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PREFACE 

This Instructor’s Solutions Manual provides answers and worked-out solutions to all end of chapter  
questions and problems from chapters 1 – 15 of Physics: Principles with Applications, 7th Edition, by  
Douglas C. Giancoli. At the end of the manual are grids that correlate the 6th edition questions and problems 
to the 7th edition questions and problems. 

We formulated the solutions so that they are, in most cases, useful both for the student and the instructor.  
Accordingly, some solutions may seem to have more algebra than necessary for the instructor. Other solutions 
may seem to take bigger steps than a student would normally take: e.g. simply quoting the solutions from a 
quadratic equation instead of explicitly solving for them. There has been an emphasis on algebraic solutions, 
with the substitution of values given as a very last step in most cases. We feel that this helps to keep the  
physics of the problem foremost in the solution, rather than the numeric evaluation. 

Much effort has been put into having clear problem statements, reasonable values, pedagogically sound  
solutions, and accurate answers/solutions for all of the questions and problems. Working with us was a team 
of five additional solvers – Karim Diff (Santa Fe College), Thomas Hemmick (Stony Brook University),  
Lauren Novatne (Reedley College), Michael Ottinger (Missouri Western State University), and Trina  
VanAusdal (Salt Lake Community College). Between the seven solvers we had four complete solutions for 
every question and problem. From those solutions we uncovered questions about the wording of the problems, 
style of the possible solutions, reasonableness of the values and framework of the questions and problems, and 
then consulted with one another and Doug Giancoli until we reached what we feel is both a good statement 
and a good solution for each question and problem in the text. 

Many people have been involved in the production of this manual. We especially thank Doug Giancoli for  
his helpful conversations. Karen Karlin at Prentice Hall has been helpful, encouraging, and patient as we have 
turned our thoughts into a manual. Michael Ottinger provided solutions for every chapter, and helped in 
 the preparation of the final solutions for some of the questions and problems. And the solutions from  
Karim Diff, Thomas Hemmick, Lauren Novatne, and Trina VanAusdal were often thought-provoking and 
always appreciated. 

Even with all the assistance we have had, the final responsibility for the content of this manual is ours. We 
would appreciate being notified via e-mail of any errors that are discovered. We hope that you will find this 
presentation of answers and solutions useful. 

Bob Davis (rbdavis@taylor.edu) 
Upland, IN 

J. Erik Hendrickson (hendrije@uwec.edu) 
Eau Claire, WI 
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Responses to Questions 

 1. (a) A particular person’s foot. Merits: reproducible. Drawbacks: not accessible to the general public; 
not invariable (size changes with age, time of day, etc.); not indestructible. 

 (b) Any person’s foot. Merits: accessible. Drawbacks: not reproducible (different people have 
different size feet); not invariable (size changes with age, time of day, etc.); not indestructible. 

 Neither of these options would make a good standard. 

 2. The distance in miles is given to one significant figure, and the distance in kilometers is given to five 
significant figures! The value in kilometers indicates more precision than really exists or than is 
meaningful. The last digit represents a distance on the same order of magnitude as a car’s length!  
The sign should perhaps read “7.0 mi (11 km),” where each value has the same number of  
significant figures, or “7 mi (11 km),” where each value has about the same % uncertainty. 

 3. The number of digits you present in your answer should represent the precision with which you  
know a measurement; it says very little about the accuracy of the measurement. For example, if you 
measure the length of a table to great precision, but with a measuring instrument that is not  
calibrated correctly, you will not measure accurately. Accuracy is a measure of how close a 
measurement is to the true value. 

 4. If you measure the length of an object, and you report that it is “4,” you haven’t given enough 
information for your answer to be useful. There is a large difference between an object that is  
4 meters long and one that is 4 feet long. Units are necessary to give meaning to a numerical answer. 

 5. You should report a result of 8.32 cm. Your measurement had three significant figures. When you 
multiply by 2, you are really multiplying by the integer 2, which is an exact value. The number of 
significant figures is determined by the measurement. 

 6. The correct number of significant figures is three: sin 30.0 0.500.° =  

 7. Useful assumptions include the population of the city, the fraction of people who own cars, the  
average number of visits to a mechanic that each car makes in a year, the average number of weeks a 
mechanic works in a year, and the average number of cars each mechanic can see in a week. 

INTRODUCTION, MEASUREMENT, ESTIMATING 

1
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 (a) There are about 800,000 people in San Francisco, as estimated in 2009 by the U.S. Census 
Bureau. Assume that half of them have cars. If each of these 400,000 cars needs servicing twice 
a year, then there are 800,000 visits to mechanics in a year. If mechanics typically work  
50 weeks a year, then about 16,000 cars would need to be seen each week. Assume that on 
average, a mechanic can work on 4 cars per day, or 20 cars a week. The final estimate, then, is 
800 car mechanics in San Francisco. 

 (b) Answers will vary. 

Responses to MisConceptual Questions 

 1. (d) One common misconception, as indicated by answers (b) and (c), is that digital measurements 
are inherently very accurate. A digital scale is only as accurate as the last digit that it displays. 

 2. (a) The total number of digits present does not determine the accuracy, as the leading zeros in (c) 
and (d) are only placeholders. Rewriting the measurements in scientific notation shows that (d) 
has two-digit accuracy, (b) and (c) have three-digit accuracy, and (a) has four-digit accuracy. 
Note that since the period is shown, the zeros to the right of the numbers are significant. 

 3. (b) The leading zeros are not significant. Rewriting this number in scientific notation shows that it 
only has two significant digits. 

 4. (b) When you add or subtract numbers, the final answer should contain no more decimal places than 
the number with the fewest decimal places. Since 25.2 has one decimal place, the answer must 
be rounded to one decimal place, or to 26.6. 

 5. (b) The word “accuracy” is commonly misused by beginning students. If a student repeats a 
measurement multiple times and obtains the same answer each time, it is often assumed to be 
accurate. In fact, students are frequently given an “ideal” number of times to repeat the 
experiment for “accuracy.” However, systematic errors may cause each measurement to be 
inaccurate. A poorly working instrument may also limit the accuracy of your measurement. 

 6. (d) This addresses misconceptions about squared units and about which factor should be in the 
numerator of the conversion. This error can be avoided when students treat the units as algebraic 
symbols that must be cancelled out. 

 7. (e) When making estimates, students frequently believe that their answers are more significant than 
they actually are. This question helps the student realize what an order-of-magnitude estimation 
is NOT supposed to accomplish. 

 8. (d) This addresses the fact that the generic unit symbol, like [L], does not indicate a specific  
system of units. 

Solutions to Problems 

 1. (a) 214         3 significant figures  

 (b) 81 60      4 significant figures.  

 (c) 7 03        3 significant figures.  
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 7. To add values with significant figures, adjust all values to be added so that their exponents are all the 
same. 

  
3 4 6 3 3 3

3 3 5

(9.2 10 s) (8.3 10 s) (0.008 10 s) (9.2 10 s) (83 10 s) (8 10 s)

(9.2 83 8) 10 s 100.2 10 s 1.00 10 s

⋅ + ⋅ + ⋅ = ⋅ + ⋅ + ⋅

= + + ⋅ = ⋅ = ⋅
 

When you add, keep the least accurate value, so keep to the “ones” place in the last set of parentheses. 

 8. When you multiply, the result should have as many digits as the number with the least number of 
significant digits used in the calculation. 

  2 1 2 2(3.079 10 m)(0.068 10 m) 2.094 m 2.1 m�⋅ ⋅ = �  

 9. The uncertainty is taken to be 0.01 m. 

  
2

2
0.01 m

% uncertainty 100% 0.637% 1%
1.57 m

= ⋅ = �  

 10. To find the approximate uncertainty in the volume, calculate the volume for the minimum radius and 
the volume for the maximum radius. Subtract the extreme volumes. The uncertainty in the volume  
is then half of this variation in volume. 

  3 3 34 4
specified specified3 3 (0.84 m) 2.483 mV r� �= = =  

  
3 3 34 4

min min3 3
3 3 34 4

max max3 3

(0.80 m) 2.145 m

(0.88 m) 2.855 m

V r

V r

� �

� �

= = =

= = =
 

  3 3 31 1
max min2 2( ) (2.855 m 2.145 m ) 0.355 mV V V� = � = � =  

The percent uncertainty is 
3

3
specified

0.355 m 100 14.3 14% .
2.483 m

V
V

� = ⋅ = �  

 11. To find the approximate uncertainty in the area, calculate the area for the specified radius, the 
minimum radius, and the maximum radius. Subtract the extreme areas. The uncertainty in the area  
is then half this variation in area. The uncertainty in the radius is assumed to be 40.1 10 cm.⋅  

  2 4 2 9 2
specified specified (3.1 10 cm) 3.019 10 cmA r� �= = ⋅ = ⋅  

  2 4 2 9 2
min min (3.0 10 cm) 2.827 10 cmA r� �= = ⋅ = ⋅  

  2 4 2 9 2
max max (3.2 10 cm) 3.217 10 cmA r� �= = ⋅ = ⋅  

  9 2 9 2 9 21 1
max min2 2( ) (3.217 10 cm 2.827 10 cm ) 0.195 10 cmA A A� = � = ⋅ � ⋅ = ⋅  

Thus the area should be quoted as 9 2(3.0 0.2) 10 cm .A = ± ⋅  

 12. (a) 286.6 mm  3286.6 10 m�⋅  0.2866 m  

 (b) 85 V∝  685 10 V�⋅  0.000085 V  

 (c) 760 mg  6760 10 kg�⋅  0.00076 kg  (if last zero is not significant) 
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 3. The original definition of the meter was that 1 meter was one ten-millionth of the distance from the 
Earth’s equator to either pole. The distance from the equator to the pole would be one-fourth of the 
circumference of a perfectly spherical Earth. Thus the circumference would be 40 million meters: 

74 10 m .C = ⋅  We use the circumference to find the radius. 

  
7

64 10 m2 6.37 10 m
2 2
CC r r�
� �

⋅=  � = = = ⋅  

The value in the front of the textbook is 66.38 10 m.⋅  

 4. We use values from Table 1–3. 

  
2

19human
17

DNA
molecule

10 kg 10
10 kg

m
m �= =  

 5. The surface area of a sphere is given by 24 ,r�  and the volume of a sphere is given by 34
3 .r�  

 (a) 
2 2 3 2

Earth Earth Earth
2 2 3 2

Moon Moon Moon

4 (6.38 10 km) 13.4
4 (1.74 10 km)

A R R
A R R

�
�

⋅= = = =
⋅

 

 (b) 
34 3 3 3
EarthEarth 3 Earth
3 3 3 34Moon Moon Moon3

(6.38 10 km) 49.3
(1.74 10 km)

RV R
V R R

�

�
⋅= = = =
⋅
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Responses to Questions 

 1. A car speedometer measures only speed. It does not give any information about the direction, so it 
does not measure velocity. 

 2. If the velocity of an object is constant, then the speed and the direction of travel must also be constant. 
If that is the case, then the average velocity is the same as the instantaneous velocity, because nothing 
about its velocity is changing. The ratio of displacement to elapsed time will not be changing, no 
matter the actual displacement or time interval used for the measurement. 

 3. There is no general relationship between the magnitude of speed and the magnitude of acceleration. 
For example, one object may have a large but constant speed. The acceleration of that object is then 
zero. Another object may have a small speed but be gaining speed and therefore have a positive 
acceleration. So in this case the object with the greater speed has the lesser acceleration. 

Consider two objects that are dropped from rest at different times. If we ignore air resistance, then the 
object dropped first will always have a greater speed than the object dropped second, but both will 
have the same acceleration of 29.80 m/s .  

 4. The accelerations of the motorcycle and the bicycle are the same, assuming that both objects travel in a 
straight line. Acceleration is the change in velocity divided by the change in time. The magnitude of 
the change in velocity in each case is the same, 10 km/h, so over the same time interval the 
accelerations will be equal. 

 5. Yes. For example, a car that is traveling northward and slowing down has a northward velocity and a 
southward acceleration. 

 6. The velocity of an object can be negative when its acceleration is positive. If we define the positive 
direction to be to the right, then an object traveling to the left that is having a reduction in speed will 
have a negative velocity with a positive acceleration. 

If again we define the positive direction to be to the right, then an object traveling to the right that is 
having a reduction in speed will have a positive velocity and a negative acceleration. 

DESCRIBING MOTION: KINEMATICS IN ONE DIMENSION 

2
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 7. If north is defined as the positive direction, then an object traveling to the south and increasing in 
speed has both a negative velocity and a negative acceleration. Or if up is defined as the positive 
direction, then an object falling due to gravity has both a negative velocity and a negative acceleration. 

 8. Yes. Remember that acceleration is a change in velocity per unit time, or a rate of change in velocity. 
So velocity can be increasing while the rate of increase goes down. For example, suppose a car is 
traveling at 40 km/h and one second later is going 50 km/h. One second after that, the car’s speed is  
55 km/h. The car’s speed was increasing the entire time, but its acceleration in the second time interval 
was lower than in the first time interval. Thus its acceleration was decreasing even as the speed was 
increasing. 

Another example would be an object falling WITH air resistance. Let the downward direction be 
positive. As the object falls, it gains speed, and the air resistance increases. As the air resistance 
increases, the acceleration of the falling object decreases, and it gains speed less quickly the longer it 
falls. 

 9. If the two cars emerge side by side, then the one moving faster is passing the other one. Thus car A is 
passing car B. With the acceleration data given for the problem, the ensuing motion would be that car A 
would pull away from car B for a time, but eventually car B would catch up to and pass car A. 

 10. If there were no air resistance, the ball’s only acceleration during flight would be the acceleration due 
to gravity, so the ball would land in the catcher’s mitt with the same speed it had when it left the bat, 
120 km/h. Since the acceleration is the same through the entire flight, the time for the ball’s speed to 
change from 120 km/h to 0 on the way up is the same as the time for its speed to change from 0 to  
120 km/h on the way down. In both cases the ball has the same magnitude of displacement. 

 11. (a) If air resistance is negligible, the acceleration of a freely falling object stays the same as the 
object falls toward the ground. That acceleration is 29.80 m/s .  Note that the object’s speed 
increases, but since that speed increases at a constant rate, the acceleration is constant. 

 (b) In the presence of air resistance, the acceleration decreases. Air resistance increases as speed 
increases. If the object falls far enough, the acceleration will go to zero and the velocity will 
become constant. That velocity is often called the terminal velocity. 

 12. Average speed is the displacement divided by the time. Since the distances from A to B and from B to 
C are equal, you spend more time traveling at 70 km/h than at 90 km/h, so your average speed should 
be less than 80 km/h. If the distance from A to B (or B to C) is x km, then the total distance traveled is 
2x. The total time required to travel this distance is x/70 plus x/90. Then 

2 2(90)(70) 78.75 km/h 79 km/h.
/70 /90 90 70

d x
t x x

� = = = = �
+ +

 

 13. Yes. For example, a rock thrown straight up in the air has a constant, nonzero acceleration due to 
gravity for its entire flight. However, at the highest point it momentarily has zero velocity. A car, at the 
moment it starts moving from rest, has zero velocity and nonzero acceleration. 

 14. Yes. Any time the velocity is constant, the acceleration is zero. For example, a car traveling at a 
constant 90 km/h in a straight line has nonzero velocity and zero acceleration. 

 15. A rock falling from a cliff has a constant acceleration IF we neglect air resistance. An elevator moving 
from the second floor to the fifth floor making stops along the way does NOT have a constant 
acceleration. Its acceleration will change in magnitude and direction as the elevator starts and stops. 
The dish resting on a table has a constant (zero) acceleration. 
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 16. The slope of the position versus time curve is the object’s velocity. The object starts at the origin with 
a constant velocity (and therefore zero acceleration), which it maintains for about 20 s. For the next  
10 s, the positive curvature of the graph indicates the object has a positive acceleration; its speed is 
increasing. From 30 s to 45 s, the graph has a negative curvature; the object uniformly slows to a stop, 
changes direction, and then moves backwards with increasing speed. During this time interval, the 
acceleration is negative, since the object is slowing down while traveling in the positive direction and 
then speeding up while traveling in the negative direction. For the final 5 s shown, the object continues 
moving in the negative direction but slows down, which gives it a positive acceleration. During the  
50 s shown, the object travels from the origin to a point 20 m away, and then back 10 m to end up 10 m 
from the starting position. 

 17. Initially, the object moves in the positive direction with a constant acceleration, until about 45 s,t =  
when it has a velocity of about 37 m/s  in the positive direction. The acceleration then decreases, 
reaching an instantaneous acceleration of 0 at about t = 50 s, when the object has its maximum speed 
of about 38 m/s. The object then begins to slow down but continues to move in the positive direction. 
The object stops moving at t = 90 s and stays at rest until about t = 108 s. Then the object begins to 
move in the positive direction again, at first with a larger acceleration, and then with a lesser acceleration. 
At the end of the recorded motion, the object is still moving to the right and gaining speed. 

Responses to MisConceptual Questions 

 1. (a, b, c, d, e, f, g) All of these actions should be a part of solving physics problems. 

 2. (d) It is a common misconception that a positive acceleration always increases the speed, as in  
(b) and (c). However, when the velocity and acceleration are in opposite directions, the speed 
will decrease. 

 3. (d) Since the velocity and acceleration are in opposite directions, the object will slow to a stop. 
However, since the acceleration remains constant, it will stop only momentarily before moving 
toward the left. 

 4. (c) Students commonly confuse the concepts of velocity and acceleration in free-fall motion. At the 
highest point in the trajectory, the velocity is changing from positive (upward) to negative 
(downward) and therefore passes through zero. This changing velocity is due to a constant 
downward acceleration. 

 5. (a) Since the distance between the rocks increases with time, a common misconception is that the 
velocities are increasing at different rates. However, both rocks fall under the influence of 
gravity, so their velocities increase at the same rate. 

 6. (c) Since the distances are the same, a common error is to assume that the average speed will be 
halfway between the two speeds, or 40 km/h. However, it takes the car much longer to travel the 
4 km at 30 km/h than at 50 km/h. Since more time is spent at 30 km/h, the average speed will be 
closer to 30 km/h than to 50 km/h. 

 7. (c) A common misconception is that the acceleration of an object in free fall depends upon the 
motion of the object. If there is no air resistance, the accelerations for the two balls have the 
same magnitude and direction throughout both of their flights. 

 8. (b, c) Each of the given equations is based on Eqs. 2–11a–d. Answer (a) has the acceleration replaced 
properly with –g, but the initial velocity is downward and as such should be negative. Answer (d) is 
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 (a) Solve Eq. 2–11c for the final location. 

   

2 2
0 0

2 2 2
0

0 2

2 ( )

0 (26.39 m/s)10.56 m 126.63 m 130 m
2 2( 3.0 m/s )

a x x

x x
a

� �

� �

= + � �

� �= + = + = �
�

 

 (b) Solve Eq. 2–11c for the final location with the second acceleration. 

   
2 2 2

0
0 2

0 (26.39 m/s)10.56 m 69 m
2 2( 6.0 m/s )

x x
a

� �� �= + = + =
�

 

 32. Calculate the distance that the car travels during the reaction time and the deceleration. 
  1 0 (18.0 m/s)(0.350 s) 6.3 mx t�� = � = =  

  

2 2 2
2 2 0

0 2 2 2
0 (18.0 m/s)2 44.4 m

2 2( 3.65 m/s )
6.3 m 44.4 m 50.7 m

a x x
a

x

� �� � � �= + � � � = = =
�

� = + =

 

Since she is only 20.0 m from the intersection, she will NOT be able to stop in time. She will be 30.7 m 
past the intersection. 

 33. Use the information for the first 180 m to find the acceleration and the information for the full motion 
to find the final velocity. For the first segment, the train has 0 0 m/s,� =  1 18 m/s,� =  and a 
displacement of 1 0 180 m.x x� =  Find the acceleration from Eq. 2–11c. 

  
2 2 2

2 2 21 0
1 0 1 0

1 0

(18 m/s) 02 ( ) 0.90 m/s
2( ) 2(180 m)

a x x a
x x

� �� � � �= + � � = = =
�

 

Find the speed of the train after it has traveled the total distance (total displacement of 
2 0 255 m)x x� =  using Eq. 2–11c. 

  2 2 2 2
2 0 2 0 2 0 2 02 ( ) 2 ( ) 2(0.90 m/s )(255 m) 21 m/sa x x a x x� � � �= + � � = + � = =  

 34. Calculate the acceleration from the velocity–time data using Eq. 2–11a, and then use Eq. 2–11b to 
calculate the displacement at 2.0 st =  and 6.0 s.t =  The initial velocity is 0 65 m/s.� =  

  
2 20 1

0 0 2

2 21 1
0 0 0 02 2

162 m/s 85 m/s 7.7 m/s
10.0 s

(6.0 s) (2.0 s) [( (6.0 s) (6.0 s) ) ( (2.0 s) (2.0 s) )]

a x x t at
t

x x x a x a

� � �

� �

� �= = = = + + �

� = + + � + +
 

  
2 2 2 21 1

0 2 2   (6.0 s 2.0 s) [(6.0 s) (2.0 s) ] (85 m/s)(4.0 s) (7.7 m/s )(32 s )

   463.2 m 460 m

a�= � + � = +

= �
 

 35. During the final part of the race, the runner must have a displacement of 1200 m in a time of 180 s  
(3.0 min). Assume that the starting speed for the final part is the same as the average speed thus far. 

  0
8800 m 5.432 m/s

(27 60) s
x
t

� ��= = = =
� ⋅
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The runner will accomplish this by accelerating from speed 0�  to speed �  for t  seconds, covering a 
distance 1,d  and then running at a constant speed of �  for (180 )t�  seconds, covering a distance 2.d  
We have these relationships from Eq. 2–11a and Eq. 2–11b. 

  
21

0 1 0 2 02
2 21 1

1 2 0 0 02 2

(180 ) ( )(180 )

1200 m ( )(180 ) 1200 m 180 180

at d t at d t at t

d d t at at t at at

� � � � �

� � � �

= + = + = � = + �

= + = + + + � � = + �
 

  

2 2 21
2

2
2

1200 m (180 s)(5.432 m/s) (180 s)(0.20 m/s ) (0.20 m/s )

36 36 4(0.10)(222.24)
0.10 36 222.24 0 353.7 s, 6.28 s

2(0.10)

t t

t t t�

= + � �

± �
� + = = =  

 

Since we must have 180 s,t <  the solution is 6.3 s .t =  

 36. (a) The train’s constant speed is train 5.0 m/s,� =  and the location of the empty box car as a function 

of time is given by train train (5.0 m/s) .x t t�= =  The fugitive has 0 0 m/s� =  and 21.4 m/sa =  
until his final speed is 6.0 m/s.  The elapsed time during the acceleration is 

0
acc 2

6.0 m/s 4.286 s.
1.4 m/s

t
a

� ��
= = =  Let the origin be the location of the fugitive when he starts to 

run. The first possibility to consider is, “Can the fugitive catch the empty box car before he 
reaches his maximum speed?” During the fugitive’s acceleration, his location as a function of 
time is given by Eq. 2–11b, 2 2 21 1

fugitive 0 0 2 20 0 (1.4 m/s ) .x x t at t�= + + = + +  For him to catch 

the train, we must have 2 21
train fugitive 2(5.0 m/s) (1.4 m/s ) .x x t t= � =  The solutions are 

0 s, 7.1 s.t =  Thus the fugitive cannot catch the car during his 4.286 s of acceleration. 
Now the equation of motion of the fugitive changes. After the 4.286 s of acceleration, he runs 
with a constant speed of 6.0 m/s.  Thus his location is now given (for times 5 s)t >  by the 
following: 

   2 21
fugitive 2 (1.4 m/s )(4.286 s) (6.0 m/s)( 4.286 s) (6.0 m/s) 12.86 mx t t= + � = �  

So now, for the fugitive to catch the train, we again set the locations equal. 

   train fugitive (5.0 m/s) (6.0 m/s) 12.86 m 12.86 s 13 sx x t t t= � = � � = �  

 (b) The distance traveled to reach the box car is given by the following: 

   fugitive ( 15.0 s) (6.0 m/s)(12.86 s) 12.86 m 64 mx t = = � =  

 37. For the runners to cross the finish line side-by-side, they must both reach the finish line in the same 
amount of time from their current positions. Take Mary’s current location as the origin. Use Eq. 2–11b. 

