17

Perhaps the highest-temperature material
wou will ever see is the sun's ouler atmo-
sphere, or corona. Al a temperature of
ahout 2000,000°C (3,600,000°F), the
corona glows with a light that is literally
unearthly. But because the corona is also
very thin, its light is rather faint. You can
only see the corona during a total solar
eclipse when the sun’s disk is covered by
the moon, as shown here,

7 Is it accurate to say that the
corona contains heat?
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AND HEAT

TEMPERATURE

hether it's a sweltering summer day or a frozen midwinter nig
hody needs to be kept at a nearly constant temperature, [t hase
temperature-control mechanisms, but sometimes it needs help. On a bt
wear less clothing to improve heat transfer from your body Lo the air
ter cooling by evaporation of perspiration. You probably drink cold
possibly with ice in them, and sit near a fan or in an air-conditioned -_
cold day you wear more clothes or stay indoors where it's warm. e
outside, you keep active and drink hot liquids to stay warm. The conceg
chapter will help you understand the basic physics of keeping warm o

The terms temperature and heat ave often used interchangeably§
language. In physics, however, these two terms have very different me I
this chapter we’ll define temperature in terms of how it's measured s
temperature changes affect the dimensions of objects, We’ll see that hes
energy transfer caused by temperature differences and learn how to ¢l
control such enerzy iransfers.

Our emphasis in this chapter is on the concepts of temperature and b
relate o macroscopic objects such as cylinders of gas. ice cubes, aﬂd?
body. In Chapter 18 we'll look at these same concepts from a micriid
point in terms of the behavior of individual atoms and molecules. i
ters lay the groundwork for the subject of thermodynamics, the s




17.1 1 Temperature and Thermal Equilibriom

formations involving heat, mechanical work, and other aspects ol energy and
hese transformations relate to the properties of matter, Thermodynamics
ndispensable part of the foundation of physics, chemistry, and the life
nd its applications turn up in such places as car engines, refrigerators,
ical processes, and the structure of stars. We'll explore the key ideas of
wdynamics in Chapters 19 and 20,

| Temperature and Thermal Equilibrium

ncept of temperature is rooted in qualitative ideas of “hot” and “cold”
in our sense of touch. A body that feels hot usually has a higher tempera-
i a similar body that feels cold. That's pretty vague, and the senses can he
. But many properties of matter that we can measure depend on temper-
The length of a metal rod, steam pressure in a boiler, the ahility of a wire to
Lan electric current, and the color of a very hot glowing object—all these
lemperature,

e is also related to the kinetic energies of the molecules of a mater-
eral this relationship is fairly complex, so it’s not a good place to start
temperature. In Chapter 18 we will look at the relationship between
g and the energy of molecular motion for an ideal gas. It is important to
however, that temperature and heat can be defined independently of
d molecular picture. In this section we’ll develop a macroscopic defin-

Efemperature as a measure of hotness or coldness, we need o construct a
fure scale. To do this, we can use any measurahle property of a system that
ith its “hotness™ or “coldness.” Figure 17.1a shows a familiar system that
bmeasure lemperature, When the system becomes hotter, the colored lig-
; ':r mercury or ethanol) expands and rises in the tube, and the value of L
es, Another simple system is a quantity of gas in a constant-volume con-
Fig. 17.1b). The pressure p, measured by the gauge, increases or decreases
s becomes hotter or colder. A third example is the electrical resistance R
mducting wire, which also varies when the wire becomes hotter or colder.
se properties gives us a number (L, p, or B} that varies with hotness and
5,50 each property can be used to make a thermometer.

ieasure the temperature of a body, you place the thermometer in contact
thody. If you want to know the temperature of a cup of hot coffee, you
thermometer in the coffee; as the two interact, the thermometer becomes
the coffee cools off a little. After the thermometer settles down to a
vilue, you read the temperature. The system has reached an eqguilibrinm
on, in which the interaction between the thermometer and the coffee causes
change in the system. We call this a state of thermal equilibriom.
yslems are separated by an insulating material or insulator such as
ic foam, or fiberglass, they influence each other more slowly. Camp-
s are made with insulating materials to delay the ice and cold food
warming up and attaining thermal equilibrium with the hot summer
§¢. An ideal insulator is a material that permits no interaction at all
e two systems. [t prevents the systems [rom attaining thermal equilib-
they aren't in thermal equilibrium at the start. An ideal insulator is just
ization; real insulators, like those in camping coolers, aren’t ideal, so
ents of the cooler will warm up eventually.

]
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17.1 {a) A system whose temperature is
specified by the value of length L. (b) A
system whose temperature is given by the

vilue of the pressure p,
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() If systems A and &
are each in thermal
equilibrivm with
system C ...

Conducting

(b ... then systems A and &
are in thermal
equilibrium with
each other

17.2 The zcroth law of thermodynamics,
Blue slabs represent thernmal insalators,
and orange slabs represent thermal con-
duetors,

CHaPTER 1T | Temperature and Heal

We can discover an important property of thermal equilibrium by conside
three systems, A, B, and C, that initially are not in thermal equilibrium (Fig. |
We surround them with an ideal insulating box so that they cannot interact
anything except each other. We separate systems A and B with an ideal insul
wall (the blue slab in Fig, 17.2a), but we let system C interact with both syst
A and B. This interaction is shown in the figure by an orange slab representis
thermal conductor, a material that permirs thermal interactions through it
wait until thermal equilibrium is attained; then A and # are each in thermal 8
librium with C. But are they in thermal equilibrium with each other?

