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1 •1 remperature 
I tity that tells how hot or cold somethin • quaJl u, g is compared with a 
1nt dis temperature. vve express temperature b b da! d k Y a num er that 
5rafl nds to a egree mar on some chosen seal 
corre5P0

1y all matter expands when its temperatur:·. d r,Jear . d mcreases an 
t
s when its temperature ecreases. A common th rrac b h . ermometer 

conasures temperature y s owmg the expansion and contraction of 
file ·d usually mercury or colored alcohol-in a gla t b . tiqtll - . ss u e usmg 
a al rr<ernperature 1s generally measured on one of th d'cc a sc e. 1 ' ree 1uerent 

scales. 
cel.siLIS Scaleh On theb moos~ wid~ly udsed temperature scale, the 
ceisius scale, t e num er is ass1gne to the temperature at which 

ter freezes, and the number 100 to the temperature at which water 
~:ils (at stai:da~d-atm?spheric pressure).2

1.1 The gap between freezing 
and boiling 1s d1v1ded mto 100 equal parts, called degrees. 

Fahrenheit Scale On th~ temperature scale used commonly in the 
United States, the Fahrenheit scale, the number 32 designates the 
temperature at which water freezes, and the number 212 is assigned to 
the temperature at which water boils (at 1 atm). The Fahrenheit scale 
will become obsolete if and when the United States goes metric. 

Kelvin Scale The scale used in scientific research is the SI scale-
the Kelvin scale. Its degrees are the same size as the Celsius degree and 
are called "kelvins." On the Kelvin scale, the number O is assigned to 
the lowest possible temperature-absolute zero. At absolute zero, a 
substance has no kinetic energy to give up. Zero on the Kelvin scale, 
or absolute zero, corresponds to -273°C on the Celsius scale. We will 
learn more about the Kelvin scale in Chapter 24. 

Scale Conversion Arithmetic formulas can be used for convert-
ing from one temperature scale to another and are often popular in 
classroom exams. Such arithmetic exercises are not really physics, so 
we will not be concerned with them here. Besides, a conversion from 
CJ· · d e sms to Fahrenheit or vice versa can be very closely approximate 
b . . ' ' • 
_Y srmply readmg the corresponding temperature from the side-by-

s1de scales in Figure 21.1. 

FIGURE 21.1 
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FIGURE 21.2 A 
There is more molecular 
kinetic energy in the 
bucketful of warm water 
than in the small cupful of 
higher-temperature water. 
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Desert Ants . . 
Th rface temperatures of some deserts in Africa 

e su O Th' · h t b and central Asia reach 6ooc (140 F). IS IS. 0 ' ut 
not too hot for a species of ant ( Cataglyph,s) that 
thrives at this searing temperature. These dese_rt 
ants can forage for food at temperatures too high 
for lizards who eat them. Resistant to heat, these ants 
can withstand higher temperatures than any other 
creatures in the desert. They scavenge the desert 
surface for corpses of those wh? did not fin~ ~over in time, touching the 
hot sand as little as possible while often sprinting on four legs with tw 
high in the air. Although their foraging paths zigzag over the desert fl 0 

their return paths are almost straight lines to their nest holes. They atto~r, 
d D . a1n speeds of 100 body lengths per seco~ . uri~g an_ ave~age six-day life, 

most of these ants retrieve 15 to 20 times their weight m food. 

Temperature and Kinetic Energy Temperature is related to 
the random motions of the molecules in a substance. In the simplest 
case of an ideal gas, temperature is proportional to the average kinetic 
energy of molecular translational motion ( that is, motion along a 
straight or curved path). In solids and liquids, where molecules are 
more constrained and have potential energy, temperature is more 
complicated. But it is still true that temperature is closely related 
to the average kinetic energy of translational motion of molecules. 

The higher the temperature of a substance, the faster is the 
motion of its molecules. So the warmth you feel when you touch a 
hot surface is the kinetic energy transferred by molecules in the sur-
face to molecules in your fingers. 

Note that temperature is not a measure of the total kinetic energy 
of all the molecules in a substance. There is twice as much kinetic 
energy in 2 liters of boiling water as in 1 liter. But the temperatures of 
both liters of water are the same because the average kinetic energy 
of molecules in each is the same. Figure 21.2 shows that a bucket off 
warm water can contain more molecular kinetic energy than a cup 0 
hot water. 

CONCEPT: What is the relationship between the temperature of 
CHECK: a substance and the speed of its molecules? 



;1.2 Heat 
If you touch a hot_ stove, energy enters 
because the stove is warmer than y, your hand from th 
energy passes from your hand into~~: ~and. ~ut if you to:~~o~: 
spontaneous energy transfer is always fri~er ice. The direction ~f 
stance. The energy that transfers from a ~armer to a cooler b 
fa temperature difference between thone obJect to another b su -o . b . em is ll ecause 

It 1s common- ut incorrect with h . ca ed heat. 
· h M P ys1cs tYP . 

