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Abstract

The Carnot cycle is central to engineering thermodynamics and its teaching. Although on the 
one hand it is an unattainable ideal, on the other it constitutes a set of concepts to which real 
heat engine cycles and processes should aspire to and approximate. The Two Property Rule 
means that cycles may be represented graphically and the principal pairs of properties are p, v 
(pressure and specific volume) and T,s (temperature and specific entropy).

The p, v diagram is truly practical in the sense that it mirrors the indicator diagram, known to 
generations of past engineering students from engine laboratory experiments. The indicator and 
its diagram have a venerable history, dating back to 1796 and the very dawn of  thermodynamics. 
The Scotsman James Watt used them to improve engine design to considerable commercial 
 advantage. In 1824, Carnot was unaware of the diagram, most probably because of its extreme 
commercial sensitivity for Watt. Not until 1834 did Clapeyron make the first use of the p, v  
diagram to describe the Carnot cycle.

The T,s diagram was proposed by the American J (Josiah) Willard Gibbs in 1873 as part of a 
more general study of how graphical methods could be used in thermodynamics. Gibbs was a 
mathematical physicist and his thermodynamic contribution was almost a complete inverse to 
that of Watt. Despite it dating from well after the understanding of the Laws, the T,s diagram and 
the Carnot cycle are virtually indistinguishable in present-day understanding. So in representing 
Sadi Carnot’s cycle of 1824 with both p, v and T,s diagrams (which he was unable to do) almost a 
century of associated thermodynamics history is involved. In this chapter, we study the historical 
context of these diagrams and their authors. In particular, James Watt was a massive contributor 
to the industrial revolution and in certain respects a forerunner to Carnot. We use these diagrams 
to show how the Carnot concept of a perfect heat engine applies across the thermodynamic board, 
irrespective of working fluid (gas or vapour), of cycle processes (non-flow or steady flow) or of 
engine concept (work-producer or refrigerator). In addition, the  Carnot cycle was the driving 
force behind the formulation of the Second Law of Thermodynamics and this aspect is reviewed 
to highlight the contributions of Kelvin himself. We will find that Kelvin has an enduring high 
reputation here, based on his absolute scale of temperature and his second law statement.

Finally, in company with Carnot, the greatly contrasting Watt and Gibbs were both committed 
to the idea of a perfect engine. Not only does this demonstrate the underlying commonwealth 
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166  Kelvin, thermodynamics and the natural world

of thermodynamics understanding, but raises a philosophical question: is thermodynamics 
 Platonic in character?

1 Introduction: the Carnot Cycle

1.1 Engineering thermodynamics

… the methods of converting any form of energy into power are the domain of thermodynamics.

Desmond Winterbone [1, p. ix]

As an undergraduate in the late 1950s, and coming from the non-industrial English county of 
Dorset, I (MWC) found the subject of ‘Engineering Thermodynamics’ immediately fascinating. 
In fact, I still have my First Edition copy of ‘Rogers and Mayhew’ [2], obviously in its origi-
nal British Thermal Units (BTU) form. (Anecdotally, it was bought second hand on traditional 
credit, with the account being rendered by post to my home address and opened in the vacation 
in the presence of a somewhat disbelieving mother. Those were the University days!) Concepts 
of work, heat, energy and power seemed so real, so useful. Even the First Law subtleties of defi-
nitions of these gave a warm sense of being a thermodynamics insider. Turbines, compressors, 
condensers, boilers – all were grist to the Steady Flow Energy Equation’s mill. The Second Law 
showed that power station efficiencies of the low 30% were not a mark of poor engineering 
ability, but largely a consequence of essential and substantial cyclic heat rejection. The Carnot 
Cycle, described by Rogers and Mayhew in rather low-key terms as ‘one ideal cycle’ [3, p. 209], 
immediately led on, because of its ‘low work ratio’ and ‘practical difficulties associated with 
compression’ [3, p. 214] to the Rankine cycle and thence to the Rankine cycle with superheat, 
the reheat cycle and regenerative cycle. It all made sense.

Inevitably, there were certain intellectual overheads. Firstly, there was the question of work-
ing with two sets of steam tables and steam charts in both BTUs and CHUs (Centigrade Heat 
Units). This was accepted as yet another manifestation of the plethora of systems of units (in-
cluding MKS, the nascent SI) with which we would-be engineers had to cope. That overhead 
has evaporated with time. But then there was entropy. Whereas the enthalpy h was introduced 
by ‘the quantity (u + pv) occurs so frequently in thermodynamics…’ [3, p. 30] the entropy came 
in as a bit of a stranger, rather prosaically being introduced as a ‘suitable,’ a ‘useful’ property 
[3, p. 28]. Nonetheless, it was required student good practice to sketch any non-flow cycle as p–v 
(pressure–specific volume) and T–s (absolute temperature-specific entropy) diagrams and to 
perform appropriate calculations on them. Flow cycle variants involved the enthalpy and steam 
charts. Thinking in these terms became part of our thermodynamics DNA.

A further and somewhat disconcerting fact was that with little provocation  thermodynamics 
mutated into the mathematics of the Maxwell relations [3, Chapter 7]. At the back of my 
 ‘customer’s mind’ (to anticipate present-day jargon) was the suspicion that thermodynamics 
could speak in quite different languages.

Written in retrospect these reactions seem disjointed, but they did represent a sort of personal 
driving force which led to teaching the subject.
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1.2 The Carnot Cycle and the Second Law of Thermodynamics

…Carnot’s greatness…

Donald Cardwell [4, p. 201]

…the famous Watt…

Sadi Carnot [5, p. 5]

Sadi Carnot’s contribution to the second law of thermodynamics

Don Lemons and Margaret Penner [6, Title]

…since become famous as Kelvin’s statement of the Second Law of Thermodynamics…

Crosbie Smith and M. Norton Wise [7, p. 329]

We now know that the above introductory paragraphs form a kind of intellectual closed 
loop. The very thermodynamic subtleties mentioned above which a twentieth century 
 student took for granted were, historically speaking, very hardly won. In fact, close to two 
centuries after Carnot’s original 1824 publication [8], our presentational view of his ideal 
heat engine  differs from his in two significant ways. Firstly, caloric has been replaced by 
 entropy as the key  thermodynamic property. Secondly, Carnot did not use either of the above 
property diagrams (p–v and T–s) to explain his cycle. Taking things further, our percep-
tion of  Carnot’s brilliance needs to take into account the heat engine experience existing at 
the time,  especially that due to Watt. Finally, there is the question of the extent of Carnot’s 
 contribution to the Second Law of Thermodynamics. This last leads to the similar question, 
of great interest in the present volume, relating to Kelvin. These issues are now introduced 
in more detail. 

1.3 The caloric controversy

Firstly, according to Wikipedia (please note Acknowledgement with referencing to  Encyclopaedia 
Britannica),  caloric as a thermodynamic theory has disappeared (‘an obsolete scientific theory 
that heat consists of a fluid called caloric that flows from hotter to cooler bodies’ [9, p. 1]) in the 
same way as the earlier phlogiston (another ‘obsolete scientific theory’ [10, p. However, the whole 
truth is more than this bare statement. Cardwell, in his superb exposition From Watt to Clausius 
[4], points out that the caloric/dynamical debate permitted ‘a veritable spectrum of beliefs’[4, p. 
142] and in fact there remain ambiguities to this day. Mendoza, in his Introduction to [5], convinc-
ingly gives the probable reason for this, namely that the term caloric was used by Carnot ‘inter-
changeably’ for both (what we now know as) ‘change of entropy’ and ‘quantity of heat’ [5, p. 
xv]. On the one hand, we now have evidence that Carnot himself was subsequently convinced 
that both ‘the caloric theory must be false’ and ‘the whole axiom of conservation of heat must 
go’ ([6, p. 209], referring to a document unpublished during Carnot’s lifetime [11]). In fact, Men-
doza, commenting on [5, p. 60; 11] refers to Carnot’s ‘growing doubts about the whole basis of 
his demonstrations.’ This conventional view is confirmed more recently by, for example, Erlich-
son. In the brief abstract of his paper, he writes of ‘the incorrect caloric theory of heat’ [12, p. 183] 

 
 www.witpress.com, ISSN 1755-8336 (on-line) 
WIT Transactions on State of the Art in Science and Engineering, Vol 89, © 2015 WIT Press



168  Kelvin, thermodynamics and the natural world

and that ‘There can be no doubt that Carnot, after the writing of the Reflexions, abandoned the 
caloric theory of heat in favour of the mechanical theory of heat’ [12, p. 191]. On the other hand, 
in consistency with Mendoza’s abovementioned  introductory remarks, caloric has also been 
interpreted as the simple forerunner of entropy – very recently explained by Newburgh [13] and 
implied by Thoma and Mocellin in their chapter in this volume. Leaving aside his argument, 
Newburgh is explicit enough: ‘We have then seen that Clausius was able to identify caloric with 
entropy’ [13, p. 726]. Against this, Ehrlichson, in a footnote on p. 190 [12], disagrees with Men-
doza’s interpretation of Carnot’s use. Possibly  the ambiguity will never be resolved .

1.4 Cycles and property diagrams

…Clapeyron…made their derivations clear through the use of indicator diagrams

E. Mendoza [5, pp. xii–xiii] – referring to 1834

…Gibbs introduced other diagrams such as temperature-entropy…

Crosbie Smith [14, p. 261] – referring to 1873. 

The second question is that of the absence of Carnot’s use of property diagrams. He did not use 
the indicator (p–v) diagram, concludes Cardwell, because ‘In all probability he had never heard 
of it’ [4, footnote p. 195]. As we will see in this chapter, Watt kept knowledge of ‘his’ diagram 
as covert as possible for commercial reasons. Further, whereas the absence of the p–v diagram 
causes us to look back from Carnot to Watt, the T–s diagram was absent because it simply did 
not yet exist. It had to wait for Kelvin’s definition of the Absolute Temperature Scale T, for Clau-
sius’s formulation of entropy and for Gibbs’s formalising of the T–s diagram itself.  This leads 
to our core thermodynamic sequence in this chapter for assessing the Carnot cycle as ‘Watt—to—Gibbs.’ 
The thermodynamic history involved occupied the best part of a century, from Watt’s indicator 
diagram in 1796 to Gibbs’s T–s proposal in 1873. Our approach reflects Crosbie Smith’s  potted 
history: ‘Just as pressure–volume diagrams (Watt’s ‘indicator diagram’ and Rankine’s ‘diagram 
of energy’) had long formed part of the science of thermodynamics especially in its relation to 
practical engineering, so Gibbs introduced other diagrams such as temperature-entropy…’ [14].

1.5 The historical context of Carnot’s study

The next issue is that of the heat engine and thermodynamic context existing at the time of 
Carnot’s study.

Again, this explicitly focuses on Watt – and Cardwell gives two reasons. ‘We have emphasised 
Carnot’s indebtedness to Watt for the invention of and the insight represented by expansive 
operation; he was also heavily indebted to Watt for the latter’s invention of the separate con-
denser’ [4, p. 199]. Just as in order to give a present-day understanding of the Carnot cycle it 
is necessary to invoke the Watt-to-Gibbs sequence, so in order to appreciate Watt properly we 
need to understand his thermodynamic ‘family tree.’ This comprised two lines – that one based 
on British steam engine development (originating with Thomas Savery) and a second based on the 
University of Glasgow (starting with William Cullen). 
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1.6 The universal Carnot cycle 

In this chapter, Carnot is viewed through the eyes of others. Newburgh [13] provides a concise 
and fitting entrée. Besides describing how Carnot’s caloric was replaced by Clausius’s entro-
py, as mentioned above, Newburgh tells us that Carnot studied ‘an idealization of an operat-
ing steam engine’ [13, p. 718]. However, this ideal cycle involved only reversible processes 
and therefore had a universal maximum efficiency. So Carnot was able ‘to show that there is 
no machine with a greater efficiency, regardless of the operating substance or design’ [13, p. 722] 
(our  italics). Carnot’s own words were ‘the maximum of motive power resulting from the 
 employment of steam is also the maximum of motive power realizable by any means whatso-
ever’ [5, p. 12]. This conclusion is of huge significance, and we will show how Carnot cycles are 
apparent for both vapours and gases, for both flow and non-flow processes and for direct and 
reversed heat engines. Unlike Carnot himself we will be able to use both p–v and T–s diagrams 
to describe the variant cycles. In fact, Carnot’s focus changed from steam to air (‘we have cho-
sen atmospheric air as the instrument,’ [5, p. 19] and thence to gases in general [5, pp. 24, 25]. 
This was taken up by Clapeyron (‘let us take any gas whatever,’ [5, p. 75] who was the first to 
use the p, v diagram.

Besides giving a concise exposition of the ‘universal Carnot cycle’ we attempt to tell the under-
lying thermodynamic story, and to that end the chapter is arranged approximately historically 
in two parts. Cardwell is in no doubt of the significance. ‘Everything that has happened since 
1824 has confirmed Carnot’s judgement, and we must therefore divide the history of the heat-
engine into two very distinct periods: before and after Carnot’ [4, p. 208, Cardwell’s italics]. Firstly, 
then, the history of steam power is told up to and somewhat beyond Watt. Then the history of 
the Carnot cycle itself is told.

1.7 Carnot, Kelvin and Clausius 

The climax of this chapter is defined by a key question. Especially from the much later view-
point of the twenty-first century, what are the nature and extent of Carnot’s contribution to 
the Second Law of Thermodynamics? In seeking to answer this question, we should be able to 
address the same question for Kelvin himself. Of course, we must include Clausius in our consid-
eration. In the chapter itself is explained the participation of Clapeyron and of Kelvin’s British 
contemporaries. 

1.8 A philosophy of thermodynamics?

In introducing Carnot’s engine Cardwell makes the almost throwaway comment that an essen-
tial contributory concept of Carnot ‘removes the perfect heat-engine from the world of practical 
engineering to some Platonic heaven.’ He goes on to examine ‘how the perfect but wholly im-
practicable Carnot engine works.’ Yet it had ‘fundamental and general implications’ (all quotes 
from [4, pp. 193, 194, 200]) for real heat-engine design and operation. So a prima facie case 
 exists for a ‘philosophy of thermodynamics’ based on Platonism. In fact, Newton himself had 
an allegiance to Platonism, as do certain present-day mathematicians. Discussion of this forms 
a rather novel closing section.
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2 Timelines of characters

Not one of the engineering and scientific personalities involved in this subject area worked in 
isolation. They were affected by others in two ways: by inspiration provided by previous work-
ers no longer alive and by interactions with their contemporaries. Since the overall timescale 
from Savery’s patent (‘the actual ‘breakthrough’ came with the…machine devised by…Savery 
in 1698’ [4, p. 13]) to Gibbs’s publication is of the order of two centuries, the distinction between 
them can become blurred. As a consequence a feature of this study is to provide timelines. The 
personalities involved in the overall story are summarised as a series of Lifetime Sequences:

Figure 1:  Watt’s thermodynamic family tree:  left-hand side ~ British steam engine 
 development and right-hand side: Glasgow University.

