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Temperature and the
Kinetic Theory of Gases

ur study thus far has focused mainly on Newtonian mechanics and
relativity, which explain a wide range of phenomena, such as the mo-

tion of baseballs, rockets, and planets. We now wn to the study of
thermodynamics, which is concerned with the concepts of heat and temper-
atre. As we shall see, thermodynamics is very successful in explaining the
bulk properties of matter and the correlation between these properties and
the mechanics of atoms and

molecules.

Have you ever won-
dered how a refrigerator
cools, or what types of trans-
formations eccur in an au-
tomobile engine, or what
happens to the kinetic en-
ergy of an object once the
object comes tw rest? The
laws of thermodynamics
and the concepts of heat
and temperature enable us
to answer such practical
5.

Many things can hap-
pen to an object when its
temperature is raised. Iis
size changes slightly, but it
may also melt, boil, ignite,

The glass vessel contains dry
ice [solid carbon dioxide). The
white cloud is carbon dioxide
vapar, which is denser than
air and hence falls from the
vessel, (R, Fobwell/Science

Photo Librany/Phote Researchers]

161 Temperature and the Z

Law of Thermodynamics

162 Thermometers and
Temperature Scales
16.3 Thermal Expansion of Solids 4L
and Liquids A
16.4 Macroscopic Description

of an Ideal Gas

5 The Kinetic Theory of Gases
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From Equation 16.1, we see that the change i
perature on the Celsius scale equals the change on the Kelvin

Chapter 16 Temperature and the Kinetic Theny of Gases

The most common temperature scale in everyday use in the United States is
the Fahrenheit scale. This scale sets the temperature of the ice point at 32°F and
the temperature of the steam point at 212°F. The relationship between the Celsius
and Fahrenheit temperature scaks is

=87, + 32°F

Equation 16.2 can easily be used to find a relationship b
temperature on the Celsius and Fahrenheit scales. It is left as a problem for you w0
show that if the Celsius remperawre changes by AT, the Fahrenheit temperature
changes by an amount 4T}, given by

AT, = AT,

Thinking Physics | |

A group of future astronauts lands on an inhabited planet. They strike up a conver-
sation with the life forms about temperature scales. It turns out that the inhabitants of
this planet have a temperature scale based on the freezing and haoiling points of water
separated by 100 of the inhabitants’ degrees. Would these wo temperatures on this
planet be the same as those on Earth? Would the size of the planct inhabitants’ degrees
be the same as ours? Suppose that the inhabitants have also devised a scale similar o
the Kelvin scale. Would their absolute zero be the same as ours?

{15-2]

[16.3]

Reasoning The values of 0°C and 100°C for the freezing and boiling points of water
are defined at anmospheric pressure. On another planet, it is unlikely that atmospheric
pressure would be exactly the same as that on Earth. Thus, water would freeze and boil
at different wemperatures on the planct. The inhabitans may call these temperatures
OF and 100°, but they would not be the same temperatures as our 0° and 100% If the
inhabitants did assign values of 0° and 100° for these then their d
would not be the same size as our Celsius degrees (unless their atmospheric pressure
was the same as ours). For a version of the Kelvin scale from this other planet, the
absolute zero would be the same as ours, because it is based on a natral, universal
definition, rather than being associated with a particular substance or a given atmo-
spheric prossure

COMCEPTUAL PROBLEM 1
e ————n

In an astronomy class, the temperature at the core of a suar is given by the professor as
1.5 % 107 degrees. A student asks if this is Kelvin or Celsius. How would you respond?

Heating a Pan of Water

A pan of water is heated from 25°C 1o B0°C. What is the
change in its temperature on the Relvin scale and on the

AT=AT =80 - 25 =5"C= K

From Equation 16.3, we find

b AT, = §AT, = §(80 — 25) = 99°F

EXERCISE 1 The melting point of gold is 1064°C, and the boiling point is 2660°C.
(a) Express these temperatures in kelvin. (b) Compute the difference between these
temperatures in Celsius degrees and kelvin,

\ a) 1337 K 2933 K (b) 1596°C; 1596 K

16.3 Thermal Expansion of Solids and Ligquids

16.3 + THERMAL EXPANSION OF SOLIDS AND LIQUIDS

Our discussion of the liquid thermometer made use of one of the best-known
changes that occurs in a substance: As its temperature increases, its volume in-
creases. (As we shall see shortly, in some materials the volume dec s when the
temperature increases.) This phenomenon, known as thermal expansion, plays
an important role in numerous applications, For example, thermal expansion joints
must be included in buildings, conerete highways, and bridges 1o compensate for
changes in dimensions with temperature variations.

The overall thermal expansion of an object is a consequence of the change in
the average separation between its constituent atoms or molecules. Consider how
the atoms in a solid substance behave. At ordinary temperamres, the atoms vibrate
about their equilibrium positions with an amplitude of about 107" m, and the
average spacing between the atoms is about 10" m. As the temperature of the
solid increases, the average separation between atoms increases. The increase in
average separation with increasing temperature (and subsequent thermal expan-
sion) is due 1o the asymmetry of the potential energy between atoms, If the thermal
expansion of an object is sufficiently small compared with the object’s initial di-
mensions, then the change in any dimension is, to a good approximation, depen-
dent on the first power of the temperature change.

Suppose an object has an initial length of L, along some direction at some
temperature. The length increases by AL for the change in temperature A7) Ex-
periments show that. when AT is small enough. AL is proportional o AT and
to Ly

AL = al AT 16.4]

or

L—Ly=alyT - T, 116.5]
where [ is the final length, 7 is the final temperature, and the proportionality
constant « is called the average coefficient of linear expansion [or a given ma-
and has units of (°C) ",
It may be helptul to think of the process of thermal expansion as a magmifi-
n or a photographi it For example. as a metal washer is heated
(Fig. 16.6), all dimensions, including the radius of the hole, increase according 10
Equation 16.4. Table 16.1 lists the average coefficient of linear expansion for various
materials, Note that for these materials a is positive, indi an increase in length
with increasing temperatu s not always the case. For example, some sub-
stances, such as calcite (C
contract along another (
Because the lin

expand along one dimension (positive a) and
lemperatire
with tempe
rature, Consid
mme of ¥V, =

ature is increased, the length of each side increases o
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Thermal expansion: The extreme
hear of a July day in Asbury Park,
New Jersey, causcd these railvoad
tracks to buckle,  (Wide Workd Photor)

/

Figure 16.7 The two metals that
form this bimetallic strip are
bonided along their longest dir

sion, The strip in this ph
wits straight before bei
ind bends when heated. Which

wonld it bend if it were

Conurtesy of Central

Chapter 16 Temperature and the Kinetic Theory of Gases
TABLE 16.1 Expansion Coefficients for Some Materials
Near Room Temperature

Material Cocfficient a(°C) ' Material Coefficient B(°C) '
Aluminum 24 X 1078 Alcohol, ethyl 112 X 1074
Brass and bronze 19 x 10°% Benzene 1.24 x 1074
Copper 17 x 10°% Acetone 15 x 1074
Glass (ordinary) 9x10® Glycerin 485 x 101
Glass (Pyrex) 3.2 x 10°® Mercury 1.82 % 10
Lead 29 % 10°° Turpentine 90 x 101
Sieel 11 % 10®° Gasoline 96 % 1071
Invar (Ni-Fe alloy) 0.9 x 1078 Air a1 0°C 367 x 107%
Concrete 12 x 107 Helivm at 0°C: 3.665 x 10°*

The new volume, V= [3 is
I3 = (1y + aly AT)® = L} + 3al,® AT + 3a*L(AT)? + o’L)(AT)?

