00 = 1,059,000 foot-Ibs. 

A probable estimate of the theoretical evaporative power of the 
anthracite U8ed is 14 lbs. of water evaporated from and at 21~, 
which gives for the mechanical equivalent of the total heat of com
bustion of 1 lb. of the fuel 

10,440,000 foot-Ibs. 

Hence the resultant e.ffi.cimcy of the furnace a.nd fluid a.ppears to 
have been 

1,059,000 0 1014 
10440000 =' . , , 

The probable efficiency of the fluid has already been computed to 
have been 0·263; hence the probable efficiency of the furnace was 
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0'1014 
0'263 = 0'4 nearly; 

being about equal to the lowest efficiency of steam boiler furnaces. 
The heating surface in the engines of the" Ericsson" consisted 

simply of the bottoms of the cylinders, and amounted in round 
numbers to about 700 square feet. The consumption of fuel 

was 560 lb& Employing data in equation 
making B ~ H, A taking, in the table 
efficiency co F = 1 '25), we 

CmClelElCY of a steam ving the same area 
and burning fuel rate, 

The difference between this and 0'4 must be ascribed to the 
great inferiority of air to boiling water, as a medium for the con
vection 0/ Mat. 

It appears from the preceding calculations, that notwithstanding 
the low efficiency of the furnace in Ericsson's air engine, the effi-

of the fluid was give a resultant efficiency 
sD1ocrior to that of almost engines at the the 
eXIJeriments referred to. 

difficulty arising bulk of the engine eonlnared 
power, might be, has been already, O,UVIII,lA:lU 

certain extent, by engine draw its supply 
from, and deliver the air eduction valve f into, 
receiver containing compressed air at a lower pressure than that of 
the air in the receiver F. In this case, P. = P. would denote the 
pressure of the air in the second receiver, exceeding the atmo
spheric pressure in an arbitrary ratio; p", = P .. = r POI as before, 
would denote the pressure in the first receiver F; and the mean 
effective pressure would be increased, and the space to be swept 

by the piston per minute, 
the bulk of the be diminished, 
the atmospheric Dr~!I!8tlre. 

gine, as thus 
compressing feed 
into the second receiver 

refrigerator, consisting of tubes with a current of cold water 
forced through them, or other suitable apparatus, would be needed, 
in order to abstract from the air passing from the regenerator to 
the second receiver, the heat which the regenerator fails to abstract 
from it, by reason of the imperfection of its action; being in fact, 
the waste heat of the regenerator already referred to. 
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It might also be necessary to surround the compl"l'98ing pump D 
with a casing containing a current of cold water, to abstract the 
heat produced by the compression of the air; because, owing to 
the diminished size of that cylinder, the abstraction of the heat by 
means of its contact with the external air might not be sufficiently 
rapid. 

Some means would have to be adopted to augment the heating 
surface exposed to the furnace by the working cylinder, without 
inconveniently increasing the space occupied by the engine. A 
contrivance proposed for that purpose will be described at the end 
of the next Article. 

275. Te ........... " ..... aa.,..... ....... --........_qa.e 
-K.pler ... 1IaIIkI_ .. .AJao ___ .-In fig. 103, Article 273, 
A B (J Dr represents the diagram of a perfect engine of the class 

now under consideration. A B represents 
the expansion of the air at the constant 
absolute temperature "1; B C', the lowel'
ing temperature of the air by transmission 
through a regenerator, at the constant 
volume tI. = ".; (J D', the compression of 
the air, at the constant absolute tempera
ture 9'!; D' A, the raising the temperature 
of the air, at the constant volume "rI = ". 

tI. =-. ,. 
This mode of regulating the operations 

Fi 106 undergone by the air is suitable for an 
g.. engine in which the same individual mass 

of air is kept constantly confined within an enclosed space of 
variable volume: an arrangement favourable to compactness, as 
the air can be used at any pressure consistent with safety. To 
show the general nature of the apparatus by means of which the 
air is 80 treated, fig. 105 is a vertical section of the principal 
parts of the air engine invented by Dr. Robert Stirling, and 
improved by Mr. James Stirling. DCA B A C D is the air 
receiver, or heating and cooling vessel; G is the cylinder, with its 
piston H. The receiver and cylinder communicate freely throngh 
the nozzle F, which is at all times open while the engine works. 

Within the receiver is an inner receh>er or lining of a similar 
figure, 80 far as it extends, viz., from B to C C. The hemispherical 
bottom of this lining is pierced with many small holes, and the 
space between it and the bottom of the outer receiver is vacant. 
From A A up to C C, the annular space between the outer receiver 
and its lining contains the regenerator; being a grating composed 
of a series of thin vertical oblong strips of metal or glass, with 
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narrow p6888ges between them. The inner surface of the cylin
drical part of the lining, from A A up to 0 0, is turned, and the 
plunger E moves vertically up and down within it, fitting easily, 
so as to leave the least space possible without causing perceptible 
friction. This plunger is hollow, and filled with brick dust, or 
some such slow conductor of heat. . 

The space from 00 to D D between the barrel of the receiver 
and the concave part of its cover, and above the upper edge of the 
lining, contains the "refrigerator," which consists of a horizontal . 
coil of fine copper tube, through which a current of cold water is 
forced by a pump, not shown in the figure. 

There is an air compressing pump, not shown, which forces into 
the nozzle F enough of air to supply the loss by leakage. 

The hemispherical bottom A 8 A of the receiver forms the heat
ing surface which is exposed to the furnace. 

The effect of the alternate motion of the plunger E up and down 
is to transfer a certain mass of air, which may be called the 'lJ)()f'king 
air, alternately to the upper and lower end of the receiver, by 
making it pass up and down through the regenerator between A A 
and 0 O. The perforated hemispherical lining of the bottom of 
the receiver causes a dUfuaion and rapid circulation of the air as it 
passes into the lower end of the receiver, and thus facilitates the 
convection of heat to it, for the purpose of enabling it to undergo 
the expansion represented by A B in fig. 103; during which 
expansion it lifts the piston H. The descent of the plunger causes 
the air to return through the regenerator to the upper end of the 
receiver. It leaves the greater part of the heat corresponding to 
the range of temperature "1 - "z stored in the plates of the regen
erator. The remainder of that heat (being the heat wasted by the 
imperfect action of the regenerator) is abstracted by the refrigerator, 
which also abstracts the heat produced by the compression of the 
air when the piston H descends. The heat stored in the regenera
tor serves to raise the temperature of the air, when, by the lifting 
of the plunger E, it is sent back to the lower end of the receiver. 

The mechanism for moving the plunger E is so adjusted, that 
the up stroke of that plunger takes place when the piston H is at 
or near the beginning of its forward stroke, and the down stroke of 
the plunger when the piston H is at or near the beginning of its 

'back stroke. 
The diagram represents a single acting engine. In a double 

acting engine, the other end of the cylinder G is connected with 
another air receiver similar to that shown, and the plungers of the 
two receivers are made to move in opposite directions to each other. 

Besides the 'lJ)()f'king air, there is obviously a mass of air which 
does not pass up and down through the regenerator, but merely 
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passes into and out of the cylinder G and nozzle F. This mass of 
air remains always nearly at the lower absolute temperature 9'" 
and is not the means of transforming heat to mechanical energy, 
but merely of transmitting llressure and motion between the work
ing air and the piston. The piston and cylinder being always cool, 
can be lubricated with oil without the risk of decomposing it; and 
the piston rod can be made to work through a leather collar. (For 
details respecting this engine, see Proceedings of tM InstUution of 
Civil Engineers, 1854.) 

The general theory of the action of a mass of elastic fluid in a 
heat engine 88 a t:U8hion between the working fluid and the piston, 
has already been given in Article 262. The application of that 
theory to the present case is shown in fig. 106. 

Let ABC D be the real diagram 
of one lb. of the working mass of 
air, so that P B = Q C=.".=.".re
presents its greatest volume in cubic 

l' feet per lb. This represents the 
II space below the plunger of the re-
QI--':~_~;---=";;;;o..,,, ceiver when it is at the top of its 
o x. stroke. Add a space equal to the 

.....!!.L----F-. ----~:.... volume of the air contained in the 
Jg. 106. port F, in the clearance below the 

piston H, in the spaces between the coils of the refrigerating tube, 
and in those of the upper half of the regenerator; the sum will be 
the whole space filled with air when the piston H is at the end of 
its back stroke and beginning of its forward stroke. Through A 
draw N I parallel to OX to represent that space; then A I repre
sents the volume of the cushion air when it is under the greatest 
pressure. Make N E = A I, and make E F H 0 an isothermal 
curve; that is, a common hyperbola, the product of whose rectan
gular co-ordinates 0 N x N E, 0 P x P F, &c., is constant. Draw 
P B F, R D H, Q C 0, parallel to 0 X, and make B K = P F, 
1> M = R If, C L = Q 0; then K, L, M, and the point I formerly 
found, will be the corners of the actual diagram of the cylinder; 
and any number of intermediate points in that diagram can be 
found in a similar manner. The oolu'lTte to be BWlJjXthrough by the 
pistun per pound of air per stroke is represented by 

QL-NI-:-
The ratio of the weight of the cushion air to the weight of the 
working air, being that of the volumes of those masses of air at the 
same temperature, is 
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The algebraical expression of these principles will be given after 
the formulal relating to the efficiency of the fluid. 

The actual indicator diagram described by Stirling's air engine 
was an oval, resembling the figure I K L M with the cornel'!! 
rounded off. This must be ascribed partly to the fact, that the 
operations actually performed on the working air, are only approxi
mately represented by the figure ABC D, the heating and cooling 
not taking place exactly at constant volumes, nor the expansion 
and compression exactly at constant temperatures, and partly to 
the inertia of the piston and other moving parts of the indicator. 

The following are the formulal appropriate to the class of engine 
now under consideration ;-

DATA. 

'l'1' • abso~ute temperature of receiving heat, and expanding the 
working aU'. 

"'2> absolute temperature of compressing the working air, and 
rejecting heat. 

p., greatest pressure. 
r, ratio of expansion. 
q, ratio of volume of clearance and passages to greatest volume 

of working air. 
NI 

In fig. 106, Q C = 1 + q. 

REsULTS, 

per lb. of working air per stroke-

Pre88'U11'e8- P -P.. 1 
t- r' 

_P. 'I'll. _ .9'2 j P. - - . - , p" - P. -. r 9'1 9'1 

V olUmeB oj one lb. oj worki:lI{/ air-

................. (1.) 

11.=",,= 53'15 '1'1; ". =l1.=rl1 ............... (2.) 
P. 

Tkemwd'!f1l4m~ junctionr-

" - f .. = 53'15 byp log r = 122'38 com log r ...... (3.) 

E:cpenditure oj heat in eqxmding the air-

HI = 122'38 "'I com log r .................... (4.) 
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JVa&te Mat o/~-

m K" (9'1-9'z} ........................... (5.) 

(m = from n to -h' K" = 130'3). 

Heat 1'f!iected during the compression of the air-

~ = 122'38 . "2 • com log r ................. (6.} 

MecJumical enet'ff!j-

U = 122'38 ("1 - .. z) com log r ................ (7.) 

E.fftciency, if m = l. nea.rly-

U 
HI + 13 h -9'2)"·· .. ••••• .. •• ...... • .. • .. ·(8.) 

The following formulle have reference to the volume of the 
cushion air, and of the whole air, working air and cushion air 
together, per lb. of 'UXYrking air j and the small letters affixed to the 
letter 11 l-efer to the points marked with the corresponding capital 
letters in fig. 106:-

LtJaIIt total volume of air-

11.=(1 +q)11 ........................... (9.) 

VolW11&6B of cuahion air-

".=",-". =v.{(l + q) r-l}; } 
'II/=r'll.; ..... (10.) 

". = ~ ; v, = r ~ 'II. = ~ 'II. {(I + q) r - II. 
r "2 9'2 

Total vol'll/1l1.68-

V, = v. + 'II, ............... (11.) 

v. = '11.+ '11/; '11.='11,,+'11.; } 

= 'II. { (1 + q) r • ~ - ~ + 1 }. 
Ratio of cuahion air to 'UXYrking air-

~ = ~ {(l + q) r-1 } ..................... (12.) 
'II. ~ 9'1II 

Volume swqJt through by the piBfqn per lb. of air per stroke-
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"'-"'=". { (r-l) ;~ + q(r ~ - 1) } ...... (13.) 

.11 tJtm efBCtive prusttf'&-
U 

- ............................... (14:.} 
".-". 

The quantities taken as data in the preceding set of formullll are 
those which would probably be given for a proposed engine. In 
the case of an existing engine, and sometimes in the case of a pro
posed engine also, the ratio of expansion r may at first be unknown ; 
and instead of it these may be given, the proportion of the space 
swept through by the phlton to the space swept through by the 
plunger, viz., 

In this case, the following formula, deduced from equation 13, 
serves to determine the ratio of expansion :-

r=1 !q {~("'~.'" +9) +1} ; .••......... (15.) 

which having been found, all the formullil can be used as already 
given. 

In the following numerical example, the data are taken from the 
account by Mr. James Stirling, in the ProctJlKlingB o/the I~ 
oj OitJil EngineerB, for 184:5, of an air engine which worked for 
several years at the Dundee foundry:-

DATA. 

T1=6500; "1=1111°'2. 

T, = 150°; .. , = 611·2. 

P. = 240 x 144 = 34:,560. 

q, roughly estimated at 0'05. 

",- ". 1 --v. =2" 

REsuLTS. 

r = 1 ~5 { 0·55 (0'5 + 0-(5) + 1 } = 1·24. 

P. = 27870; P. = 15330; PI. = 19000. 
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v. = V" = 1'709; v. = v. = 2'119. 
,. -,. = 122'38 x 0-09517 = 11'64:7. 

Latent heat of expansion, ....••• H 1 = 11'64:7 x 1111'2 = 12942 

Waste heat ofregenerator, ...................... 13 x 500= 6500 

Whole heat expended per lb. of air per stroke,........ 19442 

Rejected heat, ...................... ~ = 11-64';' x 611'2 7119 

Mechanical energy per lb. air per stroke--
U = 11'647 x 500 = 5823 

5823 
E~ncy of fluid- 19443 = 0'3. 

Volume !!Wept by piston per lb. of air per stroke-

v,-v, = 2'119 + 2 = 1 -06 cubic feet . 

• Vean effective p1'e88Ure-
U 5823 -- = 1'06 = 54:37 lbs. on the square foot v,-v, 

= 37'75 lbs. on the square inch. 

The engine to which these calculations refer was double acting, 
with a cylinder of 16 inches diameter, and 4: feet length of stroke, 
making 28 revolutions per minute. 

Hence, area. of piston = 200 square inches; and 

Energy exerted by air on piston per minute, 88 found by calcula
tion-

= 37'75 x 200 x 4 x 28 x 2 = 1,691,200 foot-Ibs. 

The work actually performed against a friction 
brake dynamometer per minute was,.............. 1,500,000 

And the work performed against the friction of 
the engine when unloaded, having been found 
to be one-ninth of the useful work, or............. 166,667 

The energy exerted by the air on the piston per 
minute is found from the experiments to have 
been...................................................... 1,666,667 

The difference between theory and experiment,.... 24,533 
is practically unimportant. 
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The wOl·k expended on the friction of the engine is estimated at 
one-tenth of the whole energy exerted by the air; because it ,was 
found that when the receivers were charged with air at about one
tenth of the ordinary working density, the power of the engine was 
just sufficient to enable it to move unloaded. 

The following is & comparison between theory and experiment, 
as to the quantity of heat abstracted by the refrigerating appara
tuft:-

By theory, the efficiency of th~ lluid in the engine is found to 
have been 0'3; that is, three-tenths of the whole heat received by 
the lluid were converted into mechanical energy, leav4lg seven
tenths to be abstracted by the refrigerator. Therefore, the heat 
abstracted by the refrigerator exceeded the heat converted into 
mechanical energy in the ratio of 7 to 3. The mechanical energy 
exerted by the lluid was 1,691,200 foot-Ibs. per minute. Therefore 
the heat abstracted by the refrigerator per minute was 

1,691,200)( 1= 3,946,000 foot-lhe. 
3 

Mr. Stirling states, that the quantity of 
water passed through the refrigerator 
was 4: cubic feet; that is, 250 lhe. per 
minute, and that its temperature was 
raised from 160 to 180 by the heat which 
it abstn.cted. Take 170 as the average 
elevation of its temperature; then, as the 
dynamical specific heat of water is 772 
foot-lhe., we have, for the heat abstracted 
by this quantity of water, 25°-)( 17 )( 722 = 3,281,000 " 

DiiFerence •••••••••...•.••••... 665,000 

or about one-sixtb of the greater quantity .• 
This difi'erenoe may be partly accounted for by the fact, that part 

of the heat abstracted from the working air must have been con
ducted through the covers and the upper portions of the sides of 
the receivers to the external air, without affecting the water in the 
coils of tube. It is possible, also, that the waste of heat through 
imperfect action of the regenerator may have been over-estimated 
in the theoretical calculation. 

The energy exerted by the lluid in an hour was 

1,666,667 )( 60 = 100,000,000 foot-lhe. 

The fuel consumed in 12 hours was 1000 lhe., or 83'3 lhe. per 
hour, so that the indicated duty of one lb. of coal was 

2B 

Digitized by Google 



8TEAJI AND OTHER BEAT ENGINES. 

100,000,000 
83·3 

1,200,000 foot-Ibs. 

Mr. Stirling considers the coal employed to have been of about 
three-lou/rtM of the evaporative power of Newcastle coal. Assum
ing, therefore, the total heat of combustion of one lb. of the coal to 
have been 

9,000,000 foot-Ibs., 

we find for the resultant efficiency of the furnace and fluid, 

1,200,000 -0.133 
9,000,000 - . 

The efficiency of the fluid having been 0-3, it appears that the 
e.ljiciency of the furnace was 

0-133 _ 0.44 
0·3 - , 

The heating surface was about 75 square feet. In a steam boiler 
furnace, burning the same quantity of fuel, this would have given 
an efficiency of about 

0·61. 

In Stirling's engine, therefore, the efficiency of the furnact' 
approached more nearly to that of a steam boiler furnace, than in 

Ericsson's engine, owing pro
bably to the greater density of 
the air, and its more rapid cir
culation over the bottom of the 
receiver. 

Fig. 107. 

descend into a flame chamber_ 

With a view to increasing the 
efficiency of air engines by ob
taining an extensive heating 
BUrface, without inconveniently 
enlarging their bulk, Mr. James 
R Napier, and the Author of 
this work, have pl'Opo!led the 
heating apparatus shown in fig. 
107. That figure represents 
the bottom of a cylindrical air 
receiver, consisting of a fiat 
tube-plate, from which several 
tubes, open at the upper end, 
and closed at the lower end, 

P is the lower end of a plun~r, 
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oorresponding to that marked E in fig. 105. In fig. 107, the 
regenerator occupies a cylindrical hole in the centre of that 
plunger; but it might, if oonvenient, occupy an annular space 
surrounding the plunger, as in fig. 100. 

S is a seoond, or lower plunger, oonsisting of a perforated plate, 
from which cylindrical rods descend into the tubes, and nearly fit 
them. When the lower plunger is depressed, the rods nearly fill 
the tubes, and the heat transmitted from the furnace accumu1ates 
in the metal of the tubes and rods. When the lower plunger is 
raised, part of the air descends into the tubes, and is heated by 
contact with them and with the rods, and part remains in the large 
cylindrical part of the receiver, and is heated by oontact with the 
upper ends of the rods. This apparatus has been found to heat the 
air rapidly; but its efficiency has not yet been ascertained by any 
exact experiment. 

276. H-a .~ _. lIIdectM a& " ...... , ---.-•• Ie' • 
.... _-In a paper by Mr. Joule, with a supplement by Professor 
William Thomson, in the Philosophical Tramacticma for 1851, it is 
proposed to use an air engine in which the regenerator and refri
gerator are dispensed with; 80 that the air shall receive and reject 
heat, not at a pair of oonstant temperatures, but at a pair of 000-

stant pressure& 
This proposed engine would oonsist essentially of three parts--I\. 

oompressing pump, a heating vessel (being a set of tubes tl'8.versing 
a. furnace), and a working cylinder. The compressing pump 
and working cylinder would be clothed with non-oooducting 
materials. 

The oompressing pump would draw air from the atmosphere, 
oompress it in a certain proportion, and force it into one end of" 
the heating vessel, at a temperature elevated above the atmospheric 
temperature to an extent oorrespooding to the compression. In 
the heating vessel, the air would have its temperature further 
raised, and its volume expanded, at oonstant pressure, by the heat 
received from the furnace. From the farther end of the heating 
vessel, the air would pass through an induction valve into tilt' 
working cylinder, driving the piston through a certain part of" It 
stroke. The valve being closed, and the admission of air cut oft: 
the piston wou1d be driven through the remainder of its stroke by 
the expansion of the air down to the atmospheric pressure; and 
during that eX1>ansion, the temperature would fall to a certaiu 
extent. The air would then be discharged into the atmosphert" 
at a temperature exceeding the atmospheric temperature, tIlt" 
heat due to the excess of temperature being rejected along with 
the air. 

In fig. 108, ABC D A represents the diagram of energy of such 
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an engine, being found by taking away E A D F E, the diagram 
of the compressing pump, from E B 0 F E, the diagram of the 
working cylinder. 

The straight line F D represents the volume t1" of one lb. of air, 
drawn from the atmosphere, at the atmospheric pressure P~ and 
absolute temperature T .. 

11 A B y~ r~~H 
o .x. 

Fig. 108. 

D A, a portion of an adiabatic 
curve, represents the compres
sion of that air, until it attains 
the pressure, volume, and tem
perature, P .. "'., T •• 

The stl'8ight line E A repre
sents the volume "'. of the com
pressed air, as forced into the 
heating vessel. 

The straight line E B represents the volume t1. of that air after 
it has traversed the heating vessel, and as it enters the working 
cylinder under the constant pressure P .. and at the highest absolute 
temperature T .. 

B 0, a portion of an adiabatic curve, meeting the straight line 
F D 0 in 0, represents the expansion of the air to the volume 'l!'., 

at which it returns to the atmospheric pressure P. = Pd, and falls to 
a certain temperature T .. 

OF represents "' .. the volume of the air when finally expelled 
into the atmosphere. 

The heat received by each pound of air is represented by the 
area between A B, and the indefinitely prolonged adiabatic curves 
ADM,BON. 

The heat rejected with each pound of the air when discharged is 
represented by the area between D 0 and the curves D M, 0 N. 

The energy exerted by each pound of air is represented by the 
area A BOD. 

The volume swept through by the piston of the working cylinder 
per pound of air is F 0 = "'.: the volume swept through by the 
piston of the pump is F D = " .. 

The following aloe the formulill proper to this kind of engine :-

DATA. 

Atmospheric pressure and absolute temperature, Pol, Ttl" 

Ratio of compression and expansion, r. 
Highest absolute temperature, T .. 
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RESULTS, 

per pound of air. 

A b80luk temperatv:rea-

-1='1'" 

P.=p.=p"r'l' = p" ""'4IlI j P.=p,,·· .. ··········(2.} 

Voluma-

v,,=-_.cc 

......... (3.} v" . ~ . '1'6 ~. '1'. • v. = -, v. = v. -= VGI -..u, 
r '1'. TGIf' 

=9'tI.= 
'1'. 
~. 

receitl6d-

HI = 183'45 ( ... - t".) = 183'4:5 (t". - t"" "O-4lll) ........ (4.) 

Heatrfiiected-

C.o'!e-
Energy exerted--

U = HI -H2 = 183'4:5 { T6 (1- ,Ji~) - t"" (~-l) } 

=HI (1 'I ...... ,,~~ .... (6.) 

E.fficiency 0/ fluid-

U ... -t"" ... -t". 1 =--=--=1- ~4011 ............... (7.) t". r-

effective pr&'lllur~ 

~=3'451P,,(~-I) (1-~.~) ........... (~.) 

no eXlJel'lmentl! 
now considered:-

e:::almlple, which, however, is ima-
on of the kind 



3;4 STEAM: AND OTHER HEAT ENGINES. 

DATA. 

P .. = 2116·4; T .. = 50g ....... = 511°.2; 

r= 2; 

T. = 561°.2 ...... = 10:.!~·4. 

REsULTS. 

~ 2 1 .... 1 r-= 1·3 7; ~= 0·7537; - = ij. 
r- ..._ 

... = 678"·4 ... T. = 217°.2; ... = 770·6 ... T. = 309°·4. 

P. =P.= 2·654 x 2116·4 = 5617; P. =P .. = 2116·4. 

v .. = 12·84; ". = 6·42; "6 = 9·68; tI. = 19·35; 

HI = 183·45 x 344° = 63101 

H2 = 183·45 x 259·4 = 47587 

U = 183·45 x 84·6 15520 

15520 
Efficiency of fluid, 63101 = 0·246. 

Mean effective pressure-

15520 . 
19.35 = 8021bs. on the square foot = 5·57 Ibs. on the square mch. 

If an engine of this class were made to work up to a high tem
perature, it would be necessary to keep the packing of the piston 
cool by some such means as making the lower part of the piston, 
&''1 in Ericsson's engine, hang considerably below the packing ring, 
its interior being hollow, and filled with a slowly conducting 
material. 

271. P .... ee-G ....... _-«l.'le,..-GeN .... -A.YeaIer tie .. 
Gree ... -The greater part of the waste of heat from the furnace 
might be prevented if it were practicable to drive the piston of an 
engine directly by means of the hot gaseous products of combus
tion. An engine of this kind was made and worked experimentally 
by Sir George Cayley. It consists essentially of the same parts 
with the air engine described in the preceding Article, except that 
in the furnace gas engine, the heating veasel and the furnace aloe 
one; that is to say, the compressing pump draws air from the 
atmosphere, compresses it, and forces it into a strong air-tight 
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furnace, where its oxjgen combines with the fuel; then the mixed 
hot gas produced by the combustion is admitted into the working 
cylinder, where it drives the piston through part of its stroke at 
full pressure, and through the remainder by expansion, until it 
falls to the atmospheric pressure, and is discharged. The furnace 
is fed through a double valve, which is so constructed, that fuel can 
be introduced through it without permitting the escape of more 
than a very small quantity of the compressed air. 

The theoretical diagram of such an engine, and the formullll 
applicable to it, are exactly similar to those given in Article 276, 
except that the furnace gas is somewhat denser than air. This 
difference may be allowed for by conceiving, that all the formullll, 
instead of having reference to one pqund of the gas, have reference 
to 80 much 01 the gas as ia prodt.t.ad by BUpplying one fHYUI1IAl of air 
to the jurTUJa. 

The cylinder, piston, and valves of this engine, were found to be 
so rapidly destroyed by the intense heat, and the dust from the 
fuel, that no attempt waH made to bring it into general practical use. 

An engine on nearly the same principle was invented by Mr. 
Alexander Gordon. 

Dr. A venier de la Gree has proposed a kind of furnace..gas engine 
in which, so far as it can be judged of by mere description, without 
experiment, the difficulties arising from the dust and heat may 
very probably be overcome; and the only objection will be that 
common to all air engines which draw a cylinderful of air from 
the atmosphere at each stroke, viz., the greatness of their bulk in 
proportion to their power; but it would be unjustifiable to publish 
any details respecting this invention, until after the inventor shall 
himself have published an account of it.. 

SECTION 5.-Olthe E.fficUmcy of the Fluid in SfMIm Eng;:"a. 

278. T"'l'eIIcaI D .... _.r .............. c;ae._L-The 
sketches which have already been given in fig. 17, page 48, and in 
fig. 99, page 337, illustrate the general character of the diagrams 
which indicate the energy exerted by the steam in the cylinders of 
steam engines. 

The curves actually described on the indicator cards of these 
engines present so many differences as to the mode in which the 
pressure and volUDte of the steam vary during its action on the 
piston, that their figures cannot be expressed e:mctl1l by any general 
system of mathematical formullll; especially because in the present 
state ot' our knowledge, it is impossible accurately to separate those 
irregularities in diagrams which arise from real fluctuations in the 
pressure of the 1Jteam, from those which arise from the friction and 
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inertia of the moving parts of the indicator. Some of those irregu
larities will be more particularly described in a subeequent 
Article. 

In order that it may be possible to compute from theoretical 
principles the power and efficiency of the fluid in steam engines, 
a figure is tlBlltlllned for the diagram, approximating to the real 
figure, but more simple (see fig. 109). In that figure, A B repre
sents the volume of a certain mass of Bteam, when admitted into 
the cylinder, 80 as to drive the piston through a apace equal to that 
volume. The firBt arau.mption by which the diagram is simplified 
is, that the pressure of the steam remainB constant during its 

y 
admiBBion, 80 that A B is a straight 
line parallel to 0 X, and the constant 
Prel:lBure is represented by 0 A = G B. 

The curve B C represents the ex
pansion of the steam after its admis

;DI----t---~c sion is cut of[ In actual diagrams, 
this curve presents a great variety of 
figures, depending upon the com-~~---+---~~ 

o~---:G~---*'V munication of heat to and from the 

FIg. 109. Bteam, and other cauaea, and almost 
always contains undulatioDB, which 

probably arise partly from vibratioDB in the mass of steam itself, 
and partly from OBcillatiODB due to the inertia of the indicator 
piston. The 86CO'1Id aBB'IIImption conBiBts in assigning to the curve 
B C one or other of two definite figures, according to the following 
SUppositiODB :-

I. When the cylinder is either exposed, or simply cased in 
slowly conducting materials, such as felt and wood, the steam is 
atIBllmed to expand without receiving or giving out heat; 80 that 
B C is an adiabatiC CW'W, whose form will be explained in Article 
281. 

IL When between the slow conducting casing and the cylinder, 
there is an iron casing or outer cylinder called the "Bteam jacket," 
supplied with steam from the boiler, it is assumed, that the heat 
communicated by meaDB of that jacket to the steam expanding in 
the cylinder, is just sufficient to prevent any practically appreciable 
part of it from becoming liquid; 80 that B C iB part of a curve 
whose co-ordinates represent the pressures a.qd the volumes of a 
given weight of steam of saturation. 

These two SUppositiODB have reference to engines in which the 
steam is not "superheated;" that is, raised to a temperature above 
the boiling point con-esponding to its pressure. The action of 
superheated steam will be considered in the next section. 
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The tAird tJBBUmption is, that the steam is exhausted, or dis
charged from the cylinder during the return stroke, at a constant 
pressure; BO that the lower side E F of the diagram is a atraight 
line parallel to 0 X; and the constant bo.ck pre88'Uf'6 is represented 
by 0 F = H E, which may be equal to, or less than the pressure 
at the end of the expansion H C. (It would be possible, alBO, to 
make the back pressure fJMJUr than the pressure at the end of the 
expansion; but this never occurs in engines that are well con
structed and worked.) The third 888umption involves also the 
888UDlption, that the fall of pressure, if any, at the end of the 
stroke (represented by C E), takes place suddenly. 

The value taken for the 888UDled constant back pressure ought 
of C01l1'86 to be equal to the mean value of the actual variable back 
pressure, BO far &8 it can be accurately ascertained. What that 
mean valne is in different cases will be considered in a special 
Article. 

The j(YUrlA ~ consists in neglecting the volume of the 
liquid water &8 compared with that of the steam, BO that the side 
FDA of the diagram ill a straight line coinciding with 0 Y, 
instead of being a curve having ordinataH parallel to 0 X, represent
ing the successive volumes of the water &8 it 8UStains a gradually 
increasing pressure in the feed pump, and corresponding (though of 
much smaller magnitude) to the ordinataH parallel to 0 X of the 
curves marked D A in figs. 104, Article 274, and 108, Article 277. 
This assumption gives rise to no error appreciable in practice. 

Thus is obtained a diagram for purposes of calculation, of the 
kind of form represented by ABC E FDA, of which the side 
B C alone is curved. Experience proves, that although in a dia
gram of this kind, in which the smaller fluctuations of the pressure 
are neglected, tIuJ pre1IIIU4'etI COf'7't18'JIO'Ting to particular poBitionB 0/ 
tIuJ piItton BOmetimes differ considerably from the actual pressures, 
yet the differences, being in opposite directions at different points 
of the diagram, neutraliztl eacl6 other in such a manner, that the 
agreement between calculation and experiment is very clOll8 
as regards the tITUfI'rJY e:I:erted, and the mean ejfectiw pretI8'UII'tJ,
being the quantities which are of the greatest importance in 
practice. • 

For the present, the quantity of steam acting &8 a t:t&Bhion 
(Article 262) is supposed either to be inappreciably small, or to 
have had its successive volumes calculated and deducted, BO that 
the diagram in fig. 109 is freed from its effects. The effect of 
" cushioning" steam will be considered farther on. 

279. Ir .... or ~a ... aav.-The following notation 
will be employed in fonnulm relating to the efficiency of steam :-
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Quantity, SymboL 

if bsoltde pressures of steam-
During the admiBRion. .............. PI 
At time the expansion. P 
At end the expansion."..... Pi 
During the return stroke.......... Ps 

bsolute temperatU'l'eB-Of steam when admitted •... '" "'1 

Ofthet~t;am at any ~~~ .. ~~~ } .,. 

Ofexpa:!::. ..... ~~~.~~~.~~ .. ~~~} "'2 

Of the.:=,.~~~~ .. ~~l.~:~~.~ .. ~ } "'4 
TeTIlIfJ6'I'atures on ordinary scale,...... T}. &c. 
Vol'1.11me8 of one lh. of steam-

When admitted...................... t\ 
At anytime during the expansion. v 
At the end of the expansion....... v2 

Derutitll of in lha. per cubic 
foot-
When admitted............. •••...•.• D} 

Volu'lIle occupied by tJ/IJ of 
steam, 0'1' of steam and liquid 
water. under consideration-
When admitted ...... ".............. u l 
At any time during the expansion. u 
At the end of the expansion" ..••. ~ = r u l 

Ratio of expa1lllion •.. , ..••• .,.,. •... 

Energy exerted by one lb. of steam ••.. 

En;:r~!'7;~~.~~~~~":.} v} U 

jl ean d(ectil'f! pressure, . '" .... u 

I 
reciprocal of the ratio of expansion, ;:. 

Rep_ted in the 
dillgram 

OA=CB 
ordinate of 

HC=OD 
HE=OF 

AB=OO 
abscissa of 

DC=OH 

area BC A 

A 

called the cuJmiuion, 

and sometimes the cut off, being the fraction of the stroke a.t which 
the admismon of steam is cut off. 

The reason for the symbol ''I distinct from vI! to denote 
the volume of the III8.88 of steam when admitted, is that it is in 



EXPRESSIONS FOR ACTION OF STEAH. 3;9 

some CI\&eS more convenient to consider the action of a pound of 
steam (in which case 'Itt = "'I)' while in other cases it is more con
venient to consider the action of so much steam as occupies a cubic 
foot when first admitted (in which case VI = 1); or rather, to speak 
strictly, 80 much steam as occupies, when first admitted, one cubic 
foot more than it did in the liquid state; but the difference 
between these two definitions of the mass of steam under con
sideration is neglected. 

The relations between T ( T + 4610.2 Fahrenheit) p, "', and D, 
are given by the fonnule of Article 206, equations 1 and 2 (page 
237), and of Article 256, equation 1 (page 326), and by Tables IV. 
and VI. (As to the interpolation of quantities in these tables, see 
Article 279 A, immediately following the present Article.) 

There are two modes of expressing and calculating the energy 
represented by the area of the diagram. The first, which corre
sponds to that expressed for diagrams in general by equation 2 of 
Article 263, is the best suited for purposes of exact calculation, 
and of reasoning about principles; the second, which corresponds 
to the expression in equation 1 of the same Article, is the best 
suited to a certain approximate method of calculation, which is 
expeditious and conveuient in practice. 

hlm-uOD L-

To the area ABC D,.. ••••.•..•.•...••• ••• J: V d P 

Add the rectangle D F x CD,............ + ""t (Pi-Pa) 

Then the area ABCEF A= ~ U = JPl udp+vs(Ps-Pa) (1.) 
"'I p. 

The integral in this expression, as will afterwards be shown, is 
calculable by the aid of certain functions of the absolute tempera
tures "1"1' "1"2" 

METHOD 11.-

To the rectangle 0 A x A B, ..........••• 

Add the area G B C H, ....•...•••......... 

And subtract the rectangle 0 F x FE 

PI 'Itt 

+Ju.pdv 
u, 

Then the area ABC E F A =~ U = PI 'Itt +J_. pdv-Pa'-'2"·(2.) 
"1 -. 

According to this fonn of expression, the mean effective pressure 
has the value 
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u ~ PI '-'1 + J:pdu . 
-= = -Pa=P.-Ps,······(3.) 
"1I "1 "z "z 

in which the symbol P. denotes the mean !J1'088 ~ or metm 
fOT'lDOll"d pre8lJUTtJ, which is represented in the diagram by the mean 
height of the line ABC above 0 X. 

The convenience of this second method arises from the fact, that 
within the limits of pressure and volume which usually occur in 
practice, the curve B C approximate!! to a curve of the hyperbolic 
claMa " that is, a curve in which the ordinate is inversely propor
tional to some power of the abscissa, as expressed by the equation 

P ex: '1£-1, ••••••••• ••••••••••••••••••••• (4.) 

i being an index which is different according to the circumstances 
of the case, and is to be found by trial. When i = 1, the curve is 
a common hyperbola, and the area 0 ABC H is 

PI '-'1 +J" pdU=Pl '-'1'(1 + hyp log,.); ......... (5.) 
III 

but in the cases which occur in the working of saturated steam, i 
is fractional, and greater than 1; and then we have 

PI '1£1 +J" P du = PI '-'1 +PI ~ -fll"z 
III t.-

( i 1 ) =Pl'-'1 i-l-,-I·,.-I+1 =P.,."I;·········(6.) 

from which is obtained the following expression for the mean for
ward or !JT088 pre88UTtJ :-

ir-I-r- I 

P. =Pl . . 1 ....................... (7.) ,-
Formulre of this kind, and tables computed by means of them, 

such as Tables VIL and VIII. at the end of the volume, are con
venient in approximate calculations for practical purposes, especially 
as they do not involve the temperature. 

279 A. ............. r ............... TAla. -When in 
using Table IV. or Table VI. for steam, or Table V. for II!ther, it 
is required to find some quantity intermediate between those given 
in the table, that quantity can be found with accuracy RUfficient for 
ordinary purposes by the aid of first differtmeelJ. It is to facilitate 
such interpolation that the logarithms of the pressures, densities, 
volumes, and quantities denoted by L, are given, together with the 

Digitized by Google 
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successive differences of those logarithms (denoted by d); because 
the differences of the logarithms vary much less than those of the 
numbers to which they belong. 

Suppose, for example, that it is required to find from Table VL 
the volume V' corresponding to a pressure P' which lies between 
two of the pressures given in the table. Let P be the 'Milt leu 
pressure to P' which is found in the table, and V the correspond
ing volume; then, approximately, 

, -dlogV 
log V =logV-(IogP-logP)' I P ;. .... (1.) 

d og 

and similar methods may be applied to other quantities. The sign 
- immediately prefixed to 4 log V is merely the algebraical mode 
of indicating that V diminishes when P increases. 

For example, let it be required to find the volume of a pound of 
steam in cubic feet when its absolute pressure is two atmoaplwres, 
or 29'4 lbs. upon the square inch, or 4232·8Ibs. on the square foot 
= P'. The next less pressure in the table is 4152. Then 

log P' = 3'6266; log P = 3'6183; log V = 1'1461; 

4 log P = 0-0678; - 4 log V = 0-0637 ; 

and therefore, 
637 

log V = H461-0-o083' 678 = 1-1383; 

and V = 13'75 cubic feet per lb. 

280. Back ... __ eo If the Rteam working in steam engines 
were unmixed with air, and if it could escape without resistance 
and in an inappreciably short time from the cylinder after having 
completed the forward stroke, the back preseure would be simply, 
in non-condensing engines (conventionally called .. hi{Jh prfJ88WNJ 
~"), the atmotIpheric pretI8'Uf'6 for the time; and in condensing 
engines, the pressure corresponding to the temperature in the con
denser. This may be called the preslltllt'e 0/ cmulen8atiun. 

The mean back pressure, however, always exceeds the PresRure 
of condensation, and sometimes in a considerable proportion. One 
cause of this, which operates in condensing engines only, is the 
presence of air mixed with the steam, which causes the pre81fUh'6 in 
eM condtmaer, and consequently the back pressure also, to be greater 
than the pressure of condensation of the steam. For example, an 
ordinary temperature in a condenser when working properly, is 
about 1040 Fahrenheit, to which the corresponding pressure of 
steam is 152'6 lbs. on the square foot, or 1 -06 lbs. on the squal'e 
inoh. But the absolute pressure in the best condensers is scarcely 
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ever less than 2 Ibs. on the square inch, or nearly dot.thk of the 
pressure of conde1l8&.tion. 

The principal caUSf'l, however, of increased back pressure, is 
resistance to the escape of the steam from the cylinder, by which, 
in condensing engines, the mean hf+ck pressure is caused to be 
from 1 to 3 lbs. on the square inch greater than the pressure in the 
condenser. There is as yet no Il&tisfa.ctory theory of that resistance, 
so that it cannot be computed for any proposed engine by means of 
a general formula. 

The back pressure, therefore, in proposed condensing engines, 
can for the present only be estimated roughly from the results of 
experience in particular cases. The following is a IIUmmary of 
some such results :-

KIWI' BAOK P...vu, P •• 
LbL on the LbL on the 
aquare tbot. aquare inch. 

Ratio of expansion from I! to 3, ... 
" " from4to7, .. .. 
" " from 8 to 15, .. . 

720 5 
648 to 50 4 41 to 3, 
50 4 to 432 31 to 3 

There is a deficiency of precise experimental data on this sub
ject, because of the frequent omission to observe the atmospheric 
barometer at the time when the indicator diagrams of steam engines 
are taken. The consequence of that omission is, that the diagrams 
show only the tdfective pre88ureR of the steam, and not the abBolu.ItJ 
pressures, which are left to be roughly estimated by gueBBing the 
probable atmospheric pressure. 

It is certain, that if sufficient experimental data existed, the 
back preBBure would be found to vary with the speed of the engine, 
being greater at higher speeds, and also with the density of the 
steam at the commencement of the exhaust, and with the size of 
the exhaust port through which it escapes from the cylinder. 

In non-condensing locomotive engines, a great number of experi
mental data as to back PreBBure have been collected and arranged, 
and to a certain extent reduced to a system of laws, in Mr. D. K. 
Clark's work On Railway Macl~inery. That author finds, that the 
excess of the back preBBure above the atmospheric Pre88ure varies 
nearly-

As the square of the speed; 
As the pre88ure of the steam at the instant of 'I'eUJase j that is, of 

the commencement of the exhaust; 
Inversely as the square of the area of·the orifice of the blast 

pipe, through which the steam is blown into the chilDDey to pro
duce a draught. 

Mr. Clark also finds, that the eXCe88 of back pressure ill less, the 
greater the ratio of expansion; that it is 1e88, the longer the time 
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during which the eduction of the steam lasts; and that it is in
creased by the presence of liquid water amongst the steam, being 
in certain cases greater in unprotected than in protected cylinders 
in the ratio of 1'72 to 1. 

As an example of specific results obtained by Mr. Clark, it may 
be stated, that" with a mean of 16 per cent. of release,"-that is, 
with the exhaust por~ opened when the piston had performed 0'84 
of its forward strok&-" with an admission of half stroke,"-that 
is, with the ratio of ~pansion 2, nearly, "and with a speed of piston 
of 600 feet per minute;" the excess of the back pressure above 
the atmospheric pressure, in protected cylinders, W&8 about 0'163 of 
the excess of the pressure of the !Iteam at the instant of release 
above the atmospheric pressure. 

It is probable, that the general results arrived at by Mr. Clark 
may be ssfely appliec.l to all engines, whether condensing or non
condensing, to the following extent :-

That, in the sa'lll.6 engine, going at the same ttpeed, the e:ue8II of the 
mean back pre8IIU1'6 alxnJ6 the pre8IIU1'6 0/ oondenaation, mri.u 'nearly 
as the d.emiJy of the steam. at the end 0/ the e:cpamion; 

A nd that in the same engine, II1iJ,k the same d.emiJy 0/ steam at tlte 
end of the /In"I.DM'd atroles, that ezcua 0/ back pr688U1'6 WM nearly 
as the aqu.are of the ape«J. 

281. T._"~le P_edo., a .. M ..... dc C)_, fino lIIb .. 
w_ _. ___.-W'hen, &8 in the present investigation, the 
volume of a pound of water, and its variations, are treated 8.'1 

insensibly small, the value of the thermodynamic function consi~ 
simply of the first term of the expression in Article 246, equation 
1; that is to say, 

J hyp log .,.; 

J denoting, &8 usual, Joule's equivalent, or the dynamical value of 
the specific heat of water. Suppose the pound of water to be 
rai'led from a fixed temperature to any given absolute temperature 
.,., and then to be either wholly or partially evaporated; and let u 
be the volume of the steam produced, which for total evaporation 
is equal to fI, the volume of one pound of saturated steam at the 
given boiling point, and for partial evaporation, may have any 
value less than fl. Then from Article 255, equation I, it is evident, 
that to complete the thermodynamic function for the aggregate of 
water and steam, we must add to the expression already found for 
the water in the liquid state, the following quantity:-

u dP . 
d .,.' 

giving for the complete thermodynamic /'tl.1lctiml/Q'I· one lb. 0/ water 
andsteam-
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dp 
f = J hyp log T + U d T .................. (1.) 

[The same expression may be made applicable to any other fluid 
by putting instead of J, J c, the dynamical specific heat of the fluid 
in question in the liquid state.] 

The equation of an adiabatic curve is 

f = constant. 

This enables us to find the equation of the form of the ClU"Ve B C 
in the diagram, fig. 109, Article 278, when that curve is adiabatic; 
that is, when the steam expands without receiving or giving out 
heat. Attending to the notation of Article 279, we have, in the 
present case, for the point B in the curve, 

and for any other point, 

dp dp} 
J hyp log T + U -d = J hyp log T} + til d- ;. .... (2.) 

T Tl 

from which is easily deduced the following expression for the 
volume U occupied by one lb. of water and steant at any pressure 
p:-

_ 1 . (J hI' T} + d PI) . (3 ) u - d p yp og -; "1 d T} ,.. ........ • 

dT 
When common instead of hyperbolic logarithms are used in the 

calculation, for J = 772 is to be substituted, 

J hyp log 10 = 772 X 2'3026 = 1777·6. 

According to Article 255, equation S, 

:~ =p (~+ 2~~ hyp log 10; .............. (4.) 

by means of which formula, with the aid of equation 1 of Article 

206, and the constants given in page 237, : ~ can be computed. 

The use of the equation 3 for computing the value of U may be 
much facilitated, by employing the values of L, the latent 1uJat per 
cuhicjoot, which are given for steam in Table IV. (and for !ether 
in Table V.); for according to Article 255, equation 2 (neglecting 
the volume of the liquid water), 
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80 that equation 3 of this Article becomes 

u = i (J hyp log? + '\~1) ............... (5.) 

A convenient modification of equations 3 and 5 is the follow
ing:-

Let the weight of steam under consideration be Dl = !, 80 that 
"1 

its initial volume ~ is one cubic foot. Then, instead of u may be 

put,. (= ~), the fYMio ,n tJJhiA:h t1I8 Bt«Jm ill ~i 80 that we 

have for the value of that ratio, 

,. = i p (J Dl hyp log? + i!) 
d-r 

= f (J Dl hyp log :1 +~) ............... (6.) 

282 . ........... p_ ... AI' A ........ OUn.-From the re-
Imlts of numerical calculations of the oo-ordinates of adiabatic 
curves for steam, it has been deduced by trial, that for such pres
sures 88 usually occur in the working of steam engines, the relation 
between those oo-ordinates is approximately expressed by the 
following statement:-t1I8 pre8II'Uf'6 17af'ieB 'NJt!A'lg all t1I8 reciprootJl of 
t1I8 tenth porDIIr oft1l8 nmtA root oft1l8 8pGC6 ot:et.qJi«Ji 'that is to say, 
in symbols 

10 ~ 

pIX U-g nearly ....................... (l.) 

This formula belongs to the class already explained in Article 
279, Method IL; the value of the exponents and co-efficientll being 

. 10. 1 1 1 9' 10 (2) $=9";'- ="9;'-1= ;,-1= ..... r 

The preceding equation 1, and those deduced from it, are most 
expeditiously employed by the aid of a table of logarithms. In the 
absence of a table of logarithms, the ninth root of any ratio can be 
found by extracting the cube root of the cube root, either by the 
aid of a table of cube roots, or by ordinary arithmetic. 

283 • ............ .c_ ......... ~T_The volume 
20 
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of one pound of saturated steam (neglecting the volume of the liquid 
water), according to Article 256, equation 1, is 

H' H' 
11 = L = ~ ...................... ~.(1.) 

'rcr;. 
H' being the latent heat of evaporation of one pound. It appears 
by computation, that the volume 'U given by equation 3 or equation 
5 of Article 282 is less than 11 in all cases which occur in practice; 
from which it follows, that when steam expands in driving a 
piston, and receives no heat from without, a portion is liquefied. 

To find under what conditions, and to what extent this conden
sation by expansive working will take place, we have for the pro
portion borne by the condensed steam to the whole Dl888 of steam 
and water, the following expression :-

v-u 'r ( '1'1 + dP1) 
-'11- = 1 - H' J hyp log:; VI d "1 ••••••••• (2.) 

The value of H' is given approximately in foot-lbs. per pound of 
steam by the formula 

H' = a - b 'I' = 1109550 - 540'4 '1' •••••••••••• • (3.) 

For any other fluid, J c would have to be put instead of J, and for 
a and b their proper values, supposing them to have been ascer
tained. 

It may be shown by an investigation, which it is unnecessary 
here to give in detail, that the expression (2) is always positive 80 

long as 

"1 is less than;c ( 14:W'2 for steam = 461"'2+ 916') .. 

The principle just stated, as to the liquefaction of vapours by 
expansive working, was arrived at contemporaneously and indepen
dently, by Professor Clausius and the Author of this work in 1849. 
Its accuracy was subsequently called in question, chiefly on the 
ground of experiments which show that steam, after being expanded 
by being "wire-drawn," that is to say, by being allowed to escape 
through a narrow orifice, is super-heated, or at a higher tempera
ture than that of liquefaction at the reduced pressure. Soon 
afterwards, however, Professor William. Thomson proved that those 
experiments are not relevant against the conclusion in question, by 
lihowing the diflerence between the free 6Il:pal/~ of an elastic 
fluid, in which all the energy due to the expansion is expended in 
agitating the particles. of the fluid, and is recouverted into heat, 

Digitized by Google 



BFPICIENCY 01' 8TEAJf IN AN UNJACKETED CYLINDER. :{~'j 

and the expaDBion of the same fluid under tJ pre8II'Uf'e equal to its 
own ~11, when the energy developed is all communicated to 
externa1 bodies, such, for example, &8 the piston of an engine. 

284 . ..... q .c _ ... _ 11 ..... .".... .. -In thl' 
present Article, the cylinder is supposed to be sufficiently protected 
against any appreciable 10811 of heat by conduction; and the stea.nl 
is assumed to expand without receiving or emitting heat, 80 that 
B C in fig. 109, Article 278, is an adiaba.tic curve. 

The area ABC D, contained between that curve and the straight 
lines A B and C D, corresponding to the pressures p} and P2 at th .. 
beginning and end of the expaDBion, baa the following value, when 
the mass of steam under consideration is one pOII:nd:-

JPt JPI l( 9"c d p ) ABCD= PI "dp= PI dp· dp Jhyplog-!+"l· d .. : 

d9"c 

= J { 9"c1 -9"c2 ( 1 + hyp log?) } + ( .. } - .. J "I :~: ••• (l.) 

In fluids other than water, J c is to be put instead of J. 
Inasmuch as the latent heat of evaporation of one pound of Htearn 

at 9"c1 is 

"1"1 ddPl = H' = tJ-b"l = 1109660-540·4 9"c1 nearly, 
9"c1 

we may transform the expression 1 into 

J { "1 -9"c2 (1 + hYPIog~) } + ':! ~ "2 H/ ...... (l A.*) 

It is often convenient to consider the action, not of one pound (If 
steam, but 80 much steam &8 fills one cubic loot. when first admitted 
into the cylinder at the pressure PI' In this case, we have 

A B = "'t = 1 cubic foot; 

D C = Uz = r ratio of expansion; 

and the area. ABC D is found by multiplying the expression (1) 

• In 11IiDg the fbrmuhB 1 and 1 A, and those deduced from them, the followinJ: 
approml&lOllll U8 convenient :-

hyp log ... 2 ( ... _ .. ,) nearly • 
... "l+ T• 

". _ .. , 1 + hyp log...!. = 1 , nearly • ( .. ) ( .. _ .. ). 
.. , "I + or. 
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by Dl = !..., the weight of one cubic foot of saturated steam at the 
"1 

pressure of admission. Observing further, that 

dPt ~ 
drl = '1"1' 

we find, per cubic foot of Iteam admiU«l, 

A B CD = JDl { '1"1-'1"2 (1 + hYPIog ?) } + rl~rl • ~; ••• (2.) 

in which DI and ~ can be found from Table IV. 
From the above equation 2, and the properties of the adiabatic 

curve already explained in Article 281, are deduced the following 
formulte, most of which have reference to the action of OM cubic 
foot of Bteatm admiU«l,' pressures being expressed in lhl. OR t1&e 
8fJ'IIA1I"8/00t :-

DATA. 

