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The root of the inefficiency
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Savery’s pump Newcomen’s  
engine

In both machines, heat used to heat up the  
pumping vessel or the piston is “wasted” 

during steam condensation

Thick, robust metal construction;  
(needs to withstand high pressures) 

→ large heat capacity!



James Watt
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“Mathematical Instrument Maker  
to the University of Glasgow”

Mariner’s compass

Hadley’s  
quadrant



James Watt

4

“In the winter of 1763—1764, I had occasion to repair a model of a Newcomen’s engine  
belonging to the Natural Philosophy class of the University of Glasgow.”

“Mathematical Instrument Maker  
to the University of Glasgow”



James Watt
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“I set about repairing it as a mere mechanician; and when it was set to work, 
I was surprised to find that its boiler could not supply it with steam,  

though apparently quite large enough.”

“Mathematical Instrument Maker  
to the University of Glasgow”



Tracing down the heat loss
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“I was astonished at the quantity of water 
required for the injection, and the great heat 

it had acquired from the small quantity of 
water in the form of steam which had been 

used in filling the cylinder.”

“Being struck with this remarkable fact, and 
not understanding the reason of it, I 

mentioned it to my friend Dr. Black, who then 
explained to me his doctrine of latent heat, 

which he had taught for some time.”



Tracing down the heat loss
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“A boiler was constructed that showed the 
quantity of water evaporated in any given 

time, and thereby ascertained the quantity of 
steam used in every stroke by the engine, 

which I found to be several times the full of 
the cylinder.”

“It also appeared that throwing in large 
quantities of injection [so as to form a good 

vacuum] would cool the cylinder to much as to 
require quantities of steam to heat it again.”

(He didn’t seem to heave heard of  
Black’s “capacity for heat”!)



Watt’s improvements
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“In order to make the best use of steam,  
it was necessary—

first, that the cylinder should be maintained  
always as hot as the steam which entered it;

and, secondly that when the steam was 
condensed, the water of which it was composed, 

and the injection itself, should be cooled down  
[as much as possible].

The means of accomplishing the points  
did not immediately present themselves.”



Watt’s improvements
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“Early in 1765 it occurred to me, that if a communication 
were opened between a cylinder containing steam, and 
another vessel, kept very cool by an injection …”



Watt’s improvements
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“Early in 1765 it occurred to me, that if a communication 
were opened between a cylinder containing steam, and 
another vessel, kept very cool by an injection …”

“… the steam, as an elastic fluid, would 
immediately rush into the empty vessel …”



Watt’s improvements
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“Early in 1765 it occurred to me, that if a communication 
were opened between a cylinder containing steam, and 
another vessel, kept very cool by an injection …”

“… the steam, as an elastic fluid, would 
immediately rush into the empty vessel …”

“… until the whole was condensed.”

Piston stays hot, condenser stays cool!



James Watt conquers the world
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“When once the idea of the separate condensation was started,  
in the course of one or two days the invention was complete in my mind …”

“… and I immediately set about an experiment to verify it practically.”

Patent granted 1769: 
“New invented method of lessening the  
consumption of steam and fuel in fire engines”



Watt, Boulton, and Murdoch conquer the world
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Condenser

Piston

Beam

Centrifugal  
governor 

Regulates speed

Steam 

valve

Flywheel



Watt, Boulton, and Murdoch conquer the world
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Condenser

Piston

Beam

Flywheel

Sun and planet gear 
Invented by William Murdoch



Watt, Boulton, and Murdoch conquer the world
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Condenser

Piston

Beam

Flywheel

The crank has already 
been patented!

James Pickard:

“Machines for boring iron; machine for forging, 

rolling, flatting, and slitting iron; machine for 
turning iron; mill for grinding corn”



Watt, Boulton, and Murdoch conquer the world
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Condenser

Piston

Beam

Flywheel

Parallel linkage 
(“Watt’s linkage”)

Beam

From Watt’s  
patent application



Watt, Boulton, and Murdoch conquer the world
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Condenser

Piston

Beam

Flywheel



Watt, Boulton, and Murdoch conquer the world

18

Needs only a quarter of the fuel of a Newcomen engine!

