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8 Prof. Thomson on the Dynamical Theory of Heat.

I have thus, I trust with perfect impartiaUty, gone through

all the main experimental points of the author's investigations,

and upon the whole I can perceive nothing substantiated vihich is

positively irreconcileable with the principle of interference, while

the new modifications of the phsenomena here presented, so far

as general considerations can be relied on, seem sufficiently con-

formable to the undulatory theory : but as to theii- more exact, or

quantitative explanation, no definitive opinion can be pronounced,

until certain analytical investigations of almost impracticable

length and complexity, shall have been gone through, by which
alone that theory can be brought into exact and satisfactory com-
parison with experiment.

II. On the Dynamical Theory of Heat, with numerical results

deduced from jNIr. Joule's equivalent of a Thermal Unit, and
M. Regnault's Obsei-vations on Steam. By William Thomson,
31. A., Fellow of St. Peter's College, Cambridge, and Professor
of Natural Philosophy in the University of Glasgow*.

Introductory Notice.

1. ^IR HUMPHRY DAVY, by his experiment of melting
*>^ two pieces of ice by rubbing them together, established

the following proposition :
—" The phsenomena of repulsion are

not dependent on a ])eculiar elastic fluid for their existence, or

caloric does not exist." And he concludes that heat consists of

a motion excited among the particles of bodies. " To distinguish

this motion from others, and to signify the cause of our sensation

of heat," and of the expansion or expansive pressure produced
in matter byheat, "the name repulsive motion has been adoptedf."

pendiculav to the edge ; if circular, tending to the centre ; if angular, bi-

secting it ; if concave, spreading out, &c. A representation of the appear-
ance is given in Plate ii. lig. 8 (p. 155). At p. 190, the Editor adds a me-
morandum found among Ur. Hooke's papers, stating, that on March 18,

Ifi/^, he "read a discourse" on several new properties of light; which he
sums up as follows :

—

" That there is a deflexion of light differing both from reflexion and re-

fraction, and seeming to depend on the unequal density of the constituent
parts of the ray, whereby light is dispersed from the place of condensation
and rarefied or gradually diverged into a quadrant;" 2ndly, that this

tnkes place " jierpendicularly to the edge ; " and 3rdly, that " the parts de-
flected by the greatest angle are the faintest."

1 have fully referred to and commented upon Newton's description of the
same phicnomenon, conveyed in terms so singularly coincident, in my paper
before rcfen-cd to.

* From the Transactions ofthe Royal Society of Edinburgh, vol..\x.part2.
Passages added in the present reprint are enclosed in brackets.

t Prom Davy's first work, entitled " An Essay on Heat, Light, and the
Combinations of Light," published in 1799, in " Contributions to Physical
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2. The dynamical theory of heat, thus established by Sir

Humphry Davy, is extended to radiant heat by the discovery

of phsenomena, especially those of the polarization of radiant

heat, which render it excessively probable that heat propagated

through "vacant space," or through diathermanic substances, con-

sists of waves of transverse vibrations in an all-pervading medium.

3. The recent discoveries made by Mayer and Joule*, of the

generation of heat through the friction of fluids in motion, and

by the magneto-electric excitation of galvanic currents, would

either of them be sufficient to demonstrate the immateriality of

heat ; and would so afford, if required, a perfect confii-mation of

Sir Humphry Davy's views.

4. Considering it as thus established, that heat is not a sub-

stance, but a dynamical form of mechanical effect, we perceive

that there must be an equivalence between mechanical work and

heat, as between cause and effect. The first published statement

of this principle appears to be in Mayei-'s Bemerkungen ilber

die Krafts der unbeiebten Natwf, which contains some correct

views regardmg the mutual convertibility of heat and mechanical

effect, along with a false analogy between the approach of a

weight to the earth and a diminution of the volume of a conti-

nuous substance, on which an attempt is founded to find nume-
rically the mechanical equivalent of a given quantity of heat. In

a paper published about fourteen months later, " On the Calorific

Effects of Magneto-Electricity and the Mechanical Value of

HeatJ," Mr, Joule of Manchester expresses very distinctly the

consequences regarding the mutual convertibdity of heat and

mechanical effect which follow from the fact, that heat is not a

substance but a state of motion ; and investigates on unquestion-

able principles the " absolute numerical relations," according to

which heat is connected with mechanical power ; verifying expe-

rimentally, that whenever heat is generated from purely mecha-

nical action, and no other effect produced, whether it be by

means of the friction of fluids or by the magneto-electric excita-

and Medical Knowledge, i)rincipally from the West of England, collected

by Thomas Beddoes, M.D.," and republished in Dr. Da^7's edition of his

brother's collected works, vol. ii. Loud. 1836.
* In May 1842, Mayer announced iu the Annalen of Wbhler and Liebig,

that he had raised the temi)erature of water from 12° to \:i° Cent, by agi-

tating it. In August 184^, Joule announced to the British Association,

"That heat is evolved by the })assage of water through narrow tubes ;

"

and that ho had " obtained one degree of heat jjcr lb. of water from a me-
chanical force capable of raising 7/0 lbs. to the height of one foot;" and

that heat is generated when work is si)ent in turning a magneto-electric

machine, or an electro-magnetic engine. (See his jiaper " On the Calorific

Effects of Magneto-Electricity, and on the MecJianical Value of Heat."—
Phil. Mag., vol. xxiii. 184.J.)

t Annalen of Wiihler and Liebig, May 1842.

i British Association, August 1843; and fhil. Mag., Sept. 1843.
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tion of galvanic currents^ tlie same quantity is generated by the

same amount of work spent ; and determining the actual amount
of work, in foot-])ouncl9, required to generate a unit of heat,

which he calls " the mechanical equivalent of heat." Since the

publication of that paper, Mr. Joule has made numerous series

of experiments for determining with as much accuracy as possible

the mechanical equivalent of heat so defined, and has given

accounts of them in various communications to the British

Association, to the Philosophical Magazine, to the Royal Society,

and to the French Institute.

5. Important contributions to the dynamical theory of heat
have recently been made by Rankine and Clausius ; who, by
mathematical reasoning analogous to Carnot's on the motive
power of heat, but founded on an axiom contrary to his funda-
mental axiom, have arrived at some remarkable conclusions.

The researches of these authors have been published in the
Transactions of this Society, and in Poggendoi-ff's Annalen, du-
ring the ])ast year ; and they are more particularly referred to

below in connexion with corresponding parts of the investiga-

tions at present laid before the Royal Society.

[Various statements regarding animal heat, and the heat of

combustion and chemical combination, are made in the writings

of Liebig, (as, for instance, the statement quoted in the foot-note

added to § 18 below,) which virtually imply the convertibility

of heat into mechanical effect, and which are inconsistent with
any other than the dynamical theory of heat.]

6. The object of the present paper is threefold :

—

(1.) To show what modifications of the conclusions arrived at

by Carnot, and by others who have followed his peculiar mode
of reasoning regarcbng the motive power of heat, must be made
when the hyjiothesis of the dynamical theory, contrary as it is

to Carnot's fundamental hypothesis, is adopted.

(2.) To point out the significance in the dynamical theoiy, of
the numerical results deduced from Regnault's observations on
steam, and communicated about two years ago to the Society,

with an account of Carnot's theory, by the author of the present
paper ; and to show that by taking these numbers (subject to
correction when accurate experimental data regarding the den-
sity of saturated steam shall have been afibrded), in connexion
with Joule's mechanical equivalent of a thermal unit, a complete
theory of the motive power of heat, within the temperature limits
of the experimental data, is obtained.

(3.) To point out some remarkable relations connecting the
physical properties of all substances, established by reasoning
analogous to that of Carnot, but founded in part on the contrary
principle of the dynamical theory.
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Part I.

—

Fundamental Principles in the Theory of the Motive
Power of Heat.

7. According to an obvious principle, first introduced, how-
ever, into the theory of the motive power of heat by Carnot,

mechanical effect produced in any process cannot be said to have

been derived from a purely thermal source, unless at the end of

the process all the materials used are in precisely the same phy-

sical and mechanical circumstances as they were at the beginning.

In some conceivable " thermo-dynamic engines," as for mstance

Faraday's floating magnet, or Barlow^s " wheel and axle," made
to rotate and perform work uniformly by means of a current

continuously excited by heat communicated to two metals in

contact, or the thermo-electric rotatory apparatus devised by
Marsh, which has been actually constructed ; this condition is

fulfilled at every instant. On the other hand, in all thermo-

dynamic engines, founded on electrical agency, in which discon-

tinuous galvanic currents, or pieces of soft u'on in a variable

state of magnetization are used, and in all engines founded on
the alternate expansions and contractions of media, there are

really alterations in the condition of materials ; but, in accord-

ance with the principle stated above, these alterations must be

strictly periodical. In any such engine, the series of motions

performed during a period, at the end of which the materials are

restored to precisely the same condition as that in which they

existed at the beginning, constitutes what will be called a com-
plete cycle of its operations. Whenever in what follows, the

work done or the mechanical effect produced by a thermo-dynamic
engine is mentioned without qualification, it must be understood

that the mechanical effect produced, either in a non-varying

engine, or in a complete cycle, or any number of complete cycles

of a periodical engine is meant.
8. The source of heat will always be supposed to be a hot

body at a given constant temperature, put in contact with some
part of the engine ; and when any part of the engine is to be
kept from rising in temperature (which can only be done by
drawing ofi' whatever heat is deposited in it), this will be sup-

posed to be done by putting a cold body, which will be called

the refrigerator, at a given constant tenn)erature in contact with it.

0. The whole theory of the motive power of heat is founded
on the two following propositions, duo respectively to Joule, and
to Carnot and Clausius.

Prop. I. (Joule).—When equal quantities of mechanical effect

arc produced by any means whatever from purely thermal sources,

or lost in purely thermal effects, equal quantities of heat are put
out of existence or arc generated.
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Prop. II. (Camot and Clausius).—If an engine be such that,

when it is worked backwards, the physical and mechanical agen-

cies in every part of its motions are all reversed, it produces as

much mechanical effect as can be produced by any thermo-

dynamic engine, with the same temperatm-es of source and refri-

gerator, from a given quantity of heat.

10. The former proposition is shown to be included in the

general " principle of mechanical eflPect," and is so established

beyond all doubt by the following demonstration.

