Q214

Q215

Q21.6
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Q21.8

Q21.9

The Kinetic Theory of Gases

ANSWERS TO QUESTIONS

Q21.1 The molecules of all different kinds collide with the walls of the
container, so molecules of all different kinds exert partial
pressures that contribute to the total pressure. The molecules
can be so small that they collide with one another relatively
rarely and each kind exerts partial pressure as if the other kinds
of molecules were absent. If the molecules collide with one
another often, the collisions exactly conserve momentum and
so do not affect the net force on the walls.

Q21.2 The helium must have the higher rms speed. According to
Equation 21.4, the gas with the smaller mass per atom must
have the higher average speed-squared and thus the higher
rms speed.

Q21.3 Yes. As soon as the gases are mixed, they come to thermal
equilibrium. Equation 21.4 predicts that the lighter helium
atoms will on average have a greater speed than the heavier
nitrogen molecules. Collisions between the different kinds of
molecules gives each kind the same average kinetic energy of
translation.

If the average velocity were non-zero, then the bulk sample of gas would be moving in the direction
of the average velocity. In a closed tank, this motion would result in a pressure difference within the
tank that could not be sustained.

The alcohol evaporates, absorbing energy from the skin to lower the skin temperature.

Partially evacuating the container is equivalent to letting the remaining gas expand. This means that
the gas does work, making its internal energy and hence its temperature decrease. The liquid in the
container will eventually reach thermal equilibrium with the low pressure gas. This effect of an
expanding gas decreasing in temperature is a key process in your refrigerator or air conditioner.

Since the volume is fixed, the density of the cooled gas cannot change, so the mean free path does
not change. The collision frequency decreases since each molecule of the gas has a lower average
speed.

The mean free path decreases as the density of the gas increases.

The volume of the balloon will decrease. The pressure inside the balloon is nearly equal to the
constant exterior atmospheric pressure. Then from PV =nRT , volume must decrease in proportion
to the absolute temperature. Call the process isobaric contraction.
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Q21.10

Q21.11

Q21.12

Q21.13

Q21.14

Q21.15

Q21.16

Q21.17

The Kinetic Theory of Gases

The dry air is more dense. Since the air and the water vapor are at the same temperature, they have
the same kinetic energy per molecule. For a controlled experiment, the humid and dry air are at the
same pressure, so the number of molecules per unit volume must be the same for both. The water
molecule has a smaller molecular mass (18.0 u) than any of the gases that make up the air, so the
humid air must have the smaller mass per unit volume.

Suppose the balloon rises into air uniform in temperature. The air cannot be uniform in pressure
because the lower layers support the weight of all the air above them. The rubber in a typical balloon
is easy to stretch and stretches or contracts until interior and exterior pressures are nearly equal. So
as the balloon rises it expands. This is an isothermal expansion, with P decreasing as V increases by
the same factor in PV =nRT . If the rubber wall is very strong it will eventually contain the helium at
higher pressure than the air outside but at the same density, so that the balloon will stop rising.
More likely, the rubber will stretch and break, releasing the helium to keep rising and “boil out” of
the Earth’s atmosphere.

A diatomic gas has more degrees of freedom—those of vibration and rotation—than a monatomic
gas. The energy content per mole is proportional to the number of degrees of freedom.

(@) Average molecular kinetic energy increases by a factor of 3.

(b) The rms speed increases by a factor of NER

(c) Average momentum change increases by V3.
(d) Rate of collisions increases by a factor of V3 since the mean free path remains unchanged.
(e) Pressure increases by a factor of 3.

They can, as this possibility is not contradicted by any of our descriptions of the motion of gases. If
the vessel contains more than a few molecules, it is highly improbable that all will have the same
speed. Collisions will make their speeds scatter according to the Boltzmann distribution law.

Collisions between molecules are mediated by electrical interactions among their electrons. On an
atomic level, collisions of billiard balls work the same way. Collisions between gas molecules are
perfectly elastic. Collisions between macroscopic spheres can be very nearly elastic. So the hard-
sphere model is very good. On the other hand, an atom is not ‘solid,” but has small-mass electrons
moving through empty space as they orbit the nucleus.

As a parcel of air is pushed upward, it moves into a region of lower pressure, so it expands and does
work on its surroundings. Its fund of internal energy drops, and so does its temperature. As
mentioned in the question, the low thermal conductivity of air means that very little heat will be
conducted into the now-cool parcel from the denser but warmer air below it.

A more massive diatomic or polyatomic molecule will generally have a lower frequency of vibration.
At room temperature, vibration has a higher probability of being excited than in a less massive
molecule. The absorption of energy into vibration shows up in higher specific heats.

SOLUTIONS TO PROBLEMS

Section 21.1 Molecular Model of an Ideal Gas

P21.1

8.005in45.0°~(~8.00sin 45.0°)] my/s

= Av _ [
F=Nm— = 500(5.00x10" kg) 00 =
=157 N/m? =

P=

x|
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(5.00x10%)[2(4.68 x 107 kg)(300 mys)]
1.00 s

F 140 N
andP=—=——""—__[176KkPa |.
A 800x107* m?

P21.3 We first find the pressure exerted by the gas on the wall of the container.

NkT 3N,kgT 3RT _ 3(8.314 N-m/mol-K)(293 K)
v v v 8.00x107° m®

Thus, the force on one of the walls of the cubical container is

F=PA= (9.13 x 105 Pa)(4.00 x1072 mz) =[3.65x10* N |.

2
P21.4 Use Equation 21.2, P = %(m; j, so that

2
K, =07 3PV here N=nN, =2N,
2 2N

3Py 3(8.00 atm)(1.013x10° Pa/atm|(5.00x 107 m®)

P21.2 [= =140 N

=913 x10° Pa

P=

T 2(2N,) 2(2 mol)(6.02 x10% molecules/ mol)

K., =| 5.05x107*! J/molecule |

P21.5  P= Eﬁ(ﬁ) Equation 21.2
3V
1.20x10°)(4.00x 107
N _3 11/ 22( )( > ) =2.00 x10** molecules
2(KE) 2 (3.60x1072)
N 2.00 x 10** molecules
N, 6.02x10% molecules/mol
P21.6 One mole of helium contains Avogadro’s number of molecules and has a mass of 4.00 g. Let us call m

the mass of one atom, and we have
N,m=4.00 g/mol
3 4.00 g/mol
6.02x10% molecules/mol

m=|664x10"7 kg |

=6.64x10™* g/molecule

or

~py  1013x10° Pal4 (0150 m)’ |
ksT  (138x107 J/K)(293 K)

