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Last time

• work, heat, and the first law of thermodynamics

• work done on a gas

• P-V diagrams



Overview

• more P-V diagrams

• new vocabulary for describing processes

• applying the first law in various cases



First Law of Thermodynamics
Reminder:

Internal energy, Eint or U

The energy that a system has as a result of its temperature and all
other molecular motions, effects, and configurations, when viewed
from a reference frame at rest with respect to the center of mass
of the system.

1st Law

The change in the internal energy of a system is equal to the sum
of the heat added to the system and the work done on the system.

W + Q = ∆Eint

This is just the conservation of energy assuming only the internal
energy changes.



Applying the 1st Law

Some special cases of interest:

• for an isolated system,
W = Q = 0 ⇒ ∆Eint = 0

• for a process (Vi ,Pi ) to (Vi ,Pi ),
a cycle, ∆Eint = 0 ⇒ Q = −W

53720-3 CHANG E I N E NTROPY
PART 2

Entropy differs from energy in that entropy does not obey a conservation law.
The energy of a closed system is conserved; it always remains constant. For
irreversible processes, the entropy of a closed system always increases. Because of
this property, the change in entropy is sometimes called “the arrow of time.” For
example, we associate the explosion of a popcorn kernel with the forward
direction of time and with an increase in entropy. The backward direction of time
(a videotape run backwards) would correspond to the exploded popcorn re-
forming the original kernel. Because this backward process would result in an
entropy decrease, it never happens.

There are two equivalent ways to define the change in entropy of a system:
(1) in terms of the system’s temperature and the energy the system gains or loses
as heat, and (2) by counting the ways in which the atoms or molecules that make
up the system can be arranged. We use the first approach in the next section and
the second in Section 20-8.

20-3 Change in Entropy
Let’s approach this definition of change in entropy by looking again at a process
that we described in Sections 18-11 and 19-11: the free expansion of an ideal gas.
Figure 20-1a shows the gas in its initial equilibrium state i, confined by a closed
stopcock to the left half of a thermally insulated container. If we open the
stopcock, the gas rushes to fill the entire container, eventually reaching the final
equilibrium state f shown in Fig. 20-1b. This is an irreversible process; all the
molecules of the gas will never return to the left half of the container.

The p-V plot of the process, in Fig. 20-2, shows the pressure and volume
of the gas in its initial state i and final state f. Pressure and volume are state
properties, properties that depend only on the state of the gas and not on how it
reached that state. Other state properties are temperature and energy. We now
assume that the gas has still another state property—its entropy. Furthermore,
we define the change in entropy Sf ! Si of a system during a process that takes
the system from an initial state i to a final state f as

(change in entropy defined). (20-1)

Here Q is the energy transferred as heat to or from the system during the process,
and T is the temperature of the system in kelvins. Thus, an entropy change
depends not only on the energy transferred as heat but also on the temperature
at which the transfer takes place. Because T is always positive, the sign of "S is
the same as that of Q. We see from Eq. 20-1 that the SI unit for entropy and
entropy change is the joule per kelvin.

There is a problem, however, in applying Eq. 20-1 to the free expansion of
Fig. 20-1. As the gas rushes to fill the entire container, the pressure, temperature,
and volume of the gas fluctuate unpredictably. In other words, they do not have a
sequence of well-defined equilibrium values during the intermediate stages of the
change from initial state i to final state f. Thus, we cannot trace a pressure–vol-
ume path for the free expansion on the p-V plot of Fig. 20-2, and we cannot find a
relation between Q and T that allows us to integrate as Eq. 20-1 requires.

However, if entropy is truly a state property, the difference in entropy
between states i and f must depend only on those states and not at all on the way
the system went from one state to the other. Suppose, then, that we replace the
irreversible free expansion of Fig. 20-1 with a reversible process that connects
states i and f. With a reversible process we can trace a pressure–volume path on
a p-V plot, and we can find a relation between Q and T that allows us to use
Eq. 20-1 to obtain the entropy change.