Thomas Savery c. 1650–1715 William Cullen 1710–1790

Thomas Newcomen 1664–1729 Joseph Black 1728–1799

John Smeaton 1724–1792

Jonathan Hornblower 1753–1815

Arthur Woolf 1766–1837

Richard Trevithick 1771–1833 James Watt 1736–1819
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Figure 2: The history of the p–v and T–s diagrams: Watt-to-Gibbs.

James Watt 1710–1790

Nicolas Leonard Sadi Carnot 1796–1832 

Benoit Paul Emile Clapeyron 1799–1864

William Macquorn Rankine 1820–1872

Rudolph Julius Emanuel Clausius 1822–1888

James Clerk Maxwell 1831–1879

Josiah Willard Gibbs 1839–1903
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Figure 3: Kelvin’s French connections.

Jean Baptiste Joseph Fourier 1768–1830 (Book Read 1840; Use of Law, 
e.g. 1861 – [7, pp. 167, 566])

Jean-Baptiste Biot 1774–1862 (Met in Paris 1845 – [7, p. 107])

Nicolas Leonard Sadi Carnot 1796–1832 (paper obtained by 1849 – [4, 
p. 240])

Benoit Paul Emile Clapeyron 1799–1864 (French paper read in Paris 
1845 – [7, pp. 293–294]) 

Henri Victor Regnault 1810–1878 (Worked in Laboratory in 
Paris 1845 – [7, pp. 107, 243–245])
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Figure 4: Kelvin and the Second Law: Kelvin and his British contemporaries.

James David Forbes 1785–1868 (Prof. of Natural Philosophy, Edinburgh, 
Principal, St. Andrews)

Lewis Dunbar Brodie Gordon 1815–1876 (Regius Prof. of Civil Engineering & 
 Mechanics Glasgow, First UK Professor of Engineer-
ing)

James Prescott Joule 1818–1889 (Brewery Manager & personal researcher 
– Presentations at British Association of Advance-
ment of Science)

William Macquorn Rankine 1820–1872 (Second Regius Prof. of Civil Engineering, 
Glasgow)

James Thomson 1822–1892 (Prof. of Civil Engineering, Queen’s Belfast, 
Third Regius Prof. of Civil Engineering, Glasgow)

William Thomson, Lord Kelvin 1824–1907 (Prof. of Natural Philosophy, Glasgow)

James Clerk Maxwell 1831–1879 (Prof. of Natural Philosophy, Aberdeen, 
Prof. of Natural Philosophy, King’s College Lon-
don, First Cavendish Prof. of Physics, Cambridge)

Peter Guthrie Tait 1831–1901 (Prof of Mathematics, Queen’s Belfast, 
 successor to Forbes as Prof. of Natural Philosophy, 
 Edinburgh)
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The focuses of Figs 1–4, respectively, are, then

•	 James Watt: addressed in Section 3,

•	 Watt to Gibbs: addressed in Sections 4–7, then 9

•	 Kelvin: addressed in Sections 8 and 12. Joule, James Thomson (Kelvin’s brother) and 
 Maxwell feature elsewhere in this volume.

In addition to Figs 1–4, other Timeline sequences are given where appropriate.

3 Watt’s thermodynamic family tree and place in history

3.1 Steam engine development: Savery-to-Watt-to-Trevithick

The purpose of this section is to give the reader an overview of the historical context of James 
Watt’s steam engine activities. Two main sources are used: the encyclopaedic biography of Watt 
by Richard Hills [15–17] and, for ease of access to readers, Wikipedia items for the principal 
characters: Thomas Savery, Thomas Newcomen, Newcomen steam engine, Newcomen Engine 
Black Country Living Museum, John Smeaton, Johnathan Hornblower, Arthur Woolf, Com-
pound engine and Richard Trevithick ([18–26], respectively). Additional comments are includ-
ed from Cardwell’s From Watt to Clausius [4].  The principal character list, given in Fig. 1(a), 
summarises the seventeenth and eighteenth centuries’ history of steam engine development. 
Three aspects are noteworthy: it was consistently British in character and preponderantly from 
South West England; it was achieved through empirical engineering inventiveness and it was 
applied to the problem of extracting water from metal and coal mines. The first aspect was 
 reflected in the export of Newcomen’s engines to France, Belgium, Spain, Hungary and  Sweden 
[20, p. 3] and of Woolf-designed engines ‘in many parts of the world’ [24, p. 1]. The second 
aspect expresses the domination of patents on the one hand, and the absence of the Laws of 
Thermodynamics on the other. The last feature was epitomised by Trevithick who through the 
use of high pressure steam achieved the best pumping engine – ‘the ‘Cornish engine’ … the 
most efficient in the world at that time’ [26, p. 8]. However, Trevithick went wonderfully fur-
ther: he ‘built the first full-scale working railway steam locomotive’ leading to ‘the world’s first 
locomotive-hauled railway journey on 21 February 1804’ [26, p. 1].

3.2 The dominance of patents

The question of patents is now addressed in more detail, by giving the timeline of Fig. 5. While 
the question is not of paramount importance to the present study, it is of considerable interest 
in the overall record of the industrial revolution. It is plain it dominated the whole history. It 
should be noted that very recently, Boldrin and Levine in Chapter 1 of their Against Intellectual 
Monopoly [27], addressed this by explicitly studying James Watt as a Monopolist. Their specific 
study can be found on Google [28] and they conclude that ‘Quite plainly, the evidence suggests 
that Boulton and Watt’s patent retarded the high-pressure steam engine, and hence economic 
development, for about 16 years’ [28, p. 4]. It is really unfortunate that their sourcing excludes 
Hills’s exhaustive study, especially because he discusses this very point in some detail and 
in a measured manner in [17, pp. 217–220]. He admits that Hornblower might have effected 
 improved designs, but that the then increased pressure was not high enough to have warranted 
compounding. Otherwise, Hills says, ‘the 1775 Act ‘does not seem to have stifled inventions and 
improvements’ [17, p. 220].
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Figure 5: Patent History in steam engine development.

Notes
1  No pistons [18, p. 2] or other moving parts [20, p. 2], a ‘thermic syphon’ [19, p. 1]. ‘Whether 

any of them worked satisfactorily is uncertain’ [4, p. 13]

2   Used ideas of Savery and Frenchman Denis Papin [18, p. 2; 19, p. 1] to invent and build the 
first practical steam engine’ [19, p. 1]. ‘The Newcomen engine was extremely important. It 
was perhaps the first major invention to be made by an Englishman, and it ushered in a 
 period of British technological supremacy that was to last about 150 years’ [4, p. 15].

3  See [15, pp. 367–370; 16, p. 30ff]. ‘…first … The engine he envisaged was, in a sense, an ideal 
engine: one that was to develop the maximum power with the maximum efficiency … Second 
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3.3 Glasgow University: Cullen-to-Watt

This sequence is simpler than in Section 3.1 and involves only three characters. The same 
 sourcing method is used: for William Cullen, Joseph Black and James Watt, respectively, the 
Wikipedia references [29–31]. Similarly, in addition there is the comprehensive material of Hills 
[15–17] and Cardwell [4]. Figure 6 gives the Glasgow timelines with positions/activities, hence 
the interactions between them. This helps in understanding how Watt entered into Glasgow 
University’s nascent tradition of chemical and heat studies. 

3.4 Watt’s place in history 

3.4.1 A contributor to world history

…Watt belonged to one of the most active scientific groups in the world…

D.S.L. Cardwell [4, p. 54]

Boulton has perhaps been most widely known for his steam-engine partnership with James Watt

R. McLean [32, p. 1]

We now consider a number of aspects of Watt’s enduring reputation, but with two introductory 
provisos.

Firstly in this section, we have been unable to give a true overview of Watt’s activities,  especially 
that relating to Matthew Boulton. Our understatement ‘joint with Boulton’ in Fig. 4 is the main 
 focus of Hills’s biography, from Volume 1, Chapter 6 ([15, p. 414, ‘Enter Matthew  Boulton)  onwards. 
More significant is the place in history of Boulton himself. In 2009  Birmingham (UK) celebrated 
Boulton’s Bicentenary with an Exhibition organised by the Birmingham  Museum & Art  Gallery. 
This was accompanied by the elegant and authoritative volume  Matthew  Boulton.  Selling 
what all the world desires [32]. Mike Whitby, the Leader of Birmingham City Council  describes  

… Watt’s engine was unambiguously a heat-engine … the presence of the condenser indicates 
that heat is the basic principle … Watt’s intuitive insight into thermodynamics…’ [4, p. 54]

4  Also see [16, pp. 168–169]. ‘In Britain John Smeaton was undoubtedly the leading engineer, 
and … was able to approximately double the efficiency of a group of Newcomen engines on 
the north-east coast of England’[4, p. 33]. 

5  ‘Trevithick, an intuitive genius if ever there was one, …intuited very early on that high- 
pressure engines might be inherently more economical than low-pressure ones … he was one 
of the main sources of British wealth and power during the nineteenth century’ [4, p. 83, 
154/5]

6  Steam expanded in two (or more) stages in high- and low- pressure cylinders [25, p. 1ff]. ‘The 
first Woolf compound expansive engine … in 1814 … something like a 100% improvement on 
the best performance of the Watt low-pressure engine … the Woolf compound engine found 
its greatest market in France’ [4, pp. 154–157]’
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Figure 6: Glasgow University timelines for Cullen, Black and Watt.

1  Cullen was a significant figure in the Scottish Enlightenment, Scottish medicine and in the 
 formation of the Royal Society of Edinburgh [29, p. 1,2]. ‘…he actually published very little. 
His single paper on heat  ¼ influenced the course of James Watt’s researches’ [4, p. 34].

2  Black was an eminent Scottish physician and chemist, and, like Cullen, had Scottish 
 Enlightenment associations [30, p. 1, 2]. He ‘was one of the most influential scientific thinkers 
of the eighteenth century’ [4, p. 34]. Watt closely collaborated with him. Indeed, they were 
friends, and Black provided substantial financial support for Watt [30, p. 2]. 

3  The three volumes of Hills’s biography, especially the first, show how multi-faceted were 
Watt’s abilities. He had substantial civil engineering accomplishments [15, Chapter 4.  Civil 
Engineer, pp. 180–293] and his links with Charles Smeaton largely stemmed from this. 
Such engineering adaptability was reciprocated. Smeaton himself, although being ‘the first 
 self-proclaimed civil engineer’ [22, p. 1], also contributed not insubstantially to steam engine 
 development, as already noted in Fig. 4. 

4 Watt’s life resume is given in full in [15, pp. 12–17], and in [16, pp. 6–8], reflecting note 3.
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Boulton’s reputation in these words: ‘Matthew Boulton…helped to establish  Birmingham as 
one of England’s greatest manufacturing centres, and England as the industrial leader of the 
known world’ … ‘the father of Birmingham’ [32, p. vii]. In commemorating ‘one of the great 
 manufacturers and entrepreneurs of his age,’ though, ‘Boulton has perhaps been most widely 
known for his steam-engine partnership with James Watt’ [32, p. 1]. In other words, the key to 
Boulton’s enduring reputation itself was ‘the Boulton & Watt steam engines exported all over 
the world’ [32, again: dustjacket blurb].  So even this proviso gives ample evidence (especially 
in Jim Andrew’s‘The Soho Steam Engine Business’ Chapter 8 of [32]) to show that Watt was a 
key contributor to steam engine development and hence to the significance of the industrial 
revolution in world history – ‘…whose improvements … were fundamental to the changes 
brought by the Industrial Revolution in both his native Great Britain and the rest of the world’ 
[31, p. 1].

Secondly, we have not yet considered the place of Watt’s indicator diagram within engineering 
thermodynamic history. This will be addressed in the following section.

Bearing in mind the provisos, we will consider four broad aspects of his reputation: 

•	 with Carnot himself,

•	 at the start of Kelvin’s career,

•	 at the present day in thermodynamic thinking,

•	 and at the present day in public perception

3.4.2 With Carnot 

…he was heavily indebted to Watt…

D.S.L. Cardwell [4, p. 199]

Watt, to whom we owe almost all the great achievements in steam engines….

Sadi Carnot [5, p. 50(footnote)]

 In an essential way Watt anticipated Carnot, in that he promulgated the idea of the perfect 
engine. He was highly complimented by Carnot throughout the Reflections [5]. In fact, Carnot, 
who mentioned virtually all the personages of Fig. 4, referred to him alone as famous [5, p. 5]. 
Further, Carnot, while being fully aware of the work of Woolf and Trevithick, said regarding 
Watt’s engines: ‘Wheal Abraham … somewhat exceptional, for it was only temporary … is gen-
erally regarded as an excellent result for steam-engines. It is sometimes attained by engines of 
the Watt type, but very rarely surpassed [5, p. 58 (footnote)].

In fact the generally fulsome way Carnot refers to Watt, does two things. It justifies Watt’s 
 enduring reputation on the one hand, and on the other throws into light Carnot’s own 
 superlative genius. Regarding Carnot, Cardwell quotes Sir Joseph Larmor: ‘…perhaps the 
most original in physical science’ [4, p. 191]. We will return to a comparison of Watt with 
 Carnot later. 
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3.4.3 Glasgow University and the Thomson brothers

…gave pride of place to the steam-engine model, which had inspired James Watt’s discoveries…

Crosbie Smith and M. Norton Wise [7, p. 53]

In 1763 Glasgow University commissioned Watt to make its model Newcomen engine work 
properly [15, p. 312]. This he did [15, pp. 312–318] and it was the defects that he encountered that 
led him to the idea of a ‘perfect engine’ (p 318). (A rather amusing digression – of some comfort 
to present-day researchers--is to do with how good Watt’s memory was. This story  features on 
Richard Hills himself. He had staff member experience of the 1/3rd scale model of the Dudley 
Castle Newcomen engine [15, p. 316], of which the current full-scale replica is  described in 
[21]. The model was built by the Mechanical Engineering Department at UMIST, now part of 
the  integrated University of Manchester. Because of his knowledge of making the 1/3rd scale 
model work, Hills came to the conclusion that in later life Watt must have  forgotten what he 
exactly did to make the Glasgow engine perform properly!). For the intervening  centuries since 
Watt  Glasgow University have been justly proud of their model. Hills mentions that it is in the 
 Hunterian Museum at Glasgow and he devotes a number of Plate photographs to it [15, Plates 
11–14). 

Returning to history, in 1840 Glasgow hosted the 10th Annual Meeting of BAAS (the British 
Association for the Advancement of Science). The meeting was originally proposed by the 
Glasgow Philosophical Society of which James and William Thomson (then 18 and 16 years old) 
were senior and junior members, respectively. James Thomson became secretary of the Model 
and Manufactures Committee and organised an exhibition for this international Meeting, at 
which the Newcomen/Watt model engine, together with the engine for Bell’s Comet steamboat, 
took pride of place. The future Lord Kelvin gave secretarial assistance.

The whole story is told by Crosbie Smith and Norton Wise in their (like Hills’s) encyclopaedic 
biography of Kelvin, Energy and Empire [7, pp. 51–55]: they point out that even when so young 
‘…the Thomson brothers were already moving to the centre stage of British science.’