(b) K= %kBT = %(1.38 x107% )(293) J=]6.07x1072 ]

4.00 g/mol
6.02x10% molecules/mol

m=6.64x10"% kg/molecule

1 —5 3 _ , [BkT
Emv :EkBT. S Vims = p—— 1.35 km/s

P217  (a) PV=Nk;T: N =[3.54x10% atoms

=6.64x10™* g/molecule

(c) For helium, the atomic massis m=
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P21.8

P21.9

P21.10

P21.11

The Kinetic Theory of Gases

o [3ksT
m

vo J
UHe

M. _\/4.00 _J 1
Mo V320 V800

1350 m/s
Ve = ———— = -477 m/s
°" 800 /

@)

(b)

(@)

(b)

@)

(b)

K= % kT = %(1.38 x10 J/K)(423 K)=| 8.76x10'

=%m02 =876x1072 ]

rms

1.75x107 ]
SO vrms = T

3 4.00 g/mol
6.02x10% molecules/mol

ol

=6.64x10™* g/molecule

For helium,

m=6.64x10"% kg/molecule
39.9 g/mol

T 6.02x107 molecules/mol

Similarly for argon, =6.63x10 g/molecule

m=6.63x10"° kg/molecule
Substituting in (1) above,

we find for helium, | Vs = 1.62 km/s |
and for argon, | Upms =014 m/s |
2
PV =nRT = N0
2
The total translational kinetic energy is N% =Eans:

_3 _3 5 3\
Eirans =5 PV = E(3.00 x1.013x10°)(5.00x 10 ) =[ 2.28 k]
2 314
m;) _ 3kZBT _3RT _ 3(8.314)(300) (621107 ]

2N, 2(6.02x10%)

2
N S e

For a monatomic ideal gas, E;,, = %nRT

For any ideal gas, the energy of molecular translation is the same,

3 3
Etrans = EnRT = EPV
: Etrans 3
Thus, the energy per volume is —===| —P |.

1)



Section 21.2  Molar Specific Heat of an Ideal Gas

P21.12

P21.13

P21.14

P21.15

E

int =

gnRT
2
AE =%nRAT = %(3.00 mol)(8.314 ]/mol~K)(2.00 K)=|748]

We us the tabulated values for Cp and Cy,

@  Q=nCpAT =1.00 mol(28.8 J/mol-K)(420 —300) K = 3.46 k]

(b) AE;. =nCyAT =1.00 mol(20.4 J/mol-K)(120 K) =
(© W =-Q+AE,,, =-3.46 k] +2.45 k] =

i . nRT
The piston moves to keep pressure constant. Since V = 5 then

AV = nRAT

for a constant pressure process.

Q = nCPAT = n(CV + R)AT SO AT = Q = Q

n(Cy +R) n(5R/2+R) 7nR

and szﬁ(ﬁ)zgzg Qv
P \7nR 7P 7 nRT

(4.40x10° J)5.00 L)

AV = 2 =252L
7 (1.00 mol)(8.314 J/mol-K)(300 K)
Thus, Vi=V;+AV=500L+252L=|752L
n=1.00 mol, T; =300 K
(b) Since V =constant, W = EI
(@) AE,,=Q+W=209]+0=| 209 ]
3
(c) AE;, =nCyAT = n(E RJAT
50 AT = 285m 2(209)) =168 K

3nR  3(1.00 mol)(8.314 J/mol-K)

T=T,+AT=300K+16.8 K=| 317 K

Chapter 21
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606 The Kinetic Theory of Gases

P21.16 (a) Consider heating it at constant pressure. Oxygen and nitrogen are diatomic, so Cp = 7R
Q=nCpAT = ZnRAT = Z(HJAT
2 2\T
5 2 3
7 (1013x10° N/m*)(100 m?)
== 1.00K)=| 118 k
Q 2 300 K ( )
(b) Uy =mgy
u 5
me—t o LAV 65107 kg
gy (9.80 m/s*)2.00 m
*P21.17  (a) We assume that the bulb does not expand. Then this is a constant-volume heating process.
The quantity of the gasis n = % The energy inputis Q = ¥ At =nCy AT so
i
A= At IARRT,
nC, PVCy,
The final temperatureis Ty =T; + AT =T; (1 + JAIR j
vy
T P
The final pressure is Py = I, L. Pl 1+ JAIR .
T, PVC,
2
) P, =1atm| 1+ 3.60]458.31;1]m 3molK3 :
s-mol-K1.013x10” N 47(0.05 m)”12.5]
5 5 1.00 mol
P21.18 a Cy =—R=—(8.314 J/mol-K)| ————— |=719 J/kg-K=| 0.719 KJ/kg-K
(a) y=5R="(8314 ]/ )(0.0289kg) J/kg-K=| J/kg-K |
(b) m=Mn=M (ﬂ)
RT
200 x10* Pa(0.350 m’ )
m=(0.0289 kg/mol =/ 0811k
( g/mol) (8314 J/mol-K)(300 K)
(c) We consider a constant volume process where no work is done.
Q=mC,AT =0.811 kg(0.719 kJ/kg-K)(700 K —300 K)=| 233 kJ
(d) We now consider a constant pressure process where the internal energy of the gas is

increased and work is done.

Q=mCpAT = m(CV + R)AT - m(?jAT _ m( 7(;\/ jAT

Q=0811 kg[%(0.719 k]/kg-K)}(4OO K)=
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P21.19  Consider 800 cm® of (flavored) water at 90.0 °C mixing with 200 cm® of diatomic ideal gas at 20.0°C:
Qcold = ~Qhot

or MairCp, air (Tf - Ti, air

)==1m,c, (AT),
(AT) 3 —I’HairCP, air (Tf - Ti, air) _ _(pv)air CP, air (9000C _ ZOOOC)
w mew B (pwVw)Cw

where we have anticipated that the final temperature of the mixture will be close to 90.0°C.

The molar specific heat of airis ~ Cp ,;, = %R

So the specific heat per gramis  cp = %(%) = %(8.314 J/mol- K)(%gmdj =1.01 J/g-°C
78

[(120x107 g/em?)(200 em?)|(1.01 J/g->C)(70.0°C)

(8T =~ [(1.00 g/em?)(800 cm?)|(4186 J/kg-C)

or (AT), ~-5.05x107°C

The change of temperature for the water is | between 10°C and 1072°C |

P21.20 Q= (nCpAT) +(nCy/AT)

isobaric isovolumetric

In the isobaric process, V doubles so T must double, to 2T;.

In the isovolumetric process, P triples so T changes from 2T; to 6T;.