11. By whatever direct effect the heat gained or lost by a

body in any conceivable circumstances is tested, the measure-
ment of its quantity may always be founded on a determination

of the quantity of some standard substance, which it or any equal

quantity of heat could raise from one standard temperature to

another ; the test of equality between two quantities of heat being
their cajiability of raising equal quantities of any substance from
any temperature to the same higher temperature. Now, according

to thedjTiamical theory of heat, the temperature of a substance can
only be raised by working upon it in some way so as to produce
increased thermal motions Avithinit, besides effecting any modifi-

cations in the mutual distances or arrangements of its particles

which may accompany a change of temperatui'c. The work neces-

saiy to produce this total mechanical effect is of course propor-

tional to the quantity of the substance raised from one standard
temperatm-e to another ; and therefore w'hen a body, or a group
of bodies, or a machine, parts with or receives heat, there is in

reality mechanical effect produced fi'om it, or taken into it, to an
extent precisely proportional to the quantity of heat which it

emits or absorbs. But the work which any external forces do
upon it, the work done by its own molecular forces, and the
amount by which the half vis viva of the thermal motions of all

its parts is diminished, must together be equal to the mechanical
effect produced from it ; and consequently, to the mechanical
equivalent of the heat which it emits (which will be positive or

negative, according as the sum of those terms is positive or ne-
gative). Now let there be either no molecular change or alte-

ration of temperature in any part of the body, or, by a cycle of
operations, let the temperature and physical condition be restored
exactly to what they were at the beginning ; the second and
third of the three parts of the work which it has to produce
vanish ; and we conclude that the heat which it emits or absorbs
will l)e the thermal equivalent of the work done upon it by ex-
ternal forces, or done by it against external forces; which is the
proposition to be ])roved.

12. The demonstration of the second proposition is founded
on the following axiom :

—
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It is impossible, by means of inanimate material agency, to de-

rive mechanical effect from any portion of matter by cooling it

below the temperature of the coldest of the surrounding objects'^.

13. To demonstrate the second proposition, let A and B be

two thermo-dynamic engines, of which B satisfies the conditions

expressed in the enunciation ; and let, if possible, A derive more
work from a given quantity of heat than B, when their sources

and refrigerators are at the same temperatures, respectively . Then
on account of the condition of complete reversibility in all its

operations which it fulfills, B may be worked backwards, and
made to restore any quantity of heat to its source, by the expen-

diture of the amount of work which, by its forward action, it

would derive from the same quantity of heat. If, therefore, B
be worked backwards, and made to restore to the som'ce of A
(which we may suppose to be adjustable to the engine B) as

much heat as has been drawn from it during a certain period of

the working of A, a smaller amormt of work will be spent thus

than was gained by the working of A. Hence, if such a series

of operations of A forwards and of B backwards be continued,

either alternately or simultaneously, there will result a continued

production of work without any continued abstraction of heat

from the source ; and, by Prop. I., it follows that there must be

more heat abstracted from the refrigerator by the working of B
backwards than is deposited in it by A. Now it is obvious that

A might be made to spend part of its work in working B back-

wards, and the whole might be made self-acting. Also, there

being no heat either taken from or given to the source on the

whole, all the surrounding bodies and space except the refrige-

rator might, without interfering with any of the conditions which

have been assumed, be made of the same temperature as the

source, whatever that may be. AVe should thus have a self-acting

machine, capable of drawing heat constantly from a body sur-

rounded by others at a higher temperature, and converting it

into mechanical effect. But this is contrary to the axiom, and
therefore we conclude that the hypothesis that A derives more
mechanical effect from the same quantity of heat drawn from the

source than B, is false. Hence no engine wliatever, with source

and refrigerator at the same temperatures, can get more work
from a given qiumtity of heat introduced than any engine which

satisfies the condition of reversibility, which was to be proved.

14. This proj)osition was first enunciated by Carnot, being

the expression of his criterion of a perfect thermo-dynamic en-

* If this axiom be denied for all temperatures, it would have to be ad-

mitted that a self-actin}^ machine might be set to work and ])roduce me-
chanical effect by coolinf^ the sea or earth, with no limit but the total loss

of heat from the earth und sea, or, in reality, from the whole material world.





John Norton
No definition or discussion. 
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gine*. He proved it by demonstrating that a negation of it

would require the admission that there might be a self-acting

machine constructed which would produce mechanical effect inde-

finitely, without any source either in heat or the consumption of

materials, or any other physical agency ; but this demonstration
involves, fundamentally, the assumption that, in " a complete
cycle of operations," the medium parts with exactly the same
quantity of heat as it receives. A very strong expression of doubt
regarding the truth of this assumption, as a universal principle, is

given by Caruot himselff ; and that it is false, where mechanical
work is, on the whole, either gained or spent in the operations,

may (as I have tried to show above) be considered to be perfectly

certain. It must then be admitted that Carnot's original de-

monstration utterly fails, but wc cannot infer that the proposition

concluded is false. The truth of the conclusion appeared to me,
indeed, so probable, that I took it in connexion with Joule's

principle, on account of which Carnot's demonstration of it fails,

as the foundation of an investigation of the motive power of heat
in air-engines or steam-engines through finite ranges of tempe-
rature, and obtained about a year ago results, of which the sub-
stance is given in the second part of the paper at present com-
municated to the Royal Society. It was not until the com-
mencement of the present year that I found the demonstration
given above, by which the truth of the proposition is established

upon an axiom (§ 12) which I think will be generally admitted.
It is with no wish to claim priority that I make these statements,

as the merit of first establishing the proposition upon correct

principles is entirely due to Clausius, who published his demon-
stration of it in the month of May last year, in the second part
of his paper on the motive power of heat J. I may be allowed
to add, that I have given the demonstration exactly as it occurred
to me before I knew that Clausius had either enunciated or de-
monstrated the proposition. Tlie following is the axiom on
which Clausius' demonstration is founded :

—

It is impossible for a self-acting machine, unaided by any ex-
ternal agency, to convey heat from one body to another at a higher
temperature.

It is easily shown, that, although this and the axiom I have
used are different in form, either is a consequence of the other.
The reasoning in each demonstration is strictly analogous to that
which Carnot originally gave.

15. A complete theory of the motive power of heat would
consist of the application of the two propositions demonstrated
above, to every possible method of producing mechanical effect

* Account of Caniot's Theory, § 13. f Ibid. § 6.

X Poggentlorff'8 Annalen, referred to above.
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from thermal agency*. As yet this has not been done for the

electrical method, as far as regards the criterion of a perfect

engine implied in the second proposition, and probably cannot
be done without certain limitations ; but the application of the

first proposition has been very thoroughly investigated, and veri-

fied experimentally by Mr. Joule in his researches " On the Ca-
lorific Eff'ects of Magneto-Electricity;" and on it is founded one
of his ways of determining experimentally the mechanical equi-

valent of heat. Thus, from his discovery of the laws of genera-

tion of heat in the galvanic circuit t, it follows that when mecha-
nical work by means of a magneto-electric machine is the source

of the galvanism, the heat generated in any given portion of the

fixed part of the circuit is proportional to the whole work spent

;

and from his experimental demonstration that heat is developed
in any moving part of the circuit at exactly the same rate as if

it were at rest, and traversed by a current of the same strength,

he is enabled to conclude

—

(1.) That heat may be created by working a magneto-electric

machine.
('<J.) That if the current excited be not allowed to produce any

other than thermal eff'ects, the total quantity of heat produced is

in all circumstances exactly proportional to the quantity of work
spent.

16. Again, the admirable discovery of Peltier, that cold is

produced by an electrical current passing from bismuth to anti-

mony, is referred to by Joule J, as showing how it may be proved
* " There are at present known two, and only two, distinct ways in

which mechanical effect can be obtained from heat. One of these is by the
alterations of volume which bodies experience through the action of heat

;

the other is through the medium of electric agency."—Account of Cai'not's

Theor}', § 4. (Transactions, vol. xvi. part .5.)

f That, in a given fixed jiart of the cu'cuit, the heat evolved in a given
time is proportional to the square of the sti-ength of the current, and for

difi'erent fixed parts, with the same strength of current, the quantities of
heat evolved in equal times are as the resistances. A paper by M. Joule,

containing demonstrations of these laws, and of others on the relations of
the chemical and thennal agencies concerned, was communicated to the
Royal Society on the l/th of December 1840, but was not published in the
Transactions. (SCe al)stract containing a statement of the laws quoted
above, in the Philosophical Magazine, vol. xviii. p. 308.) It was pubhshed
in the Philosophical Magazine in October 1841 (vol. xix. p. 260).

X [In the introduction to his paper on the Calorific Eft'ects of Magneto-
electricity, &c., Phil. Mag. 1843.

I take this opj)ortunity of mentioning that I have only recently become
acquainted with Ilclmholz's admirable treatise on the principle of mecha-
nical effect (Ueber die Erhallunij dcr Kraft, von Dr. 11. Ilehnholz. Berlin.

G. Ileimer, 1847), having seen it for the fir.st time on the 20th of January
of this year ; and that I should have had occasion to refer to it on this, and
on numerous otlier points of the dynamical tlicory of heat, tlie mechanical
theory of electrolysis, the theory of elcctro-maguetie induction, and the
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that, when an electrical current is continuously produced from a

purely thermal source, the quantities of heat evolved electrically

in the different homogeneous parts of the circuit are only com-
pensations for a loss from the junctions of the different metals,

or that, when the effect of the current is entirely thermal, there

miist be just as much heat emitted from the parts not affected

bv the source as is taken from the source.

17. Lastly*, when a current produced by thermal agency is

made to work an engine and produce mechanical effect, there

will be less heat emitted from the parts of the circuit not affected

by the source than is taken in from the source, by an amount
precisely equivalent to the mechanical effect produced ; since

Joule demonstrates experimentally, that a current from any kind
of source driving an engine, produces in the engine just as much
less heat than it would produce in a fixed wire exercising the

same resistance as is equivalent to the mechanical effect pi'oduced

by the engine.

18. The equahty of thermal effects, resulting from equal

causes through very different means, is beautifully illustrated by
the following statement, drawn from Mr. Joule's paper on mag-
neto-electricity f.

mechanical theory of thermo-electric currents, in various papers communi-
cated to the Ro^'al Society of Edinburgh, and to this Magazine, had I been
acquainted with'it in time!—W. T. March 20, 1852.]

* This reasoning was suggested to me by the following passage con-
tained in a letter which I received from Mr. Joule on the Stli of July 1847.
" In Peltier's cxi)erimeut on cold produced at the bismuth and antimony
soldei', we have an instance of the conversion of heat into the mechanical
force of the cun-ent," which must have been meant as an answer to a re-

mark I had made, that no evidence could be adduced to show tliat heat is

ever put out of existence. I now fully admit the force of that answer

;

but it woidd require a proof that there is more heat put out of existence at

the heated soldering [or in this and other parts of the circuit] than is

created at the cold soldering, [and the remainder of the circuit, when a
machine is (hiven by the current,] to make the '•' evidence " be experi-

mental. That this is the case I think is certain, because the statements of

§ 16 in the text are demonstrated consequences of the first fundamental
proposition ; but it is still to be remarked, that neither in this nor in any
other case of the production of mechanical effect from pm-ely thermal
agency, has the ceasing to exist of au equivalent quantity of heat been
demonstrated otherwise than theoretically. It would be a very great step

in the experimental illustration (or verification, for those who consider such
to be necessaiy) of the dynamical theory of heat, to actually show in any
one case a loss of heat ; and it might be done by operating through a very
considerable range of temperatures with a good air-engine or steam-engine,
not allowed to waste its work in friction. As will be seen in Part II. of this

pajier, no experiment of any kind could show a considerable loss of heat
without employing bodies differing considerably in temperature ; for in-

stance, a loss of as much as "098, or about one-tenth of the whole heat used,

if the temperature of all the bodies used be between 0° and 30° Cent.