PI' absolute pressure of admission; 
P'I.t absolute pressure at end of expansion; 
Pat mean absolute back pressure; 
'1'4 (= T, + 461°'2 Fahrenheit), absolute temperature of feed 

water; 
T Ii' ordinary temperature of condensation; 
Te> ordinary temperature of atmosphere. 

REsuLTS. 

Tempera1A.ure8 corresponding to the several pressures to be found 
by equation 2, Article 206, or by Table IV. 
Ratioof~ 

D ~B=r= ~ (772 Dlhyp log "'I + ~); ........ (3.) 
A "'1 'I'll "'I 

E'11IW91I per cubic foot of Iteam admitUd-

U Dl =J Dl {"'1-"'1(1 +hYPlog~) } + rJ~rll ~ 
+ r (P2- Ps>; ........................... (4.) 

M ea.n PJl'6Cl.i,w preB8UH'6, UI' 6'fU1I'!JY per cubic foot B'ID6pI tIwougA by 
piskm-

P.-Ps = UD1 ......................... (6.) 
r 
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For Ibs. on the square inch, divide this by 144. 
H_ ~ 'J!II' ctthic/~ of st«Jm admitt«l-

HI Dl =J Dl ("1- "J+~; ............... (6.) 

Heat ~ 'J!II' ctthic loot I/'I.tMpC tlwtYugh by piBItm, or yreawre 
equimkmt 10 Mat ~ 

H t Dl ; ............................... (7.) 
r 

Efo:Wn,cy 018fAlGm, 
U 
H ; ............................... (8.) 

1 

N tJ,.fo«l ~ ptr cubic foo' of Bf«Im admitt«l-

D1 ; ................................ (9.) 

N tJ, fo«l ~ ptI1' cubic loot Br.OIIpt tIwough by piBton-

Dl; ............................. (lo-.~ 
r 

H_ ~ 'J!II' cubic/~ 01st«Jm admitted-

Hs Dl = (Hl- U) D1; .............. ·· .. ·(11.) 

Ha ~ 'J!II' cubic/~ Br.OIIpt through by piBton-

~Dl_ (H1 - U)Dl. 
-- , ................... (12.) 

r r 

Lb&. 01 tDater 10 be iRject«l iRlo fJlIJ etmdtm.st!r (if any) 10 abstract 
tAat heat-

lis D) 
rJ (T6 -TJ ; ......................... (13.) 

(JuJM 1- 10 be Bt.OeJJ' flwough by tAe piBton 'J!II' minute, lor eacA 
indicaWl~ 

33000 33000 r --= U D ;~ .................... (14.) 
P.-Pa 1- -

.A milal>le Mat ~ 'J!II' indictJtBl Mr88-'[JOtDel' per 1wur-

;1980000 ~ .......................... (15.) 

The following is a numerical example:-
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Preasuree. 
Initial, PI' 
Final,p'l: 

Back pressure, Pa-

Temperat1ueL 
Offeed water (4.) 

Of condensation (5.) 
Of atmosphere (6.) 

DATA. 

LbII. per 1Iq_ iDch. LbII. per IIq1WII foot. 
33.7 1 4854 
10·16 1463 
5.00 720 

Ordinary, T. 
95° 
104 
59 

RESULTS. 

Abeolute, 9'. 

556-2 

Quantities found by Table IV. T. 
Corresponding to PI" 257 

L 
597 20 
20280 

D. 
0.08285 
0.02685 " "P'l: 194 

Ralio of 6f1'JX]ITuMn-

655·2 ( 718·2 59720) 
r =~ 20280 772 X 0·08285 X hyp log 655.2 + 718.2 = 2·875. 

Ii; nergy per cubic foot of Bteam admitted-

U DI = 772 X 0·08285 { 718·2 - 655·2 (1 + hyp log ~!::~) } 
63 + 718.2 X 59720 + 2·875 X 743 

= 182 + 5239 + 2136 = 7557 foot-Ibs. 

Jf ean ejfaif:8 pre88'IIIf6-

UD 7557 
~ = 2.875 = 2629 lbs. on the square foot 

= 18·25Ibs. on the square inch. 

Heat expended per cubic foot of Bteam admitted-

HI DI = 772 X 0-08285 (718·2 - 556·2) + 59720 

= 10362 + 59720 = 70082 foot-lhe. 

Heat e:»pended per cubic loot awept t"'rough by piston, or pre88tllT'f! 
'M/uivaient to lleat e:cpe7Uled-

HI DI = 72008~~ = 243761bs. on the square foot 
r . ID 

= 169·3 lbs. on the square inch. 
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U 7559 2629 18'25 
H =70082=24376= 169'3 =0'1077. 

I 

N e, feed tDater per cubic foot MD6pt tIwough by pUIon-

D OO()8285 . 
-,/ = 2'870 0'0288 lb. = 0'00046 cubic foot nearly. 

Hea/, reJected ptII' cubi.c foot of It«Jm admilUd-

. Hi Dl :: 1008! - 7557 = OM5 foot-Ills. 

Heat ~ fill" cubic foot ". Ikrrn.t.gh by pistqn-

62525 =24:376-2629=21747. 
2'870 

391 

I njectirm ~ required to condense fJ/IJ steam, pfll' cubic loot swept 
tJvrougk by piBtlm-

n747 1 . 
772~104 _ 59) = 0'626 lb. = 100 cubic foot nearly. 

CttlXo ftJl!l, to be MD6pt tltrl'OlI1Jh by fk piston 'fJIJ" minute, for each 
indicated ~ 

83000 0:: 12'0· 
2629 I) 

(or 12'55 x 60 = 753 cubic feet per hour). 

A roilable heat ~ fill" indicaWllwrBIJ-pow6r per Iwwr-

ffi .1,980,0~01077 = 18,384,400 foot-Ibs. 
e clency= . 

To show how this expenditure of available heat is connected 
with the consumption of cool, let the cool be of such a quality, 
that the total heat 01 combuaticm of one lb. of it is 

10,000,000 foot-Ibs. 
(corresponding to a theoretical evaporative power of about 13'4). 

Let the efficiency of the furnace be 0'04; 80 that the available 
heat of combustion of one lb. of coal is 

0,400,000 foot-lbs. 
Then the consumption of coal in the engine now under considera
tion, per indicated horse-power per hour, is 
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18384400 3'4051bs. 
5400000 

The following are some deductions from the previous calcuIa
tions:-

Net 1_ tmI6r ptII' indicalerl Twr~ per Mur-
OO()288 x 753 = 21·71bs. = 0'347 cubic foot. 

InjtJction tmI6r per mdi.ctWJd ~ per hour-
0'626 x 753 = 471'4 lbs. = Hi4 cubic feet.-

285 • ...... .-..e .. _ ........ 11~1ICIleIeII ~ ....... ~The for
mube in the preceding Article which give the mean efi'ective 
pressure, and the work of a given quantity of steam, are incon
venient in practice from the length of the calculations which their 
use involves, and from the circumstance, that although they serve 
to compute directly the ratio of expansion when the initial and 
final preesurea are given, they cannot be so employed when the 
initial pressure and ratio of expansion, but not the final pressure. 
are given, except by the aid of a tedious process of trial and error. 

For practical use in ordinary cases, therefore, it is desirable to 
have a set of formube in which the computations are less tedious, 
and which can be used directly when the ratio of expansion is one 
of the data. When the initial pressure is not less than one atmo
sphere, nor more than twelve atmospheres, such a set of formube, 
sufficiently accura.te in aU ordinary cases, are deduced from the 
fact, already stated in Article 282, that during the expansive 
working of steam represented by an adiabatic line, 

P oc u - ~ nearly. 

The following are the formula! thus obtained:-

DATA. 

Pit absolute pressure of admission; 
r, ratio of expansion; 
PSt .mean absolute back pressure; 
.,." absolute temperature of feed water-

(=T, + 461°'2); 

T 6' temperature of condensation; 
T6t temperature of atmosphere. 

• The fundamental formube of Article 284 were 1Int publ/ahed In • paper &eDt to 
the Royal SocIety In December, 1868, and publiabed in the p~ 7ranIac
tiou for 1864. The 88me formube were aleo diacovered independently by Prohmr 
Claualua about 1855, and publiahed hy him in Pogpndorff' • ..4.rmalM for 1866. 
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REsuLTS. 
10 

FiMl preBB'I.VI'e, pz =PI . ,.- i ; ........................ (1.) 
Jf «JIll, total pt'688'IIII'&-

P. = 1'1 (10 ,.-1- 9 ,.-~);. .............. (2.) 
Jf «JIll, 6§ettiw prtJ88'UII'6-

P.-Ps= Pl (10r-1 - 9 r-~) - Ps· .... · .... (3.) 

The three preceding formulm are applicable to pressures expressed 
in any kind of units. 

E'MI'fJY per cubic foot of Bf.6tJm adm~ 

"(p.-pJ=PI (1O-9"-~) -rPs; .. · .. · .. (4.) 

in which the preasuree are in lbs. on the square foot. 
To facilitate the use of these formuIm, the values of the ratios 

and 

P 10 /1) n -==1O,.-1_9,.-,;,1Y' -,;- - _7_ 

PI I 7'~ 
"P·- 10 y/ ,.!. 
-- - II, 
PI 

and their reciprocals, are given in Table VIL at the end of the 

volume, for values of the "admiBBUm" or " era off," !, increasing at ,. 
first by dift'erences of 00{)25, and afterwards by dift'erences of 0'05. 
Intermediate values of the above ratios can easily be computed, 
when required, from those given in the table, by interpolation. 

Where the approximate formulm of the present Article are used 
for calculating the energy exerted, and the mean effective pressure, 
the expenditure of heat. the feed water, injection water. &c.. may 
easily be computed by the formulm already given in the preceding 
Article. But in cases where special accuracy is not required. the 
expenditure of heat may be computed approximately with less 
trouble by the following approximate formuIm:-

Heat ~ infoot-lbs. per cubicfoot O/Bteam admitted-
HI DI = 13! Pl + 4000 nearly .................. (5.) 

P. being in lbs. on the '~foot; 

H eat ~ pM' cubic foot tnDept t!vrougA by piston, or [1I'tJIIIU1'e 
equi?XJlene to heat e:cpen.ded-

HI DI = 13! PI + 4000 lb& per square foot; ...... (6.) ,. ,. 
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394 STEAK A.'ID OTHER HEAT ENGINES. 

In the following numerical example, the preceding approximate 
fonnulre are applied to the case already calculated in the preceding 
Article, the ratio of expansion being supposed to be given. 

Initial pre!!Sure, PI = 33'71 per square 

Ratio of expansion, r = 2'875, so that 

Admission, 1 = 0'348 ; 

Mean back pre!!Sure-
lis = 51bs. square inch. 

Computation 

Therefore, for 

RESULTS. 

ratio~, 
PI 

Table VII.·~-

4'-
1). 

4'-
r r PI PI 
'3 '639 

'05 '058 

·35 '697 

I 
- = '348 = '35 - -002, 
r 

]J. '697 _ '002 ='695 

1Vean total vre88t1ire--

x 1'16 

P .. = 33'71 x '695 = 23'43 lbs. on the square inch, 

Mean effective pr688Ure-

1I,,-P3 -5'00 

Difference, ...... + 0'18 
or about yh, 

lbs. on 

" 

" 

inch; 

" 

" 



USE OF JACKET. 

P1W8tIII"6 equitKdtmt ro Mat e:epend«t-

13b x 33·71 + 27·7 . 
2.875 = 166 lhe. on the square mch; 

The same as computed} 169.3 
by the exact formula, 

Di1ference,..... - 3·3 
or about -h. 

. 18~3 
EjJici.eru:y o/tkuteam, 166 =0·1110 

The same as computed by } 0.1077 
the exact formube, •••..• 

Di1ference, ••••••••• + OO()033 
or about oh. 

" " 

" " 

396 

The errors arising from the use of the approximate formule, of 
which examples have just been given, are in most cases practica.lly 
unimportant. * 

286. 11_ ., lite __ ifaekel, ... Bel .&JI" if.eIuL t-The con
clusion theoretica.lly demonstrated in Article 283, that when steam 
or other saturated vapour in expanding performs work by driving 
a piston, and receives no heat from without during that expansion, 
a portion of it must be liquefied, is confirmed by experience in 
a.ctua1 steam engines; for it has been ascertained, that the greater 
part of the liquid water which collects in unjacketed cylinders, and 
which was once supposed to be wholly carried, over in the liquid 
state from the boiler (a phenomenon ca.lled "proning") is produced 
by liquefaction of part of the steam during its expansion j and also 
that the principal effect of the "jacket," or annular casing envelop
ing the cylinder, filled with hot steam from the boiler, which was 
one of the inventions of Watt, is to prevent that liquefaction of the 
steam in the cylinder. 

That liquefaction does not, when it first takes place, directly 
constitute a waste of heat or of energy; for it is accompanied by a 
corresponding performance of work. It does, however, aftel"W&l'da, 
by an indirect process, diminish the efficiency of the engine; for 
the water which becomes liquid in the cylinder, probably in the 
form of mist and spray, acts as a distributer of heat, and equalizer 

• The. approximate formule __ 8nt pabUahed in A M-Z qf Applktl 
Mdmtic:I, 1868, Article 666. 

t ArtIcles 286, 287, 288, and 289, are to a great extent 8ldrIctAId and abridged. 
from a paper read to the Bo)'al Society in Janaary, 1869. 
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396 STEAJ[ AIm OTHER HEAT ENGINES. 

of temperature, abstracting heat from the hot arid dense steam 
during its admission into the cylinder, and communicating that 
heat to the cool and rarefied steam which is on the point of beiDg 
discharged, and thus lowering the initial pressure and increasing 
the final pressure of the steam, but lowering the initial pressure 
much more than the final pressure is increaaed j and so prodQcing 
a loss of energy which cannot be estimated theoretically. Accord
ingly, in all cases in which steam is expanded to more than three 
or four times its initial volume, it has in practice been found 
advantageous to envelop the cylinder in a steam jacket. The 
liquefaction which would otherwise have taken place in the 
cylinder, takes place in the jacket instead, where the presence of 
the liquid water produces no bad effect; and that water is returned 
to the boiler. 

In double cylinder engines, where the expansion of the steam 
begins in a smaller cylinder, and finishes in a larger, the usual 
practice is to have steam jackets round both cylinders; but in a 
few examples in which the smaller cylinder alone is jacketed, the 
liquefaction is found to be prevented, showing that the steam 
during its passage from the small into the large cylinder, receives 
sofiicient heat either directly from the small cylinder, or indirectly 
by conduction from the small to the large cylinder (which is in close 
contact with the small cylinder), to prevent any appreciable portion 
of it from condensing. 

It is desirable that a small quantity of the steam, not appreciable 
in calcula~ the efficiency of the engine, should be liquefied, in 
order to lubncate the packing of the piston. This generally does 
take place in jacketed engines, and is probably the effect of attrac
tion between the particles of water and the metal. 

The effect of a. steam jacket in preventing condensation may be 
produced by a. lwt air jacket,. that is, by a flue round the cylinder; 
or by enclosing the cylinder in the smoke box, as is done in many 
locomotive eDgines. The advantages of this are well DOwn in 
Mr. D. K. Clark's work on Railtno,y Mackinery. With this 
apparatus, however, there is not the same security against over 
dryness of the packing that there is with the steam jacket. 

287. _ .. .". et Drr ......... _.-In the following inves
tigation, it is &BBumed that the steam in the cylinder, while 
expanding, receives just enough of heat from the steam in the 
jacket to prevent any appreciable part of it from condensing, with
out superheating it. This &BBUmption is founded on the ~ that 
dry steam is a bad conductor of heat as compared with liquid water, 
or with cloudy steam, and that after cloudy steam has received 
enough of heat to make it dry, or nearly dry, it will receive addi
tional heat very slowly. 
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The assumption is jUstified by the fact, that its results al'e con
firmed by experiment. 

The symbol" is used to denote the volume of one pound of steam 
in cuhic feet, and the symbol P to denote pressure in pqunds on eke 
1Jf}'IUJh'6/00e, so that pressure in pounds on the square inch is denoted 

by 1~4' 
In fig. 110, let B 0 K be the curve whose co-ordinates represent 

the volumes and pressures of dry saturated steam. . 

D 1-_-+_--':::';;:" 
rl---I-__ -« 

!t::=:::;tG;:::=:;:Ht;::=====~:kt;:==::;;;x;:;;: 
FIg. no. 

Let 0 A = Pt, and Ali = "1' represent the pressure and volume 
of admission, and '1'1 the corresponding absolute temperature j 

Let 0 D = Pt. and D C ="lI> represent the pressure and volume 
at the end of the expansion, and '1'1 the corresponding absolute 
temperature; then 

~ = r is the 'I'tUio of ea:pansion, and 
"1 

"t 1 th -.,- •• ..11:' _ •• ~II' 
-= - e uwmUBltm, or 'Ufectiw "--w' 
"2 r 

Let 0 F = Ps be the pressure of exhaustion; 
Let '1', be the absolute temperature oCthe feed water. 
The energy exerted by one pound of steam is represented by the 
anamthe~m,co~m 

the area. ABC D = JPt" d p, and 
Ps 

the area. E F D 0 = "2 (PI! - PS> ; 

while the expenditure of heat per pound of steam consists of the 
following parts:-

The sensible heat J ('1'1 - 'l'J; the latent heat of evaporation 
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at '1'1; and the latent heat of expansion, which is communicated 
from the steam in the jacket to that in the cylinder. 

The work of one pound of dry saturated steam exceeds that of 
one pound of steam which expands from the same initial pressure 
to the same final pressure without receiving heat, to an amount 
represented by the excess of the area ABC E F A above the cor
responding area. for an unjacketed cylinder, while the expenditure 
of heat is greater by the quantity which the steam in the cylinder 
receives during the expansion represented by the curve B C. 

The latent heat of evaporation of one pound of steam at the 
absolute temperature '1', may be expressed with accuracy sufficient 
for the purposes of the present investigation, by the formula 

H'=a-b '1'; •••••••••••••••••••••••••• (1.) 
where 

a = 1109550 foot-Ills.; 

b = 540'4 foot-Ibs. per degree of Fahrenheit. 

To find the area. ABC D A, which represents part of the energy 
corresponding to any value of p, the value of '" is to be expressed 
in terms of H', the corresponding latent heat of evaporation, 
according to the principle of Article 256, giving 

a-b'l' 
"'= --d-' 

'I'J!. 
d'l' 

which, being multiplied by ~ ~ d'l', and integrated betWeen ~ and 

t2J the initial and final temperatures of the expanding steam, we 
obtain for the area ABC D A-

J: ",dp= J: (; -b) d'l' 

'1'1 
= a' hypo log. -- - b ('1'1 - '1'1) ; ................ (2.) 

'1'3 

to which, adding the rectangle D C E F, the energy exerted on the 
piston by one pound of steam is found to be 

U'= J:vdp+v2 (ps-Ps) 

= a . hyp.log. !l - b ('1'1 - '1'2) + V2 (Ps- Ps) ; ....... (3.) 
'1'2 

ill which 

a = 1109550 foot-pounds; b = 540'4 pounds per degree of Fah. 
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The IIBA.N EFFECTIVE PBEIISUBB, or work per unit of volume tra
versed by the piston, is 

U 
- .........•••............•.......... (4.) 

'" 
The heat expended per pound of steam, by a different mode of 

. division from that previously given, is computed as follows:
Part of the sensible heat for raising one pound of water from the 

temperature of the feed to the final temperature of the expansion,-

J ('I"' - '1",); 

latent heat of evaporation at the temperature '1",,

H'jI=a-b r l ; 

heat transformed into mechanical energy between the temperatul'e8 
'1"1 and '1"2>-

AB C D A= J: vdp, as in equation 2. 

The addition of these quantities gives for the whole expenditure of 
heat in foot-pounds of energy per pound of steam,-

b=J ('I".-'I".)+a-b "2+ J: vd p 

=J (1',-'1",) + II (1 +hyp log;D -b .. 1 ••••••••••• (5.) 

(J = 772 foot-pounds per degree of Fahrenheit). 

The heat expended per unit of space traversed by the piston is 
equivalent to a pressure whose intensity is 

b + ", ............................ '" (6.) 

The Bl'l'ICIENCY of the steam. is the ratio, 

U'+b, .............................. (7.) 

of the energy exerted by the steam on the piston to the heat ex
pended on the steam; and that ratio having been determined, the 
available heat of a pound of fuel may be computed from the indi
cated work per pound of fuel, or vice t16I"Ba, by means of the equa
tion,-

available heat fJ 
indicated work = U,······················(8.) 
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In the practical use of equatiODS 3,4,5, 6,7, and 8, the umal 
data are,-

. eM initial ~ PI 

tAe ratio 0/ ~ r, 

tAe back ~ PSI 

and the abBolut6 ~ oftAe/~ e, = T, + 461°'2. 
Prom Pt, by the aid of known formube or of Table VL, are to 

be found 'rl and "I' Then 

and from "IJ by the aid of the same formube or of Table VL, are 
to be found 'rJ and PIJ and thus are completed the data for the uee 
of equations 3 and o. 

Let 0 L = Po represent the pressure, and L K = "0 the volume, 
of a pound of steam at some standard temperature, such as that of 
melting ice ('ro = 32"+ 461°'2 = 493°'2 Fahrenheit), and let 

U = JP "d P= a' hyp log ~ - b ( ... - ... 0) ..... • .. ·(9.) 
po oro 

be the area contained between L K and another pa.rallel ordinate 
of the curve B C K corresponding to the absolute temperature .... 

Then by the aid of values of the function U, as given or inter
polated in Table VI., the equations 3 and fj can be put in the 
following form:-

U' = U1 - U.+".(P.- P.); ........ ·· ..... (10.) 

b= U1 - U.+J ('r.-'rJ+a-b " .......... (11.) 

= U1 - U.+ Hs-h,; .................. (12.) 

in which last expression for the heat expended, H. denotes the 
eoeal heat 0/ evaporatitm, from 'rOt at "., and h, the Leat saved in 
consequence of the temperature of the feed-water being T" instead 
of that of melting ice,-both quantities as given or interpolated in 
thtl columns respectively headed H and h in Table VL 

The following statement then gives at one view the formube 
applicable to engines worked by sensibly dry saturated steam:- . 

DATA. 

PIt r, PSI 'r" as already explained. 
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RESULTS. 

vI' volume of one lb. of steam wlum admitted, to be found or in
terpolated in the column headed V, Table VI. 

Yolume at end oj e:z:pam.aicm,-

"2 = r " 1;,,, ......................... (13.) 

Final pretIIIUIf'6, P'1.I and temperature T to be found or interpo
lated in the columns headed P and T, Tatle VI. 

U', 6TU!/I'!I1I e:rmted by, and b, heat e:x:pended on, 07/8 lb. oj steam, to 
be found by equations 10 and 12, with Table VI., or by equationg 
3 and 5, without the Table. 

M tJO/f/, iftJdive pr688'Uf'6,-

U' 
P. - Pa = - ........................ (14.) 

r "1 

P'1VJ8BU1r'6 6fJ'U~ 10 ea:pendimr6 of tJtNJilabla keat,-

P,=i; ........................... (ll'i.) 
r1l1 

Efficimcy oj Bteotm,-

P. p, Pa= ~'; ........................ (16.) 

N 6t j6lJd water per cubic loot awept t/wougl. by piBton,-

I D 
-=~; ........................... (17.) 
rVI r 

Heal. rejected per lb. oj Bteotm,-

b- U'=~-h,-vz{pz-Ps>;·· .. ···· .. ··(18.) 

Heal. f'f'Ii«:I.«J per cubic /001 awept tlvrough by piBttm,-

b-U' --= p, - P. + Pa; ...... · ........... (19.) 
r1l1 

Injection water nquirecl per lb. oj 8t8am-

(T6J temperature of condensation, 
Tel temperature of atmosphere). 

b-U' 
772 (T6 - Te); ......................... (20.) 

2D 
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Injet:lMm tDtJter fVJfJUired per cubic foof, BtDept tMoug'" by piBIm&-

P,,-P.+Ps . (21) 772 (T6 - TO>' ................ ....... • 

Cvhic 1- BtDept t1vrough by piston per minute for «lICh indicated 
horB8-fX1U1W-

33000 
--; ........................... (22.) 
P.-Ps 

A milable Mae ~ per 1wutr in foot-lbB. pet' indicat«l Iwrafr 
pqwtIT'-

i!8?,000 = 1,980,000 p" .................. (23.) 
mency P. - Ps 

In applying these formul&! to an engine actually working, whose 
speed has been ascertained, let 

A be the area of the piston; 
B the distance through which it moves at each forward stroke if 

single acting, or during a dovhle IlfIroke if double acting; 
N the number of revolutions per minute; 
R the total resistance l"educed to the piston; then, as in Article 

263, formula 6, and Article 264, formula 3, the eMrg1J tI:l:6rl«l pet' 
minute is 

N B R = N B A (p. - pJ; ................. (24.) 

and the indicat«l ~ 

NBA(p.-pJ. -a3ooo-- , ........................ (26.) 

also, the available heat expended per minute is 

N B A p" ...... ...................... (26.) 

288. A... '_''II __ ...... BIT ......... ____ As the 
formulll! of the preceding Article require in their use a considerable 
amount of calculation, it is desirable to have, for the purpose of 
solving ordinary practical problems, approximate formulll! of a more 
simple kind Those which will now be explained have been 
arrived at by a process of trial, and their agreement with the exact 
formube, and with experiment, has been tested for initial pressures 
ranging from 30 to 120 pounds on the square inch, and for ratios 
of expansion varying from 4: to 16. They may therefore be applied 
with confidence to engines working within these limits, and pro
bably somewhat above them; but for pressures much exceeding 
120 lbs. on the inch, and ratios of expansion much exceeding 16, 
it is advisable for the present to use the exact formula!. 
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The foundation of the approximate formulm is the fact, that for 
pressures not exceeding 1201be. OD the inch, or 17,280 lbe. on thE' 
square foot, the equation of the curve Be K, fig. 110, is very 
nearly 

17 
P oc" - rs ••.••.....••••..........•...• (l.) 

This equation is very convenient in calculation, because the 
sixteenth root can be extracted with great rapidity to a degree 
of accuracy sufficient for practical purposes, by the aid of a table 
of squares alone; and, by a little additional labour, without any 
tables whatsoever. 

Let r, as before, be the ratio of expansion; then we have 
evidently, 

17 
~.fonal pru8Uf'fJ- Pi = Pl' r - iii; ............••••••••••.. (2.) 

~ tmergy e:x:ert«l on ~ piston by OM potmd o/steam = area ABC FA 

= U'= jPl 11dp +(P2- PS>'II1I 
PI 

="2 {PI (17 r- I -16 r - ~) - PS} ; .............. (3.) 

U' 
the mean Iotal pr688U~, -- + Ps; .......•••.................. (4.) 

'1111 

= P. = PI (17 r-l_16 r-~) ; ............... (5.) 

the mean 6jfect,ive pre8ITIIA'6, or energy exerted per cubic foot--

P.-Ps= ~ =Pl (17r-1-16r-~) -P .. ·······(6.) 

It is evident, that if the pressure of exhaustion Ps be given, and 
any two out of the three following quantities-the initial pressure 
P , the mean effective pressure P. - P8' the ratio of expansion r
t'iie fourth quantity can be calculated Oirectly, if it is one or other 
of the pressures PI' P. - P8; and if it is the expansion r, it can lw 
found by approximation. 

The approximate formula for the expenditure of heat per lb. of 
steam, which has been found by trial to agree very closely with the 
exact formula within the limits already specified, and when the 
feed water is supplied at a temperature of from 100° to 120° 
Fahrenheit, is as follows:-

b= 15iPI "1 = 15i PI "2 ; •••••••.•••••....•. (7.) 
r 
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lIO that the heat expended per C'Uhic foot, or the prtJ88'U/l'e per sqzuzrt: 
foot of piston to which the expenditure of heat is equivalent, is 

fJ 15~ PI PA=-=-- ......................... (B.) 
"11 'I' 

This gives for the e.fficiency 
1 

P.-Ps U' 17-161'-16 'I'P 
----p;-= T = 15, -15.;1··········(9.) 

by means of which, when the work of a pound of coal is known, its 
available heat can be computed, and vice t16f'Ba, as with the exact 
fonnula. 

To fa.cilitate the use of these approximate fonnulm, Table VIII., 
at the end of the volume, gives the ratios 

and their reciprocals, for a series of values of the admiuion or 

pffectitJ6 cut-oif, !, increasing at first by differences of 0'025, and 
'I' 

afterwards by differences of 0'05. Intennediate values of those 
ratios can easily be interpolated when required. 

289. Esa_p_ of"e Aedoa ef DIT ........... ...... -The fol
lowing examples, being taken from the perfonnance of actual 
engines, are intended at once to illustrate the use of the formulm 
in Articles 287 and 288, and to compare their results with those of 
experiment. 

In comparing the results of fonnulm for the expansive working 
of steam with those of the indicator diagrams of engines, it is not 
to be expected that the indicated pressures corresponding to parti
cular volumes, during or at the end of the expansion, will closely 
agree with thOHe given by calculation; because considerable devia
tions, alternately upwards and downwards, arise from the friction 
of the indicator, the elastic vibrations of the indicator spring, and 
the pulsations of the particles of the steam itself. In the course 
of a complete stroke, however, those deviations neutralize each 
other, so that the indicated mean PJ[ectitJ6 pre8IfUII'6 ought to agree 
with that given by theory, if the theory is sound. About half a 
pound on the square inch, or 72 Ibs. on the square foot, may be 
considered as an ordinary limit of error in indicator diagrams. 
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Two examples of the application of the formulle to actual engines, 
and of the comparison of their results with those of experiment, 
are annexed. 

E:x:ample I.-Double-cylinder engines of 744 indicated horse
power, calculated by exact formulle :-* 

DATA-
Bottom of Top of 
cylin~ cyUn~ 

Pressure of admission, PI + 144,.......... 33'7 34'3 
Back pressure, Pa + 144, ............ ,...... 4'0 4'0 
Ratio of expansion, 1',...................... 41 61 
Ordinary temperature of feed water T, = about 1040 F&hren-

heit. 

CALCULATED RE8ULTS-

Final volume of lIb. of steam, "I = l' "'1' 
Final pressure, Pit + 144, .................. . 
Work of 1 lb. of steam, U', ............. .. 

Mean e!fective pres- } U' P. - Pa 
sure. m pounds on 144 "2 = 1«' 
the mch, ......... .. 

Mean of both results, .................... .. 
Mean effective pressure 88 observed, l 
. :~~~~.~.~~.:~.~.~~~~ f 

Bottom. 

5°'375 
7'367 

109552 

15'1 

13'°3 

13'10 

Top. 

74'4 
4'867 

117338 

10'95 

Difference,..................... -0'07 
being within the limits of errors of observation. 

Bottom. Top. 
Foot-Ibs. Foot-Ibs. 

A:~t!n~b.~ .. ~~~~~.~~.~~~ } 906989 925678 

PreBSure in pounds per square inCh} 
equivalent to heat, P. + 144, ....... .. 125 86'4 

Mean, ................................. .. 1°5'7 

Effi · P.- P3 clency, --, ........................ .. 
PA 

0'121 0'127 

Mean, 13'03+ 105'7, ................ . 0'123 

• Th_ are the engines made by VeIS1'II. Randolph, Elder, & Co., for tbe steamer 
.. Admiral," built by Mr. James R. Napier. 
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N lit feed tDatm per t1Uhic foot BW6}Jt tIvrough by pistom-

~l in pounds,...... ••• ••••. .......... •.•••... ~~ 0~o:;4 
l' 

Mean,.................................... 0'0167 

H~~~~~~:.:~~:.:'~.:.~~} 791,437 808,340 

Per cubic foot swept through by pistons, 15,830 10,865 
Mean,.... .......... ...... ................ 13,347 

InjectUm tDatm requ4'ed in pounds per} 
cubic foot s;w-ept through by P!stons, 0'384 
Til - Te being mpposed = 45, ...... 

.A vailable heat expended per hour in foot-pounds per indicated 
horse-power--

1~80,000 _1,980,000 16 100000 
~ciency - 0'123 ". 

The actual consumption of coal W88 2'97 lbs. per indicated horse
power per hour i hence the available heat of combustion of 1 lb. of 
the coal W88 

16,1~~7000 = 5,420,000 foot-Ibs i 

which, if the total heat of combustion of 1 lb. of the coa.l be esti
mated at 10,000,000 foot-lbs., gives for the tJ.fficimcg ojthtJ ju,mactJ 
and boiler, 

0'542. 
Example I., ca.lculated by approximate formulre:-

DATA- LbI. per inch. 

Mean pressure of admission, -fi4 ....... .. . . ........... ... = 34 

Mean back pressure, {f4................................... 4 

Mean cut off, ! = 0'24 + 0'16 - 0'2 
r :2 -. 

RESULTS--

Mean gross pressure, ~4 = 34 x ·505................... 17'17 

Mean effective pressure, P·l~:S' ca.lculated ........... 13'17 

observed,............ 13'10 

Di1ference,....... ................ .... + 0'07 

Pressure equivalent to expenditure of heat, P.';- 144, 105'4 

Efficiency, P. - Ps = 0'125. 
P. 
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g.".".ze ll.-Engine of 226 indicated hol'lle-power, calculated 
by exact formulm :-* 

DA.TA.-

Pressure of admi.ssion. 1~ ............... . 

Back pressure, {;,84 ........................ . 

Bottom or 
eylinder. 

108i 

3'3 

Topol 
eyllnder. 

4'0 

Ratio of expansion. r,...................... 16 14 
Temperature of feed water T" about 122" Fahrenheit. 

CALCULATED REsULTS-

Final volume of 1 Ib. of steam. "I = r "1> 

U1 - UtJ······································· 
"I (P.- Ps>, .. · .. · .......... · .... · .......... ••• 

Work of 1 Ib. steam. U' ................. .. 

Mean effective pre8811re in pounds per } 
. ch, U' P.-Ps 
m 144".= 144 , .............. .. 

Mean of both resulta, ..................... .. 

M~;::~.~~ .. ~~ .. ~ .. ~~ .. ~~ } 

Bottom. 
6.:27 

170151 
21286 

Top. 

58'52 

162726 
19382 

182108 

20'7 21'6 

21'15 

21'00 

Difference................... + 0'15 
being within the limits of errors of observation. 

Heat expended per pound of steam. b. 
Equivalent pressure in pounds per} 

square inch. P. -:- 144, ................. . 
Mean, ....•••••.....••..•.••••••.••••..... 

Em . p. - P8> Clency. -- ......................... . 
P. 

Bottom. 

975301 

105 

110 

Mean..................................... 0'192 

0'188 

• Thla Ie the eugiDe made by Jrlan. BoWID & Co. for the "Thetla," bunt by 
Jrl-. 800" of Greenock. 
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408 8'l'B.UI AND OTBBB IlBAT ENGINBS. 

Emmple II .• calculated by approximate formuhe:-

D.A.TA-

M f -.l-!....! PI ean preS8ure 0 a.uJIWIlnon. 144' .................... . 

Back pressure, i:4' .. · .................................. .. 
1 1 

Mean cut off. r = '061 = 11)' 

RBsuLTB-

Mean gross pressure. it ... = 106! )( ·232 ............ .. 

Mean effective pressure. Pi~:8. calculated, ....... .. 20'95 

observed •.•••...... 21'00 

Difference ........................ . -0'05 

Pre:;::'l~l~~:~~ .. ~ .. ~~:':~~~ .. ~~ .. ~~~} HO 

Efficiency. 0'19. 

The detailed measurements of OM Bet out of the aeries of diagrams 
from which the power of this engine was ascertained. have already 
been given in Article 43. page 51. The engine was double 
cylindered. and the mean effective pressure has reference to the 
second or larger cylinder. which was/our tifM8 the capacity of the 
sma.Iler. 

LbL on the 
equare iDch. 

In page In. there is given as the mean effective 
pressure in the first or sma.Iler cylinder. ..... ..... 56'0 

To reduce this to an equivalent pressure in the 

second or larger cylinder. divide by 4; then 546 = 14'0 

Add the mean effective pressure in the larger 
cylinder,.................... ............................. 7'13 

Total reduced mean effective pressure,............... 21'13 

This is the result of one set of diagrams. The mean effective pres
sure of 21 Ibs. on the square inch given in the recent comparisons. 
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DRY SATUlU.TED 8TEAJ( ENGINE&-UAlIPLEIL 409 

is the mean of the results of several sets of diagrams; and the same 
is the case with respect to the 226 indicated horse-power. 

It may be observed, that in Example I., the exact and the 
approximate formuhe deviate equally, though in opposite direc
tions, from the result of experiment, and that in Example IL the 
approximate formula agrees the more closely with experiment of 
the two. But as the dift'erenOOH in all these cases are much within 
the limits of those which the errors of observation and the uncer
tainties of the data are capable of causing, the closeness of the 
agreement in each case must be considered as partly accidental ; 
and the results of the comparisons between theory and experiment 
prove simply, that for initial pressures up to about 120 Ibs. on the 
square inch, both the exact and the approximate formu1re agree with 
experiment closely enough for practical purposes. 

Further to illustrate the application of the approximate formuhe, 
the following tables of examples are given, in which the mean 
effective pressures, p. - PSI the pressures equivalent to the expendi
ture of heat, P ... the efficiencies of the steam, and the quantities of 
fuel consumed per indicated horse-power per hour, are computed 
for a regular series of values of the initial absolute pressure, PI' and 
of the ratio of expansion, r, on the assumption, that the mean 
absolute back pressure in condensing engines is 4: Ibs. on the square 
inch, and in non-condensing engines, 181bs.; and that the available 
heat of combustion of lIb. of the coal employed is 0,400,000 foot
lbs. This value of thb ava.ila.ble heat per pound of coal has been 
chosen because of its having been the ascertained value in a number 
of recent experiments upon marine boilers of ordinary construction 
and proportions, with good ordinary steam coal. It is easy to 
modify the numbers in the table to suit any other value of the 
available heat of combustion. Take, for instance, Example V. for 
a condensing engine with the admission 0'1 of the stroke. The 
consumption of coal is stated to be 2-07 lbs. per indicated horse
power per hour, for coal whose ava.ila.ble heat of combustion in the 
furnace and boiler employed is 5,400,000 foot-Ibs. But if by using 
an improved furnace and boiler, and also a better quality of coal, 
the ava.ila.ble heat of combustion can be increased to 10,000,000 
foot-lbs. per pound of coal, being greater than the previous amOlmt 
in the ratio of 100 to 54, and corresponding to an effective eva
porative power of 13'4,* then the consumption of coal per indicated 
horse-power per hour will be reduced to 

0'54 x 2'07 = 1-12 lb. 

• This evaporative power was IOID8what exceeded in tha boiler or the .. Thetls," 
during a shan experiment already JeI'erred to in Article 284, ElWDple IX., p8b'" 
297. 
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TABLE OF ExAMPLES OF CONDENSINO STEAK ENOINES WITH DRY SATURATED STEAM, 
COMPUTED B~ THE APPROXIMATE FOB!IlUL&. 

~ 

Back Pressure p, + 144, assumed at on the inch. A vailable heat of combustion of of -<:> 
coal, assumed at 5,400,000 ft.-lbs. = an effective evaporative power of 

Examplee. Ratio of AdmlasioD, or effective Cut-oft'; ;:. 

(1.) PI -;- 144 = 20. 0'1 0'2 0'3 0'4 0'5 0'6 0'8 1'0 

(P. - 144, ..................... 11'1 2'8 14'0 15'5 
PA -;- • ~ •••••••••• * •• ~ * • ~ * ~ ......... 124 155 186 248 ~ 
Efficiency steam,. '095 '090 '083 '075 '0625 ~ 
lbs. coal per I. H.-P. per hour, ... 3'88 4'07 4'42 4'89 5'87 7'04 II: 

(2.) PI -;- 144 = 40. 
36'0 ~ (F.-Pa) -;- 144, ..................... 16'2 21'9 26'2 29'6 32'0 35'0 

PA -+- 144, .............................. 124 186 248 310 37 2 496 620 ~ Efficiency steam, ... '131 18 '106 '095 '07 1 
GI lbs. coal I. H.-P, hour, ... 2'80 3'46 3'85 ,r1 9 0'15 

(3.) P1 -;- = 60. ~ <F. - Pa) -+- 144, .................... , 14'8 26'3 34'9 41'4 46'4 50 '0 54'6 56'0 
PA + 144,..... ........................ 93 186 279 37 2 465 558 744 930 

~ Efficiency of steam, ............. , .... '159 '140 '125 'III '100 '090 '073 '060 
lbs. I. H.-P. hour, ... 2'62 3'30 3'67 4'07 5'02 ~ (4,) PI = 80. 
(P.- 144, ... ". 36 '4 -56'5 63'2 68'0 74'1 

l. ) PA ..;- ........................... 124 248 372 496 620 744 992 1240 
0 Efficiency of steam, .................. '170 '147 '128 'Il4 '102 '091 '074 '061 
0 lbs. coal per I. H,-P, per hour, ... 2'14 2'49 2'86 3'21 3'59 4'03 4'95 6'00 

()Q 
(5,) P. -;- 144 = 100, '="' 

(P. - 144,.. . ........... 46 '5 71'6 80'0 86'0 93'6 
PA ..;- 310 620 775 930 1240 
Efficiency steam, .... , '150 '131 'J '103 '075 
Ibs. coal per I, H.-P. per hom, .. , 2'07 2'44 279 3'J9 3'55 3'99 ,r89 5'91 

~---



TABLE OF ExAuPLES OF NON-CONDENSING (OR" HIGH-PREssURE") 8TBAK ENGINES WITH DRY SATURATED 
STE,UI, COMPUTED BY THE APPROXIMATE FORllUL&. 

Back Pressure Ps + 144, assumed a.t 18 lbs. on the square inch. Availft.ble heat of combustion of lIb. of 
coal, assumed a.t 6,400,000 ft.-lhe. = an effective evaporative power of 7'24. 

Eump1ea. Ratio or AdmilaioD, or efI'ectlve Cut-oft'; !. 
r 

(6.) PI + 144 = 60. 0'3 0'3 0'4 0'5 0'6 0'8 1'0 t;j 

(P. - PS> + 144, ........................ 37'4 33'4 36'0 4°'6 43'0 -= p, + 144, .................................. 373 465 558 744 930 II> 

Efficiency of steam, ................... • '°74 '070 '064 '°55 '°45 ~ lhe. coal per I. H.-P. per hour, ........ 4'91 5'34 5'73 6'67 8'15 
(7.) PI + 144 = 80. ~ (P. - Pi. + 144, ........................ 33'8 43'5 49'3 54'0 60'1 63'0 

p, + 14 , .................................. 373 496 630 744 993 134° ~ Efficiency of steam, ..................... '091 '086 '080 '°73 '061 '°5° 
lbs. coal per I. H.-P. per hour, ........ 4'03 4'36 4'58 5'03 ·6'01 7'33 

(8.) PI + 144 = 100. = (p. - PS> + 144, ........................ 33'5 46'8 57'6 66'0 73'0 79'6 83'0 ; p, + 144,.... .................. ............ 310 465 630 775 930 1340 1550 
Efficiency of steam, ..................... '105 '100 '°93 '085 '077 '064 '053 

0 lbs. coal per I. H.-P. per hour,........ 3'49 3'67 3'94 4'31 4'76 5'73 6'90 -
<is (9.) PI + 144 = 120. i 
-" 

(P. - pi + 144,... ..................... 43'6 59'8 73'8 83'8 9°'0 99'3 103'0 

~ () p, + 14 , ................................. 373 558 744 93° 1116 1488 1860 

0 Efficiency of steam, :.................... '115 '1°7 '°98 '089 '081 '067 '°55 

~ lbs. coal per I. H.-P. per hour,........ 3"9 3'43 3'73 4'11 4'53 5'47 6'67 
...- (10.) PI + 144 = 160 . 
(V (P. - Ps) + 144, ........................ 62'8 85'6 1°3'0 116'4 136'0 138 '3 142'0 ~ 

p, + 144,.................................. 496 748 992 134° 1488 1984 2480 .... .... 
Efficiency of steam, ..................... . 137 ' II5 '1°4 '°94 '085 '°7° '°57 
lhe. coal per I. H.-P. per hour, ........ 2'89 3'19 3'52 3'89 4'31 5'34 6'42 
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289 A. .,... ..... H .... PI _ _ ..---This term may be 
applied to engines such as Mr. Beattie's locomotives, in which, 
although the steam is discharged from the cylinder at, or a little 
above, the atmospheric pressure, a portion of it is condensed for 
the purpose of heating the feed water, the remainder being used 
to make a blast in the chimney. This is effected by conducting 
steam thl'Ough a branch from the exhaust pipe into a close veslMll, 
through which there falls a shower of water from the water tank. 
From the bottom of that vessel water is drawn by the feed pump, 
and forced into the boiler, its temperature being usually about 
200° Fahrenheit. 

In applying the exact formube to this case, T, is to be made 
= 200° Fahrenheit, or whatever other temperature the feed water 
may have. 

In applying the approximate formulm, the results of the follow
ing calculation will in general be found sufficiently accurate. 

The approximate expression already given for the expenditure 

of heat per unit of volume swept through by the piston, viz., IlSl PI, 
r 

was obtained upon the supposition of the temperature of the feed 
water being 104°, or thereabouts. Referring to Article 215 A, 
and to the Table in page 256, let I denote the "Iacfgr of evapura
tion" for the boiling point of the water in the boiler, and for the 
temperature of feed water 1 04°; and let I' be the factor of evapora
tion for the same boiling point, and for the temperature of feed 
water 2000 ; then the expenditure of heat will be reduced very 

nearly in the proportion ; , so that the approximate formula f~r the 

expenditure of heat per unit of volume swept through by the piston 
will now be 

HI = II~' 161 Pl ...............•........ (l.) 
r"l r 

For example, let the boiling point be 320° Fahrenheit, which 
corresponds to a pressure of 89'86 lbs. on the square inch in all, or 
75 lbs. above the atmosphere nearly; then 

1'= 1-04; 1= 1-16; and 

HI =~l nearly .••••...•.•••......••••. (2.) 
rVI r 

The pipe for conducting steam from the exhaust pipe. to the 
condenser has a cock or valve, by means of which its opening is 
adjusted until it tran~ts the greatest quantity of steam com-
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patible with complete, or nearly complete, condenll8.tion. According 
to experiments on Mr. Beattie's engines described by Mr. Patrick 
Stirling, about {}'Mofowrtk of the whole exhaust steam is required 
for this purpose; and the remaining three-fourths are adequate to 
produce a sufficient blast in the chimney. 

290. DUI'_ee 1NIIwee .... _ I •• oIIer. _d ....... .-..-_ 
In .". ..... .-Wlnl-D __ ~.-The fall which the pressure 'of 
the steam undergoes during its passage from the boiler to the 
cylinder, is due to the following causes:-

1. The resistance of the steam pipe through which the steam 
passes from the boiler to the valve box. 

2. The resistance of the regulator, or throttle valve, by which 
the steam pipe is partially closed, in the same manner with the 
supply pipe of the water pressure.engine, fig. 40, Article 132, page 
140. 

3. The resistance of the "porl8," or steam passages through 
which the steam is admitted from the valve box into the cylinder, 
and which are at times partially closed by the valves, 80 as to have 
their resistance increased. 

4. The disappearance of actual energy when the steam passes 
from the ports· into the cylinder, f>,Jcchanging its previous rapid 
motion for the comparatively slow motion of the piston. 

It is impossible, in the present state of our knowledge of the 
properties of steam, to calculate separately the losses of pressure 
due to these four causes; and even were it poBBible, the complexity 
of the resulting formula would be out of proportion to its practical 
utility. All that can for the present be done is to use the theory 
of the discharge of gases through orifices, as explained in Article 
204, in order to find the probable form of an approximate formula 
for the whole 1088 of pressure, and to determine a constant co-effi
cient in that formula empirically from experiments on existing 
engines. 

The best collection of experimental data on this Ilubject is con
tained in Mr. D. K. Clark's work on Railway Machinery. These 
data are taken partly from the experiments of Messra. Gouin and 
Lechatelier, and partly from Mr. Clark's own experiments; and 
are to a certain extent reduced to general laws. 

Amongst other general results, Mr. Clark finds that the effect 
of the resistance in the steam pipe is inappreciable, when the 
sectional area of that pipe is not less than fi of the area of the 
piston for steam in an ordinary state as to dryness, and not less 
than il~ for steam in a very dry state; the mean speed of the piston 
not exceeding 600 feet per minute, 01' 10 feet per second. It 
follows, that in a well constructed engine, the steam pipe should 
be 80 proportioned, that supposing the density of the steam to be 
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the same in it and in the cylinder, the velocity of the steam through 
the steam pipe shall not exceed about 100 feet per second, and 
then the resistance in the pipe may be neglected. This result is 
corroborated by the known effect in practice of the ordinary rnle, 
that where the velocity of the piston is from 200 to 240 feet per 
second, the area of the steam pipe should be about -h of that of the 
piston. 

The resiStance of the regulator in a propt'rly proportioned steam 
pipe is inappreciable when it is wide open; and when it is pa.rtia.Ily 
closed, the investigation of mathematical relations between the 
resistance and the opening is practically unimportant, because the 
extent of opening of the regulator required to produce any given 
reduction of pressure in any existing engine can easily be found by 
trial. 

There remain to be considered, the resistance of the cylinder 
ports, and the 1088 of head on entering the cylinder. 

In Article 254, equation 1, is given an expression for the velocity 
of a gas rushing through an orifice, from a space in which the 
pressure is Pl' into a space in which the pressure is Pr To prevent 
confusion, and to adapt the equation to the notation of the present 
section, 

Put P. to stand for the pressure in the boiler and valve chest, 
instead of Pi; 
. And PI' the initial pressure in the cylinder, instead of Pt; 

Also put V instead of t{, to denote the greatest velocity of flow. 
Square both sides of the equation; divide by 2 g; and for 

~1 . Po ~o substitute its equivalent, K..; then we have for the 
,,- "0 
head du6 to eM maa:imum wlocily V-

VI { (PIV- I } 2g=K.. .. l 1- W-",- ; 
which for steam, treated &8 a perfect gas, becomes 

:; = 366'7 "1 { 1 _ (~) o_} .............. (1.) 

From analogy with the flow of liquids and of air, it is probable 
that when besides producing a current of steam of a certain 
velocity, the difference of pressure has also to overcome the friction 
of a passage, the left-hand side of the preceding equation should be 
multiplied by 1 + F, F being a "factor of resistance" (as in Article 
99). 

The quantity VI, being the mean Bf[UM'6 of the velocity wi\h 



· LOSS OF PB.EI!IIt1BE AT PORTS. 415 

which the steam enterS the cylinder, may be treated as the product 
of three factors, viz. :-

The square of the mean velocity of the piston (let this be denoted 
by V'Il); 

The square of the ratio in which the area of the piston exceeds 

the area of the port (!~; 
A factor depending on the figure and manner of motion of the 

valve. 
For simplicity's sake, take the product of this last factor, and of 

the factor 1 + F, which may be denoted by one symbol, B. Then 
the formula for the "1088 of head It sustained by the steam becomes 

B2V;a~'1. =366'7 "1 { 1- (~)&211} ; .......... (2.) 

giving the following formula for computing the ratio in which the 
absolute pressure of the steam falls :-

PI { B VI'/. A'I. }''t9 
P. = 1- 2 g X 366'7"1 a2 ............. (3.) 

The co-efficient, B, is to be determined empirically. As a basis 
for this determination in the case of dry steam may be taken one 
of the general conclusions arrived at by Mr. Clark, viz., that when 

! = 15, and V' = 10 feet per second, ~ = 0'84 nearly; the pres-
a P. 
sure in the valve chest, 1'., being on an average 90 lbs. on the square 
inch or thereabouts, and consequently the absolute temperature 
"1 = 320" + 461°'2 = 781°'2 nearly. 

These data give B = 32'4, and consequently 

B 32'4 1 
2gX366'7 = 23615'5=726; 

80 that equation 3 becomes 

1'1 { VI'/. AI } '"29 it = 1- 726"1 a'l. ................... (4.) 

In all cases in which the difference between P. and 1'l is small, 
the following formula is a sufficiently close approximation :-

~1 = I-I: A's ; ..................... (5.) 
P. "1 a 
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The following example is a case to which the approximate for
mula does not apply. The data are such as are sometimes met with 
in Cornish single acting engines:-

A 
V' = 21 feet per second; - = 120 ; a 

9'1 = 745'2; whence .... 
. 1'J = 0'8336 = 0'458 ; 
P. 

so that if p. = 52'52 lbs. per square inch, 1'1 = 24 lbs. on the square 
inch. 

In the next example, the approximate formula is applicable; 
and the data are such as are very commonly met with in double 
acting 8KpIIDSive engines. 