3.4.5 Watt and Black in current thermodynamic thinking

…having thus resolved the dilemma in a moment of insight, Watt was immediately able…

D.S.L. Cardwell [4, p. 48]

James Watt, the most famous of Joseph Black’s pupils…

this invention brought unimagined power and speed to everything…

Dilip Kondepudi and Ilya Prigogine [34, p. 67,68]

Here there is some controversy. Cardwell does not so much raise an important question, as 
lucidly expose a problem. Certain aspects of Black’s record he criticises, notably his failure to 
 publish [4, p. 40]. While Black is ‘able’ he ‘did not play the game according to the rules: his 
friends played it for him.’ So ‘The exact relationship between the reticent, able but  academically  
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indolent professor and the inventor and applied scientist of genius has been a subject of discus-
sion ever since … The legend is that Black told Watt about his discovery of latent heat, whereup-
on Watt perceived the importance of economising the consumption of steam in the Newcomen 
engine, and to this end invented the separate condenser’ (all quotes from [4, pp. 40,41].  Hailing 
like Hills from Manchester, Cardwell refers to him as ‘my friend  Richard Hills’ [4, p. xv].  Despite 
this friendship their views do not quite converge. For the record, Cardwell’s [4, pp. 40–42] and 
onwards should be compared with Hills’s [15, pp. 303–310]. Hills, taking into account his usual 
measured style, tends to give rather more credit to Black.

What of the authors of thermodynamics texts? We take two examples. Myron Tribus, in the 
Introduction to his Thermostatics and Thermodynamics (a text which uses information-theory-
oriented entropy as the entrée into the Laws of Thermodynamics),gives Black credit for the 
initial distinction between ‘temperature’ and ‘heat,’ his definition of ‘heat capacity’ and for his 
‘method of mixtures’ (‘first clearly understood by Black’). For Watt, Tribus says: ‘One of Black’s 
pupils was James Watt who applied Black’s ideas to the improvement of the steam engine’ (all 
quotes from [33, p. xiii]). This is just the ‘legend’ Cardwell describes! The second example  is the 
text by Dilip Kondepudi which is co-authored by the Nobel Laureate Ilya Prigogine – ‘Modern 
Thermodynamics. From Heat Engines to Dissipative Structures’  [34].  Again Black gets full credit 
for his ideas on temperature and heat, together with his discovery of specific heat [34, pp. 8, 9] 
and that credit is accompanied by a portrait reproduction on p 8. There Watt is mentioned 
as giving ‘enthusiastic help.’ Significantly unlike Tribus, however, in introducing the Second 
Law, Kondepudi and Prigogine elevate Watt (together with portrait) to the initial historical spot 
 followed by Carnot [34, pp. 67, 68]. 

3.4.6 Watt and the Age of Enlightenment

… ‘when Watt had so far perfected the Steam Engine…

he invented the units…on a safe commercial principle’

Crosbie Smith and M. Norton Wise [7, p. 53] (quoting Kelvin)

Adam Smith knew and helped Watt

Richard Hills [15, p. 44]

Boulton was…Britain’s leading Enlightenment entrepreneur

Matthew Boulton. Selling what all the world desires [32] (Dustjacket blurb)

Further to the discussion immediately above, Kondepudi and Prigogine (K & P) start their very 
first chapter with a telling comparison of Adam Smith with Watt [33, p. 3]. Adam Smith was ‘a 
pioneer of political economy and one of the key figures of the Scottish enlightenment’ [35, p. 
1] and being at Glasgow was well known to Watt. Hills points out that ‘Adam Smith…knew 
and helped Watt and could have influenced the way Watt organised his workshop’ [15, p. 44]. 
Despite the involvement that Adam Smith had in Watt’s activities, it was clear that Smith failed 
to recognise the potential of steam power. K & P quote Smith in his iconic Wealth of Nations 
(published in 1776, seven years after Watt’s patent [35, p. 1]) as saying that coal was only for 
‘providing heat for the workers.’ So in an application which could barely be more important 
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industrially K & P have noted an instance of myopia: ‘Adam Smith did not see in coal this 
 hidden wealth of nations (quotes from [33, p. 3]). We should take this matter further, since this 
was a key issue for Kelvin himself. As we might expect, in contrast to Adam Smith, Kelvin 
fully appreciated the significance of coal-fuelled steam power, and that moreover in relation to 
Watt.  In Energy and Empire the story is told of the projected Principia Mathematica of Tait and 
Kelvin [7, Chapter 11, T & T’ or Treatise on Natural Philosophy, starting around 1861, p. 348 ff]. 
Reducing the quoted material to the minimum: ‘wherever the steam-engine entered Thomson’s 
(Kelvin’s) thinking, there also the concept of work as labour value entered … when Watt had 
so far perfected the Steam Engine … he invented the units of horsepower as a comparative 
measure of its effectiveness ‘on a safe commercial principle.’ Thomson’s national and economic 
concerns with the measure of work thus went hand in hand as concerns with the wealth of the 
nation. They were in fact concerns with political economy’ [7, p. 358]. In other words, without 
mentioning Adam Smith, Kelvin in 1862 was essentially making the same point as K & P some 
140 years later.

In fact, Kelvin was not being partisan on behalf of Watt. While Adam Smith does not figure 
largely in Energy and Empire, Smith and Wise  point out that probably both Thomson brothers 
were influenced by the 1841 Cambridge publication of William Whewell [7, pp. 285–287] The 
mechanics of engineering. In it Whewell used the expression ‘Labouring Force is the labour that 
we pay for,’ a whole section being quoted in [32, p. 286]. Following this Smith and Wise make 
the comment that ‘These remarks could largely have been quoted from Adam Smith or virtually 
any other political economist. But Whewell went further…’ [7, p. 287]. This is in the context of a 
more diffuse discussion on what was the best terminology to use for engine output – ‘labouring 
force,’ ‘work’ (Whewell introduced the term (p 286)) or ‘mechanical effect’ as preferred by the 
Thomsons  (p 290). This latter harked back to Watt’s use of the term ‘effect’ (pp 290,291). The 
above words ‘went further’ showed that the nascent University discipline of engineering sought 
to contribute to the understanding of political economy. The probable implication is that Kelvin 
and his brother devoted attention to this issue from about 1842 (p 286) at least to the above 1862. 

Smith and Wise tell the story of the formation in 1811 in Cambridge of the Analytical Society 
leading to the ‘revitalization of British mathematics’ and forming part of ‘the much larger move-
ment to reform British science.’ Dr. Thomson (Kelvin’s father) ‘led his own component of this 
reform movement.’ Now ‘The call of the Analytical Society was the call of … the  Enlightenment’ 
(all quotes from [32, pp. 151/152]). This hugely significant movement was in Britain as a whole, 
and indeed ‘across Europe and the New World.’ A fine potted history entitled The  Eighteenth-
Century Intellectual Climate is given by Chris Rice/Shena Mason/Laura Cox in the context of 
Boulton’s activities. Their first descriptor of the ‘Age of Enlightenment’ is a ‘surge of interest in 
science and empirical reason’ (all subsequent quotes from [32, p. 128]). Adam Smith, James Watt 
and Matthew Boulton all qualify, therefore, with Kelvin and James Thomson not far behind.

3.4.7 Watt and the current UK scene 

… ‘ the invaluable contribution that Boulton and Watt made to the advancement of engineering’…

Sir Mervyn King, Governor of the Bank of England, News Release, 2011 [37]

We will see in this volume’s concluding chapter (Conclusion: honoured by banknotes) that  being 
featured on paper currency  represents one of the most important ways a country expresses 
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honour to its past notable citizens. A fairly full story is told there, but for the sake of the cur-
rent line of thought some details are given here. For the UK Adam Smith is the only person so 
honoured on both Scottish (Clydesdale Bank £50 notes from 1981 to 2008 [36, pp. 833–836]) and 
English notes (Bank of England £20 notes from 2006 onwards [36, p. 408]). In other words for 
several years this was being done simultaneously. In contrast to Adam Smith, however, the very 
recent Bank of England £50 note features Boulton and Watt themselves. Has the record been 
straightened? Has Watt caught up with Adam Smith in official esteem? Given that the Bank of 
England series has only four denominations – £5, £10, £20 and £50 notes – it means that half of 
the current notes feature the very three characters mentioned immediately above: Adam Smith, 
James Watt and Matthew Boulton. This shows that the issues addressed here resonate with 
current UK political priorities. With reference to the new £50 note the Bank of England News 
release of 2 November 2011 [37] quotes the governor Sir Mervyn King, as saying additionally 
to the heading quote:

‘The partnership of an innovator and an entrepreneur created exactly the kind of commercial 
success that we will need in this country as we rebalance our economy over the years ahead.’

As this chapter is being written, the UK is indeed undergoing a refocus of economic activity 
towards engineering. James Watt, together with Matthew Boulton, would have been extremely 
proud to think that their achievements would be so highly regarded a quarter of a millennium 
later!

An intriguing but key final point is that whereas we have introduced Boulton via Watt, hence 
giving precedence to Watt, in fact the duo is always called Boulton and Watt. The reasons for this 
are also given in the Conclusion.

4 The p–v diagram: James Watt and the Indicator Diagram

4.1 Watt: inventor of genius and perfectionist

Watt’s activities and achievements wholly predated the formal statements of the Laws of 
 vThermodynamics. However, he anticipated them in two ways. Firstly, he was wedded to the 
concept of the ‘perfect engine.’ Hills frequently refers to this, but especially in [15, pp. 318, 319]. 
As a consequence of his initial series of tests on the Glasgow model Newcomen engine Watt 
concluded that it was ‘far from perfect.’ However, whereas (for instance) Smeaton successfully 
made improvements on an incremental basis (Fig. 4), from the start Watt made the intellectual 
leap to ‘the ‘perfect engine’ [15, p. 318]. Cardwell elaborates on this. Watt ‘the inventor of ge-
nius’ [4, pp. 40, 41] conceived of an ‘ideal’ engine and then construed from it the closest approxi-
mation to it that he could, that is his ‘perfect’ 1765 design. Cardwell illustrates this combination 
of conceptiveness and superior engineering design as Fig. 4 (The physically impossible ‘ideal’ 
engine) and 5 (The Watt Engine) on [4, pp. 48, 49].

In this striving after a perfect engine Watt anticipated Carnot by over 50 years. In fact it could 
well be argued that any appreciation of Sadi Carnot’s greatness should also include an appre-
ciation of James Watt as an authentic forerunner, a sort of ‘brother under the skin.’

Hills seeks to answer the question ‘from where did Watt derive this idea of perfectability?’ by 
referring to ‘the common concept during the eighteenth century in many different spheres such 
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as some aspects of religion or architecture with Greek temples’ [15, p. 318]. We will address the 
matter of there being a distinctive philosophy of thermodynamics later in this chapter.

The second anticipation was due to the empirical nature of the Laws of Thermodynamics.  Rogers 
and Mayhew express it this way: ‘The structure of thermodynamics rests upon two important 
principles called the First and Second Laws of Thermodynamics. These cannot be proved and are 
treated as axioms; their validity rests upon the fact that neither they, nor any deductions made 
from them, have ever been disproved by experience’ [3, pp. 5, 6]. Hence any reliable experi-
mental data will always be consistent with the Laws and therefore sharp intuition (in this case on 
the part of Watt) could give insight into them. The crucial objective for Watt was overall engine 
performance, and he made measurements which expressed this for standard Newcomen en-
gines and for his own designs [16, pp. 168–170]. Energy input was expressed as ‘coal consumed 
per hour’ and work output in terms of ‘pounds of water raised over a foot.’ This gave output /
input figures of ‘lbs of water raised over a foot per bushel of coal,’ that is in the precise terms 
which would be of interest to a mine-owner. In these terms a Newcomen engine, a Watt engine 
without expansion and one with expansion produced respectively 10.5 million, 19.8 million and 
26.6 million  [16, p. 169]. So Watt engines were at least twice as efficient as the Newcomen ones. 
Now the expansion engine was one where the steam supply to the cylinder was cut off part 
way through the stroke and then allowed to expand over the remainder [16, pp. 129,130]. More-
over, if the steam admission could be varied using an additional valve the power output of the 
engine could be varied, a clear operational advantage recognised by Boulton. Different mines 
meant that depths of water extraction varied and an engine design which accommodated this 
factor was distinctly advantageous [16, p. 131]. For the case quoted the expansion engine gave a 
 further improvement in performance of some 70% of the original Newcomen value.

Such achievements on the part of Watt stemmed, then, from his intuitive thermodynamic 
 understanding and hence inventiveness-‘inventor and applied scientist of genius’ [4, pp. 40, 41]. 
Moreover Watt was a superlative experimentalist and ‘a perfectionist’ [4, p. 48]. The notebook 
facsimile given in [16, p. 132] illustrates this. It could be a model for the working notebook of a 
present-day PhD experimentalist (that is, some 230 years later!). More importantly, it recorded 
the pressure-volume progression over the stroke and Hills points out that a preceding pres-
sure fall-off diagram ‘is the earliest representation to have been found of what later became 
the steam engine indicator diagram’ (in 1776 [16, p. 131], our’s in italics). The experimental in-
formation represented the rate of energy transfer in the engine cylinder,  that is intermediate 
between the gross ‘energy input’ (coal consumption) and ‘power output’ (water extracted). To 
have  knowledge of this would give Watt an ability to optimise operating conditions and deduce 
improvements in design. 

The above gives the historical background to the invention of the indicator and the p–v  diagram. 

4.2 Watt’s indicator diagram

Hills describes the development of this in some detail in [17, pp. 83–87]. Watt’s abovemen-
tioned primitive antecedent of the indicator diagram depended on using a mercury  barometer 
to record the highest and lowest pressures over a stroke [17, p. 83]. ‘Soon after 1790’ a small 
steam  cylinder was developed with a spring-balanced piston/pointer arrangement (i.e. no 
 mercury) which Watt called an indicator. The fully-fledged device, ‘fitted with a pencil’ and 
board –mounted paper which moved in time with the piston, was essentially the same as used 
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in undergraduate engine tests (at City University, London  for example) at least until the 1960s. 
The invention is attributed to John Southern; he was originally employed as a draughtsman, 
(on the condition he gave up music as a ‘source of idleness’!) and became ‘a very valuable as-
sistant’ and then manager and partner [16, pp. 157,158]. Hills makes the telling comment ‘It is 
not known who recognised that this diagram could be used to calculate the power output of 
the engine’ [17, p. 84]. This would have been a crucial step – as it required measuring the net 
positive cyclic area of the p–v plot. In the 1960s experiments referred to above this was achieved 
using a planimeter.

An example of an indicator diagram of that time is given as Fig. 7

4.3 Keeping it quiet 

Boulton and Watt traced four other pirate engines by this concern … the numbers of pirates

R.L. Hills [17, p. 175, 218]

Carnot did not make use of the indicator diagram. In all probability he had never heard of it

D.S.L. Cardwell [4, p. 199]

Watt and Boulton had perpetual trouble with ‘pirates’ stealing their designs. This was  because, 
according to Hills, ‘rival types of engines were less successful’ [17, p. 218]. However, the 
 invention of the indicator enabled Watt and Boulton to determine ‘how much power their 
 engines produced’ [17, p. 72]. It was therefore of very considerable commercial advantage and 
Watt and Boulton successfully kept things secret, at least probably until 1826 [4, p. 220], which 

Figure 7: An example of Watt’s Indicator Diagram (after Hills [17, p. 86]).
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is after Carnot’s Reflections was published. However, and the exact reason is not known [4, p. 
220], Clapeyron used the p, v diagram freely to explain the Carnot cycle in his important 1834 
publication. This will be described below.