Boulton & Watt don’t charge for the engine,  
they charge a certain percentage of the fuel savings



What is the true nature of heat?
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“Heat is a rapid internal tremor of the  
small particles of the heated bodies.”

“Savages in different parts of the world have recourse  
to the friction of pieces of wood for kindling their fires.”

Kinetic theory

Ultimately ended up being correct!
But: not obvious at the time!

“Science should relate observable quantities.  
Interpreting laws in terms of unobservable  

entities are unverifiable fantasies.”

Black:  
“The heat capacity of mercury is  

26-28 times smaller than that of water.”

[But it’s density is 13-14 times higher!]



What is the true nature of heat?
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Material theory
Matter of heat: “caloric”

“Caloric is an elastic fluid, the particles  
of which repel one another strongly.”

“The particles of caloric are attracted 
by the particles of ordinary matter.”

“Caloric is indestructible  
and uncreatable.”

Objects expand when heated

→ Caloric flows into the body

Hot objects cool down

→ Caloric leaks out of the  

pores of the body

Cool air

Hot  
air



What is the true nature of heat?
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Material theory
Matter of heat: “caloric”

“Caloric is an elastic fluid, the particles  
of which repel one another strongly.”

“The particles of caloric are attracted 
by the particles of ordinary matter.”

“Caloric is indestructible  
and uncreatable.”

“There is sensible caloric  
and latent caloric.”

Does heat have weight?

Weigh metals at different temperatures

But: surface oxidation, updraft

Cold metal Hot metal



What is the true nature of heat?
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Material theory
Matter of heat: “caloric”

“Caloric is an elastic fluid, the particles  
of which repel one another strongly.”

“The particles of caloric are attracted 
by the particles of ordinary matter.”

“Caloric is indestructible  
and uncreatable.”

“Caloric does not have  
appreciable weight.”

“There is sensible caloric  
and latent caloric.”

Does heat have weight?

Weigh water and melting ice

Ice Water

Made many convincing predictions!



Sadi Carnot
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Military engineer

1815-1818: inspecting fortifications, writing reports, …

1811-1814: education at 
Ecole Polytechnique

1819-1827: leave on half-pay, remained on-call for duty
Attended lectures, visited factories …



How efficient can a steam engine be?
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“The study of these engines is of the greatest 
interest; their importance is enormous […].”

“Reflections on the motive power of heat, and on 
machines fitted to develop that power.” (1824)

“Heat possesses vast motive power no one can 
doubt, in these days when the steam engine is 

everywhere so well known.”

“Notwithstanding the work of all kinds done by 
steam-engines […], their theory is very little 

understood, and the attempts to improve them 
are still directed almost by chance.”



How efficient can a steam engine be?
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“Reflections on the motive power of fire, and on 
machines fitted to develop that power.”

“It has often been asked whether the motive power 
of heat is unbounded,  

i.e. whether the possible improvements in steam 
engines have an assignable limit, a limit which the 
nature of things will not allow to be surpassed by 

any means whatever,  
or whether, on the contrary, these improvements 

may be carried on indefinitely.”

“We are seeking to ascertain whether there are in 
existence agents preferable to the vapor of water 

for developing the motive power of heat.”

“We propose now to submit these questions to a 
deliberate examination.”



Carnot’s idealized engine
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“The phenomenon of the production of motion by heat has not been 
considered from a sufficiently general point of view.”

“In such machines it becomes difficult to recognize its principles and 
study its laws.”



Carnot’s idealized engine
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“It is necessary to establish principles applicable not only to steam 
engines but to all imaginable heat engines, whatever the working 

substance and whatever the method by which it is operated.”