The last two terms in this expression contain the quantity a AT raised w0
the second and third powers. Because @ AT is much less than one, squaring it
makes it even smaller. Therefore, we can neglect these two terms to get a simpler
expression:

V=[1[= L)+ 3aly" AT = V, + 3aV, AT
or
AV=V- V, = BV, AT [16.6]
where § = Sa. The quantity B is called the average coefficient of volume expan-
sion. We considered a solid cube in deriving it, but Equation 16.6 describes a
sample of any shape of solid, liquid, or gas at constant pressure.

By a similar procedure, we can show that the inerease in area of an object accom-

panying an increase in temperature is

AA = yA, AT [16.7]

where y, the average coefficient of area expansion, is given by y = 2a,

As Table 16.1 indicates, each substance has its own characteristic coefficients
of expansion. For example, when the temperatures of a brass rod and a steel rod
of equal length are raised by the same amount from some common initial value,
the brass rod expands more than the steel rod because brass has a larger coefficient
of expansion than steel. A simple device called a bimetallic strip that uses this
principle is found in practical devices such as thermostats, The strip is made by
securcly bonding two different metals together. As the temperature of the strip
increases, the two metals expand by different amounts. and the strip bends as in
Figure 16.7.

Thinking Physics 2

Suppose a solid object slightly denser than water is sitting on the bottom of a container
of water. Can the temperatre of this system be changed in any way 1o make the object
float 1o the surface?

16.3 Thermal Expansion of Solids and Liguids

Reasoning Let us imagine lowering the temperature. Liquids tend to have larger co-
efficients of linear expansion than solids, so the density of the water will increase more
rapidly with the dropping temperature than that of the solid. If the density of the solid
were initially only slightly larger than that of water, it would in principle be possible o
make it float by | ing the I €, although one faces the possible problem of
reaching the freezing point of the water before this happens.

Thinking Physics 3 3

A homeowner is painting the ceiling. and a drop of paint falls from the brush onto an
operating incandescent light bulb, The bulb breaks. Why?

Reasoning The glass envelope of an incandescent light bulb receives energy on the
inside surface by radiation from the very hot filament and movement of the gas filling
the bulb, Thus, the glass can become very hot. If a drop of paint falls onto the glass,
that portion of the glass envelope will suddenly become cold, and the contraction of
this region could cause thermal stresses that would break the glass,

CONCEPTUAL PROBLEM 2
e O

Common thermometers are made of a mercury column in a glass tube. Based on the oper-
ation of these common thermometers, which has the larger coefficient of linear expansion—
glass or mercury? (Don't answer this by looking in a table!)

CONCEPTUAL PROBLEM 3
o ——— 1

Two spheres are made of the same metal and have the same radius, but one is hollow and
the other is solid. The spheres are taken through the same temperature increase. Which

sphere expands more?

Example 16.2 Does the Hole Get Bigger or Smaller?

A hole of crosssectional area 100 em® iscut ina piece of steel AA = yA, AT

at 20°C. What is the change in area of the hole if the sieel is

heated from 20°C 10 100°C? 3
= (L18 em*

Solution A hole in a substance expands in exactly the same

wary as would a piece of the substance having the same shape

as the hole. The change in the area of the hole can be found

by using Equation 16.7.

47

= [22 % 107 %(°C) '] (100 em?) (80°C)

The Unusual Behavior of Water

Liquids generally increase in volume with increasing temperature and have volume
expansion coefficients about ten times greater than those of solids. Water is an
exception to this rule, as we can see from its density-versus-temperature curve in
Figure 16.8. As the temperature increases from 0°C o 4°C, water contracts and thus
its density increa

Above 4°C, water expands with increasing temperature. In

other words, the density of water reaches a maximum value of 1000 kg/m* at 4°C.
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Figure 16.9 An ideal gas con-
fined 1o a cylinder the volume of
which can be varied with a mov-
abl

piston. The state of the gas is
defined by any two properties,

such as pressure, volume, and tem-

pératire

Chapter 16

Temperature and the Kinetic Theory of Gases

02 46 81012
Temperature (“C)

Figure 16.8 The variation of density with temperature for water at atmospheric pressure. The
inset at the right shows that the maximum density of water occurs at 4°C.

We can use this unusual thermal expansion behavior of water to explain why a
pond freezes at the surface. When the atmospheric temperature drops from, say,
7°C 10 6°C, the water at the surface of the pond also cools and consequently de-
creases in volume. This means that the surface water is denser than the water below
it, which has not cooled and decreased in volume. As a result, the surface water
sinks and warmer water from below is forced to the surface 1o be cooled. When the
atmospheric temperature is between 4°C and (°C, however, the surface water ex-
pands as it cools, becoming less dense than the water below it. The mixing process
stops, and eventually the surface water freezes, As the water freezes, the ice remains
on the surface because ice is less dense than water. The ice continues to build up
on the surface, and water near the bottom of the pool remains at 4°C. If this did
not happen, fish and other forms of marine life would not survive.

EXERCISE 2 An automobile fuel tank is filled to the brim with 45 L of gasoline at 10°C.
Immediately afrerward, the vehicle is parked in a location where the emperare is 35°C.
How much gasoline overflows from the tank as a result of expansion? (Neglect the expansion
of the tank.) Answer  LOS L

16.4 + MACROSCOPIC DESCRIPTION OF AN IDEAL GAS

In this section we shall be concerned with the properties of a gas of mass m confined
to a container of volume V, pressure P, and temperature T. It is useful to know how
these quantities are related. In general, the equation that interrelates these quan-
tities, called the equation of state, is very complicated. However, if the gas is main-
tained at a very low pressure (or low density), the equation of state is found exper-
imentally to be quite simple. Such a low-density gas is commonly referred to as an
ideal gas. Most gases at room temperature and atmospheric pressure behave ap-
proximately as ideal gases.

16.4  Macroscopic Description of an Ideal Gas

It is convenient (o express the amount of gas in a given volume in terms of the
number of moles, n. As we learned in Section 1.2, one mole of any substance is
that mass of the substance that contains Avogadro’s number, N, = 6.022 x 10%,
of molecules. The number of moles, n, of a substance is related to its mass, m,
through the expression

[16.8]

m
T m
where M is the molar mass of the substance, usually expressed in grams per mole.
For example, the molar mass of molecular oxygen, O,, is 32.0 g/mol. Therefore,
the mass of one mole of oxygen i :

Now suppose an ideal gas is confined to a cylindrical container the volume of
which can be varied by means of a movable piston, as in Figure 16.9. We shall assume
that the cylinder does not leak, and so the mass (or the number of moles) remains
constant. For such a system, experiments provide the following information. First,
when the gas is kept at a constant temperature, its pressure is inversely proportional
1o the volume (Boyle's law). Second, when the pressure of the gas is kept constant,
the volume is directly proportional 1o the temperaiure (the law of Charles and Gay-
Lussac). These observations can be summarized by the following equation of state
for an ideal gas:

PV = nRT [16.9]

In this expression, called the ideal gas law, R is a constant for a specific gas that
can be determined from experiments, and 7'is the absolute temperature in kelvin.
Experiments on several gases show that as the pressure approaches zero, the quan-
tity PV/nT approaches the same value of R for all gases. For this reason, R is called
the universal gas constant. In 51 units, where pressure is expressed in pascals and
volume in cubic meters, the product PV has units of newton-meters, or joules, and
R has the value

R =831 |/mol-K [16.10]

If the pressure is expressed in ammospheres and the volume in liters (1 L =

10* em® = 10 m"), then R has the value

R = 00821 L:atm/mol- K

Using this value of R and Equation 16.9, one finds that the volume occupied by
1 mol of any gas at atmospheric pressure and (°C ( K) is 224 L.