To find out, we separate system € from systems A and # with an ideal ins
ing wall (Fig. 17.2b), and then we replace the insulating wall between 4
with a cenducting wall that lets A and B interact. What happens? Experis
shows that nothing happens; there are no additional changes to A or B, We
clude that if C is initially in thermal equilibrivm with both A and B, th
and B are also in thermal equilibrium with each other. This result is calle
zeroth law of thermodynamics, (The importance of this law was recog
only after the first, second, and third laws of thermodynamics had been nas
Since it is fundamental to all of them, the name “zeroth” seemed appropri

Now suppose system C 15 a thermometer, such as the tube-and-liquid syste

thermal equilibrium, when the thermometer reading reaches a stable valug
thermometer measures the temperature of both A and B; hence A and 8 both!
the same temperature. Experiment shows that thermal equilibrium isn't affe
by adding or removing insulators, so the reading of thermometer ¢ wo
change if it were in contact only with A or anly with £ We conclude that twis
tems are in thermal equilibrium if and only if they have the same tempe
ture, This is what makes a thermometer useful; a thermometer actually m
its own lemperature, bul when a thermometer is in thermal equilibrium
another body, the temperatures must be equal. When the temperatures of two s
tems are different, they canner be in thermal equilibrium.,

Why does a nurse taking your temperature wait for the thermometer reading!
stop changing? What ohject is it whose temperature the nurse is reading?

17.2 | Thermometers and Temperature Scales

To make the liquid-in-tube device shown in Fig. 17.1a into a useful thermome
we need to mark a scale on the tube wall with numbers on it These numbers g
arbitrary, and historically many different schemes have been used. Suppose
label the thermometer’s liquid level at the freezing temperature of pure ¥
“zero” and the level at the boiling temperature “1(0,” and divide the distan
between these two points into 100 equal intervals called degrees. The resultisth
Celsius temperature scale (formerly called the centigrade scale in English
speaking countries). The Celsius temperature for a state colder than freezin
water is 4 negative number, The Celsius scale is used, both in everyday life andj
science and industry, almost everywhere in the world,

Another common type of thermometer uses a bimetallic sirip, made by
ing strips of two different metals together (Fig. 17.3a). When the temperat
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ite strip increases, one metal expands more than the other and the strip Metal |
is strip is usually formed into a spiral, with the outer end anchored to the
pmeter case and the inner end attached to a pointer (Fig. 17.3c). The pointer
: response 1o temperature changes,

stance thermomerer the changing electrical resistance of a coil of fine
bon cylinder, or a germanium crystal is measured. Because resistance 2)
easured very precisely. resistance thermometers are usually more precise

other types.

e thermometers don’t require physical contact with the object they're mea- !
Anexample is an ear thermometer (Fig. 17.4). Such a thermometer uses a — —
3 ; 7 T : When heated
called & thermopile to measure the amount of infrared radiation emitted by

1 metal 2
irum, which indicates the eardrum’s temperature, (We'll see in Section expands
It all ohjects emit electromagnetic radiation as a consequence of their tem- mure than
e.) The advantage of this technique is that it doesn’t require touching the pamsial 1.

and easily damaged eardrum,
Fahrenheit temperature scale, still used in everyday life in the United
Jhe freezing temperature of water is 32°F (thirty-two degrees Fahrenheit)
£ boiling temperature is 212°F, both at standard atmospheric pressure.
180 degrees between [reezing and boiling, compared to 100 on the Cel-
ke, 50 one Fahrenheit degree represents only 1o or §, as great a lempera-
as one Celsius degree,
ert temperatures from Celsius to Fahrenheit, note that a Celsius tem-
€ T is the number of Celsius degrees above freezing: the number of
fieit degrees above freezing is 7 of this. But freezing on the Fahrenheit
§at 32°F, so to obtain the actual Fahrenheit temperature T, multiply the
value by £ and then add 32°. Symbolically, 12.3 (a) A bimetallic strip. (b) The strip

9 bends when its temperature is raised. (ch A
T ;Tr' + 320 (17.1) bimetallic strip used in a thermometer,

(b}

<)

Fahrenheit to Celsius, solve this equation for T,
5
Te = 5 (7 = 32°) (172)

5, subtract 32° to get the number of Fahrenheit degrees above freezing,
g multiply by 3 to obtain the number of Celsius degrees above freezing,
the Celsins temperature,

o't recommend memorizing Egs, (17.1) and (17.2). Instead. try to under-
e reasoning that led to them so that you can derive them on the spot when
'_ﬂ'n:m_. checking your reasoning with the relation 100°C = 2]12°F,

wseful to distinguish between an actual temperature and a temperature
i difference or change in temperature). An actual temperature of 20° is
"C(lwenly degrees Celsius), and a temperature inrerval of 10° is 10 C°
U5 degrees). A beaker of water heated from 20°C to 30°C has a tempera-
nge of 10 C°.

17.4 An car thermometer measures

infrared radiation from the eardrum, which
15 located tar enough inside the head that it
gives an excellent indication of the body’s
internal temperature.

Javerage Fahrenheit temperature on the planet Venus (average Celsius
e 460°C). and find the temperature at which the Fahrenheit and Celsins
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17.5 {a) A constant-volume gas ther-
mometer, (b) Graphs of absolute pressure
versus lemperature for o constant-volume
low-density gas thermometer. The three
graphs are for experiments with different
types and quantities ol gas: the greater the
amount of gas, the higher the graph. The
dashed lines are extrapolations of the data
to low temperature.

cuarTER 17 | Temperature and Heat

17.3 | Gas Thermometers and the Kelvin Scale

When we calibrate two thermometers, such as a liquid-in-tube system and a res
tance thermometer, so that they agree at 0°C and 100°C, they may not ag
exactly at intermediate temperatures. Any temperature scale defined in this w
always depends somewhat on the specific properties of the material used. Ideall
we would like to define a temperature scale that doesn t depend on the prope ;
of a particular material. To establish a truly material-independent scale, we i
need to develop some principles of thermodynamics. We'll return to this fund
mental problem in Chapter 20. Here we'll discuss a thermometer that comes cla
to the ideal, the gas thermaometer.

