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e now direct our attention to the study of thermodynamics, which involves

situations in which the temperature or state (solid, liquid, gas) of a system

changes due to energy transfers. As we shall see, thermodynamics is very
successful in explaining the bulk properties of matter and the correlation between
these properties and the mechanics of atoms and molecules.

Historically, the development of thermodynamics paralleled the development of
the atomic theory of matter. By the 1820s, chemical experiments had provided solid
evidence for the existence of atoms. At that time, scientists recognized that a con-
nection between thermodynamics and the structure of matter must exist. In 1827, the
botanist Robert Brown reported that grains of pollen suspended in a liquid move er-
ratically from one place to another, as if under constant agitation. In 1905, Albert
Einstein used kinetic theory to explain the cause of this erratic motion, which today is
known as Brownian motion. Einstein explained this phenomenon by assuming that
the grains are under constant bombardment by “invisible” molecules in the liquid,
which themselves move erratically. This explanation gave scientists insight into the
concept of molecular motion and gave credence to the idea that matter is made up
of atoms. A connection was thus forged between the everyday world and the tiny, in-
visible building blocks that make up this world.

Thermodynamics also addresses more practical questions. Have you ever won-
dered how a refrigerator is able to cool its contents, what types of transformations
occur in a power plant or in the engine of your automobile, or what happens to the ki-
netic energy of a moving object when the object comes to rest? The laws of thermo-
dynamics can be used to provide explanations for these and other phenomena.

< The Alyeska oil pipeline near the Tazlina River in Alaska. The oil in the pipeline is warm,
and energy transferring from the pipeline could melt environmentally sensitive permafrost in
the ground. The finned structures on top of the support posts are thermal radiators that allow
the energy to be transferred into the air in order to protect the permafrost. (Topham
Picturepoint/The Image Works)
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Chapter 19

Temperature

19.1 Temperature and the Zeroth
Law of Thermodynamics

19.2 Thermometers and the
Celsius Temperature Scale

19.3 The Constant-Volume Gas
Thermometer and the
Absolute Temperature Scale

19.4 Thermal Expansion of Solids
and Liguids

19.5 Macroscopic Description of
an |deal Gas

A Why would someone designing a pipeline include these strange loops? Pipelines
carrying liquids often contain loops such as these to allow for expansion and contraction
as the temperature changes. We will study thermal expansion in this chapter.

(Lowell Georgia/CORBIS)

580



In our study of mechanics, we carefully defined such concepts as mass, force, and kinetic
energy to facilitate our quantitative approach. Likewise, a quantitative description of
thermal phenomena requires careful definitions of such important terms as temperature,
heat, and internal energy. This chapter begins with a discussion of temperature and with a
description of one of the laws of thermodynamics (the so-called “zeroth law”).

Next, we consider why an important factor when we are dealing with thermal
phenomena is the particular substance we are investigating. For example, gases expand
appreciably when heated, whereas liquids and solids expand only slightly.

This chapter concludes with a study of ideal gases on the macroscopic scale. Here,
we are concerned with the relationships among such quantities as pressure, volume,
and temperature. In Chapter 21, we shall examine gases on a microscopic scale, using
a model that represents the components of a gas as small particles.

19.1 Temperature and the Zeroth
Law of Thermodynamics

We often associate the concept of temperature with how hot or cold an object feels
when we touch it. Thus, our senses provide us with a qualitative indication of tempera-
ture. However, our senses are unreliable and often mislead us. For example, if we
remove a metal ice tray and a cardboard box of frozen vegetables from the freezer, the
ice tray feels colder than the box even though both are at the same temperature. The two
objects feel different because metal transfers energy by heat at a higher rate than
cardboard does. What we need is a reliable and reproducible method for measuring
the relative hotness or coldness of objects rather than the rate of energy transfer.
Scientists have developed a variety of thermometers for making such quantitative
measurements.

We are all familiar with the fact that two objects at different initial temperatures
eventually reach some intermediate temperature when placed in contact with each
other. For example, when hot water and cold water are mixed in a bathtub, the final
temperature of the mixture is somewhere between the initial hot and cold
temperatures. Likewise, when an ice cube is dropped into a cup of hot coffee, it melts
and the coffee’s temperature decreases.

To understand the concept of temperature, it is useful to define two often-used
phrases: thermal contact and thermal equilibrium. To grasp the meaning of thermal
contact, imagine that two objects are placed in an insulated container such that they
interact with each other but not with the environment. If the objects are at different
temperatures, energy is exchanged between them, even if they are initially not in physi-
cal contact with each other. The energy transfer mechanisms from Chapter 7 that we
will focus on are heat and electromagnetic radiation. For purposes of the current dis-
cussion, we assume that two objects are in thermal contact with each other if energy
can be exchanged between them by these processes due to a temperature difference.
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Zeroth law of thermodynamics

() (b) (c)
Figure 19.1 The zeroth law of thermodynamics. (a) and (b) If the temperatures of A
and B are measured to be the same by placing them in thermal contact with a ther-
mometer (object C), no energy will be exchanged between them when they are placed
in thermal contact with each other (c).

Thermal equilibrium is a situation in which two objects would not exchange energy
by heat or electromagnetic radiation if they were placed in thermal contact.

Let us consider two objects A and B, which are not in thermal contact, and a third
object C, which is our thermometer. We wish to determine whether A and B are in
thermal equilibrium with each other. The thermometer (object C) is first placed in
thermal contact with object A until thermal equilibrium is reached,! as shown in Fig-
ure 19.1a. From that moment on, the thermometer’s reading remains constant, and we
record this reading. The thermometer is then removed from object A and placed in
thermal contact with object B, as shown in Figure 19.1b. The reading is again recorded
after thermal equilibrium is reached. If the two readings are the same, then object A
and object B are in thermal equilibrium with each other. If they are placed in contact
with each other as in Figure 19.1c, there is no exchange of energy between them.

We can summarize these results in a statement known as the zeroth law of ther-
modynamics (the law of equilibrium):

If objects A and B are separately in thermal equilibrium with a third object C, then
A and B are in thermal equilibrium with each other.

This statement can easily be proved experimentally and is very important because it
enables us to define temperature. We can think of temperature as the property that
determines whether an object is in thermal equilibrium with other objects. Two
objects in thermal equilibrium with each other are at the same temperature.
Conversely, if two objects have different temperatures, then they are not in thermal
equilibrium with each other.

QUiCk Qu iz 19.1 Two objects, with different sizes, masses, and temperatures,
are placed in thermal contact. Energy travels (a) from the larger object to the smaller
object (b) from the object with more mass to the one with less (c) from the object at
higher temperature to the object at lower temperature.

1" We assume that negligible energy transfers between the thermometer and object A during the

equilibrium process. Without this assumption, which is also made for the thermometer and object B,
the measurement of the temperature of an object disturbs the system so that the measured tempera-
ture is different from the initial temperature of the object. In practice, whenever you measure a tem-
perature with a thermometer, you measure the disturbed system, not the original system.
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19.2 Thermometers and the Celsius
Temperature Scale

Thermometers are devices that are used to measure the temperature of a system. All
thermometers are based on the principle that some physical property of a system
changes as the system’s temperature changes. Some physical properties that change
with temperature are (1) the volume of a liquid, (2) the dimensions of a solid, (3) the
pressure of a gas at constant volume, (4) the volume of a gas at constant pressure, (5)
the electric resistance of a conductor, and (6) the color of an object. A temperature
scale can be established on the basis of any one of these physical properties.

A common thermometer in everyday use consists of a mass of liquid—usually mercury
or alcohol—that expands into a glass capillary tube when heated (Fig. 19.2). In this case
the physical property that changes is the volume of a liquid. Any temperature change in
the range of the thermometer can be defined as being proportional to the change in
length of the liquid column. The thermometer can be calibrated by placing it in thermal
contact with some natural systems that remain at constant temperature. One such system
is a mixture of water and ice in thermal equilibrium at atmospheric pressure. On the Cel-
sius temperature scale, this mixture is defined to have a temperature of zero degrees
Celsius, which is written as 0°C; this temperature is called the ice point of water. Another
commonly used system is a mixture of water and steam in thermal equilibrium at atmos-
pheric pressure; its temperature is 100°C, which is the steam point of water. Once the liquid
levels in the thermometer have been established at these two points, the length of the lig-
uid column between the two points is divided into 100 equal segments to create the Cel-
sius scale. Thus, each segment denotes a change in temperature of one Celsius degree.

Thermometers calibrated in this way present problems when extremely accurate
readings are needed. For instance, the readings given by an alcohol thermometer
calibrated at the ice and steam points of water might agree with those given by a mercury
thermometer only at the calibration points. Because mercury and alcohol have
different thermal expansion properties, when one thermometer reads a temperature of,
for example, 50°C, the other may indicate a slightly different value. The discrepancies
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Figure 19.2 As a result of thermal expansion, the level of the mercury in the
thermometer rises as the mercury is heated by water in the test tube.
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Scale — T
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Figure 19.3 A constant-volume gas
thermometer measures the pres-
sure of the gas contained in the
flask immersed in the bath. The
volume of gas in the flask is kept
constant by raising or lowering
reservoir B to keep the mercury
level in column A constant.
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Figure 19.4 A typical graph of
pressure versus temperature taken
with a constant-volume gas ther-
mometer. The two dots represent
known reference temperatures
(the ice and steam points of water).

T(°C)

between thermometers are especially large when the temperatures to be measured are
far from the calibration points.?

