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 12. (a) If you shake a jar full of jelly beans of different sizes, the 
larger beans tend to appear near the top and the smaller 
ones tend to fall to the bottom. Why? (b) Does this process 
violate the second law of thermodynamics?

 13. The energy exhaust from a certain coal-fired electric 
generating station is carried by “cooling water” into Lake 
Ontario. The water is warm from the viewpoint of living 
things in the lake. Some of them congregate around the 
outlet port and can impede the water flow. (a) Use the the-
ory of heat engines to explain why this action can reduce 
the electric power output of the station. (b) An engineer 
says that the electric output is reduced because of “higher 
back pressure on the turbine blades.” Comment on the 
accuracy of this statement.

 8. Discuss three different common examples of natural 
processes that involve an increase in entropy. Be sure to 
account for all parts of each system under consideration.

 9. Discuss the change in entropy of a gas that expands (a) at 
constant temperature and (b) adiabatically.

 10. Suppose your roommate cleans and tidies up your messy 
room after a big party. Because she is creating more order, 
does this process represent a violation of the second law of 
thermodynamics?

 11. “Energy is the mistress of the Universe, and entropy is her 
shadow.” Writing for an audience of general readers, argue 
for this statement with at least two examples. Alternatively, 
argue for the view that entropy is like an executive who 
instantly determines what will happen, whereas energy 
is like a bookkeeper telling us how little we can afford. 
(Arnold Sommerfeld suggested the idea for this question.)

Problems

Section 22.1  Heat Engines and 
the Second Law of Thermodynamics

 1. An engine absorbs 1.70 kJ from a hot reservoir at 277°C 
and expels 1.20 kJ to a cold reservoir at 27°C in each cycle. 
(a) What is the engine’s efficiency? (b) How much work is 
done by the engine in each cycle? (c) What is the power 
output of the engine if each cycle lasts 0.300 s?

 2. The work done by an engine equals one-fourth the energy it 
absorbs from a reservoir. (a) What is its thermal efficiency? 
(b) What fraction of the energy absorbed is expelled to the 
cold reservoir?

 3. A heat engine takes in 360 J of energy from a hot reservoir 
and performs 25.0 J of work in each cycle. Find (a) the effi-
ciency of the engine and (b) the energy expelled to the 
cold reservoir in each cycle.

 4. A gun is a heat engine. In particular, it is an internal com-
bustion piston engine that does not operate in a cycle, but 
comes apart during its adiabatic expansion process. A cer-
tain gun consists of 1.80 kg of iron. It fires one 2.40-g bul-
let at 320 m/s with an energy efficiency of 1.10%. Assume 
the body of the gun absorbs all the energy exhaust—the 

other 98.9%—and increases uniformly in temperature for 
a short time interval before it loses any energy by heat into 
the environment. Find its temperature increase.

 5. A particular heat engine has a mechanical power output 
of 5.00 kW and an efficiency of 25.0%. The engine expels 
8.00 3 103 J of exhaust energy in each cycle. Find (a) the 
energy taken in during each cycle and (b) the time interval 
for each cycle.

 6. A multicylinder gasoline engine in an airplane, operat-
ing at 2.50 3 103 rev/min, takes in energy 7.89 3 103 J and 
exhausts 4.58 3 103 J for each revolution of the crankshaft. 
(a) How many liters of fuel does it consume in 1.00 h of 
operation if the heat of combustion of the fuel is equal to 
4.03 3 107 J/L? (b) What is the mechanical power output 
of the engine? Ignore friction and express the answer in 
horsepower. (c) What is the torque exerted by the crank-
shaft on the load? (d) What power must the exhaust and 
cooling system transfer out of the engine?

 7. Suppose a heat engine is connected to two energy reser-
voirs, one a pool of molten aluminum (660°C) and the 
other a block of solid mercury (238.9°C). The engine runs 
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 17. What is the coefficient of performance of a refrigerator 
that operates with Carnot efficiency between temperatures 
23.00°C and 127.0°C?

 18. Why is the following situation impossible? An inventor comes to 
a patent office with the claim that her heat engine, which 
employs water as a working substance, has a thermody-
namic efficiency of 0.110. Although this efficiency is low 
compared with typical automobile engines, she explains 
that her engine operates between an energy reservoir at 
room temperature and a water–ice mixture at atmospheric 
pressure and therefore requires no fuel other than that to 
make the ice. The patent is approved, and working proto-
types of the engine prove the inventor’s efficiency claim.

