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Chapter 19 Heat Engines and Refrigerators 

Chapter Goal: To study the physical principles that 
govern the operation of heat engines and refrigerators.
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Announcements

Student evaluations today. 

Please pick up evaluation form at back or room.  
Complete form during class.
Deliver to box at front at end of class.  
A student will take them to the physics office.

Forms will be given to me only after final grades 
are turned in.
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Homework:  Ch 17 due today. 
Ch 18 due tomorrow, 9:00 am (extra credit). 
Ch 19 due Monday,   9:00 am (extra credit).

End-of-semester postings: http://www.wsu.edu/~collins/201/
Sample final exam, chapter notes, homework.

Review for final exam, Monday, 11:00-13:00.

Final exam:  Wednesday, Dec. 11, 10:10-13:00.
You must sit in assigned seat; attendance will be taken.     
Eight problems, equation sheet same as sample exam.
Not responsible for sections 12.10 and 12.11. 

Announcements
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Thermodynamics is the branch of physics that studies 
the transformation of energy.
Many practical devices are designed to transform 
energy from one form, such as the heat from burning 
fuel, into another, such as work. 
Chapters 17 and 18 established two laws of 
thermodynamics that any such device must obey:

Thermodynamics
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The work W in the first law is 
the work done on the system 
by external forces from the 
environment.
The work done by the system 
is called Ws:

In terms of Ws, the first law is:

Work Done by the System
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In an isothermal expansion:

A. W = 0 and Ws > 0.
B. W < 0 and Ws = 0.
C. W > 0 and Ws = 0.
D. W > 0 and Ws < 0.
E. W < 0 and Ws > 0.

QuickCheck 19.1
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In an isothermal expansion:

A. W = 0 and Ws > 0.
B. W < 0 and Ws = 0.
C. W > 0 and Ws = 0.
D. W > 0 and Ws < 0.
E. W < 0 and Ws > 0.

QuickCheck 19.1
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In an isothermal expansion:

A. Q > 0.
B. Q = 0.
C. Q < 0.

QuickCheck 19.2
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In an isothermal expansion:

A. Q > 0.
B. Q = 0.
C. Q < 0.

QuickCheck 19.2
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First law: Q = Ws + Eth + 0
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An energy reservoir is an object or a part of the 
environment so large that its temperature does not 
change when heat is transferred between the system 
and the reservoir.
A reservoir at a 
higher temperature 
than the system is 
called a hot reservoir.
A reservoir at a lower 
temperature than the 
system is called a 
cold reservoir.

Energy Reservoirs
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Energy-Transfer Diagrams
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Turning work into heat is 
easy — just rub two 
objects together!
Shown is the energy 
transfer diagram for this 
process.
The conversion of work into heat is 100% efficient, in 
that all the energy supplied to the system as work is 
ultimately transferred to the environment as heat.

Work into Heat
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It is impossible to invent a 
“perfect engine” that transforms 
heat into work with 100% 
efficiency and returns to its initial 
state so that it can continue to 
do work as long as there is fuel.
The second law of 
thermodynamics forbids a 
“perfect engine.”

Transforming heat into work is not easy.
To be practical, a device that transforms heat into work 
must return to its initial state at the end of the process 
and be ready for continued use.

Heat into Work
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Which is an isochoric 
process in which heat is 
removed from the 
system?

QuickCheck 19.3

Slide 19-29



© 2013 Pearson Education, Inc.

Which is an isochoric 
process in which heat is 
removed from the 
system?

QuickCheck 19.3
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In this process:

A. Q = 0 and Ws > 0.
B. Q > 0 and Ws > 0.
C. Q > 0 and Ws < 0.
D. Q < 0 and Ws < 0.
E. Q < 0 and Ws > 0.

QuickCheck 19.4
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In this process:

A. Q = 0 and Ws > 0.
B. Q > 0 and Ws > 0.
C. Q > 0 and Ws < 0.
D. Q < 0 and Ws < 0.
E. Q < 0 and Ws > 0.

QuickCheck 19.4
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In a steam turbine of a 
modern power plant, 
expanding steam does 
work by spinning the 
turbine.
The steam is then 
condensed to liquid 
water and pumped back 
to the boiler to start the 
process again.

First heat is transferred to the water in the boiler to 
create steam, and later heat is transferred out of the 
water to an external cold reservoir, in the condenser.
This steam generator is an example of a heat engine. 

Heat Engines
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Shown is the energy-
transfer diagram of a 
heat engine.
All state variables 
(pressure, 
temperature, thermal 
energy, etc.) return to 
their initial values 
once every cycle.
The work done per 
cycle by a heat 
engine is:
Wout = Qnet = QH – QC

Heat Engines
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We can measure 
the performance 
of a heat engine 
in terms of its 
thermal 
efficiency η
(lowercase Greek 
“eta”), defined as:

or

Actual car engines and steam generators have 
η ≈ 0.1 − 0.5.