"S # Sf ! Si # !f

i

dQ
T

Fig. 20-1 The free expansion of an
ideal gas. (a) The gas is confined to the left
half of an insulated container by a closed
stopcock. (b) When the stopcock is
opened, the gas rushes to fill the entire
container.This process is irreversible; that
is, it does not occur in reverse, with the gas
spontaneously collecting itself in the left
half of the container.
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Fig. 20-2 A p-V diagram showing the
initial state i and the final state f of the free
expansion of Fig. 20-1.The intermediate
states of the gas cannot be shown because
they are not equilibrium states.
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which you change the system from its initial state to its final state is called a ther-
modynamic process. During such a process, energy may be transferred into the
system from the thermal reservoir (positive heat) or vice versa (negative heat).
Also, work can be done by the system to raise the loaded piston (positive work)
or lower it (negative work). We assume that all such changes occur slowly, with
the result that the system is always in (approximate) thermal equilibrium (that is,
every part of the system is always in thermal equilibrium with every other part).

Suppose that you remove a few lead shot from the piston of Fig. 18-13, allowing
the gas to push the piston and remaining shot upward through a differential dis-
placement d with an upward force . Since the displacement is tiny, we can as-
sume that is constant during the displacement. Then has a magnitude that is
equal to pA, where p is the pressure of the gas and A is the face area of the piston.
The differential work dW done by the gas during the displacement is

dW ! ! d ! (pA)(ds) ! p(A ds)
! p dV, (18-24)

in which dV is the differential change in the volume of the gas due to the move-
ment of the piston. When you have removed enough shot to allow the gas to
change its volume from Vi to Vf, the total work done by the gas is

(18-25)

During the volume change, the pressure and temperature may also change. To
evaluate Eq. 18-25 directly, we would need to know how pressure varies with vol-
ume for the actual process by which the system changes from state i to state f.

There are actually many ways to take the gas from state i to state f. One way is
shown in Fig. 18-14a, which is a plot of the pressure of the gas versus its volume and

W ! ! dW ! !Vf

Vi
 p dV.
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The gas does work
on this piston.

We control the heat transfer
by adjusting the temperature.

Fig. 18-13 A gas is confined to a cylin-
der with a movable piston. Heat Q can be
added to or withdrawn from the gas by reg-
ulating the temperature T of the adjustable
thermal reservoir.Work W can be done by
the gas by raising or lowering the piston.

Fig. 18-14 (a) The
shaded area represents the
work W done by a system
as it goes from an initial
state i to a final state f.
Work W is positive be-
cause the system’s volume
increases. (b) W is still pos-
itive, but now greater. (c)
W is still positive, but now
smaller. (d) W can be even
smaller (path icdf ) or
larger (path ighf). (e) Here
the system goes from state
f to state i as the gas is
compressed to less volume
by an external force.The
work W done by the sys-
tem is now negative. ( f )
The net work Wnet done by
the system during a com-
plete cycle is represented
by the shaded area.
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Gas moves from i to f,
doing positive work.

We can control how
much work it does.

Moving from f to i, 
it does negative work.

Cycling clockwise
yields a positive net
work.

It still goes from i to f,
but now it does more
work.

It still goes from i to f,
but now it does less
work.
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Applying the 1st Law & P-V diagrams questions
The figure shows four paths on a p-V diagram along which a gas
can be taken from state i to state f . Rank the paths, greatest to
least, according to
(a) the change ∆Eint in the internal energy of the gas,
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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A 1, 2, 3, 4

B 4, 3, 2, 1

C 1, 4, 3, 2

D all the same
1Based on question from Halliday, Resnick, and Walker, page 491.
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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A 1, 2, 3, 4