A 
V' = 4 feet per second; - = 25 ; 

a 

9'1 = 266" + 461 °'2 = 727°'2; whence, by equation 5, 

l' 10000 
~ = 1- 130896 = 1 - 0-0764 = 0'9236; 

so that if p. = 39'2 Ibs. on the square inch, PI = 36'2 Ibs. on the 
square inch, the loss of pressure being 3 Ibs. on the square inch. 

It appears further, from the experiments of Mr. Clark, that the 
loss of pressure of misty steam in traversing passages exceeds that 
of dry steam in a proportion which cannot be computed. with 
any approach to precision, but which ranges from Ii to 2i and 
sometimes even to 3. 

The lou of head which occurs during the passage of steam from 
the boiler to the cylinder, does not wholly represent tDtJBted energy; 
for being expended in friction, it produces heat; so that steam 
which has had its pressure lowered by the resistance of passages, 
or as it is called, has been WIRE-DRAWN, is tmpt1I'llsaud (that is, is at a 
temperature higher than the boiling point corresponding to its 
pressure, although lower than the temperature in the boiler), as 
has already been stated in Article 253. Even supposing, however, 
that no energ is directly wasted. when steam is wire-dmwn, there 
is still an indirect waste of energy from the lowering of its pres
sure, which, by diminishing the forward pressure upon the piston 
as compared with the back pressure, and by diminishing the 
extent of expansive working of which the steam is capable, lowers 
its efficiency. 

When an engine, therefore, has to work against a diminished 
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resistance, it is better to diminish the mean effective pressure 
by cutting off the admission earlier, and 80 working with a. 
greater ratio of expansion, than by contracting the opening of the 
regulator, and 80 lowering the initial pressure by wire-drawing. 
The former method makes the engine more economical, the latter 
less. . 

291. ..... ., .......... "-__ D.........-Some of the 
deviations of the 
diagram of energy Y 

of a steam engine 
from the ideal form 1f -.T----...,......,~ 

have already been I 
considered inci- \ 
den~1 in the \ 
preceding Articles ... 
of this section. In \ 
thep~ntAxticle p~_\~ ______ ~~~~ __ ~~ 
the more ~r- :r. _ \ ----------- ,:I 

~~ an~e~tio~ D~;----------------------------x~ 
are to be classed Fig. 111. 

and considered more in detail. 
These causes may be thus classed,-
Causes which affect the power of the engine, as well as the figure 

of the diagram :-
I. Wire-drawing at cut-oft 

IL Clearance. 
III. Compression, or cushioning. 
IV. Release. 
V. Conduction of heat. 

VL Liquid water in the cylinder. 

Causes which affect the figure of the diagram only:
VII. Undulations. 

VITI. Friction of the indicator .. 
IX. Position of the indicator. 

I. W~ at Out-o.ff.-The valve by which the Rteam. is 
admitted into one end of the cylinder, closes, in order to cut off 
the admission of steam, not instantaneously, but by degrees, 
eepeciaJly when it is a slide valve. In consequence of this, the 
loss of pressure by the steam in passing from the valve chest into 
the cylinder gradually increases, and the pressure of the steam in 
the cylinder begins gradually to diminish, before the complete 
closing of the valve j 80 that the top of the diagram, which is 

2 E 
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drawn during the admission of the steam, instead of presenting a 
Rtraight line, A B (fig. Ill), parallel to 0 X, presents a drooping 
curve, convex upwards, such as A H G. 

The point of the stroke where the compltJ.8 closing of the valve, or 
actual C'UJrojf, takes place, is usually marked on the diagram by a 
point o/rxmflrM"!/jle:x;u/re, G, where the curve convex upwards, H G, 
produced by wire-drawing, touches the curve of expansion, G 0, 
which is concave upwards. The steam begins to a certain extent 
to work expansively before the valve is completely closed, and the 
f'nergy exerted is nearly the same as if the valve closed instan
taneously at a somewhat earlier point of the stroke, which may be 
called the tMeual, or ~ectitxJ C'UJroff. To find approximately that 
point, produce the expansion curve, C G, upwards, and draw the 
straight line, A B, to meet it; then the point B marks the effective 
cut-off, and determines the effective ratio of expansion to be used 
in computing the efficiency. 

II. OlBalrom,cs is a term used to include, not merely the clearance 
proper, which is the space between the piston and the end of the 
cylinder to which it is nearest at the end or beginning of a stroke, 
but also the volume of the ports, and generally the whole minimum 
space between the piston and the valves. It is evident that this 
space, 88 well as the space through which the piston sweeps, has 
to be tilled with steam. 

The clearance, for purposes of calculation, is expressed in the 
form of a fraction of the space swept through by the piston during 
a single stroke. Let A be the area of the piston, • the length of 
its stroke; then 

tJOlume of cleaIrtmce 
. A. = c ••••......•••.•••.••• (1.) 

is the fraction in question, and 

t10lume of cleaIrtmce = cA ................... (2.) 

The length 0/ cylin.der equivalent to eM cleartmce is 

volume of cleartmce 
A = 0 ..................... (3.) 

The value of the fraction c ranges from t to -h, and sometimes 
less, in different engines, being greatest in the smallest engines. 
The equivalent length of cylinder c • varies less, being umally 
from one to two inches. 

The clearance affects the ratio of expansion in the following 
manner:-

In fig. Ill, let }; F = A, represent the whole space swept 
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through by the piston per. stroke; and let L K = N A = 0 A , 
represent the clearance. The steam being cut off at B, A B in the 
diagram ABC E F A appear' to represent the volume of steam 
in the cylinder at the instant of cut-o~ and 

AB_! EF_r 
EF-r' AB- , 

are the apparent cut-oft' and ratio of expansion. But the real 
volume of steam in the cylinder at the instant of cut-oft' is N B, 
and it expands to the volnme L1; 80 that the retJl cut-off and 
ratio of expansion are 

1 
1 NB ,,+0 LI 1+0 "'+0'" 
r = L I = 1 + 0 ; ,. = N B = 1 + = 1 + 0 ,... ... (4.) 

~ 0 

If fk AJm is cqmpldely &rlt.a'U8t«l from eM cyTNnder durim,g each 
mum ,fIro!r,e, the clearance produces the following effect on the 
expenditure of steam and of heat. The ~ volume of steam 
admitted per stroke being A B, and the retJl volume N B, the 
expenditure of steam, and consequently of heat, is increased by 
reason of the clearance in the ratio 

!: = 1 +oT· .......................... (5.) 

On the same supposition, that the steam is completely exhausted 
during each return stroke, the t1III'IrfJ1/ tlrJI!J"IIJd on fk piston 'JH1f' pownd 
0/ BttIam is diminished nearly, but not quite, by the amount 

or 
V1 (P1-P3) " 1 + 0,..,· .... ·•• .. • ........ ··(6.) 

"1 being, as usual, the volume of one pound of steam when admitted, 
P1 the pressure of admission, and Ps the mean back pressure. The 
diminution of energy exerted is '"" quite to the above amount; 
because the energy with which the steam rushes in to fill the 
clearance is expended partly in impulse against the piston, and 
partly in producing heat by friction amongst the particles of steam, 
and that heat superheats the steam, and makes a less quantity 
suffice to fill a given space at a given pressure. 

If the whole of the energy per pound of steam denoted by the 
expression 6 were loat, it would reduce the eJfo:imu:1J of 1M ..". in 
the proportion of 
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1 C" PI - Ps 1 (7 ) -1+cr" 'I'(P.-Pa): .................. . 

III. Compreuion, or C'I.l8IIMming, is effected by clOiling the educ
tion valve before the end of the return stroke; for example, at the 
point corresponding to M on the diagram. This confines a certain 
quantity of steam in the cylinder, which is compressed by the piston 
during the remainder of the return stroke, the rise of ita pressure 
being represented by some Buch curve as M A. In the figure, that 
curve is made to terminate at A, in order to represent the f1I08t 
ad'lJOIn/,ag8fYU8 adjustment of the compression, which takes place 
when the quantity of steam confined or "CUBhioned" is jwt I1Uffi
citmt eo fill the clearomce at eM initial pre88'UII'e PI' . 

An approximate formula for adjUBting the compression is as 
folloWB:-

~ ~ =c,,· ~)~ ........................ (8.) 

The effect of this adjUBtment is to Bave all the additional expen
diture of IItea.m per BtI'Oke denoted by c", in equation 6, and to 
Bave also the 1088 of energy per pound of steam expressed by the 
formula 6; so that the ejficWn,cy 0/ the steam remainB undiminished. 
The mean tffective pre88'UII'e, however, is diminished in the proportion 

1:1+q"; 

and the pre8B'IIA'6 equiw.lent eo the !&eat ezpenJtxl in the Bame propor
tion; I!O that if P. - Pp and PIt respectively represent those quantities, 
calculated, as in preVloUB Articles, on the BUl'position of there being 
no clearance, they are altered respectively to 

~-& d A . (9) 1 + c ", an 1 + c ", ,.......... . .......... • 

while the space eo be IIt.I1t1pt tIvroug" by the pilton ptfI' minute, ptfI' 
indicated hor86-fX1W6'l', is at the Bame time inct"fltJ86tl in the ratio 

1 +C'l": 1, 
and becomes 

33000 (1 + cr'). . 
---'-----<. m CUbIC feet, ............... (10.) 

P.-Ps . 

when the preBBUreB are expressed in pounds on the square foot. 
In the case which has now been considered of adjUBted CUBhion-

ing, the fraction 1 ~:' " of a whole cylinderful of steam (clearance 
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included), performs the part of a cushion according to the principles 
laid down for heat engines in general in Article 262, while the 

fraction 1 ; c " performs the effective work. 

IV. RtiMus means opening the exhaust port for the escape of 
the steam before the forward stroke is finished, in order to diminish 
the back pressure. In an engine in which there is no release (the 
exhaust port opening exactly at the end of the forward stroke), the 
diagram during the return stroke is usually a curve more or less 
resembling the dotted line eM K; the lower side of the ideal diJi.. 
gram used. in calculation being a straight line E F, 80 placed that 
its constant ordinate Ps is equal to the mean ordinate of the curve. 
L K I is a straight line, whose ordinate 0 L represents the pressure 
in the condenser (or in non-condensing engines, the atmospheric 
pressure). By making the release occur early enough, for example, 
at the point corresponding to P in the diagram, the entire fa.ll of 
pressure may be made to take place towards the end of the forward 
stroke, 80 as to make the back pressure coincide sensibly with that 
corresponding to the ordinate of K I; and then the end of the 
diagram will assume a figure represented by the dotted line P I, 
which is usually more or less concave upwards. Energy will be 
saved to the amount represented by the rectangle K F x K I, and 
energy lost to the amount represented by the area of the figure 
pel P; and on the whole, energy will be saved or lost according 
as the former or the latter of those areas is the larger. The 
greatest. saving of energy is insured by making the release take 
place at a point Q such, that about one-half of the fall of pressure 
shall take place at the end of the forward stroke, and the other 
half at the commencement of the return stroke, as indicated by the 
dotted curve Q R S . 
. V. Otmductiun. ojheoJ to and.frum tAe metal oJtAe cylinder, or 

VI. To and Jrom liquid tDQ/,er contained in tAe cylimler, has the 
effect of lowering the pressure at the beginning, and raising it at 
the end ot' the stroke, in the manner already mentioned incidentally 
in Article 286, the lowering effect being on the whole greater than 
the raising effect. The general nature of the change thus produced 
in the diagram is shown by the dotted line G HIe F in fig. 112. 
The effect of liquid water is much greater than that of the metal 
of the cylinder, and is augmented by the increased resistance which 
it produces to the flow of the steam through the ports (already 
mentioned in Article 290), which not only diminishes the pressure 
of admission, but increases the back pressure (see as to this, Article 
280). The remedy for these evils, by heating the cylinder exter
nally, has already been mentioned in Article 290. 
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VII. UndultJRmu, such 88 those sketched in fig. 113, are caused 
partly by the inertia of the indicator piston, and the elasticity of 

A 11 

Fig.Ut. Flg.U8. 

its springs, and partly:by pulsations, like waves of sound, in the 
steam. When large and extensive, they malte it extremely difticnlt 
to determine the mean efFective pressure from the diagram. In 
attempting to find that pressure, by sketching a diagram freed from . 
undulations, it is more accurate to draw a line, such 88 the dotted 
line in the figure, midUXl1J ~ fk cretIt8 and lwlTnwtt of the 
waves, than to draw a line enclosing the same area with the wavy 
line. 

VIII. Phe Jf'icI.iM& oj fk i~, by directly opposing the 
motion of its piston and pencil, tends to make the indicated for
ward pressure less, and the indicated back pressure greater, than 
the real forward and back pressure respectively, and so to make the 
indicated energy less than the real energy exerted by the steam on 
the piston; but to what extent is very uncertain. According to 
some experiments by Mr. Him (Bulletin de JlulhotJ,ae, vola. xxvii, 
xxviii.), the diminution of the indicated energy by the friction of 
the indlcator agrees nearly with the work performed in overcoming 
the friction of the steam engine; so that the indicator shows, Dot 
the whole energy exerted by the steam on the piston, but very 
nearly the ~ work of the steam engine; but it is doubtful how 
far this principle is generally applicable; and other experiments, 
especially those on screw steamers, are at variance with it. 

IX. Porititm of 19&dicator.-Experiments by Messrs. Randolph, 
Elder, & Co., have proved what might have been expeeted from the 
laws of fluid motion, that when a rapid current of steam blows 
tlC'1'088 the orifice of the nozzle of an indicator, the indicated pres
sure is less than the real pressure. Every indicator, therefore, 
should be fixed, if possible, in a position where it is not exposed to 
this cause of error. . ' 

292 . ...... 0 .c BqIae - B .... q .c III .......... - The 
energy lost through the resistance of the engine comprehends that 
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expended in overcoming the friction of the mechanism, in working 
the feed pump, in working the air pump and cold 'WILter pump of 
condensing engines, and generally, in overooming all resistanoo; 
arising within the engine i~ except the back pressure of the 
steam. 

Our knowledge of the amount of energy so lost is ati1l very vague 
and indefinite. The formula (originally proposed by the Count de 
Pambour), by which it is ca.lculated approximately, is of the follow
ing kind:-

Let ~ represent the UBejul load of the engine, reduced by the 
principle of virtual velocities to the piston as the driving point, as 
in Article 264. Then the prejudicial resistance, reduced to the 
piston also, probably consists of a constant part, which is the resis
tance of the engine when unloaded, and of a part increasing in 
proportion to the useful load; so that the total reNtance, reduced 
to the piston, may be expressed in the following form :-

R = (1 + I) ~ + Ro; ••• ··········.··.· .. ·(l.) 
R'O being the resistance uilloaded, and I the co-efficient for the 
vaI-iable part of the reRista.nce. 

Let A be the area of the piston; then the total resistance, per 
"nie of tmWJ of piBton, which is equal to the mean effective pressure, 
may be thus expressed :-

P.-Ps= ~ =(1 +1) ~+~ ................ (2.) 

The ~ of 1M mtelwm.i8m is given by the formula, 

and this, being multiplied by the ~JfiCUmCY 01 1M .uam, and by the 
~ of 1M .J"ur'nace, gives the ~ e.fflcien.cy of the whole 
steam engine. 

The unloaded resistance is known by experiment to range from 
lIb. to about Iilb. per square inch of piston (being greatest pro
portionally in the smallest engines), and to be on an average 1 lb. 
per square inch; hence we may put, approximately, 

~ = lIb. on the square inch = 144 Ibs. on the square foot ... (4.) 

The value of I in well made engines in the best order is estimated 

Digitized by Google 



STE.Ul AliI) 0T1IBB BEAT DGINES. 

by the Count de Pambour at ~ = 0'143 j and that estimate is cor

roborated by general experience, in cases in which there is no 
I'Ipecial cause for increased friction. In such cases, then, we may 
put for the gross resistance, in pounds, 

R = It HI + A in square inchesj .............. (5.) 

and for the efficiency of the mechanism, 

1 
1-143 + A in inches· ...... · .... (6.) 

~ 
In most cases which occur in practice, a result nearly agreeing 
with that of the preceding formula is obtained by supposing the 
whole of the prejudicial resistance to be proportional to the useful 
load; that is, by making 

R=(1 +I'} HI j ..... • .. • .... •• ........ ·(7.} 

lIO that the efficiency of the mechanism is 

~=l ~f .. • .. • .... •• ...... • .... ·· .... (8.) 

the value off' being somewhere between 0'2 and 0'25, and that of 
1 -'- 1 + J' between" and t. 

293. A.ellea .r __ ....... lui ........... _ .......... 
....... _.-The nature of the problem now to be considered with 
special reference to the action of saturated steam, has already been 
~tated in general terms in Article 264. It was first solved by the 
Count de Pambour. In that author's solution, however, the 
1r,eight oj Bteam produced in the boiler in a given time was treated 
as a known constant quantity j while in this treatise, it is the 
amilab16 heat of the furnace in a given time that will be treated as 
a known constant quantity j the problem being, when that quantity, 
and the UB6juJ ruistance to be otIIl7'CO'I1&6 by tM engi'M, and the back 
preI18WI'6, and also the ratio oj e:x:pansion are given, to find tM mean 
veWcUy with 'Which tM pi8ton will motIe. 

Let HI be the useful resistance, reduced to the piston. Then 
the total resistance, as explained in Article 292, is 

R = (1 + J) ~ + Ro ...................... (1.) '\ 

Divide this by the area of the piston or pistons, in a single cylinder 
engine, or by the area of the larger piston or pistons, in a double 
cylinder engine; then 
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R A ................................. (2.) 

is the mean effective pressure. 
Let r' be the apparent ratio of expansion, c the clearance, then, 

lUI in Article 291, Division II., we have for the real ratio of expan
sion, 

r'+cr' 
r= 1 +c ............................ (3.) 

Let the cushioning be adjusted as it ought to be 80 as to prevent 
appreciable 1088 of efficiency by clearance; then, as in Article 291, 
Division IlL, we have for the mean fjfecti'1J6 pre1IIfUIf'6 in an ideal 
diagram, freed from the effect of the cushioning, 

and 
P.-Pa= (1 +~r)A; } 

R ................ (4.) 

P. = (1 + c r') A + Ps-

From the real ratio of expansion r find, by the approximate for
mulm of Article 285, or Table vn, if the cylinder is unjacketed, 
or by the approximate formulm of Article 288, or Table VIII., if 
the cylinder is jacketed, the ratio 

1!.1 • 
P.' 

tben the initial prtJ118'U/1'8 0/ the 8I.6am -will be 

Pl =;: . (1 +~r')A +Ps); ................ (5.) 

and the speed of the engine will adjust itself 80 as to maintain this 
pressure. . 

From the initial prellSUre, by the proper exact formulm of Article 
284 or 287, or approximate formulm of Article 285 or 288, as the 
case may be, compute the pretWIIII'6 equivalent eo the ezpenditwre of 
luJa,t, 

P _ Hl_ Pl . (6) 
A - - - • .II! • f ~-- ,............... . r til tmlClency 0 .. ..,..m 

Let W be the number of lbs. of coal burned pt'Jf' mm:uM,' "the 
available heat of combustion of one lb. of coal in foot-Ibs.; then 
the 'OOlume w"U:h the piston fDill Bweep t/vrqugh fjfectifJtJly ptII' minute 
will be 
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N A B= (1 +c") II. W ; .................... (7.) 
PA 

B being the length of stroke, A the area of piston. and N the 
number of revolutions per minute. or the double of that number. 
according as the engine is single or double-acting. This volume 
being divided by A gives the distance moved through effectively by 

piston per minute strokes not being in 
single acting engine), 

/,W 
r')PAA;········· .... , 

IlJe solution 
indicated power, per minute, is 

N AB(P';'-PS) 
l+c-l =NBRj" ............... ".(9.) 

and the effective power 

N AB{P.-P3_~} 
1 +c-l A 

-----o~--r---= N B Rx ;""" , 

quantities 

the effect inappreciable (as 
in practice). the preceding formulre are simplified by m8XUltg 

c = O. Tbis is the case in the double-acting engine from which 
following example is taken j being the same engine which has 
already been referred to in Example I. of Article 289. 

DATA. 

Resistance overcome at CircUmference} 

d~u;;:=ke ...... ".".""u" .. ~~ 12900 
Circumference •.•.• , 
Length of stroke of B = 
Joint area of large 9192I:KJuare inchee; 

= ~ j ~ = lib, per square inch, 

Back pressure, Pa = 4 lbs. on the square inch. 
Weight of coal burned per minute........ W = 36'8 lbs. 

A:~~:.~.~~ .. ~~ •• ~~~~~~~.~~.~.~~:} h = 5,400,000 foot-Ibs. 
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REsULTS. 

Circumference of wheels 64'4 theref1 
Double stroke = 8'5' ore, 

64'4 
R, = 12900 x 8'5 = 97736 lhe. 

RI 97736 . 
A = 9192 = 10·631bs. per square Inch. 

P. - Pa = 1+ x 10'63 + 1 = 13'15 lhe. per square inch. 

P. = 13'15 + 4-00 = 17 '15 lhe. per square inch . 

. PI by Table VIII. (for'! = 0'2) 1-98. 
P. r 

Initial pressure PI = 17 '15 x 1'98 = 33'96 lbs. per square inch. 

. 15, x 33·96 
P" byapproxunate formula = 5 = 105'3. 

A P" = 105'3 x 9192 = 967,918 lbs. 

" W = 5,400,000 x 36'8 = 198,720,000 foot-lhe. 

Mean velocity of pistons-

"W 198,720,000 2053" . 
ApI> = 967,918 = . leet per mmutej 

the actual mean velocity of the pistons was 204 feet per minute. 
Indicated horse-power, from calculated speed of piston-

205'3 x 13-15 x 9192 -752 
33,000 _. 

The indicated horse-power as observed,.......... •...•. •••• 744. 
Effective horse-power from calculated speed of pU!ton-

205'3 x 97736 _ 608 
33000 - . 

Effective horse-power from observed speed-
204 x 97736 

33000 
604. 

294. ~ .... ~ ...... P._-The customary 
mode of stating pressures, already described in Article 105, as 
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applied to pressures of water, is also applied to pressures of steam; 
that is to say, the pressure is stated, as it is shown by a gauge or 
indicator, in pqwnds per M[lUJh"B inch abooe or below tM aIIrno8pMric 
pr688'UrB,. a pressure lower than the atmospheric pressUl'e being 
treated as negative, and called "vacuum." Pressures stated in this 
customary manner are reduced to real or absolute pressures by 
adding them to the atmospheric pressure if positive, and subtract
ing them atmospheric preseUl'e if negative. During 

engines intended basis for exact 
efficiency, the atm ought to be 

to time by m r. When it 
observed, it may be 14'7 lhe. on the 

square inch, level of the sea. diminution at higher 
levels, see Article 106. 

To illustrate this by an example, suppose that the atmospheric 
pressure, during a given experiment, is actually 14'7 lbs. on the 
square inch; and that the pre8SUl'e in the boiler, the initial pres
sure and mean back pressure in the cylinder, and the pre8SUl'e in 
the condenser, are shown by the indicator and gauges, and described 
in customary language, as follows:-

Preseure ........•........• 
Initial cylinder, .... .. 

square inch. 

" Mean cylinder, ........ 10-7 
" Vacuum condenser, ............. 12-7 
" 

Then absolute values of these a.re-

Preseure in boiler, Pb = 14'7 + 23 = 37·71bs. on the square inch. 

I~tial I?re8SUl'e} Pl = 14'7 + 19 = 33'7 
ill cylinder,... " " 

M::e~.~.:~~~ } Ps = 14'7 - 10'7 = 4 " " 

Pressure in con- } 14'7 _ 12'7 = 2 " 

the condenser measured by a mer-
sometimes stated in As to the 

of mercury to square inch, see 

SECTION 6.-On the Action of Superheated Steam. 

295. Oltjeele and I1I~od. of 8aperh_.IB. 8a-IB.-The principal 
objects of heating steam to a temperature above the boiling point 
corresponding to its pressure are the following:-

I. To raise the temperatUl'e at which the fluid receives heat, and 
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so to increase the efficiency of the fiuid (according to the principle 
of Article 265); and that without producing a dangerous pressure. 

IL To djmjnjsh the density of the steam employed to overcome 
a. given resistance, and so to lessen the back pressure, according to 
one of the principles stated in Article 280; in customary phrase, 
"to improve the vacuum." 

IlL To prevent condensation of the Btes.m during its expansion, 
without the aid of a jacket. 

Those three effects all tend to increase the efficiency of the fluid, 
and economize fuel 

The principal methods of superheating steam are the following:
L Wirs-dratoing, as explained in Article 290, which occasions 

superheating when the pressure in the cylinder is much less than 
that in the boiler; but seldom to an extent whose effects can be 
made the subject of calculation. Superheating in this way takes 
place more by accident than design, and does not secure all the 
advantages just ascribed to superheating; for although the steam 
in the cylinder is at a temperature higher than the boiling point 
corresponding to its pressure, the steam in the boiler is at a higher 
temperature still, and at the pressure of saturation corresponding 
to that higher temperature. 

II. SwperMating by tits 8f.etJm jacket, which takes place when the 
steam jacket communicates more heat to the expanding steam in 
the cylinder than is necessary merely to prevent any of it from 
condensing. It does not appear that this kind of superheating 
produces an effect that can be made the subject of a definite calcu
lation. Its extent is limited, as in Method I., by the temperature 
in the boiler. 

IlL SuperMating in tits Bt.eam. cIIae, or upper part of the boiler, 
by means of fiues traversing or surrounding it. By this method, 
the steam may be raised to a temperature somewhat, but not very 
much exceeding the boiling point corresponding to the pressure in 
the boiler. This is practised in many marine engines, and in sOme 
cases with the effect of preventing condensation in unjacketed 
cyliuders. 

IV. StqJtII'MoJ,ing in tubes or pruatJ!/tJIl which the steam traverses 
on its way from the boiler to the cylinder. By this method almost 
any required temperature can be given to steam of any pressUJ."e. 
It is difficult, if not impossible, to specify anyone as the first 
inventor of this process. Mr. Frost was at all events one of the 
first to recommend it and cause it to be put in practice. It was 
used many years &go jn the engines of the American mail steamer 
"Arctic" with good effect, and has since been used by many 
makers in many engines, chiefiy marine, with a great variety of 
forms of apparatus, some of which will be described in Chap. IV. 
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V. SuperMating by mi:l:turs, where a portion only of the steam 
is pIlII8tld through superheating tubes, and raised to a very high tem
perature, and then injected amongst the remainder of the steam at 
or near the cylinder ports, so &8 to bring the whole m&88 of steam . 
to a temperature intermediate between the boiling point cor
responding to its pressure, and the temperature in the super
heating tubes. The mixture thus made is called by the Hon. 
John Wethered, who invented the process, "comhi.n«l Bt«un." 

VI. SuperMating in. 1M cyliruler, by means of a flue or of a 
furnace, &8 in Mr. Siemens's steam engine. 

296 . ....................... _ ..... Q_-In that scarcity 
of exact data respecting the relations between the pressure, tem
perature, and density of superheated steam which at preaent 
prevails, and which has already been mentioned in Article 206, 
it is necessary to take some ~ ~ &8 a prot1iBional 
basis for computations respecting the expenditure of heat, the 
power and the efficiency of superheated steam engines. 

The simplest and most convenient &SSUmption which can be 
made, and one also which does not' involve the risk of any serious 
error, consists in considering superheated steam &8 a perfa gt18, 
and deducing its density ti'Om its chemical composition. Steam 
considered to be in this state may be called 1IIAJam-gaB. 

The formula for the product of its pressure in pot.mds on 1M 
8qt14re foot, p, and 1M oolwme of one pot.md of it in. cubic fMll, ", at 
any given absolute temperature, 

1" ::;: T" + 461°'2 Fahreiilieit, 

is at! follows:-

1" T +461°'2 
p v = 42140 . ;- = 42140 . 4930'2 = 85'44 ... ; .... (1.) 

o 
and the results of that formula, for every eighteenth degree of 
Fahrenheit's scale, from T = 3T to T = o7T, are given in the 
column headed p" in Table IX., at the end of this section. 

In the column of the same Table headed H are given the values 
for the same series of temperatures, of the total Mat of g~ 
in foot-pounds required to raise one pound of water from the liquid 
state at 32°, to the state of perfect gas at a given temperature, 
under any constant pressure compatible with the perfectly gaseous 
state at the latter temperature. It is &SSumed that saturated 
steam at 3T is perfectly gaseous, 80 that the total heat of gasefica
tion for that temperature, Ho. is simply the latent heat of evapora
tion, or 

Ho = 8428;2 foot-pounds; 
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and then, according to the principles explained in Article 258, we 
have for the total heat of gasefi.cation of one pound of steam-gas at 
any other temperature in foot-pounds-

H = 110 + ~ (T - 32j = 842872 + 366'7 (T - 32j .. . (2.) 

The following are some equivalent expressions for the same 
qllantity:-

H = 662016+ 366'7 '1'= 662016 + 4'29 plInearly ... (2 A.) 

The colnmn h gives the quantity of heat in foot-pounds required 
to raise one pound of liquid water from 32" to a given temperature; 
the increase of the specific heat of liquid water with temperature 
being taken into account; but in most practical C88e8 it is suffi
ciently accurate to use the formula 

h = 772 (T - 32°) ........................ (3.) 

297 . •• cleaq et 1ICee= G .. B ................ Ga .. _ .... et 
D_In fig. 114, let A B represent 111, the volume occupied by 
one pound of steam-gas when 
first admitted into the cylinder 
of an engine at the pressure 
PI = 0 A. Let B C, being an 
"adiabatic" curve for steam gas, 
represent by its co-ordinates the 
fall of pressure and increase of J) 

volume of that ft.uid as it ex
pands. Let D C = 112 = r 111 71t-------iII 

represent the volume, and 0 D olr-------*G---= PI! the pressure, at the end of Fig. 114. 
the expansion, which is assumed 
not to be carried so far as to cause any appreciable liquefaction of 
the steam. 

Let 0 F = Pa represent the mean back pressure. The probable 
value of this in a proposed superheated steam engine may be 
estimated 88 follows :-Let the ordinary back pressure in a dry 
saturated steam engine working at the same speed with the same 
ratio of expansion be denoted by 

P'+ pO; 

P being the pressure of condensation, and p. the additional pres
sure. Let '1'1 be the abRolute boiling point corresponding to the 
initial pressure PJL. and .,.'1 the actual absolu~ temperature of the 
steam admitted. 'J.'hen the steam-gas employed is less dense than 
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saturated steam of the same pressure in a proportion which may be 
'I' 

expressed accurately enough for the present purpose by i; so that 
1 

according to a principle stated in Article 280, the probable back 
pressure in the superheated steam engine will be 

PS=p'+ '1 p ........................... {l.) 
'1'1 

In most cases which occur in practice, we may put p' = 1 lb. on 
the square inch, and p. = 3 lbs. on the square inch; so that 

Ps = 1 + 3 ~ in pounds on the square inch, } 
'1'1 

... (1 A.) 

or . 144 + 432 ~ in pounds on the square foot. 

The equation of the expansion curve BC may be assumed 88 

analogous to that of the corresponding curve for air, viz. :-

pac: v-"; ............................ (2.) 

in which " and other indices and co-efticients depending on it for 
steam-gas have the values given them in Article 251, viz. :-

" = 1'304; ,,- 1 = 0'304; 

1 ,. 
--1 = 3'29; ---1 = 4'29; 
,,- ,,- •••....••..... (3.) 

.!. = 0'767; ,,- 1 = 0'233. 

" " 
Hence, by an investigation similar to that in Article 279, Method 
II., is found the following expression for the energy exerted on the 
pitrt.on by one pound of steam-gas:-

Area A BCEF A= U ={p.-pS>rvl 

=Pl VI (4'29 - 3'29 r-'*')-Ps rv1 ............ (4.) 

To facilitate the use of this equation, a series of values of the 
two following ratios and their reciprocals are given in Table X. at 
the end of this section :-

r P. _ 4'29 3'29 -0"30& • (5 ) - - - r , .................. . 
PI 
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P·=4·29 r- I - 3,29 r- I-; •••••.••••••... (5 A.) 
PI 

in which Table intermediate values of any ratio can be interpolated 
88 in Tables VII. and VIII., already explained. The following, 
then, is the Bet of formulae to be employed in computing approxi
mately the probable power and efficiency of superheated steam 
engines, according to the provisional theory here adopted:-

DATA. 

Initial prtJ8lIUrB, PI' 
Initial ahsoltd8 ttJmperature, "1 = 1."1 + 461°'2 Fahrenheit. 
Ratio of~, r. 
Meam. back prtJBIl'UII'8, P .. known directly by experiment, 01 

estimated by the formula 1 A; the absolute boiling point, " .. being 
found by known formulae or tables. 

Ab8oltd8 temperature offoed water, ". = T. + 461°'2. 
TemperIJture of condensation, T5• 
Ttlmpera/JuA'8 of at/mo8pMre, TO' 

REsuLTS. 

PI "1 found from T l' by equation 1 of Article 296, or by Table 
IX.; being the gross energy exerted by the steam on the piston 
during ita admission. 

Initial and .final wlumeB of OM pound of IIteo!m-

"1 = PI "1 + PI; "2 = r "1''' •.••••••..•...••. (6.) 

r P., and P., found by the equations 5, 5 A, or by Table X. 
PI PI 

E'MII'f/Y ~ per pound ofateam; found by equation 4, or by 
the formula-

u = rp •. PI "I -rPa",; ................... (7.) 
PI 

Meam. sffediw pre88'IIh'6-

P.-Pa= U =P •• Pl-Pa .................. (8.) 
r"l Pl 

H«Jt ~ per pqund of 1II«Jm, in foot-poun~ 

fJ = 842872 + 366'7 (1."1 - 3~) - 772 (T. - 32°), ... (9.) 

or fJ = H1 - h.; .................. ...... (9 A.) 

HI and h. being found by means of Table IX. 
2F 



Pre8IlUf'6 equitxJlent 10 Mat ~ 

fJ P.=-···· .. ······················(IO.) 
r "1 

P. P. p, = ¥ ......................... (11.) 

N til leed tDCIt6r 1H1" cubic loot. BfDSJJ' flwmuJh by piIIon-

1 
- ................................ (12.) 
r "1 

H«II. rejetJMl ptJr pound 01 ___ 

fJ- U .............................. (13.) 

H«II. ~ ptJI' cubic foot BWBpt flmIuglt. by pYIon

fJ-U. --, ............................ (14.) 
rVl 

Net ~ tDCIt6r-

Ma,t~ 
= 772 (T5 - To> .... •• .. • .. •· .......... ·(16.) 

.4. milable h«M. tJIJefJMd«l ptJr indicdt«l ~fDIIr ptJr .wur-

1980000 ! ........................... (16.) 

In the following example (which is ideal), the engines are 
supposed to be the same with those already employed as Example 
I. in Article 289; and the principal question to be solved by the 
calculation is, what would be the probable increase of efficiency and 
saving of fuel if the steam, being admitted at the same mean 
pressure of 34 Ibs. on the square inch, and cut oft' at the same mean 
eft'ective fraction of ita final volume, 0'2, were superheated so as to 
be admitted at the temperature T'1 = 428", in8tead of ita present 

. mean temperature of admission, which is about 267! 0. 

DATA. 

PI = 34 X 144 = 4896 ; 

"1 = 428 + 461'2 = 889'2. 
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r=5. 

719 
P8 = 144 + 432 . 889 = 493 Ibs. on the square foot, 

(or 3·431bs. on the square inch). 

T,= 104. 

RESULTS. 

PI VI, by Table IX., 75976 foot-pounds 

75976 . "I = 4896 = 15'52 cubiC feet. 

,,! = r "I = 5 x 15'52 = 77'6 cubic feet. 

By Table x.- r P. = 2'28; P. = '456. 
PI PI 

Energy pM' pm.md of 8team&-

U =2'28 X 75976-493 X 77-6 

= 173225 - 38257 = 134968 foot-pounds. 

Melm efffJdMJe pt'UIIUII'&-

P. - P8 = '456 X 4896 - 493 = 1740 Ibs. on the square foot, 

= 12-o81bs. on the square inch. 

Heat ~ pM' pm.md of at.m-

fJ = 988085 - 55612 = 932473. 

P'I'UtI'IIft equitNJlent to Mat ~-

932473 
p,= 77'6- = 120161bs. on the square foot. 

= 83'44 Ibs. on the square inch. 

E.fIiciencg of at.m-

134968 1740 12'08 
932473 = 12016 = 83'44 = 0'145; 

435 

lleing superior to the efficiency with dry saturated steam, as com
puted in Article 289, Example L, in the ratio 

'145 
'128 = 1'18 : 1. 
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The available heat expended per indicated horae-power per hour 
would be 

1980000 
0'145 = 13655000 foot-pounds; 

and supposing, as in some previous examples, the available heat of 
combustion of one pound of the coal employed to be 

5400000 foot-pounds, 

the consumption of coal per indicated horae-power per hour would 
be 

13655000 
5400000 2·531bs.; 

which, being subtracted from the aCtual consumption, 2'97, shows 
a saving of 0'44 lb., or about 15 per cent. 

This is less than the saving which has usually been found by 
experiment to result from superheating; the reason probably being, 
that in the preceding calculation no account is taken of the in
creased efficiency 0/ the j"u'l"'MC6, owing to the superheating apparam 
taking up heat which would otherwise have been wasted. 

To estimate the probable effect of this cause in giving increased 
economy, let us make the supposition (which appears to have been 
nearly realized in some cases), that the wl/'ole of the superheating is 
effected by heat which would otherwise have been wasted. 

Foot-lllL 
Then the heat required to produce 1 lb. of saturated 

steam at 34 lbs. on the square inch, from water at 
1040 being.................................................. 840,000 

and the heat required to produce 1 lb. of superheated 
steam at 4280 Fahrenheit, from water at 1040 

being, as computed before,..... ............. ...... ...... 932,473 

the difference,............. ........ 92,473 

is to be considered, according to the supposition made, as heat 
saved by the superheating apparatus; so that the efficiency of the 
furnace is increased in the ratio 

932473 
840000 = 1'11 nearly; 

and the available heat of combustion of the coal, instead of 
5,400,000, becomes, 
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5,400,000 x 1'11 = 6,000,000 foot-Ibs. 

giving as the probable consumption of coal per indicated horse
power per hour, 

13655000 
6000000 = 2'28 Ibs., 

which, being subtracted from ....... 2·97 

shows a saving of ..................... 0'09 lb. 

. or about 23 per cent. This agrees very nearly with the general 
results of practice. 

298. .a.aCT .r ...... -G.e ......... AI ., ...... , or_ .... -
___ If the temperature of steam-gas be maintained constant 
during its expansion, by means of a flue round the cylinder, or 
otherwise, its action is represented approximately by making the 
clll'Ve B C, fig. la, a common hyperbola, 80 that 

I 
pcx ;. 

In this case, the principal formulre are the following:
E'III!Jf'UY e:x:ert«l by 1 lb. of ,team 

=are& ABCEFA 

= u =(P. -ptJ 'f'f\ =Pl "1 (1 + hyp log '1')- Pa 'I' "1'''(1.) 

'I' P. = 1 + hyp log'f'; ..................... (2.) 
PI 

P. 1 + hyp log 'I' -= ..................... (2 A.) 
PI 'I' 

A aeries of values of these ratios, and of their reciprocals, is given 
in Table XI. at the end of this section. 

The lwa e:cpenJed per pound 0/ steam consists of the totallwa 0/ 
~,/rom T., the temperature of the feed water, to TIl' thE' 
temperature of the steam-gas. as already computed in Articles 296 
and 297, and given by the aid of Table IX., and of the latent lwa 
of ezpansion which the steam receives to maintain its temperature 
constant in the cylinder, and whose value is r 

PI "1 hyp log 'I' = 85'44 "1 hyp log 'I' = Px "1 • ~ ~. - 1) ;. .... (3.) 
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helloo, denoting the whole expenditure of heat per lb. of steam by" 

JJ=H1 -". +PI "1 (~~ - I) 
= 842872 + 366'7 (T'I - 321 -772 (T. - 3T) 

+ 8/>-44 hyp log r (T'I + 4610 .2) 

= 662016 + PI "1 (3.29 + r ~.) -772 (T. - 32). .... (4.) 

To illustrate this mode of employing steam-gas, let the data 
taken be the same as in the example of Article 297; that is, let; 

~ = 34 x 144 = 4896 j 
'1'1 = 889·2 = 4~+ 461·2; 
r=5j 
b=493~ '1'.= 104. 

REsuLTS. 

PI "1 = 75976; "'I = 15·52; r "I = 77·6; as before. 

By Table XI., r P. = 2·61; ~"! = ·522. 
PI PI 

E'M'I"fnI per Th. 0/ Bleam-

U = 2·61 x 75976 - 493 x 77·6 

= 198297 - 38257 = 160040 foot-lba. 

MtJfIIR,~ecti'lJ6~ 

P. - Pa = ·622 x 4896 - 493 = 2063 lbs. on the square fool; 

= 14·38 Ibs. on the square inch. 

Heat ~ per lb. 0/ Bleam-

b = 988085 -55612 + 75976 x 1·61 

= 932473 + 122321 = 1054794 foot-Ibs. 

PrUlJ'lllre equivalent to that MaJ,-

1054794 
p,= 77.6 = 13593Ibs. on the square foot 

= 94·4 Ibs. on the square inch. 
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160040 2063 14'33 
1054794 = 13593 = 94'4 = 0'162, 

being superior to the efficiency with dry saturated steam in the 
ratio 

0'152 
0'123 = 1'236: 1 nearly. 

The available heat expended, per indicated hone-power per hour, 
would be in this case 

1980000 
0'152 = 13,000,000 fOot..lba. 

H the efficiency of the furnace, as in the second mode of treating 
the example in Article 297, be supposed to be such that the avail
able heat of combustion of 1 lb. of coal is 

6,000,000 foot-lbe., 

the probable consumption of coal in the engine now under con
sideration, per indicated hone-power per honr, is found to be 

13000000 _ 2-l7 lbs. 
6000000 -

which being subtracted from the} 

:::!~=!,~:~.~~~ .. ~ 2'97 

shows a saving of ...................... 0'80 lb. 
or 27 per cent. 

299 . •• ate.cJ' .car--oQaa willa a.---.. -_ ........ 
-The "regenerative steam engine" of Mr. C. W. Siemens, is one 
which so far agrees with the description in the last Article, that 
superheated steam works expansively in it at a temperature main
tained nearly constant by placing the cylinder over & furnace; but 
the steam. on its way to and from the space below the plunger of 
that cylinder, traverses a "regenerator" ue&l'ly resembling that of 
Stirling's air engine (see Article 275), the effect of which is, that 
the whole, 01' nearly the whole, of the heat employed to raise the 
temperature of the steam above the boiling point corresponding to 
its pressure, is obtained at each stroke from the regenerator, in 
which that heat has previously been stored by steam leaving the 
hot end of the cylinder. 
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The whole of the formula! of the Article 298 are made applicable 
to this case, by simply taking for the value of HI' eM total heat of 
evaporation of 1 lb. of Bt6am at tM boiling point "'1' corresponding to 
its pressure, 88 given by Table VL at the end of the volume, 
instead of the total heat of gasefication at the working temperatuI-e 
.,.'1" Suppose, for example, that the data are the same 88 in the 
last Article. Then the total heat of evaporation of steam at 34-
lbs. on the square inch, the feed water being at 104°, as computed 
for Table VI., is .••••••••••••••••......••• H I - "', = 840000 foot-Ibs., 
the latent hea.t of expan- } (r 'P. ) 

sion, 88 in Article 298,.. PI 111 Ta- 1 = 122321 

and the heat expended per lb. of steam b ..•.•• = 962321 foot-lbs. 

Also, the energy exerted by 1 lb. of steam, being, 88 in Article 
298, 

U = 160040 foot-Ibs., 

the efficien,cy of eM steam is 

160040 • 
U +b = 962321 = 0·166; 

consequently, the available heat expended per indicated horse
power per hour is 

1980000 
0.166 = 11,930,000 foot- Ibs. nearly. 

Taking the same estimate of the available heat of combustion of 1 
lb. of coal, 88 in Article 298, this would give for the consumption 
of coal per indicated horse-power per hour 

11,930,000 _ 1.99 Ib 
6,000,000 - . 

The efficiency of this engine is capable of being greatly increased 
by working at a high temperature; for while the energy exerted 
by the steam increases nearll 88 the absolute temperature, it is 
only the la.tent heat of expansion which increases in the same pro
portion: the total heat of evaporation remaining constant if the 
pressure is constant. Mr. Siemens states, that in some of his 
experiments with this engine, the consumption of fuel was only 
1·5 lb. per indicated horse-power per hour. 

The heating apparatus described at the end of Article 275, 
might probably be applied to this engine with advantage. 
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IX. 

TABLE OJ' ELAmClTY AND TOTAL HEAT OJ' ONE POUND OJ' 
STEAK-GAS. 

T 1'" H II 

32° ............ 42140 ............ 842872 ............ 0 
50 43678 849473 13896 
68 45216 856073 27792 
86 46754 862674 41702 

104 48292 869274 55612 
122 ............ 49830............ 875875 ............ 69522 
140 51368 882476 83459 
158 52906 889076 97411 
176 54444 895677 111363 
194 55982 902277 125357 
212 ............ 57520 ............ 908878 ............ 139363 
230 59058 915479 
248 60596 922079 
266 62134 928680 
284 63672 935280 
302 ............ 65210............ 941881 
320 66748 948482 
338 68286 955082 
356 69824 961683 
374 71362 968283 
392 ............ 72900 ............ 974884 
410 74438 981485 
428 75976 988085 
446 77514 994686 
464 79052 1001286 
482 ............ 80590 ............ 1007887 
500 82128 1014488 
518 83666 1021088 
536 85204 1027689 
554 86742 1034289 
572 ............ 88280 ............ 1040890 

ExPLANATION. 

T, temperature on Fahrenheit's scale. 
p v, product of the pressure in pounds on the ~uare foot. and volume 

in cubic feet, of one pound of steam in the perfectly gaseous condition, or 
"steam- ." 

H, to;!heat, in foot-pounds of energy, required to convert one pound 
of water at 32° into steam-gas at TO, under any constant pressure. 

h, heat, in foot-pounds ofenerllY, required to raise the temperature of 
one pound of water from 32° to TO. 
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X. 

TABLE op APPBOXDlATE RATIOS 1'08 8TB.ur-oAS lVOB.KDrO 
ExPANSIVELY, 

r 1 rp. J.L. J!.L p. 
-r p, rp. p. p, 

20 '05 2'97 '337 6'14 '148 

13~ '075 2'80 '357 4'76 '210 
10 'I 2'66 '376 3'76 '266 
8 ' 125 2'56 '391 3'13 '320 
61 '15 2'45 '408 2'73 '367 
5 '2 2'28 '439 2'20 '456 

4 '25 2'13 '469 1'88 '532 

3l '3 2'01 '498 1-66 '603 
2" T '35 1'90 '526 1'50 '665 
zi '4 1'80 '556 1'39 '720 

21- '45 1'71 '585 1'30 '770 
2 '5 1'63 '613 1'23 '815 
l/r '55 1'55 '645 1'17 '852 
II- '6 1'47 -680 1'13 '88l 
l-b '65 1'40 '7 14 1'10 '910 
I" T '7 1'34 '746 1'07 '938 
11 

T '75 1'28 '781 1'04 '960 

I{- '8 1'22 '820 !'025 '976 
lIT '85 1'16 '862 1'014 '986 
d '9 1'10 '909 1'01 '990 

ExPLANATION, 

'1', ratio of expansion. 

1 
,.. real cut-oft: 

PI' absolute pressure of admission. 
P., mean absolute pressure. 

". P., ratio of whole gross work of steam on piston to groaa work 
PI 

during admission. 

PI, ratio'of gross work during admission to whole gross 'WOrk. 
"'P. 
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XI, 

TABLE OF APPROXDlATI!I RATIOS FOR PEBnxYr GA8ES WORKIliG 

ExPABSIVELY AT CONSTAlft TDPERATURB. 

1 rp.. .PI ~ P. r -r PI tp.. p. PI 
20 '05 4'00 '250 5'00 '~oo 

13l '075 3'59 '279 3'72 '269 
10 'I 3'30 '3°3 3'°3 '33° 
8 ' 125 3'08 '325 2'60 '385 
6t '15 2'9° '345 2'30 '435 
5 '2 2'61 '383 1'92 '522 

4 '25 2'39 '419 1'68 '596 

3l '3 2'20 '454 1'51 '661 
2" 'I' '35 2'05 '488 1'39 '7 17 .. , 
My '4 1'91 '523 1'31 '765 
21- '45 1'80 '556 1'24 '809 
2 '5 1'69 '591 1'18 '846 
I/r '55 1'60 '626 1'14 '878 
IJ. '6 1'51 '662 1'10 '906 
li(~ -65 1'43 '699 1'07 '929 
If '7 1'36 '737 1'05 '950 

Il '75 1'29 '777 1'°4 '965 
It '8 1'22 '818 1'02 '978 

1'1'" '85 1'16 '86o 1'01 '989 
II '9 I'll '905 1'01 '995 

EXl'LA.liATION, 

r, ratio of expansion. 
I 
-, real cut-oft r 
PI' absolute pressure of admission. 
P., mean absolute pressure, 

r P., ratio of whole gross work of gas on piston to gross work 
PI 

duriDg admission, 

l!!..., ratio of gross work during admission to whole gross work, 
rp_ 
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SECl'ION 7.-0/ BiMII"JI VapOur E1I{J'ima. 

300. Geaaal Dacri ..... oC .. e .I.-y v ...... ....... -This 
engine (sometimes ca.lled the "combined vapour engine "), the 
invention of M. P~re-Vincent du Trembley, is driven by the 
combined action of two diH'erent fluids, a less and a more volatile, 
in two separate cylinders. The less volatile fluid is evaporated ill 
a boiler, and drives the piston of its cylinder, in the usual way. 
On being discharged, it is passed vertica.lly downwards through a 
set of small tubes, contained within a cylindrical vessel; this 
apparatus is at once the condenaer for the less volatile fluid, and 
the evaporaIm' for the more volatile fluid; for the less volatile fluid, 
passing downwards through the tubes, is liquefied, and gives out its 
heat to the more volatile fluid, which ascends in the space SUI'

rounding the tubes, and reaches the top of the vessel in the state 
of vapour. This vapour drives the piHton of a second cylinder, 
during the return stroke of which it is expelled into a second 
surface condenser, consisting also of a number of small vertical 
tubes; the vapour passes downwards through these tubes, which 
are surrounded by a copious stream of cold water; this abstracts 
heat from the vapour, and causes it to be condensed, and the liquid 
thus produced is pumped back into the evaporating vessel to per
form its work over again. 

The less volatile fluid is always water; for the more volatile. 
ether is usually employed: chloroform has also been tried; and 
bisulphuret of carbon has been recommended on account of its 
abundance and cheapness. All these fluids, when breathed in the 
vaporous state, are stupefying, and in large quantities poisonous; 
ether is highly inflammable; ether and chloroform are very costly; 
and sulphuret of carbon, even when it escapes in quantities far 
too small to be stupefying, causes a most disgusting and insup
portable stench. It is, therefore, necessary that extraordinary care 
should be bestowed upon making the joints of that part of the 
apparatus which contains the more volatile fluid perfectly tight, 
so that no perceptible portion of it shall escape. This appears 
to have been accomplished with great success by M. du Trem
bley, in his steam and ether engines, by which several ships are 
propelled. 

Full and minute details of the construction and mode of working 
of these engines are given in M. du Trembley's work, entitled, 
Mantuil du Cond'UdAN,r des MachineB a Vapeur8 combinkB, au 
MachineB BinaireB (Lyons, 1850-.')1); and accounts of their per
formance are contained in a report by Mr. George Rennie, publisbed 
in 1852; in a lithographed report by M. E. Gouin, on the experi
mental trip of the ship "Bresil," in 1855; and in a paper by Mr. 
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James W. Jamieson, read to the Institution of Civil Engineers in 
February, 1859. 

301. T.-., .c Ihe 11 __ ........... • ..... e.-In fig. 115, let 
ABO E F A represent the diagram of the steam cylinder, and 
K L M P Q K that of the ether cylinder. 

H 

o 

Fig. 116. 

Let PI = 0 A be the absolute pressure of the steam at its admis-
sion; 

"I = AB, the volume of one lb. of it when admitted; 
r "'I = b 0, the volume to which it expands; 
Let its back pressure be indicated by the curve 0 E F; 
Let HI denote the available heat expended, in foot-lhe. per lb. of 

steam; 
U = area. ABO E F A, the energy exerted on the piston by one 

lb. of steam. 
Then the Mat rfjected by each lb. of steam, and given out through 

the tubes of the steam-condensing and Ether-evaporating apparatus 
to the ether, is given by the equation 

HI! = HI - U ; ........................ (1.) 
and several examples of the mode of computing this quantity of 
heat have been given in the preceding sections. 

To find what ",olume will be filled with ether vapour by means 
of this heat, in the first place must be computed the expenditure of 
heat per cubic foot, of reeker 'f)QlPO'UH", produced at the pressure under 
which the ether is evaporated, which is supposed to be given and 
represented by P'I = 0 K, and is necessa.rily a pressure correspond
ing to a boiling point lower than the temperature at which the 
steam is condensed. That expenditure of heat ~ given by the 
formula. 

where 
L' + J c' D' (T' - T·), ...............•.•... (2.) 