 19.  A heat engine is being designed to have a Carnot 
efficiency of 65.0% when operating between two energy 
reservoirs. (a) If the temperature of the cold reservoir is 
20.0°C, what must be the temperature of the hot reservoir? 
(b) Can the actual efficiency of the engine be equal to 
65.0%? Explain.

 20.  An ideal refrigerator or ideal heat pump is equivalent 
to a Carnot engine running in reverse. That is, energy |Q c| 
is taken in from a cold reservoir and energy |Q h| is rejected 
to a hot reservoir. (a) Show that the work that must be sup-
plied to run the refrigerator or heat pump is

W 5
Th 2 Tc

Tc

0 Q c 0
  (b) Show that the coefficient of performance (COP) of the 

ideal refrigerator is

COP 5
Tc

Th 2 Tc

 21. What is the maximum possible coefficient of perfor-
mance of a heat pump that brings energy from outdoors at 
23.00°C into a 22.0°C house? Note: The work done to run 
the heat pump is also available to warm the house.

 22.  How much work does an ideal Carnot refrigerator 
require to remove 1.00 J of energy from liquid helium at 
4.00 K and expel this energy to a room-temperature (293-K) 
environment?

 23. If a 35.0%-efficient Carnot heat engine (Active Fig. 22.2) 
is run in reverse so as to form a refrigerator (Active Fig. 
22.4), what would be this refrigerator’s coefficient of 
performance?

 24.  A Carnot heat engine operates between tempera-
tures Th and Tc. (a) If Th 5 500 K and Tc 5 350 K, what is 
the efficiency of the engine? (b) What is the change in its 
efficiency for each degree of increase in Th above 500 K? 
(c) What is the change in its efficiency for each degree of 
change in Tc? (d) Does the answer to part (c) depend on Tc? 
Explain.

 25. An ideal gas is taken through a Carnot cycle. The isother-
mal expansion occurs at 250°C, and the isothermal com-
pression takes place at 50.0°C. The gas takes in 1.20 3 103 J 
of energy from the hot reservoir during the isothermal 
expansion. Find (a) the energy expelled to the cold reser-
voir in each cycle and (b) the net work done by the gas in 
each cycle.

by freezing 1.00 g of aluminum and melting 15.0 g of mer-
cury during each cycle. The heat of fusion of aluminum 
is 3.97 3 105 J/kg; the heat of fusion of mercury is 1.18 3 
104 J/kg. What is the efficiency of this engine?

Section 22.2  Heat Pumps and Refrigerators

 8. A refrigerator has a coefficient of performance equal to 
5.00. The refrigerator takes in 120 J of energy from a cold 
reservoir in each cycle. Find (a) the work required in each 
cycle and (b) the energy expelled to the hot reservoir.

 9. During each cycle, a refrigerator ejects 625 kJ of energy to 
a high-temperature reservoir and takes in 550 kJ of energy 
from a low-temperature reservoir. Determine (a) the work 
done on the refrigerant in each cycle and (b) the coeffi-
cient of performance of the refrigerator.

 10. A heat pump has a coefficient of performance of 3.80 
and operates with a power consumption of 7.03 3 103 W. 
(a) How much energy does it deliver into a home during 
8.00 h of continuous operation? (b) How much energy 
does it extract from the outside air?

 11. A freezer has a coefficient of performance of 6.30. It 
is advertised as using electricity at a rate of 457 kWh/yr. 
(a) On average, how much energy does it use in a single 
day? (b) On average, how much energy does it remove 
from the refrigerator in a single day? (c) What maximum 
mass of water at 20.0°C could the freezer freeze in a single 
day? Note: One kilowatt-hour (kWh) is an amount of energy 
equal to running a 1-kW appliance for one hour.

 12. A heat pump has a coefficient of performance equal to 4.20 
and requires a power of 1.75 kW to operate. (a) How much 
energy does the heat pump add to a home in one hour? 
(b) If the heat pump is reversed so that it acts as an air 
conditioner in the summer, what would be its coefficient of 
performance?

Section 22.3  Reversible and Irreversible Processes

Section 22.4  The Carnot Engine

 13. One of the most efficient heat engines ever built is a coal-
fired steam turbine in the Ohio River valley, operating 
between 1 870°C and 430°C. (a) What is its maximum theo-
retical efficiency? (b) The actual efficiency of the engine 
is 42.0%. How much mechanical power does the engine 
deliver if it absorbs 1.40 3 105 J of energy each second from 
its hot reservoir?

