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A. What is the rms speed of the molecules in sample B? 
(a) twice that in sample A (b) equal to that in sample A 
(c) half that in sample A (d) impossible to determine

 8. An ideal gas is contained in a vessel at 300 K. The tempera-
ture of the gas is then increased to 900 K. (i) By what factor 
does the average kinetic energy of the molecules change, 
(a) a factor of 9, (b) a factor of 3, (c) a factor of !3, (d) a 
factor of 1, or (e) a factor of 1

3? Using the same choices as in 
part (i), by what factor does each of the following change: 
(ii) the rms molecular speed of the molecules, (iii) the aver-
age momentum change that one molecule undergoes in a 
collision with one particular wall, (iv) the rate of collisions 
of molecules with walls, and (v) the pressure of the gas.

 9. Cylinder A contains oxygen (O2) gas, and cylinder B con-
tains nitrogen (N2) gas. If the molecules in the two cyl-
inders have the same rms speeds, which of the following 
statements is false? (a) The two gases have different temper-
atures. (b) The temperature of cylinder B is less than the 
temperature of cylinder A. (c) The temperature of cylinder 
B is greater than the temperature of cylinder A. (d) The 
average kinetic energy of the nitrogen molecules is less 
than the average kinetic energy of the oxygen molecules.

gas. (i) Which of the parts (a) through (f) of this account 
are correct statements necessary for a clear and complete 
explanation? (ii) Which are correct statements that are not 
necessary to account for the higher thermometer reading? 
(iii) Which are incorrect statements?

 4. A helium-filled latex balloon initially at room tempera-
ture is placed in a freezer. The latex remains flexible. 
(i) Does the balloon’s volume (a) increase, (b) decrease, or 
(c) remain the same? (ii) Does the pressure of the helium 
gas (a) increase significantly, (b) decrease significantly, or 
(c) remain approximately the same?

 5. A gas is at 200 K. If we wish to double the rms speed of the 
molecules of the gas, to what value must we raise its temper-
ature? (a) 283 K (b) 400 K (c) 566 K (d) 800 K (e) 1130 K

 6. Rank the following from largest to smallest, noting any 
cases of equality. (a) the average speed of molecules in a 
particular sample of ideal gas (b) the most probable speed 
(c) the root-mean-square speed (d) the average vector 
velocity of the molecules

 7. Two samples of the same ideal gas have the same pres-
sure and density. Sample B has twice the volume of sample 

Conceptual Questions denotes answer available in Student 

Solutions Manual/Study Guide

 1. Dalton’s law of partial pressures states that the total pres-
sure of a mixture of gases is equal to the sum of the pres-
sures that each gas in the mixture would exert if it were 
alone in the container. Give a convincing argument for this 
law based on the kinetic theory of gases.

 2. One container is filled with helium gas and another with 
argon gas. Both containers are at the same temperature. 
Which molecules have the higher rms speed? Explain.

 3. When alcohol is rubbed on your body, it lowers your skin 
temperature. Explain this effect.

 4. What happens to a helium-filled latex balloon released 
into the air? Does it expand or contract? Does it stop rising 
at some height?

 5. Which is denser, dry air or air saturated with water vapor? 
Explain.

 6. Why does a diatomic gas have a greater energy content per 
mole than a monatomic gas at the same temperature?

 7. Hot air rises, so why does it generally become cooler as you 
climb a mountain? Note: Air has low thermal conductivity.

Problems

Section 21.1  Molecular Model of an Ideal Gas

Note: Problem 24 in Chapter 19 can be assigned with this 
section.

 1. Calculate the mass of an atom of (a) helium, (b) iron, and 
(c) lead. Give your answers in kilograms. The atomic masses 
of these atoms are 4.00 u, 55.9 u, and 207 u, respectively.

 2.  A cylinder contains a mixture of helium and argon gas 
in equilibrium at 1508C. (a) What is the average kinetic 
energy for each type of gas molecule? (b) What is the rms 
speed of each type of molecule?

 3. In a 30.0-s interval, 500 hailstones strike a glass window 
of area 0.600 m2 at an angle of 45.08 to the window sur-
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face. Each hailstone has a mass of 5.00 g and a speed of 
8.00 m/s. Assuming the collisions are elastic, find (a) the 
average force and (b) the average pressure on the window 
during this interval.

 4. In an ultrahigh vacuum system (with typical pressures 
lower than 1027 pascal), the pressure is measured to be 
1.00 3 10210 torr (where 1 torr 5 133 Pa). Assuming the 
temperature is 300 K, find the number of molecules in a 
volume of 1.00 m3.