L' ='" ~ ~ is the latent heat of evaporation of one cubic foot 

of ether vapour under the given pressure, calculated by a formula. 
of the kind given in Article 255, or by the aid of Table V.; 
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J d = 399-1 foot-Ibs. per degree of Fahrenheit, is the specific 
heat of liquid ether; 

D' is the weight of one cubic foot of ether vapour, found by the 
formule of Article 256, or by the aid of Table V. ; 

T' is the temperature at which the ether is evaporated, and T"' 
that at which it is condensed, and returned to the evaporating 
apparatus. 

The value of the expression 2 having been computed, the initial 
volume, represented by K L in the figure, of the ether evaporated 
per lb. of steam condensed, is found by means of the equation 

, - HI 
,,=KL= L'+J dD'(T' _ T·1·············(3.) 

Let p" = 0 N denote the intended. final pressure of the ether 
vapour, at the end of itll expansion, and p.' its mean back pressure, 
which appears to be about 5 lhe. on the square inch. Then from 
the data, p', pO, p"', T'·, by means of the formule of Articles 281 
and 284, substituting only the constants which apply to ether for 
those which apply to steam, and using Table V. instead of Table 
IV., may be computed-

The ratio of expansion r, and thence the final volume MN = r' 11.' 

of the ether evaporated per lb. of steam ; 
The energy exerted by that ether, represented by the area 

KLMQK=U'. 
The ratio 

lIN ",,,' 
-=-=-........................... (4.) 
DC r"l 

is that of the volume of the ether cylinder to the volume of the 
steam cylinder. In practice, those cylinders are either of equal 
size, or the ether cylinder is somewhat the larger. 

The heat per lb. of steam to be abstracted by the cold water 
which circulates in the ether condenser, is given by the expression 

HI - U - U' ...••...•.•......•..•••... (5.) 

The mean effective pressures in the steam cylinder and etht'r 
cylinder respectively, are 

U U' 
- and J _J •••••••••••••••••••••••••••• (6.) 
r "1 r '16 

It is certain that the same amount of additional energy, which 
is obtained by the addition of the ether engine to the steam engine, 
might also be obtained. by continuing the expansion of the steam 
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sufficiently far, 88 represented by the line C H G, provided a suffi
ciently low back pre881ll'e could be insured; but this might require 
in 80me cases a cylinder 80 large, as to be more costly than the 
binary engine. 

The addition of an alther engine appears to be an excellent means 
of improving the efficiency and economy of an existing steam engine. 

302. B ... ple ., a-J .• ., BsperI __ -The following quan-
tities are metmB, computed from a long series of experimental results 
given in M. Gouin's report already mentioned, on the performance 
of the steam and other engines of the "Bresil:"-

PauIUBIB m Lilli. Olf TRB IQUABB meH. 
ID boiler or Back ){em 
evaporator, pnMlII'8. eft'ectIVL 

Steam, ................... 43'2 7'6 11'6 
&thel', .................. 31'2 S'3 7'1 

Total mean effective pressure reduced to the area 
of one piston, the areas and strokes of the steam 
and alther pistons having been in this case the 
88J]le, ...•..................••.........•.•....••.••••••••.. 

It thus appears, that the proportions of the indicated power of 
the engine obtained in the steam and alther cylinders respectively, 
were 

. 11'6 
In the steam cylinder, 18'7 = '62; 

. H 
In the alther cylinder, 18'7 = '38. 

The gain of power, however, by the addition of the alther engine, 
is not quite 80 great 88 this calculation shows; OOcaUlle, had the 
steam cylinder been used alone, the back pressure would have been 
in all probability about 3 Ibs. on the square inch less; that is, 
about 4'6 instead of 7'6; 80 that the mean effective pressure in the 
steam cylinder would have been 14'6 instead of 11'6; and the pro
portion borne by the power of the steam engine alone to that of 
the binary engine would have been 

14·6 
18'7 = '77, 

leaving 
1'00 - '77 = '23 

of the whole power of the binary engine, 88 the real gain due to the 
alther engine. 
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consumption &CllOI'1diI1ll!' to M. Gouin's 
either 

or ~:~4 } lbs. of coal per indicated horse-power per hour, 

according as certain experiments made under peCuliarly adverae 
circumstances were included or excluded. 

The binary engine is not more economical than steam engines 
Qe~ll2'Ilea with due of fuel; but by addition 

lether engine, a engine may be ",,"v~,..t,,'" 
economical binary 
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CHAPTER IV. 

OJ' FURNACES UD BOILEBS. 

SBCl'IOlf 1.--0/ Boikr, cwl Fuf'llOtCU in ~. 

303. a-I Ana...--.. • t .... _e .... B.uer.-The usual 
relative arrangements or positions of the furnace and boiler of a 
steam engine may be divided into three principal clasaes; lIS 

follows :-
I. In the .~ .. _ Beller, the furnace or fire-chamber is 

wholly outside of, and partly in contact with, the water vessel or 
boiler; so that the boiler forms part of the boundary of the furnace 
(generally the top). The other boundaries of the fumace are 
usually built of fire-brick. As to the thickness required to prevent 
lOBS by raciiMion, see Article 228. Examples of thiH are-the old 
hay-stack boiler and wagon boiler, the plain cylindrical boiler, 
without internal flues, and some boilers, such as Gurney's, Perkins's, 
and Craddock's, in which the water and steam are contained in 
tubes surrounded by the flame. 

II. In the •• "-" .. _ee B.1Ier, the fire-chamber is enclosed 
within the boiler. Examples of this 8.l'&-the boilers now most 
common in land engines, with one or more fumaces contained in 
horizontal cylindrical internal flues; most marine boilers; and all 
locomotive boilers. 

III. The DeIac ... "_ee or Oy .. is a fire-chamber built of 
brick, in which the combustion is completed before the hot gas 
comes in contact with any part of the boiler. This has been 
already referred to in Article 230, page 283. 

304. The ................ _d A ........... ra ".n_. are-
L The.furna,ce proper, or ,fore-brxc, being the space where the 

8O\id constituents of the fuel, and the whole or part of its gaseous 
constituents, are burned. 

II. The gmt6, being that part of the bottom of the furnace 
proper which is composed of alternate bars and spaces, to support 
the fuel and admit air. 

III. The Marth is a. floor of fire-brick, on which, instead of on 
8. grate, the fuel is bumed in some furnaces. 

IV. The dead plate, or dUllTlb pla/.e, being that part of the bottom 
of the fumace proper which consists of an iron plate, without bars 
and spaces. 

20 
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V. The ~, being the passage through which fuel is 
introduced, and sometimes also air. The bottom of the mouth
piece is a dead plate. In many furnaces there is a mere doorway, 
ann no mouth-piece. 

VI. The .fire-doo'r, which closes the mouth-piece or doorway, 
and which mayor may not have openings and valves in it to admit 
air. Sometimes the duty of a fire door is performed by a heap of 
dross closing up the mouth-piece. 

VII. The f~front, above and on either side of the fire 
door. 

VIII. The fJ8h-pit, being the space below the grate into which 
tbe ashes fall, and through which, in most cases, the greater part 
of the supply of air is admitted. 

IX. The fJ8~ door, used in some furnaces to regulate the 
admission of air through the ash-pit. 

X. The bridge, being a low vertical partition at one end of the 
furnace (usually the back) over which the flame passes on its way 
to the flues or chimney. This is what is meant when "the 
bridge" is spoken of without qualification; but the word bridge is 
also applied to any low partition having a passage for flame or hot 
ga~ above it. Blidges are usually built of fire..brick; but they are 
aOO sometimes made of plate iron, and hollow, so 88 to contain 
water within, and form part of the water space of the boiler-they 
are then called " toafm bridgetl." The top of a water bridge ought 
to slope or curve upwards towards the ends, to admit of the rapid 
escape of the bubbles of steam which form on its internal surfa.ce. 
Sometimes a water bridge projects downwards from a part of the 
boiler above the furnace, leaving a passage below for flame-it is 
then called a" 1w.nging bridg&" A water bridge with passages for 
flame, both above and below, is called a "mid-ftJt1.lJwr." 

XI. Theflame c1wtmher, being the space immediately behind the 
bridge in which the combustion of the inflammable g88e8 that pass 
over the bridge is or ought to be completed. It h88 often a floor 
of fire..brick, called the jla7TUJ bed,. and is sometimes lined with 
tire-brick to prevent the cooling and extinction of the flame, and 
sometimes, for the same purpose, filled with fire clay tiles, made of 
a horse-shoe form in section, to admit of the circulation of the gases. 

XII. Air paasagea, of various constructions and in various situa
tions, and with or without valves, to admit air for the combustion 
of the fuel, whether forced in by atmospheric pressure or by a 
blowing machine. 

XIII. Fl'lUJ8, being passages traversed by the hot g&II on its way 
from the fire to the chimney. These are sometimes e:d.erfwl, being 
in contact with the outside of the boiler, and bounded externally 
by brickwork; and sometimes internal, being contained within, 
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and fonning part of, the boiler. Internal flues of small diameter 
are called I:u.ba. 

XIV. BaJfters or d~, being partitions so placed as to 
improve the convection of heat, by promoting the completeueB8 of 
the circulation of the particles of hot gas over the heating surface 
of the boiler. The various bridges already mentioned fall under 
this head, and also the spiral blades for boiler tubes recently 
introduced by Messrs. Duncan cit Gwynne. 

XV. The cAim'MY (see Article 233), at the foot of which is 
sometimes a chamber called the smoke ~, or uptake, in which the 
various flues terminate. 

XVI. Blowing apparatus, used in order to produce a draught, 
whether by forcing air into the furnace by means of a fan, or by 
driving the gases out of the chimney by means of a blast pipe. See 
Article 233. 

XVII. Dampen, being valves placed in the chimney, flues, tubes, 
or air passages, to regulate the draught and rate of combustion. 

Noone furnace possesses all the parts and appendages above 
enumel'&ted; for some of them are substitutes for others, and some 
are only employed in furnaces of particular kinds. 

305. The ~.eIpal P .................... t ••• 1Ier are-
I. The sMll, 01' external boundary of the boiler, for which the 

usual material is iron, although sheet copper is sometimes em
ployed. The figures usually employed for the shells of boilers are, 
the spherical, the cylindrical, and the plane, and combinations of 
those three figures. The most common figure at the present day is 
that of a horizontal cylinder, with flat or hemispherical ends. In 
some peculiar boilers, the shell is a vertical cylinder, or a cluster 
of vertical tubes connected by means of horizontal tubes (as in Mr. 
Craddock's boiler); or a set of square tubes or cells (as in Mr. 
J. M. Rowan's boiler); or a single spiral tube (as in Mr. Perkins's 
boiler). Tubt-s which thus contain water internally are called 
water tubes, to diatinguiilh them from tubes for transmitting 
furnace gas. In moat locomotive boilers, part of the shell is a 
rectangular box, containing within it another rectangular box, 
which latter is the fire.box. The shells of ordinary marine boilers 
are of irregular shapes, adapted to the space in the ship which they 
are to occupy, and approximating more or less to rectangular 
figures, rounded at the corners and arched at the top. 

II. The IIt6am cAue, or dorM, being a part of the shell which 
usually rises above the level of the rest of the boiler, so as to provide 
a space in which the steam, before being conducted to the engine, may 
deposit any particles of spray that it may have carried up from the 
water. It is usually cylindrical, with a hemispherical or segmental 
top; but its form is often varied, especially in marine boilers. It 
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is advantageous that the neam chest should be travened or mr
rounded by a fiue, in order to dry or slightly IlUperheat the &team, 
as explained in Atticle 295, page 429. 

III. The flll1'TIIJa or ~ (in boilers with intemaJ fumacea) 
is a chamber contained within the boiler, in auch a poeition as to be 
completely covered with water. In ordinary cylindrical land 
boilers it is usually cylindrical, being at one end of a horimntal 
cylindrical fiuE': in locomotive boilers it is 80metimes a vertical 
cylinder, but more frequentJy a rectangular box. In marine boilers 
it is 1Ul118l1y of a figure approaching to recta.Dgular, with rounded 
comers. 

. Many of the parte mentioned in the last Article as belongiDg to 
furna.cea, become, when the furnace is internal, parts of the boiler 
also; for example, the aah-pit, in the cylindrical internal furnace 
of a horizontal cylindrical boiler, is simply the apace below the 
grate within the cylindrical fiue which contams the furnace. 
Water bridges have already been described. 

The principal blidge at the back of an internal furDlUle is ullU&lly 
of fire-brick. Sometimes, in order to prevent the cooliDg of the 
fiame by contact with the surface of a water apace before the com
bustion is complete,.the furnace is lined internally with afire-brick 
arch; and sometimes alao an internalfiame chamber (Article 304, 
Division XI.) adjoining the furnace is lined in the same m&IlDer. 

One boiler may contain one, two, or more internal furnaces. 
IV. I'IIW7uJljluu, and Wsmal~, being small internal fiue&, 

have already been mentioned under h8l&d XIII. of Article 304. 
V. A ~ is a plate which forma sometimes part. of the 

shell of the boiler, and sometimes one side of an internal fire-box. 
ftame chamber, or fiue, and which is perforated with holes, into 
which the ends of a set of tubes are fixed. Each set of tubes 
requires a pair of tube-plates, one for each end of the tubes. 

VL The man-hole is a circular or oval orifice in any convenient 
position on the top of the boiler, large enough to admit a man to 
the interior of the boiler to cleanse or repair it. The entrance to 
the man-hole usually conaista of a ahort cylinder having a flange 
surrounding its upper end, to which the cover is bolted, when the 
cover OpeDB outwards. The bolts must be capable of safely bearing 
the PreB8ure of the steam against the cover. Sometimes the cover 
opens inwards, and then it is kept shut by the pre88U1"8 of the 
steam; but to prevent its beiDg dislodged from its seat, it is held 
by bolts and nuts to croII8 bars outside the man-hole. The cover 
should fit its seat very accurately. 

VII. Mud-hole8 are orifices at or near the lowest part of a boiler, 
which are opened occaaionally for the discharge of sediment. 

VIII. The fesd, apparatus, by which water is introduced into the 
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boiler to supply the place of that which has been discharged in the 
state of steam or otherwise, is usually supplied by a pump worked 
by the engine. In marine and locomotive engines, the rate at 
which feed water is supplied is regulated by a cock nnder the con
trol of the engineer; the surplus water which comes from the feed 
pump being discharged through a valve loaded with a pressure 
greater than that in the boiler; but in stationary boilers, there is 
often a self-acting apparatus to regulate the feed, controlled by a 
float which rises and falls with the level of the water in the boiler. 
The proper dimensions of feed pumps will be considered farther on. 

In cases in which a float within a boiler is used, it ought to rise 
and fall within a cuing, communicating with the rest of the boiler 
through small holes near the top and bottom only. The water 
within the casing will preserve the same mean level with that 
throughout the rest of the boiler, but will be free from the agita
tion which is produced in all other parts of the boiler by the 
disengagement of steam. 

IX. The blouHJ,ff ~ consists, in fresh water boilers, 
simply of a large cock at the bottom of the boiler, which is opened 
occasionally to cleanse the boiler by emptying it completely of 
sediment and muddy water. In many marine boilers, fed with 
salt water, a similar cock is opened at regular intervals to discharge 
brine, and 80 prevent salt from collecting in the boiler. Another 
blow-off cock is sometimes 80 placed 88 to discharge occasionally 
the ,cum, consiRting of crystals of salt, which collects on the surface 
of the water: this is called the " aurj'tUJe blow." 

As a substitute for the common blow-off apparatus, Messrs. 
Maudslay introduced hri1uJ pwmpa, which draw off a fixed quan
tity of brine from the bottom of the boiler at each stroke of the 
engine. 

The hot brine, whether blown off or pumped off, is, or ought to 
be, passed through a set of tubes, surrounded by a casing through 
which the feed water passes on its way to the boiler; the currents 
of the brine and of the feed water flowing in opposite directions. 
By means of this apparatus, called the re..fri.gm-ator, the greater part 
of the heat which would otherwise be wasted with the brine is 
saved by being transferred to the feed water. 

X. The Mlimtml coll6t:Itw, used in some marine boilers, is a 
funnel shaped like an inverted cone, and placed within the boiler 
80 that its mouth is 80mewhat above the water level It communi
cates with the rest of the boiler through triangular slits near ita 
upper edge. In the boiler generally, there is a continual boiling 
up of steam, which keeps crystals of salt and other solid particles 
for a time near the surface of the water. Within the cone there 
is comparatively still water, 80 that the 80lid impurities collect 
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there, and sink down to the bottom, or apex of the cone, whence 
they are from time to time blown off, being first stirred up if 
necessary. 

Xl. The Bteam pips conveys the steam from the boiler to the 
engine. As to its dimensions and resilltance, see Article 290. 
Besides the throttle valve or regulator, by which the supply of 
steam to the engine is controlled, the steam pipe of every boiler 
should be provided with a perfectly steam tight BIop valve (being 
usually a conical valve worked by means of a screw) to be shut 
when the boiler is not in use. 

XII. Sufety wdvu, for letting the steam escape from the boiler 
when its pressure tends to rise too high, have been partially men
tioned in Article 113, and will be further considered in a subse
quent Article. Every boiler should have two, one being placed 
beyond the control of the engineman. 

XIII. The t:aCUUfII, wdve is a safety valve opening inwards, to 
admit air into the boiler, and so to prevent it from collapsing, 
in the event of the steam within it falliDg below the atmospheric 
pressure. 

XIV. The ju8ihle plug is a piece of metal or alloy stopping an 
aperture in some part of the boiler which is directly exposed to the 
fire, and of such a composition as to melt at a temperature lower 
than that at which the pressure of the steam would become dan
geroU& As to the melting points of various metals and alloys, see 
Article 205, page 235. Little confidence is now placed in this 
contrivance j for it has been known to fail completely in various 
cases of boiler explosioD& 

XV. The pt'UIIfIf'e gauge shows to the engineer the excess of the 
pressure within the boiler above that of the atmosphere. As to 
various pressure gauges, see Article 107 A. That which is now 
almost universally preferred for steam boilers is Bourdon's (see 
pages 111, 112). 

XV I. The water gmllJe shows to the engineer the level of the 
water in the boiler j and especially, whether it trtands high enough 
to cover all those parts of the boiler '\1I'bich are directly exposed to 
the fire. The old form of water gauge consists of three cocks at 
different levels j one at the proper level of the water, another a 
few inches above that level, and a third a few inches below. By 
opening these the engineer can ascertain the level of the water 
approximately. The new form which is most frequently used, 
consists of a strong vertical glass tube, communicating with the 
boiler above and below the proper water level. through. cocks, 
which can be shut if the tube is accidentally broken. The level of 
the water is visible in this tube. Every boiler ought to be pro
vided with both forms of water gauge, the cocks and the glass tube ; 
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BO that if the tube should be choked or broken, the cocks may he 
employed. There are other forms of water gauge, in which a float 
acts upon an index; but they are less used than the two forms 
before mentioned. 

In the alther evaporator of M. du Trembley's binary engine, 
where a glass tube would be dangerous, an iron float on the surface 
of the alther rises and falls in a vertical brass tube, and its position 
is indicated by a magnetic needle outside. 

XVIL A IIt8am whiatk may be used, as in locomotives, merely 
to make signals; but it may also be aeted upon by a pressure gauge, 
or by a float, BO as to give warning of the pressure rising too high, 
or the water level falling too low. 

XVIII. A damper is BOmetimes BO acted upon by a pressure 
gauge 88 to regulate the draught of the f11l1l&C8, and prevent any 
great deviation of the pressure from a given intensity. This is 
accomplished in Watt·s low pressure stationary boilers, by having 
a pressure gauge consisting of a vertical column of water contained 
in a tube which is open at the top, and plunges into the watllr 
within the boiler at the bottom j while a float on the surface of 
that water column opens the damper when falling, and closes it 
when rising. 

XIX. Sta,!!, are bard, rods, bolts, and gussets for strengthening 
the boiler, which have aJ.ready been mentioned in Article 66, and 
will be further referred to in a subsequent Article. 

XX. Clothing for the outer sl!rface of a boiler, to prevent waste 
of heat, is made BOmetimes of a layer of coarse felt, covered with a 
layer of thin wooden boards, and BOmetimes of a casing of brick
work. The tops of land boilers, resting on brickwork, are 8Ometim~ 
buried under a layer of ashes; but this method is objectionable, tUl 

the moisture which colled,! amongst the ashes tends to corrode the 
boiler shell 

The principal parts and appendages of engines and boilers having 
been enumerated and described generally, those which require it 
will now be treated of in a more detailed manner. 

306. G ...... -The area of the grate is regulated by the weight of 
fuel which is to be burnt upon it in an hour, and by the rate 0/ 
comhUBtion. per square foot of grate, as to which, see Article 232. 
To the list of" different rates which occur in practice, as given in 
that Article, at page 285, may now be added the following, which 
comes between N 0& 1 and 2 of that list :-

Lbs. per aquare 
(oot per hour. 

I A. ~il~~~~~~~~~.~.~~.:~~~~.~~~~~~:~} 6 to 10 

As has been aJ.ready more fully explained in Chapter II., the 
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economy of fuel depends very much on the proper adjustment of 
the rate of combustion per square foot of grate to the draught of 
the furnace. A certain rate of combustion, which may be found 
by practical trials, is the best suited to insure perfect combustion 
in a given furnace; and this fixes the best area. of grate: if the 
grate is made smaller, the combustion becomes imperfect: if larger, 
too much air enters, and heat is wasted in warming it. It is best, 
in practice, to make the grate-area. at first rather too large, and 
then to contract it by means of fire-bricks, until the smallest area 
is obtained upon which the required quantity of coal can be burned 
without incomplete combustion. 

When air is admitted above the fuel to burn the coal gas, a 
smaller area. of grate is required to burn a given quantity of fuel 
per hour, than when the whole supply of air has to pass through 
the grate. For an example of this, see the Table in Article 232, 
page 285, N 08. fj and 6. 

The len1Jt/l of a grate should not much exceed 6 feet, in order 
that the fi~man may easily throw coals to the back of it. It may 
be &8 much IUB than 6 feet as the dimensions and figure of the 
boiler require. The breadlJy of grates range from about 15 inches 
to 4 feet; the most convenient breadths for firing being from 18 
inches to 2 feet, or thereabouts. The grates of stationary and 
marine boilers are usually long and narrow; those of locomotive 
boilers are usually almost square, and sometimes round. 

To facilitate the even spreading of the fuel, the surface of an 
oblong grate is in general made to s/.op8 downt.tJartU from the furnace 
mouth to the bridge at the rate of about 01/.e in Biz. Its clear 
height above the floor of the ash-pit should be at least 2l feet in 
front. 

A locomotive grate is usually level; and the place of an ash-pit 
is supplied by a rectangular wrought iron pan about 10 inches 
deep, which is open at the front, to catch the air &8 the engine 
rushes through it, and can be removed when required. 

A grate consists of jil,.~b(J/f'B, and of Cf'OBB beMerB by which they 
are supported. The fire-bars are made in lengths of from 2 to 3 
feet. They are from t inch to f inch broad on the top, and are 
often made to diminish to about half that thickness at the lower 
edge, in order to admit of the free entrance of air and escape of 
ashes. Their ordinary depth is about 3 inches. The breadth of 
the clear space between two bars is from one-half to two-thirds of 
the greatest breadth of a bar. At each side of each end of a bar 
thel'e are snugs 01' projections, by which the breadth of the bar at 
its ends is increased so &8 to be equal to the distance from centre 
to centre of the bars. When the bars are laid upon the cross 
bearers with the snugs touching each other, the proper spaces aloe 
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left between their intermediate parts. Fire-barB are often cast in 
pairs, so that two barB with the proper space between them form 
one piece. This saves time in removing and replacing them when 
the grate requires repairs. 

307. ".riq ~-Reference has been made in Article 230, 
page 283, to contrivances for supplying fucl to furnaces gradually 
and equably by mechanism, in order to insure complete combustion. 
Some of these inventions involve the use of moving grates. The 
MJOltJing grate is circular and horizontal, and turns slowly about. 
its centre. The fuel is dropped upon it by degrees through a fixed 
opening; and thus every part of it is at all times equally covered. 
Juclt;ea'a grate consists of an endless web of very short fire..bars, 
moving on horizontal rollers, travelling from the furnace mouth to 
the bridge, and returning through the 88h-pit. The portion of the 
web which at any time is uppermost, is supported on small wheels 
with which the bars are provided. and which rest on rails. Some
times the fire..bars, by means of cams, are made to have a short 
reciprocating motion up and down, and from side to side, in order 
to keep them clear of clinkers. 

308. H ...... et ~-The clear height of the "C9'oum" or 
roof of the furnace above the grate barB is seldom less than about 
18 inches, and often considerably more. In the fire..boxes of loco
motives it is on an average about 4 feet. 

The height of eighteen inches is suitable where the crown of the 
furnace is a brick arch, 88 in Mr. C. T. Dunlop's tl«acJi,ed furnaces, 
formerly referred to. Where the crown of the furnace, on the 
other hand, forms part of the heating surt'ace of the boiler, a greater 
height is desirable in every case in which it can be obtained; for 
the temperature of the boiler plates, being much lower than that of 
the 1la.me, tends to check the combustion of the inflammable gases 
which rise from the fuel As a general principle, a high.furno,ce u 
jaVO'llA'fllJk to compkU combuatitm. 

The height of the furnace is limited in practice, sometimes by 
the necessity for having flues or tubes traversing the water above 
it; and always by the necessity for having a BUffi.cient depth of 
water above the crownj that is to say, about 12 or 15 inches in 
marine boilers, 5 or 6 inches in locomotive boilers, and 10 or 12 
inches in land boilers. 

309. Heudl ............ weell.-Acoording to M. Peclet, the 
best furnace for burning wood under a steam boiler consists of a 
hearth of fire..brick, with a sort of IIDfJPfIf' or feeding passage in front, 
of the full width of the hearth, made of cast iron. The wood, cut 
into billets whose length is a little less than the width of the 
hearth, is placed cro88wise in the hopper, and descends gradually 
either by its weight alone, or by its weight aided by the Pre88ure of 
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the feet of the stoker. As it reaches the hearth billet by billet, it 
takes fire, and is completely consumed. The hearth has a slight 
slope forwards, towards the bottom of the hopper. The whole 
supply of air for the combustion of the wood passes down through 
the hopper amongst the unconsumed billets of wood. The ashes are 
swept away by the draught. 

310. D-.I .1aI_lII_dapleee-Pire __ ..... ee :.-a-.t. ... 
... u.-.-The use of the dead plate has been stated in Article 
230, page 282. In some of Watt's furnaces, it was nearly 8.8 long 
8.8 the grate; but a length of about 20 inches has been found to 
answer well in some l-ecent practical examples. When the dead 
plate forms the bottom of a cast iron mouthpiece, it is useful to 
make the roof of that mouthpiece slope downwards towards the 
furnace at the rate of 0n6 in Biz, or thereabouts. This has the 
effect of directing any current of air which may enter through the 
mouthpiece down wards upon the surface of the burning fuel, 90 8.8 

at once to promote rapid combustion of the coal gas, aud to prevent 
that current from striking the crown of the fire-box, which, when 
that crown is part of the boiler-surface, tends both to lower its 
temperature, and to oxidate the plates. In some furnaces the sides 
and top of the mouthpiece are made thick enough to be traversed 
by a row of longitudinal holes, each t inch in diameter. These 
holes admit small currents of air, which ha\"e some effect in bom
ing the coal gas, bnt whose principal use is at once to keep the 
mouthpiece cool, and to carry back to the furnace the heat which 
would otherwise be lost by conduction through the metal of the 
mouthpiece. 

In some furnaces the dead plate is double, and a current of air ill 
admitted through the passage. 

As to contrivances for preventing waste of heat through the fire
door and furnace-front, and for admitting air through them to burn 
the coal gas, and regulating the admission of that air, and of the 
air which enters through the ash-pit, see Article 228, page 279, 
and Article 230, pages 282, 283. To what has been stated there. 
it may be added, that doors consisting of several layers of wile 
gauze have lately been used for these purposes, and it is said with 
good effect; and also, that a heap of dross, slack, or sawdust (where 
those substances are burned), blocking up the mouthpiece, which 
is without a door, has been found to answer the 8Ilme end extremely 
well in stationary boilers at St. Rollox chemical works. The heap 
90 placed intercepts the radiant heat, and admits through ita 
interstices enough of air to carry the sensible part of that heat 
back into the furnace, and to bum the gases distilled from the 
fresh fuel When the fireman considers that the heap is sufficiently 
coked or charred, he pushes it forward and spreads it uniformly 
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over the grate, and supplies its place by blocking the mouthpiece 
again with a heap of fresh fuel 

311. A.Ir P-.ee-BIe .... A....-e-e:: ... ..ey.-The means 
of producing a current of air through a furnace, and the principles 
of the action of those means, and their peculiar effects, have already 
(with the exception of the blast pipe) been considered in Articles 
230, 231, 232, 233, and 234. It may now be added, that care 
should be taken not to di~ streams of fresh air against the plates 
or other metal surfaces of the boiler; because if so directed, they 
produce rapid oxidation. 

The blast pipe will be treated of in greater detail amongst some 
special subjects relating to locomotive boilers. 

312. ~ ... _ • .,. ..... ette • • t B.uen.-The principles upon 
which the strength of boilers depends have already been stated in 
Section 8 of -the Introduction, Articles 59, 60, 61, 62, 63, 66, 67, 
68, 69, and 73. 

The only figures for the akell8 of boilers which are safe against 
bursting by internal pressure, without the aid of stays, are the 
cylinder and the sphere, as to which see Articles 62, 63. 

Portions of boiler-shells which are flat, or which otherwise 
deviate from the cylindrical and spherical figures, are strengthened 
by means of stays, as to which see Article 66. To the information 
there given, it may be added, that the usual pikh or distance apart 
of the stays of locomotive fire-boxes is about 41 or 5 inches, and of 
marine and stationary boilers 12 to 18 inches. According to Mr. 
Bourne, the staying of existing m~e boilers is seldom sufficiently 
strong; and the iron of the stays o;Ught not to be exposed to a 
greater working tension than 3,000' lbs. on the square inch, in 
order to provide against their being weakened by corrosion. This 
amounts to making the factor of 8afety for the working pressure 
about 20. 

If any part of the surface of a boiler cannot be efficiently stayed by 
rods reaching across to the opposite part, it may be fastened by bolts 
or rivets to a series of ribs crossing it, care being taken that the ends 
of those ribs have sufficient support. For example, the flat crown 
of a locomotive fire-box is hung by bolts from a series of pars.lle1 
ribs, which cross it at distances of from 4! to 5 inches from centre 
to centre, and whose ends are supported on the front and back of 
the fire-box. 

It has been found by experience that a thickness of about i of an 
inch is the most favourable to sound rivetting and caulking of 
boiler-plates; and therefore they are seldom made much thicker or 
much thinner than that thickness. If a cylindrical boiler is 
required to withstand a very high pressure, the necessary increase 
of strength must be atta.ined, not by increasing the thickness of the 
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plates, but by diminishing the diameter of the shell. The strongest 
boilers arethoae which are entirely composed of tubes and small 
cylinders, with the water and steam inside. 

Mr. Fairbairn's experimentll have shown (as stated in Article 66), 
that the stay-bolts of locomotive fire-boxes should have their diame
ters equal to double the thiclmeat of the plates, if these are of iron, 
80 that for f inch iron plates the stay-bolts should be f inch in 
diameter. According to the principles laid down by Mr. Bourne, 
the factor of safety for the stays of maline boilers should be about 
three times the factor of safety for those of locomotive boilers; 
hence for plates of f inch thick or thereabouts, the stays of marine 
boilers, if round, should be about 1 i inch in diameter. 

The fiat ends of cylindrical boilers are made about once and 
a-half the thiclmeaa of the cylindrical barrels, and are tied to each 
other by longitudinal stays, or to the sides of the boiler by guaaeta (see 
Art. 66.) .A pair oftube-plates are tied together in the aameman
ner; and it is safer to rely altogether on stay-rods, to prevent them 
from being forced asunder, than to leave any part of the tension 
to be borne by the tubes. 

Tubes for the ~f flame and hot gas aTe made of brass or 
of iron, and are from 1 to 2 inches in diameter for locomotives, and 
from 2 to 4: inches in' eter for marine boilers. They are fixed 
tight in the holes in the tube-plates, either by driving ferules into 
their ends, or by rivetting up the edges of the ends theDUJelves, 110 

&8 to make them fit countersunk grooves which surround the holes 
on the outaide of each tube-plate. 

The principles of the strength of cylindrical internal tlues have 
been explained in Article 67. 

The fiat ends of cylindrical boilers are very commonly connected 
with the barrels and flues by means of rings of angle iron; but such 
rings are liable to split at the angle; and therefore it is considered 
preferable to make the connection by bending the edges of the 
endmost plates of the ba.rrel and flues. A fiat end to a cylindrical 
Ahell, or a fiat top to a cylindrical steam cheat, connected by means 
of an angle iron ring alone, without stay-bars or guaaeta, is dan~ 
oua at high preaaDreB, even when of amall diameter; as the angle iron 
ring, although it may last for a time and be appmmtly safe, is almost 
certain to split at the angle in the end. 

The shells of stationary and locomotive boilers are usually single
rivetted-thoae of maline boilers uaually doubl&rivetted-that is, 
the rivets form a zig-zag line at each joint. Horizontal overlapped 
joints should have the overlapping edges facing upwards on the side 
next the water, that they may not intercept bubbles of steam on 
their way upwards. The joints in horizontal flues should be 10 

placed that the overlapping edges shall not oppose the commt of gsa 

Digitized by Google 



BOILER8--HBATING BUBFACJB.-FLUBB. 461 

Those parts of boi1e1'8 which are exposed to more severe or more 
irregular strains than the rest, or to a more intense heat, shonld be 
made of the finest iron, such as Bowling or Lowmoor. This 
a.pplies to the sides and Cl"OWDS of internal furnaces, to tube-plates, 
to bent plates at the ends of cylindrical shells, &c. 

313. ._ .... ......--.--.- ... c_ .r P1 __ 1n 
Article 234, Division IV., there have already been given several 
ezamples of the proportions usually borne by the area of heating
surface to the &rea of the grate, and to the number of pounds 
of fuel burnt in an hour; and in that Article, and the previous 
Articles 219, 220, and 221, have been explained the principles 
on which the efficiency of that heating-surface depends. The object 
of the use of tubes is to obtain a large heating-surface within a 
moderate space; and this was the nature of the improvement intro
duced by Booth and Stephenson into the construction of the 
heating-surface of locomotive boilers. The construction which 
ill8U1"e8 the greatest known heating-surface relatively to the fuel 
consumed, is that in which the boiler consists mainly of a sort. of 
cage of vertical water-tubes enclosing the furnace, as in Mr. Crad
dock's boiler, where there are from Biz to ten square feet of heat
ing-surface for each pound of coal burned per hour; and the efficiency 
is accordingly greater than that of any other boiler which has yet 
been bl"Ought into continuous practical operation on the large scale. 
(See Article 234, Example IX., page 297.) 

Similar proportions of heating-surface to fuel consumed may be 
obtained by means of square water-tubes or cells, each containing 
four hot gas tubes, as in Mr. J. M. Rowan's boiler. 

The sectional area oJeMjlua of a boiler must not be made too 
large, lest it shonld make the boiler too bulky, nor too small, lest 
it should cause too much resistance to the draught. Experience 
has shown, that a sectional &rea of from onejiftk to fJ'Mr86W'1/JA of 
the &rea of the grate answers well in practice. Where there is a 
bridge contracting the entrance to the flue, this applies to the &rea 

of the passages left by the bridge. In mnltitubul&r boilers, the 
area to be considered is the joint area oj eM whole Bet of tuheiJ, 
which, when there are fernIes at their ends, is to be measured witkin 
theJm.des. 

The course taken by the current of hot gas through the flues and 
tubes of a boiler is most commonly from below upwards on the 
whole, even when most of those passages are horizontal. It was 
first shown by Peclet, and is now generally recognized, that a 
great advantage in point of thorough convection of heat, and con
sequently in economy of fuel, is gained by causing the course of the 
hot gas to be on the whole from above doumwards; because then 
the hottest strata of the furnace gas, being uppermost, spread them-
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selves out above the denser and colder strata which are below, and 
80 diffuse themselves more uniformly throughout all the passages 
than they do when made to ascend from below. This principle 
was practically applied in tht" Earl of Dundonald's boiler-as to 
which see Article 234, Example X., page 298. also Article 334. page 
476. 

314. T ......... eedye ...... ~-The lower horizontal 
or nearly horizontal surfaces of internal flues and tubes. owing to 
the difficulty with which bubbles of steam escape from them, are 
fotwd to be much less effective in producing steam than the lateral 
and upper surfaces. It is therefore common amongst engineers to 
distinguish between the total heating surface of a boiler and the 
~ectiV6 heating surface. from which latter the bottoms of internal 
flues, and qne..fqwrth of the surface of each cylindrical horizontal 
tube are excluded. On an average. the effective heating surface is 
from t to l of the total heating surface. 

In all the calculations of Article 234. it is the total h.eating-BUf'
faa which is considered. 

315. W_B_ ... ____ are the names given to the 
volumes of water and steam respectively contained in the boiler 
when the surface of the water is at ita proper mean level. Authori
ties differ as to the relative proportions of water-room and steam
room adoptecl in the practice of the most skilful engineers. 
According to Mr. Bourne. of the whole boiltJr-room. or internal 
capacity of the boiler. there are very nearly 

f water-room. and i steam-room. 

According to Mr. Robert Armstrong. there are 

t water-room and t steam-room; 

and that author considers that. with a less proportion of steam-room, 
there is risk of prinning. or carrying over liquid water from the 
boiler to the cylinder. 

A cylindrical boiler is usually filled with water to three-fourths 
of ita depth or thereabouts. 

The practice with regard to the abllolute capacity of boilers varies 
very much. According to Mr. Robert Armstrong. that capacity 
ought to be-

FOf' each cvhicfoot ofttJater evaporated per hour. 
Steam-room ................................ 131 cubic feet. 
Water .. room, .....................•.•...... 13l " 

Total boiler-room......................... 27 .. 
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The number of cubic feet of water to be effectively evaporated 
per hour in a given engine, per indicated horse-power, is given by 
the formula, 

1980000 
62~ U ; .............................. (1.) 

where U is the work of one lb. of steam, found by the methods of 
Chapter IlL, Sections fj and 6. 

A useful mode of comparing the capacities of different boilers 
is to divide the boiler-room, in cubic feet, by the area of heating
lIurface, in square feet. Thus is obtained a sort of mean depth in 
feet, analogous to the hydraulic mean depth of a pipe. Of the fol
lowing examples, the first three are given on the authority of Mr. 
Fairbairn's" Useful Information for Engineers:"-

" Mean depth." 

Plain cylindrical egg-ended boiler, with external 
dues below and at each side, but no internal 

Feet. 

dues, ...................................................... 3'50 

Cylindrical boiler with external dues, and one 
cylindrical intemaldue, .............................. 1"65 

Cylindrical boiler with external dues, and two 
cylindrical internal dues,............................. 1"00 

Stationary boilers according to Mr. Robert Arm-
strong's rules,.................. .......... ............... 3'00 

Multitubular marine boilers, about................... 0'50 

Locomotive boilers, and boilers composed of water-
tubes, average about.................................. 0'10 

Boilers of large and small capacity have each their advantages. 
In favour of large capacity are, steadiness in the pressure of the 
steam, ready deposition of impurities, space for the collection of sedi
ment, freedom from priming. In favour of small capacity are, 
rapid raising of the steam to any required pressure, small surface 
for waste of heat, economy of space and weight (which are of special 
importance on board ship), greater strength with a given quan
tity of material, smaller damage in the event of an explosion. 

In boilers of very small capacity in proportion to their area of 
heating surface, especially those composed of small water-tubes, it 
is desirable, and in some cases necessary, to work with distilled 
water, in order to avoid the priming, the choking of the water
spaces by salt or sediment, and the consequent burning of the iron, 
which would arise from the use of water containing salt, mud, or 
other impurities. For that purpose 8U'1facs condensatitm must be 
employed, which has already been treated of to a certain extent in 
Article 222, and will be further considered in the sequeL 
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.. .....-The feed-pumpa are worked by the engine itaeIf when it is 
in motion; but when it is standing still, and it becomes necessary 
to feed the boiler, they are driven either by hand, or by a small 
auxiliary engine called a "DO't1lcsy." For all marine boilers of con
siderable size, a donkey-engine is necesaary; and it is used not 
merely to feed the boiler, but to drive the at&rting and reverRing 
gear of the valves when required, and perform other miscellaneou8 
duties. 

To provide for leakage of water and steam, priming, blowing-ofF, 
and 1088 by the aafety valves, the feed-pump of a land engine should 
be of such capacity &8 to discharge from double to two and .half 
tim«l Ike mt jfl«l..fJJ(J/M required by the engine, according to 

Article 284, Equation 10, page 389,} th 
Article 281, Equation 11, page 401, as e ~ 

or Article 291, Equation 12, page 434, may • 

In marine engines, a further addition to the capacity of the feed
pumps must be made, to provide for the brine which is blown oft' or 
pumped out. Ordinary sea-water contains about ... of its weight of 
aalt. The brine in the boiler should never be allowed to rise above 
miJl6 that strength j and for that purpose the volume of brine dis
charged should be equal to half Ike t10lttRM of Ike net je«l-toattJr. 
But it is better still to provide that the brine in the boiler shaJ.1 
never rise above double the strength of ordinary sea-water; and for 
this purpose the brine discharged should be equtd to the j68tl-water 
in voltvm.6. The result is, that the discharging capacity of the feed
pumps of a marine engine is made equal to from three tojowr timea 
eM volume oj eM net jfl«l..UJoUr. There is, besides, a duplicate set of 
feed-pumps, in order that if one breaks down the other may be 
used. 

As to the effect of aalt in water on its boiling point, see Article 
206, Division VIII., page 242. 

The brine is discharged at a temperature on an average 140° or 
1500 higher than that at which the feed-water is drawn from the 
hot-well In order that the apparatus of tubes and casing already 
mentioned under head IX. of Article 305 may act with the greatest 
poBBible efficiency in transferring heat ft'Om the hot brine to the 
feed-water, it appears, by the application of equations 6 and 1 of 
Article 219, that the surface of the tubes should amount to about 
fGth of a Bq'IIOIf'8 foot '{JtII' lb. of briM diBclwlrged ptn' Iwwr i or 61 
~ jest per cubic joot of briM disc1w,rged per Iwwr. 

It may, however, be sometimes diflicult or inconvenient in prac
tice to obtain 80 ls.rge a surface. 

317. IIIIAIF YaI-{See also Article 113.)-It is considered. 
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desirable that one at least of the wety valves of a boiler should be 
loaded directly, and not through the medium of a lever. 

In stationary engines the load, whether applied through a lever or 
to the valve directly, coDSista uaually of weighta; and weighta are 
used for the same purpoee in marine engines also. In locomotives, 
whose oecillations render weights inapplicable, the load is applied 
through a lever, by means of a spiral !!pring contained in a cylin
drical case, like that of the indicator (fig. 16, page 47). One end 
of the spring is attached to the boiler, the other to the lever, by 
me&D8 of a rod whose effective length C8D be adjusted by a screw 
and nut; an index pointiug to a scale marked on the case shOWl 
the tension exerted by the spring. This mode of loading is now 
frequently adopted for the valves of marine boilers. A valve may 
alao be loaded directly by means of a spring. 

In a directly loaded safety valve introduced by Mr. Nasmyth, 
the valve is a sphere, and has a load hung to it inBUk 1M boiler. 
Mr. Fairbairn loads the safety valve by a weight and lever inside 
the boiler. 

The rules followed in praetice for the size of the orifice of a 
safety valve are very varioO& That given by Mr. Boume is equi
valent to the following :-Let A be the area of the piston; V, ita 
velocity in.IM f1I1" min ... ; P, the excess of the pret!llUl'8 in the 
boiler above that of the atmosphere, in Ibs. on the square inch. 
Let II be the required area of the safety valve; then 

V 
G=A' 300 P ne&rly •..•.....•••...•..••• (l.) 

Another mode of determining the me of the orifice has reference to 
the rate of consumption of fuel, and consists in making 

G in ~uare inches = from * to ~ of the number of Ibs. of coal 
bumed per hour •••••.•••••••••••....••• (2.) 

This rule is applicable to boilers in which the weight of water 
actua.lly evaporated per lb. of coal is about 6 Ibs.; consequently we 
may substitute for it the following:-

G in square inches = from rh to th of the water a.etu&Ily 

Another rule is 
evaporated pel' hour ........................ (3.) 

G = t square inches x nominal horse-power ....... (4.) 

Nominal horse-power will be defined in Article 336, page 479. 
318. Ikeel IlelleN.-Recent improvementa in the manufacture of 

steel have 80 far diminished ita 00Bt as to render it commercially 
2. 
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a\'ailable as a material for boilers. Its tenacity is on an average 
about 1'6 times that of iron; and hence, by its use, boilers of a given 
IItrength may be made much lighter than heretofore. In the steel 
Rteamer "Windsor Castle," lately built by Messrs. Caird k Co., 
the shell of the boiler is made of steel plates, with steel rivets. It 
has to withstand a working pressure of about 40 lbs. on the square 
inch; while its thickness is only T"Y inch, or little more than t of 
the thickness of an iron boiler of the same strength. 

319 . .......... ... __ -Before any boiler is used, its strength 
ought to be tested by means of the pressure of water, forced in by 
pumps. The testing preuu1'6 (according to the principles of Articles 
69 and 60) should be not leu t/w,1& double eM working ~, and 
not mme tlw.n half eM bUH'sting prtJ88Wf'e,' that is to say, as the 
bursting pressure should be six times the working pressure, the 
testing pressure should be between twice and three times the work
ing pressure. A bout two and Orhalf times the working pressure is 
a good medium. 

In everything that relates to the strength and testing of boilers, 
the .. pre8lfu/I'e" is to be understood to mean the flIlCeBB of eM pres
sure within tite boiler abut'e tlte at1llo8pMric preuure, as in Article 
294. 

The pressure of water is to be used in testing bailel'tl, because of 
the absence of danger in the event of the boiler giving way to it. 

320. Es ....... of steam boilers, so far as they are understood, 
arise and are to be prevented in the following manner:-

1. From original weakness. This cause is to be obviated by due 
attention to the laws of the strength of materials in the designing 
and construction of the boiler, and by testing it properly before it 
is subjected to steam pressure. 

II. From weakness produced by gradual corrosion of the ma
terial of which the boiler is made. This is to be obviated by 
frequent and careful inspection of the boiler, and especially of the 
parts exposed to the direct action of the fire. 

III. From wilful or accidental obstruction or overloading of the 
safety valve. This is to be obviated by so constructing safety 
valves as to be incapable of accidental obstruction, and by placing 
at least one safety valve on each boiler beyond the control of the 
engineman. 

1 V. From the sudden production of steam of a. pressure greater 
than the boiler can bear, in a quantity greater than the wety valve 
can discharge. There is much difference of opinion as to ~me points 
of detail in the ma.nner in which this phenomenon is produced; 
but there can be 110 doubt that its primary canses are-first, the 
(Iv(,l'heating of a portion of the plates of the boiler (being in mo~t 
cases that portion called the crown of the fomacs, which is directly. 
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over the fire), so that a store of heat is accumulated-and, secondly, 
the sudden contact of such overheated plates with water, so that 
the heat stored up is suddenly expended in the production of a 
large quantity of steam at a high pressure. Some engineers hold, 
that no portion of the plates can thus become overheated, unleAS 
the level of the surf&ce of the water sinks so low as to leave that 
portion of the plates above it, and uncovered; others maintain, 
with M. Boutigny, that when a metallic surface is heated above a 
certain elevated temperature, water is prevented from actually 
touching it either by a direct repultlion, or by a film or layer of 
ve1"y dense vapour; and that when this has once taken place, the 
piate, being left dry, may go on accumulating heat and rising in 
temperature for an indefinite time, until some agitation, or the 
introduction of cold water, shall produce contact between the wawr 
and the plate, and bring about an explosion. All authorities, 
however, are agreed, that explosions of this class are to be pre
vented by the following means :-1. By avoiding the forcing of" the 
fires, which makes the boiler produce steam faster than the rate 
suited to its size and surface. 2. By a regular, constant, and suffi
cient supply of feed water, whether regulated by a self-acting 
apparatus, or by the attention of the engineman to the water 
gauge; and 3, Should the plates have actually become overheated, 
by abstaining from the sudden introduction of feed water (which 
would inevitably produce an explosion), and by drawing or extin
guishing the fires, and blowing off both the steam and the water 
from the boiler. 

321. Ialel'llnl D ...... IL-Boilers are liable to become encrusted 
inside with a hard deposit of" the minerals contained in the water, 
which, by resisting the conduction of heat, impairs at once the 
evaporative powE'r of the boiler, its durability, and its safety. The 
deposition of carbonate of lime can be prevented by dissolving sal
ammoniac in the water; for that salt and the carbonate of lime 
are mutUally decomposed, producing carbonate of ammonia and 
chloride of calcium, of which both are soluble in water, and the 
former is volatile. The deposition of sulphate of lime can be pl"t'

vented by dissolving carbonate of soda. in the water; the productR 
being sulphate of soda. and carbonate of lime, of which the former 
is soluble, and the latter falls down in grains, and does not adhere 
to the boiler. The most effectual meanR of preventing internal 
incrustation are, either a regular system of blowing off the WAwr 
.before it becomes too highly charged with impurities, like that 
described in Article 316; or the use of water so pure as to yield 
no deposit; whether such water be obtained from a natural source, 
01" by means of surface condensation. 

A peculiar deposit of an unctuous nature has been found to clog 
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the water BpaceB of the boilers of some of the engines in which sur
face condensation has been employed. That deposit coDllists of the 
grease or oil used. to lubricate the cylinder, partially altered and 
decom~ It can be obviated by introducing little or no grease 
or oil Into the cylinder; and to make that practicable, the IIUl'fi.ce 
of contact between the ~king of the piston and the interior of the 
cylinder must be lubncated with water. In order that a small 
quantity of water may remain in the cylinder in the liquid state 
for that purpose, the heating of the steam, whether by means of a 
superbeating apparatus or of a steam jacket round the cylinder, 
must not be carried so far as wholly to prevent condensation in the 
cylinder. On this point, see Article 286, page 396. 

322. An B ...... ClnuI of a carbonaceous kind is often deposited 
from the flame and smoke of the furnaces in the flues and tubes, 
and if allowed to accumulate, seriously impairs the economy of fuel 
It is removed from time to time by means of scrapers and wire 
bl'WIhes. The accumulation of this crust is the probable cause of 
the fact, that in some steam-ships the consumption of coal per 
indicated ho~power per hour goes on gradually increasing, until 
it reaches one and a-half its original amount, and sometimes more. 
The following is an example of ~t increase, from an ocean steamer 
of great size and power:-

Coal per I. B.·P., 
per hoar. 

On. 'trial 'bi.p, .•••••......•••••••••••••.••••••••••... 
On 1st day of voyage, ............................ . 
On 5th day, ........................................ . 
On 11th day, ...................................... . 
On 26th day, ••••.....•.•.........•••••••••....••••• 
On 30th day, •••••••••••••••..••••.••••••••••••••••• 
On 32d day, ...................................... .. 
On. 35th day, ...•.•••••••••••••..••••••.••...••••••• 

LbL 
3·5 
3-6 
4'68 
4'55 
5'32 

5'84 
4'65 
6'10 

The increase in the consumption of fuel, although not absolutely 
continuous, and sometimes even reversed to a small extent, is still 
sufficiently marked to prove a progressive falling oft' in the efliciency 
of the furnace and boiler. 

323. ft" ....... a ..... _ .c ....... -Boilers, especially thoee 
of stationary engines, are sometimes stated to be of 80 many Itorw
POtMr'. This is, in fact, a conventional mode of describing the dinum
ftuM of the boiler, according to an arbitrary rule. The rules 
employed for estimating the nominal horae-power of boilers have 
been various, and most of them vague and indefinite. A perfectly 
definite rule, however, has been proposed by Mr. Robert Armstrong, 
as being founded on the best ordiDary practice, viz. :-
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Tah a mean proportWnal b~uwn eM Mefl of eM for~ fI"'01.6 in IKJ1U'r~ 
f~, and eM ana of eM e.ffecti~ h6ating 8W1'fau in squn.re yards. 

The nominal horse-power of the boiler is genera.lly much less 
than the indicated horse-power of the engine, to which it bears no 
fixed proportion. 

SECTION 2.-E:r:amp/M of FV/rr/4CU tmd Boiler,. 

324. W .... •• II_.-This form of boiler, which is suitable for 

Fig. 116. 

low pressure steam only, was introduced by 
Boulton and Watt, and was for a long time 
the most generally used of all boilers. A 
great number of wagon boilers are still in 
use, but as their manufacture has been almost, 
if not wholly, given up, they will probably 
di8&ppear by degrees. 