B 4, 3, 2, 1

C 1, 4, 3, 2

D all the same←
1Based on question from Halliday, Resnick, and Walker, page 491.
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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Applying the 1st Law & P-V diagrams questions
The figure shows four paths on a p-V diagram along which a gas
can be taken from state i to state f . Rank the paths, greatest to
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(b) the work W done on the gas, W is negative for them all.
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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1Based on question from Halliday, Resnick, and Walker, page 491.
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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18-10 The First Law of Thermodynamics
You have just seen that when a system changes from a given initial state to a
given final state, both the work W and the heat Q depend on the nature of the
process. Experimentally, however, we find a surprising thing. The quantity Q 2 W
is the same for all processes. It depends only on the initial and final states and
does not depend at all on how the system gets from one to the other. All other
combinations of Q and W, including Q alone, W alone, Q ! W, and Q " 2W, are
path dependent; only the quantity Q " W is not.

The quantity Q " W must represent a change in some intrinsic property of
the system.We call this property the internal energy Eint and we write

#Eint $ Eint,f " Eint,i $ Q " W (first law). (18-26)

Equation 18-26 is the first law of thermodynamics. If the thermodynamic system
undergoes only a differential change, we can write the first law as*

dEint $ dQ " dW (first law). (18-27)

In Chapter 8, we discussed the principle of energy conservation as it ap-
plies to isolated systems — that is, to systems in which no energy enters or
leaves the system. The first law of thermodynamics is an extension of that prin-
ciple to systems that are not isolated. In such cases, energy may be transferred
into or out of the system as either work W or heat Q. In our statement of the
first law of thermodynamics above, we assume that there are no changes in the
kinetic energy or the potential energy of the system as a whole; that is, #K $
#U $ 0.

Before this chapter, the term work and the symbol W always meant the work
done on a system. However, starting with Eq. 18-24 and continuing through the
next two chapters about thermodynamics, we focus on the work done by a sys-
tem, such as the gas in Fig. 18-13.

The work done on a system is always the negative of the work done by the
system, so if we rewrite Eq. 18-26 in terms of the work Won done on the system,
we have #Eint $ Q ! Won. This tells us the following: The internal energy of a
system tends to increase if heat is absorbed by the system or if positive work is
done on the system. Conversely, the internal energy tends to decrease if heat is
lost by the system or if negative work is done on the system.

The internal energy Eint of a system tends to increase if energy is added as heat Q and
tends to decrease if energy is lost as work W done by the system.

*Here dQ and dW, unlike dEint, are not true differentials; that is, there are no such functions as
Q(p, V) and W(p, V) that depend only on the state of the system.The quantities dQ and dW are
called inexact differentials and are usually represented by the symbols d̄Q and d̄W. For our 
purposes, we can treat them simply as infinitesimally small energy transfers.

CHECKPOINT 5

The figure here shows four paths on a p-V diagram
along which a gas can be taken from state i to state f.
Rank the paths according to (a) the change #Eint in
the internal energy of the gas, (b) the work W done
by the gas, and (c) the magnitude of the energy trans-
ferred as heat Q between the gas and its environ-
ment, greatest first.
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4

halliday_c18_476-506v2.qxd  22-10-2009  12:03  Page 491

A 1, 2, 3, 4

B 4, 3, 2, 1←
C 1, 4, 3, 2

D all the same
1Based on question from Halliday, Resnick, and Walker, page 491.



Applying the 1st Law: new Vocabulary

There are infinitely many paths (Vi ,Pi ) to (Vf ,Pf ) that we might
consider.

Ones that are of particular interest for modeling systems in
engines, etc. are processes that keep one of the variables constant.

There is a technical name for each kind of process that keeps a
variable constant.



Applying the 1st Law: new Vocabulary

Adiabatic process

is a process where no heat is transferred into or out of the system.

Q = 0

This type of transformation occurs when the gas is in a thermally
insulated container, or the process is very rapid, so there is no time
for heat transfer.

Since Q = 0:
∆Eint = W



Applying the 1st Law: new Vocabulary

Isobaric process

is a process that occurs at constant pressure.

