In this winter scene in Yellowstone e T T ‘ } ] o
Park, we recognize the three states _ : i ons, which represent the basic postulates of the kinetic theory for an

of matter for water: as a liquid, as a My T ¢
solid (snow and ice), and as a gas R 0 el , a large number of molecules, N, each of mass m, moving in random
#!

(;team). In this Chapter we examine [0 S i = : with a variety of speeds. This assumption is in accord with our

the microscopic theory of matter as A o o that a gas fills its container and, in the case of air on Earth, is kept

:c!tomst. or ml(l)ilet::ules tlllull(t are always el e ) ing only by the force of gravity.

in motion, which we call kineti . ' P i i
c theory, s are, on average, far apart from one another. That is, their

We will see that the temperature of jecule
¢ g g is much greater than the diameter of each molecule.

gas is directly related to the average paration 1
translational kinetic energy of its cules are assumed to obey the laws of classical mechanics, and are

molecules. We will consider ideal ' 10 interact with one another only when they collide. Although
gases, but we will also look at real exert weak attractive forces on each other between collisions, the
gases and how they change phase, - — v energy associated with these forces is small compared to the kinetic
mcludmg eyaporation, vapor pressure, S . A "‘ we ignore it for now.

A0S PERLALY. : [ o '« with another molecule or the wall of the vessel are assumed to be
; elastic, like the collisions of perfectly elastic billiard balls (Chapter 9).
e the collisions are of very short duration compared to the time
sollisions. Then we can ignore the potential energy associated with
n comparison to the kinetic energy between collisions.

ee immediately how this kinetic view of a gas can explain Boyle’s law
A). The pressure exerted on a wall of a container of gas is due to the constant
of molecules. If the volume is reduced by (say) half, the molecules are
Il or and twice as many will be striking a given area of the wall per second.

2 ¥ ‘ ect the pressure to be twice as great, in agreement with Boyle’s law.
Kl n etl C Th eO ry Of ‘ ' s calculate quantitatively the pressure a gas exerts on its container as
_ netic theory. We imagine that the molecules are inside a rectangular
- {at rest) whose ends have area A and whose length is £, as shown in
e pressure exerted by the gas on the walls of its container is, according
%HAPTER-OPENING QUESTION—Guess now! ! dse to the collisions of the molecules with the walls. Let us focus our
e typical speed of an air molecule at room temperature (20°C) is the wall, of area A, at the left end of the container and examine what
(a) nearly at rest (<10 km/h). en one molecule strikes this wall, as shown in Fig. 18—1b. This molecule
(b) on the order of 10 km/h. on the wall, and according to Newton’s third law the wall exerts an
(c) on the order of 100 km/h. posite force back on the molecule. The magnitude of this force on the
CONTENTS (d) on the order of 1000 km/h. scording to Newton’s second law, is equal to the molecule’s rate of
(e) nearly the speed of light. mentum, F = dp/dt (Eq.9-2). Assuming the collision is elastic, only
18- ihsdeal Gasilawandjthe ent of the molecule’s momentum changes, and it changes from —muvy

olecular Interpretation 2in the negative x direction) to +mv, . Thus the change in the molecule’s

of Temperature he anal)./sis of matter in terms of atoms in continuous ran UL - . ik -
18-2 Distribution of Molecular called kinetic theory. We now investigate the properties of A(mv), which is the final momentum minus the initial momentum, is

Speeds point of view of kinetic theory, which is based on the law A(mv) = my, — (—m’Ux) = 2mu,
18-3 RfelgL Gases and Changes : 1me.chamcs. Bu; (;zc; apg)ly Newton’s laws to each one of the dllision. This molecule will make many collisions with the wall, each
of Phase molecules in a gas (> m i ili ol el 41 dye !
gas ( /m’ at STP) is far beyond the capabilit a time At, which is the time it takes the molecule to travel across the

18-4 Vapor Pressure and computer. Instead we take a statistic i | . : ;
Hui;ni dity RSkt g and thicse averats corr:: :gf}l);ota;:h n?:cc: (;:isit(;e;gn\l,:r?:g d back again, a distance (x component) equal to 2. Thus 2£ = v, Af, or
*18-5 Vfag der Waals Equation course, demand that our microscopic description correspond to th 2t
PP P °pe.’l;ies of gases; otherwise our theory would be of little value. Mo e, o N
i i we will arrive at an important relation between the average Kine between collisions is very small, so the number of CO.H.ISIOIIS per
usion molecules in a gas and the absolute temperature. ¢ 1y large. Thus the average force—averaged over many collisions—will

 the momentum change during one collision divided by the time
lons (Newton’s second law):

18"-1 The Ideal Gas Law and ﬂle M p - Almv) _ 2mo, mvy [due t lecule]
o . = = = ‘ ue to one molecule
Interpretation of Temperatur AP o7y, L
W ke the't. ! ; ) o AsSage -back and forth across the container, the molecule may collide
e make the ollqwmg assumptions about the molecules in a gas. The and sides of the container, but this does not alter its x component of
reflect a simple view of a gas, but nonetheless the results they pre nd thus does not alter our result. It may also collide with other
well to the e§sent1gl features of real gases that are at low pressure h may change its v,. However, any loss (or gain) of momentum is
th‘? liquefaction point. Under these conditions real gases follow th Other molecules, and because we will eventually sum over all the
quite closely, and indeed the gas we now describe is referred to 2 8 effect will be included. So our result above is not altered.

A

X
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y
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”
S X
£ (b)

FIGURE 18-1 (a) Molecules of a
gas moving about in a rectangular
container. (b) Arrows indicate the
momentum of one molecule as it
rebounds from the end wall.
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The actual force due to one molecule is intermittent, by
number of molecules are striking the wall per second, the fo;
nearly constant. To calculate the force due to all the molecules jn
have to add the contributions of each. Thus the net force on the

m

Rty

where v,; means v, for molecule number 1 (we arbitrarily assign
number) and the sum extends over the total number of mo
container. The average value of the square of the x component o

(s b i vin),

2 2 2
Vy1 t Ve t+ + va,

—
'v =
* N
where the overbar (T) means “average.” Thus we can write the fo
m
[ S N2,

We know that the square of any vector is equal to the sum of
components (theorem of Pythagoras). Thus v* = v% + v}, + 2 fc
Taking averages, we obtain ' |
? o=+ v+ ol

v

Since the velocities of the molecules in our gas are assumed to be |
no preference to one direction or another. Hence .