Fig. 116 is a longitudinal section, showing 
the general arrangement of the principal 
appendages of the boiler; fig. 117 a croSl!
section. A is the grate; B, the boiler; ltg.11i. 
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C, C, C, C, stay-rods; D, the bridge; N, N, llues. The flame or 
furnace gas proceeds from the furnace over the bridge, and back
wards along the llue below the boiler; it returns forwards along 
one of the lateralllues N, and again proceeds backwards along the 
other lateral llue to the chimney. This course of the hot gas is 
called a wheel-draught. In the figure the boiler has no internalllue; 
sometimes there is a cylindrical internal llue, along which the hot 
gas returns forwards, and then divides into two currents, which 
proceed backwards to the chimney along the lateralllues. This is 
called a aplit.-draught. 

Wand S are water-gauge cocks; M, the man-hole; I. the steam 
pipe; V, the safety valve; F is the stone lIoat, partially counter
poised, whose rising and falling regulates the valve for the admis
sion of the feed-water. The column of water in the vertical feed
pipe in these old low-pressure boilers acts as a pressure gauge, and a 
lloat on the surface of that column is seen to be connected by a 
chain over a. pulley with the damper, whose opening it regulates. 

325. ()JU.drl_1 _ ....... ed .ouer.-This boiler conRi.ste simply 
of a cylindrical shell with hemispherical ends. 
Its figure is very favourable to strength and 
safety, with a high pressure; but it requires 
great length as compared with other boilers 
to give sufficient heating SUlfa.ce. In the cross
section, fig. 118, A is the grate, occupying 
a length which ought not to exceed about six 
feet under the front end of the boiler; B, the 
boiler; D, the bridge, made concave at the 

Fig. 118. top 80 as to be parallel to the bottom of the 
boiler; N, N, the flues, through which the hot 

gas forms a wll86l-draught, 1\8 in Article 324. 
This boiler, like the wagon boiler, is sometimes made with an 

internalllue, by which the deficiency of heating surface compared 
with capacity is to a certain extent made up. 

A serious defect of the cylindrical boiler with the furnace below 
it is, that the bottom of the boiler where sediment collects is the' 
part exposed to the most intenll6 heat. Unless, therefore, the watt.r 
used ill of uncommon purity, the bottom of the boiler is liable to 
burn. Cylindrical boilers are sometimes made without lateral flues ; 
the hot gas flowing straight along the bottom of the boiler from the 
fumR.Ce to the chimney. This arrangement is called a "flash 
flue." It requires a greater length for a given heating surface tha.n 
any other form of boiler. 

326. Becol'l.oller.-This is the name given by Messrs. Dunn 
& Hattersley to a boiler introduced by them, in order to obtain the 
strength of the cylindrical egg-ended boiler, without its. disadvan-
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tages in point of compactness, economy of fuel, and durability. It 
consists of a number of small cylindrical egg-ended shells laid side 
by side, parallel and horizontally, above the furnace and flues; these 
contain water to about three-quarters of their depth, and in them 
the boiling takes place; they all communicate upwards with one 
long cylindrical egg-ended shell which acts as a steam chest, and 
below with another which serves as a sediment collector. 

327. (),IIDdrieal .eller _, .... a_seN.-This is called in Britain 
the" French boiler," from being much used in France. In France 
it ia called " cbaudiere 8. bouillellrs." Fig. 119 shows a longitudi-

Fig. 119. 

nal section of the furnace and flues, and side elevation of the boiler; 
fig. 120 shows a cross-section of the boiler, furnace, and flues. 

A is the main boiler shell, cylindrical, with hemispherical ends; 
B, B, the heaters, or "bouilleurs," being horizontal cylindrical 
shells of smaller diameter than the main shell, having their back
ward ends hemispherical or segmental, and their forward ends 
closed by covers, 80 as to serve as "mild-holes" for the clean
!ling out of sediment when required; C C C, C C C, are two rows 
of vertical tubes, which connect the main boiler shell with the 
heaters. D is a horizontal brick partition, at the level of the 
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upper halves of the heaters; E, the furnace; F (fig. 120), the 
paYl8Dge over the bridge from the furnace to the flame-bed. 

The space above the horizontal partition D 
is divided by two parallel brick partitions, 
occupying the intervals of the two rows of 
vertical tubes, into three parallel flues, H, 0, H. 
L is the chimney; M, the damper; d is the 
glass water-gauge in front of the boiler. On 
the top of the main shell are seen the man
hole, safety valves, and other appendages. In 
fig. 119, at the back of the furnace, is seen 
one of a. row of curved paR88ges, opened and 
closed by Ii sliding valve, for admitting jets of 
air above the fuel through holes in the front 
of the bridge; at the front of the furnace is 
seen a dead-plate. 

The flame and hot gas pass backwards 
through F; then forwards through G; then 
by a "split-draught," backwards through 
the lateral flues H, H; and then to the 
chimney. 

This boiler ia oonsidered both safe and 
efficient. In France the heate1'8 and con
necting tubes are often made of cast iron ; 
in Britain that material is oonsidered nnsaf'e 

Fig. 120. for boilers. 
328. Tile "-'* B.1Ier in its simplest 

fnrm consists of a horizontal cylindrical shell B (fig. 121), with an 
internal cylindrical flue, whose diameter is ,'\rths of that of the 

shell or thereabouts. In the front end I)f 
that flue is situated the internal furnace, 
of which A is the grate, and D the bridge. 
The external flues may be arranged either 
for a split-draught or a wheel-draught. 
The figure shows the arrangement for a 
split-draught. The cum.'nt of furnace gas, 

F" 121 after having nAseed backwards over the Ig. • r-
bridge and along the internal flue, divides 

into two streams, which pass forwards along the side flues E, E; 
then those streams re-unite, and pass backwards along the bottom 
flue F to the chimney. In this form of boiler the furnace gas 
takes a descending course, of which the advantages have been 
stated in Articles 220 and 313; the bottom of the boiler, where 
the feed-water first mingles with the rest, and where deposit tends 
to settle, is the coolest portion; and the hottest portiou (the 
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crown of the furnace) is near the surface, where the steam i. 
given oft: All these circumatances are favourable to durability 
and economy. 

The crown of the furnace, and a portion of the top of the 1Iue 
beyond the bridge, are sometimes lined with a brick areh, to pre
vent the 1I.ame from being cooled and extinguished by contact with 
the plates of the boiler before the combustion of the coal gas is 
complete. 

The part of the internal1lue behind the bridge is sometimes made 
a little naITOwer than the part which contains the furnace. 

Boilers of this class have in many cases given way by the collaps
ing of the internal 1Iue. The principles upon which the strength 
of that 1Iue depends, discovered by Mr. Fairbairn, have heeD 
explained in Article 61, pages 70, 1l. 

The dotted circle C represents a heater, or horizontal water-tube, 
like those of the French boiler, which is sometimes placed within 
the internal 1Iue of the Cornish boiler, in the part behind the 
bridge. It is connected by one or more vertical water-\ubea, with 
the water-space at the bottom of the main boiler, and by a siphon
shaped tube, beyond the backward end of the main boiler, with the 
steam-space at the top. 

329. ll7u ..... c •• .... ~ ...... ee ...... .-A Cl"08&-section of a 
boiler of this class is shown in fig. 122. The 
boilerconsists of a cylindrical shell, with. pair of 
Rimilar and paraJ.lel internal1lues, whose diame
ter is l\ths of that of the shell, or thereabouts. 
Each of these 1Iues contains in its front end 
an intt>rnal furnace, like that of the Cornish 
boiler. Those furnaces are fired alternately, in f', 122 
order to promote complete combustion, as Ig.. 

stated in Article 230, page 282. The external bes form either. 
wheel-draught (as shown in fig. 122), or a split-draught (as showl1 
in fig. 121~ 

In one form of this boiler the two internal1lues run parallel to 
each other from end to end of the boiler. This pt"events the mixing 
of the gases from the two furnaces until they have been considerably 
cooled; and to remedy that defect, in some boilers. series of trans
verse tubes have been introduced, at and near the bridges, to make 
an early communication between the two currents offurnace gas. 

In another form, the two 1Iues unite into one at a short distance 
behind the bridges, so that the entire combination of fiues batt • 
forked shape. The combustion-chamber where the 1Iues unite, is 
sometimes strengthened sgainIIt collapsing by means of vertical 
water-tubes traversing it, and acting as hollow pillara or struts, to 
keep the top and bottom asunder. 
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, 330. ~,.U"rI_1 Do •• leol.l'._ TIt ...... "ller.-This boiler, 

Fig. 128. 

introduoed by Mr. Fairbairn, is like a forked-fine 
boiler, in which, for the single part of the inter
nal fiues, is substituted a set of pa.ra.llel tubes. 
The cross-section of the two furnaces is similar to 
fig. 122. Fig. 123 is a horizontal section of the 
hoiler. A, A, are the grates; B, B, dead-plates; 
D, D, bridges; E, mixing-chamber or fiame-chamber; 
F, F, front tube-plate; G, tubes; H, H, back tube
plate, and backward end of boiler. According to 
the usual proportions of this boiler, the length of the 
tubes is about one-half of the total length of the 
boiler. It has external fiues, like the boiler of the 
last Article. 

331. ltI.rlae I.I'I.e Bollen, as stated in Article 305, are of a shape 
approximating to rectangular, with the corners more or less 
rounded, and the top more or less arched: strength to resist inter
nal pressure is given by stays and ribl!. Each boiler usually contains 
two or more internal furnaces, of an oblong rectangular shape, often 
arched at the top also. These furnaces stand in a row within the 
Loiler, near its bottom. The bridges are sometimes water-spaces, 
but are more genernlly of fire..brick. The remainder of the interior 
of the boiler-shell, up to within about ten inches or a foot of the 
proper water-level, contains a set of fiues, of a form of section nearly 
rectangular with rounded comers. One of these fiues starts from 
each of the furll3Ce8, and takes a winding course within the boiler, 
according to the judgment of the designer. Finally, all the fiues 
unite in an ascending fiue called the "uptake," which leads to the 
chimney. The steam chest is usually a rectangular or cylindrical 
box, sometimes with a hemispherical dome, enveloping the upper 
part of the uptake and lower part of the chimney, so that the steam 
may be dried, and in some cases partis.lly superheated. 

The variety of forms and arrnngements of fiues in marine boilers 
is such 88 to defy classification. One of the m08t remarkable fOlms 
is the spiral fiue, winding round a. vertical axis through the water
space and steam-space, which latter 88Cends to a considerable 
height, in order to dry and superheat the steam effectually: an 
invention of Mr. John Elder. The chimneys of marine boilers are 
I!Ometimes made to lengthen and shorten like the tube of a tele
scope, 80 that they can be lowered when the vessel is going under 
sail only. 

332. ltI.rIae T ••• 1ar BolI_-The general arrangement of parts 
ill this class of boilers is shown in fig. 124, which is a longitudinal 
I!ootion, showing one jwrTUJCe, with its fiue, tubes, and communica
tion with the uptake and chimney. .AJJ.y required number of such 
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furnaces, according to the breadth of the boiler, may he ranged sine 
by side within the boiler. A, A, is the grate; B, the dead-plate; 
C, the ash-pit; D, the bridge; E, the rising flue, flame-chamber, or 
" back uptake;" F, F, F, F, the tube-plates and tube~; 0, 0, the 

~' 
.. ' II " 'r 

t 
z 

FIg. 124. 

uptake, having doors in front for the removal of HOOt and other dirt, 
and for access to the tubes to cleanse or repair them; H, the 
chimney. The figure shows a few of the stay-rods within the 
boiler. 

In the figure, the tubes are represented as horizontal; they are 
often, however, made to have a slope, parallel or nearly parallel to 
that of the grate-bars. The height from the furnace-croWD to the 
lowest row of tubes should be sufficient to allow the space between 
them to be cleansed. . 

The most usual diameter of marine boiler tubes is, as formerly 
mentioned in Article 305, three inches; they are sometimes, however, 
used of smaller diameters, ranging down to II inch internal dia
meter. 

333. Dec.e.~"'I'II.ee BeO •• -This has already been mentioned 
in Article 228, pt.ge 279; Article 230, page 283; and in Articles 
303, 304, and 310, pages 449, 450, and 45M. Fig. 123 is a horizontal 
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section of a double furnace of this kind, used at St. Ro11oI, showing 
a small portion of the boiler; fig. 126 is a Cl'OllS-section of the fur
nace; fig. 127 a croSll-section of the boiler and flues. These three 
figures are on a scale of Ih- of the real dimensions; A, A, are the 

rig. 126. rig. 127. 

Fig. 125. 

dead-plates; B, B, the grates; C, the brick partition between the 
two grates and their ash-pits; D, D, air-spaces in the brickwork of 
the sides and roof of the funlace, to resist the conduction of heat; 
H, ftame-chamber, tapering 80 as to join the internal flue E, of the 
boiler; F, F, side flues; G, bottom flue. 

Fig. 128 is a longitudinal section of a mouthpiece and dead
plate, showing the heap of dross which acts as a fire
door (see Article 310), and the air-holes in the thicknes! 

of the top of the mouthpiece. Fig. 129 
is 8. front view of the mouthpiece, show
ing the air-holes. These two figures are 
on a scale of -h of the real dimensioDs. 

In some of the boilerS, the internal 
FIg. 128. Fig. 129. flue, instead of traversing the boiler from 

end to end, is of a T-shape at the back
ward end, the two branches leading into the two side flues F, F. 
In others, there is a single cylindrical flue for half the length of the 
boiler, and a set of tuht'.s, as in fig. 123, page 474, for the other 
half of the length. These forms of flue were introduced by Mr. 
John Tennent. 

334. ftUeellaa_. Jr_. -, ._lIer.--Various kinds of boilers., 
presenting great diversities of form and arrangement, have already 
been incidentally mentioned and described generally, such as Mr. 
Craddock's boiler (Articles 303, 305,313, 315). With reference 
to this boiler, it may here be added, that the vertical water-tubes 
have a portion slightly curved, in order that when expanded by 
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heat, they may yield sideways, and not strain the framework of the 
boiler. The Farl of Dundonald's boiler, mentioned in Article 284, 
Example X, consists of a shell like that of a marine flue-boiler, 
but somewhat longer and lower. Within that shell are, the fur
nace, the flame-chamber, and the uptake, all at the same or nearly 
the same level The flame passes from the lop of the furnace into 
t.he lop of the flame-chamber, which is traversed by a great number 
of vertics.I water-tubes: from the bottom of this chamber the hot 
gas passes into the uptake, in contact with which is a steam chest 
communicating at its top with the top of the boiler. At the 
passage of communication is a centrifugal fan, so placed as to throw 
the spray that is mixed with the steam back into the boiler. 

Amongst vertics.I tube boilers may be mentioned one of Mr. 
David Napier's, which has been used to some extent in practice. 
The shell is cylindrics.I and vertics.I, with a hemillpherical top. 
Within it is a vertics.I cylindrics.I flame-chamber, and within the 
flamfHlhamber a.re numerous vertics.I water-tubes, communicating 
above with the steam space at the top of the boiler, and below 
with a flattened hollow disc, or It pan," which is above the fire, and 
is connected by horizontal tubes with the surrounding annular 
water space. 

The locomotiw boiltJr will be illustrated along with the engine, in 
the next cm.pter. 
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CHAPTER V. 

OF THE KECBANISK OF STEAK ENGINES. 

SECTION I.-Of tile J/ec/w,niBm of SteIl11& Engines in general. 

335. E ...... Clla.ed.-All steam engines may be divided into 
two great classes, according as they are or are not provided with 
apparatus for condensing the steam at a pressure lower than the 
atmospheric pressure; that is to say, with tJ lOlD prullUf'e condenMtr, 
and itH appendages. These classes are-

I. Condensing, or iOlD p1'es8Uf'e engines. 
II. N on-rxmdenaing, or Mgh pr6II8UfVJ engines. 
The difference between those two classt'S of engines, in 80 far as 

it affects the efficiency of the steam, has been treated of already in 
Article 2~0, pages 381, 382, 383, and in Article 289, pages 4-10. 
411. The kind of locomotive mentioned in Article 412, which 
condenses part of its waste steam at the atmospheric pressure, 
belongs more properly to the second class than to the first. 

Engines of the 1iel.'Ond class are 011 the whole less economical 
of fuel than those of the finlt class; but as they have fewer part .... 
and occupy less space, they are much used where simplicity and 
compactness are considered of more importance than economy of 
fueL 

A II6Clm.d mode of classing steam engines is founded on the mode 
in which the steam acts upon the piston, and is a8 follows:-

I. Single acting engines, in which the steam performs its work 
by its action on one side of the piston only. 

II. Double acting engines, in which the steam exerts energy on 
either side of the piston alternately. 

III. Rotatury engines, in which the steam drives a revolving 
piston round. 

The way in which the difference between single and double act
ing engines affects the calculation of the power has already been 
explaint'd in Article 43, page 50, and referred to in Article 2GO, 
pages 333, 334, Article 263, page 339, and elsewhere. 

A tllird mode of classification distinguishes engines into-
1. Non-rotati1,'6, in which no continuous rotation is produced, as 

in single acting pumping engines, steam hammers, and direct acting 
beetling machines. 
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II. Rutative engines, in which the motion is finally communi
cated to a continuously rotating 8haft. 

Rotative engines are now the most common. Non-rotativ~ 
engines are exceptional 

AfO'lJll'th mode of classing engines is founded on their purposcs, 
as follows :-

I. SlatWnary enginea, 8uch as those used for pumping water, for 
driving manufacturing machinery, &c. 

II. PortulJle engirt&l, which can be removed from place to place, 
but are stationary when at work. 

III. .ll anne engill68, for propelling vessels. 
IV. Locomotive e/tgill68, for propelling vehicles on land. 
Stationary engines exist of aU the classes belonging to the three 

previous modes of classification. Portable engine8 are usually non
conden8ing, to save llpace, and to adapt them to situations where 
injection water cannot be obtained in sufficient quantity. Most of 
them are also double acting and rotative. Marine engines are in 
general condensing, double acting, and rotative. Locomotive engines 
are almost all non-condensing, and all double acting and rotative. 

336. N_ •• _I • __ .. _ is a conventional mode of dt'SCribing 
the dilMn8W1UI of a steam engine, for the convenience of makers 
and purchasers of engines, and bears no fixed relation to indicated 
or to tdfective horse-power. 

The mode of computing nominal horse-power, establi8hed amongst 
civil manufacturers of 8team engines by the }:lractice of MCI!8rs. 
Boulton and Watt, i811S fo11ow8:-

Assume the velocity of the piston to be 128 feet per minute 
x cube root of length of 8troke in feet; 

A88ume the mean effective 1)re88ure to be 7 lbs. on the s'!ullre 
inch; 

Then compute the horse-power from those fictitious data, and the 
area of the piston; that is to say, 

Nominal H.-P. = 7 x 128 x 'J 8troke in feet 

x area of piston in square inches + 33,000 

_ !/ 8troke in fect x area piston in inches 
- 47 nearly 

_ a.j stroke in teet x dia!"! in inches (I ) 
- 60 •..••........ 

The indicated pow!'r of (jiffl'rent enl:,ri.nes u8ually exceeds the 
nominal }lower lIS computed by the above rule in proportions rang
ing from I~ to 5. 

In the rule established by the Admiraltv for computing nomina.! 
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hOl'8&-power, the real wlocity of eM piBttm is taken into account; 
but the fictitious ~iw ~ of 1 lba. on the square inch is 
UBUmed; consequently, by the Admiralty rule, 

Nominal H.-P. = velocity of pi4ton in feet per minute 

x area. of piston in inches x 7 + 33,000 

_ velocity in feet per min. x dia.m,lI in inches (2 ) 
-- 6000 ...... . 

The indicated power of marine engines ranges from onoe to ",.,.. 
li1ltU, and is on an average about tt.0ia5 the nominal power aa com
puted by the Admiralty rule. 

Both the civil rule aud the Admiralty rule for computing the 
power of engines are applicable to low pressure engines alone. For 
high pressure engines there is a customary rule proposed by Mr. 
Boume, which consists in aasuming the eft'ective pressure to be 21 
lba. per square inch, the other data being the same aa in the rule 
for low pressure engines. 

337. B __ .-"- ~1Iae Pdacl ........ ~_ B ___ -L The 
boiler and cylinder are connected by means of the BtetIm pipe, in 
which is the atop wlw, a.lrea.dy mentioned in Alticle 305, Divi
mon XL: also, the t1wouk tHJlw or rt!g'IIlator, for adjusting the 
opening for the admission of steam to the cylinder, which in some 
engines is regulated by hand, and in others by a gOfJertlO'l', aa to 
which see Articles 55, 66, page 63. 

IL The steam pipe contains sometimes a.lso the cut-off wlw or 
a:panBion wlw, for cutting oft' the admission of the steam to the 
cylinder at any required period of each stroke of the piston, leaving 
the remainder of the stroke to be performed by the expansion of 
the steam already admitted. 

IlL The cgliltukr may be single or double acting. In a single 
acting engine, the piBton is forced in one direction by the pre88Ul'e 
of the steam, and made to return in the opposite direction when 
the steam is discharged by the action of a weight or cou~ 
In a double acting engine, the piston is forced in either direction 
by the pressure of the steam which is admitted and discharged at 
either end of the cylinder alternately. 

IV. The admission and discharge of the steam take place 
through openings near the ends of the cylinder, ca.1led portB, con
nected with passages ca.1led no:u:lea, which are opened and closed by 
induction and eduction wlves. Sometimes the induction and 
eduction valves are combined in one valve, ca.1led a slide vealw. 
The valves are contained in the wlve-cliue. 

V. In f'IIm-~1&!fengines (conventionally ca.1led high prwwre 
"";'neB), the waste steam discharged from the cylinder escapee into 
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the atmosphere through the blast pipe j in locomotive engines, as well 
as some others, the blast pipe is placed in the centre of the chimney, 
so that the successive blasts of steam discharged from it augment 
the draught of air through the furnace, and cause the combustion 
of the fuel to be more or lellS rapid, according as the engine is per
forming more or less work. 

VI. The cylinder COI1er bas in it a .t4fong-boz for the passage of 
the piston rod; in large engines there are sometimes more than one 
piston rod and stuffing-box, and sometimes a tubular piston rod, 
called a trunk. The cylinder cover is also provided with a grease 
cock, to supply the piston with unguent. 

VII. In many large engines, there is a spring safety valve, 
called an etJCape oolve, at each end of the cylinder; the chief use of 
which is to discharge water which may condense in the cylinder, or 
be carried over in the liquid state from the boiler, by whAt is called 
priming. 

VIIL To prevent condensation in the cylinder, it is sometimes 
enclosed in a casing, called 8. ju:ket, the intermediate space being 
filled with hot steam from the boiler, or hot air from II. flue (see 
Article 286). 

IX. Outside the jacket, to prevent 1088 of heat externally, there 
is a clothing of felt and wood. 

X. Double cylinder engines have two cylinders; the steam being 
admitted from the boiler into the first cylinder and then filling the 
StlCOnd by expansion from the first. 

XL The ordinary ~ is a steam and air-tight vessel of any 
convenient shape, in which the steam discharged from the cylinder 
is liquefied by a constant shower of cold water from the rose-headed 
t:njection mlve. 

XII. In land engines the injection water comes from a tank called 
the cold well, surrounding the condenser, and supplied by the cold 
Wf.Iler pump j in marine engines, it comes directly from the sea. 

XIIL In the awrJau condenser the steam is liquefied by being 
passed through tubes or other narrow passages sun-ounded by Clll'

rents of cold water, or cold air. 
XIV. The condenser is provided with blow-tkrougA valves, com

municating with the cylinder, usually shut, but capable of being 
occasionally opened, and with a tmifting mlfJ6 opening outwards to 
the atmosphere; through these valves steam can be blown to expt'l 
air from the cylinder and condenser before the engine is set to' 
work. 

XV. The condenser bas also a vacuum gauge, to show how much 
the pressure in it falls below that of the atmosphere (see Article 
107 A, pages 110, 111, 112~ 

XVI. The water, the IIIIlall portion of steam which remains 
21 

Digitized by Google 



482 

uncondensed, and the air which may be mixed with it, are &Uebel 
from the condenser by the air ptJ8Np, and diacha.rged into the ItDt 
fDfIll, A tank from which the feed pump, mentioned in Articles 30S 
and 316, draws the supply of water from the boiler. The surplu 
water of the hot well in land engines is discharged into a pond, 
there to cool and form a stol"e of water for the cold well; in marine 
engines, it is ejected into the sea. 

XVII. In all, except certain pecnliar classes of engines, there is 
a parallel motion for guiding the head of the piston rod to move in 
a straight line, consisting either simply of straight cheeks or guides, 
or of a combination of levers and linkwork, invented by Watt, and 
more or less modified by others. 

XVIIL The peculiar class of engines above excepted, are-first, 
trunk ~ (including Mr. Hunt's Z crank engine), where the stuff
ing-box is the guide; secondly, 08ci11ating enginetJ, in which the head 
of the piston rod is directly connected with the crank, and the 
cylinder oscillates on trunnions; thirdly, dUe tmgina, in which the 
functions of a cylinder are performed by a vesael of the figore of • 
spherical zone, and those of a piston by a disc having a motion of 
nutation in that zone; and fonrthly, rotatory tmgifUJlJ, in which the 
piston revolves round an axis. Trunk engines and OIlCillatoty 
engines are of common occurrence in steam-ships. The Z crank 
engine bas not been tried on a large scale. Disc engines are said 
to anawer well, but are of rare occurrence. Rotatory engines of 
various kinds have been often tried, but seldom with good results. 

XIX. In single acting engines for pumping water, the pump 
rods are worked either by direct connection with the piston rod, or 
through the intervention of a beam. 

xx. In double acting engines, the power is communicated to a 
revolving Bhaft, driven by means of a crt.m.k and COWIIIJCting rod, with 
or without the intervention of a beam. (In OIlCillating engines the 
piston rod and connecting rod are one). 

XXI. In stationary engines the shaft carries a.ft~, to dis
tribute and equalize irregularities in the action of the power by it.s 
inertia; this function is performed in marine engines by tbe inertia 
of the paddle-wheels or screw, and, in locomotive engines, by the 
inertia of the driving-wheels and of the engine it.JeIf. 

XXII. The feed pump, and other pumps which are appendages of 
the engine, are worked by the mechanism; 80 also are the induction 
and eduction valves, through what is called the tHJlN gtJllA'ing or 
vcU'VtJ motion-a part of the machinery which is under the control of 
the engineman, and 80 contri\'ed &8 to enable him to stop and 
reverse the motion of the engines at will, and whose forms are very 
yarioul\. 

338. .,... ... .... _.-Most marine and locomotive engines, 
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and many stationary engines, have, in order to equalize the action 
of the power, a pair of cranks at right angles to each other, driven 
by a pair of pistons in a pair of cylinders, with their appendages; 
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and are, in fact, pair. of engina. In some cases, engines are simi
larly combined in sets of three, driving three cranks, which make 
equal angles with each other. As to the effect of these combina
tions on steadiness of motion, see Article 52, page 60. 

339 . ....... , _ E .... e 11I • .u.ae.t.-Mo&t of the parts enume
rated in Article 387 are illustrated in fig.' 130, which represents a 
longitudinal section of a rotative douhle-acting stationary cmulens
i-ng (or low-pressure) /Iteam engine. That kind of engine is 
selected because the arrangement of its parts is well suited for 
exhibiting nearly all of them at one view. Amongst the parts 
omitted, for want of room, the chief are the beam and the parallel 
motion, which will be illustrated farther 011. The main-centre, or 
axis of the beam, is above the pillar D, and its two ends are respec
tivelyabove the cylinder A and shaft L. 

A is the cylinder, with its jacket, but without clothing, which is 
a defect in the engine represented. 

B, the piston, with three metallic packing-rings. In the figure 
the piston is supposed to be moving downwards, pressed by the 
jJteam which is entering above it. 

C, the piston rod. 
D, one of the pillars of the frame. 
a, steam pipe, with throttle VlIlve. 
b, valve chest. 
c, slide valve, of the kind called a "D-slide," which regulates the 

"distribution" of the steam-that is, its alternate admission and 
discharge above and below the piston. 

d, eXhaust-pipp, leading into 
E, the condenser. 
g, injection cock, admitting a shower of cold water from the cold 

well, or cold water tank, into the condenser. 
H, air pump, the piston of which in the figure is supposed to be 

descending. 
K, Hot well 
G, connecting rod, in the act of rising. 
L, shaft; L M, crank; M, crank pin, in the act of right-handed 

rotation (similar to that of the hands of a watch). 
N, feed pump, drawing water from the hot well K. In the 

engine represented, the supply pipe from the hot well to the feed 
pump traverses the cold well. That is a fault; for it tends to heat 
the condensation water, and cool the feed water. 

P, feed pipe of the boiler. 
Q, cold water pump. 
R, eccentric rod, which receives a reciprocating motion from an 

eccentric wheel on the shaft L, and communicates that motion to 
the slide valve c. 
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S, governor, being a double revolving pendulum of the kind men
tioned in Article 55, page 63. It is Been to act on a small lever 
whose axis turns in bearings fixed to the pillar D. The links and 
intermediate levers by which the motion of that lever is oommlmi
cated to the throttle vlj.lve are not shown, their arrangement being 
a matter of convenience. 

SECTION 2.-0/ Steam Pauages, Valves, and Vall'fJ Gearing. 

340. area • ....... -The principle which ought to regulate 
the size of the steam pipe, and of all passages by which the steam 
is admitted te the cylinder, has already been stated in Article 290, 
page 414, viz., that the velocity of the steam should not be greater 
than 100 feet per second, or 6,000 feet per minute, supposing its 
density to be the same in the steam pipe and in the cylinder during 
the admission. 

To permit the ready escape of the steam during the back stroke, 
the exhaust pipe should be of at least double the area of the steam 
pipe. 

For the sake of simplicity, it is an almost universal practice to 
make the steam enter and leave a given end of the cylinder through 
the same port. Mr. Joule has pointed out thnt this practice tends 
to the waste of hent, especially with high rates of expansion; 
because the cool expanded struM, in escaping, cools the metal of 
the port, which is again heated at the expeu'ie of the heat of the 
next cylinderful of hot steam that enters; Ilnd all the heat 80 trans
ferred from the entering to the escaping steam is wasted. Mr. Joule 
therefore recommends the use of separal6 admi8sicm and tgJUJ,'UBt 
pm-ts. 

341. T ....... e vaI .. e.-When the throttle valve is controlled bv 
a governor, it is usually a disc-and-pivot valve (as to which, sic 
Article 119, page 123, Ilnd fig. 40, page 140, U, V); because that 
valve is easily moved. 

A throttle valve to be controlled by hand may be a disc-and
pivot valve, or an ordinary slide valve moved by a screw (Article 
120, page 124), or a rotating slide valve (Article 120, page 125), or 
a conical valve moved by a screw (Article 121, pages 125, 126). 
The last named form of throttle valve is now much used in locomo
tive engines, and will be illustrated in a subsequent Article. 

342. (Joal".1 _d De •• le Beal VaI .. _ - In Watt's earlier 
engines, conical valves with vertical spindles (Article 112, page 
118) were used to regulate the distribution of the steam. Now 
double beat valves (Article 116. pages 121, 122, figs. 33, 34) are 
used in all cases in which the f!lide valve is not employed. 

In a single acting engine, there are three such valves, viz.:-
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I. The steam val'lJ6, which opens at the beginning of the forward 
stroke to admit steam to drive the piston, and closes to cut off the 
steam at the proper instlmt. 

II. The equilibrium valve, which is closed during the forward 
stroke, and open during the return stroke, the expanded steam 
being then transferred through it from the one end of the cylinder 
to the other. 

III. The eduction mlt.-'6, which is closed during the return stroke, 
and open during the forward stroke, to let the steam in front of 
the piston escape to the condenser. 

In a double acting engine, there are four valves, one pair for 
each end of the cylinder, and each of these pairs consists of-

I. A steam valve, opening at the beginning of each forward 
stroke, and closing to cut off the steam at the proper instant. 

II. An eduction t1tJlve, closed during the forward stroke, and 
open during the return stroke, to let the Btea.m escape to the con
denser. 

343. PI .. B .. aad Tappea-The motions of conical and double 
beat valves, in single acting engines, and in some double acting 
engines also, are produced by means of a "plug rod," which hangs 
vertically from the beam of the engine, near the cylinder, and rises 
and falls vertically along with the piston. From its sides, suitably 
formed pins and bars project, whose positions can be adjusted by 
screws; and these projecting pieces, striking levers at certain 
instants in the course of each stroke, produce the required motion 
of the valves. 

In single acting engines, the exhaust valve and the steam valve 
are not opened directly by the action of the plug rod, but by a 
piece of mechanism called the" cataract," of the nature of a pump 
brake, already refened to in Article 50, page 58. It consists 
principally of a small loaded piston, moving in a vertical cylinder 
which contains water or oil. At the end of the forward stroke of 
the engine, a pin projecting from the plug rod lifts the cataract 
piston. That piston, on being set free, descends with a speed which 
is determined by the degree of opening of the regulating cock 
through which the liquid below it is discharged; and towards the 
end of its descent it acts successively upon two catches which 
liberate weights that in their descent open the exhaust wlve and 
the steam valve. Thus, by varying the opening of the regulating 
cock of the cataract, the engine can be caused to make more or 
fewer strokes per minute. 

The arrangement of the valve motions of single acting engines 
may be varied in its detail. One of its forms will be illustrated in 
a subsequent Article. 

344. lUI_ Valy ... on account of the simplicity of their action, 
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?,ud smoothness of their motion, are almost universally employed 
In Europe for the distribution of the steam in double acting engines. 

The seat of a steam engine slide valve consists usually of a very 
accurate plane surface, in which are oblong openings or port&. 
These are at least two in number; one communicating with each 
end of the cylinder. The seat of the short slide valve has a third, 
or e:riw,Ullt port, between the first two, which is the passage for the 
e.scape of the exhaust steam. In some special forms of engine 
the ports are more numerous still. 

The long slide valve, or D-slick, represented by c in fig. 130, Ilnd 
by figs. 131, 132, and 133, might also be c~ed as a sort of hollow 

Fig. 181. Fig. 132. Fig. lS8. 

or tubular pistan valve; for the back of the valve, which is semi
cylindrical, is made to move steam-tight at its top and bottom in 
the semi-cylindrical valve chest, by means of two half~rings of 
metallic packing. 

Fig. 131 shows a vertical section of the valve, separate from the 
valve chest and cylinder. c, c, are the two portions of which its 
plane face consists: at its hack near the top and bottom are seen 
sections of the packing half-rings. The valve rod is shown p8J:18ing 
down through the tubular interior of the valve, and attached to a 
cross bar at the bottom. This bar is flat and thin, and placed with 
its breadth vertical, so as to contract as little as possible the passage 
through the interior of the valve. Figs. 132 and 133 are vertical 
sections of the cylinder, valve chest, and valve. The stR.am if! 
admitted through the steam pipe and throttle valve to the middle 
part of the valve chest, which surrounds the tubular part of the 
vll.h-e. The two ends of the valve chest communicate with the 
condenser, the lower end directly, and the upper end through the 
interior of the tubular part of the val ve. 
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In fig. 1 :l2, th!' vllive ill in its highest position: the middle part 
of the valve chest communicates with the top of thc cylinder, 
admitting steam to drive the pillton downward; the bottom of the 
cylinder communicates with the bottom of the valve chest, and 80 

with the condenser. 
I n fig. 133, the valve i!j in its lowest poBition: the middle part of 

the valve chest communicates with the bottom of the cylinder, 
admitting steam to drive the piston 'Upward: the top of the 
cylinder communicates with the top of the valve chest, and thence 
through the tubular interior of the valve, with the condenser. 

The alwrt slick valve is represented in 
figs. 134, 135,136, 137, and 138. Fig. 
134 is II. longitudinal section of the 
valve and itt! seat. The cylinder is 
BUpposed to be yertical: d is the slide 
vlI.lve; a the upper and c the lower 
cylindtlr port; b the exhaust port, 
leading Rideways to the condenser, or 
to the air, according as the engine is 

tJ condensing or non· condensi ng. Fig. 
135 is a frout view of the valve seat 
and ports; fig. 136, the face of the 
valve. The steam is admitted from 
the boiler into the valve chest, round 
and behind the valve. In fig. 134, the 
valve is in its middle position, and 

·both the cylinder ports are closed. In 
fig. 138, the valve is depressed 80 far 
below its middle position as to open 

Fig 134 the upper port for the admh!l!ion of 
. . steam above the piston; while at the 

same time the lower pot1; is connected through the interior of the 
mlve with the exhaust port, 80 as to allow the steam from below 
the pilltoll to eRCllpe as the piston descends. In fig. 137, the valve 
ill raised !IO high above its middle position as to open the lower 
port for the admission of steam below the pi'lton; while at the 
AAme time the upper port is connected through the interior of the 
valve with the exhaust port, 80 as to allow the steam from above 
th!' piston to e8Cll.pc as the pi'lton rises. 

The shortslide valve is pressed against its seat, and the joint between 
it and its seat kept steam-tight, by the excess of the pressure of the 
,.team in the valve chest behind the valve, which comes from the 
boiler, above the pressure of the steam in the interior of the vah'e, 
which communicates with the condenser or with the atmosphere, as 
the case may be. 
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In large engines, the amount of that difference of pressure, over 
the whole area of the face of the valve, would be lmnecessarily great, 

. Fig. 188. Fig. 137 • 

causing too much work to be lost in overcoming friction. To 
diminish its amount is the object of the contrivance called the 
equilibrium 8lide 0011)6, in which the interior of the back of the 
valve chest is a true plane, parallel to that of the valve seat; and 
the back of thll valve is provided with a fiat bl'8.S8 packing-ring, 
which is pressed against the back of the valve chest by Hprings. 
The amount of the pressure of the valve against its seat due t·o 
the pressure of the steam from behind, is the product of the inten
sity of that pressure into the excess of the area of the face of 
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the area. of the packing-ring back, and may 
be reduced to any required amount, how small soever, by making 
that ring large enough. 

345. Beee.lrie.-It is obvious that to produce the proper distri
bution of the steam by a slide valve, whether long or short, the 
valve must have a reciprocating motion of such a nature as 
to bring it to the ends of its stroke, being its greatest distanCt'J! 
from its middle po!!ition, at periods intennedia.te between thoae at 
which reaches the ends The eccentric 
(fig. used to give that circular disc car-
ried with whose axis the disc does Dot 

~ ;::::0 
a 

FIg. 189. 

coincide. It is equivalent to a crank whose length is equal to the 
eccentric radius; that is, the line joining the centre of the disc and 
the axis of the shaft;; and being encircled with a hoop, b, at one end of 
the eccentric rod, (I, it gives to that rod a reciprocating motion 
whose length of stroke is the double of the eccentric radius. The 
eccentric rod is either directly jointed to the slide valve rod, or con-
nected any convenient levers and link-

arrangement is 137 and 138, of 
is the piston rod; connecting rod; k, the 

eccentric; n, the p, levers; p e, a 
valve rod. 

OPTKlsi11;e the letter a, the goJJ of the 
eccentric rod, it holds a pin of the lever that 
is directly driven by it (as 0, figs. 137, 138). By means of II 

handle on the end of the eccentric rod, the gab and pin can be dis
engaged and re-engaged, so as to throw the valve motion "Ottl uj 
gearing" and "into gearing," and thu.'i make the slide vah·a stop and 
resume its motion when required. 

;oogle 7. 
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In many engines a different contrivance is used, ca.lled the "linA: 
motion," to be a.fterwa.rds described. 

34d. BeYeNi ... ,. .lte L_ Bee-ae.-To reuerse the direction 
of rotation of the Bhaft of a steam engine, the piston must be made 
to come to rest and then to move the reverse way, before complet
ing a stroke, and the eccentric must lU!8\UD.e that position relatively 
to the crank which is proper for working the slide valve when the 
rotation of the shaft; is reversed. That position (or the position of 
bac/ewo;rd get1IJ') is somewhat less than half a circumference from the 
position of forward get1IJ', messured round the shaft in the direction 
of forward rotation. To bring the eccentric, therefore, into back
ward gear, it is suffi.cient to cause it first to stand still while the shaft 
nearly finishes the first half-turn ba.ckwards, and then to accom
pany the Bhaft in its rotation. 

In most stationary engines, and many marine engines, those 
objects are effected by having the eccentric loose on the Bhaft, and 
so counterpoised, that its centre of gravity shall be in the axis of 
the Bhaft; but prevented from turning completely round by means 
of two shoulders, one of which holds it in the position of forward 
gear, and the other in that of backward gear; care being taken that 
the motion of the loose eccentric round the Bhaft shall be forwards 
to go from forward into backward gear, and backwardB to go from 
backward into forward gear. 

To reverse an engine with a loose eccentric, the gab is to be dis
engaged from its pin and the slide valve shifted by hand if neces
sary. When the shaft has made part of a turn backwards the gab 
is to be re-engaged. 

For example, in fig. 137, the piston is rising, and the shaft 
turning toward the right. To reverse that rotation the gab is dis
engaged, and the slide valve shifted into the position shown in 
fig. 138; so that steam from the boiler being admitted to press on 
the top of the piston, brings it to rest before it has completed its 
up stroke, and then drives it downwauds, so as to make the shaft 
rotate towards the left. During the left-handed rotation the eccen
tric stands still until it is in the position: of backward gear: then 
the gab is re-engsged with its pin, the slide valve resumes its 
motion, and the left-handed l'otation goes on till the engine is 
stopped, or reversed again by the same procetlll. 

According to a mode of reversing by the loose eccentric, used by 
:Messrs. Randolph, Elder, k Co., the eccentric, instead of standing 
still till the engnie has turned back, is made by a combination of 
wheelwork, to ooertake or outrun the shaft while the engine is 
moving forward, until it reaches the position of reverse gearing; 
and the reversal of the motion of the engine follow& 

347. Lead D.d Lap-Bspa •• ' ••• ,. .lte .UoIe V.lye. - A slide 
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valve is Mid to have lead, wben it has passed beyond tbe middle of 
its stroke or tbrow at the instant when the piston arrives at either 
end of its stroke. When the slide valve is at its middle posi
tion exactly at the instant of the arrival of the piston at either end 
of its stroke, it il'l said to have no lead. 

The amount of the lead may be measured and expressed in three 
ways, viz:-

I. In absolute measUl'e, sucb as inches. 
II. By the proportinn of the absolute lead to the half-throw of 

the slide valve. This may be called the ratio of lead. 
III. By the angle at which the eccentric radius stands in advance 

of the position which it would require to have relatively to the 
crank, in order to make the middle position of the side valve occur 
at the same instant with the end of the piston stroke. This may 
be called the a1l{Jle of lead. 

When a loose eccentric has no lead, its positions of forward and 
backward gear are half a circumference apart. When it has lead, 
the angle between those positions is half a circumference less twice 
the angle of lead. 

If the eccentric rod is so long relatively to the eccentric 
radius, that the effect of it.s varying obliquities on tbe positions of 
the points it connects may be neglected in practice, the following 
equation is sensibly accurate:-

Ratio of lead = sine of angle of lead,. ............. (1.) 

and in other C8868 the same equation always gives at least an 
approximation to the truth. 

The angle of lead may be stated either in degrees, or as a frac
tion of a revolution. 

The lap, or cot'61", of a slide valve at one of its edges is the extent 
to which that edge overlaps the adjoining edge of the port which 
it covers when the slide valve is in its middle position. In fig. 
134 of Article 344, the slide valve has a very small and nearly 

equal extent of lap at each of its four edges. 

~ 
Fig. 140 is a section of tho lower half of a verti-

P cal slide ·"alve and its port having a greater extent 
v 'W of lap; W is the lower port of a cylinder; X, the 
v lower half of the slide valve, in its middle posi_ 

tion; U is the induction Mde, and V the edt«:-
C tion side of the port; C is the inductinn edge, and 

FIg. 140. P the eduction edge of the valve; U-C is the lap 
on the induction side, and V P the Zap on the eductinn Md6. 

The upper port and the upper half of the valve need not be 
shown nor specially considered for the present; being similar 
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in figure to the lower port and lower half of the valve, but 
inverted. 

The lap, like the lead, may be expressed in three ways, viz.:
I. In absolute measure, a.'1 inches. 
II. By ita proportion to the lwlj-el,row of the slide valve, which 

may be called the ratio of lap. 
III. By the angle through which the eccentric must turn, in 

order to shift the valve from ita middle position until the edge of 
the valve whose lap is considered touches the edge of the port
this may be called the angle o/lap. 

When the obliquity of the eccentric rod may be neglected, we 
have, sensibly, 

ratio of lap = sine of (J;1IfIle of lap ............... (2.) 

The use of the lead and lap of the slide valve is to admit the 
steam, cut oft' the admission, and cut oft' the exhaust, at given 
instants of the stroke of the piston, and 80 to produce expansive 
working with a given ratio of expansion, and to compress or 
cushion a given proportion of the expanded steam at the end of the 
return stroke. 

Wilen the obliquity of the CfYfI;necting rod, as well as that of the 
eccentric rod, '1IWy be wglected, the following are methods by which 
the proper lead and lap of the slide valve in any case may be 
determined :-

FIRST METHOD:-By graphic construction. About a centre 0 
describe a circle DE F I, and draw two 
diameters at right angles to each other, 
DF, 1ft Consider D-F as represent
ing the stroke of the piston; and 1<.: I 
(though on a dift'erent scale), the throw 
of the slide valve; and let motion of the 
piston from D to F be considered as a 
forward stroke. 

It is sometimes considered desirable 
to begin the adnlission of steam a little 
before the end of the return stroke. If 
80, let Q represent the point of the 

J: 
Fig. 411. 

return stroke where the arl1nission is to begin. If the admission 
and the forward stroke are to begin together, Q will coincide 
with D. 

Let R be the point of the fOl'ward stroke where the steam is to be 
cutoff. 

Let T be the point of the retul'll stroke where compresltion or 
cl.uMon.ing is to begin, by cutting oft' the exhaust. As to the prin-
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ciples which determine that point, see Article 291, Dh .. ision III., 
page 4-20. These being the data, the solution consists of two parts. 
as follows:-

I. To find 1M angle ojlead, and 1M lap on tM indtldion ftd~:
Draw Q A, R G, perpendicular to DE, cutting. the circle in A, G; 
measure or bisect the arc A G; from E layoff the equal arcs E B, 

E H, each = arc: G; join B H, which will be parallel to D F .. 

Then 

The angle oflead=LA 0 B=LGO H; ......... (3.) 

J..ap on the induction side =.2 =~ ................. (4.) 
half-throw 0 E 

II. To.fond 1M lap on 1M edtldion Bide and eM point of rthaae :
Draw T M perpendicular to D E, cutting the circle in M, from 
which layoff the arc M N = arc A B. Draw N L parallel to D F. 
cutting 0 I in P j then . 

Lap on the eduction side = ~_P ...•............ (5.) 
half-throw 0 E 

from L layoff the arc L K = arc A B, and from K let fall K S 
perpendicular to D F; then will S represent the point of re/I!(J.'" 
during the forward stroke of the piston, where the valve begins to 
open on the eduction side. As to the effect of release, see Artiell! 
291, Division IV., page 421. 

SECOND METHOD:-By trigonometrical calcuLltion. 

DATA:-

RESULTS:-

Advance of admission 1fQ:. 1. 
=---;---,,..-,--,-- = -=- , 
Stroke of piston D F 'J 

DR I 
.Ratio of actual cut-off= D F = jI; 

"D .• ' f _t.!. I>T 1 .nu.tio 0 culWlorung = - = .. 
D F ,. 

Half-throw of slide valve, 0 E. 

Let angle of lead = a; 

Digitized by Googl;.::;e ___ _ 



EXPANSION BY THE SLIDE VALVE. 

angle of lap on induction side, = b'; 

angle of lap on eduction side, = b"; then 

a-b'=OO8~'i(l-i); a+b'=COB-l(~-l);. 

a + b" = COB -I (1 - ~ ); 
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in computing which three arcs, it is to be remembered that a mga
tive C08i:n.8 corresponds to an OOttuItJ angk. This being done, we 
have-

_(a+b)+(a-b1. b,_(a+b')-(a-b1. b"_( +b")- . ('") 
a_ 2 ' - 2 ' - a a, I. 

and also, 

lap on induction side, 0 C = OE' sin h'; } 
la ed cti 'd O-P 0 E - . h" .••.•....••• (8.) P on u on Bl e, = 'BlD; 

Fraction of stroke at which release 00C11l'Il, 

D S 1 + cos (a-b") 
DF= 2 ........................ (9.) 

W'hm it it 'T1#ICUlKJry to lake into ~ the obliquity of the c0n

necting rod and of the «:eentric rod, use one or other of the foregoing 
approximate methods to find the angk ojleacl. Then make an 
accurate skeleton drawing, on a sufficiently large scale, showing, in 
the first plare, the crank in a series of equidistant angular positions. 
The lead being known, will enable the corresponding positions of the 
eccentric radius to be laid down. Draw the centre line of the pis
ton rod, and that of the slide valve rod, upon which, by means of 
the known lengths of the connecting rod, eccentric rod, and other 
intermediate pieces of the mechanism, lay down the positions of the 
piston, and of the slide valve corresponding to the given series of 
positions of the crank and eccentric. The number of positions em
ployed is usually from twelve to twenty-four, and they are num
bered on the drawing in their order of succession. 

Then draw to the same scale a diagram in the following manner (fig. 
142) :-Draw a pair of rectangular axes D F, E I, bisecting each 
other in O. Make 0 D = 0 F = the half stroke of the piston, and 
o E = 0 I = the half-throw of the slide valve. On D F, which 
represents the stroke of the piston, mark points corresponding to the 
aeries of suece88i ve positions of the piHton found by means of the 
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skeleton drawing; and from those points layoff ordinates parallel 
to E'I, upwards or downwards as the case may be (such as A Q, 

DE~=@' 
"' 1: _ 

Fig,142. 

T M, &C.), representing the corresponding successive distances of the 
slide valve from its middle position, as shown by the skeleton draw
ing. Through the ends of these ordinates sketch a curve MAG K, 
which will be an oval, approaching more or less nearly to an elliptic 
figure, inscribed in the rectangle whose axes are D F, E I. 

Then mark the required points of cut-off R, and commencement 
of cushioning T; draw the ol'dillatetl R G, T M, perpendicular to 
D F, cutting the oval in G, M. Then 

The required lap on the induction side = RG;} 
.. _ ••• (10.) 

" "eductIon IIlde = T M. 

Further, draw G A and M K parallel to D F, cutting the oval in 
A and K, from which points let fallon D F the perpendiculars 
A Q, K S. Then will Q be the point of the stroke at which the 
admission begins, and S the point of release. 

Numerous examples of this process are given in Mr. D. K, Clark'" 
work on Railway Machinery. 

Sometimes in the vertical cylinders of marine engines, the lap of 
the Rlide valve on the induction side is made less for the lower I 

than for the upper port. The effect of this is to cut off the steam. 
later, and to have a less ratio of expansion, and a greater mean 
effective preRSUre, during the up stroke than during the down 
stroke. The object is to equalize the energy exerted on the crank 
during the up and down strokes; and to attain that object per
fectly, the difference of the mean effective pressures, multiplied by 
the area of the piston, should be equal to twice the weight of the 
piston, piston rod, and connecting rod, which weight assists the 
down stroke, and opposes the up stroke. 

348. The LJak Med_. which was first used in the locomotive 
engines of Mr. Robert Stephenson, is an arrangement of slide valve 
gear for reversing engines, and varying the rate of expwsiOIl at 
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will. Ita general arrangement is represented in the sketch, fig. 
143. In subRequent figures it will be shown in ita p1ace iii loco
motive and marine engines. 

F is the 10'I1JX1A'd tlCCelltric, 

being a pair of eccentrics firr,ed . and F the backward eccentric, • 
on the shaft in the position 
suitable for working the slide 
valve during forward and back- • ___ .,., ......... 
ward motion of the engine re-
spectively. The angle between FIg. 148 
the two eccentric radii is the 
aupplement of twice eM OhIfIk 01 lead. 0' is the forward eccentric 
rod; 0 the backward eccentric rod. The ends of those rods are 
jointed to the two ends of a piece b b', called the linlc, containing a. 
slot, in which a stud or slider, on the end of the slide valve rod a, 
is capable of shifting into different positions; 11 9 is a rod by which 
the link hangs. In some cases the centre 11 is fixed, and the valve 
rod is jointed, so that the slider on its end can be moved to different 
positions in the link; and then the figure of the link is an arc of a 
circle, whose radius is the length of the shifting portion of the 
valve rod. In other cases (of which the figure is an example), the 
centre 11 is capable of being shifted, so as to move the link into 
different positions while the valve rod is at rest laterally; and then 
the figure of the link is an arc of a circle whose radius is equal to the 
effective length of each eccentric rod. In Mr. Allan's form of the 
link motion, half of the shifting is produced by moving the link in 
one direction, and the other half by moving the stud of the valve 
l'od in the opposite direction; and in that form the link is straight. 
The link motion is very much varied in its details by different 
locomotive and marine engineers. 

In the figure, the link hangs by the rod 11 9 from one arm of the 
lever 11 d n, balanced by a counterpoise on the opposite arm. d c is 
a transverse arm, connected by a rod c 1 with the reverftng Iwntdle 
of the engine. 

