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DEVELOPMENT OF THERMOMETRY AND THE TEMPERATURE CONCEPT.

1. Anclent and Medieval Period: Hot and Cold as Qualities.

Although obseriatibns of various thermal phénomené led the ancients
to speculations which may be regarded as forerunners of our modern
conceptions of theknathre of heat; there is no‘reéofdkéfjtheir ever
having made any systématic use~of an instrument for detecting the degree
of hotness of a body. Quantitative experiments or observations of thermal
phenomena which would have entailed the introduction of the temperature
concept and the use of a thermometer are therefore lacking.

The essential basis for the formulation of the teTmperature
concept is the realization that a quantitatively observable property of
a test-body needs to be substituted for our unreliablé sense of hot and
cold, Although the groundwork for this realization was provided by the
theoretical materialism of Democritus, the fact that little headway was
made can be largely attributed to the influence of Aristotle. To be sure,
in the latter's system, the concepts of hot and cold along Hith‘mnist
and dry, ware<given the status of fundamental qualities, the essence of
an individual body being determined by the extent to which each of the
four qualities was present., However, Aristotle opposed on principle the
notion that these qualities, which we would consider secondary or derived,
might be reduced to more fundamental primary ones, i.,e. to properties
denotable by quantitative symbols, Thus the replacement of the sense of
hot and cold by the concept of temperature was, with Aristotle and the
multitude of medieval thinkers who followed him, out of the question from
the beginning.

Nevertheless, phenomena which might have been made the basis for a

systematic science of thermometry were well-known to the Anclents.
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Thus Philo of Byzantium, writing about 200 B.C., described a thermal
device closely resembling the air thermometer introduced by Galileo
eighteen hundred years later. One end of an inverted U-tube was sealed
into a hollow lead sphere, and the other end was dipped into an open

- vessel of water (of. Fig., 1). When the air in the sphere was cooled,
said Philo, water rose from the vessel up into ﬁhe tube; when it was
heated, the water was driven down into the vessel and bubbles of air
emerged from the end of the tube. The reference to bubbles of air emerging
from the tube precludes the possibility that Philo might have used this
device as a thermometer, since the latter application would require a
constant quantity of air in the apparatus, Indeed, Philo stated that his
experiment merely proved that "fire is closeiy connected with air and for
that reason is drawn along with it."l'

This reference to the close connection between fire and sir was
undoubtedly based on an acceptance of the Aristotelian "four-element"
theory, according to which the four fundamental forms of matter were‘fire,
air, water, and earth. Fire was associated with the properties, hot and
dry; air with the properties, hot and wet; water, with the properties,
wet and cold; and earth, with the properties, cold and dry. Thus air had
the property hot in common with fire and could be converted ihto fire by
substitution of the property dry for the property wet,

Somewhat later, near the beginning of the Christian era, we find a
"thermoscope" described in the works of Hero of Alexandria.? A closed
ﬁollow spheré was fiiled with water except for an air space at the top
(cf. Fig. 2). An inverted U~tube was sealed into the sphere, one end

reaching to the bottom of the sphere, the other extending over a funnel.
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The stem of the funnel protruded into a hollow base, which also contained
water., A straight tube extended from the water in the base to the air
space in the sphere. Hero des¢ribed how placing the sphere in the sun
caused the air to be heated, thus forcing liquid out of the sphere, through
the U~tube and into the base. When the sphere was placed in the shade,
water was sucked up from the base through the vertical tube and thus
returned to the sphere.

In one respect, Hero's thermoscope was more suggestive of the air
thermometer than Philo's:‘ the quantity of air in it remained constant during
its operation. Actualiy, however, Hero himself did not consider this to
be the case, He assumed the decrease in volume of the air on cooling to
indicate a decrease in its amount and so supposed that the air must have
escaped through the pores of the material composing the sphere.

Although Hero's reference to the effect of sun and shade on the behavior
of the air of his ﬁhermoscope reveals an interest in what we would call
variations in atmospheric temperature, there is no evidence that either
he or his followers used any sort of device to indicate those temperatures.
The Greek work for "climate" comes from a work meaning latitude, and, in
fact, the only climétic measurements known to have been made by them were
of the sun's altitude as it varied according to season and latitude,3

Aristétle's influence in physical science was promulgated largely
through the writings of the physician, Claudius Galen of Pergamum, who died
in 200 A. D. In the medical practice of the time, attention was directed
to the therapeﬁtic value of drugs supposedly assoclated with their ability
to produce heat or cold. Following Aristotle, "heat" and "cold" were not

regarded as relative terms, but as qualities, oﬁposiﬁe in hature, and
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.capable of separate identification. In this connection, Galen introduced
the conception of "degrees" of hot and cold to indicate the extent to
which these qualities wereﬂpresent in a body. Cold bodies, in which the
quality hot predominated over the quality cold, were assigned to the lst,
2nd, 3rd, or Lth degrees of cold., Similarly, hot bodies were relegated to
four classes, according as they were hot in the 1lst, 2nd, 3rd, or 4th
degree. Thesa’degrees of hot and cold were strictly qualitative categories
associated with the physician's perception. Only in connection with the
conception of normal body temperature do we find a suggestion of the
modern treatment of thermal phenomena., For, evidently recognizing the
variablility of sense perception, Galen sﬁggestod that the normal or "equal"
temperature of the body be identified with that of a mixture of equal
quantities of eoid and boliling water.

Galen's reridition of Aristotle exercised wide influence through an
Arabie traﬁslation about 850 A.D, and a Latin one three hundred years 1at§r.
In the century following 1150, the-works}on physical science of Aristotle
himself passed from the east into Europe, and these served to reenforce
the traditional dbetrine of the qualities, "hot" and "cold."

The very slow process of physical sciaﬁce in themmedie;al period is
exemplified by the close similarity of the views of the fifteenth century
Italian theorist, Giovanni Marliani,k and‘Galen, For, although these men
ére separated in time by some twelve hundred years; we’find in their writings
the same qualitative scale of hot and cold, comprising four degrees of
fcalidity" and four of "frigidity." Following Aristotle, Marliani suppoéed‘
fhat ever}&ndy ganeralli centainedhboth hot and cold in varying proportiopa;
he also assumed that the degree of frigidity and the degree of calidity
would always total eight. In spite of the assumed additive property of these
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- degrees, the latter were actually still the qualitative categories of
Aristotle, No attempt to make them correspond with the quantitative
properties of a test-body had yet been made.

Up to this point, the views of Marliani followed closely those of
Galen, However, in proposing the concept of the "power" of heat (or cold)
as distinct from its degree, he was breaking new éreund; The ability of
a body, e.g. a drug, to give up heat, reasoned Marliani, dépends not only
on the body's location in the scale of hot and cold but also on how much
of it is uséd, i.e. on its extent. He thought that the actual power of
heat (P) of a body might be expressed as the product of its degree of
heat (T), its voluﬁe (V), and its density (D). Then P = DVT, The remarkable
formal similarity of Marlianit's “power" of'heat £o Jeseph'Biack's

"quantity of heat®, developed'abéut three hundred years later, is evident,

2. The Invention of the Air Thermometer: The Objectif;cation of Sensation.

The initial stage in ﬁhe development of modern thermometry and the
temperature concept, which occurred in the early part of the seventeenth
century, resulted from the fusion of two cqnplimentary tendencies, The
first of these was the tendency toward abstraction whereby all qnalitative
aspects of phenomena were deleted, leaving mathematically determined entities.
For just as Galileo!'s conception of "pure motion," stripped of all the
complicating pheneména imposed by friction, hailed the birth of modern
mechanics, so the conception of temperature, devold of all the complex
sensations of hot and cold, marked the beginnings of medern thermometry,
The second tendency, the trend toward instrumentation, was essential to
implement the process of abs£ractian; that is, an instrument or test«body

had to be devised whose quantitative readings could determine the degree of
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hot or cold without reference to sensation.

If the first tendency may be related to the revival of the pree
Aristotelian views of Democritus and Plato, according to which the
essence of reality is that portion capable of quantitative or numerical
expression~-so the second tendency may be traced in part to familiarity
with the thermoscopes of Philo of Byzantium and Hero of Alexandria,

Hero's Pneumatica was known in Sicily as early as 1156 and was probably
tranélated into Latin at that time,’ It was published at Urbino in 1575
and at Amsterdam in 1680, and Italian versions appeared in 1542 and 1589,
Although Philo's work remained relatively unknown until the twentieth
century, his tfeatise, in manuscript form exerted determinative influence
on at least one of the early workers in thermometry.

The circumstance that Hero's thermoscope had utilized the thermal
expansion of air to force a liqﬁid_through a tube no doubt provided at
least a partial explanation for the fact that the earliest thermometers
were air thermometers. This would no doubt have been the case even without
Hero's influence since the volume of air, the commonest gas, is far more
sensitive to ﬁemperature changes than is that of liquids or solids. Further-
more, in the still prevalent four-element theory of the ancients, “fife"
was more closely associated with "air" than with "water" or "earth;" |

If we characterize thermodynamics as an atteépt to formulate a set of
prineiples for thermal phenomena analogous to these provided by theoretical
mechanics for non-thermal phenomena, it will not seem surprising that
historians have usually attributed to Galileo Galilei, one of the founders
of modern mechanics, the invention of the first air thermometer about the

year 1592, The air thermometer attributed to Galileo is shown in Figure 3.
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The bulb B, containing the air, was brought into contact with the body
whose hotness or coldness was being investigated. The resultant contraction
or expansion of the air governed the height of the iiqnid column, the

latter being regarded as an indication of the hotness or coldness in
question. The stem was graduated but it is not known in what fashion. As
enclosing liquid, Galileo probably used both water and wine.

Our knowledge of Galileo's thermometer, along with our basis for his
priority as inventor, restis cﬁiefly on the correspondence of colleagues
and friends, since in his extant writings there is but one reference to his
thermometer., In this fragment, he invoked the Aristotelian dictum, "Nature
abhors a vacuum" to account for the rise of the liquid in the tube wﬁich
accompanied the‘ccntraction of the air. On the other hand, he also expressed
the view that "c¢old is nothing but the absence of heat,"6 thus rejecting the
Aristotelian view that hot and cold were two distinect pioperties capable
of separate identification., The latter had dominated the thinking of
Marliani and other medieval writers and had been one of the chief obstacles
to the development of the modern concept of temperature,

One of the fundamental requirements of thermometers is posed by the
necessity that different instruments shall give ldentical readings. The
‘most obvious solution of this problem of comparibility might seem to lie
in the production of identical thermometers; however, this solution presents
great difficulties in manipulation. A far more feasible method consists
in rendering un~-identical instruments comparable by a process of calibration
employing the concept of a "fixed point" or "reference state,"

The concept of a "fixe& point" and‘the %alidity of its use in connection

with the calibration of a thermomeﬁer rest upon a simple application of the
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principle of causality that like effects always have like causes. Thus
one begins with the observation that é particular thermometer always
assumes the same reading whenever it is conjoined with e.g. any one of
various samples of melting ice. From the constancy of the effect (the
invariability of the reading) one infers the constancy of the cause and is
thus led to cbnclude that, in the various instances of helting ice, we have
encountered one and the same phenomenon characterized by a constant
temperature., It now follows that if another thermometer be conjoined with
melting ice, it must be made to give the same temperature reading as was
recorded on the first thermbmster when it was so conjoined, since one and
the same cause must always have one and the same effect.

Because of the simplicity of this concept of the fixed point, it is
not surprising that it was developed quite early in the history of thermometry.
In fact, it was evidently already employed by Galileo's friend, Francesco
Sagredo, who bulilt a number of air thermometers modeléd after the former's
instrument. These were rather coarse devices by modern standards, for tﬁe
capacity of the bulb was "three or four drinking glasses" and the tube was
a "finger wide,"7 Nevertheless, Sagredo spoke of his thermometers agreeing
weilkwith one ahother, the liquid in instruments of different size rising
and falling "in the same ratio," Since he alsc mentioned that his thermometer
read 360 degfees in the greatest summer heat, 100 degrees in snow, and zero
degrees in a mixture of snow and salt, it seems likely that comparability
was attained by regarding the temperatures of snow, and snow and salt,
respectively, as fixed points. A4s early as 1615, Sagredo referred to having
made regular meteorological observations with his thermometer over a period
of several years. He was thus able to compare the extremely cold weather

of one winter with that of another.
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Credit for the first use of the thermometer in medicine must go to
another associate of Galileo, Sanctorius Justipolitamus, who taught theory
of medicine from 1611 to 1624 at Galileo's own University of Padua., Indeed,
the evidence is strong that Sanctorius 1§vented the air thermometer |
independently of, though somewhat later than Gallleo; at any rate, his
description of the thermometer in his "Commentary on the Medical Art of
Galen," which appeared in 1612, was thé first published account of the
instrument .8 Sanctorius modified the air thermometer to make it suitable
for use in recording body temperatures; and, in a work published in 1626,
several modifications, illustrated with drawings were described. In one
form, the air bulb was inserted into the patient's mouth, and the position
of the liquid in a long S~tube attached to the bﬁlb was noticed. Sanctorius
was the first physician to observe variations in the temperature of the
human body and to interpret these as indicative of ill health. Of greater
significance for the history of thermometry and the temperature concept was
Sanctorius'! employment of two reference points in graduating the tube.
Thoseirerevtakon as the temperatures of snow and the flame of a candle,

An essential feature of the modern concept of temperature is the faith
in the validity of the instrument even though it contradict the sense of
hot and cold., That this aspect of the new science of thermometry was .
attaining recognition in the minds of the early workers in the field is
evidenced by certain passages in their writings, Thus Sagredo spoke of the
water of springs being eqldar in winter than in summer "although our feelings
gseem Lo indicate the conﬁrary." Sanctorius stated that\because of its
moisture some air feels celder‘than it really is, i.e, than the thermometer
indicates. Again, writing of the air thermometer in 1620, Francis Bacon
stated that "the sensibility of the air with regard to heat‘and celd is so

delicate and exquisite, that it far exceeds the human touch."?
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Whereas Galileo was undoubtedly familiar with Hero's thermoscope and
Sanctorius openly acknowledged his debt to him, thé work of the Englishman,
Robert Fludd, in this field was most probably instigated by a familiarity
with the writings of Philo of Bysantium., In 1617, Fludd published a drawing
of a thermoscope exactly similar to Philo's although no reference te Philo
was made; however, the similarity of his ianguage to that originally
employed by Philo leaves little doubt that he had access to a manuscript

of Philo's treatise.l0 Later, in 1626, he described, along with Philot!s
thermoscépe, an air thermome£er of the Galilean type, claiming to havey
invented it some years before.

In 1644 the French theologian, Father Marin Mersenne, described a
modification of Galileo's air thermometer, designed to improve its delicacy.ll
Instead of inverting thé bulb and tube permanently in a vessel of water,
the bulb was warmed and the end of the tube then plunged under water only
long enough to permit entry by suction of a short column of the liquid,

The thermometer was then ready to use, the position of the column of liguid
on the scale indicating the t emperature of the air in the bulb,

All of the early thermometers thus far described conformed to the same
pattern; the inverted bulb and tube called, after its earliest inventor,
the "Galilean tube." Another early type was illustrated in 1624 by Jean

w12 1 this "two-bulbed" of

Leurechon in his "LQ recreation mathematique,
ngn type (cf. Fig; L), a bulb was blown on either end of a Jutube, The
apparatus was partially filled with water through a hole in the bulb, The
body whose degree of heat was to be determined was applied te bulb B, aﬁd
the resulting motion of the liquid column in the longer leg noted.13 A

thermometer described by van Helmont in 1648 differed from Leurechon's
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illustration only in that it operated with a short column of liquid in the
tube., This J-type design has an obscure origin but was probably invented
by the Dutchman, Cornelius Drebbel, sometime between 1598 and 1622. The
latter did not employ it as a thermometer, however, but as a.“perpetuval
motion tube," i,e, he thought the motion of the liquid back aﬁd forth in
the tube, resulting from thermal fluctuations, demonstrated perpetual
motion.lh |

One of the chief difficulties in the early practice of thermometry
was @ssoclated with the lack of any generally accepted scale of degrees,
The importance of reliable and reproducible reference points had not been
fully established. Leurechon spoke of the "philosopherts scale" and the
"physician's scale."’ According to the formér, the lengfh of thé tube of
the air thérm@meter was divided into eight degrees, whereas, according to
the latter, it was divided into four degrees., The influence of Galen's
doctrine of hot and cold is seen in the scale focommended by Robert Fiudd
in which, beginning at the mid-point or sero of the scale, the tube divisions
were numbered from one to seven in either direction. A scale employed by
the Roman engineer Telieux in 1611 purported to measure temperature in
degrees and minutes, Again, none of these alternatives could correspond
to the scale of Sagredo which indicated 360 degrees in summer heat, 100
degrees in ice and snow, The situation was described with considerable
candor by Francis Bacon in his "Novum Organon,® published in 1620, where he
spoke of the scale of the inverted "Heat-glassé being "divided into as many

degrees as you please."ls

3. Barly Liquid Thermometers: The Residual Nature of Temperature.
A wellwknown characteristic of the modern concept of teﬁperature is its

residual nature, in accordance with which the interaction between the
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thermometer and a given body, by means of which the position of the latter
in the temperature series is determined, is a residue to be observed only
under conditions which eliminate all "extra-thermal" effects., This residual
character first received emphasis uheﬁ it was realiked that temperature
readings recorded on the scale of the open air thermometer were vitiated

by fluctuations in the externdl air pressure, This serious shortcoming of
the conventional air thermometer was partly resﬁonsible for the early
development of liquid thermometers.

However, the earliest liquid thermometers, as we shall see, pre~dated
the classical experiments on air-pressure, performed by Torricelli and
Pascal, which resulted in an understanding of the influence of the barometric
pressure on the readings of the Galilean air«thermometer. Therefore, the
reduction in popularity of the latter in favor of liquid thermometers must
have been partly the result of other reasons; and these are not difficult
to find, |

Thus, the marked sensitivity of air thermometers to the presence of
small amounts of moisture in the bulb and air sample must have presented
a formidable obstacle to the construction of comparable instruments. Also,
the awkward two-piece construction was unsatisfactory where portability
was required. Again, it was difficult to establish thermal contact between
the rather large bulb of air and the body being tested, particularly so if
the latter was a liquid. On the contrary, if the bulb were made smallef,
the stem error would have been increased, since a greater fraction of the
air would have been at the temperature of the tube. Finally, the circumstance
that the vessel of enclosing liquid was uncovered intioduced errors result-
ing from evaporation of the liquid, in addition to those attributable to a

variable barometer,
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In 1643 the Jesuit, Athanasias Kircher, published a description of
a thermometer which was really a hybrid water-air type (cf, Figure 5).16
The tube of the original Galilean tube was extended to the bottom of the
bulb and the latter partially filled with water, Besides being a simpler
one~piece instrument, Kircher's thermometer, having the bulb at the bottom,
facilitated determination of iiqnid temperatures by immersion. Since the
bulb contained both air and water, two thermometric substances were
involved. The fact that the stem was unsealed incurred two kinds of
aceidental variation: that associated with the effect of variable atmospheric
pressure on the volume of the air, and that associated with the effect of
evaporation on the volume of the liquid,

Still another hybrid, liquide~sir type was in use as early as 1656,
This type, evidently generically related to the Dutch J«type of air
thermometer, had one arm of a U«tube sealed to the bottom of the bulb,
Vinegar was introduced into the apparatus until the bulb was about half
fu11,17

A fullefledged liquid thermometer had already been designed and used
as early as 1632 by the French physician, Jean Rey.l® In this instrument
a Galilean tube was placéd bulb downward and the latter conpietely filled
with water. As in Kircher's instrument, the tube was left unsealed so that
readings were still affectéd by evaporation.

The first clesed liquid thermometer of which we have any record is
the one invented sometime before 1644 by the Grand Duke Ferdinand II of
Tuscany, a former pupil of Galileo. The bulb of this instrument was about
the size of a gun~ball and was filled with alcohol, colored or uncolored,
The tube was hermetically sealed, thus eliminating evaporation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



“lh=

It cannot be stated with certainty that the realization of the
influence of variable barometric pressure on open air thermometers is what
prompted Ferdinand to invent the alcohol thermometer, since he may have
invented the latter as early as 1641, two years before Evangelista Torricelli,
mathematician to the Duke of Florence and another student of Galileé,
demonstrated the Torricellian vacuum and correctly attributed day~to-day
variations in the height of the mercury column to variations in the weight
or pressure of the air, Knowledge of Torricelli's experinehts was
communicated to the French physicist, Blaise Paséal, through Father Mersenne,
who first heard of them in 1644. Beginning in 1646, Pascal repeated and
extended Torricelli's experiments..vParticularly famous are the experiments,
carried out under Péscalfs direction by his brother-in-law, F, Periér, on
the variation of air preésure with altitude, |

Pascal was fully aware of the significance of his work for thermometry.
In his "Treatise on the Weight of the Mass of the Air," published in 1663,
one yeaf after his death, he stated that his experhmanﬁs on variable
barometric pressure show "that degrees of heat are not correctly marked even
in the best thermometers éince in them all the different heights at which
the column of water stands are ascribed to the rarefaction or condensation
of the air inside the tube, whereas from our experiments we learn that the
changes that take place in the outer air, that is, in the mass of the air,
contribute markedly to those changes."l9 Again, in the "Story of the Great
Experiment on the Equilibrium of Fluids," published at the same time, we
read that a consequence of variabis barcmetric pressure is the "unreliability
of the thermometer in marking degrees of heat (which is not comhonly recognized),

as is shown by the fact that its liquid sometimes rises when the heat
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increases and sometimes, on the contrary, falls when the heat decreases,
even though the t’:ermometer be kept always at the same locatien."ze

While the invention of the closed alcohol thermometer is génerally
attributed to Ferdinand II, considerable credit for its improvement and
the extension of its use must likewise be assigned to Itallan efforts and
influence, in particular, to the work of the famous Accademia del Cimento
(Academy of Experiments), which flourished in Florence frem 1657 to 1667,
The Academy was founded by Ferdinand II and his brother Leopold and was
‘constituted largely of disciplés and former students of Galileo. 4 record
of their experimental work, in which no eredit to individual members was
given, was published in Italian in 1667. This book, entitled "Saggi di

12l as destined to

naturali experienza (Records of Natural Experiments),
exert wide influence on the development of European séienee.

The members of the Academy evidently used closed alecochol thermometers
almost exclusively in their experimental work, and the residual character
of temperature provided them with at least one basis for this preference.
They were quite familiar with Torricelli's experiments and probably with
Pascall!s as well, Not only did they repéat- a number of these experiments
but they also performed meny new ones relating to the Torricellian vacuum
and variations in air pressure. Thus, in one experiment, they employed an
instrument identical to Kircher's air themometd (cf. Figure 5) except
that mercury was used in place 61’ water., The level of the mercury in the
tube was observed to rise when the instrument was taken to the top of a
tower, and this, following Pascal, was correctly explained as due to the

decrease in external air pressure. In a second instrument, consisting of

a bulb of air sealed at the bottom to an open U-tube containing mercury
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and essentially identical to the Drebbel-type of air thermometer, similar
phenomena were observed, We find it clearly stated that the level of the
mercury in these instruments depends both on the temperature of the
confined air and the barometric pressure.

On the other hand, attempts to demonstrate the compressibility of
liquids were unsuccessful. They subjected a quantity of water to the
pressure of a long columm of mercury but were unable to cbserve any decrease
in its volume, although a similar column had decreased the same volume of
air to one~thirtieth of its original volume. From this, we may assume that
they regarded the prevention of evaporation as the chief reasen for
sealing liquid thermometers,

Three closed alcohol thermometers were described in the opening pages
of the Sagi. They were filled, first by warming the bulb and immersing the
end of the stem in the liquid, and then, by pouring liquid through a small-
stemmed fumnel., The practice of coloring the alcohol was abandoned because
the coloring agent deposited a sediment in the stem,

The Academicians undoubtedly recognized the importance of providing
thermometers with comparable scales. During the years in which the
Academy flourished, their thermometers were dispatched to cities and
monastaries all over Europe for the purpose of making meteorlogical
observations. These records were subseguently returned to Florence for
comparison, a comparison which would have been meaningless ﬁad the
thermometers themselves not been at least approximately conparable.

To attain this comparability, they probably relied mainly upon the
skill‘ of the glass blower in maintaining a constant relation between the
volume of the bulb and the diameter of the stem, Thus, the stem of the

first thermometer was divided into one hundred equal d egrees or divisions,
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the glass blower being required to "make the Ball of this Instrument of
such a capaecity, and joyn thereto a Cane of such a bore, that by filling
it to a certain mark in the Neck with Spirit of Wine, the simple cold of
Snow or ice'Externally Applied, may not be able to condense it below the
20 deg. of the Cane; nor... the greatest vigour of the Sun's Rays at
Midsummer, to Rarifie it above 80 deg."22 |

Their second thermometer was divided into fifty degrees, the greatest
heat of the midday sun giving a temperature of 40 degrees, the ‘'greatest
cold of our Winter” giving a reading of 12 or 11 degrees comparéd with a
reading of 17 or 16 degrees on the first thermometer. Themaintenance of
such correspondence between scales was only attained “by Practice, teaching
how to proportionate the Ball to the Cane, and so to é.djust the Quantity
of Liquor, as they shall not vary in their motions."23 ‘The stem of their
third thermometer was longer and narrower than thoaé of the other two and
divided into 300 degrees. The fourth thermometer had a large bulb sealed
to a very long stem consisting of a coil of glass tubing. Since, in coiling
the stem, the uniformity of its bore was destréyed, this instrument was
regarded as little more than a laboratory curiosity.

The exact manner in which the Florentines employed the ice-point in
sealing their thermometers was not described in the Sagi. In their
description of the 10O~degree thermometer, they stated that; by means of
the capillary funnel, "you may fill the Instrument up to what mark in the
Neck you please.! Latér, they spoke of the “proportion of the spirit of
wine found with the'proof of Sun and Ice," fhese passages suggest that
they might have introduced alcohol, with the bulb in an ice bath, until

the level in the stem came to the 20~degree mark,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-] B {

The following circumstances, however, cast doubt on this conclusion,
In the first place, their mention of the ice~-point in the same phrase
with the heat of the midday sun 1is scarcely consistent with the assumption
that they employed these as fixed points in thermometry. For the
variability of the sun's heat must have been a matter of eieryaday
experience., However, if we take the other horn of the dilemma and assume that
they did use both sun and ice as fixed points, we are left with no explanation
for thelr concern about the ratio between bore and bulb, For with two
fixed points, this rgtio need not be constant., Again, in their description
of the scale of the 50-degree thermometer, there is no mention of the use
of ice or snow, However, in one experiment in which they had occasion to
immerse a 50-~degree thermometer in an ice bath, they stated that the
instrument registered 13 1/2 degrees, and this was the reading at the ice
point for a number of such thermometers discovered bj Antinori in 1829,

If the members of the Academy had employed the ice-~point as a fixed point,
it seems unlikely that they would have denoted it by such an odd number
of degrees,

Thus the most likely conclusion is that these pioneers of thermometry,
in seeking comparable thermometers, depended primarily on the glassblower's
skill in attaining thé correct relation between the dmmeﬁsions of the bulB
and that of the stem. Thus, for thermometers employing the same liquid,
one inch of stem length would always correspond to the same number of
degrees provided the ratio of volume of bulb to the square of the stem
radius was constant, Although they were undoubtedly familiar with this
simple geometric relationship, there is no evidence that they actually used
it in making thermometers. Rather, they relied on trial and error, though

probably guided by knowledge of the geometrical requirements. After the
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thermometer was completed, they probably immersed it in melting ice to
determine whether or not, in the case of the 100 degree thermometer, they
had’succeeded in making the ice point come at 20 degrees., The advantage
of reversing this procedure and allowing the ice bath to determine the
location of the 20-degree mark on the stem evidently escaped them,
although Sanctorious had employed this method over half a century earlier
in calibrating the air thermometer. Thus, in referring to the 300-degree
thermometer, they stated that they "ean lay down no certain Rule to make
it Practice, and often Trials being-the only way to effect it, by increasing,
and diminishing the size of the/Ball, or the bore of the Cane, or the
quality of the Liquor, till at length it hits right,n2k
Since snchr awkward methods were used to attain foprodnc‘bibility, | one
naturally wonders how comparable the Florentine thermometers actuaily were,
On this question, we read in the Sagi that a famous glass blower "could
" make Two or Three, or as many as you desired, of 50 deg. which being
encampassed with the same Ambient, should all agree: but that the case was
otherwise in those of 100 deg. especially of 300 deg. the smallest
Inequality and Error committed, in making one with a large Ball, and small
Neck, being very easie to be discovered: so that they will show great
Disagreement and inequality when compared together." The claims made in
this passage for the 50~degree thermometers agree with the performance of
those found in Florence in 1829 by Antinori: these agreed excellently with
one another not only at the ice point but at other points on the scale.25
Perhaps because they were familiar with Rey's thermometer, the members
of the Academy considered "simple spring water" é;s a possible substitute
for alcohol, in the closedvliqnid thermometer.” They rejected the water for

three reasons: first, the alcohol responded moré quickly to temperature
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changes (we would say it had a lower heat capacity); second, they thought
the lower density of alcohol enabled it to rise and fall more easily in
the tube; and thirdly, unlike the spring water, the alcohol left no
sediment in the tube. In this third objection they revealed that they
were unaware of the importance of using distilled water.

To the above objections, they might have added their observations
that the usefulness of water as a thermometric substance ceases at its
freezing point where it begins to expand instead of contraet with
extraction of heat, and that, even while still completely liquid, in the
neighborhood of the freezing point, it actually undergoes expansion instead
of contraction on cooling. These observations were made in their work on
artificial freezing which might be desecribed as the first time-temperature
experiments, or, equally well, as the first dilatometric observations. A
Galilean tube was filled with water to a convenient point in the stem which
was graduated., The bulb was immersed in a freezing mixture of snow and
salt, and the level of the water in the stem recorded at regular time
intervals, Temperature readings were also made at these time intervals
but were recognized as being erratic because the thermometer was immersed
in the freezing mixture instead of in the water. Incidentally, a slight
rise of the liquid in the tube immediately upon imniersion in the cooling
mixture was correctly interpreted as resulting from the initial thermal
contraction of the glass.

Similar studies were made of the thermal contraction of mercury, oil,
and many other liquids. Also the relative effectiveness of different
freezing mixtures, e.g. salt and ice, sugar and ice, saltpeter and ice,

and sal ammoniac and ice, was determined, using comparable thermometers.
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In all of these experiments, the importance of the temperature concept
was becoming increasingly evident; so that the thermometer, instead of being
regarded as an interesting toy or, at most, a device of interest only to
the practicing meteorologist or physician, came to be recognized as an
instrument of strategic significance for general scientific investigation.

In the year 1668, a copy of the Sagi was dispatched to the Royal
Society in England. However, the closed alcohol thermometer had already
been introduced into that country some years before by the Englishman,
Robert Boyle, and we find it described, Elcng with many other findings
of significance for thermometry, in his famous "New Experiments and
Observations touching Cold, or a new Experimental history of Celd begun,"
first published in 1662,26 |

Boyle spoke of having been shoewn a closed alcohol thermometer by a
traveler from Florence but did not give the date of this meeting. It is
uncertain whether he first constructed such thermometers after seeing the
Italian thermometer or before. However, regardless of the answer to this
question, Boyle's position as a great pioneer in the development of
thermometry wili remain secure, since this rests primarily on his discussion
and appreclation of the general principles of thermometry, supplemented,
to be sure, by crucial experiments. Such generalizations were largely lack-
ing in the writings of the Florentine Academy, which confined itself, for
the most part, to a report of the experimental results.

In Boyle's time, the open air thermometer was still in common use in
Englahd. Indied, Boyle mentioned at one point that his friends, never

Seaw having been a closed liquid thermometer, did not believe that such an
instrumeﬁt was possible., Assuming the validity of the doctrine that nature

abhors a vacuum and being unaware of the presence of the vapor of the liguid,
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they did not think it possible that the liquid could contract unless the
air could enter to fill the vacuum., Boyle, however, was not one to worry
about the impossiblility of the actual. In constructing closed liquid
thermometers, he not only'demonstrated their possibility, but also pointed
out the following advantages enjoyed by them but not shared by the open
air type: independence of barometric pressure, impossibility of spilling
the liquid, elimination of evaporation, and ease of immersion in liquids,
Boyle was very cogent in his demonstration of the residual character
of temperature; he clearly emphasized the necessity of isolating the air
thermometer from the influence of the pressure of the atmosphere. He
was familiar with Torricelli's experiment and its correet explanation,
Employing the air—pumpvwhichvhad been invented by Otto von Guericke
sometime before 1655, he substantiated and extended Torricelli's findings.
This was done by introducing a barometer into a bellvjar, gradﬁally evacuating
the latter, and noting the progressive fall of the mercury. This experiment
was reported by Boyle in 1660 in his "New Experiments PhysicoQMechanicall

27 and its significance for thermometry was

touching the Spring of the Air,%
clearly pointed out in the "Experiments touching Cold:" the reading of the
Open thermometer depends, in part, upon "the height or weight of the
atmospherical pillar." This conclusioﬁ was substantiated by a series of
readings made on a pair of thermometers, identical except that one had a
closed stem, the other an open one. The thermometers chosen for the
experiment were of the hybrid liquid-air type described by Kircher (cf,
Figure 5), alcohol being employed instead,of water as the enclesingﬂliquid.
Boyle noted the extérnal air temperatures indicated by the two instruments

over a period of time and successfully correlated the discrepancies between
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their readings with variable atmospheric pressures observed on the barcmeﬁor.
Indeed, in his discovery in 1662 of his famous law governing the relation
between the volume of a mass of air and its présaure or "spring,” Boyle

made it possible, for the first time, to correct readings of the open air
thermometer for variations in the barometer.

4. Alternative Scales and Thermometric Substances: The Principle
of Indifferencs.

The arbitrariness inherent in an elementary temperature scale is well
recognized today. This characteristic flows from what may be called the
Principle of Indifference. According to this principle, a body's pesition
in the temperature series (scale of hot and cold) is independenﬁ of or
indifferent to the particular choice of thermometric substance, thermometric
property, and functional relation defining temperature in terms of the
property.28

This arbitrary nature of temperature, particularly with respect to the
choice of thermometric substance and manner of graduating the scale, began
to make itself evident quite early in the history of thermometry., Thus,
we have seen air, water and alcohol alternatively employed as thermometric
substance. We have also referred to the wide variety of procedures used
to graduate the scale,

However, it is in Boyle's writings that we find for the first time a
clear realization of the arbitrariness of temperature scales, both in
respect to the choice of thermometric substance and the method of graduating
the scale. The operation of the Principle of Indifference was thus
appreciated, We have just described experimenia in which he used thermometers
of the hybrid Hatef-air type. In other experiments, he employed straight

air thermometers because of their greater sensitivity, Although he preferred
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alcohol to any other thermometric liquid, he considered water as a possible
substitute. The latter was rejected because it froze too easily and because
it responded less readily than alcohol to changes of temperature (higher
heat capacity). Turpentine was also mentioned as a possible thermometric
liquid., Boyle was evidently aware that each of these liguids would expand
in its own peculiar way upon application of heat and that each would
therefore givelﬁ different temperature scale if employed in a thermometer,
This was based not on conjecture but on actual measurement ¢f the thermal
coefficients of expansion of the liquids. Thus he filled a Galilean tube
with turpentine up to a convenient point on the neck, and, noting the
extent of fall of the meniscus when the bulb was immersed in ice water,

was able to calculate from this and the dimensions of stem and bulb that
turpentine contracts by 1/94 of its original volume when it is cooled from
room temperature to the freezing point of water, He referred to similar
experiments with water but gave no data. He also reported that the mean
coefficient of expansion of water was determined by the method based on
Archimedes! Principle, i.e, by weighing a glass objeet first in air and
then in waﬁer at each of the two temperatures,

Even after choice of thermometric substance had been made, the method
of graduating the stem had still to be determined. It was with respect to
this feature, the method of graduation, that Boyle's thermometers definitely
excelled those of the Florentine Academy. For Boyie clearly advocated the
use of a fixed point for this purpeose, alloﬁingkit to determine the starting
point on the scale, As such a fixed point, Boyle considered both the
freezing point of water and that of oil of aniseed, thus implying that the
choice was largely arbitrary. He actually adopted aniseed oil because it

froze at a more convenient temperature than water, and also because he
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entertained some doubt about the constancy of the latter. He suggested
that each degree of temperature then be made to correspond to a constant
fractional inerease in volume of the thermometric substance above its
volume at the reference point. The functional relation between temperature

t and volume V, advocated by Boyle, wmay therefore be represented by

where tp 1s the temperature number assigned to the reference point, Vp is
the volume at the reference point, and 1/n is the fraotion of VR which 1s
set equal to one degree. Boyle recognized that this procédure, if applied
to different sized thermometers containing the same thermometric substance,
would make the degree correspond to one and the same length on the stems of
the different thermometers only if a constant relation were maintained
between the volume 6f the bulb and the diameter of the stem.

Still another éentribution of Boyle to thermometfy stemmed from quite
a different sourcg,inamely, from his promulgation of phe Qodern concept of
chemical element gnd particularly the concept of a chemical compound as
contrasted with a physical mixture. For the concept of a pure substance,
having a fixed composition and a correspondingly fixed set of properties,
was essential for the complete description and determination of both the
thermometric substance and those substances whose freezing and boiling
points determined the scale, Without such a concept, together with its
experimental realization, the various arbitrary choices of thermometric
and reference substances would have tended toward anarchy, and the attain-
ment of comparibility in thermometry would have presented an impossible

goal,
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In Boyle's time, the four-element theory of Aristotle, together with
the so»called-three-element theory of Paracelsus, were still widely accepted
in scientific circles. According to the first, the four fundamental forms
of matter were earth, water, air and fire; these latter, however, were by
no means analogous to our modern elements, Thus they were regarded as
transmutable, one into the other, by alteration of their properties,

Also, since Aristotle believed matter to be perfectly continuous, there

was no theoretical basis for de-limiting the number of possible combinations
of the four elements which might produce materials encountered in nature

or in the laboratory. Indeed, quantitative aspects of these elements,

such as their mass, were not emphasized, so that they were often regarded
as qualities rather than elements in the modern sense, Similar considerations
applied to the three elements, salt, sulfur, and mercury, of Paracelsus,
although these gradually came to acquire a substantial character, However,
there was no limit to the manner in which the elements might combine to
form a compound, so that the idea of a compound having a discrete set of
properties and composition was mlssing.

Boylet!s thinking on these subjects, as recorded in his "Skeptical
Chymist" (1661),29 was dominated by his adoption of the atomic theory of
Democritus, which had already been revived by Pierre Gassendi, According
to Boyle, matter is composed of discrete atoms, there being as many kinds
of atoms as there are kinds of elementary substances. Elements are, by
definition, incapable of resclution inte anything simpler, and this property
arises from the fact that their atoms are indestructible. Compounds form
by combination of the atoms of different elements to form larger particles,
In this connection, he clearly distinguished between a compound of several

elements and a physical mixture in which the original elementary properties
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were still to be found., Since the atoms were definitely substantial in
character, the Law of Constant or Definite Composition was implied. Boyle
emphasized strongly that the number of elementary substances into which
all materials could be resolved far exceeded four.

Boyle's ideas on the neture of matter and chemical combination were
not fully #ppreciated for over a hundred years, This was partly a result
of authority and prejudice, partly a result of the scarcity of evidence
supporting his views, Accumulation of the latter had to await the very
slow development of analytical chemistry. In the meantime, the four-
element theory continued to be accepted by many as the best working
hypothesis, and the concept of the pure substance with fixed composition
and properties was slow to take hold,

Particularly important for thermometry is the distinction between a
chemical compound and a solution-~ a distinction not made by Boyle since
he referred to compounds as "perfectly mixed bodies", a term equally
applicable to solutions, which are also homogeneous“but, unlike compounds,
of variable composition. Indeed, the confusion between these two concepts
was not entirely cleared aﬁay until the first decade of the nineteenth
century when, as a result of the famous controversy between Claude
Berthollet and Joseph Proust, the universal validity of the Law of Constant
Composition was’finally established. |

Since pure substances did not occur in nature and since the concept
of the pure substance, as the goal of a series of purifying operations,
was not clearly formulated, most of the materials ehployed in the early
thermometers as well as those used for reference points were either

solutions or mixtures subject to accidental variations in composition. A
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solution, of course, would have constituted an acceptable thermometric
substance, provided identical samples of it could have been reproduced,

Such reproduction, however, would have been generally possible only by

means of a description of its composition in terms of pure substances, Thus
alcohol was not prepared in the pure, water~free condition until the end

of the eighteenth century,Bo so that variations in its composition undoubted-
ly imposed serious limitations on the attainment of comparable alcohol
scales, Mysterious references in the Sagl to variations in the "gquality

of the liquor" must have referred to this situation. Also, we héve seen
that the members of the Florentine Academy did not‘approciate the importance
of using pure water when they considered it for possible use in thermometers,
This same oversight probably caused Boyle to doubt the constancy of the
freezing point of water and to prefer that of oil of aniseed in its stead.

He was evidently unaware that the latier was not a pﬁre substance but a
solution and exhiblited therefore a composition and freezing point which
varied with its source and mode of preparation.

The importance of distilled water for thermometry was recognized by
Boyle's colleague and former assistant, Robert Hooke. Adopting Boyle's
.practice of graduating a thermometer by amployndnt Qf a single fixed ﬁoint
and equating the degree {6 a constant fractional increase or decrease in
the volume at the fixed point, he recommended that the'temperature on the
alcohol thermometer be reckoned by assigning zero degrees to the volume
at the freezing point of distilled water and by making each degree correspond
to a volume change equal to one one-thousandth of the volume at zero. In
the same year, 1665, the Dﬁtch scientist, Chfistian Huyghens, first proposed
the boiling point of water as d fixed point, only, however, as an alternative
to the freezing point, and not to be used along with the latter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-29-

Since pure substances with invariable freezing and boiling points
were generally unavallable and since, further, it was not always certain
that such substances even existed, other, generally unsatisfactory environ-
ments were often employed to provide reference points in graduating the
scales of the early thermometers, As examples, we may cite the candle
flame of Sanetorious, the heat of the summer nodn-day sun of the Florentine
Academy, and the temperature of the "first night frost" of von Guericke,
To this category of "fixed points” may be added the teﬁperatures of deep
cellars and mines. Both Galileo and Boyle expressed the belief that the
temperature of such places remained quite constant. In a paper presented
to the Royal Society in 1693,31-entitled “On the Expaﬁsien and Contraction
of Fluids by Heat and Cold, in order to Ascertain the Divisions of the
Thermometer, and to make that instrument in all places, without adjusting
by & standard," Edmund Halley definitely recommended the temperatures of
such places "deep underground" as providing more reliable fixed peints than
the freezing points of water 6r oil of aniseed which he considered of doubtful
constancy. He alsQ suggested an alternative, the boiling point of pure
alcohol. In the same paper, the thermal expansion of several fluids was
studied with a view to their possible adoption as thermometric substances.
He reported that water expanded 1/26th of its volume in going from room
temperature to its boiling point, whereas mercury exhibited a fractional
increase of only 1/74th over the same temperature interval. He found the
volume of aloohol much more sensitive to temperature since it expanded about
1/12th of the original volume on being heated from room temperature to its
boiling point., In spite of this, however, he preferred air to alcohel as
thermometric substance, because he though alcohol varied in quality and lost

some of its expansive power after continued use,
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The use of two reference points, in place of one, in graduating a
thermometer, results in a great practical advantage: it then becomes
possible to make different sized thermometers, employing the same thermo-
metric substance, glve identical readings without the necessity of
determining either the volume of the bulb or the volume or diameter of the
stem. For, regardless of the total volume of thermometric substsnce, the
increase in volume in going from the lower fixed point to the higher one
will always be the same fraction of the volﬁme at the lower point and there-
fore will always correspond to the same number of degrees. The functional
relation implied between temperature t and volume V in this method of

graduating the scale is clearly the following:

t = tRl + V- vf_ll
(Vg2 = YR1) /&

where tp is the temperature number assigned to the lower reference point,

le the volume at the lower reference point, VR2 the volume at the upper
reference point, and 1/k the fraction of the difference between these two
volumes which is to be set equal to one degree. Also, assuming the stem
to be uniform, its volume will be propertional te its length, so that a
constant fraction of the total distance travelled by the meniscus in going
from one fixed point to>£he other in the various thermometers will aluays
correspond to the same number of degrees. Thus, if V, is the volume of the
bulb, and 1 is the length of stem filled by the liquid, we will have

V = 81 ¢+ V,, where s is the constant cross-sectional area of the stem.

Substitﬁtion of this relation into the equation given above, we have

1 - 1py

t=1tp
(1r2 - 1r1 ) /k
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- Sanctorious, or possibly Sagredo, was evidently the first individual
to use this method of graduating the é;rmometer, but this aspect of his
work was, as we have seen, either unknown or, at least, unappreciated by
both Boyle and the members of the Florentine Academy. The method, however,
was revived in 1669 by Honore Fabri, a French Jesuit, who had been a
corresponding member of the Accademia del Cimehto. He graduated a
Florentine thermometer by marking the position of the meniscus, first when
the bulb was surrounded by snow, and again when it was exposed to the
"highest summer heat." He divided the intervening distance into eight
équal parts, Nineteen years later we find DalanceBzagain employing the
two-point method of graduation. He graduated a colored alcohol thermometer,
whose bulb had been flattened for better heat conduction, by taking as
fixed points the freezing point of water and the melting point of butter,
dividing the intervening distance into twenty equal degrees, and logically
extrapolating this scale four degrees in either direction. As an alternative
method, he recommended the temperature of a mixture of ice and salt and the
temperature of a very deep cave as fixed points, the distance between them
to be divided into 15 equal degrees with the scale extrapolated another
fifteen degrees above the cave temperature,

To Carlo Renaldini, another former member of the Florentine Academy,
goes the credit for first using the two-point method ef graduation in
connection with points which were actually satisfactory. His choice, made
in 1694, of the freezing and boiling points of water as the fixed points
was a truly epoch-making one, He divided the intervening distance into ‘
twelve equal parts.

Sanctorious, early in the seventeenth century, had recognized the
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constancy of normal body temperature, and Borelli is said to have employed
bleood temperature as a reference peint in thermometry in 1685, Isaac

Neuton33 also employed body temperature along with the ice point im graduating
his linseed oil thermometer. He assigned O degrees to the latter and 12
degrees to the former and found that, assuming the degree of heat to be
proportional to the expansion of the oil, the boiling point of water came

at 34 degrees, the melting point of an alloy containing equal parts of tin
and bismuth came at 48 degrees, while lead melted at 96 degrees,

The temperature of the human body was also employed as a fixed point
by Daniel Gabriel Fahrenheit, a Dutch instrument maker of German lineage,
whose temperature scale in a nodified form was destined for wide adoption.
This scale, as doscribed in a ﬁiper submitted to the Royal Seciety in 172h,3h
wag really over-determined since it was based, according to his deseription,
not on two but three reference points: body temperature, assigned the
number 96; the ice point, assigned the number 32; and the temperature of a
mixture of ice, water, and sal ammoniac, or alternatively, ice, water, and
common salt, to which was assigned the number zero., If we ask ourselves
how these three numbers were arrived at, we must eonciude that only two of
them were arbitrary and the third must have been determined from the other
two, although Fahrenheit did not state this to be the case. It is possible
that he specified three points so that, if conditions made thé use of one
infeasible, there would still remain two others to determine the scale,
Thus, in referring to the determination of the zero point, he stated that
"this experiment succeeds better in winter than in summer,.”
| Fahrenheit used both alcohol and mercury as thermometric substance;
and, in this connection, his method of calibration led to an interesting
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discrepancy. For he tacitly supposed that the application of the same
two reference }Soints to two thermometers, one employing mercury and the
other alcohol, would lead to identical scales. Thus, when confronted
with a discrepancy between an alcochol and a mercﬁry thermometer, he
attributed this entirely to a difference in the quality of glass used in
the two instrumgnts.Bs This supposition rested on the unwarranted assumption
that the expansion of mefcury was proportional te the expansion of alcohol.
In Fahrenheit'!s day only a few mean coefficients of thermal expansion had
been investigéted, and his view that the two scales were identical probably
went unquestioned.

In advocating the use of mercury as a thermometric substance,
Fahrenheit performed a real service to the advance of thermometry. This
liquid had been in common use in barometers where, because of its high
density, no other liquid could seriously compete with it. It had also been
used in smgll clinical thermometers in England as early as iéBA.36 However,
its low thermal expansion had prevented its general adoption in thermometers,
Fahrenheit showed that, in spite of this property, very precise and comparable
mercury thermometers could be manufactured with sufficient care. An important
point in favor of mercury at this time was the circumstance that it, unlike
alcohol, was available in a high state of purity.>! Additional points in
its favor arose from its high conductivity, its low vapor pressure, its
chemical stability, and its high boiling point.

The high boiling point of mercury was put to good use by Fahrenheit
in his determination of the boiling points of high~boiling liq;iids.38
Thus, using a mercury thermometer whose scale was extrapolated to 600
degrees, he found that water boiled at 212 degrees, nitric acid at 242 degrees,

oil of vitriol at 546 degrees, and fixed oils at temperatures above the
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boiling point of mercury. Particularly significant for the concept of
a8 pure substance was his observation that volatile oils boiled with
increasing temperature.

Although Fahrenheit did not employ the boiling point of water as a
fixed or reference point, he paved the way for its consistent use by others.
We refer to his observation that the boiling point of water inereases with
increasing barometric pressure. Boyle had already noted that, under the
partial vacuum of his air pump, water boiled at a relatively low temperature,
but Fahrenheit made the first systematic investigation of this phenomenon,
In his hypsobarometer, described in a paper submitted to the Royal Society
in 172&,39 he made use of this property of water to measure barometric
pressures, This instrument was an open mercury thermometer, the upper
portion of whose stem was quite small in cross-section (cf. Figure 6). At
ordinary temperatures, encountered in weather fluctuations, the meniscus
came on the lower scale which was graduated in the ordinary manner in
degrees, To determine the barometric pressure, the same instrument was
immersed in boiling water whereupon the meniscus rose to the constricted
region of the stem which was graduated directly in inches of mercury.

Mention should also be made of Fahrenheit's work on the ice point.Bk
Boyle and Halley had doubted the constancy of ﬁhis point. Fahrenheit
demonstrated that, in the absence of air, water could indeed be cooled to
15 degrees on his scale. Agitation, however, caused it to freeze at the
customary temperature, It is possible, also, that he realized that ordinary,
i.e. impure water freezeé over a temperature range, since he referred to the
ice point as the "commencement of freezing."

Fahrenheit's thermometers were dispatcﬁed from Amsterdam, the home of

their maker, to‘cities all over Europe. Because they were very carefully
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constructed and hence exhibited excellent comparability, they attained
wide usage, particularly in England. The latter country honored Fahremheit
in 1724 by electing him to the Royal Society.

Boyle!'s method of employing a single fixed point to determine the
scale was reverted to by the aristocratic French scientist, Rene Antoine
Ferchault de Reaumur, whose papers on the "Rules for Construction of
Thermometers with comparable Scales” appeared in 1730 and 1731.h0 Assigning
zero to the ice-point, he defined an increase of cme degree as that rise
in temperature which would increase the volume of his thermometric substance
by one one-thousandth of its volume at the ice point., Reaumur designated
&8 thermometric substance a solution of alcohol and water. He recognized
that the exact composition had to be specified, since the thermal expansion
of such a liquid would increase with its alcohol content. Finding that the
solution, which he employed and which contained about one~fifth water by
volume, expanded 80/1000 of its volume at the ice point when heated from the
latter to a temperature just below its boiling point, he adopted this
observation as a standard of composition, stating that the thermometric
liquid should be an aqueous alcohol solution exhibiting Jjust this amount
of thermal expansion. Although a much simpler property such as specific
gravity might have been employed to designate composition, we must neverthe-
less admit that Reaumur's specification of composition by means of a
physical property was aﬁ important contribution to alcohol thermometry.
For water<free alcohol was not yet available, and chemical analysis was still
in a very rudimentary stage., Although Reaumur went to great pains to determine
accurately the volumes of bulb and stem, he completely ignored Fahrenheit's
obgservations of the effect of barometric pressure on boiling point and made

no correction for this variable when specifying the thermal expansion of the
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thermometric substance.
In a paper published in 1742 entitled "Observations of Two Fixed

bl the Swedish asfrcnomer, Andreas Celsius, clearly

Degrees on a Thermometer,"
contrasted the two fundamentsl methods of scaling a thermometer; the single
fixed-point method of Boyle, and the two-point method first used by
Sanctorious. He recommended the latter method, recognizing that it eliminated
the necessity of measuring the volumes of bulb and stem. Celsius! paper
is chiefly famous for his adoption as two fixed points, the freezing and
boiling points of water, a choice which was destined to receive universal
confirmation in later scientific work. The small dependence of the freezing
on barometric pressmre
point of water had yet to await another hundred years for its discovery,
so that we find Celsius asserting that this point is entirely independent of
weather conditions. On the contrary, he fully recognized the importance
of Fahrenheit's discovery of the dependence of the boiling point on the
bardmeter. Fér purposes of thermometer graduation, he defined the boiling
point as the temperature at which water vigorously boiled under mean barometric
pressure, which he took as twenty-five and three-hundredths inches of mercury.
For pressures deviating from this, he recommended a linear correction, a
change of one inch of mercury in the pressure corresponding to a change of
one degree in the boiling point., This was a novel and important application
of the principle of Residues: elimination of the influence of an extra-
temperature factor by calculatien rather than by laboratory manipulation.
He likewise r ecommended corrections for the expansion of the glass,
Apparently wishing to avoid the use of negative numbers for commonly
encountered meteorological temperatures, Celsius assigned the number 100 to

the freezing point of water and zero to the boiling point, dividing the
intervening distance into one hundred equal degrees., This method was
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evidently applied mainly to mercury thermometers, although alcohol was
also mentioned as a thermametric liquid. In the following year, 1743,
Celsius' choice of temperature numbers for the ice point and boiling point
was inverted, thus giving a scale which was, except for minor refinements,
identical to the modern Centigrade scale.

The prestige of Reaumur evidently accounts for the delay, especially
in France, in recognizing the superiority of mercury as a thermometric
fluid. In 1772 Andre Deluc successfully advocated the adoption of mercury

hla Like Celsius, he graduated his scale, using the ice

for this purpose.
point and the boiling point of water, The influence of Reaumur prevailed,
however, in his decision to assign the numbers, zeroc and 80, respectively,
to these two points. Thus was born the modern Reaumur scale, uhich\
achieved wide adoption on the Continent.

To Delue also evidently goes credit for firmly establishing the fact
that the thermal expansion of one liquid is not, in general, proportional
to that of another., The difference in mean coefficients of expansion of
different liquids waabrecognized quite early in the history of thermometry;
and, after Boyle, it became obvious that, if one used the single point
method of graduating the scale and identified the degree with a fixed
fraction (the same for all liquids) of the volume at the fixed point, then
each liquid would give a different scale. There still remained the
possibility that the'expansion of one liquid was proportional to the other
in which case identical scales would be obtained by merely making thermometers,
employing the two liquids, coincide at two fixed points., We have noted
that Fahrenheit tacitly assumed that this would be the case for thermometers

employing alcohol and mercury. Deluc, however, after constructing thermometers

of various ligquids, including mercury and alcochol, and noting their behavior,
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found that each liquid not only has a mean expansion coefficient but also
a law of thermal expansion which is peculiar to itself, so that no simple
procedure will suffice to bring the scales of different thermometric
liquids into general correspondence. In this connection, Deluc showed
that the peculiar behavior of water a few degrees above théireezing point
resulted from the existence of an actual maximum in its density.

Many thermometer scales, in addition to those already described, were
proposed and used in the eighteenth century.hz In this respect, the period
might be described as a veritable heyday for the Principle of Indifference.,
Unfortugkely, however, the requirements of comparability and reproducibility
were frequently/not satisfied. Thus the biologist, Stephen Hales, in
greenhouse experiments reported in 1727, used a thermometer, one of whose
fixed points was described as the temperature of the hottest water which
could be endured by the hand.“3 This ambiguous temperature was assigned
the number 90, Again, in 1741, Jacques Micheli du Crest, defining a scale
widely used in Switzerland, chose as fixed points for his "universal®
aleohol thermometer the temperatures of boiling water and that of the cellar
of the Paris observatory. He pretentiously referred to the latter as the
"temperature of the terrestrial globe." Celsius, in the paper referred to,
complained that the Florentine thermométers still in common use were unsat-
igfactcry because of their poor comparability. Such thermometers, having
their zeroc at the middle of the tube to indicate "temperate" air, were still
employed as late as 1741 in Danzig for meteoralogical observations.

5. The Revival of Gas Thermometry: The Quest for the Mest Rational Scale.

The Principle of Ihdifforence, aécording to which the position of a
body in the temperature series ls independent of the particular thermometric
substance employed in the thermometer used to determine that pesition, is
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today properly recognized as arising from the inherent nature of temperature.
Indeed, it is this principle which provides the temperature concept with

its universality.hh However, this point of view was by no means prevalent
among the early workers in thermometry nor was it generally accepted by the
scientific world before the establishment of the First Law of Thernodyﬁamiea
in the middle of the nineteenth century. |

As already pointed out, the fact that different thermometric substances
gave different scales, any one of which sufficed for practical thermometry,
was commonly recognized after the time of Boyle. This situation, however,
in which no particular scale seemed to have logicai preference over any
other, was often viewed with misgiving. The basis for this feeling was the
theoretical conviction that heat was substantial in character and therefore
capable of quantitative formulation.in terms either of the amount of heat
fluid in a body (theory of fire matter or caloric) or in the magnitude of
the motion of its particles (kinetic theory of heat). For, this being the
case, it was thought there ought to exist a single, "true" temperature
scale whose r eadings would either directly representmor bé simply related
to the amount of heat in a body.

Thus, until the fall of the caloric theory in the nineteenth century,
the Principle of Indifference was regarded as an empirical law of practical
thermometry rather than as a first principle, and the arbitrariness of
temperature scales as a feature to be eliminated by the march of science
rather than as an essential characteristic of the temperature concept,

There was thus posed the problem of the establishment of the most rational
scale~--a problem which engaged many of the best minds of the period, It was
in connection with the culmination of the search for the true scale thét
the gas thermometer, after a century of unpopularity, returned to the scene

to provide a temperature scale which, if not the most rational, at least
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seemed to have better claim to that title than any other.
Regret about the arbitrariness of temperature scales and the implied
hope that time would remedy this situaticn were already expressed in the
writings of Boyle, For there we read: "I consider that we are very much
to seek for a standard, or certain measure of cold, as we have settled
standards for weight and magnitude and time; so that when a man mentions
an acre, or an ounce, or an hour, they that hear him know what he means
and can easily exhibit the same measure: but as for the degrees of cold...
we have as yet no certain and practicable way of determining them.“w
This passage clearly reveals that Boyle did not consider any arbitfary scale
as constituting a satisfactory standard scale. To command universal adoption,
a standard scale, he thought, should provide a "cert.ain measure” of heat.
That this was indeed his view is corroborated in another passagé where he
complained that the "best" proportion between the diameter of the tube and
that of the bulb was“unknéwn, also that the question as to the 'best"
thermometric liquid was as yet unanswered, | .
Thinking along the same iine in 1693, Halley observed that any thermometer
would suffice to determine whether or not two bodies were equally hot and,
if they were not, which was the hotter; but that no thermometer readings
permitted us to say that one body was e.g, twice as hot as another.hé In
other words, the temperature of a bedy, as recorded on an arbitrary tenjnrature
seale, is not a quantity but merely an order number referring to the position
of the body in the temperature series.’7 According to Halley, however, this
state of affairs is not aresult of the nature of tempei‘ature but is incurred
by the fact that we are ignorant of the "cause of expansion of fluids by heat,."
In the writings of Newton, 1701, we find regret about the unavailability
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cf a true temperature scale replaced by the claim that such an ideal scale
wae already provided by his own linseed ocil thermometer, This claim was

put forward in connection with the discovery of his famous law of coecling,
according to which the rate of cooling of a hot body, when placed in a
uniform draft of air, was proporticnal to the excess of its temperaiuro over
that of the air., He reascned that since, in equal times, equal quantities
of air particles came in contact with the body, equally many air particles
were heated by the body by an amount proportional\ to the "heat" of the

body. Hence the "heat loss" of the body must have been px;oporiiopal to the
"heat" of the bodj. But this loss was actually proportional to the readings
of the linseed oil thermometer. Hence, said Newton, the "heat" of the body
must be proportional to the readings of this 'c.ho.armcnne'l'.er..&’8 |

We note from this argument that the concepts of temperature and heat
were by no means clearly differentiated as yet, also that the essential
arbitrariness of temperature scales was not appreciated. Thus, in atating
that the "heat loss" of the body was proportional to the "heat™ (temperature)
of the irén, Newton had already naively defined a thermometer scale, Whether
or not this scale agreed with some other scale, e.g., that of the linseed
0il thermometer, could only have been determined by experiments unknown to
Newton,

The confusion between temperature and heat, present in the thought of
Newton, was alseo shared by Boyle, as is evident froem the quoted passage in
which he assumed temperaturé to be a quantity analogous to weight, length,
or time, Indeed, the failure to distinguish between these two concepts
was frequehtly encountered until the latter part of the eighteenth century
when Joseph Black finally distinguished between quantity of heat and

intenéity of heat or temperature,
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In the logical system known today as "classical thermodynamics,"
quantity of heat is defined in terms of an arbitrary temperature scaie.
The reverse procedure, that of determining the temperature scale by
arbitrary units of heat, was implied by a practice first adopted by
Renaldini in 1694~-the graduation of thethermometer by mixture experiments.
We have already referred to his graduation of the Florentine thermometer
by division of the distance between the ice point and the boiling peint of
water into twelve equal parts. And an alternative method, he used mixture
experiments, the first degree above the ice point corresponding to the
temperature resulting from mixing eleven parts of cold (probably freezing)
water with one part of boiling water, the second degree corresponding to
the temperature of a mixture of ten parts of cold water and two of bolling
water, and so on 49

The same method was applied by Brook Taylor50 in 1723 to Newton's
linseed o0il thermometer. Finding thﬁt the readings of this thernomeier
were proportional to the quantity of bolling water in the mixtures, he
concluded that Newton's scale did indeed have a just claim te rationality.

In 1760 the same ‘procedure was applied to mercury thermometers by
Joseph IBlam::k5 1 and a dozen years later by Andre Delue52 in France. Their
conclusion, in Deluc's words, was that "mercury is of all liquids hitherto
euployed in the therﬁemeter, the one which most exactly measures differences

of heat by differences in its volume."
The arbitrariness inherent in this method of graduating a thermometer

was evidently not yet appreciated, though it would have revealed itself had
these mixture experiments been repeated with liquids other than water.
Only a fter the researches of Dulong and Petit established the gemeral
variability of heat capacity with temperature, in the second decade of the
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nineteenth century, did this arbitrariness attain full realization.

In faect, as we shall see, it was the gas thermometer scale which
Duleng and Petit, as a result of their classical researches, put forward
as the most likely candidate for the rational scale. Their point of view,
however, had to await the identification of different gases and the
subsequent discovery of the marked similarity in their thermal behavior--
a process which did not complete itself until the appearance of the work
of John Dalton and Gay-Lussac about 1800.

We have cited the close association of air with "fire" in the Greek
four-element theory as one of the probable reasons fof the‘early develop-
ment of the air thermometer. This same association may partly explain the
fact, that, even after the praétical superiority of liquid instruments
had been demonstrated by Boyle and the Florentine Academicians and long
before the similarity in thermal behavior of different gases had been
established, the air thermometer continued to be advocated from time to
time,

The fundamental theoretical objection to the air thermometer, as
emphasized by Boyle, had been the susceptibility of the instrument to
variations in barometric pressure. This, however, was readily taken care
of by closing that part of the apparatus containing the enclosing liquid,
Thus Joh. Christoph Sturm described in 1676 a two-bulbed or J-type thermometer

identical to that shown by Leurechon (c¢f. Fig. 4) except that both bulbs were
sealed.”> This would best be called a differential thermometer, since the

position of the liguid in the J-tube depended on the difference in the
temperatures of the air in the two bulbs.

The closed air thermometer advocated by Dalence in 1688 was also of the
J-type and similar in design to that of Kircher (cf. Fig. 5).°* However,

mercury was used instead of water as enciesing liquid, the side tube was
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sealed, and the space above the mercury evacuated. In the same year,
Guillaume Ammontons also described an air thermometef in which the expansion
of the heated air pushed mercury into an evacuated spaco.55 This thermometer
is represented in Figure 7. A Torricelian vacuum existed in the bulb A below
vwhich mercury extended through the J-tube and into the bulb C. Above the
mercury and extending up into a portion of the narrow tube D, was a layer
of colored potash solution., Above the latter an oil layer extended to the
bottom of bulb B which contained the air. The temperature of the air was
identified with the location of the oil-potash beundry in the narrew tube,
Air thermometers of this design were strongly recommended at this time by
the French instrument maker, Hubin, who emphasized their great mensitivity
compared to the new Florentine thermometers employing alcohol.56
Elimination of the influence of a variable barcmetric pressure on the
readings of the open air thermometer was accomplished by von Guericke in
1672, not by closing the instrument, but by varying the amount of air in
the bulb by means of a valve attached to the latter, Alcohol was the
enclosing liquid, and the quantity of air in the bulb was freqnentl& adjusted
so that, regardless of the barometric pressure, the level of the alcohol
in the side tube always came to the same position on the scale when the
bulb was exposed to the "first night frost.“57
Up until the end of'the seventeenth century, the volume of the enclosed
air was always regarded as the thermometric property in the air thermometer,
Actually, the design of these instruments was such that even though external
air pressure was eliminated, the pressure of the air was not held constant,
but varied with the difference in the level of the encleosing liquid., Thus
the position of the liquid in the tube might equally well have referred to

the pressure of the confined air since this increased with the volume when

the air was heated,
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However, the concept of the pressure or "spring" of air was not
formulated until the time of Boyle., Even after this"formnlatien, volume
rather than pressure continued throughout the seventeenth century to be
regarded as the sole thermometric property for air thermomseters. This
was doubtless because volume seemed to be a simpler property than pressure,
and also because it appeared to be more intimately associated with the
supposed substantial nature of heat.

This being the case, it seems paradoxical that the first air thermometer
employing a "pure" thermometric property --one unaffected by the simultaneous
variation in'another property --was not a constant pressure but a constant
volume instrument, For it was such an air thermometer that Guillaume
ﬁ%ﬁm@ntons proposed in his epoch-making paper of 1702,58 Indeed, Amoptona‘

%ﬁﬁmgntonsﬁr instrument, already described, was very nearly a constant-volume H
one because of the use of mercury in the side tube. Nevertheless, the volume
change, small as it was, had been regarded as indicative of temperature. In
the new J-type instrument (cf. Fig. 8) mercury was again employed as encloiing
fluid, Because the diameter of‘the bulb containing the air was about three
and a quarter inches or fifty-eight times the diameter of the side tube, the
volume of the air on heating remained essentially constant, and its pressure
was taken as representing its temperature. Since the side tube was open,
the pressure was correctly computed as the sum of the barometric height and
the difference of mercury levels in the bulb and slde tube,

In Amontons® earlier instrument equal temperature increments were
identified with équal volume increments (though not at constant pressure)
which, in turn, were assumed to correspond to equal increments in length
of the narrow tube through which the air expanded. Amontons recognigzed the

difficulty of meking a long narrow tube of uniform diameter, and, for this
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reason, claimed superiority for his new thermometer since, in the latter,
small variations in the diameter of the side tube had very little éffect
on the pressure reading.

Amontons had begun his experiments on the effect of heating on air
pressure with the tacit assumption that the increase in pressure experienced
by "cold" air when exposed to boiling water would be independent of the
initial ?ressure and mass of the air. He soon found this not to be the
case, but that, instead, it was the ratio of the final pressure to the
initial pressure which was always the same, He reported for the value of
this ratio the fraction 4/3. Thus he concluded that, in passing at constant
volume from a certain lower teﬁperature to a certain higher temperature the
pressure of any quantity of air always increased by a constant fraction of
its intial pressure.

This discovery made it possible for Amontons to completely determine
the scale of his air pressure thermometer’by merely specifying the pressure
at a single fixed point. He chose for this fixed point the boiling point
of water and required that‘at this temperature the air in the bulb should
be under a pressure of 73 inches of mercury. The figure 73 was evidently
no more than an accidental result of the circumstances that 28 inches of
mercury was adopted as the standard barometric pressure and that a difference
of 45 inches in mercury levels corresponded to the capacity of the side tube.
On this temperature scale according to which temperature was identified
with the pressure of the enclosed air in inches of mercury, the ice point,
according to Amontons, came at 51-1/2. Of course, areading on this instrument
had to be accompanied by a simultaneous reading of the barometer and a
correction made for any departure of the latter from 28 inches,

The proportionality of air pressure, measured at constant volume to
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temperature originally came to Amontons as an experimental law, but he
soon realized that it was a necessary consequence of Boyle's lLaw. Thus,
at the lower reference point, Boyle's Law gives p,V = k.m v}here me is the mass
of the air, and at(the upper refereﬁce point, assuming Bojle's Law to still
hold, we have, prl: klm. In the approximately censtant preésure air .:
thermometer, division 61’ one equation by thé other gives kkl/kz for the valuq
of the volume ratio. However, if the volume be held constant division ﬁll
also give kl/kz as the value of the pressure ratio so that it is independent
of 12 and VI Thus Amontons evidently arrived at the important realization
that constant-volume and constant-pressure air thermemeters should give the
saine scale provided the same method of graduation be applied to each of them,
A logical implication of the idea of a true temperature scale is the
concept of the "absolute zero" of temperature where a body is completely
devoid of heat.h Thus the queét for the most rational temperature scale was
frequently assoclated with the identification of the true zero of temperature,
Amontons was one of the first to concern himself with this question. In a
later pa.per59 he subscribed to the kinetic view that heat was assoeiatéd with
the motion of the "fire particles" of a body. The lowest attainable temperature
he thought should éorrespond to a state where this motion had ceased and where
the bedy could no longer exert a pressure against its surroundings. He thus
arrived at the theoretical point where his own air pressure thermometér

provided the true temperature scale.

Because of its large size, Amontons' thermometer was rather unsuitable
for practical use. The inventor himself"intended it to be employed primarily
as a standard to calibrate alcohol thermometers, However, such an instrument
was used by the Marquis of Poleni in meteorological observations extending

from 1725 to 1736. In the meantime, Jacob Hermann had, in 1716, suggested
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that the need for the barometer correction might be eliminated by
sealing the side tube, This improvement was adopted three years
later in the thermometer used by Balthaser for weather temperatures,

In spite of the important theoretical advance in air thermometry
made by Amontons, air thermometers continued to give way to liquid
thermometers throughout the eighteenth century. In Herman Boerhaave's
popular textbook published in 1732 we still find the air thermameter-
described along with Fahrenheit's mercury thermometer togetﬁer with
the claim that the former, bécéuse of its sensitivity, is particu-
lary fit for discovering "the quantity of fire.“60 On the contrary,
Joseph Black, one of the leading workers in the field of thermal
phenomena in the latter part of the century, wrote an extended dis-
cussion of thermometry in which the air thermometer was not even
mentioned.61

Ample evidence for the poor performance of air thermometers in
the eighteenth century, in spite of their theoretical superiority, is
found in the wide variation among the values reported by different
investigators for the fracticnal increase in volume of air between
the ice point and the boiling point of water., After Amontens work,
it was obvious that, so long as Boyle's law held, this quantity might
be measured either directly by noting the increase in volume at cone
stant pressure or indirectly by observing the increase in pressure at
constant volume., Amontons himself found a value of 0,380 for the
fractional increase. The measurement was repeated many times in
the following century with results varying from 0.333 to 0,500 and
even higher.62  This variation meant that the air thermometers in

use during this period gave scales which were far from identical;
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such thermometers were therefore quite inadequate for serious scienti-
fic work and particularly for the precise thermal measurements of
Lavoisier, Laplace, Black, and others in the latter part of the cen-
tury.

Only after the more careful researches of John Dalton and, parti-
cularly, Gay-Lussac, performed a full one hundred years after that of
Amontons, did the most likely cause of variation among air thermometer
scales establish itself. These workers found that different samples
of air would indeed exhibit identical thermal expansions provided
sufficient c#re vere taken to remove moisture from both air and bulb,

a precaution of far greater significance than in the case of liquid
thermometers. By this time, however, the fact that the air thermometer
could be made to perform consistently was beginning to be overshadowed
by a discovery of much greater import for the quest for the most ration-
al scale--namely, that air was only one of a great class of gaseous
bodies, all of which, though differing markedly in chemical compositien,
conformed, at least very approximately, to one and the same law of ther-
mal expansion.

It is important to realize that this law, known in English-speaking

countries as "Charles Law," according to which the volume of each gas at

constant pressure is one aﬁd the same linear function of the temperature,
could have only the status of a definition so long as air was the sole
known gas and temperatures were reckoned from the air thermometer. For
there could be no question of different gases conforming to the same‘law

when only one gas was available for testing: nor could the law governing
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the thermal expansion of air be a conceivable object of investigation
if its increase in volume was already not merely proportional but, by
definition, identical to its temperature. To be sure, there existed
the discrepancy, already pointed out, that, in the early air thermo-
meters, purporting to ldentify temperature with air volume, the pres-
sure was not held constant. However, in the open type instruments,
the fractional change in the pressure was small, so that in these, at
least, the definition of temperature was approximately tantamount to
Charles Law.

Once liquid thermometers came into general use, the question of
the law of the thermal expansion of air relative to the temperature
readings of such an instrument became a possible subject of investi-
gation. However, not until near the end of the eighteenth century
does this problem appear to have attracted attention. Instead, studies
on the thermal expansion of air were largely limited to measurements
of the net or mean expansion between the ice point and the boiling
point of water, with the widely varying results already mentioned.

On the other hand, the other aspect of Charles Law, relating to
the identical thermal behavier of different gases, had to await the
discovery and identification of these gases as well as the mastery of
the techniques of their manipulation. Here, once again, we see the
progress of thermometry dependent upon and limited by the progress
of chemistry.

The earliest workers in chemistry tended to concentrate their
attention on liquids and solids and to ignore the various gases result-

ing from different chemical reactions., This was undoubtedly because
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gases seemed intangible, compared with liquids and solids and, in any
case, were more difficult to isolate and study. The observation that
such gases often exhibited marked differences in properties, such as
color and odor, was readily explained by the supposition that they were
different forms of air or, perhaps mixtures of alr with various solid
or liquid impurities, ﬁ

In fact, the generic term "gas" did not exist until its introduc-
tion in the first half of the seventeenth century by J. B. van Helmont
whose works were first published in 1644, Although this chemist appears
to have followed his predecessors in regarding these gases as varieties
of air, nevertheless, by preparing them in various ways, by noting quali-
tatively their chemical and physical properties, and by assigning them
different names, he initiated that process of classification and identi-
fication which culminated, toward the end of the following century, in
their recognition as chemical individuals. Thus he showed that carbon
dioxide is a common produet of the burning of charcoal and various or-
ganic substances, the fermentation of wine and beer, and the action of
aclids on crab shells, containing carbonates, He named it "gas silvestre"
("wild" gas), referring to his belief that it could not be condensed or
contained. However, he also applied this same name to oxides of nitro-
gen, prepared by heating potassium nitrate or by the action of silver
on nitriec acid, and to sulfur dioxide, the product of the burning of
sulfur. Van Helmont knew that carbon dioxide would not support come
bustion and contrasted it with the gas resulting from the action of

metals on acids which we now c¢all hydrogen and which he called "inflam-
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mable gas", a term he also applied to other combustible gases.

