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Biting into a hot piece of pizza can be
either a pleasant experience or a painful
one, depending on how it is done. Eating
the crust doesn’t usually cause a prob-
lem, but if you get a mouthful of hot
cheese, you can be left with a burned
palate. Why does it make so much differ-
ence whether your mouth touches the
crust or the cheese when both are at the
same temperature? (Charles D. Winters)
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ntil about 1850, the fields of thermodynamics and mechanics were consid-
ered two distinct branches of science, and the law of conservation of energy
seemed to describe only certain kinds of mechanical systems. However,
mid-19th century experiments performed by the Englishman James Joule and oth-
ers showed that energy may be added to (or removed from) a system either by heat
or by doing work on the system (or having the system do work). Today we know
that internal energy, which we formally define in this chapter, can be transformed to
mechanical energy. Once the concept of energy was broadened to include internal
energy, the law of conservation of energy emerged as a universal law of nature.
This chapter focuses on the concept of internal energy, the processes by which
energy is transferred, the first law of thermodynamics, and some of the important
applications of the first law. The first law of thermodynamics is the law of conserva-

James Prescott Joule British

tion of energy. It describes systems in which the only energy change is that of inter- physicist (1818-1889) Joule re-
nal energy, which is due to transfers of energy by heat or work. Furthermore, the ceived some formal education in
first law makes no distinction between the results of heat and the results of work. mathematics, philosophy, and chem-

istry but was in large part self-
educated. His research led to the
establishment of the principle of
conservation of energy. His study of
the quantitative relationship among
20. 1 HEAT AND INTERNAL ENERGY electrical,mechanic.al,and. chfzmi.cal
£ effects of heat culminated in his dis-
covery in 1843 of the amount of work
required to produce a unit of energy,

According to the first law, a system’s internal energy can be changed either by an
energy transfer by heat to or from the system or by work done on or by the system.

At the outset, it is important that we make a major distinction between internal en-

103 ergy and heat. Internal energy is all the energy of a system that is associated called the mechanical equivalent of
with its microscopic components—atoms and molecules—when viewed heat. (By kind permission of the Presi-
from a reference frame at rest with respect to the object. The last part of this dent and Council of the Royal Society)

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 translation, rotation, and vibration of molecules, potential energy within
molecules, and potential energy between molecules. It is useful to relate internal
energy to the temperature of an object, but this relationship is limited—we shall
find in Section 20.3 that internal energy changes can also occur in the absence of
temperature changes.

As we shall see in Chapter 21, the internal energy of a monatomic ideal gas is
associated with the translational motion of its atoms. This is the only type of en-
ergy available for the microscopic components of this system. In this special case,
the internal energy is simply the total kinetic energy of the atoms of the gas; the
higher the temperature of the gas, the greater the average kinetic energy of the
atoms and the greater the internal energy of the gas. More generally, in solids, lig-
uids, and molecular gases, internal energy includes other forms of molecular en-
ergy. For example, a diatomic molecule can have rotational kinetic energy, as well
as vibrational kinetic and potential energy.

Heat is defined as the transfer of energy across the boundary of a sys- Heat
tem due to a temperature difference between the system and its surround-
ings. When you /eat a substance, you are transferring energy into it by placing it in
contact with surroundings that have a higher temperature. This is the case, for ex-
ample, 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. We shall also
use the term heat to represent the amount of energy transferred by this method.

Scientists used to think of heat as a fluid called caloric, which they believed was
transferred between objects; thus, they defined heat in terms of the temperature
changes produced in an object during heating. Today we recognize the distinct
difference between internal energy and heat. Nevertheless, we refer to quantities



604

The calorie

CHAPTER 20 Heatand the First Law of Thermodynamics

using names that do not quite correctly define the quantities but which have be-
come entrenched in physics tradition based on these early ideas. Examples of such
quantities are latent heat and heat capacity.

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 of the system
(kinetic or potential, or both) is a consequence of the motion and relative posi-
tions of the members of the system. Thus, 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 sys-
tem 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 of a system —
one can refer to heat only when energy has been transferred as a result of a tem-
perature difference. Both heat and work are ways of changing the energy of a
system.

It is also important to recognize that the internal energy of a system can be
changed even when no energy is transferred by heat. For example, when a gas is
compressed by a piston, the gas is warmed and its internal energy increases, but no
transfer of energy by heat from the surroundings to the gas has occurred. If the
gas then expands rapidly, it cools and its internal energy decreases, but no transfer
of energy by heat from it to the surroundings has taken place. The temperature
changes in the gas are due not to a difference in temperature between the gas and
its surroundings but rather to the compression and the expansion. In each case,
energy is transferred to or from the gas by work, and the energy change within the
system is an increase or decrease of internal energy. The changes in internal en-
ergy in these examples are evidenced by corresponding changes in the tempera-
ture of the gas.

Units of Heat

As we have mentioned, early studies of heat focused on the resultant increase in
temperature of a substance, which was often water. The early notions of heat based
on caloric suggested that the flow of this fluid from one body to another caused
changes in temperature. From the name of this mythical fluid, we have an energy
unit related to thermal processes, the calorie (cal), which is defined as the
amount of energy transfer necessary to raise the temperature of 1 g of wa-
ter from 14.5°C to 15.5°C.! (Note that 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 British system is the British thermal unit (Btu), which is de-
fined as the amount of energy transfer required to raise the temperature of
1 1b of water from 63°F to 64°F.

Scientists are increasingly using the SI unit of energy, the joule, when describ-
ing thermal processes. In this textbook, heat and internal energy are usually mea-
sured in joules. (Note that both heat and work are measured in energy units. Do
not confuse these two means of energy transfer with energy itself, which is also mea-
sured in joules.)

! Originally, the calorie was defined as the “heat” necessary to raise the temperature of 1 g of water by
1°C. However, careful measurements 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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The Mechanical Equivalent of Heat

In Chapters 7 and 8, we found that whenever friction is present in a mechanical
system, some mechanical energy is lost—in other words, mechanical energy is not
conserved in the presence of nonconservative forces. Various experiments show
that this lost mechanical energy does not simply disappear but is transformed into
internal energy. We can perform such an experiment at home by simply hammer-
ing a nail into a scrap piece of wood. What happens to all the kinetic energy of the
hammer once we have finished? Some of it is now in the nail as internal energy, as
demonstrated by the fact that the nail is measurably warmer. Although this con-
nection between mechanical and internal energy was first suggested by Benjamin
Thompson, it was Joule who established the equivalence of these two forms of
energy.

A schematic diagram of Joule’s most famous experiment is shown in Figure
20.1. The system of interest is the water in a thermally insulated container. Work is
done on the water by a rotating paddle wheel, which is driven by heavy blocks
falling at a constant speed. The stirred water is warmed due to the friction between
it and the paddles. If the energy lost in the bearings and through the walls is ne-
glected, then the loss in potential energy associated with the blocks equals the work
done by the paddle wheel on the water. If the two blocks fall through a distance #,
the loss in potential energy is 2mgh, where m is the mass of one block; it is this en-
ergy that causes the temperature of the water to increase. By varying the conditions
of the experiment, Joule found that the loss in mechanical energy 2mgh is propor-
tional to the increase in water temperature A7. The proportionality constant was
found to be approximately 4.18 J/g- °C. Hence, 4.18 ] 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 equiva-
lent of heat.

Figure 20.1 Joule’s experiment for determining the
mechanical equivalent of heat. The falling blocks rotate
Thermal the paddles, causing the temperature of the water to in-
insulator crease.
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Benjamin Thompson
(1753-1814).

Mechanical equivalent of heat
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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 that he raises the bar-
bell 2.00 m each time he lifts it and that he regains no energy
when he drops the barbell to the floor.

Solution Because 1 Calorie = 1.00 X 103 cal, the work re-
quired is 2.00 X 10° cal. Converting this value to joules, we
have for the total work required:

W= (2.00 X 10° cal) (4.186 ] /cal) = 8.37 X 10°]

The work done in lifting the barbell a distance % is equal to
mgh, and the work done in lifting it » times is nmgh. We
equate this to the total work required:

W= nmgh = 8.37 X 10°]
8.37 X 10°]

n= 5 = 8.54 X 10% times
(50.0 kg) (9.80 m/s%) (2.00 m)

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.

20.2_ HEAT CAPACITY AND SPECIFIC HEAT

@ When energy is added to a substance and no work is done, the temperature of the
103 substance usually rises. (An exception to this statement is the case in which a sub-

Heat capacity

Specific heat

stance undergoes a change of state—also called a phase transition—as discussed in
the next section.) The quantity of energy required to raise the temperature of a
given mass of a 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 tempera-
ture 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 we shall keep in mind that we
could change the temperature of our system by doing work on it.

The heat capacity C of a particular sample of a substance 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 heat Q produces a change AT in the temperature of a
substance, then

Q= CAT (20.2)

The specific heat ¢ of a substance is the heat capacity per unit mass. Thus, if
energy Q transferred by heat to mass m of a substance changes the temperature of
the sample by AT, then the specific heat of the substance is

__Q

c= AT (20.3)
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 express the energy Q transferred by heat between
a sample of mass m of a material and its surroundings for a temperature change

AT as
Q= mcAT (20.4)

For example, the energy required to raise the temperature of 0.500 kg of water by
3.00°C is (0.500 kg) (4 186 J/kg-°C)(3.00°C) = 6.28 X lOgj. Note that when the

temperature increases, Q and AT are taken to be positive, and energy flows into
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TABLE 20.1 Specific Heats of Some
Substances at 25°C and
Atmospheric Pressure

Specific Heat c

Substance J/kg-°C cal/g-°C
Elemental Solids

Aluminum 900 0.215
Beryllium 1830 0.436
Cadmium 230 0.055
Copper 387 0.092 4
Germanium 322 0.077
Gold 129 0.030 8
Iron 448 0.107
Lead 128 0.030 5
Silicon 703 0.168
Silver 234 0.056
Other Solids

Brass 380 0.092
Glass 837 0.200
Ice (—5°C) 2 090 0.50
Marble 860 0.21
Wood 1700 0.41
Liquids

Alcohol (ethyl) 2 400 0.58
Mercury 140 0.033
Water (15°C) 4186 1.00
Gas

Steam (100°C)

2010

0.48

the system. When the temperature decreases, Q and AT are negative, and energy
flows out of the system.

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

Measured values of specific heats are found to depend on the conditions of
the experiment. In general, measurements made at constant pressure are different
from those made at constant volume. For solids and liquids, the difference be-
tween the two values is usually no greater than a few percent and is often ne-
glected. Most of the values given in Table 20.1 were measured at atmospheric pres-
sure and room temperature. As we shall see in Chapter 21, the specific heats for

2 The definition given by Equation 20.3 assumes that the specific heat does not vary with temperature
over the interval AT = 7= T;. In general, if ¢ varies with temperature over the interval, then the cor-
rect expression for Qis

607
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gases measured at constant pressure are quite different from values measured at
constant volume.

Imagine you have 1 kg each of iron, glass, and water, and that all three samples are at 10°C.
(a) Rank the samples from lowest to highest temperature after 100 J of energy is added to
each. (b) Rank them from least to greatest amount of energy transferred by heat if each in-
creases in temperature by 20°C.