In the figure, the motion of the slide valve is produced by the 
action of the forward eccentric alone, and the engine is said to be 
in .full 10'I1JX1A'd gear. The steam is cut off at a point depending 
on the lap, the lead of the forward eccentric, and a throw equal 
to twice the eccentric radiu& 

When the link is shifted so that the stud of the valve rod is at 
the opposite end b of the link, the motion of the valve is produced 
by the action of the backward eccentric alone, and the engine is 
said to be in.full backward gewr. The steam is cut off at a point 
depending on the lap, lead, and throw, as before. 

2K . 
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For any intermediate relative position of the link and stud, the 
motion of the slide valve ill produced by the joint action of the 
forward and backward eccentrics, according to a law which may be 
approximately represented as follows :-at any given instant, let ,,' 
be the velocity which the valve would receive if in full forward 
gearing, ,," the velocity which it would receive if in full backward 
gearing; and let velocities in contrary directions be distinguished 
as positive and negative; al80 let r be the distance of the stud 
from the forward end, and r its distance from the backward end 
of the link; then the actual velocity of the valve at the given 
instant ill 

l',,'+ltl 
"=-C'+l ............................. (1.) 

To find tJa:Jt1dly the motions of the slide valve produced by 
different relative positions of the link and stud, a skeleton drawing 
of the mechanism is to be made on a sufficiently large scale, as in 
the pl'OCel!8 described in the last Article. For examples of this 
pr0ce88 also, Mr. Clark's work on Railway Machinery may be 
referred to. 

A nseful ~mation to the motions of the valve 
when the stud is in any given position relatively to the 
link, is as follows :-Let 0 represent the centre of the 

• shaft, 0 F the forward eccentric radius, 0 B the back· 
ward eccentric radius; and let LObe a straight line 
paru.llel to F R In full forward gearing, the lwl/-t1wouJ 
is OF, and the angle of lead L. L 0 F; and on these 
and the lap the distribution of the steam depend&. 

:a When the stud is at any intermediate position on the 
Jol 144 link, join F B, in which take the point S, dividing that 

g. • line in the same proportion in which the stud divides 
the length of the link; then the motion of the valve will be nearly 
that corresponding to an eccentric radiUll OS; 80 that the distribu
tion of the steam will be n«1II'ly that corresponding to the constant 
lap, with the diminWi«J lwlj-tkfYlUJ 0 S, and the int:reaBtJd tmg/e of 
lead L. LOS. 

In mid gear, when the stud is midway between the ends of 
the link, the lead is 90°, and the half·throw is nearly = 0 i! 
X sin L. L 0 F, being the perpendicular distance from 0 to F R 

It is evident, that the nearer the link motion is brought to mid 
gear, the earlier in the stroke is the steam cut oft 

349. • ........ V.lye wi" .,.....-A separate expansion valve 
is often nsed, especially in large marine engines; consisting of a 
double beat valve (Article 116, page 121), 'Whose spindle is h1lDg 
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from one arm of a lever. 'Another arm of the lever baa a roller at 
its end, upon which a suitably shaped cam, turning with the engine 
shaft, acts 80 88 to lift the valve twice in each revolution, hold it 
open during the proper period for the admistrion of the steam, and 
then let it close. A series of such cams, suited to produce different 
rates of expansioJl, are fixed side by side on the shaft, and the 
lever arm which carries the roller is 80 made that it can be shifted 
lIideways, and brought into gearing with that cam which produces 
the proper rate of expansion. In IIOme cases the rate of eX}lllDtD.on 
is adjusted by 8. single cam, shifting endways along a screw-shaped 
part of the shaft under the action of the governor. 

350. Bs ......... We valye.-A separate slide valve 
is sometimes used to cut off the steam at an early period 
of the stroke, worked by an eccentric willwut kJad, so 
that this expansion slide valve is always at its middle 
position when the piaton is at either end of its stroke. 
A longitudinal section of part of such a valve is shown 
in fig. 145. A, A, are oblong ports in the plate which 
forms the valve seat, and which is usually the back of 
the valve chest of the ordinary slide valve. B, B, are 
oblong ports of the same size and figure with A A, in the 
IIliding plate which forms the valve. The valve might Fig 146 
be made with only a single opening B, corresponding to . . 
a single port A; but to give ample area for the passage of the 
steam, there are usually several such openings and ports; whence 
the valve is called a "gridiron wlve." When the valve is in its 
middle position (and the piaton at one end of its stroke), the 
openings B are exactly opposite to the ports A, which are then 
co full open. " So soon 88 the valve has moved in either direction to 
a distance from its middle position equal to the breadth of one of 
its openings, the ports are all closed, and the steam cut oft: 

This valve is suited for cutting off the steam at a very early 
period of the stroke only. The point of cut-off being given, the 
following are the processes for finding the requisite proportion of 
ImadtA of opmi1lflS to JwJf-Uwow. 

FlRST METHOD :-By graphic construction (fig. iXLtJ' 
146~ About a centre 0, describe a quadrant of a _ 
circle D E, and draw a radius 0 D, to represent the 
Iwlf strok« oj 1M piston, in which take the point R 
to represent the point of the stroke at which the 
steam is to be cut oft: From R draw R G perpen- 11]1. '0 

dicular to D 0, cutting the circle in O. Then '''g. 146. 

Breadth of openings R G 
,lla.lt'-throw of valve = 0 E···················(l.) 
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SECOND MrmoD:-By calculation. Let ratio of actual cut-off' 
DR 1 -==_. then 
20D -I' 

B~th of o~~~n~ _.to / { ( 2)S} 
Half-throw of valve - ·V 1 - 1 - i' ...... (2.) 

A peculiarity of this valve is that it ~'M its ports at a point of 
the piston stroke as far distant from the end as R is from the 
beginning; t.herefore it cannot be used except in combination with 
a common slide valve, 80 adjusted as to cut off the steam before 
the reopening of the ports of the gridiron expansion valve. For 
example, if the expansion valve cuts off at 0·2 of the stroke, the 
common slide valve must cut off at or before 0·8 of the stroke. 

The rate of expansion may be varied by varying the throw of 
the expansion valve. In 80me engines, the seat of the expansion 
slide valve is formed by the back of the ordinary alide valve, 
which, inlltead of admitting the steam paRt its outer edgeat, baa 
parts through it like the openings in a gridiron valve, and the 
expansion slide valve is worked by an independent eccentric, 80 8lI 

to close those ports at the proper instants. 
The " gridiron" foml is sometimes adapted to the ordinary slide 

valve in very large engine&-that is to say, each end of the cylinder 
has two JlIlmllel ports, and the valve is formed so as to connect the 
two ports belonging to one end of the cylinder at the same time, 
with the valve chest and the eduction port alternately. 

351. D_.ae _.1 v .... ""edl'" ~ BHeIlIriea.-In the engines 
of American steamers double beat valves are extensiVely used, driven 
by means of eccentrics. There are usually separate eccentrica for 
the induction and eduction valves. Each eccentric, through Ii rod 
and lever, causes Ii rocking shaft to vibrate to and fro; the rockWg 
shaft carries cams, which, by acting on bars and levers, lift and 
lower the valves at the propel' times. Each cam is so lIhaped as to 
give a very gentle motion to the valve when it is nearly in contact 
with its sea~, and a rapid motion during other parts of its stroke, so 
that the port is opened and closed quickly, and at the same time 
without shock. 

SECTION 3.-01 Cyli'1UierB and Piae0n8. 
352. ,, ___ ","u-'--Cylinders are made of the toughest cut 

iron that can be obtained. The thickneaa required for the sake of 
mere tenacity, to l'8sist the internal pressure, might be calculated 
from the principles stated in Article 62, pages 67, 68, allowing ft:c 
as a factor of safety; but in order that the cylinder may posaeaa 
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that stiffness which is necessary to enable it to preserve its figul'e 
with great accuracy, it must be made many times thicker than is 
DeceBBaty for mere stret:gth. The actual factors of Bafety of the 
cylinders of steam engines, as they occur in practice, range from 30 
to 40. 

The bottom of a cylinder is BOmetimes cast in one piece with it, 
sometimes bolted on. The cylinder cover is bolted on. Care must 
be taken that the bolts have sufficient strength to withstand the 
pressure. The bottoms and covers of large cylinders are often made 
of the form of a segment of a sphere of large radius-in which case 
the two sides of the piston are made of the same figure, in order 
that apace may Dot be lost in clearance. 

The eftect of the jacket haa already been fully considered. The 
jacket ought to envelop not merely the body of the cylinder, but 
at least one end also, and, if possible, both ends. Whether the 
cylinder is jacketed or not, it should always be clothed (Article 387, 
Division IX.) 

353. In .... Ie Cr0 ........... the attempt should be made BO 
to proportion the cylinders to each other, that the steam shall per
form half ita work in the small cylinder and half in the large. In 
most actual engines two-thirds of the work are performed in the 
small cylinder. The following are BOme of the arrangements of 
double cylinder engines!-

I. The earliest IU"1"I1.ngement of double cylinders was Woolfs, in 
which the smaller or high pressure cylinder, and the larger or low 
pressure cylinder stand side by side under the same end of a beam, 
and their pistons move in the same direction at the same time. In 
this arrangement the steam pR-.'I8es from either end of the small 
cylinder to the opposite end of the large cylinder. 

II. In Mr. M'Naught's engine the cylinders are under opposite 
ends of a beam, their pistons move opposite ways, and the steam 
passes from either end of the small cylinder to the nearest end of 
the large cylinder. 

III. In Mr. Eldel's marine engine the large and small cylindel"ll 
lie Hide by side in close contact, sloping at an angle of 45"; their 
pistons move opposite ways at the same time, and drive cranks 
which pl"Oject in opposite directions from the ma.ft, with a view to thll 
reduction of the pressures on the bearings of the mail, and the con
sequent friction, to the smallest amount possible with two cylin
.dera. A similar pair of cylinden-, sloping the opposite way at the 
.same angle, act on the same pair of cranks. 

IV. In Mr. Craddock's engine the large and small cylinders are 
side by side, and their pistol18 move for the greater part of their 
course in opposite directionll, and drive a pair of nearly opposite 
cranks. In order to facilitate the passing of the dead points with 
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only one pair of cylinders, the stroke of. the 8Dlall cylinder is made 
80mew hat in ad1JanctJ of that of the large cylinder; tbe effect of 
which is that the steam, after having been expanded until it filJg 
the small cylinder, is not immediately admitted into the ~ 
cylinder, but is first re-compressed to a certain extent in the small 
cylinder, and then admitted into the large cylinder to expand. 
The ultimate expansion is exactly the BalDe as if the strokes of the 
cylinders were simultaneous, and 80 al80 is the efficiency, provided no 
waste of heat by conduction takes place during the temporary com
pression of the steam. Mr. Craddock proposes to carry the advance 
of the stroke of the small piston, in 80me cases, as far as a quarter 
of a revolution; but it appears from experiment that a lellS angle of 
advance, such as one-sixth or one-twelfth of & revolution, is sufficient 
to enable the dead points to be easily passed; and it is not desirable 
to carry the advance beyond what is necessary for that purpose. 
because of the derangement which it produces in the action of the 
steam when the motion of the engine is reversed. 

3i>4. Tile " __ .... e _ ...... .". ..... of Mr. David Rowan, 
consists of a smaller cylinder, into which the steam is first 
admitted and begins its expansion, contained within and concen
tric with a large cylinder, in which the expansion is continued, 
and is equivalent to the two cylinders of a double cylinder engine. 
The inner piston is of the common shape; the outer is ring-shaped, 
and has packing not only on its outer .surface, but also on its inner 
surface, which slides on the outside of the inner cylinder. The one 
piston rod of the inner piston, and the two piston rods of the outer 
piston are fixed to one cl'088-head, so that the two pistons move 
together, and the steam has to pass from either end of the inner 
cylinder to the opposite end of the O\1ter cylinder. The steam ill 
superheated sufficiently to prevent condensation to an injurious 
extent in either cylinder. 

355. T .... e .". ........... .,. differ from double cylinder enginet 
merely in having a pair of large cylinders for the continuation of 
the expansion, one at each side of the small cylinder, instead of one 
large cylinder. 

In Mr. Elder's treble cylinder engine the piston of the central 
small cylinder drives one crank, and those of the two lateral large 
cylinders drive a pair of cranks pointing the opposite way to the 
middle crank. If' half the work is performed in the middle cylin
der, and the other half divided equally between the lateral cylindel'lJ, 
there is an exact balance of pres&ures on the shaft, and the friction 
of its bearings is simply that doe to the weight resting on them. 

In Mr. J. M. Rowan's treble cylinder engine the rods of the 8DIall 
middle piston, and of the two large lateral pistons, are all attacbed 
.to one cross-head, ISO that the three pistoDa move together. The 
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&l"rangement is compact, and convenient for OIlcillating enginetl, to 
wJlich it is applied. 

356 • ............ Ie c,u..e. • ......-In this engine (Mr. 
Sim's) the steam begins its action in one end of a smaIl cylinder, 
and completes it in the opposite end of a large cylinder; the two 
cylinders are placed end to end, and their pistons are attached to 
one rod. The space between the two pistons communicates with 
the condenser, and is a partial vacuum at all times. 

357 . ..... Ie .......... _In this engine (Mr. Carrett's) tIJe 
steam is first admitted to and begins its expansion in one end of a 
cylinder, and finishes its expansion in the opposite end. l'he 
former end has its captlcity diminished, so &8 to be equivalent to a 
smaIl cylinder, by m~ of a plunger of sufficiently large diameter, 
having one end fixed to the piston, and passing through a packing-. 
ring in the cover. The other end of the same plunger acts &8 

plunger of the air pump. 
3Dd. .A.. 0 ......... c,u ... is mounted on gudgeons or trunniom, 

generally near the middle of its length, on which it is capable of 
swaying to and fro through 11 small arc, RO as to enable the piston 
rod to follow the movements of the crank, to which it is directly 
attached without the intervention of a connecting rod. This con
struction is very advantageous in point of economy of space and 
weight. 

The trunnions are hollow, aud are connected by steam-tight 
joints, one with a steam pipe leading from the boiler-the other 
with an exhaust pipe leading to ilie condenser. The valve chetlt 
oscillates with the cylinder. Vario1ls arrangements are used to 
adapt the valve gearing to the oscillating motion of the cylinder and 
valve chest; one of the simplest being to communicate motion from 
the eccentric to a sliding rod on which is a cross-head of the form 
of an arc of a circle described about the axis of the trunnions when 
the valve is in its middle pollition, and having in it a slot of the 
same figure; in that slot is a slider attached to the end of a lever 
arm projecting from a rocking shaft carried by ilie cylinder; 
another arm projecting from that shaft moves the slide valve rod. 

359. fleer- C)Ju.~In some American steamers the place of 
an ordinliry cylinder is supplied by a sector of a cylinder, in which 
a rectangular piston oscillates to and fro like a door on its hinge. 
In the position of the hinge is a rocking shaft, to which the pilltoll 
is fixed; and by means of an arm projecting from one of the outer 
ends of that shaft and a connecting rod, motion is communicated to 
the crank. 

360. In R.......,. ..... M the place of IlIJ. ordinary cylinder is 
supplied by a vessel of the shape of a cylinder, a zone of a sphere, or 
lOme other solid of revolution, traversed along the direction of its 
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axis by a sbaft, which carnes a revohing piston of a suitable shape. 
A partition divides the space between the piston and the cylinder 
into two parts; that partition is so constrncted as not to obstruct 
the motion of the l,iston; in genel"al the partition moves aside to 
let the piston pass. The steam is admitted into the space behind 
the piston, cut oft' periodically if required, and discbarged from the 
space in front of the piston; and so the piston is driven continuously 
round. The number of rotatory engines which have been patented 
in Britain wone is certainly upwards of two hundred, and perhaps 
considerably more; but very few have been brought into practical 
operation, and those to a limited extent only; for their friction and 
liability to wear have been found to be greater than those of onli
nary engines, and they have no advantage except compactness. The 
most !luccessful appear to have been the Earl of Dundonald's, and 
Mr. David Napier's. 

361. DIM E ....... -This engine, the invention of Mr. Bishop, 
has been used with success by Messrs. Rennie & Son to drive screw 
propellers. Fig. 147 is a. sketch showing its general nature only, 

A 
Fig. 147. 

without any details. The cylin
der is shown in section, the 
piston in elevation. The cylin
der, or vessel which acts as a 
cylinder, is bounded laterally 
by a spherical zone A A, and 
endwise by a pair of cones, B, B, 
whose apices coincide with the 
centre C of the sphere. The 
piston is a flat cFlar disc, 
D, fitting the interior of the 
sl,hericaJ zone round its edge. 

E E is a fixed partition in the cylinder, shaped like a sector of a 
circle; a radial slit in tbe disc fits this partition. The disc is fixed 
to a ball, C, being the joint on which it turns; and from that ban 
projects a rod F, perpendicula.r to the plane of the disc. This rod 
acts in a mauner as a crank pin; for its end fits into a round hole 
at .the end of the crank: G, which is earned by the shaft H, whose 
axis coincides in direction with the common axis of the spherical 
zone and of the two cones. By the disc D, and partition E E, the 
cylinder is divided at each instant into four spaces, two of which 
are enlarging while the other two are contracting, as the crank G 
revolves; the steam is admitted into the two fonner spaces, and 
discharged from the two latter spaces, by ports near the partition 
E E, and can be cut oft' if required by an expansion valve; thus 
the disc is made to take a sort of motion of nutation, and the crank 
shaft is driven round. The angle H C F between the shaft and 
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crank pin is one-half of the angle between the sides of the two 
cones B, B. 

Let the angle H C F = I. Let r be the internal radius of the 
Rpherica.l zone, r' that of the ball C. Then the volume swept 
through by the disc at each revolution is 

8'3776 (rS-r'll) sin 1; ..................... (1.) 

being equal to twice the capacity of the ve8l!el which acts as a 
cylinder, and being also the product of the area of the disc, 
3'1416 (r2_1"2), and the mean distance swept through by all parts 
of its surface in directions perpendicular to themselves during each 

. 8 rS-1"s . 
revolution, '3 . r2 _ r"l • 81n I. 

The volume given by the formula 1 corresponds to that which, 
in computing the power of common double acting s1:R.am engines, is 
found by multiplying the area of the piston into twice the length 
of a single stroke. 

362. • ......... Paeld ••• -Ordinllry pistons agree pretty nearly 
as to figure and proportions, with the description of a piston for 
a water pressure engine ah-eady given in Article 127, page 129; 
but instead of the hempen packing, metallic packing is universally 
uRed, made of brass, or of cast iron. Fig. 148 represents one of 
the mOl!t complex arrangements of metallic 
packing, with the junk ring (as it is still 
called) removed. Thel-e are two, or some
times three, rings of packing, each con
sisting of an outer and inner circle of arcs 
of metal, built together so as to break 
joint, and pressed outwards against the 
interior of the cylinder by means of 
springs. Much simpler arrangements are 
often used, especially one in which there 
is only a single packing ring divided at 
one point, and pressing against the sides Fig. 148. 
of the cylinder by its own elasticity, which, as it is originally made 
of a radius a little larger than that of the cylinder, causes it to tend 
to expand. The gap at the point of division is sometimes filled 
by a tongue piece morticed into the ends of the ring; sometimes by 
& small wedge-formed block, pressed outwards by a spring behind 
it. Mr. Ramsbottom's piston for locomotives has a cylindrical 
sunace turned to fit the interior of the cylinder loosely; round 
that cylindrical surface arc three parallel rectangula.r grooves, each 
611ed by a single packing ring of square brnss wire, mea..'1uring 
about an eighth of an inch each way; each of these rings is divided 
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at one point, and presses outwards against the cylinder by its 
elasticity, like the single packing ring beforementioned. Tho 
points of division are placed at the lower side, where the body of 
the piston touches the cylinder. The varieties of metallic packing 
are very numerous; but they differ chiefly in points of detail 

Hemp is frequently used as an elastic material behind metallic 
packing, to keep it pressed against the cylinder. 

Metallic rings, or pieces of sheet bl'&88, packed behind with hemp, 
are used also for the packing of stuffing-boxes. 

363. .... •• R... •.• TnI.k .. -In most engines, each piRton 
has but one rod, fitted at one end into a conical socket in tbe 
centre of the piston, and fixed by means of a gib and cotter, or a 
screw and nut. The piston rod passes through a stuffing-box in 
the centre of the cylinder cover. 

In some marine engines, two piston rods, and in some four, are 
attached to one pillton, and traverse a col-responding number of 
stuffing-boxes in the cylinder cover. These arrangements form 
part of peculiar systems of mechanism for connecting the piston 
with the crank. 

A truM is a tubular piston rod, used to enable the connecting 
rod to be jointed directly to the piston, or to a very short inner 
pistou rod, so &8 to save room in marine engines. The width of 
the trunk must be sufficient to give room for the lateral motion of 
the connecting rod. 

As to the strength of piston rods, see Article 71, pages 73, U. 
In computing the stn>.88 on a piston rod, the. greatest pressure of the 
steam must be taken into account. The USt1al facWr of IJ(Jftly is 
about 6 or 7; but in some cases it is &8 low &8 5, and in others as 
high &8 10. 

364 ..... .r ........ -The speed of the piston of an engine is 
usually expressed in feet per minute, the whole motion being taken 
into account in double acting engines, but the forward strokes only 
in single acting engines, as has already been explained. 

An opinion at one time prevailed, that there was an advantage 
in making the real speed of pistons follow the rule laid down in 
Article 336, page 479, for calculating the fictitious speed assumed 
in computations of nominal hOTSe-power; and although that opinion 
has been shown to be groundless, the ordinary speeds of the pistons 
of stationary engines and marine paddle engines do not often 
deviate much from those given by that rule, and range accordingly 
from about 120 to 300 feet per minute. But in marine screw 
engines, and in locomotive engines, speeds of piston are used rang-
ing up to 900 feet per minute and more, with ad,·antageous results. 
American engineers, by giving great length to the cylinder and I 
crank, obtain a high speed of piston in paddle engines also. 
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Inasmuch as the work performed by the piston in an unit of time 
is the product of the eftort into the speed, it follows that a high 
speed of piston involves a small stress upon the machinery, bearings, 
and framework, and consequently, a small amount of friction; 
CUcWDlltances favourable to lightness, and to economy of coat and 
.ofpower. 

The velocity of the piston being proportional to the length and 
frequency of the strokes jointly, there are two means of obtaining 
a high velocity: great length of stroke, and great frequency. Of 
those two means, great length of stroke is to be preferred, when 
there is no reason to the contnu,.; becanse great frequency of 
stroke, requiring l'Ilpid reversal of the motiou of the piston, and the 
other masses which move along with it, produces periodical strains, 
by reason of the inertia of those masses, which to a certain extent 
neutralize the benefits arising from the smallnetJB of the mean effort 
exerted through the piaton rod. 

The limit beyond which the velocity of the piston cannot with 
advantage be increased is not yet known. There must, however, be 
some such limit, because of the increa.se of the resistance to the 
motion of the steam through ~ with increaaed velocity of ita 
1l0w. (See Article 290, pages 413 to 417; Article 340, page 4!J6.) 

SECl'JON 4.-0J Ctmdenaer. and PV'mp& 

365. .. .... e_ ....... being that which is moat generally em
ployed, is a CIi8t iron v~l ot' any convenient shape, and strong 
enough to bear the atmospheric prelllure from without, in which 
the waste steam from the cylinder is condensed by a shower of cold 
water. 

The capacity of the condenser in Watt's original f!ngine8 was ~ 
of that of the cylinder; but according to pl'ellent practice, it ranges 
from t to i, and sometimes even more. 

The area. of the injection tJal'D6, by which the condenl!ll.tion water 
is introduced into the condenser from the cold well in land engines, 
and fl'Om the sea. in marine engines, is commonly fixed by one or 
other of the two following rules:-

1~ square inch per cubic foot of water evaporated by the boiler per 
hour, or 

Yh of the area of the piston. 
In Chapter III., Section 5, of this Part, fonnule have been given 

for computing the fI6t quantity of injection water required to con
dense the steam in engines of various kinds, for each cubic foot 
swept through by the piston. The velocity with which the injection 
water 1l0ws towards the condenser til tIuJ contracted win is about 
H feet per second. Taking 0'62 as the co-efficient of contraction, 
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the velocity of flow reduced to the area of the orifice itself is found 
to be 27 feet per second, or 1,620 feet per minute, nearly. To find, 
therefore, the proportion of the injection orifice to the area of 
piston, nece8ll8.ry in order to supply the M quantity of injection 
water, we have the following formula:-

net area of orifice If'" b' ~ t aus-ofpistOn = net vo ume 0 IDJectIon water per cu lC 100 

swept through by piston X velocity of piston in feet per 
minute + 1620 ; .......................... (1.) 

but it appears from ordinary practice, that to provide for contin
gences, the injection valve must be made capable of introducing, 
when required, about dotdJ~ the net quantity of injection water 
found by calculation; hence 810 is to be taken a.9 1M divisor in the 
above/nrm:ula inBttlad 0/1,620. This gives results nearly agreeing 
with those of the practical rules first cited. 

In marine engines, there is sometimes an injection valve leading 
from the ship's bilge into the condenser, which is opened only when 
the leakage of water into the ship threatens to become too great 
for the ordinary bilge pumps. On auch occaaions, the ordina.ry 
injection valve is closed. 

366. The "... w_ ._... by which in low pressure land 
engines the cold well is aupplied with water, must be made of cal&" 
city sufficient to supply double the computed net injection water. 

367. The Air ._ •• (Article 337, Division XVI., lJage 481), when 
single acting, is usually of a capacity from OM:fifth to ons-N:th of 
that of the cylinder; when the air pump is double acting, it may of 
course be made one-half smaller. The valves through which it 
draws the water, steam, and air from the condenser, are calledfDOt 
val.,6B i those through which it discharges those fluids into the Aoc 
well, d&iwry valfJfJ8. A single acting air pump has bw:/cd, valfJt!8 
opening upwards in its piston. Flap valves, and other clacks of 
va.rious forms, are used 88 air pump valves. As to the circular 
Indian rubber flap valves, now very generally employed, see Article 
118, page 123. The ratio of the area of the valve passages to that 
of the air pump piston rauges in different engines from t to equality, 
being made greater as the speed of that piston is greater, so that 
the velocity of fluids pumped may not in any case exceed about 10 
or 12 feet ller second. 

The surplus water from the hot well, over and above that which 
is drawn away 1Iy the feed pumps (Article 316, page 164), is dis
charged by marine engines into the sea; and by land engines, if 
there is sufficient ground available, into a shallow pond, to be cooled 
and used again as condensation water. 
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368. "-Alee Cl_tAe._ p<lIIIIIlB8 the advant.gea of preserving the 
purity of the water, by returning to the boiler the Bame water over 
and over again, without the admixture of condensation water from 
without (see A.rticle 321, page 468), and of Baving the power which 
is expended in pumping the condenBation water out of the common 
condeIUJer. SUlface condensation appears to have been employed 
at an early period by Watt, but afterwards abandoned by him for 
condensation by injection, on account of p1"II.Ctical difficulties. 
Variona surface condeIUJer8 have since been tried at different times 
with more or less success. Those of Mr. Samuel Hall were fitted 
up in several steamer!l. 

A surface condenser consists generally of a great number of ver
tical tubes, about I inch in diameter, united at their upper and 
lower ends by means of a pair of flat di8c-Rhaped vesaell, or of two 
!lets of mdiating tubes, or in BOme other convenient manner. Tbil'I 
set of tubes is enclosed in a casing, through which a sufficient quan
tity of cold water is driven. The steam being led by the exhaullt 
pipe to the upper end of the set of tubes is condensed as it deacends 
through them, and arrives in the state of liquid water at the lower 
end of the apparatus, whence it is pumped away to feed the boiler.' 

Where condensation water is scarce or impure, it may be de
sirable to coudense the steam by the contact of cold air with the 
outaide of the tubes. To overcome the chief difficulty of this pro
cess, which consists in producing a sufficiently rapid circulation of 
air over the tubes, Mr. Craddock makes the "llole apparatus of 
tubes rotate rapidly about a vertical axis. 

Some results of experiment as to the efficiency of cooling surface 
in condensing steam have already been given in Article 222, page 
266. The' greatest of those results (that recently obtained by Mr. 
Joule) was the effect of casing each condensing tube in an outer 
tube, and driving a current of cold water through the annular space 
between the inner and onter tubes in a direction contrary to that 
of the motion of the condensing steam. To these data may be 
added the result of some recent experiments on a marine engine, in 
which the rate of surface condensation in half-inch brass tubes 
surrounded by water, eatimated theoretically from the indicator 
diagrams, was between 3 and 4 Ibs. per square foot of surface j the 
"vacuum" in the condenser being 131ba. on the square inch, and 
the absolute pressure, therefore, of uncondeJllleCl steam and air about 
1·7 lb. on the square inch. 

In a marine engine with a sorfaoe condenser, the loss of water by 
leakage, by blowing oft' at the aafety valve, &0., is supplied by means 
of water distilled by suitable &ppal'8.tua. 
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SECTION 5.-0f Conn~cting MecJt.anism. 
369. a __ ......... Dlnel .ACI ••• ..... _By COft.1'I.«ting 

"v.char~ism is mE'ant the series of pieces through which motion is 
communicated from the piston rod to the piece, whether a rotating 
shaft or a. reciprocating rod, by which the useful work is performed. 
With respect to connecting mechanism, stE'am engines may be 
divided into two great clll.~s:-

I. Bea'n~ Engillu, in which the piston rod is connected by means 
of a. link, with one end of a beam or lever oscillating about a centre ; 

the other end of the 
beam being connected 
by a link or connect
ing rod with the pump 
rod or with the crauk, 
according as the engine 
is non-rotative or rota
tive. The engine used 
as an illustration in Ar
ticle 389, fig. 130, is a 
beam engine of the ordi
nary kind; but as the 
beam is there omitted, 
fig. 149 is added to show 
the general arnIDgement 

Fig. 149. 

of mecha.nism in such an engine. 
II. Dirfd acting enginu, in which the pump rod or the crank, 

as the case may be, is connected with the piston rod, either directly 
or by means of a connecting rod only. The engine used as an 
illustration in Article 344, fig. 137, is direct acting. 

370. Perc. .Ace ... e. a __ .... «:, ...... .-In a beam engine 
the velocities of the two ends of the bearD. at any given instant are 
to each other directly as the lengths of the two arms of the beam: 
the alternate pulls and thrusts exerted on the two ends of the beam 
by the piston rod and connecting rod, being inversely as the veloci
ties of their points of application, are to each other inversely as the 
lengths of the arms of the beam. 

The bearings of the" main centre," or gudgeons of the beam, 
have to sustain, when the engine is at rest, the weigl" of the beam 
and the parts which hang from it : when the beam is in motion, the 
sum of the forces exerted by the piston rod and connecting rod is 
added to that weight during the down stroke of the piston, II.Dd sub
tracted from it during the up stroke. 

The cylinder is pressed alternately downwards and upwards with 
a force equal and opposite to the effort of the steam on the piston j 
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and the strength of the fastenings of the cylinder to the framework 
must be regulated accordingly. 

371. E •• ra •• c ..... Pla-PI,-WIleel..-The whole force exerted 
by the connecting l'od on the crank pin may be resolved into two 
rectangula.r components, as in Article 23, page 3l-a lattmd fQ'l'ce 
acting along the crank towards or from its axis of rotation, produc
ing merely pressure on the bearings of the shaft, and an ~(1f'f" acting 
perpendicular to the crank, in the direction of motion of the crank 
pin, by means of which effort the resistance of the machinery driven 
is overcome and work performed. 

To find the ratio which that effort bears to the effort exerted by 
the steam on the piston, in any given position of the mechanism, it 
is sufficient to know the ratio of the velocity of the crank pin to 
thllot of the pist()n; for tlte ~urta are inversely as tll.6 velocities. 

The following are the methods by which that "velocity ratio" is 
found at any instant:-

OASE I. In a beam engine (fig. 150), let 01 be the axis of mo
tion of the beam; 02 that of the crank shaft; T I '1'2' the connecting 
rod, T, being the centre of the crank pin. At a. given instant, let 
"I be the velocity of T1, which can be deduced from that of the pis
ton, as in Article 370; "2 that of T,. 

To find the ratio of those velOCities, produce 01 T1, 02 T2J till 
they intersect in K; K is the" instantaneous axis" of the connect
ing rod, and the velocity ratio in question is 

"1 : "2: : K Tl : KT2 .. • .. • .. •• ............ (l.) 

Should K be inconveniently far off, draw anY' triangle with its sides 
respectively parallel to 01 T1, 01 T2J and T1 T2; the ratio oftha two 

Fig. 161. 

sides first mentioned will be the velocity ratio required. For ex
amplf', draw 02 A parallel to 01 TI , cutting Tl TI in A; then 

"1 : "I : : 02 A : °2 1'2" .............. " ..... (2.) 
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CASE II., in a direct acting engine (fig. 151.) Let Cs be the axis 
of the crank: shaft, and Tl R the piston rod; Cz 'I'z the crank; and 
Tl TI the connecting rod. Draw Tl K perpendicular to TJ,. R, inter
secting C1 Ts produced in K; K is the "instantaneous axJ8" of the 
connecting rod; and the rest of the solution is the same as in Case 
I., the formullB 1,2, giving the ratio of the velocity of the piston to 
that of the crank pin, which is also the ratio of the effort on the 
crank pin to the effort on the pillton; that is to say-

Cz Tz : C2 A : : effort of steam on piston: effort of connecting 
rod on crank pin ........................... (3.) 

It is by this process that data are obtained for determining the 
periodWal excess and df;ficiency of energy exerted on the crank shaft, 
by the methods already explained in Article 52, pages 69,60, 61, 
and thence, by the methods explained in Article 53, pages 61, 62, 
the required moment of inertia of a FLY·WHEEL which shall prevent 
the fluctuations of speed caused by that alternate excess and defi
ciency from going beyond given limits. 

Marine and locomotive enginpjj require no fly-wheels; -for in the 
former the inertia of the propeller, whether paddle or screw, and in 
the latter that of the entire engine, suffice to prevent excessive fluc
tuations of speed. 

372. Ded p ...... -At two instants in each revolution, the 
direction of the crank coincides with the line of connection (or 
straight line joining the centres of the joints of the connecting rod). 
The positions of the crank pin at those instants are called d«MJ 
points, and they correspond to the ends of the stroke of the piston, 
when its velocity vanishes, and so also does the effort on the crank 
pin. It is to diminish the irregular action caused by the existence 
of these dead points, and especially to facilitate the starting of 
engines when the crank happens to rest at one of them, that 
engines are combined by pairs or threes, as described in Articles 
338 and 353, with the effect in diminishing the periodical excess 
and deficiency of energy stated in Article 52, page 60. 

373. 0.... .. .~e Pi.... a.. are very accurately straight 
surfacell, plane or cylindrical, but best plane, on which a block fixed 
to the head of the piston rod slides, Bnd which resist the tendency 
of the link, or of the connecting rod, when in an oblique position, 
to make the motion of the piston rod deviate from a straight line. 
The accuracy with which smooth plane surfaces can now be made 
has caused guides to be more generally used than they were for
merly. 

374. P_UeI ..... _ are jointed combinations of linkwor~ 
designed to guide the motion of the piston rod either exaetly or 
approximately in B straight line, in order to avoid the friction. 
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which attends the use of straight guides. The first pamllel motion 
is well known to have been an invention of Watt. Four kinds of 
parallel motion will now be described :-

I. An Esad P ... llel lIIedea, believed to have been tirst proposed 
by Mr. Scott Russell, is represented in fig. 152. The I!Il.me part!' 
of the mechanism are marked with the 
same letters, and different successive 
positions are indicated by numerals 
affixed. The lever C T turns about 
the fixed centre C, and carries, jointed 11 
to its other end, the bar or liAk P T Q, 
in whichPT=TQ=CT. Thepoint 
Q is jointed to a slider which slides in 
guides along the straight line C Q; and 
the point P moves in the straight line 

~: --- - --------:,-; .. -.. -~ 
: ·l't........: 
I , 
I , 

I b..I0a 

fig. 152. 

PIC P 3> .L C Q. A pair of the combinations here shown are used, 
one at each side of the cylinder; and the pair of bars P Q are 
jointed at their extremiti{',s P to the head of the piston rod. 

IL An .a. •• ...m-ae PuaIIel DI .... somewhat resembling the 
preceding, is obtained by guiding the link P Q entirely by means of 
QSCil~ting le- t, 
vers, Instead of 
by a lever and 

... 1!=-----l~)e 

a. slide. To 
find the length 
and the posi
tion of the axis 
of one of those 
levers,cl, select 
any convenient 
point, t, in the 
link P Q, and 
lay down on a 
drawing the ex
treme and mid- c 
die positions, (<E;,----------~"H 

t l , tft 'a, of that 
}Joint, con-e
spondingto the 
extreme and 
middle posi- Fig. lIiS. 

tions of the link P Q. The centre c of a circle traversing tbos{' 
tbree points will be the required axis of the lever, and c t will 1)(' 
its length j and if the link P Q is guided by two such levers, the 
extreme and middle positions of P will be in one straight line, 

2L 
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and the other positions of that point very nearly in one straight 
line. 

III. W .... .& .. n ...... P..,.11eI III ...... -In fig. 153, C T, c t, 
are a pair of levers, connected by a link T t, and oacillating Ilbou~ 
the axes C, c, between the positions marked 1 and 3. The middle 
positions of the levers, C Tz, c tl> are Jl!Iol1Illel to each other. It is 
required to find a point P in the link T t, BUch, that its middle 
position P 2' and its extreme positions P l' P 3> shall be in the same 
straight line perpendicular to C T I' C ~ and 80 to place the axes C, c. 
on the lines C T,. c '!, that the path of P, between the positions 
PI' P 2' p .. shall be as. near as possible 'to a strail(ht line. 

The axes C, c, are to be 80 placed, that the middle M of the versed 
lIine V TI' and the middle m of the versed sine" tl' of the respective 
a.rcs whose equal chords TI :!j = tl ta represent the stroke, shall 
each be in the line of stroke .M. m. 

The position of the point P on the link is found by the following 
proportional equation:-

T, : P T : p, : : C ~l + em: em: C M .......... (1.) 

The positions of the point P in the link, intermediate between its 
middle and extreme positions, are near enough to a straight line 
tor practical purposes. When there are given, the UCII C, c, the 
line of stroke PI PI Pa' the length of stroke PI Pa = S, and the 
perpendicular distance 1rl m between the middle positions of the 
two levers, the following equations serve to compute the lengths 
of the levers and link :-

___ 82 - 52 
Versed sines, TV = ~ <TM; ,,, = 8 em; 

Levers, 
- -- TV _. ,,, (2) 
CT=CM+T; ce=cm+2; .......... . 

_ ... / {. _ (TV+tv)2} 
Link, Tt=·V Mfll2+--4-- . 

IV. w ........ 11eI 111 ... _ III ...... by having the guided point 
P in the prolongation of the link T, beyond its connected points, 
instead of between those points, is represented by fig. 154. In this 
case, the centres of the two levers are at the same side of the link, 
i~d of at opposite sides, the shorter lever being the farther from 
the guided point P; and the equations 1 and 2 are modified 88 

folJows:-
Segments of the link- . 

'l't: P'l': Pe:: eM - em :em: CM .......... (3.) 
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Versed sines, 

Levers, ......... (4.) 

Link, 

. This paf!Lllel motion is u~ in BOme marine engines. in a position 
lDverted wIth respect ~ that 1D the figure, P being the upper, and 
t the lower end of the hnk. . 

c_-4---"T 

D 

Fig. 1M. 

When Watt's parallel motion (III.) 
is applied to steam engines with beams, 
it is more usual to guide the air pump 
rod than the piston rod directly by 
means of the point P. The head of 
the piston rod is guided by being con
nected with that point by means of a 
paralkUJgrotm of bars, shown in fig. 
155. c is the axis of motion of the 
hE>a.m of the engine, etA one arm of 
that beam, eTa lever called the 
mdim bar or lYriJk rod, T t a link 
called the back link. C T. c t, and T t, 
form the combination already described 

It 

fig. 164. 

(III.), and shown in fig. 153; and the point P, found as already 
shown, is guided in a "Vertical line, almost exactly straight. The 
total length of the beam arm, cA, is fixed by the proportion 

P t : T t : : C t : C A; ..................... (6.) 
that is, t A is very nearly a third proportional to C T and C;, Draw 
A B II T t, and c P B intersecting it; then from the proportion 6 it 
follows that A B = T to A B ill the main link: B, the head of the 
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piston rod. 1fT = and II t A is the pamlld. bar, by which the main 
and back links are connected. P moves sensibly in a stTaight line; 

c B CA. . th .. B 'bl . = = eo-- 18 a constant ratIo; erelore moves senBl y m a 
c P ct 
straight line parallel to that in which P move., . 

A parallAiogram analogous to A B T t may also be combined with 
the parallel motion IV. 

~1It(::-: 
• . 

\ 

~ 

Fig.liJG. 

376. lJIde LeY ... B .... ee are a variety of beam engines much 
ILSed in paddle steamera Figs. 156 and 157 represent the geueral 



SIDE LEVER ENGINES. tHT 

arrangement of a pair of such engines, driving a pair of cranks at; 
right angles to each other: fig. 166 being a side view ?f the pon 

Fig. 157. 

engine, and fig. Hi7 a view of the cylinder ends of both engines. 
Each engine has a pair of side let,'tJf'8 or beams below the level of the 
shaft and of the cylinder cover; they are fixed on the opposite ends 
of ODe rocking shaft, which is the main centre. The piston rod 
tmries a C'I'088-ke04, like that of the letter T, from the ends of 
which hang a pair of side 'I'Ods, connecting it with the ends of the 
pair of side levers. The opposite ends of the Ride levers are con
nected with a cr088-tail, which, being fixed on the lower end of the 
connecting rod, gives it the shape of the inverted letter J.. In fig. 
ID6, (I is the cylinder, b one of the side levers, c the sole plate with 
vertical flanges, which carries the engines and their frame; d the 
air pnmp rod with its cross-head and side rods, e the crank, ,~" a 
paddle wheel,jan eccentric with its counterpoise. 
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376. v ......... DINc& Aeda. IIIarIae ...... are 80 numero1l8 
that they would require a l!eparate treatise for their de8Criptian. 
The objectS aimed at in them are, in paddle steamel'll, length of 
Rtroke, notwithstanding limited head room; and in screw steamers, 
compactness and convenience, especially in ships of war, where the 
whole engine has to be placed below the water line. Some of them 

Fig. Hi8. 

F=-._-_._-

have been sufficiently described uu
der the head of cylinder" Articles 
353,354,355,358. Fig. 158 is a 
cross-section, and fig. 159 a side 
view, of a pair of oscillating engin~ 
such as have been mentioned in 
Article 358. The air pump is 
worked by a crank in the middle of 
the shaft. Figs. 160 and 161 repre
sent a pair of "steeple engines," in 
which, from each ~ylindel·, a pair 
of long piston rods rise on opposit~ 
sides of the shaft, and also of the 
crank, carrying a cross-head from 
which the connecting rod hangs 
downwards. In fig. 161 is seen the 
air pump, worked by a lever and 

FIg. 159. links. Figs. 162 and 163 repreaen t 
a pair of Messl'S. Maudslay'l! double cylinder engines, in which 
....... are four ,ylinden, two fo"..,h .... na Fi& 163 ,bows the 
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two Ilimilar and equal cylinders that belong to one engine, standing 
side by side; their pitltons move together, and they act in ail 

Fig 160. Fig. 161. 

--~--~~-~--
Fig. 162. 

respects like two parts of one cylinder. Their two piston rod!! a.re 
fixed to the cross-head of a pair of T-sha.ped piecell, the lower ends 
of the stems of which move in vertical guides in the space between 
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the cylinders, and give motion through the connecting rod to the 
crank. The air pump is worked through a lever and links. 

The simplest arrange
ment of direct acting screw 
engines used in merchaut 
vessels will be illustrated in 
... subsequent Article. In 
shipe of war, those engines 
are brought below the water 

i line, generally by placing 
f their cylinders either hori
.. zontal or very much in
'. clilied. Contrivances for 
1 this object have given rise 

to an incalculable variety 
of forms of engine. 

377 . .,... ......... .c 
~=======~===:':'-':=J) lIIarI_ • ...--In paddle-

.. . engines, the shaft consi.sts 
•• g 1IiS. of three pieces, each with 

itt! indeIJtmdent bearings. The middle piece, called the i1iUJmU!idiate 
llhaft, or 6'1/{/itM ahaft, is in permanent connection with the pistou 
through the connecting rods. The two outer piecM, called the
paddle B1wjta, carry the paddle wheels: they have cranks upon their 
inner ends, which can be at will connected with and disconnected 
from the crank pins of the cranks of the engine shaft. The details 
Olf the method of doiug this vary very much in the practice of 
different engineers. 

In screw engines also, the engine B1to.ft and 8crtnD aha" can be 
l'onnrcted and disconnected by various contrivances. 

3i8. __ ... • eft ....... _. Jrra ... ..-The principles upon 
which the strength of mechanism depends have been explained in 
St~ction 8 of the Introduction; and it has also been shown ho,,' 
they are to be applied to the principal pieces which occur in the 
mechHuisID of steam engines, such &8 piston rods, connecting rods, 
crotlS-heads, cross-tails, beams, cranks, axles, wedges, keys, dzc. 

Care must be taken in all calculatious on this subject, to collsider 
all the ,-ariatious which the forces acting amongst the pieces of the 
mechanism undergo, whether in magnitude or in direction, and to 
take into account that condition of those forces in which the stresS 
produced by them is tlle most severe. Care must also be taken 
110t to consider efforts and resistances alone, but the entire forces 
applied to each piece, whether direct or lateral (Article 8, page 6; 
Article 23, page 31). For example, it is not the mere effort in the 
direction of motion of the crank pin which is to be considered in 
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STRENGTH-BALANCING OF MECHANISM. 521 

determining the requisite strength of the crank, but the whole 
thrust or pull exerted along the connecting rod. 

The framework by which a moving piece is held or supported, 
exerts upon that piece a force or forces sufficient to prevent it from 
being dislodged from its proper bearings, and must be made suffi
ciently strong to bear with lIBfety all the forces exerted by other 
bodies upon the moving pieces which it carries. 
. For example, in a beam engine, the principal i(>8l1.s of the fnunt'
work are, the sole or base, and the pillars for alternately supporting 
and holding down the main centre of the beam. At one end of the 
base, the cylinder must be fixed down to it by bolts capable of 
safely resisting an upward pull equal to the greatest effort on the 
piston. At the other end, the bearings of the shaft must be fixed 
down with equal.firmness. The supports of the main centre must 
be strong enough to bear the forces acting upon it, determined in 
the manner explained in Article 370. The base itself must poilII6RK 
transverse strength sufficient to bear safely the tendency of tht' 
forces applied to its ends and middle to break it &Cr0R8, producing 
a moment of.fleg:u1'6 (Article 73, page 75) at each instant, equal and 
opposite to that which acts on the beam. 

Similar principles apply to the side lever engine, except that the 
pilla.rs support and hold down the bearings of the engine shaft. 

In a direct acting engine, the principal parts of the frame are the 
pilw'S or rods by which the cylinder and the shaft are kept in their 
proper relative positions, and which have to resist a lmll and a 
thrust alternately. 

379 . ..... e ... .c.ee ....... -All the moving parts in an engine 
ought as far as possible to be balanced,' that is to say, that every 
axis about which moving parts turn or vibrate, or have a recipro
cating motion, should either exactly or as nearly as possible traverse 
the common centre of gravity of all the parts that its bearings sup
port, and Le a ~ a:l:ia of those parts which turn with it. 
The reasons for doing this, and the principles according to which it 
is to be effected, have been explained in Articles 21, 22, pages 
27 to 30. It is of special importance as applied to the crank 
shaft. 

The weight of, and the centrifugal force and couple produced 
by, any ml1SS which is fixed to the shaft and rotates along with it, 
such as a crank or eccentric, can easily be baIanced by counterpoiat-.s 
fixed to and rotating aloug with the shati also. In the case of a 
Dl8I!IJ which only partially partakeH of the motion of the shaft, such 
as a piston, the balance of weight and inert.ia cannot be exactly 
realized in all positions of the engine, but must be approximated 
to in the way which may Seem best to the judgment of the 
engineer. 
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In Article 347 it has been shown how the weight of the piston 
in vertical cylinders is approximately balanced by a proper adjust
ment of the pl'eslmre of the steam. In thi~ case it is probably best, 
in order to avoid horizontal vibrations, that the weight of the piston. 
it.'! rod, and half the connecting rod, should be b&anced by stt'am 

!'ig. 16-1. 
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pressure alone, the crank and the other half of the connecting rod 
being balanced by counterpoises fixed on the shaft. • In engineM 
with horizontal cylinders, on the other hand, it is probably best to 
treat the whole weight of the piston, piston rod, and connecting 
rod, as if it were concentrated at and revolved along with the crank 
pin, and to fix counterpoises on the shaft suited to that supposi
tion; and this method, or one not gr~tly differing from it, appel11"R 
to have been practised by Messrs. Bourne « Co. ~n their horizontal 
Hingle cylindet· screw engine, with good results.. 

SEcrION 6.-Emmples of Pumping arul JEarine Engines. 

380. __ p._.C. ,,_ .... P ...... _ .... e.-Figs. 16~. 1 Ii.";, 
and 166, represent ft. single acting non-rotative beam engine, known 
as the "Cornil!h engine," and 
used for draining mine!!, IlDd for 
supplying towns with water. 

Fig. 164 is a general {'levation 
or side view. 

Elg. 165 is an elevation, and 
fig. 166 a plan, of the val ve 
gear. 

As to the general arrange
ment of the valve gear, see Ar
ticles 342 and 343. 

A is the cylinder; B, the 
piston rod; C D E, the beam; 
F, the main pump rod; G, the 
tappet rod or plug rod; H, the 
equilibrium pipe, which, when 
the equilibrium valve is open, 
connect!! the top and bottom 
of the cylinder; I, the exhaust 
pipe; K, the condenser; L, the 
air pump; M, the feed pump; 
N, its supply pipe; and 0, itl! 
discharge pipe. 

p . is the "cataract," as to the 
general nature of which see Ar
ticle H43. Q, the chest of the 
throttle valve; n, its spindle; Fig. 1115. 
be, a lever; and d d, a rod and 
handle to adjust its opening; Z, the passage through which it COIll

municates with the steam Yalve box R S, the equilibrium vl\lvt! 
box. T, the exhaust valve box. 

Digitized by Google 
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e is the pump of the cataract, standing in a small tank; its piston 
rod is uttacllCd to !l.n arm projecting from th~ rocking shaft If 

I From that shaft there 
projects another lever 
g, which is depl'e!l8ed 
by the tappet rod G 
when near the bot
tom of its down 
stroke, I!O &8 to lift 
the piston of tht' 
pump. A third ann 
pr0jecting from tht' 
same shaftlf ~ 
a weight i, which, as 
soon o.s the tappet 
rod begins to rise 
and leave the le~er 
g free, causes tbf:' 
piston to descend 

Fig. 166. slowlv. 
Meanwhile the tappet rod, when at the bottom of its deacent, 

has shut the exhaust valve by means of the tappet y, and opened 
the equilibrium valve: the piston has ascended; and at the top of 
the up stroke the tappet rod has shut the equilibrium valve, 80 

that tile engine is ready to begin a new stroke 80 soon as the exhaust 
valve and steam valve shall be re·opened. 

The weight i continues to press down the cataract piston, and M 
cause the lever g to rise. This lever supports a small vertical rod. 
hidden in fig. 165 behind the tappet rod G, from which 81ll&ll rod 
there projects a peg, that at length lifts the lever k. From the 
lever Ie there projects a catch that holds a tooth projecting from the 
rocking shaft m, and prevents that shaft from turning under the 
action of the loadtld road 1 that hangs from a short lever projecting 
from the shaft m. When the lever Ie is lifted, the shaft m is set 
free, whereupon 1 descends, m turns, the handle n projecting from 
m rises; the short lever projecting from m pulls the loaded rod Q P 
towards the right of the figure, which, through the bell cnmk p q r, 
lifts the spindle 8 of the exhaust valve, and opens that valve 80 as 
to let the steam from below the piston escape to the condenser. 

The befol-e-mentioned vertical rod l'eSting on g continues to rise; 
a peg projecting from it lifts the lever t, similarly placed to Ie, but 
higher, and in the same manner as a catch on Ie liberates a weight 
whose desoent opens the exhaust valVE', a catch on t liberates a 
weight whose descent opens the steam valve. The steam is admitted, 
and the down stroke begins. 
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At a point of the down stroke fixed by adjusting the position of 
the long tappet :x; on the tappet rod, that tappet presses down the 
handle u as to shut the steam valve, and hold it shut for the 
remainder of the stroke, which is performed by flxpansion. 

As the down stroke is completed the cycle of operations already 
described recommences. 

The ascent of the piston while the equilibrium valve is open is 
produced by a slight preponderanre of the weig~t of the main pum}) 
rod and its load above the weight and resistance of the column of' 
,water which the plungers raise. The energy exerted by the steam 
.on the piston during the down stroke is stored in lifting the pump 
rod and its load, as has been explained in Article 32, page 37. 
: The cylinders of Cornish engines are jacketed above, below, and all 
round, and clothed with felt and planking. 

