Heating the air inside a “hot-air” balloon raises the of processes in terms of macroscopic quantities is the field of
air’s temperature, causing it to expand, and forces air Ouantities that can be used to describe the state of a system are
out the opening at the bottom. The reduced amount of ples. To describe the state of a pure gas in a container, for
air inside means its density is lower than the outside only three state variables, which are typically the volume, the
;gl’l sgnt};zrctehilss éh:;:;wzxdgog; :;»;/:Ji ggdtﬁz temperattl:ne. More complex systems require more than three
: i em.
effects on matter: thermal expansion and the gas laws. ?;cii]bi: Chapter is on the concept of temperature. We begin,
rief discussion of the theory that matter is made up of atoms and
are in continual random motion. This theory is called kinetic
'you may recall, is Greek for “moving”), and we discuss it in more

8'

-omic Theory of Matter

atter is made up of atoms dates back to the ancient Greeks.
Greek philosopher Democritus, if a pure substance—say, a piece
t into smaller and smaller bits, eventually a smallest piece of that
| be obtained which could not be divided further. This smallest
d an atom, which in Greek means “indivisible.”’

omic theory is universally accepted. The experimental evidence in
owever, came mainly in the eighteenth, nineteenth, and twentieth
uch of it was obtained from the analysis of chemical reactions.

en speak of the relative masses of individual atoms and
at we call the atomic mass or meolecular mass, respectively.
hased on arbitrarily assigning the abundant carbon atom, °C,

ss of exactly 12.0000 unmified atomic mass umits (u). In terms
Temperature
p / ' s of hydrogen is then 1.0078 u, and the values for other atoms are
° e Periodic Table inside the back cover of this book, and also in
Therm al EXp anSIO § e molecular mass of a compound is the sum of atomic masses of
; ng up the molecules of that compound.®
rtant piece of evidence for the atomic theory is called Brownian
an d th e I d e al G a S | after the biologist Robert Brown, who is credited with its discovery
e was observing tiny pollen grains suspended in water under his
own noticed that the tiny grains moved about in tortuous paths
>n though the water appeared to be perfectly still. The atomic
CONTENTS | CHAPTER-OPENING QUESTION—Guess now! '/ b Xplains Brownian motion if the further reasonable assumption is
17-1 Atomic Theory of Matter A hot-air balloon, open at one end (see photos above), rises whe toms of any substance are continually in motion. Then Brown’s tiny
are jostled about by the vigorous barrage of rapidly moving mole-

T Tuldr s o | heated by a flame. For the following properties, is the air inside tl
Therpmometers lower, or the same as for the air outside the balloon?

17-3 Thermal Equilibrium | (i) Temperature, \bert Einstein examined Brownian motion from a theoretical point
and the Zeroth Law of (ii) Pressure, 8s able to calculate from the experimental data the approximate size

Thermodynamics (iii) Density. Oms and molecules. His calculations showed that the diameter of a
Thermal Expansion | about 10710 m,

Thermal Stresses ;
hapters 17 through 20, we study ¢
The Gas Laws and n the next four Chapters, Chapters g y

Absolute Temperature and thermodynamics, a'nd the kin'etic theory of gases.. _ - consider the atom as indivisible, but rather as consisting of a nucleus (containing
The Ideal Gas Law We will often con§1der a partlcu!ar system', by which we ; nS).and electrons. : : 5

Problem Solving with the object or set of objects; everything else in the univer » wetgl.u and molecular weight are sometimes used for these quantities, but properly
15231 Gas Law H “environment.” We can describe the state (or conditioq) of a parti prfﬂng masses, : e
Ideal Gas Law inderns such as a gas in a container—from either a microscopic or mac ;i csa?rrl::;:ls:cg as gold, dlron, or ;opper, thatdcannotfbel broken dodwn m;o st:m;l)(ler
of Molecules: Avogadro’s view. A microscopic description would involve details of the - . Compounds are substances made up of elements, and can be broken

; & 1d be ve Xamples are carbon dioxide and water. The smallest piece of an element is an atom;
Number atoms or molecules making up the system, which cou " of a compound is a molecule. Molecules are made up of atoms; a molecule of

*#17-10 Ideal Gas Temperature macroscopic description is given in terms of quantities that are ‘. €, is made up of two atoms of hydrogen and one of oxygen; its chemical formula
Scale—a Standard by our senses and instruments, such as volume, mass, pressure, ané
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FIGURE 17-1 Path of a tiny

particle (pollen grain, for example)
suspended in water. The straight

lines connect observed positiors of
the particle at equal time intervals.

Atomic Theory of Matter
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FIGURE 17-2

Atomic arrangements in

(a) a crystalline solid, (b) a liquid,
and (c) a gas.

FIGURE 17-3 Expansion joint on
a bridge.
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seratures, solids such as iron glow orange or even white. The white
of matter—solid, liquid, gas—based on macroscopic, or “large-scaje * rdinary incandescent lightbulb comes from an extremely hot tungsten
let us see how these three phases of matter differ, from the atom - ce temperatures of the Sun and other stars can be measured by the
point of view. Clearly, atoms and molecules must exert attractive forea olor (more precisely, wavelengths) of light they emit.

For how else could a brick or a block of aluminum hold together s designed to measure temperature are called thermometers. There
attractive forces between molecules are of an electrical nature (mg s of thermometers, but their operation always depends on some
Chapters). When molecules come too close together, the force be ter that changes with temperature. Many common thermometers rely
become repulsive (electric repulsion between their outer electrg :on of a material with an increase in temperature. The first idea for a
could matter take up space? Thus molecules maintain a minimum d Galileo, made use of the expansion of a gas. Common thermometers
other. In a solid material, the attractive forces are strong enough 2 hollow glass tube filled with mercury or with alcohol colored with a
molecules move only slightly (oscillate) about relatively fixed pos re the earliest usable thermometers (Fig. 17-4).

array known as a crystal lattice, as shown in Fig. 17-2a. In a lig L ommon liquid-in-glass thermometer, the liquid expands more than
molecules are moving more rapidly, or the forces between them ar on the temperature is increased, so the liquid level rises in the tube
they are sufficiently free to pass around one another, as in Fig. 1 though metals also expand with temperature, the change in length
forces are so weak, or the speeds so high, that the molecules do n d, say, is generally too small to measure accurately for ordinary
together. They move rapidly every which way, Fig. 17-2c, filling imperature. However, a useful thermometer can be made by bonding
occasionally colliding with one another. On average, the speed issimilar metals whose rates of expansion are different (Fig. 17-5b).
high in a gas that when two molecules collide, the force of attrac berature is increased, the different amounts of expansion cause the
enough to keep them close together and they fly off in new directio ' to bend. Often the bimetallic strip is in the form of a coil, one end

i ed while the other is attached to a pointer, Fig. 17-6. This kind of
SV TJTIEE2S ESTIMATE | Distance between atoms_. Jhic P g