 14. A heat engine operates between a reservoir at 25.0°C and 
one at 375°C. What is the maximum efficiency possible for 
this engine?

 15. A Carnot engine has a power output of 150 kW. The engine 
operates between two reservoirs at 20.0°C and 500°C. 
(a) How much energy enters the engine by heat per hour? 
(b) How much energy is exhausted by heat per hour?

 16.  A Carnot engine has a power output P. The engine 
operates between two reservoirs at temperature Tc and Th. 
(a) How much energy enters the engine by heat in a time 
interval Dt? (b) How much energy is exhausted by heat in 
the time interval Dt?
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pressures, volumes, and temperatures as you fill in the fol-
lowing table:

 P V T

A 1 400 kPa 10.0 L 720 K
B 
C  24.0 L 
D  15.0 L 

  (b) Find the energy added by heat, the work done by the 
engine, and the change in internal energy for each of 
the steps A S B, B S C, C S D, and D S A. (c) Calcu-
late the efficiency Wnet/|Q h|. (d) Show that the efficiency is 
equal to 1 2 TC/TA, the Carnot efficiency.

 31. A heat pump used for heating shown in Figure P22.31 is 
essentially an air conditioner installed backward. It 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 temperature is 20.0°C and the outside 
temperature is 25.00°C.

 26.  An electric power plant that would make use of the 
temperature gradient in the ocean has been proposed. 
The system is to operate between 20.0°C (surface-water 
temperature) and 5.00°C (water temperature at a depth of 
about 1 km). (a) What is the maximum efficiency of such 
a system? (b) If the electric power output of the plant is 
75.0 MW, how much energy is taken in from the warm 
reservoir per hour? (c) In view of your answer to part (a), 
explain whether you think such a system is worthwhile. 
Note that the “fuel” is free.

 27. Argon enters a turbine at a rate of 80.0 kg/min, a tem-
perature of 800°C, and a pressure of 1.50 MPa. It expands 
adiabatically as it pushes on the turbine blades and exits 
at pressure 300 kPa. (a) Calculate its temperature at exit. 
(b) Calculate the (maximum) power output of the turn-
ing turbine. (c) The turbine is one component of a model 
closed-cycle gas turbine engine. Calculate the maximum 
efficiency of the engine.

 28.   Suppose you build a two-engine device with the 
exhaust energy output from one heat engine supplying the 
input energy for a second heat engine. We say that the two 
engines are running in series. Let e1 and e2 represent the 
efficiencies of the two engines. (a) The overall efficiency 
of the two-engine device is defined as the total work out-
put divided by the energy put into the first engine by heat. 
Show that the overall efficiency e is given by

e 5 e1 1 e2 2 e1e2

  What If? For parts (b) through (e) that follow, assume 
the two engines are Carnot engines. Engine 1 operates 
between temperatures Th and Ti. The gas in engine 2 varies 
in temperature between Ti and Tc. In terms of the tempera-
tures, (b) what is the efficiency of the combination engine? 
(c) Does an improvement in net efficiency result from the 
use of two engines instead of one? (d) What value of the 
intermediate temperature Ti results in equal work being 
done by each of the two engines in series? (e) What value 
of Ti results in each of the two engines in series having the 
same efficiency?

 29.  An electric generating station is designed to have 
an electric output power of 1.40 MW using a turbine with 
two-thirds the efficiency of a Carnot engine. The exhaust 
energy is transferred by heat into a cooling tower at 110°C. 
(a) Find the rate at which the station exhausts energy by 
heat as a function of the fuel combustion temperature Th. 
(b) If the firebox is modified to run hotter by using more 
advanced combustion technology, how does the amount 
of energy exhaust change? (c) Find the exhaust power for 
Th 5 800°C. (d) Find the value of Th for which the exhaust 
power would be only half as large as in part (c). (e) Find 
the value of Th for which the exhaust power would be one-
fourth as large as in part (c).