 For Sally: 2 21
222 5.0 5.0 ( 0.40) 25 85 0t t t t= + + � � � + = �   

     
225 25 4(85)

4.059 s, 20.94 s
2

t
± �

= =  

The first time is the time she first crosses the finish line, so that is the time to be used for the problem. 
Now find Mary’s acceleration so that she crosses the finish line in that same amount of time. 

For Mary: 2 21
2 2 21 1

2 2

22 4 22 4(4.059)22 0 4 0.70 m/s
(4.059)

tt at a
t
� �= + + � = = =  
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 41. Choose upward to be the positive direction, and take 0 0y =  to be the height from which the ball was 

thrown. The acceleration is 29.80 m/s .a = �  The displacement upon catching the ball is 0, assuming  
it was caught at the same height from which it was thrown. The starting speed can be found from  
Eq. 2–11b, with x replaced by y. 

  

21
0 0 2

21
0 22 1 1

0 2 2

0

( 9.80 m/s )(3.4 s) 16.66 m/s 17 m/s

y y t at

y y at
at

t

�

�

= + + = �

� �
= = � = � � = �

 

The height can be calculated from Eq. 2–11c, with a final velocity of 0� =  at the top of the path. 

  
2 2 2

2 2 0
0 0 0 2

0 (16.66 m/s)
2 ( ) 0 14 m

2 2( 9.80 m/s )
a y y y y

a
� �� � � �= + � � = + = + =

�
 

 42. Choose upward to be the positive direction, and take 0 0y =  to be at the height where the ball was hit. 

For the upward path, 0 25 m/s,� =  0� =  at the top of the path, and 29.80 m/s .a = �  

 (a) The displacement can be found from Eq. 2–11c, with x replaced by y. 

   
2 2 2

2 2 0
0 0 0 2

0 (25 m/s)
2 ( )  0 32 m

2 2( 9.80 m/s )
a y y y y

a
� �� � � �= + � � = + = + =

�
 

 (b) The time of flight can be found from Eq. 2–11b, with x replaced by y, using a displacement of 0 
for the displacement of the ball returning to the height from which it was hit. 

   

21 1
0 0 02 2

0
2

0 ( ) 0

2 2(25 m/s)0, 5.1 s
9.80 m/s

y y t at t at

t t
a

� �
�

= + + = � + = �

= = = =
� �

 

The result of t = 0 s is the time for the original displacement of zero (when the ball was hit), and the 
result of t = 5.1 s is the time to return to the original displacement. Thus the answer is t = 5.1 seconds. 

 (c) This is an estimate primarily because the effects of the air have been ignored. There is a non-
trivial amount of air effect on a baseball as it moves through the air—that’s why pitches like the 
“curve ball” work, for example. So ignoring the effects of air makes this an estimate. Another 
effect is that the problem says “almost” straight up, but the problem was solved as if the initial 
velocity was perfectly upward. Finally, we assume that the ball was caught at the same height as 
which it was hit. That was not stated in the problem either, so that is an estimate. 

 43. Choose downward to be the positive direction, and take 0 0y =  to be at the maximum height of the 
kangaroo. Consider just the downward motion of the kangaroo. Then the displacement is 1.45 m,y =  

the acceleration is 29.80 m/s ,a =  and the initial velocity is 0 0.� =  Use Eq. 2–11b to calculate the 
time for the kangaroo to fall back to the ground. The total time is then twice the falling time. 

  2 21 1
0 0 fall2 2

2
0

y
y y t at y at t

a
�= + + = � = � = �  

  total 2
2 2(1.45 m)2 2 1.09 s

(9.80 m/s )
yt

a
= = =  
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 44. Choose upward to be the positive direction, and take 0 0y =  to be at the floor level, where the jump 

starts. For the upward path, 1.2 m,y =  0� =  at the top of the path, and 29.80 m/s .a = �  

 (a) The initial speed can be found from Eq. 2–11c, with x replaced by y. 

   
2 2

0 0

2 2
0 0

2 ( )

2 ( ) 2 2( 9.80 m/s )(1.2 m) 4.8497 m/s 4.8 m/s

a y y

a y y ay

� �

� �

= + � �

= � � = � = � � = �
 

 (b) The time of flight can be found from Eq. 2–11b, with x replaced by y, using a displacement of 0 
for the displacement of the jumper returning to the original height. 

   

21 1
0 0 02 2

0
2

0 ( ) 0

2 2(4.897 m/s)0, 0.99 s
9.80 m/s

y y t at t at

t t
a

� �
�

= + + = � + = �

= = = =
�

 

The result of t = 0 s is the time for the original displacement of zero (when the jumper started to 
jump), and the result of t = 0.99 s is the time to return to the original displacement. Thus the 
answer is t = 0.99 seconds. 

 45. Choose downward to be the positive direction, and take 0 0y =  to be at the height where the object 

was released. The initial velocity is 0 0,� =  and the acceleration is 29.80 m/s .a =  

 (a) The speed of the object will be given by Eq. 2–11a with 0 0,� =  so 2(9.80 m/s ) .at t� = =  This 

is the equation of a straight line passing through the origin with a slope of 29.80 m/s .  

 (b) The distance fallen will be given by Eq. 2–11b with 0 0,� =  so 21
0 0 2y y t at�= + + =  

2 20 0 (4.90 m/s ) .t+ +  This is the equation of a parabola, with its vertex at the origin, opening 
upward. 

   

 46. Choose upward to be the positive direction, and 0 0y =  to be the height from which the stone is 

thrown. We have 0 24.0 m/s,� =  29.80 m/s ,a = �  and 0 13.0 m.y y� =  

 (a) The velocity can be found from Eq. 2–11c, with x replaced by y. 

   2 2
0 02 ( ) 0a y y� �= + � = �  

   2 2 2
0 2 (24.0 m/s) 2( 9.80 m/s )(13.0 m) 17.9 m/say� �= ± + = ± + � = ±  

Thus the speed is 17.9 m/s .� =  
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 (d) The time for the “coasting” portion of the flight can be found from Eq. 2–11a. 

   0
775 m coast coast 2

0 70.43 m/s 7.19 s
9.80 m/s

at t
a

� �� � � �= + � = = =
2

 

Thus the total time to reach the maximum altitude is 22.01 s 7.19 s 29.20 s 29 s .t = + = �  

 (e) For this part of the problem, the rocket has 0 0 m/s,� =  29.80 m/s ,a = �  and a displacement of 
1028 m�  (it falls from a height of 1028 m to the ground). Find the velocity upon reaching the 

Earth from Eq. 2–11c. 

   
2 2

0 0

2 2
0 0

2 ( )

2 ( ) 0 2( 9.80 m/s )( 1028 m) 141.95 m/s 142 m/s

a y y

a y y

� �

� �

= + � �

= ± + � = ± + � � = � � �
 

The negative root was chosen because the rocket is moving downward, which is the negative 
direction. 

 (f) The time for the rocket to fall back to the Earth is found from Eq. 2–11a. 

   0
0 fall 2

141.95 m/s 0 14.48 s
9.80 m/s

at t
a

� �� � � � �= + � = = =
�

 

Thus the total time for the entire flight is 29.20 s 14.48 s 43.68 s 44 s .t = + = �  

 49. Choose downward to be the positive direction, and take 0 0y =  to be the height where the object was 

released. The initial velocity is 0 5.40 m/s,� = �  the acceleration is 29.80 m/s ,a =  and the 
displacement of the package will be 105 m.y =  The time to reach the ground can be found from  
Eq. 2–11b, with x replaced by y. 

  

2 2 201
0 0 2 2 2

2
2

2 2 2( 5.40 m/s) 2(105 m)0 0
9.80 m/s 9.80 m/s

1.102 (1.102) 4( 21.43)
1.102 21.43 0 5.21 s, 4.11 s

2

yy y t at t t t t
a a

t t t

�� �= + + � + � = � + � = �

± � �
� � = � = =  �

 

The correct time is the positive answer, 5.21 s .t =  

 50. (a) Choose 0y =  to be the ground level and positive to be upward. Then 0 15 m,y =  ,a g= �  and 
0.83 st =  describe the motion of the balloon. Use Eq. 2–11b. 

   

21
0 0 2

2 2 21 1
0 2 2

0
0 15 m ( 9.80 m/s )(0.83 s)

14.01 m/s 14 m/s
(0.83 s)

y y t at

y y at
t

�

�

= + + �

� � � � �
= = = � � �

 

So the speed is 14 m/s .  

 (b) Consider the change in velocity from being released to being at Roger’s room, using Eq. 2–11c. 

   
2 2 2

2 2 0
0 2

( 14.01 m/s)
2 10.01 m

2 2( 9.8 m/s )
a y y

a
� �� � � � �= + � � � = = =

�
 

Thus the balloons are coming from two floors above Roger, or the fifth floor. 
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 51. Choose upward to be the positive direction and 0 0y =  to be the location of the nozzle. The initial 

velocity is 0 ,�  the acceleration is 29.80 m/s ,a = �  the final location is 1.8 m,y = �  and the time of 
flight is 2.5 s.t =  Using Eq. 2–11b and substituting y for x gives the following: 

  

21
0 0 2

2 2 21 1
2 2

0
1.8 m ( 9.80 m/s )(2.5 s)

11.53 m/s 12 m/s
2.5 s

y y t at

y at
t

�

�

= + + �

� � � �
= = = �

 

 52. Choose upward to be the positive direction and 0 0y =  to be the level from which the ball was thrown. 

The initial velocity is 0 ,�  the instantaneous velocity is 14 m/s,� =  the acceleration is 29.80 m/s ,a = �  
and the location of the window is 18 m.y =  

 (a) Using Eq. 2–11c and substituting y for x, we have 

   
2 2

0 0

2 2 2
0 0

2 ( )

2 ( ) (14 m/s) 2( 9.80 m/s )(18 m) 23.43 m/s 23 m/s

a y y

a y y

� �

� �

= + � �

= ± � � = ± � � = �
 

Choose the positive value because the initial direction is upward. 
 (b) At the top of its path, the velocity will be 0, so we can use the initial velocity as found above, 

along with Eq. 2–11c. 

   
2 2 2

2 2 0
0 0 0 2

0 (23.43 m/s)
2 ( )  0 28 m

2 2( 9.80 m/s )
a y y y y

a
� �� � � �= + � � = + = + =

�
 

 (c) We want the time elapsed from throwing (velocity 0 23.43 m/s)� =  to reaching the window 
(velocity 14 m/s).� =  Using Eq. 2–11a, we have the following: 

   0
0 2

14 m/s 23.43 m/s 0.9622 s 0.96 s
9.80 m/s

at t
a

� �� � � �= + � = = = �
�

 

 (d) We want the time elapsed from the window 0( 14 m/s)� =  to reaching the street 
( 23.43 m/s).� = �  Using Eq. 2–11a, we have: 

   0
0 2

23.43 m/s 14 m/s 3.819 s 3.8 s
9.80 m/s

at t
a

� �� � � � �= + � = = = �
�

 

The total time from throwing to reaching the street again is 0 9622 s 3 819 s 4 8 s.. + . = .  

 53. Choose downward to be the positive direction and 0 0y =  to be the height from which the stone is 
dropped. Call the location of the top of the window w ,y  and the time for the stone to fall from release 
to the top of the window is w .t  Since the stone is dropped from rest, using Eq. 2–11b with y 

substituting for x, we have 2 21 1
w 0 0 w2 20 0 .y y t at gt�= + + = + +  The location of the bottom of the 

window is w 2.2 m,y +  and the time for the stone to fall from release to the bottom of the window is 

w 0.31 s.t +  Since the stone is dropped from rest, using Eq. 2–11b, we have the following: 

  2 21 1
w 0 0 w2 22.2 m 0 0 ( 0.31s)y y t at g t�+ = + + = + + +  

Substitute the first expression for wy  into the second one and solve for the time. 
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 57. Slightly different answers may be obtained since the data come from reading the graph. 
 (a) The instantaneous velocity is given by the slope of the tangent line to the curve. At 10.0 s,t =  

the slope is approximately 3 m 0
(10) 0.3 m/s .

10.0 s 0
� �� =

 �
 

 (b) At 30.0 s,t =  the slope of the tangent line to the curve, and thus the instantaneous velocity, is 

approximately 20 m 8 m(30) 1.2 m/s .
35 s 25 s

� �� =
�

 

 (c) The average velocity is given by (5) (0) 1.5 m 0 0.30 m/s .
5.0 s 0 s 5.0 s
x x� � �= = =

�
 

 (d) The average velocity is given by (30) (25) 16 m 9 m 1.4 m/s .
30.0 s 25.0 s 5.0 s
x x� � �= = =

�
 

 (e) The average velocity is given by (50) (40) 10 m 19.5 m 0.95 m/s .
50.0 s 40.0 s 10.0 s
x x� � �= = = �

�
 

 58. Slightly different answers may be obtained since the data come from reading the graph. 
 (a) The indication of a constant velocity on a position versus time graph is a constant slope, which 

occurs from 0 s  to 18 s .t t= �  

 (b) The greatest velocity will occur when the slope is the highest positive value, which occurs at 
about 27 s .t =  

 (c) The indication of a 0 velocity on a position versus time graph is a slope of 0, which occurs at 
about 38 s .t =  

 (d) The object moves in both directions.  When the slope is positive, from 0 st =  to 38 s,t =  the 

object is moving in the positive direction. When the slope is negative, from 38 st =  to 50 s,t =  
the object is moving in the negative direction. 

 59. The �  vs. t graph is found by taking the slope of the x vs. t 
graph. 

Both graphs are shown here. 

  

 60. Choose the upward direction to be positive and 0 0y =  to be the level from which the object was 
thrown. The initial velocity is 0�  and the velocity at the top of the path is 0.� =  The height at the top 
of the path can be found from Eq. 2–11c with x replaced by y. 
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The intent of the method was probably to use the change in air pressure between the ground level and 
the top of the building to find the height of the building. The very small difference in time 
measurements, which could be due to human reaction time, makes a 6.3-m difference in the height. 
This could be as much as 2 floors in error. 

 78. (a) The two bicycles will have the same velocity at any 
time when the instantaneous slopes of their x vs. t 
graphs are the same. That occurs near the time 1t  
as marked on the graph. 

 (b) Bicycle A has the larger acceleration, because its 
graph is concave upward, indicating a positive 
acceleration. Bicycle B has no acceleration because 
its graph has a constant slope. 

 (c) The bicycles are passing each other at the times 
when the two graphs cross, because they both have the same position at that time. The graph 
with the steepest slope is the faster bicycle, so it is the one that is passing at that instant. So at the 
first crossing, bicycle B is passing bicycle A. At the second crossing, bicycle A is passing 
bicycle B. 

 (d) Bicycle B has the highest instantaneous velocity at all times until the time 1,t  where both graphs 
have the same slope. For all times after 1,t  bicycle A has the highest instantaneous velocity. The 
largest instantaneous velocity is for bicycle A at the latest time shown on the graph. 

 (e) The bicycles appear to have the same average velocity. If the starting point of the graph for a 
particular bicycle is connected to the ending point with a straight line, the slope of that line is the 
average velocity. Both appear to have the same slope for that “average” line. 

 79. To find the average speed for the entire race, we must take the total distance divided by the total time. 
If one lap is a distance of ,L  then the total distance will be 10 .L  The time elapsed at a given constant 

speed is given by /t d �= ,  so the time for the first 9 laps would be 1
9 ,

196.0 km/h
Lt =  and the time for 

the last lap would be 2 2/ ,t L �=  where 2�  is the average speed for the last lap. Write an expression for 
the average speed for the entire race, and then solve for 2.�  

 total
2

1 2

2

10 1200.0 km/h 245.0 km/h
9 10 9

196.0 km/h 200.0 km/h 196.0 km/h

d L
L Lt t

� �

�

�= = = = =
+ + �

 

 80. Assume that 0 0y =  for each child is the level at which the child loses contact with the trampoline 
surface. Choose upward to be the positive direction. 

 (a) The second child has 02 4.0 m/s,� =  29.80 m/s ,a g= � = �  and 0 m/s� =  at the maximum 
height position. Find the child’s maximum height from Eq. 2–11c, with x replaced by y. 

   

2 2
02 2 0

2 2 2
02

2 0 2

2 ( )

0 (4.0 m/s)0 0.8163 m 0.82 m
2 2( 9.80 m/s )

a y y

y y
a

� �

� �

= + � �

� �= + = + = �
�

 

 
 
 

B

t 

x
A 

1t
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 (c) The police car’s acceleration can be calculated knowing that the police car also had gone a 
distance of 850 m in a time of 21.86 s. 

   2 2 21
police police2 2

2(850 m)850 m (21.86 s) 3.558 m/s 3.6 m/s
(21.86 s)

a a= � = = �  

 (d) The speed of the police car at the overtaking point can be found from Eq. 2–11a. 

   2
0 0 (3.558 m/s )(21.86 s) 77.78 m/s 78 m/sat� �= + = + = �  

Note that this is exactly twice the speed of the speeder, so it is 280 km/h. 

 4. (a) During the interval from A to B, it is moving in the negative direction ,  because its 

displacement is negative. 

 (b) During the interval from A to B, it is speeding up ,  because the magnitude of its slope is 

increasing (changing from less steep to more steep). 

 (c) During the interval from A to B, the acceleration is negative ,  because the graph is concave 

downward, indicating that the slope is getting more negative, and thus the acceleration is 
negative. 

 (d) During the interval from D to E, it is moving in the positive direction ,  because the 

displacement is positive. 

 (e) During the interval from D to E, it is speeding up ,  because the magnitude of its slope is 

increasing (changing from less steep to more steep). 

 (f) During the interval from D to E, the acceleration is positive ,  because the graph is concave 

upward, indicating the slope is getting more positive, and thus the acceleration is positive. 

 (g) During the interval from C to D, the object is not moving in either direction .  

The velocity and acceleration are both 0.  

 5. We are given that 2 2( ) 2.0 m (3.6 m/s) (1.7 m/s ) ,x t t t= � +  where t is in seconds. 

 (a) The value of 2.0 m is the initial position of the ball. The value of 3.6 m/s is the initial speed of 
the ball—the speed at t = 0. Note that the ball is initially moving in the negative direction,  
since –3.6 m/s is used. The value of 21.7 m/s  is the acceleration of the ball. 

 (b) The units of 2.0 are meters. The units of 3.6 are m/s. The units of 1.7 are 2m/s .  

 (c) 2 2(1 0 s) 2.0 m (3.6 m/s)(1.0 s) (1.7 m/s )(1.0 s) 0.1 mx . = � + =  

  2 2(2.0 s) 2.0 m (3.6 m/s)(2.0 s) (1.7 m/s )(2.0 s) 1.6 mx = � + =  

  2 2(3.0 s) 2.0 m (3.6 m/s)(3.0 s) (1.7 m/s )(3.0 s) 6.5 mx = � + =  

 (d) 6.5 m 0.1 m 3.2 m/s
2.0 s

x
t

� � �= = =
�
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same as the horizontal component of velocity 2.0 seconds after launch. In both cases the horizontal 
velocity will be given by 0 cos (30 m/s)(cos  30 ) 26 m/s.x� � �= = ° =  

 16. A projectile has the least speed at the top of its path. At that point the vertical speed is zero. The 
horizontal speed remains constant throughout the flight, if we neglect the effects of air resistance. 

 17. (a) Cannonball A, with the larger angle, will reach a higher elevation. It has a larger initial vertical 
velocity, so by Eq. 2–11c it will rise higher before the vertical component of velocity is 0. 

 (b) Cannonball A, with the larger angle, will stay in the air longer. It has a larger initial vertical 
velocity, so it takes more time to decelerate to 0 and start to fall. 

 (c) The cannonball with a launch angle closest to 45° will travel the farthest. The range is a 
maximum for a launch angle of 45° and decreases for angles either larger or smaller than 45°. 

 18. (a) The ball lands at the same point from which it was thrown inside the train car—back in the 
thrower’s hand. 

 (b) If the car accelerates, the ball will land behind the thrower’s hand. 
 (c) If the car decelerates, the ball will land in front of the thrower’s hand. 
 (d) If the car rounds a curve (assume it curves to the right), the ball will land to the left of the 

thrower’s hand. 
 (e) The ball will be slowed by air resistance and will land behind the thrower’s hand. 

 19. Your reference frame is that of the train you are riding. If you are traveling with a relatively constant 
velocity (not over a hill or around a curve or drastically changing speed), then you will interpret your 
reference frame as being at rest. Since you are moving forward faster than the other train, the other 
train is moving backward relative to you. Seeing the other train go past your window from front to rear 
makes it look like the other train is going backward. 

 20. Both rowers need to cover the same “cross-river” distance. The rower with the greatest speed in the 
“cross-river” direction will be the one that reaches the other side first. The current has no bearing on 
the time to cross the river because the current doesn’t help either of the boats move across the river. 
Thus the rower heading straight across will reach the other side first. All of his “rowing effort” has 
gone into crossing the river. For the upstream rower, some of his “rowing effort” goes into battling the 
current, so his “cross-river” speed will be only a fraction of his rowing speed. 

 21. When you stand still under an umbrella in a vertical rain, you are in a cylinder-shaped volume in which 
there is no rain. The rain has no horizontal component of velocity, so the rain cannot move from 
outside that cylinder into it. You stay dry. But as you run, you have a forward horizontal velocity 
relative to the rain, so the rain has a backward horizontal velocity relative to you. It is the same as if 
you were standing still under the umbrella but the rain had some horizontal component of velocity 
toward you. The perfectly vertical umbrella would not completely shield you. 

Responses to MisConceptual Questions 

 1. (c) The shortest possible resultant will be 20 units, which occurs when the vectors point in opposite 
directions. Since 0 units and 18 units are less than 20 units, (a) and (b) cannot be correct 
answers. The largest possible result will be 60 units, which occurs when the vectors point in the 
same direction. Since 64 units and 100 units are greater than 60 units, (d) and (e) cannot be 
correct answers. Answer (c) is the only choice that falls between the minimum and maximum 
vector lengths. 
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 2. (a) The components of a vector make up the two legs of a right triangle when the vector is the 
hypotenuse. The legs of a right triangle cannot be longer than the hypotenuse, therefore (c) and 
(d) cannot be correct answers. Only when the vector is parallel to the component is the 
magnitude of the vector equal to the magnitude of the component, as in (b). For all other vectors, 
the magnitude of the component is less than the magnitude of the vector. 

 3. (b) If you turned 90°, as in (a), your path would be that of a right triangle. The distance back would 
be the hypotenuse of that triangle, which would be longer than 100 m. If you turned by only 30°, 
as in (c), your path would form an obtuse triangle; the distance back would have to be greater 
than if you had turned 90°, and therefore it too would be greater than 100 m. If you turned 180 ,°  
as in (d), you would end up back at your starting point, not 100 m away. Three equal distances of 
100 m would form an equilateral triangle, so (b) is the correct answer. 

 4. (a) The bullet falls due to the influence of gravity, not due to air resistance. Therefore, (b) and (c) 
are incorrect. Inside the rifle the barrel prevents the bullet from falling, so the bullet does not 
begin to fall until it leaves the barrel. 