: 3 3 : used as ordinary air thermometers, oven thermometers, automatic
copper is 8.9 X 10° kg/m’, and each copper atom has a mass of 62 electric coffeepots, and in room thermostats for determining when

average distance between the centers of neighboring copper ato ot air conditioner should go on or off. Very precise thermometers
APPROACH We consider a cube of copper 1 m on a side. From the lectrical properties (Chapter 25), such as resistance thermometers,
we can calculate the mass m of a cube of volume V = 1 m® (m . ‘_ and thermistors, often with a digital readout.

this by the mass of one atom (63 u) to obtain the number of a L
assume the atoms are in a uniform array, and we let N be the nun
a 1-m length; then (N)(N)(N) = N? equals the total number o
SOLUTION The mass of 1 copper atom is 63u =63 X
1.05 X 10"® kg. This means that in a cube of copper 1 m on aside {
there are

At the start of Chapter 13, we distinguished the three commop

re Scales

asure temperature quantitatively, some sort of numerical scale must
The most common scale today is the Celsius scale, sometimes called
scale. In the United States, the Fahrenheit scale is also common. The
t scale in scientific work is the absolute, or Kelvin, scale, and it will
ater in this Chapter.

o define a temperature scale is to assign arbitrary values to two
ducible temperatures. For both the Celsius and Fahrenheit scales these
15 are chosen to be the freezing point and the boiling point' of water,
tandard atmospheric pressure. On the Celsius scale, the freezing point
sen to be 0°C (“zero degrees Celsius”) and the boiling point 100 C.
. ._c'_eit scale, the freezing point is defined as 32°F and the boiling point
al thermometer is calibrated by placing it in carefully prepared
each of the two temperatures and marking the position of the liquid
a Celsius scale, the distance between the two marks is divided into
qual intervals representing each degree between 0°C and 100°C (hence
tigrade scale” meaning “hundred steps”). For a Fahrenheit scale, the
¢ labeled 32°F and 212°F and the distance between them is divided into
tvals. For temperatures below the freezing point of water and above
dint of water, the scales may be extended using the same equally spaced
€ver, thermometers can be used only over a limited temperature
2 of their own limitations—for example, the liquid mercury in a
S thermometer solidifies at some point, below which the thermometer
8. It is also rendered useless above temperatures where the fluid,
Ol, vaporizes. For very low or very high temperatures, specialized
II€ required, some of which we will mention later.

8.9 x 10°kg/m®
1.05 X 10"® kg/atom
The volume of a cube of side £is V = £, so on one edge of thi
there are (8.5 X 10%)3 atoms = 4.4 X 10° atoms. Hence the di
neighboring atoms is
1m
4.4 X 10° atoms

NOTE Watch out for units. Even though “atoms” is not a unity
include it to make sure you calculate correctly. 1

= 8.5 X 10% atoms/m’.

= 23x10"%m.

17-2 Temperature and Thermo

In everyday life, temperature is a measure of how hot or cold some
oven is said to have a high temperature, whereas the ice of a frozel
have a low temperature.

Many properties of matter change with temperature. For examp
expand when their temperature is increased.” An iron beam is longer Wi
cold. Concrete roads and sidewalks expand and contract slightly accordin
which is why compressible spacers or expansion joints (Fig. 17-3) aré
intervals. The electrical resistance of matter changes with temperatuf€
So too does the color radiated by objects, at least at high temperatu
noticed that the heating element of an electric stove glows with aI€

€.

Lof a substance is defined as that temperature at which the solid and liquid phases
—that is, without any net liquid changing into the solid or vice versa. Experimen-
210 occur at only one definite temperature, for a given pressure. Similarly, the boiling
g ._lhat temperature at which the liquid and gas coexist in equilibrium. Since these
PIESsure, the pressure must be specified (usually it is 1 atm).

'Most materials expand when their temperature is raised, but not all. Water, for ex
0°C to 4°C contracts with an increase in temperature (see Section 17-4).

FIGURE 17-4 Thermometers built by
the Accademia del Cimento (1657-1667)
in Florence, Italy, are among the earliest
known. These sensitive and exquisite
instruments contained alcohol, sometimes
colored, like many thermometers today.

FIGURE 17-5 (a) Mercury- or
alcohol-in-glass thermometer;
(b) bimetallic strip.

Tube
|
Bulb (acts as j
a reservoir)
(a) (b)

FIGURE 17-6 Photograph of a ther-
mometer using a coiled bimetallic strip.
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Every temperature on the Celsius scale corresponds to a partj

on the Fahrenheit scale, Fig. 17-7. It is easy to convert from g
100°C —3¢=—-"7 212°F you remember that 0°C corresponds to 32°F and that a rang
Celsius scale corresponds to a range of 180° on the Fahrenhei
Fahrenheit degree (1 F°) corresponds to 100/180 = 5 of a Cels
That is, 1 F° = $C°. (Notice that when we refer to a specific ten
150°F “degrees Celsius,” as in 20°C; but when we refer to a change in
temperature interval, we say “Celsius degrees,” as in “2 C°”

D

rhermal Equilibrium and the
zeroth Law of Thermodynamics

siliar with the fact that if two objects at different temperatures are
al contact (meaning thermal energy can transfer from one to the
objects will eventually reach the same temperature. They are then
ermal equilibrium. For example, you leave a fever thermometer in

Illll.ll T il

L IIII_IHIIIIII _II_I“I_'I' IIII‘lIJ IIlIIIIlIIIl! LI

50°C — between the two temperature scales can be written il il it comes into thermal equilibrium with that environment, and
F 00°F U it Two objects are defined to be in thermal equilibrium if, when
2 T(°C) = 3[T(°F) - 32} nal contact, 1o net energy flows from one to the other, and their
i =i on’t change. Experiments indicate that
| y it 2ms are in thermal equilibrium with a third system, then they are in
iE 50°F T(°F) = 5T(°C) + 32. ilibrium with each other.

0°C c--——-32°F

s called the zeroth law of thermodynamics. It has this unusual name
ot until after the great first and second laws of thermodynamics
d 20) were worked out that scientists realized that this apparently
te needed to be stated first.

