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6. Heat to motive power

6.1 Introduction – heat to motive power
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Our default is primary energy à heat
Most of our primary energy - the vast majority of fossil fuels & 
nuclear energy – is used to produce heat.  

Energy Systems & Sustainability, 2/e, Chapter 6  

But do we want all that heat? NO
•  We want electricity; & 
•  We want transportation. 

We’ve come to see heat as a default and (until very recently) 
haven’t innovated our way directly from fuel to electricity or motion. 

•  Fuel cells make electricity directly from fuel via redox chemistry. 

Our default is primary energy à heat

Energy Systems & Sustainability, 2/e, Chapter 6  

Heat engines: any system designed to produce motive power from heat 

•  Steam engines 
•  Power station steam turbines 
•  Internal combustion engines 
•  Gas turbines 

100	BC	 1620	 1698	 1712	 1790	 1801	

2%	 10%	

1858	1804	 1807	 1884	
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6. Heat to motive power

6.2 Steam engines

 

It’s an old idea
Hero, an engineer in ancient Alexandria, had the idea 2200 years ago. 

Energy Systems & Sustainability, 2/e, Chapter 6  

The aeolipyle was the first reaction turbine & 
more of a toy than a tool. 
 

•  A fire was built under the water tank to 
produce steam. 

 

•  Steam shooting out of the angled nozzles 
produced force to rotate sphere full of 
steam at the top of the device. 
•  Motive force! 
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Impulse turbine
Giovanni Branca developed the impulse turbine in the 1620s. 

Energy Systems & Sustainability, 2/e, Chapter 6 
http://www.italoamericano.org/sites/default/files/styles/crop_show/public/media/main/branca.png?itok 
=q5PqBdSq&c=9adbb650a357c2acf6f4bb3e0344d661  

•  Great concept that wasn’t practical at the time. 
•  Developed into the Pelton wheel used in hydropower plants. 

How is impulse better?

Energy Systems & Sustainability, 2/e, Chapter 6  

•  The impulse turbine 
converts all steam energy  
into kinetic energy. 

•  Flow rate – thus kinetic 
energy – is controlled by a 
needle valve. 

•  Lower steam pressure is 
needed 
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‘Miner’s friend’ steam pump 
Developed by Thomas Savery in 1698 to pump  
water out of flooding mines. 
•  Power is provided by the condensing 

of the steam. 
•  Energy of change of physical state. 
•  Reduces the volume needed. 

•  Efficiency of 0.3%. 
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Process: 
•  Open valve A & fill the tank with steam. 
•  Close A. 
•  Open valve B, spraying the tank with cold water, condensing steam. 
•  Pressure in the tank drops, drawing water up through valve C and 

into the tank. 
•  Close B & open A, moving steam into the tank, & displacing water 

through valve D and up and out of the mine. 

A better steam pump
Developed by Thomas Newcomen  
in 1712, this pump really worked! 
•  Cylinder / piston 
•  Rocking arm 
•  Efficiency of <1%. 

Energy Systems & Sustainability, 2/e, Chapter 6  

Process: 
•  Open valve A; low-pressure steam fills  

the cylinder.  Close A. 
•  Open valve B, spraying the cylinder with  

cold water, condensing steam. 
•  Pressure in the cylinder drops & higher atmospheric pressure pushes 

the piston down. 
•  The mass on the other end of the beam helps pull the piston up. 
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Watt’s improvements dominate! 
In 1790, James Watt made some great improvements by using heat 
more efficiently by separating heating from cooling. 
•  Cylinder / piston stays hot. 
•  Separate condenser stays cold. 
•  Separate condenser pump 

empties the cylinder each cycle. 
•  ~2% efficiency 

Energy Systems & Sustainability, 2/e, Chapter 6  

•  Watt’s patents stopped  
competitors between  
1769 and 1780. 

•  Watt could have used higher  
pressure steam to increase  
efficiency but was afraid of the danger. 

•  Watt coined the term ‘horsepower’ (hp), equal to about 1.5 horses. 