The ideal gas law is often expressed in terms of the total number of molecules
N. Because the total number of molecules equals the product of the number of

moles and Avogadro’s number, N, we can write Equation 16.9 as

N
PV = nRT = — RT
Na
PV= NiyT [16.11]
where Iy is called Boltzmann's constant and has the valoe

R
by = — = 188 X 10 * /K [16.12]
N,

449

These colorful balloons rise as a
gas burner heats the air inside
them. Because warm air is less
dense than cool the buoyant
force upward can exceed the total
force downward. causing the bal-
loon 1w rise. The ver

al mo

m
can also be controlled by venting
hot air at the top of the balloon.
(Richard Megna, Fundamental Photo-
graphs, NYE)

*  The universal gas constant

«  Bolizmann s constant
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454 Chapter 16 Temperature and the Kinetic Theory of Gases

z = < b} From the point of view of kinetic theory, a molecule colliding with the piston
ranging Equation 16.14, we can relate the average wranslational molec- causes the piston to rebound with some velocity, According to conservation of mo-
ic energy to the lemperature:

By re
ular kin

mentum, then, the molecule must rebound with less velocity than it had before the

collision. Thus, as these collisions eccur, the rage velocity of the collection of mol-

Average kinetic energy per * }m_‘ﬁ = gi-T 116.15] ccules is reduced. Because temperature is related to the average velocity of molecules,
molecule the temperature of the gas drops.

That is, average translational kinetic energy per molecule is 34,70 Because vi=
147, it follows that

Imuf = bk T [16.16] CONCEPTUAL PROBLEM 6

Small planets tend to have linde or no atmosphere, Why is this?

In a si

ilar manner, for the y and 2 motions we find

tmv?=1kT and Lmv? = LkyT
Thus, each wranslational degree of freedom contributes an equal amount of energy
1o the gas, namely, 1k, 7. (In general, the phrase “degrees of freedom” refers to the A tank of volume 0.300 m* contains 2.00 mol of helium gas Solutien From Equation 16.15, we see that the average ki-
number of llllll'l;l'l;li nt means by which a molecule can possess energy.) A gen- at 20.0°C. Assuming the helium behaves like an ideal gas.  netic energy per molecule is
i iti . HTE : T (a) find the total thermal energy of the system.
Thearem of equipartition of known as the lllewft!l nfeqn_ipaﬂiﬁnn of energy, says it — LT
energy thal the energy of a system in thermal equilibrium is equally divided among Solution Using Equation 1617 with n= 200 and 7= g & 2
all degrees of freedom. 203 K, we get 607 x 1079 ]
The 1otal translational kinetic energy of N molecules of gas is simply N times
the average energy per molecule, which i

Example 16.5 A Tank of Helium

1.38 x 10 = J/K) (295 K)

$nRT = £(2.00 mol) (8.31 J/mol-K) (293 K)

en by Equation 16,15 EXERCISE 6 Using the fact that the molar mass of helium

" 1
Total kinetic energy of N * E=N({imi?) = }NT = §nRT 116,17 =K is .00 % 10~ kg/mol, determine the rms speed of the atoms
olecules E: i il 2 ) Wil i the sverage Kinetic ene et inoletile? at 20.0°C 1.35 % 10% m/s
o where we have used ky = R/N, for Bolzmann's constamt and n = N/N, for the (&) S5 I SNC itIagEe KClic EDOnY Fel el

number of moles of gas, From this result, we sce that the total kinetic energy

of a system of molecules is proportional to the absol p ¢ of the

system, :

The squ root of vF is called the rool-mean-square (rms) speed of the molecules. SUMMARY
From Equation 16,15 we get, for the rms speed,
ST I'he zeroth law of thermodynamics states that il o 15, A and B, are separately in

Root-meansquare speed * e [16.18] thermal equilibrium with a third object, then A and B are in thermal equilibrium with each

other
The relatonship between Ty, the Celsius temperature, and 7, the Kelvin (absolute)
temperature, is

ion shows that, at a given tem-
r, on the average, than heavier molecules,
For example, hydrogen, with a me wss of 2 % 107% kg/mol, moves four times T.= T— 27815 [16.1]

TABLE 16.2 Some rms as fast as oxygen, the molar mass of which is 32 % 10 kg/mol. Table 16.2 lists the
Speeds rms speeds for various molecules at 20°C The relationship between the Fahrenheit and Gelsius icperatures is

pe

b 8F [16.2

Thinking Physics 4
Imagine a gas in an insulated eylinder with a movable piston. The piston is pushed

inward. compressing the gas. and then released. As the molecules of the gas sirike the
piston, they move it outward, From the points of view of (a) energy principles, and

i " FLNER e When a substance is heated, it g

srally expands. [ an object has an inidal length of
are of AT, its length changes
mount Af, which is proportional to the object’s initial leng

Ly at some temperature and undergoes a change in empe
by th

th and the temperature

(b} kinetic theory, explain how the expansion of this gas causes its wemperatre o & [16.4]
drop
Fhe alled the average coeff expansion.
Reasoning () From the point af view of energy principles, the malecules strike the ge F
g ? change in area of a substance is given by
piston and move it through a distance. Thus, the molecules do wo the piston,
which represents a transfer of energy out of ras. As a result, the internal energy of AAd = yA, A [16.7]
the gas drops. Because temperature is rnal energy, the temperature of
the gas drops, where yis the average coefficient of area expansion 1n o 2a

—_— o . J : -
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1.8

Heat and the First Law
of Thermodynamics

ntil about 1850, the fields of heat and mechanics were considered to

be two distinct branches of science, mdthelawnfrmnuf

energyseemedm dm:nhc only certain kinds of mechanical systems.
Mid performed by the Englishman James
Joule (1818 - 1889) nml'a_meu showed that energy may be added to {or re-
moved from) a system either as heat or as work done on (or by) the system,
Now thermal energy inu'gneed as a form of energy that can be transformed
into mechanical energy. Once the concept of energy was broadened to in-
clude thermal energy, the law of conservation of energy emerged as a universal
law of nature.

This chapter focuses on
the concept of heat, ithe
first law of thermodynam-
ics, and some impm—unlep-
plications. The first law of
thermodynamics is merely
the law of conservation of
energy. It tells us only that
an increase in one form of
energy must be accompa-
nied by a decrease in some
other form of energy. The
first law places no restric-
tions on the types of energy
conversions that can occur,
Furthermore, the first law
makes no  distinction  be-
ween the resulis of heat

Schlieren photograph of a tea-
kettle showing steam and tur-
bulent convection currents.
[Gory Setles/Seience Sourca/Phole
Resecrchers]

17.1  Heat, Thermal Energy, and ternal Energy

and work—a change in internal energy. Aecording to the first law, a system’s in-
ternal energy can be increased either by transfer of thermal energy to the system
or by work done on the system. An important difference between thermal energy
and mechanical energy is not evident from the first law: Energy transferred wo a
system as work can be stored completely as internal energy

but it is impossible for
internal energy w completely leave a system only by the mechanism of work.