J11
atter contains eat. atter contains . es-to thmk that . h energy m se 1 c 

does not contain eat. Heat is energy . . vera 1orms, but it tn transit • 
of higher temperature to one of lower t 'movmg from a body 
the energy ceases to be heat.2 1.2 In Chap;:~erature. Once transferred, 
resulting from heat flow thermal energy, to~:{ called _the_energy 
and temperature. In this and following h e clear its lmk to heat c apters we will th 
that scientists prefer, internal energy. ' use e term 

When heat flows from one object or subst . · h h · ance to another one 1t 
is in contact wit , t e obJects or substances are 1·n th al erm contact. 
Figure ~1.3 uses an analogy to show how heat flows between two 
objects m thermal.contact. &,' When two substances of different 
temperatures are ID thermal contact, heat flows from the higher-
temperature substance into the lower-temperature substance. 
However, heat will not necessarily flow from a substance with more 
total molecular kinetic energy to a substance with less. For example, 
there is more total molecular kinetic energy in a large bowl of 
warm water than there is in a red-hot thumbtack. Yet, if the tack is 
immersed in the water, heat does not flow from the water to the tack. 
It flows from the hot tack to the cooler water. Heat flows according 
to temperature differences-that is, average molecular kinetic en:rgy 
differences. Heat never flows on its own from a cooler substance mto 
a hotter substance. 

CONCEPT : fl ? CHECK ~ What causes heat to ow. 

~discover! 
Can You Trust Your Senses? d e cold water in 

water an som 
1- Put some hot water, some warm ' 

three open containers. . f the other hand in the 
2 

r and a finger o 
· Place a finger in the hot wate 
cold water. How do they feel? . . the warm water. How do 

3 both fingers in 
· After a few seconds, place ? th f . temperature. 

A cool lake has more 
internal energy than 
a red-hot tack, even 
though the tack is at a 
higher temperature. 

FIGURE 21.3 
Just as water will not flow 
uphill by itself, regardless 
of the relative amounts of 
water in the reservoirs, heat 
will not flow from a cooler 
substance into a hotter sub-
stance by itself. 

ey eel now? f r measurin _ __::9 ___ u ___ _ 
4 Th' ter better o / · ink Why is a thermome --- a/I' TEMPERATURE, HEAT, AND EXPANSION 
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FIGURE 21.4 
Somewhat like water in the 
pipes seeking a common 
level (for which the pressures 
at equal elevations are the 
same), the thermometer and 
its immediate surroundings 
reach a common temperature 
(at which the average kinetic 
energy per particle is the 
same for both). 
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21.3 Thermal Equilibrium 
After objects in thermal c?ntact w_ith each other reach the 
temperature, we say the obJects are m thermal equilibriu sall1e 
objects are in thermal equilibrium, no heat flows betwe Ill. When . ·1 . en the To read a thermometer we wait unt1 it reaches therrn I ll1. 
rium with the substance being measured. When a thera equiJib. 
is in contact with a substance, heat flows between them lllorneter 

Untij have the same temperature. The temperature of the ther they 
. rnorn t 1s also the temperature of the substance. So a thermometer . e er 
estingly enough, shows only its own temperature. This is sh~:er: 
Figure 21.4. n in 

A thermometer should be small enough that it does not apprecia-
bly alter the temperature of the substance being measured. If you are 
measuring the temperature of room air, then the heat absorbed by 
the thermometer will not lower the air temperature noticeably. But 
if you are trying to measure the temperature of a drop of water, the 
temperature of the drop after thermal contact may be quite different 
from its initial temperature. 

CONCEPT: ? CHECK ~ How does a thermometer measure temperature. 

think!-------- --, 

AT, Z'C~ '-""-"~:;.J fl T =? 

A A •·+ Suppose you use a flame to add a certain quantity of heat to 1 11 .er 
of water, and the water temperature rises by 2°c. If you add the 
same quantity of heat to 2 liters of water, by how much will its tem-
perature rise? Answer: 21.5.1 



1 4 Internal Energy 
2 • 1 . lki · 

d
·t·on to the trans at1ona netic energy of jostling molecules 

ad 11 • • h 
111 bstance, there is energy m ot er forms. There is rotational 
· a 5t1 f 1 ul d ki · 111 • nergy o mo ec es an netic energy due to internal move-
1.;11euc e . h' 1 ul Th . 1"'' f atoms wit m mo ec es. ere 1s also potential energy due 
ents o I I Th JTl ! rces between mo ecu es. e grand total of all energies inside 

othe iO d . al l b tance is calle mtern energy. A substance does not contain 
su s 1 a •t has interna energy. 

heat-I ak . . @When a substance t es m or gives off heat, its internal 
<N changes. Absorbed heat may make the molecules of a sub-

enero, I h h . . . e J·ostle faster. n ot er cases, as w en ice is meltmg, a substance 
stanc . h . . b rbs heat wit out an mcrease m temperature. The substance 
:h:~ges phase, the subject of Chapter 23. 

coNCEPT : What happens to the internal energy of a substance 
CHECK: that takes in or gives off heat? 

zt.5 Measurement of Heat 
50 we see that heat is energy transferred from one substance to anot-

1 her by a temperature difference. @ The amount of heat transferred 
can be determined by measuring the temperature change of a known 
mass of a substance that absorbs the heat. 