 5. A spherical balloon of volume 4.00 3 103 cm3 contains 
helium at a pressure of 1.20 3 105 Pa. How many moles of 
helium are in the balloon if the average kinetic energy of 
the helium atoms is 3.60 3 10222 J?

 6.  A spherical balloon of volume V contains helium at a 
pressure P. How many moles of helium are in the balloon if 
the average kinetic energy of the helium atoms is K ?

 7. A 2.00-mol sample of oxygen gas is confined to a 5.00-L 
vessel at a pressure of 8.00 atm. Find the average transla-
tional kinetic energy of the oxygen molecules under these 
conditions.

 8. Oxygen, modeled as an ideal gas, is in a container and has a 
temperature of 77.08C. What is the rms-average magnitude 
of the momentum of the gas molecules in the container?

 9. (a) How many atoms of helium gas fill a spherical balloon 
of diameter 30.0 cm at 20.08C and 1.00 atm? (b) What is 
the average kinetic energy of the helium atoms? (c) What is 
the rms speed of the helium atoms?

 10. The rms speed of an oxygen molecule (O2) in a container 
of oxygen gas is 625 m/s. What is the temperature of the 
gas?

 11. In a period of 1.00 s, 5.00 3 1023 nitrogen molecules strike 
a wall with an area of 8.00 cm2. Assume the molecules 
move with a speed of 300 m/s and strike the wall head-on 
in elastic collisions. What is the pressure exerted on the 
wall? Note: The mass of one N2 molecule is 4.65 3 10226 kg.

 12.  A 7.00-L vessel contains 3.50 moles of gas at a pres-
sure of 1.60 3 106 Pa. Find (a) the temperature of the gas 
and (b) the average kinetic energy of the gas molecules 
in the vessel. (c) What additional information would you 
need if you were asked to find the average speed of the gas 
molecules?

Section 21.2  Molar Specific Heat of an Ideal Gas

Note: You may use data in Table 21.2 about particu-
lar gases. Here we define a “monatomic ideal gas” to 
have molar specific heats CV 5

3
2R  and CP 5

5
2R , and a 

“diatomic ideal gas” to have CV 5
5
2R  and CP 5

7
2R .

 13.  A sample of a diatomic ideal gas has pressure P and 
volume V. When the gas is warmed, its pressure triples and 
its volume doubles. This warming process includes two 
steps, the first at constant pressure and the second at con-
stant volume. Determine the amount of energy transferred 
to the gas by heat.

 14. In a constant-volume process, 209 J of energy is transferred 
by heat to 1.00 mol of an ideal monatomic gas initially at 

300 K. Find (a) the work done on the gas, (b) the increase 
in internal energy of the gas, and (c) its final temperature.

 15. A 1.00-mol sample of hydrogen gas is heated at constant 
pressure from 300 K to 420 K. Calculate (a) the energy 
transferred to the gas by heat, (b) the increase in its inter-
nal energy, and (c) the work done on the gas.

 16. Review. A house has well-insulated walls. It contains a vol-
ume of 100 m3 of air at 300 K. (a) Calculate the energy 
required to increase the temperature of this diatomic ideal 
gas by 1.008C. (b) What If? If all this energy could be used 
to lift an object of mass m through a height of 2.00 m, what 
is the value of m?

 17. A vertical cylinder with a heavy piston contains air at 300 K. 
The initial pressure is 2.00 3 105 Pa, and the initial volume 
is 0.350 m3. Take the molar mass of air as 28.9 g/mol and 
assume CV 5

5
2R . (a) Find the specific heat of air at con-

stant volume in units of J/kg ? 8C. (b) Calculate the mass of 
the air in the cylinder. (c) Suppose the piston is held fixed. 
Find the energy input required to raise the temperature of 
the air to 700 K. (d) What If? Assume again the conditions 
of the initial state and assume the heavy piston is free to 
move. Find the energy input required to raise the tempera-
ture to 700 K.

 18. A 1.00-L insulated bottle is full of tea at 90.08C. You pour 
out one cup of tea and immediately screw the stopper back 
on the bottle. Make an order-of-magnitude estimate of the 
change in temperature of the tea remaining in the bottle 
that results from the admission of air at room temperature. 
State the quantities you take as data and the values you 
measure or estimate for them.