17.1 - HEAT, THERMAL ENERGY, AND INTERNAL ENERGY

A major distinction must be made between internal energy and heat Internal
energy is all of the energy belonging to a system while it is stationary (neither
wranslating nor rotating), including nuclear energy, chemical energy, and strain
energy (as in a compressed or stretched spring), as well as thermal energy associated
with the random motion of atoms or molecules. Heat is the energy that is trans-
ferred b the sy and its sur gs because of a temperature dif-
ference between them.

In the previous chapter we showed that the thermal energy of a monatomic
ideal gas is associated with the internal motion of its atoms. In this special case, the
thermal energy is simply the kinetic energy on a microscopic scale; the higher the
temperature of the gas, the greater the kinetic energy of the atoms and the greater
the thermal energy of the gas. More generally, however, thermal energy includes
other forms of molecular energy, such as rotational energy and vibrational kinetic
and potential energy

As an analogy, consider the distinction between work and en
cussed in Chapter 7. The work done on (or by) a system is a measure of the energy
transferred between the system and s surroundings, whereas the mechanical en-
ergy of the system (kinetic or potential) is a consequence of its me

rgy that we dis-

on and coor-

dinates, Thus, when a person does work on a system, energy is transferred from the
person to the system. 1t makes no sense to talk ahout the work of a system—aone
should instead refer only 10 the work done on or by a system when some proc
has occurred in which energy has been wransfe 1 the system. Likew
it makes no sense to use the term heat unless energy has been transferred as a
result of a temper:

It is also impc
systems even when no thermal energy transfer occurs. For example, when a gas is
compressed by a piston, the gas is warmed and its thermal energy increases, but
there is no transfer of the rnmi energy from the surroundings; if the gas then ex-
pands rapidly, it cools and its thermal energy decreases, but there is no transfer of
thermal energy 1o the surroundings. Ir

5

red o or |

ure difference.

ant to recognize that energy can be transferred bemween two

ach case, energy is transferred to or from
the system as work but appears within the system as an increase or decrease of

thermal gy. The changes in internal en 1 these examples are eq 1o the
changes in thermal energy and are measured by corresponding changes in tem-
pe rature,

Units of Heat

Early in the development of thermodynamics, belore scientists realized that heat is

transferred energy, heat was defined in term
duced in a body. Hence, the calorie (cal

the temperature changes it pro

5 defined as the amount of heat
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James Prescott Joule
{1818~ 1889)

A British physicist, Joule received
some formal education in mathemal
ics, philosophy, and chemistry from
John Dolion but was in large part self
educated. Joule’s most active resea
period, from 1837 through 1847, le
to the establishment of the principle of
the
alence of heat and other form

conservation of energy

ergy. His study of the quonti
ationship omang elec
mechanical, and chemic

heat culminated in hiz o cement

Definition of the calorie
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This device, called Hero's engine,
waas invented around 150 B.C by
Hero in Alexandria, When water is
boiled in the (lask, which s sus-
pended by a cord, steam exits

at the sides of

through two tul
the sk (in opposite directions),

ng a torgque that rotates the

sk, (Coustesy of Contral Seientific Ca )

Free expansion of a gas *

Heat depends on the path
between the initial and fmal
states

Chapter 17 Heat and the First Law of Thermodynamics
Insulating
wall \_\‘1 Insulating
| wall
Final | Vacuum
positi
¢ i I Membrane
Imitial
position Gasa T,
{a)
(b

Figure 17.6  (a) A gas at temperature 7, expands slowly by absorbing thermal energy from a
reservoir at the same wemperature. (b) A gas expands rapidly into an evacuated region after a
membrane is broken,

depicted in Figure 17.6. In each case, the gas has the same initial volume, temper-
ature, and pressure and is assumed to be ideal. In Figure 17.6a, the gas is in thermal
contact with a heat reservoir, and a small heating ¢ lows energy to be transferred
to the gas by heat from the surface of the coil, As an infinitesimal amount of energy
enters the gas from the coil, the pressure of the gas becomes infinitesimally greater
than atmospheric pressure, and the gas expands, causing the piston 1o rise. During
this expansion to some final volume, V), and final pressure Py, sufficient thermal
energy o maintain a constant temperature of T, is transferred from the coil to the
s,

Now consider the thermally insulated system shown in Figure 17.6b. When the
membrane is broken, the gas expands rapidly into the vacuum until it occupies a
volume of V; and is at a pressure of Py. In this case, the gas does no work, because
there is no movable piston, Furthermore, no energy is transferred through the
thermally insulated wall, which we call an adiabatic wall, and so the temperature
remains at 7). This process is often 1 ed to as adiabatic free expansion or
simply free expansion. In general, an adiabatic process is one in which no ther-
mal energy is ferred b and its ding;

The initial and final states of the ideal gas in Figure 17.6a are identical 1o the
initial and final states in Figure 17.6b, but the paths are different. In the first case,
thermal energy is ransferred slowly 1o the gas, and the gas does work on the piston.
In the second case, no thermal energy is ransferred and the work done is zero.
Therefore, we conclude that heat, like work, depends on the initial, final, and
intermediate states of the system. Furthermare, because heat and work depend
on the path, neither quantity 15 determined by the end points of a thermodynamic

process,

TNk Fowics 3

Why is air at the t a mountain cold® And why is the windward side of a mountain

rainier than the leeward side?

Reasoning Imagine a parcel of air being pushed by prevailing winds from a valley 1o

e 1op of a4 mountain. Adr
cess that occurs in this parcel of air is close 1o adiabatic. As the parcel rises, it moves

a very poor thermal conductor, so the thermodynamic

17.5 The First Law of Thermodynamics

jons of lower atmospheric pressure. As a result, the parcel expands. By ex-
isfer of energy

into 1
panding, it is doing work on the surrounding air. This represent

out of the system, so that the internal energy drops. Thus, the parcel of air becomes
cold as it rises up the mountain. If the parcel of air contains water vapor, the drop in
it rises up the mountain can result in the condensation ino rindrops

Lemperaur
Thus, the rain tends to fall more on the windward side as the temperatre drops. On
the leeward side, much of the water vapor has alreay condensed out as rain, and the
little rain

air parcel is warming up again as it descends the mountam. Thus, there is
on the leeward side of the mountain.

An interesting example of this occurs in Fawaii. The prevailing winds are often
from the northeast. The island of Kauai has a very tall mountain (Mount Wazaleale,
1548 m), and it is one of the rainiest places on Earth, with an average al
of 1170 cm. Just to the southwest of Kauai is the island of Niihau, which is very dry and
requires a system of irrigation for its farming, The leeward position of Niihau relative
to Kauai is the reason for this.

ainfall

17.5 + THE FIRST LAW OF THERMODYNAMICS

When the law of conservation of energy was first introduced in Chapter 7. it was
stated that the mechanical energy of a system is constant in the absence of non-
conservative forces, such as friction. That is, the changes in the internal energy of
the system were not included in this mechanical model. The first law of thermo-
dynamics is a generalization of the law of conservation of energy and encompasses
possible changes in internal energy. Itis a universally valid law that can be applied
to all kinds of processes. Furthermore, it provides us with a connection between
scopic and macroscopic worlds.

