CHAPTER

20.1 Heat and Internal Energy

20.2 Specific Heat
and Calorimetry

20.3 Latent Heat

20.4 Work and Heat in
Thermodynamic Processes

20.5 The First Law of
Thermodynamics

20.6 Some Applications of
the First Law of
Thermodynamics

20.7 Energy Transfer Mechanisms

in Thermal Processes

In this photograph of the Mt. Baker
area near Bellingham, Washington,
we see evidence of water in all
three phases. In the lake is liquid
water, and solid water in the form
of snow appears on the ground. The
clouds in the sky consist of liquid
water droplets that have condensed
from the gaseous water vapor in the
air. Changes of a substance from
one phase to another are a result of
energy transfer. (©iStockphoto.com/
KingWu)
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The First Law of
Thermodynamics

Until about 1850, the fields of thermodynamics and mechanics were considered to be

two distinct branches of science. The principle of conservation of energy seemed to describe
only certain kinds of mechanical systems. Mid-19th-century experiments performed by
Englishman James Joule and others, however, showed a strong connection between the
transfer of energy by heat in thermal processes and the transfer of energy by work in
mechanical processes. Today we know that mechanical energy can be transformed to inter-
nal energy, which is formally defined in this chapter. Once the concept of energy was gener-
alized from mechanics to include internal energy, the principle of conservation of energy as
discussed in Chapter 8 emerged as a universal law of nature.

This chapter focuses on the concept of internal energy, the first law of thermodynamics,
and some important applications of the first law. The first law of thermodynamics describes
systems in which the only energy change is that of internal energy and the transfers of energy
are by heat and work. A major difference in our discussion of work in this chapter from that in
most of the chapters on mechanics is that we will consider work done on deformable systems.

Heat and Internal Energy

At the outset, it is important to make a major distinction between internal energy
and heat, terms that are often incorrectly used interchangeably in popular
language.



20.1 Heat and Internal Energy

Internal energy is all the energy of a system that is associated with its micro-
scopic components—atoms and molecules—when viewed from a reference
frame at rest with respect to the center of mass of the system.

The last part of this sentence ensures that any bulk kinetic energy of the system
due to its motion through space is not included in internal energy. Internal energy
includes kinetic energy of random translational, rotational, and vibrational motion
of molecules; vibrational potential energy associated with forces between atoms in
molecules; and electric potential energy associated with forces between molecules.
It is useful to relate internal energy to the temperature of an object, but this rela-
tionship is limited. We show in Section 20.3 that internal energy changes can also
occur in the absence of temperature changes. In that discussion, we will investi-
gate the internal energy of the system when there is a physical change, most often
related to a phase change, such as melting or boiling. We assign energy associated
with chemical changes, related to chemical reactions, to the potential energy term
in Equation 8.2, not to internal energy. Therefore, we discuss the chemical potential
energy in, for example, a human body (due to previous meals), the gas tank of a car
(due to an earlier transfer of fuel), and a battery of an electric circuit (placed in the
battery during its construction in the manufacturing process).

Heat is defined as a process of transferring energy across the boundary of a
system because of a temperature difference between the system and its sur-
roundings. It is also the amount of energy Q transferred by this process.

When you /heat a substance, you are transferring energy into it by placing it in con-
tact with surroundings that have a higher temperature. Such is the case, for exam-
ple, when you place a pan of cold water on a stove burner. The burner is at a higher
temperature than the water, and so the water gains energy by heat.

Read this definition of heat (Q in Eq. 8.2) very carefully. In particular, notice
what heat is not in the following common quotes. (1) Heat is not energy in a hot sub-
stance. For example, “The boiling water has a lot of heat” is incorrect; the boiling
water has internal energy F; . (2) Heat is not radiation. For example, “It was so hot
because the sidewalk was radiating heat” is incorrect; energy is leaving the sidewalk
by electromagnetic radiation, Tyg in Equation 8.2. (3) Heat is not warmth of an envi-
ronment. For example, “The heat in the air was so oppressive” is incorrect; on a hot
day, the air has a high temperature T.

As an analogy to the distinction between heat and internal energy, consider the
distinction between work and mechanical energy discussed in Chapter 7. The work
done on a system is a measure of the amount of energy transferred to the system
from its surroundings, whereas the mechanical energy (kinetic energy plus poten-
tial energy) of a system is a consequence of the motion and configuration of the
system. Therefore, when a person does work on a system, energy is transferred from
the person to the system. It makes no sense to talk about the work of a system; one
can refer only to the work done on or by a system when some process has occurred
in which energy has been transferred to or from the system. Likewise, it makes no
sense to talk about the heat ofa system; one can refer to heat only when energy has
been transferred as a result of a temperature difference. Both heat and work are
ways of transferring energy between a system and its surroundings.

Units of Heat

Early studies of heat focused on the resultant increase in temperature of a sub-
stance, which was often water. Initial notions of heat were based on a fluid called
caloric that flowed from one substance to another and caused changes in tempera-
ture. From the name of this mythical fluid came an energy unit related to ther-
mal processes, the calorie (cal), which is defined as the amount of energy transfer
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Pitfall Prevention 20.1

Internal Energy, Thermal Energy,
and Bond Energy When reading
other physics books, you may see
terms such as thermal energy and
bond energy. Thermal energy can
be interpreted as that part of the
internal energy associated with
random motion of molecules and
therefore related to temperature.
Bond energy is the intermolecular
potential energy. Therefore,

Internal energy =
thermal energy + bond energy

Although this breakdown is pre-
sented here for clarification with
regard to other books, we will not
use these terms because there is
no need for them.

Pitfall Prevention 20.2

Heat, Temperature, and Internal
Energy Are Different Asyou read
the newspaper or explore the
Internet, be alert for incorrectly
used phrases including the word
heat and think about the proper
word to be used in place of heat.
Incorrect examples include “As
the truck braked to a stop, a large
amount of heat was generated by
friction” and “The heat of a hot
summer day . ...
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James Prescott Joule

British physicist (1818-1889)

Joule received some formal education
in mathematics, philosophy, and chem-
istry from John Dalton but was in large
part self-educated. Joule's research led
to the establishment of the principle
of conservation of energy. His study

of the quantitative relationship among
electrical, mechanical, and chemi-

cal effects of heat culminated in his
announcement in 1843 of the amount
of work required to produce a unit of
energy, called the mechanical equiva-
lent of heat.

The falling blocks rotate the
paddles, causing the temperature
of the water to increase.

<
|

o

]

: 'l
: 7

Thermal

insulator

Figure 20.1 Joule’s experiment
for determining the mechanical
equivalent of heat.
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Chapter 20  The First Law of Thermodynamics

necessary to raise the temperature of 1 g of water from 14.5°C to 15.5°C.! (The
“Calorie,” written with a capital “C” and used in describing the energy content of
foods, is actually a kilocalorie.) The unit of energy in the U.S. customary system 1is
the British thermal unit (Btu), which is defined as the amount of energy transfer
required to raise the temperature of 1 1b of water from 63°F to 64°F.

Once the relationship between energy in thermal and mechanical processes
became clear, there was no need for a separate unit related to thermal processes.
The joule has already been defined as an energy unit based on mechanical pro-
cesses. Scientists are increasingly turning away from the calorie and the Btu and
are using the joule when describing thermal processes. In this textbook, heat, work,
and internal energy are usually measured in joules.

The Mechanical Equivalent of Heat

In Chapters 7 and 8, we found that whenever friction is present in a mechanical
system, the mechanical energy in the system decreases; in other words, mechani-
cal energy is not conserved in the presence of nonconservative forces. Various
experiments show that this mechanical energy does not simply disappear but is
transformed into internal energy. You can perform such an experiment at home
by hammering a nail into a scrap piece of wood. What happens to all the kinetic
energy of the hammer once you have finished? Some of it is now in the nail as
internal energy, as demonstrated by the nail being measurably warmer. Notice that
there is no transfer of energy by heat in this process. For the nail and board as a
nonisolated system, Equation 8.2 becomes AE,,, = W + T, where Wis the work
done by the hammer on the nail and 7y, is the energy leaving the system by sound
waves when the nail is struck. Although this connection between mechanical and
internal energy was first suggested by Benjamin Thompson, it was James Prescott
Joule who established the equivalence of the decrease in mechanical energy and
the increase in internal energy.

A schematic diagram of Joule’s most famous experiment is shown in Figure 20.1.
The system of interest is the Earth, the two blocks, and the water in a thermally
insulated container. Work is done within the system on the water by a rotating pad-
dle wheel, which is driven by heavy blocks falling at a constant speed. If the energy
transformed in the bearings and the energy passing through the walls by heat are
neglected, the decrease in potential energy of the system as the blocks fall equals
the work done by the paddle wheel on the water and, in turn, the increase in inter-
nal energy of the water. If the two blocks fall through a distance #, the decrease
in potential energy of the system is 2mgh, where m is the mass of one block; this
energy causes the temperature of the water to increase. By varying the conditions
of the experiment, Joule found that the decrease in mechanical energy is propor-
tional to the product of the mass of the water and the increase in water tempera-
ture. The proportionality constant was found to be approximately 4.18 J/g - °C.
Hence, 4.18 J of mechanical energy raises the temperature of 1 g of water by 1°C.
More precise measurements taken later demonstrated the proportionality to be
4.186 J/g - °C when the temperature of the water was raised from 14.5°C to 15.5°C.
We adopt this “15-degree calorie” value:

1 cal = 4.186] (20.1)

This equality is known, for purely historical reasons, as the mechanical equivalent
of heat. A more proper name would be equivalence between mechanical energy and
internal energy, but the historical name is well entrenched in our language, despite
the incorrect use of the word heat.

!Originally, the calorie was defined as the energy transfer necessary to raise the temperature of 1 g of water by 1°C.
Careful measurements, however, showed that the amount of energy required to produce a 1°C change depends
somewhat on the initial temperature; hence, a more precise definition evolved.
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Example 20.1 Losing Weight the Hard Way

A student eats a dinner rated at 2 000 Calories. He wishes to do an equivalent amount of work in the gymnasium by
lifting a 50.0-kg barbell. How many times must he raise the barbell to expend this much energy? Assume he raises the
barbell 2.00 m each time he lifts it and he regains no energy when he lowers the barbell.

SOLUTION

Conceptualize Imagine the student raising the barbell. He is doing work on the system of the barbell and the Earth, so
energy is leaving his body. The total amount of work that the student must do is 2 000 Calories.

Categorize We model the system of the barbell and the Earth as a nonisolated system for energy.

W,

Analyze Reduce the conservation of energy equa- (1) AU, fotal

otal —
tion, Equation 8.2, to the appropriate expression

for the system of the barbell and the Earth:

Express the change in gravitational potential energy AU = mgh
of the system after the barbell is raised once:

Express the total amount of energy that must be (2) AU, = nmgh
transferred into the system by work for lifting the

barbell n times, assuming energy is not regained

when the barbell is lowered:

Substitute Equation (2) into Equation (1): nmgh = W,

total
VVtotal
Solve for n: n=-—-

mgh

. . (2 000 Cal)
Substitute numerical values: n = 5
(50.0 kg)(9.80 m/s*)(2.00 m)

= 8.54 X 103 times

Calorie 1 cal

1.00 X 10° cal)<4.l86j)

Finalize If the student is in good shape and lifts the barbell once every 5 s, it will take him about 12 h to perform this
feat. Clearly, it is much easier for this student to lose weight by dieting.

In reality, the human body is not 100% efficient. Therefore, not all the energy transformed within the body from
the dinner transfers out of the body by work done on the barbell. Some of this energy is used to pump blood and
perform other functions within the body. Therefore, the 2 000 Calories can be worked off in less time than 12 h when
these other energy processes are included.

Specific Heat and Calorimetry

When energy is added to a system and there is no change in the kinetic or potential
energy of the system, the temperature of the system usually rises. (An exception to
this statement is the case in which a system undergoes a change of state—also called
a phase transition—as discussed in the next section.) If the system consists of a sam-
ple of a substance, we find that the quantity of energy required to raise the tempera-
ture of a given mass of the substance by some amount varies from one substance
to another. For example, the quantity of energy required to raise the temperature
of 1 kg of water by 1°C is 4 186 J, but the quantity of energy required to raise the
temperature of 1 kg of copper by 1°C is only 387 J. In the discussion that follows, we
shall use heat as our example of energy transfer, but keep in mind that the tempera-
ture of the system could be changed by means of any method of energy transfer.

The heat capacity C of a particular sample is defined as the amount of energy
needed to raise the temperature of that sample by 1°C. From this definition, we see
that if energy Q produces a change AT in the temperature of a sample, then

Q= CAT (20.2)
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Specific heat »

Pitfall Prevention 20.3

An Unfortunate Choice

of Terminology The name specific
heat is an unfortunate holdover
from the days when thermody-
namics and mechanics developed
separately. A better name would
be specific energy transfer, but the
existing term is too entrenched to
be replaced.

Pitfall Prevention 20.4

Energy Can Be Transferred

by Any Method The symbol Q
represents the amount of energy
transferred, but keep in mind that
the energy transfer in Equation
20.4 could be by any of the meth-
ods introduced in Chapter 8; it
does not have to be heat. For exam-
ple, repeatedly bending a wire coat
hanger raises the temperature at
the bending point by work.

Chapter 20  The First Law of Thermodynamics

IELIGPLIRES  Specific Heats of Some Substances at 25°C
and Atmospheric Pressure

Specific Heat Specific Heat
Substance (J/kg - °C) Substance (J/kg - °C)
Elemental solids Other solids
Aluminum 900 Brass 380
Beryllium 1830 Glass 837
Cadmium 230 Ice (—5°C) 2 090
Copper 387 Marble 860
Germanium 322 Wood 1700
IGOId iig Liquids
Lo Alcohol (ethyl) 2400
ead 128

Silicon 703 Mercury 110
Silver 934 Water (15°C) 4186

Gas

Steam (100°C) 2010

Note: To convert values to units of cal/g - °C, divide by 4 186.

The specific heat ¢ of a substance is the heat capacity per unit mass. Therefore,
if energy Q transfers to a sample of a substance with mass m and the temperature of
the sample changes by A7, the specific heat of the substance is

Q
mAT

Specific heat is essentially a measure of how thermally insensitive a substance is to
the addition of energy. The greater a material’s specific heat, the more energy must
be added to a given mass of the material to cause a particular temperature change.
Table 20.1 lists representative specific heats.

From this definition, we can relate the energy Q transferred between a sample of
mass m of a material and its surroundings to a temperature change AT as

Q= mcAT

c=

(20.3)

(20.4)

For example, the energy required to raise the temperature of 0.500 kg of water by
3.00°Cis Q = (0.500 kg)(4 186 J/kg - °C)(3.00°C) = 6.28 X 10°]. Notice that when
the temperature increases, Q and AT are taken to be positive and energy trans-
fers into the system. When the temperature decreases, Q and AT are negative and
energy transfers out of the system.

We can identify mc AT as the change in internal energy of the system if we ignore
any thermal expansion or contraction of the system. (Thermal expansion or con-
traction would result in a very small amount of work being done on the system
by the surrounding air.) Then, Equation 20.4 is a reduced form of Equation 8.2:
AE, , = Q. The internal energy of the system can be changed by transferring energy
into the system by any mechanism. For example, if the system is a baked potato in
a microwave oven, Equation 8.2 reduces to the following analog to Equation 20.4:
AE;, = Tyg = mc AT, where Tig is the energy transferred to the potato from the
microwave oven by electromagnetic radiation. If the system is the air in a bicycle
pump, which becomes hot when the pump is operated, Equation 8.2 reduces to the
following analog to Equation 20.4: AE; , = W= mcAT, where Wis the work done on
the pump by the operator. By identifying mc AT as AE, ,, we have taken a step toward
a better understanding of temperature: temperature is related to the energy of the
molecules of a system. We will learn more details of this relationship in Chapter 21.