[t In this pajier reference is made to his previous paper " On the Heat
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Let there be three equal and similar galvanic batteries fur-
nished with equal and similar electrodes ; let Aj and Bj be the
terminations of the electrodes (or wires connected with the two
poles) of the fost batteiy, Ag and B2 the terminations of the
corresponding electrodes of the second, and A3 and B3 of the
third battery. Let A, and Bj be connected with the extremities
of a long fixed wire ; Jet Ag and Bg be connected with the "poles"
of an electrolytic apparatus for the decomposition of water ; and
let A3 and Bg be connected with the poles (or ports as they might
be called) of an electro-magnetic engine. Then if the length of
the wire between Aj and B,, and the speed of the engine between
A3 and Bg, be so adjusted that the strength of the current (which
for simplicity we may suppose to be continuous and perfectly

uniform in each case) may be the same in the three circuits, there
will be more heat given out in any time in the wii-e between Aj
and B, than in the electrolytic apparatus been Ag and Bg, or the
working engine between A3 and Bg. But if the hydrogen were
allowed to burn in the oxygen, within the electrolytic vessel, and
the engine to waste all its work without producing any other
than thermal effects (as it would do, for instance, if all its work
were spent in continuously agitating a limited fluid mass), the
total heat emitted would be precisely the same in each of these

two pieces of apparatus as in the wire between A, and Bp It is

worthy of remark that these propositions are rigorously true,

being demonstrable consequences of the fundamental principle

of the dynamical theoiy of heat, which have been discovered by
Joule, and illustrated and verified most copiously in his experi-

mental researches*.

19. Both the fundamental propositions may be applied in a

of Electrolysis " (published in vol. vii. part 2, of the second Series of the
Literarj' and Philosophical Society of Manchester) for experimental de-
monstration of those parts of the theory in which chemical action is con-
cerned.]

* [I have recently met with the following passage in Liebig's Animal
Chemistry (3rd edit. London, 1846, p. 43), in which the dynamical theory of
the heat both of combustion and of the galvanic battery is indicated, if not
fully expressed :

—" When we kindle a fire under a steam-engine, and em-
ploy the power obtained to produce heat by friction, it is impossible that

the heat thus obtained can ever be greater than that which was required to

heat the boiler ; and if we use the galvanic current to produce heat, the
amount of heat obtained is never in any circumstances greater than we might
have by the combustion of the zinc which has been dissolved in the acid."

A paper " On the Heat of Chemical Combination," by Dr. Thomas
Woods, published last October in the Philosophical Magazine, contains an
indejjendent and direct experimental demonstration of the proposition

stated in the text regarding the comparative thermal effects in a fixed nie-

talhe wire, and an electrolytic vessel for tlie decomposition of water, pro-
duced by a galvanic current.—W. T. March 20, 1852.]

Phil May, S. 4. Vol. 4. No. 23. July 1852. C
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perfectly rigorous manner to the second of the known methods
of producing mechanical effect from thermal agency. This ap-

plication of the fii-st of the two fundamental propositions has

ah-eady been published by Rankine and Clausius ; and that of

the second, as Clausius showed in his pubUshed paper, is simply

Carnot's unmodified investigation of the relation between the

mechanical effect produced and the thermal circumstances from
which it originates, in the case of an expansive engine working
within an infinitely small range of temperatures. The simplest

investigation of the consequences of the first proposition in this

application, which has occurred to me, is the following, being
merely the modification of an analytical expression of Carnot's

axiom regarding the permanence of heat, which was given in my
former paper*, requii-ed to make it express, not Carnot's axiom,

but Joule's.

20. Let us suppose a massf of any substance, occupying a

volume V, under a pressure p uniform in all directions, and at a

temperature t, to expand in volume to i; + dv, and to rise in tem-
peratm-e to t + dt. The quantity of work which it will produce
will be

vdvj

and the quantity of heat which must be added to it to make its

temperature rise during the expansion to t + dt may be denoted by

Mdv + 'Ndt.

The mechanical equivalent of this is

3{Mdv + 'Ndt),

if J denote the mechanical equivalent of a unit of heat. Hence
the mechanical measure of the total external effect produced
in the circumstances is

(j)-JM)dv-J'Ndt.
The total external effect, after any finite amount of expansion,
accompanied by any, continuous change of temperature, has
taken place, will consequently be, in mechanical terms,

/{{p-ni)dv-J'Ndt} ;

where we must suppose t to vary with v, so as to be the actual
temperature of the medium at each instant, and the integration
with reference to v must be performed between limits correspond-
ing to the initial and final volumes. Now if, at any subsequent
time, the volume and temperature of the medium become what
they were at the beginning, however arbitrarily they may have
been made to vary in the period, the total external effect must,

* Account of Camot's Theorj', foot-note on § 26.

t This may have parts consisting of different substances, or of the same
substance in different states, ))rovided the temperature of all be the same.
See below, part 3, § 53-56.
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accordiug to Prop. I., amount to nothing ; and hence

{p-:iM.)dv-mdt^
must be the differential of a function of two independent vari-
ables, or we must have

d{p-m) _ d{-m)
dt ~ dv ' ' ' ' ' ^^'

this being merely the analytical expression of the condition, that
the preceding integral may vanish in eveiy case in which the
initial and final values of v and t are the same, respectively.

Observing that J is an absolute constant, we may put the result
into the form

dp (m d^\
dt-\~dt~lh) ^'^>

This equation expresses, in a perfectly comprehensive manner,
the application of the fii'st fundamental proposition to the ther-
mal and mechanical circumstances of any substance whatever;^
under uniform pressure in all directions, when subjected to any
possible variations of temperature, volume and pressui'e.

21. The corresponding application of the second fundamental
proposition is completely expressed by the equation

|=''M. (3)

where j«. denotes what is called " Carnot's function," a quantity
which has an absolute value, the same for all substances for any
given temperature, but which may vary with the temperature in

a manner that can only be determined by experiment. To prove
this proposition, it may be remarked in the first place that
Prop. II. could not be true for every case in which the tempera-
ture of the refrigerator differs infinitely little from that of the
soiu-ce, without being true universally. Now, if a substance be
allowed first to expand from v to v + dv, its temperatui'e being
kept constantly t ; if, secondly, it be allowed to expand further,

without either emitting or absoi'bing heat till its temperature
goes down through an infinitely small range, to t— r; if, thirdly,

it be compressed at the constant temperature t—r, so much
(actually by an amount differing from dv by only an infinitely

small quantity of the second order), that when, fomihly, the
volume is further diminished to v without the medium's being
allowed to either emit or absorb heat, its temperatui'e may be
exactly t ; it may be considered as constituting a thermo-dynamic

[* The integial functiony{(JM—/;)f/y + JNJ/} may obviously be called

the mechanical mcryy of the fluid mass ; iis (when the eoustant of integration
is properly assigned) it expresses the whole work the fluid has in it to
produce. The consideration of this function is the snl)jectof a short pajjcr
communicated to the Royal Society of Edinburgh, Dec. 16, 1851, as an ap-
pendix to the i)aper at present repubUshed.]

C2
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engine which fulfills Caruot's condition of complete reversibility.

Hence, by Prop. II., it must produce the same amount of work
for the same quantity of heat absorbed in the first opei-ation, as

any other substance similarly operated upon through the same

I'ange of temperatures. But Jj-r.dv is obviously the whole work

done in the complete cycle, and (by the definition of M in § 20)
Mdv is the quantity of heat absorbed in the first operation.

Hence the value of

^T dv ^
dt^'^'' dt

Mrfi; '
''^' M '''

must be the same for all substances, with the same values of /

and T ; or, since t is not involved except as a factor, we must have

dp

1"=^^ (^)

where j«, depends only on t ; from M'hich we conclude the pro-

position which was to be proved.

dp

22. The very remarkable theorem that -=-? niust be the same

for all substances at the same temperature, was first given
(although not iu precisely the same terms) by Carnot, and de-

monstrated by him, according to the principles he adopted. We
have now seen that its truth may be satisfactorily established

without adopting the false part of his principles. Hence all Car-
not's conclusions, and all conclusions derived by others from his

theory, which depend merely on equation (3), require no modifi-
cation when the dynamical theory is adopted. Thus, all the
conclusions contained in Sections I., II., and III., of the Ap-
pendix to my Account of Carnot's Theory, and in the paper im-
mediately following it in the Transactions, entitled "Theoretical
Considerations on the Effect of Pressure in Lowering the Freezing
Point of Water," by my elder brother, still hold. Also, we see

that Carnot's expression for the mechanical effect derivable from
a given quantity of heat by means of a perfect engine in which
the range of temperatures is infinitely small, expresses truly the
greatest effect which can possibly be obtained in the circum-
stances ; although it is in reality only an infinitely small fraction

of the whole mechanical equivalent of the heat supplied; the
remamder being irrecoverablylost to man, and therefore "wasted/'
although not annihilated.

23. On the other hand, the expression for the mechanical
effect obtainable from a given quantity of heat entering an engine
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from a " source " at a given temperature, when the range down
to the temperature of the cold part of the engine or the " refri-

gerator " is finite, will diifer most materially from that of Car-

not; since, a finite quantity of mechanical effect being now
obtained from a finite quantity of heat entering the engine, a

finite fraction of this quantity must be converted from heat into

mechanical effect. The investigation of this expression, with

numerical determinations founded on the numbers deduced from

Regnault^s observations on steam, which are shown in Tables I.

and II. of my former paper, constitutes the second part of the

paper at present communicated.
[To be continued.]

III. On the Fatty Acid of Cocculus indicus.

By Mr. W. Crowder, Assistant to By. Anderson of Edinburgh^.