An additional practical problem of any thermometer is the limited range of tem-
peratures over which it can be used. A mercury thermometer, for example, cannot be
used below the freezing point of mercury, which is — 39°C, and an alcohol thermome-
ter is not useful for measuring temperatures above 85°C, the boiling point of alcohol.
To surmount this problem, we need a universal thermometer whose readings are inde-
pendent of the substance used in it. The gas thermometer, discussed in the next
section, approaches this requirement.

19.3 The Constant-Volume Gas Thermometer
and the Absolute Temperature Scale

One version of a gas thermometer is the constant-volume apparatus shown in Figure 19.3.
The physical change exploited in this device is the variation of pressure of a fixed volume
of gas with temperature. When the constant-volume gas thermometer was developed, it
was calibrated by using the ice and steam points of water as follows. (A different calibra-
tion procedure, which we shall discuss shortly, is now used.) The flask was immersed in an
ice-water bath, and mercury reservoir B was raised or lowered until the top of the mercury
in column A was at the zero point on the scale. The height k, the difference between the
mercury levels in reservoir Band column 4, indicated the pressure in the flask at 0°C.

The flask was then immersed in water at the steam point, and reservoir B was read-
justed until the top of the mercury in column A was again at zero on the scale; this
ensured that the gas’s volume was the same as it was when the flask was in the ice bath
(hence, the designation “constant volume”). This adjustment of reservoir B gave a
value for the gas pressure at 100°C. These two pressure and temperature values were
then plotted, as shown in Figure 19.4. The line connecting the two points serves as a
calibration curve for unknown temperatures. (Other experiments show that a linear
relationship between pressure and temperature is a very good assumption.) If we
wanted to measure the temperature of a substance, we would place the gas flask in
thermal contact with the substance and adjust the height of reservoir B until the top of
the mercury column in A is at zero on the scale. The height of the mercury column
indicates the pressure of the gas; knowing the pressure, we could find the temperature
of the substance using the graph in Figure 19.4.

Now let us suppose that temperatures are measured with gas thermometers contain-
ing different gases at different initial pressures. Experiments show that the thermometer
readings are nearly independent of the type of gas used, as long as the gas pressure is low
and the temperature is well above the point at which the gas liquefies (Fig. 19.5). The
agreement among thermometers using various gases improves as the pressure is reduced.

P Trial 1
K Trial 2
7
//
Lz Figure 19.5 Pressure versus temperature
//’ - Trial 3 for experimental trials in which gases have
- . .
//’ -7 different pressures in a constant-volume
,’,,’: e gas thermometer. Note that, for all three
Pt tae

trials, the pressure extrapolates to zero at
the temperature — 273.15°C.

-273.15 -200 -100 0 100 200 T(°C)

2 Two thermometers that use the same liquid may also give different readings. This is due in part to

difficulties in constructing uniform-bore glass capillary tubes.
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If we extend the straight lines in Figure 19.5 toward negative temperatures, we find
a remarkable result—in every case, the pressure is zero when the temperature is
—273.15°C! This suggests some special role that this particular temperature must play.
It is used as the basis for the absolute temperature scale, which sets —273.15°C as its
zero point. This temperature is often referred to as absolute zero. The size of a de-
gree on the absolute temperature scale is chosen to be identical to the size of a degree
on the Celsius scale. Thus, the conversion between these temperatures is

where T¢ is the Celsius temperature and T'is the absolute temperature.

Because the ice and steam points are experimentally difficult to duplicate, an absolute
temperature scale based on two new fixed points was adopted in 1954 by the International
Committee on Weights and Measures. The first point is absolute zero. The second refer-
ence temperature for this new scale was chosen as the triple point of water, which is the
single combination of temperature and pressure at which liquid water, gaseous water, and
ice (solid water) coexist in equilibrium. This triple point occurs at a temperature of
0.01°C and a pressure of 4.58 mm of mercury. On the new scale, which uses the unit
kelvin, the temperature of water at the triple point was set at 273.16 kelvins, abbreviated
273.16 K. This choice was made so that the old absolute temperature scale based on the
ice and steam points would agree closely with the new scale based on the triple point. This
new absolute temperature scale (also called the Kelvin scale) employs the SI unit of
absolute temperature, the kelvin, which is defined to be 1/273.16 of the difference
between absolute zero and the temperature of the triple point of water.

Figure 19.6 shows the absolute temperature for various physical processes and
structures. The temperature of absolute zero (0 K) cannot be achieved, although labo-
ratory experiments incorporating the laser cooling of atoms have come very close.

What would happen to a gas if its temperature could reach 0 K (and it did not
liquefy or solidify)? As Figure 19.5 indicates, the pressure it exerts on the walls of its
container would be zero. In Chapter 21 we shall show that the pressure of a gas is pro-
portional to the average kinetic energy of its molecules. Thus, according to classical
physics, the kinetic energy of the gas molecules would become zero at absolute zero,
and molecular motion would cease; hence, the molecules would settle out on the bot-
tom of the container. Quantum theory modifies this prediction and shows that some
residual energy, called the zero-point energy, would remain at this low temperature.

The Celsius, Fahrenheit, and Kelvin Temperature Scales?®

Equation 19.1 shows that the Celsius temperature 7¢ is shifted from the absolute
(Kelvin) temperature 7T by 273.15°. Because the size of a degree is the same on the two
scales, a temperature difference of 5°C is equal to a temperature difference of 5 K. The
two scales differ only in the choice of the zero point. Thus, the ice-point temperature
on the Kelvin scale, 273.15 K, corresponds to 0.00°C, and the Kelvin-scale steam point,
373.15 K, is equivalent to 100.00°C.

A common temperature scale in everyday use in the United States is the Fahren-
heit scale. This scale sets the temperature of the ice point at 32°F and the tempera-
ture of the steam point at 212°F. The relationship between the Celsius and Fahrenheit
temperature scales is

Ty = 2T + 32°F (19.2)

We can use Equations 19.1 and 19.2 to find a relationship between changes in tempera-
ture on the Celsius, Kelvin, and Fahrenheit scales:

ATe = AT =3 ATy (19.3)

3 Named after Anders Celsius (1701-1744), Daniel Gabriel Fahrenheit (1686-1736), and William
Thomson, Lord Kelvin (1824-1907), respectively.

A PITFALL PREVENTION
19.1 A Matter of Degree

Note that notations for temper-
atures in the Kelvin scale do not
use the degree sign. The unit for
a Kelvin temperature is simply
“kelvins” and not “degrees Kelvin.”

Temperature (K)
109

108 «— Hydrogen bomb

107 «— Interior of the Sun
106 <— Solar corona
102
104

<— Surface of the Sun
103 «— Copper melts
102 l«— Water freezes

«— Liquid nitrogen
10 «— Liquid hydrogen

1 «<— Liquid helium

Lowest temperature
achieved ~10-7K
Figure 19.6 Absolute tempera-
tures at which various physical
processes occur. Note that the scale
is logarithmic.
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Of the three temperature scales that we have discussed, only the Kelvin scale is
based on a true zero value of temperature. The Celsius and Fahrenheit scales are based
on an arbitrary zero associated with one particular substance—water—on one particu-
lar planet—Earth. Thus, if you encounter an equation that calls for a temperature 7 or
involves a ratio of temperatures, you must convert all temperatures to kelvins. If the
equation contains a change in temperature A7, using Celsius temperatures will give
you the correct answer, in light of Equation 19.3, but it is always safest to convert tem-
peratures to the Kelvin scale.

Quick Quiz 19.2 consider the following pairs of materials. Which pair rep-
resents two materials, one of which is twice as hot as the other? (a) boiling water at
100°C, a glass of water at 50°C (b) boiling water at 100°C, frozen methane at —50°C
(c) an ice cube at —20°C, flames from a circus fire-eater at 233°C (d) No pair repre-
sents materials one of which is twice as hot as the other

Example 19.1 Converting Temperatures

On a day when the temperature reaches 50°F, what is the

From Equation 19.1, we find that

temperature in degrees Celsius and in kelvins?

Solution Substituting into Equation 19.2, we obtain

To= 2(Tp — 32) = 2(50 — 32)

= 10°C

T=Tc+ 27315 = 10°C + 273.15 = 283K

A convenient set of weatherrelated temperature equivalents
to keep in mind is that 0°C is (literally) freezing at 32°F,
10°C is cool at 50°F, 20°C is room temperature, 30°C is
warm at 86°F, and 40°C is a hot day at 104°F.

Example 19.2 Heating a Pan of Water

A pan of water is heated from 25°C to 80°C. What is the
change in its temperature on the Kelvin scale and on the
Fahrenheit scale?

Solution From Equation 19.3, we see that the change in
temperature on the Celsius scale equals the change on the

From Equation 19.3, we also find that

ATy = 2AT; = 2(55°C) = 99°F

Kelvin scale. Therefore,

AT = AT¢ = 80°C — 25°C = 55°C = 55K

19.4 Thermal Expansion of Solids and Liquids

Our discussion of the liquid thermometer makes use of one of the bestknown changes
in a substance: as its temperature increases, its volume increases. This phenomenon,
known as thermal expansion, has an important role in numerous engineering applica-
tions. For example, thermal-expansion joints, such as those shown in Figure 19.7, must
be included in buildings, concrete highways, railroad tracks, brick walls, and bridges to
compensate for dimensional changes that occur as the temperature changes.

Thermal expansion is a consequence of the change in the average separation be-
tween the atoms in an object. To understand this, model the atoms as being connected
by stiff springs, as discussed in Section 15.3 and shown in Figure 15.12b. At ordinary
temperatures, the atoms in a solid oscillate about their equilibrium positions with an
amplitude of approximately 107! m and a frequency of approximately 10'® Hz. The
average spacing between the atoms is about 107! m. As the temperature of the solid
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George Semple

()

(b)

Figure 19.7 (a) Thermal-expansion joints are used to separate sections of roadways on
bridges. Without these joints, the surfaces would buckle due to thermal expansion on
very hot days or crack due to contraction on very cold days. (b) The long, vertical joint
is filled with a soft material that allows the wall to expand and contract as the tempera-
ture of the bricks changes.

increases, the atoms oscillate with greater amplitudes; as a result, the average separa-
tion between them increases.* Consequently, the object expands.

