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P R E F A C E . 

T H E A I M of this book is to exhibit the scientific 
connexion of the various steps by which our know
ledge of the phenomena of heat has been extended. 
The first of these steps is the invention of the thermo
meter, by which the registration and comparison 
of temperatures is rendered possible. The second 
step is the measurement of quantities of heat, or 
Calorimetry. The whole science of heat is founded 
on Thermometry and Calorimetry, and when these 
operations are understood we may proceed to the 
third step, which is the investigation of those relations 
between the thermal and the mechanical properties of 
substances which form the subject of Thermodynamics. 
The whole of this part of the subject depends on the 
consideration of the Intrinsic Energy of a system of 
bodies, as depending on the temperature and physical 
state, as well as the form, motion, and relative position 
of these bodies. Of this energy, however, only a 
part is available for the purpose of producing me
chanical work, and though the energy itself is inde
structible, the available part is liable to diminution by 
the action of certain natural processes, such as con
duction and radiation of heat, friction, and viscosity. 
These processes, by which energy is rendered unavail
able as a source of work, are classed together under 
the name of the Dissipation of Energy, and form the 
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vi Preface. 

subjects of the next division of the book. The last 
chapter is devoted to the explanation of various 
phenomena by means of the hypothesis that bodies 
consist of molecules, the motion of which constitutes 
the heat of those bodies. 

In order to bring- the treatment of these subjects 
within the limits of this text-book, it has been found 
necessary to omit everything which is not an essential 
part of the intellectual process by which the doctrines 
of heat have been developed, or which does not 
materially assist the student in forming his own judg
ment on these doctrines. 

For this reason, no account is given of several very-
important experiments, and many illustrations of the 
theory of heat by means of natural phenomena are 
omitted. The student, however, will find this part of 
the subject treated at greater length in several excel
lent works on the same subject which have lately 
appeared. 

A full account of the most important experiments 
on the effects of heat will be found in Dixon's 
'Treatise on Heat' (Plodges & Smith, 1849). 

Professor Ealfour Stewart's treatise contains all that 
is necessary to be known in order to make experi
ments on heat. The student may be also referred to 
Deschanel's 'Natural Philosophy,' Part II. , translated 
by Professor Everett, who has added a chapter on 
Thermodynamics; to Professor Rankine's work on the 
Steam Engine, in which he will find the first systematic 
treatise on thermodynamics; to Professor Tait's ' Ther
modynamics/ which contains an historical sketch of 
the subject, as well as the mathematical investigations ; 
and to Professor Tyndall's work on ' Heat as a Mode 
of Motion,' in which the doctrines of the science are 
forcibly impressed on the mind by well-chosen illus
trative experiments. The original memoirs of Pro
fessor Clausius, one of the founders of the modern 
science of Thermodynamics, have been edited in 
English by Professor Hirst, 
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A T R E A T I S E 

ON 

H E A T . 

CHAPTER I. 

I N T R O D U C T I O N . 

THE DISTINCTION between hot bodies and cold ones is 
familiar to all, and is associated in our minds with the 
difference of the sensations which we experience in touching 
various substances, according as they are hot or cold. The 
intensity of these sensations is susceptible of degrees, so that 
we may estimate one body to be hotter or colder than 
another by the touch. The words hot, warm, cool, cold, 
are associated in our minds with a series of sensations which 
we suppose to indicate a corresponding series of states of 
an object with respect to heat. 

We use these words, therefore, as the names of these 
states of the object, or, in scientific language, they are the 
names of Temperatures, the word hot indicating a high 
temperature, cold a low temperature, and the intermediate 
terms intermediate temperatures, while the word temperature 
itself is a general term intended to apply to anyone of these 
states of the object. 

Since the state of a body may vary continuously from 
cold to hot, we must admit the existence of an indefinite 
number of intermediate states, which we call intermediate 

B 
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2 Introduction. 

temperatures. W e may give names to any n u m b e r of 
particular degrees of temperature, and express any other 
temperature b y its relative place a m o n g these degrees. 

T h e temperature of a b o d y , therefore, is a quantity which 
indicates h o w hot or h o w cold the b o d y is. 

W h e n w e say that the temperature of one b o d y is higher 
or lower than that of another, w e mean that the first b o d y is 
hotter or colder than the second, but we also imply that w e 
refer the state of bo th bodies to a certain. scale of tempe
ratures. B y the use, therefore, of the w o r d temperature, 
we fix in our minds the conviction that it is possible, not 
only to feel, but to measure, how hot a b o d y is. 

W o r d s of this kind, which express the same things as 
the w o r d s of primitive language, but express them in a way 
susceptible of accurate numerical statement, are called 
scientific 1 terms, because they contribute to the growth of 
science. 

W e might suppose that a person w h o has carefully cul
tivated his senses w o u l d b e able by simply touching an 
object to assign its place in a scale of temperatures, but it is 
found b y experiment that the estimate formed of temperature 
b y the touch depends upon a great variety of circumstances, 
some of these relating to the texture or consistency of the 
object, a n d some to the temperature of the hand or the 
state of health of the person w h o makes the estimate. 

F o r instance, if the temperature of a piece of w o o d were 
the same as that of a piece of iron, and much higher than 
that of the hand, we should estimate the iron to b e hotter 
than the w o o d , because it parts with its heat more readily to 
the hand, whereas if their temperatures were equal, a n d 
much lower than that o f the hand, w e should estimate the 
iron to b e colder than the wood . 

T h e r e is another c o m m o n experiment, in which w e place 
one h a n d in hot water and the other in cold for a sufficient 

' ' Scientifick, adj . Produc ing demonstrative knowledge.'—Johnson's 
Diet. 
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Temperature. 3 
time. I f w e then dip both hands in the same basin of 
lukewarm water alternately, or even at once, it will appear 
cold to the w a r m e d hand a n d hot to the cooled hand. 

I n fact, our sensations of every kind depend u p o n so 
raany variable conditions, that for all scientific purposes we 
prefer to form our estimate of the state of bodies from their 
observed action on some apparatus whose conditions are 
more simple and less variable than those of our own senses. 

T h e properties of most substances vary when their tem
perature varies. S o m e of these variations are abrupt, a n d 
serve to indicate particular temperatures as points of re 
ference; others are continuous, a n d serve to measure other 
temperatures b y comparison with the temperatures of refer
ence. 

F o r instance, the temperature at which ice melts is found 
to be always the same under ordinary circumstances, though, 
as w e shall see, it is slightly altered b y change of pressure. 
T h e temperature of steam which issues from boi l ing water 
is also constant when the pressure is constant. 

T h e s e two p h e n o m e n a therefore—the melting of ice a n d 
the boi l ing of water—indicate in a visible manner two tempe
ratures which we m a y use as points of reference, the position 
of which depends on the properties of water a n d not on the 
conditions of our senses. 

Other changes of state which take place at temperatures 
more or less definite, such as the melting of w a x or of 
lead, a n d the boi l ing of l iquids of definite composition, are 
occasionally used to indicate when these temperatures are 
attained, but the melting of ice a n d the boi l ing of pure 
water at a standard pressure remain the most important 
temperatures of reference in m o d e m science. 

T h e s e phenomena of change of state serve to indicate 
only a certain number of particular temperatures. I n 
order to measure temperatures in general, w e must avail 
ourselves of some property of a substance which alters 
continuously with the temperature. 

n 2 
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4 Introduction. 

T h e vo lume of most substances increases continuously 
as the temperature rises, the pressure remaining constant. 
T h e r e are exceptions to this rule, a n d the dilatations of 
different substances are not in general in the same propor
tion ; but any substance in which an increase of temperature, 
however small, produces an increase of vo lume may b e used 
to indicate changes of temperature. 

F o r instance, mercury and glass both expand w h e n heated, 
but the dilatation of mercury is greater than that of glass. 
H e n c e if a cold glass vessel b e filled with cold mercury, a n d 
if the vessel and the mercury in it are then equally heated, 
the glass vessel will expand, b u t the mercury wil l expand 
more, so that the vessel will no longer contain the mercury. 
I f the vessel b e prov ided with a long neck, the mercury 
forced out of the vessel will rise in the neck, a n d if the neck 
is a narrow tube finely graduated, the amount of mercury 
forced out of the vessel may b e accurately measured. 

Th i s is the principle of the c o m m o n mercurial thermo
meter, the construction of which will b e afterwards more 
minutely described. A t present w e consider it simply as a s 
instrument the indications of which vary when the tempe
rature varies, but are always the same w h e n the temperature 
of the instrument is the same. 

T h e dilatation of other liquids, as well as that of solids a n d 
of gases, may b e used for thcrmometric purposes, a n d the 
thermo-electric properties of metals, and the variation of their 
electric resistance with temperature, are also employed in 
researches on heat. W e must first, however , study the theory 
of temperature in itself before we examine the properties of 
different substances as related to temperature, and for this 
purpose w e shall use the particular mercurial thermometer 
just described. 
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Tlie Thermometer. 5 

THE MERCURIAL THERMOMETER. 

This thermometer consists of a glass tube terminating in 
a bu lb , the b u l b a n d part of the tube be ing filled with 
mercury, and the rest of the tube be ing empty. W e shall 
suppose the tube to b e graduated in any manner so that the 
height of the mercury in the tube may b e observed a n d 
recorded. W e shall not, however, assume either that the 
tube is of uniform section or that the degrees are of equal 
size, so that the scale of this primitive thermometer must b e 
regarded as completely arbitrary. B y means of our thermo
meter we can ascertain whether one temperature is higher or 
lower than another, or equal to it, but w e cannot assert that 
the difference between two temperatures, A and B, is greater 
or less than the difference between two other temperatures, 
c a n d D. 

W e shall suppose that in every observation the temperature 
of the mercury a n d the glass is equal and uniform over the 
whole thermometer. T h e reading of the scale will then 
depend on the temperature of the thermometer, and, since 
we have not yet established any more perfect thermometric 
scale, we shall call this reading provisionally ' the temperature 
by the arbitrary scale of the thermometer.' 

T h e reading of a thermometer indicates primarily its own 
temperature, but if w e br ing the thermometer into intimate 
contact with another substance, as for instance if w e plunge 
it into a l iquid for a sufficient time, w e find that the reading 
of the thermometer becomes higher or lower according as 
the l iquid is hotter or colder than the thermometer, a n d that 
if we leave the thermometer in contact with the substance for 
a sufficient time the reading becomes stationary. L e t us 
call this ultimate reading ' the temperature of the substance.' 
W e shall find as we go on that w e have a right to do so. 

L e t us n o w take a vessel of water which we shall suppose 
to b e at the temperature of the air, so that if left to itself it 
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6 Introduction. 

would remain at the same temperature. T a k e another 
smaller vessel of thin sheet copper or tin plate, and fill it 
with water, oil, or any other liquid, and immerse it in the 
larger vessel of water for a certain time. T h e n , i f by means 
o f our thermometer we register the temperatures of the 
liquids in the two vessels before and after the immersion of 
the copper vessel, we find that if they arc originally at the 
same temperature the temperature of both remains the same, 
but that i f one is at a higher temperature than the other, that 
which has the higher temperature becomes colder a n d that 
which has the lower temperature becomes hotter, so that i f 
they continue in contact for a sufficient time they arrive at 
last at the same temperature, after which no change of tem
perature takes place. 

T h e loss of temperature b y the hot b o d y is not in general 
equal to the gain o f temperature b y the cold b o d y , but it is 
manifest that the two simultaneous phenomena are due to 
one cause, a n d this cause may b e described as the passage 
of H e a t from the hot b o d y to the cold one. 

A s this is the first time w e have used the w o r d H e a t , let us 
examine what w e mean b y it. 

W e find the cooling of a hot b o d y and the heating of 
a cold b o d y happening simultaneously as parts of the same 
phenomenon, a n d w e describe this phenomenon as the pas
sage of heat from the hot body to the cold one. H e a t , then, 
is something which may b e transferred from one b o d y to 
another, so as to diminish the quantity of heat in the first 
a n d increase that in the second b y the same amount. 
W h e n heat is communicated to a b o d y , the temperature 
of the b o d y is generally increased, but sometimes other 
effects are produced, such as change of state. W h e n heat 
leaves a b o d y , there is either a fall of temperature or a 
change of state. I f no heat enters or leaves a body , a n d 
if no changes of state or mechanical actions take place 
in the body , the temperature of the b o d y wil l remain 
constant. 
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Heat as a Quantity. 7 

H e a t , therefore , m a y pass out o f o n e b o d y in to ano the r 
just as w a t e r m a y b e p o u r e d f rom o n e vesse l i n t o another , 
and it m a y b e r e t a ined in a b o d y for a n y t ime , jus t as wa te r 
may be k e p t in a ve s se l . W e h a v e there fore a right t o speak 
of heat as o f a measurable quantity, and to treat i t m a t h e m a 
tically l i ke o the r measurab le quant i t ies so l o n g as i t con t inues 
to exist as heat . W e shall find, h o w e v e r , that w e h a v e n o 
right to treat heat as a substance, for i t m a y b e t rans formed 
into s o m e t h i n g w h i c h is no t heat , a n d is ce r ta in ly n o t a 
substance at all, n a m e l y , m e c h a n i c a l w o r k . 

W e must r e m e m b e r , therefore , that though w e a d m i t hea t 
to the tit le o f a measu rab l e quant i ty , w e mus t n o t g i v e i t 
rank as a substance, but must h o l d our m i n d s i n suspense 
till w e h a v e further e v i d e n c e as t o the nature o f heat . 

Such e v i d e n c e is furnished b y expe r imen t s o n f r ic t ion, in 
which m e c h a n i c a l work , ins tead o f b e i n g t ransmi t ted f rom 
one par t o f a m a c h i n e t o another , is appa ren t l y lost , w h i l e 
at the same t ime , and in the s a m e p lace , hea t is g e n e r a t e d , 
the amoun t o f heat b e i n g in an exac t p r o p o r t i o n t o the 
amount o f w o r k l o s t W e have , therefore , r eason t o b e l i e v e 
that heat is o f the same nature as mechan ica l work , that is, 
it is o n e o f the forms o f E n e r g y . 

I n the e igh teen th century, w h e n m a n y n e w facts w e r e 
be ing d i s c o v e r e d re la t ing to the ac t ion o f hea t o n bod i e s , 
and w h e n at the s a m e t i m e g rea t progress was b e i n g m a d e 
in the k n o w l e d g e o f the c h e m i c a l ac t ion o f substances, the 
w o r d C a l o r i c was i n t roduced t o signify heat as a measurable 
quantity. S o l o n g as the w o r d d e n o t e d no th ing m o r e than 
this, it m i g h t b e usefully e m p l o y e d , bu t the fo rm o f the w o r d 
a c c o m m o d a t e d i t se l f to the t e n d e n c y o f the chemis ts o f that 
t ime t o s e e k for n e w ' i m p o n d e r a b l e substances, ' so that 
the w o r d c a l o r i c c a m e t o connote^ no t m e r e l y heat, but heat 
as an indes t ruc t ib le i m p o n d e r a b l e fluid, insinuat ing i tself 
in to the pores o f b o d i e s , d i l a t ing a n d d i s so lv ing them, a n d 

1 ' A connotative term is one which denotes a subject and implies an 
attribute.'—MilVs Logic, book i. chap. i i . § 5. 
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ultimately vaporis ing them, combin ing with bodies in definite 
quantities, a n d so becoming latent, a n d reappearing when 
these bodies alter their condition. I n fact, the w o r d caloric, 
when once introduced, soon came to imply the recognised 
existence of something material, though p r o b a b l y of a m o r e 
subtle nature than the then newly discovered gases. Calor ic 
resembled these gases in be ing invisible a n d in its property 
of b e c o m i n g fixed in solid bodies . I t differed from them 
because its weight could not b e detected b y the finest 
balances , hut there was n o d o u b t in the minds of many 
eminent men that caloric was a fluid pervad ing all bodies, 
p r o b a b l y the cause of all repulsion, and possibly even of the 
extension of bodies in space. 

Since ideas of this kind have always been connected 
with the w o r d caloric, a n d the w o r d itself has been in n o 
slight degree the means of e m b o d y i n g a n d propagating 
these ideas, and since all these ideas are n o w k n o w n to be 
false, w e shall avoid as m u c h as poss ible the use of the 
w o r d caloric in treating of heat. W e shall find it useful, 
however , when we wish to refer to the erroneous theory 
which supposes heat to b e a substance, to call it the 
' Caloric T h e o r y of Heat . ' 

T h e w o r d heat, though a primitive w o r d a n d not a 
scientific term, will b e found sufficiently free from ambiguity 
w h e n w e use it to express a measurable cpuantity, because it 
will b e associated with words expressive of quantity, indi
cating how much heat w e are speaking of 

W e have nothing to do with the w o r d heat as an abstract 
term signifying the property of hot things, and when w e 
might say a certain heat, as the heat of n e w milk, we shall 
a lways use the more scientific w o r d temperature, and speak 
of the temperature of n e w milk. 

W e shall never use the w o r d heat to denote the sensation 
of heat. I n fact, it is never so used in ordinary language, 
which has no names for sensations, unless when the sensation 
itself is of more importance to us than its physical cause, as 
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in the case of pain, & c . T h e only name w e have for this 
sensation is ' the sensation of heat.' 

W h e n w e require an adject ive to denote that a phe
nomenon is related to heat w e shall call it a thermal 
phenomenon, as, for instance, we shall speak of the thermal 
conductivity of a substance or of thermal radiation to dis
tinguish the conduct ion and radiation of heat from the 
conduction of electricity or the radiation of light. T h e 
science of heat has been called ( b y D r . W h e w e l l a n d others) 
Thermotics, and the theory of heat as a form of energy is 
called Thermodynamics . I n the same way the theory of the 
equilibrium of heat might b e called Thermostatics, a n d that 
of the motion of heat Thermokinematics . 

T h e instrument by which the temperature of bodies is 
registered is called a T h e r m o m e t e r or measurer of warmth, 
and the method of constructing a n d using thermometers may 
b e called T h e r m o m e t r y . 

T h e instrument b y which quantities of heat are measured 
is called a Calorimeter, p r o b a b l y because it was invented at 
a time when heat was cal led Caloric . T h e name, however, 
is n o w well established, a n d is a convenient one, as its form 
is sufficiently distinct from that of the word Thermometer. 
T h e method of measuring heat may b e called Calorimetry. 

A certain quantity of heat, with which all other quantities 
are compared, is called a T h e r m a l Uni t . This is the quantity 
of heat required to produce a particular effect, such as to 
melt a p o u n d of ice, or to raise a p o u n d of water from one 
defined temperature to another defined temperature. A par
ticular thermal unit has been called by some authors a Calorie. 

W e have n o w obtained two of the fundamental ideas 
of the science of heat—the idea of temperature, or the 
property of a b o d y considered with reference to its power of 
heating other bodies ; a n d the idea of heat as a measurable 
quantity, which may b e transferred from hotter bodies to 
colder ones. W e shall consider the further development of 
these ideas in the chapters on Thermometry and Calorimetry, 
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but w e must first d i rec t our a t tent ion t o the p roces s b y which 
heat is t ransferred f rom o n e b o d y t o another . 

T h i s p rocess is c a l l ed the Di f fus ion o f H e a t . T h e diffusion 
o f hea t i nva r i ab ly transfers heat f rom a ho t t e r b o d y to a c o l d e r 
one , so as t o c o o l the hot te r b o d y and w a r m the c o l d e r b o d y . 
T h i s p rocess w o u l d g o o n till a l l b o d i e s w e r e b rough t to the 
same t empera tu re i f it w e r e no t for cer ta in o the r p rocesses 
b y w h i c h the t empera tures o f b o d i e s are c h a n g e d i n d e 
p e n d e n t l y o f any e x c h a n g e c f hea t w i t h o the r b o d i e s , as, for 
instance, w h e n c o m b u s t i o n o r a n y o the r c h e m i c a l p roces s 
takes p l ace , o r w h e n any c h a n g e occurs in the fo rm, structure, 
or phys ica l state o f the b o d y . 

T h e c h a n g e s o f t empera ture o f a b o d y ar is ing f rom o ther 
causes than the transfer o f hea t f rom other b o d i e s w i l l b e 
c o n s i d e r e d w h e n w e c o m e to desc r ibe the di f ferent phys i ca l 
states o f b o d i e s . W e are at present c o n c e r n e d o n l y w i t h 
the passage o f hea t i n t o t he b o d y o r out o f it, a n d this 
a lways takes p l a c e b y diffusion, a n d is a l w a y s f rom a ho t te r 
to a c o l d e r b o d y . 

T h r e e p rocesses o f diffusion o f hea t a re c o m m o n l y r e c o g 
n i s e d — C o n d u c t i o n , C o n v e c t i o n , a n d R a d i a t i o n . 

C o n d u c t i o n is the f l ow o f heat th rough an u n e q u a l l y h e a t e d 
b o d y f rom p laces o f h i g h e r to p l ace s o f l o w e r t empera ture . 

C o n v e c t i o n is the m o t i o n o f the ho t b o d y i t se l f ca r ry ing its 
hea t wi th it. I f b y this m o t i o n it is b r o u g h t near b o d i e s c o l d e r 
than i t se l f it w i l l w a r m t h e m faster than i f i t h a d no t b e e n 
m o v e d nea re r to t h e m . T h e t e rm c o n v e c t i o n is a p p l i e d to 
those p rocesses b y w h i c h the diffusion o f hea t is r e n d e r e d 
m o r e r ap id b y the m o t i o n o f the h o t substance f rom o n e 
p l ace t o another , t hough the u l t imate transfer o f hea t m a y 
still t ake p l a c e b y conduc t ion . 

I n R a d i a t i o n , the hot ter b o d y loses heat , a n d the c o l d e r 
b o d y r e c e i v e s hea t b y m e a n s o f a p rocess occur r ing in s o m e 
i n t e r v e n i n g m e d i u m w h i c h does no t i tself b e c o m e t h e r e b y hot . 

I n each o f these three processes o f diffusion o f hea t the 
tempera tures o f the b o d i e s b e t w e e n w h i c h the p rocess takes 
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place tend to b e c o m e equal. W e shall not at present discuss 
the convection of heat, because it is not a purely thermal 
phenomenon, since it depends o n a hot substance be ing 
carried from one place to another, either b y human effort, 
as when a hot iron is taken out of the fire a n d put into the 
tea-urn, or b y some natural property of the heated substance, 
as when water, heated b y contact with the bot tom of a 
kettle p laced on the fire, expands as it becomes w a n n e d , 
and forms an ascending current, making w a y for colder .and 
therefore denser water to descend a n d take its place. I n 
every such case of convection the ultimate a n d only direct 
transfer of heat is due to conduction, a n d the only effect of 
the motion of the hot substance is to bring the unequal ly 
heated portions nearer to each other, so as to facilitate the 
exchange of heat. W e shall accept the conduction of heat 
as a fact, without at present attempting to form any theory 
of the details of the process b y which it takes place. W e 
do not even assert that in the diffusion of heat b y conduc
tion the transfer of heat is entirely from the hotter to the 
colder body . A l l that we assert is, that the amount of heat 
transferred from the hotter to the colder b o d y is invariably 
greater than the amount , if any, transferred from the colder 
to the hotter. 

ON CONDUCTION. 

I n the experiments which we have described, heat passes 
from one b o d y into another through an intervening sub
stance, as from a vessel of water through the glass b u l b of a 
thermometer into the mercury inside the bulb . 

This process, b y which heat passes from hotter to colder 
parts of a body , is called the conduction of heat. W h e n 
heat is passing through a b o d y b y conduction, the tem
perature of the b o d y must b e greater in the parts from 
which the heat comes than in those to which it tends, 
and the quantity of heat which passes through any thin 
layer of the substance depends on the difference of the 
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temperatures of the opposite sides o f the layer. F o r instance, 
if we put a silver spoon into a cup of hot tea, the part 
of the spoon in the tea soon becomes heated, while the 
part just out of the tea is comparatively cool. O n ac
count of this inequality of temperature, heat immediately 

F l G - J- begins to flow a long the metal from 
/ K ) A to B. T h e heat first warms B a 

duction of heat is, that in every part of its course the heat 
must pass from hotter to colder parts of the b o d y . N o 
heat can b e conducted as far as E till A has been m a d e 
hotter than B, B than c, c than D, and D than E. T o do 
this requires a certain amount of heat to b e expended in 
warming in succession all these intermediate parts of the 
spoon, so that for some time after the spoon is p laced in 
the cup no alteration of temperature can b e perceived at 
the end of the spoon. 

H e n c e w e may define conduction as the passage of heat 
through a b o d y depending on inequality of temperature in 
adjacent parts of the body . 

W h e n any part of a b o d y is heated b y conduction, the 
parts of the b o d y through which the heat comes to it must 
b e hotter than itself, and the parts higher up the stream of 
heat still hotter. 

I f w e n o w try the experiment of the spoon in the teacup 
with a G e r m a n silver spoon along with the silver one, w e 
shall find that the end of the silver spoon becomes hot long 
before that of the G e r m a n silver one ; and if w e also put in a 
bone or horn spoon, w e shall not b e able to perceive any 
warmth at the end of it, however long we wait. 

This shows that silver conducts heat quicker than G e r m a n 

little, and so makes B warmer than 
c, and then the heat flows on from 
B to C, and in this w a y the very 
end of the spoon will in course of 
time b e c o m e warm to the touch. 
T h e essential requisite to the con-
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si lver, and G e r m a n s i lver qu icke r than b o n e or horn. T h e 
reason w h y the e n d o f the s p o o n n e v e r ge ts as ho t as the 
tea is, that the i n t e r m e d i a t e parts o f the s p o o n are coo l ing , 
par t ly b y g i v i n g the i r hea t t o the air in con tac t with them, 
and part ly b y r ad ia t ion out in to space . 

T o show that t he first effect o f hea t o n the t h e r m o m e t e r 
is to w a r m the ma te r i a l o f w h i c h the bu lb is c o m p o s e d , and 
that the heat c a n n o t r e a c h the fluid ins ide t i l l the bu lb has 
b e e n w a r m e d , t ake a t h e r m o m e t e r w i th a la rge bulb, w a t c h 
the fluid in the tube , a n d dash a l i t t le ho t wa te r o v e r the 
bu lb . T h e fluid w i l l fall in the tube b e f o r e i t beg ins t o 
rise, showing that the bu lb b e g a n t o e x p a n d be fo re the fluid 
e x p a n d e d . 

ON RADIATION. 

O n a ca lm d a y in w i n t e r w e fee l the sun's rays w a r m e v e n 
w h e n water is f r eez ing a n d i c e is hard a n d dry . 

I f w e m a k e use o f a t he rmomete r , w e find that i f the 
sun's rays fall o n it, i t ind ica tes a tempera ture far a b o v e 
f reez ing , wh i l e the air i m m e d i a t e l y surrounding the bu lb is 
at a temperature b e l o w freezing. T h e heat, therefore, w h i c h 
w e fee l , and t o w h i c h the t h e r m o m e t e r a lso responds , is n o t 
c o n v e y e d to i t b y conduc t i on th rough the air, for the air 
is c o l d , and a c o l d b o d y canno t m a k e a b o d y w a r m e r than 
i tself b y c o n d u c t i o n . T h e m o d e in w h i c h the hea t reaches 
the b o d y w h i c h it w a r m s , w i t h o u t w a r m i n g the air through 
w h i c h it passes , is c a l l e d radia t ion . Substances w h i c h 
admi t o f r ad ia t ion tak ing p l a c e through t h e m are ca l l ed 
Dia the rmanous . T h o s e w h i c h d o no t a l l o w heat to pass 
through them w i t h o u t b e c o m i n g themse lves ho t are ca l led 
A t h e r m a n o u s . T h a t w h i c h passes th rough the m e d i u m 
dur ing this p roces s is g e n e r a l l y ca l l ed R a d i a n t H e a t , 
though as l o n g as it is radiant i t possesses n o n e o f the 
proper t ies w h i c h dist inguish hea t f rom other forms o f energy , 
s ince the t empera tu re o f the b o d y through which it passes, 
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and the o t h e r phys ica l p roper t i es o f the b o d y , a re in n o w a y 
af fec ted b y the passage o f the radia t ion , p r o v i d e d the b o d y 
is pe r fec t ly d ia thermanous . I f the b o d y is n o t per fec t ly 
d i a the rmanous it stops m o r e o r less o f the radia t ion , and 
b e c o m e s h e a t e d itself, ins tead o f t ransmit t ing the w h o l e 
rad ia t ion t o b o d i e s b e y o n d it. 

T h e d is t inguish ing character is t ic o f rad iant hea t is, that 
it t ravels in rays l ike l ight, w h e n c e the n a m e radiant. T h e s e 
rays h a v e all the phys ica l p roper t i es o f rays o f l ight , and are 
c a p a b l e o f re f l ex ion , refract ion, in ter ference , a n d polar i sa t ion . 
T h e y m a y b e d i v i d e d in to different k inds b y t he pr i sm, as 
l igh t is d i v i d e d in to its c o m p o n e n t co lours , a n d s o m e o f the 
heat- rays are i den t i ca l w i th the rays o f l ight , w h i l e o the r 
k inds o f heat- rays m a k e n o impres s ion On our eyes . F o r 
ins tance , i f w e take a glass c o n v e x lens , a n d p l a c e it in the 
sun's rays, a b o d y p l a c e d at the focus w h e r e a smal l i m a g e 
o f the sun is f o r m e d w i l l b e in t ense ly hea ted , w h i l e the l ens 
i t se l f a n d the air th rough w h i c h the rays pass r e m a i n qu i te 
c o l d . I f w e a l l o w the rays b e f o r e t h e y reach the focus to 
fall o n the surface o f wate r , so that the rays m e e t in a focus 
in the in te r ior o f the water , then i f the w a t e r is qu i t e c lear 
at the focus it w i l l r ema in t ranqui l , but i f w e m a k e the focus 
fall u p o n a m o t e in the wate r , the rays w i l l b e s t o p p e d , the 
m o t e w i l l b e h e a t e d and w i l l cause the wa te r n e x t it t o 
e x p a n d , and so an u p w a r d current w i l l b e p r o d u c e d , and the 
m o t e w i l l b e g i n t o r ise in the water . T h i s shows that it 
is o n l y w h e n the radia t ion is stopped that i t has any effect in 
hea t i ng wha t it falls on . 

B y m e a n s o f any regular c o n c a v e p i e c e o f m e t a l , such as 
t he scale o f a ba lance , p ressed w h e n h o t aga ins t a c lear 
sheet o f i c e , first on o n e s ide a n d then o n the o ther , it is easy 
to m a k e a lens o f i c e w h i c h m a y b e used o n a sunny d a y as 
a bu rn ing glass ; but this e x p e r i m e n t , w h i c h was f o r m e r l y 
in g rea t repute , is far infer ior in interest t o o n e i n v e n t e d b y 
P r o f e s s o r T y n d a l l , in w h i c h the heat , ins tead o f b e i n g c o n 
cen t ra t ed byice, is c o n c e n t r a t e d in i c e . T a k e a c lea r b l o c k 
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o f i c e a n d m a k e a flat surface o n it, pa ra l l e l t o the or ig ina l 
surface o f t he lake , o r t o the l ayers o f bubb l e s gene ra l ly 
found in l a rge b l o c k s ; then l e t the c o n v e r g i n g rays o f the 
sun f rom an o rd ina ry burn ing glass fall o n this surface, and 
c o m e to a focus wi th in the i ce . T h e i ce , no t b e i n g pe r 
fectly d ia thermanous , w i l l b e w a r m e d b y the rays, but m u c h 
m o r e at the focus than a n y w h e r e else. T h u s the i ce wi l l 
beg in to m e l t at the focus in the in te r ior o f its substance, 
and, as i t d o e s so, the p o r t i o n s w h i c h m e l t first are regu
lar ly f o r m e d crystals, a n d so w e see in the path o f the b e a m 
a n u m b e r o f s ix - rayed stars, w h i c h are h o l l o w s cut out o f 
the i c e a n d con t a in ing water . T h i s wate r , h o w e v e r , d o e s 
not qui te fill t hem, because the w a t e r is o f less bu lk than 
the ice o f w h i c h it was m a d e , so that parts o f the stars are 
emp ty . 

E x p e r i m e n t s on the hea t ing effects o f rad ia t ion show 
that no t o n l y the sun but all ho t b o d i e s emi t radia t ion. W h e n 
the b o d y is ho t enough , its rad ia t ions b e c o m e v is ib le , and 
the b o d y is said to b e r ed h o t W h e n it is still hot ter it 
sends forth n o t o n l y r ed rays, but rays o f e v e r y colour , a n d 
it is then sa id t o b e w h i t e hot . W h e n a b o d y is t o o c o l d 
to shine v i s i b l y , it still shines wi th inv i s ib le hea t ing rays, 
wh ich can b e p e r c e i v e d ' b y a sufficiently de l ica te the rmo
meter , and it d o e s n o t appea r that a n y b o d y can b e so 
c o l d as no t t o send forth radia t ions . T h e reason w h y all 
b o d i e s d o n o t a p p e a r t o shine is , that our eyes a re sensi t ive 
on ly to part icular k inds o f rays, a n d w e o n l y see b y means 
o f rays o f these k inds , c o m i n g f rom s o m e v e r y ho t b o d y , 
ei ther d i r ec t ly o r after r e f l ex ion o r scat ter ing at the surface 
o f o the r b o d i e s . 

W e shall see that the phrases radiat ion o f hea t and ra
d iant hea t a re n o t qui te sc ient i f ical ly correct , a n d must b e 
used w i t h caut ion . H e a t is ce r ta in ly c o m m u n i c a t e d f rom 
o n e b o d y t o ano ther b y a p rocess wh ich w e call ra
diat ion, w h i c h takes p l a c e in the r e g i o n b e t w e e n the 
two b o d i e s . W e h a v e n o right, h o w e v e r , to speak o f this 
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process of radiation as heat. W e have defined heat 

as it exists in hot bodies , a n d w e have seen that all heat 

is of the same kind. But the radiation be tween bodies 

differs from heat as w e have defined it—ist, in not mak ing 

the b o d y hot through which it passes ; 2nd, in be ing of 

many different kinds. H e n c e we shall general ly speak of 

radiation, and w h e n w e speak of radiant heat w e do not 

mean to imply the existence of a new kind of heat, but to 

consider radiation in its thermal aspect. 

ON THE DIFFERENT PHYSICAL STATES OF BODIES. 

Bodies are found to behave in different ways under the 

action of forces. I f we cause a longitudinal pressure to act 

on a b o d y in one direction b y means of a pair of pincers or 

a vice, the b o d y be ing free to m o v e in all other directions, 

we find that if the b o d y is a piece of cold iron there is very 

little effect produced , unless thè pressure be very great ; if 

the b o d y is a piece of india-rubber, it is compressed in the 

direction of its length a n d bulges out at the sides, but it 

soon comes into a state of equil ibrium, in which it continues 

to support the pressure ; but if we substitute water for the 

india-rubber we cannot perform the experiment, for the 

water flows away laterally, a n d the j a w s o f the pincers 

come together without having exerted any apprec iable 

pressure. 

Bodies which can sustain a longitudinal pressure, however 

small that pressure may be , without be ing supported b y a 

lateral pressure, are cal led solid bodies . T h o s e which 

cannot d o so are called fluids, W e shall see that in a fluid 

at rest the pressure at any point must b e equal in all direc

tions, and this pressure is called the pressure o f the fluid. 

T h e r e are two great classes of fluids. I f w e put into a 

closed vessel a small quantity of a fluid of the first class, 

such as water, it will partly fill the vessel, and the rest of the 

vessel may either b e empty or may contain a different fluid. 
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Fluids having this property are cal led liquids. W a t e r is a 
liquid, a n d if w e put a little water into a bottle the water 
will lie at the bottom o f the bottle, a n d will b e separated b y 
a distinct surface from the air or the gaseous water-substance 
above it. 

If, on the contrary, the fluid which we put into the c losed 
vessel b e one o f the second class, then, however small a 
portion w e introduce, it w i l l expand a n d fill the vessel, or at 
least as much of it as is not occupied b y a l iquid. 

Fluids having this property are called gases. A i r is a 
gas, and if we first exhaust the air from a vessel a n d then 
introduce the smallest quantity o f air, the air will immediately 
expand till it fills the whole vessel so that there is as much 
air in a cubic inch in one part o f the vessel as in another. 

H e n c e a gas cannot, like a l iquid, b e kept in an open-
mouthed vessel. 

T h e distinction, therefore, between a gas a n d a l iquid is 
that, however large the space may be into which a portion of 
gas is introduced, the gas will e x p a n d a n d exert pressure on 
every part of its boundary , whereas a l iquid will not expand 
more than a very small fraction of its bulk, even when the 
pressure is reduced to zero ; a n d some liquids can even 
sustain a hydrostatic tension, or negative pressure, without 
their parts be ing separated. 

T h e three principal states in which bodies are found are, 
therefore, the solid, the l iquid, a n d the gaseous states. 

M o s t substances are capable of existing in all these states, 
as, for instance, water exists in the forms of ice, water, a n d 
steam. A few solids, such as carbon, have not yet been 
melted ; and a few gases, such as oxygen, hydrogen, a n d 
nitrogen, have not yet been liquefied or solidified, but these 
may b e considered as exceptional cases, arising from the 
limited range of temperature and pressure which w e can 
command in our experiments. 

T h e ordinary effects of heat in modifying the physical 
state of bodies may b e thus described. W e may take water 
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as a familiar e x a m p l e , a n d exp la in , w h e n it is necessary , the 
different p h e n o m e n a o f o the r b o d i e s . 

A t the l o w e s t t empera tures at w h i c h it has b e e n o b s e r v e d 
wa te r exists in the so l id fo rm as i c e . W h e n hea t is c o m 
munica t ed to v e r y c o l d i c e , or t o a n y o the r so l i d b o d y no t 
at its me l t i ng t e m p e r a t u r e — 

r. T h e t empera ture rises. 
2. T h e b o d y g e n e r a l l y expands ( the o n l y e x c e p t i o n a m o n g 

so l id bod ies , as far as I am aware , is the i o d i d e o f s i lver , 
w h i c h has b e e n f o u n d b y M . F i z e a u t o con t r ac t as the 
t empera ture rises). 

3. T h e rigidity o f the b o d y , or i ts res is tance to c h a n g e o f 
fo rm, gene ra l l y d iminishes . T h i s p h e n o m e n o n is m o r e 
apparen t in s o m e b o d i e s than in others . I t is v e r y c o n 
spicuous in i ron , w h i c h w h e n hea ted but no t m e l t e d b e c o m e s 
soft and easily fo rged . T h e cons is tency o f glass, resins, fats, 
and frozen oi ls alters v e r y much wi th c h a n g e o f t empera ture . 
O n the other hand , it is b e l i e v e d that s tee l w rire is stiffer at 
100° C . than at 0 ° C , a n d it has b e e n s h o w n b y Jou l e and 
T h o m s o n that the l ong i tud ina l e las t ic i ty o f c a o u t c h o u c 
increases wi th the t e m p e r a t u r e b e t w e e n cer ta in l imi ts o f 
temperature . W h e n i c e is v e r y nea r its m e l t i n g p o i n t i t 
b e c o m e s v e r y soft. 

4. A g rea t m a n y so l id b o d i e s a re cons tan t ly in a state o f 
evapora t ion o r t ransformat ion in to the gaseous state at their 
free surface. C a m p h o r , i o d i n e , and c a r b o n a t e o f a m m o n i a 
a re w e l l - k n o w n e x a m p l e s o f this. T h e s e so l id b o d i e s , i f n o t 
k e p t in s t o p p e r e d bot t les , g radua l ly d i s appea r b y e v a p o r a 
t ion , and the v a p o u r w h i c h escapes f rom t h e m m a y b e 
r e c o g n i s e d b y its smel l a n d b y its c h e m i c a l ac t ion . I c e , 
t o o , is con t inua l ly pass ing in to a state o f v a p o u r at its 
surface, a n d in a d r y c l i m a t e dur ing a l o n g frost l a rge 
p i e c e s o f i c e b e c o m e smal ler a n d at last d i sappear . 

T h e r e are o the r so l id b o d i e s w h i c h d o n o t s e e m to lose 
a n y o f their substance in this w a y ; at least , w e cannot 
d e t e c t any loss. I t is p r o b a b l e , h o w e v e r , that those sol id 
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b o d i e s w h i c h can be d e t e c t e d b y their smel l are e v a p o r a t i n g 

wi th ex t r eme s lowness . T h u s i ron and c o p p e r h a v e each a 

w e l l - k n o w n smel l . T h i s , h o w e v e r , m a y arise f rom c h e m i c a l 

ac t ion at t he surface, w h i c h sets free h y d r o g e n o r s o m e 

other gas c o m b i n e d w i t h a v e r y smal l q u a n t i t y - o f . , the 

metal . 

F U S I O N . 

W h e n the t empera tu re o f a so l id b o d y T s r a i s e d t o a 
sufficient he igh t i t b e g i n s t o m e l t i n to a l iqu id . S u p p o s e a 
small po r t ion o f the so l id t o b e m e l t e d , a n d that n o m o r e hea t 
is app l i ed till the t empera tu re o f the r e m a i n i n g so l id and o f 
the l iqu id has b e c o m e equa l i s ed ; i f a l i t t le m o r e hea t is then 
app l i ed and the t empera tu re again equa l i sed there w i l l b e 
more l iqu id mat te r a n d less so l id mat ter , bu t s ince the l i qu id 
and the so l id are at the s a m e t empera tu re , that t empera tu re 
must still b e the m e l t i n g tempera ture . 

H e n c e , i f the pa r t ly m e l t e d mass b e k e p t w e l l m i x e d 
together , so that the so l id a n d fluid parts are a t the same 
temperature , that t e m p e r a t u r e mus t b e the m e l t i n g t empe ra 
ture o f the so l id , a n d n o rise o f t empera tu re w i l l f o l l o w f rom 
the add i t i on o f hea t till the w h o l e o f the sol id has b e e n c o n 
ve r t ed in to l i qu id . 

T h e hea t wh ich is r equ i red t o m e l t a cer ta in quan t i ty o f 
a sol id at the m e l t i n g p o i n t i n to a l i q u i d at the same 
tempera ture is c a l l ed the la ten t hea t o f fusion. 

I t is c a l l e d latent heat , because t he app l i ca t ion o f this 
heat to the b o d y d o e s n o t raise its t empera tu re o r w a r m the 
body . 

T h o s e , therefore , w h o m a i n t a i n e d hea t t o b e a substance 
supposed that i t e x i s t e d in t he fluid in a c o n c e a l e d o r la tent 
state, and in this w a y t h e y d is t inguished it f rom the hea t 
which, w h e n a p p l i e d to a b o d y , m a k e s i t hot ter , or raises the 
temperature . T h i s they c a l l e d sens ib le h e a t A b o d y , there
fore, was said to possess so m u c h heat . P a r t o f this heat was 
ca l led sens ib le heat , and to it was ascr ibed the t empera ture 
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o f the b o d y . T h e o ther par t was c a l l e d la ten t hea t , a n d 
to it was a sc r ibed the l i qu id o r gaseous f o r m o f t he b o d y . 

T h e fact that a cer ta in quan t i ty o f hea t mus t b e a p p l i e d 
t o a p o u n d o f m e l t i n g i ce t o c o n v e r t i t i n to w a t e r is all that 
w e m e a n in this t reat ise w h e n w e speak o f this quan t i ty 
o f hea t as the la tent hea t o f fusion o f a p o u n d o f wa te r . 

W e m a k e no asser t ion as t o the state in w h i c h t he hea t 
exists i n the water . W e d o n o t e v e n assert that t he hea t 
c o m m u n i c a t e d t o the ice is still in ex i s tence as heat . 

B e s i d e s the c h a n g e f rom so l id to l i q u i d , the re is g e n e r a l l y 
a c h a n g e o f v o l u m e in the act o f fusion. T h e w a t e r f o r m e d 
f rom the i c e is o f smal ler bulk than the i ce , as is s h o w n b y 
ice f loa t ing in water , so that the to ta l v o l u m e o f the ice and 
wate r d iminishes as the m e l t i n g g o e s o n . 

O n the o the r hand, m a n y substances e x p a n d in the ac t o f 
fusion, so that the so l id parts sink in the fluid. D u r i n g the 
fusion o f the mass the v o l u m e in these cases increases . 

I t has b e e n shown b y P r o f J. T h o m s o n , 1 f r o m the 
pr inc ip les o f the d y n a m i c a l theory o f heat , that i f pressure is 
a p p l i e d to a mix ture o f ice and water , it w i l l no t o n l y c o m p r e s s 
b o t h the i c e a n d the wate r , bu t s o m e o f the i ce w i l l b e 
m e l t e d at the same t ime , so that the to ta l c o m p r e s s i o n w i l l 
be inc reased b y the con t r ac t i on o f bulk due to this me l t i ng . 
T h e hea t r equ i r ed t o m e l t this i c e b e i n g taken f rom the rest 
o f the mass, the t empera tu re o f the w h o l e wi l l d imin i sh . 

H e n c e the m e l t i n g p o i n t is l o w e r e d b y pressure i n the 
case o f ice . T h i s deduc t ion f rom t h e o r y was e x p e r i m e n t a l l y 
ve r i f i ed b y Sir W . T h o m s o n . 

I f the substance h a d b e e n o n e o f those w h i c h e x p a n d in 
me l t ing , the effect o f pressure w o u l d b e to so l id i fy s o m e o f 
the mix ture , and to raise the t empera tu re o f fusion. M o s t o f 
the substances o f w h i c h the crust o f the earth is c o m p o s e d 
e x p a n d in the act o f me l t i ng . H e n c e their m e l t i n g po in t s 
wi l l rise under grea t pressure. I f the earth w e r e th roughou t 

1 Transactions of the .Royal Society of Edinburgh, 1849. 
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in a state of fusion, w h e n the external parts b e g a n to solidify 
they would sink in the molten mass, a n d w h e n they had 
sunk to a great depth they w o u l d remain solid under the 
enormous pressure even at a temperature greatly above the 
point of fusion of the same rock at the surface. I t does not 
follow, therefore, that in the interior of the earth the matter 
is in a l iquid state, even if the temperature is far a b o v e that 
of the fusion of rocks in our furnaces. 

I t has been shown b y Sir W . T h o m s o n that if the earth, as 
a whole, were not more rigid than a ball of glass of equal size, 
the attraction of the m o o n a n d sun w o u l d pull it out of shape, 
and raise tides on the surface, so that the solid earth w o u l d 
rise and fall as the sea does, only not quite so much. I t is 
true that this motion would b e so smooth a n d regular that 
we should not b e able to perceive it in a direct way, but its 
effect wou ld b e to diminish the apparent rise of the tides of 
the ocean, so as to make them much smaller than they 
actually are. 

I t appears, therefore, from what w e k n o w of the tides of 
the ocean, that the earth as a w h o l e is more rigid than glass, 
a n d therefore that no very large portion of its interior can 
be liquid. T h e effect of pressure on the melting point of 
bodies enables us to reconcile this conclusion with the 
observed increase of temperature as we descend in the 
earth's crust, a n d the deductions as to the interior tempera
ture founded on this fact b y the aid of the theory of the 
conduction of heat. 

EFFECT OF HEAT ON LIQUIDS. 

W h e n heat is applied to a l iquid its effects a r e — 
1. T o w a r m the liquid. T h e quantity of heat required to 

raise the l iquid one degree is generally greater than that 
required to raise the substance in the solid form one degree, 
and in general it requires more heat at high than at l o w 
temperatures to w a r m the l iquid one degree. 

2. T o alter its vo lume. M o s t l iquids expand as their 
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t empera tu re rises, but water contracts f rom o ° C . t o 4° C . 
a n d then expands , s l o w l y at first, but af terwards m o r e 
rapidly . 

3. T o a l ter its physical state. L i q u i d s , such as o i l , tar, 
& c , w h i c h a re s luggish in their mo t ion , are sa id t o b e 
viscous. W h e n they are heated their v i scos i ty gene ra l l y 
d iminishes a n d they b e c o m e m o r e m o b i l e . T h i s is the case 
e v e n w i t h wate r , as appears by the exper imen t s o f M . O . E . 
M e y e r . 

W h e n sulphur is heated, the m e l t e d sulphur u n d e r g o e s 
severa l r e m a r k a b l e changes as its t empera tu re rises, b e i n g 
m o b i l e w h e n first m e l t e d , then b e c o m i n g r e m a r k a b l y v iscous 
at a h ighe r tempera ture , and aga in b e c o m i n g m o b i l e w h e n 
still m o r e hea ted . 

4. T o c o n v e r t the l iqu id or so l id in to gas. W h e n a l i q u i d 
o r a so l id b o d y is p l a c e d in a vesse l the rest o f w h i c h is 
e m p t y , it g i v e s of f part o f its o w n substance in the f o r m o f 
gas . T h i s process is ca l led evapora t ion , and the gas g i v e n 
off is c o m m o n l y ca l l ed the vapour o f the so l id o r l i q u i d sub
stance. T h e process o f evapora t ion g o e s on till the dens i ty 
o f the v a p o u r in the vesse l has r eached a v a l u e w h i c h d e 
p e n d s o n l y o n the temperature . 

I f in a n y w a y , as b y the m o t i o n o f a p is ton, the vesse l b e 
m a d e larger , then m o r e vapour w i l l b e f o r m e d till the dens i ty 
is the s a m e as be fo re . I f the p i s ton be pushed in, a n d the 
vesse l m a d e smaller , s o m e of the v a p o u r is c o n d e n s e d in to 
the l i q u i d state, but the densi ty o f the r e m a i n d e r o f the 
v a p o u r still r ema ins the same. 

I f the r e m a i n d e r o f the vessel , ins tead o f c o n t a i n i n g 
no th ing but the v a p o u r o f the l iqu id , conta ins a n y quant i ty 
o f air or s o m e other gas not capab le o f c h e m i c a l ac t ion o n 
the l iqu id , then e x a c t l y the same quant i ty o f v a p o u r w i l l b e 
f o r m e d , but the t i m e requ i red for the v a p o u r t o r each the 
further parts o f the vesse l wi l l b e greater , as i t has t o 
diffuse i t se l f through the air in the vesse l b y a k i n d o f 
pe rco la t ion . 

T h e s e laws o f evapora t ion w e r e d i s c o v e r e d b y D a l t o n . 
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T h e conve r s ion o f the l i q u i d in to v a p o u r requires an 
amount o f ' la tent h e a t ' w h i c h is g e n e r a l l y m u c h grea te r 
than the la tent heat o f fusion o f the same substance. 

I n all substances, the dens i ty , pressure, and t empera tu re 
are so c o n n e c t e d that i f w e k n o w any t w o o f t h e m the va lue 
o f the third is de t e rmina t e . N o w in the case o f vapours in 
contact wi th their o w n l i qu ids or sol ids , the re is for each 
tempera ture a c o r r e s p o n d i n g dens i ty , w h i c h is the grea tes t 
densi ty w h i c h the v a p o u r can h a v e at that t empera ture , 
wi thout b e i n g c o n d e n s e d in to the l i q u i d or so l id f o r m . 

H e n c e for each t empera tu re there is a lso a m a x i m u m 
pressure w h i c h the v a p o u r can exer t . 

A v a p o u r w h i c h is at the greates t dens i ty a n d pressure 
co r re spond ing t o its t empera tu re is ca l l ed a saturated vapour . 
I t is then just at the p o i n t o f condensa t ion , and the s l ightest 
increase o f pressure o r dec rease o f t e m p e r a t u r e w i l l cause 
s o m e o f the v a p o u r to b e c o n d e n s e d . P r o f e s s o r R a n k i n e 
restricts the use o f the w o r d v a p o u r b y i tself to the case o f a 
saturated vapour , a n d w h e n the v a p o u r is n o t at the p o i n t o f 
condensa t ion h e calls i t superhea ted v a p o u r , o r s i m p l y gas . 

B O I L I N G . 

W h e n a l i q u i d in an o p e n vesse l is h e a t e d t o a t empera 
ture such that t he pressure o f its v a p o u r at that t empera 
ture is g rea te r than the pressure at a p o i n t in the in ter ior 
o f the l i qu id , the l i q u i d w i l l b e g i n to e v a p o r a t e at that 
point , so that a b u b b l e o f v a p o u r w i l l b e f o n n e d there . 
T h i s p rocess , in w h i c h b u b b l e s o f v a p o u r are f o r m e d i n 
the in te r ior o f the l iqu id , is c a l l e d b o i l i n g or ebul l i t ion . 

W h e n w a t e r is h e a t e d i n the o rd ina ry w a y b y a p p l y i n g 
hea t t o the b o t t o m o f a vesse l , the l o w e s t l aye r o f the wa te r 
b e c o m e s ho t first, a n d b y its e x p a n s i o n it b e c o m e s l ighter 
than the c o l d e r wa te r a b o v e , and g radua l ly rises, so that a 
g e n t l e c i rcu la t ion o f wa te r is k e p t up, and the w h o l e water 
is g radua l ly w a r m e d , t hough the l o w e s t l aye r is a l w a y s the 
hottest . A s the t empera tu re increases , the a b s o r b e d air, 
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w h i c h is g e n e r a l l y found in o rd ina ry wate r , is e x p e l l e d , and 
r ises in smal l b u b b l e s w i thou t no i se . A t last the wa te r in 
c o n t a c t w i t h the hea ted me ta l b e c o m e s so ho t that, in spite 
o f the pressure o f the a t m o s p h e r e o n the surface o f the 
wate r , the add i t i ona l pressure due to the wa te r in the 
ves se l , a n d the c o h e s i o n o f the wa te r itself, s o m e o f the 
w a t e r at the b o t t o m is t r ans fo rmed in to s team, f o r m i n g a 
b u b b l e adher ing t o the b o t t o m o f the vesse l . A s soon as a 
b u b b l e is f o r m e d , e v a p o r a t i o n g o e s on r a p i d l y f rom the wa te r 
a l l r o u n d it, so that it s o o n g r o w s la rge , and rises f rom the 
b o t t o m . I f the u p p e r par t o f the w a t e r in to w h i c h the 
b u b b l e rises is still b e l o w the b o i l i n g tempera ture , the 
b u b b l e is c o n d e n s e d , and its sides c o m e t o g e t h e r wi th a 
sharp rat t l ing noise , c a l l e d s immer ing . B u t the rise o f the 
b u b b l e s stirs the wa te r abou t much m o r e v i g o r o u s l y than 
the m e r e expans ion o f the water , so that the wa te r is soon 
h e a t e d throughout , and b rough t t o the bo i l , and then the 
b u b b l e s en l a rge r a p i d l y dur ing their w h o l e ascent, a n d 
burst i n t o the air, t h r o w i n g t he w a t e r about , a n d m a k i n g 
the w e l l - k n o w n softer and m o r e r o l l i n g n o i s e o f b o i l i n g . 

T h e steam, as it bursts out o f the bubb le s , is an inv i s ib le 
gas , bu t w h e n it c o m e s in to the c o l d e r air i t is c o o l e d b e l o w 
its c o n d e n s i n g poin t , a n d par t o f i t is f o r m e d in to a c loud 
cons i s t ing o f small d rops o f wa te r w h i c h float in the air. 
A s the c l o u d o f d rops disperses i t se l f a n d m i x e s w i th d ry 
air the quant i ty o f wa te r in each cub ic f o o t d imin i shes as 
t he v o l u m e o f any par t o f the c l o u d increases . T h e l i t t le 
d rops o f wa te r b e g i n t o e v a p o r a t e as s o o n as there is suffi
c i en t r o o m for the v a p o u r to be f o r m e d at the t empera tu re 
o f the a tmosphere , a n d so the c l o u d van i shes again i n t o 
th in air. 

T h e t empera ture t o w h i c h wa te r mus t b e h e a t e d b e f o r e i t 
b o i l s d e p e n d s , in t he first p lace , on the pressure o f the 
a t m o s p h e r e , so that the grea ter the pressure, the h i g h e r t he 
b o i l i n g tempera ture . B u t the t empera tu re requi res to b e 
r a i sed a b o v e that at w h i c h the pressure o f s team is equa l t o 
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that of the atmosphere, for in order to form bubbles the 
pressure of the steam has to overcome not only the pressure 
due to the atmosphere and a certain depth of water, but that 
cohesion between the parts of the water of which the effects 
are visible in the tenacity of b u b b l e s a n d drops . H e n c e it 
is possible to heat water 20° F. above its boi l ing point with
out ebullition. I f a small quantity of metal-filings are now 
thrown into the water, a little air will b e carried d o w n on 
the surface of the filings, a n d the process of evaporation will 
take place at the interface between this air a n d the hot water 
with such rapidity as to produce a violent boil ing, almost 
amounting to an explosion. 

I f a current of steam from a boi ler is passed into a vessel 
of co ld water, w e have first the condensation of steam, 
accompanied with a very loud simmering or rattling noise, and 
a rapid heating of the water. W h e n the water is sufficiently 
heated, the steam is not condensed, but escapes in bubbles , 
and the water is n o w boil ing. 

A s an instance of a different kind, let us suppose that 
the water is not pure, but contains some salt, such as 
c o m m o n salt, or sulphate of soda, or any other substance 
which tends to combine with water, a n d from which the 
water must separate before it can evaporate. W a t e i con
taining such substances in solution requires to b e brought 
to a temperature higher than the boi l ing point of pure 
water before it wil l boil . W a t e r , on the other hand , con
taining air or carbonic acid, will boi l at a lower temperature 
than pure water till the gas is expelled. 

I f steam at 100° C . is passed into a vess'eX'.cdhtaining a 
strong solution of one of the salts w e c j i a v e mentioned, 
which has a tendency to combine wjd^'water , the ^conden
sation of the steam will b e p r o m / ^ d by th isHendency, 
and will go on even after the solutldfi has v"b^erf heated far 
a b o v e the ordinary boi l ing point, scS-that'try passing steam 
at i o o ° C. into a strong solution of nitrate of soda, M r . Peter 
Spence 1 has heated it u p to i 2 i ° " i C. 

1 Transactions of the British Association, 1869, p. 75-
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I f w a t e r at a t empera tu re b e l o w i o o ° C . b e p l a c e d in a 

vesse l , a n d i f b y m e a n s o f an a i r -pump w e r e d u c e the p res 

sure o f the air o n the surface o f the water , e v a p o r a t i o n g o e s 

o n a n d the surface o f the w a t e r b e c o m e s c o l d e r than the 

in t e r io r par ts . I f w e g o o n w o r k i n g the a i r -pump, the 

pressure is r e d u c e d t o that e f v a p o u r o f the t empera tu re o f the 

i n t e r io r o f the fluid. T h e w a t e r then beg ins t o b o i l , e x a c t l y 

as in the o r d i n a r y w a y , a n d as i t b o i l s the t empera tu re 

r a p i d l y falls, the hea t b e i n g e x p e n d e d in e v a p o r a t i n g the 

water . 

T h i s e x p e r i m e n t m a y b e p e r f o r m e d wi thou t an a i r -pump 

in the f o l l o w i n g w a y : B o i l wa te r in a flask o v e r a gas -

f l ame o r spir i t - lamp, a n d w h i l e i t is b o i l i n g b r i sk ly c o r k the 

flask, a n d r e m o v e it f r o m the f l ame . T h e b o i l i n g wi l l s oon 

cease , b u t i f w e n o w dash a l i t t le c o l d w a t e r o v e r the flask, 

s o m e o f the s team in the uppe r par t w i l l b e c o n d e n s e d , the 

pressure o f the r e m a i n d e r w i l l b e d imin i shed , a n d the wa te r 

wi l l b e g i n to b o i l aga in . T h e e x p e r i m e n t m a y b e m a d e 

m o r e s t r ik ing b y p l u n g i n g t h e flask en t i re ly under c o l d 

water . T h e s t eam w i l l b e c o n d e n s e d as b e f o r e , but the 

water , t h o u g h it is c o o l e d m o r e r a p i d l y than w h e n the c o l d 

w a t e r w a s m e r e l y p o u r e d on ' the flask, re tains its hea t l onge r 

than the s t eam, a n d con t inues t o b o i l for s o m e t ime . 
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Laws of Gases. 

ON THE GASEOUS STATE. 

T h e d is t inguishing p r o p e r t y o f gases is their p o w e r o f 
indef in i te expans ion . A s the pressure is d i m i n i s h e d the 
v o l u m e o f the gas n o t o n l y increases , but b e f o r e the pressure 
has b e e n r e d u c e d t o z e r o the v o l u m e o f the gas has b e c o m e 
greater than that o f any vesse l w e can put i t in. 

T h i s is the p r o p e r t y w i thou t w h i c h a subs tance c a n n o t 
b e ca l l ed a gas, but i t is found tlTat actual gases fulfil w i t h 
greater o r less deg ree s o f accuracy cer ta in numer ica l laws , 
w h i c h are c o m m o n l y refer red to as the ' Gaseous L a w s . ' 

LAW OF BOYLE. 

T h e first o f these l aws expresses the re la t ion b e t w e e n the 
pressure a n d the dens i ty o f a gas , the t empera tu re b e i n g 
constant , and is usually s tated thus : ' T h e v o l u m e o f a 
po r t ion o f gas var ies i nve r se ly as the pressure. ' 

T h i s l a w was d i s c o v e r e d b y R o b e r t B o y l e , a n d pub l i shed 
b y h im in 1662, in an a p p e n d i x to his ' N e w E x p e r i m e n t s , 
P h y s i c o - m e c h a n i c a l , & x . , t ouch ing the Sp r ing o f the A i r . ' 

M a r i o t t e , abou t 1676, in his treatise ' D e la N a t u r e d e 
l ' A i r , ' enunc ia ted the same law, and careful ly ve r i f i ed it, a n d it 
is gene ra l ly refer red t o b y C o n t i n e n t a l wri ters as M a r i o t t e ' s 
l a w . 

T h i s l a w m a y a lso b e s tated thus : 
T h e pressure -of a gas is p r o p o r t i o n a l to its dens i ty . 

A n o t h e r s ta tement o f the same l a w has b e e n p r o p o s e d b y 
P r o f e s s o r R a n k i n e , w h i c h I th ink p l ace s the l a w in a v e r y 
c lear l ight . 

I f w e take a c l o s e d and exhaus ted vessel , a n d in t roduce 
i n t o i t o n e grain o f air, this air wi l l , as w e k n o w , e x e r t a 
cer ta in pressure o n e v e r y square inch o f the surface o f the 
vessel . I f w e n o w in t roduce a s e c o n d gra in o f air, then this 
s e c o n d gra in w i l l exer t e x a c t l y the same pressure o n the 
sides o f the vesse l that it w o u l d h a v e e x e r t e d i f the first gra in 

IRIS - LILLIAD - Université Lille 1 



Introduction. 

had no t b e e n there b e f o r e it, so that the pressure w i l l n o w 
b e d o u b l e d . H e n c e w e m a y state, as the p r o p e r t y o f a 
per fec t gas , that any p o r t i o n o f it exer ts the same pressure 
against the sides o f a ve s se l as i f the o the r p o r t i o n s h a d no t 
b e e n there . 

D a l t o n e x t e n d e d this l a w to mixtures o f gases o f d i f ferent 
kinds. 

W e h a v e a l r e a d } ' seen that i f severa l different por t ions o f 
the same gas are p l a c e d t oge the r in a vessel , the pressure o n 
any par t o f the sides o f fhe vesse l is the sum o f the pres
sures w h i c h e a c h p o r t i o n w o u l d exer t i f p l a c e d b y i t se l f in 
the vesse l . 

D a l t o n ' s l a w asserts that the same is true for po r t ions o f 
different gases p l a c e d in the s a m e vesse l , and that the 
pressure o f the mix tu re is the sum o f the pressures due to t he 
several p o r t i o n s o f gas , i f i n t r o d u c e d separa te ly in to the 
vessel and b r o u g h t t o the same tempera ture . • 

T h i s l aw o f D a l t o n is s o m e t i m e s s tated as i f po r t ions o f 
gas o f d i f ferent k inds b e h a v e t o e a c h o ther in a different 
manne r f rom po r t i ons o f gas o f the same k ind , a n d w e are 
to ld that w h e n gases o f different k inds are p l a c e d in the 
same vesse l , each acts as i f the o the r w e r e a vacuum. 

T h i s s ta tement , p r o p e r l y under s tood , is cor rec t , but i t 
seems to c o n v e y the impress ion that i f the gases h a d b e e n 
o f the same k i n d s o m e other result w o u l d h a v e h a p p e n e d , 
whereas there is n o d i f ference b e t w e e n the t w o cases. 

A n o t h e r l a w es tabl ished b y D a l t o n is that the m a x i m u m 
densi ty o f a v a p o u r in con tac t wi th its l i qu id is no t af fec ted 
b y the p r e s e n c e o f o the r gases. I t has b e e n shown b y 
M . R e g n a u l t that w h e n the v a p o u r o f the substance has a 
t e n d e n c y to c o m b i n e with the gas, the m a x i m u m dens i ty 
at ta inable b y the v a p o u r is somewha t increased . 

B e f o r e the t i m e o f D a l t o n it was s u p p o s e d that the cause 
o f e v a p o r a t i o n was the t e n d e n c y o f wa te r t o c o m b i n e wi th 
air, and that the wa te r was d i s s o l v e d in the air just as salt is 
d i s so lved in water . 
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Gases and Vapours. 29 

D a l t o n s h o w e d that the v a p o u r o f water is a gas , which 

just at the surface o f the water has a cer tain m a x i m u m 

density, and w h i c h w i l l g radua l ly diffuse i t se l f th rough the 

space a b o v e , w h e t h e r filled w i th air or not , t i l l i f the space is 

l imited, the densi ty o f the v a p o u r is a m a x i m u m throughout, 

or, if the space is l a rge e n o u g h , t i l l the wa te r is all d r i ed up. 

T h e presence o f air is so far f rom b e i n g essential to this 

process that the m o r e air there is, the s l o w e r it g o e s on, 

because the vapour has to pene t ra te th rough the air b y the 

s low process o f diffusion. 

T h e p h e n o m e n o n d i s c o v e r e d b y R e g n a u l t that the densi ty 

o f vapour is s l igh t ly inc reased b y the p r e s e n c e o f a gas 

which has a t e n d e n c y t o c o m b i n e w i th it, is the o n l y instance 

in wh ich there is any truth in the d o c t r i n e o f a l i q u i d be ing 

he ld in solution b y a gas . 

T h e l a w o f B o y l e is n o t per fec t ly fulfi l led b y a n y actual 

gas. I t is v e r y near ly fulfi l led b y those gases w h i c h w e are 

not ab le to c o n d e n s e in to l iquids , a n d a m o n g o the r gases i t 

is most nearly fulfil led w h e n their t empera ture is much a b o v e 

their p o i n t o f c o n d e n s a t i o n . 

W h e n a gas is n e a r its po in t o f c o n d e n s a t i o n its densi ty 

increases m o r e r a p i d l y than the pressure. W h e n it is 

actually at the p o i n t o f condensa t i on the sl ightest increase o f 

pressure condenses the w h o l e o f it in to a l iquid , a n d in the 

l iquid fo rm the dens i ty increases v e r y s l o w l y w i th the 

pressure. 

L A W O F C H A R L E S . 

T h e second l a w o f gases was d i s c o v e r e d b y Char l e s , 1 but 
is c o m m o n l y referred to as that o f G a y - L u s s a c o r o f D a l t o n . 3 

I t m a y b e stated thus : 

1 Professor of Physics at the Conservatoire des Arts et Metiers, Pans. 
Bom 1746. Died 1823. Celebrated as having first employed hydrogen 
in balloons. 

2 Dalton, in 1801, first published this law. Gay-Lussac published 
it, in 1802, independently of Dalton. In his memoir, however (Ann. 
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T h e vo lume of a gas under constant pressure expands 
when raised f r o m the freezing to the boi l ing temperature b y 
the same fraction of itself, whatever b e the nature of the gas. 

I t has been found b y the careful experiments of M . 
Regnault , M . Ruciberg, Prof. B . Stewart, and others that the 
vo lume of air at constant pressure expands from i to i "3665 
between o ° C. a n d i o o ° C . H e n c e 30 cubic inches of 
air at o ° C . w o u l d expand to about 41 cubic inches at 
100° C . 

I f w e admit the truth of Boyle's law at all temperatures, 
a n d if the law o f Charles is found to b e true for a particular 
pressure, say that of the atmosphere, then it is easy to show 
that the l a w o f Charles must b e true for every other pressure. 
F o r if we call the vo lume v and the pressure p, then we 
may call the product of the numerical value of the vo lume 
a n d pressure v p, a n d Boyle's law asserts that this pro
duct is constant, prov ided the temperature is constant. I f 
then w e are further informed that w h e n p has a given 
value v is increased from 1 to i'3665 w h e n the temperature 
rises from the freezing point to the boi l ing point, the product 
v p will be increased in the same proportion at that particular 
pressure. But v p w e k n o w b y Boyle's law does not depend on 
the particular pressure, but remains the same for all pressures 
w h e n the temperature remains the same. H e n c e , whatever 
b e the pressure, the product v p will b e increased in the 
proportion of 1 to i'3665 when the temperature rises from 
0° C . to 10«° C. 

T h e law of the equality of the dilatation of gases, which, as 
originally stated, appl ied only to the dilatation from o° C . 
to r o o ° C . , has b e e n found to b e true for all other tempera
tures for which it has hitherto been tested. 

de Chimin, xliii. p . 157 [ i S o z ] ) , he states that Citizen Charles had 
remarked, fifteen years before the date of his memoir, the equality of 
the dilatation of the principal gases ; but, as Charles never published 
these results, he had become acquainted with them by mere chance. 
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I t appears , therefore , that gases are d is t inguished f rom 
other fo rms o f matter , no t o n l y b y their p o w e r o f indef in i te 
e x p a n s i o n so as t o fill any vesse l , h o w e v e r l a rge , and b y the 
g rea t effect w h i c h hea t has in d i l a t ing t hem, bu t b y the 
uni formi ty a n d s impl i c i ty o f the laws which regu la te these 
changes . I n the so l i d a n d l i qu id states the effect o f a 
g i v e n change o f pressure o r o f t empera tu re in chang ing the 
v o l u m e o f the b o d y is different for e v e r y d i f ferent substance. 
O n the o ther hand , i f w e t ake equal v o l u m e s o f a n y t w o 
gases, measu red at the same t empera tu re a n d pressure, 
their v o l u m e s w i l l r ema in equa l i f w e af terwards b r ing t h e m 
b o t h t o a n y o ther t empera tu re and pressure, a n d this 
a l though the t w o gases differ a l t oge the r in c h e m i c a l nature 
and in dens i ty , p r o v i d e d t h e y are bo th in the pe r f ec t ly gaseous 
c o n d i t i o n . 

T h i s is o n l y o n e o f m a n y r emarkab le p roper t i es w h i c h 
p o i n t out the gaseous state o f mat te r as that in w h i c h its 
phys ica l p roper t i e s a re least c o m p l i c a t e d . 

I n our desc r ip t ion o f the phys ica l p roper t i e s o f b o d i e s as 
re la ted t o hea t w e h a v e begun wi th so l id b o d i e s , as those 
w h i c h w e can m o s t easi ly hand le , and h a v e g o n e o n t o 
l iquids , w h i c h w e can k e e p in o p e n vessels , and h a v e n o w 
c o m e to gases, w h i c h w i l l e scape f rom o p e n vessels , a n d 
w h i c h are g e n e r a l l y inv i s ib le . T h i s is the o r d e r w h i c h is 
m o s t natural in our first s tudy o f these different states. But 
as soon as w e h a v e b e e n m a d e famil iar wi th the mos t p r o m i n e n t 
features o f these di f ferent c o n d i t i o n s o f matter , the m o s t 
scient i f ic course o f s tudy is in the r eve r se order , b e g i n n i n g 
wi th gases, o n accoun t o f the g rea te r s impl ic i ty o f their laws, 
then a d v a n c i n g t o l iqu ids , the m o r e c o m p l e x laws o f w h i c h 
are m u c h m o r e imporfer . t ly k n o w n , a n d c o n c l u d i n g w i th 
the l i t t le that has b e e n h i the r to d i s c o v e r e d about the c o n 
sti tution o f so l id b o d i e s . 
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C H A P T E R I I . 

ON THERMOMETRY, OR THE THEORY OF TEMPERATURE. 

Definition of T e m p e r a t u r e . — The temperature of a body 
is its thermal state considered with reference to its power oj 
communicating heat to other bodies. 

Definition of H i g h e r and L o w e r T e m p e r a t u r e . — I f when 
two bodies are placed in thermal communication, one of the 
bodies loses heat, and the other gains heat, that body which gives 
out heat is said to have a higher te?nperature than t/uzt which 
receives heat from it. 

Cor . If when two bodies are placed in thermal communica-
tio?i neither of them loses or gains heat, the two bodies are 
said to liave equal temperatures or the same temperature. The 
two bodies are then said to be in thermal equilibrium. W e 
have here a means of comparing the temperature of any 
two bodies , so as to determine which has the higher 
temperature, a n d a test of the equality of temperature 
which is independent of the nature of the bodies tested. 
But we have n o means of estimating numerically the differ
ence between two temperatures, so as to b e able to assert 
that a certain temperature is exactly halfway between two 
other temperatures. 

L a w of E q u a l Temperatures .—Bodies whose temperature!, 
are equal to that of the same body have themselves equal tem
peratures. This law is not a truism, but expresses the fact 
that if a piece of iron w hen p lunged into a vessel of water 
is in thermal equilibrium with the water, a n d if the same 
piece of iron, without altering its temperature, is transferred 
to a vessel of oil, and is found to b e also in thermal equi
librium with the oil, then if the oil a n d water were put 
into the same vessel they would themselves b e in thermal 
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equi l ibr ium, a n d the same w o u l d b e true o f any o ther three 
substances. 

T h i s law, therefore , expresses m u c h m o r e than Euc l id ' s 
ax iom. tha t ' T h i n g s w h i c h are equa l t o the same th ing are 
equal t o o n e another , ' a n d is the founda t ion oi the w h o l e 

. sc ience o f t h e r m o m e t r y . F o r i f w e take a t h e r m o m e t e r , 
such as w e h a v e a l r eady desc r ibed , a n d b r i n g it i n to in
t imate contac t w i t h different b o d i e s , b y p l u n g i n g it i n to 
l iquids , o r inse r t ing i t i n to ho le s m a d e in so l id b o d i e s , w e 
find that t he m e r c u r y in the tube rises o r falls t i l l i t has 
r eached a cer tain p o i n t at w h i c h it r emains s tat ionary. W e 
then k n o w that the t h e r m o m e t e r is ne i ther b e c o m i n g ho t t e r 
nor co lder , but is in thermal e q u i l i b r i u m w i t h the surround
ing b o d y . I t f o l l o w s f rom this, b y the l a w o f equa l t em
peratures, that the t empera tu re o f the b o d y is the same as 
that o f the t h e r m o m e t e r , a n d the t empera tu re o f the t he rmo
me te r i t se l f is k n o w n f r o m the h e i g h t at w h i c h the mer
cury stands in the tube. 

H e n c e the reading, as i t is ca l l ed , o f the thermometer—• 
that is, the n u m b e r o f deg ree s i nd ica t ed o n the scale b y the 
t o p o f the m e r c u r y in the t ube—info rms us o f the t em
perature o f the sur rounding substance , as w e l l as o f that o f 
the me rcu ry i n the t h e r m o m e t e r . I n this w a y the t h e r m o 
me te r m a y b e used t o c o m p a r e the t empera tu re o f any 
t w o b o d i e s at the same t i m e o r at d i f ferent t imes , so as 
t o ascer ta in w h e t h e r the t empera tu re o f o n e o f t h e m is 
h igher or l o w e r than that o f the other . W e m a y c o m p a r e 
in this w a y the tempera tures o f the air o n different days ; 
w e m a y ascer ta in that wa te r bo i l s at a l o w e r t empera ture at 
the t o p o f a m o u n t a i n than it does at the sea-shore, a n d that 
i c e mel t s at the same t empera tu re in a l l parts o f the w o r l d . 

F o r this purpose it w o u l d b e necessary t o c a n y the same 
t h e r m o m e t e r to d i f ferent p laces , a n d t o p re se rve it wi th 
g rea t care, for i f i t w e r e d e s t r o y e d a n d a n e w o n e m a d e , 
w e should h a v e n o ce r ta in ty that the same tempera ture is 
i n d i c a t e d b y the same r ead ing in the t w o t h e r m o m e t e r s . 

D 
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T h u s the obse rva t ions o f t empera tu re r e c o r d e d dur ing 
s ix teen years b y R i n i e r i 1 at F l o r e n c e lost_ their scientif ic 
v a l u e after the suppress ion o f the A c c a d e m r a d e l C i m e n t o , 
a n d the supposed des t ruc t ion o f the t h e r m o m e t e r s w k h 
w h i c h the obse rva t ions w e r e m a d e . B u t w h e n A n t i n o f l in 
1829 d i s c o v e r e d a n u m b e r o f the v e r y t h e r m o m e t e r s used_ 
in the anc ien t observa t ions , L i b r i 2 was a b l e t o c o m p a r e t hem 
wi th R e a u m u r ' s scale, and thus to s h o w that the c l i m a t e o f 
F l o r e n c e has no t b e e n r e n d e r e d sens ib ly c o l d e r in w in t e r 
b y the c l ea r ing o f the w o o d s o f the A p e n n i n e s . 

I n the cons t ruc t ion o f artificial s tandards for the measure
m e n t o f quanti t ies o f any k i n d it is des i rab le t o h a v e the 
means o f c o m p a r i n g the s tandards toge the r , e i the r d i rec t ly , 
or b y m e a n s o f s o m e natural o b j e c t o r p h e n o m e n o n w h i c h 
is easi ly access ib le a n d no t l i ab l e t o change . B o t h m e t h o d s 
a re used in the p repara t ion o f the rmomete r s . 

W e h a v e a l ready n o t i c e d t w o natural p h e n o m e n a w h i c h 
t ake p l a c e at def ini te t empera tu res—the m e l t i n g o f i ce a n d 
t he b o i l i n g o f water . T h e a d v a n t a g e o f e m p l o y i n g these 
tempera tures to d e t e r m i n e t w o po in t s o n t he scale o f the 
t h e r m o m e t e r was p o i n t e d ou t b y Sir I s a a c N e w t o n ( ' Scala 
G r a d u u m Calor i s , ' P h i l . T r a n s . 1701). 

T h e first o f these po in t s o f r e f e rence is c o m m o n l y c a l l e d 
the F r e e z i n g P o i n t . T o d e t e r m i n e it, the t h e r m o m e t e r is 
p l a c e d in a vessel filled w i th p o u n d e d i c e o r s n o w tho rough ly 
m o i s t e n e d wi th water . I f the a t m o s p h e r i c t empera tu re b e 
a b o v e the f reez ing poin t , the m e l t i n g o f the i c e w i l l ensure 
the p r e s e n c e o f w a t e r in the vesse l . A s l o n g as e v e r y par t 
o f the vesse l conta ins a mix tu re o f w a t e r a n d i c e its t e m 
perature remains uni form, for i f hea t enters the v e s s e l i t 
can o n l y m e l t s o m e o f the i c e , a n d i f hea t escapes from 
the vesse l s o m e o f the wa te r w i l l f reeze , but the mix tu re can 
be m a d e ne i ther ho t te r no r c o l d e r t i l l a l l the i ce is m e l t e d 
or all the wa te r f rozen . 

1 Pupil of Galileo ; died 1647. 
1 Annales de Chimie et.de Physique, xlv. (1830). 
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T h e t h e r m o m e t e r is c o m p l e t e l y i m m e r s e d in the mix tu re 
o f i c e and w a t e r for a sufficient t ime , so that the mercu ry 
has t i m e to TeSch its s ta t ionary point . T h e pos i t i on o f the 
t o p o f the m e r c u r y in the tube is 
thtjn r e c o r d e d b ^ m a k i n g a scratch 
o n the glass tube. W e shall cal l 

•this mark the F r e e z i n g P o i n t I t 
m a y b e d e t e r m i n e d in this w a y wi th 
« x t r e m e accuracy , for, as w e shall 
see af terwards , the t empera tu re o f 
me l t i ng i ce is v e r y nea r ly the s a m e 
under v e r y different pressures. 

T h e o the r p o i n t o f r e f e rence is 
called- the B o i l i n g P o i n t . T h e t e m 
perature at w h i c h w a t e r b o i l s d e 
p e n d s o n the pressure o f the a t m o 
sphere . T h e grea ter t he pressure o f 
the air o n the surface o f the wate r , 
the h igher is the t empera tu re t o 
w h i c h the w a t e r must b e ra i sed 
b e f o r e it b e g i n s t o b o i l . 

T o d e t e r m i n e the B o i l i n g P o i n t , the s t em o f t he t h e r m o 
m e t e r is passed th rough a h o l e in the l i d o f a ta l l vesse l , 
in the l o w e r par t o f w h i c h wa te r is m a d e to b o i l b r i sk ly , so 
that the w h o l e o f the upper part, w h e r e the t h e r m o m e t e r is 
p l aced , is f i l led w i th s team. W h e n the t h e r m o m e t e r has 
acqu i red the t empera tu re o f the current o f s team the s t em 
is d r a w n up th rough t he h o l e in the l i d o f the vesse l t i l l the 
top o f the c o l u m n o f m e r c u r y b e c o m e s v i s ib l e . A scratch 
is then m a d e on the tube t o i n d i c a t e the b o i l i n g po in t . 

I n careful de t e rmina t i ons o f the b o i l i n g p o i n t n o par t o f 
the t h e r m o m e t e r is a l l o w e d t o d i p i n t o t he b o i l i n g water , 
because it has b e e n found b y G a y - L u s s a c that the t empera tu re 
of t he w a t e r is n o t a lways the same , but that i t b o i l s a t 
different t empera tures in d i f ferent k inds o f vesse l s . I t has 
b e e n shown, h o w e v e r , b y R u d b e r g that the t empera tu re o f 

D 2 
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the s team w h i c h escapes f rom b o i l i n g wa te r is the same in 

e v e r y k i n d o f vesse l , a n d d e p e n d s o n l y on the pressure at 

the surface o f the water . H e n c e the t h e r m o m e t e r is no t 

d i p p e d in the water , but suspended in the issuing s team. T o 

ensure that the t empera tu re o f the s t eam shall b e t he same 

w h e n it reaches the t h e r m o m e t e r as w h e n it issues f rom the 

b o i l i n g water , the sides o f the vesse l are some t imes p r o t e c t e d 

b y wha t is c a l l e d a s team-jacke t . A current o f s team is 

a coffee-pot , a n d c o v e r its m o u t h and par t o f its sides 

wi th a w i d e r vesse l turned ups ide d o w n , t ak ing care that 

there shall b e p l e n t y o f r o o m for the s team to escape , then 

if w e b o i l a smal l quant i ty o f wa te r in the co f fee -po t , a t h e r m o 

m e t e r p l a c e d in the s t eam a b o v e w i l l b e ra i sed t o the 

exac t t empera ture o f the b o i l i n g p o i n t o f wa te r c o r r e s p o n d i n g 

to the state o f the b a r o m e t e r at the t ime . 

T o mark the l e v e l o f the m e r c u r y on the tube o f the 

t h e r m o m e t e r w i thou t c o o l i n g it, w e mus t d r a w it up th rough 

a c o r k or a p l u g o f ind ia - rubber i n the s t eam- jacke t th rough 

w h i c h the s team passes till w e can jus t see t he t o p o f the 

c o l u m n o f mercury . A mark mus t then b e sc ra tched o n the 

glass t o regis ter the b o i l i n g po in t . T h i s e x p e r i m e n t o f 

e x p o s i n g a t h e r m o m e t e r to the s team o f b o i l i n g wa te r is an 

impor t an t o n e , for it no t o n l y suppl ies a m e a n s o f gradu

a t ing the rmomete r s , and testing t h e m w h e n they h a v e b e e n 

gradua ted , but, s ince the t empera tu re at w h i c h wa te r b o i l s 

FIG. 3. 
m a d e to p l a y o v e r the out

s ide o f the sides o f the 

vesse l . T h e vesse l is thus 

ra ised to the same t e m p e 

rature as the s team itself, so 

that the s team canno t be 

c o o l e d dur ing its passage 

f rom the b o i l i n g wa te r to 

the t he rmomete r . 

F o r instance, i f w e take 

any tall n a r r o w vesse l , as 
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d e p e n d s o n the pressure o f the air, w e m a y d e t e r m i n e the 
pressure o f the air b y b o i l i n g w a t e r w h e n w e are no t ab le to 
measure it b y m e a n s o f the app ropr i a t e instrument , the 
ba rome te r . 

W e h a v e n o w o b t a i n e d t w o po in t s o f r e fe rence m a r k e d b y 
scratches o n the tube o f the t h e r m o m e t e r — t h e f reez ing p o i n t 
a n d the b o i l i n g po in t . W e shall s u p p o s e for the present 
that w h e n the b o i l i n g p o i n t was m a r k e d the b a r o m e t e r 
h a p p e n e d to ind ica te the s tandard pressure o f 20/905 
inches o f m e r c u r y at 0° C . at t he l e v e l o f the sea in the 
la t i tude o f L o n d o n . I n this case the b o i l i n g p o i n t is 
the s tandard b o i l i n g p o i n t . I n a n y o t h e r case it must b e 
co r rec t ed . 

O u r t h e r m o m e t e r w i l l n o w a g r e e w i t h any o the r p r o p e r l y 
cons t ruc ted t h e r m o m e t e r at these t w o temperatures . 

I n o rde r t o ind ica te o the r tempera tures , w e must const ruct 
a sca le—that is, a series o f marks—ei the r o n the tube i t se l f or 
on a c o n v e n i e n t part o f the apparatus c lose t o the tube a n d 
w e l l fas tened t o it. 

F o r this purpose , h a v i n g se t t led wha t values w e are to g i v e 
t o the f r eez ing and the b o i l i n g po in t s , w e d i v i d e the space 
b e t w e e n those po in t s in to as m a n y equa l parts as there are 
deg ree s b e t w e e n them, and con t i nue the series o f equa l d i v i 
s ions up a n d d o w n the scale as far as the tube o f the t he rmo
me te r ex t ends . 

T h r e e di f ferent w a y s o f d o i n g this are still in use, and , 
as w e of ten find tempera tures stated a c c o r d i n g to a 
different scale f rom that w h i c h w e a d o p t ourse lves , i t is 
necessary t o k n o w the p r inc ip les o n w h i c h these scales are 
f o r m e d . 

T h e C e n t i g r a d e scale was i n t r o d u c e d b y Ce l s iu s . 1 I n it 
the f r eez ing p o i n t is m a r k e d 0° a n d ca l l ed ze ro , a n d the 
b o i l i n g p o i n t is m a r k e d i o o ° . 

T h e o b v i o u s s impl ic i ty o f this m o d e of d i v i d i n g the space 
b e t w e e n the po in t s o f r e f e r ence in to 100 equa l parts and 

1 Professor of Astronomy in the University of Upsala. 
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ca l l i ng e a c h o f these a d e g r e e , a n d r e c k o n i n g all tempera tu tea 
in d e g r e e s f rom the f reez ing p o i n t , c a u s e d it t o b e v e r y 
g e n e r a l l y a d o p t e d , a l o n g w i th the F r e n c h d e c i m a l sys tem o f 
m e a s u r e m e n t , b y scient i f ic m e n , e s p e c i a l l y o n the C o n t i n e n t 
o f E u r o p e . I t is true that the a d v a n t a g e o f the d e c i m a l 
sys tem is n o t so grea t in the m e a s u r e m e n t o f t empera tures as 
in o t h e r cases, as it m e r e l y m a k e s i t eas ier t o r e m e m b e r the 
f r eez ing a n d b o i l i n g t empera tu res , bu t t he g radua t ion is n o t 
t o o f ine for the roughes t pu rposes , w h i l e for accura te 
measu remen t s the deg ree s m a y b e s u b d i v i d e d in to tenths and 
hundred ths . 

T h e o ther t w o scales are c a l l e d b y the n a m e s o f those w h o 
i n t r o d u c e d t h e m . 

F a h r e n h e i t , o f D a n t z i g , a b o u t 1714, first cons t ruc ted 
t h e r m o m e t e r s c o m p a r a b l e w i t h e a c h o ther . I n Fahrenhe i t ' s 
scale the f reez ing p o i n t is m a r k e d 32° , a n d the b o i l i n g p o i n t 
212°, the space b e t w e e n b e i n g d i v i d e d i n t o 180 equa l parts, 
and the g radua t ion e x t e n d e d a b o v e a n d b e l o w the po in t s o f 
r e f e rence . A p o i n t 32 d e g r e e s b e l o w the f r eez ing p o i n t is 
c a l l ed ze ro , o r 0° , a n d t empera tu re s b e l o w this are i n d i c a t e d 
b y the n u m b e r o f d e g r e e s b e l o w z e r o . 

T h i s scale is v e r y g e n e r a l l y u s e d in E n g l i s h - s p e a k i n g 
countr ies for purposes o f o rd ina ry l i fe , a n d a lso for those o f 
sc ience , t hough the C e n t i g r a d e sca le is c o m i n g in to use 
a m o n g those w h o wish their results t o b e r e a d i l y f o l l o w e d b y 
fore igners . 

T h e o n l y a d v a n t a g e s w h i c h can b e a s c r i b e d t o Fahrenhe i t ' s 
scale, bes ides its ear ly in t roduc t ion , its g e n e r a l diffusion, and 
its actual e m p l o y m e n t b y so m a n y o f our c o u n t r y m e n , are 
that m e r c u r y expands a l m o s t e x a c t l y o n e ten- thousandth o f 
its v o l u m e at 142° F . for e v e r y d e g r e e o f Fah renhe i t ' s sca le , 
and that the co ldes t t empera tu re w h i c h w e can g e t b y 
m i x i n g s n o w - a n d salt is near t he z e r o o f Fah renhe i t ' s 
scale . 

T o c o m p a r e tempera tures g i v e n in Fah renhe i t ' s scale w i th 
tempera tures g i v e n in the C e n t i g r a d e scale w e h a v e o n l y t o 
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r e m e m b e r that o ° C e n t i g r a d e is 32° Fah renhe i t , and that five 
deg rees C e n t i g r a d e are equal t o n i n e o f Fahrenhe i t . 

T h e third t h e r m o m e t r i c scale is that o f R e a u m u r . I n this 
scale the f r eez ing p o i n t is m a r k e d 0° a n d the b o i l i n g p o i n t 
80°. I a m n o t aware o f a n y a d v a n t a g e o f this scale. I t is 
used t o s o m e ex t en t o n the C o n t i n e n t o f E u r o p e for m e d i c a l 
and d o m e s t i c purposes . F o u r d e g r e e s o f R e a u m u r co r r e 
s p o n d to five C e n t i g r a d e a n d t o n ine o f Fahrenhe i t . 

T h e ex i s tence o f these th ree t h e r m o m e t r i c scales furnishes 
an e x a m p l e o f the i n c o n v e n i e n c e o f the wan t o f un i formi ty i n 
systems o f measu remen t . T h e w h o l e o f w h a t w e h a v e sa id 
abou t the c o m p a r i s o n o f t he different scales m i g h t h a v e 
b e e n o m i t t e d i f a n y o n e o f these scales h a d b e e n a d o p t e d b y 
all w h o use t h e r m o m e t e r s . I n s t e a d o f s p e n d i n g our t i m e in 
desc r ib ing the arbi t rary p roposa l s o f different m e n , w e shou ld 
h a v e g o n e o n to inves t iga te the l aws o f hea t and the p r o 
per t ies o f b o d i e s . 

W e shall af terwards h a v e o c c a s i o n to use a scale d i f fer ing 
in its z e r o - p o i n t f r om any o f those w e have cons ide red , bu t 
w h e n w e d o so w e shall b r i ng fo rward reasons for its a d o p t i o n 
d e p e n d i n g o n the nature o f th ings a n d n o t o n the p r e d i l e c 
t ions o f m e n . 

I f t w o t h e r m o m e t e r s are cons t ruc ted o f the same k i n d o f 
glass, w i th tubes o f un i fo rm b o r e , a n d a re filled wi th the s a m e 
l i q u i d and then g r a d u a t e d in t he s a m e w a y , t h e y m a y be c o n 
s idered for o rd ina ry purposes as c o m p a r a b l e i n s t rumen t s ; 
so that t h o u g h they m a y n e v e r h a v e b e e n actual ly c o m 
p a r e d toge ther , y e t in ascer ta in ing the t empera tu re o f a n y 
th ing there w i l l b e v e r y l i t t le d i f fe rence w h e t h e r w e use the 
o n e t h e r m o m e t e r or the other . 

B u t i f w e des i re g rea t accuracy in the m e a s u r e m e n t o f 
t empera tu re , so that the obse rva t i ons m a d e b y di f ferent 
obse rve r s w i th d i f ferent ins t ruments m a y b e strictly c o m 
parable , the o n l y sat isfactory m e t h o d is b y ag ree ing t o 
c h o o s e o n e t h e r m o m e t e r as a s tandard and c o m p a r i n g al l the 
o thers wi th i t 
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A l l t h e r m o m e t e r s ough t t o b e m a d e wi th tubes o f as 
uni form b o r e as can b e f o u n d ; but for a s tandard t h e r m o m e t e r 
the b o r e should b e ca l ib ra t ed—tha t is to say, its size should be 
measu red at shor t in te rva ls all a l o n g its l e n g t h . 

F o r this purpose , b e f o r e the bu lb is b l o w n , a smal l quant i ty 
o f m e r c u r y is i n t r o d u c e d i n t o the tube a n d m o v e d a l o n g the 
t ube b y fo rc ing air i n to the tube b e h i n d it. T h i s is d o n e b y 
s q u e e z i n g the air out o f a smal l india- rubber ba l l w h i c h is 
fas tened to the e n d o f the tube . 

I f the l e n g t h o f the c o l u m n o f m e r c u r y remains exac t ly 
the s a m e as i t passes a l o n g the tube, the b o r e o f the tube 
must b e un i fo rm ; bu t e v e n in the bes t tubes there is a lways 
s o m e w a n t o f un i formi ty . 

But i f w e in t roduce a short c o l u m n o f m e r c u r y in to the 
tube, then mark b o t h ends o f the c o l u m n , a n d m o v e it o n its 
o w n leng th , till o n e end c o m e s e x a c t l y t o the mark w h e r e 
the o the r e n d was o r ig ina l ly , t hen m a r k the o the r end , a n d 
m o v e i t o n aga in , w e shall h a v e a series o f marks on the tube 
such that the capac i ty o f the tube b e t w e e n a n y t w o consecu
t i v e marks w i l l b e the same, b e i n g equa l t o that o f the 
c o l u m n o f mercury . 

B y this m e t h o d , w h i c h was i n v e n t e d b y Gay -Lussac , a 
n u m b e r o f d i v i s i o n s m a y b e m a r k e d on the tube , each o f 
w h i c h conta ins the s a m e v o l u m e , a n d t h o u g h t h e y wi l l p r o 
b a b l y n o t c o r r e s p o n d to deg ree s w h e n the tube is m a d e u p 
in to a t h e r m o m e t e r , i t w i l l b e easy t o c o n v e r t the r ead ing o f 
this ins t rument in to d e g r e e s b y m u l t i p l y i n g it b y a p r o p e r 
factor, a n d in the use o f a s tandard ins t rument this t rouble is 
r e a d i l y u n d e r t a k e n for the sake o f accuracy . 

T h e tube h a v i n g b e e n p r e p a r e d in this w a y , o n e e n d is 
h e a t e d till i t is m e l t e d , and it is b l o w n i n t o a bu lb b y f o r c i n g 
air in at the o the r e n d o f the tube . I n o r d e r to a v o i d 
i n t roduc ing mois tu re i n t o the tube, this is d o n e , n o t b y the 
mouth , but b y means o f a h o l l o w ind ia - rnbber bal l , w h i c h is 
fas tened to the e n d o f t h e tube. 
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T h e tube o f a t h e r m o m e t e r is g e n e r a l l y so na r row that 

mercury wi l l no t enter it, for a reason w h i c h w e shall exp la in 

when w e c o m e to the p roper t i es o f l i qu ids . H e n c e the 

fo l lowing m e t h o d is a d o p t e d t o fill the t he rmomete r . B y 

rol l ing paper round the o p e n e n d o f 

the tube, and m a k i n g the tube thus v ' r ' 

formed p ro jec t a l i t t le b e y o n d the 

glass tube, a cav i ty is f o r m e d , in to 

which a l i t t le m e r c u r y i s p o u r e d . 

T h e mercury, h o w e v e r , wi l l n o t run 

d o w n the tube o f the t he rmomete r , 

partly because the bu lb a n d tube are 

already full o f air, and par t ly because 

the mercury requires a cer ta in pres

sure from wi thout to en te r so n a r r o w 

a tube. T h e bu lb is therefore g e n t l y 

hea led so as t o cause the air t o e x 

pand, and s o m e o f the air escapes 

through the mercury . W h e n the bu lb 

cools, the pressure o f the air in the 

bulb b e c o m e s less than the pressure 

o f the air outs ide , and the d i f ference 

of these pressures is sufficient t o 

make the m e r c u r y enter the tube, 

when it runs d o w n a n d par t ia l ly fills 

the bulb. 

I n order to g e t rid o f the r e m a i n d e r o f the air, and o f any 

moisture in t he t h e r m o m e t e r , the bu lb is g radua l ly hea t ed 

till the mercu ry b o i l s . T h e air a n d s t eam escape a long 

with the v a p o u r o f m e r c u r y , a n d as the b o i l i n g cont inues the 

last remains o f air are e x p e l l e d th rough the m e r c u r y at the 

top of the tube. W h e n the b o i l i n g ceases , the mercury runs 

back into the tube, w h i c h is thus per fec t ly f i l led wi th mercury . 

W h i l e the t h e r m o m e t e r is still ho t te r than any temperature 

at which it w i l l a f te rwards b e used, and w h i l e the mercury o r 
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i ts v a p o u r c o m p l e t e l y fills it, a b l o w p i p e flame is m a d e t o 
p l a y o n the t o p o f t he tube , s o as to m e l t it and c lose the end 
o f the tube. T h e tube , thus c l o s e d w i t h its o w n substance, 
is said t o b e ' h e r m e t i c a l l y s e a l e d . ' 1 

T h e r e is n o w n o t h i n g in t h e tube but mercu ry , a n d w h e n 
the m e r c u r y con t rac t s s o as t o l e a v e a space a b o v e it, this 
space is e i t he r e m p t y o f all g ros s mat ter , o r con ta ins o n l y 
t he v a p o u r o f mercu ry . If , i n sp i te o f all our p recau t ions , 
t he re is still s o m e air in the tube , this can eas i ly b e asce r ta ined 
b y i n v e r t i n g the t h e r m o m e t e r a n d l e t t i ng s o m e o f the m e r 
cury g l i d e t o w a r d s t he e n d o f the tube. I f t he ins t rument 
is per fec t , it w i l l r e a c h the e n d o f the tube a n d c o m p l e t e l y 
fill it. I f t he re is a i r in the t ube the air w i l l fo rm an e las t ic 
cushion, w h i c h wi l l p r e v e n t t h e m e r c u r y f rom r each ing the 
e n d o f the tube , a n d w i l l b e seen in the f o r m o f a smal l 
b u b b l e . 

W e h a v e n e x t t o d e t e r m i n e the f reez ing a n d b o i l i n g po in t s , 
as has b e e n a l r eady d e s c r i b e d , bu t cer ta in p recau t ions h a v e 
still t o b e o b s e r v e d . I n the first p l a c e , glass is a subs tance 
i n w h i c h in te rna l c h a n g e s g o o n for s o m e t i m e after it 
has b e e n s t rong ly h e a t e d , o r e x p o s e d t o in tense forces . 
I n fact, g lass is in s o m e d e g r e e a p las t ic b o d y . I t is 
f ound that after a t h e r m o m e t e r has b e e n filled and sea led 
t he capac i ty o f the b u l b d imin i shes s l igh t ly , a n d that this 
c h a n g e is c o m p a r a t i v e l y r a p i d at first, and o n l y g radua l ly 
b e c o m e s insens ib le as t he bu lb a p p r o a c h e s its u l t imate c o n 
d i t i on . I t causes t h e f r eez ing p o i n t t o r ise in t he tube t o 
o c , 3 o r o 0 , S , and if, after t he d i s p l a c e m e n t o f the ze ro , the 
m e r c u r y b e aga in b o i l e d , t he z e r o returns t o its o l d p l a c e 
a n d g radua l ly rises aga in . 

T h i s c h a n g e o f t h e ze ro -po in t was d i s c o v e r e d b y M . 
F l a u g e r g u e s . 3 I t m a y b e c o n s i d e r e d c o m p l e t e in f rom four t o 

1 ' From Hermes or Mercury, the imagined inventor of chemistry.'— 
J-ohnsori's Diet. 

'l Ann. de Ckimie et de Physique, -xxi. p. 333 (1S22). 
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six m o n t h s . 1 I n o r d e r t o a v o i d the error w h i c h it w o u l d 

in t roduce in to the scare, the ins t rument should , i f poss ib le , 

have its z e r o d e t e r m i n e d s o m e m o n t h s after i t has b e e n 

filled, and s ince e v e n the d e t e r m i n a t i o n o f the b o i l i n g po in t 

o f water p r o d u c e s a s l igh t d e p r e s s i o n o f the f r eez ing po in t 

(that is, an e x p a n s i o n o f the b u l b ) , the f r eez ing p o i n t should 

no t be d e t e r m i n e d after the b o i l i n g p o i n t , but rather 

before it. 

W h e n the b o i l i n g p o i n t is d e t e r m i n e d , the b a r o m e t e r is 

p robab ly no t at the s tandard he ight . T h e mark m a d e on 

the t h e r m o m e t e r must, in g r adua t i ng it, b e c o n s i d e r e d to 

represent, no t the s tandard b o i l i n g poin t , but the b o i l i n g 

po in t c o r r e s p o n d i n g t o the o b s e r v e d h e i g h t o f the baro

meter, w h i c h m a y b e found f rom the tables . 

T o construct a t h e r m o m e t e r in this e l abo ra t e w a y is b y 

no means an easy task, a n d e v e n w h e n t w o the rmomete r s have 

been cons t ruc ted w i th the u tmos t care , their readings at 

points distant f r om the f reez ing a n d b o i l i n g po in t s m a y not 

agree, on accoun t o f d i f ferences in the l a w o f expans ion o f 

the glass o f the t w o t h e r m o m e t e r s . T h e s e d i f ferences , how

ever , are small , for all t h e r m o m e t e r s are m a d e o f the same 

descr ipt ion o f glass. 