Section 21.3  Adiabatic Processes for an Ideal Gas

 19. During the compression stroke of a certain gasoline 
engine, the pressure increases from 1.00 atm to 20.0 atm. 
If the process is adiabatic and the air–fuel mixture behaves 
as a diatomic ideal gas, (a) by what factor does the vol-
ume change and (b) by what factor does the temperature 
change? Assuming the compression starts with 0.016 0 mol 
of gas at 27.08C, find the values of (c) Q , (d) DEint, and 
(e) W  that characterize the process.

 20. A 2.00-mol sample of a diatomic ideal gas expands slowly 
and adiabatically from a pressure of 5.00 atm and a volume 
of 12.0 L to a final volume of 30.0 L. (a) What is the final 
pressure of the gas? (b) What are the initial and final tem-
peratures? Find (c) Q , (d) DEint, and (e) W  for the gas dur-
ing this process.

 21.  Air in a thundercloud expands as it rises. If its initial 
temperature is 300 K and no energy is lost by thermal con-
duction on expansion, what is its temperature when the 
initial volume has doubled?

 22. How much work is required to compress 5.00 mol of air at 
20.08C and 1.00 atm to one-tenth of the original volume 
(a) by an isothermal process? (b) What If? How much 
work is required to produce the same compression in an 
adiabatic process? (c) What is the final pressure in part (a)? 
(d) What is the final pressure in part (b)?



620 CHAPTER 21 | The Kinetic Theory of Gases

volume. (a) Draw a PV diagram of this cycle. (b) Determine 
the volume at the end of the adiabatic expansion. Find 
(c) the temperature of the gas at the start of the adiabatic 
expansion and (d) the temperature at the end of the cycle. 
(e) What was the net work done on the gas for this cycle?

 27.  Air (a diatomic ideal gas) at 27.08C and atmospheric 
pressure is drawn into a bicycle pump (see the chapter-
opening photo on page 599) that has a cylinder with an 
inner diameter of 2.50 cm and length 50.0 cm. The down-
stroke adiabatically compresses the air, which reaches 
a gauge pressure of 8.00 3 105 Pa before entering the 
tire. We wish to investigate the temperature increase of 
the pump. (a) What is the initial volume of the air in the 
pump? (b) What is the number of moles of air in the pump? 
(c) What is the absolute pressure of the compressed air? 
(d) What is the volume of the compressed air? (e) What 
is the temperature of the compressed air? (f) What is the 
increase in internal energy of the gas during the compres-
sion? What If? The pump is made of steel that is 2.00 mm 
thick. Assume 4.00 cm of the cylinder’s length is allowed 
to come to thermal equilibrium with the air. (g) What is 
the volume of steel in this 4.00-cm length? (h) What is the 
mass of steel in this 4.00-cm length? (i) Assume the pump 
is compressed once. After the adiabatic expansion, conduc-
tion results in the energy increase in part (f) being shared 
between the gas and the 4.00-cm length of steel. What 
will be the increase in temperature of the steel after one 
compression?

Section 21.4  The Equipartition of Energy

 28.  A certain molecule has f degrees of freedom. Show 
that an ideal gas consisting of such molecules has the fol-
lowing properties: (a) its total internal energy is fnRT/2, 
(b) its molar specific heat at constant volume is fR/2, (c) its 
molar specific heat at constant pressure is ( f 1 2)R/2, and 
(d) its specific heat ratio is g 5 CP/CV 5 ( f 1 2)/f.

 29. In a crude model (Fig. P21.29) of a rotating diatomic chlo-
rine molecule (Cl2), the two Cl atoms are 2.00 3 10210 m 
apart and rotate about their center of mass with angular 
speed v 5 2.00 3 1012 rad/s. What is the rotational kinetic 
energy of one molecule of Cl2, which has a molar mass of 
70.0 g/mol?

 23. During the power stroke in a four-stroke automobile 
engine, the piston is forced down as the mixture of com-
bustion products and air undergoes an adiabatic expan-
sion. Assume (1) the engine is running at 2 500 cycles/min; 
(2) the gauge pressure immediately before the expansion 
is 20.0 atm; (3) the volumes of the mixture immediately 
before and after the expansion are 50.0 cm3 and 400 cm3, 
respectively (Fig. P21.23); (4) the time interval for the 
expansion is one-fourth that of the total cycle; and (5) the 
mixture behaves like an ideal gas with specific heat ratio 
1.40. Find the average power generated during the power 
stroke.