Specific heat varies with temperature. If, however, temperature intervals are not too
great, the temperature variation can be ignored and ¢ can be treated as a constant.?

>The definition given by Equation 20.4 assumes the specific heat does not vary with temperature over the interval
. . . . . . T
AT = T, — T, In general, if ¢varies with temperature over the interval, the correct expression for Qis Q = m fT’ cdT.
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For example, the specific heat of water varies by only about 1% from 0°C to 100°C at
atmospheric pressure. Unless stated otherwise, we shall neglect such variations.

Yuick Quiz 2 Imagine you have 1 kg each of iron, glass, and water, and all
three samples are at 10°C. (a) Rank the samples from highest to lowest tempera-
ture after 100 J of energy is added to each sample. (b) Rank the samples from

: greatest to least amount of energy transferred by heat if each sample increases

¢ in temperature by 20°C.

Notice from Table 20.1 that water has the highest specific heat of common mate-
rials. This high specific heat is in part responsible for the moderate climates found
near large bodies of water. As the temperature of a body of water decreases during
the winter, energy is transferred from the cooling water to the air by heat, increas-
ing the internal energy of the air. Because of the high specific heat of water, a rela-
tively large amount of energy is transferred to the air for even modest temperature
changes of the water. The prevailing winds on the West Coast of the United States
are toward the land (eastward). Hence, the energy liberated by the Pacific Ocean as
it cools keeps coastal areas much warmer than they would otherwise be. As a result,
West Coast states generally have more favorable winter weather than East Coast
states, where the prevailing winds do not tend to carry the energy toward land.

Calorimetry

One technique for measuring specific heat involves heating a sample to some
known temperature 7, placing it in a vessel containing water of known mass and
temperature 7, < 7T,, and measuring the temperature of the water after equilibrium
has been reached. This technique is called calorimetry, and devices in which this
energy transfer occurs are called calorimeters. Figure 20.2 shows the hot sample in
the cold water and the resulting energy transfer by heat from the high-temperature
part of the system to the low-temperature part. If the system of the sample and the
water is isolated, the principle of conservation of energy requires that the amount
of energy Q,,, that leaves the sample (of unknown specific heat) equal the amount
of energy Q.4 that enters the water.> Conservation of energy allows us to write the
mathematical representation of this energy statement as

Q.cold = _Q,hot (205)

Suppose m, is the mass of a sample of some substance whose specific heat we
wish to determine. Let’s call its specific heat ¢, and its initial temperature 7, as
shown in Figure 20.2. Likewise, let m,, c,, and T, represent corresponding values
for the water. If 7 is the final temperature after the system comes to equilibrium,
Equation 20.4 shows that the energy transfer for the water is m,¢, (T, — T,,), which
is positive because 7,> T, , and that the energy transfer for the sample of unknown
specific heat is mc, (T, — T,), which is negative. Substituting these expressions into

Equation 20.5 gives

’)’IL”,C",(’]}-_ Tw) = _WLxCx(T}-_ 7;)

This equation can be solved for the unknown specific heat c,.

Cooling a Hot Ingot
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Isolated system boundary

p

A

Hot sample

Cold water

Figure 20.2 In a calorimetry
experiment, a hot sample whose
specific heat is unknown is placed
in cold water in a container that
isolates the system from the
environment.

Pitfall Prevention 20.5

Remember the Negative Sign Itis
critical to include the negative sign
in Equation 20.5. The negative
sign in the equation is necessary
for consistency with our sign con-
vention for energy transfer. The
energy transfer Q,, has a negative
value because energy is leaving
the hot substance. The negative
sign in the equation ensures that
the right side is a positive number,
consistent with the left side, which
is positive because energy is enter-
ing the cold water.

A 0.050 0-kg ingot of metal is heated to 200.0°C and then dropped into a calorimeter containing 0.400 kg of water ini-
tially at 20.0°C. The final equilibrium temperature of the mixed system is 22.4°C. Find the specific heat of the metal.

For precise measurements, the water container should be included in our calculations because it also exchanges
energy with the sample. Doing so would require that we know the container’s mass and composition, however. If the
mass of the water is much greater than that of the container, we can neglect the effects of the container.

continued
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b 20.2

SOLUTION

Conceptualize Imagine the process occurring in the isolated system of Figure 20.2. Energy leaves the hot ingot and
goes into the cold water, so the ingot cools off and the water warms up. Once both are at the same temperature, the
energy transfer stops.

Categorize We use an equation developed in this section, so we categorize this example as a substitution problem.

Use Equation 20.4 to evaluate each side of M6, (T,— 1,) = —me (T, — 1))
Equation 20.5:
mwcw( T} - T;u)

Solve for ¢,: €, =

_ (0.400 kg)(4 186 J/kg - °C)(22.4°C — 20.0°C)
B (0.050 0 kg)(200.0°C — 22.4°C)

Substitute numerical values: ¢,

= 453]/kg-°C

The ingot is most likely iron as you can see by comparing this result with the data given in Table 20.1. The temperature
of the ingot is initially above the steam point. Therefore, some of the water may vaporize when the ingot is dropped
into the water. We assume the system is sealed and this steam cannot escape. Because the final equilibrium tempera-
ture is lower than the steam point, any steam that does result recondenses back into water.

UWLZNRES  Suppose you are performing an experiment in the laboratory that uses this technique to determine the
specific heat of a sample and you wish to decrease the overall uncertainty in your final result for ¢,. Of the data given
in this example, changing which value would be most effective in decreasing the uncertainty?

Answer The largest experimental uncertainty is associated with the small difference in temperature of 2.4°C for the
water. For example, using the rules for propagation of uncertainty in Appendix Section B.8, an uncertainty of 0.1°C in
each of Tyand T, leads to an 8% uncertainty in their difference. For this temperature difference to be larger experi-
mentally, the most effective change is to decrease the amount of water.

]
Fun Time for a Cowboy

A cowboy fires a silver bullet with a muzzle speed of 200 m/s into the pine wall of a saloon. Assume all the internal
energy generated by the impact remains with the bullet. What is the temperature change of the bullet?

SOLUTION

Conceptualize Imagine similar experiences you may have had in which mechanical energy is transformed to internal
energy when a moving object is stopped. For example, as mentioned in Section 20.1, a nail becomes warm after it is hit
a few times with a hammer.

Categorize The bullet is modeled as an isolated system. No work is done on the system because the force from the wall
moves through no displacement. This example is similar to the skateboarder pushing off a wall in Section 9.7. There, no
work is done on the skateboarder by the wall, and potential energy stored in the body from previous meals is transformed
to kinetic energy. Here, no work is done by the wall on the bullet, and kinetic energy is transformed to internal energy.
Analyze Reduce the conservation of energy equation, (I) AK+AE,, =0

Equation 8.2, to the appropriate expression for the sys-

tem of the bullet:

The change in the bullet’s internal energy is related to (2) AL, = mcAT
its change in temperature:

Substitute Equation (2) into Equation (1): (0 = 3mv®) + mcAT =0
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» 203
gmo® o2 (200 m/s)?
Solve for AT, using 234 J/kg - °C as the specific heat of 8) AT = —=—=—""—"-—-= 855°C
silver (see Table 20.1): e 2¢ 2(234]/kg-°C)

Finalize Notice that the result does not depend on the mass of the bullet.

WP EE  Suppose the cowboy runs out of silver bullets and fires a lead bullet at the same speed into the wall. Will
the temperature change of the bullet be larger or smaller?

Answer Table 20.1 shows that the specific heat of lead is 128 J/kg - °C, which is smaller than that for silver. Therefore,
a given amount of energy input or transformation raises lead to a higher temperature than silver and the final tem-
perature of the lead bullet will be larger. In Equation (8), let’s substitute the new value for the specific heat:

v? _ (200 m/s)?

AT: _—
9c 2(128]/kg-°C)

= 156°C
There is no requirement that the silver and lead bullets have the same mass to determine this change in temperature.
The only requirement is that they have the same speed.

yJ0ReR Latent Heat

As we have seen in the preceding section, a substance can undergo a change in tem-
perature when energy is transferred between it and its surroundings. In some situ-
ations, however, the transfer of energy does not result in a change in temperature.
That is the case whenever the physical characteristics of the substance change from
one form to another; such a change is commonly referred to as a phase change.
Two common phase changes are from solid to liquid (melting) and from liquid to
gas (boiling); another is a change in the crystalline structure of a solid. All such
phase changes involve a change in the system’s internal energy but no change in
its temperature. The increase in internal energy in boiling, for example, is repre-
sented by the breaking of bonds between molecules in the liquid state; this bond
breaking allows the molecules to move farther apart in the gaseous state, with a
corresponding increase in intermolecular potential energy.

As you might expect, different substances respond differently to the addition or
removal of energy as they change phase because their internal molecular arrange-
ments vary. Also, the amount of energy transferred during a phase change depends on
the amount of substance involved. (It takes less energy to melt an ice cube than it does
to thaw a frozen lake.) When discussing two phases of a material, we will use the term
higher-phase material to mean the material existing at the higher temperature. So, for
example, if we discuss water and ice, water is the higher-phase material, whereas steam
is the higher-phase material in a discussion of steam and water. Consider a system
containing a substance in two phases in equilibrium such as water and ice. The initial
amount of the higher-phase material, water, in the system is m, Now imagine that
energy () enters the system. As a result, the final amount of water is m.due to the melt-
ing of some of the ice. Therefore, the amount of ice that melted, equal to the amount
of newwater, is Am = m, — m;. We define the latent heat for this phase change as

L= & (20.6)

= !
This parameter is called latent heat (literally, the “hidden” heat) because this
added or removed energy does not result in a temperature change. The value of L
for a substance depends on the nature of the phase change as well as on the proper-
ties of the substance. If the entire amount of the lower-phase material undergoes a
phase change, the change in mass Am of the higher-phase material is equal to the
initial mass of the lower-phase material. For example, if an ice cube of mass m on a
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Energy transferred to P>
a substance during
a phase change

Pitfall Prevention 20.6

Signs Are Critical Sign errors
occur very often when students
apply calorimetry equations. For
phase changes, remember that

Am in Equation 20.7 is always the
change in mass of the higher-
phase material. In Equation 20.4,
be sure your AT is always the final
temperature minus the initial tem-
perature. In addition, you must
always include the negative sign on
the right side of Equation 20.5.

Chapter 20  The First Law of Thermodynamics

IELUVIOVE  Latent Heats of Fusion and Vaporization

Latent Heat

Melting of Fusion Boiling Latent Heat
Substance Point (°C) (J/kg) Point (°C) of Vaporization (J/kg)
Helium? —272.2 5.23 X 10® —268.93 2.09 x 104
Oxygen —218.79 1.88 x 10* —182.97 2.18 X 10°
Nitrogen —209.97 2.55 X 10* —195.81 2.01 X 10°
Ethyl alcohol —114 1.04 X 10° 78 8.54 X 10°
Water 0.00 3.833 X 10° 100.00 2.26 X 10%
Sulfur 119 3.81 X 10* 444.60 3.26 X 10°
Lead 327.3 2.45 X 10* 1750 8.70 X 10°
Aluminum 660 3.97 X 103 2 450 1.14 X 107
Silver 960.80 8.82 x 104 2193 2.33 X 108
Gold 1 063.00 6.44 x 10* 2 660 1.58 X 10°
Copper 1083 1.34 X 10° 1187 5.06 X 10°

?Helium does not solidify at atmospheric pressure. The melting point given here corresponds to a pressure of 2.5 MPa.

plate melts completely, the change in mass of the water is m, — 0 = m, which is the
mass of new water and is also equal to the initial mass of the ice cube.

From the definition of latent heat, and again choosing heat as our energy trans-
fer mechanism, the energy required to change the phase of a pure substance is

Q=LAm (20.7)

where Am is the change in mass of the higher-phase material.

Latent heat of fusion L, is the term used when the phase change is from solid to
liquid (fo fuse means “to combine by melting”), and latent heat of vaporization L, is
the term used when the phase change is from liquid to gas (the liquid “vaporizes”).!
The latent heats of various substances vary considerably as data in Table 20.2 show.
When energy enters a system, causing melting or vaporization, the amount of the
higher-phase material increases, so Am is positive and Q is positive, consistent with
our sign convention. When energy is extracted from a system, causing freezing or
condensation, the amount of the higher-phase material decreases, so Am is nega-
tive and Q is negative, again consistent with our sign convention. Keep in mind that
Amin Equation 20.7 always refers to the higher-phase material.

To understand the role of latent heat in phase changes, consider the energy
required to convert a system consisting of a 1.00-g cube of ice at —30.0°C to steam
at 120.0°C. Figure 20.3 indicates the experimental results obtained when energy is
gradually added to the ice. The results are presented as a graph of temperature of
the system versus energy added to the system. Let’s examine each portion of the
red-brown curve, which is divided into parts A through E.

Part A. On this portion of the curve, the temperature of the system changes from
—30.0°C to 0.0°C. Equation 20.4 indicates that the temperature varies linearly
with the energy added, so the experimental result is a straight line on the graph.
Because the specific heat of ice is 2 090 J/kg - °C, we can calculate the amount of
energy added by using Equation 20.4:

Q= mc; AT = (1.00 X 107° kg)(2 090 J/kg - °C)(30.0°C) = 62.7]
Part B. When the temperature of the system reaches 0.0°C, the ice—water mixture

remains at this temperature—even though energy is being added—until all the ice
melts. The energy required to melt 1.00 g of ice at 0.0°C is, from Equation 20.7,

Q= L, Am, = Lm, = (3.33 X 10°/kg)(1.00 X 10~ kg) = 333 ]

When a gas cools, it eventually condenses; that is, it returns to the liquid phase. The energy given up per unit mass
is called the latent heat of condensation and is numerically equal to the latent heat of vaporization. Likewise, when a
liquid cools, it eventually solidifies, and the latent heat of solidification is numerically equal to the latent heat of fusion.
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At this point, we have moved to the 396 ] (= 62.7] + 333 J) mark on the energy axis
in Figure 20.3.

Part C. Between 0.0°C and 100.0°C, nothing surprising happens. No phase change
occurs, and so all energy added to the system, which is now water, is used to increase
its temperature. The amount of energy necessary to increase the temperature from
0.0°C to 100.0°C is

Q= m,c,AT = (1.00 X 1073 kg)(4.19 X 10®J/kg - °C)(100.0°C) = 419]

W w

where m,, is the mass of the water in the system, which is the same as the mass m; of
the original ice.

Part D. At 100.0°C, another phase change occurs as the system changes from water
at 100.0°C to steam at 100.0°C. Similar to the ice-water mixture in part B, the
water—steam mixture remains at 100.0°C—even though energy is being added—
until all the liquid has been converted to steam. The energy required to convert
1.00 g of water to steam at 100.0°C is

Q=1L,Am = L,m,=(2.26 X 10°]/kg)(1.00 X 10 kg) = 2.26 X 10°]

Part E. On this portion of the curve, as in parts A and C, no phase change occurs;
therefore, all energy added is used to increase the temperature of the system, which
is now steam. The energy that must be added to raise the temperature of the steam
from 100.0°C to 120.0°C is

Q = me, AT = (1.00 X 10~% kg)(2.01 X 10° J/kg - °C)(20.0°C) = 40.2 ]

The total amount of energy that must be added to the system to change 1 g of ice
at —30.0°C to steam at 120.0°C is the sum of the results from all five parts of the
curve, which is 3.11 X 103 J. Conversely, to cool 1 g of steam at 120.0°C to ice at
—30.0°C, we must remove 3.11 X 10° ] of energy.