Pi = P = Pf

This type of transformation occurs when the gas is free to expand
or contract by coming into force equilibrium with a constant
external environmental pressure.

In this case, the expression for work simplifies:

W = −

∫Vf

Vi

P dV = −P(Vf − Vi )



Applying the 1st Law: new Vocabulary

Isovolumetric process

is a process that occurs at constant volume.

Vi = V = Vf

In an isovolumetric process the work done is zero, since the volume
never changes.

W = 0 ⇒ ∆Eint = Q

(An isovolumetric process can also be called an “isochoric
process”.)



Applying the 1st Law: new Vocabulary

Isothermal process

is a process that occurs at constant temperature.

Ti = T = Tf

This kind of transformation is achieved by putting the system in
thermal contact with a large constant-temperature reservoir.

In an isothermal process, assuming no change of phase (staying an
ideal gas!):

∆Eint = 0



Isothermal Expansion of an Ideal Gas
Since ∆T = 0, PV = nRT reduces to:

PV = a

where a is a constant. We could also write this as:

P =
a

V
Plotting this function:
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?

f

i

V

PV = constant

Isotherm
P

Pi

Pf

Vi Vf

The curve is a 
hyperbola.

Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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T1

T3

T2

T4

Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J



Isothermal Expansion of an Ideal Gas

Since nRT is constant, the work done on the gas in an isothermal
expansion is:

W = −

∫Vf

Vi

P dV

= −

∫Vf

Vi

nRT

V
dV

= −nRT ln

(
Vf

Vi

)

W = nRT ln

(
Vi

Vf

)



Questions

Which path is isobaric?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?

f
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PV = constant

Isotherm
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Vi Vf

The curve is a 
hyperbola.

Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Questions

Which path is isobaric?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?
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The curve is a 
hyperbola.

Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

Path D.

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Questions

Which path is isothermal?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?
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Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.
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Which path is isothermal?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf
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 P dV 5 23
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nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?
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Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

Path C.

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Questions

Which path is isovolumetric?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,
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To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.
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Substitute the given values into Equation 20.14: W 5 nRT ln aVi
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(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?
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Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.
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Which path is isovolumetric?
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Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
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stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
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Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.
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for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

Path A.

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Questions

Which path is adiabatic?

606 Chapter 20 The First Law of Thermodynamics

Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?

f

i

V

PV = constant

Isotherm
P

Pi

Pf

Vi Vf

The curve is a 
hyperbola.

Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Questions

Which path is adiabatic?

606 Chapter 20 The First Law of Thermodynamics

Isothermal Expansion of an Ideal Gas
Suppose an ideal gas is allowed to expand quasi-statically at constant temperature. 
This process is described by the PV diagram shown in Figure 20.9. The curve is a 
hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-
stant indicates that the equation of this curve is PV 5 nRT 5 constant.
 Let’s calculate the work done on the gas in the expansion from state i to state f. 
The work done on the gas is given by Equation 20.9. Because the gas is ideal and the 
process is quasi-static, the ideal gas law is valid for each point on the path. Therefore,

 W 5 23
Vf

Vi

 P dV 5 23
Vf

Vi

 
nRT

V
 dV  

Because T is constant in this case, it can be removed from the integral along with 
n and R:

 W 5 2nRT  3
Vf

Vi

 
dV
V

5 2nRT lnV `Vf

Vi

 

To evaluate the integral, we used e(dx/x) 5 ln x. (See Appendix B.) Evaluating the 
result at the initial and final volumes gives

 W 5 nRT ln aVi

Vf
b  (20.14)

Numerically, this work W equals the negative of the shaded area under the PV curve 
shown in Figure 20.9. Because the gas expands, Vf . Vi and the value for the work 
done on the gas is negative as we expect. If the gas is compressed, then Vf , Vi and 
the work done on the gas is positive.