Before After

50.0 cm3

400.0 cm3

Figure P21.23

 24. Why is the following situation impossible? A new diesel engine 
that increases fuel economy over previous models is 
designed. Automobiles fitted with this design become 
incredible best sellers. Two design features are responsible 
for the increased fuel economy: (1) the engine is made 
entirely of aluminum to reduce the weight of the automo-
bile, and (2) the exhaust of the engine is used to prewarm 
the air to 508C before it enters the cylinder to increase the 
final temperature of the compressed gas. The engine has a 
compression ratio—that is, the ratio of the initial volume of 
the air to its final volume after compression—of 14.5. The 
compression process is adiabatic, and the air behaves as a 
diatomic ideal gas with g 5 1.40.

 25. A 4.00-L sample of a diatomic ideal gas with specific 
heat ratio 1.40, confined to a cylinder, is carried through 
a closed cycle. The gas is initially at 1.00 atm and 300 K. 
First, its pressure is tripled under constant volume. Then, 
it expands adiabatically to its original pressure. Finally, 
the gas is compressed isobarically to its original volume. 
(a) Draw a PV diagram of this cycle. (b) Determine the 
volume of the gas at the end of the adiabatic expansion. 
(c) Find the temperature of the gas at the start of the adia-
batic expansion. (d) Find the temperature at the end of the 
cycle. (e) What was the net work done on the gas for this 
cycle?

 26.  An ideal gas with specific heat ratio g confined to a 
cylinder is put through a closed cycle. Initially, the gas is 
at Pi, Vi, and Ti. First, its pressure is tripled under constant 
volume. It then expands adiabatically to its original pres-
sure and finally is compressed isobarically to its original 

Cl

Cl

Figure P21.29

 30. Why is the following situation impossible? A team of research-
ers discovers a new gas, which has a value of g 5 CP/CV of 
1.75.

 31.  The relationship between the heat capacity of a sample 
and the specific heat of the sample material is discussed in 
Section 20.2. Consider a sample containing 2.00 mol of an 
ideal diatomic gas. Assuming the molecules rotate but do 
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  where n0 is the number density at sea level (where y 5 0). 
The average height of a molecule in the Earth’s atmosphere 
is given by

y avg 5

3
`

0

 yn V 1y 2  dy

3
`

0

 n V 1y 2  dy

5

3
`

0

 ye2m0gy/kBT dy

3
`

0

 e2m0gy/kBT dy

  (a) Prove that this average height is equal to kBT/m0g. 
(b) Evaluate the average height, assuming the temperature 
is 10.08C and the molecular mass is 28.9 u, both uniform 
throughout the atmosphere.

Additional Problems

 40. Eight molecules have speeds of 3.00 km/s, 4.00 km/s, 
5.80 km/s, 2.50 km/s, 3.60 km/s, 1.90 km/s, 3.80 km/s, 
and 6.60 km/s. Find (a) the average speed of the molecules 
and (b) the rms speed of the molecules.

 41. A small oxygen tank at a gauge pressure of 125 atm has a 
volume of 6.88 L at 21.08C. (a) If an athlete breathes oxygen 
from this tank at the rate of 8.50 L/min when measured 
at atmospheric pressure and the temperature remains at 
21.08C, how long will the tank last before it is empty? (b) At 
a particular moment during this process, what is the ratio 
of the rms speed of the molecules remaining in the tank 
to the rms speed of those being released at atmospheric 
pressure?

 42.  The dimensions of a classroom are 4.20 m 3 3.00 m 3 
2.50 m. (a) Find the number of molecules of air in the 
classroom at atmospheric pressure and 20.08C. (b) Find the 
mass of this air, assuming the air consists of diatomic mol-
ecules with molar mass 28.9 g/mol. (c) Find the average 
kinetic energy of the molecules. (d) Find the rms molecu-
lar speed. (e) What If? Assume the molar specific heat of 
the air is independent of temperature. Find the change in 
internal energy of the air in the room as the temperature 
is raised to 25.08C. (f) Explain how you could convince a 
fellow student that your answer to part (e) is correct, even 
though it sounds surprising.

 43.  The Earth’s atmosphere consists primarily of oxy-
gen (21%) and nitrogen (78%). The rms speed of oxygen 
molecules (O2) in the atmosphere at a certain location is 
535 m/s. (a) What is the temperature of the atmosphere 
at this location? (b) Would the rms speed of nitrogen mol-
ecules (N2) at this location be higher, equal to, or lower 
than 535 m/s? Explain. (c) Determine the rms speed of N2 
at his location.

 44.  The mean free path , of a molecule is the average dis-
tance that a molecule travels before colliding with another 
molecule. It is given by

, 5
1!2pd 2NV

  where d is the diameter of the molecule and NV is the num-
ber of molecules per unit volume. The number of collisions 
that a molecule makes with other molecules per unit time, 
or collision frequency f, is given by

f 5
v avg

,

not vibrate, find (a) the total heat capacity of the sample at 
constant volume and (b) the total heat capacity at constant 
pressure. (c) What If? Repeat parts (a) and (b), assuming 
the molecules both rotate and vibrate.