OuickLab > Itis interesting to note fr9m Tabl§ 20.1 thgt water ha's the.hlghest specific heat
of common materials. This high specific heat is responsible, in part, for the mod-
In an open area, such as a parking erate temperatures found near large bodies of water. As the temperature of a body

lot, use the flame from a match to of water decreases during the winter, energy is transferred from the cooling water
pop an air-filled balloon. Now try the

same thing with a water-filled bal- to the air by heat, increasing the internal energy of the air. Because of the high
loon. Why doesn’t the water-filled bal-  specific heat of water, a relatively large amount of energy is transferred to the air
loon pop? for even modest temperature changes of the water. The air carries this internal en-
ergy landward when prevailing winds are favorable. For example, 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. This explains why the western coastal
states generally have more favorable winter weather than the eastern coastal states,

where the prevailing winds do not tend to carry the energy toward land.
c'a A difference in specific heats causes the cheese topping on a slice of pizza to
"™ burn you more than a mouthful of crust at the same temperature. Both crust and
cheese undergo the same change in temperature, starting at a high straightfrom-
the-oven value and ending at the temperature of the inside of your mouth, which is
about 37°C. Because the cheese is much more likely to burn you, it must release
much more energy as it cools than does the crust. If we assume roughly the same
mass for both cheese and crust, then Equation 20.3 indicates that the specific heat of
the cheese, which is mostly water, is greater than that of the crust, which is mostly air.

Conservation of Energy: Calorimetry

One technique for measuring specific heat involves heating a sample to some
known temperature T, placing it in a vessel containing water of known mass and
temperature 7T, < 7T,, and measuring the temperature of the water after equilib-
rium has been reached. Because a negligible amount of mechanical work is done
in the process, the law of the conservation of energy requires that the amount of
energy that leaves the sample (of unknown specific heat) equal the amount of en-
ergy that enters the water.® This technique is called calorimetry, and devices in
which this energy transfer occurs are called calorimeters.

Conservation of energy allows us to write the equation

Qcold = - Qhot (205)

which simply states that the energy leaving the hot part of the system by heat is
equal to that entering the cold part of the system. The negative sign in the equa-
tion is necessary to maintain consistency with our sign convention for heat. The

3 For precise measurements, the water container should be included in our calculations because it also
exchanges energy with the sample. However, doing so would require a knowledge of its mass and com-
position. If the mass of the water is much greater than that of the container, we can neglect the effects
of the container.
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heat Q) is negative because energy is leaving the hot sample. The negative sign
in the equation ensures that the right-hand side is positive and thus consistent with
the left-hand side, which is positive because energy is entering the cold water.

Suppose m, is the mass of a sample of some substance whose specific heat we
wish to determine. Let us call its specific heat ¢, and its initial temperature 7.
Likewise, let m,,, ¢,, and T, represent corresponding values for the water. If Tjis
the final equilibrium temperature after everything is mixed, then from Equation
20.4, we find that the energy transfer for the water is m,c,(7y — T,,), which is posi-
tive because 7y > T;,, and that the energy transfer for the sample of unknown spe-
cific heat is m,c,(Ty — T,), which is negative. Substituting these expressions into
Equation 20.5 gives

My Tf — T,) = —myey( Tf - T,
Solving for ¢, gives
mwcw(T/ — 1)

o mx( Tx - Tf)

ExAMpPLE 20.2

A 0.050 0-kg ingot of metal is heated to 200.0°C and then
dropped into a beaker containing 0.400 kg of water initially
at 20.0°C. If the final equilibrium temperature of the mixed
system is 22.4°C, find the specific heat of the metal.

Cooling a Hot Ingot

Solution According to Equation 20.5, we can write

mwcw(Tf = T,) = —mycy( Tf - T)
(0.400 kg) (4 186 ] /kg-°C) (22.4°C — 20.0°C) =
—(0.050 0 kg) (¢c,) (22.4°C — 200.0°C)

From this we find that

o= 453]/kg-°C

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

Exercise What is the amount of energy transferred to the
water as the ingot is cooled?

Answer 4 020].

EXAMPLE 20.3  Fun Time for a Cowhoy

A cowboy fires a silver bullet with a mass of 2.00 g and with a
muzzle speed of 200 m/s into the pine wall of a saloon. As-
sume that all the internal energy generated by the impact re-
mains with the bullet. What is the temperature change of the
bullet?

Solution The kinetic energy of the bullet is
gmo? = 5(2.00 X 107%kg) (200 m/s)2 = 40.0

Because nothing in the environment is hotter than the bullet,
the bullet gains no energy by heat. Its temperature increases
because the 40.0 ] of kinetic energy becomes 40.0 J of extra
internal energy. The temperature change is the same as that
which would take place if 40.0 J of energy were transferred by

heat from a stove to the bullet. If we imagine this latter
process taking place, we can calculate AT from Equation
20.4. Using 234 J/kg-°C as the specific heat of silver (see
Table 20.1), we obtain

0} 40.0]

AT=—~ =

= — 0 85.5°C
me  (2.00 X 1073 kg) (234 ]/kg-°C)

Exercise Suppose that the cowboy runs out of silver bullets
and fires a lead bullet of the same mass and at the same
speed into the wall. What is the temperature change of the
bullet?

Answer 156°C.
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20.3 _ LATENT HEAT

A substance often undergoes a change in temperature when energy is transferred
between it and its surroundings. There are situations, however, in which the trans-
fer of energy does not result in a change in temperature. This 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); an-
other is a change in the crystalline structure of a solid. All such phase changes in-
volve a change in internal energy but no change in temperature. The increase in
internal energy in boiling, for example, is represented 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 intermol-
ecular 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
arrangements 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.) If a quantity Q of energy transfer is re-
quired to change the phase of a mass m of a substance, the ratio L = Q/m charac-
terizes an important thermal property of that substance. Because this added or re-
moved energy does not result in a temperature change, the quantity L is called the
latent heat (literally, the “hidden” heat) of the substance. The value of L for a
substance depends on the nature of the phase change, as well as on the properties
of the substance.

From the definition of latent heat, and again choosing heat as our energy
transfer mechanism, we find that the energy required to change the phase of a
given mass m of a pure substance is

Q= mL (20.6)

Latent heat of fusion ;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

TABLE 20.2 Latent Heats of Fusion and Vaporization

Melting Latent Heat Boiling Latent Heat of

Point of Fusion Point Vaporization

Substance (°C) (J/kg) (°C) (J/kg)

Helium —269.65 5.28 X 103 —268.93 2.09 X 10%
Nitrogen —209.97 2.55 X 10* —195.81 2.01 X 10°
Oxygen —218.79 1.38 x 10* —182.97 218 X 10°
Ethyl alcohol - 114 1.04 X 10° 78 8.54 X 10°
Water 0.00 3.33 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 10° 2 450 1.14 X 107
Silver 960.80 8.82 x 10* 2193 2.38 x 105
Gold 1 063.00 6.44 x 10* 2 660 1.58 X 10°
Copper 1083 1.84 X 10° 1187 5.06 X 10°




20.3 Latent Heat

L, is the term used when the phase change is from liquid to gas (the liquid “vapor-
izes”).* The latent heats of various substances vary considerably, as data in Table
20.2 show.

Which is more likely to cause a serious burn, 100°C liquid water or an equal mass of 100°C
steam?

To understand the role of latent heat in phase changes, consider the energy
required to convert a 1.00-g block of ice at —30.0°C to steam at 120.0°C. Figure
20.2 indicates the experimental results obtained when energy is gradually added to
the ice. Let us examine each portion of the red curve.

Part A. On this portion of the curve, the temperature of the ice changes from
—30.0°C to 0.0°C. Because the specific heat of ice is 2 090 J/kg - °C, we can calcu-
late the amount of energy added by using Equation 20.4:

Q= me; AT = (1.00 X 1073 kg) (2 090 J/kg-°C) (30.0°C) = 62.7]

Part B. When the temperature of the ice 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 20.6,

Q= mL;= (1.00 X 1073 kg) (3.33 X 10°]/kg) = 333 ]
Thus, we have moved to the 396 | (= 62.7 ] + 333 J) mark on the energy axis.

T (°C)

120 —
D EA

90 —

60 | G

Water + steam

| | | | |
1000 1500 2000 2500 3000

’ Energy added (J) — 3080 3110

Figure 20.2 A plot of temperature versus energy added when 1.00 g of ice initially at — 30.0°C
is converted to steam at 120.0°C.

* 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 vapor-
ization. Likewise, when a liquid cools, it eventually solidifies, and the latent heat of solidification is numeri-
cally equal to the latent heat of fusion.
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Part C. Between 0.0°C and 100.0°C, nothing surprising happens. No phase
change occurs, and so all energy added to the water is used to increase its temper-

ature. The amount of energy necessary to increase the temperature from 0.0°C to
100.0°C is

Q = mycy AT = (1.00 X 1073 kg) (4.19 X 10%]/kg-°C) (100.0°C) = 419 ]

Part D. At 100.0°C, another phase change occurs as the water changes from wa-
ter 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 of 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= mL,= (1.00 X 1073 kg) (2.26 X 10°]/kg) = 2.26 X 10%]

Part E. On this portion of the curve, as in parts A and C, no phase change oc-
curs; thus, all energy added is used to increase the temperature of the 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 1073 kg) (2.01 X 10%]/kg-°C) (20.0°C) = 40.2]

The total amount of energy that must be added 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 10%]. Conversely, to cool 1 g of steam at 120.0°C to ice at —30.0°C, we
must remove 3.11 X 10 J of energy.

We can describe phase changes in terms of a rearrangement of molecules
when energy is added to or removed from a substance. (For elemental substances
in which the atoms do not combine to form molecules, the following discussion
should be interpreted in terms of atoms. We use the general term molecules to refer
to both molecular substances and elemental substances.) Consider first the liquid-
to-gas phase change. The molecules in a liquid are close together, and the forces
between them are stronger than those between the more widely separated mole-
cules of a gas. Therefore, work must be done on the liquid against these attractive
molecular forces if the molecules are to separate. The latent heat of vaporization is
the amount of energy per unit mass that must be added to the liquid to accom-
plish this separation.

Similarly, for a solid, we imagine that the addition of energy causes the ampli-
tude of vibration of the molecules about their equilibrium positions to become
greater as the temperature increases. At the melting point of the solid, the ampli-
tude is great enough to break the bonds between molecules and to allow mole-
cules to move to new positions. The molecules in the liquid also are bound to each
other, but less strongly than those in the solid phase. The latent heat of fusion is
equal to the energy required per unit mass to transform the bonds among all mol-
ecules from the solid-type bond to the liquid-type bond.

As you can see from Table 20.2, the latent heat of vaporization for a given sub-
stance is usually somewhat higher than the latent heat of fusion. This is not sur-
prising if we consider that the average distance between molecules in the gas
phase is much greater than that in either the liquid or the solid phase. In the
solid-to-liquid phase change, we transform solid-type bonds between molecules
into liquid-type bonds between molecules, which are only slightly less strong. In
the liquid-to-gas phase change, however, we break liquid-type bonds and create a
situation in which the molecules of the gas essentially are not bonded to each
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other. Therefore, it is not surprising that more energy is required to vaporize a
given mass of substance than is required to melt it.

Calculate the slopes for the A, C, and E portions of Figure 20.2. Rank the slopes from least
to greatest and explain what this ordering means.