R
Combining this relation with the one just above, we get
w o= 3. !
We substitute this into the equation for net force F: '
m. v
F = 7 N 3
The pressure on the wall is then
Sl il Nmv?
A 3 Al
= 1 Nm?
P = oV

where V = LA is the volume of the container. This is the result we W
pressure exerted by a gas on its container expressed in terms of molec

Equation 18-2 can be rewritten in a clearer form by multiplying
V and rearranging the right-hand side:

PV = iINGm?)
The quantity 1 m? is the average translational kinetic energy K of them

gas. If we compare Eq. 18-3 with Eq. 17-4, the ideal gas law PV = NK
the two agree if

)|

:

—

21 o
TEMPERATURE RELATED TO 3Gmv’) = KT,
AVERAGE KINETIC ENERGY | ©T R T doi
OF MOLECULES B = lm® = 3kT. [idea

This equation tells us that

the average translational kinetic energy of molecules in rand_
ideal gas is directly proportional to the absolute temperature O

The higher the temperature, according to kinetic theory, the faster t
moving on the average. This relation is one of the triumphs of the ki

/)
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N

m(N,)

Molecular kinetic energy. What is the average translational
" of molecules in an ideal gas at 37°C?
§

We use the absolute temperature in Eq. 18-4.
e change 37°C to 310K and insert into Eq. 18-4:

¢ = 3kT = 3(138 % 102J/K)(310K) = 642 X 107*'7.

of molecules would have a total translational kinetic energy equal
02! 7)(6.02 X 10%) = 3860J, which equals the kinetic energy of
aveling almost 90 m/s.

n a mixture of the gases oxygen and helium, which statement is valid:
" molecules will be moving faster than the oxygen molecules, on average;
of molecules will be moving at the same speed; (c) the oxygen molecules
. be moving more rapidly than the helium molecules; (d) the kinetic energy
vill exceed that of the oxygen; () none of the above.

2_4 holds not only for gases, but also applies reasonably accurately

solids. Thus the result of Example 18-1 would apply to molecules

|Is at body temperature (37°C).

Eq. 18-4 to calculate how fast molecules are moving on the

s that the average in Eqgs. 18-1 through 18-4 is over the square
e square root of v? is called the root-mean-square speed, Uiy

taking the square root of the mean of the square of the speed):

3kT

m
8-2

(18-5)

Speeds of air molecules. What is the rms speed of air
), and N,) at room temperature (20°C)?

To obtain v,,s, We need the masses of O, and N, molecules and
q. 18-5 to oxygen and nitrogen separately, since they have different

The masses of one molecule of O, (molecular mass = 32u) and

ar mass = 28 u) are (where 1u = 1.66 X 1077 kg)

n(0,) = (32)(1.66 x 107 kg 53 x 107%kg,
g
(28)(1.66 x 1077kg) = 4.6 X 10 kg.

(3)(1.38 X 1072 J/K)(293K)
(5.3 X 107 % kg)

= 480m/s,

gen
[T
tms e
m

ogen the result is v, = 510m/s. These speeds are more than

or 1000 mi/h, and are greater than the speed of sound ~340 m/s at

er 16).
peed v, is a magnitude only. The velocity of molecules averages to

elocity has direction, and as many molecules move to the right as

many up as down, as many inward as outward.

OW you can return to the Chapter-Opening Question, page 476, and answer

[y to explain why you may have answered differently the first time.

fyou double the volume of a gas while keeping the pressure and number of

nt, the average (rms) speed of the molecules (a) doubles, (b) quadruples,
Sby V2, (d) is half, (¢) is -

By what factor must the absolute temperature change to double vms? (a) VZ2;
3 (d) 4; (e) 16.
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CONCEPTUAL EXAMPLE 18-3 ] Less gasin the tank. A tap yver all the molecules in the gas we must get N; thus we must have
to fill balloons. As each balloon is filled, the number of helium 3 o0

the tank decreases. How does this affect the rms speed of mg | f)av = N
in the tank? ‘ Jo

B an exercise to show that this is true.) .
RESPONSE The rms speed is given by Eq. 18-5: v, = V35T ts to determine the distribution of speeds in real gases, starting in
temperature matters, not pressure P or number of moles . If ¢ ; firmed with considerable accuracy the Maxwell distribution (for
a constant (ambient) temperature, then the rms speed remair l(. high a pressure) and the direct proportion between average
though the pressure of helium in the tank decreases, ~ and absolute temperature, Eq. 18-4.
e | well distribution for a given gas depends only on the absolute
In a collection of molecules, the average speed, 7, is the average = oure 18-3 shows the distributions for two different temperatures.
of the speeds themselves; v is generally not equal to V. To s -ases with temperature, so the whole distribution curve shifts to the

between the average speed and the rms speed, consider the followin emperatures.

— : 2.3 illustrates how kinetic theory can be used to explain Why many
E ss gﬁ:::aiie rrsli/)s‘?e‘li Oanédo rTf) 52p 3 eg'OE'fgt P . ns, including those in biological cells, take place more rapidly as the

& - ical reactions take place in a liquid solution, and the
(a) the average speed and (b) the rms speed. ‘ reases. Most chemical reactions take p q

fquid have a distribution of speeds close to the Maxwell distribution.
APPROACH In (a) we sum the speeds and divide by N = 8§, | ay chemically react only if their kinetic energy is great enough so

each speed, sum the squares, divide by N = 8, and take the sq collide, they partially penetrate into each other. The minimum energy

SOLUTION (a) The average speed is | led the activation energy, E,, and it has a specific value for each

L 10 + 6.0 + 40 + 2.0 + 6.0 + 3.0 + 20 + on. The molecular speed corresponding to a kinetic energy of E,

i 8 =5 ¢ reaction is indicated in Fig. 18-3. The relative number of mglecplﬁs

i sreater than this value is given by the area under the curve to the right

(6)The rms speedin(Ba. 16-1): y ! atiz Fig. 18-3 by the tv%o different shadings. We see that the number

_ [(10)* + (6.0)* + (4.0)* + (2.0)* + (6.0)* + (3.0)* + (2 hat have kinetic energies in excess of E, increases greatly for only a

s 8 > in temperature. The rate at which a chemical reaction occurs is

= 4.0m/s. I to the number of molecules with energy greater than E,, and thus we
TR on rates increase rapidly with increased temperature.