IN a paper published several years ago in the Annalen der

Chemie und Pharnjacief upon the substances obtained from

Cocculus indicus, Dr. Francis pointed out the existence of a fatty

acid which had not previously been subjected to investigation, to

which he gave the name of stearophanic acid ; and after analy-

sing it, its aether and silver salt, he gave the formula C^'^'^H^^O''

as representing its constitution. The recent researches of che-

mists having pointed out that all the fatty acids have the same

general formula {C^E.^)'^0'*, and the acid under consideration

being evidently a member of that series, it seemed probable that

its true formula would be C'^H^O'', with which the results ob-

tained by Dr. Francis, when calcidated with the corrected atomic

weight of carbon, closely agree. This formula has indeed been

since assumed by Dr. Francis himself and by other chemists, as

the true expression of his results j and as the investigation of

the fatty acids has since the date of his experiments made great

strides, I thought it desirable to submit the fat of Cocculus

indicus to a new examination, the result of which has fully con-

finned the correctness of Dr. Francises numbers, and conclu-

sively established the formvda C^'H^''0'*, and consequently the

identity of the acid with the bassic acid since described by

Mr. Hardwicke J . My experiments were performed in the labora-

* Communicated by tbe Author.
+ See also Phil. Mag. for September 1842.

X [Why, under these cireumstances, the author retains the name of bassic

acid we are at a loss to understand. The name stenrophanic, derived from

the properties of the sul)stance, is surely iircferable to either that of cnccnlo-

stearic su^f,'ested by Berzelius, or of bussic jjroposed by Mr. Hardwicke
from its occurrence in Bassia lalifolio ; especially as the recent researches of

Ilcintz go to prove that its occurrence is not restricted to the vegetable king-

dom, but that it likewise forms one of the constituents of human fat.—W. F.]
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abstraction of at least three or foui" millions of gallons over the

area indicated above. As these wells do not aftect one another^

however, in the slightest degi'ee—and severa of them have been
flowing uninten-uptedly for many years—we may fairly assume
that the reservoir is capable of yielding a very much larger sup-

ply without detriment to existing interests.

There are perhaps few localities in which the subject of Arte-

sian wells can be better studied than in this valley between SUsoe
and Barton-in-the-Clay ; the latter ^'illage lying under the bold

escarpment of the chalk with its projecting spurs and rounded
hollow coombes, and the fonner on the opposing range of the

lower greensand. The relative heights, the mineral characters,

and the dip of the strata are readily observable ; and from various

positions the eye can take in at a glance the physical and geolo-

gical nature of the whole of the suiTounding district—the marly
impernous valley extending between the sandstone hills and the

projecting chalk, and resting upon the under-dipping beds of the

former strata.

In these examinations, besides ofber points of minor import-
ance, five conditions have to be more particularly considered.

First, the general levels of the countiy ; secondly, the relative

positions, inclination, and thickness of the strata ; thirdly, their

permeable or impermeable nature; foiu-thly, the outcrop area

and surface configuration of the water-supplying beds ; and
fifthly, the chemical composition, &c. of the same, as likely to

affect or not the quality of the water. Mineralogical characters,

therefore, although useless, and even hurtful in their attempted
interpretations, in questions of pure or abstract geology, become,
in these local and practical investigations, of the highest value.

XIV. On the Dynamical Theory of Heat, with numerical results

deduced from Mr. Joule's equivalent of a Thermal Unit, and
]M. llcgnault's obsei-vations on Steam. By William Thomson,
M.A., Fellow of St. Peter's College, Cambridge, and Professor

of Natural Philosophy in the University of Glasgow.

[Continued from p. 21.]

Part II.

—

On the Motive Power of Heat through Finite Ranges
of Temperature.

24. TT is required to determine the quantity of work which a
J- perfect engine, supplied from a source at any temperature,

S, and parting with its waste heat to a refrigerator at any lower
temperatvire, T, will produce from a given quantity, H, of heat
drawn from the source.

25. We may suppose the engine to consist of an infinite
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number of perfect engines, each working within an infinitely

small range of temperature, and arranged in a series of which
the source of the first is the given source, the refrigerator of the

last the given refrigerator, and the refrigerator of each interme-

diate engine is the source of that which follows it in the series.

Each of these engines Avill, in any time, emit just as much less

heat to its refrigerator than is supplied to it from its source, as

is the equivalent of the mechanical work which it produces.

Hence if t and t + dt denote respectively the temperatures of the

refrigerator and source of one of the intermediate engines, and
if q denote the quantity of heat which this engine discharges

into its refrigerator in any time, and q + dq the quantity which
it draws from its source in the same time, the quantity of work
which it produces in that time will be idq according to Prop. I.,

and it will also be q^idt according to the expression of Prop. II.,

investigated in § 21 ; and therefore we must have

idq= qju-dt.

Hence, supposing that the quantity of heat supplied from the

first somxe, in the time considered is H, we find by integration

But the value of q, when / = T, is the final remainder discharged

.into the refrigerator at the temperatm-e T ; and therefore, if this

be denoted by R, we have

H 1 /^s

from which we deduce

R = He-T/T'''^' (6).

Now the whole amount of work produced will be the mechanical
equivalent of the quantity of heat lost ; and, therefore, if this be
denoted by W, we have

W=J(H-R) (7),

and consequently, by (6),

W=JH{l-e~T/l.V/} . . . (8).

26. To compare this with the expression H / fidt, for the

duty indicated by Carnot's theory*, we may expand the expo-
nential in the preceding equation, by the usual series. We thus

* "Account," &c.. Equation 7, § 31,
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find

"'"^ '=]/}'' J

'

This shows that the work really produced, which always falls

short of the duty indicated by Carnot's theoiy, approaches more

and more nearly to it as the range is diminished; and ultimately,

when the range is infinitely small, is the same as if Carnot^s

theory required no modification, which agrees with the conclusion

stated above in § 22.

27. Again, equation (8) shows that the real duty of a given

quantity of heat supplied from the source increases with every

increase of the range ; but that instead of increasing indefinitely

in proportion to / fidt, as Carnot's theory makes it do, it

•^T ... /»"
reaches the value JH, but approximates to this limit, as / fidt

increased without limit. Hence Carnot's remark* regarding the

practical advantage that may be anticipated from the use of the

air-engine, or from any method by which the range of tempera-

tures may be increased, loses only a part of its importance, while

a much more satisfactory view than his of the practical problem

is afforded. Thus we see that, although the full equivalent of

mechanical effect cannot be obtained even by means of a perfect

engine, yet when the actual source of heat is at a high enough
temperature above the sun-ounding objects, we may get more
and more nearly the whole of the admitted heat converted into

mechanical effect, by simply increasing the effective range of

temperature in the engine.

28. The preceding investigation (§ 25) shows that the value

of Carnot's function, /l4, for all temperatures within the range of

the engine, and the absolute value of Joule's equivalent, J, are

enough of data to calculate the amount of mechanical effect of a

perfect engine of any kind, whether a steam-engine, an air-engine,

or even a thermo-electric engine ; since, according to the axiom
stated in § 12, and the demonstration of Prop. II., no inanimate

material agency could produce more mechanical effect from a

given quantity of heat, with a given available range of tempera-

tures, than an engine satisfying the criterion stated in the enun-
ciation of the proposition.

29. The mechanical equivalent of a thermal unit Fahrenheit,

or the quantity of heat necessary to raise the temperature of a

* "Account, &c." Appendix, Section IV.
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pound of water from 32° to 33° Fahr., has been determined by

Joule in foot-pounds at Manchester, and the value which he

gives as his best determination is 772-69. Mr. Rankiue takes,

as the result of Joule's determination, 772, which he estimates

must be within g^^ of its own amount, of the truth. If we take

772| as the number, we find, by multiplying it by f, 1390 as

the equivalent of the thermal unit Centigrade, which is taken as

the value of J in the numerical applications contained in the

present paper.

30. With regard to the determination of the values of fi for

different temperatures, it is to be remarked that equation (4)

shows that this might be done by experiments upon any sub-

stance whatever of indestructible texture, and indicates exactly

the experimental data required in each case. For instance, by

first supposing the medium to be air ; and again, by supposing

it to consist partly of liquid water and partly of saturated vapour,

we deduce, as is 'shown in Part III. of this paper, the two ex-

pressions (6), given in § 30 of my former paper (" Account of

Carnot's Theory "), for the value of /j, at any temperature. As
yet no experiments have been made upon air which aflbrd the

required data for calc\ilating the value of fi through any extensive

range of temperature ; but for temperatures between 50° and
60° Fahr., Joule's experiments* on the heat evolved by the ex-

penditure of a given amount of work on the compression of air

kept at a constant temperature, afi'ord the most direct data for

this object which have yet been obtained; since, if Q be the

quantity of heat evolved by the compression of a fluid subject to

"the gaseous laws" of expansion and compressibility, W the

amount of mechanical work spent, and t the constant tempera-

ture of the fluid, we have by (11) of § 49 of my former paper,

W.E
'^=Q(TTW^ ^ ^

which is in reality a simple consequence of the other expression

for /x in terms of data with reference to air. Remarks upon the

determination of fi by such experiments, and by another class of

experiments on air originated by Joule, are reserved for a sepa-

rate communication, which I hope to be able to make to the

Royal Society on another occasion.

31. The second of the expressions (6), in § 30 of my former

paper, or the equivalent expression (32), given below in the pre-

sent paper, shows that /a may be determined for any temperature

from determinations for that temperature of

—

* " On the Changes of Temperature produeed by tlie Rarcfaetion and
Condensation of Air," Pliil. Mag. vol. xxvi. May 1845.
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(1.) The rate of variation with the temperature, of the pres-

sure of saturated steam.

(2.) The latent heat of a given weight of saturated steam.

(3.) The volume of a given weight of saturated steam.

(4.) The volume of a given weight of water.

The last mentioned of these elements may, on account of the

manner in which it enters the formula, be taken as constant,

without producing any appreciable effect on the probable accu-

racy of the result.

32. Jttegiiault^s observations have supplied the first of the

data with very great accui-acy for all temperatures between — 32°

Cent, and 230° .