Problem-Solving Hints
Calorimetry Problems

If you are having difficulty in solving calorimetry problems, be sure to con-

sider the following points:

¢ Units of measure must be consistent. For instance, if you are using specific
heats measured in cal/g - °C, be sure that masses are in grams and tempera-

tures are in Celsius degrees.

e Transfers of energy are given by the equation Q = mcAT only for those
processes in which no phase changes occur. Use the equations Q = mlL, and

Q = mlL, only when phase changes are taking place.

¢ Often, errors in sign are made when the equation Q g = — Qp 18 used.
Make sure that you use the negative sign in the equation, and remember
that AT 'is always the final temperature minus the initial temperature.

ExaAmMpPLE 20.4 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 The steam loses energy in three stages. In the
first stage, the steam is cooled to 100°C. The energy transfer
in the process is

Q1 = me, AT = my(2.01 X 10%]/kg-°C) (—30.0°C)
—m(6.03 X 10*J/kg)

where m,is the unknown mass of the steam.

In the second stage, the steam is converted to water. To
find the energy transfer during this phase change, we use
Q = —mlL,, where the negative sign indicates that energy is
leaving the steam:

Qo = —my(2.26 X 10°]/kg)

In the third stage, the temperature of the water created
from the steam is reduced to 50.0°C. This change requires an
energy transfer of

Qs = mye, AT = m(4.19 X 103 J/kg-°C) (—50.0°C)
—my(2.09 X 10°J/kg)

Adding the energy transfers in these three stages, we obtain
Qhot = Ql + Q2 + QS
= —my(6.03 X 10*J/kg + 2.26 X 10°]/kg
+2.09 X 105 J/kg)
= —my(2.53 X 10°]/kg)

Now, we turn our attention to the temperature increase of
the water and the glass. Using Equation 20.4, we find that

Qo = (0.200 kg) (4.19 X 10°J/kg-°C) (30.0°C)
+ (0.100 kg) (837 ] /kg - °C) (30.0°C)
=277 X 101]

Using Equation 20.5, we can solve for the unknown mass:

Qcold == Qhot
2.77 X 10*] = — [—m(2.53 X IOBJ/kg)]

my= 1.09X 10 2kg =109 g
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EXAMPLE 20.5  Boiling Liquid Helium

Liquid helium has a very low boiling point, 4.2 K, and a very  of energy is
low latent heat of vaporization, 2.09 X 10* J/kg. If energy is
transferred to a container of boiling liquid helium from an
immersed electric heater at a rate of 10.0 W, how long does it 10.0J/s
take to boil away 1.00 kg of the liquid?

.09 x 104 ]
=u= 2.09 X 10°s = 35 min

Exercise If 10.0 W of power is supplied to 1.00 kg of water
Solution Because L, = 2.09 X 10*]/kg, we must supply At 100°C, how long does it take for the water to completely
2.09 X 10*J of energy to boil away 1.00 kg. Because 10.0 W = boil away?
10.0 J/s, 10.0 J of energy is transferred to the helium each
second. Therefore, the time it takes to transfer 2.09 X 104J Answer 62.8 h.

20.4_~ WORK AND HEAT IN THERMODYNAMIC PROCESSES

2> In the macroscopic approach to thermodynamics, we describe the state of a system
08 using such variables as pressure, volume, temperature, and internal energy. The
number of macroscopic variables needed to characterize a system depends on the
nature of the system. For a homogeneous system, such as a gas containing only
one type of molecule, usually only two variables are needed. However, it is impor-
tant to note that a macroscopic state of an isolated system can be specified only if the
system is in thermal equilibrium internally. In the case of a gas in a container, in-
ternal thermal equilibrium requires that every part of the gas be at the same pres-
sure and temperature.
Consider a gas contained in a cylinder fitted with a movable piston (Fig. 20.3).
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 piston has a cross-sectional area A, the
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J, b Figure 20.3 Gas contained in a
\\j N 7/_ cylinder at a pressure P does work
\J v on a moving piston as the system

expands from a volume V to a vol-
(a) (b) ume V + dV.
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force exerted by the gas on the piston is F'= PA. Now let us assume that the gas ex-
pands quasi-statically, that is, slowly enough to allow the system to remain essen-
tially in thermal equilibrium at all times. As the piston moves up a distance dy, the
work done by the gas on the piston is

dW = Fdy = PA dy

Because A dyis the increase in volume of the gas dV, we can express the work done
by the gas as

dW = PdV (20.7)

Because the gas expands, dVis positive, and so the work done by the gas is positive.
If the gas were compressed, dV would be negative, indicating that the work done
by the gas (which can be interpreted as work done on the gas) was negative.

In the thermodynamics problems that we shall solve, we shall identify the sys-
tem of interest as a substance that is exchanging energy with the environment. In
many problems, this will be a gas contained in a vessel; however, we will also con-
sider problems involving liquids and solids. It is an unfortunate fact that, because
of the separate historical development of thermodynamics and mechanics, positive
work for a thermodynamic system is commonly defined as the work done &y the
system, rather than that done on the system. This is the reverse of the case for our
study of work in mechanics. Thus, in thermodynamics, positive work repre-
sents a transfer of energy out of the system. We will use this convention to be
consistent with common treatments of thermodynamics.

The total work done by the gas as its volume changes from V; to V;is given by
the integral of Equation 20.7:

Vi
W= f pPav (20.8)
Vi

To evaluate this integral, it is not enough that we know only the initial and final
values of the pressure. We must also know the pressure at every instant during the
expansion; we would know this if we had a functional dependence of P with re-
spect to V. This important point is true for any process—the expansion we are dis-
cussing here, or any other. To fully specify a process, we must know the values of
the thermodynamic variables at every state through which the system passes be-
tween the initial and final states. In the expansion we are considering here, we can
plot the pressure and volume at each instant to create a PV diagram like the one
shown in Figure 20.4. The value of the integral in Equation 20.8 is the area
bounded by such a curve. Thus, we can say that

the work done by a gas in the expansion from an initial state to a final state is
the area under the curve connecting the states in a PV diagram.

As Figure 20.4 shows, the work done in the expansion from the initial state i to
the final state f depends on the path taken between these two states, where the
path on a PV diagram is a description of the thermodynamic process through
which the system is taken. To illustrate this important point, consider several paths
connecting ¢ and f (Fig. 20.5). In the process depicted in Figure 20.5a, the pres-
sure of the gas is first reduced from P; to Pyby cooling at constant volume V;. The
gas then expands from V; to Vyat constant pressure Py. The value of the work done
along this path is equal to the area of the shaded rectangle, which is equal to
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Figure 20.4 A gas expands quasi-
statically (slowly) from state i to
state f. The work done by the gas
equals the area under the PV
curve.

Work equals area under the curve
in a PV diagram.
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Work done depends on the path
between the initial and final states.
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Figure 20.5 The work done by a gas as it is taken from an initial state to a final state depends
on the path between these states.

Py(Vy— V;). In Figure 20.5b, the gas first expands from V;to V,at constant pressure
P;. Then, its pressure is reduced to Prat constant volume V. The value of the work
done along this path is P(V; — V;), which is greater than that for the process de-
scribed in Figure 20.5a. Finally, for the process described in Figure 20.5c, where
both Pand V change continuously, the work done has some value intermediate be-
tween the values obtained in the first two processes. Therefore, we see that the
work done by a system depends on the initial and final states and on the
path followed by the system between these states.

The energy transfer by heat Q into or out of a system also depends on the
process. Consider the situations depicted in Figure 20.6. In each case, the gas has
the same initial volume, temperature, and pressure and is assumed to be ideal. In
Figure 20.6a, the gas is thermally insulated from its surroundings except at the bot-
tom 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 from the reservoir does not change its temperature. The piston
is held at its initial position by an external agent—a hand, for instance. When the
force with which the piston is held is reduced slightly, the piston rises very slowly to
its final position. Because the piston is moving upward, the gas is doing work on

Insulating Insulating
« wall wall \
\Final Vacuum
position
Membrane

Y
T~ Initial

Gas at T; position Gas at T;
Energy reservoir (b)
at T;

()

Figure 20.6 (a) A gas at temperature T; expands slowly while absorbing energy from a reser-
voir in order to maintain a constant temperature. (b) A gas expands rapidly into an evacuated re-
gion after a membrane is broken.
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the piston. During this expansion to the final volume V}, just enough energy is trans-
ferred by heat from the reservoir to the gas to maintain a constant temperature 7;.

Now consider the completely thermally insulated system shown in Figure
20.6b. When the membrane is broken, the gas expands rapidly into the vacuum
until it occupies a volume Vyand is at a pressure Py In this case, the gas does no
work because there is no movable piston on which the gas applies a force. Further-
more, no energy is transferred by heat through the insulating wall.

The initial and final states of the ideal gas in Figure 20.6a are identical to the
initial and final states in Figure 20.6b, but the paths are different. In the first case,
the gas does work on the piston, and energy is transferred slowly to the gas. In the
second case, no energy is transferred, and the value of the work done is zero.
Therefore, we conclude that energy transfer by heat, like work done, depends
on the initial, final, and intermediate states of the system. In other words, be-
cause heat and work depend on the path, neither quantity is determined solely by
the end points of a thermodynamic process.

This device, called Hero’s engine, was
invented around 150 B.C. by Hero
in Alexandria. When water is

20.5_~ THE FIRST LAW OF THERMODYNAMICS boiled in the flask, which is sus-
pended by a cord, steam exits
@ When we introduced the law of conservation of mechanical energy in Chapter 8,  through two tubes at the sides (in
106 we stated that the mechanical energy of a system is constant in the absence of non-  opposite directions), creating a
conservative forces such as friction. That is, we did not include changes in the inter- ~ °rque that rotates the flask.

nal energy of the system in this mechanical model. The first law of thermodynamics
is a generalization of the law of conservation of energy that encompasses changes in
internal energy. It is a universally valid law that can be applied to many processes
and provides a connection between the microscopic and macroscopic worlds.

We have discussed two ways in which energy can be transferred between a sys-
tem and its surroundings. One is work done by the system, which requires that there
be a macroscopic displacement of the point of application of a force (or pressure).
The other is heat, which occurs through random collisions between the molecules
of the system. Both mechanisms result in a change in the internal energy of the sys-
tem and therefore usually result in measurable changes in the macroscopic variables
of the system, such as the pressure, temperature, and volume of a gas.

To better understand these ideas on a quantitative basis, suppose that a system
undergoes a change from an initial state to a final state. During this change, en-
ergy transfer by heat Q to the system occurs, and work W is done by the system. As
an example, suppose that the system is a gas in which the pressure and volume
change from P;and V; to Prand V,. If the quantity Q — W is measured for various
paths connecting the initial and final equilibrium states, we find that it is the same
for all paths connecting the two states. We conclude that the quantity Q — W is de-
termined completely by the initial and final states of the system, and we call this
quantity the change in the internal energy of the system. Although Q and W Q — Wis the change in internal
both depend on the path, the quantity @ — W is independent of the path. If we energy
use the sumbol E;, to represent the internal energy, then the change in internal
energy AE;,, can be expressed as®

AEim = Q - W (20.9) First-law equation

51t is an unfortunate accident of history that the traditional symbol for internal energy is U, which is
also the traditional symbol for potential energy, as introduced in Chapter 8. To avoid confusion be-
tween potential energy and internal energy, we use the symbol E;,, for internal energy in this book. If
you take an advanced course in thermodynamics, however, be prepared to see U used as the symbol for
internal energy.
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First-law equation for infinitesimal
changes

Isolated system

Cyclic process
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where all quantities must have the same units of measure for energy.® Equation 20.9
is known as the first-law equation and is a key concept in many applications. As a
reminder, we use the convention that Q is positive when energy enters the system
and negative when energy leaves the system, and that Wis positive when the system
does work on the surroundings and negative when work is done on the system.