 5. (b) Assuming that we ignore air resistance, the ball is in free fall after it leaves the bat. If the answer 
were (a), the ball would continue to accelerate forward and would not return to the ground. If the 
answer were (c), the ball would slow to a stop and return backward toward the bat. 

 6. (b) If we ignore air friction, the horizontal and vertical components of the velocity are independent 
of each other. The vertical components of the two balls will be equal when the balls reach 
ground level. The ball thrown horizontally will have a horizontal component of velocity in 
addition to the vertical component. Therefore, it will have the greater speed. 

 7. (c) Both you and the ball have the same constant horizontal velocity. Therefore, in the time it takes 
the ball to travel up to its highest point and return to ground level, your hand and the ball have 
traveled the same horizontal distance, and the ball will land back in your hand. 

 8. (d) Both the time of flight and the maximum height are determined by the vertical component of the 
initial velocity. Since all three kicks reach the same maximum height, they must also have the 
same time of flight. The horizontal components of the initial velocity are different, which 
accounts for them traveling different distances. 

 9. (c) The baseball is in projectile motion during the entire flight. In projectile motion the acceleration 
is downward and constant; it is never zero. Therefore, (a) is incorrect. Since the ball was hit high 
and far, it must have had an initial horizontal component of velocity. For projectile motion the 
horizontal component of velocity is constant, so at the highest point the magnitude of the 
velocity cannot be zero, and thus (b) is incorrect. However, at the highest point, the vertical 
component of velocity is zero, so the magnitude of the velocity has a minimum at the highest 
point. So (c) is the correct answer. 

 10. (b) Both the monkey and bullet fall at the same rate due to gravity. If the gun was pointed directly at the 
monkey and gravity did not act upon either the monkey or bullet, the bullet would hit the monkey. 
Since both start falling at the same time and fall at the same rate, the bullet will still hit the monkey. 

 11. (b, e) In projectile motion the acceleration is vertical, so the x velocity is constant throughout the 
motion, so (a) is valid. The acceleration is that of gravity, which, when up is positive, is a 
constant negative value, so (b) is not valid and (c) is valid. At the highest point in the trajectory 
the vertical velocity is changing from a positive to a negative value. At this point the y 
component of velocity is zero, so (d) is valid. However, the x component of the velocity is 
constant, but not necessarily zero, so (e) is not valid. 
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2
0 00, 9.80 m/s , 0,y ya y� = = =  and the final location is 7.5 m.y =  The time for the tiger to reach the 

ground is found from applying Eq. 2–11b to the vertical motion. 

    2 2 21 1
0 0 2 2 2

2(7.5 m)7.5 m 0 0 (9.80 m/s ) 1.237 s
9.80 m/s

y yy y t a t t t�= + + � = + + � = =   

The horizontal displacement is calculated from the constant horizontal velocity. 

   (3.0 m/s)(1.237 s) 3.7 mxx t�� = = =  

 18. Choose downward to be the positive y direction. The origin will be at the point where the diver dives 
from the cliff. In the horizontal direction, 0 2.5 m/sx� =  and 0.xa =  In the vertical direction, 0 0,y� =  

29.80 m/s ,ya =  0 0,y =  and the time of flight is 3.0 s.t =  The height of the cliff is found from 

applying Eq. 2–11b to the vertical motion. 

    2 2 21 1
0 0 2 20 0 (9.80 m/s )(3.0 s) 44 my yy y t a t y�= + + � = + + =  

  The distance from the base of the cliff to where the diver hits the water is found from the horizontal 
motion at constant velocity: 

    (2.5 m/s)(3.0 s) 7.5 mxx t�� = = =  

 19. Apply the level horizontal range formula derived in the text. If the launching speed and angle are held 
constant, the range is inversely proportional to the value of .g  The acceleration due to gravity on the 
Moon is one-sixth that on Earth. 

    

2 2
0 0 0 0

Earth Moon Earth Earth Moon Moon
Earth Moon

Earth
Moon Earth Earth

Moon

sin 2 sin 2

6

R R R g R g
g g

g
R R R

g

� � � �
= = � =

= =
 

  Thus, on the Moon, the person can jump 6 times farther .  

 20. Choose downward to be the positive y direction. The origin will be at the point where the ball is 
thrown from the roof of the building. In the vertical direction, 0 0,y� =  29.80 m/s ,ya =  0 0,y =  and 

the displacement is 7.5 m. The time of flight is found from applying Eq. 2–11b to the vertical motion. 

   2 2 21 1
0 0 2 2 2

2(9.0 m)7.5 m (9.80 m/s ) 1.237 s
9.80 m/s

y yy y t a t t t�= + + � = � = =  

  The horizontal speed (which is the initial speed) is found from the horizontal motion at constant 
velocity. 

   / 9.5 m/1.237 s 7.7 m/sx xx t x t� �� = � = � = =  
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 21. Choose downward to be the positive y direction. The origin is the point where the ball is thrown from 
the roof of the building. In the vertical direction 0 00, 0,y y� = =  and 29.80 m/s .ya =  The initial 

horizontal velocity is 12.2 m/s and the horizontal range is 21.0 m. The time of flight is found from the 
horizontal motion at constant velocity. 

    / (21.0 m)/(12.2 m/s) 1.721sx xx t t x� �� = � = � = =  

  The vertical displacement, which is the height of the building, is found by applying Eq. 2–11b to the 
vertical motion. 

    2 2 21 1
0 0 2 20 0 (9.80 m/s ) (1.721s) 14.5 my yy y t a t y�= + + � = + + =  

 22. Choose the point at which the football is kicked as the origin, and choose upward to be the positive y 
direction. When the football reaches the ground again, the y displacement is 0. For the football, 

2
0 (18.0 sin 31.0 ) m/s, 9.80 m/s ,y ya� = ° = �  and the final y velocity will be the opposite of the  

starting y velocity. Use Eq. 2–11a to find the time of flight. 

    0
0 2

( 18.0 sin 31.0 ) m/s (18.0 sin 31.0 ) m/s 1.89 s
9.80 m/s

y y
y y at t

a

� �
� �

� � ° � °= + � = = =
�

 

 23. Apply the level horizontal range formula derived 
in the text. 

    

2
0 0

2

0 2 2
0

1
0 0

sin 2

(2.5 m)(9.80 m/s )sin 2 0.5799
(6.5 m/s)

2 sin 0.5799 18 , 72

R
g

Rg

� �

�
�

� ��

= �

= = =

= � = ° °

 

  There are two angles because each angle gives 
the same range. If one angle is 45 ,� �= ° +  then 

45� �= ° �  is also a solution. The two paths are shown in the graph. 

 24. When shooting the gun vertically, half the time of flight is spent moving upward. Thus the upward 
flight takes two seconds. Choose upward as the positive y direction. Since at the top of the flight the 
vertical velocity is zero, find the launching velocity from Eq. 2–11a. 

    2
0 0 0 (9.80 m/s ) (2.0 s) 19.6 m/sy y y yat at� � � �= + � = � = = =  

  Using this initial velocity and an angle of 45° in the level horizontal range formula derived in the text 
will give the maximum range for the gun. 

    
2 2
0 0

2
sin 2 (19.6 m/s) sin (2 45 ) 39 m

9.80 m/s
R

g
� � ⋅ °= = =  

 25. The level horizontal range formula derived in the text can be used to find the launching velocity of the 
grasshopper. 

    
2 2
0 0

0
0

sin 2 (0.80 m)(9.80 m/s ) 2.8 m/s
sin 2 sin 90

RgR
g

� � �
�

= � = = =
°
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  Since there is no time between jumps, the horizontal velocity of the grasshopper is the horizontal 
component of the launching velocity. 

    0 0cos (2.8 m/s) cos 45 2.0 m/sx� � �= = ° =  

 26. (a) Take the ground to be the 0y =  level, with upward as the positive direction. Use Eq. 2–11b to 
solve for the time, with an initial vertical velocity of 0. 

     

2 2 21 1
0 0 2 2

2

150 m 910 m ( 9.80 m/s )

2(150 910) 12.45 s 12 s
( 9.80 m/s )

y yy y t a t t

t

�= + + � = + � �

�= = �
�

 

 (b) The horizontal motion is at a constant speed, since air resistance is being ignored. 

   1(4.0 m/s)(12.45 s) 49.8 m 5.0 10 mxx t�� = = = � ⋅  

 27. Choose the origin to be where the projectile is launched and upward to be the positive y direction. The 
initial velocity of the projectile is 0 ,�  the launching angle is 0 , ,ya g� = �  and 0 0 0sin .y� � �=  

  (a) The maximum height is found from Eq. 2–11c with 0y� =  at the maximum height. 

   
2 2 2 2 2 2 2 2

0 0 0 0 0
max 2

sin sin (36.6 m/s) sin 42.2 30.8 m
2 2 2 2(9.80 m/s )

y y

y
y

a g g

� � � � � �� � °= 0 + = = = =
�

 

 (b) The total time in the air is found from Eq. 2–11b, with a total vertical displacement of 0 for the 
ball to reach the ground. 

   

2 21 1
0 0 0 02 2

0 0
2

0 sin

2 sin 2(36.6 m/s) sin 42.2 5.0173 s 5.02 s  and 0
9.80 m/s

y yy y t a t t gt

t t
g

� � �
� �

= + + � = � �

°= = = � =
 

  The time of 0 represents the launching of the ball. 
 (c) The total horizontal distance covered is found from the horizontal motion at constant velocity. 

   0 0( cos ) (36.6 m/s)(cos 42.2 )(5.0173 s) 136 mxx t t� � �� = = = ° =  

 (d) The velocity of the projectile 1.50 s after firing is found as the vector sum of the horizontal and 
vertical velocities at that time. The horizontal velocity is a constant 0 0cos� � =  
(36.6 m/s)(cos 42.2 ) 27.11 m/s.° =  The vertical velocity is found from Eq. 2–11a. 

   2
0 0 0sin (36.6 m/s) sin 42.2 (9.80 m/s ) (1.50 s) 9.885 m/sy y at gt� � � �= + = � = ° � =  

  Thus the speed of the projectile is as follows: 

   2 2 2 2(27.11 m/s) (9.885 m/s) 28.9 m/sx y� � �= + = + =  

 28. (a) Use the level horizontal range formula derived in the text. 

   
2 2
0 0

0
0

sin 2 (7.80 m) (9.80 m/s ) 9.72 m/s
sin 2 sin 54.0

RgR
g

� � �
�

= � = = =
°
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  (b) Now increase the speed by 5.0% and calculate the new range. The new speed would be 
9.72 m/s (1.05) 10.21 m/s=  and the new range would be as follows: 

   
2 2
0 0

2
sin 2 (10.21 m/s) sin 54

8.606 m
9.80 m/s

R
g

� � °= = =  

  This is an increase of 0.81 m (10% increase) .  

 29. Choose the origin to be the point of release of the shot put. Choose upward to be the positive y 
direction. Then 0 00, (14.4 sin 34.0 ) m/s 8.05 m/s,yy �= = ° =  29.80 m/s ,ya = �  and 2.10 my = �   

at the end of the motion. Use Eq. 2–11b to find the time of flight. 

  ( )

2 21 1
0 0 02 2

2 1 20 0 2
1
2

0

4 ( ) 8.05 (8.05) 2( 9.80) (2.10)
1.872 s, 0.2290 s

9.802

y y y y

y y y

y

y y t a t a t t y

a y
t

a

� �

� �

= + + � + � = �

� ± � � � ± � �
= = = �

�

 

Choose the positive result since the time must be greater than 0. Now calculate the horizontal distance 
traveled using the horizontal motion at constant velocity. 

  [(14.4 cos 34.0 )](1.872 s) 22.3 mxx t�� = = ° =  

 30. Choose the origin to be the point on the ground directly below the point where the baseball was hit. 
Choose upward to be the positive y direction. Then 0 1.0 m, 13.0 my y= =  at the end of the motion, 

0 (27.0 sin 45.0 ) m/s 19.09 m/s,y� = ° =  and 29.80 m/s .ya = �  Use Eq. 2–11b to find the time of flight. 

  
( )

2 21 1
0 0 0 02 2

2 1 20 0 02
1
2

( ) 0

4 ( ) 19.09 (19.09) 2( 9.80) ( 12.0)
9.802

0.788 s, 3.108 s

y y y y

y y y

y

y y t a t a t t y y

a y y
t

a

� �

� �

= + + � + + � = �

� ± � � � ± � � �
= =

�

 =

 

The smaller time is the time when the baseball reached the building’s height on the way up, and the 
larger time is the time at which the baseball reached the building’s height on the way down. We must 
choose the larger result, because the baseball cannot land on the roof on the way up. Now calculate the 
horizontal distance traveled using the horizontal motion at constant velocity. 

  [(27.0 cos 45.0 ) m/s](3.108 s) 59.3 mxx t�� = = ° =  

 31. Choose the origin to be the location on the ground directly below the airplane at the time the supplies 
are dropped, and choose upward as the positive y direction. For the supplies, 0 235 m,y =  0 0,y� =  

,ya g= �  and the final y location is 0.y =  The initial (and constant) x velocity of the supplies is 

69.4 m/s.x� =  First the time for the supplies to reach the ground is found from Eq. 2–11b. 

  2 2 01 1
0 0 02 2 2

2 2(235 m)0 0 6.925 s
( 9.80 m/s )

y y
y

y y t a t y at t
a

� � �= + + � = + + � = = =
�

 

Then the horizontal distance of travel for the package is found from the horizontal constant velocity. 

  (69.4 m/s) (6.925 s) 481 mxx t�� = = =  
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 32. We have the same set-up as in Problem 31. Choose the origin to be the location on the ground directly 
below the airplane at the time the supplies are dropped, and choose upward as the positive y direction. 
For the supplies, 0 235 m,y =  0 0,y� =  ,ya g= �  and the final y location is 0.y =  The initial (and 

constant) x velocity of the supplies is 69.4 m/s.x� =  The supplies have to travel a horizontal distance 
of 425 m. The time of flight is found from the horizontal motion at constant velocity. 

  / 425 m/69.4 m/s 6.124 sx xx t t x� �� = � = � = =  

  The y motion must satisfy Eq. 2–11b for this time. 

  

21
0 0 2

2 2 21 1
0 2 2

0
0 235 m ( 9.80 m/s ) (6.124 s)

8.37 m/s
6.124 s

y y

y
y

y y t a t

y y a t

t

�

�

= + + �

� � � � �
= = = �

 

Notice that since this is a negative velocity, the object must be projected DOWN. 

The horizontal component of the speed of the supplies upon landing is the constant horizontal speed of 
69.4 m/s. The vertical speed is found from Eq. 2–11a. 

   2
0 8.37 m/s ( 9.80 m/s ) (6.124 s) 68.4 m/sy y ya t� �= + = � + � =  

Thus the speed is given by 2 2 2 2(69.4 m/s) (68.4 m/s) 97.4 m/sx y� � �= + = + =  

 33. Choose the origin to be the water level directly underneath the diver when she left the board. Choose 
upward as the positive y direction. For the diver, 0 4.0 m,y =  the final y position is 0y =  (water 
level), ,ya g= �  the time of flight is 1.3 s,t =  and the horizontal displacement is 3.0 m.x� =  

 (a) The horizontal velocity is determined from the horizontal motion at constant velocity. 

   3.0 m 2.308 m/s
1.3 sx x

xx t
t

� � �� = � = = =  

  The initial y velocity is found using Eq. 2–11b. 

   
2 2 21 1

0 0 02 2

0

0 4.0 m (1.3 s) ( m/s )(1.3 s)

3.293 m/s
y y y

y

y y t a t� �
�

= + + � = + + � 9.80 �

=
 

  The magnitude and direction of the initial velocity are the following: 

   

2 2 2 2
0 0

01 1

(2.308 m/s) (3.293 m/s) 4.0 m/s

3.293 m/s
tan tan 55 above the horizontal

2.308 m/s

x y

y

x

� � �

�
�

�
� �

= + = + =

= = = °
 

 (b) The maximum height will be reached when 0.y� =  Use Eq. 2–11c. 

   
2 2 2 2

0 max

max

2 0 (3.293 m/s) 2 9.80 m/s )( 4.0 m)

4.6 m

y y a y y

y

� �= + � � = + (� � �

=
 

 (c) To find the velocity when she enters the water, the horizontal velocity is the (constant) value of 
2.308 m/s.x� =  The vertical velocity is found from Eq. 2–11a. 

   2
0 3.293 m/s ( 9.80 m/s ) (1.3 s) 9.447 m/sy y at� �= + = + � = �  
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  The magnitude and direction of this velocity are found as follows: 

   

2 2 2 2

1 1

(2.308 m/s) 9.447 m/s) 9.725 m/s 9.7 m/s

9.447 m/s
tan tan 76 (below the horizontal)

2.308 m/s

x y

y

x

� � �

�
�

�
� �

= + = + (� = �

�= = = � °
 

 34. Choose the origin to be the point of launch and upward to be the positive y direction. The initial 
velocity is 0 ,�  the launching angle is 0 ,�  ,ya g= �  0 0,y =  and 0 0 0sin .y� � �=  Eq. 2–11a is used to 

find the time required to reach the highest point, at which .y� = 0  

    0 0 0 0 0
0 up up

0 sin siny y
y y at t

a g g

� � � � � �� �
� �

= + � = = =
�

 

  Eq. 2–11c is used to find the height at this highest point. 

   
2 2 2 2 2 2

02 2 0 0 0 0
0 max 0 max 0

sin sin
2 ( ) 0

2 2 2
y y

y y y
y

a y y y y
a g g

� � � � � �� �
� �

= + � � = + = + =
�

 

  Eq. 2–11b is used to find the time for the object to fall the same distance with a starting velocity of 0. 

   
2 2

2 20 0 0 01 1
0 0 down down down2 2

sin sin
0 0 ( )

2y yy y t a t t gt t
g g

� � � ��= + + � = + � � =  

  A comparison shows that up down .t t=  

 35. Choose upward to be the positive y direction. The origin is the point from which the football is kicked. 
The initial speed of the football is 0 20.0 m/s.� =  We have 0 0 sin 37.0 12.04 m/s,y� �= ° =  0 0,y =  

and 29.80 m/s .ya = �  In the horizontal direction, 0 cos 37.0 15.97 m/s,x� �= ° =  and 36.0 m.x� =  

The time of flight to reach the goalposts is found from the horizontal motion at constant speed. 

   / 36.0 m/15.97 m/s 2.254 sx xx t t x� �� = � = � = =  

Now use this time with the vertical motion data and Eq. 2–11b to find the height of the football when it 
reaches the horizontal location of the goalposts. 

   2 2 21 1
0 0 2 20 (12.04 m/s) (2.254 s) ( 9.80 m/s ) (2.254 s) 2.24 my yy y t a t�= + + = + + � =  

Since the ball’s height is less than 3.05 m, the football does not clear the bar .  It is 0.81 m too low 
when it reaches the horizontal location of the goalposts. 
To find the distances from which a score can be made, redo the problem (with the same initial 
conditions) to find the times at which the ball is exactly 3.05 m above the ground. Those times would 
correspond with the maximum and minimum distances for making the score. Use Eq. 2–11b. 

    

2 2 21 1
0 0 2 2

2
2

1 1

3.05 0 (12.04 m/s) ( 9.80 m/s )

12.04 (12.04) 4(4.90) (3.05)
4.90 12.04 3.05 0 2.1703 s, 0.2868 s

2(4.90)
15.97 m/s (0.2868 s) 4.580 m; 15.97 m/s (2.1703 s) 34.660 m

y y

x x

y y t a t t t

t t t

x t x t

�

� �

= + + � = + + � �

± �
� + = � = =

� = = = � = = =

 

  So the kick must be made in the range from 4 6 m to 34.7 m ..  
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height can be found. Call upward the positive y direction. The point of maximum height is the starting 
position 0 ,y  the ending position is 0,y =  the starting vertical speed is 0, and .a g= �  Use Eq. 2–11b 
to find the height. 

  2 2 21 1
0 0 0 02 2    0 0 (9.8 m/s )(0.44 s)     0.95 my yy y t a t y y�= + + � = + � � =  

 56. Choose upward to be the positive y direction. The origin is the point from which the pebbles are 
released. In the vertical direction, 29.80 m/s ,ya = �  the velocity at the window is 0,y� =  and the 

vertical displacement is 8.0 m. The initial y velocity is found from Eq. 2–11c. 

  
2 2

0 0

2 2
0 0

2 ( )   

2 ( ) 0 2( 9.80 m/s )(8.0 m) 12.5 m/s

y y y

y y y

a y y

a y y

� �

� �

= + � �

= � � = � � =
 

  Find the time for the pebbles to travel to the window from Eq. 2–11a. 

  0
0 2

0 12.5 m/s      1.28 s
9.80 m/s

y y
y y at t

a

� �
� �

� �= + � = = =
�

 

  Find the horizontal speed from the horizontal motion at constant velocity. 

        / 8.5 m/1.28 s 6.6 m/sx xx t x t� �� = � = � = =  

  This is the speed of the pebbles when they hit the window. 

 57. Assume that the golf ball takes off and lands at the same height, so that the level horizontal range 
formula derived in the text can be applied. The only variable is to be the acceleration due to gravity. 

  

2 2
Earth 0 0 Earth Moon 0 0 Moon

2
Earth 0 0 Earth Earth Moon

2
Moon Moon Earth0 0 Moon

2 2 2
Moon Earth

sin 2 / sin 2 /

sin 2 / 1/ 32 m 0.1778
1/ 180 msin 2 /

0.1778 0.1778(9.80 m/s ) 1.742 m/s 1.7 m/s

R g R g

R g g g
R g gg

g g

� � � �

� �
� �

= =

= = = = = �

= = = �

 

 58. (a) Use the level horizontal range formula from the text to find her takeoff speed. 

   
2 2
0 0

0
0

sin 2 (9.80 m/s )(8.0 m) 8.854 m/s 8.9 m/s
sin 2 sin 90

gRR
g

� � �
�

= � = = = �
°

 

 (b) Let the launch point be at the 0y =  level, and choose upward to be positive. Use Eq. 2–11b to 
solve for the time to fall to 2.5 m below the starting height, and then calculate the horizontal 
distance traveled. 

   2 2 21 1
0 0 2 2   2.5 m (8 854 m/s) sin 45 ( 9.80 m/s )y yy y t a t t t�= + + � � = . ° + �  

   

2

2

4.9 6.261 2.5 m 0  

6.261 (6 261) 4(4 9)( 2 5) 6 261 9 391 0.319 s, 1 597 s
2(4.9) 2(4 9)

t t

t

� � = �

± . � . � . . ± .= = = � .
.

 

  Use the positive time to find the horizontal displacement during the jump. 
   0 0 cos 45 (8 854 m/s) cos 45 (1.597 s) 10.0 mxx t t� �� = = ° = . ° =  

  She will land exactly on the opposite bank, neither long nor short. 
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 59. Choose the origin to be at ground level, under the place where the projectile is launched, and upward 
to be the positive y direction. For the projectile, 0 65.0 m/s,� =  0 35.0 ,� = °  ,ya g= �  0 115 m,y =  

and 0 0 0sin .y� � �=  

 (a) The time taken to reach the ground is found from Eq. 2–11b, with a final height of 0. 

   2 21 1
0 0 0 0 02 2      0 sin    y yy y t a t y t gt� � �= + + � = + � �  

   
( )

( )
2 2 1

0 0 0 0 02
1
2

sin sin 4
9.964 s, 2.3655 s 9.96 s

2

g y
t

g

� � � �� ± � �
= = � =

�
 

  Choose the positive time since the projectile was launched at time t = 0. 
 (b) The horizontal range is found from the horizontal motion at constant velocity. 