First steam transportation
In 1801, Richard Trevithick used higher pressure steam to create the 
first steam-powered transportation, a steam carriage called the ‘puffing 
devil’. 

Energy Systems & Sustainability, 2/e, Chapter 6  

Fig.	6.7	
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6. Heat to motive power

6.3 Heat engines

 

Piston-based heat engine

1.  A heated gas is delivered into the 
cylinder. 

2.  The pressure of the heated gas 
(P1) is greater than the surrounding 
pressure (P2). 

3.  The difference in pressures creates 
a force on the piston, pushing it 
outwards. 

Energy Systems & Sustainability, 2/e, Chapter 6  

P1	

P2	

Valves and mechanisms can be used to release the expanded gas, 
return the piston to it’s depressed position, and repeat the cycle by 
injecting fresh heated gas. 
•  Repeated cycling creates motion that can be used to drive other 

mechanisms. 
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The science of a practical device?

Those who developed the steam engine knew that they could harness 
steam power to create motion. Their focus was practical rather than 
scientific. 

Energy Systems & Sustainability, 2/e, Chapter 6  

But others were trying to understand how steam power worked. 

In 1824, young Sadi Carnot published ‘Réflexions sur la Puissance 
Motrice du Feu et sur les Machines Propres a Developper cette 
Puissance’ loosely translated as ‘The motive power of fire’ 

Carnot’s insights?  
•  He saw heat as a sort of fluid that he called ‘caloric’. 
•  He understood the inefficiency of steam engines: 

‘It is impossible to have a perfect heat engine.’ 
•  And he was able to calculate the maximum possible efficiency of any 

heat engine via Carnot’s efficiency. 

What is heat?

There are a number of ways to define ‘heat’: 
 

•  The degree of hotness or coldness of a body or environment. 
 

•  A measure of the warmth or coldness of an object or substance with 
reference to some standard value. 

 

•  A measure of the average kinetic energy of the particles in a 
sample of matter, expressed in terms of units or degrees designated 
on a standard scale.

•  A measure of the ability of a substance, or more generally of any 
physical system, to transfer heat energy to another physical 
system.

 

•  Any of various standardized numerical measures of this ability, such 
as the Kelvin, Fahrenheit, and Celsius scale 

Energy Systems & Sustainability, 2/e, Chapter 6; www.physicsclassroom.com  
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Carnot efficiency

Energy Systems & Sustainability, 2/e, Chapter 6  

Heat transfer (Q) is driven by, and 
proportional to, the difference in 
temperature between the heat 
source (T1) & heat sink (T2). 

Q2  =  T2 
Q1       T1 Efficiency?

efficiency = 1 -  Q2 
                          Q1 
efficiency = 1 – T2  =  T1 – T2 

               T1     T1 Carnot 
efficiency

The work (W) a heat engine can do 
is the difference between input 
heat (Q1) and waste heat (Q2). 

W = Q1 – Q2 

Using Carnot’s equation

Energy Systems & Sustainability, 2/e, Chapter 6  

Problem: 
Steam enters the cylinder at 100°C and is cooled in a condenser to 40°C. 
What is the maximal efficiency of the engine powered by this piston-
cylinder? 

When using Carnot’s equation to calculate the maximum efficiency of a 
heat engine temperature must be expressed in degrees Kelvin, which 
starts at absolute zero. 

°K = °C + 273.15 

Carnot’s efficiency =  373 – 313  *(100) = 16.1% 
        373 
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Laws of thermodynamics
First law of thermodynamics:
Energy is conserved, neither created nor destroyed, but can be 
transferred or transformed. 

Second law of thermodynamics:
Entropy (disorder) of systems increase unless energy is added. 
•  Heat flows from hot objects to colder objects. 
•  When energy is transformed some is always lost as heat. 
•  It is difficult to transform heat into ‘higher’ forms of energy… 

without energy input. 

Energy Systems & Sustainability, 2/e, Chapter 6  

Third law of thermodynamics:
There is a lowest possible temperature, absolute zero, or 0°K. 
•  There is no molecular motion at absolute zero. 
•  It is impossible to achieve absolute zero; approach is asymptotic. 