Notice in Figure 20.3 the relatively large amount of energy that is transferred
into the water to vaporize it to steam. Imagine reversing this process, with a large
amount of energy transferred out of steam to condense it into water. That is why a
burn to your skin from steam at 100°C is much more damaging than exposure of
your skin to water at 100°C. A very large amount of energy enters your skin from
the steam, and the steam remains at 100°C for a long time while it condenses. Con-
versely, when your skin makes contact with water at 100°C, the water immediately
begins to drop in temperature as energy transfers from the water to your skin.

If liquid water is held perfectly still in a very clean container, it is possible for the
water to drop below 0°C without freezing into ice. This phenomenon, called super-
cooling, arises because the water requires a disturbance of some sort for the mol-
ecules to move apart and start forming the large, open ice structure that makes the
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Figure 20.3 A plot of tempera-
ture versus energy added when a
system initially consisting of 1.00 g
of ice at —30.0°C is converted to
steam at 120.0°C.



600 Chapter 20  The First Law of Thermodynamics

density of ice lower than that of water as discussed in Section 19.4. If supercooled
water is disturbed, it suddenly freezes. The system drops into the lower-energy con-
figuration of bound molecules of the ice structure, and the energy released raises
the temperature back to 0°C.

Commercial hand warmers consist of liquid sodium acetate in a sealed plastic
pouch. The solution in the pouch is in a stable supercooled state. When a disk in the
pouch is clicked by your fingers, the liquid solidifies and the temperature increases,
just like the supercooled water just mentioned. In this case, however, the freezing
point of the liquid is higher than body temperature, so the pouch feels warm to the
touch. To reuse the hand warmer, the pouch must be boiled until the solid lique-
fies. Then, as it cools, it passes below its freezing point into the supercooled state.

It is also possible to create superheating. For example, clean water in a very clean
cup placed in a microwave oven can sometimes rise in temperature beyond 100°C
without boiling because the formation of a bubble of steam in the water requires
scratches in the cup or some type of impurity in the water to serve as a nucleation
site. When the cup is removed from the microwave oven, the superheated water can
become explosive as bubbles form immediately and the hot water is forced upward
out of the cup.

uick Quiz 20.2 Suppose the same process of adding energy to the ice cube is
performed as discussed above, but instead we graph the internal energy of the
o system as a function of energy input. What would this graph look like?

Cooling the Steam

What mass of steam initially at 130°C is needed to warm 200 g of water in a 100-g glass container from 20.0°C to 50.0°C?

SOLUTION

Conceptualize Imagine placing water and steam together in a closed insulated container. The system eventually
reaches a uniform state of water with a final temperature of 50.0°C.

Categorize Based on our conceptualization of this situation, we categorize this example as one involving calorimetry
in which a phase change occurs. The calorimeter is an isolated system for energy: energy transfers between the compo-
nents of the system but does not cross the boundary between the system and the environment.

Analyze Write Equation 20.5 to describe the calo- 1) Qeoa = Qo
rimetry process:

The steam undergoes three processes: first a decrease Q, = me, AT,
in temperature to 100°C, then condensation into

liquid water, and finally a decrease in temperature of

the water to 50.0°C. Find the energy transfer in the

first process using the unknown mass m, of the steam:

Find the energy transfer in the second process: Qo=L,Am;=L,0—m)=—mL,

Find the energy transfer in the third process: Qs =me, AT water

Add the energy transfers in these three stages: @) Quu=0,+ Qs+ Qs=mc,AT,— L, + ¢, AT} varer)
The 20.0°C water and the glass undergo only one B) Qeod = Myl AT g1q warer T Mgty AT

process, an increase in temperature to 50.0°C. Find
the energy transfer in this process:

Substitute Equations (2) and (3) into Equation (1): m,c, AT,

wtw -old water

+ myc, AT,

glass = —ms(cs AY: - Lw + Cy A’Elot water)
My Cy A Tcold water s mg(’;g( A Tglass
Solve for m: m, = —
CS A’I‘S - IJU + Cw A’]—‘]"I()t water
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b 20.4
(0.200 kg)(4 186 J/kg - °C)(50.0°C — 20.0°C) + (0.100 kg)(837 ] /kg - °C)(50.0°C — 20.0°C)
Substitute ™ T T (9010 ]/kg -°C)(100°C — 130°C) — (2.26 X 10°]/kg) + (4 186 ] /kg -°C)(50.0°C — 100°C)
numerical 1/kg ° ’ J/kg J/kg :
values: =109 X 102kg= 109¢g

WSS What if the final state of the system is water at 100°C? Would we need more steam or less steam? How
would the analysis above change?

Answer More steam would be needed to raise the temperature of the water and glass to 100°C instead of 50.0°C.
There would be two major changes in the analysis. First, we would not have a term Qg for the steam because the water
that condenses from the steam does not cool below 100°C. Second, in Q .4, the temperature change would be 80.0°C
instead of 30.0°C. For practice, show that the result is a required mass of steam of 31.8 g.

Work and Heat in Thermodynamic Processes

In thermodynamics, we describe the state of a system using such variables as pres-
sure, volume, temperature, and internal energy. As a result, these quantities belong
to a category called state variables. For any given configuration of the system, we
can identify values of the state variables. (For mechanical systems, the state vari-
ables include kinetic energy K and potential energy U.) A state of a system can be
specified only if the system is in thermal equilibrium internally. In the case of a gas
in a container, internal thermal equilibrium requires that every part of the gas be
at the same pressure and temperature.

A second category of variables in situations involving energy is transfer vari-
ables. These variables are those that appear on the right side of the conservation
of energy equation, Equation 8.2. Such a variable has a nonzero value if a process
occurs in which energy is transferred across the system’s boundary. The transfer
variable is positive or negative, depending on whether energy is entering or leaving
the system. Because a transfer of energy across the boundary represents a change
in the system, transfer variables are not associated with a given state of the system,
but rather with a change in the state of the system.

In the previous sections, we discussed heat as a transfer variable. In this section,
we study another important transfer variable for thermodynamic systems, work. Work
performed on particles was studied extensively in Chapter 7, and here we investigate
the work done on a deformable system, a gas. Consider a gas contained in a cylinder
fitted with a movable piston (Fig. 20.4). At equilibrium, the gas occupies a volume V
and exerts a uniform pressure P on the cylinder’s walls and on the piston. If the pis-
ton has a cross-sectional area A, the magnitude of the force exerted by the gas on the
piston is = PA. By Newton’s third law, the magnitude of the force exerted by the pis-
ton on the gas is also PA. Now let’s assume we push the piston inward and compress
the gas quasi-statically, that is, slowly enough to allow the system to remain essen-

tially in internal thermal equilibrium at all times. The point of application of the o a |

force on the gas is the bottom face of the piston. As the piston is pushed downward ; dy ,
by an external force F = —Fj through a displacement of dT = dy] (Fig. 20.4b), the K
work done on the gas is, according to our definition of work in Chapter 7, p v

o W —

e 2 2
dW= F+-dr¥ = —Fj-dyj= —Fdy= —PAdy

The mass of the piston is assumed to be negligible in this discussion. Because A dy

is the change in volume of the gas dV, we can express the work done on the gas as )
Figure 20.4 Work is done on

dW= —PdV (20.8) a gas contained in a cylinder at a
i 1 i ¢ 5 pressure Pas the piston is
If the gas is compressed, dV'is negative and the work done on the gas is positive. pushed downward so that the gas

If the gas expands, dVis positive and the work done on the gas is negative. If the is compressed.
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Work done on a gas P>

The work done on a gas
equals the negative of the area
under the PV curve. The area
is negative here because the
volume is decreasing, resulting
in positive work.

v, v,
Figure 20.5 A gas is compressed
quasi-statically (slowly) from state
i to state f. An outside agent must
do positive work on the gas to
compress it.

Figure 20.6 The work done on
a gas as it is taken from an initial
state to a final state depends on
the path between these states.
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volume remains constant, the work done on the gas is zero. The total work done on
the gas as its volume changes from V; to V,is given by the integral of Equation 20.8:

%
W= —f PdV (20.9)

V.

i

To evaluate this integral, you must know how the pressure varies with volume dur-
ing the process.

In general, the pressure is not constant during a process followed by a gas, but
depends on the volume and temperature. If the pressure and volume are known
at each step of the process, the state of the gas at each step can be plotted on an
important graphical representation called a PV diagram as in Figure 20.5. This type
of diagram allows us to visualize a process through which a gas is progressing. The
curve on a PVdiagram is called the path taken between the initial and final states.

Notice that the integral in Equation 20.9 is equal to the area under a curve on a
PV diagram. Therefore, we can identify an important use for PV diagrams:

The work done on a gas in a quasi-static process that takes the gas from an
initial state to a final state is the negative of the area under the curve on a PV
diagram, evaluated between the initial and final states.

For the process of compressing a gas in a cylinder, the work done depends on the
particular path taken between the initial and final states as Figure 20.5 suggests. To
illustrate this important point, consider several different paths connecting ¢ and f
(Fig. 20.6). In the process depicted in Figure 20.6a, the volume of the gas is first
reduced from V; to V, at constant pressure P; and the pressure of the gas then
increases from P; to P, by heating at constant volume V.. The work done on the gas
along this path is —P,(V, — V}). In Figure 20.6b, the pressure of the gas is increased
from P;to P at constant volume V;and then the volume of the gas is reduced from
V;to V,at constant pressure P,. The work done on the gas is —P/(V,— V). This value
is greater than that for the process described in Figure 20.6a because the piston is
moved through the same displacement by a larger force. Finally, for the process
described in Figure 20.6c, where both Pand Vchange continuously, the work done
on the gas has some value between the values obtained in the first two processes.
To evaluate the work in this case, the function P(V) must be known so that we can
evaluate the integral in Equation 20.9.

The energy transfer Q into or out of a system by heat also depends on the pro-
cess. Consider the situations depicted in Figure 20.7. In each case, the gas has the
same initial volume, temperature, and pressure, and is assumed to be ideal. In Figure
20.7a, the gas is thermally insulated from its surroundings except at the bottom of
the gas-filled region, where it is in thermal contact with an energy reservoir. An energy
reservoir is a source of energy that is considered to be so great that a finite transfer of
energy to or from the reservoir does not change its temperature. The piston is held

A constant-pressure
compression followed by a
constant-volume process

A constant-volume process
followed by a constant-
pressure compression

An arbitrary
compression

~
v
=
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The membrane
is broken, and
the gas expands
freely into the
evacuated
region.

Figure 20.7 Gasin a cylinder. (a) The gas is in contact with an energy reservoir. The walls of the cylinder are perfectly insulating, but the

base in contact with the reservoir is conducting. (b) The gas expands slowly to a larger volume. (c) The gas is contained by a membrane in
half of a volume, with vacuum in the other half. The entire cylinder is perfectly insulating. (d) The gas expands freely into the larger volume.

at its initial position by an external agent such as a hand. When the force holding the
piston is reduced slightly, the piston rises very slowly to its final position shown in Fig-
ure 20.7b. Because the piston is moving upward, the gas is doing work on the piston.
During this expansion to the final volume V,, just enough energy is transferred by
heat from the reservoir to the gas to maintain a constant temperature 7.

Now consider the completely thermally insulated system shown in Figure 20.7c.
When the membrane is broken, the gas expands rapidly into the vacuum until it
occupies a volume V;and is at a pressure P,. The final state of the gas is shown in
Figure 20.7d. In this case, the gas does no work because it does not apply a force; no
force is required to expand into a vacuum. Furthermore, no energy is transferred
by heat through the insulating wall.

As we discuss in Section 20.5, experiments show that the temperature of the ideal
gas does not change in the process indicated in Figures 20.7c and 20.7d. Therefore,
the initial and final states of the ideal gas in Figures 20.7a and 20.7b are identical
to the initial and final states in Figures 20.7c and 20.7d, but the paths are different.
In the first case, the gas does work on the piston and energy is transferred slowly to
the gas by heat. In the second case, no energy is transferred by heat and the value of
the work done is zero. Therefore, energy transfer by heat, like work done, depends on
the particular process occurring in the system. In other words, because heat and work
both depend on the path followed on a PVdiagram between the initial and final states,
neither quantity is determined solely by the endpoints of a thermodynamic process.

The First Law of Thermodynamics

When we introduced the law of conservation of energy in Chapter 8, we stated that
the change in the energy of a system is equal to the sum of all transfers of energy
across the system’s boundary (Eq. 8.2). The first law of thermodynamics is a spe-
cial case of the law of conservation of energy that describes processes in which only
the internal energy® changes and the only energy transfers are by heat and work:

AE, =0+ W (20.10)

mt

5Tt is an unfortunate accident of history that the traditional symbol for internal energy is U, which is also the tra-
ditional symbol for potential energy as introduced in Chapter 7. To avoid confusion between potential energy and

internal energy, we use the symbol [

ine fOT internal energy in this book. If you take an advanced course in thermody-

namics, however, be prepared to see {/used as the symbol for internal energy in the first law.

< First law of thermodynamics
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Pitfall Prevention 20.7

Dual Sign Conventions Some phys-
ics and engineering books present
the first law as AE; = Q — W, with
a minus sign between the heat
and work. The reason is that work
is defined in these treatments as
the work done by the gas rather
than on the gas, as in our treat-
ment. The equivalent equation to
Equation 20.9 in these treatments
defines work as W = f“; Pdv.
Therefore, if positive work is done
by the gas, energy is leaving the
system, leading to the negative
sign in the first law.

In your studies in other chem-
istry or engineering courses, or
in your reading of other physics
books, be sure to note which sign
convention is being used for the
first law.

Pitfall Prevention 20.8

The First Law With our approach
to energy in this book, the first law
of thermodynamics is a special case
of Equation 8.2. Some physicists
argue that the first law is the gen-
eral equation for energy conserva-
tion, equivalent to Equation 8.2.
In this approach, the first law is
applied to a closed system (so that
there is no matter transfer), heat

is interpreted so as to include elec-
tromagnetic radiation, and work is
interpreted so as to include electri-
cal transmission (“electrical work”)
and mechanical waves (“molecular
work”). Keep that in mind if you
run across the first law in your
reading of other physics books.

AE

int

Figure 20.8 The first law of ther-
modynamics equates the change in
internal energy E;  in a system to
the net energy transfer to the sys-
tem by heat Q and work W. In the
situation shown here, the internal
energy of the gas increases.

Q
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Look back at Equation 8.2 to see that the first law of thermodynamics is contained
within that more general equation.

Let us investigate some special cases in which the first law can be applied. First,
consider an isolated system, that is, one that does not interact with its surroundings,
as we have seen before. In this case, no energy transfer by heat takes place and the
work done on the system is zero; hence, the internal energy remains constant. That
is, because Q = W = 0, it follows that AE;, = 0; therefore, £, ; = £, ;. We con-
clude that the internal energy E; , of an isolated system remains constant.