When a substance absorbs heat, the resulting temperature change 
depends on more than just the mass of the substance, as shown in 
Figure 21.5. The quantity of heat that brings a cupful of soup to 
a boil might raise the temperature of a pot of soup by only a few 
degrees. To quantify heat, we must specify the mass and kind of sub-
stance affected. 

FIGURE 21.5 

No matter how cold an 
object is, it always has 
some internal energy. 

Although the same quantity of heat 

HOT STOVE 

is added to both containers, the tem-
perature of the container with less 
water increases more. 

The unit of heat is defined as the heat necessary to produce some 
standa d 'fi d f . r , agreed-on temperature change for a spec1 e mass o mate-
t1al Th · l . Th al . · · e most commonly used unit for heat 1s the ca one. e c one 
,~efined as the amount of heat required to raise the temperature of 
o an, of water by 1 oc. 

a!il 
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r- '&hink!----. 
Which will raise the tem-
perature more, adding 
1 calorie or 4.186 joules? 
Answer: 21 .5.2 

FIGURE 21.6 A 
To the weight watcher, the 
peanut contains 10 Calories; 
to the physicist, it releases 
10,000 calories (or 
41,860 joules) of energy 
when burned or digested. 
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Th kil calorie is 1000 calories ( the heat required to r . 
e o f 1 kilogram of water by 1 oq. The heat Unit a1se the temperature o . h h . , Used · 

rating foods is actually _a ~ocalone, alt oug its o~en referred tn 
th cal • To distingmsh 1t from the smaller calorie, the fo d to as 

e _one. ailed a Calorie (written with a capital C) o Unit is sometimes c . · 
It is important to remember that the calone and the Calo . 

units of energy. In the International Sy~tem of Units (SI), qua~;. are 
of heat is measured in joules, the SI umt _for all forms of energy 1i 
relationship between calories and joules 1s that 1 calorie equals he 
In this book we'll learn about heat with the conceptually simpl ·186). 
rie-but in die lab you may use the joule equivalent, where an :r Calo. 

' f I f input of 4.186 joules raises the temperature~ gram O ~ater by 1°c_i1.s 
The energy value in food is determmed by burnmg the food 

. h Fd and measuring the energy that 1s released as eat. 00 and other fuel 
· fth ful · sare rated by how much energy a certam mass O e e gives off as heat 

when burned. 

CONCEPT: How can you determine the amount of heat trans. 
CHECK: ferred to a substance? 

do the math! 
A woman with an average diet consumes and expends 
about 2000 Calories per day. The energy used by her 
body is eventually given off as heat. How many joules 
per second does her body give off? 

We find this by converting 2000 Calories per day to joules 
per second. We use the information that 1 Calorie equals 
4186 joules, 1 day equals 24 hours, and 1 hour equals 
3600 seconds. The conversion is then set up as follows: 

2000 C6f X X --1l!__ X 4186 J == 97 J/ == 97 W 1 a- 24 .i:r 3600 s 1 s 

Notice that the original quantity (2000 Cal/d) is multiplied by 
a set of fractions in which the numerator equals the denomi-
nator. Since each fraction has the value 1, multiplying by 
it does not change the value of the original quantity. The 
rule for choosing which quantity to put in the numerator is 
that the units should cancel and reduce to those of the end 
result. r-Ne call this technique "dimensional analysis.") On the 
average, the woman emits heat at the rate of 97 J/s, which is 
97 watts. This is nearly the same as a glowing 100-W lamp! 
It's easy to see why a crowded room soon becomes warm! 



1,6 Specific Heat Capacity 
J ryone has noticed that some foods remain hot much Ion-

st eve . d . d . 
• 11110 thers. Boile omons an m01st squash on a hot dish for 
f\J han o . , 
aer t re often too hot to eat while mashed potatoes may be 1·ust 
o ple, a I . b 
~aJll fhe filling of hot app e P_1e can. urn your tongue while the 
rish\,ill not, even w?en the pie has J~st been taken out of the oven. 
crust . inum covering on a frozen dmner can be peeled off with ~um .. 
111e fingers as soon as it is removed from the oven as shown in ' 
your z1.?. (But be careful of the food beneath it!) 
figur~fferent substances have different capacities for storing internal 

Di or heat. The capacity of a substance to store heat depends 
ene~gycl}emical composition. If we heat a pot of water on a stove, we 
onits . . 15 . . . find that 1t reqmres mmutes to raise 1t from room tempera-
fll3Y to its boiling temperature. But if we were to put an equal mass of 
~ure on the same flame, we would find that it would rise through the 
iron · 1 b 2 · ·1 th · e temperature range m on y a out mmutes. For s1 ver, e time 
~::uld be less than a minute. A specific material requires a specific 
amount of heat to raise the temperature of a given mass of the mate-
·a1 by a specified number of degrees. The specific heat capacity of 

:
1
material is the quantity of heat required to raise the temperature of a 

unit mass of the material by 1 degree. 