We see in this Example that v and vy, are not necessarily equal. I s Using the Maxwell Distribution
gas they differ by about 8%. We will see in the next Section how : :

an ideal gas. We already have the tool to calculate vy (Eq. 18-5)
ineti ¢ TRl Determining © and v,. Determine formulas for (a) the
. *Kinetic Energz Near Absolute Zero d, , and (b) the mgost probablep speed, v, of molecules in an ideal
Equation 18-4, K = 3 kT, implies that as the temperature approa - E;tu’re I
the kinetic energy of molecules approaches zero. Modern quantum
tells us this is not quite so. Instead, as absolute zero is approached, thi
approaches a very small nonzero minimum value. Even though all re
liquid or solid near 0 K, molecular motion does not cease, even at at

18-2 Distribution of Molecular

FIGURE 18-2 Distribution of axw s el : ) o0
speeds of molecules in an ideal gas. The M ell Distribution g J vf(v) dv
0

Note that 7 and v, are not at the The molecules in a gas are assumed to be in random motion, wk o 000 4,”( R/ ) ste“%%%z dv
peak of the curve. This is because the ~ Many molecules have speeds less than the average speed and othe N 20kT ) o '
curve is skewed to the right: it is not greater than the average. In 1859, James Clerk Maxwell (1831-187 grate by parts or look up the definite integral in a Table, and obtain
symmetrical. The speed at the peak formula for the most probable distribution of speeds in a gas containing ¥

o & . . = é
of the curve is the “most probable We will not give a derivation here but merely quote his result: B = 4,"< m )2(2k2T2) _ [BKT _ 1.60 /1‘1
N7 m m

speed,” Vp. 2 % jhedl i 2mkT "2
f(v) = 4nN (—-2,”1(7.) vEeRZkT 05t probable speed is that speed which occurs more than any others,
: ithat speed where f(v) has its maximum value. At the maximum of the
where f(v) is called the Maxwell distribution of speeds, and is plot Ope is zero: df(v)/dv = 0. Taking the derivative of Eq. 18-6 gives

v the Maxwell distribution can be used to obtain some interesting results.

(a) The average value of any quantity is found by multiplying each
¢ of the quantity (here, speed) by the number of molecules that have that
en summing all these numbers and dividing by N (the total number). For
o find where the curve of Fig. 18-2 has zero slope; so we set df/dv = 0.
a) We are given a continuous distribution of speeds (Eq. 18-6), so
r the speeds becomes an integral over the product of v and the
D) dv that have speed v:

3
2

Relative number
of molecules f(v)

1§

1

} E E The quantity f(v) dv represents the number of molecules that have df(v) m \3 Wiz my® _m2

! ¥ and v + dv. Notice that f(v) does not give the number of molecu b = 47N (—-—) (2ve kT kT € #lalamin
] i f(v) must be multiplied by dv to give the number of molecules! ZwkT

L1

molecules depends on the “width” or “range” of velocities inclu U, we find >

Speed v  formula for f(v), m is the mass of a single molecule, T is the abso! B (24T kT
and k is the Boltzmann constant. Since N is the total number of mol e N 1.41 ==

_UG
=
[~

g

<

=g lution is » = ' ini , not imum.
480 CHAPTER 18 ' Kinetic Theory of Gases nis v = 0, but this corresponds to a minimum, not a maximum.)

T=273 K (0°C)
T=310K (37°C)

Relative number
of molecules

Speed v(E,)

FIGURE 18-3 Distribution of
molecular speeds for two different
temperatures.
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In summar . e £
Y : increase in pressure reduces the volume only slightly—liquids are
on the left the curve is very steep as shown. The

b .
, Jressible—Ss0 . S
Most probable speed, v, I ' der the dashed line represents the region where the gas and liquid

sether in equilibrium.
~ Fig, 18-4 represents the behavior of the substance at its critical
Average speed, b ] { he point ¢ (the one point where curve C is horizontal) is called the
] At temperatures less than the critical temperature (and this is the
he term), a gas will change to the liquid phase if sufficient pressure is
o the critical temperature, no amount of pressure can cause a gas to
> and become a liquid. The critical temperatures for various gases are
rms speed, Vyms ~ i , 18-1. Scientists tried for many years to liquefy oxygen without
' m “after the discovery of the behavior of substances associated with the
was it realized that oxygen can be liquefied only if first cooled below
serature of —118°C.
<tinction is made between the terms “gas” and “vapor”: a substance
al temperature in the gaseous state is called a vapor; above the crit-
. ', it is called a gas.
or of a substance can be diagrammed not only on a PV diagram but
jagram. A PT diagram, often called a phase diagram, is particularly
 comparing the different phases of a substance. Figure 18-5 is the
m for water. The curve labeled £-v represents those points where the
or phases are in equilibrium—it is thus a graph of the boiling point
e Note that the curve correctly shows that at a pressure of 1 atm the
PV = NKT is 100°C and that the boiling point is lowered for‘ a deFreased
. @ curve s-£ represents points where solid and liquid exist in equilibrium

and from Eq. 18-5

These are all indicated in Fig. 18-2. From Eq. 18-6 and Fig 18 :
the speeds of molecules in a gas vary from zero up to ma;1 t
speed, but as can be seen from the graph, most molecules havey Sp
far from the average. Less than 1% of the molecules exceed four.