The principle of a gas thermometer is that the pressure of a gas at constant w
ume increases with temperature. A quantity of gas is placed in a constant-volis
container (Fig. 17.5a), and its pressure is measured by one of the devi
described in Section 142, To calibrate a constant-volume gas [htrmmnﬂer,:
measure the pressure at two temperatures, say 0°C and 100°C, plot these poinisi
a graph, and draw a straight line between them. Then we can read from the gr
the temperature corresponding to any other pressure. Figure 17.5b shows |
results of three such experiments, each using a different type and quantity of g

By extrapolating this graph, we see that there is a hypothetical temperaiy
—273.15°C, at which the absolute pressure of the gas would become zero ¥
might expect that this temperature would be different for different gases, bl
turns out to be the same for many different gases (at least in the limit of very
gas density). We can’t actually observe this zero-pressure condition. Gases li
uefy and solidify at very low temperatures, and the proportionality of pressurel
temperature no longer holds,

We use this extrapolated zero-pressure lemperature a5 the basis For a tempe
ture scale with its zero at this temperature. This is the Kelvin temperature scal

Same experiment

with different amounts

of different gases
=

| = SN DR
27315 =200-100 0 100 200 T
1 1 1 1 1 | 4
0 MK 2000 3000 400 500 T

In each case, straight-ling
cxtrapolation predices that}
pressure would become B
at —273.15°C

(h)
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i the British physicist Lord Kelvin (1824 -1907). The units are the same fi
0s¢ on the Celsius scale, but the zero is shifted so that 0 K = —273.15°C 0.00°C ||
5K = 0°C; that is, [N@{‘T

Tq = Te + 27315 a7y @l g i
i
e i5 shown in Fig. 17.5b. A common room temperature, 20°C [ = 68°F) @ Q}‘ COBRECT

273.15, or about 293 K. F=2715K

17.6 Kelvin temperatures are measured in

In Sl nomenclature, "degree” is not used with the Kelvi le; th
gres BNEEUSRCWER Sie M SCRec I08 e tvine (K00, not “dogreen. Kalvin~

re mentioned above is read "293 kelvins,” not "degrees Kelvin” (Fig.
We capitalize Kelvin when it refers to the temperature scale; however,
i of temperature is the kelvin, which is not capitalized (but is nonethe-
reviated as a capital KJ.

¢ 1 small piece of melting ice in your mouth, Eventually, T get the Kelvin temperatures, we just add 273,15 to each Cel-
till converts from ice at T, = 32.00°F to body tempera-  sius temperature: T, = 273.15 K and T, = 310.15 K. “Normal”
= 08.60°F. Express these temperatures as “C and K, and  body temperature is 37.0°C, but if your doctor says that your tem-
= [, = T, in both cases. perature is 310 K, don't be alarmed.

The temperature difference AT =T, — T, is 37.00C" =
i 3700 K.

and SET UP: We convert Fahrenheit to Celsius temper-

ing Eqj. (17.2), and Celsius to Kelvin temperatures using  EVALUATE: The Celsius and Kelvin scales have different zero
points but the same size degrees. Therefore any temperature differ-
ence is the same on the Celsius and Kelvin scales but not the same
E! First we find the Celsivs temperatures, We know that o the Fahrenheit scale.

0°F = 0,00°C, and 98.60°F is 98.60 — 32.00 = 66.60 F

g; multiply this by (5 C%9 F*) to find 37.00 C°

pezing, or T, = 37.00°C.

Celsius scale has two fixed points, the normal freezing and boiling temper-
of water. But we can define the Kelvin scale using a gas thermometer with
ngle reference temperature. We define the ratio of any two temperatures T,
ithe Kelvin scale as the ratio of the corresponding gas-thermometer pres-

- — ( constant-volume gas thermometer, T in kelvins) (17.4)

is directly proportional to the Kelvin temperature, as shown in Fig,
pcomplete the definition of T, we need only specify the Kelvin tempera-
single specific state. For reasons of precision and reproducibility the state
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K C F
Water boils 373 ’T' 1a0° 212

100 K 100 !BE i
Water freezes 213 il L
OO, solidifies = 195 =78 ik
Oxygen liquifies  s—G0 — 183 — 2987
Abzolute zero 0 2T —4a0”

17.7 Relations among Kelvin, Celsius, and Fahrenheit temperature scales. Tempe alln
have heen rounded off to the nearest degree. [

chosen is the triple point of water. This is the unique combination of tempe
and pressure at which solid water (ice), liguid water, and water vapor can all
ist. It occurs at a temperature of 0L01°C and a water-vapor pressure Uf'ﬁl
{about 0.006 atm). (This is the pressure of the water; it has nothing to do diret
with the gas pressure in the thermometer) The triple-point temperature T y
water is defined to have the value T, = 273.16 K, corresponding to 001
From Eq. (17.4), if p,.,. is the pressure in a gas thermometer at temperature §
and p is the pressure at some other temperature T, then T is given on the |
scile by

r= T,,,,,,L.}i = {273.16

ripike Priple

Low-pressure gas thermometers using various gases are found to agree
closely, but they are large, bulky, and very slow to come to thermal equiliba
They are used principally to establish high-precision standards and to ca lib
other thermometers. '

The relationships among the three temperature scales we have discussed
shown graphically in Fig. 17.7. The Kelvin scale is called an absolute temyp
scale, and its zero point (T = 0 K = —273.15°C, the temperature at which p*
in Eq. (17.5)) is called absolute zero. At absolute zero a system of molecules (4
as a quantity of a gas, a liquid, or a solid) has its minirmum possible total ene
{kinetic plus potential); because of quantum effects, however, it is nor cornectio
that all molecular motion ceases at absolute zero, To define more completely
we mean by absolute zero, we need to use the thermodynamic principles develg
in the next several chapters. We will return to this concept in Chapter 20,

The temperature of the solar corona (see the photograph that opens this chap e
2.0 % 107 °C, and the temperature at which helium becomes a Tiquid ats
pressure is —268.93°C. Express these temperatures in kelvins, and explain
the Kelvin scale is usually employed for very high and very low temperature

17.4 | Thermal Expansion

Most materials expand when their temperatures increase. Rising temperal
make the liguid expand in a liguid—in—tube thermometer (Fig. 17.1a) and!