If thermal expansion is sufficiently small relative to an object’s initial dimensions,
the change in any dimension is, to a good approximation, proportional to the first
power of the temperature change. Suppose that an object has an initial length L; along
some direction at some temperature and that the length increases by an amount AL
for a change in temperature A7T. Because it is convenient to consider the fractional
change in length per degree of temperature change, we define the average coeffi-
cient of linear expansion as

AL/L,;
AT

o=

Experiments show that « is constant for small changes in temperature. For purposes of
calculation, this equation is usually rewritten as

AL = aL;AT (19.4)

or as

where Lyis the final length, 7; and Tyare the initial and final temperatures, and the
proportionality constant « is the average coefficient of linear expansion for a given ma-
terial and has units of (°C) L.

It may be helpful to think of thermal expansion as an effective magnification or as
a photographic enlargement of an object. For example, as a metal washer is heated
(Fig. 19.8), all dimensions, including the radius of the hole, increase according to
Equation 19.4. Notice that this is equivalent to saying that a cavity in a piece of mate-
rial expands in the same way as if the cavity were filled with the material.

Table 19.1 lists the average coefficient of linear expansion for various materials.
Note that for these materials « is positive, indicating an increase in length with increas-
ing temperature. This is not always the case. Some substances—calcite (CaCOs) is one
example—expand along one dimension (positive «) and contract along another (neg-
ative a) as their temperatures are increased.

4 More precisely, thermal expansion arises from the asymmetrical nature of the potential-energy curve

for the atoms in a solid, as shown in Figure 15.12a. If the oscillators were truly harmonic, the average
atomic separations would not change regardless of the amplitude of vibration.
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Active Figure 19.8 Thermal ex-
pansion of a homogeneous metal
washer. As the washer is heated, all
dimensions increase. (The expan-
sion is exaggerated in this figure.)

Zﬁ At the Active Figures link
at http://www.pse6.com, you
can compare expansions for
various temperatures of the
burner and materials from
which the washer is made.

A\ PITFALL PREVENTION

19.2 Do Holes Become
Larger or Smaller?

When an object’s temperature is
raised, every linear dimension in-
creases in size. This includes any
holes in the material, which ex-
pand in the same way as if the
hole were filled with the material,
as shown in Figure 19.8. Keep in
mind the notion of thermal ex-
pansion as being similar to a pho-
tographic enlargement.
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Table 19.1

Average Linear Average Volume

Expansion Expansion

Coefficient Coefficient
Material (a)(°C)~1 Material B)cc)~!
Aluminum 24 X 1076 Alcohol, ethyl 1.12 X 1074
Brass and bronze 19 X 106 Benzene 1.24 X 10~
Copper 17 X 1076 Acetone 1.5 X 1074
Glass (ordinary) 9x 106 Glycerin 485 X 1074
Glass (Pyrex) 3.2 X 1076 Mercury 1.82 x 104
Lead 29 x 1076 Turpentine 9.0 X 1074
Steel 11 X 1076 Gasoline 9.6 X 1074
Invar (Ni—Fe alloy) 0.9 X 1076 Air* at 0°C 3.67 X 1073
Concrete 12 X 1076 Helium? 3.665 X 1073

2 Gases do not have a specific value for the volume expansion coefficient because the amount of expan-
sion depends on the type of process through which the gas is taken. The values given here assume that
the gas undergoes an expansion at constant pressure.

Because the linear dimensions of an object change with temperature, it follows that
surface area and volume change as well. The change in volume is proportional to the
initial volume V; and to the change in temperature according to the relationship

AV = BV,AT (19.6)

where S is the average coefficient of volume expansion. For a solid, the average co-
efficient of volume expansion is three times the average linear expansion coefficient:
B = 3a. (This assumes that the average coefficient of linear expansion of the solid is
the same in all directions—that is, the material is isotropic.)

To see that B8 = 3« for a solid, consider a solid box of dimensions ¢, w, and h. Its
volume at some temperature 7;is V; = €wh. If the temperature changes to 7; + AT, its
volume changes to V; + AV, where each dimension changes according to Equation
19.4. Therefore,

Vi+ AV= (£ + A (w + Aw) (h + Ah)

=l + AT)(w + awAT)(h + ahAT)
Lwh(l + a AT
Vi[l + 3¢ AT + 3(aAT)? + (a AT)?]

If we now divide both sides by V; and isolate the term AV/V;, we obtain the fractional
change in volume:
AV
~ = Sa AT+ 3(aAT)2 + (a AT)3
i
Because aAT << 1 for typical values of AT (<~100°C), we can neglect the terms
3(a AT)?and (a AT)®. Upon making this approximation, we see that

AV
2L = 30AT
%
_ 1AV
“T VAT

Equation 19.6 shows that the right side of this expression is equal to 8, and so we have
3a = B, the relationship we set out to prove. In a similar way, you can show that the
change in area of a rectangular plate is given by AA = 2aA; AT (see Problem 55).

As Table 19.1 indicates, each substance has its own characteristic average coefficient
of expansion. For example, when the temperatures of a brass rod and a steel rod of
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Higher temperature

Bimetallic strip

Figure 19.9 (a) A bimetallic strip bends as the temperature changes because the two
metals have different expansion coefficients. (b) A bimetallic strip used in a thermostat

to break or make electrical contact.

equal length are raised by the same amount from some common initial value, the brass
rod expands more than the steel rod does because brass has a greater average coefficient
of expansion than steel does. A simple mechanism called a bimetallic strip utilizes this

principle and is found in practical devices such as thermostats. It consists of two thin
strips of dissimilar metals bonded together. As the temperature of the strip increases, the
two metals expand by different amounts and the strip bends, as shown in Figure 19.9.

Quick Quiz 19.3 i you are asked to make a very sensitive glass thermome-
ter, which of the following working liquids would you choose? (a) mercury (b) alcohol

(c) gasoline (d) glycerin

Quick Quiz 19.4 1o spheres are made of the same metal and have the
same radius, but one is hollow and the other is solid. The spheres are taken through

the same temperature increase. Which sphere expands more? (a) solid sphere (b) hol-

low sphere (c) They expand by the same amount. (d) not enough information to say

Example 19.3 Expansion of a Railroad Track
A segment of steel railroad track has a length of 30.000 m
when the temperature is 0.0°C.

(A) What is its length when the temperature is 40.0°C?

Solution Making use of Table 19.1 and noting that the
change in temperature is 40.0°C, we find that the increase
in length is

AL = al; AT = [11 X 1075(°C)™11(80.000 m) (40.0°C)
=0.013m
If the track is 30.000 m long at 0.0°C, its length at 40.0°C is
30.013 m.

(B) Suppose that the ends of the rail are rigidly clamped at
0.0°C so that expansion is prevented. What is the thermal
stress set up in the rail if its temperature is raised to 40.0°C?

Solution The thermal stress will be the same as that in the
situation in which we allow the rail to expand freely and
then compress it with a mechanical force F'back to its origi-
nal length. From the definition of Young’s modulus for a
solid (see Eq. 12.6), we have

F
Tensile stress = o =Y—

Because Y for steel is 20 X 101 N/m? (see Table 12.1), we
have
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0.013 m > B

7% 107 2
30.000 m 8.7 X 10" N/m

F
i (20 % 1010 N/m2)<

What If? What if the temperature drops to —40.0°C? What
is the length of the unclamped segment?

The expression for the change in length in Equation 19.4
is the same whether the temperature increases or de-

Example 19.4 The Thermal Electrical Short

An electronic device has been poorly designed so that two
bolts attached to different parts of the device almost touch
each other in its interior, as in Figure 19.10. The steel and
brass bolts are at different electric potentials and if they
touch, a short circuit will develop, damaging the device. (We
will study electric potential in Chapter 25.) If the initial gap
between the ends of the bolts is 5.0 wm at 27°C, at what tem-
perature will the bolts touch?

Solution We can conceptualize the situation by imagining
that the ends of both bolts expand into the gap between
them as the temperature rises. We categorize this as a ther-
mal expansion problem, in which the sum of the changes in
length of the two bolts must equal the length of the initial
gap between the ends. To analyze the problem, we write this
condition mathematically:

Steel

creases. Thus, if there is an increase in length of 0.013 m
when the temperature increases by 40°C, then there is a
decrease in length of 0.013 m when the temperature
decreases by 40°C. (We assume that @ is constant over
the entire range of temperatures.) The new length at the
colder temperature is 30.000 m — 0.013 m = 29.987 m.

ALy + ALy = @y Lipe AT + g Lig AT =5.0 X 107%m

Solving for AT, we find

5.0 X 1076
AT = 0 0" °m
abrLi,br + a‘stLi,st
B 5.0 X 107 m
(19 X 1076°C~1(0.030 m) + (11 X 1076°C~1)(0.010 m)

=7.4°C
Thus, the temperature at which the bolts touch is 27°C +
7.4°C = 34°C To finalize this problem, note that this

temperature is possible if the air conditioning in the building
housing the device fails for a long period on a very hot sum-
mer day.

Brass

0.010 m::‘“
Fﬁ),um

0.030 m

Figure 19.10 (Example 19.4) Two bolts attached to different parts of an electrical de-
vice are almost touching when the temperature is 27°C. As the temperature increases,
the ends of the bolts move toward each other.