 30. At point A in a Carnot cycle, 2.34 mol of a monatomic ideal 
gas has a pressure of 1 400 kPa, a volume of 10.0 L, and 
a temperature of 720 K. The gas expands isothermally to 
point B and then expands adiabatically to point C, where 
its volume is 24.0 L. An isothermal compression brings it 
to point D, where its volume is 15.0 L. An adiabatic process 
returns the gas to point A. (a) Determine all the unknown 
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 32. An ideal (Carnot) freezer in a kitchen has a constant tem-
perature of 260 K, whereas the air in the kitchen has a con-
stant temperature of 300 K. Suppose the insulation for the 
freezer is not perfect but rather conducts energy into the 
freezer at a rate of 0.150 W. Determine the average power 
required for the freezer’s motor to maintain the constant 
temperature in the freezer.

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.

 33.  In a cylinder of an automobile engine, immedi-
ately 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?

 34. 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 revers-
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 41. A 2.00-L container has a center partition that divides it into 
two equal parts as shown in Figure P22.41. 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 room temperature 
and at atmospheric pressure. The partition is removed, and 
the gases are allowed to mix. What is the entropy increase 
of the system?

ible engine? Assume complete combustion of the air–fuel 
mixture.

 35.  An idealized diesel engine operates in a cycle known 
as the air-standard diesel cycle shown in Figure P22.35. Fuel 
is sprayed into the cylinder at the point of maximum com-
pression, B. Combustion occurs during the expansion 
B S C, which is modeled as an isobaric process. Show that 
the efficiency of an engine operating in this idealized die-
sel cycle is

e 5 1 2
1

g
 a TD 2 TA

TC 2 TB

b

Adiabatic
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Section 22.6  Entropy

Section 22.7  Entropy and the Second Law

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

 37. 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.

 38. 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 resulting from the collision 
if the air temperature is 23.0°C. Ignore the energy carried 
away from the collision by sound.

 39. 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.

 40. A 1.00-mol sample of H2 gas is contained in the left side 
of the container shown in Figure P22.40, 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 P22.40
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0.044 0 mol
H2

Figure P22.41

 42. How fast are you personally making the entropy of the Uni-
verse increase right now? Compute an order-of-magnitude 
estimate, stating what quantities you take as data and the 
values you measure or estimate for them.

 43. When an aluminum bar is connected between a hot reser-
voir at 725 K and a cold reservoir at 310 K, 2.50 kJ of energy 
is transferred by heat from the hot reservoir to the cold 
reservoir. In this irreversible process, calculate the change 
in entropy of (a) the hot reservoir, (b) the cold reservoir, 
and (c) the Universe, neglecting any change in entropy of 
the aluminum rod.

 44.  When a metal bar is connected between a hot reservoir 
at Th and a cold reservoir at Tc, the energy transferred by 
heat from the hot reservoir to the cold reservoir is Q. In 
this irreversible process, find expressions for the change in 
entropy of (a) the hot reservoir, (b) the cold reservoir, and 
(c) the Universe, neglecting any change in entropy of the 
metal rod.

 45. The temperature at the surface of the Sun is approximately 
5 800 K, and the temperature at the surface of the Earth 
is approximately 290 K. What entropy change of the Uni-
verse occurs when 1.00 3 103 J of energy is transferred by 
radiation from the Sun to the Earth?

Section 22.8  Entropy on a Microscopic Scale

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

 47. 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.

 48. (a) Prepare a table like Table 22.1 for the following occur-
rence. You toss four coins into the air simultaneously and 
then record the results of your tosses in terms of the num-
bers of heads (H) and tails (T) that result. For example, 
HHTH and HTHH are two possible 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? In terms of entropy, (c) what is the most ordered mac-
rostate, and (d) what is the most disordered?

Additional Problems

 49. The energy absorbed by an engine is three times greater 
than the work it performs. (a) What is its thermal efficiency? 
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ety of applications ever since, including the solar power 
application discussed on the cover of this textbook. Fuel 
is burned externally to warm one of the engine’s two cylin-
ders. A fixed quantity of inert gas moves cyclically between 
the cylinders, expanding in the hot one and contracting 
in the cold one. Figure P22.57 represents a model for its 
thermodynamic cycle. Consider n moles of an ideal mon-
atomic gas being taken once through the cycle, consisting 
of two isothermal processes at temperatures 3Ti and Ti and 
two constant- volume processes. Let us find the efficiency 
of this engine. (a) Find the energy transferred by heat into 
the gas during the isovolumetric process AB. (b) Find the 
energy transferred by heat into the gas during the isother-
mal process BC. (c) Find the energy transferred by heat 
into the gas during the isovolumetric process CD. (d) Find 
the energy transferred by heat into the gas during the iso-
thermal process DA. (e) Identify which of the results from 
parts (a) through (d) are positive and evaluate the energy 
input to the engine by heat. (f) From the first law of ther-
modynamics, find the work done by the engine. (g) From 
the results of parts (e) and (f), evaluate the efficiency of 
the engine. A Stirling engine is easier to manufacture than 
an internal combustion engine or a turbine. It can run on 
burning garbage. It can run on the energy transferred by 
sunlight and produce no material exhaust. Stirling engines 
are not currently used in automobiles due to long startup 
times and poor acceleration response.