Section 21.5  Distribution of Molecular Speeds

 32.  Fifteen identical particles have various speeds: one has 
a speed of 2.00 m/s, two have speeds of 3.00 m/s, three 
have speeds of 5.00 m/s, four have speeds of 7.00 m/s, three 
have speeds of 9.00 m/s, and two have speeds of 12.0 m/s. 
Find (a) the average speed, (b) the rms speed, and (c) the 
most probable speed of these particles.

 33. One cubic meter of atomic hydrogen at 08C at atmospheric 
pressure contains approximately 2.70 3 1025 atoms. The 
first excited state of the hydrogen atom has an energy of 
10.2 eV above that of the lowest state, called the ground 
state. Use the Boltzmann factor to find the number 
of atoms in the first excited state (a) at 08C and at 
(b) (1.00 3 104)8C.

 34. Two gases in a mixture diffuse through a filter at rates pro-
portional to their rms speeds. (a) Find the ratio of speeds 
for the two isotopes of chlorine, 35Cl and 37Cl, as they dif-
fuse through the air. (b) Which isotope moves faster?

 35. Review. At what temperature would the average speed of 
helium atoms equal (a) the escape speed from the Earth, 
1.12 3 104 m/s, and (b) the escape speed from the Moon, 
2.37 3 103 m/s? Note: The mass of a helium atom is 6.64 3 
10227 kg.

 36.  Consider a container of nitrogen gas molecules 
at 900 K. Calculate (a) the most probable speed, (b) the 
average speed, and (c) the rms speed for the molecules. 
(d) State how your results compare with the values dis-
played in Active Figure 21.11.

 37. Assume the Earth’s atmosphere has a uniform tempera-
ture of 20.08C and uniform composition, with an effec-
tive molar mass of 28.9 g/mol. (a) Show that the number 
density of molecules depends on height y above sea level 
according to

n V 1y 2 5 n 0e
2m0g y/kBT

  where n0 is the number density at sea level (where y 5 0). 
This result is called the law of atmospheres. (b) Commercial 
jetliners typically cruise at an altitude of 11.0 km. Find the 
ratio of the atmospheric density there to the density at sea 
level.

 38.  From the Maxwell–Boltzmann speed distribution, 
show that the most probable speed of a gas molecule is 
given by Equation 21.27. Note: The most probable speed 
corresponds to the point at which the slope of the speed 
distribution curve dNv/dv is zero.

 39. The law of atmospheres states that the number density of 
molecules in the atmosphere depends on height y above 
sea level according to

n V 1y 2 5 n 0e
2m0gy/k BT
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W done on it. (Work W is a negative number.) The initial 
temperature and pressure of the gas are Ti and Pi. Calcu-
late (a) the final temperature and (b) the final pressure.

 51. An air rifle shoots a lead pellet by allowing high-pressure 
air to expand, propelling the pellet down the rifle barrel. 
Because this process happens very quickly, no appreciable 
thermal conduction occurs and the expansion is essentially 
adiabatic. Suppose the rifle starts with 12.0 cm3 of com-
pressed air, which behaves as an ideal gas with g 5 1.40. 
The expanding air pushes a 1.10-g pellet as a piston with 
cross-sectional area 0.030 0 cm2 along the 50.0-cm-long 
gun barrel. What initial pressure is required to eject the 
pellet with a muzzle speed of 120 m/s? Ignore the effects 
of the air in front of the bullet and friction with the inside 
walls of the barrel.

 52. The compressibility k of a substance is defined as the 
fractional change in volume of that substance for a given 
change in pressure:

k 5 2
1

V
  

dV

dP

  (a) Explain why the negative sign in this expression ensures 
k is always positive. (b) Show that if an ideal gas is com-
pressed isothermally, its compressibility is given by k1 5 
1/P. (c) What If? Show that if an ideal gas is compressed 
adiabatically, its compressibility is given by k2 5 1/(gP). 
Determine values for (d) k1 and (e) k2 for a monatomic 
ideal gas at a pressure of 2.00 atm.

 53. Review. Oxygen at pressures much greater than 1 atm is 
toxic to lung cells. Assume a deep-sea diver breathes a mix-
ture of oxygen (O2) and helium (He). By weight, what ratio 
of helium to oxygen must be used if the diver is at an ocean 
depth of 50.0 m?