   0 0( cos ) (65.0 m/s)(cos 35.0 )(9.964 s) 531 mxx t t� � �� = = = ° =  

 (c) At the instant just before the particle reaches the ground, the horizontal component of its velocity 
is the constant 0 0cos (65.0 m/s) cos 35.0 53.2 m/s .x� � �= = ° =  The vertical component is 

found from Eq. 2–11a. 

   
2

0 0 0sin (65.0 m/s) sin 35.0 (9.80 m/s )(9.964 s)

60.4 m/s

y y at gt� � � �= + = � = ° �

= �
 

 (d) The magnitude of the velocity is found from the x and y components calculated in part (c) above. 

   2 2 2 2(53 2 m/s) ( 60.4 m/s) 80.5 m/sx y� � �= + = . + � =  

 (e) The direction of the velocity is 1 1 60.4tan tan 48.6 ,
53.2

y

x

�
�

�
� � �= = = � °  so the object is moving 

48.6  below the horizontal .°  

 (f) The maximum height above the cliff top reached by the projectile will occur when the y velocity 
is 0 and is found from Eq. 2–11c. 

   

2 2 2 2
0 0 0 0 max

2 2 2 2
0 0

max 2

2 ( )      0 sin 2

sin (65.0 m/s) sin 35.0 70.9 m
2 2(9.80 m/s )

y y ya y y gy

y
g

� � � �

� �

= + � � = �

°= = =
 

 60. Since the arrow will start and end at the same height, use the level horizontal range formula derived in 
the text. The range is 27 m, and the initial speed of the arrow is 35 m/s. 

  

2 2
0 0

0 2 2
0

11
0 2

sin 2 (27 m)(9 80 m/s )      sin 2 0.216
(35 m/s)

sin 0.216 6 2 , 83 8

RgR
g

� � �
�

� �

.= � = = =

= = . ° . °

 

  Only the first answer is practical (the arrow might hit the son’s head after piercing the apple if it comes 
in almost straight down), so the result is 0 6.2 .� = °  
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  Calculate the initial y velocity from the given data and Eq. 2–11b. 

  2 2 21 1
0 0 0 02 2135 m (6 6 s) ( 9 80 m/s )(6 6 s) 52 79 m/sy y y yy y t a t� � �= + +  � = . + � . .  � = .  

  Thus the initial velocity and direction of the projectile are as follows:  

  

2 2 2 2 1
0 0

01 1

(29 55 m/s) (52 79 m/s) 60 4978 m/s 6 0 10 m/s

52 79 m/stan tan 61
29 55 m/s

x y

y

x

� � �

�
�

�
� �

= + = . + . = . � . ⋅

.= = = °

.

 

 71. Find the time of flight from the vertical data, using Eq. 2–11b. Call the floor the y = 0 location, and 
choose upward as positive.  

  

2 2 21 1
0 0 2 2
2

2

    3 05 m 2 40 m (12 m/s) sin 35 ( 9 80 m/s )

4 90 6 883 0 65 m 0  

6 883 6 883 4(4 90)(0 65)
1 303 s, 0 102 s

2(4 90)

y yy y t a t t t

t t

t

�= + + � . = . + ° + � .

. � . + . = �

. ± . � . .
= = . .

.

 

 (a) Use the longer time for the time of flight. The shorter time is the time for the ball to rise to the 
basket height on the way up, while the longer time is the time for the ball to be at the basket 
height on the way down. 

   0 (cos 35 ) (12 m/s)(cos 35 )(1 303 s) 12 81 m 13 mxx t t� �= = ° = ° . = . �  

 (b) The angle to the horizontal is determined by the components of the velocity. 

   0 0

0 0 0

cos 12 cos 35 9 830 m/s
sin 12 sin 35 9 80(1 303) 5 886 m/s

x

y y at gt
� � �
� � � �

= = ° = .
= + = � = ° � . . = � .

 

   1 1 5 886tan tan 30 9 31
9 830

y

x

�
�

�
� � � .= = = � . ° � � °

.
 

  The negative angle means it is below the horizontal. 

 72. Let the launch point be the origin of coordinates, with right and upward as the positive directions.  
The equation of the line representing the ground is gnd .y x= �  The equations representing the motion 

of the rock are rock 0x t�=  and 21
rock 2 ,y gt= �  which can be combined into 21

rock rock2 2
0

gy x
�

= � .   

Find the intersection (the landing point of the rock) by equating the two expressions for y, and thereby 
find where the rock meets the ground. 

    
2

2 0 01
rock gnd 2 2 2

00

2 2 2(15 m/s)
            3 1s

9 80 m/s
g x

y y x x x t
g g
� �

��
= � � = � � = � = = = = .

.
 

 73. Choose the origin to be the point at ground level directly below where the ball was hit. Call upwards the 
positive y direction. For the ball, we have 0 28 m/s,� =  o

0 61 ,� =  ,ya g= �  0 0 90 m,y = .  and 0y = .  

 (a) To find the horizontal displacement of the ball, the horizontal velocity and the time of flight are 
needed. The (constant) horizontal velocity is given by 0 0cos .x� � �=  The time of flight is found 
from Eq. 2–11b. 
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Responses to Questions 

 1. When you give the wagon a sharp pull forward, the force of friction between the wagon and the child 
acts on the child to move her forward. But the force of friction acts at the contact point between the 
child and the wagon—we assume the child is sitting in the wagon. The lower part of the child begins to 
move forward, while the upper part, following Newton’s first law (the law of inertia), remains almost 
stationary, making it seem as if the child falls backward. The “backward” motion is relative to the 
wagon, not to the ground. 

 2. (a) Mary, standing on the ground beside the truck, will see the box remain motionless while the 
truck accelerates out from under it. Since there is no friction, there is no net horizontal force on 
the box and the box will not speed up. Thus Mary would describe the motion of the box in terms 
of Newton’s first law—there is no force on the box, so it does not accelerate. 

 (b) Chris, riding on the truck, will see the box appear to accelerate backward with respect to his 
frame of reference, which is not inertial. He might even say something about the box being 
“thrown” backward in the truck and try to invoke Newton’s second law to explain the motion of 
the box. But the source of the force would be impossible to specify. (Chris had better hold on, 
though; if the truck bed is frictionless, he too will slide off if he is just standing!) 

 3. Yes, the net force can be zero on a moving object. If the net force is zero, then the object’s 
acceleration is zero, but its velocity is not necessarily zero. [Instead of classifying objects as “moving” 
and “not moving,” Newtonian dynamics classifies them as “accelerating” and “not accelerating.” Both 
zero velocity and constant velocity fall in the “not accelerating” category.] 

 4. If the acceleration of an object is zero, the vector sum of the forces acting on the object is zero 
(Newton’s second law), so there can be forces on an object that has no acceleration. For example, a 
book resting on a table is acted on by gravity and the normal force, but it has zero acceleration, 
because the forces are equal in magnitude and opposite in direction. 

 5. If only one force acts on an object, the net force cannot be zero, so the object cannot have zero 
acceleration, by Newton’s second law. It is possible for the object to have zero velocity, but only for an 
instant. For example (if we neglect air resistance), a ball thrown upward into the air has only the force 
of gravity acting on it. Its speed will decrease while it travels upward, stops, then begins to fall back to 
the ground. At the instant the ball is at its highest point, its velocity is zero. However, the ball has a 
nonzero net force and a nonzero acceleration throughout its flight. 

DYNAMICS: NEWTON’S LAWS OF MOTION 

4
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 18. Both the father and daughter will have the same magnitude force acting on them as they push each 
other away, by consideration of Newton’s third law. If we assume that the young daughter has less 
mass than the father, her acceleration should be greater (a = F/m). Both forces, and therefore both 
accelerations, act over the same time interval (while the father and daughter are in contact), so the 
daughter’s final speed will be greater than her father’s. 

 19. Static friction between the crate and the truck bed causes the crate to accelerate. 

 20. On the way up, there are two forces on the block that are parallel to each other causing the  
deceleration—the component of weight parallel to the plane and the force of friction on the block. 
Since the forces are parallel to each other, both pointing down the plane, they add, causing a larger 
magnitude force and a larger acceleration. On the way down, those same two forces are opposite of 
each other, because the force of friction is now directed up the plane. With these two forces being 
opposite of each other, their net force is smaller, so the acceleration is smaller. 

 21. In a very simple analysis, the net force slowing the moving object is friction. If we consider that the 
moving object is on a level surface, then the normal force is equal to the weight. Combining these 
ideas, we get the following: 

   net NF ma F mg a g∝ ∝ ∝= = = � =  

From Table 4–2, the “steel on steel (unlubricated)” coefficient of friction (applicable to the train) is 
smaller than the “rubber on dry concrete” coefficient of friction (applicable to the truck). Thus the 
acceleration of the train will be smaller than that of the truck, and therefore the truck’s stopping 
distance will be smaller, from Eq. 2–11c. 

 22. Assume your weight is W. If you weighed yourself on an inclined plane that is inclined at angle �, then 
the bathroom scale would read the magnitude of the normal force between you and the plane, which 
would be W cos �. 

Responses to MisConceptual Questions 

 1. (a) The crate does not accelerate up or down, so the net force cannot be vertical. The truck bed is 
frictionless and the crate is not in contact with any other surface, so there are no horizontal 
forces. Therefore, no net force acts on the crate. As the truck slows down, the crate continues to 
move forward at constant speed. (How did the crate stay on the truck in the first place to be able 
to travel on the truck bed?) 

 2. (a, b, d) The forces in (a), (b), and (d) are all equal to 400 N in magnitude. 
 (a) You exert a force of 400 N on the car; by Newton’s third law the force exerted by the car on you 

also has a magnitude of 400 N. 
 (b) Since the car doesn’t move and the only horizontal forces acting on the car are your pushing and 

the force of friction on the car from the road, Newton’s second law requires these forces to have 
equal magnitudes (400 N) in the opposite direction. Since the road exerts a force of 400 N on the 
car by friction, Newton’s third law requires that the friction force on the road from the car must 
also be 400 N. 

 (c) The normal force exerted by the road on you will be equal in magnitude to your weight 
(assuming you are standing vertically and have no vertical acceleration). This force is not 
required to be 400 N. 
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Responses to Questions 

 1. The three major “accelerators” are the accelerator pedal, the brake pedal, and the steering wheel. The 
accelerator pedal (or gas pedal) can be used to increase speed (by depressing the pedal) or to decrease 
speed in combination with friction (by releasing the pedal). The brake pedal can be used to decrease 
speed by depressing it. The steering wheel is used to change direction, which also is an acceleration. 
There are some other controls that could also be considered accelerators. The parking brake can be 
used to decrease speed by depressing it. The gear shift lever can be used to decrease speed by 
downshifting. If the car has a manual transmission, then the clutch can be used to decrease speed by 
depressing it (friction will slow the car), or, if on a steep downward incline, depressing the clutch can 
allow the car to increase speed. Finally, shutting the engine off can be used to decrease the car’s speed. 
Any change in speed or direction means that an object is accelerating. 

 2. Yes, the centripetal acceleration will be greater when the speed is greater since centripetal acceleration 

is proportional to the square of the speed (when the radius is constant): 
2

R .a
r

�=  When the speed is 

higher, the acceleration has a larger magnitude. 

 3. No, the acceleration will not be the same. The centripetal acceleration is inversely proportion to the 

radius (when the speed is constant): 
2

R .a
r

�=  Traveling around a sharp curve, with a smaller radius, 

will require a larger centripetal acceleration than traveling around a gentle curve, with a larger radius. 

 4. The three main forces on the child are the downward force of gravity (the child’s weight), the normal 
force up on the child from the horse, and the static frictional force on the child from the surface of the 
horse. The frictional force provides the centripetal acceleration. If there are other forces, such as 
contact forces between the child’s hands or legs and the horse, which have a radial component, they 
will contribute to the centripetal acceleration. 

 5. On level ground, the normal force on the child would be the same magnitude as his weight. This is the 
“typical” situation. But as the child and sled come over the crest of the hill, they are moving in a 
curved path, which can at least be approximated by a circle. There must be a centripetal force, pointing 
inward toward the center of the arc. The combination of gravity (acting downward) and the normal 
force on his body (acting upward when the sled is at the top of the hill) provides this centripetal force, 

CIRCULAR MOTION; GRAVITATION 
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which must be greater than zero.  At the top of the hill, if downward is the positive direction, Newton’s 

second law says 
2

N .yF mg F m
r

�= � =  Thus the normal force must be less than the child’s weight. 

 6. No. The barrel of the dryer provides a centripetal force on the clothes to keep them moving in a 
circular path. A water droplet on the solid surface of the drum will also experience this centripetal 
force and move in a circle. However, as soon as the water droplet is at the location of a hole in the 
drum there will be no centripetal force on it and it will therefore continue moving in a path in the 
direction of its tangential velocity, which will take it out of the drum. There is no centrifugal force 
throwing the water outward; there is rather a lack of centripetal force to keep the water moving in a 
circular path. 

 7. She should let go of the string at 
the moment that the tangential 
velocity vector is directed exactly 
at the target. This would also be 
when the string is perpendicular 
to the desired direction of motion 
of the ball. See the “top view” 
diagram. Also see Fig. 5–6 in the 
textbook. 

 8. At the top of the bucket’s arc, the gravitational force and normal forces from the bucket, both pointing 
downward, must provide the centripetal force needed to keep the water moving in a circle. In the 

limiting case of no normal force, Newton’s second law would give 
2

net ,F mg m
r

�= =  which means 

that the bucket must be moving with a tangential speed of gr� �  or the water will spill out of the 
bucket. At the top of the arc, the water has a horizontal velocity. As the bucket passes the top of the 
arc, the velocity of the water develops a vertical component. But the bucket is traveling with the water, 
with the same velocity, and contains the water as it falls through the rest of its path. 

 9. For objects (including astronauts) on the inner surface of the cylinder, the normal force provides a 
centripetal force, which points inward toward the center of the cylinder. This normal force simulates 
the normal force we feel when on the surface of Earth. 

 (a) Falling objects are not in contact with the floor, so when released they will continue to move 
with constant velocity until they reach the shell. From the frame of reference of the astronaut 
inside the cylinder, it will appear that the object “falls” in a curve, rather than straight down. 

 (b) The magnitude of the normal force on the astronaut’s feet will depend on the radius and speed of 

the cylinder. If these are such that 
2

g
r

� =  (so that 
2

m mg
r

� =  for all objects), then the normal 

force will feel just like it does on the surface of Earth. 
 (c) Because of the large size of Earth compared to humans, we cannot tell any difference between 

the gravitational force at our heads and at our feet. In a rotating space colony, the difference in 
the simulated gravity at different distances from the axis of rotation could be significant, perhaps 
producing dizziness or other adverse effects. Also, playing “catch” with a ball could be difficult 
since the normal parabolic paths as experienced on Earth would not occur in the rotating 
cylinder. 

Target 
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 16. If the antenna becomes detached from a satellite in orbit, the antenna will continue in orbit around the 
Earth with the satellite. If the antenna were given a component of velocity toward the Earth (even a 
very small one), it would eventually spiral in and hit the Earth. If the antenna were somehow slowed 
down, it would also fall toward the Earth. 

 17. Yes, we are heavier at midnight. At noon, the gravitational force on a person due to the Sun and the 
gravitational force due to the Earth are in the opposite directions. At midnight, the two forces point in 
the same direction. Therefore, your apparent weight at midnight is greater than your apparent weight at 
noon. 

 18. Your apparent weight will be greatest in case (b), when the elevator is accelerating upward. The scale 
reading (your apparent weight) indicates your force on the scale, which, by Newton’s third law, is the 
same as the normal force of the scale on you. If the elevator is accelerating upward, then the net force 
must be upward, so the normal force (up) must be greater than your actual weight (down). When in an 
elevator accelerating upward, you “feel heavy.” 

  Your apparent weight will be least in case (c), when the elevator is in free fall. In this situation your 
apparent weight is zero since you and the elevator are both accelerating downward at the same rate and 
the normal force is zero. 

  Your apparent weight will be the same as when you are on the ground in case (d), when the elevator is 
moving upward at a constant speed. If the velocity is constant, acceleration is zero and N = mg. (Note 
that it doesn’t matter if the elevator is moving up or down or even at rest, as long as the velocity is 
constant.) 

 19. If the Earth were a perfect, nonrotating sphere, then the gravitational force on each droplet of water in 
the Mississippi would be the same at the headwaters and at the outlet, and the river wouldn’t flow. 
Since the Earth is rotating, the droplets of water experience a centripetal force provided by a part of the 
component of the gravitational force perpendicular to the Earth’s axis of rotation. The centripetal force 
is smaller for the headwaters, which are closer to the North Pole, than for the outlet, which is closer to 
the equator. Since the centripetal force is equal to mg – N (apparent weight) for each droplet, N is 
smaller at the outlet, and the river will flow. This effect is large enough to overcome smaller effects on 
the flow of water due to the bulge of the Earth near the equator. 

 20. The satellite remains in orbit because it has a velocity. The instantaneous velocity of the satellite is 
tangent to the orbit. The gravitational force provides the centripetal force needed to keep the satellite in 
orbit, acting like the tension in a string when twirling a rock on a string. A force is not needed to keep 
the satellite “up”; a force is needed to bend the velocity vector around in a circle. The satellite can’t 
just have any speed at any radius, though. For a perfectly circular orbit, the speed is determined by the 
orbit radius, or vice versa, through the relationship orbit ,rg� =  where r is the radius of the orbit and 
g is the acceleration due to gravity at the orbit position. 

 21. The centripetal acceleration of Mars in its orbit around the Sun is smaller than that of the Earth. For 
both planets, the centripetal force is provided by gravity, so the centripetal acceleration is inversely 
proportional to the square of the distance from the planet to the Sun: 

  
2

p s p
2

m Gm m

r r

�
=   so  

2
s

R 2
Gm

a
r r

�= =  

  Since Mars is at a greater distance from the Sun than is Earth, it has a smaller centripetal acceleration. 
Note that the mass of the planet does not appear in the equation for the centripetal acceleration. 
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 22. For Pluto’s moon, we can equate the gravitational force from Pluto on the moon to the centripetal force 
needed to keep the moon in orbit:  

  
2 2 2 3

p mm
p2 2

4Gm mm r rm
r Gr GT
� � �=  � = =  

  This allows us to solve for the mass of Pluto p( )m  if we know G, the radius of the moon’s orbit, and 

the velocity of the moon, which can be determined from the period T and orbital radius. Note that the 
mass of the moon cancels out. 

 23. The Earth is closer to the Sun in January. See Fig. 5–29 and the 
accompanying discussion about Kepler’s second law. The caption  
in the textbook says: “Planets move fastest when closest to the Sun.” 
So in the (greatly exaggerated) figure, the time between points  
1 and 2 would be during January, and the time between points  
3 and 4 would be July. 

Responses to MisConceptual Questions 

 1. (b) As you turn, you feel the force between yourself and the car door. A common misconception is 
that a centrifugal force is pushing you into the door (answer (a)). Actually, your inertia tries to 
keep you moving in a straight line. As the car (and door) turn right, the door accelerates into you, 
pushing you away from your straight-line motion and toward the right. 

 2. (e) In circular motion, the velocity is always perpendicular to the radius of the circle, so (b), (c), and 
(d) are incorrect. The net force is always in the same direction as the acceleration, so if the 
acceleration points toward the center, the net force must also. Therefore, (e) is a better choice 
than (a). 

 3. (c) A common misconception is that the ball will continue to move in a curved path after it exits the 
tube (answers (d) or (e)). However, for the ball to move in a curved path, a net force must be 
acting on the ball. When it is inside the tube, the normal force from the tube wall provides the 
centripetal force. After the ball exits the tube, there is no net force, so the ball must travel in a 
straight-line path in the same direction it was traveling as it exited the tube. 

 4. (d) The phrase “steady speed” is not the same as “constant velocity,” as velocity also includes 
direction. A common misconception is that if a car moves at steady speed, the acceleration and 
net force are zero (answers (a) or (b)). However, since the path is circular, a radially inward 
force must cause the centripetal acceleration. If this force (friction between the tires and road) 
were not present, the car would move in a straight line. It would not accelerate outward. 

 5. (b) A common error in this problem is to ignore the contribution of gravity in the centripetal force. 
At the top of the loop gravity assists the tension in providing the centripetal force, so the tension 
is less than the centripetal force. At the bottom of the loop gravity opposes the tension, so the 
tension is greater than the centripetal force. At all other points in the loop the tension is between 
the maximum at the bottom and the minimum at the top. 

 6. (a) The forces acting on the child are gravity (downward), the normal force (away from the wall), 
and the force of friction (parallel to the wall and in this case opposing gravity). In particular, 
there is nothing “pushing” outward on the rider, so answers (b), (d), and (e) cannot be correct. 
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Responses to Questions 

 1. “Work” as used in everyday language generally means “energy expended,” which is similar to the way 
“work” is defined in physics. However, in everyday language, “work” can involve mental or physical 
energy expended and is not necessarily connected with displacement, as it is in physics. So a student 
could say she “worked” hard carrying boxes up the stairs to her dorm room (similar in meaning to the 
physics usage), or that she “worked” hard on a problem set (different in meaning from the physics 
usage). 

 2. No, not if the object is moving in a circle. Work is the product of force and the displacement in the 
direction of the force. Therefore, a centripetal force, which is perpendicular to the direction of motion, 
cannot do work on an object moving in a circle. 

 3. No work is done on the wall (since the wall does not undergo displacement), but internally your 
muscles are converting chemical energy to other forms of energy, which makes you tired. 

 4. Yes. The normal force is the force perpendicular to the surface an object is resting on. If the object 
moves with a component of its displacement perpendicular to this surface, the normal force will do 
work. For instance, when you jump, the normal force does work on you in accelerating you vertically. 
And it is the normal force of the elevator floor on you that accelerates you in an elevator. 

 5. (a) If the force is the same, then 1 1 2 2 ,F k x k x= =  so 2 1 1 2/ .x k x k=  The work done on spring 1 will 

be 21
1 1 12 .W k x=  The work done on spring 2 will be 2 2 2 21 1

2 2 2 2 1 1 2 1 1 22 2 ( / ) ( / ).W k x k k x k W k k= = =  

Since 1 2 ,k k>  work 2 1,W W>  so more work is done on spring 2. 

 (b) If the displacement is the same, then 21
1 12W k x=  and 21

2 22 .W k x=  Since 1 2 ,k k>  work 

1 2 ,W W>  and more work is done on spring 1. 

 6. The kinetic energy increases by a factor of 9, since the kinetic energy is proportional to the square of 
the speed. 

 7. Friction is not conservative; it dissipates energy in the form of heat, sound, and light. Air resistance is 
not conservative; it dissipates energy in the form of heat and the kinetic energy of fluids. “Human” 
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 15. (a) The golfer raises the club, giving the club potential energy. In swinging, the golfer does work on 
the club. This work and the change in potential energy increase the kinetic energy of the club. At 
the lowest point in the swing (when the club’s kinetic energy is a maximum), the club hits the 
ball, converting some of the kinetic energy of the club into kinetic energy of the ball. 

 (b) The tennis player throws the ball upward, giving the ball some initial kinetic energy. As the ball 
rises to its highest point, the kinetic energy is converted to potential energy. The player then does 
work on the racket to increase the racket’s kinetic energy. When the racket collides with the ball, 
the racket does work on the ball. The racket loses kinetic energy, and the ball gains kinetic 
energy, accelerating the ball forward. 

 (c) The player pushes the ball upward, doing work on the ball, which gives the ball an initial kinetic 
energy. As the ball rises, it slows down as its kinetic energy is converted to potential energy. At 
the highest point the potential energy is a maximum and the kinetic energy is a minimum. As the 
ball descends the kinetic energy increases. 