7 5
Q= n(ERJ(ZTi —Ti)+n(ERJ(6Ti -2T;)=135nRT; = 135PV |

P21.21 In the isovolumetric process A— B, W =0 and Q =nC, AT =500 J

3R 2(500J)
500 J=n| — (TR =T T, =T, +
J "(2)(3 w)orTg =T, AR
2(500
T, =300 K + (5007) =340 K

3(1.00 mol)(8.314 J/mol-K)

In the isobaric process B— C,

Q=nCpAT :?(TC —Ty)=-500].
Thus,
2(5007) 1000]
To=Tg - =340 K- =316 K
T 5(1.00 mol)(8.314 J/mol -K)
(b) The work done on the gas during the isobaric process is

Wie =—PAV = —nR(T — Ty ) =—(1.00 mol)(8.314 J/mol-K)(316 K —340 J)
or Wy =+200]

The work done on the gas in the isovolumetric process is zero, so in total

Won gas = '
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ﬂ}'v. At the end,
\%

1

*P21.22  (a) At any point in the heating process, P, =kV; and P=kV = %V
i

nRT. Pfo 2P.2V.
Py =52V =2k and T; = === [4T .

2 nR nR
f 2 4RT, nRT, V2" uRT, 3
(b)  Theworkinputis W==[PdV =— [ —LVdV=-—Ft=—| =-Z"L(4V-V?)=-ZuRT,
i v Vi VP2, 2V 2

! i

1
The change in internal energy, is AE;,, =nCy AT = n%R(4Tl- -T))= +75nRTi. The heat input

is Q=AEj, -W =%11RT1- ={ 9(1 mol)RT; |.

P21.23 (a) The heat required to produce a temperature change is
Q=nC,AT +n,C,AT
The number of molecules is Ny + N,, so the number of “moles of the mixture” is n; +n, and
Q=(n; +n,)CAT,
1n,Cy +1,C,
1y +1,

o) C=

b) Q= iniCiAT = (f ni]CAT

i=1 i=1

m
Z”‘ici
i=1

C=|E

n;

1

m
=1

Section 21.3  Adiabatic Processes for an Ideal Gas
Yy
Ve (P 1.00\"”
P21.24 (a PV/ =P, V! 50 P T B (—) -[0118
(@) i frf v, [Pf] 20.0

T, PV PV T

f frf f f f
b ——=—+=|—=— | — [=(20.0)(0.118 —=-2.35
®) T, PV, (pj[vj (20.0X ) T, -

i i i

(c) Since the process is adiabatic,
R
Since 7/:1.40:C—P:+—CV, Cy :ER and AT =2.35T, - T; =1.35T,
Cy Cy 2

5
AE; =nCy AT =(0.016 0 mol)(aj(8.314 J/mol-K)[1.35(300 K)] =
and W =-Q+AE;, =0+135]=[ +135] |.



P21.25

P21.26

@ BV =PV/
v. ) 12.0 )40
P,=P|—| =5.00 atm| — =| 1.39 atm
=2y (23)

PV, 5.00(1.013 x10° Pa)(lZ.O x1073 m3)

b T; =] 365K
®) ' nR 2.00 mol(8.314 J/mol-K)

PV, 1.39(1.013 x 105 Pa)(30.o x1073 m3)

=| 253K
nR 2.00 mol(8.314 J/mol-K)
(c) The process is adiabatic:

yo140=Cp RHCv o 5p
c, Gy 2

5
AE,, =nCyAT =2.00 mol(§(8.314 ]/mol-K))(ZS?) K -365 K) = —4.66 K]
W = AE,, —Q=—4.66 k] -0 =| —4.66 K]

Ty

0500 m=245x10"* m?®

250x102 m)

The quantity of air we find from PV, =nRT,

PV, (1.013 x 105 Pa)(2.45 x107* m3)
"TRT, T (8314 J/mol-K)(300 K)
1=997x10° mol

Adiabatic compression: P; =101.3 kPa +800 kPa =901.3 kPa
(a) BV/ =PV}

iy 5/7
V=V, L1 Z245x10 m3(mﬁj
Py 901.3

V= 515x107° m?

1y (1r-1)
P,V P ) .
T; :T.#:T._f[ﬂ] :T.(EJ

1

"BV, 'R\ P 2
101.3 )7
Ty =300 K(mj =| 560 K
() The work put into the gas in compressing it is AE;,, =nCy AT

W =(9.97x107 mol)§(8.314 J/mol -K)(560 —300) K
W=539]

continued on next page

Chapter 21
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610 The Kinetic Theory of Gases

Now imagine this energy being shared with the inner wall as the gas is held at constant
volume. The pump wall has outer diameter 25.0 mm + 2.00 mm + 2.00 mm = 29.0 mm, and
volume

2 2
[;;(14.5 x1072 m) - ﬁ(12.5 x1072 m) }4.00 x102 m=6.79x10"° m3

and mass pV =(7.86x10° kg/m’)(6.79x10° m*®)=533 g

The overall warming process is described by

53.9 J=nCy AT + mcAT
N 5
53.9]=(9.97x 10~ mol)(8.314 J/mol K)(T; ~300 K)
+(53.3x107 kg)(448 J/kg-K)(Ty - 300 K)
53.9]=(0.207 J/K+239 J/K)(T; -300 K)

Tﬁ—3OOK=

-1
T Y 0.400
p27  Lo| U =(lj
T, \v, 2
If T, =300 K, then T, =[ 227 K |.

Y
*P21.28 (a) In PIVI}/ = va;/ we have Pf = 131(_1}
f

1.40
0.720 m®
- "(0 240 m3j = 4665

Then ilds =—Pf Vs
LT

The factor of increase in temperature is the same as the factor of increase in internal energy,

. Ein,
according to E;,, =nCyT. Then En L= .

int, i

-1
T, PV Y v Y
(b) mt S Vil Y] e have
T, PV, \V;) Vv, |V

1 1

0.720 m® 040
g |2 m
Vi

PVy 1
T, =T, L -T,(466)- =155
PV, 3

ivi

0.720 m® _ 104
Vs

0.720 m?

=225 =566



P21.29

P21.30

@)
(b)

(©

d

(©)

(@)
(b)

(©

(d

See the diagram at the right.

PV =P V¢
3RV] =RV
Ve = (3% )V, =(3%7)v; =219V,

Ve =219(400L)=[877 L]

PyV; =nRTy =3PV, = 3nRT,

Ty =3T; =3(300 K)={ 900 K
After one whole cycle, T, =T, =| 300 K |.