But s ince the m a i n o b j e c t o f t h e r m o m e t r y is that all 

t h e r m o m e t e r s shall b e str ict ly c o m p a r a b l e , a n d since the rmo

meters are eas i ly ca r r ied f rom o n e p l a c e t o another , the 

best m e t h o d o f o b t a i n i n g this o b j e c t is b y c o m p a r i n g all 

t he rmomete r s e i ther d i r ec t ly o r i nd i r ec t ly w i th a single 

standard t he rmomete r . F o r this purpose , the the rmomete r s , 

after b e i n g p r o p e r l y g radua ted , are all p l a c e d a l o n g wi th the 

standard t h e r m o m e t e r in a vesse l , the t empera tu re o f which 

can be m a i n t a i n e d un i fo rm for a c o n s i d e r a b l e t ime. Each 

t h e r m o m e t e r is then c o m p a r e d wi th the s tandard thermometer . 

1 Dr. Joule, however, finds that the rise of the freezing point of a 
delicate thermometer has been going on for twenty-six years, though the 
changes are now exceedingly minute.—PMl. Soc. Mancliester^ Feb. 22, 
1870. 
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A tab le o f cor rec t ions is m a d e for e a c h t h e r m o m e t e r 
b y en te r ing the r ead ing o f that the rmomete r , a l o n g wi th 
the c o r r e c t i o n w h i c h must b e a p p l i e d to that r e a d i n g to 
r e d u c e it t o the r e a d i n g o f the s tandard t he rmomete r . 
T h i s is c a l l e d the p r o p e r co r rec t ion for that read ing . I f 
it is p o s i t i v e i t must b e a d d e d to the reading , a n d i f n e g a t i v e 
it must b e subt rac ted f rom it. 

B y b r i n g i n g the vesse l t o var ious tempera tures , the cor
rec t ions at these tempera tures for each t h e r m o m e t e r are 
ascer ta ined, a n d the series o f correc t ions b e l o n g i n g to each 
t h e r m o m e t e r is m a d e out and p re se rved a l o n g w i th that 
t h e r m o m e t e r . 

A n y t h e r m o m e t e r m a y b e sent to the O b s e r v a t o r y at 
K e w , a n d w i l l b e re turned wi th a list o f cor rec t ions , b y the 
app l i ca t i on o f wh ich , obse rva t ions m a d e w i th that t he rmo
m e t e r b e c o m e strict ly c o m p a r a b l e with those m a d e b y the 
s tandard t h e r m o m e t e r at K e w , or w i th any o the r t h e r m o m e t e r 
s imi lar ly co r rec ted . T h e charge for m a k i n g the c o m p a r i s o n 
is v e r y smal l c o m p a r e d wi th the expense o f m a k i n g an 
or ig ina l s tandard t h e r m o m e t e r , a n d the scient i f ic va lue of 
obse rva t ions m a d e w i t h a t h e r m o m e t e r thus c o m p a r e d is 
greater than that o f obse rva t i ons m a d e w i t h the mos t e l a b o 
ra te ly p r e p a r e d t h e r m o m e t e r w h i c h has n o t b e e n c o m p a r e d 
w i th s o m e ex i s t ing a n d k n o w n standard inst rument . 

I h a v e d e s c r i b e d at c o n s i d e r a b l e length the processes b y 
w h i c h the t h e r m o m e t r i c scale is const ructed, a n d those b y 
w h i c h c o p i e s o f it are mu l t i p l i ed , b e c a u s e the pract ical 
es tabl i shment o f such a scale is an a d m i r a b l e ins tance of 
the m e t h o d b y w h i c h w e must p r o c e e d in the scientific 
obse rva t i on o f a p h e n o m e n o n such as t empera tu re , w h i c h , for 
the present , w e r e g a r d rather as a quality, c a p a b l e o f g rea te r 
or less intensi ty, than as a quantity wh ich m a y b e a d d e d to 
or subt rac ted f rom other quant i t ies o f the s a m e k i n d . 

A t empera tu re , so far as w e h a v e yet g o n e in the sc ience 
o f heat, is n o t c o n s i d e r e d as capab le o f b e i n g a d d e d to 
another t empera ture so as t o f o r m a t empera ture w h i c h is 
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the sum o f its c o m p o n e n t s . W h e n w e are ab le to attach a 

distinct m e a n i n g t o such an ope ra t ion , a n d de te rmine its 

result, our c o n c e p t i o n o f tempera ture w i l l b e raised to the 

rank o f a quanti ty. F o r the present , h o w e v e r , w e must b e 

content to r egard t empera ture as a qua l i ty o f bod ies , and b e 

satisfied t o k n o w that the tempera tures o f a l l bodies can b e 

referred to their p r o p e r p l ace s in the same scale. 

F o r instance, w e h a v e a right t o say that the temperatures 

o f f reez ing and b o i l i n g differ b y 180 0 F a h r e n h e i t ; but w e 

have as y e t no right to say that this d i f fe rence is the same 

as that b e t w e e n the tempera tures 300° a n d 480 0 o n the 

same scale. St i l l less can w e assert that a temperature o f 

244° F . = 3 2 ° + 2 I 2 ° 

is equal t o the sum o f the tempera tures o f freezing a n d 
boi l ing . I n the s a m e w a y , i f w e h a d n o t h i n g b y which t o 
measure t i m e e x c e p t the success ion o f our o w n thoughts, 
w e m i g h t b e a b l e t o refer each e v e n t w i t h i n our o w n ex 
pe r i ence t o its p r o p e r c h r o n o l o g i c a l p l a c e in a series, but 
w e should h a v e n o m e a n s o f c o m p a r i n g the interval o f t i m e 
b e t w e e n o n e pair o f e v e n t s w i th that b e t w e e n another pair , 
unless it h a p p e n e d that o n e o f these pairs was i nc luded 
within the o ther pair , in w h i c h case the in t e rva l b e t w e e n the 
first pair mus t b e the smal les t . I t is o n l y b y observat ion o f 
the uni form or p e r i o d i c m o t i o n s o f b o d i e s , a n d b y ascertain
ing the c o n d i t i o n s u n d e r w h i c h cer ta in mo t ions are a lways 
a c c o m p l i s h e d in the s a m e t ime , that w e h a v e been e n a b l e d 
to measure t ime , first b y days a n d years , as ind ica ted b y 
the h e a v e n l y m o t i o n s , and then b y hours, minutes, and 
seconds , as i n d i c a t e d b y the p e n d u l u m s o f our c locks, till 
w e are n o w able , n o t o n l y to ca lcu la te the t i m e o f v ibra t ion 
o f different k inds o f l ight , bu t t o c o m p a r e the t ime o f v ib ra 
t ion o f a m o l e c u l e o f h y d r o g e n set in m o t i o n b y an e lec t r ic 
discharge th rough a glass tube , wi th the t i m e o f v ibra t ion 
o f another m o l e c u l e o f h y d r o g e n in the sun, forming part o f 
some grea t e rup t ion o f rosy c louds , a n d wi th the t ime o f 
vibrat ion o f ano the r m o l e c u l e in Sirius wh ich has no t 
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t ransmit ted its v i b r a t i o n s t o our earth, bu t has s i m p l y 
p r e v e n t e d v i b r a t i o n s ar i s ing i n the b o d y o f that star f rom 
r each ing us. 

I n a subsequen t chap te r w e shall c o n s i d e r the further 
progress o f our k n o w l e d g e o f T e m p e r a t u r e as a Quan t i ty . 

ON THE AIR THERMOMETER. 

T h e o r ig ina l t h e r m o m e t e r i n v e n t e d b y G a l i l e o was an 
air t h e r m o m e t e r . I t c o n s i s t e d o f a glass b u l b w i t h a l o n g 
neck . T h e air in the bu lb w a s h e a t e d , and then the n e c k 
was p l u n g e d i n t o a c o l o u r e d l i q u i d . A s the air in the bu lb 
c o o l e d , the l i q u i d ro se i n the n e c k , a n d the h ighe r the 
l i qu id the l o w e r t he t e m p e r a t u r e o f the air in the bu lb . 
B y put t ing the b u l b in to the m o u t h o f a pat ient , and no t ing 
the p o i n t t o w h i c h the l i q u i d w a s d r i v e n d o w n in the tube, a 
phys ic ian m i g h t e s t ima te w h e t h e r the a i lmen t was o f the 
nature o f a f e v e r o r n o t Such a t h e r m o m e t e r has severa l 
o b v i o u s mer i t s . I t is eas i ly cons t ruc ted , a n d g i v e s larger 
ind ica t ions for the same c h a n g e o f t e m p e r a t u r e than a t h e r m o 
m e t e r c o n t a i n i n g a n y l i q u i d as the t h e r m o m e t r i c sub
stance. B e s i d e s this, the air r equ i res less heat to w a r m it 
than an equa l bu lk o f a n y l i q u i d , so that the air t h e r m o 
m e t e r is v e r y r ap id in its i nd ica t ions . T h e g rea t i ncon 
v e n i e n c e o f the ins t rument as a m e a n s o f measu r ing t em
perature is, that the he igh t o f the l i q u i d in the tube d e p e n d s 
on the pressure o f the a t m o s p h e r e as w e l l as o n the t em
perature o f the air in the bu lb . T h e air t h e r m o m e t e r c a n n o t 
therefore o f i t se l f t e l l us any th ing abou t t empera ture . W e 
must consul t the b a r o m e t e r at the s a m e t i m e , in o r d e r ' t o 
co r rec t the r e a d i n g o f the air t h e r m o m e t e r . H e n c e the air 
t h e r m o m e t e r , t o b e o f any sc ient i f ic va lue , mus t b e used 
a l o n g w i t h the b a r o m e t e r , and its r ead ings a re o f n o use 
t i l l after a p rocess o f ca lcu la t ion has b e e n g o n e through. 
T h i s puts it at a g rea t d i s a d v a n t a g e c o m p a r e d w i t h the 
mercur ia l t h e r m o m e t e r as a m e a n s o f ascer ta in ing tempera-
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tures. But i f the researches o n w h i c h w e are e n g a g e d are 

o f so impor t an t a nature that w e are w i l l i n g t o unde rgo the 

labour o f d o u b l e obse rva t i ons a n d n u m e r o u s calculat ions , 

then the advan tages o f the a i r t h e r m o m e t e r m a y again pre

pondera te . 

W e h a v e seen that in f i x ing a scak: o f t empera ture after 

mark ing o n our t h e r m o m e t e r t w o tempera tu res o f re fe rence 

and f i l l ing up the in t e rva l w i t h equa l d iv i s ions , t w o thermo

meters con t a in ing different l iqu ids w i l l n o t in g e n e r a l ag ree 

excep t at the tempera tures o f r e fe rence . 

If, on the o the r hand, w e c o u l d secure a constant pressure 

in the air t h e r m o m e t e r , t hen i f w e e x c h a n g e the air for any 

other gas , a l l the read ings w i l l be e x a c t l y the same p r o v i d e d 

the r ead ing at o n e o f the t empera tu re s o f re fe rence is the 

same. I t appears , the re fore , that the scale o f tempera tures 

as i nd i ca t ed b y an air t h e r m o m e t e r has this a d v a n t a g e o v e r 

the scale i nd i ca t ed b y m e r c u r y or a n y o the r l i qu id o r sol id , 

that whereas n o t w o l iqu id o r so l id substances can b e m a d e to 

agree in the i r expans ion th roughou t the scale, all the gases 

ag ree w i th o n e another . I n the a b s e n c e o f any be t te r 

reasons for c h o o s i n g a scale , the a g r e e m e n t o f so many 

substances is a reason w h y the sca le o f tempera tures fur

nished b y the expans ion o f gases shou ld b e c o n s i d e r e d as o f 

great scient i f ic va lue . I n the course o f our s tudy w e 

shall find that there are scient i f ic reasons o f a m u c h h igher 

order w h i c h e n a b l e us t o fix o n a scale o f tempera ture , 

based no t o n a p r o b a b i l i t y o f this k ind , but o n a m o r e inti

mate k n o w l e d g e o f the p rope r t i e s o f heat . T h i s scale, so 

far as it has b e e n inves t i ga t ed , is f ound to a g r e e v e r y c lose ly 

with that o f the air t h e r m o m e t e r . 

T h e r e is ano the r reason, o f a p rac t ica l k ind , in favour o f 

the use o f air as a t h e r m o m e t r i c substance, n a m e l y , that air 

remains in the gaseous state at the l o w e s t as w e l l as the 

highest t empera tu res w h i c h .we can p r o d u c e , a n d there are 

no ind ica t ions in e i ther case o f its a p p r o a c h i n g to a change 

o f state. H e n c e air, or o n e o f the p e r m a n e n t gases, is o f 

IRIS - LILLIAD - Université Lille 1 



4 8 Thermometry. 

F I G . 5. 

A I R T H K K M O M H T K K . 
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the grea tes t use in es t imat ing tempera tures l y i n g far ou ts ide 
o f the t empera tu res o f re fe rence , such, for ins tance , as the 
f reez ing p o i n t o f m e r c u r y o r the m e l t i n g p o i n t o f s i lver . 

W e shall c o n s i d e r the prac t ica l m e t h o d o f us ing air as a 
t h e r m o m e c r i c substance w h e n w e c o m e to G a s o m e t r y . I n 
the m e a n t i m e l e t us c o n s i d e r the air t h e r m o m e t e r in its 
s imples t fo rm, that o f a l o n g tube o f uni form b o r e c losed at 
o n e end , a n d con t a in ing air or s o m e o ther gas w h i c h is 
s epa ra t ed f rom the outer air b y a short c o l u m n o f mercury , 

oi l , o r s o m e o the r l i q u i d w h i c h is 
c a p a b l e o f m o v i n g f r ee ly a l o n g the 
tube, w h i l e at the same t i m e it p re 
vents all c o m m u n i c a t i o n b e t w e e n the 
c o n f i n e d air a n d the a t m o s p h e r e . 
W e shall a lso suppose that the pres
sure ac t ing o n the c o n f i n e d air is in 
s o m e w a y m a i n t a i n e d constant dur
ing the course o f the e x p e r i m e n t s 
w e are g o i n g t o descr ibe . 

T h e air t h e r m o m e t e r is first sur
r o u n d e d wi th i ce and i c e - c o l d wa te r . 
L e t us suppose that the uppe r surface 
o f the air n o i v stands at the po in t 
m a r k e d ' F r e e z i n g . ' T h e t h e r m o m e t e r 
is then sur rounded w i t h the s team 
rising f rom w a t e r b o i l i n g under an 
a tmospher icpressure o f 29 '905 inches 
o f mercury . L e t the surface o f the 
e n c l o s e d air n o w s tand at the p o i n t 
m a r k e d ' B o i l i n g . ' I n this w a y , the 
t w o tempera tures o f r e f e r ence are t o 
b e m a r k e d o n the tube. 

T o c o m p l e t e the scale o f the 
t h e r m o m e t e r w e must d i v i d e the d is tance b e t w e e n b o i l i n g and 
f reez ing in to a s e l ec t ed n u m b e r o f equa l parts, a n d car ry 
this g r adua t ion up a n d d o w n the tube b e y o n d the f r eez ing 
a n d b o i l i n g poin ts wi th d e g r e e s o f the s a m e length . 

Natterer's 
observed 

4 5 1 

212° Boiling 

3 2 0 Free zing. 

~~ 37°'lJ Mer
cury freezes-

lowest 
temperature. 

- 4 6 0 0 
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O f course, i f w e carry the g radua t ion far e n o u g h d o w n 
the tube, w e shall at last c o m e to the bo t t om o f the tube. 
W h a t wi l l be the r ead ing at that p o i n t 1 and wha t is meanl 
by It? 

T o de te rmine the r e a d i n g at the b o t t o m o f the tube is a 
very s imple mat ter . W e k n o w that the d is tance o f the 
freezing po in t f rom the b o t t o m o f the tube is to the d is tance 
o f the bo i l i ng po in t f r om the b o t t o m in the p r o p o r t i o n of 
i to i'3665, s ince this is the d i la ta t ion o f air b e t w e e n the 
freezing and the b o i l i n g tempera tures . H e n c e it f o l l ows , by 
an easy ar i thmetical ca lcula t ion , that if, as in Fahrenhei t ' s 
scale, the f reez ing p o i n t is m a r k e d 32 0 , a n d the bo i l i ng 
point 212 0 , the b o t t o m o f the tube must b e m a r k e d 
— 4 5 9 ° ' I 3 ' If, as in the C e n t i g r a d e scale, the f reez ing po in t 
is marked o ° , a n d the b o i l i n g p o i n t r o o ° , the b o t t o m of the 
tube wi l l be m a r k e d — 2"]2°-&el. T h i s , then, is the r ead ing at 
the b o t t o m o f the scale. 

T h e other ques t ion , W h a t is m e a n t b y this r ead ing ? 
requires a m o r e careful cons ide ra t ion . W e h a v e begun b y 
denn ing the measure o f t he t empera ture as the reading 
o f the scale o f our t h e r m o m e t e r w h e n it is e x p o s e d to that 
temperature. N o w i f the r ead ing c o u l d b e o b s e r v e d at the 
b o t t o m o f the tube , i t w o u l d i m p l y that the v o l u m e o f the 
air had been r e d u c e d t o no th ing . I t is hardly necessary to 
say that w e h a v e n o e x p e c t a t i o n o f e v e r o b s e r v i n g such a 
reading. I f it w e r e poss ib le t o abstract f rom a substance all 
the heat i t conta ins , i t w o u l d p r o b a b l y still r ema in an 
e x t e n d e d substance, a n d w o u l d o c c u p y a cer tain v o l u m e . 
Such an abs t rac t ion o f a l l its hea t f rom a b o d y has never 
been effected, so that w e k n o w no th ing about the tem
perature w h i c h w o u l d b e i n d i c a t e d b y an air t he rmomete r 
p laced in c o n t a c t w i th a b o d y abso lu te ly d e v o i d o f heat. 
T h i s much w e are sure of, h o w e v e r , that the r ead ing w o u l d 
be a b o v e — -4.S9°"i3 F . 

I t is e x c e e d i n g l y c o n v e n i e n t , e spec ia l ly in dea l ing with 
questions re la t ing to gases, t o r e c k o n temperatures, no t f rom 
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the f reez ing po in t , o r f r o m Fahrenhe i t ' s ze ro , bu t f r om the 
b o t t o m o f the tube o f the air t h e r m o m e t e r . 

T h i s p o i n t is t hen c a l l e d the abso lu te z e r o o f the air 
t h e r m o m e t e r , and tempera tures r e c k o n e d f rom it are ca l l ed 
abso lu te t empera tures . I t is p r o b a b l e that the d i la ta t ion o f 
a pe r fec t gas is a l i t t le less than 13665. I f w e suppose i t 
i \366, then abso lu te z e r o w i l l b e —460° o n Fahrenhe i t ' s 
sca le , o r —273°^- C e n t i g r a d e . 

I f w e a d d 4 6 0 ° t o the o rd ina ry r e a d i n g o n Fahrenhe i t ' s 
scale , w e shall ob ta in the abso lu te t empera tu re in Fah ren 
hei t ' s d e g r e e s . 

I f w e a d d 273°^ t o the C e n t i g r a d e read ing , w e shall ob ta in 
the abso lu te t empera tu re in C e n t i g r a d e degrees . 

W e shall of ten h a v e o c c a s i o n to speak o f abso lu te 
t empera tu re b y the air t h e r m o m e t e r . W h e n w e d o so w e 
m e a n n o t h i n g m o r e than wha t w e h a v e just s a i d — n a m e l y , 
t empera tu re r e c k o n e d f rom the b o t t o m o f the tube o f the air 
t he rmome te r . W e assert n o t h i n g as to the state o f a b o d y 
d e p r i v e d o f a l l its heat, a b o u t w h i c h w e h a v e n o e x p e r i m e n t a l 
k n o w l e d g e . 

O n e o f the m os t i m p o r t a n t app l i ca t ions o f the c o n c e p t i o n ' 
o f abso lu te t empera tu re is t o s impl i fy the express ion o f the 
t w o l aws d i s c o v e r e d r e s p e c t i v e l y b y B o y l e and b y Char les . 
T h e l aws m a y b e c o m b i n e d i n t o t he s ta tement that the 

product of the volume and pressure of any gas is proportional 
to the absolute temperature. 

F o r ins tance, i f w e h a v e t o measu re quant i t ies o f a gas b y 
their v o l u m e s under va r ious c o n d i t i o n s as t o t empera tu re 
a n d pressure, w e can r e d u c e these v o l u m e s t o w h a t t h e y 
w o u l d b e a t s o m e standard tempera ture a n d pressure. 

T h u s i f v , p, T b e the actual v o l u m e , pressure, a n d absolute-
tempera tu re , a n d v 0 the v o l u m e at the s tandard pressure p 0 > 

a n d the s tandard t empera tu re T„, then 
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I f w e have on ly to c o m p a r e the r e l a t ive quanti t ies o f the 
gag in different measurement s in the same series o f expe r i 
ments, w e m a y suppose P 0 a n d T 0 b o t h unity, a n d use the 

quantity wi thout a lways mu l t i p ly ing it b y — ° , w h i c h is 
T p 0 

a constant quant i ty . 1 

T h e great scientific i m p o r t a n c e o f the scale o f t empera tu re 
as de termined b y m e a n s o f the air or gas t h e r m o m e t e r arises 
from the fact, es tabl ished b y the e x p e r i m e n t s o f Jou le a n d 
T h o m s o n , that the scale o f t empera tu re d e r i v e d f rom the 
expansion o f the m o r e p e r m a n e n t gases is a lmos t exac t ly the 
same as that founded upon pure ly t h e r m o d y n a m i c cons idera
tions, which are i n d e p e n d e n t o f the pecul iar p roper t i es o f the 
thermometr ic b o d y . T h i s a g r e e m e n t has b e e n e x p e r i m e n t a l l y 
verified on ly wi th in a r ange o f t empera tu re b e t w e e n 0° C. 
and i o o ° C . If , h o w e v e r , w e a c c e p t the m o l e c u l a r theory o f 
gases, the v o l u m e o f a pe r fec t gas ough t t o b e exac t ly p r o 
port ional to the absolu te t empera ture on the t h e r m o d y n a m i c 
scale, and it is p r o b a b l e that as the t empera tu re rises the 
properties o f real gases a p p r o x i m a t e t o t hose o f the t h e o 
retically perfect gas. 

A l l the t h e r m o m e t e r s w h i c h w e h a v e c o n s i d e r e d h a v e 
been constructed on the p r inc ip le o f measur ing the expans ion 
o f a substance as the t empera ture rises. I n cer ta in cases it is 
convenien t to es t imate the t empera ture o f a substance b y the 
heat which it g i v e s out as i t c o o l s to a s tandard temperature . 
Thus i f a p i e c e o f p la t inum hea t ed in a furnace is d r o p p e d 
into water, w e m a y fo rm an es t imate o f the t empera tu re o f 
the furnace b y the a m o u n t o f hea t c o m m u n i c a t e d to the 
water. S o m e ^ h a v e supposed that this m e t h o d o f est imating 
temperatures is m o r e scientif ic than that f o u n d e d o n expan
sion. I t w o u l d b e so i f the s a m e quan t i ty o f hea t a lways 
caused the same rise o f t empera tu re , w h a t e v e r the or iginal 

1 For a full account of the methods of measuring gases the student is 
referred to Bunsen's Gasometry, translated by Roscoe. 
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t empera tu re o f the b o d y . Bu t t he spec i f ic hea t of most 
substances increases as the t empera tu re rises, a n d it in
creases in di f ferent d e g r e e s for d i f ferent substances, so that 
this m e t h o d canno t furnish an abso lu te scale o f temperature . 
I t is o n l y in the case o f gases that the speci f ic hea t o f a g i v e n 
mass o f the substance remains the same at a l l temperatures . 

T h e r e a re t w o m e t h o d s o f es t imat ing t empera tu re w h i c h 
are f o u n d e d o n the e lec t r i ca l p roper t i e s o f b o d i e s . W e 
cannot , w i t h i n the l imi ts o f this treatise, en ter i n t o the 
theory o f these m e t h o d s , but must refer the s tudent t o works 
on e lec t r ic i ty . O n e o f these m e t h o d s d e p e n d s o n the fact 
that in a c o n d u c t i n g circui t f o r m e d o f t w o different metals , 
i f o n e o f the junc t ions b e w a r m e r than the other , there w i l l 
b e an e l e c t r o m o t i v e fo rce w h i c h w i l l p r o d u c e a current o f 
e lec t r ic i ty i n the circuit , and this m a y b e measured b y 
means o f a g a l v a n o m e t e r . I n this w a y v e r y minu te differences 
o f t empera tu re b e t w e e n the ends o f a p i e c e o f m e t a l m a y b e 
de t ec t ed . T h u s i f a p i e c e o f i ron w i r e is s o l d e r e d at bo th 
ends to a c o p p e r w i r e , and i f o n e o f the junc t ions is at a p l ace 
w h e r e w e canno t in t roduce an o rd ina ry t he rmomete r , w e m a y 
ascertain its t empera ture b y p l a c i n g the o ther j u n c t i o n in a 
vesse l o f wa te r and adjust ing the t empera tu re o f the wa te r 
till n o current passes. T h e t empera tu re o f the wa te r w i l l 
then b e equa l t o that o f the inaccess ib le j unc t ion . 

E l e c t r i c currents e x c i t e d b y di f ferences o f t empera tu re in 
different parts o f a me ta l l i c circuit are c a l l e d the rmo-e lec t r i c 
currents. A n a r r angemen t b y w h i c h the e l e c t r o m o t i v e forces 
arising f rom a n u m b e r o f j unc t ions m a y be a d d e d toge ther 
is ca l l ed a t he rmop i l e , and is used in expe r imen t s on the 
hea t ing effect o f r ad ia t ion , because it is m o r e sens i t ive to 
changes o f t empera ture caused b y smal l quant i t ies o f heat 
than a n y o the r instrument. 

P r o f e s s o r T a i t 1 has found that i f tl and / 2 d e n o t e the 
temperatures o f the h o t and c o l d j u n c t i o n o f t w o metals , 

1 Proceedings of the Royal Society of Edinburgh, 1870-71. 
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the e l e c t r o m o t i v e f o r c e o f the circui t f o r m e d b y these t w o 

metals is 

A _ T) [T - J (t, + /,)]. 
where A is a constant d e p e n d i n g o n the nature o f the meta ls , 

and T is a t empera tu re a lso d e p e n d i n g o n the meta ls , 

such that w h e n o n e j u n c t i o n is as m u c h hot te r than T as the 

other is colder , n o current is p r o d u c e d , T m a y b e ca l led the 

neutral tempera ture for the t w o m e ta l s . F o r c o p p e r a n d 

iron it is about 284° C . 

T h e other m e t h o d o f e s t ima t ing the tempera ture o f a p l ace 

at w h i c h w e canno t set a t h e r m o m e t e r is founded o n the 

increase o f the e lec t r ic res is tance o f me ta l s as the t e m p e 

rature rises. T h i s m e t h o d has b e e n successfully e m p l o y e d 

by M r . S i e m e n s . 1 T w o coi ls o f the s a m e k i n d o f fine p la t inum 

wire are p r epa red so as t o h a v e e q u a l resistance. T h e i r 

ends are c o n n e c t e d w i th l o n g th ick c o p p e r wires , so that the 

coi ls m a y b e p l a c e d i f necessary a l o n g w a y f rom the g a l v a 

nometer . T h e s e c o p p e r te rminals are a lso adjusted so as to 

be o f the same res is tance for b o t h co i l s . T h e resis tance o f 

the terminals should b e smal l as c o m p a r e d wi th that o f the 

coils. O n e o f the co i l s is then sunk, say t o the b o t t o m o f 

the sea, a n d the o ther is p l a c e d i n a vesse l o f water , the 

temperature o f w h i c h is adjus ted till the resistance o f b o t h 

coils is the same. B y r ascer ta in ing w i th a t he rmomete r the 

temperature o f the vesse l o f water , that o f the b o t t o m o f the 

sea m a y b e d e d u c e d . 

M r . S iemens has found that the resistance o f the meta ls 

may be expressed b y a fo rmula o f the fo rm 

R = a v / T + / 3 T + y , 
where R is the resis tance, T the abso lu te temperature, and 

a ft y coeff ic ients . O f these a is the largest, and the re

sistance d e p e n d i n g on i t increases as the square r o o t o f the 

absolute tempera ture , so that the res is tance increases m o r e 

s lowly as the t empera ture rises. T h e s econd term, (S T, is 

1 Proceedings of the Royal Society, April 27, 1871. 

IRIS - LILLIAD - Université Lille 1 



54 Calorimetry. 

C H A P T E R I I I . 

CALORIMETRY. 

HAVING e x p l a i n e d the pr inc ip les o f T h e r m o m e t r y , o r the 
m e t h o d o f ascer ta in ing tempera tures , w e are a b l e t o under 
s tand w h a t w e m a y cal l C a l o r i m e t r y , or the m e t h o d o f 
measu r ing quant i t ies o f heat . 

W h e n hea t is a p p l i e d t o a b o d y it p roduces effects o f 
var ious k inds . I n m o s t cases it raises the tempera ture o f 
the b o d y ; i t g e n e r a l l y alters its v o l u m e or its pressure, and in 
cer ta in cases i t changes the state o f the b o d y f rom so l id t o 
l i qu id o r f rom l i q u i d t o gaseous . 

A n y effect o f hea t m a y b e u s e d as a m e a n s o f measur ing 
quant i t ies o f hea t b y a p p l y i n g the p r i n c i p l e that w h e n t w o 
equa l por t ions o f the same substance in the same state are 
a c t e d o n b y hea t in the same w a y so as t o p r o d u c e the 
same effect , then the quant i t ies o f hea t a re equa l . 

W e b e g i n b y c h o o s i n g a s tandard b o d y , a n d def in ing the 
s tandard effect o f hea t u p o n it. T h u s w e m a y c h o o s e a 
p o u n d o f i ce at the f r eez ing p o i n t as the s tandard b o d y , a n d 
w e m a y def ine as the unit o f hea t that quan t i ty o f heat w h i c h 
mus t b e a p p l i e d t o this p o u n d o f i ce t o c o n v e r t i t in to a 
p o u n d o f w a t e r still at the f r e e z i n g po in t . T h i s is an 
e x a m p l e o f a cer ta in c h a n g e o f state b e i n g used t o de f ine 
wha t is m e a n t b y a quan t i ty o f heat . T h i s unit o f hea t was 
b rough t in to actual use in the e x p e r i m e n t s o f L a v o i s i e r a n d 
L a p l a c e . 

I n this sys tem a quant i ty o f hea t is measu red b y the 
n u m b e r o f pounds ( o r o f g r a m m e s ) o f i ce at the f reez ing 

p r o p o r t i o n a l to the t empera tu re a n d m a y b e a t t r ibu ted t o 
the e x p a n s i o n o f the substance. T h e third t e r m is , con -
s t a n t 
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point w h i c h that quant i ty o f hea t w o u l d c o n v e r t in to water 

at the f reezing poin t . 

W e m i g h t a lso e m p l o y a di f ferent sys tem o f measurement 

by denning a quant i ty o f hea t as m e a s u r e d b y the number of 

pounds o f water at the b o i l i n g p o i n t wh ich it w o u l d conver t 

into steam at the same t empera tu re . 

T h i s m e t h o d is f requen t ly used in de t e rmin ing the amount 

o f heat gene ra t ed b y the c o m b u s t i o n o f fuel. 

N e i t h e r o f these m e t h o d s requi res the use o f the thermo

meter. 

A n o t h e r m e t h o d , d e p e n d i n g on the use o f the thermo

meter, is t o def ine as the unit o f hea t that quant i ty o f heat 

which if a p p l i e d to unit o f mass ( o n e p o u n d o r o n e g r a m m e ) 

o f water at s o m e standard t empera tu re (that o f greatest 

density, 39° F . o r 4° C , or o c c a s i o n a l l y s o m e tempera ture 

more c o n v e n i e n t for l abo ra to ry w o r k , such as 62° F . or 15° C ) , 

wi l l raise that wa te r o n e d e g r e e ( F a h r e n h e i t o r C e n t i g r a d e ) 

in temperature . 

A c c o r d i n g t o this m e t h o d a quant i ty o f hea t is measured 

by the quanti ty o f wa te r at a s tandard tempera ture w h i c h that 

quantity o f heat w o u l d raise o n e d e g r e e . 

A l l that is assumed in these m e t h o d s o f measur ing heat is 

that i f i t takes a cer ta in quant i ty o f heat t o p r o d u c e a certain 

effect on o n e p o u n d o f wa te r in a cer tain state, then to p roduce 

the same effect o n ano ther s imilar p o u n d o f water wi l l 

require as m u c h heat, so that t w i c e the quant i ty o f heat 

is r equ i red for t w o p o u n d s , th ree t imes for three pounds, 

and so on. 

W e have n o right t o assume that because a unit o f heat 

raises a p o u n d o f wa te r at 3 9 0 F . o n e d e g r e e , therefore t w o 

units o f hea t w i l l raise the s a m e p o u n d t w o degrees ; for the 

quant i ty o f hea t r equ i r ed t o raise the water f rom 40° to 4 1 0 

m a y b e different f rom that w h i c h ra i sed it f r o m 39 0 to 40 0. 

I n d e e d , it has b e e n found b y e x p e r i m e n t that m o r e heat 

is r equ i red t o raise a p o u n d o f w a t e r o n e d e g r e e at high 

temperatures than at l o w ones . 
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But i f w e measure hea t a c c o r d i n g to e i ther o f the m e t h o d s 
a l ready descr ibed , c i ther b y the quant i ty o f a part icular k ind 
o f mat ter w h i c h it can c h a n g e f rom o n e easi ly o b s e r v e d state 
to ano the r wi thou t a l ter ing its t empera tu re , o r b y the 
quan t i ty o f a part icular k i n d o f mat te r w h i c h i t c an raise 
f rom o n e g i v e n tempera ture t o ano the r g i v e n t empera tu re , 
w e m a y t rea t -quant i t ies o f heat as ma thema t i ca l quanti t ies , 
a n d a d d or subtract t hem as w e p lease . 

W e have , h o w e v e r , in the first p l a c e to establish that the 
hea t w h i c h b y en te r ing or l e a v i n g a b o d y in any m a n n e r 
p roduces a g i v e n change in i t is a quant i ty str ict ly c o m 
parab le w i th that w h i c h mel t s a p o u n d o f i ce , a n d differs 
f rom it o n l y b y b e i n g so m a n y t imes grea ter o r less. 

I n o ther w o r d s , w e h a v e to s h o w that hea t o f all k inds , 
w h e t h e r c o m i n g f rom the hand, or ho t water , o r s team, or red-
h o t i ron, or a flame, or the sun, or f rom any other source, can 
b e measu red in the same way , a n d that the quan t i ty o f each 
r equ i r ed to effect any g i v e n change , to m e l t a p o u n d o f i ce , 
to b o i l a w a y a p o u n d o f water , o r t o w a r m the w a t e r f r om o n e 
tempera ture t o another , is the same f rom w h a t e v e r source the 
hea^t con ies . 

T o find w h e t h e r these effects d e p e n d o n any th ing e x c e p t 
the quant i ty o f hea t r e c e i v e d — f o r instance, i f t h e y d e p e n d in 
any w a y o n t he t empera ture o f the source o f hea t—suppose 
t w o expe r imen t s tr ied. I n the first a certain quan t i ty o f heat 
(say the hea t emi t t ed b y a cand le wh i l e an i n c h o f c a n d l e is 
c o n s u m e d ) is a p p l i e d d i rec t ly to m e l t i c e . I n the s e c o n d the 
same quant i ty o f hea t is a p p l i e d t o a p i e c e o f i ron at the 
f reez ing p o i n t so as t o w a r m it, and then the h e a t e d i ron is 
p l a c e d in i ce so as to m e l t a certain quant i ty o f i ce , w h i l e the 
i ron i t se l f is c o o l e d to its or ig ina l tempera ture . 

I f the quant i ty o f i ce m e l t e d d e p e n d s o n the t empera ture 
o f the source f rom w h e n c e the heat p r o c e e d s , o r o n any 
o the r c i rcumstance than the quant i ty o f the heat , the quan
ti ty m e l t e d wil l differ in these t w o cases ; for in the first the 
heat c o m e s d i r e c t l y , f r om an e x c e e d i n g l y ho t flame, a n d in 
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the second the same quant i ty o f hea t c o m e s f rom c o m p a r a 
t ive ly coo l i ron . 

I t is found b y e x p e r i m e n t that no such d i f f e rence exis ts , 
and therefore heat , c o n s i d e r e d w i th r e spec t t o its p o w e r o f 
w r arming th ings a n d chang ing their state, is a quan t i ty strictly 
capab le o f measuremen t , a n d n o t subject t o a n y var ia t ions 
in qual i ty or in k ind . 

A n o t h e r p r inc ip le , the truth o f w h i c h is es tab l i shed b y 
ca lor imetr ica l expe r imen t s , is, that i f a b o d y in a g i v e n state 
is first hea t ed so as to m a k e i t pass through a series o f states 
defined- b y the t empera tu re a n d the v o l u m e o f the b o d y 
in each state, a n d i f it is then a l l o w e d t o c o o l so as to 
pass in r eve r se o r d e r th rough e x a c t l y t he s a m e series o f 
states, then the quant i ty o f heat w h i c h e n t e r e d it dur ing the 
heat ing p rocess is equa l to that w h i c h left it dur ing the 
c o o l i n g process . B y those w h o r e g a r d e d hea t as a sub
stance, a n d c a l l e d i t C a l o r i c , this p r inc ip l e was r e g a r d e d 
as self-evident , a n d was g e n e r a l l y tac i t ly assumed. W e shall 
show, h o w e v e r , that t hough it is t rue as w e h a v e s tated it, 
yet , i f the series o f states dur ing t he process o f hea t ing is 
different f r om that dur ing the p rocess o f c o o l i n g , the quan
tities o f hea t a b s o r b e d a n d e m i t t e d m a y b e different . I n 
fact heat m a y b e g e n e r a t e d o r d e s t r o y e d b y cer tain p r o 
cesses, a n d this shows that hea t is n o t a substance, v B y 
finding wha t i t is p r o d u c e d f rom, a n d w h a t i t is r e d u c e d to , 
w e m a y h o p e t o d e t e r m i n e the nature o f heat . 

I n mos t o f the cases in w h i c h w e measure quant i t ies o f 
heat, the hea t w h i c h w e measure is pass ing ou t o f o n e b o d y 
in to another , o n e o f these b o d i e s b e i n g the ca lo r ime te r 
itself. W e assume that the quant i ty o f hea t w h i c h l eaves 
the o n e b o d y is e q u a l t o that w h i c h the o the r r ece ives , 
p r o v i d e d , is t , that ne i the r b o d y r e c e i v e s o r parts w i t h heat 
t o any third b o d y ; and, 2ndly, that n o ac t ion takes p l ace 
a m o n g the b o d i e s e x c e p t the g i v i n g a n d r e c e i v i n g o f heat. 

T h e truth o f this assumpt ion m a y b e es tabl ished e x 
per imen ta l ly b y t ak ing a n u m b e r o f b o d i e s at different 
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temperatures , a n d d e t e r m i n i n g first the quant i ty o f hea t re
qu i red to b e g i v e n to o r t aken f rom each separa te ly t o b r ing 
it t o a ce r ta in s tandard tempera ture . I f the b o d i e s are 
n o w b r o u g h t to their o r ig ina l t empera tures , and a l l o w e d t o 
e x c h a n g e hea t a m o n g t h e m s e l v e s in any way , then the total 
quant i ty o f heat r e q u i r e d t o b e g i v e n t o the sys tem to b r ing 
it to the s tandard t empera tu re w i l l b e f o u n d t o b e the same 
as that w h i c h w o u l d b e d e d u c e d f rom the results in the first 
case . 

W e n o w p r o c e e d t o desc r ibe the e x p e r i m e n t a l m e t h o d s 
b y w h i c h these results m a y b e ver i f ied , a n d b y w h i c h quanti
t ies o f hea t in gene ra l m a y b e measured . 

I n s o m e o f the ear l ie r e x p e r i m e n t s o f B l a c k o n the hea t 
r e q u i r e d t o m e l t i ce a n d t o b o i l water , the hea t was a p p l i e d 
b y m e a n s o f a flame, a n d as the supply o f hea t was assumed 
to b e uniform, the quant i t ies o f hea t supp l ied w e r e infer red 
to b e p r o p o r t i o n a l t o the t i m e dur ing w h i c h the supply 
con t inued . A m e t h o d o f this k i n d is o b v i o u s l y v e r y i m 
perfect , and in o rde r to m a k e it at all accurate w o u l d n e e d 
n u m e r o u s precaut ions a n d auxi l ia ry inves t iga t ions w i th 
r e spec t to the laws o f the p r o d u c t i o n o f hea t b y the flame 
and its app l i ca t ion to the b o d y w h i c h is hea ted . A n o t h e r 
m e t h o d , a lso d e p e n d i n g o n the o b s e r v a t i o n o f t ime , is m o r e 
w o r t h y o f con f idence . W e shall desc r ibe it unde r the n a m e 
o f the M e t h o d o f C o o l i n g . 

ICE CALORIMETERS. 

W i l c k e , a S w e d e , was the first w h o e m p l o y e d the m e l t i n g 
o f s n o w to measure the heat g i v e n o f f b y bod ie s in c o o l i n g . 
T h e p r inc ipa l difficulty in this m e t h o d is t o ensure that a l l 
the hea t g i v e n off b y t he b o d y is e m p l o y e d in m e l t i n g the 
i ce , a n d that n o o the r hea t reaches the i c e so as t o m e l t it, 
or escapes f rom the wa te r so as t o f r eeze it. T h i s c o n d i t i o n 
was first fulfi l led b y the ca lo r ime te r o f L a p l a c e a n d L a 
vois ier , o f w h i c h the desc r ip t ion is g i v e n in the M e m o i r s o f 
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the French A c a d e m y of Sciences for 1780. T h e instrument 
itself is preserved in the Conservatoire des A r t s et Me'tiers 
at Paris. 

This apparatus, which 
afterwards received the 
name of Calorimeter, con
sists of three vessels, one 
within another. 

T h e first or innermost 
vessel, which w e may call 
the receiver, is intended to 
hold the b o d y from which 
the heat to b e measured 
escapes. I t is, m a d e of 
thin sheet copper, so that ' 
the heat may readily pass 1TZ 
into the second vessel. T h e î —=: 

second vessel, or calorimeter proper, entirely surrounds the 
first. T h e lower part of the space between the two vessels is 
filled with broken ice at the freezing (or melting) point, a n d 
the first vessel is then covered b y means of a lid, which is 
itself a vessel full of broken ice. W h e n the ice melts in this 
vessel, whether in the lower part or in the cover of the first 
vessel, the water trickles d o w n a n d passes through a drainer, 
which prevents any ice from escaping, a n d so runs out into a 
bottle set to catch it. T h e third vessel, which w e may call 
the ice jacket, entirely surrounds the second, and is furnished, 
like the second, with an upper lid to cover the second. Both 
the vessel a n d the lid are full of b r o k e n ice at the freezing 
point, but the water formed b y the melting of this ice is 
carried off to a vessel distinct from that which contains the 
water from the calorimeter proper. 

N o w , suppose that there is nothing in the receiver, a n d 
that the temperature of the surrounding air is a b o v e the 
freezing point. A n y heat which enters the outer vessel 
will melt some of the ice in the jacket, and will not pass o n , 
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a n d n o i ce w i l l b e m e l t e d in the ca lor imeter . A s l o n g as 
there is i ce in t he j a c k e t and in the ca lo r ime te r the t em
perature o f bo th w i l l b e the same, that is, the f reez ing point , 
a n d therefore , b y the l aw o f equ i l ib r ium o f heat, n o heat 
w i l l pass th rough the s e c o n d vesse l e i ther outwards or 
inwards . H e n c e , i f a n y i c e is m e l t e d in the ca lo r imete r , 
the hea t w h i c h mel t s it must c o m e f rom the r ece ive r . 

L e t us n e x t suppose the r e c e i v e r at the f reez ing t empera 
ture ; le t the t w o l ids b e careful ly l i f ted off for an instant, a n d 
a b o d y at s o m e h igher t empera tu re i n t r o d u c e d in to the re
ce ive r ; then let the l ids b e qu ick ly r ep l aced . H e a t w i l l pass 
f rom the b o d y through the sides o f the r e c e i v e r in to the 
ca lo r imete r , i c e w i l l b e m e l t e d , and the b o d y w i l l b e c o o l e d , 
a n d this p rocess w i l l g o on t i l l the b o d y is c o o l e d t o the 
f r eez ing poin t , after w h i c h there w i l l b e n o m o r e i c e 
m e l t e d . 

I f w e measure the wa te r p r o d u c e d b y the m e l t i n g o f the 
i ce , w e m a y es t imate the quant i ty o f heat w h i c h escapes 
f rom the b o d y w h i l e it c o o l s f rom its o r ig ina l t empera ture t o 
the f reez ing po in t . T h e r e c e i v e r is at the f reez ing p o i n t at 
the b e g i n n i n g a n d at the e n d o f the opera t ion , so that the 
hea t ing and subsequent c o o l i n g o f the r e c e i v e r d o e s n o t 
inf luence the result. 

N o t h i n g can b e m o r e pe r f ec t than the t heo ry a n d des ign 
o f this apparatus. I t is w o r t h y o f L a p l a c e and o f L a v o i s i e r , 
a n d in the i r hands i t furnished g o o d results. 

T h e c h i e f i n c o n v e n i e n c e in using it arises f rom the fact 
that the wa te r adheres t o the b r o k e n i c e ins tead o f d ra in ing 
away f rom it c o m p l e t e l y , so that it is i m p o s s i b l e to es t imate 
accura te ly h o w m u c h i c e has rea l ly b e e n m e l t e d . 

T o a v o i d this source o f uncer ta in ty , Sir John H e r s c h e l 
p r o p o s e d t o fill the inters t ices o f the i c e w i th wa te r at the 
f reez ing po in t , and to es t imate the quant i ty o f i c e m e l t e d b y 
the con t rac t ion w h i c h the v o l u m e o f the w h o l e unde rgoes , 
since, as w e shall af terwards see, the v o l u m e o f the w a t e r is 
less than that o f the i ce from w h i c h it was f o r m e d . I a m 
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not aware that this sugges t ion was e v e r d e v e l o p e d in to an 

exper imenta l m e t h o d . 

Bunsen , 1 i n d e p e n d e n t l y , d e v i s e d a c a l o r i m e t e r f o u n d e d on 

the same p r inc ip l e , bu t i n the use o f w h i c h the sources 

o f error are e l imina t ed , a n d t he p h y s i c a l cons tants de te r 

m i n e d wi th a d e g r e e o f p rec i s ion s e l d o m b e f o r e a t ta ined 

in researches o f this k i n d . 

Bunsen 's ca lo r imete r , as d e v i s e d b y its author, is a smal l 

instrument. T h e b o d y w h i c h is t o F l G 7 

g i v e off the heat w h i c h is t o b e 
measured is h e a t e d in a tes t - tube 
p l a c e d in a current o f s t eam o f 
k n o w n tempera ture . I t is then 
d r o p p e d , as q u i c k l y as m a y be , i n to 
the test-tube T o f the ca lor imeter , 
wh ich contains wa te r a t o ° C . T h e 
b o d y sinks t o the b o t t o m a n d g i v e s 

off heat to the water . T h e hea t ed wa te r d o e s no t rise in the 
tube, for the effect o f hea t o n wa te r b e t w e e n o ° C . a n d 4" C. 
is to increase its densi ty . I t therefore remains surrounding 
the b o d y at the b o t t o m o f the tube, and its hea t can e scape 
on ly b y conduc t i on ei ther upwards through the water , or 
through t he sides o f the tube, which , b e i n g thin, afford a 
bet ter channel . T h e tube is sur rounded b y i ce at 0° C . in 
the ca lor imeter , c, so that as soon as any par t o f the wa te r 
in the tube is raised t o a h igher t empera ture , c o n d u c t i o n 
takes p l a c e through the sides, a n d part o f the i ce is m e l t e d . 
T h i s w i l l g o on t i l l eve ry th ing wi th in the tube is again 
r educed to 0° C , and the w h o l e quant i ty o f ice m e l t e d b y 
heat from within is an accura te measure o f the heat w h i c h 
the hea t ed b o d y g i v e s out as it c o o l s to 0° C . 

T o p r e v e n t any e x c h a n g e o f hea t b e t w e e n the ca lo r imete r 
c and surrounding b o d i e s , it is p l a c e d in a vesse l s f i l led w i th 
snow ga the red w h e n n e w fal len a n d free f rom s m o k e . T h i s 

1 Fogg- A»"- Sept. 1870, and Phil. Mag. 1871. 
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substance, unless the t empera tu re o f the r o o m is b e l o w o" C , 
s o o n acqui res and l o n g mainta ins the t empera ture o f o ° C . 

I n p r e p a r i n g the ca lo r ime te r , it is f i l led w i th d i s t i l l ed water , 
f r om w h i c h e v e r y t race o f air must b e e x p e l l e d b y a careful 
p rocess o f b o i l i n g . I f there is air in the water , the p rocess 
o f f r eez ing e x p e l s i t a n d p r o d u c e s bubb l e s o f air, the v o l u m e 
o f w h i c h in t roduces an error o f measurement . T h e l o w e r 
par t o f the c a l o r i m e t e r conta ins mercury , and c o m m u n i c a t e s 
wi th a ben t tube a l so con t a in ing mercury . T h e uppe r par t 
o f this tube is b e n t hor izon ta l ly , and is careful ly ca l ibra ted 
and g radua ted . A s the m e r c u r y a n d the vesse l are a lways 
at d i e t empera tu re o ° C , they are o f cons tan t v o l u m e , a n d 
any changes in the pos i t i on o f the mercu ry in the g radua ted 
tube are due t o the m e l t i n g o f i c e in the ca lo r imete r , a n d 
the c o n s e q u e n t d iminu t ion o f v o l u m e o f the mass o f i ce a n d 
wate r in it. 

T h e m o t i o n s o f the ex t r emi ty o f the c o l u m n o f m e r c u r y 
b e i n g p r o p o r t i o n a l t o the quant i t ies o f hea t e m i t t e d f r o m 
the test-tube i n t o the ca lo r ime te r , it is easy t o see h o w 
quanti t ies o f hea t m a y b e c o m p a r e d . I n fact, Bunsen has 
m a d e satisfactory de t e rmina t ions o f the speci f ic hea t o f those 
rare meta ls , such as ind ium, o f w h i c h o n l y a f e w g r a m m e s 
h a v e b e e n ob t a ined . 

T o p repa re the c a l o r i m e t e r for use, i ce mus t b e f o r m e d 
in the c a l o r i m e t e r r o u n d the test-tube. F o r this purpose , 
Bunsen causes a current o f a l coho l , c o o l e d b e l o w o° C. b y a 
f reez ing mix tu r e , t o flow t o the b o t t o m o f the test- tube and 
up a l o n g its sides. I n this w a y the grea ter part o f the wa te r 
in the c a l o r i m e t e r is soon f rozen . W h e n the apparatus has 
been left for a sufficient t ime in the vesse l con t a in ing snow, 
the t empera tu re o f this i c e rises t o o° C , and the apparatus 
is r e a d y for use. A g rea t m a n y e x p e r i m e n t s m a y b e m a d e 
after o n e f reez ing o f the wa te r . 1 

1 See Pogg. Ann, Sept. 1870, or Phil. Meg. 1871. 
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METHOD OF MIXTURE. 

T h e s e c o n d ca lo r ime t r i c m e t h o d is usually ca l l ed the 
M e t h o d o f M i x t u r e . T h i s n a m e is g i v e n t o all the processes 
in which the quan t i ty o f hea t w h i c h escapes f rom o n e b o d y 
is measured b y the increase o f t empera tu re it p r o d u c e s in 
another b o d y in to w h i c h it escapes . T h e m o s t per fec t 
m e t h o d o f ensuring that all the heat which escapes f rom d i e 
one b o d y passes i n t o the o the r is to m i x them, bu t in m a n y 
cases to w h i c h the m e t h o d is n o w a p p l i e d this c anno t b e 
done . 

W e shall i l lustrate this m e t h o d b y a f e w expe r imen t s , 
which can b e p e r f o r m e d b y the s tudent w i thou t a n y special 
apparatus. A f e w e x p e r i m e n t s o f this k i n d actually pe r 
fo rmed b y h i m s e l f w i l l g i v e the s tudent a m o r e in te l l igen t 
interest in the subject , a n d wi l l g i v e h im a m o r e l i v e l y faith 
in the exactness and un i fo rmi ty o f nature, a n d in the inac
curacy and uncer ta in ty o f our observa t ions , than any r ead ing 
o f b o o k s , or e v e n wi tness ing e l abora t e expe r imen t s p e r f o r m e d 
b y professed m e n o f sc ience . 

I shall suppose the s tudent t o h a v e a t h e r m o m e t e r , the 
bulb o f w h i c h he can i m m e r s e in the l iqu ids o f w h i c h the 
tempera ture is t o b e measured , a n d I shall suppose the 
graduat ion o f the t h e r m o m e t e r to b e that o f Fahrenhe i t , as 
i t is the m o s t c o m m o n in this country. 

T o c o m p a r e the effects o f hea t o n wa te r a n d on lead , t ake 
a strip o f sheet l e ad , w e i g h i n g , say, o n e p o u n d , a n d ro l l i t 
in to the fo rm o f a l o o s e spiral, so that w h e n i t is d r o p p e d 
in to w a t e r the w a t e r m a y p l a y r o u n d e v e r y par t o f it f reely . 

T a k e a vesse l o f a c o n v e n i e n t shape, such that the ro l l o f 
l e a d w h e n p l a c e d in the vesse l w i l l b e w e l l c o v e r e d wi th a 
p o u n d o f water . 

H a n g up the l e a d b y a fine string and d ip it in a saucepan 
o f b o i l i n g water , a n d con t inue t o b o i l it till it is t ho rough ly 
hea ted . W h i l e this is g o i n g on w e i g h out a p o u n d o f c o l d 
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water in y o u r vessel , a n d ascertain its t empera ture wi th 
the t he rmomete r . T h e n lift the ro l l o f l e a d out o f the 
b o i l i n g water , h o l d i t in the s team ti l l the w a t e r is d ra ined 
off, a n d i m m e r s e i t as q u i c k l y as poss ib le in the c o l d wa te r 
in the vesse l . B y means o f the string y o u m a y stir it about in 
the wa te r so as t o b r ing i t in con tac t wi th n e w por t ions o f the 
water , a n d t o p r e v e n t it f r om g i v i n g its hea t d i rec t ly t o the 
sides o f the vesse l . 

F r o m t i m e t o t i m e o b s e r v e the t empera tu re o f the wa te r 
as i nd i ca t ed b y the t h e r m o m e t e r . I n a f e w minutes the 
t empera ture o f the w a t e r w i l l cease t o rise, a n d the exper i 
m e n t m a y then b e s t o p p e d a n d the ca lcula t ion begun . 

I shall suppose (for the sake o f fixing our ideas ) that the 
t empera tu re o f the wa te r b e f o r e the ho t l e a d was put in was 
57° F . , and that the final tempera ture , w h e n the l e a d ceased 
to impar t hea t t o the water , was 62° F , I f w e take as our 
uni t o f hea t that quan t i ty o f heat w h i c h w o u l d raise a p o u n d 
o f wa te r at 6 o ° F . o n e d e g r e e , w e h a v e he re five units o f hea t 
i m p a r t e d t o the wa te r b y the lead. 

S i n c e the l e a d was for s o m e t i m e in b o i l i n g water , a n d 
was afterwards h e l d in the steam, w e m a y assume its o r ig ina l 
t empera ture to b e 2 1 2 ° ( this, h o w e v e r , should b e tested b y the 
t h e r m o m e t e r ) . D u r i n g the e x p e r i m e n t the l e a d c o o l e d 150°— 
f rom 212° t o 62°—and g a v e out, as w e h a v e seen, five units 
o f heat to the wa te r . H e n c e the d i f fe rence o f the hea t o f a 
p o u n d o f l e a d at 2 1 2 0 and at 62° is five units ; o r the same 
quant i ty o f hea t w h i c h w i l l heat a p o u n d o f wa te r five deg ree s 
f rom 57 0 t o 6 2 0 w i l l hea t a p o u n d o f l e a d 150 d e g r e e s f rom 
6 2 0 to 2 T 2 ° . I f w e assume, wha t is nea r ly though n o t 
e x a c t l y true, that the quan t i ty o f hea t r equ i r ed t o hea t the 
l e a d is the same for each d e g r e e o f rise o f t empera tu re , then 
w e m i g h t say that t o raise a p o u n d o f l e a d five deg ree s 
requires on ly o n e thirt ieth par t o f the hea t r equ i r ed to raise 
a p o u n d o f w a t e r five degrees . 

W e h a v e thus m a d e a c o m p a r i s o n o f the effects o f hea t o n 
l e a d a n d o n water . W e h a v e found that the s a m e quant i ty 
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of heat w o u l d raise a p o u n d o f l ead th rough thir ty t imes as 
many degrees as it w o u l d raise a p o u n d o f water , a n d w e 
have inferred that, t o p r o d u c e a n y m o d e r a t e c h a n g e o f 
temperature o n a p o u n d o f l e a d requ i res one-thir t ie th o f the 
heat required t o p r o d u c e the same c h a n g e o n an equa l w e i g h t 
o f water. 

T h i s compar i son is e x p r e s s e d in scient if ic l anguage b y 
saying that the capac i ty o f l e a d for hea t is one- thir t ie th o f 
that o f an equal w e i g h t o f water . 

W a t e r is g e n e r a l l y taken as a s tandard substance wi th 
which o ther substances a re c o m p a r e d , a n d the fact w h i c h w e 
have stated a b o v e is expres sed in a still m o r e conc i se m a n n e r 
by saying that the speci f ic hea t o f l e a d is 

T h e fact that w h e n equa l we igh t s o f qu icks i lve r a n d wate r 
are m i x e d t oge the r the resul t ing tempera ture is no t the m e a n o f 
the temperatures o f the ing red ien t s was k n o w n to B o e r h a a v e 
and Fahrenhei t . D r . B l ack , h o w e v e r , was the first to e x p l a i n 
this p h e n o m e n o n a n d m a n y others b y the doc t r ine w h i c h h e 
established, that the effect o f the same quant i ty o f hea t in 
raising the tempera ture o f the b o d y d e p e n d s no t o n l y o n the 
amount o f ma t t e r in the b o d y , but o n the k i n d o f ma t t e r o f 
which it is f o r m e d . D r . I r v i n e , B lack ' s pupi l a n d assistant, 
g a v e to this p r o p e r t y o f b o d i e s the n a m e o f C a p a c i t y for 
H e a t . T h e express ion Spec i f i c H e a t was af terwards int ro
duced b y G a d o l i n , o f A b o , in 1784. 

I think w e shall secure accuracy , a l o n g w i t h the grea tes t 
con fo rmi ty t o es tab l i shed cus tom, b y def in ing these te rms 
thus: 

D E F I N I T I O N O F T H E C A P A C I T Y O F A B O D Y . 

The capacity of a body for heat is the number of units of 
heat required to raise that body one degree of temperature. 

W e m a y speak o f the capac i ty for hea t o f a part icular 
thing, such as a c o p p e r vesse l , in w h i c h case the capac i ty 
depends o n the w e i g h t as w e l l as o n the k i n d o f matter , 

F 
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T h e capacity of a particular thing is often expressed by 
stating the quantity of water which has the same capacity. 

W e may also speak of the capacity for heat of a substance, 
such as copper, in which case we refer to unit o f mass of the 
substance. 

D E F I N I T I O N O F S P E C I F I C H E A T . 

The Specific Heat of a body is the ratio of the quantity of 
heat required to raise that body one degree to the quantity 
required to raise an equal weight of water one degree. 

T h e specific heat therefore is a ratio of two quantities of 
the same kind, and is expressed by the same number, what
ever be the units employed by the observer, and whatever 
themlometric scale he adopts. 

I t is very important to bear in mind that these phrases 
mean neither more nor less than what is stated in these defi
nitions. 

Irvine, wtio contributed greatly to establish the fact that 
the quantity of heat which enters or leaves a body depends 
on its capacity for heat multiplied by the number of degrees 
through which its temperature rises or falls, went on to 
assume that the whole quantity of heat in a body is equal to 
its capacity multiplied by the total temperature of the body, 
reckoned from a point which he called the absolute zero. 
This is equivalent to the assumption that the capacity of the 
body remains the same from the given temperature down
wards to this absolute zero. T h e truth of such an assump
tion could never be proved by experiment, and its falsehood 
is easily established by showing that the specific heat of 
most liquid and solid substances is different at different 
temperatures. 

T h e results which Irvine, and others long after him, 
deduced by calculations founded on this assumption are not 
only of no value, but are shown to be so by their incon
sistency with each other. 

W e shall now return to the consideration of the experiment 
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with the lead and water , in o r d e r t o s h o w h o w it can b e 
made m o r e accurate b y a t t end ing t o a l l the c i rcumstances o f 
the case. I have pu rpose ly a v o i d e d d o i n g so at first, as m y 
objec t was to il lustrate the m e a n i n g o f ' Spec i f ic H e a t . ' 

I n the fo rmer de sc r ip t i on o f the e x p e r i m e n t it was 
assumed, no t o n l y that a l l the hea t w h i c h escapes f rom the 
lead enters the w a t e r in the ves se l , but that i t r e m a i n s in 
the water till the conc lu s ion o f the e x p e r i m e n t , w h e n the 
temperatures o f the l e a d a n d wa te r h a v e b e c o m e equa l i sed . 

T h e latter par t o f this a s sumpt ion c a n n o t b e qu i te true, 
for the water must b e c o n t a i n e d in a vesse l o f s o m e k ind , 
and must c o m m u n i c a t e s o m e o f its hea t t o this vesse l , a n d 
also must l o se hea t at its uppe r surface b y e v a p o r a t i o n , & c . 

I f w e cou ld fo rm the vesse l o f a pe r fec t n o n - c o n d u c t o r o f 
heat, this loss o f heat f r om the wa te r w o u l d n o t o c c u r ; but 
no substance o f w h i c h a vesse l can b e f o r m e d can b e c o n 
sidered e v e n a p p r o x i m a t e l y a n o n - c o n d u c t o r o f h e a t ; a n d i f 
w e use a vesse l w h i c h is m e r e l y a s l o w c o n d u c t o r o f heat , i t is 
ve ry difficult, e v e n b y the m o s t e l abo ra t e ca lcu la t ions , to 
de termine h o w m u c h hea t is t aken up b y the vesse l i t se l f 
during the e x p e r i m e n t . 

A bet ter p lan is to use a vesse l w h i c h is a v e r y g o o d 
conductor of heat , but o f w h i c h the capac i ty fo r heat is 
small, such as a thin c o p p e r o r s i lver vesse l , and t o p r e v e n t 
this vesse l f rom pa r t ing r a p i d l y w i t h its hea t b y p o l i s h i n g 
its outer surface, a n d n o t a l l o w i n g it to touch a n y l a rge 
mass o f me ta l , but ra ther g i v i n g it s l ender supports a n d 
p lac ing it w i th in a m e t a l ve s se l h a v i n g its inner surface 
pol ished. 

I n this w a y w e shall ensure that the hea t shall b e qu i ck ly 
distr ibuted b e t w e e n the wa te r and the vesse l , a n d m a y c o n 
sider their t empera tu res at a l l t imes nea r ly equal , w h i l e the 
loss o f hea t f r om the vesse l w i l l take p l a c e s l o w l y a n d at a 
rate which m a y b e ca lcu la ted w h e n w e k n o w the t empera ture 
o f the vesse l a n d o f the air ou ts ide . 

F o r this purpose , i f w e i n t e n d e d t o m a k e a v e r y e l abora te 
f 2 
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experiment, we should in the first place determine the 
capacity for heat of the vessel by a separate experiment, and 
then we should put into the vessel about a pound of warm 
water and determine its temperature from minute to minute, 
while at the same time we observe with another thermometer 
the temperature of the air in the room. In this way we should 
obtain a set of observations from which we might deduce the 
rate of cooling for different temperatures, and compute the 
rate of cooling when the vessel is one, two, three, & c , 
degrees hotter than the air - and then, knowing the tempe
rature of the vessel at various stages of the experiment for 
finding the specific heat of lead, we should be able to calcu
late the loss of heat from the vessel due to the cooling during 
the continuance of the experiment. 

But a much simpler method of getting rid of these diffi
culties is by the method of making two experiments—the first 
with the lead which we have described, and the second with 
hot water, in which we endeavour to make the circumstances 
which cause the loss of heat as similar as we can to those in 
the case of the lead. 

For instance, if we suppose that the specific gravity of lead 
is about eleven times that of water, if instead of a pound of 
lead we use one-eleventh of a pound of water, the bulk of the 
water will be the same as that of the lead, and the depth of 
the water in the vessel* will be equally increased by the lead 
and the water. 

I f we also suppose that the specific heat of lead is one-
thirtieth of that of water, then the heat given out by a pound 
of lead in cooling 150° will be equal to the heat given out 
by one-eleventh of a pound of water in cooling 55°. 

Hence, if we take one-eleventh of a pound of water at 55 
above 62° , that is at n 7 0, and pour it into the vessel wirlitf 
the water as before at 57 0 , we may expect that the level of 
the water will rise as much as when the hot lead was put in, 
and that the temperature will also rise to about the same 
degree. T h e only difference between the experiments, a s 
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far as the loss o f heat is c o n c e r n e d , is, that the w a r m w a t e r 

wi l l raise the t empera tu re o f the c o l d wa te r in a much 

shorter t i m e than the h o t l e a d did , so that i f w e o b s e r v e the 

temperature at the s a m e t i m e after the mix tu re in b o t h 

cases, the loss b y c o o l i n g w i l l b e g rea te r w i th the w a r m wate r 

than wi th the ho t l ead . 

I n this w a y w e m a y g e t rid o f the c h i e f par t o f the diffi

culty o f m a n y e x p e r i m e n t s o f c o m p a r i s o n . I n s t e a d o f 

mak ing o n e e x p e r i m e n t , in w h i c h the c o o l i n g o f the l e a d is 

c o m p a r e d w i th the hea t i ng o f the w a t e r a n d the vesse l , 

including an u n k n o w n loss o f heat f r om the ou ts ide o f the 

vessel , w e m a k e t w o expe r imen t s , in w h i c h t he hea t i ng 

o f the vessel a n d the to ta l loss o f hea t shall b e as near ly ail 

possible the s ame , but in w h i c h the hea t is furnished in the 

o n e case b y ho t lead , a n d in the o the r b y w a r m water . 

T h e student m a y c o m p a r e this m e t h o d w i t h the m e t h o d o f 

double w e i g h i n g i n v e n t e d b y P è r e A m i o t , bu t c o m m o n l y 

k n o w n as Borda 's . m e t h o d , in w h i c h first the b o d y to b e 

w e i g h e d , a n d then the weigh ts , a re p l a c e d in t he same scale, 

and w e i g h e d against the s a m e counte rpo ise . 

W e shall i l lustrate this m e t h o d b y f ind ing the effect o f s team 

in heat ing water , and c o m p a r i n g it w i t h that o f ho t water . 

T a k e a ket t le , and m a k e the l i d t ight w i t h a l i t t le flour a n d 

water, and adap t a short ind ia - rubber tube t o the spout, a n d 

a tin or glass n o z z l e t o the tube. M a k e the w a t e r in the ke t t l e 

bo i l , a n d w h e n the s t eam c o m e s f ree ly through the n o z z l e 

d ip it in c o l d water , a n d y o u wi l l satisfy yourse l f that the^ 

s team is r a p i d l y c o n d e n s e d , e v e r y b u b b l e o f s team as i t 

issues co l l aps ing w i th a sharp rat t l ing no i se . 

H a v i n g m a d e y o u r s e l f famil iar wi th the gene ra l nature o f 

ithe e x p e r i m e n t o f the c o n d e n s a t i o n o f s team, y o u m a y 

p r o c e e d to measure the hea t g i v e n ou t t o the water . F o r 

this purpose , put s o m e c o l d wa te r in y o u r vessel , say about 

three-quarters o f a p o u n d . W e i g h the vesse l and w a t e r 

carefully, a n d o b s e r v e the t empera tu re o f the wa te r ; then, 

whi le the s t eam flows f ree ly f rom the n o z z l e , c o n d e n s e s team 
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in the wa te r for a short t ime , a n d r e m o v e the n o z z l e ; o b s e r v e 
the t empera ture a n d w e i g h the w a t e r in its vesse l again, 
tak ing no te o f the t i m e o f the e x p e r i m e n t . 

Le t us suppose the original weight . . S,ooo grains 
"Weight after the condensation of steam . 5 , 1 0 0 grains 
Hence the weight of steam condensed is . 1 0 0 grains 
Temperature of water at first . . . 55° F . 
Temperature at the end of experiment . 77° F . 
Rise of temperature . . . . . 2 2 ° 

L e t us n o w m a k e a s e c o n d e x p e r i m e n t , as l i ke the first 
as w e can, o n l y dif fer ing f rom i t b y the use o f h o t wa te r 
ins tead o f s t eam to p r o d u c e the rise o f t empera ture . 

I t is imposs ib l e in p rac t ice to ensure that e v e r y t h i n g shall 
be e x a c t l y the same, but after a f e w trials w e m a y select a 
m e t h o d w h i c h w i l l near ly , i f n o t qu i te , fulfil the cond i t ions . 

T h u s i t is easy t o br ing the vesse l and c o l d w a t e r t o the 
same w e i g h t as be fo re , n a m e l y , 5,000 grains \ bu t w e shall 
suppose the t empera tu re n o w to b e 56° F . ins tead o f 55°. 
W e n o w p o u r in w a t e r at 176° F . g radua l ly , so as t o m a k e this 
e x p e r i m e n t last a b o u t as l o n g as the first, a n d w e find that 
the t empera tu re is n o w 76°, a n d the w e i g h t 6,000 grains. 
H e n c e 1,000 gra ins o f wa te r c o o l i n g i o o ° raise the vesse l 
a n d its con ten t s 22°. 

A s s u m i n g that the speci f ic hea t o f wa te r is the same at 
a l l tempera tures , w h i c h is near ly , t h o u g h b y n o m e a n s 
exac t ly , true, the quan t i ty of- hea t g i v e n out b y the w a t e r 
in the s e c o n d e x p e r i m e n t is equa l t o w h a t w o u l d ra ise 
100,000 grains o f wa te r o n e d e g r e e . 

I n the e x p e r i m e n t w i th the s t eam the tempera tures w e r e 
near ly though n o t e x a c t l y equal , but the rise o f t empera tu re 
was grea ter in the p r o p o r t i o n o f 22 t o 20. H e n c e w e m a y 
c o n c l u d e that the quant i ty o f hea t w h i c h p r o d u c e d this 
hea t ing effect in the e x p e r i m e n t w i th s team w a s g rea te r than 
in the e x p e r i m e n t wi th wa te r 121 the s a m e p r o p o r t i o n . T h i s 
m a k e s the heat g i v e n out b y the s team equal to that w h i c h 
w o u l d raise r 10,000 grains o f wa te r o n e d e g r e e . 
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T h i s was d o n e b y the c o n d e n s a t i o n a n d subsequent 

coo l ing o f 1 0 0 gra ins o f s team. L e t us b e g i n w i th the heat 
g iven out b y the 1 0 0 gra ins o f w a t e r at 2 1 2 0 F . , i n t o w h i c h 
the steam is c o n d e n s e d . I t is c o o l e d f r o m 2 1 2 0 to 7 7 ° or 
1 3 5 ° , and g ives o u t the re fore an a m o u n t o f hea t w h i c h 
w o u l d raise 1 3 , 5 0 0 grains o f w a t e r o n e d e g r e e . But the 
w h o l e effect was 1 1 0 , 0 0 0 , so that the re is an a m o u n t o f 
heat which w o u l d raise 9 0 , 5 0 0 g ra ins o f wa te r o n e d e g r e e , 
which must be g i v e n out dur ing the c o n d e n s a t i o n o f the 
steam, a n d be fo re the c o o l i n g beg in s . H e n c e each g ra in 
o f s team in c o n d e n s i n g g i v e s ou t as m u c h hea t as w o u l d 
raise 9 6 5 grains o f w a t e r 1 ° F . o r 5 3 6 g ra ins 1 ° C e n t i 
grade . 

T h e fact that s t e a m at the b o i l i n g p o i n t g i v e s out a l a rge 
quanti ty o f heat w h e n i t is c o n d e n s e d i n t o w a t e r w h i c h is 
still a t the same tempera ture , a n d the c o n v e r s e fact that in 
order to c o n v e r t w a t e r at the b o i l i n g t empera tu re in to s t eam 
o f the s a m e t empera tu re a l a rge quant i ty o f heat must 
be c o m m u n i c a t e d to it, was first c l ea r ly es tab l i shed b y 
B lack in 1 7 5 7 . 

H e expressed i t b y say ing that the la tent hea t o f s team 
is 9 6 5 0 F . , and this f o r m o f exp re s s ion is still in use, a n d 
w e should take i t t o m e a n ne i ther m o r e nor less than wha t 
w e have jus t s tated. 

Black , h o w e v e r , a n d m a n y o f his fo l lower s , supposed hea t 
to b e a substance w h i c h w h e n it m a k e s a t h ing h o t is 
sensible, bu t w h i c h w h e n it is no t p e r c e i v e d b y the hand 
or the t h e r m o m e t e r still exists in the b o d y in a la tent or 
c o n c e a l e d state. B l a c k s u p p o s e d that the d i f ference b e t w e e n 
bo i l i ng wa te r a n d s team is, that s team conta ins a great dea l 
m o r e c a l o r i c t han the h o t wate r , so that it m a y b e c o n 
s idered a c o m p o u n d o f w a t e r a n d c a l o r i c ; but, s ince this 
addi t iona l ca lo r ic p r o d u c e s no effect o n the tempera ture , 
but lurks c o n c e a l e d in the s t eam r e a d y to appea r w h e n it is 
c o n d e n s e d , he c a l l e d this par t o f the hea t la tent heat. 

I n cons ide r ing the scient if ic v a l u e o f Black ' s d i s c o v e r y o f 
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l a ten t heat, and o f his m o d e o f express ing it, w e should 
r e c o l l e c t that B l a c k h i m s e l f in 1754 was t he d i s c o v e r e r o f the 
fact that the bubb l e s f o r m e d w h e n m a r b l e is pu t i n to an ac id 
consis t o f a real substance different f rom air, wh ich , w h e n free, 
is s imilar t o air in appea rance , but w h e n f ixed m a y exis t in 
l iqu ids a n d in sol ids . T h i s substance, w h i c h w e n o w call 
c a r b o n i c ac id , B l a c k c a l l e d fixed air, a n d this was the first 
gaseous b o d y d i s t inc t ly r e c o g n i s e d as such. O t h e r airs or 
gases w e r e afterwards d i s c o v e r e d , a n d the i m p u l s e g i v e n to 
chemis t ry was so grea t , o n account o f the e x t e n s i o n o f the 
s c i ence t o these a t tenuated bod i e s , that m o s t ph i lo sophe r s 
o f the t i m e w e r e o f o p i n i o n that heat, l ight , e l ec t r i c i ty , a n d 
magne t i sm , i f n o t the v i ta l fo rce itself, w o u l d s o o n e r o r later 
b e a d d e d t o the list. O b s e r v i n g , h o w e v e r , that the gases 
c o u l d b e w e i g h e d , w h i l e the p r e s e n c e o f these o the r agents 
c o u l d no t b e d e t e c t e d b y the ba lance , those w h o a d m i t t e d 
t h e m to the rank o f substances ca l l ed t h e m i m p o n d e r a b l e 
substances, and s o m e t i m e s , o n accoun t o f the i r m o b i l i t y , 
i m p o n d e r a b l e fluids. 

T h e a n a l o g y b e t w e e n the free and f ixed states o f c a rbon ic 
ac id a n d the sens ib le and la tent states o f hea t e n c o u r a g e d 
the g r o w t h o f mater ia l i s t ic phrases as a p p l i e d t o h e a t ; and 
it is e v i d e n t that the same w a y o f th inking l e d e lec t r ic ians t o 
the n o t i o n o f d i sgu i sed o r d i ss imula ted e lec t r ic i ty , a n o t i o n 
w h i c h survives e v e n ye t , and w h i c h is n o t so eas i ly s t r ipped 
o f its e r roneous c o n n o t a t i o n as the phrase ' l a t e n t heat . ' 

I t is w o r t h y o f r e m a r k that C a v e n d i s h , t h o u g h o n e o f the 
grea tes t c h e m i c a l d i scovere r s o f his t ime , w o u l d n o t a ccep t 
t he phrase ' la tent heat . ' H e prefers t o speak o f the 
gene ra t i on o f hea t w h e n s team is c o n d e n s e d , a phrase 
incons i s ten t w i th t he no t i on that hea t is matter , and 
o b j e c t s t o B lack ' s t e rm as re la t ing ' to an hypo thes i s 
d e p e n d i n g o n the supposi t ion that the hea t o f b o d i e s is 
o w i n g t o their con ta in ing m o r e or less o f a substance 
ca l l ed the ma t t e r o f h e a t ; and, as I t h ink Sir I s aac N e w t o n ' s 
o p i n i o n that hea t consists in the internal m o t i o n o f the 
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particles of bodies much the most probable, I chose to use 
the expression, "heat is generated." ' 1 

W e shall not now be in danger of any error if we use 
latent heat as an expression meaning neither more nor less 
than this : 

DEFINITION.—Latent heat is the quantity of heat which 
must be communicated to a body in a given state in order 
to convert it into another state without changing its tempera
ture. 

W e here recognise the fact that heat when applied to a 
body may act in two ways—by changing its state, or by 
raising its temperature—and that in certain cases it may act 
by changing the state without increasing the temperature. 

The most important cases in which heat is thus employed 
are— 

1. The conversion of solids into liquids. This is called 
melting or fusion. In the reverse process of freezing or 
solidification heat must be allowed to escape from the body 
to an equal amount. 

2 . The conversion of liquids (or solids) into the gaseous 
state. This is called evaporation, and its reverse condensa
tion. 

3. When a gas expands, in order to maintain the tem
perature constant, heat must be communicated to it, and 
this, when properly defined, may be called the latent heat of 
expansion. 

4. There are many chemical changes during which heat is 
generated or disappears. 

In all these cases the quantity of heat which enters or 
leaves the body may be measured, and in order to express 
the result of this measurement in a convenient form, we 
may call it the latent heat required for a given change in the 
substance. 

W e must carefully remember that all that we know about 
"heat is what occurs when it passes from one body to another, 

1 Phil. Trans. 1783, quoted by Forbes. Dissertation V I . Encyc. Bt\t. 
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a n d that w e must n o t assume that after hea t has en t e red 
a substance i t exists in the f o r m o f hea t w i t h i n that 
substance. T h a t w e h a v e n o r igh t to m a k e such an 
a s sumpt ion w i l l b e abundan t ly s h o w n b y the d e m o n s t r a t i o n 
that heat m a y b e t r ans fo rmed in to a n d m a y b e p r o d u c e d 
f rom s o m e t h i n g w h i c h is n o t heat . 

R e g n a u l t ' s m e t h o d o f pass ing l a rge quant i t ies o f the 
subs tance th rough the c a l o r i m e t e r w i l l b e d e s c r i b e d in 
t reat ing o f the p rope r t i e s o f gases , a n d the M e t h o d o l 
C o o l i n g w i l l b e c o n s i d e r e d in the chap te r o n R a d i a t i o n . 

C H A P T E R I V . 

ELEMENTARY DYNAMICAL PRINCIPLES. 

I N the first par t o f this t reat ise w e h a v e c o n f i n e d ourse lves 
t o the exp lana t ion o f the m e t h o d o f ascer ta in ing the t em
pera ture o f b o d i e s , w h i c h w e call t h e r m o m e t r y , a n d the 
m e t h o d o f measur ing the quan t i ty o f hea t w h i c h enters or 
l e a v e s a b o d y , a n d this w e ca l l c a lo r ime t ry . B o t h o f these 
are r e q u i r e d in o r d e r to s tudy the effects o f hea t u p o n b o d i e s ; 
but w e canno t c o m p l e t e this s tudy wi thou t m a k i n g measure
men t s o f a m e c h a n i c a l k ind , because hea t a n d m e c h a n i c a l 
force m a y act o n the same b o d y , a n d the actual result 
d e p e n d s on b o t h ac t ions . I p r o p o s e , therefore , t o r eca l l t o 
the student 's m e m o r y s o m e o f those d y n a m i c a l p r inc ip les 
w h i c h he ough t t o b r i ng w i th h i m to the s tudy o f heat , and 
w h i c h a re necessary w h e n h e passes f rom p u r e l y the rmal 
p h e n o m e n a , such as w e h a v e cons ide red , t o p h e n o m e n a in
v o l v i n g pressure, expans ion , & c , a n d w h i c h w i l l e n a b l e h i m 
af terwards to p r o c e e d t o the s tudy o f t h e r m o d y n a m i c s 
p r o p e r , in w h i c h the re la t ions o f the rma l p h e n o m e n a a m o n g 
t h e m s e l v e s are d e d u c e d f rom pure ly d y n a m i c a l p r inc ip les . 

T h e m o s t i m p o r t a n t s l ep in the p rogress o f e v e r y 
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science is the measurement of quantities. Those whose 
curiosity is satisfied with observing what happens have 
occasionally done service by directing the attention of others 
to the phenomena they have seen ; but it is to those who 
endeavour to find out how much there is of anything that 
we owe all the great advances in our knowledge. 

Thus every science has some instrument of precision, 
which may be taken as a material type of that science which 
it has advanced, by enabling observers to express their 
results as measured quantities. In astronomy we have 
the divided circle, in chemistry the balance, in heat the 
thermometer, while the whole system of civilised life may 
be fitly symbolised by a foot rule, a set of weights, and a 
clock. I shall, therefore, make a few remarks on the 
measurement of quantities. 

Every quantity is expressed by a phrase consisting of two 
components, one of these being the name of a number, and 
the other the name of a thing of the same kind as the 
quantity to be expressed, but of a certain magnitude agreed 
on among men as a standard or unit 

Thus we speak of two days, of forty-eight hours. 
Each of these expressions has a numerical part and a 

denominational part, the numerical part being a number, 
whole or fractional, and the denominational part being the 
name of the thing, which is to be taken as many times as is 
indicated by the number. 

I f the numerical part is the number one, then the quantity 
is the standard quantity itself, as when we say one pound, 
or one inch, or one day. A quantity of which the numerical 
part is unity is called a unit. When the numerical part is 
some other number, the quantity is still said to be referred to, 
or to be expressed in terms of that quantity which would be 
denoted if the number were one, and which is called the unit 

In all cases the unit is a quantity of the same kind as the 
quantity which is expressed by means of it. 

In many cases several units of the same kind are in use, 
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as mi l e s , ya rds , fee t , a n d i nches , as measures o f l eng th ; cubic 
ya rds , g a l l o n s , a n d fluid o u n c e s , as measures o f c a p a c i t y ; 
b e s i d e s t h e end less v a r i e t y o f units w h i c h h a v e b e e n a d o p t e d 
b y d i f fe ren t n a t i o n s , a n d b y d i f ferent dis t r ic ts a n d different 
t r ades in the s a m e n a t i o n . 

W h e n a quan t i ty g i v e n in t e r m s o f o n e unit has t o b e ex
p r e s s e d in t e rms o f ano the r , w e find the n u m b e r o f t imes 
t he s e c o n d unit is c o n t a i n e d i n t he first, a n d m u l t i p l y this 
b y t he g i v e n n u m b e r . 

H e n c e the n u m e r i c a l pa r t o f t he express ion o f the same 
quan t i t y va r i e s i n v e r s e l y as t he uni t in w h i c h it is to b e ex
pressed , as in the e x a m p l e , t w o d a y s a n d for ty -e igh t hours, 
w h i c h m e a n the s a m e th ing . 

T h e r e a re m a n y quan t i t i e s w h i c h can b e d e f i n e d in te rms 
o f s t andard quant i t ies o f a different k i n d . I n this case w e 
m a k e use o f d e r i v e d uni ts . F o r instance, as soon as w e 
h a v e fixed on a measu re o f l e n g t h , w e m a y de f ine b y m e a n s 
o f it n o t o n l y a l l l eng ths , b u t a lso the a rea o f any surface, 
a n d the c o n t e n t o f a n y space . F o r this purpose , i f the f o o t 
is the unit o f l eng th , w e const ruct , b y Euc l i d I . 4G, a square 
w h o s e s ide is a foo t , a n d express a l l areas in t e rms o f this 
square foo t , a n d b y cons t ruc t i ng a cube w h o s e e d g e is 
a f o o t w e h a v e de f ined a cub ic f o o t as a unit o f capaci ty . 

W e a lso express v e l o c i t i e s in m i l e s an hour, or feet in a 
s e c o n d , & c . 

I n fact, a l l quant i t ies w i t h w h i c h w e h a v e to d o in d y n a m i c s 
m a y b e e x p r e s s e d i n t e rms o f units d e r i v e d b y def in i t ion f rom 
the three fundamen ta l u n i t s — o f L e n g t h , M a s s , a n d T i m e . 

S T A N D A R D O F L E N G T H . 

I t is so i m p o r t a n t t o m a n k i n d that these units should b e 
w e l l d e f i n e d that i n all c i v i l i s e d na t ions they are de f ined b y 
the Sta te w i th r e f e r e n c e to ma te r i a l s tandards , w h i c h are pre 
s e r v e d w i th the u t m o s t care . F o r ins tance, i n this count ry 
i t was e n a c t e d ' b y P a r l i a m e n t 1 ' t h a t the straight l ine or 

' 18 & 19 Vict. c. 72, July 30, 1855. 
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distance between the centres of the transverse lines in the 

two gold plugs in the bronze bar deposited in the office 

of the Exchequer shall be the genuine standard yard 

at 6 2 0 F., and if lost it shall be replaced by means of its 

copies.' 

The authorised copies here referred to are those which are 

preserved at the Royal Mint, the Royal Society of London, 

the Royal Observatory at Greenwich, and the N e w Palace 

at Westminster. Other copies have been made with great 

care, and with these all measures of length must be com

pared. 

The length of the Parliamentary standard was chosen so 

as to be as nearly as possible equal to that of the best 

standard yards formerly used in England. The State, there

fore, endeavoured to maintain the standard of its ancient 

magnitude, and by its authority it has defined the actual 

magnitude of this standard with all the precision of which 

modern science is capable. 

The mètre derives its authority as a standard from a law 

of the French Republic i » 1795. 

I t is defined to be the distance between the ends of a rod 

of platinum made by Borda, 1 the rod being at the tempera

ture of melting ice. This distance was chosen without 

reference to any former measures used in France. I t was 

intended to be a universal and not a national measure, and 

was derived from Delambre and Mechain's measurement of 

the size of the earth. T h e distance measured along the 

earth's surface from the pole to the equator is nearly ten 

million of mètres. If, however, in the progress of geodesy, a 

different result should be obtained from that of Delambre, 

the mètre will not be altered, but the new result will be 

expressed in the old mètres. The authorised standard of 

length is therefore not the terrestrial globe, but Borda's 

1 Mètre conforme à la. loi du 18 Germinal, an I I I . Présenté le 

4 Messidor, a n V I I . 
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p la t i num r o d , w h i c h is much m o r e l i k e l y to b e accura te ly 

measured . 

T h e v a l u e o f t he F r e n c h sys t em o f measures d o e s n o t 

d e p e n d so m u c h o n the abso lu te va lues o f the units a d o p t e d 

as o n the fact that all t he units o f t he s a m e k i n d are 

c o n n e c t e d t o g e t h e r b y a d e c i m a l sys t em o f m u l t i p l i c a t i o n 

a n d d iv i s ion , so that the w h o l e sys t em, u n d e r the n a m e o f 

the me t r i ca l sys tem, is r a p i d l y g a i n i n g g r o u n d e v e n in 

count r ies w h e r e t h e o l d na t iona l sys t em has b e e n careful ly 

de f ined . 

T h e m è t r e is 39"37o43 Bri t i sh inches . 

S T A N D A R D O F M A S S . 

B y the A c t a b o v e c i t e d a w e i g h t o f p l a t i n u m m a r k e d 

' P . S. 1844, 1 l b . , ' d e p o s i t e d in t he off ice o f t he E x c h e q u e r , 

' shall b e the l e g a l a n d g e n u i n e s tandard measure o f w e i g h t , 

a n d shall b e a n d b e d e n o m i n a t e d the I m p e r i a l S tandard 

P o u n d A v o i r d u p o i s , and shall b e d e e m e d t o b e the o n l y 

s tandard measure o f w e i g h t f r om w h i c h al l o the r we igh t s and 

o the r measures h a v i n g r e f e r ence t o w e i g h t shall b e d e r i v e d , 

c o m p u t e d , a n d asce r t a ined , a n d o n e equal seven- thousandth 

part o f such p o u n d a v o i r d u p o i s shall b e a g ra in , a n d f i v e 

thousand seven h u n d r e d a n d s ixty such grains shall b e a n d 

be d e e m e d to b e a p o u n d t roy . I f at any t i m e hereaf ter the 

said I m p e r i a l S tanda rd P o u n d A v o i r d u p o i s b e los t o r in any 

m a n n e r d e s t r o y e d , de f aced , o r o t h e r w i s e in jured , t he C o m 

miss ioners o f H e r M a j e s t y ' s T r e a s u r y m a y cause t h e same t o 

b e r e s t o r e d b y r e f e r e n c e t o o r a d o p t i o n o f any o f the c o p i e s 

a foresa id , 1 or such o f t h e m as m a y r e m a i n a v a i l a b l e for that 

pu rpose . ' 

T h e cons t ruc t ion o f this s t andard w a s en t rus ted t o P r o 

fessor W . H . M i l l e r , w h o has g i v e n an a c c o u n t o f the 

m e t h o d s e m p l o y e d in a p a p e r , 2 w h i c h m a y b e he re re fe r red 

to as a m o d e l o f scient i f ic accuracy . 

1 In the same places as the Standards of Length. 
* Phil Trans. 1856, p . 753. 
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T h e F r e n c h s tandard o f mass is the K i l o g r a m m e des 

A r c h i v e s , m a d e o f p l a t inum b y B o r d a , a n d is i n t e n d e d t o 

represent the mass o f a c u b i c d é c i m è t r e o f d is t i l l ed wa te r 

at the tempera ture 4° C . 

T h e actual d e t e r m i n a t i o n o f the dens i ty o f wa te r is an 

operat ion w h i c h requ i res g rea t care, and the differences 

b e t w e e n the results o b t a i n e d b y t he m o s t skilful observers , 

though small , are a thousand t imes grea ter than the differ

ences o f the results o f a c o m p a r i s o n o f s tandards b y w e i g h i n g 

them. T h e di f ferences o f the va lues o f the dens i ty o f water 

as found b y careful obse rve r s are as m u c h as a thousandth 

part o f the w h o l e , w h e r e a s the m e t h o d o f w e i g h i n g admi t s 

o f an accuracy o f w i th in o n e par t in five mi l l i ons . 

H e n c e the F r e n c h standards, t hough o r ig ina l ly f o r m e d 

to represent cer ta in natural quant i t ies , mus t b e n o w c o n 

s idered as arbi t rary standards, o f w h i c h c o p i e s are to b e 

taken b y d i r ec t c o m p a r i s o n . T h e F r e n c h o r met r i c sys tem 

has the a d v a n t a g e o f a uni form app l i ca t ion o f the dec ima l 

me th od , and it is a lso in m a n y cases c o n v e n i e n t t o r e m e m b e r 

that a cub ic m e t r e o f wa te r is a t onne , a cub ic d é c i m è t r e a 

k i l og ramme , a cub ic cen t imè t re a g r a m m e , a n d a cubic 

mi l l imètre a m i l l i g r a m m e , the wa te r b e i n g at its m a x i m u m 

densi ty or at about 4° C . 

I n 1826 the Br i t i sh s tandard o f mass was de f ined b y 

saying that a cub ic inch o f wa te r at 6 2 0 F . conta ins 252'458 

grains, a n d though this is n o l o n g e r a l ega l def ini t ion, w e 

m a y take it as a r o u g h s ta tement o f a fact, that a cubic inch 

o f wa te r w e i g h s about 252'$ grains , a cub ic f o o t about 1,000 

ounces avo i rdupo i s , and a cub ic y a r d about three-quar ters o f 

a t on . O f these est imates the s e c o n d is t he furthest f rom 

the truth. 

P ro fesso r M i l l e r has c o m p a r e d the Br i t i sh a n d F r e n c h 

standards, and finds the K i l o g r a m m e des A r c h i v e s equal to 

IS432-34874 grains . 

F r o m these l e g a l def in i t ions it w i l l b e seen that what is 

genera l ly ca l l ed a s tandard of w e i g h t is a cer tain p i e c e of 
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p la t inum—tha t is, a part icular b o d y the quan t i ty o f ma t te r in 
w h i c h is t aken and de f ined b y the State t o b e a p o u n d o r a 
k i l o g r a m m e . 

T h e w e i g h t strictly so c a l l e d — t h a t is, the t e n d e n c y o f this 
b o d y to m o v e d o w n w a r d s — i s no t invar iab le , for i t d e p e n d s 
o n the par t o f the w o r l d w h e r e it is p l aced , its w e i g h t b e i n g 
grea te r at the po l e s than at the equa to r , a n d g rea te r at the 
l e v e l o f the sea than at the t o p o f a mounta in . 

W h a t is real ly inva r i ab le is the quant i ty o f ma t te r in the 
b o d y , or wha t is c a l l e d in scientif ic l anguage the mass o f the 
b o d y , and e v e n in c o m m e r c i a l t ransact ions wh a t is g e n e r a l l y 
a i m e d at in w e i g h i n g g o o d s is t o es t imate the quan t i ty o f 
mat ter , a n d no t to d e t e r m i n e the fo rce wi th w h i c h t h e y t e n d 
d o w n w a r d s . 

I n fact, the o n l y occas ions in c o m m o n life in w h i c h it is 
r equ i red t o es t imate w e i g h t cons ide r ed as a fo rce is w h e n w e 
h a v e t o d e t e r m i n e the s t rength r e q u i r e d t o lift o r carry 
things, o r when w e h a v e to m a k e a structure s t rong e n o u g h 
to suppor t their w e i g h t . I n all o the r cases the w o r d w e i g h t 
must b e under s tood t o m e a n the quantity of the thing as 
determined by the process of weighing against ' standard 
wnghts.' 

A s a great dea l o f confus ion p reva i l s o n this subject in 
o rd ina ry language, a n d sti l l g rea te r confus ion has b e e n 
i n t r o d u c e d in to b o o k s o n m e c h a n i c s b y the n o t i o n that a 
p o u n d is a certain fo rce , ins tead o f b e i n g , as w e h a v e seen , a 
cer ta in p i e c e o f p la t inum, o r a p i e c e o f a n y o the r k i n d o f 
ma t t e r equal in mass t o the p i e c e o f p la t inum, I h a v e 
though t it w o r t h w h i l e t o spend s o m e t i m e in de f in ing 
accura te ly wha t is m e a n t b y a p o u n d and a k i l o g r a m m e . 

O N T H E U N I T O F TIME. 
A l l na t ions d e r i v e their measures o f t i m e f r o m the 

apparen t mo t ions o f the h e a v e n l y b o d i e s . T h e m o t i o n o f 

ro ta t ion of t he earth abou t its axis is v e r y nea r ly i n d e e d 

uni form, and the measure o f t i m e in w h i c h o n e d a y is equa l 
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to the t ime o f r evo lu t i on o f the earth abou t its axis , o r m o r e 

exact ly to the in terval b e t w e e n success ive transits o f the first 

point o f A r i e s , is u sed b y a s t ronomers under the n a m e o f 

sidereal t ime . 

Solar t i m e is that w h i c h is g i v e n b y a sun-dial , and is 

not uniform. A un i fo rm measure o f t ime , ag ree ing w i t h 

solar t ime in the l o n g run, is c a l l ed m e a n solar t ime , a n d is 

that which is g i v e n b y a co r rec t c l ock . A solar d a y is l o n g e r 

than a s idereal day . I n a l l phys i ca l researches m e a n solar 

t ime is e m p l o y e d , a n d o n e s e c o n d is g e n e r a l l y t aken as the 

unit o f t ime . 

T h e evidence- u p o n w h i c h w e f o r m the conc lu s ion that 

two different po r t i ons o f t i m e are o r a re n o t e q u a l can o n l y 

be apprec ia ted b y those w h o h a v e mas t e r ed the p r inc ip le s 

o f dynamica l r eason ing . I can o n l y h e r e assert that t h e 

compar i son , for e x a m p l e , o f the l e n g t h o f a d a y at p resen t 

with the l e n g t h o f a d a y 3,000 years a g o is b y n o m e a n s 

an unfruitful enqu i ry , a n d that the r e l a t i v e l eng th o f these 

days m a y b e d e t e r m i n e d t o w i t h i n a smal l f ract ion o f a 

second . T h i s shows that t ime , t hough w e c o n c e i v e i t 

mere ly as t he succession o f our states o f consciousness , is 

capab le o f m e a s u r e m e n t , i n d e p e n d e n t l y , n o t o n l y o f our 

merjtal states, bu t o f a n y part icular p h e n o m e n o n wha t eve r . 

O N M E A S U R E M E N T S F O U N D E D O N T H E T H R E E 

F U N D A M E N T A L U N I T S . 

I n the m e a s u r e m e n t o f quant i t ies differ ing in k i n d from 
the three units, w e m a y ei ther a d o p t a n e w unit i n d e p e n d e n t l y 
for each n e w quant i ty , o r w e m a y e n d e a v o u r to def ine a unit 
o f the p r o p e r k i n d f rom the fundamenta l units. I n the latter 
case w e are said to use a sys tem o f units. F o r instance, i f 
w e h a v e a d o p t e d the foo t as a unit o f length , the sys temat ic 
unit o f capac i ty is the c u b i c foo t . 

T h e g a l l o n , w h i c h is a l e g a l measure in this count ry , is 
unsystematic c o n s i d e r e d as a m e a s u r e o f capac i ty , as it 

a 
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conta ins the a w k w a r d n u m b e r o f 277^274 cub ic inches . T h e 

ga l lon , h o w e v e r , is n e v e r tes ted b y a d i r e c t measu remen t o f 

i ts cub ic contents , bu t b y the c o n d i t i o n that i t must con ta in 

ten pounds o f w a t e r at 62° F . 

DEFINITION O F DENSITY.— The density of a body is 
measured by the number of units of mass in unit of volume 
of the substance. 

F o r ins tance , i f the foo t a n d the p o u n d b e t aken as 

fundamenta l units , t hen the dens i ty o f any th ing is the 

n u m b e r o f p o u n d s in a cub ic foo t . T h e dens i ty o f wa te r 

is about 62'5 p o u n d s t o the cub ic f o o t . I n the m e t r i c 

sys tem, the dens i ty o f w a t e r is o n e t o n n e to the stère, o n e 

k i l o g r a m m e to the l i t re, o n e g r a m m e to the cub ic cent i 

mè t re , and o n e m i l l i g r a m m e to the c u b i c mi l l imè t r e . 

W e shall s o m e t i m e s h a v e t o use the w o r d rarity, t o 

s igni fy the inve r se o f dens i ty , that is, the v o l u m e o f uni t o f 

mass o f a subs tance . 

DEFINITION O F SPECIFIC GRAVITY.—The specific gravity 
of a body is the ratio of its density to that of some standard 
substance, generally ivater. 

Since the spec i f i c g r a v i t y o f a b o d y is the ra t io o f t w o 

th ings o f the s a m e k i n d , it is a n u m e r i c a l quant i ty , a n d has 

the same va lue , w h a t e v e r na t iona l units are e m p l o y e d b y 

those w h o d e t e r m i n e it. T h u s , i f w e say that the spec i f ic 

g r a v i t y o f m e r c u r y is abou t I3 ' 5 , w e state that m e r c u r y 

is about thir teen a n d a ha l f t imes h e a v i e r than an equal bu lk 

o f water , and this fact is i n d e p e n d e n t o f the w a y in w h i c h 

w e measure e i ther the mass or the v o l u m e o f the l iquids . 

DEFINITION O F U N I F O R M VFXOCITY.-—The vehcity of a 
body moving uniformly is measured by the number of units of 
length travelled over in unit of time. 

T h u s w e speak o f a v e l o c i t y o f so m a n y feet or mè t re s 

p e r s econd . 

DEFINITION O F MOMENTUM.— T h e momentum of a body is 
measured by the product of the velocity of the body into the 
number of units of mass in the body 
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DEFINITION O F FORCE.—Farce is -whatever changes or 
tends to change the motion of a body by altering either its direc
tion or its magnitude ; and a force acting on a body is measured 
by the momentum it produces in its own direction in unit 
of time. 

T h e unit o f f o r c e is that fo rce w h i c h i f it a c t e d o n unit o f 
mass for unit o f t i m e w o u l d p r o d u c e in i t unit o f v e l o c i t y . 

F o r the Brit ish uni t o f force the n a m e o f P o u n d a l has b e e n 
p roposed b y Prof . J a m e s T h o m s o n . I t is that f o r c e w h i c h , 
i f it ac ted for a s e c o n d o n a p o u n d , w o u l d p r o d u c e in it a 
ve loc i t y o f o n e f o o t pe r second . 

I n the c e n t i m e t r e - g r a m m e - s e c o n d sys tem, a d o p t e d b y the 
C o m m i t t e e on U n i t s o f the Bri t ish A s s o c i a t i o n , the unit o f 
force is the D y n e . A d y n e ac t ing fo r o n e s e c o n d on a 
g ramme w o u l d g i v e i t a v e l o c i t y o f o n e cen t ime t r e per 
second. 

T h e w e i g h t o f any b o d y at L o n d o n , ac t ing on that b o d y 
for a second , w o u l d p r o d u c e in it a v e l o c i t y o f 32-1889 feet 
pe r s econd . H e n c e the w e i g h t o f a p o u n d at L o n d o n is 
32-1889 pounda l s . 

A t Par i s the v e l o c i t y o f a b o d y after fall ing f ree ly for- o n e 
second is 980-868 c en t imes per second . H e n c e the w e i g h t 
o f a g r a m m e at Par i s is 980-868 dynes . 

I t is so c o n v e n i e n t , espec ia l ly w h e n all our exper imen t s 
are c o n d u c t e d in the same p l ace , t o express fo rces in terms 
o f the w e i g h t o f a p o u n d o r a g r a m m e , that in a l l countr ies 
the first measu remen t s o f forces w e r e m a d e in this w a y , and 
a force was d e s c r i b e d as a fo rce o f so m a n y pounds we igh t 
or g r a m m e s w e i g h t . I t was o n l y after t h e measurement s o f 
forces m a d e b y persons in different parts o f the w o r l d had 
to b e c o m p a r e d that i t was found that the w e i g h t o f a 
pound or a g r a m m e is different in different p laces , and 
depends o n the in tens i ty o f g rav i t a t ion , or the at t ract ion o f 
the earth ; so that for purposes o f accurate c o m p a r i s o n al l 
forces must b e r e d u c e d t o abso lu te or d y n a m i c a l measure 
as e x p l a i n e d a b o v e . W e shall dist inguish the measure b y 

G 2 
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c o m p a r i s o n wi th w e i g h t as the- gravitation measure o f force . 