652

Solving for the tensile stress F/A required to keep the rod’s length const

find

For a decrease in temperature, AT is negative, so I and F/A are positive
means that a rensile force and stress are needed to maintain the length, If AT#
itive, F and FIA are negative, and the required force and stress are compres

If there are temperature differences within a body, non-uniform expan
contraction will result and thermal stresses can be induced. You can breakd
howl by pouring very hot water into it; the thermal stress between the hota
parts of the bowl exceeds the breaking stress of the glass, causing crd
same phenomenon makes ice cubes crack when dropped into warm walets
resistant glasses such as Pyrex™ have exceptionally low expansion coefl

and high strength.

Example

17.5 Thermal stress

An aluminum cylinder 10 em long, with a eross-sectional area of
20 em’, is to be used as a spacer between two steel walls. At 17.2°C
it just slips in between the walls, When it warms to 22.3°C, calcu-
late the stress in the cylinder and the wtal force it exerts on cach
wall, assuming that the walls are perfectly fgid and a constant dis-
tance apart.

IDENTIFY and SET UP: We usc Eq. (17.12) to relate the stress (our
target variable) to the temperature change, The relevant values of
Young's modulus ¥ and the coefficient of linear expansion a are
those for aluminum, the material of which the cylinder is made; we
find these values from Tables 11.1 and 17,1, respectively.

EXECUTE: For aluminum, ¥ = 7.0 % 10" Pa and o = 24 %
107" K. The temperature change is AT = 22.3°C — |7.2°C =
5.1 C" = 5.1 K. The stress is FfA; from Eqg. (17.12),

In the bimetallic strip shown in Fig. 17.3, metal 1 is copper. What are
ent materials that could be used for metal 27

17.5 | Quantity of Heat
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F
= —Ya AT (thermal stress)

L _Ya AT = —(D.70 % 10" Fa) (2.4 x 107 K')f

Fa

= —8.6 % 10° Pa (or — 1200 Ibfin.?)

stress is needed to keep the cylinder's length constant, ||":_f:
independent of the length and cross-sectional area of the
The total Force F is the cross-sectional area times (he sires

F

4(2] = (20 x 10" m*)(~8.6 X 10°Pij

&

17X 10*N

or nearly two tons. The negative sign indicates compressi

EVALUATE: The stress on the cylinder and the force ite
each wall are immense. This points out the importance of
ing for such thermal stresses in engineering.

When you put a cold spoon into a cup of hot coflee, the spoon warms

coffee conls down as they approach thermal equilibrium. The inte
causes these temperature changes is fundamentally a transfer of energ) |
substance to another. Energy transfer that takes place solely because of 8
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ifference is called hear flow or heat transfer; and energy transferred in this
alled heat.
mderstanding of the relation between heat and other forms of energy
ed gradually during the 18th and 19th centuries. Sir James Joule
) studied how water can be warmed by vigorous stirring with a paddle
g. 17.13a). The paddie wheel adds energy to the water by doing work on
Joule found that the temperature rise is directly proportional to the ameunt
1e. The same temperature change can also be caused by putting the
._..u tact with some hotter body (Fig. 17.13h); hence this interaction must
olve an energy exchange. We will explore the relation between heat and
ical energy in greater detail in Chapters 19 and 20.

It is absolutely essential for you to keep clearly in mind the dis-
on between temperature and heat, Temperature depends on the physical
pofa material and is a guantitative description of its hotness or coldness. In
sics the term "heat™ always refers to energy in transit from one body or sys-
to another because of a temperature difference, never to the amount of
ntained within a particular system. We can change the temperature
dy by adding heat to it or taking heat away, or by adding or subtracting
gy in other ways, such as mechanical work (Fig. 17.13a). If we cut a bady in
ach half has the same temperature as the whole; but to raise the tem-
ture of each half by a given interval, we add half as much heat as for the

ean define a wnif of quantity of heat based on temperature changes of some
material. The calorie (abbreviated cal) is delined as the amount of heat
il raise the temperature of one gram of water from 14.5°C 1o 15.5°C.
bealorie (keal), equal ta 1000 cal, is also used; a food-value calorie is actu-
pcalorie. A corresponding unit of heat using Fahrenheit degrees and
is the British thermal unit, or Bru. One B is the quantity of heat
il o raise the temperature of one pound (weight) of water | F* from 63°F

heat is energy in transit, there must be a definite relation between
5 and the familiar mechanical energy units such as the joule. Experi-
milar in concept to Joule™s have shown that

lcal = 4. 1861
| keal = 1) cal = 4186 1]
1 Btu = 778 ft*lb = 252 cal = 1055]

galorie is not a fundamental SI unit, The International Committee on
sand Measures recommends using the joule as the basic unit of energy in
5, including heat, We will follow that recommendation in this book.

ic Heat

the symbol @ for quantity of heat. When it is associated with an infinites-
perature change 7T, we call it Q. The quantity of heat () required to
e temperature of a mass m ool a certain material from T, o T is [ound
pimately proportional to the temperature change AT = T, — 1. It is
portional to the mass m of material. When you're heating water to make

653

17.13 The same temperature change of the
same system may be accomplished by
{a) doing work on it or (b} adding heat o ir,
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cilikg-K) tea, you need twice as much heat for two cups as for one if the temperaturg
i val is the same. The guantity of heat needed also depends on the nature
4,,;[] material: raising the temperature of one kilogram of water by 1 C® requires 4|
d;m A of heat, but only 910 1 is needed to raise the temperature of one kilogram o
2 : i

Tian E mmumlby £, . _
4180 - Purtting all these relationships together, we have
4170

< Q0 = mc AT ( heat required for temperature change of mass m)

1 | | | | T
0 040 o0 80 100

where ¢ is a quantity, different for different materials, called the specific

17.14 Specific heat of water as a function the material. For an infinitesimal temperature change dT and corresponding

of temperature. The value of ¢ varies by tity of heat dQ),
less than 1% between 0°C and 100°C,

d = me dT
1 do
m T

In Eqgs. (17.13), (17.14), and {17.15), Q {or dQ) and AT (or «T) can be
positive or negative. When they are positive, heat enters the body and its &
ature increases; when they are negative, heat leaves the body and its temp
decreases.