(b) What fraction of the energy absorbed is expelled to the 
cold reservoir?

 50. A steam engine is operated in a cold climate where the 
exhaust temperature is 0°C. (a) Calculate the theoretical 
maximum efficiency of the engine using an intake steam 
temperature of 100°C. (b) If, instead, superheated steam at 
200°C is used, find the maximum possible efficiency.

 51. Find the maximum (Carnot) efficiency of an engine that 
absorbs energy from a hot reservoir at 545°C and exhausts 
energy to a cold reservoir at 185°C.

 52. Every second at Niagara Falls, some 5.00 3 103 m3 of water 
falls a distance of 50.0 m. What is the increase in entropy of 
the Universe per second due to the falling water? Assume 
the mass of the surroundings is so great that its tempera-
ture and that of the water stay nearly constant at 20.0°C. 
Also assume a negligible amount of water evaporates.

 53.  Energy transfers by heat through the exterior walls 
and roof of a house at a rate of 5.00 3 103 J/s 5 5.00 kW 
when the interior temperature is 22.0°C and the outside 
temperature is 25.00°C. (a) Calculate the electric power 
required to maintain the interior temperature at 22.0°C if 
the power is used in electric resistance heaters that convert 
all the energy transferred in by electrical transmission into 
internal energy. (b) What If? Calculate the electric power 
required to maintain the interior temperature at 22.0°C if 
the power is used to drive an electric motor that operates 
the compressor of a heat pump that has a coefficient of 
performance equal to 60.0% of the Carnot-cycle value.

 54.  In 1993, the U.S. government instituted a require-
ment that all room air conditioners sold in the United States 
must have an energy efficiency ratio (EER) of 10 or higher. 
The EER is defined as the ratio of the cooling capacity of 
the air conditioner, measured in British thermal units per 
hour, or Btu/h, to its electrical power requirement in watts. 
(a) Convert the EER of 10.0 to dimensionless form, using 
the conversion 1 Btu 5 1 055 J. (b) What is the appropri-
ate name for this dimensionless quantity? (c) In the 1970s, 
it was common to find room air conditioners with EERs 
of 5 or lower. State how the operating costs compare for 
10 000-Btu/h air conditioners with EERs of 5.00 and 10.0. 
Assume each air conditioner operates for 1 500 h during 
the summer in a city where electricity costs 17.0¢ per kWh.

 55. An airtight freezer holds n moles of air at 25.0°C and 
1.00 atm. The air is then cooled to 218.0°C. (a) What is the 
change in entropy of the air if the volume is held constant? 
(b) What would the entropy change be if the pressure were 
maintained at 1.00 atm during the cooling?

 56.  Suppose an ideal (Carnot) heat pump could be con-
structed for use as an air conditioner. (a) Obtain an expres-
sion for the coefficient of performance (COP) for such an 
air conditioner in terms of Th and Tc. (b) Would such an 
air conditioner operate on a smaller energy input if the 
difference in the operating temperatures were greater or 
smaller? (c) Compute the COP for such an air conditioner 
if the indoor temperature is 20.0°C and the outdoor tem-
perature is 40.0°C.