When a system undergoes an infinitesimal change in state in which a small
amount of energy dQ is transferred by heat and a small amount of work dW is
done, the internal energy changes by a small amount dEj,,. Thus, for infinitesimal
processes we can express the first-law equation as’

dEy, = dQ — dW

The first-law equation is an energy conservation equation specifying that the
only type of energy that changes in the system is the internal energy E;,,. Let us
look at some special cases in which this condition exists.

First, let us consider an isolated system— that is, one that does not interact with
its surroundings. In this case, no energy transfer by heat takes place and the
value of the work done by the system is zero; hence, the internal energy remains
constant. That is, because Q = W= 0, it follows that AE;, = 0, and thus
Eini, i = Ein, ;- We conclude that the internal energy Ej, of an isolated system
remains constant.

Next, we consider the case of a system (one not isolated from its surround-
ings) that 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, and therefore the energy Q added to the system must equal the work W
done by the system during the cycle. That is, in a cyclic process,

AE,, =0 and Q=W

On a PV diagram, a cyclic process appears as a closed curve. (The processes de-
scribed in Figure 20.5 are represented by open curves because the initial and final
states differ.) It can be shown that in a cyclic process, the net work done by the
system per cycle equals the area enclosed by the path representing the
process on a PV diagram.

If the value of the work done by the system during some process is zero, then
the change in internal energy AE;, equals the energy transfer Q into or out of the
system:

AEint = Q

If energy enters the system, then Q is positive and the internal energy increases.
For a gas, we can associate this increase in internal energy with an increase in the
kinetic energy of the molecules. Conversely, if no energy transfer occurs during
some process but work is done by the system, then the change in internal energy
equals the negative value of the work done by the system:

AE‘int =-W

6 For the definition of work from our mechanics studies, the first law would be written as
AE;,, = Q + W because energy transfer into the system by either work or heat would increase the inter-
nal energy of the system. Because of the reversal of the definition of positive work discussed in Section
20.4, the first law appears as in Equation 20.9, with a minus sign.

7 Note that dQ and dWare not true differential quantities; however, dEj, is. Because dQ and dWare in-
exact differentials, they are often represented by the symbols @Q and d@W. For further details on this
point, see an advanced text on thermodynamics, such as R. P. Bauman, Modern Thermodynamics and Sta-
tistical Mechanics, New York, Macmillan Publishing Co., 1992.
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For example, if a gas is compressed by a moving piston in an insulated cylinder, no
energy is transferred by heat and the work done by the gas is negative; thus, the in-
ternal energy increases because kinetic energy is transferred from the moving pis-
ton to the gas molecules.

On a microscopic scale, no distinction exists between the result of heat and
that of work. Both heat and work can produce a change in the internal energy of a
system. Although the macroscopic quantities Q and W are not properties of a sys-
tem, they are related to the change of the internal energy of a system through the
first-law equation. Once we define a process, or path, we can either calculate or
measure Q and W, and we can find the change in the system’s internal energy us-
ing the first-law equation.

One of the important consequences of the first law of thermodynamics is
that there exists a quantity known as internal energy whose value is determined
by the state of the system. The internal energy function is therefore called a state
Sfunction.

20.6_ SOME APPLICATIONS OF THE FIRST LAW
OF THERMODYNAMICS

Before we apply the first law of thermodynamics to specific systems, it is useful for
us to first define some common thermodynamic processes. An adiabatic process
is one during which no energy enters or leaves the system by heat—that is, Q = 0.
An adiabatic process can be achieved either by thermally insulating the system
from its surroundings (as shown in Fig. 20.6b) or by performing the process
rapidly, so that there is little time for energy to transfer by heat. Applying the first
law of thermodynamics to an adiabatic process, we see that

AE, = —W (adiabatic process) (20.10)

From this result, we see that if a gas expands adiabatically such that W is positive,
then AE;, is negative and the temperature of the gas decreases. Conversely, the
temperature of a gas increases when the gas is compressed adiabatically.

Adiabatic processes are very important in engineering practice. Some com-
mon 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 Figure 20.6b, 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
was depicted in Figure 20.6a, so no work is done on or by the gas. Thus, in this adi-
abatic process, both Q = 0 and W= 0. As a result, AE;,,, = 0 for this process, as we
can see 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 in the next chap-
ter, the internal energy of an ideal gas depends only on its temperature. Thus, we
expect no change in temperature during an adiabatic free expansion. This predic-
tion is in accord with the results of experiments performed at low pressures. (Ex-
periments performed at high pressures for real gases show a slight decrease or in-
crease in temperature after the expansion. This change is 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
such a process, the values of the heat and the work are both usually nonzero. The
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In an adiabatic process, Q = 0.

First-law equation for an adiabatic
process

In an adiabatic free expansion,
AE;, = 0.

In an isobaric process, P remains
constant.
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First-law equation for a constant-
volume process

In an isothermal process, T
remains constant.

Isotherm

i PV=constant

P
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Figure 20.7 The PV diagram for
an isothermal expansion of an
ideal gas from an initial state to a fi-
nal state. The curve is a hyperbola.
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work done by the gas is simply

W= PV, = V) (isobaric process) (20.11)

where P is the constant pressure.

A process that takes place at constant volume is called an isovolumetric
process. In such a process, the value of the work done is clearly zero because the
volume does not change. Hence, from the first law we see that in an isovolumetric
process, because W= 0,

AEim = Q,
This expression specifies that if energy is added by heat to a system kept at
constant volume, then all of the transferred energy remains in the system as
an increase of the internal energy of the system. 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 thus
the pressure, in the can increases until the can possibly explodes.

A process that occurs at constant temperature is called an isothermal
process. A plot of Pversus Vat constant temperature for an ideal gas yields a hy-
perbolic curve called an isotherm. The internal energy of an ideal gas is a function
of temperature only. Hence, in an isothermal process involving an ideal gas,
AE;,, = 0. For an isothermal process, then, we conclude from the first law that the
energy transfer Q must be equal to the work done by 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 of the internal energy of the system occurs.

In the last three columns of the following table, fill in the boxes with —, +, or 0. For each
situation, the system to be considered is identified.

(isovolumetric process) (20.12)

Situation System o w AE;,

(a) Rapidly pumping up
a bicycle tire
(b) Pan of room-temperature
water sitting on a hot stove
(c) Air quickly leaking
out of a balloon

Air in the pump
Water in the pan

Air originally in
balloon

Isothermal Expansion of an Ideal Gas

Suppose that an ideal gas is allowed to expand quasi-statically at constant tempera-
ture, as described by the PV diagram shown in Figure 20.7. The curve is a hyper-
bola (see Appendix B, Eq. B.23), and the equation of state of an ideal gas with T
constant indicates that the equation of this curve is PV = constant. The isothermal
expansion of the gas can be achieved by placing the gas in thermal contact with an
energy reservoir at the same temperature, as shown in Figure 20.6a.

Let us calculate the work done by the gas in the expansion from state ¢ to state
J- The work done by the gas is given by Equation 20.8. Because the gas is ideal and
the process is quasi-static, we can use the expression PV = nRT for each point on
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the path. Therefore, we have

Vi VI nRT
W= PdV = av
v vi V

Because T'is constant in this case, it can be removed from the integral along with
nand R:

4

Vi dv
W= nRT — =nRTInV
v, V v,
To evaluate the integral, we used [(dx/x) = Inx. Evaluating this at the initial and
final volumes, we have

W= nRT ln<ﬁ> (20.13) Work done by an ideal gas in an

isothermal proc
V. othe process

Numerically, this work Wequals the shaded area under the PV curve shown in Fig-
ure 20.7. Because the gas expands, V;> V;, and the value for the work done by the
gas is positive, as we expect. If the gas is compressed, then V< V;, and the work
done by the gas is negative.

Quick Quiz 20.5

Characterize the paths in Figure 20.8 as isobaric, isovolumetric, isothermal, or adiabatic.
Note that Q = 0 for path B.

Figure 20.8 Identify the nature of paths
\%4 A, B, C, and D.

EXAMPLE 20.6  Anlsothermal Expansion

A 1.0-mol sample of an ideal gas is kept at 0.0°C during an ex- 10.0
pansion from 3.0 L to 10.0 L. (a) How much work is done by W= (1.0 mol) (8.31 J/mol-K) (273 K) In 3.0
the gas during the expansion?

. = 3
Solution Substituting the values into Equation 20.13, we 2.7 X 10°]

have
Vi (b) How much energy transfer by heat occurs with the sur-
— /
W= nRTIn . . .
roundings in this process?

3
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Solution From the first law, we find that

AE, = Q— W
0=Q-W
Q=W= 27X 10%]

(c) If the gas is returned to the original volume by means
of an isobaric process, how much work is done by the gas?

Solution The work done in an isobaric process is given by
Equation 20.11. We are not given the pressure, so we need to
incorporate the ideal gas law:

Heat and the First Law of Thermodynamics

nRT; V= V)
v, ~/

1

(1.0 mol) (8.31 J/mol -K) (273 K)
10.0 X 103 m?®
X (3.0 X 10 3m3 — 10.0 X 10 3m?)

W= PV~ V) =

—1.6 X 10%]

Notice that we use the initial temperature and volume to de-
termine the value of the constant pressure because we do not
know the final temperature. The work done by the gas is neg-
ative because the gas is being compressed.

EXAMPLE 20.7  Boiling Water

Suppose 1.00 g of water vaporizes isobarically at atmospheric
pressure (1.013 X 105 Pa). Its volume in the liquid state is
Vi = Viquia = 1.00 cm?, and its volume in the vapor state is
Vi = Veapor = 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 Because the expansion takes place at constant
pressure, the work done by the system in pushing away the
surrounding air is, from Equation 20.11,

W= P(V;~ V)
= (1.013 X 10°Pa) (1671 X 107 °m? — 1.00 X 107% m?)

= 169]

To determine the change in internal energy, we must know
the energy transfer Q needed to vaporize the water. Using
Equation 20.6 and the latent heat of vaporization for water,
we have

Q= mlL,= (1.00 X 1073 kg) (2.26 X 10°]/kg) = 2260 ]

Hence, from the first law, the change in internal energy is

AE,, = Q— W=2260] — 169] = 2.09 kJ

The positive value for AE;,, indicates that the internal energy
of the system increases. We see that most (2 090 J/2 260 J =
93%) of the energy transferred to the liquid goes into
increasing the internal energy of the system. Only
169 J/2 260 ] = 7% leaves the system by work done by the
steam on the surrounding atmosphere.

EXAMPLE 20.8 Heating a Solid

A 1.0-kg bar of copper is heated at atmospheric pressure. If
its temperature increases from 20°C to 50°C, (a) what is the
work done by the copper on the surrounding atmosphere?

Solution Because the process is isobaric, we can find the
work done by the copper using Equation 20.11,
W= P(V;— V;). We can calculate the change in volume of
the copper using Equation 19.6. Using the average linear ex-
pansion coefficient for copper given in Table 19.2, and re-
membering that 8 = 3a, we obtain

AV = BV,AT
= [5.1 X 1072(°C)~1](50°C — 20°C)V; = 1.5 X 1073 V,

The volume V;is equal to m/p, and Table 15.1 indicates that
the density of copper is 8.92 X 103 kg/m?®. Hence,

1.0 kg
8.92 X 10° kg/m?

