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May 15, 2020

Please show your work! Answers are not complete without clear reasoning. When asked
for an expression, you must give your answer in terms of the variables given in the question
and/or fundamental constants.

Answer as many questions as you can, in any order. Books and notes are not allowed.
Use any blank space to answer questions, but please make sure it is clear which question
your answer refers to.

g = 9.8 ms−2

P0 = 1.013× 105 Pa = 1 atm

R = 8.314 J mol−1 K−1

kB = 1.38× 10−23 J/K

NA = 6.022× 1023

mp = 1.67× 10−27 kg

σ = 5.6696× 10−8 W m−2 K−4

1 cal = 4.186 J

1 eV = 1.60× 10−19 J

Fahrenheit to Celsius:
([◦F] − 32) ÷ 1.8 =[◦C]

Celsius to Fahrenheit:
([◦C] × 1.8) + 32 =[◦F]
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1. [15pts] Initially, a container of volume V contains n moles of helium gas at a pressure
P . Suppose the pressure is of the gas is increased to 4P while the volume is unchanged.

(a) By what factor does the average kinetic energy of the helium atoms change? [4 pts]

(b) By what factor does the root-mean-square (rms) speed of the atoms change? [2 pts]

(c) By what factor does the most probable speed of the atoms change? [2 pts]

(d) On the same (labeled) axes, sketch the distribution of molecular speeds for each
pressure. Label the most probable speed and the rms speed on each distribu-
tion. [7 pts]
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2. [23pts] An idealized diesel engine operates in the cycle shown. Fuel is sprayed into
the cylinder at the point of maximum compression, B. Combustion occurs during the
expansion B → C, which is modeled as an isobaric process. The gas in the cycle has
n moles, a molar heat capacity at constant pressure of Cp, and a molar heat capacity
at constant volume of Cv, and ratio γ. TA, TB, TC , and TD are the temperatures at
points A, B, C, and D, respectively.

684 Chapter 22 Heat Engines, Entropy, and the Second Law of Thermodynamics

neously and then record the results of your tosses in 
terms of the numbers of heads (H) and tails (T) that 
result. For example, HHTH and HTHH are two pos-
sible ways in which three heads and one tail can be 
achieved. (b) On the basis of your table, what is the 
most probable result recorded for a toss?

 41. If you roll two dice, what is the total number of ways in 
which you can obtain (a) a 12 and (b) a 7?

Section 22.7  Changes in Entropy for Thermodynamic Systems
Section 22.8  Entropy and the Second Law

 42. An ice tray contains 500 g of liquid water at 0°C. Cal-
culate the change in entropy of the water as it freezes 
slowly and completely at 0°C.

 43. A Styrofoam cup holding 125 g of hot water at 100°C 
cools to room temperature, 20.0°C. What is the change 
in entropy of the room? Neglect the specific heat of the 
cup and any change in temperature of the room.

 44. A 1.00-kg iron horseshoe is taken from a forge at 900°C 
and dropped into 4.00 kg of water at 10.0°C. Assum-
ing that no energy is lost by heat to the surroundings, 
determine the total entropy change of the horseshoe-
plus-water system. (Suggestion: Note that dQ 5 mc dT.)

 45. A 1 500-kg car is moving at 20.0 m/s. The driver brakes 
to a stop. The brakes cool off to the temperature of 
the surrounding air, which is nearly constant at 20.0°C. 
What is the total entropy change?

 46. Two 2.00 3 103-kg cars both traveling at 20.0 m/s 
undergo a head-on collision and stick together. Find 
the change in entropy of the surrounding air result-
ing from the collision if the air temperature is 23.0°C. 
Ignore the energy carried away from the collision by 
sound.

 47. A 70.0-kg log falls from a height of 25.0 m into a lake. If 
the log, the lake, and the air are all at 300 K, find the 
change in entropy of the air during this process.

 48. A 1.00-mol sample of H2 gas is contained in the left 
side of the container shown in Figure P22.48, which 
has equal volumes on the left and right. The right side 
is evacuated. When the valve is opened, the gas streams 
into the right side. (a) What is the entropy change of 
the gas? (b) Does the temperature of the gas change? 
Assume the container is so large that the hydrogen 
behaves as an ideal gas.