 16. The drawing shows water falling over a waterfall and then flowing back to the top of the waterfall. The 
top of the waterfall is above the bottom, with greater gravitational potential energy. The optical illusion 
of the diagram implies that water is flowing freely from the bottom of the waterfall back to the top. 
Since water won’t move uphill unless work is done on it to increase its gravitational potential energy 
(for example, work done by a pump), the water from the bottom of the waterfall would NOT be able to 
make it back to the top. 

 17. The faster arrow has the same mass and twice the speed of the slower arrow, so the faster arrow will 

have four times the kinetic energy ( )21KE 2 .m�=  Therefore, four times as much work must be done 

on the faster arrow to bring it to rest. If the force on the arrows is constant, the faster arrow will travel 
four times the distance of the slower arrow into the hay. 

 18. When the ball is released, its potential energy will be converted into kinetic energy and then back into 
potential energy as the ball swings. If the ball is not pushed, it will lose a little energy to friction and 
air resistance. It will return almost to the initial position but will not hit the instructor. If the ball is 
pushed, it will have an initial kinetic energy, and will, when it returns, still have some kinetic energy 
when it reaches the initial position, so it will hit the instructor on the chin. (Ouch!) 

 19. When a child hops around on a pogo stick, gravitational potential energy (at the top of the hop) is 
transformed into kinetic energy as the child moves downward, and then stored as spring potential 
energy as the spring in the pogo stick compresses. As the spring begins to expand, the energy is 
converted back to kinetic and gravitational potential energy, and the cycle repeats. Since energy is lost 
due to friction, the child must add energy to the system by pushing down on the pogo stick while it is 
on the ground to get more spring compression. 

 20. At the top of the hill, the skier has gravitational potential energy. If the friction between her skis and 
the snow is negligible, the gravitational potential energy is changed into kinetic energy as she glides 
down the hill, and she gains speed as she loses elevation. When she runs into the snowdrift, work is 
done by the contact force between her and the snow. The energy changes from kinetic energy of the 
skier to kinetic energy of the snow as it moves and to thermal energy from the friction between the 
skier and the snow. 

 21. The work done on the suitcase depends on only (c) the height of the table and (d) the weight of the 
suitcase. 
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 22. Power is the rate of doing work. Both (c) and (d) will affect the total amount of work needed, and 
hence the power. The time the lifting takes, (b), will also affect the power. The length of the path (a) 
will affect only the power if different paths take different times to traverse. 

 23. When you climb a mountain by going straight up, the force needed is large (and the distance traveled is 
small), and the power needed (work per unit time) is also large. If you take a zigzag trail, you will use 
a smaller force (over a longer distance, so that the work done is the same) and less power, since the 
time to climb the mountain will be longer. A smaller force and smaller power output make the climb 
seem easier. 

Responses to MisConceptual Questions 

 1. (b) A common misconception is that all forces do work. However, work requires that the object on 
which the force is acting has a component of motion in the direction of the force. 

 2. (c) Work is done when the force acting on the object has a component in the direction of motion. 
Gravity, which provides the centripetal force, is not zero but is always perpendicular to the 
motion. A common error is the notion that an object moving in a circle has no work done on it. 
This is true only if the object is moving at constant speed. 

 3. (c) The kinetic energy is proportional to the square of the speed. Therefore, doubling the speed 
quadruples the kinetic energy. 

 4. (d) A common misconception is that the stopping distance is proportional to the speed. However, for 
a constant stopping force, the stopping distance is proportional to the initial kinetic energy, 
which is proportional to the square of the speed. Doubling the initial speed will quadruple the 
initial kinetic energy and therefore quadruple the stopping distance. 

 5. (c) As the ball falls, gravitational potential energy is converted to kinetic energy. As the ball hits the 
trampoline, kinetic energy is converted to elastic potential energy. This energy is then transferred 
back to kinetic energy of the ball and finally gravitational potential energy. No energy is added 
to the ball during the motion, so it can’t rise higher than it started. Some energy may be lost to 
heat during the motion, so the ball may not rise as high as it initially started.  

 6. (e) The term “energy” is commonly misunderstood. In this problem energy refers to the sum of the 
kinetic and potential energies. Initially the kinetic energy is a maximum. During the flight kinetic 
energy is converted to potential energy, with the potential energy a maximum at the highest 
point. As the ball falls back down the potential energy is converted back into kinetic energy. 
Since no nonconservative forces act on the ball (there is no air resistance), the total energy 
remains constant throughout the flight. 

 7. (b) Since the changes in speed are equal, many students think that the change in energy will also be 
equal. However, the energy is proportional to the square of the speed. It takes four times as much 
energy to accelerate the car from rest to 60 km/h as it takes to accelerate the car from rest to 
30 km/h. Therefore, it takes three times the energy to accelerate the car from 30 km/h to 60 km/h 
as it takes to accelerate it from rest to 30 km/h. 

 8. (d) Horsepower is not a unit of energy nor of force but a measure of the rate at which work is done. 

 9. (b) The two balls have the same initial kinetic energy and the same initial potential energy. When 
they hit the ground they will have the same final potential energy, so their final kinetic energies, 
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 (d) The work done by gravity on the load is as follows: 

   2 4
G cos180 (265 kg)(9.80 m/s )(18.0 m) 4.67 10 JW mgd mgd= ° = � = � = � ⋅  

 (e) Use the work-energy theorem to find the final speed, with an initial speed of 0. 

   

2 21 1KE KEnet 2 1 2 12 2

3
2net

2 1
2 2(7.48 10 J) 0 7.51 m/s

265 kg

W m m

W
m

� �

� �

= � = � �

⋅= + = + =
 

 26. Subtract the initial gravitational PE from the final gravitational PE. 

  2
G 2 1 2 1PE ( ) (54 kg)(9.80 m/s )(4.0 m) 2100 Jmgy mgy mg y y� = � = � = =  

 27. The potential energy of the spring is given by 21PEel 2 ,kx=  where x is the distance of stretching or 

compressing of the spring from its natural length. 

  
PEel2 2(45.0 J) 1.01 m

88.0 N/m
x

k
= = =  

 28. The initial stretching is from the equilibrium position, 0.x =  Use that to find the spring constant. 

  
2 2 21 1PEinitial 2 2

2 21 1PE PE PEfinal final initial2 2

6.0 J (2.0 cm) 3.0 J/cm

(3)(6) 54 J; 48 J

kx k k

kx

= � = � =

= = = � =
 

 29. (a) The change in gravitational potential energy is given by the following: 

   2 5PEG 2 1( ) (66 5 kg)(9 80 m/s )(2660 m 1270 m) 9.06 10 Jmg y y� = � = . . � = ⋅  

 (b) The minimum work required by the hiker would equal the change in potential energy, which is 
59.06 10 J .⋅  

 (c) Yes .  The actual work may be more than this, because the hiker almost certainly had to 
overcome some dissipative forces such as air friction. Also, while stepping up and down, the 
hiker does not get the full amount of work back from each up-down event. For example, there 
will be friction in the joints and muscles. 

 30. (a) Relative to the ground, the potential energy is given by the following: 

   2PEG book ground( ) (1.65 kg)(9.80 m/s )(2.20 m) 35.6 Jmg y y= � = =  

 (b) Relative to the top of the person’s head, the potential energy is given by the following: 

   2PEG book head( ) (1.65 kg)(9.80 m/s )(2.20 m 1.60 m) 9.7 Jmg y y= � = � =  

 (c) The work done by the person in lifting the book from the ground to the final height is the same 
as the answer to part (a), 35.6 J .  In part (a), the potential energy is calculated relative to the 

starting location of the application of the force on the book. The work done by the person is not 
related to the answer to part (b), because the potential energy is not calculated relative to the 
starting location of the application of the force on the book. 
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3 0,� =  and 3 3.x y=  There is no elastic energy at position 2, but there is elastic energy at 
position 3. Also, the gravitational potential energy at position 3 is negative, so 3 0.y <  A 
quadratic relationship results from the conservation of energy condition. 

   
2 2 2 21 1 1 1

2 3 2 2 2 3 3 32 2 2 2
2 2 2 21 1 1 1
2 3 3 3 3 22 2 2 20 0 0 0

E E m mgy kx m mgy kx

m mgy ky ky mgy m

� �

� �

= � + + = + + �

+ + = + + � + � = �
 

   

( )( )
( )

2 2 21 1 2 2 222 2 2
3 1

2

2 2 2 2 4 2

4

4

2

(62 kg)(9.80 m/s ) (62 kg) (9.80 m/s ) (5.8 10 N/m)(62 kg)(7.71 m/s)
    

(5.8 10 N/m)
    0.263 m, 0.242 m

mg m g k m mg m g km
y

kk

� �� ± � � � ± +
= =

� ± + ⋅
=

⋅
= �

 

  Since 3 30, 0.26 m.y y< = �  So he depresses the trampoline 0.26 m .  

  The second term under the quadratic is almost 600 times larger than the first term, indicating  
that the problem could have been approximated by not including gravitational potential  
energy for the final position. If that approximation were made, the result would have been found 
by taking the negative result from the following solution: 

   2 21 1
2 3 2 3 3 22 2 4

62 kg(7.71 m/s) 0.25 m
5.8 10 N/m

mE E m ky y
k

� �= � = � = = = ±
⋅

 

 39. Use conservation of energy. The level of the ball on the uncompressed 
spring is taken as the zero location for both gravitational potential energy 
( 0)y =  and elastic potential energy ( 0).x =  It is diagram 2 in the figure. 
Take “up” to be positive for both x and y. 

 (a) Subscript 1 represents the ball at the launch point, and subscript 2 
represents the ball at the location where it just leaves the spring, at the 
uncompressed length. We have 1 0,� =  1 1 0.160 m,x y= = �  and 

2 2 0.x y= =  Solve for 2.�  

   

2 2 2 21 1 1 1
1 2 1 1 1 2 2 22 2 2 2

2
2 2 1 11 1

1 1 2 22 2
2

0 0 0

E E m mgy kx m mgy kx

kx mgy
mgy kx m

m

� �

� �

= � + + = + + �

+
+ + = + + � =

 

   
2 2

2
(875 N/m)(0.160 m) 2(0.380 kg)(9.80 m/s )( 0.160 m) 7.47 m/s

(0.380 kg)
� + �= =  

 (b) Subscript 3 represents the ball at its highest point. We have 1 0,� =  1 1 0.160 m,x y= = � 3 0,� =  
and 3 0.x =  Solve for 3.y  

   

2 2 2 21 1 1 1
1 3 1 1 1 3 3 32 2 2 2

2 2
2 11

1 1 2 2 12 2
(875 N/m)(0.160 m)0 0 0 3.01 m

2 2(0.380 kg)(9.80 m/s )

E E m mgy kx m mgy kx

kx
mgy kx mgy y y

mg

� �= � + + = + + �

+ + = + + � � = = =
 

1       2      3

0y =
0,x =
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21PE KEfinal after final after2

2
after final2 2(9.80 m/s )(1.6 m) 5.6 m/s

mgy m

gy

�

�

= � = �

= = =
 

 (c) The energy “lost” was changed primarily into heat energy —the temperature of the ball and the 
ground would have increased slightly after the bounce. Some of the energy may have been 
changed into acoustic energy (sound waves). 

 53. Since there is friction in this problem, there will be energy dissipated by friction. 

  
2 21KE PE KE PEfriction friction 1 2 1 22

2 2 51
2

0 ( ) ( )

(66 kg)[0 (11.0 m/s) ] (66 kg)(9.80 m/s )(230 m) 1.4 10 J

E E m mg y y� �+ � + � = � = �� � � = � + �

= � + = ⋅
 

 54. Since there are no nonconservative forces, the mechanical energy of the projectile will be conserved. 
Subscript 1 represents the projectile at launch and subscript 2 represents the projectile as it strikes the 
ground. The ground is the zero location for potential energy ( 0).y =  We have 1 165 m/s,� =  

1 135 m,y =  and 2 0.y =  Solve for 2.�  

  
2 2 2 21 1 1 1

1 2 1 1 2 2 1 1 22 2 2 2

2 2 2
2 1 12 (165 m/s) 2(9.80 m/s )(135 m) 173 m/s

E E m mgy m mgy m mgy m

gy

� � � �

� �

= � + = + � + = �

= + = + =
 

Notice that the launch angle does not enter the problem, so it does not influence the final speed. 

 55. We apply conservation of mechanical energy. We take the surface of the Moon to be the 0 level for 
gravitational potential energy. Subscript 1 refers to the location where the engine is shut off, and 
subscript 2 refers to the surface of the Moon. Up is the positive y direction. 

 (a) We have 1 0,� =  1 ,y h=  2 3.0 m/s,� =  and 2 0.y =  

   

2 2 21 1 1
1 2 1 1 2 2 22 2 2

2 2
2

2
(3.0 m/s) 2.8 m

2 2(1.62 m/s )

E E m mgy m mgy mgh m

h
g

� � �

�

= � + = + � = �

= = =
 

 (b) We have the same conditions except 1 2.0 m/s.� = �  

   

2 2 2 21 1 1 1
1 2 1 1 2 2 1 22 2 2 2

2 2 2 2
2 1

2
(3.0 m/s) ( 2.0 m/s) 1.5 m

2 2(1.62 m/s )

E E m mgy m mgy m mgh m

h
g

� � � �

� �

= � + = + � + = �

� � �= = =
 

 (c) We have the same conditions except 1 2.0 m/s.� =  And since the speeds, not the velocities, are 

used in the energy conservation calculation, this is the same as part (b), so 1.5 m .h =  

   

2 2 2 21 1 1 1
1 2 1 1 2 2 1 22 2 2 2

2 2 2 2
2 1

2
(3.0 m/s) ( 2.0 m/s) 1.5 m

2 2(1.62 m/s )

E E m mgy m mgy m mgh m

h
g

� � � �

� �

= � + = + � + = �

� � �= = =
 

 56. (a) If there is no air resistance, then conservation of mechanical energy can be used. Subscript 1 
represents the glider when at launch, and subscript 2 represents the glider at landing.  
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 75. (a) The spring constant is found by the magnitudes of the initial force and displacement, so / .k F x=  
As the spring compresses, it will do the same amount of work on the block as was done on the 
spring to stretch it. The work done is positive because the force of the spring is parallel to the 
displacement of the block. Use the work-energy theorem to determine the speed of the block. 

   2 2 21 1 1KEon block block on spring f f2 2 2
during during
compression stretching

F FxW W m kx x
x m

� �= � = � = = � =  

 (b) Use conservation of energy, equating the energy at the original extension with the energy at half 
the original extension. Let position 1 be the original extension, and position 2 be at half the 
original extension. 

   
( ) ( )2 22 2 2 2 231 1 1 1 1

1 2 2 2 2 2 2 4

2
2 3 3 3

4 4 4

E E kx m k x m kx k x kx

kx Fx Fx
m m m

� �

� �

= � = + � = � = �

= = � =
 

 76. (a) The work done by gravity as the elevator falls is the weight times the displacement. They are in 
the same direction. 

   2 5 5
G cos 0 (925 kg)(9.80 m/s )(28.5 m) 2.5835 10 J 2.58 10 JW mgd= ° = = ⋅ � ⋅  

 (b) The work done by gravity on the elevator is the net work done on the elevator while falling, so 
the work done by gravity is equal to the change in kinetic energy. 

   
5

2 G1KEG 2
2 2(2.5835 10 J)0 23.6 m/s

(925 kg)
W

W m
m

� � ⋅= � = � � = = =  

 (c) The elevator starts and ends at rest. Therefore, by the work-energy theorem, the net work done 
must be 0. Gravity does positive work as it falls a distance of (28.5 ) mx+ (assuming that x > 0), 
and the spring will do negative work at the spring is compressed. The work done on the spring is 

21
2 ,kx  so the work done by the spring is 21

2 .kx�  

   

( )
( )

2 21 1
G spring 2 2

2 2 1
2

1
2

2 2 2
2

4 2

4

( ) 0 0

4 ( )

2

(925 kg) (9.80 m/s )
(925 kg)(9.80 m/s )

2(8.0 10 N/m)(925 kg)(9.80 m/s )(28.5 m)

8.0 10 N/m
2.65 m, 2.43 m

W W W mg d x kx kx mgx mgd

mg m g k mgd
x

k

= + = + � = � � � = �

± � �
=

+
±

⋅
=

⋅
= �

 

The positive root must be taken since we have assumed x > 0 in calculating the work done by gravity. 
Using the values given in the problem gives 2.65 m .x =  

 77. (a) 2 3 2 2 21 1KE 2 2 (3.0 10 kg)(3 0 m/s) 1.35 10 J 1.4 10 Jm� � � �= = ⋅ . = ⋅ � ⋅  

 (b) 
2KE 2actualKEactual required required

1.35 10 J
0.35 3.9 10 J

0.35 0.35
E E

�
�⋅= � = = = ⋅  
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Responses to Questions 

 1. For momentum to be conserved, the system under analysis must be “closed”—not have any forces on 
it from outside the system. A coasting car has air friction and road friction on it, for example, which 
are “outside” or “external” forces and thus reduce the momentum of the car. If the ground and the air 
were considered part of the system and their velocities analyzed, then the momentum of the entire 
system would be conserved, but not necessarily the momentum of any single component, like the car. 

 2. The momentum of an object can be expressed in terms of its kinetic energy, as follows: 

   ( )2 2 2 21 KE2( ) 2 2p m m m m m m m� � � �= = = = =  

Thus if two objects have the same kinetic energy, then the one with more mass has the greater 
momentum. 

 3. Consider this problem as a very light object hitting and sticking to a very heavy object. The large 
object–small object combination (Earth jumper)+  would have some momentum after the collision, 
but due to the very large mass of the Earth, the velocity of the combination is so small that it is not 
measurable. Thus the jumper lands on the Earth, and nothing more happens. 

 4. When you release an inflated but untied balloon at rest, the gas inside the balloon (at high pressure) rushes 
out the open end of the balloon. That escaping gas and the balloon form a closed system, so the momentum 
of the system is conserved. The balloon and remaining gas acquire a momentum equal and opposite to the 
momentum of the escaping gas, so they move in the opposite direction to the escaping gas. 

 5. As the fish swishes its tail back and forth, it moves some water backward, away from the fish. If we 
consider the system to be the fish and the water, then, from conservation of momentum, the fish must 
move forward. 

 6. (d) The girl moves in the opposite direction at 2.0 m/s. Since there are no external forces on the pair, 
momentum is conserved. The initial momentum of the system (boy and girl) is zero. The final 
momentum of the girl must be the same in magnitude and opposite in direction to the final momentum 
of the boy so that the net final momentum is also zero. 

LINEAR MOMENTUM 

7
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 7. The air bag greatly increases the amount of time over which the stopping force acts on the driver. If a 
hard object like a steering wheel or windshield is what stops the driver, then a large force is exerted 
over a very short time. If a soft object like an air bag stops the driver, then a much smaller force is 
exerted over a much longer time. For instance, if the air bag is able to increase the time of stopping by 
a factor of 10, then the average force on the person will be decreased by a factor of 10. This greatly 
reduces the possibility of serious injury or death. 

 8. Yes. In a perfectly elastic collision, kinetic energy is conserved. In the Earth–ball system, the kinetic 
energy of the Earth after the collision is negligible, so the ball has the same kinetic energy leaving the 
floor as it had hitting the floor. The height from which the ball is released determines its potential 
energy, which is converted to kinetic energy as the ball falls. If it leaves the floor with this same 
amount of kinetic energy and a velocity upward, it will rise to the same height as it originally had as 
the kinetic energy is converted back into potential energy. 

 9. In order to conserve momentum, when the boy dives off the back of the rowboat the boat will move 
forward. 

 10. He could have thrown the coins in the direction opposite the shore he was trying to reach. Since the 
lake is frictionless, momentum would be conserved and he would “recoil” from the throw with a 
momentum equal in magnitude and opposite in direction to the coins. Since his mass is greater than  
the mass of the coins, his speed would be less than the speed of the coins, but, since there is no 
friction, he would maintain this small speed until he hit the shore. 

 11. When the tennis ball rebounds from a stationary racket, it reverses its component of velocity 
perpendicular to the racket with very little energy loss. If the ball is hit straight on, and the racket is 
actually moving forward, the ball can be returned with an energy (and a speed) equal to (or even 
greater than) the energy it had when it was served. 

 12. Yes. Impulse is the product of the force and the time over which it acts. A small force acting over a 
longer time could impart a greater impulse than a large force acting over a shorter time. 

 13. The collision in which the two cars rebound would probably be more damaging. In the case of the  
cars rebounding, the change in momentum of each car is greater than in the case in which they stick 
together, because each car is not only brought to rest but also sent back in the direction from which it 
came. A greater impulse results from a greater force, so most likely more damage would occur. 

 14. (a) The momentum of the ball is not conserved during any part of the process, because there is an 
external force acting on the ball at all times—the force of gravity. And there is an upward force 
on the ball during the collision. So considering the ball as the system, there are always external 
forces on it, so its momentum is not conserved. 

 (b) With this definition of the system, all of the forces are internal, so the momentum of the  
Earth–ball system is conserved during the entire process. 

 (c) For a piece of putty falling and sticking to a steel plate, if the system is the putty and the Earth, 
momentum is conserved for the entire path. 

 15. “Crumple zones” are similar to air bags in that they increase the time of interaction during a collision, 
and therefore lower the average force required for the change in momentum that the car undergoes in 
the collision. 

 



Linear Momentum   7-3 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

 16. For maximum power, the turbine blades should be designed so that the water rebounds. The water has 
a greater change in momentum if it rebounds than if it just stops at the turbine blade. If the water  
has a greater change in momentum, then, by conservation of momentum, the turbine blades also have a 
greater change in momentum and will therefore spin faster. 

 17. (a) The direction of the change in momentum of the ball is perpendicular to the wall and away from 
it, or to the left in the figure. 

 (b) Since the force on the wall is opposite that on the ball, the force on the wall is to the right. 

 18. From Eq. 7–7 for a 1-D elastic collision, A B B A.� � � �� �� = �  Let A represent the bat, and let B 
represent the ball. The positive direction will be the (assumed horizontal) direction that the bat is 
moving when the ball is hit. We assume that the batter can swing the bat with equal strength in either 
case, so that A�  is the same in both pitching situations. Because the bat is so much heavier than the 
ball, we assume that A A� �� � —the speed of the bat doesn’t change significantly during the collision. 
Then the velocity of the baseball after being hit is B A A B A B2 .� � � � � �� �= + � � �  If B 0,� =  the ball 
tossed up into the air by the batter, then B A2� �� � —the ball moves away with twice the speed of the 
bat. But if B 0,� <  the pitched ball situation, we see that the magnitude of B A2 ,� �� >  so the ball 
moves away with greater speed. If, for example, the pitching speed of the ball was about twice the 
speed at which the batter could swing the bat, then we would have B A4 .� �� �  Thus the ball has greater 
speed after being struck, so the ball will travel farther after being hit. This is similar to the 
“gravitational slingshot” effect discussed in Search and Learn 4. 

 19. A perfectly inelastic collision between two objects that initially had momenta equal in magnitude but 
opposite in direction would result in all the kinetic energy being lost. For instance, imagine sliding two 
clay balls with equal masses and speeds toward each other across a frictionless surface. Since the 
initial momentum of the system is zero, the final momentum must be zero as well. The balls stick 
together, so the only way the final momentum can be zero is if they are brought to rest. In this case, all 
the kinetic energy would be lost. A simpler situation is dropping a ball of clay onto the floor. The clay 
doesn’t rebound after the collision with the floor, and all of the kinetic energy is lost. 

 20. Passengers may be told to sit in certain seats in order to balance the plane. If they move during the 
flight, they could change the position of the center of mass of the plane and affect its stability in flight. 

 21. In order to maintain balance, your CM must be located directly above your feet. If you have a heavy 
load in your arms, your CM will be out in front of your body and not above your feet. So you lean 
backward to get your CM directly above your feet. Otherwise, you might fall over forward. 