Table II.I Specific Heat Capacities 
Material (J/gOC) (caVg0C) 

Water 4.186 1.00 
Aluminum 0.900 0.215 

Clay 1.4 0.33 

Copper 0.386 0.092 

Lead 0.128 0.031 

Olive Oil 1.97 0.471 

Silver 0.23 0.056 

Steel (iron) 0.448 0.107 

We can think of specific heat capacity as thermal inertia. Recall 
that inertia is a term used in mechanics to signify the resistance of 
;n object to change in its state of motion. Specific heat capacity is 
ike a thermal inertia since it signifies the resistance of a substance to 
chang • . e in its temperature. 

1111/ 

FIGURE 21.7 .& 
You can touch the aluminum 
pan of the frozen dinner 
soon after it has been taken 
from the hot oven, but you'll 
burn your fingers if you 
touch the food it contains. 

If you add 1 calorie 
(4.186 joules) of heat to 
1 gram of water, you'll 
raise its temperature 
by 1 Celsius degree. 
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e- think!-----. 
~hich has a higher spe-
cific heat capacity-water 
or sand? Explain. 
Answer: 21.6 

cGo ~ nl~e sci, N--c:::::-K-=;::-:-~~,A--~ 

For: Links on 
specific heat capacity 

Visit: I www.Scilinks.org 
Web Code: fcsn - !2106 
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Absorbed energy can affect substances in different .,:, 
h 1 . l Ys. Absorbed energy that increases t e trans attona speed of 

is responsible for increases in temperature. Absorbed ener°1°1ecules 
increase the rotation of molecules, increase the internal vir °:ay a]s0 . 1 1 b d ratio within molecules or stretch mtermo ecu ar on s and be t ns , . h sored 
Potential enerov. These kinds of energy, owever, are not m as o,· . easur d by a substance's temperature. Temperature is a measure only f e 
kinetic energy of translational mo~ion._ Generally, only part 0 ; t~~e 
energy absorbed by a substance raises its temperature. 

Whereas a gram of water requires 1 calorie of energy to r . 
. h h a1se th temperature 1 °C, it takes only about one eig t as much energ e 

raise the temperature of a gram of iron by the same amount, 1:a to 
atoms in the iron lattice primarily shake back and forth in trans-n 
lational fashion, while water molecules soak up_ a lot of energy in 
rotations, internal vibrations, and bond stretchmg. So water absorb 
more heat per gram than iron for the same change in temperatur s 
Water has a higher specific heat capacity (sometimes simply calle~· 
specific heat) than iron has. 

CONCEPT: Why do different substances have different 
CHECK : capacities to store heat? 

do the math! 
How many calories are needed to raise the temperature of 
1 liter of water by 1 5°C? 
When we know the specific heat capacity, c, for a particular substance, 
then the quantity of heat, Q, involved when the mass, m, of the sub-
stance undergoes a temperature change, AT, is Q = mc6. T. Heat 
transferred = mass x specific heat capacity x temperature change. 
The specific heat capacity for water, c, is 1 cal/g°C, and the mass of 
1 liter of water is 1 kilogram, which is 1000 grams. Since c is expressed 
in calories per gram °C, we express the mass of water, m, in grams. 
Then, 

Q = mcAT 
Q = (1000 g)(1 cal/g°C)(15°) = 15,000 calories 

Suppose we deliver this energy to the water with a 1000-watt 
immersion heater. How long will it take to heat the water? 
We know that 1000 watts delivers energy at the rate 1000 joules per 
second. Converting calories to joules, 

15,000 cal x 4.186 J/cal = 63,000 joules 
At the rate of 1000 joules per second, the time required for heating 
the water by 1 S°C is 63 seconds, a little more than a minute. 



1 fhe High Specific Heat 
J1· capacity of Water 

much higher capacity for storing energy than most com-
\,\later has a·als A relatively small amount of water absorbs a great 

atefl . d' 1 11 
111on rn t for a correspon mg Y sma temperature rise. Because of 
deal of hea. s a very useful cooling agent, and is used in cooling sys-
tbis, ~ater :omobiles and other engines. If a liquid of lower specific 
1e01s !11 au·ty were used in cooling systems, its temperature would 
h_~at ~ak~

1 
for a co~pa~abl.e absorption of heat. ( Of course, if the 

nse h g re of the hqmd nses to the temperature of the engine, no eratu 
1et11P oling will take place.) Water also takes longer to cool, a use-
. therco d h tur t your great-gran parents, w o on cold winter nights likely 
~tl fact o . b l . h . ''-ed foot-warmmg hot-watehr ott

1
es mf; eir beds. 

111 Water's capacity to store eat a so a 1ects the global climate. As 
•n Figure 21.8, water takes more energy to heat up than land sh0wn1 

a The property of water to resist changes in temperature 
does. w . . 1 E d h f iitt roves the climate m many p aces. urope an t e west coast o 
th; United States both benefit from this property of water. 

FIGURE 21.8 
Water has a high specific 
heat and is transparent, 
so it takes more energy to 
heat up than land does. 