In direct acting non-rotative pumping engines the up stroke ilJ 
the effective stroke, the steam being admitted and expanded below 
the piston, then passed by the equilibrium valve from the bottom to 
the top of the cylinder, and then discharged into the condelll!er. 
The arrangement of the mechanism somewhat resembles that of the 
water pressure engine in Article 132, fig. 4O-eXC6}lt that in general 
the piston rod proceeds upwards through a stuffing-box in the cylin
der cover, and carries at the top II. cross-head, from the ends of which 
hang links, attached at their lower ends to the cross-head of the 
pump rod. Another arrangement is, to have a pair of similar and 
equal cylinders, standing side by side, whose piston rods support the 
ends of a cross-head, fi'Om the middle of which the 'pump rod 
hangs. 

381. .... Ie Aellll ............... n are now very common, in 
which the piston rod of a double acting pump is continuous with 
'that of the engine. Such engines are rotative, having a fly-wheel 
driven by means of a crank for the purpose of making the motion 
steady. The cylinder and pump are often horizontal. 

382 .• sa.ple .r Verdeal ..... eI'Ied II!Ienw lII ... _ ••••• __ Figs. 
167 and 168 represent the pair of engines of the "Indian Queen," 
by Messrs. Neilson & Co. These engines have been selected for 
the purpose of illustration, because they are very good and effi
cient specimens of' engines for a screw merc~nt steamer, and at 
the same time contain nothing unusual in their parts or arrange
ment. - Fig. 167 shows a front elevation, and a vertical section of' 
part of the forward cylinder and part of the valve chest. Fig. 168 
is a side elevation looking towards the head of the ship. The scale 
is fi of the real dimensions. Each cylinder has an ordinary slide 
valve moved by a link motion (Article 348), and a gridiron ex-

• Through inad\"el'tence, figs. 16i and 168 bll\'e been revened as to right and left; 
10 that, wbile tbe attual engine!! raee to pori, tbe flb'lll'l!S show them as (aclug to starboard. 
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pansion slide valve worked by a separate eccentric (Article 350). 
The cylinders are steam jacketed, and also clothed in felt aud 
wood. 

A, A, are the cylinders. B, part of the piston of the forwanl 
engine. C, C, cylinder ports. D, exhaust port. E,ordinJiry slide 
"alve. F, gridiron expansion valve. 

G, G, G, G, are the eccentric rods of the two link motions fOl' 
working the onlinary slide valves. Of these rods onl.r one is shown 

~·ig. IGi. 

in fig. 168. H, H, eccentric rods of the two expansion valves. K, 
the shaft. 



\ 

l~VERTED VERTICAL SCREW ENGINES. ;i:li 

L. in fig. 167, the fore crank. L, in fig. 168, the after crank, dotted. 
1\1, in fig. 168, the aft connecting rod. 
N, in fig. 168, the aft piston rod. 
In fig. 167 the piston and connecting rod!! are hidden by pillars of' 

the frame and /:,l'1.tides. 0 are levers driven by iiub connected ,,;th 

Fig. 1G8. 

the piston rod heads to work the pumps. P, P, air pumps. Q, 
condenser. R, hot well with air vessel above. 

S, S, exhaust pipes of cylinders. 
T, T, feed pumps, worked by rods attached to cl'OIIII-heads on the 

air pump trunks. 
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U, wheel to turn the screw which shifts the links of the link 
motions w hen the engines are to be reversed or stopped, the valve rods 
being at rest laterally. 

This pair of engines, when making 75 revolutions per minute, 
with a ratio of expansion of 15, is of 320 indicated hOr8e-power, 
and burns 3 Ibs. of coal lJer indicated hOr8e-power per hour; tht" 
efficiency of the steam, and of the furnace and boiler, 8.8 well 8.8 the 
rate of expansion, being almost exactly the same 8.8 in the engines 
referred to in Article 289, Example I., pages 405, 406. 

SECTION 7.-Looornotiw Engima. 
• • 

383. BeArellce .......... Adca..-Besides the general charae-
teristics which locomotive engines po88eI!II!I in common with other 
steam engines, the peculiarities of those engines have been frequently 
referred to in previous parts of this work, and especially in the ful
lowing places:-

Article 229, page 281 (supply of air to fuel). 
Article 230, pages 282,283 (distribution of air, and contrivances 

to l)revent smoke.) 
Article 232, page 285 (rate of combustion). 
Article 234, Division IV., pages 293 to 297, especially examples 

IV., y., VI., VII., VIII. (efficiency of furnace and evaporative 
power of fuel). 

Article 280, pages 382, 383 (back pressure). 
Article 286, page 896 (use ot heating the cylinder externally). 
Article 289 A, page 412 (use of high pressure condensation). 
Article 290, pages 4~3 to 416 (resistance of the regulator). 
Articles 303, 304, 305, pages 449 to 452 (furnace and boiler). 
Article 306, page 456 (grate and its ash-pan). 
Article 308, page 457 ~height of £urnact'). • 
Article 312, page 459 fire-box stays). 
Article 312, page 460 tubes and boiler shell). 
Article 315, page 463 (boiler room). 
Article 317, page 465 (safety valves). 
Article 341, page 485 (throttle valve). 
Article 347, pages 491 to 496 (expansion by the link motion). 
384. .A.a ...... • c "'.eeJ.-The tractive effort which a locomo-

tive engine can exert is limited, not only by a quantity depending 
on the dimensions of the cylinder and driving wheels and the effec
tive pressure of the steam, but also by the adketrUm between the driv
ing wheels and the rails, which means the friction between them, 
acting so 8.8 to prevent slipping. If the resil5t.ance of the load drawn 
CXCl'cds the adhesion, the wheels turn round without advancing. 

The adhesion is equal to the product of that part of the weight of 
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the engine which rests on the driving wheels into a co-efticient of 
friction which depends on .the condition of the su~ of the wheels 
and rails. The value of that co-efficient is from 0'15 to 0'2, when 
wheels and rails are clean and dry; but when they are damp and 
slimy, or in the condition called " greasy," it diminishes sometimes 
to 0·07 or 0'05. About 0'1 maybe considered an average ordinary 
value. .. 

The proportion of tbe weight of the engine which rests on the 
driving wheels depends on the number and arrangement of the 
wheels, the number of pairs driven by the engine, and the distribu
tion of the load upon them. The number of wheels ranges from 
two to fiv~ pairs-the most common number being three ~f 
these from one pair to the whole are driven by the engine. The 
proportion of the weight of tbe engine which rests on the driving 
wheels may be estimated to range from one-third to the wbole. 
One-half is probably the most usual pt'Oportion in six-wheeled 
engines with one pair of driving wbeels under the middle of the 
engine, which is the most common arrangement in passenger 
engines; two-thirds, in six-wbeeled and eight-wheeled engines with 
two pairs of wheels coupled so as to be driven by the engines, 
whicb is a common arrangement ia goods engines. Engines with all 
the wheels coupled are used fat· slow and heavy trains, and in them, 
of comBe, the whole weight rests on driving wheels. 

The weights of locomotive engines range from 5 to 4:0 tons in 
extreme cases; but the most ordinary weights are from 20 to 25 tons. 
When the stock of fuel and water are carried in a tender, the weight 
of the engine itself is alone available to produce adhesion, unless, 
as is sometimes the case on very steep railways, the wheels of the 
tender are coupled to those of the engine by gearing chains and 
pulleys. Some engines, called tank engines, carry their own stock of 
fuel and water-the fuel on the platform behind the fire-box, and the 
water in a tank above the barrel of the boiler-and in them the 
adhesion is greatest on first starting from a station where fuel and 
water are taken in, and gradually diminishes as the stock is con
sumed. 

385 . ....... ce ~ ..... __ • ~The authority now 
chiefly relied upon for tbe resistance of engines and trains on 
railways is that of a series of experiments by Mr. Gooch on the 
broad gauge. The following empirical formula represents with 
tolerable accuracy tbe results of those experiments:- ' 

Let E be the weight of the engine and tender in tcmB. 
T, the weigbt of the train in tona: 
V, tbe velocity in milu an lwwr. 
i, the inclination of the line, expressed as a fraction; ascents 

being considered as positive, and descents as negative. 
211 
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Resistance of the train in Ibs. 
={6 O·3(V-10):±:2240i}T; ................... (1.) 

Resistance of the engine and tender in lbe. 
={12+0'6 (V-IO):±:2240i} E; ••..•..•.•••....... (2.) 

Total resistance in lbs. 
={ 6+0'3 (V-IO)1(T+2 E):±:2240i (T+E) ...•••••. (3.) 

At velocities less than ten miles an hour the term containing V-I 0 
ill to be omitted: the resistanoe being sensibly constant below that 
speed. 

Mr. D. K. Clark prefers to such formula as the above, another 
set of formulre in which the resistance is treated as consisting of 
l,'On.sta.nt part, and a part increasing as the square of the speed; as 
tbllows:-

V! 
Resistanoe of train, in lbs. = (6 + 240::±: 2240 i) T;u" ........... {4.) 

Resistance of engine and tender, in lhe. 
V2 V2) = (6 + 240:±: 2240 i) E+(2 + 600 (T E); .... " ..... (3.) 

The l!eCOnd term of this is the resistance of the mechanism. 

Total resistance, in lhe. = (8 + ~ :±:: 2240 'I.) (T + E) ............ (6.) 

The resistance on curve exceeds that on a straight line, accord
ing to experiments by Lieutenant David Rankine and the Author, 
made at low velocities, to the amount of 

1'4 lb. per ton 
radius of curve in miles·,,· ...... · ............ ·(1.) 

The mean effective effort of the steam on the pistons required to 
overcome a given total resistance of engine and timin is given by tbl" 
following equation, in which A is the total M'6IJ 0/ botA pi.stotv, and 
P .. - P3 the '11WJIn ifecWoe pre88tllre. 

A I.. _ ) _ Total resistance x circumference of. driving Wheel ... (8. ) 
\1'- P, - 2 x length of stroke of pL'Iton 

386. T.e Ba'.ad .. • c ....... both as to centrifugal forces and 
centrifugal couples, is of great importance as a means of preventing 
Ilangerous oscillations. The principle according to which it ~ 
,·ffected is, to conoeive the mass of the pistons, piston rods, and I 
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connecting rods, and a weight having the same statica.! moment 
as the crank, as concentrated at the crank pins, and to insert 
between the spokes of the driving wheels counterpoises whose 
weights and positions are regulated by the principles explained in 
Articles 21 and 22, pages 27 to 30. 

The following are the formuhe 110 which these principles lead :
DATA-
W, tota.1 weight conceived to be concentrated at one crank pin. 
e, length of the crank, measured from the axis of the axle to the 

centre of the crank pin. 
a, distance of the centre of the crank pin, measured pa.ra.1lel to the 

axle, from the middle of the length of the axle. 
b, distance of the centre of a wheel from the middle of the length 

of the axle. 
r, radius-vector of each counterpoise; being the distance of its 

centre of gravity from the axis of the axle. 
REqUIBED-
i, angle which that radius-vector makes with a plane traversing 

the axis in a direction midway between the directions of the two 
oeranks, and pointing the opposite way to those directionR. Thp, 
cranks being at right angles to each other, make angles of 135" with 
the plane in question. 

10, weight of each counterpoise. 

REsuLTS-

i = arc tan· i ; .................. : ..... (1.) 

c v' al+l)t We 
10 = W ';: . 2bS = J2-' rOO8 C .... · .. · (2.) 

In practice, those formuhe may be used to find a first approxi
mation to the required position and weight of the counterpoises; 
but the final adjustment is always performed by trial; the engine 
being hung up by chains attached to the four corners of its frame, 
and the machinery set in motion: a pencil attached to the frame 
near one angle, marks, on a horizonta.1 card, the form of the oscilla
tions, being usually an ova.!; and the counterpoises are adjusted 
until the orbit described by the pencil is reduced to the least 
possible magnitude. When the adjustment is succeasful, the 
diameter of that orbit is reduced to about iT of an inch. 

387. ·The .... Pipe has the eft'ect of adjusting the draught of 
the furnace, and consequently the rate of consumption of fuel, to 
the work to be performed by the engine with very different load!!, 
and at very different speeds; and is on that account perhaps the 
most important of the peculiar parts of the locomotive engine. 

Digitized by Google 



532 IITEAJI AIm OTHER HEAT BNGIlfES. 

Its effect upon the back pressure in the cylinder baa already been 
considered in Article 280, pages 382, 883. 

The effect of the blMt pipe in producing a draught depends upon 
its own diameter and position, on the diameter of the chimney, and 
on the dimensions of the fire-box, tubes, and amoke-box. Mr. D. K. 
Clark has investigated the influence of these circumatances from 
his own experiments, and from those of Messrs. RamaboUom, 
Poloncean, and others, and has shown that the vacuum in the 
8ID.Oke-box is about 0'7 of the blaat pressure: that the vacuum in 
the fire-box is from a to t of that in the smoke-box: that the rate 
of evaporation varies nea.rlyas the Hquar8 root of the vacuum in 
the smoke. box: that the best proportions of the chimney and other 
parts are those which enable a given draught to be produced with 
the greatest diameter of blaat pipe, because the greater that 
diameter, the less is the back pressure produced by the resistance 
of the orifice: that the same proportions are best at all rates of 
expansion and at all speeds: and that the following proportions 
are about the best known:-

Sectional area of tubes within ferules, ...... = i area of grate. 

Sectional area of chimney, ..................... = 1~ area of grate. 

Area of blaat orifice (which should be} 1 

~r~:;'~ .. ~~: .. ~~~ ... t.~~~ .. ~~ .. ~~~ = 66 area of grate. 

Capacity of smoke-box, ................... = 3 feet x area of grate. 
Length of chimney, ............................. = its diameter )( 4. 

If the tubes are smaller, the blaat orifice must be made smaller 
also; for example, if 

Sectional area of tubes within ferules ....... = 110 area of grate, 

Then area of blast orifice ...................... = 910 area of grate. 

388 . • _pl_., ---..m, • ....--The examples here given 
are from two locomotive engines by Messrs. Neilson & Co., which are 
selected, like the screw marine engines of Article 382, because they 
are good and efficient specimens of the class of engines to which 
they belong, and have nothing UDusual in their proportions and 
arrangements. 

Fig. 169 is a side view copied from a photograph of a six-wheeled 
engine, with two pairs of wheels coupled. Ita scale is about ~ of 
the I'CIlI dimensioDl!. 
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Fig. 170 is a longitudinal section of an engine of the Bame class 
with the preceding, but with somewhat larger driving wheels, being 

Fig. 169. 

intended for a leBS steep line and higher speeds. The seale is b of 
the real'dimensions. The details of the valvl;l gearing are omitted. 

Fig. 171 shows, at the left-hand side, acroBS-section through 
half the fire-box, and at the right-hand side, a cross-flection through 
half the smoke-box, of the saIne engine. 

Fig. 172 is an elevation of the valve gearing of one cylinder, 
with the cover taken off the valve chest to show the slide valve and 
ports. 

Fig. 173 shows a plan of the valve gearing of one cylinder, and 
a longitudinal section of the cylinder and valve chest. 

The scale of figs. 171,172, and 173, is ri of the real dimen
sions. 

A is the 8.l'h-pan; B, the grate; C, the fire-box. In fig. 170, 
the heads of the bolts which tie the outer and inner shells of the 
fire-box together are irregularly placed; but that is an oversight 
in the engraving; they ought to be ranged in vertical and hori
zontal lines. D is the fire-door. 

E are the tubes, extending from the fire-box to the smoke-box 
F. G is the lower end of the chimney. 

I is one of the horizontal feed pumps, worked by a link from one 
of the eccentrics. H is the supply pipe from the water tank of the 
tender; K, the feed pipe, leading to the boiler. 

L is the water space round the fire-box; M, the water space and 
steam space above it. 

N are longitudinal ribs, to which the crown of the fire-box is 
stayed, 8B explained in Article 312, page 459. The crown receive8 
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ELU(PLE8 OF LOCOMOTIVES. 53;, 

additional support from vertical stay bars, banging ~rom the sidC8 
of the steam dome. 

Fig. 171. 

o is the space above the tubes, in the barrel of the boiler. P is 
the steam dome, on the top of the external shell above the fire-box. 
This part of the shell in the engine represented is of a radius a 
little greater than the b&rrel of the boiler; but in many engines 
(for example, those of Me881'Il. Kitson & Co.) it is made of the same 
radius. 
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EXAlIPLES OF LOCOJlOTIVE&-ROAD DaINES. 537 

Q is one of the safety valves. The other safety valve is omitted 
in fig. 170, but shown in fig. 169, 88 standing on the middle of the 
barrel of the boiler. 

R, R, R, is the steam pipe, bringing steam down from the dome, 
and along the top of the barrel 

S, S, the regula.tor, a conical valve worked by a screw. T, 
branch steam pipe; U, slide valve chest; V, slide valve; W, W, 
cylinder ports;. X, cylinder; Y, exha~ port; Z, exhaust pipe. 
The two exhaust pipes unite in the blast pipe a. 

b, piston; c, piston rod; d, connecting rod, driving a crank on 
the front driving.axlel; e, coupling rod, connecting cranks on the 
front driving axle j, and hind driving axle II,. g,front driving 
wheel; k, hind driving wheel 

l, forward eccentric, and m, backward eccentric, of the left slide 
'valve. fl, forward eccentric rod; 0, backward eccentric rod. These 
rods are jointed to the two ends of the link p, which is jointed at 
the centre to and supported by a nearly vertical bridle or lever, 
oscilla.ting about a fixed centre. ,. is the slide valve rod, and q the 
connecting rod, through which the rod r receives motion from a 
slider in the link p. The radius of the centre line of the link is 
the length of the rod q. The slider and the rod q are shifted into 
different positions, so 88 to alter the expansion or reverse the engine 
when required (88 explained in Article 348, page 497) by means 
of the rod 8, connected with the lever t. A pair of those levers, to 
act on the two link motions at once, project from the rocking shaft 
u. On the left.hand outer end of that shaft is a vertical lever, 
connected through a long rod t1 (partly seen in fig. 170), with the 
handle w, by means of which the engine driver controfS the link 
motion. When that handle is pushed forward or pulled back as 
far as it can go, the t>ngine is in full forward or full backward 
gear respectively; and intermediate positions give various rates of 
expansion in forward or backward gear, according as the handle is 
before or behind its middle position. 

z, Z, z, are the springs; '/I, a balance lever to distribute the load 
eqnally between the two pairs of driving wheels, notwithstanding 
irregularities in the surface of the rails; z, training axle and wheel 

389. _____ ...... c... Cl __ ....... of various forms 
have been .invented by Mr. Gurney, Sir James Anderson, Mr. 
Scott Russell, and many other inventors, and were at one time 
constructed and used to some extent. For many years they fell 
into disuse; but have been revived in the fonn of Mr. Boydell's 
"traction engine." This machine is adapted to drawing long trains 
of heavy laden vehicles at a low speed, such 88 four or five miles 
an hour, and appears to have been quite successful To insure that 
the driving wheel shall take a sufficient hold of the road, without 
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injuring ita 1I11rf'ace, that wheel successively seta down in front of 
itRelf, 1'I1DII over, and picks up again, a series of flat oblong plates 
or shoes, which form a sort of endless tramway for the wheel to 
run upon, and enable it not merely to tmvel on roads, but on 
rough and soft ground. 

SBCTION 8.-0/ Steam Turbina. 
390. The _--.. ...... BqIae, in a rude form, is descr:ibed in 

the P'IltIUmatia of Hero of Alexandria.. It was improved and 
brought into use to a limited extent by Mr. Ruthven. Its principle 
and mode of.action are analogous to those of a reaction water wheel 
(Article 171, page 190; Article 176, page 197), but existing experi
mental data are not sufficient to fonn a precise theory of it. 

391. The Pall ...... BqIae, invented by Mr. William Gorman, 
is analogous in ita principle and mode of action to an inward .flow 
water turbine (Article 171, page 191; Article 173, page 193; 
Article 174, pages 194, 196, 196, &c.) It consists of an outer 
annulsl' casing, which receives steam from the boiler, and discharges 
it in tangential jeta from ita inner surface; an inner cylindrical 
casing, having openings at the centre for the discharge of the waste 
steam; and a fan, consisting of scoop-shaped blades radiating from 
a shaft, which rotates within the inner casing, and is driven by the 
tangential jeta of steam. 

An engine of this kind was succe.ssfully used for some time at the 
Glasgow City Saw Mills, and was considered equal in efficiency to 
an ordinary high pressure engine; but (as in the case of the 
reaction steam engine), sufficient experimental data have not yet 
been obtained to complete a precise theory of ita action. 

ADDBNDUX TO ARTICLE 316 . 
..... w ............ YeMe18 should have safety valvtlS and pres

sure gauges. 

ADDBNDUX TO ARTICLE 376. 
Amongst DINeI A. ..... ...... B ...... may be mentioned the 

triple engine of Mr. Scott Russell, in which three oscillating cylin
ders radiate in three equi-angular directions from a shaft, and 
drive one crank. 
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PART IV. 

OF ELECTRO-MAGNETIC ENGINES. 

392. • ...... ..., Be.ufI .. - Although the principles of the 
development of mechanical energy from chemical action through 
the agency of electric and magnetic forces might be made the sub
ject of a voluminous treatise which would be highly interesting in 
a scientific point of view, the amount of experience of the actual 
working of electro-magnetic engines is not yet sufficient to supply 
those data which are necessary in order to render such a treatise 
practically valuable. In the present work, therefore, a brief outline 
only of those principles will be given, illustrated by descriptions 
of three forms of engine, two. of which are selected on account 
of their simplicity, and probable efficiency, though hitherto used 
&8 pieces of philosophical apparatus only; and the third, on 
account of its having been for some years in practical operation. 

The experimental data to be afterwards referred to are for the 
most part due to the researches of Dr. Joule and Dr. Andrews. 
The theory of the subject was first correctly set forth by Professor 
Helmholtz, and Profe880r William Thomson, in a series of papers 
published respectively in Poggendorff's Atmalm, and in the 
Phu.08opM.ad !1'rtmBaCtions and Phi108ophicaJ, j{ agazi:ne, especia.I1y 
two papers in the PMloaopkicol Magazi:ne for December, 1851. 
The summary of that theory which will be given is in the main 
extracted from a paper by the Author of this work "On the General 
Law of the Transformation of Energy" (Phil. Mag., 1853). 

393. E • ..,., A.e .... .... Poce ...... -E'Mrff!! has been defined in 
Article 25, page 32; and the distinction between actual and 
potential energy has been explained, 80 far &8 it relates to mechan
ical energy, or energy of motion and of force tending to produce 
motion, in the same Article, and in Article 31, pages 35, 36. It has 
further been explained in Article 196, page 224, and Articles 235, 
236, pages 299, 300, that heat is a form of energy. In order to 
understand the application of certain general laws respecting energy 
to electricity and magnetism, the definitions of energy, actual and 
potential, must be extended so as to become perfectly general and 
abstract, &8 follows:-

A capacity for performing work is to be called ACTUAL ENERGY, 
when it consista in a state of present activity of a substance, such 
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as JDotion, heat, CUl"l'ent electricity; and PO'l'DTIAL ENERGY, when 
it consists in a tendency of a certain magnitude towards a change 
of a certain magnitude, such as mechanical potential energy (that 
is, weight or pressure capable of acting through a given space), 
chemical affinity, electrical ten8ion, magnetic tension. 

The gmt:l'cU law of tM trana/O'I'1II.ation of energy has already been 
stated in Article 244, page 309. The principles which will be 
explained in the sequel are instances of its application to the actual 
enerBY of current electricity, and the potential energy of electro-
magnetic attraction. . 

394. The -IH!IV e( ., .... 1 .A.ede. is the source of the 'power 
of electro-magnetic engines, as it is of that of heat engines. 
Chemical aJlinuy, or the tendency of two substances to combine 
chemically, is a sort of potential energy, which, when the substances 
actually do combine, is replaced by actual energy in the form of 
heat, or of CUl"l'ent electricity, or of both combined. Examples of 
the quantities of energy in the form of heat produced by the com
bination of variOU8 substances with oxygen have been given under 
the head of" Combustion," in Articles 223, 224, pages 267 to 273; 
and those quantities can be expressed in foot-pounds of energy by 
multiplying by Joule'8 equivalent ofa British thermal unit, 772. 

It is sometimes difficult or impossible to obtain the whole energy 
produced by a given chemical combination at once in the form of 
heat. In that case, the energy may be obtained first in the form of 
current electricity, and reduced aftel"Wll.rds to the form of heat. 

The following are the data of the greatest importance in the 
theory of electro-magnetic engines:- . 

I. Energy developed by the solution of one lb. of zinc in Daniell'. 
battery, the liquid in the cells being a solution of sulphate of copper 
in water-

Britilb tJ.mal 
1lIIlta. 
2342 

66. 

3006 

1419 
1419 x 772 = 1,095,468 foot-lba. per lb. of zinc. 
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This is leu than one-tenth of the total energy developed by burn
ing one lb. of carbon. 

II. Energy developed by the J!Olution of one lb. of zinc in Smee's 
battery, the liquid in the cells being dilute sulphuric acid-

Britiah thermal 
unite. 

Heat produced by the combination of zinc with} 3006 
oxygen and sulphuric acid, as before, •••...•••••.•.••• 

Deduct-
Heat consumed in separating water from aul- } 

h ( 200 P uric acid about) .•••.•.••••••.•..•..•.••••.•.. 
Heat consumed in decomposing water,........ ••• 1906 

2106 

900 
900 x 772 = 694,800 foot-lba. per lb. of zinc. 

This is about one-Bi:xUentl& parl of the energy developed by burn
ing one lb. of carbon. 

395. Cl_ ....... ye «l.-.c w ........ EI---..ede E ........ 
__ E .... _-It is certain that the efficiency can be made to 
approximate much more nearly to unity, the limit of perfection, in 
electro-magnetic engines than in heat engines. At present, how
ever, the ratio of their efficiencies can only be roughly esti1ll&ted j 
and it may be considered &8 a favourable view towards electro
magnetic engines, to estimate their greatest poaaible efficiency &8 

jUUlf' tima that of the beat heat engines yet known. Taking this 
into account along with the results of the calculations in the pre
ceding Article, it appea1'8 that the work perjlJ'r'l1UJd per pound oj #lim 
corufUllrwl may be estimated as follows:-

I. With solution of sulphate of copper in the cells, 1\ of the 
work per lb. of carbon consumed in a heat engine. 

II. With dilute sulphuric acid in the cells, J\ = 1- of the work 
per lb. of carbon consumed in a heat engine. 

Before, therefore, electro-magnetic engines can become equally 
economical with heat engines as to cost of working, their working 
expense per lb. of zinc consumed must fall until it is from Jour
ImIduJ to one quarter of the working expense of a heat engine per 
lb. of carbon, or of coal equivalent to carbon. 

The present price (September, 1859) of sheet zinc is between 
fifty and My tima that of such coal. 

It is evident from these facts and calculations, that electro
magnetic engines never can come into general use except in caaea 
where the power required is so 8JJlIlli that the cost of material 
consumed is of no practical importance, and the situation of the 
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machinery to be driven is such as to make it very desirable to have 
a prime mover without a furnace. 

396. An ........ _leaI ClInId& consiSts of a battery, with a 
conductor connecting its two ends; and its arrangement may be 
represented symbolically as follows;-

CLZCLZCLZCLZ - ~ 
This represents a battery of four cells, each cell being denoted by the 
symbol C L Z. Z denotes a plate of zinc, the substance to be dis
solved; L the solvent liquid, containing the substances that combine 
with the zinc; C & plate of copper, silver, or some such metal which 
has less affinity for the solvent than the zinc has, and which acts 
merely as a conductor. The brace __ represents symbolically a 
metallic wire connecting the ends of the battery. The chemical 
action of the solvent on the zinc puts the entire circuit into a 
peculiar condition described by saying, that there is a cu,"", C?f 
poaitive el6ctricity cirwJating t/vrotu{JIl it, in each cell, from Z through 
L to C, and in the conductor __ from C to Z; not that the 
existence of the so-called electric fluid or fluids has been proved, 
but that the use of terms borrowed from those which commonly 
denote the motion of fluids is a convenient way of describing 
electrical phenomena. The endmost portions of the conductor, 
where it joins the battery, are called the ~ i the positive 
electrode joining C, the negative Z. 

The 8trengtJ, of the electric current is a quantity proportioD&l to 
the weight of some standard substance which it is capable of 
decomposing in an unit of time. It is expressed in units of such a 
kind, that a current of unit streugth decomposes 

'02 grain of water per second, or 
'0103 lb. of water per hour. 

The strength of the current produced by & given battery is pr0-
portional to the quantity of zinc dissolved in a given time in one 
cell. To produce a current of unit strength requires the consump
tion in each cell of 

o()728 grain of zinc per second, or 

'03744 lb. of zinc per hour. 

Let ~ denote the strength of the current j ~ the zinc consumed 
per cell per lwwr, in lhe.; then 
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I/: ,,= '08744 ........................... (1.) 

The electro-motiw/O'I'CB of a battery is a qlWltity such, that when 
it is multiplied by the strength of the current, the product is the 
enel'gy produced by the· battery in a given time (such lIB an hour). 
It is proportional to the number of cells. 

Let M, then, denote the electro-motive force of one cell, n the 
number of cells; also, let E be the energy developed per lb. of zinc 
consumed, as stated in Article 394; then 

So that 
M f& 'l'= En .. ,. ......................... (2.) 

M = O()3744 E = for Daniell's battery, 41014;} .... (8.) 
for Smee's battery, 26013. 

In these values of M, it is to be bome in mind, that the unit of 
force is one pound tlJ6ighl, and the unit of time an /wu,r. In Pro-

fessor Thomson's papers, the unit of force is 3;'2 of the weight of 

a grain, and the unit of time a second. 
The heat produced in a given time by a given current in the 

same circuit is proportional to the square of the strength of the 
current. That quantity of heat, then, is expressed by 

Ry; .....•............................ (4.) 

Where R is a quantity called the "uiBlo/ne( of the circuit, being the 
heat developed in it in an unit of time by a current of unit 
strength. 

The resistance of a circuit is the sum of the resistances of the 
various parts of which it consists, comprehending the plates and 
liquid of the cells, and the conductor which completes the circuit. 
The resistances of conductol'8 made of a given substance are directly 
lIB their lengths and inversely lIB their sectional areas, or directly as 
the squares of their lengths and inversely lIB their weights. Let l 
be the length of anyone conductor in a circuit, in feet, whether 
solid or liquid; to its weight, in lbs.; then 

zt 
R=2t 10; ........................... (0). 

where f is a co-efficient depending on the material, and called the 
speci/ic reaiatance of that material. Professor Thomson gives values 

of t in which the unit of force is 3~'2 of a grain weight, the unit 
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of mass, that of a grain, and the unit of time one second: to 
reduce these to values in which the unit of force is ODe pound 
weight, the unit of mass, that of a pound, and the unit of time 
one hour, they are to be multiplied by 

3600 
-'a2::-'2=-X~49000000 

The following are enmples of the results of that reduction for 
temperatures of 500 Fahrenheit:-

Copper wire, •••...•.•.....•..•••... e = from 176 to 128. 
Mercury, ................................... e = 10,356. 

When the circuit produces no chemical decomposition out of the 
cells, no magnetic induction, and no mechanical or other e."ttemal 
work, the whole of the energy developed by the chemical action in 
the cells takes the fOl"m of heat in different parts of the cin:uit.. 
Thill fact is expl'elllled by the following equation:-

En~= Mn,.= R,.'; ..................... (6.) 

one of the consequences of which is the following:-

Mn. 
,.=R' .. · .. ·· .... ····· .. ··· .... ·· .. (7.) 

or, tliuerength oj eM C'I.IA'f'en.t is dirtJtJlillllB eM electro-motifJtJ/orctJ tmd 
inver8t!lll lIB eM reNtance 0/ eM circu.it j being the celebrated prin
ciple known &8 " Ohm's Law." 

Another consequence shows the rapidity of chemical action in a 
given circuit, viz. :-

Mn~ M'n2 nz=--r= ER ....................... (8.) 

397. .a"'_r'" • ____ pede B ... •• Equations 1, 2, 3, 
4~ and 5 of Article 396 are applicable to all electro-chemical circuits 
whatsoever. Equations 6, 7, and 8 are applicable only to an idls 
baJ.tery, &8 it may be called, in which all the energy is spent in pro
ducing heat in the materials of the circuit. 

An electric circuit may move mechanism against resistance, and 
so rrform mechanical work, in three ways. . 

. By the mutual attractions and repulsions of currents, or of 
parts of one current. Currents in the same direction attract, and 
currents in contlury directions repel each other. This method has 
been used in philosophical apparatus only. 

II. By the attractions and repulsions between currents and per
manent magnets. A magnet placed with its south pole towards the 
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eye of the spectator attracts currents whose direction is that of 
right-handed revolution relatively to its axis, and repels those 
whose direction is that of left-handed revolution. 

lIT. By the attractions and repulsions between temporary and 
permanent magnets. A conductor coiled round a soft iron bar, 
when a current is sent through it, magnetizes the bar in tha.t direc
tion which makes it attract the current, according to the principle 
sta.ted above under head II.; when the current ceases the magnetism 
ceases; when the current is reversed the direction of the magnetism 
is reversed. Opposite poles of magnets attract, similar poles repel 
each other; so that by periodicsJly reversing the temporary mag
netism of a soft iron bar, it may be made to take a reciprocating 
motion towards and from a pennanent magnet. 

IV. .By the mutual attractions of temporary magnets. 
The efficiency of the engine in all those csses is governed by two 

principles: I. PM r-fO'1"l1lOllla of ~ work by an electrW circuit 
produceB (J cormteractive furce, opposing tke electromotive f(m:e, whose 
~ is equnJ, to tke eztern.ol work perffYl71l«l in an unit of time 
divided by tke Btrength of tlUJ cun-ent. . 

Let U be the external work performed in an hour by the engine. 
This gives lise to a certain counteractive force, which causes the 
current to be of less strength than that which the battery produces 
when Wk Let" be the strength of the current in the idle circuit, 
1&8 given by equation 6 of Article 396; and ~'the strength when the 
work U is performed per hour. Then the counteractive force is, 

U +,,' 
and the strength of current,,' is the same as if the electromo-

tive force, instead of being Mn, were Mn -!!;; that is to say, 
" 

,,'= ~n _ ,,~R; ....................... (I). 
This principle might be deduced as a consequence from the law 

of the conservation of energy; for multiplying equation 1 by,,' R, 
and transposing, we find, 

U =Mn,,'- R,,'2; ...................... (2), 
which expresses, tIwJ, tke 'II8e/vl work of tke engim is tke ~ of tke 
tel/,ole energy dtnJeloped in tke boJtery M. 'II. ,,', above tke energy t.(J(JBf.ed 
in producing l/IK1t R ,,'1. 

2. A second principle is, tkoJ, tke aUraction8 and ~ pro
dUA:ed by (J giwn circwit and ~ ~ in (J given way 
M6 proportional to tke BqrUJII'6 of fk Bl.rengtA of the CUf"7'dnt (a law dis
covered by Mr. Joule); 80 that we may make 

2N 
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U =A ,,·1, ............................. (3.) 

where A is a factor depending on the apparatus used. Hence 
''<Iuation 2 becomes 

A ,,'2 = M",,' - R,,'l! ..................... (4.) 

Divide by ". and tranapoae j then 

,,' = A ~ 'it, ........................... (5.) 

Hence are deduced the following expressions:-
For the rapidity of the chemical action, 

M" ,,' M2 "I 
".=~ - E(A + R)· .......... · .. · ...... ·(6.) 

For the useful work, 

AMIn" 
U =(A+R)I' .......................... (7.) 

For the eJflcien,cy oj eM engi7l8. 

U A,,' A ,,-,,' ( 
M"",=M" = A+R=-,,-'· .. · ...... · .. 8.) 

From which it appears that the efficiency of the engine approxi
mates towards unity l1li the 

~ factor A increues; but at 
the lI&Dle time the abIol. 

c 

work performed djminishes 
without limit. 

398 . .......... ... 
... e.-This machine, the 
simplest of all electro-mag
netic engines, but hitherto 
used in the lecture room 
only. is the result of a dis-

a covery of Arago'B. In fig. 
---- 174, N and S are the north 

FIg. 17C and 80uth poles of a per
manent magnet. 80 shaped 

FIg. 174. l1li to approach very near to 
the two faces of a copper 

disc D. near its lower edge; that disc turns on an axis A, wboae 
bearings (not shown in the figure) must rest on insulating support& 
The lower edge of the disc between the poles of the magnet dips 
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into a. cup M, oontaining mercury. C and Z are oonducting wires, 
connecting respectively the axis of the disc and the mercury in 
the cup with the ~ of a. galvanic battery. By the ar
rangement shown in the figure, an electric current is made to pass 
from the positive electrode to the axis of the disc; thence through 
the dise to the mercury, and thence to the negative electrode of the 
battery. The action of the poles of the magnet on the disc is shown 
by the diagram, fig. 175. S is the magnet, with the 80uth pole 
exposed to view; the arrow head on the circle shows the direction 
of the revolving current to which the magnet is equivalent. A B 
and A E are two portions of the current in the disc, from the axis 
to the mercury. According to the principle that currents in 
the same direction attract each other, and currents in opposite 
directions repel each other, the magnet attracts A B and repels A E, 
and so keeps up a oontinuous rotation of the disc in the direction 
B E. The direction of rotation can be reversed by reversing the 
current; that is, by connecting A with Z and M with C. 

399 . ........ B ... --.a--This machine, the invention of Mr. 
Webater, is shown in fig. 176. N S, N S, 
are two semicircular permanent magnets 
fixed within a frame of brass or other dia
magnetic material, and having two gaps 
between their pairs of oontiguous poles, 
which are similar, as indicated by the 
lettem M is a mercury-cup of non-oon
ducting material on a pedestal; it is 
divided into two parts by a diametral 
non-oonducting partition, in the plane of 
the permanent magnets, as shown in fig. Fig 176 
177. In the centre of the cup stands a .. 
pivot, on which rotates the horizontal 80ft iron bar A B; the two 
arms of that bar are encircled by the two portions of a long ooil of 
conducting wire. The two ends of that ooil dip K 

;nto the - hal ... of the m......,. <>up, whloh cr' 
halves are oonnected with the electrodes of a. battery 
by the wires C Z. The ends of the 80ft iron bar Q 7: 

pass between the poles of the permanent magnet, 80 Fig. 17;. 
as to oome very near them, but not to touch them. 
To plOOUce rotation in the direction indicated by the arrow, the coil 
round the bar A B is 80 arranged that when the end A is moving 
from S S to N N, and the end B from N N to S S, A is a 80uth 

A} • {repelled { pole, and B a north pole. Then B 18 attracted by S S, and {= } by N N. At the inlltant that the ends of the bar 
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pass the poles of the permanent magnets, the ends of the coil pass 
over the diametral partition into the opposite halves of the mercury 
cup; the current through the coil is reversed, and reverses the 
magnetism of A B, and the attractions and repulsions between itll 
poles and those of the permanent magnets; and so the rotation is 
kept up. To reverse the rotation, the connections between the 
halves of the mercury-cup and the electrode are reversed. 

400. The PI ••• er E ... ne, invented by Mr. Froment, and madt' 
by Mr. Bom'bouze, is represented in figures 178, 179, and Hill., 

l<'ig. 178. 

It is now used to a considerable extent in France, for driving small 
machines in place8 where it would be inconvenient to have a steam 
engine with its furnace and boiler. It bears some analogy in it<; 
torm and arrangement to a steam engine with four cylinders, 
pi8tons, slide valves, beam, crank, and eccentric. 

Fig. 178 is a side elevation; fig. 179, an end view, sho'\\;ng tWl> 

of the cylinders; fig. 180, a plan of the four cylinders. 
A A, B B, are four soft iron hollow cylinders, enveloped in coils 

of conducting wire; C C, D D, are horse-shoe magnets, each of 
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which is 80 shaped that its ends form a pair of cylindrical plungt'rs, 
moving up and down in the hollow cylinders, with just freedom 

Fig. 179. Fig. 180. 

enough to prevent contact; H G F E is the beam, from which the 
magnetic plungers are hung; F its centre; H K the connecting 
rod; K L the crank; L the shaft and eccentric. The shaft camel! 
a fly wheel 

II b a is a slide moved by the eccentric, the parts II II being of ivory, 
and b of metal; c do, conducting wire from the metallic part b of the 
slide to the negative electrode; p, conducting wire from positive elec
trode; q n, conductors from p to the coil round A A; r m, conduc
tors from p to the coil round B B; g, conductor from the opposite 
end of the coil round A A, terminating in the spring e, which presses 
on the slide a b II; ,~, conductor from the coil round B, terminating 
in the spring/, which pre88Cl! on the slide a b II. The reciprocating 
motion of the slide CHtablishes the electric circuit through the coilll 
round A A, and round B B, alternately, and thus magnetizes 
alternately those two pairs of hollow cylinders, which attract 
alternately the two pairs of magnetic plungers, C C, D D, and 
give a reciprocating motion to the beam, and a rotatory motion to 
the shaft. 
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APPENDIX. 

No. I.-PART I., CHAPTER IV. 
The D_P __ ._._ is one in which a horse, while preaing with 

his shoulders against a collar attached to the frame of the engine, drives 
backwards with his feet, by the action of walking, an endl_ travelling 
roadway, &om which motion is communicated to machinery. The action 
of the horse i. exactly similar to that of a horse drawing a vehicle; and 
bis tractive force and daily work are probably the same. 

This kind of en"pne was invented, and first constructed and tried for 
the purpose of traction on Railways, at a speed exceeding the moat eflicien' 
speed of the horse, by Mr. H. Brandreth of LiverJlOOI, in 1829. (See 
Wood On Railroads, edition of 1881, page 304). Its use as a railway 
locomotive engine was immediately abandoned; but it is now employed 
with great convenience and advan~e in America, for drhing {IOrtable 
saw-mills and farming machines; and IS thus descn'bed b'l Mr. Whitworth, 
in his Report 011 the New York Industrial Exhibition 0 1863, chapter v., 
article 26 :-" It . • • • consists of a stout frame, supporting a railway 
.. about 7 feet long, on which run the rollers of an endless travelling plat
"form. The axles of the rollers are of iron, i inch dianleter, stretching 
" across the rails, and are connected together by a series of links, each about 
" 12 inches long, 80 as to form an endless chain, which passes over a fixed 
.. segment at one end, and the chain-wheels at the other. The travelling 
" platform is made by planks of wood, about 12 inches broad and Ii 
" mches thick, fastened transversely to the endless chain. It is inclined 
" at an angle of about 7° to the horizontal line, and the horse being 
.. placed on the platform, pushes it backwards &om under him, which cautIeS 
" tbe chain-wheels at the end of the frame to revolve; and the motion 
.. thus obtained is conveyed to the circuhLr saw, or other machine re
.. quired to be driven. Some horse-power machines are made to admit 
.. two horses abreast." 

No. 2.-ARTICLES 292, 293 • 
•• ele_ey eC P_peU_This subject cannot be diSCUllllCd except in 

a treatise on the forms of ships. In the present work, all that can be done 
is to give a brief summary oCthe leading principles. 

The ejJicie:ncy of a propeller is the ratio of the work performed in a 
given time in driving the ship, to the work performed by the engine in 
moving the propeller. (A pair of paddles is to be held to constitute one 
propeller). The difference between those two quantities is the energy 
exerted by the propeller in giving motion to the water. 

Let Rl represent at once the resistance of the water to the motion of 
the ship, and the pressure exerted directly backwards by the propeller 
against ~he. wa~r m lbs., these two forces being equal when the velocity 
of the ship 18 uniform. 
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. I.e& V be the velocity of the ship in feet per aeeond; g, the accelerating 
e8'ect of gravity in a aeeond = 82'2; w, the wei~ht of a cubic foot of 
water = from 62'4 to 64 lba.; A, a multiplier, wliich depends mainly on 
the dimenl!iODl and figure of the ship, and which, though not absolutely 
collltant at different velocities, is nearly constant throu~liout the ordinary 
variations of speed of one given steamer; then the reai8taDce of the ship 
may be thus expreased :- . 

Vi Rs = A to 20 ...•••••....••..•.••....•••... (1.) 

Let V + S be the backward velocity of the propeller, relatively to the 
Ilaip, in feet per second; that is-

V + S = revolutious per second X circumference of paddle 
through centres of action of fioatB (wbich centres are at the 
middle of feathering fioatB. and about t of the breadth from 
the outer edgea of fixed fioats). 

V + S = revolutions per second X pitch of screw. S is called the 
... lip" of the propeller, and itB value for paddles ranges from 1 V to ~ V. 
and for screws from n V to V. 

Let c S be the velocity of the current driven directly backwards by the 
propeller, whether ~dle, serew, or jet, or of any other kind. 

Let a be the sectional area of the space in which the propeller acts; 
that is, the area of one pair of paddle-fioatB, or of the lCrew-dilc, or of 
the jet, as the case may be i k a, the sectional area of the current driven 
backwards. Then the force exerted directly backwards by the propeller 
against the water is-

Rt=CkGwVS, .......................... (2.) 
9 

Equating the expressions 1 and 2, we find 
S A 
V = 2 cll:a· .. · .. · ...................... • .. (8.) 

'The work Formed per second in propelling the ship is RI V i the 
work performed by the eDFe in driving the propeller, RI (V + S). It 
appears. then. that the ejJiciency of the propeller is-

v! s = 1 -:- (1 + 2c~a)' .............. ·· .. (4.) 

The coefficient, C k, can only be found empirically. For paddles, it 
depends on the figure, number. arrBDgeD1ent, and manner of moviD,g of 
the fioatB; for screws. on the number, arrangeD1ent, breadth. form, pItch, 
and d!lJlth of immersion of the blades, and also on the figure of the ve.eI, 
according to laws which have not yet been fully ascertained. The follow
ing are some of itB values :-

For fea~~ paddles with Elder's plate iron floats. about 1'4 
For vanous di1ferent screws ......................... from 1'0 to 1-6. 

To exemplify the infiuence of the efficiency of the propeller up()n the 
resultant efficiency of the whole combination of furnace, boiler, cylinder, 
mech8J!iam. and propeller, the cue may be referred to; which bas been 
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taken as an example in Article 298, and as Example 1 in Article 289. 
In the articles citec1 it is shown, that 
the efficieocy of the furnace and boller was,.... ..... ... ...... •.. ...... ()OM2; 
the efficiency of the steam,...... .... .... ............... ........ ...... ...... 0'123; 

the efficiency of the mechanism, :~:~ (see page 427), ............... O.Bl; 

an~ the efficiency of the proJMiller (a pair of plate iron feather- t ()O78 . 
mg pad.dles) was found to 'be .••.•••••••••••.•••••.•••••••••••••.•.•• .r ' 

coDBequently, 
resultant efficiency of mechanism and propeller, 0'78 X 0'81 = 0'63 ; 
resultant efficiency of combination, 0'042 X 0'123 X 0'63 = O-ol2. 

No.8.-ARTICLES 297,298. 
.....-.--.. a.- .""--According to recent experimeots on the 

large scale, by :Mr. Penn, upon marine engines, which he lately fitted 
with superheating apparatus, about 20 ~ cent. of fuel was .. ved by 
superheating steam, at a pressure of 20 lb. per square inch above the 
atmosphere, to the extent of 100" Fahrenhmt. Mr. Penn's paper will 
probably ap~ in the Transactions of the Institution of Mechanical 
Engineers for September, 1859. 

No. 4.-ARTlCLB 837. 
The "-'- ... -.-.- should have been included amo. the 

appendages of steam engines. The indicator bas been fully ~lained in 
previous parts of this work. The counter (invented by Watt, and IIDproved 
by others) records on dial-plates· the number of strokes made by the engine. 

No. 5.-AlmcLE 844 • 
.......... _ ..... f"_ ....., Yah'e.-Mr. Bourne balances partially 

the pressure on the back of the slide-valve by connecting it, through a 
link, to a piston in a very short cylinder at the back of the Valve-chest, the 
area of the piston being a little less than that of the valve. 

No. G.-ADDENDA TO TABLE II. 
Valnesof')'=~-:-K". Air, bl08; Oxygen.l·4; Hydrogenl'41S; 

Nitrogen, 1'409; Steam-gas, 1'804.- Ice, D. = 67'6; S. G. = 0'92; 
0=0'604; K=S89. 

No. 7.-DBN81TY 01' 8TB.uL 
Experiments by Mr. Fairbairn and :Mr. Tate compared with theory :-

Ten!p. 
Feb •• 

Ratio of 90lame of Rallo 01 YOIume at 
Iteam to 90lame of DUt Temp. Iteam to 90lame of 

water. Fabr. water. 
Dr theorr. By e"1*'. B7 ~. By esper. 

244° 986 896 40 268° 685 6S8 
246 920 890 SO 270 616 604: 
267 766 751 5 288 500 490 
262 698 684 14 

Dut 

2 
12 
16 

The fact that all the results of theory exceed those of experiment may 
arise from a difference in the value assumed for the volume of water. The 
theoretical results are based on the mi .. imum volume of water, at 89°'1 F. 

No.8.-FEBD APPARATUS. 
A recent invention for this purpose is a jet pump driven by a steam jet. 
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TABLES. 

L-TABLB 01' lIBIGBTS DOB TO VBLOClTIBB. 

EXPLANATION 01' BYIIBOL8. 

" = Velocity in feet per IIeCOnd. 
A= Height in feet=,,' +64'4, 

This table is exact for latitude 64°1. and near enough to exact-
ness for practical purposes in all parts of the earth's surface. 

• I • A • I 
I '01553 27 11'320 54 45'279 
2 '06:311 28 12'174 56 48'695 
3 '13975 29 13'059 58 52'235 
4 '24844 30 13'975 60 55'900 

5 '38819 31 14'922 62 59'688 
6 '55900 32 15'900 64 63'601 
7 '7 6086 32'2 16'100 64'4 64'400 
8 '99377 33 16'910 66 67'639 
9 1'2577 34 17'95° 68 71'800 

10 1'5528 35 19'021 7° 76'086 
II 1'8789 36 20'124 72 80'496 
12 2'2360 37 21'257 74 85'029 
13 2'6241 38 22'422 76 89'688 
14 3'°434 '39 23'618 78 94'471 
15 3'4937 40 24'844 80 99'377 
16 3'9751 41 26'102 82 1°4'41 
17 4'4875 42 27'391 84 109'56 
18 5'0310 43 28'711 86 114'84 
19 5'6055 44 30'062 88 120'25 
20 6'2111 45 31 '444 90 125'77 
21 6'8477 46 32'857 92 131 '43 
22 7'5153 47 34'301 94 137'20 
23 8'2141 48 35'776 96 143'10. 
24 8'9439 49 37'282 98 149'13 
25 9'7°48 50 38'81 9 100 155'28 
26 10'497 52 'fI'987 
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N 
is. 

'" 1'"'1 

WEIGHT, VOLU!\IE, ExPANSION, HEAT. 

EXPLANATION OF SYMBOLS. 

P.-Mean pressure of the atmosphere, in lbs. avoirdupois on the IqtWe foot, ~ 2116'4. 
Dr-Density, or weil(ht of one cubic foot of the snbstance, in Ibs. avoirdupois, nuder the preaure of one atmosphere, and 

at the temperature of melting ice, except for water, for which the temperature is 39° 1 Fahrenheit. 
V.-Volnme in cubic feet of one pound avoirdupois of the substance, at the before-mentioned preeenre and temperature. . 
S.G.-Speci6c gravity. that of water being taken 
E.-Expan!!lon of nnlty of volume for fluids, 

temperature of woter boiling nnder the pressure of one atltwim.hara, 
for solids, at the temperature 

C.-Specifle water being taken B8 

K.-Speciflc foot-pounds per degree of 
are distinguished .ymbolJ!l C., c,,; or K .. K" 

GASES., D. V. 
Air,............. ...... 0'080728 12'387 
Oxygen,.............. 0'089256 Il·20. 
Hydrogen,........... 0'005592 178'83 
Steam,.... ............ 0'05022* 19'913* 
~ther Vapour,...... 0'2093* .'777* 
Bisulphuret of 0'21 37* '67 * 

Carbon Vapour, • 9 
Carbonic Acid, 

ideal, ... " ... 
Do. actual,,, 
Olefiant 
Nitrogen, .......... .. 
Vapour of Mereury, 

0'12259* 

0'12344 
0'0795 
0·07 8·PI 
0'563* 

gases, specific I e Lts 

p.v. 
2621. 
237 10 

37881 9 
.2141* 
10110* 

9902* 

1..5 

E 
'365 
'367 
'366 
'365* 

'365* 

'370 

C, 
0'169 130'3 
0'156 120'2 
2'410 1860'6 
0'365* 281 '3* 

0'173 

• Tbt. mark I •• mxec1 to fel.UUI comp"ted fur the Ide.' ("o",II11rtn 'I' pe11'en .... 

ice, in rising to the 

and ccnatant pre88IlI'8 

Cp 

0'238 
0'218 
3'40 5 
0'475 
0'.81 

0'1575 

0'21 7 
0'369 
0'244 

K,. 
18:".5 
168'3 

2628'7 
366 '7 
37 1'3 
121'6 

167' 
284'9 
188'. 