 57.   In 1816, Robert Stirling, a Scottish clergyman, 
patented the Stirling engine, which has found a wide vari-
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 58.  A firebox is at 750 K, and the ambient temperature is 
300 K. The efficiency of a Carnot engine doing 150 J of work 
as it transports energy between these constant- temperature 
baths is 60.0%. The Carnot engine must take in energy 
150 J/0.600 5 250 J from the hot reservoir and must put 
out 100 J of energy by heat into the environment. To fol-
low Carnot’s reasoning, suppose some other heat engine 
S could have an efficiency of 70.0%. (a) Find the energy 
input and exhaust energy output of engine S as it does 150 J 
of work. (b) Let engine S operate as in part (a) and run the 
Carnot engine in reverse between the same reservoirs. The 
output work of engine S is the input work for the Carnot 
refrigerator. Find the total energy transferred to or from 
the firebox and the total energy transferred to or from the 
environment as both engines operate together. (c) Explain 
how the results of parts (a) and (b) show that the Clausius 
statement of the second law of thermodynamics is violated. 
(d) Find the energy input and work output of engine S as it 
puts out exhaust energy of 100 J. Let engine S operate as in 
part (c) and contribute 150 J of its work output to running 
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 63. A power plant, having a Carnot efficiency, produces 
1.00 GW of electrical power from turbines that take in 
steam at 500 K and reject water at 300 K into a flowing 
river. The water downstream is 6.00 K warmer due to the 
output of the power plant. Determine the flow rate of the 
river.

 64.  A power plant, having a Carnot efficiency, produces 
electric power P from turbines that take in energy from 
steam at temperature Th and discharge energy at tempera-
ture Tc through a heat exchanger into a flowing river. The 
water downstream is warmer by DT due to the output of the 
power plant. Determine the flow rate of the river.

 65.  A sample consisting of n moles of an ideal gas under-
goes a reversible isobaric expansion from volume Vi to vol-
ume 3Vi. Find the change in entropy of the gas by calculat-
ing e f

i  dQ /T, where dQ 5 nCP dT.

 66.  An athlete whose mass is 70.0 kg drinks 16.0 ounces 
(454 g) of refrigerated water. The water is at a tempera-
ture of 35.0°F. (a) Ignoring the temperature change of the 
body that results from the water intake (so that the body is 
regarded as a reservoir always at 98.6°F), find the entropy 
increase of the entire system. (b) What If? Assume the 
entire body is cooled by the drink and the average specific 
heat of a person is equal to the specific heat of liquid water. 
Ignoring any other energy transfers by heat and any meta-
bolic energy release, find the athlete’s temperature after 
she drinks the cold water given an initial body temperature 
of 98.6°F. (c) Under these assumptions, what is the entropy 
increase of the entire system? (d) State how this result com-
pares with the one you obtained in part (a).

 67.  A 1.00-mol sample of an ideal monatomic gas is taken 
through the cycle shown in Figure P22.67. The process 
A S B is a reversible isothermal expansion. Calculate 
(a) the net work done by the gas, (b) the energy added to 

the Carnot engine in reverse. Find (e) the total energy the 
firebox puts out as both engines operate together, (f) the 
total work output, and (g) the total energy transferred to 
the environment. (h) Explain how the results show that 
the Kelvin–Planck statement of the second law is violated. 
Therefore, our assumption about the efficiency of engine S 
must be false. (i) Let the engines operate together through 
one cycle as in part (d). Find the change in entropy of the 
Universe. (j) Explain how the result of part (i) shows that 
the entropy statement of the second law is violated.

 59. Review. This problem complements Problem 84 in Chapter 
10. In the operation of a single-cylinder internal combus-
tion piston engine, one charge of fuel explodes to drive the 
piston outward in the power stroke. Part of its energy output 
is stored in a turning flywheel. This energy is then used 
to push the piston inward to compress the next charge 
of fuel and air. In this compression process, assume an 
original volume of 0.120 L of a diatomic ideal gas at atmo-
spheric pressure is compressed adiabatically to one-eighth 
of its original volume. (a) Find the work input required to 
compress the gas. (b) Assume the flywheel is a solid disk 
of mass 5.10 kg and radius 8.50 cm, turning freely with-
out friction between the power stroke and the compression 
stroke. How fast must the flywheel turn immediately after 
the power stroke? This situation represents the minimum 
angular speed at which the engine can operate without 
stalling. (c) When the engine’s operation is well above the 
point of stalling, assume the flywheel puts 5.00% of its 
maximum energy into compressing the next charge of fuel 
and air. Find its maximum angular speed in this case.

 60. A biology laboratory is maintained at a constant temper-
ature of 7.00°C by an air conditioner, which is vented to 
the air outside. On a typical hot summer day, the outside 
temperature is 27.0°C and the air-conditioning unit emits 
energy to the outside at a rate of 10.0 kW. Model the unit as 
having a coefficient of performance (COP) equal to 40.0% 
of the COP of an ideal Carnot device. (a) At what rate 
does the air conditioner remove energy from the labora-
tory? (b) Calculate the power required for the work input. 
(c) Find the change in entropy of the Universe produced by 
the air conditioner in 1.00 h. (d) What If? The outside tem-
perature increases to 32.0°C. Find the fractional change in 
the COP of the air conditioner.