Climate of Europe The next time you are looking at a world globe, 
notice the high latitude of Europe. If water did not have a high heat 
capacity, the countries of Europe would be as cold as the northeastern 
re~ons of Canada, for both Europe and Canada get about the same 
amount of the sun's energy per square kilometer. The Atlantic cur-
rent_ known as the Gulf Stream brings warm water northeast from the 
Canbbean. It holds much of its internal energy long enough to reach 
the North Atlantic off the coast of Europe, where it then cools. The 
e~ergy released ( one calorie per degree for each gram of water 

at cools) is carried by the prevailing westerly winds over the 
uropean continent. 

all/ 

Water is king when it 
comes to specific heat 
capacity! 
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~think!----. 
Why is it advisable to 
allow telephone lines 
to sag when stringing 
them between poles in 
summer? 
Answer: 21.8 
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Climate of America Similarly, the climates <lifte, on ~I 
h il. . 1e ea 

west coasts of North America. T e preva mg wmds in the I '.stand 
of North America are westerly. On the west coast, air tnov atitudes 

f , h' h es fro Pacific Ocean to the land. Because o waters 1g heat cap- . 111 the acny 
temperature does not vary much from summer to winter. 'f h ' Ocean 
is warmer than the air in the winter, and cooler than the ai . e Water 

h · h r tn th summer. In winter, the water warms t e air t at moves over it e 
warms the western coastal regions of North America. In sum and 

d th l • Oler th water cools the air an e western coasta reg1o?s are cooled. 0 ~ e 
east coast, air moves from the land to the Atlantic Ocean. Land ~he 
a lower specific heat capacity, gets hot in summer but cools ra '.;It~ 
winter. As a result of water's high heat capacity and the wind J.1 ly 1n 
. . f S F . . irec-t10ns, the west coast city o an ranc1sco 1s warmer in the wint 

cooler in the summer than the east coast city of Washington, 0~ and 
which is at about the same latitude. ·, 

The central interior of a large continent usually experiences 
extremes of temperature. For example, the high summer and low . 
ter temperatures common in Manitoba and the Dakotas are largerin-
due to the absence of large bodies of water. Europeans, islanders, : d 
people living near ocean air currents should be glad that water has° 
such a high specific heat capacity. San Franciscans are! 

CONCEPT: What is the effect of water's high specific heat 
CHECK: capacity on climate? 

21.8 Thermal Expansion 
When the temperature of a substance is increased, its molecules jiggle 
faster and normally tend to move farther apart. This results in an 
expansion of the substance. Most forms of matter-solids, liquids, 
and gases--expand when they are heated and contract when they 
are cooled. You can see an example of this in Figure 21.9. For compa-
rable pressures and comparable changes in temperature, gases gener-
ally expand or contract much more than liquids, and liquids expand 
or contract more than solids.21.8 This thermal expansion of solids must 
be accounted for in construction. It also has applications in certain 
electronic devices. 

FIGURE 21.9 
The extreme heat of a 
July day in Asbury Park, 
New Jersey, caused the 
buckling of these railroad 
tracks. 



r---
. Joints If concrete sidewalks d h . h • r,s10'1 . . an 1g way pavmg were 

E~P"own in one cont1~uous piece, cracks would appear due to the 
Jaid d . 0 and contractwn brought about by the difference between 

ns10 . t 'T' etPa er and wmter tempera ~res. 10 prevent this, the surface is laid 
soi11~ll sections: eac~ one bemg separated from the next by a small 
iJl sfll .5 filled m with a substance such as tar. On a hot summer that I h. . gaP ansion often squeezes t 1s matenal out of the joints. 
daf, e~ 

The expansion of materials must be allowed for in the construc-
tion of structures and devices of all kinds. Different materials expand 
at different rates. A dentist uses filling material that has the same rate 
of expansion as teeth. The aluminum pistons of an automobile engine 
are enough smaller in diameter than the steel cylinders to allow for the 
much greater expansion rate of aluminum. A civil engineer uses steel 
having the same expansion rate as concrete for reinforcing concrete. 
Long steel bridges often have one end fixed while the other rests on 
rockers that allow for expansion. The roadway itself is segmented with 
tongue-and-groove-type gaps called expansion joints, as shown in 
Figure 21.10. 

Bimetallic Strips In a bimetallic strip, two strips of different 
metals, say one of brass and the other of iron, are welded or riveted 
together, as shown in Figure 21.11. When the strip is heated, the dif-
ference in the amounts of expansion of brass and iron shows up 
easil • !- One side of the double strip becomes longer than the other, 
~~smg the strip to bend into a curve. On the other hand, when the 

1
~P is cooled, it bends in the opposite direction, because the metal 

th t expands the most also contracts the most. The movement of 
e strip m b . I 1 t . ay e used to turn a pomter, regu ate a va ve, or opera e 

a switch 

FIGURE 21.10 
This gap is called an 
expansion joint, and 
it allows the bridge to 
expand and contract. 