 22. The 1-m length of pipe is uniform—it has the same density throughout, so its CM is at its geometric 
center, which is its midpoint. The arm and leg are not uniform—they are more dense where there is 
muscle, primarily in the parts that are closest to the body. Thus the CM of the arm or leg is closer to the 
body than the geometric center. The CM is located closer to the more massive part of the arm or leg. 

 23. When a rocket expels gas in a given direction, it puts a force on that gas. The momentum of the  
gas-rocket system stays constant, so if the gas is pushed to the left, the rocket will be pushed to the 
right due to Newton’s third law. So the rocket must carry some kind of material to be ejected (it could 
be exhaust from some kind of engine, or it could be compressed gas) in order to change direction. 

 24. Consider Bob, Jim, and the rope as a system. The center of mass of the system is closer to Bob, 
because he has more mass. Because there is no net external force on the system, the center of mass will 
stay stationary. As the two men pull hand-over-hand on the rope they will move toward each other, 
eventually colliding at the center of mass. Since the CM is on Bob’s side of the midline, Jim will cross 
the midline and lose. 
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 25. If there were only two particles as decay products, then by conservation of momentum, the momenta 
of the two decay products would have to be equal in magnitude and opposite in direction, so that the 
momenta would be required to lie along a line. If the momenta of the recoil nucleus and the electron do 
not lie along a line, then some other particle (the neutrino) must have some of the momentum. 

 26. When you are lying flat on the floor, your CM is inside of the 
volume of your body. When you sit up on the floor with your  
legs extended, your CM is outside of the volume of your body.  
The CM is higher when you sit up, and is slightly in front of  
your midsection. 

 27. The engine does not directly accelerate the car. The engine puts a force on the driving wheels, making 
them rotate. The wheels then push backward on the roadway as they spin. The Newton’s third law 
reaction to this force is the forward pushing of the roadway on the wheels, which accelerates the car. 
So it is the (external) road surface that accelerates the car. 

 28. The motion of the center of mass of the rocket will follow the original parabolic path, both before  
and after explosion. Each individual piece of the rocket will follow a separate path after the explosion, 
but since the explosion was internal to the system (consisting of the rocket), the center of mass of all 
the exploded pieces will follow the original path. 

Responses to MisConceptual Questions 

 1. (d) Students frequently have one of two common misconceptions. One idea is that since the truck 
has more mass, it has more momentum and will have a greater momentum change. Alternatively, 
some students think that since the smaller object has a greater change in speed, it will have the 
greater change in momentum. In the absence of external net forces, momentum is a conserved 
quantity. Therefore, momentum lost by one of the vehicles is gained by the other, and the 
magnitude of the change in momentum is the same for both vehicles. 

 2. (b) A common misconception in this problem is the belief that since the sand is dropped onto the 
boat, it does not exert a force on the boat and therefore does not accelerate the boat. However, 
when dropped, the sand has no initial horizontal velocity. For the sand to be at rest on the deck 
of the boat it must be accelerated from rest to the final speed of the boat. This acceleration is 
provided by the force of friction between the boat and sand. By Newton’s third law, the sand 
exerts an equal but opposite force on the boat, which will cause the boat to slow down. 

 3. (c) Students may have the misconception that by doubling the mass the final speed will decrease. 
However, the momentum and kinetic energy are proportional to the mass. So, if each mass is 
doubled, then every term in the conservation of momentum and conservation of kinetic energy 
equations is doubled. This factor of two can be divided out to return to the initial equation. 
Therefore, doubling the masses will have no effect on the final motion. 

 4. (a) Since the net momentum of the astronaut and wrench is zero, the only way for the astronaut to 
move toward the space station is for the wrench to move away from the station. If the astronaut 
throws the wrench in any other direction, the astronaut will move away from the wrench but not 
toward the station. If the astronaut throws the wrench toward the station but does not let go of it, 
neither the wrench nor the astronaut will move. 

 5. (a) Since the asteroid ends up in the shuttle storage bay, the asteroid and shuttle have the same final 
speed. This is a completely inelastic collision, so only momentum is conserved. 

CM 
CM
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 6. (a) A common error is to ignore the vector nature of momentum and impulse. The bean bag and golf 
ball have the same momentum just before they hit the ground. The bean bag comes to rest when 
it hits the ground, so the ground has exerted an upward impulse equal to the magnitude of bean 
bag’s momentum. The golf ball rebounds upward with the same magnitude momentum, but in 
the opposite direction. The ground therefore exerted an upward impulse equal to twice the 
magnitude of the momentum. 

 7. (a) Students may consider that the superball and clay have the same momentum and as such would 
be equally effective. However, since the clay and superball interact with the door differently, this 
is incorrect. The clay sticks to the door, exerting an impulse on the door equal to its momentum. 
The superball bounces off of the door, exerting an impulse about equal to twice its momentum. 
Since the superball imparts a greater impulse to the door, it will be more effective. 

 8. (c) This problem requires the student to understand the vector nature of momentum. The ball 
initially has a momentum toward the batter. If the ball is stopped by the catcher, the change in 
momentum has the same magnitude as the initial momentum. If the ball is hit straight back to the 
pitcher, the magnitude of the change in momentum is equal to twice the initial momentum. If the 
ball is hit straight up at the same speed, the change in momentum has a horizontal and a vertical 
vector component with the magnitude of each component equal to the initial momentum. Since 
the two components are perpendicular to each other, the magnitude of the change in momentum 
will be less than the sum of their magnitudes. As such, the greatest change in momentum occurs 
when the ball is hit straight back toward the pitcher. 

 9. (d) To solve this question a student should understand the relationships between force, time, 
momentum, work, and kinetic energy. Impulse is the product of the force and the time over 
which the force acts. For an object starting at rest, the impulse is also equal to the final 
momentum. Since the same force acts over the same time on both vehicles, they will have the 
same momentum. The lighter vehicle will have the greater speed and will therefore have traveled 
a greater distance in the same time. Since both vehicles start from rest with the same force acting 
on them, the work-energy theorem shows that the vehicle that travels the greater distance will 
have the greater final kinetic energy. 

 10. (e) Since the same force acts on both vehicles over the same distance, the work done on both 
vehicles is the same. From the work-energy theorem both vehicles will have the same final 
kinetic energy. The lighter vehicle will travel the distance in a shorter amount of time and will 
therefore experience a smaller impulse and have a smaller final momentum. 

 11. (c) A common misconception is that as the milk drains from the tank car and its mass decreases, the 
tank car’s speed increases. For the tank car’s speed to change, a horizontal force would have to 
act on the car. As the milk drains, it falls vertically, so no horizontal force exits, and the tank car 
travels at constant speed. As the mass of the tank car decreases, the momentum decreases 
proportionately, as the milk carries its momentum with it. 

 12.  (c) The height to which the bowling ball rises depends upon the impulse exerted on it by the putty 
and by the rubber ball. The putty sticks to the bowling ball and therefore continues to move 
forward at the new speed of the bowling ball ( 5.0 m/s).�� <  The rubber bounces backward and 
therefore has a greater change in velocity ( 10.0 m/s).�� �  Since the putty and rubber have the 
same mass, the rubber exerts a greater impulse onto the bowling ball, causing the bowling ball to 
travel higher than when it is hit by the putty. 
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 26. Let A represent the 0.450-kg puck, and let B represent the 0.900-kg puck. The initial direction of puck 
A is the positive direction. We have A 5.80 m/s� =  and B 0.� =  Use Eq. 7–7 to obtain a relationship 
between the velocities. 

    A B A B B A A( )� � � � � � �� � � �� = � � � = +  

Substitute this relationship into the momentum conservation equation for the collision. 

    

A A B B A A B B A A A A A A

A B
A A

A B

B A A

( )
( ) 0.450 kg (5.80 m/s) 1.933 m/s 1.93 m/s (west)
( ) 1.350 kg

5.80 m/s 1.93 m/s 3.87 m/s (east)

m m m m m m m
m m
m m

� � � � � � �

� �

� � �

�� � � �+ = + = �
� �� = = = � �
+

� �= + = � =

 

 27. Let A represent the 0.060-kg tennis ball, and let B represent the 0.090-kg ball. The initial direction of 
the balls is the positive direction. We have A 5.50 m/s� =  and B 3.00 m/s.� =  Use Eq. 7–7 to obtain a 
relationship between the velocities. 

    A B A B B A( ) 2.50 m/s� � � � � �� � � �� = � � � = +  

Substitute this relationship into the momentum conservation equation for the collision. 

 

A A B B A A B B A A B B A A B

A A B B
A

A B

B A

A

2.50 m/s (0.060 kg)(5.50 m/s) (0.090 kg)(3.00 m/s 2.50 m/s)
0.150 kg

   2.50 m/s

2.50 m/s 5.00 m/s

(2.50 m/s )
( )

m m m m m m m m

m m

m m

� �
�

� � � � � � � �

� �

+ = + � + = + �

+ � + �� = =
+

=

= + =

� � � �+

� �

 

Both balls move in the direction of the tennis ball’s initial motion. 

 28. Let A represent the ball moving at 2.00 m/s, and call that direction the positive direction. Let B 
represent the ball moving at 3.60 m/s in the opposite direction. Thus, A 2.00 m/s� =  and 

B 3.60 m/s.� = �  Use Eq. 7–7 to obtain a relationship between the velocities. 

    A B A B B A( ) 5.60 m/s� � � � � �� � � �� = � � � = +  

Substitute this relationship into the momentum conservation equation for the collision, noting that 
A B.m m=  

   
A A B B A A B B A B A B

A A A A

B A

1.60 m/s ( 5.60 m/s) 2 7.20 m/s 3.60 m/s

5.60 m/s 2.00 m/s

m m m m� � � � � � � �

� � � �

� �

� � � �+ = + � + = + �

� � � �� = + + � = � � = �

� �= + =

 

The two balls have exchanged velocities. This will always be true for 1-D elastic collisions of objects 
of equal mass. 

 29. (a) Momentum will be conserved in one dimension. Call the direction of the first ball the positive 
direction. Let A represent the first ball and B represent the second ball. We have B 0� =  and 

1
B A2 .� �� =  Use Eq. 7–7 to obtain a relationship between the velocities. 

   1
A B A B A 2( ) A� � � � � �� � �� = � � � = �  
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 36. Use conservation of momentum in one dimension, since the particles will separate and travel in 
opposite directions. Call the direction of the heavier particle’s motion the positive direction. Let A 
represent the heavier particle and B represent the lighter particle. We have A B1.5 ,m m=  and 

A B 0.� �= =  

    B B 2
initial final A A B B A B3

A
0

m
p p m m

m
�� � � �

�
� � � �= � = + � = = �2  

The negative sign indicates direction. Since there was no mechanical energy before the explosion, the 
kinetic energy of the particles after the explosion must equal the energy released. 

 
2 2 2 2 5 51 1 1 1

released B A A B B B B B2 2 2 2 3 3

3
B A B5

22 1KE KE KEA B B B B3 2
3KE KE KEreleased released5

(1.5 )( ) ( )

(5500 J) J 5500 J J 2200 J

m m

E E

E m m m� � � � �� � �

� � �

� � � � �

= = 3300 = � = � 3300

= + = + = + = =

= =
 

Thus KE KEA B2200 J; 3300 J .� = =  

 37. Use conservation of momentum in one dimension. Call the direction of the sports car’s velocity the 
positive x direction. Let A represent the sports car and B represent the SUV. We have 0B� =  and 

A B.� �� �=  Solve for A.�  

    A B
initial final A A A B A A A

A
0 ( )

m m
p p m m m

m
� � � �+� �= � + = + � =  

The kinetic energy that the cars have immediately after the collision is lost due to negative work done 
by friction. The work done by friction can also be calculated using the definition of work. We assume 
the cars are on a level surface, so that the normal force is equal to the weight. The distance the cars 
slide forward is .x�  Equate the two expressions for the work done by friction, solve for A ,��  and use 
that to find A.�  

    

21KE KEfr final initial after A B A2
collision

fr fr k A B
21

A B A k A B A k2

2A B A B
A A k

A A

( ) 0 ( )

cos 180 ( )

( ) ( ) 2

980 kg 2300 kg2 2(0.80)(9.80 m/s )(2.6 m)
980 kg

    21.3

W m m

W F x m m g x

m m m m g x g x

m m m m
g x

m m

�

∝

� ∝ � ∝

� � ∝

�= � = � +

= � ° = � + �

� �� + = � + � � = �

+ + +�= = � =

= 7 m/s 21 m/s�

 

 38. The impulse on the ball is its change in momentum. Call upward the positive direction, so that the final 
velocity is positive and the initial velocity is negative. The speeds immediately before and immediately 
after the collision can be found from conservation of energy. Take the floor to be the zero level for 
gravitational potential energy. 

    ( ) ( )
( )

bottom top
21KE PE down down down down2

21KE PEbottom top up up up up2

up down up down up down

2

Falling: 2

Rising: 2

Impulse ( ) 2 2 2

  (0.014 kg) 2(9.80 m/s ) 0.85 m 1.5 m 0.13 k

m mgh gh

m mgh gh

p m m m gh gh m g h h

� �

� �

� � �

� = = �

= � = � =

= � = � = � = � � = +

= + =

= �

g m/s�

 

The direction of the impulse is upwards, so the complete specification of the impulse is 
0.13 kg m/s, upward .�  
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 39. 
2 21 1 2 2 2 2KE KE A A B Binitial final 2 2 A BKE 2 2 21KEinitial A A A2

(38 m/s) (15 m/s)Fraction  lost 0.84
(38 m/s)

m m

m

� � � �
� �

�� �� � �= = = = =  

 40. Let A represent the more massive piece and B the less massive piece. Thus A B3 .m m=  In the 
explosion, momentum is conserved. We have A B 0.� �= =  

   1
initial final A A B B B A B B A B30 3p p m m m m� � � � � �� � � � � �= � = + = + � = 2  

For each block, the kinetic energy gained during the explosion is lost to negative work done by friction 
on the block. 

   21KE KEfr final initial 2W m�= � = �  

But work is also calculated in terms of the force doing the work and the distance traveled. 

   fr fr k N kcos 180W F x F x mg x∝ ∝= � ° = � � = � �  

Equate the two work expressions, solve for the distance traveled, and find the ratio of distances. 

   
212 22

B2 3A A k A1
k2 2 2 2

k B B k B B

( )( ) / 1
( ) 9/

x g
m mg x x

g x g

�� ∝ ��� ∝
∝ � ∝ � �

��� ��
� = � � � � = = = = =

� � � �
 

So heavy light( ) /( ) 1/9 .x x� � =  

 41. (a) Momentum is conserved in the one-dimensional collision. Let A represent the baseball and let B 
represent the brick. 

   
A A A A B B

A A B B
A

A

(0.144 kg)(28.0 m/s) (5.25 kg)(1.10 m/s) 12.10 m/s
0.144 kg

m m m
m m

m

� � �
� ��

� �= + �
�� �� = = = �

 

So the baseball’s speed in the reverse direction is 12.1 m/s .  

 (b) 2 21 1KEbefore A A2 2 (0.144 kg)(28.0 m/s) 56.4 Jm �= = =  

  2 2 2 21 1 1 1KEafter A A A B2 2 2 2(0.144 kg)(1.21 m/s) (5.25 kg)(1.10 m/s) 13.7 Jm m� �� �= + = + =  

 42. The swinging motion will conserve mechanical energy. Take the zero level for gravitational potential 
energy to be at the bottom of the arc. For the pendulum to swing exactly to the top of the arc, the 
potential energy at the top of the arc must be equal to the kinetic energy at the bottom. 

   21KE PEbottom top bottom bottom2 ( ) ( ) (2 ) 2m M m M g L gL� �= � + = + � =  

Momentum will be conserved in the totally inelastic collision at the bottom of the arc. We assume that 
the pendulum does not move during the collision process. 

   initial final bottom bottom( ) 2
m M m M

p p m m M gL
m m

� � � �+ += � = + � = =  
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This is functionally the same as treating the white part of the figure as a hole of negative mass. The mass 
of each part can be found by multiplying the area of the part times the uniform density of the plate. 

   
2

white white
shaded 2 2

total white

(0.80 ) 0.80
0.27

3(2 )
m x R R R

x R
m m R R

	�
	� 	�

� � �= = = = �
� �

 

The negative sign indicates that the CM of the shaded part is to the left of the center of the circle of 
radius 2R. 

 56. Take the upper leg and lower leg together. Note that Table 7–1 gives the relative mass of BOTH legs, 
so a factor of 1/2 is needed. Assume a person of mass 70 kg. 

   1
2

(21.5 9.6)
(70 kg) 10.885 kg 11 kg

100
+ = �  

 57. With the shoulder as the origin of coordinates for measuring the center of mass, we have the following 
relative locations from Table 7–1 for the arm components, as percentages of the height. Down is positive. 

   upper lower hand
arm arm

81.2 71.7 9.5 81.2 55.3 25.9 81.2 43.1 38.1x x x= � = = � = = � =  

To find the CM, we can also use relative mass percentages. Since the expression includes the total mass 
in the denominator, there is no need to divide all masses by 2 to find single component masses. Simply 
use the relative mass percentages given in the table. 

   

upper upper lower lower hand hand
arm arm arm arm

CM
upper lower hand
arm arm

(9.5)(6.6) (25.9)(4.2) (38.1)(1.7)
6.6 4.2 1.7

     19% of the person’s height along the line from the shoulder to the hand

x m x m x m

x
m m m

+ +
+ +

= =
+ + + +

=

 

 58. Take the shoulder to be the origin of coordinates. We assume that the arm is held 
with the upper arm parallel to the floor and the lower arm and hand extended 
upward. Measure x horizontally from the shoulder and y vertically. Since the 
expression includes the total mass in the denominator, there is no need to divide all 
masses by 2 to find single component masses. Use the relative mass percentages 
given in the table. 

   

upper upper lower lower hand hand
arm arm arm arm

CM
upper lower hand
arm arm

(81.2 71.7)(6.6) (81.2 62.2)(4.2 1.7)     14.0
6.6 4.2 1.7

x m x m x m
x

m m m

+ +
=

+ +

� + � += =
+ +

 

   

upper upper lower lower hand hand
arm arm arm arm

CM
upper lower hand
arm arm

(0)(6.6) (62.2 55.3)(4.2) (62.2 43.1)(1.7)     4.92
6.6 4.2 1.7

y m y m y m
y

m m m

+ +
=

+ +

+ � + �= =
+ +
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Convert the distance percentages to actual distance by using the person’s height. 

   CM CM(14.0%)(155 cm) 21.7 cm  (4.92%)(155 cm) 7.6 cmx y= = = =  

 59. See the diagram of the person. The head, trunk, neck, and 
thighs are all lined up so that their CMs are on the torso’s 
median line. Call down the positive y direction. The y 
displacements of the CM of each body part from the 
median line, in terms of percentage of full height, are 
shown below, followed by the percentage each body part 
is of the full body mass. 

 

On median line: head (h): 0 6.9% body mass
 trunk & neck (t n): 0 46.1% body mass
 upper legs (u l): 0 21.5% body mass
From shoulder hinge point: upper arms (u a): 81.2 – 71.7 9.5=  6.6% body mass
 lower arms (l a): 81.2 – 55.3 25.9=  4.2% body mass
 hands (ha): 81.2 – 43.1 38.1=  1.7% body mass
From knee hinge point: lower legs (l l): 28.5 –18.2 10.3=  9.6% body mass
 feet (f): 28.5 –1 .8 26.7=   3.4% body mass

Using this data, calculate the vertical location of the CM. 

   

h h t n t n u l u l u a u a l a l a ha ha l l l l f f
CM

full
body

0 0 0 (9.5)(6.6) (25.9)(4.2) (38.1)(1.7) (10.3)(9.6) (26.7)(3.4)      
100

      4.2591 4.3

y m y m y m y m y m y m y m y m
y

m
+ + + + + + +

=

+ + + + + + +=

= �

 

So the center of mass is 4.3% of the full body height below the torso’s median line. For a person of 
height 1.7 m, this is about 7.2 cm, which is less than 3 inches. That is most likely inside the body. 

 60. Based on Fig. 7–27, we place the upper legs parallel 
to the bar, the lower legs and feet hanging vertically, 
and the trunk and neck, head, arms, and hands all 
tilted down by 15°. Call down the positive y direction. 
The y distances of the CM of each body part from the 
median line, in terms of percentage of full height, are 
shown below, followed by the percentage each body 
part is of the full body mass. The calculations for the 
lower legs and feet are the same as for Problem 59. 
Here are the calculations for the angled parts of the body. 

Trunk & neck: Hip joint: 52.1% from the floor, center of trunk at 71.1%, difference = 19.0%. CM of 
trunk & neck  19.0(sin 15.0 ) 4.92= ° =  

Head: Hip joint: 52.1%, center of head at 93.5%, difference = 41.4% CM of head 
41.4(sin 15.0 ) 10.72= ° =  

Shoulder: Hip joint: 52.1%, shoulder at 81.2%, difference = 29.1%  
29.1(sin 15.0 ) 7.53= ° =  

trunk & neck head

lower arms
hands

upper arms

upper legs 

feet

lower legs

hands 

trunk & neck 

head

lower arms

upper arms

upper legs 

feet

lower legs
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 62. The point that will follow a parabolic trajectory is the center of mass of the mallet. Find the CM relative 
to the bottom of the mallet. Each part of the hammer (handle and head) can be treated as a point mass 
located at the CM of the respective piece. So the CM of the handle is 12.0 cm from the bottom of the 
handle, and the CM of the head is 28.0 cm from the bottom of the handle. 

   handle handle head head
CM

handle head

(0.500 kg)(12.0 cm) (2.30 kg)(28.0 cm) 25.1 cm
2.80 kg

m x m x
x

m m
+ += = =

+
 

Note that this is inside the head of the mallet. The mallet will rotate about this point as it flies through 
the air, giving it a wobbling kind of motion. 

 63. (a) Measure all distances from the original position of the woman. 

    
W W M M

CM
W M

(52 kg)(0) (72 kg)(10.0 m) 5.806 m
124 kg

     5.8 m from the woman

m x m x
x

m m
+ += = =
+

�
 

 (b) Since there is no force external to the man–woman system, the CM will not move, relative to the 
original position of the woman. The woman’s distance will no longer be 0, and the man’s 
distance has changed to 7.5 m. 

   

W W M M W
CM

W M

W

M W

(52 kg) (72 kg)(7.5 m)
5.806 m

124 kg
(5.806 m)(124 kg) (72 kg)(7.5 m)

3.460 m
52 kg

7.5 m 3.460 m 4.040 m 4.0 m

m x m x x
x

m m

x

x x

+ +
= = = �

+
�= =

� = � = �

 

 (c) When the man collides with the woman, he will be at the original location of the center of mass. 
   M M

final initial
5.806 m 10.0 m 4.194 mx x� = � = �  

He has moved 4.2 m  from his original position. 

 64. The CM of the system will follow the same path regardless of the way the mass splits and will still be 
2d  from the launch point when the parts land. Assume that the explosion is designed so that Im  still 
is stopped in midair and falls straight down. 

 (a) I I II II I I II II 7
CM II 3

I II I

3 3
2

4 4
m x m x m d m x d x

x d x d
m m m

+ + +
= � = = � =

+
 

 (b) I I II II II II II II
CM II

I II II

3 3
2 5

4 4
m x m x m d m x d x

x d x d
m m m

+ + +
= � = = � =

+
 

 65. Calculate the CM relative to the 55-kg person’s seat, at one end of the 
boat. See the first diagram. Be sure to include the boat’s mass. 