We have seen that energy can be transferred between a system and its surround-
requires that th
application of a force (or pressure),

the mi

ings in two ways. One is work done by (or on) the system that

be a macroscopic displacement of the point o
The other mode is heat, which oceurs through random molecular collisions, Each
of these represents a change of energy of the system, and therefore usually results
i sle changes in i
temperature, and volume
To pu
change from an i

(561

roscopic variables of the system, such as pressure,

A gas,
these ideas on 3

nore quantitative basis, suppose a system undergoes a

al state to a final state. During

is change, positive () is the
heat transferred to the system, and positive Wis the work done by the system. As an
example, suppose the system is a gas the pressure and volume of which change
from P,
the ini

Vit PI, l:,. If the quantity 2 — Wis measured for various paths connecting

and final equilibrium states (that is, for various processes), one finds that
il states. We conclude that

it is the same for all paths connecting the inital ane
the quantity ) = Wis determined completely by the i
system, and we call it the change in the internal energy of the system. Although
2 and Whoth depend on the path, @ — W is independent of the path. If we

il

tial and final states of the

represent the internal energy function with the Ie then the change in internal

energy, Al can be expressed as

AU=0-—W [17.8]
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492 Chapter 17

ANSWERS TO CONCEPTUAL PROBLEMS

Heat and the Fiyst Law of Thermodynamics

1. If the process is isothermal, there is no change in internal
energy. According to the first law, then, the heat is equal to
the work done by the gas, 0 = W

2. The energy that is leaving the body by work and heat is re-
placed by means of biological processes that transform the
potential encrgy in the food that the individual ate into in-
ternal energy. Thus, the temperature of the body can be
maintained.

. When you rub the surface, you are doing work on the sur-
face, and the internal energy of the surface increases. The
increase i internal energy is detected as an increase in tem-
perature. With the metal surface, some of this energy is trans-
ferred away from the rubbing site by cnduction. Thus, the
internal energy remaining in the rubbed area is not as high
for the metal as it is for the wood, and it feels relatively cooler
than the wood.

4, I the fruit were open 1o the cold air, it is possible that the
temperature of the fruit could drop 10 a point several de-
grees below freezing, causing nage. By spraying with wa-
ter, a film of ice can form on the fruit. This provides some
insulation to the fruit, so that its temperature will remain
somewhat higher than that of the air,

12

o

5. One of the ways that objects transfer energy is by radiation.
If we consider a mailbox, the top of the mailbox is oriented
toward the clear sky. Radiation emitted by the top of the
mailbox goes upward and into space. There islitle radiation
coming down from space into the top of the mailbox. Radi-
ation leaving the sides of the mailbox is absorbed by the
environment, Radiation from the environment (trees, houses,
cars, etc.), however, can enter the sides of the mailbox, keep-
ing it warmer than the top. As a result, the top is the coldest
portion and frost forms there first.

6. The operation of the immersion coil depends on the con-
vection of water 1o maintain a safe temperature. As the water
near the coils warms up, it floats to the wop due to Archi-
medes’ principle. The temperature of the coils cannot go
higher than the boiling temperature of water, 100°C. If the
coils are operated in air, the convection process is reduced,
and the upper limit of 100°C is removed. Asa result, the coils
can become hot enough to be damaged. If the coils are used
in an atempt 1o warm a thick liquid like stew, the convection
process cannot occur fast enough to carry energy away from
the coils, so that they again become hot enough 10 be dam-
aged.

g

18

Heat Engines, Entropy,
and the Second Law
of Thermodynamics

he first law of thermodynamics, studied in the previous chapter, is a
statement of conservation of energy, generalized to include heat as a
form of energy transfer. This law places no restrictions on the types of

energy conversions that can occur. Furthermore, it makes no fundamental
distinction between the results of energy input 1o a system by heat and work:
According to the first law, the internal (thermal) energy of a body can be
increased either by adding heat to it or by doing work on it. An important
difference exists between heat and work, however, that is not evident from

the first law, One manifes-
tation of this difference is
the fact that it is impossible
1o convert thermal energy
into mechanical energy in
an isothermal process.

powers the locomotive. Mod-
ern trains use electricity or die-
sel fuel to power their locomo-
tives. All heat engines extroct
heat from @ burning fuel and
convert only a fraction of this
energy ta mechanical energy.
[Lois Moulken, Tany Sione imoges)
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500 Chapter 18 Heat Engines, Entrofy, and the Scond Lasw of Thermodynamics 184  Heat Pumps and Refrigerators 501

Soluti From the expression for the efficiency of a Carnot If the outside temperature is 25°F or higher, the COP tor a heat pump is about
engine, we find the maximum thermal efficiency for any en- 4. That is, the energy transferred as heat into the house is about four times greater
gine operating between these temperatures: than the work done by the compressor in the heat pump. However, as the outside
mperature decreases, it becomes more difficult for the heat pump to extract
Ll L o 300K = 04, or 40% sufficient thermal energy from the air, and the COP drops. In fact, the COP can

5 [ 500 K fall below unity for temperatures below the mid-teens,

mot-cycle heat engine run in reverse constitutes a heat pump—in fact,
pump with the highest possible coefficient of pedformance for the wem-

s between which it operates. The maximum coeflicient of performance is

You should note that this is the highest theoretical effi-
ciency of the engine, In practice, the efficiency is consider-

ably lower, perat

EXERCISE 3 Determine the mlaxlrlnlum work the engine can COP, (heat pump) =
perform in each cycle of operation if it absorbs 200 | of ther-

mal energy from the hot reservoir during each cycle. 2 g ) g
Answer B0 | Although heat pumps are relatively new products in heating, the refriger

has been a standard appliance in homes for years. The refrigerator works much
like a heat pump, except that it cools its interior by pumping thermal energy from
the food storage compartments into the warmer air outside. During its operation,

Ator

A maodel steam engine equipped with a builiin horizontal

bailer. The water is heated electrically, which geners

that is used o power the electric generator ar the right A A
(Cansrtesy of Central Scientific Co.) a refrigerator removes thermal energy, @, from the interior of the refrigerator,

and in the process its motor does work W. The coefficient of performance of a
refrigerator or of a heat pump used in its cooling cycle is

€% Sleam

Q,
EXERCISE 4 A heat engine operates between two reservoirs at 20°C and 300°C. What is the COP (refrigerator) = 'ﬁ [18.5]
maximum efficiency possible for this engine? Arwer 49%
An efficient refrigerator is one that removes the greatest amount of thermal energy
from the cold reservoir with the least amount of work. Thus, a good refrigerator
should have a high coefficient of performance, pically 5 or 6.
18.4 « HEAT PUMPS AND REFRIGERATORS The highest possible coefficient of performance is again that of a refrige:
the working substance of which is carried through the Camot heat-engine cycle in
A heat pump is a mechanical device that moves thermal energy from a region at reverse:
iperature 1o a region at higher temperature, Heat pumps have long been
popular for cooling and are now becoming increasingly popular for heating pur- !