Heat Motive  
power



Carnot’s idealized engine
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“What happens in act in a steam engine actually in motion?”

“The caloric developed in the furnace produces steam and in some way incorporates itself with it. 
The latter takes it first into the cylinder, where it performs some function,  

and from thence into the condenser.  
The cold water of the condenser takes possession of the caloric developed by the combustion.”



Carnot’s idealized engine
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“The production of motive power is then due in steam engines not to an actual 
consumption of caloric, but to its transportation from a warm body to a cold body.”

“The production of heat alone is not sufficient to give birth to the impelling power:  
it is necessary that there should also be cold; without it, the heat would be useless.”

Caloric

Motive  
power

Caloric
Heat source Heat sink

Thot Tcold
H H



H

Carnot’s idealized engine
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“The production of motive power is then due in steam engines not to an actual 
consumption of caloric, but to its transportation from a warm body to a cold body.”

“The production of heat alone is not sufficient to give birth to the impelling power:  
it is necessary that there should also be cold; without it, the heat would be useless.”

Caloric

Motive  
power

Caloric
Heat source Heat sink

Thot Tcold

For, if we should find about us only 
bodies as hot as our furnaces, how can 
we condense steam? What should we 
do with it once produced? We should 

not presume that we might discharge it 
into the atmosphere; the atmosphere 

would not receive it.”



How to avoid losses?
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“In the bodies employed to realize the motive power of heat there should not occur  
any change of temperature which may not be due to a change of volume.”

Compressing a gas  
increases its temperature

Expanding (“rarefying”) a gas  
decreases its temperature

[Smithsonian magazine]

https://www.google.com/url?sa=i&url=https://www.smithsonianmag.com/smart-news/opening-warm-champagne-leads-pop-blue-180964937/&psig=AOvVaw0eSQwkU0NUGnjjy2Io3a4v&ust=1693087107074000&source=images&cd=vfe&opi=89978449&ved=0CBEQjhxqFwoTCLCXpZLn-IADFQAAAAAdAAAAABAD


How to avoid losses?
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“In the bodies employed to realize the motive power of heat there should not occur  
any change of temperature which may not be due to a change of volume.”

Compressing a gas  
increases its temperature

Expanding (“rarefying”) a gas  
decreases its temperature

Thot Tcold

Thot Tcold

“This passage occurs mainly by the 
contact of bodies of different 

temperatures, hence such contact should 
be avoided as much as possible.”



Carnot’s idealized engine
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Thot Tcold

Working medium: 
Temperature 

Volume 

Thot
Vmin

Hot reservoir Cold reservoir

Caloric

Motive  
power W

Caloric
H H

Thot Tcold

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

1



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

1

1

Hot reservoir Cold reservoir

H



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

2

1 2

Hot reservoir Cold reservoir

H



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

2

1 2

Hot reservoir Cold reservoir



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

3

1 2

3

Vmax

Tcold

Hot reservoir Cold reservoir



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

3

1 2

3

Vmax

Tcold

Hot reservoir Cold reservoir

H



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

4

1 2

3

Vmax

Tcold

4

Hot reservoir Cold reservoir

H



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot Tcold

Thot

Vmin

4

1 2

3

Vmax

Tcold

4

Hot reservoir Cold reservoir



Carnot’s idealized engine
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Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Hot reservoir Cold reservoir

Thot Tcold

Thot

Vmin

5

1 2

3

Vmax

Tcold

4

5

Infinitely slow  
expansion

Infinitely slow  
contraction



Carnot’s idealized engine
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Thot Tcold

Hot reservoir Cold reservoir

Caloric Caloric
H H

Thot Tcold

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

1 2

3

Vmax

Tcold

4

5

Caloric
H

Caloric
H

Motive  
power

Infinitely slow  
expansion

Infinitely slow  
contraction

This is the most efficient heat engine of any kind!