Van Hélmont did not suceed in isolating the gases which he prepar-
ed or confining them in containers, so that all of them, as obtained
by him, were contaminated with air. In fact, he was of the opinien
that such gases were by nature incapable of confinement by virtue of
their "wild" character. The first step in the solution of this pro-
blem of the collection of gases was made by Boyle who in 1661 first
described the collection of pure hydrogen by inverting a bottle of
dilute sulfuric acid containing several iron nails in a vessel filled
with acid., Eight years later John Mayow showed how a gas could be
transferred from one bottle to another by opening the mouth of the
bottle containing the gas under the mouth of the other bottle which
had been filled with and inverted in water. Mayow emphasized the
importance of pressure in measuring gas volumes and recommended that
volumes be brought to atmospheric pressure by equalizing the water
levels inside and outside the bottle. In this connection, he found
that Boyle's law, which had been applied only to air, also held for
hydrogen aﬁd nitric oxide. Boerhaave made use of this discovery,
sometime before 1732, when he conducted gas-producing reactions in
vacuuo, noted the increase in pressure, and then employed Boyle's
law to reduce all volumes to the same pressure, |

It was only a short step from Boyle's gas-collecting apparatus teo
the pneumatic trough, described by Stephen Hales in 1727, in which
gases from an exterior generator were led by means of a tube into the

mouth of a bottle, which was filled with water and inverted in the
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trough. Using this collection technigue, Hales heated definite weights
of a wide variety of solids and measured the volume of gas evolved in
each case. He also noted the diminution in volume accompanying the
solution of certain gases as they stood over water. In this way,
Hales produced and collected many of the common gases, except those
which were extremely soluble in water.

These improvements in the technigue of manipulating gases greatly
facilitated the task of observing their physical and chemical proper-
ties, Nevertheless most chemists continued to regard them as different
varieties of air. Their recognition as chemical individuals, toward
the end of the eighteenth century, came only as the culmination of a
long and painful evelution, involving such complex historical process-
es as the rise and fall of the phlogiston theory, the elucidation of
the function of air in respiration and combustion, the increased em-
phasis on weight relationships in chemical reactions, and the develop-
ment of the distinetion between elements, compounds, and mixtures.

By 1774, when the English chemist, Joseph Priestley, published

the first volume of his Experiments and Observations on Different

Kinds of Air, the different gases were beginning to be recognized as
distinct substances, although they were still referred to as "airs",
Van Helmont's generic term "gas" not yet having been adepted.v Priest-
ley, whose hame is closely associated with the discovery of oxygen,
introduced an important innovation in gas manipulation technique when
he substituted mercury for water in the pneumatic trough. With this

procedure he was able to generate and preserve such water-soluble gases
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as sulfur dioxide, hydrogen chloride, and ammonia, which had escaped
his predecessors.

Howevgr, Priestley's significance for thermometry lies primarily
in his pioneer work on the thermal expansion of different ga.ses.62a
The apparatus for these measurements consisted of an inverted bottle
equipped with a stopper through which a side tube, bent to an unspeci-
fied angle with the horizontal, just protruded. The gas to be tested
was confined in the inverted bottle over mercury. The thermal expansion
of the gas caused the mercury to flow to a higher level in the tube.

He reported the thermal expansions in terms of the inches of tube length
traversed by the mercury when a certain volume of the gas was heated
through four degrees Reaumur. These were obviously not constant-pres-
sure experiments, and as Gay-Lussac noted later, Priestley's data could
not be compared with that of others since he failed to givé the angle
of inclination of the tube and its capacity relative to that of the
bottle, Nevertheless his measurements wers presumably comparable with
each other and hence should have revealed similar thermal behavior for
different gases. Actually, he reported widely different expansions

for the ten gases which he investigated. He obtained the following
values, listed in the order of increasing expansions: air, 1.32:
hydrogen chloride, 1.33: nitrogen, 1.65: nitric oxide, 2,02: hydro-
gen, 2,05 carbon dioxide, 2,20: oxygen, 2.2]1, sulfur dioxide, 2.37:
hydrogen fluoride, 2.83: and ammonia, 4.75. The presence in his gas
samples of varying quantities of moisture, which vaporized on heating,
is suspected as a likely explanation of these differences in thermal
expansion reported by Priestley. This suspiclon is strengthened by
the very high value, 0.9375, for the fractional increase in volume of
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air between the ice point and the boiling point of water, which he
obtained from another experiment.63

Unsatisfactory as Priestley's measurements were, they served to
draw attention to the problem., Monge, Berthollet, and Van der Monde,
in 1786, investigated the thermal expansion of air and hydrogen and
found nearly the same behavior for both gases. This agreement must
have been largely accldental, however, as their values wvere quite high,
again suggesting wet gases., Their results gave, for the fractional
increase in volume in going from the ice point to the bolling point,
0.433 for air and 0.442 for hydrogen.®t G. G, Schmidt obtained 0,357
for air and 0,321 for oxygen but much higher values for hydrogen,
carbon dioxide, and nitrogen, namely, 0.440, 0.435, 0.478, respective-
1y.65

The experiments of Guyton de Morveau and Duvernois, reported in
1790, constituted an attempt to determine, not merely the net expan-
slon of each gas between two fixed points, but also the law of expan-
sion relative to the Reaumur scale, obeyed by the gas within this
temperature interval. Each gas, initially confined in a flask in an
ice bath, was heated at approximately constant pressure through succes-
sive intervals of twenty degrees Reaumur up to the boiling point of
water, The gas expelled during each heating stage was collected over
mercury, cooled to the ice point, and its volume measured. However,
not only did they report, for different gases, widely different values
of the net fractional increase in volume between the ice point and the

boiling point, but they alsc found, for each gas, a marked increase in
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the rate of thermal expansion with increasing temperature, a result
probably caused by the progressive vaperization of moisture at high-
er temperatures,

Credit for first establishing the essential identity of the mean
coefficients of expansion of a number of the commen gases evidently
should go to the French physicist, J. A. C. Charles, inventor of the
hydrogen balloon. Unfortunately, his experimenits, carried out around

1787, were not published and evidently remained little known until
briefly described by Gay-Lussac in the historical introduction to his
famous paper of 1802 on the same subject. In Charles! experiments,
the gas to be investigated was confined in é flask over mercury.
Sealed into this flask with its open end extending dowm into the
mercury was a barometer tube having a long evacuated space above the
mercury. The increase in the mercurial height in the barometer, in-
curred by heating the gas from the ice point to the boiling point of
water, was, following Amontons, taken as a measure of the dilatdtion
of gas. In this way Charles found the same net dilatation for oxygen,
nitrogen, hydrogen, carbon dioxide, and air but varying values for
certain of the water-soluble gases. According to Gay Lussac, the
diameter of Charles' barometer tube was too large for the capacity
of his flask, so thét the iacrease in pressure fell short of what
would have been observed had the volume been kept constant.

The paper by Charles' countryman, Gay-Lussac, which was published
in 1802 under the title, "Investigations of the Dilatations of Gases
and Vapors," 87 constituted a definite climax in the study of the
thermal exp@nsien of gases, It was characterized bybreadth of historie

cal perspective, by ingenuity of experimental methods, and, above all,
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by the conclusion that all gases do exhibit, at least very approximately
the same mean coefficient of expansion between the ice point and the
steam point. _

By this time, the hypothesis that heat is an imponderable fluid,
under the name of the "caloric theory," had, as A result of its success
in quantitatively corrélating many types of thermal phenomena, attained
wide acceptance and great prestige. As a result, the quest for the
most rational temperature scale, since it constituted a search for a
true measure of caloric, received still greater emphasis. Referring
to this quest in the opening lines of his paper, Gay-lussac admitted
that "the thermometer, as used today, does not give exact indications
of heat because one does not yet know what relation exists between the
degrees of the thermometer and the quantities of heat which they may
indicate." Again, he remarked that there was no proof for the claim
that equal numbers of degrees on a thermometer correspond to equal in-
creases in the pressure of caloriec.

Gay-Lussac did not declare himself as to the bearing which the
thermal expansion of gases might have on these theoretical questions.
He did, however, point out the significance of such studies in practi-
cal problems dealing with the dependence of humidity on temperature,
the thermal relations in heat engines, and the effect of temperature
on the relation between barometric pressﬁre and altitude,

Several methods for measuring the thermal expansion of gases were
described by Gay-Lussac, In the first of these, a bulb equipped with
a stopcock was filled with the gas at atmespheric pressure in a bath

of melting ice., The bulb was then heated at constant pressure to the
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boiling point of water, a portion of the gas being expelled through
the open stopcock. The stopcock was then closed, the flask and con-
tents re-cooled to the ice point, and the stopcock opened under water.
The volume of the water which entered was equal to the increase in
volume which the gas remaining in the flask would have experienced
as a result of heating. Gay-Lussac claimed special accuracy for this
method because all volumes were obtained from weighing operations,
Thus the volume which the gas remaining in the flask occupied at the
ice point was calcdulated as the excess of the weight of the flask
completely filled with water over its weight when centaining the
water which entered after cooling, and the increase in volume which
this quantity of gas would have experienced on heating to the steam
point as the excesé of the latter weight over the weight of the
empty flask.

In a modified procedure Gay-Lussac used the apparatus shown in
Figure 9 in which no stopcock was required. Upon heating from the
ice point to the boiling point, while maintaining the same mercury
level inside and outsidg the flask, a portion of the gas was expelled
through the delivery tube. The delivery tube was then withdrawn and
the flask returned to the ice point., After adjusting to atmospheric
pressure, the decrease in volume was read directly on the graduated

neck of the flask.

In the historical survey that preceded the account qf his own work,
Gay-Lussac concluded that the presence of moisture had been an import-
ant cause of discrepancies in the work of his predecessors. Accordingly,

he himself took great pains to remove moisture from both apparatus and
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gas., All gases were collected by displacement of mercury in the
pneumatic trough.

After repeated trials with these methods, GayQLussac reported
the following average values for the fractional increase in volume
between the two fixed points: air, 0.3750; hydrogen, 0.3752; oxygen,
0.3748; and nitrogen, 0.3749. He thought that the differences among
these values were sufficiently small to be attributed to experiment-
al error,

The expansion coefficients for nitric oxide and the water-soluble
gases, carbon dioxide, hydrogen chloride, sulfur dioxide, and ammonia,
were not determined directly but by comparison with air. Equal quanti-
ties of air and the gas to be tested were introduced into a pair of
identical graduated tubes inverted in mercury. The tubes were heated
simultaneously and the thermal expansions of the two gases compared.
From such experiments, Gay-Lussac concluded that nitric oxide and the
water soluble gases exhibited the same expansion coefficients as air
and the other gases,

In experiments with moist air and ether, he attempted to extend
these conclusions to vapors. He verified a previous observation of
deSaussure that moist air, so long as it contained no liquid water,
exhibited the same thermal expansion as dry air. He also found that
ether vapor expanded at the same rate as air between 60° and 100°
Reaumur, although a discrepancy was observed at lower temperatures
in the neighborhood of thé bolling point of ether.

Generalizing, Gay-Lussac concluded that all gases and vapors ex-

panded by the same fraction of their initial volume on being heated
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through equal numbers of degrees from a common temperature. As the
most probable value of the mean coefficient of expansion between the
ice point and the boiling point of water, he gave 0.00375 per degree
Centigrade,

In the meantime, in England, John Dalton, working simultaneously
with, but independently of Gay-Lussac, arrived at similar conclusions.
68 His procedure consisted in confining the gas sample over mercury
in a barometer tube where it was heated from room temperature to the
boiling point of water. Although he gave no data except for air, he
reported that all gases investigated expanded in the same way with
increasing temperature., Presumably using Boyle's law to reduce all
volumes to the same pressure, he found that 1006 volumes of atmos-
pheric air on heating from 55° F. to 2120 F., expanded to 1321 volumes,
Allowing 4 parts for the expansion of the glass, this gave a dilatation
of 325 parts per 1000 for an increase of 157 degrees on the Fahrenheit
scale of the mercury thermometer. To compare this with Gay-Lussac's
results, let x equal the mean coefficient of expansion per degree |
Centigrade between the ice point and the boiling point. Since 55° F,
equals 12,78° C,, we have (1 ¢ 12,78 x) / (1 + 100 x) = 1000/1325.

This yields x = 0,00392 or a fractienai increase of volume of 0.3912
éompared with Gay-Lussac's value of 0.375. Although Dalton was
aware of the importance 6f eliminating moisture, his higher value
showed that he was less succeasful in accomplishing this than was
Gay-Lussac.

Dalton associated the identical thermal expansions of gases with
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his belief that, in them, the expansion depended only on heat,
whereas, in solids and liguids, this was determined by both heat
and chemical a ffinity. Consequently, he thought that general laws,
concerning the amount and nature of heat, would follow more readily
from observations on gases than from observatioens on liquids and seolids.
Thus, Dalton arrived at the logical position from whieh gas thermo-
meters were viewed as providing the most rational temperature scale,

This being the case, the question of whether or not the thermal
axpahsion of air was proportional to the readings of the mercury
thermometer was of considerable interest. Dalton himself thought
there existed a slight departure from proportionality: he reported
that, for the first 77 1/2 degrees above 550 F,, 1000 parts of air
expanded 167 parts but, for the next 77 1/2 degrees, it expanded
only 158 parts. Although this result was far closer to the truth
than that previously reported by deMorveau and Duvernois, it was not
as correct as that established by Gay-Lussac sometime before 1815. 69
The latter placed a mercury thermometer and an air thermometer to-
gether in a heating bath and made simultaneous readings on the two
instruments while elevating the temperature from the ice point to
the boiling point of water. The air thermometer was an open Galilean
tube in which the air was confined by a short column of mercury which
also served as index. The air thermometer readings were corrected for
any variation in barometric pressure during the experiment. To minimize
temperature differences between the two thermometers, both were mounted

horizontally at the same level in the bath, After repeated trials and
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after correcting all observations for the expansion of glass, Gay-
Lussac concluded that, in this temperature range, the thermal expan-
sion of air was exactly proportional to that of mercury. This meant that,
if the two thermometers were made to correspond at two fixéd points,
they would then furnish identical scales. Or, regarding temperature
as defined by the expansion of mercury, it meant that Charles Law,
at least for air, was finally established.

For those who, like Amontons, assoclated the "absolute zero" of
temperature with that point on the scale at whichhgas pressure,‘measured
at constant volume, became zero, Gay-Lussac's work now provided a more
sound basis for calculation. For assuming Eoyle's Law, the pressure
and volume coefficients were equal, so that for éach degree Centigrade
fall below the ice point, the gas would decrease in pressure by the
fraction, 0,00375, of its pressure at the ice point. The absolute zero,
or temperature of vanishing pressure, would thus come at (1/0.00375 = 267
Centigrade degrees below the ice point.

Dalton, on the oiher hand, thought he could deduce an entirely
different value of the absolute zero from his data on the thermal ex-
pansion of gases; By a hazy reasoning process, he concluded that the
absoiute temperature, since it measured the '"repulsive force'" of the
particles had to be proportional to the cube root of the totél volume
occupied by the gas., Thus, from his data, the absolute temperature of
the gas at 212° F, stood to its value at 55° F, as the cube root of
1325 stood to the cube root of 1000. This gave the result that the
absolute zero was 1727 Fahrenheit degrees below the boiling point of

water.
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These were by no means the only values of the absolute zero
proposed at this time. An entirely different calculation, often
employed, was based on the view that thé latent heat of fusion of
a substance represented the excess of heat present in the liquid
over that in the solid at ihe same temperature and that the heat
capacities of solid and liquid were invariable with respect to
temperature measured on the mercury thermometer. Thus if ¢! and
¢ denoted the heat capacities of liquid and solid at the abéolute
temperature (reckoned from the absolute zero) t of the freezing
peint, then the heat of fusion g would be given by g = ¢'t - ¢t.
Substitution of measured values of q, ¢', and ¢ into thié relation
permitted the calculation of t. Applyihg this method in 1788 to the
heat of fusien of iee, Irvine and Crawford located the temperature,
where water and ice contained no caloric, at -160° ¢, Gadolin in
1792 found that a similar calculation applied to wax yielded -480° ¢,
for the lowest attainable temperature; and Dalton himself applied it to
mercury to get -2021 C, for this very elusive quantity. Still other
"absolute zeros" were calculated from the heat developed in mixture
experiments and from the heat of chemical reactions.

Permeating this confused picture, the famous paper of Dulong and
Petit, "On the Measure of Temperatures and on the Laws of the Communi-
cation of Heat," 70 published in 1817, came as a great clarifying
influence. In their work, we see the problem of the most rational
temperature scale viewed with the greatest generality consistent with

the progress of science at this time. Also, on the purely experimental
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silde, the paper was a true milestone in the history of thermometry,
introducing, as it did, new and effective metheds for the measurement
of thermal expansion, particularly of ligquids and solids.

The early portion of their paper was concerned with refining and
extending to wider temperature limits the work of Gay-Lussac on the
comparison of the air and mercury thermometers. They applied Gay-
Iussac's first method 71 for the thermal expansion of gases (¢f. p.57)
to tem@eratures ranging from the freezing point of mercury to its
normal boiling point, subjecting the mercury to pressure to prevent
the actual occurrence of boiling. In this way, they substantiated
Gay-Lussac's law of proportionality between the expansion of air and
the expunsion of mercury for temperatures up to the boiling point of
water, However they found an increasing departure from this law at

higher temperatures as the following table shows:
Centigrade Tempera- Volume of Air Relative Centigrade Tempera-

ture from Mercury to Volume at Ice Point ture from Air Ther-
Thermometer mometer ‘

-36 0.8650 ~36

0 1 0

100 1.3750 100

150 1.5576 148,70

200 1.7389 197.05

250 : 1.9189 , 245.05

300 2.0976 292,70

360 2.3125 350.00

Air thermometer temperatures, recorded in the last column, excepting
the values at the fixed points, were calculated on the assumption
that temperature, by definition, was proportional to the increase in
volume measured from the ice point. Thus, to find the air thermometer

temperature corresponding to the mercﬁry temperature of 360, they needed
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only to solve the proportion, t/100 = 1,3125/0.375. Dulong and
Petit also found that hydrogen behavedAin tha same way as air over
this extended temperature range, and, no doubt influenced by the
work of Gay-Lussac, concluded that all other gases would do the same.

These results must have constituted a true revelation to those
vho had supposed that no real conflict was presented by the rival
claims of the mercury and air thermometers for the honor of provid-
ing the true temperature scale. Dulong and Petit, however, were not
satisfied with their work because they realized that it was affected
in an undetermined way by the thermal expansion of the glass of wﬁich
the thermometers were made. In this connection, their paper was
distinguished by its phenomenal success in dealing with the problem
of measuring the absolute thermal expansion of a fluid as contrasted
with its apparent expansion.

The fact that the thermal expansion of the glass bulb may influ-
ence the readings of liquid-in-glass thermometers had been common
knowledge since the Florentine Academy first recorded and explained
the initial rise of the liquid in the stem when such a thermometer
was plunged into a colder medium. Early in the eighteenth century,
Fahrenheit had recommended that, in order to attain the best compar-
ability, different thermometers should be made of the same kind of
glass, and Celsius, in keeping with the residual character of tempera-
ture, had recommended that stem readings be corrected for any altera-
tion in the volume of the bulb. However, because of the presence at

this time of more serious uncertainties, such as the lack of precision

in defining fixed points, such corrections, except at very high tem-
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peratures, must have seemed largely academic,

Later in the century, thermometry began to attain the stature of
an exact science, and the cuestion of the expansion of the container
assumed a more real significance. This question was of particular
importance for the commonest thermometric liquid, mercury, for two
reasons: first, because of the small thermal expansion of mercury,
thermometers filled with this fluid were unusually sensitive to the
thermal behavior of the glass; and, second, because of attempts to
identify the mercury scale with the most rational scale, the true
or absolute expansion of mercury attracted special attention. Thus,
when Dulong and Petit attacked this problem, a large number of
values for the absolute fractional increase in volume of mercury
in going from the ice point to the boiling point of water had al-
ready been reported., These values, obtained by adding the cubical
expansion of glass to the apparent expansion of mercury, ranged
from 1/67, obtained by Casbois, to 1/50, reported by Dalton. Their
variability reflected the inherent difficulty of measuring the small
thermal expansion of solids with exactitude, the differences in thermal
behavior of different kinds of glass, and the dependence of the thermal
behavior of a single glass on its own history. Also, as Duleng and
Petit pointed out, those values of the thermal expansion of mercury,
which depended, as did the value of Lavoislier and Laplace, upon the
calculation of the cubical expansion of glass by multiplying by three
the measured linear expansion, were necessarily triply sensitive to
experimental error.

In the wake of this uncertainty, it was only by a stroke of sheer
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genius that Dulong and Petit came to measure the absolute thermal
expansion of mercury by & method which was entirely independent of
the behavior of the glass containers; This method of "equilibrating
colums", which these illustrious French scientists gréciously asg~
cribed to Boyle, employed the apparatus diagrammatically illustrated
in Figure 10, Two vertical tubes, A and A', were connected by a
narrow, horizontal cross tube BB!'. Mercury having been placed in
the apparatus, tube A was surrouhded by a constant-temperature ice
bath, while tube A' was surrounded by an oil bath which was heated
to various temperaﬁures. At each temperature, the vertical heights
of the mercury levels in the tubes, measured from the horizontal tube,
were recorded. Since the two mercury columns balanced each other,
the simplest principle bf hydrostatics required that h'd = hd, where
h and d dencted the height and density of the mercury J.n tube A held
at the ice point and h'! and d' their values in tube A' heated to
temperature t'., If v énd vt ﬁcre the corresponding vélues of specific
volume, Dulong and Petit coﬁld write v'/v = d/d* = h'/h, so that the
fractional inerease in volume between ﬁhe ice péint énd temperature
t! was (v' = v)/v = (b' -~ h)/h. To determine the temperature t' of
the mercufy in the heaﬁed tube, an approximately constant-volumé air
thermometer vith a very long bulb and very narrow side tube was used
(ef. Fig. 11). The volume which the air would have occupied at con-
stant pressure was readily reckoned from the barometric pressure, the
manometer reading, and the small tube volume through which it had ex-
panded. This volume was also corrected for the expansion of the bulb,

the cubical coefficient of expansion of glass having been determined by
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a method which will presently be described.
In the following table, the results obtained by this new method

are summarized.

Centigrade Temperature Mean Coefficient of Centigrade Tempera-
Calculated from Absolute Expansion ture Calculated
Absolute Expansion of Mercury per De- from Absolute Fxw
of Air gree Centigrade be- pansion of Mercury

tween lce Point and
Temperature Indicated

0 0 0
100 1/5550 100

200 1/5435 204,61
300 1/5300 314.15

Comparison of this table with the earlier one reveals that the glass
correction brought into still greater prominence the difference be-
tween the two thermometer scales at high temperatures.,

Having measured the absolute thermal expansion of mercury, Dulong
and Petit were able to determine the absolute expansion of glass by
merely noting the apparent thermal expansion of mercury. To determine
the latter quantity, they wisely employed the mercury "weight thermo-
meter” illustrated in Figure 12, This consisted of a glass bulb equip-
ped with a capillary side tube through which mercury was expelled upon
heating. If when completely filled with mercury at the ice point, the
bulb and tube contained W, grams of mercury and if w grams were expelled
by heating to temperature t, the weight (W, -w) remained. At the ice
point, where its density was d,, this weight occupied a volume (W, - w)/d,.
Hence the mean coefficient of apparent expansion could be calculated
as w/(W, _ w) tj. The practical advantages of the weight thermomqter
over the conventionil,type for this work were two-~fold: first, the

weights could be measured more accurately than volumes; and second,
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the necessity for a stem correction, which would have been large

at high temperatures, was eliminated.

Using this method, Dulong and Petit obtained the following re-

sulte which they found to hold equally well for several varietieé

of glass,
Centigrade Mean Mean Coefficient Centigrade Tempera-
Temperature Coefficient  of Absolute ture Calculated
from Air of Apparent  Expansion of from Absolute Ex-
Thermometer  Expansion Glass Between pansion of Glass
of Mercury Ice Point and
in Glass Indicated
Between Ice Temperature
Point and
Indicated
Temperature
100 1/6480 1/38700 100
200 1/6378 1/36300 213.2
300 1/6318 1/32900 352.9

The overflow or apparent expansion of the mercury had of necessity
to equal the amount by which the thermal expansion of the mercury ex-
ceeded that of the glass, Thus Dulong and Petit could calculate the
coefficient of absolute expansion of the glass, given in the third
column of this table, as the excess of that for the mercury, tabulated
in the earlier table, over the coefficient of apparent expansion of the
mercury. Characteristic of their general point of view was Dulong and
Petit's consideration of an imaginary "glass thermometer" calibrated
with the usual fixed points and having'scale readings préportional to
the cubic expansien of glaas} The marked departure of such a glass
scale from that of the air thermometer is revealed in the last column

of the table,

Dulong and Petit completed their survey of thermal expansion with
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an account of their work with several solid metals. A portion of
the Sagi of the Florentine Academy had been devoted to experiments
on the thermal expansion of metal rings and wires, and throughout
the eighteenth century numerous attempts had been made to measure
the linear thermal expansion of metals and other solids. In the
simplest method, the increase in length of a heated bar of the
solid was observed against a scale held at a fixed temperature.
Once having determined the thermal expansion of a standard bar, the
expansion of other solids could be ascertained by the differential
method. In this latter procedure, the standard bar and the bar to
be investigated were placed side by side, fastened together at one
end, and the difference in their expansions noted on a scale at the
opposite end. The difficulty in obtaining accurate results in such
experiments arose from the smallness of the quantity being measured
 and the necessity for uniformly heating a long bar to a high tempera-
ture without at the same time affecting the temperature of either
the scale or any auxiliary apparatus used to magnify and measure the
expansion. The first really accurate measurements of the linear
thermal expansion of solids have been attributed to Laplace and
Lavoisier.’? In their work, prosecuted shortly before the French
revolution, but little known until publicized by Biot,”> one end
of the heated bar was fixed while the other end operated a lever on
which was mounted a telescope focused on a distant scale. They in-
vestigated t he linear expansion of a large number of metals and glass-
es between the ice point and the boiling point of water. Although

these different materials exhibited widely different total expansions,
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Lavoisier and laplace reported that, in this temperature range, the
expansion of each was linearly related to the temperature recorded
on the mercury thermometer.

The work of Dulong and Petit in this field was distinguised by
its extension of measurements to higher temperatures and by its in-
troduction of 2 new procedure for direct determimation of the cubical
expansion of metals, They first sought to measure this cubic expan-
slon by the same procedure they had employed for glass; i.e. by obw
serving the apparent expansion of mercury when heated in a container
made of the metal.. They soon abandoned this, however, in favor of a
much more convenient method depending on the overflow incurred by
heating a mercury weight thermometer into which a sample of the metal
had been introduced. If W,' denoted the weight of the metal sample
and d,' its density at the ice peint, then its initial volume was
Wy'/do' and its volume at temperature t was (Wo/d,') (1 + x t)
whére i was the mean coefficient of absolute expansion of the solid.
At the ice point, the remainder of the bulb and side tube was filled
with Wy grams of mercury, but on heating to t, w grams were expelled,
so that Wy~ w grams remained. If d, was the density of the mercury
at the idé point, the weight ofvmercury remaining initially occupied
a volume of (W, -w)/d, but at temperature t had a volume of
(W -w)/ d5) (1 + mt) where m denoted the mean coefficient of ab-
solute expansion of the mercury. Finally, since the initial volume
of the glass bulb and tube was (Wb/¢° * WB'/do')’ its folume at t was
(Wo/do + Wo'/do') (1 + gt) g denoting the mean coefficient of absolute

expansién of the glasé. Since, at temperature t, the expanded bulb
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was completely filled by the expanded solid and the expanded mercury
which remained, there resulted the fundamental relation

(Wo/do ¢+ Wo'/do') (1 + gt) = (Wo'/do') (1 + xt) & (Wo- w)/dg) (1 4 mt).
Having previousiy déﬁermiﬁed the coefficients g for glass and m for
the mercury, Dulong and Petit solved this equation for x, the éoefficiu
ent for the metal,

Taking care to protect the metal sgainst amalgamation, Dulong and
Petit used this method to determine the absolute expansion coefficients
of iron and copper. In the case of platinum, the cublec coefficient
was computed from therlinear coefficient, the latter having been de-~
termined by the differential method of using a bar of copper as stand-
ard, Their values, for the three metals, of the mean coefficients of
absolute expansion between the ice point and the indicated temperature,
together with the Centigrade temperature readings which would result
from the employment of their cubical expansion as thermometric property,

are summarized in the following table:

Air Mean Centi- Mean Centi~  Mean Centi-
Thermo-  Expan- grade Expan- grade Expansion grade
- meter sion Tempera- sion Co~ Tempera- Coeffici- Tempera-

Tempera- Coeffi- ture on efficient ture on  ent for ture on
ture in cient the Iron for Copper the Platinum the Plati-
Degrees for Scale Copper num Scale
Centigrade Iron Scale

100 1/28200 100 1/19400 100 1/37700 100

300 1/22700  372.6 1/17700  328.8 1/36300 311.6

As early as 1731, Musschenbroek had employed a metal bar as thermo-
metric substance and its length as thermometric property, and, later in
the century, various workers had recommended such "pyrometers" for the

determination of high temperatures. If the concluéion of Laplace and
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Lavoisier, that the linear expansions of two different metals were
proportional to one another, had been generally true, all such pyro-
meters should have yielded the same temperature scale provided agree-
ment was established at two fixed points. Also, assuming the cubical
expansion coefficient to be three times the linear coefficient, a
similar conclusion should have held for pyrometers which reckoned
temperatures from the cubical expansion. Dulong and Petit, however,
assuming their findings in the above table to be typiecal o{ all metals,
concluded that the different metals, like different liquids, exhibited
their own peculiar laws of thermal expansion, so that, when employed
as a thermometric substance, each metal would furnish a temperature
scale whose agreement with that of another could not be attained by
any simple device.

In spite of these complexities, Dulong and Petit, being firm ad-
herents of the siill prevalent caloric theory, did not recommend that
the quest for the most rational temperature scale be banished from
physical science; indeed, in the opening lines of their paper they had
expressed the opinion that the simplest laws of heat could never be
discovered while employing a purely arbitrary temperature scale. How-
ever, as a result of their researches, they concluded that only gases
conformed to one and the same law of thermal expansion; this conclusion,
no doubt supported by metaphysical convictions about the nature of
caloric, led them to the belief, previously advocated by Dalton, that
the thermal expansion of gases was more immediately related to the
Uforce of heat", than was that of liquids and solids. Consequently,

they considered it probable that the laws of heat would assume a
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simpler form if referred to the scale of the air thermometer than if
referred to one depending on the expansion of a liquid or solid. However,
Dulong and Petlit were by no means dogmatic on this point: they also
hazarded the guess that the laws governing the thermal behavior of a
particular liquid might be most simply expressed with reference to a
thermometer employing that liguid as thermometr.’;.c snbstance.%'

As a matter of fact, the situation with respect to arbitrary gcales
was even more complex than Dulong and Petit beliova‘* it to be: not even
the gases conformed to the same law of thermal expansion. For nearly
thirty years after its publication, Gay-Lussac's data on the thermal
expansion of gases continued to be accepted, ‘i‘hen, in the year 1835,
the Swedish physicist, F. Rudberg, published the results of experiments
which, though very carefully performed, indicated that the mean co-
efficient of expansion of dry air between 0° and 100° Centigrade was
appreciably lower than Gay-Lussac and Dulong and Petit had suppcsod.75
His procedure was the modified Gay-Lussac method adopted by Duleng and
Petit involving simultaneous variation of pressure and volume, (ef., p. 57).
After taking the utmost precautions to remove all moisture, the Swedish
scientist concluded that the true value of the fractional increase in
volume lay between 0,364 and 0.365 as compared with Gay~Lussac's value
of 0.375. In the following year Rudberg refined the constant vblume
method of Amontons to measure the same quantity and again ob tained the
same result.76

Unfortunately, Rudberg's death in 1839 prevented the extension of

his excellent technique toﬁ the study of other gases. In the next year,Gustav
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Magnus took up the snbjec£.77v Evidently unaware that Dulong and Petit
used Rudberg's first method, and thinking it unlikely that both Dulong
and Petit, ahd}GgyaLussac would have obtained an identical, incorrect
value for the expansion coefficient of air, Magnus entertained the
pOSsibility that the discrepancy between their value and that of Rudberg
arose from the circumstance that the Swede, but not the Frenchman, had
used Boyle's Law in the calculation.78 Boyle's Law, he thought, might
not be rigéroualy obeyed at temperatures as high as 100° Centigrade.
Therefore, he undertook to repeat the,expefimants of GayuLussac in which
the increase in volume, at constant pressure, of the air was observed
directly as it pushed a confining index of mercury through a horizontal
tube, Many trials, however, yielded only erratic results which he
attributed to the/failure of the mercury droplet to completely seal the
tube, Magnus then turned to Rudberg's second, constant-volume methed;
and, after repeating the‘Swnde's axpérinents on air, extended the method
to hydrogen, carbon diexide, and sulfur dioxide. His result for air
agreed well with Rudberg's, and he also observed nearly the same value
for hydrogen. On the ather hand, carbon dloxide, and particularly sulfur
dioxide, exhibited consistently greater expansions. The average
fractional increases in volume between the ice point and the steam poinﬁ
which he obtained were as follows: air, 0.3665; hydrogen, 0.3657;
carbon dioxide, 0,3691; and sulfur dioxide, 0.3856.

At this time, the illustrious French scientist, Henri Victor
Regnault, directed his penetrating attention to an exhaustive study of
the entire field of the thermal expansion of gases. The skill displayed
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by his experimental work, which was described in three papers appearing
in 18A2,79 was matched only by the wisdom which characterized its inter-
pretation. Although the immediate outcome of his investigations was the
refutation of the claim that gas thermometric scales were peculiarly
rational, its final result was the establishment of the whole subjeet of
gas thermometry on a more secure basis,

Regnault first resolved to eliminate, once for all, all doubt as to
the correct value for the fractional increase in volume of air between
the ice point and steam point, He determined this quantity, first by
Dulong and Petit's method, involving simultaneous variation of pressure
and volume, then>by a modification of this procédure in which, because
the flask was equipped with a longer tube, the volume was nearly con-
stant, and, finally, by Rudberg's constant volume method, Reﬁeated trials
with these methods gave results'differing only in the fourth decimal
place, differences which Regnault thought could reasonably be attributed |
to experimental error, Since one method involved a substantial Boylets
Law correction while the other two did not, Regnault rejected the |
‘pessibility that previous discrepancies in the values reported for the
coefficient for air had been caused by dep;rtures from Boyle's Law and
géve, as the best value for the fractional volume increase, fhe mean
of the values obtained by the different methods, 0.3665,

Turning now to the ether gases and employing princlpally the modifica-
tion of the method of Dulong and Petit, he obtained the following values
for the fractional increase in volume between the two.fixed points:
nitrogen, 0.3668; carbon monoxide, 0.3667; hydrogen, 0.3668; nitrous
oxide, 0.3676; hydrogen chloride, 0,3681; carbon dioxide, 0,3686;
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cyahogen, 0,3829; and sulfur dioxide, 0,3845, Regnault thus showed
what had already been indicated by the experiments of Magnus, that not
all gases conformed to the same law of expansion as was required by
Charles'! Law., Nitrogen, carbon monoxide, and hydrogen appeared to
conformfto essentially the same law as air, but the remaining gases
investigated, exhibited progressively greater expansions.so
In all of Regnault's experiments, undertaken up to this tﬁme, the
pressures of the gasos—at 100° C. had differed little from atmospheric
pressure. According to the classical experiments of Amontons, the
pressure coefficient for air was independent of the initial pressure, and,
for ovef a century, the correcthess of this conclusion appears to have
been assumed with little additional proof. Davy, in 1823, had sought
to show that the coefficlent for air had the same value for pressures
extending from one-sixth of an atmosphere to two atmospheres, but,
according to Regnault, the experiments had not been ﬁerformed with
sufficient care to give accurate results, Therefore, Regnault, devoting
his second paper to this matter, and, using Rudberg!s constant volume
method, measured the pressure coefficient for air o#er a range of
pressures, beginning at about one-seventh of an atmosphere and ending at
nearly five atmospheres, As shown in the last celumn of the accompanying
table, he obtained a small but consistent increase in the pressure co-
efficient with increasing pressure, the total increase over the entire
pressure range amounting to several per cent, Similar rgaults,also re-
corded in the table, were obtained for carbon diexide, e#cept that the
coefficient for the latter was about four times as sensitive to pressure

changes as that for air. Thus Regnault demonstrated that the scale of
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the constant volume air thermometer, and still more that of one employ-
inglcarbon dioxide, varied with the'prossure at which the bulb was
filled,

. If Boylet!s Law could have been assumed to hold over this pressure
range, the edpality of pressure and volume coefficients would have follow-
ed immediately, so that the same conclusions would have applied to the
scales of constant pressure thermometers employing these gases. Already,
Dulong and Arago, in a study of the compressibility of air published
in 1830, had found only very small and uncertain departures from Boyle's

N Law over a pressure range up to twenty-seven atmospheres, Regnault, |
however, wishing to take nothing for>granted, decided to measure the
volume coefficients directly while heating the gases at constant pressure,
After finding, as did Magnus, that Gay-lussac's horizontal tube, enclosed
by a short column of mercury, gave unsatisfaeﬁory results, he designed
his own constant-pressure apparatus, In this new procedure, the gas was
allowed to expand at constant pressure into an auxiliary tube which was
kept at a constant, known @emperatnre and where its volume was noted,

The volume coefficients which Regnault obtained in this way are
entered in the second column of the table. Like the pressure coefficiemts,
the volume coefficients for air and carbon dioxide also increased with
pressure., Hydrogen, on the contrary, showed no pressure effect, while
the Yolume doefficiqnt for sulfur dioxide was even more sensitive to
pressure change than that for carbon dioxide. It was thus established
that, in general, the scales of constant pressure gas thermometers, like
those for constant volume instruments, would not be strictly comparable

unless the bulbs were filled at the same pressure.
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Effect of Pressure on Volume and Pressure Coefficients (Regnault).

Pressure at 100°C. Volume Coefficient X 102 Pressure ngfficient
X1
(rm)
Air
109.7 0.3648
266,1 0.365L
375.2 «3657
Atmospheric ; 0.3671 3665
1678.4 «3676
2306.2 »3680
2526 .4 «3694
2621.5 .3696
2924.0 «3689
3655.6 «3709
Carbon Dioxide
Atmospheric 0.3710 0,3686
901.1 +3694
1742.7 3752
2523,0 3846 ,
-3598.1 «3860
Hydrogen
Atmospheric 0.3661 0.3668%
254L3.7 .3662

Nitrous Oxide

Atmospheric ' 0.3720 9.3576*
Carbon Monoxide

Atmospheric 0.3569 0,3667%
Sulfur Dioxide

Atmospheric 0.3903 0.3845%
982,0 «3980
Cyanogen
Atmospheric 0.3877 0.3829%

#0Obtained by the modification of Dulong and Petit's method in which
only a small volume change occurred,
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To determine whether or not the gases departed from Boyle's Law,
Regnault had only to compare the values of volume and pressuré co-
efficients at corresponding pressures. For air at atmospheric pressure,
the data revealed only a small and uncertain difference, At higher
pressures, however, the volume coefficient appeared to be definitely
larger. A similar behavior was observed for carbon dioxide, except
that, in this case, the departure from Boyle's Law already made itself
evident at atmospheric pressure. For the raﬁaining gases studied, the
data permitted a comparison of the two coefficients at atmospheric
pressure only, The permanent gases, carbon monoxide and hydrogen, pre-
sumably conformed to Boyle's Law at this pressure, However, nitrous
oxide, sulfur dioxide, andAcyanogen, behaving like carbon dioxide, gave
pressure and volume coefficients which were markedly different. The
fact that, in all cases where a difference occurred, the pressure co-
efficients were_smaller than the volume coefficients, indicated to
Regnault that the pressure required to keep the volume constant on heating
was smaller than it should have been according to Boyle's Law; in other
words, the gases were too compressible to follow this simple generaliza~
tion.

When Regnault did this work, all of the gases studied, except the
permanent ones, had been liquefied so that their boiling points were
known, at least approximately. The fact that these boiling points were
intimately related to the extent to which the gases d eparted from the
laws of Charles and Boyle did not escape the keem perception of this
great Frenchman. To facilitate the comprehension of his conclusions on

this point, the volume and pressure coefficients at atmospheric pressure,
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together with their differences, have been assembled in the following
table in the order of increasing boiling point of the gas. As the boil-
ing points of the gases decreased, their coefficients decreased and
approached the values obtained for the permanent gases. A slight dis-
crepancy appeared with carbon dioxide, but that this might have been
attributed to the fact that the gas solidified on cooling atkatmospheric
pressure instead of forming ligquid. Equally marked was the decrease in
the difference between the two coefficients with decreasing boiling

point, indicating progressively smaller departures from Boyle's Law,

Relation of Volume Coefficient, Pressure Coefficient, and Their Difference
to Boiling Point. (Atmospheric Pressure.

Gas Boiling Volume Pressure Coefficient a=-b

Point Coefficient X 1 b

X 10< (a

Hydrogen very low  0,3662 0.3668 negligible
Air very low «3671 #3665 negligible
Carbon  very low «3669 «3667 negligible
monoxide
Nitrous ~90 <3720 «3676 <004
oxide
Carbon «T845% 3710 .3686 0.0024
dioxide
Cyanogen 21 3877 #3829 .0048
diexide

Regnault was thus able to formulate the hypothesis, abundantly
confirmed by later work, that the deviations of gases from Charles and
Boylet's Laws were assoeiate& with the extent to which their states were

¥Sublimation Peint.
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o removed from their points of cendensation;gl and that, although each gas,
when examined under ordinary conditions, might exhibit its own peculiar
pressure and volume coefficients, nevertheless, with diminishing
pressures, all such coefficients would approach one and the same value.
With respect to Boyle's Law, Regnault directly confirmed this hypothesis
five years later by aﬁ exhaustive study of the compressibility of gasea.sz

From this work it appeared that not even the permanent gases conformed

strictly to Boyle's Law, but that, in all cases, the extent of the

departure decregséd with decreasing pressure, and that, for all gases
studied except hydrogen, this departure was in the direction of excessive
compressibility. |

Thus, although, by revealing that real gases under ordinary condi-
tions did not conform to the same law of thermal expansion, Regnault
destroyed the foundation on which previous claims for the rationality
of the gas thermometer scale had been based, nevertheless he simultane-
ously provided such claims with a new type of support. For since, with
decreasing pressure, the thermal behavior of such gases approached
identity, one might have argued that a thermometric scale, based on this
limiting law of thermal expansion, had prior claim to rationality since
it was the same for all gases.

Although the concept of the "perfect" or ideal gas, as the arch~type
approached by all real gases when rarefied and for which the simple laws
of Boyle and Charles were exact, was clearly formulated by Regnault at
the close of his second paper, still the thought that such a concept might
serve, through extrapolation of data to zero pressure, to define the most

rational temperature scale did not occur, or at least did not appeal, to
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him at this time., Thus he concluded his third 1842 paper with this
statement: "The simple laws which were previously assumed to govern the
expansion of‘gases, led physicists to regard the air thermometer as a
normal thermometer whose readings were actually proportional to the
inecrease in quantity of heat. Now that these laws are known to be in-
correct, one sees that the air thermometer belongs in the same class as
all other thermometers whose temperature readings are related in a more
or less complicated way to the heat added. Thué one sees how far we
still are from possessing any means for the absolute measurement of
quantities of heat, and how feeble is therppe, in the present state of
knowledge, of finding through experiment simple laﬁs among the phenomena
dependent upon these quantities."

Even though, in these words; Regnault disavowed any theoretical
preference for the air thermometer, he nevertheless came to recommend it
as an arbitrary standard for practical reasons. This recommendation came
as a result of an attempt, described in his third paper, to check the
work of Dulong and Petit on the comparison of the scales of the mercury
and air thermometers, For this purpose, he used a constant volume air
thermometer and a mercufy weight thermometer. Between the ice point and
the steam point, Regnault found, as did his predecessors, that the two
scales were practically identical, although he observed that the mercury
thermometer read about two—tenths of a degree higher midway between the
two fixed points., Above the steam point, substantial agreement was noted
until 2509C, where the mercury thermometer again read higher by about |
three-tenths of a degree. With increasing temperature, this differénce

increased, becoming about three degrees at 350°C. However, because of
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uncertainties about the thermal behavior of the glass Regnault did not
lay great weight on these measurements. Dulong and Petit had reported
that all of the several varieties of glass studied by them exhibited the
same thermal expansion, and, as a result, it had been commonly assumed,
since that time, that any two mercury thermometers would furnish
identical scales provided they were made to agree at the ice and steam
points. Regnault showed that this was by no means true, but that, be~-
cause of differences in the glass, two mercury thermometers ealibrﬁted

in the customary way, generally exhibited marked discrepancies at higher
temperatures, the difference becoming as great as five degrees at 300°C,
Furthermore, because of inconsistent behavior of the same glass, a single
mercury thermometer did not always give the same readings after heating
to an elevated temperature as before. For these reasons, Regnault
strongly recommended the constant pressure air thermometer, particularly
for accurate work at elevated temperatures, because of its larger
expansion or pressure coefficient and its consequent relative independence
of the behavior of the glass,

Thus the great quest for the most rational temperature scale
deteriorated, with Regnault, into a practical preference for the air
thermometer based only on the most mundane considerations, Furthermore,
this was only a forerunner of that complete banishment of thé problem,
in its original form, from physical science--a banishment which, indeed,
was almost at hand. The halfwcentury preceding the publication of
Regnault's papers had witnessed a steady accumulation of experimental
facts wiﬁh which the caloric hypothesis could not cope. In the very year,
1842, in which Regnault released his researches on the thermal expansion
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of gases to the scientific world, Robert Mayer published his classical
paper on the Energy Principle, embodying a system of thought in which
the caloric theory had no place; and, even while the Frenchman struggled
with pressure and volume coefficients, James Prescott Joule was perform-
ing equally careful experiments in England on the conversion of work into
heat -~ experiments which, beginning in 1843, found expression in a
series of open and successful attacks on the hypothesis that heat was

an indestructible fluid,

As a result of these‘faetors and others, the caloric theory had
become a historical oddity by the middle of the eighteenth century. Since,
deprived of the assumption that the heat of a body was a definite measur-
able entitj, the question of how much heat the body contained became mean-
ingless, the problem of the true temperature scale, as formulated by the
caloricists, was likewise relegated to the archives, Yet, so unpredict-
able 1s the progress of scientific discovery that the gas thermometer
returned to the scene almost immediately to establish its claim to
ratimhality, in an entirely new guise. Extending the earlier spéculationa
of Sadi Carnot on the efficiency of an ideal heat engine, Sir William
Thompson showed that the ratio of the heat absorbed to the heat expelled
during the cyelic operation of such an engine might be employed to define
; temperature scale, which would be absolute or rational in the sense of
being definable without reference to the properties of any particular
thermometric substance, and that such a scale was, in fact, very nearly
proportional to that of the air thermometer, However, the complex
historical process #hich culminated in this result, because it was only

indirectly related to that history of temperature which has now been traced
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from Philo through Regnault, is more a.pprépriately assigned to the
history of the Second Law of Thermodynamics,
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alr and hydrogen, and similar conclusions were indicated by the work of
Pouillet, Dulong and Arago, in 1830. tested the conformity of air to

Boyle'!s law for pressures up to 27 atmoszpheres but were unable to establish

any certain departures from the law.
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Figure 3. Galileo's Alr Thermometer.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"
" =G
B Figure 5. Kircher's Hybrid Thermonmeter. Figure 6. Fahrenheit's
Hypsobaromster,
) _
; =
44 -
%
7
% -
/ - —
/ 2 -
; - -
- 5
¢ - |
e T
Figure 7. Amontons! Closed Air Figure 8. Amontons! Air
“ Pawto s cvirwma Mlcmaine s vnm b oae

[1: F RV PR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A i
| h T
NFEEPES ) B p:“ T T e L T ;w B‘

Figure 9. Gay-Iuseac's Apparatus Figure .10, The Equilibrating
for Thermal Expansion of Gases. Columns of Duleng and Petit.

=

]
,,,,, — ]
- S W
¥ - _—
Figure 1l. Air Thermometer Figure 12. Mercury Weight
of Dulong and Petit. Thermometer of Dulong and Petit.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I1., The Development of the Concept of Heat from the Fire Principle

Heraclitus through the Caloric Theory of Joseph Black.

Page

1. Greek Theories of Heaf:
: Fire Matter and Fire Atoms 99
2» The Alchemical Principles and Phlogiston 103
" 3. Rise of the Kinetic Theory of Heat 108
L. Development of the Caloric Hypothesis | , 11k
References and Footnote’s 134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



“99=

II. The Development of the Concept of Heat From the Fire Principle of
Heraclitus Through the Caloric Theory ol Joseph Blaek.

l. Greek Theories of Fire: Fire Matter and Fire Atoms,

The development of modern investigations on the phenomena of heat is
connected with two distinct notions as to the nature of heat, the one
asserting the substantial ("fluid") nature of heat, the other maintaining
that what we perceive as heat is essentially a rapid vibration of the
particles of the body which feels hot. It will be of interest to trace
the history of these ideas, the roots of which are to be found in
antiquity.

The Greek Notion of Fire. The phenomena of combustion must have
early excited wénder and speculation, but the first European to give the
concept of "fire" a prominent position in a system of natural philosophy
was the Greek philosopher Heraclitus (eir. 500 B.C.). However, as
Windelb#nd (1, p. 36) notes, when Heraclitus declared fire "to be the
essence of all things, he understood by this not a material or substance
which survived all its transformations, but just thé transforming pro-
cess itself in its ever-darting, vibrating activity, the soaring up and
vaaishihg which corresponds to the becoming and passing away." Hence,
it would be a superficial view, indeed, which regarded the Fire Theory
of Heraclitus as the root of the phlogiston theory or the cglorié hy-
pothesis which flourished over a thousand years later. Rather, in his

conviction that all ‘lff;Q]ﬁxp in a continual flux, that permanence is

illusion due to the st “‘ei opposites, he is closer to the kinetic
view of heat.

A much closer approach to the substantial view of heat is found in

Empedocles' (450 B.C.) four-element theory. He postulated as elements
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earth, water, air, and fire and thought that all change must consist
in the dividing, intermingling, and separation of these fundamental
constituents, regarded as imperishable, homogeneous, and unchangeable.
The four-element theory gained great influen.ce t.hréugh its adoption by
Plato (427-347 B.C.) and Aristotle (384~322 B,C.), the latter, however,
introducing an important modification, namelj, the postulate that the
eléments may be transmuted into one another by modification of their
propqrties.l

Ellis (2, p. 76) thinks that earth, water, air, and fire of the
Greek four-element theory correspond to the modern terms, solid, liquid,
gas, and energy., With respect to the firskt. three of these, we may agree
with Ellis: all solids, all liquids, all gases were no doubt referred
to as earth, uater,‘and air, respectively, the generic terms not yet |
having been formulated. Tﬁe identification of the Greek fire-element
with energy is, however,‘ objectionable, In the burning process, a |
bright fluid appears to emerge and it was no doubt this which Empedocles,
and Aristotle after him, called "fire." On the other hand, the recog-
nition of the peculiar nature of this "element” is already evidenced by
the fact that Heraclitus chose fire as'symbolié of the principle of
change and restless activity, Aristotle (1, p. 147) regarded fire as
endowed with a peculiar centrifugal force, and Democritus (k60-350 B.C.)
considered the "fire atoms" to be the cause of 1life processes,

Thus we see that in the Greek notion of "fire," three ideas repre-
sentiiag different aspects of the combustion pz;ocess" aré confused and they
remained confused until modern times, when they finally'receivad clear
formulation in the distinct concepts of "quantity of matter," "quantity
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of heat" (or, more generally, "quantity of energy"), and "availablé
energy” or "motive pévier."z

Greek Atomism, In the méantime, there had developed another view
of the world which was destined to become, many centuries later, the
foundation of the kinetic theory of heat, That view was Greek atomism.
We have already noted how Heraclitus, captivated by the manifold change
and variety in nature, had asserted that the essence of reality was
simply flux or continual change, symbolized by "fire." On the other

hand, Parmenides (470 B,C.), founder of the Eleatic School, adopting as
his definition of Being, that which fills space (corporeality), reason-
ed that, since non-Being can‘neither be conceived of nor exist, there-
fore, there exists only one Being which fills all space, Further,
Being, if it were t?b change, could only pass into non-Being; because
this is inadmissibie, since non-Being does not exist, it follows that
Being is eternal and unchangeable, and that all change as well as
cqualitative distinctions, must be illusory,

Democritus, the great systematizer of the Atomistic Schoel, con-
fronted with the opposition between the doctrines of Heraclitﬁs and
Parmenides, attempted to effect a compromise, He adopted Parmenides'
notion of Being, as a stuff whose sole properties are eternality md'
corporeality (space-filling). But to explain the world of ’changing '
phenomena so insistently emphasized by Heraclitus, he supposed this

' Elo’at_ic Being divided into small bits, scattered throughout empty space,
and endowed with random motion, The continual flux of natural process,
observed by Heraclitus, 1s nothing more, according to atomism, than the

unceasing coming together and disintegration of the atoms, which, to be

£
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sure, are assumed to differ in size and shape. ”All becoming, or
change, is in its essence motion of atoms in space" (1, p. 43).

However, it is only insofar as the kinetic thécfy of heat may be
regarded as derived from the general notions of atomism that Democritus
and his followers may be regarded as the true fathers of the modern
kinetic notions regarding the nature of heat., For when we inquire how
the Greek atomists regarded the phenomena of fire and heat, we find
that these were attributed not to any particular state of motion or
configuration of the atoms of a body but to the presence in it of a
particular species of atoms, namely, the "fire atoms." The "fire atoms,"
sﬁys Democritus, constitute a particulaf kind of étoms ’ hamely, "the |
fineaf., smoothest, and most mobile," This phrase "most mobile" ﬁiay be
interpreted to mean that the "fire atoms" were chafacterized bj a greater
velocity than the other atoms. But the modern notion that an ordinary
atom, by acquiring through impacts a greater velocity, can become a
"fire atom" is implicitly denied by Lucretius s the great popularizer
of Greek atomism, when he states that atoms have always moved and always
will move with the same velocity (3,k pe 139).

The manner in which the Greek atomists regarded the phenomena of
fire and heat is typical of the manner in which they explained many of
the properties of matter: these properties were regarded as due to .
intrinsic, unchangeable properties of the atoms in question rather than
to the momentary condition of these atoms, Thus the peculiar fluid
nature of liquids was attributed to the ameethness and roundness of
their atoms. Things which were painful and harsh to the senses were
supposed to consist of hooked, rough atoms.

Thus, with respect to the nature of heat, Greek atomism is seen to
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occupy an intermediate position, which, indeed, was revived in modern
times, especially by continental Europeans (4, p. 31). Insofar as all

- things were regarded as constituted of atoms moving in space, Greek
atomism foreshadowed the kinetic theory of heat. But in postulatiné
that fire and hot bodies contain particular kinds of atems (although, te
be sure, they were not considered to be atoms of an imponderable fluid),
it tended to agree with the Aristotelian postulate of a firewmatter,
which was the forerunner, not only of phlogiston,kbut also of a much
more fertile conception, namely, Black's calorie.3

2, The Alchemical Prineiples and Phlogiston
The Hellenistic-keman and Msdievai Periods contributed relatively

little to the heat concept. The best European minds of these centuries
| were occupied with questions 6f logic, ethies, or theological meta-~
physlics, The only advances in the knowledge of heat were those gleaned
~ by the alchemists of Egypt and Arabla and later of Europe, inrtheir
practical, partly magleal, attempts to prepare gold from the baser
elements and to discover the elixir of life,

Throughout this period, the teachings of Aristotle functioned as
the guiding 1ight, especially among the Arabians, who introduced them
intokEurope through the invasion of Spain in the eighth century and also
through contacts made during the Crusades.* Like Aristotle they regard-
ed the one fundamental matter as capable of appearing in four different
elementary forms (fire, earth, air, and water) which could be changed
one into another by a proper variation of properties. However, in their
practical work with the metals, they came to regard Aristotle's particu~
lar choice of properties as inadequate. Thus we find Geber, én Arabian

alchemist of the ninth century, introducing the properties ("principles"),
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"mercury" and "sulfur," the first to account for the luster, volatility,
fusibility, and malleability of metals, the second to account for their
color, combustibility,‘affinity, and hardness, To these Valentine added
the principle "salt" which was supposed to remain intact on chemical
treatment and was regarded as serving as a sort of base for the union
of the principles, mercury and sulfur. By variation of these three
properties, the metals were thought to be capable of transmutation into
one another, |

It is not difficult to understand how the alchemisté came to
associate sulfur with combustibility. A mixture of sulfur and nitre
was used as a fusion mixture for the metals, so that sulfﬁr was thought
to have the property (intense heat) of fire in this respect. Fnrthef,
its yellow color suggested the bright color of "fire-matter," which
appears to emerge from a substance, leaving an uncembustible'besidue.

We must realize that the terms "sulfur," "mercury," and "salt"
were used, at least in the earlier centuries of the pericd, in a manner
which, from our point ét view, was mstaphorical.5 They denoted properties
rather than substances, although this distinction seems gradually to have
been obliterated, |

System of Paracelsus. Thus we find Paracelsus (1493-1541) attemp-
ing to reconcile the Aristotelian four-element theory with the three
principles of’the alchemists by assuming that sulfur is the product of the
Action of fire on air; mercury, that of the action of air on sulfur; and
salt, that of the action of water on mercury; Paracelsus was a man of great
influence, and his system, however imaginative, reveals an imporiant‘

faet, namely, that the three principles had come, in the minds of the
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alchemists, to acquire a substantial character so that they were placed
in the same category as Aristotle's four elaments.6

What had happened was,‘no doﬁbt, that the three-element theory,
because of its value in explaining the behavior of the metals, had come
more and more iﬁto the foreground with the consequent neglect of the
Aristotelian doctrine, and that, as a result, the former finally usurped
the province of the latter, at least in the field of metallurgy, so
that the three principles came to be regarded, not only as properties,
but as substances as well, Then the system of Paracelsqs may be re-
garded simply as an attempt to justify current alchemical ideas by
referring them back to Aristotelian doctrine, regarded as fundamental,

That by the latter part of the seventeenth century, the sulfur
principle, in particular, had come to acquire a definitely substantial
charaéter and, indeed, to be more or less identified with the substance
which we now denote by that name, is evident from Becher's (1635—82)
criticism of the alchemical combustion theory. Sulfur, Ee says, itself
burns and therefore cannot be the principle of cémbustibility but must,
like the metals, contain it, Becher definitely postulates that com-
bustion is a process of decomposition, a view which seems to have been
.held by all of Aristotle's followers, and states that in the burning of
a substance the,cembustiﬁle principle, which he calls terra pinguis
(fatty earth), is evolved, -

Advent of Phlogiston. Stahl (1630-1734) substituted the‘t;rm -
"phlogiston™ fer Becher's terra pinguis and skillfully employed the
hypothesis, under the name of the "phlogiston theory," to correlate tge

phenomena of calcination, combustion, reduction, and metallic displace~
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ment of hydrogen ffom acids.

Although the phlogiston theory came to exert a commanding influ-
ence on most of the chemists of the eighteenth century, it nevertheless
shared the fundamental weakness of the sulfur theory which had preceded
it, namely, the confusion between property and substance. Nor was this
alleviated by Stahl's statement that phlogiston is "thetmaterial and
principle of fire, not fire itself" (5). |

The increase in weight of a sﬁbstance, on burning, and the essen-
tial part played by the surrounding air were the main facts which
finally.overthrew the phlogiston theory of combustion. The advocates
of the theory met the firét objecﬁion in two ways. Some of them regard-
ed phlogiston, not merely as an imponderable, but as actually endowed
with negative gravity; they regarded its presence as functioning to
decrease the effective weight of a body. This idea was advocated by
numerous alchemists before Becher's time and indeed was shared by
Aristotle who, as we have noted, éndewed his fire-matter with a peculiar
centrifugal force. Others maintained that the increase of weight was
due to the addition of ponderable fire-matter duriné the combusﬁion
process: the fire in the flame was thoughtkto ﬁenetrate the container
to which it was applied and combine with the burning substance, The
second objection, that the presence of air was necessary for combﬁstion,
was met by the assumption that it (the air) functioned as an absorbing
agent for the phlogiston liberated.

By the latter part of the eighteenth century, the phlogiston theory
had become extremely unwieldy; in fact, phlogiston had been variously
identified as light, electricity, soot, and hydrogen, and indeed, in
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France, was still associated with sulfur (5). Hence the penetrating
resea:cheé of Lavoisier (1775) on the weight relations involved in
combustion were quite sufficient to cast out from the minds of most
chemists the 2,000-year old notion that burning is a process of’decompoQ
sition and to establish in its place the postulate that combustion
consists in the union of the burning substance with the oxygenlof the
atmosphere, |

However, as Merz (6, Chap., VIII) has noted, the phlogisten theory,
insofar as it asserted that something was liberated in combustion,
ccontained an element of truth which was destined to bear fruit,
Lavoisier's great service showed that the mysterious phlogiston had no
place in é description of the weight changes incurred by burning. But
a more careful investigation of the changes occurring in the surround-
ings was to lead to a sort of reincarnation of the phlogiston theory.
Our modern phraseology still bears witnes to that reincarnation, for we
say that heat is liberated in burning,

Nor had the concept of an imponderable fluid, exemplified by
‘phlogiston, reached the end of its scientific usefulness. Rather, this
end had come only in the case of chemistry proper, which, followimg'the
example of Lavoisier, proceeded to concentrate on the study of the weight
relationships in chemical change. In those branches of physics concern-
ed with changes of state or condition, the concept of an imponderable
fluid continued to be of service. We shall see that, as caloric, it
rendered invaluable service in comprehending and classifying the phen~
omena of change of staté, expansion, compression, and reciprocal changes

of temperature., In the eighteenth century Watson (1746) and Franklin
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(1706-90) independently proposed fluid theories of electricity., ILater,
Coulpmb (1785-1789) advocated the two~-fluid theory to correspond to
positive and negative electricity. He also proposed two magnetic
fluids, These fluid theories of elegtricity and mggnetism served as
the basis for the mathematical formulation of the laws in these branches

of physics,

3. Rise of the Kinetic Theory of Heat.

In the meantime, epoéh-making advances in astronomy and mechanics
had brought the motion concept into great scientific prominence, and
this fact, together with the revival of Greek atomism, led more imagin-
ative minds to the formulation of the modern kinetic theory_of heat.,

It is of interest to note that in the cases of Bacon (1620) and
Descartes (1640), motion theories of heat are advanced independently of
atomism. This was done, in the crudest form, by Francis Bacon (7, Chap,
VIII) who, impressed by the motion of boiling liqﬁids and fi:e, asserted
heét to be the outward, upward, expansive motioﬁ of the small parts of
a body., His doctrine is not a revival of atomism, for he states,
specifically, that the motion is "not in the very minutest pa:ticles
but in thése of saﬁe tqlerable dimehsiens," nor does he postulate a
void. He doeé not explain how a liquid can be in violent motion with~
out being hot or how, on the other hand, a red-hot iron may be in a state
of rest, Descartes, though denying the existence of a void and postu-
lating the infinite divisibility of matter, nevertheless states motion
to be the cause of all change. In particular, he regards the sensation,
of heat as due to motion communicated to the nerves, an old idea of

Democritus (1, p. 114).
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Greek atomism was revived and popularized through the efforts of
Magnenus (1646) and especially Gassendi (1647). The union of the motion
and atemic concepts to account for thermal phenomena had not long to
wait, for we find Boyle (1629-91) asserting, in quite the modern fashion,
that heat is a molecular motion and Locke (1690) describing it as "a
very brisk agitation of the insensible parts" of an object (8, Pe 2&).
Hooke (1665) adopted a similar view toward the property of fluidity,
attributing this, not to the shape of the atoms of thg fluid, as the
Epicureans had done, but to "a certain pulse or shake of heat.“7

Newton, too, who as Merz (6, Chap, VI) notes, first made the
kinetic view of natufle scientifically possible through the publication
of his Principia (1687), states that "heat consists in a minute vibra-
tory motion of the particles of bodieé,“ (9, p. 84). These views were
strengthened when Bernoulli (1738) laid the foundation of the kinetic
theory of gases.

Relation of Light and Heat. The tendency to assoclate heat with
motion received a fresh impulse from the establishment, by experiment,
of the close relationship existing between light and radiant heat.

For whether light be viewed according to the corpuscular emission theory
favored by Newton or the undulatory theory of Huygens (1690), it is,

in either case, a motion (in the first case, a streaming motion of
particles; in the second, a vibratory motion in the ether), so that
radiant heat, so closely related to it, must also be of the nature of
motion. We have just noted Newton's kinetic view of heat. Huygens

also held such a view, for he n&t 6nly states that light is a motion,

but also that the solvent properties of heat and flame, the causes of
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light, indicate that they too are of the nature of motion (10,p. 211).

The close connection_between light and heat had_already been
vividly exhibited by the properties of the burning-glass of Archimedes
(287~212 B.C.), and in the thought of the medieval alchemists the two
were pretty thoroughly confused. In modern tymea we find a renewed
interest in these phenomena. Tschirnhausen (1699), concentrating the
rays of the sun with two large lenses, succeeded in burning wood, boil-
ing‘water, and melting lead and iron. By coating the metals with char-
coal, he was abie to volatize them, from which he deduced the salient |
conclusion that black bodios absorb the most heat. At the same time he
cast doubt on the legitimaey of generglly ident;fying light and'hgat
when he observed that the rays of moenlight could not be made to produce
any noticeable heating effect, 4

Boyle, by noting that the burning-glass remains operative in a
vacuum, had already demonstrated that the propagation of heat and light
is independent of the material medium, and Scheele (1777) verified
this with the observation that heat felt ten feet from an oven is unaf-
fected by an intervening stream of air, Scheele also made the important
distinetion betweén this sort of heat which he called "radiant heat"
(strahlende Warme), and the heat passing out through the chimmey with the
smoke (convected heat).

Lambert (1779), no doubt influenced by the emission theory of light,
~assumed that radiant heat consists of streams of ”firenparticlea,"k
reminiscent of .Democritus. He was also convinced that these "fire rays"
obeyed the same laws as light, and proceeded to deduce the laws of the

burning lens from the principles of optics. At the same time, he was
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aware that the rays of "dark heat" (infrared rays) were reflected in
the same manner as light, |

The close similarity of light and radiant heat was further
demonstrated by Pictet (1790), who noted that a thermometer placed at
the focus, or "burning point," of a concave mirror immediately register-
éd a rise in temperature when a hot body was placed at the focus of a
gecond mirror, coaxial with the first but at a long distance from it,
From this he concluded that radiant heat must be propagated in straight
lines at a very great velocity, perhaps at the velqcity of light itself,
He contrasted this with conducted heat which, unlike radiant heat, must
proceed from particle to parﬁicle of the medium and consequently travels
much more slowly. However, a complete distinction between radiant and
conducted heat is not abtained by Pictet, for, on failing to concentrate
the heat from boiling water by means of a glass mirror, he thinks this
'mightbcel'one with a mérror which 1s a better conductor of heat, e.g., a
metal mirror, |

Hutton (1794) identifies light with radiant heat and postulates
that dark bodies alsc emit radiation, even though undetectable by the
eye. A hot body, he says, converts heat to light which, on absorption,
becomes heat again. A step backwards appears to have been made by
Herschel (1800) when he stated that every ray consists of a light ray
and a heat ray. |

Rumford (1805), famous for his experiments on fricticnal heat, re-
garded a body which radiates heat as analogous to a bell sending out
vibrations (heat waves). The temperature of the hot body, he says, is

determined by its period of vibration. A series of experiments led
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Rumford to further important conclusions: (1) all bodies radiate at

 every temperature; (2) the intemsity of radiation is differént at the
same temperature for different bodies (substances); (3) bodies at the
same temperature do not influence each other through radiation.

To Leslie (1804) is due the important observation that strongly
reflecting surfaces are also poor emitters of radiation and that heat
absorption and heat emission increase and decrease together. He also
discovered that the intensity of radiation (from a unit area of aurfgce)
at a point outside oggggaiating body decreases with the angle made by
the surface of the body with the line of propagation of radiation to the
point. Leslie's speculations on the nature of heat are iess fortunate,
For, ignoring Boyle's discevery that fadiant heat is propagated in a
vacuum, he attributed radiant heat to air pulsations set up by the
radiating (vibrating) body, thus confusing radiation with CQAVOQtiQﬂo

Prevost (1809), who clearly distingﬁiéhed between the radiation
and conduction of heat, adopted the emlssion theory of radiant heat
(calorique rayonnant) and developed it along lines suggested by Bernoulli's
kinetic theory of gases, He notes that glass retains "dark heat" but -
allows radiant heat to pass through and thinks this may be due to the
fact that there are several kinds of heat particles. Rumford had already
postulated that all bodies radiate at every temperature,8 and Prevost
brought this principle into great prominence in his celebrated “Theofy of
Exchanges." A hot body is simply one which emits heat particles at a
greater rate than colder bodies. The apparent state of rest characterized
by equality of temperatures is really, says Prevost, a state of dynamic
equilibrium in which the bodies emit the particles of "radiant caloric"

at the same rate.
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It will be unnecessary to describe here Fourier's (1817) mathemati-
cal systematization of the facts of radiation, nor shall we relate the
long series of investigations, extending through the nineteenth ¢ entury,
which served to establish the agreement of radiant heat and light in
all their properties, with the resultant triumph of the undulatory theory
of Huyghens, the latter having been revived and developed by Young (1801)
and Fresnel (1819). Rather, it will suffice, for our purposes, to point
out just what significance is te‘be attached to that period of the
history of the subject, ending in the early years of the nineteenth
century.

In the first place, we cannot ignore the heuristic significance
which these investigations had for the establishment of the First Law
of Thermodynamics., For, entirely independent of the question of the
precise nature of light and heat, the facts of their close association,
conformity to the same laws, and their convertibility constituted un-
deniable evidence in support of that comprehensive, though vague, view

. that all of the "forces" of nature are "correlated."” The precise
manner in which this notion of "correlation of forc¢es" contributed to
the founding of the Energy Principle naturally belangs.to a history of
that principle.

Of more immediate concern is the effect of these radiation studies
on current ideas concerning the nature of heat. We have already remark-
ed that, insofar as radiant heat, like light, is regarded as a motion
of something, the study of it tended to bolster up the kinetic theory of
heat., If, nevertheless, the caloric or fluid theory continued to main-

tain its supremacy throughout the eighteenth century, this may be
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attributed, to aklarge extent, to the circumstance that Newton's emission
theory, not Huyghens' wave theory, of light (hence of radiant heat)
prevailed among most of the physicists ofkthat period,? For if light

is to be regarded as a rectilinear motion of very fine particles,

radiant heat must also be so regarded. And, éince the radlating body
exhibits no loss in weight, the particles must be those of an imponder-
"able fluid, naturally identified as heat fluid, or caloric, since the

radiating body suffered a fall in temperature.lo

4, Development of the Caloric Hypothesis.

As a matter of fact, the caloric theory was scarcely in need of

the support coming to it by virtue of the popularity of Newton's emission
theory of radiation, for the hypothesis of an imponderable hea£ fluid
was already proving most fruitful in explaining "mixture experiments®,
as well as the phenomena of liquefaction and vapérization. And if |
these investigationé appear as over-whelmingly important not only for
the heat concept but for thermodynamics generally it is precisely

" because, in them, attention is concentrated on that pafticular aspect of
changes which we now characterize as "their initial and final states,"
an attempt being made to define the imponderable heat fluid in such a
manner that it will appear as quantitatively conserved in the processes

in question.

"Mixture experiments“ were not new to the eighteenth century;
indeed, Renaldini (1694) had already employed mixtures of boiling and
freezing water in varying proportions for the purpose of thermometer
graduation. However, the mixture experiments of Fahrenheit, carried

out at the request of Boerhaave (1732) were viewed from an entirely

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~115-

new standpoint:‘ the thermometer scale was regarded as already given,
the final reading of the thermometer being interpreted as indicative of
the amounts of heat contributed to the mixture by the constituents,
Fahrenheit found that two equal volumes of water at different temperatures
attain, on rapid mixing, a temperature which is the arithmetical mean of
the two initial temperatures,ll but that when equal volumes of water and
mercury at different temperatures are mixed, the temperature of the
mixture is higher or lower than the arithmetical mean, depending on
whether water is the warmer or colder constituent. Only when two
- volumes of water were mixed with three of mercury was the final temperature
found to be the arithmetical mean of the initial temperatures.

The standpoint which Boerhaave assumes in attemptinglto explain
Fahrénheit's experiments is typical of the fluid theory adherents, He
regards, as a fundamental axiom, the proposition that thpre exists an
imponderable, indestructible fluid which, in the mixture experiments,
merely suffers redistribution. The fundamental question then becomes:

How was this fluld distributed between the different bodies before mix-
ing? From the viewpoint of historical criticism, Boerhaave's fundamental
question is seen to amount to just this: ’How may the imponderabie fluid
be defined so as to satisfy the axiomatic requirement of conservation?

Fahrenheit's experiments revealed one weight of water to have thé
same heating effect, per degree change of temperature, as twenty weights
of mercury. Although his experiments had, at the same time, revealed that
two volumes of water are equivalent to three volumes of mercury,‘Boerhaave,

no doubt preferring to attribute to experimental error the deviatiqn of

‘three~halves from unity rather than that of twenty, sees fit to state
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that heat is probably distributed between bodles at the same temperature
in accordance with their volumes, Thus we see that Boerhaave's heat
fluid was endowed with precisely those properties'which, more‘than two
thousand years earlier, were attributed to the Eleatic Being, namely,
corporeality (space-filling), homogeneity (uniform distribution), and
indestructibility,12

Confusion of Temperature and Heat. In the thought of Boerhaave

we can detect a confusion of the intensity and capacity factors of
heat which was quite prevalent in his day. This had already been
evident in the case of Newton (1701), who thought that the "heat" of

a hot body must be proportional to its "heat loss" and, at ﬁhe same
time, considered the readings of his actually aerbitrary thermometric
scale to be a measure of the latter and therefore, he thought, of the
former as well, When Boerhaave decides, as a result of the mixture
experiments, that heat is probably distributed according to volume, he
thinks this view substantiated by the fact that bodies in contact come
to a common temperature, thus revealing his confusion between uniform
temperature and uniform distribution of heat,

The same confusion in terminology exists in the writings of Richmann
(1750), who attempted to give mathematical formulation to the results of
mixture experiments employing different quantities of the same aubstance%B
He does not distinguish between temperature and quantity of heat but |
refers to both as "heat" (calor). On‘the basis of experiment and theo-
retical considerations,vhe stated that the "heat™ u of a mass m on being

distributed between the masses m and m” yields the "heat” m u/(mem’ ),

80 that if two masses m and m” with "heats" u and u/, rospective; are
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mixed, the resulting "heat" is (m u + m'y )/(m + m"). In general, when
masses m, m’, m”,. . . of "heats" u, ‘u/, u”, . . . are mixed, the final
"heat" will be

/4
nu+ny emuls ...

U=
mem+m” +. ..

The closé relation of Richmanﬁ's "m y" product to our "quantity of heat"
is obvious., We must also accrédit h:'uh with a certain insight into the |
relative nature of his measurements, for he states that is is not thév
"absolute heats" but only the excesses over the zero point of his ther-
mometer that come into consideration.