T o r educe forces expressed in gravi ta t ion measure t o abso

lute measure , w e must mul t ip ly the n u m b e r d e n o t i n g the 

fo rce in grav i ta t ion measure b y the va lue o f the in tens i ty o f 

g r av i t y expressed in the same met r ica l sys tem. T h e va lue 

o f the intensi ty o f g rav i ty is a v e r y impor tan t n u m b e r in all 

scientific calculat ions, a n d it is gene ra l ly d e n o t e d b y the 

le t ter g. T h e number g m a y b e de f ined in any o f the 

f o l l o w i n g ways , wh ich are a l l equ iva len t : 

g is a number expressing the velocity produced in a falling 
body in unit of time. 

g is a number expressing twice the distance through which a 
body falls in unit of time. 

g is a number expressing the weight of unit of mass in 
absolute measure. 

T h e va lue o f g is gene ra l ly d e t e r m i n e d at any p lace b y 

exper iments w i th the pendulum. T h e s e expe r imen t s re 

qui re grea t care , a n d the desc r ip t ion o f t h e m d o e s n o t 

b e l o n g to our present subject . T h e va lue o f g m a y b e 

found wi th sufficient accuracy for the present state o f sc ience 

b y means o f t h e formula, 

g = G ( i — 0 -0025&59 COS 2 X ) j 1 — ~ f ~ ) ~ } 

I n this formula, G is the intensi ty o f g r a v i t y a the m e a n 

l e v e l o f the sea in la t i tude 45° : 

0 = 3 2 - 1 7 5 3 pounda l s t o the pound , or 9-80533 d y n e s t o the 

g r a m m e . 

X is the lat i tude o f the p lace . T h e formula shows that the 

f o r c e o f g rav i ty at the l e v e l o f the sea increases f rom the 

e q u a t o r to the po le s . T h e last fac tor o f t he formula ex

presses, a c c o r d i n g to the calculat ions o f P o i s s o n , 1 the 

effect o f the he igh t o f the p l a c e o f obse rva t i on a b o v e 

the l e v e l o f the sea in d imin ish ing the force o f g rav i ty . 

T h e s y m b o l p represents the m e a n dens i ty o f the w h o l e 

£arth, w h i c h is p r o b a b l y about $^ t imes that o f water , p' 

1 Traité de Mécanique, t. ii. p. 629. 
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represents the m e a n dens i ty o f the g r o u n d justs b e l o w t h e 

place o f obse rva t ion , w h i c h m a y b e t aken at abou t I\. 

t imes the dens i ty o f wa te r , so that w e m a y wri te-

2 — ~ — = i"32 nea r ly . 2 P 
z is the he igh t o f the p l a c e a b o v e the l e v e l o f the sea, in 
feet or metres, a n d r is the radius o f the earth : 

r = 20,886,852 feet , or 6,366,198 met res . 

F o r rough purposes i t is sufficient t o r e m e m b e r that in 
Britain the in tens i ty o f g r av i t y is abou t 32-2 poundals t o the 
pound, and in F r a n c e about 980 d y n e s to the g r a m m e . 

T h e reason w h y , in a l l accura te measurements , w e h a v e 
to take account o f the va r ia t ion o f the intensi ty o f g r av i t y in 
different p laces is, that the absolu te v a l u e o f any force , such 
as the pressure o f air o f a g i v e n dens i ty a n d tempera ture , 
depends ent i re ly o n the p roper t i es o f air, a n d n o t on 
the force o f g r a v i t y at the p lace o f obse rva t ion . If, 
therefore, this pressure has b e e n o b s e r v e d in g rav i ta t ion 
measure, that is, in p o u n d s o n the square inch, or in inches 
o f mercury, o r in any w a y in w h i c h the w e i g h t o f s o m e 
substance is m a d e to furnish the measure o f the pressure) then 
the results so o b t a i n e d wi l l b e true o n l y as l o n g as the 
intensity o f g rav i ty is the same, and wi l l no t b e true wi thou t 
correc t ion at a p l a c e in a different la t i tude f rom the p l ace o f 
observat ion. H e n c e the use o f r e d u c i n g all measures o f 
force to abso lu te measure . 

I n a rude a g e , b e f o r e the i n v e n t i o n o f m e a n s for 
o v e r c o m i n g f r ic t ion, the w e i g h t o f b o d i e s f o r m e d the ch ie f 
obs tac le t o se t t ing t h e m in m o t i o n . I t was o n l y af ter 
s o m e progress had b e e n m a d e i n the art o f t h r o w i n g 
missiles, and in the use o f whee l -ca r r i ages a n d floating 
vessels , that m e n ' s m i n d s b e c a m e pract ica l ly impres sed 
with the idea o f mass as d is t inguished from w e i g h t . A c 
cord ing ly , wh i l e a l m o s t all the metaphys ic ians w h o dis
cussed the quali t ies o f mat te r ass igned a p r o m i n e n t p l a c e tr> 
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weight among the primary qualities, few or none of them 
perceived that tire sole unalterable property of matter is its 
mass. A t the revival of science this property was expressed 
by the phrase ' the inertia of matter; ' but while the men of 
science understood by this term the tendency of the body 
to persevere in its state of motion (or rest), and considered 
it a measurable quantity, those philosophers who were un
acquainted with science understood inertia in its literal 
sense as a quality—mere want of activity or laziness. 

Even to this day those who are not practically familiar 
with the free motion of large masses, though they all admit 
the truth of dynamical principles, yet feel little repugnance 
in accepting the theory known as Boscovich's—that sub
stances are composed of a system of points, which are 
mere centres of force, attracting or repelling each other. I t 
is probable that many qualities of bodies might be explained 
on this supposition, but no arrangement of centres of force, 
however complicated, could account for the fact that a body 
requires a certain force to produce in it a certain change 
of motion, which fact we express by saying that the body 
has a certain measurable mass. N o part of this mass can 
be due to the existence of the supposed centres of force. 

I therefore recommend to the student that he should 
impress his mind with the idea of mass by a few experiments, 
such as setting in motion a grindstone or a well-balanced 
wheel, and then endeavouring to stop it, twirling a long 
pole, & c , till he comes to associate a set of acts and sensa
tions with the scientific doctrines of dynamics, and he will 
never afterwards be in any danger of loose ideas on these 
subjects. H e should also read Faraday's essay on Mental 
Inertia, 1 which will impress him with the proper meta
phorical use of the phrase to express, not laziness, but 
habitude. 

1 Life, by Dr. Bence Jones, voL i. p. 2 6 8 . 
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O N W O R K A N D E N E R G Y . 

W o r k is d o n e w h e n res is tance is o v e r c o m e , and the quant i ty 
o f work d o n e is measu red b y t he p r o d u c t o f the resis t ing 
force a n d the d is tance t h r o u g h w h i c h that force is o v e r 
come . 

Thus , i f o n e p o u n d is l i f ted o n e f o o t h igh in o p p o s i t i o n t o 
the force o f g rav i ty , a cer ta in a m o u n t o f w o r k is d o n e , and 
this quanti ty is k n o w n a m o n g eng inee r s as a foo t -pound . 

I f a b o d y w h o s e mass is t w e n t y pounds is l i f ted ten feet , 
this might be d o n e b y t ak ing o n e o f the pounds a n d raising i t 
first one foo t a n d then a n o t h e r t i l l it h a d risen ten feet , a n d 
then d o i n g the same wi th each o f the r ema in ing pounds , so 
that the quanti ty o f w o r k c a l l e d a f o o t - p o u n d is p e r f o r m e d 
200 t imes in ra is ing t w e n t y p o u n d s ten feet . H e n c e the 
work d o n e in l i f t ing a b o d y is found b y mul t ip ly ing the w e i g h t 
of the b o d y in pounds b y t he he igh t in feet. T h e result 
is the w o r k in foo t -pounds . 

T h e f o o t - p o u n d is a gravitation measure , d e p e n d i n g o n 
the intensity o f g rav i ty at the p lace . T o r educe it to absolute 
measure w e must m u l t i p l y the number o f foo t -pounds by the 
intensity o f g rav i ty at the p l a c e t o g e t the n u m b e r o f foo t -
poundals . 

T h e w o r k d o n e w h e n w e raise a h e a v y b o d y is d o n e in 
o v e r c o m i n g the a t t rac t ion o f the earth. W o r k is a lso d o n e 
when w e d r a w asunder t w o m a g n e t s w h i c h attract e a c h 
other, w h e n w e d raw out an elastic co rd , w h e n w e c o m p r e s s 
air, and, in general,- w h e n w e a p p l y force t o any th ing w h i c h 
m o v e s in the d i r ec t i on o f t he force . 

T h e r e is o n e case o f the app l i ca t ion o f fo rce to a m o v i n g 
b o d y which is o f g rea t i m p o r t a n c e , n a m e l y , w h e n the force 
is e m p l o y e d in chang ing the v e l o c i t y o f the b o d y . 

Suppose a b o d y w h o s e mass is M ( M pounds or M g r a m m e s ) 
to b e m o v i n g in a cer ta in d i r ec t ion w i th a v e l o c i t y w h i c h 
w e shall cal l v, a n d let a force , wh ich w e shall ca l l F , b e 
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a p p l i e d to the b o d y in the d i r e c t i o n o f its m o t i o n . L e t us 
c o n s i d e r the effect o f this f o r c e a c t i n g on the b o d y for a 
v e r y smal l t i m e T , dur ing w h i c h the b o d y m o v e s th rough 
the space s, a n d at the e n d o f w h i c h its v e l o c i t y is v'. 

T o ascertain the m a g n i t u d e o f the fo rce F, l e t us cons ide r 
the m o m e n t u m w h i c h it p r o d u c e s in the b o d y , a n d the t ime 
dur ing w h i c h the m o m e n t u m is p r o d u c e d . 

T h e m o m e n t u m o f the b e g i n n i n g o f the r ime T was MV, 
and at the e n d o f the t i m e T i t was M?/, SO that the m o m e n t u m 
p r o d u c e d b y the fo rce F a c t i n g for the t i m e x is uv' — M » . 

B u t s ince forces are measured b y the m o m e n t u m p r o d u c e d 
in unit o f t ime , the m o m e n t u m p r o d u c e d b y F in o n e uni t 
o f t i m e is F , and the m o m e n t u m p r o d u c e d b y F in T units o f 
t ime is FT . S i n c e the t w o va lues a re equal , 

F T — M ( z / — V). 
T h i s is o n e form o f the fundamenta l equa t ion o f dynamics . 

I f w e def ine the impulse o f a fo rce as the a v e r a g e va lue o f 
the fo rce mu l t i p l i ed b y the t i m e dur ing w h i c h it acts, then 
this equa t ion m a y b e exp re s sed in w o r d s b y say ing that 
the i m p u l s e o f a force is equa l t o the m o m e n t u m p r o d u c e d 
b y i t 

W e h a v e n e x t to find s, the space d e s c r i b e d b y the b o d y 
during the t i m e T. I f the v e l o c i t y h a d b e e n un i fo rm, the 
space d e s c r i b e d w o u l d h a v e b e e n the p r o d u c t o f the t i m e 
b y the v e l o c i t y . W h e n the v e l o c i t y is n o t un i fo rm the t i m e 
must b e mu l t i p l i ed b y the m e a n o r a v e r a g e v e l o c i t y t o g e t 
the space desc r ibed . I n b o t h these cases in w h i c h a v e r a g e 
fo rce o r a v e r a g e v e l o c i t y is m e n t i o n e d , the t i m e is sup
p o s e d t o be s u b d i v i d e d in to a n u m b e r o f equa l parts, a n d 
the a v e r a g e is t aken o f the force or o f the v e l o c i t y for all these 
d iv i s ions o f the t ime . I n the present case, in w h i c h the 
t i m e c o n s i d e r e d is so smal l that the c h a n g e o f v e l o c i t y is a l so 
smal l , the a v e r a g e v e l o c i t y during the t i m e T m a y b e taken 
as the ar i thmet ica l m e a n o f the v e l o c i t i e s at the b e g i n n i n g 
a n d at the end o f the t ime , or ±(v + v'). 
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H e n c e the space de sc r ibed is 

s = \(v -f- v')r. 
T h i s m a y b e c o n s i d e r e d as a k inema t i ca l equa t ion , s ince 

it depends o n the nature o f m o t i o n o n l y , a n d n o t on that 

o f the m o v i n g b o d y . 

I f w e mul t ip ly toge the r these t w o equa t ions w e g e t 

f t j = 1m(z / 2 — z> 2)t ; 

and i f w e d i v i d e b y T w e find 

its = \yLT/2—\mv2. 

N o w fs is t he w o r k d o n e b y the f o r c e f a c t i n g o n the 
b o d y w h i l e it m o v e s in the d i r e c t i o n o f f th rough a space s. 
I f w e also d e n o t e £m& 2 , the mass o f the b o d y mu l t i p l i ed b y 
ha l f the square o f i ts v e l o c i t y , b y the express ion the kinetic 
energy of the body, t hen ^mz / 2 w i l l b e the k i n e t i c e n e r g y 
after the ac t ion o f the f o r c e f t h rough a space s. 

W e m a y n o w express the e q u a t i o n in w o r d s b y say ing 
that the w o r k d o n e b y the fo rce F in set t ing the b o d y in 
mot ion is measu red b y the increase o f k ine t i c e n e r g y du r ing 
the t ime that the f o r c e acts. 

W e h a v e p r o v e d that this is true w h e n the in te rva l o f t ime 
during w h i c h the fo rce acts is so smal l that w e m a y cons ide r 
the m e a n v e l o c i t y dur ing that t ime as equal t o the ar i thme
tical m e a n o f the v e l o c i t i e s at the b e g i n n i n g and e n d o f the 
t ime. T h i s assumpt ion, w h i c h is e x a c t l y true w h e n the 
force is uniform, is a p p r o x i m a t e l y true in e v e r y case w h e n 
the t ime cons ide r ed is smal l e n o u g h . 

B y d i v i d i n g the w h o l e t i m e o f ac t i on o f the fo rce in to 
small parts, a n d p r o v i n g that in each o f these the w o r k . d o n e 
b y the fo rce is equa l t o the increase o f k ine t i c e n e r g y o f the 
b o d y , w e may, b y a d d i n g the different por t ions o f the w o r k 
and the different i nc remen t s o f ene rgy , a r r ive at the result 
that the total w o r k d o n e b y the f o r c e is equal to the total 
increase o f k ine t i c energy . 

I f the force acts o n the b o d y in the d i r ec t ion uppos i te to 
the m o t i o n , the k ine t i c e n e r g y o f the b o d y wi l l b e d imin i shed 
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ins tead o f increased , a n d the fo rce , ins tead o f d o i n g w o r k o n 
the b o d y , w i l l b e a res is tance w h i c h the b o d y in its m o t i o n 
o v e r c o m e s . H e n c e a m o v i n g b o d y can d o w o r k in o v e r 
c o m i n g resis tance as l o n g as i t is in m o t i o n , and the w o r k 
d o n e b y the m o v i n g b o d y is equa l t o the d iminu t ion o f its 
k ine t i c ene rgy , till , w h e n the b o d y is b r o u g h t to rest, the 
w h o l e w o r k it has d o n e is equal to the w h o l e k i n e t i c e n e r g y 
w h i c h it h a d at first. 

W e n o w see the appropr ia teness o f the n a m e k ine t i c 
e n e r g y , w h i c h w e h a v e h i ther to used m e r e l y as a n a m e fo r 
the p r o d u c t - | M ^ 2 . F o r the e n e r g y o f a b o d y m a y b e 
de f ined as the capac i ty w h i c h i t has o f d o i n g w o r k , a n d is 
measu red b y the quan t i ty o f w o r k w h i c h it can d o . T h e 
k ine t i c e n e r g y o f a b o d y is t he e n e r g y w h i c h it has izi 
v i r tue o f b e i n g in motion, a n d w e h a v e just s h o w n that its 
v a l u e m a y b e found b y m u l t i p l y i n g the mass o f the b o d y b y 
ha l f the square o f the v e l o c i t y . 

I n our i nves t iga t ion w e h a v e , for the sake o f s impl ic i ty , 
supposed the fo rce t o ac t in the same d i rec t ion as the 
m o t i o n . T o m a k e the p r o o f per fec t ly gene ra l , as i t is g i v e n 
in treatises o n d y n a m i c s , w e h a v e o n l y to r e s o l v e the actual 
f o r c e in to t w o parts, o n e in the d i r e c t i o n o f the m o t i o n and 
the o the r at r ight ang le s t o it , a n d to o b s e r v e that the par t 
at right angles t o the m o t i o n can ne i the r d o any w o r k o n t he 
b o d y no r c h a n g e the v e l o c i t y o r the k i n e t i c e n e r g y , so that 
the w h o l e effect, w h e t h e r o f w o r k o r o f a l te ra t ion o f k i n e t i c 
ene rgy , d e p e n d s o n the par t o f the f o r c e w h i c h is in the 
d i r ec t i on o f the m o t i o n . 

T h e student, i f n o t famil iar w i t h this subject , should refer 
t o s o m e treat ise o n dynamics , a n d c o m p a r e the inves t iga t ion 
the re g i v e n w i th the ou t l ine o f the r ea son ing g i v e n a b o v e . 
O u r o b j e c t at p resen t is t o f ix in our m i n d s w h a t is m e a n t 
b y W o r k and E n e r g y . 

T h e g rea t i m p o r t a n c e o f g i v i n g a n a m e to t he quan t i ty 
w h i c h w e call K i n e t i c E n e r g y seems to h a v e b e e n first r e c o g 
n i s e d b y L e i b n i t z , w h o g a v e t o the p r o d u c t o f the mass b y 
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the square o f the v e l o c i t y the n a m e o f V i s V i v a . T h i s is 
twice the k ine t ic ene rgy . 

N e w t o n , in a s cho l ium to his T h i r d L a w o f M o t i o n , has 
stated the re la t ion b e t w e e n w o r k a n d k ine t i c e n e r g y in a 
manner so per fec t that it c anno t be i m p r o v e d , bu t at the 
same t ime wi th so l i t t le apparen t effort o r des i re t o attract 
at tent ion that n o o n e seems t o h a v e b e e n struck wi th the 
great impor t ance o f the passage t i l l i t was p o i n t e d out 
recent ly b y T h o m s o n and T a i t . 

T h e use o f the t e rm E n e r g y , in a scientific sense, t o express 
the quant i ty o f w o r k a b o d y can d o , was i n t r o d u c e d b y D r . 
Y o u n g ( ' L e c t u r e s o n Na tu ra l P h i l o s o p h y , ' L e c t u r e V I I I . ) . 

T h e e n e r g y o f a sys tem o f b o d i e s ac t ing on o n e ano the r 
with forces d e p e n d i n g o n their r e l a t ive pos i t ions is due par t ly 
to their mo t ion , and par t ly to their re la t ive pos i t ion . 

T h a t part w h i c h is due t o the i r m o t i o n was c a l l e d A c t u a l 
E n e r g y b y R a n k i n e , and K i n e t i c E n e r g y b y T h o m s o n a n d 
T a i t . 

T h a t part w h i c h is due to their re la t ive pos i t i on d e p e n d s 
upon the w o r k w h i c h the var ious forces w o u l d d o i f the 
bod ie s w e r e t o y i e l d t o the ac t ion o f these forces . T h i s is 
cal led the S u m o f the T e n s i o n s b y H e l m h o l t z , in his ce l e 
brated m e m o i r on the : C o n s e r v a t i o n o f F o r c e . ' 1 T h o m s o n 
ca l led it Stat ical E n e r g y , a n d R a n k i n e i n t roduced the te rm 
Po t en t i a l E n e r g y , a v e r y fe l ic i tous n a m e , s ince i t n o t o n l y 
signifies the e n e r g y w h i c h the sys tem has n o t in possession, 
but o n l y has the p o w e r t o acqui re , but it a l so indicates that 
it is to b e found f rom wha t is c a l l e d ( o n o the r g r o u n d s ) the 
Po ten t i a l F u n c t i o n . 

T h u s w h e n a h e a v y b o d y has b e e n l i f t ed to a certain 
he ight a b o v e the earth's surface, the sys tem o f t w o bod ies , i t 
and the earth, h a v e po ten t i a l e n e r g y equa l to the w o r k 
which w o u l d b e d o n e i f the h e a v y b o d y w e r e a l l o w e d to 
descend t i l l i t is s t o p p e d b y the surface o f the earth. 

I f the b o d y w e r e a l l o w e d t o fall f reely, i t w o u l d acqui re 
1 Berlin, 1847, Translated in Taylor's Scientific Memoirs, Feb. 1853, 
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v e l o c i t y , a n d the k ine t i c e n e r g y acqu i r ed w o u l d b e exac t ly 
equal t o the po ten t i a l e n e r g y los t in the same t ime . 

I t is p r o v e d in treatises on dynamics , that if, in any sys tem 
o f b o d i e s , the force w h i c h acts b e t w e e n any t w o b o d i e s is in 
the l i ne j o i n i n g them, and d e p e n d s on ly o n their d is tance , 
and no t o n the w a y i n w h i c h they are m o v i n g at the t ime , 
then i f n o o the r forces act o n the sys tem, the sum o f the 
potent ia l and k ine t ic e n e r g y o f all the b o d i e s o f the sys tem 
wi l l a lways r ema in the same. 

T h i s p r inc ip l e is c a l l e d the P r i n c i p l e o f the C o n s e r v a t i o n 
o f E n e r g y ; it is o f grea t i m p o r t a n c e in all branches o f s c i ence , 
and the recen t a d v a n c e s in the sc ience o f hea t h a v e b e e n 
chief ly due to the app l i ca t ion o f this p r inc ip le . 

W e canno t i n d e e d assume, wi thout e v i d e n c e o f a satis
factory nature, that t he mutual ac t ion b e t w e e n any t w o parts 
of a real b o d y must a lways b e in the l i ne j o i n i n g t h e m , and 
must d e p e n d o n l y on their d i s tance . W e k n o w that this is 
the case w i th respect t o the a t t ract ion o f b o d i e s at a dis tance, 
but w e c a n n o t m a k e any such assumpt ion c o n c e r n i n g the 
internal forces o f b o d i e s o f w h o s e in ternal cons t i tu t ion w e 
k n o w n e x t t o no th ing . 

W e canno t e v e n assert that all e n e r g y mus t b e e i ther 
po ten t ia l or k inet ic , t h o u g h w e m a y no t b e a b l e t o c o n c e i v e 
any o ther f o r m . N e v e r t h e l e s s , the p r inc ip le has b e e n d e 
mons t ra ted b y d y n a m i c a l r ea son ing to b e abso lu t e ly true for 
systems fulfilling cer ta in cond i t i ons , and it has b e e n p r o v e d 
b y e x p e r i m e n t t o b e true wi th in the l imi ts o f er ror o f obser 
va t ion , i n cases w h e r e the e n e r g y takes the forms o f heat , 
magne t i sa t ion , e lectr i f icat ion, & c , so that the f o l l o w i n g state
m e n t is o n e w h i c h , i f w e canno t abso lu te ly affirm its neces 
sary truth, is w o r t h y o f b e i n g careful ly tes ted , a n d t r aced 
in to a l l the conc lus ions w h i c h are i m p l i e d i n it. 

G E N E R A L S T A T E M E N T OK T H E C O N S E R V A T I O N O F E N E R G Y . 

' The total energy of any body or system of bodies is a 
quantity which can tieither be increased nor diminished by a?iy 
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mutual action of these bodies, though it may be transformed 
into any of the forms of which energy is susceptible.' 

I f by the application of mechanical force, heat, or any 
other kind of action to a body, or system of bodies, it is 
made to pass through any series of changes, and at last to 
return in all respects to its original state, then the energy 
communicated to the system during this cycle of operations 
must be equal to the energy which the system communicates 
to other bodies during the cycle. 

For the system is in all respects the same at the beginning 
and at the end of the cycle, and in particular it has the same 
amount of energy in i t ; and therefore, since no internal 
action of the system can either produce or destroy energy, 
the quantity of energy which enters the system must be 
equal to that which leaves it during the cycle. 

The reason for believing heat not to be a substance 
is that it can be generated, so that the quantity of it may 
be increased to any extent, and it can also be destroyed, 
though this operation requires certain conditions to be 
fulfilled. 

The reason for believing heat to be a form of energy is 
that heat may be generated by the application of work, and 
that for every unit of heat which is generated a certain 
quantity of mechanical energy disappears. Besides, work 
may be done by the action o f heat, and for every foot
pound of work so done a certain quantity of heat is put out 
of existence. 

N o w when the appearance of one thing is strictly con
nected with the disappearance of another, so that the 
amount which exists of the one thing depends on and can 
be calculated from the amount of the other which has dis
appeared, we conclude that the one has been formed at the 
expense of the other, and that they are both forms of the 
same thing. 

Hence we conclude that heat is energy in a peculiar 
form. The reasons for believing heat as it exists in a hot 
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b o d y to b e in the fo rm o f k i n e t i c e n e r g y — t h a t is, that the 

par t ic les o f t he h o t b o d y are in actual t h o u g h inv i s ib l e 

m o t i o n — w i l l b e d iscussed af terwards . 

CHAPTER V. 

O N T H E M E A S U R E M E N T O F P R E S S U R E A N D O T H E R I N T E R N A L 
FORCES, A N D O F T H E EFFECTS W H I C H T H E Y P R O D U C E . 

E V E R Y f o r c e acts b e t w e e n t w o b o d i e s o r par ts o f b o d i e s , 
. f w e are c o n s i d e r i n g a par t icular b o d y o r sys tem o f b o d i e s , 
then those forces w h i c h act b e t w e e n b o d i e s b e l o n g i n g to this 
sys t em a n d b o d i e s n o t b e l o n g i n g t o the sys tem are c a l l e d 
E x t e r n a l F o r c e s , a n d those w h i c h ac t b e t w e e n the different 
parts o f the sys tem i tse l f are c a l l e d I n t e r n a l F o r c e s . 

I f w e n o w suppose the sys tem t o b e d i v i d e d in i m a g i n a 
t i on in to t w o parts, w e m a y c o n s i d e r the forces external t o 
o n e o f the parts to b e , first, those w h i c h act b e t w e e n that 
par t a n d b o d i e s ex te rna l to the sys tem, and , s e c o n d , those 
w h i c h act b e t w e e n the t w o par ts o f t he sys tem. T h e c o m 
b i n e d effect o f these forces is k n o w n b y the actual m o t i o n 
or rest o f the par t t o w h i c h t h e y are a p p l i e d , so that, i f w e 
k n o w the resultant o f the ex te rna l forces o n each part, w e 
can f ind that o f the internal forces ac t ing b e t w e e n the t w o 
parts . 

T h u s , i f w e c o n s i d e r a p i l l a r suppo r t i ng a statue, a n d 
i m a g i n e the pi l lar d i v i d e d in to t w o parts b y a hor izon ta l 
p l a n e at a n y d i s tance f rom the g r o u n d , the in te rna l f o r c e 
b e t w e e n the t w o parts o f the p i l la r m a y b e found b y con
s ider ing the w e i g h t o f the statue a n d that part o f the p i l la r 
w h i c h is a b o v e the p lane . T h e l o w e r par t o f the pi l lar 
presses o n the u p p e r part w i t h a f o r c e w h i c h e x a c t l y counter 
ba lances this we igh t . T h i s f o r c e is c a l l ed a Pressure . 
I n the s a m e w a y w e m a y find the in te rna l force ac t ing 
th rough a n y h o r i z o n t a l sec t ion o f a r o p e w h i c h suppor ts a 
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heavy b o d y t o b e a T e n s i o n equa l t o the w e i g h t o f the 
heavy b o d y a n d o f the par t o f the r o p e b e l o w the imag ina ry 
section. 

T h e internal f o r c e in the pi l lar is c a l l ed L o n g i t u d i n a l 
Pressure, a n d that in the r o p e is c a l l e d L o n g i t u d i n a l T e n s i o n . 
I f this pressure o r t ens ion is un i fo rm o v e r the w h o l e hori
zontal sect ion, the a m o u n t o f i t p e r square i nch can b e 
found b y d i v i d i n g the w h o l e f o r c e b y the n u m b e r o f square 
inches in the sec t ion . 

T h e in ternal forces in a b o d y are ca l l ed Stresses, and 
longi tudinal pressure a n d tens ion are e x a m p l e s o f part icular 
kinds o f stress. I t is s h o w n in treatises o n E las t i c i ty that 
the most gene ra l k i n d o f stress at any po in t o f a b o d y m a y 
be represented b y th ree l ong i tud ina l pressures o r tens ions in 
direct ions at r igh t ang les to each other . 

F o r instance, a b r i ck in a w a l l m a y support a ve r t i ca l 
pressure d e p e n d i n g o n the he igh t o f the w a l l a b o v e it, a n d 
also a hor izon ta l pressure in the d i r ec t ion o f t he l eng th o f 
the wal l , d e p e n d i n g o n the thrust o f an arch abut t ing against 
the wal l , w h i l e in the d i r ec t i on pe rpend icu la r t o the face o f 
the w a l l the pressure is that o f the a tmosphe re . 

I n sol id b o d i e s , such as a br ick , these three pressures m a y 
be all i n d e p e n d e n t , their m a g n i t u d e b e i n g l i m i t e d on ly b y 
the s t rength o f the sol id , w h i c h w i l l b reak d o w n i f the fo rce 
app l i ed t o i t e x c e e d s a cer ta in amoun t . 

I n fluids, the pressures in a l l d i rec t ions must b e equal , 
because the v e r y s l ightes t d i f fe rence b e t w e e n the pressures 
in the th ree d i rec t ions is sufficient t o set the fluid in m o t i o n . 

T h e subject o f fluid pressure is so impor t an t t o wha t 
fo l lows that I th ink it w o r t h w h i l e , at the r isk o f r epea t ing 
what the s tudent ough t t o k n o w , t o state wha t w e m e a n b y 
a fluid, and to s h o w f rom the def in i t ion that the pressures in 
all d i rec t ions are equa l . 

DEFINITION O F A FLUID.—A fluid is a body the contiguous 
parts of which act on one another with a pressure which is 
perpendicular to the interface which separates those parts. 
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S i n c e the pressure is en t i re ly perpendicu la r t o the sur
face, there c an b e n o fr ict ion b e t w e e n the parts o f a fluid 
in contac t . 

Theorem.—The pressures in any t w o d i rec t ions at a po in t 
o f a fluid are equal . F o r , l e t the p lane 
o f the p a p e r b e that o f the t w o g i v e n 
di rect ions , and d r a w an isosce les tr iangle 
w h o s e sides are pe rpend icu l a r t o the t w o 
d i rec t ions r e spec t ive ly , a n d cons ide r the 
equ i l ib r ium o f a smal l t r iangular pr ism 

K o f w h i c h this t r i ang le is t he base. L e t 
P Q b e the pressures pe rpend icu l a r t o the sides, and R 
that pe rpend icu l a r t o the base . T h e n , s ince these three 
forces a re in equi l ib r ium, a n d s ince R m a k e s equa l angles 
wi th p a n d Q, p and Q must b e equa l . But the forces on 
which P a n d Q ac t are a l so e q u a l ; therefore the pressures 
re fer red to unit o f area on these faces a re equal , w h i c h was 
to b e p r o v e d . 

A g rea t m a n y substances m a y b e found w h i c h per fec t ly 
fulfil this def in i t ion o f a fluid w h e n t h e y are at rest, a n d they 
are therefore ca l led fluids. But n o exis t ing fluid fulfils the 
def in i t ion w h e n it is in m o t i o n . I n a fluid in m o t i o n the 
pressures at a p o i n t m a y b e g rea t e r in o n e d i r ec t i on than 
in another , o r , wha t is the same thing, the fo rce b e t w e e n 
t w o parts m a y not b e pe rpend icu l a r t o the interface which 
separates those parts. 

I f a fluid cou ld b e found w h i c h fulfil led the def in i t ion 
w h e n in m o t i o n as w e l l as w h e n at rest, i t w o u l d b e ca l l ed a 
Pe r f ec t F l u i d . A l l actual fluids u r e imper fec t , a n d exh ib i t 
the p h e n o m e n o n o f in ternal f r ic t ion or v iscos i ty , b y w h i c h 
their m o t i o n after b e i n g stirred abou t in a vesse l is g radua l ly 
s topped , a n d the e n e r g y o f the m o t i o n is c o n v e r t e d in to 
heat . 

T h e d e g r e e o f v i scos i ty var ies f rom that o f tar to that o f 
water , or ether, or h y d r o g e n gas , but n o actual fluid is per fec t 
in the sense o f the def in i t ion w h e n i n m o t i o n . 
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T h e pressure at any point o f a f luid is the ra t io o f the 

w h o l e pressure o n a smal l surface to the area o f that surface 

when the area o f the surface is m a d e t o d imin i sh indef in i te ly , 

but so that the cen t re o f g r a v i t y o f the surface a lways c o i n c i d e s 

with the g i v e n po in t . 

T h i s pressure is s o m e t i m e s ca l l ed hydros t a t i c pressure, t o 

distinguish it f r o m long i t ud ina l pressure. B o t h k inds o f 

pressure are measu red b y the n u m b e r o f units o f fo rce in the 

pressure o n uni t o f area ; for ins tance , in p o u n d s ' w e i g h t o n 

the square i nch o r square foo t , a n d i n k i l o g r a m m e s ' w e i g h t 

on the square mè t re . B o t h these measures are g rav i ta t ion 

measures, and must b e mu l t i p l i ed b y the va lue o f the in ten

sity o f g rav i ty t o r e d u c e t h e m to abso lu te measures . 

Pressures a re a lso measu red in t e rms o f the he igh t o f a 

column o f wa te r o r o f mercury , w h i c h w o u l d p r o d u c e b y its 

weight an equa l pressure. T h u s a pressure o f 16 f ee t o f 

water is near ly equal t o 1,000 p o u n d s ' w e i g h t o n the square 

foot, and a pressure o f 4 inches o f wa te r is m o r e near ly equa l 

to 101 grains ' w e i g h t o n the square inch . 

I n the me t r i ca l sys t em the pressure o f w a t e r o n a surface 

at any dep th is e x p r e s s e d b y the p r o d u c t o f the d e p t h in to 

the area o f the surface. I f w e e m p l o y the m è t r e as the 

measure o f l eng th , t he pressure w i l l b e expressed in t onnes ' 

we igh t , but i f w e use t he dec ime t r e , c en t imè t r e , or m i l l i m è t r e , 

the pressure w i l l b e e x p r e s s e d in k i l o g r a m m e s , g r a m m e s , 

or m i l l i g r a m m e s r e s p e c t i v e l y , in g r av i t a t i on measure . 

T h e dens i ty o f m e r c u r y at 0° C . is i3"5o6 t imes that o f 

water at 40 C . H e n c e the pressure due t o a g i v e n dep th o f 

mercury is a b o u t i3'6 t imes that o f an equal d e p t h o f water . 

The Barometer.—The pressure o f the air is g e n e r a l l y 

measured b y m e a n s o f the mercur ia l ba rome te r . T h i s b a r o 

meter consists o f a glass tube c l o s e d at o n e e n d a n d filled 

with mercury , f rom w h i c h all air and mois tu re are e x p e l l e d 

by bo i l i ng it in the tube . T h e tube is then p l a c e d wi th its 

open e n d in a ve s se l o f mercury , and its c l o s e d e n d ra ised 

till the tube is ve r t i ca l . T h e m e r c u r y is found t o s tand at 

H 

IRIS - LILLIAD - Université Lille 1 



Stresses and Strains. 

a cer ta in l e v e l i n t he tube, the h e i g h t o f w h i c h a b o v e the 
l e v e l o f the m e r c u r y in the vesse l o r c is tern is c a l l ed the 
he igh t o f the b a r o m e t e r . 

T h e surface o f the m e r c u r y in the c is tern is e x p o s e d to 
the pressure o f the air, w h i l e the surface o f t he m e r c u r y in 
the tube is e x p o s e d o n l y t o t he pressure o f w h a t e v e r is in 
the tube a b o v e it. T h e o n l y k n o w n subs tance w h i c h can 
b e there is the v a p o u r o f mercury , the pressure o f w h i c h at 
o rd ina ry t empera tu res is so smal l that i t m a y b e n e g l e c t e d , 
so that t he pressure o f the air m a y b e m e a s u r e d b y that 
due t o the d i f f e rence o f l e v e l o f the m e r c u r y in the tube 
a n d in the cis tern. 

T h e pressure o f the a t m o s p h e r e is , as w e k n o w , v e r y 
va r i ab l e , a n d is d i f ferent in different p l a c e s ; but for var ious 
purposes it is c o n v e n i e n t t o use, as a l a r g e uni t o f pressure, 
a pressure n o t v e r y different f r om the a v e r a g e a t m o s p h e r i c 
pressure at the m e a n l e v e l o f the sea. T h i s uni t o f pressure 
is c a l l ed an a tmosphe re , a n d is used in m e a s u r i n g pressures 
in s team-engines a n d bo i le rs . I t s e x a c t v a l u e in the met r i ca l 
sys tem is the pressure d u e t o a d e p t h o f 7 60 m i l l ime t r e s o f 
m e r c u r y at o ° C . at P a r i s , w h e r e the f o r c e o f g r a v i t y is 
9/80868 me t res . T h i s is equa l t o i '033 k i l o g r a m m e s ' w e i g h t 
o n the square cen t ime t re . I n abso lu te measure it is equal 
t o 1,013,237, the g r a m m e , t he c e n t i m e t r e , a n d the s econd 
b e i n g the fundamen ta l units. 

I n the Brit ish sys tem an a t m o s p h e r e is de f ined as the 
pressure due t o a d e p t h o f 29-905 i nches o f m e r c u r y at 
32° F . at L o n d o n , w h e r e the fo rce o f g r a v i t y is 32-1889 feet, 
and is, r ough ly , 1 4 ! p o u n d s ' w e i g h t o n the square inch . I t is 
therefore 0-99968 o f the a t m o s p h e r e o f the me t r i ca l system. 

O N T H E A L T E R A T I O N O F T H E D I M E N S I O N S A N D V O L U M E 

O F B O D I E S B Y M E C H A N I C A L F O R C E S A N D B Y H E A T . 

W e h a v e seen that effects o f the s a m e k i n d in c h a n g i n g 
the f o r m or v o l u m e o f b o d i e s a re p r o d u c e d b y m e c h a n i c a l 
f o r c e and b y heat . W e canno t the re fore ful ly unders t and 
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the effects o f heat a l o n e o n these b o d i e s w i t h o u t at the same 
t ime cons ide r ing those o f m e c h a n i c a l force . 

W e have first t o exp la in , f r om a pu re ly g e o m e t r i c a l p o i n t 
o f v i e w , the var ious k i n d s o f c h a n g e o f fo rm o f w h i c h a b o d y 
is capable , c o n s i d e r i n g o n l y those cases in w h i c h e v e r y par t 
o f the b o d y u n d e r g o e s a s imilar c h a n g e o f form. W e shall 
use the w o r d strain to express g e n e r a l l y a n y a l t e r a t i on o f 
form o f a b o d y . 

Longitudinal Strain.—Suppose the b o d y t o b e e l o n g a t e d 
or compres sed in o n e d i r ec t i on o n l y , so that i f t w o po in t s 
in the b o d y l ie in a l i ne para l le l t o this d i r ec t ion , their 
distance w i l l b e inc reased or d i m i n i s h e d in a ce r ta in ra t io , 
but i f the l ine j o i n i n g the po in t s b e p e r p e n d i c u l a r to this 
direct ion the l eng th o f the l ine w i l l n o t b e a l te red . 

T h i s is ca l l ed l ong i tud ina l ex t ens ion o r c o m p r e s s i o n , or 
more gene ra l ly long i tud ina l strain, a n d is m e a s u r e d b y t he 
fraction o f its o r ig ina l l eng th b y w h i c h any l o n g i t u d i n a l l i ne 
in the b o d y is e l o n g a t e d o r con t rac t ed . 

General Strain.—Such an a l te ra t ion o f the f o r m o f the 
b o d y m a y take p l ace s imul taneous ly or success ive ly in 
three di rect ions at r ight angles t o each other . T h i s sys tem 
of three long i tud ina l strains is s h o w n in treat ises o n the 
mot ion o f con t inuous b o d i e s to b e the m o s t g e n e r a l k i n d o f 
strain o f w h i c h a b o d y is c apab l e . 

W e shall, h o w e v e r , o n l y cons ide r t w o cases in part icular . 
is t . Isotropic Strain.—When the strains in the three 

direct ions at r ight angles to e a c h o the r a rc a l l equa l , the 
form o f the b o d y r ema ins s imilar t o itself, and i t e x p a n d s 
or contracts equa l ly in all d i rec t ions , as m o s t so l id b o d i e s d o 
when hea ted . 

Since each o f the three long i tud ina l strains o f w h i c h this 
strain is c o m p o u n d e d increases the v o l u m e b y a fraction 
o f i tself equa l t o the va lue o f the long i tud ina l strain, i t 
fol lows that w h e n each o f the strains is a v e r y smal l frac
tion, the to ta l i nc remen t o f v o l u m e is equa l to the or ig ina l 
vo lume mu l t i p l i ed b y the a lgebra ica l sum o f the three strains. 

H 2 
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T h e ra t io o f the i nc remen t o f v o l u m e to the or ig ina l v o l u m e is 

ca l l ed the v o l u m i n a l expans ion w h e n pos i t i ve , o r the vo lumina l 

con t rac t ion w h e n n e g a t i v e , and it appears , f r om wha t w e have 

said, that w h e n the -strains are smal l the v o l u m i n a l expans ion 

is equa l to the sum o f the long i tud ina l ex tens ions , or, when 

these are equal , t o three t imes the long i tud ina l ex tens ion . 

2nd. Shearing Strain.—The o ther par t icular case is when 

the d imens ions o f the b o d y are e x t e n d e d in o n e d i r ec t i on in 

the ra t io o f a to i , and con t r ac t ed in a pe rpend i cu l a r d i rec

t ion in the ra t io o f i t o a. I n this case there . i s n o altera

t i o n o f v o l u m e , but the b o d y is d i s to r ted . 

W O R K D O N E B Y A S T R E S S O N A B O D Y W H O S E F O R M IS 

C H A N G I N G O R IS U N D E R G O I N G A S T R A I N . 

W e shall in the first p l ace suppose that the stress con
tinues cons tan t dur ing the change of f o r m w h i c h w e consider . 
I f dur ing a c o n s i d e r a b l e c h a n g e o f f o r m the stress undergoes 
cons ide rab l e change , w e m a y d i v i d e the w h o l e o p e r a t i o n into 
parts, du r ing each o f w h i c h w e m a y r e g a r d the stress as 
constant , a n d find the to ta l w o r k b y s u m m a t i o n . 

T h e gene ra l rule is that, i f the stress a n d the strain are o f 
the same t y p e , t h e w o r k d o n e o n unit o f v o l u m e dur ing any 
strain is the p r o d u c t o f the strain i n t o the a v e r a g e v a l u e o f 
t he stress. 

If, h o w e v e r , the stress b e o f a t y p e con juga te t o the strain, 
n o w o r k is d o n e . 

T h u s , i f the stress b e a long i tud ina l o n e , w e mus t m u l t i p l y 
the a v e r a g e v a l u e o f the stress b y the l ong i tud ina l strain in 
the same d i rec t ion , a n d the result is n o t a f fec ted b y the 
magn i tude o f the l ong i tud ina l strains in d i rec t ions at r ight 
angles t o the stress. 

I f thje stress be a hydros ta t i c pressure, w e must m u l t i p l y 
t he a v e r a g e va lue o f this pressure b y the v o l u m i n a l c o m 
press ion t o find the w o r k d o n e on the b o d y per unit o f 
v o l u m e , and the result is n o t a f fec ted b y a n y strain o f dis
tor t ion w h i c h d o e s no t change the v o l u m e o f the b o d y . 
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H e n c e the w o r k d o n e b y ex te rna l fo rces o n a fluid w h e n 

its vo lume is d i m i n i s h e d is equa l t o the p r o d u c t o f the 

average pressure i n t o the d i m i n u t i o n o f v o l u m e , and i f 

the fluid expands a n d o v e r c o m e s the res is tance o f external 

forces, the w o r k d o n e b y the fluid is measu red b y the p r o 

duct o f the increase o f v o l u m e , in to the a v e r a g e pressure 

during that increase . 

T h e cons ide ra t ion o f t he w o r k g a i n e d or lost du r ing the 

change o f v o l u m e o f a fluid is so impor t an t that w e shall 

calculate it f rom the b e g i n n i n g . 

W O R K D O N E B Y A PISTON O N A FLUID. 
L e t us suppose that the fluid is in c o m m u n i c a t i o n wi th a 

cylinder in w h i c h a p i s ton is free F I G . 9. 

to slide. J I 

L e t the area o f the face o f the j 1 
piston be d e n o t e d b y A . j I p 

L e t the pressure o f t he fluid j 
be d e n o t e d by p o n unit o f area, 

T h e n the w h o l e pressure o f the fluid o n the face o f the 
piston wi l l b e Ap, a n d i f P is the ex te rna l fo rce w h i c h k e e p s 
the piston in equ i l ib r ium, p = Ap. N o w le t the p i s ton b e 
pressed inwards against t he fluid th rough a d is tance .r. 
T h e v o l u m e o f the c y l i n d e r o c c u p i e d b y the fluid w i l l b e 
d imin ished b y a v o l u m e v = ax, because the v o l u m e o f a 
cy l inder is equa l t o t he a rea o f its base m u l t i p l i e d b y its 
height . 

I f the fo rce P con t inues un i fo rm, o r i f P is the a v e r a g e 
value o f the ex te rna l f o r c e dur ing this m o t i o n , the w o r k 
d o n e b y the external f o r c e w i l l b e w = p.*. 

I f w e put for p its v a l u e in t e rms o f p, the pressure o f the 

fluid per uni t o f area, this b e c o m e s 

w —- Apx ; 
and i f w e r e m e m b e r that ax is equa l to v , this b e c o m e s 

w = yp, 
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or the work done by the piston against the fluid is equal to 
the diminution of the volume of the fluid multiplied by the 
average value of the hydrostatic pressure. 

I t will be observed that this result is independent of the 
area of the piston, and of the form and capacity of the 
vessel with which the cylinder communicates. 

If, for convenience, we suppose that the area of the piston 
is unity, then putting A = i we shall have p — p and V = x, 
so that the linear distance travelled by the piston is nu
merically equal to the volume displaced. 

O N I N D I C A T O R D I A G R A M S . 

I shall now describe a 
method of studying the action 
of a fluid o f variable volume, 
which was invented by James 
Watt, as a practical method of 
determining the work done by 
the steam-engine, and of which 
the construction has been 
gradually perfected, till it is 

„ now capable of tracing every 
part of the action of the steam 

in the most rapidly working engines. 
A t present, however, I shall use this method as a means 

of explaining and representing to the eye the working of a 
fluid. This use of the indicator diagram, which was intro
duced by Clapeyron, has been greatly developed by Rankine 
in his work on the steam-engine. 

Le t O v be a horizontal straight line, and op a vertical 
line. On o v (which we shall call the line of volumes) take 
distances o a, o l>, o c to represent the volume occupied by 
the fluid at different times, and at: a b c erect perpendiculars 
a A, b B, c c, representing, on a convenient scale, the pressure 
of the fluid at these different times. 
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( F o r instance, w e m a y suppose that, in the scale o f vo lumes , 
one inch, measu red ho r i zon ta l ly , represents a v o l u m e equal 
to a cubic f o o t ; a n d that in the sca le o f pressures, o n e inch, 
measured ve r t i ca l ly , represents a pressure o f 1,000 pounds ' 
weight on the square f o o t . ) 

L e t us n o w suppose that the v o l u m e increases f rom o a 
to o b, wh i l e the pressure r ema ins constant , so that a A = b B. 

T h e n the increase o f v o l u m e is m e a s u r e d b y a b, a n d the 
pressure w h i c h is o v e r c o m e b y the e x p a n s i o n o f the fluid b y 
a A or b B , so that the w o r k d o n e b y the fluid is r ep resen ted 
by the p roduc t o f these quant i t ies , or a b, a A , that is, the 
area o f the r ec tang le a a b b. 

O n the scale w h i c h w e h a v e assumed, e v e r y square inch 
o f the area o f the figure A B b a represents 1,000 f oo t -pounds 
of w o r k . 

W e h a v e supposed the pressure t o r e m a i n constant dur ing 
the change o f v o l u m e . I f this is n o t the case, but i f the 
pressure changes f rom b B t o c c, w h i l e the v o l u m e changes 
from o b t o O f , then i f w e take b c smal l enough , w e m a y 
suppose the pressure t o c h a n g e un i fo rmly f rom the o n e 
value to the other , so that w e m a y take the m e a n va lue o f 
the pressure t o b e - | - (B b + c c). M u l t i p l y i n g this b y b c, 
w e ge t -J(B b +- c c) b c, w h i c h is the w e l l - k n o w n express ion 
for th*e area o f the strip E C f J , suppos ing B c a straight 
l ine. 

T h e w o r k d o n e b y the fluid is therefore still equa l to the 
area e n c l o s e d b y B C , the t w o ve r t i ca l l ines f rom its ex t re 
mities, and the h o r i z o n t a l l i ne o v. 

I n genera l , i f the v o l u m e a n d pressure o f the fluid are m a d e 
to va ry in a n y m a n n e r w h a t e v e r , and i f a p o i n t p b e m a d e at 
the same t i m e to m o v e so that its ho r i zon ta l dis tance f rom the 
l ine o / represents the v o l u m e w h i c h the fluid occup ies at 
that instant, w h i l e its ve r t i ca l d i s tance f rom o v represents 
the hydros ta t ic pressure o f the fluid at the same instant, a n d 
if, at the b e g i n n i n g a n d e n d o f the path t raced b y P , ve r t i ca l 
l ines b e d rawn to m e e t o v, then, i f the path o f P d o e s n o t 
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intersect itself, the a rea b e t w e e n these boundar ie s represents 

the w o r k d o n e b y the fluid against ex te rna l forces , if it 

l ies o n the r igh t -hand s ide o f the path o f the tracing 

po in t . I f the area l ies on the left-hand s ide o f the path, it 

represents the w o r k d o n e b y the ex te rna l fo rces on the 

fluid. 

I f the pa th o f P returns in to i t se l f so as t o fo rm a l o o p or 

F i g . n . 

Richards's Indicator. 

c lo sed figure, then the ver t ica l l ines at the b e g i n n i n g a n d end 
o f the path w i l l c o i n c i d e , so that it is unnecessa ry to d raw 
them, a n d the w o r k wi l l b e r ep re sen ted b y the area o f the 
l o o p itself. I f P in its c ircui t g o e s r o u n d t he l o o p in the 
d i r ec t i on o f the hands o f a watch , then the area represents 
the w o r k d o n e b y the fluid against ex ternal forces ; but i f P 
g o e s r o u n d the l o o p in the o p p o s i t e d i rec t ion , the area o f 
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the l o o p represents the w o r k d o n e b y the ex te rna l forces on 
the fluid. 

I n the ind ica to r as cons t ruc ted b y W a t t a n d i m p r o v e d b y 
M c N a u g h t and R i c h a r d s , the s team or o the r fluid is put in 
connec t ion w i t h a smal l c y l i n d e r con ta in ing a p is ton . W h e n 
the fluid presses this p i s ton a n d raises it, the p i s ton presses 
against a spiral spring, so . cons t ruc ted that the d i s t ance 
through w h i c h the spr ing is c o m p r e s s e d is p r o p o r t i o n a l 
to the pressure o n the p is ton . I n this w a y the he igh t o f the 
piston o f the ind ica to r is at all t imes a measure o f the pressure 
of the fluid. 

T h e p i s ton also carr ies a penc i l , the p o i n t o f w h i c h presses 
l ight ly against a shee t o f p a p e r which is w r a p p e d round a 
vert ical c y l i n d e r c a p a b l e o f turning r o u n d its axis. 

T h i s c y l i n d e r is c o n n e c t e d w i t h the w o r k i n g p i s ton o f the 
engine , o r w i th s o m e part o f the e n g i n e which m o v e s a l o n g 
with the p is ton , in such a w a y that the a n g l e t h rough w h i c h 
the cy l inde r turns is a lways p r o p o r t i o n a l to the d is tance 
through which the w o r k i n g p is ton has m o v e d . 

I f the ind ica tor is n o t c o n n e c t e d w i th the s t eam p i p e , 
the cy l inde r w i l l turn benea th the p o i n t o f the penc i l , a n d 
a ho r i zon ta l l i ne w i l l b e d r a w n o n the paper . T h i s l i ne 
cor responds t o o v, and is c a l l ed the l ine o f n o pressure. 

But i f the s team b e a d m i t t e d b e l o w the ind ica to r p i s ton , 
the penc i l w i l l m o v e up a n d d o w n , w h i l e the pape r m o v e s 
hor izon ta l ly b e n e a t h it, a n d the c o m b i n e d m o t i o n wi l l t race 
out a l ine o n the paper , w h i c h is c a l l ed an ind ica to r d i ag ram. 

W h e n the e n g i n e w o r k s regular ly , so that each s t roke is 
similar t o the last, t he p e n c i l w i l l trace out the same cu rve 
at e v e r y s t roke, a n d b y e x a m i n i n g this curve w e m a y learn 
much about the ac t ion o f the eng ine . I n part icular, the area 
o f the cu rve represents the a m o u n t o f w o r k d o n e b y the 
s team at e a c h s t roke o f the e n g i n e . 

I f the ind ica to r h a d b e e n c o n n e c t e d wi th a p u m p , in 
which the ex te rna l forces d o w o r k o n the fluid, the t rac ing 
po in t w o u l d m o v e in the o p p o s i t e d i rec t ion round the 
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diagram, and its area would indicate the amount of work 
done on the fluid during the stroke. 

Hitherto we have confined our attention to the work done 
by the pressure on the piston, and have not been concerned 
with the cause of the alteration of volume of the fluid. The 
increase of volume may, for anything we know, arise from 
an additional supply being introduced into the cylinder, as 
when steam is introduced from the boiler, and the dimi
nution of volume may arise from the escape of the fluid 
from the cylinder. 

As we are now going to use the diagram for the purpose 
of explaining the properties of bodies when acted on by heat 
and by mechanical force, we shall suppose that the body, 
whether fluid or partly solid, is placed in a cylinder with 
one end closed, and that its volume is measured by the 
distance of the piston from the closed end of the cylinder. 

Tf at any instant the volume 
of the body is v and its pres
sure p, we represent this fact 
by means of the point P in the 
diagram, drawing o L along 
the line of volumes to repre
sent v, and L p vertical to re
present p. 

In this way the position of 
a point in the diagram may be 
made to indicate the volume 
and the pressure of a body at 
any instant. 

N o w let the pressure be increased, the temperature re
maining the same, then the volume of the fluid will be 
diminished. ( I t is manifest that an increase of pressure can 
never produce an increase of volume, for in that case the 
force would produce a motion in the contrary direction to 
that in which it acts, and we should have a source of inex
haustible energy.) 
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L e t the pressure, therefore , inc rease f rom o F t o o G, a n d 
let the consequen t d i m i n u t i o n o f v o l u m e b e f rom O L t o 
O M , a n d c o m p l e t e the r ec t ang le o G Q M . 

T h e n the p o i n t p ind ica tes the or ig ina l a n d Q t h e final 
condi t ion o f the fluid w i th r e spec t t o pressure a n d v o l u m e , 
and all the i n t e rmed ia t e states o f the fluid w i l l b e r ep re 
sented b y poin ts in a l ine , s traight o r cu rved , w h i c h j o i n s P 
and Q. 

T h e w o r k d o n e b y the pressure on the fluid is r e p r e s e n t e d 
by the area o f the figure p Q M L , w h i c h is o n the left hand 
o f the t racing p o i n t as i t m o v e s a l o n g p Q. 

I f P F a n d Q M in tersect i n R , then p R represents t he 
actual d i m i n u t i o n o f v o l u m e , a n d R q the actual increase o f 
pressure. T h e actual v o l u m e is r ep re sen ted b y F P , so that 
the vo lumina l compres s ion is r ep resen ted b y the ra t io of P R 
to F p. 

DEFINITION O F T H E ELASTICITY O F A FLUID. — The 
elasticity of a fluid under any given conditions is the ratio 
of any small increase of pressure to the voluminal compression 
hereby produced. 

Since the v o l u m i n a l c o m p r e s s i o n is a numer i ca l quan t i ty , 
the elast ici ty is a quant i ty o f the same k i n d as a pressure. 

T o express the e las t ic i ty o f the fluid b y m e a n s of t h e 
d iagram, jo in p Q b y a straight l ine , a n d p r o d u c e i t t i l l i t 
meets the ver t ica l l ine op in E ; t hen F K is a pressure equa l 
to the e las t ic i ty o f the fluid in the state r ep re sen ted b y p, 
and under c o n d i t i o n s w h i c h cause its state to v a r y in a 
manner r ep re sen ted b y the l i ne P Q. 

F o r it is p la in that F E is t o R Q in the ra t io o f p F to P R, 
„. „ R Q i n c r e m e n t o f pressure , .- -. 
or F E = — - = . — c . — = elast ic i ty . 

p R v o l u m i n a l c o m p r e s s i o n 
p F 

H e n c e i f the re la t ion b e t w e e n t he v o l u m e and the pres
sure o f a fluid under cer ta in cond i t i ons , as for instance a t a 
g i v e n tempera ture , is r ep r e sen t ed b y a cu rve t r aced out b y P, 
the e las t ic i ty o f the fluid w h e n in the state r ep re sen ted b y p 
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m a y b e found b y d rawing p E a t angen t t o the cu rve at P, 
and P F a ho r i zon t a l l ine. T h e p o r t i o n F E o f the vertical 

l ine o p cut o f f b e t w e e n these l ines represents , o n the scale 

o f pressures, the elast ici ty o f the fluid. 

W e h a v e hi ther to s u p p o s e d that the t empera ture o f the 

b o d y r ema ins the same dur ing its c o m p r e s s i o n f rom the 

v o l u m e P F t o the v o l u m e Q G . T h i s is the m o s t c o m m o n 

supposi t ion w h e n the e las t ic i ty o f a fluid is to b e measured, 

But in m o s t b o d i e s a compres s ion p r o d u c e s a rise o f t empe

rature, a n d i f the hea t is n o t a l l o w e d t o escape , the effect o f 

this w i l l b e t o m a k e the i n c r e m e n t o f pressure g rea te r than 

in the case o f constant temperature . H e n c e e v e r y substance 

has t w o elast ici t ies, o n e c o r r e s p o n d i n g t o cons tan t tempera

ture, a n d the o ther co r r e spond ing t o the case w h e r e n o heat 

is a l l o w e d t o escape . T h e first v a l u e is a p p l i c a b l e t o stresses 

and strains w h i c h are l o n g con t inued , so that the substance 

acqui res the tempera ture o f sur rounding b o d i e s . T h e 

s e c o n d v a l u e is app l i cab l e t o the case o f r a p i d l y chang ing 

forces , as in the case o f the v ib ra t i ons o f b o d i e s wh ich 

p r o d u c e sounds, in w h i c h there is n o t t i m e for the t e m p e 

rature t o b e equa l i s ed b y c o n d u c t i o n . T h e e las t ic i ty in 

these cases is a lways grea ter than in the case o f un i fo rm 

t empera tu re . 

C H A P T E R V I . 

O N LINES O F E Q U A L T E M P E R A T U R E , O R I S O T H E R M A L LINES 
O N T H E INDICATOR D I A G R A M . 

I F the pressure is m a d e to v a r y w h i l e the t e m p e r a t u r e re
mains constant , the v o l u m e wi l l d imin i sh as the pressure 
increases , a n d the p o i n t p w i l l t race out a l ine i n the d i a g r a m 
w h i c h is c a l l e d a l ine o f equa l t empera tu re , or an i so the rmal 
l ine . B y m e a n s o f this l ine w e can s h o w the w h o l e b e h a v i o u r 
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o f the substance u n d e r var ious pressures at that par t icular 
temperature . 

B y m a k i n g e x p e r i m e n t s o n the substance a t o t h e r t e m 
peratures, and d r a w i n g the i so the rma l l ines b e l o n g i n g t o 
these temperatures , w e can express a l l the re la t ions b e t w e e n 
the pressure, v o l u m e , a n d t empera tu re o f the substance. 

I n the d iag ram, e a c h i so the rmal l i ne shou ld b e m a r k e d 
wi th the t empera tu re t o w h i c h i t c o r r e s p o n d s in degrees , 
and the l ines should b e d r a w n fo r e v e r y d e g r e e , o r for e v e r y 
ten o r e v e r y h u n d r e d d e g r e e s , a c c o r d i n g t o the p u r p o s e for 
which the d i ag ram is i n t e n d e d . 

W h e n the v o l u m e a n d the pressure a re k n o w n , the 
temperature is a d e t e r m i n a t e quant i ty , a n d i t is easy to see 
h o w f rom any t w o o f these three quant i t ies w e can deter
mine the third. T h u s i f the c u r v e d l ines in the d i a g r a m 
are the l ines o f e q u a l t empera tu re , the t empera tu re cor
responding to each b e i n g ind ica t ed b y the n u m e r a l at the 
end o f the l ine, w e can s o l v e three p r o b l e m s b y m e a n s o f 
this d iagram. 

r. G i v e n the pressure a n d the v o l u m e , t o find the t e m p e 
rature. 

L a y off o L o n the l i n e o f v o l u m e s to represent the g i v e n 
v o l u m e , a n d o F o n t he l i ne o f pressures t o r epresen t the 
g i v e n pressure, then d r a w F P ho r i zon ta l and L P ver t ica l , to 
de te rmine the p o i n t p. I f the p o i n t P falls o n o n e o f the 
fines o f equa l t empera tu re , the numera l a t tached t o that l ine 
indicates the t empera tu re . I f the p o i n t P falls b e t w e e n t w o 
o f the l ines, w e mus t e s t ima te its d i s tance f r o m the t w o 
nearest l ines, a n d then as the sum o f these dis tances is t o the 
dis tance f rom the l o w e r l ine o f t empera tu re , so is the dif
ference o f t empera tu re o f the t w o l ines to the excess o f the 
true tempera ture a b o v e that o f the l o w e r l ine . 

2. G i v e n the v o l u m e a n d t empera tu re t o find the pres
sure. 

L a y o f f o L t o r ep resen t the v o l u m e and d r a w L P ver t ica l , 
and le t p b e the p o i n t w h e r e this l ine cuts the l ine o f the 
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F i g . 33. 

0 L « 
Lay o f f o F t o r epresen t the pressure a n d d r a w F P hor i 

z o n t a l t i l l i t m e e t s the l ine o f the g i v e n t e m p e r a t u r e in P, 
t h e n F p represents t he r e q u i r e d v o l u m e . 

O N T H E F O R M O F T H E I S O T H E R M A L C U R V E S I N D I F F E R E N T 
CASES. 

The Gaseous State. 

I f t he substance is in t he gaseous state, as c o m m o n air is 
at e v e r y pressure a n d t empera tu re to w h i c h w e h a v e b e e n 
a b l e t o subject it, t hen it is easy t o d r a w the i so thermal 
curves b y t ak ing accoun t o f the laws o f B o y l e a n d Char les . 

By B o y l e ' s l a w the p r o d u c t o f the v o l u m e and the pres-

g i v e n t empera tu re . T h e n L P represents the r equ i r ed 

pressure . 

3. G i v e n the pressure a n d t empera tu re , t o find the 

v o l u m e . 

IRIS - LILLIAD - Université Lille 1 



Their Characteristics. 

sure is a lways the s a m e for the s a m e t empera tu re . H e n c e , 
in the curve, the area o f the r e c t a n g l e o L P F w i l l b e the 
same p r o v i d e d p b e a p o i n t in the s a m e i so the rma l cu rve . 

T h e curve w h i c h has this p r o p e r t y is k n o w n in g e o m e t r y 
by the n a m e o f the rec tangular h y p e r b o l a , the l ines o v a n d 
o / be ing the a s y m p t o t e s o f the h y p e r b o l a s in fig. 13. T h e 
asymptotes are l ines such that a p o i n t t r ave l l ing a l o n g t he 
curve in either d i r ec t i on con t i nua l l y a p p r o a c h e s o n e o r 
other o f the asympto tes , but n e v e r r eaches it. T h e p h y s i c a l 
interpretat ion o f this is that i f a gas fulfils B o y l e ' s law, a n d 
i f the tempera ture r ema in the s a m e — 

1. Suppose w e t r ave l a l o n g t he cu rve in the d i r ec t ion 
leading toward o p, that is t o say, suppose the pressure 
is gradually increased , then the v o l u m e w i l l con t inua l ly 
diminish, but a lways s l o w e r a n d s l o w e r ; for, h o w e v e r m u c h 
we increase the pressure, w e can n e v e r r e d u c e the v o l u m e to 
nothing, so that the i so the rma l l i ne w i l l n e v e r reach the l i n e 
o though it con t inua l ly app roaches i t A t the same t ime , 
if Boy le ' s l a w is fulf i l led w e can a lways , b y d o u b l i n g the 
pressure, r educe the v o l u m e to o n e half, so that b y a suffi
cient increase o f pressure the v o l u m e m a y b e r e d u c e d till i t 
is smaller than any p r e s c r i b e d quant i ty . 

2. Suppose w e t rave l i n the o the r d i r ec t ion a l o n g the 
curve, that is to say, suppose w e increase the v o l u m e o f the 
vessel wh ich conta ins the gas , t hen the p o i n t p approaches 
nearer and nearer t o the l ine o v, but n e v e r ac tua l ly reaches 
it. T h i s shows that the gas w i l l a l w a y s e x p a n d so as t o fill 
the vessel , a n d press u p o n it wi th a f o r c e r ep re sen ted b y the 
distance f rom o v, a n d this pressure, though it d imin i shes as 
the vessel is en l a rged , w i l l n e v e r b e r e d u c e d t o noth ing , 
h o w e v e r la rge the vesse l m a y b e c o m e . 

Elasticity of a Perfect Gas.—Another p r o p e r t y o f the 
hyperbola is that i f p E b e d r a w n a t angen t to the c u r v e 
at p till i t m e e t s t he a s y m p t o t e , F E = o F. N O W F E 
represents the e las t ic i ty o f the substance, a n d o F the pres
sure. H e n c e the e las t ic i ty o f a per fec t g a s is numer ica l ly 
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equa l t o the pressure, w h e n the t empera tu re is supposed to 

r e m a i n cons tan t dur ing the compres s ion . 

The Liquid State. 
I n m o s t l iquids , t he compres s ion p r o d u c e d b y the pres

sures w h i c h w e are a b l e t o a p p l y is e x c e e d i n g l y small . I n 
the case o f wate r , for e x a m p l e , unde r o rd ina ry circumstances 
as t o t empera ture , the app l i ca t i on o f a pressure equa l to one 
a t m o s p h e r e p r o d u c e s a compres s ion o f a b o u t 46 mi l l ionth 
parts o f the v o l u m e , or o'oooo46. H e n c e in d r a w i n g an 
ind ica to r d i ag ram for a l iqu id w e mus t represent changes o f 
v o l u m e on a m u c h la rger scale than in the case o f gases, i f 
the d i a g r a m is to h a v e any v i s i b l e features at all . T h e 
m o s t c o n v e n i e n t w a y is to suppose the l ine o L to represent , 
n o t the w h o l e v o l u m e , but the excess o f the v o l u m e a b o v e a 
thousand o r a m i l l i o n o f the units w e e m p l o y . 

I t is mani fes t that the re la t ion b e t w e e n the pressure and 
the v o l u m e o f any substance must b e such that n o pressure, 
h o w e v e r great , can r e d u c e the v o l u m e to no th ing . H e n c e 
the i so thermal l ines canno t b e straight l ines, for a straight 
l ine, h o w e v e r s l ight ly i n c l i n e d t o the l i ne o f n o v o l u m e s o F, 
and h o w e v e r distant f r om it, must cut that l i ne s o m e w h e r e . 
T h e l i m i t e d r a n g e o f pressures w h i c h w e are a b l e t o p roduce 
does n o t in s o m e cases cause sufficient c h a n g e o f v o l u m e to 
ind ica te the curvature o f the i so the rmal l ines. W e m a y 
suppose that for the smal l p o r t i o n w e are a b l e t o o b s e r v e 
t h e y are near ly straight l ines. 

T h e e x p a n s i o n due t o an inc rease o f t empera tu re is a lso 
m u c h smal ler in the case o f l i qu ids than in the case o f 
gases . 

I f , therefore , w e w e r e to d r a w the ind ica to r d i a g r a m o f a 
l i q u i d o n the s a m e sca le as that o f a gas , the i so thermal 
l ines w o u l d consis t o f a number o f l ines v e r y c l o s e together , 
near ly ver t ica l , bu t v e r y sl ightly i n c l i n e d towards the l ine o F. 

If, h o w e v e r , w e re ta in the sca le o f pressures a n d g r e a t l y 
m a g n i f y the scale o f v o l u m e s , the i so the rma l l ines w i l l b e 
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more inc l ined t o the ver t ica l a n d w i d e r apart, but still v e r y 

nearly straight l ines . L i q u i d s , h o w e v e r , w h i c h a re n e a r the 

critical po in t de sc r ibed at the e n d o f this chap te r are m o r e 

compressible than e v e n a gas . 

The Solid State. 

I n solid b o d i e s the compres s ib i l i t y a n d the expans ion b y 

heat are in genera l smal le r than in l iquids . T h e i r i nd i ca to r 

diagrams wi l l therefore h a v e the same gene ra l character is t ics 

as those o f l iquids . 

1 
I N D I C A T O R D I A G R A M O F A S U B S T A N C E P A R T O F W H I C H 

IS L I Q U I D A N D P A R T V A P O U R . 

L e t us suppose that a p o u n d o f wa te r is p l a c e d in a vesse l 
and brought to a g i v e n t empera tu re , say 212 0 F . , a n d that 
by means o f a p is ton the c a p a c i t y o f the vesse l is m a d e 
larger or smaller, the t empera tu re r e m a i n i n g the same . I f 
we suppose the vesse l t o b e o r ig ina l ly v e r y large, say 100 cubic 
feet, and to b e m a i n t a i n e d at 212° F . , then the w h o l e o f the 
water wi l l b e c o n v e r t e d i n t o s team, w h i c h wi l l fill the vesse l 
and wi l l exer t o n it a pressure o f abou t 575 p o u n d s ' w e i g h t 
on the square f o o t . I f w e n o w press d o w n the p i s ton , and 
so cause the capac i ty o f the vesse l to d iminish , the pressure 
will increase near ly in the s a m e p r o p o r t i o n as the v o l u m e 
diminishes, so that the p r o d u c t o f the numbers r ep resen t ing 
the pressure a n d v o l u m e w i l l b e nea r ly constant . W h e n , 
however , the v o l u m e is c o n s i d e r a b l y d imin i shed , this p r o d u c t 
begins to d iminish , that is t o say, the pressure d o e s n o t i n 
crease so fast as i t o u g h t to d o b y B o y l e ' s l a w i f the s t eam 
were a per fec t gas . I n the d i a g r a m , fig. 14, p . 114, the 
relations b e t w e e n the pressure a n d v o l u m e o f s team at 212 0 

are ind ica ted b y the c u r v e a b. T h e pressure in a t m o 
spheres is m a r k e d o n the r ight h a n d o f the d iagram, a n d the 
vo lume o f o n e p o u n d , in cub ic feet, at the b o t t o m . 

W h e n the v o l u m e is d i m i n i s h e d t o 26^6 cub ic fee t the 
1 
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Water and Steam. 

pressure is 2,116 lb . , so that the p r o d u c t o f the v o l u m e 
and pressure, ins tead of 57,500, is n o w r e d u c e d to 55,770. 
This departure f rom the l a w o f B o y l e , though n o t v e r y la rge , 
is quite dec ided . T h e pressure a n d v o l u m e o f the s t eam in 
this state are i nd i ca t ed b y the p o i n t b in the d i ag ram. 

I f w e n o w d imin i sh the v o l u m e a n d still ma in t a in t he 
same temperature, the pressure wi l l n o l o n g e r increase , bu t 
part o f the s team wi l l b e c o n v e r t e d in to w a t e r ; a n d as the 
vo lume continues to d i m m i s h , m o r e a n d m o r e o f the s t eam 
will he c o n d e n s e d in to t he l i q u i d fo rm, w h i l e the pressure 
remains exact ly the same, n a m e l y , 2,116 p o u n d s ' w e i g h t o n 
the square foot , o r o n e a tmosphe re . T h i s is i n d i c a t e d b y 
the hor izonta l l ine b c in the d i ag ram. 

Th i s pressure w i l l c o n t i n u e the s a m e till al l the s team is 
condensed in to wa te r at 212 0 , the v o l u m e o f w h i c h w i l l b e 
0-016 o f a cubic foo t , a quan t i ty t o o small t o b e r ep re sen ted 
clearly in the d i ag ram. 

A s soon as the v o l u m e , therefore , is r e d u c e d t o this v a l u e 
there wi l l b e n o m o r e s team to c o n d e n s e , a n d a n y further 
reduction o f v o l u m e is res i s ted b y the e las t ic i ty o f wate r , 
which, as w e h a v e seen, is v e r y l a rge c o m p a r e d wi th that o f 
a gas. 

W e are n o w a b l e t o t race the i so the rmal l ine for w a t e r 
cor responding to the t empera tu re 212° . W h e n v is v e r y 
great the c u r v e is nea r ly o f the fo rm o f an h y p e r b o l a for 
which v p = 5 7 , 5 ° ° - A s v d imin i shes , the c u r v e falls s l ight ly 
be low the hype rbo la , so that w h e n v = 26-36, v p = 55,77°· 
H e r e , h o w e v e r , the l i ne s u d d e n l y a n d c o m p l e t e l y alters its 
character, and b e c o m e s the h o r i z o n t a l s traight l ine b c, for 
which p = 2,116, a n d this s traight l ine e x t e n d s f rom 
v = 26-36 to v = 0-016, w h e n ano the r equa l ly sudden 
change takes p l a c e , a n d the l ine , f r om b e i n g e x a c t l y h o r i z o n 
tal, b e c o m e s n e a r l y but n o t qu i t e ver t ica l , near ly in the 
direct ion c p, for t he pressure mus t b e inc reased b e y o n d 
the l imits o f our e x p e r i m e n t a l m e t h o d s l o n g be fo re any 
very cons ide rab le change is m a d e in the v o l u m e o f the water . 

11 
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T h e i so the rmal l ine in a case o f this k i n d consists o f three 
parts. I n the first part, a b, it r e sembles the i so thermal l ines o f a 
per fec t gas , but as the v o l u m e d imin i shes the pressure begins 
t o b e s o m e w h a t less than it shou ld b e b y B o y l e ' s law. T h i s 
h o w e v e r , is o n l y w h e n the l ine approaches t he s econd part 
o f its course , be, in wh ich it is accura te ly hor i zon ta l . T h i s part 
cor responds to a state in w h i c h the substance exists partly 
in the l i qu id a n d par t ly in the gaseous state, and it extends 
f rom the v o l u m e o f the gas t o the v o l u m e o f the l iquid at 
the same tempera ture and pressure. T h e third part o f the 
i so thermal l ine is that c o r r e s p o n d i n g t o the l iquid state o f 
the substance, a n d it m a y b e c o n s i d e r e d as a l ine which on 
the scale o f our d iagrams w o u l d b e v e r y nea r ly vert ical , 
and so near t o the l ine c p that i t c a n n o t b e dis t inguished 
f rom it. 

I n the d i a g r a m , fig. 14, the i so thermal l i ne o f wa te r for 
the t empera tu re 212° F . , the o rd ina ry b o i l i n g po in t , is re
p r e sen t ed b y a b cp, a n d that for 30 2° F . b y d ef p. 

A t the t empera tu re o f 302° F . the pressure at w h i c h con
densa t ion takes p l a c e is much greater , b e i n g 9,966 pounds ' 
w e i g h t o n the square f o o t ; a n d the v o l u m e to w h i c h the 
s team is r e d u c e d b e f o r e c o n d e n s a t i o n b e g i n s is much 
smaller, b e i n g 6 T 5 3 cub ic feet . T h i s is i nd i ca t ed b y the 
p o i n t £ A t this p o i n t the p r o d u c t v p is 6r ,32t , w h i c h is 
cons ide rab ly less than 65,209, its v a l u e w h e n the v o l u m e is 
v e r y g r e a t 

A t this po in t condensa t i on beg ins a n d g o e s o n t i l l the 
w h o l e s team is c o n d e n s e d in to wa te r at 302° F . , the v o l u m e 
o f w h i c h is o ' o i 6 6 cubic feet. T h i s v o l u m e is s o m e w h a t 
grea ter than the v o l u m e o f the same wate r at 212° F . 

I t appears , therefore , that as the t empera tu re rises the 
pressure at wh ich condensa t i on occurs is grea ter . I t also 
appears that the d iminu t ion o f v o l u m e w h e n condensa t i on 
takes p l a c e is less than at l o w tempera tures , a n d this for 
t w o reasons. T h e first is, that the s team must be r educed 
to a smal le r v o l u m e be fo re c o n d e n s a t i o n b e g i n s ; a n d the 
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second is, that the v o l u m e o f the l i q u i d w h e n c o n d e n s e d is 
greater. 

T h e do t t ed l ine in the d i a g r a m indicates the pressures 
and the v o l u m e s at w h i c h condensa t i on b e g i n s at the 
various temperatures m a r k e d on the ho r i zon t a l parts o f the 
isothermal l ines. 

W h e n the pressure and v o l u m e are those i n d i c a t e d b y 
points a b o v e or o n t he r igh t hand o f this cu rve the w h o l e 
substance is in the gaseous state. W e m a y call this l ine the 
steam line. I t is n o t an i so the rmal l ine . 

I f the scale c f the d i a g r a m had b e e n l a rge e n o u g h to h a v e 
represented the v o l u m e o f the c o n d e n s e d water , w e should 
have had ano ther d o t t e d l i n e near t he l ine o such that for 
points on the left h a n d o f this l ine the w h o l e substance is in 
the l iquid state. W e m a y call this the water l i ne . F o r 
condit ions o f pressure a n d v o l u m e i n d i c a t e d b y po in t s 
be tween the t w o d o t t e d l ines , the substance is par t ly in the 
l iquid and par t ly in the gaseous state. I f w e d raw a hor i 
zontal l ine through the g i v e n p o i n t t i l l i t m e e t s the t w o 
dot ted l ines, then t he w e i g h t o f s team is t o the w e i g h t o f 
water as the s e g m e n t b e t w e e n the po in t and the water l ine 
is to the s e g m e n t b e t w e e n the p o i n t a n d the s team l ine . I n 
the l o w e r part o f the d i a g r a m fo r ca rbon ic ac id , fig. 1 5 , 
p. 120, the i so the rmal l ines are s een to consist o f a cu rved 
por t ion o n the r ight hand r ep resen t ing the gaseous 
state, a ho r i zon ta l p o r t i o n represent ing the process o f c o n 
densation, a n d a near ly ve r t i ca l p o r t i o n represent ing 
the l iquid state. T h e r igh t -hand b r anch o f the d o t t e d 
line, wh ich w e mus t h e r e call the gas l i ne , co r re sponds 
to the s team l ine ; and the left-hand branch , o r l iqu id l i ne , 
corresponds to t he wa te r l ine , w h i c h was no t distinguish
able in fig. 14. 

. Since these t w o l ines, w h i c h w e h a v e ca l l ed the s team l ine 
and the wa te r l ine , con t inua l ly app roach e a c h o ther as the 
temperature is ra ised , the ques t ion natural ly arises, D o they 
ever m e e t ? T h e pecu l ia r i ty o f the cond i t i ons ind ica ted b y 
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po in t s b e t w e e n these l ines is that the l iqu id a n d its vapour 
c a n ex i s t t o g e t h e r u n d e r the s a m e c o n d i t i o n s as to tempera-
lu re a n d pressure w i t h o u t the v a p o u r b e i n g l i q u e f i e d o r the 
l i q u i d e v a p o r a t e d . O u t s i d e o f this r e g i o n the substance 
mus t b e e i the r a l l v a p o u r o r a l l l i qu id . 

I f the t w o l ines m e e t , then at the pressure i n d i c a t e d b y 
t he p o i n t o f m e e t i n g there is n o t e m p e r a t u r e at w h i c h the 
substance can exis t par t ly as a l i q u i d and pa r t l y as a vapour , 
b u t the subs tance mus t e i ther b e en t i r e ly c o n v e r t e d from 
the state o f v a p o u r in to the state o f l iqu id at o n c e a n d wi th
o u t c o n d e n s a t i o n , or, s ince in this case the l i q u i d a n d the 
v a p o u r h a v e the s a m e dens i ty , it m a y b e suspec ted that the 
d i s t inc t ions w e h a v e b e e n a c c u s t o m e d t o d r a w b e t w e e n 
l i qu ids and v a p o u r s h a v e los t their m e a n i n g . 

T h e answer t o this ques t ion has b e e n t o a g r ea t e x t e n t 
s u p p l i e d b y a series o f v e r y in te res t ing researches . 

I n 1822 M . C a g n i a r d de la T o u r 1 o b s e r v e d the effect o f 
a h i g h t empera tu re u p o n l iqu ids e n c l o s e d in glass tubes o f a 
c a p a c i t y n o t m u c h g rea te r than that o f the l i q u i d itself. H e 
f o u n d that w h e n the t e m p e r a t u r e was ra i sed t o a certain 
p o i n t , the substance , w h i c h t i l l then was pa r t l y l i qu id and 
pa r t l y gaseous , s u d d e n l y b e c a m e un i fo rm in appearance 
th roughou t , w i thou t any v i s ib l e surface o f separa t ion , or any 
e v i d e n c e that the substance i n the t ube was par t ly in o n e 
s ta te a n d pa r t ly i n a n o t h e r . 

H e c o n c l u d e d that at this t empera tu re the w h o l e b e c a m e 
gaseous . T h e true conc lus ion , as D r . A n d r e w s has shown, is 
that the p rope r t i e s o f the l i q u i d and those o f the v a p o u r 
con t inua l ly app roach to s imilar i ty , a n d that, a b o v e a cer tain 
t empera tu re , the p rope r t i e s o f the l i q u i d are n o t separa ted 
f r o m those o f the v a p o u r b y a n y a p p a r e n t d i s t inc t ion b e 
t w e e n t h e m . 

I n 1823, the y e a r f o l l o w i n g the researches o f C a g n i a r d 
d e la T o u r , F a r a d a y s u c c e e d e d in l i que fy ing seve ra l b o d i e s 
h i the r to k n o w n o n l y in the gaseous f o r m , b y pressure a l o n e , 

1 Annales de Chimie, z r a t f série, xxi. et xxii. 
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and in 1826 ' h e g rea t ly e x t e n d e d our k n o w l e d g e o f t he 
effects o f tempera ture a n d pressure o n gases . H e cons iders 
that a b o v e a certain t empera tu re , which , in the l a n g u a g e o f 
Dr . A n d r e w s , w e m a y cal l the cr i t ical t empera tu re for the 
substance, no a m o u n t o f pressure wi l l p r o d u c e the p h e n o 
m e n o n w h i c h w e call condensa t ion , a n d he supposes that the 
temperature o f 166° F . b e l o w z e r o is p r o b a b l y a b o v e the 
critical t empera ture for o x y g e n , h y d r o g e n , a n d n i t rogen . 

Dr . A n d r e w s has e x a m i n e d ca rbon ic a c i d under v a r i e d 
condit ions o f t empera ture and pressure, in o r d e r t o ascer ta in 
the relat ions o f the l i qu id a n d gaseous states, a n d has 
arrived at the conc lus ion that the gaseous and l i qu id states 
are on ly w i d e l y separa ted forms o f the s a m e c o n d i t i o n o f 
matter, and m a y b e m a d e to pass o n e i n t o t he o the r wi th
out any in terrupt ion o r b r each o f con t inu i ty . 1 

Carbon ic ac id is a subs tance w h i c h at o rd ina ry t empera 
tures and pressures is k n o w n as a gas . T h e m e a s u r e m e n t s 
of R e g n a u l t and o thers s h o w that as the pressure increases 
the v o l u m e d imin ishes faster than that o f a gas w h i c h o b e y s 
the l aw o f B o y l e , a n d that as the t empera tu re rises the ex 
pansion is g rea te r than that a s s igned b y the l a w o f Char les . 

T h e i so thermal l ines o f the d i a g r a m o f c a r b o n i c a c i d at 
ordinary tempera tures a n d pressures are therefore s o m e w h a t 
flatter and also s o m e w h a t w i d e r apart than those o f t he 
m o r e perfect gases . 

T h e d i a g r a m ( p . 120) for c a rbon ic ac id is t aken f rom D r . 
A n d r e w s ' s paper , w i t h the e x c e p t i o n o f the d o t t e d l i n e 
showing the r e g i o n wi th in w h i c h the subs tance can exis t 
as a l iqu id in p r e s e n c e o f its vapour . T h e base l ine o f the 
d iagram co r re sponds , n o t t o z e r o pressure, bu t t o a pressure 
o f 47 a tmospheres . 

T h e l owes t o f t he i so the rma l l ines is that o f i 3 ° " i C . o r 
S S ° - 6 F . _ 

Thi s l ine shows that at a pressure o f abou t 47 a tmospheres 
condensa t ion occurs . T h e substance is seen to b e c o m e 

1 Phil. Trans. 1869, p. 575-
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Isothermal? of Carbonio Acid. 
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separated into two distinct portions, the upper portion being 
in the state of vapour or gas, and the lower in the state of 
liquid. The upper surface of the liquid can be distinctly 
seen, and where this surface is close to the sides of the glass 
containing the substance it is seen to be curved, as the 
surface of water is in small tubes. 

As the volume is diminished, more of the substance is 
liquefied, till at last the whole is compressed into the liquid 
form. 

I have described this isothermal line at greater length, 
that the student may compare the properties of carbonic acid 
at 55°'6 F. with those of water at 212" F. 

1. The steam before condensation begins has properties 
agreeing nearly, though not quite, with those of a perfect gas. 
In carbonic acid the volume just before liquefaction com
mences is little more than three-fifths of that of a perfect 
gas at the same temperature and pressure. T h e corresponding 
isothermal lines for air are given in the diagram, and it 
will be seen how much the carbonic acid isothermal has 
fallen below that of air before liquefaction begins. 

2. The steam when condensed into water occupies less 
than the sixteen-hundredth part of the volume of the steam. 
The liquid carbonic acid, on the other hand, occupies nearly 
a fifth part of its volume just before condensation. W e are 
therefore able to draw the dotted line of complete conden
sation in this diagram, though in the case of water it would 
have required a microscope to distinguish it from the line of 
no volume. 

3. The steam when condensed into water at 2 i 2 ° h a s 
properties not differing greatly from those of cold water. 
Its dilatability by heat and its compressibility by pressure 
are probably somewhat greater than when cold, but not 
enough to be noticed when the measurements are not very 
precise. 

Liquid carbonic acid, as was first observed by Thilorier, 
dilates as the temperature rises to a greater degree than even 

IRIS - LILLIAD - Université Lille 1 



1 2 2 Isothermal Curves. 

a g a s , a n d , as D r . A n d r e w s has shown , i t y i e l d s t o pressure 
m u c h m o r e than a n y o rd ina ry l iqu id . F r o m D r . A n d r e w s ' s 
e x p e r i m e n t s i t a l so appears that its compres s ib i l i t y dimi
nishes as the pressure increases . T h e s e results are apparent 
e v e n i n the d iagram. I t is, therefore , far m o r e compress ib le 
than a n y o rd ina ry l i qu id , a n d it appears f rom the experi 
men t s o f A n d r e w s that its c o m p r e s s i b i l i t y d imin ishes as the 
v o l u m e is r e d u c e d . 

I t appears , therefore , that t he b e h a v i o u r o f l i q u i d carbonic 
a c i d u n d e r the ac t ion o f hea t a n d pressure is v e r y different 
f rom that o f o rd ina ry l iqu ids , a n d in s o m e respects approaches 
t o that o f a gas . 

I f w e e x a m i n e the n e x t o f the i so thermals o f the d iagram, 
that for 2 i ° - 5 C . o r 7 o ° 7 F . , the a p p r o x i m a t i o n b e t w e e n the 
l i qu id a n d the gaseous states is still m o r e apparent . H e r e 
c o n d e n s a t i o n takes p l ace at abou t 6 0 a tmosphe res o f pres
sure, a n d the l i qu id occup ie s nea r ly a third o f the v o l u m e o f 
the ga s . T h e e x c e e d i n g l y d e n s e gas is a p p r o a c h i n g in its 
p r o p e r t i e s t o the e x c e e d i n g l y l igh t l iqu id . St i l l the re is a 
d i s t inc t separa t ion b e t w e e n the gaseous a n d l i q u i d states, 
t h o u g h w e are a p p r o a c h i n g the cr i t ica l t empera ture . T h i s 
cr i t ical t empera tu re has b e e n d e t e r m i n e d b y D r . A n d r e w s to 
b e 3 o Q , g 2 C . o r 87° -7 F . A t this t empera tu re , and at a 
pressure o f f r om 73 t o 75 a tmosphe re s , c a r b o n i c acid appears 
t o b e in the cri t ical cond i t i on . N o separa t ion i n t o l iquid and 
v a p o u r can b e d e t e c t e d , but at the s a m e t i m e v e r y small 
va r ia t ions o f pressure or o f t empera tu re p r o d u c e such great 
va r ia t ions o f dens i ty that n i cke r ing m o v e m e n t s a re o b s e r v e d 
in the t ube ' r e s e m b l i n g in an e x a g g e r a t e d fo rm the appear
ances e x h i b i t e d dur ing the mix tu re o f l iqu ids o f different 
dens i t ies , or w h e n co lumns o f h e a t e d air a scend through 
c o l d e r strata. ' 

T h e i so the rmal l ine for 3 i ° ' i C . o r 88° F . passes a b o v e 
this cr i t ical po in t . D u r i n g the w h o l e c o m p r e s s i o n the sub
stance is n e v e r in t w o dis t inct c o n d i t i o n s in different parts o f 
the tube . W h e n the pressure is less than 73 a tmosphe res 
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the isothermal l ine , though g rea t ly flatter than that o f a per fec t 
gas, resembles it in g e n e r a l features. F r o m 73 to 75 a t m o 
spheres the v o l u m e d imin ishes v e r y rap id ly , but b y n o m e a n s 
suddenly, a n d a b o v e this pressure the v o l u m e d imin i shes 
more gradual ly than in the case o f a per fec t gas , but still 
more r ap id ly than in m o s t l iqu ids . 

I n the isothermals for 3 2 0 , 5 C. o r g o D , 5 F . a n d for 35° -5 C. 
or 9 5 ° ' 9 F . w e can still o b s e r v e a s l ight inc rease o f c o m p r e s 
sibility near the same part o f the d iag ram, but in the 
isothermal l i ne for 48° 1 C. o r ir8°-6 F . the c u r v e is c o n 
cave upwards th roughou t its w h o l e course , and differs f rom 
the co r respond ing i so thermal l ine for a per fec t gas on ly b y 
being s o m e w h a t flatter, s h o w i n g that for all o rd ina ry pres
sures the v o l u m e is s o m e w h a t less than that ass igned b y 
Boyle ' s l aw. 

Still at the tempera ture o f 118°-6 F . c a rbon ic ac id has all 
the proper t ies o f a gas , a n d the effects o f hea t a n d pressure on 
it differ f rom their effects on a perfec t gas on ly b y quant i t ies 
requiring careful e x p e r i m e n t s to de t ec t them. 

W e h a v e n o reason t o b e l i e v e that any p h e n o m e n o n 
similar t o condensa t ion w o u l d occur , h o w e v e r g rea t a 
pressure w e r e a p p l i e d t o c a r b o n i c ac id at this tempera ture . 

I n fact, b y a p r o p e r m a n a g e m e n t w e c a n c o n v e r t car
bon ic ac id gas i n t o a l i q u i d wi thou t any sudden c h a n g e 
o f state. 

I f w e b e g i n wi th c a r b o n i c a c i d gas at 5 0 ° F . w e m a y first 
heat it till its t empera tu re is a b o v e 88° F . , the cri t ical po in t . 
W e then g radua l ly increase the pressure to, say, 1 0 0 a t m o 
spheres. D u r i n g this process n o sign o f l iquefac t ion occurs. 
F i n a l l y w e c o o l the substance, still under the pressure of 
1 0 0 a tmospheres , t o 5 0 ° F . D u r i n g this p rocess n o sudden 
change o f state can b e o b s e r v e d , but c a r b o n i c ac id at 5 0 ° F . 
and under a pressure o f 1 0 0 a tmospheres has all the p r o 
per t ies o f a l i qu id . A t the t empera tu re o f 5 0 ° F . w e canno t 
conver t c a r b o n i c a c i d gas in to a l i q u i d wi thou t a sudden 
condensat ion , but b y this process , in w h i c h the pressure is 
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a p p l i e d at a h igh tempera ture , w e h a v e caused the substance 
t o pass f rom an u n d o u b t e d l y gaseous t o an undoubted ly 
l i q u i d state wi thou t at any t i m e u n d e r g o i n g an abrupt change 
similar t o o rd ina ry l iquefac t ion . 

I h a v e de sc r ibed the expe r imen t s o f D r . A n d r e w s o n car
b o n i c a c i d at greater l eng th because t h e y furnish the mos t ' 
c o m p l e t e v i e w h i ther to g i v e n o f the re l a t ion b e t w e e n the 
l iqu id and the gaseous state, a n d o f the m o d e in w h i c h the 
proper t i es o f a gas m a y b e con t inuous ly a n d impercep t ib ly 
c h a n g e d i n t o those o f a l iqu id . 

T h e cr i t ical t empera tures o f m o s t o rd ina ry l iquids are 
m u c h h ighe r than that o f c a r b o n i c ac id , a n d their pressure 
in the cri t ical state is v e r y great , so that expe r imen t s on the 
cr i t ical state o f o rd ina ry l iquids are difficult a n d dangerous. 
M . C a g n i a r d d e la T o u r es t imated the t empera tu re and pres
sure o f the cr i t ical state t o b e : 

Tenirjerature Pressure 
h ahr. (Atmospheres) 

Ether 369° 5 37-5 
Alcohol 497°'5 H 9 ' 0 
Bisulphide of Carbon . . . 5O40'5 66-5 
Water . . . . . . 773°'o — 

I n the case o f wa te r the cr i t ical t e m p e r a t u r e was so 
high that the w a t e r b e g a n t o d i s so lve the glass tube which 
c o n t a i n e d it. 

T h e cri t ical t empera ture o f w h a t are ca l l ed the pe rmanen t 
gases is p r o b a b l y e x c e e d i n g l y l o w , so that w e canno t b y any 
k n o w n m e t h o d p r o d u c e a d e g r e e o f c o l d sufficient, even 
w h e n a p p l i e d a l o n g wi th e n o r m o u s pressure, t o c o n d e n s e 
t hem in to the l iqu id state. 

I t has b e e n sugges ted b y P ro fe s so r J a m e s T h o m s o n 1 that 
the i so thermal curves for tempera tures b e l o w the crit ical 
t empera tu re are o n l y apparen t ly , a n d n o t rea l ly , d i scon
tinuous, a n d that the i r t r ae fo rm is s o m e w h a t s imilar in its 
gene ra l features to the cu rve A B C D E F G H K. 

T h e pecul ia r i ty o f this cu rve is, that b e t w e e n the pressures 
1 Proceedings of the Royal Society, 1871, No. 130. 

IRIS - LILLIAD - Université Lille 1 



Retardation of boiling and of Condensation. 125 

indicated b y the ho r i zon t a l l ines B F and D H , a n y hor izon

tal l ine such as C E G cuts the cu rve in three different 

points. T h e l i teral in te rpre ta t ion o f this g e o m e t r i c a l cir

cumstance w o u l d b e that the fluid at this pressure, and at 

the temperature o f the i so thermal l ine, is c apab le o f exis t ing 

in three different states. O n e o f these, i nd i ca t ed b y c, 

evident ly co r responds to the l i qu id state. A n o t h e r , indi

cated b y G , co r re sponds t o the gaseous state. A t the inter

media te p o i n t E the s l o p e o f the cu rve ind ica tes that the 

vo lume a n d the pressure increase and d imin i sh toge ther . 

N o substance h a v i n g this p r o p e r t y can exist in stable equi l i 
brium, for the v e r y s l ightest d is turbance w o u l d m a k e it rush 
into the l i qu id o r the gaseous state. W e m a y therefore 
confine our a t t en t ion t o the po in t s c a n d G, 

A c c o r d i n g t o the t h e o r y o f exchanges , as e x p l a i n e d at p . 3 0 3 , 
when the l i q u i d is in con tac t w i t h its v a p o u r the ra te o f e v a p o 
ration d e p e n d s on the t empera tu re o f the l iqu id , a n d the rate 
o f condensa t ion o n the dens i ty o f the vapour . H e n c e for 
every t empera ture the re is a d e t e r m i n a t e vapour -dens i ty , and 
therefore a d e t e r m i n a t e pressure, r ep resen ted b y the ho r i zon 
tal l ine c G, at wh ich the e v a p o r a t i o n e x a c t l y ba lances the c o n -

FLG. 16. 
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densa t ion . A t the pressure i nd i ca t ed b y this ho r i zon t a l line 
the l i q u i d w i l l b e in equ i l i b r ium wi th its vapour . A t all greater 
pressures the vapour , i f in c o n t a c t w i th the l iqu id , wi l l be con
d e n s e d ; a n d at a l l smal ler pressures the l iqu id , i f in contac t 
w i th its vapour , w i l l e v a p o r a t e . H e n c e the i so the rma l l ine, as 
d e d u c e d f rom e x p e r i m e n t s o f the o rd ina ry k ind , w i l l consist o f 
the c u r v e A B C, t h e s t ra ight l i ne c G, and the c u r v e a k. 

B u t i t has b e e n p o i n t e d ou t b y Prof . J. T h o m s o n that 
b y sui table con t r i vances w e m a y d e t e c t the ex i s tence of 
o ther parts o f the i so the rma l curve . W e k n o w that the 
p o r t i o n o f the c u r v e c o r r e s p o n d i n g t o the l i q u i d state ex
tends b e y o n d the p o i n t C; for i f the l i q u i d is careful ly freed 
f rom air a n d o the r impur i t i es , a n d is n o t in contac t wi th 
anyth ing but the sides o f a vesse l to w h i c h it c lo se ly ad
heres , the pressure m a y b e r e d u c e d c o n s i d e r a b l y b e l o w that 
i n d i c a t e d b y the po in t c, t i l l at last, at s o m e p o i n t b e t w e e n 
c a n d D , the p h e n o m e n o n o f boiling with bumping c o m 
m e n c e s , as d e s c r i b e d at p . 2 5 . 

L e t us n e x t cons ide r the substance w h o l l y in the state of 
vapour , as i nd i ca t ed b y the p o i n t K , a n d l e t i t b e k e p t at the 
same t empera tu re a n d g r a d u a l l y c o m p r e s s e d t i l l it is in the 
state i nd ica t ed b y the p o i n t G. I f there a re a n y drops of 
the l i q u i d in the vesse l , or i f the vesse l is c apab le o f be ing 
w e t t e d b y the l iqu id , c o n d e n s a t i o n w i l l n o w beg in . But i f 
the re are n o faci l i t ies for condensa t ion , the pressure m a y be 
increased a n d the v o l u m e d i m i n i s h e d t i l l the state o f the 
v a p o u r is that w h i c h is r ep resen ted b y the po in t F . A t this 
po in t condensa t i on must t ake p l a c e i f i t has no t begun 
b e f o r e . 1 

T h e ex i s tence o f this va r iab i l i ty in the c i r c u m s t a n c e ; of 
condensa t ion , though s e e m i n g l y p r o b a b l e , is no t as ye t 
es tabl ished b y e x p e r i m e n t , l i ke that o f the var iab i l i ty in the 
c i rcumstances o f e v a p o r a t i o n . P ro f . J. T h o m s o n suggests 
that b y inves t iga t ing t h e c o n d e n s a t i o n p r o d u c e d b y the 
rapid expans ion o f v a p o u r in a vesse l p r o v i d e d wi th a 

1 See the chapter on Capillarity. 
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steam-jacket , the e x i s t e n c e o f this part o f the i so thermal 
curve migh t b e es tabl ished. 

T h e state o f th ings , h o w e v e r , r e p r e s e n t e d b y the p o r t i o n 
o f the i so thermal c u r v e D E F , c a n n e v e r b e rea l i sed in a 
h o m o g e n e o u s mass , for the substance is t hen in an essent ia l ly 
unstable c o n d i t i o n , s ince the pressure increases w i t h the 
vo lume . W e canno t , the re fo re , e x p e c t any e x p e r i m e n t a l 
e v i d e n c e o f the e x i s t e n c e o f this par t o f the cu rve , unless, as 
Prof . J . T h o m s o n suggests, this state o f th ings m a y exist 
in s o m e part o f the thin superficial s tratum o f t ransi t ion 
from a l iqu id to its o w n gas , in w h i c h the p h e n o m e n a o f 
capi l lar i ty t ake p l a c e . 

CHAPTER VII . 

O N T H E P R O P E R T I E S O F A S U B S T A N C E W H E N H E A T 

I S P R E V E N T E D F R O M E N T E R I N G O R L E A V I N G I T . 

H I T H E R T O w e h a v e c o n s i d e r e d the p rope r t i e s o f subs tance 
only with r e spec t t o the v o l u m e o c c u p i e d b y a p o u n d o f the 
substance, the pressure ac t ing o n e v e r y square foo t or inch , 
and the t empera ture o f the substance, w h i c h w e h a v e assumed 
to be uniform. W e suppose the t empera tu re measu red by a 
thermometer , a n d w h e n , in o r d e r to c h a n g e t he state o f the 
b o d y , heat must b e supp l i ed to it or t aken f r o m it, w e have 
supposed this t o b e d o n e w i t h o u t p a y i n g a n y a t ten t ion t o 
the quant i ty o f hea t r equ i r ed in each case . F o r the actual 
measurements o f such quant i t ies o f hea t w e must e m p l o y the 
processes de sc r ibed in our chap te r o n Ca lo r ime t ry , o r others 
equivalent t o t hem. B e f o r e en te r ing on these cons idera t ions , 
however , w e shall e x a m i n e the v e r y impor t an t case in w h i c h 
the changes w h i c h t ake p l a c e are e f fec ted wi thou t any 
passage o f hea t e i ther i n t o the substance f rom wi thou t o r out 
o f the substance in to o the r b o d i e s . 