18-3 Real Gases and Changes

r'
The ideal gas law 1l

i e L 3 ‘graph of the freezing point versus pressure. At 1atm, the freezing
:oilliozcitilrit:nc:ieicsriggon otfhthe behavior of a real gas as lgng 2 ' %s 0°C, as shown. Notice also in Fig. 18-5 that at a pressure of 1 atm,
g g as the temperature is far from the liquefas » is in the liquid phase if the temperature is between 0°C and 100°C,

:)V:;;vlilgrpp:s; :;;l;en these two criteria are not satisfied? First we olid or vapor phase if the temperature is below 0°C or above 100°C.
Pl n we examine how kinetic theory can help us | eled s-v is the sublimation point versus pressure curve. Sublimation
Let us'look atiasgraphiofpréssure. plotted apainsaivel :rocess wh.ereby at low pressures a solid changes dlr'ectly into the
of gas. On such a “PV’ diagram.” Fi 1%_4 i aﬁams_ volume for _ vithout passing through the liquid phase. For water, sublimation occurs
state of the given subst Th Ty , €ach point represent > of the water vapor is less than 0.0060 atm. Carbon dioxide, which in
given substance. The various curves (labeled A, B, C, at se is called dry ice, sublimates even at atmospheric pressure
tl}e pressure varies, as the volume is changed at constant tempera ' ,
FIGURE 18-4 PV diagram for a different values of the temperature. The dashed curve A’ represent section of the three curves (in Fig. 18-5) is the triple point. For water
real substance. Curves A, B, C, and of a gas as predicted by the ideal gas law; that is, PV = cons t T =27316K and P = 6.03 X 10~2atm. It is only at the triple
gf;epresent the same substance at curve A represents the behavior of a real gas at the same temperaturé three pht;lses can exist togc;,ther in equilil;rium. Because the triple
(} e;e'}t te>m¥erituTre)s a h;gh P{}";SSUW’ the volume of a real gas is less than that predict onds to a unique value of temperature and pressure, it is precisely
A et CaRe D tgas aw. The curves B and C in Fig. 18-4 represent the gas at suc band is often used as a point of reference. For example, the standard of
emperatures, and_ we see that the behavior deviates even more f s usually specified as exactly 273.16 K at the triple point of water,
glredwtt‘;d by the ideal gas law (for example, B'), and the deviatio 73.15K at the freezing point of water at 1 atm.
osf'lfo e:pgl:?nlstl:(i)s hv(vl:ifc})’ iggt'hat S Ty . at the solid liquid (s-f) curve for water slopes upward to the left. This
SR T A’n 3, particuldl atg > P :SUTC we eXPeCth 2 s ‘Substances that expand upon freezing: at a higher pressure, a lower
S A, g : y wer temperatures, the po 1S needed to cause the liquid to freeze. More commonly, substances
ed with the attractive forces between the molecules (Whif freezing and the s-{ curve slopes upward to the right, as shown for
before) is no longer negligible compared to the now reduced kinetice d (COZ) in Fig. 18-6 ’
xr:olecples. These attractive force§ tend to pull the molecules closer tog ' transitions v(re ha\;e been discussing are the common ones. Some
;i 2 %gﬁ? It)éfessqlrle’lthe volume is less than expected from the ideal DWever, can exist in several forms in the solid phase. A transition from
& - At still lower temperatures, these forces cause liquefa another occurs at a particular temperature and pressure, just like
molecules become very close together. Section 18-5 discusses in i Se changes. For example, ice has been observed in at léast eight
;ffect olf thclase attractive molecular forces, as well as the effect of the high pressure. Ordinary l;elium has two distinct liquid phases, called
& Igﬁrf’zul;srg;;g::llt‘;etsh(;c:ittlszﬁon e ok A't‘] I.; They exist only at temperatures within a few degrees of absolute
ERIeD (b the tight 1 Fip 1824 e Sut quetaction OCCULSEC I Ie:.(hlbl?s very unusual properties referred to as superfluidity. It has
A Tg g » the substance is a gas aqd occupie 0 viscosity and exhibits strange properties such as climbing up the
€ pressure Is increased, the volume decreases until point b is rea Pen container. Also interesting are liquid crystals (used for TV and
the volume decreases with no change in pressure; the substance is gra itors, Section 35-11) which can be considered to be in a phase
from the gas to the liquid phase. At point a, all of the substance h d and solid.

TABLE 18-1 Critical
Temperatures and Pressures

Critical
Temperature Critical
——— Pressure
Substance  °C K (atm)
Water 374 647 218
CO, 31 304 72.8

Oxygen —-118 155 50

Nitrogen —147 126 335
Hydrogen —239.9 333 12.8
Helium —-2679 53 2.3

Selig Critical
point
E 2184~ ——— :
X3 i Liquid / |
A | o[ 7

: 1‘.\) i iGas
- ——— Vapor

0-008 oA 1 Triple = |
$7 || point I

0.00 001 - o100 374

FIGURE 18-5 Phase diagram for
water (note that the scales are not
linear).

FIGURE 18-6 Phase diagram for
carbon dioxide.

Critical
point
73 e e e
Solid Liquid :

I
= 56fF——-———-- o !
g Triple (N
A, point 1

5.1 1 | |
| el
; Vapor | '
I I I
I I I
1 1 1 L
-56.6 20 31
T(°C)

PHYSICS APPLIED
Liquid crystals

482 CHAPTER 18  Kinetic Th |
eory of Gases ~ SECTION 18-3  Real Gases and Changes of Phase 483




4 by the presence of air, although collisions with air molecules may

18—4 Vapor Pres sure and Hu [ 3 me needed to reach equilibrium. Thus equilibrium occurs at the same

R s 4 aturated vapor pressure as if air w;alrehnolti thc?crle. Rl
.2 glass of water.is, left out overnight,,the, WatcugiS. I.' b tail;-lerdlsliizig?f (:trl;scgr(:':a(i::;sreic: 1?ot tseille(clluia:1 ?gr Z:(Z%);?e, a roo;n
:ﬁc;zlngl:g.tzvteh:a‘);a;l:; :)vratgzrs l;lllsa :e\faporated, meaning that some q ‘ a«ict ie; not likely that the air will become saturated with water vapor
This process of evaporation can be explained on the basis of | i ining R i0e):
molecules in a liquid move past one another with a variety of speeds gh, '
imately, the Maxwell distribution. There are strong attractive fores
@ PHYSICS APPLIED  molecules, which is what keeps them close together in the liquid p
Ewvaporation cools  pear the surface of the liquid may, because of its speed, leave the ii
But just as a rock thrown into the air returns to the Earth, so the attrac
other molecules can pull the vagabond molecule back to the liquid s Y
its velocity is not too large. A molecule with a high enough velocity, howe
the liquid entirely (like an object leaving Earth with a high enough .'}:
and become part of the gas phase. Only those moleculés that have ki
a particular value can escape to the gas phase. We have already seen t
predicts that the relative number of molecules with kinetic energy al
value (such as E, in Fig, 18-3) increases with temperature. This is ir
well-known observation that the evaporation rate is greater at higher
Because it is the fastest molecules that escape from the surface, t
of those remaining is less. When the average speed is less, the absolut
less. Thus kinetic theory predicts that evaporation is a cooling proce
doubt noticed this effect when you stepped out of a warm shower an