From the appearance of masses in his formula, we might suppose that
’Richmann leaned to the opinion that heat is distributed according teo
mass. This does not seem to have been the case, although he disproved
Boerhaave's assertion that the rate of cooling of é body is inversely
proportional to its density by observing that a body of mercury cooled
more rapidly, also was heated more rapidly, than lighter bodies of the
same size, shape, and initial temperature., However, in his mixture
experiments with water, he considered the experimental error due to the
heating of flask and thermometer to be eliminated by regarding these as
replaced by the same volumes of water,

Classic Work of Black. By definitely distinguishing between
"heat" and "temperature" and by the introduction of the "heat capacity"
and "latent heat" concepts, Joseph Black (17&0)1‘* probably did more than
any other man to convert confusion into order in this most important
domain of physical science., He begins, in a thoroughly empirieal, yét.
cxfitical, vein by pointing out that the well-known truth that "all bodies
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communicating freely with each other, and exposed to no inequality of
external action, acquire the same temperature as indicated by a
thermometer," is really a remarkable experimental fact which could not
have been predicted from any known relation of each of the bodies,
separateiy to heat, This fact, which had previously been referred to as
" the "equality of heat," Black wisely prefers to call the "equilibrium
of heat," since it is not h;at equality but temperaturé eénality which
is involved. Boerhaave's view, also adopted by Muschenbroek, that two
bodies of equal volume and at the same temperature contain the same
heats, he recognizes as an instance of confusion betwéen the quantity and
intensity factors of heat. Nor is the heat required to raise different
bodies through the same number.éf degrees proportional to their density.
Fahrenheit's experiments clearly show that "the same quantity of the
matter of heat has more effect in heating quicksilver than in heating
an equal measure (volume) of water.... Quicksilver, thereéfore, has less
capacity for the matter of heat than water...has"; in fact, mercury has
only two-thirds the capacity for heat that water has,15 Heat, then, is
distributed in a body, neither according to the body's mass nor its
volume but "according to its (the body's) particular'capacity, or its
particular force of attraction for thié matter,"
Several investigators on the Continent were led to ideas similar
to Black'!'s. With Wilke (1781), the heat capacity notion finds expression
in the statement that every body is equivalent to some quantity of water
at the same temperature, i.e., the given body will have the same effect
as its equivalent quantity of water in raising the temperature of a
definite guantity of water through a definite temperature interval.l6
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Lambert (1775), liké Black, distinguishes between‘qnantity of heat
(Menge der Warme) and its intensity (Kraft or Starke der Warme). For
bbdies of the same substance at the same temperature, the first, he
says, is proportional to the volume of the body, but the same quant}ty
of heat has in bodies of different substances of the same volume a
different force, Lambert regarded heat as consisting of "fire-particles"
(Feuerteilchen) and described the Boerhaave~Fahrenheit experiment by
stating that three "fire-particles" in water had the same "force of
heat" as two "fire-particles" in an equal volume of mercury. From his

‘own observatidns of the temperature equalization between a liquid
contained in a thermometer and a second liquid into which the thermometer
was introduced, he concludes that four "fire-particles" have the same
heating effect in mercury that six in the same volume 6f alcohol, and
seven in the same volume of water, have,

Concept of Latent Heat. Quite as epoch-making as his ideas
concerning heat capacity, was Black's extenéion of the heat concept to
changes of state (liquefaction and faporization) by means of the notion
of “latent’heat." When Black first took up the study of these phenomena
(around 1760), only one kind of heat was recognized, namely, "sensible
heat"; in other ﬁords, it was assumed that the addition or subtraction
of heat to or from a body must, in every case, make itself evident by
é change in the reading of a thermometer in contact with the body,

Black demonstrated, with considerable finality, that this view, in the
light of observed facts, was quite unscientific and untenable. Thus,
he notes that in the case of fusion, if the accepted view be correct, a

body of ice at the f reezhg temperature would be converted, wholly and
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: instaﬁtaneously, into liquid by thé smallest addition of heat. But the

| well«-known slowness of the melting process shows us that this never
happens. To confirm his opinion, Black suspended a body of ice and a
body of cold water in a warm room and noted the changes in temperature
of each. The temperature of the water rose continuously, but that of the
ice rose to the freezing point, remained ﬁhere until fusion was com-
plete, then again rose continuously. The experiment, says Black, re-
veals clearly that during fusion heat is absorbed without change of
temperature, since the body of ice and the body of water were both re-
ceiving heat under exactly the same exterior conditions. This was
substantiated when he detected a stream of cold air descending from
the ice during fusion, thie being correctly described as air which had
given up its heat to the ice, On solidification of the melted ice,

'vBlack reasohed that the same heat must be liberated which had been

~absorbed on fusion (Principle of Conservation of Heat). The liberatién
of heat on freezing was ably proven by reference to the supercooliﬁg
and subsequent solidification of water accompaﬁied by the rise in
temperature of the mixture to the freezing point, a phenomenon known to
Fahrenheit. The sudden riée of temperature shows, says Black, that it
is not the loss of "sensible,” but that of "latent," heat which is the
condition of freezing.

From these experiments Black feels himself forced to conclude that
the addition of "latent heat" at constant temperature is the "principal
and most immediate cause of fluidity,"” whereas the subtraction of the
same is the cause of solidity.l7

Black gives added weight to his views by determining the heat of
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fusion of ice by two different methods. The first was based on the
observation already referred to: a body of ice ahd a body of water,
each at the freezing temperature and of known weight, were placedin a
warm room, and from the rise in temperature ofythe water, the amount of
heat absorbed by the ice during fusion was readily calculated. The
second method was modeled after the mixture experiments of Boerhaave
and Fahrenheit; a small piece of ice at the freezing point was intro-
duced into a large body of warm water and the fall in temperature of
the water during fusion noted. This with the weight of the water gave
the heat absorbed by the ie§ which, divided by the initial weight of
the ice gave the heat of fusion per unit weight. When we consider that
this determination wag being made for the first time in the history of
physics, Black's value of 77 calories per gram for the latent heat of
fusion of ice éppears r emarkably close to the modern value,

Black advanced exactly similar views to account for the facts
of vaporization and liquefaction., Entirely unacquainted with any notion
of "1atent,"‘as opposed to "sensible," heat many of Black's predecessors
had held that the bubbles of gas which are generated in, énd subsequent-
ly expelled from, a’boiling liquid are bubbles of heat itself, and that
the temperature éf the liquid does not rise simply because this heat
passes through the liquid instead of being absorbed. At the same time,
others maintained that the bubbles were those of air, \Black's careful
reasoning, coupled with shrewd observation and cleverly designed experi-
ments brought order into this wilderness of confused ideas. Having
identified the bubbles as those of the vapor of the liquid, he shows

that the constant temperature during vaporization is consistent with
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only one assumption, namely, that the absorption of "latent heat' is
the cause of the formation of vapor, just as it had been the cause of
fusion or liquidity. Indeed, says Black, if this were not the case,
the liquid on reaching the boiling point, would, on the addition of the
smallest quantity of heat, explode into vapor. Black's analysis of
vaporization also explained why hot water, on being bfbught to boiling
by subjecting it to reduced pressure, experienced a sudden and decided
cooling, a phenomenon first noted by Boyle.

Black determined the heat of vaporization of water and then check~
ed this against a determination of the heat of liquefaction, which, he
correctly reasoned, should be equal to the former. The first was
determined by steadily heating an initially cold body of water until
vaporization was complete, By assuming that the rate of heat absorp-
tion during boiling was the same as that before the boiling point was
attained, he was able to calculate, from the time elapsing during boil-
ing, the latent heat of vaporization. The heat of liquefaction was
measured by distilling a definite quantity of water into a known quantity
of cooling water whose rise in temperature was‘noted. In another
experiment the water was distilled into an ice calorimeter and the
weight of melted ice noted. Black's first values for the heat of
vaporization of water were too low.(hh5, 456 calories per gram)., James
Watt, his famous student and assistant, lntroducing several refinements,
concluded that the correct value lay between 495 and 525 calories per
gram, values which compare favorably with the accurate value, 536,
obtained over half a century later by Regnault.

Speculations on the Absolute Zero. Black insisted that hot and cold
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were purely relative terms and stated that there was no evidence for

any lower limit of the temperature scale. Irvine and Crawford (1778),

on the other hand, regarded the fusion experiments as supplying data for
the determination of the absolute zero, i.e., the temperature correspond-
ing to the state of zero heat content. Instead of regarding the latent
heat of fusion as simply ﬁhe direect cause of fluidity, as Black had

done, they reasoned that, since the heat capacity of water is greater
than that of ice, the latent heat must represent the net excess of total
heat of the water at the freezing temperature over that contéined in the
ice at the same temperature. This assumption, coupled with the supposed
invariability of heat capacity with temperature, provided all that was
necessary for the calculation of the absolute zere of temperature,

Thus if ¢ and ¢’ be the heat capacities (specific) of water and ice,
respectively, and the absolute zero be t degrees below the freezing point,
the view of Irvine and Crawford requires that Q, the heat of fusion, be

given by
Q=tec - te’

Substituting Q = 80, 2¢” = ¢, we obtain t = 160, i.e., the absolute‘zero
is at - 160° C, Further, this view requires that the heat of fusion
decreases with decreasing temperature, Thus, for ice, 1f T be the
Centigrade temperature, we have Q = et = % (160 + T).

Dalton, who also adopted this view, showed that the same reasoning,
applied to the heat of fusion of mercury, gave the absolute zero as
- 2021° C, Gadolin, adopting similar assumptions to account for the
heat developed on mixing two liquids at the same temperature, found
that the heat of solution of sulfuric acid in water indicated the abso-

lute zero to be between - 830° C. and - 1720° C, Still other "absolute
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zeros" were calculated from other mixture experiments and from the heat
of chemical reactions,l®

Specific Heat Determinations. Through introduction of the concepts
heat capacity and latent heat, Black provided a secure theoretical basis
for the measurement of quantities of heat, and hence specific heats, by
two distinct methods, the method of mixtures and the method of melting
ice. Black himself determined a number of specific heats, but most of
the determinations date from these of Irvine (1763), Black's student,
who measured the specific heats of meréury, glass, iron fiiings, and
numerous other substances by the method of mixtures.l9

Wilke (1772) employed the ice calorimeter for the measurement of
specific heats as also did Laplace and Lavoisier (1780). To the latter
is due the recognition of the general vériation of specific heat with |
temperature and the realization that the specific heat can be precisely
defined only by means of the calculus. They thus wrote: s=dQ/dt. They
are with Black in refusing to assume any.absolute zero of temperature,
nor do they accept the view that the heat of a chemical reaction is to
be atiributed generally to the difference in heat capacities of react-
ants and products,

The first éccurate measurements of specific heats were those of
Dulong and Petit (1813), who employed the water calorimeter. They con-
firmed the variability of specific heat with temperature, already
observed by Laplace and Lavoisier., They also discovered (1819) the law,
for which they are best known, that the atomic heat capacitles of most
solid elements have approximately the same value, namely, about six

calories. A similar generalization for the molecular heats of certain

classes of solid compounds was léter discovered by Newmann (1831).
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The determination of the specific heats of gases have a special
significance for the history of thermodynamics because it was to
bodies in the gaseous state that the first and second laws were first
developed analytically. The first attempts in this direction were
those of Crawford (1778) who introduced heated metal cylinders, contain-
ing weighed quantities of the gases, directly into a calorimeter. The
results were unsatisfactory becausg of the rel&tively small weights of
gas employed and the consequently small heating effect of the gas.zo
Laplace and Lavoisier (1784) remedied this by sweeping a large quantity
m of gas through the colled tube of an ice calorimeter, noting the fall

of the temperature of the gas e and the weight/u—of ice melted., Then
nsd = 80/» , where s is the specific heat of the gas.

Clement and Desormes (1819) filled the same flasks with different
gases, in turn, at the same temperature and pressure, and introduced it
into the water calorimeter, whereupon the heat capacities of these gases
were placed proportional to the times required to warm the gases through
the same temperature interval,

The first accurate méasuremant of specific heats of gases were those
of Delaroche and Berard (1813). The gas at temperature uj; and constant
pressure was led at the rate of m grams per minute through the coiled

tube of a water calorimeter where it was cooled to uy. If a steady state
has been reached, indicated by a constant temperature of the calorimeter,
the latter must be losiné heat to the surroundings at the same rate at
which it is absorbing heat from the gas. Hence, if the water value of
the calorimeter (at the constant final temperature) be w and if the
calorimeter is known to cool at the rate of vOC., per minute, when no gas

is supplied, then
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ms(uy - uy) = wv,
where s is the specific heat of the gas.

Delaroche and Berard's experiments indicated that different gases
have different heat capacities, but Haycraft (1824), refining their
methoeds, thought he could conclude that equal volumes of different gases
at the same pressure have equal heat capacities, a view supported later
by Delarive and Marcet (1827). However, the most careful investigations
of Regnault (1837), by the method of Delaroche and Berard, showed this
to be true only for oxygen, hydrogen, and nitrogen, whose specific heats
he also found to be independent of temperature. He was not able to
detect any variation in the specific heats (unit weight) of}gaseé with
variation in pressure,

We must nete that some of the above methods yield the specific
heat at constant volume, others the specific heat at constant pressure.
The early workers in this field did not clearly appreciate the significance
of this distinction, and the confusion arising from attempts to explain
the discrepancy involved, along with that of the cooling of a gas incur-
red on expansion as well as its heatingbon compression, constituted a
principal factor in the fall of the caloric theory and the enunciation
of the First Law of Thermodynamics.

Heat of Chemical Reaction. However, in the meantime, the caleric
hypothesis was also demonstrating its great service in otherrbranches of
the phenomena of heat, Lgvoisier, in researches carried out with Laplace
on specific heats and latent heats, had further demonstrated the great
scientific value of these concepts, and he attampted to extend the idea
of latent heat to accéunt for the heat of chemical reactions. In this

line of thought, caloric (calorique), though admittedly imponderable,
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nevertheless plays somewhat the role of a chemical element.21 Since
to convert solids to liquids, and the latter to gases, a great amount
of caloric must be supplied, Lavoisier supposed that gases, air in
particular, contain the greatest amount of caloric., Accordingly, when
a solid burns in air to form a solid oxide, Lavoisier supposes the
caloric liberated to be that which was latent in the air, and states
that the heat of combustion must be greatest when two gases combine t§
form a solid. He thus associates the liberation ofkcaléric in a chemical
reaction with the change of state of aggregation occurring (12, p. 27).
However, in the case where both reactants and products are gaseous, he
is forced to explain the heat effect as due to the difference in
specific heats of reactants and products.

The conviction that caloric is a conservative quantity led Laplace
and Lavoisier té asseft that the heat liberated when a system changes
its state is equal to that consumed when the system goes through the
reverse change, a generalization of the principle employed by Black in
dealing with fusion and vaporization. This generalization, which La-
place and Lavoisier were able to verify experimantaliy to a certain
extent, later attained great significance in the work of Hess (1840)
where it assumed the form that the heat liberated in a chemical change
is independent of the path of the change,22

The caloric theory also served to clarify the phenomenon of cooling.
As‘early as 1740, Martine had discovered deviations from Newton's Law
of Cooling and these were verified by Kraft, Richmann, Leslie, #nd Dalton;
in fact, the latter had proposed a new temperature scale for which
Newton's law would be exact., The exact investigation of the rate of
cooling of a body was first carried out by Dulong and Petit (1817).
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Whereas Newton's treatment had been obscured by the confusion of tempera-
ture and heat, Dulong and Petit, profiting by the advances institﬁted
by Black, clearly distinguish between thése two concepts, Adopting the
fundamental notion of heat as a conservative quantity, they regard the
net heat lost per unit time by a cooling body as equal to the excess of
the heat radiated over that absorbed per unit time. The rate of heat
radiation and absorption was, in turn, recognized as being dependent

on the temperatures of body and surroundings, on the form and extent of
surface of the cooling body, on the total mass of the body, on the
peculiar nature of the surface of the body (coefficient of emissivity)
and on the nature of the surrounding medium (4, p. 504).

Caloric and Heat Conduction. Another‘great sﬁpport of the fluid
theory was found in the firm foundation it provided for the theory of
heat conduction which attained its highest stage of development in the
hands of Fourier (1822). The earliest problems in heat conductivity
seem to have been assoclated with the variation in temperature at the
different points of an iron bar subjected to a constant source of heat
at one end. The first attempt at a quantitative treatment was that of
Amontons (1703), who thoﬁght that the temperature increased linearly
with the distance from the cold end, To Lambert (1778) is due the
realization that the "steady state" attained by such a bar is really a
dynamic one in which the heat gained by any eleﬁent from the hot end
equals the sum of the heat given up by the element to the surrounding
air and that passed on to the colder part of the bar.

The confusion of radiated heat and conducted heat was naturally
associated with the confusion of emissivity and conductivity (often

referred to as "outer," or "surface conductivity," and "inner conducti-
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vity," respe¢tively). Thus Franklin supposed that, if bars of different
metals, but having the same dimensions, he coated with wax and all ex-
posed, at one end, to the same source of heat, then the distances over
which the wax was melted, in the steady state, would be proportional to
their conductivities for heat. Ingenhouss (1785) adopted this peint of
view and carried out the experiments. But J., T. Mayer (1791), reasoning
that the best conductors of heat should be those which lose their heat
to the air most rapidly, concluded that Ingenhouss' best conductors were
actually the worst, | |

The first sound theoretical treatment of the staticnary state of a
unilaterally heated bar is due to Biot (1804). He reasoned that, at
any point, the heat gained from the hot end equals that lost to the air
throughout the remainder of the bar, which, in turn, may be computed
from Newton's law of ﬁooling. In this way, he deduced the law that, for
distances ffom the cold end which form an arithmetical progression, the
correSponding temperature excesses over the surroundings form a geometric
progression, also verifying it experimentally over a considerable temp-
erature range.

All of the laws of heat conduction were developed in a marvellously
systematic and comprehensive way by Fourier, working from 1807 to 1822,
when his great Theorie analytique de la Chaleur was published. He distin-
guished clearly between heat capacity, emissivity, and conductivity, and
formulated the first precise analytical definition of the latter concept.

 His whole theory of conduction followed rigorously from a simple fact,
taken as first principle: the quantities of heat exchanged between two
parts of a conducting body, lying very close together, are proportional

to their temperature difference. The solution of the problem of the dis-
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tribution of heat in a long bar in the steady state appeared as a mere
detail in Fourier's comprehensive elaborationi he showed that, assuming
invariability of conductivity with temperature, the distances over which
the wax was melted in Ingenhouss' experiment were proportional not to the
conductivities themselves but to'their squares,

Although Fourier does not commit himself on the nature of heat,
the latter concept appears in his equations precisely as if it were an
imponderable fluid which suffers change of distribution but never gain
or loss in total quantity, and which strives to attain a wniform "tem-
perature level" just as a ponderable fluid seeks a condition of uniform
height above sea level. The fluid theory of electricity had already
been advanged in the eighteenth centﬁry by Franklin, Aepinus, Coulomb,
and others; and Ohm (1826), impressed bj Fourier's work, conceived of
the analogy between flow of electricity and flow-of heat, He argued
that an analogue of the temperature difference of Fouriler's theory
should exist for electric currents and was thus led to formulate that

- most useful concept, electromotive force (ﬂelectroscopic force"),

Caloric as Substance., With so many victories to its credit, it is
notksurprising that the caloric theory came to occupy a position of
commanding influence and relative security, a position which it did not
completely relinquish until the middle of the nineteenth century. In
particular, the growing number of facts consistent with the caloric
hypotheses had the effect of bringing increasingly into prominence the
conviction that caloric was an actual substance,

This is already evident in the terminology of Boerhaave who, by
referring to heat by the latin term ignis, reveals the close relation-

ship between the eighteenth century heat fluid and the Greek "fire-matter,"
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It is significant that Black, who carefully warned scientiéts
against attempts at ultimate explanations in terms of hypothetical
abstractions (15, pp. 282-285), nevertheless revealed, in his terminology,
a firm belief in the substantial nature of caloric., For he refers to
heat as "matter of heat" and characterizes the "equilibrium of heat" by
the very materialistic ﬁhrase “equality of saturation." Mcreover,
adopting Cleghorn's assumption“that caloric exhibits an attractive
force for differeﬁt substances, he identifies the heat capacity of a
body as "its particular force of attraction for this matter." v

Berthollet, to whom Ellis (2, p. 186) attributes the introduction
of the term caloric, cautiously defined it simply as the "cause of heat."
Lavoisier was, at times, equally careful, for he says (2, p. 186),
frigorously speaking, we are not even obliged to suppose that caloric
is a real substance; it suffices that it may be any cause whatever
which separates the molecules of matter, and we can thus consider its

~effects in an abstract and mathematical way." Yet the phraseology of
this very excerpt ("we are not even obliged" to consider it a substance)
indicates that Lavoisier considered it both‘natural and legitimate, |
even though unnecessary, to regard caloric as a "real substance." That
this was indeed his view is corroborated by his explanation of the ex-
plosive force of gnnpowdér: this, he said, is due to the sudden liber-
ation of caloric, "that highly elastic fluid," also by his reference
to fusion as a process of "solution in calorié." But the most convinc-
ing evidence of his belief in the substantial nature of heat is found in
the circumstance that even after he had, by his investigation of com-
bustion, banished phlogiston from science, he nevertheless continued to

retain "caloric!" in his table of chemical elements.
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Cleghorn and Black had endowed caloric with the fundamental
Newtonian property of matter, that of attraction (for other kinds of
matter), and Lavoisier had even placed caloric in his table of elements.
From these circumstances, it is not surprising that some eighteenth
century calorists thought that caloric possessed at least some mass
(4, p. 32). Otherwise Rumford, a great opponent of the caloric theory,
would hardly have considered it worth-while to carry out his investiga-
tion, An Inquiry Concerning the Weight of Heat (1799). He was able to
show conclusively that caloric, if it exists at all, does not possess
mass,

| After Rumford's investigations, all calorists recognized that
- calorlic, like electricity and magnetism, must be an imponderable. How-
ever, the property of weight had never been regarded as fundamental,
except insofar as it was implied by the postulated attraction of caloriec
for matter. A more fundamental property, which had been assumed from
the beginning, was that of the elasticity and self-repellent nature
ascribed to the heat fluid.23 Thus ﬁalton (16, i1, p. 393) says that
besides the force of attraction between particles, "we find another
force that is likewise universal, ... a force of repulsion. This is now
generally, and I think properly, ascribed to the agency of heat. An at-
mosphere of this subtie fluid constantly surrounds the atoms of all
bodies and prevents them from being drawn into actual contact." Also
Fourier speaks of "the equilibrium which exists, in the interibr of a
solid mass, between the repulsive force of heat and molecular attraction."
He also says that "heat is the origin of all elasticity.™ |
This self-repéllent property of caloric explained why the volumes

of bodies quite generally increased on heating (at constant pressure).
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The anomalous cases of the fusion of ice and the contraction of water

between the freezing point and A°C., were "explgined" by reference to

analogous cases in mixtures of ordinary métter; €.g., the solution of

water and alcohol, also that of copper in tin, and numerous chemical
- reactions are accompanied by a decrease in volume,

Indeed, the magnificgnt edifice comprising both theory and experi-
ment, erected on the basis of the calorié hypothesis, must cause us to
place it among the most fruitfﬁl hypotheses in the history of science,
However, in the meantime, the facts of frictional and electrical gener-
ation of heat and the heating and cooling of gases on compression and
expansion, respectively, were coming into increased prominence and were
destined, after a battle of half a century; to bring about the fall of
the fluid theory. This fgll was coincident with the establishment of
the First Law of Thermodynamics and, in many cases, with the revival

of the kinetic theory of heat.
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Footnotes:

lAristotle's properties were hot, cold, dry, and wet. Of these, hot and
dry, especially hot, were supposed to belong to fire; hot and wet,

- especlally wet, to air; cold and wet, especially cold, to water; and
cold and dry, especially dry, to earth. By alteration of properties the
one basic kind of matter could assume the form of fire, air, earth, or
water,

2Ag an element in the same category as earth, water, and air, "fire! is
"matter®; as identified with perpetual process (Heraclitus), it is

Uguantity of energy"; and as endowed with a peculiar force (Aristotle),

as the "principle of disturbance! (Empedocles), as endowed with unusual
mobility (Democritus), or as the principle of restless activity (Heraclitus),
it corresponds roughtly to "available energy," or "motive power."

3This statement is not intended to divert attention from the fundamental
opposition between Greek atomism and Aristotelianism. For Democritus

the only primary, i.e., real, properties of matter are extension in space
and motion. Aristotle, on the other hand, was quite opposed to any
attempt to reduce phenomena to mechanical causes, e.g2., "hotness® itself
was, for him, a primary quality.

bosr Aristotle's works, only a portion of his loglic was transmitted direct~
ly to Buropean posterity by means of the Christien theology. The remain-
der arrived much later via Arabia (1, p. 268).

5Wisely avoiding confusion, Brown (5) calls the alchemical principles
#philosophical sulfur,! "philosophical mercury,' etc.

brhis is particularly evident from Paracelsus' description of the burning
process;: "That which smokes and evaporates over the fire is mercury,
that which flames and is burnt is sulfur, and all else is salt® (2, p. 161).

7For heat being nothing else but a very brisk and vehement agitation of the
parts of a body," these “are thereby made so loose from one another, that
they easily move any way and become fluid" (2, p. 96).

SHutton first noted the contradiction involved in assuming that only the
hot body radiates: the same body, at the same temperature and in exactly
the same state, is assumed to radiate, or not radiate, depending on
whether it is the hotter or the colder of the two bodies.

9This we may attribute to the failure of Huyghens' theory to account for

the nature of shadows and for rectilinesr propagation, together with the
fact that Newton's great authority opposed it. Young (1800) revived and
expanded the wave theory in England, but his work was hardly noticed.

1t was Fresnel (1817), working in France, who finally convinced scientific
authority of the superiority of the undulatory theory, btmt only after over-
coming vigorous opposition. Thus his most important memoir on the subject,
though submitted to the Prench Academyin 1821, was not published until

1827 (11, ii, p. 115).
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104 curious dilemma must have presented itself to those scientists who op-
posed, on general principles, the assumption of an imponderable fluid.,
For if the existence of an imponderable heat fluid be denied, that of
another, namely, Huyghens'! ether, must be admitted to account for the
propagation of radiation through a vacuum,

llgtrietly speaking, if the final temperature is the arithmetical mean of
the initial temperatures when one thermometer is employed, it will not
be so when another thermometer, employing a different thermometric sub-
stance, is used instead, unless the expansion of the first thermometric
substance is proportional to that of the second. The apprecistion of
this fact had to awailt the exhaustive investigation of thermometric
scales by Dulong and Petit (1817).

12To be sure, the analogy is not perfect, for Boerhasve did not deny the
existence of a vacuum nor that of matter or fluids, other than caloric.

¥raft (1746) had already made an attempt in this direction when he
advanced for U, the final temperature of a water mixture, the empirical
formule 'y
Uz _11mu+ 8 nw

1l1me 8 m

where u and uw denote the initial temperatures of the bodies of water
of masses m and m’, respectively. The asymmetry of Kraft's formule must
have been due to experimental error, '

lh4prack's pothumous Lectures on the BElements of Chemistry, which contained
his ideas on heat, was not published till 1803. However, & surreptitious
publication, containing an account of his views, appeared in London in
1770. Moreover, after 1760, he disseminated his views among his students
orally by means of his lectures (11, ii, p. 161). In thie way, many of

Black's ideas became dissociated from the name of their originator.
(4, p. 180).

15B1ack observes that this fact also explains why, if equal volumes of
water and mercury are placed at the same distance before a fire, the
mercury warms faster, and when the fire is removed, cools more rapidly
than the water.

1670 Wilke is due the introduction of the term "gpecific heat," which was
suggested by the analogy with specific gravity (11, ii, p. 159).

178ome investigators of this time, e.g., Muschenbroek, adopting an anclent
view of Democritus, held that water was a fluid not by virtue of heat
imparted to it but because of an Yessential quality," depending upon the
supposed spherical shape of its particles. Freezing, they supposed due
to the addition of "frigorific particles," a view supported, in the case
of water, by the increase in volume on freezing (4, p. 33).
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18As Mach (10, p. 168) notes, even though the assumption that the heat of
fusion represents the net excess of the heat of the liquid over that
of the solid at the freezing temperature, along with that of the invari-
"ability of heat capacity with temperature, be accepted, still the data
need not necessarily be regarded as indicative of an absolute zero: if
the temperature calculated be assumed to be that at which the heat of
fusion in question assumes a zero value, then one may assume, equally
well, that below this temperature the heat of fusion acquires negetive
values. Indeed, such a point of view would have eradicated the spparent
discrepancies between the different "absolute zeros," gince there would
be no reason for supposing that all substances exhibited a zero heat
of fusion at one and the same temperature.

1916t m and w” be, respectively, the maes of the body introduced and the
water value of the calorimeter in grames of water. Then if the initial
temperatures of body and water calorimeter are t and t', respectively,
whereas the final common temperature is t’, we have
n(t - t”)e=n"(t” « t7)
from which s, the speciflic heat of the substance composing the body in
questlion, is determined.

Again, if a body of mass m, specific heat s, and temperature t causes
by its introduction into the ice calorimeter the melting of p grams of
ice, we have

mst = 80p
from which s may be calculated.

onhﬁs Crawford found, for the specific heat of alr, 2 calories per gram
(1). Lavoisier and laplace, with their much improved method, got 0.33,
the correct value being 0.237h.

2l13ght (lumiere) and caloric (calorique) appeared at the very top of

Lavoisier's table of elements (tableu des substances simples), followed
by the chemical elements known in his day. As older terms for caloric,
he lists heat, principle of heat, igneous fluid, fire, matter of fire,
matter of heat, but not phlogiston. Yet, in expounding his theory of
combustion (177?), he states that caloric, as well as light, are evolved
in every combustion, quite in the manner of the phlogistinians (17, p.
55). The essential point here is, of course, that Lavoisier recognizes
that the liberation of the imponderable caloric is only one aspect of
combustion and is accompanied by combinations with the ponderable oxygen
of the air. ' :

229ne influence of Lavoisier's relegation of caloric to the same class as
the chemical elements is seen in Hess's attempt to extend the law of
multiple proportions to caloric, i.e., he tried to show that "when two
substances combine in several proportions, the guantities of heat which
are produced in the formation of the different compounds stand to one
another in multiple proportions® (13, p. 504).

2358 early as 1733, the same property had been attributed to each of the
two electric fluids by Dufay (11, ii, p. 201).
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III, THE DEVELOPMENT OF ,
THE ENERGY CONCEPT AND THE FIRST LAW OF THERMODYMAMICS,

If we characterize the history of the heat concept as a long and ,
laborious search for a quantity which is conserved in thermal phenomens,
we may similarly describe the evolution of the energy concept as &
search for a quantity which is conserved in gll physical phenemem s of
which thermal changes congflifftute only & specisl class; and, if, to bring
to light the‘ beginnings of the notion of heat, we must delve into Greek
philosophy, this is all the more necessary in the case of the energy
concept, 7

For Greek philosophy, at its very start, concerned iteelf wi'bh the
question, How can identity be consistent with change, reality with process,
Being with_Beeoming? It is most signifiecant that, in framing solutions
of this problem, the early Greeks were everywhere guided by the naive
cagvic'bionv of the unity of the world, i,e. by the assumption that the
question did, indeed, possess andanswer,

Among the Ionian matural philosophers (Thales, Ana:dmandor, Anaximmes
\(640-500 B.G.)) the question of how identity my persist through change,
which we may refer to a8 the philosophical problem of substance, took the
rudimentary form; What 1s the nature of the cosmic matter or "world-stuff"
which constitutes "the abiding ground of all these changesy..., which
experiences all these trgnafo:mtions; from which all individual things
arise, and into which they become again transformed." (15,p.32) Thales , .
no doub‘!'; influenced by the phenomensa of solidification and vaporimtion;
aleo probably aware of the essentisl part played by moisture in organie
processes, dedlared the "world-stuff® to be mapter,
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Just as in the Greek ”fi:ofmtter" we saw intermingled concepts
which many centuries J.ate: were destined to separate out as ?'n;gfbter,'_'
motive power" or "aveilable energy," and "heat," so in the Ionian "world
stutf;“ we see "matter," "available energy," "energy," and "path of |
change" likewise confused. As endowed with materiality or corporeality,
the *world-stuff® is m Also, because of their malve hylozoistle
vj,evpoint; the Ionian philosophers supposed that things which change
must be glive, and hence gapacity for change (animation) was regarded as
a fpndamntal property of the cosmic matter. ?urther,_in ite passive
a.apoct, as the fact of completed process, the "world-stuff® eomsponded
to guantity of changa (our spergy).! Finally, as actual mrocess, it

calls to mind the moddra notion of path of change of staisa
These considerations render intelligible Anaximenes' preference for

air s cosmic matter, on the ground that it possessed an essential char-
acteristic which water, in his opinion, lacked, viz. that of infipiiy.
For, since the changes of nature appeared to be #nceasing, the world-
stuff," in 8o far as it was identified with capacity for change and
Becoming, had to be infinite: for "a finlie cosmie mtter would exhaust
itself in the ceaseless succession of productions"(15, pe33)s Am:inander,
however, thought 'bhgt this essential characteristic of infinity was
possessed no more by air than by water or any other substance which we
may perceive, No object of experience » he said, corresponds directly to
the "world-stuff;" yet, to explain experienea; ‘Wwe must aesume such & con-
ception as real and conditioning all phenomena, Hence; he simply called
the cosmic matter "the Infinite" and attributed to it the qualitiee which
Thales and Anaximenes had atiributed to water and air; respectivoly; viz,
"1t has never begun to be, it is imperishable , inexhaustible , and
indestructible.” However, Anaximander's vague terminology should not

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



..141.

lead us to suppose that, in his system, the concept of matier was no
longer a constituent element in the notion of "world-stuff." R&ther,
it is probable that his substance was Han infinite Corporeal] mass, in
vhieh the various empirical substances were so mixad that no definite
quality could be ascribed to it as a whole," (15,p.34) | |

‘ It is in the system of Heraclitus that we find the concept of matter
ejected from the notipn of the "world-stuff;" for the latter was for him
Just the fact of change itself, which he symbolized by declaring "fire"
to be the essence of all things. At the same time, he introduced the
ng#t important principle that allchange takes place in conformity to &
definite law, "All flows, and nothing abidese... The rhythm of evemts is
therefore the only permanent... In this ceaseless transformation of all
things nothing individual persisis, but only the order, in which the ex-
change of contrary movements is effected--the lsw of change, which
constitutes the meaning and worth of the wholo.z
. In traeing the history of the heat concept, we saw hmr, in eppooition
to Beraclitus, there was set up the purely logical system of Parmenides,
who declared all change and qualitative differences to be illusory and
answered the problem of substance by postulating one timeless, changeless,
indestructible, homganeous Being, f£illing all space. It was also ob~
served how, as an attempt at compromise between the views of Heraclitus
andtha E]@atics; there arose the Atomistic Sehogl; which efxphimd phen~
omena on the hypothesie of an Eleatie Being eplit up into extremely small
bits (atoms) of various shapes which were supposed to be in rapid; random;
ceaseless motion. N -

For our purposes, it will be sufficient to point out hmr the notion

of conservation, so important for the First law, played with Farmenides
and the Atomists a dominent role as it had already dome with the Ionian
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philosophers of nature. With Parmenides, the conservation postulate
caused the doctrine of substance to take the extreme form where it
naceasitated“yhp denial of the reality of process. With the atomists,
it played a dmuble role: on the one hand, the atoms themse}wua:ytro k
supposed to be indestructible and to have ahd ho begimning, and, on the
other hand, their motion, too, was assumed never to increase or decrease,
~ Indeed, this ldea of conservation was employed in one form or another
by all of the Greek philosophers. Empedocles supposed it applicable to
sagh of his four elements; Anazagbras attributed it to each of his
elements, supposed infinitp in nnmber; and especislly to his "force=
element® (15,p.41), regarded as the cause of all motion, With Flato and
Aristotle, Empedocles' four elements were supposed to be different inter-
convertible formsof & single fﬁndamental matter, the conservation
attribute being aacribed to the latter enlyz , . »

In the case of Piato and Aristotle, huwever, this notion of matter
was thoraughly overshadowed by the new content which the eoncept_of sub-
stance had, in the mean#imo; acquired, Following on the speculations of
the earlier Greeks, which were confined almost wholly to the philosophy of
nature, there had arisen an awereness of, and interest in gnthropoperphic
problems, with the result that the task of formulating the concept of an
allyembracingksubstancq was seen to involve new and more comple) aspects,
Thus, with Aristotle, whose system constituted the union and culmination
of tha‘variaus trends in G:eek thonght; the concept of substance possessed
a double meaning. On the one hand, the individusl ihing was the truly
real, 1,es it waw the essence or substance., On the other hand, since the
individual thing existed only if the species manifested itself in it; the

species also were called substances,

Both of these meanings of the subst®nce concept are opposed to the one
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which lies at the basis of the modérn theory of energy. For if the individual
things are ;'eal; as such; they are not identical. Thus, according to this
notion of substance, the task of knowledge is not to reduce the individqal ;
things to instances of one and the same substance(as the early Greek natural
philqsophers , also the atomists, had supposed), but rather to predicate of
the individual thing the qualities which belong to it.. Thus the individual
thihg, accqrding to this vief, is never predicate but always subject of a
proposition (15, Pe 141). Nor was Aristotle's second meaning of substance
much Mneare’ss?r‘ to that advocated by modern physical reslism. Thus when
plgnts were (said to be instances of the same species (_substancg), this was
not meant to imply that they were identical; rather they were thought pf

as exemplifying, in different degrees, the plant species regarded as arch=
type or Flatonic ides. v ‘

. The receptiqn of Aristotle's works by the Christian church began about
1150 and continued until the middle of the thirteenth centwry. Theregftet,
his ideas, through their incorporation into church doctrine, came to exercise
a commanding influence, which, indeed, played no small part in delaying the
dvava_lopment‘of physical sclence. & revolt, however, was , gr‘adnal‘lyrgathering
welght and cglminated in the seventeenth century in the philosophical system
owaéscartes.

2.THE MODERN REVIVAL OF THE SUBSTANCE HYPOTHESIS: KINETIC THEORY VERSUS GALORIC.

In the Cartesiam philosophy, the notion that "beneath the various qualities,
which are the appearances of the phenomenal world, there is a single
Substance which is enly capable of quantitative distinctions" found clear

expregslon. At the same time, the process of abstraction, whereby different
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individual things could come to be regarded in their "rea).'f light as
instances of one and the same substance , involved the mechanistie
despiritualization of mature. | o
‘ In the development of modern physical science, it is prgcige]y the
belief in a Cartesian substance whicﬁ is conserved, which functlions as
the guiding idea through which order is won out of the manifold “varioty
of nature. Bowever; in accordance with the restriction of sdiemtific
study and investigation to special fields of phenomens, regarded as
mutually distinet, the Substance motion assumed, among the scientists
of the eighteenth centwry, the form in which a pepuliar substance was
allotted to each special domein of phenomema. In mechanics, the sub~
stance idea gppe#red as the "force" of a moving body, a quantity which
the Cartesians regarded as synonymous with Newton's "quantity of motion"
(momentum), but which Leibnitz and his followers thought should involve
the gguare of the velocity, Iavoisier's great researches served 1’:.o show
that the substance, which remains conserved in chemical processesg is
"quantity of matter" as defined by the process of weighing. In aat;blisb
ing a definite substance concept in chemistry, lavoisier simultaneously
performed the great service of separating out from the vague "world-stuff®
the element of corporeality, although the significance of his achievement
was slm; to be appreciated., Thus the substances alloted to thg phenomena:
of heat, electriclty, magnetism, and light, thpugh generally referred to,
after Iavoisier, as imponda_rables s Were 8till endowed with ths property
of £illing space as is evident from the fact that they were referred to
a8 "fluids,” | |
Until the dawn of the First Iaw of Thermodynamics , each of the above-
mentioned substances wae supposed to function as exclusive lord in ite

own domaint 1t was more or less generally assumed that each possessed
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'!;he tradi‘biona.l at‘tn'il?ntes of "Being without ’Becomin'g, impexigha};ility,
épdvAinQasmctibility‘.B However; with the advent of the nimeteenth
9_9’,‘",’“,17" the border-line phenomena, 1.es those ‘invrolving relations
‘;;gmen fields of physical experience previously regarded mtually dis-
tinqb; pressed forward with increasing demands for recognition, with the
result that physical science became ooimreiot‘zsvonca again of the age-old
problem of how to attain unity from variety, constancy from change. Thus
1t is as the progressive attempt to solve the philosophical problem of
substance, in its general, physical aspect, that the history of the develop~
ment of the energy concept is best understoods

~~ The universality and inevitability of the problem is evidenced ‘uy the
wide variety of fronts on which the mew conceptions were being advanced,
9¢m§ptiopa which were destined to find unity, towsrd the middle of the
century, in the First law of Thermodynamos,* On the ome hhud, the
frictional generation of heat and the heating and ccoling of gases on
compression and expansion were ralsing inswrmountable objections to the old
caloric theory, with the result that; in some quarters , the kinetic theory
of heat was being revived, and, in still others, there developed a ten-
dency to assume a purely positiv:lstiev attituda toward the fact of inter-
dependence of the phenomena of heat and mechanics. Further, newly dis-'
covered facts in the domains of elactro-ehemistry, electro-mgnetism,
electro-kineties ’ thermo-electriaity, radient heat, physiological chemistry,
birphysics, ‘and others, pointed unﬂinchi_ngly to manifold cannectiqgs
bemep the oj.&p;f diyisipng of science, heretoforq supposed d:lat‘inc'b.‘
Finally, the whole movement was given a vital impetus by the clear form-
mtion, during the first quarter of the century, of the concept of
fwork" in mechanies., |

To be sure, the kinetic theory of heat had never completely died aut,
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and 1ts ascension to a position of prominence was already foreshadowed

by the peculisr form teken by the caloric theory among mmerous contia-
ental sclentists in the eighteenth mntm: caloric was supposed to be ’
corpuscular in natm'g; and its particles, assumed to be in rapid motion,
were thought, by soms, to lapart thelr motlon to the particles of the
heated body throughuccessive impacts (32,0.7). Corpuscular calorie
probably got its start through the spread of thq fire-particle concept

of Creek Atomism, previously revived by Ga"%ndi,» Early in the eighteenth
cen'@:uzjy; the idea was pronmigated by Herman Boerhaave. Lateb, we find that
certain passages of Baron de Holbach's pseudo-sciantific s but highly influe-
ential worl_c; Systeme de Ja Nature, published in 1770, are very reminiscent
of Igoretius. Thus, after attributing all modifications of matter to the
motions of elementary particles, he said that "fiery particles are in

play in all the events of life, and,now visible, now concealed beneath
the rest of matter, produce mumerous phenomena® (27, ii,p.101), Thie
corpuscular theory of caloric, which was no doubt given added impetus by
the popularity of Newton's emission theory of light, was adopted by Iambert,
and the prog;'essiva change exhibited in his views may perpaps be taken

&8 indicative of a tremd in the direction of the motion theory of heat
even in the Very years when the calorie theory was exhibiting its greatest
strength. For, in a work written around the middle of the eighteenth
century, lambert merely spoke of the mitually repelling forces of his fire-
pg;t:.c;!.g; , ‘but, Wenty-few years J.ater; be ascribed velocities: to them

(4, p.160). Provost, as we have already noted, explained the phemomens

orf‘ radiant heat by _'bhe assumption of heat particles moving in straight
lines, Even Fourler exhibited a leaning toward the motion theory of

heat, For, he said (25,p.39): "The effects of heat can by no means be
compared with those of an elastic fluid whose molecules are at restess
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The free state of heat 1s the same as that ofv ught; the lag’o@e atate
of this element is then entirely different from that of gaseous |

substances.”

~ In the meantime , the fact of frictiomal heat was causing the calor-
ists :‘lnc;'aase@’embari'assment. That the evolution of heat appears to
;ﬁsg_ul'b from friction and percussion was, of course, well~kmown to the
adherents of the caloric theory. However, in those inatances where the
fr;tg;tien or pgrcpzss.ion incurred changes of state, they wsre able to
account for the heat evo;lved in the same way in which they explained tl;e
heat of solidification or the heat of chemical reaction; that is to say,
they could regard the heat as the direct result of the change of siate,
or they could make the more ’s}pe‘cific assumption that the heat evolved
corresponded to the difference in the heat capacity of the body in the
two states, Thus, the rise in temperature of a nail when haméred, they
could attribute to the clrcumstance that‘ the particles ,,°£. thg ;}rcn are
pressed closer together and thafb; as a result, heat, previously latent,
becones sensiblg s Just as occurs when a gas is liquefied; or adopting a
line of reasoning employed by Irwin and Crawford, they could suppose the
heat evolved indicative of the difference in the total heats of the iron
in the two states and, assuming a definite absolute mrp; attributable
to a change in heat capacity. To be sure, these sorts of explanation
taxed tlfxe ;mginstiqn less in cases where a change of atate was qua;jly
evident, e.g. wheg the evolution of frictional heat incurred a pulveri~
sation of a solid, | | |

On the other hand, the adherents of the kinetic theory of mt,
taking special note of the sensible motion consumed in friction and
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percnssion; had early recognized, in these processes, strong evidence
for the view that sensible heat ig & motion of the imsensible parts ot
a body. Thus; Boyle stated that a nall on hammering becomes hot because
of "the forcible motion of the hammer, which impresses a vehement and
variously determined agitation of the small perts of the iron.,* He
supported this view with the observation that, when a nail is being
driven into a board; the same blow of the hammer will cause a& greater
heating effect, once the motlon of the nail stops.
~ However, such explanations as these mst have seemed far more specu-
lative to the calorists than any they themselves were called on to make,
It was not until the guantitative investigations of Count Rumford, in
1‘798; that the gemeration of frictional heat began to give serious trouble
to the caloric theory. Notieing the production of large amounts of frie-
t;oml heat in the boring of cammon, Rumfordt's attention was drawn to the
question of the nature of heat,” and he decided to attempt to illuminate
this prohlen by quantitative experiments, He prepared & hollow gan-metal
cylinder, mounted it on a horizontal axis so that it could be driven by
horse-power, while the blunt end of the borer pressed agalnst its bottem,
Through a radial hole, he immersed the bulb of a thermometer in the cavity
of the cylinder; and, to diminish heat loss to the outside , he surrounded
the cylinder with flamnel, He found that in the course of one~half hour,
960 revolutions of the cylinder produced 837 grams of metallic dust and
railsed the temperature of 113 pounds of gun metal through 70 degrees
Falrenheit, To overthrow the common calorie theory expla;n;.tion; that the
heat produced was due to the change in heat capacity, he determined tha
speclfic heats of solid metal and thgt of the small metallic chips and

discovered no appreciable difference,
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In another experiment, he placed the cylinder and boring apparatug in
a box of water and calculated that the heat liberated in two and one-helf
hours was enough to raise 26,58 pounds of ice=-cold water to the bolling

po:l.n‘t.
Runford emphaaized that heat may be produced in unnnited amount by

this process, and this, together with the agreement of the heat capacities
of s0lid metal and powder, caused him to attack the caloric hypothesis and
to advocate the acceptance of the kinetic theory of heat, 6

A very significant experiment was the one first performed in 1’799 by
Sir Humphrey Davyt: he melted ice by rubhbing two blocks of it together. The
process was accomplished by eleck-work, under the exhausted receiver of an
air-pmmp surrounded by ice, 8o that very little heat was exchanged with
the surrerandinga Dmvy saw, imediataly, the peculiar significance of his
experiment, namely, that, in it, the production of frictional heat was
accompanied by a change of the substance into a state characterized by a
gsatar heat capacity than that of the origimel state.” Eo d1d not proceed
to meke his observatlons the basis for advocation of the motion theory
until several years later when he said that "heat...or that power which
prevents the actual contact of the corpuscles of bodies, and which is the
cause gf our own sensations of heat and eold; may be defined as & peculiar
motlon, probably a vibration of the corpuscles of bodies tending to
separate them. It may with propriety be called the repulsive motionm,
Bodles exist in different states, and these states depend upon the actiom
of attraction and of the repulsive power of their eorpusclea:...'(35;p;45).

The experiments of Rumford and Davy attracted very little attention
before they were revived about forty years later by Joule. In the case of
Punford, this mey be attributed, in the first place, to the fact thet his
work did not provide conclusive evidence against the caloriec theory. For
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even though it be assumed that the heat capacities of solid netal and
pimder remain equal at lower temperatures, st1ll the heat genszi"at‘ed‘ coj;id
be regarded as a direct result of the change of condition of the mtal.s
With Davy, however:, this was not the case, For not only was water known
to have a greater hoat capacity than ice, but, further, heat had been re~
eognised; since Black's experiments, to be the gguga, not the result, of

liquefaction,
If Davy's s along with Rumford‘s 'lork, remainad, mvarthelesa, quite:

uninfluential, this may be attributed, aside from the c:lremtanee that it
was probably not very well-imown, to the fact that the motion theory was
still a very vague hypothesis, as compered with the caloric theory. The
latter defined heat as a definite, meagurable quantity, and we have al-
ready desoribed the great advances that wers made, with this definition
regarded as the premise. Rumford and Devy, on the other hand, ecalled
heat a np'tion, but they gave no indication of how quch & motion was to be
megsured, lMany of the phemomens of heat, readily explained with the |
caloric hypothesis, must have seemed to present difficulties to the kinetle
theory. Thus, the calorists might very well have gueried, What is meant
by saying that the conduction of heat consists of a flow of motion?

That the nemesis of the calorie theory, at least in ite traditional
form, was nevertheless not far distant, was further evidenced in the
confused attempts of the calorists to acecount for the temperature changes:
incurred in gases on compression andrexpansion', together with the lack of
temperature chan’ge‘ on free expmnsion, E. Darwin in 1788 and M. K. Pietet;
eleven years later, had noted the temperature changes incurred on
expansion, but the first systematic experiments were those of John Dalton
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:!.n__;l. The latter placed a thermometer in a container of air and -
noted the fall in temperature on evacuating with the air pump and 1 tha
rise resulting when the air was allowed to stream in again. From the
circumstance that the change in the thermometric readings, though amll,
ocowrred very rapidly, he concluded that the actual chengs in tenpe:g-’
ture of the gas was much greater than that recorded by the thermometer,
and this conclusion was substantiated when thermometers with smaller
bulbs exhibited greater temperature changes, To determine the actual
temperature of the gas, Dalton observed the initial palg et which the
tbe:momter reading changed when the air pump was appliad to the flask,
Thsn; in a separate cooling experiment, he determined the temperature
difference cqrmspoading to this rate of cmlipg. Thus, in ome exper—
iﬁent, he found that, on applying the air pump, the thermometer reading
fell at the rate of 1°F. in 3} seconds from which he was able to deduce
that the fall in temperature of the gas amounted to 50 Fahrenhelt de@.'eea.
- To account for these phenomena, Dalton resorted to the hypothesis,
then popular among many of the adherents of the ecaloric theory, that the
appearance or disappearance of sensible heat must be due to & change in
heat capacity inowrred by the change of state. Thus, he supposed that

- the diluted air had a greater heat capacity than the denser air, go that,
on expansion, & fall in temperature resulted, More specifically, it wae
assumed that, on expansion, sensible calorique beoagn, latent by asspc:ht-
ing itself with the increased space at its diapomlolo & substantial
mtm'e was thus attributed to the empty space; in f&et; Daltqn thought
that, through such experiments, the specifiec heat of & ™vacuun®" could
be determined, § y

Tt was with Dalton's point of view in mind that Gay-Lussme, in

company with Iaplace and Berthollet, first performed the famous

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~]152=

"free expansion" experiments in 1806 (6,p.170). Supposing that the cooling -
effect on expansion was due to the greater specific heat of the diluted
gas, he boped, by expanding different gases: under exactly the same

conditions, to arrive at their (relative ) | 53
‘ v

specifie heats. For this purpose, he
Placed the gas to be investigated in the A B
Flask A (Figsl) and comnected the latter by

meens of a tube equipped with & stop-cock, Figure 1

to thg Veya;cuatleyd flask B, The cock was then opened, thus allowing the

gas: to stream into B, whereupon the temperature changes: in A and B were

noted. To the observers' great surprise, the small temperature changes

in K. and B were approximately equal gnd opposite, as exemplified by the
| results obtained with air for various pressures: |

0.79 meters 0,61 degrees 0,58 degrees
0.38 " 0.3, " 0e34 *®
0,19 0.20 " 020 ®

If the heat capacity of air increased as its demsity decreased, the
greatest heat capacity being assigned to a vacwum, then the temperature
Tise in B might have been attributed to the "decrease of the vacuun® |

,\ there, Gay-lussac rejected this explanation because no temperature
N “nghange was ineurred by volume changes of Torricelli's: vacuum (i.e, the
vacuum over the mer_cwé; of a barometer tube), Leslie had suggested that
the temperature rise was the result of the imperfect vacuum in B, That
~ is, the large decresse in volums of the air left in B, incurred by the
entrance of air from &, After finding shat the same hea'f.ing effeet.vaez
preduqed in B no mttar how great the care taken to evacuate it; Gay~-

Iyseac also discarded Leslie's explanation,
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- From the circumstance that the tempara*ture rise in B was exactly
compensated by its fell in &, Gay-Iussac was forced to reJect Dalton's
asswaption that the specific heat of air increased on dilution. He saids
"va;, actually; in our experiment, the expanded air which remains: in the
flask has absorbed calorie, that which hes: gone out of it has carried
some mw, and it bas not been demonstrated that the qmptity of that
which is absorbed 1s greater than that carried away, i.e. the tenperaf.ure
fall in L is no greater than the tempsrature rise in B‘,' Consequently,
the ophnion of those who believe that an empty space dontains more
caloric than & space filled with air, and which is youn@ed_ only on thess
considerations, is absolutely without foundation.™ (4, p.465) |

Gay-Iussac himself did not propose any explanation of the unexpected
heating effect in B. but cautiously contented himself with the remark
that "it seems to me that for the theory of heat, it is of the greatest
importance to know the source of it."

The discrepancies between G‘ay-hgssac 's: experiment and the current
views on the speeific heals of gases appear to have been little recog-
nized, Thus in 1812 Clement and Desormes: attempted to determine , by
i;;gen;!,gus ‘expansione_xperrimontcv‘, the gpecific heat of & vacuum at two -
different temperatures from which they proceeded to ‘caleulate the temper=
ature at which the vacuum contained no calorie, i.e. the abaolnfe sero
of tempereture, More specifi_cally, they supposed that the rise in temp~-
Qrat-ure of a_ir, on rushing mte a vacuum, was caused Ey the abgo:ptien 7
of all of the vacuum's heat by the air and the simultaneous vanishing of
the vacuum, Knowing the heat capacity of the gas employed, they were
able to calculate from the observed temperature rise the amount of heat
absorbed by the gas from the vacuume In this way, they determined the

dan e 100
sotal calorie contained in & vacuum at 0° C./The difference between
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these two values: gave the caloric rgquired to :ﬁse the vacuum (Q.fg & given
vqluga) through one hundred degrees. This, divided into the vecwm's
"heat content™ at 0°C. gave, for the state of zero heat content
(abso"luter zero of temperature), -26700,

' The apparatus employed by Clement and HG{E_____I‘_*L MS2l
Desormes is shown in Figure 2, The air in | _— iﬂi
flask K was diluted by attaching an air | X
puap at I'; thus causing the mercury to rise : nig p B

to the height I in the manometer, Connection )
wi‘bhtheairpmpmthencutoffby ‘ Fig'urez

closing the cock M, When the large cbck H was opened, air rushed in
causing the height of the mercury to fall to zero, However, on closing
H, ‘tha ‘mercury rose gradually to the haight hg. I'hip was because rthe
air, on rushing into the vacuum, was heated so that it was this warmer
air which came to the outsj.@q baromq‘bxjie pressure by indiegtea by zero
height of the mercury colum. However, after closing H, the air grad-
ually cooled to the tempersture of the surroundings, with comsequent
fall of pressure indieated by the rise of the mercury to the height ,h".
These date sufficed for the calculatien of the temperature rise exper-
ienced by the measured qmntity of e.ir, 2 rise which Glement and ]
Desormes atiributed to the absorption, by the air, of tha vacuum's heats
For if t was the temperature coptigrade of the gas in K, when the mercury
was at level h' and henee; the ges at pressure b »h', and; if ¢ +19n8ear
the temperature immediately after H was closed, i.e, when the‘ grs: wee at
atmospheric pressure b, we would have by & combination of Boyle's and

Gay-Iussac's laws,

1+ £ (449) =
+oL 0t be=h?

when%e, —(9 : T + &£
£ !'b - h'i
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where < 1s Gay-Iussac's thermal coefficient of expension,

By determining the value of Y at 0° and again at 100°, using
known quantities of air, Clement and Desormes were ledl to their cal-
culation of the sbsolute zero, as already describedg

Instead of interpreting Gay-Iussec's experlment as throwing douht
on the validity of the caloric theory, they regarded it as s;haping that
oglo:ie',‘ like ordimry gases, was distributed according to volume, :L.e;
there was no net temperature changs in Gay-Lussmc?!s experiment because
the total volume renainad the same, They defined temperature as the |
'm-easm'e of calor:le" and, assuming it to behava like & perfect gas, they
stated that its pressure, hence temperature, must be proportional to ite
density, Hence the alisolute zero of temperature had to correspond to
absolute absence of caloric. This supposition that caloric was of the
nature of a perfect gas was sirengthened by the approximate mgraenenf of
the absolute zero, calculated as above from the temperature changes on
compression, with the absclute zero calculated from Gay-Iussac's law of
thermal expansion of gases, i.e. the temperature at whieh the volume of a
given quantity of gas would be reduced to nothing

The first clear distinction between the heat capacity of a gas at
constant pressure and that at constant volume was made by P.S. Iaplace
in 1816, He was led to make this distinction partly by the faets of
thermal’ _bahavior of gases on expanding and_ compressing, bnt espeeiglly
a8 an attempt tc aceount for the discrepancy between New.ten's calculated
value of the veloeity of sound in air and the ebservad value.

Newtan found, by caleulation from first principles, that the volecity

of sound, &, should be given by
e 8/ E

where E is the coefficient of elasticity ofpthe ned‘iun) F s 1ts density,
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If we assume, as Newton did that the successive condensations and
rarefactions of the medium, which cmnsti'bu'be the propagation of sound,
take place in accordgnce with Boyle's Law, we have pv = eonstant,

Whence, dp 4 w0, andEZdp ¥ = N s
» T vy 9 fm Th sotet e -V_;g_.

~ Newton himself knew that the observed velocity of sound was con=
siderable greater than the wvalue calculated from his formuls, and he
supposed this due to the neglect, in his caloulation, of the volume
occupied by the moleoules of air. lagrenge later suggested that the dia-
crepancy was caused by the increase in the coefficient of elasticity with
density, Iaplace (18;6); confronted with the discrepancy between the
obsérved value of 337.2 meters per second (at 7.5%C,) and the value of
283.4 meters per second, calculated from Newton's formula, concluded
that such a difference could not be ascribed to the volume of the air
noleeules. Instead, he proceeded somswhat along the lines suggested by
Iagrange; that is, he assumed that in the rapid condemsation of air which
occurs in sound propagatlon, the increase in pressure is greater than that
corresponding to Boyle's law because the latent calorie rendered semsible
by the compression does not have time to be conducted away and hence goes:
to raise the temperature of the air. In this way, Iaplace was led to his
famous formula for the velocity of sound: ¢ :V;—E— ,,he;.,,,, Y= e p/"v ,
‘_’p gnd e.;r denoting the specific heats of air at constant pressure and constant
volume; z‘espec:'t‘.iveil.y.12

Laplace saw that the data from the above described experiment of Clement

and Desormes were sufficient for the Calculation of } , the ratio of
specific heats. Imagine a unit weight of gas altempemature t°0.; pressure p;

and volume v. Its volume when heated at constant pressure to any temperature
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L e

. o , 5
ti C. is gigen by Vi 2 v, (1+Ly),

Hence when heated from % to (t+1)°, at

constent pressure (I), the volume increase ‘

<L
v(
1+4L % ,
the specific heat at constant pressure. Figure 3

), and the heat ebsorbed is C,

If, instead, the gas be heated from t° to (t + 1)° at constant volume (II),
the heat absorbed is ¢, the specific heat at constant volume, Hence if
after heating to (t + 1)° at constant pressure, the gas be suddenly com~
pressecd to its original volume, the heat C-c¢c will be libera'bed raising

the temperature through the interval T to (t+1 + T ')°, Hence; C-ca=
Te, -S S1+T2Y . If we assume that, for small decreases in volume, &

the rise in temperature 15 is generally proportional to the fractional volums

decrease we shall have, very approximste F H ’\?z
‘ /5 ’ , s VOry appr 1y, TTC% T

orT = ka4

Now in Clement and Desormes' experiment (cf. figure 2); suppose the
original volume of diluted air in K was v. On opening the cock H, air
rushed 1n, causing a sudden compression of the air already in K with &
consequent liberatidn of heat and rise in temperature through 'j"‘. Let
v'! be the volume of the air, originally in K, after the air in K cooled
to the original temperature and the pressure fell to b =~ ht, Then; sincd
the temperature was the same as at the }start, Boyle's Law gawe (v'/¥) =
(b -h)/(b - h'). The fractional decrease in volume suffered by the air
initially in K was |

ﬂ = .x.;..v.'.._ = h=h'

b-ht °
We bave already shown that Gay - Lussac's Law glves for the temperature

elevation, on compression, 7} oy h.'_.%l.:tf&.&;. .
£ (b~ ht
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Hence, _J/ 21 +7 -1+(__?j-1+_h_— .
h«ht

~ In this way, Iaplace ebtained from the date of Clements and
Desormes the valus, J = 1.357, for air, Euploying this value in his
formila for the velooity of sound, he obtained, for the latter, 345
moters per second; a value mich closer to the observed value (337.2)
than Newton's caleulated value (283.4) had been.

~ Iaplace had noted that his fornmh for the velooity of sound might
equally well be used for determining 7Y from sound velocity. Dulong
(1829) carried out a systematic investigation along this Jim. He
measured the veleeity of sound in air, oxygen, hydrogen, carbon dioxide,
carbon monoxide, nitric oxide, and ethylene and, from his results,
deduced the value of 2/ for each gaza. :
~ The general mathematical treatment of the bebavoir of a gas subject
to the eondit.ipns of Clement and Beaornes’ experiment was given by
Boiagon in 1823, Proceeding in full conformity with the ealoric hypoth-
esls, he supposed the guantity of heat g contained in a wnit weight qf
gas to be a definite functlon of its pressure p and density /0 ; il.00

| q = f (P’/ de (1)
From the general gas 1avr, pe k( (1t t), there resulted /9 p) < C
| 4Ct
and (4p- k°c> e CF . TFor the specific heat at const tFpressure,

)+ €

),»
thgtheorygave op ( }) {'%7](_(5{&/ 3-6? /0:5
“d @Z/ ("?(b// @js’ ezall

Supposing the ratio of specific heats to be a constant 7 , Poisson found

e 32”(53)/(%}&]#
I O

whose integral was q = qﬁ ‘{ E )
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whsre 75 was an nndetermined funetion, If ‘}7 denoted the inverse

funotion of ¢ s then, finally p%' 3) ¢ )
"'73“ .

If the gas wes themlly insulated ( @ = constant), this equation of

state reduced to p%’ ’

, Lo
Thue Poisson obtained a coreect result by a nethod which we must now

- constant

certainly consider incorrect, Indeed, the same must be said about
quhce !'s distinction between the specific heat at constant velume and
that at constant pressures For the fact that the latter was noticeably
greater than the fer;ner never suggested to hin tha.t ecaloric could be
destroyed and converted into mechanical work, Instesd, the extrs heat
which was added on increase of volume, and which we now :ggar& as con=
verted into external jmrk; he simply classified as "latent," Indeed,

far from relinguishing the caloriec hypothesis, the latter became in his
hands one of the most pretentlous of scientific theories, He supposed
that each of the molecules of a gas attracted to itself molecules of
caloric and that the mutual repulsions of the latter caused the fluid to
expand, The pressure in the interior of a gas he thought proportionsl to
the product of the square of the number- of mlqcule& of gas ‘per unit vol~
ume fttd the square of the caloric contained in unit volume, To account
for the tendency of a body to come to a uniform tenparature; he assumed
mtual radiation between all the particlgs of galerig a_nd defined tenpara-
ture as the density of this internal radiation. We have already noted that
he atﬁaﬁpbad to deduce from the ealorie pestu]ates the :lmrs of Boyle and
Gay-Iussac. Also, for the total heat (latent heat and sensible heat) v of

& fluid he deduced (36, p.m) the interesting formulas V ®* P+ H ..L
@

’
where F and H were constantae
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- In all of this theory, however, Gay-Imgsac's free expansion experi-
ment remained unexplained. Why did not a gas cool in free expansion as
it did when pushing back & piston? There was no satisfactory answer
forthooning on the basis of the caloric hypothesis. That this state of
affairs did not cause more wirest among the calorists, Mach (4, P.200)
thinks due to the fact that Gay-Iussac's experiment was ;ittle known,

At any rate, like Davy's melting of ice by friction, 1t wae ignorod
by the calorists, and its significance was not appreciated until 1842
when Robert Mayer relied on it to justify his famous caloulation of the
mechanical equivalent of heat from the difference between the specific
heat of air at constant pressure and that at constant volume, In the
meantime, the cooling of a gas in expanding against an extermal ferce,
&long with the converse phenomsnon, contimued to be attributed to o
Dalton's hypothesis of change of heat capacity ﬁ.th density or prasgm*.n
This old assumption was not invalidated until 1837 when R;gmul'h'a very
careful investigations revealed no changs in the heat capacity (per unit
weight») of gases with change in pressure or density.v | |

 The tenacity of the caloric theory thus prevented, for the time belng,
the facts of frictional heat and temperature chsnges of gases on expansion
and compression from causing any general recognition of a mutual relation
betwsen the phenomena of mechanics and those of heats 1In the meantime ,
however, new discoveries in the "border~line" divisions of physical
science were pointing, with increased vigor; not only to the recognition
of mutual relationships between heat and other phenomens but to the
general correlation of all physieal phenomena,
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_ »We‘ have already obsQrved how investigatians into the _phenomnar qﬁ
radiant heat served to revive the old belief in the close association

of heat and light. Thus Hutton stated in 1794 that heat and light are
the same jthing; tha'b; in a hot body, heat is eonvgrted into light,”whieh,
on absorption; becomes heat again, Young, who ad:vecated the wave theory
of light and the kine'bie theory of heat, held that in these exchangew
between heat and light, the total amount of both remained constant.

The relationship between electriclty and choml ST} Frovided st111
q;;ether front for the advancing concept of correlation. The history of
this relationship begins with the discovery of ¥Ygalvanic® elsctricity by
Galvani in 1786, He found accidentally that the limb of a frog could be
made to contract convulsively by placing it in contact _with a plece o:f
copper and a piece of iron; which are also in contact with each other,
Since he had, six years earlier, observed that similar convulsions were
produced by the application of frictional electricity, he supposed the
cenvulsiona » 1n this case also, to be associated with electricity., How-
ever, he supposed the electricity to be already present in the muscle and
attributed the convulsion to its discharge through the metals,

Volta, in 1792, discarded Galvani's explanation of the phenomenons;
instead he: supposed the flow of electricity to arise from the tensions set
up at the surface of contact between the different metals, However, in
the same yeer, Fabroni suggested that chemical action might be the cause
of galvan:l}sm.' Nine years later, Wo]laston substantiated this view and;k
baving demonstrated the identity of galvanic with frictipml eleet:ie:}ty,
even wont so far as to attribute the latter, also; to chemical action,

The electrolytic action of the galvanic current on a variety of

chemical substances was studied in the first decade of the nineteenth .
centary by Davy, N;fcholson, Carlisle, Berzelius and H*ssingar, and others,
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The quantitative study of the relation between the amount of chemical
action and the electricity conveyed through the solution culminated in
the formlation of Faraday'sliaw of Electrolysis in 1831,

~ In the meantime, the relations observed between aleetricity and
chemical action led, in chemisiry, to the rise of Jons Jacob Berzelius'
very influential theory of slectrochemical dualism. According to thia
theqryi, every chemical reaction consists in a partial neutral@zation_ of
opposite electric charges , supposed residing on the reactants. The facts
of elgctrol;yaia:rindieated that the compounds decomposed must have
consisted of two parts, one negative and bhe other positive, Berzelius
supposed this itrue of all compounds, with the stipulation that the
negative charge is not, in genersl, equal in magnitude to the positive,
H{e_n\ca s the compound has a net charge and will consequently exh‘ilbit. & ten-
dency to react with another compound so &s to effect a new distribution
qf cbarge comsppnding more cleselyyrto gomplete elect:ical neu‘bmlime
tion, This Duslistic System, in which chemical affinity and electrical
atiraction were regarded as identical, held its ground until the facts of
organic ehgmisfbry, especially Dumea' law of Substitution, which was
advanced in 1834, showed it to be of very restricted applicablility,

~ However, Berzelius' theory may bave retarded the growth of organie )
chemistry, it performed a permgnent service for thermodynamics j.n so far
&s it fostered the correlation of electrical and chemical phenomema, In
the meantime, relations between electricity and other of the so-called
"forces" of natire were being established. The evolution of heat and
light on the discharge of frietional electricity had long been known, and
Davy, by means of the woltaie arc which he discovered in 1810, revealed
that the same phenomena were incurred by the discharge of galvanic elec-
trieity,1% The relation of heat to electricity was brought inte further
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prominence in 1821 when Jobann Seebeck discovered the difference in
electrical potential between the Junctions of two different metals, when
the junctions were maintained at different tempergﬁnrea, The converse
phenomenon was observed by Plerre Pelletier in 1834. In the year prior
to Seebeck's discovery, Oersted broke down the old barrier between
e;qctricity and magnetism when he d:lscoygrad the mgnetic tio}.d which |
surrounds a conductor carrying a current, Eleven years latgr, the converse
phgnqnpnon; mgmto-electricity; was demonstmated by Faraday who observed
the current incurred in a conductor on its mﬂgx through a mgnatic' field,

In 1801, Gruickshank observed that the Presence of light increases
the _Velpcity at which hydrogen and chlorine comblne to fornm hydragen
chloride, and Delton checked this obssrvation in 1811, In 1843, Dupia
showed ‘thatk the acceleration of chemical qction in sy;ch cases was pro-
portional to the intemsity of the incident radiation,

~ The relationships, which we have just outlined, helped pave the way
for the adoptipn of that universal Mmiplg of eorrelatien which we
now know as the First lew of Thermodynamics, Of greater immediate sig-
nifigance for that law, howeger, were the ipveatigations on the relation
of heat to chemical action. We have already described the researches of
Iaplace and Iavoisier on this subject, and how they came to formilate the
principle tha.t the ‘heat nbamteg‘\ in the forwgrd reaction eq,ualed that
absorbed in the reverse reaction. In 1840, G.H. Hess greatly extended
'l’.ha:!:c resear'chasr gn§ placed the rrinciple in the form that the heat
liberated in a chemical process (at constant volume) is independent of
the path of the change.

However, the greatost a'bimlus » in this connection, to the founders

of the energy principle, especially Robert Mayer and Herman Von Helmholtz,
came as a result of the investigations of the phenomenon of animal heat,
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| 0f great historieal significance was Albert Haller's theory that animal
heat arises as a result of the friction associated with the movement of
the blood in the lungs. This theory was rromulgated in Haller's
"Outline of Physiology," s standard text of that time first published
in 1747. The theory was probably widely accepted by physicians of the
pariod (ct, 62 , PPe27-34)e Even after the chemical theory of animal heat
had been given sirong experimental support, Haller's mchan_ieal explana~-
tion continued to be employed to acecount for a residual heat_et;’fect'h which
Iavoisier's experiments could not attribute to chémiea—l actioxva.} Not until
1843 , which year marked the publication of Dulofig's ‘new and accurate 7
detqrmipation of the heat of combustion of hydrogen, was it finally shown
that ‘Haller 's theory could account for no more than a negligible
fraction of animal heat,

Ha.llar 's theory of animal heat, though almost entirely erroneous,
neverthalesa served to propagate and keep _alivve a most ‘ii;por‘tant ac;l.enti-f
fic concepts the inter-—eonvertibility of_ heat and motion, The ’popu,'l.qrity
of this theory among physicians in its Qr.igiml or nodj.fieq foom must
account :I.n‘ part for the otherwise paradoxical fact that two of the three
founders of the First Law (Mayer and Helmholtz) were not scientists
but physicians,

~ Foundations for the modern chemical theory of animal heat were laid
by the investigations of Irvine Crawford, published in 1777, He ”
measured the heatlgiven off to a water calorimeter, by burning wax, to=
gether with the oxygen consumed. He then placed a pig in his eglorimtq:,
determining the heat developed by the pig on inhaling a definite quantity
 of oxygen, FHe found that, for every one hundred ounces of axygen com-
' sumed, the calorimeter was elevated 2,1° F, by the burning wax, and 1.73."5-,"
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by the breathing pig. The agreement was for him close enp»ng}'; to warrant
the statement that the heat of the amimal resulted from the transform-
tion of "pure air' (oxygen) to "fixed air" (carbon dioxide) and water.
o Iavoisier; as early as 1777, also attributed animal hgat to the

oxidation of carbon to cagbon dioxide. Three years later, he carried
out systemtic experiments, in company with Iaplace, The heat given off
by a guinea pig was compared with the quantity of heal corresponding to
the carbon dioxide exhaled, assuming the reactlon in the animal to be
simply the oxidation of free carbon. In one experiment, the t‘ota'l.haat
daveloped by the pig; when placed in the calorimeter for ten hours, was
31.82 calories; whereas, tbg thoore‘bieal_heat corresponding to the carbon
dioxide evolved was only 25.408 calories, Howaver, lavoisier also found
that the oxygen consumed was somewhat in excess of th”‘t, equivalent to the
carbon dioxide evolved and, noting the water vapor in the breath, was
logically led to attribute the excess oxygen, together with some of the
excess heat, to the oxidation of hydrogen to wa‘ber. N

of especial aignificanee is Iavoisier's enumeration of the factors
which control the rate of oxidation consumption (and carbon dioxide
evolution), He found that this rate increases as the temperature of the

surroundings decreases, ag : : ! by J _
a_.nd as the rate of digestion inereasaa'. of particular significance for
the later-developed idea of "cor::elation of forées o is Iavoisier 's dis-
covery that the more work a man does, the more oxygen he consumes and the
more nitrogenous mttar he excretas. 7
Stimlated by Iavoisier?'s work, similar investigations were performed
in the domain of plant ras,piration, In researches carried out in the J.ato
years of the eighteenth century, it was found that growing plants take in
carbon dioxide and give off oxygen, simultaneously increasing the carbon
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content of their tissues,
- A1l of these studies provéded a great stimulus to the grawth of

organic chemistry. The amalysis and identification of a great variety
of »eomponnds occwrring in plant and animal life was Vundertgken.‘ At
first, these compounds were supposed in their behavoir to conform to
laws different from those prevalent in the inorganic domain. With
Wohler's systhesis of urea from ammonium cyamate in 1828 and the subge{-'
quent extension of the weight relationsnip laws to organic compounds, this
view was more or less abandoned.

As a result of the great interest in organic ehemistry, the notion
of ”Stoffj;echsal," or exchange of matter, assumed & dominant influence in
the description of physiological processes, Ig the meantime, other aspeeta ‘
of these procesjsas; in addition to the thermal, were coming into prominence .