{ specific heat )

" FEAUTIONS Remember that dQ does not represent a change in the amo
) heat contained in a body; this is a meaningless concept. Heat is alwaysé
in transit as a result of a temperature difference. There is no such thing :"
amount of heat in a body.”

The specific heat of water is approximately
4190 Vkeg-K 1 calfg-C" or | Bu/lh-F*

The specific heat of a material always depends somewhat on the initial temp
and the temperature interval. Figure 17.14 shows this variation for waes

Example

17.6 Feed a cold, starve a fever

During a bout with the Mu an 80-kg man ran a fever of 39.0°C  EXECUTE: From Eq. (17.13),
(102.2°F) instead of the normal body temperature of 37.0°C
(9%.6°F). Assuming that the human body is mostly water, how
mueh heal is reqquired to raise his temperature by that amount’?

0 = me AT = (80 kg) (4190 Mkeg-K) (20K} = 678

EVALUATE: This corresponds to 160 keal, or 160 food-val
ries. In fagt, the specific heat of the human body is morer
to 3480 Vkg - K, about 83% that of water. The differen
the presence of protein, fat, and minerals, which have lowen
heats. With this value of ¢, the required heat is 56 %
133 keal. Either result shows us that were it not for the b
perature-regulating systems, taking in energy in the fom
SET UP: We are given the values of m = 80 kg, ¢ = 4190 Jkg- K would produce measurable changes in body temperaure
{for water), and AT = 390°C — 37.0°C = 2.0C" = 20 K. We  case of a person with the flu, the elevated temperatune s
use Eqg. (17.13) o determine the required heat. the body's extra activity in fighting infection.)

IDENTIFY: This problem uses the relationship between heat (the
target variable), mass, specific heal, and temperature change.



eular gasoline camp stove, 309% of the energy released in
he fuel actually goes o heating the water in the pot on the
pe heat 100 L ¢ 1.00 kg) of water from 207°C 1o 100°C and
5 kg of it away. how much gasoline do we burn in the

hich also undergoes a phase change from liguid 1o gas.
r § 4 certain amount of heat, which we use to determing

17.7 | Mechanisms of Heat Transfer
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Combustion, temperature change, and phase change

To boil 0.25 kg of water at 100°C requires
0= mb, = (025 kg) (2256 % 10° Vkg) = 5.64 % 10°]

The total energy needed is the sum of these, or .99 x [0° J. This
is only 0,30 of the total heat of combustion, so that energy is
(8,99 = 10° T)/0.30 = 3.00 x 10°J, As we mentioned earlier,
one gram of gasoline releases 46,000 I, so the mass of gasoline
required is

300 X 1001

65
46,000 /2 &

or a volume of about (.08 L of gasaline.

nt of gasoline that must be burned (the target variahle).

EVALUATE: This result is a testament to the tremendous amount of
energy that can be released by burning even a small guantity of
gasoline, Note that most of the heat delivered was used to boil away
0.25 L of water. Can you show thal another 123 g of gasoline would
be required to boil away the remaining water?

The heat required to rise the temperature of the water
i to 100°C is

= me AT = {100 kg ) (4190 ke K (80 K)
= 335 % 107§

ke a block of ice at 0°C and add heat to it at a steady rate. After a time . the
ifice has been converted completely to steam at 100°C. What is the tem-
of the (ice? water? steam) at time /2, and what is its phase?

| Mechanisms of Heat Transfer

gtalked about conductors and insulators, materials that permit or prevent
psfer between bodies. Now let’s look in more detail at rates of energy
. In the kitchen you use an aluminum pot for good heat wransfer from the
jwhatever you're cooking, but your refrigerator is insulated with a mate-
it prevents heat from flowing into the food inside the refrigerator. How do
::,. difference between these two materials?

sthree mechanisms of heat transfer are conduction, convection, and radia-
widsiction occurs within a body or hetween two bodies in contact. Convee-
enends on motion of mass from one region of space to another. Radiation is
ansfer by electromagnetic radiation, such as sunshine, with no need for mat-
he present in the space between hodies,

pold one end of a copper rod and place the other end in a flame, the end you are
g gets hotter and hotter, even though it is not in direct contact with the flame,
hes the cooler end by conduction through the material. On the atomic
. gatoms in the hotter regions have more Kinetic energy, on the average, than
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Insulator
foulawiy )

17.20 Steady-state heat fow due to con-

Hiat
CUurrent
. el

1%

duction in a uniform rod.

Table 17.5 Thermal Conductivities

Substance

Metals
Aluminum
Brass
Copper
Lead
Mercury
Silver
Steel

E{Wm-K)

205.0
(VRN
3850
4.7
83
406.,0
50.2

Varrious sofids (representative values)

Brick, insulating
Brick, red
Concrete
Cork

Felt
Fiberglass
Cilass

Ice

Rock wool
Styrofoam
Wood

Giases
Air
Argon
Helium
Hydrogen
Oygen

Nk

015
(.6
(8

(.12-0.04

(.024
LG
014
.14
(L0253

0.6
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their cooler neighbors, They jostle their neighbors, giving them o
energy. The neighbors jostle their neighbors, and so on through the
atoms themselves do not move from one region of material to anothi
energy does.