33. As regards the second of the data, it must be remarked
that all experimenters, from Watt, who first made experiments
on the subject, to Regnault, whose determinations are the most
accurate and extensive that have yet been made, appear to have
either exphcitly or tacitly assumed the same principle as that of

Caraot which is overturned by the dynamical theory of heat

;

inasmuch as they have defijied the " total heat of steam " as the

quantity of heat required, to convert a unit of weight of water
at 0° , into steam in the particidar state considered. Thus Reg-
nault, setting out with this definition for " the total heat of satu-

rated steam," gives experimental determinations of it for the

entire range of temperatures from 0° to 230° ; and he deduces
the " latent heat of saturated steam " at any temperatm'e, from
the "total heat," so determined, by subtracting from it the

quantity of heat necessarj^ to raise the liquid to that tempera-
ture. Now, according to the dynamical theory, the quantity of

heat expressed by the preceding definition depends on the manner
(which may be infinitely varied) in which the specified change
of state is effected ; differing in different cases by the thermal
equivaleuts of the differences of the external mechanical effect

produced in the expansion. For instance, the final quantity of

heat required to evaporate a quantity of water at 0° , and then,

keeping it always in the state of saturated vapour*, bring it to

the temperature 100° , cannot be so much as three-fourths of the

quantity required, first, to raise the temperature of the liquid to

* See below (Part III. § 58), where the "negative" specific heat of
saturated steam is investigated. If the mean value of this quantity between
0° and 100" were — Vb (and it cannot ditfermuch from this) there would be
150 units of heat emitted by a pound of saturated vapour in having its tem-
perature raised (by compression) from 0° to 100° . The latent heat of the
vapour at 0° being f)0()'5, the final (juantity of heat required to convert a
pound of «ater at 0° into saturated steam at 100", in the first of the ways
mentioned in the te.\t, would consecjuently be 45(!'5, which is only about
^ of the quantity G'.il found as " the total heat " of the satiu-ated vapour at
100° , by kegnault.
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100° , and then evaporate it at that temperature; and yet either

quantity is expressed by what is generally received as a definition

of the " total heat " of the saturated vapour. To find what it is

that is really determined as "total heat" of saturated steam in

Regnault's researches, it is only necessary to remark, that the

measurement actually made is of the quantity of heat emitted by
a certain weight of water in passing through a calorimetrical

apparatus, which it enters as saturated steam, and leaves in the

liquid state, the result being reduced to what would have been
found if the final temperature of the w^ater had been exactly 0° .

For there being no external mechanical efiect produced (other

than that of sound, which it is to be presumed is quite inappre-

ciable), the only external efiect is the emission of heat. This

must, therefore, according to the fundamental proposition of the

dynamical theory, be independent of the intermediate agencies.

It follows that, however the steam may rush through the calori-

meter, and at whatever reduced pressure it may actually be con-

densed*, the heat emitted externally must be exactly the same
as if the condensation took place under the full pressure of the

entering saturated steam ; and we conclude that the total heat,

as actually determined from his experiments by Regnault, is the

quantity of heat that would be required, first to raise the liquid

to the specified temperature, and then to evaporate it at that

temperature ; and that the principle on which he determines the

latent heat is correct. Hence, through the range of his experi-

ments, that is from 0° to 230° , we may consider the second of

* If the steam have to rush through a long fine tube, or through a small

aperture within the calorimetrical apparatus, its pressure will be diminished
before it is condensed ; and there will, therefore, in two parts of the calori-

meter be saturated steam at different temperatures (as, for instance, would
be the case if steam from a high pressure boiler were distilled into the open
air) ; yet, on account of the heat developed by the fluid friction, which
would be precisely the equivalent of the mechanical effect of the expansion
wasted in the rushing, the heat measured by the calorimeter would be pre-

cisely the same as if the condensation took place at a pressure not appre-
ciably lower than that of the entering steam. The circumstances of such
a case have been overlooked by Clausius (PoggendorfF's Annalen, 1850,
No. 4, p. 510), when he expresses with some doubt the opinion that the
latent heat of saturated steam will be trvdy found from Regnault's " total

heat," by deducting " the sensible heat " ; and gives as a reason that, in the
actual experiments, the condensation must have taken ])lace " under the
same pressure, or nearly under the same pressure," as the evaporation.

The question is not. Did the condensation take jylace at a lower pressure
than that of the entering steam ? but. Did Regnault make the steam work
an engine in passing through the calorimeter, or was there so much noise of
steam rvshing through it as to convert an appreciable portion of the total

heat into external mechanical effect? And a negative answer to this is a suf-

ficient reason for adopting with certainty the opinion that the principle of
his determination of the latent heat is correct.
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the data required for the calculation of // as being supplied in a
complete and satisfactory manner.

34. There remains only the third of the data, or the volume
of a given weight of saturated steam, for which accurate experi-
ments through an extensive range are wanting ; and no experi-
mental researches bearing on the subject having been made since
the time when my former paper was written, I see no reason for
supposing that the values of /a which I then gave are not the
most probable that can be obtained in the present state of science

;

and, on the understanding stated in § 33 of that paper, that
accurate experimental determinations of the densities of saturated
steam at different temperatures may indicate considerable errors
in the densities which have been assumed according to the
" gaseous laws," and may consequently render considerable alte-

rations in my results necessary, I shall still continue to use
Table I. of that paper, which shows the values of /x for the tem-
peratures i, li, 2| . . .

230i, or, the mean values of yu. for each
of the 230 successive Centigrade degrees of the air-thermometer
above the freezing-point, as the basis of numerical applications
of the theory. It may be added, that any experimental researches
sufficiently trustworthy in point of accuracy, yet to be made,
either on air or any other substance, which may lead to values
of /i differing from those, must be admitted as proving a discre-
pancy between the true densities of saturated steam, and those
which have been assumed*.

35. Table II. of my former paper, which shows the values of

/ fidt iov t=\, t= 2, t = Z, . . . ^ — 231, renders the calculation

of the mechanical effect derivable from a given quantity of heat
by means of a perfect engine, with any given range included
between the limits and 231, extremely easy ; since the quan-
tity to be divided by J f in the index of the exponential in the

* I cannot see that any hyjiothesis, such as that adopted by Clausius
fundamentally in his investigations on this subject, and leading, as he shows
to determinations of the densities of saturated steam at different tempera-
tures, which indicate enormous deviations fi-om the gaseous laws of varia-
tion with temperature and ])ressure, is more probable, or is probably nearer
the truth, than that the density of saturated steam does follow these laws
as it is usually assumed to do. In the present state of science it would
perhaps be wrong to say that either hypothesis is more jjrobable than the
other [or that the rigorous truth of either hypothesis is j)robable at all].

t It ought to be remarked, that as the unit of force inijdied in the de-
terminations of IX is the weight of a ])ouud of matter at Paris, and tlie unit
of force in terms of which J is expressed is the weight of a pound at Man-
chester, these numbers ought in strictness to be modified so as to express
tlic values in terms of a common unit of force ; but us the force of gravity
at Paris differs by less than ij;'^^ of its own value from the force of gravity
at Manchester, this correction will be mudi less than the probable errors
from other sources, and may therefore be neglected.



112 Prof. Tliomson on the Dynamical Theory of Heat.

expression (8) will be found by subtracting the number in that

table corresponding to the value of T, from that corresponding

to the value of S. [Tables I. and II. of the former paper are

reprinted here, for the sake of convenience in referring to them.]

Tables extractedfrom " Account of Carnot's Theory/' Trans. R.
S. Ed. vol. xvi. part 5.

Explanation of Table I.

The mean values of
fj,

for the first, for the eleventh, for

the twenty-first, and so on, up to the 231st* degree of the air

thermometer, have been calculated in the manner explained in

the preceding paragraphs. These, and interpolated results,

which must agree with what would have been obtained by direct

calculation from Rcgnault's data to three significant places of

figures (and even for the temperatures between 0° and 100° , the

experimental data do not justify us in relying on any of the

results to a greater degree of accuracy), are exhibited in Table I.

To find the amount of mechanical effect due to a unit of heat,

descending from a body at a temperature '& to a body at T, if these

numbers be integers, we have merely to add the values of ft in

Table I. corresponding to the successive numbers,

T + l, T + 2, S-2, S-J.

Explanation of Table II.

The calculation of the mechanical effect in any case, which
might always be effected in the manner described in § 37 (with

the proper modification for fractions of degrees when necessary),

is much simplified by the use of Table II., where the first number
of Table I., the sum of the first and second, the sum of the first

three, the sum of the first four, and so on, are successively ex-

hibited. The sums thus tabulated are the values of the integrals

/ iidt, I fjidt, I yudt, ' • • I fJ'dt',

and if we denote / p,dt by the letter M, Table II. may be re-

garded as a table of the values of M.
To find the amount of mechanical effect due to a unit of heat

descending from a body at a temperature S to a body a^T, if these

numbers be integers, we have merely to subtract the value of M,for
the number T + \,from the value for the number S, given in Table II.

* In strictness, the 230th is the last degree for which the experimental
data are complete; but the data for the 231st may readily be assumed in a

sufficiently satisfactory manner.

1
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Table I *.—Mean Values of /i for the successive Degrees of the
Air Thermometer from 0^ to 230° .
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Table II.—Mechanical Effect in Foot-Pounds due to a Thermic
Unit Centigrade, passing from a body, at any Temperature
less than 230° to a body at 0° .

Superior
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37. Explanation of the Tables.

Column I. in each table shows the assumed ranges.

Column II. shows ranges deduced by means of Table II. of

the former paper, so that the value of / fj,dt for each may be
kJ t

the same as for the corresponding range shown in column I.

Column III. shoM^s what would be the duty of a unit of heat

if Carnot's theory required no modification (or the actual duty
of a unit of heat witli additions through the range, to compen-
sate for the quantities converted into mechanical effect).

Column IV. shows the trae duty of a unit of heat, and a com-
parison of the numbers in it with the corresponding numbers in

column III. shows how much the true duty falls short of Carnot's

theoretical duty in each case.

Column VI. is calculated by the formula

where €= Si'71828, and for / fjidt the successive values shown in

column III. are used. ^"^
Column IV. is calculated by the formula

W= 1390(1 -R)
frpm the values of 1 —R shown in column V.
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39. Supplementary Table of the Motive Poicers of Heat.
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as the temperatures from zero*;" and values for various tempe-

ratures calculated by means of the formula,

were given for comparison with those which I had calculated

from data regarding steam. This formula is also adopted by
Clausius, who uses it fundamentally in his mathematical investi-

gations. If fx were correctly expressed by it, we should have

/•s
,, ,, 1+ES

and therefore equations (1) and (2) would become

S-T
(12)

(13)

43. The reasons upon which Mr. Joule's o])inion is founded,
that the preceding equation (11) may be the correct expression for

Carnot's function, although the values calculated by means of it

differ considerably from those shown in Table I. of my former
paper, form the subject of a communication which I hope to have
an opportunity of laying before the Royal Society previously to

the close of the present session.

[To be continued.]

* If we take y.-=.k -——— where k may be any constant, wq.find
1 -\-Ejt

which is the formula I gave when tliis ])ai)er was communicated. I have
since remarked, thfit Mr. Joule's hypothesis implies essentially that the
coefficient k must be iis it is taken in the text, the mechanical equivalent of
a thermal unit. Mr. Raukine, in a letter dated March 27, 1851, informs me
that lie has deduced, from the jninciples laid down in his paper communi-
cated last year to this Society, an approximate formula for the ratio of the
maximum (piaiitity of heat converted into mechanical effect to the whole
quantity expended, in an expansive engine of any substance, which, on
comparison, I find agrees exactly with the expression (12) given in the text
as a consequence of the hypothesis suggcste(l bv Mr. Joule regarding the
value of /i at any temperature.—[April 4, 1851.]
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7-34 grains substance gave 5-54 carbonic acid and 0-56 water.