Valve

VacuumH2

Figure P22.48

 49. A 2.00-L container has a center partition that divides it 
into two equal parts as shown in Figure P22.49. The 
left side contains 0.044 0 mol of H2 gas, and the right 
side contains 0.044 0 mol of O2 gas. Both gases are at 

W

AMT

AMT

AMT

extracts energy from colder air outside and deposits it in 
a warmer room. Suppose the ratio of the actual energy 
entering the room to the work done by the device’s 
motor is 10.0% of the theoretical maximum ratio. 
Determine the energy entering the room per joule of 
work done by the motor given that the inside tempera-
ture is 20.0°C and the outside temperature is 25.00°C.

Section 22.5  Gasoline and Diesel Engines

Note: For problems in this section, assume the gas in 
the engine is diatomic with g 5 1.40.

 36. A gasoline engine has a compression ratio of 6.00.  
(a) What is the efficiency of the engine if it operates 
in an idealized Otto cycle? (b) What If? If the actual 
efficiency is 15.0%, what fraction of the fuel is wasted 
as a result of friction and energy transfers by heat that 
could be avoided in a reversible engine? Assume com-
plete combustion of the air–fuel mixture.

 37. In a cylinder of an automobile engine, immediately 
after combustion the gas is confined to a volume of 
50.0 cm3 and has an initial pressure of 3.00 3 106 Pa. 
The piston moves outward to a final volume of 300 cm3,  
and the gas expands without energy transfer by heat. 
(a) What is the final pressure of the gas? (b) How much 
work is done by the gas in expanding?

 38. An idealized diesel engine operates in a cycle known as 
the air-standard diesel cycle shown in Figure P22.38. Fuel 
is sprayed into the cylinder at the point of maximum 
compression, B. Combustion occurs during the expan-
sion B S C, which is modeled as an isobaric process. 
Show that the efficiency of an engine operating in this 
idealized diesel cycle is

e 5 1 2
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Figure P22.38

Section 22.6 Entropy

 39. Prepare a table like Table 22.1 by using the same proce-
dure (a) for the case in which you draw three marbles 
from your bag rather than four and (b) for the case in 
which you draw five marbles rather than four.

 40. (a) Prepare a table like Table 22.1 for the following 
occurrence. You toss four coins into the air simulta-

M

S

(a) What is the heat transferred to the gas in processes C → D and A → B? [2 pts]

(b) Show that the efficiency of an engine operating in this cycle is [5 pts]

e = 1− 1

γ

(
TD − TA
TC − TB

)
(c) What is the entropy change in the process B → C? [3 pts]

(d) What is the entropy change in the process D → A? [3 pts]

(e) Show that [5 pts]
TD
TA

=

(
TC
TB

)γ
(f) Using your results from (c), (d), and (e), find/confirm the net change in entropy

of the working fluid going clockwise around the cycle from A → A. [5 pts]
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3. Consider a gas of identical molecules, each with mass m0, in thermal equilibrium at
temperature, T .

(a) Sketch the distribution of molecular speeds and label the most probable speed for
a gas molecule on it. [4 pts]

(b) Starting from the Maxwell-Boltzmann speed distribution, find an expression for
the most probable speed of a gas molecule. [5 pts]

(c) What is the the root-mean-square (rms) speed for the gas and how does the rms
speed relate to the most probable speed? [2 pts]
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4. A 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 pressure P0 and volume V0.
First, in step 1, its pressure is tripled under constant volume. Then, in step 2, it
expands adiabatically to its original pressure. Finally, in step 3, the gas is compressed
isobarically to its original volume.

(a) Draw a PV diagram of this cycle, labeling the steps. [4 pts]

(b) Find an expression for the volume of the gas at the end of the adiabatic expansion
in terms of V0. [3 pts]

(c) Assuming that there are n moles of gas in the sample, find expressions for the
temperatures of the gas at the start of the adiabatic expansion, at the end of the
expansion, and at the end of the cycle. [4 pts]

(d) During which of the three steps does heat enter the gas? During which of the
three steps does heat leave the gas? [2 pts]

(e) If the cycle is used as a heat engine, what is the engine’s efficiency? (Find a
numerical value.) [7 pts]

(f) How does that compare to the efficiency of a Carnot engine operating between
the same temperature extremes? (Find the Carnot engine’s efficiency.) [3 pts]
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