; . e is a property of a system that determines whether the system will
Taking your temperature. Normal bot quilibrium with other systems. When two systems are in thermal

=g Rather than memorizing these relations (it would be easy o ¢
 O°F is usually easier simply to remember that 0°C = 32°F ari_
Celsius  |Fahrenheit 5C° = achange of 9F".
(centigrade)

FIGURE 17-7 Celsius and 98.6°F. What is this on the Celsius scale? ir temperatures are, by definition, equal, and no net thermal
Fahrenheit scales compared. APPROACH We recall that 0°C = 32°F and 5C° = 9F°, : xchanged between them.' This is consistent with our everyday
A CAUTION SOLUTION First we relate the given temperature to the free.zi rature,tsutlge vien f oo alect a%? - ci)lld.one are put into contact,
ol airet (0°C). That is, 98.6°F is 98.6 — 32.0 = 66.6F° above the frg come o the same temperature. Thus the importance of the zeroth
remembering 0°C = 32°F and a water. Since each F° is equal to 3C°, this corresponds to 66.6 X ! definition of temperature.
change of 5C° = 9F° degrees above the freezing point. The freezing point is 0°C, so .
is 37.0°C. hermal Expansion

es expand when heated and contract when cooled. However, the

EXERCISE A Determine the temperature at which both scales give t ansion or contraction varies, depending on the material.

reading (Tc = T¢). ‘

sion

dicate that the change in length A£ of almost all solids is, to a good
directly proportional to the change in temperature A7, as long as
arge. The change in length is also proportional to the original length
lo. That is, for the same temperature increase, a 4-m-long iron rod
length twice as much as a 2-m-long iron rod. We can write this
as an equation:

M = of,AT, (17-1a)

Oportionality constant, is called the coefficient of linear expansion

Different materials do not expand in quite the same W
temperature range. Consequently, if we calibrate different kinds
exactly as described above, they will not usually agree precisely.
we calibrate them, they will agree at 0°C and at 100°C. But bex
expansion properties, they may not agree precisely at intermedi:
(remember we arbitrarily divided the thermometer scale into 10
between 0°C and 100°C). Thus a carefully calibrated mercury-in-g
might register 52.0°C, whereas a carefully calibrated thermo
type might read 52.6°C. Discrepancies below 0°C and above 1I

significant. b ar'matgrial and has units of (C°)l. We write £ ={, + AL,
Because of such discrepancies, some standard kind of thern 1 write this equation as £ = {, + Al = {, + abp AT, or
chosen so that all temperatures can be precisely defined. Th L= 0(1 + aAT), (17-1b)

dard for this purpose is the constant-volume gas thermome:t
the simplified diagram of Fig. 17-8, this thermometer CON
filled with a dilute gas connected by a thin tube to a mer

. ength initially, at temperature T;, and L is the length after heating
L a temperature 7. If the temperature change AT =T — T; is
= [ — {, is also negative; the length shortens as the temperature

FIGURE 17-8 Constant-volume
gas thermometer.

(Section 13-6). The volume of the gas is kept constant by rak
the right-hand tube of the manometer so that the mercury
tube coincides with the reference mark. An increase in temp
proportional increase in pressure in the bulb. Thus the tube mus - k5 |
to keep the gas volume constant. The height of the mercury 1 at To] s ) FIGURE 17-9 A thin rod of length £
column is then a measure of the temperature. This therrln T ———— at temperature Ty is heated to a new
same results for all gases in the limit of reducing the gas pPre ~ALl= yniform temperature T and acquires
toward zero. The resulting scale serves as a basis for the stand: at T (ST P ) length £, where £ = {, + AL

: ¢ |

scale (Section 17-10). !
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TABLE 17-1 Coefficients of Expansion, near 2o°c .. grll Ring on a rod. An iron ring is to fit snugly on a cylindrical
— snec the diameter of the rod is 6.445 cm and the inside diameter of

Lk Ll ' %‘;‘;ﬁcslﬁ:‘t’?xf :J(l:l:)eflr 'f; 50 cm. To slip over the rod, the ring must be slightly larger than the
:  about 0.008 cm. To what temperature must the ring be brought if
Solids ‘ : i - large enough so it will slip over the rod?
Aluminum 2502 10_6 1§ he hole in the ring must be increased from a diameter of 6.420 cm
IS 192X 10_6 0.008cm = 6.453cm. The ring must be heated since the hole
Copper : 1742800 . crease linearly with temperature (Example 17-4).
Gold 135010 & _ solve for AT in Eq. 17-1a and find
Iron or steel 12 X107 Al 6.453cm — 6.420 cm

Lead 29 x 1076 = — = s = 430C".

Glass (Pyrex”) 3% 106 s alo (12 X 10 6/C )(6420 cm)

Glass (ordinary) 9 x 107¢ _ aised at least to T = (20°C + 430 C°) = 450°C.

Quartz 0.4 x 1078 ] Sing Problems, do not forget the last step, adding in the initial

Concrete and brick ~12 X 1078 . 0°C here).

Marble 1.4-3.5 X 1076
Liouids EXAMPLE 17-6 ] Opening a tight jar lid. When the lid of a glass @ PHYSics APPLIED
‘(I}asoline - ing the lid under hot water for a short time will often make it easier to Opening a tight lid
- ' 1), Why?
Mercury . ). Why
Ethyl alcohol

Glycerin

fhe lid may be struck by the hot water more directly than the glass

ad sooner. But even if not, metals generally expand more than

me temperature change (a is greater—see Table 17-1).

L ut a hard-boiled egg in cold water immediately after cooking it, it @ PHYSICS APPLIED

G“s‘j’s : - the different thermal expansions of the shell and egg cause the Peeling a hard-boiled egg
Air (and most other gases e he shell
at atmospheric pressure) 340 > :

| pansion
The values of a for various materials at 20°C are listed in T volume of a material which undergoes a temperature change is

a does vary slightly with temperature (which is why the jon similar to Eq. 17-1a, namely

different materials do not agree precisely). However, if the te ' - -

not too great, the variation can usually be ignored. k- = BVoAT, 1 @752
‘change in temperature, Vj is the original volume, AV is the change

@euvysics apprieo [[ZTNIITIREEEN Bridge expansion. The steel bed of a s is the coefficient of volume expansion. The units of 8 are (C°)”".
Expansion in structures 200 m long at 20°C. If the extremes of temperature to which i for various materials are given in Table 17-1. Notice that for
|are —30°C to +40°C, how much will it contract and expand] | ally equal to approximately 3a. To see why, consider a rectangular

i ; 0, width W;, and height H,. When its temperature is changed by 2
APPROACH We assume the bridge bed will expand and co anges from V, = £, W, H, to FIGURE 17-11 Example 17-6.

temperature, as given by Eq. 17-1a. 0
. : 1+ aAT)Wy(1l + a AT)Hy(1 + a AT),
SOLUTION From Table 17-1, we find that a = 12 X 10‘6( : R DL % ad DL 2 A T)
and assuming a is the same in all directions. Thus,

increase in length when it is at 40°C will be g
Vo= Vo(1 + @ AT)® — Vy = Vg[3a AT + 3(a AT)? + (« AT)?.