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin Vmax

Tcold

1

1

H

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

2

Vmax

Tcold

1

2

H

Motive  
power W



Carnot’s idealized fridge

45

Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

2

Vmax

Tcold

1

2

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

3

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

3

2

Vmax

Tcold

1

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

3

2

Vmax

Tcold

1

3

H

Motive  
power W



Carnot’s idealized fridge

48

Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

4 3

2

Vmax

Tcold

1

H

4

Motive  
power W



Carnot’s idealized fridge

49

Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

4 3

2

Vmax

Tcold

1

4

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

4 3

2

Vmax

Tcold
5

1

5

Motive  
power W



Carnot’s idealized fridge
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Caloric Caloric
H H

Thot Tcold

Thot Tcold

Hot reservoir Cold reservoir

Volume of gas  
in cylinder

V

T

Temperature of  
gas in cylinder

Thot

Vmin

4 3

2

Vmax

Tcold
5

1

Caloric
H

Caloric
H

Motive  
power

Motive  
power W



A thought experiment

52

Thot Tcold

Hot reservoir Cold reservoir

Carnot’s  
engine

This is “entirely contrary to ideas now accepted,  
to the laws of mechanics and of sound physics.”

Caloric
H

Caloric
H

Carnot’s  
fridge Caloric

H
Caloric

H

Motive 

power W



A thought experiment
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There is no heat engine of any kind more efficient that Carnot’s!

Thot Tcold

Hot reservoir Cold reservoir

Better-than- 
Carnot’s engine

This is “entirely contrary to ideas now accepted,  
to the laws of mechanics and of sound physics.”

Caloric
H

Caloric
H

Carnot’s  
fridge Caloric

H
Caloric

H

Motive 

power WSome additional  

motive power



A thought experiment
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Thot Tcold

Hot reservoir Cold reservoir

Carnot’s  
engine

This is “entirely contrary to ideas now accepted,  
to the laws of mechanics and of sound physics.”

Caloric
H

Caloric
H

Carnot’s  
fridge Caloric

H
Caloric

H

Motive 

power W



A thought experiment
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Thot Tcold

Hot reservoir Cold reservoir

Carnot engine 
using different  

medium

This is “entirely contrary to ideas now accepted,  
to the laws of mechanics and of sound physics.”

Caloric
H

Caloric
H

Carnot’s  
fridge Caloric

H
Caloric

H

Motive 

power W

The maximum efficiency only depends on the temperatures of the reservoirs,  
not on the internal construction of the engine!



A thought experiment
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Thot Tcold

Hot reservoir Cold reservoir

Carnot engine 
using different  

medium

This is “entirely contrary to ideas now accepted,  
to the laws of mechanics and of sound physics.”

Caloric
H

Caloric
H

Carnot’s  
fridge Caloric

H
Caloric

H

Motive 

power W

“The motive power of heat is independent of the agents employed to realize it; 

its quantity is fixed solely by the temperatures of the bodies between which caloric is transferred.”



Carnot’s conclusions
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1) “The temperature of the fluid should be made 
as high as possible, in order to obtain a great 
fall of caloric, and consequently a large 
production of motive power.” 

2) For the same reason the cooling should be 
carried out as far as possible. 

3) It should be so arranged that the passage of 
the elastic fluid from the highest to the lowest 
temperature should be due to increase of 
volume.”

“[These conclusions] are based upon the theory of heat as it is understood today, and it 
should be said that this foundation does not appear to be of unquestionable solidity.”

How to build an good heat engine:

V

T

Thot

Vmin Vmax

Tcold

Fall of  
caloric



Benjamin Thompson 
   —Count Rumford
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“I am persuaded that a habit of keeping the eyes open to everything that is going on in the 
ordinary course of the business of life has oftener led to useful doubts and sensible schemes for 
investigation and improvement than all the more intense meditations of philosophers in the hours 

expressly set apart for study.”