FIGURE 21.11 T 
In a bimetallic strip, brass 
expands (or contracts) 
more when heated (or 
cooled) than does iron, so 
the strip bends as shown. 

f}crlBRASS~ 
'-i;;;;;;z p:7ifii 

IRON.J 
ROOM TEMPERATURE 

.-c--77 6 n 
BRASS\ --.... 
IRON/ 

QJil 
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tots A thermostat , such as the one in Figure 21.12, is 
fi.erf11° 5

1 plication of a bimetallic strip that is used to control ·ca ap f 
Practl As the temperature o a room changes, the back-

,1 rature. b' 11· ·1 
1c01pe bending of the imeta ic c01 opens and closes an 
;1d-fort~ 1·t When the room becomes too cold, the coil 

,1 • c1rcu . 
JectflC d the brass side, and in so doing it closes an elec-

d rowar h Wh bc!l 5 . h that turns on the eat. en the room becomes 
1ric switc the coil bends toward the iron side, which opens 
100 wa:n;; and turns off the heating unit. Refrigerators are 
the ~wi:~ with special the~mosta_ts to prevent them from becom-
equ1P~ hot or too cold. Bimetallic stnps a~e used in oven ther-
111g to electric toasters, and other devices. ntometers, 

How much a substance expands depends on its change in tern-
Glass e If one part of a piece of glass is heated or cooled more rap-
peratur . . . 
. , than adjacent parts, the expansion or contraction that results may 
rdJ~ the glass. This is especially true for thick glass. Borosilicate glass 
br. nulated to expand very little with increasing temperature. 
1s 10fl 

coNCEPKT How does matter change when heated or cooled? 
CHEC : 

discover! 
How Can You Open a Tightly 
Closed Jar? 
1. Find a glass jar with a metal lid that 

is difficult to open. 
2. Heat the lid by placing it in a 

stream of hot water or momentarily 
placing it on a hot stove. Try to 
unscrew the lid. What happens? 

3. Think Why is the jar easier to open after the metal lid is heated? 

21.9 Expansion of Water 
Almost all liquids will expand when they are heated. Ice-cold water, 
hoi~ever, does just the opposite! Water at the temperature of melt-

r~e, 0°C ( or 32°F), contracts when the temperature is increased. 
. 

15 is most unusual. As the water is heated and its temperature rises, 
It contin f 4°C w· h f ues to contract until it reaches a temperature o • it 
Urther i · · d h ex . ncrease m temperature, the water then begms to expan ; t e 

b. Phan~ion continues all the way to the boiling point, l00°C. This odd e av10 · r is shown graphically in Figure 21.13 on the next page. 

FIGURE 21.12 A 
When the bimetallic coil 
expands in a thermostat, 
the mercury rolls away 
from the electrical contacts 
and breaks the circuit. 
When the coil contracts, 
the mercury rolls against 
the contacts and com-
pletes the electric circuit. 
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FIGURE 21.13 
The graph shows the 
change in volume of water 
with increasing temperature. 

FIGURE 21.14 
Water molecules in their 
crystal form have an open-
structured, six-sided 
arrangement. As a result, 
water expands upon 
freezing, and ice is less 
dense than water. 
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. nt of water has its smallest volume-and thus its 
A given amou . 

d 
·ty at 4°C The same amount of water has its largest 

greatest ens1 - • . . volume-and smallest density-in its sobd form, ice. (Remember, io 
floats in water, so it must be less dense than water.) The volume of io 
at o"C is not shown in Figure 2!.l 3. (If it were plotted to the same exag-
gerated scale, the graph would extend far beyond the top of the page.) 
After water has turned to ice, further cooling causes it to contract 

The explanation for this behavior of water has to do with the 
crystal structure of ice. The crystals of most solids are structured so 
that the solid state occupies a smaller volume than the liquid state. 
Ice, however, has open-structured crystals, as shown in Figure 21.14. 
These crystals result from the angular shape of the water molecules, 
plus the fact that the forces binding water molecules together are 
strongest at certain angles. Water molecules in this open structure 
?"'.1PY a greater volume than they do in the liquid state. @ Al O'C. 
ice is less dense than water, and so ice floats on water. 



eltin9 Ice When ice mel~s, _not all_ the open-structured crystals 
~\ se. some crystals remam m the 1ee-water mixture, which makes 
co aprnicroscopic slush that slightly "bloats" the water (increasing its 
t1P a I · h c 

l 
rne slightly). ce water 1st ere1ore less dense than slightly warmer ,,o u . . , r With an mcrease m temperature, more of the remaining ice 

111ate • . 
crystals collapse. The meltmg of these crystals further decreases the 
volume of the water. . 

While crystals are collapsmg as the temperature increases 
between 0°C and 10°C, increased molecular motion results in 
ex'Pansion. This effect is ~hown in the center graph in Figure 21.16. 
Whether ice crystals are m the water or not, increased vibrational 
motion of the molecules increases the volume of the water. 

When we combine the effects of contraction and expansion, the 
curve looks like the right-hand graph in Figure 21.16 (or Figure 21.13). 
Th.is behavior of water is of great importance in nature. Suppose 
that the greatest density of water were at its freezing point, as is true 
of most liquids. Then the coldest water would settle to the bottom, 
and ponds would freeze from the bottom up. Pond organisms would 
then be destroyed in winter months. Fortunately, this does not hap-
pen. The densest water, which settles at the bottom of a pond, is 
4 degrees above the freezing temperature. Water at the freezing 
point, 0°C, is less dense and floats, so ice forms at the surface while 
the pond remains liquid below the ice. 