This development was perhaps foreshadowed by lavoisier's pbgemtion
that the rate of oxygen intake increases with muscular activity., In
1823, repgating lavoisier's experiments on animal heat, Despretz found
that the heat of combustion, corresponding to the water and carbon dioxide
exhaled, amounted to only 74~90% of the actual animal heat, Although
most of this discrepancy was the result of the circ‘qmstance; that he em~
ployvad in his ca_.'Lcnlation 8 low value for the heat of combustion of hydro-
gen, we must mverthalgss ascribe: considerable aignificanca to his explana=-
tion of the differences For he ascribed the extra heat to food; the
motion of the blood, and friction. (37,Chapt. 1)

While the study of the purely chemical aspect of physiological
processes was probably due to Lieblg, more than to any other mn; the
study of the_ physical and mechanical aspecis of these processes may be _
ascribed mainly to the influence of Weber and Muller.  The definite conm-
ception of the exchange of "energy," as well as matter, in life processes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

probably dates from Schwann's (1839) microscopical work on the chagges
oceurring in cell growth. He regarded the cell as a def:_'mite‘ physicgl |
mechanism whose changes of state ai'e quite as significant as the chemical
reactions oceurring %h the organism, This meant that blochemistry neadeé.
to be supplemented by biophysics. With this in mind, Schvann introduced,
in place of the term "Stoffwechsel" (chemical process), the broader Greek
term, "metabole." (18, p. 421)

Of far-reaching import for physical science was the _1z1fiuencekwhich
‘this trend of thought exerted on Robert Mayer and Hermann von Helmholtz,
two of the greatest foundere of the First law of Thermodynamics. Lhypr s
interest in the problem of the correlation and transformation of the
Bforces® of mature was first aroused while gmp;gyed‘ as ship's physician
on & cruise in the Eqst Indies in the year 1840, In the course of his
duties he was obliged to bleed natives of the tropics, whereupon he was
struck with the fact ghat the venous blood of these people was o;‘ a{m;ch
brighter red than that of his patients in Germany. This brighter coler
he correctly attributed to the smaller amount of carbon dloxide in the
venous blood of the tropical natives, Then he recalled Iavoisier;"s
theory of animal heat and realized that the smaller carbon dioxide content,
hence brighter color, of the venous blood was in conformity with the fact
that less heat, hence less oxidation, should be required to maintain body
temperature in the tropics than in & colder climate. A% this point,
there occurred to him the fact that the animal body; by means of muscular
activities s can produce f::lctional heat, Unschooled in the su'btlg explans-
tions offered by the calorists for the generation of frictiomal heat; ‘
Mayer thought that this frictional heat, like that directly produced in
'bhe animel body, must bave»ars its ultimate cause, the food and oxygen
consumed, But here it occurred to him that the amount of heat which can
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be obtained from a given guantity of food shoudd be the same regardless
of whgthgr all of it is given off by the bodydirectly, or a part of it
is developed through the expenditure of muscular work in f:ict:?onal
processes. In this way; Mayer was led to postulate & definite,
inveriable: mechanical equivalent of heat,
~ Helmholtz, likewise a physician, was also led to physical studies
through the study of physiologys In 1845, in & peper on "Metabolism
During Musoular Activity," he described experimental studies proving
that thevactivity of a frog's muscle incurs definite chemical changes in
the components of the muscle. The follawing year, he publ:lshed his '
"Rgport on the Theory of Animal Heat for 1845." In this, he noted that,
in accordance with the still prevalent caloric theory, animal heat must
bq already rresent as latent heat in oxygen and food., He then desqribe&
an e:;periment by Brodlie in whigh & beheaded or poisongd qniml, in vhieh
respiration was continued by artificial means, was found neverthelees to
develop considerably less heat than a normal animsl, respiring at the same
rate. From this experiment, Brodlie supposed that at least some of the
animal heat must come, not from respiration, bub from the activity of the
nervous system. Liebig, evidently interpreting "nervous activity" as an
hypothetical spontaneous phenomenon, rejected Brodlie 's view and re- v
asserted the chemical view, Helmholtz himself then advocated the motion
theory of heat and stated the conviction that mechanical, electrieal',’ and

chemlical forces: can generate only & definite quantity of such motiom(heat),

The full account of the views of Mayer and Helmholtz we shall postpone
t11l later. We may note hers, however, that even before the appearance of
their famous pepers and those of Joule on the First law, the above
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described discoveries in physics, chemistry, and physiology hed led to
gg;;gral; though rather vague statements that all of the "fprcqs?:f'5 of
nature are correlated as well as conserved in thelr tolal amqunjb._"

~ Probably the earliest emunciation of this kind appeared in }837 in
& paper, "On the Nature of Heat," by K. F. Mohr. In this short, quite
remarkable paper the author came very close to the notion of "equivalence™
so ably expounded by Mayer five years later, Thus Mohr said: ,"If heat
force has been used to destpoy another force (cohesion), it must
apparently cease to exist as forces accordingly, every la'bez_rbr prpduction
of heat is associated with a change of state of a;ggegatj.on; that is,
with the destruction of material forces.™ In other words, the creatlon
of latent hest (regarded as a form of "force") is, as we should say,
sompengated by the destruection of mﬁl forces, i.es by the overcoming
of the cohesive forces between the material particles whose change of -
mutual position characterizes the change of starba. The old Greek notion
of e substance whose identlity persists throughout the manifold changes
of rature appeared in Mohr's statement that force (Kraft) behaves 1ike
ponderable matter, since, in all 'bhe processes wharq it suffers division
and redistribution, it remains constant in quantity. The following state~
mont of Mohr has been regarded, in some quarters: (18, p. 108), as the
sarliest emunciation of the Prineiple of Conservation of Energys
"Besides the known fifty-four chemical elements there exists in nature
only one agent more, and this is called "Kraft;" it can under sultable
conditions appear as motion, cohesion, electricity, light; heat and
mgnetism.“klé - ' " | |

In Mphr 's assoclation of the production of latent heat with a_chapgg

of state, the circumstance that external work is simultaneously ‘done‘ wag
apparently neglected. The importance of this circumstance was recognized
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in 1839 by the Frenchman, M. Seguin, in a work, "On the Influence of
B&ilroads'.? He knew that the immediate condensation of steam yields
more heat than if the stean is first expanded to yleld work and then
condensed. He supposed the cooling of a gas on expansion to be the cause
of the work done and postulated, "e.n identity of nature between cglqrie
and motion, such that these two phenomena are only the mnifestation,
under different forms, of one end the same cause."(4, ps 238) Seguin
made unsuccessful attempts to show that the heat absorbed from the boiler
of a steam engine is greater than that given wp to the condenser, and he
did not calculate the mechanical equivalent of heat from the cooling
of a gas until 1847,

Liebig, whose interests were mallly chemieal, was nevertheless think-
ing along lines similar to those 'of Mohr, as is remled in portions of
his "Chemical Letters™ for 18/1. Thus he wrote: "Heat, electricity,
and magnetism are related to each other as are the chemicsl equivalents
of carbon, zinc, and oxygen. By a given quantity of electricity we bring
f'e;rth & corresmndin,g quantity of heat or magnetic force s which are
mitually equivalent. With electricity I buy chemical affinity which,
used in one form, produces heat, in another, electricity and magnetism,
Out of nothing no force can arise,.. If the carbon needed for obtaining
zinc from its ore were burned under a vapor machine instead, it is most
probable that we would obtain far more force, than we could obtain from
the zine (pure), if it were used (as fuel) in this apparatus (vapor
mgghim) oM ' These views in which the concept of qq;’aivalqnoe' of forces; Te=
garded as the analogue of the primeciple of chemical equivalents, occupied
& prominent position, resemble those of Mayer on whom they probably
exerted considerable influence (32, p. 10).
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General idens, quite similar to those of Mohr, we:qpromlggt’ed in
England in 1842 by W. R Grove in his very poanar W
"Light, heat, electricity, mgnetism,

mtien, and chemlcal affinity,” he sa:!.d, "are all convertible material
affections; assuming either as ‘the cause, one of the others will be the
effecte.s” Ho then proceeded to describe , qualitatively, a great many
experimental facts, known at this time, which, he thought, clearly
indicated that these "affections" or "forcee" were indeed mutually con-
vertible, He took note of the tendency, then growing in England, to
regard these affections as different .modes of motion, but, perhaps due to
Faraday's influence, preferred to adopt a positivistiec viewpoint. Thus
he seid, "Cause and effect, therefore, in their abstract relation to these
forces, are words solely of convenience; we are totally unacquainted with
the ultimate generating power of each and all of them, and probably shall
ever remain 80ese We must humbly refer their causation to one omnipresent
influence s and content ourselves with studying thg:!r effects and develop=
ing by experiment their mutual relations.” (38, p.5)

 These eittions from the writings of some of the precursors of the
Energy Frineiple show how the rapidly widening domain of experimental
knowledge: resulted in simultaneous and, for the most part; independent
enunciations of the principle of correlatioen of nattn'a:l ‘forces. In ';hig
great movement, which is grounded, not only in experimental fact, but also
in the inner demsnd for a unified world of phenomena , the inadequacy of the
old ealor;c theory of heat appears only as & particulsr consequence, At the
same time, it must be acknowledged that, of the precursors Just diaeuseed;
ohly Mohr and Seguin are definitely dependent on the motion theory of
hgatg for Liebig the analogy with chemical equivalence is apparently

sufficient, whereas Grove is contented to call the different "affections®
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of matter by the common term, Uforce." 17

It is important to realize why the above-discussed writers (Hohr, |
Seg'uin, Liebig, and Grove) are denoted "precursors” rather than founders,
proper, of the Frinciple of the Conservation of Energy. This && pre-
claely becamao their generalizations were still vague, uncartain of terms
a'nd_,r"elgtiona', and lacked quantitative interpretation and support, a

~ of the writers appear to be obsessed with an imner donvietion that the
Wforces" of nature, while chamgﬁ_.ng their particular form, nevertheless |
_remain constant in total amount, Yet there is lacking, for the most part,
- any suggestion as to just how "force" is to be measured in particular
cases in such & way as to exhibit this cons.ervatin propertye To be sure,
 this state of affairs was largely a result of the eircumstance tha;t the
‘data necessary for such quantitative correlation were not yet available,

3. THE DEVELOFMENT OF THE CONCEFT OF MECHANICAL WORK,

A development of the greatest significance for this quantitative
correlation of "forces® had, however, already taken place in the tech=
nical mechanics of France, We refer to 'the evolution of the 'e_onoept,
"mechanical work.” The latter/dhd been vaguely suggested by Newton's
Principle of &ction and Reaction, Huygens' Principle of I.iving Force, .
and the general conviction of the impossibility of perpetusl motion;
but it was not until the first few decades of the nineteen’bh eent'ary that
it finally received clear formulation as a definite, quantitative, sub-
stantial conoept, which was destined to function as the ‘mrototype and
measure of all the various "forces" of physical sciences

With respect to the principle that "it is impossiblo to create work

out of nothing or to comstruect a perpetuum mobile," the so-called
principle of the impossibility of perpetusl motion, Mach's historical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~173=

studtes (40) have shown that, far from being a result of mechanics, the
ppinoiple,'in one form or another, has always been assumed as & gtarting
point in the proof of mechanical thecrems. Thus, Stevimus in 1605
g;guadrfhat if an endless chain of fourteen balls of equal weight be
hung over a prism in’tha manner éhpvn in Figuro 4, . the lower gymmetrical
part of the chain may be imagined jaken away, whence the four balls on AB
must exactly balance the three balis on BC. For otherwise, he said, the

emallest displacement would result in "a continuous and unending motion

a ~
A RS

(of the balls around the prisw) wihich is false.”

We s0 not find Stevinus' argument altogether acceptable now, since we,
unlike him, prefer to think in terms of an abstract mechanism devoid of fric=
tion. Nevertheless, his principle that we camot get something out of
nothing immediately appears familiar and acceptable.to us.18

The prineiple again appeared in Stevinus' demonstration that "& given
massrof vater preserves within water its given place (Figure 5). "For;” he
said, Massuming it to be impossible by natural means, let us suppose that A

‘does not prewme

: ve the place assigned to it, but sinks down to D, This
belng posited, the water which succeeds & will, for the same reason, also
flow down to D; A will be forced out of its place in D; and thus this body
of water, for the conditions in it aré everywhere the same; will set up &

perpetual motion, whieh is absurd." From this Stevimus deduced the laws of
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hydrostatics.

Several decades later the principle of excluded ‘ J 4

perpetual motion took with Galileo the form of the

postulate that the velocity acquired by a falling

body is uniquely determined by the vertical height

of descent. Galileo associated this with the con=-
vietion that a body on rolling down an inclined Flgure 5
plane must acquire a velocity just sufficient to carry it up any other
inclined plane of the same height. On the other hand, the principle
requires that the body , having fallen down one plane, must contimue to pre=
serve the same velocity as long as it moves in a horizontal plane (law of
inertia).

The a priori element in Galileo's principle thus makes itself evident.
For bodies, in fact, do not continue their motion indefinitely on a hori-
gontal pdane, nor are the velocities acquired, on rolling down an inclined
plane, actually sufficient to carry them to their original heights.

In 1673’Christiankﬂhygens, following Galileo, gave a sharper form to
the law of inerfia. He stated that bodlies would continue to move on a
horizontal plane with the same velpcity, ifrit'were not for gravity and the
presence of the atmosphere. He algo generalized Galileo's principle respect=-
ing the heights of ascent. In the first placd, he stated that the principle
amounts to saying that heavy bodies do not of themselves move upwards; that
is, if the principle were not true, a body; having rolled down one inclined
plane, might attain a height, greater than its initial height, on rolling
up another plane of different inclination. This suggested the fgllowing
generalimation of the principlet "If any number of weights be set in motion .

by the force of gravity, the common center of gravity of the weights as a
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whole cannot_possibly rise higher than the place which it acgupied‘when the
motion began.” (Principle of the Conservation of the Center of Cravity)

The principle of excluded perpetual motion also found expressifn in
Isaac Newton's famous laws of motion. The First Law postulated théilaw of
inertia already emunciated by Galileo. The Second Law provided acting
forces to account for changes of motion. The Third Law, the law of equality
of sction and reaction, was employed by Newton in two senses, In the first
place, it was construed to mean the equality of force and counter-force, and
it was this interpretation of the law which Newton emphasized, But it was
also understood to apply when action and reaction were measured in terms
of the products of the forces of the bodies and their respective velocities,
the velocities being resolved along the directions of the fordes. Interpreted
in this way, Newton's Third Law postulated the Conservation of Power, or
what amounts to the same thing, sinee the times were equal, the Conservation
of Work,1?

» The substantial clement at the basis of the principle of excluded
perpetual motion is quite evidént in Newton's laws of motion. The First and
Third Laws concern the cases where motion or work is conserved. In the
Second Lew, the fact of accelerated motion is brought into conformity with
excluded perpetual motion by the postmlation of forces whiich may act at a
distance.

Regardless of which of the various possible principles we choose to
regard aa»fundamental starting point for the systematie development of
mechanics, the idea of the impossibility of perpetual motion continues to
play the dominating réle. We have shown this to be the case with Galileo's
principle relating to velocities acquired by falling bodies, Huygena'
Princlple ‘of the Conservation of the Center of Gravity, and Newton's 1aws

of motion., It is likewise true of the Prineciple of Vis Viva, the Principle
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of Virtual Displacements, D'Alembert's Principle, the Principle of Least

Action, and others.

B, Momen versus Vis V
In which of these various forms the fundamental principle of excluded

perpetual motion is clothed is a question of relatively little import for
pure mechanics. For each is found to implicate the others, so that regard-
less of which.is adopted as the fundamental one, the final results are the
same, However, so far as the relation of mechaniecs to the development of
thermodynamics is concerned, it is a fact of great significance that, in
the actual, historical ghoice of fundamental mechanical principles, the
concepts of force and momentum appeared more primitive than the concepts of
work and vis viva,

This point of view received its initialkimpetus from the historical
accident that the law of falling bodies was formulated by Galileo as a
relation between the time and velocity rather than as one bdiween the distmnce
and velocity. To be sure, the notion of vertical distance of descent occupied
an imporiant position in Galileo's thought, as we have already seen.
Accordingly, we find Galileo advancing the tentative hypothesis that the
velocity of a falling body is proportional to the distance through which it
has fallen. However, because he thought this led to self=-contradiectory
results, he discarded it in favor of the assugiption that the velocity is

proportional to the time, i.e.
v = gt. (1)

By means of the definitive relation between distance s and veloeity v; namely;
v :‘s/%; he converted his hypothesis to the form

83 % gbz, (2)
a relation which he found to agfee with experiment,
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Qf_course; elimination of t from (1) and (2) gives a relation between the
velocity and the distance, namely, "

o g = v . )
However, this relation was not employed by Galileo. Instead, equations
(1) and (2) were regarded as fundamental. In keeping with this point of
view, he regarded the "force" of a moving body, which he variously designated
as its "momentum," “impulse,"or "energy," to be measured by the product of
its weight and the first power of its velocity.

Descartes adopted this view in 1644, maintaihihg that the ggéi quantity
of motion" in the world, as measured by the product of weight and veloecity,
is constant.

Quantity of motion or momentum also occupied the dominemt position in
the thought of Newton, who, however, saw fit to substitute for weight the
more refined concept of massif He showed that in a free system unacted on
by external forces the total momentum (Zmv) remains constant. And, in
-cases where such forces act, he was naturally led to define their magnitude
in terms of the change which they effect in unit time in the momentum of the
bodies upon which they act.

The gguare of the velocity first appeared of determinative significance
in 1673 when Huygens enunciated the celebrated Principle of Vis Viva, which
resulted from his application of the Principle of the Conservation of the
Center of Gravity to the solution of the problem of the center of oseillation
of the compound pendulum. By the center of osciliation.&f a compound pendu~
Jum is meant its center of gravity. Suppose that on a compound pendulum &0
(Figure 6) the element at unit distance from the point of suspension 0, in
passing from the position of greatest exdursion to the equilibrium(vertical)

position, descends through a height k. Then the elements of mass m,m',m!'', . R
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at distances r, r', r'?, .., from O will simultaneously fall
through the heights kr, kr', kr'', +.s, so that the decent of

the center of gravity is given bys: A i
mk+nlrtk'+mtfrtk + 406 = k Z mr ., (4) Figure 6
mn+n' +nttt+ o, n

By a stroke éf genius, Hyygens now imagined that, when the compound pendulum
reaches the vertical, equilibrium position, the connectioné between its

mass points are destroyed so that each is allowed to rotate about 0 as a
geparate pendulum. If the velocity , at the equilibrium position, of the
mass point which is at unit distgnce from O be v, then the corresponding
velocities of the other mass points will be rv, r'v, r''v, ...; and, having
been freed of their connections, their heights of ascent are, according

to equation (3), (which Huygens obtained from Galileo's equations (1) and
(2Z§:(rv)2/bg, (r'v)z/bg, (r"v)z/ég,... Whence the height of ascent of

the center of gravity of the liberated masses is

n(rv)2/2g + m'(r'v)zlﬁg +-m"(r"V)2/2§;r... - g;? Elmﬁi (5)
m-+m' 4 't see 2g Zn

Eﬁt by Huygens'! fundamental Principle of the Conservation of the Center of
Gravity, the cenber of the gravity of the system of the libdrated masses,
when they each reach their extrems positions, must bd at the same height

. a8 that of the compound pendulum in its extreme position. Hence the right=-
hand members of equatiN¥S (4) and (5) are equal, or

r 2 = ¥ EIm? (6)
Now, if y is the length of a simple pendulum having the same period of

oscillation as the given pendulum, ky will be the distance of its descent

and vy will be its velocity at the equilibrium position. Application of
(3) gives: 11113_, S ky
2g

= ’5'5‘ T E 0 -
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Elimination of k from (6) and (7) gives for y, the distance of the center
of oscillation from O,
2
v = A | (8)

Huygens® result (8) is of little interest to us, but the relation (5)
whereby he attained it is of the greatest significance. More generally
expressed, equation (5) says that if any system of weights p, p', p'',eee
falls through the heights h, h', h'!',,.., thereby attaining velocities v,
vl, v'1,3i4 the Principle of the Conservation of the Center of Gravity
requires that

pht p'h'+ plthih,, = _p( A2+ p'(v'? /2g) + p1t(v' 2/2g) 4as
P+P' + D'+ oo P+ P! + P! 4aee
or Zph S i/ EpwRfa) (9)

If we introduce the mass m for the ratio p/g, & step which Huygens did not

take, we have

Zph = 45mw ¢10)
which is the Principle of Vis Viva in its modern form. |

The application of the Principle of Vis Viva to the impact of elastic
bodies on a horizontal plane was made by Huygens in a posthumcﬁs work ﬁub~
Rished in 1702, In this case, the principle takes the form .

PR R e W e (1)
where V and vare the velocities before impact of the masses E and m, and
V; and vy , their velocities after impact.

Nowhere, however, did Huygens give to his Principle of Vis Viva the
status of a first principle. Rather, it is fegarded as a derived principle
resulting from the Principle of the Conservation of the Center of Gravity.
Nor did he introduce any new name for a term involAing the square of the
velocity.

The case is otherwise with Leibnitz who precipitated a long and famous
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controversy by his publieation in 1686 of a treatise entitled, "A Short
Demonstration of a Remarkable Error of Descartes and Others, Concerning
the Natural Law by Which They Think That the Creator Always Preserves the
Same Quantity of Motion; By Which, however, the Bcience of Mechanics is
Totally Perverted.! It is certainly logical to assume, he said, that the
same "force" must be required to raise a body m a height 4h as to raise a
body 4m to a height h. But we kmow (cf. equation (3)) that the velocity
acquired in descent , in the first case, is not four times, but only
twice that acqguired in the second case. Hence, said Lelbnitz, the true
meagure of forece is glven by the product of the "body" 20 and the square,
not the first power of its velocity. In 1695 Leibnitz reverted to this
subject, introducing the term yis wvivg for the product mvz, regarded as
the true measure of the "force' of s moving body. This he distinguished
from the simple pressure exerted by a body at rest, which he called ite

The dispute, thus precipitated with the folldwers of Descartes, lasted
until 1743 when D'Alembert pointed out that the whole controversy really
amounted onl& to a question of how force is to be defined. Indeed, Newton
in 1687 had already defined force in still a third way as the time rate of
change of the mv product, a definition which ks still accepted. Nor can
the dispute be settled by postulating that what we define as force must
be conserved, For, although the investigations of Huygens showed that the
sum :Enwz remains constant for a system of bodies in the absence of the
action of external forces, so did Newton show that the Cartesian sumzanv
also remains constant under these conditions,

Nevertheless, we must recognize the service which the Leibnitzians

perform8d in emphasizing the significance of the product of the mass of a
body and tts increase in height and the product of its mass and bhe square

P T apes e s S b kY Trmexpy A
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of its velocity, For these products were destined to become of deter=-
minative significance for the development of thermodynemics,

As a matter of fact, however, the efforts of the Leibnitzians were
not so fruitful as they might have been. Throughout the eighteenth
century, the notions of work and vis viwa continued to be regarded as
artificial, so that the general practice was to replace them by the
Newtonian concepts of force, mass, and momentum. It has already been
observed that this is no more than an historical aceident, since mech=
anles can be erected just as well on the basis of the concepts of work,
mass, and vis viva, regarded as fundamental.

About the middle of the eighteenth century Huygens! Principle of
Vis Viva was revived and extended by John and Daniel Bermoulli. They
placed the prineiple in the form given by equation (10). Following
leibnitz, John Bernoulll evidently atbributed a substantial nature to
vis viva4(‘25nng) for he stated that "where vis viva disappears, the power
to do work is not lost, but is only changed into some other form."(18,p.99)

Galileo and Huygens knew that the velocity acquired by a falling
body depends only on the vertieal distance of descent, and Daniel
Bernoulli, extending this, stated that the gain in vis viva of a body
subject to forces of attraction from several fixed centers depends only on
the initial and final distances of the body from these fixed centers.
These ldeas were given general, analytical form in 1788 by J.L. Iagrange,.
He showed that, if the three components of each of the forces acting may
be expressed as the derivative of a function of the coordinates and,
further, if the only restrictions imposed on the motion of the system

ars those expressible by equations between the coordinates, then
Z4w® + Suw¥ = ® (12)
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where V is a function of the coordinates and H a constant. Hence, he
wrote for the vis viva of the system ,
zmvz = 2H~2 =V (13)

For pure mechanics, equation (13) is of great importance. It reveals
that, in the case of so~-called comservative systems, the sum fmvz is
uniquely determined by the configuration of the system. For the aims of
technical mechanics, it is of little service, since the forces operative:
in machines are not conservative. Accordingly, in the French technical
mechanics of the early nineteenth centwry, the Principle of Vis Vive was
reformilated, The concepts of work and transformation also received
sharper formulation and, in accordance with their value for practice,
acquired a new significance, |

Iet us briefly trace this important development with which are
associated the names of the Frenchmen, L. N, M, Carnot, M nge, Coulomb,
Navier, Coriolis, and Poncelet. Suppose a point mass m has the coordin-
ates x, y, %, and velocity components x', y', z! at the time t., If X,
Y, 2 are the net components of all forces acting, the dynamical
differential equations (Newton's definition of force) give

dx,. - dy' dz" -
n = 8 X n - -2 5 m == < Z
at ? at ’ at

Multiplying these equations inte

x'at ¢ ax, yltat 2 ay, ztdt & ds,
respectively, and adding, we obtain

n(xtdx?! - yldy! 4+ z'dz?) ® Xdx 4 Ydy + Zdz.
If v is the velocity, Q the working force, dg the projection of the

element of path on the direction of the force, the last equatiom mey be
written

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=183

mvdv & Qdg
which, for a system of points, becomes,

Zmvdv B < Qdge (14)

Integration givess =
| Zm‘-%Zmr ‘-‘S[Q&m. (15)

The great significance of the dewlopment which we are tracing lies
lems in equation (15) itself than in the point of view from which itse
members were regafded. For the right-haﬁd nember was now recognized s&s
being a measure of the changes which incur the production of a state of
increaged motion as represented by the left~hind member, or, conversely,
as the measure of the effect resultling when the motion decreases, Thus,
by virtue of their associastion with definite physical operations, en=
countered in practice, the members of (15) came to acquire & subsztantial,
as distinct from formal, character. At the same time, there naturally
arose the ldea of transformation, whereby the cause, represented by the
right~hand member, is conceslved as being transformed into the effect rep~
resented by the left~hand member, or vice versa,

This novel trend of thought ls exemplified by the new terminology
which began to be adopted at this time. The motion of transformation is
clearly evident in the term, latent vis viva (force vive latente), which
was introduced by L. Ne M. Ca:rnot for twice the right-hand member of (15) .
Other terms advanced for fSqu, or its double, included "mechsnical
power" (puissance mecanique), "moment of activity" (moment d'activite),
"dynamic effect" (effet dynﬁmique), and "quantity of action" (quantite
d'action), Fimally, Poncelet (1824) introduced the term, "mechanical
work" (travail mecanique), for = \K:qu, and established the kilogram=
meter (work done in 1ifting & kilogram weight through s height of one
meter) as its unit of messure,°%
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Poncelet also referred to the left-hand members of (14) and (15) by the

term fwork." Thus he called -ﬂ and ~-mvdv, the force of resistance,
at

and the work of resistance, respectively. Wpiting (14) in the fornm,

S+ = iy ® 0,
he regarded it as expressing the following relation between the virtual
momentss the sum of thé elements of work developed, including both those
produced by the forces changing the motion ( S Qdg) and those developed
by the forces of resistance brought into being by those changes ( S =mvdv)
3s equal to zero. No doubt appreciating the novelty of this point of
view, Poncelet referred to the old Principle of the Conservation of Vis
Viva as the Principle of the Transformation of Work (principe de la
transmigsion du travail).

To Coriolis (1829), who advocated views quite similar to those of
Poncelet, is du:e'the logical step of assigning the name vis viva to
-lmg rather than to mwz, a change of terminology which was, however,
slow to be adopted,

Anticipating our subssquent exposition, we may point out the three=-
fold significance: of these developmente for the First Iaw of Thermo=
dynamies., In the first place, they mrovided mechanices itself, regerded
as a branch of thermodynamics, with clear formuletions of the all-
important notions of conservation and transformation. Secondly, in
doing this, a basis was simultaneously provided for the gquantitative,

substantial treatment of all changes which occoxr in connection with
mschanical changes, either directly\or indirectly. Finally, the new ideas
of mechanies provided a more logical basis for the kinetic theory of heat.

‘Hmvefver, the thermodynamical significance of these developments in
French technical mechanics was slow to be appreciated. The writings of
the precursore of the First Iaw (e.g. Mphr, Liebig, Grove) olthmugh
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although coming ten to fifteen years after Poncelet expounded his
notion of mechanieal work, were guite lacking in the quantitative
formlations which a proper appreciation of his ldeas might bave
provided, Although the concept of mechanical work played an important
role in the experiments of Joule, the first decided influence on ther-’
modynamics of the new developments in mechanics appeared in Helmholtz's
(1847) attempt to develop systematically the mechanistic view of
phenomena. The real significance of the work concept for thermody-
namics, however, remained unappreciated until the classical developments
of Sir William Thomson and Rudolph Clausius at the middle of the centmry,
4. THE FORMULATION OF THE FIRST LAW OF THERMODYNAMICS,

We are now in a position to resume the main thread of owr exposition
of the history of the First Iaw of Tharmodymmics; Before our digression
into the history of mechanics, we had just completed a resumé of the
views of the precursors of the Energy Princ_iple;‘ We may now describe the
work of the founders proper of the First law, the most important of whom
were lMeyer, Joule, and Helmholtz, |

Robert Mayer is dlstinguished from the precursors ef the First law

by the fact that, although he was guided by the same metaphysical belief
in a Cartesian substance which dominated the speculations of the pre-
cursors, he, unlike them, succeeded in definitely showing how this sub-
stance could be interpreted in scientific practice. On the other hand,
the great generality of hie treatment sets him off from Jouls, his
English ckntemporary, while his complete independence of the kinetic
theory of heat places him in a class by himself amoung the great founderss
of thermod;mamie&.zz -
In his first published paper entitled, "Rgmarks on the Forces of
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Inorganic Nature (1842)," (38; 1.3)2? Moyer made no mention of the bappy
sceident which trought his mind to bear on the subject (cf. p.iT), but
began with considerations of the most general nature. The influénca of
the substance hypothesis and, more specifically, of Iﬁvoisier's Principle
of the Conservation of Mass, is evidenced in Mayer's opening characterie
zation of his paper as "an attempt to make the concept of force (Eraft)
just as precise as that of matter,®™

Forces, he defined ae "instructible , changeable, imponderable objects."
Their instructibility and changeability is associated with the fact that
they stand to each other in the relation of cause and effect and are
hence governed by the principle: causa aeguat effectum, Since forces, in
exemplifying the relation of cause and effect, pass into one another, they
must be regarded as different, changesble forms of the same object.
Finally, the characteristization of the forces as "imponderables® differ=
entiates them from bodies of matter which also exhibit the relation
of cause and effect,

The notion of equivalence was clearly set forth, If a cause ¢ has ann
effect ¢, ¢ = ¢, If e is again the cause of £, ¢ S £, etce So we may
writec ® ¢ 2£2 ,,, ®ce Just as the object of chemistry is to
dovelop casual relations between the different forms of matter (chemical
equations), so thetobject of physics should be to develop similar rela=
tions between the different forces,

Mayer now passed to several concrete illustrations of his ideass, In
the combustion of hydrogen, water is formed, and the chemical formlation
of the causal relation between the ponderables involved is represented
bys H,+ %0*2———) H 0.

But, said Mayer, heat is also produced which must have a cause x. So we
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may writes -
X = heat.
He did not discuss the mature of the cause (force) X
Tn the application of his ideas to mechanics, Mayer clearly form-

wlated the idess which are now embodied in the terms, "potentisl energy™
and "kinetic emrgy."% .

‘Since the expenditure of force is the necessary cause of the 1ifting of
& weight above the smrface of the earth, space differences of ponder=
able objects must be considered forces, He called such forces, fall=-
forces (Fallkrafte), because they cause bodies to fall, Mechanies shows
us that a fall—forc; can be the direct cause of a new species of force,
motion, and provides us with a quantitative relation bétween the two,
Thus, & weight m, on being 1ifted through a height d, acquires, on fall~
ing, a velocity ¢ such that e 2 w
nd = me = Vv,

Where v is the fall-force.2” MNayer here observed that the Principle of
the Conservation of Vis Viva is a particular instance of the general law
of the indestructibility of causes,

However, motion often disappears without the appearance of other
motion or the 1lifting of a weight. Oyr fundamental principle of the
indestructibility of force clearly requires, said Mayer, that some new
form of force appear; but only experience can reveal Just what this new
form will be in any perticular case., Thus, when heat appears and motion
disappears, the motion can be said to be the cause of the heat, only when
the motion is the sole cﬁuse and heat the sole effect., Since this actuslly
occurs, as when frietional heat is produced by the motion of metal parts
which undergo no permenent change, we must assume thaet heat is a force,

capable of arising out of motion.
Meyer rejected the suppdsition of the calerists that the production
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of frictionﬁl heat is caused by the decrease in volume. For water may be
heated by shaking whereupon its volume increases, He likewise re‘Jected’

the kinetic theory of heat, although he apparently adopted the unauiatory
hypothesis of light and radiant _heat. We can no more say that the
essence of heat is motion than we can say that the essence of fall-force
is motion, Rather, said Mayer, motion (either simple or ¥ibrating, as
in light and radiant heat) must cease to be motion when it becomes heate

The relation observed between the forces, heat and motion, and that
between fall-force and motion provide us with a relation between fall-
foree and heat, At the same time, Mayer noted that heat need not always
be the effect of motion. Thus & change of state of aggregation may &lso
be the effect as in Dyvy's experiment on the melting of ice by frietion,
Also heat and volume incresse may be produced simmli&meously as the
effects of motion, Finally, the vanishing of heat may result in motion,
increase of volume, elévation of & weight, etec,

As further illustrations, Mayer cited the water works, the vapor
machine, and the locomotive., In the first, the expenditure of fall~force

~ (which Mayer said may also be regarded as a decrease in volume of the

earth) produces motion which, in turn, is converted into heat. In the
vapor ‘ma.ch‘ine, heat becomes motion, wich, in turn, may be employed to
raise a weight, Iy, the locomotive, heat produces motion which is par-
tially converted back into heat by the friction of the wheels on the rails,

Meyer concluded his remarkable paper with the result of his calcula-
tion of the mechanical equivalent of heat, It remains for future exper=-
iments, he said, to determine directly the height to which a weight
must be raised in order that, on falling, a certain weight of water will
be raised from 0° to 1% ¢, However, he stated that from the ratio
écp/c ® 1,421 for gases he found that & wnlt weight mst £all through a

v
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distance of 365 meters in order to raise a unit weight of water from
0° to 1°, From this, he concluded that ohly a small part of the heat
of combustion is converted into work in the steam engine and suggested
that other means, e.g. electrical, be employed for attaining this motion.
In a paper privately published three years later and whose title,
f0rganic Motion in Bonnection with Mutrition," suggests the sphere of
of phenomena 1in which the ideas: contained in the first paper originated,
Mayer extended his great generalization to the whole phenomenal world,
ineluding the organic, To the historian of thermodynamics, however, the
peramount importance of this paper lies in the fact that it gives in
detail the method whereby the mechanical equivalent of heat, cited in the
first paper, was obtained and thereby establishes Mayer as the author of
the first unambiguous calculation of the mechanical equivalent of heat.zé
For, in the 1845 paper, we learn that the calculation from the ratio
c ,."e.v was based on the long-forgotten free-expansion experiment of Gay=-
L ssace The latter Bhows, said Mayer, that the mere ineresse in volume of
alr does not require any heat. Hence, the excess of the heat camecity at
constant pressure over that at constant volume must be regarded as the
cause, i.e, equivalent, of the fall-force generated (work dons), Now
Mayer imagined a cublic centimeter of air confined at 0°c. in a vertical
tube of one sguare centimeter cross-section under a column of mercury 76
centimeters high. If the air be heated under these conditions to 1°C, »
its volume increases: by (1/274)th of the originel volume (Gay-Imsssc's
Law of Thermal Expansion), thereby raising the mercury columm, whose weight
is 1033 grams, through a height of 1/27/ centimeters, Now the specific
heat of air is 0,267 (Delaroche and Berard). Hence the total heat absorbed

0.0013 gh@ms, is A
by the cubic centimeter of air, whose weight IsY(0.0013)(0.267)= 0,000347 .
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since the ratio cp/cv = 1.421 for air (Dulong), the heat which would

have been needed if the volume had been constant is 0,000347/1.421 =
0.000244. The difference, 0.000347 = 0.000244 ¥ 0.000103, represents
the heat used to 1lift a weight of 1033 grams through a height of 1/274
centimeters, By reduction, Mayer found that one unit of heat (calorie)
is equivalent to the raising of a one-gram weight a& height of 367 meters.z',
In his 1845 peper Mayer also explained a phenomenon which had long
bothered scientists, namely, the charging of the electrophorus. If &
negatively charged wax disc be placed parsllel to an uncharged metallic
disc, the side of the metal nearest the wax will becoms positively charged,
1ts reverse side negatively charged (Figure 7). The negative charge may
be removed by grounding, whersupon the metal m§ bt%?emoved from the
neighborhood of the wax @&ise and 1ts positive charge ime-

wax
parted to the electrophorus: by conduction. This process -
may be redpeated as many times as we please, the wax and _...ﬂ:___?m

-

metel discs having resumed their initial states after - Figure 7
each operation, The charging of the electrophorus thus appeai'.s: to be an
effect which has no cause; indeed, Volta, who first observed the phen=
onenon in Y775, thought it violated the principle of excluded perpetual

motion,
Mayerts explanation was simple and to the Qoin'b; Ho observed that,

because of the attraction of unlike electricities, more force (work) must
be expended in removing the charged metal disc from the vicinity of the
wax: disc than would be required if the metal were uncharged. It is this
additional force which is the cause of the charging of the electrophorus.v
In the 1845 paper we find Meyer adopting Dalton's atomic hypothesis
long enough to suggest that the heat of chemic;l reaction may be the
result of collisions of the atoms of the reactants which rush together
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under the forces of chemical affinity, ,
However, with this exception, the positivistic view of the 1842

paper is maintained. The object of future investigation must be the
study of the transformations of force, whose various species he listed
in the following table:

Forms of Force
I, Fall-Force (mochanical forces)
II, lMotion (mechanieal effects)
simple
vibrating: (1ight, radiant heat)
Impone III, Heat ' .
derables: \IV, Magnetism
elsctricity

galvanic current
Ve Chenmical Change
separation chemical forces
combination
The designation of wvibratory motion, heat, magnetism, and electricity as
"imponderables" is undoubtedly & concession to the popular terminology of
the day. For Mayer had alveady stated in his 1842 paper that, sctuslly,
all forces are imponderéble. |

In his 1845 peper Mayer postulated that the heat of the sun is the
ultimate source of all activity in the world. This heat is converted by
growth processes imto the woody fibers of plants(Dwkre, either by
direct burning or through the intermediary of the animal body, it is re=-
converted Into heat, Several years later, in a paper, "Contributions to
Celestial Dynamics®", he devloped the hypothesis of colliding meteors to
account for this enormous heat of the sun,

Meyer's last work, "B _merks on the Mechanicel Equivalent of Heat"
‘appearing in 1851, (38), was no more than a resumé of views that had been
set forth in his previous papers. Its chief higtoriea—l interest arises
from its account of the observations made on the Java trip of 1841 which

led finally to the great paper of 1842,
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Contemporaneous with, but independent of Mayer's work were the views
of L.A. Oolding of Copenhagen and James Prescett szle of England Cold~
ing, in a paper, "Thesis on Force" (35, p. 56; 32, p. 129), which wae
presented to the Royal Society of Copenhagen in the year 1843, proposed
the Energy Principle in a form which was quite as general, though less
definite than that of WMayer. All forces, he said, being of spiritual
origin, cannot be destroyed but only changed in form, Further, he main-
tained that his principle that the total foree of the world is conserved,
is required by the principle of excluded perpetual mcr!:ian.z3
Iike Seguin, Colding assumed, wifljout resort to Gay-Iussac's free-
expansion experiment, that the cooling of a gas on expansien against a
piston is equivalent to the mechanical force gensrated in pushing back the
piston, Further, he even regarded the work of compression of solids and
1iquids as also equivalent to the hest gemerated, Fortunately, however,
his caleculation of the mechanical equivalent was: based, not on these
faulty cona:‘.dbr.&tions, but on his observations of the frictional heat gen=
erated by rubbing metals together. From such experiments he obtained the
value 350 for the mechanical equivalent of heat,

Colding's work appeared to have been unknown outside the circle of his
immediate associates wntil after the establishment of thermodynamics by
Thomson and Clausius, when it was rediscovered. It hence exerted no in-
fluence on the development of thermodynamics. For many years Mayer's work
was also unappreciated, even in Ggrmany. Helmholtz made no referencé +o
Mayer in his 1847 paper, and Q@,Las:lus s in his great memoir of 1850,
mentioned him only once and then in the most casual fashiom, Not until
the last quarter of the century was the true significance of Mayer's work
appreciated whereupon he came to be hailed as the true father of enmergstics,
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Fortunately, fate ruled otherwise in the cagse of Joule of England,
Although his careful and pains-teking experiments received little notlce
up untii 1847, in that jear they attracted the attention of Thomson; and
it was their influence which led to Thomson's abandomment of the calorie
theory and subsequent modification of Carnot's theory to form the great
system of classical thermodynamics, Since, as we shall note later,
Helmholtz's paper of 1847, like those of Mayer and Colding, was quite i.n-v
influential, we may say that, of the work of the great founders of the
Energy Principle, Joule!s played by far the greatest part in the histor-
ical development of classlical thermodynamice.

It would be difficult to find two scientific men whose inclimations,
as revealed in their work, differed more than those of Mayer and Joule,
From the very begimning of his studies, Mayer appears to have been
thoroughly convinced of the a priori walidity and logical necessity of the
Energy Principle in all its generality, although his sctual Imowledge of
the detail of physical science was quite meager. Further, with the ex-
ception of an experiment in which he raised the temperature of a body of
water from 1200. to 1306. by shaking, he is not known to hava performed &
gingle guantitative experiment,

The work of Joule, on the contrary, was almost exclusively experi~
mental., He was most cautious about making é%mlizations:; indeed, for the
most part, he dispensed with them altogether ,v preferring to let the exper=
iments speak for themselves,

However, it is scarcely conceivable that Joule'!s famous and remerk-
able experiments could "just happen." They were planned, of course, and,
behind those plans, ther.aknust have been a motive and a conviction, In
fact, Joule himself gave expression to this conviction‘ on several occa=
sions, As early as 1843, he spoke of the forces of nature being "by the
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Creator's fiat, indestructible," (32, p. 31) Again, at the conclusion of
his 1845 paper, he wrotes *S8ince I am of the view that only the Maker
possesses the power to destroy, I agree with Roget and Faraday that

every theory which points in its consequences to the amnihilation of foree
is necessarily false., The principles which I have developed are free of
this difficulty." (32,p. 32) These quotations seem to justify the char-
acterization of Joule's experimental work as an attempt to give definite,
quantitative form to the vague notions of transformation and conservation
of force, known to him through the writings of Faraday and C@ove». 29

It is impossible to say just how much Joule was influenced, in advance,
by Rumford'!s kinetiec theory of heat, We do know that he referred to it
in 1843, definitely subscribed to it in 1845, and stated in 1847 that
fiwe might reason a priori that such absolute destruction of vis viva
camnot possible take place, because it is manifestly absurl to suppose that
the powers with which God has endowed matter can be destroyed any more than
they can be created by man's agency." (44, I, p. 265}

Joule's interest in the problem of the transformation of force grew
out of his unsuccessful attempt, in 1837, to construct am electro~
magnetic engine which éould replace the steam power employed in his
father's brewery. He found that the work obtained in this way from a pound
of zine was less than one=fifth of that obtained from one pound of coal
in the best steam engines, This, together with the higher price of the
zine, caused him to conclude that the elesctro~magnetic machine was ime
rractical as a source of power except for special purpoaes'..‘

In the course of these investigations, Joule noteé the heat developed
in the conductors carrying the current and decided to determine the
relation of this heat to the current strength. Profiting by Faraday's
law, he measured the current by noting the weight of metal deposited per
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unit time in an electrolytic cell introduced into the eircuite By
immersing the conductors in a calorimeter, he then discovered his
famous law that the heat developed in a conductor (metallic or
electrolytic) 1s proportional to the product of its resistance and the
gsquare of the current strength, He further showed that the net heat
developed in such a circuit, when no other effects were produced, was
equal to the heat effect characteristic of the chemical reaction osccurr—-
ing in the bat‘bery;@ and that this net hea'ﬁ was proportional to the
product of the electromotive force of the babbery into the number of
chemical equivalents transformed, Finally, he demonstrated that, by the
insertion of a water coulometer into the cireult, the total heat of the
eircult was diminished by an amount equal to the heat evolved when the
liberated hydrogen and oxygen recombined to form water., All of these
results appeared in Joule's 1840 paper entitled, "On the Production of
Heat by Voltaic Electricity."”

Joule evidently did not consider these experiments as evidence
against the caloric postulate that heat is &lways conserved in total
amount, for he spoke of the diminished heat effect, occasioned by the
introduction of the coulometer, as compensated by the production of
flatent heat" associated with the hydrogen and oxygen. I;stea;d, his
attack on the calorie theory was not publicly launched until three years

- later, in 1843, when his paper, "On the Calorific Effects of Magneto-
Electricity and on the Mechanical Vplue of Heat," appearad.'

If heat is not a substance but a state of vibration, said Joule in
this 1843 paper, we might expect that it could be brought about through
motion, He then proceeded to deseribe his discovery that, by means of
Faraday's magneto-electricity, the heat effect corresponding to a given
chemical action occurring in & voltaic battery may be decreased or
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inereased depending on whether "mechanical power! is expended or develop=
sd, B& rotating a spool of wire with an iron core between the poles of
an electromagnet, measuring the induced current by means of a galvan=-
ometer, and noting the total heat developed, he first showed that the
heat developed by the induced current, like that of the voltaic currSnt
already studied, is proportional to the product of the resistance of the
eircult into the sguare of the current intensity., He then introduced a
voltaic battery imto the circuit containing the spool and the galvano-
meter and found, of course, that, by rotation of the spool, the battery
current, hence the amount of chemical action occurring in the battery per
unit time s may be diminished or increased, deponding on the directlon of
rotation, After showing that the heating effect of fhis current, which
may be regarded as a combination of the battery current and the induced
current, is also proportional to the product of the resistance into the
sguare of the current intensity, Joule realized that he had, in magneto~-
electricity, a means whereby the heat corresponding to a given cell
reaction may, by mechanical means, be increased or decreased by an amount
proportional to the intensity of the induced current., This follows from
the fact that the effect, on the chemical action, of the induced current
is proportioml only to the first power of this current?s intensity, where-
as the increase or decrease in the heating effect is proportionsl to the
square of the induced current. 31

Thus suppose g is the heat developed per unit time per unit current
in a voltaic circult unaffected by induced currents. Iet the resistance
of the circuit and the current flowing be denoted by R and I, respect-
ively. By choosing as the unit of electromotive force that electromotive
force required to produqe in unit resistence & current corresponding to the
heat q, Wwe may write for the total heat of the circuit, qI ® RI2, where
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Ohm's Iaw requires that IR ® q, If, now, there be introduced an
induotion current i, and if w8 denote by Q the heat now developed pex

unit time per unit current, we shall have
@ ( Tti) = R(IZY
or
Q S rRrtmrc g ¥ Ri,
i.e. the increase or decrease in the heating effect, Q=g, is propor=
tional to the intensity i of the induced current,

I, the case where the induced current assista the voltaic current,
Joule recognized that the increased heating effect, Q=q, which he care-
fully measured, must come from the "mechaniecal power™ expended in turning
the spool through the imposed magnetic field, To determine the magnitude
of this work, he devised a mechanism whereby rotation of the spool was
effected by means of a falling weight suspended over a pulley'.‘ With this
modificationk the experiment was repeated , cere being taken that the
magnitude of the weight W was such as to produce the same velocity of
rotation of the spool as prevailed when the heating effect Q-g was
determined. Discomnecting the battery operating the electromasgnet, Joule
next determined the weight w which will just overcome the frictional
resistance opposing rotation of the spool. Then, if h is the height
fallen through by the weight W in the time t, the mechanical power (W-w)h
has evidently generated the heat (Q-g)tI, From a series of such experi~-
ments, Joule obtained, as the mean value for the mechanical equivalent
of heat, 838 foot pounds per British Thermal Unit,

In a footnote to this same paper, Joule stated that, by measuring the
temperature rise caused in water by forecing it through the small holes of
a piston, he obtained the value 770 foot pounds per B.T.U. for the
mechanical equivalent,

In the above-described investigations Joule supplied definite
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gquantitative evidence for the prineiple of the correlation and conser=-
vation of "forces," so far as chemical action, heat, electricity,
magnetism, and mechanical action were concernede In the same year that
saw the publication of his second paper (1849, he attempted to bring
light into the same fold with the other "forces" by comparing the heat
of a galvanic current which rendered the wire incandescent with the heat
effect when the wire was kept cool by immersion in water, Finding the
heat effect for a given current in the latter case slightly in excess of
the baat effect in the fofmr, he attributed the difference to the pro=~
duction of light in the first instance. (35, p. 65)

Tn & paper published in 1845, entitled "On the Changes of Tempera-
ture produced by the Rarefaction and Condensation of Air," Joule
described new determimations of the mechanical equivalent, In one exper=-
iment, a glven volume of air at a lmown pressure was sucked into &
compression flask contained in & water cslorimenter, whereupon 1t was conm=
rressed to a smaller volume and the rise in temperature of the water noted,
By employing a large quantity of water, the temperature rise was
sufficiently smll so as to make the work of compression calculable from
Boyle's law, Joule found that, if the work of compression be assumed to
be equivalent to the heat developed, this method gave the value 795 for
the mechanical equivalent, The fair agreement of this walue with the
value obtained from the thermal effects of magneto-slectricity (where
there was no possibility of the heat having been latent) caused Joule to
suspect that the volume chanfies of air likewise did not, in themselves,
incur any heat to become free or latent, and he confirmed this suspicion
by performing the frpu expansion experiment which, unknown to him, had been
carried out by Gayv-rqéssac many years before,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~199=

As a further check, he measured the heat absorbed by air when it expénded
practically isothermelly against atmospherie pressure, thereby obtaining i
820 for the mechanical equivalent. In conclusion, pointed out that his
experimental results contradicted the assumptions (caloric hypothesis) which
Carnot had made in develqping his theory of the steam engine, whereas they
confirmed the theory that heat is a state of motion of the smallest parti-
cles of a body.

The method for the determinatioh of the mechanical equivalent which
Joule finally found most reldable was the direct one in which frictional
hoat was generated by the arms of e paddle rotated in water by means of
lead weights attached to the shaft of the paddle by cords drswn over pulleys
(17, pe. 289). Experiments of this type, employing mercury as well as
water as frictional medium, were carried out by Joule from 1845 through
1849 and gave as the most probable value of the mechanical equivalent, 772
foot~pounds per B. T. U. (423.5 kilogram-meters per calorie), a value which
stood fior nearly thirty years.32

Mayer, as we have seen, vigorously opposed the kinetie theory of heat;
and Joule, although he accepted it, appears to have been guided in his ex=
perimental researches far more by Grove'ls general notion of the correlation
and conservation of forces than by any hypothesis as to the ultimate nature
of thermal phenomena. On the contrary, the dominating stimufus in the case
of Helmholtz's 1847 paper, "On the Conservation of Force" (45), was the
conviction that not only heat but magnetism, electricity, light, and chem~
ical "forces" as well were ultimately mechanical in nature and were hence
subject to the laws of pure mechenics. However, if, in spite of the fact

that Helmholtz fell far short of attaining this postulated goal of universal
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mechanical explanation, his paper nevertheless contains numerous results of
lasting value, this is because these latter are in conformity with Mayer's
prineipls of equivalence.

In the introductisn to his paper, Helmholtz clearly revealed fhe funda~-
mental oppoéitibn of his point of view with that of Mayer. The proper
function of theoretical science, said Helmholtz, is, starting from the vis=-
iEle effects of phenomena, to seek out their common, hidden causes. The hy=-
pothesis that all phenomena are, in fact, reducible to the same fundamental
causes is simply the scientifically necessary assumption that nature is
comprehensible,

Science, said Helmholtz, regards phenomens from the standpoint of two
abstractionss (1) metter in its purely existential aspect, ile, matter
constant in quantity and occupykng space; (2) matter as acting and productng
qualitative effects, i.e. matter endowed with "forcds" (Krafte). He observed
that these two aspects are actually inseparable since matter is observable
only through its forces, and, conversely, the observation of forces implies
the existence of matter.

Particles of matter endowed with unchangeable forces(indestructible qusl-
ities) are particles of the chemical elements. If we imagine the whole
world analyzed into particles of the chemical elements, then the only
changes possible are the motions of these particles relative to one another.
Hence sciencels search for final causes must consist in reducing all phenomens,
to the motions of particles of matter endowed with unchangeable forces.33

Having adopted this mechanistic point of view, Helmholtz considered it
immaterial whether he take as fundamental axiom, (1) the Principle of Ex-
cluded Perpetual Motion (impossibility of obtaining work from nothing), or

(2) the hypothesis that all phenomena cen be traced back to the action df
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attracting and repelling forces whose ifitensity depends only on the dis-
tance, since he regarded these two starting points as mutually equivalent.

Iet us see how he came to regard these two axioms as identical. In the
first placd, the Principle of Excluded.Perpetual Motion, when applied to an
isolated system of mass particles moving under the influence of thelr
muituval , congervative forces, requires that the change in total vis viwe
( zzﬂmwz) of the system when it goes from one configuration to another
shall be independent of the path (that is, independent of the intermediate
velocities and configurations) or, what is the same thing, that the total
vis viva of the system shall be uniquely determined by the system's configur-
ation. For suppose the total change in vis viva for a given change of confi~
guration i% were greater by one path than by another. Then, by allowing the
change of configuration to occur along one of these paths and then restoring
the system to its initial configuration by reversing the other path, the
axéess vis viva, equivalent to a certain amount of work, would have been ob=
tained from nothing, But this would violate the Principle of Excluded Per=-
petual Motion,

Further, it is equally evident that the assumption that the configuration
of such a system uniquely determines its total vis viva, implies the Princie
ple of Excluded Perpetual Motion, a truth which Helmholtz did not take the
trouble to point out explicitly. Consequently, Helmholtz considered the form
which the Principle of the Conservation of Vis Viva takes for such an isola=
ted system of mass particles as tantamount to the Principle of Excluded
Perpetual Motion. ILagrange had glready shown that this form of the Prin=
ciple of the Conservation of V184Viva followed from the assumption that the
acting foreces could be expressed as derivatives of a function of the coordis=

nates, i.e. that their intensities depended only on the distance betweeen
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the centers of emanation. Hence Helmholtz's second axiom (hypothesis of
central or conservative forces) was sufficient for the firmt (Principle
of Excluded Perpetual Motion).

Helmholtz thought that the first axiom was likewise sufficient for the
second, If the kinetic energy T .- of a particle be a function of the
coordinates (x, y, 2) alone, we have

df = OTdr, 2T gy, 2T
Fr-Bmi Y= Yy + o dz.

Further aT = Xdx + Yay + Bdz

where X,Y, and Z are the components of the force acting on the particle.
Equating like coefficients of dx, dy, dz, Helmholtz deduced the condlusion
that the force-components are uniquely determined by the coordinates (x,¥,z),
and hence that the action of forces in such a system dependsonly on the
distance between the particles. Lipschitz, however, has shown that this
conclusion does not rigorously follow. (32, p. 38)

Helmholtz derived the analytical formulstion of the Principle of Conser-
vation of Vis Viva in the fodlowing manner. Suppose a particle of mass m is
subject to the conservative force CP whose components are X, Y, Z, At time
t, the coordinates of the particle are x,y,z, its velocity is v, whose
components are x', ¥¥, z', and its distance from the point of emanation of
the conservative force is r. Now

‘ v = x'2+ y'2+ 712
whence d(v?) = 2x'dx'+ 2y'dy’ + 2z'dz’. (16)
But the force components are given by the fundamental relations:

X p8 ) yemdy!, z= pdaz'
dt dat dt

so that dx' = Xdt/m, etc. Substituting these values, also x' = %‘g, etc.,

in (16), we obtain .o & axy X ayy & aze
m
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Introducing Ct) by means of the relations X = = 5 ¢ ,z2=2 - f.gb, p4

"

i
] o8
=

we find
ndve = -2.543 (xdx + ydy + zdz ),

or md.v2 - qb dr.
Integration between the limits V and v, and R and r, gives |
3 0 - -3mR = -'f <i’cﬂ::', (7)
where the Principle of Excluded Perpetual Mbtlon requires that the integral
on thé right~hand side be independent of the path. Helmholtz next shows that,
when applied to a system of any number of mass particles, equation (17) assumes

the forms

-chbari 2 S0 v - S6n v, )
The Prineipls of Vis Viva expressed in the form (18) Helmholtz called the
Principle of the Conservation of Force. The right-hand member of (18) was
called the gain or loss of living force (viqgiva), the left-hand member,
the corresponding change in the system's "tension-foree" (Spannkraft).
The Principle of Conservation of Force was.hence expressed in words, as
follows§ #In all cases of the motion of free material points under the influ-
ence of their attracting and repelling forces, whose intensities depend only
on the distance, the loss in the quantity of tenslon-force always equals to
the gain in living force, and the gain iﬁ the first equals to the loss in
the second.” Hence the sum of tension force and living force remains constant.34
As instances of the fruitful results obtained by the application of the
Principle of Conservation of Force to mechanles, pure and applied, Helmholtz
cited the laws of motion of the heavenly bodles, the laws of falling terrestrial
bodies, the laws of collisten of elastic bodies, the Principle of the
Conservation of the Center of Gravity, the Principle of Virtual Velocities,

the laws of statics; prineiple of consergation of elastic vibrations, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=20/
and
Presnel's laws of the reflection, refraction, polarization of light.

Helmholtz's Principle of the Conseryation of Force is, of course, noth-
ing more than Poncelet's Principle of the Transformation of Work applied to
conservative systems. However, by emphasizing the close relationship of
his principle to the Prineciple of Excluded Perpetual Motion and by pointing
out that it may be taken as the startiﬁg point in the systematic exposition
of mechanics, Helmholtz rendered a real service to pure mechanics.

In so far as its relation to pure mechanies is concerned, Helmholtz's
paper constitut4d an extension of the Menergetic" view already advocated by
Poncelet and Mayer. On the other hand, in postulating that gll changes,
including electrical, magnetic, chemical, optical, and acoustic processes,
are really mechanical in nature and hence subject to his Principle of the
Conservation of Force, Helmholtz placed himself in direct opposition to
the "energetic" view, substituting in its place the ideal of molecular(or
atomic )physics. AMiccording to the labter, every body is a Newtonian system
of mass particles, too small to directly observe, and whose changes in vis
viva and tension-forces are to be inferred from the macroscopic changes of
the body.35

Turning to the consideration of thermal phenomena, Helmholtz showed that
his mechanistic hypothesis was consistent with the known facts. The view that
an absolute loss of vis viva occurs in frictional processes and in the colli-
sion of inelastic bodies neglects the increased tension-forcds caused by
compression, elso the production of he,at and electricity in such processes,
which can, in turn, produce mechanical actions. The question, whose answer
the mechanistic hypothesis requires to be affirmative, is, Does the sum of
the forces produced always correspond to the mechanical force which has bema
ldst?
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Does heat really have a force equivalent? In answering this %uestion,
Helmholtz was led to a criticism of the calorgc theory, which wasxgtill
widely accepted at this time, e.g. by William Thomson in England. According
to the caloric hypothesis, the force~equivalent of heat can mean only the
work obtained in the transfer of a certain quantity of heat ffom a higher
to a lower temperature. To explain frictional heat, the calorists had
assumed: (1) that the heat is conducted from the surroundings; or (2)
that it arises from compression of the surface particles where it was pre=-
viously latent. The first of these assumptions, sald Helmholtz, is un=
supported by experimental evidernce. The second, besides ascribing a large and
highly improbable thermal effect to a very small compression, completely
fails to account for the frictional heat producible from soft bodies in
which no large surface compressions could be maintained, e.g. as in Davy's
melting of ice by friction and in the softening of iron by hammering.

As positive evidence agaimst the caloric theory and in favor of the
kinetic theory of heat, Helmholtz cited Joule's measurement of the work=-
equivalent of frictional heat, also the production of heat by mechanical
megns in the magneto-electric machine. He observed, as théﬁhad done be=
fore him, that mechanical work must be expended to charge the electrophorus
and that the heat generated on discharge must be equivalent to the work
originally expended. He noted that similar considerations apply to the
work expended in charging a battery. 36

#From these facts," said Helmholtz, "it follows that the quantity of
heat(of a body) can be absolutely increased by mechanical forces, that
therefore calofifig*henomena cannot be deduced from the hypothesis of a
species of matter, the mere presence of which produces the phenomena, but that

they are to be referred to changes, to motions, either of a peculiar species
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of matter, or of the ponderable or imponderable bodies already known,
for example, of electricity or the luminiferous ether,"’! Thus Helmholts
refused to commit himself on the question of just what it is whose
motion constitutes heat; likewise, he admitted that the preclse nature
of this motion is unknown, I;deed, he said, "Of what nature the motion
is we have no means whatever of ascertaining; the possibility of con-
ceiving the phenomena of heat as being due to motion is, however,
sufficient for our present object. The conservation of force in case of
these motions will hold good in all cases where hitherto the
conservation of caloric has been assumed."

In this comnection, Helmholtz stated that i# is: only free or
sensible heat which is to be attributed to the vis viva of the calorifiec
motion, Iatent heat is an expression for the gquantity of "tension-force®™
(potential energy of position) of the atoms of the body. Thus when
latent heat becomes sensible, tension-force has been transformed into
the vis viva of calorific motion.

Concerning the heat of chemical processes, 3 8Helmhol‘bm observed
that Hess's Iaw of Constant Heat Summation becomes a special instance of
the Principle of Conservation of Force, if, instead of supposing that
every chemical compound possesses a characteristic gquantity of latent
caloric, we assume that the heat developed by chemical processes is a
measure of the "vis viva produced by the chemieal attractions."

If, in applying the Prineiple of the Conservation of Force to elec~
trical phenomena, Helmholtz obtained more definite results, this is
because his mechanistic viewpoint has, in this case, an unambiguous
significance for magros

opig systems.‘ Electricity, says Helmholtz, may .
generate force in either of two wayst (1) the electricity may move the
body which bears it; (2) the elsctricity itself may move through the
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body generating heat. In particular, he showed that K. F. Gauss®
potential theory, completed in 1839, is in complete conformity with the .
Principle of the Conservation of Force. Thus, if two bodies of charges
aéiand el are located at a distance r from egch other, the force of
attraction is, according to Cofilomb's Law,, qD - - :1_2:2_ . When one

r
of the bodies passes from the distance R to r, the galn in vis viva is

- SP (p @ = 1% % , Because Cb is a central force,
th; gain in vis vivan(which may ZorreSpond to a visible motion of the
bodies or to an increase in the invisible ealorifiec motion, representing
a development of heat) is independent of the path in going from the
distance R to r.

As an application of the potential concept, Helmholtz obtained, for
total "tension-force™ expended in giving to a body of capacity ¢ a charge e

and potential V, the well-known expression

- 2
%BV“ 'é‘g‘c- .

If, on discharge, all visible motion is avoided (also light and sound), this
represents the mechanical equivalent of the total heat generated. As expere
imental confirmation of his law, Helmholtz cited the work of P. T/ Riess
which had revealed the heat of discharge to be proportional to the sguare of
the charge.

Turning to galvanic electricity, Helmholtz began by distinguishing between
metallic and electrolytic conductors. No combination of metallic conductors
can result in the generation of an electric current except that occasioned
by the process of establishment of electric equilibrium. In the conjointment
of metallic conductors with electrolytic conductors, hcwever, electric currents
are generated even though the metallic conductors themselves are in electric

equilibrium. The Principle of the Conservation of Force requires that this
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production of galvanic electricity be accompanied by chemical action as,
‘indeed; Faraday's experiments have shown to be the case. For if it be caused
by the mere contact of unlike metals (contact theory), an infinite amount
of electricity, hence mechanical force, could be obtained without expenditure
of any other kind of force.

Helmholtz then discussed Lenz's Law for the heat of the electric
current (Q = Ith) and cited Joule's experimental verifications of it.
Liké Joule, Helmholtz assumed the heat developed by the current to be equal
to that of the cell reaction when it occurred alone outside of the battery.
The total heat Q, developed in time t, by the galvanic current I of a battery
of electromotive force E is by Lenz's Law, |

Q= I® Rt S EL,

where R is the resistance of the circuit. Let dgq be the heat of solution
of one equivalent of the anodic substance (e.g. zine) and 9, that for one
equivalent of the cathodic material (e.g. copper). Then, if I be measured
as equlvalents of e.g. water decomposed by the current per unit time, the
heat which would have been developed by the chemical reaction if it had

occurred outside the battery is

1t -

Q= It(g, =g, e
But , if Q 2 Q', this requires that the electromotive force be related to the
heats of reaction as follows (cf. footnote 30):

E= qg = Qge
To be sure, the mechanistic hypothesis does not appear to play any

determinative role in this treatment of galvanism. However, said Helmholtsz,
if we imagine charged atoms (ions) of the cell fluid attracted and repelled
by the electrodes, the term I (qh = Qg) may bs supposed to represent the

amount of their tension-force which, per unit time, is transformed into the
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vis vivae of the calorific motion given by I°R. ”

After discussing the phenomenon of polarization, Helmholts under-
took to apply his principle to thermo-electric currenmts, A thermo=
element (Fig. 8) absorbs, in a unit of time, the heat g, at the hot

junetion, develops heat q, at the cold junction, whereas the electrical
4t
1

ourrent I, which is generated , develops the heat I°R.
If E is the total potential drop in the circult, EI

represents the heat, per unit time, developed by & '°1> T
chemical reaction which would have produced by
t
galvanic means the same current I, Since the Frineciple 2
Figure 8

of Conservation of Force requires that this hypothetical
fchemical heat! be equal to the heat actually produced, we have
BI T TR @ - G (19)

‘respectively, Ohm's Law requiress

T 2L-B-5 (20)
T x

Coﬁpariné equationg | (19) and (20) we obtain
" (EI-EZ‘)’I_: a - g ,

i,e. "with the same intensity of current, both the force which generates
heg‘t and that which absorbs heat increase with temperature in the same:
proportion as the e.m.f:39
| In the case of magnetic attractions and repulsions, the Principle of
the Conservation of Force takes the same form as in the electrical case
since the inverse square law of attraction still lvzolds.v

When we come to magnetic induction, the i’rinciple of the Conservation
of Force requires, according to Helmholtz, that, "if a ﬁagne'h moves under
the influence of a current, the vis viwva which it thereby gains, must be:
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obtained at the expense of the tension-forces, which are consumed in ‘the
current,” Now suppose the drop in e. m. f, in the primary circuit is E
and its current is I and its resistance R, Let V be the potential of
the magnet toward the conductor, Now it is not clear why aEIdt, where a
is the mechanical equivalent of heat, should represent the tension-force
consumed in the current in tims dt, nor why I g% dt should equal the
corresponding gain in vis viva of the magnet. Yet by assuming this and
that al?hdt gives the vis viva generated in the path of the current,
Helmholtz obtainsd the correct equation,

akzdt  arRat+ I g,
whence E-4dl

I= A.di
R

In attempting to extend these results to the case where éeveral conductors

- are set in motion by the mutusel magnetic actions of their respective

currents, Helmholtz obtained incorrect equations (cf. 32, p. 46).

Helmholtz concluded his essay'with a few remarks relative to the
extension of the Principle of Conservation of Force to organic processes.
In the growth of plants, "chemical tensions" are stored up, accompanied by
‘the absorption of solar reys. By burning, these chemical tensions are obtained
as heat. Animals consume chemical tension, as plant food, and generate heat
and mechanical force in their place. In this comnection, the experiments
of Dulong and Despretz on animal heat are cited as confirming the Principle
of Conservation of Force. |

Because he was far better trained in mathematical physics than Mayer,
Helmholtz was able to definitely show how the eqﬁation provided by the First
Law could yield many new and fruitful results. However, as a general states
ment of the Energy Principke, Helmholtz's exposition suffered from the vague=

ness occasioned by his adoption of the hypothesis that all phenomena are
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ultimately mechanical in‘nature. Even when regarded as an outline of the
aims of molecular physics, his paper is still ambiguous because of his attempt
to ineclude imponderables in the Newtonian mechanistic ssc::heme.‘("0
A more precise, also bolder exposition of the mechanistic hypothesis,
as applied to heat, was the celebrated theory of molecular vortices which
was advanced in 1850 by W.J.M.Rankine with the publication of his paper
on "The Mechanical Action of Heat" (47, p. 234). Joule's experiments,
- gaid Rankine, confirm conclusively Davy's contention that heat is a motion
of some sort, and it ohly remains to develop this theory quantitaﬁively
by introduction of sultable assumptions. Rankine then supposed that each
aton of matter consists of a nucleus imbedded in an elastic (ponderable)
atmosphere. The expansive force characteristic of heat he attributed to the
centrifugal forces set up by the vortex motions of the atomlic atmospheres;
in fact, quantity of heat in a body at a given temperature was regarded as
numerically equal to the product of the weight of the body and the height
through which a body of unit weight must fall in order to acquire the
velocity of the molecular oscillations of the given body. In these consi~-
derations the term "mechanical power" was employed where Helmholtz had used
"force, 41
In opposition to Carnot's postulate of the conservation of caloric,
Rankine, like Helmholtz, set up the Principle of Conservation of Vis Viva,which,
for a cyclic process, yielded the result that "the algebraical sum of the vis
viva’ expended and produced, whether in the shape of expansion and coxﬁpression,
or in that of heat, must be equal to zero." The mammer in which Rankine
applied this theorem to obtain a relation between the specific heat of
& liquid, its latent heat of evaporation, the specific heat of the saturated
vaﬁor, and the pressure and volume changes occurring, as well as several

other results, will be related in comnection with the development of the
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Nor is this the place to enter into the detalls of Rankine's theory of
vortices which now, even for molecular physics, possesses no more than
purely historical signifiecance. It will suffice to note that the vortex
theory, after further elaboration by its author, was, beginning in 1867,
adopted and expanded by Thomson until it acquired great scienfific prestige
in England. Along with the revival and development of Bernoulli's kinetic
theory of gases by Joule, Clausius, and Maxwell, it exerted a great
influence in favor of the general, kinetic view of nature,

Although numerous results arrived at in Rankine's paper were actually
independént of any mechanistic hypothesis, still they were, for the most part,
at least colored (hence, from the energetic point of view, confused) by
the assumption of molecular vortices. 42 Tpe combination of a clear,
unembiguous statement of the Energy Principle, formally free from mechanistic
hypotheses, together with a systematic and detailéd analytical elaboration
of its consequences, was first attained at the middle of the nineteenth
century through the efforts of Rudolph Clausiug in Germany and Willism
Thomson in England. Although both acclaimed the kinetic theory of heat,
they did not allow this hypothesis to enter into the statemént of the
general principle nor to affect the form of the analytical results. Thus,
while in full sympathy with the mechanistic view of Helmholtz and Rankihe,
their formal results appear rather as the fulfillment of the energetic
ideal of Mayer,

However, the truly great service of Clausius and Thomson lay, not in their
elaboration of the First Lsw proper but rather in their union of it with the

older ideas of Carnot and Clapeyron on the motive pdwer of heat to form the
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the Second Law of Thermodynsmics. In fact, the whole thought of Clausius and
Thomson, in spite of its significance for the First Law, is best understood
as a correction and extension of the ideas of Sadi Carnot, so that we had

better delay its consideration until we come, in the next section, to expose

those ideas.
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FOOTNOTES
(The Development of the Energy Concept and The First
Téw of Thermodynamice)

This confusion in éarly Greek natural philosophy wae finally cleared
up only ninety-five years ago, when the fundamentel distinctiom between
energy and available energy was formulated, I;a?doed, the confusion
still persists in most of the text~books of physics: there we |
commonly find energy defined as "work or Capacity for work$® Thus a
vagueness continues to surround "energy" which surrounded the term

"force® which preceded it.

7

. The more consideration we give to these speculations of
Heraclitus, the more we may appreciate their significance for modern
thermodynamies, espscially the First law, Thus Poincare (30,Chapt.
VIII), after a careful amalysis of the First law, concludes that no
general definition of energy is possible, We may only say, he holds,
that, if the universe is governed by laws, there will be quantities
which remain constant in it, Thus the important fact appears to be, as
H eraclitus suspected, the fact of law itself, Again, Heraclitus?® re-
fusal to assume any permanent substance underlying phenomens may be
instructively compared with Ostwald's (31,lec. 12} statement that the
assumption of matter, as a carrier of energy, is superfluous,

o Of course, ever since the revival of Greek materialism by
Gassendi and Descartes, there had existed proponents of the mechanistie
view that all patural phenomens are the resulis of the actions of forces
and motions, either sensible or hidden, However, definite scientific pro=-
gress outside pure mechanics had been made only through the assumption

of the various "fluids," supposed conservative,
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Merz (18, ps 96) has very appropriately described the develop-

ment of the First lew in the following wordst: "The complex of ideas and

- the manifold courses of reasoning which are centered in this conception
(of energy) form such an intricate net-work, the interests involved are
go great, the suggestions which led up to it so mumerous, the consequences
which resulted for sciencé and practice so far-reaching, that the
historian has no little diffieulty in laying bare the many lines of
thought which apperently cross and re-cross each other.*

i #The more I meditated on these phenomena, the more they appeared
to me ’to be curious and interesting. A thorough investigation of them
seemed even to bid fair to give a further insight into the hidden nature
of Heat; and to enable us to form some reasonable conjectures respecting
the existence, or non-existence, of an igneous fluid: a subject on which
the opinions of philosophers have, in all ages been much dividbdi."‘(35,po39}

i "We have seen that a very considerable: quantity of heat may be
excited by the friction of two metallic surfaces, and given off in a
constant stream or flux in all directions, without interruption or inter=-
mission, and without any sign of diminution or exheustion...

"It is hardly necessary to add that anything which any insulated body
or system of bodies can contimme to furnish without limitation camot
possibly be a material substance; and it appeers to me to be extremely
difficult, if not quite impossible to form any distinct idea of anything
capable of being excited and communicated in the manner the heat was

excited and communicated in these experiments except it be Hgtien."‘ (17,p.39)
7. "From this experiment it is evident that ice by frietion is

converted into water, and according to the supposition, its capacity is
diminished; but it is a well=known fact that the capacity of weter for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=216

heat is much greater than that of ice; and ice must have an absolute
quantity of heat added to it before it can be converted imto water. Fric-
tion, consequently,does not diminish the capacity of bodies for heat(35,p.46)

8 1 s text-book of 1829, Biot associated the heat liberated
in Rumford's experiment with the separation of the surface particles of
the metal from the particles underneath. This celoric, he said, must have
been present between the particles of bronze which were separated in

the boring processe. (4, p. 200)

?  The author acknowledges his dependence, in this section, on the
excellent discussion by Mach. (4, Pp.195~210)

3‘_@_ The caloric view of this phenomenon has been likened to the
ehangés which occur on changing the wvolume of & moist sponge: on com=
pressing a sponge (space filled with gas) water (caloric), previously

_unobservable (latent), appears as liquid (sensible heat).

E The excellent standing of the caloric theory at this time was
evidenced by the fact that Clement and Desormes were honcred by the |
French Academy for their researchos;

12 fe shall not show in detail just how laplace obtained his
formula but shall content ourselves with revealing how it readily follows
from Newton's generel formila, , = \r_:f_, , by employment of
Polsson's formila for adiabatic e;mansion and compressgion, pw?/:
constant, For then, logp + VYlogv S0, and 4P —ydv » o0,
Whence, E & -y 9P SYpand e = r P

dv - V—_Pf—~

1 Biot, in a standard textbook (1829), ascribed the heat:lng of a
gas on its introduction into a flask, to, first, the cooling of the gas

with simultaneous liberation of caloric (?), and, second, to the

reduction in volume of the gas first entering by the gas which followed it,
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To arrive at the true laws of gases, he said that these two effects
should be studied separately,

He also stated that the heat developed in Rumford's experimentg'
must have been hidden between the surface pe;rtieles of the iron before
bbring.

1% This gid not imply for Davy, that a relation existed between
light and heat on the one hand, and chemlcal action on the other, since
he, like Volta, associated galvanic electricity not with chemical action
but attributed it to the mere contact of the heterogeneous substances,

3‘2 The term "force"™ was borrowed from mechenics where it already
was used with a variety of meanings. Newton and his fel]mer.é had used
it in the modern sense as the product of a body's mass and its accslera=
tion, The Cartesisns had employed it for momentums while, as "dead
force" (vis mortua), the leibnitzians used it to denote the product of

' mass and height of elevation, and, as "living force"(vis viva), for the
product of mass and the square of the velocity, When Grove, lMohr, and
Liebig, adopted the term in their rather wague speculations on the First
Iaw, its meaning must have become still less definite, In the work of
Mayer in 1842 however, "force™ is definitely synonymous with our
"energy,” and this is also true, for the most part, with Helmholtz (1847).