AV = (1.5 X 10*3)< ) =17%x10""m?

The work done is

W= PAV= (1.013 X 10°N/m?) (1.7 X 10~ m?)

1.7 X 1072]

(b) What quantity of energy is transferred to the copper
by heat?

Solution Taking the specific heat of copper from Table
20.1 and using Equation 20.4, we find that the energy trans-
ferred by heat is
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Q= meAT = (1.0 kg) (387 ]/kg-°C)(30°C) = 1.2 X 10%]
(c) What is the increase in internal energy of the copper?
Solution From the first law of thermodynamics, we have

AE, = Q- W=12X10"]-1.7X1072] = 1.2 X 10]
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Note that almost all of the energy transferred into the system
by heat goes into increasing the internal energy. The fraction
of energy used to do work on the surrounding atmosphere is
only about 1075 Hence, when analyzing the thermal expan-
sion of a solid or a liquid, the small amount of work done by
the system is usually ignored.

20.7_~ ENERGY TRANSFER MECHANISMS

It is important to understand the rate at which energy is transferred between a sys-
tem and its surroundings and the mechanisms responsible for the transfer. There-
fore, let us now look at three common energy transfer mechanisms that can result
in a change in internal energy of a system.

Thermal Conduction

The energy transfer process that is most clearly associated with a temperature dif-
ference is thermal conduction. In this process, the transfer can be represented
on an atomic scale as an exchange of kinetic energy between microscopic parti-
cles—molecules, atoms, and electrons—in which less energetic particles gain en-
ergy 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 of the metal in your hand soon increases. The energy reaches your
hand by means of conduction. We can understand the process of conduction by
examining what is happening to the microscopic particles in the metal. Initially,
before the rod is inserted into the flame, the microscopic particles are vibrating
about their equilibrium positions. As the flame heats the rod, those particles near
the flame begin to vibrate with greater and greater amplitudes. These particles, in
turn, collide with their neighbors and transfer some of their energy in the colli-
sions. 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 represents an increase in the tempera-
ture 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 in-
definitely. This 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. Thus,
in a good conductor, such as copper, conduction takes place both by means of the
vibration of atoms and by means of 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 77, and the other
face is at a temperature Ty > T) (Fig. 20.9). Experimentally, it is found that the

Melted snow pattern on a parking
lot surface indicates the presence
of underground hot water pipes

used to aid snow removal. Energy
from the water is conducted from

the pipes to the pavement, where it
causes the snow to melt.
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Law of thermal conduction

Ty —s
A
Energy flow \
for T4, >Ty T
*’{ Ax r‘i

Figure 20.9 Energy transfer

through a conducting slab with a
cross-sectional area A and a thick-
ness Ax. The opposite faces are at
different temperatures 77 and T5.

L

Ty Energy flow T

Ty> T, .
2 1 Insulation

Figure 20.10 Conduction of en-
ergy through a uniform, insulated

rod of length L. The opposite ends
are in thermal contact with energy

reservoirs at different tempera-
tures.
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energy Q transferred in a time A flows from the hotter face to the colder one. The
rate Q/A¢ at which this energy flows is found to be proportional to the cross-
sectional area and the temperature difference AT = T, — T;, and inversely pro-
portional to the thickness:

Q, AT
At Ax

It is convenient to use the symbol for power ? to represent the rate of energy

transfer: ? = Q /At Note that % has units of watts when Qis in joules and Atis in

seconds. For a slab of infinitesimal thickness dx and temperature difference d7, we
can write the law of thermal conduction as

dT
dx

P =FkA

(20.14)

where the proportionality constant k is the thermal conductivity of the material
and | dT/ dx| is the temperature gradient (the variation of temperature with posi-
tion).

Suppose that a long, uniform rod of length L is thermally insulated so that en-
ergy cannot escape by heat from its surface except at the ends, as shown in Figure
20.10. One end is in thermal contact with an energy reservoir at temperature 77,
and the other end is in thermal contact with a reservoir at temperature Ty > 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 that k is not a function of temper-
ature, the temperature gradient is the same everywhere along the rod and is

dr|_ -1
dx L

Thus the rate of energy transfer by conduction through the rod is

(T — 1)
L

P =FkA (20.15)

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

Quick Quiz 20.6

Will an ice cube wrapped in a wool blanket remain frozen for (a) a shorter length of time,
(b) the same length of time, or (c) a longer length of time than an identical ice cube ex-
posed to air at room temperature?

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

ATy — T
p- A" T (20.16)
S (Li/k;)

1
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TABLE 20.3 Thermal Conductivities

Substance Thermal Conductivity (W/m-°C)
Metals (at 25°C)

Aluminum 238
Copper 397

Gold 314

Iron 79.5
Lead 34.7
Silver 427
Nonmetals (approximate 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

where 7] and 7y are the temperatures of the outer surfaces (which are held con-
stant) and the summation is over all slabs. The following example shows how this
equation results from a consideration of two thicknesses of materials.

EXAMPLE 20.9  Energy Transfer Through Two Slabs

Two slabs of thickness L; and Ly and thermal conductivities
ky and kg are in thermal contact with each other, as shown in
Figure 20.11. The temperatures of their outer surfaces are 7} % Ly %k Ly %
and Ty, respectively, and Ty > T;. Determine the tempera-
ture at the interface and the rate of energy transfer by con-
duction through the slabs in the steady-state condition.

Solution If 7'is the temperature at the interface, then the

rate at which energy is transferred through slab 1 is Ty ko ky Ty
kAT — Ty)
L
L, :ﬁ >
The rate at which energy is transferred through slab 2 is
T
P, — koA(To — T)
2 2= Lo Figure 20.11 Energy transfer by conduction through two slabs in
thermal contact with each other. At steady state, the rate of energy

When a steady state is reached, these two rates must be equal;  transfer through slab 1 equals the rate of energy transfer through

hence, slab 2.
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klA(T - T]) _

CHAPTER 20 Heatand the First Law of Thermodynamics

koA(Ty — T) Substituting (3) into either (1) or (2), we obtain

Ly

Solving for T gives

(3) T=

kiLoTy + koL Ty
kiLg + koL,

Ly
A(T, — 1Y)

(L1/ky) + (Lo/ ko)

Extension of this model to several slabs of materials leads to
Equation 20.16.

Energy is conducted from the in-
side to the exterior more rapidly
on the part of the roof where the
snow has melted. The dormer ap-
pears to have been added and insu-
lated. The main roof does not ap-
pear to be well insulated.

Home Insulation

In engineering practice, the term L/k for a particular substance is referred to as
the R value of the material. Thus, Equation 20.16 reduces to

A(Ty — Th)

2R,

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 engineering units, not SI units. Thus, in Table
20.4, measurements of 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 loss from a house on a windy day is greater than the loss on a
day when the air is calm. A representative R value for this stagnant layer of air is
given in Table 20.4.

P — (20.17)

TABLE 20.4 RValues for Some Common Building

Materials
Material R value (ft?>-°F -h/Btu)
Hardwood siding (1 in. thick) 0.91
Wood shingles (lapped) 0.87
Brick (4 in. thick) 4.00
Concrete block (filled cores) 1.93
Fiberglass batting (3.5 in. thick) 10.90
Fiberglass batting (6 in. thick) 18.80
Fiberglass board (1 in. thick) 4.35
Cellulose fiber (1 in. thick) 3.70
Flat glass (0.125 in. thick) 0.89
Insulating glass (0.25-in. space) 1.54
Air space (3.5 in. thick) 1.01
Stagnant air layer 0.17
Drywall (0.5 in. thick) 0.45

Sheathing (0.5 in. thick) 1.32
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This thermogram of a home, made during cold weather, shows colors ranging from white and or-
ange (areas of greatest energy loss) to blue and purple (areas of least energy loss).

EXAMPLE 20.10  The RValue of a Typical Wall

Calculate the total R value for a wall constructed as shown in
Figure 20.12a. Starting outside the house (toward the front in
the figure) and moving inward, the wall consists of 4-in.
brick, 0.5-in. sheathing, an air space 3.5 in. thick, and 0.5-in.
drywall. Do not forget the stagnant air layers inside and out-

side the house.

Solution Referring to Table 20.4, we find that
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Exercise If a layer of fiberglass insulation 3.5 in. thick is
placed inside the wall to replace the air space, as shown in
Figure 20.12b, what is the new total R value? By what factor is

the energy loss reduced?

Answer R = 17{t2-°F-h/Btu; 2.4.

R, (outside stagnant air layer) = 0.17 ft?>-°F-h/Btu "l}ry W?ﬁgce I‘Iyanon
Ry (brick) = 4.00 ft2-°F-h/Btu e e =,
| 3

Rs (sheathing) = 1.32 ft>-°F-h/Btu =

R, (air space) = 1.01 ft2-°F-h/Btu

R; (drywall = 0.45 ft>-°F-h/Btu
5 (drywall Brick Sheathing

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

Rl = 7.12ft2-°F-h/Btu Figure 20.12 An exterior house wall containing (a) an air space
tota and (b) insulation.

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 warmed
mass of air heats your hands as it flows by. Energy transferred by the movement
of a heated substance is said to have been transferred by convection. When
the movement results from differences in density, as with air around a fire, it is re-
ferred to as natural convection. Air flow at a beach is an example of natural convec-
tion, as is the mixing that occurs as surface water in a lake cools and sinks (see



628

Figure 20.13 Convection cur-
rents are set up in a room heated
by a radiator.

Stefan’s law

CHAPTER 20 Heatand the First Law of Thermodynamics

Chapter 19). When the heated substance is forced to move by a fan or pump, as in
some hot-air and hot-water heating systems, the process 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. The heated 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 radia-
tor 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 20.13 is established.

Radiation

The third means of energy transfer that we shall discuss is radiation. All objects
radiate energy continuously in the form of electromagnetic 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 an object radiates energy is proportional to the fourth
power of its absolute temperature. This is known as Stefan’s law and is expressed
in equation form as

P = gAeT? (20.18)

where % is the power in watts radiated by the object, ¢ is a constant equal to
5.669 6 X 1078 W/m?-K*, A is the surface area of the object in square meters, ¢ s
the emissivity constant, and 7'is the surface temperature in kelvins. The value of
e can vary between zero and unity, depending on the properties of the surface of
the object. The emissivity is equal to the fraction of the incoming radiation that
the surface absorbs.

Approximately 1 340 ] of electromagnetic radiation from the Sun passes per-
pendicularly through each 1 m? at the top of the Earth’s atmosphere every second.
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. Some of this energy is reflected back into space, and some is absorbed
by the atmosphere. However, 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 built in this country reflects the increasing efforts being
made to use this abundant energy. Radiant energy from the Sun affects our day-to-
day existence in a number of ways. For example, it influences the Earth’s average
temperature, ocean currents, agriculture, and rain patterns.

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 noth-
ing to prevent this radiation from escaping into space; thus the temperature de-
creases more on a clear night than on a cloudy one.