Heat Engines
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The efficiency of this heat 
engine is

A. 1.00.
B. 0.60.
C. 0.50.
D. 0.40.
E. 0.20.

QuickCheck 19.5
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The efficiency of this heat 
engine is

A. 1.00.
B. 0.60.
C. 0.50.
D. 0.40.
E. 0.20.

QuickCheck 19.5
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A Heat-Engine Example: Slide 1 of 3
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A Heat-Engine Example: Slide 2 of 3
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Shown is the heat-
engine process on 
a pV diagram.
No work is done 
during the isochoric 
step 2→3.
The net work per 
cycle is:
Wnet = Wlift – Wext

Wnet = (Ws)1 2 + (Ws)3 1

A Heat-Engine Example: Slide 3 of 3
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In a sense, a refrigerator 
or air conditioner is the 
opposite of a heat engine.
In a heat engine, heat 
energy flows from a hot 
reservoir to a cool 
reservoir, and work Wout
is produced.

In a refrigerator, heat energy is somehow forced to flow 
from a cool reservoir to a hot reservoir, but it requires 
work Win to make this happen.

Refrigerators
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Shown is the energy-
transfer diagram of a 
refrigerator.
All state variables 
(pressure, temperature, 
thermal energy, etc.) 
return to their initial 
values once every cycle.
The heat exhausted per 
cycle by a refrigerator is:

QH = QC +Win

Refrigerators
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The purpose of a refrigerator is to remove heat from a 
cold reservoir, and it requires work input to do this.
We define the coefficient of performance K of a 
refrigerator to be:

If a “perfect refrigerator” could be built in which Win = 0,
then heat would move spontaneously from cold to hot.
This is expressly forbidden by the second law of 
thermodynamics:

Refrigerators
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The coefficient of performance 
of this refrigerator is

A. 0.40.

B. 0.60.

C. 1.50.

D. 1.67.

E. 2.00.

QuickCheck 19.6
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The coefficient of performance 
of this refrigerator is

A. 0.40.

B. 0.60.

C. 1.50.
D. 1.67.

E. 2.00.

QuickCheck 19.6
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A perfect heat engine connected to a refrigerator would 
violate the second law of thermodynamics.

No Perfect Heat Engines
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Some heat engines use an ideal gas as the working 
substance.
A gas heat engine can be represented by a closed-cycle 
trajectory on a pV diagram.
The net work done during a full cycle is:

Ideal-Gas Heat Engines
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How much work is done in 
one cycle?

A. 9000 J.
B. 6000 J.
C. 3000 J.
D. 2000 J.
E. 1000 J.

QuickCheck 19.7
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How much work is done in 
one cycle?

A. 9000 J.
B. 6000 J.
C. 3000 J.
D. 2000 J.
E. 1000 J.

QuickCheck 19.7
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This table shows Ws, the work done by the system, so 
the signs are opposite those in Chapter 17.

Summary of Ideal-Gas Processes
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You learned in Chapter 18 that the thermal energy of 
an ideal gas depends only on its temperature.
The table below lists the thermal energy, molar 
specific heats, and specific heat ratio γ = CP/CV for 
monatomic and diatomic gases.

Summary of Ideal-Gas Processes
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Problem-Solving Strategy: Heat-Engine 
Problems
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Problem-Solving Strategy: Heat-Engine 
Problems
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How much heat is 
exhausted to the 
cold reservoir?

A. 7000 J.
B. 5000 J.
C. 3000 J.
D. 2000 J.
E. 0 J.

QuickCheck 19.8
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How much heat is 
exhausted to the 
cold reservoir?

A. 7000 J.
B. 5000 J.
C. 3000 J.
D. 2000 J.
E. 0 J.

QuickCheck 19.8
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Which heat engine has the larger efficiency?

QuickCheck 19.9
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A. Engine 1.
B. Engine 2.
C. They have the same efficiency.
D. Can’t tell without knowing the number of moles of gas.
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Which heat engine has the larger efficiency?

QuickCheck 19.9
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A. Engine 1.
B. Engine 2.
C. They have the same efficiency.
D. Can’t tell without knowing the number of moles of gas.
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Many ideal-gas heat engines, 
such as jet engines in aircraft, 
use the Brayton Cycle, as 
shown.
The cycle involves adiabatic 
compression (1-2), isobaric 
heating during combustion 
(2-3), adiabatic expansion 
which does work (3-4), and 
isobaric cooling (4-1).
The efficiency is:

The Brayton Cycle
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rP = pmax/pmin is the 
ratio of the maximum 
to minimum pressure 
in the cycle. 

Efficiency of a Brayton Cycle
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An ideal-gas refrigerator can 
use a Brayton cycle in reverse.
A gas is compressed 
adiabatically to make it 
extremely hot (4-3).
Then heat is lost to the hot 
reservoir (3-2).
Then the gas expands 
adiabatically (2-1) making it 
extremely cold.
Lastly, heat flows into the gas 
from the cool reservoir (1-4).