In England, Watt introduced "horse power! to denote the capacity of
an engine %o do Work, and Joule calls this by the name "mechsnicsl
power," which term was employed by Rankins (1850} in the extended sense
in which Helmholtz uséc!‘ "Kraft," Carnot also refers to work as "motive
power," About 1825, Poncelet introduced ths term "mechanical work®™ for
what we now would call mechanical energy. Clausius, in his first memoir,
in 1850, adopted this term with the same meaning,
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In 1852, Thomson introduced f,he genersl term "energy" for that which
Helmholtz and Mayer had called "Kraft." This term (energy) had already
been used by Young (1802) in place of vis viva and, indeed, had been
employed by Galileo, though not comsistently. (41, pe 271) Finally, in
1853, Rankine divided energy into "potential® and "geotual,” and this
terminology wﬁs soon adopted by Thomson and others,

_If Molr's paper appeared in an obscure Viemna publication in the
yesr 1837, It exsrted practically no influence whatsoever on the develop-
ment of thermodynamicsy in fact, its publication was generally unknown,
until thg paper was unearthed some twenty years later by the historical
researches of Akin, (18, p. 107) |

17 The motion thbory of heat thus constituted only one: of the

of the stimuli which let to the formilation of the First Iew: firmer

bases were to be found in the facts of correlation. However, we camot
attribute to mere accident the fact that Joule, Helmholtz, Rankine,

Kelvin, Clausius, and even Carnot (before he died), were all adherents

of the kinetic theory of heat. Among the great founders of thermody-
namics, only Robert Mayer opposed it. However, we shall see that, of these
founders, only Helmholtz and Rankine allowed the kinetic theory of heat te
influence the actual form in which the principles of thermodynamics were
developed: in the others, the motion theory served merely as a soﬁrce of
subjective stimulus,.

}ﬁ From our modern, abstract point of view, the name, "Principle of
Excluded Perpetusl Mgtion," is incorrect. Indeed, Newton's First law of
Mgtion states that "a continuous and unsnding motion,? far from being
impossible, 1s the rule., Nevertheless this obsolete terminology has still
bean retained with the understanding that "Excluded Perpetuval Motion" re=-
fers to the impossibility of creating motion without the expenditure of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=210

permanent changes in other bodies,

}2 The passage of the Principis which expresses this interpreta-
tion of the Third law reads as follows: "If the action of an agent be
measured by the product of its force into its velocity, and if similarly
the counter-action of the resistance be measured by the velocity of ite
several parts multiplied into their several forces, whether these arise
from friction, cohesion, weight, or aceeleratlion, action and counter-
action in all combinations of machines will be equal and opposite.®

Tait (35, p.34) and Thomson (48, p. 78) bave claimed unjustly that this
statement amounts to the geﬁeral principle of the conservation of energy.
As a matter of fact, except for the case of forces arising from accelera-
tion, where the law aéounts to the conserwvation of mechanical energy,
Newton'!s statement ls ambiguous, if not incorrect. For how may the resist-
ing forces of friction, cohesion, and weight be measured in terms of
velocities, e.g. if the resisting bodies remain at rest? Of course, we say
today that the heat produced by overcoming frietionmal fo’rces, the changes
of state occasioned by overcoming cohesion, and the increased height
ascquired by a body in overcoming its weight are all forms of energy which
are expressible as, i.e. equiwalent to definite wvelocities of a body of
given mass, But there is no reason to assume that Newton attached any such
meaning to the statement guoted abovee

E Neither Galileo, Huygens, Descartes, or Leibnitz attained the
clear notion of mess formilated by Newtons

E "Working mechanically, ¥said Poncelet, "means to destroy, for the
purpoéas of the arts, resistances such as cohesion, gravity, inertia of
matter, etc. Mechanical work does not assume a resistance overcome once
for all but a resistance continually destroyed throughout the path trave
ersed, at the point where it is exerted, and in the direction of the path,"
(42)
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22 G rnot made his great contribution while under the influence of the

caloric theory, but, before his death in 1832, abandoned caloric in
favor of the kinetic theory of heate

a2 A similar paper, couched, however, in vaguer terminology and retain=
the old Cartesian measure of motion, was ‘submitﬁad by Meyer to Poggen~ |
dorff in 1841, but was not published till forty years later. Poggendorf,
editor of the famous Anmallen, also refused to publish Helmholtz's:
great paper of 1847,"Uber die Erhaltung der Kraft,"also Eéhr's paper of
1837,

2_;1;_ It is not probable that Mayer was influenced by the similar
views of Coriolis and Foncelet, since the work of the latter remained
generally unknown in Germany until after 1845 when German editions of
their lectures appeared. Besides, it is doubtful if Mayer's Iknowledge of
classical mechanics and mathematics was sufficient to make such works
intelligible to hime

_2_2 Mayer?!s omission of the factor % before mca s Which was supplied

in his later papers, may have been an oversight but, more likely, bears
witness to his very sketchy knowledge of mechsipcs,

28 Rumford did not caloulate the mechanical equivalent from his dataj
and, indeed, as we have already noted (cf.p. 12), his experiments were not

altogether conclusive, In Sadi Carnot's notebook, first published in
1878, & valus of the mechanical equivalenﬁ was given as 370 k.ge.m, but the
method of calculation was not stated., In 1839 Seguin calculated the
mechanical equivalent on the assumption that the cooling of a gas, on ex-
pansion, Is equivalent to the work of expansion, but he did not justify
this procedure by reference to the free expansion experiment of Gay-ILussac,

~ Joule's first ecalculations of the mechanical equivalent were not published
-until 1843, |
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Mayerts failure to ezp]aein his method of caleculation in the 1842
paper proved to be very unfortunmate, The 1845 paper, like Gey-Iéssac 's
fre_a expansion experiment, was unknown abroad, so it was assumed in
England that Mayer's calculation, like Seguin's, rested on unwarranted
sesaumptions.'

27 The deviation from the correct value (427) was due principelly
to the inaccurate value of Delaroche and Berard's ep .

_z?_ In a letter to Griesinger writien in 1842,Mayer also advanced,
as evidence for his theory, the fact that it may be regarded as logically
dependent on the principle of the impossibility of perpetual motion which
he regarded as subjectively certain. (32, p.26)

22 45 Merz observes (18, p. 111), Joule could hardly have inferred the
constancy of the mechanical equivalent of heat from his early determinations,
which varied from 742 to 890 foot pounds per B.T.U., if he had not Been
possessed of an a priori conviction in this direction.

2_"3 Joule tacitly assumed that no exchange of heat with surroundings,
apart from the chemical heat, was occasioned by the working of the battery,
Helmholtz also made the same assumption in 1847. This error later found
expression in Berthelot's view that the heat of chemical action is a
measure of chemical affinity and was not cleared up until the appeai;ance
of the work of Gibbs (1875).

2_3; "Now the Increesse or diminution of the chemical effects occurring
in the battery during a given time is proportional to the megneto=-
electrical effect, and the heat evolved is always proportional to the
square of the current; therefore the heat dueto a given chemical action is
subject to an increase or to a diminution directly proportional to the
intensity of the magneto-electricity assisting or opposing the

volteic current,
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"We have therefore in magneto-electricity an agent capable by simple
mechanicsl means of destroying or generating heat." (44, I, Pe 146)

23' In 1858 Hyrn obtained the value 425 k.g.m, from the heat of per-
cusslon of lead; and by an interesting method, depending on the comperi-
gson of oxygen intake and body heat of the human body when engaged in
nmscﬁlar activity with that obtaining when at rest, he deduced the
value, 436.7 kegele, for the mechahical equivalent, From the heat
developed in a copper disc when rotated in a magnétic fisld, Violle
obtained, in 1870, the value 435 k.g:;:; Ig 1878 Joule refined his
paddle-wheel experiment, obtaining 772.55 foot pounds per B. Te U,

In all of Joule's work, the invariability of the specific heat of
water had been assumed. Rowland (1879), repeating Jouls's experiments
on a larger scale so as to effect greater temperature differences in the
calorimeter, and taking account of the alight varlation in the‘specifi@'
heat of water, obtained, for the mechaniecal equivalent, the value 427.52
kKegeme 8t 14.6°C, (latitude of Baltimore), while the value obtained by
Joule in 1878, expressed in these units, was 426,75, (For a complete list
.of determinations mede up until 1899 see 17, p. 319). Because the electri=
cal calorimeter has now supplanted the water calorimeter in accurate work, -
the calory is logically defined in terms of the international volt and the
international ohm, thus eliminating from the mechanicsl equivalent any
vagueness sssociated with the thermal properties of water, See the review
by Musller and Rossini (63).

?_3,; Helmholtz employed the term "force™ (Kraft) in three different ways.
Ié the passages just cited, "force" is snyonymous with "quality™ or
"physical property." Again, he also uses "force" for the Newtonian force
of attraction. Finally, in the phrase, conservation of forcs, Nforce™ is

synonymous with "energy"," as it had already been with Mayer,
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?ﬁ' Suppose a particle subject to an attractive, conservative("central®)
force Cb whose distance from the point of emanmation is r at time ¢, Th:n
the tension force remaining is de)ar while that consumed is given f C;b dre
The former can "immediately act™ ?whereas the latter can only be mcallcfd
into action by an equivalent loss of vis viva."

35 At the same time, the notion of equivalence as applied to macro-
scopic changes was necessarily involved by this mechanieal hypothesis,
gince if all changes are really mechanical in nature, they are capable of
quantitative representation in terms of the same (mechafigkal) unit and
hence enter, of necessity, into the relations, "equal to,"™ "greater than,"
and "less than,"

36 1ike Jéula, Helmholtz did not consider the heast of voltaic elec-
tricity as conclusive evidence against the caloric hypothesis, since this

heat might be supposed to have already been present as latent in the
chemicals of the charged battery. He a}so suggested that the heat of

frictional electricity might similarly be explained,
37 Helmholtz did not explain how an "imponderable," such as elec~
tricity, could possess vis viva. Clasusius, commenting on this difficulty

five years later (46), said "To give, however, the quantity % va‘z...
& meaning so general as to embrace the motion both of the material masses
and of the electricity, we mst...decid*hether the electricity is sub=-
Ject to the laws of inertia, so as to permit ¢f vis viva being ascribed

to it." Clausius did not attempt to make any such decision.

_3_?_ An account of Helmholtz's views on the work of Carnot and Clapeyron
will be found in the history of the Second Iaw (next sectio:}.

_?2 Thomson's correct treatment of thermo-electricity will be found
in the history of the Sgcond law,
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,{*9, As we have seen, caloric was the only impondergble which
Helmholtz specifically rejected. Evidently out of respect for the
important analytical results obtainable with the fluid concepts in
electrical theory, Helmholtz retained the imponderable electrid fluid.
The success of Fresnel's undulatory theory of light likewise must have
caused his retention of the luminiferous ether,

f_l_"‘rhe quantity of heat in a given mass of matter, according to the
bipothesis of molecular vortices, as well as every other hypothesis
which ascribes the phenomena of heat to motion, is measured by the
mechanical powsr to which the motion is equivalent, that being a quantity
the total efiountchf which in a given system of bodies, cannot be altered
by their mutual actions, although its distribution and form may be
altereds" (47, pe 244)

42 Ip the next section, we shall ses that by 1855 Rankine's views:
had undergone & complete change so that he became the leading proponent
in England of the "energetic“ view of physical phenomena,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IV. THE DEVELOPMENT OF THE ENTROPY CONCEPT AND THE SECOND LAW OF

=225

THERMODYNAMICS.

1. Introduction.

&

B.

Co The Absenée pf Second~Law Ideas in Modern Physical Theory

The Essence of the Second law.

The Opposition of Greek Philosophy to the Second Law.

Prior to Carnot.

Pe Carnot and the Motive Power of Heab“

L.

B.

The Problem of Improved Efficiency.
The Thermal Properties of Gases.

The Significance of Carnot's Worke.

3¢ The Elucidation of Carnotls Ideas.

s
B.
C.
D.
,E.

Clapeyron and the Pressure=Volume Diagram.

The Views of Holtzmann and Helmholtze

Carnot's Theorem and the Absolute Temperaturs,

The Effect of Pressurs on the Freezing Point of Water.,

Thomson's Exposition of Carnot's Theory.

4e The Rejection of the Caloric Hypothesis,

A, The Efforts of Rankine: Molecular Vortices versus
Energetics.
B, Clausius and the Directional Flow of Heat.

Ce

Thomson and the Postulate of Raestricted Conversion.

5+-JsThe Entropy Concept and the Dissipation Law.

Ao
By
G
B.

E.

The Generalization of Carnot's Theorem,
The Dissipation of Mechanical Energy.
Equivalence Values and Entropy.
Objections to the Second Iaw,

Applications to Thermo-Electricity and Phase Equililmdis.

Footnotes and References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2

Ialavd

226
227

229

234
_44
255

257

268

273
_75

o

281
295
312

340
244
353
362
365
Fhe



o

vy

IV THE DEVELOPMENT OF THE ENTROPY

CONMCEPT AND THE SECORD LAW OF THERMODYNAMICS

‘1, 1NFRODUCTION

series of ideas which function to condition and, to a certaia extent,
contradict the substantial view of the world expressed by the First Law,
A s the term, "Second Law," 1s generally understood, these ideas, broadly
stated arej first, among the various forms of energy (modes of substance)
there may be éiltinguilhad two classes, a class of ac'ﬁvo, useful, or
®availadle" forms ar ising by virtue of the external, spatial, and témpo:al
relationchips which the member s of a macroacopic systen of bodies bear
to each other, and & class of inactive, "unavailable® forms mssociated with
the internal conditions of temperature, density, pressﬁro,' and state of
aggregation pravailiﬁg within each of the bodies supposed chonieully’homn
gamaus; second, whereas “available' forms of energy are capable of complebe
transformation into those of the “unavailable®type, the oxtonf of tranme
formation of the latter into the former can never, even under ideal
(reversible) conditions, exceed & definite meximum which must always fall
short of complete convertibility; a.nd,‘ third, because the nacutsarykidaal
conditions can never be altogether atfained, ever y real transformation of
enu_‘"‘gy incurs an irretrievable loss of "available® energy and a conse
quently ineradicable gain of the "unavailable" form, tims imparting .
~definite direction to cosmic processes taken as a whole,

The task of exposing the history of the Second Law of Thermodynamics -
1s thussseen to 1#70170 the examination of those systems of 'thoug_ht,
catering to the substantial view of physical realism, for the answers to

two questions, First, Are the forms of the universal substance regarded
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as divisible into clasges which bear any resemblence to the active or
"available" and the inactive or "unavailable" forms of ener gy, respech=

tively? Second, if such a division is made, what relationship is

postulated between these two form of substance?

]

In the c&.u Lef Greek natural philesophy, we may sear ch in vain for any
answers to these questions which would 1ndie\a.te even an approach to the
Second Lav of Thermodynamics, With the Ionians (Thales, wr,
Anaxinenes )agormntul, the -mapoini-. of hylozoism prevented the adoption
of even the elementary segregation of substance into the active and
inactive forms, Instead, they naively supposed all nature to be "alive_"
and innately endowed with the capacity for cémseless change, i.,e, for
them, all energy was "available," ”

Empedocles ovarstspkod the bounds of hyozolsm to postulate a separate
cause of motion which was supposed to produce changes in matter, regarded
as passive, But nowbere did Empedocles regardithis active cause of
motion, which he designated by the vague terms “love" and "hate! as
capable of entering into a relationship of convorﬁhinty with paseive
matter, Rather, the adtive cause was not a form of subetance at all, btut a
power acting on substance while remaining, at the same time, independent
of it, With Anaxagoras, the active cause of natural change was itself cone
sidersdca form of substance; at least this would seem %o follow from the
author!s reférence to it as the "force element." But, as with Empedocles,
there was no possibility of its convertibility into other forme, since
Anaxagoras specifically stated that the "force element" was inpeﬂ.thablo

and unchangeable,
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Like the hylozoists, Parmenides failed to differentiate Being inte
active and insctive forms, though for a different reasont with hiﬁ, this
fallure was a consequence of the deniai of the reality of all change and
the resultant postulation oficone timeless, changeless Being foredver
remaining identical to itself, Leucippus, in incorporating the notion of
the BEleatic Being into the atomistic doetrine, likewise rendered foreign
to tho latter any differentiation of substance into"availabdble” and
'mva.ilabia“ types: all substance consists of atoms whose nela'lttribntu
are size and shape, and all change is simply the motion of these atoms, |
Demoeritus, as we have seen , departed far emough from this purely
mechanistic scheme to postulate the existence of particular kinds of atomy,
namely, "fire-atoms," which he supposed to be more mobile and active than
the otheratoms, But, as with the "force-element® of Ansxagoras, sc with
the "fire~atoms" of Democritus, there was no question of the transformation
of this more active form of substance into inactive forms or vice versal
the "fire-atoms, "like the other atoms, were eternal and unchangeable,

Thus, of these Greek philospphers of nature, some (the hylosoists,
Parmenides, and Leucippus) made no distinmction between sctive sad imactive
forms of substance; and, of those who did (Empedocles, Aunaxagoras, Democritms) ,
all supposed Bhe active form to be conserved throushont‘tho phenomenal i
changes, Hence, there could be no question here of any transformation of
the active form of substance iﬁﬁbi an inactive form, let alone an irreversis
ble transformation, The notion of the "dissipation™ of substance, entald~
ing & "running down* of the world, was therefore completely foreign to .
Greek philenaphy Thus the Milesians regarded the cosmic process as a
ceaseloss succession of productions, and attained, in Acaximenes, to the
clear realization that this requires that the "WorldwStuff® be possessed of
an iafinite capacity for chenge; Heraclitus sud Empedocles spoke of the

ceaseless strife of oppisites resﬁlting in a succession of periodic
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changes in nature; wherea.i, according to Leucippus, natural processes,
.mm not necessarily periodic, must go on ferever because the motion,
with which atoms are endowed, is itself eternal, Still another type of
- contrast to the notion of irreversibility is encountered in the teleow

logical view of Anaxagoras, For the latter, to explain the order of the

world, supposed the elements endowed with a rationsl, purposive mtien.l

It is not only among the Greeks that the ideas constituting the
Second Law of Thermodynamice are found wanting: this shortcoming also
characterised modern physical philosophy as it was develeped in the sevenw
teenth and eighteenth centuries, Indeed, we may say that the ideas form-
ing the nucleus of the Second Law wers as alien to that development as the
notion of substance, lylng at the basis of the First Law, was iantimately
akin to it,

This state of affairs may be largely attributad to the apparent
opposition of the ideas embraced by the Second Law with the fundamental
assumption behind the First Law, For the acceptance of the Cartesian
doctrine that all qualitaﬁvd changes are r eally menifestations of &
single substance, capable only of quantitative distinctions, incurs the
_postulation of the homogeneity of all par ts of the universe and is hence
opposed to any fundamental differentiation éf substance into active and
inactive fornl; At ‘the same time, the notlon of irreversivility, involvw
ing the transformation of one form of substance into another, is

likewise excluded,
’Thls opposition to
088 embrace by the 8 econd Law found its principal expression

in the extension of the highly influential sclence of mechanics, whose
foundations wekeslaid in the latter part of the seventeenth century by

Galileo, Huygens, and Newton, to form & materialistic philosophy of
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_nature, closely resembling Greek Atomism, To be sure, Leidnitz!s classie
fication of forces as "dead® and "living" may be regarded as corresponding
to a division of substance into insstive and active fornl.'.r However, aside
from the fact that this onergeiie view of mechanics was not generally
considered fundamental untililong after the work of Pencelet, the notions
of partial convertibility and irreversibility was quite as foreign to it
as they were to the Greeks, since the two forms of force were regarded
mutually and completely interconvertible,

The extension of nochanics to form a general "astronomical view of
nature® (51, Chapt, IV) received its greatest stimmlus from Newton's
Principis, published in 1687, The conclusion that falling terrestrial
bed}:’:%snmod by the same law of attraction u‘ the heavenly bodies
(Universal Law of Gravitation) provided & most powerful influence in favor
of this astronomical view, Following Newton's cue, the view that all
phenomena arise from the exertion of attractive and repelling conumtionv
forces between the particles of bodies, gradually geined weight and cule
minated in the publication of Laplacels Ex

in 1796 and his Mecanique Celeste from 1799 to 1825,
Newton himself set the example for this sort of speculation when he

explained the r’efraction of 1ight by the hypothesis of corpuscles of
light m‘b,ject to attractive forces, In 1713 Hauksbee supposed capillary
action to be the result of molecular attractions, By the extonsign of the
notion of mass to incliude the imponderables, electricity and magnetism,
elecirical and magnetic actions were incorporated into the Newtonian
scheme, a step receiving added support by the diseoviry of Cavendish and
Coulomb, towar d the end of the elghteenth century, that these electrical
and magnetic actions conformed (o an inverse square law of the same fora

as Newton 's law of gravitation, About the same time, the inverse square
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daw was also found to govern the variation of the }ntonuity of

radiation with distance,
The extenslon of the astronomical view to molecular forces was early

reyccgnized as necessitating the admission of repulsive as well as
attractive forces, an hypothesis whose feasibility was no doudt favored

by the existence of such forces in electrified and magnetic macroscopic
bodies, Pursuing the Newtonian ideal, R.G, Boscovich, in 1758, sought

to formulate & truly universal law of attraction and repulsion which would
govera both the attractive, c.g;. grevitational forcuofmroacopio systems
as well as the repulsive forces of molecular systens, Although the
general law which he advanced was sclentifically impractical, his point of
view was essentially that adopted by r“oi.uen., Bavier, and Cauchy in exme
plaining the elasticity of solid bedies as dus to molecular forces,

In the works of uﬁ«, already referred to, the astronomical view of
‘nature i) foreshadowed by Newton was systematically elaberated, Thus the
solidity of bodies , the shrration of light, chemlcel affinitles, ead
ther mal phanomens wers all explained on the basis of central forces
between the minute particles of bodies, In the case of heat, the repellent
forces were attributed to particles of imponderable molecules,

Again, we mft call to mind the complete opposition of this view of
nature to the Second Law of Thermodynamics, For, if in this mechanistic
scheme, astronomy is regarded as the model science, this implies that all
phenomena possess the eternality and periodicity which seem to be charw
acteristic of the motions of the heavenly bodies, According to this view,
there are no fundamental or lasting changes vhi'ehua.ro d.;stinet from
tewporary or reversible ones, Instead, all changes are of precisely the
same kind, i,e, motion and consequent ‘ehnngo of configuration of
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particles of matter, ponderable and imponderable, And, just as, accorde
ing to Newton, & body unacted on by an external force continues 1tg
rectilinear motion unchanged, so the whole cosmic process must continue on
its cyclical path precisely because ther e is nothing to stop it,

The acquirement, in the later years of the eighteenth century and the
first balf of the nineteenth, of a new wealth of experimentsl knowledgs,
revealing a ;raa’é variety of complex relationships between widely different
phenomena, presented new difficulties to the mechanistic view of nature,

At the same time, the fact that such relationships existed seemed to
strengthen the mechanistic view that all phenomena possess the same ultimate
character, Hendy, the net result in numbrous quarters was the alteration,
rather than the sbandonment of the mechanistic view, Thus the hypothesis
of light corpuscles gave way to the vibratory theery, and caloric was
gradually supplanted by the kinetic theory of h.ol.t;;z

The existence of this mechanistic tradition explains, to & limited extent,
the almost universal neglect of the Second Law of Thermodynamics by the
precursors and founders of the Bnergy Prineiple, Thus Bumford, Mohr, Seguin,

and, atove all, Helmholtz, by their adoption of the kinetic theory of
heat, #ecame, in & way, theoretically opposed to the Second Law, 1,0, if
heat is already motion (of invisible par’ ticles), there appesr s to be no
reason for supposing it cannt be completely changed into macroscopic motion
3

or potential energy,” For example, Helmholts in 1847 carelessly stated

that Joule?s experiments showed that ¥the heat which raises one kilogram
of water through 1°c. raises 452 kilograms through & height of one meter,®
Again he said that, in cases wher e only mechanical and thermal changes are
involved, the P rinciple of the Conservation of Force requires that the

two following questions shall possess affirmative answers: (1) Does a

definite loss of mechanical force always incur the prod:action'ef a
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definite quantity of heatl; (2) Does a definite loss of heat correspond
to the production of a definite quantity of mechanical force! The
essential difference in these two questions completely uca.po’d him
(ef, 32, p, U4), in spite of the fact that he was familiar with Carnotts

id'ﬂ.yk
1f, however, the influsnce of the mechanical hypothesis cannot, by it=

self, suffice to account for the delayed formulation of the Sesond Law, this
ie precisely because the thought of numerous precursors and founders of the
Znergg Principle was, at least to a large extent, independent of the
classical Newtonian tradition,

1t was not the astronomical, or the atomic, or the kinetic view of
natare that led men like Faraday, Grove, and Joule in England and Liedig
and Mayer in Germeny to postulate the Principle of the Conservation and
Correlation of l‘ércu. &tMr, the stimulus for this came, in the first
place, from the newly discovered facts of correlation and, secondly, from
an inner, naive belief in the exlstence of a Cartesian km’ont&nec underlying
all change, Yet the Second Law was quite as foreign to these thinkers as
it was to the proponents of the mechanistic hypothuil; for they all spoke
unreservedly of the "equivalence of forces," i,e, each form of force was
supposed completely convertivle into every other form,

From this it follows that & general explanation of the delayed estadlishe
ment of the Second Law cannot be the mechanistic hypothesis itself but
rather must embrace the latter as & special case, This general explanation
can be none other than the existence of the widewspread conviction that
all phenomens are manifestations of a single substance whose identity is
maintained throughout all changes For whether this substance be identified

as matter subject to Newtonian forces (mechanical view of nature) or

whether it eimply be referred to by & common name such a8 "force," the
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hypothesis of the WorldwStuff appears to be, in sither case, intrinsie
cally opposed to the ideas embodied in the Second Law of Thermodynamicse
This would seem to result from the impdication, by the suovstance hypothe
esis, of the notion of the mutual convertidility of its formsy

This is not the place to undertake an analysis of the substance concept
with the object of determining to what extent it' represents a go#ora.l:lm
tion of sensecexper ience as dictinct from an a priori construct imposed
by the humsn mind on the externsl world, It must suffice here to point
out that, as & consequence of the wide-spread acceptance of physical
realism, the Second Law, unlike the First, appeared foreign and unnatural,
In the words of Lewis and Randall (49, p, 110), the Second Law "seemed in
no recognizable way to accord with existing thought and prejedice, The
various laws of conservation had been feroquod long before their
acceptance into the body of scientific thought, The Second Law came as a
new thing, alien to traditional thought, with farwreaching implications

in general cosmology,"

2, GARNOT AND THR MOTIVE FOWER OF HEAT,

iidal

 Gonsidering this slien nature of the Second Lew, the fact that 1ts
foundations worhe laid by Sadi Carnot over fifteen years before Mayerls
general emunciation of the Energy F rinciple, constitutes somewhat of a
yaradox;‘ On the other hand, the narrow range of technical interests
relative to the economy of heat engines, which constitutes the sole histore
ical source of the Second Law, presents a sharp contrast to the wide
variety of roots leading to the EnergyPrinciplesws contrast in full cone
formity with the novel character of the ideas of restricted convertibility
and irreversibility, At the same time, therefollows, heppily for the
historian of thermodynamics, the result that, whereas, because of the great

variety of interests involved, the chein of discoveries and enunciations
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constituting the history of the First Law was exceedingly difficult to
expose, the development of the Second Law, on the contrary, takes a
direct and relatively simple course, which begine definitely and undie-
putedly with Carnot and culminates, twenty~five years later, in the
systenatic treatments of Clauwsius and Thomson,

A% the time of publication of Carnct's epoch-meking paper, "On the
Mgtive Power of Heat¥ in 1824, (50), no general theory of the action of
heat engines existed, To be sure, the improvements introduced by the
English engineer, James Watt in ‘.!.7&:*5,5 hed greatly increased the efficienty
of the steam englne, However , Watt had approsched the problem in a rather
empirical fashion, His improvements aimed at correcting the specific
deficlencies of the older Newcomen engine and were brought about by his
study of the particular properties of steam rather than by any attempt to
formulate universal prineciples governing the economy of the steam engine,
let alone steam engines in gener al, On the other hand, "Watt's
successors had strayed still farther from the goal of general theory, since
they had concerned themselves less with Watt's problem of increasing the
efficiency of the engine than with the m?chanicsl one of increasing the
_ecapacity, 1,60, the power obteinadle for a given size of cylinder,

Carnot's paper represented a definite return to Watt®s probvlem of ime
proved efficiency, If, at the same time, the French enginser's contriw
bution contained results of fare-reaching significance for theoretical
physical science, this arcse from the circumstance that he insisted on
establishing & general theory of the motive ;pwa::'6 of heat, which would
include the action of the steam engine as a speclal case, Thus, from the
very start, he aimed at the os_ta.bnchmnt for heat engines of a set of
general principles such as French technical mechanics was already pro=

viding for non~thermal machines, '
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Having adopted this broad point of view, Carnot found himself confronted
with the question of whether or not there existed & definite theoreticsl
limit to the extent which improvements of the heat engine may increase its
economy, and whether or not this limit is the smae for engines employing
different substances as the working body, "The question has often been
raised," he said, "whether the motive power of heat is limited or not;
whether there is a limit to the possible improvements of the steam engine
which, in the nature of the case, cannot be passed by any means; or if, on
the other hand, these improvements are capable of indefinite extension,
Inventors have tried for a long time, and are still trying, to find whether
there is not a more efficient agent than water by which to develop the
motive power of heat, e, We propose to submit these questions to & critical

examination,"

Before describing the remarkable process of abstraction whereby Carnot
attained his desired general theory, we should note, at the outset, that
his treatment of the subject was, from oub point of view, confused and, to &
certain extent, invalidated by his acceptance of the caloric hypothesis;
that is, he supposed, along with Laplace, Poisson, and other eminent French
scientists of his day, that heat is an imponderavle, indestructibdle fluid
whose amount in & given body is uniquely determined by the bodyls sensible

state,
¥Withethe view of determining the essential features of the process wheres

by motive power is obtained from beat, Oarnot turned his attention to the
stean engine, In the operation of the latter, caloric developed by
combustion in the fire box passes through the walls of the boiler where it
produces steam, The steam, in some way incorperated with the caleric,

then passes into the cylinder where, by its expansion and consequent cooling,

motive power is developed, Finally, the steam is passed into the
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condenser where is it liquefied by means of the cooling water which receives
its caldric, To the guestion, What is the essential fedture of this process
whereby motive power is obtained from heat, Carnot replied that is is the
passage of a definite quantity of caloric from the heated air of the firew
box to the cooling water of the condenser, "The production of motive power
in the steam engine is therefore not due to a real consumpiion of the caloric
but to its transfer from a hotter to a colder body-~that is to say, to the |
reestablishment of its equilibrium, which is assumed to have been destroyed by
shemical action such as combustion, or by some other cause,"

Hence, said Carnot, heat in itself is not sufficlient for the productien
of motive power: & colder body is a2lso necessary, It all bodies were at
the = temperature of the firewbex, the steam engine could not operate, For
there would then exist no means of condensing the steam or removing it from
the cylinder,

Carnot recognized that these considerations apply not only to the steam
engine, but to any heat engine, For steam is only one particular agent by
means of which motive power is ébtained through the lowering of the temperw
ature of the cg;loric.k‘ %All bodies can be applied to this purpose, for they
are all susceptible to changes of volume, to successive contractions and
dilatations effected by alterations of heat and cold; they are all capable,
by this change of volume, of overcoming resistances and thus of developing
motive power,.®

Just as "wherever there is a difference of temperature phe production
of motive power is possible," so "conversely, where;er this power can be
employed, it is possible to produce a differemce of tempera.tﬁre or to destroy
the equilibrium of caloric.,' As common examples of this converse phenomenon,
Carnot cited the elevation of temperature of bodies by friction and percuseisn

and the hea.ting of gases by compression,
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Carnot now turned to the fundamental question, "Is the mAximum motive
power obtainable by the fall of a definite quantity of caloric from one
given temperature to a certain lower temperature dependent on the working
body employed in the heat enginel" To ané?r this, Carnot imegined the operw
ation of a steam engine to be carried out as follows: (1) the body A [firew
bex), supposed maintained at the temperature of boiling water, was brought
into contact with water, also at the boiling point, thereby causing the
production of a definite quantity of steam and the incorporation into the
latter of & definitefusntity of caloric; (2) the steam was now intZoduced
into the cylinder where it was expanded sgainst & piston until its temperas
ture fell to the temperature of the condenser By (3) the steam was now come
densed by placing it in contact with B, whose temperature was supposed ine
variaole, and exerting on it & constant pressure until liguefaction was
conyloto.s \

What meaning can be attached to the "maximum motive power® of-such an
engine? Carnot's answer to this questkon amounted fo the formulation of the
eenceyé of reversibility, Since every transfer of caloric from a higher to
a lower temperature may be made th¥ means of production of motive power, it

. follows that whenever such production fails to accompany the transfer, the
latger constitutes “4ver1table lose." But this production of motive power
can only take place when the transfer of caloric, which occasions a change
of temperaxuro,.ic accompanied by a change of volume, Hence the necessary
and sufficlent condition for maximum efficiency is "that in bodles wsed to
obtain the motive power of heat, no change of t{emperature occurs wﬁich is
not due to a change of volume,* Carnot failed to state explicitiy ﬁhat the
attainment of n&xiaum.effieioncy must also require tﬁat the expansion be

carried out infinitely slowly or that the pressure exerted by the piston
must differ only infinitesimally from the internal pressure of the fluld,
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Yet his 'conditon for reversibility may be regarded as sufﬁcicntly‘
general, since, if expaneion (or compression) were carried out at a
finite rate, temperature gradients would develop between the various
elements of the working body and heat transfers would occur between these
elements without any net volume change, 1.6, & portion of the temperature
dhange of any given element would not be due to its change but to the
direct transfer of heat from contiguous elements,

It was quite clear to Carnot that the meximum efficliency is a limit
which can never be attained but only approached, At the same time, the
fact that it cap conceiwably be approached justifies its employment as &
theoretical artifice, Tus, str ictly speaking, sald Carmot, the transfer
of caloric between the fire~bex A and the working bedy will not occur if
the se ar'e at the same temperature, Yot the smallest imaginabdle differw
¢ 'nce suffices for the transfer of this finite quantity of caloric, and
this 1s "gufficlent to establish the propriety of our reasoning, In the
séme way, in the differential calculus, to obtaln an exact result it is
pufficient to be able to conceive of the quantities neglected as capsble
of being indefinitely diminished relative to the quantities retained in the

equation,"
For the purpose of his demonstration, Carnot needed to assume that

the working body afier its employmenit in the development of motive power
was again in its initial state, In the ideal three~stage operation above
described, this assumption might be realized if, after the condemsation of
the steam, the resultant water were raised from the temperature of the
condenser to the temperature of the firewbox A by direct contact with A,
But this would destroy the ideal character of the process by introduction
of an irreversible heat transfer, To get around the difficulty, Carnot

supposed the tonpor/\a.turo ﬁiffo:oncd between A and B infinitely small, For,

if this was the case, restoral of the working boedy to its initial
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temperature and state by direct contact with A would entail only a
negligivle departure from ideality (maximum efficleny)e

Supplemented by #his fourth stage, the process becomes a cyclic ons,
1,0, the water vapor is returned to its 1#1#1&1 liquid state, Hence,
according to the caloric hypothesis, it must contain the same amount of
caloric as it did at the beginning of the operation, so that all of the
supposedly indestructible calor ic given up by A must have besen absorbed
by B, Since each of the four stages was carried out without any apprecism
able waste, the whole operation may be described am one in which, by means
of the transfer of a definite quantity of caloric from a given higher
toxmp rature to a given lower temperature, the maximum motive power
obtainable with steam has been realised,

May we hope to obtain more motive power by simply substituting some
other working body for steam in the operation! According to Carnot, the
Frinciple of Excluded Perpstual Motion roqnir;l that the answer to this
question be negative, In the first place, he noted that all of the stages
of the above process mmy be carried out in the reverse order, in which
case the same quantity of motive power is expended which was developed in
the forward process and the same quantity of caloric which, in the forward
process, passed from A to B, now passes from B to Ae Suppose now, said
Carnot, that there is some other agent which is capable of producing a
- greater maximum motive power, for the same amount of caloric and the same
tempe rature fall, than is the steam, Then, after allowing this agent to
develop its sald maximum power, we could, by reversing the steam engine,
employ only a portion of this power to restore that caloric $o A which was
t:ansforred to B in the operation of the hypothetical ongins; At the end

of this series of operations, all bodies, including the caloric, are in

their initial state, the only change being that represented by the excess
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motive power developed by the hypothetical engine, IFurther, the whole
operation could bs repeated as many times as we pleass, "Thers would thus
result not only the perpetual motion, but an indefinite creation of
motive power without consumption of caloric or of any other agant whatsom
ever, Such a creation is entirely contrary to the ideas now accepted, to
the laws of mechanics and of sound physice; it is inadmissidle, We may
hence conclude that the maximum motive power resulting from the use of

steam 1s also the maximum motive power which can be obtained by any other

means,” (Carnot’s Theorem)
To the objectlon that the Principle of Excluded Perpetual Motion

(impossibility of obtaining work from nothing) is a mechanical theorem
which may not apply to the production of motive power by ther ‘mal means,
Carnot replied in two wayst (1) heat, also electricity, is probably due to
"gome motion of bodies” and hence should be governed bi the laws of
mechanics (mechanistic hypothesis of Laplace and Helmholtz); (2) aside
from this mechanistid hypothesis, experience teaches & posteriori that

the productlon of perpetual motion is impossible by any means whatever, so
that we are justified in giving to the Pﬁrinciph of Excluded Perpetual

Kguan this general interpretation (positivistic view of Mayer) 3
Having established "Oarnot's Theorem® for the case of an ideal
engine whose fire-box and condenser are at temperatures only infinitess

imally removedifrom each other, Carnot stated that it may be extended to
the case of an engine whose fire-box A and condenser 2 are at temper b
tures differing by & finite amount, by onplémnt of the following
artifice, Imagine an infinite series of bodies By Gy D, eee Whose
temperatures exhivit & gradual fall from the temperature which is just
infinitesimally below that of A to the temper ature vh:léh 18 Just
infinitesimally above that of Z, Let us first carry out the ideal fourw

stage process, already desct” ibed, using A and B as firewbox and
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condenser, whereby our given quantity of caloric is carried from A to B,
Let this be followed by a similar ideal process employing B and C as fire=
box and condenser, respectively, thereby carrying tﬁo #iven quantity of
caloric to the temperature of ¢, Continuing this process, we finally
trangfer the caloric to Z, BSince the maximmm motive power is produced
in each of the simple cycles, the same must be trus of the compound cycle,
Purther, by reversing each of the simple cyclou in turn, begianing with
fhe hﬁt, the whole compound cycle may be reversed, 'Hence, said Carnot,
the same considerations apply to the compound cycle as applied to the simple
eycle, i,e, Carnot®s Theorem also holds for the compound cycle,

This artifice employed by Carnot is by no means theoretically ut:l.l»’
factory; that is, & fall of caloric through a f inite temperature interw
val does not become negligible by supposing it replaced by a series of
successive infinitesimal falls whose sum ¢ quals to the finite fall,

Carnot himself certainly did not regard his demonstration altogothnr satine
factory, for he stated that a cyelic process employing air instead of
steam, which we will now describe, provides the basis for a more rigorous
proof of Carnots Theorvem,

The process which Carnot next proceeded to describe, clearly in dotati,
was none other than the "Carnot Cycle® as it is still found in every
text~book of thermodynamics, Suppose, he said, fhst we have at our diew
posal & body of air at the temperature tl enclosed in a cylindor»Mr a
movable piston, also two constant temperature reserveirs A and B dt
tompcra.tnrq“ tl and tz_, respectively, whers ’1> t 2 Conduct the air
through the following reversible process: (1) placing A in thermal
commnication with the air, expand the latter isothermelly, its volume
theredy increasing from v, to Yo (2) thérully isolate the air, and

continue the expansion until its tﬁmjaoratnrc falls to %, and its volume
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acquires the value v 35 (3) estabdlish thermal communication with B and
compress the air iso’shnrmlly until its volume 1s again V3 (4) ther-
mally isolate the air and continue conpruqion until the erisiﬁal

temperature t, is attained, the volume simultanecusly decreasing to v

1 ¥

(5) again establish thermal communication
with A and expand isothermslly till the d
volume increases to va. l‘lor the sake of
clarity, we r epresent the series of

operations on the p=wv diagr am of Figure

1, although no such representation was

employed by Carnot,

Rogard.ing the state (tl, v. ) as the
initial stato, the operations (5), (1), (2), (3),
and (4), when cerried out reversinly, successively, and 1n this order,
constitute a cyclic process whereby the maximum motive power is obtained
by the fall of & given Quantity of caloric from ¢ teif,, Carmot recog-
niged that the production of motive power, rather than its consumption ,
18 the result ‘of the circumstance that the pressure of the gas at every
point of the expansion 1s gr eater than its corresponding value during
the compression, On the other hand, if the process be reversed, the same
quantity of motive power will now be expended and the caloric which
formerly was tr ansferred from A to B will now de carried back to A,
Because af\ diabatic compression, rather than an infinite number of ine
£ind tesimal temperature falls of caloric, is employed to return the worke
- ing body to its initial state, the cyclic process just described, sald
Carnot, ie more vigorously reversible than the earlier described process

with steam, By employing the formexr in a line of reasoning exactly

similar to that already employed in connection with the latter, we
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hence obtain a more rigorous proof of the fundamental theorem, which
Carnot now worded as follows: "The motive power of heat is independent
of the agents employed to develop it; its quantity is determined solely
by the tempratures of the bodies between which, in the final result, |
the transfer of the caloric occurs,”

In Fourier's great work on heat conduction , heat appeared to behave
precisely as a material fluid whose direction of flow was governed by &
tunﬁeraturc gradlent just as the direction of flow of water 1s determined
by the difference of levels, Now Petit, in 1818, had alr eady presented
the energetic treatment of the hydraulic engine, and 1t seems most Probm
able that the supposed analogy of the action of caloric in the heat
engine to that of water in the hydraulic engine exerted a determinative
influence on Carnot at the very start, At any rate, we find him peferring,
at this point in his exposition, to the analogy between the fall of
water and the fall of caloric, "The motive power of falling water depends
on the quantity of water and on the height of its fally; the motive power
of heat depends also on the quantity of caloric employed and one.. its
dueont.‘ In the fall of water, the motive power is strictly proportional
to the difference of level between the higher and lower reservoirs, In
the fall of calori#, the motive power doubtless increases with the
d ifference of tonporatuﬂ between the hotter and colder bodies, but we do
n ot know whether 1t is proportional to this difference," We shall soon
see how, in attempting to determine the precise form of dependence of the
motive power on the tanpor”atura limits, Car not obtained incorrect results,

¥ of Ganes '

1he therms : 0f Gafnes,
By means of his fundamental theorem (Carnot®s Theorem), Carnot de

S

'Y 2T

rived several principles governing the thermal bhhavior of perfect gases,

For this purpose he imagined the Carnot cycle to operate between
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temperatures which differed only infinitesimally. New, he sald, suppose
such & cycle to be carried ep.t with each of two different gases, That
is, each of two gases, initially at the same temperature, pressure, and
volume is expanded isothermally by the same amount, then expanded
adiabatically by sn infinitesimal amount until they both reach the lower
temperature limit, then campr/\ass&d isothermally to practically the
original volumes, whereupon infinitesimal adlabatic compressions carry

e ach of them into their inlitial statoc.‘ Since the adiabatic portions of
the cycle are infinitesimal in extent, their contributions to the motive
power may be neglected, Hence, the motive power of the cycle equals tg the
lczmss of the motive power developed the isothermal expansion over that
absorbed in the isothermsl compression, But, by the laws of Charles and
Boyle, the pressure and volume change occurring in the isothermal X
pansions mst be the same in the two cycles, and thie is alese true for the
isothermal compressions, Hence the motive powers of the two cycles ar e
the same, Finally, this must mean , according to the fundamental theorem,
that each of the two cycles has transferred the same quantity of caloric
from the higher to the lower tempsrature, 1, o. one and the same quantity
of caloric has been absorbed, by each of the gases, in isothermal eXpanm
sion and developed in the isother mal compression, This leads to the

~ general theoremy "When a gas passes without change of temperature from -éni
definite volume and pressure to another, the quantity of caloric absorbed
or emitted is always the sams, irrespective of the nature of the gas
chosen as the subject of the experiment,”

Carnot used the theorem just stated in his proof that the ratio of the

specific heats,"Yé cp/cy, is the same for all perfect gases, FPoisson had

already calculated 73 » the fractional decrease in volume resulting from

the elevation of temperature of & body through 1°C, by sudden compression,
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from the velocitiy of sound, 10 Carnot now imagined unit volume of gas at
0°C, and volume V (Figure 2), Sudden compression to V = ‘&V raises iis
temperature to 100., whereas addition of its specific heat at constant
pressure cp ralses 1ts temperature to 1°C ., and causes its volume to increase
to V+.LV (I11), Hence isothermal expansion from state II to atate lII,
whereby the volume increases Ve BV \A V+LY

by &+ , mst entail absorp-

{

ti6n of the heat Cpe Agein, 190 II o, ‘ 1.

neglecting any possible effect of &

the small volume change on the
specific heat, we see that, in | II I » 11X
order to expand isothermally 'mgu.ro 2

from V = ﬁ} V to V, the specific heat at constant volume, ¢, must be
supplied, Placing the gquantities of heat absorbed in small volume changes

proportional to the latger we obtain ys 2 = ﬁc_fg;.
. g //

v
But, as already seen, the heat absorbed by a gas at a chosen constant

temperature in passing from one volume to another"' (reversibly) is the same
for all perfect gases, Hence, supposing £ and ﬂ to kbe the same for all,
,,f)/ mast likewise bave the same value for different gases,

Carnot next employed his fundamentel theorsm (Ga;fnot’s Theorem) %o
obtain a relation between the volume and the amount of caloric absorbed
(developed) in the isothermal expension (compression) of one and the same
gas; Here agmin, the c¢ycles employed are supposed to operate between two
bodies A and B whose temperatures are infinitely close to each other, Let
& body of gas at the temperature of the hot body 4 ﬁe confined under a
piston in the cylinder (Figure3), Let the gas be carried throngh a Carnot

cycle between the given temperature limits such that the distance. through
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which the piston advances during isothermal
expansion, which differs only infinitesls

mally from the distance through which it recedes

in lsothermal compression, is represented by h,

Inagine, now, that the gaseous body is trande II'
. Figure 3
ferred to a similar cylinder (II) of greater
cre;wsection and that the initial temperature of the gds as well a8 thn‘
height of the piston is the same as befors, Let the gas be again carried
through a Carnot cycle operating botwécn the same temperature limits as
before and such that the distance through which the piston advances durw
ing isothermal aipansion, which diffez;s only infinitesimally from that
through which it recedes during isothermal cenprnuion,‘ is agein represents
- o by he This means that the ratio kof the volume at the beginning of |
the asothermal expansion to its value at the end of this expansion has the
same value in the two cases, and similarly for the initlal and final
volumes of the isothermal compression, Now the increase in volume of the
gas, hence by Boyle's law, the decrease in its pressure, occasioned by
its transfer from cylinder I to cylinder II, is, for the same temperature
and height of the plston, proportional to the increase in the crosse
sectional area of the piston, Consequently, the total force exerted on
the two pistons at corresponding instants is the same, and, since the
distances through which the plstons advance during isothermal expansion,
like those tﬁrough which they recede during isothermal compression, are
also identical, it follows that the \mtin power of the two cycles 1s
likewige the same, Finally, this entails, according to Carnot¥s Theorem,
that one and the same quantity of caloric is absorbed in the isothermal

eﬁf:pansions and developed in the
e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i

isothermal compressions, This chain of reasoning thns leads to the
foilewing propositiont "When the volume of an elastic fluid changes, -
without change of temperature, from U to V, and the volume of & quantity
of the same gas, equal in wéight and at the same temperature, changes
from U' %o V¥, the quantities of heat abierbod or set freecfrom each will
be equal when the ratio of UP to VI is equal to that of U to V¥ or, as
otherwise expressed, "When a gas changes its volume without change of
temperature, the quantities of heat which 1t absorbs or gives up are in
arithmetical progression when the increments or reduction of volum. are in

geometrical progressiony®
Aside from the proof of his fundamental theorem, which was vitiated

by the hypothesis of the conservation of caloric, we may say that all of
Carnnt's theorems and methods of proof, which have been so far discussed,
are valid, In the case of the proofs of the two main theorems relating
to the thermal properties of gases, this is due to his employment of
oycles whose temperature limits differ only infinitesimallys in this case,
Carnot¥s assumptién that the heat absorbted fom the hot body equals %o
that given up to the cold body, is practically correct,

In some of Carnot?s deduc tions the postulates of the caloric theory
led him astray, One of the most interesting of these cases is his proof
that ti;e difference between the specific heat (;oforrod. to unit volume)
at constant pressure and that at constant volume is the same for all gases
provided they conform to the laws of Charles and Boyle and are at the
same pressure and tomperat;xro, Like the other calorists, Oarnot thought
this difference corresponded to the quantity of caloric roquir/‘ ed to
effect the volume increase at constant temperature; that is, he 1ﬁsg1md

the specific heat at constant pressure to be composed of two factors,
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ons representing the caloric required to raise the temperature of the gas
by one degree (specific heat at constant volumo), the other roprénnt-
ing the caloric required to effect the volume increase at constant
pressure, But this latter factor, the caloric absorbed by the gas in
expanding isothermally from one definite pressure and volume to another
definite pressure and volume, is, by & theorem already proved, the same
for all gases at the same temperature, Hence the difference in the two

specific heats must be the same for all gases at the same temperature and

pressure,

Carnot thus obtained & correct result by an incorrect method, For
Gay-Lussac’s free expansion experiment, which Carnot newsr mentioned
and which was perhaps unknown to him, had shown that no appreciable heat
is required merely toc increase the volume of a gas, Indeed, we now know
that it is precisely those gases that do absord (or develop) heat on a
mere isothermal increase in volume, which do not conform to Carnotts law
respecting the difference of specific heats, syinco, in thess cases, the
heat absorved on isothermal, reversible expansion is not entirely
equivalent to the work developed,

This same faulty line of reasoning led Carnot to two other conclusions
respecting the heat capacitlies of gases, one of which was tmue, the
other false, The true one was that the difference in heat capaclties at
constant pressure and constant volume of a given quantity of gas is in-
dependent of the pressure of the gas if the temperature is the same; the
false one, that the specific heat of & gas (referred to unit weight)
increases in arithmetical progression when its volume lncreases in )
geometrical progression,

The most remarkable instance in which Carnot obtained a formally

correct result by & completely erroneous demonsiration 1s found ia his
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attempt to determine the nature of the dependence of the motive power

of heat on the temperature as distinguished from the fall of tempere~
ture, Is the maximum motive power of a given quantity of caloric, like
that of a mass of water, dependent only on the total fall of potential
(temperature), or is it also dependent on the particular valuss of the
heights (tempsratures) between which the transfer occurs? Carnmot
attacked this problem by imagining the same body of air to be employed
in two different Carmot cycles, the first working between the tempers=
tures 100° and (100»11)“, the second 1° and (lneh)', where h is an infinpe
itely small quantity, Further, he supposed the initial volume of the gas
to be the same in both cases and also that the changes of volume which it
undergoes are precisely the same in both cyclﬁs. Hence, since the rate
of change of pressure with respect to the temperature is independent of
the temperature, the motive power of the two cycles will be the same, so
that the guemition of the dependence of the motive power of a given
quantity of caloric on the temperature limits resolves itself into the
question of whether or not the isothermal expansion of the gas at 100° in
tho’ first cycle absorbed the same amount of caloric as did the isothermal

expansion of the gas at J.o in the second cycle,

To answer this latter question, Carnot invented the device, so
i.mpor/\tant for subsequent theory, of carrying out the same process along
two different routes, Let the initial and final volumes of the gas in
the isothermal expansions be ¥, and 72. Then the gas may be carried from
the state in which ite volume is V 1 and tempsrature 1° to the state ia
vhich its volume is V » and its temperature 100', by two different pathss
(1) 1t may first be heated at constant volume to 100°, whereby it absorbs

£ units of caloric, and then expanded isothermallyfo V,, while absorting

b units of calorics or (2) it may first be expanded isothermally to Vs ,
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while absorbing b? units of caloric, and then heated at constant volume
°

to 100 , while absorbing a! units of calorie, To facilitate the expo-

sition, we represent thess two paths on the pewv diagram (Figure 4),

which, however, was not employed by Carnot, P
Since the initial and final states of the b o

8 (1007, V2)

gas for the two paths are not the same, the
‘ at

caloric theory requires that at+b ® atib? or (1°
a' = a 2 b e 0¥, The experinents of
Delaroche and Berard had indicated that the v

. ' Figure &

heat capacity of air increases slightly as the )

density decreases, Hesnce a@)a, whence b> b%y In other words, of thol two
¢ycles yielding the same maximum motive power and incurring the same 4
net descent of caloric, the one operating at the higher temperatures con-
sumes the more ce.lerie; We have thersfore the following theorem: "The

descent of caloric produces more motive power at lower degrees of tempera=

ture than at higher,"
This correct result Carnot obtained, as we have Jjust seen, by latro-

ducing into his demonstration two errors which had the effect of cane
celling each other, The first was the caloric assumption that the Qquantity
of heat ablsrbod by a body depends only on the latter®s initial and final
states; the second was the assumption of the cérioctnus of Delaroche and
Berard?s data which indicated an increase in the specific heat of gases
with decreasing density, (Regnault’s researches later showed the heat
capacities of the ideal gases to be independent of density, as well as

temperature, )

Indeed, the smellness of the variation in specific heat with density,
revealed by Delaroche and Berard¥s experiments, indicated to Carnot that

it might very well be due to experimental urror,u Hends he considered it
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not improbable that the maximum power of caleric is independent of the
particular limits and dependent soleyon the total fall in temperature,
Carnot relegated to a footnote the analytical expression of some of
his theorems, Pet p denote the pressure of a given body of air when its
volume is v/and tomperatﬁu t, and pj, its pressure when v 3 1 and ¢ St
Boyle's Law then gives p = plfv. If p, is the pressure of the gas when
v&1end t3 0, we have p; = PQ (1+Lt), whence p = Po (L + «Ct)/v.
The work w, when the gas expands isothermally at t fromv21ltovaevis
v jpdv.. Po (1‘3'4515) log g (1)
If the expansion took place at t-} dt instead of ¢, the work would be
v+ 6wl P, (L4 L ¢ +ALdt) logv, (2)
Subtracting (1) from (2), ’
Sw 2 P, o log v 4t (3)
where S w is the work developed by a cycle working between t -+ dt and
% 4n which isothermal expansion occurs between v £ 1 and v = v. sucha
cycle transfers & quantity of caloric, denoted by e, from t+dt to t.'
Let u denote the motive power developed by a cycle which transfers
one unit of heat from t° to 0°C ¢ By the fundamental theorem (Carnot's
theorem), u® P (t),where F(t) is a function of t only, When % receives

the increment dt, this work becomes utdh ¥ (t+ dt), so that
du 8 F(t + dt) = F(t) 8 Fr(t) dt where F¥(t) B d¥(t)/as, Here du is
the motive power developed by a cycle abserbing unit heat at t-+ dt and

working between t -+ dt and ¢, If, instead, e units of heat be absorbed,

the work is
e du & e FI(t) dt, (4)
Finally, since e du$® Sw, (3) and (4) give e FHUit 2 Pe“c log v dt, or
o2 (po £ /FH(t))log v & T log v, (5)

Since the coefficient of log v is a function of % only, (5) is the

analytical expression of the law relating the heat absorbed in isothermal
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expansion to the volunme,

Ep to this point Carnot's analytical treaumcnt was com@letely sa&ian
factary, even from the standpoint of medsrn thermodynamics, waevor, the
romainder of his deductlions were completaly invalidated by the introduction
of an obviously incorrect oxpressicn for the specific heat at constant
volume 12 , ‘ | ;

Garnot now turned to the direct experimental verificatiibn of hia ;‘
fundamental theorem: by utiliging the arailable data on the specific propers
ties of air, water, water vapor, and alcohol vapor, he attempted to show
that‘hhﬁ motive power of heat, for a given temperature fall, would be the
same regardless of which of these substances be employed as working bofidh

"Ehus.ha imagined a reversible cyclic process employing one kilogram of

air initially at atmospheric pressure and 0°0e and working between O° and
‘.“6,001°0. If the air expands 1sothermally from Q0,77 cubic meters, its

initial volume, to 077 (1+L+(3), where oL = 1/24, @ﬁ '1/1¥§p the heat
ablqrbad will be qp, the specific heat at cbhsbant pressure, R@garding the
valumexchénges and hence the work effects of the adiabatic portions of the

¢ yele to be negligible, the volumes occupled by the air in the isothermal
compression at i{0 = 0,001)° Will pe the same as in the isothermal expansion
at O except that they will be traversed in the reverse order, The difference

in pressures at corresponding positions of the two isothermal portions of

the cycle will be (1/267)(1/1000) atmospheres, i,e, the pressure of a water
colwan whose height is (1/267000)(101+) meters, Therefore the motive power
developed by the cycle is (1/116 + 1/267) (0477)(10.4)(1/267000) = 0,0000003¢3-
where the unit of work corresponds to 1000 kilogram meters, The caloric
trensferred is the specific heat of air at constant pressure or 0;267 kilogram
celories, Therefore the work developed per 1000 kilegran calories is

(0,000000372)(1000)(1000) & 1,395 k.g.m. x 10° per k.g.cal. x 10°
0,207 . per 10 temperature fall,
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Carnot made similar calculations, utilizing the isothermal vaporis
sation and condensation, at a tomper;turo one degree lower, of water
and alcohol, respectively, In these cycles, unlike his previously des
cribed ideal cycio with steam, he regarded the net motive power developed
to be equal to the excess of that developed in the isothermal expansion
over that absorved in isothermal compression, Also, the initial and final

volumes for the expansion wer e supposed to be the same as to the final
and initial ones, respectively, of the compression, Finally, the irrevere
slble heat effecte, occasioned by raising and lowering the working body

isometrically through one degree iy direct contact with the fire pox and
condenser, respectively, were assumed to be negligiple, The results
obtained in this way, together with the one for air, comprise the
folloving tablet

Norking Body Zemperature Fall Motive Power
: - ' (Kegole X 107/kegache x 103)
Alr e: to a: 14395 -
Water 100" to 99 1,112
(1iquid vapor) 5 °
* . 0. to ”1. 1.290
" ’® to 77 1,212
uc@h@l 5 o
(11quid vapor) 78,7 %o 777 1,230

Carnot noted that, of these data, only those taken at the same tcnpom.
ature are strictly campdrabh, The discrepancies occurring in these cases
he thought could very well be due to experimental error, However, ho/m
by no means dogmatic about the correctness of his theory: indeed, as we
sha.li see, he oxpros:od serious doubts as to the valldity of the caleric
hypothesis upon which the truth of his fundamental theerem had been

maede to rest,
" Carnot devoted the remainder of his paper to an snlightening die

cussion of practical heat engines and how their efficiencles might Dde
improved,
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1f, 1a £'the fact that Carnot did not formally advance what
we today refer to as the Second Law of Thermodynamics, he is neverthe
less referred to as the founder of the Second Lew, this is preclsely
vecause two of the three general ideas embraced by the Second Law
(cf, pe2dé) are to ve found in nis 1824 paper, In the first place, his
contrast of caloric at a definite temperature, with the motive power
ﬁhich it may yleld by suffering & fall in temperature, corresponds to the
fundamental differentiation of substance into inactive and active (useful)
formsg the caloric at a certein number of degrees above a reference
temperature ("potential energy of caloric") represents the inactive form
of .substanco, whereas motive power (a raised weight or a ponderadle body
endowed with motion) 1s the active form, However, the notion that, even
in the ideal limitling case, the inactive form of substance is only parw
tially convertible into the active form, is not found in Carnotts paperss
he supposes that the potential energy of caloric and the corresponding
motive power would be completely and mutually convertible in the perfect
engine, On the other hand, in the concept of "maximum motive power! as
& limit which is never achieved, it is clearly implied that every actual
transfer of caloric incurs en irretrievable loss of motive power, Hence
the fundamental idea of "irreversibility" would seem to be present in
Carnot¥s worky

However, as Helm notes (32, p. 54), the admission of the notion of
irreversibility into Carnot!s argument 1ncm£3d & contradiction with the
fundamental notion of substance, This contradiction arose out of Carnotls
retention of the caloric hypothesis, i,e, of his assumption that the

development of motive power incurred no diminution in the total quantity

of caloric, Thus suppose that a quantity of beat Q falls directly
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from the tempor'\aturo tl to tz, without the production of motive power,
According to Carnot, this quantity of heat may, in the limiting case, be
completely restored to its initial condition by means of an 1deal cycle
absorbing a certain quantity of work, At the end of this series of
changes, everything is the same as before except that a certain quantity
of work has been completely annihilated, 1,6, ox;é.ndod. without producing
any result whatsoever, Since the whole operation might be repeated an
indefinite number of times, we see that Carnotls reasoning implies the
possibility of an unlimited destruction of work without any compensating
changes whatsoever, 5.'9 be sure, this does not inveolve any contradiction
with the Principle of Excluded FPerpetusl Mgtion as Carnot generalised it,
But the substance hypothesis, on which the First Law is based, excludes
the possipility, not only of porApatual motion, but also that of the
absolute destruction of motion or werk;ls

- Carnot thus occupies a somewhat pecullar position in the history of
thermodynamics. On the one hand, his line of reasoning involves a flat
contradiction of the Energy P rinciples on the other, although Clausius?
postulate of the impossivility of heat pessing "of itself" from a lower
to a higher temperature ies tacitly acknowledged, it is never introduced
as & fundamental principle,

If Carnot's ‘pa.por is nevertheless of the greatest significance, this
is vecause it not only advanced numerous concepts and prinoipfl.os‘ which
remain completely valid today, but alse presented many of its erronsous
conclusions and methods of proof in such & form that only a single stepws
the relinquishment of the calorlic hypothesis in favor of the Energy

.Priheiplmu necessary to convert them into their modern form,
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and this
fact, togatl;;r with the &1r¢nﬁaf&#§e; thatmy;f th‘o“:i‘.d:u set forth
in it were novel, hence difficult to grasp, probably accounts for the
failure of his contemporaries to appreciate its significance, Not
until ten years after its publication and two years after the author's
DEATE did the seed whiéh the great founder of the Second Law had sown
begin to bear gruit, In that year, 1834, E, Clapeyron, also a Freach
engineer, published his ®Memoir on the Motive Power of Heat" (52),

The resemblance of the title of Clapeyron's paper to that of Carnot's
is in keeping with the close similarity of the contents of the two papers,
For Clapeyronl's contribution was essenﬁially no more than an olucidatidn
Va.nd elaboration of Carnot's ideas, At the very start, he paid tribute to
Carnot'e general mode of reasoning snd contrasted it with the questionable
hypothesee introduced by Laplace and Polsson in their treatments of thermal
phpnomena,lg While appreciating the virtues of Carnot'd theory, Clapeyron
‘also falled to discern 1ts weakness, For he, like Carnot, accepted as a
fundamental axiom, the principle of the conservatidn of caloric, and he
reiterated the preof of Ga.rnet'é Theorem, respecting the independence of
the motive power on the working body, in precisely the same form in which

Carnot had given it, Indeed, the possibility of the re-formulation of the

proof inte its modern form appeared more rcmato\tban it had with Carnot,
since the doubt in the validity of the caloric hypothesis, which Carnot
explicitly expressed several times in the course of his paper, nowhere
found expression in the memoir of Glapoyron,‘

0f the first importance is Clapeyron's graphical representation of
Carnot cycles on the p=v diagram, Such diagrams bad already acquired

great practical significance in connection with Watt!s indicator, but
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their introduction into theoretical reascning dates from clapeyman.:ﬂho
form taken by Glapoyrgn's diagram for a cycle employing & perfect gas
as working body is well=known (cf, Figure 5). '
The ges, whose initial state corresponds to
point A, is subjected, successively, to iso-

thermal expansion (AB), adiabatic expansion

(BC), isothermal compression (CD), and adie~

batic compression (DA). Following Carnot,
Clapeyron supposed tha}t, in order for the - Megure 5
adiabatic compression (DA) to return the gas to its initial state, the
isothermal compression (CD) must be continued until the caloric, which
is received from the hot reservoir during isothermal expansion (AB), has
been imparted to the cold‘resoivoir. If thia‘be done, the gas will suppose—
edly contain the same amount of caloric ab the end of the isothermal
compression as 1t did at the beginning of the isothermal expansion, so
that when adiabatic compression restores it to its initial volume, both
it8 volume and its total caloric will be the same as at the start of the
cycle, Hence, its pressure and temperature, also its.stéte, met be the
same, This foll§ws from Clapeyron's assumption that; of the variables €
(quantity of caloric), p, t, and v which characterize the state of a body,
the values of any two determine %he values of the remaining two,

Carnot's cycle with steam ﬁas unsatisfactory because the last stage,

that of adiabatic compression, was lacking, This deficiency was supplied

by Glapeyrpn whose diagrammatic representation on the p~v diagram is shown
in Flgure 6. A quantity of liquid at temperature §j &nd pressure and vole

ume corresponding to C 1s sdpposed carried through the following reversible,
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cyclic process: (1) the liquid is subjected
to isothermal evaporation at t;, until a

certain portion of it has been vaporized,

the pressure and volume of the system dur-

’ing this process corresponding to the points

of the horizontal segment CE; (2) thermal ’ ; v
isolation of the systeh is established whereupon Figure 6
adiabatic expansion, represented by EG, results in further vaporization of
the liquid at the expense of the sensible caloric of the system,, the
temperature consequently falling to %y (3) communication with the cold resem-
voir is extablished whereupon isothermal coéyrossion and condensation, repres
sented by GK,is continued until the caloric which was receiveé frog the hot
reservoir at t,, is imparted to the cold reservoir at ty; (4) adiabatic com=
pression, hence liquefaction, restores the system to its initial volume and,
since the total calofic is also the same as at the start, to its initial state,
By applicatiom of simple geometrical principles to the p~v diagrams of
Carnot cycles of infinitesimal dimensions, Clapeyron was aﬁle to clothse
Carnot's Theory in a new anslytical form, Thus suppose the p-~v diasgram of
Figure T represents an infinitesimal
Carnot cycle, employing a perfect ges
a8 working body. Neglecting infinitesw
iﬁals of higher order, this figure may be
treated as a parailologram.16 The work
developed will equal to the area of abed

<

which is given by the product, egebn.

But eg = 4V, and bn 8 4Pvi hence, evalu~

ating dp, from the gas law, pv = R(267+%),
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we obtain:
Work developed = dv * dp, = R 4t *dv . (6)
v

Supposing Q to be a definite function of p and v, the element of heat absorbed

by the gas in the isothermal expansion is, except for infinitesimals of higher

Q= 8—%)? d”’@%v ap. 7 | ' (7

But, for isothermal expansion, the gas law gives pdv + vdp = O, or

order,

ép = - e- dv, Substitution of this in (7) gives, for the heat element,

« = Qg dv_(z_e . dv~[H)P (2 )]d (&)

The maximum quantity of work obtainable by the transfer of unit ‘quantity
of caloric from t to t =~ dt i® the ratio of (6) to (8), or

R db "“Mdg

e

ves) - P(} T (9)

2V)p YP/ v
which ratio, by Carnot's Theorem, is a function of t only, or of the pro-
duct p ¢« v. Bubt the numerator of (9) involves t only, sp that this must

aldo be true of the denominator, Whence

vQ - > - _ ¢
(5‘3‘)1) P (—9_%)v p-v), (R

£ ot . 4 Ny
an eonetion widich, we now koow

whose integral is

5 o
T T U TR A S S,
p AMES ol ol PEVEN RV O &

Q= f(p-v)= F(p-v) log ((hyp) p).
Substituting for £ (psv) and F (psv), the corresponding functions EB and

RC, of t, we have - ‘ '
Q = R(B «=C log p), (10)

an equation which, we now know, has no meaning other than for isothermal
processes, |

Clapeyron regarded equation (10) and the gas law

v IR @73 + t) ()
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as two fundamental relations connecting the four variables p, v, t, and Q.

Since the denominator of (9) equals to F (p *v) = RC () we may write

R dt | - 4 o (12)

6, - &y,

The true nature of the function O(t) thus becomes evident: the product

of its reciprocal into the differential of the tﬁemperaturc equals to the

maximum work obtainable by the fall of a unit of heat from t° to (¢ - at)°.

By Carnot's Thbarem, C is a positive function of the temperature, the same
for all bodies,
For an isothermal expansion of a perfect gas ffom (p, v) to (B',v'),

equation (10) gives for the heat absorbed

Q= Q' = RC log (p'/p) &  BC log (v/v!), (13)
which is the analytical expression of Carnot's law that the heats absorbed
bjr & gas in isothermal expansion are in arithmetic progression when the
reductions of volume are in geometric progressifan., Substituting R = g%___.,

T+t
Ckapeyron obtained the law in the form

-t T B 10g (v/v), (14)

‘which shows that "equal volumes of all the gases , taken at the same
temperature, being compressed or expanded by the éams fraction of their
volume, disengage or absorb guantities of heat proportionate tb.thg pressure,"’
a result not stated by Carnot,. ~

Clapeyron also observed that, according to (13), "equal volumes of all
the elastic fluids, taken at the saﬁe temperature and under the same pressure,
being compressed or expanded by the same fraction of fheir volume,.disengagé
or absorb the same absolute quantity of heat." This result, already,obtained‘
by Carnot , had been experimentally verified by ﬁulang.lg

Equation (10) led to correct resﬁlts when applied to isothermal processes .

because, in these cases, the caloric aupposition that Q was a definite function
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of the state variables was valid, However, according to the calorists,
Q was a definite funciion of these variables under all circumstances,
Hence, Clapeyron incorrectly supposed equation (14%), obtained by the integra-
tion of (10), to apply also to non~isothermal processes in which the initial
and final temperatures were the same, He thus fallaciously regarded equation
(14) as a general law which embraced Carnot's law, relating to isothermal
volume changes, as & special case,

The same false assumption of the general validity of equation (10) led
Clapeyron fe vﬁhe law that the difference in the two spedific heats is the
same for all perfect gases at the same temperature, Tﬁus; by differentie~ .
tion of (10), he concluded thats

e (359, - i
This calls to mind that Carnot also obtained this correct result by an
incorrect method, (cf, p.25!)

In these considerations involving perfect gases, Clapeyron obtained
practically the same results already obiained by Carnot by nomegraphical
methods, However, the application of the same mode of reasoning to the

thermal behavior of vapors yielded new results not obtalned by‘ Carnot,

Tlie p-v diagram of Figure 8 represents a b
Carnot cycle employing the isothermal vaporizas o a
tion and condensation of a pure liquid for the | Rf |
transfer of caloric, and working between temper- ; | ) °
atures which differ only infinitesimally. ZFor | : : ‘
reasons similar to those advanced in the case of ’-’3!:’5' ﬂh!"k"‘*v
the cycle of Figure 7, the figure cdef may be | Figure 8

treated as a pa.ra.llelogram,' 8o that ites area, hence the net work developed,

is given by cd « (dh-ek), Suppose v is the volume of the saturated vapor
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resulting from the isothermal evaporation. Then, if /0 and 5 denote the
densities of liquid and saturated vapor, respectively, we have, for the
volume of ligquid evaporated, v $ / / ; whence the increase in volume of
the system during isothermal evaporation is cd & (1 - '5/(” )Jv. PFurther,
(dh - ek) = Cljy dt. This gives: ,
Yy
Work developed = (1 - 5/p) v (%—-9,’ av. (15)

Also, if k denote the lateant heat of vaporizatidn per unit volume of saturated
vapor at p and t, we havd

" Total heat absorbed = kv, (16)
Division of (15) by (16) gives the maximum work developed by the fall of
& unlt of heat at ¥ through the temperature interval dt. This being the

same for all working bodies, it must by equation (12) equal to dt/C.
Therefore (}
, (1~ 5/?)7.7%)‘7.&:‘ -
kv ¢}

so that

(1)
k(1= p) - c (18)

which is none other than the famous Glausi:swclapeyron equation expressed
in terms of the unknown function , C(%). ‘

At ordinary temperatures, Clapeyron noted that /0 , the density of the
llquid, greatly exceeds 5 , the density of the vapor. Hence, under these

ave

conditions, we, very approximately:
k¢ (2 , (19)
2 % v

i.e. "the latent caloric contained in equal volumes of the vapor of different
liquids at the same temperature, and ynder the corresponding pressure, is
proportional to the coefficlent %.'% of the pressure with regard to the
‘tempersfw.ro."20

Clapeyron incorrectly concluded from equation (19) that liquids' of
- feeble vapor pressure,and consequently small (%'% 'coofﬂcients, must have

v ;

small latent heats: he failed to note the possibility that C(t) may be
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- correspondingly larger for such liquids. From (18), however, he correctly
deduced that the latent heat of veporization must approach zero as the
density of the vapor approaches that of the liquid}assuming 1+ and(_g_gv
to remain finite. , P
With the object of placing Carnot's theory in £ ,
a more general analytical form, which shall apply to Dg
any body whatsoever, Clapeyron next employed still ‘ 'e_ )
|

a third type of infinitesimal cydle, Starting with

v

h 9] (3
any body whatsoever at the temperature T and whose Figure 9

volume and pressure are represented by point d on the p~v diagram of Figure §,
imagine 1t carried through the following infinitesimal, regérsiblt,cyclic
procesgs: (1) ﬁsat isometrically until the temperature T -} 4T is attained,
thereby entailing a prossurg increase represented by ithe length of the
segment df; (2) expand isothermally until the heat elemént dQ is absorbed,
the volume and pressure assuming the values represented by point g; (3)

cool isometrically to the temperature T, the pressure falling by an amount
- represented by the length of the segment gaf, (4) compress isothermally in
contact wifh the eold reservoir until the original volume, hence the original
state, is a.ttained.zl Becguse all the operations are only infinitesimal in
extent, the figure dfge may be regarded a parallelogram whose area, hence the

work developed, is given by the product, bc +df, Hence

, dv 47
Work developed = be * df 2 dv ?__%) o 4T 2 =%F— . (20)
e Gh

Regarding the heat absorbed in the isometric heating exactly to cancel that
developed in¥30metrie1%’1{%.,’,?,112?.@ cooling, the work developed must have resulted
from the transfer,from T -} dT to T,of the caloric absorbed in isothermal

expansion. During this isothermal expansion,
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= AL ap 4{4) av 20, ordp= -
d? - é%;i. P 4{%}1 v « 0, or dp =

Theréfore the heat absorbed is given by: ag
&t)

Q= (g—;& dp +§§)pav v %?); %g) _——5&- (20
P v

The ratio of (20) to (21) represents the maximum work divcleped by one unit

of heat in falling from ¥ + 4T to T and, as before, mst equal to %2 .
ENCECRD

| ap/v av/,

(F,®, & = - (23)

In the special case of perfect gases, Clapeyron observed that evaluation

,Thnrefore - aF  t22)

c

80 that

of the coefficients (d,'.E/dP)v and (d@/dv)p converts the gemeral equation (23)
into equation (9'), already obtained by another method,

Supposing Q to be & definite function of p and v, Clapeyron integrated
equation (23) as he had already done with equation (9'), thus obtaining

2 KI)~-C- C;b(p.v), (24)

where F(T) is an arbitrary function and 7b(p,v) satisfies an accessory
equation, However, he made no attempt te appdy this incorfect result to
particular cases,

By substitution of the value of  , given by (23) , into the expression
(21) for the elemént of heat absorbed in isothermal expansion, Clapeyron

obtained the new relation:

aQ = Z—?ﬁ- Cav (2u1)

v
which, by virtue of equation (20'), becomes

¢dp - av) | (25)
@—fp Gd? (&T)P '

1,0, "if the pressure supported by different bodies, taken at the same

Q= =

temperature, be augmentod‘by a small guantity,quantibies of heat will be
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disengaged from it, which will be propar tional to their dilatibility by
heat." 23

Clapeyron devoted the remainder of his paper to the numerical calcule~
tion of 1/0 and the coefficient dG/dt by several different methods. We have

. already observed that the product of 1/C and dt represents the maximum

work obtainable by the fall, through the interval dt, of a unit of heat at
the temperature t. Clapeyron assumed, as Carnot had already done, that the
maximum work obtalnabls from a unit of heat is, fer aknall temperature fall,
namely, one degree, is proportional to this fall, Hence he regarded the
value of 1/C at a gifén temperature as num§rically equal to the maximum
motive power obtainable by the fall of a unit of heat from the given temper—
ature to a temperature one ddgree lower, Therefore Clapeyron's values of
1/G are comparable with Carnot's calculations of the motive power of heat.
(ef, téble, p.25%)

Glgpeyron's first method of calculation of C was based on the equations
pv > R( 267 4t) and Q= R ( B= C log p) for perfect gases, Differentiatig

the second , we obtain

24
Q2 2R - 10ep L)as - no &2 (_9.) at - :ac-E

But, by virtue of the first, (R/p)dp = R(Rdt = pdv )/vp = (Rdt = pdv)/(267+t).
Therefore the expression fer dQ becomes

a :’.(s}% it = ¢ (Bdt = pdv)
: iv p EYRIH

8o that, for an adiabatic procdss (dQ = O), we have

« (Rit = pdv) .
(1/°) (871 t)at ¥
),

Dulong =:..d had calculated that air, as well as the other gases, taken
at 0°C, and one atamaaphnre pressure, when compressed sudder?ly (adiabatically)

by 1/267 of its volume, develops a quantity of heat capable of raising the
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same volume of air (measured under the same conditions) thi'ough 0.421°,
Suppose a kilogram of air, occupying a volume of 0,77 cubic meters at 0°G.
and one atmosphere (10230 k,g. per square meter) pressure, be subjected to such
an adiabatic compression, Substituting v = 0,77, p = 10230, cp = 0.267,
dv = 0,77/ 267, dt = 0,421, the above equation yields, for such a process,
‘the result, 1/0 = 1.43, for t = 0°C,.