As an object radiates energy at a rate given by Equation 20.18, it also absorbs
electromagnetic radiation. If the latter process did not occur, an object would
eventually radiate all its energy, and its temperature would reach absolute zero.
The energy an object absorbs comes from its surroundings, which consist of other
objects that radiate energy. If an object is at a temperature 7" and its surroundings
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are at a temperature 7Ty, then the net energy gained or lost each second by the ob-
ject as a result of radiation is

P et = TAe(T* — Tyh (20.19)

When an object is in equilibrium with its surroundings, it radiates and absorbs
energy at the same rate, and so its temperature remains constant. When an object
is hotter than its surroundings, it radiates more energy than it absorbs, and its tem-
perature decreases. An ideal absorber is defined as an object that absorbs all the
energy incident on it, and for such a body, ¢= 1. Such an object is often referred to
as a black body. An ideal absorber is also an ideal radiator of energy. In contrast,
an object for which ¢ = 0 absorbs none of the energy incident on it. Such an ob-
ject reflects all the incident energy, and thus is an ideal reflector.

The Dewar Flask

The Dewar flask® is a container designed to minimize energy losses by conduction,
convection, and radiation. Such a container is used to store either cold or hot lig-
uids for long periods of time. (A Thermos bottle is a common household equiva-
lent of a Dewar flask.) The standard construction (Fig. 20.14) consists of a double-
walled Pyrex glass vessel with silvered walls. The space between the walls is
evacuated to minimize energy transfer by conduction and convection. The silvered
surfaces minimize energy transfer by radiation because silver is a very good reflec-
tor and has very low emissivity. A further reduction in energy loss is obtained by re-
ducing the size of the neck. Dewar flasks are commonly used to store liquid nitro-
gen (boiling point: 77 K) and liquid oxygen (boiling point: 90 K).

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 be-
tween the two flasks is filled with liquid nitrogen.

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

ExXAMPLE 20.11 Who Turned Down the Thermostat?

unclothed student is 35°C, what is the net energy loss from

of skin is 0.900 and that the surface area of the student is

Solution Using Equation 20.19, we find that the net rate
of energy loss from the skin is
Pret = 0Ae(T* — Tyh)
= (5.67 X 1078 W/m?-K*) (1.50 m?)
X (0.900)[(308 K)* — (293 K)*] = 125 W
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Vacuum

|
Silvered

4«7
surfaces

~ | Hot or
cold
substance
s e
-

Figure 20.14 A cross-sectional
view of a Dewar flask, which is used
to store hot or cold substances.

A student is trying to decide what to wear. The surroundings ~ (Why is the temperature given in kelvins?) At this rate, the to-
(his bedroom) are at 20.0°C. If the skin temperature of the  tal energy lost by the skin in 10 min is

his body in 10.0 min by radiation? Assume that the emissivity Q=P X At = (125 W) (600s) = 7.5 X 10*]

1.50 m* Note that the energy radiated by the student is roughly equiv-
alent to that produced by two 60-W light bulbs!

8 Invented by Sir James Dewar (1842-1923).
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SUMMARY

Internal energy is all of a system’s energy that is associated with the system’s mi-
croscopic components. Internal energy includes kinetic energy of translation, rota-
tion, and vibration of molecules, potential energy within molecules, and potential
energy between molecules.

Heat is the transfer of energy across the boundary of a system resulting from a
temperature difference between the system and its surroundings. We use the sym-
bol Q for the amount of energy transferred by this process.

The calorie is the amount of energy necessary to raise the temperature of 1 g
of water from 14.5°C to 15.5°C. The mechanical equivalent of heat is 1 cal =
4.186 J.

The heat capacity C of any sample is the amount of energy needed to raise
the temperature of the sample by 1°C. The energy Q required to change the tem-
perature of a mass m of a substance by an amount A7'is

Q= mcAT (20.4)

where ¢ is the specific heat of the substance.
The energy required to change the phase of a pure substance of mass m is

Q= mL (20.6)

where L is the latent heat of the substance and depends on the nature of the
phase change and the properties of the substance.

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

Vi
W= f Pdv (20.8)
Vi

where P is the pressure, which may vary during the process. In order to evaluate
W, the process must be fully specified—that is, P and V must be known during
each step. In other words, the work done depends on the path taken between the
initial and final states.

The first law of thermodynamics states that when a system undergoes a
change from one state to another, the change in its internal energy is

AEp =Q— W (20.9)

where @ is the energy transferred into the system by heat and Wis the work done
by the system. Although Q and W both depend on the path taken from the initial
state to the final state, the quantity AL, is path-independent. This central equation
is a statement of conservation of energy that includes changes in internal energy.

In a cyclic process (one that originates and terminates at the same state),
AE;, = 0 and, therefore, Q = W. That is, the energy transferred into the system by
heat equals the work done by the system 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. That is,
the internal energy changes as a consequence of work being done by the system.
In the adiabatic free expansion of a gas, Q = 0 and W= 0; thus, AE;,, = 0. That
is, the internal energy of the gas does not change in such a process.

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

An isovolumetric process is one that occurs at constant volume. No work is
done in such a process, so AE;,, = Q.
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An isothermal process is one that occurs at constant temperature. The work

done by an ideal gas during an isothermal process is
Vi

W= nRTIn 7 (20.13)

Energy may be transferred by work, which we addressed in Chapter 7, and by

conduction, convection, or radiation. Conduction can be viewed as an exchange

of kinetic energy between colliding molecules or electrons. The rate at which en-
ergy flows by conduction through a slab of area A is

ar

P = RA|—
dx

(20.14)

where £ is the thermal conductivity of the material from which the slab is made
and | dT/dx| is the temperature gradient. This equation can be used in many sit-
uations in which the rate of transfer of energy through materials is important.

In convection, a heated substance moves from one place to another.

All bodies emit radiation in the form of electromagnetic waves at the rate

P = gAeT? (20.18)

A body that is hotter than its surroundings radiates more energy than it absorbs,
whereas a body that is cooler than its surroundings absorbs more energy than it

radiates.

QUESTIONS

1. The specific heat of water is about two times that of ethyl
alcohol. Equal masses of alcohol and water are contained
in separate beakers and are supplied with the same
amount of energy. Compare the temperature increases of
the two liquids.

2. Give one reason why coastal regions tend to have a more
moderate climate than inland regions do.

3. A small metal crucible is taken from a 200°C oven and im-
mersed in a tub full of water at room temperature (this
process is often referred to as quenching). What is the ap-
proximate final equilibrium temperature?

4. What is the major problem that arises in measuring spe-
cific heats if a sample with a temperature greater than
100°C is placed in water?

5. In a daring lecture demonstration, an instructor dips his
wetted fingers into molten lead (327°C) and withdraws
them quickly, without getting burned. How is this possi-
ble? (This is a dangerous experiment that you should not
attempt.)

6. The pioneers found that placing a large tub of water in a
storage cellar would prevent their food from freezing on
really cold nights. Explain why.

What is wrong with the statement, “Given any two bodies,
the one with the higher temperature contains more heat.”

8. Why is it possible for you to hold a lighted match, even
when it is burned to within a few millimeters of your fin-
gertips?

9. Why is it more comfortable to hold a cup of hot tea by the
handle than by wrapping your hands around the cup itself?

10. Figure Q20.10 shows a pattern formed by snow on the
roof of a barn. What causes the alternating pattern of
snowcover and exposed roof?

Figure 020.10 Alternating pattern on a snow-covered roof.

11. Why is a person able to remove a piece of dry aluminum
foil from a hot oven with bare fingers but burns his or her
fingers if there is moisture on the foil?

12. Atile floor in a bathroom may feel uncomfortably cold to
your bare feet, but a carpeted floor in an adjoining room
at the same temperature feels warm. Why?
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13. Why can potatoes be baked more quickly when a metal
skewer has been inserted through them?

14. Explain why a Thermos bottle has silvered walls and a vac-
uum jacket.

15. A piece of paper is wrapped around a rod made half of
wood and half of copper. When held over a flame, the pa-
per in contact with the wood burns but the paper in con-
tact with the metal does not. Explain.

16. Why is it necessary to store liquid nitrogen or liquid oxy-
gen in vessels equipped with either polystyrene insulation
or a double-evacuated wall?

17. Why do heavy draperies hung over the windows help
keep a home warm in the winter and cool in the summer?

18. If you wish to cook a piece of meat thoroughly on an
open fire, why should you not use a high flame? (Note:
Carbon is a good thermal insulator.)

19. When insulating a wood-frame house, is it better to place
the insulation against the cooler, outside wall or against
the warmer, inside wall? (In either case, an air barrier
must be considered.)

20. In an experimental house, polystyrene beads were
pumped into the air space between the panes of glass in
double-pane windows at night in the winter, and they
were pumped out to holding bins during the day. How
would this procedure assist in conserving energy in the
house?

21. Pioneers stored fruits and vegetables in underground cel-
lars. Discuss the advantages of choosing this location as a
storage site.

22. Concrete has a higher specific heat than soil does. Use
this fact to explain (partially) why cities have a higher av-
erage night-time temperature than the surrounding
countryside does. If a city is hotter than the surrounding
countryside, would you expect breezes to blow from city
to country or from country to city? Explain.

23. When camping in a canyon on a still night, a hiker no-

PROBLEMS

tices that a breeze begins to stir as soon as the Sun strikes
the surrounding peaks. What causes the breeze?

24. Updrafts of air are familiar to all pilots and are used to keep
non-motorized gliders aloft. What causes these currents?

25. If water is a poor thermal conductor, why can it be heated
quickly when placed over a flame?

26. The United States penny is now made of copper-coated
zinc. Can a calorimetric experiment be devised to test for
the metal content in a collection of pennies? If so, de-
scribe such a procedure.

27. If you hold water in a paper cup over a flame, you can
bring the water to a boil without burning the cup. How is
this possible?

28. When a sealed Thermos bottle full of hot coffee is shaken,
what are the changes, if any, in (a) the temperature of the
coffee and (b) the internal energy of the coffee?

Using the first law of thermodynamics, explain why the fo-
tal energy of an isolated system is always constant.

30. Is it possible to convert internal energy into mechanical
energy? Explain using examples.

31. Suppose that you pour hot coffee for your guests and one
of them chooses to drink the coffee after it has been in
the cup for several minutes. For the coffee to be warmest,
should the person add the cream just after the coffee is
poured or just before drinking it? Explain.

32. Suppose that you fill two identical cups both at room tem-
perature with the same amount of hot coffee. One cup
contains a metal spoon, while the other does not. If you
wait for several minutes, which of the two contains the
warmer coffee? Which energy transfer process accounts
for this result?

33. A warning sign often seen on highways just before a
bridge is “Caution —Bridge Surface Freezes Before Road
Surface.” Which of the three energy transfer processes is
most important in causing a bridge surface to freeze be-
fore a road surface on very cold days?

1, 2, 3 = straightforward, intermediate, challenging D = full solution available in the Student Solutions Manual and Study Guide

WeB = solution posted at http://www.saunderscollege.com/physics/ E = Computer useful in solving problem i §i7 Interactive Physics

[ ] = paired numerical/symbolic problems

Section 20.1 Heat and Internal Energy

Water at the top of Niagara Falls has a temperature of
10.0°C. It falls through a distance of 50.0 m. Assuming
that all of its potential energy goes into warming of the
water, calculate the temperature of the water at the bot-
tom of the Falls.

2. Consider Joule’s apparatus described in Figure 20.1.
Each of the two masses is 1.50 kg, and the tank is filled
with 200 g of water. What is the increase in the tempera-
ture of the water after the masses fall through a distance
of 3.00 m?