5 The Carnot cycle: Carnot’s great achievement 

5.1 Introduction

In Section 12 of this chapter, we will assess in some detail – from our twenty-first century 
 perspective – the relative contributions made by Carnot, Kelvin and Clausius to the Second Law 
of Thermodynamics. Here we make an assessment of  Carnot’s greatness in terms of:

•	 the debt he owed, and how his achievement can be assessed by comparison with, Watt 

•	 how he was ignored by the scientific establishment

•	 how Clapeyron and Clausius took up his theory and

•	 how Kelvin and his brother viewed his work 

5.2 Comparison with Watt: Watt’s ideal and perfect engines  

The engine he (Watt) envisaged was, in a sense, an ideal engine

D.S.L. Cardwell [4, p. 54]

Watt claimed that he had invented the perfect engine

R.L. Hills [16, p. 31]

Just as Kelvin and his contemporaries followed Carnot, so others, notably Watt, preceded him. 
Now to this point we have given an appreciation of Watt in his historical context of steam- 
engine development and the Industrial Revolution. The succeeding sections give credit enough 
to  Carnot for us to appreciate the sheer force of his achievement (but, of course, ignoring the ca-
loric misconception, common at the time).  We have made the point that Watt predated  Carnot 
with the idea of an ‘ideal’ (or conceptual) engine, on which was based his ‘perfect’ (and achieved) 
engine. Here, by comparing Watt’s perfect engine with the Carnot cycle, we can appreciate 
Carnot’s achievement more fully. We use as a source for the former Cardwell’s  description [4, 
pp. 47–49], together with diagrams.

Figures 8–10 compare Watt’s ideal and perfect engines with the Carnot engine and its cycle, 
where Figs 8 and 9 address the engine arrangements, and Fig. 10 the processes involved.

It is important to realise that the motives of Watt and Carnot were quite different. In one respect 
Watt achieved more than Carnot in that he successfully built an engine. 

5.3 Comparison with Watt: Watt’s conceptual steps

Watt’s intuitive insight into thermodynamics

D.S.L. Cardwell [4, p. 54]
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Figure 8:  Comparison of Watt’s perfect engine with the Carnot Cycle: 1. The engine 
 arrangements: (a) Watt’s perfect engine: (i) the impossible ideal engine and (ii) 
the 1765 Watt engine (after Cardwell [4, pp. 48/49] and (b) Carnot cycle (adapt-
ed from Spalding & Cole [38, p. 231]).

Figure 9:  Comparison of Watt’s perfect engine with the Carnot cycle. (1) The engine 
 arrangements (details).

Watt carried out two conceptual steps. Combined, they form an example of superb engineering 
achievement and justify his enduring reputation.
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1. Watt’s ideal engine. He extrapolated from the Newcomen engine a physically impossible 
‘ideal’ engine given as Fig. 8(a, i) (Cardwell [4, p. 48]. The notional operation of this was 
based on the premise ‘that for maximum economy the cylinder must be kept hot all the time, 
but for maximum power it must be cooled down once every cycle. These desiderata are 
quite incompatible, for a cylinder cannot be both hot and cold at one and the same time’ [4, 
pp. 46/48]. This was Watt’s first conceptual step: he identified the two key design require-
ments, incompatible though they were.

2. Watt’s perfect engine. He then approximated to this as best as he possibly could, resulting 
in  his ‘perfect engine’ design, Fig. 8(a, ii), termed  ‘The Watt Engine’ of Cardwell [4, p. 49]. 
The essence of this second step, was his inspiration of having have two cylinders, which 
facilitated and drove the design process.

5.4 Comparison with Watt: Carnot makes heat-engine history

…sixty years were to elapse before … Sadi Carnot … one great synthesis

Everything that has happened since 1824 has confirmed Carnot’s judgment

D.S.L. Cardwell [4, pp. 55/208]

Carnot’s concept, on the other hand, was truly ex novo; he did not extrapolate from practice, 
nor had he an immediate intention to construct an ‘approximating Carnot engine.’ It was true 
that Carnot ‘abstracted from the highly complicated mechanical contrivance that was the steam 
engine (even as early as 1824)’ [4, p. 201] but that abstraction was of ‘the essentials, and the es-
sentials alone, of his argument. Nothing unnecessary is included and nothing essential is missed 
out.’  Carnot’s hugely important creative engineering leap can to some extent be appreciated from  
Fig. 9 which extends the comparison of Fig. 8. Various aspects of Watt’s two engines, Fig. 8(a, i 
and ii), are detailed and compared with the same aspects of Carnot’s ‘abstraction’ Fig. 8(b).

It was not just the engines themselves, but the processes which they could carry out. In Fig. 10, 
we compare these. Firstly, Fig. 10(a) gives the twentieth century conceptual indicator diagrams 
for the Carnot cycle for (a) gas and (b) steam, and then in Fig. 10(b) details of Watt’s achieved  
processes are compared with these Carnot processes 

The two noted aspects (* and +) of Fig. 10 reflect Carnot’s greatness. Further to *, ‘It was  Carnot 
and Carnot alone, who saw that only if the working substance is brought back at the end of 
each cycle, exactly to its original condition, can we be sure that all the heat … has been used 
to perform work’ [4, p. 200], or as put by Mendoza ‘Above all, he invented the closed cycle of 
operations’ [5, p. x]. Then for + ‘Again, it was only Carnot who saw the importance of reversible 
changes’ [4, p. 200], ‘…he saw … the need to avoid irreversible changes’ [5, p. x].

Cardwell’s crowning compliment to Carnot is: ‘Finally, Carnot was unique in that he perceived 
that a cold body-or at any rate a temperature difference was as necessary for the performance 
of work by heat as was a hot body, or a source of heat’ … the essence of the second law of 
 thermodynamics’ [4, p. 201]. Now Fig. 9 shows that Watt essentially achieved this in 1765 with 
his separate condenser, and to some extent (our italics) in his striving after a perfect engine Watt 
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Figure 10:  (a) The Carnot cycle for (a) gas and (b) steam: twentieth century conceptual in-
dicator diagrams. (b) Comparison of Watt’s perfect engine with Carnot’s cycle 
engine. (2) Processes.

*  Cardwell notes the ‘implicit recognition’ of this [4, p. 198] by steam engine designers,  including 
Trevithick.

+  Without using the term ‘reversibility’ [3, p. 9] at that point, Cardwell discusses the  requirement 
very nicely: ‘there must be no contact between bodies at different temperatures during the 
 operation of a heat engine’ [4, p. 193].
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 anticipated Carnot by over 50 years. Could it be that in complimenting Watt so much Carnot 
was recognising him as a sort of authentic forerunner, a ‘brother under the skin’? 

5.5 Ignored by the scientific establishment 

For would-be scientific discoverers the following fact can be taken either as a steely encourage-
ment or as a sheer discouragement: Carnot could barely have had a worse scientific response. 
It may have achieved ‘one long and excellent review’ [5, p. xi], ‘a long and favourable review’ 
in the Revue Encyclopaedique and a mention in Bulletin des Sciences Technologiques [4, p. 211], 
but for the rest – unalloyed bleakness. Mendoza’s description has a dreadful beauty: ‘Carnot’s 
 Reflexions had been received by the official world of science in utter silence. No contemporary 
reference to his work can be traced in any published paper; his personal friends seem to have 
been the only people who had read his book’ [5, p. xii]. Cardwell records Kelvin’s efforts as 
scientific archaeology! ‘When, many years later, the young and enthusiastic student William 
Thomson (Kelvin) tried to buy a copy of the book he found that the Paris booksellers had never 
heard of it, or its author’ [4, pp. 211/212].

It was Clapeyron who rescued Carnot, and that posthumously. ‘The only person who kept the 
memory of Carnot’s results alive was Emile Clapeyron’ [5, p. xii]: ‘he rescued Carnot’s ideas 
from the oblivion into which they had fallen and restated them with such conviction and clarity 
that they aroused…interest…’ and gave him in turn a ‘posthumous reputation’ [4, p 220]. 

5.6 Clapeyron and Clausius on Carnot

Elegantly combined by Mendoza [5], with the translation of the Reflexions [8], are translations of 
the key associated papers by Clapeyron in 1834 [5, p. 71; 40]) and Clausius in 1850 [5, p. 107; 41]. 
In Clapeyron’s words ‘The idea…seems to me to be both fertile and beyond question…it seems 
to me to be free of all objections…S. Carnot, avoiding the use of mathematical analysis, arrives 
by a chain of difficult and elusive arguments at results which can be deduced easily from a more 
general law which I shall attempt to prove’ [5, p. 74]. In relation to Clapeyron’s stated attempt, 
Mendoza makes the comment that ‘Practically all his equations are correct, whereas many of 
Carnot’s are incorrect, however they are construed’ [5, p. xiii].

Turning from Clapeyron to Clausius: ‘The most important of the researches here referred to was that 
of S. Carnot, and the ideas of this author were afterwards given analytical form in a very skilful way 
by Clapeyron’ [5, p. 107]. Also, towards the end of the paper, Clausius demonstrates that the ‘work 
equivalent of the unit of heat’ (i.e. the ‘replacement’ of caloric initiated by Joule) was indeed constant.

Quantitatively the expenditure of a unit of heat (that quantity of heat which will raise the 
 temperature of 1 kg of water from 0˚ to 1˚) will lift ‘something over 400 kilograms to the height 
of 1m’ [5, p. 150,151]. Clausius compares his theoretical value of 421 with no less than three 
experimental values obtained by Joule, of 460 (magneto-electricity), 438 (expansion of atmo-
spheric air) and 425 (a large number of friction experiments’) [5, p. 151]. The telling point is 
Clausius’s conclusion, which we quote in full: ‘The agreement of these three numbers, in spite 
of the difficulty of the experiments, leaves really no further doubt of the correctness of the fun-
damental principle of the equivalence of heat and work, and their agreement with the number 
421 confirms in a similar way the correctness of Carnot’s principle, in the form which it takes 
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when combined with the first principle.’ Leaving aside the reflection this gives of the genius of 
Clausius, this superb example of concentrated thermodynamic logic both buries the caloric issue 
for Carnot, and via Clapeyron’s mathematics, justifies Carnot’s essential thesis.

5.7 James and William Thomson on Carnot 

Mendoza makes the point that, ‘After 1850, a number of papers were published which  rewrote 
Carnot’s results in the new terminology.’ Kelvin is included in this, but Mendoza selects 
 Clausius’s paper over that of Kelvin because ‘its terseness is more attractive than Kelvin’s 
rather pompous style’ (quotes from [5, p. xix]. What of Kelvin then? We take up the story a 
decade after Clapeyron’s Carnot-related paper. ‘The discussions in James’s letter of 1844 are 
the earliest record of implicit references to Carnot and Clapeyron by the Thomsons. They show 
a considerable understanding of the basic principles involved in Carnot’s theory’ [7, p. 289]. 
This  dialogue continued and, James in 1846, like Clausius in 1850, expressed admiration for 
Clapeyron’s analysis : ‘a very beautiful piece of reasoning, and of course perfectly satisfactory.’ 
This was followed by Kelvin’s key compliment to Carnot in 1849: ‘nothing in the whole range 
of Natural Philosophy is more remarkable than the establishment of general laws by such a 
process of reasoning’ (all from [7, p. 294]. In other words, Kelvin’s praise for Carnot was unqualified.

6 The Carnot cycle: diagrams of Clapeyron and Clausius

6.1 Clapeyron and Clausius

Clapeyron deduced new results and made their derivation clear through the use of the indicator diagram

E. Mendoza [5, p. xii]

He represented the Carnot cycle in terms of a Watt indicator diagram

D.S.L. Cardwell [4, p. 220]

…given analytical form in a very skilful way by Clapeyron…

R. Clausius [41, p. 109]

After 1850, a number of papers were published which rewrote Carnot’s results in the new  terminology. 
Of these, Clausius’ has been selected for this volume.

E. Mendoza [5, p. xix]

Leaving aside the details of Clapeyron’s analysis, for the very first time in 1834 the Carnot cycle 
appears as a two-dimensional graphical plot: the p–v indicator diagram (in consistency with the 
Two Property Rule ([38, pp. 118–119] – two properties normally sufficient to define the thermo-
dynamic state of a system). Now Clapeyron and Clausius were thorough: both of them addressed 
both classes of working fluid – permanent gases and steam – and gave the diagrams corresponding 
to them.

6.2 p–v diagrams for gases 

Figure 11 gives the complete sequence for Clapeyron’s and Clausius’ p–v diagrams. Essentially, 
Clausius’ versions are repeats.
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In interpreting Fig. 11, the idea behind (c) of the ‘infinitesimal quadrilateral’ [40, p. 83]  becoming 
a ‘small parallelogram’ [4, p. 222] is that it enabled Clapeyron to compute the integrated p–v 
diagram, that is the cyclic work done. Clausius, starting from Clapeyron’s analysis [41, p. 109], 
using data from Kelvin (p 137) and Joule (p 151), ditching ‘caloric’ and systematising the 
 mathematics, gave essentially the same p–v diagrams. 

6.3 p–v diagrams for steam 

Figure 12 gives an overview, similar to Fig. 11, of how Clapeyron and Clausius interpreted 
the Carnot cycle for the fluid used overwhelmingly in the then current heat engines. What is 
 missing is the vapour-liquid phase boundary.

Figure 11:  p–v diagrams of Clapeyron and Clausius of the Carnot cycle for a gas:  
(a)  description of processes: after Cardwell [4, p. 220] and with reference to 
Fig. 8; (b) basic diagram for a gas: after Cardwell [4, Fig. 19, p. 220]; (c) ‘small 
parallelogram’ model: after Cardwell [4, Fig. 20, p. 222]; (d) Clausius’  version 
of (b) –abcd replaces CEFK–  after  Clausius’ [41, p. 118]; and (e) Clausius’ 
 version of (c) – abcd replaces CEFK – after  Clausius’ [41, p. 119].

Notes: Cardwell’s versions of (a), (b) and (c) are more reader-friendly, partly because of 
 Clapeyron’s use of the term ‘caloric.’ Clapeyron’s original versions may be found in [40] as  
( a) pp. 75–77, (b) Fig. 1, p. 75 and (c) Fig. 3, p. 83.
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6.4 Reversed cycle heat engines

It was part of Carnot’s conceptual framework that the whole heat-engine cycle could be 
exactly reversed. By putting work into such a device it would then be possible to transfer 
heat from a lower to a higher temperature. The practical significance is very substantial – 
not only could heat-engine engineers deliver to humankind useful work from the chemical 
energy of a fuel, they could also deliver refrigeration and pumping of heat (useful heat from a 
low temperature source). Clapeyron and Clausius also incorporated this concept, as shown 
by their quotes given as Fig. 13. The mathematically simple logic belies the engineering 
importance.