s COP, (refrigerator) =
poses as well In the heating mode, a circulating coolant fluid absorbs thermal P, (refriger ) T
energy from the outside and releases energy to the interior of the structure. The

fid is x ly in the form of a low-pressure vapor when in the coils of the exterior As the difference between temperatures of the two reservoirs approaches zero,

par where it absorbs thermal energy from either the air or the ground. the theoretical coefficient of performance of a Carnot heat pump approaches in-
m This gas is then compressed into a hot, high-pressure vapor and enters the interior finity. In practice, the low temperature of the cooling coils and the high tempera-
Il':""‘::l part of the unit where it condenses 1o a liquid and releases its stored thermal energy ture at the compressor limit the COP to values below 10,
An air conditioner is simply a heat pump installed hackward, with “exterior” and
i “interior” interchanged. na—
Q. Figure 18.7 is a schematic representation of a heat pump. The outside temper- 77""’“"'8 P"y“c’ 2
/ 4 ature is T, the inside temperature is T, and the thermal energy absorbed by the
2 g circulating fluid is ©,. The compressor does work Won the fluid, and the th al Suppose the temperature inside a house is held constant at 72°F. Assume that it is
[ o { e GF ouside in the summer, and the air conditioner (heat pump) is operated to keep

Cold il T energy transferred from the pump into the structure is Q.
I The effectiveness of a heat pump, in its heating mode, is described in terms of
a number called the coefficient of performanee, COP. This is defined as the ratio
of the energy transferred as heat into the hot reservoir and the work required to
transfer that heat:

the house at 7 Later, during the winter, it is

wicle and the heat pump is

used 1o keep the house at 72°F again. In hoth cases, there was a 20°F difference between

Figure 18.7 Schematic diagram the inside and outside temperatures. The electric bill for the heat pump will be higher

of a heat pump, which absorbs in the summer than in the winter, Why?

1 the cold

thermal energy, (0, fr

Reasoning In the summer, the interior of the house serves as the low temperature

ervoir and ¢
reservoir and expels thermal en r for the heat engine, and the outside air 1€

g crred as hea J
crgy, O, to the hot reservois. The COP (heat puimp) = tanieemed o Doat = (;" [18.4]

1 the heat pump is W work done by pump electrical wansmission, and the combination is transferie

gv drawn from the interior air combines witl entering the

heat pamp by

work «
the external air. Thus,
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516 Chapter 18

smaller ones tend to fall 10 the bottom. Why do¢s this oc-
cur? Does this process violate the second law of thermody-
namics?

The device in Figure QI8.18, called a thermoelectric con-
verter, uses a series of semiconductor cells to convert ther-
mal energy to electrical energy. In the photograph at the
left, both legs of the device are at the same temperature,
and no electrical energy is produced. However, when one
leg is at a higher temperature than the other, as in the
photograph on the right, electrical energy is produced as
the device extracts energy from the hot reservoir and drives
a small electric motor. (a) Why does the temperature dif
ferential produce electrical energy in this demonstration?
(h) In what sense does this intriguing experiment demon-
strate the second law of thermodynamics?

PROBLEMS

Heat Engines, Entropy, and the Second Liw of Thermodynamics

Figure QIB.18  (Courtesy of PASCO Scientific Comprany)

Section 18.1

Heat Engines and the Second Law
of Thermodynamics

1. A heat engine absorbs 360 ] of thermal energy and performs
25.0 | of work in each cycle, Find (a) the efficiency of the
engine and (b) the thermal energy expelled in each cycle.
A heat engine performs 200 ] of work in each cycle and has
an efficiency of 30.0%. For ecach cycle, how much thermal
energy is (a) absorbed and (b) expelled®
A particular engine has a power output of 5,00 kW and an
efficiency of 25.0%. If the engine expels 8000 | of thermal
energy in each cyele, find (a) the hear absorbed in each
cycle and (b) the tme for cach cycle.

L

Section 18.3 The Carnot Engine

1A heat engine operating between 200°C and BOO0°C
achieves 20.0% of the maximum possible efficiency. What
energy input will enable the engine o perform 10.0 kJ of
work?

E](}nc of the most efficient engines ever built (its actual effi-
ciency is 42.0%) operates between 43°C and 1870°C
(a) What is its maximum theoretical efficiency? (b) How
much power does the engine deliver if it absorbs 1.40 x
107 | of thermal energy cach second?

6. A Carnot engine has a power output of 150 kW. The engine
operates between two reservoirs at 20.0°C and  500°C.
{a) How much thermal energy is absorbed per hour?
(b) How much thermal energy is lost per hour?

7.]A steam engine is operated in a cold climate in which the
exhaust temperature is 0°C. (a) Calculate the theoretcal
maximum efficiency of the engine using an intake sream

temperature of 100°C. (b) I, instead, superheated steam at
200°C is used, find the maximum possible i X
8 The exhaust temperamre of a Carnot heat engine is
300°C. What is the intake wemperature if the efficiency of
the engine is 30.0%7
[5)An ideal gas is taken through a Carnot cycle. The isothermal
expansion occurs at 250°C, and the isothermal compression
takes place a1 50.0°C. If the gas absorbs 1200 ] of heat during
the isothermal expansion, find (a) the heat expelled o the
cold reservoir in each cycle and (b) the net work done by
the gas in cach cycle.
10. A power plant operates at a 32.0% efficiency during the
summer when the sea water for cooling is m 200°C.
The plant uses 350°C steam 1o drive turbines. Assuming that
the plant’s efficiency changes in the same proportion as the
ideal efficiency, what would be the plant’s efficiency in the
winter when the sea water is at 10.0°C7
A power plant has been proposed that would make use of
the temperature gradient in the ocean. The system is
operate between 20.0°C (surface water temperature) and
5.00PC (water temperature at a depth of about 1 km).
{a) What is the maximum efficiency of such a system?
(b} If the power output of the plant is 75.0 MW, how much
thermal energy is absorbed per hour? ic) In view of your
answer to (a), do you think such a system is worthwhile (con-
sidering that there is no charge for fuel)?
Suppose a heat engine is connected 1o two heat reservoirs,
one a pool of molten aluminum (660°C) and the other a
block of solid mercury (= 38.9°C). The engine runs by freee-
ing 1.00 g of aluminum and melting 15.0 g of mercury dur-

107 | /kg; the h
What is the efficiency of this engine?

A 20.0%-efficient real engine is used 10 speed up a train
from rest w 5.00 m/s. It is known that an ideal (Carnot)
engine using the same cold and hot reservoirs would accel-
erate the same train from rest 10 a speed of 6.50 m/s using
the same amount of fuel. If the engines use air ar 300 K as
a cold reservoir, find the temperanire of the sieam serving
as the hot reservoir,

Section 18.4 Heat Pumps and Refrigerators

14

‘What is the coefficient of performance of a refrigerator that
operates with Camot efficiency between temperatures
=3.00°C and +27.0°C?

[15] An ideal refrigerator or ideal heat pump is equivalent 10 a

Carnot engine running in reverse. That is, heat @, is ab-
sorbed from a cold reservoir and heat (), is rejected 10 a hot
reservoir. (a) Show that the work that must be supplied w0
run the refrigerator or pump is
Li—=T,
-
(h) Show that the coefficient of performance of the ideal
refrigerator is

W=

Q

COPp =

=T

EHW much work is required, using an ideal Carnot refrig-

17.

erator, to remove 1.00 | of thermal energy from helium gas
at 4.00 K and reject this thermal energy to a room-temper-
ature (293 K) environment?