Al = o AT = (12 X 107%/C°)(200 m)(40°C — 20°C) Japox A :
_expansion is much smaller than the original size of the object,
or 4.8 cm. When the temperature decreases to —30°C, AT = and we can ignore all but the first term and obtain

Af = (12 X 107/C°)(200m)(-50C°) = —12 I~ (3a)V,AT.
or a decrease in length of 12cm. The total range the exp 2with B ~ 3a, For solids that are not isotropic (having the same prop-

accommodate is 12 cm + 4.8cm =~ 17 cm (Fig. 17-3). ] ctions), however, the relation 8 ~ 3a is not valid. Note also that linear
— _ ) meaning for liquids and gases since they do not have fixed shapes.

CONCEPTUAL EXAMPLE 17-4 | Do holes expand or con ong thin bar of aluminum at 0°C is 1.0m long and has a volume of
thin, circular ring (Fig. 17-10a) in the oven, does the ring’s hole g : When heated to 100°C, the length of the bar becomes 1.0025 m. What i i3
FIGURE 17-10 Example 17-4. Olume of the bar at 100°C? (a) 1.0000 X 10'3 m’; (b) 1.0025 X 1073 m%
RESPONSE You might guess that the metal expands into th m*; (d) 1.0075 X 1073 m>; () 2.5625 X 103 m

hole smaller. But it is not so. Imagine the ring is solid, llke
Draw a circle on it with a pen as shown. When the metal ex
inside the circle will expand along with the rest of the

=1 and 17-2 are accurate only if A€ (or AV) is small compared
IS is of particular concern for liquids and even more so for gases
expands. Cutting the metal where the circle is makes clear gSZSv;llreersef(:)fr f aF;:)tEae::r:g:nilz;:S\?vl:yvg??ii:llil:;tsv?&alglis::tig
(a) (b) lFlg‘ 17-10a increases in diameter. ' be discussed starting in Section 17-6.
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Gas tank in the Sun. The 70-liter (L) stee
filled to the top with gasoline at 20°C. The car sits in the *hermal Stresses

reaches a temperature of 40°C (104°F). How much gasolin '_ s such as in buildings and roads, the ends of a beam or slab of material
overflow from the tank? whlch greatly limits expansion or contraction. If the temperature
@ PHYSICS APPLIED APPROACH Both the gasoline and the tank expand as the te Jarge compressive or tensile stresses, called thermal stresses, will occur.
Gas tank overflow and we assume they do so linearly as described by Eq. 17-2. % of such stresses can be calculated using the concept of elastic modulus
flowing gasoline equals the volume increase of the gasoline min ' hapter 12. To calculate the internal stress, we can think of this process as
volume of the tank. ' o steps: (1) the beam tries to expand (or contract) by an amount Af
SOLUTION The gasoline expands by | 1 (2) the solid in contact with the beam exerts a force to compress (or
AV = BV,AT = (950 x 1076/C°)(70 L)(40°C ing it at its original length. The force F required is given by Eq. 12—4:

The tank also expands. We can think of it as a steel shell that '. = e £,

expansion (B8 ~ 3a = 36 X 107%/C°). If the tank were solj EA ) :
(ttﬁa shell) vsguld expand just the/san)le. Thus the tank in crs:ah ne’s modulus for the material. To calculate the internal stress, F/ A,

_ ;! 0 N "
AV = (36 X 10°6/C°)(70L)(40°C — 20°C) = 2in Eq. 17-1a equal to Af in the equation above and find

. 18
so the tank expansion has little effect. More than a liter of gas W AT = EA &.
NOTE Want to save a few pennies? You pay for gas by volu
tank when it is cool and the gas is denser—more molecules ‘ 21
But don’t fill the tank quite all the way. | - = aF AT.
Anomalous Behavior of Water Below 4°C 1 #Y Stress in concrete on a hot day. A highway is to be made

»ncrete 10 m long placed end to end with no space between them to
ansion. If the blocks were placed at a temperature of 10°C, what
ress would occur if the temperature reached 40°C? The contact
 each block is 0.20 m2 Will fracture occur?

Most substances expand more or less uniformly with an increase
long as no phase change occurs. Water, however, does not follo
If water at 0°C is heated, it actually decreases in volume until it 1

4°C water behaves normally and expands in volume as “th ; ¢ : i
increased, Fig. 17-12. Water thus has its greatest density at 4°C We use the expression for the stress F/A we just derived, and find

behavior of water is of great importance for the survival of aqua "from Table 12-1. To e if fracture occurs, we compare this stress

winters. When the water in a lake or river is above 4°C and e strength of concrete in Table 12-2.

contact with cold air, the water at the surface sinks because of i \

is replaced by warmer water from below. This mixing continues

turepreachesy4°C. As the surface water cools furthger, it rema I (12 x 107/ C°)(20 X 10°N/ mz)(30 Cc) =72X% 10°N/m?.

because it is less dense than the 4°C water below. Water then  not far from the ultimate strength of concrete under compression
@ PHYSICS APPLIED surface, and the ice remains on the surface since ice (specific 8 ) and exceeds it for tension and shear. If the concrete is not perfectly

Life under ice  less dense than water. The water at the bottom remains liquid the force will act in shear, and fracture is likely. This is why soft spacers

that the whole body of water freezes. If water were like most su oints (Fig. 17-3) are used in concrete sidewalks, highways, and bridges.

more dense as it cools, the water at the bottom of a lake wo .

Lakes would freeze solid more easily since circulation would bring ow much space would you allow between the 10-m-long concrete blocks if

to the surface to be efficiently cooled. The complete freezing of 2 temperature range of 0°F to 110°F?

severe damage to its plant and animal life. Because of the unusua '

below 4°C, it is rare for any large body of water to freeze com ,he G as LaWS an d

helped by the layer of ice on the surface which acts as an insulator!
of heat out of the water into the cold air above. Without this pec A bSOlute Temp erature
property of water, life on this planet as we know it might not have

Not only does water expand as it cools from 4°C to 0°C, it ex
as it freezes to ice. This is why ice cubes float in water and plpes
inside them freezes.