In AB, Q5 =nCyAV = n(%RJ(BTi —T;)=(5.00)nRT;

Qpc =0 as this process is adiabatic
P-Ve =nRT. = P(219V;) = (2.19)nRT,
so  Tc=219T;
7

Chapter 21 611

Qea =nCpAT = n(ERj(Ti ~2.19T;) = (~4.17)uRT,

For the whole cycle,

Qapca =Qap +Qpc +Qca =(5.00-4.17)nRT; =

(AEin; )ABCA =0=0Qapca *Wapca

Wapca = —Qapca =—(0.829)nRT; = —(0.829)FV;

Wapca = ~(0.829)(1.013 x 10° Pa)(4.00x10~° m?) =

See the diagram at the right.

BV} =P-V{ 3P,
3RV/ =PV

Ve =37y, =3%"v, =[ 219V,

PyVy =nRTy =3PV, =3nRT;

Ts : P;

After one whole cycle, T, =

continued on next page

P
3P p---- B
Adiabatic
C
A |
V=4l T VL)
FIG. P21.29
(0.829)nRT;
P
__ e B Adiabatic
AT | C
1 1 V(L)
v, Ve
FIG. P21.30
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P21.31

The Kinetic Theory of Gases

()

@)

(b)

In AB, Q45 =nCyAT = n(%RJ(BTi ~T,)=(5.00)uRT,

Qpc =0 as this process is abiabatic
P-Ve =nRT; =P(219V;) = 2.19nRT; so Tp = 2.19T;

Qcp =nCpAT = n(%R](Ti ~2.19T;) = ~417nRT,

For the whole cycle,

(AEy )ABCA =0=0Qupca *Wasca

The work done on the gas is p

v, P, |- Adiabatic Q,,=0

Wy, == [ PdV .
V.

a

Isothermal
Ty =1,

For the isothermal process,

P L__.
b
Vb' 1
Wy =—nRT, | | = AV
Vi 1% Vi
W, = —nRT, In| —&~ | =nRTIn| —% |. Vp=Vyy=V,/10 :
v, Vi

FIG. P21.31
Thus, Wy, =5.00 mol(8.314 J/mol-K)(293 K)In(10.0)

w, ~[50H]

For the adiabatic process, we must first find the final temperature, T,. Since air consists
primarily of diatomic molecules, we shall use

_5R_5(8.314)

7 air =1.40 and CV, air _7 ) =208 ]/mOIK :

Then, for the adiabatic preocess
y—1
T, =T, [%J =293 K(10.0)**" =736 K.
b

Thus, the work done on the gas during the adiabatic process is

Wub (_Q + AEin‘r )ub = (_0 + nCVAT)ub = nCV (Tb - Tu)

or W, =5.00 mol(20.8 J/mol-K)(736—-293) K =[ 46.0 K] |.

continued on next page
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(c) For the isothermal process, we have

bebe = PIZVﬂ .

Thus, P, =P, (“;—”] =1.00 atm(10.0) = :
”

For the adiabatic process, we have BV} =P,V/ .

_ V, ! B 140
Thus, P, =P, [V—b] =1.00 atm(10.0) ™ = :

P21.32  We suppose the air plus burnt gasoline behaves like a diatomic //’% /Q

ideal gas. We find its final absolute pressure: —©— —©—
75 5 50.0 cm?® 400 cm?
21.0 atm(S0.0 cm3) = Pf (400 cm? ) N
1V
Py =210 atm(g) =114 atm )
Now Q=0 l
and W = AE;, =nCy(T; - T;)
5 5 5 Before After
W =—nRT; ——nRT, =—(P,V, - PV.
2RIy =5 RT =5 (PVy =B V) FIG. P21.32

1.013x10° N/m?
1 atm

W= %[1.14 atm(400 cm? ) - 21.0 atm(50.0 cm’ )][ J(w6 m’/em?)

W=-150]

The output work is -W =+150 ]

The time for this stroke is | 20 ( 60s j=6.00><103 s
4\ 2500 \1min

g W10 e
At 6.00x107° s
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Section 21.4  The Equipartition of Energy

P21.33  The heat capacity at constant volume is nCy,. An ideal gas of diatomic molecules has three degrees of

freedom for translation in the x, y, and z directions. If we take the y axis along the axis of a molecule,
then outside forces cannot excite rotation about this axis, since they have no lever arms. Collisions
will set the molecule spinning only about the x and z axes.

(@) If the molecules do not vibrate, they have five degrees of freedom. Random collisions put

equal amounts of energy %kBT into all five kinds of motion. The average energy of one

molecule is %kBT. The internal energy of the two-mole sample is

5 5 5

The molar heat capacity is Cy, = %R and the sample’s heat capacity is

nCy = n(%RJ =2 mol(%(8.314 ]/mol-K))

| nCy =416 J/K|

For the heat capacity at constant pressure we have

nCp =n(CV+R)=n(%R+Rj=%nR Zmol( (8.314 J/mol- K))

| nCp =582 J/K |

(b) In vibration with the center of mass fixed, both atoms are always moving in opposite
directions with equal speeds. Vibration adds two more degrees of freedom for two more
terms in the molecular energy, for kinetic and for elastic potential energy. We have

7
nCo=n{37)=[52TK]

and nCp= n( )— 74.8 ]/K

P2134 (1)  E, = Nf(kB—T) - f("RT)

2 2
1(dE. 1

) Cpo—|Bm)_2 g
@ Vn[dezf

3 CP:CV+R:%(f+2)R

@ y-i=iE
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P21.35  Rotational Kinetic Energy = %I w? { @
o’
I=2mr?, m=350x167x10"7 kg, r=10"" m 7 )
[=117x107* kg-m? ©=2.00x10" s @

FIG. P21.35
2Ky = %Iwz =1 233x107%' J

Section 21.5 The Boltzmann Distribution Law

Section 21.6  Distribution of Molecular Speeds

—AE/ksT

P2136 (a) The ratio of the number at higher energy to the number at lower energy is e where

AE is the energy difference. Here,

1.60x107" ]

AE =(10.2 eV)( v
e

J: 1.63x1078

and at 0°C,
kyT = (1.38 x107% J/K)(273 K)=377x10"27J.

Since this is much less than the excitation energy, nearly all the atoms will be in the ground
state and the number excited is

B 18
(270x10% ) exp| 2 X10 T (2,70 x10%)e 45,
3.77x107* ]

This number is much less than one, so almost all of the time | no atom is excited |.

(b) At 10 000°C,
kT = (1.38 x107% ]/K)1o 273K =1.42x10""7J.