The Unusual Behavior of Water

Liquids generally increase in volume with increasing temperature and have average coeffi-
cients of volume expansion about ten times greater than those of solids. Cold water is an
exception to this rule, as we can see from its density-versus-temperature curve, shown in
Figure 19.11. As the temperature increases from 0°C to 4°C, water contracts and thus its
density increases. Above 4°C, water expands with increasing temperature, and so its den-
sity decreases. Thus, the density of water reaches a maximum value of 1.000 g/cm? at 4°C.

We can use this unusual thermal-expansion behavior of water to explain why a
pond begins freezing at the surface rather than at the bottom. When the atmospheric
temperature drops from, for example, 7°C to 6°C, the surface water also cools and con-
sequently decreases in volume. This means that the surface water is denser than the
water below it, which has not cooled and decreased in volume. As a result, the surface
water sinks, and warmer water from below is forced to the surface to be cooled. When
the atmospheric temperature is between 4°C and 0°C, however, the surface water ex-
pands as it cools, becoming less dense than the water below it. The mixing process
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Figure 19.11 The variation in the density of water at atmospheric pressure with
temperature. The inset at the right shows that the maximum density of water occurs
at 4°C.

stops, and eventually the surface water freezes. As the water freezes, the ice remains on
the surface because ice is less dense than water. The ice continues to build up at the
surface, while water near the bottom remains at 4°C. If this were not the case, then fish
and other forms of marine life would not survive.

19.5 Macroscopic Description of an Ideal Gas

The volume expansion equation AV = BV; AT'is based on the assumption that the ma-
terial has an initial volume V; before the temperature change occurs. This is the case
for solids and liquids because they have a fixed volume at a given temperature.

The case for gases is completely different. The interatomic forces within gases are
very weak, and, in many cases, we can imagine these forces to be nonexistent and still
make very good approximations. Note that there is no equilibrium separation for the atoms
and, thus, no “standard” volume at a given temperature. As a result, we cannot express
changes in volume AVin a process on a gas with Equation 19.6 because we have no de-
fined volume V; at the beginning of the process. For a gas, the volume is entirely deter-
mined by the container holding the gas. Thus, equations involving gases will contain
the volume Vas a variable, rather than focusing on a change in the volume from an ini-
tial value.

For a gas, it is useful to know how the quantities volume V, pressure P, and temper-
ature T are related for a sample of gas of mass m. In general, the equation that interre-
lates these quantities, called the equation of state, is very complicated. However, if the gas
is maintained at a very low pressure (or low density), the equation of state is quite sim-
ple and can be found experimentally. Such a low-density gas is commonly referred to
as an ideal gas.®

It is convenient to express the amount of gas in a given volume in terms of the
number of moles n. One mole of any substance is that amount of the substance that

5 To be more specific, the assumption here is that the temperature of the gas must not be too low

(the gas must not condense into a liquid) or too high, and that the pressure must be low. The concept
of an ideal gas implies that the gas molecules do not interact except upon collision, and that the molec-
ular volume is negligible compared with the volume of the container. In reality, an ideal gas does not
exist. However, the concept of an ideal gas is very useful because real gases at low pressures behave as
ideal gases do.

591
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Equation of state for an ideal
gas

Gas

Active Figure 19.12 An ideal gas
confined to a cylinder whose volume
can be varied by means of a movable
piston.

/

w

At the Active Figures link
at http://www.pse6.com, you
can choose to keep either the
temperature or the pressure
constant and verify Boyle’s law
and the law of Charles and
Gay-Lussac.

Steve Niedorf/Getty Images

contains Avogadro’s number N, = 6.022 X 102 of constituent particles (atoms or
molecules). The number of moles n of a substance is related to its mass m through the
expression

n=— (19.7)

M
where M is the molar mass of the substance. The molar mass of each chemical element
is the atomic mass (from the periodic table, Appendix C) expressed in g/mol. For ex-
ample, the mass of one He atom is 4.00 u (atomic mass units), so the molar mass of
He is 4.00 g/mol. For a molecular substance or a chemical compound, you can add up
the molar mass from its molecular formula. The molar mass of stable diatomic oxygen
(O9) is 32.0 g/mol.

Now suppose that an ideal gas is confined to a cylindrical container whose volume
can be varied by means of a movable piston, as in Figure 19.12. If we assume that the
cylinder does not leak, the mass (or the number of moles) of the gas remains constant.
For such a system, experiments provide the following information. First, when the gas
is kept at a constant temperature, its pressure is inversely proportional to its volume
(Boyle’s law). Second, when the pressure of the gas is kept constant, its volume is di-
rectly proportional to its temperature (the law of Charles and Gay-Lussac). These
observations are summarized by the equation of state for an ideal gas:

PV = nRT (19.8)
In this expression, known as the ideal gas law, Ris a constant and » is the number of
moles of gas in the sample. Experiments on numerous gases show that as the pressure
approaches zero, the quantity PV/nT approaches the same value R for all gases. For
this reason, Ris called the universal gas constant. In SI units, in which pressure is ex-
pressed in pascals (1 Pa = 1 N/m?) and volume in cubic meters, the product PV has
units of newton- meters, or joules, and R has the value

R=8.314]/mol-K (19.9)

If the pressure is expressed in atmospheres and the volume in liters (1 L = 103 cm® =

1073 mg), then R has the value
R =0.08214 L-atm/mol-K

Using this value of R and Equation 19.8, we find that the volume occupied by 1 mol of
any gas at atmospheric pressure and at 0°C (273 K) is 22.4 L.

The ideal gas law states that if the volume and temperature of a fixed amount of
gas do not change, then the pressure also remains constant. Consider a bottle of cham-
pagne that is shaken and then spews liquid when opened, as shown in Figure 19.13.

Figure 19.13 A bottle of champagne is
shaken and opened. Liquid spews out of the
opening. A common misconception is that
the pressure inside the bottle is increased
due to the shaking.
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A common misconception is that the pressure inside the bottle is increased when the
bottle is shaken. On the contrary, because the temperature of the bottle and its con-
tents remains constant as long as the bottle is sealed, so does the pressure, as can be
shown by replacing the cork with a pressure gauge. The correct explanation is as fol-
lows. Carbon dioxide gas resides in the volume between the liquid surface and the
cork. Shaking the bottle displaces some of this carbon dioxide gas into the liquid,
where it forms bubbles, and these bubbles become attached to the inside of the bottle.
(No new gas is generated by shaking.) When the bottle is opened, the pressure is re-
duced; this causes the volume of the bubbles to increase suddenly. If the bubbles are
attached to the bottle (beneath the liquid surface), their rapid expansion expels liquid
from the bottle. If the sides and bottom of the bottle are first tapped until no bubbles
remain beneath the surface, then when the champagne is opened, the drop in pres-
sure will not force liquid from the bottle.

The ideal gas law is often expressed in terms of the total number of molecules N.
Because the total number of molecules equals the product of the number of moles n
and Avogadro’s number Ny, we can write Equation 19.8 as

N
PV=nRT=—RT
Na

PV= NkyT (19.10)

where kp is Boltzmann’s constant, which has the value

R
kg =—=138 X 1073 J/K

19.11
Ny ( )

It is common to call quantities such as P, V, and 7 the thermodynamic variables of an
ideal gas. If the equation of state is known, then one of the variables can always be ex-
pressed as some function of the other two.

Quick Quiz 19.5 A common material for cushioning objects in packages is
made by trapping bubbles of air between sheets of plastic. This material is more effec-
tive at keeping the contents of the package from moving around inside the package on
(a) ahotday (b) acoldday (c) either hot or cold days.

Quick Quiz 19.6 A helium-filled rubber balloon is left in a car on a cold
winter night. Compared to its size when it was in the warm car the afternoon before,
(b) smaller

the size the next morning is (a) larger (c) unchanged.

Quick Quiz 19.7 0nawinter day, you turn on your furnace and the temper-
ature of the air inside your home increases. Assuming that your home has the normal
amount of leakage between inside air and outside air, the number of moles of air
in your room at the higher temperature is (a) larger than before (b) smaller than

before (c) the same as before.

Example 19.5 How Many Moles of Gas in a Container?

An ideal gas occupies a volume of 100 cm® at 20°C

and 100 Pa. Find the number of moles of gas in the

container. =
RT

Solution The quantities given are volume, pressure, and
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A PITFALL PREVENTION
19.3 So Many k’s

There are a variety of physical
quantities for which the letter k is
used—we have seen two previ-
ously, the force constant for a
spring (Chapter 15) and the wave
number for a mechanical wave
(Chapter 16). Boltzmann’s con-
stant is another &, and we will see k&
used for thermal conductivity in
Chapter 20 and for an electrical
constant in Chapter 23. In order
to make some sense of this confus-
ing state of affairs, we will use a
subscript for Boltzmann’s constant
to help us recognize it. In this
book, we will see Boltzmann’s con-
stant as kg, but keep in mind that
you may see Boltzmann’s constant
in other resources as simply k.

Boltzmann’s constant

and T = 20°C = 293 K. Using Equation 19.8, we find that
_ PV (100 Pa)(1.00 X 10~ *m?)

(8.314 ] /mol-K) (293 K)

temperature: V= 100 cm® = 1.00 X 1074 m3, P =100 Pa, = 4.11 X 10"%mol
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Example 19.6 Filling a Scuba Tank

A certain scuba tank is designed to hold 66.0 ft® of
air when it is at atmospheric pressure at 22°C. When this
volume of air is compressed to an absolute pressure of
3000 Ib/in.? and stored in a 10.0-L (0.350-ft%) tank, the
air becomes so hot that the tank must be allowed to
cool before it can be used. Before the air cools, what is
its temperature? (Assume that the air behaves like an
ideal gas.)