F o r the sake o f associa t ing the s ta tement b f scientif ic facts 
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with m e n t a l i m a g e s w h i c h are easi ly f o r m e d , a n d which pre-
se rve the s ta tements in a fo rm a lways r e a d y for use, w e shall 
suppose that the substance is con ta ined in a c y l i n d e r fitted 
w i th a pis ton, and that b o t h the c y l i n d e r a n d the p i s ton are 
abso lu t e ly i m p e r m e a b l e t o heat, so that n o t o n l y is heat 
p r e v e n t e d f rom ge t t i ng ou t or in b y pass ing c o m p l e t e l y 
t h rough the cy l i nde r o r p is ton, but n o hea t can pass be tween 
the e n c l o s e d substance and the mat te r o f the cy l inde r or 
p i s ton itself. 

N o substance in nature is abso lu te ly i rnpe rmeab le t o heat, 
so that the i m a g e w e h a v e f o r m e d can n e v e r b e fully real ised; 
but it is a lways p o s s i b l e t o ascertain, in e a c h part icular case, 
that hea t has n o t e n t e r e d or lef t the substance, t hough the 
m e t h o d s b y w h i c h this is d o n e and the a r rangements b y 
w h i c h the c o n d i t i o n is fulfi l led are c o m p l i c a t e d . I n the 
presen t discussion it w o u l d o n l y dis tract our a t tent ion from 
the m o s t impor t an t facts to de sc r i be the deta i l s o f physical 
expe r imen t s . W e therefore r e se rve a n y desc r ip t ion o f actual 
e x p e r i m e n t a l m e t h o d s t i l l w e can exp l a in t hem in c o n n e x i o n 
w i t h the p r inc ip le s o n w h i c h t h e y are f o u n d e d . I n expla in
i n g these pr inc ip les w e m a k e use o f the m o s t suitable illus
trat ions, w i thou t assuming that t h e y are phys i ca l ly poss ib le . 

W e the re fo re suppose the substance p l a c e d in a cyl inder , 
and its v o l u m e a n d pressure r egu la t ed a n d m e a s u r e d b y a 
p i s ton , a n d w e suppose that dur ing the changes o f v o l u m e 
a n d pressure o f the subs tance n o hea t e i ther enters i t or 
l e a v e s it. 

I n o r d e r t o represen t the re la t ion b e t w e e n the v o l u m e and 
the pressure, w e suppose a c u r v e t r aced o n the ind ica to r 
d i a g r a m dur ing the m o t i o n o f the p is ton , e x a c t l y as i n the 
case o f the i so the rmal l ines f o r m e r l y d e s c r i b e d . T h e on ly 
d i f fe rence is that whereas in the case o f the i so thermal 
l ines the substance was m a i n t a i n e d a lways at o n e a n d the 
sume tempera tu re , in the presen t case n o hea t is a l l o w e d 
t o en ter o r l e a v e the substance, which , as w e shall see, is 
a c o n d i t i o n o f qu i te a different k ind . 
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T h e line d rawn o n the ind ica to r d i a g r a m in the la t ter case 
has been n a m e d b y P ro fe s so r R a n k i n e an A d i a b a t i c l ine , 
because it is def ined b y the c o n d i t i o n that hea t is n o t a l l o w e d 
to pass through (StafiaiveLi') the ve s se l w h i c h conf ines the 

substance. 
Since the proper t ies o f the subs tance under this c o n d i t i o n 

are comple te ly def ined b y its ad iaba t ic l ines , it w i l l assist us 
in understanding these p roper t i e s i f w e associa te t h e m wi th 
the corresponding features o f the ad iaba t i c l ines . 

T h e first thing t o b e o b s e r v e d is that as the v o l u m e d imi 
nishes the pressure invar iab ly increases . I n fact, i f under any 
circumstances the pressure w e r e t o d imin i sh as the v o l u m e 
diminishes, the substance w o u l d b e in an unstable state, a n d 
would either co l l apse o r e x p l o d e till i t a t ta ined a c o n d i t i o n 
in which the pressure i nc reased as the v o l u m e d imin i shed . 

H e n c e the ad iaba t i c l ines s lope d o w n w a r d s f rom left t o 
right in the ind ica tor d i a g r a m as w e h a v e d r a w n it. 

I f the pressure b e con t inua l ly increased , up t o the grea tes t 
pressure which w e can p r o d u c e , t he v o l u m e cont inua l ly 
diminishes, but a lways s l o w e r a n d s lower , so that w e canno t 
tell whether there is or is n o t a l im i t i ng v o l u m e such that n o 
pressure, h o w e v e r grea t , c an c o m p r e s s the substance to a 
smaller v o l u m e . 

W e cannot , in fact, t race the l ines u p w a r d b e y o n d a 
certain distance, and there fore w e canno t assert any th ing o f 
the upper part o f their course , e x c e p t that they canno t r e c e d e 
from the l ine o f pressures, because i n that case the v o l u m e 
would increase o n accoun t o f an increase o f pressure. 

If, on the other hand , w e suppose the p i s ton t o b e d r a w n 
out so as t o a l l o w the v o l u m e to increase , the pressure w i l l 
diminish. 

I f the substance is in the gaseous fo rm, o r assumes that 
form during the p rocess , the substance w i l l con t inue to exe r t 
pressure o n the p i s ton e v e n though the v o l u m e is e n o r m o u s l y 
increased, and w e h a v e n o expe r imen ta l reason t o b e l i e v e 
that the pressure w o u l d b e r e d u c e d t o no th ing , h o w e v e r much 

K 
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t he v o l u m e w e r e increased . F o r gaseous bod ies , therefoie, 

the lines' e x t e n d indef in i t e ly in the d i r ec t i on o f the l ine of 

v o l u m e s , con t inua l ly a p p r o a c h i n g but n e v e r reach ing it. 

W i t h r e spec t t o substances w h i c h are n o t o r ig ina l ly in the 

gaseous fo rm, s o m e o f t hem, w h e n the pressure is sufficiently 

d imin i shed , are k n o w n to assume that fo rm, a n d it is plausibly 

a r g u e d that w e h a v e n o e v i d e n c e that any substance, howeve r 

so l i d and h o w e v e r c o l d , i f en t i r e ly free f rom external pres

sure, w o u l d n o t s o o n e r o r la ter b e c o m e d i ss ipa ted through 

space b y a k i n d o f e v a p o r a t i o n . 

T h e smel l b y w h i c h such meta l s as i ron a n d c o p p e r may 

b e r e c o g n i s e d is a d d u c e d as an i n d i c a t i o n that bodies , 

appa ren t ly v e r y fixed, a re con t inua l ly t h r o w i n g o f f port ions 

o f t h e m s e l v e s in s o m e v e r y a t tenuated fo rm, a n d i f in these 

cases w e h a v e n o m e a n s o f de t ec t i ng the eff luvium e x c e p t by 

the smel l , i n o the r cases w e m a y b e d e p r i v e d o f this e v i d e n c e 

b y the c i rcumstance that the eff luvium d o e s no t affect our 

sense o f smel l at all . 

B e this as i t m a y , there a re m a n y substances the pressure 

o f w h i c h seems to cease en t i re ly w h e n the v o l u m e has 

F I G . «T- r e a c h e d a cer ta in va lue . B e -

( y o n d this the pressure, i f it 

\ exists , is far t o o smal l to b e 

\ \ measured . T h e l ines o f such 

\ ^ substances m a y wi thou t sen

's " - - i so thermal s ib le er ror b e cons ide red as 
S " V ^ _ _ A d k b a t i 6 m e e t i n g t he l ine o f v o l u m e s 

« w i t h i n the l imi ts o f the diagram. 

T h e n e x t th ing t o b e o b s e r v e d abou t the ad iaba t ic lines is 

that w h e r e they cross the i so the rmal l ines t h e y are a lways 

i n c l i n e d at a g rea te r a n g l e t o the ho r i zon t a l l i ne than the 

i so the rma l l ines. 

I n other w o r d s , t o d imin i sh the v o l u m e o f a substance b y 

a g i v e n a m o u n t requires a grea ter increase o f pressure w h e n 

the substance is p r e v e n t e d f rom g a i n i n g o r l o s i n g hea t than 

w h e n it is k e p t at a cons tan t t empera ture . 
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T h i s is an i l lustrat ion o f the gene ra l p r i n c i p l e that w h e n 
the state o f a b o d y is c h a n g e d in any w a y b y the app l i ca t i on 
o f force in any fo rm, a n d i f in o n e case the b o d y is sub jec ted 
to some constraint, w h i l e in ano the r case it is f ree f rom this 
constraint but s imilar ly c i r cums tanced in all o ther respects , 
then i f during the c h a n g e the b o d y takes a d v a n t a g e o f this 
freedom, less force w i l l be r e q u i r e d t o p r o d u c e t he c h a n g e 
than w h e n the b o d y is sub jec ted to constraint . 

I n the case b e f o r e us w e m a y suppose the c o n d i t i o n o f 
constant tempera ture to b e o b t a i n e d b y m a k i n g the c y l i n d e r 
of a substance w h i c h is a pe r fec t c o n d u c t o r o f heat , a n d 
surrounding it wi th a v e r y l a rge ba th o f a fluid w h i c h is a lso a 
perfect conduc to r o f heat , a n d w h i c h has so g r ea t a c a p a c i t y 
for heat that all the hea t it r e c e i v e s f rom or g i v e s o f f t o the sub
stance in the cy l inde r does n o t sensibly al ter its t empera ture . 

T h e cy l inder in this case is c a p a b l e o f cons t ra in ing t he 
substance itself, because i t c a n n o t g e t th rough the sides o f 
the cy l inder ; but it is n o t c a p a b l e o f cons t ra in ing the heat o f 
the substance, w h i c h can pass f ree ly out o r in through the 
walls o f the cy l inder . 

I f w e n o w suppose the wa l l s o f the cy l inde r t o b e c o m e 
perfect non-conduc to r s o f heat , e v e r y t h i n g remains the same, 
except that the hea t is n o l o n g e r free t o pass in to or out o f 
the cyl inder . 

I f in the first case the m o t i o n o f the p i s ton g ives rise to 
any m o t i o n o f the hea t th rough t he wal ls , then i n the 
second case, w h e n this m o t i o n is p r e v e n t e d , m o r e force w i l l 
be required to p r o d u c e a g i v e n m o t i o n o f the cy l inde r on 
account of the g r ea t e r const ra in t o f the sys tem o n w h i c h the 
force acts. 

F r o m this w e m a y d e d u c e the effect w h i c h the compres s ion 
of a substance has o n its t empera tu re w h e n heat is p r e v e n t e d 
from enter ing or l e a v i n g the substance. 

• W e have seen that in e v e r y case the pressure increases 
more than it d o e s w h e n the t empera tu re remains constant , or 
i f the increase o f pressure b e supposed g i v e n , the d iminu t ion 
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of v o l u m e is less w h e n the hea t is conf ined . H e n c e the 
vo lume after the pressure is a p p l i e d is g rea te r w h e n the hea t 
is confined than w h e n the t empera ture is constant . 

Far the greater n u m b e r o f substances e x p a n d w h e n their 
temperature is raised, so that for the same pressure a grea ter 
vo lume cor responds t o a h ighe r t empera tu re . I n these sub
stances, therefore , c o m p r e s s i o n p r o d u c e s a rise o f t empera ture 
if heat is n o t a l l o w e d t o escape ,· bu t i f the wa l l s o f the 
cylinder pe rmi t the passage o f heat, as soon as the t e m p e 
rature has begun t o rise hea t wi l l b e g i n to. f l ow out, so that 
if the compress ion is e f fec ted s l o w l y the pr inc ipa l the rma l 
effect o f the c o m p r e s s i o n w i l l b e to m a k e the substance part 
with some o f its heat. T h e i so thermal and ad iaba t ic l ines 
of air are g i v e n in fig. 18, p . 132. T h e ad iaba t i c l ines are 
more inc l ined to the ho r i zon ta l than t he i so the rmal l ines . 

T h e r e are, h o w e v e r , cer ta in substances w h i c h con t rac t 
instead o f e x p a n d i n g w h e n their t empera ture is ra ised. 
W h e n pressure is a p p l i e d t o these substances the c o m p r e s s i o n 
produced is, as in the fo rmer case, less w h e n hea t is p re 
vented from passing than w h e n the tempera ture is ma in t a ined 
constant. T h e v o l u m e after the app l ica t ion o f pressure is 
therefore, as be fo re , g rea te r than w h e n the t empera tu re is con 
stant ; but s ince in these substances an increase o f v o l u m e 
indicates a fall o f tempera ture , it f o l l ows that, ins tead o f b e i n g 
heated, they are c o o l e d b y compress ion , a n d that, i f the wa l l s 
of the cy l inde r p e r m i t the passage o f heat, hea t w i l l flow in 
from without to res tore the equ i l ib r ium o f t empera ture . 

Dur ing a* change o f state, w h e n , at a g i v e n pressure, the 
volume alters cons ide r ab ly wi thou t c h a n g e o f t empera tu re , as 
successive por t ions o f the substance pass f rom the o n e state 
to the other, the i so the rma l l ines are , as w e h a v e a l ready 
remarked, hor izon ta l . T h e ad iaba t i c l ines , h o w e v e r , are 
inclined d o w n w a r d s f rom left t o r ight . A n y increase o f 
pressure w i l l cause a p o r t i o n o f the substance t o pass in to 
that one o f the t w o states in w h i c h its v o l u m e is least. I n 
so do ing it w i l l g i v e out heat if, as in the case o f a l i qu id a n d 
its vapour, the substance g i v e s out heat in pass ing into the 
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dense r s t a t e ; but if, as in the case o f i c e a n d water , the ice 
requires heat to m e l t it into the denser f o r m o f water , then 
an increase o f pressure w i l l cause s o m e o f the i ce to melt, 
a n d the mix tu re w i l l b e c o m e c o l d e r . 

T h e i so the rmal and ad iaba t i c l ines for s t eam in presence 
o f wa te r are g i v e n in fig. 19, p . 135. T h e i so thermal lines 
are he r e hor i zon ta l . 

T h e s team l ine v v, w h i c h ind ica t e s the v o l u m e o f one 
p o u n d o f saturated steam, is a l so d r a w n o n the d iagram. I t s 
inc l ina t ion to t h e ho r i zon t a l l i ne is less than that o f the 
ad iaba t i c l ines. H e n c e w h e n n o hea t is a l l o w e d to escape, 
an increase o f pressure causes s o m e o f the w a t e r to b e c o m e 
s team, a n d a d iminu t ion o f pressure causes s o m e o f the 
s team to b e c o n d e n s e d in to water . T h i s was first shown by 
Clausius a n d R a n k i n e . 

B y m e a n s o f d i ag rams o f the i so the rmal and adiabatic 
l ines the thermal p rope r t i e s o f a substance can b e c o m 
p l e t e l y de f ined , as w e shall s h o w in the subsequent chapters 
A s a scient i f ic m e t h o d , this m o d e o f r ep resen t ing the p ro 
per t ies o f the substance is b y far the best , but in o rder to 
interpret the d iagrams , s o m e k n o w l e d g e o f t h e r m o d y n a m i c s 
is r equ i r ed . A s a m e r e a id t o the student in r e m e m b e r i n g 
the proper t ies o f a substance, the f o l l o w i n g m o d e o f tracing 
the changes o f v o l u m e a n d tempera ture at a constant pres
sure m a y b e found useful, t hough it is qu i te desti tute o f 
those scientif ic mer i t s w h i c h r e n d e r the i nd i ca to r d iagrams 
so v a l u a b l e in the inves t iga t ion o f phys ica l p h e n o m e n a . 

T h e d i a g r a m o n p . 137 represents the effect o f the appli
ca t i on o f heat to a p o u n d o f i c e at 0° F . T h e quant i ty o f 
hea t a p p l i e d to the i c e is i nd i ca t ed b y the d i s t ance measured 
a l o n g the base l ine m a r k e d ' units o f heat. J T h e v o l u m e 
o f t he substance is i n d i c a t e d b y the l e n g t h of the per
pend icu l a r f rom the base l i ne cut o f f b y the ' l i n e o f 
v o l u m e , ' a n d the t empera tu re .is i n d i c a t e d b y the length 
cut o f f b y the d o t t e d ' l i n e o f t empera tu re . ' 

T h e specif ic hea t o f i c e is abou t o'5, so that i t requires 
16 units o f heat to raise its t empera ture f rom 0° F . to 32° F . 
T h e specif ic g r av i t y o f i c e at 3 2 0 F . is, a c c o r d i n g t o Bunsen , 
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0-91674, so that its v o l u m e , as c o m p a r e d w i t h water at 39°-i, 
is 1 '0908. 

T h e i c e n o w b e g i n s t o mel t , the t empera tu re remains 
constant at 32° F . , bu t the v o l u m e o f i c e d iminishes and 
the v o l u m e o f w a t e r increases , as is r ep re sen ted b y the 
l ine m a r k e d ' v o l u m e o f i c e . ' T h e la tent hea t o f ice is 
144 0 F . , so that the p rocess o f m e l t i n g g o e s o n t i l l 1 4 4 units 
o f hea t h a v e b e e n a p p l i e d t o the substance, a n d the who le 
is c o n v e r t e d i n t o w a t e r at 32° F . 

T h e v o l u m e o f t he wa te r at 32° F . is, a c c o r d i n g to 
M \ D e s p r e t z , i ' o o o i 2 7 . I t s speci f ic hea t is at this tem
perature a v e r y l i t t l e g rea te r than uni ty ; i t is exac t ly unity 
at 3 9 ° ' i F . , a n d as t he t empera ture rises the specif ic heat 
increases, so that t o hea t the wa te r f r om 32° F . t o 212° F. 
requires 182 uni ts ins tead o f 180. T h e v o l u m e o f the 
wa te r d imin ishes as the t empera tu re rises f r om 32° F . to 
3 9 ° ' i F . , w h e r e i t is e x a c t l y 1. I t then expands , s lowly at 
first, bu t m o r e r ap id ly as the t empera ture rises, till at 212 0 F 
'he v o l u m e o f t he w a t e r is 1'04315. 

I f w e con t i nue t o a p p l y hea t t o the wate r , the pressure 
b e i n g still that o f the a tmosphe re , the wa te r beg ins to boil. 
F o r e v e r y unit o f heat , o n e n i n e hundred and sixty-fifth 
par t o f the p o u n d o f w a t e r is b o i l e d a w a y a n d is conve r t ed 
i n t o s team, the v o l u m e o f w h i c h is about 1,700 t imes that o f 
the wa te r f rom w h i c h it w a s f o r m e d . T h e d i a g r a m migh t be 
e x t e n d e d on a l a rge r shee t o f pape r t o represent the w h o l e 
p rocess o f b o i l i n g the wa te r a w a y . T h i s p rocess w o u l d re
qui re 965 units o f heat , so that the w h o l e l e n g t h o f the base 
l ine f rom o w o u l d b e 11-07 inches . A t this p o i n t the water 
w o u l d b e all b o i l e d away, and the s t eam w o u l d o c c u p y a 
v o l u m e o f 1,700 t imes that o f the water , T h e ver t ica l l ine 
o n t he d i a g r a m w h i c h w o u l d represen t the v o l u m e o f the 
s t eam w o u l d b e 3,400 inches , o r m o r e than 286 fee t long . 
T h e t empera tu re w o u l d b e still 212° F . I f w e cont inue to 
a p p l y hea t t o the s team, still at t he a tmosphe r i c pressure, 
its t empera ture w i l l rise in a pe r f ec t ly un i fo rm m a n n e r at 
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the rate of 2° -o8 degrees for every unit of heat, the specific 
heat of steam being o'4.8c>5. 

The volume of the superheated steam also increases in a 
regular manner, being proportional to its absolute tempe
rature reckoned from —460° F. 

C H A P T E R V I I I . 

O N H E A T E N G I N E S . 

H I T H E R T O the only use we have made of the indicator 
diagram is to explain the relation between the volume and the 
pressure of a substance placed in certain thermal conditions. 
The condition that the temperature is constant gave us the 
isothermal lines, and the condition that no communication 
of heat takes place gave us the adiabatic lines. W e have 
now to consider the application of the same method to the 
measurements of quantities of heat and quantities of me
chanical work. 

A t p. 1 0 2 it was shown that if the pencil of the indicator 
moves from B to c, this shows that the volume of the sub
stance has increased from o b to 0 c, under a pressure which 
was originally B b and finally c c. 

The work done by the pressure of the substance against 
the piston during this motion is represented by the area 
B c c b, and since the volume increases during the process, 
it is the substance which does the work on the piston, 
and not the piston which does the work on the substance. 

In heat engines of ordinary construction, such as steam 
engines and air engines, the form of the path described by 
the pencil depends on the mechanical arrangements of the 
engine, such as the opening and shutting of the valves which 
admit or carry off the steam. 

For the purposes of scientific illustration, and for obtaining 
clear views of the dynamical theory of heat, we shall describe 

IRIS - LILLIAD - Université Lille 1 



Carnot's Engine. 139 

the working of an engine of a species entirely imaginary— 
one which it is impossible to construct, but very easy to 
understand. 

This engine was invented and described by Sadi Camot, 
in his ' Reflexions sur la Puissance motrice du Peu,' pub
lished in 1824. I t is called Carnot's Reversible Engine for 
reasons which we shall explain. 

All the arrangements connected with this engine are con
trived for the sake of being explained, and are not intended 
to represent anything in thé working of real engines. 

Camot himself was a believer in the material nature of 
heat, and was in consequence led to an erroneous statement 
of the quantities of heat which must enter and leave the 
engine. As our object is to understand the theory of heat, 
and not to give an historical account of the theory, we shall 
avail ourselves of the important step which Camot made, 
while we avoid the error into which he fell. 

T 

B 

C O L D 

Let D be the working substance, which may be any sub
stance whatever which is in any way affected by heat, but, 
for the sake of precision, we shall suppose it to be either air 
or steam, or partly steam and partly condensed water at the 
same temperature. 

The working substance is contained in a cylinder fitted 
with a piston. The walls of the cylinder and the pistou are 
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s u p p o s e d t o b e pe r fec t n o n - c o n d u c t o r s o f heat, but the 
b o t t o m o f the c y l i n d e r is a per fec t c o n d u c t o r o f heat, and has 
so smal l a c a p a c i t y for hea t that the a m o u n t o f heat requi red 
t o raise its t empera tu re m a y b e left out o f account . A l l the 
c o m m u n i c a t i o n o f heat b e t w e e n the w o r k i n g substance and 
th ings ou ts ide the c y l i n d e r is suppose d t o take p lace 
t h r o u g h this c o n d u c t i n g b o t t o m , a n d the quanti t ies o f heat 
a r e supposed to b e measu red as they pass through. 

A a n d n a re t w o b o d i e s the tempera tures o f wh ich are 
m a i n t a i n e d un i fo rm. A is k e p t a lways hot , at a temperature 
s, and B is k e p t a lways c o l d , at a t empera tu re T . c is a 
s tand t o set the cy l i nde r on, the uppe r surface o f w h i c h is a 
p e r f e c t n o n - c o n d u c t o r o f hea t . 

L e t us suppose that the w o r k i n g substance is at the tem
pera tu re T o f t he c o l d b o d y E, a n d that its v o l u m e and 

F l G 2 a pressure are r ep re sen ted in the in

d ica to r d i a g r a m b y o a and a A , the 
p o i n t A b e i n g o n the i so thermal l ine 
A D c o r r e s p o n d i n g to the l o w e r tem
pera ture T. 

First Operation.—We n o w place 
the cy l i nde r o n the n o n - c o n d u c t i n g 
stand c, so that n o hea t can escape, 
a n d w e then f o r c e the p i s ton d o w n , 
so as t o d imin i sh the v o l u m e o f the 
substance. A s n o hea t can escape, 
the t empera tu re rises, and the rela
t ion b e t w e e n v o l u m e and pressure 
at a n y instant w i l l b e expressed b y 

the p e n c i l t rac ing the ad iaba t i c l i ne A B. 

W e con t inue this process t i l l the t empera tu re has r isen to 
s, that o f the h o t b o d y A . D u r i n g this p rocess w e have ex
p e n d e d an a m o u n t o f w o r k o n the substance w h i c h is re
p r e s e n t e d b y the area A B b a. I f w o r k is r e c k o n e d n e g a t i v e 
w h e n it is spen t o n the substance, w e must regard that 
e m p l o y e d in this first ope ra t ion as n e g a t i v e . 
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Second Operation.—We n o w transfer the cy l i nde r t o the 
hot b o d y A, a n d a l l o w the p i s ton gradua l ly to rise. T h e 
i m m e d i a t e effect o f the e x p a n s i o n o f the subs tance is t o 
m a k e its tempera ture fall , bu t as s o o n as the t empera tu re 
begins to fall, hea t flows in f rom the ho t b o d y A t h rough the 
perfect ly conduc t ing b o t t o m , and k e e p s the t empera tu re f rom 
falling b e l o w the t empera tu re s. 

T h e substance w i l l therefore e x p a n d at the t empera tu re s, 
and the penc i l w i l l t race out the l i n e B C, w h i c h is par t o f the 
isothermal l ine c o r r e s p o n d i n g t o the uppe r t empera tu re s. 

Dur ing this process the substance is d o i n g w o r k b y its 
pressure o n the pis ton. T h e amoun t o f this w o r k is re
presented b y the a r e a B C c 6, and i t is to b e r e c k o n e d 
posi t ive. 

A t the same t i m e a cer ta in a m o u n t o f heat, w h i c h w e shall 
call 11, has passed f r o m the h o t b o d y A i n t o the w o r k i n g 
substance. 

Third Operation.—The c y l i n d e r is n o w transferred f rom the 
hot b o d y A to the n o n - c o n d u c t i n g b o d y c, a n d the p i s ton is 
a l lowed t o rise. T h e ind ica t ing p e n c i l w i l l t race out the 
adiabatic l ine c D , s ince there is n o c o m m u n i c a t i o n o f heat, 
and the t empera tu re w i l l fall dur ing the p rocess . W h e n 
the t empera ture has fa l len t o T , that o f the c o l d b o d y , 
let the ope ra t i on b e s t o p p e d . T h e p e n c i l w i l l then h a v e 
arr ived at D , a p o i n t o n the i so thermal l i ne for the l o w e r 
temperature T. 

T h e w o r k d o n e b y the substance dur ing this process is 
represented b y the area c D d c, and is pos i t i ve . 

Fourth Operation.—The c y l i n d e r is p l a c e d o n the c o l d 
b o d y B . I t has the s a m e t empera tu re as B , so that there is n o 
transfer o f heat . B u t as s o o n as w e b e g i n to press d o w n the 
piston hea t f lows f rom the w o r k i n g substance into B , so that 
the tempera ture r ema ins sens ib ly equal to x dur ing the 
operat ion. T h e p i s ton must b e f o r c e d d o w n till i t has 
reached the p o i n t at w h i c h it was at the b e g i n n i n g o f the 
first opera t ion , and, s ince the tempera ture is a lso the same, 
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the pressure w i l l b e the s a m e as at first. T h e work ing 
substance, therefore , after these four ope ra t ions , has returned 
e x a c t l y t o its o r ig ina l state as r ega rds v o l u m e , pressure, and 
tempera ture . 

D u r i n g the fourth ope ra t ion , i n w h i c h t he p e n c i l traces the 
p o r t i o n D A o f the i so thermal l ine for the l o w e r temperature, 
the p i s ton d o e s w o r k o n the substance, the a m o u n t o f which 
is to b e r e c k o n e d n e g a t i v e , a n d w h i c h is r ep re sen ted b y the 
area D A a d. 

A t the same t i m e a cer ta in a m o u n t o f heat , w h i c h w e shall 
d e n o t e b y h, has f l o w e d f rom the w o r k i n g substance into the 
c o l d b o d y B . 

DEFINITION O F A CYCXF..—A series of operations by ivhich 
the substance is finally brought to the same state in all respects 
as at first is called a Cycle of operations. 

Total Work done during the Cycle.—When the p is ton is 
r ising the substance is g i v i n g ou t w o r k · this is the case in 
the s econd and third opera t ions . W h e n the p i s ton is sinking it 
is p e r f o r m i n g w o r k o n the substance w h i c h is to b e r eckoned 
nega t ive . H e n c e , t o find the w o r k p e r f o r m e d b y the substance 
w e must subtract the area D A B b d, r ep re sen t ing the nega t i ve 
work , f r om the p o s i t i v e w o r k , B C D d b. T h e remainder , 
A B c D, represents the useful w o r k p e r f o r m e d by- the sub
s tance dur ing the c y c l e o f opera t ions . I f w e h a v e any diffi
cu l ty in unders tand ing h o w this a m o u n t o f w o r k can be 
o b t a i n e d in a useful f o r m dur ing the w o r k i n g o f the engine , 
w e h a v e o n l y to suppose that the p i s ton w h e n it rises is 
e m p l o y e d in l i f t ing we igh t s , and that a p o r t i o n o f the we igh t 
l i f ted is e m p l o y e d t o fo rce the p i s ton d o w n again . A s the 
pressure o f the substance is less w h e n the p i s ton is s inking 
than w h e n it is r is ing, it is p la in that the e n g i n e can raise a 
g rea te r w e i g h t than that w h i c h is r equ i r ed t o c o m p l e t e the 
c y c l e o f ope ra t ions , so that on the w h o l e the re is a ba l ance 
o f useful w o r k . 

Transference of Heat during the Cycle.—It is o n l y in the 
s e c o n d and fourth opera t ions that there is any transfer o f 
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heat, -for in the first a n d th i rd the hea t is c o n f i n e d b y the 
non-conduct ing stand. 

I n the s e c o n d ope ra t i on a quant i ty o f hea t r ep r e sen t ed b y 
H passes f rom the ho t b o d y A i n t o t he w o r k i n g subs tance at 
the upper t empera ture s, a n d in the fourth ope ra t i on a 
quantity o f hea t r ep r e sen t ed b y h passes f rom the w o r k i n g 
substance in to the c o l d b o d y B at the l o w e r t empera tu re T. 

T h e w o r k i n g substance is left after the c y c l e o f ope ra t i ons 
in precise ly the same state as it was at first, so that the w h o l e 
physical result o f the c y c l e is—• 

1. A quanti ty, H , o f hea t t aken f rom A at the t empera tu re s. 

2. T h e p e r f o r m a n c e b y t he substance o f a quan t i ty o f 
work represen ted b y A B C D. 

3. A quanti ty, h, o f hea t c o m m u n i c a t e d t o B at the t e m 

perature T. 

APPLICATION O F T H E PRINCIPLE O F T H E C O N S E R V A T I O N 
O F E N E R G Y . 

I t has l o n g b e e n though t b y those w h o s tudy natural 
forces that in a l l o b s e r v e d ac t ions a m o n g b o d i e s t he w o r k 
which is d o n e is m e r e l y t ransferred f rom o n e b o d y in w h i c h 
there is a store o f e n e r g y in to another , so as t o inc rease t he 
store o f e n e r g y in the lat ter b o d y . 

T h e w o r d e n e r g y is e m p l o y e d to d e n o t e the capac i ty 
which a b o d y has o f p e r f o r m i n g w o r k , w h e t h e r this c a p a c i t y 
arises f rom the m o t i o n o f the b o d y , as in the case o f a cannon-
ball, wh ich i s . a b l e t o ba t te r d o w n a wa l l b e f o r e i t can b e 
s topped ; or f rom its pos i t ion , as in the case o f the w e i g h t o f a 
c lock w h e n w o u n d up, w h i c h is a b l e to k e e p the c l o c k g o i n g 
for a w e e k ; or f r om any other cause, such as the e las t ic i ty o f 
a watch-spr ing, the magne t i sa t ion o f a c o m p a s s n e e d l e , the 
chemical p roper t i es o f an ac id , o r the hea t o f a h o t b o d y . 

T h e d o c t r i n e o f the conse rva t ion o f e n e r g y asserts that all 
these different fo rms o f e n e r g y can b e measured in the same 
way that m e c h a n i c a l w o r k is measured , and that i f the w h o l e 
energy o f any sys tem w e r e measu red in this w a y the mutual 
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ac t i on o f the parts o f the sys t em can ne i the r increase nor 
d imin i sh its to ta l s tock o f ene rgy . 

H e n c e any increase o r d i m i n u t i o n o f e n e r g y in a system 
must b e t r a ced t o the ac t i on o f b o d i e s ex te rna l to the 
sys tem. 

T h e b e l i e f in the doc t r i ne o f t he c o n s e r v a t i o n o f energy 
has grea t ly assisted the p rogress o f phys ica l science, especial ly 
s ince 1840. T h e numerous inves t iga t ions w h i c h have been 
m a d e into the m e c h a n i c a l v a l u e o f var ious forms o f energy 
w e r e all under taken b y m e n w h o b e l i e v e d that in so doing 
they w e r e l a y i n g a founda t ion for a m o r e accura te k n o w l e d g e 
o f phys ica l act ions c o n s i d e r e d as fo rms o f ene rgy . T h e fact 
that s o m a n y fo rms o f e n e r g y can b e measu red o n the 
hypothes i s that t h e y are a l l e q u i v a l e n t t o m e c h a n i c a l energy, 
a n d that m e a s u r e m e n t s c o n d u c t e d b y different m e t h o d s are 
cons is ten t w i th e a c h other, shows that the doc t r ine con
tains scient if ic truth. 

T o es t imate its truth f rom a d e m o n s t r a t i v e p o i n t o f v iew 
w e mus t cons ider , as w e h a v e a lways t o d o i n m a k i n g such 
est imates , w h a t is i n v o l v e d in a d i r ec t con t rad ic t ion o f the 
doc t r ine . I f the d o c t r i n e is no t true, then it is poss ib le for 
the parts o f a ma te r i a l system, b y the i r mutual act ion alone, 
and w i t h o u t b e i n g themse lves a l t e r ed in a n y pe rmanen t way, 
e i ther to d o w o r k o n ex te rna l b o d i e s o r to h a v e w o r k done 
o n t h e m b y ex te rna l b o d i e s . S i n c e w e h a v e supposed the 
sys tem after a c y c l e o f ope ra t i ons t o b e in e x a c t l y the same 
state as at first, w e m a y suppose the c y c l e o f ope ra t ions to 
b e r e p e a t e d an indef in i te n u m b e r o f times, a n d therefore the 
sys t em is capab le in the first case o f d o i n g an indefini te 
quan t i ty o f w o r k wi thou t a n y t h i n g b e i n g supp l i ed t o it, and 
in the s e c o n d o f abso rb ing an inde f in i t e quant i ty o f w o r k 
wi thou t s h o w i n g any result. 

T h a t the d o c t r i n e o f the c o n s e r v a t i o n o f e n e r g y is no t 
se l f -evident is s h o w n b y the r e p e a t e d a t tempts t o d i s c o v e r 
a perpe tua l m o t i v e p o w e r , a n d though such a t tempts h a v e 
b e e n l o n g c o n s i d e r e d h o p e l e s s b y scient if ic m e n , these m e n 
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themselves had r e p e a t e d l y o b s e r v e d the appa ren t loss o f 
energy in friction a n d o ther natural ac t ions , w i thou t m a k i n g 
any at tempt o r e v e n s h o w i n g any desi re t o ascertain wha t 
becomes o f this energy . 

T h e ev idence , h o w e v e r , w h i c h w e h a v e o f the doc t r i ne is 
nearly i f no t qui te as c o m p l e t e as that o f the conse rva t i on of 
matter—the doc t r i ne that in natural opera t ions the quant i ty 
o f matter in a sys tem a lways remains the same though it m a y 
change its form. 

N o g o o d e v i d e n c e has b e e n b r o u g h t against e i ther o f these 
doctrines, arid they are as cer tain as any o the r par t o f our 
knowledge o f natural things. 

T h e great mer i t o f C a m o t ' s m e t h o d is that h e arranges his 
operations in a c y c l e , so as t o l e a v e the w o r k i n g substance 
in precisely the s a m e c o n d i t i o n as he found it. W e are 
therefore sure that the e n e r g y r ema in ing in the w o r k i n g 
substance is the same in amoun t as at the b e g i n n i n g o f the 
cycle. I f this c o n d i t i o n is no t fulfilled, w e should h a v e t o 
discover the ene rgy r equ i red to change the substance f rom 
its original to its final state b e f o r e w e c o u l d m a k e any 
assertion based upon the conse rva t ion o f ene rgy . 

W e have therefore g o t r id o f the cons idera t ion o f the 
energy residing in the w o r k i n g substance, w h i c h is c a l l ed its 
intrinsic energy, and w e h a v e o n l y t o c o m p a r e — 

1. T h e or ig ina l ene rgy , w h i c h is a quant i ty H o f heat at the 
temperature s o f the ho t b o d y . T h i s b e i n g c o m m u n i c a t e d t o 
the work ing substance, w e g e t for the result ing e n e r g y — 

2. A quant i ty o f w o r k d o n e , r ep resen ted b y A B C D J and 
3. A quant i ty h o f hea t at the tempera ture T o f the c o l d 

body. 

T h e p r inc ip le o f the conse rva t ion o f e n e r g y tells us that 
the energy o f the heat H a t the tempera ture s e x c e e d s that 
o f the heat h at t he tempera ture T b y a quanti ty o f m e 
chanical e n e r g y represen ted by A B C D , w h i c h can b e easily 
expressed in foot -pounds . T h i s is a d m i t t e d b y all. 

N o w C a r n o t b e l i e v e d heat to b e a mater ia l substance, 
L 
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c a l l e d calor ic , wh ich o f course canno t b e c rea ted o r destroyed. 
H e therefore c o n c l u d e d that, s ince the quant i ty of heat re
m a i n i n g in the substance is the same as at first, H , the quantity 
o f hea t c o m m u n i c a t e d t o it, a n d h, the quant i ty o f heat 
abst racted f rom it, must b e the same. 

T h e s e t w o por t ions o f heat , h o w e v e r , are, as Carnot 
o b s e r v e d , in different cond i t ions , for H is a t the temperature 
o f the ho t b o d y , a n d h at that o f the c o l d b o d y , and Carnot 
c o n c l u d e d that the w o r k o f the eng ine w a s d o n e at the 
e x p e n s e o f the fall o f tempera ture , the ene rgy o f any 
dis t r ibut ion o f heat b e i n g grea ter the hot te r the b o d y which 
con ta ins it. 

H e i l lustrated this t h e o r y v e r y c l e a r l y b y the ana logy of a 
wate r -mi l l . W h e n wate r d r ives a mi l l the w a t e r wh ich enter? 
the m i l l l e a v e s i t aga in unchanged in quant i ty , but at a lower 
l e v e l . C o m p a r i n g hea t w i t h water, w e must c o m p a r e heat 
at h i g h tempera ture w i th wa te r at a h igh l e v e l . W a t e r tends 
t o flow f rom h igh g r o u n d t o l o w ground , just as hea t tends to 
f l o w f rom h o t b o d i e s t o c o l d ones . A w a t e r - m i l l makes use 
o f this t e n d e n c y o f water , a n d a hea t e n g i n e m a k e s use of the 
c o r r e s p o n d i n g p r o p e r t y o f heat . 

T h e measuremen t o f quant i t ies o f heat , e spec i a l l y when it 
has to b e d o n e in an e n g i n e at work , is an ope ra t ion o f great 
diff icul ty, and it was n o t till 1862 that i t was shown experi
m e n t a l l y b y H i r n that h, the heat emi t t ed , is rea l ly less than 
H, the hea t r e c e i v e d b y the e n g i n e . B u t it is easy to see 
that the assumpt ion that H is equa l to h must b e wrong . 

F o r i f w e w e r e to e m p l o y the e n g i n e in stirring a l iquid, 
then the w o r k A B C D spent in this w a y w o u l d genera te an 
a m o u n t o f hea t w h i c h w e m a y d e n o t e b y •§ in the l iquid. 

T h e hea t H at the h i g h tempera ture has therefore been 
used, a n d w e find ins tead o f it a quan t i ty h at the l ow 
tempera ture , a n d also >§ at the t empera tu re o f the l iquid , 
w h a t e v e r it is. 

But i f hea t is mater ia l , a n d therefore H = k, then h + >§ 
is g rea te r than the or ig ina l quant i ty H , a n d hea t has been 
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created, which is contrary t o the hypo thes i s that i t is 
material. 

Besides this, w e m i g h t h a v e a l l o w e d the hea t H t o pass 
from the ho t b o d y to the c o l d b o d y b y conduc t ion , e i ther 
directly or through o n e o r m o r e c o n d u c t i n g bod i e s , and in 
this case w e k n o w that the hea t r e c e i v e d b y the c o l d b o d y 
would be equal to the heat t aken f rom the ho t b o d y , s ince 
conduct ion does no t a l ter the quant i ty o f heat. H e n c e in 
this case H = h, but n o w o r k is d o n e dur ing the transfer of 
heat. W h e n , in add i t i on t o the transfer o f heat, w o r k is d o n e 
by the engine, there ough t t o b e s o m e d i f fe rence in the final 
result, but there w i l l b e n o di f ference i f h is still equa l t o H. 

T h e hypothes is o f ca lor ic , o r the t heo ry that hea t is a k i n d 
o f matter, is r ende red untenable , first b y the p r o o f g i v e n b y 
Rumford, and m o r e c o m p l e t e l y b y D a v y , that hea t can b e 
generated at the e x p e n s e o f m e c h a n i c a l w o r k ; and , s econd , 
by the measurements o f I l i r n , w h i c h s h o w that w h e n heat 
does work in an eng ine , a po r t ion o f the hea t disappears . 

T h e de terminat ion o f the m e c h a n i c a l equ iva l en t o f hea t b y 
Joule enables us to assert that the hea t w h i c h is r equ i red t o 
raise a p o u n d o f water f rom 3 9 ° F . to 4 0 ° F . is m e c h a n i c a l l y 
equivalent to 7 7 2 f oo t -pounds o f w o r k . 

I t is to b e o b s e r v e d that in this s ta tement no th ing is said 
about the tempera ture o f the b o d y in w h i c h the heat exists. 
T h e heat w h i c h raises the p o u n d o f water f r om 3 9 ° F . to 
4 0 0 F. m a y b e taken f rom a vesse l o f c o l d wa te r at 5 0 0 F . , 
from a red-hot i ron heater at 7 0 0 0 F . , or f rom the sun at a 
temperature far a b o v e any e x p e r i m e n t a l de t e rmina t ion , a n d 
yet the heat ing effect o f the heat is the same w h a t e v e r b e the 
source f rom w h i c h it flows. W h e n hea t is measu red as a 
quantity, n o regard w h a t e v e r is pa id t o the t empera ture o f 
the b o d y in w h i c h the hea t exists, any m o r e than t o the size, 
weight, or pressure o f that b o d y , just as w h e n w e deter
mine the w e i g h t o f a b o d y w e p a y no a t tent ion to its o ther 
properties. 

H e n c e i f a b o d y in a cer tain state, as to temperature , &c, 
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is c apab le o f hea t ing so m a n y p o u n d s o f wa te r f r om 39° F . to 
40° F . b e f o r e i t is i t se l f c o o l e d t o a g i v e n tempera ture , say 
40° F . , then i f that b o d y , i n its o r ig ina l state, is stirred about 
and its parts r u b b e d toge the r so as t o e x p e n d 772 foo t -pounds 
o f w o r k in the process , i t w i l l b e a b l e t o hea t o n e pound 
m o r e o f wa te r f rom 39° F . t o 40° F . b e f o r e it is c o o l e d to the 
g i v e n tempera ture . 

C a r n o t , therefore , was w r o n g in suppos ing that the 
m e c h a n i c a l e n e r g y o f a g i v e n quant i ty o f heat is greater 
w h e n it exists in a ho t b o d y than w h e n it exists in a co ld 
b o d y . W e n o w k n o w that its m e c h a n i c a l e n e r g y is exact ly 
the same in b o t h cases, a l though w h e n in the ho t b o d y it is 
m o r e ava i l ab l e for the pu rpose o f d r i v i n g an eng ine . 

T n our s t a t emen t o f the four opera t ions o f Carnot ' s engine 
w e a r ranged t h e m so as t o l e a v e the resul t i n a state in 
w h i c h w e can interpret it e i ther as C a r n o t d id , o r accord ing 
to the d y n a m i c a l t h e o r y o f heat. C a r n o t h i m s e l f began with 
the ope ra t ion w h i c h w e h a v e p l a c e d second , the expansion 
at the uppe r t empera tu re , a n d he di rec ts us t o cont inue the 
fourth opera t ion , c o m p r e s s i o n at the l o w e r t empera ture , till 
e x a c t l y as m u c h hea t has left the substance as e n t e r e d during 
the e x p a n s i o n at the uppe r t empera ture . T h e result o f this 
ope ra t ion w o u l d be , as w e n o w k n o w , to e x p e l t o o much 
heat, so that after the substance h a d b e e n c o m p r e s s e d on 
the n o n - c o n d u c t i n g stand to its o r ig ina l v o l u m e , its tempera
ture and pressure w o u l d b e t o o l o w . I t is easy t o a m e n d the 
d i rec t ions for t he ex t en t t o w h i c h the ou t f low o f hea t is to b e 
pe rmi t t ed , but i t is still easier to a v o i d the difficulty b y 
p l a c i n g this o p e r a t i o n last, as w e h a v e d o n e . 

W e are n o w a b l e to state p r ec i s e ly the re la t ion b e t w e e n h, 
the quant i ty o f hea t w h i c h l e a v e s the e n g i n e , and H , the 
quan t i t y r e c e i v e d b y it. H is e x a c t l y equal to the sum o f h, 
and the hea t t o w h i c h the m e c h a n i c a l w o r k r ep resen ted b y 
A B c D is equ iva len t . 

I n all s tatements c o n n e c t e d w i th t he d y n a m i c a l theory o f 
hea t it is e x c e e d i n g l y c o n v e n i e n t t o s tate quanti t ies o f heat 
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in foot-pounds at o n c e , ins tead o f first express ing t h e m in 
thermal units and then r educ ing the result to foo t -pounds b y 
means o f Joule 's equ iva l en t o f heat . I n fact, the thermal 
unit depends for its def in i t ion o n the c h o i c e o f a s tandard 
substance to w h i c h hea t is t o b e app l i ed , o n t he 
choice o f a s tandard quant i ty o f that substance, a n d 
on the cho i ce o f the effect t o b e p r o d u c e d b y the heat . 
A c c o r d i n g as w e c h o o s e w a t e r o r i c e , the gra in or the 
gramme, the Fah renhe i t or the C e n t i g r a d e scale o f t empera 
tures, w e ob ta in different t he rma l units, all o f w h i c h h a v e 
been used in different i m p o r t a n t researches . B y express ing 
quantities o f hea t in foo t -pounds w e a v o i d ambigu i ty , and , 
especially in theore t i ca l r eason ings abou t the w o r k i n g o f 
engines, w e save a g rea t d e a l o f useless p h r a s e o l o g y . 

A s w e have a l r eady s h o w n h o w an area on the ind ica to r 
diagram represents a quan t i ty o f w o r k , w e shall h a v e n o 
difficulty in unders tand ing that i t m a y a l so b e taken t o re 
present a quant i ty o f hea t e q u i v a l e n t to the same quant i ty of 
work, that is the same n u m b e r o f foo t -pounds o f heat . , 

W e m a y therefore express the re la t ion b e t w e e n H a n d h 
still more conc i s e ly thus : 

T h e quanti ty, H, o f hea t t aken in to the e n g i n e at the 
upper temperature s e x c e e d s the quant i ty , k, o f hea t g i v e n 
out b y the e n g i n e at the l o w e r t empera tu re T b y a quan t i t y 
of heat r ep resen ted b y the area AB CD o n the i nd i ca to r 
diagram. 

Th i s quanti ty o f heat is, as w e h a v e a l r eady shown, c o n 
verted in to m e c h a n i c a l w o r k b y the e n g i n e . 

O N T H E R E V E R S E D A C T I O N O F CARNOT'S E N G I N E . 

T h e pecul iar i ty o f Carno t ' s e n g i n e is, that whe the r i t is 
receiving hea t f r om the h o t b o d y , o r g i v i n g it out to the 
cold b o d y , the t empera tu re o f the substance in the eng ine 
differs e x t r e m e l y l i t t le f r om that o f the b o d y i n the rmal 
communica t ion w i t h it. B y suppos ing the c o n d u c t i v i t y o f 
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the b o t t o m o f the c y l i n d e r t o b e sufficiently great , or b y 
suppos ing the m o t i o n s o f the p i s ton t o b e sufficiently 
s low, w e m a y m a k e the actual d i f fe rence o f temperature 
w h i c h causes the f low o f hea t to t ake p l a c e as small as w e 
p lease . 

I f w e reverse the m o t i o n o f the p i s ton w h e n the substance 
is i n thermal c o m m u n i c a t i o n w i th A or B , the first effect wi l l 
b e t o al ter the t empera ture o f the w o r k i n g substance, but 
an e x c e e d i n g l y small a l terat ion o f t empera tu re w i l l b e suf
ficient to reverse the flow o f heat, i f the m o t i o n is slow 
enough . 

N o w le t us suppose the e n g i n e t o b e w o r k e d backwards 
b y e x a c t l y revers ing all the opera t ions a l ready descr ibed. 
B e g i n n i n g at the l o w e r t empera tu re a n d v o l u m e o a, let it 
b e p l a c e d o n the c o l d b o d y a n d e x p a n d f rom v o l u m e o a to 
o d. I t wi l l r e c e i v e f rom the c o l d b o d y a quan t i ty o f heat 
h. T h e n le t it b e c o m p r e s s e d wi thou t los ing heat t o o c. 
I t wi l l then h a v e the upper t empera ture s. L e t it then b e 
placed, o n the ho t b o d y and c o m p r e s s e d t o v o l u m e o b. I t 
w i l l g i v e out a quant i ty o f hea t H t o the h o t b o d y . F inal ly , 
le t it b e a l l o w e d to e x p a n d wi thou t r e c e i v i n g heat to v o l u m e 
o a, a n d it wi l l return t o its or ig ina l state. T h e o n l y difference 
b e t w e e n the d i rec t a n d the r eve r se ac t i on o f the eng ine is, 
that in the di rect ac t ion the w o r k i n g substance must b e a 
l i t t le c o o l e r than A w h e n it r e c e i v e s its heat, a n d a little 
w a r m e r than B w h e n i t g i v e s i t o u t ; whereas in the reverse 
ac t i on i t must b e w a r m e r than A w h e n i t g i v e s out heat, and 
c o o l e r than B w h e n it takes heat in. B u t b y w o r k i n g the 
e n g i n e sufficiently s l owly these differences m a y b e r educed 
wi th in any l imits w e p lease to assign, so that for theo
re t ica l purposes w e m a y r ega rd Carno t ' s e n g i n e as strictly 
r eve r s ib l e . 

I n the r eve r se ac t ion a quant i ty h o f hea t is t aken from 
the c o l d b o d y B , and a g rea te r quan t i ty H is g i v e n to the 
h o t b o d y A , this b e i n g d o n e at the e x p e n s e o f a quant i ty o f 
w o r k measured b y the area A D C B , w h i c h also measures 
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the quantity o f heat in to w h i c h this w o r k is t ransformed 
during the process. 

T h e reverse ac t ion o f Ca rno t ' s e n g i n e shows us that it is 
possible to transfer hea t f rom a c o l d b o d y t o a ho t o n e , 
but that this opera t ion can o n l y b e d o n e at the e x p e n s e o f 
a certain quanti ty o f mechan i ca l w o r k . 

T h e transference o f hea t f rom a ho t b o d y t o a c o l d o n e 
may b e effected by m e a n s o f a hea t engine , in w h i c h case 
part of it is c o n v e r t e d i n t o m e c h a n i c a l w o r k , o r i t m a y 
take p lace b y conduc t ion , w h i c h g o e s on o f itself, b u t 
without any conve r s ion o f hea t in to w o r k . I t appears , 
therefore, that hea t m a y pass f rom h o t b o d i e s t o c o l d ones 
in two different ways . O n e o f these, in w h i c h a h igh ly 
artificial eng ine is m a d e use of, is near ly , but n o t qu i t e 
comple te ly , r evers ib le , so that b y s p e n d i n g the w o r k w e 
have gained, w e can res tore a l m o s t the w h o l e o f the heat 
from the c o l d b o d y t o the hot . T h e o ther m o d e o f trans
fer, which takes p l a c e o f i t se l f w h e n e v e r a h o t and a c o l d 
body are b rough t near each other , appears to b e i r revers ib le , 
for heat n e v e r passes f rom a c o l d b o d y to a h o t o n e o f 
itself, but on ly w h e n the ope ra t ion is e f fec ted b y the artificial 
engine at the expense o f m e c h a n i c a l w o r k . 

W e n o w c o m e to an i m p o r t a n t p r inc ip le , w h i c h is en
tirely due to Carno t . I f a g i v e n revers ib le eng ine , w o r k i n g 
between the u p p e r t empera tu re s and the l o w e r t empe ra 
ture T , a n d r e c e i v i n g a quant i ty H o f heat at the upper 
temperature, p roduces a quant i ty w o f mechan i ca l work , 
then no other eng ine , w h a t e v e r b e its const ruct ion, can 
produce a g rea te r quant i ty o f w o r k , w h e n supp l ied wi th 
the same amount o f heat, and w o r k i n g b e t w e e n the same 
temperatures. 

DEFINITION' O F EFFICIENCY.— I f H is the supply of heat, 
and w the work done by an engine, both measured in foot
pounds, then the fraction — is called the Efficiency of the 
engine. 
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Carno t ' s p r inc ip le , then, is that the eff ic iency o f a rever
s ib le e n g i n e is the grea tes t that can b e o b t a i n e d with a g iven 
r a n g e o f temperature . 

F o r suppose a cer ta in e n g i n e , M , has a greater efficiency 
b e t w e e n the t empera tures s a n d T than a r eve r s ib l e engine 
N, then i f w e c o n n e c t the t w o engines , so that M b y its 
d i rec t ac t ion d r ives N in the reverse d i rec t ion , at each stroke 
o f the c o m p o u n d e n g i n e N w i l l t ake f rom the c o l d b o d y 
B the hea t A, a n d b y the e x p e n d i t u r e o f w o r k "w g i v e to the 
h o t b o d y A the hea t H. T h e e n g i n e M w i l l r e c e i v e this 
hea t H , and b y hypothes i s w i l l d o m o r e w o r k whi l e trans
fe r r ing it to B than is r equ i r ed to d r i v e the eng ine N. 
H e n c e at e v e r y s t roke there wi l l b e an excess o f useful 
w o r k d o n e b y the c o m b i n e d eng ine . 

W e must no t suppose, h o w e v e r , that this is a v io la t ion o f 
t he p r i n c i p l e o f c o n s e r v a t i o n o f ene rgy , for i f M does more 
w o r k than N w o u l d d o , it conve r t s m o r e hea t in to w o r k in 
e v e r y s t roke, a n d there fore M restores to the c o l d b o d y a 
smal l e r quant i ty o f heat than N takes f rom it. H e n c e , the 
l e g i t i m a t e conc lus ion f rom the hypothes i s is, that the com
b i n e d eng ine w i l l , b y its una ided ac t ion , c o n v e r t the heat 
o f the c o l d b o d y B i n to m e c h a n i c a l w o r k , and that this 
p rocess m a y g o o n t i l l all the hea t i n the sys t em is conve r t ed 
in to w o r k . 

T h i s is mani fes t ly con t r a ry to e x p e r i e n c e , a n d therefore 
w e mus t admi t that n o e n g i n e can h a v e an ef f ic iency greater 
than that o f a r eve r s ib l e e n g i n e w o r k i n g b e t w e e n the same 
tempera tures . Bu t b e f o r e w e cons ide r the results o f Car
not 's p r inc ip le w e mus t e n d e a v o u r t o express c lear ly the 
l a w w h i c h lies at the b o t t o m o f the r eason ing . 

T h e p r inc ip le o f the c o n s e r v a t i o n o f ene rgy , w h e n app l i ed 
to heat , is c o m m o n l y c a l l e d the F i r s t L a w o f T h e r m o 
dynamics . I t m a y b e stated thus : W h e n w o r k is t ransformed 
i n t o heat , or hea t in to work , the quan t i ty o f w o r k is 
m e c h a n i c a l l y equ iva l en t to the quan t i ty o f heat . 

T h e app l i ca t i on o f the l a w i n v o l v e s the ex i s t ence o f the 
m e c h a n i c a l e q u i v a l e n t o f heat . 
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Carnot's principle is not deduced from this law, and 
indeed Carnot's own statement involved a violation of it. 
The law from which Carnot's principle is deduced has been 
called the Second Law of Thermodynamics. 

Admitting heat to be a form of energy, the second law 
asserts that it is impossible, by the unaided action of natural 
processes, to transform any part of the heat of a body into 
mechanical work, except by allowing heat to pass from that 
body into another at a lower temperature. Clausius, who 
first stated the principle of Carnot in a manner consistent 
with the true theory of heat, expresses this law as follows : — 

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

Thomson gives it a slightly different form:— 
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 sur
rounding objects. 

By comparing together these statements, the student will 
be able to make himself master of the fact which they em
body, an acquisition which will be of much greater import
ance to him than any form of words on which a demon
stration may be more or less compactly constructed. 

Suppose that a body contains energy in the form of heat, 
what are the conditions under which this energy or any 
part of it may be removed from the body? I f heat in a 
body consists in a motion of its parts, and if we were able 
to distinguish these parts, and to guide and control their 
motions by any kind of mechanism, then by arranging our 
apparatus so as to lay hold of every moving part o f the 
body, we could, by a suitable train of mechanism, transfer 
the energy of the moving parts of the heated body to any 
other body in the form of ordinary motion. The heated 
body would thus be rendered perfectly cold, and all its 
thermal energy would be converted into the visible motion 
of some other body. 
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N o w this suppos i t ion i n v o l v e s a d i rec t con t r ad i c t i on to 
the s e c o n d l a w o f t h e r m o d y n a m i c s , but is consis tent with 
the first l aw. T h e s e c o n d l aw is therefore equ iva len t to a 
d e n i a l o f our p o w e r to p e r f o r m the ope ra t i on just descr ibed, 
e i ther b y a train o f m e c h a n i s m , o r b y any o ther m e t h o d ye t 
d i s c o v e r e d . H e n c e , i f the hea t o f a b o d y consists in the 
m o t i o n o f i ts parts, the separate parts w h i c h m o v e must 
b e so smal l or so i m p a l p a b l e that w e canno t in any w a y lay 
h o l d o f t hem t o s top them. 

I n fact, heat , in the fo rm o f heat, n e v e r passes ou t o f a 
b o d y e x c e p t w h e n it flows b y c o n d u c t i o n or r ad ia t ion into a 
c o l d e r b o d y . 

T h e r e are severa l processes b y w h i c h the t empera ture o f 
a b o d y m a y b e l o w e r e d wi thou t r e m o v i n g heat f rom it, such 
as expans ion , e v a p o r a t i o n , and l iquefac t ion , and certain 
c h e m i c a l a n d e lec t r ica l processes . E v e r y o n e o f these, 
h o w e v e r , is a r eve r s ib l e p rocess , so that w h e n the b o d y is 
b rough t b a c k b y any series o f opera t ions to its o r ig ina l state, 
w i thou t any heat b e i n g a l l o w e d t o enter or e scape during 
the process , the t empera tu re w i l l b e the same as be fo re , in 
v i r tue o f the reversa l o f t he processes b y w h i c h the tempera
ture was l o w e r e d . Bu t if, dur ing the ope ra t i ons , heat 
has passed f r o m h o t parts o f t he sys tem t o c o l d b y con
duc t ion , o r i f any th ing o f the nature o f f r ic t ion has taken 
p lace , then t o b r i n g the sys tem to its o r ig ina l state wi l l 
r equi re the expend i t u r e o f w o r k , and t h e r e m o v a l o f heat . 

W e mus t n o w return t o the i m p o r t a n t result demons t r a t ed 
b y Carno t , that a r eve r s ib l e e n g i n e , w o r k i n g b e t w e e n t w o 
g i v e n tempera tures , a n d r e c e i v i n g at the h ighe r tempera ture 
a g i v e n quant i ty o f heat , pe r forms at least as m u c h w o r k 
as any o the r e n g i n e w h a t e v e r w o r k i n g u n d e r the same 
cond i t ions . I t f o l l o w s f r o m this that a l l r e v e r s i b l e engines , 
w h a t e v e r b e t he w o r k i n g substance e m p l o y e d , h a v e the 
same eff ic iency, p r o v i d e d they w o r k b e t w e e n the same 
t empera tu re o f the source o f hea t A and the same t empera 
ture o f the ref r igera tor R. 

H e n c e C a r n o t s h o w e d that if w e c h o o s e t w o t e m p e r a -
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tures differing v e r y slightly, say b y -nnj-ff ° f a d e g r e e , the 
efficiency o f an eng ine w o r k i n g b e t w e e n these temperatures 
will depend o n the t empera ture on ly , and no t on the sub
stance e m p l o y e d , and this e f f ic iency d i v i d e d b y the differ
ence of temperatures is the quant i ty ca l l ed Carnot's function, 
a quantity d e p e n d i n g on the tempera ture on ly . 

Carnot, o f course, u n d e r s t o o d the t empera ture t o b e 
estimated in the o rd ina ry w a y b y m e a n s o f a t h e r m o m e t e r 
of a se lec ted substance g radua ted a c c o r d i n g t o o n e o f the 
established scales, and his funct ion is expressed in terms o f 
the temperature so d e t e r m i n e d . Bu t W . T h o m s o n , in 1848, 
was the first to p o i n t out that Carno t ' s result leads to a 
method o f def in ing t empera tu re w h i c h is m u c h m o r e 
scientific than any o f t hose d e r i v e d f rom the b e h a v i o u r o f 
one se lected substance o r class o f substances, a n d which 
is perfectly i n d e p e n d e n t o f t he nature o f the substance 
e m p l o y e d in def in ing it. 

T H O M S O N ' S A B S O L U T E S C A L E OF T E M P E R A T U R E . 

L e t T A B c represent the i so thermal l i ne c o r r e s p o n d i n g 
to temperature r for a cer ta in substance. F o r the sake o f 
distinctness i n the figure, I h a v e supposed the substance t o 
be partly in the l i qu id a n d par t ly in the gaseous state, so 
that the i so thermal l ines are ho r i zon ta l , and eas i ly dis
tinguished f r o m the ad iaba t i c l ines, w h i c h s l o p e d o w n w a r d s 
to the right. T h e inves t iga t ion , h o w e v e r , is qu i te i ndepen 
dent o f a n y such res t r ic t ion as t o the nature o f the w o r k i n g 
substance. W h e n the v o l u m e and pressure o f the substance 
are those ind ica t ed b y the p o i n t A , le t heat b e a p p l i e d 
and let the substance e x p a n d , a l w a y s at the t empera tu re T, 
till a quant i ty o f hea t H has en t e red , a n d let the state of 
the substance b e t h e n i nd i ca t ed b y the p o i n t u. L e t 
the process g o o n till ano the r equa l quant i ty , H , o f hea t has 
entered, and let c ind ica te the resul t ing state. T h e process 
may b e car r ied o n so as t o find a n y n u m b e r o f po in t s o n 
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the i so the rmal l ine , such that for each p o i n t passed daring 

the expans ion o f the substance a quant i ty H o f heat has been 

c o m m u n i c a t e d t o it. 
N o w le t A A' A", B B' B", C C' C " b e a d i a b a t i c l ines drawn 

the tempera ture T o f the source o f hea t t o the t empera ture T' 
o f the refr igerator , the w o r k w p r o d u c e d b y the quant i ty o f 
hea t H d r a w n f rom the source d e p e n d s o n l y on T and T'. 

H e n c e , s ince A B a n d B C c o r r e s p o n d to equa l quanti t ies 
o f hea t H r e c e i v e d f rom the source , the areas A B B' A ' and 
B c c ' B ' , w h i c h r ep resen t the c o r r e s p o n d i n g w o r k pe r fo rmed , 
must b e equal . 

T h e same is true o f the areas cut of f b y the ad iabat ic l ines 
f rom the space b e t w e e n any o ther pair o f i so the rma l l ines. 

H e n c e i f a series o f ad iaba t ic l ines b e d r a w n so that the 
po in t s at w h i c h they cut o n e o f the i so thermal l ines cor re 
s p o n d t o success ive equal add i t i ons o f hea t to the substance 
at that tempera ture , then this series o f ad iaba t ic l ines w i l l cut 
o f f a series o f equa l areas f rom the strip b o u n d e d b y a n y t w o 
i so the rmal l ines. 

N o w T h o m s o n ' s m e t h o d o f g radua t ing a scale o f t empera 
ture is equ iva l en t to choos ing the po in t s A A' A " , f rom which 
to d raw a series o f i so thermal l ines , so that the area A B B' A' 
c o n t a i n e d b e t w e e n t w o c o n s e c u t i v e i so thermals T and T ' shall 

F I G . 23. 

th rough A B C , that is, lines 
r ep resen t ing the re la t ion be 
t w e e n v o l u m e a n d pressure 
w h e n the substance is a l l o w e d 
to e x p a n d wi thou t rece iv ing 
hea t f rom wi thou t . 

L e t T' A' B' C ' a n d T" A" B" C" 
b e i so thermal l ines corre
s p o n d i n g t o the temperatures 

T ' a n d T". 
W e h a v e a l r eady f o l l o w e d 

Carno t ' s p r o o f that in a re
ve rs ib le e n g i n e , w o r k i n g from 
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be equal to the area A' B' B" A " contained between any other 
pair of consecutive isothennals x 'T". 

It is the same as saying that the number of degrees between 
the temperature T and the temperature T " is to be reckoned 
proportional to the area A B B" A". 

Of course two things remain arbitrary, the standard tem
perature which is to be reckoned zero, and the size of the 
degrees, and these may be chosen so that the absolute scale 
corresponds with one of the ordinary scales at the two 
standard temperatures, but as soon as these are determined 
the numerical measure of every other temperature is settled, 
in a manner independent of the laws of expansion of any 
one substance—by a method, in fact, which leads to the same 
result whatever be the substance employed. 

It is true that the experiments and measurements required 
to graduate a thermometer on the principle here pointed out 
would be far more difficult than those required by the 
ordinary method described in the chapter on Thermometry. 
But we are not, in this chapter, describing convenient methods 
or good working engines. Our objects are intellectual, 
not practical, and when we have established theoretically 
the scientific advantages of this method of graduation, we 
shall be better able to understand the practical methods by 
which it can be realised. 

W e now draw the series of isothermal and adiabatic lines 
in the following way : 

A particular isothermal line, that of temperature T , is cut 
by the adiabatic lines, so that the expansion of the substance 
between consecutive adiabatic lines corresponds to successive 
quantities of heat, each equal to H, applied to the substance. 
This determines the series of adiabatic lines. 

The isothermal lines are drawn so that the successive 
isothermals cut off from the space between the pair of 
adiabatic lines A A' A " and B B' B " equal areas A B B ' A', 
A' B' B" A " , &c. 

The isothermal lines so determined cut off equal areas 
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f rom e v e r y o the r pa i r o f ad iaba t i c l ines, so that the two 
systems o f l ines a re such that all the quadri la terals fo rmed 
b y t w o pairs o f consecu t i ve l ines are equal in area. 

W e h a v e n o w g radua ted t he i so thermals o n the diagram 
b y a m e t h o d f o u n d e d o n C a m o t ' s p r i n c i p l e a lone , and in
d e p e n d e n t o f the nature o f the w o r k i n g substance, a n d it is 
easy t o see h o w b y al ter ing, i f necessary , the in te rva l be tween 
the l ines a n d the l ine chosen for ze ro , w e can m a k e the 
g radua t ion agree , at the t w o s tandard tempera tures , with 
the o rd ina ry scale. 

EFFICIENCY O F A H E A T E N G I N E . 
L e t us n o w cons ide r the re la t ion b e t w e e n the hea t supplied 

to an e n g i n e a n d the w o r k d o n e b y i t as exp re s sed in terms 
o f the n e w scale o f tempera ture . 

I f the tempera ture o f the source o f heat is T, a n d i f H is 
the quant i ty o f heat supp l i ed to the e n g i n e at that tempera
ture, then the w o r k d o n e b y this hea t d e p e n d s ent i re ly on 
the t empera tu re o f the refr igerator . L e t T " b e the tempera
ture o f the refrigerator, then the w o r k d o n e b y n is represented 
b y the area A B B'{ A " , or, s ince all the areas b e t w e e n the 
i so thermals and the ad iaba t ics are equal , let H c b e the area 
o f o n e o f the quadri laterals , then the w o r k d o n e b y H w i l l b e 
H c ( T — T " ) . T h e quant i ty c d e p e n d s o n l y on the tem
perature T . I t is c a l l e d C a m o t ' s Func t i on o f the tempera
ture. W e shall f ind a s i m p l e express ion for i t a t p a g e 160. 

T h i s , therefore , is a c o m p l e t e d e t e r m i n a t i o n o f the w o r k 
d o n e w h e n the t empera ture o f the source o f hea t is T. I t 
d epends o n l y o n C a m o t ' s p r inc ip le , and is true whe the r w e 
a d m i t the first l a w o f t h e r m o d y n a m i c s o r no t . 

I f the t empera tu re o f the source is n o t T , but T ' , w e must 
cons ide r w h a t quant i ty o f heat is r ep resen ted b y the expan
s ion A' B ' a l o n g the i so thermal T ' . Ca l l i ng this quant i ty o f 
heat H ' , the w o r k d o n e b y an e n g i n e w o r k i n g b e t w e e n the 
tempera tures T' a n d T" is 

w - H/C (T' — T"). 
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Now Camot supposed that H ' = H , which would make 

the efficiency of the engine simply ^ = c (T/ — T " ) , where c 
u 

is Carnot's function, a constant quantity on this supposition. 
But according to the dynamical theory of heat, we get by the 
first law of thermodynamics 

H' = H — A B B ' A', 
the heat being measured as mechanical work, or 

H ' = H — H c ( T — T /). 
On this theory, therefore, the efficiency of the engine 

working between T ' and T " is 

w _ H c (T 7 — T") 
H' H — H C (T — 

ryl r^lt 

~ — + T 7 — T. 
c 

ON A B S O L U T E T E M P E R A T U R E . 

We have now obtained a method of expressing differences 
of temperature in such a way that the difference of two 
temperatures may be compared with the difference of two 
other temperatures. But we are able to go a step farther 
than this, and to reckon temperature from a zero point 
defined on thermodynamic principles independently of the 
properties of a selected substance. W e must carefully 
distinguish between what we are doing now on really scientific 
principles from what we did for the sake of convenience in 
describing the air thermometer. Absolute temperature on 
the air thermometer is merely a convenient expression of the 
laws of gases. The absolute temperature as now defined 
is independent of the nature of the thermometric substance. 
It so happens, however, that the difference between these 
two scales of temperature is very small. The reason of this 
will be explained afterwards. 
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I t is p l a in that the w o r k w h i c h a g i v e n quant i ty o f heat 
H c an p e r f o r m in an e n g i n e can n e v e r b e g rea te r than the 
m e c h a n i c a l e q u i v a l e n t o f that heat , t h o u g h the co lde r the 
ref r igera tor the g r ea t e r p r o p o r t i o n o f hea t is c o n v e r t e d into 
w o r k . I t is p la in , the re fore , that i f w e d e t e r m i n e T " the 
t empera tu re o f the refr igerator , so as t o m a k e w the work 
m e c h a n i c a l l y e q u i v a l e n t t o H, the heat r e c e i v e d b y the 
e n g i n e , w e shall ob t a in an exp re s s ion for a state o f things in 
w h i c h the e n g i n e w o u l d c o n v e r t the w h o l e hea t i n to work, 
a n d n o b o d y can pos s ib ly b e at a l o w e r t empera tu re than 
the v a l u e thus a s s igned t o T". 

P u t t i n g w = H ' , w e find T" = T — -. 

T h i s is the l o w e s t t empera tu re any b o d y can have . Cal l 

i n g this t empera tu re z e r o , w c find 

o r the t empera tu re r e c k o n e d f rom abso lu te ze ro is the 
r ec ip roca l o f Carno t ' s func t ion c. 

W e h a v e therefore a r r i v e d at a c o m p l e t e def in i t ion o f the 
measure o f t empera tu re , i n w h i c h n o t h i n g remains to b e 
d e t e r m i n e d e x c e p t the s ize o f t he d e g r e e s . H i t h e r t o the 
s ize o f the d e g r e e s has b e e n c h o s e n so as t o b e equa l t o tire 
m e a n va lue o f those o f the o rd ina ry scales . T o c o n v e r t the 
o rd ina ry express ions in to abso lu te tempera tures w e must add 
t o the o rd ina ry exp re s s ion a cons tan t n u m b e r o f degrees , 
w h i c h m a y b e c a l l e d the abso lu te t empera tu re o f the zero of 
the scale . T h e r e is a l so a c o r r e c t i o n v a r y i n g at different 
parts o f the scale, w h i c h is n e v e r v e r y g r ea t w h e n the tem
pera ture is m e a s u r e d b y the air t h e r m o m e t e r . W e m a y n o w 
express the ef f ic iency o f a r e v e r s i b l e hea t e n g i n e in terms o f 
the abso lu te t empera tu re s o f the source o f heat, and the 
abso lu te t e m p e r a t u r e T o f the refr igerator . I f 11 is the 
quan t i ty o f heat supp l ied t o the e n g i n e , a n d w is the quant i ty 
o f w o r k p e r f o r m e d , b o t h e s t ima ted in d y n a m i c a l measure, 

w s — T 
H S 
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T h e quantity o f heat wh ich is g i v e n out to the refr igerator 
T 

at temperature T is A = H — w = H — w h e n c e 
s 

H _ h Q R H _ S 
s T h T 

that is, in a r evers ib le e n g i n e the ra t io o f the hea t r e c e i v e d t o 
the heat r e j ec t ed is that o f the n u m b e r s express ing o n an abso
lute scale the tempera tures o f the source a n d the refr igerator . 

T h i s re la t ion furnishes us wi th a m e t h o d o f d e t e r m i n i n g 
the ratio o f t w o tempera tures on the abso lu te scale . I t is 
independent o f the nature o f the substance e m p l o y e d in the 
reversible e n g i n e , a n d is the re fore a pe r fec t m e t h o d c o n 
sidered from a theore t ica l p o i n t o f v i e w . T h e prac t ica l 
difficulties o f fulfilling the r e q u i r e d cond i t i ons a n d m a k i n g 
the necessary measurement s h a v e n o t h i the r to b e e n ove r 
come, so that the c o m p a r i s o n o f t he abso lu te scale o f t e m 
perature wi th the o rd ina ry scale must b e m a d e in a different 
way. (See p . 213.) 

L e t us n o w return to the d iagram fig. 23 (p . 156), o n w h i c h 
we have t raced t w o systems o f l ines, the isothermals a n d 
the adiabatics. T o d r a w an isothermal l ine through a g i v e n 
point requires on ly a series o f exper iments o n the substance 
at a g iven temperature , as shown b y a t h e r m o m e t e r o f any 
kind. T o d raw a series o f these l ines t o represent succes
sive degrees o f temperature is equ iva l en t to fixing a scale o f 
temperature. 

Such a scale m i g h t b e de f ined in m a n y different ways , 
each o f w h i c h d e p e n d s o n the proper t ies o f s o m e se lec ted 
substance. F o r instance, the scale m i g h t b e founded on the 
expansion o f a part icular substance at s o m e standard pressure. 
I n this case, if a hor izonta l l ine is d rawn to represent the 
standard pressure, then the i so thermal l ines o f the se lec ted 
substance wi l l cut this l ine at equa l intervals. I f , h o w e v e r , 
the nature o f the substance o r the standard pressure b e 
different, the the rmomet r i c scale w i l l b e in general different. 
T h e scale might also b e founded o n the var ia t ion o f pressure 

M 
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of a substance confined in a given space, as in the case of 
certain applications of the air thermometer. 

I t has also been proposed to define temperature so that 
equal increments of heat applied to a standard substance 
will produce equal increments of temperature. This method 
also fails to give results consistent for all substances, because 
the specific heats of different substances are not in the same 
ratio at different temperatures. 

The only method which is certain to give consistent re
sults, whatever be the substance employed, is that which is 
founded on Carnot's Function, and the most convenient 
form in which this method can be applied is that which de
fines the absolute temperature as the reciprocal of Carnot's 
Function. W e shall see afterwards how a comparison can 
be made between the absolute temperature on the thermo
dynamic scale and the temperature as indicated by a 
thermometer of a particular kind of gas. (See p. 2 1 3 . ) 

O N E N T R O P Y . 

W e have next to consider the series of adiabatic lines as 
indicating a series of degrees of another property of the 
body, expressed as a measurable quantity, such that when 
there is no communication of heat this quantity remains 
constant, but when heat enters or leaves the body the quan
tity increases or diminishes. 

W e shall adopt the name given by Clausius to this quan
tity, and call it the entropy of the body. Rankine, in whose 
investigations this quantity also plays an important part, calls 
it the thermodynamic function. This term, however, is not 
so appropriate, as the name might have been assigned to any 
one of several important quantities in thermodynamics. 

W e must regard the entropy of a body, like its volume, 
pressure, and temperature, as a distinct physical property of 
the body depending on its actual state. 

The proper zero of entropy is that of the body when entirely 
deprived of heat, but as we cannot bring the body into this 
condition it is more convenient to reckon entropy from a 
standard state defined by a standard temperature and pressure. 
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T h e en t ropy o f the b o d y in a n y o ther c o n d i t i o n is then 

measured thus. L e t the b o d y e x p a n d ( o r c o n t r a c t ) w i thou t 

communica t ion o f hea t till it r eaches the s tandard t e m p e r a 

ture, the va lue o f which , o n the t h e r m o d y n a m i c scale , is T. 
T h e n let the b o d y be k e p t at the s tandard t empera tu re a n d 

brought t o the s tandard pressure, a n d le t H be t he n u m b e r 

of units o f heat g i v e n out dur ing this process . T h e n the 

entropy o f the b o d y in its o r ig ina l state is —. 

W e shall use the s y m b o l c& to d e n o t e the en t ropy . 

I f the b o d y , in o rde r to a r r ive at the s tandard state, 

requires to absorb heat, then its or ig ina l e n t r o p y must b e 

reckoned nega t i ve w i th respec t t o the s tandard state. 

W h e n heat enters a b o d y at the t empera tu re 0 and causes 

the ent ropy t o increase f r o m ^ , t o (jiz, the a m o u n t o f hea t 

which enters the b o d y is 6(<p2 — <f>i). 

T h e en t ropy o f a b o d y in a g i v e n state is p r o p o r t i o n a l t o 

the mass o f the b o d y , so that the e n t r o p y o f t w o p o u n d s o f 

water is d o u b l e that o f o n e p o u n d in the s a m e state. 

W e often, h o w e v e r , speak o f the e n t r o p y o f a substance, 

by which w e m e a n the e n t r o p y o f unit o f mass o f that sub

stance in the g i v e n state. 

T h e en t ropy o f a sys tem o f b o d i e s i n different states is 

the sum o f the en t rop ies o f each o f the b o d i e s . 

W h e n a quanti ty, H, o f hea t passes f r o m a b o d y at t empe ra 

ture 0, to a b o d y at t empera ture 62, the e n t r o p y o f the first b o d y 

is d iminished b y ^ i , w h i l e that o f the s e c o n d is inc reased b y 

so that the e n t r o p y o f the sys tem increases b y H ^ 1 ~ ^ 2 . 

N o w it is the c o n d i t i o n o f the transfer o f heat that i t 

passes from the hot te r to the c o l d e r b o d y , a n d therefore 9, 

must be grea ter than 0 2-

T h e transference o f heat , therefore , f r om o n e b o d y o f the 

system to ano the r a lways increases the e n t r o p y o f the system. 

Clausius expresses this b y say ing that the e n t r o p y o f the 

system a lways t ends towards a m a x i m u m value . 
M 2 
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T h e hea t w h i c h enters the b o d y dur ing any v e r y small 
c h a n g e o f s tate is r ep resen ted , as w e h a v e seen, b y 8 (<P2—<a 1 ) , 

w h e r e 9 is the m e a n t empera tu re o f the b o d y during the 
p rocess , a n d 0, a n d 02 r epresen t the e n t r o p y at the beg inn ing 
a n d the e n d o f the process . 

I f w e suppose the t w o i sen t rop ic l ines (PI a n d </>2 to be 
c o n t i n u e d i n the d i r e c t i o n o f d e c r e a s i n g tempera tures down 
to the t empera tu re T , t hen the area i n c l u d e d b e t w e e n the 
t w o i s en t rop ic l ines b e t w e e n the tempera tures 0 and T wil l 

b e ( 8 - T ) ( ^ - ^ , ) -
I f w e c o u l d d r a w the i sen t rop ic a n d i so the rmal l ines cor

r e c t l y for a l l t empera tu res d o w n to the abso lu te z e r o o f the 
t h e r m o d y n a m i c sca le , t hen t he w h o l e area i n c l u d e d be tween 
the i sen t rop ic l ines and the i so thermals for 9 a n d ze ro wou ld 
b e 9(I>I — <PI), a n d this area w o u l d r ep resen t the heat which 
enters t he b o d y dur ing the p rocess . 

Bu t t h o u g h it is i m p o s s i b l e to con jec tu re the properties 
o f a b o d y at abso lu te z e r o o r to d r a w o n a d i a g r a m the true 
fo rms o f the the rma l l ines near that t e m p e r a t u r e , i t is easy, 
after w e h a v e cons t ruc t ed the t h e r m o d y n a m i c d iagram for 
that pa r t o f the f ie ld w h i c h is k n o w n b y observat ion, 
t o d r a w l ines in the u n k n o w n part o f the field, b y means o f 
w h i c h w e m a y still represent quant i t ies o f heat b y areas. 

I f the k n o w n par t o f the field is b o u n d e d b y the isother
m a l T , a n d i f w e d r a w from the ex t remi t i e s o f the k n o w n 
parts o f the i sen t rop ic l ines a series o f l ines o f any form 
w h i c h d o n o t in tersect each other , a n d i f w e draw another 
l ine , zz', so that the space i n c l u d e d b e t w e e n this l ine, two 
n e i g h b o u r i n g i sen t rop ics 0, a n d <j>v a n d the i so thermal l ine 
T is T ( ^ 2 — w e m a y , in ca lcula t ing quant i t ies o f heat, treat 
the l ine zz' as the fictitious i so thermal o f abso lu te ze ro , and 
the series o f l ines as a fictitious i sen t rop ic series. 

F o r the area b e t w e e n the t w o i sen t rop ic l ines f rom tem
pera ture 0 t o t empera tu re T is (9 — T) ( 0 2 — T h i s area is 
wi th in the k n o w n par t o f the field. T h e cont inuat ion of 
this area in the u n k n o w n part o f the field d o w n to the ficti
t ious i so thermal o f abso lu te z e r o is T ( < £ 2 — 1 ^ ) . T h e w h o l e 
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area therefore is 0 ( p 2 — ( h ) , a n d i t the re fore represents the 
quantity o f heat a b s o r b e d in pass ing at the t empera ture 8 
from the l ine <j>l t o t he l i ne (p2. 

T h e w h o l e hea t a b s o r b e d b y a b o d y i n pass ing f rom a 
state A to a state B t h rough a def ini te series o f i n t e r m e d i a t e 
steps represen ted b y F l G _ 2 3 a 

the path A B , m a y b e 
called the ' hea t o f 
the path A B . ' B y 
dividing A B in to a 
sufficient number o f 
small parts, a n d c o n 
sidering the area re 
presenting t he hea t 
absorbed dur ing the 
passage o f the b o d y 

over each o f these d iv i s ions , w e find that the sum o f these 
areas is the area i n c l u d e d b y the path A B , the i sent ropics 
through A and B i n c l u d i n g their fictitious parts , a n d the ficti
tious isothermal o f abso lu te z e r o . 

C H A P T E R I X . 

O N T H E R E L A T I O N S B E T W E E N T H E PHYSICAL 
PROPERTIES O F A SUBST A N C E . 

LET T, T! a n d T 2 T 2 represent t w o i so thermal l ines cor re 
sponding to t w o c o n s e c u t i v e deg ree s o f t empera ture . L e t 
0i (j>i and <p2 <p2 represent t w o c o n s e c u t i v e ad iaba t i c l ines. 
L e t A p. c D b e the quadr i la te ra l w h i c h lies b e t w e e n b o t h 
these pairs o f l ines . I f the l ines a re d r a w n c l o s e e n o u g h t o 
each other w e m a y treat this quadr i la tera l as a pa ra l l e log ram. 

T h e area o f this p a r a l l e l o g r a m is, as w e h a v e a l r eady 
shown, equa l to uni ty. 

D r a w hor i zon ta l l ines through A and r> t o m e e t the l ine 
B c p r o d u c e d in K a n d Q, then , s ince the pa ra l l e lograms 
A B C D and A K Q D s tand o n the same base and are b e t w e e n 
the same paral le ls , t h e y a re equal . N o w d r a w the ver t ica l 
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l ines A k a n d K P to m e e t Q D , p r o d u c e d i f necessary. T h e n 

the rec tang le A K P k is equa l to the pa ra l l e log ram A K Q D , 
because t h e y s tand o n the same b a s e A K , a n d are be tween 

the same paral le ls A K a n d k Q . H e n c e the r ec t ang le AKP h 

is also equa l t o the or ig ina l p a r a l l e l o g r a m A R C D . If, 
therefore, w e d r a w A K f r om A ho r i zon ta l ly t o m e e t the 
i so thermal T 2 , and A k ve r t i ca l ly t o m e e t a hor izon ta l l ine 
through D , w e shall h a v e the f o l l o w i n g re la t ion : 

I n the same way , i f the h o r i z o n t a l l i ne th rough A cuts the 
ad iaba t i c l ine 02 in L a n d the ver t ica l s th rough D a n d B in 
m and n, a n d i f the ve r t i ca l l ine through A cuts the i so thermal 
l i ne T 2 in M , the ad iaba t ic l ine f2

 l n N > a n t ^ t n e ho r i zon ta l 
l i ne through B in / , w e shall ge t the f o l l o w i n g four values o f 
the area o f A B C D , i nc lud ing that w h i c h w e h a v e a l ready 
inves t iga ted : 

A B C D = A K . A / £ = A L . A / = A M . A W 2 = A N . A « = I . 
W e have n e x t to in terpre t the phys ica l m e a n i n g o f the 

four pairs o f l ines w h i c h enter i n t o these products . 

W e must r e m e m b e r that the v o l u m e o f the substance is 
measured hor izon ta l ly to the r ight , a n d its pressure ver t i ca l ly 

F I G . 24. 

Q 

A K . A k = A B C D. 
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upwards ; that the in te rva l b e t w e e n the i so thermal l ines 
represents o n e d e g r e e o f tempera ture , the g radua t ion o f the 
scale b e i n g as m u c h s u b d i v i d e d as w e p lease ; a n d that the 
interval b e t w e e n the ad iaba t i c l ines represents the add i t i on 
o f a quanti ty o f heat w h o s e numer ica l va lue is T , the 
absolute temperature . 

(1) A K represents the increase o f v o l u m e for a rise of 
temperature equa l to o n e d e g r e e , the pressure b e i n g ma in 
tained constant. T h i s is c a l l ed the dilatability o f the 
substance per unit o f mass , a n d i f w e d e n o t e the d i la tabi l i ty 
per unit o f v o l u m e b y A K w i l l b e d e n o t e d b y v a, 

A k represents the d iminu t ion o f pressure c o r r e s p o n d i n g 
to the add i t ion o f a quan t i ty o f heat r ep re sen ted numer i ca l ly 
by T , the tempera ture b e i n g ma in t a ined constant . 

I f the pressure is inc reased b y uni ty , the t empera tu re 
remaining constant , the quant i ty o f hea t w h i c h is e m i t t e d b y 

the substance is ——. S ince A K . A k = 1, —— = T . A K. A k A k 
H e n c e the f o l l o w i n g re la t ion b e t w e e n the di la ta t ion under 

constant pressure a n d the heat d e v e l o p e d b y pressure. 

First Thermodyna7nu Relation.—If the pressure o f a sub
stance be inc reased b y un i ty wh i l e the t empera ture is m a i n 
tained constant , the quan t i ty o f hea t emi t t ed b y the sub
stance is equa l to the p roduc t o f the abso lu te t empera tu re 
into the d i la ta t ion for o n e d e g r e e o f t empera tu re u n d e r 
constant pressure. 

H e n c e , i f the t empera ture is ma in ta ined constant , those 
substances w h i c h increase in v o l u m e as the t empera tu re 
rises g i v e out hea t w h e n the press,ure is increased, a n d 
those w h i c h contrac t as the tempera ture rises abso rb hea t 
when the pressure is inc reased . 

(2) A L represents the increase o f v o l u m e under constant 
pressure w h e n a quan t i ty o f hea t numer ica l ly equal to T is 
c o m m u n i c a t e d t o the substance. 

A / represents the increase o f pressure r equ i red t o ra ise 
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the substance o n e d e g r e e o f t empera tu re w h e n n o heat is 
a l l o w e d to e s c a p e . 

Secçnd Thermodynamic Relation.—The quan t i ty — re

presents the hea t w h i c h mus t b e c o m m u n i c a t e d t o the sub

s tance in o r d e r t o inc rease its v o l u m e b y unity, the pressure 

b e i n g constant . T h i s is equa l t o the p r o d u c t o f the ab

solute t empera tu re in to t he increase o f pressure required 

to raise the t empera ture o n e d e g r e e w h e n n o hea t is a l lowed 

t o escape . 

(3) A M represents the increase o f pressure cor respond ing 

t o a r ise o f o n e d e g r e e o f t empera tu re , the v o l u m e being 

constant . ( W e m a y suppose the substance e n c l o s e d in a 

vesse l t he s ides o f w h i c h are pe r fec t ly u n y i e l d i n g . ) 

A m represents the increase o f v o l u m e p r o d u c e d b y the 
c o m m u n i c a t i o n o f a quan t i ty o f hea t numer i ca l ly equal to 
T , the t empera tu re b e i n g ma in t a ined constant . 

T h e hea t g i v e n out b y the substance w h e n the v o l u m e is 
d i m i n i s h e d b y unity, the t empera ture b e i n g m a i n t a i n e d con
stant, is the re fore — — . T h i s quan t i ty is ca l l ed the latent 

Am 

heat o f expans ion . 

S ince A M . A m = 1, w e m a y express the re la t ion b e t w e e n 

these l ines thus : — — = T . A M , or, in w o r d s : 
A m 

Third Thermodynamic Relation.—The la tent hea t o f ex

p a n s i o n is equa l t o the p r o d u c t o f the abso lu te tempera ture 

a n d the i n c r e m e n t o f pressure pe r d e g r e e o f t empera tu re at 

cons tan t v o l u m e . 

(4) A N represents the increase o f t he pressure w h e n a 
quanti ty, T , o f hea t is c o m m u n i c a t e d t o the substance, the 
v o l u m e b e i n g constant . 

A n represents t h e d i m i n u t i o n o f v o l u m e w h e n the sub
stance, b e i n g p r e v e n t e d f rom los ing heat, is c o m p r e s s e d till 
the t empera tu re rises o n e d e g r e e . H e n c e : 
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the Differential Calculus as follows: 

D V _ D (P 
, . ( I ) D~e (P const.) ~~ DF, (fl const.) ' ' , . ( I ) 

D V D fl • (2) DIP (P const.) ~ ~DP (<f> const.) - - • (2) 

DP _ D <f> 
• (3) DH (V const.) D V (fl const.) • 1 • (3) 

d P 
D TP const.) 

D 9 
DV (<P const.) 1 1 • (4) 

Here V denotes the volume. 
p , , pressure. 
S „ absolute temperature. 
$ , , thermodynamic function, or ENTROPY. 

Fourth Thermodynamic Relation. — represents the 
A n 

rise o f t empera ture d u e t o a d i m i n u t i o n o f t he v o l u m e 

b y unity, n o heat b e i n g a l l o w e d t o e scape , a n d this is equa l 

to A N , the increase o f pressure at cons tan t v o l u m e due t o 

a quanti ty o f heat, numer i ca l ly equal t o T , c o m m u n i c a t e d t o 

the substance. 

W e have thus o b t a i n e d four re la t ions a m o n g the p h y s i c a l 

propert ies o f the substance. T h e s e four re la t ions are n o t 

independen t o f each other , so as t o rank as separa te truths. 

A n y o n e m i g h t b e d e d u c e d f rom any other . T h e equa l i t y 

o f the p roduc ts A K, A k, & c , t o the p a r a l l e l o g r a m A B C D 
and to each o ther is a m e r e l y g e o m e t r i c a l truth, and d o e s 

not d e p e n d u p o n t h e r m o d y n a m i c a l p r inc ip les . W h a t w e 

learn f rom t h e r m o d y n a m i c s is that the pa ra l l e log ram a n d 

the four p roduc t s a re e a c h equa l to uni ty , w h a t e v e r b e the 

nature o f the substance o r its c o n d i t i o n as t o pressure and 

tempera ture . 1 

O N T H E T W O M O D E S O F M E A S U R I N G SPECIFIC H E A T . 

T h e quant i ty o f hea t r e q u i r e d t o raise unit o f mass o f t he 

substance o n e d e g r e e o f t empera tu re is c a l l ed the speci f ic 

heat o f the substance. 

1 These four relations may be concisely expressed in the language of 
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A t p . 66 this quan t i ty o f heat is exp re s sed in terms o f the 
the rma l unit , or the hea t r e q u i r e d to raise unit o f mass of 
wa te r o n e d e g r e e . T o r educe this t o d y n a m i c a l measure we 
must m u l t i p l y b y Joule 's mechan i ca l equ iva l en t o f the thermal 
unit. T h e quant i ty thus found is n o l o n g e r a m e r e ratio, as 
at p . 66, but d e p e n d s o n the t h e r m o m e t r i c scale which we 
select and a lso o n the unit o f w o r k . 

But the speci f ic hea t o f a substance d e p e n d s o n the m o d e 
in w h i c h t he pressure and v o l u m e o f the substance vary 
dur ing the rise o f t empera ture . 

T h e r e are, therefore , an indef in i te n u m b e r o f m o d e s of 
def in ing the specif ic heat . T w o o n l y o f these a re o f any 
prac t ica l i m p o r t a n c e . T h e first m e t h o d is t o suppose the 
v o l u m e t o r ema in constant dur ing the rise o f temperature . 
T h e speci f ic hea t under this c o n d i t i o n is c a l l e d the specific 
hea t at cons tan t v o l u m e . W e shall d e n o t e it b y K V. 

I n the d i a g r a m the l ine A M N represents the different 
states o f the substance w h e n the v o l u m e is constant , A M 
represents the increase o f pressure due t o a rise o f one 
d e g r e e o f t empera ture , a n d A N that d u e t o the appl ica t ion 
o f a quan t i ty o f heat numer ica l ly equa l t o T . H e n c e to find 
the quan t i ty o f heat , w h i c h must b e c o m m u n i c a t e d to 
the substance in o rde r t o raise its t empera tu re o n e degree , 
a n d so increase the pressure b y A M , w e h a v e 

A N : A M :: T : K T 

T h e s e c o n d m e t h o d o f def in ing speci f ic hea t is t o suppose 
the pressure constant . T h e specif ic heat under constant 
pressure is d e n o t e d b y K P. 

T h e l i ne A L K in the d i ag ram represents the different states 
o f the substance at cons tan t pressure, A K represents the in
crease o f v o l u m e due t o a r ise o f o n e d e g r e e o f tempera ture , 
a n d A L represents the increase o f v o l u m e due t o a quanti ty 
o f hea t numer ica l ly equal to T. N O W the quant i ty K „ of 
heat raises the substance o n e d e g r e e , a n d therefore increases 
the v o l u m e b y A K. 
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H e n c e 
A L : A K ;; T : K P 

or 
A K K E = T . 
A L 

( A third m o d e of def in ing specif ic hea t is s o m e t i m e s 

adop ted in the case of saturated s team. I n this case the 

steam is supposed to r e m a i n at the p o i n t o f saturation as 

the temperature rises. I t appears , f rom the e x p e r i m e n t s o f 

M . Regnau l t , as s h o w n in the d i ag ram at p . 135, that hea t 

leaves the saturated s t eam as its t empera tu re rises, so that 

its specific hea t is negative, a result p o i n t e d out b y Clausius 

and R a n k i n e . ) 

O N T H E T W O M O D E S O F M E A S U R I N G ELASTICITY. 

T h e e last ici ty of a substance was de f ined at p . 107 t o 
be the ra t io of the i n c r e m e n t of pressure t o the c o m 
pression p r o d u c e d b y i t , the c o m p r e s s i o n b e i n g d e f i n e d 
to be the ra t io of the d i m i n u t i o n o f v o l u m e to the o r ig ina l 
vo lume . 

But w e requ i re t o k n o w s o m e t h i n g abou t the the rmal 
condi t ions under w h i c h the substance is p l a c e d b e f o r e w e 
can assign a def in i te v a l u e t o the elast ic i ty . T h e o n l y t w o 
condit ions w h i c h are of p rac t ica l i m p o r t a n c e are , first, 
when the t empera ture remains constant , and, s e c o n d , w h e n 
there is n o c o m m u n i c a t i o n of heat. 

(1) T h e e l a s t i c i tyunder the c o n d i t i o n that the t empera tu re 
remains constant m a y b e d e n o t e d b y E«. 

I n this case the r e l a t i on b e t w e e n v o l u m e a n d pressure is 
defined b y the i so thermal l i ne D A . T h e i n c r e m e n t o f 
pressure is k A , a n d the d iminu t ion o f v o l u m e is m A. 
Cal l ing the v o l u m e v , the elast ici ty at constant t empera 
ture is 

(2) T h e elast ici ty under the c o n d i t i o n that hea t ne i ther 
enters nor l eaves the substance is d e n o t e d by E4,. 

I n this case the re la t ion b e t w e e n v o l u m e a n d pressure is 

A k A M 
E 9 = V - V . 

A m A K. 
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d e n n e d b y trie ad iaba t i c l i ne A B. T h e i n c r e m e n t o f pressure 

i s A / , a n d t h e d e c r e m e n t o f v o l u m e is A n. H e n c e the 

e las t ic i ty w h e n n o hea t e scapes is 

A / AN 
E a = V . = V 

A 71 A L 
T h e r e a re severa l i m p o r t a n t re la t ions a m o n g these 

quant i t ies . I n the first p l a c e , w e find for the ra t io o f the 

spec i f ic heats, 

A K AN 
T . — V . 

Kp
 A L _ A L _ E ^ 

K " ~ x . ±20: _

 v . — _ E s 

' A N A K 

o r t he ra t io o f the spec i f ic hea t at cons t an t pressure t o that 

at cons tan t v o l u m e is e q u a l t o t he ra t io o f the elasticity 

w h e n n o heat escapes t o the e las t ic i ty at cons tan t tempera

ture. T h i s r e l a t ion is qu i te i n d e p e n d e n t o f t he pr inc ip les of 

t h e r m o d y n a m i c s , b e i n g a d i r ec t c o n s e q u e n c e o f the defini

t ions . 

T h e ra t io o f Kp t o K„ o r o f Ê , t o E9] is c o m m o n l y d e n o t e d 

b y the s y m b o l y : thus K p = yK v, a n d Ê  = yE«. 

L e t us n e x t d e t e r m i n e t he d i f fe rence b e t w e e n thq t w o 

elast ici t ies 

A /.A m — Kn.hk 
Ej, — E« = v . -. 

A m. A n 
T h e numera to r o f the f ract ion is e v i d e n t l y , b y the g e o 

m e t r y o f t he figure, equa l t o the p a r a l l e l o g r a m A B c D. 

M u l t i p l y i n g b y K„ w e find 
M ^ - E , ) = T V . ^ 1 . A B C D = T . V . ^ , 

Am A N . A « A W i 

s ince A « . A N = ABCD, as w e h a v e shown . 

S ince KT E ^ = KP E 9 > w e a lso find 
/ \ A M 

E6 (K„ — KT) = T v 
Am 

T h e s e re la t ions are i n d e p e n d e n t o f the pr inc ip les of 

t h e r m o d y n a m i c s . 
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I f w e n o w a p p l y the t h e r m o d y n a m i c a l equa t ion A M . A m 

= 1, each o f these quant i t ies b e c o m e s equa l t o 

T v . (A M) 2. 
N o w A M is t he i n c r e m e n t o f pressure at constant v o l u m e 

per d e g r e e o f tempera ture , a v e r y impor t an t quant i ty . T h e 

results therefore may b e wr i t t en 

K T (E0 — Be) = T V A M » = Eg (K„ — K Y ) . 

C H A P T E R X . 

O N L A T E N T H E A T . 

A V E R Y impor t an t class of cases is that in w h i c h the sub
stance is in t w o dif ferent states at the s a m e tempera ture and 
pressure, as w h e n par t of it is so l id a n d par t l iqu id , or part 
solid or l i q u i d and par t gaseous . 

I n such cases the v o l u m e o c c u p i e d b y the substance must 
be c o n s i d e r e d as cons is t ing o f t w o parts, v1 b e i n g that o f the 
substance in the first state, a n d v2 that o f the substance in 
the s e c o n d state. T h e quant i ty o f hea t necessary to c o n v e r t 
unit o f mass o f the substance f rom the first state to the 
second w i t h o u t a l te r ing its t empera tu re is ca l l ed the L a t e n t 
H e a t o f the substance, a n d is d e n o t e d b y L. 

D u r i n g this p rocess the v o l u m e c h a n g e s f rom v1 to z>3 at 
the cons tan t p r e s s u r e ^ . 

L e t p s b e an i so thermal 
line, w h i c h in this case is hor i 
zontal , a n d l e t i t c o r r e s p o n d to 
the pressure P a n d the t e m p e 
rature s. 

L e t Q T b e a n o t h e r i so 
thermal l ine c o r r e s p o n d i n g to 
the pressure Q a n d the t e m p e 
rature T. 
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L e t B A and c D b e ad iabat ic l ines cut t ing the isothermals 
i l l A B C D. 

T h e n the substance, in e x p a n d i n g at the temperature s 
f rom the v o l u m e p B to the v o l u m e P C, w i l l absorb a 

quant i ty o f heat equa l t o L — — — , w h e r e L is the latent 
v 2 — Vi 

heat at t empera tu re s. 