4-68 grains substance gave 3-29 sulphate of lead.

Calculation.

Experiment.
(

^
^

Carbon . . . 20-57 19-91 Ci» 60
Hydrogen . . 0085 00-99 H^ 3

Oxygen 16-19 0« 48
Bromine 26-01 Br 78-26

Oxide of lead . 36-48 36-90 PbO 111-56

100-00 10000 300-82

The composition of this salt is therefore expressed by the for-

mula PbO, CIO H2 B,, 05 + HO.
I have also obtained a su.bstitution product of iodine, by ope-

rating in a particular manner, which I shall describe in detail in

a future paper. I shall conclude this communication with a list

of the substances described in it along with their formulfe.

These experiments were performed in the laboratory of Dr.

Anderson, to whom I am mxich indebted for assistance.

Pyromeconic acid . . .
010 113 0^ + HO.

Pyromeconate of baryta . - BaO, C^^ H^ 0^ + HO.
Pyromeconate of strontia . SrO, C'o H^ 0^ + HO.
Pyromeconate of lime . . CaO, CioR^O^ + HO.
Pyromeconate of magnesia MgO, C'° H'^ O^.

Pyromeconate of lead . . PbO,Ci0H3O5.
PjTomeconate of copper . CuO, C^^ H^ 0^.

Pyromeconate of iron . . Fe^ 0^, 301° H^ 0^.

Bromo-pyromeconic acid .
C'o H^ Br 0^ + HO.

Lead salt PbO, C'^H^Br O^-f-HO. -

Edinburgh, July 1, 1852.

XXV. On the Dynamical Theory of Heat, with numerical results

deduced from Mr. Joule's equivalent of a Thermal Unit, and

M. Regnault's Observations on Steam. By William Thomson,
M.A., Fellow of St. Peter's College, Cambridge, and Professor

of Natural Philosophy in the University of Glasgow.

[Concluded from p. 117.]

Part III.

—

Applications of the Dynamical Theory to establish

Relations between the Physical Properties of all Substances.

44. rr^HE two fundamental equations of the dynamical theory
-I- of heat, investigated above, express relations between

quantities of heat required to produce changes of volume and tem-
perature in any material medium whatever, subjected to a uniform

pressure in all directions, which lead to various remarkable conclu-
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sions. Such of these as are independent of Joule's principle
(expressed by equation (2) of § 20), being also independent of
the truth or falseness of Garnet's contrary assumption regarding
the pei-raanence of heat, are common to his theory and to the
dynamical theory ; and some of the most important of them*
have been given by Carnot himself, and other writers who
adopted his principles and mode of reasoning without modifica-
tion. Other )-emarkable conclusions on the same subject might

have been drawn from the equation -^— -^- = 0, expressing

Carnot's assumption (of the truth of which experimental tests
might have been thus suggested) ; but I am not aware that any
conclusion deducible from it, not included in Carnot's expres-
sion for the motive power of heat through finite ranges of tem-
perature, has yet been actually obtained and published.

45. The recent writings of Rankine and Clausius contain
some of the consequences of the fundamental principle of the
dynamical theory (expressed in the first fmidamental proposition
above) regarding physical properties of various substances;
among which may be mentioned especially a very remarkable
discovery regarding the specific heat of saturated steam (inves-
tigated also in this paper in § 58 below), made independently
by the two authors, and a property of water at its freezing-point,
deduced from the corresponding investigation regarding ice and
water under pressure by Clausius ; according to which he finds
that, for each -^^q° Cent, that the solidifying point of water is

lowered by pressure, its latent heat, which under atmospheric
pressure is 79, is diminished by -081. The investigations of
both these writers involve fundamentally various hypotheses
which may be qv may not be found by experiment to be ap-
proximately true ; and which render it difficult to gather from
their writings what part of their conclusions, especially with
reference to air and gases, depend merely on the necessary prin-
ciples of the dynamical theory.

46. In the remainder of this paper, the two fundamental pro-
positions, expressed by the equations

dm dN 1 dp ,^, „

-dT'l^^ilt • • •
(2)of§20,

and 1 dp

^=ll'i' (3) of §21,

are applied to establish ])roperties of the specific heats of any
substance whatever ; and then special conclusions are deduced
for the case of a iluid following strictly the "gaseous laws" of

* See above, § 22.
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density, and for the case of a medium consisting of parts in dif-

ferent states at the same temperature, as water and saturated

steam, or ice and water.

47. In the first place it may be remarked, that by the defi-

nition of M and N in § 20, N must be what is commonly called

the " specific heat at constant volume " of the substance, pro-

vided the quantity of the medium be the standard quantity

adopted for specific heats, which, in all that follows, I shall take
as the unit of weight. Hence the fundamental equation of the

dynamical theory, (3) of § 20, expresses a relation between this

specific heat and the quantities for the particular substance de-

noted by M and p. If we eliminate M from this equation, by
means of equation (3) of § 21, derived fi'om the expression of

the second fundamental principle of the theory of the motive
power of heat, we find

</N _ \i),dt/ I dp

dv ~
dt Jdt •

• • • i^^)'

which expresses a relation between the variation in the specific

heat at constant volume, of any substance, produced by an altera-

tion of its volume at a constant temperature, and the variation

of its pressure with its temperature when the volume is constant

;

involving a function, jul, of the temperature, which is the same
for all substances.

48. Again, let K denote the specific heat of the substance
under constant pressure. Then, if dv and dt be so related that

the pressure of the medium, when its volume and temperature
are v + dv and t + dt respectively, is the same as when they are

V and t, that is, if

0= -fdv+ ~dt;
dv dt

we have
Kdt-Mdv^^dt.

Hence we find

__ '^P

M=-±(K-N) (15),

di
which merely shows the meaning in terms of the two specific

heats, of what 1 nave denoted by M. Using in this for M its

value given by (3) of § 21, we find

fdpV

K-N=-^ (^^)'
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an expression for the difference between the two specific heats,

derived Avithout hypothesis from the second fundamental prin-

ciple of the theoiy of the motive power of heat.

49. These results may be put into forms more convenient for

use, in applications to liquid and solid, media, by introducing

the notation :

—

/;> m
e = ^f I

Kat J

where k will be the reciprocal of the compressibility, and e the

coefficient of expansion with heat.

Equations (14), (16) and (3), thus become

4-)
</N \fJb / KB

dv dt J ' " '

K-N=t;— (19),

M=-./ce (20);

the third of these equations being annexed to show explicitly the

quantity of heat developed by the compression of the substance

kept at a constant temperature. Lastly, if 6 denote the rise in

temperature produced by a compression from v + dv to v before

any heat is emitted, we have

50. The first of these expressions for 6 shows that, when the

substance contracts as its temperature rises (as is the case, for

instance, with water between its freezing-point and its point of

maximum density), its temperature would become lowered by a

siidden compi'ession. The second, which shows in terms of its

compressibility and expansibility exactly how much the tempe-
rature of any substance is altered by an infinitely small alteration

of its volume, leaui to the approximate expression

if, as is probably the case, for all known solids and liquids, e be
so small that e . vks is very small compared with /iK.

51. If, now, we suppose the substance to be a gas, and introduce
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the hypothesis that its density is strictly subject to the " gaseous

laws/^ we should have, by Boyle and Mariotte's law of com-
pression,

^--P. (20)-

and by Dalton and Gay-Lussac's law of expansion,

dv Ei;

It ~ l+Eif
from which we deduce

dp _ Ep
dt ~ l+Ei'

Equation (14) will consequently become

(23);

J-^ P\
d^ l/Lt(l+E/) JJ

(2^),
dv dt

a result peculiar to the dynamical theory and equation (16),

^-''=£^m <'''

which agrees with the result of § 53 of my former paper.

If V be taken to denote the volume of the gas at the tempe-
rature 0° under unity of pressure, (25) becomes

E^V
K-N=^:(f^ (««)•

52. All the conclusions obtained by Clausius, with reference

to air or gases, are obtained immediately from these equations

by taking

^—'T+eF'
which will make -y- =0, and by assuming, as he does, that N,

thus found to be independent of the density of the gas, is also

independent of its temperature.
53. As a last application of the two fundamental equations of

the theory, let the medium with reference to which ]M and N
are defined consist of a weight \—x of a certain substance in

one state, and a weight x in another state at the same tempera-
tiu-e, containing more latent heat. To avoid circumlocution and
to fix the ideas, in what follows we may suppose the former state

to be liquid and the latter gaseous ; but the investigation, as

will be seen, is equally applicable to the case of a solid in con-
tact with the same substance in the liquid or gaseous form.

54. The volume and temperature of the whole medium being,
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as before, denoted respectively by v and t, we shall have

\{\-x) + -jx=v (27),

if X and 7 be the volumes of unity of weight of the substance in
the liquid and the gaseous states respectively : and/j, the pres-
sure, may be considered as a function of t, depending solely on
the nature of the substance. To express M and N for this mixed
medium, let L denote the latent heat of a unit of weight of the
vapour, c the specific heat of the liquid, and h the specific heat
of the vapour when kept in a state of saturation. We shall have

av

'Ndt=c{l-x)dt-]-hxdt + Lpdt.

Now, by (27), we have

(V-^)§ = 1 (28).

"^^ M=^-i^ (30),

N=c(l-a-) + Aa?-L '^ — (31).

55. The expression of the second fundamental proposition in

this case becomes, consequently,

f^= —j; ^^^^'

which agrees with Carnot's original result, and is the formula
that has been used (referred to above in § 31) for determining
/A by means of llegnault's observations on steam.

5G. To express the conclusion derivable from the first funda-
mental proposition, we have, by differentiating the preceding
expressions for M and N with reference to t and v respectively,

JM_ _1_ ^
dL _ L djy-X

)

dt ~ y—\' dt (7— A)-' dt

dy dX\
dt dt \dx

7

—

X / dv

L \ d{y-X)

{y-XfJ dt
•
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Heuce equation (2) of § 20 becomes

dL
at 1 dp y„„.

7-\ ^Jdi ^^^^'

Combiuiug tliis wdtli the conclusion (32) derived from the

second fundamental proposition, we obtain

§+-"=¥ («^)-

The former of these equations agrees precisely with one which
was first given by Clausius, and the preceding investigation

is substantially the same as the investigation by which he arrived

at it. The second differs from another given by Clausius only in

not implying anyhypothesis as to the form of Carnot's function/t.