Section 20.2 Heat Capacity and Specific Heat

The temperature of a silver bar rises by 10.0°C when it
absorbs 1.23 kJ of energy by heat. The mass of the bar is
525 g. Determine the specific heat of silver.

4. A 50.0-g sample of copper is at 25.0°C. If 1 200 J of energy
is added to it by heat, what is its final temperature?

wEB A 1.50-kg iron horseshoe initially at 600°C is dropped

into a bucket containing 20.0 kg of water at 25.0°C.
What is the final temperature? (Neglect the heat capac-
ity of the container and assume that a negligible
amount of water boils away.)
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10.

11.

An aluminum cup with a mass of 200 g contains 800 g
of water in thermal equilibrium at 80.0°C. The combi-
nation of cup and water is cooled uniformly so that the
temperature decreases at a rate of 1.50°C/min. At what
rate is energy being removed by heat? Express your an-
swer in watts.

. An aluminum calorimeter with a mass of 100 g contains

250 g of water. The calorimeter and water are in ther-
mal 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 block has a mass of 70.0 g and is origi-
nally at a temperature of 100°C. The entire system stabi-
lizes at a final temperature of 20.0°C. (a) Determine the
specific heat of the unknown sample. (b) Guess the ma-
terial of the unknown, using the data given in Table
20.1.

. Lake Erie contains roughly 4.00 X 10! m® of water.

(a) How much energy is required to raise the tempera-
ture of this volume of water from 11.0°C to 12.0°C?

(b) Approximately how many years would it take to sup-
ply this amount of energy with the use of a 1 000-MW
wasted energy output of an electric power plant?

. A 3.00-g copper penny at 25.0°C drops from a height of

50.0 m to the ground. (a) If 60.0% of the change in po-
tential energy goes into increasing the internal energy,
what is its final temperature? (b) Does the result you ob-
tained in (a) depend on the mass of the penny? Explain.
If a mass my, of water at 7}, is poured into an aluminum
cup of mass my containing mass m, of water at T,
where T), > T,, what is the equilibrium temperature of
the system?

A water heater is operated by solar power. If the solar
collector has an area of 6.00 m? and the power deliv-
ered by sunlight is 550 W/m?, how long does it take to
increase the temperature of 1.00 m? of water from
20.0°C to 60.0°C?

Section 20.3 Latent Heat

12.

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

A 8.00-g lead bullet at 30.0°C is fired at a speed of

14.

15.

16.

240 m/s into a large block of ice at 0°C, in which it be-
comes embedded. What quantity of ice melts?

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) Repeat this calculation, taking the mass of steam as
1.00 g and the mass of ice as 50.0 g.

A 1.00-kg block of copper at 20.0°C is dropped into a
large vessel of liquid nitrogen at 77.3 K. How many
kilograms of nitrogen boil away by the time the

copper reaches 77.3 K? (The specific heat of copper is
0.092 0 cal/g- °C. The latent heat of vaporization of ni-
trogen is 48.0 cal/g.)

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

wes [17.] In an insulated vessel, 250 g of ice at 0°C is added to

18.

19.

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?

Review Problem. Two speeding lead bullets, each hav-
ing a mass of 5.00 g, a temperature of 20.0°C, and a
speed of 500 m/s, collide head-on. Assuming a perfectly
inelastic collision and no loss of energy to the atmos-
phere, describe the final state of the two-bullet system.
If 90.0 g of molten lead at 327.3°C is poured into a
300-g casting form made of iron and initially at 20.0°C,
what is the final temperature of the system? (Assume
that no energy loss to the environment occurs.)

Section 20.4 Work and Heat in
Thermodynamic Processes

20.

Gas in a container is at a pressure of 1.50 atm and a
volume of 4.00 m®. What is the work done by the gas
(a) if it expands at constant pressure to twice its initial
volume? (b) If it is compressed at constant pressure to
one quarter of its initial volume?

wes A sample of ideal gas is expanded to twice its original

22.

volume of 1.00 m® in a quasi-static process for which
P = aV? with @ = 5.00 atm/m®, as shown in Figure
P20.21. How much work is done by the expanding gas?

P
\ /
*
|
P=oV? |
|
|
i |
ad \
l l
O >
1.00 m® 2.00 m?
Figure P20.21

(a) Determine the work done by a fluid that expands
from i to fas indicated in Figure P20.22. (b) How much

P(Pa)
i
6x 100 ———-o ;
|
| |
|
4x105— | |
|
| |
|
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| | | |
| | | |
. 1 1 | 3
0 1 9 3 4 Vim)
Figure P20.22
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work is performed by the fluid if it is compressed from
fto ialong the same path?

One mole of an ideal gas is heated slowly so that it goes
from PV state (P;, V;) to (3P;, 3V;) in such a way that the
pressure of the gas is directly proportional to the vol-
ume. (a) How much work is done in the process?

(b) How is the temperature of the gas related to its vol-
ume during this process?

A sample of helium behaves as an ideal gas as energy is
added by heat at constant pressure from 273 K to 373 K.
If the gas does 20.0 J of work, what is the mass of helium
present?

weB An ideal gas is enclosed in a cylinder with a movable

26.

27.

piston on top. The piston has a mass of 8 000 g and an
area of 5.00 cm? and is free to slide up and down, keep-
ing the pressure of the gas constant. How much work is
done as the temperature of 0.200 mol of the gas is
raised from 20.0°C to 300°C?

An ideal gas is enclosed in a cylinder that has a movable
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 as the tem-
perature of n mol of the gas is raised from 7; to 75?

A gas expands from J to Falong three possible paths, as
indicated in Figure P20.27. Calculate the work in joules
done by the gas along the paths JIAF, IF, and IBE.

P(atm)

I A
4 fffffff
3%
2%

B
fi|b=====< + F

1 1 1 L vditers)

0 1 2 3 4

Figure P20.27

Section 20.5 The First Law of Thermodynamics

28.

A gas is compressed from 9.00 L to 2.00 L at a constant
pressure of 0.800 atm. In the process, 400 J of energy
leaves the gas by heat. (a) What is the work done by the
gas? (b) What is the change in its internal energy?

A thermodynamic system undergoes a process in which

30.

its internal energy decreases by 500 J. If, at the same
time, 220 ] of work is done on the system, what is the
energy transferred to or from it by heat?

A gas is taken through the cyclic process described in
Figure P20.30. (a) Find the net energy transferred to

the system by heat during one complete cycle. (b) If the

31.

32.
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Figure P20.30 Problems 30 and 31.

cycle is reversed —that is, if the process follows the path
ACBA—what is the net energy input per cycle by heat?
Consider the cyclic process depicted in Figure P20.30. If
Qs negative for the process BC, and if AE;,, is negative
for the process CA, what are the signs of Q, W, and
AE;, that are associated with each process?

A sample of an ideal gas goes through the process shown
in Figure P20.32. From A to B, the process is adiabatic;
from Bto C, it is isobaric, with 100 k] of energy flowing
into the system by heat. From Cto D, the process is
isothermal; from D to A, it is isobaric, with 150 k] of en-
ergy flowing out of the system by heat. Determine the
difference in internal energy, Ein p — Einy, 4-

V(m?)

Figure P20.32

Section 20.6 Some Applications of the First Law
of Thermodynamics

33.] An ideal gas initially at 300 K undergoes an isobaric

expansion at 2.50 kPa. If the volume increases from
1.00 m3 to 3.00 m® and if 12.5 kJ of energy is trans-
ferred to the gas by heat, what are (a) the change in its
internal energy and (b) its final temperature?

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

surroundings as it expands isothermally to a final pres-
sure of 1.00 atm and a volume of 25.0 L. Determine
(a) the initial volume and (b) the temperature of the

gas.

35.] How much work is done by the steam when 1.00 mol of

water at 100°C boils and becomes 1.00 mol of steam at



100°C and at 1.00 atm pressure? Assuming the steam to
be an ideal gas, determine the change in internal en-
ergy of the steam as it vaporizes.

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

A 2.00-mol sample of helium gas initially at 300 K and
0.400 atm is compressed isothermally to 1.20 atm.
Assuming the behavior of helium to be that of an ideal
gas, find (a) the final volume of the gas, (b) the work
done by the gas, and (c) the energy transferred by heat.

38. One mole of water vapor at a temperature of 373 K
cools down to 283 K. The energy given off from the
cooling vapor by heat is absorbed by 10.0 mol of an
ideal gas, causing it to expand at a constant tempera-
ture of 273 K. If the final volume of the ideal gas is
20.0 L, what is the initial volume of the ideal gas?

39. An ideal gas is carried through a thermodynamic cycle
consisting of two isobaric and two isothermal processes,
as shown in Figure P20.39. Show that the net work done
in the entire cycle is given by the equation

P
Wnet = Pl(V2 - W In —=

|
|
!

v, Vs

Figure P20.39

40. In Figure P20.40, the change in internal energy of a gas
that is taken from A to Cis + 800 J. The work done
along the path ABCis + 500 J. (a) How much energy
must be added to the system by heat as it goes from A
through Band on to C? (b) If the pressure at point A is
five times that at point C, what is the work done by the
system in going from Cto D? (c) What is the energy ex-
changed with the surroundings by heat as the gas is
taken 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?

Section 20.7 Energy Transfer Mechanisms

41. Asteam pipe is covered with 1.50-cm-thick insulating ma-
terial with a thermal conductivity of 0.200 cal/cm - °C-s.

42.

43.

44.
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Figure P20.40

How much energy is lost every second by heat when the
steam is at 200°C and the surrounding air is at 20.0°C?
The pipe has a circumference of 20.0 cm and a length
of 50.0 m. Neglect losses through the ends of the pipe.
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 in-
side temperature at 15.0°C above the outside tempera-
ture. Find the thermal conductivity k of the insulating
material.

A glass window pane has an area of 3.00 m? and a thick-
ness of 0.600 cm. If the temperature difference between
its surfaces is 25.0°C, what is the rate of energy transfer
by conduction through the window?

A thermal window with an area of 6.00 m? is con-
structed of two layers of glass, each 4.00 mm thick and
separated from each other by an air space of 5.00 mm.
If the inside surface is at 20.0°C and the outside is at
—30.0°C, what is the rate of energy transfer by conduc-
tion through the window?

A bar of gold is in thermal contact with a bar of silver of

46.

the same length and area (Fig. P20.45). One end of the
compound bar is maintained at 80.0°C, while the oppo-
site end is at 30.0°C. When the rate of energy transfer
by conduction reaches steady state, what is the tempera-
ture at the junction?

80.0°C Au | Ag 30.0°C

f

Insulation

Figure P20.45

Two rods of the same length but made of different ma-
terials and having different cross-sectional areas are
placed side by side, as shown in Figure P20.46. Deter-
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T; T,

Insulation

Figure P20.46

mine the rate of energy transfer by conduction in terms
of the thermal conductivity and the area of each rod.
Generalize your result to a system consisting of several
rods.

Calculate the Rvalue of (a) a window made of a single
pane of flat glassé in. thick; (b) a thermal window
made of two single panes, each % in. thick and separated
by a %-in. air space. (c) By what factor is the thermal
conduction reduced if the thermal window replaces the
single-pane window?

The surface of the Sun has a temperature of about

5 800 K. The radius of the Sun is 6.96 X 10® m. Calcu-
late the total energy radiated by the Sun each second.
(Assume that ¢ = 0.965.)