W h e n the substance is c o m p r e s s e d f r o m Q D t o Q A at 

t empera ture T it w i l l g i v e out a quan t i ty o f hea t equa l to 

w h e r e the a c c e n t e d quanti t ies refer to the tempera ture T. 
T h e quan t i ty o f w o r k d o n e b y an e n g i n e w h e n the indi

ca t ing p o i n t descr ibes the figure A E C D o n the d iagram is 
r ep re sen ted b y the area o f this figure, a n d i f the temperatures 
s a n d T a re so nea r e a c h o ther that w e m a y neg lec t the 
curvature o f the l ines A B a n d c D , this area is 

£ (B C + A D) P Q. 
I f the d i f fe rence o f pressures p Q is v e r y smal l , B C = A D 

near ly , so that w e m a y wr i t e the area thus : 

B c (p — Q). 
But w e m a y ca lcu la te the w o r k in ano the r w a y . I t is 

equal t o the hea t a b s o r b e d at the h ighe r temperature , 
m u l t i p l i e d b y the ra t io o f the d i f fe rence o f the tempera tures 
to the h igher tempera ture . T h i s is 

B c s — T 
V2 — Z>, S 

E q u a t i n g the t w o va lues o f the w o r k , w e find the latent 

hea t 
/ \ P — Q L = {pt - vj s _ ^ , 

w h e r e it is t o b e r e m e m b e r e d that in ca lcu la t ing the frac
t ion y ~~ ^ the d i f ference o f the pressures P a n d Q and the 

s — T 
dif ference o f the tempera tures s a n d T are to b e supposed 
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very small. I n fact, this f ract ion is that w h i c h in t he lan

guage o f the differential calculus w o u l d b e d e n o t e d b y ^ ~ 

a o 
T h e student m a y d e d u c e the equa t ion at o n c e f rom the 
third t h e r m o d y n a m i c re la t ion at p . 168. 

T h e mos t impor tan t case o f a substance in t w o different 
states is that in w h i c h the subs tance is pa r t ly wa te r and 
partly steam at the s a m e tempera ture . 

T h e pressure o f s team in a vesse l con t a in ing w a t e r at the 
same temperature is c a l l ed the pressure o f saturated s team 
or aqueous v a p o u r at that t empera ture . 

T h e va lue o f this pressure has b e e n d e t e r m i n e d for a grea t 
number o f t empera tures as measu red on the o rd ina ry scales. 
T h e most c o m p l e t e d e t e r m i n a t i o n s o f this k i n d are those o f 
Regnaul t . R e g n a u l t has a lso d e t e r m i n e d 1., the la ten t hea t 
of unit o f mass o f s team, for m a n y different temperatures . 

H e n c e , i f w e a lso k n e w the v a l u e o f v2 — w v , or the 
difference o f v o l u m e b e t w e e n unit o f mass o f w a t e r a n d the 
same w h e n c o n v e r t e d in to s team, w e should h a v e all the 
data for d e t e r m i n i n g s, the abso lu te t empera tu re on the 
the rmodynamic scale. 

Unfor tuna te ly there is cons ide rab l e difficulty in ascer
taining the v o l u m e o f s t eam at the p o i n t o f saturation. I f 
w e p lace a k n o w n w e i g h t o f wa te r in a vesse l , the capac i ty 
o f which w e can adjust, and d e t e r m i n e e i ther the capac i ty 
corresponding t o a g i v e n t empera tu re at w h i c h the w h o l e is 
just conve r t ed in to s team, o r the t empera tu re c o r r e s p o n d i n g 
to a g i v e n capac i ty , w e m a y ob ta in data for d e t e r m i n i n g 
the density o f saturated s team, but it is e x c e e d i n g l y difficult 
to observe ei ther the c o m p l e t i o n o f the e v a p o r a t i o n or the 
beginning o f the condensa t ion , a n d at the same t i m e to 
avo id other causes o f error. I t is to b e h o p e d that these 
difficulties w i l l b e o v e r c o m e , a n d then our k n o w l e d g e o f the 
other p roper t i es o f saturated steam wi l l enab le us to c o m p a r e 
the ord inary scales o f t empera tu re w i th the t h e r m o d y n a m i c 
scale through a r ange e x t e n d i n g f rom —30 0 F . to 4 3 2 0 F . 

I n the m e a n t i m e Clausius a n d R a n k i n e have m a d e use o f 
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the fo rmula in o r d e r t o ca lcu la te the dens i ty o f saturated 

s team, assuming that the abso lu te t empera tu re is equa l to the 

t empera tu re r e c k o n e d f rom —460° o f Fahrenhe i t ' s scale. 

T h e same p r i n c i p l e enab le s us to establish relations 

b e t w e e n the phys ica l p roper t i e s o f a substance at the point 

at w h i c h it changes f rom the so l i d to the l i q u i d state. 

T h e t empera ture o f m e l t i n g i ce was alw r ays supposed to be 

abso lu t e ly constant t i l l it was p o i n t e d out b y P r o f e s s o r James 

T h o m s o n 1 that i t f o l l o w s f rom Carno t ' s p r i n c i p l e that the 

m e l t i n g p o i n t mus t b e l o w e r e d w h e n the pressure increases ; 

for i f is the v o l u m e o f a p o u n d o f i c e , a n d v2 that o f a 

p o u n d o f water , b o t h b e i n g at 32° F . , w e k n o w that the 

v o l u m e o f the i c e is g rea te r than that o f the water . H e n c e 

i f s b e the m e l t i n g p o i n t at pressure P , a n d T the mel t ing 

p o i n t at pressure Q, w e h a v e , as at p . 174, 

I f w e m a k e p = o and s = 32° F . , then the m e l t i n g tem

pera ture at pressure Q is 

T = 32° F . _ (vx - vt) Q £. 

N o w the v o l u m e o f a p o u n d o f i c e at 32° F . is 0^0174 

c u b i c fee t = vlt a n d that o f a p o u n d o f w a t e r at the same 

t empera tu re is 0-016 cub ic feet = v2. s, the abso lu te tempe

rature, c o r r e s p o n d i n g t o 3 2 ° F . , is 492°. L , the la tent heat 

r e q u i r e d to c o n v e r t a p o u n d o f i c e in to a p o u n d o f water, 

= 142 the rmal units = 142 x 772 foo t -pounds . H e n c e T, 

t he t empera tu re o f me l t i ng , c o r r e s p o n d i n g to a pressure o f 

Q p o u n d s w e i g h t pe r square foo t , is 

x = 32° — O° -0000OÓ3 x Q. 

I f the pressure b e that o f n a tmospheres , each a tmosphere 

b e i n g 2,116 p o u n d s w e i g h t pe r square foot , 

T = 32° — o ° -o i33 n. 

1 Transactions of the Royal Society of Edinburgh, vol. xvi. p. 575» 
January 2 , 1849. 
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H e n c e the m e l t i n g p o i n t o f i c e is l o w e r e d b y about the 
seventy-fifth par t o f a d e g r e e o f F a h r e n h e i t for e v e r y 
addit ional a tmosphere o f pressure. T h i s result o f t h e o r y 
was ver i f ied b y the d i rec t e x p e r i m e n t s o f P r o f e s s o r W . 
T h o m s o n . 1 ' 

Professor J. T h o m s o n has also p o i n t e d out the i m p o r t a n c e 
o f the unique c o n d i t i o n as to t empera tu re a n d pressure under 
which water or a n y o t h e r substance can p e r m a n e n t l y ex is t 
in the sol id , l iqu id , a n d gaseous forms in the same vesseL 
Th i s can o n l y b e at the f r eez ing t empera tu re c o r r e s p o n d i n g 
to the pressure o f v a p o u r at this f reez ing po in t . H e cal ls 
this the t r iple po in t , because three the rma l l ines m e e t in i t — 
(1) the s team l ine , w h i c h d i v i d e s the l i q u i d f rom the gaseous 
state j (2) the i ce l ine , w h i c h d i v i d e s the l i q u i d f rom the so l id 
state; (3) the hoar-frost l ine , w h i c h d i v i d e s the sol id f rom the 
gaseous state. 

W h e n e v e r the v o l u m e o f the substance is, l i k e that o f 
water, less in the l i q u i d than in the so l id state, the effect o f 
pressure on a vesse l con ta in ing the substance par t ly in a 
l iquid and par t ly in a sol id state is t o cause s o m e o f the 
solid por t ion t o me l t , a n d t o l o w e r t he t empera ture o f the 
whole t o the m e l t i n g p o i n t c o r r e s p o n d i n g to the pressure. 
If, on the contrary, the v o l u m e o f the substance is grea ter in 
the l iqu id than in the so l i d state, the effect o f pressure is t o 
solidify s o m e o f the l i qu id part , a n d t o raise the t empera ture 
to the me l t i ng p o i n t c o r r e s p o n d i n g t o the pressure. T o 
determine at o n c e w h e t h e r the v o l u m e o f the substance is 
greater in the l i q u i d o r the so l id state, w e h a v e o n l y t o 
observe whe the r so l id po r t ions o f the substance sink or s w i m 
in the m e l t e d substance. If , l i ke i ce in water , t hey s w i m , 
the v o l u m e is g rea te r in the so l id state, a n d pressure causes 
melt ing and l o w e r s t he m e l t i n g po in t . If , l ike sulphur, w a x , 
and most k inds o f s tone , t he so l id substance sinks in the 
l iquid, then pressure causes so l id i f ica t ion a n d raises the 
melt ing po in t . 

1 Proceedings of the Royal Society of Edi?iburgk, 1850. 
N 
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W h e n t w o p ieces o f i ce at the me l t i ng p o i n t are pressed 
together , the pressure causes m e l t i n g to take p lace at the 
por t ions o f the surface in contact . T h e wa te r so formed 
escapes out o f the w a y a n d the tempera ture is lowered. 
H e n c e as soon as the pressure diminishes the t w o parts are, 
f rozen toge ther with ice at a tempera ture b e l o w 32 0 . Th i s 
p h e n o m e n o n is ca l led R e g e l a t i o n . 

I t is w e l l k n o w n that the tempera ture o f the earth increases 
as w e descend , so that at the b o t t o m o f a d e e p bor ing it is 
cons ide rab ly hotter than at the surface. W e shall see that, 
unless w e suppose the present state o f things to b e o f no 
g rea t ant iquity, this increase o f temperature must g o on to 
m u c h grea ter depths than any o f our bor ings . I t is easy on 
this supposi t ion to calculate at wha t d e p t h the temperature 
w o u l d b e equal to that at w h i c h m o s t k inds o f s tone melt in 
our furnaces, and it has b e e n some t imes asserted that at this 
dep th w e should find eve ry th ing in a state o f fusion. But 
w e must r eco l l ec t that at such depths there is an enormous 
pressure, and therefore rocks w h i c h in our furnaces would 
b e m e l t e d at a certain tempera ture m a y r ema in so l id even at 
much greater temperatures in the heart o f the earth. 

CHAPTER X I . 

O N T H E A P P L I C A T I O N O F T H E P R I N C I P L E S O F 

T H E R M O D Y N A M I C S T O G A S E S . 

THE physical proper t ies o f b o d i e s in the gaseous state are 
m o r e s imple than w h e n they are in any other state. T h e 
relat ions o f the v o l u m e , pressure, and temperature are 
then m o r e or less accurately represen ted b y the laws of 
B o y l e and Charles , w h i c h w e shall speak of, for b rev i ty , as 
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the ' gaseous l a w s . ' W e m a y express t h e m i n the f o l l o w i n g 
form : 

L e t v deno te the v o l u m e o f uni t o f mass, p the pressure, 
/ the temperature measu red b y an air t h e r m o m e t e r and 
reckoned f rom the abso lu te z e r o o f that ins t rument , then 

the quantity - ^ - r e m a i n s cons tan t for the same gas . 

W e here use the s y m b o l / to d e n o t e the absolu te t empe ra 

ture as measu red b y the air t h e r m o m e t e r , r e se rv ing the 

symbol 6 t o d e n o t e the t empera tu re a c c o r d i n g to the 

absolute t h e r m o d y n a m i c scale . 

W e have n o r ight t o assume w i t h o u t p r o o f that these t w o 

quantities are the same, a l though w e shall b e a b l e t o s h o w 

by exper iment that the o n e is n e a r l y equa l t o the other . 

I t is p r o b a b l e that w h e n the v o l u m e a n d the t empera tu re 

are sufficiently g rea t a l l gases fulfil w i t h g rea t accuracy the 

gaseous laws ; but w h e n , b y c o m p r e s s i o n and c o o l i n g , the 

i;as is brought near t o its p o i n t o f c o n d e n s a t i o n in to the 

liquid form, the quan t i ty b e c o m e s less than it is for 

the perfect ly gaseous state, a n d the substance, though still 
apparently gaseous , n o l o n g e r fulfils w i t h accuracy the 
gaseous laws. ( S e e p p . i r 6 , 119.) 

T h e specific hea t o f a gas can b e d e t e r m i n e d on ly b y a 
course o f expe r imen t s i n v o l v i n g c o n s i d e r a b l e diff iculty a n d 
requiring great d e l i c a c y in the measurement s . T h e gas 
must b e e n c l o s e d in a vesse l , a n d the dens i ty o f the 
gas itself is so smal l that its capac i ty for hea t fo rms bu t 
a small part o f the to ta l c apac i ty o f the apparatus. A n y 
error, therefore, in the d e t e r m i n a t i o n o f the capac i ty e i ther 
o f the vesse l i t se l f o r o f the vesse l w i t h the gas in i t w i l l 
produce a m u c h la rger er ror in the ca lcu la ted specif ic hea t o f 
the gas. 

H e n c e the d e t e r m i n a t i o n s o f the specif ic hea t o f gases 
were gene ra l l y v e r y inaccurate , t i l l M . R e g n a u l t b rough t 
all the resources o f his e x p e r i m e n t a l skil l to bear o n the 

N 2 
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i nves t iga t ion , and , by m a k i n g the gas pass in a continuous 
current and in l a rge quant i t ies through the tube o f his calori
mete r , d e d u c e d results w h i c h canno t b e far f r om the truth. 

T h e s e results, h o w e v e r , w e r e no t pub l i shed till 1853, but in 
the m e a n t i m e R a n k i n e , b y the a p p l i c a t i o n o f the principles 
o f t h e r m o d y n a m i c s t o facts a l r e a d y k n o w n , de te rmined 
theore t i ca l ly a v a l u e o f the specif ic hea t o f air, which he 
pub l i shed i n 1850. T h e v a l u e w h i c h he o b t a i n e d differed 
f rom that w h i c h was then r e c e i v e d as the bes t result o f direct 
e x p e r i m e n t , but w h e n R e g n a u l t ' s result was publ ished it 
a g r e e d exac t ly w i t h R a n k i n e ' s ca lcula t ion . 

W e mus t n o w exp la in the p r i n c i p l e w h i c h Rank ine 
a p p l i e d . W h e n a gas is c o m p r e s s e d w h i l e the temperature 
remains constant , the p r o d u c t o f the v o l u m e and pressure 
r ema ins constant . H e n c e , as w e h a v e shown , the elasticity 
o f the gas at cons tan t t empera tu re is numer ica l ly equal to its 
pressure. 

B u t i f the vesse l in w h i c h the gas is c o n t a i n e d is incapable 
o f r e c e i v i n g hea t f r om the gas , or o f c o m m u n i c a t i n g heat to 
it , then w h e n c o m p r e s s i o n takes p l a c e the tempera ture wil l 
rise, a n d the pressure w i l l be g rea te r than it was in the 
f o r m e r case. T h e elast ici ty, therefore , w i l l b e greater in tire 
case o f n o the rma l c o m m u n i c a t i o n than in the case of 
cons tan t t empera tu re . 

T o de t e rmine the e las t ic i ty under these c i rcumstances in 
this w a y w o u l d b e imposs ib l e , because w e canno t obtain a 
vesse l w h i c h wi l l no t a l l o w hea t to e scape f rom the gas 
w i t h i n it. If , h o w e v e r , the c o m p r e s s i o n is e f fec ted rapidly, 
the re w i l l be v e r y l i t t le t i m e for the heat to escape, but 
t hen there w i l l b e v e r y l i t t le t i m e to measure the pressure 
in the o rd ina ry w a y . I t is poss ib le , h o w e v e r , after c o m 
press ing air i n to a l a rge vesse l at a k n o w n temperature , to 
o p e n an aper ture o f cons ide rab l e s ize for a t i m e w h i c h is 
sufficient t o a l l o w the air t o rush ou t t i l l the pressure is the 
same wi th in and wi thout the vesse l , but no t sufficient to 
a l l o w m u c h hea t to be a b s o r b e d b y the air f r om the sides of 
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the vessel. W h e n the aperture is c l o s e d the air is somewha t 
cooler than before , a n d t h o u g h i t r e c e i v e s hea t f rom the 
sides o f the vesse l so fast that its t empera tu re in the c o o l e d 
state cannot b e accura te ly o b s e r v e d wi th a t h e r m o m e t e r , the 
amount o f c o o l i n g m a y b e ca lcu la ted b y o b s e r v i n g the 
pressure o f the air w i th in the ve s se l after its t empera tu re has 
b e c o m e equal to that o f the a tmosphe re . S ince at t he 
m o m e n t o f c los ing the aperture the air wi th in was c o o l e r than 
the air wi thout , wh i l e its pressure was the same, i t f o l l o w s 
that when the t empera ture w i t h i n has risen so as t o b e 
equal to that o f the a t m o s p h e r e its pressure w i l l b e greater . 

L e t p x b e the o r ig ina l pressure o f the air c o m p r e s s e d in a 
vessel w h o s e v o l u m e is v ; le t its t empera tu re b e T, equa l t o 
that o f the a tmosphere . 

Par t o f the air is then a l l o w e d t o escape , t i l l the pressure 
within the vesse l is p , equa l t o that o f the a t m o s p h e r e ; l e t 
the temperature o f the air r e m a i n i n g wi th in the vesse l b e / . 
N o w let the aper ture b e c losed , and le t the t empera tu re o f 
the air within b e c o m e aga in T, equal t o that o f the a tmosphe re , 
and let its pressure b e then p^. 

T o de te rmine t, t h e abso lu te t empera ture o f the air w h e n 
coo led , w e have , s ince the v o l u m e o f the e n c l o s e d air 
is constant, the p r o p o r t i o n 

p : p2::': T, 
or 

^ P T 

T h i s g i v e s the c o o l i n g effect o f e x p a n s i o n f rom the 
pressure pt to the pressure p . . T o d e t e r m i n e the cor re 
sponding change o f v o l u m e w e mus t calcula te the v o l u m e 
original ly o c c u p i e d b y the air w h i c h remains in the vessel . 

A t the end o f the e x p e r i m e n t it occup ies a v o l u m e v , at a 
pressure p2 a n d a t empera tu re T. A t the b e g i n n i n g o f the 
exper iment its pressure was pl and its tempera ture T : 

hence the v o l u m e w h i c h it then o c c u p i e d was ytx=zv, and 
Pi 
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a sudden increase o f v o l u m e in the ra t io o f p% t o p l corre

s p o n d s to a d iminu t ion o f pressure f rom pl to P. S i n c e / , 

is g rea te r than>p, the ra t io o f the pressures is greater than 

the ra t io o f the v o l u m e s . 

T h e e las t ic i ty o f the air unde r the c o n d i t i o n o f n o thermal 

c o m m u n i c a t i o n is the v a l u e o f t he quan t i ty 

w h e n the expans ion is v e r y small , or w h e n p1 is v e r y little 

g rea te r than p . 

But w e k n o w that the e las t ic i ty at cons tan t temperature 

is numer i ca l ly equal t o the pressure (see p . i n ) . H e n c e we 

f ind for the v a l u e o f y , the ra t io o f the t w o elasticities, 

__ PL — F 
7 > i - A 

or , m o r e exac t ly , 

A l t h o u g h this m e t h o d o f d e t e r m i n i n g the elast ici ty in the 
case o f n o the rma l c o m m u n i c a t i o n is a p rac t i cab le one , it is 
b y n o m e a n s the m o s t pe r f ec t m e t h o d . I t is difficult, for 
ins tance, to a r range the e x p e r i m e n t so that the pressure 
m a y b e c o m p l e t e l y equa l i sed at the t i m e the aperture is 
c losed , w h i l e at the same t i m e n o sens ib le po r t ion o f heat 
has b e e n c o m m u n i c a t e d t o the air f r om the sides o f the 
vesse l . I t is a lso necessa ry t o ensure that no air has en
te red f r o m wi thout , and that the m o t i o n wi th in the vessel has 
subs ided be fo re the aperture is c losed . 

Bu t the v e l o c i t y o f sound in air d e p e n d s , as w e shall after
wards show, o n the re la t ion b e t w e e n the var ia t ions o f its 
dens i ty a n d its p ressure dur ing the r ap id condensa t ions and 
rarefact ions w h i c h occur dur ing the p r o p a g a t i o n o f sound. A s 
these changes o f pressure and dens i ty succeed o n e another 
severa l hundred , o r e v e n severa l thousand, t imes in a second, 
the heat d e v e l o p e d b y c o m p r e s s i o n in o n e par t o f the air has nd 

v + V PI — P 
2 v — V 

or \{PI + PÎ) 
t\ - A 

7 
l o g / , - l o g P 
l ° g / i - l o g / 2 " 
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t ime to t rave l b y c o n d u c t i o n to parts c o o l e d b y expans ion , 

even i f air w e r e as g o o d a c o n d u c t o r o f hea t as c o p p e r is. 

But w e k n o w that air is r ea l ly a v e r y b a d c o n d u c t o r o f heat, 

so that in the p r o p a g a t i o n o f sound w e m a y b e qui te cer ta in 

that the changes o f v o l u m e take p l a c e wi thou t any apprec i 

able c o m m u n i c a t i o n o f hea t , and there fore the elast ici ty, as 

deduced f rom measurement s o f the v e l o c i t y o f sound, is 

that co r respond ing to the c o n d i t i o n o f n o t he rma l c o m m u n i 

cation. 

T h e rat io o f the elasticit ies o f air, as d e d u c e d from expe r i 

ments on the v e l o c i t y o f sound, is 

y = I'408. 

T h i s is a lso, as w e h a v e s h o w n , the ra t io o f the specif ic 

heat at constant pressure t o the speci f ic hea t at constant 

vo lume. 

T h e s e re la t ions w e r e p o i n t e d ou j b y L a p l a c e , l o n g b e f o r e 

the recent d e v e l o p m e n t o f t h e r m o d y n a m i c s . 

W e n o w p r o c e e d , f o l l o w i n g R a n k i n e , t o a p p l y the t h e r m o -

dynamical equat ion o f p . 173 : 

E 9 (K„ — K V ) = T V (A M) S. 

I n the case o f a fluid fulfil l ing the gaseous laws, and 

also such that the abso lu te z e r o o f its t h e r m o m e t r i c scale 

coincides w i th the abso lu te z e r o o f the t h e r m o d y n a m i c scale, 

w e have 

p 
A M = — 

a 
and 

Efl = p. 
H e n c e 

p v 
K„ KT — -_— — R, 

a constant quant i ty . 

N o w at the f r eez ing tempera ture , w h i c h is 49<2° '6 

on Fahrenhei t ' s sca le f r o m absolu te z e r o , p v — 26,214 
IRIS - LILLIAD - Université Lille 1 



184 Application of Thermodynamics to Gases. 

foot-pounds by Regnault's experiments on air, so that » 
is 53'2i foot-pounds per degree of Fahrenheit. 

This is the work done by one pound of air in expanding 
under constant pressure while the temperature is raised one 
degree Fahrenheit 

N o w K y is the mechanical equivalent of the heat required 
to raise one pound of air one degree Fahrenheit without 
any change of volume, and K b is the mechanical equivalent 
of the heat required to produce the same change of tempera
ture when the gas expands under constant pressure, so that 
Kp — represents the additional heat required for the ex
pansion. The equation, therefore, shows that this additional 
heat is mechanically equivalent to the work done by the 
air during its expansion. This, it must be remembered, 
is not a self-evident truth, because the air is in a different 
condition at the end of the operation from that in which 
it was at the beginning. I t is a consequence of the fact, 
discovered experimentally by Joule (p. 216), that no change 
of temperature occurs when air expands without doing 
external work. 

W e have now obtained, in dynamical measure, the differ
ence between the two specific heats of air. 

W e also know the ratio of KP to K t to be 1 -408. Hence 

KY = 53_iL = 130-4 foot-pounds per degree Fahrenheit, 
•408 

and 
K p — K T -f- 53"2i = 183-6 foot-pounds per degree Fah. 

N o w the specific heat of water at its maximum density is 
Joule's equivalent of heat : for one pound it is 772 foot
pounds per degree Fahrenheit 

Hence if Cp is the specific heat of air at constant pressure 
referred to that of water as unity, 

C p = ^ £ = 0-2378. 

This calculation was published by Rankine in 1850. 
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T h e va lue o f the specif ic hea t o f air, de t e rmined d i rec t ly 

from e x p e r i m e n t b y M . R e g n a u l t a n d pub l i shed in 1853, is 

Cp — 0-2379. 

C H A P T E R X I I . 

O N T H E INTRINSIC E N E R G Y O F A S Y S T E M O F BODIES. 

T H E e n e r g y o f a b o d y is its capac i ty for d o i n g w o r k , and 
is measured b y the a m o u n t o f w o r k w h i c h it can b e m a d e 
to d o . T h e In t r i n s i c e n e r g y o f a b o d y is the w o r k w h i c h it 
can d o in v i r tue o f its actual c o n d i t i o n , w i thou t any supply 
of e n e r g y f rom wi thout . 

T h u s a b o d y m a y d o w o r k b y e x p a n d i n g a n d o v e r c o m i n g 
pressure, o r i t m a y g i v e out heat , a n d this hea t m a y b e 
conver ted in to w o r k in w h o l e or in part . I f w e possessed a 
perfect r eve r s ib l e e n g i n e , a n d a refr igerator at the absolu te 
zero o f tempera ture , w e m i g h t c o n v e r t the w h o l e o f the hea t 
which escapes f rom the b o d y in to mechan i ca l work . A s w e 
cannot ob ta in a ref r igera tor abso lu te ly c o l d , i t is imposs ib l e , 
even b y means o f per fec t engines , t o c o n v e r t all the heat 
in to m e c h a n i c a l w o r k . W e k n o w , h o w e v e r , f r om Joule ' s 
exper iments , the m e c h a n i c a l v a l u e o f any quan t i ty o f heat, 
so that i f w e k n o w the w o r k d o n e b y expans ion , a n d the 
quanti ty o f hea t g i v e n out b y the b o d y during any a l tera t ion 
of its cond i t i on , w e can ca lcu la te the e n e r g y w h i c h has b e e n 
e x p e n d e d b y the b o d y dur ing the a l te ra t ion . 

A s w e canno t in a n y case d e p r i v e a b o d y o f all its heat , 
and as w e cannot , in the case o f b o d i e s w h i c h assume the 
gaseous fo rm, increase the v o l u m e o f the con ta in ing vesse l 
sufficiently t o ob t a in all the mechan i ca l e n e r g y o f the ex
pansive force , w e c a n n o t d e t e r m i n e expe r imen ta l l y the w h o l e 
energy o f the b o d y . I t is sufficient, h o w e v e r , for all 
practical purposes t o k n o w h o w m u c h the e n e r g y e x c e e d s 
or falls short o f the e n e r g y o f the b o d y in a cer ta in def in i te 
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c o n d i t i o n — f o r ins tance , at a s tandard t empera tu re and a 

s tandard pressure. 

I n a l l ques t ions a b o u t the mutua l a c t i o n o f bod ie s w e are 

c o n c e r n e d w i t h the d i f fe rence b e t w e e n the e n e r g y o f each 

b o d y in different states, a n d n o t w i t h its absolu te value, so 

that the m e t h o d o f c o m p a r i n g the e n e r g y o f the b o d y at 

a n y t i m e w i t h its e n e r g y at the s t andard temperature and 

pressure is sufficient for our p u r p o s e . I f the b o d y in its 

ac tua l state has less e n e r g y than w h e n it is in the standard 

state, the express ion for the r e l a t i v e e n e r g y wi l l b e nega

t ive . T h i s , h o w e v e r , d o e s n o t i m p l y that the energy of 

a b o d y can e v e r b e r ea l ly n e g a t i v e , for this is impossible. 

I t o n l y shows that in the s tandard state i t has m o r e energy 

than in the actual state. 

L e t us c o m p a r e the e n e r g y o f a subs tance i n t w o different 

states. L e t the t w o states b e i n d i c a t e d i n the d iagram by 

the po in t s A and B, a n d l e t the i n t e r m e d i a t e states through 

w h i c h it passes b e ind ica t ed b y the l ine , s t raight o r curved, 

w h i c h is d rawn f rom A to B. 

T h e w o r k o f the path, o r the w o r k w h i c h the b o d y does 

wh i l e pass ing f rom the state A to the state B a l o n g the path, 

F A 6 A B, is represen ted , as we 

h a v e s h o w n at p. 103, by 

t he area i n c l u d e d be tween 

t he pa th A B, the l ine o f 

equa l v o l u m e , BO, the line 

o f z e r o pressure, 6 a, and 

t he l i ne o f equa l vo lume , 

a A, a n d it is to b e r eckoned 

p o s i t i v e w h e n this area is 

d e s c r i b e d in the direct ion 

o f the hands o f a watch. 

T h e hea t o f the path, or 

t he hea t a b s o r b e d b y the 

b o d y dur ing its passage 

a l o n g A B , is r ep resen ted b y the area i n c l u d e d b e t w e e n the 
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path A B, the i sen t ropic B the fictitious z e r o i so thermal /3 a, 
and the i sen t rop ic a A. ( S e e p a g e 164.) 

T h i s area is to b e r e c k o n e d pos i t i ve w h e n i t l ies on the 
right hand o f A B. I n the figure, in w h i c h it l i es o n the left 
hand o f AB, it must b e r e c k o n e d n e g a t i v e , or, in o the r w o r d s , 
it represents hea t g i v e n out b y the b o d y . 

T h e sum o f the w o r k d o n e and o f hea t g i v e n ou t b y the 
b o d y , bo th in d y n a m i c a l measure , is the w h o l e e n e r g y g i v e n 
out b y the b o d y dur ing its passage f rom the state A t o the 
state B. I t is r ep re sen ted b y the w h o l e area aAafiBia, a n d 
this area, therefore , represents the d iminu t ion o f t he e n e r g y 
of the b o d y , wh ich is e v i d e n t l y i n d e p e n d e n t o f the fo rm o f 
the path b e t w e e n A a n d B. N O W this area is the d i f ference 
be tween the areas AOZUA and B/3ZI$B, w h i c h are b o u n d e d 
by the l ine o f ze ro pressure, the fictitious l ine o f z e r o t e m p e 
rature, and the l ines o f equa l v o l u m e a n d o f equa l en t ropy . 

I f w e suppose the fictitious l ine o f z e r o t empera ture j o i n e d 
to the l ine o f ze ro pressure b y a l i ne o f any fo rm, f3z, w e 
may cons ider the area b o u n d e d b y these l ines and b y the 
lines o f equa l v o l u m e a n d o f equa l e n t r o p y th rough A as 
represent ing that par t o f the e n e r g y o f the b o d y in the 
state A the var ia t ions o f w h i c h w e are dea l i ng wi th , for i f 
the b o d y passes i n t o the state B, b y d o i n g w o r k and g i v i n g 
out heat, the e n e r g y g i v e n out is r ep resen ted b y the excess 
o f the area AOZUA a b o v e Bpzbs, a n d this, therefore , r e 
presents the excess o f the e n e r g y i n the state A a b o v e that 
in the state B. 

H e n c e , in discussing the var ia t ions o f tire e n e r g y , w e m a y 
consider t h e m r ep re sen t ed b y the var ia t ions o f the area 
AQZCA, or , w h a t is the same thing, w e m a y suppose the 
energy t o b e r ep re sen ted b y this area t oge the r wi th an 
unknown constant . 

AVAILABLE ENERGY. 

T h e sum o f the w o r k d o n e b y the b o d y a n d the d y n a m i c a l 

equivalent o f the hea t w h i c h it g i v e s out dur ing its passage 
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f rom the state A to the state B is, as w e h a v e seen, the 

s a m e w h a t e v e r b e the pa th b y w h i c h the b o d y passes from 

the state A t o the state B . If , h o w e v e r , w e suppose that 

the b o d y is su r rounded b y a m e d i u m , the t empera ture o f 

w h i c h is m a i n t a i n e d con-
F I G . 260 . 

A stant, so that the bociy can 
g i v e out heat o n l y w h e n its 
t empera tu re is h igher than 
that o f the m e d i u m , and 
can t ake in hea t o n l y when 
its t empera tu re is l o w e r 
than that o f the med ium, 
then these cond i t i ons wi l l 
conf ine the path within 
cer ta in l imi ts . 

D r a w the i sothermal I T , 
r ep resen t ing the constant t empera tu re o f the surrounding 
m e d i u m . T h e n s ince the t empera tu re o f the b o d y at A and 
at a l l po in t s a b o v e the l i ne T T ' is h igher than that o f the 
m e d i u m , t he b o d y c a n n o t r e c e i v e hea t f r om the med ium. 
H e n c e its e n t r o p y canno t increase , a n d the path canno t rise 
a b o v e the ad iaba t ic o r i s en t rop ic A a, d r a w n through A. 

A g a i n , w h e n the b o d y g i v e s out hea t t o the m e d i u m , its 
t empera tu re mus t b e h igher than that o f the m e d i u m . 
H e n c e the path mus t b e a b o v e the i so thermal T T'. 

T h e pa th f o r m e d b y the i sen t rop ic A T and t he i so thermal 
T B is therefore the l i m i t i n g f o r m o f t he path, a n d is that 
w h e r e i n the w o r k d o n e b y the b o d y is a m a x i m u m , a n d the 
heat g i v e n out b y it a m i n i m u m . 

I f w e d e n o t e the e n e r g y o f the b o d y in the state A b y e, 
and its e n t r o p y b y a), a n d the e n e r g y a n d e n t r o p y o f the 
b o d y a t the t empera ture and pressure o f the surrounding 
m e d i u m ( r e p r e s e n t e d b y B ) b y e0 a n d <pa, t hen the total 
e n e r g y g i v e n out as w o r k a n d hea t dur ing the passage from 
the state A t o the state B is e—e0. 
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T h e amount o f hea t w h i c h the b o d y g i v e s out dur ing the 

process cannot b e less than that c o r r e s p o n d i n g t o the path 

A T B , which is 

(<t> ~ <Po) T 

where T is the abso lu te t empera tu re o f the surrounding 

medium. 

T h e amount o f w o r k d o n e b y the b o d y dur ing the p rocess 

cannot, therefore , b e g rea te r than 

e — e0 — (<p — <p0) T. 

This , therefore , is the par t o f the e n e r g y w h i c h is ava i l ab le 
for mechanica l purposes under the c i rcumstances in w h i c h 
the b o d y is p l a c e d , n a m e l y , w h e n sur rounded b y a m e d i u m 
at temperature T a n d pressure P. 

I t appears, therefore , that the grea ter the or ig ina l en t ropy , 
the smaller is the ava i l ab l e e n e r g y o f the b o d y . 1 

I f the sys tem under cons ide ra t i on consists o f a n u m b e r o f 
bodies at different pressures and tempera tures c o n t a i n e d 
within a vesse l f rom w h i c h ne i the r mat te r n o r heat can 
escape, then the a m o u n t o f e n e r g y c o n v e r t e d in to w o r k w i l l 
be greatest w h e n the sys tem is r e d u c e d to thermal a n d 
mechanical equi l ib r ium b y the f o l l o w i n g process . 

ist . L e t each o f the b o d i e s b e b rough t t o the s a m e t e m 
perature b y e x p a n s i o n or c o m p r e s s i o n wi thout c o m m u n i c a 
tion of heat. 

2nd. T h e b o d i e s b e i n g n o w at the same tempera ture , l e t 
those which exer t the grea tes t pressure b e a l l o w e d to e x p a n d 

1 In former editions of this book the meaning of the term Entropy, 
as introduced by Clausius, was erroneously stated to be that part of the 
energy which cannot be converted into work. The book then proceeded 
to use the term, as equivalent to the available energy ; thus introducing 
great confusion into the language of thermodynamics. In this edition 
1 have endeavoured to use the word Entropy according to its original 
definition by Clausius. 

IRIS - LILLIAD - Université Lille 1 



igo Energy, Entropy, and Dissipation. 

and to compress those w h i c h exe r t less pressure, till the 
pressures o f a l l the b o d i e s in the vesse l are equal , the process 
b e i n g c o n d u c t e d so s l o w l y that the tempera tures o f a l l the 
bod ie s r e m a i n sensibly equa l t o each o the r throughout the 
process . 

D u r i n g the first par t o f this process , in w h i c h there is no 
c o m m u n i c a t i o n o f heat b e t w e e n the b o d i e s , the en t ropy o f 
each b o d y remains constant . D u r i n g the s e c o n d part, the 
b o d i e s are a l l at the same tempera ture , a n d there fore the c o m 
munica t ion o f heat f r om o n e b o d y to ano ther diminishes 
the e n t r o p y o f the o n e b o d y as m u c h as it increases that o f 
the other , so that the sum o f the e n t r o p y remains constant. 
H e n c e the total e n t r o p y o f the sys tem remains the same 
from the b e g i n n i n g t o the e n d o f the p rocess . T h e work 
d o n e against m e c h a n i c a l resistances dur ing the es tabl ishment 
o f thermal a n d m e c h a n i c a l equ i l i b r i um is g rea te r w h e n the 
process is c o n d u c t e d in this w a y than w h e n c o n d u c t i o n o f 
heat is a l l o w e d t o t ake p l ace b e t w e e n b o d i e s at sensibly 
different tempera tures . 

H e n c e the final state o f the sys tem is d e t e r m i n e d b y the 
f o l l o w i n g c o n d i t i o n s : 

L e t n be the n u m b e r o f b o d i e s f o r m i n g the sys tem. 

L e t mv . . . mn b e the masses o f these b o d i e s , 
v \ • . . vn t h e v o l u m e o f uni t o f mass o f each, 

<?! • . . <pu the e n t r o p y o f unit o f mass o f each, 

. . ea the e n e r g y o f unit o f mass o f each, 

P\ • . . pn the pressure o f each, 

81 · . . 0 n the t empera tu re o f each. 

T h e v o l u m e o f the w h o l e is 

« , » ! + . . . + » , rv = S ( J W W ) , 

a n d since the sys tem is c o n t a i n e d in a vesse l o f v o l u m e v, 

S.{mv) = v 
during the w h o l e process . 
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T h e entropy o f the w h o l e is 

«1 01 + · . • + * » „ rV = 2(«f>) = *· 
W h e n there is n o c o m m u n i c a t i o n o f hea t e x c e p t b e t w e e n 

tod ie s o f equal tempera ture , * remains constant . W h e n 

there is communica t i on o f hea t b e t w e e n b o d i e s o f different 

temperature, * increases. 

I n the final state o f the sys tem 

T h e r e are therefore « — 1 cond i t i ons w i t h respec t to 
pressure, and n — 1 c o n d i t i o n s w i t h r e spec t t o t empera tu re , 
together with o n e c o n d i t i o n wi th r e spec t t o v o l u m e and o n e 
with respect t o en t ropy , or , in al l , 2 n cond i t i ons t o b e satis
fied by the n b o d i e s ; a n d s ince the state o f each b o d y is a 
function o f t w o var iab les , the c o n d i t i o n s are necessary a n d 
sufficient to de t e rmine the final state o f each o f the n b o d i e s . 

T h e w o r k d o n e against resistances ex te rna l t o the sys tem 
may be de t e rmined b y c o m p a r i n g the to ta l e n e r g y at t he 
beginning o f the process w i th the final e n e r g y ; for, s ince n o 
heat is a l l o w e d t o escape , a n y d i m i n u t i o n o f e n e r g y mus t 
arise from w o r k b e i n g d o n e . 

T h e total e n e r g y is 

I f E be the o r ig ina l and E ' the final va lue o f this quant i ty , 
the energy ava i lab le t o p r o d u c e m e c h a n i c a l w o r k is 

I f during any par t o f the p rocess b y w h i c h the sys tem 
reaches its final state o f the rmal and m e c h a n i c a l equ i l ib r ium 
there takes p l a c e a c o m m u n i c a t i o n o f a quant i ty H o f heat 
from a b o d y at t empera tu re (9j t o a b o d y at t empera ture 02, 
the increase o f the to ta l e n t r o p y o f the sys tem arising f rom 
the communica t ion is , as w e h a v e s h o w n (a t p. 163), 

P\ = / s • · • 

e, = e,... 
= A = v 
= = e 

S.(me) = E. 

E — 
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a n d the final en t ropy , ins tead o f b e i n g equal t o the original 

e n t r o p y b e c o m e s 

T h i s inc rease o f the final e n t r o p y i n v o l v e s a cor responding 
inc rease in t he final t empera tu re and the final ene rgy . 

I f the rise o f the final t empera tu re is small , then, since the 
v o l u m e is cons tan t , the inc rease o f the final e n e r g y is 

a n d the ava i l ab le e n e r g y is the re fore d i m i n i s h e d b y this 
q u a n t i t y o n accoun t o f the passage o f the quant i ty H o f 
heat f r om a b o d y at t empera ture Ö, t o a b o d y at tem
pera tu re 0 2. 

P r o c e s s e s o f this k i n d , b y w h i c h , w h i l e the total energy 
remains the same , the ava i l ab l e e n e r g y is d imin i shed , are 
instances o f wha t Sir W . T h o m s o n has ca l l ed the Diss ipa
t ion o f E n e r g y . T h e doc t r i ne o f the d iss ipat ion o f energy 
is c l o s e l y c o n n e c t e d w i t h that o f the g r o w t h o f ent ropy, but 
is b y n o m e a n s i den t i c a l w i t h it. 

T h e i n c r e m e n t o f the to ta l e n t r o p y o f a sys tem arising 
f rom the c o m m u n i c a t i o n o f a g i v e n a m o u n t o f heat , H , from 
a b o d y at o n e g i v e n t empera tu re , 61, to ano the r g i v e n tem
pera ture , 02, is , as w e h a v e seen, 

a quant i ty c o m p l e t e l y d e t e r m i n e d b y the state o f the system 
w h e n this c o m m u n i c a t i o n takes p lace . 

T h e ene rgy d iss ipa ted o r r e n d e r e d unava i l ab le as a source 
o f m e c h a n i c a l w o r k is 

i n to w h i c h a n e w factor , 6 , enters , a n d this factor denotes 

e (*' — *) = H e 
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the final temperature o f the sys tem w h e n it has r e a c h e d the 
state of thermal and m e c h a n i c a l equ i l ib r ium. G, the re fo re , 
since it depends o n the final state o f the sys tem, can 
only be calculated w h e n w e k n o w no t o n l y the re la t ions 
between the t h e r m o d y n a m i c va r i ab le s for all the b o d i e s , but 
the vo lume which they o c c u p y in their final state. 

T h e calculat ion o f the a m o u n t o f e n e r g y d iss ipa ted dur ing 
any process is therefore m u c h m o r e difficult than that o f the 
increase of the total en t ropy . 

I f the system is a l l o w e d t o reach its final state o f thermal 
and mechanical equi l ibr ium, in such a m a n n e r that n o ex 
ternal work is d o n e , a n d n o heat is a l l o w e d t o l e a v e o r enter 
the system, the cond i t i on is that the final e n e r g y is equa l to 
the original energy . 

Combin ing this w i t h the o the r cond i t ions , that the v o l u m e is 
unchanged, and that t he final s tate wi th r e spec t to pressure 
and temperature is c o m m o n to all the b o d i e s , w e m a y deter
mine the final v a l u e o f the tempera ture , pressure, a n d total 
entropy. 

T h e total e n t r o p y w i l l n o w h a v e the m a x i m u m v a l u e c o n 
sistent wi th the or ig ina l state o f the system. T h e diss ipat ion 
of the avai lable e n e r g y w i l l b e c o m p l e t e . 

M E C H A N I C A L A N D T H E R M A L A N A L O G I E S . 

I n studying t h e r m o d y n a m i c s w e m a y find cons ide rab l e 
assistance f rom a c o m p a r i s o n b e t w e e n the the rmal a n d the 
mechanical p h e n o m e n a . 

W e have to d o w i t h e n e r g y in t w o forms, w o r k a n d heat . 
W h e n energy is b e i n g t ransferred f rom o n e b o d y to ano ther 
we can a lways tel l w h e t h e r the first b o d y is d o i n g mechan i ca l 
work on the s e c o n d or c o m m u n i c a t i n g hea t to it. W o r k is 
done by m o t i o n against resistance. H e a t is c o m m u n i c a t e d 
from a hot ter t o a c o l d e r b o d y . 

But as soon as the e n e r g y has en t e red the s e c o n d b o d y , 
o 
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w e can n o l o n g e r dist inguish b y any l e g i t i m a t e process 

w h e t h e r i t is in the f o r m o f w o r k or o f heat . I n fact w e may 

r e m o v e it f rom the b o d y u n d e r e i ther o f these forms. 

I f a f luid at a pressure p increases in v o l u m e f rom v to 

i t p e r f o r m s w o r k agains t ex te rna l res is tance, t he amount of 

w h i c h w o r k is 

p (v' — V) = w. 

I f a b o d y at t empera tu re fl increases i n e n t r o p y f rom cj> to 

<j>\ an a m o u n t o f heat must h a v e en t e red it r epresen ted by 

6 («,' - = H. 

I f b o t h these p rocesses t ake p l ace , a n d i f the energy of 

the b o d y is t he r eby c h a n g e d f rom E t o E', t hen 

E ' — E = H — w = 0 (</>' — <f) — p (»' — »). 

H e r e then w e h a v e t w o sets o f quant i t ies , o n e relat ing to 
w o r k , the o the r t o heat . 

w v p 
H (j> 8 

O f these quant i t ies W o r k a n d H e a t are s i m p l y t w o forms 
o f E n e r g y . 

T h e v o l u m e is a quan t i ty such that w i t h o u t a change of 
its v a l u e n o w o r k can b e d o n e . T h e a m o u n t o f w o r k done , 
h o w e v e r , is measured , n o t b y the c h a n g e o f v o l u m e a lone, 
bu t b y that c h a n g e m u l t i p l i e d b y ano the r quant i ty—the 
pressure. 

I n the s a m e ^ w a y the e n t r o p y is a quan t i ty such that 
w i t h o u t a c h a n g e in its va lue n o hea t can enter or l e a v e the 
b o d y . T h e a m o u n t o f this heat, h o w e v e r , is no t measured 
b y the c h a n g e o f en t ropy , but b y that c h a n g e mul t ip l i ed b y 
ano the r quan t i t y—the abso lu te t empera tu re . 

A g a i n , the pressure is a quant i ty such that its equa l i ty in 
t w o c o m m u n i c a t i n g vessels de t e rmines the i r mechanica l 
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equilibrium, w h i l e its excess in e i ther d e t e r m i n e s a flow o f 

fluid from that vesse l t o the other . 

I n l ike manner the t empera tu re is a quan t i ty such that its 

equality in t w o b o d i e s in c o n t a c t d e t e r m i n e s their the rmal 

equilibrium, wh i l e its exces s in e i ther d e t e r m i n e s a flow o f 

heat from that b o d y t o the other . 

I f we regard the e n e r g y o f a b o d y as d e t e r m i n e d b y its 

volume and its en t ropy , then the pressure m a y b e de f ined as 

the rate at w h i c h the e n e r g y d imin ishes w i th inc rease o f 

volume, whi l e the e n t r o p y remains constant . 

T h e tempera ture m a y in l ike m a n n e r b e de f ined as the 

rate at wh ich the e n e r g y increases w i t h increase o f en t ropy , 

the vo lume r ema in ing constant . 

R E P R E S E N T A T I O N O F T H E P R O P E R T I E S O F A S U B S T A N C E B Y 

M E A N S O F A S U R F A C E . 

Professor J. W i l l a r d G i b b s , o f Y a l e C o l l e g e , U . S . , to w h o m 
we are i n d e b t e d for a careful examina t i on o f t he different 
methods o f represen t ing t h e r m o d y n a m i c re la t ions b y p l ane 
diagrams, has i n t r o d u c e d an e x c e e d i n g l y v a l u a b l e m e t h o d of 
studying the proper t ies o f a substance b y m e a n s o f a surface. 1 

A c c o r d i n g t o this m e t h o d , the v o l u m e , e n t r o p y , a n d 
energy o f the b o d y in a g i v e n state are r ep re sen ted b y the 
three rectangular coo rd ina t e s o f a p o i n t in the surface, and 
this point o n the surface is said t o c o r r e s p o n d t o the g i v e n 
state o f the b o d y . W e shall suppose the v o l u m e measured 
towards the east f r om t h e m e r i d i a n p l a n e c o r r e s p o n d i n g t o 
no vo lume , the e n t r o p y measu red towards the no r th f rom a 
vertical p l ane pe rpend i cu l a r to the mer id i an , w h o s e pos i t i on 
is entirely arbitrary, a n d the e n e r g y measu red d o w n w a r d s 
from the hor izon ta l p l ane o f n o energy , the pos i t i on o f w h i c h 
m a y b e c o n s i d e r e d as arbi trary, because w e canno t measure 
the w h o l e e n e r g y ex i s t ing in a b o d y . 

1 Transactions of the Academy of Sciences of Connecticut, vol. ii. 
O 3 
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T h e s e c t i o n o f this surface b y a v e r t i c a l p l ane perpen
dicular t o t he m e r i d i a n r ep resen t s the r e l a t ion be tween 
v o l u m e and e n e r g y w h e n the e n t r o p y is constant , that is, 
w h e n n o hea t enters o r l e a v e s the b o d y . 

I f the pressure is p o s i t i v e , t hen the b o d y , b y expanding , 
w o u l d d o w o r k against ex te rna l res is tance, a n d its intrinsic 
e n e r g y w o u l d d imin i sh . T h e ra te at w h i c h the energy 
d imin i shes as the v o l u m e increases is r ep resen ted b y the 
t angen t o f the a n g l e w h i c h the c u r v e o f sec t ion makes with 
the h o r i z o n . 

T h e pressure is the re fo re r e p r e s e n t e d b y the tangent of 
the a n g l e o f s l o p e o f the c u r v e o f sec t ion . T h e pressure is 
p o s i t i v e w h e n the cu rve s lopes d o w n w a r d s t owards the west. 
W h e n t he s l o p e o f the c u r v e is t o w a r d s the east the corre
s p o n d i n g pressure is n e g a t i v e . 

A t ens ion or n e g a t i v e pressure canno t exis t in a gas. I t 
m a y , h o w e v e r , exis t in a l i qu id , such as mercu ry . Thus , if 
a b a r o m e t e r tube is w e l l filled w i th c l ean mercury , and 
then p l a c e d in a v e r t i c a l p o s i t i o n , w i t h its c lo sed end 
uppe rmos t , the m e r c u r y s o m e t i m e s d o e s no t fall in the 
t ube t o the p o i n t c o r r e s p o n d i n g t o the a tmospher i c pres
sure, but r ema ins suspended i n the tube , so as to fill it 
c o m p l e t e l y . 

T h e pressure i n this case is n e g a t i v e in that part o f the 
m e r c u r y w h i c h is a b o v e the l e v e l o f the o rd ina ry baromet r ic 
c o l u m n . 

I n so l id b o d i e s , as w e k n o w , tens ions o f cons ide rab le 
m a g n i t u d e m a y exist . 

H e n c e in our t h e r m o d y n a m i c m o d e l t he pressure o f the 
substance is i n d i c a t e d b y the t angen t o f the s lope o f the 
c u r v e o f cons t an t en t ropy , a n d is r e c k o n e d pos i t i ve when 
the e n e r g y d imin i shes as the v o l u m e increases . 

T h e sec t ion o f the surface b y a ve r t i ca l p l a n e paral lel to 
t he mer id i an is a c u r v e o f cons tan t v o l u m e . I n this curve 
the t empera tu re is r ep r e sen t ed b y t he ra te at w h i c h the 
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energy increases as the e n t r o p y increases , that is t o say, b y 
the tangent o f the s lope o f the cu rve . 

Since the temperature , r e c k o n e d f r o m abso lu te z e r o , is an 
essentially pos i t ive quant i ty , the c u r v e o f cons tan t v o l u m e 
must be such that the e n t r o p y and e n e r g y a lways increase 
together. 

T o ascertain the pressure and t empera tu re o f the substance 
in a g iven state, w e m a y d r a w a t angen t p l a n e t o the co r 
responding po in t o f the surface. T h e n o r m a l t o this p l a n e 
through the or igin w i l l cut a ho r i zon ta l p lane at uni t o f d i s 
tance a b o v e the or ig in at a p o i n t w h o s e coord ina t e s represent 
the pressure and tempera ture , the pressure b e i n g r ep resen ted 
by the coord ina te d r a w n towards the west , a n d the t empe ra 
ture by the coord ina te d r a w n towards t he nor th . 

T h e pressure a n d t empera tu re are thus r ep re sen ted b y 
the direct ion o f this no rma l , a n d if, at a n y t w o po in t s 
of the surface, the d i r ec t ions o f the n o r m a l s a re para l le l , 
then in the t w o states o f the substance c o r r e s p o n d i n g to 
these t w o poin ts the pressure a n d tempera ture must b e the 
same. 

I f w e wish t o t race out o n a m o d e l o f the surface a series 
of lines o f equa l pressure, w e h a v e o n l y t o p l a c e it in the 
sunshine and to turn it so that the sun's rays are para l le l t o 
the plane o f v o l u m e a n d ene rgy , a n d m a k e an a n g l e w i th the 
line of v o l u m e w h o s e t angen t is p r o p o r t i o n a l to the pressure. 
Then, i f w e t race o n the surface the b o u n d a r y o f l ight a n d 
shadow, the pressure at all po in t s o f this l ine wi l l b e the 
same. 

I n l ike manner , i f w e p l a c e the m o d e l so that the sun's 
rays are para l le l t o t he p l a n e o f e n t r o p y and ene rgy , the 
boundary o f l ight a n d s h a d o w wi l l b e a l ine such that the 
temperature is the s a m e at e v e r y po in t , a n d p r o p o r t i o n a l to 
the tangent o f the a n g l e w h i c h the sun's rays m a k e w i th the 
line of en t ropy. 

I n this w a y w e m a y t race out o n the m o d e l t w o series o f 
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l ines : l ines o f equa l pressure, w h i c h P ro fe s so r G i b b s calls 
I sop ies t i cs ; and l ines o f equa l t empera tu re , or Isothermals . 

B e s i d e s these, w e m a y t race the three sys tems o f plane sec
tions para l le l to the c o o r d i n a t e p lanes , the i somet r i c s or lines 
o f equal v o l u m e , the i sent ropics or l ines o f equa l entropy, 
w h i c h w e f o r m e r l y ca l l ed , after R a n k i n e , adiabat ics , and 
the i senergics or l ines o f equa l e n e r g y . 

T h e n e t w o r k f o r m e d b y these five sys tems o f l ines will 
f o rm a c o m p l e t e represen ta t ion o f the re la t ions be tween the 
five quanti t ies , v o l u m e , en t ropy , e n e r g y , pressure, and tem
perature, for all states o f the b o d y . 

T h e b o d y i t se l f n e e d n o t b e h o m o g e n e o u s either in 
c h e m i c a l nature o r in phys ica l state. A l l that is necessary 
is that the w h o l e should b e at the same pressure and the 
same t empe ra tu r e . 

B y m e a n s o f this m o d e l P ro fe s so r G i b b s has s o l v e d several 
impor t an t p r o b l e m s re la t ing to the t h e r m o d y n a m i c relations 
b e t w e e n t w o por t ions o f a substance, in d i f ferent physical 
states, but at the same pressure a n d t empera tu re . 

L e t a substance b e capab le o f ex i s t ing in t w o different 
states, say l i qu id a n d gaseous , at the same tempera ture and 
pressure. W e wish to d e t e r m i n e w h e t h e r the substance will 
t end o f i tself t o pass f rom o n e o f these states to the other. 

L e t the substance b e p l a c e d in a cy l inde r , u n d e r a piston, 
and sur rounded b y a m e d i u m at the g i v e n t empera tu re and 
pressure, the ex ten t o f this m e d i u m b e i n g so g rea t that its 
pressure and t empera tu re are n o t sens ib ly a l t e red b y the 
changes o f v o l u m e o f the w o r k i n g substance, or b y the 
heat w h i c h that b o d y g i v e s ou t o r takes in. 

T h e t w o phys ica l states w h i c h are t o b e c o m p a r e d are re
p resen ted b y t w o poin ts o n the surface o f the m o d e l ; and 
s ince the pressure and t empera tu re are the same, the tangent 
p lanes at these po in t s are e i ther c o i n c i d e n t o r paral le l . 

T h e surface represen t ing the t h e r m o d y n a m i c proper t ies of 
the sur rounding m e d i u m must b e supposed to b e constructed 
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on a scale p ropor t iona l t o the a m o u n t o f this m e d i u m ; a n d 
gs we assume that there is a v e r y grea t mass o f this m e d i u m , 
the scale o f the surface w i l l b e so g r ea t that w e m a y r e g a r d 
the port ion o f the surface w i t h w h i c h w e h a v e t o d o as 
sensibly p l a n e ; and s ince its pressure a n d t empera tu re a re 
those of the w o r k i n g substance in the g i v e n state, this p l a n e 
surface is paral lel t o the 
tangent p lane at the 
given poin t o f the sur
face o f the m o d e l . 

L e t A B C be three, 
points o f the m o d e l at 
which the tangentp lanes 
are parallel, the e n e r g y 
being r e c k o n e d d o w n 
wards. 

L e t A a a b e the t angen t p l a n e at A , a n d l e t us cons ide r it 
as part o f the m o d e l represen t ing the ex te rna l m e d i u m , this 
model be ing so p l a c e d that v o l u m e , e n t r o p y , a n d e n e r g y 
are r eckoned in the o p p o s i t e d i rec t ions f rom those in the 
model o f the w o r k i n g substance. 

N o w let us suppose the substance to pass f rom the state A 
to the state B, pass ing th rough the series o f states r e p r e 
sented b y the poin ts o n the i so thermal l ine j o i n i n g the po in t s 
of equal t empera ture A a n d B. 

T h e n since the w o r k i n g substance a n d the external m e d i u m 
are always at the same t empera tu re , the e n t r o p y lost b y the 
one is equal to that g a i n e d b y the other . 

A l s o the o n e gains in v o l u m e wha t is los t b y the o ther . 

H e n c e , dur ing the passage o f the w o r k i n g substance f rom 
the state A t o the state n, the state o f the external m e d i u m 
is always r ep re sen ted b y a po in t in the t angen t p l ane in the 
same ver t ica l l ine as the p o i n t r epresen t ing the state o f the 
working substance. 

Fo r the same hor i zon ta l m o t i o n w h i c h represents a ga in of 
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volume o r entropy o f the one substance represents an equal 

loss of vojume o r entropy in the other. , 

H e n c e , when the state of the working substance is repre

sented by the point B , that o f the external medium will be 

represented by the point a, where the vertical line through 

B meets the tangent plane through A. 

N o w the energy is reckoned downwards for the working 

substance and upwards for the external medium. H e n c e , 

drawing A K horizontal, K B represents the gain in energy of 

the working substance, and K a the loss of energy of the 

external medium. 

T h e line B a, or the vertical height o f the tangent plane 

above the point B , represents the gain o f energy in the whole 

system, consisting of the working substance and the external 

medium, during the passage from the state A to the state B. 

B u t the energy of the system can be increased only by doing 

work on it. 

Bu t if the system can o f itself pass from one state to 

another, the work required t o produce the corresponding 

changes of configuration must be drawn from the energy of 

the system, and the energy must therefore diminish. 

T h e fact, therefore, that in the case before us the energy 

increases, shows that the passage from the state A to the 

State B in presence of a medium of constant temperature 

and pressure, cannot be effected without the expenditure of 

work by some external agent. 

T h e working substance, therefore, cannot o f itself pass 

from the state A to the state B , if B lies below the plane 

which touches the surface at A. 

W e h a v e supposed the substance to pass from A to B by a 

process during which it is always at the same temperature 

as the external medium. I n this case the entropy of the 

system remains constant. 

If, however, the communication of heat between the sub

stances occurs when they are not at the same temperature, 
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the ent ropy o f the sys tem w i l l i nc rease ; a n d i f in the figure 
the gain o f e n t r o p y o f the w o r k i n g substance is r ep resen ted 
by the hor izon ta l c o m p o n e n t o f A B , the loss o f e n t r o p y o f 
the external m e d i u m w i l l b e r ep r e sen t ed b y a smaller 
quantity, such as the ho r i zon t a l c o m p o n e n t o f A a'. H e n c e 
a' will be t o the left o f a, a n d therefore h igher . T h e ga in 
of entropy o f the sys t em wi l l therefore b e r ep re sen ted b y the 
horizontal par t o f a a'. 

N o w since t empera tu re is essent ia l ly p o s i t i v e , a ga in o f 
entropy at a g i v e n v o l u m e a lways imp l i e s a g a i n o f energy . 
H e n c e the gain o f e n e r g y is g rea te r w h e n there is a gain o f 
entropy than w h e n the e n t r o p y remains constant . 

T h e r e is, therefore , n o m e t h o d b y w h i c h the change f rom 
A to B can b e ef fec ted w i t h o u t a ga in o f ene rgy , and this 
implies the expend i tu re o f w o r k b y an ex te rna l a g e n t 

If, therefore, the tangent p l a n e at A is e v e r y w h e r e a b o v e 
the t h e r m o d y n a m i c surface, the c o n d i t i o n o f the w o r k i n g 
substance r ep resen ted b y the p o i n t A is essent ia l ly stable, 
and the substance canno t o f i t se l f pass in to any o ther state 
while e x p o s e d to the s a m e external inf luences o f pressure 
and temperature. 

Th i s wi l l be the case if the surface is c o n v e x o - c o n v e x 
upwards. 

If, on the o the r hand , the surface, as at the po in t B , i s 
either c o n c a v e upwards in all d i rec t ions , o r c o n c a v e in 
one di rect ion and c o n v e x in another , it w i l l b e poss ib le t o 
draw on the surface a l ine f rom the p o i n t o f con tac t l y i n g 
entirely a b o v e the t angen t p l ane , a n d therefore represen t ing 
a series o f states th rough w h i c h the subs tance can pass o f 
itself. 

I n this case the p o i n t o f con tac t represents a state o f the 
substance which , i f phys i ca l ly pos s ib l e for an instant, is 
essentially uns table , a n d canno t b e p e r m a n e n t 

T h e r e is a third case, h o w e v e r , in w h i c h the surface, as 
at the p o i n t c, is c o n v e x o - c o n v e x , so that a l i ne d rawn on 
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the surface f rom the p o i n t o f con tac t must l ie b e l o w the 
t angen t p l ane ; but the tangent p l ane , i f p r o d u c e d far enough, 
cuts the surface at c, so that the p o i n t A l ies a b o v e the 
t angen t p lane . I n this case the substance cannot pass 
th rough any cont inuous series o f states f rom c to A , because 
a n y l i ne d r a w n on the surface f rom c to A b e g i n s b y d ipping 
b e l o w the t angen t p lane . B u t i f a quant i ty , h o w e v e r small, 
o f the substance in the state A is in phys i ca l con tac t with 
the rest o f the substance in the state c , minute por t ions wil l 
pass at o n c e f rom the state c to the state A w i thou t passing 
th rough the i n t e rmed ia t e states. 

T h e e n e r g y set at l ibe r ty b y this t ransformation wi l l 
a cce l e ra t e the subsequent rate o f t ransformat ion , so that the 
p rocess wi l l b e o f the nature o f an e x p l o s i o n . 

Ins t ances o f such a p rocess occu r w h e n a l i q u i d no t in 
p re sence o f its v a p o u r is h e a t e d a b o v e its b o i l i n g poin t , and 
a lso w h e n a l i q u i d is c o o l e d b e l o w its f reez ing po in t , or when 
a so lu t ion o f a salt, or o f a gas , b e c o m e s supersaturated. 

I n the first o f these cases the con tac t o f the smallest 
quan t i ty o f v a p o u r w i l l p r o d u c e an e x p l o s i v e e v a p o r a t i o n ; 
in the s e c o n d , the con tac t o f i c e w i l l p r o d u c e exp los ive 
f r e e z i n g ; in the third, a crystal o f the salt w i l l p r o d u c e ex
p l o s i v e c r y s t a l l i z a t i o n ; a n d in the fourth, a b u b b l e o f any 
gas w i l l p r o d u c e e x p l o s i v e e f fe rvescence . 

F i n a l l y , w h e n the t angen t p l a n e t ouches the surface at 
t w o or m o r e points , and is a b o v e the surface eve rywhe re 
else , po r t ions o f the substance in states c o r r e s p o n d i n g to the 
po in t s o f con tac t can exist in p r e s e n c e o f each other, and 
the substance can pass f ree ly f r o m o n e state t o another in 
e i ther d i rec t ion . 

T h e state o f the w h o l e b o d y w h e n par t is in o n e physical 
state a n d par t in ano the r is r ep resen ted b y a po in t in the 
straight l ine j o i n i n g the cen t re o f g r a v i t y o f t w o masses equal 
r e s p e c t i v e l y t o the masses o f the substance in the t w o states, 
a n d p l a c e d at the poin ts o f the m o d e l c o r r e s p o n d i n g to these 
states. 
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H e n c e , in add i t ion t o the surface a l ready cons ide r ed , w h i c h 
we ma.y cal l the primit ive, surface, and w h i c h represents the 
properties o f the substance w h e n h o m o g e n e o u s , a l l the po in t s 
of the l ine j o i n i n g the t w o po in t s o f con tac t o f the same 
tangent p l ane b e l o n g t o a s e c o n d a r y surface, w h i c h repre
sents the proper t ies o f the substance w h e n part is in o n e 
state and part in another . 

T o t race out this s e c o n d a r y surface w e m a y suppose the 
doubly t angen t p l ane t o b e m a d e to ro l l u p o n the surface, 
always t ouch ing it a t t w o po in t s ca l l ed the n o d e - c o u p l e . 

T h e t w o poin ts o f c o n t a c t w i l l thus t race out t w o curves 
such that a p o i n t in the o n e co r r e sponds to a p o i n t in the 
other. T h e s e t w o cu rves are ca l l ed in g e o m e t r y the node-
couple curves. 

T h e s econda ry surface is g e n e r a t e d b y a l ine w h i c h m o v e s 
so as a lways t o j o i n c o r r e s p o n d i n g po in t s o f con tac t . I t is 
a d e v e l o p a b l e surface, b e i n g the e n v e l o p e o f the r o l l i n g 
tangent p lane . 

T o construct it, sp read a film o f g rease o n a sheet o f glass 
and cause the sheet o f glass to ro l l w i thou t s l ipp ing o n the 
model , a lways touch ing it in t w o po in t s at least . 

T h e g rease w ' l l b e pa r t l y t ransferred f rom the glass t o the 
mode l at the po in t s o f contact , a n d there w i l l b e t races o n 
the m o d e l o f the n o d e - c o u p l e curves , a n d o n the glass o f 
corresponding p l ane cu rves . 

I f w e n o w c o p y o n pape r the c u r v e t r aced out o n the 
glass and cut it out, w e m a y b e n d the p a p e r so that the cut 
edges shall c o i n c i d e w i t h the t w o n o d e - c o u p l e curves , a n d 
the paper b e t w e e n these curves w i l l f o r m the d e r i v e d sur
face represent ing the state o f the b o d y w h e n par t is in o n e 
physical state a n d par t in another , 

T h e r e is o n e pos i t i on o f the t angen t p l ane in w h i c h it 
touches the p r i m i t i v e surface in three po in ts . T h e s e po in t s 
represent the sol id , l i qu id , and gaseous states o f the sub
stance w h e n t he t empera tu re a n d the pressure are such that 
the three states can exist t oge the r in equi l ibr ium. 
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T h e p l ane t r iangle , o f w h i c h these po in t s are the angles, 
represents all pos s ib l e mixtures o f these three states. Fo r 
instance, i f there are s g r a m m e s in the so l i d state, L g rammes 
in the l i q u i d state, a n d v g r a m m e s in the state o f vapour, 
this c o n d i t i o n o f the substance w i l l b e r ep resen ted b y a 
p o i n t in the t r i ang le w h i c h is the cen t r e o f g r av i t y o f masses 
s, L , a n d v p l a c e d at the c o r r e s p o n d i n g angular points . 

F r o m this pos i t i on o f the t angen t p l ane it m a y rol l on the 
p r i m i t i v e surface in three d i rec t ions so as in each case to touch 
it at t w o poin ts . W e thus ob ta in th ree sheets o f the de r ived 
surface, the first c o n n e c t i n g the sol id a n d l i q u i d states, the 
s e c o n d the l i q u i d a n d gaseous states, and the th i rd the gas
eous a n d so l id states. T h e s e three d e v e l o p a b l e surfaces, 
1 oge the r w i th the p lane t r iangle S L V , const i tu te wha t P ro 
fessor G i b b s cal ls the Surface o f D i s s i p a t e d E n e r g y . 

O f the three d e v e l o p a b l e surfaces the first a n d third, those 
w h i c h c o n n e c t the so l i d state w i t h the l i q u i d and gaseous, 
h a v e b e e n e x p e r i m e n t a l l y i nves t i ga t ed o n l y t o a short d i s 
t ance f rom the t r i ang le s L v ; bu t the sheet w h i c h connects 
the l i qu id and gaseous states has b e e n t h o r o u g h l y e x p l o r e d . 

T h e expe r imen t s o f C a g n i a r d de la T o u r a n d the numeri
cal de te rmina t ions o f A n d r e w s s h o w that the curves t raced 
out b y the t w o po in t s o f con tac t o f the d o u b l y tangent p lane 
unite i n a po in t w h i c h represents w h a t A n d r e w s calls the 
cr i t ical state. A t this p o i n t the t w o po in t s o f con tac t o f the 
ro l l ing t angen t p l ane coa lesce , a n d i f the p l a n e cont inues to 
ro l l o n the surface it w i l l t ouch it at o n e p o i n t on ly . 

I f the p r imi t i ve surface forms a con t inuous sheet benea th 
the surface o f d i ss ipa ted ene rgy , it c anno t b e at all points 

p r imi t ive surface b y a ve r t i ca l p l ane th rough A D , then it is 

H 

Fici. s6c. 
c o n v e x o - c o n v e x upwards . F o r 

le t A D b e the l i ne j o i n i n g t w o 

c o r r e s p o n d i n g poin ts o f contact 

o f the d o u b l y tangent p lane , and 

le t A B c D b e the sec t ion o f the 
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manifest that the cu rve A B C D must in s o m e part o f its 
course b e c o n c a v e upwards . 

N o w a po in t o n the p r i m i t i v e surface at w h i c h ei ther o f its 
principal curvatures is c o n c a v e upwards , represents a state 
o f the b o d y w h i c h is essent ia l ly unstable . P a r t o f the 
primit ive surface, therefore , i f i t is cont inuous , must repre
sent states o f the b o d y essent ia l ly unstable . I f , therefore , 
the pr imi t ive surface is cont inuous , there must b e a reg ion 
representing states essent ia l ly unstable , because o n e o r b o t h 
of the pr incipal curvatures is c o n c a v e upwards . T h i s r e g i o n 
is bounded b y wha t is c a l l e d in g e o m e t r y the spinode cu rve . 
Beyond this cu rve the surface is c o n v e x o - c o n v e x , bu t the 
tangent p lane still cuts the surface at s o m e m o r e or less 
distant po in t till w e c o m e to the c u r v e o f the n o d e - c o u p l e , 
at which the t angen t p lane touches the surface at t w o points . 
Beyond this the t angen t p l ane l ies en t i re ly a b o v e the surface, 
and the c o r r e s p o n d i n g state o f the b o d y is essent ia l ly stable. 

T h e r e g i o n b e t w e e n the s p i n o d e c u r v e a n d the n o d e -
couple cu rve represents states o f the b o d y w h i c h , t hough 
stable w h e n the w h o l e substance is h o m o g e n e o u s , are l i ab le 
to sudden change i f a p o r t i o n o f the same substance in 
another state is present . 

Since e v e r y ve r t i c a l sec t ion th rough t w o c o r r e s p o n d i n g 
points of contac t must cut the s p i n o d e c u r v e at the poin ts 
of inf lexion B and c, the c h o r d A D o f the n o d e - c o u p l e c u r v e 
and the c h o r d B c o f the s p i n o d e cu rve must c o i n c i d e at the 
critical point , so that at this p o i n t the s p i n o d e curve a n d the 
two branches o f the n o d e - c o u p l e cu rve coa l e sce a n d have a 
c o m m o n tangent . T h i s p o i n t is c a l l e d in g e o m e t r y the 
tacnodal po in t . 

Note.—For these geometrical names I am indebted to Professor 
Cayley. 
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T H E R M A L LINES O N T H E T H E R M O D Y N A M I C S U R F A C E . 

( F I G . xtd.) 

o O r i g i n . 

O v A x i s o f v o l u m e . 

O 0 A x i s o f en t ropy , 

o e A x i s o f e n e r g y . 

P ] . . . p 6 I s o p i e s t i c s o r l ines o f equa l pressure. 

O f these P ] represents a n e g a t i v e pressure, or, in other 
w o r d s , a tens ion, such as m a y exis t in so l ids a n d in some 
l iqu ids . • 

T , . . . T 6 I s o t h e r m a l s , or l ines o f equa l temperature . 
T h e curves T 3 a n d T 4 h a v e b ranches in tire f o r m o f c losed 

l o o p s . 

F G H c. T o the right o f this l ine the substance is gaseous 
and abso lu t e ly stable. T o the left o f F G it m a y condense 
in to the so l i d state, a n d t o the left o f G H c it m a y condense 
in to the l i q u i d state. 

c K. L M N . B e l o w this l i n e t he substance is l iqu id and 
abso lu te ly s table . T o the right o f L K C it m a y evapora te , to 
t he left o f L M N i t m a y sol id i fy . 

Q R s E . T o the left o f this l i ne the substance is so l id and 
abso lu t e ly s table . T o the right o f SRQ it m a y melt , and 
a b o v e s E i t m a y e v a p o r a t e . 

c is the cr i t ical p o i n t o f the l i q u i d a n d gaseous states. 
B e l o w this p o i n t the re is n o d i scon t inu i ty o f states. 

C is c a l l e d in g e o m e t r y t he t acnoda l po in t . 

T h e cu rves F G, G H C K I., I. M N , Q R S , a n d s E are 
b ranches o f wha t is c a l l e d in g e o m e t r y the n o d e - c o u p l e 
cu rve . 

T h e cu rves x c x and Y Y a re b ranches o f the sp inode 
cu rve . 

A b o v e this c u r v e the subs tance is abso lu te ly unstable. 
B e t w e e n it and the n o d e - c o u p l e c u r v e the substance is stable, 
but o n l y i f h o m o g e n e o u s . 
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T h e p l a n e t r i ang le SLC represents that state o f uniform 

pressure and t e m p e r a t u r e at w h i c h the substance can be 

par t ly so l id , pa r t l y l i q u i d , a n d par t ly gaseous . 
T h e straight l i ne s r ep re sen t states o f u n i f o r m pressure and 

t empera tu re in w h i c h t w o dif ferent states are in equi l ibr ium. 

s G and E F b e t w e e n so l id a n d gaseous . 
G L a n d K H b e t w e e n l i q u i d a n d gaseous , 
s i , R M , and Q N b e t w e e n so l id a n d l i q u i d . 

T h e surface o f d i s s ipa ted e n e r g y consis ts o f the plane 

t r iangle SLG a n d t he th ree d e v e l o p a b l e surfaces o f which 

the gene ra t i ng l ines a re t h o s e a b o v e m e n t i o n e d . T h i s sur

face l ies a b o v e the p r i m i t i v e t h e r m o d y n a m i c surface and 

touches i t a l o n g the n o d e - c o u p l e curve . 
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C H A P T E R X I I I . 

O N F R E E E X P A N S I O N . 

Theory of a Fluid in which no External Work is done 
during a Change of Pressure. 

LET a fluid b e f o r c e d th rough a smal l h o l e , o r o n e or m o r e 
narrow tubes, or a p o r o u s p lug , a n d le t the w o r k d o n e b y 
the pressure f rom b e h i n d b e en t i re ly e m p l o y e d in o v e r 
coming the resistance o f the fluid, so that w h e n t he fluid, 
after passing through the p lug , has a r r i v e d at a cer ta in p o i n t 
its ve loc i t y is v e r y small . L e t us a l so suppose that n o hea t 
enters or l e a v e s the fluid, a n d that n o sound o r o the r 
vibration, the e n e r g y o f w h i c h is c o m p a r a b l e w i th that 
which w o u l d sensibly al ter the t empera tu re o f t he fluid, 
escapes f rom the apparatus. 

W e also suppose that the m o t i o n is s t eady—tha t is, that 
the same quanti ty o f the fluid enters a n d issues f rom the 
apparatus in e v e r y s e c o n d . 

Dur ing the passage o f unit o f mass th rough the apparatus, 
if p and v are its pressure a n d v o l u m e at the 
section A b e f o r e r each ing the p lug , and p, v 
the same at the sec t ion B after pass ing th rough 
it, the w o r k d o n e in fo rc ing t he fluid th rough 
the sect ion A is p v , a n d the w o r k d o n e b y the 
fluid in issuing through the sec t ion B is p v, so 
that the amoun t o f w o r k c o m m u n i c a t e d t o the 
fluid in passing th rough the p l u g is P v — p v. 

H e n c e , i f E is the e n e r g y o f unit o f mass o f 
the fluid wh i l e en te r ing at the sec t ion A, a n d e the e n e r g y o f 
unit o f mass issuing at the sec t ion B, 

e — E = P V — pv, 
or 

% + VY =z e + p V . . . ( i ) 

P 
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T h a t is t o say, the sum o f t he intr insic e n e r g y and the 

p roduc t o f the v o l u m e a n d the pressure r ema ins the same 

after pass ing th rough the plug, p r o v i d e d n o hea t is lost or 

g a i n e d f rom external sources. 

N o w the intr insic e n e r g y E is i n d i c a t e d o n the diagram 

b e t w e e n B R and the t w o adiabatic. l ines R a and B (1. 
W e shall n e x t e x a m i n e the re la t ions b e t w e e n the different 

p r o p e r t i e s o f the substance, in o r d e r t o d e t e r m i n e the rise of 
t empera tu re c o r r e s p o n d i n g to a passage th rough the plug 
f rom a pressure P t o a pressure p, a n d w e shall first suppose 
that p is n o t m u c h g rea t e r than p. 

L e t A c b e an i so the rmal l i ne th rough A , cu t t ing q B in c, 
a n d l e t us suppose that the passage o f the substance from 
the state r e p r e s e n t e d b y A to the state r ep re sen ted b y B is 
e f fec ted b y a passage a l o n g the i so the rma l l i ne A C , f o l l o w e d 
b y an inc rease o f v o l u m e f r o m c t o B. T h e smaller the 
d i s t ance A B , the less w i l l the results o f this process differ 
f r o m those o f the actual passage f r o m A t o B, in whatever 
m a n n e r this is rea l ly e f fec ted . 

I n pass ing f rom A t o c, at the cons tan t t empera tu re 0, the 
pressure d imin i shes f rom p t o p. T h e hea t a b s o r b e d during 
this p roces s is, b y the first t h e r m o d y n a m i c re la t ion (p . 167), 

o 

F I G . 28. 

ce 

b y the area b e t w e e n A a an 

ad i aba t i c l ine , A a a vertical 

l ine , a n d ab v the l ine o f no 

pressure, a n d P v is represent

e d b y t he r ec t ang le A p 0 a. 

H e n c e t he area inc luded by 

a A p o v, the l ines A a and o v 

b e i n g p r o d u c e d ti l l they meet , 

represents the quant i ty which 

r ema ins the s a m e after passing 

t h r o u g h the p lug. H e n c e in 

the figure the area Ap g R is 

equa l t o the area conta ined 

f p - / ) V 8 a, 
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where a is the d i la ta t ion o f unit o f v o l u m e at cons tan t pres

sure per d e g r e e o f t empera ture . 

I n passing f rom c to B the subs tance e x p a n d s at constant 

pressure, and its t empera tu re rises f rom 8 t o 6 + T. 
T h e heat r equ i red t o p r o d u c e this r ise o f t empera ture is 

Kp T, 

w h e r e K p d eno t e s the speci f ic hea t o f the substance at c o n 
stant pressure. 

T h e w h o l e hea t a b s o r b e d b y the substance dur ing the 
passage f rom A t o B is therefore 

( P — / ) V 0 a 4- K D T, 

and this is the v a l u e o f t he area b e t w e e n A B a n d the t w o 

adiabatic l ines A a, B /3. 

N o w this is equa l t o t he a rea Ap q B o r ( p — / ) v . 

H e n c e w e h a v e the e q u a t i o n 

K , T = ( p - / ) v ( l - 6 a ) . . . (2) 
where K p d eno t e s the specif ic hea t o f unit o f mass at c o n 
stant pressure, exp re s sed in d y n a m i c a l m e a s u r e ; 

T, the rise o f t empera tu re after pass ing th rough the p lug ; 

p — / , the small d i f fe rence o f pressure o n the t w o sides o f 
the plug ; 

v , the v o l u m e o f uni t o f mass ( w h e n P — p is so g rea t as 
to cause c o n s i d e r a b l e a l te ra t ion o f v o l u m e , this quant i ty 
must b e t rea ted d i f f e r e n t l y ) ; 

8, the t empera ture o n the absolu te d y n a m i c a l sca le ; 

a, the d i la ta t ion o f uni t o f v o l u m e at cons tan t pressure 
per degree o f t empera ture . 

T h e r e are t w o cases in w h i c h obse rva t ions o f the r ise ( o r 
fall) of t empera ture m a y b e a p p l i e d t o d e t e r m i n e quanti t ies 
of great i m p o r t a n c e in the sc ience o f heat . 

1. To Determine the Dynamical Equivalent of Heat.—The 
first case is that in w h i c h the substance is a l i q u i d such as 
water or mercury , the v o l u m e o f w h i c h is but s l ight ly af fec ted 
either b y pressure or b y tempera ture . I n this case v w i l l 

p 2 
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v a r y so l i t t l e that t he effect o f its va r i a t ion m a y b e taken 

i n t o a c c o u n t as a c o r r e c t i o n r e q u i r e d o n l y in ca lcula t ions o f 

g r e a t accuracy . T h e d i l a ta t ion a is a l so v e r y smal l , so much 

so that the p r o d u c t 6 a, though, n o t t o b e abso lu t e ly neg lec ted , 

m a y b e found w i t h sufficient accuracy wi thou t a v e r y accurate 

k n o w l e d g e o f the abso lu te v a l u e o f fl. 

I f w e suppose t he pressure t o b e d u e t o a d e p t h o f fluid 

equa l to H o n o n e s i d e o f the p l u g a n d h o n the other, then 

( p - p) = (H - h) p g, 

w h e r e p is the dens i ty , a n d g is the numer i ca l measure o f the 

f o r c e o f g rav i ty . N o w 

v p = I , 

so that e q u a t i o n (2) b e c o m e s 

k p r = S (H - h) (l - 6 a), 
an e q u a t i o n f r o m w h i c h w e can d e t e r m i n e K p w h e n w e know 
r the rise o f t empera tu re , a n d H — h the d i f fe rence o f leve l 
o f the l i q u i d , a its coef f i c ien t o f d i l a ta t ion b y heat, and 
( w i t h i n a m o d e r a t e d e g r e e o f exac tnes s ) 6 the absolute tem
pera tu re in t e rms o f the d e g r e e s o f the s a m e the rmomete r 
w h i c h is u sed t o d e t e r m i n e r. 

T h e quan t i ty K p is t he speci f ic hea t at cons tan t pressure, 
that is the quan t i ty o f hea t w h i c h w i l l raise uni t o f mass of 
t he subs tance o n e d e g r e e o f the t h e r m o m e t e r . I t is ex
p ressed he re in d y n a m i c a l measure o r foo t -pounda l s . 

I f t he speci f ic hea t is t o b e exp re s sed i n gravi ta t ion 
measure , as in f o o t - p o u n d s , w e must d i v i d e b y g, the intensity 
o f g rav i ty . I f the speci f ic heat is t o b e exp re s sed in terms 
o f the specif ic hea t o f a s tandard substance, as, for instance, 
water at its m a x i m u m dens i ty , w e must d i v i d e b y j , the 
specif ic heat o f this substance. 

W e h a v e a l r e a d y s h o w n h o w b y a d i rec t e x p e r i m e n t to 
c o m p a r e the specif ic hea t o f any substance w i th that of 
water . I f t he speci f ic hea t e x p r e s s e d in this w a y is d e n o t e d 
b y c p , w h i l e K p is the same quant i ty expressed in dynamica l 

IRIS - LILLIAD - Université Lille 1 



Dynamical Equivalent of Heat. 213 

measure, then the d y n a m i c a l e q u i v a l e n t o f the thermal 

unit is 

T h e quant i ty J is c a l l e d Jou le ' s M e c h a n i c a l E q u i v a l e n t 
of H e a t , because J o u l e was the first to d e t e r m i n e its v a l u e 
by an accurate m e t h o d . I t m a y b e de f ined as the speci f ic 
heat, in d y n a m i c a l measure , o f w a t e r at its m a x i m u m 
density. 

I t is equal to 772 f oo t -pounds at M a n c h e s t e r p e r p o u n d 
of water. I f w e al ter the s tandard o f mass, w e at the s a m e 
time alter the unit o f w o r k in the s a m e p r o p o r t i o n , so that 
we must still express J b y t he s a m e n u m b e r . H e n c e w e 
may express Jou le ' s result b y say ing that t he w o r k d o n e b y 
any quanti ty o f wa te r in fa l l ing 772 fee t a t M a n c h e s t e r is 
capable o f ra is ing that wa te r o n e d e g r e e Fah renhe i t . I f w e 
wish to r ende r t he de f in i t ion i n d e p e n d e n t o f the v a l u e o f 
gravity at a part icular p l a c e , w e h a v e o n l y t o ca lcu la te the 
velocity o f a b o d y after fa l l ing 772 feet at M a n c h e s t e r . T h e 
energy c o r r e s p o n d i n g t o this v e l o c i t y in a n y mass o f wa te r 
is capable w h e n c o n v e r t e d i n t o hea t o f ra is ing the wa te r o n e 
degree Fahrenhe i t . 

T h e r e are c o n s i d e r a b l e difficult ies in o b t a i n i n g the v a l u e o f 
j b y this m e t h o d , e v e n w i th mercury , for w h i c h a pressure 
of 25 feet g i v e s a rise o f o n e d e g r e e Fahrenhe i t . 

2. To reduce Temperatures to the Thermodynamic Scale. 
7'he m o s t i m p o r t a n t a p p l i c a t i o n o f the m e t h o d is t c 

ascertain the tempera ture , 0, o n the t h e r m o d y n a m i c scale, 

which cor responds t o the r ead ing , / , r eg i s t e r ed b y any o r d i 

nary t he rmomete r , e.g. a cen t ig rade t he rmomete r . 

T h e substance e m p l o y e d is air, or any o the r gas w h i c h 

satisfies a p p r o x i m a t e l y the gaseous laws expressed in the 

equation 

vp = v0p0 (1 + a0t), 
where v6, Pa> a r e the v o l u m e and pressure at the z e r o o f the 
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t h e r m o m e t e r , a n d a 0 is the v o l u m i n a l d i l a ta t ion pe r degree 

at that t empera tu re . 

T h e v o l u m i n a l d i l a ta t ion , A , at the t empera tu re t is therefore 

I + aat 

so that the express ion for K P R b e c o m e s 

K P R = V0p0 —~ f ( I + A 0 r - A 0 0 ) . 

T h i s express ion is s t r ic t ly true o n l y for a v e r y small 

va r i a t i on o f t he pressure. W h e n , as i n the exper iments of 

J o u l e a n d T h o m s o n , p is severa l t imes p, w e must ascertain 

t h e effect o f the g radua l d i m i n u t i o n o f pressure b y the process 

d e s c r i b e d at p . 221, w h i c h is a p p l i c a b l e in this case, because 

the v a r i a t i o n o f t empera tu re is f o u n d t o b e small . T h e 

result is that ins tead o f F- w e mus t w r i t e l o g , —, where P P 
p 

t he l o g a r i t h m is N a p i e r i a n , o r 2-3026 l o g - , w h e r e the log-
/ 

a r i t hm is t aken f rom the c o m m o n tab les . H e n c e w e find 

e = t + ! K " r ° ' 4 3 4 3 
' 0 ,v0p0 l o g P — l o g / 

an e x p r e s s i o n w h i c h g i v e s the t empera tu re , 6, o n the thermo
d y n a m i c scale c o r r e s p o n d i n g t o the r ead ing , / , o f an ordinary 
t h e r m o m e t e r , the d e g r e e s o f the t h e r m o d y n a m i c scale being 
equa l t o those o f the t h e r m o m e t e r nea r t he temperature of 
t he e x p e r i m e n t . 

I n the case o f m o s t o f the gases e x a m i n e d b y Joule 
a n d T h o m s o n the re w a s a s l ight c o o l i n g effect o n the gas 
pass ing th rough t he p lug. I n o the r w o r d s , r was nega t ive , 
a n d the abso lu te t empera tu re was the re fo re h igher than 
that i nd ica t ed b y the gaseous t h e r m o m e t e r . T h e ratio, 
the re fore , in w h i c h the gas e x p a n d e d b e t w e e n t w o standard 
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temperatures was g r e a t e r than the true ra t io o f these t em
peratures o n the t h e r m o d y n a m i c scale . T h e c o o l i n g effect 
was much g rea te r w i th c a r b o n i c a c i d than w i t h o x y g e n , 
ni trogen, o r air, as w a s to b e e x p e c t e d , because w e k n o w 
from the e x p e r i m e n t s o f R e g n a u l t that the d i la ta t ion o f 
carbonic a c i d is g rea te r than that o f air or its const i tuents . 
I t was also found, for a l l these gases , that the c o o l i n g effect 
was less at h igh tempera tures , w h i c h shows that as t he 
temperature rises the d i la ta t ion o f the gas is m o r e a n d 
more accura te ly p r o p o r t i o n a l t o the abso lu te t empera tu re 
of the t h e r m o d y n a m i c sca le . 

T h e o n l y gas w h i c h e x h i b i t e d a con t ra ry effect w a s 
hydrogen, in w h i c h the re was a s l ight hea t i ng effect after 
passing the p lug. 

T h e result o f the e x p e r i m e n t s o f Jou l e a n d T h o m s o n 
was to s h o w that the t e m p e r a t u r e o f m e l t i n g i c e is 
273°'7 o n the t h e r m o d y n a m i c scale, t he deg ree s b e i n g 
such that there are 100 o f t h e m b e t w e e n this t empera tu re 
and that o f the v a p o u r o f b o i l i n g wa te r at the s tandard 
pressure. 

T h e abso lu te z e r o o f the t h e r m o d y n a m i c scale is there
fore — z73°7 C e n t i g r a d e , o r —46o°'66 Fahrenhe i t . 

I t appears, therefore , that, in the m o r e per fec t gases , the 
coo l ing effect due t o e x p a n s i o n is a lmos t e x a c t l y b a l a n c e d 
by the heat ing effect d u e t o the w o r k d o n e b y the expans ion 
when this w o r k is w h o l l y spen t in g e n e r a t i n g hea t in the 
gas. T h i s result h a d b e e n a l r eady o b t a i n e d , a l though b y a 
method no t admi t t i ng o f such g rea t accuracy , b y J o u l e , 1 w h o 
showed that the int r ins ic e n e r g y o f a gas is the same at 
the same tempera tu re , w h a t e v e r b e t he v o l u m e w h i c h it 
occupies . 

T o test this, he c o m p r e s s e d air i n to a vesse l till i t c o n 
tained abou t 2 2 a tmospheres , and exhaus ted the air f rom 
another vesse l . T h e s e vesse ls w e r e then c o n n e c t e d b y 

1 Phil. Mag. May 1845. 
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m e a n s o f a p i p e c l o s e d by a s t o p c o c k , a n d the w h o l e placed 
m a v e s se l o f wa te r . 

A f t e r a sufficient t i m e the w a t e r w a s t h o r o u g h l y stirred, 
a n d its t e m p e r a t u r e t a k e n b y m e a n s o f a de l i ca t e thermo
m e t e r . T h e s t o p c o c k was t h e n o p e n e d b y m e a n s o f a proper 
k e y , a n d the air a l l o w e d t o pass f rom the full i n to the empty 
ves se l t i l l equ i l i b r i um w a s es t ab l i shed b e t w e e n the two. 
L a s t l y the wa te r w a s a g a i n st irred a n d its temperature 
carefu l ly n o t e d . 

F r o m a n u m b e r o f e x p e r i m e n t s o f this k ind , carefully 
c o r r e c t e d fo r a l l sources o f error , J o u l e was l e d to the 
c o n c l u s i o n that no change of temperature occurs when air 
is allowed to expand in such a manner as not to develop 
mechanical power. 

T h i s result, as has b e e n s h o w n b y the m o r e accurate 
e x p e r i m e n t s a f te rwards m a d e b y J o u l e a n d W . T h o m s o n , is 
n o t qu i t e co r rec t , for the re is a s l ight c o o l i n g effect. T h i s 
effect , h o w e v e r , is v e r y sma l l i n the case o f p e r m a n e n t gases, 
a n d d imin i shes w h e n t he gas , b y r ise o f t empera ture or 
d i m i n u t i o n o f pressure, a p p r o a c h e s nea re r t o the cond i t ion 
o f a pe r f ec t gas . 

W e m a y h o w e v e r assert, as the resul t o f these exper iments , 
that the a m o u n t o f hea t a b s o r b e d b y a gas e x p a n d i n g at 
un i fo rm t e m p e r a t u r e is near ly , t h o u g h n o t exac t ly , the thermal 
e q u i v a l e n t o f the m e c h a n i c a l w o r k d o n e b y the gas during 
t he expans ion . I n fact, w e k n o w that in the case o f air the 
hea t a b s o r b e d is a l i t t l e grea.ter a n d i n h y d r o g e n a v e r y li t t le 
less than this quant i ty . 

T h i s is a v e r y i m p o r t a n t p r o p e r t y o f gases . I f w e reverse 
t he p roces s , w e find that the hea t d e v e l o p e d b y compress ing 
air at cons tan t t e m p e r a t u r e is the t h e r m a l e q u i v a l e n t o f the 
w o r k d o n e in c o m p r e s s i n g it. 

Th i s is b y n o m e a n s a s e l f - e v i d e n t p r o p o s i t i o n . I n fact, 
it is n o t t rue in the case o f subs tances w h i c h are n o t in the 
gaseous state, a n d e v e n in the case o f the m o r e imperfec t 
ga se s it d e v i a t e s from the truth. H e n c e t he ca lcula t ion o f 
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the d y n a m i c a l equ iva l en t o f heat, w h i c h M a y e r f o u n d e d o n 

this p ropos i t ion , at a t i m e w h e n its truth h a d n o t b e e n 

exper imen ta l ly p r o v e d , c a n n o t b e r e g a r d e d as l eg i t ima te . 

C H A P T E R X I V . 

O X T H E D E T E R M I N A T I O N O F H E I G H T S B Y T H E B A R O M E T E R . 

T H E b a r o m e t e r is an ins t rument b y m e a n s o f w h i c h the 
pressure o f the air a t a par t icular p l a c e m a y b e measured . 
I n the mercurial b a r o m e t e r , w h i c h is the m o s t pe r fec t fo rm o f 
the instrument, the pressure o f the air o n the free surface o f 
the mercury in the cistern is equa l t o that o f a c o l u m n o f 
mercury w h o s e he igh t is the d i f fe rence b e t w e e n the l e v e l o f 
the mercury in the c is tern , w h i c h sustains the pressure o f the 
air, and that o f the m e r c u r y in the tube , w h i c h has n o air 
a b o v e it. T h e pressure o f the air is o f ten expressed i n t e rms 
o f the he igh t o f this c o l u m n . T h u s w e speak o f a pressure 
o f 30 inches o f mercury , or o f a pressure o f 760 m i l l ime t r e s o f 
mercury. 

T o express a pressure in abso lu te measure w e must 
consider the fo rce e x e r t e d aga ins t unit o f area. F o r this 
purpose w e must find the w e i g h t o f a c o l u m n o f mercu ry o f 
the g i v e n he igh t s t and ing o n uni t o f area as base . 

I f h is the he igh t o f the c o l u m n , then, s ince its sec t ion is 
unity, its v o l u m e is e x p r e s s e d b y h. 

T o find the mass o f m e r c u r y c o n t a i n e d in this v o l u m e w e 
must m u l t i p l y the v o l u m e b y the dens i t y o f mercu ry . I f this 
density is d e n o t e d b y 0, the mass o f the c o l u m n is a h. T h e 
pressure, w h i c h w e h a v e t o find, is the fo rce w i th w h i c h this 
mass is d r a w n d o w n w a r d s b y the earth's a t t ract ion. I f g 
denotes the f o r c e o f the earth 's a t t rac t ion o n unit o f mass , 
then the fo rce o n the c o l u m n w i l l b e gfi h. T h e pressure 
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t he re fo re of a c o l u m n o f m e r c u r y o f h e i g h t h is expressed 
by 

gph, 
w h e r e h is the he igh t of the c o l u m n , p the dens i ty o f mercury, 
a n d ^ the in tens i ty o f g r a v i t y at the p l a c e . T h e densi ty of 
m e r c u r y d imin i shes as the t empera tu re increases . I t is usual 
to r e d u c e all pressures measu red in this w a y t o the height of 
a c o l u m n o f m e r c u r y at the f r eez ing t empera tu re o f water . 

I f t w o b a r o m e t e r s at the same p l a c e are k e p t at different 
t empera tures , the heights o f the b a r o m e t e r s a re in the pro
p o r t i o n o f t he v o l u m e s o f m e r c u r y at the t w o temperatures. 
., T h e in tens i ty o f g r a v i t a t i o n va r i e s at different places, be ing 
less at the equa to r than at the p o l e s , and less at the top of a 
m o u n t a i n than at the l e v e l o f the sea. 

I t is usual t o r e d u c e o b s e r v e d b a r o m e t r i c heights to the 
he igh t o f a c o l u m n o f m e r c u r y at the f r eez ing po in t and at 
the l e v e l o f the sea in la t i tude 45°, w h i c h w o u l d p roduce the 
s a m e pressure. 

I f the re w e r e n o t ides o r w i n d s , a n d i f the sea a n d the air 
w e r e ' p e r f e c t l y c a l m in the w h o l e r e g i o n b e t w e e n t w o places, 
then the actual pressure o f the air at the l e v e l o f the sea 
must b e the same in these t w o p l a c e s ; for the surface o f 
the sea is e v e r y w h e r e pe rpend i cu l a r t o the fo rce o f gravi ty . 
If, therefore , the pressure o n its surface w e r e different in 
t w o p laces , wa te r w o u l d f l o w f rom the p l a c e o f greater pres
sure t o the p l a c e o f less pressure t i l l equ i l i b r i um ensued. 

H e n c e , i f in c a l m w e a t h e r the b a r o m e t e r is found to stand 
at a d i f ferent he igh t in t w o different p l aces at the l e v e l o f 
the sea, the r e a s o n must b e that g r av i t y is m o r e intefise at 
the p l a c e w h e r e the b a r o m e t e r is l o w . 

L e t us n e x t cons ide r the m e t h o d o f f ind ing the depth 
b e l o w the l e v e l o f the sea b y m e a n s o f a b a r o m e t e r carr ied 
d o w n in a d i v i n g bel l . 

I f D is the d e p t h o f the surface o f the w a t e r i n the d iv ing 
be l l b e l o w the surface o f the sea, a n d i f p is the pressure of 
the a t m o s p h e r e on the surface o f the sea, t hen the pressure 
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of the air in the d i v i n g b e l l mus t e x c e e d that on the surface 
of the sea b y the pressure d u e t o a c o l u m n o f wa te r o f d e p t h 
D . I f o- is the dens i ty o f sea-water , the pressure due to a 
column o f d e p t h D is g a D . 

L e t the he igh t o f the b a r o m e t e r at the surface o f the sea 
be observed , a n d le t us suppose that in the d i v i n g b e l l i t is 
found to b e h ighe r b y a he igh t h, then t he a d d i t i o n a l p res 
sure ind ica ted b y this r ise is g p h, w h e r e p is t he dens i ty o f 
mercury. H e n c e 

g " D = g p h, 
or 

D = ^ h — s k, 

, p dens i ty o f m e r c u r y .,- ., , 
where s = — = —= .- - - - - = specif ic g r a v i t y o f 

rj dens i ty o f w a t e r 
mercury. 

T h e d e p t h b e l o w the surface o f the sea is therefore equa l 
to the p roduc t o f the r ise o f the b a r o m e t e r m u l t i p l i e d b y the 
specific g r av i t y o f m e r c u r y . I f the wa te r is salt w e must 
d iv ide this result b y the speci f ic g r a v i t y o f the salt wa te r at 
the place o f obse rva t ion . 

T h e ca lcu la t ion o f d e p t h s u n d e r wa te r b y this m e t h o d is 
compara t ive ly easy, because the dens i ty o f the w a t e r is no t 
ve ry different at d i f ferent depths . I t is o n l y at g r ea t dep ths 
that the c o m p r e s s i o n o f the wa te r w o u l d sensibly affect the 
result. 

I f the dens i ty o f air h a d b e e n as un i fo rm as that o f water , 
the measurement o f he igh t s in the a t m o s p h e r e w o u l d h a v e 
been as easy. F o r ins tance , i f the dens i ty o f air had been 
equal to a a t a l l pressures , then, n e g l e c t i n g the va r ia t ion o f 
gravi ty w i th h e i g h t a b o v e the earth, w e should find the 
height >§ o f the a t m o s p h e r e thus : L e t h b e the he igh t o f 
the barometer , a n d p the dens i ty o f mercury , then the pressure 
indicated b y the b a r o m e t e r is 

/ = g P »· 
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I f •§ is the h e i g h t o f an a t m o s p h e r e o f dens i ty A, it 

p r o d u c e s a pressure 

p — g A ft. 
H e n c e 

A 
T h i s is the he igh t o f the a t m o s p h e r e a b o v e the p lace on 

XHZ FALSE suppos i t ion that its dens i ty is the s a m e at all heights 

as it is at that p l a c e . T h i s h e i g h t is g e n e r a l l y referred to as 

the HEIGHT OF THE ATMOSPHERE SUPPOSED OF UNIFORM DENSITY, or 
m o r e br ie f ly a n d t echn i ca l l y as the h e i g h t o f the HOMOGENEOUS 
ATMOSPHERE. 