57. If we suppose /u. and L to be known for any temperature,

equation (32) enables us to determine the value oi -~ for that

temperature ; and thence deducing a value of dt, we have

dt=t^dp ....... (35);

which shows the effect of pressure in altering the " boiling-

point " if the mixed medium be a liquid and its vapour, or the
melting-point if it be a solid in contact with the same substance

in the liquid state. This agrees with the conclusion arrived at

by my elder brother in his Theoretical Investigation of the Effect

of Pi'essure in Lowering the Freezing-Point of Water*. His
result, obtained by taking as the value for jm that derived from
Table I. of my fonner paper for the temperatm'e 0° , is that the

freezmg-point is lowered by -0075° Cent, by an additional atmo-
sphere of pressm'e. Clausius, with the other data the same,
obtains "00733° as the lowering of temperatm-e by the same ad-
ditional pressure, which differs from my brother's result only
from having been calcidated from a formula which implies the

E
hypothetical expression J z—^ for /i. It was by applying

equation (33) to determine —r- for the same case that Clausius

arrived at the curious result regarding the latent heat of water
under pressure mentioned above (§ 45).

58. Lastly, it may be remarked that every quantity which ap-

* Transactions, vol. xvi. part 5. His paper was republished, with some
slight modifications, in the Cambridge and Dublin Mathematical Journal,
new series, vol. v.—Nov. 1850.
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pears in equation (33), except h, is known with tolerable accuracy
for saturated steam through a wide range of temperatm-e ; and
we may therefore use this equation to find h, which has never
yet been made an object of experimental research. Thus we have

, 7— A, dp ((TL \

For the value of 7 the best data regarding the density of satu-
rated steam that can be had must be taken. If for different

temperatm-es we use the same values for the density of satm-ated
steam (calculated according to the gaseous laws, and Regnault^s

observed pressm-e from -—r^, taken as the density at 100° ), the

values obtained for the first term of the second member of the
preceding equation are the same as if we take the form

--¥-(§-)
derived from (34), and use the values of fx. shown in Table I. of
my former paper. The values of — ^ in the second column in
the following table have been so calculated, with, besides, the
following data afforded by Regnault from his observations on
the total heat of steam, and the specific heat of water

^+c=-805.
at

L= 606-5 + -305^- (-00002/2 + -0000003/3)

.

The values of —h shown in the third column are those derived
by Clausius from an equation which is the same as what (34)

would become if J
E

1+E/ were substituted for yu,.

t.
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that it may remain saturated as its temperature rises ; and con-

versely, if a quantity of saturated vapour be allowed to expand
in a closed vessel, heat must be supplied to it to prevent any
part of it from becoming condensed into the liquid form as the

temperature of the whole sinks. This very remarkable conclu-

sion was first announced by Mr. Rankine, in his paper commu-
nicated to this Society on the 4th of February last year. It was
discovered independently by Clausius, and published in his paper
in Poggendorfi"^s Annalen in the months of April and May of the

same year,

60. It might appear at fii-st sight, that the well-knoVn fact

that steam rushing from a high-pressure boiler through a small

orifice into the open air does not scald a hand exposed to it*, is

inconsistent with the proposition, that steam expanding from a

state of saturation must have heat given to it to prevent any part

from becoming condensed ; since the steam would scald the hand
unless it were dry, and consequently above the boiling-point in

temperatm'e. The exjjlanation of this a])parent difficulty, given

in a letter which I wrote to Mr. Joule last October, and which
has since been published in the Philosophical ]\Jagazine, is,

that the steam in rushing through the orifice produces mecha-
nical effect which is immediately wasted in fluid friction, and
consequently I'econverted into heat ; so that the issuing steam
at the atmospheric pressure would have to part \vith as much
heat to convert it into water at the temperature 100° as it would
have had to part with to have been condensed at the high pres-

sure and then cooled down to 100° , which for a pound of steam
initially saturated at the temperature t is, by Reguault's modi-
fication of Watt's law, •305(^— 100° ) more heat than a pound
of saturated steam at 100° would have to part with to be re-

duced to the same state ; and the issuing steam must therefore

be above 100° in temperature, and dry.

[* Note added June 26, 1852.—At present I am inclined to believe that
the rapidity of the cuiTent exercises a great influence on the sensation
experienced in the circumstances, by .causing the steam to mix \yith the
surroimding an- ; for I have found that the hand suffers pain when exposed
to the steam issuing from a common kettle, and dried by passing through
a copper tube surrounded by red-hot coals or heated })y lamps. But
although there may be uncertainty regarding the causes of the different

sensations in the different circumstances, I believe there is no reason for

doid)ting either the fact of the dr3'ness of the steam issuing from a high-
pressure boiler (except when there is "priming" to a considerable extent),

or the correctness of the explanation of this fact which I have given in the
letter referred to.]
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indicated successively -2° , —18', —28', —15° . At li> 45n»

the rain still fell in different directions, but not at Brussels ; the
sun shone at iutei-vals, and the electrometer marked — 6° .

I ought to remark, that during the showers not a single peal
of thunder was heard, and not the smallest flash of lightning
was visible.

The example which I have just cited shows how, during the
same shower, according to the instant at which an observation is

made, we may obtain either positive or negative electricity ; this

electricity is very energetic during the showers. If the obser-
vation is made at the moment when the sign changes, it may
appear to be nearly null ; these inversions, it may be remarked,
are always of short duration.

XL. On the Mechanical Action ofRadiant Heat or Light : On the

Power of Animated Creatures over Matter : On the Sources
available to Man for the production of Mechanical Effect. By
Professor William Thomson.*

On the Mechanical Action of Radiant Heat or Light.

IT is assumed in this communication that the undulatory
theory of radiant heat and light, according to which light

is merely radiant heat, of which the vibrations are performed in

periods between certain limits of duration, is true. " The che-
mical raj's," beyond the violet end of the spectrum, consist of

undulations of which the full vibrations are executed in periods
shorter than those of the extreme visible violet light, or than
about the eight hundred million millionth of a second. The
periods of the vibrations of visible light lie between this limit

and anothei', about double as great, corresponding to the ex-

treme visible red light. The vibrations of the obscure radiant
heat beyond the red end are executed in longer periods than
this ; the longest which has yet been experimentally tested being
about the eighty million millionth of a second.

The elevation of temperature produced in a body by the in-

cidence of radiant heat upon it is a mechanical effect of the dy-
namical kind, since the communication of heat to a body is

merely the excitation or the augmentation of certain motions
among its particles. According to Pouillet's estimate of heat
radiated from the sun in any time, and Joule's mechanical equi-
valent of a thermal unit, it appears that the mechanical value of
the solar heat incident pei-pendicularly on a square foot above

* From the Proceedings of the Royal Society of Edinhurgli, Fehruary,
1852. Commumcated bv the Author.
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the earth's atmosphere is about eighty-four foot-pounds per

second.

Mechanical effect of the statical kind might be produced from
the solar radiant heat^ by using it as the source of heat in a

thermo-dynamic engine. It is estimated that about 556 foot-

pounds per second of ordinary mechanical effect, or about the

work of "one horse power/' might possibly be produced by such

an engine exposing 1800 square feet to receive solar heat, during
a warm summer day in this country ; but the dimensions of the

moveable parts of the engine would necessarily be so great as to

occasion practical difficulties in the way of using it with (Econo-

mical advantage that might be insurmountable.
The chemical effects of light belong to the class of mechanical

effects of the statical kind ; and reasoning analogous to that in-

troduced and experimentally vei'ified in the case of electrolysis by
Joule, leads to the conclusion that when such effects are produced
there will be a loss of heating effect in the radiant heat or light

which is absorbed by the body acted on, to an extent thermally
equivalent to the mechanical value of the work done against

forces of chemical affinity.

The deoxidation of carbon and hydrogen from carbonic acid

and water, effected by the action of solar light on the green parts

of plants, is (as the author recently found was pointed out by
Helmholz* in 1847) a mechanical effect of radiant heat. In
virtue of this action combustible substances are produced by
plants ; and its mechanical value is to be estimated by deter-

mining the heat evolved by burning them, and multiplying by
the mechanical equivalent of the thermal unit. Taking, from
Liebig's Agricultural Chemistiy, the estimate 2600 pounds
of dry fir-wood for the annual produce of one Hessian acre, or

26,910 square feet of forest land (which in mechanical value

appears not to differ much from estimates given in the same
treatise for produce of various kinds obtained from cultivated

land), and assuming, as a very rough estimate, 4000 thermal
units Centigrade as the heat of combustion of unity of mass of

dry fir- wood, the author finds 550,000 foot-pounds (or the
work of a horse-power, for 1000 seconds) as the mechanical value

of the mean annual produce of a square foot of the land. Taking
50° 34' (that of Giessen) as the latitude of the locality, the author
estimates the mechanical value of the solar heat which, were none
of it absorbed by the atmosphere, would fall annually on each
square foot of the land, at 5.'50,000,000 foot-pounds ; and infers

that probably a good deal more, -j-(j'^(j of the solar heat, which
actually falls on growing plants, is converted into mechanical
effect.

* Ueber die Erhaltung cler Kraft, von Dr. II. Helmholz. Berlin, 1847.
[A translation of this essay will iijipear in the First Part of the New
iSeries of the Scientific Memoirs.

—

Ed.]
P/iil. May. S. 4. Vol. 4. No. 25. Oct. 1852. S
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When the vibrations of light thus act during the growth of
plants, to separate, against forces of chemical affinity, combustible
matei'ials from oxygen, they must lose vis viva to an extent equi-
valent to the statical mechanical effect thus produced; and
therefore quantities of solar heat are actually put out of existence

by the growth of plants, but an equivalent of statical mechanical
effect is stored up in the organic products, and may be repro-

duced as heat, by burning them. All the heat of fires, obtained
by burning wood grown from year to year, is in fact solar heat
reproduced.

The actual convertibility of radiant heat into statical mecha-
nical effect, by inanimate material agency, is considered in this

paper as subject to Carnot's principle ; and a possible connexion
of this principle with the circumstances regarding the quality of

the radiant heat (or the colour of the light), required to produce
the growth of plants, is suggested.

On the Power of Animated Creatures over Matter.