Most metals also use another, more effective mechanism to con
Within the metal, some electrons can leave their parent atoms and wand
the crystal lattice. These “free” electrons can rapidly carry energy
to the cooler regions of the metal, so metals are generally good condugt
A metal rod at 20°C feels colder than a piece of wood at 20°C becau
flow more easily from your hand into the metal, The presence of © ¢
also causes most metals to be good electrical conductors.

Heat transfer occurs only between regions that are at different i
and the direction of heat flow is always from higher to lower te il
17.20 shows a rod of conducting material with cross-sectional area A
L. The left end of the rod is kept at a temperature Ty and the right ent
temperature Ty, so heat [lows from left to right, The sides of the rod 8
by an ideal insulator, so no heat transfer occurs at the sides,

When a quantity of heat d@ is translerred through the rod in a time
of heat flow is dQdi. We call this rate the heat current, denoted by |
H = d(di. Experiments show that the heat current is proportional fo
sectional area A of the rod and to the temperature difference (Tu=
inversely proportional to the rod length L. Introducing a proportio
k called the thermal conductivity of the material, we have

) Ty — Tc :
H= ‘;—? - kﬁ% ( heat current in conduction

The guantity {7, — 7-)/L is the temperature difference per uni
called the magnitude of the temperature gradient. The numeri
depends on the material of the rod. Materials with large & are good cor
heat; materials with small k are poor conductors or insulators. Equati
also gives the heat current through a slab or through any homogeneous
uniform cross section A perpendicular to the direction of flow; L is he
the heat-flow path. ‘ '
The units of heat current H are units of energy per time, or power)
of heat current is the watt (1 W = 1 1/s)}. We can find the units of
Eq. (17.21) for k; you can show that the ST units are W/m - K, Some nuf
ues of k are given in Table 17.5.
The thermal conductivity of “dead” (that is, nonmoving) air is ver
wool sweater keeps you warm because it traps air between the fib
many insulating materials such as Styrofoam and liberglass are most
Figure 17.21 shows a ceramic material with very unusual thermal
including very small conductivity. ]
If the temperature varies in a non-uniform way along the length
ducting rod, we introduce a coordinate x along the length and
temperature gradient to be dT/dx. The corresponding generalizal
(17.21) is
dQ . MEH-

i dx



re.

th

ed 5o that the heat current H through the slab is
AT - Te)

i

H

4B, (17.21), we see that R is given by

i8ee Problem 17.110.)

Heat Conduction

WTIFY the relevant conceprs: The concept of heat conduc-
tomes into play whenever two objects at different tempera-
are placed in contact.

TUP the protlem using the following steps:

b Identify the direction of heat flow in the problem (from
hot to cold). In Eq. (17.21), L is always measured along
this direction, and A is always an area perpendicular to
this direction. Often when a box or other container has an
iregular shape but uniform wall thickness. yvou can
approximalte it as a flal slab with the same thickness and
total wall area.

e [dennify the target variable.

CUTE the solurion as follows:
b IF heat flows through a single object, use Eq. (17.21) to
Ssndve for the targer varable,
L In some problems the heat flows through two different
" materials in succession. The temperature at the interface
between the two materials is then intermediate between

17.7 | Mechanisms of Heat Transfer

Enegative sign shows that heat always flows in the direction of decreasing

ermal insulation in buildings, engineers use the concept of thermal
g, denoted by R. The thermal resistance ® of a slab ol material with area

Ty and 75 are the temperatures on the two sides of the slab. Comparing this

Bt L is the thickness of the slab. The SI unit of R is 1 m”- K/W. In the units
.|1 commercial insulating materials in the United States, H is expressed in
BAisin ft*, and T, — T in FY. (1 Bw/h = 0.293 W.) The units of & are
I «h/Bru, though values of R are usually quoted without units: a 6-inch-
1_' layer of fiberglass has an R value of 19 (that is, R = 19 ft*-F°-h/Biu), a
ch-thick slab of polyvurethane foam has o value of 12, and so on. Doubling
ckness doubles the R-value. Common practice in new construction in
g northern climates is to specify R values of around 30 for exterior walls and
5. When the insulating material is in layers, such as a plastered wall, fiber-
insulation, and wood exterior siding, the R values are additive. Do you see
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(17.23)

(17.24)

17.21 This protective tile, developed for
use in the space shuttle, has extraordinary
thermal properties. The extremely small
thermal conductivity and small heat capac-
ity of the material make it possible (o hold
the tile by its cdges, even though its tem-
perature is high enough o emit the light
for this photograph.

Ty and T represent it by a symbol such as T. The tlemper-
ature differences for the two materials are then (T, — T
and (T — T ). In steady-state heat flow, the same heat
has to pass through both miaterials in succession, so the
heat current M must be the same in both materials.

3. If there are two paralle! heat-flow paths, so that some heat
flows through each, then the total H is the sum of the
quantities M, and A, for the separate paths. An example is
heat flow from inside 10 outside a house, both through the
glass in a window and through the surrounding frame. In
this case the temperature difference is the same for the
two paths, but L, A, and & may be different for the two
paths.

4. As always, it 1s essential to use a consistent set of units. [T
you use a value of & expressed in W/m- K, don't use dis-
tances in centimeters, heat in calories, or Tin degrees
Fahrenheit!

EVALUATE vour answer; As always, ask yvourself whether the
results are physically reasonable,
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Conduction through a picnic cooler

A Styrofoam box used to keep drinks cold at a picnic has total wall
area (including the lid) of 0,80 m? and wall thickness 2.0 em. It is
filled with ice, water, and cans of Omni-Cola a1 0°C. What is the
rate of heat flow into the hox if the temperature of the outside wall
is 30°C? How much ice melts in one day?

IDENTIFY and SET UP: The first target variable 15 the heat current
H. The second is the amount of ice melted, which depends on the
heat current (heat per unit time), the elapsed time, and the heat of
fusion.