The number excited is

~1.63x1078 J .
(270 x 1025)exp(mj = (270x10%)e ™ =[ 270x 107 |.
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P21.37  (a) v,, = 2t 1 1(2) +2(3)+3(5) + 4(7) + 3(9) + 2(12)] =

N 15

(b) (vz)av :ZnTiviz =54.9 mz/s2
50 Uy =(0%) =549 =[ 741 nys
© oy [P0 5]

(a) Vrms, 35 V% 37.0 g/mol y2
Vims 37 [% (35.0 g/mol

(b) The lighter atom, , moves faster.

P21.38 =|1.03

P21.39  In the Maxwell Boltzmann speed distribution function take d;\[” =0 to find
v

m & mo? 2mo°
4z N exp| - 20— =0
Zﬂ'kBT szT ZkBT

and solve for v to find the most probable speed.

Reject as solutions v=0and v=00

Retain onl 2- =0
y kT
2kpT
Then Omp = Ky
m
-23
2T |2(138x107% J/K)(420 K)
P21.40  The most probable speed is v,,, = B- - =132 m/s |.
P P m =\ \/ 6.64x10 7 kg
P2141 (a) From v,, = 8ksT
Tm

#(6.64x107 kg)(112x10* m/s)’
8(1.38x 10 J/mol-K)

we find the temperature as T =

=1237x10* K

#(6.64x107 kg)(2.37x10° mjs)”

(b) T= =[1.06x10° K
8(1.38x10_23 J/mol-K) 106x10 K.

P21.42  At0°C, %mvz %kBTO

rms0 —

At the higher temperature, %m(ZUmso )2 ==kzT

2

T =4T,=4(273 K)=1092 K =| 819°C |.
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*P21.43  (a) From the Boltzmann distribution law, the number density of molecules with gravitational
energy mgy is nye "/*T These are the molecules with height y, so this is the number per
volume at height y as a function of y.
®) n(y) = p~m8Y/ksT _ ,~Mgy/NaKsT _ ,~Mgy/RT
Mo
3 e—(28.9><10’3 kg/mol)(9.8 m/s?)(11x10° m)/(8.314 J/mol K)(293 K)

— (2_1‘279 :

*P21.44  (a) We calculate

0 y20 kgT mg
= _kB_Te*mgy/kBT kB_T(O_l) _ kT
mg 0 mg mg
Using Table B.6 in the appendix
[ TR :[kBTj '
0 (mg/ksT)" \ M8

T —mgy kT
Jye S dy 2
kT
Then =L I( T /mg) szT.

J‘e—mgy/kBTdy kpT /mg mg

0

2
®) 7= kgT :Ez 8.314]283;(5 _[831x10° m
(M/N4)g Mg mol-K28.9x107° kg 9.8 m

Section 21.7 Mean Free Path

N

A

P2145 (a) PV :( )RT and N = PZI;]A so that

(1.00x1071)(133)(1.00)(6.02 x 10

N= :| 3.21x 10" molecules |
(8.314)(300)
b 1 1% 1.00 m®
(b) l= o2 Nad2a 2 " ETRCIERT
hy7m d (3.21 x10 molecules)ﬂ(3.00 x 10 m) (2)
{=|779 km

© f:%: 6.42x107* 5!
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P21.46  The average molecular speed is

U_\/SkBT _\/SkBNAT

Tm 7N m

’SRT
V= |——
M
8(8.314 ]/mol~K)3.00 K

0=
(2016 x10 kg/mol)
v=178 m/s

(@) The mean free path is

1 1
V2rzd*ny, V27(0.200x 10 m)2 1/m?

=|563x10"® m

The mean free time is

18
L2630 m 547, 400 o= [1.00x10% yr |.
v 178 m/s
(b) Now 1, is 10° times larger, to make ¢ smaller by 10° times:
(=|563x10" m |,
Thus, - =3.17x10'" s =[ 1,00 x 10° yr |.
v

1
P21.47 From Equation 21.30, { =———
E J2rdny
For an ideal gas, ny, = N_P
Therefore, ¢ = LTZ, as required.
J2r7d*p
-1 P
P21.48  (=|/27d%n Ny =—
[ d V] Y kT
5
d=360x10"" m ny = LOI3>107 551,010 /m?

(138 x107)(293)

- 0=693x10"% m, or about | 193 molecular diameters |
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Using P =ny kT, Equation 21.30 becomes ¢ = —\Ek;f;dz @

(138107 J/K)(293 K)

@) = ~=1936x10"° m

\/E;z(1.013 x10° Pa)(3.10 x10710 m)

(b) Equation (1) shows that P, ¢, = P,¢,. Taking P, ¢; from (a) and with ¢, =1.00 m, we find

(1.00 atm)(9.36 x 10~ m) -
P, = =936x10°° atm |.
1.00 m

(c) For (5 =3.10x 107° m, we have

(100 atm)(9.36x 10 m)

P 0 O o2

Additional Problems

P21.50

=1.31x10° mol

. _ PV _ (1.013x10° Pa)(4.20 mx3.00 m  2.50 m)

@) RT (8.314 J/mol-K)(293 K)

N=nN, = (1.31 x10° mol)(6.02 x10% molecules/mol)

N :| 7.89 x 102 molecules |

()  m=nM=(131x10° mol)(0.0289 kg/mol)=

© %movz = %kBT = %(1.38 x10 J/k)(293 K)=| 6.07x10*! J/molecule |
(d) For one molecule,
0.0289 k 1
m M g/mo =480x107%* kg/molecule

- N_A T 6.02x10% molecules/mol

\/ 2(6.07 x107 ]/molecule)

=| 503 m/s
4.80x107* kg /molecule

Urms

(e)’(f) Eint = nCVT = n(% RJT = %PV

Eine =§(1.013 x10° Pa)(315 m’ )=



620 The Kinetic Theory of Gases

P21.51 (a) P, =[100 kPa T; =[ 400 K
nRT;  2.00 mol(8.314 J/mol-K)(400 K)
f 3
V= = =0.0665 m® =[ 665 L
P 100 x10° Pa 651

AE; = (3.50)nRAT = 3.50(2.00 mol)(8.314 J/mol-K)(100 K) =

W =—PAV = —nRAT = —(2.00 mol)(8.314 J/mol-K)(100 K)=[ -1.66 kJ
Q=AE,,~W=582k]+1.66 k] =[ 7.48 K]

nRT, 2.00 mol(8.314 J/mol-K)(300 K)