vapor pressure of a liquid increases with temperature. When the
I'raised to the point where the saturated vapor pressure at 'tl.lat
equals the external pressure, boiling occurs (Fig. 18-8). As t}le F)oﬂmg
roached, tiny bubbles tend to form in the liquid, which indicate a
he liquid to the gas phase. However, if the vapor pressure inside the
< than the external pressure, the bubbles immediately are crushed.
serature is increased, the saturated vapor pressure inside a bubb_le
secomes equal to or exceeds the external pressure. The bubble will
se but can rise to the surface. Boiling has then begun. A liquid boils
'gd wvapor pressure equals the external pressure. This occurs for water
of 1 atm (760 torr) at 100°C, as can be seen from Table 18-2. ]

ng point of a liquid clearly depends on the external pressure..At high
e boiling point of water is somewhat less than at sea level since the
s less up there. For example, on the summit of Mt. Everest (8850 m)
ure is about one-third of what it is at sea level, and from Table 18-2

: hat water will boil at about 70°C. Cooking food by boiling takes longer
yater 01;. yl? u; Rody beian to e\;aplo ratel; ?Pd afltler working up a swe ons, since the temperature is less. Pressure cookers, however, reduce
even a slight breeze makes you feel cool through evaporation. e i u high as 2 atm, allowing higher
FIGURE 18~7 'Vapor appears , because they build up a pressure as hig g hig

above a liquid in a closed container. Vapor Pressure ' ratures to be attained.

Air normally contains water vapor (water in the gas phase), and: | ssure and Humidity

TABLE 18-2 Saturated from evaporation. To look at this process in a little more detail, cc '

Vapor Pressure of Water container that is partially filled with water (or another liquid) and|
Saturated Vapor Pressure air has been removed (Fig. 18-7). The fastest moving molecules qu

::'t':lll’; o e into the empty space above the liquid’s surface. As they move about
(¢C) (=mm-Hg) (=N/md) molecules strike the liquid surface and again become part of the lig
called condensation. The number of molecules in the vapor increase!
=50 0.030 4.0 reached when the number of molecules returning to the liquid eq
-10 1.95 2.60 x 102 leaving in the same time interval. Equilibrium then exists, and the
0 4.58 6.11 x 10? liquid surface is said to be saturated. The pressure of the vapor wh

S .5 G5 8.72 X 10? is called the saturated vapor pressure (or sometimes simply the vap
10 9.21 1.23 x 10° The saturated vapor pressure does not depend on the volume
15 12.8 171 x 10° If the volume above the liquid were reduced suddenly, the density

20 17.5 233 X 103 the vapor phase would be increased temporarily. More molecules:

25 23.8 317 % 103 striking the liquid surface per second. There would be a net flow ofn
30 318 424 x 10° to the liquid phase until equilibrium was again reached, and this

40 553 7 37% 103 the same value of the saturated vapor pressure, as long as the tél 3 Relative humidity. On a particular hot day, the temperature

not changed. th . 3 TR elept
4 . € partial pressure of water vapor in the air is 21.0 torr. What is the

20 25 123,310 The saturated vapor pressure of any substance depends on th ditv? 3 o

60 149 1.99 x 10* nidity?

At higher temperatures, more molecules have sufficient kinetic €l _

700 234 3.12 x 10 from the liquid surface into the vapor phase. Hence equilibrium wil i rom Table 18-2, we see that the saturated vapor pressure of water

80 355 473 x 10* a higher pressure. The saturated vapor pressure of water at variousit 1.8 torr,

9 526 7.01 x 10°* given in Table 18-2. Notice that even solids—for example, ice—hav Fhe relative humidity is thus
100° 760 101 x 10°  saturated vapor pressure. q
120 1489 1.99 X 10° In everyday situations, evaporation from a liquid takes place in
150 3570 4.76 X 10° it rather than into a vacuum. This does not materially alter the @
relating to Fig. 18-7. Equilibrium will still be reached when there % (b : 1 : Nt
molecules in the gas phase that the number reentering the liquid €g % (by volume) of air molecules are nitrogen and 21% oxygen, with much smaller

: . . vapor, argon, and other gases. At an air pressure of 1atm, oxygen exerts a partial
leaving, The concentration of particular molecules (such as water) if Alm and nitrogen 0.78 atm. :

r to the weather as being dry or humid, we are referring to the water
t of the air. In a gas such as air, which is a mixture of several types of
al pressure is the sum of the partial pressures of each gas present.” By
ire, we mean the pressure each gas would exert if it alone were
artial pressure of water in the air can be as low as zero and can vary
um equal to the saturated vapor pressure of water at the given
. Thus, at 20°C, the partial pressure of water cannot exceed 17.5 torr
3-2). The relative humidity is defined as the ratio of the partial
ater vapor to the saturated vapor pressure at a given temperature. It
essed as a percentage:

‘ partial pressure of H,0 X 100%.

Relative idity =
: humidity saturated vapor pressure of H,O

'-.humidity is close to 100%, the air holds nearly all the water vapor it can.

21.0 torr
11.8 = X 100% = 66%.