Clapeyron next deduced values of 1/0 by aubstitutimi of values of

dp/dt and k, the latent heat of vaporization, in the equation 1/0 = E‘Eléd_tl .

His results by this method comprise the following tables
dp/dt at Density Vaper at i per k.g. B, P, 1/c

uid

-&!’3—.— B P, ﬁ’(d&ir v l) of Vager

Sulfuric ehter 1/26,12 2,280 90,8 3545 1.365

Alcohol 1/25.19 1,258 2077 78,8 1,208

Water 1/29 0.451 543 100 1.115

Essence of 1/30 3,207 76.8 156.8 1,076
turpentine

From the values, 1/C = 1,4] for ¢ = 0 and 1/C = 1.115 for t = 100,
Clapeyron deduced the mean value, dofat = 0400187, i.e. the work value of
& unit of heat pey unit fall of temperature decreases slightly with ine
creasing temperature, & result also obtained by Carmot but by incorrect
reasoning (cf.‘ p.375).

As & check of the above values of 1/C, Clapeyron next employed the
same equation to calculate 1/(} from values of dp/dt for water vapor at a
series of temperatures, Assuming_k to be independent of temperature, he obw

b 1{0

tained in this way:

0 14586
3545 1,292
7808 lpl 2

100 1,102
156.8 1.072

These results compared favorab¥y with the values already obtained for 1/¢
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same
at the temperatures,

‘The concordance of these values of 1/C at corresponding temperatures,
together with Dulong!s varifica.tion’of the law respecting the heat developed
by compression of a perfect gas, greatly strengthened Olépoyron's confidence
in Carnot's theory, As already noted, he nowhere expressed any doubt as -to
the validity of the caloric hypothesis,

We must not under-estimate the impottance of Clapeyron's paper. Although
his fundamental ideas were all borrowed from Garnot,h evertheless performed
a gdnuine service by clothing them in precise analytical form., For, in this
way, the merits, as well as the demerits, of Ca not's theory were brought
clearly into prominence, and the way was paved for its modification infto
a form consistent with the Energy Principle, )

This modification, however, was slow to arrive, We ﬁave>a1ready observed
the general neglect of Carnott!s and Clapeyron's work by the founders of the
Energy Principle, Mayer did nntymention it., Joule contented himself with
simply observing that, according to the Firsit Law, Carnot's assumption that,
in the operation of the ideal engine, the heat absorbed in 1sotherma; eipanw
sion equials that developed in isothermal compression, must De abandoned in
favor of the supposition that the former gxcoeds the latter’b& the amount of
hsat equivalent tec the work developed, Hedmholtz, as we shall see, ﬁado
several comments on the relative merits of Glapeyfon‘s views and those of
Boltzmann, about to be described, but made no attempt to develoﬁ Carnot's
ideas in a mznner consistent with the Znergy Principle,

B, The Views of Holtzmann and Helmholtz,

The modification of Clapeyron's views so as to accord with the Energy
Principle was approached, howefer not attained, by Holtzmann in his
h
Mat s "On the Heat and Elasticity of Gases and Vapors", published in

1845 (55). His description of the effect of adding jfheé,t to a gas would
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seen %0 accord with the Bnergy Principle, For he said, “Tﬁa effect of the
heat added to the gas is either increase of temperature combined with increase
of elasticity, or a mechanical action;and a mechanical action is the equiva(.lentl
of the increase of temperature." That is to say, if a tgmperature rise has
occurred, the gas may always be expanded until the initial tegperature is
reattained. Naively neglecting the change of state of the gas, Holtezmaun,
like Seguin, regarded the total mechanical action‘dovoleped as the measure
of the heat absorbed, Hence, he adopted, as his unit of heat, that "heat
which on its addition to any gas is capable of producing the mechanical
action a, i.e, to use a definite measure, which can raise g kilograms one
meter,®

Thus, for an infinitesimal isothermal expanslon of a perfect gas, the
work is pdv and the heat absorbed, dQ. Hence Holtzmann wrote

%"_‘ s . / (26)
However, at this point, Holtzmann fell back on the caloric asssumpiion that
Q is & definite function of the state variables and wrote with Clapeyron:
@ =) op+oe) o ® (261)
av/p

For isothermal expansion dt(p,v) = O, so that

tp = e av (G = av(pf).
(as/ap),
Substituting this in the expression for d and combining the result with the

expression for a, Holtzmann obtained

v(aQ/dav)py = plaQ/ap)v = (pv)/a | (a1
whose integral is e F(ts “ Rgzzi T ) Log . (28)

Holtzmann's equations (27) and (28) closely resemble equations (9')
and (10) obtained by Clapeyron. At first, this state of affairs startles

the reader, since Holtzmann bas apparently not employed Carnot's theorem to
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obtain his results. A closer examination of equation (26), however, explains
the agreement with Garx;ot‘s theory., We should note, in the first place, that
if equation (26) be regarded as expressing the equivalence of work and heat
(end Holtzmann evidently intended that it should be so regarded), it cannot
but contradict equation (26'), For the heat absorbed by a gas cannot be
determined by the work done and, at the same time, by the initial and final
states, since the woflk done is not determined by the inlitial and final states,
On the other hand, if we regard egquation (26) as sxpmessing Carnot's thaorom
for an 1n§}1nitesimal cycle employing a pnrféct gas, it is the analogue of

Clapeyron's expression (12):

R(dt/v) &v T as .

|Q c
Comparison of the two yields the result C - (1/a)t. Thus Holtzmann's equation
(26) emounts , formally, to Carnot's Theorem supplemented by the assumption

of the linearity of C(t). This explains the forms taken by equations (27) amd

(28),
" By differentiation of (28), Holtzmann obtained the resudts:
Cp = (aF/dat) -~ (R/a) log p | (29)
and Cy = (a%/dt) -~ (R/a) log p = R/a (30)
whence | Cy = Cy = BR/a. (31)

Clapeyron had already obtained this difference in terms of his C function,

but he did not employ the result to evaluath C, Holtzmann, however, employed

squation (31) to calculate a, By virtue of the perfect gas law, equation (31)

becomes a(cp - cv) (273 + ¢) = pv.
The gquantity (0‘.p -C,) for air was evaluated from Delaroche and Berard's

value of O, and the value of ~ ¥ Cp/O, calculated from the velocity of

sound, Whence a = 374, i.e, "Bhe heat which warms one kilogram of water
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19C. is capable of raising 374 kilog:amé ¢ 1 meter," Holtzmann stated
‘that this value of a may be in error by as' mach as forty units.

Holtzmann's method for the calculation of g was precisely the one
already employed by Mayer three years earlier, In 1845 Mayer Jjustified his
calculation by reference to Gay~lmssac's free-expansion experiment, but Holtze
mann made no attempt to justify his calculation in this manner,

Of the remainder of the results obtained by Holtzmann, the correct énes
had already been formulated by Carnot and Clapeyron, Thus from eguation (28)
he obtained Carnot's law respecting the heat effect of the 1sothnrmal volume
change of a perfect gas (cf. egquation (13))., Like Clapeyron, however, he
supposed this heat effect to be the same thnkha path was & non=~isothermal
one connecting the same initial and final states,

Supposing equation (28) to be generslly valid, he obiained an incorrect
relation for the variation of the temperature of a perfect gas with its
pressure dubing adiabstic expansion., Similar assumptions, ﬁascther with
the supposed linearity ef?(t), led to the incorrect expression for the

variation of the vapor pressure of a liguid with temperatirey namely,
Bt

log(p/pe) = (6YADE=1

where P o B, and o/ are constants, Because of faulty data for the specific
heat of steam and its coefficient of éx@ansion, the above formula appeared
in Holtzmann's day to be approximsitely correct (53).

Holtzmaan's description of the vaporization of a liquid would seem to
accord with the modern view. For he stated that the latent heat w 1s used
to overcome the forces of cohesion and to incresse the volume of the system
against the external pressure, Let the work of overcoming cohesion per cubiec
meter of liquid vaporized be C, Then, if p be the extsrnal pressure, ‘Danﬂ»A

the densities of vapor and fluid, regpectively, we have w a =( - i- ) 6.

"4
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Neglecting 1/4 and supposing the vapor to obey the gas law, we get

;:;w-»RSl -l—°¢t2 .

a .
Assuming,with de Pambour, that w decreases linearly with ¢, i.e.

gla

W = w, - ct, where ¢ is the 8pec1fic heat of the liquid, we have,
%: ,,O.‘,,t“kgu»gm '

i.e. the work of cohesion decreases a: ths'tcmperature increases,

This mode of regarding the matter appeared to conform to uayer;s
Energy Principle (which Holtzmann nowhere jentions). Confusion again

| appeared, however, in his statement that in the adlabatic expansion of |

steam, "the steam retains its quantity of heat, its temperature sinks, and
the temperature passes over into its equivalent mechanical force." (!)

All in all, Holtzmann's presentation of his subject ﬁas far less clear
than the treatments of Carnot and Clapeyron, Its importance for us is
almost purely historical, 1iei it reveals how, as late as 1845, the caloric
theory was still holding its own against the advances of the Energy Principle,

Helmholtx devoted several paragraphs of his famous paper of 1847 (u5)
to the comparison of Clapeyron's and Holtzmann's work, He did not reject
Carnot's proof of Carnot's Theorem, although he pointed out itd dependende
on the principle of the conservation of caloric, He obscfved that, accord=
ing to Clapeyron's equation (25), the compression of water between the
temperature of maximum density and the freezing peint should be accompanied
by the absorption of heat, and this seemingly paradoxical, theoretical

| result caused him to doubt the validity of the formula., He noted that Holtoaw

mann's equation (26) for the mechsnical equivalent assumed that the energy
(Kraft) of the gas is independent of its volums, and pointed out Jould's (bus
not Gay-Lussac's ) experimental ccnfirmation of this assumption but failed
to point out Holtzmann's employment of the caloric hypothesis, along with

the notion of the mechanical equivalence of heat. To compare Clapeyron's
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theory with Holtzmann's he observed that Clapeyron's expression for O,

1
- 4 -
cZg [V(E’? P (%9 ]
P D/ v

and Holtzmann's expression for a,

v d‘)-vp,d_g} ,

& (Tigp dp/ +
ak = a . Comparing

A4 14 %
the values of 1/C calculated from this last expression with Clapeyron's values,

when taken together, require that (1/C) =

Helmholtz obteined good agreement mad concluded that, for gases, Clapeyronfs
formulae was equivalent to Holtzmann's,

Cs Carnot's Theorem and the Absolute Temperature,

In the last years of the eighteen forties the work of Carnof aand
Clapeyron began to atiract considerable attention in England mainly though
the efforts of William Thomson, The latter's contributions began with his
short, but epoch~making paper, "On the An Absolute Thermemetric Scale Founded
on Carnot's Theory of the Motive Power of Heat, and Calculated From Regnaultlds
Observations®(56), published in 1848, OCarnot and Clapeyron had both attacked
the question of the dependence of mechanical effect of heat per unit fall
of temperature on the Centigrade scale of temperature, However, the
observation that Carnot's Theorem provided the basis for the definition of
an absolute temperature scale independent of the particular properties of

~ any substance, had escaped them, It was first pointed out by Thomson in the
paper Just cited,
Gauss and Weber had already introduced absolute mechanical units into
electricity and magnetism, and 1t seems probable that their workpay have
stimulated Thomson to undertake the esfabliskment of an absolute unit of

temperature, After pointing out the complications arising from the varie
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bility of the specific heats of sdbstances with temperature, he eofrectly
characterized the convcntioﬁé.l Centigrade scale as netmore than “an
arbitrary series of m;mbsrod points of reference sufficiently closé for
the requirements of practical thermometry," He then proposed the question,
#1s there any principle on which an absolute thermometiric scale can be
founded," and stated that Carnot’s Theory provided an affirmative answer,
For %the relation between motive power and heat as established by Carnot,
is guch that quantities of heat, and intervals of temperature, are
involved as the sole elements in the expression for the amount of mechanim
cal effect to ve obtained through the agency of heat; and since we have,
independently, & definite system for the measurement of quantities of heat,
we are thus furnished with a measure of intervals according to which |
absolute differences of temperature may ve estimated,"

After a brﬁf reference to Carnot’s line of reasoning, Thomson proposed
an abéolu{oe scale, clearly, in the following wordsy "The characteristic
property of the scale which I now propose is, that all degrees have the
same value; that is, that & unit of heat descending from a body A at the
temperature @° of this scale, to a body B at the temperature (m»1)° would
give out the same reversible mechanical effect, whatever be the numoer T,
This may Justly be termed an absolute scale, since its characteristic is
quite independent of the physical properties of any specific iu’mtanco.“

Using Regnault’s data for the latent heat of steam and its saturation
pressure at a series of temperatures and estimating the corresponding
densities of the vapor vy means of the laws of Boyle and Gay-Lussac,
Thomson calculated the mechanical effect of a unit of heat per unit Centiw
grade degree of temperature fall at a series of temperatures ranging from

o
230°C %o 0°c, by means of Clapeyron's equation (19)e

-

k8 Qg?uu
at
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Like Clapeyron, Thomson found only a small variation in the mechanical

. _? Arf)v .
effect 1 with changs of temperature, thus indicating/fhat the centigrade
G .

scale is approximately an aksolute scales

' Following a suggestion » v, his brother, James Thomson in
1849 deduced another remarkable consequence from Carnotfe Theory, namely,

that the freezing point of water should

be dowered by an increase in pressure,

(56, p. 156) Suppose we have a body of air alr

‘ o .
A at 0 C confined in a cylinder under a

0
plston, a heat reservoir W maintained at 0 C,

and & body of water W!, initially at 0°C and one

Wt

atmosphere pressure, and confined under a piston,

(efs Fig. 10) James Thomson now conceives the
following reversible processt (1) placing A and Tigure 10

¥ in thermal contact, compress the air 1gothermally thgo transfering &
‘certain quantity of heat from A to Wy (2) placing 4 and WT in thermal
contact, expand A to 1ts origlnal volume while simultaneously expanding
W! and freesing a certain quantity of water, The expansion of WP is
supposed retarded so that its variable pressure, during expansion, is
greater than the original atmospheric pressure; this retardation, howe
ever, is supposed subject to the condition that when the initial volume
of A 1is reattained its temperature, hence that of W?, wiil again be 0°G,
Hence W"' pressure will again be one atmbupherc.g (3) By thermal

contact of W with W!, remelt the ice, thus restoring W! to its initial
state, According to the caloric theory, since W! and A contain their

original quantities of heat, W must also, Hence W, A, and W! are all
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restored to their initial states, A certaln amount of work has been
developed by the expansion of the solidifying ice in stage (2) of the
process, This must have been compensated by a net absorption of work
by A in the course of the whole process, which means that the average
pressure, hence temperature of A, was less during its expansion than during
its compression, which requires, in turn, that the temperature of W' was
less than O° when its pressure exceeded one atmosphere, In other words,
the freezing temperature of water must have been lowered by the increased
proasuro.26 | |

To obtain this result in ana)ytical form James Thomson imagined a
Cax"not cycle, similar to that already used by Clapeyron in the deduction
of the Clauslius-Clapeyron equation, but employlng the system, liquid
waterwicen as working body, Suppose the working bedy to be initially at
0°C and st a pressure and volume corresponding to point g on the p=v
dlagram of Figure 11, and let it be subjected to the following cyclic

2l

processt (1) isothermal compression along ab, with liquefaction of ice

and absorption of heat from a reservoir at 0‘(3;' (2) adiavatic compression
along bc, lowering the temperature (freezing point) to «t.ﬁ,; (3)
isothermal expansion along cd, with solidification of the water and
dovelopment of the heat which was absorbed during isothermal compressions
(4) adiabatic compression along da, restoring the body to its initial state,

"Neglecting the small volume changes occurring P

¢ 6 ' d
during the adisbatic portlions of the cycle, _ :
the net work equals to the excess of the \ |

work developed during isothermal expansion

over that absorbed during isothermal come

pression, If we suppose t to be such that
Fgure 11
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the pressure difference bc equals to Ap and if we suppose the
isothermal compression is accompanied by the meliing of one cubic
moter of ice (whose initlal state corrospénds to point a), then
the work developed by the cycle amounts %o 1033300,09 k.g.m,  The
heattransferred from 0° to =t° 1s the latent hest of a cubic meter

of ice, 80,000 calories, Then by Clapeyron's theory,

10 0,09, i
33 B, 4p 8 : v ®1,5537

where the assumption of the linearity of the workevaelue of the heat

with respect to the temperature difference is justified by the
smallness of o This formula was emperimentally verified by
¥William Thomson in 1850, the following yoar;.

The year 1849 which saw James Thomson's ‘theo. prediction of
the lowering of tho freezing point of water by in d pregsure, also
saw the publication of William Thomsonfs paper, "i ;;cannt of Camnot's
Theory of the Motive Power of Heat; with Numerical .sults Deduced
from Regnault's Experiments on Steam," The paper was mainly a resunie
of the work of Oa.rnot and Clapeyron, although & few minor modifications
were introduced, Thus, the analytical expression of Carnot¥s Theorem
for an infinitesimal cycle with a perfect gas was developed without
resort to Clapeyron's p-v diagram, Let the volume, temperature, and
pressure of the body of gas, say air, at the beglnning of each of the
four stages of the infinitesimal Oarnohfeyclo be given by the tablet
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Beginning of isothermal expansion v g e P

Beginning of adiabatic expansion v+ dv &t + 7 p(1edv/v)
Beginning of isothermal compression v + dv ¢t p(1-dv/vie
Beginning of adiabatic compression v i U o0

Neglecting infinitesimals of the second order, the average pressures
during isothermal expansion, adiavatic expansion, isothermal come
pression, and adisbatic compression will be p(leddv/v), p(h@dv/v) = XA
P(leddv/vIs U 4 and pokcs , respectively, Multiplying these mean
pressures into the corresponding volume changes, we find p(l-gdv/v)dw,

[ p(MVIva]St’ " [p(le&dv/v)év w:\ dv, and e(ped w0 ) ¢ for

the amounts of work developed in the four operation, rupoctﬁaly, By
addition, the net work is found to be o dvep ¢ difv, or (vos wp P)av/v,

By the perfect gas law,

wEp v {1ee (v 1))
and
() (v + 3 )8y v (1424)
where p , V. denote the pro;suro and volume for t8e and” < is the
thermal coefficient of expansion, By subtraction,

v ep P+ P @g@ T .

or neglecting W¢ 4
Suvstituting this va.luc in the oxpreu:lon for the net work, the 1attor

becomes o8 R S A dqT
pe " ?)ﬁ-mv b o v _f‘_ﬁ-.

where dq is the element of heat transferred from 7+ t to t, Then
the mochaniéal effect M of H units of heat, descending through the

temperature interval 7| , is
M = _XLbv  Ha
/v'(—fﬁ_
The coefficient of H 7 evideSti “represents the mechanical effect of
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& unit of heat falling through a unit interval of temperature, which,

by Carnotts Theorem, is some function /fﬂ(t)‘ the same for all bodies,

Then v
( ) piod d d:; : | (1)
M '5‘ e Vv }_‘;L(_

is the expression for Carnot!s Theorem for this case, This is suﬁto

be a special form of Clapeyron's general equation (2&1’).
Although Thomson adhered to the principle of the conservation of

caloric throughout this 1849 paper, still, at several points, he
expressed con@lderavle doudt in its valldity, Of the first importance,
in this connection, was his rocogﬁition that Carnot¥s proof of Carnotls
Theorem involved the assumption of the absolute dc'sfructien of work
(cf, De33?) For he said, "When Tthermal agency? is spent in conducting
heat through a solid, what becomes of the mechanical effect which it
might produce? Nothing can be lost in the ope rations of nature==no
energy can be ,dostroyud. What effect then is produced in place of the
mechanical effect which is lost? A perfect theory of heat imperatively
demands an answer to this qo.ostion; yet no answer can be given in the
present state of science,"

If, in spite of this contradiction and Joule's experiments, which
Thomson had been acquainted with since 1847, the latter nevertheless
continued, in 1849, to regard the caloric theory as "the most provable
pasis for an investigation of the motive power of heat," this must be
largely due to the experimentel verificatlon of numerous consequences
of Carnot's Theory, We have already observed, in connection with
Carnot and Clapeyron, the gené ral agreement of the values of¥Carnotts
function" 0 as calculated by a variety of different methods employing

data from several branches of physics, Thomson now found that by the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=280

substitution, into Clapeyron's equation (18), of Regnault?s recently
determined date on the saturation pressure and latent heat of steam
together with the values of the density of steam calculated from the
perfect gas law, values of A4« (orl/C) were obtained, which were in |
substantial agreement with the older values of M obtained by Carnot
and Clapeyron by applying the same method to data on air,sulfuric
acid, alcohol, water, and turpentine, And, like the older values,
Thomsonts also rovoa.loé. a gradual decrease of A~ with lncreasing
temperature, The agreement between the two sets of values of S~ is

shown in the following table, taken from Thomson's paperi

Substance Sﬂompora‘mh Value of /u-fi'an Regnault's Data
. (°c) (£t~ b, fe2Z. /7 )

. i ' = Lbs 1) 0C

Air 05 (Carnot)  4.377 4,960

Sulfuric ether 35,5 (Olapeyfon) 4,478 4,510

Alcohol 78,8 " " 3,963 4,030

W ater 100 " 34658 3837
Turpentine 156,8 " 34530 3,449

Further, Thomson was able to show that the values of Yt calculated
from Regnault!s observations in the manner Jjust described were in
approximate agreement with Joule!s experimental results on the heat
of compression of air, (cfe pe L?)S).. Write (1) in the form

dg® Lp, v, & o
v (2)
In an isothermal process m is constant; hence integration of (8)

glves, for the heat evolved By the isothermal compression of air from

the volume V to VI, -
Q2 (8p, 3/ V )1ogV/v, (3)

The work done in this compression will be

7 v
ws f piv 8 f P, Y (1t & t)avivBpy T (1+ ol t)logV/Ve,
Vo Ve ‘
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Therefore the ratio of work done to the heat developed should be
VR 2.« (14+dL B ()

Introducing his values of /-, calculated from Regnault!s data, into
this formula, Thomson obtained values of the ratio in fﬁr agreement
with Joulels experimental determination of the same qmtity.27

in addition to the above verifications of Garnot’s E!!hoory, we
should recall that Dulong had already verified Carnot?s formula for
the heat effect of the isothermal compression of a perfect gas, and
that James Thomson's prediction of the depression of the freezing
point of water by increase of pressure was soon to be verified,
Finally, Thomson had shown how Carnotts theory provided the basis for
that most important concept, ‘the absolute tomperaturo,zg

In the face of these nuéccssu scored by Carnot's Theory, Thomson
4id not yet regard Joulel!s experiments as conclusive encugh to Justify
the rejection of the caloric postulate, While admitting that Jouletls
experiments prove that heat can be generated at the ochcnﬁ%f mechanm
ical action, he pointed out that the coanverse phenomenon, which should
be perfectly possible according to the Enmergy Principle as stated oy
Mayer, Joule, and Helmholts, had never yet been observedt the devel~-
opment of heat by ons body and the absorption of work by another
appeared always to be accompanied by the change of state of an
auxiliary body, Thus Mayer¥s P/;inciple of Bquivalence seemed to be
beset with objections just as formidable as the Principle of the

Conservation of calaric.gg
4, THE REJBCTION OF THE CALORIC HYPOTHESIS,

» ‘ ‘ K
A, The B fforts of Hgnkine: Molecular Vorties versus Energetics,

In his 1845 paper, Joule had urged the modification of Carnot's
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theory so as to make it accord with the Princiizle of Equivalence, bt;t
the first definite attempt to do this came in Februmry, 1850, with the
publication of Rankine's paper, "On the Mechanical Acbion of Heat,
Expecially in Gases and Vapors" (47, pe 234). Although his point of
view was dominated by the hypothesis of molecular ?ortices, 8till some
of the results of Rankine's paper were formally independent of this
hypothesis (cf, p.R12)

According to the caloric theory, the heat required to bring a
body of liguid at a certain vodume and temperature into the gaseous
state at a certain volume and temperature must be independent of the
path, e.g, of the temperature at which the liguid boils, but, according
%0 the mechanical theory of heat, this se~called "total heat of
evaporation! must depend on said pa.th.3o Rankine derived an anaiytical
expression for this dependence in the following manner, Suppose that a
unit weight of liquid has, at the temperature t,, the volume v, and
vapor pressure P,, and latent heat of evaporation Iao. Suppose the
volume of unit weight of the saturated vapor, at this temperaure, be
Voo At the temperature t1> t,, let the values of these quantities be
Vi, P, L3, and V3. Imagine a unit weight of the ligquid , initially
at ¥, and V,s carried through the following reversible, cyclic processt
(1) let the unit weight of liquid be brought inte the state (%5, vy)
in such a manner that its mean specific heat between to and tl is
represented by G Le

Hedt absorbed = oL‘(‘/tl - %)
Work developed =j Pdv,

(2) Evaporate the unit weight of 11q§°i"d isothermally at %;.

Heat absorbed = Ll

Work developed = Py(Vi~vy)e
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(3) Expand under saturation pressure until the ‘temperature ‘falls
to to.A 1f K, is the specific h-a?t of the saturated vapor,
Heat absorved 8 = ’K'dt
Work Developed 3 {T;dv
(4) Liquefy the vapor uothor‘{nally at 14
" Heat absorbed 8 91-.
Work developed 3 =P, (Vgovole
Since the body is restored to its initial state, the total heat
absorbed equals to the total work developed, or y Y
IoléIae-i’ Kl (tlﬁ‘bd - ) 'K'd.t 2 rl(vlml);rn(v‘ma) + f:&v + _‘{mv.
The quantity K,, the specific heat of the saturated vapor, Raukine
clearly defined for the first time: it represents the "qmtity of heat
which unity of weight éf vapor receives or gives out, while its to@r&
ture is increased oy‘1°, its volume being at the same time compressed so
as to bring it Yo the maximum pressure corresponding to the increased
temperature," By means of the molecular vortices hypothesis, Rankine pre
dicted that K' was negative for the vapors known in his day, 1.e, *the
heat generated by the compression is greater than that which is required
to produce the elevation of temperature, and a surplus of heat is given
out; and, on the other hand, if the vapor at saturation is allowed to exw
pond, and at the same time maintained at the temperature of nturation, the
heat which disappears in producing the expansion is greater than that set
free by the fall of temperaturet and the deficlency of heat must be
supplied from without, otherwise a portion of vepor will be liguefied in
order to supply the heat necessary for the expansion of the rest." (47)
This prediction was confirmed by Blausius later in the same year by &
method independent of any hypothesis as to the nature of heat,

In his 1850 paper, Rankine calculated the work done by a reversible
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steam engine absorbing & definite quantity of heat ai one temperature

and discharging a correspondingly smaller amount at a lower temperature
and he refers to this as the "maximum mechanical effect," Without ex~
plicitly stating it, he seemed to imply the validity of Carmot's Theorem,
respecting the independence of the maximum work on the working body, but
he gave no ;éroof for the existence of such a u:iim. In the folloving’
ysar, 1851, in a paper "On the Zconomy of Heat in Expansive Machines® (47),
we find him insisting that "Carnot's Law (Theorem) is no:nindopondont
principle in the theory of heat but is deducible, as a consequence, from
the equations of mutual conversion of heat and expansive povqr.' And he
mainteined this in the face of the classical treatments of Thomson and
Clausius which he0d, in the meantime, appeared, From the hypothesis of
molecular vortices, he thought he could deduce, for the efficlency of a
heat engine working between the absolute temperatures !1 and T 0? the

value P o

where X is a constant, na. © = small compared to ordinary values of
w—————— .

@1,

, 1
equilibrium be pouiblo.s

and which must be the same for all substances in order that molecular

Beginning in the year 1853, Rankine expounded the positivistic or
Yenergetic? view of thermodynamice which he was careful to distinguish
from the hypothetical, mechanistic standpoint of his previous papers, This
new viewpoint found expression in three papers, whose contents considera~
oly overlap: "On the Mechanical Action of Heaty Section VI, A Review of
the Fundamental P rinciples of the Mechanical Theory of Heat" (1853);

*On the General Law of the Transformatlon of Energy’ (1853): and "Outlines
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of the Science of Energetics" (1855), all of which are included in his
MNiscellaneous Scientific Papers (47),

Unfortunately, however, Rankinel!s attempt to make his considerations
extremely general caused zmch of his reasoning to be cloa!ud. in obscurity,
Thus his term "energy" is frequently surrounded by a vagueness reminis~
cent of that which had associated itself with the term "foz;eo" in the
writings of tho precursors of the First Law of Thermodynamics,

Rankine's vagueness is somewhat exemplified by the definitions of
"actual® and "potential energy with which he began his paper, “On the
General Law of the Transformation of Energy,' "Actual, or Sensible
Bnergy," he says, "is & measurable, transmissible, and tranl;‘orﬁa'blo conw
dition, whose yrbstnc. causes a substance (body) to change its state in
one or more respects," By the occurrence of ché.nges, actual energy ls
replaced by "potential, or Latent Energy, which is measured by the product
of a change of state inte tho resistance against which that change is made,"
As examples of actual energy, he cited #the vis vive of matte§ in motion,
thermometric heat, radiant heat, light, chemical action, and electric
currenis,” and as instances of potential energy, he gave “the mechanical
powers of gravitation, elasticity, chemical affinity, statical electricity,
and magnetism,"

Helm(32, p.112). hag detected, in this segregation of energy into actual
and potential, the influence of Rankine's earlier proposed mechanistic
hypothesis of molecular vortices; that is, Rankine's supposition that this
segregation, which, for mechanical energy, corresponds to the scientifie-
cally valid cdassification of energy as "kinetic® and "potential}ll also
s@pplies to every other species of energy, e,g, heat energy, may well
have been suggested by 'shp cénvictien that all energy is really mechanical,
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Whether this be true or not, Rankine's classification did not correspond
to the fundamental division of suostance into active and inmetive forms,
required by the Second Law (cf, p,Z2l4. Thus, the energy of senui‘blg heat
and the energy of motion of macroscopic bodies, which we now recognize as
instances of inactive and active energy, respectively, Rankine regarded
to be of the same general type, namely, "actual energy," Indeed, the
failure to recognize the peculiar nature of heat energy was character~
istic of Rankine'!s treatment,

The Law of the Conservation of Energy, Rankine formulated in the
statement that the sum of all energies, actual and potential, of the
universe is constant, |

Now, said Rankine, let V denote the "magnitude of the measurable state
of a substance," 1,8, the value of some extensive property of the pody in
question; U, the species of potential energy dovolopdd when V, increases}
and P , the common magnitude of the tendency of V to increase, and of the
equal and opposite resistance against which 1t increases, Then

- -
dU ~ Pav, p=dU
av,

At this point, Rankine seriously obscured his whole treatment by choos

ing Q, the actual energy of the body, as sn independent variable, a step
reminiscent of the caloric theory. Suppose Q denotes the actual energy of
& body which produces the tendency for V to increase, and imagine Q
divided into infinitely small parts of magnitude dQ, Since these elements
dQ are "altogether alike and similarly circumstanced, the effect of the
total actual energy Q in causing V to increase, must be _3;“ times the
effect of a single element dQ. But the effect of dQ in c:gling the
development of potential energy of species U, during the increment dV, is

&P aQav,
aQ
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s0 that the effect of the whole actual energy Q is
q,é‘%.dv, o (1)
ie, this represents the "amount of actual energy Q transfromed to Pl
tential energy of species U in the change dV," |

The expression (1), Rankine refered to as the "General Law of the
E;‘ansformation of Energy," which he stated as follows: "The effect of
the whole actual energy present in a suvstance, in causing the trans-

formation of energy, is the sum of the effects of all its parts,"

Although he later referred to this proposition as an "axiom" and as

E‘; #The Second Lew of Thermodynamics," be nevertheless did not regard it as
an independent postulate, for he descrives it, in his 1855 paper, as "a
consequence of the definitlon of actual energy, as a capacity for perw
forming work possessed by each part of a substence independently of its
relation to other parts,” Thus his previously oxprdsnd conviction that
all of the principles of thermodynamics flow from the hypothesis of mole~
cular vortices now has its analogus in the view that sald principles are

derivable from a single concept, that of "cner,gy,“za
The expression (1) represents the portion of potontia.i snergy due to

the actual energy Q picsont in the body, Then the differenc

(P 9 )av |
Rankine regards as equal to that pbrds'ién of the potential energy developed
which arises from causes other then the actusl energy Qe '

Rankine next undertook to derive an expression for the *guantity of
actual energy of the form Q which mgst be transmitted to the substance from

without, in order that ite total actual energy may receive the increment
dQ, and its state V (parameter) at the same time the increment dV,* This
actual energy added, denoted by d.Q, Rankine regarded as divisible into

three partst (1) the actual energy which preserves its form, dQ; (2) the
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the actual energy which traneforms itself to some unknown form because |
of resistance offe red to the increase of total actual energy, I4Q; (3)
the actual energy which transforms itself into potential energy of the M

form U, q.:.‘Z dvV, Hence,
aQ Q8 (1+1)aq + Q%dv 33 - (2)

Subtracting the potential energy developed, P dV, from the expression for

d.Q, Rankine obtained, for the net energy received during the change

dV, the expression
4y # 4,Qeau® (1 +1)ag + (q%el)mv

(8)
which, by the principle of the conservation of energy, must te an '

exact differentlal. Honco,

& ) : 5 - :E” - -—2—7

and

L2 fryq) t+ Q Pav
where f! (Q) is a"functign of Qand ¥  PAV denotes a partial integral
taken in treating the particular value of (, to which it corresponds, as

a constant quantity," Substituting this value of L in (B), he odtained

a c]/ 8 4,040 S (1 + £7(Q) < Q& frdv) aQ + (q,....a.w&’)dv
2 &{Q +2(Q) + (Q-ﬁh“’l)f’?—

These gcneral considerations parted with some of their vagueness when

~

Rankine applied them to the relations between heat and werk in his papor,
%On the Mechanical Action of Heat, Section VI" in 1853, For this case,

Q denotes the sensible or actual heat of a body, PAV the woi'k dons by 1its
volume increase dV at the pressure P, Then the expression (1) supposedly
represents the work developed during the expansion dV, which is due to the
presence of the heat Q, Then the difference

(o X, =»Pp)av (4)
aQ ,. ‘

must represent the work consumed in overcoming molecular atiraction

(assuming ne heat has been added from the outsidse), This 1ntdrna#work,
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Rankine supposed to be a definite function of Q and V, namely, 85(Q,V)e
(d8 would seem to correspond to the quantity L.dQ of equation (B),)By (4),
s .

-~

-2 Q% -2 (5)
aF W ﬂ
8 2\QE v + 9@ (6)

Q. }
Henkine called § the "potential of molecular action,

The total heat absorbed when the actual heat of a body increases its
volume by dV, Rankine placed equal to the sum of three quantities: phe
incresse in sensible heat dQ; the work of molecular action (internal work),
d8; and the external work, P4V, Hence,

Total heat consumed & 4Q + &8 P4V
8 (1+ S&i)dﬁ + G5 ¢ pav
aQ W

L . P
g (1+ Suﬂfﬂ AV + b (Q))AQ + Q = &V (7N
( Q T 4). f

aQ
where the last transformation results from the substitution of 38 from
as av

(5) and that of __, from (6), Bquation (7) supposedly expresses the
reiation between giat, molecular work, and external work, during reversible
expansion,

Rankine now defined & new function, "the heat potential* F, by means of

the relationt ap _
_ F 8 dv  (Q 2 constant), (8)

by

aq” ;
8ince, according to Rankine, ﬁ Ez.._, dV represents the total work (molee
cular and external) developed dund%e the presence of the heat Q, in the
volume change 4V, w§ see that <\ F represents the ratio of this total work,
done at constant heat §, to the amount of heat present,
Now, from the definition of ¥,
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ar 8 f“dq+“ de(j av) ag 5 & ay,
@ | L
8o that the general eguation (7) becomes, for an adiabatic change,
02 1 3¢ (Q)J aQ + Qan
or odp & i+¢xm;m, ©)
1,0, "when the quantity of hea_ . iy is varied by veriation of
volume only, the variation of the heat potential depends on the heat
only and is independent of the volume,"

Renkine now attempted to derive Carnotts Theorem by applying these
c’ensidor@tiana to a Carnot cycle, and regarding ¥ and Q as independent
varniablos. The cycle is described as followsy (1) Maintaining the body
at constent heat (hence, constant ttmporaturc)@l‘ expand till its heat
potential passes from l" to ¥ _, Since all heat absorbed is converted to

B
work (internal and external), the heat absorved is

31 2Q (Fg =
(2) Expand adiabatically till the heat faus to q.2 and the heat potential,
varying sccording to (9), becomes Fgs THE MQ.‘[ Qz peing converted
into work (internal and external); (3) Compress at constant heat Qa t111
the heat peto#tial becomes ¥y, the heal absorbed being

24, Tge1p);

(4) Compress adiabatically until the heat potential and the heat sgain
have their originel values, the heat converted into work (internal and
external) being Qz - Ql.v Rankine evidently assumed that iscthermal
compression is continued Just to the point where adiabatic compression
will return the working body to its initial state, but he does not state
what condition must hold in order that this be possible, The heat absorbed
at the higher temperature is % s Q,l (IB - RA), that dovolmd at the

lowe 'r temperature is H, 2 Q‘Z (I‘G - 5). Since the body is returned to
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its initial state, Hl - Ka represents the external work developed, There-
f6t, |

stace, by (9), F =T 23 .,

Ranki.nc*s 1855 paper, “Outlinu of the Science of Energetics",
constitutes the author’s ﬁm}. attempt to develop systematically thc laws
of energy in a mauner independent /fg) all hypotheses of occult forces and
motions, Although this paper frequently par/‘taku of the vagueness which

| characterized the 1853 papers, still it is noteworthy for certaln valld

results which 1t contalned,
- Among these, we may include the general definition of intensive and
extensive properties which Renkine called "efforts (active accidents)" and

*passive accidents," respectively, He began by defining an "accident! as

"every variable stati of substances, whether consisting in a‘ condition of
each part of a substance, how small soever, (which may be called an
absolute agcidont), or in a physical relation between parts of su’bstancis,,
(which may be called a relative accident)." An "effort", he then defined
as "every cause which varies, or tends to vary, an accident," whereas a
"pagsive accident” is a condition which an effort tends to vary,

On the basis of these definitions, Rankine generalized the concept of
work to meen any “variation of an accident (pesaive) by an Qtfert,'

Quantity of work W is then measured by the line integral of the effort X

X

with respect to the passive accident x, Thus
v | xdx, (10)

This generalized notion of work is made the Easi% for Rankine®s defin-

ition of energy as that which ¥somprehends every state of a substance
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which constitutes a capacity for performing work." A quantity of energy
is then measured by the quantity of "work! which it ecan perform.'
We have alread¥ noted Rankine's failure to appreciate the
peculiar nature of heat. This shortcoming again appeared in the form of
his "First Axiom" that "any kind of energy may be made the means of per=
forming any kind of work." As "Second Axiom" he stated the Law of Conser-
vation of Energy in the form: "The total energy of substance cannot be &l tered
by the mutual actions of its parts." As "Third Axiom" he advanced the
"General Iaw of the Transformation of Energy," already cited (cf, pA¥7). |
Proceeding in a manner similar to that of the 1853 paper (cf. pd¥%),
Rankine now attempted "to determine the amount of effort X arising from |
the actual energy Q which tends to perform a particular kind of work W
by the variation of a particular passive accident." The total effort to
perform this kind of work is by (10), X = % . Dividing Q into small
parts &Q, the portion of the effort X due to each of these parts is-
5Q aX and the effort due to the whole actual energy Q (éuppoéed of a single

4Q °

kind) is Q .d_x. - Q %d"é'x— If this effort caused by the actual energy

ig less or greater than the effective effort, the difference (1 -9 Q__)x or

(QQ— =1)X is due to other causes,
For a small increment of the passive accident, dx, the amount of actusl

energy which disappears is

aH = ﬂ & =
QG =5 == Q d% . (10%)
"The function of actual energy, efforss, and passive acci&ents, denoted by
-|l@ - S
F: LQ = )% (1)

whose variation multiplied by the actual energy gives the amount of actual
energy transformed in performing wht work dW is called the Metamorphic

Function of the kind of actual energy Q, relatively to the kind of work W."
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Thus the actual energy of kind Q which is reversibly transformed to Wis

iven by
eve H:SQdF, (12)

Rankine next attempted to prove that when two bodles are in equilibrium,
the ratio of their actual energies of a given kind is constant. Denéting the

values of these actual energies by QA and Qg s he thus wrote for an
equilibrium condition: ( Qg/Qs) = (Kp/K,) or Wy (/) = ® .

Rankine called & “the metabatic function" for the kind of actual energy Q .-

Because of the proportionality of Q@ and (@, the operators an d
a

are 8re equivalent so that (10!') becomes dH :@ag@ .

Definigg qS ("a ki'nd of metamorphic function") by the relation d¢= %,

H ’-‘f Bad (13)

for "the quantity of actual energy of kind Q transformed to the kind of

Rankine finally wrote

work W during any finite variation of accidents."

Considering the cloak of obscurity which surrounds the above considere
ations, the reader is considerably surprised to find that in the case o7
where Q denoted actual heat energy, they 18d Rankine to apparently correct
results. For, in this case, Rankine stated that ® is none other than the
absolute temperéture s ides the actual heat of a body is proportional to
its absolute temperature , a propogition which Rankine sssuiied without
proof. The constant of p;'oportionality Kis , for this case, the "real
specific heat.”

Equation (13) would then appear to be the expression for the heat
absorbed and transformed into some sort of work W. Becaiise of the vagueness
which surrounds Rankine's term "work," we cannot say wl}:et‘her equation (13)

. represented a truly correct result or rot. However, the formal analogy of

the "melamorphic funetion" with the entropy function,introduced ten years
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later by Clausius, is evident. In faét, Rankine explicitly observed that
for a reversible adiabatic process, the d) function corresponding te heat
energy, remains constant. |

The criticism which Helmholtz, in 1853, almed at Eankine's paper,

"On the General Iaw of the Transformstion of Energy," might very well be
extended to the latter's whole "S8cience of Energetics." "lMr., Rankine,"
said Helmholtz, "has arrived, in his own way, at many results which pther
investigators, starting out from entirely different premises, also found
to be correct., However, it is quite impossible to follow him over the
route through which he endeavors to derive his laws, so that one gets the
impression that he gained his results rather by a kind of correct instinct
than by rigorous mathematical analysis., Or, he has suppressed so many of
the intermediate steps leading to his final conclusions that the reader is
forced to rediscover the latter for himself." (32, p. 114)

However, we must admit that these attempts of Rankine~~wague and
pretentious as they are--to formmlate a set of general physical principles
devoid of Yexplanatory" hypothesis, constitute a continuvation of the worthy
ideal of Robert Mayer-=sn ideal which was not fully appreciated till later
in the century, in the writings of such men as G. Kirchoff, George Helm,
Ernst Mach, Wilhelm Ostwald, and Pierre Duhem (14)., Apart from this, the
numbrous contributions of Rankine to technieal the;'modynamics, his
extension of graphiecal methods, and the fact that he was the suthor of the
first formal text-book of thermodynamics, must also insure for him a
permanent place in the history of thermodynmnics.35

At the samé time, we must admit that one qf the chief advantages,
which ensues from the inclusion, in our history of thermodynamics, of an
outline of Rankine's "Science of Energetics," is the contrasting
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background which it provides for the far more careful and precise treat-
ments of Clausisus and Thomson. Rankine, following the ideal of Grove and
thei, sought to lay down perfectly general principles which should govern
every conceivable kind of energy; but, because he was unwilling to approach
the general case through the rigorous and detalled consideration of parti-
cular cases, his treatment was vague and frequently meaningless. Clausius
and Thomson, on the contrary, were content to follow along the lines lakd
down by Carnot and Clapeyron, their work consisting essentially of a
modification of Carnot!s Theory so as to bring it imto conformity with the
Energy Principle. However, in working out the solution of this seemingly
special problem of the "motive power" of heat, they succeeded in attaining
results which actually proved to be of greater significance for a general
sclence of energetics than Rankine's pretentious attempts already
described,

In the same month , beruéry, 1850, that saw the publication of
Rankine's first paper, "On the Mechanieal Action of Heat, Especially in
Gases and Vapors," there was submitted to the Berlin Academy the epoch~-
meking paper by Clausius, "On the Mbving‘Fbrce of Hbai and the laws of
Heat Which May be Deduced Therefrom" (57).

Like Rankine, Calusius began with a definite refection of the fluid
theory of heat, on the ground that the prineiple of the conservation of
caloric contradicts Joule's experiments on the generation of heat by expendi=-
ture of mechanical worke Ip the place of the ecalerie theory, Clausius
agtvocated the kinetic theory of heat, so that the principlg of equivalence
of heat and work followed as a result of the Prineiple of the Conservation
of Vis Viva of pure mechanies.36
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Clsusius took note o‘f Holtzmamm's modification of Carnot's theory
(which was known to Holtzmann and Clausius only through the work of
Clapeyron) and observed, as Helmholtz had failed to do, that Holtzmann,
while professing to adopt Mayer's Energy Principle, really contradicted
1t by retention of the postulate of conservation of caloric. Clausius
was also acquainted with Thomson's 1849 "Account of Carnot®s Theory,"
and he cited, as a definite objection to Carmot's reasoning, Thomson's
observation of the possibility, implied by it, of the absolute
destruction of worke | (cfe pe2l9)

Nevertheless, said Clausius, the agreément with experience of
numerous deductions from Carnot's Theory indicates that the essential part
of the latter must not be abandoned. This essential part is retained
and the Principle of Equiwvalence remains unviolated, if we assume thgqt, in
the working of a heat engine, the heat developed along the lower isothernm,
instead of being equal to that absorbed along the higher, is less than the

- latter by an amount proportional to the net work developed, after the work=-
ing body is returned to its initial state.

As the fundamental "Principle of the Equivalence of Heat and Work,"
Clausius laid down the following proposition; "In all cases where work is
prpduced by heat, a quantity of heat.proportionsl to the work dons is con=-
sumed; and, inversely, by the expenditﬁre of a 13.ka quantity of work, the
same amount of heat may be produced.” The form of this statement is sig~
nificent in that it does not contradict the theoretical possibility that a
given quantity of heat may not be completely transformable into work, i.e.
without anything else happening, It merely requires that, _i£ a conversion
occurs, the work produced shall be proportional to the heat consumed,

Allowance is thus made for Thomson's objection that heat has never been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q9w
abseMd to be completely transformed into work without other changes
simulﬁnemm-ésnmﬁg.

As a consequence of the above principle, the "total heat® of a body
in a given state, a phrase freely employed by the calorists, can have no
definite me;ning. For, said Clausius, the work developed by a body in
passing from one state to another will depend on the path of tba change of
state; hence, the heat absorbed, being dependent on this work, must also
vary with the path,

Clausius retained the distinction, made by the calorists, between
fgensible” and "latent" heat, The sensible heat of a body 1s indiecated-
by the body's temperature. The latent heat represents theat portion of the
absorbed heat which is converted into work, external and internal, ILike
Renkine, Clausius supposed that the change in a hody's sensible heat .
(heat corresponding to the vis viva of the elementary particles of the
body), also the heat expended as intermal work (work done in changng’ the
configuration of the system of particles which constitute the body) is
independent of the path of the changes-' |

Following the graphlcal method introduced by Clapeyron, Clausius
first developed the Prineiple of Equivalence for perfect gases, for

which
PV S R(€ + t)

where R = __ 2.0 _ , the subscript "o" denoting the value of the corres=~
: ¢+t

ponding variable ig a state of reference. D

st the figure abcd on the p=-v diagram of ‘ b
Figure 12 represent a Carnot cycle of infi-

nitesimal extent, employing a perfect gas &s

|

J

l

working body, and operating between the temper= |
_ i

e

bl—-—‘—-
-2 o
| =

atures t and t~dt. Neglecting infinitesimals
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of the third order (the area of abecd being itself an infinitesimal of the
second order), abcd may be treated as a parallelogram. Hence, Clausius
found, as Clapeyron had already done (cf. p.Zéo), that the area of abed,

and hence the work, is given by
work done = oV . (1)
v
According to the fundemental Principle of Equivalence, this work

mst correspond to a definite consumption of heat, Clausius obtained an
analytical expression for this quantity of heat in terms of the independent
variables, v and t, in the following way. ILet dv = ef denote the increase
in volume along with isotherm ab at the temperature t; dv S hg, that along
the isotherm de at the temperature t-dtg Sve eh, that long the
adiabatic path ad; and  $'v = fg, that along the adiabatic path be, The
heat received along ab will be aQ

dv
end that received along the lower isotherm cd will be
dq. d
[ dv av av At -B—ldv dt ] dlv,

The net quantity of heat consumed in the cycle will therefore be the
difference of these two quantities, or
(--)dv" [(‘m)+ d ( dQ)Qv- d (‘1Q )dt] dtve (2)
Now, from the flgure, '
av + Stwvz Sy g,

Also, since the heat absorbed along the adiabatic path ad is zero, we

have ol aQ -
<dv>8v-<ﬁ at = o,

Similarly, for the adiabatic be,

(@ @ra] 57 [@ & ez o .
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Eliminating d'v, g;v, and S tv from these three equations and equation (2),
and discerding infinitemimals of higher order than the sécond, we obtain in

place of equation (2), the relation

ol (@) - 4 (W , -
Heat Expended = [dt ( dv) = ( dt) dv dt (3)
By virtue of the Princkple of Equivalence, we have ~
Heat Expended . (4)

Work Produced ,
where A is the mechanical equivalent of heat. Substituting (1), and (3)

in (4), Clausius obtained

| L @.4 @)= A (11)
as the analytical expression of the Principle of Heat and Work for the
case of perfect gases., Clausius observed that the circumstance that the
right=hand member of JII) is not equal to zero corresponds to the truth
that the expression g%dv‘+-%%dt is inexact, i.e. Q is not expressible as

a functién of t and v,38
Clausius next stated that equation (II) may be transformed into a
complete differential equation of the first order, namely,
dQ = du +I(AR(¢ fvt)/v)]dzv \ | (11a)
where U is an arbitrary function of v, t. He stated that the first term
af the right-hand member of (IIa) represents that portion of the absorbed
heat which corresponds to the increase in sensible heat of the gaseous
‘body and expenditure of internal work, whereas the second term represents
that portion converted into external work.39
- In order to place equation (IIa) in a form capable of yielding specifiec
resnits capable of experimental test, Clausius introduced the fundamental
assumption that the heat absorbed by a perfect gas in isothermal expension

40

is equivalent to the external work g@eveloped, This means that the internal
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work is to be neglected so that the term dU of . (IIa) represents simpl y the

incréase of sensible hegt. Therefore dU & ¢ dt where ¢ is a funetion of t

only. Equatién (IIa) then becomes
dgEcdt | Ax,?iz.;i-’&av . (11b)

When the prescribed path is perpindicular to the v-axis, we have from

I " ‘
(1mb) Qze (5)
dt

i.e. ¢ is the specific heat at constant volume. For a path perpindicular
to the p-axis, the perfect gas law gives for a unit weight of gas,
dg = ‘&:%‘? , which substituted in (IIb) yields the result,
B - o5 g+, (6)
where ¢! is the specific heat at constant pressure.41

Fron (6) and (5) we have

ct=c>- AR = A\g%vﬂ ’ | (7)
i.e. the difference in the specific heats zt a glven temperatu:e‘, referred
to unit weight, has, for one and the same perfect gas, the same value under
all conditions; and, for different perfect gases, the difference is propor=-
tional to the specific volume v, of the gas in the standard state (i% ; to) .
Dividing equation (7) by v,, we obtain for the difference of specific heats
referred to unit volume,

e' = g T ERfe I Epofty, (8)
i.es this difference not only has the same value for a single gas under
different condttions , but is is also the same for different gasesoa

From either (7) or (8) we obtain the ratio of specific heats,
o 7 = §/g % cl/fes &Pé/ﬁvto’ (9)
i.e. this ratio is constent if ¢ (or ¢) 13.43 |

For an adiabatic expansion equation (IIb) takes the form
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cdt_l— A’.R(aL + t) i-.. 0
or V%E) G+ t)=v (L+t) = K

since, by (6) , AR/e =) - 1. Here K is a constant. Applied to the refer=
ence state (p s Vs to), the above equation is v (,£+-t ) =2 K,

Dividing the second equation by the first,

-1

U] S
(Ys..) T X1 (10)
v A ol F te
By the perfect gas law, Vo/V = e~ e, 80 that (10) may be written
oL * %t P,
| (11)
= ()
Finally, since 4&2___.49_ —P¥ . ., (10) becomes
PoVo

36...;&_7 . (12)

Equation (12) had already been obtained by Poisson (cf. p.lS59) from the
caloric theory and the assumption of the mnstancy of':PC Clausius now
showed that it ﬁas a necessary consequence of thetPrinciple of Equivalence
as applied to perfect gases regardless of whether;ﬁ/be constant or not.
| Clausius also showed that Clapeyron's equatioﬁ}fof isothermal expan=
sion (cf. p.2¢1) followed from the Principle of Equivalence. For if € be
constant ; equation (IIb) may be integrated (because Q is a definite function
of v when the temperature is fixed), the result being

Q=AR (£ +1t) log v 4 const. (13)
or Q-Q = 4R (K +1ty) log (v o) (14)
where Q'Qo is the heat absorbed on expanding at to from vy to ve Equation
(14) 6lausius also placed in the form:

Q - Qg = Apyv, 1log (v/v.), | , | (15)

1.e. when equal volumes (v ) of different gases at the same initial prossure
(p,) are compressed or expanded isothermally by the same fraction of the

/
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original volume; the same quantity of heat is developed or absorbed. |
Carnot (cf. p.k2"’5) and Clapeyron (ef. pe2¢!) had derived this theoren
for the case where the different gases are at the same temperature, and
' it was for this special case that Dulong had verified it experimentally.
- By a mbthod analogous to that by which he derived equation (11)
for perfect gases, Clausius obtained an analy‘bical expression of the
Principle of Equivalence for a vapor, say steam, at its maximum _dfensity.
On the p=-v diagram of Figure 13, let abed represent the variations of -
pressure and volume occurring in a Carnot cycla‘ °£, infinitesimal extent,
employing‘ liquid water and steam at its maximm density as working body,

a.nd operating between the temperatures t and  p

t=dt, Clausius treated abcd as a paralleloe a b

gram, as Clapeyron had already dones (cfepe ) m .

The work developed by the cyclg is equal to | : ' | ‘.c

the area of this parallelogram, so we have , J | f: J :
o L

Work Developed = oFf , Pk F:I'.g;me o
& (s= g )am (2;2) - dat :
| DYy - (16)
where s, J , and dm denote, respectively, the specific volume of the
séturated steam at the temperature t, the specific volume of the liquid
at the same _'homperatya'e s and the weigh'b of liquid evgporated in the iso~
~ thermal expansion '9;'5. This was Clapeyron's equation (15) (p,2¢3)
expressed in terms of specific volumes instead of densities and the mass
of wvapor evéﬁorated instead of its voluma. v
If r denote the specific heat of vaporization of water at the -
temperature t while in equilibrium with the saturated vapor; and d'm
c}gpote the mass of liquid precipitated during the isothermal compression
'65, we shall have
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Net Heat Expended = rdm= (r- z..z. dt)d'm a7

~ Now let 5: m be the mass of liquid precipitated in the adiabatic
compression da: and J 'm, the mass ‘evaporated in adiabatic expansion
bc. Then dm + S'm Sd'm+ 5Sm
let j-and m be the masses of liquid and vapor, respective]y, which are
originally present; c, the specific heatvof the liquid at thg temperature
t; and hdﬁ,_ the quantity of heat which must be commnicated to unit
weight of vapor to raise its temperature from t to t - dt., the vapor
being preserved, by means of pressure control, at its mecimum density,
Then the condition that the expansion ad be a.diabatic is

r 4 m= /bcdt-mhdt = 0,
Similarly, for the adiabatic expansion, bca
| S - - dm)cd‘b-(m + dn)hdt = 0,

By eliminating d'm and S 'm from (17) end the last three ‘equations and
neglecting infinitesimals of higher order than the second, there results:
Net Heat Expended = (dr/dt + c-h)dmdt . (18)

’I’hen, by combination of (17) and (18), we obtain finally, as the analy'bieal
expression of the Principle of Equivalence for this case, the relation
ae/dt + c=h 2 p(s= o ) z__;)g. (III)

1%

If » in place of the Prineciple of Equivalence ) WO adhere to ths

Principle of the Conservation of Caloric, we have, instead of (II), the

relation
dr/dt + c=h = 0 | | (19)

Now Watt had concluded from insufficient ebidence that the heat re-
quired to convert unit weight of liquid water at the freezi.n»gv point into
saturated vapor is & constant quantity independent of the pressure
(temperature) of the vapor. This opinion, whichmup to the time of
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Regnault's experiments was generally accepted, was called "att's Iaw"
and received the analytical expressions
r + ‘S cdt = constant

or ar/dt + e =0,
Combined with (19), this yielded -
h& 0 . .
a result which was long believed to be true and found exprossiogy?n the
statement that, if a saturated vapor changes its volume in a veldel
impermeable to heat, it always remains saturated.

However, Regnault had shown that "Watt'!s Lew" should be replaced by

ar/dt + o = 0,305 ,

whieh, according to (19), would mean that h = 0.305, i.e. in adisbatic
expansion of water vapor, initially saturated, the maximum density is
not preserved.
| However, Clausius observed that if Regnault's result be combinsd
with the relation (III), expressing the Principle of Equivalence, different
results follow, Since the right~hand member of (III) is positive, we
can conclude, and only conclnde; that h = 0,305, We shall see that,
by the introduction of Carnot's Theorem, Glausius was able to prove that,
for water vapor, h 1s not zero, but‘negativa, a result similtaneously
obtained by Rankine from his hypothesis of molecular vortices. (cf.ps2&3)

In the case of the founders of the First Iaw and, to a large extent,
Ranicine, the great significance of the Energy Pringiple overshadowed the |
fact that, in thevwork of Carnot and Clapeyron, there lay the foundations
of a new axiom, not deducible from the Principle of Equivglence. On the
qontrgry,'that which most characterizes the genius of Glgnsiﬂs‘is his

recognition that the proof of Carnot's Theorem necessitates the
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introduction of a "Second Law of Thermodynamics.®

“ For, says Clausius, even though the Principle of Equivalence be
accepted, " it is still ppssible that the transfer (of heaat from a
higher to a lower temperature) accompanies the consumption (of heat to
form work) and also bears a definite relation to the work produced.
Indoed, the agreement with experience of many of the results of Cpnot s
Theorem, respecting the independence, of the maxirmum wo:k“ value of
heat, of the working body, indicates that such a definite relation
does, in fact, existe »

Howvaver s With the abandonment of the Principle of the Conservatlon

of Caloric, Carnot 's Theorem,_ that the maximum work obtainable from a
c#:not Cycle employing a given heat transfer and working between glven
temperature limits is independent of the working bodyQ-this thegrem can
obviously no longer be based on the Prineiple of Excluded Perpetual
Metion. Neither does it follow from the Principle of Equivalence, How-
ever, said Clausius, it can be shown to follow from the cogent postulate
that _hgat cannot pass from a colder to a warmer body without any other
cha;;ge. For suppose thét, in violation of Ca,m‘ot'sr Theorem, the maximum
efficiency of a heat engine, for 4 given temperature limits, is greater
for a gycle employing the working body 4 than for one employing the working
body B. Then if the cycle employing A absorbs heat Ql at tl ope:ratesl
between tl and 'bz, develops the heat Qz at t 09 and develops the work W:,

one employing B, absorbing heat Ql and 'bl, and working between tl and 1;2,
will develop the heat ! at 't2 and will develop the workﬂ' s where

W Wt + h and Q2 Q'-h, h being a positive quantity. Imgine now that,
a:fterl ft_;he complgtion of t_he chle emp‘.rloy:_in‘g» A as working body, we exactly

destroy the work W by carrying out a reversed cycle with B which absorbs
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the work W = W! 4 h, which was developed in the cycle with 4. For this
purpose, the cycle employing B must evidently absorb the heat
Qé 'o= Q + hat 'bz so that, by the Principle of Equivalencs s the
heat. deve‘loped-at 1y s W+ Q. 2 +h= Ql + he At the end of this
double process, a quantity of heat h has passed f;'om 'bz to the higher
temperature tl without any other change ocwrriz;g, thns violating the
postulate referred to,"5 Hence, by adhering to the latter, the proof of
Carnot's Theorem is established.
Suppose a Cgrnot Cycle to operate between temperatm'e limits ¢
. and t~-dt, differing only infinitesimally from each other, By Carnot's
Theorem, the ratio of the work developed to the heat transferred from t
to t-dt is a function of the temperature bn]y.' Following Clapeyron?
Clausius represented it by (1/0)dt, where G is a function of t only.
To obtain the analytical expression of Carnot's Theorem for perfect
gases, Clausius again considered the infinitesimel cycle of Figure 12
The hea'b transferred is rigorously given by the excess of the heat

abscrbed, (....)dv, over the heat expended, given by (3), and is there=

dv
fore equal to ‘ -
ZJ t dv »v dt

However, since 'bhe second term of this expression 1s an infinitesimal of
the second order, it may be neglected, so the heat transferred becomes
simply aQ

Tav |
developed and placing the quotien‘b equal to dt/C, we obtain

dv . Dividing this into the expression (1) for the work

( - RC/ Ve ‘ 7 (IV)
The same line of reasoning when applied to an infinitesiml Carnot
Cycle, employing saturatdd vapor as working body (cf. Figure 13), led to
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the famous C;!‘.ausiusv-(}hpeyron equations As before, thg he‘a'h trgnsferred
is r_igorously equal to the excess of the heat abgor'bed, rdm, over that
expended, given by (17), and is therefore equal to

 rdm- (ar/dt + c-h) dmdt. - -
Neglecting infinitesimals of the second order, th:!.s becomes simply rdm.
Dividing this into the work developed, given by (16), and again placing
the quotient equal to (1/0)dt, we obtain |

r=c(s-d') (Dt)v’ (V)'

the famous Clausius-Clapeyron equation,
The relation (IV) had already been obtained by Clapeyron in the

more general form (cfe pe )

aq \ ’
& 2t/ v P

and relation (V) is the same as Clapeyron's equation (18). From

Claudius® treatment, however, these rellations are seen to be valid only
because, when the temperatures, between which the cycle operates, differ
only infinitesimally, the work developed, or heat expended, is an infin-
itesimal of higher order than the hea:l'; absorbed, i.e, in this case,
Carnot's assumption that all of the heat is transferred from the higher

to the lower temperature is n_xa'bhematically correc;t (since :Ln thev process
of infinite summation (integration) whereby these relations are placed in
.arfqrm, applicabl_e in practice, infinitesimals of 'bhe‘ second order s;bsplute-
ly venish)s Further, Clausius' exposition reveals, as already pointed

out, that the left-hand member of (IV), also (IV!), is not a genuine partial
derivative, but simply the limiting value of the ratio S$Q/ & v for a
particular path, namely, an isothermgl oney hepce s ‘contrary to the view~

point of Clapeyron and Holtzmann, these equations yield no geperal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=308

expressions for Q. V _ B

Combination of the enalytical expressions of the Principle of
Equivalence with those of Carnot's Theorem led Clausius to additional
consequences whifh further served to confirm the validity of his premises.
Dividing equation (ITa) , the analytical expression of the Principle of '
Equivalence for perfect gases by dv, the temperature being held constant,
there results (42) I (@) 4 .s.[_:’:;.'h +  This, when combined with (III),
the expression of Carnot's’Theorem for perfect gases, gives |
%g 3 (%g)‘»b . m&m , or (%I)tgg - &L+ t)] % | F4 Integ;'ating with
respect to v, U S|C = .&iz(oC + t)] R log v +P(t) , or

av < L(dc/dt - &) R log v+1?] dt+[c -& (Lt t)]% v

where B is a function of t. Substituting this value of Du in (I1a), we

aq =[B+ R((ES) - W +2& av, (IIe)

this being the general analytical expression of the combination of thd two

- finally obtain

fundamental principles in the theory of heat for pgrfect gases,

If we introduce the hypothssislfhat the work developed in isothermsl
expansion is equivalent to the heat absorbed, we may use (1Ta) to conclude
that (.gg) - °£+ 8, (197)
and this, combineg with (IV) yiemds the important result

C = &L+ 1), (20)
thus relating Carnot's funciton to the mechanical equivalent of heat, the
coefficlent of thermal expanszqui for perfect gases, and the tempersture on
the Centigrade scale.

Heluholtz (cf. p.%73) had slready obtained this equation in a slightly
different form by a method of questionavhle validity, namely, by comparison

of equations obtained by Holtzmann and Clapeyron; and Helmholtz had shown
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that values of G calculated from this expressicli agreed with those determined
from the Clausium—-Clapeyron equation.\ Further, the #&bove expression for C
was consistent w:f.th Thomsonds view that the Centigrade temperature was an
Mgbsd lute scale,"

Substituting the above expression for C in the Clausius=Clapeyron
equation (V), the latter becomes

r BA(L +t)(s = 07) (-g}; );' . (Vva)

Integrating this under the assumptions that r J constant, s =0 « 8,

and that the vepor obeys the perfect gas law, pv o R(L + t), Clausius
obtained the well=known | expression

log ( - oo) '
og (r/py) '—%ct+ %'co) o) (21)

where P, is the vapor pressure at 100°C, This i‘ormu@l/ agreed with an

empiricad formula already advanced by Young in 1820, namely log p = &fB/t,
where A and B are constants, and, very approximately, with one whkch Rankine

in 18/9 had found to express the results of experiments , namely,

log p -oC - ﬂ/e - B?@; ’ oL s /&, and)’ being charscteristic constants.

By writing equation (Va) in the form

L - oL |
(»CH)H?@) Syl ) (22)
p dt’v

Clausius was led to an experimental test q’f the amount of deviatiim of
saturatd4d vapors from the perfect gas law, For, since the specific volume
of the liquid is very smagll in comparisoNc with that of the vapor_; the right=-
hand member of the above 'equation should nearly equal to a constant, namely,
ARL » provided the vapor is a perfect gas. The actual va‘.iue of this member,
in the case of saturated steam, for a series of temperatures, Clausius

calculated by employing Regnault's data to evaluate the left-hand member of
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the abowe equation, thus arriving at the empiricel law, expressing the
behavior of the saturated vapor, of the general form:

| Ap(s -df)éfﬁé%z = n- nekt; (23)

where m,n, and k are constants,

- We have seen that the analytical expression Qf the Principle of Equive
alence for saturated vapor, togdther with Regnault's modification of Watt's
Law, led Clausius to the conelusionsthat the specific heat of saturated
water vapor is»less than 0.305. Introduction of Carnot's Theorem showed

this to be actually negative. For combination of equations (I11I) and (Va)

gives ﬁ%—‘% c-h :Z;I_g— , (231)
and substitution of Regnault's data for saturated water}vapor into this
equatioh gave negative values for he h was also found to be negative for
carbon bisulfide, chloroform, carbon tetrachloride, and acetone, but was
positive for ether., In all cases, h increased with the temperature.

James Thomsonis predictionkf the lowering of the freezing point of
water hy pressure had been confused by the retention of the caloric theory
(cf. p.z;B‘). Clausius showed this to follow rigorously from the Clausius=~

Clapeyron equation (Va) written in the form

ML) =), (24)

‘ dp r
i.e. g% is negative because s8¢0« Of course, the application of this
formuda to the equilkbrium , solid~-liquid, really assumes such a Carnot Cgcle

as first suggested by James Thomson, I.e. one employing a solid-liquid
system as warking body.

In a similar way, Clausius regarded equation (II]D; ddveloped for
saturated vepor, as also applicable to the equilibrium, ice-liquid water.

Ir ggf)v be eliminated from (III) by substitution from the Clausius-Clapeyron
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(Va), we obtain :
e - he=c¢e L (25)
dat oL+t .
where h=c now represents the difference between the specific heats qf
water and ice. For ice, Clausius found, by substitution of Rqﬂgéult's
data, 4L = 0.21.
ata, 3t O‘ 1
‘Finally, Clausius showed that his equations gqg thevPrinciple of
- Equivalence lead naturally to a calculation of the mechanical equivalent of
heat by the method already employed by Mayer. For placing c = c'/}/,
equation (10a) may be written /4 = kR/(‘a/ -1)e'.  Using the avail-
able data on air, Clausius found 1/A = 370,
On the other hand, the Clau51us-0%apeyron equatlon, solved for l/k, is
1/A = L +¥t) dt (s - o)

which led Clau81us to the value 1/A = 437, which was in much better agree=

ment with Jould's results. The unreliebility of the heat capacity data for
air was thus indicatedy.

Clausiaws ' 1850 memoir, whose contents we have just outlined, must cer-
tainly be regarded one of the very greatest in the history of thermodynamics.,
To be sure, practically every one of the particular results obtained by
Clausius had already been known, either as an empirical law or as a predic-
tion from the caloric theory or the hypothesis of molecular vortices. The
merit of Clausius lies in his demonstration that all of these results rest
essentially on two fundamentel primgiples, the Principle of Equivel ence
and the axiom respecting the impossibility of heat flowing from lower to
higher temperatures--which , to be sure, must be supplemented’by a knowledge
of the spedific behévior of physical gropertiesviﬂprder to p&aée the general

 relations in a form capable of experimental verification. This peculiar
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service has justly accorded to Clausius the title, "systematizer of thermo-
dynamics." 7

At the same time, we must admit that, by the middle of the mineteenth
century, the time was obviously ripe for a new development im the theory of
heat. The facts were pointing with increasing vigor to the necessity for
the acceptance of the Principle of Equivalence and the consequent intro-
duction of a new axiom to serve as proof of Carnot's Theorem. Clausius'
1850 paper was thus as much a product of historical necessity’as of his
own genius: he was less of a pioneer than Carnot. Indeed, that same histore
*ical necessity; combined with necessar¥ Insight, was simultanwously and,
according to the best evidence, independently leading to essentially
the same development in England. The reference, of course, is to the great
work of William Thomson, whose position in the history of thermodynamics |
relative to that of Clausius, is perhapé best described by Mach's statement
that, deprived of the sérviceé of either of these investigarors, the develop~-
ment of thermodynamics would still have very probably followed along the
same general course which, in fact, it did Bollow.

the
C. Thomson and Postulate of Restricted Conversion,

We have already observed how Thomson, in his "Account of Carnot's Theory®,
published in 1849,pointed out certain fundamental objections to Carmot's
Principle of the Conservation of Caloric. In Agetter written to Joule in
October, 1850, and published in November of the same year, Thomson appears
to have at last given way to these objections and subseribed to the Principle
of Equivalence. In this letter, which in the author's collected papers (56 )
bears the title, "On a Remarkable Property of Steam Connected with the Theory
of the Steam Engine," Thomson employed the Principle of Equivalence to explain

how Rankine's and Clausius' prediction of the negative heat capacity of
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saturated steam is consistentrwith the non-scalding property of steam |
which issues from a high-presmure boiler into the atmosphere.