Alarge, hot pizza floats in outer space. What is the or-
der of magnitude (a) of its rate of energy loss? (b) of its
rate of temperature change? List the quantities you esti-
mate and the value you estimate for each.

The tungsten filament of a certain 100-W light bulb ra-
diates 2.00 W of light. (The other 98 W is carried away
by convection and conduction.) The filament has a sur-
face area of 0.250 mm? and an emissivity of 0.950. Find
the filament’s temperature. (The melting point of tung-
sten 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 loses energy
only by radiation, what is its equilibrium temperature?
At our distance from the Sun, the intensity of solar radi-
ation is 1 340 W/m?. The temperature of the Earth is af-
fected by the so-called “greenhouse effect” of the atmos-
phere. This effect makes our planet’s emissivity for
visible light higher than its emissivity for infrared light.
For comparison, consider a spherical object with no at-
mosphere at the same distance from the Sun as the
Earth. Assume that its emissivity is the same for all kinds
of electromagnetic waves and that its temperature is
uniform over its surface. Identify the projected area
over which it absorbs sunlight and the surface area over
which it radiates. Compute its equilibrium temperature.
Chilly, isn’t it? Your calculation applies to (a) the aver-
age temperature of the Moon, (b) astronauts in mortal
danger aboard the crippled Apollo 13 spacecraft, and

(c) global catastrophe on the Earth if widespread fires
caused a layer of soot to accumulate throughout the up-
per atmosphere so that most of the radiation from the
Sun was absorbed there rather than at the surface below
the atmosphere.

Heat and the First Law of Thermodynamics

ADDITIONAL PROBLEMS

53.

54.

One hundred grams of liquid nitrogen at 77.3 K is
stirred into a beaker containing 200 g of water at
5.00°C. If the nitrogen leaves the solution as soon as it
turns to gas, how much water freezes? (The latent heat
of vaporization of nitrogen is 48.0 cal/g, and the latent
heat of fusion of water is 79.6 cal/g.)

A 75.0-kg cross-country skier moves across the snow
(Fig. P20.54). The coefficient of friction between the
skis and the snow is 0.200. Assume that all the snow be-
neath his skis is at 0°C and that all the internal energy
generated by friction is added to the snow, which sticks
to his skis until it melts. How far would he have to ski to
melt 1.00 kg of snow?

Figure P20.54 A cross-country skier. (Nathan Bilow/Leo de Wys, Inc.)

An aluminum rod 0.500 m in length and with a cross-

56.

sectional area 2.50 cm? is inserted into a thermally insu-
lated 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 that
the upper half does not yet cool.) (b) If the upper end
of the rod is maintained at 300 K, what is the approxi-
mate boil-off rate of liquid helium after the lower half
has reached 4.20 K? (Aluminum has thermal conduc-
tivity of 31.0 J/s- cm - K at 4.2 K; ignore its tempera-
ture variation. Aluminum has a specific heat of

0.210 cal/g - °C and density of 2.70 g/cm?. The density
of liquid helium is 0.125 g/cm?.)

On a cold winter day, you buy a hot dog from a street
vendor. Into the pocket of your down parka you put

the change he gives you: coins consisting of 9.00 g of
copper at — 12.0°C. Your pocket already contains

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 in-
creasing 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? (Neglect energy transferred to the
surroundings.)
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A flow calorimeter is an apparatus used to measure the
specific heat of a liquid. The technique of flow calorime-
try involves measuring the temperature difference be-
tween the input and output points of a flowing stream of
the liquid while energy is added by heat at a known rate.
In one particular experiment, a liquid with a density of
0.780 g/cm?® flows through the calorimeter at the rate of
4.00 cm®/s. At steady state, a temperature difference of
4.80°C is established between the input and output
points when energy is supplied by heat at the rate of
30.0 J/s. 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
calorimetry 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. In one particular experiment, a liquid of
density p flows through the calorimeter with volume
flow rate R. At steady state, a temperature difference
ATis established between the input and output points
when energy is supplied at the rate . What is the spe-
cific heat of the liquid?

One mole of an ideal gas, initially at 300 K, is cooled at
constant volume so that the final pressure is one-fourth
the initial pressure. The gas then expands at constant
pressure until it reaches the initial temperature. Deter-
mine the work done by the gas.

One mole of an ideal gas is contained in a cylinder with
a movable piston. The initial pressure, volume, and tem-
perature are P;, V;, and T}, respectively. Find the work
done by the gas for the following processes and show
each process on a PVdiagram: (a) An isobaric compres-
sion in which the final volume is one-half the initial vol-
ume. (b) An isothermal compression in which the final
pressure is four times the initial pressure. (c) An isovol-
umetric process in which the final pressure is triple the
initial pressure.

An ideal gas initially at P;, V;, and 7; is taken through a
cycle as shown in Figure P20.61. (a) Find the net work
done by the gas per cycle. (b) What is the net energy
added by heat to the system per cycle? (c) Obtain a nu-

B C

3P, -

Figure P20.61

62.
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merical value for the net work done per cycle for

1.00 mol of gas initially at 0°C.

Review Problem. An iron plate is held against an iron
wheel so that a sliding frictional force of 50.0 N acts be-
tween the two pieces of metal. The relative speed at
which the two surfaces 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 de-
scribed for 10.0 s and each object is then allowed to
reach a uniform internal temperature, what is the resul-
tant temperature increase?

wWeB m A “solar cooker” consists of a curved reflecting mirror

64.

65.

that focuses sunlight onto the object to be warmed (Fig.
P20.63). The solar power per unit area reaching the
Earth at the location is 600 W/m?, and the cooker has a
diameter of 0.600 m. Assuming that 40.0% of the inci-
dent energy is transferred to the water, how long does it
take to completely boil off 0.500 L of water initially at
20.0°C? (Neglect the heat capacity of the container.)

Figure P20.63

Water in an electric teakettle is boiling. The power ab-
sorbed by the water is 1.00 kW. Assuming that the pres-
sure of the 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?.

Liquid water evaporates and even boils at temperatures
other than 100°C, depending on the ambient pressure.
Suppose that the latent heat of vaporization in Table
20.2 describes the liquid—vapor transition at all temper-
atures. A chamber contains 1.00 kg of water at 0°C un-
der a piston, which just touches the water’s surface. The
piston is then raised quickly so that part of the water is
vaporized and the other part is frozen (no liquid re-
mains). Assuming that the temperature remains con-



638

66.

67.

68.

CHAPTER 20

stant at 0°C, determine the mass of the ice that forms in
the chamber.

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 mea-
sured at various times, and the result is plotted in Fig-
ure P20.66. During the first 50.0 min, the mixture re-
mains at 0°C. From 50.0 min to 60.0 min, the tem-
perature increases to 2.00°C. Neglecting the heat capac-
ity of the vessel, determine the initial mass of the ice.

T (°C)
3.00]-

2,00 — -

1.00

|
\
\
\
\
\
0.00 }
\
\
Il

! !
20.0 40.0

60.0 ¢ (min)

Figure P20.66

Review Problem. (a) 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. To describe the process of slowing
down, identify the energy input Q, the work output W,
the change in internal energy AE;,, and the change in
mechanical energy AK for both the block and the ice.
(b) 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.
Identify Q, W, AE;,,, and AK for the block and for the
metal sheet during the process. (c) A thin 1.60-kg slab
of copper at 20°C is set sliding at 2.50 m/s over an iden-
tical stationary slab at the same temperature. Friction
quickly stops the motion. If no energy is lost to the envi-
ronment by heat, find the change in temperature of
both objects. Identify Q, W, AE;,., and AK for each ob-
ject during the process.

The average thermal conductivity of the walls (includ-
ing the windows) and roof of the house depicted in Fig-
ure P20.68 is 0.480 W/m - °C, and their average thick-
ness is 21.0 cm. The house is heated with natural gas
having a heat of combustion (that is, the energy pro-
vided 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 out-

69.

70.
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Figure P20.68

side temperature is 0.0°C? Disregard radiation and the
energy lost by heat through the ground.
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, how long does it take the ice’s thickness to
increase to 8.00 cm? (Hint: To solve this problem, use
Equation 20.14 in the form

aQ 2A A1

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 = LpA dx, where p is the density of the ice, A is the
area, and L is the latent heat of fusion.)

The inside of a hollow cylinder is maintained at a tem-
perature T, while the outside is at a lower temperature
T, (Fig. P20.70). The wall of the cylinder has a thermal
conductivity k. Neglecting end effects, show that the
rate of energy conduction from the inner to the outer
wall in the radial direction is

aQ T,— T,
—= =2qLlk|———
a " [ In(b/ a) }
(Hint: The temperature gradient is d7/ dr. Note that a

radial flow of energy occurs through a concentric cylin-
der of area 27rrL.)

Figure P20.70



71.] The passenger section of a jet airliner has the shape of a

72.

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 at — 35.0°C. What power
must be supplied to the heater if this temperature dif-
ference is to be maintained? (Use the result you ob-
tained in Problem 70.)

A student obtains the following data in a calorimetry ex-
periment designed to measure the specific heat of alu-
minum:

ANSWERS TO QUICK QUIZZES

20.1

20.2

20.3

(a) Water, glass, iron. Because water has the highest spe-
cific heat (4 186 J/kg- °C), it has the smallest change in
temperature. Glass is next (837 J/kg- °C), and iron is
last (448 J/kg - °C). (b) Iron, glass, water. For a given
temperature increase, the energy transfer by heat is pro-
portional to the specific heat.

Steam. According to Table 20.2, a kilogram of 100°C
steam releases 2.26 X 10° J of energy as it condenses to
100°C water. After it releases this much energy into your
skin, it is identical to 100°C water and will continue to
burn you.

G, A, E. The slope is the ratio of the temperature change
to the amount of energy input. Thus, the slope is pro-
portional to the reciprocal of the specific heat. Water,
which has the highest specific heat, has the least slope.

20.4

Situation System Q | W |AE;,

(a) Rapidly pumping Air in the pump 0 — +
up a bicycle tire

(b) Pan of room- Water in the pan + 0 +
temperature water
sitting on a hot stove

(c) Air quickly leaking Air originally in 0 |+ -
out of a balloon the balloon

Answers to Quick Quizzes

20.5

20.6
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Initial temperature of water 70°C

and calorimeter
Mass of water 0.400 kg
Mass of calorimeter 0.040 kg
Specific heat of calorimeter 0.63 k] /kg - °C
Initial temperature of aluminum 27°C
Mass of aluminum 0.200 kg
Final temperature of mixture 66.3°C

Use these data to determine the specific heat of alu-
minum. Your result should be within 15% of the value
listed in Table 20.1.

(a) Because the pumping is rapid, no energy enters or
leaves the system by heat; thus, Q = 0. Because work is
done on the system, this work is negative. Thus,

AE;,, = Q — W must be positive. The air in the pump is
warmer. (b) No work is done either by or on the system,
but energy flows into the water by heat from the hot
burner, making both Q and AE;, positive. (c) Because
the leak is rapid, no energy flows into or out of the sys-
tem by heat; hence, Q = 0. The air molecules escaping
from the balloon do work on the surrounding air mole-
cules as they push them out of the way. Thus, W is posi-
tive and AE;,, is negative. The decrease in internal en-
ergy is evidenced by the fact that the escaping air
becomes cooler.

A is isovolumetric, B is adiabatic, C is isothermal, and D
is isobaric.

c. The blanket acts as a thermal insulator, slowing the
transfer of energy by heat from the air into the cube.