Ideal-Gas Refrigerators
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Even in a refrigerator, heat is 
always transferred from a hotter 
object to a colder.
The gas in a refrigerator can 
extract heat QC from the cold 
reservoir only if the gas 
temperature is lower than the 
cold-reservoir temperature TC.
The gas in a refrigerator can 
exhaust heat QH to the hot 
reservoir only if the gas 
temperature is higher than the 
hot-reservoir temperature TH.

Ideal-Gas Refrigerators
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The Limits of Efficiency
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If a perfectly reversible heat engine is used to operate a 
perfectly reversible refrigerator, the two devices exactly 
cancel each other.

The Limits of Efficiency
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A heat engine more efficient than a perfectly reversible 
engine could be used to violate the second law of 
thermodynamics.

The Limits of Efficiency
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The maximum possible efficiency of a heat engine ηmax
is that of a perfectly reversible engine.
The maximum possible coefficient of performance of a 
refrigerator Kmax is that of a perfectly reversible 
refrigerator.

The Limits of Efficiency
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A perfectly reversible engine must use only two types of 
processes:

The Limits of Efficiency
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A Carnot engine is a perfectly reversible engine; it has 
the maximum possible thermal efficiency ηmax and, if 
operated as a refrigerator, the maximum possible 
coefficient of performance Kmax.

1. Frictionless mechanical interactions with no 
heat transfer (Q = 0).

2. Thermal interactions in which heat is transferred 
in an isothermal process (ΔEth = 0).

Any engine that uses only these two types of processes 
is called a Carnot engine.
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The Carnot cycle is an 
ideal-gas cycle that 
consists of the two 
adiabatic processes 
(Q = 0) and the two 
isothermal processes 
(ΔEth = 0) shown. 
These are the two types 
of processes allowed in 
a perfectly reversible 
gas engine.

The Carnot Cycle

Slide 19-67



© 2013 Pearson Education, Inc.

As a Carnot cycle operates:
1. The gas is isothermally compressed at TC. Heat 

energy QC = |Q12| is removed.
2. The gas is adiabatically compressed, with Q = 0, until 

the gas temperature reaches TH.
3. After reaching maximum compression, the gas 

expands isothermally at temperature TH. Heat 
QH = Q34 is transferred into the gas.

4. The gas expands adiabatically, with Q = 0, until 
the temperature decreases back to TC.

The Carnot Cycle
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Work is done in all four processes of the Carnot cycle, 
but heat is transferred only during the two isothermal 
processes.
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The Maximum Efficiency
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The efficiency of this 
Carnot heat engine is

A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 1.0.
E. 2.0.

QuickCheck 19.10
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The efficiency of this 
Carnot heat engine is

A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 1.0.
E. 2.0.

QuickCheck 19.10
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Temperatures 
must be in kelvin!
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The efficiency of this 
Carnot heat engine is

QuickCheck 19.11
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A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 2.0.
E. Can’t say without 

knowing QH.
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The efficiency of this 
Carnot heat engine is

QuickCheck 19.11
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A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 2.0.
E. Can’t say without 

knowing QH.
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The efficiency of this heat 
engine is

A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 1.0.
E. 2.0.

QuickCheck 19.12
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The efficiency of this heat 
engine is

A. Less than 0.5.
B. 0.5.
C. Between 0.5 and 1.0.
D. 1.0.
E. 2.0.

QuickCheck 19.12
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This heat engine is

A. A reversible Carnot engine.
B. An irreversible engine.
C. An impossible engine.

QuickCheck 19.13
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This heat engine is

A. A reversible Carnot engine.
B. An irreversible engine.
C. An impossible engine.

QuickCheck 19.13
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Example 19.4 A Carnot Engine
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Example 19.5 A Real Engine
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Example 19.6 Brayton Versus Carnot
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Example 19.7 Generating Electricity
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Example 19.7 Generating Electricity
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Chapter 19 Summary Slides
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Announcements

Student evaluations today. 

Please pick up evaluation form at back or room.  
Complete form during class.
Deliver to box at front at end of class.  
A student will take them to the physics office.

Forms will be given to me only after final grades 
are turned in.
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General Principles
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General Principles
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Important Concepts
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Important Concepts
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Important Concepts
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Homework:  Ch 17 due today. 
Ch 18 due tomorrow, 9:00 am (extra credit). 
Ch 19 due Monday,   9:00 am (extra credit).

End-of-semester postings: http://www.wsu.edu/~collins/201/
Sample final exam, chapter notes, homework.

Review for final exam, Monday, 11:00-13:00.

Final exam:  Wednesday, Dec. 11, 10:10-13:00.
You must sit in assigned seat; attendance will be taken.     
Eight problems, equation sheet same as sample exam.
Not responsible for sections 12.10 and 12.11. 

Announcements
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Have a great winter break!