Solution If no air escapes during the compression, then
the number of moles n of air remains constant; therefore,
using PV = nRT, with n and R constant, we obtain a rela-
tionship between the initial and final values:

Example 19.7 Heating a Spray Can

A spray can containing a propellant gas at twice atmospheric
pressure (202 kPa) and having a volume of 125.00 cm? is at
22°C. It is then tossed into an open fire. When the tempera-
ture of the gas in the can reaches 195°C, what is the pres-
sure inside the can? Assume any change in the volume of
the can is negligible.

Solution We employ the same approach we used in Exam-
ple 19.6, starting with the expression

PV, _ PVy

(1) T

Because the initial and final volumes of the gas are assumed
to be equal, this expression reduces to

BB
1y
Solving for Py gives
(2) P —<E>P —<468K>(202kP )= 320 kP
77\1;) 7 205K N N

Obviously, the higher the temperature, the higher the pres-
sure exerted by the trapped gas. Of course, if the pressure
increases sufficiently, the can will explode. Because of this
possibility, you should never dispose of spray cans in a fire.

What If? Suppose we include a volume change due to
thermal expansion of the steel can as the temperature in-

PV, _ BVy
The initial pressure of the air is 14.7 1b/ in.2, its final pressure
is 3 000 lb/in.Q, and the air is compressed from an initial
volume of 66.0 ft> to a final volume of 0.350 ft°. The initial

temperature, converted to SI units, is 295 K. Solving for ’I}r,
we obtain

Py,
7= ( 7 f> I=
PV;

= 319K

(3 000 Ib/in.2) (0.350 £t%)
(14.7 1b/in.?) (66.0 ft3)

(295 K)

creases. Does this alter our answer for the final pressure
significantly?

Because the thermal expansion coefficient of steel is very
small, we do not expect much of an effect on our final an-
swer. The change in the volume of the can is found using
Equation 19.6 and the value for « for steel from Table 19.1:

AV = BV; AT = 3aV; AT
= 3(11 X 107%°C71)(125.00 cm?) (173°C)

=0.71 cm?®

So the final volume of the can is 125.71 cm®. Starting

from Equation (1) again, the equation for the final pressure

becomes
T Vi
()
T\ Vs

This differs from Equation (2) only in the factor V;/ V). Let
us evaluate this factor:

\4 125.00 cm?®

Vi 13500 am 994 = 99.4%

Vi 12571 emt
Thus, the final pressure will differ by only 0.6% from the
value we calculated without considering the thermal ex-
pansion of the can. Taking 99.4% of the previous final
pressure, the final pressure including thermal expansion is
318 kPa.

Zﬁ Explore this situation at the Interactive Worked Example link at http://www.pse6.com.

SUMMARY

Two objects are in thermal equilibrium with each other if they do not exchange en-
ergy when in thermal contact.

The zeroth law of thermodynamics states that if objects A and B are separately in
thermal equilibrium with a third object C, then objects A and B are in thermal equilib-
rium with each other.

Temperature is the property that determines whether an object is in thermal equi-
librium with other objects. Two objects in thermal equilibrium with each other are
at the same temperature.

Zﬁ Take a practice test for
this chapter by clicking on
the Practice Test link at
http://www.pse6.com.
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The SI unit of absolute temperature is the kelvin, which is defined to be the frac-

tion 1/273.16 of the temperature of the triple point of water.

When the temperature of an object is changed by an amount A7, its length
changes by an amount AL that is proportional to AT and to its initial length L;:

AL = al; AT

(19.4)

where the constant « is the average coefficient of linear expansion. The average
coefficient of volume expansion § for a solid is approximately equal to 3a.
An ideal gas is one for which PV/nT is constant. An ideal gas is described by the

equation of state,

PV = nRT

(19.8)

where 7 equals the number of moles of the gas, Vis its volume, R is the universal gas
constant (8.314 J/mol-K), and T is the absolute temperature. A real gas behaves ap-

proximately as an ideal gas if it has a low density.

1. Is it possible for two objects to be in thermal equilibrium if 7.
they are not in contact with each other? Explain.

A piece of copper is dropped into a beaker of water. If the
water’s temperature rises, what happens to the tempera-
ture of the copper? Under what conditions are the water 8.
and copper in thermal equilibrium?

3. In describing his upcoming trip to the Moon, and as por- 9.
trayed in the movie Apollo 13 (Universal, 1995), astronaut
Jim Lovell said, “I'll be walking in a place where there’s a
400-degree difference between sunlight and shadow.” What 10
is it that is hot in sunlight and cold in shadow? Suppose an
astronaut standing on the Moon holds a thermometer in
his gloved hand. Is it reading the temperature of the vac-
uum at the Moon’s surface? Does it read any temperature?

. 11.
If so, what object or substance has that temperature?
4. Rubber has a negative average coefficient of linear expan-
sion. What happens to the size of a piece of rubber as it is
warmed?
5. Explain why a column of mercury in a thermometer first 12

descends slightly and then rises when the thermometer is
placed into hot water.

6. Why should the amalgam used in dental fillings have the 13
same average coefficient of expansion as a tooth? What
would occur if they were mismatched?

Ocean level

at low tide

()

Markings to indicate length are placed on a steel tape in a
room that has a temperature of 22°C. Are measurements
made with the tape on a day when the temperature is 27°C
too long, too short, or accurate? Defend your answer.
Determine the number of grams in a mole of the following
gases: (a) hydrogen (b) helium (c) carbon monoxide.

What does the ideal gas law predict about the volume of
a sample of gas at absolute zero? Why is this prediction
incorrect?

. An inflated rubber balloon filled with air is immersed in a

flask of liquid nitrogen that is at 77 K. Describe what hap-
pens to the balloon, assuming that it remains flexible while
being cooled.

Two identical cylinders at the same temperature each con-
tain the same kind of gas and the same number of moles
of gas. If the volume of cylinder A is three times greater
than the volume of cylinder B, what can you say about the
relative pressures in the cylinders?

. After food is cooked in a pressure cooker, why is it very

important to cool off the container with cold water before
attempting to remove the lid?

. The shore of the ocean is very rocky at a particular place.

The rocks form a cave sloping upward from an underwater
opening, as shown in Figure Q19.13a. (a) Inside the cave is

at high tide

Ocean level

(b)

Figure Q19.13
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14.

15.

16.
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a pocket of trapped air. As the level of the ocean rises and
falls with the tides, will the level of water in the cave rise
and fall? If so, will it have the same amplitude as that of
the ocean? (b) What If? Now suppose that the cave is
deeper in the water, so that it is completely submerged and
filled with water at high tide, as shown in Figure Q19.13b.
At low tide, will the level of the water in the cave be the
same as that of the ocean?

In Colonization: Second Contact (Harry Turtledove, Ballantine
Publishing Group, 1999), the Earth has been partially settled
by aliens from another planet, whom humans call Lizards.
Laboratory study by humans of Lizard science requires “shift-
ing back and forth between the metric system and the one
the Lizards used, which was also based on powers of ten but
used different basic quantities for everything but tempera-
ture.” Why might temperature be an exception?

The pendulum of a certain pendulum clock is made of
brass. When the temperature increases, does the period of
the clock increase, decrease, or remain the same? Explain.

An automobile radiator is filled to the brim with water
while the engine is cool. What happens to the water when
the engine is running and the water is heated? What do
modern automobiles have in their cooling systems to pre-
vent the loss of coolants?

PROBLEMS

17. Metal lids on glass jars can often be loosened by running

hot water over them. How is this possible?

When the metal ring and metal sphere in Figure Q19.18

are both at room temperature, the sphere can just be
passed through the ring. After the sphere is heated, it can-
not be passed through the ring. Explain. What If? What if
the ring is heated and the sphere is left at room tempera-
ture? Does the sphere pass through the ring?

Courtesy of Central Scientific Company

Figure Q19.18

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

Zﬁ = coached solution with hints available at http://www.pse6.com E = computer useful in solving problem

= paired numerical and symbolic problems

Section 19.2 Thermometers and the Celsius

Temperature Scale

Section 19.3 The Constant-Volume Gas

Thermometer and the
Absolute Temperature Scale

Zﬁ A constant-volume gas thermometer is calibrated in

dry ice (that is, carbon dioxide in the solid state, which has
a temperature of —80.0°C) and in boiling ethyl alcohol
(78.0°C). The two pressures are 0.900 atm and 1.635 atm.
(a) What Celsius value of absolute zero does the calibra-
tion yield? What is the pressure at (b) the freezing point of
water and (c) the boiling point of water?

. In a constantvolume gas thermometer, the pressure at

20.0°C is 0.980 atm. (a) What is the pressure at 45.0°C?
(b) What is the temperature if the pressure is 0.500 atm?

Liquid nitrogen has a boiling point of —195.81°C at at-

mospheric pressure. Express this temperature (a) in de-
grees Fahrenheit and (b) in kelvins.

. Convert the following to equivalent temperatures on the Cel-

sius and Kelvin scales: (a) the normal human body tempera-
ture, 98.6°F; (b) the air temperature on a cold day, — 5.00°F.

. The temperature difference between the inside and the

outside of an automobile engine is 450°C. Express this

temperature difference on (a) the Fahrenheit scale and
(b) the Kelvin scale.

. On a Strange temperature scale, the freezing point of wa-
ter is — 15.0°S and the boiling point is + 60.0°S. Develop a
linear conversion equation between this temperature scale
and the Celsius scale.

. The melting point of gold is 1064°C, and the boiling
point is 2 660°C. (a) Express these temperatures in kelvins.
(b) Compute the difference between these temperatures
in Celsius degrees and kelvins.