Figure 12:  p–v diagrams of Clapeyron and Clausius of the Carnot cycle for steam.  
(a)  description of processes with reference to Fig. 8; (b) basic diagram for 
steam: after  Clapeyron [40, Fig. 2, p. 79]; (c) ‘ small parallelogram’ model –  
cdef replaces CEGK – after Clapeyron [40, Fig. 4, p 89]; (d) Clausius’ version of 
(b) – abcd replaces CEGK – after Clausius’ [41, Fig. 3, p. 123]; and (e) Clausius’ 
version of (c) – abcd replaces cdef – after Clausius’ [41, Fig. 4, p. 124].
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6.5 Realistic simulated versions of the p–v diagrams

Clapeyron and Clausius anticipated the practice of generations of authors and students 
with respect to their p–v diagrams. Figures 11 and 12 are constructed in illustrative, rather 
than true scale mode, as are almost all of the property diagrams in this chapter. However, 
examples of more true-to-scale versions of the Carnot gas and steam cycles are given in 
Fig. 14.

6.6 Carnot, Clapeyron and Clausius

Mendoza’s three papers fit well together and effectively summarise one of the main mes-
sages of this chapter. Clapeyron and Clausius confidently promulgate, in company with 
Carnot, the universality of his cycle: it applies equally to all fluids and to direct and reversed heat 
engines. Cardwell makes several striking assessments of Carnot: the approach of the present 
chapter, in identifying the particular legacy of Watt, reflects the following quote.

The image of Carnot as a wholly isolated figure has been dissolved. Nevertheless in doing this 
we have not explained the thought processes whereby he came to make his extraordinary syn-
thesis. Indeed we cannot do so, for he was one of the most truly original thinkers in the whole 
history of science [4, p. 211].

7 The Carnot cycle for a gas

7.1 Introduction

There have been made, it is said, recently in England, successful attempts to develop  
motive power through the action of heat on atmospheric air. We are entirely ignorant in what these 

 attempts have consisted.

Sadi Carnot [5, footnote p. 56]

Figure 13:  Reversed Carnot cycles, after Clapeyron and Clausius: diagrams not given, 
only above quotes are used.
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The doyen of Scottish air-engine inventors, Robert Stirling … John Ericsson’s ambitious project

Crosbie Smith [15, p. 157/8]

As noted immediately above, part of the genius of Carnot was his insight that his ideal  cycle 
was independent of working fluid. In fact, he comments that if certain ‘difficulties’ can be 
 overcome the use of air ‘would doubtless offer a notable advantage over vapor of water’ [5, 
p. 5]. In Mendoza’s gallery of eight engines ‘discussed by Carnot’ [5, Plate 1 wording],  Robert 
Stirling’s (1790–1878) air-engine is the sixth. But in fact, Carnot had no direct knowledge of 

Figure 14:  Simulated (more true-to-scale) p–v diagrams of the Carnot cycles for gas and 
steam: (a) Carnot cycle for a gas after Rogers and Mayhew [3, Fig. 12.19, p. 270] 
and (b) Carnot cycle for steam: after Spalding and Cole [38, Fig. 11.9, p. 231].

Notes: in (a) the unknown relationship for adiabatic processes has been replaced and in (b) CP 
indicates critical point.
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this (‘we are entirely ignorant’ [5, footnote, p. 5]. Now historically, as Figs 1 and 5 show, heat- 
engine  development was originally based exclusively on steam, with the final principal strate-
gic  invention, that of Trevithick’s first locomotive, dating at 1804 [26, p. 1]. This gives the histori-
cal context for the invention of Stirling’s air-engine. In fact it is a tribute to the fertility of human 
inventiveness, and that of Robert Stirling in particular, that an alternative working engine using 
air should be produced, being patented in 1816 [42]. 

The Stirling engine invention and patent was based on and specified a heat exchanger of con-
siderable conceptual originality.  Stirling himself termed it a Heat Economiser, and Rankine a 
regenerator [45, p. 140]. Rather later, the Swedish-American John Ericsson (1803–1889) [43] in-
dependently invented a somewhat similar air engine,-‘the caloric or hot air engine.’ Given the 
prevailing confusion about caloric it was not altogether surprising that Kelvin’s brother James 
concluded that even by 1848 Stirling ‘does not understand his own engine’[44]. John Ericsson 
had the additional difficulty that his engines were unsuccessful. His Novelty locomotive, while 
fastest in the 1829 Rainhill Trials, had boiler problems, and the Trial was won by the Stephenson 
brothers [43, p. 2]. His 2000 ton Caloric Ship Ericsson [44, Fig. 5 and accompanying text] was sunk 
by a torpedo, raised and had its engine replaced with one using steam.

And yet, despite all these shortcomings, Stirling and Ericsson invented better than they knew. 
This section will show their theoretical cycles had Carnot efficiencies. This was achieved by 
incorporating a perfect heat exchanger between the pair of non-isothermal processes for  either 
 cycle. Stirling invented and patented his Heat Economiser in 1816, on which his engine was 
based, but today’s practice follows Rankine in terming the device a regenerator [3, p. 271].

Two other air engine concepts should also be noted. James Thomson – and it is part of his  contribution 
to the development of thermodynamics – had already conceptualised an air engine of his own by 
the time he met Stirling in 1848 [44]. He was convinced that his engine cycle was superior in certain 
respects to those of Stirling and Ericsson and in fact differed from the Carnot cycle. Despite his 
drawing up an actual design the ‘Thomson air-engine’ was never built. Another  air-engine design 
– illustrated in Fig. 8.2, p 161 of [15] … was patented by Rankine and Napier, but again construction 
was not achieved. This was due to the negative effects of the above-mentioned Ericsson disaster.

7.2 Enter Rankine

7.2.1 Rankine and the p–v diagram

….the diagram described by Watt’s Indicator is the type of all diagrams representing the expansive 
action of heat…as the principles of expansive action of heat are capable of being presented to the mind 
more clearly by the aid of diagrams of energy than by means of words and algebraical symbols alone, 

I purpose in the present paper to apply those diagrams…chiefly to the solution of new questions

W.J. Macquorn Rankine [45, pp. 115/6] 

7.2.2 Rankine: the thermodynamic basis

William Macquorn Rankine (1820–1872) was a very significant figure in early thermodynamics. 
At Glasgow he was the successor to Lewis Gordon, the very first UK Professor of Engineering 
(Fig. 4). Here we focus on his integrated analysis of the Carnot and Stirling/Ericsson cycles., 
given in his iconic Royal Society of London paper of 1854 [45]. He had the advantage of decades 
of appreciation of Carnot’s and Clapeyron’s works of, respectively, 1824 and 1834 and of the 
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recent publications of Kelvin and Clausius, all of which he acknowledged. Above all, however, 
is the foundation provided by Watt’s ‘well-known Steam-engine Indicator’ as explained in the 
quote above.

We now summarise his logic. From a generalized p–v diagram as in Fig. 15(a) the integrated area 
of the curve gives what Rankine termed the ‘motive power or ‘Potential Energy’ (in  modern 
terms ‘work output’) during a complete stroke’ [45, p. 115]. Although not making the point 
 himself, he has started to identify the clarity of thermodynamic understanding given by the p–v diagram. 
It is a measure of the essential performance of a working engine. As already noted, Watt’s secrecy 
about the diagram was because of its perceived vital commercial value.

Figure 15:  Rankine and the p–v diagram. I: Thermodynamic understanding: (a)  generic 
indicator diagram: after [45, Fig. 1, p. 115]; (b) construction diagram to obtain 
heat  transfer: after [45, Fig. 3, p. 119]; and (c) cyclic construction diagram giving 
thermal  efficiency for a perfect engine: after [45, Fig. 6, p. 125];
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Rankine then defines two kinds of curves on the p–v diagram as ‘isothermal’ and ‘No 
 transmission of heat’ (our term adiabatic) and makes the penetrating deduction that at absolute 
cold (our absolute zero, c.f. p 149) the two sets coincide.

With reference to Fig. 15(b), he then shows how the heat transfer may be found for any 
 non-adiabatic (hence including isothermal) process ACB by way of a Theorem. If from the end 
states A and B, adiabatic lines are drawn indefinitely in the direction of increasing volume to 
M and N, respectively, then the resultant area so generated represents the heat transferred. Not 
only so, but if the arbitrary line ACB lies partly above and partly below AM, the respective sub-
areas represent heat absorbed and given out. Significantly, this enables the p–v diagram also to 
be used to determine the thermal efficiency for a cycle.  Figure 15(c) shows a cycle for a ‘perfect 
engine’ consisting of two isothermal processes AB and DC and two adiabatic processes BC and 
DA (that is a Carnot cycle but not named as such). The ‘two quantities of actual heat’ Q1 and 
Q2 (our internal energy) stay the same for the isothermal processes AB and DC. The adiabatic 
curves BC and DA (maintaining direction) are the first part of the construction lines for the heat 
transfer deduction Theorem above. This means that the two areas MABN and MDCN represent 
the heat transfers at the upper (heat in) and lower (heat out) temperatures of the cycle, with 
ABCD the net heat absorbed.

Hence, the thermal efficiency (Q1 – Q2 )/Q1 = ABCD/MABN (his equation (10), p 125)

This led him on to the concept of entropy, but instead of accepting ( or even acknowledging) 
Clausius’s prior proposal of the expression, Rankine called it ‘Thermodynamic function’ (p 126).

7.2 Rankine: the Carnot cycle

Rankine then repeats the cycle of two isothermals + two adiabatics as in Fig. 16(a), defining it 
as a volume-limited cycle operating between v at A and C. He describes it as having the ‘great-
est efficiency of a Thermo-dynamic engine without a Regenerator’ (p 140). Joule is credited 
for a (pressure-limited) air cycle where p at A and C define the cycle, but as with entropy and 
 Clausius, so Carnot is not given credit here.

7.3 Rankine: the Stirling/Ericsson cycle

Rankine then makes the incisive assertion that, for the given isothermal lines Q1 and Q2 of our 
Fig. 16(a), a range of cycles can be constructed, where the adiabatic curves AD, BC of Fig. 16(a) 
are replaced with ‘a pair of curves of equal transmission of any form,’ where c and d represent 
the Carnot points C and D respectively. Therefore, Fig. 16(b) is the ideal indicator diagram for 
both Stirling and Ericsson cycles, where the AD and BC curves are for equal volume and equal 
pressure, respectively.

Rankine’s adaptation of the Carnot statement for a non-Carnot cycle reads: ‘The greatest 
 efficiency of a thermo-dynamic engine, working between given limits of actual heat, with a 
perfect regenerator, is equal to the greatest efficiency of a thermo-dynamic engine, working 
between the same  limits of actual heat, without a regenerator’ [45, p. 142].

Despite avoiding crediting Carnot, this is a superb thermodynamic statement, its significance 
being identified almost 20 years later by Gibbs.
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7.4 p–v diagrams for the Stirling and Ericsson cycles

In present day terms, the p–v diagrams for the two cycles are shown in Fig. 17. This includes an 
illustration of the perfect regenerator matrix, necessary for achievement of the Carnot efficiency.  

7.5 Engine history: the Stirling cycle

Stirling not only had an engine pumping water from a quarry by 1818 but his brother James 
built a large engine in the 1840s which drove his Dundee Foundry machinery [42, p. 2]. Also a 
working model was discovered by Kelvin at Glasgow University in 1847 and used in his lec-
tures in 1850 [7, pp. 294–297]. 

Today, Stirling engines are commercially available, from model size to 500 W output [46]. Also 
the reversed Stirling cycle is ‘widely used’ in air liquefaction [3, p. 271]. 

7.6 Engine history: the Ericsson cycle

The initial lack of success has already been noted, but subsequently Ericsson’s ‘caloric 
 engine’ successfully competed with steam engines for lower power demands and made 
 Ericsson ‘ comfortably wealthy.’ However it is viewed as so similar to the Stirling engine, 

Figure 16:  Rankine and the p–v diagram II: Cycles for Carnot and other perfect engines: 
(a) Carnot cycle:  after [45, Fig. 16, p. 140] and (b) Stirling Ericsson cycle after 
[45, Fig. 18, p. 143].
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that the fact of prior invention gives the ‘Stirling Engine’ title to the common concept (all 
quotes [43, p. 4]).

7.7 The p–v diagram: from Watt to Rankine

This concludes the fascinating story of the p–v diagram, spanning over 50 years. Originally kept 
as secret as possible by Watt for commercial advantage, it was eventually publicized by Rankine 
as a supreme thermodynamic descriptor. We now turn to its brother – the T–s diagram.

Figure 17:  p–v diagrams for gas cycles having the Carnot efficiency: (a) Stirling cycle (heat 
input at Ta and heat rejection at Tb); (b) Ericsson cycle (heat input at Ta and heat 
 rejection at Tb) and (c) Regenerator design for both cycles (all after Rogers and 
 Mayhew [3, Figs 12.21 and 12.22, pp. 271/272].

Note: in the regenerator, as the hot air cools from Ta to Tb, it heats the cold air from Tb to Ta. Since 
the closed cycle mass flow rate is the same, an infinitesimal  temperature difference may be pos-
tulated across the entire temperature range, assuming a perfect  regenerator matrix.
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8 From p–v to T–s: Kelvin’s absolute scale of temperature

8.1 A historical progression: the sequence in quotes

Watt called it an ‘Indicator’ because it showed the maximum and minimum pressures … it is not 
known who recognized that this diagram could be used to calculate the power output of the engine.

Richard Hills on Watt, Southern and the p–v diagram [17, pp. 83/84, date: 1796]

Thus he saw that in an engine – any engine – an amount of caloric fell from a  
high to a low  temperature.

E. Mendoza on Carnot [5, p. x, date: 1824]

The principal result of Carnot’s theory … had already become the basis of his famous  
absolute scale of temperature

Crosbie Smith and M.Norton Wise on Kelvin [7, p. 299, date: 1847]

Lord Kelvin introduced the absolute scale of temperature…  
which is independent of any material  properties

Dilip Kondepudi and Ilya Prigogine on Kelvin [34, p. 76, date: 1847]

Clausius introduced this new quantity S in 1865 saying,  
‘I propose to call the magnitude S the entropy of the body…’

Dilip Kondepudi and Ilya Prigogine on Clausius [34, p. 80, date: 1865]

Just as pressure–volume diagrams … had long formed part of the science of thermodynamics  
…so Gibbs introduced other diagrams such as temperature-entropy

Crosbie Smith on Gibbs [14, p. 261, date: 1873]

We have to consider the following quantities … the (absolute) temperature … the entropy

Gibbs’s use of absolute temperature and entropy [47, p. 1, date: 1873]

The unit of thermodynamic temperature is the fraction 1/273.16 of the thermodynamic temperature of 
the triple point of water. This unit is called the kelvin, denoted by the unit symbol K

Gordon Rogers & Yon Mayhew on the internationally adopted thermodynamic scale  
[3, p. 133, date: 1954]

8.2 A historical progression: Watt’s experiments 1758–1765

This short section is a historical summary of the entire chapter, in that it traces how the heat 
engine focus progresses from the original p–v diagram to the T–s diagram. The above quotes 
explicitly demonstrate this progress, which dates from Watt’s original series of experiments.