Q uick Quiz 20.4  Characterize the paths in Figure 20.10 as isobaric, isovolumet-
ric, isothermal, or adiabatic. For path B, Q 5 0. The blue curves are isotherms.

Example 20.5   An Isothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an expansion from 3.0 L to 10.0 L.

(A)  How much work is done on the gas during the expansion?

Conceptualize  Run the process in your mind: the cylinder in Figure 20.8 is immersed in an ice-water bath, and the 
piston moves outward so that the volume of the gas increases. You can also use the graphical representation in Figure 
20.9 to conceptualize the process.

Categorize  We will evaluate parameters using equations developed in the preceding sections, so we categorize this 
example as a substitution problem. Because the temperature of the gas is fixed, the process is isothermal.

S O L U T I O N

Substitute the given values into Equation 20.14: W 5 nRT ln aVi

Vf
b

5 11.0 mol 2 18.31 J/mol # K 2 1273 K 2  ln a 3.0 L
10.0 L

b
5  22.7 3 103 J

(B)  How much energy transfer by heat occurs between the gas and its surroundings in this process?

f
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PV = constant

Isotherm
P
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Pf

Vi Vf

The curve is a 
hyperbola.

Figure 20.9  The PV diagram 
for an isothermal expansion of an 
ideal gas from an initial state to a 
final state.
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Figure 20.10  (Quick Quiz 20.4) 
Identify the nature of paths A, B, 
C, and D.

S O L U T I O N

Find the heat from the first law: DE int 5 Q 1 W

0 5 Q 1 W
Q 5 2W 5   2.7 3 103 J

Path B.

1Based on Quick Quiz 20.4, Serway & Jewett, page 606.



Example 20.6: Boiling water

This example illustrates how we can apply these ideas to liquids
and solids also, and even around phase changes, as long as we are
careful.

Suppose 1.00 g of water vaporizes isobarically at atmospheric
pressure (1.013× 105 Pa).

Its volume in the liquid state is Vi = Vliq = 1.00 cm3, and its
volume in the vapor state is Vf = Vvap = 1671 cm3.

Find the work done in the expansion and the change in internal
energy of the system. Ignore any mixing of the steam and the
surrounding air; imagine that the steam simply pushes the
surrounding air out of the way.



Example 20.6: Boiling water
Vi = Vliq = 1.00 cm3

Vf = Vvap = 1671 cm3

Lv = 2.26× 106 J/kg

Work done,

(W =
∫
P dV)

W = −P(Vf − Vi )

= −(1.013× 105 Pa)(1671 − 1.00)× 10−6 m3

= −169 J

Internal energy, ∆Eint? Know W , must find Q:

Q = Lvm

= (2.26× 106 J/kg)(1−3 kg)

= 2260 J

So,
∆Eint = W + Q = 2.09 kJ
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Vf = Vvap = 1671 cm3

Lv = 2.26× 106 J/kg

Work done, (W =
∫
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W = −P(Vf − Vi )

= −(1.013× 105 Pa)(1671 − 1.00)× 10−6 m3

= −169 J

Internal energy, ∆Eint?

Know W , must find Q:

Q = Lvm

= (2.26× 106 J/kg)(1−3 kg)

= 2260 J

So,
∆Eint = W + Q = 2.09 kJ



Example 20.6: Boiling water
Vi = Vliq = 1.00 cm3

Vf = Vvap = 1671 cm3

Lv = 2.26× 106 J/kg

Work done, (W =
∫
P dV)

W = −P(Vf − Vi )

= −(1.013× 105 Pa)(1671 − 1.00)× 10−6 m3

= −169 J

Internal energy, ∆Eint? Know W , must find Q:

Q = Lvm

= (2.26× 106 J/kg)(1−3 kg)

= 2260 J

So,
∆Eint = W + Q = 2.09 kJ



Summary

• P-V diagrams

Next Test Tuesday, May 5 (? TBC), on Ch19, 20.

Homework Serway & Jewett:

• Read chapter 20 and look at the examples.