.

. i§ not very useful for describing the expansion of a gas, partly because
an be so great, and partly because gases generally expand to fill
iner they are in. Indeed, Eq. 17-2 is meaningful only if the pressure is
; € volume of a gas depends very much on the pressure as well as on
(a) (b) €. It is therefore valuable to determine a relation between the volume,

02 5855108 a1_00° 100000° 46? i€ temperature, and the mass of a gas. Such a relation is called an
104343/l 1.04343 vl  / i €. (By the word state, we mean the physical condition of the system.)
] : of a system is changed, we will always wait until the pressure and

-~ 09998 ' Ve reached the same values throughout. We thus consider only
§ | ates of a system—when the variables that describe it (such as

d pressure) are the same throughout the system and are not

100013 11.00013 = €. We also note that the results of this Section are accurate only for
1.00000 41.00000 0.96 8 not too dense (the pressure is not too high, on the order of an

R W €ss) and n
107 100° T ) ot close to the liquefaction (boiling) point.

FIGURE 17-12 Behavior of water
as a function of temperature near
4°C. (a) Volume of 1.00000 g of
water, as a function of temperature.
(b) Density vs. temperature.

[Note the break in each axis.]

Volume (cm3)
of 1.00000 g water

@PHYSlcs APPLIED

Highway buckling
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For a given quantity of gas it is found experimentally that, g gas are not too high, and the gas is not too close to liquefaction
mation, the volume of a gas is inversely proportional to the The term law applied to these three relationships has become
applied to it when the temperature is kept constant. That is, sever, so we have stuck with that usage.

gy - “EXAMPLE 17-9 | Why you should not throw a closed glass jar

- : = - What can happen if you did throw an empty glass jar, with the lid
where P is the absolute pressure (rnot “gauge pressure”—see S f1re and why?
oxa ‘?‘Ple’ gy PN, 2 a3 is doubled, the volume is fe De inside of the jar is not empty. It is filled with air. As the fire
4 original, volume, This, relation is known. a3, Doy ceRE de its temperature rises. The volume of the glass jar changes only
(1627-1691), who first stated it on the basis of his own expe Stlhe heating, According to Gay-Lussac’s law the pressure P of the
of P vs. V for a fixed temperature is shownirijiiiCuuy - n increase dramatically, enough to cause the jar to explode,
also be written ;:ef:zs i 0L

FIGURE 17-13 Pressure vs.
volume of a fixed amount of gas at a
constant temperature, showing the
inverse relationship as given by PV = constant.

Boyle’s law: as the pressure - b .
decreases, the volume increases. That is, at constant temperature, if either the pressure or volume

of gas is allowed to vary, the other variable also changes so th |:he Ide al Gas LaW
remains constant.
Temperature also affects the volume of a gas, but a quantit; i Boyle Charles, and Gay-Lussac were obtained by means of a very
between V and T was not found until more than a century after [ technique: namely, holding one or more variables constant to see
Frenchman Jacques Charles (1746~1823) found that when the pres fects on one variable due to changing one other variable. These laws
high and is kept constant, the volume of a gas increases with mbined into a single more general relation between the absolute
FIGURE 17-14 Volume of a fixed nearly linear rate, as shown in Fig. 17-14a. However, all gase ne, and absolute temperature of a fixed quantity of gas:
amount of gas as a function of temperatures (for example, oxygen liquefies at —183°C), so the T
(a) Celsius temperature, and extended below the liquefaction point. Nonetheless, the graph i
(b) Kelvin temperature, when the straight line and if projected to lower temperatures, as shown by | adicates how any of the quantities P, V, or T will vary when the
pressure is kept constant. crosses the axis at about —273°C. antities change. This relation reduces to Boyle’s, Charles’s, or
Such a graph can be drawn for any gas, and the straight lm aw when either T, P, or V, respectively, is held constant.
back to —273°C at zero volume. This seems to imply that if a gas » must incorporate the effect of the amount of gas present. Anyone
to —273°C, it would have zero volume, and at lower tempef n up a balloon knows that the more air forced into the balloon, the
volume, which makes no sense. It could be argued that —273°C (Fig. 17-15). Indeed, careful experiments show that at constant  FIGURE 17-15 Blowingup a
e ; \ temperature possible; indeed, many other more recent experime nd pressure, the volume V of an enclosed gas increases in direct balloon means putting more air
-273°C o°c 10°c 200c this is so. This temperature is called the absolute zero of temperat the mass m of gas present. Hence we write (more air molecules) into the
Temperature (°C) been determined to be —273.15°C. balloon, Whlcf'l increases its volume.
. ; PV «x mT. The pressure is nearly constant
(a) Absolute zero forms the basis of a temperature scale known _ ‘ (atmospheric) except for the small
scale or Kelvin scale, and it is used extensively in scientific wo n can be made into an equation by inserting a constant of propor- ffect of the balloon’s elasticity.
the temperature is specified as degrees Kelvin or, preferably, sim riment shows that this constant has a different value for different
without the degree sign. The intervals are the same as for thi T, the constant of proportionality turns out to be the same for all
but the zero on this scale (0K) is chosen as absolute zero. gad of the mass m, we use the number of moles.
point of water (0°C) is 273.15K, and the boiling point of wall  (abbreviated mol) is defined as the amount of substance that
2 i ) Indeed, any temperature on the Celsius scale can be change y atoms or molecules as there are in precisely 12 grams of carbon 12
0K 100K 200K 300K 400Kk sookx  adding 273.15 to it: - ’ 'ma'ss is exactly 12u). A simplc?r but eq}livalent .definition is this:
Temperature (kelvins, or K) T(K) = T(°C) + 273.15 3 uantity 'of substance whose mass in grams is numerically equal to the
(b) e i S (Section 17-1) of the substance. For example, the molecular mass
Now let us look at Fig. 17-14b, where the graph of the volum §(H2) is 2.0 u (since each molecule contains two atoms of hydrogen
absolute temperature is a straight line that passes through the ofi ) has an atomic mass of 1.0 u). Thus 1 mol of H, has a mass of 2.0 g.
good approximation, the volume of a given amount of gas is direc 0l of neon gas has a mass of 20 g, and 1 mol of CO, has a mass of
to the absolute temperature when the pressure is kept constant. 1 ))] = 44 ¢ since oxygen has atomic mass of 16 (see Periodic Table
Charles’s law, and is written | over). The mole is the official unit of amount of substance in the SI
[ : i€ral, the number of moles, n, in a given sample of a pure substance is
Ve -+l 1ass of the sample in grams divided by the molecular mass specified
A third gas law, known as Gay-Lussac’s law, after Jos€ mole:
(1778-1850), states that at constant volume, the absolute pressure o mass (grams)
proportional to the absolute temperature: n(mole) =