 54.  Examine the data for polyatomic gases in Table 21.2 
and give a reason why sulfur dioxide has a higher specific 
heat at constant volume than the other polyatomic gases at 
300 K.

 55. Model air as a diatomic ideal gas with M 5 28.9 g/mol. A 
cylinder with a piston contains 1.20 kg of air at 25.08C and 
2.00 3 105 Pa. Energy is transferred by heat into the sys-
tem as it is permitted to expand, with the pressure rising to 
4.00 3 105 Pa. Throughout the expansion, the relationship 
between pressure and volume is given by

P 5 CV 1/2

  where C is a constant. Find (a) the initial volume, (b) the 
final volume, (c) the final temperature, (d) the work done 
on the air, and (e) the energy transferred by heat.

 56.  Review. As a sound wave passes through a gas, the 
compressions are either so rapid or so far apart that ther-
mal conduction is prevented by a negligible time interval 
or by effective thickness of insulation. The compressions 
and rarefactions are adiabatic. (a) Show that the speed of 
sound in an ideal gas is

v 5 ÅgRT

M

  (a) If the diameter of an oxygen molecule is 2.00 3 10210 m, 
find the mean free path of the molecules in a scuba tank 
that has a volume of 12.0 L and is filled with oxygen at 
a gauge pressure of 100 atm at a temperature of 25.08C. 
(b) What is the average time interval between molecular 
collisions for a molecule of this gas?

 45. A certain ideal gas has a molar specific heat of CV 5
7
2R . 

A 2.00-mol sample of the gas always starts at pressure 
1.00 3 105 Pa and temperature 300 K. For each of the fol-
lowing processes, determine (a) the final pressure, (b) the 
final volume, (c) the final temperature, (d) the change in 
internal energy of the gas, (e) the energy added to the gas 
by heat, and (f) the work done on the gas. (i) The gas is 
heated at constant pressure to 400 K. (ii) The gas is heated 
at constant volume to 400 K. (iii) The gas is compressed at 
constant temperature to 1.20 3 105 Pa. (iv) The gas is com-
pressed adiabatically to 1.20 3 105 Pa.

 46.  In a sample of a solid metal, each atom is free to 
vibrate about some equilibrium position. The atom’s 
energy consists of kinetic energy for motion in the x, y, and 
z directions plus elastic potential energy associated with 
the Hooke’s law forces exerted by neighboring atoms on it 
in the x, y, and z directions. According to the theorem of 
equipartition of energy, assume the average energy of each 
atom is 1

2kBT  for each degree of freedom. (a) Prove that 
the molar specific heat of the solid is 3R. The Dulong–Petit 

law states that this result generally describes pure solids at 
sufficiently high temperatures. (You may ignore the dif-
ference between the specific heat at constant pressure and 
the specific heat at constant volume.) (b) Evaluate the spe-
cific heat c of iron. Explain how it compares with the value 
listed in Table 20.1. (c) Repeat the evaluation and compari-
son for gold.

 47.  Twenty particles, each of mass m0 and confined to a 
volume V, have various speeds: two have speed v, three have 
speed 2v, five have speed 3v, four have speed 4v, three have 
speed 5v, two have speed 6v, and one has speed 7v. Find 
(a) the average speed, (b) the rms speed, (c) the most prob-
able speed, (d) the average pressure the particles exert on 
the walls of the vessel, and (e) the average kinetic energy 
per particle.

 48.   In a cylinder, a sample of an ideal gas with num-
ber of moles n undergoes an adiabatic process. (a) Starting 
with the expression W 5 2e  P dV  and using the condition 
PV g 5 constant, show that the work done on the gas is

W 5 a 1

g 2 1
b 1PfVf 2 PiVi 2

  (b) Starting with the first law of thermodynamics, show that 
the work done on the gas is equal to nCV(Tf 2 Ti). (c) Are 
these two results consistent with each other? Explain.

 49. As a 1.00-mol sample of a monatomic ideal gas expands 
adiabatically, the work done on it is 22.50 3 103 J. The 
initial temperature and pressure of the gas are 500 K and 
3.60 atm. Calculate (a) the final temperature and (b) the 
final pressure.

 50.  A sample consists of an amount n in moles of a mona-
tomic ideal gas. The gas expands adiabatically, with work 
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sal gas constant, (a) if the molecules are linear and (b) if 
the molecules are nonlinear? At high temperatures, a tri-
atomic molecule has two modes of vibration, and each con-
tributes 1

2R  to the molar specific heat for its kinetic energy 
and another 1

2R  for its potential energy. Identify the high-
temperature molar specific heat at constant volume for a 
triatomic ideal gas of (c) linear molecules and (d) nonlin-
ear molecules. (e) Explain how specific heat data can be 
used to determine whether a triatomic molecule is linear 
or nonlinear. Are the data in Table 21.2 sufficient to make 
this determination?