L e t us for a m o m e n t c o n s i d e r w h a t this he igh t (which 

e v i d e n t l y has n o t h i n g t o d o w i th the rea l he igh t o f the 

a t m o s p h e r e ) r ea l ly represents . F r o m the equa t ion 

f> =g°%, 
r e m e m b e r i n g that A the dens i t y o f air is the same thing as 
the r e c i p r o c a l o f v the v o l u m e o f unit o f mass, w e ge t 

o r .§ is s i m p l y t he p r o d u c t / v expres sed in gravitat ion 
measure ins tead o f abso lu te measure . 

N o w , b y B o y l e ' s l a w the p r o d u c t o f the pressure and 
the v o l u m e at a cons tan t t empera tu re is constant , and by 
Char les ' s l a w this p r o d u c t is p r o p o r t i o n a l to the absolute 
t empera ture . F o r d r y air a t t he t empera tu re o f me l t ing ice, 
a n d w h e n g = 32-2, 

>§ = ^ v • = 26,214 fee t , S 
or s o m e w h a t less than five statute mi l e s . 

I t is w e l l k n o w n that M r . G la i she r has a scended in a 
b a l l o o n to the he igh t o f s e v e n mi l e s . T h i s b a l l o o n was 
suppor t ed b y the air, a n d t h o u g h the air at this great height 
was m o r e than three t imes rarer than at the earth's surface, it 
was pos s ib l e t o b rea the in it. H e n c e i t is cer ta in that the 
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atmosphere must e x t e n d a b o v e the he igh t <§, w h i c h w e h a v e 
deduced f rom our false a s sumpt ion that t he dens i ty is 
uniform. 

But though the dens i ty o f the a tmosphe re is b y n o m e a n s 
uniform through g rea t r anges o f he ight , y e t i f w e conf ine 
ourselves to a v e r y smal l r ange , say the mi l l i on th par t o f > § — 
that is, about o"026 feet , o r less than the th i rd o f an i n c h — t h e 
density wi l l on ly v a r y o n e - m i l l i o n t h par t o f i t se l f f r om the 
top to the b o t t o m o f this range , so that w e m a y suppose the 
pressure at the b o t t o m to e x c e e d that at the t o p b y e x a c t l y 
one-mil l ionth. 

L e t us n o w a p p l y this m e t h o d t o d e t e r m i n e the he igh t o f 
a mountain b y the f o l l o w i n g i m a g i n a r y process , t o o l abo r ious 
to be r e c o m m e n d e d , e x c e p t for the p u r p o s e o f e x p l a i n i n g 
the practical m e t h o d : 

W e shall suppose that w e b e g i n at the t o p o f the moun ta in , 
and that, bes ides our b a r o m e t e r , w e have o n e t h e r m o m e t e r 
to de te rmine the t empera tu re o f the mercury , a n d ano the r t o 
determine the t empera tu re o f the air. W e are also p r o v i d e d 
with a h y g r o m e t e r , t o d e t e r m i n e the quant i ty o f aqueous 
vapour in the air, so that b y the t h e r m o m e t e r and h y g r o m e t e r 
w e can calculate Jq, the he igh t o f the h o m o g e n e o u s a t m o 
sphere, at e v e r y stat ion o f our path. 

O n the top o f the m o u n t a i n , then, w e o b s e r v e the he igh t of 
the ba romete r t o b e W e n o w d e s c e n d the m o u n t a i n t i l l 
w e o b s e r v e the m e r c u r y in the b a r o m e t e r to r ise b y one -
mil l ionth par t o f its o w n h e i g h t T h e he igh t o f the baro
meter at this first s ta t ion is 

J>i = ( r o o o o o i ) p. 

T h e d i s tance w e h a v e d e s c e n d e d is one -mi l l i on th o f >§, 
the height o f the h o m o g e n e o u s a t m o s p h e r e for the o b s e r v e d 
temperature at the first s tage o f the descen t . S ince i t is 
at p resen t i m p o s s i b l e to measure pressures, & c , t o o n e -
mil l ionth o f their va lue , it d o e s no t mat te r w h e t h e r .§ b e 
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m e a s u r e d at the t o p o f the m o u n t a i n or one - th i rd o f an inch 

l o w e r d o w n . 

N o w le t us d e s c e n d ano the r s tage , till the pressure again 

increases o n e - m i l l i o n t h o f itself, so that i f p2 is the new 

pressure, 

pt = (i/OOQOOl) Pi, 

a n d the s e c o n d d e s c e n t is t h rough a he igh t equa l to the 

m i l l i o n t h o f «E>2, the he igh t o f the h o m o g e n e o u s atmosphere 

in the s e c o n d s tage. 

I f w e g o o n in this w a y « t imes , t i l l w e at last reach the 

b o t t o m o f the moun ta in , a n d i f / „ is the pressure at the 

b o t t o m , 

A = (I'OOOOOI) A.-1 
= (l-OOOOOl)a/„_2 

= (fOOOOOl)"/, 

a n d the w h o l e ve r t i ca l he igh t w i l l b e 

h _ £1 + £ 2 + &c + & 
1,000,000 

I f w e assume that the t empera tu re a n d humid i ty are the 

s a m e at a l l he igh t s b e t w e e n t he t o p a n d the b o t t o m , then 

= JQ2 = & c . = •£>„ = >§, a n d the he igh t o f the mountain 

w i l l b e 

= —? 
1,000,000 

i f w e k n o w n, the n u m b e r o f s tages, w e can determine 
the he igh t o f the m o u n t a i n in this w a y . Bu t it is easy to 
find n w i t h o u t g o i n g th rough the l abo r ious process o f 
d e s c e n d i n g b y d is tances o f the th i rd o f an inch, for since 
/„ = P is the pressure at t he b o t t o m , and / that at the top, 
w e h a v e the e q u a t i o n 

p = ( i - o o o o o i ) " / . 

T a k i n g the l o g a r i t h m o f b o t h s ides o f this equat ion, we 
g e t 
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log P = « log ( i ' o o o o o i ) 4- l o g / , 
or 

n = log P — l o g / 
log ( r o o o o o i ) 

Now log r o o o o o i = 0-0000004342942648. 
Substituting this value in the expression for h, we get 

h = ^ * _ log * 
434294 P 

where the logarithms are the common logarithms to base 10, 
or 

h = 2-302585 $ log ?. 

For dry air at the temperature of melting ice<§ = 26,214 
feet: hence 

h = log J x J 60360 + (0 - 3 2 0 ) (123 -68) J 

gives the height in feet for a temperature 0 on Fahrenheit's 
scale. 

For rough purposes, the difference of the logarithms of the 
heights of the barometer multiplied by 10,000 gives the 
difference of the heights in fathoms of six feet. 

C H A P T E R X V . 

O N T H E P R O P A G A T I O N O F W A V E S . 

THE following method of investigating the conditions of the 
propagation of waves is due to Prof. Rankine. 1 I t involves 
only elementary principles and operations, but leads to 
results which have been hitherto obtained only by opera
tions involving the higher branches of mathematics. 

1 Phil. Trans. 1869 : 1 On the Thermodynamic Theory of Waves of 
Finite Longitudinal Disturbance.' 
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T h e k i n d o f w a v e s t o w h i c h the inves t iga t ion applies are 
those in w h i c h the m o t i o n o f the parts o f the substance is 
a l o n g straight l ines pa ra l l e l t o the d i r e c t i o n in which the 
w a v e is p r o p a g a t e d , a n d the w a v e is de f i ned to be one 
w h i c h is p r o p a g a t e d w i t h cons t an t v e l o c i t y , a n d the type of 
w h i c h d o e s n o t a l te r dur ing its p r o p a g a t i o n . 

I n o the r w o r d s , i f w e o b s e r v e w h a t g o e s on in the 
substance at a g i v e n p l a c e w h e n the w a v e passes that place, 
a n d if w e s u d d e n l y t ranspor t ourse lves a certain distance 
f o r w a r d i n the d i r e c t i o n o f p r o p a g a t i o n o f the w a v e , then 
after a cer ta in t i m e w e shall o b s e r v e e x a c t l y the same things 
o c c u r r i n g in the same o r d e r in the n e w p lace , w h e n the wave 
reaches it. I f w e t r a v e l w i t h the v e l o c i t y o f the wave , we 
shall t he re fo re o b s e r v e n o c h a n g e i n the appearance pre
s e n t e d b y the w a v e as i t t rave ls a l o n g w i th us. T h i s is the 
charac ter i s t ic o f a w a v e o f p e r m a n e n t type . 

W e shall first c o n s i d e r the quan t i ty o f the substance 
w h i c h passes in unit o f t i m e th rough uni t o f area o f a plane 
w h i c h w e shall suppose fixed, a n d pe rpend icu la r to the 
d i r e c t i o n o f m o t i o n . 

L e t u b e the v e l o c i t y o f the subs tance , w h i c h w e shall 
suppose t o b e un i form, then in unit o f t i m e a por t ion o f the 
subs tance w h o s e l e n g t h is u passes th rough any section 
o f a p l a n e p e r p e n d i c u l a r t o t he d i r ec t i on o f m o t i o n . H e n c e 
t h e v o l u m e w h i c h passes th rough uni t o f area is represented 
b y u. 

N o w le t Q b e the quan t i ty o f t he substance w h i c h passes 
through, a n d l e t v b e the v o l u m e o f uni t o f mass o f the 
substance, then the w h o l e v o l u m e is Q v, a n d this, b y what 
w e h a v e said, is equa l t o u, the v e l o c i t y o f the substance. 
I f the p lane , ins tead o f b e i n g fixed, is m o v i n g forwards with 
a v e l o c i t y u , the quan t i ty w h i c h passes through it will 
d e p e n d , n o t o n the abso lu te v e l o c i t y , u, o f the substance, 
but o n the r e l a t ive v e l o c i t y , u — u, a n d i f Q is the quantity 
w h i c h passes th rough the p l a n e f rom right to left, 

Q v = u — u ( i ) 
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L e t A be an i m a g i n a r y p l a n e m o v i n g f rom left t o right 
with v e l o c i t y u, a n d le t this b e the v e l o c i t y o f p r o p a g a t i o n 

Fic. 39. 

o f the w a v e , then, as the p l a n e A t ravels a l o n g , the va lues o f 
u and all o ther quant i t ies b e l o n g i n g t o the w a v e at the 
plane A r ema in t h e s a m e . I f uY is the abso lu te v e l o c i t y o f 
the substance at A , Z / , t he v o l u m e o f uni t o f mass, a n d px the 
pressure, all these quant i t ies w i l l b e constant , a n d 

Q i »1 = u - « 1 (2 ) 

I f B b e ano the r p l a n e , t r ave l l i ng w i th the same v e l o 

city U, and i f Q 2 »2 v% Pi h e the c o r r e s p o n d i n g va lues 

at B, 
0.2 v 2 = U - « 2 (3) 

T h e dis tance b e t w e e n the p lanes A a n d B r emains in 
variable, because t h e y t rave l w i th the same v e l o c i t y . A l s o 
the quanti ty o f t he subs tance in t e rcep ted b e t w e e n t h e m 
remains the same, because the dens i ty o f the substance at 
cor responding parts o f the w a v e remains the same as the 
wave travels a long . H e n c e t he quan t i ty o f ma t te r w h i c h 
enters the space b e t w e e n A a n d B at A must b e equa l to 
that which l eaves i t at B , o r 

Q i = Qa = Q (say) (4) 
H e n c e 

» 1 = " - Q t , « 2 = U - Q » 2 . . (5) 

so that w h e n w e k n o w u a n d Q a n d the v o l u m e o f unit o f 

mass, w e can f ind u1 a n d « 2 . 

L e t us n e x t cons ide r t he forces ac t ing on the mat te r c o n 

tained b e t w e e n A a n d B . I f py is the pressure at A , and / > , 

Q 
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that at B, t h e fa rce ar is ing f rom these pressures tending to 

increase the m o m e n t u m f rom left t o right i s p 2 — p v 

T h i s is the m o m e n t u m g e n e r a t e d i n unit o f t ime b y the 

ex te rna l pressures o n the p o r t i o n o f the substance be tween 

A a n d B. 
N o w w e mus t r e c o l l e c t that, t h o u g h c o r r e s p o n d i n g points 

o f the substance in this in te rva l a re a l w a y s m o v i n g in the 

s a m e w a y , the mat te r i t se l f b e t w e e n A ' and B is continually 

c h a n g i n g , a quan t i ty Q en t e r i ng at A, a n d an equal quantity 

Q l e a v i n g at B. 

N o w the p o r t i o n Q w h i c h enters at A has a ve loc i t y u u 

a n d therefore a m o m e n t u m Q u¡, a n d that w h i c h issues at 

B has a v e l o c i t y u2, and the re fo re a m o m e n t u m Q « 2 . 

H e n c e the m o m e n t u m o f the en t e r ing fluid exceeds that 

o f the issuing fluid b y 

Q ( * i — « 2 ) -

T h e o n l y w a y i n w h i c h this m o m e n t u m can b e produced 

i s b y the ac t i on o f the ex te rna l pressures pl a n d / 2 ; for the 

mutua l ac t ions o f the parts o f the substance canno t alter the 

m o m e n t u m o f the w h o l e . H e n c e w e find 

A — A = Q ( * i — « 2 ) ( 6 ) 

Subst i tut ing t h e va lues o f K, a n d a a f rom equa t ion (5), we 

find 

A - / i = Q > i -v2) ( 7 ) 

H e n c e 

A + Q2
 »1 = A + Q2

 *i (8) 

N o w the o n l y res t r ic t ion o n the pos i t i on o f the plane B is 

that it must r e m a i n at a cons tan t d i s t ance b e h i n d A, and 

w h a t e v e r b e the d i s t ance b e t w e e n A a n d B, the above 

e q u a t i o n is a lways true. 

H e n c e the quant i ty p + 0 s v mus t con t inue constant 

dur ing the w h o l e p rocess i n v o l v e d i n the passage o f the 

w a v e . C a l l i n g this quan t i ty p, w e h a v e 

p = P _ ri (9) 
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or the pressure is equa l t o a constant pressure, P, d i m i n i s h e d 
b y a quanti ty p r o p o r t i o n a l t o the v o l u m e v. 

T h i s re la t ion b e t w e e n pressure a n d v o l u m e is n o t fulfi l led 
in the case o f a n y actual substance. I n all substances i t is 
true that as the v o l u m e d imin i shes the pressure increases , 
but the increase o f pressure is n e v e r strictly p r o p o r t i o n a l t o 
the d iminut ion o f v o l u m e . A s s o o n as the d i m i n u t i o n o f 
vo lume b e c o m e s cons ide rab le , the pressure b e g i n s t o in
crease in a grea ter ra t io than the v o l u m e diminishes . 

But i f w e cons ide r o n l y smal l changes o f v o l u m e and 
pressure, w e m a y m a k e use o f our f o r m e r def in i t ion o f elas
ticity at p. 107—namely , the ra t io o f the n u m b e r e x p r e s s i n g 
the increment o f pressure t o tha t express ing the v o l u m i n a l 
compress ion, or, ca l l ing the e las t ic i ty E, 

where v is the v o l u m e o f unit o f mass, and s ince vx and v% 

are ve ry near ly equal , w e m a y take e i ther for the v a l u e o f v. 
A g a i n , if v is the v o l u m e o f unit o f mass in those parts o f the 
substance w h i c h are n o t d is turbed b y the w a v e , and for 
which, therefore, u = o , 

H = Q!) (il) 
H e n c e w e f ind 

u8 = QJ = E v (12) 

which shows that the square o f the v e l o c i t y o f p ropaga t i on 
of a w a v e o f l ong i tud ina l d i sp l acemen t in any substance is 
equal to the p r o d u c t o f the elast ici ty a n d the v o l u m e o f unit 
of mass. 

I n calcula t ing the e las t ic i ty w e must take in to account the 
conditions under w h i c h the c o m p r e s s i o n o f the substance 
actually takes p lace . I f , as in the case o f sound-waves , it is 
very sudden, so that any heat w h i c h is d e v e l o p e d cannot b e 
conducted away , then w e must calcula te the elast ici ty o n the 
supposition that n o hea t is a l l o w e d to escape. 

I n the case o f air o r a n y o ther gas the elast ici ty at constant 

E = v P2 — Pi 
vx — v% 

— v Qs b y e q u a t i o n (7) (10) 
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t empera tu re is n u m e r i c a l l y e q u a l t o the pressure, I f we 

d e n o t e , as usual, the ra t io o f t he speci f ic hea t at constant 

pressure t o that at cons tan t v o l u m e b y the s y m b o l y, the 

e las t ic i ty w h e n n o hea t e scapes is 

E* = yp (13) 

H e n c e , i f u is t he v e l o c i t y o f sound, 

u a = y p v (14) 

W e k n o w that w h e n t h e t empera tu re is the same the 

p r o d u c t p v r ema ins constant . H e n c e , the v e l o c i t y o f sound 

is t he s a m e fo r t he s a m e tempera tu re , w h a t e v e r be the 

pressure o f the air . 

I f is the h e i g h t o f the a t m o s p h e r e supposed h o m o 

g e n e o u s — t h a t is t o say, the h e i g h t o f a co lumn o f the 

s a m e dens i ty as t he actual densi ty , the w e i g h t o f which 

w o u l d p r o d u c e a pressure equa l t o the actual pressure—then, 

i f the sec t ion o f t he c o l u m n i s uni ty , its v o l u m e is ·§ , and if 

m is its mass, = m v. 

A l s o the w e i g h t o f this c o l u m n is p = m g, where g is the 

f o r c e o f g rav i ty . 

H e n c e 

p v = g% 
a n d 

u 2 = g y & 
T h e v e l o c i t y o f sound m a y b e c o m p a r e d wi th that o f a 

b o d y fa l l ing a cer ta in d i s t ance u n d e r the ac t ion o f gravity. 
F o r i f v is t he v e l o c i t y o f a b o d y fa l l ing through a height s, 
v 2 = 2 g s. 

I f w e m a k e v = u, t hen s = £ y >£>. 

A t the t empera tu re o f m e l t i n g i ce 4? = 26,214 f e e t i f ™ e 
f o r c e o f g r a v i t y is 32 - 2. 

A t the s a m e t e m p e r a t u r e the v e l o c i t y o f sound in air is 
1,090 f ee t p e r s e c o n d b y e x p e r i m e n t . 

T h e square o f this is 1,188,100, whereas the square of 
the v e l o c i t y due t o h a l f t he he igh t o f the homogeneous 
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a tmosphere is 843,821. H e n c e b y m e a n s o f the k n o w n 
ve loc i t y o f sound w e can d e t e r m i n e 7, the ra t io o f 1,188,100 
to 843,821, to b e 1-408. 

T h e he ight o f the h o m o g e n e o u s a t m o s p h e r e is p r o p o r t i o n a l 
to the tempera ture r e c k o n e d f rom abso lu te z e r o . H e n c e the 
v e l o c i t y o f sound is p r o p o r t i o n a l t o the square r o o t o f the 
absolute tempera ture . I n severa l o f the m o r e pe r fec t gases 
the value o f y s e e m s t o b e nea r ly the same as in air. H e n c e 
in those gases the v e l o c i t y o f sound is i nve r se ly as the square 
root o f their specif ic g r a v i t y c o m p a r e d wi th air. 

T h i s inves t iga t ion w o u l d b e pe r f ec t l y accurate , h o w e v e t 
great the changes o f pressure a n d dens i ty due t o the passage 
of the sound-wave , p r o v i d e d the substance is such that in the 
actual changes o f pressure a n d v o l u m e the quan t i ty 

p + Q 2 v 

remains constant , Q b e i n g the v e l o c i t y o f p r o p a g a t i o n . I n 
all substances, as w e h a v e seen, w e m a y , w h e n the va lues o f 
/ and v are a lways v e r y near the i r m e a n va lues , assume a 
value o f Q w h i c h shall a p p r o x i m a t e l y satisfy this c o n d i t i o n ; 
but in the case o f v e r y v i o l e n t sounds a n d o the r d is turbances 
of the air the c h a n g e s o f p a n d v m a y b e so g rea t that this 
approx ima t ion ceases t o b e near the truth. T o unders t and 
what takes p l a c e in these cases w e must r e m e m b e r that the 
changes ofp a n d v are no t p r o p o r t i o n a l t o each other , for in 
a lmost all substances p increases faster for a g i v e n d iminu t ion 
of v as p increases a n d v d imin ishes . 

H e n c e Q , w h i c h represents the mass o f the substance 
t raversed b y the w a v e , w i l l b e g rea te r i n those parts o f the 
wave w h e r e the pressure is g rea t than in those parts w h e r e 
the pressure is s m a l l ; that is, the c o n d e n s e d por t ions o f the 
wave w i l l t r ave l faster than the raref ied por t ions . T h e result 
of this w i l l b e that i f the w a v e o r ig ina l ly consists o f a gradual 
condensa t ion f o l l o w e d b y a gradual rarefact ion, the c o n d e n 
sation wi l l b e c o m e m o r e sudden a n d the rarefact ion m o r e 
gradual as the w a v e advances th rough the air, in the same 
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C H A P T E R X V I . 

O N R A D I A T I O N . 

W E h a v e a l r eady n o t i c e d s o m e o f the p h e n o m e n a o f radia
t ion , a n d h a v e s h o w n that they d o n o t p r o p e r l y b e l o n g to the 
s c i e n c e o f H e a t , and that t h e y shou ld rather b e treated, 
a l o n g w i t h sound and l ight , as a b r anch o f the great science 
o f R a d i a t i o n . 

T h e p h e n o m e n o n o f rad ia t ion consis ts in the transmis
s ion o f e n e r g y f rom o n e b o d y t o ano the r b y propagat ion 
th rough the i n t e r v e n i n g m e d i u m , in such a w a y that the 
progress o f the r ad ia t ion m a y b e t r aced , after it has left the 
first b o d y a n d b e f o r e it reaches the second , t r ave l l ing through 
the m e d i u m w i t h a cer ta in v e l o c i t y , and l e a v i n g the medium 
b e h i n d it in the c o n d i t i o n in w h i c h it f ound it. 

W e h a v e a l r eady c o n s i d e r e d o n e ins tance o f radiat ion in 
the case o f w a v e s o f sound. I n this case the energy com
m u n i c a t e d t o the air b y a v i b r a t i n g b o d y is p ropaga ted 
th rough t he air, a n d m a y finally set s o m e o the r b o d ) 7 , as the 
d rum o f the ear, in m o t i o n . D u r i n g the p r o p a g a t i o n of the 
sound this e n e r g y exis ts in the p o r t i o n o f air through which 
it is t rave l l ing , par t ly in the fo rm o f m o t i o n o f the air to and 

w a y and for nea r ly the same reason as the w a v e s o f the sea 
o n c o m i n g i n t o sha l low w a t e r b e c o m e s teeper in front and 
m o r e g e n t l y s l o p i n g b e h i n d , t i l l at last t h e y curl o v e r on the 
shore . 

F I G . 30. 
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fro, and par t ly in the fo rm o f c o n d e n s a t i o n a n d rarefact ion. 
T h e ene rgy d u e t o sound in the air is d is t inc t f rom heat, be -
cause it is p r o p a g a t e d in a def in i te d i rec t ion , so that in a 
certain t ime it w i l l h a v e en t i re ly left the p o r t i o n o f air under 
considerat ion, a n d w i l l b e found in ano the r po r t ion o f air to 
which it has t r ave l l ed . N o w hea t n e v e r passes out o f a ho t 
b o d y e x c e p t to en te r a c o l d e r b o d y , so that the e n e r g y o f 
sound-waves, or any o the r fo rm o f e n e r g y w h i c h is propa
ga ted so as t o pass w h o l l y out o f o n e por t ion o f the m e d i u m 
and in to another , c anno t b e ca l l ed heat. 

T h e r e are, h o w e v e r , impor t an t the rmal effects p r o d u c e d 
by radiat ion, so that w e canno t unders tand the sc ience o f heat 
without s tudying s o m e o f the p h e n o m e n a o f rad ia t ion . 

W h e n a b o d y is ra i sed t o a v e r y h igh tempera ture it 
b ecomes v i s ib l e in the dark, a n d is said t o shine, o r to emi t 
l ight. T h e v e l o c i t y o f p r o p a g a t i o n o f the l igh t emi t t ed b y 
the sun and b y v e r y h o t b o d i e s has b e e n a p p r o x i m a t e l y mea
sured, a n d is e s t ima ted to b e b e t w e e n 180.000 and 192,000 
miles per s e c o n d , o r a b o u t 900,000 t imes faster than sound 
in air. 

T h e t i m e taken b y the l ight in pass ing f rom o n e p l ace to 
another wi th in the l i m i t e d r ange w h i c h w e h a v e at our c o m 
m a n d in a l abo ra to ry is e x c e e d i n g l y short , a n d it is o n l y b y 
means o f the m o s t r e f ined expe r imen ta l m e t h o d s that it has 
been measured . I t is cer ta in , h o w e v e r , that there is an 
interval o f t i m e b e t w e e n the emiss ion o f l ight b y o n e b o d y 
and its r ecep t ion b y another , and that dur ing this t ime the 
ene rgy t ransmi t ted f rom the o n e b o d y to the o ther has 
existed in s o m e f o r m in the i n t e rven ing m e d i u m . 

T h e op in ions w i th r ega rd to the r e l a t ion b e t w e e n l ight 
and heat h a v e suffered severa l a l ternat ions, a c c o r d i n g as 
these agents w e r e r e g a r d e d as substances o r as accidents . 
A t o n e t i m e l igh t was r e g a r d e d as a substance p r o j e c t e d 
from the l u m i n o u s b o d y , wh ich , i f the luminous b o d y 
were hot, m i g h t i t se l f b e c o m e h o t l i ke a n y o the r substance. 
H e a t was thus r e g a r d e d as an acc iden t o f the substance l ight . 
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W h e n the p rogress o f s c i ence h a d r e n d e r e d the measure

m e n t o f quant i t ies o f hea t as accura te as the measurement 

o f quant i t ies o f gases , heat , u n d e r the n a m e o f caloric, was 

p l a c e d in the list o f substances. A f t e r w a r d s , the independent 

p rogress o f op t i c s l e d t o the r e j e c t i o n o f the corpuscular 

t h e o r y o f l ight , a n d the es tab l i shment o f the undulatory 

theory , a c c o r d i n g t o which l ight is a w a v e - l i k e m o t i o n o f a 

m e d i u m a l ready exis t ing . T h e ca lo r i c t h e o r y o f heat, how

ever , still p r e v a i l e d e v e n after the corpuscular theory o f 

l igh t was r e j ec ted , so that hea t and l i gh t s e e m e d almost to 

h a v e e x c h a n g e d p laces . 

W h e n the ca lo r i c t heo ry o f hea t was at l eng th demon

s t ra ted t o b e false, the g rounds o f the a rgumen t w e r e quite 

i n d e p e n d e n t o f those which had b e e n used in the case o f 

l ight . 

W e shall the re fore cons ide r the nature o f radiation, 

w h e t h e r o f l igh t o r heat, in an i n d e p e n d e n t manner, and 

s h o w w h y w e b e l i e v e that wha t is ca l l ed radiant heat is the 

same th ing as wha t is ca l l ed l igh t , o n l y p e r c e i v e d b y us 

th rough a different channel . T h e s a m e radia t ion which 

w h e n w e b e c o m e a w a r e o f it b y the e y e w e cal l l ight , when 

w e d e t e c t it b y a t h e r m o m e t e r o r b y the sensat ion o f heat 

w e ca l l rad iant heat. 

I n the first p l a c e , radiant hea t ag rees wi th l ight in always 

m o v i n g in s traight l ines through any un i fo rm m e d i u m . I t is 

not , therefore , p r o p a g a t e d b y diffusion, as in the case o f the 

c o n d u c t i o n o f heat, w h e r e the hea t a lways t ravels f rom hotter 

to c o l d e r parts o f the m e d i u m in w h a t e v e r d i rec t ion this 

c o n d i t i o n m a y lead it. 

T h e m e d i u m through w h i c h rad iant hea t passes is not 

hea ted i f pe r f ec t ly d ia thermanous , a n y m o r e than a per

fec t ly t ransparent m e d i u m through w h i c h l igh t passes is 

r e n d e r e d luminous . But i f any impur i ty o r defec t o f trans

p a r e n c y causes the m e d i u m to b e c o m e v i s i b l e w h e n light 

passes th rough it, it wi l l a lso cause it to b e c o m e h o t and to 

s top part o f the hea t w h e n t raversed b y rad iant heat. 
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I n the n e x t p l a c e , rad iant hea t is ref lec ted f rom the 
po l i shed surfaces o f b o d i e s a c c o r d i n g t o t he s a m e l a w s as 
l ight. A c o n c a v e mi r ro r c o l l e c t s t he rays o f the sun i n t o a 
brilliantly luminous focus. I f these c o l l e c t e d rays fall o n a 
p iece o f w o o d , they wi l l set i t o n fire. I f the luminous rays 
are c o l l e c t e d b y m e a n s o f a c o n v e x lens, s imilar h e a t i n g 
effects are p r o d u c e d , s h o w i n g that rad iant hea t is r e f r ac ted 
when it passes f rom o n e t ransparent m e d i u m to another . 

W h e n l ight is r e f rac ted th rough a pr i sm, so as to c h a n g e 
its d i rec t ion through a cons ide rab l e a n g l e o f dev i a t i on , i t is 
separated in to a series o f k inds o f l ight w h i c h are eas i ly 
dist inguished f rom e a c h o the r b y their var ious co lours . 
T h e radiant hea t w h i c h is re f rac ted th rough the pr i sm is a lso 
spread out th rough a c o n s i d e r a b l e angular range , w h i c h s h o w s 
that i t also consists o f radia t ions o f var ious k inds . T h e 
luminosi ty o f the d i f ferent radia t ions is e v i d e n t l y no t i n the 
same p r o p o r t i o n as the i r h e a t i n g effects. F o r the b lue a n d 
green rays h a v e v e r y l i t t le hea t ing p o w e r c o m p a r e d w i t h the 
ex t reme r ed , wh ich a re m u c h less luminous , a n d the hea t i ng 
rays are found far b e y o n d t he e n d o f the red , w h e r e n o l igh t 
at all is v i s ib le . 

T h e r e are o ther m e t h o d s o f separat ing the different k i n d s 
o f l ight, w h i c h are s o m e t i m e s m o r e c o n v e n i e n t than the use 
of a pr ism. M a n y substances are m o r e t ransparent t o 
one k ind o f l igh t than another , a n d are therefore ca l l ed 
co loured m e d i a . Such m e d i a absorb cer tain rays a n d 
transmit others . I f t he l igh t t ransmi t ted b y a stratum o f a 
co lou red m e d i u m af terwards passes th rough ano the r stratum 
o f the same m e d i u m , it w i l l b e m u c h less d i m i n i s h e d i n 
intensity than at first. F o r the k i n d o f l igh t w h i c h is m o s t 
absorbed b y t he m e d i u m has b e e n a l ready r e m o v e d , a n d 
what is t ransmi t ted b y the first stratum is that w h i c h can pass 
most r ead i ly th rough t he second . T h u s a v e r y thin stratum 
o f a solut ion o f b i c h r o m a t e o f po tash cuts of f the w h o l e o f 
the spectrum f r o m the m i d d l e o f the g r e e n to the v io l e t , bu t 
the r ema inde r o f the l ight , cons is t ing o f the red , o range , 
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y e l l o w , and par t o f t he g r e e n , i s v e r y s l igh t ly d i m i n i s h e d in 
intensi ty b y pass ing th rough a n o t h e r s tratum o f the s a m e 
m e d i u m . 

If , h o w e v e r , the s e c o n d s t ratum b e c f a different m e d i u m , 
w h i c h absorbs m o s t o f the rays w h i c h the first t ransmits , i t 
w i l l cut o f f near ly the w h o l e l ight , t h o u g h it m a y b e i tself 
v e r y t ransparent for o ther rays a b s o r b e d b y t he first m e d i u m . 
T h u s a stratum o f su lphate o f c o p p e r absorbs nea r ly all the 
rays t ransmi t t ed b y the b i c h r o m a t e o f po tash , e x c e p t a few 
o f the g r e e n rays . 

M e l l o n i found that d i f ferent substances a b s o r b different 
k inds o f rad iant heat, and that the hea t sif ted b y a screen 
o f a n y substance w i l l pass in g rea te r p r o p o r t i o n through 
a screen o f the s a m e subs tance than unsif ted heat , w h i l e i t 
m a y be s t o p p e d i n g r ea t e r p r o p o r t i o n than unsifted hea t b y 
a screen o f a different substance. 

T h e s e remarks m a y il lustrate t he g e n e r a l s imilar i ty b e t w e e n 
l igh t and radiant heat . W e mus t n e x t c o n s i d e r the reasons 
w h i c h i n d u c e us t o r ega rd l igh t as d e p e n d i n g o n a part icular 
k i n d o f m o t i o n in the m e d i u m th rough w h i c h it is p ro 
p a g a t e d . T h e s e reasons a re p r i n c i p a l l y d e r i v e d f rom the 
p h e n o m e n a o f the in te r fe rence o f l ight . T h e y are e x p l a i n e d 
m o r e at l a rge in treat ises o n l igh t , b e c a u s e i t is m u c h easier 
t o o b s e r v e these p h e n o m e n a b y the e y e than b y a n y k i n d 
o f t h e r m o m e t e r . W e shall the re fore b e as b r i e f as poss ib le . 

T h e r e are var ious m e t h o d s b y w h i c h a b e a m o f l ight f rom 
a smal l luminous o b j e c t m a y b e d i v i d e d i n t o t w o por t ions , 
w h i c h , after t r a v e l l i n g b y s l igh t ly di f ferent paths, finally fall 
o n a w h i t e screen. W h e r e the t w o po r t i ons o f l igh t o v e r l a p 
e a c h o the r on the screen, a ser ies o f l o n g n a r r o w stripes m a y 
b e seen , a l t e rna te ly l igh te r a n d da rke r than the a v e r a g e 
b r igh tness o f the sc reen nea r t hem, a n d w h e n w h i t e l ight is 
used, these str ipes are b o r d e r e d w i t h co lours . B y using l ight 
o f o n e k i n d on ly , such as that o b t a i n e d f rom the sa l ted w i c k 
o f a spir i t - lamp, a g rea te r n u m b e r o f b a n d s or fringes m a y 
b e seen, and a g rea te r d i f f e rence o f b r igh tness b e t w e e n t he 
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light and the dark bands . I f w e s top e i ther o f the po r t i ons 

of light into which the or ig ina l b e a m was d i v i d e d , the whole , 

system o f bands disappears , s h o w i n g that t h e y are due , 

not to either o f the por t ions a lone , but to b o t h un i ted . 

I f w e n o w fix our a t t en t ion o n o n e o f the dark bands , a n d 

then cut of f o n e o f the par t ia l b e a m s o f l igh t , w e shall 

observe that instead o f a p p e a r i n g da rke r i t b e c o m e s ac tua l ly 

brighter, and i f w e aga in a l l o w the l ight to fall on the screen 

it becomes dark again. H e n c e i t is poss ib l e t o p r o d u c e 

darkness b y the a d d i t i o n o f t w o por t ions o f l i g h t I f l i gh t 

is a substance, the re canno t b e a n o t h e r subs tance w h i c h 

when added t o it shall p r o d u c e darkness . W e are the re fore 

compel led to a d m i t that l igh t is n o t a substance. 

N o w is there any o t h e r ins tance i n w h i c h the a d d i t i o n o f 

two apparent ly s imi lar th ings d imin i shes the result ? W e 

know by exper imen t s w i t h mus ica l ins t ruments that a c o m 

bination o f t w o sounds m a y p r o d u c e less aud ib le effect than 

either separately, a n d it c an b e s h o w n that this t akes p l a c e 

when the o n e is ha l f a w a v e - l e n g t h in a d v a n c e o f the other . 

H e r e the mutual ann ih i l a t ion o f the sounds arises f rom the 

fact that a m o t i o n o f t he air t o w a r d s t he ear is the exac t 

opposite o f a m o t i o n a w a y f rom the ear, a n d i f the t w o in 

struments are so a r r anged that the m o t i o n s w h i c h they t end 

to produce in the air near the ear a re in o p p o s i t e d i r ec 

tions and of equa l m a g n i t u d e , the result w i l l b e n o m o t i o n 

at all. N o w there is n o t h i n g absurd in o n e m o t i o n b e i n g 

the exact oppos i t e o f ano the r , t hough the supposi t ion that 

one substance is the e x a c t o p p o s i t e o f ano ther substance, as 

in some forms o f t he T w o - F l u i d t h e o r y o f E lec t r i c i ty , is an 

absurdity. 

W e m a y s h o w the in te r fe rence o f w a v e s in a v i s ib l e 

manner b y d i p p i n g a t w o - p r o n g e d fork in to wa te r o r mercury . 

T h e waves w h i c h d i v e r g e f rom the t w o centres w h e r e the 

prongs enter o r l e a v e the fluid a re seen t o p r o d u c e a 

greater d is turbance w h e n t h e y exac t ly c o i n c i d e than w h e n 

one gets ahead o f the other . 
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N o w it is found, b y measur ing t he pos i t ions o f the br ight 
and da rk bands o n the screen, that the d i f fe rence o f the 
dis tances t r a v e l l e d b y the t w o por t ions o f l igh t is for the 
b r igh t b a n d s a lways an e x a c t m u l t i p l e o f a ce r ta in v e r y 
smal l d i s tance w h i c h w e shall ca l l a w a v e - l e n g t h , whereas 
for the dark bands it is i n t e rmed ia t e b e t w e e n t w o mult i 
p les o f the wave - l eng th , b e i n g i ^ , z \ , & c . , t imes that 
length . 

W e therefore c o n c l u d e that w h a t e v e r exists o r takes 
p l a c e at a certain p o i n t i n a r a y o f l ight , then, at the same 
instant, at a p o i n t at \ o r r^- o f the w a v e - l e n g t h in a d v a n c e , 
s o m e t h i n g e x a c t l y the o p p o s i t e exists o r takes p l ace , so that 
in g o i n g a l o n g a r ay w e f ind an a l te rna t ion o f c o n d i t i o n s 
w h i c h w e m a y cal l p o s i t i v e and n e g a t i v e . 

I n t he o rd ina ry s ta tement o f the t h e o r y o f undula t ions 
these c o n d i t i o n s are d e s c r i b e d as m o t i o n o f the m e d i u m in 
o p p o s i t e d i r ec t ions . T h e essential character o f the t heo ry 
w o u l d r e m a i n the same i f w e w e r e to substitute for o rd ina ry 
m o t i o n t o a n d fro a n y o the r success ion o f o p p o s i t e l y 
d i r e c t e d c o n d i t i o n s . P ro fe s so r R a n k i n e has sugges ted o p 
pos i t e ro t a t ions o f m o l e c u l e s abou t their axes , a n d I h a v e 
sugges ted o p p o s i t e l y d i r e c t e d m a g n e t i z a t i o n s a n d e lec t ro 
m o t i v e forces ; bu t the a d o p t i o n o f e i ther o f these hypo theses 
w o u l d in n o w a y alter t he essential charac te r o f the undula-
to ry theory . 

N o w it is f ound that i f a v e r y na r row the rmo-e lec t r i c p i le 
b e p l a c e d in the pos i t i on o f the screen, a n d m o v e d so that 
s o m e t i m e s a b r igh t b a n d a n d s o m e t i m e s a da rk o n e falls on 
the p i l e , the g a l v a n o m e t e r ind ica tes that the p i l e r ece ives 
m o r e hea t w h e n in the b r igh t than w h e n in the dark band , 
a n d that w h e n o n e p o r t i o n o f the b e a m is cut o f f the heat in 
the da rk b a n d is inc reased . H e n c e in the in te r fe rence o f 
rad ia t ions the hea t ing effect o b e y s the same laws as the 
l uminous effect . 

I n d e e d , it has b e e n found that e v e n w h e n the source 
o f r ad ia t ion is a ho t b o d y which emi t s n o l u m i n o u s rays, 
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the phenomena o f in t e r fe rence can b e t raced , s h o w i n g 
that two rays o f dark hea t can in ter fere n o less than t w o 
rays of light. H e n c e al l that w e h a v e said abou t the w a v e s 
of light is app l i cab le t o the hea t - rad ia t ion , w h i c h is therefore 
a series o f waves . 

I t is also k n o w n in the case o f l igh t that after pass ing 
through a p la te cut from a crystal o f t ou rma l ine para l le l to 
its axis the t ransmit ted b e a m c a n n o t pass th rough a s e c o n d 
similarly cut p la te o f t ou rma l ine w h o s e axis is pe rpend i cu l a r 
to that of the first, though it can pass th rough it w h e n the axis 
is in any o ther pos i t ion . Such a b e a m o f l ight , w h i c h has 
different p roper t ies a c c o r d i n g as the s e c o n d p la te is tu rned 
into different pos i t ions r o u n d the b e a m as an axis , is c a l l ed 
a polar ized b e a m . T h e r e are m a n y o the r w a y s o f po l a r i z ing 
a beam o f l ight , but the result is a l w a y s o f the same k i n d . 
N o w this p r o p e r t y o f p o l a r i z e d l igh t shows that the m o t i o n 
which constitutes l ight c a n n o t b e i n the d i r e c t i o n o f the 
ray, for then there c o u l d b e n o d i f ference b e t w e e n d i f ferent 
sides o f the ray. T h e m o t i o n must b e t ransverse t o the 
direction o f the ray, so that w e m a y n o w desc r ibe a r ay o f 
polar ized l ight as a c o n d i t i o n o f d is turbance in a d i r e c t i o n 
at right angles t o the ray p r o p a g a t e d th rough a m e d i u m , so 
that the d is turbance is i n o p p o s i t e d i r ec t ions at e v e r y ha l f 
wave-length measu red a l o n g the ray. S ince P r i n c i p a l J . D . 
Forbes s h o w e d that a r ay o f dark hea t can b e p o l a r i z e d , w e 
can m a k e the same asser t ion abou t the hea t rad ia t ion . 

L e t us n o w c o n s i d e r the consequences o f a d m i t t i n g that 
what w e cal l rad ia t ion , w h e t h e r o f heat, l ight , o r i nv i s i b l e 
rays which act on c h e m i c a l prepara t ions , is o f the nature o f 
a transverse undula t ion in a m e d i u m . 

A transverse undu la t ion is c o m p l e t e l y de f ined w h e n w e 
k n o w — 

1. I t s w a v e - l e n g t h , or the d i s t ance b e t w e e n t w o p laces in 
which the d is turbance is in the same phase . 

2. I t s a m p l i t u d e , o r the grea tes t ex ten t o f the disturb
ance. 
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3 . T h e p l a n e in w h i c h the d i r e c t i o n o f t h e d is turbance 
l ies . 

4. T h e phase o f the w a v e at a par t icular po in t . 
5. T h e v e l o c i t y o f p r o p a g a t i o n th rough t he m e d i u m . 
W h e n w e k n o w these par t iculars a b o u t an undula t ion , i t 

is c o m p l e t e l y de f ined , a n d c a n n o t b e a l t e r ed in a n y w a y 
w i t h o u t chang ing s o m e o f these specif icat ions . 

N o w b y pass ing a b e a m cons i s t ing o f a n y a s s e m b l a g e o f 
undula t ions th rough a pr i sm, w e can separate i t i n to po r t i ons 
a c c o r d i n g t o their wave - l eng ths , a n d w e can se lec t rays o f a 
part icular w a v e - l e n g t h for e x a m i n a t i o n . O f these w e may , b y 
m e a n s o f a p l a t e o f t ou rma l ine , s e l ec t those w h o s e p lane o f 
po l a r i za t i on is the p r inc ipa l p l a n e o f the tourmal ine , bu t this 
is unnecessa ry for oa r purpose . W e h a v e n o w g o t rays o f a 
def in i te w a v e - l e n g t h . T h e i r v e l o c i t y o f p r o p a g a t i o n d e p e n d s 
o n l y o n the nature o f the r ay a n d o f the m e d i u m , so that w e 
canno t a l te r i t a t p leasure , a n d the phase c h a n g e s so r ap id ly 
( b i l l i o n s o f t imes in a s e c o n d ) that it c anno t b e d i r ec t ly 
o b s e r v e d . H e n c e t he o n l y v a r i a b l e quan t i ty r e m a i n i n g is 
the a m p l i t u d e o f the d is turbance , o r , in o the r w o r d s , the 
in tens i ty o f the ray. 

N o w the r ay m a y b e o b s e r v e d in var ious w a y s . W e may , 
i f it exc i t e s the sensa t ion o f sight , r e c e i v e it in to our e y e . I f 
it affects c h e m i c a l c o m p o u n d s , w e m a y o b s e r v e its effect o n 
t h e m , or w e m a y r e c e i v e the r ay o n a t he rmo-e l ec t r i c p i l e 
a n d d e t e r m i n e its hea t ing effect . 

B u t all these effects , b e i n g effects o f o n e a n d the same 
thing, must rise and fall toge ther . A ray o f spec i f ied w a v e 
l e n g t h a n d spec i f i ed p l a n e o f p o l a r i z a t i o n c a n n o t b e a 
c o m b i n a t i o n o f severa l d i f ferent things, such as a l ight-ray, a 
heat-ray, a n d an ac t in ic ray. I t must b e o n e a n d the same 
thing, w h i c h has luminous , thermal , a n d ac t in ic effects, a n d 
e v e r y t h i n g "which increases o n e o f these effects mas t increase 
the others a l s o . 

T h e ch i e f r ea son w h y so m u c h that has b e e n wr i t ten on 
this subjec t is t a in ted w i t h the n o t i o n that hea t is o n e th ing 
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and l ight is ano the r seems t o b e that the a r rangements 

for opera t ing o n rad ia t ions o f a s e l e c t e d w a v e - l e n g t h a re 

t roublesome, and w h e n m i x e d radia t ions are e m p l o y e d , in 

which the luminous a n d the the rmal effects a re in different 

proportions, any th ing w h i c h alters the p r o p o r t i o n o f the 

different radia t ions in the m i x t u r e al ters a lso the p r o p o r t i o n 

of the result ing the rmal a n d luminous effect , a s , i n d e e d it 

generally alters the c o l o u r o f the m i x e d l ight . 

W e have seen that the e x i s t e n c e o f these radia t ions m a y 

be de tec ted in var ious w a y s — b y p h o t o g r a p h i c prepara t ions , 

by the eye , a n d b y the t h e r m o m e t e r . T h e r e can b e n o 

doubt, h o w e v e r , as t o w h i c h o f these m e t h o d s g i v e s the true 

measure o f the e n e r g y t ransmi t ted b y the radia t ion . T h i s 

is exact ly measu red b y the hea t i ng effect o f the ray w h e n 

comple t e ly a b s o r b e d b y a n y substance. 

W h e n the w a v e - l e n g t h is g rea te r than 812 mi l l ion ths o f a 

mill imetre n o luminous effect is p r o d u c e d o n the eye , t hough 

the effect o n the t h e r m o m e t e r m a y b e v e r y g r e a t W h e n 

the wave- l eng th is 650 m i l l i on ths o f a m i l l i m e t r e the ray is 

visible as a r e d l ight , a n d a c o n s i d e r a b l e hea t ing effect is 

observed. Bu t w h e n the w a v e - l e n g t h is 500 m i l l i on ths o f a 

mil l imetre, the ray, w h i c h is seen as a br i l l iant g reen , has 

much less hea t ing effect than the da rk o r the r ed rays, a n d 

it is difficult to o b t a i n s t rong the rma l effects w i th rays o f 

smaller wave- lengths , e v e n w h e n concen t ra t ed . 

But, on the o ther hand, the p h o t o g r a p h i c effect o f the 

radiation o n salts o f s i lver , w h i c h is v e r y f e e b l e in the r e d 

rays, and e v e n in the g r e e n rays, b e c o m e s m o r e power fu l 

the smaller the w a v e - l e n g t h , t i l l for rays w h o s e w a v e - l e n g t h 

is 400, w h i c h h a v e a f e e b l e v i o l e t l uminos i ty a n d a still 

feebler thermal effect, the p h o t o g r a p h i c effect is v e r y 

powerful; a n d e v e n far b e y o n d the v i s ib l e spectrum, for w a v e 

lengths o f less than 200 mi l l ion ths o f a mi l l ime t re , w h i c h 

are quite inv i s ib le t o our eyes and qu i t e und i s cove rab l e b y 

our the rmomete r s , the p h o t o g r a p h i c effect is still o b s e r v e d . 

This shows that ne i the r the luminous no r the p h o t o g r a p h i c 
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effect is in a n y w a y p r o p o r t i o n a l t o the e n e r g y o f the radia
t ion w h e n di f ferent k inds o f r ad ia t ion are c o n c e r n e d . I t 
is p r o b a b l e that w h e n the r ad i a t i on p r o d u c e s the p h o t o 
graph ic ef fec t i t is n o t b y its e n e r g y d o i n g w o r k o n the 
c h e m i c a l c o m p o u n d , bu t ra ther b y a w e l l - t i m e d v i b r a t i o n o f 
the m o l e c u l e s d i s l o d g i n g t h e m f rom the p o s i t i o n o f a lmos t 
indi f ferent equ i l i b r i um in to w h i c h they h a d b e e n t h r o w n b y 
p rev ious c h e m i c a l manipu la t ions , a n d enab l i ng t h e m to rush 
t o g e t h e r a c c o r d i n g t o their m o r e p e r m a n e n t affinities, so as 
t o f o r m stabler c o m p o u n d s . I n cases o f this k i n d the effect 
is n o m o r e a d y n a m i c a l measure o f the cause than the effect 
o f the fall o f a t ree is a measure o f the e n e r g y o f t he w i n d 
w h i c h u p r o o t e d it. 

I t is t rue that in m a n y cases the a m o u n t o f the r ad ia t ion 
m a y b e v e r y accura te ly e s t i m a t e d b y m e a n s o f its c h e m i c a l 
effects, e v e n w h e n these c h e m i c a l effects t end t o d imin ish 
the int r ins ic e n e r g y o f the sys tem. Bu t b y es t imat ing the 
hea t i ng effect o f a r ad ia t ion w h i c h is en t i r e ly a b s o r b e d b y 
the h e a t e d b o d y w e ob t a in a true measure o f the e n e r g y of 
the rad ia t ion . I t is f ound that a surface t h i c k l y c o a t e d 
w i th l a m p b l a c k absorbs near ly the w h o l e o f e v e r y k i n d o f 
r ad ia t ion w h i c h falls o n it. H e n c e surfaces o f this k i n d are 
o f g rea t v a l u e in the thermal s tudy o f rad ia t ion . 

W e h a v e n o w to c o n s i d e r the c o n d i t i o n s w h i c h d e t e r m i n e 
t he a m o u n t and qual i ty o f the rad ia t ion f rom a h e a t e d b o d y . 
W e mus t bea r in m i n d that t empera tu re is a p r o p e r t y o f 
h o t b o d i e s a n d no t o f rad ia t ions , a n d that qual i t ies such as 
wave- l eng ths , & c , b e l o n g to radia t ions , but n o t to the heat 
w h i c h p r o d u c e s t h e m or is p r o d u c e d b y them. 

ox PREVOST'S T H E O R Y O F E X C H A N G E S . 

W h e n a sys tem o f b o d i e s at different t empera tures is left 
to itself, the transfer o f hea t w h i c h takes p l a c e a lways has 
the effect o f r ende r ing the t empera tu res o f the different 
b o d i e s m o r e nea r ly equal , and this character o f the transfer 
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of heat, that it passes f rom ho t te r t o c o l d e r b o d i e s , is the 
same whether i t is b y r ad i a t i on o r b y c o n d u c t i o n that t he 
transfer takes p lace . 

L e t us cons ide r a n u m b e r o f b o d i e s , a l l at the same 
temperature, p l a c e d in a c h a m b e r t he wa l l s o f w h i c h are 
maintained at that t empera tu re , a n d th rough w h i c h n o hea t 
can pass b y rad ia t ion ( suppose the wa l l s o f me ta l , for 
instance). N o change o f t empera tu re w i l l o c c u r in a n y o f 
these bodies . T h e y w i l l b e in the rmal equ i l ib r ium wi th 
each other and wi th t he wal l s o f the c h a m b e r . T h i s is a 
consequence o f the def in i t ion o f equa l t empera tu re at p . 32. 

N o w i f any o n e o f these b o d i e s h a d b e e n t aken out o f 
the chamber a n d p l a c e d a m o n g c o l d e r b o d i e s the re w o u l d 
be a transfer o f heat b y r ad ia t ion f rom the ho t b o d y to the 
colder ones ; or i f a c o l d e r b o d y h a d b e e n i n t r o d u c e d into 
the chamber i t w o u l d i m m e d i a t e l y b e g i n t o r e c e i v e hea t by 
radiation f rom the hot ter b o d i e s r o u n d it. But t he c o l d 
body has no p o w e r o f a c t i n g d i r ec t l y o n the h o t b o d i e s at a 
distance, so as t o cause t h e m to b e g i n t o e m i t radia t ions , 
nor has the hot c h a m b e r a n y p o w e r , to s top the radia t ion o f 
any one o f the h o t b o d i e s p l a c e d wi th in it. W e therefore 
conclude with P r e v o s t that a ho t b o d y is a lways e m i t t i n g 
radiations, e v e n w h e n n o c o l d e r b o d y is the re to r e c e i v e 
them, and that the reason w h y there is n o c h a n g e o f t e m 
perature w h e n a b o d y is p l a c e d in a c h a m b e r o f the same 
temperature is that i t r e c e i v e s f rom the radia t ion o f the wal l s 
of the chamber e x a c t l y as much hea t as it loses b y radia t ion 
towards these wal l s . 

I f this is the true exp l ana t i on o f the thermal equi l ibr ium 
of radiation, i t f o l l o w s that i f t w o b o d i e s h a v e the same 
temperature the rad ia t ion emi t t ed b y the first a n d abso rbed 
by the second is equa l i n amoun t t o the radia t ion e m i t t e d 
by the second a n d a b s o r b e d b y the first during the same 
time. 

T h e h igher the t empera tu re o f a b o d y , the g rea te r its 
radiation is found to be , so that w h e n the temperatures o f the 
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b o d i e s a re unequa l the ho t t e r b o d i e s w i l l emi t m o r e radia
t i on than they r e c e i v e f rom the c o l d e r b o d i e s , a n d therefore, 
o n the w h o l e , hea t w i l l b e los t b y the ho t t e r a n d g a i n e d b y 
the c o l d e r b o d i e s t i l l t he rma l equ i l ib r ium is a t ta ined. W e 
shall return t o the c o m p a r i s o n o f the rad ia t ion at different 
t empera tu res after .we h a v e e x a m i n e d the re la t ions b e t w e e n 
t he rad ia t ion o f different b o d i e s at the s a m e tempera ture . 

T h e a p p l i c a t i o n o f the t h e o r y o f e x c h a n g e s has at var ious 
t imes b e e n e x t e n d e d t o the p h e n o m e n a o f hea t as they 
w e r e success ive ly i n v e s t i g a t e d F o u r i e r has c o n s i d e r e d the 
l a w o f r ad ia t ion as d e p e n d i n g o n t he a n g l e w h i c h the ray 
m a k e s w i t h the surface, a n d L e s l i e has i nves t iga t ed its 
r e la t ion to the state o f po l i sh o f the surface ; but i t is in 
r ecen t t imes , a n d ch ie f ly b y the researches o f B . Stewart , 
K i r c h h o f f , and D e la P r o v o s t a y c , that t he t h e o r y o f ex
changes has b e e n s h o w n to b e a p p l i c a b l e , n o t o n l y t o the 
to ta l a m o u n t o f the rad ia t ion , but to e v e r y d i s t inc t ion in 
qua l i ty o f w h i c h t he r ad i a t i on is c apab l e . 

F o r , b ) ' p l a c i n g b e t w e e n t w o b o d i e s o f the s a m e tempera 
ture a c o n t r i v a n c e such as that a l r eady n o t i c e d at p . 218, so 
that o n l y radia t ions o f a d e t e r m i n a t e wave - l eng th a n d in a 
d e t e r m i n a t e p l a n e can pass f rom the o n e b o d y t o the other, 
w e r e d u c e the g e n e r a l p r o p o s i t i o n a b o u t the rmal equi l ib r ium 
to a p r o p o s i t i o n abou t this par t icular k i n d o f rad ia t ion . W e 
m a y there fore t ransform it i n to the f o l l o w i n g m o r e def ini te 
p r o p o s i t i o n . 

I f t w o b o d i e s a re at the s a m e t empera tu re , the radia t ion 
e m i t t e d b y the first a n d a b s o r b e d b y the s e c o n d agrees wi th 
the r ad ia t ion e m i t t e d b y the s e c o n d and a b s o r b e d b y the 
first, n o t o n l y in its to ta l hea t i ng effect , but in the intensity, 
w a v e - l e n g t h , a n d p l ane o f p o l a r i z a t i o n o f e v e r y c o m p o n e n t 
par t o f e i ther r ad ia t ion . A n d the l a w that the amoun t o f 
r ad ia t ion increases wi th the t empera tu re must b e true, no t 
o n l y for the w h o l e rad ia t ion , but for a l l the c o m p o n e n t parts 
o f it w h e n a n a l y s e d a c c o r d i n g t o their wave - l eng th s and 
p lanes o f po la r iza t ion . 
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T h e consequences o f these t w o p ropos i t ions , a p p l y i n g as 
they d o t o e v e r y k i n d o f rad ia t ion , w h e t h e r d e t e c t e d b y its 
thermal or b y its luminous effects , a re so numerous and 
varied that w e canno t a t t empt any full enumera t ion o f them 
in this treatise. W e must conf ine ourse lves t o a f e w ex
amples. 

W h e n a radia t ion falls o n a b o d y , part o f i t is re f lec ted , 
and part enters the b o d y . T h e la t ter part aga in m a y ei ther 
he who l ly a b s o r b e d b y the b o d y o r par t ly a b s o r b e d and 
partly t ransmit ted. 

N o w l ampb lack ref lects ha rd ly any o f the rad ia t ion w h i c h 
falls on it, and it t ransmits n o n e . N e a r l y the w h o l e is 
absorbed. 

Po l i shed si lver ref lects near ly the w h o l e o f the radia t ion 
which falls upon it, ab so rb ing o n l y abou t a for t ie th part , and 
transmitting n o n e . 

R o c k salt reflects less than a twelf th par t o f the rad ia t ion 
which falls on i t ; it absorbs hard ly any, a n d t ransmits n ine ty-
two per cent . 

T h e s e three substances, therefore , m a y b e t aken as t ypes o f 
absorption, r e f l ex ion , a n d t ransmiss ion r e spec t ive ly . 

L e t us suppose that these proper t ies h a v e b e e n obse rved 
in these substances at the tempera ture , say, o f 212° F . , and 
let them be p l a c e d a t this t empera ture wi th in a c h a m b e r 
whose walls are at the same temperature . T h e n the amount 
of the radia t ion f rom the l a m p b l a c k w h i c h is a b s o r b e d b y 
the other t w o substances is, as w e h a v e seen, v e r y small . 
N o w the l a m p b l a c k absorbs the w h o l e o f the rad ia t ion f rom 
the silver o r the salt. H e n c e the radia t ion from these 
substances must a lso b e smal l , or, m o r e p r e c i s e l y — 

The radiation of a substance at a given temperature is to 
the radiation of lampblack at that temperature as the amount 
of radiation absorbed by the substance at that temperature is to 
the whole radiation which falls upon it. 

H e n c e a b o d y w h o s e surface is m a d e o f p o l i s h e d si lver 
will emit a m u c h smaller amoun t o f rad ia t ion than o n e 
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w h o s e surface is o f l a m p b l a c k . T h e b r igh te r the surface o f 
a s i lver t eapo t , the l o n g e r w i l l it re ta in the hea t o f the tea ; 
a n d if o n the surface o f a m e t a l p la te s o m e parts are po l i shed , 
others rough, a n d others b l a c k e n e d , w h e n the p la te is m a d e 
r ed ho t the b l a c k e n e d parts w i l l appea r br ightes t , the rough 
parts n o t so br igh t , a n d the p o l i s h e d parts darkest . T h i s is 
w e l l seen w h e n m e l t e d l e a d is m a d e r ed ho t . W h e n par t 
o f the dross is r e m o v e d , the p o l i s h e d surface o f the m e l t e d 
me ta l , t hough rea l ly hot te r than the dross, appears o f a less 
br i l l ian t red . 

A p i e c e o f glass w h e n t aken r e d ho t out o f the fire appears 
o f a v e r y faint red c o m p a r e d w i t h a p i e c e o f i ron t aken f rom 
the s a m e par t o f t he fire, t h o u g h the glass is rea l ly ho t te r 
than the i ron, b e c a u s e i t d o e s n o t t h r o w o f f its hea t so fast. 

A i r o r a n y o the r t ransparent gas , e v e n w h e n ra ised to a 
heat a t w h i c h o p a q u e b o d i e s appea r w h i t e hot , emi t s so l i t t le 
l ight that its l uminos i ty can ha rd ly b e o b s e r v e d in the 
dark , at least w h e n t he th ickness o f the h e a t e d air is no t 
v e r y great . 

A g a i n , w h e n a substance at a g i v e n t empera tu re absorbs 
cer ta in k inds o f r ad ia t ion a n d t ransmits others , i t emi t s at 
that t empera tu re o n l y those k inds o f r ad ia t ion w h i c h it 
absorbs . A v e r y r e m a r k a b l e ins tance o f this is o b s e r v e d in 
the v a p o u r o f sod ium. T h i s substance w h e n hea t ed emits 
rays o f t w o defini te k inds , w h o s e w a v e - l e n g t h s are O'ooo5go53 
and o'ooo58g89 m i l l i m e t r e r e s p e c t i v e l y . T h e s e rays are 
v i s ib l e , and m a y b e seen in the f o r m o f t w o br ight l ines b y 
d i rec t ing a s p e c t r o s c o p e u p o n a f lame in w h i c h any c o m 
p o u n d o f s o d i u m is present . 

N o w i f the l ight e m i t t e d f rom an in tense ly h e a t e d so l id 
b o d y , such as a p i e c e o f l i m e in the o x y h y d r o g e n l ight , b e 
t ransmi t ted th rough sod ium-vapour at a t empera ture l o w e r 
than that o f the l i m e , a n d then ana lysed b y the spec t ro
scope , t w o dark l ines are seen , c o r r e s p o n d i n g to the t w o 
br igh t ones fo rmer ly o b s e r v e d , s h o w i n g that sodium-vapour 
absorbs the same def ini te k inds o f l ight w h i c h it radiates. 
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I f the temperature o f the sod ium-vapour is raised, say by-
using a Bunsen's burner ins tead o f a spir i t - lamp to p r o d u c e 
it, or i f the t empera tu re o f the l i m e is l o w e r e d t i l l i t is 
the same as that o f t he v a p o u r , the dark l ines disappear, 
because the sod ium-vapour n o w radia tes e x a c t l y as much 
light as it absorbs f r o m the l ight o f the l ime-ba l l at the 
same temperature . I f the sod ium-f lame is hot te r than the 
l ime-ball the l ines appea r br ight . 

T h i s is an i l lustrat ion o f K i r c h h o f f ' s p r inc ip le , that the 
radiation o f e v e r y k i n d increases as the t empera tu re rises. 

I n pe r fo rming this e x p e r i m e n t w e suppose the l ight f rom 
the l ime-bal l to pass th rough the sod ium- f l ame b e f o r e i t 
reaches the slit o f the spec t ro scope . If, h o w e v e r , the flame 
is in terposed b e t w e e n the slit a n d the e y e , o r t he screen o n 
which the spectrum is p r o j e c t e d , the dark l ines m a y b e seen 
distinctly, e v e n w h e n t he t empera tu re o f the sodium-f lame is 
higher than that o f the l ime-ba l l . F o r in t he parts o f the 
spectrum near the l i l ies the l igh t is n o w c o m p o u n d e d o f the 
analysed l ight o f the l i m e - b a l l a n d the d i r e c t l igh t o f the 
sodium-flame, w h i l e at the l ines t h e m s e l v e s the l igh t o f the 
spectrum o f the l i m e - b a l l is cut off, a n d o n l y the d i rec t l igh t 
of the sodium-f lame r ema ins , so that the l ines appea r darker 
than the rest o f the f ie ld . 

I t does no t b e l o n g to t he s c o p e o f this treatise to a t t empt 
to g o ove r the i m m e n s e f ie ld o f research w h i c h has b e e n 
opened up b y t he a p p l i c a t i o n o f the spec t ro scope t o dis
tinguish different i n c a n d e s c e n t vapours , and w h i c h has l e d 
to a great increase o f our k n o w l e d g e o f the h e a v e n l y 
bodies. 

I f the thickness o f a m e d i u m , such as sod ium-vapour , 
which radia te ; a n d absorbs def ini te k inds o f l ight , b e v e r y 
great, the w h o l e b e i n g at a h i g h tempera ture , the l ight 
emit ted w i l l b e o f e x a c t l y the s a m e c o m p o s i t i o n as that 
emitted f rom l a m p b l a c k at the same tempera ture . F o r , 
ttioug'ti s o m e k inds o f rad ia t ion are m u c h m o r e f e e b l y 
emitted by the subs tance than others , these are also s o 
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f e e b l y a b s o r b e d that t h e y can r each the surface f rom i m 
m e n s e dep ths , w h e r e a s the rays w h i c h a re so c o p i o u s l y 
r ad ia t ed a re also so r a p i d l y a b s o r b e d that i t is o n l y f rom 
p l ace s v e r y nea r the surface that they can escape out o f the 
m e d i u m . H e n c e b o t h the d e p t h a n d the dens i ty o f an 
i n c a n d e s c e n t gas cause its r ad ia t ion t o assume m o r e and 
m o r e o f the character o f a con t inuous spect rum. 

W h e n the t empera tu re o f a substance is g r adua l ly ra ised , 
n o t o n l y does the in tens i ty o f e v e r y par t icular k i n d o f radia
t ion increase, but n e w k inds o f r ad ia t ion are p r o d u c e d . 
B o d i e s o f l o w t empera tu re e m i t o n l y rays o f g r ea t w a v e 
l eng th . A s the t e m p e r a t u r e rises these rays are m o r e 
c o p i o u s l y emi t t ed , bu t at t he s a m e t i m e o the r rays of 
smal l e r w a v e - l e n g t h m a k e thei r appearance . W h e n the t em
pera ture has risen to a cer ta in po in t , par t o f the r ad ia t ion is 
l uminous and o f a r ed co lour , the luminous rays o f grea tes t 
w a v e - l e n g t h b e i n g red . A s t he t empera tu re rises, the o ther 
l u m i n o u s rays a p p e a r i n the o r d e r o f the spec t rum, bu t e v e r y 
r ise o f t empera tu re increases the in tens i ty o f a l l the rays 
w h i c h h a v e a l r eady m a d e their appea rance . A w h i t e - h o t 
b o d y emi t s m o r e r e d rays than a r e d - h o t b o d y , a n d m o r e 
non- luminous rays than a n y n o n - l u m i n o u s b o d y . 

T h e total t he rma l v a l u e o f the r ad ia t ion at any tempera
ture, d e p e n d i n g as it d o e s u p o n the a m o u n t o f a l l the different 
k i n d s o f rays o f w h i c h it is c o m p o s e d , is no t l i k e l y t o b e a 
s i m p l e funct ion o f t he tempera ture . N e v e r t h e l e s s , D u l o n g 
a n d P e t i t s u c c e e d e d i n o b t a i n i n g a fo rmula w h i c h expresses 
the facts o b s e r v e d b y t h e m wi th t o l e r a b l e exac tness . I t is 
o f t he f o r m 

R = m a9, 

w h e r e R is the to ta l loss o f hea t in uni t o f t i m e b y radia
t ion f rom unit o f area o f the surface o f the substance at the 
t empera tu re 8, m is a cons tan t quan t i ty d e p e n d i n g on ly on 
the substance a n d the nature o f its surface, a n d a is a 
numer ica l quant i ty w h i c h , w h e n R expresses the tempera ture 
o n the C e n t i g r a d e scale, is i , o o 7 7 . 
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I f the b o d y is p l a c e d in a c h a m b e r d e v o i d of air, w h o s e 

walls are at the t empera tu re t, then the hea t r ad ia ted f rom 

the walls to the b o d y a n d a b s o r b e d b y i t w i l l b e 

r — ma', 

so that the actual loss of heat w i l l b e 

R — r = m a6 — m a'. 

T h e constancy of the amoun t o f rad ia t ion b e t w e e n the same 
surfaces at the same tempera tures affords a v e r y c o n v e n i e n t 
me thod o f c o m p a r i n g quant i t ies o f h e a t T h i s m e t h o d was 
referred t o i n our chap te r o n C a l o r i m e t r y ( p . 74), u n d e r the 
name of the M e t h o d o f C o o l i n g . 

T h e substance t o b e e x a m i n e d is h e a t e d a n d put in to a 
thin c o p p e r vesse l , t he ou te r surface o f w h i c h is b l a c k e n e d , 
or at least is p r e s e r v e d in the s a m e state of roughness or o f 
polish throughout the expe r imen t s . T h i s vesse l is p l a c e d 
in a larger c o p p e r ve s se l so as n o t t o touch it, and the outer 
vessel is p l a c e d in a ba th o f wa te r k e p t at a cons tan t t e m 
perature. T h e t empera tu re o f the subs tance i n t he smal ler 
vessel is o b s e r v e d f rom t i m e t o t ime , or, still bet ter , the t imes 
are o b s e r v e d at w h i c h the r e a d i n g o f a t h e r m o m e t e r i m 
mersed in the substance is an e x a c t n u m b e r o f deg rees . I n 
this w a y the t i m e o f c o o l i n g , say f rom 100° t o 90° , f r om 90° 
to 80°, is regis tered , the t empera tu re o f the outer vesse l b e i n g 
kept a lways the same. 

Suppose that this obse rva t i on o f the t i m e o f c o o l i n g is 
m a d e first w h e n the vesse l is filled w i t h water , and then 
when s o m e o the r substance is put in to it. T h e rate at wh ich 
heat escapes b y rad ia t ion is the same for the same tempera
ture in bo th e x p e r i m e n t s . T h e quant i ty o f hea t wh ich 
escapes dur ing the c o o l i n g , say f rom 100° t o 90", in the t w o 
exper iments , is p r o p o r t i o n a l to the t ime o f coo l ing . H e n c e 
the capac i ty o f the vesse l and its con ten ts in the first exper i 
ment is t o its capac i ty in the s econd expe r imen t as the t i m e 
of c o o l i n g f rom 100° to 90 0 in the first e x p e r i m e n t is t o the 
time o f c o o l i n g f rom 100° to g o c in the s econd expe r imen t . 
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T h e m e t h o d o f c o o l i n g is v e r y c o n v e n i e n t in ce r ta in cases, 

bu t i t is necessa ry to k e e p the t empera tu re o f the w h o l e o f 

the substance in the i nne r vesse l as nea r ly un i fo rm as poss ib le , 

so that the m e t h o d mus t b e res t r ic ted t o l i qu ids w h i c h w e 

can stir, a n d t o sol ids w h o s e c o n d u c t i v i t y is grea t , a n d 

w h i c h m a y b e cut in p i e c e s a n d i m m e r s e d i n a l i qu id . 

T h e m e t h o d o f c o o l i n g has b e e n f o u n d v e r y a p p l i c a b l e to 

the m e a s u r e m e n t o f the quan t i ty o f hea t c o n d u c t e d th rough 

a subs tance . ( S e e the chapter o n C o n d u c t i o n . ) 

E F F E C T O F R A D I A T I O N O N T H E R M O M E T E R S . 

O n a c c o u n t o f the rad ia t ion pass ing in all d i r ec t ions th rough 
the a t m o s p h e r e , i t is a v e r y difficult t h ing t o d e t e r m i n e t he 
true t empera tu re o f the air in a n y p l a c e ou t o f doo r s b y 
m e a n s o f a t h e r m o m e t e r . 

I f t h e sun shines o n the t h e r m o m e t e r , the r ead ing is o f 
course t o o h i g h ; but i f w e put it in the shade , i t m a y b e t o o 
l o w , b e c a u s e the t h e r m o m e t e r m a y b e e m i t t i n g m o r e radia
t i o n than i t r e c e i v e s f rom the c lear sky. T h e g r o u n d , wal l s 
o f houses , c louds , a n d the var ious d e v i c e s for sh ie ld ing the 
t h e r m o m e t e r f r om radia t ion , m a y all b e c o m e sources o f 
error , b y causing an u n k n o w n a m o u n t o f r ad ia t ion on the 
bu lb . F o r r o u g h purposes the effects o f rad ia t ion m a y b e 
g r e a t l y r e m o v e d b y g i v i n g the bu lb a surface o f po l i shed 
s i lver , o f wh ich , as w e h a v e seen, the abso rp t ion is on ly a 
for t ie th o f that o f l a m p b l a c k . 

A m e t h o d d e s c r i b e d b y D r . J o u l e in a c o m m u n i c a t i o n to 
t he P h i l o s o p h i c a l S o c i e t y o f M a n c h e s t e r , N o v e m b e r 26, 1867, 
s e e m s the o n l y o n e free f rom all o b j e c t i o n s . T h e the rmo
m e t e r is p l a c e d in a l o n g v e r t i c a l c o p p e r tube o p e n at b o t h 
ends , b u t w i t h a c a p t o c lose the l o w e r e n d , w h i c h m a y b e 
r e m o v e d or pu t o n w i t h o u t w a r m i n g it b y the hand . W h a t 
e v e r r ad ia t ion affects t he t h e r m o m e t e r mus t b e b e t w e e n it 
and t he ins ide o f t he tube , a n d i f these are o f the same 
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temperature, the rad ia t ion w i l l h a v e n o effect o n the o b s e r v e d 

reading o f the t h e r m o m e t e r . H e n c e , i f w e can b e sure that 

the coppe r tube and the air w i t h i n i t a re at the t empera ture 

o f the a tmosphere , a n d that the t h e r m o m e t e r is in thermal 

equil ibr ium, the t h e r m o m e t e r r ead ing w i l l b e the true tem

perature. 

N o w , i f the air wi th in the tube is o f the s a m e t empera tu re 

as the air outs ide, i t w i l l b e o f the same densi ty , and it wi l l 

therefore b e in stat ical equ i l i b r ium wi th it. I f i t is w a r m e r 

it wil l be l ighter , a n d an u p w a r d current w i l l b e f o r m e d in 

the tube w h e n the c a p is r e m o v e d . I f i t is co lde r , a d o w n 

ward current w i l l b e f o r m e d . 

T o de tec t these currents a spiral w i r e is s u s p e n d e d in the 

tube b y a fine fibre, so that an u p w a r d o r d o w n w a r d current 

causes the spiral t o twis t the f ibre , a n d a n y m o t i o n o f the 

spiral is m a d e apparen t b y m e a n s o f a smal l mi r ro r a t t ached 

to it. 

T o vary the t empera tu re o f the c o p p e r tube, it is e n c l o s e d 

in a wide r tube, so that wa te r m a y b e p l a c e d in the space 

be tween the tubes, a n d b y p o u r i n g in w a r m e r or c o o l e r wa te r 

the temperature m a y b e ad jus ted t i l l there is n o current. 

W e then k n o w that the air is o f the same tempera ture 

within the tube as i t is w i t h o u t Bu t w e k n o w that the 

tube is also o f the s a m e tempera ture as the air, for i f it 

were no t it w o u l d hea t o r c o o l the air a n d p r o d u c e a cur

rent. F i n a l l y , w e k n o w that the t h e r m o m e t e r , i f s ta t ionary, 

is at the t empera ture o f the a t m o s p h e r e ; for the air in con tac t 

with it, and the s ides o f the tube, w h i c h a l o n e can e x c h a n g e 

radiations w i t h it , h a v e t he s a m e t empera tu re as the a t m o 

sphere. 
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C H A P T E R X V I I . 

O N C O N V E C T I O N C U R R E N T S . 

W H E N the app l i ca t i on o f hea t t o a fluid causes i t to e x p a n d 
o r to cont rac t , it is t h e r e b y r e n d e r e d ra rer or dense r than the 
n e i g h b o u r i n g parts o f the fluid ; a n d i f the fluid is at the 
s a m e t i m e a c t e d o n b y g r a v i t y , it t ends t o f o r m an u p w a r d 
o r d o w n w a r d current o f the h e a t e d fluid, w h i c h is o f course 
a c c o m p a n i e d w i t h a current o f the m o r e r e m o t e parts o f the 
fluid i n the o p p o s i t e d i r ec t ion . T h e fluid is thus m a d e t o 
circulate , fresh po r t i ons o f fluid are b r o u g h t in to the n e i g h 
b o u r h o o d o f the source o f heat , a n d these w h e n hea ted 
t rave l , c a r r y i n g their hea t w i t h t h e m in to o ther r eg ions . 
Such currents, caused b y the a p p l i c a t i o n o f heat , a n d carry
ing this hea t w i th them, are c a l l e d c o n v e c t i o n currents. 
T h e y p l a y a m o s t i m p o r t a n t par t in natural p h e n o m e n a , b y 
causing a much m o r e r ap id diffusion o f hea t than w o u l d 
t ake p l a c e b y c o n d u c t i o n a l o n e in the same m e d i u m i f re
strained f rom m o v i n g . T h e actual diffusion o f heat f rom 
o n e part o f the fluid t o ano the r takes p l a c e , o f course, by 
c o n d u c t i o n ; but, o n accoun t o f the m o t i o n o f the fluid, the 
i so the rmal surfaces are so e x t e n d e d , a n d in s o m e cases con
to r t ed , that their areas a re g r e a t l y i nc reased w h i l e the dis
tances b e t w e e n t h e m are d imin i shed , so that true conduc t ion 
g o e s o n much m o r e r ap id ly than i f the m e d i u m w e r e at 
rest. 

C o n v e c t i o n currents d e p e n d o n c h a n g e s o f dens i t y in a 
fluid ac t ed on b y g rav i ty . I f the ac t i on o f hea t does no t 
p r o d u c e a change o f dens i ty , as in the case o f wa te r at a 
t empera tu re o f abou t 39° F . , n o c o n v e c t i o n current wi l l be 
p r o d u c e d . I f the fluid is n o t a c t e d o n b y g rav i ty , as w o u l d 
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be the case i f the fluid w e r e r e m o v e d to a sufficient d is tance 
from the earth and o the r g rea t bod i e s , n o c o n v e c t i o n cur
rents w o u l d b e f o r m e d . A s this c o n d i t i o n is no t easily-
realised, w e m a y t ake the case o f a vesse l con t a in ing fluid, 
and de scend ing a c c o r d i n g to the l a w o f m o r i o n o f a b o d y 
falling freely. T h e pressure in this fluid w i l l b e the same 
in e v e r y part, a n d a c h a n g e o f dens i ty in a n y par t o f the 
fluid w i l l n o t o c c a s i o n c o n v e c t i o n currents. 

W h e n w e w i s h t o a v o i d the fo rma t ion o f c o n v e c t i o n 
currents w e must a r range mat te rs so that dur ing the w h o l e 
course o f the e x p e r i m e n t t he dens i ty o f each ho r i zon t a l 
stratum is the same throughout , and that the dens i ty increases 
with the dep th . I f , for ins tance, w e are s tudying the c o n 
duct ion o f hea t i n a fluid w h i c h e x p a n d s w h e n hea t ed , w e 
must m a k e the hea t flow d o w n w a r d s through the fluid. I f 
w e wish t o d e t e r m i n e the l aw o f diffusion o f fluids w e must 
place the denser fluid unde rnea th the rarer o n e . 

C o n v e c t i o n currents are p r o d u c e d b y changes o f dens i t y 
arising f rom other causes . T h u s i f a crys ta l o f a so lub le 
salt b e suspended in a vesse l o f water , the wa te r in con tac t 
with the crystal w i l l d i s so lve a p o r t i o n o f it, and , b e c o m i n g 
denser, wi l l b e g i n t o sink, and its p l a c e w i l l b e supp l ied b y 
fresh water. T h u s a c o n v e c t i o n current w i l l b e f o r m e d , a 
solution o f the salt w i l l d e s c e n d f rom the crystal , a n d this 
will cause an u p w a r d current o f purer wate r , and a circula
tion wi l l be kep t up t i l l e i the r the crystal is en t i re ly d i s so lved , 
or the l i q u i d has b e c o m e saturated w i th the salt up t o the 
level o f the t o p o f the crystal . I n this case i t is the salt 
which is carr ied th rough the l i qu id b y c o n v e c t i o n . 

A c o n v e c t i o n current m a y b e p r o d u c e d in w h i c h e lec t r i c i ty 
is the th ing carr ied . I f a c o n d u c t o r t e rmina t ing in a f ine 
point is s t rong ly e lec t r i f ied , the par t ic les o f air near the p o i n t 
will be c h a r g e d w i t h e lec t r ic i ty , a n d then u r g e d f rom the 
point towards any surface o p p o s i t e l y e lec t r i f ied . A current 
of electr if ied air is thus f o r m e d , w h i c h diffuses i tself abou t 
the r o o m , and gene ra l l y reaches the wal ls , w h e r e the electr i f ied 
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air c l ings to t he o p p o s i t e l y e lec t r i f ied wal l , a n d is some t imes 
n o t d i s cha rged for a l o n g t ime. 

T h e m e t h o d o f d e t e r m i n i n g b y c o n v e c t i o n currents the 
t empera tu re at w h i c h w a t e r has its m a x i m u m dens i ty seems 
to h a v e b e e n first e m p l o y e d b y H o p e . H e c o o l e d the 
m i d d l e par t o f a tal l vesse l o f wa te r b y sur rounding this par t 
o f the vesse l w i th a f r eez ing mix ture . A s l o n g as the t e m p e 
rature is a b o v e 40° F . the c o o l e d wa te r descends , a n d causes 
a fall o f t empera tu re in a t h e r m o m e t e r p l a c e d in the l o w e r 
par t o f the vesse l . A n o t h e r t h e r m o m e t e r , p l a c e d in the 
uppe r par t o f the vesse l , r ema ins s ta t ionary. B u t w h e n the 
t empera tu re is b e l o w 39 0 F . the w a t e r c o o l e d b y the f r eez ing 
mix tu re b e c o m e s l igh te r a n d ascends , causing the uppe r 
t h e r m o m e t e r t o fall, w h i l e the l o w e r o n e remains star 
t ionary . 

T h e inves t iga t ion o f the m a x i m u m dens i ty o f wa te r has 
b e e n g r e a t l y i m p r o v e d b y Joule , w h o a l so 
m a d e use o f c o n v e c t i o n currents. H e e m 
p l o y e d a vesse l cons is t ing o f t w o ve r t i c a l 
cy l inders , each 4^ fee t h igh a n d 6 inches 
d iameter , c o n n e c t e d b e l o w b y a w i d e tube 
wi th a c o c k , a n d a b o v e b y an o p e n t rough 
or channel . T h e w h o l e was f i l l ed wi th water 
up t o such a l e v e l that the wa te r c o u l d f low 
f ree ly th rough the channel . A glass specif ic 
g r a v i t y b e a d w h i c h w o u l d just f loat i n wa te r 
was p l a c e d in the channel , a n d se rved to 
i nd i ca t e a n y m o t i o n o f the wa te r in the 
channel . T h e v e r y smal les t d i f f e rence o f 
dens i ty b e t w e e n t he por t ions o f wa te r in the 
t w o c o l u m n s was sufficient to p r o d u c e a 
current, a n d t o m o v e the b e a d in the 
channe l . 

T h e c o c k in the c o n n e c t i n g tube b e i n g 
c losed , the t e m p e r a t u r e o f the w a t e r in the t w o tubes was 
adjusted, the wa te r w e l l m i x e d in each tube b y stirring, 
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and when it had come to rest the temperature of each 
column was observed, and the cock was opened. I f a cur
rent was then observed in the channel, it indicated that 
the water in the tube towards which the current flowed was 
the denser. By finding a pair of different temperatures 
at which the density is exactly the same, we may be sure 
that one of them is below and the other above the tempe
rature of maximum density: and by obtaining a series of 
such pairs of temperatures of which the difference is smaller 
and smaller, Dr. Joule determined the temperature of maxi
mum density to be 39°'i F. within a very small fraction of a 
degree. 

C H A P T E R X V I I I . 

O N T H E D I F F U S I O N O F H E A T B Y C O N D U C T I O N . 

W H E N E V E R different parts of a body are at different tem
peratures, heat flows from the hotter parts to the neigh
bouring colder parts. T o obtain an 
exact notion of conduction, let us 
consider a large boiler with a flat 
bottom, whose thickness is c. The 
fire maintains the lower surface 
at the temperature T, and hea t c 

flows upwards through the boiler 
plate to the upper surface, which is 
in contact with the water at the lower temperature, s. 

Let us now restrict ourselves to the consideration of a 
rectangular portion of the boiler plate, whose length is a, 
its breadth b, and its thickness c. 

The things to be considered are the dimensions of this 
portion of the body, and the nature of the material of which 
it is made, the temperatures of its upper and lower surfaces, 
and the flow of heat through it as determined by these 

IRIS - LILLIAD - Université Lille 1 



254 Diffusion of Heat by Conduction. 

cond i t ions . I n the first p l a c e i t is f o u n d that w h e n the 
d i f fe rence o f the tempera tures S a n d T is n o t so g r ea t as to 
m a k e a sens ib le d i f f e rence b e t w e e n the p rope r t i e s o f the 
substance at these t w o tempera tures , the f l o w o f hea t is 
exac t ly p r o p o r t i o n a l t o the d i f ference o f tempera tures , o ther 
th ings b e i n g the same. 

L e t us suppose that w h e n a, b, a n d c are each equa l to 
the unit o f l eng th , and w h e n T is o n e d e g r e e a b o v e s, the 
s teady f l o w o f hea t is such that the quan t i ty w h i c h enters 
the l o w e r surface o r l eaves the u p p e r surface in the unit o f 
t ime is k, then k is de f ined as the specif ic the rma l con 
duc t iv i ty o f the substance. T o find H , the quan t i ty o f hea t 
w h i c h f lows in a t i m e t t h rough the p o r t i o n o f b o i l e r p la te 
w h o s e area is a b, and w h o s e th ickness is c, w h e n the l o w e r 
surface is k e p t at a t empera tu re T , a n d t he u p p e r at a 
t empera tu re s, t i l l the f low has b e c o m e steady, d i v i d e the 
p la te in to c ho r i zon t a l l ayers , the th ickness o f each layer 
b e i n g unity, a n d d i v i d e each l aye r i n t o a b cubes , the sides 
o f each Cube be ing unity. 

S i n c e the f l o w o f hea t is s teady, the d i f fe rence o f tem
pera ture o f the u p p e r a n d l o w e r faces o f each cube wi l l 

be — (T — s ) . T h e f l o w o f hea t t h rough each cube wi l l 

b e — (T — s) in uni t o f t i m e . N o w , in each l aye r there 

are a b such cubes , a n d the flow g o e s o n for t units o f t ime , 

so that w e ob ta in for the w h o l e hea t c o n d u c t e d in t ime / 

a b i k , , H = — - ( T - S ) , 

w h e r e a b is the area a n d c the th ickness o f the pla te , / the 
t ime , T — s the d i f f e rence o f t empera tu re w h i c h causes the 
f low, a n d k the speci f ic the rma l c o n d u c t i v i t y o f the sub
s tance o f the p la te . 

I t appears , the re fore , that the hea t c o n d u c t e d is d i rec t ly 
p r o p o r t i o n a l t o the area o f the pla te , t o the t ime , t o the differ-
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ence o f temperature , and to the conduc t iv i ty , and inverse ly 
p ropor t iona l t o the thickness o f the pla te . 

O N T H E D I M E N S I O N S O F k, T H E S P E C I F I C T H E R M A L 

C O N D U C T I V I T Y . 

F r o m the equa t ion w e find 

k = ' H , _ . 
a b t ( T — s ) 

H e n c e i f [ L ] b e the unit o f l eng th , [ T ] the unit o f t ime , 
[ 1 1 ] the unit o f heat, a n d [ ® ] the uni t o f t empera ture , the 

[ H ] dimensions o f k w i l l b e - r — 

[ L T 6 ] 
T h e further discussion o f the d imens ions o f k w i l l d e p e n d 

on the m o d e o f measur ing hea t a n d tempera ture . 

( r ) I f hea t is m e a s u r e d as energy , its d imens ions are 

r I , a n d those o f k b e c o m e -^-^-1. T h i s m a y be 
L i J |_T 3 © J 

cal led the dynamical measure o f the conduc t iv i ty . 

(2) I f heat is measu red in the rmal units, such that each 

thermal unit is c a p a b l e o f ra is ing unit o f mass o f a s tandard 

substance through o n e d e g r e e o f tempera ture , the d i m e n 

sions o f H are [ M © ] , and those o f k w i l l b e J ^ " ~ ~ " J · T h i s 

may b e ca l l ed the calorimetric measure o f the conduc t iv i ty . 

(3) I f w e take as the unit o f hea t that w h i c h w i l l raise unit 
of volume o f t he subs tance i t se l f o n e deg ree , the d imens ions 

of H are [ L 8 ® ] , and those o f k a re £ J . T h i s m a y be 

called the tkermomdric measure o f the conduc t iv i ty . 
I n order t o ob ta in a dis t inct c o n c e p t i o n o f the flow o f 

heat through a so l id b o d y , le t us suppose that at a g i v e n 
instant w e k n o w the t empera tu re o f e v e r y po in t o f the b o d y . 
I f w e n o w suppose a surface or in terface to b e d e s c r i b e d 
within the b o d y such that at e v e r y po in t o f this in terface the 
temperature has a g i v e n va lue T ° , w e m a y call this in terface 
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the i so the rma l in ter face o f T ° . ( O f course , w h e n w e suppose 
this in te r face to ex is t in the b o d y , w e d o n o t c o n c e i v e the 
b o d y to b e a l t e red in a n y w a y b y this suppos i t ion , as i f the 
b o d y w e r e rea l ly cut in t w o b y i t . ) T h i s i so thermal interface 
separates those parts o f the b o d y w h i c h are ho t te r than 
the t empera tu re T ° f r o m those w h i c h are c o l d e r than this 
t empera ture . 

L e t us n o w suppose the i so thermal in terfaces d r a w n for 
e v e r y e x a c t d e g r e e o f t empera ture , f r om that o f the hot tes t 
part o f the b o d y t o that o f the c o l d e s t part . T h e s e interfaces 
m a y b e c u r v e d in any w a y , but n o t w o dif ferent in terfaces 
can m e e t each other , because n o par t o f the b o d y can at 
the s a m e t i m e h a v e t w o different tempera tures . T h e b o d y 
wi l l the re fore b e d i v i d e d in to layers o r shells b y these inter
faces, a n d the space b e t w e e n t w o i so the rmal surfaces differing 
b y o n e d e g r e e o f t empera tu re w i l l b e in the f o r m o f a thin 
shell , w h o s e thickness m a y v a r y f rom o n e par t t o another . 

A t e v e r y p o i n t o f this shell there is a flow o f hea t f rom 
the ho t te r surface to the c o l d e r surface through the substance 
o f the shell. 

T h e d i r ec t i on o f this flow is pe rpend icu la r to the surface 
o f the shell , and the rate o f flow is g rea te r the th inner the 
shel l is at the p l a c e , a n d t he g rea te r its conduc t iv i t y . 

I f w e d r a w a l i ne pe rpend icu la r t o the surface o f the shell, 

and o f l e n g t h unity, then i f c is the th ickness o f the shell, 

a n d i f the n e i g h b o u r i n g shells a re o f nea r ly the same thick

ness, this l ine w i l l cut a n u m b e r o f shells equa l t o - . T h i s , 

then, is the d i f ference o f t empera tu re b e t w e e n t w o poin ts in 
the b o d y a t uni t o f d is tance , measu red i n the d i r ec t ion o f 
the flow o f heat, a n d therefore the flow o f hea t a l o n g this 

l ine is measu red b y — , w h e r e k is the conduc t iv i ty . 

W e can n o w i m a g i n e , wi th the h e l p o f the i so thermal inter
faces , the state o f the b o d y at a g i v e n instant. W h e r e v e r 
there is inequa l i ty o f t empera tu re b e t w e e n ne ighbour ing 
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parts o f the b o d y a flow o f hea t is g o i n g on . T h i s flow is 
eve rywhere pe rpend icu la r to the i so the rmal interfaces , a n d 
the flow through unit o f area o f o n e o f these interfaces in unit 
o f t ime is equa l t o the c o n d u c t i v i t y d i v i d e d b y the d is tance 
be tween t w o c o n s e c u t i v e i so thermal interfaces. 

T h e k n o w l e d g e o f the actual thermal state o f the b o d y , 
and o f the l a w o f c o n d u c t i o n o f heat, thus enab les us to 
de termine the flow o f heat at e v e r y part o f the b o d y . I f the 
f low o f heat is such that the amoun t o f heat w h i c h f lows in to 
any por t ion o f the b o d y is exac t ly equal t o that w h i c h flows 
out o f it, then the the rma l state o f this p o r t i o n o f the b o d y 
will remain the same as l o n g as the flow o f heat fulfils this 
condit ion. 

I f this c o n d i t i o n is fulfi l led for e v e r y par t o f the b o d y , the 
temperature at any p o i n t w i l l n o t al ter wi th the t ime , the 
system o f i so thermal in terfaces w i l l con t inue the same, a n d 
the flow o f hea t wi l l g o o n wi thou t a l te ra t ion , b e i n g a lways 
the same at the same par t o f the b o d y . 

T h i s state o f things is refer red to as the state of steady flow 
of heat. I t c anno t exis t unless hea t is s t ead i ly supp l i ed to 
the hotter parts o f the surface o f the b o d y , f rom s o m e source 
external to the b o d y , a n d an equa l quan t i ty r e m o v e d f rom 
the co lde r parts o f the surface .by s o m e c o o l i n g m e d i u m , o r 
by radiat ion. 

T h e state o f s teady flow o f hea t requires the fulf i lment at 
every par t o f the b o d y o f a cer ta in c o n d i t i o n , s imilar to that 
which is fulfi l led in the flow o f an i ncompres s ib l e fluid. 

W h e n this c o n d i t i o n is n o t fulfilled, the quant i ty o f heat 
which enters a n y p o r t i o n o f the b o d y m a y b e g rea te r or less 
than that w h i c h escapes f rom it. I n the o n e case heat w i l l 
accumulate, a n d the p o r t i o n o f the b o d y w i l l rise in t e m p e 
rature. I n the o ther case the hea t o f the p o r t i o n w i l l 
diminish, and it w i l l fall in temperature . T h e amoun t o f 
this rise or fall o f t empera tu re w i l l be measured numer i ca l ly 
by the ga in o r loss o f heat, d i v i d e d b y the capac i ty for heat 
of the p o r t i o n cons ide red . 

s 
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I f the p o r t i o n c o n s i d e r e d is uni t o f v o l u m e , a n d i f w e 
measure heat as i n the th i rd m e t h o d g i v e n at p . 255 b y the 
quan t i ty r equ i r ed t o raise unit o f v o l u m e o f the substance, 
in its actual state, o n e d e g r e e , then the rise o f temperature 
o f this p o r t i o n w i l l b e n u m e r i c a l l y e q u a l t o the to ta l f low 
o f hea t i n to it. 

W e are n o w ab le , b y m e a n s o f a t h o r o u g h k n o w l e d g e o f 
the the rmal state o f the b o d y at a g i v e n instant, t o de t e rmine 
the ra te at w h i c h the t empera tu re o f e v e r y pa r t must b e 
chang ing , and therefore w e a re a b l e t o p r e d i c t its state in 
t he succeed ing instant. K n o w i n g this, w c can p r e d i c t its 
s tate in the n e x t instant f o l l o w i n g , a n d so on . 

T h e o n l y parts o f the b o d y t o w h i c h this m e t h o d d o c s no t 
a p p l y a re those parts o f its surface t o w h i c h hea t is suppl ied , 
o r f r om w h i c h heat is abs t rac ted, b y a g e n c i e s ex te rna l t o the 
b o d y . I f w e k n o w ei ther the ra te at w h i c h hea t is supp l ied 
o r abs t rac ted at e v e r y par t o f the surface, o r the ac tua l t em
pera ture o f e v e r y par t o f the surface dur ing the w h o l e t ime , 
e i ther o f these c o n d i t i o n s , t o g e t h e r w i t h t he o r ig ina l thermal 
state o f the b o d y , w i l l a f ford sufficient data for ca lcula t ing 
the t empera tu re o f e v e r y p o i n t dur ing all t i m e t o c o m e . 

T h e discussion o f this p r o b l e m is t he sub jec t o f the great 
w o r k o f J o s e p h F o u r i e r , Theorit de la Chaleur. I t is no t 
p o s s i b l e in a t reat ise o f the s ize a n d s c o p e o f this b o o k to 
r e p r o d u c e , o r e v e n t o exp la in , the power fu l ana ly t ica l me thods 
e m p l o y e d b y F o u r i e r t o express the v a r i e d cond i t ions , as to 
the f o r m o f its surface a n d its o r ig ina l t he rma l state, to which 
the b o d y m a y b e sub jec ted . T h e s e m e t h o d s b e l o n g , rather, 
t o the g e n e r a l t h e o r y o f the app l i ca t i on o f ma themat ics to 
p h y s i c s ; for in e v e r y b r a n c h o f phys ics , w h e n the invest iga
t ion turns u p o n t he exp re s s ion o f arbi t rary cond i t i ons , we 
h a v e t o f o l l o w the m e t h o d w h i c h F o u r i e r first p o i n t e d out 
in his ' T h e o r y o f H e a t . ' 

I shall o n l y m e n t i o n o n e o r t w o o f t he results g i v e n b y 
Four ie r , in w h i c h the in t r icacies arising f r o m the arbitrary 
c o n d i t i o n s o f the p r o b l e m are a v o i d e d . 
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T h e first o f these is the case in w h i c h the so l id is supposed 

of infinite extent , a n d o f the s a m e c o n d u c t i v i t y in e v e r y part . 

T h e t empera tu re o f e v e r y p o i n t o f this b o d y at a g i v ^ n 
t ime is supposed t o b e k n o w n , and it is r e q u i r e d t o deter
mine the t empera tu re o f a n y g i v e n p o i n t P after a t i m e t has 
elapsed. 

Four i e r has g i v e n a c o m p l e t e so lu t ion o f this p r o b l e m , o f 
which w e m a y ob t a in s o m e i d e a b y m e a n s o f the f o l l o w i n g 
considerat ions. L e t k b e t he conduc t iv i ty , measu red b y the 
third m e t h o d , in w h i c h the uni t o f hea t a d o p t e d is that 
which w i l l raise unit o f v o l u m e o f the subs tance o n e d e g r e e ; 
then i f w e m a k e 

k t = A 2 , 

a will b e a l i ne the l eng th o f w h i c h w i l l b e p r o p o r t i o n a l 

to the square r o o t o f t he t i m e . 

L e t Q b e any p o i n t in the b o d y , a n d l e t its d i s tance f rom 

p be r. L e t the or ig ina l t empera tu re o f Q b e 6. N o w take 
r*_ 

a quanti ty o f ma t te r p r o p o r t i o n a l t o e *** a n d o f the 

temperature fl, and m i x it w i th por t ions o f mat te r t aken 

from e v e r y o the r par t o f the b o d y , the t empera ture o f each 

portion b e i n g the o r ig ina l t empera tu re o f that po in t , a n d 

the quanti ty o f each p o r t i o n b e i n g p r o p o r t i o n a l t o e ^ u 

T h e mean t empera tu re o f a l l such por t ions w i l l b e the 

temperature o f the p o i n t P after a t i m e / . 

I n other w o r d s , t he t empera tu re o f P after a t i m e t m a y 
be r ega rded as in s o m e sense the m e a n o f the o r ig ina l 
temperatures o f all parts o f the b o d y . I n taking this mean , 
however , different parts a re a l l o w e d different weights , de
pending o n their d i s tance f rom P , the parts near p hav ing 
more inf luence on t he result than those at a g rea te r d is
tance. 

T h e ma thema t i ca l formula w h i c h indica tes the w e i g h t t o 
be g iven t o the t empera tu re . o f each part in t ak ing the 
mean is a v e r y i m p o r t a n t one . I t occurs in severa l 

s 2 
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branches o f phys ics , par t icular ly in the t h e o r y o f errors 
and in that o f the m o t i o n s o f sys tems o f m o l e c u l e s . 

I t f o l l o w s f rom this result that, i n ca lcu la t ing the tem
pera ture o f the p o i n t p," w e must t ake in to accoun t the 
t empera tu re o f e v e r y other p o i n t Q , h o w e v e r distant, and 
h o w e v e r shor t the t i m e m a y b e dur ing w h i c h t he p ropaga 
t ion o f hea t has b e e n g o i n g on . H e n c e , i n a strict sense, 
the in f luence o f a h e a t e d par t o f the b o d y ex t ends t o the 
m o s t dis tant parts o f the b o d y in an i n c a l c u l a b l y short t ime , 
so that it is i m p o s s i b l e t o assign t o the p r o p a g a t i o n o f hea t 
a def in i te v e l o c i t y . T h e v e l o c i t y o f p r o p a g a t i o n o f the rmal 
effects d e p e n d s e n t i r e l y o n the m a g n i t u d e o f t he e f fec t 
w h i c h w e are a b l e t o r e c o g n i s e ; a n d i f there w e r e n o l imi t 
to the sens ib i l i ty o f our ins t ruments , t he re w o u l d b e n o 
l imi t to the r ap id i ty w i t h w h i c h w e c o u l d d e t e c t the in
fluence o f h ea t a p p l i e d t o d is tant parts o f t he b o d y . Bu t 
w h i l e this in f luence o n dis tant po in t s can b e expressed 
m a t h e m a t i c a l l y f rom the first instant , its n u m e r i c a l v a l u e is 
e x c e s s i v e l y sma l l unti l , b y the l apse o f t ime , the l ine a has 
g r o w n so as to b e c o m p a r a b l e w i t h r, the d i s tance o f p f rom 
Q. I f w e take this i n t o cons ide ra t ion , a n d r e m e m b e r that it 
is o n l y w h e n the c h a n g e s o f t empera tu re are c o m p a r a b l e with 
the o r i g ina l d i f ferences o f t empera tu re that w e can de tec t 
t h e m w i t h our ins t ruments , w e shall see that the sensible 
p r o p a g a t i o n o f heat , so far f rom b e i n g ins tantaneous , is an 
e x c e s s i v e l y s low p rocess , a n d that t he t i m e r equ i red to 
p r o d u c e a s imilar c h a n g e o f t e m p e r a t u r e in t w o similar 
sys tems o f different d i m e n s i o n s is p r o p o r t i o n a l t o the 
square o f the l inear d imens ions . F o r ins tance, i f a red-hot 
b a l l o f four inches d i a m e t e r f i red in to a sandbank has in an 
hour ra ised the t empera tu re o f the sand s ix inches from its 
cen t re 10° F . , then a r e d - h o t ba l l o f e igh t inches diameter 
w o u l d take four hours t o raise the t empera tu re o f the sand 
t w e l v e inches f rom its cen t re b y the same n u m b e r o f degrees . 