   

A A B B C C
CM

A B C

(55 kg)(0) (58 kg)(1.5 m) (85 kg)(3.0 m) 1.727 m
198 kg

m x m x m x
x

m m m
+ +

=
+ +

+ += =
 

 

55 kg 58 kg 85 kg
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Now, when the passengers exchange positions, the boat will move 
some distance d as shown, but the CM will not move. We measure 
the location of the CM from the same place as before, but now the 
boat has moved relative to that origin. 

   

A A B B C C
CM

A B C

(85 kg)( ) (58 kg)(1.5 m ) (55 kg)(3.0 m ) 198  kg m 252 kg m1.727 m
218 kg 198 kg

(1.727 m)(198 kg) 252 kg m 0.4543 m
198 kg

m x m x m x
x

m m m
d d d d

d

+ +
=

+ +
+ + + + � + �= =

� �= =

 

Thus the boat will move 0 45 m toward the initial position of the 85-kg person ..  

 66. Call the origin of coordinates the CM of the balloon, gondola, and passenger at rest. Since the CM is at 
rest, the total momentum of the system relative to the ground is 0. The passenger sliding down the rope 
cannot change the total momentum of the system, so the CM must stay at rest. Call the upward 
direction positive. Then the velocity of the passenger with respect to the balloon is �� .  Call the 
velocity of the balloon with respect to the ground BG .�  Then the velocity of the passenger with respect 
to the ground is MG BG.� � �= � +  Apply Eq. 7–10. 

   MG BG BG BG BG0 ( ) , upwardmm M m M
m M

� � � � � � �= + = � + + � =
+

 

If the passenger stops, the balloon also stops, and the CM of the system remains at rest. 

 67. The only forces on the astronauts are internal to the two-astronaut system, so their CM will not change. 
Call the CM location the origin of coordinates. That is also the initial location of the astronauts. 

   A A B B B
CM

A B

(55 kg)(12 m) (85 kg)
0 7.76 m

140 kg
m x m x x

x x
m m

+ +
= � = � = �

+
 

Their distance apart is 1
A B 12 m ( 7.76 m) 2.0 10  m .x x� = � � = ⋅  

 68. This is a totally inelastic collision in one dimension. Call the direction of asteroid A the positive 
direction, and use conservation of momentum. 

   

initial final A A B B A B
12 13

A A B B
12 13

A B

( )

(7.5 10  kg)(3.3 km/s) (1.45 10  kg)( 1.4 km/s)
7.5 10  kg 1.45 10  kg

0.0203 km/s 0.2 km/s, in the original direction of asteroid A

p p m m m m

m m
m m

� � �

� ��

= � + = + � �

+ ⋅ + ⋅ �� = =
+ ⋅ + ⋅

= �

 

 69. Consider conservation of energy during the rising and falling of the ball, between contacts with the 
floor. The gravitational potential energy at the top of a path will be equal to the kinetic energy at the 
start and the end of each rising-falling cycle. Thus 21

2mgh m�=  for any particular bounce cycle. Thus 

for an interaction with the floor, the ratio of the energies before and after the bounce is 

85 kg 58 kg 55 kg
d 
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 (d) In this case, B 0�� = . 

    
A A B B A A

A A B B
A

A

(6.0 kg)(6.5 m/s) (8.0 kg)( 4.0 m/s) 1.167 m/s 1 m/s
6.0 kg

m m m
m m

m

� � �
� ��

�+ = �
+ + �� = = = �

 

This answer is not reasonable, because A continues to move in its original direction while B has 
stopped. Thus A has somehow “passed through” B. If B has stopped, A should have rebounded 
and would have had a negative velocity. 

 (e) In this case, A 4.0 m/s.�� = �  

    
A A B B A A B B

B
(6.0 kg)(6.5 m/s 4.0 m/s) (8.0 kg)( 4.0 m/s) 3.875 m/s 4 m/s

8.0 kg

m m m m� � � �

�

� �+ = + �
� � + �� = = �

 

The directions are reasonable, in that each object rebounds. Since the speed of both objects is 
smaller than in the perfectly elastic case (b), the system has lost kinetic energy. This interaction 
is reasonable. 

 (f) As quoted above, the results for (c) and (e) are reasonable, but (d) is not reasonable. 

 3. Let A represent the cube of mass M and B represent the cube of mass m. Thus A 2m M m= =  and 

B .m m=  Find the speed of A immediately before the collision, A ,�  by using energy conservation. 

   2 21
A A2 2 2(9.8 m/s )(0.35 m) 2.619 m/sMgh M gh� �= � = = =  

Use Eq. 7–7 for elastic collisions to obtain a relationship between the velocities in the collision. We 
have B 0.� =  

   A B A B B A A( )� � � � � � �� � � �� = � � � = +  

Substitute this relationship into the momentum conservation equation for the collision. 

   

A A B B A A B B A A A A B A A

2
A

A A A A A

4
B A A A3

( )

2(9.80 m/s )(0.35 m)2
2 2 ( ) 0.873 m/s

3 3 3
3.492 m/s

m m m m m m m

gh
m m m

� � � � � � � �

�� � � � �

� � � �

� � � �+ = + � = + + �

� � �= + + � = = = =

� �= + = =

 

Each mass is moving horizontally initially after the collision, so each has a vertical velocity of 0 as 
they start to fall. Use constant acceleration Eq. 2–11b with down as positive and the table top as the 
vertical origin to find the time of fall. 

   2 21 1
0 0 2 20 0 2 /y y t at H gt t H g�= + + � = + + � =  

Each cube then travels a horizontal distance found by .xx t�� = �  

   

2 2
A 3 3

8 8
B 3 3

2 2 (0.35 m)(0.95 m) 0.3844 m 0.38 m
3

4 2 2 (0.35 m)(0.95 m) 1.538 m 1.5 m
3

M

m

gh Hx t hH
g

gh Hx t hH
g

�

�

�� = � = = = = �

�� = � = = = = �
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8-1 

Responses to Questions 

 1. The reading on an odometer designed for 27-inch wheels increases by the circumference of a 27-inch 
wheel (27 )� ��  for every revolution of the wheel. If a 24-inch wheel is used, the odometer will still 
register (27 )� ��  for every revolution, but only 24� ��  of linear distance will have been traveled. Thus 
the odometer will read a distance that is farther than you actually traveled, by a factor of 
27/24 1 125.= .  The odometer will read 12.5% too high. 

 2. (a) A point on the rim of a disk rotating with constant angular velocity has no tangential acceleration 
since the tangential speed is constant. It does have radial acceleration. Although the point’s 
speed is not changing, its velocity is, since the velocity vector is changing direction. The point 
has a centripetal acceleration, which is directed radially inward. 

 (b) If the disk’s angular velocity increases uniformly, the point on the rim will have both radial and 
tangential acceleration, since it is both moving in a circle and speeding up. 

 (c) The magnitude of the radial component of acceleration will increase in case (b), but the tangential 
component will be constant. In case (a), neither component of linear acceleration will change. 

 3. Since the torque involves the product of a force times its lever arm, a small force can exert a greater 
torque than a larger force if the small force has a large enough lever arm. 

 4. When you do a sit-up from a laying-down position, torque from your abdominal muscles must rotate 
the upper half of the body. The larger the moment of inertia of the upper half of the body, the more 
torque is needed, and thus the harder the sit-up is to do. With the hands behind the head, the moment 
of inertia of the upper half of the body is larger than with the hands out in front. 

 5. If the net force on a system is zero, the net torque need not be zero. Consider a 
uniform object with two equal forces on it, as shown in the first diagram. The net 
force on the object is zero (it would not start to translate under the action of these 
forces), but there is a net counterclockwise torque about the center of the rod (it 
would start to rotate under the action of these forces). 

If the net torque on a system is zero, the net force need not be zero. Consider an 
object with two equal forces on it, as shown in the second diagram. The net torque 
on the object is zero (it would not start to rotate under the action of these forces), 
but there is a net downward force on the rod (it would start to translate under the 
action of these forces). 

ROTATIONAL MOTION 

8
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 6. Running involves rotating the leg about the point where it is attached to the rest of the body. Therefore, 
running fast requires the ability to change the leg’s rotation easily. The smaller the moment of inertia 
of an object, the smaller the resistance to a change in its rotational motion. The closer the mass is to the 
axis of rotation, the smaller the moment of inertia. Concentrating flesh and muscle high and close to 
the body minimizes the moment of inertia and increases the angular acceleration possible for a given 
torque, improving the ability to run fast. 

 7. Refer to the diagram of the book laying on a table. The moment of 
inertia about the “starred” axis (the axis parallel to the longest 
dimension of the book) will be the smallest. Relative to this axis, more 
of the mass is concentrated close to the axis.  

 8. No, the mass cannot be considered as concentrated at the CM when 
considering rotational motion. If all of the mass were at the CM, then the 
object would have a rotational inertia of 0. That means it could not have any rotational kinetic energy 
or angular momentum, for example. The distribution of the mass is fundamental when describing 
rotational motion. 

 9. The moment of inertia will be larger when considering an axis through a point on the edge of the disk, 
because most the mass of the disk will be farther from the axis of rotation than it was with the original 
axis position. 

 10. Applying conservation of energy at the top and bottom of the incline, assuming that there is no work 
done by friction, gives 2 21 1

top bottom 2 2 .E E Mgh M I� �= � = +  For a solid ball, 22
5 .I MR=  If the 

ball rolls without slipping (no work done by friction) then / ,R� �=  so 

  2 2 2 21 1 2
2 2 5 / 10 /7Mgh M MR R gh� � �= + � =  

This speed is independent of the angle of the incline, so both balls will have the same speed at the 
bottom. The ball on the incline with the smaller angle will take more time to reach the bottom than the 
ball on the incline with the larger angle. 

 11. The two spheres have different rotational inertias. The sphere that is hollow will have a larger 
rotational inertia than the solid sphere. If the two spheres are allowed to roll down an incline without 
slipping, the sphere with the smaller moment of inertia (the solid one) will reach the bottom of the 
ramp first. See Question 12 below for a detailed explanation of why this happens. 

 12. (a) The sphere will reach the bottom first because it has a smaller rotational inertial. A detailed 
analysis of that is given below. 

 (b) The sphere will have the greater speed at the bottom, so it will have more translational kinetic 
energy than the cylinder. 

 (c) Both will have the same energy at the bottom, because they both started with the same potential 
energy at the top of the incline. 

 (d) The cylinder will have the greater rotational kinetic energy at the bottom, because it has less 
translational kinetic energy than the sphere. 

Here is a detailed analysis of the motion: 

Applying conservation of energy at the top and bottom of the incline, assuming that there is no work 
done by friction, gives 2 21 1

top bottom 2 2 .E E Mgh M I� �= � = +  If the objects roll without 
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 20. Consider a helicopter in the air with the rotor spinning. To change the rotor’s angular speed, a torque 
must be applied to the rotor. That torque has to come from the helicopter. By Newton’s third law, an 
equal and opposite torque will be applied by the rotor to the helicopter. Any change in rotor speed 
would therefore cause the body of the helicopter to spin in a direction opposite to the change in the 
rotor’s angular velocity. 

Some large helicopters have two rotor systems, spinning in opposite directions. That makes any 
change in the speed of the rotor pair require a net torque of zero, so the helicopter body would not tend 
to spin. Smaller helicopters have a tail rotor that rotates in a vertical plane, causing a sideways force 
(thrust) on the tail of the helicopter in the opposite direction of the tendency of the tail to spin. 

Responses to MisConceptual Questions 

 1. (c) A common misconception is that if the riders complete the revolution at the same time, they 
must have the same linear velocities. The time for a rotation is the same for both riders, but 
Bonnie, at the outer edge, travels in a larger circle than Jill. Bonnie therefore has a greater linear 
velocity. 

 2. (b) Students may think that the rider would travel half the distance in half the time. This would be 
true if the object had constant angular speed. However, it is accelerating, so it will travel a 
shorter distance, 1

4 ,�  in the first half of the time. 

 3. (b) A common error is to think that increasing the radius of the tires would increase the speed 
measured by the speedometer. This is actually backward. Increasing the size of the tires will 
cause the car to travel faster than it would with smaller tires, when the wheels have the same 
angular speed. Therefore, the speed of the car will be greater than the speed measured by the 
speedometer. 

 4. (c) Torque is the product of the lever arm and the component of the force perpendicular to the arm. 
Although the 1000-N force has the greatest magnitude, it acts at the pivot. Thus, the lever arm is zero, 
and the torque is also zero. The 800-N force is parallel to the lever arm and also exerts no torque. Of 
the three 500-N forces, (c) is both perpendicular to the lever arm and farthest from the pivot. 

 5. (c, e, f ) Equations 8–10 show that there are three ways in which the torque can be written. It can be 
the product of the force, the lever arm, and the sine of the angle between them as in answer (c). It 
can be the product of the force and the component of the lever arm perpendicular to the force, as 
in answer (e). It can also be written as the product of the lever arm and the force perpendicular to 
the lever arm, as in answer (f ). Doing the calculations shows that all three torques are equal. 

 6. (b) The location of the mass is very important. Imagine taking the material from the solid sphere and 
compressing it outward to turn the solid sphere into a hollow sphere of the same mass and radius. 
As you do this, you would be moving mass farther from the axis of rotation, which would 
increase the moment of inertia. Therefore, the hollow sphere has a greater moment of inertia than 
the solid sphere. 

 7. (b) If you don’t consider how the location of the mass affects the moment of inertia, you might think 
that the two kinetic energies are nearly the same. However, a hollow cylinder has twice the 
moment of inertia as a solid cylinder of the same mass and radius. The kinetic energy is 
proportional to the moment of inertia, so at the same angular speed the wheel with the spokes 
will have nearly double the kinetic energy of the solid cylinder. It is only “nearly double” 
because some of the mass is in the spokes, so the moment of inertia is not exactly double. 
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 8. (b) It takes energy to rotate the ball. If some of the 1000 J goes into rotation, less is available for 
linear kinetic energy, so the rotating ball will travel slower. 

 9. (b) If you do not take into account the energy of rotation, you would answer that the two objects 
would rise to the same height. Another common misconception is that the mass and/or diameter 
of the objects will affect how high they travel. When using conservation of energy to relate the 
total initial kinetic energy (translational and rotational) to the final potential energy, the mass and 
radius of the objects cancel out. The thin hoop has a larger moment of inertia (for a given mass 
and radius) than the solid sphere. It will therefore have a greater total initial kinetic energy and 
will travel to a greater height on the ramp. 

 10. (a) Because there is no external torque, students might think that the angular speed would remain 
constant. But with no external torque, the angular momentum must remain constant. The angular 
momentum is the product of the moment of inertia and the angular speed. As the string is 
shortened, the moment of inertia of the block decreases. Thus, the angular speed increases. 

 11. (a) Work is done on the object, so its kinetic energy increases. Thus the tangential velocity has to 

increase. Another way to consider the problem is that 2KE /2 .L I=  As in Question 10, the 
angular momentum is constant and the rotation inertial decreases. Thus the kinetic energy (and 
the speed) has to increase. 

 12. (a) No net torque acts on the Earth, so the angular momentum is conserved. As people move toward 
the equator their distance from the Earth’s axis increases. This increases the moment of inertia of 
the Earth. For angular momentum to be conserved, the angular speed must decrease, and it will 
take longer for the Earth to complete a full rotation. 

 13. (c)  Students might mistakenly reason that since no net torque acts on you and your moment of 
inertia decreases as the masses are released, your angular speed should increase. This reasoning 
is erroneous because the angular momentum of the system of you and the masses is conserved. 
As the masses fall, they carry angular momentum with them. If you consider you and the masses 
as two separate systems, each with angular momentum from their moments of inertia and 
angular speed, it is easy to see that by dropping the masses, no net external torque acts on you 
and your moment of inertia does not change, so your angular speed will not change. The angular 
momentum of the masses also does not change until they hit the ground and friction (external 
torque) stops their motion. 

Solutions to Problems 

 1. (a) (45.0 )(2  rad/360 ) /4 rad 0.785 rad� �° ° = =  

 (b) (60.0 )(2 rad/360 ) /3 rad 1.05 rad� �° ° = =  

 (c) (90.0 )(2 rad/360 ) /2 rad 1.57 rad� �° ° = =  

 (d) (360.0 )(2 rad/360 ) 2 rad 6.283 rad� �° ° = =  

 (e) (445 )(2 rad/360 ) 89 /36 rad 7.77 rad� �° ° = =  
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 (b) The cyclist is not accelerating vertically, so NF mg= .  The cyclist is accelerating horizontally 
due to traveling in a circle. Thus the frictional force must be supplying the centripetal force, so 

2
fr /F m r�= .  

   
2 2 2 2

1 1fr
2

N

/ (8 2 m/s)tan     tan tan 27 82 28
(13 m)(9 80 m/s )

F m r
F mg rg rg

� � �� � � � .= = = � = = = . ° � °
.

 

 (c) From 2
fr / ,F m r�=  the smallest turning radius results in the maximum force. The maximum 

static frictional force is fr NF F∝= .  Use this to calculate the radius. 

   
2 2

2
min s N s min 2

s

(8 2 m/s)/     10 56 m 11 m
(0 65)(9 80 m/s )

m r F mg r
g

�� ∝ ∝
∝

.= = � = = = . �
. .

 

 5. Assume a mass of 50 kg, corresponding to a weight of about 110 lb. From Table 7–1, we find that the 
total arm and hand mass is about 12.5% of the total mass, so the rest of the body is about 87.5% of the 
total mass. Model the skater as a cylinder of mass 44 kg, and model each arm as 
a thin rod of mass 3 kg. Estimate the body as 150 cm tall with a radius of  
15 cm. Estimate the arm dimension as 70 cm long. 

 
 

  With the arms held tightly, we approximate that the arms are part of the body 
cylinder. A sketch of the skater in this configuration is then as shown in the first 
diagram (not to scale). In this configuration, the rotational inertia is 

  21
in cylinder total body2

body
I I M R= =  

  With the skater’s arms extended, the second diagram 
applies. In this configuration, the rotational inertia is  

  ( )2 21 1
out body arms body body arm arm2 32I I I M R M L= + = +  

  The forces and torques involved in changing the 
configuration of the skater are internal to the skater, so the 
skater’s angular momentum is conserved during a 
configuration change. Thus, 

  in out in in out out      L L I I� �= � = �  

  ( ) ( )

21
total body 22 1
bodyout in 2

2 2 2 21 1 1 1in out body body arm arm2 3 2 3

(50 kg)(0 15 m)

2 (44 kg)(0 15 m) 2 (3 kg)(0 70 m)

0 381 0 4

M R
I
I M R M L

�
�

.
= = =

+ . + .

= . � .

 

  Alternatively, we would have that 1
in out/ (0 381) 2 6,� � �= . = .  so the skater spins about 2.6 × faster 

with the arms pulled in. 

15 cm 

150 cm 
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 (c) Consider the final diagram. If the wheel is moved so that its angular momentum 
points downward, then the person and platform must get an equal but opposite 
angular momentum, which will point upward. Write the angular momentum 
conservation condition for the vertical direction to solve for the angular velocity of 
the platform. 

   i f W W P P P W W P    0     /L L I I I I� � � �= � = + � = �  

  The platform is again rotating in the opposite direction of the wheel. If the wheel is 
now spinning clockwise when viewed from above, the platform is spinning 
counterclockwise. 

 (d) Since the total angular momentum is 0, if the wheel is stopped from rotating, the platform will 
also stop. Thus P 0 .� =  
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10-1 

Responses to Questions 

 1. Density is the ratio of mass to volume. A high density may mean that lighter molecules are packed 
more closely together and thus a given amount of mass is occupying a smaller volume, making  
a higher density. An atom of gold weighs less than an atom of lead, because gold has a lower atomic 
mass, but the density of gold is higher than that of lead. 

 2. The sharp end of the pin (with a smaller area) will pierce the skin when pushed with a certain 
minimum force, but the same force applied in pushing the blunt end of the pen (with a larger area)  
into the skin does not pierce the skin. Thus, it is pressure (force per unit area) that determines whether 
the skin is pierced. 

 3. As the water boils, steam displaces some of the air in the can. With the lid off, the pressure inside is 
the same as the outside pressure. When the lid is put on, and the water and the can cool, the steam that 
is trapped in the can condenses back into liquid water. This reduces the pressure in the can to less than 
atmospheric pressure, and the greater force from the outside air pressure crushes the can. 

 4. Since the ice floats, the density of ice must be less than that of the water. The mass of the ice displaces 
a volume of water with the same weight as the ice, whether it is solid or liquid. Thus as the ice melts, 
the level in the glass stays the same. The ice displaces its melted volume. 

 5. The density of ice 3(917 kg/m )  is greater than that of alcohol 3(790 kg/m ),  so the ice cube will not 
float in a glass of alcohol. The ice cube will sink in the alcohol. 

 6. Both products have gas dissolved in them (carbonation), making their density less than that of water. 
The difference is in the sweetener in each product. The Coke® has a significant amount of sugar (or 
some other sweetener, like high-fructose corn syrup) dissolved in it, increasing its density so that it is 
greater than that of water. The Diet Coke® has a different, low-calorie sweetener that evidently has a 
lower density than the Coke sweetener. The density of the Diet Coke (including the can) remains less 
than that of water. Thus, the Coke sinks, and the Diet Coke floats. 

 7. Iron ships are not solid iron. If they were, then they would sink. But the ships have quite a bit of open 
space in their volume (the volume between the deck and the hull, for instance), making their overall 
density less than that of water. The total mass of iron divided by the total volume of the ship is less 
than the density of water, so ships made of iron float. 
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 8. Sand must be added to the barge. If sand is removed, then the barge will not need to displace as much 
water since its weight will be less, and it will rise up in the water, making it even less likely to fit under 
the bridge. If sand is added, then the barge will sink lower into the water, making it more likely to fit 
under the bridge. You would have to be careful to not pile the sand up so high that you lose the 
advantage of adding more sand. 

 9. As the balloon rises, the air pressure outside the balloon will decrease, becoming lower than the 
pressure inside the balloon. The excess inside air pressure will cause the balloon to expand, lowering 
the pressure inside but stretching the balloon in the process. If, at launch, the material of the balloon 
were already stretched to the limit, then the expansion of the balloon due to the decreasing outside air 
pressure would cause the balloon to burst. Thus, the balloon is only filled to a fraction of its maximum 
volume. 

 10. No. If the balloon is inflated, then the pressure inside the balloon is slightly greater than atmospheric 
pressure. Thus the air inside the balloon is more dense than the air outside the balloon. Because of the 
higher density, the weight of the air inside the balloon is greater than the weight of the outside air  
that has been displaced. This is the same as saying that the buoyant force on the balloon is less than the 
weight of the air inside the balloon. Therefore, the apparent weight of the filled balloon will be slightly 
greater than that of the empty balloon. 

 11. In order to float, you must displace an amount of water equal to your own weight. Salt water is more 
dense than fresh water, so the volume of salt water you must displace is less than the volume of fresh 
water. You will float higher in the salt water because you are displacing less water. Less of your body 
needs to be submerged in the water. 

 12. As the water falls, its vertical speed is larger when away from the faucet than when close to it, due to 
gravity. Since the water is essentially incompressible, Eq. 10–4b applies, which says that a faster flow 
has a smaller cross-sectional area. Thus, the faster moving water has a narrower stream. 

 13. It is possible. Due to viscosity, some of the air near the train will be pulled along at a speed 
approximately that of the train. By Bernoulli’s principle, that air will be at a lower pressure than air 
farther from the train. That difference in pressure results in a force toward the train, which could push 
a lightweight child toward the train. The child would be pushed, not “sucked,” but the effect would be 
the same—a net force toward the train. 

 14. Water will not flow from the holes when the cup and water are in free fall. The acceleration due to 
gravity is the same for all falling objects (ignoring friction), so the cup and water would fall together. 
For the water to flow out of the holes while falling, the water would have to have an acceleration larger 
than the acceleration due to gravity. Another way to consider the situation is that there will no longer 
be a pressure difference between the top and bottom of the cup of water, since the lower water 
molecules don’t need to hold up the upper water molecules. 