Section 19.4 Thermal Expansion of Solids

and Liquids

Note: Table 19.1 is available for use in solving problems in
this section.

8. The New River Gorge bridge in West Virginia is a steel arch

bridge 518 m in length. How much does the total length of
the roadway decking change between temperature ex-
tremes of —20.0°C and 35.0°C? The result indicates the



size of the expansion joints that must be built into the
structure.

A copper telephone wire has essentially no sag between
poles 35.0 m apart on a winter day when the temperature
is —20.0°C. How much longer is the wire on a summer day
when T = 35.0°C?

10. The concrete sections of a certain superhighway are de-
signed to have a length of 25.0 m. The sections are poured
and cured at 10.0°C. What minimum spacing should the
engineer leave between the sections to eliminate buckling
if the concrete is to reach a temperature of 50.0°C?

11. A pair of eyeglass frames is made of epoxy plastic. At room
temperature (20.0°C), the frames have circular lens holes
2.20 cm in radius. To what temperature must the frames
be heated if lenses 2.21 cm in radius are to be inserted in
them? The average coefficient of linear expansion for
epoxyis 1.30 X 1074 (°C) L.

12. Each year thousands of children are badly burned by hot
tap water. Figure P19.12 shows a cross-sectional view of an
antiscalding faucet attachment designed to prevent such
accidents. Within the device, a spring made of material
with a high coefficient of thermal expansion controls a
movable plunger. When the water temperature rises above
a preset safe value, the expansion of the spring causes the
plunger to shut off the water flow. If the initial length L of
the unstressed spring is 2.40 cm and its coefficient of lin-
ear expansion is 22.0 X 1075 (°C) ™!, determine the in-
crease in length of the spring when the water temperature
rises by 30.0°C. (You will find the increase in length to be
small. For this reason actual devices have a more compli-
cated mechanical design, to provide a greater variation in
valve opening for the temperature change anticipated.)

i
o |

Figure P19.12

Zﬁ The active element of a certain laser is made of a glass
rod 30.0 cm long by 1.50 cm in diameter. If the tempera-
ture of the rod increases by 65.0°C, what is the increase in
(a) its length, (b) its diameter, and (c) its volume? Assume
that the average coefficient of linear expansion of the glass
is 9.00 X 1076 (°C)~L

14. Review problem. Inside the wall of a house, an L-shaped
section of hot-water pipe consists of a straight horizontal
piece 28.0 cm long, an elbow, and a straight vertical piece
134 cm long (Figure P19.14). A stud and a second-story

16.

17.

18.

19.

Problems 597

floorboard hold stationary the ends of this section of copper
pipe. Find the magnitude and direction of the displacement
of the pipe elbow when the water flow is turned on, raising
the temperature of the pipe from 18.0°C to 46.5°C.

Figure P19.14

. A brass ring of diameter 10.00 cm at 20.0°C is heated and

slipped over an aluminum rod of diameter 10.01 cm at
20.0°C. Assuming the average coefficients of linear expan-
sion are constant, (a) to what temperature must this com-
bination be cooled to separate them? Is this attainable?
(b) What If? What if the aluminum rod were 10.02 cm in
diameter?

A square hole 8.00 cm along each side is cut in a sheet of
copper. (a) Calculate the change in the area of this hole
if the temperature of the sheet is increased by 50.0 K.
(b) Does this change represent an increase or a decrease
in the area enclosed by the hole?

The average coefficient of volume expansion for carbon
tetrachloride is 5.81 X 107% (°C) L. If a 50.0-gal steel con-
tainer is filled completely with carbon tetrachloride when
the temperature is 10.0°C, how much will spill over when
the temperature rises to 30.0°C?

At 20.0°C, an aluminum ring has an inner diameter of
5.000 0 cm and a brass rod has a diameter of 5.050 0 cm.
(a) If only the ring is heated, what temperature must it
reach so that it will just slip over the rod? (b) What If? If
both are heated together, what temperature must they
both reach so that the ring just slips over the rod? Would
this latter process work?

A volumetric flask made of Pyrex is calibrated at 20.0°C. It
is filled to the 100-mL mark with 35.0°C acetone. (a) What
is the volume of the acetone when it cools to 20.0°C?
(b) How significant is the change in volume of the flask?
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. A concrete walk is poured on a day when the temperature
is 20.0°C in such a way that the ends are unable to move.
(a) What is the stress in the cement on a hot day of
50.0°C? (b) Does the concrete fracture? Take Young’s
modulus for concrete to be 7.00 X 109 N/m? and the com-
pressive strength to be 2.00 X 109 N/m?.

A hollow aluminum cylinder 20.0 cm deep has an internal

22.

23.

24.

25.

capacity of 2.000 L. at 20.0°C. It is completely filled with
turpentine and then slowly warmed to 80.0°C. (a) How
much turpentine overflows? (b) If the cylinder is then
cooled back to 20.0°C, how far below the cylinder’s rim
does the turpentine’s surface recede?

A beaker made of ordinary glass contains a lead sphere of
diameter 4.00 cm firmly attached to its bottom. At a uni-
form temperature of —10.0°C, the beaker is filled to the
brim with 118 cm® of mercury, which completely covers
the sphere. How much mercury overflows from the beaker
if the temperature is raised to 30.0°C?

A steel rod undergoes a stretching force of 500 N. Its cross-
sectional area is 2.00 cm? Find the change in temperature
that would elongate the rod by the same amount as the
500-N force does. Tables 12.1 and 19.1 are available to you.

The Golden Gate Bridge in San Francisco has a main span
of length 1.28 km—one of the longest in the world. Imag-
ine that a taut steel wire with this length and a cross-sec-
tional area of 4.00 X 107%m? is laid on the bridge deck
with its ends attached to the towers of the bridge, on a sum-
mer day when the temperature of the wire is 35.0°C.
(a) When winter arrives, the towers stay the same distance
apart and the bridge deck keeps the same shape as its ex-
pansion joints open. When the temperature drops to
—10.0°C, what is the tension in the wire? Take Young’s
modulus for steel to be 20.0 X 101 N/m?2. (b) Permanent
deformation occurs if the stress in the steel exceeds its elas-
tic limit of 3.00 X 108 N/m?. At what temperature would
this happen? (c) What If? How would your answers to
(a) and (b) change if the Golden Gate Bridge were twice
as long?

A certain telescope forms an image of part of a cluster of
stars on a square silicon charge-coupled detector (CCD)
chip 2.00 cm on each side. A star field is focused on the
CCD chip when it is first turned on and its temperature is
20.0°C. The star field contains 5 342 stars scattered uni-
formly. To make the detector more sensitive, it is cooled to
—100°C. How many star images then fit onto the chip?
The average coefficient of linear expansion of silicon is
4.68 X 1075 (°C) L.

Section 19.5 Macroscopic Description of an Ideal Gas

Note: Problem 8 in Chapter 1 can be assigned with this
section.
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. Gas is contained in an 8.00-L vessel at a temperature of
20.0°C and a pressure of 9.00 atm. (a) Determine the

number of moles of gas in the vessel. (b) How many mole-
cules are there in the vessel?

An automobile tire is inflated with air originally at 10.0°C
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and normal atmospheric pressure. During the process, the
air is compressed to 28.0% of its original volume and the
temperature is increased to 40.0°C. (a) What is the tire
pressure? (b) After the car is driven at high speed, the tire
air temperature rises to 85.0°C and the interior volume of
the tire increases by 2.00%. What is the new tire pressure
(absolute) in pascals?

A tank having a volume of 0.100 m® contains helium gas at
150 atm. How many balloons can the tank blow up if each
filled balloon is a sphere 0.300 m in diameter at an ab-
solute pressure of 1.20 atm?

An auditorium has dimensions 10.0 m X 20.0 m X 30.0 m.
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How many molecules of air fill the auditorium at 20.0°C
and a pressure of 101 kPa?

Imagine a baby alien playing with a spherical balloon the
size of the Earth in the outer solar system. Helium gas in-
side the balloon has a uniform temperature of 50.0 K due
to radiation from the Sun. The uniform pressure of the
helium is equal to normal atmospheric pressure on
Earth. (a) Find the mass of the gas in the balloon.
(b) The baby blows an additional mass of 8.00 X 102 kg
of helium into the balloon. At the same time, she wanders
closer to the Sun and the pressure in the balloon doubles.
Find the new temperature inside the balloon, whose vol-
ume remains constant.

31. Just 9.00 g of water is placed in a 2.00-L pressure cooker
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and heated to 500°C. What is the pressure inside the
container?

One mole of oxygen gas is at a pressure of 6.00 atm and a
temperature of 27.0°C. (a) If the gas is heated at constant
volume until the pressure triples, what is the final tempera-
ture? (b) If the gas is heated until both the pressure and
volume are doubled, what is the final temperature?

Ezﬂ The mass of a hot-air balloon and its cargo (not in-
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cluding the air inside) is 200 kg. The air outside is at
10.0°C and 101 kPa. The volume of the balloon is 400 m>.
To what temperature must the air in the balloon be heated
before the balloon will lift off? (Air density at 10.0°C is
1.25 kg/ rng.)

Your father and your little brother are confronted with the
same puzzle. Your father’s garden sprayer and your
brother’s water cannon both have tanks with a capacity of
5.00 L (Figure P19.34). Your father inserts a negligible
amount of concentrated insecticide into his tank. They
both pour in 4.00 L of water and seal up their tanks, so
that they also contain air at atmospheric pressure. Next,
each uses a hand-operated piston pump to inject more air,
until the absolute pressure in the tank reaches 2.40 atm
and it becomes too difficult to move the pump handle.
Now each uses his device to spray out water—not air—
until the stream becomes feeble, as it does when the pres-
sure in the tank reaches 1.20 atm. Then he must pump it
up again, spray again, and so on. In order to spray out all
the water, each finds that he must pump up the tank three
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times. This is the puzzle: most of the water sprays out as a
result of the second pumping. The first and the third
pumping-up processes seem just as difficult, but result in a
disappointingly small amount of water coming out. Ac-
count for this phenomenon.