"Boiling point on summit of Mt. Everest.
*Boiling point at sea level,

FIGURE 18~8 Boiling: bubbles of
water vapor float upward from the
bottom (where the temperature is
highest).
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® PHYSICS APPLIED Humans are sensitive to humidity. A relative humidity of 4g eal gas law we replace V by (V — nb), where n is the number of moles,
Humidity and comfort  optimum for both health and comfort. High humidity, particyjs i
reduces the evaporation of moisture from the skin, which is one of: p(V — nb) = nRT.
mechanisms for regulating body temperature. Very low humig B oh by n, we have
hand, can dry the skin and mucous membranes. e :
@ PHYSICS APPLIED Air is saturated with water vapor when the partial pressure o'lf P Y- s {1656)

Weather  equal to the saturated vapor pressure at that temperature. If the p 4
ep
water exceeds the saturated vapor pressure, the air is said o be sug sometimes called the Clausius equation of state) predicts that for a

situation can occur when a temperature decrease occurs. For ex ure ifland voll;lme ‘; thedp‘fessulr ebf ’\:v i lb Lt thfl? o ar:)xdea;
temperature is 30°C and the partial pressure of water is 21 torr, e e duce ittt e it
humidity of 66% as we saw in Example 18-6. Suppose now that el u;fcretasef ttractive f bet lecul hich
falls to, say, 20°C, as might happen at nightfall. From Table 18- consider s ety ; rlfc \(/ie o;ceshde Y n}o o e i
saturated vapor pressure of water at 20°C is 17.5 torr. Hence the . holdlng B o e O R temper;ltures
would be greater than 100%, and the supersaturated air cannot hold re electrical in nature and although they act even when molecules are
The excess water may condense and appear as dew, or as fog or r e assume their range is small—that is, they act mainiybeween nea}rest
When air containing a given amount of water is-cooled, a tempe ecules at the edge of the gas, headed toward a wall of the contamler
where the partial pressure of water equals the saturated vapor m by a netlforce pulling therrll1 backulritg) thff gtallls Thus these mt(:leatl es
called the dew point. Measurement of the dew point is the most a e prclessure Onhie A L o vaere i ? i
determining the relative humidity. One method uses a pollshe b cssure w(lil tl)e ptr op:l(:rtlgnal :o theﬂ? ens1t};cl) molec;:; e; % thte
FIGURE 18-9 Fog or mist settling contact with air, which is gradually cooled down. The temperature ths %:rf ac:(;rznw: se())( :ct t?le enrs;szulrr; toe 1;1: xre:a’:;dm Ca ?:;ro:
around a castle where the temperature ~ D€gins to appear on the surface is the dew point, and the partial - T d (p /V)% h P itten as moles per v lzme If th
has dropped below the dew point. can then be obtained from saturated vapor pressure Tables. If, fo Jine den}szxty ;gugrc:h o h efg wﬂ g 3,1 n;,o = Lingihes t A% ¢
given day the temperature is 20°C and the dew point is 5°C, then the IR 10 cnvee:should reduce this by an eont ot ’

of water (Table 18-2) in the 20°C air is 6.54 torr, whereas its B Y constant Thus we have

pressure is 17.5 torr; hence the relative humidity is 6.54/17.5 = 37%, p — 7 RT i Va 3
EXERCISE E As the air warms up in the afternoon, how would the relative | i) Wie)
if there were no further evaporation? It would (a) increase, (b) decrease,. ( P+ e )2> <K _ b> = RT, (18-9)

CONCEPTUAL EXAMPLE 18-7 | Dryness in winter. Why doe
heated buildings seem very dry on a cold winter day?

van der Waals equation of state.

ants @ and b in the van der Waals equation are different for different
RESPONSE Suppose the relative humidity outside on a —1 o  determined by fitting to experimental data for each gas. For CO, gas,
Table 18-2 tells us the partial pressure of water in the air is  obtained for a = 0.36N-m‘/mol’ and b = 4.3 X 107 m*/mol.
this air is brought indoors and heated to +20°C, the rela shows a typical PV diagram for Eq. 18-9 (a “van der Waals gas”) for
(1.0 torr)/(17.5 torr) = 5.7%. Even if the outside air were satu temperatures, with detailed caption, and it should be compared to

pressure of 1.95 torr, the inside relative humidity would be at a l eal gases.
S van der Waals equation of state nor the many other equations of

” 1 8 5 e been proposed are accurate for all gases under all conditions. Yet
— Van de]_' Waals Equ atlon ery useful relation. And because it is quite accurate for many situations,
gives us further insight into the nature of gases at the microscopic level.
In Section 18-3, we discussed how real gases deviate from idea densities, a/(V /n)? << P and b << V//n, so that the van der Waals
particularly at high densities or when near condensing to a liquid. duces to the equation of state for an ideal gas, PV = nRT.
to understand these deviations using a microscopic (molecular) [
J. D. van der Waals (1837-1923) analyzed this problem and in 18 N
equation of state which fits real gases more accurately than the id Mean Free Path
analysis is based on kinetic theory but takes into account: (1) t lles were truly point particles, they would have zero cross-section and
molecules (we previously neglected the actual volume of the molec B with one another. If you opened a perfume bottle, you would be able to
compared to the total volume of the container, and this assun instantaneously across the room, since molecules travel hundreds of
poorer as the density increases and molecules become closer tOg cond. In reality, it takes time before you detect an odor and, according
range of the forces between molecules may be greater than the size ¢ Ory, this must be due to collisions between molecules of nonzero size.
(we previously assumed that intermolecular forces act only during 1€ 1o follow the path of a particular molecule, we would expect to see
the molecules are “in contact”). Let us now look at this analysi 82ag path as shown in Fig. 18-12. Between each collision the molecule
van der Waals equation of state. 1a straight-line path. (Not quite true if we take account of the small
Assume the molecules in a gas are spherical with radius ‘forces that act between collisions.) An important parameter for a
these molecules behave like hard spheres, then two molecul€ is the mean free path, which is defined as the average distance a
bounce off one another if the distance between their center €IS between collisions. We would expect that the greater the gas
gets as small as 2r. Thus the actual volume in which the molec € larger the molecules, the shorter the mean free path would be. We
about is somewhat less than the volume V of the container he the nature of this relationship for an ideal gas.
: The amount of “unavailable volume” depends on the numbe O the gravitational force in which the force on mass m; due to mass m, is proportional
486 CHAPTER 18 and on their size. Let b represent the “unavailable volume per lheir masses (Newton’s law of universal gravitation, Chapter 6).

FIGURE 18-10 Molecules, of
radius r, colliding.

FIGURE 18-11 PV diagram for a
van der Waals gas, shown for four
different temperatures. For Ty , T,
and T¢ (T is chosen equal to the
critical temperature), the curves fit
experimental data very well for most
gases. The curve labeled Ty, a
temperature below the critical point,
passes through the liquid-vapor
region. The maximum (point b) and
minimum (point d) would seem to
be artifacts, since we usually see
constant pressure, as indicated by
the horizontal dashed line (and

Fig. 18-4). However, for very pure
supersaturated vapors or supercooled
liquids, the sections ab and ed,
respectively, have been observed.
(The section bd would be unstable
and has not been observed.)