Next, consider the case of a system that can exchange energy with its surround-
ings and is taken through a cyclic process, that is, a process that starts and ends at
the same state. In this case, the change in the internal energy must again be zero
because L, is a state variable; therefore, the energy Q added to the system must
equal the negative of the work Wdone on the system during the cycle. That is, in a
cyclic process,

AE, =0 and Q= —W (cyclic process)

On a PV diagram for a gas, a cyclic process appears as a closed curve. (The pro-
cesses described in Figure 20.6 are represented by open curves because the initial
and final states differ.) It can be shown that in a cyclic process for a gas, the net
work done on the system per cycle equals the area enclosed by the path represent-
ing the process on a PVdiagram.

Some Applications of the First Law
of Thermodynamics

In this section, we consider additional applications of the first law to processes
through which a gas is taken. As a model, let’s consider the sample of gas contained
in the piston—cylinder apparatus in Figure 20.8. This figure shows work being done
on the gas and energy transferring in by heat, so the internal energy of the gas is
rising. In the following discussion of various processes, refer back to this figure
and mentally alter the directions of the transfer of energy to reflect what is hap-
pening in the process.

Before we apply the first law of thermodynamics to specific systems, it is useful
to first define some idealized thermodynamic processes. An adiabatic process is
one during which no energy enters or leaves the system by heat; thatis, Q = 0. An
adiabatic process can be achieved either by thermally insulating the walls of the
system or by performing the process rapidly so that there is negligible time for
energy to transfer by heat. Applying the first law of thermodynamics to an adia-
batic process gives

AE,

.. = W (adiabatic process) (20.11)

This result shows that if a gas is compressed adiabatically such that Wis positive,
then AE,  is positive and the temperature of the gas increases. Conversely, the tem-
perature of a gas decreases when the gas expands adiabatically.

Adiabatic processes are very important in engineering practice. Some common
examples are the expansion of hot gases in an internal combustion engine, the
liquefaction of gases in a cooling system, and the compression stroke in a diesel
engine.

The process described in Figures 20.7c and 20.7d, called an adiabatic free
expansion, is unique. The process is adiabatic because it takes place in an insulated
container. Because the gas expands into a vacuum, it does not apply a force on a
piston as does the gas in Figures 20.7a and 20.7b, so no work is done on or by the
gas. Therefore, in this adiabatic process, both Q = 0 and W= 0. As aresult, AE, , =

0 for this process as can be seen from the first law. That is, the initial and final
internal energies of a gas are equal in an adiabatic free expansion. As we shall see
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in Chapter 21, the internal energy of an ideal gas depends only on its temperature.
Therefore, we expect no change in temperature during an adiabatic free expan-
sion. This prediction is in accord with the results of experiments performed at low
pressures. (Experiments performed at high pressures for real gases show a slight
change in temperature after the expansion due to intermolecular interactions,
which represent a deviation from the model of an ideal gas.)

A process that occurs at constant pressure is called an isobaric process. In Fig-
ure 20.8, an isobaric process could be established by allowing the piston to move
freely so that it is always in equilibrium between the net force from the gas pushing
upward and the weight of the piston plus the force due to atmospheric pressure
pushing downward. The first process in Figure 20.6a and the second process in
Figure 20.6b are both isobaric.

In such a process, the values of the heat and the work are both usually nonzero.
The work done on the gas in an isobaric process is simply

W= —P(V,— V,) (isobaric process) (20.12)

where Pis the constant pressure of the gas during the process.

A process that takes place at constant volume is called an isovolumetric process.
In Figure 20.8, clamping the piston at a fixed position would ensure an isovolu-
metric process. The second process in Figure 20.6a and the first process in Figure
20.6b are both isovolumetric.

Because the volume of the gas does not change in such a process, the work given
by Equation 20.9 is zero. Hence, from the first law we see that in an isovolumetric
process, because W= 0,

AE, = Q (isovolumetric process) (20.13)

This expression specifies that if energy is added by heat to a system kept at constant
volume, all the transferred energy remains in the system as an increase in its inter-
nal energy. For example, when a can of spray paint is thrown into a fire, energy
enters the system (the gas in the can) by heat through the metal walls of the can.
Consequently, the temperature, and therefore the pressure, in the can increases
until the can possibly explodes.

A process that occurs at constant temperature is called an isothermal process.
This process can be established by immersing the cylinder in Figure 20.8 in an
ice—water bath or by putting the cylinder in contact with some other constant-
temperature reservoir. A plot of P versus Vat constant temperature for an ideal
gas yields a hyperbolic curve called an isotherm. The internal energy of an ideal
gas is a function of temperature only. Hence, because the temperature does not
change in an isothermal process involving an ideal gas, we must have AE, = 0.
For an isothermal process, we conclude from the first law that the energy transfer
O must be equal to the negative of the work done on the gas; thatis, Q = —W. Any
energy that enters the system by heat is transferred out of the system by work; as
a result, no change in the internal energy of the system occurs in an isothermal
process.

uick Quiz 20.3 In the last three columns of the following table, fill in the boxes
. with the correct signs (—, +, or 0) for Q, W, and AE, . For each situation, the sys-
tem to be considered is identified.

Situation System [0) w AE;,,
(a) Rapidly pumping up Air in the pump
a bicycle tire
(b) Pan of room-temperature Water in the pan
water sitting on a hot stove
(c) Air quickly leaking out Air originally in the balloon

of a balloon

< Isobaric process

<« Isovolumetric process

< Isothermal process

Pitfall Prevention 20.9

Q #0 in an Isothermal Process
Do not fall into the common trap
of thinking there must be no
transfer of energy by heat if the
temperature does not change as is
the case in an isothermal process.
Because the cause of temperature
change can be either heat orwork,
the temperature can remain con-
stant even if energy enters the gas
by heat, which can only happen

if the energy entering the gas by
heat leaves by work.
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P Isothermal Expansion of an ldeal Gas

Isotherm

Suppose an ideal gas is allowed to expand quasi-statically at constant temperature.
i This process is described by the PV diagram shown in Figure 20.9. The curve is a
PY= sonstant hyperbola (see Appendix B, Eq. B.23), and the ideal gas law (Eq. 19.8) with T con-

| The curve isa stant indicates that the equation of this curve is PV = nRT = constant.
4 tperbola. 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,

1 v Y Y uRT
v W=—| PdV=— av
v, 14

Vi

Figure 20.9 The PVdiagram

; . Because T'is constant in this case, it can be removed from the integral along with
for an isothermal expansion of an

ideal gas from an initial state to a nand R:

final state. Vi AV 1
W= —aRT — = —nRTInV

p v, V v,

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

Vi
W= nRTIn <—> (20.14)
Vi

Numerically, this work Wequals the negative of the shaded area under the PV curve
shown in Figure 20.9. Because the gas expands, V,> V;and the value for the work
done on the gas is negative as we expect. If the gas is compressed, then V, < V,and

V' the work done on the gas is positive.
Figure 20.10 (Quick Quiz 20.4) o~ ) . o ) o
Identify the nature of paths A, B, uick Quiz 20.4 Characterize the paths in Figure 20.10 as isobaric, isovolumet-
C,andD. e ric, isothermal, or adiabatic. For path B, = 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?

SOLUTION

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.

V;
Substitute the given values into Equation 20.14: W= nRTIn (ﬁ)
i/

3.0 L
= (1.0 mol)(8.31 J/mol - K)(273 K) In (10.0 L>

= 27X 103]

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

SOLUTION

Find the heat from the first law: AE, =Q+ W
0=Q+W

Q=-W= 27x103]
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(C) If the gas is returned to the original volume by means of an isobaric process, how much work is done on the gas?

SOLUTION

nRT;
Use Equation 20.12. The pressure is W=—-PV,— V)= — (v, = V)
not given, so incorporate the ideal !
. 1.0 mol)(8.31 J/mol - K)(273 K
gas law: - )1(0 . ><J1o-‘* %)( )(3.0 X 107 m?® — 10.0 X 107 m?)
. > m’
= 16 % 10%]

We used the initial temperature and volume to calculate the work done because the final temperature was unknown.
The work done on the gas is positive because the gas is being compressed.

Example 20.6 Boiling Water

Suppose 1.00 g of water vaporizes isobarically at atmospheric pressure (1.013 X 10° Pa). Its volume in the liquid state is
V; = Viiquia = 1.00 cm?, and its volume in the vapor state is V= V.., = 1 671 cm®. 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.

SOLUTION

Conceptualize Notice that the temperature of the system does not change. There is a phase change occurring as the
water evaporates to steam.

Categorize Because the expansion takes place at constant pressure, we categorize the process as isobaric. We will use
equations developed in the preceding sections, so we categorize this example as a substitution problem.

Use Equation 20.12 to find the work done on the sys- W= —P(V,— V)

tem as the ail‘ iS pushed out Of the Way: — _(1013 X 105 Pa)(l 671 X 10—6 m3 _ 100 X 10—6 m3)
= —169]

Use Equation 20.7 and the latent heat of vaporization Q=1L,Am,=mI, = (1.00 X 107% kg)(2.26 X 10°]/kg)

for water to find the energy transferred into the system
=2260]

by heat:

Use the first law to find the change in internal energy AE,, = Q+ W=2260] + (-169]) = 2.09K]

of the system:

The positive value for AE,  indicates that the internal energy of the system increases. The largest fraction of the

mt

energy (2 090 J/ 2260 ] = 93%) transferred to the liquid goes into increasing the internal energy of the system. The
remaining 7% of the energy transferred leaves the system by work done by the steam on the surrounding atmosphere.

Heating a Solid

A 1.0-kg bar of copper is heated at atmospheric pressure so that its temperature increases from 20°C to 50°C.

(A) Whatis the work done on the copper bar by the surrounding atmosphere?

SOLUTION

Conceptualize This example involves a solid, whereas the preceding two examples involved liquids and gases. For a

solid, the change in volume due to thermal expansion is very small. .
conlinued
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Categorize Because the expansion takes place at constant atmospheric pressure, we categorize the process as isobaric.

Analyze Find the work done on the copper bar using W= —-PAV
Equation 20.12:
Express the change in volume using Equation 19.6 and W= —P(BV, AT) = —P(3aV, AT) = —3aPV, AT
that 8 = 3a:
Substitute for the volume in terms of the mass and den- W= —3aP (ﬁ) AT
P

sity of the copper:
1.0 kg
8.92 X 10° kg/m3

Substitute numerical values: W= —3[1.7 x 107°(°C)~"'](1.013 X 10° N/m2)< )(50°G — 20°C)

= —17x1072]

Because this work is negative, work is done by the copper bar on the atmosphere.

(B) How much energy is transferred to the copper bar by heat?

SOLUTION

Use Equation 20.4 and the specific heat of copper from 0= mcAT = (1.0 kg)(387]/kg - °C)(50°C — 20°C)

Table 20.1: = 1.2 X 104]

(C) Whatis the increase in internal energy of the copper bar?

SOLUTION

Use the first law of thermodynamics: AE, = Q+ W=12X10*] + (=1.7 X 1072])

= 1.2 X 10¢]

int

Finalize Most of the energy transferred into the system by heat goes into increasing the internal energy of the cop-
per bar. The fraction of energy used to do work on the surrounding atmosphere is only about 107, Hence, when the
thermal expansion of a solid or a liquid is analyzed, the small amount of work done on or by the system is usually
ignored.

Energy Transfer Mechanisms
in Thermal Processes

In Chapter 8, we introduced a global approach to the energy analysis of physical
processes through Equation 8.1, AE_ ., = 2 T, where T'represents energy transfer,
which can occur by several mechanisms. Earlier in this chapter, we discussed two of
the terms on the right side of this equation, work Wand heat Q. In this section, we
explore more details about heat as a means of energy transfer and two other energy
transfer methods often related to temperature changes: convection (a form of mat-
ter transfer 7;;) and electromagnetic radiation Tyy.

Thermal Conduction

The process of energy transfer by heat (Q in Eq. 8.2) can also be called conduc-
tion or thermal conduction. In this process, the transfer can be represented on an
atomic scale as an exchange of kinetic energy between microscopic particles—mol-
ecules, atoms, and free electrons—in which less-energetic particles gain energy in
collisions with more-energetic particles. For example, if you hold one end of a long
metal bar and insert the other end into a flame, you will find that the temperature
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of the metal in your hand soon increases. The energy reaches your hand by means
of conduction. Initially, before the rod is inserted into the flame, the microscopic
particles in the metal are vibrating about their equilibrium positions. As the flame
raises the temperature of the rod, the particles near the flame begin to vibrate with
greater and greater amplitudes. These particles, in turn, collide with their neigh-
bors and transfer some of their energy in the collisions. Slowly, the amplitudes of
vibration of metal atoms and electrons farther and farther from the flame increase
until eventually those in the metal near your hand are affected. This increased
vibration is detected by an increase in the temperature of the metal and of your
potentially burned hand.

The rate of thermal conduction depends on the properties of the substance
being heated. For example, it is possible to hold a piece of asbestos in a flame indef-
initely, which implies that very little energy is conducted through the asbestos. In
general, metals are good thermal conductors and materials such as asbestos, cork,
paper, and fiberglass are poor conductors. Gases also are poor conductors because
the separation distance between the particles is so great. Metals are good thermal
conductors because they contain large numbers of electrons that are relatively free
to move through the metal and so can transport energy over large distances. There-
fore, in a good conductor such as copper, conduction takes place by means of both
the vibration of atoms and the motion of free electrons.

Conduction occurs only if there is a difference in temperature between two
parts of the conducting medium. Consider a slab of material of thickness Ax and
cross-sectional area A. One face of the slab is at a temperature 7, and the other
face is at a temperature 7, > T, (Fig. 20.11). Experimentally, it is found that energy
Q transfers in a time interval A/from the hotter face to the colder one. The rate P =
0 /At at which this energy transfer occurs is found to be proportional to the cross-
sectional area and the temperature difference AT = T;, — T, and inversely propor-
tional to the thickness:

Q AT

P=awp"t
A Ax

Notice that P has units of watts when Q is in joules and A/ is in seconds. That is
not surprising because P is power, the rate of energy transfer by heat. For a slab of
infinitesimal thickness dx and temperature difference d7; we can write the law of
thermal conduction as

dT
X

IR=REA (20.15)

where the proportionality constant k is the thermal conductivity of the material
and |dT/dx| is the temperature gradient (the rate at which temperature varies with
position).

Substances that are good thermal conductors have large thermal conductiv-
ity values, whereas good thermal insulators have low thermal conductivity values.
Table 20.3 lists thermal conductivities for various substances. Notice that metals are
generally better thermal conductors than nonmetals.

Suppose a long, uniform rod of length L is thermally insulated so that energy
cannot escape by heat from its surface except at the ends as shown in Figure 20.12
(page 610). One end is in thermal contact with an energy reservoir at temperature
T., and the other end is in thermal contact with a reservoir at temperature 7, > T..
When a steady state has been reached, the temperature at each point along the rod
is constant in time. In this case, if we assume kis not a function of temperature, the
temperature gradient is the same everywhere along the rod and is

ar
dx

Th - TL.
L

609

The opposite faces are at different
temperatures where 1), > T,.

T), —_
A
Energy transfer \
for T, > T, ~d A3
4,{ Ax ‘47

Figure 20.11 Energy transfer
through a conducting slab with a
cross-sectional area A and a thick-
ness Ax.