A refrigerator has a coefficient of performance equal 1o
500. If the refrigerator absorbs 120 | of thermal energy
from a cold reservoir in each cycle, find (a) the work done
in each cycle and (b) the thermal energy expelled 10 the
hot reservoir.

A heat pump, shown in Figure P18.18, is essentially a heat
engine Tun backward. It exwacis thermal energy from

Q, Q2
Ontsicle Inside
T, T,
Figure P18.18

Problems 517

colder air outside and deposits it in a warmer room. Sup-
pose that the ratio of the actual thermal energy entering the
room 1o the work done by the device's motor is 10.0% of
the theoretical maximum. Determine the thermal energy
entering the room per joule of work done by the motor if
the inside temperature is 20.0°C and the outside tempera-
tre is = 5.00°C.

Section 18.6  Entropy

149, An ice tray contains 500 g of water at 0°C. Calculate the
change in entropy of the water as it freezes completely and
slowly at 0°C.

20. At a pressure of 1 amm, liquid helium boils at 4.20 K. The
latent heat of vaporization is 20.5 k]/kg. Determine the en-
tropy change (per kilogram) resulting from vaporization.

ECaIcu]au: the change in entropy of 250 g of water heated
slowly from 200°C w B0.0°C. (Hint: Note that 40 =
me dT.)

Section 18.7 Entropy Changes in Irreversible
Processes

22 The surface of the Sun is approximately at 5700 K, and the
temperature of the Earth's surface is approximately
290 K. What entropy change occurs when 1000 J of thermal
energy is transferred from the Sun to the Earth?

ﬂ-\ 1500-kg car is moving at 20.0 m/s. The driver brakes o a
stop. The brakes cool off w the temperatre of the sur-
rounding air, which is nearly constant at 20.0°C. What is the
total entropy change?

24. An avalanche of ice and snow, of mass 1000 kg, slides down-
hill a vertical distance of 200 m. What is the wtal entropy
change if the mountain air tlemperatre is nearly constant
ar - 3.00°C3

25. A 1.00-kg iron horseshoe is taken from a furnace at 900°C
and dropped into 4.00 kg of water at 10.0°C. If no heat is
lost 1o the surroundings, determine the ol enwopy
change.

26. How fast are you personally making the entropy of the Uni-
verse increase right now? Compute an order-of-magnitude
estimate, stating what quantities vou take as data and the

_values you measure or estimate for them.

[27.]One mole of H, gas is contained in the lefi-hand side of the

container shown in Figure P18.27, which has equal volumes

Vacuum

Figure P18.27

Petitioner Intel Corp., Ex. 1038
[PR2023-00783



Petitioner Intel Corp., Ex. 1038
[PR2023-00783




520 Chaper 18

i

air conditioner is installed in a window or through a
e in the wall, If an air conditioner were operated in the
middle of a room, air would enter the unit, have energy
added 10 it (the energy entering the unit by electricity) and
be expelled back into the room, warming the room up.

. ¥es, a heat pump can deliver significantly more energy than

it consumes. In the winter, the energy delivered to the in-
terior of the home is a combination of the energy drawn
from the exterior air and the energy coming into the unit
by electricity. If the COP of the heat pump is 5, then it is
delivering 5 times as much energy as it consumes,

Heat Engines, Entropy, and the Second Law of Thermodynamics

6. In order of increasing enropy: arranged in a bouquet, grow-
ing in the garden, burned in a fireplace.

7. There is no increase in entropy from either point of view. In
an adiabatic expansion, the temperature must drop. Thus,
although the molecules have more volume in which 1o move
around. they move with lower velocities. The decrease in ve-
locity represents more order, because the random jostling of
the molecules is reduced. A calculation will show that the
decrease in entropy due 1o the drop in jostling exactly com-
pensates for the increase due 1o the increased volume. Thus,
the net entropy change is zero.

152

Electric Forces and
Electric Fields

electrostatic force, as well as some properties of the electric field asso-
ciated with stationary charged particles. Our study of electrostatics then
continues with the concept of an electric field that is associated with a contin-
uous charge distribution and the effect of this field on other charged particles.
Two methods for calculating the electric fields associated with continuous 193 Insulators and Conductors
charge distributions are discussed. The first method uses Coulomb’s law and 19.4
integral calculus, and the second uses Gauss’s law. An outgrowth of Coulomb's
law, Gauss's law is much more convenient for calculating electric fields of
highly symmetric charge distributions. Furthermore, Gauss’s law serves as a 196 Electric Field Lines
guide for understanding more complicated problems. 19.7  Electric Flux

19.1 Historical Overview

This chapter begins with a review of some of the basic properties of the HAPTER OUTLINE

19.2  Properties of Electric
Charges

Coulomb's Law

19.5 Electric Fields

19.8 Gauss's Law

19.9  Application of Gauss's Law ¥
to Charged Insulators *

19.10 Conductors in Electrostatic

Equilibrium

A This metallic sphere is charged
by a generator to a high volt-
age. The high concentration of
charge formed on the sphere
creates a strong electric field
around the sphere. The
charges then leak through the
surrounding gas, producing
the pink glow. (£ B Degginger,
M. Armsirong Roberts|
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object

() (b)

Figure 19.6  (a) A charged ohject induces charges on the surface of an insulator. (b) A
charged comb attracts bits of paper because charges are displaced in the paper. The paper is
neutral but polarized.  Fundammial Phatographs, NYC)

coincides with the center of negative charge. However, in the presence of a charged
object, these centers may shift slightly, resulting in more positive charge on one
side of the molecule than on the other. This effect is known as pelarization. The
realignment of charge within individual molecules produces an induced charge on
the surface of the insulator, as shown in Figure 19.6a. With these concepts in mind,
you should be able 10 explain why a comb that has been rubbed through hair
attracts bits of neutral paper or why a balloon that has been rubbed against your
clothing can stick to a neutral wall.

Thinking Physics 1

A positively charged ball, hanging from a string, s brought near a nonconducting
object. Based on the behavior of the ball-string combination, the ball is scen to be
attracted to the object. From this experiment, it is not possible to determine whether
the ohject is negatively charged or neutral. Why not? What additional experiment
would help you decide between these two possibilities?

Reasoning The attraction between the ball and the object could be an auraction of
unlike charges, or it could be an atraction berween a charged object and a neutral
object due to polarization of the molecules of the newtral object. Two possible addi-
uonal experiments would help to determine if the object is charged. First, a known
neutral ball could be brought near the object—if there is an attraction, the object is
ne ely charged. Another possibility is to bring a known negatively charged ball near
the object—if there is a repulsion, then the object is negatively charged. If there is
attraction, then the object is neutral.

CONCEPTUAL PROBLEM 2

I a suspended object A is atracted to object B, which is charged, can we conclude that object
A is charged?

19.4 Coulomb's Law

19.4 - COULOMB'S LAW

In Chapter 5 we introduced Coulomb’s law, which describes the electrostatic force
between two stationary charged particles. When the charges are of the same sign,
the force on either charge is repulsive, and when the charges are of opposite sign,
the force is auractive (Fig. 19.7). The magnitude of the electrostatic force between
two charges separated by a distance of ris

(AR

~

F=&, [19.1]
where k(=899 x 10° N m?/C2) is the Coulomb constant. The constant k, is also
writlen

» 1
4,

e

where the constant &, is known as the permiltivity of free space and has the value
&, = 8.8542 X 1072 CI/N.m?