Personal assistant, jack of all trades

Designer of military uniforms

Inventor of  
soup recipes[source]

Planter of trees in the  
English Garten

http://m-einenglischergarten.de/projekt/tradition-und-geschichte/


The cannon boring experiments
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Gun barrel

Borer

“It was by accident that I was led to make the experiment of which I am about to give an account.”

“Being engaged lately in superintending the boring of cannon in the workshops 
of the military arsenal at Munich, I was struck with the very considerable 

degree of heat that a brass gun acquires in a short time in being bored […]”

“A thorough investigation seemed to give a farther insight into the hidden nature of heat […]”



The cannon boring experiments
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“I caused the extremity of the cannon to be cut off and the metal in that part to be 
turned down to form a hollow cylinder, which could be turned round its axis by 

means of the neck that united it with the cannon.”

“This cylinder was designed for the express purpose of generating heat by friction, by 
forcing a blunt borer against the solid bottom of the cylinder at the same time that the 

latter was turned round its axis by the force of horses.”



The cannon boring experiments
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“A quadrangular box, watertight, was provided with holes or slits in the middle of 
each of its ends. The hollow metal cylinder occupied the middle of the box. 

On pouring water into the box and filling it to the brim, the cylinder was 
completely covered on every side.”

“The box was filled with cold water of temperature 60℉ and the machinery was put 
into motion […], with the cylinder rotating at the rate of about 32 times in a minute.”



The cannon boring experiments
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Gun barrel

Borer

“At the end of 1 hour I found, by plunging a thermometer into the water in the 
box, that its temperature had been raised to no less than 107℉. 

At the end of 2 hours, the temperature of the water was found to be 178℉. 
At 2 hours and 20 minutes it was 200℉. 

At 2½ hours it ACTUALLY BOILED!”



The cannon boring experiments
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“From whence came this heat?”

“Was it furnished by the small particles of metal, detached 
from the larger solid mass on their being rubbed together?”

“If this were the case, then, according to the modern doctrine of caloric, the specific heat of the 
parts of the metal, so reduced to chips, ought not only to be changed, but the change 
undergone by them should be sufficiently large to account for all the heat produced.”

“But no such change had taken place […]”

= +

Solid metal Chips Caloric

Caloric “squeezed” out of metal during boring  
→ attractive force between caloric and metal chips reduced  

→ chips absorb less caloric when heated  
→ chips have lower heat capacity



The cannon boring experiments
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“From whence came this heat?”

“Was it furnished by the water that surrounded the machinery?”

“That this could not have been the case is evident: 

First, because this water continually receiving heat from the machinery,  
and could not at the same time be giving heat to it; 

Second, because there was no chemical decomposition of any part of this water.”

“I frequently examined the water to see if any bubbles rose up through it.”

Caloric (thus heat) is liberated in the combustion (“decomposition”)  
of coal, so why could the same not happen for water?



The cannon boring experiments
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“From whence came this heat?”

“Was it furnished by means of the iron bar to the end of which the blunt steel 
borer was fixed? Or by the small neck of metal by which the cylinder was 

united to the cannon?”

“These suppositions appear more improbable even than those mentioned before, 
for heat was continually going off by both these passages.”

“We must not forget to consider that most remarkable circumstance, that the 
source of heat generated by friction in these experiment appeared to be 

inexhaustible.”

“It is hardly necessary to add that anything which any insulated body can continue to furnish 
without limitation, cannot possibly be a material substance. 

 It is very difficult for me to form any distinct idea of anything capable of being excited 
and communicated in the matter in which heat was excited and communicated in this 

experiment, except it be MOTION.”



James Prescott Joule
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Physicist and brewer

Worked (and later managed) his  
father’s brewery …

… while conducting experiments 

with electricity



Heat and electricity
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Thermometer

Metallic 

wire

Glass  
rod

Water

To  
battery

“We see, therefore, that when a current of voltaic electricity 
is propagated along a metallic conductor,  

the heat evolved in a given time is proportional to the resistance 
of the conductor multiplied by the square of the electric intensity, 

whatever may be the length, thickness, shape, or kind of that 
metallic conductor.” 