 61. When a small particle is suspended in a fluid, bombard-
ment by molecules makes the particle jitter about at ran-
dom. Robert Brown discovered this motion in 1827 while 
studying plant fertilization, and the motion has become 
known as Brownian motion. The particle’s average kinetic 
energy can be taken as 3

2kBT , the same as that of a mol-
ecule in an ideal gas. Consider a spherical particle of den-
sity 1.00 3 103 kg/m3 in water at 20.08C. (a) For a particle 
of diameter d, evaluate the rms speed. (b) The particle’s 
actual motion is a random walk, but imagine that it moves 
with constant velocity equal in magnitude to its rms speed. 
In what time interval would it move by a distance equal to 
its own diameter? (c) Evaluate the rms speed and the time 
interval for a particle of diameter 3.00 mm. (d) Evaluate 
the rms speed and the time interval for a sphere of mass 
70.0 kg, modeling your own body.

 62. A vessel contains 1.00 3 104 oxygen molecules at 500 K. 
(a) Make an accurate graph of the Maxwell speed distribu-
tion function versus speed with points at speed intervals of 
100 m/s. (b) Determine the most probable speed from this 
graph. (c) Calculate the average and rms speeds for the 
molecules and label these points on your graph. (d) From 
the graph, estimate the fraction of molecules with speeds 
in the range 300 m/s to 600 m/s.

 63.  A sample of a monatomic ideal gas occupies 5.00 L at 
atmospheric pressure and 300 K (point A in Fig. P21.63). It 
is warmed at constant volume to 3.00 atm (point B). Then 
it is allowed to expand isothermally to 1.00 atm (point C) 
and at last compressed isobarically to its original state. 
(a) Find the number of moles in the sample. Find (b) the 
temperature at point B, (c) the temperature at point C, and 
(d) the volume at point C. (e) Now consider the processes 
A S B, B S C, and C S A. Describe how to carry out each 

  where M is the molar mass. The speed of sound in a liquid 
is given by Equation 17.8; use that equation and the defini-
tion of the bulk modulus from Section 12.4. (b) Compute 
the theoretical speed of sound in air at 20.08C and state 
how it compares with the value in Table 17.1. Take M 5 
28.9 g/mol. (c) Show that the speed of sound in an ideal 
gas is

v 5 ÅgkBT

m 0

  where m0 is the mass of one molecule. (d) State how the 
result in part (c) compares with the most probable, aver-
age, and rms molecular speeds.

 57. A pitcher throws a 0.142-kg baseball at 47.2 m/s. As it trav-
els 16.8 m to home plate, the ball slows down to 42.5 m/s 
because of air resistance. Find the change in temperature 
of the air through which it passes. To find the greatest pos-
sible temperature change, you may make the following 
assumptions. Air has a molar specific heat of CP 5

7
2R  and 

an equivalent molar mass of 28.9 g/mol. The process is so 
rapid that the cover of the baseball acts as thermal insula-
tion and the temperature of the ball itself does not change. 
A change in temperature happens initially only for the air 
in a cylinder 16.8 m in length and 3.70 cm in radius. This 
air is initially at 20.08C.

 58.  The latent heat of vaporization for water at room tem-
perature is 2 430 J/g. Consider one particular molecule at 
the surface of a glass of liquid water, moving upward with 
sufficiently high speed that it will be the next molecule 
to join the vapor. (a) Find its translational kinetic energy. 
(b) Find its speed. Now consider a thin gas made only 
of molecules like that one. (c) What is its temperature? 
(d) Why are you not burned by water evaporating from a 
vessel at room temperature?

 59. For a Maxwellian gas, use a computer or programma-
ble calculator to find the numerical value of the ratio 
Nv(v)/Nv(vmp) for the following values of v: (a) v 5 (vmp/50.0), 
(b) (vmp/10.0), (c) (vmp/2.00), (d) vmp, (e) 2.00vmp, (f) 10.0vmp, 
and (g) 50.0vmp. Give your results to three significant 
figures.

