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180 P ROPERTIES OF STEAM [CH.

though Carnot was the first to use it for calculating F’ 。）. Clapeyron 
,vas the first to em~loy the indicator diagram for illustrating t he 
performance of an ideal cycle, and t o deduce general expressions 
for F’。）， applicable to all substances, in terms of the partial 
d ifferential coefficients, which ar~ now generally known as the 
t hcrmodvnamical relations (see Appendix I , § 188). 

Kelvin (1848) proposed t o base an absolute scale of t emperature 
on Carnot’s function, since it w臼 the same for all substances at the 
same tempera.ture, and endeavoured to deduce t he relation between 
F ’(t) and the scale of t he gas-thermometer by means of Regnault’s 
exneriments on steam. Joule about t he same time inferred from 
~h; prop盯ties of gases that F ’ (t) should be simply J /T. But this 
was first clearly explained, i口 terms of the mechanical theory of 
heat, by Clausius and Ranl<ine (1850), who ·showed that 11" (t). 
shot』Id be exactly J/1、 for a perfect gas, s1』itahly defined by as” 

盯HY

h~~~~；bsorb叫 or the difference of the specific heats indepenc 
of the t emperature, either of which 邸sumptions would make 
Ca> n 's ex卢ession T × F’ 。） con阳归nd叩al to即mechanical

quivalent J. But there were lar肝 discrepancies betv甲e 白
exoeri menta l val ues of F" (t) a.nd JfT, and it remained uncertain 
ho;v far these were due simply t o experimental errors or t。 可干
t ematic deviations of actual gases· from the properties assumed m 
defining the perfect gas. This quest ion was attacked by"the porous 
plug method of Joule and Kelvin, who succeeded in showing that 
the scale of absolute t emperature T , defined in terms of Carnot ’s 
funct ion by the relation F ’ (t) = J /T, agreed even more closely than 
could have been anticipated with the gas-scale, especially in the 
~~se of the hydrogen thermom阳， 飞飞，hie
general agreement as givin~ t he practical equivalent of the absolute 
scale of temp巳rature‘ In this way t he relation between the available 
work and the temperature limits in the Carnot cycJe is reduced to 

the simplest possible form. 

64. The E n tropy Measure of H eat. It fo llows from 
Car~~t's principle, a.s above 呵lained, ti础at, when a quanti of 
heat energy Q is suppli巳d to an！ 飞飞，。rl王ing substance at a temp巳ra
t ure Tin a heat-engine, t he maximum q飞1antity of worlζ obtainable 

cycle per degree fall is represented by the product Q × F ’(t), 
which is equal to JQ/T by t he de且nition of absolute temperature. 
E xpressed ·in heat units, the proportion of th e heat energy con· 
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~－ vertible into work per degree fall is Q/T, or t he quantity dQ 
［在 convertible in a range dT is Q (d1'/T ), or (Q/T ) dT . By the first 
总 law, the heat rejected at T - dT is Q - dQ. 
军 · In a. simple Carnot cycle, no hea.t is received except at t he 11pper 
w· limit of t emperature T ’, and no heat is rejected except a.t t he lo-w巳l'
每 limit T ’ . We may therefore obtain the result for any h巾 range
~ T’ to T ” by integrating the relat ion dQ/Q = dT /T, between limits 
~ 7'’ and T ”, which gives 

Q'/1'’= Q” /T ” =(Q’ - （~”）／（1'’一 T”） = AW/(T ’,- 1”’), ... (3) 

where Q’ is t he heat received at t he higher temperatm飞 Q” t he

heat rejec忧d at t he lower tempcratt时， and AW t he t hermal 
equivalent Q’- Q” of the 飞气1ork obtainable in t he cycle. T his method 
of in忧gra.tion was, in fact, applied by Carnot, and explained (loc. 
cit., p. 27) as bein~ equivalent to t he employment of a series of 
engin郎， each working through an in fini tesimal range and r℃ceiving 
the caloric rejected hy t he engine next above it in the series. But 
the correct expression for the work obtainable in a Carnot cycle 
of .fi刑te range, in terms of heat-energy on the mechanical theory, 
was first given by R ankine (Phil. Mα忍， 1851, p. 55). 

i主 The t hermal equ ivalent of the work obtainable in a Carnot 
~ cycle is seen to be equal to t he product of the quantity Q'/T ’ 
l (depending only on t he heat received and the temperature of 
言 reception) and the temper白ture fall T ' - T". F or s. cycle of an: 
~ form, in which the heat is not all received at one temperat ure, 
爱 Rankine showed how to deduce t he equivalent of the work ob
(-. tainable by dividing each e l emer阳·y q叩tity of heat dQ by the 
苍 temperat旧e of rcceptio川1’， n叫Liplying each by t he Cοrrespondin 
电 阳ge of t(mperatu , ar 
it amples of this method for other cycles are given i r飞 Chapter X. 
~. Since the primary object of a heat-e咿ne is 切 obtain the 
毫 maximum outpu t of work from heat per degree fall of temperat川巧，
在 it is evident that the quotient Q/1' (or the integral of dQ/T in the 
最 genera.lised form) is a quan tity of great importance in t he t heory of 
主 编the heat-en阱e. Rankine called it the Thermodynamic Function, 
去 which is a so口iewha.t vague a.nd i nconver巾nt name. I ts prope叫cs
壁 were more fully invest盼ted by Clausius at a later date, who gave 
官 it the 口amc of Entr y , whic 
毛 From ma.ny points of vie飞甲， the entropy Q/T of a quantity of 
~ energy Qin the form of heat a.t a t emperature T , may most sim ply 
忻 be regarded 描 being merely a different measure of heat , in terms 
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and of heat generated by friction. I：、rtunatcty it did not affect Lhe 
validity of Carnot’s reasoning, which, though expressed in the 
language of t he caloric t heory, w时 in the main independent of any 
assumption as to the nature of heat or the manner in which it was 
measured. (Proc. P hys. Soc. 钮， p. 153, 1911. ) 