— =1 = = 3 =
(b) T, =[400K | V=V, 7 00107 D 0.0499 m
Py = R(%J =100 kPa(%j = W= —J. PdV = @ since V = constant
AE, = as in part (a) Q=AE,,-W=582k]-0=
©  B= Ty =

a

P, 100 kPa .
V= \/,[P—J =499 L(IZO - ) =[416L AE;y =(3.50)2RAT =] 0 | since T = constant

Vi 1% ,
W = [ PdV = -uRT, | WV RTIn L= nrTml 2
v v P

100 kPa
W =—(2.00 mol)(8.314 1-K)(300 K)In| ————— |=| +909
(200 moD(s:314 J/mol-K)300 K| 1702
Q=AE,, -W=0-910]=[-909]

1

C» Cy+R 350R+R 450 9
d P, =| 120 kPa =PV = = ==
@ f YT, T C, T 350R 350 7
p )" 100 kPa \'/°
Vv _ V. _ i _ _
PV7 =PBV/:so0 v, = Vl[P_fJ ~499 L(m kPa) _[433L

PV 120 kPa \(43.3 L
Vs
T, =T, 1L |=300 K -[312K
/ ’( R.V,.j (100kPa)(49.9L)
AE,,. = (3.50)1RAT = 3.50(2.00 mol)(8.314 J/mol-K)(12.4 K)=[722]
Q= @ (adiabatic process)

W =-Q+AE,,, =0+722]=[+722]
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P21.53

(@)

(b)

(©

(d

()

@)

(b)

Chapter 21

The average speed v,, is just the weighted average of all the speeds.

2(v)+3(20) + 5(3v) + 4(4v) + 3(5v) + 2(6v) + 1(7v)
. _[200)+3(20) +5(30) - 440) +3(50) + 2 156501
(2+3+5+4+3+2+1)

First find the average of the square of the speeds,

[Z(U)Z +3(20)% +5(30)° + 4(40)? +3(50)° + 2(60)° + 1(70)2]
02, = =15.950°.
24+3+5+4+3+2+1

The root-mean square speed is then v, =+/v2, = .

The most probable speed is the one that most of the particles have;

i.e., five particles have speed .

PV =1va§V
3

m(15.95)0> 2
Therefore, P = EQ —[106] 21|
3 v v

The average kinetic energy for each particle is
R = mod, =2m(15.950%)=[7.98m0? |

Lav Pfo PV,

PV’ =k.So, W = —jpdv_ kj :
Y-

dE; =dQ+dW and dQ =0 for an adiabatic process.

Therefore, W =+AE,,, =nCy, (Tf - T,)

. . . C
To show consistency between these 2 equations, consider that y = C—P and Cp -Cy =R.

1%
_C

y-1 R

Therefore,
Using this, the result found in part (a) becomes

W=(pV, - BY,) L

Also, for an ideal gas PR—V =nT so that W =nCy, (Tf - T,)

621



622

*P21.54

*P21.55

The Kinetic Theory of Gases

@  W=nCy(T,;-T,)
3
2500 =1 moIE8.314 J/mol-K (T - 500 K)
Ty =

®) BV =BV}

Y nRT; Y
Pi nRTl :Pf f Tinil_}/ :Tf?’p;_?’
F Py
-1 7/(r-1) 7/(r=1)
Tiy/(y ):Tf o _p T
P P P
T, \(8/3)6/2) 30072
P, :p{?fj ~360atn{ 0] [0 0]

Let the subscripts ‘1" and ‘2’ refer to the hot and cold compartments, respectively. The pressure is
higher in the hot compartment, therefore the hot compartment expands and the cold compartment
contracts. The work done by the adiabatically expanding gas is equal and opposite to the work done
by the adiabatically compressed gas.

R R
%(Tli ~Tyy)= ‘%(Tm ~Tyy)

Ty +Ty =Ty + T, =800 K )

Consider the adiabatic changes of the gases.

/4
PV BV

PyV3; P2fV27f

¥

p. (V

S| Y since Vi =Vy and Py = Py
Dy VZf

RT,;/V,, (nRTy /P Y
IR Vs :( 1/ 1f) , using the ideal gas law

" MRTy;/Vy; | nRTyy /Py
4
7. (T
S| Y since Vii =V, and Py =Py
Ty T
T 1/y /14
TN QTR (ﬂj ~1756 (2)
T\ 250 K

Solving equations (1) and (2) simultaneously gives

| Ty =510 K, T,y =290K |.
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P21.57

P21.58
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The work done by the gas on the bullet becomes its kinetic energy:
%mvz =%1.1 x107 kg(120 m/s)” =7.927.

The work on the gas is

ﬁ(pfvf ~BV;)=-792].

Y
Also P,V! =PV/  P;= p{ﬁj _
Vs

/4
So7.92]=—p v, Vil _v|
0.40 vy

And V; =12 em® +50 cm 0.03 em® =13.5 cm”.

~7.927(0.40)10° cm?/m?
Then P, = X )140‘““ fm ]: 5.74x10° Pa |=56.6 atm.

[13.5 cm? (% -12.em?

The pressure of the gas in the lungs of the diver must be the same as the absolute pressure of the
water at this depth of 50.0 meters. This is:

P =Py +pgh=1.00 atm+(1.03x10° kg/m’)(9.80 m/s*)(50.0 m)

1.00 atm

or  P=100atm+5.05x10° Pa(—S
1.013x10° Pa

j =5.98 atm

If the partial pressure due to the oxygen in the gas mixture is to be 1.00 atmosphere (or the fraction
508 of the total pressure) oxygen molecules should make up only 51@ of the total number of

molecules. This will be true if 1.00 mole of oxygen is used for every 4.98 mole of helium. The ratio by
weight is then

(4.98 mol He)(4.003 g/mol He)g

=10.623 |.
(1.00 mol O, )(2x15.999 g/mol O,)g

(@) Maxwell’s speed distribution function is NG/m)
32 6T TR
m 2 —mo?/2k.T F-t-d-d-f - Nttt -t -+
NU=4HN( ] 02 2k ta i N
27kpT BN NN O O O
T SR ANEE NN NN
Wi N-100x10°, P
B o /T T T S (N
Mmoo 50 kg ([
4 602x10
e T T e e e R N St ok Tt o
T=500K 3 S IO IO S O G SO
_ R T W A
and ky=1.38x10 2 J/molecule-K ad i N
Y ) J5ON S U U W
hi 4\ 2 —(3.85x10)0? 20 T S A S (A
this becomes NU=(1.71x10 )U e W ,+t,:l“5,‘+,+,+ Lol
2R 1 | R N
To the right is a plot of this function for the range 0 00 (m /8)1000 1500

0<v<1500 my/s.
FIG. P21.58(a)

continued on next page
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P21.59
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(b)

(©

(d

(@)

(b)

(©

()

The most probable speed occurs where N, is a maximum.