In 1758 Watt ‘had no idea of the true principles of the steam engine’ [15, p. 318] but his 
 experiments from 1763 onwards resulted in a ‘new engine’ constructed in 1765 [15, p. 340]. The 
story of these iconic experiments on the model Newcomen engine is fully told by Hills ([15, 
pp. 329–340, more historical]) and by Cardwell ([4, pp. 40–52, general but more interpretive, 
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as given in Fig. 8 (a)]. We are interested here in the parts pressure and temperature played. 
Over this period Watt perfected his method of measurements (the ‘balance for weights, the 
barometer for  atmospheric and steam pressures and the thermometer’ p 330) and identified the 
crucial importance of latent heat (with Black’s input p 334). The ‘uncommon genius’ (p 334) of 
Watt resulted  in him being able to quantify the latent heat of steam and the heat capacity of 
the cylinder, and thereby accurately calculate the steam consumption (all quotes in [15, p. 339]). 
Temperature measurements were crucial in that research, in the process of which he measured 
the boiling temperature of water at different pressures, as given in Fig. 18. We have already 
mentioned his notebook facsimile [16, p. 132]; a facsimile of Watt’s original graph is given in 
[15, p. 336].

Figure 18: Watt’s pressure-temperature measurements (after Cardwell [4, p. 47]).
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Watt’s engine followed the ‘atmospheric’ design, although instead of air at atmospheric 
 pressure driving the piston against the vacuum in the cylinder, steam was used (Fig. 8(a, ii)). He 
could not construct a high-pressure boiler, despite its much greater output potential [4, p. 42]. 
 Subsequently his successful patenting managed to fight off the development of high pressure 
steam engines, as discussed in Section 3.2 of this chapter.

This brings us to temperature, because hand in hand with a higher pressure would have been a 
higher temperature, as shown in Fig. 18. So Watt, by retaining the atmospheric design,  limited 
the fundamental thermal efficiency and had to concentrate on improving engine output as 
 represented by the p–v diagram.

Hence pressure, rather than temperature, became the key property. It took the whole  sequence 
of Carnot’s theorem highlighting temperature in 1824, of Kelvin’s definition of the absolute 
temperature scale from 1847, of Clausius defining entropy in 1865 and then Gibbs’s intro-
duction of the T–s diagram in 1873 to put forward temperature as a dominant property. In 
consistency with this rather slow progress, up to this stage Fig. 8 (a, ii) of the chapter the p–v 
diagram has been used exclusively, reflecting the fact that despite Carnot Clapeyron, Clausius 
and Rankine all used the p–v diagram. From now on the T–s diagram will predominate.

Two major conclusions can be drawn from this sequence. The lack of understanding of the 
laws of thermodynamics and of latent heat, only serves to emphasise more strongly Watt’s in-
tuition and experimental ability. It was these which facilitated his ultimate engineering goal of 
manufacturing and improving working heat engines. Not only so but his p–v diagram formed 
a permanent contribution to the understanding of thermodynamics, being used to this day. As 
previously noted Watt’s was a truly brilliant achievement.

Secondly, there is Kelvin’s concept of the absolute temperature scale. The story is told, for 
 example, in [7,  pp. 249/250 with 299/301 and 324/325 and will be returned to in Section 12]. 
Whereas the extent of Kelvin’s contribution to the Second Law is a matter of some debate, no 
such argument is needed to recognise his superlative thermodynamic insight in proposing the 
 absolute thermodynamic scale. The internationally agreed use in 1954 of the degree Kelvin is 
no more than he deserved.

9  The ‘representational’ approach of J Willard Gibbs and the T–s 
 diagram

‘…it is the general if not the universal practice to use diagrams in which the rectilinear co-ordinates 
represent volume and pressure. The object of this article is to call attention to certain diagrams of 

 different construction … and preferable to it in many cases…’

J. Willard Gibbs [47, p. 1]

9.1 Introduction: J. Willard Gibbs

J(osiah) Willard Gibbs (1839–1903) was from a New World family with a history dating back to 1658, 
when his ancestor Robert Gibbs emigrated from Warwickshire, England [48, p. xi]. J  Willard Gibbs 
epitomised the way in which a tradition of academic excellence can be systematically achieved both 
for an individual and for a University. His own CV was enviable: Yale:  undergraduate  (1854–1858), 
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New Jersey: postgraduate and tutor (1858–1866), one year each at Paris, Berlin and Heidelberg 
(1867–1879), New Jersey (1869–1871), returning to Yale as Professor of Mathematical Physics (1871 
onwards). Before him, his father was a Professor (of Sacred Literature) at Yale for almost 40 years 
and 6 generations of the Gibbs family graduated either from Harvard or Yale. Unlike Kelvin, he 
was not a teenage prodigy, being 34 by the time he displayed in 1873 ‘evidence of his extraordinary 
powers as an investigator in mathematical physics’ [48, p. 12]. At the time he wrote, almost all of 
Kelvin’s British contemporaries were still alive (Fig. 4) and in fact Kelvin outlived Gibbs.

9.2 The T–s diagram 

The main focus of our interest is in Gibbs’s introduction of the Temperature-Entropy diagram 
within a general analysis of ‘graphical methods in thermodynamics’ [47, Title, p. 1]. His basis 
was the five properties of Volume (V), pressure (p), absolute temperature (T), internal energy 
(U) and entropy (S) –  using our notation which is  consistent with Crosbie Smith’s [14, p. 260]. 
He obtained (his equation (4) [47, p. 1, 2] in differentials the interproperty relationship for the 
combined first and second laws as:

dU = TdS – pdV                   [14, p. 261]

Hence a state is ‘capable of two independent variations’ [47, p. 2] and may be represented as 
a point on a (two-dimensional ) graph. This is otherwise termed the Two Property Rule, men-
tioned in the Abstract of this chapter (Spalding and Cole, [38, pp. 118–119]). Further, a cycle may 
be represented as a closed loop [48, p..35],

with the cyclic work W p dV= ∫
1

2
 (5) [47, p. 3]

and cyclic heat Q T dS= ∫
1

2
 (6) [47, p. 3]

where W = Q [47, p. 3]

Based on the above, Gibbs promulgates the T–s diagram as being able to define the two perfect 
thermodynamic engines of Carnot and Rankine, the latter being the ‘perfect regenerator’ adap-
tation.  These diagrams are as shown in Fig. 19.

9.3 Understanding the thermodynamics 

At this stage we should not miss the thermodynamic wood for the trees. Despite the  mathematical 
nature of Gibbs’s approach in [46], and that of Rankine before him [45], both thermodynamicists 
adopted the heat engine rationale of expressing their thermodynamics in terms of diagrams. The 
following extended quote from Gibbs has an unexpected ending: ‘The method in which the 
 co-ordinates represent volume and pressure has a certain advantage … and its analogy with 
Watt’s indicator diagram has doubtless contributed to render it popular. On the other hand 
a method involving entropy … will doubtless seem to many far-fetched and may repel begin-
ners…this inconvenience is more than counterbalanced by the advantages of a method which 
makes the second law of thermodynamics so prominent … the ordinates shall represent the 
temperature … the use of the entropy-temperature diagram may serve a useful purpose in the 
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popularizing of this science’ [47, p. 11]. So Gibbs has the motive (unusual for a mathematician?) 
of marketing thermodynamics.

This lateralising approach by a pioneer mathematical thermodynamicist reflected to some 
 extent Kelvin’s masterly breadth of vision of himself:, the epitome of  the mathematician turned 
experimentalist.

9.4 Three-dimensional diagrams: James Thomson and Maxwell

In his representational studies, Gibbs also considered three-dimensional surfaces [47]. Gibbs 
strongly preferred the volume/energy/entropy diagram , where simple differentiation 
yields the p–v -T relations [48, p. xiv]. His proposal ‘of exceptional importance and beauty’ 
inspired Maxwell to spend a ‘considerable time, in the last years of his life in carefully con-
structing…a model of this surface (with) a cast’ being sent to Gibbs [48, p. xiv]. Here we see 
Maxwell’s alter ego of practicality, here catalysed by Gibbs’s desire to make thermodynamics 
 understandable.

Bumstead’s introduction also mentions James Thomson’s three-dimensionalising of the 2-D 
volume-pressure diagram by including temperature as a third co-ordinate [48, p. xiii]. In 
 dismissing this surface Gibbs’s thermodynamics sophistication overcame his marketing drive.  

Figure 19:  T–s diagrams of Gibbs for perfect thermodynamic engines: (a) Carnot cycle [47,  
Fig. 3, p. 10] and (b) Stirling/Ericsson cycle [47, Fig. 3, p. 10) ]. 
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James Thomson’s p–v -T surface has stood the test of time, especially since it involves the key 
complexity of expanding/contracting on freezing. The undergraduate text of Rogers and 
 Mayhew, for example, gives the p–v -T   surface for water [3, p. 141] and the statistical thermody-
namics oriented text of Tribus reproduces Zemansky’s p–v -T surfaces for the two expanding/
contracting freezing alternatives [33, p. IX-23].

Could it possibly be that the different languages of thermodynamics which came across to a 
twentieth-century undergraduate (Section 1.1 of this chapter) are in fact an essential feature of 
the subject – namely a combination of high mathematics and  engineering-oriented practicality?

10 The Carnot cycle for steam

It is necessary to establish principles applicable … to all imaginable heat- engines, whatever the 
 working substance and whatever the method by which it is operated.

[5, p. 6]

10.1 Non-flow and steady-flow Carnot cycles

Carnot’s immensely inspired objective, when fully quoted, extrapolates from steam engines, 
whereas in this chapter we have addressed gas first and steam second. None the less, here we 
show how the Carnot cycle applies to steam (hence fulfilling Carnot’s ‘whatever the working 
substance’) and both to non-flow and steady-flow processes (additionally fulfilling his ‘whatever 
the method by which it is operated’). Figure 20 gives the overall information. 20(a) for non-flow, 
refers back to the engine arrangement of Fig. 8 (b) and the p–v or ‘indicator diagram’ of Fig. 10(a). 
Figure 20(b) gives the Gibbs-style T–s diagram, which is the equivalent of Fig. 19(a) but with the 
dry-steam phase boundary added. In fact 20 (b) holds for both non-flow and steady flow, where 
the steady-flow cycle arrangement is given in 20 (c). The steady-flow steam version of the Carnot 
cycle, then, comprises the notional set of boiler + turbine + condenser + compressor. 

We have already shown in Fig. 9 that the thermodynamic advantage of the Carnot proposal was 
not in its practicality – it was no more practicable than ‘Watt’s impossible ideal enginee.’ To use 
that term, though, its thermodynamic advantage was in its transcendent ‘degree of idealness.’ 
For future exploitation with steam, the engineering challenge would be to devise a practical 
version of the steady-flow 20 (c). Here Rankine reappears. 

Figure 20:  The Carnot cycle for steam: (a) Non-flow arrangement – refer back to Figs 8  
(b) & 10A (b), (after Spalding and Cole [38, p. 231]); (b) common T–s sketch 
diagram (after Rogers and Mayhew [3, p. 210]); (c) steady-flow circuit  diagram 
(adapted from Rogers and Mayhew [3, p. 210]).
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10.2 The Rankine cycle

The more practical ‘adapted Carnot cycle,’ attributed to Rankine, is shown in Fig. 21. It  
(i)  extends  the impractical state point 4 of Fig. 20(b) to the phase boundary point 4 of Fig. 21(b), 
so giving true liquid water of zero dryness and (ii) carries  out compression of the water by the 
feed pump of Fig. 21(a) rather than by the notional compressor of Fig. 20(c). The pump merely 
compresses the liquid to the (upper cycle) boiler pressure.

It should, however, be appreciated that this is still a notional cycle, in that the processes 2–3 and 
4–5 are assumed to be isentropic or loss-free.

However, the Rankine cycle of Fig. 21 can be thermodynamically conceptually improved by 
superheating. This increases the thermodynamic efficiency of the cycle by adding heat at higher 
temperatures, as shown in Fig. 22. The superheating takes place away from the presence of 
liquid in the boiler but at the same pressure. This reflects the core Carnot condition that the 
 efficiency of a perfect cycle is defined by the absolute temperature of the heat addition.

The logic can be taken a stage further by reheating, where the expansion is in two stages of high 
and low pressure, with intervening reheating at the intermediate pressure.  This cycle is shown 
in Fig. 23.

The sequence of ideal cycles in Figs 21–23 reflects Carno T-style pointers to improvements. 
Whether or not they are worth carrying out is purely a question of cost: does the improvement 
in efficiency (so reducing the cost of generation) outweigh the additional capital cost of the extra 
complexity?

10.3 Carnot and Rankine cycles compared

By comparing Figs 20(b) with  21(b), 22(b) and 23(b) it is possible to appreciate the design pro-
cess needed to conceptualise practical engineering plant rather than the ideal steady-flow Car-
not circuit of Fig. 20(c). Such a comparison is made directly in Fig. 24, where the Rankine cycle 
with superheat is used as a basis. In the ideal Carnot thought-world the equivalent (but wholly 
impractical) Carnot cycle has all the heat added at the extreme superheat temperature. It has a 
much larger cyclic T–s area than the Rankine cycle. As we have seen in the discussion on Gibbs, 
this represents the  net cyclic heat transfer, hence the net cyclic work transfer. So the Carnot 
cycle has a conceptual but wholly unattainable much higher work output. Also, the comparison 

Figure 21:  The Rankine cycle (adapted from Rogers and Mayhew [3, p. 214]): (a) circuit 
diagram and (b) T–s diagram.
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can be interpreted in reverse. The Rankine cycle with superheat is the best possible practical 
approximation to the Carnot cycle for steam between the temperatures in question. In other 
words, the process of going from the Carnot to the Rankine cycle is a similar  engineering con-
ceptual step that Watt achieved in going from his ‘impossible ideal engine’ to his ‘1765  engine’ 
(Figs 8 and 9).

Figure 22:  The Rankine cycle with superheat (adapted from Rogers and Mayhew [3, 
p. 217]): (a) circuit diagram and (b) T–s diagram.

Figure 23:  The reheat cycle (adapted from Rogers and Mayhew [3, p. 219]): (a) circuit  
diagram and (b) T–s diagram.

Figure 24:  Comparison of cycles: Carnot with Rankine + superheat (after Spalding and  
Cole [38, p. 270]).
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In general, given that historically so much mains-generated electricity has been via steam 
plant, the key factor is the generation cost of electricity over the lifetime of the power station. 
Generally speaking, for large output plant, the increase in efficiency resulting from an iden-
tifiable  thermodynamic improvement outweighs the additional cost of the equipment. This 
may be seen, for example in the comparative calculations for Rankine cycle without and with 
 superheating in [1, pp. 69–76] and in the sequence Rankine cycle, Reheat cycle, Regenerative 
cycle in [3, pp. 214–229].