FIGURE 18-12 Zigzag path ofa
molecule colliding with other
molecules.
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A collision will occur whenever the centers of two molecyje

""""" I distance,2r of one another:Letus followia: mIECHENNE. " place a few drops of food coloring in a container of water as in
S T, ey dasl'xed AL represents the pathiofioUs < will find that the color spreads throughout the water. The process
L (I s LA B f NS G radius 2r. If thelg : time (assuming you do not shake the glass), but eventually the
VA R [T WA G ’cylmder, a collision will foccuri(ey e uniform. This mixing, known as diffusion, takes place because
FIGURE 18-13 Molecule at left zollil:,sé?rl iy Lsutrh:egifttliiz;,f a;: x?ggdcganﬁ::?twn’ 2s woj - movement of the molecules. Diffusion occurs in gases too.
T T A T Yelgers ) i y nding a zigza, wples include Qerfume or smoke (o'r the odoF of sgmethmg cooking

straight one for purposes of calculation.) Assume our molecule. diffusing in air, although convection (moving air currents) often

It collides with any molecule whose : = .
center is within the cylinder of moving at the mean speed  in the gas: For: the QT ot role in spreading odors than does diffusion. Diffusion depends on

radius 2r. other molecules are not moving, and that the concentration of by which we mean the number of molecules or moles per unit volume.

per unit volume)' is N/V. Then the number of molecules whose | ¢ diffusing substance moves from a region where its concentration is
the cylinder of Fig. 18-13 is N/V times the volume of this cylin here ils concentration is low.

represents the number of collisions that will occur. In a time /
travels a distance v At, so the length of the cylinder is Az;-
m(2r)*v At. Hence the number of collisions that occur i
(N/V)m(2r)*v At. We define the mean free path, £, as the
between collisions. This distance is equal to the distance travele
At divided by the number of collisions made in time Af;

v At 1

Suppose our gas is made up of molecules which are hard gp ) iffusion

FIGURE 18-14 A few drops of
food coloring (a) dropped into

(A H — . water, (b) spreads slowly throughout
M (N/V)m(2r)*v At 4mr’(N/V) the wafer), er\’/entually (c)ybecomging
Thus we see that £, is inversely proportional to the cross-sectio . pruform:
the molecules and to their concentration (number/volume),
Eq. 18-10a is not fully correct since we assumed the other molecull
In fact, they are moving, and the number of collisions in a time Af
the relative speed of the colliding molecules, rather than on . He (b)
of collisions per second is (N/V)m(2r)*v, At (rather than (N
where v, is the average relative speed of colliding molecules. A ca an be readily understood on the basis of kinetic theory and the = FIGURE 18-15 Diffusion occurs
shows that for a Maxwellian distribution of speeds v = V20. n of molecules. Consider a tube of cross-sectional area A containing  from a region of high concentration
free path is  higher concentration on the left than on the right, Fig. 18-15. We o one of lower concentration (only
olecules are in random motion. Yet there will be a net flow of  ©ne type of molecule is shown).

Mean free path by = e b ' b the right. To see why this is true, let us consider the small section of

4mV2r (N/V) Ax as shown. Molecules from both regions 1 and 2 cross into this :..',/ J ,/ X
' as a result of their random motion. The more molecules there are in o o ® 'lr s Lot
Mean free path of air me ore will strike a given area or cross a boundary. Since there is a greater :Il et
Estimate the mean free path of air molectiles at STP, standard | of molecules in region 1 than in region 2, more molecules cross into S e )
pressure (0°C, 1 atm). The diameter of O, and N, molecules is ab ion from region 1 than from region 2. There is, then, a net flow of o -\\ 1l N
APPROACH We saw in Example 17-10 that 1 mol of an ideal gas 0 1 left to right, from high concentration toward low concentration. Region I N " K T
omes zero only when the concentrations become equal. concentration |" X "' concentration

of 22.4 X 107> m? at STP. We can thus determine N/V and apply

expect that th i i tration, the greater =C =C
SOLUTION p t the greater the difference in concentrati g 1 2

Indeed, the rate of diffusion, / (number of molecules or moles or
N _ 602 x 10% molecules = 269 X 10% molecr is directly proportional to the difference in concentration per unit
Vv 22.4 X 10~ m? i ' C;)/Ax (which is called the concentration gradient), and to the
area A (see Fig. 18-15):

TABLE 18-3 Diffusion
Constants, D (20°C, 1 atm)

lM = 1 ~ 9 Ry Cl i Cz’

4rV2(15 X 1079mP(27 X 10¥m?) - S Dl
_N_OT E This is about 300 times the diameter o.f an air molecule. derivatives, H, Air 63 X 10~5
At very low densities, such as in an evacuated vessel, the conce| = DA -ZE . (18-11) 0, Al DX lojl
path loses meaning since collisions with the container walls | & 0 WAt 002710
frequently than collisions with other molecules. For example, i 0f proportionality called the diffusion constant. Equation 18-11 is Bliggiglobin Water 69 X 10-1!

that is (say) 20 cm on a side containing air at 107 torr (~ 10 atn diffusion equation, or Fick’s law. If the concentrations are given

path would be about 900 m, which means many more collisions ar ' is‘the number of moles passing a given point per second. If the G;I)rrlciinn: gi?j) Water 95 x 107!
walls than with other molecules. (Note, nonetheless, that the bC f€ given in kg/ m?, then J is the mass movement per second (kg/s). DNA (
102 molecules.) If the concept of mean free path included also € S given in meters. The values of D for a variety of substances are "¢’ 13?:; A ]

18-3.

walls, it would be closer to 0.2 m than to the 900 m calculated from
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DGVLINREETE ESTIMATE | Diffusion of ammonia in ajr, -

the time required for diffusion, estimate how long it might ta
(NH3) to be detected 10 cm from a bottle after it is opened, assum
is occurring.

@PHYSlcs APPLIED
Diffusion time

sion J can be set equal to the number of molecules N dlffusmg ac
time #: J = N/t. Then the time ¢ = N/J, where J is given by Eq

have to make some assumptions and rough approximations abo !
to use Eq. 18-11.