Thermal Conductivities

Thermal

Conductivity
Substance (W/m - °C)
Metals (at 25°C)
Aluminum 238
Copper 397
Gold 314
Iron 79.5
Lead 34.7
Silver 427
Nonmetals (approximale values)
Asbestos 0.08
Concrete 0.8
Diamond 2 300
Glass 0.8
Ice 2
Rubber 0.2
Water 0.6
Wood 0.08
Gases (at 20°C)
Air 0.023 4
Helium 0.138
Hydrogen 0.172
Nitrogen 0.023 4
Oxygen 0.023 8
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Ty [I—
Rod 1 Rod 2

Rod 1

Rod 2

Figure 20.13 (Quick Quiz 20.5)
In which case is the rate of energy
transfer larger?

The opposite ends of the rod
are in thermal contact with
energy reservoirs at different

temperatures.

S 200
T/L > Tc

Insulation

Figure 20.12 Conduction of energy through
a uniform, insulated rod of length L.

Therefore, the rate of energy transfer by conduction through the rod is

Th B TC
P=krA| —— (20.16)
L
For a compound slab containing several materials of thicknesses L;, Lo, ... and
thermal conductivities k;, ko, ..., the rate of energy transfer through the slab at
steady state is
AT, — T,
p= AT - T) (20.17)

>(Li/k)

i

where T) and 7, are the temperatures of the outer surfaces (which are held con-
stant) and the summation is over all slabs. Example 20.8 shows how Equation 20.17
results from a consideration of two thicknesses of materials.

@ uick Quiz 20.5 You have two rods of the same length and diameter, but they are
. formed from different materials. The rods are used to connect two regions at
different temperatures so that energy transfers through the rods by heat. They
can be connected in series as in Figure 20.13a or in parallel as in Figure 20.13b.
In which case is the rate of energy transfer by heat larger? (a) The rate is larger
. when the rods are in series. (b) The rate is larger when the rods are in parallel.
é (c) The rate is the same in both cases.

Energy Transfer Through Two Slabs

L —
Two slabs of thickness L, and L, and thermal conductivities k; and k, are in FLQ ‘ ! ‘

thermal contact with each other as shown in Figure 20.14. The temperatures of
their outer surfaces are 7,and T}, respectively, and T, > T.. Determine the tem-
perature at the interface and the rate of energy transfer by conduction through
an area A of the slabs in the steady-state condition.

Th k2 k] Tz
SOLUTION
Conceptualize Notice the phrase “in the steady-state condition.” We interpret
this phrase to mean that energy transfers through the compound slab at the
same rate at all points. Otherwise, energy would be building up or disappear- T
ing at some Pomt. Fu.rthermore, tbe temperature varies with position in the two Figure 20.14 (Example 20.8) Energy
slabs, most likely at different rates in each part of the compound slab. When the transfer by conduction through two
system is in steady state, the interface is at some fixed temperature 7. slabs in thermal contact with each

other. At steady state, the rate of energy

Categorize We categorize this example as a thermal conduction problem and transfer through slab 1 equals the rate
impose the condition that the power is the same in both slabs of material. of energy transfer through slab 2.
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Analyze Use Equation 20.16 to express the rate at which

energy is transferred through an area A of slab 1:

Express the rate at which energy is transferred through 2 P

the same area of slab 2:

Set these two rates equal to represent the steady-state

situation:

Solve for T:

Substitute Equation (3) into either Equation (1) or
Equation (2):

=
~
I
>
o
7N
~
=~
~
N————

I
=
S
7N
=
S
~
N————

kyLyT, + ko L, T,

@) T=
kyLy + Ry L,

_ A( Th — Tc)
(Li/ky) + (Ly/ks)

Finalize Extension of this procedure to several slabs of materials leads to Equation 20.17.

ULESRNES  Suppose you are building an insulated container with two layers of insulation and the rate of energy
transfer determined by Equation (4) turns out to be too high. You have enough room to increase the thickness of one
of the two layers by 20%. How would you decide which layer to choose?

Answer To decrease the power as much as possible, you must increase the denominator in Equation (4) as much
as possible. Whichever thickness you choose to increase, I, or L,, you increase the corresponding term L/k in the
denominator by 20%. For this percentage change to represent the largest absolute change, you want to take 20% of the
larger term. Therefore, you should increase the thickness of the layer that has the larger value of L/k.

Home Insulation

In engineering practice, the term L/k for a particular substance is referred to as
the R-value of the material. Therefore, Equation 20.17 reduces to

AT, — T,
p= (h 0)

>R,

(20.18)

where R, = L,/k;. The R-values for a few common building materials are given
in Table 20.4. In the United States, the insulating properties of materials used in
buildings are usually expressed in U.S. customary units, not SI units. Therefore, in

R-Values for Some Common Building Materials

Material

R-value (ft? - °F - h/Btu)

Hardwood siding (1 in. thick)
Wood shingles (lapped)

Brick (4 in. thick)

Concrete block (filled cores)
Fiberglass insulation (3.5 in. thick)
Fiberglass insulation (6 in. thick)
Fiberglass board (1 in. thick)
Cellulose fiber (1 in. thick)

Flat glass (0.125 in. thick)
Insulating glass (0.25-in. space)
Air space (3.5 in. thick)
Stagnant air layer

Drywall (0.5 in. thick)

Sheathing (0.5 in. thick)

0.91
0.87
4.00
1.93
10.90
18.80
4.35
3.70
0.89
1.54
1.01
0.17
0.45
1.32
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Table 20.4, R-values are given as a combination of British thermal units, feet, hours,
and degrees Fahrenheit.

At any vertical surface open to the air, a very thin stagnant layer of air adheres to
the surface. One must consider this layer when determining the R-value for a wall.
The thickness of this stagnant layer on an outside wall depends on the speed of the
wind. Energy transfer through the walls of a house on a windy day is greater than
that on a day when the air is calm. A representative R-value for this stagnant layer of
air is given in Table 20.4.

Example 20.9 The R-Value of a Typical Wall

Insulation

Calculate the total R-value for a wall constructed as shown in Figure 20.15a.
Starting outside the house (toward the front in the figure) and moving inward,
the wall consists of 4 in. of brick, 0.5 in. of sheathing, an air space 3.5 in. thick,
and 0.5 in. of drywall.

SOLUTION
Figure 20.15 (Exam-

Conceptualize Use Figure 20.15 to help conceptualize the ple 20.9) An exterior

structure of the wall. Do not forget the stagnant air layers house wall containing Brick Sheathing
inside and outside the house. (a) an air space and
(b) insulation. a b

Categorize We will use specific equations developed in
this section on home insulation, so we categorize this example as a substitution problem.

Use Table 20.4 to find the R-value of each layer: R, (outside stagnant air layer) = 0.17 ft> - °F - h/Btu
R, (brick) = 4.00 f? - °F - h/Btu

R; (sheathing) = 1.32 ft® - °F - h/Btu

R, (air space) = 1.01 ft? - °F - h/Btu

Ry (drywall) = 0.45 ft?> - °F - h/Btu

R; (inside stagnant air layer) = 0.17 ft? - °F - h/Btu

Add the R-values to obtain the total R-value for Rya =R+ Ry+ Ry + R, + Ry + Rg= 712f¢*- °F - h/Btu
the wall:

VAR Suppose you are not happy with this total R-value for the wall. You cannot change the overall structure,
but you can fill the air space as in Figure 20.15b. To maximize the total R-value, what material should you choose to fill
the air space?

Answer Looking at Table 20.4, we see that 3.5 in. of fiberglass insulation is more than ten times as effective as 3.5 in.
of air. Therefore, we should fill the air space with fiberglass insulation. The result is that we add 10.90 ft2 - °F - h/Btu
of R-value, and we lose 1.01 ft? - °F - h/Btu due to the air space we have replaced. The new total R-value is equal to
712 £i> - °F - h/Btu + 9.89 ft> - °F - h/Btu = 17.01 f¢® - °F - h/Btu.

Convection

At one time or another, you probably have warmed your hands by holding them
over an open flame. In this situation, the air directly above the flame is heated and
expands. As a result, the density of this air decreases and the air rises. This hot air
warms your hands as it flows by. Energy transferred by the movement of a warm
substance is said to have been transferred by convection, which is a form of matter
transfer, 7y in Equation 8.2. When resulting from differences in density, as with
air around a fire, the process is referred to as natural convection. Airflow at a beach
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is an example of natural convection, as is the mixing that occurs as surface water
in a lake cools and sinks (see Section 19.4). When the heated substance is forced to
move by a fan or pump, as in some hot-air and hot-water heating systems, the pro-
cess is called forced convection.

If it were not for convection currents, it would be very difficult to boil water. As
water is heated in a teakettle, the lower layers are warmed first. This water expands
and rises to the top because its density is lowered. At the same time, the denser,
cool water at the surface sinks to the bottom of the kettle and is heated.

The same process occurs when a room is heated by a radiator. The hot radiator
warms the air in the lower regions of the room. The warm air expands and rises to
the ceiling because of its lower density. The denser, cooler air from above sinks, and
the continuous air current pattern shown in Figure 20.16 is established.

Radiation

The third means of energy transfer we shall discuss is thermal radiation, 7 in
Equation 8.2. All objects radiate energy continuously in the form of electromag-
netic waves (see Chapter 34) produced by thermal vibrations of the molecules. You
are likely familiar with electromagnetic radiation in the form of the orange glow
from an electric stove burner, an electric space heater, or the coils of a toaster.

The rate at which the surface of an object radiates energy is proportional to the
fourth power of the absolute temperature of the surface. Known as Stefan’s law,
this behavior is expressed in equation form as

P = gAeT* (20.19)

where Pis the power in watts of electromagnetic waves radiated from the surface of
the object, o is a constant equal to 5.669 6 X 1078 W/m? - K, A is the surface area
of the object in square meters, ¢is the emissivity, and 7T'is the surface temperature
in kelvins. The value of ¢ can vary between zero and unity depending on the prop-
erties of the surface of the object. The emissivity is equal to the absorptivity, which
is the fraction of the incoming radiation that the surface absorbs. A mirror has
very low absorptivity because it reflects almost all incident light. Therefore, a mir-
ror surface also has a very low emissivity. At the other extreme, a black surface has
high absorptivity and high emissivity. An ideal absorber is defined as an object that
absorbs all the energy incident on it, and for such an object, ¢ = 1. An object for
which e = 1 is often referred to as a black body. We shall investigate experimental
and theoretical approaches to radiation from a black body in Chapter 40.

Every second, approximately 1 370 J of electromagnetic radiation from the Sun
passes perpendicularly through each 1 m? at the top of the Earth’s atmosphere.
This radiation is primarily visible and infrared light accompanied by a significant
amount of ultraviolet radiation. We shall study these types of radiation in detail in
Chapter 34. Enough energy arrives at the surface of the Earth each day to supply all
our energy needs on this planet hundreds of times over, if only it could be captured
and used efficiently. The growth in the number of solar energy—powered houses
and proposals for solar energy “farms” in the United States reflects the increasing
efforts being made to use this abundant energy.

What happens to the atmospheric temperature at night is another example of
the effects of energy transfer by radiation. If there is a cloud cover above the Earth,
the water vapor in the clouds absorbs part of the infrared radiation emitted by the
Earth and re-emits it back to the surface. Consequently, temperature levels at the
surface remain moderate. In the absence of this cloud cover, there is less in the way
to prevent this radiation from escaping into space; therefore, the temperature
decreases more on a clear night than on a cloudy one.

As an object radiates energy at a rate given by Equation 20.19, it also absorbs
electromagnetic radiation from the surroundings, which consist of other objects

Radiator

=

Figure 20.16 Convection cur-
rents are set up in a room warmed
by a radiator.

<« Stefan's law
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that radiate energy. If the latter process did not occur, an object would eventually
radiate all its energy and its temperature would reach absolute zero. If an object is
at a temperature 7 and its surroundings are at an average temperature 7, the net
rate of energy gained or lost by the object as a result of radiation is

P

net

= cgAe(T* — Ty") (20.20)

When an object is in equilibrium with its surroundings, it radiates and absorbs
energy at the same rate and its temperature remains constant. When an object is
hotter than its surroundings, it radiates more energy than it absorbs and its tem-
perature decreases.

The Dewar Flask

The Dewar flask® is a container designed to minimize energy transfers by conduc-
tion, convection, and radiation. Such a container is used to store cold or hot liquids
for long periods of time. (An insulated bottle, such as a Thermos, is a common
L] household equivalent of a Dewar flask.) The standard construction (Fig. 20.17)

S consists of a double-walled Pyrex glass vessel with silvered walls. The space between

Tz the walls is evacuated to minimize energy transfer by conduction and convection.

area) The silvered surfaces minimize energy transfer by radiation because silver is a very
good reflector and has very low emissivity. A further reduction in energy loss is

Hot or obtained by reducing the size of the neck. Dewar flasks are commonly used to store

cold liquid nitrogen (boiling point 77 K) and liquid oxygen (boiling point 90 K).

Bigpedl To confine liquid helium (boiling point 4.2 K), which has a very low heat of
vaporization, it is often necessary to use a double Dewar system in which the Dewar
flask containing the liquid is surrounded by a second Dewar flask. The space

between the two flasks is filled with liquid nitrogen.

Newer designs of storage containers use “superinsulation” that consists of many
layers of reflecting material separated by fiberglass. All this material is in a vacuum,
and no liquid nitrogen is needed with this design.

Silvered surfaces

Figure 20.17 A cross-sectional
view of a Dewar flask, which is used
to store hot or cold substances.

“Invented by Sir James Dewar (1842-1923).

Summary

Internal energy is a system’s energy
associated with its temperature and its
physical state (solid, liquid, gas). Internal
energy includes kinetic energy of random
translation, rotation, and vibration of mol-
ecules; vibrational potential energy within
molecules; and potential energy between
molecules.

Heat is the process of energy transfer
across the boundary of a system resulting
from a temperature difference between the
system and its surroundings. The symbol
O represents the amount of energy trans-
ferred by this process.

A calorie is the amount of energy necessary to raise the tem-
perature of 1 g of water from 14.5°C to 15.5°C.

The heat capacity C of any sample is the amount of energy
needed to raise the temperature of the sample by 1°C.

The specific heat ¢ of a substance is the heat capacity per
unit mass:

Q
mAT

(20.3)

S
Il

The latent heat of a substance is defined as the ratio of the
energy input to a substance to the change in mass of the higher-
phase material:

IL

Q
A (20.6)



Concepts and Principles

The energy Q required to change the temperature of a
mass m of a substance by an amount AT is

Q= mcAT (20.4)

where c¢is the specific heat of the substance.
The energy required to change the phase of a pure sub-
stance is

Q=LAm (20.7)

where Lis the latent heat of the substance, which depends
on the nature of the phase change and the substance, and
Am is the change in mass of the higher-phase material.
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Objective Questions

The work done on a gas as its volume changes
from some initial value V; to some final value V;is

14
W= —J Pdv (20.9)

Vi
where Pis the pressure of the gas, which may vary
during the process. To evaluate W, the process
must be fully specified; thatis, Pand Vmust be
known during each step. The work done depends
on the path taken between the initial and final
states.

The first law of thermodynamics is a specific reduction of the conservation of energy equation (Eq. 8.2) and states

that when a system undergoes a change from one state to another, the change in its internal energy is

AE, =

int

O+ Ww

(20.10)

where Qis the energy transferred into the system by heat and Wis the work done on the system. Although Q and W

both depend on the path taken from the initial state to the final state, the quantity AE;

In a cyclic process (one that originates and termi-
nates at the same state), AE; = 0 and therefore Q =
—W. That is, the energy transferred into the system by
heat equals the negative of the work done on the sys-
tem during the process.