°K = °C + 273	 0°C = 273°K	 20°C = 293°K	

Heat flow depends on ΔT

Energy Systems & Sustainability, 2/e, Chapter 6  

Heat flow (Q) is proportional to the difference in temperatures (ΔT) 
between T1 and T2. 
•  Heat flow increases as ΔT increases. 

Q	T1	 T2	

Temperatures: T1 > T2 
Q: heat flow 

Heat pumps use energy to move heat from a cold body to a warmer 
body. 
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Carnot cycle: heat engine efficiency

http://www.kshitij-iitjee.com/Carnot-engine 

Isothermal: no change in temperature 
 
Adiabatic: no transfer or heat or matter 

Piston weight removed 
 
 
Piston weight added 

6. Heat to motive force

6.4 The age of steam
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Steam is still with us
The steam age began in the 1800s and may seem like ancient history, but 
steam still dominates our energy production & energy economy.  

Thankfully, engineers have increased the efficiency of steam power. 

Energy Systems & Sustainability, 2/e, Chapter 6  

How?
1.  High pressure steam 

2.  Compound engines 

High pressure steam
High steam pressure is beneficial, because as the pressure is increased 
temperature must also be increased to maintain the steam physical state. 

Energy Systems & Sustainability, 2/e, Chapter 6  

•  The Si unit for pressure is the pascal (Pa) = 1 N/m2. 
•  Atmospheric pressure is 1 atmosphere = 100,000 Pa = 0.1 MPa 

What is pressure? A force exerted perpendicular to the surface. 
•  Caused by bombardment of the surface by rapidly moving atoms or 

molecules. 
•  Depends on: 

•  Number of particles striking the surface per second; 
•  Mass of each particle; and 
•  Average speed of particles. 

 

‘density’	

As Watt had predicted, early use of high-pressure steam was dangerous. 
•  1850s: more than 500 deaths per year caused by boiler explosions.  
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Superheating & supercritical fluids 
Dry steam is 100°C at 0.1 MPa with density of 0.5 kg/m3. 

•  If heated, it expands, decreasing density. 

Energy Systems & Sustainability, 2/e, Chapter 6  

Superheated steam: steam heated above its boiling point 
•  0.1 MPa à  superheated above 100°C 
•  2.0 MPa à  superheated above 212°C 

When steam’s pressure is increased it’s boiling point increases: 
•  0.1 MPa  à  bp = 100°C 
•  2.0 MPa  à  bp = 212°C 

Critical point is 22 MPa & 384°C 
•  If pressure or temperature increase beyond this point the 

difference between steam & liquid disappears & a supercritical 
fluid is produced. 

•  Density of supercritical fluid can reach 50 kg/m3. 
•  Ultra-supercritical steam at greater than 25 MPa & 560°C

Tubular boilers & steam railways (1)

https://pre00.deviantart.net/e128/th/pre/f/2011/198/5/d/trevithick__s_1804_locomotive_by_vonbrrr-d3y3ydp.jpg 

Trevithick’s steam carriages 
changed boiler design, 
increasing efficiency & 
leading to development of 
the first steam railways. 
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Tubular boilers & steam railways (2)

https://en.wikipedia.org/wiki/Fire-tube_boiler 

to	engine	

Steam locomotives
While locomotives evolved over the next 70 years & dominated land 
transportation, their overall system efficiency remained low, around 5%. 

Energy Systems & Sustainability, 2/e, Chapter 6  

The	Flying	Scotsman,	1928	

Puffing	Billy,	1814	
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Steam ships
The first successful steam-powered boat was built in 1807 by Robert 
Fulton. 
•  Boulton & Watt engines  

were delivered from  
England via sailing ship. 

•  Sailing ships were faster 
than paddle-wheelers! 

Energy Systems & Sustainability, 2/e, Chapter 6  

North	River	Clermont	(replica),	NY	1807	

In 1839, Francis Pettit Smith  
added the screw propeller,  
vastly improving efficiency. More advanced double- or triple-

expansion reciprocating engines, tubular 
boilers and condensers increased 
efficiency to 20%. 
•  Working through 1950. 