T h i s result, w h i c h is v e r y i m p o r t a n t i n p rac t ica l quest ions 
a b o u t the t i m e o f c o o l i n g o r hea t i ng o f b o d i e s o f any form. 
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m a y b e d e d u c e d d i rec t ly f rom the cons ide ra t ion o f the 
d imens ions o f the quan t i ty k—namely, the square o f a length 
d i v i d e d b y a t i m e . I t f o l l ows f rom this that i f in t w o un
equal ly h e a t e d systems o f s imi lar fo rm but d i f ferent d i m e n 
sions the c o n d u c t i v i t y a n d the t empera tu re are the same at 
c o r r e s p o n d i n g poin ts at first, t hen the p rocess o f diffusion o f 
heat w i l l g o o n at different rates in the t w o systems, so that 
i f for each sys tem the t i m e b e t aken p r o p o r t i o n a l to t h e 
square o f the l inear d imens ions , the tempera tures o f cor re 
sponding po in t s w i l l still b e the s a m e in b o t h systems. 

T h e m e t h o d just d e s c r i b e d affords a c o m p l e t e d e t e r m i n a 
tion o f the t empera tu re o f -any p o i n t o f a h o m o g e n e o u s 
infinite so l id at any future t i m e , the t empera tu re o f e v e r y 
point o f the so l id b e i n g g i v e n at the instant f rom w h i c h w e 
begin t o count the t ime . Bu t w h e n w e a t t e m p t to d e d u c e 
from a k n o w l e d g e o f the presen t the rmal state o f the b o d y 
what must h a v e b e e n its state at s o m e pas t t ime , w e f ind 
that the m e t h o d ceases t o b e app l i cab le . 

T o m a k e this a t t empt , w e h a v e o n l y to m a k e t, the 
symbo l o f the t ime , a n e g a t i v e quan t i ty in t he express ions 
g iven b y Fou r i e r . I f w e a d o p t t he m e t h o d o f t ak ing the 
mean o f the tempera tures o f a l l the par t ic les o f the sol id , each 
part icle h a v i n g a cer tain w e i g h t ass igned t o it i n t ak ing t he 
mean, w e find that this w e i g h t , a cco rd ing t o the formula, is 
greater for the distant par t ic les than for the n e i g h b o u r i n g ones , 

-a result suff icient ly start l ing in itself. B u t w h e n w e find 
that, in o r d e r t o ob ta in the mean , after t ak ing the sum o f 
the temperatures m u l t i p l i e d b y their p r o p e r factors, w e have 
to d i v i d e b y a quan t i ty i n v o l v i n g t he square roo t o f /, 
the t ime , w e are assured that w h e n t is taken n e g a t i v e the 
opera t ion is s i m p l y imposs ib le , and d e v o i d o f a n y p h y s i c a l 
meaning, for the square r o o t o f a n e g a t i v e quant i ty , though 
it m a y b e i n t e rp r e t ed w i th r e f e r ence to s o m e g e o m e t r i c a l 
operat ions , is abso lu te ly wi thou t m e a n i n g wi th re fe rence t o 
time. 

I t appears , therefore , that Four ie r ' s so lu t ion o f this 
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p r o b l e m , though c o m p l e t e c o n s i d e r e d w i t h re fe rence t o future 

t ime , fails when w e a t t emp t t o d i s c o v e r the state o f the 

b o d y in past t i m e . 

I n the d i a g r a m fig. 33 the curves s h o w the dis tr ibut ion of 

F i g . 33. 

[6 Ji 

C-—•—fx 
/ih 

' neh 

1 ilo is 

Sc/!L£ OF TEMPERATURE 

t empera tu re in an inf ini te mass at d i f ferent t imes , after the 

sudden in t roduc t ion o f a h o t ho r i zon t a l stratum in the 

m i d s t o f the infinite so l id . T h e t empera tu re is i nd i ca t ed b y 

the hor izon ta l d i s tance t o the r ight o f the ve r t i ca l l ine , and 

IRIS - LILLIAD - Université Lille 1 



Harmonic Distribution of Temperature. 263 

the h o t stratum is supposed to h a v e b e e n i n t r o d u c e d at the 
m i d d l e o f the f igure . 

T h e curves i n d i c a t e the t empera tu res o f the var ious strata 
o n e hour, four hours, a n d s ix teen hours after the in t ro
duct ion o f the ho t stratum. T h e gradual diffusion o f t he 
heat is ev iden t , a n d a l so the d imin i sh ing ra te o f diffusion as 
its ex tent increases. 

T h e p r o b l e m o f the diffusion o f hea t i n an infini te so l id 
does no t present those difficult ies w h i c h occu r in p r o b l e m s 
relat ing t o a s o l i d o f def in i te shape. T h e s e difficulties 
arise f rom the c o n d i t i o n s t o w h i c h the surface o f the so l id 
m a y b e subjec ted , as , for ins tance, the t empera tu re m a y b e 
g i v e n o v e r par t o f the surface, the quan t i ty o f hea t suppl ied 
to another par t m a y b e g i v e n , o r w e m a y o n l y k n o w that 
the surface is e x p o s e d t o air o f a cer ta in tempera ture . 

T h e m e t h o d b y w h i c h F o u r i e r was e n a b l e d t o s o l v e m a n y 
quest ions o f this k i n d d e p e n d s o n the d i s c o v e r y o f har
m o n i c dis t r ibut ions o f heat . 

Suppose the tempera tures o f the different parts o f the b o d y 
to b e so adjusted that w h e n the b o d y is left t o i t se l f unde r 

, the g i v e n c o n d i t i o n s re la t ing to the surface, the t empera 
tures o f all the parts c o n v e r g e t o the final tempera ture , 
their d i f ferences f r o m the final t empera ture a lways preserv
ing the same p r o p o r t i o n dur ing the p rocess ; then this 
distr ibution o f t empera tu re is c a l l e d an h a r m o n i c dis
tribution. I f w e suppose the final t empera ture to b e taken 
as z e r o , then the tempera tures in the h a r m o n i c dis tr ibut ion 
diminish in a g e o m e t r i c a l p rogress ion as the t imes increase 
in a r i thmet ica l p rogress ion , the ra t io o f c o o l i n g b e i n g the 
same for all parts o f the b o d y . 

I n each o f the cases i n v e s t i g a t e d b y F o u r i e r there m a y 
be an infinite series o f h a r m o n i c distr ibutions. O n e o f 
these, w h i c h has the s lowes t ra te o f d iminut ion , m a y b e 
cal led the fundamen ta l h a r m o n i c ; the rates o f d iminu t ion 
of the others are p r o p o r t i o n a l t o the squares o f the natural 
numbers. 
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I f the b o d y is o r ig ina l ly hea t ed in any arbi t rary manner , 
Four i e r shows h o w to express the o r ig ina l t empera tu re as the 
sum o f a series o f h a r m o n i c dis t r ibut ions. W h e n the b o d y 
is lef t t o i t se l f the par t d e p e n d i n g o n the h ighe r ha rmon ics 
r ap id ly d ies away , so that after a cer ta in t i m e the distribu
t i on o f hea t con t inua l ly a p p r o x i m a t e s t o that d u e t o the 
fundamenta l h a r m o n i c , ' w h i c h there fore represents the l aw 
o f c o o l i n g o f a b o d y after the p rocess o f diffusion o f hea t 
has g o n e o n for a l o n g t ime . 

Sir W i l l i a m T h o m s o n has shown , i n a p a p e r p u b l i s h e d in 
the ' C a m b r i d g e and D u b l i n M a t h e m a t i c a l J o u r n a l ' in 1844, 
h o w to d e d u c e , in cer ta in cases, the t he rma l state o f a b o d y 
in past t i m e f rom its o b s e r v e d c o n d i t i o n at present . 

F o r this purpose , the p resen t d i s t r ibu t ion o f t empera tu re 
must b e exp re s sed (as i t a l w a y s m a y b e ) as the sum o f a 
series o f h a r m o n i c dis t r ibut ions . E a c h o f these h a r m o n i c 
d is t r ibut ions is such that the d i f fe rence o f the t empera tu re o f 
any p o i n t f r om the final t e m p e r a t u r e d imin i shes in a g e o 
m e t r i c a l p rogress ion as the t i m e increases in a r i thmet ica l 
p rogress ion , the ra t io o f the g e o m e t r i c a l p rog res s ion b e i n g 
the g r ea t e r the h i g h e r the d e g r e e o f the ha rmon ic . 

I f w e n o w m a k e t n e g a t i v e , a n d t race the h i s to ry o f the 
d i s t r ibu t ion o f t empera tu re up the s t ream o f t ime , w e shall 
find each h a r m o n i c increas ing as w e g o backwards , and the 
h i g h e r h a r m o n i c s inc reas ing faster than the l o w e r ones . 

I f the p resen t dis t r ibut ion o f t empera tu re is such that it 
m a y b e e x p r e s s e d in a f ini te series o f ha rmonics , the distri
bu t ion o f t empera tu re at a n y p r e v i o u s t i m e m a y b e c a l c u l a t e d ; 
but i f (as is g e n e r a l l y the case ) the series o f ha rmon ic s is 
infinite, then the t empera tu re can b e ca l cu la t ed o n l y w h e n 
this series is c o n v e r g e n t . F o r p resen t a n d future t ime it is 
a l w a y s c o n v e r g e n t , bu t for pas t t i m e it b e c o m e s u l t imate ly 
d i v e r g e n t w h e n the t i m e is taken at a sufficiently r e m o t e 
e p o c h . T h e n e g a t i v e v a l u e o f t, for w h i c h the series b e c o m e s 
u l t ima te ly d i v e r g e n t , ind ica tes a cer ta in da te in past t ime 
such that the presen t state o f th ings canno t b e d e d u c e d from 
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any dis t r ibut ion o f t empera tu re occur r ing p r e v i o u s l y t o that 
date, and b e c o m i n g diffused b y o rd ina ry conduc t ion . S o m e 
other even t be s ide s o rd ina ry c o n d u c t i o n must h a v e occur red 
since that da te in o rde r to p r o d u c e the presen t state o f things. 

T h i s is o n l y o n e o f the cases in w h i c h a cons ide ra t i on o f 
the dissipat ion o f e n e r g y l e a d s t o the d e t e r m i n a t i o n o f a 
superior l im i t to the an t iqu i ty o f the o b s e r v e d o r d e r o f 
things. 

A v e r y impor t an t class o f p r o b l e m s is that in w h i c h there 
is a s teady f low o f hea t i n to the b o d y at o n e p o i n t o f 
its surface, a n d out o f i t at ano the r part. T h e r e is a 
certain dis t r ibut ion o f t empera tu re i n a l l such cases, w h i c h 
i f o n c e es tab l i shed w i l l n o t af terwards c h a n g e : this is 
ca l led the p e r m a n e n t d is t r ibut ion. I f the or ig ina l distri
but ion differs f rom this, the effect o f the diffusion o f hea t w i l l 
be to cause the dis t r ibut ion o f t empera ture t o a p p r o x i m a t e 
wi thout l im i t t o this p e r m a n e n t dis t r ibut ion. Ques t ions 
relat ing t o the p e r m a n e n t d is t r ibut ion o f t empera tu re a n d 
the s teady f l o w o f hea t are in gene ra l less difficult than 
those in w h i c h this state is n o t es tabl ished. 

A n o t h e r impor t an t class o f p r o b l e m s is that in w h i c h hea t 
is suppl ied t o a p o r t i o n o f the surface in a p e r i o d i c manner , 
as in the case o f the surface o f the earth, w h i c h r e c e i v e s a n d 
emits heat a c c o r d i n g t o the p e r i o d s o f d a y and n igh t , a n d 
the l onge r p e r i o d s o f s u m m e r a n d win te r . 

T h e effect o f such p e r i o d i c changes o f t empera ture at the 
surface is t o p r o d u c e w a v e s o f heat , w h i c h d e s c e n d in to the 
earth and gradual ly d i e a w a y . T h e l eng th o f these w a v e s is 
p ropor t iona l t o the square r o o t o f the p e r i o d i c t ime . I f w e 
e x a m i n e the w a v e at a d e p t h such that the g rea tes t heat 
occurs w h e n it is co ldes t at the surface, t hen the ex ten t o f 
the va r i a t ion o f t e m p e r a t u r e at this d e p t h is o n l y -£ s o f its 
va lue at the surface. I n the rocks o f this count ry this dep th 
is about 25 fee t for the annual var ia t ions . 

I n the d i a g r a m fig. 34 the dis t r ibut ion o f t empera ture in 
the different strata is r e p r e s e n t e d at t w o different t imes . I f 
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w e suppose the figure to r ep resen t the diurnal va r i a t ion of 

t empera tu re , t hen the cu rves i n d i c a t e the tempera tures at 

Frc. 34. 
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2 A.M . a n d 8 A.M . I f w e suppose i t t o r ep re sen t the annual 
var ia t ion , then the cu rves c o r r e s p o n d t o January a n d A p r i l . 
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Since the d e p t h o f the w a v e var ies as the square roo t o f the 
p e r i o d i c t i m e , t he w a v e - l e n g t h o f the annual va r i a t ion o f 
tempera ture w i l l b e a b o u t n i n e t e e n t imes the d e p t h o f those 
of the d iurna l va r i a t ion . A t a d e p t h o f abou t 50 f ee t the 
va r i a t ion o f annual t e m p e r a t u r e is abou t a y ea r in arrear. 

T h e actual va r i a t ion o f t empera tu re at t he surface d o e s 
no t f o l l o w the l a w w h i c h g i v e s a s i m p l e h a r m o n i c w a v e , but, 
h o w e v e r c o m p l i c a t e d t he actual va r i a t ion m a y b e , F o u r i e r 
shows h o w t o d e c o m p o s e it i n to a n u m b e r o f h a r m o n i c 
w a v e s o f w h i c h it is t he sum. A s w e d e s c e n d i n t o the ear th 
these w a v e s d i e a w a y , the shortest m o s t r ap id ly , so that w e 
lose the i r regular i t ies o f the diurnal va r i a t ion in a f ew inches , 
and the d iurna l va r i a t i on i t se l f in a f e w feet . T h e annual 
var ia t ion can b e t r aced t o a m u c h grea ter d e p t h ; bu t at 
dep ths o f 50 fee t a n d upwards the t empera tu re is sensibly 
constant th roughou t the yea r , the v a r i a t i o n b e i n g less than 
the f ive -hundred th par t o f that at the surface. 

Bu t i f w e c o m p a r e t he m e a n tempera tures at different 
depths, w e find that as w e d e s c e n d the m e a n t empera tu re 
rises, a n d that after w e h a v e passed th rough the uppe r strata, 
in wh ich the p e r i o d i c var ia t ions o f t empera tu re are obse rved , 
this inc rease o f t empera tu re g o e s o n as w e d e s c e n d t o t he 
greatest dep ths k n o w n to man . I n this coun t ry the ra te o f 
increase o f t empera tu re appears t o b e abou t i ° F . for 5 0 
feet o f descent . 

T h e fact that the strata o f the earth are ho t te r b e l o w than 
a b o v e shows that hea t must b e f l o w i n g t h r o u g h t h e m f rom 
b e l o w upwards . T h e a m o u n t o f hea t w h i c h thus flows 
upwards in a y e a r t h r o u g h a square foo t o f the surface can 
easily b e found i f w e k n o w the c o n d u c t i v i t y o f the substance 
through w h i c h it passes. F o r severa l k inds o f rock the 
conduc t iv i t y has b e e n asce r ta ined b y m e a n s o f e x p e r i m e n t s 
m a d e u p o n d e t a c h e d po r t i ons o f the r o c k in the l abo ra to ry . 
But a still m o r e sat isfactory m e t h o d , w h e r e i t can b e e m p l o y e d , 
is t o m a k e a reg is te r o f the t empera tu re at different dep ths 
throughout the year , a n d f rom this t o d e t e r m i n e the l eng th 
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o f the annual w a v e o f t empera tu re , o r its ra te o f d e c a y . 

F r o m ei ther o f these da ta the c o n d u c t i v i t y o f the substance 

o f the ear th m a y b e found wi thou t r e m o v i n g the rocks f rom 

their b e d . 

B y obse rva t i ons o f this k i n d m a d e at d i f fe ren t po in t s o f 
the earth's surface w e m i g h t d e t e r m i n e the quant i ty o f hea t 
w h i c h f lows ou t o f the ear th in a yea r . T h i s can b e d o n e 
o n l y r o u g h l y at present , on accoun t o f t he smal l n u m b e r o f 
p laces at w h i c h such o b s e r v a t i o n s h a v e b e e n m a d e , but w e 
k n o w e n o u g h to b e cer ta in that a g r ea t quan t i ty o f hea t 
escapes f rom the ear th e v e r y yea r . I t is no t p r o b a b l e that 
any g rea t p r o p o r t i o n o f this hea t is g e n e r a t e d b y c h e m i c a l 
ac t ion wi th in the earth. W e must the re fo re c o n c l u d e that 
the re is less hea t in the earth n o w than in f o r m e r p e r i o d s o f 
its e x i s t e n c e , a n d that its in ternal parts w e r e f o r m e r l y v e r y 
much ho t t e r than t h e y are n o w . 

I n this w a y Sir W . T h o m s o n has ca l cu la t ed that, i f n o 
c h a n g e has o c c u r r e d in the o r d e r o f th ings , it c a n n o t h a v e 
b e e n m o r e than 2 0 0 , 0 0 0 , 0 0 0 years s ince the ear th was in 
the c o n d i t i o n o f a mass o f m o l t e n mat te r , o n w h i c h a so l id 
crust was just b e g i n n i n g t o fo rm. 

O N T H E D E T E R M I N A T I O N O F T H E T H E R M A L C O N D U C T I V I T Y 

O F B O D I E S . 

T h e m o s t o b v i o u s m e t h o d o f d e t e r m i n i n g the conduc

t iv i ty o f a subs tance is to f o r m it i n to a p la te o f uni form 

thickness , to b r i ng o n e o f its surfaces t o a k n o w n tempera

ture a n d the o ther t o a k n o w n l o w e r t empera tu re , a n d to 

d e t e r m i n e the quan t i ty o f hea t w h i c h passes th rough the 

p la te in a g i v e n t i m e . 

F o r instance, i f w e c o u l d b r ing o n e surface t o the t e m 
perature o f b o i l i n g w a t e r b y a current o f s team, a n d k e e p 
the o the r at t he f reez ing t e m p e r a t u r e b y m e a n s o f i ce , w e 
m i g h t measu re the hea t t ransmi t ted e i ther b y the quant i ty 
o f s team c o n d e n s e d , or b y the quan t i ty o f i c e m e l t e d . 
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T h e ch i e f dif f icul ty in this m e t h o d is that the surface o f 
the p l a t e d o e s n o t acqu i re the t empera tu re o f the s team or 
the i ce w i t h w h i c h it is in con tac t , a n d that i t is difficult t o 
ascertain its rea l t empera tu re w i t h the accuracy necessary 
for a d e t e r m i n a t i o n o f this k i n d . 

M o s t o f the ac tual de t e rmina t i ons o f c o n d u c t i v i t y h a v e 
b e e n m a d e in a m o r e i nd i r ec t w a y — b y o b s e r v i n g the per
m a n e n t d i s t r ibu t ion o f t empera tu re i n a bar, o n e e n d o f 
which is m a i n t a i n e d at a h igh tempera ture , w h i l e the rest 
o f its surface is e x p o s e d t o the c o o l i n g effects o f the a t m o 
sphere. 

T h e tempera tures o f a series o f po in t s in the ba r are 
ascer ta ined b y m e a n s o f t h e r m o m e t e r s inse r t ed in to ho les 
dr i l led in it, a n d b r o u g h t in to the rma l c o n n e x i o n wi th its 
substance b y m e a n s o f fluid m e t a l sur rounding the bu lbs . 

I n this w a y t he ra te o f d iminu t ion o f t empera tu re wi th 
the d is tance can b e ascer ta ined at var ious po in t s o n t he bar. 

T o d e t e r m i n e d i e conduc t i v i t y , w e must c o m p a r e the 
rate o f va r i a t ion o f t empera tu re w i th the flow o f hea t w h i c h 
is due t o it. I t is in the d e t e r m i n a t i o n o f this flow o f hea t 
that the indi rec tness o f the m e t h o d consists . T h e m o s t 
t rus tworthy m e t h o d o f d e t e r m i n i n g the flow o f hea t is that 
e m p l o y e d b y P r i n c i p a l F o r b e s in his e x p e r i m e n t s o n the 
conduc t ion o f hea t in an i ron bar . 1 H e t o o k a bar o f exac t ly 
the same sec t ion and mater ia l as the e x p e r i m e n t a l bar, and, 
after hea t ing i t un i fo rmly , a l l o w e d i t t o c o o l in air o f the 
same tempera ture as that sur rounding the e x p e r i m e n t a l bar. 
By o b s e r v i n g the t empera tu re o f the c o o l i n g bar at f requent 
intervals o f t i m e , he ascer ta ined the quant i ty o f hea t which 
escaped f rom the sides o f the bar, this hea t b e i n g measu red 
in terms o f the quan t i ty o f hea t r equ i r ed t o raise unit o f 
v o l u m e of the bar o n e d e g r e e . T h i s loss o f heat d e p e n d e d 
o f course o n the t empera ture o f the bar at the t ime , a n d a 
table was f o r m e d s h o w i n g the loss f rom a l inear f o o t o f the 
bar in a m i n u t e at a n y tempera ture . 

1 Traits. Roy. Soc. Edinb. 1861 -2 . 
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N o w , in the e x p e r i m e n t a l bar the t empera tu re o f e v e r y 
par t was k n o w n , a n d therefore the loss o f heat f rom any 
g i v e n p o r t i o n o f the b a r c o u l d b e found b y m a k i n g use of 
the table . T o d e t e r m i n e the f low o f hea t across any par
t icular sect ion, i t was necessa ry to sum up the loss o f hea t 
f r o m al l parts o f the ba r b e y o n d this sect ion, a n d w h e n this 
was d o n e , b y c o m p a r i n g the flow o f hea t across the sec t ion 
wi th the ra te o f d i m i n u t i o n o f t empera tu re p e r l inear foo t 
in the c u r v e o f t empera tu re , t he c o n d u c t i v i t y o f the ba r 
for the t empera ture o f the sec t ion was ascer ta ined. P r i n 
c ipa l F o r b e s found that the t he rma l c o n d u c t i v i t y o f i ron 
decreases as the t empera tu re increases . 

T h e c o n d u c t i v i t y thus d e t e r m i n e d is e x p r e s s e d in te rms 
o f the quan t i ty o f hea t r equ i red t o raise unit o f v o l u m e of 
tfie substance o n e d e g r e e . I f w e wish t o express i t in the 
ord inary w a y in t e rms o f the the rma l unit as de f ined w i th 
re fe rence t o wa te r a t its m a x i m u m dens i ty , w e must 
m u l t i p l y our result b y the specif ic hea t o f the substance, 
a n d b y its dens i t y ; for the quant i ty o f hea t r equ i r ed to 
raise unit o f mass o f the substance o n e d e g r e e is its speci f ic 
heat , and the n u m b e r o f units o f mass in unit o f v o l u m e is 
t he dens i ty o f the substance. 

A s l o n g as w e are o c c u p i e d w i t h ques t ions re la t ing to the 
diffusion o f hea t a n d the w a v e s o f t e m p e r a t u r e in a s ing le 
substance, the quan t i ty o n w h i c h the p h e n o m e n a d e p e n d 
is the t h e r m o m e t r i c c o n d u c t i v i t y e x p r e s s e d i n te rms o f the 
substance i t s e l f ; bu t w h e n e v e r w e h a v e t o d o w i th the 
effects o f the flow o f hea t u p o n o the r b o d i e s , as i n the case 
o f b o i l e r plates, s team-condensers , & c , w e must use a 
def ini te the rmal unit, a n d express the c a l o r i m e t r i c con
duc t iv i ty in t e rms o f it. I t has b e e n s h o w n b y Professor 
T y n d a l l that the w a v e o f t empera tu re t ravels faster in bis
m u t h than in i ron, t h o u g h the c o n d u c t i v i t y o f b i smuth is 
m u c h less than that o f i ron . T h e reason is that the 
the rma l capac i ty o f the i ron is m u c h grea te r than that o f an 
equa l v o l u m e o f b ismuth . 
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Forbes was the first to remark that the order in which 
the metals follow one another in respect of thermal con
ductivity is nearly the same as their order as regards electric 
conductivity. This remark is an important one as regards 
certain metals, but it must not be pushed too far; for 
there are substances which are almost perfect insulators of 
electricity, whereas it is impossible to find a substance 
which will not transmit heat. 

The electric conductivity of metals diminishes as the 
temperature rises. The thermal conductivity of iron also 
diminishes, but in a smaller ratio, as the temperature rises. 

Professor Tait has given reasons for believing that the 
thermal conductivity of metals may be inversely proportional 
to their absolute temperature. 

The electric conductivity of most non-metallic substances, 
and of all electrolytes and dielectrics, increases as the tem
perature rises. W e have not sufficient data to determine 
whether this is the case as regards their thermal conduc
tivity. According to the molecular theory of Chapter X X I I . 
the thermal conductivity of gases increases as the tempera
ture rises. 

ON THE CONDUCTIVITY OF FLUIDS. 

I t is very difficult to determine the thermal conductivity 
of fluids, because the variation of temperature which is part 
of the phenomenon produces a variation of density, and 
unless the surfaces of equal temperature are horizontal, and 
the upper strata are the warmest, currents will be produced 
in the fluid which will entirely mask the phenomena of true 
conduction. 

Another difficulty arises from the fact that most fluids 
have a very small conductivity compared with solid bodies. 
Hence the sides of the vessel containing the fluid are oftea 
the principal channel for the conduction of heat 

In the case of gaseous fluids the difficulty is increased by 
the greater mobility of their parts, and by the great variation 
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o f densi ty w i t h c h a n g e o f t empera ture . T h e i r c o n d u c t i v i t y 
is e x t r e m e l y smal l , and the mass o f the gas is g e n e r a l l y smal l 
c o m p a r e d wi th that o f the vesse l in w h i c h i t is con t a ined . 
Bes ides this, the effect o f d i rect r ad ia t ion from the source 
o f hea t t h rough the gas on the t h e r m o m e t e r p r o d u c e s a 
hea t ing effect w h i c h m a y , in s o m e cases, c o m p l e t e l y mask 
t he effect o f true c o n d u c t i o n . F o r a l l these reasons , the 
d e t e r m i n a t i o n o f the thermal c o n d u c t i v i t y o f a gas is an 
i nves t i ga t i on o f e x t r e m e difficulty. ( S e e A p p e n d i x . ) 

A P P L I C A T I O N S O F T H E T H E O R Y . 

T h e g rea t t he rma l c o n d u c t i v i t y o f the me ta l s , e spec ia l ly 
o f c o p p e r , furnishes the m e a n s o f p r o d u c i n g m a n y the rma l 
effects in a c o n v e n i e n t manne r . F o r ins tance, in o r d e r 
t o ma in ta in a b o d y at a h igh t empera tu re b y m e a n s o f a 
source o f hea t at s o m e d i s tance f r o m it, a th ick r o d o f c o p p e r 
m a y b e used t o c o n d u c t the hea t f r o m the source ' to the 
b o d y w c w i s h t o h e a t ; and w h e n it is de s i r ed t o w a r m the 
air o f a r o o m b y m e a n s o f a ho t p i p e o f smal l d imens ions , 
the effect m a y b e g r e a t l y inc reased b y a t taching c o p p e r 
p la tes to the p i p e , w h i c h b e c o m e h o t b y c o n d u c t i o n , a n d 
e x p o s e a g r ea t hea t ing surface t o the air. 

T o ensure an e x a c t equa l i ty o f t empera tu re in all the 
parts o f a b o d y , it m a y b e p l a c e d in a c l o s e d c h a m b e r f o r m e d 
o f th ick sheet c o p p e r . I f the t empera tu re is no t qu i t e 
un i fo rm outs ide this chamber , any d i f fe rence o f t empera ture 
b e t w e e n o n e par t o f the outer surface a n d another w i l l 
p r o d u c e such a flow ol hea t in the substance o f the c o p p e r 
that the t empera tu re o f the inner surface w i l l b e v e r y near ly 
un i form. T o ma in ta in the c h a m b e r at a un i fo rm h i g h t em
pera ture b y m e a n s o f a flame, as is s o m e t i m e s necessary, it 
m a y b e p l a c e d in a l a rge r c o p p e r c h a m b e r , a n d so suspended 
b y str ings or s u p p o r t e d o n legs that v e r y l i t t l e heat can 
pass b y d i rec t c o n d u c t i o n f rom the outer to the inner w a l l 
T h u s w e h a v e first an ou te r h igh ly c o n d u c t i n g shell o f c o p p e r ; 
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nex t a s l o w l y c o n d u c t i n g shell o f air, wh ich , h o w e v e r , t ends 
t o equa l i ze the t empera tu re b y c o n v e c t i o n ; t hen a n o t h e r 
h ighly c o n d u c t i n g shel l o f c o p p e r ; a n d las t ly the i nne r 
chamber . T h e w h o l e a r r a n g e m e n t faci l i ta tes the f l o w o f 
heat para l le l t o the wa l l s o f t he chamber s , a n d checks its 
flow pe rpend icu l a r t o the wal ls . N o w di f fe rences o f t e m p e 
rature wi th in the c h a m b e r mus t ar ise f rom the passage o f 
heat f rom w i t h o u t t o wi th in , o r i n the r eve r se d i r ec t i on , a n d 
the flow o f hea t a l o n g the success ive e n v e l o p e s tends o n l y 
to equa l i ze the tempera ture . H e n c e , b y the a r r a n g e m e n t o f 
successive shells , a l t e rna te ly o f h i g h l y c o n d u c t i n g a n d s l o w l y 
conduc t ing mat ter , a n d still m o r e i f the s l o w l y c o n d u c t i n g 
matter is fluid, an a lmos t c o m p l e t e un i fo rmi ty o f t empera tu re 
m a y b e ma in t a ined w i t h i n the inner c h a m b e r , e v e n w h e n t he 
outer c h a m b e r has a l l the hea t a p p l i e d t o i t at o n e po in t . 

T h i s a r r a n g e m e n t w a s e m p l o y e d b y M . F i z e a u in his 
researches o n the d i la ta t ion o f b o d i e s b y heat . 

C H A P T E R X I X . 

O N T H E D I F F U S I O N O F F L U I D S . 

T H E R E a re m a n y l iqu ids w h i c h , w h e n they are i n t e r m i n g l e d 
b y b e i n g st i rred toge the r , r e m a i n m i x e d , and, t h o u g h their 
densi t ies are different , t hey d o n o t separa te f rom each o the r 
as oi l and wa te r d o . W h e n l iqu ids w h i c h are c a p a b l e o f 
be ing p e r m a n e n t l y m i x e d are p l a c e d in con tac t w i th each 
other, the p rocess o f mix tu re g o e s o n in a s l o w and gradua l 
manner , a n d con t inues t i l l the c o m p o s i t i o n of the mix tu re is 
the s a m e i n e v e r y part . 

T h u s i f w e put a s t rong so lu t ion o f any salt in the l o w e r 
part o f a tal l glass jar , w e m a y , b y p o u r i n g w a t e r in a g e n t l e 
stream o n a smal l w o o d e n float, fill up the j a r w i th w a t e r 
without d is turbing the solut ion. T h e p rocess o f diffusion 
will then g o on b e t w e e n the wa te r and the solution, and wi l l 
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continue for weeks or months, according to the nature of 
the salt and the height of the jar. 

I f the solution of the salt is strongly coloured, as in the 
case of sulphate of copper, bichromate of potash, & c , we 
may trace the process of diffusion by the gradual rise of the 
colour into the upper part of the jar, and the weakening of 
the colour in the lower part. A more exact method is that 
employed by Sir William Thomson, of placing a number of 
glass bubbles or beads in the jar, whose specific gravities 
are intermediate between that of the strong solution and 
that of water. A t first the beads all float in the surface of 
separation between the two liquids, but as diffusion goes on 
they separate from each other, and indicate by their positions 
the specific gravity of the mixture at various depths. I t is 
necessary to expel the air very thoroughly from both liquids 
by boiling before commencing this experiment. I f this is 
not done, air separates from the liquids, and attaches itself 
in the form of small bubbles to the specific gravity beads, so 
that they no longer indicate the true specific gravity of the 
fluid in which they float. In order to determine the strength 
of the solution at any point, as indicated by one of the 
beads, we have only to measure the amount of the salt 
which must be added to a known quantity of pure water, in 
order to make the bead swim in the mixture. 

Voit has investigated the process of diffusion of a solution 
of sugar by passing a ray of plane polarized light horizontally 
through the liquid at various depths. The solution of sugar 
causes the plane of polarization to rotate through a certain 
angle, and from this angle the percentage of sugar in any 
given stratum of the fluid can be determined without disturb
ing the vessel. 

There are many pairs of liquids which do not diffuse into 
each other, and there are others in which the diffusion, after 
going on for some time, stops as soon as a certain small 
proportion of the heavier liquid has become mixed with the 
lighter, and a small proportion of the lighter has become 
mixed with the heavier. 
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I n the case o f gases , h o w e v e r , there is n o such l imi ta t ion . 
E v e r y gas diffuses in to e v e r y o ther gas , so that, h o w e v e r 
different the specif ic g rav i t i e s o f t w o gases m a y b e , i t is 
imposs ib le to k e e p t h e m f r o m m i x i n g i f t h e y are p l a c e d in 
the same vesse l , e v e n w h e n the denser gas is p l a c e d b e l o w 
the rarer. 

T h e fact o f the diffusion o f gases was first r e m a r k e d b y 
Pr ies t ley . T h e l aws c f the p h e n o m e n a w e r e first i n v e s t i g a t e d 
b y Graham. T h e ra te at w h i c h the diffusion o f any substance 
g o e s on is in e v e r y case p r o p o r t i o n a l to the ra te o f va r i a t ion 
o f the s trength o f that substance in the f luid as w e pass 
a long the l ine in w h i c h the diffusion takes p l ace . E a c h 
substance in the mix tu re f lows f rom p laces w h e r e i t exists in 
greater quant i ty to p laces w h e r e i t is less abundant . 

T h e l aw o f diffusion o f ma t t e r is therefore o f e x a c t l y t he 
same f o r m as that o f the diffusion o f hea t b y c o n d u c t i o n , 
and w e can at o n c e a p p l y all that w e k n o w abou t t he c o n 
duct ion o f hea t t o assist us in unders tand ing the p h e n o m e n a 
o f the diffusion o f mat ter . 

T o fix our ideas , le t us suppose the fluid to b e c o n t a i n e d 
in a vesse l wi th ve r t i ca l s ides, a n d let us cons ide r a hor izon ta l 
stratum o f the fluid o f th ickness c. L e t the c o m p o s i t i o n o f 
the fluid at the u p p e r surface o f this stratum b e d e n o t e d b y 
A , and that o f the fluid at the l o w e r surface o f the stratum 
b y B. 

T h e effect o f the diffusion w h i c h g o e s on i n the stratum 
wi l l be the same as i f a cer ta in v o l u m e o f fluid o f c o m p o s i t i o n 
A had passed d o w n w a r d s th rough the stratum w h i l e an equa l 
v o l u m e o f f luid o f c o m p o s i t i o n B had passed upwards through 
the stratum at the same t i m e . 

L e t d be the th ickness o f the s tratum w h i c h e i ther o f these 
equal v o l u m e s o f fluid w o u l d fo rm i n the vessel , then d is 
ev iden t ly p r o p o r t i o n a l : — 

i st. T o the t i m e o f diffusion. 
2nd. I n v e r s e l y t o the thickness o f the stratum through 

which the diffusion takes p lace . 

3rd. T o a coeff ic ient d e p e n d i n g o n the nature o f the 
r 2 
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interdiffusing substances. H e n c e i f t is the t ime o f dif

fusion a n d k the coeff ic ient o f diffusion, 

W e thus f ind that the d imens ions o f k, the coef f ic ien t o f 
diffusion, are equa l t o the square o f a l e n g t h d i v i d e d b y a 
t i m e . 

H e n c e , in the e x p e r i m e n t w i th the jar , the ver t ica l 
d i s t ance b e t w e e n strata o f c o r r e s p o n d i n g densi t ies , as ind i 
c a t e d b y the beads w h i c h float in t h e m , var ies as the square 
r o o t o f the t i m e f rom the b e g i n n i n g o f the diffusion. 

W h e n the mix tu re o f t w o l iqu ids o r gases is e f fec ted in a 
m o r e r ap id m a n n e r b y agi ta t ion o r stirring, the o n l y effect 
o f the m e c h a n i c a l d i s turbance is to increase the area o f the 
surfaces th rough w h i c h diffusion takes p l ace . I n s t e a d o f 
the surface o f separa t ion b e i n g a s ing le hor izon ta l p l ane , it 
b e c o m e s a surface o f m a n y c o n v o l u t i o n s , a n d o f great 
ex ten t , a n d in o rde r to effect a c o m p l e t e m i x t u r e the dif
fusion has t o e x t e n d o n l y o v e r the d i s t ance b e t w e e n the 
success ive c o n v o l u t i o n s o f this surface ins tead o f o v e r half 
t he d e p t h o f the vesse l . 

S i n c e the t ime r e q u i r e d for diffusion var ies as t he square 
o f the d i s t ance th rough w h i c h the diffusion takes p l ace , it 
is easy to see that b y st irr ing the so lu t ion in a ja r a long 
w i t h t he w a t e r a b o v e it, a c o m p l e t e m i x t u r e m a y b e effected 
i n a f ew seconds , w h i c h w o u l d h a v e r equ i r ed m o n t h s i f the 
j a r h a d b e e n left undis turbed. T h a t the mix tu re effected 
b y st irr ing is no t ins tantaneous m a y b e eas i ly seen b y 
o b s e r v i n g that d u r i n g the o p e r a t i o n the fluid appears to 
b e full o f streaks, w h i c h cause it to l o s e its t ransparency. 
T h i s arises from the different ind ices o f ref rac t ion o f different 
p o r t i o n s o f the mix tu re , w h i c h h a v e b e e n b r o u g h t near each 
o the r b y stirring. T h e surfaces o f separa t ion are so drawn 
o u t a n d c o n v o l u t e d that t he w h o l e mass has a w o o l l y 
appea rance , f o r n o ray o f l i gh t c an pass wi thout be ing 
tu rned m a n y t imes out o f its path. 

d or 
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T h e same appea rance m a y a lso b e o b s e r v e d w h e n w e 
m i x ho t wa te r wi th c o l d , a n d e v e n w h e n v e r y h o t air is 
m i x e d w i th c o l d air. T h i s s h o w s that wha t is ca l l ed the 
equa l iza t ion o f t empera tu re b y c o n v e c t i o n currents r ea l l y 
takes p l a c e b y c o n d u c t i o n b e t w e e n por t ions o f the subs tance 
brought near each o the r by the currents. 

I f w c o b s e r v e the p rocess o f diffusion w i t h our m o s t 
powerfu l m i c r o s c o p e s , w e canno t f o l l o w the m o t i o n o f any 
ind iv idua l por t ions o f the fluids. W e canno t p o i n t ou t o n e 
p l ace in w h i c h the l o w e r fluid is ascending , a n d ano the r in 
which the uppe r fluid is d e s c e n d i n g . T h e r e are n o currents 
v i s ib l e to us, a n d the m o t i o n o f the mater ial substances g o e s 
on as i m p e r c e p t i b l y as the c o n d u c t i o n o f hea t o r o f e l ec 
tricity. H e n c e the m o t i o n w h i c h const i tutes diffusion must 
b e d is t inguished f rom those m o t i o n s o f fluids w h i c h w e can 
trace b y m e a n s o f floating m o t e s . I t m a y b e d e s c r i b e d as 
a m o t i o n o f the fluids, n o t in mass , but b y m o l e c u l e s . 

W e h a v e n o t h i the r to taken a n y n o t i c e o f m o l e c u l a r 
theories , because w e wish t o d raw a d i s t inc t ion b e t w e e n 
that part o f our sub jec t w h i c h d e p e n d s o n l y o n the 
universal a x i o m s o f d y n a m i c s , c o m b i n e d w i t h obse rva
tions o f the p rope r t i e s o f b o d i e s , a n d the par t w h i c h en 
deavours to a r r ive at an exp l ana t i on o f these p rope r t i e s b y 
attr ibuting cer ta in m o t i o n s to minu te por t ions o f ma t t e r 
wh ich are as y e t inv i s ib le to us. 

T h e desc r ip t ion o f diffusion as a m o l e c u l a r m o t i o n is 
one w h i c h w e shall just ify w h e n w e c o m e to treat o f 
molecu la r sc ience . A t present , h o w e v e r , w e shall use the 
phrase ' m o l e c u l a r m o t i o n ' as a c o n v e n i e n t m o d e o f desc r ib ing 
the t ransference o f a f luid w h e n the m o t i o n o f sens ib le por
tions o f the fluid canno t b e d i r ec t l y o b s e r v e d . 

G r a h a m o b s e r v e d that the diffusion bo th o f l iquids a n d 
gases takes p l a c e th rough po rous so l id b o d i e s , such as 
plaster o f Par i s a n d pressed p l u m b a g o , at a rate n o t v e r y much 
less than w h e n n o such b o d y is in te rposed , a n d this e v e n 
when the so l id d i v i s i o n is a m p l y sufficient to c h e c k al l 
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ord inary currents , a n d e v e n t o suppor t c o n s i d e r a b l e differ
ences o f pressure o n its o p p o s i t e s ides. 

B y t ak ing a d v a n t a g e o f the different v e l o c i t i e s w i th w h i c h 
different l iqu ids a n d gases pass th rough such substances, h e 
w a s e n a b l e d t o effect m a n y impor t an t analyses a n d t o ar r ive 
at n e w v i e w s o f the cons t i t u t ion -o f va r ious b o d i e s . 

B u t there is ano the r class o f cases in w h i c h a l i q u i d o r 
gas can pass throvigh a d i a p h r a g m w h i c h is n o t in the 
o rd ina ry sense po rous . F o r instance, w h e n c a r b o n i c a c i d 
gas is con f ined in a soap -bubb l e it g radua l ly escapes. T h e 
l iqu id absorbs the gas at its i nne r surface, w h e r e it has the 
greatest, d e n s i t y ; a n d o n the ou ts ide , w h e r e the dens i ty o f 
the c a r b o n i c ac id is less, the gas diffuses out i n to t he a t m o 
sphere . D u r i n g t he passage o f the gas t h rough the film it is 
in the state o f so lu t ion in wa te r . I t is a lso found that h y d r o g e n 
a n d o ther gases can pass th rough a l aye r o f caou tchouc . 
T h e rat ios in w h i c h different gases pass th rough this substance 
are different f r om the ra t ios i n w h i c h t h e y p e r c o l a t e th rough 
po rous p lugs . G r a h a m shows that the c h e m i c a l re la t ions 
b e t w e e n the gases a n d the c a o u t c h o u c d e t e r m i n e these 
ra t ios , a n d that it is n o t t h rough p o r e s in the o rd ina ry sense 
that the m o t i o n takes p l ace . 

A c c o r d i n g t o G r a h a m ' s theory , the c a o u t c h o u c is a c o l l o i d 
subs tance—that is , o n e w h i c h is c a p a b l e o f b e i n g united, in a 
t e m p o r a r y a n d v e r y l o o s e manner , w i t h var ious p ropo r t i ons 
o f o the r substances, just as g l u e w i l l f o rm a j e l l y w i th 
var ious p r o p o r t i o n s o f wa te r . A n o t h e r class o f substances, 
w h i c h G r a h a m cal ls c rys t a l lo id , are d i s t inguished f rom these 
b y b e i n g a lways o f def in i te c o m p o s i t i o n , a n d no t admi t t ing 
o f these t e m p o r a r y associa t ions . W h e n a c o l l o i d substance 
has in di f ferent parts o f i ts mass di f ferent p ropo r t i ons o f 
water , a l c o h o l , o r solut ions o f c rys ta l lo id b o d i e s , diffusion 
takes p l a c e th rough the c o l l o i d substance, a l t hough n o part 
o f it c an b e s h o w n t o b e in the l i q u i d state. 

O n the o the r hand , a so lu t ion o f a c o l l o i d substance is 
a l m o s t i ncapab l e o f diffusion through a po rous sol id , or 
t h rough ano the r c o l l o i d substance. T h u s , i f a solut ion o f 
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g u m in wa te r c o n t a i n i n g salt b e p l a c e d in con tac t w i th a 
so l id j e l l y o f ge l a t ine con ta in ing a l c o h o l , salt and wa te r 
wi l l b e diffused in to the ge la t ine , and a l c o h o l w i l l b e diffused 
into the g u m , but there w i l l b e n o mix tu re o f the g u m -and 
the ge la t ine . 

T h e r e are cer ta in me ta l s w h o s e re la t ion t o cer ta in gases 
G r a h a m e x p l a i n e d b y this theory . F o r instance, h y d r o g e n 
can b e m a d e t o pass th rough i ron a n d p a l l a d i u m at a h igh 
tempera ture , a n d ca rbon ic o x i d e can b e m a d e to pass 
through i ron. T h e gases fo rm c o l l o i d a l un ions w i th the 
metals , and are diffused through t h e m just as wa te r is diffused 
through a j e l l y . 

G r a h a m m a d e m a n y de te rmina t ions o f the r e l a t i ve diffu-
sibi l i ty o f different salts. A c c u r a t e de te rmina t ions o f the 
coeff ic ient o f diffusion o f l iqu ids and gases are v e r y m u c h 
wanted , as they furnish i m p o r t a n t da ta fo r the m o l e c u l a r 
theory o f these b o d i e s . T h e m o s t va luab le de te rmina t ions 
o f this k i n d are those o f the coeff ic ient o f diffusion b e t w e e n 
pairs o f s i m p l e gases m a d e b y P r o f e s s o r J. L o s c h m i d t o f 
V i e n n a . 1 

H e has d e t e r m i n e d the coeff ic ient o f diffusion in square 
metres pe r hour for t en pairs o f the m o s t impor t an t gases. 
W e shall c o n s i d e r these results w h e n w e c o m e t o the m o l e 
cular t h e o r y o f gases . 

C H A P T E R X X . 

C A P I L L A R I T Y . 

W E h a v e h i the r to c o n s i d e r e d the e n e r g y o f a b o d y as 
d e p e n d i n g o n l y o n its t empera ture a n d its v o l u m e . T h e 
w h o l e o f the e n e r g y o f gases , a n d the mos t impor tan t par t o f 
the e n e r g y o f l iqu ids , m a y b e expressed in this w a y , but a 

1 F.xperimental-Untersuchungen über die Diffusion von Gasen ohne 
poröse Scheidewände Sitzb. d. k. Akad. d. Wissensch. 13d, bei. 
(March and July 1870.) (See Appendix.) 
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v e r y impor t an t part o f the e n e r g y o f a so l id b o d y m a y 
d e p e n d on the f o r m w h i c h it is c o m p e l l e d t o assume as 
w e l l as o n its v o l u m e . W e shall return to this subject 
w h e n t rea t ing o f E las t i c i ty a n d V i s c o s i t y , but w e shall c o n 
s ider at p resen t that par t o f the e n e r g y o f a l i q u i d w h i c h 
d e p e n d s o n the nature a n d ex ten t o f its surface. 

I n m a n y cases t w o substances w h e n p l a c e d in con tac t d o 
n o t diffuse in to each other , a n d w h e n w e a t t emp t to m i x 
t h e m they separate f rom each o the r w h e n left to t hemse lves . 
T h u s , i f w e m i x wa te r w i t h a l c o h o l the l iquids diffuse in to 
each other . I f w e n o w a t t e m p t to m i x o i l wi th the a l c o h o l 
a n d wa te r , the t w o l iqu ids separate f r o m each o the r o f t hem
selves , a n d in the act o f separa t ion sufficient f o r c e is b rough t 
in to p l a y t o set in m o t i o n cons ide rab l e masses o f the fluids, 
e spec i a l l y when , as in P la teau ' s e x p e r i m e n t s , the m i x t u r e 
o f a l c o h o l a n d wate r is o f the s a m e dens i ty as the o i l . 

T h e w o r k r equ i r ed t o p r o d u c e these m o t i o n s must b e 
d e r i v e d f rom the sys tem itself, as n o w o r k is d o n e o n it b y 
ex te rna l agency . 

T h e sys tem o f t w o fluids must therefore h a v e m o r e ene rgy 
w h e n the fluids a re m i x e d than w h e n t h e y are separa ted . 

N o w the o n l y d i f ference b e t w e e n these t w o states is o n e 
o f a r r a n g e m e n t ; a g rea te r n u m b e r o f par t ic les o f e i ther fluid 
b e i n g c l o s e t o the surface o f separa t ion w h e n t he fluids are 
m i x e d than w h e n t h e y are separate . 

W e there fore c o n c l u d e that the e n e r g y o f a par t i c le of 
e i ther fluid is g rea te r w h e n it is v e r y c l o s e t o the surface 
o f that fluid than w h e n it is at a g r ea t e r d i s tance f rom the 
surface. I t is p r o b a b l e that i t is o n l y wi th in a d is tance of 
a thousandth o f a m i l l i m e t r e o r less f r om the surface that this 
increase o f e n e r g y is sens ib le . 

O n e effect o f this wi l l b e that the par t ic les n e a r the sur
face w i l l b e d r a w n inwards t o w a r d s the mass o f their o w n 
f l u i d ; but as this fo rce acts e q u a l l y on all the surface par
t icles , i t wi l l o n l y increase the internal pressure b y a constant 
quant i ty , a n d n o v i s i b l e effect wi l l b e p r o d u c e d . 

W e m a y calcula te the w h o l e e n e r g y o f the sys tem o f t w o 
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fluids i f w e k n o w their a r rangement . E a c h fluid occup ie s 
the same to ta l v o l u m e in w h a t e v e r w a y it is a r r a n g e d ; and 
i f the e n e r g y o f e v e r y pa r t i c l e w e r e the same, the to ta l e n e r g y 
w o u l d no t d e p e n d o n the ar rangement . 

S ince , h o w e v e r , the par t ic les in a v e r y thin stratum c l o s e 
t o the surface o f separa t ion h a v e grea ter e n e r g y than those 
in the in te r ior o f the fluid mass, the excess o f e n e r g y due t o 
this cause w i l l b e p r o p o r t i o n a l t o the to ta l area o f the sur
face o f separa t ion. 

H e n c e the e n e r g y o f the sys tem consists o f t w o parts : the 
first d e p e n d s o n the v o l u m e , t empera ture , & c . o f the fluids, 
a n d is unaf fec ted b y the fo rm o f their surface. T h e s econd 
is p r o p o r t i o n a l t o the a rea o f the surface separa t ing the 
t w o fluids. 

I t is o n this s e c o n d par t o f the e n e r g y that the p h e n o m e n a 
o f wha t is ca l l ed cap i l l a ry a t t ract ion d e p e n d . 

I n the case o f a s o a p - b u b b l e the e n e r g y is g rea te r the 
grea ter the ex ten t o f surface e x p o s e d to air. T h e amoun t o f 
this e n e r g y for a soap -bubb l e at o rd ina ry t empera tu res is, 
a c c o r d i n g t o P la t eau , a b o u t 5 '6 g r a m m e - m e t r e s p e r square 
met re in g rav i t a t ion units . T h i s is t he a m o u n t o f w o r k 
requi red to b l o w a soap bubb le w h o s e superficial ex ten t is 
o n e square me t r e . A s t he soap -bubb le has t w o surfaces 
e x p o s e d t o air, the e n e r g y o f a s ing le surface is o n l y 2 8 
g r a m m e - m e t r e s pe r square m e t r e . 

W e shall cal l this the superficial energy o f the soap-
b u b b l e . I t is measu red b y the e n e r g y in unit o f surface, 
and its d imens ions w h e n expressed in d y n a m i c a l measure 
a re therefore : 

e n e r g y L 2 M 1 M 
area T 2 L 2 T 2 

or it is o f o n e d i m e n s i o n as regards mass, and o f t w o d i m e n 

sions i n v e r s e l y as regards t i m e , a n d it is i n d e p e n d e n t o f the 

unit o f l eng th . Superf ic ia l e n e r g y d e p e n d s o n the nature 

o f b o t h the m e d i a o f w h i c h t he surface is a bounda ry . 

T h e m e d i a mus t b e such as d o n o t m i x w i t h e a c h o ther , 

o therwise diffusion occurs , a n d the surface o f separa t ion 

b e c o m e s indef in i t e ; bu t there is a coeff ic ient o f superficial 
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e n e r g y for e v e r y surface w h i c h separates t w o l iqu ids which 

d o no t m i x — a l i q u i d a n d a gas , or its o w n v a p o u r ; and for 

the surface w h i c h separates a l i qu id a n d a sol id , whe the r it 

d i s so lves the so l i d or n o t T h e r e is a l so a coef f ic ien t o f 

superficial e n e r g y for the surface separa t ing a gas and a 

so l id , or t w o s o l i d s ; but as a n y t w o gases diffuse in to each 

other , t h e y can h a v e n o surface o f separa t ion . 

Superficial Tension. 
W h e n the a rea o f the surface is i n c r e a s e d in any w a y , w o r k 

must b e d o n e ; a n d w h e n the surface is a l l o w e d t o cont rac t , 

it d o e s w o r k o n o the r bod ie s . H e n c e it ac ts l ike a s t re tched 

sheet o f india-rubber, a n d exer ts a t ens ion o f the s a m e k i n d . 

T h e o n l y d i f f e rence is, that the t ens ion in the shee t o f 

i nd ia - rubbe r d e p e n d s on the a m o u n t o f s t re tching, a n d m a y 

b e g rea te r in o n e d i r ec t ion than i n a d i r e c t i o n at r igh t 

ang les t o it, whe rea s the t ens ion i n the soap-bubb le r ema ins 

t he same h o w e v e r m u c h the film is e x t e n d e d , a n d the t ens ion 

at any p o i n t is the s a m e in all d i rec t ions . 

I f w e d raw a straight l i ne , p Q, across the surface A B D c , ' 

a n d i f t he w h o l e t ens ion e x e r t e d b y 

t he surface across t he l i ne P Q is 

F, then the superficial tens ion is 

m e a s u r e d b y the t ens ion across unit 

' o f l e n g t h o f the l i n e p Q ; or, s ince F 
is the tens ion across the w h o l e l ine , 

i f T is the superficial t ens ion across 

uni t o f l e n g t h , 

F = T . P Q. 
N o w le t us suppose that the l ines A B a n d c D w e r e 

o r i g i n a l l y in con tac t , a n d that t h e surface A B D C was 
p r o d u c e d b y d r a w i n g c D a w a y f rom A B b y the act ion o f 
the fo rce F. 

I f w e s u p p o s e A B a n d B C t o b e r o d s w e t w i th soapsuds, 
p l a c e d b e t w e e n t w o para l le l rods A c a n d B D and then 
d r a w n asunder , the soap film A B D C w i l l b e f o r m e d . I f s 

F I G . 35. 

1 k 5 c 
a 

B b — 
a 

~ 1 
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is the superficial e n e r g y o f the film pe r unit o f area, then 

the w o r k d o n e in d r a w i n g it out wi l l b e s . A B . A C . But i f 

F is the fo rce r e q u i r e d to d r a w A B f rom c D, the same w o r k 

m a y b e wr i t ten F . A c, or, pu t t ing for F its v a l u e in terms o f 

T , a n d equa t i ng the t w o express ions for t he w o r k , 

S . AB . AC = T . I'Q . A C 
or = T . A B . AC-

H e n c e 
S = T, 

or the numer ica l va lue o f the superficial e n e r g y pe r unit 
o f area is equa l to that o f the superficial tens ion per unit of 
length . T h i s quant i ty is usually c a l l e d t he Coe f f i c i en t o f 
Capi l la r i ty , because it was first c o n s i d e r e d wi th r e fe rence to 
the a s c e n t o f l iqu ids in cap i l l a ry tubes. T h e s e tubes d e 
rived their n a m e f rom the smal lness o f the i r b o r e , w h i c h 
w o u l d o n l y a d m i t a hair (capilla). I h a v e used the phrases 
' superficial e n e r g y ' a n d ' superficial tens ion ' because I think 
they h e l p us t o d i r ec t our a t ten t ion t o t he facts, a n d to 
unders tand the va r ious p h e n o m e n a o f l i qu id surfaces be t t e r 
than a n a m e w h i c h is pu re ly technica l , a n d w h i c h has 
a l ready d o n e a g rea t dea l o f ha rm w h e n used wi thou t b e i n g 
u n d e r s t o o d . I f b y the h e l p o f this treatise, or o therwise , any
o n e has o b t a i n e d a c lea r c o n c e p t i o n o f the real p h e n o m e n a 
ca l l ed C a p i l l a r y A t t r a c t i o n a n d Capi l l a r i ty , h e m a y use 
these w o r d s qu i te f ree ly . T h e theory as w e shall state i t 
does n o t di f fer essent ia l ly f rom that o r ig ina l ly g i v e n b y 
L a p l a c e , t h o u g h b y the free use o f the i d e a o f superficial 
tens ion w e a v o i d s o m e o f the m a t h e m a t i c a l opera t ions 
which a re r equ i r ed t o d e d u c e the p h e n o m e n a f rom the 
hypothes i s o f m o l e c u l a r a t t ract ions. 

W e shall n o w suppose that the superficial tens ion is 
k n o w n for the surfaces w h i c h b o u n d e v e r y pair o f the 
med ia w i t h w h i c h w e h a v e t o d o . F o r instance, w e m a y 
d e n o t e b y the superficial t ens ion o f the surface w h i c h 
separates the m e d i u m a f rom the m e d i u m b. 
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L e t the re b e three fluid m e d i a , a, b, c, and let t he surface o f 
separa t ion b e t w e e n a and b m e e t the surface o f separa t ion 
b e t w e e n b a n d c a l o n g a l i n e o f a n y fo rm h a v i n g cont inuous 
curvature . L e t o b e a p o i n t in this l ine , a n d le t the p l ane 
o f the p a p e r r ep re sen t a sec t ion pe rpend icu l a r to the l ine . 

T h e th ree tens ions T n 4 , T j , . , and TCU must b e in equi l i 
b r ium a l o n g this l ine , and , s ince w e k n o w these tensions, 
w e can eas i ly d e t e r m i n e t he angles w h i c h t h e y m a k e w i t h 
e a c h other . I n fact, i f w c cons t ruc t a t r i ang le A B C h a v i n g 
l ines p r o p o r t i o n a l t o these tens ions for its s ides, the ex t e r io r 
ang le s o f this t r iangle w i l l b e equa l t o the a n g l e s f o r m e d b y 
the th ree surfaces o f sepa ra t ion w h i c h m e e t in a l i ne . 

B y t r i g o n o m e t r y , i f A B C a re t he ang le s o f the e d g e s 
f o r m e d b y the m e d i a ab c, t hen 

sin A sin B sin c 

I t appears f r o m this that w h e n e v e r three f lu id m e d i a are 

F i g . 36. 

A 

o 

in c o n t a c t a n d in equ i l ib r ium, the ang les b e t w e e n their 

surfaces o f separa t ion d e p e n d o n l y o n the va lues o f the 

superficial tens ions o f t hese th ree surfaces, a n d are there

fore a l w a y s the s a m e for the s a m e th ree fluids. 

B u t i t is n o t a lways poss ib l e to const ruct a t r iangle wi th 
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three g i v e n l ines as its sides. I f any o n e o f t he l ines is 
grea ter than the sum o f the o ther t w o , the t r i ang le canno t b e 
fo rmed . F o r the s a m e reason, i f a n y o n e o f the three super
ficial tens ions is g r ea t e r than the sum o f the o ther t w o , the 
three fluids canno t b e in e q u i l i b r i u m in contac t . 

F o r ins tance , i f t he t ens ion o f the surface separat ing air 
and wate r is g rea te r than the sum o f t he tens ions o f the 
surfaces separa t ing air a n d o i l , a n d o i l a n d water , t hen a 
d r o p o f o i l c a n n o t b e i n e q u i l i b r i u m o n t he surface o f water . 
T h e e d g e o f the d r o p , w h e r e t he o i l m e e t s t he air and the 
water , b e c o m e s th inne r a n d th inner ; but e v e n w h e n the 
ang le is r e d u c e d t o the th innest e d g e , the t ens ion o f the free 
surface o f the wa te r e x c e e d s the tens ions o f the t w o surfaces 
o f the o i l , so that the o i l is d r a w n out th inner a n d thinner , 
till it c o v e r s a vast e x p a n s e o f water . I n fact, t he p rocess 
m a y g o o n t i l l the o i l b e c o m e s so thin, a n d con ta ins so 
smal l a n u m b e r o f m o l e c u l e s in its thickness , that it n o 
l o n g e r has t he p rope r t i e s o f the l i q u i d in mass. 

W h e n a so l i d b o d y is in con tac t wi th t w o fluids, then i f 
the tens ion o f the surface separat ing the so l id f rom the first 
fluid e x c e e d s the sum o f the tens ions o f the o ther t w o sur
faces, the first fluid w i l l ga the r i t se l f up i n t o a d rop , and 
the s e c o n d w i l l sp read o v e r the surface. I f o n e o f the 
fluids is air, a n d t he o the r a l iqu id , then the l iqu id , i f it 
cor responds to the first f luid m e n t i o n e d a b o v e , w i l l s tand 
in drops wi thou t w e t t i n g the su r face ; bu t i f it co r r e sponds 
to the second , it w i l l sp read i t se l f o v e r the w h o l e surface, 
and w e t the so l id . 

W h e n t he tens ion o f the surface separat ing t he t w o fluids 
is greater than the d i f fe rence o f the tensions o f the surfaces 
separat ing t h e m from the sol id , then the surface o f separa t ion 
o f the t w o fluids w i l l b e i n c l i n e d at a finite a n g l e t o the 
surface o f the so l id . T h u s , i f a and b are the t w o fluids, and c 
the sol id , then t o find the a n g l e o f con tac t P O Q w e must 
m a k e p o = T„,„ a n d o Q = T 6 C — Tac. T h i s a n g l e is c a l l ed 
the ang le o f capi l lar i ty . 
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F i g . 37. 

O N T H E RISE O F A LIQUID I N A T U B E . 
L e t a b e a l i qu id in a tube o f a subs tance c, w h o s e radius 

is r. L e t the fluid b b e air o r any 
o the r fluid. L e t a b e t he a n g l e o f ca
p i l la r i ty . T h e c i r c u m f e r e n c e o f the 
tube is 2 7T r. A l l r o u n d this c i rcum
fe rence there is a t ens ion Tab a c t i ng at 
an a n g l e i n c l i n e d a to the ver t ica l , and 
there fore the w h o l e v e r t i c a l fo rce is 

1l 
A 

2 it r T^j cos a. 

I f this f o r c e raises the l i qu id to a 

h e i g h t h, then , n e g l e c t i n g the w e i g h t o f 

the s ides o f the h o l l o w p o r t i o n x Y Z, 

the w e i g h t o f fluid suppor t ed is 

tv p g r3 A. 
E q u a t i n g this f o r c e t o the w e i g h t 

w h i c h it suppor ts , w e find 

A = 2 £>»_£21? . 
Pgr 

H e n c e the he igh t to w h i c h t he fluid is d r a w n up is 

i n v e r s e l y as the radius o f the tube. 

A l i q u i d is d r a w n up in the s a m e w a y in the s p a c e be

t w e e n t w o para l le l p la tes sepa ra ted b y a d is tance d. I f w e 

n o w suppose fig. 38 to r ep resen t a sec t ion o f the film o f l iquid , 

the ho r i zon ta l b r ead th o f w h i c h is / , t hen the surface-tension 

o f the l i q u i d o n the l i ne w h i c h b o u n d s the w e t a n d dry 

parts o f each p l a t e is T / , a n d this f o r c e acts at an ang le a 

w i t h the ver t i ca l . T h e w h o l e fo rce , the re fore , ar is ing f rom 

the surface- tension, a n d t e n d i n g t o raise the l iqu id , is 

2 T / COS a. 

T h e w e i g h t o f t he l i q u i d ra i sed is 

p g h I d. 
E q u a t i n g the fo rce to the w e i g h t w h i c h it supports, w e 

find 
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* , T co s a 
h = 2 . 

?gd 
T h i s e x p r e s s i o n differs f r om that for t he he igh t in a 

cy l indr ica l tube o n l y b y the substi tut ion o f d, the d is tance 
b e t w e e n the para l le l plates, for r, the radius o f the tube. 
H e n c e the h e i g h t t o w h i c h a l i q u i d w i l l a s cend b e t w e e n 
t w o pla tes is equa l t o the he igh t to w h i c h it rises in a tube 
w h o s e radius is equa l to the d is tance b e t w e e n the plates , 
or w h o s e d i a m e t e r is t w i c e that d is tance . 

A r e m a r k a b l e a p p l i c a t i o n o f the pr inc ip les o f t h e r m o 
dynamics to cap i l l a ry p h e n o m e n a has r ecen t l y b e e n m a d e 
b y Sir W . T h o m s o n . 1 L e t a fine tube b e 
p l a c e d in a l iqu id , a n d l e t the w h o l e be 
p l a c e d in a vesse l f rom w h i c h air is ex
hausted, so that the w h o l e space a b o v e 
the l i q u i d b e c o m e s f i l led w i th its v a p o u r 
and no th ing else. 

L e t the p e r m a n e n t l e v e l o f the l i qu id 
b e at A in the smal l tube, a n d at B in the 
vessel , a n d let us suppose the tempera
ture the same th roughou t the apparatus. 

T h e r e is a state o f equ i l ib r ium b e t w e e n 
the l iquid a n d its vapour , bo th at yi a n d at 
B ; o t h e r w i s e e v a p o r a t i o n or condensa 
t ion w o u l d occur , a n d the pe rmanen t 
state w o u l d no t exis t . 

N o w the pressure o f the v a p o u r at B e x c e e d s that at A b y 
the pressure due to a c o l u m n o f the v a p o u r o f the he igh t 
A B. 

I t f o l l o w s that the v a p o u r is in equ i l i b r ium wi th the 
l iquid at a l o w e r pressure w h e r e the surface o f the l i q u i d is 
c o n c a v e , as at A , than w h e r e it is p lane , as at B. 

N o w le t the l o w e r e n d o f the tube b e c losed , a n d let 
s o m e o f the l i q u i d b e taken out o f it, so that the l i q u i d in the 
tube d o e s n o t r e a c h up t o the p o i n t A. 

• Proceedings of the Royal Society of Edinburgh, Feb. 7, 1870. 
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T h e n v a p o u r w i l l c o n d e n s e in s ide the tube, o w i n g to the 
c o n c a v i t y o f its surface, a n d this w i l l g o o n t i l l i t is filled 
w i t h l i q u i d up t o the l e v e l A , the s a m e as i f it had b e e n 
o p e n a t the b o t t o m . 

H e n c e , i f at any p o i n t o f a c o n c a v e l i q u i d _surface r and 
r1 a re the p r inc ipa l rad i i o f curva ture o f the surface, a n d i f 
the pressure o f v a p o u r in e q u i l i b r i u m w i t h a p l ane surface 
o f i ts l i q u i d at the g i v e n t empera tu re is CT, a n d i f p is the 
pressure o f equ i l i b r i um o f the v a p o u r i n c o n t a c t w i th the 
c u r v e d surface , 

w h e r e a is the dens i ty o f the vapour , a n d p that o f the 

l i q u i d . 

I f h is the he igh t to w h i c h the l i q u i d w o u l d r ise in v i r tue 
o f the curvature o f its surface in a cap i l l a ry tube, and i f <§ 
is t he he igh t o f a h o m o g e n e o u s a t m o s p h e r e o f the vapour , 

Sir W . T h o m s o n has ca lcu la ted that in a tube w h o s e 
radius is a b o u t a thousandth o f a m i l l i m e t r e , a n d in which 
wa te r w o u l d rise a b o u t th i r teen me t r e s a b o v e the p lane 
ler-el, t he equ i l i b r ium pressure o f aqueous v a p o u r w o u l d b e 
less than that o n a p l a n e surface o f wa te r b y a b o u t a thou
sandth o f its o w n a m o u n t . 

H e thinks i t p r o b a b l e that the mois tu re w h i c h v e g e t a b l e 
substances, such as co t ton , c lo th , & c , acqui re f rom air at 
t empera tu res far a b o v e the d e w p o i n t m a y b e e x p l a i n e d b y 
the c o n d e n s a t i o n o f wa te r in the n a r r o w tubes and cells o i 
the v e g e t a b l e structure. 

I n the case o f a spher ica l b u b b l e o f s t eam in water , the 
inc rease o r d i m i n u t i o n o f the d i a m e t e r d e p e n d s o n the 
t empera tu re a n d pressure o f the v a p o u r w i t h i n ; and the 
c o n d i t i o n that ebu l l i t ion m a y t a k e p l a c e is that the pres
sure o f saturated v a p o u r at the t empera tu re o f the l iquid 
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must e x c e e d t he actual pressure o f the l i q u i d b y a pressure 
equa l to that o f a c o l u m n o f t he l i qu id o f the he igh t t o 
w h i c h i t w o u l d a scend in a tube w h o s e s e c t i o n is equa l t o 
that o f the bubb les . 

I f t he l i q u i d con ta in s a n y gas in solut ion, o r any l i q u i d 
m o r e v o l a t i l e than itself, o r i f air o r s t eam is m a d e t o 
b u b b l e up th rough the l iqu id , then bubb l e s w i l l b e f o r m e d 
o f a v i s ib l e d i ame te r , a n d the ebu l l i t ion wi l l b e k e p t up b y 
e v a p o r a t i o n at the surface o f these bubb les . B u t if, b y l o n g 
b o i l i n g o r o therwise , the l iqu id is d e p r i v e d o f a n y substance 
m o r e v o l a t i l e than itself, a n d i f the s ides o f the vesse l in w h i c h 
it is c o n t a i n e d are such that the l i q u i d adheres c l o s e l y to 
them, so that bubb le s , i f f o r m e d at the surface o f the vesse l , 
wi l l rather c o l l e c t i n t o a spher ical fo rm than spread a l o n g 
the surface, then the t empera tu re o f the l i qu id m a y b e 
raised far a b o v e t he b o i l i n g po in t , a n d w h e n b o i l i n g at 
last occurs , i t g o e s o n in an a l m o s t e x p l o s i v e manner , 
and the l i q u i d ' b u m p s ' v i o l e n t l y o n the b o t t o m o f the 
vesse l . 

T h e h ighes t t empera tu re t o w h i c h w a t e r m a y b e ra i sed 
under the a tmosphe r i c pressure wi thou t ebu l l i t ion canno t b e 
said to b e accura te ly k n o w n , for e v e r y i m p r o v e m e n t in the 
a r rangements for ge t t ing rid o f c o n d e n s e d air, & c , has m a d e 
it poss ib le t o raise l i q u i d wa te r t o a h ighe r t empera ture , 
I n an e x p e r i m e n t d u e t o Dufour , the water , ins tead o f b e i n g 
a l l o w e d t o touch the s ides o f the vesse l , is d r o p p e d in to a 
mixture o f l inseed o i l a n d oil o f c l o v e s , w h i c h has nea r ly 
the same dens i ty as itself. B y this means , d rops o f l i q u i d 
water m a y s o m e t i m e s b e o b s e r v e d s w i m m i n g in the mix tu re 
at a t empera ture o f 356° F . T h e pressure o f aqueous 
vapour is at this t empera ture near ly ten a tmospheres , o r 
about 147 p o u n d s w e i g h t o n the square inch. H e n c e the 
cohes ion o f the w a t e r mus t b e a b l e to suppor t at least 132 
pounds w e i g h t o n the square inch. 

W e m a y a lso a p p l y Sir W . T h o m s o n ' s p r inc ip l e t o the 
case o f e v a p o r a t i o n f r o m a smal l d r o p . I n this case the 

u 
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surface o f the l i q u i d is c o n v e x , so that i f r is the radius o f 

t he d r o p , 

p = W + T • 

p — a r 
H e r e <a is the pressure o f saturated v a p o u r co r r e spond ing 

t o the t empera tu re w h e n the surface o f the l i q u i d is plane, 
' and p is the pressure o f v a p o u r r equ i r ed t o p r e v e n t the 
d r o p f rom evapo ra t i ng . A sma l l d r o p wi l l t he re fo re e v a p o 
ra te in air con t a in ing so m u c h m o i s t u r e that condensa t ion 
w o u l d t ake p l a c e o n a flat surface. 

H e n c e , i f a v a p o u r free f rom s u s p e n d e d par t ic les , and 
n o t in c o n t a c t wi th a n y s o l i d b o d y e x c e p t such as are 
w a r m e r than itself, is c o o l e d b y expans ion , it is p robab l e 
that the sugges t ion o f P r o f . J. T h o m s o n at p . 126 m i g h t 
b e ve r i f i ed , a n d that the v a p o u r m i g h t b e c o o l e d b e l o w its 
o rd ina ry p o i n t o f c o n d e n s a t i o n w i t h o u t l iquefac t ion , for the 
first e f fec t o f c o n d e n s a t i o n w o u l d b e to p r o d u c e excess ive ly 
smal l d rops , a n d these , as w e h a v e seen, w o u l d n o t t end to 
inc rease unless the v a p o u r sur rounding t h e m w e r e m o r e 
than saturated. 

T h e f o r m a t i o n o f c l o u d in v a p o u r of ten appears v e r y 
sudden , as i f i t h a d b e e n at first r e t a rded b y s o m e cause o f 
this k ind , so that w h e n at last the c l o u d is f o r m e d c o n d e n 
sa t ion occurs w i t h g rea t r ap id i ty , r e m i n d i n g us o f the con
v e r s e p h e n o m e n o n o f the r a p i d b o i l i n g o f an o v e r h e a t e d 
l i qu id . 

T h e d rops in a c loud , for the s a m e reason, c a n n o t remain 
o f the s a m e s ize , e v e n i f t h e y a re n o t j o s t l e d against each 
other , for the smal le r d rops w i l l e v a p o r a t e , w h i l e the larger 
o n e s are inc reased b y c o n d e n s a t i o n , so that v i s i b l e drops 
w i l l b e f o r m e d b y pure c o n d e n s a t i o n w i t h o u t a n y necessi ty 
for the c o a l e s c e n c e o f smal ler d rops . 

U p t o this p o i n t w e h a v e n o t c o n s i d e r e d the effect o f 
hea t on the superficial t ens ion o f l iqu ids . I n a l l l iquids on 
w h i c h e x p e r i m e n t s h a v e b e e n m a d e the superficial tension 
d imin i shes as the t empera tu re rises, b e i n g grea tes t at the 
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f reez ing p o i n t o f the substance, a n d van i sh ing a l toge ther at 
the cr i t ical p o i n t w h e r e the l i qu id and gaseous states b e c o m e 
con t inuous . 

I t appears , therefore , that the p h e n o m e n o n is i n t ima te ly 
re la ted to the appa ren t d i scon t inu i ty o f the l i q u i d a n d 
gaseous states, a n d that i t must b e s tud ied i n c o n n e x i o n 
w i th the c o n d i t i o n s o f e v a p o r a t i o n a n d t he p h e n o m e n o n 
ca l led la tent heat . M u c h l igh t w i l l p r o b a b l y b e th rown o n 
all these subjects b y inves t iga t ions w h i c h as y e t can ha rd ly 
b e said t o b e b e g u n . 

Sir W . T h o m s o n has a p p l i e d the pr incipres o f t h e r m o 
d y n a m i c s t o the case o f a film o f wa te r e x t e n d e d b y a f o r c e 
a p p l i e d to it , a n d has s h o w n that in o rde r t o ma in ta in the 
t empera tu re o f the film cons tan t an a m o u n t o f heat mus1 
b e supp l i ed t o i t nea r ly equal in d y n a m i c a l measure t o ha l f 
the w o r k d o n e in s t re tching the film. 

I n fact, the third t h e r m o d y n a m i c a l r e l a t ion ( p . 168) m a y 
be a p p l i e d at o n c e t o the case b y m a k i n g the f o l l o w i n g 
substitutions : for ' p r e s s u r e ' put ' superficial t ens ion , ' and. 
for ' v o l u m e ' put ' a r ea . ' 

W e thus find that the la ten t hea t o f ex t ens ion o f unit o f 
area is equa l t o the p r o d u c t o f the abso lu te t e m p e r a t u r e 
and the d e c r e m e n t o f superficial t ens ion pe r d e g r e e o f t e m 
perature . A t o rd ina ry t empera tu res i t appears f rom e x p e r i 
m e n t that this p r o d u c t is a b o u t hal f the superficial t ens ion . 
H e n c e t he la tent hea t o f ex tens ion in d y n a m i c a l measure 
is about h a l f the w o r k spent in p r o d u c i n g the ex tens ion . 

T h e s tudent m a y a lso a d a p t the inves t iga t ion o f la tent 
heat as g i v e n at p . 173 t o the case o f the ex t ens ion o f a 
l iqu id film. 

T h e f o l l o w i n g table , t aken f rom the m e m o i r o f M . Q u i n c k e , 
g ives the superficial t ens ion o f different l iquids in con tac t 
wi th air, water , a n d mercury . T h e tens ion is measured in 
g r a m m e s w e i g h t pe r l inear me t re , a n d the t empera ture is 

2 0 ° C. 

U 2 
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Table of Superficial Tension at 2O0 C. 

TENSION OF SURFACE SEPARATING 
LIQUID SP. GRAVITY THE LIQUID FROM 

AIR WATER MERCURY 

Water . . . . I O 8-253 0 42-58 

MERCURY . . . . I3-543Z 55 °3 42-58 O 

BISULPHIDE of Carbon . X -2687 3 , 2 74 4-256 37-97 
CHLOROFORM 1-4878 3-120 3-010 40-71 

ALCOHOL . . . . 0-7906 2-599 — 40-71 

OLIVE OIL . 0-9136 3-760 2-096 34-19 
TURPENTINE 0-8867 3-030 I-I77 Z5'54 
PETROLEUM . . . . 07977 3-233 2-834 28-94 

HYDROCHLORIC ACID I - I 7-15 — 
SOLUTION of HYPOSULPHITE OF 

SODA . . . . 1 -1248 7-903 45-n 

I t appears f r o m this t ab le that wa te r has the grea tes t 

superficial t ens ion o f a l l o rd ina ry l iqu ids . F o r this reason it 

is v e r y difficult t o p r e s e r v e a surface o f pu re wa te r . I t is 

sufficient t o touch a n y par t o f the surface o f pure wa te r 

w i th a g r e a s e d r o d t o r e d u c e its t ens ion cons ide r ab ly . T h e 

smal les t quan t i ty o f any k i n d o f o i l i m m e d i a t e l y spreads 

i t se l f o v e r the surface, and c o m p l e t e l y al ters the superficial 

t ens ion . H e n c e the i m p o r t a n c e in all e x p e r i m e n t s o n super

ficial t ens ion o f h a v i n g the ve s se l t h o r o u g h l y c lean. T h i s 

has b e e n w e l l p o i n t e d out b y M r . T o m l i n s o n in his researches 

o n the ' c o h e s i o n figures o f l iqu ids . ' 

W h e n o n e o f the l iqu ids is so lub le i n the other , the effects 

o f superf icial tension are v e r y r e m a r k a b l e . F o r instance, i f 

a d r o p o f a l c o h o l b e p l a c e d o n the surface o f a thin l aye r o f 

water , the tens ion is i m m e d i a t e l y r e d u c e d to 2-6, w h e r e the 

a l c o h o l is pure , a n d v a i i e s f r om this v a l u e t o 8-25, w h e r e the 

w a t e r is pure . T h e result is that the equ i l i b r ium o f the sur

face is d e s t r o y e d , and the superficial film o f the l i q u i d is set 

in m o t i o n f rom the a l c o h o l t o w a r d s the water , and i f the 

w a i e r is sha l low this m o t i o n o f the surface w i l l d r ag the 

w h o l e o f the w a t e r wi th it, so as t o l a y b a r e part o f the 

b o t t o m o f the vesse l . A d i m p l e m a y b e f o r m e d o n the 
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surface o f wa te r b y b r i n g i n g a d r o p o f e ther c l o s e t o the sur
face . T h e v a p o u r o f the e ther c o n d e n s e d o n the surface 
o f the w a t e r is sufficient t o cause the o u t w a r d cur ren t 
m e n t i o n e d a b o v e . 

W i n e conta ins a l c o h o l a n d water , and w h e n it is e x p o s e d to 
the air the a l c o h o l e v a p o r a t e s faster than t he wate r , so that 
the superficial l aye r b e c o m e s weake r . W h e n the w i n e is in a 
d e e p vesse l , the s t rength is r a p i d l y e q u a l i z e d b y diffusion ; 
but in the case o f the thin l aye r o f w i n e w h i c h adheres t o 
the s ides o f a wineglass , the l i q u i d r ap id ly b e c o m e s m o r e 
watery . T h i s increases the superficial t ens ion at the s ides 
o f the glass , a n d causes the surface to be d r a g g e d f rom the 
s t rong w i n e t o t h e w e a k . T h e w a t e r y p o r t i o n is a lways 
uppermos t , a n d c r eeps up the sides o f the glass, d r a g g i n g the 
s t ronger w i n e after i t till the quan t i ty o f the f luid b e c o m e s so 
grea t that the different po r t ions m i x , a n d the d r o p runs d o w n 
the s ide . 

T h i s p h e n o m e n o n , k n o w n as the tears o f s t rong w i n e , was 
first e x p l a i n e d o n these p r inc ip les b y P r o f e s s o r J a m e s T h o m 
son. I t is p r o b a b l e that i t is refer red to in P r o v e r b s xx i i i . 
31, as an ind ica t ion o f the strength o f the w i n e . T h e m o t i o n 
ceases in a s t o p p e r e d b o t t l e as soon as e n o u g h o f v a p o u r o f 
a l c o h o l has b e e n f o r m e d in the b o t t l e t o b e in e q u i l i b r i u m 
wi th the l i q u i d a l c o h o l in the w i n e . 

T h e fat ty o i l s h a v e a g rea te r superficial tens ion than tur
pent ine , b e n z o l , o r ether . H e n c e i f there is a greasy spot o n 
a p i e c e o f c lo th , a n d i f o n e s ide o f i t is w e t t e d w i t h o p e o f 
these substances, t he t ens ion is grea tes t on the s ide o f t he 
grease, a n d the po r t i ons cons is t ing o f mix tures o f b e n z o l and 
grease m o v e f rom the b e n z o l t o w a r d s the grease . 

I f in o r d e r to c l eanse the_ grease-spot w e b e g i n b y w e t t i n g 
the m i d d l e o f the spo t w i th b e n z o l , w e d r ive a w a y the grease 
in to the c lean part o f the c lo th . T h e b e n z o l shou ld there
fore b e a p p l i e d first in a r ing al l r o u n d the spot , and gradu
al ly b r o u g h t nea re r t o the cen t re o f the spot , and a fibrous 
substance, such as b lo t t ing-paper , should be p l a c e d in c o n t a c t 
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wi th the c loth, go that w h e n the g rease is chased b y the 
b e n z o l to the m i d d l e o f the spot it m a y m a k e its escape into 
the b lo t t ing-paper , i n s t ead o f r e m a i n i n g in g l o b u l e s o n the 
surface, r e a d y to re turn in to the c l o t h w h e n the b e n z o l 
evapora t e s . 

A n o t h e r v e r y effectual m e t h o d o f g e t t i n g rid o f grease-
spots is f o u n d e d o n t he fact that the superficial t ens ion o f a 
substance a lways d imin i shes as the t empera tu re rises. I f , 
therefore , the t empera tu re is different at different parts o f a 
g r ea sy c lo th , the g rease tends t o m o v e f rom the h o t parts to 
the c o l d . W e there fore a p p l y a h o t i ron to One side o f the 
c loth, a n d b l o t t i n g - p a p e r t o the o ther , a n d the g rease is 
d r i v e n in to the b lo t t ing -paper . I f there is b l o t t i n g - p a p e r o n 
bo th sides it w i l l b e found that the g r ea se is d r i ven m a i n l y 
in to that o n the o p p o s i t e s ide f r o m the ho t i ron . 

C H A P T E R X X I . 

O N E L A S T I C I T Y A N D V I S C O S I T Y . 

On Stresses and Strains. 
WHEN the f o r m o f a c o n n e c t e d sys t em is a l t e r ed in any 
way , the a l te ra t ion o f f o r m is c a l l e d a Strain. T h e force 
o r sys tem o f forces b y w h i c h this strain is p r o d u c e d or 
ma in ta ined is c a l l e d the Stress c o r r e s p o n d i n g t o the strain. 
T h e r e are different k inds o f strains, a n d di f ferent k inds o f 
stresses c o r r e s p o n d i n g t o t h e m . 

T h e o n l y case w h i c h w e h a v e h i the r to c o n s i d e r e d is that 
in w h i c h the three l o n g i t u d i n a l stresses are equa l . T h i s 
k i n d o f stress is c a l l e d H y d r o s t a t i c Pressure , a n d is the 
o n l y k i n d w h i c h can exis t in a fluid at rest. T h e pressure 
is the same in w h a t e v e r d i r ec t i on it is e s t ima ted . 
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A v e r y impor tan t k i n d o f stress is c a l l e d Shear ing Stress : 
it is c o m p o u n d e d o f t w o equal l o n g i - Fir,. 3 9 . 

tudinal stresses, o n e b e i n g a t ens ion 
and the o the r a pressure ac t ing at 
r ight angles t o each o ther . W h e n a 
pair o f scissors is e m p l o y e d t o cut 
anything, the t w o b l a d e s p r o d u c e a 
shear ing stress in the mate r ia l b e 
t w e e n them, t e n d i n g to m a k e o n e 
p o r t i o n s l ide o v e r the other . 

W e h a v e n o w to c o n s i d e r the p roper t i es o f b o d i e s w h e n 
ac ted on b y this k i n d o f stress. 

A b o d y w h i c h w h e n sub jec ted t o a stress e x p e r i e n c e s n o 
strain w o u l d , i f i t ex i s ted , b e c a l l e d a P e r f e c t l y R i g i d B o d y . 
T h e r e a re n o such bod i e s , a n d this de f in i t ion is g i v e n o n l y to 
i n d i c a t e w h a t is m e a n t b y pe r fec t rigidity. 

A b o d y w h i c h w h e n subjec ted to a g i v e n stress at a g i v e n 
t empera ture e x p e r i e n c e s a strain o f def in i te amount , w h i c h 
does no t increase w h e n the stress is p r o l o n g e d , a n d w h i c h 
d isappears c o m p l e t e l y w h e n the stress is r e m o v e d , is c a l l e d 
a P e r f e c t l y E las t i c B o d y . 

Gases and l iqu ids , a n d perhaps m o s t sol ids , are pe r fec t ly 
elast ic as regards stress un i fo rm in a l l d i rec t ions , but n o sub
s tance w h i c h has y e t b e e n t r ied is pe r f ec t ly elast ic as regards 
shearing stress, e x c e p t pe rhaps for e x c e e d i n g l y smal l va lues 
o f the stress. 

N o w suppose that stresses o f the same k ind , but o f con 
t inual ly inc reas ing m a g n i t u d e , a r e a p p l i e d to a b o d y i n 
succession. A s l o n g as the b o d y returns t o its o r ig ina l 
fo rm w h e n the stress is r e m o v e d it is said to b e pe r fec t ly 
elastic. 

I f the fo rm o f the b o d y is found to b e p e r m a n e n t l y a l t e r ed 
w h e n the stress e x c e e d s a cer ta in va lue , the b o d y is said 
to b e soft, o r plast ic, a n d the state o f the b o d y w h e n the 
al terat ion is just g o i n g t o take p l a c e is ca l l ed the L i m i t o f 
Pe r fec t E las t ic i ty . 
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I f the stress b e inc reased t i l l the b o d y b reaks or g i v e s w a y 
a l t oge the r , the v a l u e o f the stress is c a l l ed the S t reng th o f 
the b o d y for that k i n d o f stress. 

I f b r e a k i n g takes p l a c e b e f o r e the re is any p e r m a n e n t 
a l te ra t ion o f f o r m , the b o d y is said t o b e Br i t t l e . 

I f the stress, w h e n it is m a i n t a i n e d constant , causes 
a strain or d i s p l a c e m e n t in the b o d y w h i c h increases 
con t inua l ly w i t h the t ime , the subs tance is said to b e 
V i s c o u s . 

W h e n this cont inuous a l t e ra t ion o f f o r m is o n l y p r o d u c e d 
b y stresses e x c e e d i n g a cer ta in va lue , the substance is c a l l e d 
a sol id , h o w e v e r soft i t m a y b e . W h e n t he v e r y smal les t 
stress, i f c o n t i n u e d l o n g enough , w i l l cause a cons tan t ly 
increas ing c h a n g e o f fo rm, the b o d y mus t b e r e g a r d e d as 
a v i scous fluid, h o w e v e r hard it m a y b e . 

T h u s , a t a l l o w cand l e is m u c h softer than a s t ick o f 
s e a l i n g - w a x ; but i f the cand le a n d the st ick o f s e a l i n g - w a x 
are l a i d h o r i z o n t a l l y b e t w e e n t w o suppor ts , the sea l ing-
w a x w i l l i n a f e w w e e k s in s u m m e r b e n d w i t h its o w n 
w e i g h t , w h i l e the cand l e r ema ins straight. T h e c a n d l e is 
therefore a soft so l id , and the s e a l i n g - w a x a v e r y v i scous 
fluid. 

W h a t is r e q u i r e d to a l ter the fo rm o f a soft so l id is a 
sufficient f o r c e , a n d this, w h e n a p p l i e d , p r o d u c e s its effect 
at o n c e . I n the case o f a v i s cous fluid i t is time w h i c h is 
r equ i r ed , and i f e n o u g h t i m e is g i v e n , the v e r y smalles t 
fo rce wi l l p r o d u c e a sens ib le effect , such as w o u l d requ i re a 
v e r y l a rge f o r c e i f sudden ly a p p l i e d . 

T h u s a b l o c k o f p i t ch m a y b e so ha rd that y o u cannot 
m a k e a d in t in i t b y s t r ik ing it w i th y o u r knuck le s ; and 
y e t it w i l l , in the course o f t ime , flatten i t se l f out b y its 
o w n we igh t , and g l i d e d o w n h i l l l i k e a s t ream o f water . 

A glass fibre was f o u n d b y M . F . K o h l r a u s c h 1 t o b e 
c o m e m o r e a n d m o r e tw i s t ed w h e n cons tan t ly a c t e d o n b y 

« Fogg. 1863. 
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the smal l twis t ing fo rce arising f r o m the ac t ion o f the 
earth o n a l i t t le m a g n e t suspended b y the fibre. I h a v e 
found s low changes in the to r s ion o f a s t ee l w i r e g o i n g on 
for m a n y d a y s after it h a d r e c e i v e d a s l ight p e r m a n e n t twist , 
a n d Sir W . T h o m s o n 1 has i n v e s t i g a t e d the v i scos i ty o f o ther 
meta ls . 

T h e r e are instances o f v i s cos i t y a m o n g v e r y hard b o d i e s . 
R e t u r n i n g t o our f o r m e r e x a m p l e , p i t ch : w e m a y m i x it in 
var ious p r o p o r t i o n s with tar so as to f o r m a cont inuous 
series o f c o m p o u n d s pass ing f rom the a p p a r e n t l y so l id 
c o n d i t i o n o f pi tch t o the appa ren t l y fluid c o n d i t i o n o f tar, 
w h i c h m a y b e taken as a t y p e o f a v i scous fluid. B y 
m i x i n g the tar w i t h tu rpen t ine the v i scos i ty m a y b e still 
further r e d u c e d , a n d so w e m a y f o r m a series o f fluids ot 
d imin i sh ing v i s cos i t y t i l l w e a r r ive at the m o s t m o b i l e fluids, 
such as ether. 

DEFINITION O F T H E COEFFICIENT O F VISCOSITY. 
C o n s i d e r a stratum o f the subs tance o f th ickness c, con 

ta ined b e t w e e n the hor izonta l fixed p l ane F j G 4 0 

A B a n d the p lane c D, w h i c h is m o v i n g c D 

hor i zon ta l l y f r om c t owards D , w i t h the 

v e l o c i t y v . L e t us suppose that the substance 

b e t w e e n the t w o p lanes is a lso in m o t i o n , the stratum in 
con tac t w i th c D m o v i n g w i th v e l o c i t y v , w h i l e the v e l o c i t y 

o f any i n t e r m e d i a t e stratum is p r o p o r t i o n a l t o its he igh t 

a b o v e A B. 
T h e substance b e t w e e n t he p l anes is u n d e r g o i n g shear ing 

s t ra in ,and the ra te at w h i c h this strain is increas ing is measured 
by the v e l o c i t y v o f the upper p lane , d i v i d e d b y the d is tance 

c b e t w e e n the p lanes , o r — . 

T h e stress F is a shear ing stress, a n d is measu red b y the 

hor izon ta l f o r c e e x e r t e d b y the subs tance o n unit o f area 

1 Proc. Roy. Soc. May 18, 1865. 
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o f e i ther o f the p lanes , a n d a c t i n g f rom A to B on the l o w e r 

p lane , a n d f rom D to c o n the upper . 

T h e ra t io o f this f o r c e t o the ra te o f i nc rea se o f the shear

ing stress is c a l l e d the coef f ic ien t o f v i scos i ty , a n d is d e n o t e d 

by the s y m b o l ¡1. W e m a y therefore wr i t e 

v 

I f R is the a m o u n t o f this fo rce o n a rec tangular area of 

l eng th a a n d b r e a d t h 

R = a b F 

a b *, = , _ _ v 

a n d R C 
h ~ V a T ' 

I f v, A, b, a n d C are each uni ty , t hen FI = R. 

Definition.—The v i s c o s i t y o f a substance is m e a s u r e d by 

the t angen t ia l fo rce o n the uni t o f a rea o f e i ther o f t w o hor i 

zon t a l p l anes at t he uni t o f d i s t ance apar t , o n e o f w h i c h is 

fixed, w h i l e t he o the r m o v e s w i th the uni t o f v e l o c i t y , the 

s p a c e b e t w e e n b e i n g filled w i th the v i scous substance. 

T h e d i m e n s i o n s o f jn m a y b e eas i ly d e t e r m i n e d . I f R is 

the m o v i n g fo rce w h i c h w o u l d g e n e r a t e a cer ta in v e l o c i t y v in 

the mass M in the t i m e / , then R = , a n d 

M V C 
^ ~ lv~a b 

H e i e a, b, C are l ines , a n d v a n d v are v e l o c i t i e s , so that 

the d imens ions o f FT are [ M L _ 1 T - 1 ] , w h e r e M, L , a n d T are the 

units o f mass, l eng th , a n d t i m e . 

W h e n w e wish to express t he abso lu te forces ca l l ed in to 

p l a y b y the v i s cos i t y o f a substance , w e mus t use the ordi 

nary unit o f mass (a p o u n d , a grain , or a g r a m m e ) ; but i f w e 

wish o n l y to i nves t i ga t e the m o t i o n o f the v i scous substance, 

it is c o n v e n i e n t to t ake as our unit o f mass that o f unit of 

v o l u m e o f the substance itself. I f p is t he dens i ty o f the 
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substance, o r the mass o f unit o f v o l u m e , the v i scos i ty v 
measured in this k i n e m a t i c w a y is r e l a t ed t o / J , its va lue by 
the fo rmer , o r d y n a m i c a l m e t h o d , b y the e q u a t i o n 

H- = " P-

T h e d i m e n s i o n s o f v, the k i n e m a t i c v iscos i ty , are [ L 2 T~']. 
I n v e s t i g a t i o n s o f the v a l u e o f v i s cos i t y h a v e b e e n m a d e , 

for sol ids b y Sir W . T h o m s o n ; for l i qu ids b y P o i s e u i l l e , 
G r a h a m , O . E . M e y e r , a n d H e l m h o l t z ; a n d for gases b y 
G r a h a m , S tokes , O . E . M e y e r , and myself . 

I find the v a l u e o f 11 for air at 0° C e n t i g r a d e to b e 

fi = - 0 0 0 1 8 7 8 ( 1 + - 0 0 3 6 6 6 1 ) , 

the cen t ime t r e , g r a m m e , a n d s e c o n d b e i n g units. 
I n Bri t i sh measure , us ing the foo t , the gra in , and the 

second , a n d Fahrenhe i t ' s t h e r m o m e t e r , this b e c o m e s 

fx = - O O O I 7 9 (46 1 + f ' ) -

T h e v i scos i ty /x is p r o p o r t i o n a l t o the abso lu te t empe ra 
ture, a n d i n d e p e n d e n t o f the pressure, b e i n g the same for a 
pressure o f ha l f an inch as for a pressure o f thir ty inches o f 
mercu ry . T h e s ign i f icance o f this r e m a r k a b l e result w i l l b e 
seen w h e n w e c o m e to t he m o l e c u l a r t h e o r y o f gases . 

T h e k i n e m a t i c measure , v, o f the v i scos i ty is found b y 
d i v i d i n g fj. b y the dens i ty . I t is therefore d i r ec t ly p ropor 
t iona l t o the square o f the abso lu te t empera ture , a n d in
ve r se ly p r o p o r t i o n a l t o t he pressure. 

T h e v a l u e o f /x for h y d r o g e n is less than ha l f that for 
air. O x y g e n , o n the o the r hand, has a v i scos i ty g rea te r than 
that o f air. T h a t o f c a r b o n i c ac id is less than that o f air. 

I t appears , f r om the ca lcula t ions o f P r o f e s s o r S tokes , 
c o m b i n e d w i t h the va lue o f the v i scos i ty o f air g i v e n a b o v e , 
that a d r o p o f w a t e r fa l l ing th rough air o n e thousand t imes 
rarer than i t se l f ( w h i c h w e m a y suppose to b e the case 
at the o rd ina ry he igh t o f a c l o u d ) w o u l d fall abou t T

S

D 

o f an i nch in a s e c o n d i f its d i a m e t e r w e r e the thousandth 
part o f an inch. I f the d i a m e t e r o f the d rop w e r e o n l y o n e 
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t en- thousandth o f an i nch the ra te at w h i c h it w o u l d m a k e 
its w a y th rough t he air w o u l d b e a h u n d r e d t imes smaller , 
or ha l f an i n c h in a minu te . I f a c l o u d is f o r m e d o f l i t t le 
d rops o f wa te r o f this s ize , their m o t i o n th rough the air 
w o u l d b e so s l o w that i t w o u l d escape obse rva t i on , a n d the 
m o t i o n o f the c loud , so far as i t c an b e o b s e r v e d , w o u l d b e 
the same as that o f the air i n that p l ace . I n fact, the 
se t t l ing d o w n through the air o f any v e r y smal l par t ic les , 
such as the fine spray o f w a v e s o r water fa l l s , a n d all k inds 
o f dust a n d s m o k e , is a v e r y s l o w process , a n d the t i m e o f 
set t l ing d o w n through a g i v e n d i s t ance va r i e s i n v e r s e l y as 
the square o f the d i m e n s i o n s o f the par t ic les , the i r dens i ty 
and figure b e i n g the same. I f , h o w e v e r , a c l o u d o f fine 
dust con ta ins so m a n y par t ic les that the mass o f a c u b i c 
f o o t o f dus ty air is sens ib ly g rea te r than that o f a cub ic 
f o o t o f pure air, the dus ty air w i l l d e s c e n d i n mass b e l o w 
the l e v e l o f the pure air l i k e a fluid o f g r e a t e r dens i ty , so 
that a r o o m m a y h a v e its l o w e r ha l f filled w i t h dusty air 
separa ted b y a l e v e l surface f rom the pu re air a b o v e . 

T h e r e are s o m e k inds o f fogs the m e a n dens i ty o f w h i c h 
is g rea te r than that o f the purer air i n the n e i g h b o u r h o o d , 
a n d these l i e l i k e l akes i n h o l l o w s , a n d pou r d o w n va l l eys 
l ike s t reams. O n the o the r hand , the m e a n densi ty o f a 
c l o u d m a y b e less than that o f the sur rounding air, a n d it 
w i l l t hen a scend . 

I n the case o f s m o k e , b o t h the air a n d the s o o t y part icles 
are h e a t e d b y the fire b e f o r e t h e y e scape i n t o the a tmo
sphere , but, i n d e p e n d e n t l y o f this k i n d o f hea t ing , i f the sun 
shines o n a c l o u d o f dust o r s m o k e , the par t ic les absorb 
heat , w h i c h t h e y c o m m u n i c a t e t o the air r o u n d them, and 
thus, t h o u g h the par t ic les t h e m s e l v e s r e m a i n m u c h denser 
than the air i n the n e i g h b o u r h o o d , t h e y m a y cause the c loud 
w h i c h they f o r m t o a p p r o p r i a t e so m u c h o f the sun's heat 
that i t b e c o m e s l igh te r as a w h o l e than t he sur rounding pure 
air, a n d so rises. 

I n the case o f a c l o u d o f w a t e r y par t ic les , bes ides this 
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k i n d o f ac t ion , the re is another , d e p e n d i n g o n the evapora 
t ion f rom the surface o f the l i t t le d rops . T h e v a p o u r o f 
wa te r is m u c h rarer than air. a n d d a m p air is l igh te r than 
d r y air at the s a m e t empera tu re a n d pressure. H e n c e the 
l i t t le d rops m a k e t he air o f the c l o u d d a m p , a n d i f the 
m e a n dens i t y o f the c l o u d is b y this m e a n s m a d e less than 
that o f the sur rounding air, the c l o u d w i l l a scend . 

C H A P T E R X X I I . 

O N T H E M O L E C U L A R T H E O R Y O F T H E CON S T I T U T I O N O F 
BODIES. 

W E h a v e a l r eady s h o w n that hea t is a f o r m o f e n e r g y — t h a t 
w h e n a b o d y is ho t it possesses a s tore o f ene rgy , part at 
leas t o f w h i c h can af terwards b e e x h i b i t e d in the fo rm of 
v i s ib l e w o r k . 

N o w e n e r g y is k n o w n to us in t w o forms. O n e o f thc^e 
is K i n e t i c E n e r g y , the e n e r g y o f m o t i o n . A b o d y i n m o t i o n 
has k ine t i c e n e r g y , w h i c h it must c o m m u n i c a t e to s o m e 
o ther b o d y dur ing t he p rocess o f b r i n g i n g it to rest . T h i s 
is the fundamenta l f o r m o f energy . W h e n w e h a v e a c q u i r e d 
the n o t i o n o f mat te r in m o t i o n , and k n o w w h a t is m e a n t b y 
the e n e r g y o f that m o t i o n , w e are unab le t o c o n c e i v e that 
any poss ib l e a d d i t i o n t o our k n o w l e d g e c o u l d e x p l a i n the 
e n e r g y o f m o t i o n , o r g i v e us a m o r e pe r fec t k n o w l e d g e o f i t 
than w e h a v e a l r eady . 