11 The reversed Carnot cycle: refrigerators and heat pumps

11.1 The pure Carnot concept

In Section 6.3, we have noted the recognition by both Clapeyron and Clausius that the 
 Carnot cycle may be exactly reversed. In acting in this way a reversed heat engine can 
 become either: a refrigerator, where the reversed heat input is the cooling effect desired, or a 
heat pump, where the reversed heat rejection is the heating effect desired. Figure 25 shows 
the fundamental thermodynamic concepts, where 25 (a) is the reversed T–s diagram, and 
25 (b) & 25 (c) the equivalent refrigeration and heat pump circuit diagrams respectively.

11.2 Practical cycles and circuits

We have shown how the impracticable direct Carnot cycle was replaced with the progressively 
more efficient steam cycle sequence of Figs 21–23. In a similar manner a basic refrigerator circuit 
and cycle are given as Fig. 26(a) and (b), respectively. 

In a rather similar manner to the Carnot compressor (Fig. 20, 4–1) being replaced with the feed 
pump of Fig. 21 for the direct cycle, so the notional expander from 3 to 4 of Fig. 25(a) is replaced 

Figure 25:  The reversed Carnot cycle (after Rogers and Mayhew [3, p. 274]): (a) T–s 
 diagram and (b) conceptual Carnot refrigeration cycle, where the desired 
energy effect is Q41; and (c) conceptual Carnot heat pump cycle, where the 
desired energy effect is Q23.
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with the (non-isentropic)  throttle valve of Fig. 26. Again comparing direct and reversed cycles, 
the reverse of the turbine work of Fig. 22 (b) is the compressor work of Fig. 26 (b): both lie 
 completely, or almost so, in the superheat region.

12  Contributions to the Second Law of Thermodynamics: Carnot, 
 Kelvin and Clausius

12.1 Introduction

The focus of this chapter has been on Carnot and the unique scientific character of his Reflexions 
[8]. His thesis led to the formal statements of the second law of thermodynamics some quarter 
of a century afterwards. So what was the extent of Carnot’s contribution to the second law? And in 
addressing that question can it help us to understand better Kelvin’s contribution to the Second 
Law? In so doing,  we must, of course, also include Clausius.

12.2 Carnot: marks of a genius 

How did Carnot come upon such beautiful, general and powerful arguments?

J.S. Dugdale [51, p. 34]

Carnot’s contribution has been cited as one of the greatest intellectual achievements of the  human mind

Myron Tribus [33, p. VI-20]

Until recently, engineers had a mixed record of paying strong compliments to Carnot. We 
take some representative examples. For Rogers and Mayhew: ‘the original conception of a 
 reversible cycle was due to Sadi Carnot,’ and ‘One ideal cycle … is that suggested by Sadi 
Carnot’ ([3], originally 1957, pp. 60, 209). Similarly, Tribus pays compliment in his Introduc-
tion as ‘the  demonstration of the Second Law as given by Carnot and Clausius has been un-
changed , in  essence, in over one hundred years’ [33, 1962, p. xv]. Then later there is a full 

Figure 26:  A simple refrigeration cycle (after Winterbone [1, p. 136]): (a) circuit diagram,  
where the desired energy effect is Qin at the evaporator and (b) T–s diagram.
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presentation of Carnot’s analysis including a proposed demonstration experiment (pp VI-17-
VI-21)  culminating in the unalloyed praise of the heading quote. Also we have Hatsopoulos and 
Keenan’s ‘Carnot introduced several new concepts. Carnot’s principle that the reversible cyclic 
engine is the most efficient engine possible was in reality the second law of thermodynamics’ 
[39, 1965, p. xviii]. Finally, Kondepudi and Prigogine are unstinting: ‘… Carnot … a brilliant 
French military  engineer … Carnot’s great insight … Clapeyron … realized its fundamental 
importance’ [34, 1999, pp. 68, 69].

We turn to two specialised books on entropy. In Entropy by Fast [50] there is a full description of 
the Carnot cycle in pages 27-31, with one or two other uses of his name. Dugdale, in his more 
recent Entropy and its Physical Meaning by [51], however, accompanies a full explanation of the 
cycle (pp 27-35) with an expression of praise for Carnot himself: ‘Carnot’s analogy … provided 
an astonishingly clear insight into the working of heat engines and from that to a profound 
 understanding of thermodynamics’ (p 34). This is high praise indeed, reflecting previous quotes 
in this chapter.

In addition a number of Journal articles address Carnot explicitly [6, 12,13], previously 
 referenced in the context of caloric’s meaning. The title of Ehrlichson’s 1999 publication is 
quite explicit:  Sadi Carnot, ‘Founder of the Second Law of Thermodynamics [12]. Apart from the 
title, which is repeated in the paper, Ehrlichson uses such expressions as ‘brilliantly evaded’ 
(p 188) ‘more amazing still’ (p 189) and ‘prophetically foreseen’ (p 190). The fuller 2008 Sadi 
Carnot’s  contribution to the second law of thermodynamics by Lemons and Penner [6] has the same 
 message. Their conclusion reads ‘¼what we call Carnot’s statement of the second law is….
logically  equivalent to Clausius’s version of the second law (p 24). Finally, in 2009 we have 
Newburgh’s Carnot to Clausius: caloric to entropy [13]. This covers the same ground, especially 
focusing on the meaning of caloric. It is wider in scope (Clapeyron’s p–v  diagram is used as 
Fig. 1) and describes the bound and free caloric of the cycle (Fig. 2). His explicit compliment is 
that ‘Carnot conceived of an ingenious device’ [13, p. 718].  In summary, then, Carnot’s reputa-
tion is extremely high. Also, it has to be borne in mind that personal assessments in scientific 
publications are not common. The mere use of such expressions as Carnot cycle and degree 
Kelvin take for granted their contributions to the subject. Having said that, however, with the 
passage of time, a more open appreciation is becoming apparent. So it is the 1998 text Modern 
Thermodynamics [34], co-authored by the Nobel prize-winner Prigogine, which makes a virtue 
of including descriptions and portraits/photographs of the pioneers.

12.3 Kelvin, Clausius and the second law

…since become famous as Kelvin’s statement of the Second Law of Thermodynamics…

Crosbie Smith and M.Norton Wise [7, p. 329]

…Clausius in 1850 and Thomson (Lord Kelvin) in 1851 proposed distinct versions  
of the second law of thermodynamics

D.S. Lemons and M.K. Penner [6, p. 23]

Detailed analysis of second law statements are in the relevant companion chapter in this 
 volume: here we focus on Kelvin’s (and necessarily Clausius’s) enduring reputation, using the 
same approach as for Carnot.
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To introduce this, we note that if compliments to Carnot fell short until recently, much the 
more so held for Kelvin. So in Rogers and Mayhew [3, p. 51] we read that their form of the 
second law ‘is essentially the statement given by Planck.’ Also, the Rogers and Mayhew First 
Corollary of the Second Law [3, p. 53] is presented as the Clausius statement. From this infor-
mation the reader would not consider Kelvin as having contributed. In fact, their Reference 
7 (p 692) is the same as Reference 21 of Lemons and Penner [6]. The latter refer to the Planck 
statement as only (p 23) that ‘Planck corrected Thomson’s original 1851 statement of the sec-
ond law by insisting that the word ‘only’ be included,’ thus giving primary credit to Kelvin. In 
fact, if we insert [6] into [3] then the preferred second law statement of Rogers and Mayhew is 
sourced from Kelvin.

The text of Hatsopoulos and Keenan [39] gives weak praise to Kelvin. Having read that in 1851 
Kelvin ‘credited Carnot and Clausius with the second law’ (p xix), we find that Planck’s 1897 
‘statement seems to have been one of several statements made by Kelvin’ (p xx). Their sec-
ond law focus, like Rogers and Mayhew, is on Planck’s statement (p xxiv/xxv), but for H & K 
his (and Kelvin’s in the background) ‘proves to be a tautology’ (p xxv). This is because the 
essential thesis of H & K is that the laws of thermodynamics may all be proven from three 
fundamental principles.  As shown in their logic diagram (p 368) the First and Second Laws 
can be deduced from their Law of stable equilibrium and on those grounds the significance of 
the customary statements is discounted. Winterbone, in his 1997 Advanced Thermodynamics for 
Engineers [1] inadvertently gives the same impression. Despite being ‘a strong believer in the 
…necessity of introducing thermodynamics through the traditional route of the Zeroth, First, 
Second and Third Laws, rather than the Single-Axiom Theorem of Hatsopoulos and Keenan or 
The Law of Stable Equilibrium of Haywood’[1, p. x], it is Keenan’s general criterion of equilib-
rium that has immediate focus as a boxed statement , on p 4. This compares with inconspicuous 
 statements of the Laws themselves (‘…the First Law of Thermodynamics, which is a law of 
energy  conservation…the Second Law stated that is impossible to construct a heat engine that 
does not reject energy to its surroundings,’ given in the simple text of introductory material for 
Chapter 2, p 13. However, ignoring this lack of emphasis, the actual statement Winterbone uses 
stems from Kelvin.

For Tribus [33] Clausius predominates: ‘Carnot’s contribution was expanded upon by Kelvin 
and later by Clausius, who in 1850 made it one of the two principles…the Second Law as given 
by Carnot and Clausius…’ (p xv).

Kondepudi and Prigogine [34], make the same presentation as Rogers and Mayhew. Their first 
statement [34, p. 83] coincides with [3, p. 51] but neither Planck nor Kelvin are  mentioned. 
Again, like R & M they give Clausius’s statement as an alternative [34, p. 84; cf. 3, p. 53].

In their specialized books on entropy, both Fast and Dugdale give equal weight to the Clausius 
and Kelvin statements and [50, p. 25; 51, p. 33]. This is repeated in the Journal publications of 
Lemons & Penner and Newburgh [6, p. 23; 13, p. 724].

Cardwell’s comprehensive discussion of the issue gives a rather cooler view of Kelvin on this 
point. ‘Kelvin was fair in ascribing the credit for the two main laws of thermodynamics to Joule 
and to Carnot and  Clausius. But he does not accept Clausius’ axiom on which the  second law 
rests…it is surely more likely that Kelvin wanted to express his own ideas in his own way. Hence 
he put forward the second law of thermodynamics in the form…’ [4,  p. 254/255].  Whatever 
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the truth about Kelvin’s motives, we can conclude from the above that the independence and 
broad value of his second law statement has general acceptance today. However, commonly this 
 acceptance is not reflected in explicit scientific credit. 

12.4 Kelvin’s absolute temperature scale

Kelvin…was the inventor of the absolute Kelvin temperature scale.  
In this paper we review his  achievement.

Herman Ehrlichson [52, p. 325]

Thomson (Kelvin) recognized even before the general acceptance of the present theory of heat, that the 
fact expressed in Carnot’s theorem could provide the basis for an absolute scale of temperature. He first 

proposed such a scale in 1848…In 1854 Thomson defined a second absolute scale, chosen this time to 
agree with … effectively the gas scale of temperature

J.S. Dugdale [51, p. 35]

In contrast to the discussion involving Kelvin and the second law, there is no ambiguity about 
Kelvin’s inspired proposal for an absolute scale of temperature independent of  thermometric 
substance. Putting to one side the notable input of Joule and James Thomson, Kelvin, and 
 Kelvin alone, was responsible. 

The enduring reputation of Kelvin in his definition of the absolute scale is shown in Fig. 27. 
The dates quoted are for original publication years, which give the historical sequence of his 
reputation.

The above representational sample covers approximately the last 50 years. The varied 
 publications give clear and undiluted credit to Kelvin, the material consistently re-appearing. 
Even his 1848 scale still merits attention.

Of course, as with so many of the topics addressed in this chapter, there is a caveat, though quite 
mild. We have already mentioned Winterbone’s ‘downplay’ of formal statements of the first and 
second laws [1]. Curiously, the absolute temperature scale is not treated in [1] either. However, 
the caveat doesn’t dilute the explicit appreciation of the other publications.

12.5 Carnot, Clausius and Kelvin: worthy pioneers

In this section we have assessed the reputations of Carnot and Kelvin, together with Clausius. 
With regards to the second law, there is strong support for Carnot’s 1824 thesis to be interpreted 
as a proto-statement. Clausius then takes historical precedence with his formal 1850 statement 
combined with exclusive credit for the proposal of entropy in 1865. Kelvin’s 1851 statement, 
is regarded as independent and of broad equivalent value, with a subsequent refinement by 
Planck, so making a triumvirate. As far as the absolute scale of temperature goes, it is Kelvin 
alone of the trio who takes enduring credit for its introduction in the two forms of 1848 and 
1854.
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13 The perfect heat engine: is thermodynamics Platonic in character?

13.1 A summary in quotes

On Watt’s engine

The engine he envisaged was, in a sense, an ideal engine … to develop the  
maximum power with the maximum efficiency

D.S.L. Cardwell [4, p. 54]

Watt had at last discovered the basis for his perfect engine

Richard L. Hills [15, p. 340]

On Rankine’s engine

Rankine’s ‘diagram of energy’ for the ‘perfect’ air engine

Crosbie Smith [14, p. 157]

A perfect regenerator

W.J. MacQuorn Rankine [45, p. 141]

There is another form of the perfect thermo-dynamic engine, viz: one with a  
perfect regenerator as defined by Rankine

J. Willard Gibbs [47, p. 10]

Figure 27: Kelvin’s absolute temperature scales: his enduring reputation.
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On philosophical interpretations

…William Thomson’s concept of a ‘perfect thermodynamic engine’… 
I suggest had cosmological and spiritual …foundations

Crosbie Smith [14, p. 93]

Watt’s Concept of a Perfect Engine … from where did Watt derive this idea of perfectability? It seems 
to have been a common concept during the eighteenth century in many different spheres such as some 

aspects of religion or architecture with Greek temples.

Richard L. Hills [15, p. 318]

Of course this removes the perfect heat-engine from the world of practical engineering to some Platonic 
heaven…the perfect but wholly impracticable Carnot engine

D.S.L. Cardwell [4, pp. 193/194]

On current views

This concept of an ideal, perfect form behind the messy particulars of reality is …  
generally attributed to Plato

Philip Ball [53, p. 10]

…sympathies lie strongly with Platonistic views that mathematics truth is  
absolute, external and eternal…

Sir Roger Penrose [54, pp. 146–151]

Many physicists share this Platonic vision of mathematics

Paul Davies [55, p. 145]

13.2 Platonism: the essential argument

The question of whether there is an underlying philosophical rationale behind design and 
manufacture is not a current issue among engineers. However, the striking antithesis between 
Carnot’s concept of ‘perfection’ (that is extreme desirability) which is at the same time totally 
‘impracticable’ does raise this very point; has Cardwell’s ‘Platonic heaven’ any meaning, or is it 
just an intriguing aside? The subject is addressed more fully in the Editorial Introduction to this 
volume, but here we have given a concise entrée by means of a series of quotes.