6. Heat to motive power

6.5 Steam turbines
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Water turbines
Turbines replaced the water wheel in the mid-1880s. 
•  Turbines depend on causing water to swirl,  

increasing the energy of water. 

Energy Systems & Sustainability, 2/e, Chapter 6; https://en.wikipedia.org/wiki/Water_turbine 

•  In 1849, Francis’s inward 
flow reaction turbine 
achieved 90% efficiency. 

•  Pelton wheels use 
high-pressure 
water jets to turn 
a finely balanced 
rotor. 

Roman	turbine,	Tunisia	

Francis	turbine	@	Grand	Coulee	Dam	

•  Ancient: the Romans used turbines. 

Pelton	wheel	

Water turbine engineering is mature

Energy Systems & Sustainability, 2/e, Chapter 6; https://en.wikipedia.org/wiki/Water_turbine 
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Watt believed steam turbines impossible
Watt considered steam turbines to be technically impossible because of 
the need for: 
1.  High-steam pressure (20 atm); & 
2.  Speed that would destroy turbines. 

Energy Systems & Sustainability, 2/e, Chapter 6 

Watt’s reasoning
Suppose a steam jet’s speed is 1000 m/s. 
•  Now imagine that the turbine turns at half that speed, 500 m/s. 

Energy Systems & Sustainability, 2/e, Chapter 6 

Problem? 
•  Imagine the turbine has a diameter of 0.3 m. 

•  Then the relative speed of the jet hitting the turbine will be 500 m/s. 
•  So, the steam jet’s back pressure is 500 m/s backwards, meaning 

that all of the steam’s kinetic energy is transferred to the turbine. 
•  Yay! 

•  One rotation moves the tip of the blade around the turbine’s 
circumference = (π)(0.3 m) = ~ 1 m. 

•  So, to achieve a speed of 500 m/s, how fast will the turbine need to 
rotate? 
  1 rotation    500 m    60 s   =  30,000 rpm 

                 1 m           1 s       1 mi 
•  Advances in metallurgy & manufacturing would be needed. 
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Parson’s turbo-generator
•  Stationary outer casing. 
•  Ring of fixed guide vanes direct high-pressure steam inwards onto… 
•  Matched ring of moving blades on the rotor. 

Energy Systems & Sustainability, 2/e, Chapter 6 

Smooth flow of high- 
pressure steam & 
efficient rotation 

2nd innovation: multiple sets of vanes & 
blades using the steam to turn many 
turbines over small steam drops down 
the axis of the rotor shaft. 

Rotor	&	blades	of	Parson’s	1st	generator	
About 5% efficient at 18,000 rpm 

6. Heat to motive power

6.6 Power station turbine systems

 



10/1/17	

19	

Today’s steam turbines

Energy Systems & Sustainability, 2/e, Chapter 6  

Steam turbines have evolved & are widely used to produce electricity. 
•  Larger with increased blade length from front (input) to output to 

accommodate the expanding volume of steam. 
•  Slower rotor but higher blade speed. 

Example: 
•  Meter-long blade on a rotor with a 1-m diameter 
•  Rotor turning at 3,000 rpm 
•  Circumference > (π)(3 m) = 9.45 m 
 

 3,000 rotations     9.45 m       1 mile      60 min=  1,056.9 mph 
              1 min          1 rotation  1609.34 m    1 hr 

1.14X speed of sound 

The high blade speed exerts incredible force on the rotor. 
•  Double-flow is used to balance this force. 

•  Identical pairs of turbines face in opposite directions along the 
rotor’s axis. 

•  But all rotate in the same direction. 

Today’s steam turbines

Energy Systems & Sustainability, 2/e, Chapter 6  

Also: https://www.youtube.com/watch?v=SPg7hOxFItI 
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Compound turbine designs

Energy Systems & Sustainability, 2/e, Chapter 6  

HP = high pressure 
IP = intermediate pressure 
LP = low pressure 

single flow 

double-flow 

tandem-compound	

cross-compound	

Steam pressure

Energy Systems & Sustainability, 2/e, Chapter 6  

For large coal-fired power plants, steam pressure can be as high as 25 
MPa with temperatures of 500 – 550°C: supercritical.
•  Ultrasupercritical designs use even higher temperatures: 600-700°C.