Figure P19.34

(a) Find the number of moles in one cubic meter of an
ideal gas at 20.0°C and atmospheric pressure. (b) For air,
Avogadro’s number of molecules has mass 28.9 g. Calcu-
late the mass of one cubic meter of air. Compare the result
with the tabulated density of air.

The void fraction of a porous medium is the ratio of the
void volume to the total volume of the material. The void
is the hollow space within the material; it may be filled
with a fluid. A cylindrical canister of diameter 2.54 cm
and height 20.0 cm is filled with activated carbon having
a void fraction of 0.765. Then it is flushed with an ideal
gas at 25.0°C and pressure 12.5 atm. How many moles of
gas are contained in the cylinder at the end of this
process?

A cube 10.0 cm on each edge contains air (with equivalent
molar mass 28.9 g/mol) at atmospheric pressure and tem-
perature 300 K. Find (a) the mass of the gas, (b) its weight,
and (c) the force it exerts on each face of the cube.
(d) Comment on the physical reason why such a small
sample can exert such a great force.

At 25.0 m below the surface of the sea (p = 1 025 kg/ms),
where the temperature is 5.00°C, a diver exhales an air
bubble having a volume of 1.00 cm?. If the surface temper-
ature of the sea is 20.0°C, what is the volume of the bubble
just before it breaks the surface?

The pressure gauge on a tank registers the gauge pressure,

which is the difference between the interior and exterior
pressure. When the tank is full of oxygen (Oy), it contains
12.0 kg of the gas at a gauge pressure of 40.0 atm. Deter-
mine the mass of oxygen that has been withdrawn from
the tank when the pressure reading is 25.0 atm. Assume
that the temperature of the tank remains constant.

40.
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Estimate the mass of the air in your bedroom. State the
quantities you take as data and the value you measure or
estimate for each.

A popular brand of cola contains 6.50 g of carbon dioxide
dissolved in 1.00 L of soft drink. If the evaporating carbon
dioxide is trapped in a cylinder at 1.00 atm and 20.0°C,
what volume does the gas occupy?

In state-of-the-art vacuum systems, pressures as low as
1079 Pa are being attained. Calculate the number of mole-
cules in a 1.00-m® vessel at this pressure if the temperature
is 27.0°C.

. A room of volume V contains air having equivalent molar

mass M (in g/mol). If the temperature of the room is
raised from 77 to Ty, what mass of air will leave the room?
Assume that the air pressure in the room is maintained
at P.

. A diving bell in the shape of a cylinder with a height

of 2.50 m is closed at the upper end and open at the
lower end. The bell is lowered from air into sea water
(p = 1.025 g/cm?®). The air in the bell is initially at
20.0°C. The bell is lowered to a depth (measured to the
bottom of the bell) of 45.0 fathoms or 82.3 m. At this
depth the water temperature is 4.0°C, and the bell is in
thermal equilibrium with the water. (a) How high does
sea water rise in the bell? (b) To what minimum pressure
must the air in the bell be raised to expel the water that
entered?

Additional Problems

45.

46.

A student measures the length of a brass rod with a steel
tape at 20.0°C. The reading is 95.00 cm. What will the tape
indicate for the length of the rod when the rod and the
tape are at (a) —15.0°C and (b) 55.0°C?

The density of gasoline is 730 kg/m® at 0°C. Its average
coefficient of volume expansion is 9.60 X 1074/°C. If
1.00 gal of gasoline occupies 0.003 80 m®, how many extra
kilograms of gasoline would you get if you bought 10.0 gal
of gasoline at 0°C rather than at 20.0°C from a pump that
is not temperature compensated?

A mercury thermometer is constructed as shown in Figure

P19.47. The capillary tube has a diameter of 0.004 00 cm,

=2 =2
A th
T, T,+ AT

Figure P19.47 Problems 47 and 48.
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and the bulb has a diameter of 0.250 cm. Neglecting the
expansion of the glass, find the change in height of the
mercury column that occurs with a temperature change of
30.0°C.

A liquid with a coefficient of volume expansion 3 just fills
a spherical shell of volume V; at a temperature of 7; (see
Fig. P19.47). The shell is made of a material that has an av-
erage coefficient of linear expansion a. The liquid is free
to expand into an open capillary of area A projecting from
the top of the sphere. (a) If the temperature increases by
AT, show that the liquid rises in the capillary by the
amount A% given by Ah = (V;/A)(B — 3a)AT. (b) For a
typical system, such as a mercury thermometer, why is
it a good approximation to neglect the expansion of
the shell?

Review problem. An aluminum pipe, 0.655 m long at
20.0°C and open at both ends, is used as a flute. The
pipe is cooled to a low temperature but then is filled
with air at 20.0°C as soon as you start to play it. After
that, by how much does its fundamental frequency
change as the metal rises in temperature from 5.00°C to
20.0°C?

A cylinder is closed by a piston connected to a spring of
constant 2.00 X 103 N/m (see Fig. P19.50). With the
spring relaxed, the cylinder is filled with 5.00 L of gas at a
pressure of 1.00 atm and a temperature of 20.0°C. (a) If
the piston has a crosssectional area of 0.010 0 m? and neg-
ligible mass, how high will it rise when the temperature is
raised to 250°C? (b) What is the pressure of the gas at
250°C?

Figure P19.50

Zﬁ A liquid has a density p. (a) Show that the fractional
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change in density for a change in temperature AT is
Ap/p = —B AT What does the negative sign signify?
(b) Fresh water has a maximum density of 1.000 0 g/cm3
at 4.0°C. At 10.0°C, its density is 0.999 7 g/cm3. What is
B for water over this temperature interval?

Long-term space missions require reclamation of the oxy-
gen in the carbon dioxide exhaled by the crew. In one
method of reclamation, 1.00 mol of carbon dioxide pro-
duces 1.00 mol of oxygen and 1.00 mol of methane as a
byproduct. The methane is stored in a tank under pres-
sure and is available to control the attitude of the space-
craft by controlled venting. A single astronaut exhales
1.09 kg of carbon dioxide each day. If the methane gen-

erated in the respiration recycling of three astronauts
during one week of flight is stored in an originally empty
150-L tank at —45.0°C, what is the final pressure in the
tank?

Zﬂ A vertical cylinder of cross-sectional area A is fitted

with a tightfitting, frictionless piston of mass m (Fig.
P19.53). (a) If » moles of an ideal gas are in the cylinder at
a temperature of 7, what is the height A at which the pis-
ton is in equilibrium under its own weight? (b) What is the
value for 4 if n = 0.200 mol, 7= 400 K, A = 0.008 00 m?,
and m = 20.0 kg?

Figure P19.53

54. A bimetallic strip is made of two ribbons of dissimilar met-

als bonded together. (a) First assume the strip is originally
straight. As they are heated, the metal with the greater aver-
age coefficient of expansion expands more than the other,
forcing the strip into an arc, with the outer radius having a
greater circumference (Fig. P19.54a). Derive an expression
for the angle of bending 6 as a function of the initial length
of the strips, their average coefficients of linear expansion,
the change in temperature, and the separation of the cen-
ters of the strips (Ar = r9 — 7). (b) Show that the angle of
bending decreases to zero when AT decreases to zero and
also when the two average coefficients of expansion be-
come equal. (c) What If? What happens if the strip is
cooled? (d) Figure P19.54b shows a compact spiral bimetal-
lic strip in a home thermostat. The equation from part (a)
applies to it as well, if 6 is interpreted as the angle of addi-
tional bending caused by a change in temperature. The in-
ner end of the spiral strip is fixed, and the outer end is free
to move. Assume the metals are bronze and invar, the thick-
ness of the strip is 2Ar = 0.500 mm, and the overall length
of the spiral strip is 20.0 cm. Find the angle through which
the free end of the strip turns when the temperature
changes by one Celsius degree. The free end of the strip
supports a capsule partly filled with mercury, visible above
the strip in Figure P19.54b. When the capsule tilts, the mer-
cury shifts from one end to the other, to make or break an
electrical contact switching the furnace on or off.



Problems 601

below the surface, the volume of the balloon at the sur-
face, the pressure at the surface, and the density of the wa-
ter. (Assume water temperature does not change with
depth.) (b) Does the buoyant force increase or decrease as
the balloon is submerged? (c) At what depth is the buoy-
ant force half the surface value?

59. A copper wire and a lead wire are joined together, end to
end. The compound wire has an effective coefficient of lin-
ear expansion of 20.0 X 107% (°C)~!. What fraction of the
length of the compound wire is copper?

60. Review problem. Following a collision in outer space, a
copper disk at 850°C is rotating about its axis with an an-
gular speed of 25.0 rad/s. As the disk radiates infrared
light, its temperature falls to 20.0°C. No external torque
acts on the disk. (a) Does the angular speed change as the
disk cools off? Explain why. (b) What is its angular speed at
the lower temperature?

61. Two concrete spans of a 250-m-long bridge are placed end
to end so that no room is allowed for expansion (Fig.
P19.61a). If a temperature increase of 20.0°C occurs, what
is the height y to which the spans rise when they buckle
(Fig. P19.61b)?