 61. A heat engine operates between two reservoirs at T2 5 
600 K and T1 5 350 K. It takes in 1.00 3 103 J of energy 
from the higher-temperature reservoir and performs 250 J 
of work. Find (a) the entropy change of the Universe DSU 
for this process and (b) the work W that could have been 
done by an ideal Carnot engine operating between these 
two reservoirs. (c) Show that the difference between the 
amounts of work done in parts (a) and (b) is T1 DSU .

 62.   A 1.00-mol sample of a monatomic ideal gas is 
taken through the cycle shown in Figure P22.62. At point 
A, the pressure, volume, and temperature are Pi, Vi, and Ti , 
respectively. In terms of R and Ti , find (a) the total energy 
entering the system by heat per cycle, (b) the total energy 
leaving the system by heat per cycle, and (c) the efficiency 
of an engine operating in this cycle. (d) Explain how the 
efficiency compares with that of an engine operating in a 
Carnot cycle between the same temperature extremes.
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Challenge Problems

 71. A 1.00-mol sample of an ideal gas (g 5 1.40) is carried 
through the Carnot cycle described in Active Figure 22.10. 
At point A, the pressure is 25.0 atm and the temperature is 
600 K. At point C, the pressure is 1.00 atm and the temper-
ature is 400 K. (a) Determine the pressures and volumes at 
points A, B, C, and D. (b) Calculate the net work done per 
cycle.

 72. The compression ratio of an Otto cycle as shown in Active 
Figure 22.12 is VA/VB 5 8.00. At the beginning A of the 
compression process, 500 cm3 of gas is at 100 kPa and 
20.0°C. At the beginning of the adiabatic expansion, the 
temperature is TC 5 750°C. Model the working fluid as an 
ideal gas with g 5 1.40. (a) Fill in this table to follow the 
states of the gas:

 T (K) P (kPa) V (cm3)

A 293 100 500
B 
C 1 023 
D 

  (b) Fill in this table to follow the processes:

 Q W DEint

A S B 
B S C 
C S D 
D S A 
ABCDA 

  (c) Identify the energy input |Q h|, (d) the energy exhaust 
|Q c|, and (e) the net output work Weng. (f) Calculate the 
thermal efficiency. (g) Find the number of crankshaft rev-
olutions per minute required for a one-cylinder engine to 
have an output power of 1.00 kW 5 1.34 hp. Note: The ther-
modynamic cycle involves four piston strokes.

the gas by heat, (c) the energy exhausted from the gas by 
heat, and (d) the efficiency of the cycle. (e) Explain how 
the efficiency compares with that of a Carnot engine oper-
ating between the same temperature extremes.

 68.   A system consisting of n moles of an ideal gas 
with molar specific heat at constant pressure CP undergoes 
two reversible processes. It starts with pressure Pi and vol-
ume Vi, expands isothermally, and then contracts adiabati-
cally to reach a final state with pressure Pi and volume 3Vi. 
(a) Find its change in entropy in the isothermal process. 
(The entropy does not change in the adiabatic process.) 
(b) What If? Explain why the answer to part (a) must be 
the same as the answer to Problem 65. (You do not need to 
solve Problem 65 to answer this question.)

 69.   A sample of an ideal gas expands isothermally, 
doubling in volume. (a) Show that the work done on the 
gas in expanding is W 5 2nRT ln 2. (b) Because the inter-
nal energy Eint of an ideal gas depends solely on its tem-
perature, the change in internal energy is zero during 
the expansion. It follows from the first law that the energy 
input to the gas by heat during the expansion is equal to 
the energy output by work. Does this process have 100% 
efficiency in converting energy input by heat into work 
output? (c) Does this conversion violate the second law? 
Explain.

 70. Why is the following situation impossible? Two samples of 
water are mixed at constant pressure inside an insulated 
container: 1.00 kg of water at 10.0°C and 1.00 kg of water 
at 30.0°C. Because the container is insulated, there is no 
exchange of energy by heat between the water and the envi-
ronment. Furthermore, the amount of energy that leaves 
the warm water by heat is equal to the amount that enters 
the cool water by heat. Therefore, the entropy change 
of the Universe is zero for this process.