EXECUTE: We assume that the tolal heat flow is approximately the
same as it would be through a flat slab of area (.80 m® and thick-
ness 2.0 cm = 0.020 m (Fig. 17.22). We find & from Table 17.5.
From Eq. (17.21) the heat current (rate of heat flow) is

HPC - °C
0,020 m

3

T = T
H= m% = (0.010 Wim-K) (0.80 m?)

=12W =121/

o
17.22 Conduction of heat. We can approximate heat flow through the walls of af
cooler by heat flow through a single flat slab of Styrofoam, 1

A steel bar 1000 cm long is welded end-1o-end to a copper bar
20.0 cm long (Fig. 17.23). Both bars are insulaled perfectly on
their sides. Each bar has a square cross section, 2,00 ¢m on a
side. The free end of the steel bar is maintained at 100°C by plac-
ing it in contact with steam, and the free end of the copper bar is
maintained at 0°C by placing it in contact with ice, Find the tem-
perature at the junction of the two bars and the total rate of heat
flow.

cuaprTer 17 | Temperature and Heat

Conduction through two bars |

The total heat ow £ in one day (86,400 ) is
Q= Hi= (121/s)(%6,400s) = 1.04 > 10°]

The heat of fusion of ice is 3.34 % 10° I/kg, so the quantity
meclied by this gquantity of heat is
m — Q’
Ly
RS
T a3 x 100 kg

EVALUATE: The low heal current is a result of the low
ductivity of Styrofoam. A substantial amount of heat flows
hours, but o relatively small amount of ice melts becanse thel
fusion is high., &

IDENTIFY and SET UP: As we discussed in the Problem:
Strategy, the heat currents in the two bars must be equal; f
is the key to the solution. We write Eq. (1T.21) twice, oncel
bar, and set the heat currents . and A, equal o e
Both expressions for the heat current involve the temperi
the junction, which is one of our target variables.




Insulator (cutaway )

| Heat flow along two metal bars, one of steel and one of
L connecied end-to-end.

UTE: Setting the two hear currents equal,

Ka AL100°C — T) keopper A(T = 0°C)
eipper L

Lm-d O

'. 58 A are equal and may be divided out. Substituting
-0 00m, L., = 0200m, and numerical values of k
able 17.5, we find

M Wim-K)(100°C — T) (385 Wim-K) (T — 0°C)
0,100 m - 0200m

mpke 17.13, suppose the two bars are separated. One end of
@ is maintained at 100°C and ihe other end of each bar is
med at (°C (Fig. 17.24). What is the toral rate of heat flow

2000 ¢m
200 em

..- :n..(a.

Insulator
(cutaway )

Ty=

Heat flow along two metal bars, one of steel and one of
allel te and separated from each other.
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Rearrunging and solving for T, we find
r=207"C
We can find the total heat current by substituting this value for
T back into either of the above expressions:
i {50.2 W/m-K) (0.0200 m)*{ 100°C — 20.7°C)
0,100 m

= 159W
or

(385 W/m+K)(0.0200m)*(20.7°C) —
0.200 m -

T

EVALUATE: Even though the steel bar is shorter, the temperuture
drop across it is much greater than across the copper bar (from
1007C 1o 20.3°C in the sicel versus from 20.7°C to 0°C in the cop-
per). This difference anises because steel is a much poorer conduc-
tor than copper.

Conduction through two bars Il

IDENTIFY and SET UP: In this case the bars arc in parallel rather
than in series. The wotal heat current is now the suwm of the currents in
the two bars, and for each bar, Ty — T = 100°C — 0°C = () K.

EXECUTE: We write the heat currents for the two rods individually,
then add them 1o get the total heat current:

kM Ty — T, kAT = T
ol + Wiy I " Te) o BT 0 7 %
I-':-uen.'l L\mpp.'l:
(5002 Wim- KO {00200 m)*{ 100 K)
B 0.100 m

(385 W/m- K ) (0.0200 m)*( 100K )

(.200 m

000W +77.0W=971W

EVALUATE: The heat flow in the copper bar is much greater than
that in the sieel bar, even though it is longer, because the thermal
conductivity of copper is much larger. The 1otal heat flow is much
greater than in Example 17.13, partly because the wotal cross see-
tion lor heat Mow is greater and partly because the full 100-K tem-
perature difference appears across each bar.
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17.25 A heating element in the tip of this
submerged tube warms the surrounding
water, producing a complex pattern of free
convection.

17.26 This false-color infrared photo-
eraph reveals radiation emitted by various
parts of the man's body, The strongest
emission (colored red) comes from the
warmest areas, while there is almost no
emission from the bottle of cold beverage.

cHarTER 17 | Temperature and Heat

Convection

Convection is the transfer of heat by mass motion of a fluid from one region of g
to another. Familiar examples include hot-air and hot-water home heating sysi
the cooling system of an automobile engine, and the flow of blood in the body
fluid is circulated by a blower or pump, the process is called forced convection i
flow is caused by differences in density due to thermal expansion, such ashot {
ing, the process is called natural convection or free convection (Fig. 17.25).

Free convection in the atmosphere plays a dominant role in determining!
daily weather, and convection in the oceans is an important global heat-ir
mechanism. On a smaller scale, soaring hawks and glider pilots make use of{
mal updrafts from the warm earth. The most important mechanism for heat trg
within the human body (needed to maintain nearly constant temperature in v
environments) is forced convection of blood, with the heart serving as the pum

Convective heat transfer is a very complex process, and there is no sif
equation to describe it, Here are a few experimental facts:

1. The heat current due to convection is directly proportional to the surfaces
This is the reason for the large surface areas of radiators and cooling fing
2. The viscosity of (luids slows natural convection near a stationary surf
giving a surface film that on a vertical surface typically has about
insulating value as 1.3 cm of plywood (R value = 0.7). Forced con
decreases the thickness of this film, increasing the rate of heat transfer
is the reason for the “wind-chill factor™; you get cold faster in a colds
than in still air with the same lemperature,
3, The heat current due to convection is found to be approximately pr
tional to the 3 power of the temperature difference between the surface
the main body of fluid.