 60.  A triatomic molecule can have a linear configura-
tion, as does CO2 (Fig. P21.60a), or it can be nonlinear, 
like H2O (Fig. P21.60b). Suppose the temperature of a gas 
of triatomic molecules is sufficiently low that vibrational 
motion is negligible. What is the molar specific heat at 
constant volume, expressed as a multiple of the univer-
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 68.  Review. (a) If it has enough kinetic energy, a molecule 
at the surface of the Earth can “escape the Earth’s gravita-
tion” in the sense that it can continue to move away from 
the Earth forever as discussed in Section 13.6. Using the 
principle of conservation of energy, show that the mini-
mum kinetic energy needed for “escape” is m0gRE, where m0 
is the mass of the molecule, g is the free-fall acceleration at 
the surface, and RE is the radius of the Earth. (b) Calculate 
the temperature for which the minimum escape kinetic 
energy is ten times the average kinetic energy of an oxygen 
molecule.

 69. Using multiple laser beams, physicists have been able 
to cool and trap sodium atoms in a small region. In one 
experiment, the temperature of the atoms was reduced 
to 0.240 mK. (a) Determine the rms speed of the sodium 
atoms at this temperature. The atoms can be trapped for 
about 1.00 s. The trap has a linear dimension of roughly 
1.00 cm. (b) Over what approximate time interval would 
an atom wander out of the trap region if there were no 
trapping action?

Challenge Problems

 70.   Equations 21.25 and 21.26 show that vrms . vavg 
for a collection of gas particles, which turns out to be true 
whenever the particles have a distribution of speeds. Let us 
explore this inequality for a two-particle gas. Let the speed 
of one particle be v1 5 avavg and the other particle have 
speed v2 5 (2 2 a)vavg. (a) Show that the average of these 
two speeds is vavg. (b) Show that

v 2
rms 5 v2

avg (2 2 2a 1 a2)

  (c) Argue that the equation in part (b) proves that, in 
general, vrms . vavg. (d) Under what special condition will 
vrms 5 vavg for the two-particle gas?

 71. A cylinder is closed at both ends and has insulating walls. 
It is divided into two compartments by an insulating piston 
that is perpendicular to the axis of the cylinder as shown 
in Figure P21.71a. Each compartment contains 1.00 mol of 
oxygen that behaves as an ideal gas with g 5 1.40. Initially, 
the two compartments have equal volumes and their tem-
peratures are 550 K and 250 K. The piston is then allowed 
to move slowly parallel to the axis of the cylinder until it 
comes to rest at an equilibrium position (Fig. P21.71b). 
Find the final temperatures in the two compartments.

process experimentally. (f) Find Q , W, and DEint for each of 
the processes. (g) For the whole cycle A S B S C S A, find 
Q , W, and DEint.

 64.   Consider the particles in a gas centrifuge, a 
device used to separate particles of different mass by whirl-
ing them in a circular path of radius r at angular speed v. 
The force acting on a gas molecule toward the center of 
the centrifuge is m0v

2r. (a) Discuss how a gas centrifuge 
can be used to separate particles of different mass. (b) Sup-
pose the centrifuge contains a gas of particles of identical 
mass. Show that the density of the particles as a function of 
r is

n 1r 2 5 n 0e
m0r

2v2/2kBT

 65.  Using the Maxwell–Boltzmann speed distribution 
function, verify Equations 21.25 and 21.26 for (a) the rms 
speed and (b) the average speed of the molecules of a gas 
at a temperature T. The average value of vn is

v n 5
1

N
  3

`

0

v nNv dv

  Use the table of integrals B.6 in Appendix B.

 66. On the PV diagram for an ideal gas, one isothermal curve 
and one adiabatic curve pass through each point as shown 
in Figure P21.66. Prove that the slope of the adiabatic 
curve is steeper than the slope of the isotherm at that point 
by the factor g.

V

Adiabatic
process

P

Isothermal
process

Figure P21.66

 67. In Beijing, a restaurant keeps a pot of chicken broth sim-
mering continuously. Every morning, it is topped up to con-
tain 10.0 L of water along with a fresh chicken, vegetables, 
and spices. The molar mass of water is 18.0 g/mol. (a) Find 
the number of molecules of water in the pot. (b) During 
a certain month, 90.0% of the broth was served each day 
to people who then emigrated immediately. Of the water 
molecules in the pot on the first day of the month, when 
was the last one likely to have been ladled out of the pot? 
(c) The broth has been simmering for centuries, through 
wars, earthquakes, and stove repairs. Suppose the water 
that was in the pot long ago has thoroughly mixed into the 
Earth’s hydrosphere, of mass 1.32 3 1021 kg. How many of 
the water molecules originally in the pot are likely to be 
present in it again today?

T1i 5 550 K T2i 5 250 K

T1f T2f 

a

b

Figure P21.71