In an adiabatic process, no energy is transferred
by heat between the system and its surroundings (Q =
0). In this case, the first law gives AE; = W.In the
adiabatic free expansion of a gas, ) = 0 and W= 0, so
AE, . = 0. Thatis, the internal energy of the gas does

not change in such a process.

Conduction can be viewed as an exchange of kinetic energy between
colliding molecules or electrons. The rate of energy transfer by conduction

through a slab of area A is

dar
P= kA‘f
dx

where kis the thermal conductivity of the material from which the slab is

made and |d7/dx]| is the temperature gradient.

Objective Questions

1. An ideal gas is compressed to half its initial volume by
means of several possible processes. Which of the fol-
lowing processes results in the most work done on the
gas? (a) isothermal (b) adiabatic (c) isobaric (d) The
work done is independent of the process.

does not depend on the path.

mnt

An isobaric process is one that occurs at constant
pressure. The work done on a gas in such a process is
W= —P(V,~ V).

An isovolumetric process is one that occurs at con-
stant volume. No work is done in such a process, so
AEint = Q

An isothermal process is one that occurs at constant
temperature. The work done on an ideal gas during an
isothermal process is

%
W= nRTIn | — (20.14)
v

In convection, a warm sub-
stance transfers energy from one
location to another.

All objects emit thermal
radiation in the form of electro-
magnetic waves at the rate

(20.19)

(20.15)

P = cAeT*

denotes answer available in Student Solutions Manual/Study Guide

2. A pokerisastiff, nonflammable rod used to push burn-
ing logs around in a fireplace. For safety and comfort
of use, should the poker be made from a material with
(a) high specific heat and high thermal conductivity,
(b) low specific heat and low thermal conductivity,
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(c) low specific heat and high thermal conductivity, or
(d) high specific heat and low thermal conductivity?

. Assume you are measuring the specific heat of a sam-
ple of originally hot metal by using a calorimeter con-
taining water. Because your calorimeter is not perfectly
insulating, energy can transfer by heat between the
contents of the calorimeter and the room. To obtain
the most accurate result for the specific heat of the
metal, you should use water with which initial tem-
perature? (a) slightly lower than room temperature
(b) the same as room temperature (c) slightly higher
than room temperature (d) whatever you like because
the initial temperature makes no difference

. An amount of energy is added to ice, raising its temper-
ature from —10°C to —5°C. A larger amount of energy
is added to the same mass of water, raising its tempera-
ture from 15°C to 20°C. From these results, what would
you conclude? (a) Overcoming the latent heat of fusion
of ice requires an input of energy. (b) The latent heat
of fusion of ice delivers some energy to the system.
(c) The specific heat of ice is less than that of water.
(d) The specific heat of ice is greater than that of water.
(e) More information is needed to draw any conclusion.

. How much energy is required to raise the tempera-
ture of 5.00 kg of lead from 20.0°C to its melting point
of 327°C? The specific heat of lead is 128 J/kg - °C.
(@) 4.04 X 10> J (b) 1.07 X 10° J (c) 8.15 X 10* ]
(d) 2.13 X 10%] (e) 1.96 X 10°]

. Ethyl alcohol has about one-half the specific heat
of water. Assume equal amounts of energy are trans-
ferred by heat into equal-mass liquid samples of alco-
hol and water in separate insulated containers. The
water rises in temperature by 25°C. How much will the
alcohol rise in temperature? (a) It will rise by 12°C.
(b) It will rise by 25°C. (c¢) It will rise by 50°C. (d) It
depends on the rate of energy transfer. (e) It will not
rise in temperature.

. The specific heat of substance A is greater than that
of substance B. Both A and B are at the same initial
temperature when equal amounts of energy are added
to them. Assuming no melting or vaporization occurs,
which of the following can be concluded about the
final temperature T of substance A and the final tem-
perature Ty of substance B? (a) T, > T, (b) T, < Ty
(c) T, = Ty (d) More information is needed.

. Beryllium has roughly one-half the specific heat of
water (H,O). Rank the quantities of energy input
required to produce the following changes from the

Conceptual Questions

1. Rub the palm of your hand on a metal surface for

about 30 seconds. Place the palm of your other hand
on an unrubbed portion of the surface and then on the
rubbed portion. The rubbed portion will feel warmer.
Now repeat this process on a wood surface. Why does
the temperature difference between the rubbed and
unrubbed portions of the wood surface seem larger
than for the metal surface?

10.

11.

largest to the smallest. In your ranking, note any cases
of equality. (a) raising the temperature of 1 kg of H,O
from 20°C to 26°C (b) raising the temperature of 2 kg
of H,O from 20°C to 23°C (c) raising the temperature
of 2 kg of H,O from 1°C to 4°C (d) raising the tempera-
ture of 2 kg of beryllium from —1°C to 2°C (e) raising
the temperature of 2 kg of H,O from —1°C to 2°C

. A person shakes a sealed insulated bottle containing

hot coffee for a few minutes. (i) What is the change
in the temperature of the coffee? (a) a large decrease
(b) a slight decrease (c) no change (d) a slight increase
(e) a large increase (ii) What is the change in the
internal energy of the coffee? Choose from the same
possibilities.

A 100-g piece of copper, initially at 95.0°C, is dropped
into 200 g of water contained in a 280-g aluminum
can; the water and can are initially at 15.0°C. What is
the final temperature of the system? (Specific heats of
copper and aluminum are 0.092 and 0.215 cal/g - °C,
respectively.) (a) 16°C (b) 18°C (c) 24°C (d) 26°C
(e) none of those answers

Star A has twice the radius and twice the absolute sur-
face temperature of star B. The emissivity of both stars
can be assumed to be 1. What is the ratio of the power
output of star A to that of star B? (a) 4 (b) 8 (c¢) 16
(d) 32 (e) 64

If a gas is compressed isothermally, which of the fol-

13.

14.

15.

2.

lowing statements is true? (a) Energy is transferred
into the gas by heat. (b) No work is done on the gas.
(c) The temperature of the gas increases. (d) The
internal energy of the gas remains constant. (e) None
of those statements is true.

When a gas undergoes an adiabatic expansion, which
of the following statements is true? (a) The tempera-
ture of the gas does not change. (b) No work is done by
the gas. (c) No energy is transferred to the gas by heat.
(d) The internal energy of the gas does not change.
(e) The pressure increases.

If a gas undergoes an isobaric process, which of the fol-
lowing statements is true? (a) The temperature of the
gas doesn’t change. (b) Work is done on or by the gas.
(c) No energy is transferred by heat to or from the gas.
(d) The volume of the gas remains the same. (e) The
pressure of the gas decreases uniformly.

How long would it take a 1000 W heater to melt
1.00 kg of ice at —20.0°C, assuming all the energy from
the heater is absorbed by the ice? (a) 4.18 s (b) 41.8 s
(c) 5.55 min (d) 6.25 min (e) 38.4 min

denotes answer available in Student Solutions Manual/Study Guide

You need to pick up a very hot cooking pot in your
kitchen. You have a pair of cotton oven mitts. To pick
up the pot most comfortably, should you soak them in
cold water or keep them dry?

What is wrong with the following statement: “Given

any two bodies, the one with the higher temperature
contains more heat.”



4.

Why is a person able to remove a piece of dry alumi-
num foil from a hot oven with bare fingers, whereas a
burn results if there is moisture on the foil?

Using the first law of thermodynamics, explain why the

total energy of an isolated system is always constant.
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wrap a wool blanket around the chest. Does doing so
help to keep the beverages cool, or should you expect
the wool blanket to warm them up? Explain your
answer. (b) Your younger sister suggests you wrap her
up in another wool blanket to keep her cool on the hot
day like the ice chest. Explain your response to her.

6. In 1801, Humphry Davy rubbed together pieces of ice . .
inside an icehouse. He made sure that nothing in the ~ 8+ Inusuallywarm climates that experience a hard freeze,
environment was at a higher temperature than the frult growers will spray the fruit trees w1t'h water, hop-
rubbed pieces. He observed the production of drops ing that a layer of ice will form on the fruit. Why would
of liquid water. Make a table listing this and other such a layer be advantageous?
experiments or processes to illustrate each of the 9. Suppose you pour hot coffee for your guests, and one

following situations. (a) A system can absorb energy
by heat, increase in internal energy, and increase in
temperature. (b) A system can absorb energy by heat
and increase in internal energy without an increase
in temperature. (c) A system can absorb energy by
heat without increasing in temperature or in inter-
nal energy. (d) A system can increase in internal
energy and in temperature without absorbing energy
by heat. (e) A system can increase in internal energy

10.

of them wants it with cream. He wants the coffee to
be as warm as possible several minutes later when he
drinks it. To have the warmest coffee, should the per-
son add the cream just after the coffee is poured or just
before drinking? Explain.

When camping in a canyon on a still night, a camper
notices that as soon as the sun strikes the surrounding
peaks, a breeze begins to stir. What causes the breeze?

without absorbing energy by heat or increasing in  1l. Pioneers stored fruits and vegetables in underground

temperature. cellars. In winter, why did the pioneers place an open
7. It is the morning of a day that will become hot. You just barrel of water alongside their produce?

purchased drinks for a picnic and are loading them,  12. Is it possible to convert internal energy to mechanical

with ice, into a chest in the back of your car. (a) You

Problems

I
WebAssign

The problems found in this
chapter may be assigned

energy? Explain with examples.

Analysis Model tutorial available in
Enhanced WebAssign

online in Enhanced WebAssign [ Guided Problem

VB Master It tutorial available in Enhanced
WebAssign

Watch It video solution available in
Enhanced WebAssign

1. straightforward; 2. intermediate;
3. challenging

full solution available in the Student
Solutions Manual/Study Guide

Section 20.1 Heat and Internal Energy

A 55.0-kg woman eats a 540 Calorie (540 kcal) jelly
doughnut for breakfast. (a) How many joules of
energy are the equivalent of one jelly doughnut?
(b) How many steps must the woman climb on a
very tall stairway to change the gravitational poten-
tial energy of the woman-Earth system by a value
equivalent to the food energy in one jelly doughnut?

3. A combination of 0.250 kg of water at 20.0°C, 0.400 kg
of aluminum at 26.0°C, and 0.100 kg of copper at
100°C is mixed in an insulated container and allowed
to come to thermal equilibrium. Ignore any energy
transfer to or from the container. What is the final
temperature of the mixture?

The highest waterfall in the world is the Salto Angel
in Venezuela. Its longest single falls has a height of

Assume the height of a single stair is 15.0 cm. (c) If
the human body is only 25.0% efficient in convert-
ing chemical potential energy to mechanical energy,
how many steps must the woman climb to work off
her breakfast?

Section 20.2 Specific Heat and Calorimetry

2.

Consider Joule’s apparatus described in Figure 20.1.

[X¥i The mass of each of the two blocks is 1.50 kg, and the
M insulated tank is filled with 200 g of water. What is the

increase in the water’s temperature after the blocks fall
through a distance of 3.00 m?

807 m. If water at the top of the falls is at 15.0°C, what
is the maximum temperature of the water at the bot-
tom of the falls? Assume all the kinetic energy of the
water as it reaches the bottom goes into raising its
temperature.

. What mass of water at 25.0°C must be allowed to come

to thermal equilibrium with a 1.85-kg cube of alumi-
num initially at 150°C to lower the temperature of
the aluminum to 65.0°C? Assume any water turned to
steam subsequently condenses.

The temperature of a silver bar rises by 10.0°C when it
"} absorbs 1.23 Kk of energy by heat. The mass of the bar is



618

10.

Chapter 20  The First Law of Thermodynamics

525 g. Determine the specific heat of silver from these
data.

. In cold climates, including the northern United States,

a house can be built with very large windows facing
south to take advantage of solar heating. Sunlight shin-
ing in during the daytime is absorbed by the floor,
interior walls, and objects in the room, raising their
temperature to 38.0°C. If the house is well insulated,
you may model it as losing energy by heat steadily at
the rate 6 000 W on a day in April when the average
exterior temperature is 4°C and when the conventional
heating system is not used at all. During the period
between 5:00 p.m. and 7:00 a.m., the temperature of
the house drops and a sufficiently large “thermal mass”
is required to keep it from dropping too far. The ther-
mal mass can be a large quantity of stone (with specific
heat 850 J/kg - °C) in the floor and the interior walls
exposed to sunlight. What mass of stone is required if
the temperature is not to drop below 18.0°C overnight?

. A 50.0-g sample of copper is at 25.0°C. If 1200 J of

energy is added to it by heat, what is the final tempera-
ture of the copper?

. An aluminum cup of mass 200 g contains 800 g of

water in thermal equilibrium at 80.0°C. The combina-
tion of cup and water is cooled uniformly so that the
temperature decreases by 1.50°C per minute. At what
rate is energy being removed by heat? Express your
answer in watts.

If water with a mass m, at temperature 7} is poured
into an aluminum cup of mass m,, containing mass m,
of water at T,, where T;,, > T,, what is the equilibrium
temperature of the system?

[11.]A 1.50-kg iron horseshoe initially at 600°C is dropped
[Minto a bucket containing 20.0 kg of water at 25.0°C.

12.

What is the final temperature of the water—horseshoe
system? Ignore the heat capacity of the container and
assume a negligible amount of water boils away.

An electric drill with a steel drill bit of mass m = 27.0 g
and diameter 0.635 cm is used to drill into a cubical
steel block of mass M = 240 g. Assume steel has the
same properties as iron. The cutting process can be
modeled as happening at one point on the circumfer-
ence of the bit. This point moves in a helix at constant
tangential speed 40.0 m/s and exerts a force of con-
stant magnitude 3.20 N on the block. As shown in Fig-
ure P20.12, a groove in the bit carries the chips up to
the top of the block, where they form a pile around the
hole. The drill is turned on and drills into the block for
a time interval of 15.0 s. Let’s assume this time interval
is long enough for conduction within the steel to bring
it all to a uniform temperature. Furthermore, assume
the steel objects lose a negligible amount of energy by
conduction, convection, and radiation into their envi-
ronment. (a) Suppose the drill bit cuts three-quarters
of the way through the block during 15.0 s. Find the
temperature change of the whole quantity of steel.
(b) What If? Now suppose the drill bit is dull and cuts
only one-eighth of the way through the block in 15.0s.
Identify the temperature change of the whole quantity

13.

of steel in this case. (c) What pieces of data, if any, are
unnecessary for the solution? Explain.

Figure P20.12

An aluminum calorimeter with a mass of 100 g con-

tains 250 g of water. The calorimeter and water are in

14.

15.

thermal equilibrium at 10.0°C. Two metallic blocks are
placed into the water. One is a 50.0-g piece of copper
at 80.0°C. The other has a mass of 70.0 g and is origi-
nally at a temperature of 100°C. The entire system sta-
bilizes at a final temperature of 20.0°C. (a) Determine
the specific heat of the unknown sample. (b) Using the
data in Table 20.1, can you make a positive identifica-
tion of the unknown material? Can you identify a pos-
sible material? (c) Explain your answers for part (b).

A 3.00-g copper coin at 25.0°C drops 50.0 m to the
ground. (a) Assuming 60.0% of the change in gravita-
tional potential energy of the coin—Earth system goes
into increasing the internal energy of the coin, deter-
mine the coin’s final temperature. (b) What If? Does
the result depend on the mass of the coin? Explain.