Firstly, we have focused on Watt’s engine and Rankine’s air cycle. In fact, as Fig. 8 shows, 
Watt’s achievement had two stages:  an ‘ideal’ (or purely conceptual) engine and the closest 
 practical approximation to it, which he none the less termed his perfect engine. Rankine , on the 
 other hand, was unable to build his patented design of engine  based on a perfect regenerator 
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[14, pp. 158–164]. Despite that, Rankine’s underlying theory was unerringly correct, as Gibbs 
 recognized some 20 years later.  The first series of quotes contain a further significance. Watt 
and Gibbs contrasted in almost every sense of the word. Both were extremely able thermody-
namicists, but their abilities could barely be more different. Despite such a contrast both readily 
thought in terms of perfection. This leads on to the second series of quotes. There was indeed 
a sense of searching for perfection during the times of our study, and this coincided with the 
explicit beliefs of many of the British characters. In fact, again as described in the introduction, 
there is a continuous timeline for a Platonic-related conviction from the Renaissance onwards.

Finally, while this question may not be a subject of interest for today’s engineers, it is in science 
generally. The third set of quotes are given by the internationally known Philip Ball (chemistry 
and physics), Sir Roger Penrose (mathematics) and Paul Davies (physics).

14 Conclusion

14.1 The wider picture: public perception

An essential theme of this volume is how the public and scientific worlds perceive Kelvin and the 
thermodynamic pioneers today. For this we use Reference [56]. This is a popular  publication, 
giving concise information in as far as possible a non-technical manner: ‘Compiled by a pan-
el of expert contributors, The Complete Family Encyclopedia is the essential companion for 
the home, the school or the office’ [56]. We are interested, not in the contents of the items per 
se  (generally reliable), but in the pre-assessed importance for the readership. The number of 
lines allocated to the main characters of this chapter can be regarded as a rule of thumb for this 
 marketing-based assessment. (By so doing we admit we are ignoring other effects on length, 
such as complexity of material). This is given in Fig. 28.

Broadly speaking, Fig. 28 reflects both the chapter in general, and  section 12 in particular.  
Perhaps Carnot’s uniqueness is underplayed, although he is referred to as having ‘founded 
thermodynamics’ [56, p. 154]. The omissions of James Thomson and Rankine should be noted.. 

Figure 28: Guide to perceived significance for general population.
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Also, in comparison with Ericsson, Stirling merits more than his ‘scraping in’ via his engine! 
Finally, Kelvin is portrayed as a dominating thermodynamic figure, with the Kelvin scale and 
the Joule–Thomson effect.

Finally, this book relates to Kelvin and the natural world, so the comparisons of Fig. 28 include 
Darwin, Huxley and evolution/natural selection. Again, broadly speaking the character lengths 
are comparable, as are the overall subject lengths. However, the long section on  evolution out-
bids thermodynamics and this fairly certainly reflects the relative impact of thermodynamics and 
biology on the public consciousness.

14.2 The wider picture: scientific perception

In the world of scientific and engineering research, an essential feature is the bread-and-butter 
activity of reporting the work via peer-reviewed publications. The ability to transmit  original 
information accurately, economically and in an interesting manner is a key attribute of the 
 researcher. Perception and impact are due to (i) the text itself, (ii) photographs and diagrams 
of equipment and (iii)  graphical results. So there are both direct visual and intellectual aspects. 
In this section we show that current perception of the individual thermodynamic pioneers has 
both aspects.

14.2.1 In portrait: Kondepudi and Prigogine’s ‘Hall of Fame’ [34]

One aspect of perception of individuals is the visual compliment by way of portrait reproduction. 
This has already been noted for Kelvin, Boulton & Watt, and Adam Smith, in the  context of pa-
per currency. This is also beginning to happen in thermodynamics texts, and that by Kondepudi 
and Prigogene [34] includes portrait reproductions of a range of pioneers of thermodynamics.  
Given Prigogine’s Nobel Laureate status, their selection has considerable  authority. Figure 29 
references the sources in K & P’s ‘Hall of Fame’ for the characters of our chapter. Interestingly, 
James Thomson, Clapeyron and Rankine, the three omitted in [56],  similarly do not rank for a 
portrait in [34].

14.2.2 In writing: individual reputations 

We turn to the more familiar world of scientific perception by way of writing. This part of the 
study focuses on individual reputations, mainly for the sequence of Fig. 2. In view of their 
 absences in [56] and [34] we regard James Thomson, Clapeyron and Rankine as special cases to 
be considered separately later.

James Watt: already extensively addressed in this chapter.
                    Scientific perception: of very high rank.

Sadi Carnot: similarly addressed in this chapter.
                     Scientific perception: of the highest rank 

Figure 29: Kondepudi and Prigogine’s Hall of Fame (after [34]).
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Rudolph Clausius: also addressed in this chapter. His statements relating to the universe have 
achieved almost cult status:

1. the energy of the universe is constant

2. the entropy of the universe tends toward a maximum

They were quoted early on by Gibbs (in German, Bumstead [48, p. xiv]),and appear  in the 
 historical texts by Bruce Hunt [57, p. 41] and  Cardwell ([4, p. 273], in the thermodynamics 
texts of Kondepudi and Prigogine [34, p. 84]) and Tribus [33, p. X-1], in German) and in other 
 contexts—for example the chaos and complexity study by Cembel [58, p. 134].
                 Scientific perception: of the highest rank 

James Clerk Maxwell: Maxwell’s achievements, mentioned in this chapter, are fully addressed 
in the chapters on his correspondence with Kelvin and on the Second Law. Of all the  scientists 
 considered here, Maxwell has the highest present-day reputation. Two examples suffice. Stuart 
 Kauffman, of the Santa Fe Institute for complexity studies puts it thus: ‘Arguably James Clerk 
Maxwell was the greatest scientist of the nineteenth century, notwithstanding giants such as 
Carnot, Boltzmann and Darwin’ [59, p. 85]. Bruce Hunt, in his very recent historical study, 
echoes this: ‘…now widely regarded as the greatest physicist of the nineteenth century’ [57, 
p. 53]. This is high praise indeed!
                 Scientific perception: of the highest rank 

J Willard Gibbs: Gibbs’s Free Energy Function. ‘The great American scientist’ [58, p. 140] Gibbs 
made a wide contribution to thermodynamics [57, p. 66] of which the T–s diagram was only 
one. His quantification of the free energy concept, that is ‘the maximum useful work that can be 
obtained from a system’ [1, p. 6] is of little less significance than entropy itself. Unfortunately, 
for long-term perception of Gibbs’s genius, and unlike Clausius with entropy, Gibbs did not see any 
need of proposing a distinctive  name. In thermodynamic circles this has acted to his advan-
tage, and it is variously termed Gibbs energy, Gibbs function or Gibbs potential (Winterbone 
[1, p. 6], Rogers and Mayhew [2,3, p. 87]) or more commonly Gibbs free energy  [39, p. 270; 33, 
p. XIII-14; ; 34, p. 127; 58, p. 140; 60],  in an important recent paper on waste management). This 
latter work [60] involved operating experience with an engineering demonstration plant. Of 
the above  expressions Gibbs free energy, unfortunately, contracts quite readily to free energy itself. 
This has occurred not only in engineering thermodynamics [3, p. 87] but also in thermodynam-
ics applied to biology, where the meaning is identical [61,  p. 36]. The loss of name is especially 
evident in the superbly produced American biological text Life. Whereas in the 1995 4th Edition 
[62, p. 117], the expression Gibbs function is used, by the 2001 6th Edition [63] it has become free 
energy. It is no surprise that the popular encyclopaedia item for Gibbs function [56] gives free 
energy as the same alternative.

Apart from the loss of Gibbs’s name there is an important wider issue. As discussed in the 
 Editorial Introduction, entropy and the Second Law of Thermodynamics have generated a 
quite wide cultural significance. By comparison the wider public is unlikely to appreciate the 
 significance of free energy particularly as it is a ‘two-word’ expression involving the common-
place adjective free.  Entropy, by  contrast, has impact.
                   Scientific perception: slightly below Clausius?
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14.2.2 James Thomson, Clapeyron and Rankine 

We now address (1) James Thomson, (2) Clapeyron and (3) Rankine.

Portraits.

Firstly they do have portraits in the historical texts, as given in figure :

1. James Thomson—Energy and Empire [7], portraits as a teenager (p 52) and  as professor at 
Glasgow University (p. 284).

2. Emile Clapeyron—via Mendoza [5, p. 72]

3. William MacQuorn Rankine--Energy and Empire [7], portrait as professor at Glasgow 
 University (p. 319).

Scientific achievements and reputations

1. James Thomson. There is little doubt that Kelvin’s elder brother James should be regarded as 
a leading pioneer. In the footing notes to the portrait on p 284 in [7] we read ‘James played a 
central role in the creation of his brother’s thermodynamics.’ Current perception has  tended 
to subsume James’s contributions in those of his brother. Quite apart from the extensive 
coverage James receives in [7] two chapters in this volume seek to set the record straight.

                    Scientific perception: insufficiently high

2. Emile Clapeyron. Of the pioneers, Clapeyron seems to have come off badly. He was the first 
person to publish the use of the p–v diagram and ‘Practically all his equations are correct 
whereas many of Carnot’s are incorrect however they are construed’ [5, p. xiii]. However, 
his name is commemorated in another context: (1) the Clapeyron equation, relating phase 
change heat capacities and latent heat, and (2) the consequent Clausius-Clapeyron Equation 
involving the entropy. The references are given in order of originally published dates as:

               Tribus [33, pp. X-20 to X-22] (for (1) and enthalpy/volume form of (2))

               Rogers and Mayhew [3, p. 113] (enthalpy /volume form of (2))

               Dugdale [50, pp. 48 (for (1)) and 51 (entropy/volume form of (2)])

               Winterbone [1, p. 117 (for (1) and enthalpy/volume form of (2))]

               Kondepudi and Prigogine [34, pp. 179/180 (as for Winterbone)].

     Unlike James Thomson, then, Clapeyron has two equations credited to him.
                 Scientific perception: secure but not in this chapter’s context

3. William MacQuorn Rankine. Like Clapeyron, Rankine has suffered badly.

His superb thermodynamic grip and analysis of the perfect cycle [45] was recognized by Gibbs 
but by no-one else. Moreover, the basic Rankine cycle of Fig. 21 was like doing ‘half a James 
Watt’ on the steady flow version of the Carnot cycle. Of course, unlike Watt there was no 
 consequent Rankine engine.
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However, Rankine didn’t help himself. He was significantly involved in Kelvin’s progression of 
thought towards the latter’s formulation of the Second Law [7, pp. 318–327]:‘…his interaction 
with Rankine during 1850 was crucial’ [7, p. 327]. However, ‘while Thomson owed much to 
Rankine…for molecular vortices’ [7, p. 469 of the actual paper on the subject], he said’ The title 
is of more importance than anything else in the work’ [7, p. 470]. So Rankine failed to secure 
any stake in the debate by way of publications.  Maxwell criticized his numerous ‘ assumptions’ 
and wrote ’Rankine’s Second Law of Thermodynamics we find…inscrutable’ [14, p. 165] and 
P.G. Tait was dismissive, too [14, p. 166]. A second area where Rankine’s name has now been 
lost was in the 1954 internationally agreed set of four Thermodynamic Temperature Scales, 
where the Rankine scale gave absolute Fahrenheit  temperatures, paralleling the Kelvin scale 
with Celsius temperatures [39, pp. 147–148]. The Fahrenheit/Rankine scales are living on bor-
rowed time: Rogers and Mayhew, for instance, give their personal death warrant as ‘In this 
book ,Fahrenheit and Rankine scales will never be used’ [3, p. 134]. However, we are now living 
in a newer thermodynamic world. The combined drives towards environmentally-friendly and 
lower-cost energy solutions are resulting in highly imaginative thermodynamic cycles. On an 
even larger scale (300kW output from turbine) than the demonstration plant of [60] is the novel 
utility-exploitable plant of [64, 65], based on cryogenic energy storage. The significance here 
is that the plant thermodynamics is portrayed quantitatively on T–s diagrams and the perfor-
mance compared with that of both Carnot and Rankine cycles [65].This constitutes a return of 
thermodynamic thinking to the heat engine behaviour of this chapter and Rankine’s work in 
particular.

                         Scientific perception: Rankine’s contributions at the critical stage of  formulation 
of the Laws is in danger of being forgotten. Very recent developments in mains electricity 
 production may help.

14.3 The wider picture: Kelvin

14.3.1 Kelvin and Joule

James Prescott Joule has barely featured in this chapter, although he does appear in Fig. 4. His 
story is yet another told elsewhere in this volume, but here we give a potted appreciation. He 
is a very important originator of thermodynamics, featuring in Figs 28 and 29:’his series of 
 experiments established the equivalence between mechanical energy and heat’ (Kondepudi and 
Prigogine [34, p. 13)]. Over the whole period from their first meeting at Oxford in June 1847 [7, 
p. 294] to February 1851 [7, p. 327], Kelvin opposed Joule’s weddedness to that equivalence. The 
latter date identifies Kelvin’s burying of the caloric  theory and it is quite clear from [41] that 
Clausius preceded him in doing so.

A further aspect was the Joule-Thomson effect, explained in [56] as ‘the fall in tempera-
ture of a gas as it expands adiabatically through a narrow jet…it is the basic principle of 
most  refrigerators.’ Rather like Maxwell’s equations (which is not an item in [56]) it forms 
a standard part of the thermodynamics corpus: [3, p. 98]; 1, pp. 141–145; 39, p. 114; 33, 
p. XII-27].

                      Scientific perception of Joule, leaving aside the issue with Mayer: of consistently 
high reputation, from Kelvin and Clausius onwards.
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14.3 Kelvin

Appropriately arrowed by the Joule-Thomson effect, we note in conclusion the reputation of 
Kelvin himself. His overall reputation has been addressed in the Editorial Introduction, with 
echoes of Leonardo da Vinci [66]. In the context of engineering thermodynamics it has been 
fully addressed in Section 12.

14.4 In summary

To understand more fully the achievements of Kelvin, this chapter has focused on his most 
 brilliant contemporary, Sadi Carnot, and the latter’s conceptual cycle and engine. The  universality 
of Carnot’s thesis has been demonstrated in its application to any fluid (steam or air), any 
 process (nonflow or steady flow) and in either direction (direct or reversed). His  misconceptions 
regarding caloric did not prevent either his peers or those who followed  recognizing his genius 
at the highest level.

Throughout, though, we have used the p–v and then T–s diagrams of Watt and Gibbs, neither of 
which were available to Carnot. So both these pioneers are also studied, especially the former. 
Watt, like Carnot, was a man of genius and enduring reputation, and it was only Watt that Car-
not described as ‘famous.’ To understand Watt properly needs an appreciation of steam engine 
development stretching back to the origins of the industrial revolution. A feature of this chapter 
is the provision of a comprehensive set of timelines for all the principle characters.

In terms of pre-Carnot history the achievements of Watt and Carnot are compared, and then 
the way is studied in which the second law of thermodynamics followed Carnot. This enabled 
us to make assessments of the contributions of Carnot, Clausius and Kelvin himself. Kelvin not 
only is a co-discoverer of the second law, but was also solely responsible for the absolute scale 
of temperature. So Kelvin too is shown to have demonstrated his genius during the critical 
quarter-century after Carnot. 
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