~ 
~!:j 

CD 

~ 
9 c 
III 

~ 



LIQUIDS. D. S.G. E. C. K. 
Water, pure (at 39°'1 Fahrenheit), ......... 62'425 1'000 0'04775 1'000 77 2.0 

" sea, oroinary, ...•••....•••.....•....•. 64'05 1'026 0'05 
Alcohol, pure, ................................. 49'38 0'791 0'1112 

" proof spirit, .......................... 57'18 0'916 
)Ether, ........................................... 44'70 0'7 16 0'517 399'1 ~ 
Mercury, ......................................... 848'75 13'596 0'018153 0'033 25'5 m 
Naphtha, ........................................ 52'94 0'848 III 
Oil, linseed, ..................................... 58'68 0'!'40 0'08 !'I 

" olive, ........................................ 57'12 0'915 0'08 

~ " whale, ...................................... 57'62 0'923 
" of turpentine, .............................. 54'31 0'870 0'07 

~ Petroleum, ...................................... 54'81 0'878 
vIII 

SOLID ~fETALS. e Brass, ............................................ 487 to 533 7.8 to 8'5 '00216 
Bronze, ......................................... 524 8'4 '00181 .. 
Copper, ......................................... 537 to 556 8'6 to 8'9 "00184 '0951 73'3 ; 0 
Gold, ............................................. 1186 to 1::24 19 to 19'6 '0015 "0298 23"0 

<is Iron, cast, ..................................... 444 7'11 '00 II 
i 0 

Iron, wrought, ................................. 480 7'69 '0012 '1138 87'8 III 

'" Lead, ........................................... 712 II'4 '0029 '0293 22'6 ~ () Platinum, ....................................... 1311 to 1373 21 to 22 '0009 '0314 24'2 ~ 
0 Silver, .......................................... 655 10'5 '002 "557 43'0 
~ Steel, ............................................ 490 7'85 '0012 
..- Tin, .............................................. 462 7'4 '0022 '0514 39'7 (V til 

Zinc, ............................................ 436 7'2 '00294 '0927 71'6 C>t 
C>t 
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IlL 

TABLE 01' THE ELASTICITY 01' A PBuEcT GA& 

EXPLANATION 01' 1lnmoLS. 

T.-Temperature, measured from the ordinary zero. 
t.-Absolute temperature, measured from the absolute zero. 
P.-Pressure of a perfect gas in pounds avoirdupois on the square 

foot. 
V.-Volume of one pound avoirdupois in cubic feet. 
PV.-Product of these quantities at any given temperature. 
PoV 00-Value of that product for the temperature of melting ioe. 

Fahrenheit. PV 
T 

o 
PoVo 

- 300 2440 - 220 439'2 0'8905 
- 25 ...•.. ... 249 •....••.. '" - 13 .. , .•.... 448'2 ...•••..•.. 0'9088 
- 20 254 - 4 457'2 0'927° 
- 15 259 + 5 466 '2 0'9453 
-10 264 14 475'2 0'9635 
- 5 269 23 484'2 0'9818 

o ...•..... 274 •.•.•..•....••• 32 ......... 493'2 ............ 1'0000 
+ 5 279 41 502'2 "0182 

10 284 50 511'2 1"0365 
15 289 59 520'2 1'0547 
20 294 68 529'2 1"0730 
25 ......... 299 ...•••...•.•••• 77 ....... 538'2 .......... 1"0912 
30 304 86 547'2 1'1095 
35 309 95 556'2 1'1277 
40 314 104 565'2 1'1460 
45 319 113 574'2 1'1643 
50 ......... 324 ............... 122 ......... 583'2 ............ 1'1825 
55 329 131 592'2 1'2007 
60 334 140 601'2 1'21 90 
65 339 149 610'2 1"2373 
70 344 158 61 9'2 1'2555 
75 ........ 349 ............. 167 ......... 628'2 ............ 1'2738 
80 354 176 637'2 1'2920 
85 359 185 646'2 1'3103 
go 364 194 655'2 1'3285 
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ELASTICITY OF A PBBI'BCT GAll. 

Centlgrlde. 
T , 

Falmmheit. 
T 

o 
95° 3690 2030 664'2 

100 ......... 374 ............... 212 ......... 673'2 ........... . 
105 379 221 682'2 
110 384 .a30 691'2 
II5 389 239 7°°'2 
120 394 248 709'2 
125 ......... 399 ............... 257 ......... 718'2 .......... .. 
130 404 266 727'2 
135 409 275 736'2 
140 414 284 745'2 
145 419 293 754'2 
150 ......... 424 ............... 302 ......... 763'2 .......... .. 
155 429 311 77 2'2 
160 434 320 781 '2 
165 439 329 79°'2 
170 444 338 799'2 
175 ......... 449 ............... 347 ......... 808'2 ........... . 
180 454 356 81 7'2 
185 459 365 826'2 
190 464 374 835'2 
195 469 383 844'2 
200 ......... 474 ............... 392 ........ 853'2 ........... . 
205 479 401 862'2 
210 484 410 871'2 
21 5 489 419 880'2 
220 494 428 889'2 
230 504 446 907'2 
240 514 464 925'2 
250 ......... 524 ............... 482 ......... 943'2 ........... . 
260 534 500 961'2 
270 544 518 979'2 
280 554 536 997'2 
290 564 554 1015'2 
3°° ......... 574 ............... 572 ......... 1°33.2 ........... . 
310 584 590 1051'2 
320 594 608 1069'2 
330 604 626 1087'2 
340 614 644 1005'2 
350 ......... 624 ............... 662 ......... 1123.2 ........... . 
360 634 680 1141'2 
370 644 698 1159'2 
380 654 716 1177'2 

PV 
PoPo 

1'3468 
1'365° 
1'3832 

1'4°15 
1'41 97 
1'4380 
1'4562 
1'4744 
1'492 7 
1'51°9 
1'52 92 

1'5474 
1.5657 
1'5839 
1'6022 
1'62°4 
1'6387 
1'6569 
1'6752 
1'6934 
1'7II7 
1'7299 
1'7481 
1'7664 
1'7846 
1'8029 
1'8394 
1'8759 
1'9124 
1'9489 
1'9854 
2'021 9 
2'°584 
2'0949 
2'1314 
2'1679 
2'2°44 
2'24°9 
2'2774 
2'3139 
2'35°4 
2'3869 
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558 ELA8'l'ICITY or A PDPBCT GAS. 

Centigrade. FabreDheit. PV 
T I T , poV. 

0 

3900 6640 7340 1195'2 2'4234-
400 ......... 674 ............ 752 ......... 1213.2 ............ 2'4599 
410 684 770 1231'2 2'4964 
420 694 788 1249'2 2'5329 
430 704 806 1267'2 2'5693 
440 714 824 1285'2 2'6058 
450 ......... 724 ............ 842 ......... 1303'2 ............ 2'6423 
460 734 860 1321'2 2'6788 
470 744 878 1339'2 2'7 153 
480 754 096 1357'2 2'7518 
490 764 914 1375'2 2'7883 
500 ......... 774 ............ 932 ......... 1393.2 ............ 2'8248 
520 794 968 1429'2 2'8978 . 540 814 1004 1465'2 2'9708 
560 834 1040 1501 '2 3'0438 
580 854 1076 1537'2 3'1168 
600 ......... 874 ............ 11I2 ......... 1573·2 ............ 3'18gS 
620 894 1148 1609'2 3'2628 
640 914 1184 1645'2 3'3358 
660 934 1220 1681'2 3'4088 
680 954 1256 1717'2 3'4818 
700 ......... 974 .. · ...... · .. 1292 ......... 1753.2 . ........... 3'5547 
720 994 1328 1789'2 3'6277 
740 1014 1364 1825'2 3'7007 
760 1034 1400 1861'2 3'7737 
780 1054 1436 1897'2 3'8467 
800 ......... 1074 ............ 1472 ......... 1933.2 • ........... 3'9197 
820 1094 1508 1969'2 3'9927 
840 1114 1544 2005'2 4'0657 
860 1134 1580 2041'2 4'1387 
880 II 54 1616 2077'2 4'2117 
900 ......... 1174 ............ 1652 ......... 2113.2 ............ 4'2847 
920 1194 1688 2149'2 4'3577 
940 1214 1724 2185'2 4'43°7 
960 1234 1760 2221'2 4'5°36 
980 1254 1796 2257'2 4'5766 

1000 ......... 1274 ............ 1832 ......... 2293.2 •••••••••••• 4·64~ 
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IV, 

'fABLB 01' PROPBBTlBS OF STEAl( OF MAxIIlUII DDSITY BY THB CUBIC FOOT, 

T, p, Log, p, A log, p, L. Log, L. A log, L. D, Log, D, A log, D 

32° 12'27 1'0887 248'6 2'3955 0'000295 i'4698 
0'157 2 °'1464 0'1489 

41 17'62 1'2459 348'3 2'5419 0'000416 4'6187 
0'1507 0'1402 0'1427 

50 24'92 1'3966 481'0 2'6821 0'000577 4'7614 
0'1446 0'1343 0'1369 ! 59 34'77 1'5412 655'2 2'8164 0'000791 .'8983 
0'1388 0'1287 O'I31l 

68 47'87 1'6800 881'3 2'9451 0'001070 3'0294 ~ 
0'1333 0'1234 0'1261 

~ 77 65'06 1'8133 1171 3'0685 0'001431 3'1555 
0'1282 0'1185 0'1209 

~ 86 87'40 1'9415 1538 3'1870 0'001890 3'2764 
0'1233 0'1138 0'1164 

0 95 116'1 2'0648 1999 3'3008 0'00247 1 3'3928 
<is 

0'1187 0'1093 O'II20 i 104 152'6 2'1835 257 1 3'4101 0'003197 3'5048 

'" () O'II45 0'1053 0'1079 

0 Il3 198'6 2'2980 3277 3'5154 0'004099 3'6127 

~ 
0'1102 0'1012 0'1039 

122 256'0 2'4082 4136 3'6166 0'005207 3'7 166 ...-
(V 0'1064 0'0976 0'1003 

131 32 7'0 2'5146 5178 3'7 142 0'006560 3'8169 C>I 
0'1027 0'0940 0'0966 C>I 

C;;) 



T, p, Log, p, 41og.P, L Log L. A log, L D, Log,D, Alog.D, ~ 

8 
140 'P4'3 2'6173 6430 3'8082 0'0081 94 3'9135 

0'0992 0'0906 
2'0068 

0'0933 
149 520'6 2'7 165 7921 3'8988 0'01016 

0'0958 0'0874 
2'0970 

0'09°3 
158 649'1 2'8123 9687 3'9862 0'01250 

0'0926 0'0843 
2'184° 

0'087° 
167 803'3 2'9049 11760 4'0705 0'01528 

0'0897 0'0816 0'0844 
176 987'6 2'9946 14300 4'1531 0'01855 2'2684 

E 0'0867 0'0787 0'0815 
185 1206 3'0813 17010 4'2308 0'03338 2'3499 

0'0840 0'0762 0'0790 = 194 1463 3'1653 20380 4'3°7° 0'02685 2'4289 e 0'0814 0'0736 
2'5053 

0'0764 
203 1765 3'2467 24°20 4'3806 0'03201 

~ 0'0789 0'07 13 0'0741 
0 212 2116'4 3'3256 28310 4'4519 0'03797 ;'5794 <is 

i 0'0765 0'0690 0'0719 

'" 
221 2524 3'40U 33180 4'52°9 0'04480 2-6513 

() 0'0741 0'0668 0'0697 
0 230 2994 3'4762 38700 4'5877 0'05260 2'7 210 

~ 0'07 31 0'0648 0'0678 
..- 239 3534 3'5483 44930 4'6535 0'06149 2'7888 
(V 0'0700 0'0638 0'0657 

248 4153 3'6183 51920 4'7 153 0'07 153 2'8545 
0'0678 0'0608 \ 

0'0638 



T. P. Log. P. "log. p, L. Log,I. 4 log. L. D, Log, D, Alog,D, 

257 4854 3'6861 59110 4',,61 0'08285 2'9183 
0'0661 0'0591 0'0621 

266 5652 3'7522 68420 4"8352 0"09559 2'9804 
0'0641 0'0572 - 0'0603 

275 6551 3"8163 78050 4'8924 O"IOgS 1"0407 
0'0624 0'0557 0'0586 

284 7563 3'8787 88740 4'9481 0'1257 1'0993 
0'0607 0'0540 0'0572 

E 
293 8698 3"9394 100500 5'0021 0'1434 1"1565 

0"0591 0'0525 0"0556 
302 9966 3'9985 113400 5'0546 0"1630 1'2121 

= ~ 0'0575 0'0510 0'0542 
0311 11380 4'0560 127500 5"1056 0"1846 1'2663 ia 

0'0560 0'0496 0'0526 I!!I 

320 12940 4'1120 143000 5"1552 0"2084 1"3189 ~ 0'0546 0'0483 0'0515 
329 14680 4"1666 159800 5'2035 0"2346 1'3704 

0'0531 0'0469 0'0503 
0 338 16580 4'21 97 178000 5"25°4 0"2635 1'4207 

<is 0'0519 0"0457 0'0489 i 347 18690 4"27 16 197700 5"2961 0'2948 1"4696 

'" 0'0505 0'°444 0'0477 () 356 20990 4"3221 219000 5'3405 0'3291 1"5173 0 0'0493 0'0433 0'0466 
~ 365 23520 4'37 14 242000 5'3838 0'3664 1/639 ~ ...- 0'0480 0'0421 0'0455 Q) (V .... 



1:1. 
c; 
L~ 

T. P. Log. P. 4 log. P. L Log. L. 4log.L D. Log. D. 41og.D. 

374 26270 4'4194 266600 5'4259 0'4°68 1'6094 
0'°47° 0'0411 0'0445 

383 29270 4'4664 293100 5'4670 0'4507 1'6539 
0'0458 0'04°1 0'0435 

392 32520 4'5122 321 400 5'5071 0'4982 1'6974 

! o'oH7 0'0390 0"0426 
401 36050 4'5569 351600 5'5461 0'5495 1'7400 

0"0438 0'0381 0'0416 
410 39870 4'6007 383900 5'5842 0'6048 1'7816 = 0"0426 0'°37 1 0"0407 a ·P9 43990 4'6433 418100 5'6213 0'6642 1'8223 

0"0418 0'0362 
1'8620 

0"0397 I 428 48430 4-6851 454500 5'6575 0'7 278 
0 

<is 

i 
'" EXPLANATION 01' 8YJUI01& 
() 

T.-Temperature on Fahrenheit's scale. 0 

~ P.-Pressure in pounda avoirdupois per square foot. - L.-Latent heat of evaporation per cubic foot of vapour in foot-pounda of energy. To reduce this to units 'rv 
I of heat, divide by 772 (Joule's equivalent~ 

D.-Probable weight of a oubio foot of vapour in pounda avoirdupois. 



V, 

TABLE 01' Pao'DTmI 01' VAPOUR 01' &Ru BY TBB CUBIC FOOT, 

T,FAhr, p. Los, p, "los, P. L Log.L AIOf·L D, Log. D, "log, D, 

32° SII 2',08S 6S22 3'8144 0'05056 i'7°38 
0'1944 0'1751 0'1788 

So 800 2'9029 9761 3'9895 0'07631 "8826 
0'1796 0'1610 0'1645 

68 1209 3'0825 I·P42 4'1505 0'1115 i'047 1 
0'1664 0'1486 0'1520 

86 1774 3'2489 19991 4'2991 0'1581 i'I991 
0'154' o'I37S 0'1406 I 104 2S33 3'4036 27328 4'4366 0'2186 1'3397 
0'1441 0'1275 0'1305 

122 3S29 3'S477 36652 4'5641 0'2953 1'4702 
0'1347 o'JI87 0'1214 

14° ,,813 3'6824 481'3 4-6828 0'3905 i'5916 
0'1261 0'1106 0'1133 

0 158 643" 3'808S 62145 4'7934 0'5069 1'7°49 
<is 0'1179 O' I OSO 0'1055 i 176 8441 3'9264 78777 4'8964 0'6463 i'8104 

'" 0'1111 0'0966 0'0990 () 
194 10902 4'0375 98401 4'993° 0'8117 i'9094 0 

~ 
0'1045 0'0904 0'0927 

212 13868 4'1420 12JI7° S'0834 1'0048 0'0021 ..-
(V ~ 

C) 

95 2116'4 3'3256 23290 4'3672 0'1856 1'2686 w 



VI, ~. 
<:'> 

TABLE OF PROPERTIES OF STEAlI OF M~ DBNSITY BY THE POUliD A VOIBDUPOIB. 
.... 

T. p, Log, p, "log, p, p, v, Log, v, -4 log, V, U, "U; H. A. 

320 12'27 1'0887 0'085 3390 3'5302 0 842872 0 
0'1572 0'1489 15200 

41 17'62 1'2459 0'122 2406 3'3813 15200 844988 6948 
0'1507 0'1427 14850 

50 24'92 1'3966 0'173 1732 3'2386 30050 847 103 1389ii 
0'1446 0'1369 14500 

~ 59 34'77 1'5412 0'241 1264 3'1017 44550 849218 20844 
0'1388 o'I3n 14160 

68 47'87 1'6800 0'333 934-6 2'9706 58710 851333 27792 = 0'1333 0'1261 13860 

7'1 65'06 1'8133 0'452 699'0 2'8445 72570 853448 34740 iI! 
0'1282 0'1209 13530 1"1 

86 87'40 1'9415 0'607 529'2 2'7236 86100 855563 41702 ~ 
0'1233 0'1164 13240 

('l 

0 95 116'1 2'0648 0'806 404'8 2'6072 99340 857678 48650 ~ 
<is 

i 0'1187 0'1120 12950 

'" 104 152'6 2'1835 1'06 312 8 2'4952 II 22 go 859793 55612 
() o'II45 0'1079 12660 
0 113 198'6 2'2980 1'38 244'0 2'3873 124950 861goS 62560 

~ 0'1102 0'1039 12400 
...- 122 256'0 2'4082 1'78 192'0 2'283. 137350 864024 69522 
(V 

0'1064 0'1003 laUO 

131 327'0 2'5146 :'27 152'4 2'1831 '49470 8661 39 76484 
0'1027 0'0966 11870 



T, F, Log. p. 4 log. p, p, v. Log. V, -4 log. V. U. 4 U. H. .t 

1400 '''4'3 2'61 73 2'88 122'0 2'0865 161340 868254 83459 
0'0992 0'0933 11620 

149 520'6 2'7 165 3'62 98'45 1'9932 172960 870369 90435 
0'0958 0'0900 11380 

158 649'1 2'8123 4'51 80'02 1'9032 184340 87 2484 97411 

0"0926 0'0872 11150 
167 803'3 2'9049 5'58 65'47 1'8160 195490 874600 104387 

0'0897 0'0843 10920 ! 176 987'6 2'9946 6'86 53'92 1'7317 206410 876715 111363 
0'0867 0'081 4 10700 

185 1206 3'0813 8'38 44'7° 1'6503 217110 878830 118353 = 0'0840 0'0791 10490 
ii1 194 1463 3'1653 10'16 37'26 1'5712 227600 880945 125357 

0'0814 0'0762 10270 
l1li 

203 1765 3'2467 12'26 31'26 1'4950 237870 883060 132360 :! 
<=: 

0"0789 0'0741 10080 III 

212 2116'4 3'3256 14'70 26'36 1"4209 247950 885175 139363 !:7 
0 0'0765 0'0718 9860 

<is 

i 221 2524 3'4°21 .17'53 22'34 1'3491 257810 887 290 146380 

'" 
0'0741 0'0697 9670 

() 230 2994 3'4762 20'80 19'03 1"2794 267480 889405 153412 
0 0'0721 0'0677 9500 

~ 239 3534 3'5483 24'54 16'28 1'2117 276980 891520 160429 
..- 0'0700 0'0656 9310 
(V 248 4152 3'6.83 28'83 14'00 1'1461 286290 893635 167460 01 

0'0678 0'0637 9120 
~ 
01 



p, A log, P. p, V, Log, V, - A log, V, U, 4 U. H, Q< 
0> 
Q) 

3'6861 33'11 12'09 1'0824 295410 895751 174505 
0'0661 0·0620 8960 

266 5652 3'7522 39'25 10'48 1'0204 304370 897866 181564 
0-0641 0'0602 8790 

3'8163 45'49 9'124 0'9602 313160 899981 188637 
0'0624 0'0586 8620 

284 7563 3'8787 52'52 7'973 0'9016 321 780 902096 1957 11 

0'0601 0'0570 8450 

E 293 8698 3'9394 60.40 6'992 0'8446 330230 904211 202798 
0'0591 0'0555 8290 

3'9985 69'21 6'153 0'7891 338520 906327 209885 
0'0575 0'0541 81 50 

S 311 II 380 4'0560 79'03 5'433 0'7350 346670 908442 216986 
0'0560 0'0523 8000 

u94° 120 89'86 0'6827 354670 910551 224081 

~ 0'0546 0'05 13 7840 

329 14680 p666 101'9 4'280 0'6314 362510 912672 231216 
0'053 1 0'0500 77 10 

338 16580 4'21 97 115'1 3'81 4 0'581 4 370220 914781 
0'0519 0'0486 7550 

,p.!7 16 129'8 3'410 0'5328 377770 916902 24550 1 

0'0505 0'0475 1430 

356 'A0990 4'3221 145'8 3'057 0'4853 385200 919017 252658 
0'0493 0'0463 7290 

23520 4'37 14 163'3 0'4390 39~490 9~II32 
0'0480 0'0453 7160 



T, p, Log, p, 4 log, p, p, v, Log, V, -A log, V, U, AU, H, A. 

374° 26270 4'4194 182'4 2'476 0'3938 399650 923247 267013 
0'0470 0'0443 7020 

383 29270 4'4664 203'3 2'236 0'3495 406670 925362 274 198 
0'0458 0'0431 6910 

392 32520 4'5122 225'9 2'025 0'3064 413580 927478 281394 
0,°447 0'°421 6780 

401 36050 4'5569 250 '3 1'838 0'2643 420360 929593 288634 
0'0438 0'0411 6660 

! 410 39870 4'60°7 276'9 1'672 O'2~2 427020 9317°8 295874 
0'0426 0'0399 6530 

419 43990 4'6433 305'5 1'525 0'1833' 433550 933823 303128 = °'°418 0'0393 6430 

428 4843° 4'6851 336'3 1'393 0'144° 439980 935!>39 310381 ii1 
I!!I 

EXPLANATION OF SYMBOLS. 
~ 

~ T,-Temperature on Fahrenheit's scale, or boiling point. 
0 

P,-Pressure in pounds avoirdupois on the square foot. 
<is p,-Pressure in pounds on the square inch: Log. p = Log, P - 2'1584. 
i V.-Volume of one pound avoirdupois of steam in cubic feet. 

'" U.-Work in foot-pounds per pound by one pound of steam, admitted into the cylinder at the tempcra-
() ture To, and expanded witlwut liquefaction until its temperature falls to 320 Fahr. 
0 H.-Total Mcu, in foot-pounds of energy, required to raise one pound of water from 320 to To, and 
~ evaporate it at TO, 
..- h.-Heat, in foot-pounds of energy, required to mise the temperature of one llOund of water from 32° to T, en (V 

H -" = Latent heat of one pound of steam at To, ~ 
~ 



VII,-UlI'JACKETBD CYLINDERS, VIII,-JACKETED CVLI DERS, ~ 
Q:I 

TABU OF ApPROXlllATIl RATIOIL TABLR OF ApPBOXUIATB RATIos. GO 

rPm P, P, Pm 1 ,.P. p, P. P. .,. 
Po ,.p .. P., -P, .,. - P, ',.P • p. p. ,. 

20 'OS 3'55 '282 5'64 '177 20 '05 3'73 '268 5'36 '186 
13A '075 3'25 '3°8 4'11 '244 13! '°75 3'39 '295 3'93 '254 
10 'I 3'03 '33° 3'30 '303 10 'I 3'14 '318 3'18 '3 1 4 
8 ' 125 2'85 '35° 2'80 '356 8 '125 2'97 '337 2'7° '37 0 

6~ '15 2'7 1 '369 2'46 '4°7 61 '15 2'78 '360 2'4° '417 

§ 5 '2 2'48 '404 2'02 '496 5 '2 2'53 '395 1'98 '505 
4 '25 2'29 '437 1'75 '57 2 .. '25 2'33 '429 1'7 2 '582 
3A '3 2'13 '47 I 1'57 '639 3! '3 2'16 '463 1'54 '648 ... 
2' '35 1'99 '5°3 1'43 '697 2' '35 2'02 '496 1'42 '7°7 lJ 
2~ '4 1'87 '534 1'33 '748 :i '4 '89 '529 1'32 '756 ~ 2& '45 1'77 '567 1'26 '797 '45 '78 '562 1'25 '800 III 

'5 1'67 '600 X'20 '833 2 '5 1'68 '596 1'19 '84° ~ 
I/,- '55 1'58 '635 1'15 '869 II. '55 1'59 '63° 1'145 '874 ~ 
,~ '6 1'49 '669 I'll '894 IJ '6 1'5° '666 1'110 '9°° 0 .. liT '65 1'42 '7°3 1'08 '923 II'T '65 1'43 '70O 1'077 '929 

~ ~ If '7 1'35 '74° '06 '945 I' '7 '35 '74° 1'057 '945 
~ a '75 1'28 '781 '960 IA '75 1'28 '778 1'037 '96o '04 pc ::: '8 1'22 '821 1'03 '976 ~t '8 '22 '81 9 1'024 '976 
r 1\'.,. '85 1',6 '861 1'01 3 '986 '85 1',6 '861 1'01 3 '986 
c.; I~ '9 I'll '9°3 1'003 '997 [j- '9 I'll '9°3 1'003 '997 
V: .----------
(i 

EXPLANATION OF SYMBOI.9 IN TABLES vn, AND VIII, 

, .;' ~tio of c~pansion i I + r, real (lut-off; Pl' abHolt~te pressure of admil!.~ion; p .. , 1l1(~111 nlJ80)lIto prOfl8Urll ; 
,1 ... ~ Pl' ratIO of wholo ,~!J8 work of steam on pIston to gross work timing Il.dmilJllioll' P .;. rI' t' 
of gl'{lRg wOl'k llul'lJ!g !l\lml~"1U1i to whole gro!lll wOl'k, '1 ... n\ 10 

~ 



INDEX. 

ABSOLUTE temperat1ll8 (_ Temperature), 
228. 

Abeolute zero, 228. 
Accelerating efFort, 33. 
Acceleration, 18. 
Actual energy, 85. 
Adhesion oflocomotivea, 528. 
Adiabatic lines, 802, 319. 

for air, 1146. 
for steam, 338. 

..Ether <_ Ether). 
Air engmes, 1146. 
Air engine, perfect, 1147, 802-

temperatnre changed at conatant pres
II1U'e, 8M. 

temperature changed at conatant volume, 
362. 

heattranaferredatconatant preunre, 37L 
Air, ~on and eluticity of, 229. 

for fiimacea; anpply and distribution of, 
280, 281, 286, 291. 

11011' of, 824. 
paaaagea,.469. 
themiAllines fot 346. 
thermodynamic r.;ction for, 846. 
thermodynamic properties of, 318, 319. 
veae1a, 148. 

.Air-pump, 482, 608. 
pump Valves, 123. 

Angubir motion, 3. 
villocity,4-

Anim.~ power of, 81. 
Anthracite, 276 (_ Fuel). 
Ash,274-

pit, 450, 468. 
AIi&ee, work of, 89. 
Atmospheric pressure, 109, 226. 
Available heat of combuation (see Com-

bustion). 
Axil, permanent, 27. 
Axles, atrength of, 76, 78, 79. 

BACK preuure (_ Steam, Back Pret!-
lure of). 

Backwater of mill pond, 161. 
BaSer&, 261, 461. 
Balance of oentrifugal forces and couples, 

27. 
of efFort and resistance, 81. 

Ball clack, 120. 

Ban, strength of, 66. 
!WterY, galvanic, 642. 
Beam of Iteam engine, 48"2, 510. 
Beams, strength of, 75. 
!IiJw1 Vlpour engines, 444. 
Bituminoua unguents, 16. 

ingredients of fuel, 278. 
coi1, 2;6 (see Fael). 

Blaat pipe, 218, 285, 288, 481, 5:11. 
Blind ixi8l, 265 (_ Fuel). 
Blow through v&1ve, 481 • 
Blowing apparatus for fumacee, 282, 290, 

. 461, 469. 
Blowing oft' appamtus, 458, 46f, 521. 

in locomotives, 630. 
Boiler. parta and appendai!ea of, 451. 

heating surface 01(_ Heating Surraoe). 
home-power of (see Nomin8.l Hol'IIe-

power). 
room, 46'2. 
shell, 451, 469. 
....,., 69, 465, 459. 

BoIlela, efficiency of, 290. 
and fnrnacee, geueral arnngements, 419. 
eumples of, 469. 
atnmgth of, 67, 70, 459, 466. 

Boiling points, 226.280, 287. 241. 
reaiatanoe to, of brine, 242 • 

Bolte, strength of, 66, 69,71. 
Brakes, 62-
Breast of a water wheel, 1M. 

wheela, high, 180, 177. 
wheela. low, 161. 

Bridge ot furnace, 450, 452. 
Brine, boiling points of, 242. 

blowing otr, 468, 464. 
pum~ 468 464. 

BUcket hoist, i 06. 
Buckets of water wheela, 162, 180, 188. 
Burning (see Combustion). 
B1UIItin~ (see Exploeion). 
Bntterlly Clack, ll8. 

OALOIlDlETBJIS for meaanring quantities 
of heat, 2«. 

CaJl&Clty for heat (see Specifio Heat). 
Carbon, 268, 272, 278. 
Carbonic acid gas, expansion and elasticity 

Of,229. 
acid gas, 269. 
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570 INDEX. 

Carboaic oDIe, •• 
Catanc&, 488, 624-
Ceutrif!Jgal forlll, 27. 

couple; 27. "= Sow or water iD, 1M. 
~---:-1 274 (- Fael). 
\;DeII1ieaI acUon, ~ or, 287, MO. 
Cbemnitz (_ Schemnitl)' 
Ch8Tll1. foree de, 2. 
Chimae1, 286, 288, 461, ~9. 
CIacka, 117. 

compound, 1«' 
relief, I ... 

CI8U'UICe, -&18. 
CIothinIl for bollen, 466. 

for cy\aden, .sl. 
Cloudy_vapour, 24i. 
Coal, 276 {_ Fael). 
Cocks, 126. 
Coke, 276 C_ Foel). 
Cold well, i8l. 

w.ter pumPl481, 608. 
Collar, lAther, 12& 
Columna, ItmIgth of, 78. 
CombiDed mgi-. m. 
Combustion, 287. 

air reqaind 'Gr, 280. 
available hIat of, 290. 
rate of, 2U. 
total bea' of, 287, 270,277. 

Compreeeloa (_ CaabiooiDg} 
beama~ by, 819. 

Concmtric cylillder, 602. 
Condeoaatiaa, 241. 

IIi higb JI"IIIIIl'Il, 412. 
of steam dariaS upaDlion, 386. 
aarfaee, 266. 
water, net, 889. 40 I. 
water, WPl, .sl, /lO7. 

Condenaer, .s1, 607. 
sun-, 481, /109. 

CondeneiDg 8llginee, 478. 
Condaetion of beat, 267. 

in cyliaden, 421. 
Conic8l yam, 118, 486. 

dinded, 120. 
Connlding meehaniIm of steam engiDes, 

610. 
rod,482. 
rods, IItreDgth of, 74. 

Conmction of IkeaIn, 94, 102, 160, 168, 
824. 

ConYeC&ion of beat, 261. 
Cooliag aarfaee, 266. 

by expaDlioa, 819. 
CorDiah lIoiler, 471. 

pnmpiDg engine, 37, 62B. 
Connter, 662-
Connterpoiae, DO Cne Balance). 
Cranee, bydri.nlio, 183. 

Crank, 411!, 611. 
eftbrt on, 611. 

Cranks, strength of, 76,79. 
era. breUing, reeiaWlce to. 75-
c-beada roo WIa, IItrensth of, 76. 
Craahing, reaiRance to, 72-
Crust, iDteraal. iD boiler (_ DepoIIit). 

utemal, 468. 
inc:reuecI. COIIIQIIIption of fuel eaued by, 

468. 
Curren~ water wbeel iD ID 01*1, 188. 
Caabionmg the laid in angina, 886, 1M 

Iteam) 420. 
em ofF \_ Steam, action of). 

Yalve <_ Expansion ftIYe). 
Cylinder, 822, 4110, 600. 

coYer, 481. 
atftll1atb of, ff1, 600. 
~ boiler, 470-474, 478. 

DAJlPna, 461, 4611. 
De.d plate, 282, 4j9, 468. 

.... 1 .... 612. 
~m boi1en, 487 
Detached furnue boiler, 279, 288, 449, U8, 

476. 
~fimle, 26. 
~ indica\or <_ Inclioator). 
Diaphngm Yal'nBt 126. 
Dinoet Mlting engmes, 489, 6lt, 618, 620, 

626. 
Diac and pivot Yal", 128. 
electro-~ engine, 646. 
Iteam eneme, 482, 6M. 

ponkeJ anput, "" , 
Double ..mng Iteam engine, ao, 479. 

beat val", 120, 486, 600. 
Cl1liader Iteam ~, 60, .st, 601, 608. 
ffunace boi1en, 28J, 478, 474, 478. 
piaton ~e, 608. 

Draaght of film-, 286. 
Drowned weir, 161. 
!>r1 coal, 276 (- Fnel). 
DUplu cylinder, 602. 
DyDamometen, 40. 

EBULLITIOIf, 241. 
I_trio, 490. 

Jooee, 491. 
Ecouomizer <_ Regen ....... ). 
Edaction yalves, 480, 486. 
ElFeot, '0. 
Efti~,88. 

couditionl of, greatelt, in heat_gin_, 
a... 

of a fall of water, 91. 
of air enginea, 846. 
of electrO-lIIIIgIIetlc 8Dl[inea, 644. 
of furnace IDd boiler, !lBO. 
of mechanllm, m. 
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Etlleiency of ~en, 660. . 
of steam, 4 Ii see aJao Steam, doD of). 
of the fluid in engines, 882, 842-
of turbines, 198. 
of nrtiea1 _tar-whee1a, 17f. 
of wiDdmiDa, 218-

Eft'ort, 80. 
Elaaticitr of ~ 229. 
E1ectro-ChemicaI circait, 6042. 
E1~magoetlc attractiODa and repu1-

Il\0l11,644. 
bar-engme, 647. 
disc-engine, 646-
engines, 639. 
engines, efficiency of, 644. 
engiD~ their cost of working, as com

parec11ritb beat-engines, 641. 
plunger-englne, 648-

E\ectn):.motive force, 643. 
Energy, actual, 36. 680. 

and work, equality of, 82, 840. 
intrinsic, 813. 
law of tbe transformation of, 809, 640. 
of chemical action, 267, 040. 
of beat, 299. 
potential, 82, 689. 

Equilibrium valve, 122, 486. 
slide-valve, 489. 

Equivalent, d!Damical, of beat, 299. 
Equivalents, lIhemical, 267. 
Elcape valve, 481. 
Etber, formul81 for, 237, 446. 

and steam engine, 446. 
table for, V .• 668. 

Evaporation, 2~ 241. 
faCtors of, 266. 
latent beat of <see Latent beat). 
measurement ot beat by, 2M. 
total heat of, 268, 827. 

Exhaust port, 487. 
Expansion by the slide valve, 491. 

cooling by, 819. 
free, 822. 
latent heat of (see Latent beat). 
of guee, 229. 
of liquids, SI}!; ;.' ~ J,.:b
of solids, 284. 
valves, 480, 498, 499. 

Expansive action of heat in fluids, 810. 
action of steam (_ Steam, aet.ioD of, on 

piston). 
Explosion Of boilers, 468-

FALL of water, 91. 
enBW0f, 98. 

Fan blower, 1190. 
Fan steam engine, 588. 
Feed apparatna, 462, 4M, 662. 

pump, 462, 46f. 
Feild-water heater, 262, 284, 688. 

Feed-water, net, 889, 401. 
tota1, 46f. 

Fifth powers anll ~ 167. 
Fire bars (see Grate). 
rill! box, 449, 462. 

strength of, 69. 
Fire doora, 279, 282, 450, 468. 
Fire, temperature of, 288. 
Firing fuinacee, 281, 291. 
Flame, 278. 

cbamber, flame bed, 460. 
Flap valves, 122, 12a. 
Flexible tube valves, 126. 
Flexure, moment of, 76. 
Float in boiler, 468. 
Floate of water wheel (see Vanes). 
Flow of water, measurement of, 92 •. 

through channel, 164. 
thronib pipes, 113. 

Flues, 460, 402, 461. 
strength of, 70. 
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Fluid condition, 288-
Fly wbeels, 69, 482. 
Foot-pound, 1. 
Frame and mechanism of engine, streDgth 

of, 620 (see Strengtb). 
Frictiou, 74. 

beat llroduced by, 299. 
of f1mda, 66, 99. 

Fuel, inlP:J'8Cliente of, 278. 
available beat of combultion of, 290. 
kinds of, 27'. 
rate of combustion of, 284. 
supply of air to, 280. 
total heat of combnation of, 277. 
waste of, 290. 

Furnace (see Combustion and Fuel). 
Rnd boiler, efficiency of, 290, 406, f09. 
and boiler, j!eDeral arraugmDenta of. 449. 
efficiency of, in air engines, 880, 870. 
examples of, 469. 
front, 450,468. 
gas en~ne, 874. 
height of, 467. 

Furnaces, parte and appendagl!l of, (49. 
Fnsible plug, 464-
Fusion, temperatures of (1Ie8 Melting 

pointe). . 
latent blat of (see Latent heat). 

GAB,490. 
Gas, perfect, 226, 668. 
Gases, expansion and elatIcity of, 2211, S I 0, 

66',666. 
flow of, 324. 

Gaaeflcation, total heat of, W, 827. 
Gasket, 129. • 
Governors, 68, 168,480. 
Grate, 286, 449, m. 
Grates, moving, 283, '57. 
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572 INDEX. 

Gravity, 19. 
G-,16. 
GI'IlIIII8~4.8l. 
Guidea for piaton rod, 482, 612. 
Gyration, rWlII of, 23. 

HEAD of water, 91. 
HMd, 1018 o~ 100. 
Hearth, 449, 467. 
Heat, 224-

engines, 223. 882. 
engines, aetion of fluid on piston. 137. 
dynamical equivalent of. ~9. 
lAtent (_ lAtent heat). 
meohanical action of (_ thermody-

namics). 
qnantitiea of. 2~ 800. 
specifio (_ Specific heat). 
total aetnal, 8u6. 
transfer of, 267. 
unit of. 244. 

Heating surface, 262. 293, 461. 
total and elFective, 462. 

Height dne to velocity, 21. 
table of, SOl. 

Hempen packing, 129. 
Hil$h pre8lDre Iteam engines, 4i8. 
Hoist, water bucket, ) OS. 
Hoist&, wator presslIIIlI, 188. 
Horee engine, 660. 

power, 2, 40. 50 <_ alao Indicated 
power). 

power, eifective, of steam enlPne, 422-
power. nominal ~ Nommal horse-

power). 
Hones, work of, 88. 
Hot well. 4.82. 
H~n machine, 144. 
Hydiaulio cranes, 188, 188. 

hoista, 188. 
Pl'llllll, 66, 129. 
Prellll, strength of, 69. 
purchases, 188. 
ram, 211. 

Hydrocarbons, as ungnents, 16. 
as fuel, 2i8. 

Hydrogen, 261:1, 269, 272, 278. 

loB, melting of, 226, 881. 
Impulse, 20. 

of fini,!s, 211. 
of water, 168, 211. 

Indicator, steam engine, 47. 
friction of, 422. 
position of, 422. 

Indicated ~wer, 50, 61, 882, 839, 8i6. 
Indicator ~m, theoretical, 876. 

diagram, dISturbances of, 41i. 
Induction valves, 480, 486. 
Inertia, 21. 

Inertia, moment of, H. 
rednced, 28. 

Injection water (_ Condenation water). 
valve 4.81, 608. 
In~ ap'proximate comJlllf.ation ~ 11. 
tsodiabatic lines, 845. 
Iaothermallines, 302. 

J ACJ[ET rouud steam CJlinder, 895, 481. 
Jacketed cylinders, action of steam in <_ 

Steam, dry saturated). 
Jet pnmp, 21a: 
JonrnaIa; friction of, 18. 

atreugth of. 76, 79. 
Junk ring, 129. 

KBYS, strength of, 71. 
Kilogrammlltre, 1. 
Knot, or nantical mile, per hour, 2. 

LAP of slide valve, 491. 
Latent heat ofupanaion, 250,309,812,819. 

heat of evaporation, 252, 826, 669, 663, 
664. 

heat of fusion, 250, 881. 
Lead of slide valve, 49L 
Leather collar, 128. 

packed piston, 128. 
LeVers, atreugth o~ 76. 
Link motion, 497. 
Liquefaction (see Condensation). 
Liciuid state, 2M. 

water in cylinder, elFecta of, 895, .ttL 
Liqnids, expansion of, 282. 
LoComotive steam engines, 469, 628. 

adhesion of wheels, 628. 
air, supply of, 281. 
back pressure in, 882. 
balancing, 680. 
bwt pipe, 688. 
combustion in, 286. 
condanaing. 412. 
efficiency Of furnace and boiler, 298. 
I:X&IIIplea of, 682. 
expansion in, 491. 
furnace and boiler, 449,406, 457, 4S9, 

460,468. 
heating cylinder. 896. 
link motion, 497. 
regulator, 4.85. 
resistance of rel[ll\ator, 413. 

of engine aneT train, 629. 
safety vuves, 465. 
smolte burning, 282. 

Low pressure steam engines, "78. 

MACHl5E, action of, 1. 
Man, work of, 84. 

hole, 462. 
Marine boilers, 474, 477. 

steam engines, 479, 616, 618, 626, 538. 
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Mass, 19. 
Mecblllliml of Iteam engines, 478. 

reslatance and efllciency of, 422. 
Melting <_ FusiOD). 

poillte, 226, 236, ~51. 
MeJ'C1lrial barometer, preII81I!e gauge, and 

VICUDID gauge, no. 
thermometer, 238. 

lletallic pac:king for piatona, 406. 
Mill pond, 160. 

site, 91, 160. 
Modulus Of a machine, 89. 
Moment of friction, 17. 

of motion, 21. 
of reslatance, 8. 
statical, 8. 

Momentum, 19. 
Mouthpiece of~ 460,.u8, 476. 
Mud hole, 462. 
Mules, work of, 89. 
Multitubular boilen (_ Tubular boilers). 

NII.mAL hone-power of engines, 4i9. 
of boilers, 478. 

Nou-oondensin~ engines, 478, 480. 
Notch board, flow OTer, 9S. 

On .. 16. 
0rilIce, flow of water ~l!.gh, 96. 
OllCillating engin~ 482,Ii08, 018. 
Oven, or detaclled I'arnaoe, 283, 449, 476. 
Overshot water wheels, 160, In. 

wheels at hi£h speeds, 186. 
Oxen, work oC 89. 
Oxygen,268, ihs. 
J>AClUNG, hempen, 129. 

leather, 128. 
metallic, 606. 

Paddle enJdDea.· 616-620, 5118. 
Paddles, ellciency of, 660. 
Parallel motion, 482, 612. 
PIISIIIIgeII, reeistance of, to lIow of Iteam, 

418,486. 
Peat, 276 (_ Fuel). 
Pendulum, nrt'olving, 26. 
Periodical motion, 87. 
Pillan, strength of, 78. 
Pina, strength of, 71. 
Pipee, flow of water through, 112. 
futon, actiOD of water on, 110, 128. 

of water engine, 12& 
rodI, 006. 
strength of, 14-
TIIlvee, 126, 141. 

Piatons of Iteam and other heat engines, 
882, 480, 60S. 

advantages of long stroke, 507. 
apeed or. 6O&. 

PiYOte, frktwo of, 17. 

Plug rod, 488. 
PIDDJer, 127. 
PODd, mill, 160. 
Porte, Iteam, 418, 480, 486. 
Posta, atrength of, n. 
Potential energy, 112. 
Power, 40. 

muaenlar, 81. 
of a fall of water 91. 
of an OYenhot wbeel, 185. 
of an DDdenhot wheel, 188. 
of turbines, 198. 
of windmill., 118. 
(_ aIao Ellicien""). 

Pniu, h~ul' s&: 
Pre.ur8, baek '': Back prtIIIIUfe). 

ganges, 110, ~ 
IDtenaity of, 4-
lou of, 418. 
mean elFective, 60, 61. 
mean elFective in air eugines, 868, 809, 

387,368,878. 
mean etrective in heat engines, 889. 
mean elFective in Iteam engines, 878, 388, 

899,401. 
various units of, 6,1101 888. 

Praauree, cuatoJnaI'y mOde of atating, 108, 
427. 

Prime mOYerl defined, 13. 
c:laued, 80. 

Primin2. 48L 
Proof ol atreogth, 66. 
Proving boilere, 486. 
Pomp brat .. e8. _ 
Pomping eugines, 618, 025. 

QVA1ftlTlU of heat, 248. 
of heat expreued in foot-pounde, 800. 

lLI.DIATIOIf of beat, 257. 
from fuel, 228, 292. 

Ram, hydran1ie, 211. 
ReactiOD Iteam engine, Il88. 

of water 178. 
water w~ 19G, 197, 206. 

Reciprocating coree; 86. 
!leg8nerator 844. 
Reiuiatore l- Throttle valve), 62, 11/i. 
RefN=21. Relief 144-
Belliatance 0 elecbic' eireuit, 648. 

of locomotive engines and train., 629. 
of Iteam engine, D1. 
of steam ~ 'IS. 
of water:r:' and channela (lee Flo ... 

of water 
to cond on ofhelt, 267. 

Beton boiler, '70. 
~ engines by looee -tric, 491. 

by liDi motion, ~ 
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574 INDEX. 

Rivets, strength of, 71 (_ also Boiler 
she1la). 

Road locomotiV8ll, 537. 
Rollin.g l'I!Ii!tllnce, 17. 
Rotative steam engines, 479. 
Rotatory steam enginllll, 478, 482, ooa 
RIlPture, modnlus of, 17. 

SAJ"IITY valve, 11 9, 41:4, 464-
Sails of windmills, 217, 21&, 
Schemnitz mllChinll, 144. 
Screw engines, 528, 625. 

propeller, i!IIBciency of, 5.'iI1. 
SeCtor cylinders, 60S. 
Sediment in ooilen (see Deposit), 

collector, 468. 
Shafts, 482, 

of marine engines, 520. 
strength of, 75, 18, 1!1. 

Shearing, realstance to, 11. 
Side lever engines, 616, 
Single acting steam engines, 50, 833, 1IB4, 

1189,478. 
Slide valves, 124, 480, 486. 

long, 487. 
short, 488, 

Slip dock, hydraulic purchase fur, 18t. 
Sinices, 108, 166, 
Smoke, 278. 

box, 451. 
llrevention of, 281. 

Sntfting valve, 481, 
Solids, up!llllion of, 2114. 

melting points of, 2&. 
Soot, 218. 
Sound, velocity of, 249, 821. 
Source of water, measuremcnt of, !l2. 
Sources of water power, 91. 
Specific heat of lilj,nids and IIOUd!, 246, 555. 

heat, dynamicaJ, real and apparent, 807, 
SUI. 

beat of gases, 248, SIS, 664. 
Spheroidal!ltats of Huids, 2118. 
Startinj, 88. 
Stays {_ Boiler stays, Fire boll: !Itaya), 
Steam, action of, against known reaiataDce, 

428. 
action of, on pillton, 50, 51, 875, 877, 

887, 896, 668. 
action of, practieal examples, 404-
and ether engine, (45. 
appro:mnato fonnulll!!, 892, 402, 
b&Ck pressnre of, 881. 
chest, 451, 460. 
density of, 280, 826, 1i52, 559, 564. 
dry atnratod, action of, il1I6. 
elasticity of, 230. 
cugine, rellistanll!! lUId efl!ciency of me· 

cbanism, 422. 
engines claued, 47& 

Steam engines, parts of. 480, 484, 
gas, properties of, 255, 820, 8!7, (80, 
bow to interpolate quantities in tablea,880. 
in uujacketed cylinder, S81. 
Iatsnt heat of, 262, 326. 
pusages, 414, ,~. 
pipe, U3, U4, 480. 
pre88Ufll of II&tm'ation of, 217. 
room, 462-
IlUperheated, or !Iteam gill, provisional 

theory of; 480. 
tables relating to action of, IV" M9; 

VI.,.564; VIL, VUL, 568; IX, 441; 
X., 4~; n,443. 

tobles, interpolation in, 880. 
thermodynamic function and thermal 

lines for, 888, 
total heat of, 827. 
valve (_ Induction nlve). 
whiatle, 4H. 

Steel boill!J1l, t6Il. 
Steeple engines, 549. 
Stop valve, 4S4, 480. 
Stopping, 88. 
Stream(aee Flow} 
Strength of machines, 64. 
Stroke of pillton, advantages of long, 507. 
Struts, iron, 111. 

timber 74-
Stulling !";z, 481. 
Suction pipe, I Oli. 
Superheating Iteam, 261, (28, Il62. 
Surface blow, 465. 

oond_tillu (see Condensation). 
cooling (_ Cooling surface). 
beating <_ Heating 1IUlf_). 

TAPPBTB, 486. 
Tempenotnre, 224, 225, 806, 
Tenacity,66. 
TeI!ting strength, 115. 
Therni&llines, 802. 

fur air, 845. 
for stsam, 888. 
Il!llit, 2M. 

Thermodynamic functions, 809, 814. 
functions for air, 346. 
fnnctioDII for steam, lI88. 

Thermodynamies, 228, 299. 
frmt law of, 299. 
general equation of, 810. 
IIIlOOnd law IIf, 806, 861. 

Thermometera, 2211, 232, 806, 
Throttle valvI!1128, ~. 

resistance Of to Iteam, 418, 480. 
TOl'llion, INlBiItance to, 78. 
Total heat of combustion <_Combustion). 

IICtual heal; 1I0li. 
of evaporation <_ Evapclt8tion). 
of guelie&tioo <see OuiIication). 
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Transport of loads b1 m1l8Olllar power, 88. 
TrU1m1r88 atreugth, 76. . 
Treble C1linder 1IDginea, 602. 
TI'IIDk, 481 482. 
Tubes of b;ill8l'l and tube pIatea, 451, 462, 

460~ 481. 
Tabular boilers, 468, 47" 476. 
Turbines, Iteam, 688. 

water, 189, 20L . 
Turf, 276 (- Fuel). 
Twlatiag, resistance to, 78. 

aud bending, 'i9. 

UlmERIBOT water wheels, 161, 186. 
Undalatiou of indicator diagram, 422. 
Un~l6. 
Unjacketed Iteam eagine, 8117. 
Uptake, 451, 476. 

V.COUJI (;. ~ Customary Hode 
of Statiag; alto SteuD, Back ~ 
IIII'e at). 

~110,481. 
Tal.." 4M. 

ValYllll, 117 (eee alto Clacb). 
chest, 480. 
gaariDg, 482, 486, 486, 490. 
elide (eee Slide valvee). 
Iteam, resiatance of, 'Ill. 

Vauea, impalee of water on, 168. 
beet torm of, 170. 
frictiOD of water em, 171. 

Vapoura, properties of, 2S6, 326, 826, 6114. 
Verocity, 2. 

augular,4-
of piston (eee Piston). 

Vertical· tube boiIen, 481, 476. 
iDyerted _ mariDe eagiae, 62/1. 

VortR water wheel, 191, 198, 197, 198, 
207. 

W AGO. boiler, 489. 

W ute-e1uice, 158. 
Waate weir, 160. 
Water blower, 213. 

bucket eD~ea, 106. 
bucket h~ 106. 
upaD8ion CIt; h7 heat, 109. 
puge,4M. 
IIDpUlae of, 168. 
m_meat of flow of, 92. 
meters, 148. 
power, 91. 
power 1IDginllll, 97. 
pr8llllUre eaginllll, 107, 138. 
pr8llllUre hoiste, 183. room,"2. 
tube boilers, 461, 4 i6. 
wheel ~\'8I'IICIr8o 168. 
wheel m aD opea carreat, 188. 
wheel, vertical, choice of,177. 
wheels, horiSODtai (_ TurbiDIIII). 
wheela, vertical, 1511, 160, 174, 177, 186. 

Weir1 flow over, 93, 160. 
Windmills, 214. 
Wire-drawn steam, 418, 417. 
Wood, 276 (_ Fuel). 

hearth for bamiDg, 457. 
Wor~l. 

agamat au oblique force, 6. 
against gravity, 6. 
against varying resistance, 9. 
algebraical UpresaiODl for, 6. 
daring retarditioa, 86. 
in terms of augalar motiOD, 8. 
iD terms of pre&81ll'e aud volume, 4. 
of acceleration, 18. 
repreeeated b1 au area, 8. 
llU11J1U1r7 of, 24. 
eammation of qaautitiel of, 6. 
aaeful aud 10lt, 18. 

WrenchiDg, reeistance to, 78. 

Z-ca.urK. engine, 482. 

BELL AlII) ~, PBlBftB8, OLAIGOW. 
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