From the graph,

Upmp ~ 510 m/s |

8k, |8(138x107)(500)
Ty e #(532x107%) =[ 575 mjs ]

Also,
23
Bi,T  |3(138x107)(500)
Urms = m _\/ 532 x 10726 -
The fraction of particles in the range 300 m/s<v<600 m/s
600
JN LA
is 300 N
where N=10*

and the integral of N, is read from the graph as the area under the curve.

This is approximately 4 400 and the fraction is 0.44 or .

Since | pressure increases as volume decreases | (and vice versa),

d—V<0 and —l[d—v}>0.
dP V|dpP

For an ideal gas, V = nRT and x, = _li(nRTJ‘

P

If the compression is isothermal, T is constant and

nRT( 1 1
=y e

For an adiabatic compression, PV” =C (where C is a constant) and

1d(CyY” 1(1) cv pYr 1
K2 :_Vﬁ(ﬁ) TV W - o plr T ope
v)p 7P 7w

Ky = 1o 1 _T0500atm’
(2.00 atm)

C
7/:

P
tp
1%
K o 1 [0300atm?
P 3(2.00 atm)

. 5
and for a monatomic ideal gas, y = 3 so that



P21.60 (a) The speed of sound is v = \/E where B=-V—
P

P21.61

(b)

(©

m
nN=— m=—
M
@)

(b)

(©)

(d

(©)

Chapter 21 625

dpP
av’
According to Problem 59, in an adiabatic process, this is B = 1. 7P
K2
mg _nM _(nRT)M _ PM

Also, p=—= =—— where m, is the sample mass. Then, the speed of sound
V. V. V(RT) RT

in the ideal gasis v = E = yp(ﬂ) = \/ﬂ )
Ve PM M

- \/1.40(8.314 J/mol -K)(293 K)

0.0289 kg/mol B

This nearly agrees with the 343 m/s listed in Table 17.1.

T T
WeuseszNianszmNA:vz\/yRT:\/}/kBNA =\/7kB .

A M mN 4 m

The most probable molecular speed is 2ksT ,
m

the average speed is 8k T , and the rms speed is 3kyT .
\) Tm

m

All are somewhat larger | than the speed of sound.

1.20 kg

————=2 =415 mol
0.028 9 kg/mol

_ nRT, (415 mol)(8.314 J/mol-K)(298 K)

_ 3

200 x10% Pa -
P\ 3)( 400 3

P = \/—l SO Vf :‘/l(?j = (0514 m )(%) =

1

Ra/ (400 x10° Pa)(2.06 m3)

- =|238x10° K
nR  (41.5 mol)(8.314 J/mol-K)

Vi v ' 32|V '
Wz—JPde—CJVl/ZdV=—(%]L :_E( IEZJ(V/‘?’/Z_WS/Z)
Vi Vi 4 3 v, 3 Vi

2 (200 %103 Pa

3/2 3/2 5
2| =" (206m’}"" - (0514 m)** |=| 480x10° ]
3| J0514m j[(

AE,, =nCyAT = (415 mol)B(s.sm J/mol - K)}(zss x10° - 298) K

AE,,, =1.80x10° ]
Q=AE;,, —-W =1.80x10° J+4.80x10° J=2.28 x10° J=| 2.28 MJ
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P21.62  The ball loses energy lmvl2 - %mv}% = %(0.142 1<g)[(47.2)2 - (42.5)2] m?/s?=299]

2
The air volume is V =7(0.0370 m)2(19.4 m)=0.083 4 m®

py 1013x10° Pa(0.083 4m")
nN=— -—m-=
RT (8314 J/mol-K)(293 K)

and its quantity is =3.47 mol

The air absorbs energy according to

Q 29.9]
S AT=—== =10.296°C
° nCp  3.47 mol(%)(8.314 J/mol-K)

3/2 .
P21.63 N, (v)=4zN| i v exp o

1/2
Note that Ump = (ZkB T)
m
3/2 s
Thus, N, (0v)=47N| —2 o2l %)
2rwkgT
2
Ao N, (@) _ [ v ] RGN
Nv (Ump ) va
Um
For p=—2%
50
2 2
e (ij L] 09,1073
N, (Ump ) 50
The other values are computed similarly, with the v N, (v)
following results: Vrmp N, (Ump)
L 1.09x107
—_ . X
50
1 2.69x107>
10 B X
1 0.529
2 .
1 1.00
2 0.199
10 1.01x10™#
50 1.25x 101 %2

To find the last value, note:

(50)% 1725 — 2 500¢ 24

101082500 ,(In10)(~2499/In10) _ 1 (11025007 ()-2499/In10 _ 1 (ylog2500-2499/In10 _ 1)~1081.904
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P21.64 (a) The effect of high angular speed is like the effect of a very high gravitational field on an
atmosphere. The result is:

| The larger-mass molecules settle to the outside | while the region at smaller  has a higher

concentration of low-mass molecules.

(b) Consider a single kind of molecules, all of mass m. To cause the centripetal acceleration of

the molecules between r and r +dr, the pressure must increase outward according to
> F, =ma,. Thus,

PA-(P+dP)A =~(nmAdr)(re?)

where 7 is the number of molecules per unit volume and A is the area of any cylindrical
surface. This reduces to dP = nmao*rdr.

But also P =nkpT, so dP = kzTdn . Therefore, the equation becomes

2
dan ma) rdr giving I—: e Irdr or
n h kgT
0
20,2\
1I1(1’l)|n _ maw 7’_
mo kgT | 2
0
2
In| = |= 2212 and solving for n: | n =noemr2“’2/2kBT
ny ) 2kgT
. . 2 2 1 < 2 m
P21.65  First find vy, as v, =—Iv N, dv.Leta= .
N 2ksT
AN Y232
Then, o2, [ ]J‘U om0 o [4u3/2 71/2] 3 \/z 3kgT
N 8a* m
. 2 3ky
The root-mean square speed is then v, =+/v;, =
m

To find the average speed, we have

® 4Na¥2 7712 = 3212
:lJ‘UNUdU:QJ'USe_“”Zdvz da ”2 _| (BT
N N 0 2a Tm

*P21.66  We want to evaluate ;l_‘l; for the function implied by PV =nRT = constant, and also for the different

function implied by PV” = constant. We can use implicit differentiation:

From PV = constant Pd—v Vd—p =0 (d—Pj = —B
dv dv av isotherm 14
P
From PV” = constant PV 47 ap_ 0 (d—Pj -_r=
dv av adiabat 14
Therefore, (d—Pj = y(d_Pj
av adiabat av isotherm

The theorem is proved.
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py_(1013x10° Pa)(5.00x10° m’) P(atm)

P21.67 SEAA. ~[0.203 mol 3 -
@ MR T (8314 J/mol K)(B00 K)

P 3.00
b)  Tp=Tu 2 |=300K| 2= |=[900 K
®) ’ A(PAJ (1.0())

1L C
A

To =T =| 900 K

0 | \ L v

T 900 0 5 10 15
V.=V, =5 |=500L| — |=[150L
= Vi( 3] 500 [ 30)
FIG. P21.67

©  Eima :%nRTA :%(0.203 mol)(8.314 J/mol-K)(300 K)=[760]

Ein 5 = Ein C = %nRTB = %(0.203 mol)(8.314 J/mol-K)(900 K) = 2.28 k]

(d) P (atm) V(L) K Eine (K])
A 1.00 5.00 300 0.760
B 3.00 5.00 900 2.28
C 1.00 15.00 900 2.28
(e) For the process AB, lock the piston in place and put the cylinder into an oven at 900 K. For

BC, keep the sample in the oven while gradually letting the gas expand to lift a load on the
piston as far as it can. For CA, carry the cylinder back into the room at 300 K and let the gas
cool without touching the piston.

) For AB: w=[0] AE =Eine 5 — Eing 4 =(2.28-0.760) k] =[ 1.52 k]
Q=AE,, -W=[152k]
1%
For BC: AE,,=| 0|, W=-nRTyIn| &
T int @ B n( VB j

W =—(0.203 mol)(8.314 J/mol-K)(900 K)In(3.00) = —1.67 k]
Q=AE, W =[167K]
For CA: AE; = Eing a4 — Eine, ¢ =(0.760 - 2.28) kJ =
W =—PAV = —nRAT = ~(0.203 mol)(8.314 J/mol-K)(~600 K)=[ 101 k] |

Q=AE,,-W=-152K-1.01 k=] 253 k]

(8) We add the amounts of energy for each process to find them for the whole cycle.

Qapca =+1.52 k] +1.67 k] - 2.53 k] =| 0.656 k]
Wypca =0-1.67 kJ+1.01 k] =| —0.656 k]

(AEin) ypeq = +1.52 K] +0-152 k]:@



P21.68  (a)

(b)

(©

P21.69 (a)

(b)

P21.70  (a)

(b)
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j = | 3.34x10% molecules

(10 000 g)(

1.00 mol | 6.02 x10%® molecules
180g 1.00 mol

After one day, 10" of the original molecules would remain. After two days, the fraction
would be 1072, and so on. After 26 days, only 3 of the original molecules would likely

remain, and after | 27 days |, likely none.

10.0 kg ]

The soup is this fraction of the hydrosphere: | ——=2—
P YETosP [1.32x1021 kg

Therefore, today’s soup likely contains this fraction of the original molecules. The number of
original molecules likely in the pot again today is:

100 k
(ﬁ}(&fﬂx 10* molecules) =| 2.53x 10° molecules |.
32x g

1
For escape, Emv2 =

M . Since the free-fall acceleration at the surface is g = i—Af, this can
E E

also be written as: —mv~ = ——=| mgRy |.
> R

For O,, the mass of one molecule is

0320 k 1
. 0.0320 kg/mo =5.32x107% kg/molecule.

6.02x10% molecules/mol

Then, if mgRg = 10(3](TBTJ' the temperature is

mgRy  (532x107 kg)(9.80 m/s*)(637x10° m)

T= E =[1.60x10* K |.
15k 15(1.38><10_23 ]/mol~K)

For sodium atoms (with a molar mass M =32.0 g/mol)

lmv2 :EkBT
M) 3,
2{ N,

3RT |3(8:314 J/mol-K)(2.40x10™* K
_ |3RT _ ~[0510
Orms ="M \/ 23.0x107° kg
d 0.010 m
t= = =|20
v 0.510 m/s

rms
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ANSWERS TO EVEN PROBLEMS

P21.2

P21.4

P21.6

P21.8

P21.10

P21.12

P21.14

P21.16

P21.18

P21.20

P21.22

P21.24

P21.26

P21.28

P21.30

P21.32

P21.34

P21.36

P21.38

P21.40

17.6 kPa

5.05x 1072 J/molecule
6.64x107% kg

477 m/s

(a) 2.28 kJ; (b) 6.21x1072' |
748 ]

752 L

(a) 118 kJ; (b) 6.03 x10° kg

(@) 719 J/kg-K; (b) 0.811 kg; (c) 233 kJ;
(d) 327

13.5PV

(a) 4T;; (b) 9(1 mol)RT;

(a) 0.118; (b) 2.35; (c) 0; 135 J; 135 ]

(a) 5.15x10™° m?; (b) 560 K; (c) 2.24 K
(a) 1.55; (b) 0.127 m®

(a) see the solution; (b) 2.19V;; (c) 3T;;
(d) T;; (e) -0.830P;

25.0 kW
see the solution

(a) No atom, almost all the time;
(b) 2.70 x10%

(a) 1.03; (b) ¥Cl1

132 m/s

P21.42

P21.44

P21.46

P21.48

P21.50

P21.52

P21.54

P21.56

P21.58

P21.60

P21.62

P21.64

P21.66

P21.68

P21.70

819°C
(a) see the solution; (b) 8.31 km

(a) 5.63 x10"® m; 1.00 x10° yr;
5.63x 10" m; 1.00 x 10% yr
y

193 molecular diameters

(a) 7.89 x10% molecules; (b) 37.9 kg;
(c) 6.07x1072 J/molecule; (d) 503 m/s;
(e) 7.98 MJ; (f) 7.98 MJ

(a) 3.65v; (b) 3.99v; (c) 3.00v;
2
(d) 106(%} () 7.98mv>

(a) 300 K; (b) 1.00 atm
5.74x10° Pa

(a) see the solution; (b) 5.1 x 102 m/s;
(c) v,y =575 m/s; v, =624 m/s; (d) 44%

rms
(a) see the solution; (b) 344 m/s nearly
agreeing with the tabulated value;

(c) see the solution; somewhat smaller
than each

0.296°C

see the solution

see the solution

(a) 3.34x10% molecules; (b) during the
27th day; (c) 2.53 x 10° molecules

(a) 0.510 m/s; (b) 20 ms