Nuclear plants use superheated steam at 4 – 6 MPa & 300 – 400°C.
•  At turbine speeds, drops of water can damage blades, so the steam 

should be dry when it enters the turbine.
•  Complex boiler designs produce efficiencies as high as 90%.

•  Condensers use about 1% of plant power to lower exiting steam 
temperature and pressure & increase efficiency a al Carnot. 
•  River water can be used. 

•  Warm return temperatures (10-20°C higher) can change 
ecosystems. 

•  Cooling towers use the loss of latent heat produced by 
evaporation.
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Cooling towers

Energy Systems & Sustainability, 2/e, Chapter 6  

As warm water is sprayed into cooler air, water evaporates and latent heat 
is lost, cooling the water. 
•  ‘Steam’ rising from the towers is created when warm water mist hits the 

cooler air above the tower.

6. Heat to motive power

6.7 Flows in a 660 MW turbine system
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Materials flow: 660 MW system

Energy Systems & Sustainability, 2/e, Chapter 6  

Energy flow: 660 MW system

Energy Systems & Sustainability, 2/e, Chapter 6  
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Pumps

Energy Systems & Sustainability, 2/e, Chapter 6  

Pump	increases	pressure	to	250	atm.	
•  Cost:	25	MJ	/	tonne	of	water	
•  90%	efficiency	@	1,800	tonnes	/	hour	
•  -	50	GJ	/	hour	or	14	MW	

Boiler

Energy Systems & Sustainability, 2/e, Chapter 6  

Boiler	raises	temperature	from	45	to	560°C	
•  Cost:	3.3	GJ	/	tonne	of	water	
•  (1,800	tonnes	/	hour)(3.3	GJ	/	tonne)	=	5,900	GJ			[-600	GJ	loss]	
•  @	90%	efficiency	=	200	tonnes	coal	/	hour	&	3,000	tonnes	of	air	/	hour	
•  Efficiency	can	be	increased	by	using	heat	of	flue	gases	to	pre-heat	

water	
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Turbines

Energy Systems & Sustainability, 2/e, Chapter 6  

Turbines:	tandem-compound	
•  560°C	steam	is	supercriZcal.	
•  25	MPa	gives	a	density	of	70	kg	/	m3.	
•  2,380	GJ	of	energy	is	transmi^ed	to	the	generator	as	steam	pressure	falls.	
•  Exhaust	steam	pressure	is	down	to	10	kPa,	but	the	volume	increases	X10.	

Condenser

Energy Systems & Sustainability, 2/e, Chapter 6  

Condenser:		
•  Steam	enters	at	10	kPa	&	leaves	as	water.	
•  Heat	must	be	removed	at	3,520	GJ	/	hour.	
•  Example:	cooling	water	is	18°C	&	it	must	stay	<	33°C:	15°C	rise	allowed.	
•  Raising	1	tonne	of	water	by	1°C	requires	4.2	MJ.	
•  So,	the	15°C	change	allows	each	tonne	of	water	to	remove	63	MJ.	
•  The	3,520	GJ	/	hour	thus	requires	56,000	tonnes	of	water	/	hour.	
•  Pumps	moving	the	water	require	about	-25	GJ	/	hour,	or	1%	of	output.	
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Overall turbine system efficiency?

Energy Systems & Sustainability, 2/e, Chapter 6  

Ideal Carnot efficiency =  515°K  *  (100) = 61.8% 
           833°K

Realistic % efficiency =   _boiler output__  *  (100) 
         generator output 

 
        =  2380 GJ / hour  *  (100)  =  40.3% 
       5900 GJ / hour 

Including the ‘parasitic load’ 
 

        =  (2380 – 600) GJ / hour  *  (100)  =  30.5% 
       (5900 – 75) GJ / hour 

boiler	loss	

pumps	

All in all, when the efficiencies added to large systems, down time for 
repair and other factors are added, the value of 33-35% is realistic. 