Charles D. Winters

(b)

Figure P19.54 T T+ 20°C
: %ﬁ&*
250 m

The rectangular plate shown in Figure P19.55 has an area
A; equal to €w. If the temperature increases by AT, each di-
mension increases according to the equation AL = aL; AT, (a) (b)
where « is the average coefficient of linear expansion. Figure P19.61 Problems 61 and 62.
Show that the increase in area is AA = 2aA; AT. What
approximation does this expression assume?

62. Two concrete spans of a bridge of length L are placed end
to end so that no room is allowed for expansion (Fig.

- 14 P19.61a). If a temperature increase of AT occurs, what is
T “““““ ‘: the height y to which the spans rise when they buckle (Fig.
T I P19.61b)?
w T, w + Aw : T, + AT
L l i 63. (a) Show that the density of an ideal gas occupying a vol-
: ume Vis given by p = PM/RT, where M is the molar mass.
€+ Al— (b) Determine the density of oxygen gas at atmospheric

Figure P19.55 pressure and 20.0°C.

64. (a) Use the equation of state for an ideal gas and the defi-
nition of the coefficient of volume expansion, in the form

56. Review problem. A clock with a brass pendulum has a period B = (1/V) dV/dT, to show that the coefficient of volume

of 1.000 s at 20.0°C. If the temperature increases to 30.0°C, expansion for an ideal gas at constant pressure is given by

(a) by how much does the period change, and (b) how B = 1/T, where T is the absolute temperature. (b) What
much time does the clock gain or lose in one week? value does this expression predict for B at 0°C? Compare

57. Review problem. Consider an object with any one of the this result with the experimental values for helium and air
shapes displayed in Table 10.2. What is the percentage in- in Table 19.1. Note that these are much larger than the
crease in the moment of inertia of the object when it is coefficients of volume expansion for most liquids and
heated from 0°C to 100°C if it is composed of (a) copper solids.

or (b) aluminum? Assume that the average linear expan- [65.]Starting with Equation 19.10, show that the total pressure
sion coefficients shown in Table 19.1 do not vary between Pin a container filled with a mixture of several ideal gases
0°C and 100°C. isP=P + P, + Py + -+, where P, P, . . ., are the pres-
58. (a) Derive an expression for the buoyant force on a spheri- sures that each gas would exert if it alone filled the con-
cal balloon, submerged in water, as a function of the depth tainer (these individual pressures are called the partial pres-
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sures of the respective gases). This result is known as
Dalton’s law of partial pressures.

A sample of dry air that has a mass of 100.00 g, collected at
sea level, is analyzed and found to consist of the following
gases:

nitrogen (Ng) = 7552 g
oxygen (O9) = 23.15 ¢

argon (Ar) =128 ¢

carbon dioxide (COg9) = 0.05 g

plus trace amounts of neon, helium, methane, and other
gases. (a) Calculate the partial pressure (see Problem 65)
of each gas when the pressure is 1.013 X 10° Pa. (b) Deter-
mine the volume occupied by the 100-g sample at a tem-
perature of 15.00°C and a pressure of 1.00 atm. What is
the density of the air for these conditions? (c) What is the
effective molar mass of the air sample?

Helium gas is sold in steel tanks. If the helium is used to
inflate a balloon, could the balloon lift the spherical tank
the helium came in? Justify your answer. Steel will rupture
if subjected to tensile stress greater than its yield strength
of 5 X 108 N/m?. Suggestion: You may consider a steel shell
of radius r and thickness ¢ containing helium at high pres-
sure and on the verge of breaking apart into two hemi-
spheres.

A cylinder that has a 40.0-cm radius and is 50.0 cm deep is
filled with air at 20.0°C and 1.00 atm (Fig. P19.68a). A
20.0-kg piston is now lowered into the cylinder, compress-
ing the air trapped inside (Fig. P19.68b). Finally, a 75.0-kg
man stands on the piston, further compressing the air,
which remains at 20°C (Fig. P19.68c). (a) How far down
(Ah) does the piston move when the man steps onto it?
(b) To what temperature should the gas be heated to raise
the piston and man back to A;?

50.0 cm

(a)

(b)
Figure P19.68

The relationship Ly= Li(1 + aAT) is an approximation
that works when the average coefficient of expansion is
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small. If « is large, one must integrate the relationship
dL/dT = oL to determine the final length. (a) Assuming
that the coefficient of linear expansion is constant as L
varies, determine a general expression for the final length.
(b) Given a rod of length 1.00 m and a temperature
change of 100.0°C, determine the error caused by the ap-
proximation when « = 2.00 X 1075 (°C)"! (a typical
value for a metal) and when o = 0.020 0 (°C) ™! (an unre-
alistically large value for comparison).

A steel wire and a copper wire, each of diameter 2.000 mm,
are joined end to end. At 40.0°C, each has an unstretched
length of 2.000 m; they are connected between two fixed
supports 4.000 m apart on a tabletop, so that the steel wire
extends from x = —2.000 m to x = 0, the copper wire ex-
tends from x = 0 to x = 2.000 m, and the tension is negligi-
ble. The temperature is then lowered to 20.0°C. At this
lower temperature, find the tension in the wire and the
x coordinate of the junction between the wires. (Refer to
Tables 12.1 and 19.1.)

Review problem. A steel guitar string with a diameter of
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1.00 mm is stretched between supports 80.0 cm apart. The
temperature is 0.0°C. (a) Find the mass per unit length of
this string. (Use the value 7.86 X 10% kg/m?® for the den-
sity.) (b) The fundamental frequency of transverse oscilla-
tions of the string is 200 Hz. What is the tension in the
string? (c) If the temperature is raised to 30.0°C, find the
resulting values of the tension and the fundamental fre-
quency. Assume that both the Young’s modulus (Table
12.1) and the average coefficient of expansion (Table
19.1) have constant values between 0.0°C and 30.0°C.

In a chemical processing plant, a reaction chamber of
fixed volume Vj is connected to a reservoir chamber of
fixed volume 4V} by a passage containing a thermally insu-
lating porous plug. The plug permits the chambers to be
at different temperatures. The plug allows gas to pass from
either chamber to the other, ensuring that the pressure is
the same in both. At one point in the processing, both
chambers contain gas at a pressure of 1.00 atm and a tem-
perature of 27.0°C. Intake and exhaust valves to the pair of
chambers are closed. The reservoir is maintained at 27.0°C
while the reaction chamber is heated to 400°C. What is the
pressure in both chambers after this is done?

L] A 1.00-km steel railroad rail is fastened securely at
both ends when the temperature is 20.0°C. As the temper-
ature increases, the rail begins to buckle. If its shape is an
arc of a vertical circle, find the height % of the center of
the rail when the temperature is 25.0°C. You will need to
solve a transcendental equation.

Review problem. A perfectly plane house roof makes an
angle 6 with the horizontal. When its temperature changes,
between T, before dawn each day to 7}, in the middle of
each afternoon, the roof expands and contracts uniformly
with a coefficient of thermal expansion «;. Resting on the
roof is a flat rectangular metal plate with expansion coeffi-
cient ay, greater than «;. The length of the plate is L, mea-
sured up the slope of the roof. The component of the
plate’s weight perpendicular to the roof is supported by a
normal force uniformly distributed over the area of the
plate. The coefficient of kinetic friction between the plate
and the roof is w;. The plate is always at the same tempera-



ture as the roof, so we assume its temperature is continu-
ously changing. Because of the difference in expansion co-
efficients, each bit of the plate is moving relative to the roof
below it, except for points along a certain horizontal line
running across the plate. We call this the stationary line. If
the temperature is rising, parts of the plate below the sta-
tionary line are moving down relative to the roof and feel a
force of kinetic friction acting up the roof. Elements of
area above the stationary line are sliding up the roof and
on them kinetic friction acts downward parallel to the roof.
The stationary line occupies no area, so we assume no force
of static friction acts on the plate while the temperature is
changing. The plate as a whole is very nearly in equilib-
rium, so the net friction force on it must be equal to the
component of its weight acting down the incline. (a) Prove
that the stationary line is at a distance of

L <1 _ tan6>

2 M
below the top edge of the plate. (b) Analyze the forces that
act on the plate when the temperature is falling, and prove
that the stationary line is at that same distance above the
bottom edge of the plate. (c) Show that the plate steps

down the roof like an inchworm, moving each day by the
distance

L(ag — ay) (1), — T,)tand
Mo

(d) Evaluate the distance an aluminum plate moves each
day if its length is 1.20 m, if the temperature cycles be-
tween 4.00°C and 36.0°C, and if the roof has slope 18.5°,

Answers to Quick Quizzes 603

coefficient of linear expansion 1.50 X 1072 (°C) !,
and coefficient of friction 0.420 with the plate. (e) What
If? What if the expansion coefficient of the plate is
less than that of the roof? Will the plate creep up the
roof?

Answers to Quick Quizzes

19.1 (c). The direction of the transfer of energy depends only
on temperature and not on the size of the object or on
which object has more mass.

19.2 (c). The phrase “twice as hot” refers to a ratio of tem-
peratures. When the given temperatures are converted to
kelvins, only those in part (c) are in the correct ratio.

19.3 (c). Gasoline has the largest average coefficient of volume
expansion.

19.4 (c). A cavity in a material expands in the same way as if it
were filled with material.

19.5 (a). On a cold day, the trapped air in the bubbles is re-
duced in pressure, according to the ideal gas law. Thus,
the volume of the bubbles may be smaller than on a hot
day, and the package contents can shift more.

19.6 (b). Because of the decreased temperature of the helium,
the pressure in the balloon is reduced. The atmospheric
pressure around the balloon then compresses it to a
smaller size until the pressure in the balloon reaches the
atmospheric pressure.

19.7 (b). Because of the increased temperature, the air ex-
pands. Consequently, some of the air leaks to the outside,
leaving less air in the house.