Two thermally insulated vessels are connected by a nar-
row tube fitted with a valve that is initially closed as
shown in Figure P20.15. One vessel of volume 16.8 L
contains oxygen at a temperature of 300 K and a pres-
sure of 1.75 atm. The other vessel of volume 22.4 L con-
tains oxygen at a temperature of 450 K and a pressure
of 2.25 atm. When the valve is opened, the gases in
the two vessels mix and the temperature and pressure
become uniform throughout. (a) What is the final tem-
perature? (b) What is the final pressure?

Pistons locked
in place

Valve

P =2.25atm
V=224L

Figure P20.15



Section 20.3 Latent Heat

16. A 50.0-g copper calorimeter contains 250 g of water at
20.0°C. How much steam at 100°C must be condensed
into the water if the final temperature of the system is
to reach 50.0°C?

17. A 75.0-kg cross-country

M skier glides over snow
as in Figure P20.17. The
coefficient of {friction
between skis and snow
is 0.200. Assume all the
snow beneath his skis is
at 0°C and that all the
internal energy gener-
ated by friction is added
to snow, which sticks to
his skis until it melts.
How far would he have
to ski to melt 1.00 kg of
SNOW?

iStockphoto.com/technotr

Figure P20.17

18. How much energy is required to change a 40.0-g ice
cube from ice at —10.0°C to steam at 110°C?

19. A 75.0-g ice cube at 0°C is placed in 825 g of water at
25.0°C. What is the final temperature of the mixture?

[20]A 3.00-g lead bullet at 30.0°C is fired at a speed of
Y1 240 m/s into a large block of ice at 0°C, in which it
[l becomes embedded. What quantity of ice melts?

21. Steam at 100°C is added to ice at 0°C. (a) Find the
amount of ice melted and the final temperature when
the mass of steam is 10.0 g and the mass of ice is 50.0 g.
(b) What If? Repeat when the mass of steam is 1.00 g
and the mass of ice is 50.0 g.

22. A 1.00-kg block of copper at 20.0°C is dropped into

M a large vessel of liquid nitrogen at 77.3 K. How many
kilograms of nitrogen boil away by the time the cop-
per reaches 77.3 K? (The specific heat of copper is
0.092 0 cal/g - °C, and the latent heat of vaporization
of nitrogen is 48.0 cal/g.)

In an insulated vessel, 250 g of ice at 0°C is added to
600 g of water at 18.0°C. (a) What is the final tempera-
ture of the system? (b) How much ice remains when
the system reaches equilibrium?

24. An automobile has a mass of 1 500 kg, and its alumi-
num brakes have an overall mass of 6.00 kg. (a) Assume
all the mechanical energy that transforms into internal
energy when the car stops is deposited in the brakes
and no energy is transferred out of the brakes by heat.
The brakes are originally at 20.0°C. How many times
can the car be stopped from 25.0 m/s before the brakes
start to melt? (b) Identify some effects ignored in part
(a) that are important in a more realistic assessment of
the warming of the brakes.

Section 20.4 Work and Heat in Thermodynamic Processes

An ideal gas is enclosed in a cylinder with a movable
piston on top of it. The piston has a mass of 8 000 g
and an area of 5.00 cm? and is free to slide up and
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down, keeping the pressure of the gas constant. How
much work is done on the gas as the temperature of
0.200 mol of the gas is raised from 20.0°C to 300°C?

26. An ideal gas is enclosed in a cylinder that has a mov-
able piston on top. The piston has a mass m and an
area A and is free to slide up and down, keeping the
pressure of the gas constant. How much work is done
on the gas as the temperature of » mol of the gas is
raised from 7; to 1,?

27. One mole of an ideal gas is warmed slowly so that it
goes from the PVstate (P, V;) to (3P, 3V;) in such a
way that the pressure of the gas is directly proportional
to the volume. (a) How much work is done on the gas
in the process? (b) How is the temperature of the gas
related to its volume during this process?

28. (a) Determine the work done on a gas that expands

M from i to fas indicated in Figure P20.28. (b) What If?
How much work is done on the gas if it is compressed
from fto ialong the same path?

P (Pa)

6 X106 [~ !
|
4 X 10° :
: [ /
2 X 105 F———j=m k-~ Ns
| 1 | |
| | ! 1 V(m;)
0 1 2 3 4

Figure P20.28

An ideal gas is taken through a quasi-static process

[ described by P = aV?, with @ = 5.00 atm/m5, as shown

in Figure P20.29. The gas is expanded to twice its origi-

nal volume of 1.00 m3. How much work is done on the
expanding gas in this process?

P /
P=aV?
i

1.00 m®

\%
2.00 m®

Figure P20.29

Section 20.5 The First Law of Thermodynamics

30. A gas is taken through the

M cyclic process described
in Figure P20.30. (a) Find
the net energy transferred
to the system by heat dur-
ing one complete cycle.
(b) What If? If the cycle
is reversed—that is, the
process follows the path
ACBA—what is the net
energy input per cycle by
heat?

| |
A VvV 3
6 8 10 ()

Figure P20.30
Problems 30 and 31.
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31. Consider the cyclic process depicted in Figure P20.30.

If Q is negative for the process BC and AL, is nega-
tive for the process CA, what are the signs of Q, W,
and AE, , that are associated with each of the three

mt

processes?

32. Why is the following situation impossible? An ideal gas
undergoes a process with the following parameters: Q =

10.0J, W=12.0], and AT = —2.00°C.

A thermodynamic system undergoes a process in which
its internal energy decreases by 500 J. Over the same
time interval, 220 J of work is done on the system. Find
the energy transferred from it by heat.

34. A sample of an ideal gas goes through the process

[ shown in Figure P20.34. From A to B, the process
is adiabatic; from B to C, it is isobaric with 345 k] of
energy entering the system by heat; from C to D, the
process is isothermal; and from D to A, it is isobaric
with 371 k] of energy leaving the system by heat. Deter-
mine the difference in internal energy F;, p — E; ( 4-

P (atm)

|
I |
I |
I |
I \A |
+__

Lo [
[ !

| " " 3
0.09 0.2 0.4 ro V()

Figure P20.34

Section 20.6 Some Applications of the First Law
of Thermodynamics

A 2.00-mol sample of helium gas initially at 300 K, and
1 0.400 atm is compressed isothermally to 1.20 atm. Not-
ing that the helium behaves as an ideal gas, find (a) the
final volume of the gas, (b) the work done on the gas,
and (c) the energy transferred by heat.

(a) How much work is done on the steam when 1.00 mol
of water at 100°C boils and becomes 1.00 mol of steam
at 100°C at 1.00 atm pressure? Assume the steam to
behave as an ideal gas. (b) Determine the change in
internal energy of the system of the water and steam as
the water vaporizes.

An ideal gas initially at 300 K undergoes an isobaric

[ expansion at 2.50 kPa. If the volume increases from

1.00 m? to 3.00 m® and 12.5 K] is transferred to the gas

by heat, what are (a) the change in its internal energy
and (b) its final temperature?

38. One mole of an ideal gas does 3 000 | of work on its

[ swrroundings as it expands isothermally to a final
pressure of 1.00 atm and volume of 25.0 L. Determine
(a) the initial volume and (b) the temperature of the
gas.

39. A 1.00-kg block of aluminum is warmed at atmospheric
pressure so that its temperature increases from 22.0°C
to 40.0°C. Find (a) the work done on the aluminum,
(b) the energy added to it by heat, and (c) the change
in its internal energy.

40. In Figure P20.40, the change in p

internal energy of a gas that is taken A B
from A to C along the blue path is
+800 J. The work done on the gas
along the red path ABCis —500 ]J.
(@) How much energy must be
added to the system by heat as it
goes from A through Bto C? (b) If
the pressure at point A is five times
that of point C, what is the work
done on the system in going from Cto D? (c) What is
the energy exchanged with the surroundings by heat
as the gas goes from Cto A along the green path? (d) If
the change in internal energy in going from point D to
point A is +500 J, how much energy must be added to
the system by heat as it goes from point C to point D?

Figure P20.40

41. An ideal gas initially at P, P
V., and T, is taken through
a cycle as shown in Figure 3P - >
P20.41. (a) Find the net work
done on the gas per cycle 4
for 1.00 mol of gas initially
at 0°C. (b) What is the net ‘A D
energy added by heat to the
gas per cycle?

A

42. An ideal gas initially at P,
V., and T, is taken through
a cycle as shown in Figure
P20.41. (a) Find the net work done on the gas per cycle.
(b) What is the net energy added by heat to the system

per cycle?

Figure P20.41
Problems 41 and 42.

Section 20.7 Energy Transfer Mechanisms
in Thermal Processes

43. A glass windowpane in a home is 0.620 cm thick and
has dimensions of 1.00 m X 2.00 m. On a certain day,
the temperature of the interior surface of the glass is
25.0°C and the exterior surface temperature is 0°C.
(a) What is the rate at which energy is transferred by
heat through the glass? (b) How much energy is trans-
ferred through the window in one day, assuming the
temperatures on the surfaces remain constant?

44. A concrete slab is 12.0 cm thick and has an area of
5.00 m?. Electric heating coils are installed under the
slab to melt the ice on the surface in the winter months.
What minimum power must be supplied to the coils to
maintain a temperature difference of 20.0°C between
the bottom of the slab and its surface? Assume all the

energy transferred is through the slab.

45. A student is trying to decide what to wear. His bed-
room is at 20.0°C. His skin temperature is 35.0°C. The
area of his exposed skin is 1.50 m2. People all over the
world have skin that is dark in the infrared, with emis-
sivity about 0.900. Find the net energy transfer from

his body by radiation in 10.0 min.

46. The surface of the Sun has a temperature of about
5 800 K. The radius of the Sun is 6.96 X 108 m. Calcu-
late the total energy radiated by the Sun each second.

Assume the emissivity of the Sun is 0.986.



47.

48.

49.

50.

52.

53.

The tungsten filament of a certain 100-W lightbulb
radiates 2.00 W of light. (The other 98 W is carried
away by convection and conduction.) The filament has
a surface area of 0.250 mm? and an emissivity of 0.950.
Find the filament’s temperature. (The melting point of
tungsten is 3 683 K.)

At high noon, the Sun delivers 1 000 W to each square
meter of a blacktop road. If the hot asphalt trans-
fers energy only by radiation, what is its steady-state
temperature?

Two lightbulbs have cylindrical filaments much greater
in length than in diameter. The evacuated bulbs are
identical except that one operates at a filament tem-
perature of 2 100°C and the other operates at 2 000°C.
(a) Find the ratio of the power emitted by the hot-
ter lightbulb to that emitted by the cooler lightbulb.
(b) With the bulbs operating at the same respective
temperatures, the cooler lightbulb is to be altered by
making its filament thicker so that it emits the same
power as the hotter one. By what factor should the
radius of this filament be increased?

The human body must maintain its core temperature
inside a rather narrow range around 37°C. Metabolic
processes, notably muscular exertion, convert chemical
energy into internal energy deep in the interior. From
the interior, energy must flow out to the skin or lungs
to be expelled to the environment. During moderate
exercise, an 80-kg man can metabolize food energy at
the rate 300 kcal/h, do 60 kcal/h of mechanical work,
and put out the remaining 240 kcal/h of energy by
heat. Most of the energy is carried from the body inte-
rior out to the skin by forced convection (as a plumber
would say), whereby blood is warmed in the interior
and then cooled at the skin, which is a few degrees
cooler than the body core. Without blood flow, living
tissue is a good thermal insulator, with thermal con-
ductivity about 0.210 W/m - °C. Show that blood flow
is essential to cool the man’s body by calculating the
rate of energy conduction in kcal/h through the tissue
layer under his skin. Assume that its area is 1.40 m?, its
thickness is 2.50 ¢cm, and it is maintained at 37.0°C on
one side and at 34.0°C on the other side.

A copper rod and an aluminum rod of equal diameter
are joined end to end in good thermal contact. The
temperature of the free end of the copper rod is held
constant at 100°C and that of the far end of the alumi-
num rod is held at 0°C. If the copper rod is 0.150 m
long, what must be the length of the aluminum rod so
that the temperature at the junction is 50.0°C?

A box with a total surface area of 1.20 m? and a wall
thickness of 4.00 cm is made of an insulating material.
A 10.0-W electric heater inside the box maintains the
inside temperature at 15.0°C above the outside temper-
ature. Find the thermal conductivity & of the insulating
material.

(a) Calculate the R-value of a thermal window made of
two single panes of glass each 0.125 in. thick and sepa-
rated by a 0.250-in. air space. (b) By what factor is the
transfer of energy by heat through the window reduced

54.

[55]A bar of gold (Au) is in ther-

56.

57.
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by using the thermal window instead of the single-pane
window? Include the contributions of inside and out-
side stagnant air layers.

At our distance from the Sun, the intensity of solar
radiation is 1370 W/m?. The temperature of the
Earth is affected by the greenhouse effect of the atmo-
sphere. This phenomenon describes the effect of
absorption of infrared light emitted by the surface so
as to make the surface temperature of the Earth
higher than if it were airless. For comparison, consider
a spherical object of radius r with no atmosphere at
the same distance from the Sun as the Earth. Assume
its emissivity is the same for all kinds of electromag-
netic waves and its temperature is uniform over its sur-
face. (a) Explain why the projected area over which it
absorbs sunlight is 7r? and the surface area over
which it radiates is 47r2. (b) Compute its steady-state
temperature. Is it chilly?

80.0°C

mal contact with a bar of silver
(Ag) of the same length and
area (Fig. P20.55). One end
of the compound bar is main-
tained at 80.0°C, and the oppo-
site end is at 30.0°C. When the
energy transfer reaches steady
state, what is the temperature
at the junction?

Insulation

30.0°C

For bacteriological testing of Figure P20.55
water supplies and in medical

clinics, samples must routinely be incubated for 24 h at
37°C. Peace Corps volunteer and MIT engineer Amy
Smith invented a low-cost, low-maintenance incuba-
tor. The incubator consists of a foam-insulated box
containing a waxy material that melts at 37.0°C inter-
spersed among tubes, dishes, or bottles containing
the test samples and growth medium (bacteria food).
Outside the box, the waxy material is first melted by a
stove or solar energy collector. Then the waxy material
is put into the box to keep the test samples warm as
the material solidifies. The heat of fusion of the phase-
change material is 205 kJ/kg. Model the insulation as
a panel with surface area 0.490 m?, thickness 4.50 cm,
and conductivity 0.012 0 W/m - °C. Assume the exte-
rior temperature is 23.0°C for 12.0 h and 16.0°C for
12.0 h. (a) What mass of the waxy material is required
to conduct the bacteriological test? (b) Explain why
your calculation can be done without knowing the
mass of the test samples or of the insulation.

A large, hot pizza floats in outer space after being jet-
tisoned as refuse from a spacecraft. What is the order
of magnitude (a) of its rate of energy loss and (b) of
its rate of temperature change? List the quantities you
estimate and the value you estimate for each.

Additional Problems

58.

A gas expands from 7to Fin Figure P20.58 (page 622).

"] The energy added to the gas by heat is 418 ] when the

gas goes from 7 to Falong the diagonal path. (a) What
is the change in internal energy of the gas? (b) How
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much energy must be added to the gas by heat along
the indirect path JAF?

P (atm)

4 ______

I
st I

I
ot I

I

I
=== r

I

! ! ! L— V (liters)

0 1 2 3 4

Figure P20.58

59. Gas in a container is at a pressure of 1.50 atm and a

7l volume of 4.00 m®. What is the work done on the gas
(a) if it expands at constant pressure to twice its initial
volume, and (b) if it is compressed at constant pressure
to one-quarter its initial volume?