PxT. [c

B8 bus rlgegs ot fuonmuos sme: S S e number of moles in 132 g of CO, (molecular mass 44 u) is

that we use this term today (precise, deep, wide-ranging validity) _ _132g
only approximations that are accurate for real gases only as long - 44g/mol

molecular mass (g/mol) '

= 3.0 mole.
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@Tl Helium balloon. A helium party balloon, assumed to be a
= , has a radius of 18.0 cm. At room temperature (20°C), its internal
WD EALGASILAW, l Ry pE 1 s a¢m. Find the number of moles of helium in the balloon and the

where 7 represents the number of moles and R is the constan - needed to inflate the balloon to these values.
R is called the universal gas constant because its value is found Ve can use the ideal gas law to find #, since we are given P and T,
be the same for all gases. The value of R, in several sets of unj from the given radius.

We can now write the proportion discussed above (PV

(

the proper SI unit), is e get the volume V from the formula for a sphere:
R = 8314J/(mol-K) i e
iy . ; ! - ' 3
0.0821 (L-atm)/(mol-K) ; = 47 (0.180 m)® = 0.0244 m®,

= 1.99 calories/{mol-K).! 2 . 2

; . ] ) ; s given as 1.05 atm = 1.064 X 10°N/m*. The temperature must
Equatlon 17-3 is called the ideal gas law, or the equatlon of stat {in kelvins, so we Change 20°C to (20 + 273)K =293 K. Finally,
We use the term “ideal” because real gases do not follow E ' value R = 8314J/(mol-K) because we are using SI units.
particularly at high pressure (and density) or when the gas is nez
point (=boiling point). However, at pressures less than an atm - py (1064 X 10°N/m?)(0.0244 m’) 5 1
when T is not close to the liquefaction point of the gas, Eq. 17— = = = 1.066 mol.

and useful for real gases. : : : i 7 - RT (8314J/mol-K)(293K)

A CAUTION Always remember, when using the ideal gas law, that temp helium (atomic mass = 4.00 g/mol as given in the Periodic Table or

Always give T in kelvins and ~ given in kelvins (K) and that the pressure P must always be absc ) can be obtained from

P as absolute (not gauge) pressure  gauge pressure (Section 13—4). i ss = n X molecular mass = (1.066mol)(4.00g/mol) = 4.26g

EXERCISE D Return to the Chapter-Opening Question, page 454, and a g —kg.
Try to explain why you may have answered differently the first time. '
d PBELW ESTIMIATE | Mass of air in a room. Estimate the mass of
EXERCISE E An ideal gas is contained in a steel sphere at 27.0°C and whose dimensions are 5Sm X 3m X 2.5 m high, at STP.
pressure. If no gas is allowed to escape and the temperature is raised : d e th berotiiol 5 the i 1

9 1 ) . : i 7 - I irst we determine the number of moles n using the given volume.
be the new pressure? (a) 1.33 atm; (b) 0.75 atm; (c) 4.7 atm; (d) 0.21 atm; ultiply by the mass of one mole to get the total mass,
ixample 17-10 told us that 1 mol of a gas at 0°C has a volume of 22.4 L.
svolume is Sm X 3m X 2.5m, so
(5m)(3m)(2.5m)
224 X 107 m?
ure of about 20% oxygen (O,) and 80% nitrogen (N,). The molecular
12X 16u = 32u and 2 X 14u = 28 u, respectively, for an average
9u. Thus, 1 mol of air has’a mass of about 29g = 0.029kg, so our
| mass of air '

17-8 Problem Solving with q |
Ideal Gas Law

The ideal gas law is an extremely useful tool, and we now conside
We will often refer to “standard conditions” or standard ¢
pressure (STP), which means: g

e

~ 1700 mol.

) PHYSICS APPLIED
T =273K(0°C) and P =100atm = 1.013 X 10°N/z ~ (1700 mo1)(0.029 kg/mol) ~ SO0kg. Wass (G
tis roughly 100 Ib of air! of the air in a room

Volume of one mole at STP. Determin

1.00 mol of any gas, assuming it behaves like an ideal gas, at STE At 20°C, would there be (a) more, (b) less, of (c) the same air mass in a room

APPROACH We use the ideal gas law, solving for V. :
SOLUTION We solve for V in Eq. 17-3: ¥, volume is specified in liters and pressure in atmospheres. Rather than

nRT _ (1.00mol)(8.314J/mol K)(213K) _ ' g\g}lll(mts, we can instead use the value of R given in Section 17-7 as

P (1.013 x 10°N/ m’) tuations it is not necessary to use the value of R at all. For example, g

PROBLEM SOLVING Since 1 liter (L) is 1000cm® = 1.00 X 10 m?, 1.00mol of any 1§ involve a change in the pressure, temperature, and volume of a % PROBLEM SOLVING
1 mol ofgasat STP has V = 22.4L volume V = 22.4L at STP. : of gas. In this case, PV/T = nR = constant, since n and R remain Using the ideal gas law as a ratio
—. €now let P, V;, and T, represent the appropriate variables initially,
epresent the variables after the change is made, then we can write

AV, _ BY
B T,
EXERCISE F What is the volume of 1.00mol of ideal gas at 546K (22 1y five of the quantities in this equation, we can solve for the sixth.
2.0 atm absolute pressure? (a) 112 L, (b) 22.4L, (c) 44.8L, (d) 672 L, (€ he three variables is constant (V; = V,, or P, = P, or T, = Ty)
. this equation to solve for one unknown when given the other

-,

V =

The value of 22.4L for the volume of 1 mol of an ideal gas @
remembering, for it sometimes makes calculation simpler.

tCalories will be defined in Section 19-1; sometimes it is useful to use R as given in t€

466 CHAPTER 17 Temperature, Thermal Expansion, and the Ideal Gas Law SECTION 17-8 Problem Solving with the Ideal Gas Law 467



) PHYSICS APPLIED
Pressure in a hot tire

Check tires cold. An automobile tire is
to a gauge pressure of 200 kPa at 10°C. After a drive of 100 kny
within the tire rises to 40°C. What is the pressure within the tir

APPROACH We do not know the number of moles of gas, oy l
tire, but we assume they are constant. We use the ratio form o

SOLUTION Since V; = V,, then

By =hahpy

e
This is, incidentally, a statement of Gay-Lussac’s law. Since the
the gauge pressure (Section 13-4), we must add atmg

(=101kPa) to get the absolute pressure P, = (200kPa + 10
We convert temperatures to kelvins by adding 273 and solve fo

T
P, = P,(%) = (3.01 x 105Pa)(%%g> = 33
1

Subtracting atmospheric pressure, we find the resulting gaugy
232 kPa, which is a 16% increase. This Example shows why ca
checking tire pressure when the tires are cold.