VOLUME DEC~SES 
w BECAUSE ICE 
§ CRYSTALS COLLAPSE 

.J + 0 
), 

VOLUME INCRE ES 
BECAUSE MO CULES 

MOVE F ER 
=) 

TEMPERATURE 

COMBINED 
EFFECT 

FIGURE 21.15 
The six-sided structure of 
a snowflake is a result of 
the six-sided ice crystals 
that make it up. 

FIGURE 21.16 
The collapsing of 
ice crystals (left) plus in-
creased molecular motion 
with increasing tempera-
ture (center) combine to 
make water most dense at 
4°C (right). 
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Water's density at 4°C 
means that all ponds and 
lakes freeze from the 
top down, as the surface 
must always freeze first. 

FIGURE 21.17 
As water is cooled at the 
surface, it sinks until the 
entire lake is 4°C. Only then 
can the surface water cool 
to 0°C without sinking. 
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F • Water Let's examine this in more detail. Most reezmg . c h of th 
l. . ond takes place at its sur1ace, w en the surfa . e coo mg m a p . ce air • 

Id th the water. As the surface water is cooled, it bee is co er an 'll "fl ,, ornes 
denser and sinks to the bottom. Water wi oat at the surface 
further cooling only if it is as dense or less dense than the Water for 
below. o 

Consider a pond that is initially at, say, 10 C. It cannot po 'b 
be cooled to 0°c without first being cooled t~ 4°C. And wate/;; ~! 
cannot remain at the surface for further coolmg unless all the C 

. h . 1 11 Water below has at least an equal density-t at is, un ess a the wate b 
c · r elow is at 4°e, If the water below the sunace is any temperature othe h 

4°c any surface water at 4°C will be denser and sink before it cr t ban , an e 
further cooled. So before any ice can form, all the water in a pond 
must be cooled to 4°C. Only when this condition is met can the s 
face water be cooled to 3°, 2°, 1 °, and 0°C without sinking. Then i~:-
can form, as shown in Figure 21.17. 

-1o·c 
ICE 

4°c 

Thus, the water at the surface is first to freeze. Continued cooling 
of the pond results in the freezing of the water next to the ice, so a 
pond freezes from the surface downward. In a cold winter the ice will 
be thicker than in a milder winter. 

Very deep bodies of water are not ice-covered even in the colde5t 

of winters. This is because all the water in a lake must be cooled to 
4°C before lower temperatures can be reached and the winter is not 

' f the long enough for all the water to be cooled to 4°C. If only some 0 

water is 4°C, it will lie on the bottom. Because of water's high spe-
cific heat and poor ability to conduct heat the bottom of deep lakeds 
· Id · · ' b gla m co regions is a constant 4°C the year round. Fish should e 
that this is so. 

CONCEPT 
CHECK Why does ice float on water? 
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21.1 Temperature (pages 407-408> 

1. Define temperature. 

2. Explain how a common liquid thermometer works. 

Match each number with the corresponding description. 
Temperature Description · 

Date ____ _ 

- 3. -273 a. Water freezes on the Celsius scale. 

- 4. 0 b. Water freezes on the Fahrenheit scale. 

- 5. 32 c. Water boils on the Celsius scale. 
6. 100 d. Water boils on the Fahrenheit scale. 
7. 212 e. Absolute zero on the Celsius scale. 

8. Define absolute zero. 

9. Identify where each temperature scale is primarily used. 
a. Celsius: ________________ _ 
b. Fahrenheit: _______________ _ 
c. Kelvin:_· _______________ _ 

10. Divisions on the Celsius and Fahrenheit scales ~re called 
but divisions on the Kelvin scale are called 

---------,, 
________ to the average 

11. For an ideal gas, temperature is . 1 f 
kinetic energy of molecular tranSlahona mo ion. 

12. Define translational motion. 

false? For solids and liquids, 
13. Is the following sentence true or · kinetic energy of molecular 

temperature is unrelated to the average 
translational motion. rature of a substance and the 

14. What is the relationship between the tempe 
rate of motion of its molecules? 

--------~------------

Conceptua 
d ' and Study Workbook • Chapter 21 171 

I Physics Rea mg 



~ I 

---- · rt out Name ___-- d E,cparts•0 ou pour d 
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Chapter 21 Temperature, boilillg wate\ 1d11etiC ene 
2-liter pot of the averag 

15. Suppose you have ~,cplain whetherl as chal'lged, 
1 liter of the water. in the pot 1 

temperature of the water 

21.2 Heat (page 409) 

16. Define heat. 

17. Describe the spontaneous e 
fer that occurs 

nergy trans 

when you touch a 

cube of ice. 

f lse? A cup o 
tains more f hot water con 

18. Is the following sentence true or a 
heat than a cup of cold water.~d internal energy. thermal energy 

19. Explain the meanings of the terms 

20. Define thermal contact. 

21. When two substances of different temperature are in thermal 
contact, heat flows from the _______ substance into the 
_______ substance. 