T h e r e is ano the r f o r m o f e n e r g y w h i c h a b o d y m a y h a v e , 
w h i c h d e p e n d s , no t o n its o w n state, but o n its pos i t i on 
w i th r e spec t to o the r b o d i e s . T h i s is c a l l e d P o t e n t i a l 
E n e r g y . T h e l e a d e n w e i g h t o f a c l o c k , w h e n it is w o u n d 
up, has po t en t i a l ene rgy , w h i c h it loses as it descends . I t 
is spent in d r i v i n g t he c lock . T h i s energy d e p e n d s , n o t o n 
the p i e c e o f l e a d c o n s i d e r e d in itself, but on the p o s i t i o n of 
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the l e a d w i t h r e s p e c t t o ano the r b o d y — t h e earth—•which 
attracts it. 

I n a watch , the ma insp r ing , w h e n w o u n d up, has p o t e n 
tial ene rgy , wh ich it spends in d r i v i n g the w h e e l s o f the 
w a t c h . T h i s e n e r g y arises f r o m the c o i l i n g up o f the 
spring, w h i c h alters the r e l a t i ve pos i t i on o f its parts. I n 
b o t h cases, unt i l the c l o c k o r w a t c h is set a g o i n g , the 
ex i s t ence o f p o t e n t i a l e n e r g y , w h e t h e r in the c l o c k - w e i g h t 
or in the wa tch - sp r ing , is n o t a c c o m p a n i e d w i t h any v i s i b l e 
m o t i o n . W e mus t therefore a d m i t that po ten t i a l ene rgy can 
exis t in a b o d y o r sys tem all w h o s e parts are at rest. 

I t is t o b e o b s e r v e d , h o w e v e r , that the p rogress o f sc ience 
is con t inua l ly o p e n i n g up n e w v i e w s o f the forms a n d 
re la t ions o f d i f ferent k inds o f p o t e n t i a l e n e r g y , a n d that 
m e n o f sc ience , so far f rom f e e l i n g that the i r k n o w l e d g e o f 
p o t e n t i a l e n e r g y is pe r fec t in k i n d , a n d i n c a p a b l e o f essential 
change , a re a l w a y s e n d e a v o u r i n g to e x p l a i n the d i f ferent 
fo rms o f po t en t i a l e n e r g y ; a n d i f these exp lana t ions arc in 
any case c o n d e m n e d , i t is because t h e y fail t o g i v e a suffi
c ien t r eason for t he fact, a n d n o t because the fact requires 
n o exp l ana t i on . 

W e h a v e n o w t o d e t e r m i n e t o w h i c h o f these forms o f 
e n e r g y heat , as i t exis ts in h o t b o d i e s , is t o b e refer red . I s 
a h o t b o d y , l ike a co i l ed -up watch-spr ing , d e v o i d o f m o t i o n 
at present , bu t c a p a b l e o f e x c i t i n g m o t i o n u n d e r p r o p e r 
c o n d i t i o n s ? or is i t l i k e a f l y - w h e e l , w h i c h de r ives all its 
t r e m e n d o u s p o w e r f rom the v i s i b l e m o t i o n w i t h w h i c h it is 
a n i m a t e d ? 

I t is manifes t that a b o d y m a y b e h o t w i t h o u t any m o t i o n 
b e i n g v i s ib l e , e i ther o f the b o d y as a w h o l e , o r o f its parts 
r e l a t i ve ly to e a c h other . I f , t he re fo re , the b o d y is ho t 
in vi r tue o f m o t i o n , the m o t i o n must b e car r ied o n b y parts 
o f the b o d y t o o m i n u t e t o b e s een separa te ly , and within 
l imi ts so n a r r o w that w e c a n n o t d e t e c t the absence o f any 
par t f rom its o r ig ina l p l a c e . 

T h e e v i d e n c e for a state o f m o t i o n , the v e l o c i t y o f which 
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must far surpass that o f a r a i l w a y train, ex i s t ing in b o d i e s 
w h i c h w e can p l a c e under the s t rongest m i c r o s c o p e , a n d in 
w h i c h w e can de t ec t n o t h i n g but the m o s t per fec t r e p o s e , 
mus t b e o f a v e r y c o g e n t nature b e f o r e w e can a d m i t that 
hea t is essent ia l ly m o t i o n . 

L e t us the re fore c o n s i d e r the a l t e rna t ive hypo thes i s—tha t 
the e n e r g y o f a h o t b o d y is po t en t i a l e n e r g y , or , i n o ther 
w o r d s , that the h o t b o d y is in a state o f rest, b u t that this 
state o f rest d e p e n d s o n the an tagon i sm o f forces w h i c h 
are i n e q u i l i b r i u m as l o n g as all surrounding b o d i e s are 
o f the s a m e t empera tu re , bu t w h i c h as soon as this equi 
l i b r i u m is d e s t r o y e d are c a p a b l e o f se t t ing b o d i e s in 
m o t i o n . W i t h r e spec t t o a t h e o r y o f this k i n d , it is to b e 
o b s e r v e d that po t en t i a l e n e r g y d e p e n d s essent ia l ly o n the 
r e l a t i ve p o s i t i o n o f the par ts o f the sys tem in w h i c h it exists, 
a n d that p o t e n t i a l e n e r g y c a n n o t b e t r ans fo rmed in any 
w a y w i t h o u t s o m e c h a n g e o f the r e l a t ive pos i t i on o f these 
parts. I n e v e r y t ransformat ion o f po t en t i a l ene rgy , therefore , 
m o t i o n o f s o m e k i n d is i n v o l v e d . 

N o w w e k n o w that w h e n e v e r o n e b o d y o f a sys tem is 
ho t te r than another , hea t is t ransferred f rom the ho t te r t o 
the c o l d e r b o d y , e i ther b y c o n d u c t i o n or b y radia t ion . L e t 
us suppose that the transfer takes p l a c e b y rad ia t ion . 
W h a t e v e r t heo ry w e a d o p t abou t the k i n d o f m o t i o n w h i c h 
const i tutes rad ia t ion , i t is mani fes t that rad ia t ion consists o f 
m o t i o n o f s o m e k i n d , e i ther the p r o j e c t i o n o f t he par t ic les 
o f a subs tance c a l l e d c a l o r i c across the i n t e r v e n i n g space, or 
a w a v e - l i k e m o t i o n p r o p a g a t e d th rough a m e d i u m fi l l ing that 
space. I n e i ther case, dur ing the in te rva l b e t w e e n the t i m e 
w h e n the hea t l e a v e s the h o t b o d y a n d the t ime w h e n it 
reaches the c o l d b o d y , its e n e r g y exists in the in t e rven ing 
space in t he f o r m o f the m o t i o n o f matter . 

H e n c e , w h e t h e r w c cons ide r the rad ia t ion o f hea t as 
e f fec ted b y the p r o j e c t i o n o f mater ia l ca lor ic , or b y the 
undula t ions o f an i n t e r v e n i n g m e d i u m , the outer surface o f 
a ho t b o d y mus t b e i n a state o f m o t i o n , p r o v i d e d any c o l a 
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b o d y is in its n e i g h b o u r h o o d to r e c e i v e the radia t ions w h i c h 
it emits . Bu t w e h a v e n o reason to b e l i e v e that the pre
sence o f a c o l d b o d y is essential to the rad ia t ion o f hea t b y 
a ho t one . W h a t e v e r b e the m o d e in w h i c h the ho t b o d y 
shoots forth its heat, it must d e p e n d o n the state o f the ho t 
b o d y a lone , a n d n o t o n the ex i s t ence o f a c o l d b o d y at a 
dis tance, so that e v e n i f all the b o d i e s i n a c l o s e d r e g i o n 
w e r e e q u a l l y ho t , e v e r y o n e o f t h e m w o u l d b e rad ia t ing 
h e a t ; a n d the reason w h y each b o d y r ema ins o f the same 
tempera ture is, that it r ece ives f rom the o the r b o d i e s exac t ly 
as much hea t as i t emi ts . T h i s , in fact, is the founda t ion o f 
P revos t ' s T h e o r y o f E x c h a n g e s . W e must the re fore a d m i t 
that at e v e r y part o f the surface o f a h o t b o d y there is a 
rad ia t ion o f heat, a n d therefore a state o f m o t i o n o f the 
superficial parts o f the b o d y . N o w this m o t i o n is ce r ta in ly 
inv is ib le t o us b y any d i rec t m o d e o f o b s e r v a t i o n , a n d 
therefore the m e r e fact o f a b o d y a p p e a r i n g t o b e at rest 
cannot b e t aken as a d e m o n s t r a t i o n that its parts m a y 
not b e in a state o f m o t i o n . 

H e n c e part, at least, o f the e n e r g y o f a h o t b o d y mus t be 
ene rgy ar is ing f rom the m o t i o n o f its parts, or k i n e t i c energy . 

T h e conc lu s ion at w h i c h w e shall a r r ive , that a ve ry 
cons ide rab le part o f the e n e r g y o f a h o t b o d y is in the form 
o f mo t ion , w i l l b e c o m e m o r e e v i d e n t w h e n w e cons ide r the 
thermal e n e r g y o f gases. 

E v e r y h o t b o d y , therefore , is in m o t i o n . W e h a v e next 
to enqui re in to the nature o f this m o t i o n . I t is ev iden t ly 
no t a m o t i o n o f the w h o l e b o d y i n o n e d i r ec t ion , for how
ever smal l w e m a k e the b o d y by m e c h a n i c a l processes , each 
v i s ib le par t i c le r ema ins appa ren t l y i n the s a m e p lace , how
eve r h o t it is. T h e m o t i o n w h i c h w e ca l l hea t must there
fore b e a m o t i o n o f parts t o o smal l to b e o b s e r v e d separately ; 
the m o t i o n s o f d i f ferent parts at the s a m e instant must be 
in different d i rec t ions ; and the m o t i o n o f any o n e part must, 
at least in so l id b o d i e s , b e such that, h o w e v e r fast it m o v e s , 
it n e v e r r eaches a sens ib le d i s tance f rom the po in t from 
w h i c h it started. 
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W e h a v e n o w a r r i v e d at the c o n c e p t i o n o f a b o d y as 
cons is t ing o f a g rea t m a n y smal l parts , e a c h o f w h i c h is i n 
m o t i o n . W e shall ca l l any o n e o f these parts a m o l e c u l e o f 
the substance. A m o l e c u l e m a y the re fo re b e d e f i n e d as a 
smal l mass o f mat te r the parts o f w h i c h d o n o t par t c o m 
p a n y dur ing the excurs ions w h i c h the m o l e c u l e m a k e s w h e n 
the b o d y t o w h i c h it b e l o n g s is hot . 

T h e d o c t r i n e that v i s i b l e b o d i e s consis t o f a d e t e r m i n a t e 
n u m b e r o f m o l e c u l e s is c a l l ed the m o l e c u l a r t heo ry o f mat ter . 
T h e o p p o s i t e doc t r i ne is that, h o w e v e r smal l the parts m a y 
b e in to w h i c h w e d i v i d e a b o d y , each par t re tains a l l t he 
p roper t i e s o f the substance. T h i s is the t h e o r y o f t he 
infini te d iv i s ib i l i ty o f b o d i e s . W e d o n o t assert that there 
is an abso lu te l im i t to the d iv i s ib i l i t y o f ma t t e r : wha t w e 
assert is, that after w e h a v e d i v i d e d a b o d y in to a cer ta in 
finite n u m b e r o f cons t i tuent parts c a l l e d m o l e c u l e s , t hen 
a n y further d i v i s i o n o f these m o l e c u l e s w i l l d e p r i v e Uhem 
o f the p roper t i e s w h i c h g i v e rise t o the p h e n o m e n a o b 
se rved in t he substance. 

T h e o p i n i o n that the o b s e r v e d p rope r t i e s o f v i s ib l e b o d i e s 
apparen t ly at res t are due to the ac t i on o f i nv i s ib l e m o l e 
cules in r a p i d m o t i o n is t o b e found in Luc re t i u s . 

D a n i e l Be rnou l l i w a s the first to sugges t that the pressure 
o f air is d u e t o the i m p a c t o f its par t ic les o n the s ides o f 
the ve s se l c o n t a i n i n g i t ; but he m a d e v e r y l i t t le p rogress i n 
the t h e o r y w h i c h he sugges ted . 

L e s a g e and P r e v o s t o f G e n e v a , a n d af terwards H e r a p a t h 
in his ' M a t h e m a t i c a l P h y s i c s , ' m a d e severa l impor t an t appl i 
ca t ions o f the theory . 

D r . Jou l e in 1848 e x p l a i n e d the pressure o f gases b y the 
i m p a c t o f their mo lecu le s , and ca lcu la ted the v e l o c i t y w h i c h 
t h e y must h a v e to p r o d u c e the o b s e r v e d pressure. 

K r o n i g also d i r e c t e d a t tent ion t o this exp l ana t i on o f the 
p h e n o m e n a o f gases. 

I t is t o Professor Clausius, h o w e v e r , that w e o w e the r e c e n t 
• d e v e l o p m e n t o f the d y n a m i c a l t h e o r y o f gases . S i n c e h e 

x 
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t o o k up the subjec t a g rea t a d v a n c e has b e e n m a d e b y 
m a n y enquirers . I shall n o w e n d e a v o u r to g i v e a ske tch o f 
the presen t state o f the theory . 

A l l b o d i e s consis t o f a f ini te n u m b e r o f smal l parts ca l l ed 
m o l e c u l e s . E v e r y m o l e c u l e consists o f a def in i te quant i ty 
o f matter , w h i c h is e x a c t l y the same for a l l the m o l e c u l e s o f 
the s a m e substance. T h e m o d e in w h i c h the m o l e c u l e is 
b o u n d t o g e t h e r is a l so the same for all m o l e c u l e s o f the 
s a m e substance. A m o l e c u l e m a y consis t o f severa l dist inct 
p o r t i o n s o f ma t t e r h e l d t o g e t h e r b y c h e m i c a l b o n d s , and 
m a y b e set in v i b r a t i o n , ro ta t ion , o r a n y o the r k i n d o f 
r e l a t ive m o t i o n , but so l o n g as the different po r t ions d o 
no t par t c o m p a n y , bu t t r ave l t o g e t h e r in the excurs ions 
m a d e b y the m o l e c u l e , our t h e o r y cal ls the w h o l e c o n n e c t e d 
mass a s ing le m o l e c u l e . 

T h e m o l e c u l e s o f all b o d i e s a re i n a s tate o f cont inual 
ag i ta t ion . T h e ho t t e r a b o d y is, the m o r e v i o l e n t l y are its 
m o l e c u l e s ag i ta ted . I n so l id b o d i e s , a m o l e c u l e , t hough in 
con t inua l m o t i o n , n e v e r ge ts b e y o n d a cer ta in v e r y smal l 
d i s t ance f r o m its o r ig ina l p o s i t i o n in t he b o d y . T h e path 
w h i c h i t desc r ibes is c o n f i n e d w i t h i n a v e r y smal l r e g i o n 
o f space . 

I n fluids, o n the o the r hand , there is n o such res t r ic t ion 
t o the excurs ions o f a m o l e c u l e . I t is t rue that the m o l e 
cu le g e n e r a l l y c a n t rave l but a v e r y smal l d i s tance be fo re 
its pa th is d i s tu rbed b y an encoun te r w i t h s o m e o the r m o l e 
cu le ; bu t after this e n c o u n t e r t he re is n o t h i n g w h i c h deter
m i n e s the m o l e c u l e rather t o re turn towards the p l ace f rom 
w h e n c e i t c a m e than t o push its w a y in to n e w reg ions . 
H e n c e i n fluids the pa th o f a m o l e c u l e is n o t con f ined 
w i t h i n a l i m i t e d r e g i o n , as i n the case o f sol ids , but m a y 
p e n e t r a t e t o a n y par t o f the space o c c u p i e d b y the fluid. 

T h e actual p h e n o m e n a o f diffusion b o t h in l iquids and 
in gases furnish the s t ronges t e v i d e n c e that these b o d i e s 
consis t o f m o l e c u l e s in a s tate o f cont inua l ag i ta t ion . 

Bu t w h e n w e a p p l y the m e t h o d s o f d y n a m i c s t o the 
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i n v e s t i g a t i o n o f the p roper t i e s o f a sys tem consis t ing o f a 
grea t n u m b e r o f smal l b o d i e s in m o t i o n t he r e s e m b l a n c e 
o f such a sys tem to a gaseous b o d y b e c o m e s still m o r e 
apparen t . 

I shall e n d e a v o u r to g i v e s o m e accoun t o f w h a t is k n o w n 
o f such a system, a v o i d i n g all unnecessa ry ma thema t i ca l 
ca lcula t ions . 

O N T H E K I N E T I C T H E O R Y OF G A S E S . 

A gaseous b o d y is s u p p o s e d t o consist o f a g rea t number 
o f m o l e c u l e s m o v i n g w i th g rea t v e l o c i t y . D u r i n g the greater 
par t o f their course these m o l e c u l e s are no t a c t e d o n b y any 
sensible fo rce , a n d there fore m o v e in straight l ines w i th 
uniform v e l o c i t y . W h e n t w o m o l e c u l e s c o m e wi th in a 
certain d is tance o f each other, a mutual ac t ion takes p l a c e 
b e t w e e n t h e m , w h i c h m a y b e c o m p a r e d t o the co l l i s ion o f 
t w o bi l l ia rd balls . E a c h m o l e c u l e has its course c h a n g e d , 
and starts o n a n e w pa th . I h a v e c o n c l u d e d f rom s o m e 
expe r imen t s o f m y own- that the co l l i s i on b e t w e e n t w o hard 
spherical bal ls is n o t an accurate represen ta t ion o f wha t 
takes p l a c e dur ing the encounte r o f t w o molecu les . A 
be t t e r representa t ion o f such an encoun te r w i l l b e o b t a i n e d 
b y suppos ing the m o l e c u l e s t o act o n o n e another in a m o r e 
gradual manner , so that the ac t ion b e t w e e n them g o e s o n for 
a finite t ime , dur ing w h i c h the cent res o f the mo lecu le s first 
app roach each o the r a n d then separate. 

W e shall refer t o this mutual ac t ion as an Encoun te r 
b e t w e e n t w o m o l e c u l e s , a n d w e shall cal l the course o f a 
m o l e c u l e b e t w e e n o n e encoun te r and another the F r e e P a t h 
o f the m o l e c u l e . I n o rd ina ry gases the free m o t i o n o f a 
m o l e c u l e takes up m u c h m o r e t i m e than that o c c u p i e d b y an 
encounter . A s the dens i ty o f t h e gas increases , the free path 
diminishes , a n d in l iqu ids n o par t o f the course o f a m o l e c u l e 
can b e s p o k e n o f as its free path. 

I n an encounte r b e t w e e n t w o m o l e c u l e s w e k n o w that, 

since the f o r c e o f the impac t acts b e t w e e n the t w o b o d i e s , 
x 2 
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the m o t i o n o f the cen t re o f g r av i t y o f the t w o m o l e c u l e s 
remains the same after the encoun te r as it was b e f o r e . W e 
also k n o w b y the p r inc ip le o f the conse rva t ion o f e n e r g y that 
the v e l o c i t y o f each m o l e c u l e r e l a t i v e l y to t he cen t r e o f 
g r av i t y r ema ins the same in m a g n i t u d e , a n d is o n l y c h a n g e d 
in d i r ec t ion . 

L e t us n e x t suppose a n u m b e r o f m o l e c u l e s in m o t i o n 
c o n t a i n e d in a vessel w h o s e sides are such that i f a n y 
e n e r g y is c o m m u n i c a t e d t o the vesse l b y the encounters o f 
m o l e c u l e s agains t its s ides, the vesse l c o m m u n i c a t e s as 
m u c h e n e r g y to o the r m o l e c u l e s dur ing their encounters 
wi th it, so as t o p r e s e r v e the to ta l e n e r g y o f the e n c l o s e d 
system. T h e first th ing w e must n o t i c e a b o u t this m o v i n g 
sys tem is that e v e n i f a l l the m o l e c u l e s h a v e the same v e l o 
c i ty or ig ina l ly , their encounters w i l l p r o d u c e an inequa l i ty 
o f v e l o c i t y , a n d that this dis t r ibut ion o f v e l o c i t y wi l l g o o n 
cont inual ly . E v e r y m o l e c u l e wi l l then c h a n g e b o t h its 
d i r ec t i on a n d its v e l o c i t y at e v e r y e n c o u n t e r ; and , as w e 
are no t supposed to k e e p a r e c o r d o f the exac t part iculars 
o f e v e r y encounter , these changes o f m o t i o n must a p p e a r to 
us v e r y i r regular i f w e f o l l o w the course o f a s ing le m o l e c u l e . 
If, h o w e v e r , w e a d o p t a statistical v i e w o f the sys tem, and 
distr ibute the m o l e c u l e s ' i n to groups , a c c o r d i n g to the 
v e l o c i t y w i th w h i c h at a g i v e n instant they h a p p e n to be 
m o v i n g , w e shall o b s e r v e a regula r i ty o f a n e w k i n d in the 
p ropor t ions o f the w h o l e n u m b e r o f m o l e c u l e s w h i c h fall in to 
each o f these groups . 

A n d here I wish t o p o i n t out that, in a d o p t i n g this 
statistical m e t h o d o f cons ide r ing t he a v e r a g e n u m b e r o f 
g roups o f m o l e c u l e s s e l e c t e d a c c o r d i n g t o their ve loc i t i e s , w e 
h a v e a b a n d o n e d the strict k i n e t i c m e t h o d o f t racing the 
exac t c i rcumstances o f each i nd iv idua l m o l e c u l e in all its 
encounters . I t is the re fore poss ib l e that w e m a y ar r ive at 
results wh ich , t h o u g h t h e y fair ly r ep resen t the facts as l o n g 
as w e are s u p p o s e d t o dea l w i t h a gas in mass, w o u l d cease 
to b e a p p l i c a b l e i f our faculties a n d instruments w e r e so 
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sharpened that w e c o u l d d e t e c t a n d l a y h o l d o f each m o l e 
cu le a n d t race it th rough all its course. 

F o r the s a m e reason , a t heo ry o f the effects o f educa t ion 
d e d u c e d f rom a s tudy o f the returns o f registrars, in w h i c h n o 
n a m e s o f i nd iv idua l s a r e g i v e n , m i g h t b e found no t to b e 
a p p l i c a b l e t o t he e x p e r i e n c e o f a schoo lmas te r w h o is a b l e 
t o t race the p rogress o f each ind iv idua l pupi l . 

T h e d is t r ibut ion o f the m o l e c u l e s a c c o r d i n g to their v e l o c i 
ties is found t o b e o f e x a c t l y the same ma themat i ca l fo rm as 
the dis t r ibut ion o f obse rva t ions a c c o r d i n g t o the m a g n i t u d e of 
their errors, as d e s c r i b e d in the t h e o r y o f errors o f o b s e r v a t i o n . 
T h e dis t r ibut ion o f bul le t -holes in a target a c c o r d i n g to their 
dis tances f rom the p o i n t a i m e d at is found t o b e o f the same 
form, p r o v i d e d a grea t m a n y shots a re f i red b y persons o f 
the same d e g r e e o f skill . 

W e h a v e a l r eady m e t wi th the same f o r m in the case o f 
heat diffused f rom a h o t stratum b y c o n d u c t i o n . W h e n e v e r 
in phys ica l p h e n o m e n a s o m e cause exists o v e r w h i c h w e 
h a v e n o con t ro l , a n d w h i c h p r o d u c e s a scat ter ing o f the 
par t ic les o f matter , a d e v i a t i o n o f observa t ions f rom the truth, 
or a diffusion o f v e l o c i t y o r o f heat, ma themat i ca l express ions 
o f this e x p o n e n t i a l f o rm are sure t o m a k e their appea rance . 

It appears then that o f the m o l e c u l e s c o m p o s i n g the 
sys tem s o m e are m o v i n g v e r y s lowly , a v e r y f ew are m o v i n g 
wi th eno rmous v e l o c i t i e s , and the grea ter n u m b e r wi th inter
m e d i a t e ve loc i t i e s . T o c o m p a r e o n e such sys tem wi th 
another , the best m e t h o d is to take the m e a n o f the squares 
o f all the ve loc i t i e s . T h i s quant i ty is c a l l e d the M e a n Square 
o f the v e l o c i t y . T h e square r o o t o f this quant i ty is ca l l ed 
the V e l o c i t y o f M e a n Square . 

D I S T R I B U T I O N OF K I N E T I C E N E R G Y B E T W E E N T W O 

D I F F F . R F . N T SETS OF M O L E C U L E S . 

I f t w o sets o f m o l e c u l e s w h o s e mass is different are in 

m o t i o n in the s a m e vesse l , t h e y w i l l b y their encounte rs 
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e x c h a n g e e n e r g y w i th e a c h o the r till the a v e r a g e k ine t ic 
e n e r g y o f a s ingle m o l e c u l e o f e i ther set is the same . T h i s 
f o l l o w s f rom the same inves t i ga t i on w h i c h de t e rmines the 
l aw o f d is t r ibut ion o f v e l o c i t i e s i n a s ingle set o f m o l e c u l e s . 

H e n c e i f the mass o f a m o l e c u l e o f o n e k i n d is M L ; a n d 
that o f a m o l e c u l e o f the o the r k i n d is M 2 , a n d i f their a v e r a g e 
ve loc i t i e s o f ag i ta t ion a re v , a n d V g , t hen 

M j V j 2 = M 2 V 2

2 ( l ) 

T h e quan t i ty \ M V 2 is c a l l e d t he a v e r a g e k i n e t i c e n e r g y 

o f ag i ta t ion o f a s ingle m o l e c u l e . W e shall re turn t o this 

result w h e n w e c o m e to G a y - L u s s a c ' s L a w o f the V o l u m e s 

o f Gases . 

I N T E R N A L K I N E T I C E N E R G Y OF A M O L E C U L E . 

I f a m o l e c u l e w e r e a m a t h e m a t i c a l p o i n t e n d o w e d wi th 
iner t ia and w i th a t t rac t ive a n d r epu l s ive forces , the o n l y 
k ine t i c e n e r g y it c o u l d possess is that o f t ranslat ion as a 
w h o l e . But i f i t b e a b o d y h a v i n g parts a n d m a g n i t u d e , 
these parts m a y h a v e m o t i o n s o f ro t a t i on or o f v i b r a t i o n 
r e l a t i v e t o each o ther , i n d e p e n d e n t o f the m o t i o n o f the 
cen t re o f g r a v i t y o f the m o l e c u l e . W e must the re fore a d m i t 
that par t o f the k ine t i c e n e r g y o f a m o l e c u l e m a y d e p e n d o n 
the r e l a t i ve m o t i o n s o f its parts. W e ca l l this the In t e rna l 
ene rgy , to dis t inguish it f r o m the e n e r g y due to the trans
la t ion o f the m o l e c u l e as a w h o l e . T h e ra t io o f the internal 
e n e r g y to the e n e r g y o f ag i t a t ion m a y be d i f ferent in 
different .gases. 

D E F I N I T I O N O F T H E V E L O C I T Y O F A G A S . 

I t is e v i d e n t that i f a gas consis ts o f a grea t n u m b e r o f 
m o l e c u l e s m o v i n g about in a l l d i r ec t ions w e c a n n o t iden t i fy 
the v e l o c i t y o f any o n e o f these m o l e c u l e s w i th wha t w e are 
a c c u s t o m e d t o c o n s i d e r as the v e l o c i t y o f the gas itself. 
L e t us c o n s i d e r the case o f a gas w h i c h has r e m a i n e d in a 
fixed vesse l for a sufficient t i m e to a r r ive a t the n o r m a l 
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dis t r ibut ion o f v e l o c i t i e s . T h i s gas, a c c o r d i n g t o the o rd i 
na ry no t ions , is at rest, t h o u g h the m o l e c u l e s o f w h i c h it is 
c o m p o s e d m a y b e f ly ing abou t in all d i rec t ions . 

N o w cons ide r a n y p l a n e area o f an imag ina ry surface 
d e s c r i b e d w i t h i n the vesse l . T h i s surface d o e s n o t interfere 
w i th the m o t i o n o f the mo lecu l e s . S o m e m o l e c u l e s pass 
th rough the surface in o n e d i rec t ion , a n d others in the 
o p p o s i t e d i r ec t i on • but it is e v i d e n t , s ince the gas d o e s n o t 
t end to accumula t e on o n e s ide ra ther than on the other , 
that e x a c t l y the s a m e n u m b e r o f m o l e c u l e s pass in t he o n e 
d i r ec t ion as in the other . If, therefore , a gas is at rest, as 
m a n y m o l e c u l e s pass th rough a fixed surface in the o n e 
d i rec t ion as in the o the r in the same t ime . 

I t is e v i d e n t that i f the vesse l , ins tead o f b e i n g at rest , h a d 
b e e n in a state o f un i fo rm m o t i o n , an equal n u m b e r o f m o l e 
cules w o u l d pass in b o t h d i rec t ions th rough any surface 
fixed wi th r e spec t t o the vesse l . H e n c e w e find that i f a 
gas is in m o t i o n , a n d i f the v e l o c i t y o f ' a surface c o i n c i d e s in 
d i r ec t ion a n d m a g n i t u d e wi th that o f the gas , the same 
number o f m o l e c u l e s w i l l pass th rough that surface i n the 
pos i t ive d i r ec t ion as in the n e g a t i v e . 

T h i s l eads to the f o l l o w i n g def in i t ion o f the v e l o c i t y o f a 
gas : 

I f w e d e t e r m i n e the m o t i o n o f the cen t re o f g r a v i t y o f a l l 
the m o l e c u l e s wi th in a v e r y small r e g i o n surrounding a p o i n t 
in a gas, t h e n the v e l o c i t y o f the gas wi th in that r e g i o n is 
de f ined as the v e l o c i t y o f the*centre o f g r av i t y o f all the m o l e 
cules w i th in that r e g i o n . 

T h i s is wha t is mean t b y the m o t i o n o f a gas in c o m m o n 
language . Bes ides this m o t i o n , there are t w o o ther k inds o f 
m o t i o n c o n s i d e r e d in the k ine t i c theory o f gases . T h e first is 
the m o t i o n o f ag i ta t ion o f the mo lecu l e s . T h i s is the h i ther to 
inv i s ib le m o t i o n o f t he m o l e c u l e c o n s i d e r e d as a w h o l e . 
I t s course consis ts o f b r o k e n por t ions , c a l l ed free paths, 
in te r rupted b y the encounters b e t w e e n different mo lecu l e s . 

T h e s e c o n d is the internal m o t i o n o f each m o l e c u l e , 
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consis t ing par t ly o f ro ta t ion a n d par t ly o f v ibra t ions a m o n g 

the c o m p o n e n t parts o f the m o l e c u l e . 

T h e v e l o c i t y o f the cen t re o f g r a v i t y o f a m o l e c u l e is the 

resultant o f the v e l o c i t y o f the gas a n d the v e l o c i t y o f agi ta

t i on o f the ind iv idua l m o l e c u l e at t he g i v e n instant. T h e 

v e l o c i t y o f a cons t i tuent par t o f a m o l e c u l e is the resul tant 

o f the v e l o c i t y o f its cen t re o f g r a v i t y a n d the v e l o c i t y o f 

the cons t i tuent par t r e l a t i v e l y t o t he cen t r e o f g r a v i t y o f the 

m o l e c u l e . 

T H E O R Y O F T H E P R E S S U R E O F A G A S . 

L e t us c o n s i d e r t w o po r t i ons o f a gas separa ted b y a p l a n e 
surface w h i c h m o v e s w i th the s a m e v e l o c i t y as 

F I G . 41. g a s ^ - ^ y e h ayg s e e n that in this case the 

n u m b e r o f m o l e c u l e s w h i c h pass th rough the 
p l a n e i n o p p o s i t e d i rec t ions is the same. 

E a c h m o l e c u l e in c ross ing the p l a n e f rom 
the r e g i o n A to the r e g i o n B enters the s e c o n d 

r e g i o n in p r e c i s e l y the same, state as i t l eaves the first. I t 
therefore carr ies o v e r i n t o t he r e g i o n B, n o t o n l y its mass , 
but its m o m e n t u m and its k ine t i c e n e r g y . H e n c e , i f w e 
c o n s i d e r the quan t i ty o f m o m e n t u m in a g i v e n d i r e c t i o n 
ex is t ing at a n y instant in the par t ic les in the r e g i o n B , this 
quant i ty w i l l b e a l t e r ed w h e n e v e r a m o l e c u l e crosses the 
b o u n d a r y , ca r ry ing its m o m e n t u m a l o n g w i t h it. 

N o w le t us c o n s i d e r all the m o l e c u l e s w h o s e v e l o c i t y 
differs b y less than a cer ta in quant i ty , c, f r om a g i v e n v e l o c i t y 
the c o m p o n e n t s o f w h i c h are u in the d i r ec t i on pe rpen
d icu la r t o t he p l a n e f rom A towards B , a n d v and w in t w o 
o the r d i r ec t ions para l le l t o the p lane . L e t the re b e N 
m o l e c u l e s w h o s e v e l o c i t y is w i t h i n these l imi ts in e v e r y unit 
o f v o l u m e , and le t the mass o f each o f these b e M. 

T h e n the n u m b e r o f these m o l e c u l e s w h i c h wi l l c ross unit 
o f area o f the p l ane f rom A to B i n unit o f t i m e is 

N «. 
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T h e m o m e n t u m o f e a c h o f these m o l e c u l e s r e s o l v e d in 
the d i r e c t i o n A E is M U. 

H e n c e the m o m e n t u m in this d i r e c t i o n c o m m u n i c a t e d to 
the r e g i o n B in unit o f t i m e is 

M N u3. 

Since this b o m b a r d m e n t o f the r e g i o n B d o e s n o t p r o 

d u c e m o t i o n o f the gas , a pressure must b e e x e r t e d o n 

the gas b y the s ides o f the vesse l , a n d the a m o u n t o f this 

pressure for e v e r y uni t o f area must b e M N U*. 

T h e r e g i o n A loses p o s i t i v e m o m e n t u m at t he s a m e rate, 

a n d in o r d e r t o p r e s e r v e equ i l ib r ium there must b e a pressure 

equa l to M N U2 o n e v e r y unit o f area o f the surface o f the 

r e g i o n A. 
H i t h e r t o w e h a v e c o n s i d e r e d o n l y o n e g r o u p o f m o l e c u l e s , 

w h o s e v e l o c i t i e s l i e b e t w e e n g i v e n l imi ts . I n e v e r y such 

g r o u p that w h i c h d e t e r m i n e s the pressure in the d i r ec t ion A B 
o n the surface separa t ing A f r om B is a quan t i ty o f the fo rm 

M N u2, w h e r e N is the n u m b e r o f m o l e c u l e s in the g r o u p , a n d 

u is the v e l o c i t y o f each m o l e c u l e r e s o l v e d in the d i r e c t i o n 

A B . T h e o the r c o m p o n e n t s o f the v e l o c i t y d o n o t inf luence 

the pressure in this d i r e c t i o n . 

T o find the w h o l e pressure, w e mus t f ind the sum o f all 

such express ions as M N U2 for all the g roups o f m o l e c u l e s 

i n the sys tem. W e m a y w r i t e this resul t p = M N U1, w h e r e 

N n o w signif ies the to ta l n u m b e r o f m o l e c u l e s in uni t o f 

v o l u m e , a n d u2 d e n o t e s the m e a n v a l u e o f u2 for all these 

m o l e c u l e s . N o w i f v a is the square o f the v e l o c i t y w i t h o u t 

r e g a r d t o d i r e c t i o n , 

v 2 = u2 + v2 •+- W2, 

w h e r e uvw are the c o m p o n e n t s in three d i rec t ions at r ight 

ang les . H e n c e i f u1, zi2, and 7i>2 d e n o t e the m e a n square o f 

these c o m p o n e n t s , a n d v 2 the m e a n square o f the resultant, 

v a = u2 + 7J 2 + w2. 
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W h e n , a s i n e v e r y gas at rest, the pressure is e q u a l in all 

d i rec t ions , u2 = v 2 — w2, and therefore v 3 = 3 u2. 

H e n c e the pressure o f a gas is 

p = £ M N v 3 (2) 

w h e r e M is the mass o f each m o l e c u l e , N is the n u m b e r o f 

m o l e c u l e s in unit o f v o l u m e , a n d v 2 is t he m e a n square o f 

the v e l o c i t y . 

I n this e x p r e s s i o n there a re t w o quan t i t i e s w h i c h h a v e 

n e v e r b e e n d i r ec t ly m e a s u r e d — t h e mass o f a s ing le m o l e c u l e , 

a n d the n u m b e r o f m o l e c u l e s in uni t o f v o l u m e . Bu t w e 

have he re t o d o w i t h the p r o d u c t o f these quant i t ies , w h i c h 

is e v i d e n t l y t he mass o f the substance in uni t o f v o l u m e , or, in 

o the r w o r d s , its dens i ty . H e n c e w e m a y w r i t e the express ion 

/ = a- P (3 ) 

w h e r e p is the dens i ty o f the gas . 

I t is easy f rom this express ion t o d e t e r m i n e , as was first 

d o n e b y Jou le , the m e a n square o f the v e l o c i t y o f the 

m o l e c u l e s o f a gas , for 

v 2 = 3 - ( 4 ) 
P 

w h e r e p is the pressure, a n d p the dens i ty , w h i c h mus t o f 
course b e exp re s sed in t e rms o f the same fundamen ta l units. 

F o r ins tance, u n d e r the a t m o s p h e r i c pressure o f 2 i i 6 , 4 
p o u n d s w e i g h t o n the square foo t , a n d at t he t empera tu re o f 
m e l t i n g i c e , t he dens i t y o f h y d r o g e n is o ' o o s s o a p o u n d s i n 

a cub ic f o o t H e n c e = 378816 in g r a v i t a t i o n units, a n d P 
i f the in tens i ty o f g r a v i t y w h e r e this r e l a t i on was o b s e r v e d 
was 32-2, w e h a v e 

v 2 = 3 6 5 9 3 9 l 6 > 

or, t ak ing the square r o o t o f this quant i ty , 

v = 6097 fee t pe r s e c o n d . 
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T h i s is the v e l o c i t y o f m e a n square for the m o l e c u l e s o f 
h y d r o g e n at 32° F . a n d at the a tmosphe r i c pressure. 

L A W O F B O Y L E . 

T w o b o d i e s are said t o b e o f the same t e m p e r a t u r e 
w h e n there is n o m o r e t e n d e n c y for hea t t o pass f rom the 
first to the s e c o n d than in the r eve r se d i r ec t i on . I n the 
k ine t i c t heo ry o f heat , as w e h a v e seen, this thermal equi l i 
b r ium is es tab l i shed w h e n there is a cer ta in re la t ion b e t w e e n 
the v e l o c i t i e s o f ag i t a t ion o f the m o l e c u l e s o f the t w o b o d i e s . 
H e n c e the t empera tu re o f a gas must d e p e n d o n t he v e l o c i t y 
o f ag i ta t ion o f its m o l e c u l e s , a n d this v e l o c i t y must b e the 
same at the same tempera ture , w h a t e v e r b e the density'. 

I n the express ion / = | p v 1 , the quant i ty v 2 d e p e n d s 
o n l y o n t he t empera tu re as l o n g as the gas remains the 
same. H e n c e w h e n the dens i ty p va r i e s , the pressure p 
must v a r y in the s a m e p r o p o r t i o n . T h i s is B o y l e ' s l aw , 
w h i c h is n o w ra ised f rom the rank o f an e x p e r i m e n t a l fact 
to that o f a d e d u c t i o n f rom the k ine t ic t h e o r y o f gases. 

I f v d e n o t e s the v o l u m e o f unit o f mass , w e m a y w r i t e this 
exp re s s ion 

t * = i v 2 (5) 

N o w p v is p r o p o r t i o n a l t o the abso lu te t empera tu re , as 

measured b y a t h e r m o m e t e r , o f the part icular gas under 

cons ide ra t ion . H e n c e v 2 , the mean square o f the v e l o c i t y o f 

agi ta t ion , is p r o p o r t i o n a l t o the abso lu te t empera ture mea

sured in this w a y . 

L A W O F G A Y - L U S S A C . 

L e t us n e x t c o n s i d e r t w o different gases in - the rmal equi 

l ib r ium. W e h a v e a l r eady s ta ted that i f M j M 2 are the 

masses o f i nd iv idua l m o l e c u l e s o f these gases , a n d v , v 2 

their r e s p e c t i v e v e l o c i t i e s o f ag i ta t ion , i t is necessary for 

thermal equ i l i b r ium that M , V, 2 M 2 V 2

2 b y e q u a t i o n ( 1 ) . 

I f the pressures o f these gases are pl a n d Pi, a n d the 
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number o f molecu les in unit o f v o l u m e N j a n d N 2 , then, b y 

equa t ion ( 2 ) , 

P\ = i M , N T a n d / 2 == £ M a N 2 V 2
S , 

I f the pressures o f the t w o gases arc equa l , 

M i N i v , 2 = M 2 N 2 v 2

2 . 

I f their temperatures a re equal , 

M i V! 2 = M 2 V A
2 . 

D i v i d i n g the terms o f the first o f these equa t ions b y those 

o f the second , w e find 

N j = N 2 ( 6 ) 

or when two gases are at the same pressure and tempera
ture, the number of molecules in unit of volume is the same in 
both gases. 

I f w e pu t p i = M j N | a n d p 2 = M 2 N 2 for the dens i t ies o f 
the t w o gases , then, s ince N , = x 2 , w e g e t 

P i : Pa : : M i : M 2 (7) 

o r the densities of two gases at the same temperature and 
pressure are proportional to the masses of their individual 
molecules. 

T h e s e t w o equ iva len t p ropos i t i ons are the exp re s s ion o f a 
v e r y i m p o r t a n t l a w es tabl ished b y G a y - L u s s a c , that t he d e n 
sities o f gases are p r o p o r t i o n a l t o the i r m o l e c u l a r we igh t s . 

T h e p r o p o r t i o n b y w e i g h t in w h i c h di f ferent substances 
c o m b i n e t o fo rm c h e m i c a l c o m p o u n d s d e p e n d s , a c c o r d i n g to 
D a l t o n ' s a t o m i c theory , o n the w e i g h t s o f their m o l e c u l e s , 
a n d it is o n e o f the m o s t i m p o r t a n t researches in chemis t ry 
t o d e t e r m i n e the p ropo r t i ons o f the we igh t s o f the m o l e c u l e s 
f r o m the p ropor t ions in w h i c h they en te r i n t o c o m b i n a t i o n . 
G a y - L u s s a c d i s c o v e r e d that in the case o f gases the v o l u m e s 
o f the c o m b i n i n g quant i t ies o f d i f ferent gases a lways s tand 
in a s i m p l e ratio to each other . T h i s l a w o f v o l u m e s has 
n o w b e e n ra ised f rom the rank o f an e m p i r i c a l fact t o that o f 
a d e d u c t i o n f rom our theory , a n d w e m a y n o w assert, as a 
d y n a m i c a l p ropos i t i on , that the we igh t s o f the m o l e c u l e s o f 
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gases ( that is, those smal l po r t i ons w h i c h d o n o t part c o m 
p a n y dur ing their m o t i o n ) are p r o p o r t i o n a l t o the dens i t ies 
o f these gases at s tandard t empera tu re and pressure. 

L A W O F C H A R L E S . 

W e must n e x t c o n s i d e r the effect o f changes o f t empera tu re 

o n di f ferent gases . S i n c e at a l l t empera tures , w h e n there is 

t he rma l equ i l i b r i um, 

M , V j 2 = M 2 v 2

2 ; 

and s ince the abso lu te t empera tu re , as m e a s u r e d b y a gas 

t h e r m o m e t e r , is p r o p o r t i o n a l t o v , a w h e n the gas is o f the 

first k ind , a n d t o v 2

2 w h e n the gas is o f the s e c o n d k i n d ; i t 

f o l l o w s , s ince V j 2 is i t se l f p r o p o r t i o n a l t o v 2

2 , that the 

abso lu te tempera tures , as measu red b y the t w o t h e r m o m e t e r s , 

are p r o p o r t i o n a l , a n d i f t h e y a g r e e at a n y o n e t empera tu re 

(as the f r eez ing p o i n t ) , t h e y a g r e e th roughout . T h i s is 

the l a w o f the equa l d i l a ta t ion o f gases d i s c o v e r e d b y 

Char les . 

. K I N E T I C E N E R G Y O F A M O L E C U L E . 

T h e m e a n k ine t i c e n e r g y o f ag i ta t ion o f a m o l e c u l e is the 
p r o d u c t o f its mass b y ha l f the m e a n square o f its v e l o c i t y , o r 

\ M v 2 . 

T h i s is the e n e r g y d u e t o the m o t i o n o f the m o l e c u l e as a 
w h o l e , bu t its parts m a y b e i n a state o f r e l a t i v e m o t i o n . I f 
w e assume, w i t h Clausius, that the e n e r g y due t o this 
internal m o t i o n o f the parts o f the m o l e c u l e t ends t owards a 
va lue h a v i n g a cons tan t ra t io to the e n e r g y o f agi ta t ion , t he 
w h o l e e n e r g y wi l l b e p r o p o r t i o n a l t o the e n e r g y o f agi ta t ion , 
and m a y b e wr i t t en 

2 £ M v 2 , 

w h e r e /3 is a factor , a lways g rea t e r than uni ty , and p r o b a b l y 
equal t o i'634 for air a n d severa l o f the m o r e pe r fec t gases . 
F o r s t eam i t m a y b e as m u c h as 2 T O , but this is v e r y 
uncer ta in . 
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T o find the k ine t i c e n e r g y o f the substance c o n t a i n e d in 

unit o f v o l u m e , w e h a v e o n l y t o m u l t i p l y b y t he n u m b e r o f 

m o l e c u l e s , a n d w e ob ta in 

T = 1 j3 M N v 2 (8) 

C o m p a r i n g this w i t h the equa t ion (2 ) w h i c h d e t e r m i n e s 

the pressure, w e g e t 

T V = -1/3/ (9) 
o r the e n e r g y in unit o f v o l u m e is numer i ca l l y equa l to the 

pressure o n unit o f a rea m u l t i p l i e d b y | - [i. 

T h e e n e r g y in unit o f mass is f ound b y , m u l t i p l y i n g this 

b y v, the v o l u m e o f uni t o f mass : 

Tm = I PP v- (to) 

S P E C I F I C H E A T A T C O N S T A N T V O L U M E . 

Since the p roduc t J> v is p r o p o r t i o n a l t o t h e abso lu te t em

pera ture , t he e n e r g y is p r o p o r t i o n a l t o t he t empera tu re . 

T h e specif ic heat is m e a s u r e d d y n a m i c a l l y b y the increase 

o f e n e r g y c o r r e s p o n d i n g t o a rise o f o n e d e g r e e o f t empera tu re . 

H e n c e 

K T = f P p ~ (n) 
T o express the specif ic hea t in o rd ina ry the rma l units, w e 

mus t d i v i d e this b y J, the speci f ic hea t o f w a t e r ( Joule ' s 

e q u i v a l e n t ) . I t f o l l o w s f rom this express ion that for any 

o n e gas the specif ic hea t o f uni t o f mass at cons tan t v o l u m e 

is the same for all pressures a n d tempera tures , because 

r ema ins constant . F o r different gases t he specif ic hea t at 

cons tan t v o l u m e is i nve r se ly p r o p o r t i o n a l t o t he specif ic 

g rav i ty , a n d d i r ec t ly p r o p o r t i o n a l t o ¡3. 

S i n c e ¡3 is near ly t he s a m e for severa l gases , the speci f ic 

hea t o f these gases is i nve r se ly p r o p o r t i o n a l t o their specif ic 

g rav i ty referred to air, or, s ince the speci f ic g r av i t y is p r o 

p o r t i o n a l t o their m o l e c u l a r w e i g h t , the specif ic hea t mul t i 

p l i e d b y t he m o l e c u l a r w e i g h t is the same for all these gases . 
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T h i s is the l a w o f D u l o n g a n d Pe t i t . I t w o u l d b e accu

rate for all gases i f t he v a l u e o f j3 w e r e the same i n e v e r y 

case . 

I t has b e e n s h o w n at p . 183 that the d i f fe rence o f the t w o 

spec i f ic heats is H e n c e thei r rat io, 7, is 

y = — + 1 a n d /3 = f — 
3 P y - 1 

I f u is the v e l o c i t y o f s o u n d in a gas , w e have , as at p . 228, 

U J = yp V ( 12 ) 

T h e m e a n square o f the v e l o c i t y o f ag i t a t ion is 
v 2 = 3 / t / (13) 

H e n c e u = ^ / Z v, or, i f 7 = 1-408, as in air a n d severa l 3 
o the r gases , 

u = -6858 v o r v = 1-458 u . . (14) 

T h e s e are the re la t ions b e t w e e n t he v e l o c i t y o f sound a n d 

the v e l o c i t y o f m e a n square o f ag i ta t ion in a n y gas for w h i c h 

7 = 1-408. 

T h e nature o f this b o o k admi ts o n l y o f a b r i e f accoun t o f 

s o m e o the r results o f the k ine t i c t heo ry o f gases . T w o o f 

these are i n d e p e n d e n t o f the nature o f the ac t i on b e t w e e n 

t he m o l e c u l e s dur ing their encounters . 

T h e first o f these relates t o the equ i l ib r ium o f a mix ture o f 

gases a c t e d o n b y g rav i ty . T h e result o f our t h e o r y is that 

the final d is t r ibut ion o f any n u m b e r o f k inds o f gas in a 

ve r t i ca l vesse l is such that the dens i ty o f each gas at a 

g i v e n he igh t is the same as i f all the o the r gases h a d b e e n 

r e m o v e d , l e av ing i t a lone in the vesse l . 

T h i s is exac t ly the m o d e o f dis t r ibut ion w h i c h D a l t o n 

s u p p o s e d to exist in a m i x e d a t m o s p h e r e in equ i l ib r ium, the 

l a w o f d i m i n u t i o n o f dens i ty o f each const i tuent gas b e i n g 

the same as i f n o o the r gases w e r e present . 

I n our a t m o s p h e r e the cont inual dis turbances caused b y 

w i n d s carry po r t i ons o f the m i x e d gases f r o m o n e stratum 
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to another , so that the p r o p o r t i o n o f o x y g e n a n d n i t r o g e n at 
d i f ferent he igh t s is m u c h m o r e un i fo rm than i f these gases 
h a d b e e n a l l o w e d t o t a k e their p l ace s b y diffusion dur ing a 
d e a d ca lm. 

T h e s e c o n d result o f our t h e o r y re la tes t o the t he rma l equi
l i b r i um o f a ve r t i c a l c o l u m n . W e f ind that i f a ve r t i c a l 
c o l u m n o f a gas w e r e lef t t o itself, t i l l b y the c o n d u c t i o n 
o f hea t i t h a d a t ta ined a c o n d i t i o n o f the rmal equ i l ib r ium, 
t he t empera tu re w o u l d b e the s a m e throughout , or, in o the r 
w o r d s , g r a v i t y p r o d u c e s n o effect i n m a k i n g the b o t t o m o f 
the c o l u m n ho t t e r o r c o l d e r than the t o p . 

T h i s result is i m p o r t a n t in the t heo ry o f t h e r m o d y n a m i c s , 
for it p r o v e s that g r a v i t y has n o inf luence in a l te r ing the 
c o n d i t i o n s o f the rma l equ i l ib r ium in a n y substance, w h e t h e r 
gaseous o r not . F o r i f t w o v e r t i c a l c o l u m n s o f different 
substances s tand o n the same pe r f ec t ly c o n d u c t i n g h o r i z o n t a l 
p l a t e , the t empera tu re o f the b o t t o m o f e a c h c o l u m n w i l l b e 
the same ; a n d i f each c o l u m n is i n t he rma l equ i l i b r ium o f 
itself, the tempera tures at a l l equa l heights must b e the same. 
I n fact, i f t he t empera tu res o f the tops o f the t w o co lumns 
w e r e different , w e m i g h t d r i v e an e n g i n e wi th this d i f fe rence o f 
t empera tu re , a n d the refuse hea t w o u l d pass d o w n the c o l d e r 
c o l u m n , through, the c o n d u c t i n g p l a t e , a n d up the w a r m e r 
c o l u m n ; and this w o u l d g o o n t i l l a l l the hea t was c o n v e r t e d 
in to w r ork, con t ra ry t o the s e c o n d l a w o f t h e r m o d y n a m i c s . 

But w e k n o w that i f o n e o f t he c o l u m n s is gaseous , its 
t empera tu re is un i fo rm. H e n c e that o f the o ther must b e 
uniform, w h a t e v e r its mate r ia l . 

T h i s result is b y n o m e a n s a p p l i c a b l e to the case o f our 
a t m o s p h e r e . Se t t ing as ide the e n o r m o u s d i r e c t effect o f 
the sun's rad ia t ion in d is turbing the rma l equ i l i b r i um, the 
effect o f w i n d s in ca r ry ing l a rge masses o f air f r om o n e 
he igh t t o ano the r t ends t o p r o d u c e a dis tr ibut ion o f t em
pera ture o f a qui te different k ind , the t empera tu re at any 
he igh t b e i n g such that a mass o f air, b rough t f rom o n e he igh t 
t o ano ther wi thou t ga in ing or los ing heat , w o u l d a lways find 
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i t se l f a t the t empera tu re o f the sur rounding air. I n this 

c o n d i t i o n o f wha t Sir W i l l i a m T h o m s o n has ca l l ed the C o n -

v e c t i v e equ i l ib r ium o f heat, i t is no t the t empera ture w h i c h 

is constant , bu t the quan t i ty ij>, w h i c h d e t e r m i n e s the adia-

ba t i c curves . 

I n the c o n v e c t i v e equ i l i b r i um o f t empera tu re , the abso 

lute t empera tu re is p r o p o r t i o n a l t o the pressure ra i sed t o 

the p o w e r - , o r C233. 
7 

T h e e x t r e m e s lowness o f the c o n d u c t i o n o f hea t in air, 
c o m p a r e d w i th the r ap id i ty w i th w h i c h la rge masses o f air 
are ca r r ied f rom o n e he igh t t o ano the r b y the winds , causes 
the t e m p e r a t u r e o f the di f ferent strata o f the a tmosphe re t o 
d e p e n d far m o r e o n this c o n d i t i o n o f c o n v e c t i v e equ i l i b r ium 
than o n true the rma l equ i l i b r ium. 

W e n o w p r o c e e d t o t hose p h e n o m e n a o f gases which , 
a c c o r d i n g t o the k i n e t i c theo ry , d e p e n d u p o n the par t icular 
nature o f the ac t ion w h i c h takes p l a c e w h e n the m o l e c u l e s 
encoun te r e a c h o ther , a n d o n the f r equency o f these 
encounters . 

T h e r e are th ree p h e n o m e n a o f this k i n d o f w h i c h t he 
k ine t i c t h e o r y t akes a c c o u n t — t h e diffusion o f gases , the 
v i scos i ty o f gases , a n d the c o n d u c t i o n o f heat th rough a gas. 

W e h a v e a l r eady d e s c r i b e d the k n o w n facts a b o u t the 
interdiffusion o f t w o different gases. I t is o n l y w h e n the 
gases arc c h e m i c a l l y different that w e can t race the p rocess 
o f diffusion, but o n the m o l e c u l a r t heo ry diffusion is a lways 
g o i n g on , e v e n in a s ingle gas ; o n l y it is i m p o s s i b l e to t race 
the p rogress o f the m o l e c u l e s , b e c a u s e w e canno t te l l o n e 
f rom another . 

T h e re la t ion b e t w e e n diffusion and v i scos i ty m a y b e 
e x p l a i n e d as fo l l ows : C o n s i d e r the case o f m o t i o n o f a mass 
o f gas , w h i c h has a l r e a d y b e e n d e s c r i b e d in C h a p t e r X X I . , in 
w h i c h the different h o r i z o n t a l layers o f the gas s l ide o v e r 
each other. I n diffusion the m o l e c u l e s pass, s o m e o f t h e m 
upwards and s o m e o f t h e m d o w n w a r d s , th rough any 

Y 
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hor izon ta l p lane . I f the m e d i u m has d i f ferent p rope r t i e s o f 
any k i n d a b o v e a n d b e l o w this p lane , then this in t e rchange 
o f m o l e c u l e s w i l l t e n d t o ass imi la te the p roper t i es o f the t w o 
po r t i ons o f the m e d i u m . 

I n the case o f o rd ina ry diffusion, the p r o p o r t i o n s of the 
t w o diffusing substances a re different a b o v e and b e l o w , a n d 
v a r y in the different ho r i zon ta l layers a c c o r d i n g to their 
he ight . I n the case o f in ternal fr ict ion, the m e a n hor izon ta l 
m o m e n t u m is different in the different layers , a n d w h e n the 
m o l e c u l e s pass th rough the p l a n e , ca r ry ing their m o m e n t u m 
wi th t hem, this e x c h a n g e o f m o m e n t u m b e t w e e n the u p p e r 
a n d l o w e r parts o f the m e d i u m const i tutes a fo rce t e n d i n g t o 
e q u a l i z e their v e l o c i t y , and this is the p h e n o m e n o n ac tua l ly 
o b s e r v e d in the m o t i o n o f v i s cous fluids. 

T h e coef f ic ien t o f v i scos i ty , w h e n m e a s u r e d in the k ine 
m a t i c w a y , represents the ra te at w h i c h the equa l i za t i on o f 
v e l o c i t y g o e s o n b y the e x c h a n g e o f the m o m e n t u m o f the 
m o l e c u l e s , just as the coef f i c ien t o f diffusion represents the 
ra te at which the equa l i za t i on o f c h e m i c a l c o m p o s i t i o n g o e s 
o n b y the e x c h a n g e o f the m o l e c u l e s t hemse lves . 

I t appears f rom the k ine t i c t h e o r y o f gases that i f D is 
the coef f ic ien t o f diffusion o f the gas into itself, and v the 
v i s cos i t y measured k inema t i ca l l y , 

v = 0-6479 D ( I S ) 

D = I'543S " ( L 6 ) 
T h e c o n d u c t i o n o f hea t in a gas , a c c o r d i n g t o the k ine t i c 

t heo ry , is s i m p l y the diffusion o f the e n e r g y o f the m o l e c u l e s 
b y their m o v i n g abou t i n the m e d i u m a n d car ry ing their 
e n e r g y w i th t h e m ti l l t h e y encoun te r o the r m o l e c u l e s , w h e n 
the e n e r g y is red is t r ibuted . T h e r e l a t i on o f the c o n d u c 
t iv i ty K, measu red t h e r m o m e t r i c a l l y , t o the v i scos i ty v, 
measured k inema t i ca l l y , is 

I t appears , therefore , that diffusion, v i scos i ty , a n d c o n d u c -
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t iv i ty in gases are r e l a t ed t o each o the r in a v e r y s i m p l e 
way, b e i n g the ra te o f equa l i za t ion o f th ree p rope r t i e s o f the 
m e d i u m — t h e p r o p o r t i o n o f i ts i ng red ien t s , its v e l o c i t y , a n d 
its t empera ture . T h e equa l i za t i on is e f fec ted b y the s a m e 
a g e n c y in each c a s e — n a m e l y , the ag i t a t ion o f the m o l e c u l e s . 
I n each case, i f the dens i t y r ema ins the s ame , the ra te o f 
equa l i za t ion is p r o p o r t i o n a l t o the abso lu te t e m p e r a t u r e ; 
and i f the t empera tu re r ema ins the same , the rate o f equal
i za t ion is i nve r se ly p r o p o r t i o n a l to the dens i ty . H e n c e , 
i f w e c ons ide r the t e m p e r a t u r e a n d the pressure as def in ing 
the state o f the gas , the quant i t ies D, V, a n d K v a r y d i r ec t l y 
as the square o f the abso lu te t e m p e r a t u r e a n d i n v e r s e l y as 
t he pressure. 

M O L E C U L A R T H E O R Y O F E V A P O R A T I O N A N D C O N D E N S A T I O N . 
T h e m a t h e m a t i c a l difficult ies ar is ing in the inves t iga t ion 

o f the m o t i o n s o f m o l e c u l e s are so grea t that i t is n o t t o b e 
w o n d e r e d at that mos t o f the numer ica l results are c o n f i n e d 
to the p h e n o m e n a o f gases . T h e gene ra l character , h o w e v e r , 
o f the e x p l a n a t i o n o f m a n y o the r p h e n o m e n a b y the m o l e 
cular t heo ry has b e e n p o i n t e d o u t b y Clausius a n d others . 

W e h a v e seen that in the case o f a gas s o m e o f the m o l e 
cules h a v e a m u c h g rea te r v e l o c i t y than o thers , so that it is 
o n l y to the a v e r a g e v e l o c i t y o f a l l the m o l e c u l e s that w e can 
ascr ibe a def in i te va lue . I t is p r o b a b l e that this is a lso true 
o f the m o t i o n s o f the m o l e c u l e s o f a l i qu id , so that, t hough 
the a v e r a g e v e l o c i t y m a y b e m u c h smal ler than in the v a p o u r 
o f that l iqu id , s o m e o f the m o l e c u l e s in the l i q u i d m a y h a v e 
v e l o c i t i e s equa l t o o r g rea te r than the a v e r a g e v e l o c i t y in 
the vapour . I f any o f the m o l e c u l e s a t the surface o f the 
l i q u i d h a v e such v e l o c i t i e s , a n d i f t hey are moving from the 
l i q u i d , they wi l l e scape f r o m those forces w h i c h retain the 
other m o l e c u l e s as const i tuents o f the l i q u i d , a n d w i l l fly 
about as v a p o u r in the space ou ts ide the l iqu id . T h i s is 
the m o le c u l a r t h e o r y o f e v a p o r a t i o n . A t the s a m e t ime , a 
m o l e c u l e o f the v a p o u r s tr iking the l i q u i d m a y b e c o m e 

Y 2 
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en t ang l ed a m o n g the m o l e c u l e s o f the l iquid , and m a y thus 
b e c o m e part o f the l iqu id . T h i s is the mo lecu la r exp lana t ion 
o f condensa t ion . T h e n u m b e r o f m o l e c u l e s which pass f rom 
the l iqu id t o the v a p o u r d e p e n d s o n the tempera ture o f the 
l iqu id . T h e n u m b e r o f m o l e c u l e s w h i c h pass f rom the 
v a p o u r to t he l iqu id d e p e n d s upon the densi ty o f the v a p o u r 
as w e l l as its temperature . I f the tempera ture o f the vapour 
is the same as that o f the l iqu id , e v a p o r a t i o n w i l l take p l ace 
as l o n g as m o r e m o l e c u l e s are e v a p o r a t e d than c o n d e n s e d ; 
but w h e n t he dens i ty o f the v a p o u r has inc reased to such a 
va lue that as m a n y m o l e c u l e s are c o n d e n s e d as e v a p o r a t e d , 
then the v a p o u r has a t ta ined its m a x i m u m densi ty . I t is 
then said to b e saturated, a n d it is c o m m o n l y supposed that 
e v a p o r a t i o n ceases. A c c o r d i n g to the m o l e c u l a r theory , 
h o w e v e r , e v a p o r a t i o n is still g o i n g o n as fast as e v e r ; on ly , 
condensa t ion is a lso g o i n g o n at an equal rate, s ince the 
p ropor t ions o f l iqu id and o f gas r emain unchanged . 

A similar exp lana t ion app l ies t o cases in w h i c h the v a p o u r 
o r gas is a b s o r b e d b y a l i q u i d o f a different k ind , as w h e n 
o x y g e n o r ca rbon ic a c i d is abso rbed b y wate r or a l c o h o l . I n 
such cases a ' m o v a b l e e q u i l i b r i u m ' is a t t a ined w h e n the 
l i qu id has a b s o r b e d a quant i ty o f the gas w h o s e v o l u m e at 
the dens i ty o f the u n a b s o r b e d gas is a cer ta in mul t ip l e or 
fract ion o f the v o l u m e o f the l i q u i d ; or, i n o the r w o r d s , the 
dens i ty o f the gas in the l i q u i d a n d outs ide the l i q u i d s tand 
in a cer ta in numer ica l ra t io to each other . T h i s subject is 
t rea ted v e r y fully in Dunsen 's ' G a s o m e t r y . ' 

T h e a m o u n t o f v a p o u r o f a l i q u i d diffused i n t o a gas o f a 
different k i n d is gene ra l l y i n d e p e n d e n t o f the nature o f the 
gas, e x c e p t w h e n the gas acts c h e m i c a l l y on the vapour . 

D r . A n d r e w s has shown ( ' P r o c . R . S . ' 1875) that b y m i x 
ing n i t r o g e n w i t h c a r b o n i c ac id , the cr i t ical t empera tu re is 
l o w e r e d , a n d that D a l t o n ' s l a w o f the dens i t y o f m i x e d 
vapour s on ly ho lds at l o w pressures and at temperatures 
great ly a b o v e thei r cr i t ical points . 
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M O L E C U L A R T H E O R Y O F E L E C T R O L Y S I S . 

A v e r y in te res t ing par t o f m o l e c u l a r sc ience w h i c h has no t 
b e e n t h o r o u g h l y w o r k e d out, but w h i c h hard ly b e l o n g s t o a 
treatise o n H e a t , is the t heo ry o f e lec t ro lys i s . H e r e an 
e l e c t r o m o t i v e force ac t ing o n a l i qu id e l e c t r o l y t e causes 
the m o l e c u l e s o f o n e o f its c o m p o n e n t s t o b e u rged in o n e 
d i r ec t ion , w h i l e t hose o f the o the r c o m p o n e n t are u r g e d in 
the o p p o s i t e d i r ec t ion . N o w these c o m p o n e n t s are j o i n e d 
t oge the r in pairs b y c h e m i c a l forces o f grea t p o w e r , so that 
w e m i g h t e x p e c t that n o e l ec t ro ly t i c effect c o u l d t ake p l a c e 
unless the e l e c t r o m o t i v e fo rce w e r e so s t rong as t o b e ab le 
to tear these coup les asunder . But , a c c o r d i n g t o Clausius, in 
the d a n c e o f m o l e c u l e s w h i c h is a lways g o i n g on, s o m e o f the 
l i n k e d pairs o f m o l e c u l e s acqu i r e such v e l o c i t i e s that w h e n 
they h a v e an encoun te r wi th a pair a lso i n v i o l e n t m o t i o n 
the m o l e c u l e s c o m p o s i n g o n e o r b o t h o f the pairs are to rn 
asunder, a n d w a n d e r a b o u t s eek ing n e w partners . I f the 
t empera tu re is so h igh that the gene ra l ag i ta t ion is so v i o l e n t 
that m o r e pairs o f m o l e c u l e s are torn asunder than can pa i r 
again in an equa l t ime , w e h a v e the p h e n o m e n o n o f 
D i s soc i a t i on , s tud ied b y M . S te . -Cla i re D e v i l l e . I f , o n the 
o the r hand, the sepa ra ted m o l e c u l e s can a lways f ind partners 
b e f o r e they are e j e c t e d f rom the system, t he c o m p o s i t i o n o f 
the sys t em remains appa ren t ly the same. 

N o w P ro fe s so r Clausius cons ide r s that it is dur ing these 
t e m p o r a r y separa t ions that the e l e c t r o m o t i v e f o r c e c o m e s 
in to p l a y as a d i r ec t ing p o w e r , causing the m o l e c u l e s o f 
o n e c o m p o n e n t t o m o v e o n t he w h o l e o n e w a y , a n d those 
o f the o ther the o p p o s i t e w a y . T h u s the c o m p o n e n t m o l e 
cules are a lways c h a n g i n g par tners , e v e n w h e n 110 e l e c t ro 
m o t i v e force is in ac t ion , a n d the o n l y effect o f this fo rce is t o 
g i v e d i r ec t i on to t hose m o v e m e n t s w h i c h are a l r eady g o i n g on . 

P r o f e s s o r W i e d e m a n n , w h o has also t aken this v i e w o f 
e lec t ro lys is , c o m p a r e s the p h e n o m e n o n wi th that o f diffusion, 
and shows that the e l ec t r i c c o n d u c t i v i t y o f an e l e c t r o l y t e m a y 
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b e c o n s i d e r e d as d e p e n d i n g o n the coe f f i c i en t o f diffusion o f 

the c o m p o n e n t s t h r o u g h e a c h o ther . 

M O L E C U L A R T H E O R Y O F R A D I A T I O N . 

T h e p h e n o m e n a a l r e a d y d e s c r i b e d a re e x p l a i n e d o n the 
m o l e c u l a r t h e o r y b y the m o t i o n o f ag i t a t i on o f the m o l e c u l e s , 
a m o t i o n w h i c h is e x c e e d i n g l y i rregular , the in tervals b e t w e e n 
success ive encoun te r s a n d the v e l o c i t i e s o f a m o l e c u l e 
dur ing success ive f ree paths n o t b e i n g sub jec t to any l a w 
w h i c h w e c a n express . T h e in te rna l m o t i o n o f a s ing le 
m o l e c u l e is o f a v e r y d i f ferent k ind . I f the parts o f the 
m o l e c u l e a re c a p a b l e o f r e l a t i v e m o r i o n w i t h o u t b e i n g 
a l t oge the r torn asunder, this r e l a t i v e m o t i o n w i l l b e s o m e 
k i n d o f v ib ra t ion . T h e smal l v ib ra t i ons o f a c o n n e c t e d sys
t e m m a y b e r e s o l v e d in to a n u m b e r o f s i m p l e v ib r a t i ons , the 
l a w o f each o f w h i c h is s imilar to that o f a p e n d u l u m . I t is 
p r o b a b l e that i n gases the m o l e c u l e s m a y e x e c u t e m a n y o f 
such v ibra t ions in the in te rva l b e t w e e n success ive encounters . 
A t each encoun te r the w h o l e m o l e c u l e is r o u g h l y shaken. 
D u r i n g its f ree pa th it v ib ra t e s a c c o r d i n g t o its o w n laws , 
the ampl i tudes o f the di f ferent s i m p l e v ib ra t i ons b e i n g deter 
m i n e d b y the nature o f the co l l i s ion , but the i r p e r i o d s 
d e p e n d i n g o n l y o n the cons t i tu t ion o f t he m o l e c u l e itself. 
I f the m o l e c u l e is c a p a b l e o f c o m m u n i c a t i n g these v ib ra t ions 
to the m e d i u m in w h i c h rad ia t ions a re p r o p a g a t e d , i t wi l l 
send forth rad ia t ions o f cer ta in de f in i t e k inds , a n d i f these 
b e l o n g t o the luminous par t o f the spec t rum, t h e y wi l l b e 
v i s ib l e as l igh t o f def in i te re f rangib i l i ty . T h i s , then, is the 
exp lana t ion , o n the m o l e c u l a r theo ry , o f the b r i gh t l ines 
o b s e r v e d in the spect ra o f i n c a n d e s c e n t gases . T h e y repre
sent the d i s tu rbance c o m m u n i c a t e d to the lumini ferous 
m e d i u m b y m o l e c u l e s v i b r a t i n g in a r egu la r a n d p e r i o d i c 
m a n n e r dur ing their f ree paths . I f the free pa th is l ong , 
the m o l e c u l e , b y c o m m u n i c a t i n g its v ib ra t i ons t o the ether, 
wi l l cease t o v ib ra te till i t encoun te r s s o m e o the r m o l e c u l e . 

B y rais ing the t e m p e r a t u r e w e increase t he v e l o c i t y o f 
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the m o t i o n o f ag i t a t ion a n d the fo rce o f e a c h encounter . 
T h e h ighe r the t empera tu re the g r ea t e r w i l l b e the a m p l i 
t ude o f the in te rna l v ib ra t i ons o f a l l k inds , a n d the m o r e 
l i k e l i h o o d w i l l the re b e that, v ib ra t ions o f short p e r i o d w i l l 
b e exc i t ed , as w e l l as those fundamenta l v ib ra t ions w h i c h 
are m o s t eas i ly p r o d u c e d . B y inc reas ing t he dens i ty w e 
d imin i sh the l e n g t h o f the f ree pa th o f each m o l e c u l e , a n d 
thus a l l o w less t i m e for t he v ib ra t ions e x c i t e d at each 
encoun te r t o subside, and , s ince each fresh encoun te r d i s 
turbs the regula r i ty o f the series o f v ib ra t ions , the rad ia t ion 
w i l l no l o n g e r b e c a p a b l e o f c o m p l e t e r e so lu t ion in to a 
series o f v ib ra t i ons o f regular p e r i o d s , but w i l l b e ana lysed 
in to a spec t rum s h o w i n g the b r igh t b a n d s d u e t o the regular 
v ib ra t ions , a l o n g w i t h a g r o u n d o f diffused l ight , f o r m i n g a 
con t inuous spec t rum d u e to the i r regular m o t i o n i n t r o d u c e d 
at each encoun te r . 

H e n c e w h e n a gas is rare the b r igh t l ines o f its spec t rum 
are n a r r o w a n d dis t inct , a n d the spaces b e t w e e n t h e m are 
dark. A s the dens i t y o f the gas increases , the b r igh t l ines 
b e c o m e b r o a d e r a n d t he spaces b e t w e e n t h e m m o r e 
luminous . 

T h e r e is ano the r reason for the b r o a d e n i n g o f the br ight 
l ines and t he l u m i n o s i t y o f the w h o l e spec t rum in dense 
gases , w h i c h w e h a v e a l r e a d y s ta ted at p . 2 4 5 . T h e r e is 
this d i f fe rence , h o w e v e r , b e t w e e n t he effect there m e n t i o n e d 
a n d that d e s c r i b e d here . A t p . 2 4 5 the l igh t f rom a 
cer tain s t ratum o f i n c a n d e s c e n t gas was s u p p o s e d t o p e n e 
trate th rough o the r strata, w h i c h a b s o r b e d the b r igh te r rays 
faster than the less luminous ones . T h i s effect d e p e n d s 
o n l y o n the to ta l quan t i ty o f gas th rough w h i c h the rays 
pass, and wi l l b e the same w h e t h e r i t is a m i l e o f gas at 
thir ty inches pressure, o r thir ty m i l e s at o n e i nch pressure. 
T h e effect w h i c h w e are n o w c o n s i d e r i n g d e p e n d s o n the 
abso lu te dens i ty , so that i t is b y n o m e a n s the s a m e whe the r 
a stratum c o n t a i n i n g a g i v e n quan t i ty o f gas is o n e m i l e o r 
thir ty mi l e s th ick . 
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W h e n the gas is so far c o n d e n s e d that i t assumes the 
l i q u i d o r so l i d fo rm, then, as the m o l e c u l e s h a v e n o free 
pa th , t h e y h a v e n o regu la r v ib ra t ions , a n d n o b r i g h t l ines 
a re c o m m o n l y o b s e r v e d in i n c a n d e s c e n t l iqu ids o r so l ids . 
M r . H u g g i n s , h o w e v e r , has o b s e r v e d b r igh t l ines in the 
spec t rum o f i n c a n d e s c e n t e rb ia and l i m e , w h i c h appea r t o 
b e due t o the s o l i d mat ter , a n d n o t t o its v a p o u r . 

LIMITATION O F T H E S E C O N D L A W O F T H E R M O D Y N A M I C S . 

B e f o r e I c o n c l u d e , I w i sh t o d i r ec t a t t en t ion t o an aspec t 
o f t he m o l e c u l a r t h e o r y w h i c h d e s e r v e s cons ide ra t i on . 

O n e o f the bes t es tab l i shed facts in t h e r m o d y n a m i c s is 
that i t is i m p o s s i b l e in a sys tem e n c l o s e d in an e n v e l o p e 
w h i c h p e r m i t s ne i ther c h a n g e o f v o l u m e no r passage o f hea t , 
and in w h i c h b o t h the t empera tu re a n d the pressure are e v e r y 
w h e r e the s ame , to p r o d u c e any inequa l i t y o f t empera tu re or 
o f pressure w i t h o u t the expend i t u r e o f w o r k . T h i s is the 
s e c o n d l a w o f t h e r m o d y n a m i c s , and i t is u n d o u b t e d l y true 
as l o n g as w e can d e a l w i th b o d i e s o n l y in mass,- a n d h a v e 
n o p o w e r o f p e r c e i v i n g or h a n d l i n g the separa te m o l e c u l e s 
o f w h i c h t h e y are m a d e up. But i f w e c o n c e i v e a b e i n g 
w h o s e facult ies are so sha rpened that h e can f o l l o w e v e r y 
m o l e c u l e in its course , such a b e i n g , w h o s e at t r ibutes a re still 
as essent ia l ly f ini te as our o w n , w o u l d b e a b l e t o d o wha t is 
at p resen t i m p o s s i b l e to us. F o r w e h a v e seen that the 
m o l e c u l e s in a vesse l full o f air at un i fo rm t empera tu re a re 
m o v i n g w i th v e l o c i t i e s b y n o m e a n s un i form, t hough the 
m e a n v e l o c i t y o f any g rea t n u m b e r o f t h e m , arbi t rar i ly 
se lec ted , is a lmos t e x a c t l y un i form. N o w le t us suppose 
that such a vesse l is d i v i d e d in to t w o po r t ions , A a n d E , b y 
a d iv i s i on in w h i c h there is a smal l h o l e , a n d that a b e i n g , 
w h o can see t h e i nd iv idua l m o l e c u l e s , o p e n s a n d closes this 
ho l e , so as t o a l l o w o n l y t he swifter m o l e c u l e s t o pass 
f rom A t o B, a n d o n l y the s l o w e r o n e s t o pass f rom p to A. 
H e wi l l thus, w i t h o u t e x p e n d i t u r e o f w o r k , raise the t em-
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perature o f E and l o w e r that o f A , in con t r ad i c t i on to the 
s e c o n d l a w o f t h e r m o d y n a m i c s . 

T h i s is o n l y o n e o f the instances in w h i c h conc lus ions 
w h i c h w e h a v e d r a w n f rom our e x p e r i e n c e o f b o d i e s c o n 
sisting o f an i m m e n s e n u m b e r o f m o l e c u l e s m a y b e found 
no t t o b e app l i cab l e to the m o r e de l i ca te obse rva t ions and 
e x p e r i m e n t s wh ich w e m a y suppose m a d e b y o n e w h o can 
p e r c e i v e a n d hand le the i nd iv idua l m o l e c u l e s w h i c h w e dea l 
wi th o n l y i n large masses . 

I n d e a l i n g wi th masses o f mat ter , w h i l e w e d o no t p e r c e i v e 
the i n d i v i d u a l m o l e c u l e s , w e are c o m p e l l e d to a d o p t wha t I 
h a v e d e s c r i b e d as the statist ical m e t h o d o f ca lcula t ion , and 
t o a b a n d o n the strict d y n a m i c a l m e t h o d , in w h i c h w e f o l l o w 
e v e r y m o t i o n b y the calculus. 

I t w o u l d b e in te res t ing t o enqu i re h o w far those ideas 
abou t the nature a n d m e t h o d s o f sc i ence w h i c h h a v e b e e n 
d e r i v e d f rom e x a m p l e s o f scient if ic inves t iga t ion in w h i c h 
the d y n a m i c a l m e t h o d is f o l l o w e d are a p p l i c a b l e to our 
actual k n o w l e d g e o f c o n c r e t e th ings , w h i c h , as w e h a v e seen, 
is o f an essen t ia l ly statistical nature, because n o o n e has 
y e t d i s c o v e r e d any p rac t i ca l m e t h o d o f t rac ing the pa th 
o f a m o l e c u l e , o r o f i den t i fy ing it at different t imes . 

I d o no t think, h o w e v e r , that the pe r fec t i den t i t y w h i c h 
w e o b s e r v e b e t w e e n di f ferent po r t i ons o f the same k i n d o f 
mat te r c an b e e x p l a i n e d 0 1 1 the statistical p r i n c i p l e o f the 
s tabi l i ty o f the a v e r a g e s o f l a rge n u m b e r s o f quant i t ies 
each o f w h i c h m a y differ f r om the m e a n . F o r i f o f the 
m o l e c u l e s o f s o m e substance such as h y d r o g e n , s o m e w e r e 
o f sens ib ly g rea te r mass than others , w e h a v e the m e a n s 
o f p r o d u c i n g a separa t ion b e t w e e n m o l e c u l e s o f different 
masses , a n d in this w a y w e should b e a b l e to p r o d u c e t w o 
k inds o f h y d r o g e n , o n e o f w h i c h w o u l d b e s o m e w h a t dense r 
than the other . A s this c a n n o t b e d o n e , w e mus t a d m i t that 
the equa l i ty w h i c h w e assert t o exis t b e t w e e n the m o l e c u l e s 
o f h y d r o g e n app l i e s t o e a c h i nd iv idua l m o l e c u l e , a n d n o t 
m e r e l y t o the a v e r a g e o f g roups o f m i l l i ons o f m o l e c u l e s . 
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N A T U R E A N D O R I G I N O F M O L E C U L E S . 

W e h a v e thus t e e n l e d b y our s tudy o f v i s i b l e th ings t o a 
t h e o r y that t h e y are m a d e up o f a finite n u m b e r o f parts or 
m o l e c u l e s , each o f w h i c h has a def in i te mass, a n d possesses 
o the r p roper t i es . T h e m o l e c u l e s o f the same subs tance are 
all e x a c t l y a l ike , b u t different f rom those o f o the r substances. 
T h e r e is n o t a regular g r a d a t i o n in the mass o f m o l e c u l e s 
f rom that o f h y d r o g e n , w h i c h is the least o f those k n o w n t o 
us, t o that o f b i smu th ; but t h e y all fall i n to a l i m i t e d 
n u m b e r o f classes o r spec ies , the ind iv idua l s o f each 
species b e i n g e x a c t l y s imilar t o each other , a n d n o inter
m e d i a t e l inks are found t o c o n n e c t o n e spec ies w i t h 
ano the r b y a un i fo rm g rada t ion . 

W e a re he re r e m i n d e d o f cer ta in specula t ions c o n c e r n i n g 
the re la t ions b e t w e e n the spec ies o f l i v i n g th ings . W e find 
that in these a l so the ind iv idua l s a re na tura l ly g r o u p e d in to 
spec ies , a n d that i n t e r m e d i a t e l inks b e t w e e n the spec ies a re 
wan t ing . But i n e a c h spec ies va r ia t ions occur , a n d there is 
a pe rpe tua l g e n e r a t i o n a n d des t ruc t ion o f the ind iv idua l s o f 
w h i c h the spec ies consis t . 

H e n c e it is p o s s i b l e t o f rame a t h e o r y t o a c c o u n t for the 
presen t state o f things b y m e a n s o f g e n e r a t i o n , va r ia t ion , 
and d i sc r imina t ive des t ruc t ion . 

I n the case o f the m o l e c u l e s , h o w e v e r , each i n d i v i d u a l is 
p e r m a n e n t ; the re is n o g e n e r a t i o n or des t ruc t ion , a n d n o 
var ia t ion , o r ra ther n o d i f f e rence , b e t w e e n the ind iv idua l s o f 
each species . 

H e n c e the k i n d o f specu la t ion w i t h w h i c h w e h a v e 
b e c o m e so famil iar under the n a m e o f theor ies o f e v o l u t i o n 
is qui te i napp l i cab l e to the case o f m o l e c u l e s . 

I t is true that Desca r t e s , w h o s e i n v e n t i v e n e s s k n e w n o 
b o u n d s , has g i v e n a t h e o r y o f the e v o l u t i o n o f m o l e c u l e s . 
H e supposes that the m o l e c u l e s w i th w h i c h the heavens 
are near ly filled h a v e r e c e i v e d a spher ical fo rm f rom the 
l o n g - c o n t i n u e d g r i n d i n g o f the i r p r o j e c t i n g parts, so that, 
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l i k e marb l e s in a mi l l , they h a v e ' r u b b e d e a c h other 's ang le s 
d o w n . ' T h e result o f this at t r i t ion fo rms the finest k i n d of 
m o l e c u l e s , wi th w h i c h the interst ices b e t w e e n the g l o b u l a r 
m o l e c u l e s are filled. But , be s ide s these, h e descr ibes ano the r 
e l o n g a t e d k i n d o f m o l e c u l e s , the partícula striata, w h i c h 
h a v e r e c e i v e d their f o r m f rom their of ten th read ing the 
interst ices b e t w e e n three spheres in contac t . T h e y h a v e thus 
a c q u i r e d three long i tud ina l r idges , and , s ince s o m e o f t h e m 
dur ing their passage are ro ta t ing on thei r axes , these r idges 
are n o t i n gene ra l para l le l t o the axis , but are tw i s t ed l i ke 
the threads o f a sc rew. B y m e a n s o f these l i t t le screws 
h e m o s t i n g e n i o u s l y a t t empts to exp la in the p h e n o m e n a o f 
m a g n e t i s m . 

But i t is e v i d e n t that his m o l e c u l e s are v e r y different f rom 
ours. H i s s e e m to b e p r o d u c e d b y s o m e gene ra l break-up 
o f his so l id space , and t o b e g r o u n d d o w n i n the course o f 
ages , and , though their r e l a t ive m a g n i t u d e is in s o m e d e g r e e 
de t e rmina t e , there is no th ing t o d e t e r m i n e the abso lu te 
m a g n i t u d e o f a n y o f them. 

O u r m o l e c u l e s , o n the o the r hand, are una l te rab le b y any 
o f the p rocesses w h i c h g o o n in the p resen t state o f th ings , 
a n d e v e r y i nd iv idua l o f each spec ies is o f e x a c t l y the same 
m a g n i t u d e , as t h o u g h t h e y h a d al l b e e n cast in the same 
m o u l d , l i k e bul lets , a n d n o t m e r e l y s e l ec t ed a n d g r o u p e d 
a c c o r d i n g to their s ize , l i k e smal l shot. 

T h e ind iv idua ls o f each spec ies also a g r e e in the nature o f 
the l igh t w h i c h t h e y e m i t — t h a t is , in their natural p e r i o d s o f 
v ib ra t ion . T h e y are therefore l ike tuning-forks a l l tuned t o 
c o n c e r t p i tch , or l i k e w a t c h e s r egu la t ed t o solar t ime . 

I n specu la t ing o n the cause o f this equa l i ty w e are d e b a r r e d 
f rom i m a g i n i n g any cause o f equa l i za t ion , on accoun t o f the 
immutab i l i t y o f each ind iv idua l m o l e c u l e . I t is difficult, on the 
o the r hand , t o c o n c e i v e o f se lec t ion a n d e l imina t ion o f inter
m e d i a t e var ie t ies , for w h e r e can these e l i m i n a t e d m o l e c u l e s 
h a v e g o n e to if, as w e h a v e reason t o b e l i e v e , the h y d r o g e n , 
& c , o f the fixed stars is c o m p o s e d o f m o l e c u l e s i den t i ca l in 
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all respec t s wi th our o w n ? T h e t i m e r equ i r ed to e l imina te 

f rom the w h o l e o f the v i s ib l e un ive r se e v e r y m o l e c u l e w h o s e 

mass differs f r om that o f s o m e o n e o f our so -ca l l ed e l emen t s , 

b y processes s imilar t o Graham ' s m e t h o d o f dia lysis , w h i c h 

is the o n l y m e t h o d w e can c o n c e i v e o f at present , w o u l d 

e x c e e d the u tmos t l imits e v e r d e m a n d e d b y evolu t ion is t s 

as m a n y t imes as these e x c e e d the p e r i o d o f v ib r a t i on o f a 

m o l e c u l e . 

But i f w e suppose t he m o l e c u l e s to b e m a d e at all, o r if 

w e suppose t h e m to consis t o f s o m e t h i n g p r e v i o u s l y m a d e , 

w h y should w e e x p e c t a n y i r regular i ty t o exist a m o n g t h e m ? 

I f t hey arc , as w e b e l i e v e , the o n l y mate r ia l th ings w h i c h 

still r e m a i n i n the p rec i se c o n d i t i o n in w h i c h t h e y first 

b e g a n t o exist , w h y should w e n o t ra ther l o o k for s o m e 

ind i ca t i on o f that spirit o f order , our scient i f ic c o n f i d e n c e 

in w h i c h is n e v e r shaken b y the difficulty w h i c h w e e x p e 

r i ence in t rac ing it in the c o m p l e x a r rangements o f v i s ib l e 

things, a n d o f w h i c h our m o r a l es t imat ion is shown in all 

our a t tempts to th ink a n d speak t he truth, a n d t o ascertain 

the exac t p r inc ip les o f d i s t r ibu t ive jus t i ce ? 

A P P E N D I X . 

TABLE OF TKE COEFFICIENTS OF I?ITERDIFFUSIO7Z OF CASES, FROM THE MEMOIR OJ 
PROFESSOR LOSCHMIDT {SEE P. 2 7 9 ) j ¿ « SQUARE CENTIMETRES PER SECOND. 

V) C a r b o n i c a c i d . A i r . • T 4 2 3 

— H y d r o g e n - - 5 6 1 4 

O x y g e n . - 1 4 0 9 

M a r s h g a s . - 1 5 8 6 

C a r b o n i c o x i d e , T 4 0 6 

N i t r o u s o x i d e . • 0 9 8 2 

O x y g e n H y d r o g e n • 7 2 , 4 

C a r b o n i c o x i d e . - 1 8 0 2 

C a r b o n i c o x i d e 
H y d r o g e n • 6 4 2 2 

S u l p h u r o u s a c i d H y d r o g e n • 4 8 0 0 
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Professor J. Stefan, also of Vienna, has undertaken a series of very 
delicate experiments to determine the thermal conductivity cf air and other 
gases. H e finds the thermometrie conductivity, K, of air 0-256 square 
centimetres per second. The rate of propagation of thermal effects in 
still air is therefore intermediate between the rate in iron, for which 
« = 0-183, a n ^ - M copper, for which «=1-077. Stefan finds it inter
mediate between iron and zinc. 

The calorimetrie conductivity, &, is oroooo558 for air, or about 20,00a 
times less than that of copper? and 3,360 times less than that of iron. 
As calculated from the coefficient of viscosity by the writer 
k — O •000054. 

Stefan has also found that the calorimetrie conductivity is inde
pendent of the pressure, and that it is seven times greater for hy
drogen than for air. Both these results had been predicted by the 
molecular theory. See Maxwell ( O n the Dynamical Theory of Gases,* 
Phil. Trans. 1867, p. 88. 
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TEXT-BOOKS OF SCIENCE, MECHANICAL AND PRACTICAL, ADAPTED FDR THE USE OF 

A R T I S A N S AND OF S T U D E N T S IN PUBLIC AND SCIENCE SCHOOLS. 

JVow in course of publication, in small 8yo. each volume containing 
about Three Hundred pages, 

A S E R I E S O F 

ELEMENTARY WORKS ON MECHANICAL AND PHYSICAL SCIENCE, 

POIEMJJs'Li A Si i l iLKS O F 

TEXT-BOOKS OF SCIENCE 
A D A P T E D F O B T E K U S E O F A R T I S A N S A N D O F S T U D E N T S I N 

P U B L I C A N D S C I E N C E S C H O O L S . 

The i'irat Thirteen of the Scriea, edited by T . M . G-OODEVE, M . A . Barrister-at-
L a w , Lecturer on Applied Mechanics at the Royal School of Mines ; and the 
remainder by C. "W. M E R R I F I E L D , ~B.U.S. an Examiner in the Department of 
Public Education, and late Principal of the Royal School of Nava l Architecture and 
Marine Engineering, South Kensington. 

rPITE Reports of the Public Schools Commission and of the Schools 
Inquiry Commission, as well as the- evidence taken "before several 

Parliamentary Committeos, have shewn that there is still a want of a 
good Series of T F X T - B O O K S in Science, thoroughly exact and complete, 
to serve as a basis for the sound instruction of Artisans, and at the 
same time sufficiently popular to suit the capacities of hegrnnrrs. 

Messrs. L O N G - M A N S & Co. have accordingly made arrangements for 
the issue of a Series of Elementary Works in the various branches 
of Mechanical and Physical Science suited for general use in Schools, 
Colleges, and Science Classes, and for the self-instruction of Working 
Men. 

These books are intended to serve for the use of practical men, as 
•well as for exact instruction in the subjects of which they treat; and 
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2 Text-Books o f Science. 

it is hoped that, whi le re ta in ing that logical clearness and s imple 

sequence of thought w h i c h are essential to the m a k i n g of a good 

scientific treatise, the style a n d subject mat ter "will "be found to be 

with in the comprehension of w o r k i n g men, a n d suited to their w a n t s . 

T h e books w i l l not be mero m a n u a l s for immediate appl icat ion, nor 

U n i v e r s i t y text-books, in w h i c h menta l t ra in ing is the foremost object, 

b u t are meant to b e practical treatises, sound and exact in their logic, 
and with every theory and every process reduced to the stage of direct 
and useful application, and illustrated by well-selected examples from 
familiar processes and facts. 

* T h e object of the present series of convenient a n d elegant T E X T -

B O O K S O F S C I E N C E is somewhat peculiar, for they are intended to 

occupy an intermediato p lace be tween A r t and Science. T h e y are 

neither mere manuals for immediate appl icat ion on the one hand, nor 

on the other U n i v e r s i t y text-books, in w h i c h menta l t ra in ing is the 

foremost object. They expla in principles a n d g i v e scientific methods , 

b u t only j u s t so far as it is necessary for pract ical application, a n d they 

i l lustrate this application b y a grea t n u m b e r of f a m i l i a r examples . 

S imi lar w o r k s h a v e been attempted before, b u t for the most par t in a 

very r o u g h and coarse w a y . T h e special ity of this series consists in 

the fact that men of the highest scientific eminence in their rospectivo 

departments h a v e been e n g a g e d tn w r i t e them ; so that the books , 

w h i l e not profess ing to exhaust their subjects, a n d being, in fact, 

definitely confined within certain l imits, w i l l nevertheless b e perfectly 

sound and exact as far as they go, a n d m a y at any t ime b e m a d e tho 

basis for go ing farthor. T h r e e of them, w h i c h lie before us, fu l ly 

just i fy this description. Álgebra and Trigonometry\ b y the R e v . W . 

G R I F F I N , is a concise a n d clearly a r r a n g e d treatise. The Elements of 
Mechanism, b y T . M . G O O D E V E ( tho E d i t o r of the Ser ies ) , is a very fu l l 

description of a i l the ingenious methods b y which one f o r m of motion 

is converted into another. C r a n k s a n d rods a n d toothed wheels , escape

ments a n d fusees, are made as p la in as pen and pencil can m a k e them. 

Inorganic Chemistry, b y the lato Pro fe s sor Ü N I I L L F . B , w h o s e recent death 

is a grea t loss to chemical science, is treated in a r e m a r k a b l y clear a n d 

s imple style. T w o objects have been kept in v i ew in these T E X T - B O O K S , 

one genera l and tho other part icular . T h e y arc m e a n t to he lp art isans 

in self-instruction, and to l ead u p to the W h i t w o r t h Scholarships ; but 

they w i l l be found very useful in schools also. 
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T e x t - B o o k s , n o w P u b l i s h e d , e d i t e d b y 
T . M . G O O D E V E , M . A . 

The ELEMENTS of MECHANISM. 
Designed for Students of Applied Mechanics. By T. M. G-OODEVE, 

M.A. Barrister-at-Law, Lecturer on Mechanics at, the Royal 
School of Mines. .New Edition, revised; with 257 Figures on 
Wood. Price 3s. 6d. 

METALS, their PROPERTIES and TREATMENT. 
By CHABXES L O U D O N B X O X A M , Professor of Chemistry in King's 
College, Jiondon ; Professor of Chemistry in the Department of 
Artillery Studies, and in the .Royal Military Academy, Woolwich. 
With 105 Figures on Wood. Price 35. Qd. 

INTRODUCTION to the STUDY of INORGANIC CHEMISTRY. 
By W I L L I A M A L L E N M IXLER , M.D. LL.D. P.P.S. late Professor 
of Chemistry in King's College London; Author of ( Elements 
of Chemistry, "Theoretical and Practical.' New Edition, revised 
with 71 Figures on Wood. Price 3s. 6d. 

ALGEBRA and TRIGONOMETRY. 
By the Kev. W I L L I A M N A T H A N I E L GEIFFIN , B.D. sometime 
Fellow of St. John's College, Cambridge. Price 3*. 6d. 

NOTES on the ELEMENTS of ALGEBRA and TRIGONOMETRY; 
With SOLUTIONS of the more difficult QUESTIONS. By the 
Rev. W I L L I A M N A T H A N I E L ( T K I F F I N , B.D. sometime Fellow of 
St. John's CoUege, Cambridge. Price 3*. Gd. 

PLANE and SOLID GEOMETRY. 
By the Kev. H. W. W A T S O N , formerly Fellow of Trinity College, 
Cambridge, and late Assistant-Master of Harrow School. 
Price 3s. 6d. 

Z 
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THEORY of HEAT. 
By J . C I K B K M A X W E L L , M . A . L L . D . Edin. P.R.SS. L . & ' E . P r o 
fessor of Exporimontal Physics in tho University of Cambridge. 
New Edition, revised; "with 41 Woodcuts and Diagrams. Price 
3s. 6d. 

TECHNICAL AEITH1LETIC and MENSURATION. 
By C H A K T - K S W . M K R R I F I E L D , F.R.S. an Examiner in the Depart
ment of Public Education, and late Principal of the Royal 
School of Naval Architecture and Marine Engineering, South 
Kensington, Price 3s. 6d. 

KEY to MERRIFTELD'S TEXT-BOOK of TECHNICAL 
ARITHMETIC and MENSURATION. 

By the Rev. J O H N " I T U N T E H , M . A . one of the National Society's 
Examiners of Middle-Class Schools; formerly Vice-Principal of 
the "National Society's Training College, Battersea. Price 
3s. 6d. 

On the STRENGTH of MATERIALS and STRUCTURES: 
Tho Strength of Materials as depending on their quality and as 
ascertained by Testing Apparatus ; the Strength of Structures 
as depending on their form and arrangement, and on the 
materials of which they are composed. By J O H N A N D E R S O N , 

C . E . L L . D . F.R.S.E. Superintendent of Machinery to the War 
Department. Price 3-s. Gd. 

ELECTRICITY and MAGNETISM. 
By F L E M I N G J E N K I H , F . E . S S . L . & E. Professor of Engineering 
in the University of Edinburgh. New Edition, revised. Price 
3s. Gd. 

WORKSHOP APPLIANCES. 
Including Descriptions of tho Gauging and Measuring Instru
ments, the Hand Cutting Tools, Lathes, Drilling, Planing, and 
other Machine Tools used by Engineers. By C . P . B. S H E L L E Y , 

Civil Engineer, Hon. Fellow and Professor of Manufacturing 
A r t and Machinery at King's College, London. Wi th 209 Figures 
engraved on Wood. Price 3s. 6aJ. 
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PRINCIPLES of MECHANICS. 
By T. M . G O O D F . V E , JYLA. Barrister-at-Law, Lecturer on applied 
Mechanics at the Koyal School of .Mines. Wi th 208 Figures and 
Diagrams on Wood. Price 3s. 6d. 

T e x t - B o o k s , n o w P u b l i s h e d , e d i t e d b y 
C. W . M E R R I F I E L D , F . R . S . 

QTTANTATIVE CHEMICAL ANALYSIS. 
By T . E . T H O R P E , F . R . S . E . P h . D . Professor of Chemistry in 
the Andersonian University, Glasgow. W i t h 88 Figures on 
Wood. Price 4s. Gd. 

INTRODUCTION to the STUDY of ORGANIC CHEMISTRY. 
The C H E M I S T R Y of C A R B O N and its C O M P O U N D S . By 
H B X B Y E . A B I T S T K O N G , rh.D. P C S . Professor of Chemistry in 
the London Institution. "With 8 Figures on Wood. Price 

QUALITATIVE CHEMICAL ANALYSIS and LABORATORY 
PRACTICE. 

By T. E . T H O H F E , Ph .D . F.K.S.E. Professor of Chemistry in the 
Andersonian University, Glasgow; and M . M . P A T T I S O N M u n i , 

F.E.S.E. W i t h Plate and 57 Figures on Wood. Price 3*. 6d. 

T e x t - B o o k s p r e p a r i n g f o r P u b l i c a t i o n , t o b e 
e d i t e d b y T . M . G O O D E V E , M . A . 

Including Combustion, Evaporation, Furnaces, Flues, and Boilers. 
By C. P . B. S H E L L E Y , Civil Engineer, and Professor of Manufac
turing A r t and Machinery at King's College, London. 

Wi th a Chapter on the Probable Future Development of the Science of 
Heat, by C , W I L L I A M S I E M E N S , F . E . S . 

By T . M . G T O O D E V E , M . A . Barrister-at-Law, Lecturer on 
Mechanic's at the Royal School of Mines. 

3s. 6d. 

The STEAM ENGINE. 
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SOUND and LIGHT. 
By G-. G. S T O K E S , M.A. D.C.L. Follow of Pembroko College, 
Cambridge ; Lucasian Professor of Mathematics in the University 
of Cambridge ; and Secretary to the .Royal Society. 

T e x t - B o o k s P r e p a r i n g f o r P u b l i c a t i o n , t o b e 

e d i t e d b y C. W . M E R R I F I E L D , F . R . S . 

RAILWAY APPLIANCES. 
Including Permanent Ways, Points and Crossings, Stations and 
Station Arrangements, Signals, Carriage and Waggon Stock, 
Breaks, and other Details of Bailways. 

By J". W . BABIIT , Member of the Institution of Civil 
Engineers &c. 

By W . H . P R E E C E , Divisional Engineer, Post Office Telegraphs ; 
and J. S r v E V v B i G H T , M . A . Superintendent (Engineering Depart
ment) Post-Offico Telegraphs. 

PMCTICAL and DESCRITTIVE GEOMETRY, and PRIN
CIPLES of MECHANICAL DRAWING-. 

By C "W". M ^ E E B r F i B L D , F.E.5. an Examiner in the Department c f 
Public Education, and late Principal of the Royal School of 
Nava l Architecture and Marine Engineering, South. Kensingtou. 

W i t h Rules and Tables for Designing and Drawing the Details 
of Machinery. Adapted to the use of Mechanical Draughtsmen 
and Teachers of Machine Drawing. 

Jiy W. C A W T J I O E X B U X W T N , B.SC. ASSOC. Inst. C.E. Professor 
of Hydraulic and Mechanical Engineering at Cooper's H i l l 
College. 

College ; Editor of ' The Public Schoo> j & f a * c * u £ $ 8 « r T i 
Geography.' 

* „ * Tn hp fnllnwp.rf hv other works on otheiiffifafusfies of Sc/etk1 

TELEGRAPHY. 

ELEMENTS of MACHINE DESIGN. 

PHYSICAL GEOGRAPHY. 
By the Rev. GBOUQE 
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