17-9 Ideal Gas Law in Terms of \
Avogadro’s Number :

The fact that the gas constant, R, has the same value for all gases
reflection of simplicity in nature. It was first recognized, althot
different form, by the Italian scientist Amedeo Avogadro (1776
stated that equal volumes of gas at the same pressure and temperat
numbers of molecules. This is sometimes called Avogadro’s hypoth
consistent with R being the same for all gases can be seen a
Eq.17-3, PV = nRT, we see that for the same number of mole ,
pressure and temperature, the volume will be the same for all ga
the same. Second, the number of molecules in 1 mole is the sam
Thus Avogadro’s hypothesis is equivalent to R being the same for

The number of molecules in one mole of any pure substal
Avogadro’s number, N, . Although Avogadro conceived the no
able to actually determine the value of N,. Indeed, precise me
not done until the twentieth century.

A number of methods have been devised to measure Ny, 2
value today is '

Avogadro’s number Ny = 6.02 X 10, [mole

FIGURE 17-16 Example 17-13.

Since the total number of molecules, VN, in a gas is equal to the nu

times the number of moles (N = nN,), the ideal gas law, Eq. 17-3

in terms of the number of molecules present:
N

PV = nRT = FART’

IDEAL GAS LAW
(in terms of molecules)

PV = NKT,

where k = R/N, is called the Boltzmann constant and has the va
Pl 8.314 J/mol-K
Na 6.02 X 10%/mol

|
= 1.38 X 1072 J/K.

I8
'For example, the molecular mass of H; gas is 2.0 atomic mass units (u), where

32.0u. Thus 1 mol of H, has a mass of 0.0020 kg and 1 mol of 0, gas, 0.0320 kg. Th

cules in a mole is equal to the total mass M of a mole divided by the mass m of one n

ratio (M/m) is the same for all gases by definition of the mole, a mole of any g
same number of molecules.
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s 73 Hydrogen atom mass. Use Avogadro’s number to determine
7—

ydrogen atom. "

rhe mass of one atom equals the mass of 1mol divided by the

yms in 1 mol, Na. ' :
§ mole of hydrogen atoms (atomic mass = 1.008 u, Sect12c3)n 17-1
®) has a mass of 1.008 x 10~ kg and contains 6.02 x 107 atoms.

n has a mass

1.008 X 10 kg
1008, 10 xg
= 6.02 x 107

1.67 % 1077 kg.

T ESTIVIATE | How many molecules in one breath? Estimate
lecules you breathe in with a 1.0-L breath of air.

PHYSICS APPLIED
Molecules in'a breath

We i hat fraction of a mole 1.0 L is by using the result of
Oetg::elnrnnl(r)llz ‘l:’as a volume of 22.4L at STP, and then multiply that
the number of molecules in this number of moles. o
0 e mole corresponds to 22.4L at STP,. so 1.0L of air is

L/mol) = 0.045 mol. Then 1.0L of air contains

(0,045 mol)(6.02 X 10% molecules/mol) ~ 3 X 10? molecules.

‘Ideal Gas Temperature Scale—
| a Standard

to have a very precisely defined temperature scale so that measure-
serature made at different laboratories around the world can be
npared. We now discuss such a scale that has been accepted by the
fic community.
d thermometer for this scale is the constant-volume gas thermomfater
ion 17-2. The scale itself is called the ideal gas temperature sca!e, since
he property of an ideal gas that the pressure is d%rectly proportional to
emperature (Gay-Lussac’s law). A real gas, which woglq need to be
2al constant-volume gas thermometer, approache§ this ideal at lpw
ther words, the temperature at any point in space is defined as being
0 the pressure in the (nearly) ideal gas used in the thermometer. To set
eed two fixed points. One fixed point will be P =0 at T =0K.
€d point is chosen to be the triple point of water, }vh}ch is that point
| the solid, liquid, and gas states can coexist in equilibrium. ThlS. occurs
que temperature and pressure,’” and can be reproduced at different
ith great precision. The pressure at the triple point of water is 4.58 torr
erature is 0.01°C. This temperature corresponds to 273.16K, since
‘about —273.15°C. In fact, the triple point is now defined to be

| steam can coexist (the boiling point) at a range of temperatures qependlng on .the
Is at a lower temperature when the pressure is less, such as high in the mountains.
Presents a more precisely reproducible fixed point thgn dogs either the freezing
Doint of water at, say, 1 atm. See Section 18-3 for further discussion.
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FIGURE 17-17 Temperature
readings of a constant-volume gas
thermometer for the boiling point of
water at 1.00 atm are plotted, for
different gases, as a function of the
gas pressure in the thermometer at
the triple point (Pyp). Note that as
the amount of gas in the
thermometer is reduced, so that

Py — 0, all gases give the same
reading, 373.15 K. For pressure less
than 0.10 atm (76 torr), the variation
shown is less than 0.07 K.

| Summary

The absolute or Kelvin temperature T at any point is then

ons

constant-volume gas thermometer for an ideal gas, as

..‘! ore atoms: 1kg of iron or 1kg of aluminum?
riodic Table or Appendix E
veral properties of materials that could be
y make a thermometer.
-ger, 1C° or 1F°?
; in equilibrium with system B, but B is not in
with system C, what can you say about the
e Of A, B! and C?

wem C is not in equilibrium with system A nor in
? with system B. Does this imply that A and B are
jlibrium? What can you infer regarding the
es of A, B, and C?
ation AL = afy AT, should f be the initial
: final length, or does it matter?
allic strip consists of a strip of aluminum riveted
- iron. When heated, the strip will bend. Which
e on the outside of the curve? Why?
1 pipes that are fixed at the ends often have a
he shape of a U. Why?
m cylinder of lead floats in mercury at 0°C. Will
‘higher or lower if the temperature is raised?
8 shows a diagram of a simple thermostat used
furnace (or other heating or cooling system).
llic strip consists of two strips of different metals
ther. The electric switch (attached to the bimetallic
lass vessel containing liquid mercury that conducts