Radiation

Radiation is the transfer of heat by electromagnetic waves such as visibleli
infrared, and ultraviolet radiation. Evervone has [elt the warmth of the sun's
ation and the intense heat from a charcoal grill or the glowing coals in a fireph
Mast of the heat from these very hot bodies reaches you not by conduction org
vection in the intervening air but by radiarion. This heat transfer would o
even if there were nothing but vacuum between you and the source of heal,

Every body, even at ordinary temperatures, emits energy in the form ofe
magnetic radiation. At ordinary temperatures, say 20°C, nearly all the energ
carried by infrared waves with wavelengths much longer than those of is
light (see Figs. 17.4 and 17.26). As the tlemperature rises, the wavelengths
shorter values. At 800°C a body emits enough visible radiation to be self-lumir
and appears “red-hot,” although even at this temperature most of the energyi
ried by infrared waves. At 3000°C, the temperature of an incandescent lamp
ment, the radiation contains enough visible light so the body appears “whited

The rate of energy radiation from a surface is proportional to the surface!
A. The rate increases very rapidly with temperature, depending on the fi
power of the absolute (Kelvin) temperature. The rate also depends on the 1
of the surface; this dependence is described by a quantity e called the emis 5
A dimensionless number between 0 and 1, it represents txhe ratio of the
radiation from a particular surface to the rate of radiation from an equal areag
ideal radiating surface at the same temperature, Emissivity also depends sl
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on lemperature. Thus the heat current # = dQ/dr due to radiation from a
fearca A with emissivity € at absolute temperature T can be expressed as

H = AeoT* ( heat current in radiation ) (17.25)

i is a fundamental physical constant called the Stefan-Boltzmann con-
This relation is called the Stefan-Boltzmann law in honor of its late- 19th-
ydiscoverers. The current best numerical value of o is

o = 5.670400(40) % 10 " Wim?-K*

Mile you to check unit consistency in Eq. (17.25). Emissivily (¢) is often
jor dark surfaces than for light ones. The emissivity of a smooth copper sur-
wbout (.3, but ¢ for a dull black surface can be close to unity.

Heat transfer by radiation

steel plate. 10 cm on a side, is heated in a black- H = Aeert

QN (cmperities of BODRC. M the eminkivigy. i5.0,60, = (0,020 m*) (0.60) (5.67 % 107" W/m*-K') (1073 K)*
the total rate of radiation of energy’! W

EVALUATE: A blacksmith standing nearby will casily feel heat

Yand SET UP: We use Eq. (17.25). The target variable is H.
e s ity R being radiated (rom this plate.

ifemission of energy. All of the other quantities are given.

E: The total surface arca. including both sides. is
| = 0,020 m’. We must convert the temperature to the
gale; B00°C = 1073 K. Then Eq. (17,25) gives

ga hody at absolute temperature T is radiating, its surroundings at tem-
T are also radiating, and the body albsorks some of this radiation, 11t is
il equilibrium with its surroundings, T = T, and the rates of radiation and
o must be equal. For this to be true, the rate of absorption must be given
by H = AeorT*. Then the ner rate of radiation from a body at tempera-
ith surroundings at temperature 7, is

H, = AeaT' — AeoT,! = Aec (T - T') (17.26)

ion a positive value of H means a net heat flow our of the body. Equa-
26) shows that for radiation, as for conduction and convection, the heat
pends on the temperature difference between two bodies,

Radiation from the human body

surface arca of the human body is 1.20 m® and the sur- SOLUTION

falure is 30°C = 303 K, find the 1otal rate of radiation of IDENTIFY and SET UP: The rate of radiation of energy from the

i the body. IT the surroundings are at a temperature of G : a 3 R e
[ the met rate of heat loss from the body by radiation? :;Jéq“ﬁ;:z,h} SRR R I S

¥ity of the body is very close 1o unity, irrespective of

EXECUTE: Tuking ¢ = 1 in Eq. (17.25), we find that the body radi-
ates at a rale
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H = AecT? H = ."’ni‘d:"l['l"'1 o Tj:l
= {1.20m*){1)(5.67 x 107* W/m*-K*) {303 K)* = (1.20m* ) { 1){5.67 x 10 " Wim*-K*)
=574 W (303K — (293K =72 W

This loss is partly oftset by absorption of radiation, which depends |
on the temperature of the surroundings. The ner rate of radiative  EVALUATE: The value of H,,, is positive because the body is li

energy transfer is given by Eq. (17.26): heat to its colder surroundings,

e 5 A 4 B . B e e e s

Heat wansler by radiation is important in some surprising places. A premal
baby in an incubator can be cooled dangerously by radiation if the walls of§
incubator happen to be cold, even when the air in the incubator is warm. 54
incubators regulate the air temperature by measuring the baby’s skin temperang

A body that is a good absorber must also be a good emitter. An ideal rad
with an emissivity of unity, is also an ideal ahsorber, absorbing all of the radial
that strikes it. Such an ideal surface is called an ideal black body or simpl)
blackbody. Conversely, an ideal reflector, which absorbs no radiation at all
also a very ineflective radiator.

This is the reason for the silver coatings on vacuum {“*Thermos™) hatls
invented by Sir James Dewar (1842-1923). A vacuum bottle has double gl
walls. The air is pumped out of the spaces between the walls; this eliminal
nearly all heat transfer by conduction and convection. The silver coating on
walls reflects most of the radiation from the contents back into the container,
the wall itself is a very poor emitter. Thus a vacuum bottle can keep colfee or s
hot for several hours, The Dewar flask, used to store very cold liquefied gases
exuctly the same in principle.

The ear thermometer in Fig. 17.4 measures the radistion emitted by the eardm
By what percentage does the radiation rate increase if the eardrum’s temperal
increases from 37.00°C w 37.10°C7
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