22. Is the following sentence true or false? Heat always flows from a 
substance with more total molecular kinetic energy to a substance 
with less. ______ _ 

23. Is the following sentence true or false? Heat never flows on its own from 
a cooler substance into a hotter substance. --------

21.3 Thermal Equilibrium (page 410) 

24. After objects in thermal contact with each other reach th 
tu th b. t . e same tempera re, e o 1ec s are m ______ _ 

25. When a thermometer is in contact with a substan h fl 
them until ce, eat ows between 

26. Why is it important for a thermometer to be all . · . 
substance it is measuring? sm m comparison to the 
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21 .4 Internal Energy (page 411, 

27• Name four types of energy within substances. 

a.-------------
b. ------------
c. -------------
d. -----------

Date ____ _ 

28, ------- is the grand total of all energies inside a substance. 
~9 What are two ways the intern 1 f .. . a energy o a substance can change? 

30. Describe two ways a substance can change when it absorbs heat. 

a.-------------------

b. -----------------

21.5 Measurement of Heat (pages 411-412) 

31. How can you determine the amount of heat transferred from one 
substance to another? 

32. In order to quantify heat, we must specify the _______ and 
_______ of substance affected. 

33. Suppose you place a pot with 1 cup of water and an identical pot with 
2 cups of water on a hot stove for the same amount of time. Circle the 
letters beside the sentences that correctly describe what happens. 
a. More heat is added to the pot with 2 cups of water. 
b. The same amount of heat is added to both pots. 
c. The temperature of the pot with 1 cup of water increases more. 
d. The temperature increase of both pots is the same. 

34. Define calorie. 

35. Circle the letter beside the number of kilocalories that equals 
50,000 calories. 
a. 5 b. 50 
c. 500 d. 5000 
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36. A Calorie, used to describe the energy of ---
equivalent to one ___ _ _ _ _ · joules, the SI unit for 

37. One calorie is equivalent to-------
all forms of energy. 

21.6 Specific Heat Capacity (pages 4134141 . 
38 h t depends on its · The capacity of a substance to store ea 

39. What is specific heat capacity? 

Specific Heat Capacities 
Material (J/gOC) (cal/g°C) 
Aluminum 0.900 0.215 
Cop per 0.386 0.092 
Lead 0.128 0.031 

40. Use the table above to complete these statements. 
a. ---------calorie(s) of heat are needed to raise the 

temperature of 1 gram of aluminum by 1 Celsius degree. 
b. _________ joule(s) of heat are needed to raise the 

temperature of 2 grams of copper by 1 Celsius degree. 
c. --------joule(s) of heat are needed to raise the 

temperature of 1 gram of lead by 2 Celsius degrees. 
41. Explain this statement: We can think of specific heat capacity as 

thermal inertia. 

42. Why does water have a higher specific heat capacity than iron? 

174 Conceptual Physics Reading and Study Workbook • Chapter 
21 



r 

-ci 

i 

NaJ11.e----------- Class _______ _ 

Chapter 21 Temperature, Heat, and Expansion 

21. 7 The High Specific Heat Capacity of 
water (pages 415--416) 

Date 

43. Is the f?llowing sentence true or false? Water takes longer to heat to 
a certam temperature than most substances, and it takes longer to 
cool.---------

44. Explain why Europ~ is_ much warmer than northeastern Canada, even 
though they are at surular latitudes. 

45. The high specific heat of ocean water near the west coast of North 
America causes the winters there to be ________ and the 
summers to be --------- than near the east coast. 

21.S Thermal Expansion (pages 416-419) 

46. Why do most forms of matter expand when they are heated? 

47. If concrete sidewalks and highway paving were laid down in 
one continuous piece, cracks would appear as the materials 
_________ on hot summer days and ________ on 
cold winter days. 

48. Describe one way that each of the following handles the different rates of 
thermal expansion in materials. 
a. Dentist: ________________________ _ 

b. Automobile engines: -------------------

c. Civil engineer:----------------------

l 49. Roadways on bridges often have tongue-and-gro<:>ve-type gaps called 
_________ to allow for thermal expansion. 

l 
© 
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-
w) BRA5~ 

IRON} 
ROOM TEMPE~TURE 

I, IRON/ 

n 

Date ---

50. Explain how the bimetallic strip in the figure above is affected in 
each case. 
a. Heated by a flame: 

b. Cooled by ice: 

51. Describe how a thermostat uses a bimetallic strip. 

21.9 Expansion of Water (pages 419-422) 
52. Water is most dense at a temperature of _______ _ 
53. Complete the table by writing increase or decrease to describe how the 

volume and density of water changes during each temperature change. 
Temperature Change Change in Volume Change in Density 

0°C to 4°C 
4°C to 10°c 

54. Describe how the thermal expansion and contraction of water is different 
from most other materials. 

55. Explain why wate! has such an unusual thermal expansion and 
contraction behavior. 
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use the figure below to answer questions 56-60_ 

-1o·c 
I C E 

o·c 

>dk 
4° c 

56. Where does most of the cooling in the pond take place? 

57, What determines whether the water will float at the surface? 

Date 

58. What must be true in order for water at 4°C to remain at the surface? 

59. What must be true in order for ice to begin forming at the surface of 
the pond? 

] 60. If only some of the water in a deep pond is 4°C, where will it be? 
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