P
T = (273.16 K)(—). (ideal gas; constant y|

Py

In this relation, P, is the pressure of the gas in the thermometer at:
temperature of water, and P is the pressure in the thermometer
point where T is being determined. Note that if we let P = p, i
then T = 273.16 K, as it must.
The definition of temperature, Eq. 17-5a, with a constant-volume
filled with a real gas is only approximate because we find that we ge
for the temperature depending on the type of gas that is used in th
Temperatures determined in this way also vary depending on the amg
bulb of the thermometer: for example, the boiling point of water at |
from Eq. 17-5a to be 373.87 K when the gas is O, and P, = 1000 tor;
of O, in the bulb is reduced so that at the triple point P, = 500 torr,
of water from Eq. 17-5a is then found to be 373.51 K. If H, gas is |
corresponding values are 373.07K and 373.11 K (see Fig. 17-17). Bu
use a particular real gas and make a series of measurements in whic
gas in the thermometer bulb is reduced to smaller ‘and smaller amg
becomes smaller and smaller. It is found experimentally that an extra
data to Py, = 0 always gives the same value for the temperature of
(such as T = 373.15K for the boiling point of water at 1.00atn
Fig. 17-17. Thus the temperature T at any point in space, determined
volume gas thermometer containing a real gas, is defined using this lim

I

T = (273.16K) lim (-£> [constant voll

p—0 \ Pp ‘when it cag - Temperature
This defines the ideal gas temperature scale. One of the great ad :C?Sx::lz:n setting lever

scale is that the value for T does not depend on the kind of gas use
does depend on the properties of gases in general. Helium
condensation point of all gases; at very low pressures it liquefies ¢
temperatures below this cannot be defined on this scale.

vice controls Bimetallic strip

¢ and how it
1 at different

Liquid mercury
switch

E17-18

mostat

The atomic theory of matter postulates that all matter is made up of volume Vy:
tiny entities called atoms, which are typically 107" m in diameter.
Atomic and molecular masses are specified on a scale

where ordinary carbon (**C) is arbitrarily given the value

AV = BWAT.
The coefficient of volume expansion, B,
equal to 3« for uniform solids.

Ims

. Ition 10).  Liquid mercury

11. Explain why it is advisable to add water to an overheated
automobile engine only slowly, and only with the engine
running.

12. The units for the coefficients of expansion a are (C°)™", and
there is no mention of a length unit such as meters. Would
the expansion coefficient change if we used feet or millime-
ters instead of meters?

13. When a cold mercury-in-glass thermometer is first placed in
a hot tub of water, the mercury initially descends a bit and
then rises. Explain.

14. The principal virtue of Pyrex glass is that its coefficient of
linear expansion is much smaller than that for ordinary glass
(Table 17-1). Explain why this gives rise to the higher
resistance to heat of Pyrex.

15. Will a grandfather clock, accurate at 20°C, run fast or slow
on a hot day (30°C)? The clock uses a pendulum supported
on a long thin brass rod.

16. Freezing a can of soda will cause its bottom and top to
bulge so badly the can will not stand up. What has
happened?

17. Why might you expect an alcohol-in-glass thermometer to
be more precise than a mercury-in-glass thermometer?

18

Will the buoyant force on an aluminum sphere submerged
in water increase, decrease, or remain the same, if the
temperature is increased from 20°C to 40°C?

19. If an atom is measured to have a mass of 6.7 X 10727 kg,
what atom do you think it is?

20. From a practical point of view, does it really matter what gas
is used in a constant-volume gas thermometer? If so,
explain. {Hint: See Fig. 17-17.]

21. A ship loaded in sea water at 4°C later sailed up a river
into fresh water where it sank in a storm. Explain why
a ship. might be more likely to sink in fresh water than
on the open sea. [Hinr: Consider the buoyant force due
to water.]

12.0000 u (atomic mass units).

The distinction between solids, liquids, and gases can be
attributed to the strength of the attractive forces between the
atoms or molecules and to their average speed.

Temperature is a measure of how hot or cold something is. relates the pressure P, volume V, and temperatu
Thermometers are used to measure temperature on the Celsius (°C), of n moles of gas by the equation N
Fahrenheit (°F), and Kelvin (K) scales. Two standard points PV = nRT
on each scale are the freezing point of water (0°C, 32°F, 273.15K) ’
and the boiling point of water (100°C, 212°F, 373.15K).
A one-kelvin change in temperature equals a change of one
Celsius degree or 2 Fahrenheit degrees. Kelvins are related to °C
by T(K) = T(°C) + 273.15.

The change in length, A, of a solid, when its temperature
changes by an amount A7, is directly proportional to the
temperature change and to its original length £;. That is,

Water is unusual because, unlike most
volume increases with temperature, its volume:
as the temperature increases in the range fro 0

The ideal gas law, or equation of state

ic Theory

where R = 8.314J/mol-K for all gases. Real}
ideal gas law quite accurately if they aré fi
pressure or near their liquefaction point.

One mole is that amount of a substanc

Il scale?

that substance. k.
Avogadro’s number, N, = 6.02 X 107, 1
atoms or molecules in 1 mol of any pure substaf

Al = ofpAT, (17-1a) The ideal gas law can be written in terms
where a is the coefficient of linear expansion. molecules N in the gas as
The change in volume of most solids, liquids, and gases is PV = NkT,

proportional to the temperature change and to the original where k = R/Nj = 1.38 X 1073 J/K is Boltz
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#'does the number of atoms in a 21.5-g gold ring
0 the number in a silver ring of the same mass?
lany atoms are there in a 3.4-g copper penny?

ature and Thermometers
b0m temperature” is often taken to be 68°F. What

he Celsius scale? (b) The temperature of the fila-
L lightbulb is about 1900°C. What is this on the

' _ B the highest and lowest natural air temperatures
grams is numerically equal to the atomic or il are 136°F in the Libyan desert and —129°F in
< What are these temperatures on the Celsius scale?
mometer tells you that you have a fever of 39.4°C.
S in Fahrenheit?

cohol-in-glass thermometer, the alcohol column has
tm at 0.0°C and length 21.85 cm at 100.0°C. What
ature if the column has length (a) 18.70 cm, and

17-4 Thermal Expansion

7. (I) The Eiffel Tower (Fig. 17-19) is built of wrought iron
approximately 300m tall.
Estimate how much its
height changes between
January (average tempera-
ture of 2°C) and July
(average temperature of
25°C). Ignore the angles of
the iron beams and treat the
tower as a vertical beam.

FIGURE 17-19 Problem 7.
The Eiffel Tower in Paris.
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