The charge of an ¢lectron or proton has the magnitude lel = 1.60 x 107 C,
Therefore, 1 C of charge is equal to the charge of 6.25 X 10'® electrons (that is,
1/¢). This can be compared with the number of free electrons in 1 em® of copper,
which is on the order of 10°*. Note that 1 C is a substantial amount of charge. In
typical electrostatic experiments, where a rubber or glass rod is charged by friction,
a net charge on the order of 10°% C (=1 pC) is rd. In other words, only a
very small fraction of the total available charge is transferred between the rod and
the rubbing material. The charges and masses of the electron, proton, and neuron
are given in Table 19.1,

When dealing with Coulomb's force law, you must remember that force is a
vector quantity and must be treated accordingly. Furthermore, note that Coulomb's
law applies exactly only to point charges or particles. The electrostatic force on
¢a due to g, written Fy,, can be expressed in vector form as

Fy =k ’lf‘.’J: p
¥

[19.2]

where T is a unit vector directed from g, to g, as in Figure 19.7a. From Newton's
third law, we see that the electric force on g due to g, is equal in magnitude to the

TABLE 19.1 Charge and Mass of the Electron, Proton,

and Neutron
Particle Charge (C) Mass (kg)
Electron (e} — 16021917 X 10-1° ).1005 > 10-3
Proton (p) + 16021917 x 10" 7961 % 10-7
Neutron (n) 0t 167492 x 10-%
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. Coulomb’s law

Permittivity of free space

T (a)

Figure 19.7 Two point charges

separated by a distance rexert a

force omn each other given by Cou-
lomb’s law. Note that the force on
gy is equal to and opposite the

force on ¢, (a) When the charges

are of th gn, the force is

repulsive Vhen the charges

are of t wsite sign, the force
s attractive
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Figure 19.26 A point charge lo-
cated sutside a closed surface. In
this case, note that the number of
lines emtering the surface equals
the number leaving the surface,

Gauss's law ~
5 :
a s
N
-
gz 5
g

Figure 19.27 The net electric
flux through any closed surface de-
pends only on the charge inside
that surface, The net flux through
surface Sis g/, the net flux
through surface ¥ is (g + ¢4)/¢;,
and the net flux through surface
5 is zero.

Gauss’s law is useful for *
evaluating E when the charge
distribution has symmetry.

Chapter 19 Electric Forces and Electric Fiolds

charge is zero. If we apply this result to Example 19.6, we can easily see that the
net flux through the cube is zero, because it was assumed there was no charge
inside the cube.

Let us extend these arguments to the generalized case of many point charges,
which we consider to be a continuous distribution of charge. We shall again make
use of the superposition principle. That is, we can express the flux through any
closed surface as

9@:@;:%(3, +E, + Ey) dA

where E is the total electric field at any point on the surface and E,, E;, and E,
are the fields produced by the individual charges at that point. Consider the system
of charges shown in Figure 19.27. The surface S surrounds only one charge, ¢;
hence, the net flux through Sis g,/ €. The flux through § due to the charges outside
it is zero, because each electric field line that enters § at one point leaves it at
another. The surface §' surrounds charges ¢, and g5; hence, the net flux through
§"is (g2 + ¢3) /& Finally, the net flux through surface 8" is zero, because there is
no charge inside this surface. That is, alf lines that enter §” at one point leave §7
at another.

Gauss's law, which is a g li of the going discussion, states that
the net flux through any closed surface is
o,-%:-muﬁ (19.15)
L]

where g, represents the net charge inside the gaussian surface and E represents the
electric field at any point on the gaussian surface. In other words,

Gauss's law staies that the net electric flux through any closed surface is
equal to the net charge inside the surface divided by ;.

When using Equation 19.15, note that, although the charge g, is the net charge
inside the gaussian surface, the E that appears in Gauss’s law represents the fotal
electric field, which includes contributions from charges both inside and outside the
gaussian surface. This point is often neglected or misunderstood.

In principle, Gauss's law can always be used to caleulate the electric field of a
system of charges or a continuous distribution of charge. In practice, however, the
technique is useful only for calculating the electric field in situ in which
there is a high degree of symmetry. As we shall see in the next section, Gauss's
law can be used to evaluate the electric ficld for charge distributions that have
spherical, cylindrical, or plane symmetry, If the gaussian surface surrounding
the charge distribution is chosen carefully, the integral in Equa
casv to cvaluate. Also note that a gaussian surface is a mathematical surface and
need not coincide with any real physical surface.

198  Gauss's Law

Thinking Physics3

Imagine a cubical conducting shell with a net charge placed in it. A cube has a high
degree of symmetry, Why can’t we use Gauss’s law 10 evaluate the elecinic field around
the cube?

Reasoning Although Gauss’s law certainly applies to the electric field of the cube, it
cannot be used 1o svaluate the field. Using Gauss’ ¢ to evaluate the electric field
requires bringing the electric field outside of the gral in the equation for Gauss's
law, The only way that the electric field can be brought outside the integral is if the
electric field is a constant. There is no surface around a cube over which one can use
symmetry arguments to convince oneself that the eleciric field is constant. Thus, the
attempt is futile— the electric field must remain within the integral, so we need to
know the field to do the integral

However, the other geometries 1o which Gauss's law is applied in an effort 1o eval-
uate the field—spheres, cylinders, flat sheetss—have sufficient symmetry that we can
find a surface over which a valid argument can be made that the field is constant.

L hdoskin Mguics &

If the net flux through a gaussian surface is zero, which of the following statements
are true? (a) There are no charges inside the surface. (b) The net charge inside the
surface iszero, (€) The clectric ficld is zero everywhere on the surface. (d) The number
of electric field lines entering the surface equals the number leaving the surface.

Reasoning Statements (b) and (d)} are true and follow from Gauss's law, Statement
(a) is mot necessarily true because Gauss's law says that the net flux through any closed
surface equals the net charge inside the surface divided by &,. For example, an electric
dipole (whose net charge is zero) might be inside the surface. Statement () is not
necessarily true. Although the net flux through the surface is zero, the electric field in
that region may not be zero (Fig. 19.8).

_ Thinking Physies 5

A spherical gaussian surface surrounds a point charge ¢ Describe what happens to the
total flux through the surface if (a) the charge is wipled, (b) the volume of the sphere
s doubled, (c) the surface is changed o a cube, and (d) the charge is moved o another
location inside the surface,

Reasoning (a) If the charge is wipled, the flux through the surface is also ipled,
because the net flux is proportional to the charge inside the surface. (b) The flux
remains constant when the volume changes, because the surface surrounds the same
amount of charge, regardless of its volume. (c) The total flux does not change when
flux through the closed surface
wed to another location inside

the shape of the closed surface changes. (d) The 101

remains unchanged as the charge inside the surface i
that surface. All of these conclusions are arrived at through an understanding of
Gauss’s law

CONCEPTUAL PROBLEM &

Explain why Gauss's law cannot be used to caleulate the clectrie field of (a) an electric dipole,

(b} a charged disk, and (¢) three point charges at

corners of a triangle

This beautiful closed surface gen-

erated by a computer is one exam-
ple of a mathematical construct in
hyperbolic space.  (Courtesy of Wolf

ram Researdh, Inc)
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