The question, " Can animated creatures set matter in motion
in virtue of an inherent power of producing mechanical effect ?"

must be answered in the negative, according to the well-esta-

blished theory of animal heat and motion, which ascribes them
to the chemical action (principally oxidation, or a combustion at

low temperatui-es) experienced by the food. A principal object

of the present communication is to point out the relation of this

theory to the dynamical theory of heat. It is remarked, in the

first place, that both animal heat and weights raised or resistance

overcome, are mechanical effects of the chemical forces which act

during the combination of food with oxygen. The former is a

dynamical mechanical effect, being thermal motions excited ; the

latter is a mechanical effect of the statical kind. The whole me-
chanical value of these effects, which are produced by means of

the animal mechanism in any time, must be equal to the mecha-
nical value of the work done by the chemical forces. Hence,
when an animal is going up-hill or working against resisting

force, there is less heat generated than the amount due to the

oxidation of the food, by the thermal equivalent of the mecha-
nical effect produced. From an estimate made by Mr. Joule, it

appears that from | to g- of the mechanical equivalent of the

complete oxidation of all the food consumed by a horse may be
produced, from day to day, as weights raised. The oxidation of

the whole food consumed being, in reality, far from complete, it

follows that a less proportion than |-, perhaps even less than f,
of the heat due to the whole chemical action that actually goes

on in the body of the animal, is given out as heat. An estimate,

according to the same principle, upon very imperfect data, however,
is made by the author, regai-ding the relation between the thermal
and the non-thermal mechanical effects produced by a man at



Animated Creatures over Matter. 259

work ; by which it appears that probably as much as ^ of the

whole work of the chemical forces arising from the oxidation of

his food during the twenty-four houi's, may be directed to raising

his own weight, by a man walking up-hill for eight hours a day

;

and perhaps even as much as ^ of the work of the chemical forces

may be directed to the overcoming of external resistances by a
man exerting himself for six hours a day in such operations as

pumping. In the former case thei'e would not be more than ^,
and in the latter not more than f of the thermal equivalent of

the chemical action emitted as animal heat, on the whole, dming
the twenty-four hours, and the quantities of heat emitted during
the times of working would bear much smaller proportions re-

spectively than these, to the thermal equivalents of the chemical
forces actually operating during those times.

A curious inference is pointed out, that an animal would be
sensibly less warm in going up-hill than in going down-hill, were
the breathing not greater in the former case than in the latter.

The application of Carnot^s principle, and of Joule's discoveries

regarding the heat of electrolysis and the calorific effects of mag-
neto-electricity, is pointed out; according to which it appears
nearly certain that, when an animal works against resisting force,

there is not a conversion of heat into external mechanical effect,

but the full thermal equivalent of the chemical forces is never

produced ; in other words, that the animal body does not act as a
thermo-dynamic engine ; and very probable that the chemical forces

produce the external mechanical effects through electrical means.
Certainty regarding the means in the animal body by which

external mechanical effects are produced from chemical forces

acting internally, cannot be arrived at without more experiment
and observation than has yet been applied ; but the relation of

mechanical equivalence, between the work done by the chemical
forces, and the final mechanical effects produced, whether solely

heat, or partly heat and partly resistance overcome, may be as-

serted with confidence. Whatever be the nature of these means,
consciousness teaches every individual that they are, to some ex-

tent, subject to the direction of his will. It appears, therefore,

that animated creatures have the power of immediately applying,

to certain moving particles of matter within their bodies, forces

by which the motions of these particles are directed to produce
desired mechanical effects.

On the Sources available to Man for theproduction of Mechanical
Effect.

Men can obtain mechanical effect for their own purposes either

by working mechanically themselves, and directing other animals
to work for them, or by using natural heat, the gravitation of

descending solid masses, the natural motions of water and air,

S2
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and the heat, or galvanic currentSj or other mechanical effects

produced by chemical combination, but in no other way at pre-

sent knowai. Hence the stores from which mechanical effect may
be drawn by man belong to one or other of the following
classes :

—

I. The food of animals.
II. Natural heat.

III. Solid matter found in elevated positions.

IV. The natural motions of water and air.

V. Natural combustibles (as wood, coal, coal-gas, oils, marsh
gas, diamond, native sulphur, native metals, meteoric iron).

VI. Artificial combustibles (as smelted or electrolytically depo-
sited metals, hydrogen, phosphorus).

In the present communication, known facts in natural history

and physical science, with reference to the sources from which
these stores have derived their mechanical energies, are adduced
to establish the following general conclusions :

—

1. Heat radiated from the sun (sunlight being included in this

tei'm) is the pj-incipal source ofmechanical effect available to man^.
From it is derived the whole mechanical effect obtained by means
of animals working, water-wheels worked by rivers, steam-
engines, and galvanic engines, and part at least of the mechanical
effect obtained by means of windmills and the sails of ships not
driven by the trade-winds.

2. The motions of the earth, moon, and sun, and their mutual
attractions, constitute an important source of available mecha-
nical effect. From them all, but chiefly, no doubt, from the
earth's motion of rotation, is derived the mechanical effect of

water-wheels driven by the tides. The mechanical effect so

largely used in the sailing of ships by the trade-winds is derived

partly, perhaps principally, from the earth's motion of rotation,

and partly fi-om solar heat.

3. The other known sources of mechanical effect available to

man are either terrestrial—that is, belonging to the earth, and
available without the influence of any external body,—or me-
teoric,—that is, belonging to bodies deposited on the earth from
external space. Terrestrial sources, including mountain quarries

and mines, the heat of hot springs, and the combustion of native
sulphur, perhaps also the combustion of all inorganic native com-
bustibles, are actually used, but the mechanical eftect obtained
from them is very inconsiderable, compared with that which is ob-
tained from sources belonging to the two classes mentioned above.
Meteoric sources, including only the heat of newly-fallen meteoric
bodies, and the combustion of meteoric iron, need not be rec-

koned among those available to man for practical purposes.

* A general conclusion equivalent to this was published bj' Sir John
Herschelin 1833. See his Astronomy, edit. 1849, ^ (399).
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XLVII. On a Universal Tendency in Nature to the Dissipation of
Mechanical Energy. By Prof. W. Thomson*.

THE object of the present communication is to call attention

to the remarkable consequences which follow from Carnot's

proposition, that there is an absolute waste of mechanical energy
available to man when heat is allowed to pass from one body to

another at a lower temperature, by any means not fulfilling his

criterion of a " perfect thermo-dynamic engine," established, on
a new foundation, in the dynamical theory of heat. As it is

most certain that Creative Power alone can either call into exist-

ence or annihilate mechanical energy, the " waste" referred to

cannot be annihilation, but must be some transformation of

energyf. To explain the nature of this transformation, it is

convenient, in the first ]3lace, to divide stores of mechanical
energy into two classes

—

statical and dynamical. A quantity of

weights at a height, ready to descend and do work when wanted,
an electrified body, a quantity of fuel, contain stores of mechani-
cal energy of the statical kind. Masses of matter in motion, a

volume of space through which undulations of light or rachant

heat are passing, a body having thermal motions among its

particles (that is, not infinitely cold), contain stores of mechani-
cal energy of the dynamical kind.

The following propositions are laid down regarding the dissi-

pation of mechanical energy from a given store, and the restora-

tion of it to its primitive condition. They are necessary conse-

quences of the axiom, " It is impossible, by means of inanimate

material agency, to derive mechanical effect from any portion of
matter by cooling it below the temperature of the coldest of the

surrounding objects." (Dyuam. Th. of Heat, § 12.)

I. When heat is created by a reversible process (so that the
mechanical energy thus spent may be restored to its primitive

condition), there is also a transference from a cold body to a hot
body of a quantity of heat bearing to the quantity created a defi-

nite proportion depending on the temperatures of the two bodies.

II. When heat is created by any unreversible process (such as

friction), there is a dissipation of mechanical energy, and a full

restoration of it to its primitive condition is impossible.

III. Wlien heat is diffused by conduction, there is a dissipation

of mechanical energy, and perfect restoration is impossible.

IV. When radiant heat or light is absorbed, otherwise than in

* From the Proceedings of the Royal Society of Edinburgh for April 1 9,
1852. Communicated by the Author.
t See the Author's previous paper on the Dynamical Theory of Heat,

§22.
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vegetatiou, or in chemical action, there is a dissipation of me-
chanical energy, and perfect restoration is impossible.

In connexion with the second proposition, the question. How
far is the loss ofpoiver experienced by steam in rushing through
narrow steam-jnpes compensated, as regards the ceconomy of the
engine, by the heat (containing an exact equivalent of mechanical
energy) created by the friction ? is considered, and the following
conclusion is arrived at :

—

Let S denote the temperature of the steam (which is nearly
the same in the boiler and steam-pipe, and in the cylinder till

the expansion within it commences) ; T the temperature of the
condenser; //, the value of Carnot's function for any tempera-
ture t ; and K the value of

1 /"s

Then (1 — R)w expresses the greatest amount of mechanical effect
that can be (Economized in the circumstances from a quantity

jw of heat produced by the expenditure of a quantity w of

work in friction, whether of the steam in the pipes and entrance
ports, or of any solids or fluids in motion in any part of the
engine ; and the remainder, Rio, is absolutely and irrecoverably
wasted, unless some use is made of the heat discharged from the
condenser. The value of 1 — R has been shown to be not more
than about

;|^ for the best steam-engines, and we may infer that
in them at least three-fourths of the work spent in any kind of
friction is utterly wasted.

In connexion with the third proposition, the quantity of work
that could be got by equalizing the temperature of all parts of a
soHd body possessing initially a given non-uniform distribution
of heat, if this could be done by means of perfect thermo-dyna-
mic engines without any conduction of heat, is investigated. If
/ be the initial temperature (estimated according to any arbitrary
system) at any point xyz of the solid, T the final uniform tem-
perature, and c the thermal capacity of unity of volume of the
solid, the required mechanical effect is of course equal to

^Jjyc{t-T)dxdydz,

being simply the mechanical equivalent of the amount of heat
put out (jf existence. Hence the problem becomes reduced to
that of the determination of T. The following solution is ob-
tained :

—

ffjrrf?\, , , ctdxdydz

fff-y>c dx dy dz

Vhd. Mag. S. 4. 'Vol."4. No. 25. Oct. 1852.
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If the system of thermometry adopted* be such that /a — ,

that is, if we agree to call « the temperature of a body, for

which fi is the value of Carnot's function (« and J being con-

stants), the preceding expression becomes

/ / /c dx dy dz

The following general conclusions are drawn from the propo-

sitions stated above, and known facts with reference to the me-
chanics of animal and vegetable bodies :

—

1. There is at present in the material world a universal ten-

dency to the dissipation of mechanical energy.

2. Any restoration of mechanical energy, without more than
an equivalent of dissipation, is impossible in inanimate material

processes, and is probably never eifected by means of organized

matter, either endowed with vegetable life or subjected to the

will of an animated creature.

3. Within a finite period of time past the earth must have
been, and within a finite period of time to come the earth must
again be, unfit for the habitation of man as at present consti-

tuted, unless operations have been, or are to be performed, which
are impossible under the laws to which the known operations

going on at present in the material world are subject.
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May 13, " DEPORT of the general process adopted in Gradu-
1852. -"-V ating and Comparing the Standard Meteorological

Instruments for the Kew Observatory." By Mr. John Welsh. Com-
municated by Col. Sabine on the part of the Committee of Recom-
mendations of the Government Grant.

In offering to the Committee a short statement of the progress
made at the Kew Observatory in the construction and verification

* According to " Mayer's byjiothesis," this system fcoiucides with that
in which equal differences of temperature are defined as those with which
the same mass of air under constant pressiu-e has equal differences of
volume, provided J be the mechanical equivalent of the thermal unit, and

the coefficient of expansion of air.