SOLUTION Using Eq. 18-11, we find
N N Ax

J ~ DAAC

The average concentration (midway between bottle and nose)
by C ~ N/V, where V is the volume over which the molec
roughly of the order of V =~ A Ax, where Ax is 10cm = 0.10
N = CV = CA Ax into the above equation:

_(CAAx)ax T (bx)

DAAC ~ AC D

The concentration of ammonia is high near the bottle (C) an
detecting nose (= 0),s0 C ~ C/2 = AC/2,0r (C/AC) ~ }. Sinc
have a size somewhere between H, and O,, from Table 18-3
D =~ 4 X 107> m?%/s. Then

i (0.10 m)?

2 (4 X 1075 m?/s)

~ 100s,

or about a minute or two. !

NOTE This result seems rather long from experience, suggesting
(convection) are more important than diffusion for transmitting

I

CONCEPTUAL EXAMPLE 18-10 | Colored rings on a pap

that instead of a brown spot, there are concentric colored rmgs arc
spot. What happened? i

RESPONSE The ink in a brown marker is composed of several d
mix to make brown, These inks each diffuse at different rates |
paper towel. After a period of time the inks have diffused far
differences in distances traveled is sufficient to separate the
Chemists and biochemists use a similar technique, called chr
separate substances based on their diffusion rates through a mec

@PHYSICS APPLIED
Chromatography

| Summary

According to the kinetic theory of gases, which is based on the The behavior of real gases at high pre !
idea that a gas is made up of molecules that are moving rapidly near their llquefactlon point, deviates from

and at random, the average translational kinetic energy of the  due to the finite size of molecules and to th€

between molecules.
Below the critical temperature, a gas can

molecules is proportional to the Kelvin temperature T:
K = im? = 3T (18-4)

where k is Boltzmann’s constant. than the critical temperature, no amount of1 b
At any moment, there exists a wide distribution of mole- liquid surface to form.

cular speeds within a gas. The Maxwell distribution of speeds is The triple point of a substance is t

derived from simple kinetic theory assumptions, and is in good ture and pressure at which all three phé

accord with experiment for gases at not too high a pressure. and gas—can coexist in equilibrium. Bec

490 CHAPTER 18 Kinetic Theory of Gases

APPROACH This will be an order-of-magnitude calculation, Th

colors a small spot on a wet paper towel with a brown marker. Lat

if sufficient pressure is applied; but if the temp

he triple point of water is often taken as a
nCce pomt

of a liquid is the result of the fastest moving
sing from the surface. Because the average
s less after the fastest molecules escape, the
C! eases when evaporation takes place.

apor pressure refers to the pressure of the vapor
when the two phases are in equilibrium. The
a substance (such as water) depends strongly

e and is equal to atmospheric pressure at the

jons

Relative humidity of air at a given place is the ratio of the

partial pressure of water vapor in the air to the saturated vapor
pressure at that temperature; it is usually expressed as a percentage.

[*The van der Waals equation of state takes into account

the finite volume of molecules, and the attractive forces between
molecules, to better approximate the behavior of real gases.]

[*The mean free path is the average distance a molecule

moves between collisions with other molecules.]

[*Diffusion is the process whereby molecules of a substance

move (on average) from one area to another because of a
difference in that substance’s concentration.]

v jt-he size of different molecules enter into the

")
is rapidly compressed (say, by pushing down a
| temperature increases. When a gas expands
on, it cools. Explain these changes in tempera-
" the kinetic theory, in particular noting what
he momentum of molecules when they strike
 piston.

18-1 we assumed the gas molecules made
stic collisions with the walls of the container.
ption is not necessary as long as the walls are at
mperature as the gas. Why?

ords how Charles’s law follows from kinetic

the relation between average kinetic energy and
temperature.

words how Gay-Lussac’s law follows from kinetic
b

igher in the Earth’s atmosphere, the ratio of
 to O, molecules increases. Why?

etermine the temperature of a vacuum?

I€ a macroscopic or microscopic variable?
y the peak of the curve for 310K in Fig. 18-3 is

h as for 273 K. (Assume the total number of
15 the same for both.)

ocity for the Earth refers to the minimum speed

nust have to leave the Earth and never return.

cape velocity for the Moon is about one-fifth what
€ Earth due to the Moon’s smaller mass; explain

Vioon has practically no atmosphere. (b) If
as once in the Earth’s atmosphere, why would it

ably escaped?

T of gas is at rest, the average velocity of mole-
D€ zero, Yet the average speed is not zero. Explain.

ure in a gas is doubled while its volume is held
f What factor do (a) s and (b) ¥ change?

Tyday observation would tell you that not all

1 a material have the same speed?

1 the saturated vapor pressure of a liquid (say,
* ot depend on the external pressure. Yet the
of boiling, does depend on the external
H1€re a contradiction? Explain.

POrates more quickly than water at room
. What can you infer about the molecular
One relative to the other?

16.

17.

18.

19.

20.

21.

22,
23.

24.
25,

*27.

*28.

Explain why a hot humid day is far more uncomfortable
than a hot dry day at the same temperature.

Is it possible to boil water at room temperature (20°C)
without heating it? Explain.

What exactly does it mean when we say that oxygen boils at
—183°C?

A length of thin wire is placed over a block of ice (or an ice
cube) at 0°C and weights are hung from the ends of the
wire. It is found that the wire cuts its way through the ice
cube, but leaves a solid block of ice behind it. This process is
called regelation. Explain how this happens by inferring how
the freezing point of water depends on pressure.

Consider two days when the air temperature is the same but
the humidity is different. Which is more dense, the dry air or
the humid air at the same T? Explain.

(@) Why does food cook faster in a pressure cooker?
(b) Why does pasta or rice need to boil longer at high
altitudes? (c) Is it harder to boil water at high altitudes?

How do a gas and a vapor differ?

(a) At suitable temperatures and pressures, can ice be
melted by applying pressure? (b) At suitable temperatures
and pressures, can carbon dioxide be melted by applying
pressure?

Why does dry ice not last long at room temperature?

Under what conditions can liquid CO, exist? Be specific.
Can it exist as a liquid at normal room temperature?

Why does exhaled air appear as a little white cloud in the
winter (Fig. 18-16)?

FIGURE 18-16
Question 26.

Discuss why sound waves can travel in a gas only if their
wavelength is somewhat larger than the mean free path.

Name several ways to reduce the mean free path in a gas.
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