60. Liquid nitrogen has a boiling point of 77.3 K and a
latent heat of vaporization of 2.01 X 10°J/kg. A 25.0-W
electric heating element is immersed in an insulated
vessel containing 25.0 L of liquid nitrogen at its boil-
ing point. How many kilograms of nitrogen are boiled
away in a period of 4.00 h?

An aluminum rod 0.500 m in length and with a cross-
[l sectional area of 2.50 cm? is inserted into a thermally
insulated vessel containing liquid helium at 4.20 K.
The rod is initially at 300 K. (a) If one-half of the rod
is inserted into the helium, how many liters of helium
boil off by the time the inserted half cools to 4.20 K?
Assume the upper half does not yet cool. (b) If the cir-
cular surface of the upper end of the rod is maintained
at 300 K, what is the approximate boil-off rate of lig-
uid helium in liters per second after the lower half has
reached 4.20 K? (Aluminum has thermal conductivity
of 3100 W/m - Kat 4.20 K; ignore its temperature vari-
ation. The density of liquid helium is 125 kg/m?.)

62. Review. Two speeding lead bullets, one of mass 12.0 g
moving to the right at 300 m/s and one of mass 8.00 g
GP| moving to the left at 400 m/s, collide head-on, and all
the material sticks together. Both bullets are originally
at temperature 30.0°C. Assume the change in kinetic
energy of the system appears entirely as increased
internal energy. We would like to determine the tem-
perature and phase of the bullets after the collision.
(a) What two analysis models are appropriate for the
system of two bullets for the time interval from before
to after the collision? (b) From one of these models,
what is the speed of the combined bullets after the
collision? (¢) How much of the initial kinetic energy
has transformed to internal energy in the system after
the collision? (d) Does all the lead melt due to the col-
lision? (e) What is the temperature of the combined
bullets after the collision? (f) What is the phase of the
combined bullets after the collision?

63. A flow calorimeter is an apparatus used to measure the
specific heat of a liquid. The technique of flow calo-
rimetry involves measuring the temperature difference
between the input and output points of a flowing

64.

66.

67.

68.

stream of the liquid while energy is added by heat
at a known rate. A liquid of density 900 kg/m? flows
through the calorimeter with volume flow rate of
2.00 L/min. At steady state, a temperature difference
3.50°C is established between the input and output
points when energy is supplied at the rate of 200 W.
What is the specific heat of the liquid?

A flow calorimeler is an apparatus used to measure the
specific heat of a liquid. The technique of flow calo-
rimetry involves measuring the temperature differ-
ence between the input and output points of a flowing
stream of the liquid while energy is added by heat at
a known rate. A liquid of density p flows through the
calorimeter with volume flow rate R. At steady state, a
temperature difference AT is established between the
input and output points when energy is supplied at the
rate P. What is the specific heat of the liquid?

. Review. Following a collision between a large space-

craft and an asteroid, a copper disk of radius 28.0 m
and thickness 1.20 m at a temperature of 850°C is
floating in space, rotating about its symmetry axis
with an angular speed of 25.0 rad/s. As the disk radi-
ates infrared light, its temperature falls to 20.0°C. No
external torque acts on the disk. (a) Find the change
in kinetic energy of the disk. (b) Find the change in
internal energy of the disk. (¢) Find the amount of
energy it radiates.

An ice-cube tray is filled with 75.0 g of water. After
the filled tray reaches an equilibrium temperature of
20.0°C, it is placed in a freezer set at —8.00°C to make
ice cubes. (a) Describe the processes that occur as
energy is being removed from the water to make ice.
(b) Calculate the energy that must be removed from
the water to make ice cubes at —8.00°C.

On a cold winter day, you buy roasted chestnuts from
a street vendor. Into the pocket of your down parka
you put the change he gives you: coins constituting
9.00 g of copper at —=12.0°C. Your pocket already con-
tains 14.0 g of silver coins at 30.0°C. A short time later
the temperature of the copper coins is 4.00°C and is
increasing at a rate of 0.500°C/s. At this time, (a) what
is the temperature of the silver coins and (b) at what
rate is it changing?

The rate at which a resting person converts food energy
is called one’s basal metabolic rate (BMR). Assume that
the resulting internal energy leaves a person’s body
by radiation and convection of dry air. When you jog,
most of the food energy you burn above your BMR
becomes internal energy that would raise your body
temperature if it were not eliminated. Assume that
evaporation of perspiration is the mechanism for
eliminating this energy. Suppose a person is jogging
for “maximum fat burning,” converting food energy at
the rate 400 kcal/h above his BMR, and putting out
energy by work at the rate 60.0 W. Assume that the heat
of evaporation of water at body temperature is equal
to its heat of vaporization at 100°C. (a) Determine the
hourly rate at which water must evaporate from his
skin. (b) When you metabolize fat, the hydrogen atoms
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in the fat molecule are transferred to oxygen to form
water. Assume that metabolism of 1.00 g of fat gener-
ates 9.00 kcal of energy and produces 1.00 g of water.
What fraction of the water the jogger needs is provided
by fat metabolism?

An iron plate is held against an iron wheel so that a
kinetic friction force of 50.0 N acts between the two
pieces of metal. The relative speed at which the two sur-
faces slide over each other is 40.0 m/s. (a) Calculate the
rate at which mechanical energy is converted to internal
energy. (b) The plate and the wheel each have a mass of
5.00 kg, and each receives 50.0% of the internal energy.
If the system is run as described for 10.0 s and each
object is then allowed to reach a uniform internal tem-
perature, what is the resultant temperature increase?

Aresting adult of average size converts chemical energy
in food into internal energy at the rate 120 W, called
her basal metabolic rate. To stay at constant temperature,
the body must put out energy at the same rate. Several
processes exhaust energy from your body. Usually, the
most important is thermal conduction into the air in
contact with your exposed skin. If you are not wear-
ing a hat, a convection current of warm air rises verti-
cally from your head like a plume from a smokestack.
Your body also loses energy by electromagnetic radia-
tion, by your exhaling warm air, and by evaporation of
perspiration. In this problem, consider still another
pathway for energy loss: moisture in exhaled breath.
Suppose you breathe out 22.0 breaths per minute, each
with a volume of 0.600 L. Assume you inhale dry air
and exhale air at 37.0°C containing water vapor with a
vapor pressure of 3.20 kPa. The vapor came from evap-
oration of liquid water in your body. Model the water
vapor as an ideal gas. Assume its latent heat of evapora-
tion at 37.0°C is the same as its heat of vaporization at
100°C. Calculate the rate at which you lose energy by
exhaling humid air.

A 40.0-g ice cube floats in 200 g of water in a 100-g
copper cup; all are at a temperature of 0°C. A piece of
lead at 98.0°C is dropped into the cup, and the final
equilibrium temperature is 12.0°C. What is the mass of
the lead?

One mole of an ideal gas is contained in a cylinder

73.

with a movable piston. The initial pressure, volume,
and temperature are P, V,, and T;, respectively. Find
the work done on the gas in the following processes.
In operational terms, describe how to carry out each
process and show each process on a PV diagram.
(a) an isobaric compression in which the final volume
is one-half the initial volume (b) an isothermal com-
pression in which the final pressure is four times the
initial pressure (c) an isovolumetric process in which
the final pressure is three times the initial pressure

Review. A 670-kg meteoroid happens to be composed
of aluminum. When it is far from the Earth, its tem-
perature is —15.0°C and it moves at 14.0 km/s relative
to the planet. As it crashes into the Earth, assume the
internal energy transformed from the mechanical
energy of the meteoroid—Earth system is shared equally
between the meteoroid and the Earth and all the mate-

74.

75.

76.
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rial of the meteoroid rises momentarily to the same
final temperature. Find this temperature. Assume the
specific heat of liquid and of gaseous aluminum is
1170]/kg - °C.

Why is the following situation impossible? A group of camp-
ers arises at 8:30 a.m. and uses a solar cooker, which
consists of a curved, reflecting surface that concen-
trates sunlight onto the object to be warmed (Fig.
P20.74). During the day, the maximum solar intensity
reaching the Earth’s surface at the cooker’s location
is 7 = 600 W/m?2. The cooker faces the Sun and has a
face diameter of d = 0.600 m. Assume a fraction f of
40.0% of the incident energy is transferred to 1.50 L
of water in an open container, initially at 20.0°C. The
water comes to a boil, and the campers enjoy hot cof-
fee for breakfast before hiking ten miles and returning
by noon for lunch.

Figure P20.74

During periods of high activity, the Sun has more sun-
spots than usual. Sunspots are cooler than the rest of
the luminous layer of the Sun’s atmosphere (the pho-
tosphere). Paradoxically, the total power output of the
active Sun is not lower than average but is the same
or slightly higher than average. Work out the details
of the following crude model of this phenomenon.
Consider a patch of the photosphere with an area of
5.10 X 10" m?, Its emissivity is 0.965. (a) Find the power
it radiates if its temperature is uniformly 5 800 K,
corresponding to the quiet Sun. (b) To represent a
sunspot, assume 10.0% of the patch area is at 4 800 K
and the other 90.0% is at 5 890 K. Find the power
output of the patch. (c) State how the answer to part
(b) compares with the answer to part (a). (d) Find
the average temperature of the patch. Note that this
cooler temperature results in a higher power output.

(@) In air at 0°C, a 1.60-kg copper block at 0°C is set
sliding at 2.50 m/s over a sheet of ice at 0°C. Friction
brings the block to rest. Find the mass of the ice that
melts. (b) As the block slows down, identify its energy
input Q, its change in internal energy AE, , and the
change in mechanical energy for the block—ice system.
(c) For the ice as a system, identify its energy input Q
and its change in internal energy AE; .. (d) A 1.60-kg
block of ice at 0°C is set sliding at 2.50 m/s over a sheet
of copper at 0°C. Friction brings the block to rest.
Find the mass of the ice that melts. (e) Evaluate Q and
AE,  for the block of ice as a system and AE ., for the

mt
block—ice system. (f) Evaluate Q and AE; , for the metal

nt
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sheet as a system. (g) A thin, 1.60-kg slab of copper at
20°C is set sliding at 2.50 m/s over an identical station-
ary slab at the same temperature. Friction quickly stops
the motion. Assuming no energy is transferred to the
environment by heat, find the change in temperature
of both objects. (h) Evaluate Q and AE,, for the slid-
ing slab and AE ., for the two-slab system. (i) Evalu-
ate Qand AL, for the stationary slab.

mt

nWater in an electric teakettle is boiling. The power
[} absorbed by the water is 1.00 kW. Assuming the pres-

sure of vapor in the kettle equals atmospheric pres-
sure, determine the speed of effusion of vapor from
the kettle’s spout if the spout has a cross-sectional area
of 2.00 cm?. Model the steam as an ideal gas.

. The average thermal conductivity of the walls (includ-
ing the windows) and roof of the house depicted in
Figure P20.78 is 0.480 W/m - °C, and their average
thickness is 21.0 cm. The house is kept warm with
natural gas having a heat of combustion (that is, the
energy provided per cubic meter of gas burned) of
9 300 kcal/m®. How many cubic meters of gas must be
burned each day to maintain an inside temperature of
25.0°C if the outside temperature is 0.0°C? Disregard
radiation and the energy transferred by heat through
the ground.

Figure P20.78

. A cooking vessel on a slow burner contains 10.0 kg of
water and an unknown mass of ice in equilibrium at
0°C at time ¢ = 0. The temperature of the mixture is
measured at various times, and the result is plotted in
Figure P20.79. During the first 50.0 min, the mixture
remains at 0°C. From 50.0 min to 60.0 min, the tem-
perature increases to 2.00°C. Ignoring the heat capac-
ity of the vessel, determine the initial mass of the ice.

L ¢ (min)

|
0 20 60

Figure P20.79

40

80. A student measures the following data in a calorimetry

experiment designed to determine the specific heat of
aluminum:

Initial temperature of water

and calorimeter: 70.0°C

Mass of water: 0.400 kg

Mass of calorimeter: 0.040 kg
Specific heat of calorimeter: 0.63 XJ/kg + °C
Initial temperature of aluminum: 27.0°C

Mass of aluminum: 0.200 kg

Final temperature of mixture: 66.3°C

(a) Use these data to determine the specific heat of
aluminum. (b) Explain whether your result is within
15% of the value listed in Table 20.1.

Challenge Problems

81.

82.

Consider the piston—
cylinder apparatus shown
in Figure P20.81. The bot-
tom of the cylinder con-
tains 2.00 kg of water at

just under 100.0°C. The Flectric
. ) . heater in
cylinder has a radius of
= 7.50 cm. The piston of e of -
r="7.50 cm. The piston of i\ e, Water

mass m = 3.00 kg sits on
the surface of the water.
An electric heater in the
cylinder base transfers
energy into the water at a rate of 100 W. Assume the
cylinder is much taller than shown in the figure, so
we don’t need to be concerned about the piston reach-
ing the top of the cylinder. (a) Once the water begins
boiling, how fast is the piston rising? Model the steam
as an ideal gas. (b) After the water has completely
turned to steam and the heater continues to transfer
energy to the steam at the same rate, how fast is the
piston rising?

Figure P20.81

A spherical shell has inner radius 3.00 cm and outer
radius 7.00 cm. It is made of material with thermal
conductivity k = 0.800 W/m - °C. The interior is main-
tained at temperature 5°C and the exterior at 40°C.
After an interval of time, the shell reaches a steady
state with the temperature at each point within it
remaining constant in time. (a) Explain why the rate
of energy transfer P must be the same through each
spherical surface, of radius 1 within the shell and must
satisty

ar . p
dr  4arky?
(b) Next, prove that
P J0,07
— r
4mk Jy o5

40
J dT =

where 7T is in degrees Celsius and r is in meters.
(c) Find the rate of energy transfer through the shell.
(d) Prove that

2 dr

T r
j dT = 1.84J r 2 dr
5 0.03

where T is in degrees Celsius and » is in meters.
(e) Find the temperature within the shell as a func-
tion of radius. (f) Find the temperature at r = 5.00 cm,
halfway through the shell.



83. A pond of water at 0°C is covered with a layer of ice

4.00 cm thick. If the air temperature stays constant
at —10.0°C, what time interval is required for the ice
thickness to increase to 8.00 cm? Suggestion: Use Equa-
tion 20.16 in the form

B = kA A7T

dt x
and note that the incremental energy dQ extracted
from the water through the thickness x of ice is the
amount required to freeze a thickness dx of ice. That
is, dQ = L;pA dx, where p is the density of the ice, A is
the area, and Lfis the latent heat of fusion.

(a) The inside of a hollow cylinder is maintained at a

temperature 7, and the outside is at a lower tempera-
ture, T), (Fig. P20.84). The wall of the cylinder has a
thermal conductivity k. Ignoring end effects, show that
the rate of energy conduction from the inner surface
to the outer surface in the radial direction is

dQ { T, — T,,]

— = 27Lk
di 2w In(b/ a)

Problems 625

Suggestions: The temperature gradient is d7T/dr. A
radial energy current passes through a concentric
cylinder of area 27rL. (b) The passenger section of
a jet airliner is in the shape of a cylindrical tube with
a length of 35.0 m and an inner radius of 2.50 m. Its
walls are lined with an insulating material 6.00 cm
in thickness and having a thermal conductivity of
4.00 X 107% cal/s - cm - °C. A heater must maintain
the interior temperature at 25.0°C while the outside
temperature is —35.0°C. What power must be sup-
plied to the heater?

T,
| Ta

e |

P
Figure P20.84



