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CHAPTER 2 Heat, Work, Internal Energy, Enthalpy, and the First Law of Thermodynamics

EXAMPLE PROBLEM 2.4

In this example, 2.00 mol of an ideal gas undergoes isothermal expansion along
three different paths: (1) reversible expansion from F; = 25.0 bar and V; = 4.50
L to Py = 4.50 bar, (2) a single-step irreversible expansion against a constant
external pressure of 4.50 bar, and (3) a two-step irreversible expansion consist-
ing initially of an expansion against a constant external pressure of 11.0 bar until
P = P,y1mai> followed by an expansion against a constant external pressure of

4.50 bar until P = P,yernal-

Calculate the work for each of these processes. For which of the irreversible
processes is the magnitude of the work greater?

Solution

The three processes are depicted in the following indicator diagram by colored

and hatched areas:
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We first calculate the constant temperature at which the process is carried out,

RV _

25.0bar X 4.50L

WR 8314 x 1072 L bar mol ' K~! X 2.00 mol
nRT 8314 X 107>L bar mol”'K™' X 2.00 mol X 677K

= 677K

Vf = Pf

4.50bar

Vine = P
int

Vi
w = —nRT{In—
n 1 V,

I

— 923 X 10°]

10
Wsingle = _PexternalAV = —4.50 bar X

11.0 bar

The work of the reversible process is given by

—2.00mol X 8314 Tmol 'K~ X 677K X In

5

Pa

25.0L
450 L

X (25.0L — 4.50L) X

the final volume, and the intermediate volume in the two-step expansion:

=250L

nRT _ 8.314 X 1072L bar mol 'K~ X 2.00 mol X 677K _ W

=-193x 10°J

We next calculate the work of the single-step and two-step irreversible processes:

L

1073 m?
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>Pa

' Wiyostep = — PexternarAV = —11.0 bar X X (102L — 4.50L)

1073 m3 10°P 103 m3
107m o bar x 2P 5 (2501 — 102L) x 2

—12.9 X 10°7

The magnitude of the work is greater for the two-step process than for the
single-step process, but less than that for the reversible process.

Example Problem 2.4 shows that the magnitude of w for the irreversible expansion
is less than that for the reversible expansion, but also suggests that the magnitude of w
for a multistep expansion process increases with the number of steps. This is indeed the
case, as shown in Figure 2.12. Imagine that the number of steps n increases indefinitely.
As 7 increases, the pressure difference Pyyemq — P for each individual step decreases.
In the limit that n — 00, the pressure difference Poyserng — P — 0, and the total area of
the rectangles in the indicator diagram approaches the area under the reversible curve.
In this limit, the irreversible process becomes reversible and the value of the work
equals that of the reversible process.

By contrast, the magnitude of the irreversible compression work exceeds that of the
reversible process for finite values of n and becomes equal to that of the reversible
process as n — 00. The difference between the expansion and compression processes
results from the requirement that Py, < P at the beginning of each expansion Step,
whereas P,yema > P at the beginning of each compression step.
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FIGURE 2.12

The work done in a reversible expansion
(red and yellow areas) is compared with
the work done in a multistep series of irre-
versible expansion processes at constant
pressure (yellow area) in the top panel.
The bottom panel shows analogous results
for the compression, where the area under
the black curve is the reversible compres-
sion work. Note that the total work done
in the irreversible expansion and compres-
sion processes approaches that of the re-
versible process as the number of steps
becomes large.