This negative heat capacity, says Thomson, requires only that the-ggzg;;
sible, adiabaticvexpansion_of saturated steam shall entail the precipitation
of a portion of the latter. On the contrary, if, as in the case in question,
the saturated steam rushes suddenly from a high pressure and tempnerature t
to atmospheric pressure, the external work is practically zero and the
steam contains practiecally the same "total heat" as before. More specifiecally,
that portion of the "total heat® which , in reversible expansion, is con=
verted»into external work, remaims, in the case in gquestion, in the gas as
freictional heat. It is this extra heat which prevents precipitation
and consequent heati‘ng./*6

Only four months after the publication of the letter just citesd,
Thomson presented his comprehensive exposition of tha principles of
thermodynamicé_in the paper, "On the Dynamical Theory of Heat, with Numer-
ical Results Deducdd From Mr. Joule 's Equivalent of a Thermal Unit, and K.
Regnault's Observations on Steam" (56, Art. XLVIII). Like Clausius, Thomson
proceeded from the conviction of the validity of the kinetic theory of hest,
Davy's experiment onrthe melting of ice by friction served, said Thomson,
to establish the "dynemical theory of heat," i.e. the hypothesis that heat
consists of a motion exci#ed among the particles of bodies and is not due
to the presence of an impdnderable fluid. This theory had been further
confirmed by the experiments of Mayer, and especially Joule. The first
formalvstatement of‘the‘Principle of Equivalence of Heat and Work, Thoﬁson
attributed to Robert Mayer.4’

Thomson devoted the first part of his paper to the exposition of the

foundations of the theory of the motive power of heat. With Clausius, he
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regarded this whole theory to be founded on the Principle of Equivalence
and Carnot'!s Theorem—=-two propositions which he expressed éeparately as
followss _
| "I, When equal quantities of'mechanical effect are producdd by any
means whatever from purely therﬁal sources, or lost in pufely thermal
effects, equal quantities of heat are put out of existence or are géner-
ated,"

"II. If an engine be sucnh that when it is worked backwards, the
physical and mechanical agencies in every part of its motions are all re-
versed, it produces as much mechanical effect as can be produced by any
thermodynamic engine, with the same temperatures of source and refrigera- .
tor, from a given quantity of heat." | |

Thomson credited these propoTsitions to Joule, and to Carnot and
Clasuius, respectively. Idike the other adherents of the kinetic theory of
heat, he considered the first proposition‘(Principle of Equivalence) to be
grounded in the Principle of the Conservation of Vis Viva of pure mechaniecs,
although we shall see that this assumption was not allowed to influence the
form of his thermodynamic equations.48 The second propopition (Carnot's
Theorem) Thomson groundgd on éFew axiom which, he thought, would be gener-
ally admitted and which, according to his own testimony, he arrived at
before knowing of the proof of Carnot's Theorem advanced by Clausius in
his 1850 memoir. _

This fundamental axiom Thomson wor#led as follows: #It is impossible,
by means of ihanimate material agency, to derive mechanical effect fram
any portion of matter by cqoling it below the temperature of the coldest

of the surrounding objects." Starting with this proposition, which is

practically identical to the comelusion arrived at by Carnot sometime before
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his death(cf. p.%ﬁﬁ and which Thomson regarded as logically equivalent to :,‘
Clausius' axiom respecting the impossibility of heat flowing "of itself"
froﬁ aﬂlower to a higher temperature, Thomson derived Carnot's Theorem
by irrefutable logic.4? | | .
. Let B be a reversible engine aﬁsorbing heat @ at ty, and developing .
hegt Q2' at 15 and developing work W'. Suppose that, in violation of
Cgrnot's Theorem; there exists aﬁother enging A which also gbsorbs heat Ql
at ti and works between ty and tz;‘but develops the smaller quantity of heat

Q2 S Q' ~-hat t2 and develops the larger quantity of‘work WoW+h,
where h is a pesitive quantity. Suppose that after the engine A has operated

to yield the work W and to withdraw the heat Q3 from the reservoir at ty, ghe
latter be restoyed to ti»by working the reversible engine B backwards

(ef. Figure 14). By hypothesis, B, in this operation,will absorb the work
WZW - hoand the heat Q' I Q+ h at . 'I'he net result of this double

operationbwould be the conversion of the heagﬁt t2 into ._Eﬂ_~,*t1

the equivalent quantity of work without any other change. W =W+ h
Moreover, the argument is not invalidated by the assumption T
that all surrounding objects are at the same temperature tr——R2 :Qé‘il

t; of the source, so that the supposed process could Q

consist of the "eooling" of (i.e. withdrawal of heat
from) the refrigerator below the température of the
- coldest of the surrounding objects. Since this volume
violates the fundamental axiom, the truth of the latter
is sufficient for Cgrnot's Theorem. ' - Figure 14
| A complete thebry of the motivq power of heat, said Thomson; would
consist in the application qf the Principle of Equivalence and Carnot's
Theorem to the two known mebhods of producing work from heat, namely,

the electrical method and the method depending on the alterations of volume
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thavbody effected through changes of temperature. With regpect to the
first method; Joule's experiments have demons?rated the appliéability of the
Principle of Equivalence. The application of Carnotfs Theprem to these
thermo=-electrical phenomena, Thomson &tated, probably cannot be attained
fwithout cdrtain limitations."”0 | |
Both principleqhay; however, be rigorously applied to the phenomenan
of the development of work by means of the dlternate vplume changes of a
body‘effected through changes of temperature; end it is the development
and application o£ the principles for this case to which Thomson devoted
the present paper. As Thomson admitted,this application of the Principle
of Equivalence had already been made by Rankine and Clausius, and the
correct applieation of Carnot's Theorem had been shown by Clausius to coh=
sist of Carnot's and Clapeyron's unmodified inVestigation‘for the case of
an engine working betweeen temperatures, infinite¥y close. If the grest
Englishman's paper nevertheless constitutes far more than a mere repetition'
of Clausﬂgy' 1850 paper, this is nét only because it contains a detailed
analyticgl treatment of the efficiengy of the heat engine but slso because,
as we shall see, Thomson's whole argument is presented in clearer and more
~ general terﬁs.Sl
The greater generality of Thomson's treatment, as compared with that
ovaIausius, derived mainly from two circumstancest (1) whereas Clausius
was content simply to express the two fundamental prineciples in the special
forms which they assumed for perfect gases and saturated vapors, respectively,
Thomson set up general equations from which those for perfecﬂ gases and
saﬁurated vapors followed as particular cases; (2) whereas most of Clausius!

equations depended on the valifity of the hypothesis relating to the thermal

properties of gases, whereby he evaluated Carnot's function, Thomson retained
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the latter, in the majority of his expressions, as an unknown fpnctioﬁ.
An important factor, contributing to the greater clarity and

| elegance of Thomson's development, is found in the fact that he derived |
his expression for the First Law by straighé:quward mathematical analysia,
thus‘dispénsing; in this case with the somewhat awkward cycles employed
by Clausius, following Clapeyron. His results are thus independent of
any assumptions regarding the geometrical properties of infiniteaimal fig—
ures on the p--v diagram--assumptiors the establishment of whose validity,
strictly speaking, required someyhat involved reasoning. ,

_ The general analytical expression of the Principle of Equivalence,
Thomson derived in'the following manner. Let v, p, and t denote, respect-
ively; the volume, pressﬁre, and temperature‘of a body whosg state i3 deter~
mined by the valpes of the variables v and t.52 Ié an ipfinitesimal change
of state in which the independent variables recelve increments dv and dt,
the external work will be pdv, wiseLy avoiding Clausiusf introduction of &
separate symbol for that ambiguous quantity, "tha total heat bf the body,"
Thomson simply wrote for the heat absorbed, Mdv -+ Ndt, so that the mechan=-
lcal meassure of the total external effect produced becomes

- (p~TM)dv - INat | | o
where J is the mechanical equivalent of a unit of heat. For any finite,
reversible change, this external effect wi:_ll be

f[(p-.m) dv-Jth} '
thelintegration being_extended along the path corresponqing_tc the serles

ofvyalues assumed by v and t during the change of state, But, for a
cyclical rrocess, the Principle of Equivalence requires that this total

external effect be zero, which, in turn, requires that the above 1ihs
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integral be independent of the path. The necessary and sufficiéntrcondi-
tion for this, hence the analytical expression of the Frinciple of
Equivalence, is 3 (p~TH) - > (=am) @
2t 7V

Or, since J is an absolute constant,

(L;{L-)v =3 [(%%- ), -v%ﬁ& (2)
: ; _ L

This expression is seen to be the generalization of Clgusius' equation
(II) for gases and equation (III) for saturated vapors.53

To obtain the analytical expression of Carnotls Theorem, Thomson, like
Clausius, resorted to Carnot's device of the infinitesima;‘cycle. Thomson's
dgrivation is nevertheless more direct than that of Clausius, since the
Englishman placed the theorem in the form that the ratiq of the work devel-
oped to the heat absorbed at the higher temperature is independent of the
working body, whereas, following Carnot, Clausius had dealt with the ratio
of the work developed to the heat transferred to the lower temperature. The
necessity of proving that, in the case of a cyclg whose temperature limits
are infinitely close, the latter ratio if equal to the former, was hence
avoided by Thomson. ‘ ;
) Thus suppose the infinitesimal Carnot cycle to operate between the
temperature ¢ and t- T.. The work developed is (,2__%_);,- d;, and {,he
heat absorbed at t is Mdv. Hence, the ratio

Qp, 7T & G

or
Mav _ M

/T/

mst be equal to a function of “T” and t which is the same for all bodies,
Or, since "1~ is involved only as a factor, we have, as the analytical

expression of Carnot's Theorem,
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D), - |
2t v - /l,x_ , (3)

where M is a function of t, which is the same for all bodies,

M

According to Carnot's unmodified theory, the work obtained through
the operation of an ideal heat engine is compensated solely by‘ the fall
qf a definite quantity of heat from the temperature of ‘_bhe source to 'bhe‘
temperature of the refrigerator. For an engins_ absorbing H units of heat
and operating_ betﬁgen temperatures infinitely close, fbhe work Qb'bai_ned is
/4( dt: and when the temperraturesls, of the_sourca » and t, of t_hg refrig=

erator, differ by a fin:.te amount, the work, according to Cgrnot, is

J Lt - W

i.es given a table of values of /wfor different temperatures, the maxi-
mum work obtainable from a Carnot cycle absqrbing heat H at S and working
between S and t, is given, approximately, by the product ofVIjI(S-t) into the
31;13’ logeZheb ;a}:tﬁees Ioli berf%? eglclké l*?fvﬂeu ;sgrfzperatures 9 S=lyseey t+ 1, and te»
’ In Part II of his paper, Thomson showed clearly just_how these con~-
slderations are modified by the in'brodue’dior_: of the Principle pf Equiva-
l_ence. To do this, Thomson supposed the given Carnot cycle operating
between the temperatures S and t, differing by a finite amognt‘,_ to be re-

~ Placed by an infinite sequence of cycles, each operating between tempera-
tures infinitely close, such that the souce of the first is the given
source, the refrigerator of the first is the source of the sgeond; the
rgifrigeratqr of fthe second is thg source of the third, and so on. o4 In
ar;yﬂgiven 'bime, each of these cycles ﬁill, according to the FPrinciple of
Equivglence, deposit in its refrigeratorr just as mch less heafbv than was
received from its source as is equivalent to the work done, Iet t + dt
and t denote the temperature limits of such a cycls; an q +dq and q; the
quantities of heat which, in a given time are absorbédlat t+ dt and
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ejected at t; respectively. Then the work developed by the cycle in the
given time will be Jdq. As is evident from the derivation of equation
(3_); this work mst also equal to q 4~dt. Hence Jdg - q /-dt.
Dgnoting, by H, the heat supplied from thé original source at S, and, by
R; that ejected to the last refrigerator at T (this being practically the

same as the amount of heat supplied to the source at T +dt), we

obtain, by integration, ' S ,
s
o At ..
The total work produced is therefore | g—c/’w 4t
8 "“3:‘ -
- = y(m-R) S Qe T ). (7)

To compare this with the Vexpression for W obtained from Carnot's theory,
Thomson expanded the exponential by Taylort!s Series, obtaining

S
¥:a- & 4 &
102 )

“ees) El peat (8)

- s : , T
where @ = 1/Jj / dte Equation (8) shows that the work always falls
short of that g.{:ren by equation (4) of Carnot's theory, but approaches the
la'ﬁter as the‘ temperaturer difference between source and refrigerator
becomes progressively smaller-~a result which had also been evidan'b from
Clausius' reasoning. Finally, equation (7) shows that Carnot's statement
'bhat geater economy should resul'b’ by extending’ the difference between the
temperatures of source and refrigerator, still holds, since as S and T
differ by a pfogressively larger amount, the&n‘pqnential in (7) becomes
smaller, and the efficlency becomes correspondingly larger.

Thomson devoted Part III of his paper to the establishment of gensral

relations between the physical properties of all bodies (whose states are
determined by v and t) by means of the fundamental equations
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a genaral expression for M; the 1at9n'b heat of expansion at constant‘
temperature, not obtained by Clausius. -
Replacing M in (10' ) by its value from (3), Thomson obtained a
general expression for that famous quantity, the ﬂiﬁﬂeregce of heat
capacities, in the form (92_ )2
RN = a v (11)

dp .
(E';' )t/”

For perfect gases, this becomes

" (12)

As Thomson noted; if; in accordance with the assumption of fhe_ equivalence
of external work to the latent heat of isothermal expansion; we also assume
Clausius? equation (20), namely
,0~ i =5 X, 13
| 1 +olt
then equation (12) reduces to Clausius' equation (’7).

From the relations (3) and (11), Thomson deduced a general expression
for the change in temperature of a body on (reversible) adigbatic aljtera-
tion of its volume=-a problem already unsuccessfully at‘baeked by qutzmann.
To malge the results more convenient for applicgtion to liquid and solid

media, he first converted equations (3) and (11) into the equivalent ones,

| H 2 (/)7 e (14)

and ReN = , X 82 ~ ‘
, v * v ;‘:— (15)
by means of the relations =~
X Bew (@
dv t
and e =
| S =V, (& dt -
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expressing the Principle of Equivalence and Carnot's Thecrem, respect-
ively. Most of the relations thus obtained by Thomson are generalizgtions
of those already deduced by Clausius for perfect gases and saturated
vapors, but some are entirely new,

By elimination of M from the relations (2) and (3), Thomson obtained
a\g‘o;nera‘ly expression for the volume coefficient of a body's heat capacity

at constant volume, namely

A/
mt v &)

N |
(1/3) (-5-1;) . (9)

For perfect gases, for which pv 2 R (1 +oL ), (9) assumes the special

form P R
o, s FTEe T A
PR > 4 (10}

On the other hand, if, in (9), we place (1/ . ) (Z"') - (__,), /78 A,

p= (R/V)(a + t), and axsume, with Clausius, that ( )-b © 0. there
2

results Clausius'! equation ( /9 ') for perfect gases.

In the case where heat absorption occurs at constant pressure, we have
Kat & Ndv+Ndt | -
where K is the heat capacity at constant pressure, Solving this expression

for M, and transforming the result by means of the condition for constant

préssure, namely, e 3 3 4
o# X4 4+ Ea,
v R

there results (dp']

dv t :

ME- (Xk-N), (18)
)
at ‘v
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){r and s denoting the "reciprocal of the cqmpr‘eiggibilityi"ﬂ and 'bhe_
Meoefficient of expansion with heat," respectively, Now the rise in
't_:emperature; é , experlenced by a body on adiabat.ig ‘,’9"‘9?”3193 frpm
v + dv to v, must evidently equal to the ratio of the heat, which would
have been evolved if the temperature had renained qonstantb,ﬂto_ the heat

capacity at constant volume. Then, by (14) and (15), & 1is given by

2 Moz o X4 (16)
N A~
= _Ke — (a7)
BT et

In these relations ) is essentially positive, whereas the sigp of e is
the same a8 that of (g,_zz;..)‘- v. From (16); Thomson was thus able to deduce
that for a bodj, such as water between its freezing point and its maximum
density, which tends to bcon'bract with rise in temperature (E%_ < b) , &
small adiabatic cofipression will cause not a rise , but a falldj;n tenpera=

ture. Equation (17), Thomson thought could be written in the approximate

form g
O = £La, (18)
_ ; /“‘K . ‘
since, for solids and liquids, vx 9_2 should be very small compared

to s~Ko v v
Thomson next applied the fundamental relations (2) and (3) to a one-
component system, consisting of a mass x ef one phase and a mass (1-:»5)
of another phase containing wwss latenf heat than the first., To fix the
ideas, Thomson supposed the two phasesx to be a liquid and itse saturated
vapor, respectively, althougp he pointed out that the _gonsideré.tipns apply
equally well to the equilibdium of a solid and a liquid, or a solid and

a gas, o o
If v denote the volume of the whole system and ¢ and s, the volumes
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of unit weight of liquid and vapor, respgctively, we shall have 7
C(1=x) + sx® vo . 9)

If r be the latent heat of unit weight of the vapor, c the specific heat
of the liquid, and h the specific heat of saturated vapor, we shall have

v = £ 2% av | (20)
v v : 3 : )
and Nat ® c(l-x)dt + hxdt 4 __15_ dte (21)
Also, by (19), we have
(=T )y 2% = 4 (22)
PR 4 B
and (s=. o) % (1-x) 20 e ’
-a—-g + 2—-—%' + %—Tb' 0. (23)
Equations (20) and (22) give
= I (24)
: : See G :
whereas (21) and (83) yield S
I ¢ ) QA A
NS o(l-z) mowr 2 T (25)

Having evaluated M and N for this case, the forms which the two funde-

mental principles assume are readily deducible . Substituting the value of
¥ in (3), Carnot's Theorem assumes the form

e 2L T) & , - (26)

the differential coefficient being written as a total derivative since, as
 Thomson observed, p is uniquely determined by t alone in the case under
- consideration. Thomson's equation (26) is, of course, the famous Clapeyron=
Clausius equation already obtained in the same form by Clapeyron (cf. his
equation (18) and Clausius (cf. his equation (V))e
- To deduce the form which the Principle of Equivalence assumes in the

case in question, we need to evaluate the coefficients (_g% ), and ( _E'Eﬂ)v;

From (24),

Ay = Lz (=)
av t s=s Dt (8= < J* > 1
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at v s= T oV .

' - [h—w -, 2] > (e=0) o
s=0 ~ (=a Y | 2t

By substitutiom of these expressions in equatiqn }(2_) ) WO ob'bgin, as the
analytical expression of the Principle of Equivalence for this case,

2T : .
ot f e-h_ = (/1 R (27}
8 = G at -

this being identical to Clausius! equation (III) which the latter obtained

by a graphical method.

Tdt
analytical expression of the combination of the two fundamental theorems

Eliminating P rrom (26) and (27), Thomson obtained for the

for this case, the relation

2F 4 eh T pA (28)
3% =3 -

If we introduce Clausius' hypothesis expressed by Thomson's equation ‘(13},
Thomson's relation (28) becomes identical to the German's equation (23 ),

Clausius had already pointed out that if scwere known, equation (26)
could be employed to calculate the amount by whic‘hythc freezing_ point of
water should be lowered by increasing the pressure, In fact, by taking for
his value of ,4~that calculated from the formula

PSR S S (29)

14+Lt | _
which corresponds to the hypothesis that the work done in isothermal
compress:!.on of a perfect gas is equivalent to the heat developed, Glg,usius
obtained the result tha'b‘ the freezing poinfb of wate;' is low_elr‘ed’ by 0.00’733°
on increasing the pressure by one atmpsphere. On thev o*lbherr hand; ‘:U.‘ N be
calculated from equation (26) by introduction of Regnault's data on steam;
along with the asgumption that its density conforms tq the pe;'f_ept gas

law, and if this value of Yo be used in the calculatlon of the freezing
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point depressian; the latter is found to be 0,0075, ’;‘homsqpfg‘ gxperi-
mental determination of the depression had not been rsktl;fi“iqfien"‘bly precise
to provide any basis for preference between these values and hence did_
not settle the question of whether heyer s Hypothes;s," »:e‘va_';eAsented by
the relation (29), was i@glse or whether, on the other hand, the dis=
erepancy was due to the departure of saturated vapor from perfect behavior.
Ag;ain’,r if h; the specific heat of saturated vapor, be calculated from
(28), the result depends, of course, on the value employed for - .
Clausius, adopting the hypothesis (29), had obtained one series of values
for the specific heat of saturated steam, and Thomson, using values of
obtained from Regnault's data on steam in the manner already described,
now obtains another series, Although the two series of values are fairly
close, their divergence is hardly negligible, as the following table,

taken from Thomson's paper, shows$

& =« h (according to Thomson) «=h (according to Clausius)
0 1.863 1,916
50 ‘ 1.479 1.465
100 : 1.174 1.133
150 8.951 0.879
200 0.780 0,676

Here again, the sufficiently precise determination of the vaclp.es of h
woﬁld have established one or the other of the two series of values of
as correct; however, no experimental data for h were » availa.bl}e.

To be sure, Clausius had deduced a formula (eqn.(23) , pe3/0) in
which the density of saturated steam was represented as deviating very
considerably from the perfect gas law, However; as Thomson points out,
Clausius?' derivation of this formula depended on the assumed truth of
"H‘ayer's Hypothesis"; hence, the formula contributed nothing to the solu-

of the) .
tion of the problemYealculation of M e
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In Part IV (published in April, 1851) of his paper, Thomson turned
to the critical examination of "Mayer's Hypothesis." To begin with,
Thomson showed that, because the formulee for the heat of isgﬁherml
expansion, obtained from Carnot's ummodified theory, grgﬁvalid, ‘the
relation (4) of his "Account of Carnot's Theory" (cf. ps ) between the
work W done in the isothermsl gompression of a)perfec't gas and the heat

w; (’36)*

developed, namely, L.

He

M (14 L )

8till holds, v _ ‘ , _ ‘

By assuming the coefficient of W in (30) to be simply J, Joule had
qbtained values of the meqhanical oquivalent in gqod agrggmqnt with values:

 obtained by other methods, Also his free expansion experiments had further

indicated the heat H of (30) to be truly the equivalent of W. Hence ) 8s
early as 1848, he had suggested to Thomson the formla (29) for A,
since this would reduce (30) to the desired relationship, H 2 W/J,

Héwever, as Thomson pointed out, Joule!s equrimen‘ts really serve to
establish the validity of "Mayer's Hypothesis" (29) only at the tempera-
ture at which they were carried out; namely 500 --éb" F. The qﬁestion of
the general validity of formila (29), which Clausius had assumed without
any specific justification (cfs pe3JC ), thus still remained unanswered
for want of experimental data,.

Accurate measurements of the work done and the heat developed in the
iaotherml compression of a gas are difficult to carry mx'b; ~and, because
of the smallness of the heat capacities of gases , compared to that of their
containers, the same may be said of measurements of the frég expansion
effect, Hence, it is most 'significant that Thomson now proposed a new
‘experimental method for the determination of the walidity of "Mayer's
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Hypothasié"ma method permitting of much greater rap.idity“ and aceuracy
than the two already used by Joule, This new method is the one based
on the now famous "Joule-Thomson experiment."

&he
Imagine, said Thomson, a long tube

(figure 15) equipped with a porous plug A .'E: B

P and pistons A and B, Suppose that, by RA— ;é ..___._____)PZ
gradual motion of the piston A, gas at }the ‘ N

uniform Pressure » Py and temperature t be - Figure 15

forced through the plug P and subsequgn‘tly allowed to expand and force back
the piston B at the lower pressﬁra pz. In the portion of the tube cc?ntgin-
ing the plug and including the region imdiately to the right of 1%, the
pressure of the gas will not be uniform; beyond this r-egion, however, the
gas will have acquired the uniform pressure p2.

We wish to find an expression for H, the heat evolved from that
portion of the tube containing the plug and the rqmaj.nder’ of the tubg s in
order thay, when a volume vl of the}gas (measur‘ed at the in-go:!.pg pressure
py) is forced through the ap%atus, the temperature of the plug and the
remainder of the tube shall remain at t. If the frictional “effec'bs: result-
ing from the passage of the gas through the plug had no-l; been present and
the gas had been simply subject to isothermal expansion from pi, vl to pz;

Vo heat would have been supplied equal to
VV

or, by (3) S-’(’.af.. ) ave

The net work done by the pistons on the gas, hence dissipated as

frictional heat, is v
s

) Pdanrlo1’1 P, V20

The net heat evolved H must equal to the excess of the heat equivalent to
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This work over that previously found to be absﬁgbed when ?hg_ms chgnical
effect is all externel, i.e. when the expansion is reversible, Then
V’
- 1
H= 1/3[\{ pdv + plvl - szz] Wﬁdt)v dve. (30 )
For perfect gases, Py -  Pzva, and

dev 2 P (1+ot) Ji- “p vo(l +<>C'b) 1og v/ vy (311)

vz»"'v

so that A - v
| S(ﬁ) dv & a’%‘ piv = (éﬂ;)v °CP°vo log szvl 1+0Ct W,

Hence, the expression fdf the heat evolved becomes simply

E=s (/5 - m) W. | (31)
Therefore, if the gas conforms to "Mayer's Hypothez&is," expressed by (29),
’(31) requires that H =0, | (32)
i.es if the whole process be carried out gg;gbgzggg;lz the temperature
of the gas after passing through the plug and attaining thg uniform
pressure p2 ; will agein be t. In any case, so long as the gas is perfect,

01) and (31) gi gL
(3 “) nd (31) give | T T

T T, e /e

I.e. the method may be employed for the caleulation of w whether Wayer!s

| (35)

Hypothesis" be true or not.

The concept of emergy or "force", as a substance whose identity persists
throughout the manlfold varleﬁy of phenomenal change, played, as we know,
an all-lmportant part in the thought of the precursors gnd founders of‘the
First Iaw of Thermodynamics, Clausius, in his analytical formulation of
the Principle of Equivalence for perfect gases, had introduced a definite
mathematical symbol for this concept (his U function, cf. ps&17), but had
madé no further use of it, The credit for introducing this function intO
all of the general equations of thermodynsmics and fo:»poin@ing out the
advantages resulting f:om this introduction goes to Thomson, This note=

worthy contribution constituted Part V of his ’1851 paper and was entitled
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"70n the Quantities of Mechagnical Energy conﬁained in a Fluid in Diffe=
erent States, as to Temperature and ‘Densitye”
"The mechenical energy of a body in a given state,” Thomson defined
as the "mechanical vdue (equivalent) of the effects the body would produce
_in‘passing from the state in which it is given, tpbg standard (reference)
étate, or the mechanicael value of the whole agency that would be required
to_bring the body from the standard state to the state in which it is
given." That the "mechanical energy" so defined has a definite value
independent of the manner in which the change from standard to given state
is effected, is a consequence of the Principle of Equivalenes.
As before Thomson confined his treatment to the case of a body whose
~ state is determined by the volume and temperature t. For an infinitesimal
Hehange of state the mechanical value of the heat absorbed is J(Mdv + Ndt)
and the work done isppdv. The Principle of Equivalence requires that the
nef mechanical walue of heat absorbed and work done be equal to the differ-
ontiai of a function of v and t, namely, of the mechanical energy E. Hsnce
@E = J(Mdv + Ndt) = pdv (3%)
18 the expression of the Principle of Equivalence. This is tantamount to

the equations

’ Z M- da ($Ey = N
(@) M=-p (35) and (&) . (36)
By making use of the fundamental relation, dv dat - St o’

E may be eliminated between (35) and (36) to yield

iy - |
which is Thomson's original expression of the Principle of Equivalence.55

"The value of J being known," says Thomson, "equations (35) and (36)

may be used for determining the mechanical energy of a particular fluid mass
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in different states , from special experimental dafga regarding its pressure
and thermal capacities, but not necessarily comprehending the values of each
of these elements for gll states of the fluid. The theory of the integra=
~tion of functions of twé independent variables will, when any set of data
are proposed, meke it maniégg%;g§££ot they are sufficient, and will point
out the mebhods, according to the forms in which the data are furnished,
to be followed for determining the value of E for every value of v.¥

In some cases, the data may be such that the expression for E may be
written down without resort to integration. Thus let the standard state for
water be the liquid state at 0°C, Then the value of E for a unit weight of
fluid mass consisting of liquid water and saturated vapor at the temperature
t and total volume v is equal to the mechanical value of the heat required

to raise the unit weight of diquid from 0° to t plus that of the heat required

to convert the weight g;fféggj of it into vapor, diminished by the workpf
expansion at the pressure p from ¢ to v. Therefore
E = .T(ct—}—r.i'!'_;i‘:.} “p(v=0). (38)
8 =g~ - : v
The relations (24) and (25) for M and N are obtainable from (35 and (36) by
-differentiation of (38).56
The fundamental equation (3) , expressing Carnot's Theorem, when combined
with (35) yields the results
&y = @dp. - |
(dv)t e (dt vv P (39)
Integration of (39) yields the expression for E involving an arbitrary func-
tion of t, Supposing the law of pressures, hence(%g)v, also J and//‘to'be
known, this arbitrary function may be evaluated from a knowledge of E for all

temperatures at a given constant volume, or what is the same thing, from a

kmowledge of the heat capacity of the body at constant volume for a particular
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volume and all temperatures. Hence, we may conclude that, given values of
J and Vat the "mechanical energy” of a fluid body in any state may be
caleulated from determinations of its pressure for all temperatﬁres and
‘volumes and its heat capacity for a par'bicular’ volume and all temperaturés.
To illustrate, Thomson employed equation (39) to obtain an expression
for the energy E of a perfect gas. Let us take as the standard state of
zero energy that for which the pressure, volume, and temperature have the
values Pgs Vgs t o’ respectively. From the perfect gas law, pe ?-0;9-(1 4L %),

we have (Q'Q) - M . Whence

S (--- -E'E - P)Av = pg Vo[/w =(1+C t) ] log (v/¥,)
If w8 denote by No the value of the heat capacity at the constant volume v,

regardless of the temperature, the expression for the energy of the gas in

the state (v,t) will then be €
E 2 Pov, l_-—J-;‘f- -1l t)  log (/%) t I jmodt’ (40)

Suppose now that we have obtained by the above methofis a table of values
of E for all values of v and t, i.e., for all states of a body. Let us see
how such a table might be employed , dlong with auxiliary data, for the cdl=-
culation of the pressure p, the heat capacity at constant volume N, and the
heat capacity at constant pressure K. Regarding (39) as. a differential

~equation for p with respect to t, integration gives for the value of p in
3 St

P oo f#% TV ey e (41)
where the constant \-l/ (v) may b; determined from a knowledge of the pressure:

t
the state (v, t), ’_S wdt N “udt

for ald volumes and a particular temperature. Also, from (36), we have

vzl (%)v. | | (42)

Again, if we eliminate s from (12), by means of (3), there results
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which , by viftue of (35) and (42), becomes (.QE
) .
K=§ ) + I((dv),0 + pz]-(%‘-"-)— (43)

Fro@ equations (41), (42), and (43), we infer that, if, besides our
Bable of energy valu9s, we know the pressure for all volumesland‘a partic-
ular temperature, we have sufficient data for the calculation of the pressure
and the two heat capacities in all states. Thus Thomson was led to remark
that "it is not improbable that such a table (of values of E), and a similar
one for the pressure, may be found to be the most conwenient expression
for results of complete observations’on the compressibility , fhé law of
expansion by heat, and the thermai capacities of a vapor or gas."

As further illustration of the uée of the above general expreésions
for p, N, and K, Thomson applied them to a perfect gas. Substitnfion of
the expression (40) for the energy of a perfectt gas into (41) gives

p= 293-“—- (A+tt)+ X(V)e(aJ dt) | (44 )
i.e. & fluld whose pressure is expressed by (44) has the same expression

for its energy as one obeying the perfect gas law, If we evaluate the

coefficients @) and(_@ ) ’by differentiation of (40), substitution
av’t dt ‘v ’
converts (42) and (430 into

N =N+ B‘. Po¥o log (v/v )] 4 (""" - (1+°c'b)) (45)
dat '

and b = (1 4oLt
2 Ngh(h povgton vy 8T T o2 w4
dat M (1+£ t)

Equation (45) shows that , unless "Mayer's Hypothmsis" (29) holds, the heat
capacity at constant volume of the same gas at the same temperature varies

with the density, sald variation being proportional to the decrement in the
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logarithm of the density. Equat%gn (46) combined with (45) shows the relation

- oL Povo

to be independent of "Mayer's Hypothesis." (Here N, is the vglue of N for
V= vy, and t = t.)

Finglly, by the introduction of the energy function Thomson showed
that the theory of the "Joule=Thomson experiment ¥ edmits of a more precise
and comprehensive treatment, Suppoée a unit weight of gas before entering
the plug (cf. Figure 1%) occupies the volume V1 and has the pressure p, and
the temperature tj, and that, after having passed through the plug, the
corresponding vaues of these variables are Yoy Poy and t,, Ir Q be the
heat emitted from the tube by the passage of this unit weight of gas through
the plug, and S the mechanical equivalent of any sound produéed,/the net
mechanical value of all external effects is JQ14—8.+-p2v2 - DPiVa o
This must equal to the decrease in the energy of the fluid, so that

E(vy, t,) = E(vy,ty) = (JQ+ S + pov, = pyvy)e (48)
Regardling the sound effect as negligible and supposing the tube to be
thermally insulatedvfrom the surroundings, this reduces to

E( v2,t5) = E(wy, ty) = (povp =p3vy)e (49)
If the temperatures on the two sides of the plug are found to be the éame
(tl & tz), the perfect gas law then requires that Pav, = plvl,'so that (49)

becomea simply -
E(vgy t) = E (vq , 1), (50)

i.e. "Mayer's Hypothesis," in conjunctidn with the perfect gas law, iiﬁeen

to require that the energy of a gas be independent of its volunn;57

The actual experimental investifafion of the behavior of air, carbon
dioxide, and hydrogen when subjected to the "Joule #Thomson experiment" was

carried out by Jould and Thomson together, the reéults being comprised in a
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gseries of papers entitled, "On the Thermal Effects of Fluids in Métion",
published from 1852 to 1862 (56 , p. 333). In the case of air and carbon
dioxide the:gas was found to be decidedly cooler after passing adiabatically
through the plug. Moreover, the cooling effect was found to increase in pro=-
portion to the difference in pressure on the two sides of the plug. Also,
for a given pressure difference, the cooling effect was found to decrease as
the temperature increased. At 15°Ce the cooling effect amountéd to 1.15%.

"for éarbon dioxiddc and 0.26°C. for air , for each atmosphere difference in

- pressure. In the case of hydrogen, the temperature difference was so small
as to render it uncertainj in the earlier investigations the results seemed
to indicate & wery small cooling effect, but later experiments, reported in
1862, pointedt to the conclusion that this gas, on passage fhrough the plug,
is actually heated by a small amount, (56, pe 423)

In the theoretical portion of the paper, which obviously must have been
written by Thomson, the conclusions to be drawn from these data are presented
in a masterly fashion. ILet py, vy, and t denote the pressure, volume and
temperature of unit weight of gas before passing through the plug. After
passing through the plug, the pressure falls to say p2. Let Vé denote the
volume which unit weight of gas would occupy at the pressure py, if the
temperature had remained at t. The external work done on the pistons by this
unit'weight of gas'would be szb - Plvi . Denoigng by w the whole work done
by the gas, the work dissipated as frictiénatu&in passing through the plug
mst equal to w = (pv, = pyWP. Let H denote the latent heat of expansion,
i.e. the heat which would have been absorbed in isothermal expansion from

) qéﬁg_g?;;fgﬁzggrﬁggzigapressurQ))
Py 7 to PoyVoe The cooling effect securring when the process is con=
ducted adisbatically corresponds to the heat K S (py = py) which would have

to be supplied to 'keep the temperature constant (K being the specific heat
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of the gas) and must equal to the excess of the latent heat of‘reversible
expansion over the heat génerated by friction. Hence
KJ(p - p2) = E (/0w - (ppvp = pywydB)e  (51)

This relation cléarly shows that if "Mayer's Hypothesis" , H I w/J,
hodds (i.e. if the energy of the gas is independent of its volume) and the
perfect gas law, pp wp - Pp Vi, it is true, then the thermel effect S.must
be zero. The converse proposition, however, does not follow, i.e. the
vanishing of 9 might result from the fact that the deviation from "Mayer!s
Hypothesis" exactly balanced the deviation from the perfect gas law. Again,
the above equations point clearly to the possibility of a heat ing effect,
as was later found in the case of hydrogen.

The data of the Joule-Thomson experiments served to evaluate the lefi=
hand member of the above equation, whereas Regnault's investigations on the
comprgssibility of gases gave the value of pré - pivj. Joule and Thomson
were thus able to calculate that at 15°C, the mechanical equivalent of the
heat evolved by the isothermal compresiion of hydrogen exceeded only by
1/%30 that of the work done;58 in the case of air the heat exceeded by 1/174
the work, whereas, for carbon dioxide, the heat exceeded the work by 1/32.
Thus, of these gases, hydrogen conformed most closely to "Mayer's Hypothesis."
Since , in the case of air and carbon dioxide, the data revealed that both
the cooling effect, as well as tﬁe deviation from the perfect gas law,
inereases with decreasing temperyture, it was concluded that these gases
approach conformity with “Mhyer'é Hypothesis" as the temperature is raidied.

The all-impottant result of these investigations was the conclusion that
the formula (29) , namely, m = J ol

1Lt
hydrogen(since both its cooling effect and its deviation from the perfect

s 1s almost exactly correct for

gas law are small), and is very approximately true for air. waever; as
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already observed, values of M caleulated from this relation deviated
considerably from values calculated from the Clausius~Clapeyron equation on
the assumption that the density of saturated steam is calculable from that -
of the superheeted vapor by means of the perfect gas law. The inevitable
deduction was that saturated steam devieted very considerably from perfecf
hehavior, a conclusion already drawn by Clausius from insufficient evidence
(cfe po 309)s Substituking value#of/aacalculated from "Mayer's Hypothesis"
into the Clausius~Clapeyron egquation snd regarding the density of the
saturated stoam as the unknown, Joule and Thomson were thus led to a new
formula for the latter quantity.

e have seen that, even before he abandoned the caloric theory, Thomson
recognized that Carnot's Theory provided the basis for a tempebature scale
independent of the specific propertiés of any particuler substances His
failure, during the next six years, to revert to this subject of "absolute
temperature ," we may attribube to the prevalent uncertainty regarding the
correct values o€/“-. qu that the Joule=Thomson experif@gnts had largely
removed thds uncertainty, the time was ripe for a remupmtion of this line
of thoughte

Accordingly, in Part II (published in June, 1854) of Joule and Thomson's
paper, "Oon the Thermal Effects of Fluids in Motion,"™ we find several sections,

~ obvkously the work of Thomson, devoted to the definitién and methods of
determination of such a temperature scale.

Acecording to Carnot's ummodified theory, the work developed by a Carnot

cycle, absorbing unit heat at t° and working between t° and (t_l)O’ is

compensated solely by the transfer of the unit of hest from t° to (£-1)9;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=338m
and the value Of//b (), the ratio of the work developed to the heat transferred,
is the seme for all working bodiess. It thus appeared possible, by introducing
a universal temperature scale T for which dW/aT = consbant, to make the work
value of a unit of heat per unit fall.éf temperature independent of the
temperatures Thus it was this independence which Thomson, while still under
the influence of the caloric theery, considered to be an essential charace
teristic of an ™absolute temperature™ scales (cfe pe 274)

In Carnot's theory as modified by the Principle of Equivalence the
function/#J(t) is still a quantity which is the same for all bodies. Hence,
if the vaiues of Aror any function of it are taken as teﬁperature numbers ,
the resultant scale will be absolute in the sense that it is indepadndent
of the specific properties of any pafticular substance, although it will
not necessarily be sbsolute in the sense that thw work developed byia Carnot

cycle absorbing unit heaet at the absolute temperature TC and operating between
59
T and (T-1)° shall be independent of Be - It is convenient to define T,

the absolute temperature, by the linear resltionm,

T2 e - (s2)
since, for a gas conformin; to "Mayer's Hypothesis™ (29), the absolute
temperature then reduces %o

Tz L + %, (53)
lees the absolute temperature then differs from the Centigrade scale of the
perfect gas thérmomater only by a constant, namely, the rediprocal of the
thermal coefficient of expansion measured according to the latter scale, of
a gas conforming to “Mayer'svﬂypothesis." |

If we apply the definition (53), along with Mayer's Hypothesis (29),to

\at 89,/
the expression (6) relating the heat H absorbed from the sourceéYto the heat R

given up at TOC, by a Carnot cycle, thepresults an alternative
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definition of the absolute temperatures For with these substitutions,

(6) becomes

1+£T _ IR (52)

1 +L S Tg

R
—
H

TR and Ty denoting the absolute temperatures of refrigerator and source,
respectivelye Thomson thus arrived at the conclusion that eany temperature
soale is en absolute scale if it conforms to the following conditions "If
any substance whatever, subjected to a perfectly reversible cycle of
operation$ takes in heat only in a locality kept at a uniform temperature,
the temperature of these localities are proportional to the quantities
of heat taken in or emitted at them in a complete cycle of operationse"
I1f we wish to proceed independently of "Mayer's Hypothesis,"™ we may,
by mesns of the definition (52), replace Sty T in all of the general
equs.tions of thermodynamics, whereupon the latter become equations for T
in terms of the measurable properties of bodies, just as they were forme
erly regarded es determining ~ o Thus equations (9) and (11), by meansg

of the relation (52), become, respectively,

2
JK=Jli = T‘&%%) £55)
- dp
‘ dv
2
a a(IN) = a |
" a'é"'l"T( p)- (56)
ar?

Also the relation (30!') for the Joule=Thomson thermal effect becomes
\/L
v
Any of these rela”c’:ions determine T as a function of p except for an
arbitrary comstant of integratiof. The)essig,nment of a value to this cénstant
corresponds to the choice of the unit of absolute temperatures Thomson

observed that the choice may be made in either of two Ways: (1) we may
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assign a definite numerical value to the absolute temperature of a
reference states (2) we may assign a definite number of absolute

degrees to the interval between two reference statese

be THE ENTROPY CUNCEPT AND THE DISSIPATION LAW,

Ae The Generalizetion of Carnobt's Theorem,

A most importént consequence of the absolute temperature concept was
the fact that ibts introduction rendered possible a new analybtical formum
lation of the Second Leaw of Thermodynamicse Thomson himself was the first
to see thiss In the introduction‘ to his paper,"Thermo~Electric Currents®
(published in May, 1854 as Part VI of "The Dynamical Theory of Heat"),
he advenced the following statement of the Second law: "If every part of
the action (of a cyelic process), and all its effects, be perfectly
reversible, and if all the localities of the system by which heat is
either emitted or taken in, be at one or the other of two temperatures,
the aggregate amount of heat taken in or emitted at the higher tempera=
turernmst exceed the amount emitted or taken in at the lower temperature
always in the same ratio when these temperatures are the same, whatever
‘be the particular substance or arrangement of the material system and whate
ever be the particular nature of the operations to which it is .subjeot.“
This proposition is, of course, no more than Carnot's Theorem stated in
terms of the ratio bf the quantity of heat exchanged at one temperature
to that exchanged at the other temperature, instead of in terms of the
ratio of the work davéloped to one of these quantities of heate The ime
portence of the new form of statement is that it may be readily expressed,
analytically, in terms of the abscluté temperatures of scurce and refrig-
erator; in fact, by (54), the ratio of the heat absorbed at the higher
temperature to thet developed at the lower temperature equals simply to
the ratio of the respective temperatures, expréssed on the absolute scales

Thomson now made the important observation that if Q;l denote the
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. heat absorbed at Tl and QQ, that absorbed at the lower temperature Tz,’

equation (54) may be expressed in the form,
| Y %

+
£ Ip

2 Os (56’)

' In generalirzing equation (56') so as to make it applicable to &

| reversible cycle exchanging heat at any finite number of temperatures,
‘Thomson cleared the way for the formulation of the entropy concepte The

" above stetement of the Second Law (Carnott!s Theorem), said Thomson, is
equivalent to the proposition that “if a material sysﬁem experience eee
& complete cycle of operations of a perfectly reversible kind, the ‘
quantities of heat which it takes in at different temperstures are subject
to & lineer equation, of which the coefficients are the corresponding
values of an absolute function of the temperaturees™ If absolute tempera=-
ture be defined as the quotient of the mechanical equivaelent of heat by
Carnot's function w4~ , the "absolute function of the temperature" referred
to is simply the reciprocal of the absolute temperature, as is evident
from (56'), which is the expression of the theorem for the case where the

heat exchanges occur only at two temperatures, If the quantities of heat,
Ql .Q,z, Qs; ""Q‘n-l’ Qn be absorbed at the absolute temperatures of

T T seees Tn—l’ Tn, the analytical expression of the above

T
1* "2 73
proposition is hence:

Q Q Q

Q Q :

1 2 3 -

—— A — — ®ee n-1 -+ 2 - 0. (57)
T T, T, T I

To establish this theorem, Thomson imagined the given reversible

oycle to be supplemented by a sequence of n=2 cycles ,‘ the firét of

which develops the heat Q; at Ty and ebsorbs the corresponding
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T
2 , ‘
quantity __ q  at T,3 the second develops the heat T, Ql T,
and absorbs the corresponding gquantity ’1‘2(__ + mt Tgs the third
=

)
develops the hes & T ( Q‘l QZ) +-Qg &t Tz and ebsorbs the heat T,;(Ql
. I

2 I

‘}‘ ) at T43; and so on, the last developing the heat Tn,.z(__+Q2 1__,,._,_
T3 'Tp

%—3)+ Qn o &t Tp.p and ebsorbing the heat Tp_j( ok __,_, 2 Jose t Qn-z)

at Tn-l' The net result of this whole supplementary sequence of cycles

is the development of the heat Ql at Tl’ Qz at To, eee Qu_p at Th_z, md
the absorption of the heat Tpa1 (____ _\_QZ 4o+ Qn..z) 2t Tp.]e The supple=

T2 Thez
mentary sequence, when conjoined with the given cycle absorbing heat Q; at

I1s Qp 8t To, eee, Quuy 2t Inais Qq 2t Tp, constitutes a complex reversible
cycle which incurs no net absorption ér development of heat & %t the temper=

stures Ty, Tp, eees Ty 3, Tp.p but gives rise to the absorption

T..1(1 ,9Q Qn-
| # 1(,-1% +.T.22.+-— T:“z) @t Qpe1 &t T,y and the absorption Qy at T;. Then
by (561),
The1 Q eee Qn’?) Qnal
Qn: ('1'1' + + - 0,
Ty Tn—l

which is seen to reduce to (57), so that the proposition is proved,

This last form of the second fundamental principle in the theory eof
heat we.s obtained in another way by Clausius and led, with him, to the
concept of entropy and the establishment of a precise analytical expressien
of the fact of irreversibility. At this point, we should observe that,
although, in accordance with convention, we have, in the courze of our
~exposition, referred to certain s’ca.t'ements and analytical expressions as

the "Second Lawe" still these really embody only two of the three genersl
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idess embraced by the term, “Second lLaw," taken in its broadest mesning
(cfe pe?C)e That is to say, the fact of irreversibility is not contained
in these expressions and statementsew-at least, never explicitlye.

By the way of introduction to Clausius?! formulation of the entropy
cczicept » let us briefly review the history of the notions of reversi=
bility and irreversibilityes Carnot, the father of these concepts, was led
to them by & process of idealization whereby he conceived of the most pere
fect method of operating & heat engines He thus arrived at his condition
of reversibility, namely, that all changes of temperature of the body
undergoing change should be due to changes of volumse

From Carnott's stetements of the theorems relating to the heat
absorbed or developed by gases on change of volume without change of tempers
ature, it was clear that these applied only to reversible processesg that
is, as long as the temperature of a body remains uniform and constant,
temperature changes due to causes other than volume changes obviously
caﬁnot oocur, and the process is reversibles Clapeyron, also Holtzmann,
in attempting to extend Carmotts results to non=-isothermal processes, was
less careful in stipulating the condition of reversibilitye Thus, not only
did Clapeyron regard his equation (14) &s applicable to the heat absorbed
or developed by a perfect gas in a non-isothermal, reversible change of
state, but also, by failing to mefjgion the condition of reversibility, he
implied that it also holds for irreversible changes of statee Again, in
his statement of the theorem expressed by his equation (25) (cfe pe265),
he also failed to prescribe the reversibility conditione

As a matter of fact, these omissions may very well have been deliberatey
at any rate, they could have been justified by reference to the Principle

of Conservation of Calorice For, according to thé\lat’cer, the heat
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exchenged by & body with its surroundings in any change of state is
uniquely determined by the body's initial and final states and henée
is the same regardless of whether the path is reversible or irreversibles
With the rejection of the caloric hypothesis and the adeption of
the Principle of Equivalence of Heat and Work, the reversibility comcept
assumed & more securs position in the general theory of themodynamics;
Thus in Clausims! great memoir of 1850, alse in Thomson's classical paper
of 1851, all analytical expressions for finite heat and work effects were
regarded as applicable to reversible processes onlye On the other hand,
the ¢ircumstance that the Energy Primnciple and Carnotts Theorem came to
be employed more and more for the deduction of general relations between
the physical properties of a body in any of its equilibrium statese
relations whose validity are quite independent of the nature of the path
oonneéting the equilibrium stategew~this circumstance caused the fact of
irreversibility to fall more and more into the beckgrounds This explains
why the general principle of the dissipation of energy wes not formulated
in these early papers of Clausius and Thomsone To be sure, the fact of
irreversibility was mentioned in Thomson's paper in comnnection with the
failare of heat engines to attain their meaximum efficiencye Hgwever, the
realization that this faect of irreversibility is the basis for a general,
physiocal principle, according to which physical processes proceed in a

definite directionewthis realization still remained to be expres&ed.w

Be The Dissipation of Mechanical Energye

It first found expression in a short paper by Thomson, published in
1852 and entitled ™0n a Universal Tegndency in Nature to the Dissipation
of Mechsnical Energy" (56)e He observed that, as & consequence of his
fundamental axiom respecting the impessibility of an unsupplemented
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conversion of heat into work, processes involving the frictional pro=
duction of heat and the diffusion of heat by oonductlion or Radiation can
never be completely reversede Since such processes do, in f;.ct, occur,
tize following conclusions are immanents |

"(1) There is at present in the material world & universal tendency
to the dissipation of mechanical emergye"

"(2) Any restoration of mechanical energy without more than an
equivalent of dissipation, is impossible in inenimate material processes,
and is probably never effected by means of orgsanized matter, either en~
dowed with vegetable life or subjected to the will of an animated creature.™

"(3) Within a finite period of time past, the earth must have been,
and within & finite period of time to come the earth must again be, unfit
for the habitation of man &s at present condituted, unless operations have
been, or are to be performed, which are imi)ossible under the laws to which
the known operations going on at present in the maferia.l world are s;xbject."'

A general and precise amalytical formulation of this ™universal ten=
deney to the dissipation of mechanical energy" was afforded by the concept
of entropy introduced by Clausiuse The complete formulation of this con=
cept waé very nearly attained in the lattert's 1854 paper, entitled "On =
M,dified Form of the Second Fundamental Theorem in the Mechanical Theory
of Heate" Unlike his first paper, in which the principle of thermodynamics
were developed only for the special cases of perfect gases and saturated
vapors, Clausius now attempted to develop equations epplicable to any body
whose state is determined by the variables v and te

After expressing the Pirst Lew in the general form,

dQ = qU -+ Apdv : (1)
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and showing, as Thomson had already done, that this is mathematically

equivalent to the forms:

‘ | S
2. Sy . 2 (.‘.19..) wx 2, (2)
2% v dv it ot

Clm;sius turned to the consideration of the Second Lawe The point of
view from which he now regarded the problem of the analytical formulation
of the latter centered around a new meaning of the term, "equivalence."
In the phrase, "Principle of Equivalence of Work and Heat," by which
Clausius had demoted the Energy Principle, the “equivaelence® referred to
was not, stric'bly speaking, a mubual relationes Thus, a change consisting
of the development of heat wes said to be "equivelent™ to one consisting
of the developmen'b‘ of a corresponding quantity of work, although the former
could not bring about the same effects as the latter, even in the limiting
(reversible) case; in the same sense, & calorie of heat at one temperature
was said to be "equivalent™ to a calorie at another temperature, in spite
of the fact that these two “quantities of heat™ were inecapable of
developing the same quantity of worke

On the other hand, Clausius now used the term "equivalence’ in
cennection with. the Second law, to denote only a relationship which may
be regarded as strictly mutual, without vioclation of the fundamental axiom
that heat camnot pass from & lower to & higher temperature without any other
change occurringe Two changes are equivelent in this latter sense only
if each is actually capable of reversing or annihilgting the other in the
limiting (reversible) casee

In order "to discover the law according to which the transformations
must be expressed as mthmti§a1 magnitudes, in order thet their

equivalence may be evident from the equality of their velues," Clausius
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considered & reversible cycle of a new type, which is represented on the
p=-v diagram of Figure 16, As in the classical Carnot cyele, the working
body is expanded isothermally along be, p

absorbing the heat Qy from a body K, at the
temperature t,, and then expanded adiabati- £
cally along cd until its temperature falls to %a
t o Now, however, isothermal compression

2
along de causes the development of the heat

o et tz' Laune o s

Adiabatic compression along ef elevates the Figure 16

Ql’ this being absorbed by a body K

working body's temperature to te Then isothermal eﬁtpansion along fa
entails the absorption of the heat Q from a body K at te Finally, adiabaw
tic expansion along ab returns the working body to its initial states

The cyelic process Just described entails two changess the passage of
the heat Ql from Kl at 'bl to Kz_ at tap and the conversion of the heat Q
at t inbo the_worlﬁ‘r, whose magnitude is given by the area of the closed
figure described on the p=ev diagrame By reversing the whole process, the
reversal of the first change may be regarded as annihilating the second
changee In other words, the change consisting of the comversion of the
| work W into the heat Q at + is equivalent 'bé the change consisting of the

passage of the heat Ql from £, to t Clausius arbitrarily assigned

1 2°*
positive equivalence~velues to these last mentioned changes, their
opposites thus acquiring negative wvaluese |

What are the general e:@res;iom for the equivalence~values of these
transformations? With respect toJ the equivalence~value of the transforw

‘mation consisting of the conversion of the work W into the heat Q at t,

Clausius thoughtit obvious that this must be proportiomal to Q itself and,
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other than this, can depend only on te He therefqre wrote the
. equivalence~value of this change in the form
Qef(t) o K (3)
Similarly, he stated that, besides being proportional to Ql, the equivalence

value of the transformation consisting of the passage of the heat Q3 from

%3 to ty, can depend only on ty and t2; and he therefore wrote its equiva~

o~ lencé value in the form

Here F (t1, tp) is some function of t; and %, which must conform %o the

-

relation
F(ty, t2) = =F(t,, %), (s)

since the passage of heatt Q) from t2 to tl is a change which reverses the
change consisting of the passage of heat Q3 from 1y to 'b2 end must therefore
‘have an equivalence~value equal and opposite to that of the latter,

The equivalence—value‘of the transfer of heat Q; from t; to t, being

equal to that of the conversion of the work W inbo thé heat Q at t, we have

-Q £(8) + Q Flty, 4,) = 0, (6)
ieos the sum of theeguivalence~valuss of the two changes constitubting the
cyclic process of Figure 16 equals to zero.

Imagine a reversible cyclic process consisting 88 the reversdallef the
process described in connection with Figure 16 except that, instead of the
heat Q being absrobed by K at t, the heat Q' is absorbed by X' at t's The .
equation analogous to (6), comnecting the equivalence values of this process,

will bd | -
qr £(8) +Q; Fbg, t1) = 0a (7)

Adding (6) and (7) and applying (5) we obtain the relation,
~Qf(t) + Q' £(t) = o, | o (8)

Finally, suppose the two cyclic processes corresponding to equations
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(6) and (7) to be perfbrmed together so as to constitute & single
double~processe In this latter, the exchanges of heat between tl and to

will no longer’eﬁer iﬁto consideration as they precisely cancel eaéﬁ’othero-
There will remain only the development of the heat Q by K at t, tile v
absorption of the heat.Qf by Kt at t¢t, and the development, or absorption of °
a certain quantity of work cqrresponding to the difference Q' = Qe Thus sup=
'pose t! )_t. Then the net ?esult of the doqibb-prodeSS must be the pasgagé
of the heat Q from K at t to K'. at t' and the conversion of work into heat

Q? - Q at tts The eéuation analogous‘to (6) and (7), connecting the equiv=
alence values of these two changes which constitute the double=process, will

be (Qt = Q) £(&*) +Q F (t,8¢) 2 0s

Eliminating Q! from this équation by'means of (8), there results the
fundemental relatién :
F(t,61) = £(81) = £(t)e (9)

Flacing £8) 21T - (10)

where T is some function of t, Clausius stated, as a result of.(9), the
"Theorem of the Equivalence of,Transgormations:" "If two transformations
which, without necessitating any other permanent change, can mutually ree=
place one another, be called equivalent,vthen‘the generation of the heat

Q at the'temperaéure t from work has the equivalence-vlaue Q/T, and the
passage of the heat Q from the temperature tl to the températﬁre ts has the

equivelence~viilue Q(_iﬁ) - El,) where T is a function of the temperaw

ture independent of the mature of the process whereby the transformation

N

is affecteds™
Thus, so far as its equivalence=value is concerned, a transformation

~consisting of the transfer of heat Q from %, te t%may be thought of as

1
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replaced by a double transformation consisting of the conversion of the

. heat Q at +t, into work and the conversion of work into the heat Q at tz.

1
The task of computing the total equivalence~wvalue of a cyclical prbcess
is hence greatly s'imp@ified. "For instead of examining what part of a
given quantity of heat, during the ecyclinal process, has arisen from work,
and whence the other part has come, every such quantity received may be
brought into caleulation as if it had been gemerated by work, and every
quantity lost by a reservoir of heat, as if it had been converted into
worke" Thus, suppose that, in the course of a cjrolica,l proocess, the

s t

reservoirs Kl » Kz.(, » K’é,tﬁ% maintained at the temperatures ¢ s b

1" 2" 3

ees Yocoive the respective quantities of hesat Ql » Qa » 0,5 s see Then

the total equivalence-valu%ﬂ of all the transformations is given by

N:i‘}‘?&—{—%‘-‘pﬁ-ynbb (11)
Tl T2 T3 T4

In the case where the temperature of emission varies continuously, this

expression becomes ™ | _
= 5 (12)

the number of reservoirs becoming correspondingly infinitee

Clausius next showed that for any reversible cyclical proocess, the
equivalencewvalues aé defined by (12) must equal to zeres For suppose
N ¥ O end the transformations occasioned by the cyclical operation to be
divided into two groups, the first comprising transformations the alge=-
braie sum of whose equivalence~wvalues is gero, and the second comprising
transformations whose eguivalence~values all have the same signe Suppos=
ing it to be possible te segregate the transformations of the first group

into pairs, such that the equivalence=-value of each pair is zero, it ms.y

be shown that all of these transformations mey be cancelled by & finite

or infinite number of simple cyclical processes of the type represented by
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Flgure 16¢61 Hence the transformations of the second group would remin
without any other changee If these transformations are negative, ie0e if
they consist of transformations of heat into work and of heat from lower
to higher temperatures, then of the two kinds, the transformations of the
first kind may be replaced by those of the second, so that there would
remain only transformations of heat from lower to higher temperatures, thus
violating the fundemental axiomg Again, if the transformations of the
second group were all positive, they could all be made negative by reversm
ing the direction of the operations, and the same argument would agein
applys We must conclude that the hypothetical second group comprising
transformations of the same sign is really non-existent (assuming the
validity of the fundamental axiom), i.0e all of the transformations are
included in the first group whose equi'vaience-va.lues have an algebraie

sum equal to zero. The theorem is thus proved, and Clausius was led to

write o
' - dQ -

as the analytical expression of the Second Law for reversible cyclical

processesas

Aocording to the derivation of (13), T is the value of this function
’for the temperature + of the reservoir from which the heat dQ is received,
However, as Clausius observed, since, in a reversible process, the
temperatures of two bodies between which heat is exchanged can differ only
infinitesimally, T may also be regarded as the value of this function for
the temperature t which prevails over the body undergoing the reversible
cyelical process at the time when the heat dQ is receiveds Thus intere
preted, the integral in (13) refers only to chaﬁges oocurring in the worke

ing body itself, iees to the elements of heat absorbed by the body and
the temperature at which the absorptions occure
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This interpretation of (13) permits the derivationm, from it, of
anslytical results already obtained by different methodse Thus, sinoce

sz Vg 4 Ry,
db dv
it follows from (13), says Clausius, that

d 1
Q. 1 Ry 4 — L (14)
T T 4t T av
must be an exact differentiale Whence
1 4 > 14Q
2 (— ) 2 == (=) (15)
2t T dv 2v T at
or
aQ T . aq aqQ .| 62
dv ot 2t av D v dt
Combining equation (16) with equation (2), expressing the First law, there
results P ‘
R L,T =z ;P (17)
dv dat 2t

which, by virtus of the relation,

2p z 2p &,

-

, Yt T at
may be written
dQ = 3P
= 5 (18)

Equation (18) is evidently the Clausius=Clepeyron equation which had

formerly been expressed in the form

iQ = - ar
..S- - ¢ .%.2 - 0.2.2__._ P (19)
av >t OT dt

by comparison of (18) and (19), we obtain a relation between Carmot!s

function C and the new T function, namely,
a7 .« AT
”»
dt c
Finally, Clausius showed that by the introduction of "Mayerts Hypothesis"

(20)

that the work of reversible expansion of a perfect gas is equivalent teo
the heat absorbed, the T function may be identified with Thomsonts absolute

temperatures Expressed in general terms, this hypothesis is
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aQ
—— 4V @& Apdv
dv

or
aQ - A
av Pe

Substitution in (17) gives

4aT
dt 5 E .
I P

Eliminating p from this equation by means of the perfect gas law,

v = (atit)R, we find 4T p &b
T @ Tt

or T 2 (a 4 t)e conste (21)

The arbitrary comnstant of‘i.ntegration may be placed equal to unity without
altering the relative equivalence~values; whence T reduces to the absolute
temperatures 63

Ce Equimalence Values and Entropye

Taward‘ the close of his memoir, Clausius devobted several pareagraphs

to the comsideration of irreversible processese He there proved that the

,jvne'b equivalence~value, as defined by (12), of transformations occasioned
by‘an virreversible process, can only be positivee To establish this, it is
only neeessary to recall the gemeral lines of proof that the equivalence=
value is zero when the cycle is reversibles To prove the latter, the trange
’form.tions oceuriing were suppésed divided into two groups, the first
comprising transformetions the algebralc sum of whose equivalence~values
was ZOro, the‘ second comprising tranaformstions whose equivalence;-values
possedsed the same signe After showing that the transformations of the
first group could be completely cancelled, it was demonstembted that the
transformations of the mecond group could be neither negative nor positive,
For if they ﬁere:mg&tive » they would lead to a contradiction of the

fundamentel axiom reppecting the impossibility of heat passing "of itself"
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- from a lower to a higher temperature, whereas, if they were positive,
they could be completely reversed to form negative changes, again cone
tradicting the fundemental axioms This whole proof evidently applies to
the‘ irreversible cycle under consideration with the single exception that
the proof that the transformetions of the second group cannot be positive,
no longer holdse For since these positive transformations are not .
reversible, they may not be replaced by the corresponding negative ones
~with the resultant contradictione Thus, for the irreversible cycle, we
can only prove that the equivalence~value is not negativees Since the zere
equivalence~value has already been shown to apply to the reversible cycle,
it appears feasible to suppose that the equivalence=value of the irreverm
sible cycls must be positives Since all cyclic transformations are
aotually irreversible, Clausius was led to formulate the "universal tendency
to dissipation of mechanical emergy"™ (Thomson), in the laws "The
algebraical sum of all transformations occurring in a oyclieal process cen
only be positives" A transformation which r@ﬂns at the conclusion of
an irreversible cyelic process and whose equivalenoe-value.oan only be
peéitive, Clausius calls an "uncompensated transformations”

Near the close of his paper, Clausius also referred to irre'ﬁ'ersible .
non~-cyclical processes as uncompensated changes, although he did not ex=
plain how the equivalence~values of such changes are to be calculateds Nof:
until 1862, in & paper, "On the Application of the Theorem of the Equivee
lence of Transformations to Interior Work," did Clausius undertake to give
analytical formulation to the i.rréversibility of nonmcyclical processese

In all of Clausiust papers so far discussed, the kvinetic theory of
heat ‘or, as Clausius called it, "the mechanical theory of heat," was cone
sistently advocated, without, however, allowing it to exept any formal.

influence on the equations of thermodynemicse Unfortunately, this is not
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the case with the 1862 paper just referred tos For, like Ra.nkine (ofepek 89)
he now regarded the heat absorbed by a body, =dQ, as generally capable

of resolution into the increase in sensible heat, dH’ and the work done
(interior and exterior), AdLe He thus wrote the Enmergy Principle in the

. |
rorms -dQ = aH + AdL (22)

In an abtempt to extend the equivalence-value idea to non=cyclical
pmﬁcesées, Clausius introducdd a new concept, namely, the "disgregation™
of a bodye The latter he defined as a quantity which measures the ‘decreaso
in the molecular forces of a bodye Thus, sald Clausius, heat kg converted
into work in non-cyclical processes only at the expense of an inorease in
di.sg'regation of ‘the working body (associated with its increese in volums)e

 "To obtain a quantitative definition of disgrggation, Clausius postu=
lated a new axiom: "The mechanical work which can be dome (reversibly) by
heat during any chenge of the arrangement of a body is proportional to the
iempera‘cure at which this change occurs.“ 64

"Since the increase of disgregation,” said Clausius, "is the action
by means of which heat performs workese we will £ix the magnitude of the
disgregation so that, at any given temperature, the increase of disgregaw
tion shall be proporticnal to the work which the heat can thereby performese
Also for the same disgregation at different temperatures, the corresponding

work must (by the above axiom)be proportional to the absolute temperatures"
Hence, Clausius wrote, as the defining equation for the disgregation, the
relation: az ® AdL/T (23)
Eliminating AdL from (22) and (23) and integrating the result for a
finite, reversible change, Clausius obtained, as the combined analytical

expression of the Energy Principle and the above axiom, the equation:

j dq’:dﬁjL 4% 2 O | (24)
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Regarding as given, the result that
_‘_1_‘%'_ Z o,  (25)
for & reversibls, cyeclical process, Claukius showed that, since jdz, 80

for such a process, equation (24) requires that

d -

for a reversible cyclic process, Clausius: laid great weight on equation
(26), which he considered to be equivelent to the propositiom that ™the
qusntity of heat actually present in a body depends only on i’cé tempera=
ture, and not on the arrangement of its conskituent particles ™ 65

Clausius now approached the proﬁlem of the determination of equivam
lence~valuese Three types of changes meed to be considered: (1) transforw
mations of work into heats (2) transfers of heat from a higher to a lower
‘temperatures (3) transformations inecurring an inerease in the disgregation
of a bodye In lseping with the custom of his 1854 paper, he elects to
assign positive values to these transformations when oeccurring in the
directions just specifiede

Imagine, now, that the same change of arrangement (change of dis=
gregation) occurs reversibly at two different temperaturese The quantity
m“? heat Q which is thereby converted into work will not be the same in the
two caseg but, according to the fundamenbtal proposition, will vary directly
as thq absolute temperaturee In order that two trensformetions of heat
into work, which supplement the same change of arrangement, wv may have the
same equivalence~value, the equivalence-value of such a 'bransformtion
must' be placed equal to —?r' o cOnste |
where the constant may be chosen equal to unitys Clausius thus attempted
to employ his new axiom as a questiomable justification of the somewhat

arbitrary step taken in his 1854 papere
With respect to changes of the second kind (transfers of heat
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between different temperatures), Clausius had already shown that these
oould always be considered as replaced by several trensformations of the
first kind, and this view was still maintained in the presemnt, 1862 papere

As for transformations involving changes of disgregation, it is natural
to assign to such a transformstion an equivalence=wvalue equal and opposite
to that of the transformation of heat into work which supplements the given
transformations But in any case, the total equivalence~value of the transe
formation of heat into work (intermal and extermal) is -AA~g~§§; o Hence
the equivale#oe-value of the change of disgregation thereby irTxourred is

Z -z v & f_g_L__, (27)

Equation (24) now assumes a neW‘importdnce. For since 4Q denotes the
element of heat developed by a body and dH, the increase of the body's omn
heat, the ternm j.dQ;-+-dH is regarded as representing the total equiva=

A TT .

lence~value of all transformations of the first and second kindse The term
.j-dZ represents the total equivalence=-value of all chmges of disgregatione
Hbﬁce, equation (24) asserﬁs that the algebraic sum of all equivelencew
ve.lues occasioned by e reversible process, equals to zeroe

Without giving any clear explanation, Cleusius stated that, in
irreversible changes, the equivalence~value of the change of disgregation
will be greater than its wvalue for reversible changes, ie.ee for irreversibie
chenges dZ ) &%L___ e  Applying this to (22), we obtain, in place of (24)

the relation

Kw 3+ jdz > 0, (28)

ieee the equivalence~value of an sctual (irreversible) transformsbion can
only be positivee

‘In its rather heazy logic and its excess of vague concepts and
arbitrary pfopositicns, this paper of Clausius resembles Rankine'é papers

on energeticse In particular, Clausius! treatment would seem to indleate
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that the Theorem of Equivalence of Transformations, in its entirety, is
'ba.séd not on one, but on two axioms, namely, the original axiom respect=
ing the impossibility of heat passing from a lower to & higher tempera=
ture and the new axiom respecting the proportionality of the work (interior
and exterior) =value of heat to the absolute temperaturee This manner of
treatment was defended by Clausius in 1863 in a paper, "On an Axiom in the
Mechanical Theory of Heate™ There, he also stated that the axiom postu-
lating the unique determination of a bodyt!s "actual heat" by its tempera=
ture, together with either of the two axioms just mentioned, may be taken
as the fundamentel sbarting point for the Second lawe

Not until 1865, in a paper emtitled ™On Several Convenient Forms of
the Fundamental Equations of the Mechaniocal Theory of Heat," did Clausius
return to the fertile series of ideas which, in his 1854 paper, had so
nearly led him to the formulation of the entoopy concepte In the 1854
paper, Clausius bed already noted that dQ/T must be an exact differential, |
and he now introduced & definite symbol for the property of the body which

is thereby determined; that is, he wrote
s = aQ/T. (29)

For a reversible process in which the body is carried from a standard
gtate where S has the value S ° to & new state where its wvalue is S, the

latter must bé given by
S ® St gg&. , (30)

the line~integral being taken along any reversible path commecting initial
and finel statese

The concepts of sensible heat (H) and disgregation (Z), which played
such an important part in the 1862 paper, now appear te play only an
aécassory role: they are invoked merely to explain the “physical meaning"

_of the new S functions For, writing equation (24) in the form
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(o= (@4 (u, (s1)
T T
$he change in 5 is seen to represent the sum of the transformatione
value of the heat contained in the body ( S‘m ) and the transforma=

' T
tion=value of the change of arrangement or disgregation ( de)o
Hence, Clausius stated that S might be called the ™transformational

.content of the bodye" However, he preferred to call it by the name,

entropy, after the Greek word for transformatione

Of the greatest significance, was Clausiust! employment of the entropy
concept in the formulation of the equiwlence-ﬁlues (trensformation=
values) of irreversible processese The definition (12) of the equivelencem
value of a cyelical process, was ré’cained except that dQ wes now reckoned
as the element of heat ebsorbed by the body, so that (12) became

N = = f %@__ . (32)
Suppose now that a body has suffered en irreversible change of states If
the body be returned to its initial state, reversibly, the equivalencem
valué of the whole cyclical process is given by

¥z o- jg,%. - fe, (55)

the second iunbegral referring to the reversible, return pa:bh.66
By definitiom, ' '

-(9.%_ z s -, (34)
Br °
Se and S denoting the wvalue of the entropy in the initiel and final states,
respectivelys Substituting in the expression for K, there results

N = 85, - j%_c_z_,_ . (35)
Here N is the equivalence-value of the whole cyclical transformationj
but, since the equivalence-value of all transformations ococurring in
connection with the reversible return path must be zero (cfe pe 35/ ),
the magnitude of N must really represent the equivalence~value ’of the

original irreversible transformetione
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Although Clausius did not point it out, the great significance of
.kéqua'bion (35) lies in the fact that, in it, the equivalence~value of &
hon—cyclical transformation is expressed in terms of measurable quaﬁ’ci—-
ties and independently of the hazy concepts of sensible heat, internal
work, and disgregatione Further, the whole development rests only on the
axiom respecting the impossibility of the uncompensated transfer of heat
from & lower to a higher temperatures

At the conclusion of his memoir, Clausius sbated that the two laws
of thermodynamics, when applied to the universe, assume the forms‘z“(l)
The energy of thé universe is constants (2) The en’bropy of the universe
tends to & maximume" Clausius did not state how he obtained the second
pfoposition, which he regardsd aé & precise formulation of the universal |
tendency to dissipation of energy, pointed out thirteen years earlier
by Thomsonoe7

In an 1866 appendix, entitled "6n the Determination of the Energy
and Entropy of a Body," Clamsius showed how the entropy function could be
profitably employed in the general equations of thermodynamicse Writing

the First law in the form,

dQ@ = 4aUu 4 dw, (%6)
and the Second Law (for reversible processes) in the form

dQE = Tas, (37)
he obtains, on combining these, the fundamental relation

TdS = dUIn;t-dw‘ (38)

Supposing the state of the body;‘to be determined by the velues of
the variebles x and y, (38) may be written in the forms
1dSer 4 T8 = (2L 4 odm e (2L ey,
0x >y 2x dx 2y

. dy
This relation being true for all values of dx, dy, we must have

DS o U , dw
Tgx’}x"ydx (39)
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end 3

Differentiating (40) with respect to x and subbracting the result from

(40)

thet obtained by the Rifferemtistion of (39) with respect to yy we obtain

2T 38 2T 28 = > (dw, = aw ‘
2V 2% DX 7y d Y(EE) p) x(dy . (41)
If we write T 2 y, ther&- =1, =0, so (41) simplifies %o
FES :
as ‘

whence,

(aWy W o
[F ) E——EYOT)&X «l—Cf) (T), (43)
45 (T) being an arbitrary function of T, : :

 Agein taking T and x as independent variables, (37) may be placed in

the form:
08 m 28 1 dg .1 ,dQ
— 4T L w e - (s

Equating like coefficients of dT, there results

-t ey, (28)

Combining (42) and (44) , we have, as the complete differential equation
for S, -1 | f _
| iy "%)’I'[a o T (dw)] dx. (45)

In (45), w denotes the exbternal work. If the only work is that of
e uniform and normally directly directed ‘pressure, we have dw I Apdv,

and (45) becomes

,_l d
=5 & dT+ A( %%%_; ydx. . (48)
Again, if the body is a pure substance in two states of aggregation, T
determines p and -%-% s 0, so that, for this case, (45) is
-1 49 2P oV
dS » = =2 dT Z2 27V gx.
T 4T +AaT9xdx' (47)

Finally, if we place x - v, We have
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a3 = < (?1%) aT 4 & j%iv- | (48)

Do Objections to the Second Lawe.

With the farmulation of the entropy concept by virtue of which the
ideas embraced by the Second Lew mdmitted of precise analytical representa=’
tion, Clausius completed (except for minor improvements in the proofs) that
imposing structure known as classical thermodynamicss To be sure, the
BSecond lew, as it was finally fori:nulated by Thomson and Clausius, was not
accepted without Question., In fact, numerous objections were offered, and
these had to be met squarely, in order that the new science of thermodjmamics
might acquire a position of security end prestiges

Typical of a whole group of objections was one proppsed by Hirn in
1863, 1In Figure 17 A and B are two non~conducting cylinders of equal cois
cross~section connected at the bottom by a narrow tube which is in thermal
eommhnication‘with a constant temperature reservoir at the temperature tl.
The cylinders are equipped with frictionless, non-
conducting pistons whose rods are provided with teeth which fit into the
teeth of & wheel in the menner shown. In this
wey, the motion of the pistons is always
subjeet to the condition that the tokal spece
included under the pistonms and in the narrow
tube must remein invariable. Imagine now that

et the commencement of the operation to be

described, the piston of cylinder B is at the

bottom of said eylinder, that of A being conw=

gequently at its highest position. Let A con=-

tain & certain quantity of gas at the temperea=-

ture to ( 17 and, by descent of A's piston and Figure 17
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donsequent ascent of B's, 1et‘the air be gradually driven from A into B,
The first small portion of gas entering B, having acquired the temperature
ty of the reservoir, ﬁnst expand, thereby ceusing & slight increase in the
pressure and temperature of the gas remaining in A. Thereafter, every suc-
ceeding quantity of gas passing through the tube contributes by its expan=-
sion not oniy to the compression of the gas remaining in A but also to that
already in B. Since the quantities of gas, upon their entrance info

B, all have the temperature %7, their subsequent tempewatures after com=-
pression must exceed ty. Thus at the end of the operation thé smell element
of gas immediately under the piston will have the highest temperature, it
having been compressed the greatest number of times; the temperatures of
the underlying elements will decreasé as we proceed toward the bottom of B,
that of the lowest element having the temperature by,

Thus this operation has effected the transfer of a certain quantity of

' hest from the temperature t; to a higher temperature, namely, the final mean
tempersture of the gas. According to Hirn, nothing else has happened. TFor
the gas has its initial volume; and no work has been done, since the pressure
of the gas was uniform throughout the operation. Hence, said Hirn, Clausius'
axiom respecting the impossibility of heat paessing of itself from a lower
to & higher temperature has been violated.

In his 1863 paper, "On an Axiom in the Mechanical Theory of Heat,"
Clausius had no difficulty in removing Hirn's objection. He simply pointed
out that the heating of the gas to %y, by passage through the tube, entails
e passage of heat from a higher to a lower temperaturees This process accurs
simultaneously with the passage of heat from tl to the higher temperature of
the gas in B. Therefore the fundemental sxiom is not violated.

Of more importance than Clausius' specific reply to Hirn's objection was
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his general attitude toward the fundamental axiom as this attitude found
expression in the same 1863 paper. This axiom, asserting, as it does, the
impossibility of effecting the unsupplemented traunsfer of heat from a lower
to a higher temperature by any contrivence whatsoever, is far too general

' to be considered a priori self-evident as it had been by Zeumer in his

© Grundzuge der mechanischen Warmetheorie published in 1860. Rather, said

Clausius, its validity can arise only from its continued egreement with ex-
perience. Thus, far from belittling Hirn's objection, he stated that "it
was fully justified‘from a scientific point of view," i.e. it is not unreason=
able to suppose that cases exist which violate the axiom.