Heat is always measured as energtJ in practice, and the corre
spending changes of entropy are inferred by dividing each addition 
of heat in thermal units by the temperat ure at which it is received. 
The entropy of a substance in any state is reckoned per unit mass 
from a standard state selected as the zero of entropy for the sub
stan巳e. The n11m巳rical va.lncs obtained in this way as representing 
the entropy of a. substance, are independent of t.he temperature 
seale and the unit of ma.ss, and a.re t he same in all rational svstems 
of units. The unit of entropy is often cn.lled a" Rank,” after Rankine, 
but the name is seldom required, because there is practically only 
one unit of zero dimensions, so that troublesome questions of 
conversion or nomenclature do not al'ise. 

65. Properties of the Entropy. The most important 
properties of the entropy for the prcseflt purpose are as follow’s: 

The entropy of a body remains constant when no energy in the 
form of beat is lost or gained. a condition usually implied by the 
ten丑“ a.dia.batic. ” It is not altered by the performance of external 

汪 work in adiabatic expansion or compression, provided that there 
i 总 no internal friction. If t here is any friction between parts of t he 
~ substance moving with different velocities, or between the body 
辈 considered and neighbouring bodies, the increase of entropy is the 
飞 .. thermal equivalent of the work wasted in friction divided bv the 
黠 absolute temperature. 
二、 If there is any interchange of heat between different par飞s of 
应 'the body at different temperatures, the effect is alwa.ys to increase 
医 the entropy of the whole. F or any direct t阳1
薛 Qf
每 T", the increase of entror1y is Q/1＇”一 Q/T’， which is necessarily 
~~ po州ve.
庭－ 斗；ve have al阳eady 阴en
总 of the heat recei飞叫 Q'/1’ , is eq ua l to t he entr、opy of the heat ; 
辱 rejected Q" /T飞 The same proposition is true for a cycle of any 
白 form, provided that it is reversible. This condition is tacitly 
l乡 assumed for any cycle represented on t he indicator diagram, since 

~l" the state of the ·working fluid is supposed to be one of equilibrium 

of work obtainable per degree fall instead of in terms of total energy. 
The two measures are equally logical and definite, and are very 
simply related, but t he entropy of a. quantity of heat has quite 
different properties to the energy. The essential difference between 
the entropy and energy m臼sures of heat is most readily appreciated 
by analogy with t he case of a material n山d. A liquid, like wa.ter, 
is often measured by weight, that is to say, implicitly in t erms of 
the work it is capable of doing per unit fall of level. This method 
gives a direct measure of quantity, analogous to the entropy 
measure of heat 'in terms of work per degree fall of temperature. 
But we might also measure the total energy possess巳d by the water 
in virtue of its elevation, by allowing it to fall to a definite level, 
and observing the rise of level which it was capable of producing in 
a known mass by any suita.ble mechanism. This would be analogous 
to the mea.surement of the total energy of a quantity of heat by 
observing the rise of temperature it was capable of producing in 
a calorimeter of known thermal capacity. Entropy is sometimes 
called "heat-weight" on the ground of the first analogy, and is the 
most appropriate measure of heat quantity as distinct from heat 
energy, but there is no simple method of measuring it directly. 
Thus, when a quantity of heat-energy Q is 日，llowed to pass from a 
hot body a.ta temperature T ’ to a calorimeter at a temperature T”, 
t he gain of energy of the calorimeter is equal t.o the loss of energy 
of tbe hot body, by the law of conservation of energy, and is easily 
measured. But this is not true of t he entropy. The gain of entropy 
Q/T ” of the calorimeter is nee臼sarilygreaur t han the loss of entropy :: 
Q/T ’ of the hot body, because T ’ is by hypothesis greater than T”· 
If the heat-energy Q had been supplied to a Carnot engi口e at 1'’ , 

the entropy of the heat rejected at T ” would have been equal to ~ 
that of the h巳at supplied, namely Q/T' ; a叫 the heat-energy .;, 
rejected would have been reduced by the thermal equiv创ent of U 
the work utilised, namely Q (T' - T ”)/1'’ . When the heat Q is Al 

.allowed to flow directly from T ’ to T ”, without performs.nee of (1 
work, t he increase of entropy, namely Q/T”- Q/T’, is the equi- ~ 
valent of the available work divided by T ”, and is the same as if Ji 
the work had actually been realised and then converted into heat ~ 
by friction at the lower temperature. t! 

The properties postulated for caloric on the older theory were ~ 
similar in most respects to those of entropy, but did not correspond ,; 
with t host of heat eas盯ed as energy in a calorimet.er. This nat胁飞
ally led to grave difficulties in connection with the: t heory of gases, 电斗
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