“The above law is of great importance.”



Heat and induction

68

“It is pretty generally, I believe, taken for granted that the electric forces which are 
put into play by the magneto-electrical machine possess, throughout the whole 

circuit, the same calorific properties as currents arising from other sources.”

“At the same time it must be admitted that hitherto no experiments have been 
made decisive of this very interesting question …”

NS

Magnet

Wire coil

0 1
Current 


meter

Magnet at rest

NS

Magnet

Wire coil

0 1
Current 


meter

Magnet moving



Heat and electricity
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Stationary electromagnet
To current  

meter

Rotating coil, 

immersed in water

“… leaving it a matter of doubt whether the heat observed was generated or 
merely transferred from the coils in which the magneto-electricity was induced, 

the coils themselves becoming cold.”



Heat and electricity
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“Having proved that heat is generated by the magneto-electrical machine […], it 
became an object of great interest to inquire whether a constant ratio existed between 

it and the mechanical power gained or lost.”



The mechanical equivalent of heat

71

“For this purpose it was only necessary to repeat the previous experiments, and to 
ascertain, at the same time, the mechanical force necessary in order to turn the 

apparatus.”

“In order to obtain the full calorific effect, I now 
connected the terminal wires of the revolving coil.”



The mechanical equivalent of heat
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“I found […] a change of 2.74℉, and this has been obtained by the power which can 
raise 4 lb. 12 oz. to the perpendicular height of 517 feet.”

“1℉ of heat per lb. of water is therefore equivalent to a mechanical force 
capable of raising a weight of 896 lb. to the perpendicular height of one foot.”



The mechanical equivalent of heat
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“PS: We shall be obliged to admit that Count Rumford was right in attributing the heat 
evolved by boring cannon to friction, and not (in any considerable degree) to any 

change in the capacity of the metal.”

“I have lately proved experimentally that heat is evolved by the passage of water 
through narrow tubes.”

“I thus obtained one degree of heat per lb. of water from a mechanical force capable of 
raising about 770 lb. to the height of one foot.”

From Joule’s 
laboratory notebook.



The mechanical equivalent of heat

74

“In accordance with the pledge I gave the Royal Society some years ago, I have now the honor to 
present it with the results of the experiments I have made in order to determine the mechanical 

equivalent of heat with exactness.”

“From the explanation given by Count Rumford of the heat arising from the friction of solids, 
one might have anticipated, as a matter of course, that the evolution of heat would also be 

detected in the friction of liquids.”

“Paddle-wheel” in water



The mechanical equivalent of heat

75

1st. That the quantity of heat produced by the friction of bodies, whether solid or liquid, is 
always proportional to the quantity of force expended.  

2nd. That the quantity of heat capable of increasing the temperature of a pound of water by 
1℉, requires for its evolution the expenditure of a mechanical force represented by the fall of 
772 lbs. through the space of one foot.”

“I will therefore conclude by considering it as demonstrated by the experiments 
contained in this paper, 



The true nature of heat
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“Heat is simply a mechanical effect,  
not a substance.”

1849:



A correction to Carnot’s theory
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Heat

Work

Heat
H H − W

W

Caloric

Motive 
power

H
Caloric

H

Heat is not conserved, but energy is!

(Steam engines too inefficient for the discrepancy to be noted!)



… and the rest is history

78

1857: Rudolf Clausius: “Heat is the average kinetic energy of molecules”

1866: James Clerk Maxwell calculates the velocity distribution in a gas

             → kinetic theory of heat is now on solid foundations

1887: Charles Parsons builds the first compound steam turbine

1892: Rudolf Diesel: “Theory and construction of a rational heat 
motor with the purpose of replacing the steam engine”


→ inspired by Carnot’s theory



Today
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Steam turbines provide the  
vast majority of today’s electricity

Internal combustion engines

power the vast majority of today’s vehicles
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