An altogether different type of objection to Clausius! axiom, hence the
logidélly implicated one of Thomson, had been advanced in 1851 by Rankine
(cfe pe )e The latter had professed to derive Carmot's Theorem analybicelly
from the hypothesis of modecular vortiees, so that the introduction of a
Second Law appeared to him (Rankine) umnecessary. 'In addition to a more spe=
eific objection relating to Rankine's interpretation of the concept of "real
specific heat," Clausius pointed out that the circumstence that the Englishe
man's treatment "depends on & peculiar hypothesis concerning the constitution
of molecules, and on %heir mode of motion, is sufficient to produce the
conviction that complicated considerations must necessaridy arise of a nature
to raise doubts as to the degree of its trustworthiness."

The general tendency to the dissipation of energy, apparently incurred

by the Second Law and first enunciated by Thomson, seemed irreconcilable with
the common view that cosmic processes conform to principles of growth, periodi=
¢ity , and sponbtaneous self-maintenance. “An early attempt at reconciliation
was contained in Rankiné's 1852 paper, "On the Reconcentration of the Mechanicael

Energy of the Universe" (47). Supposing that interstellar space has bounds

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~365=

beyond wihich there is only empty space, R#nkine suggested that, on reaching
these bounds, radiant heat would be t&tally refiectaglgﬁbsequently reconcen=
trated at focli. Any chemical compounds present at these foci would be re-
solved into their elements. Such a reproductién of chemical emergy would
evidently tend to off-set the dissipation of emergy incurred by the Second
Law.

However, even if one would accept the highly proﬁlematic assumption
of a perfectly empty space, the above hypothesis of Rankine's must still
be rejected because, in supposing heat to pass from the low temperatures
of interstellar space to the warmer bodies of the solar system, it involves
a flat contradiction of the Second law, as was pointed out in 1863 by Clausius
in a paper, "On the Concentration of Rays of Heat and Light, and on the Limits
6f Its Action."(67)

E. Applications to Thermo-Blectricity and Phase Equilibria.

The First Law of Thermodynamics or the Principle of the Consergation'
of Energy was regarded from its very inception as an alle-embracing postu=
late applicable to every branch of physical sciences The Second Laew, on
the contrary, developed in connection with the relatively special problem
of the "motive power of heat," and seemed at first to be of much narrower
scope. However, since the phenomens of mechanics are interrelated with those
of electricity, magnetiém, and chemistry, it soon appeared that the Second
Law should 56 applicable to the relations of the datter, as well of the former, |
to thermal phenomena. This general siynificance of the Second lLaw was further
accentuated by the realization that all of the energies tend to pass, directly
~or indirectly, into heat.

Thermo=electricity was one of the first of the expra-mechanical pheno=-
mene to which the principles of thermodynamics were successfully appliede

The classical treatment of the subject appeared in 1854 as a continuation
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"(Part VI) of Thomson's great paper, "On the Dynamical Theory of Heate" (56),
S D ' |
Thomson's treatment of thermo-clectricity is a topic of special signife

icance in the history of thermodynamics because it raised for the first

time the fundemental question: May the Second Law ( %2, = 0) be applied to
a portion of 4prdcess, supposed reversible, when the given process also
involves irreversible portions which are inextricably connected in time .
and space with the hypothetical reversible portion? In other words, Is
there any sense in speaking of a process as "partially reversible?" This
question came to be raised in the following way. If a thermocouple, the

. temperatures of whose junctions differ by a fiﬁite amount, is allowed to
operate freely, a finits current will flow with the simultaneous produc=
tion of an irreversible heating effect whose magnitude by Joule's law is
proportional to the square of the current strengthe quever, if an engine
whose inductive electromotive force differs only infinitesimally from that
of the thermocouple be introduced into the circuit, the intensity of the
current, hence the irreversible heating effect due to it , will become vane
ishingly smalle By a very slight variation of the inductive electromotive
of the engine, the direction of the current is reversed, the electric work
developed per unit of time is changed in sign, and the heat exchanges occurring
at the junctioms and throughout the cireuit, inconnection with the electriecd
work, are likewise reversed. Thus, under such conditioms, the thermocouple
would appear to operate reversibly. However, this overlooks the circum-
stance that, dué to the temperature gradient, irreversible heat conduction
is occurring throughout the eircuit. Moreover, whereas the thermal effects
associated with the production of the hypothetical reversible electromotive

force are only infinitesimal in extent, the irreversible effects involved
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in heat conduction are quite finite.

Hence, in epplying the Second Law ( %Q = 0) to the supposedly reversi=
ble thermal effects associated with the electrical work for a vanishingly
small current and mneglecting the obviously irreversible effects entailed
by conduction, Thomson took a step whose legitimaocy, as he himself observed,
could only be established by the agreement of the theoretical deductions with
experiment. If the deduqtions s0 obtained should not be confirmed by experw
ience, it is not the Second lLaw, said Thomson, but the hypothesis of the

latter's applicability to the case in question which must be rejected.69

Thomson developed his theory in a perfectly general manner so as to
be applicable to a thermo=element consisting of any number of metals
arzanged in series and with their junctions at different temperatures. We
shall limit ourselves to an exposition of the theory for the special case
of an elemmnt consisting of two metals only, whose junctions afe at the
absolute temperatures T and T'e Let TI(T) and =TT(T') denote, respective=
ly, the quantities of heat absorbed at these junctions per second by a
current of unit strengthe. Let iCT"ldT s iGQZdT denote the amounts of heat
evolved in each of the two metals per second by a current of infinitely
small strength, 1, passing from a locality at temperature £ HdT to a local=
ity at temperature T.70

In the operation of the couple the production of electiical energy does
not incur a change of state of the couple itself, Hence the First Lew of
Thermodynaﬁics requires that the net heét absorbed per unit of time per unit
of current shall be equivalent to the electrical work produced, i.e. to the

electromotive force B of the couples. Hence

TS g, d'l‘).

. Tt
E= ( T(T) - r(TY) - Tj“i ar - )9S,
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. T ‘ ‘
or . B =g (D) -7 () | (Tp =) am)e (1)
Also, under the hypothesis of reversibility, the Second Law 2%3: 0, gives

’Tg(r) ,_“\‘\‘(T')+ 1 .07

Differentiation of equation (2) with respect to T yields
o
LAl —FG—iL 2 =0 (3)
4T T -
or T, = E_F_- af . (51)
‘ a7

Combination of (1) and (3') leads to an expression for the thermoelectro=-
motive force solely in terms of the Peltied evolution of heat at the junctious,

namely, , T :
E=z g| 4L ar. . (4)
71T .

- All of these relations were found to be in good agreement with experiment,
and the hypothesis of "partial reversibility" was thus verified.7l
The theory just outlined relates only to the thermoelectric propertiesl
of linear conductors, i.es to the ideal case in which the current through
a point is supposed to’flcw all in one direction. Thomson devoted the
latter part of his paper to the.general treatment of thermoelectriec currents
in anisotropic crystals of finite dimenkions. In the follcwing yeaf, 1855;
in a paper on thermoelasticity (56, pe 291), he hrought the theory of elas=
ticity into relation with the new science of thermodynamics. This was
followed in 1860 by the treatment of thermo-maénetic pfoperties of matter.
About the same time Thomson presented the first thermodynemic treatment of
surface phenomena (58), a subject léher treated exhaustively by Gibbs (59).
Of epoch-making significance wes Willard Gibbs! extension of classical
thermodynamics to the complicated phemomena of chemical equilibrium. In -
classical thermodynamics consideration had been limited to bodies of a pﬁré
substance existing either in a single or in two states of aggregation.
In his famous paper, "On the Equilibrium of Heterogeneous Substances",

published in installments between 1875 and 1878 (59), Gibbs undertook the
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thermodynamic treatment of a body composed of eny number of separate
“homogeneous parts (phases) and constituted of any number of pure substances
(components) of which the amount of any ome in every homogeneous part is
subject to variation by virtue of the possibility of mutual exchange of
matter with the contiguous partse Gibbs! method of attacking this problem
was obviously modeled after the methods of classical mechanies; that is, just
as, given a certain number of fundementel concepts, the whole analytical theory
of classical mechanics had been shown to be deducible from a single poétu-
late, expressing the condition for mechanical equilibrium, so Gibbs sought
to deduce the various relations connecting the properties of & body and
its constituent phases from a single postulate expressing the conditibn
for thermodynamic equilibriume.

Such a criterion Gibbs found in Clausius' statement of the Second
Law, namely, that every spontansous change ococurring in an isolated system
must be accompanied by an increase of the entropy of the systems For it
follows, conversely, from this that if not change occurs (i.e. if the
system is in equilibrium), every virtual displecement of the system from
the given state must be associated either with a decrease in entropy (stable

—xlor & vanishing in the variation of this quantity (neutral equilibrium).
" equilibrium Urther, the requirement that the system shall remain isola=

ted is evidently expressible by the conditién of constant enerzy. Hence

Gibbs was led to write as the general condition for thermodynamic
equilibrium in an isolated system, ( SS)E §: 0, & relation which he
showed to be equivalent to the condition thet every wvariation of the energy,
subject to constant entropy, should either wvanish or be positive, i.e.

( SE)S }: O« 1In the particular case of a body subject to no force other
than a uniform and normally directed pressure, Gibbs showed that these

relations were equivalent to the condition that all possible sets of
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Variations gE, s v, § S of the energy, volume, and entropy of the body
#hould satisfy the relation g 4+pSv-T§ S‘% 0. In order that this
~general criterion should yield relations involving the properties of the
individual phases, Gibbs found it necessary to gemeralize the concept of
energy as it hed been employed by Thomson and Clausiuse. Heretofore , the
energy had been defined only for a body, i.e. for a physical object subject
$0 no exchanges of matter with its emviromment. Thomson and Clausius hed
treated the energy of such a body as a uniform centinuous function of the
variebles determining the body's state. Gibbs showed that, retaining the
general notion of energy as the algebraic sum of the heat and woék absorbed
in passing from a reference state to a given state, the "emergy of a phase"
might similarly be regarded as a uniform, continuous function of the vari-
ables which determine its states e.ge the temperature and volume of the
phase and the masses of its comstituentse

Clausius hed referred to the entropy as a property of a body‘but had
always regarded it as a dependent variable. Gibbs?! choice of the entropy
as an independent variable constituted an important inmovation, entailing
an altogether new point of view, Thus he regarded the energy of a phase
as a function of its entropy, volume, and the masses of its constituents,
and he showed it to be a homogeneous function of the first degree in each
of these Variables.72

The extended analytical results which Gibbs obtained with the above
considerations as a starting point, and the subsequent application of
them to the many and varied problems of physical chemistry--these are topics
whose expositkon must lie beyond the scope of the present history, which is

concerned mainly with the rise of classical thermodyneamicse. However, we

cannot refrain from pointing out the revolutionary point of view which is
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involved in Gibbs!' method. In the first place,it is evident bhé.'b Gibbs?
treatment of chemical equilibrium includes, as & special case, thg simple .
physical equilibrim d:rea.tedr in classical thermodynamicse Further, in the
later portions of his paper, Gibbs applied the gemeral criterion of equil-
ibrium to cases where the phases composing the system were subject to |
- electrical, magnetic, gravitational, and capillary forces. Gibbs! paper,
"On the Equilibrium of Heterogemeous Substances) is thus for more than
simply an application of ‘classical thérmodynamios to special problemss: it

is essentially a new system of thermodynamics in which, starting with the
concepts of energy and emtropy as given, the whole of special theory may be
elaborated, inmcluding the theory of those relatively simply systems upon the
basis of whose behavior the concepts of energy and entropy wers, histoi'i—
eally, formulated, and emoluding only the mechanistio hypotheses of explanam
tory physics as well as those branches of theory concerned with the timee

rate of physioms=chemical processes. 7

With this brief reference to the significance of Gibbs'! work, we must
oconclude our exposition of the history of the Second lLaw of Thermodynamiocse
Beginning as a special principle relating to the efficiemncy of heat engines,
we have seen it develop and expand until, as expressed in terms of thé)
entropy, it took its place, along with the First law, as a postulate of the
most gemeral importe The resultant system of classical thermodynamiocs, if
we take into account the modifications requiréd of it by the theory of
relativity, may still be regarded as the most valuable possession of

physical sclence as well as the most btrustworthy guide in future researche
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FOOTNOTES

(Iv. THE DEVELOPMENT OF THE ENTROPY CONCEPT
and the SECOND LAW OF THERMODYNAMICS)

1

= This teleological view of the world was the dominant element in the
influential philosophical systems of Plato and Aristotle, whose notions
of substance are, however, so completely foreign to physical realism as to

render a discussion of their ideas irrelevant to our expositione

e
T Thus the "kinetic view" of mature (18) served to supplement, rather

than replace, the astronomical view; ises taken together, they formed a
more perfect mechanistic explanation of phenomena. The same may be said
of the "atomic view," which developed in the early part of the nineteenth
century in comnection with the new science of chemistrys Daltont's atoms
could serve as the centers of emanation for the Newbonian forces. Furthe:;,
we should note that the astronomical view, through the efforts of Coulomb,
Poisson, Ampere, and Wéber (1846), performed a great service in organizing
‘the newly discovered relationships between electricity and magnetism into

the science of electrodynamicse

3
~ The first attempt to make the mechanistie hypothesis consistent with

the Second law was that of Rankine in 1851 who thoughthe could deduce
Carnott's Theorem that the efficiency of a heat engine is independent of the
working body, from the hypothesis that heat comsists of a steady whirling
motion of "atomic atmospherese" The first satisfactory treatment of the
problem, in which the 'bheory of probability was brought into serviee to
account for irreversibility, came much later through the efforts of

- Boltzmann (186@, Clausius (1871), Helmholtz (1884), and Gibbs (1902%

4 .
Joule knew of Carnott!s work but, like the others, failed ¢

appreciate its significances Mayer, as late as 1851, wrote: "Motion
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is latent heat; heat is latent motions" A suggestion of the notion of
available energy occurred, however, in a letter to Griesinger (1844),

in which Mayer stated that, in order to get one grain of food-stuff con=
verted to work, the animal body must perhaps convert as much as 1l=1/2
grains dnbte heat, which is used in warming the air by respiration and
vaporizing the water in the breaths Analogeus considerations apply, he

said, to the vapor machines (cfe 32+ pe 58)

5 :
T The following improvements were introduced by Watt: (1) the separate

" condenser, iees the steam was condensed outside of the cylindersz (2) the
expansive working of the steam, iee. the steam supply was out off before
the end of the stroke and the steam already introduced allowed to expandg
(3) the double-acting cyiinder, iece steam was admitted, alternately, on
both sides of the piston; (4) the employment of steam pressures exceeding

atmogpheric pressure.

6
~ Carnot's ™motive power" is synonymous with out"worke" Like Ponce=-

let, he takes as its measure the product of a weight into the height

which it is raiseds

7
~ "fhe phenomenon of the production of motion by heat has not been

oongidered in a sui‘ficien’ciy general ways. It has been treated only in
connsction with mechines whose nature and mode of action do not admit of
a full investigation of ite In such machines, the phenomenon is cocey, in
& measure, imperfect and incomplete; it thus becomes difficult to recog~
nize its principles and study its lawse To examine the principle of the
production of motion by heat in all its generality, it must be conceived
indépendently of any mechanism or of eny partiocular agent; it is

necessary to establish proofs appliceble not only to steam engines but to
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~all other heat engines, irrespective of the working substance and the

menner in which it actse
"The machines which are not worked by heatess can be studied in their

last details by the principles of mecheniosessSuch a theory is evidently
lacking for heat engines, We shall never possess it uwntil the laws of -
physics are so extended and generalized as to make known in advance all
‘the effects of heat acting in a déf‘inite way on any body whatsoevers"(50,pe 6)

8
~ To be sure, Carnot's deseription of this ideal process was some=

what vague. Although he surely was aware that the production of steam
at constant temperature could occur only if the steam were allowed to ox=
pand so as to maintain a constent pressure, still he did not speak of eny
such éxpaﬁsion in connection with the first stage of his processs Instead,
he seemed to imply that all of the useful work arises from the second,
supposedly adiabatic stagee As a matter of fact, to make Carnot's process
intelligible, we must assume that the first stage takes place in oonnéa'biop.
with the second stage, iees that the produc’cioh of the steam is sccompanied
by its simultaneous admission into the cylindef where it undergoes isother=
mal expansion, followed by adiabatic expansion to the 'bempérature of the
condensers Remarks occurring elsewhere in his paper indicated that Carmot

w5 i'ea.lly quite clear on these pointse His carelessness in describing the
above process, we may attribute to the fact that he shortly supplanted it
by & completely satisfactory one, employingags.-s as working fluid (the
classical Carnot cycle)s '

In the actual steam engine, the exhausted steam was condensed either by
allowing it to mix with the cooling water or by ejection inbto the atmosg=
pheres Carnot's genius for abstraction was revealed in his ideal supposi‘bipn‘
that the working body is cooled while preserving &ts identity and, finally,
as we shall see, returned to its initial state, | ‘
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9
T "™he general and philosophical acceptation of the worlis perpetual

motion should comprehend not only motion capable of indefinite continuance
after it has been started, but also the action of an apparatus, of a set

of bodies , oapable of creating motive power in an unlimited quantity, and
.of setting in motlon successively all the bodies of nature, if -Ehey are
originally at rest , end of destroying in them the principle of inertis, and
f£inally capable of furnishing in itself all the forces necessary to move

the entire universe, to prolong and to constantly accelerate its motiomes"™ (50)

10 , ‘
" The vglue of Y, the ratio of specific heats at a given pressure and

density, is obtained from the velocity of sound by employment of Leplace's
classical formula (cfe pe )e This, when substituted into the expression .fd/—
ﬂ (cfe pe ), yields, for ’(j" 1 C., the resul’b% - <

1+LE) -l)
where o[ is the thermal coefficient of expansione Thus Poisson could

obtain /9 from the velocity of sounde

11
" Sumh an assumption did not involve a contradiction with Carnotts law

that "when the volume of a gas increases in geometrical progression, its
specific heat inoreases in arithm@tiocal progression," since Carnot had
assumed the correctness of Delaroche and Berard's date in proving the law,.

12 _
T Writing U for the heat required to raise the given body of air from zere

to ¥ at constant unit volume » he defined s by the equation

& 2e +U = Tlog v+ Ue Differentiating it with respect to t, he
obtained ds/dt ® T' log v+ U' and then erromecusly called ds/dt the
specific heat at comstant volumes (50, pe40)s Hence he regarded the last

equation as the analytical expression of the law respecting the variation

of specific heat with demsitys. This same incorrect expression permitted
him to deduce the linearity of the function F (t) by assuming the specific

heat to be independent of the densitys
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We must suppose that the observation of this fundamental 4iffie

culty completely escaped Carnot, since he never mentioned it in hié .
paper, For i't is hardly feasible to suppose that the theore?tical possi-
bility of the absolute destruction of motive power would not have seemed
objectionable to hime Aside from its violation of the genmeral motion of
substance, it is also out of accord with the mechanistic view of the world
which Carnot tentatively advanced in the very paragraph in which he ex-
pounded the idea of a generalized excluded perpetual motiome That is to
say, according to the mechenistic view, the absolute destruction of motive
power would contradict the Principle of the Conservation of Living Forcewm

a principle which Carnot must certainly have accepteds

14 :
T As a matter of fact, this step was suggested by Carnot even in his

paper of 1824: he remarked, in several places, that the calorie theory was
in need of careful re~examination as it appeared to violate & number of
experimental factse From his notes, first published by his brother in. 1878,
we leern that, sometime before his death in 1832, he definitely discarded
the caloric theory in favor of the kinetic theory of heat and even obtained
a value of the mechanical equivalent of heat. "Heat,™ he said, "is the
result of motione Therefore it can be produced by the consumption of
motive power and can produce this powere™

Furthermore, it became perfectly clear to Carmot that the admission of
the principle of the ekluivalence of heat and work mmst require that the
proof of Carnott's Theorem be based on & new pqstula'bg, independent of the
Energy Principles For he said (in his notes), "When one creates motive
power by the passage of the heat of the body A to the body B, is this quan=
tity of heat the same regardless of the body employed to realize the

motive power? Is there a meens of consuming more heat in the production
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of motive power and of causing less to be imparted to B? Coui!.d one cone=
’suma all of the heat, imparting none to B? If that were possible, ome
ocould create motive power without the consumption of fuel and by simple
destruction of the heat of the bodys"

The fact of the impossibility of directly converting heat into work,
while admitted by Carnot, nevertheless puzzled hime For he said,"It is
difficult to say why, in the development of motive power through heat, a
cold body is necessary, why one may not produce motion by consumption of
the heat of the hot bodye"

Indeed, this stubborn fact was later taken by Thomson as the Second law
of Thermodynamicse Thus the point of view which Carnot reached before his
death differed from the classical view, as formulated by Thomson, only in
this: the fact, which to Carnot appeared novel and in need of explanation,
Thomson accepted as an irreducible axioms

These quotations must suffice to convince us thaet, had it not been for
Carnot!s untimely death in 1832, classical thermodynamics would very

probably have been perfected twenty years before it actually wase

15
™ Gay-lussac and Welter (1822), repeating the experiment of Clement

and Desormes at a series of pressures and temperatures, found ‘( to be A
independent of temperature and pressures Poisson (1823), along with Laplace,
had assumed this to be gemerally trues Polisson had also assumed that the
qgantity of heat contained in a gas increases in proportion to its

expension at conmstant pressure,

16
T "jow it is easy to show that this quadrilateral figure (abed) is a

paralellograms this results from the infinitely small wvalues assigned to the
variations of the volume and pressures let us conceive that perpendiculars
are erected upon each point of the plane upon whieh the quadrilateral

figure abed is traced, and that on each of them, commencing at their foot,
are described two guantitiés T and Q, the first equal to the tempera:t:uré,
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2
Clapeyron's use of 9B in place of (%%_)Vis unobjectioneble, in this
‘ at
instence, since the vapor pressure of a liquid is completely determined

by the temperature alones

21
T This same type of cyole, though of finite extent, had already been

employed by Carnote (ofe pel5})

22
T ™re have first raised the tempersture of the body subjeoted to experie

ment by the quantity 4T without changing its primitive volume vi afterw
wards, when it had become v-+ dv, we have lowered its temperature by the
seme quantity dT without verying its primitive volume v -+ dve Now it nay
easily be seen that this double operation can be effected without logs of
heats let us suppose that n being e number indefinitely great, the interw
val of temperature 4T be divided into a number n of new intervals ar , and

n
that we have n + 1 sources of heat maintained at the temperatures T,

T—\-g.T.-—, T+.§E£.. seeey T ¢ -(—n:%u-:"a T + dTe

“"To raise the temperature of the body upon which we are opers.ting from
T 0o T + 4T, we bring it successively into conbtact with the second, the
third, and the (n t 1)th of these scurces, until it has scquired the tem=
perature of each of thems When, on the contrary, the vdlume v of thé body
being increased by dv, we wish to give " it the temperature T, we bring it
suocessively into comtact with the nth, the (n=-1)th, and the first of these
sources, until it bas acquired the temperature of each of theme We then
return to these sources the heat that has been borrowed from each of them
in the first part of the operation; for it is not necessary to attend to the
differences of an order of inferior mgnitude,” erising from chenges that
may have been produced in the specifie calorie of the body, in consequence

of the variations of v and Qe
“Ng‘ching therefore will have been lost or gained by any of these
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the second equal to the absolute quantity of heat possessed by the gas,
when the volume and pressure have the ';ralues assigned to them by the
absoissa v and the ordinate p which correspond to each pointoe

"’.fhe lines ab a.ﬁd cd belong to the projections of two curves of equal=
iﬁy of temperature, passing through two points infinitely near, taken upon
the surface of temperatures: ab and cd are therefore parallels ad and be -/
will be also projections from two curves, for which Q ® constant, eand which

would also pass through two points infinitely near, teken upon the surface
Q=rf (p,v); these two elements are therefore also parallele The gquadrie

lateral figure abed is therefore a parallelogramssees™ (52, pe357)

17 )
T Like many of the early writers, Glapeyron used the same notation

for pertial and total derivetives and differentials, ege he wrote for

‘(%%_) simply _31_@;_:_ o For clarity, we employ the modern notatione We shall
= | )

see later that, from the stand-point of the First law, these quantities

are not genuine partial derivetivese

18
" By comparison of equation (12) with Carnotts expression for du

(ofepe%52), we see that the relation of Carmot's funmction F (%) te
Clepeyron's funotion C (t) is given by d4F < 1 ,

at c
19

-7 We have already observed (ofe pe ) how Dulong (1829 (54) dem
termined 7{ for & series of gases by measuring the welocity of sound
(indirectly from the piteh of sound) in them and then epplying Laplace’s
classical formula for sound velocitye From the values of CP obteined by
Delaroche and Berard (ofe pe/u5), he was then able to caloulate the values
of Cv' In this way, Dulong found ‘chat the témpers.’cure changes, experienced
by the gases for the same compression, were inversély proportional to their
specific heats at comsteant volume, from which he concluded that "equal

volumes of all gases under the seme comditions evolve on compression the

seme quantity of heate"
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sources, excépting elways the source of which the temperature is T -+ 4T,

which will have lost the heat necessary to elevate the temperature of

the bodyesefrom T} (n-1) dT +to T -+dT, and the source maintained at the
n

temperature T, which will have acquired the heat necessary to reduce the

temperature of the seme body from T} (4T ) to Te If we suppose n to be
n

infinitely great, these quentities of heat may be neglectede"(52,pe365)

23
T ILike equation (13), for the heat effect of the isothermal expension

of a perfect gas, and equation (18) for the isothermal latent heat of
vaporigzation, equation (25) is also valid and for the same reason: in an
isothermal process, the calorice~theory assumption that the heat absorbed
is determined by the state variables, p and v, :is_'brue. Substituting DQ=Tds

and C & T, equation (25) assumes its more general, modern form,

En ==&,

24
~ This expression for dQ, like the one for Q from which it was obe

teined, is inocorrecte Thus the expression for eP, the coefficient of dt,

is incorrect, le.ee ¢ | for e perfect gas is nbt a function of pe Fortunately,
| however, this incorrgct expression for °p is not used in the calculatione
On the other hand, the coefficient of dp’ which is used, is correcte Hence,
that the calculation of 1/C is correct, is no more than a happy aceident,

25 '
T Actually Holtzmenn used the demsity (° in place of v, es independ-

ent variable. For ease of comparison with Clapeyront's results, we shall
retain v as independent variables

26 ‘
T Besides the dependence of this argument on the principle of the

conservation of ecaloric, it also neglects the volume chan ge, hence the work
effect occasioned by the melting of the ice in the third stage of the pro=
cesse However, once the correct conclusion respecting the depression of

the freezing point be granted, James Thomson's snalytical e xpression for

it, which follows, is also corrects
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27
T However, as Thomson candidly observed, Joule's experiments had

not revealaé! any definite dependence of this ratioc on the temperature,
whereas according to (4), it would appear to decrease gradually with
temperature since /wd.oes. This discrepancy, along with the lack of temperw
atiire change on free expansion, caused Joule to suggest, in a letter
written to Thomson in December, 1848, gnd reported in the latterts 1851

paper on "The Dynamical Theory of Heat, etcs", that the ved—or- . could

be expressed by the formulas /K = JT% s J being the mechanical

equivalent of heats For this substitution redirces (4) to W = JQe This
formule for m- had already been deduced by Helmholtz by a questionable
method (cfe pe273), and was later adopted by Clausiuse Thomson was the

first to thoroughly discuss the probability of its waliditye (ofe pe 327)

28
™ To be sure, Carnott!s theory led to erroneous formulae when applied

to adiabatic expansion and to the specific heats of gases (cfe pa’4g).
With repsect to the former, however, it appears from Holtzmennts paper
(1845), that the abailable date were mot sufficiently accurate to reveal
the digcrepe.ncies' Hence, so far as most of its comsequences were conw
cerned, Carnotts theory seemed valide It was the conbtradiction with experw
ience (esge Joule's experiments) of the method of proof of its fundamental
theorem (Carnot's Theorem), rather than the discrepancies in the results

of this theorem, that finally entailed the abandonment of the caloric

postulatee

2 .
 That the heat absorbed by the condenser of a heat engine, whose

frictional heat is rendered sufficiently small, is actually less than
that developed by the fireebox was not demonstrated experimenbtally until

the work of Hirn in 1857« (17, pe 46)
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30
T As a matter of fact, Watt's experiments had seemed to establish

that the heat required to convert a given mass of water at 09C, into
saturated vapor at the pressure p was independent of pe This conclusion
was known as "Watt's Law" and was widely accepted until Regnault 's re=
searches demonstrated its falsitye "Watt's Law," in conjunction with the

caloric chpothesis, requires that the heat oapecity of saturated vapor be
zero, a result which, as we shall see, both Rankine and Clausius dis=

eredited on theoretical groundse

31
T Rankine continued to support such a view for many yearse In 1865,

long after the kinetic theory of gases was generally employed to explain
the properties of gases, Rankine attempted to prove that "the Second Law

of Thermodynemics follows from the supposition that sensible heat consists
in any kind of steady molecular motion within limited spaces,™ but that en

unsteady motion, such as the hypothetical vibratory motion of Bermoullits
kinetic theory of gases, was inconsistent with the Second Lawe (cfe his
paper, "On the Second law of Thermodynemicse™ (47)

32 ’
" When the actual energy in question is heat, and the potential

energy is work, Rankine'!s "Second Iaw" tekes the formg "I the total
actual heat of a homogeneous and uniformly hot substance be conceived to
be divided into any number of equal parts, the effects of those parts im
causing work to be performed are equale” Maxwell(47, xxix)has declared
the mesning of this statement to be "inserutable," sinee ™iotal actual
heat™ has no meaning and, even if it had, we could not imegine it divided
inbo equal parts so that we could study their sctions separatelys '

33 "
Although one cen never be too sure of the meaning which Rankine ine

tended to convey by these general expressions, we may nevertheless hazard

a guess as to the probable interpretation of (2) in & special casee Thus

suppose an increment of heat deQ, when added to a gas inecurs both an
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ineresse of its temperature as well as a development of work by expansiones
The increase of sensible heat would then be dQ, the term LdQ would reprees
sent the heat effect required to produce the volume change (ie.ee the heatb

effect over and avove that causing the rise of temperature and the prom
duction of workz,)‘, and the term Q,..g.g. dV would supposedly represent the work
‘donee The division of the heat element into such factors does not corres=
pcnd to any physical operatione Also, Rankinefs expressi:on for the work
done is hardly inbtelligibles Finally, his employment of Q a&s independent
variable is reminiscent of the caloric theory, which he formerly i'ejeoted.

34 ’
"Renkine's equation (9') is really mesningless since the "actual heab

energy" Q of a body is nowhere defined interms of measureble operstionse
Helm's attempt (32,pe113) to show that equation (9!) follows from the
principles of modern thermodynamics is consequently unfortunate,

35
““Renkine'’s A Manual of the Steam Engine and other Prime Movers

(London, 1859) was the first textw=book of thermodynamicse
Rankinets combributions to graphical thermodynemics are to be found

in his paper, "On the Geometric Representations of the Expansive Action
of Heat, and the Theory of Thermodynamiec P

Enginés"’ (1854) (47)e He was the first to

rep resent the heat added to & body in iso=
thermal expansion AB, by the area, on the pmev
diagram, formed by the isothermal line AB and the .
adiabatics AM and BN, indefinitely extended (cfeFigell!) Figurgll!?

36 .
T ™In our times, ever more facts point to the conclusion that heat

is not a substance, but consists in & motion of the smallest parts of
bodiese If this be correct, the generél law of mechanics must also apply
to heatw=which law states that an existing motion may transform itself
into work in such & mauoner that the loss in ﬁs vive is proportional to
the work gained.’f‘ |

37 '
“This mechanistic viewpoint, as we shall see, played no formal part

in the principles of thermodynemics as Clausius developed them in the '

s
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present 1850 papere Thus, he mgde no attempt to introduce, into his
equations, separate terms for those portions of the absorbed hea'b
correspohding to the increase of semnsible heat and the internalwork exm=
pended, respectivelye This distinguishes Clausius from Rankine who emplon
ed such terms freely in his exposition of "emergetics," thus exposing hime
self to the charge of wvaguenesse For there is no physieel operation whibh
may be employed to measure the "internal workg"™ and "sensible heat,™ as
distinguished from ™internal work,"™ could be consistently defined only in

terms of an absclute temperature sceale, which, however, is not given, A
ocurious contrast thus presents itself between the Englishman and the Germans
Rankine, while professing to expound the energetic view of thermodynamios,

introduced specles of emergy, having no meaning excdpt in terms of hypoth=
eses relating to the structure of matter and the ultimate nature of heats
Clausius, while freely admitting such hypotheses, actually presented his
theory in such & form as to be completely independent of thems To be sure,
several of Clausius'! later papers were considerably less fortunate in

this respects

38 :
“TIn an 1864 footnote, Clausius insisted that, although Q is not a

function of the state variables v,t, still the coefficients (dQ ) and
dv
(%) are, ie6e for a given assignment of values to dt end dv, the element

of heat which, neglecting higher order infinitesimals, may be represented

by
aq = (%%_)dt + (.g%._) av

is determined, so that(dQ ) and dQ. are also determined.
(‘a!r () |
Clausius' notation is here rather confusing and was avoided by Thomson
and many subsequent writers. For the employment of the symbols dQ,(%%),
and (%9.) really assumes that 8 definite path in the v,t plane has been
¥ ;

specified; otherwise, these symbols have no mearfing. Thus(%%) must mean,
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in general, the rate at which Q varies with respect to t, not while v is held
constant but while v varies with t in accordance with the prescribed path.
In other words, as Tunell observes, dt and dv in the gbove equation are not

independent infinitesimals and(%%j and Q) are not partial but tobtal de=-

(%
rivatives. Tunell nevertheless defends glau51us' notation on the ground that
dQ mey be regarded as the differential of a single parameter which by virtue
of the prescribed path determines the independent variables v and te Thus |
Q and llkerse(dQ) and( ) are functions of the varlabl%s » the length of
the prescribed curve in the v,t plane measured from & reference state vy, toe
Of course, in the particular case where the prescribed path is an isotherm,

Q becomes a function of v only and (QQﬁ becomes an ordinary derivative;

as is also the case w1th( ) when the prescribed path is perpéndicular to
tha % axise

Exactly similar considerations apply to W, the work done, also tO( )

Thus Clausius retained the notation of Clapeyron, giving fo it, however,
an entirely different meening.

39
~In an appendix added in 1864 Clausius described the above transforma=

tion in detail. Placing (é_% = M, he obtained (II) in the form

—— a
S @ A | (=)
Integration with respect to t, holding v constant, gives

(% = gﬂfdt i 4 ¢ (v). (b)

Substituting thls value of( ) in the "gomplete ™ expression, dQ :(%%)dv +

( )dt, Clausius obbtained ' Sl %
dg = Mgt + (j-a—;dt +CP(V) t AR;-;) dve (c)

Since the expression
Mdt + f__? M (v)] dv
[ 37 & +4)

is exact, (c) may be written
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dq = ds+ AR% dv (a)

where S5 is an arbitrary function of v and t, corresponding to the arbi=-
treriness of and M. If we write (d) in the form

dQ= d(S =~ ARa log v )+AR&_1;__Edv
and place (8 = ARa log v) = U,

we have the desired equation (IIa), namely,

aQ = dU—l*ARa:';tdv. (e)

Clausius obwerved that the more general equatidn

(49, - -
Tar T N 7A@ (£)

mey be similarly transformed into
He also naoted that dQ, strictly speaking, is not given by Mdt+Ndv where

Mz .g%., N:(),butby ‘
Mdt + Ndv-g—é—‘{(g_}g)(dt)z %fj)_{‘ ( j) dtdv + (%NF) (dv)2+ see

40
—We may recall that this proposition was first made the basis for the

calculation of the mechanical equivalent of heat by Mayer in 1842, Mayer,
undike Seguin and Holtzmann, justified the assumption by reference to the
free-oxpansion experiment of Gay-Lussac, later repeated by Joule. Clausius
cited, as evidence for the probability of the assumption, the regularity in
the deportment of gases without meking specific reference to the free~expan=
sion experiment: this regularity, hemsaid, indicates that the attraction

between the particles, hence the interndl work, may be neglected.

41
—Clausius specificdlly observed that the left-hand members of (5) and

(6) are not bona fide partial dertivatives since Q is not a funbtion of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-38‘7..

independent variebles v and t, or p and t. Instead, they represent the

limiting values of the ratios of increments under prescribed conditions.

42
T Tarnot and Clapeyron had concluded from Carnot's Theorem thet this

difference was a function of the temperature, and Holtzmann concluded that

it depended on the pressure as wells

43
~Tarnot had concluded that ¥ is constant iﬂ/? s the compression coeffi=

cient, is constante (cfe pelH6)

ééﬁs the condition that a Carmot Cycle shall yield the meximum work,
Clausius simply cited the one already given by Carnot, nemely, that bodies
of different temperatures shall never be allowed to come into contacte
The fact that reﬁbrsibility implies infinite slowness is still to be realized?

or, at least, expressed.

ﬂiz?'"By repetition of these two alternmating processes one could, without
expenditﬁre of work or any other change, convey as much heat as one wighed
from & cold body to a warmer one, and this contradicts the well=known behavior
of heat which everywhere strives to equalize temperature differences and,

accordingly, to pass from warmer to colder bodiese™

ggThe whole explanation is very concisely expressed in Thomson's 1851

paper: "The explanation of this apparent difficultys...is, that the steam in
rushing through the orifice producés mechanical effect which is,immediateiy
wasted in fluid fricticn, and consequently reconverted into heat; so that

the issuing steam at the atmospheric pressure would have to part with as much
heat to convert it into water gt the temperature.looo as it would have had
to part with to have been condensed ét the high preésure and then cooléd

down to 1009, which~fop a pound of steem initially saturated at the tem-

perature t is, by Regnault's modification of Watt's Law, ©o 04305(t-100)
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more heat than a pound of saturated steam et 100° would have to part with
to be reduced to the same state; and thé issuing steam must therefore be
above 1000 in temperature, and dry." (56, pe 209)

47
The experiment of Mayer, which Thomson referred to, is the one in

which the "father of energetics™ succeeded in raising the temperature of
8 body of water from 12° to 13°%C. by shaking it. (May, 1942)
In a footﬁote, Thorson stated that he had not become acquainted with

Helmholtz's 1847 paper until January, 185l-~too late to profit by its

" contents in writing the present papere This calls to mind that Carnot's
original paper was also inaccessible to Thomson until late in the year
1848; also, Clausius had never seen it when he wrote his great memoir of
18604

48
“in a footnote, Thomson referred again to his original objection to

the Principle of Equivalence, namely, that the actual disappearence of heat
had never yet been experimentally demonstrateds This objection still
stands, he said, and its removal would be Ma very great step in the experm=
imental verification of the dynamical +theory of heat." Nevertheless he
thought that the direct production of frictional heat, together with the
fact that Joulet's experiments conform with numerous deductions from the
Principle of Equivaience, was sufficient evidence in favor of the latter's

acceptance,

9
E. The form of Thomson's axlom was undoubtedly suggested by Carmot's

statement (of. pel37) that, in order to utilize the motive power of heat, a
colder body is always necessarys For then, if the source of the heat, which
we desire to convert imto work, is itself the coldest body, no colder

- body is available to function as condenser and the production of work is

impossible,
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The modern form of Thomson's axiom is stated thus: "A change of
state eonsisting of a dévelopment of heat connot supplement a change of
state consisting of an absorption of work." This appears to embrace
Thomson's statement as a special cass. Thé explanation of the peculiar
form of Thomson's statembnt is to be found in the meaning which he ascribéd
to the phrase, "derive mechanical effect from any portion of matter:® although
he understood, by this phrase, that the working body was supposedly returned
to its initial state, he did not interpret it as excluding the possibility
that part of the heat of the "portion of matter" might be passed on to
a colder body. This explains the necessity for the reference to "the cold~
est of the surrounding objects," i.ee. this reference excludes the pessibility
that heat may pass ffom 8 higher to a lower temperature.

Finally, Thomson's phrase, "by cooling it below the temperature of the
coldest of the surrounding objects," is confusing, since the axiom is applied
to bodies finfinite heat reservoirs) supposed capable of developing and
abgorbing heat without change of temperature, The phrase would have better
been replaced by the words, "by withdrawal of heat from it at a temperature

equal to, or below that‘of the coldest of the surrounding bodies."

0
§~This phrase no doubt referred to the unavoidable, irreversible flow
of heat from a higher to a lower temperature, accompanying the production
of thermoelectricitye (cfe pe2©b)

ég@ne important exception must be pointed out. Many writers, following

Thomsom, have considered the latter's above-quoted axiom respecting the
impos;ibility of obtaining work by a mere‘development of heat as logically
equivalent to Clausigs' axiom respecting the impossibility of heat flowing
from a lower to a higher temperature, Actually, Clausius' axiom is the

more general, and it, but not Thomson's axiom, is sufficient for the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=390

establishment of Carnot's Theorem. However, out of fairmess to Thomson,
we must admit that the refined point of view from which the German's axiom
eppears more general was evidently as foreign to Clausius as to Thomson.
§§Ehomson was evidently not aware ﬁhét bodies existed whose states
were not determined by these variables, s.g. a body of liquid wmter, ice,

and water vapor in equilibrium at the triple point. His treatment wes

therefore not as general as he supposed.

éé@homson employed the same notation for partial derivatives as for

total derivatives. Thus he wrote the left~hand member of (2) simply as

dp . Following our previous practice, we shall use the modern notatione
dat :

EéThis device was first employed by Carnot, (cf.;p&yy)

§§As Thomson observed, this expression might be employed to calculate
J from the pressure and thermal capacities of fluidse. Actually, because
. such data are not known with sufficient accuracy, J must be determined

direotly by experiment.

EQAS before, 0 denotes the specific volume of the liquid; s, thet of the
vapors r, the latent heat of unti weipht of the wapor; anqL, the specifiec
heat of the liquide Regnault's researches had evaluated ¢, r, and p as
definite functions of t from 0? to 230°C. The direct determination of s
was cerried out in 1860 by Fairbairn and Tate and showed that s could not
be accmrately calculated from the density of superheated vapor under the
assumption that the latter contimued to conform to the perfect gas law right
up to the condensation point.

Note that the expression (28) neglects the small amount of work occasioned

by the volume change on heating the liquid at constant pressure from 0° to %%
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‘ézif, instead of supposing the process to be adiabatic, we suppose the

gas returned to its initial temperature t, equation (48) becomes, on ne-

glecting S,
| By, ) = B(vi, t) = JQe

Substituting the values of E from (40), the above expression reduces to
wl L ol
which is identical to the relation (31) already obtained by Thomsons

EgThe experiments reported in 1862 indicated this heat to be slightly

less than that equivalent B the work done.

595 a matter of fact, by virtue of Thomson's choice of Jzﬁufas the
absolute temperature, the work developed by a Carnot cycle absorbing unit
heat at the absolute temperature T° and operating between T° and (T-1)° is
not-independent of T but equal to its reciprocal, as is evident from
equation (54) written‘in the form (H=-R)/H = (Tsu Tr)/Ts e

Eg-It may be objected that Thomson's axiom respecting the impossibile

ity of an unsupplemented conversion of heat into‘work, or Clausius' axiom
respecting the impossibility of an unsupplemented transfer of heat from a
lower to a higher temperature, expresse#the fact of irreversibility.
Rigorously , however, these axioms are negative propositions which do not
state what processes actually occur in nature. These axioms express the
fundamental fact of irreversibility bnly in case it be given that the pro=
cesses, whose reversal the axioms declare to be impossible, actually occur
in nature.

Elln a footnote added in 1864 Clausius demonstrated how this may be

dones Three possibilities arises In the first case, a pair of transfore

mations may comsist of two transformations of the same kind, e.ge the
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conversion of the. heat Q at t into work and the transfer of the heat Q;
from t; %o toe These transformatkons, the sum of whose equivalence-values
is zero b;r hypothesis, may be cancelled by reversing the éycle of Figure.
16+ Again, the pair may consist of two transformations of the first kind,
e.;g_.;:.‘,,g&?vconversion of heat Q' at t' into work and the generation of thé heat
Q,aiy;_it‘ by worke. Suppose a cycle to trensform heat Q at © into work (thus
cancelling the second transformation of the psfii)) and transfe\r heat Q) from
Ty to tps Then let a cyclical process of the opposite’ kind trensfer heat
Q1 from to back to t1 and transform work into a quantity of h‘ea‘c at t's This
conversion of work into heat must be equivalent, aéide from its sign, %o
the given coﬁversion of heat into work, since they are both equivalent
to the same heat transfer. Hence the heat absorbed at t!' must be Q' and tghe
first transformation of the pafr is also cancelleds Finally, the pair of
transformations may consist of two transformations of the second kind, e.
ge one consisting of a transfer of heat Q; from %y to tg, the other of a
transfer of heat Q' from tpt to t1!, where by hypothesis,
Qa( %‘- - }._) + Qli( %—-, - ..]:.;. ) = 0s Conceive of two cyclical processes

2 T T3
in one of which Q1 is carried from ty to 'bl (thus cancelling the first meme
ber of the pari) and heat Q at t generated by work, while in the second,
heat @ is converted into work and & quantity of heat transferred from 'bll
to tote This transfer of heat from Tyt to tot musf be equivalen’c.,.e.side from
its sign, to the given heat transfer from %! to %1', since the two transfers
are both equivelent to the production of heat § at te Hence the heat transe
ferred from ty! to tp' must be Q' so that the sécond member of the ps{ﬁy is

..8lso cancelleds
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§-ng we introduce Thomsont's symbols, T = J//u, ,.Q_? =1, ..a..._ = 2 »

7t 2T 3%
gﬂ: M, 42 = N, equation (16) reduces to M = ( OM DN) J . This last
v at Yy 'b 2V

equation becomes identical to Thomson's expression of the Second law, namely,
u =l >t) » only if 2pzg(2¥ 28 , which is Thomson's expression
/u, D t } t a v .
for the First Lawe It thus appears that Clausius' equation(16), hence his
equation (13), really involves the First Law as well as the seconds This
might have been predicted from the circumstence that the notion of equiva=
lence of work and heat (in the sense of the First Law) was assumed in its
| derivations

T later, in his book, Die mschenische Warmetheorie (60), Clausius

propesgd an alternative method for the derivation of (13)=-a method which
“has become very popular with subsequent authors of texbéz on the subjecte
. Regarding 'bhe.absolute temperature as givep., he first shows that if there
wa?eweimpioyegi, as working body in a Carnot cyolé,, a ga.s conforming to
"Mayerts Hypothesis™ and the relation pv ® RT, the efficiency of the cysle

would equal to the ratio Ty - Tz Ty end Ty denotmg the absolute temperaw

tures of upper and lower 1sob1:!ierms s respeotively. Deneting by Q end Qz the
quantities of heat absorbed at I, and Tz, respectively, this result may

be placed in the form ,
' E..I. 9..2. = 0 (1)
T1 T

By Carnott!s Theorem, this same relation must hol%, regardless of what worke
ing body is employ% in the cyeclee o

To generalize the above result, Clausius

resorted to a graphical methods Let the closed

oeruve C in the pwwy diagram of Figure 16 » v

represent any reversible cyclioc P rocess

whatsoevere Let there be represented on Figure 16
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this pewv diag;raﬁ a series of n Carnot cycles, conforming to the following
conditions: (1) each of their isotherms shall intersect the curve Cg (2)
the line representing the adiabatic expansion of the ith cycle siw.ll colne
cide with that representing the adiabatic com?ression of the (1 + 1l)th
cycles (3) the line representing the adiabatioc compression of the first
~ oycle shall be tangent to the curve C near its left=hand extremity, in a}ueh
8 ma.n.ﬁer that none of the Curve C shall extend to the left of this lime,
end the line representing the adiabatic expansion of the nth eycle shall be
"ta.ngent to the curve C near its right-hand extremity, in such a manner that
none of the cruve C shall extend to the right of this linee (This last
condition was assumed although not stated by Clausiuse) .

Taken together, these n Carnot cycles are equivalent to the eqmpound
cyole represented by the closed zigezag line on the diagrame For, in the
operation of the n Carnot cycles, the wc?rk effects associated with those
portions of the intermediate adiabatics, represented by dotted lines, vanish,
since each of these portions is traversed twice and in opposite directionse
Therefore the net work of the n Carnot cycles, like that of the compound
cycle, is given by the area of the closed ig=zag figuree Also, the heat
effects of the series of Carnot cyolés are the same as those of the olmm
pound cycle, since the series of Carnot cycles and the compound cycle have

their isothermal portions in commone Then by (1) we have, for the compound

Q A
eyels, 2 _2_—! = o : (2)
i Ti

Finally, Clausius tacitly assumed that, between any two isotherms on the
pev plane, there exists a conbinuous series of intermediate isotherms,
and that between any two adlabatics, there exists a conbtinuous series of
intermediate adiabaticse Then, by inereasing indefinitely the number n of
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Carnot cycles composing the compound cyeles , subject to the cohnditlon
that the line representing the adiaba’cio compression of the firgt cycle,
as well as that representing the adiabatic expansion of the nth, shall
ﬁot gsuffer change of position but only diminu‘l;ion in length, the closed
zigmzag line, representing the compound cycle, may be made to approach the
vclesed curve C, representing the original oyclq, and, in the limit, will ~

coincide with ite Hence, by (2), we shall have, for the original cycle,

Bz (3)

64 ,
T The obscure character of this axiom is ovident from the fact that

the "mechanical work™ referred to is supposed to include intermal or
molecular work as well as external work, and the "heat"™ referred to is the
sensible heat contained in the bodye Thus, neither of the terms "mechanical
work™ and "heat™ eorresponded to any physical operations Nor was sny
'attempt made to define the Mabsolute temperatures™ \‘

656 . ’
T Since H was originally defined as heat, as measured by the ther=

- mometer, it is diffiocult to a¥oid the comclusion that the above
proposition is a taubologye
Clausius interpreted the propositéen to mean that the "real heat

capacity" of a body should be a constant independent of the state of

aggregation and the temperatures The difference in apparent specifie

heats of & body at different temperatures in the same state of aggregation,

and at the same temperature in different states of aggregation, he
atbributes to differences in the internal worke Rankine, on the contrary,
- had attributed different "real specific heats" to & body in different

states of aggregations
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Although Clausius did not point it out explieitly, it is evident that
in the Pirst integral of the right~hsnd member of (33), T must be the
temperabure oi‘ the reservoir from which the heat dQ is absorbede For gince
the process is irreversible, the "temperature™ of the body itself is
undefined, ie.0e its temperature is not uniforme

67
T If we suppose the body, whose entropy changes by S=S o* to comprise

all the bodies which suffer change s the term S 4Q venisheS and there
results s:xmply N - S-S Then, if N be assumed to be positive for all
actual processes, an assertion frequently made by Clausius, we should
obtain the result that every change in an isolated system is accompanied
by en inorease in the entropy of the systeme

However, the muchmquoted statemezﬂ: of Clausius asserts much more than
this, It is not completely acceptable today, and was even less so vhen
Clausius promulgated ite In the first place, no strioctly scientifio statew
ment can be made about the "entropy of the universe," sincé the universe
cannot be an objeot of experimental investigatione Even if we understand
by Muniverse™ the aggregate of those bodies which we may subject to experie
mental measurements, the Memtropy of the universe™ is still an ambiguous |

expression, since it tacitly assumes that between ell of the states of these |
bodies there exist, or may exist, series of actual processes of such a

nature that they serve to define reversible paths between the said statese
For, otherwise, the entropies of the bodies cannot be defined for these .
statess Bubt many sbtates exist for which such an assumption appears un=
| grounded, eege the initial and final states of e complicated chemical
‘reactiones Finally, even if we regard Clausius? statement as applicable only

to those bodies for whose states the entropy is unsmbiguously defined,

g8till he had no right to assert that the entropy of an isolated system of

such bodlies approaches a maximum, ~ For the experimental evidence constitute
ing the Third lLaw and supplying us with & legitimate concept of en
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absolute zero of temperature, was still lacking in Clausius' daye The
German's unwarranted assumption of such a state of maximum entropy was
probably suggested by his naive belief in & lowest attainable temperature,
elso perhaps ’by“Thomson's 1852 statement that the universe appears tob be
4ending toward a condition in which it will be unfit for human habitatione

68 '
™ In the 1865 memoir, Clausius noted that for a gas conforming to

pv 8 RT, (48) gives for the entropy

s = s + c:;log'.t’.‘/!no + AR logv/vo, (49)
¢ being the specific heat at constant volume.

69 ’
" As Thomson noted, if substences existed which were good conducters

of electricity and, at the same time, very poor conductors of heat, then

irreversible conduction of heat occurring in & thermo-element oconstructed
of such substances might become negligibly small, so that the Second Law
might be unambiguously applied to the reversible thermal effects connested

with the thermom=electric currente Actually, since such substances do not

exist, the comnstruction of such an ideal couple oannot even be approximateds

70 :
T G, and G, , which Thomson cdlled "the specific heats of elecw

tricity in the different metals,”™ can only be functions of the temperae
ture; otherwise, as will become evident from the succeeding equations,

an electric current could be generated by a2 mere application of heat to a

homogeneous conductor maintained at a uniform temperaturee

71
T If the"specific heats of electricity™ were equal to zero, equations

(3) and (4) would become, respectively, T_E ® conste
and E : g I_(T..Tt) °

In an earlier 1851 paper (56, pe 316), Thomscn actually obtained these

relations (in terms of Carnotts function /D-) by assuming that the only
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reversible thermal effects were those occurring at the junctionse Similer
relations had also been obtained by Helmholtz {cfe pe 209 ) and Clausiuse

Thomson soon found that théy did not agree with experimente He was thus
led to suppose that addithonel thermal effects, occurring in the homow
geneous metals themselves, were involved in the produo’cion‘/ﬁy’che ourrents

the U functions were hence defined and intodused into the equations,
The actual production of a temperature gradient by the flow of an electrie

ourrent in a homogeneous conductor, as well as the converse phenomenon of

pyroelectrioity, was later demonstrated experimentallye (56, pe 460)

72 ‘
" Unlike the "energy of a phase,” the "entropy of & phase™ is not =

new oconocept, le8e it is defined simply as the value of the integral

S ( dQ/T)for a reversible process in which the given masses of ocobiibite |
uent# are brought from their respeq'bive reference states to the states
obtaining in the given phase=stetes

73
-7 Perhaps, we should also exclude the theory of the behavior of

so=called statlonary systems, leee those subject of & constent temperaw=
ture gradientes However, altempts, Who™ legitimacy must still be considered
problematiocal, have recently been made to extend thermodynamiocs to the

treatment of such systemse
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-AFPPENDIX
THE TEMPERATURE CONCEPT!
by
khrtriynrg. Barnett
v In the classical development of thermodymmica--a dqvelopment'which
8till serves as model for the conventional presentatlon of the subject-~
the 'temparature concept occuples a position of strategic aignifieanéd. For
upon the aseumption of the existence of an "arbitrary temperature scale"®
rests both the possibility of defining the concept of heat (and, subse~
quently, the generalized notion of energy) and of formulating the second law
of thermdymmics.r A critical analysis of the general validity of this
assumption should therefore be a worthwhile undertaking. |
~Statement of Froblen

Our task is to develop a mgthod_ for oizderi'n_g any given number of bodies,
existing in certain states, into a "temperature series;" each body will
then occupy a position in the ‘series which is unambigously determined as
either idghtical with, "less than," or "greater than" that of every other
body 1in the series, Once the existence of such a series is established,
an "arbitrary temperature scale" may readily be derived ;nd its ‘nature
determined,

By the "state" qf & body we mean to embrace all macroscopic aspects of
the body's existence, capable of description in terms of established physical
properties, other than the position and velocity. of the body as a whole ﬁ '
space and its gravitational potential with reference to the earth. Furthor;
only bodies existing in states satisfying the following criteria will be
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subject to classification: (1) each state property of the body maintains
& constant value with the passage of time; (2) comcurrent changes of
gtate in neighbpringrbqqios are not essential to the preaervation of the
state of the given body. The first criterion excludes bodies the states
of which are chaotic or subject to regular and continual variation,

while the second rules out bodies in the well-inown "steady atates.“2

Method Adopted
' The method here adopted for ordering bodies into a ”tenperaturp
agrieg? is an opergtipngl one and wgs‘first suggested by Lgngevin (3).
It requires that every body to be classified shall be conjoined, in turnm,
with each of the other bodies under prescribed conditions, "the tempera-
ture‘aeries” then being derived from the nature of the reciprocal
changes which ensue.

Each conjointment mst begin with both bodies in their initial states;
otherwise the classification deduced will not pertain tc those initial
states., Therefore, conduction to the place of conjointment must not alter
the state of the body; or, if it does, the state must be restored before
conjointment occurs, ‘

‘Conlointment Conditlons

Let A denote a body with which each of the other bodiea; denoted by
the general term K, is to be conjoined, in turn. Sorfarkas influences
external to & and K are concerned, the conjointment conditions are simply
expressed: A and K shall constitute an isolated system except for those
external force fieldg 4nﬁ1§ponga1be’to the preservation of their 1nitial
states. Care must be exerted that external fields associated with the
initial atéte of one body do not, upon conjointment, alter the initial
state of the other,
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ﬂi‘bh respect to cgrjtain types of ‘poss;blg mutual inflnences s the
statement of the conditions of conjointment of A and K requires the intro-
duction of the nqtipnvof "independent systems " a conception which we
borrow from Duhem (1), /Suppose that a certain set of values of the
quantities xi, vxz,".‘.‘ :_:#, fini‘!;e in number, adequgtglyz represent & given
state of a system without being redundant; that is, the value of no one of
these quantities is determined, by vistue of its definition, by assigning
values to any or all of the remaining quantities. Thus, if our system is
& homogeneous ’bo&y’, no more than two of the three quntitiee-wmsa, volume,
and density--may be included among the quantities representing the state,

Not every arbitrary set of values assigned to the Xy x;,:fll represent
an_other atate ot;", tl;e same qystem,gi For these"v;]‘.ues are subjget to certain
ganeral restrictions oﬁ Pequations of condition." The latter are dis-
tinguished from the more specific experimental laws, which we igmore for
the present,‘ by the fact _th_at they are immediate: consequences of the defini-
tionq of the x:bl‘ and: the general conditions of existence of the system. In
fact, they may properly be regarded as the mathematical expression of these
conditions. TFor example, if our system is an isolated, electrically charged
body, the very dafiniﬁbioh of electrical charge requires that the ‘elements
of charge associated with the various mass elements of the body vary énly
in a manmer which will maintain a constant value for their sum,

- Let us suppose such restrictions , representing the so-called
"oonstitution” of the system, ~are expressible in the form:
 fly, x, e x) 0
£2(xy, =, eee x )= c,

Se00OQGOGCOICIOISIARNGYS

2021, T, o0 x) % Gy
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where cl, }%,’ ooe cm are constants, Then only p - n - m of the quantities
X)» Xys eee X mey be independently varied without violation of expression

~ Assume a system S isolated except for those external fc;rce fields
indispensable to the preservation of its state. ILet this state bs represented
by the quantities x,, xé,_ coe x;, subject to the constitutionsl lialsons ().
Suppose that it is ppa»sibljo _to_ divide § into two sub-systems S:l and 82
and that the properties: zi, 22’ see xn, are divisible into two sub-groups
correeponding to 31 and 82.“ Then si and 82 will each have a set of liaisons
similar to (1). If the properties and liaisons associated with S; may be
defined gnd evaluated w:}thout any reference to Sé or its properties and
iiaisons, and similarly, if the properties and liaisons assoclated with S2
mpy be defined and evaluated without any reference to S, or 1ts properties
and liaisons, == then 81 and Sz are said to constitute & pair of
"independent systems.™ They are said to be "independent of ‘one ‘another,"
In this case, the region of theoretically possible states (i.e. , not
contradicting the constitutional liaisons) of Sl, as well as that of S, is

2
the same as 1t would be if S, and §, Were isolated from ons another.

1

With respect to certain types of possiblé mitual influences, the con-
ditions of conjointment of A and K may now be stated: A and K; without being
isplated from one another, shall consiitute a pair of independent systems.
The satisfaction of this condition corresponds to the exclusion of all
mutuel actions due to mechanical pressures; chemical action; and electrical
conduction,

Thus, suppose that & and K have a portion of} their surfaces in» common
and that this portion is 'defqmblo s that is; A and K are subject to mutual

mechanical pressures effective in producing changés of form, The contour
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of that portion of A's surface which is common to K may be regarded as
de:ber‘mirmd'by the surface coordinates of K over this common region, and
vice versa. The two systems are evidently dependent. They may be rendered
independent in this respect by postulating that the common surface shall be
perfectly rigid, For, then, the possible configurations of A and K at any
instant are the same as if A and K were isolated from one another,

The existence of chemical action between &. and K inpliqa t,ho possibility
of transfer of matter across a spatial surface regarded as the separating
bo;mdry‘. ' The principle of conservation of mass provides a liaison for each
chemical element., While A and K are isolated from one another, each such
liaison for A is expressible by an equation in no way involving K, and vice
versa. But when A and K are subject to mutual chemical action, the liaiaon
can only express that the mass of a given element VassocigtOQ with A equals
a constant minus the mase assoclated with K, and vice versa. The systems are
dependent; but they ‘can be rendered independent, in this respeét, by postulat~
ing a separating membrane impermeable to matter.

| ’ Simi;.arly, if independent, A and K may not influence one another by
electricel conduction. For if such conduction were possible, the liaison
expressing the principle of conservation of charge would take the form

o q + Q, 2 constant _ v
The chaxjge associated with A would depend on the charge assoclated with K.

To render the system independent in this respect, ‘we must postulate a sepa-~
rating ahield incapeble ot conducting electricity,

The possib:llity of mutual influences assoclated with qlectricall or
magnetic Ilnduction and gravitation remain to be considered. The independence
postulate evidently does not suffice here: such effects must be ruled out by

qpocific statement, Because the gravitational field of the earth greatly
overshadows that of terrestrial bodies, any mutual gravitational action of
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A and K may generally be neglected. Mutual actions associated with
electrical or magnetic fields may usually be rendered negligible by im-
position of separating shields of sultable properties, Such shields, like
those assuring independence, muet not serve to isolate A from K4

Conditions Pecullar fo 4
A Suppose that the state of A is adequately represented by the prqperfb;les
xl, %, eoe :n gnd that there are m liaisons expressing A's "conat:_l‘l;ution."
Suppoag ifqrther, that r relations are required to represent additional
experimental laws comnecting the xi. This leaves n = (m+ r) properties
which are independently variable, »
| Wo now require that n - (m + r+ 1) of the properties x; of & shall be
held constant during the conjointment of A with K. This stipulation will
insure that any change of state of A will necessarily involve uniquely r
determined changes in each of the remaining q (¥ m +r + 1) properties of A.
Duration of Conjoiptment

The duration of conjointment of A and K must be sufficient and just
sufficient to produce detectable changes in the properties of & This re-
quirement is intended to decrease the probability that a property of & will
change in more than one direction, i.e. , will pass through maxima or minime,
during a single conjointment.

After conjoining A and K in this way, we withdraw K and restore it to
ite original state. We next examine the body A with suitable instruments to
determine how the conjointment with K has affected the variable propeftiea
of A, We then return A to fis initlal state.

We suppos"g the above series of operations to be repaated with eacal:~ of’ the
bodles being classified; that is, we eonjoin; in turn; each of the other
bodies with A‘ under the prescribed conditions , and take note of the changes
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which each body produces in the variable properties of A. (These "variable
properties" of A will remain constant in number but may be chosen
differently in going from one conjointment to another,)

 Some of the bodies will be found to produce no change in & (and likewise
themselves suffer no change). A4lso, if any two of these bodles be conjoined
with one another, no changes will ensue. ‘These bodies, K'Yy A", K'Yy 4ee
we shall put in the same "temperature class" with A,

Consider the bodies which did produce a changs in the variable proper-
ties of A (and, in so doing, suffered changes themselves), If we note how
ggch’ of these bpt_lies affected a particular property :1 of A, the bodies
will, in general, fall into classes, the one class comprising those bodies
wlﬂ.p.h produced an increase of xl of A, the ot.har‘ comprising those bodi_as:
which p:ngcad a degregse_ in xl of A. If we repeat the classirieatiop, using
as a basis, in turn, the effect on the other variable properties of &, we
f:lx_zd that, gsually; each such classification dividds the bodies in the same
way, i.8., the bodies which cause an inorease in x, are the ones and only
ones which cause an increase, or decrease, in any other property Xy of Ay
and the bodies which cause a glecrease in xl are the ones and only ones which
cause a decrease, or increase, in any other property x40 With a few properties
discrepancies may appear. Thus, vith respect to a propertyx; of A, all other
bodies may fall 1nto one c¢lass, i.a., they all cause a decrease, or they all
cause an ino;feage, in ::i.
as long as other properties’ of A divide the bodies into two clagsoa.

The o{;eet on such propertiez as xi we negleet

In this way, the original group of bodies is divided into three classes,
the first class comprising A and all othef bodies, A', A", .4, which pro-
duced no change in 4; the second class, Gl’ comprising those bodies which
caused an increase in the properties: X, of A and a decrease in the properties
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X of A; the third class G, comprising those bodies which caused &
decrease in the properties x, of A and an increase in the properties
x, of £, The result is expressed symbolically as follows:

&5
Ayt A%, 000
We now choose an object B in G2 and compare it, in turn, with each of
all the other bodies in the same manner that we compared & with each of the
other brpdr.ies.'.‘ Again we find that, neglecting the effect on those properties
of B ihich behave like x

i
clagggs“with respect to B: the first class will comprise those bodies B!,

s above described, all bodies will fall into three

B",.ss which produce no change in B; the second will consist of bodies
which cause an increase in the properties X, of B and a decrease in the
p?opertieq xg of B? and will comprise all the bodies of 61, ‘the bodiem
A,A',A% «eey and a part of the bodies of G, denoted by G's; the third class,

dqnotgd by G%5, will consigt of bodies which cause a decrease in the prop=

erties x_ of B and an increase in the properties x, of B and will comprise
the remainder of the bodies of Gz. Then the classification, at this
point, mway be symbolized by
Gl- o
A LY, A%y 400
G'a
B’B"B“ 3 oo
G"2

Contimuing this process, we finally segregate the bodies into a series
of groups or classes such that a body experiences no change whsx; eonjoined,
in the preascribed mammer, with any other body in the same class, Having
oriented the series of classes so that the class containing a body of melt-

| ing‘ice is below the class containing a body of bolling water, we shuil say

thot bodies in the same olinss
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that bodies in the same class have the same "temperature," and that a
given body has gzvategpergture‘greaterv than that of any body in a class
below the given body's class, and a temperature less than that of any body
ina clasa above a given body's classe |

- Thus, by mesns of langevin's classification, the given bodies have
been a];geated to definite positions in & "temperature series." The
temperature of each body is determined as oither equal to, greater than,
or less than that of every other body., Further, experience teaches that
between any two temperature classes in Iangevin's ohsaification there
exist in nature as many distinet classes as we care to specify, or at leaet,
as many as the delicacy of our_ instruments permits us to distinguish, We are
therefore justified in saying that the temperature classes constitute a ons-
dimensional contimuum,

~ The teaparature series is not a thermometric scale as ordinarily under—
gtood, ‘Rather, it constﬁ_.tutgs an order eriterion to which every special
thermometric scale must eonform,

~ However, the test-body method of practieal thermometry is logically a
special case of Iangqvin's procedure., To show this, assume a body T ‘tvhe
state of which is ‘determined throughout a given region by a certain number
of independently variable quantities and suppose that all but one of these
bve‘ held constant. Then the possibla states of T will constitute a continuous,
onofdimanéional set bounded, let us say, by states 11 and Tn. We suppose
that each of the states is classifiable in the sense of Iangevin and that
no one occuples "t.hev same temperature class as any other., Suppose also that
each of these states is rreprpdngi‘blo, i.o,; that T always assumes the same
state when conjoined with a reference body the temperature class of which is:
£ixed and 1ies between those of Ty and Tn, Further, assume that if T, in
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any one of these states, be conjoined with any classifiable body under the |
conjointment conditions of Iangsvin's method until no further change occurs,
the latter will undergo no more than & negligiblo change of state,

let us now choose n of these states of T, including the limiting states
1‘1 and Tn’- and attempt to order them by the langevin procedure. For this
purpose, imagine the n states replaced by n distinet bodies identical to T
in its given states. This artifice is permissible, since any number of
bodies identical to T will generally be available.

Now the most fundemental condition the satisfeaction of which makes
possible the employment of T as a tharmbmetric body 1s the followingl
throughout the process of classification of the n states of T (regarded as
n distinct bodios), one or more of T's properties will be found always in the
X, group or always in the Xy group; and this shall remain true rggardlgsa of
how mny states we choose to consider between the two fixed ehd: states ,Ti

and T n®
~ Thus, suppose that in testing T 4 " find that T,, T o2 and ‘1’3 cause the
property x of T4 to inereass, while the ramainder of the bodies: (states of T)
cause X to decrease, Then langevin's classification gives
Tl Tz T3
%
' 1"5...Ti..._1'
In testing T5 let us say we find that Tl, Tz, ‘1'3; and 12 cause the same
property x of 1?’5 to inqregse, while T6'"Ti"‘?i: cause it to decrease. Then
~ we have the segregation into four‘ chgsea
LI rg, r3
%
Te,...'i'i...‘l’n
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Contimuing in this manner, we arrive finally at the results

T

T2

I,

.
T
n

where Ti 1’ when eonjoinad with ‘1"’£, causes x of Ti to j.ncreaae, while Ti +1°

when conjoined with 'fi, causes x of T:!. to decrease. According to our fund-

amental assumptlion, this will still be true, if, while holding the end-states
fixed, we allow the total mumber of states » 0, to be increased without limit,

Now, because T, ) o0d T, are different states of the same body, after

conjointment of suffieient duration, we mst have :r:1 1 8 X,e In this pro=~

cess of' ogmlizatj.gn, xi-l has decreased initially, and x; has inoreased
- initially. However, since by indefinite increase of n the et‘ato_a-:rTi . and
T, aTe brought infinitely close, the initial decrease of x, , showever suall

it may be, may be regarded as sufficient to bring x 41 to its equilibrium

value, Similar eonsideratiom apply to xi.

Thus xi - and x X initially unequal, have become equal, and in this

a1 ha.s only decreased and x, has only increased. Hence X, ) X e

Evidently, the continuous, om-—dimenaioml series of states of T‘ ars in

process X

one-to-one correspondence with the property miof the body T as it assumes
these states: successively., The value of x, or any contimuous, single~-valued
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function of x, may be taken as indicative of the temperature of T as well
as that of any body in equilibrium with T under the prescribed conditions
of conjointment. T is called a "thermometer,” and the range of values of x

constitutes a "temperature scale "6

- The temperature nnmbor; as we have defined it, is no more thanya» symbol
denoting the position of & body in the temperature series, 4= such, it has
no quantitative significance., As Maxwell (2) put it, "we have a right to
say that the temperatures of freezing and boiling (water) differ by 1899 |
Fahrenheit; but we have as yet no right to say thgt this difference is the
same as that between the temperatures 300% and 480° on the same scals. Still
less can one assert that a temperature of 244° is equal to the sum of the
temperatures of freesing (32°) and boiling (212°).

To be sure, the thermometric property x of the test-body T 1s a qmntity.
But the properties of a symbol system cannot be assumeed to be those of the
objects symbolized. Thus thol"y%'ogontgti_on of temperature by the volume of a
test~body does not imply that temperature partakes of the nature of volume,

Yot classical thermodynamics begins with the assumption, not only that
unambiguous temperature symbols exist, but also that these symbols are quan-
titative: temperature is regarded as a real variable, Only the agreement
of the resulting theory with experiment can justify such an assumption,

cle of Zeroth Lﬂ! of Thermodynamics

The fact that "two bodies, each in thermal eqﬁinbrium with a third body,
are themselfes in equilibrium;" sometimes called the "zero'h law of thermody=
namics," ‘plays, as we have seen, a fundamental role in the definition of ‘
temperature qqudlity. For, if it were not for this fact, changes could be

- produced in a group of conjoined bodies, initially in thermal equilibrium,
merely by changing their positions relative to one another. This would deny
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the possibility ofi assigning to a body in a given state a fixed temperature
of universal validity. The essentially blological concept of "Q;g;agisation“
would then have a significance for thermodynamics which, in fact, 18 does not

have. : o ,
| _However, the "zeroth law? provides no criterion whereby bodies of

different temperature classes may be ordered w'ithhreispect to one another,

- Our giefin;lfb;on of temperature is a negative one in the sense that tem-
perature equality or inequality is assoclated with the presence or absence,
respectively, of a residual effect which persists after all other effects,
assuned to have been already definied, have been elihinatod by establishment
éf suitable conditlons. Thls negative or residual character is not peculiar
to temperature but is shared by the other®intensity factors® of physics each

- of which is defined in terms of a particular residus corresponding to a
particular set of eliminating ‘conditi‘om;

~ An "arb;.tra:_:y temperature scglg" is frequently established simply by
‘identifying temperature with the value assumed by a particular property of a
chosen test-body without resort to more fﬁndamen'ba_.l considoréﬁions. Thus,
in a region in vhigh the volume at constant pressure of a one-phase body is
in one-to-ons correspondence with the possible states of the boiv, the
values of this property are often defined as temperature numbers, Although,
over the limited region where comparison is possiblo; such a method gives the
same order as langevin's procedure, the formernia objectionable because it
attaches a degree of arbitrariness to temperature whic;h» is not inherent in
the concept. Such a procedure is amalogous to the popular practice of Bésing
the analytical formulation of the second law of thermodynamics on the
behavior of a particular gaseous body,
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- The existence of a temperature series is not contingent upon the
ox»isﬂtenscev kofﬁ any particular body nor even upon the _existgnce of &
particular type of body. Rather it arises out of the mutual relations

existing between all classifiable bodies. This fundamental, as contrasted

with arbitrary, nature of temperature is emphasized by Langevin's methods
The latter reveals the temperature series as a hgical consequence of the
directional nature of the initial reciprocal changes exhibited by a11. n
c;ggg;l.giable bodies when properly conjoined. If a body satisfies the two
criteria of classifiable bodies and if the conjointment conditions are
realizable, the order oritgrién provided by langevin's method will allocate
the body to a definite position in the temperature s_eriaa s except in the
scarcely gonceivgb;e case where every property of the body as well as thg'b
of every other body in the same temperature class is of the x type; i.o.;

b §
exhibits a maximm or minimum in this temperature class,
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1Pnh1:lshed in Journal of Physical Chemistry, Jum, 1942
2The 4dea of "temperature at a point," employed in the theory of heat
conduction, corresponds experimentally to determining the mean ‘tempera~-
~ture of a small region about the point. Such a small region, when isolated,
undergoes no appreciable change of state and is thus not excluded by the
second eritorion. ‘
3 It may be argued that &mamic as well as static considerations contribute
to the criterion 9f "adequate” representation of the state of a system,
Thus, & growp of properties may be regarded as "adsquately® representing
the system mainly because changes of state of the system may be described
in terms of changes in the properties., However, in a formal gxpositj,on of
the subject, it is unnecessary t‘?. concern oursleves with the ultimate origin
of Qp{kngmledg;e regpgcjting “adequate" repwesept_ation; we may thw the
properties z._L, zé, eos x# as chosen independently of experimental laws,
4’rhe problem of the experimental realizatiog of conjointment conditions
belongs to the specisl physical sciences, We merely state here that such
realization is indispensable to the definition of tsmperatureé'
'5”x¥" and "xa" do not nscessarily donote the same groupe of properties es
Were previously des:lgmted by these symbola.
6 - At first thought, the radiation pyrometer may not seem to follow this ‘
logical scheme, The diserepancy is removed, however, when we recall that the
radiation law holds only for ideal "black bodies," Radiation pyrometry is
therefore made generally applicable only by adopting such a "bla.cl; body" as &
test-body and intensity of radiatlon as its thermometric property,
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