 15. The lift generated by wind depends on the speed of the air relative to the wing. For example, an airplane 
model in a wind tunnel will have lift forces on it even though the model isn’t moving relative to the 
ground. By taking off into the wind, the speed of the air relative to the wing is the sum of the plane’s speed 
and the wind speed. This allows the plane to take off at a lower ground speed, requiring a shorter runway. 

 16. As the ships move, they drag water with them. The moving water has a lower pressure than stationary 
water, as shown by Bernoulli’s principle. If the ships are moving in parallel paths fairly close together, 
then the water between them will have a lower pressure than the water on the outside of either one, 
since it is being dragged by both ships. The ships are in danger of colliding because the higher pressure 
of the water on the outsides will tend to push them toward each other. 
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 17. The papers move toward each other. Bernoulli’s principle says that as the speed of a gas increases, the 
pressure decreases (when there is no appreciable change in height). As the air passes between the 
papers, the air pressure between the papers is lowered. The air pressure on the outside of the papers is 
then greater than that between the papers, so the papers are pushed together. 

 18. As the car drives through the air, the air inside the car is stationary with respect to the top, but the 
outside air is moving with respect to the top. There is no appreciable change in height between the  
two sides of the canvas top. By Bernoulli’s principle, the outside air pressure near the canvas top will 
be less than the inside air pressure. That difference in pressure results in a force that makes the top 
bulge outward. 

 19. The roofs are pushed off from the inside. By Bernoulli’s principle, the fast moving winds of the  
storm causes the air pressure above the roof to be quite low, but the pressure inside the house is still 
near normal levels. There is no appreciable change in height between the two sides of the roof. This 
pressure difference, combined with the large surface area of the roof, gives a very large force that can 
push the roof off the house. That is why it is advised to open some windows if a tornado is imminent, 
so that the pressure inside the house can somewhat equalize with the outside pressure. 

 20. See the diagram in the textbook. The pressure at the surface of both containers is atmospheric pressure. 
The pressure in each tube would thus also be atmospheric pressure, at the level of the surface of the 
liquid in each container. The pressure in each tube will decrease with height by an amount .gh�  Since 
the portion of the tube going into the lower container is longer than the portion of the tube going into 
the higher container, the pressure at the highest point on the right side is lower than the pressure at the 
highest point on the left side. This pressure difference causes liquid to flow from the left side of the 
tube to the right side of the tube. And as noted in the question, the tube must be filled with liquid 
before this can occur. 

 21. “Blood pressure” should measure the pressure of the blood coming out of the heart. If the cuff is below 
the level of the heart, then the measured pressure will be the pressure from the pumping of the heart 
plus the pressure due to the height of blood above the cuff. This reading will be too high. Likewise, if 
the cuff is above heart level, then the reported pressure measurement will be too low. 

Responses to MisConceptual Questions 

 1. (c) Students frequently think that since the wood floats, it experiences a greater buoyancy force. 
However, both objects experience the same buoyant force since they have the same volume and 
are in the same fluid. The wood floats because its weight is less than the buoyant force, and the 
iron sinks because its weight is greater than the buoyant force. 

 2. (d) A common misconception is that container B will have the greater force on the bottom since it 
holds the greatest weight of water. The force of the water on the bottom of the container is equal 
to the product of the area of the bottom and the pressure at the bottom. Since all three containers 
have the same base areas and the same depth of water, the forces on the bottom of each will be 
equal. The additional weight of the water in B is supported by the diagonal walls. The smaller 
weight of C is countered by the additional pressure exerted by the diagonal walls on the water. 

 3. (c) Students may think that since part of the wood floats above the water, beaker B will weigh more. 
Since the wood is in equilibrium, the weight of the water displaced by the wood is equal to the 
weight of the wood. Therefore, the beakers will weigh the same. 
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 4. (d) A common misconception is to consider the ocean liner as a solid object. The ocean liner has an 
outer shell of steel, which keeps the water out of the interior of the ship. However, most of the 
volume occupied by the ocean liner is filled with air. This makes the average density of the 
ocean liner less than the density of the seawater. If a hole were introduced into the outer shell, 
then the interior would fill with water, increasing the density of the ship until it was greater than 
that of seawater and then the ship would sink, as happened to the Titanic. 

 5. i (b) and ii (b)     When the rowboat is floating in the water, the boat will displace a volume of water 
whose weight is equal to the weight of the boat. When the boat (or the anchor) is removed from 
the swimming pool, the water is no longer being displaced, so the water level will drop back to 
its initial level. 

 6. (c) Students may think that since part of the ice floats above the water, the water will overflow as 
the ice melts. The ice, however, displaces a mass of water equal to the mass of the ice. As the ice 
melts, its volume decreases until it occupies the same volume as the water that the ice initially 
displaced. 

 7. (a) A common misconception is that the hot air causes the balloon to rise, so it would rise on the 
Moon just as it would on Earth. What actually happens on the Earth is the denser cold air around 
the balloon on Earth is heavier than the hot air in the balloon. This denser air then moves 
downward, displacing the hot air balloon upward. On the Moon there is no atmosphere to move 
downward around the balloon, so the balloon would not rise. 

 8. (c) Students may reason that since water is denser than oil, the object would experience a greater 
buoyant force in water. This would be true if the object was completely submerged in either 
fluid. Since the object is floating at the surface of the liquid, the buoyant force on the object will 
be equal to its weight and will therefore be the same in both fluids. The object floats with less 
volume submerged in the water than is submerged when it floats in the oil. 

 9. (d) The velocity of the water in the pipe depends upon its diameter, as shown by the continuity 
equation. The pressure depends upon both the change in elevation and the velocity of the water. 
Therefore, information about how the diameter changes is required to determine how the 
pressure changes. 

 10. (a) A common misconception is that the pressure would be higher in the faster moving water. The 
continuity equation requires that the water in the wider pipe travel slower than in the narrow 
pipe. Bernoulli’s equation shows that the pressure will be higher in the region where the water 
travels slower (the wider pipe). As water travels from a region of low pressure to one of high 
pressure, it experiences a retarding force, which decreases the velocity of the water. 

 11. (b) The ball accelerates to the right because the pressure on the left side of the ball is greater than the 
pressure on the right side. From Bernoulli’s equation, the air on the right side must then be 
traveling faster than the air on the left side. This difference in air speed is produced by spinning 
the ball when it is thrown. 

 12. (a) Students may believe that wind above the chimney will blow the smoke back down the chimney. 
Actually, the wind blowing across the top of the chimney causes the air pressure above the 
chimney to be lower than the air pressure inside. The greater inside pressure pushes the smoke 
up the chimney. 
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Solutions to Problems 

 1. The mass is found from the density of granite (found in Table 10–1) and the volume of granite. 

   3 3 8 3 11 11(2.7 10 kg/m )(10 m ) 2.7 10 kg 3 10 kgm V�= = ⋅ = ⋅ � ⋅  

 2. The mass is found from the density of air (found in Table 10–1) and the volume of air. 

   3(1.29 kg/m )(5.6 m)(3.6 m)(2.4 m) 62 kgm V�= = =  

 3. The mass is found from the density of gold (found in Table 10–1) and the volume of gold. 

   3 3(19.3 10 kg/m )(0.54 m)(0.31 m)(0.22 m) 710 kg ( 1600 lb)m V�= = ⋅ = �  

 4. Assume that your density is that of water, and that your mass is 75 kg. 

   2 3
3 3

75 kg 7.5 10 m 75 L
1.00 10 kg/m

mV
�

�= = = ⋅ =
⋅

 

 5. To find the specific gravity of the fluid, take the ratio of the density of the fluid to that of water, noting 
that the same volume is used for both liquids. 

   fluid fluid fluid
fluid

water water water

( / ) 89.22 g 35.00 gSG 0.8547
( / ) 98.44 g 35.00 g
m V m
m V m

�
�

�= = = = =
�

 

 6. The specific gravity of the mixture is the ratio of the density of the mixture to that of water. To find the 
density of the mixture, the mass of antifreeze and the mass of water must be known. 

  

antifreeze antifreeze antifreeze antifreeze water antifreeze water water water

mixture mixture mixture antifreeze water antifreeze water antifreeze water
mixture

water water water mixture
SG

SG
SG

m V V m V
m V m m V

V

� � �
� � �
� � �

= = = =

= = =
+ + water

water mixture

antifreeze antifreeze water

mixture

SG (0.80)(4.0 L) 5.0 L
0.91

9.0 L

V V

V

V
V�

+ +
= = =

 

 7. (a) The density from the three-part model is found from the total mass divided by the total volume. 
Let subscript 1 represent the inner core, subscript 2 represent the outer core, and subscript 3 
represent the mantle. The radii are then the outer boundaries of the labeled region. 

   

3 3 3 3 34 4 4
1 1 2 2 1 3 3 21 2 3 1 1 2 2 3 3 3 3 3

three 3 3 3 3 34 4 4layers 1 2 3 1 2 3 1 2 1 3 23 3 3
3 3 3 3 3 3 3 3

1 1 2 2 1 3 3 2 1 1 2 2 2 3 3 3
3 3
3 3

      

     

( ) ( )

( ) ( )

( ) ( ) ( ) ( )

(

m m m

V V V

r r r r rm m m
V V V r r r r r

r r r r r r r r
r r

� � � � � �� � ��
� � �

� � � � � � � �

+ +
= =

+ +

=

+ � + �+ +
=

+ + + � + �

+ � + � � + � +
=

=
3 3 3 3 3 3

3

3 3

1220 km) (1900 kg/m ) (3480 km) (6700 kg/m ) (6380 km) (4400 kg/m )
(6380 km)

5500.6 kg/m 5500 kg/m

+ +

= �
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 77. (a) The input pressure is equal to the output pressure. 

   

input output input input output output

input 2 2 3 2
input output 2

output

3 2

/ /

380 N(9.0 10 m) 1.028 10  m
(960 kg)(9.80 m/s )

      1.0 10  m

P P F A F A

F
A A

F
� � �

�

= � = �

= = ⋅ = ⋅

� ⋅

 

 (b) The work is the force needed to lift the car (its weight) times the vertical distance lifted. 

   2 3(960 kg)(9.80 m/s )(0.42 m) 3951 J 4.0 10 JW mgh= = = � ⋅  

 (c) The work done by the input piston is equal to the work done in lifting the car. 

   
input output input input output ouptut

input input 3 3
2

(380 N)(0.13 m) 5.251 10  m 5.3 10  m
(960 kg)(9.80 m/s )

W W F d F d mgh

F d
h

mg
� �

= � = = �

= = = ⋅ � ⋅
 

 (d) The number of strokes is the full distance divided by the distance per stroke. 

   full
full stroke 3

stroke

0.42 m 80 strokes
5.251 10 m

h
h Nh N

h �= � = = =
⋅

 

 (e) The work input is the input force times the total distance moved by the input piston. 

   3
input input input 80(380 N)(0.13 m) 3952 J 4.0 10 JW NF d= � = � ⋅  

Since the work input is equal to the work output, energy is conserved. 

 78. The pressure change due to a change in height is given by Eq. 10–3b. That pressure is the excess force 
on the eardrum divided by the area of the eardrum. 

   
3 2 4 2(1.29 kg/m )(9.80 m/s )(1250 m)(0.20 10  m ) 0.3161 N 0.32 N

FP g h
A

F g hA

�

� �

� = � = �

= � = ⋅ = �
 

 79. The change in pressure with height is given by Eq. 10–3b. 

   

3 3 2

5
0 0

(1.05 10  kg/m )(9.80 m/s )(6 m) 0.609
1.013 10 Pa

0.6 atm

P g hP g h
P P

P

�� � � ⋅� = � � = = = �
⋅

� =

 

 80. The pressure head can be interpreted as an initial height for the water, with a speed of 0 and at 
atmospheric pressure. Apply Bernoulli’s equation to the faucet location and the pressure head location 
to find the speed of the water at the faucet. Since the faucet is open, the pressure there will be 
atmospheric as well. 

   

2 21 1
faucet faucet faucet head head head2 2

2 2
faucet

head 2
(9.2 m/s) 4.3 m

2 2(9.80 m/s )

P gy P gy

y
g

�� � �� �

�

+ + = + + �

= = =
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 24. The energy of a wave is not localized at one point, because the wave is not localized at one point, so 
referring to the energy “at a node” being zero is not a meaningful statement. Due to the interference of 
the waves, the total energy of the medium particles at the nodes is zero, but the energy of the medium 
is not zero at points of the medium that are not nodes. In fact, the antinodes have more energy than 
they would have if only one of the two waves were present. 

 25. Yes. A standing wave is an example of a resonance phenomenon, caused by constructive interference 
between a traveling wave and its reflection. The wave energy is distributed around the antinodes, which 
exhibit large-amplitude oscillations, even when the generating oscillations from the hand are small. 

 26. This description of waves works well initially for both descriptions, but the waves continue after the 
initial motion. When the center is struck, a wave does move from the center to the rim, but then it 
reflects from the rim back to the center. Likewise, when the rim is struck, a wave does move from the 
rim to the center, but the wave does not “stop” at the center. Once reaching the center, it then spreads 
out again to the rim. The amplitude of the waves also changes as the waves travel. As the radius 
increases, the amplitude decreases, and as the radius decreases, the amplitude increases. 

 27. AM radio waves have a much longer wavelength than FM radio waves. How much waves bend, or 
diffract, around obstacles depends on the wavelength of the wave compared with the size of the 
obstacle. A hill is much larger than the wavelength of FM waves, so there will be a “shadow” region 
behind the hill. However, the hill is not large compared with the wavelength of AM signals, so the AM 
radio waves will bend around the hill. 

Responses to MisConceptual Questions 

 1. (e) At x A= ± , the velocity is zero, but at these points the acceleration is a maximum. At 0,x =  the 
acceleration is zero, but the velocity is a maximum. For all other points, both the velocity and 
acceleration are nonzero. Thus there are no points where the acceleration and velocity are 
simultaneously zero. 

 2. (a, c, d)  At the turning points in the oscillation ( ),x A= ±  the velocity is zero and the acceleration is a 
maximum, so (a) is true. At the center of the oscillation ( ),x = 0  the acceleration is zero and the 
velocity is a maximum, so (c) is true. Since the velocity is only zero at the turning points where 
the acceleration is a maximum, there is no point where both the velocity and acceleration are 
zero, so (b) is not true. At all other points besides x A= ±  and 0,x =  both the acceleration and 
velocity are nonzero values, so (d) is also true. 

 3. (c) Students may believe that the period is proportional to the mass and therefore think that doubling 
the mass will double the period. However, the period is proportional to the square root of the 
mass, as seen in Eq. 11–6a. Therefore, the mass must be quadrupled (to 4M) for the period to 
double. 

 4. (b) A common misconception is that the amplitude of oscillation affects the frequency. Eq. 11–6b 
shows that the frequency can be increased by increasing k or decreasing m. The frequency does 
not depend upon the amplitude. 

 5. (a) The small angle approximation is valid only in units of radians because the angle in radians is 
equal to the ratio of the arc length to the radius. At small angles the arc length can be 
approximated as a straight line, being the opposite leg of a right triangle with hypotenuse equal 
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to the radius of the circle. This ratio is equal to the sine of the angle, so for small angles the angle 
in radians is equal to the sine of the angle. 

 6. (e) A common misconception is that the starting angle, or amplitude of oscillation, affects the period 
of a pendulum. Eq. 11–11a shows that the period of a small-amplitude pendulum is determined 
by the length of the string and the acceleration of gravity, not the amplitude. Both oscillations 
will then have the same period. 

 7. (c) Students may erroneously believe that the mass of the child will affect the period of oscillation. 
However, Eq. 11–11a shows that the period is determined by the length of the swing cords and 
the acceleration of gravity. It does not depend upon the weight of the child. Since the swings are 
identical, they should oscillate with the same period. 

 8. (a) To speed up the pendulum, the period of the oscillation must be decreased. Equation 11–11a 
shows that the period is proportional to the square root of the length, so shortening the string will 
decrease the period. The period does not depend upon the mass of the bob, so changing the mass 
will not affect the period. 

 9. (e) Students frequently have trouble distinguishing between the motion of a point on a cord and the 
motion of a wave on the cord. As a wave travels down the cord, a point on the cord will move 
vertically between the lowest point of the wave and the highest point on the wave. The wave and 
the point have the same amplitude. The point on the cord completes one up and down oscillation 
as each wavelength passes that point. Therefore, the motion of the point on the cord has the same 
frequency as the wave. The speed of the wave on the string is determined by the wavelength and 
frequency. It is constant in time. The point on the cord moves perpendicular to the wave with a 
speed that varies with time. The maximum speed of the point is proportional to the wave 
amplitude and the wave frequency. Changing the amplitude will change the maximum speed of 
the point on the cord, but it does not change the wave speed. The wave speed and string speed 
therefore are not equal. 

 10. (a) A common misconception is that the waves are objects that can collide. Waves obey the 
superposition principle such that at any point on the rope the total displacement is the sum of the 
displacements from each wave. The waves pass through each other unaffected. 

 11. (d) Equation 11–13 shows that the wave speed on a cord is related to the tension in the cord and the 
mass per unit length of the cord. The wave speed does not depend upon the amplitude, 
frequency, or wavelength. Stretching the cord increases the tension and decreases the mass per 
unit length, both of which increase the speed of the wave on the cord. 

 12. (d) The point on the string does not move horizontally, so answers (a) and (b) cannot be correct. The 
string has zero velocity only at the turning points (top and bottom), so (e) cannot be correct. 
Examining the graph shows that as the wave moves to the right the crest is approaching point B, 
so the string at B is traveling upward at this instant. 

 13. (d) Students frequently confuse the medium (an object) with the wave motion and answer that the 
waves will collide and bounce off of each other. The waves obey the superposition principle 
such that at any point in the lake the amplitude of the wave is the sum of the individual 
amplitudes of each wave. This produces the various patterns when they overlap. The waves, 
however, will pass through each other and continue in their same pattern after they pass. 

 14. (c) The speed of the wave along the Slinky depends upon the mass of the Slinky and the tension 
caused by stretching it. Since this has not changed, the wave speed remains constant. The wave 
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speed can also be written as the product of the wavelength and frequency. Therefore, as the 
frequency is increased, the wavelength must decrease. 

 15. (a) A common misconception is that a wave transports matter as well as energy. However, as shown 
by a transverse wave on a horizontal string, the wave transports the disturbance down the string, 
but each part of the string stays at its initial horizontal position. 

Solutions to Problems 

 1. The particle would travel four times the amplitude: from x A=  to 0x =  to x A= �  to 0x =  to 
.x A=  So the total distance 4 4(0.21 m) 0.84 m .A= = =  

 2. The spring constant is found from the ratio of applied force to displacement. 

  
2

5ext
3

(66 kg)(9.80 m/s ) 1.294 10 N/m
5.0 10 m

F mg
k

x x �= = = = ⋅
⋅

 

The frequency of oscillation is found from the total mass and the spring constant. 

  
51 1 1.294 10 N/m 1.362 Hz 1.4 Hz

2 2 1766 kg
kf
m� �

⋅= = = �  

 3. The spring constant is the ratio of external applied force to displacement. 

  ext 210 N 75 N 135 N 562.5 N/m 560 N/m
0.85 m 0.61 m 0.24 m

F
k

x
�= = = = �
�

 

 4. The period is 2.0 seconds, and the mass is 32 kg. The spring constant is calculated from Eq. 11–6a. 

   2 2 2 2
2 2

32 kg2 4 4 4 315.8 N/m 320 N/m
(2.0 s)

m m m
T T k

k k T
� � � �= � = � = = = �  

 5. (a) The spring constant is found from the ratio of applied force to displacement. 

    
2

ext (2.4 kg)(9.80 m/s ) 653 N/m 650 N/m
0.036 m

F mg
k

x x
= = = = �  

 (b) The amplitude is the distance pulled down from equilibrium, so 2.1 cm .A =  
The frequency of oscillation is found from the oscillating mass and the spring constant. 

 1 1 653 N/m
2.625 Hz 2.6 Hz

2 2 2.4 kg
k

f
m� �

= = = �  

 6. The relationship between frequency, mass, and spring constant is Eq. 11–6b, 1
.

2
k

f
m�

=  

 (a) 2 2 2 2 41
4 4 (4.0 Hz) (2.2 10  kg) 0.1390 N/m 0.14 N/m

2
k

f k f m
m

� �
�

�= � = = ⋅ = �  

 (b) 4
1 1 0.1390 N/m 2.828 Hz 2.8 Hz

2 2 4.4 10  kg
kf
m� � �= = = �

⋅
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the force put on the raft by the man. This is analogous to pulling down on a mass–spring system that is 
in equilibrium by applying an extra force. Then when the man steps off, the restoring force pushes 
upward on the raft, and thus the raft–water system acts like a spring, with a spring constant found as 
follows:  

  
2

4ext
2

(68 kg)(9.80 m/s )
1.904 10 N/m

3.5 10 m
F

k
x �= = = ⋅

⋅
 

 (a) The frequency of vibration is determined by the “spring constant” and the mass of the raft. 

   
41 1 1.904 10 N/m 1.228 Hz 1.2 Hz

2 2 320 kgn
kf
m� �

⋅= = = �  

 (b) As explained in the text, for a vertical spring the gravitational potential energy can be ignored if 
the displacement is measured from the oscillator’s equilibrium position. The total energy is thus 
all elastic potential energy. 

   2 4 2 21 1
total 2 2 (1.904 10 N/m)(3.5 10 m) 11.66 J 12 JE kA �= = ⋅ ⋅ = �  

 72. The pebble losing contact with the board means that there is no normal force of the board on the 
pebble. If there is no normal force on the pebble, then the only force on the pebble is the force of 
gravity, and the acceleration of the pebble will be g downward, the acceleration due to gravity. This is 
the maximum downward acceleration that the pebble can have. Thus, if the board’s downward 
acceleration exceeds g, then the pebble will lose contact. The maximum acceleration and the amplitude 

are related by 2 2 2
max 4 .

kA
a A f A

m
� �= = =  

  
2

2 2 2
max 2 2 2 2

9.80 m/s
4 3.2 10 m

4 4 (2.8 Hz)
g

a f A g A
f

�
� �

�= � � � � � ⋅  

 73. (a) From conservation of energy, the initial kinetic energy of the car will all be changed into elastic 
potential energy by compressing the spring. 

   

2 2 2 2 2 21 1 1 1 1 1
1 2 1 1 2 2 1 22 2 2 2 2 2

2 2
4 41

2 2
2

(25 m/s)(950 kg) 3.711 10 N/m 3.7 10 N/m
(4.0 m)

E E m kx m kx m kx

k m
x

� � �

�

= � + = + � = �

= = = ⋅ � ⋅
  

 (b) The car will be in contact with the spring for half a period, as it moves from the equilibrium 
location to maximum displacement and back to equilibrium. 

   1 1
2 2 4

950 kg2 0.50 s
3.711 10 N/m

mT
k

� �= = =
⋅

 

 74. (a) The relationship between the velocity and the position of a SHO is given by Eq. 11–5b. Set that 
expression equal to half the maximum speed, and solve for the displacement. 

   
2 2 2 2 2 21 1 1

max max2 2 4

2 2 3
4

1 / 1 / 1 /

/ 3 /2 0.866

x A x A x A

x A x A A

� � �= ± � = � ± � = � � = �

= � = ± � ±
 

 (b) Since F kx ma= =2  for an object attached to a spring, the acceleration is proportional to the 
displacement (although in the opposite direction), as / .a xk m= �  Thus the acceleration will have 

half its maximum value where the displacement has half its maximum value, at 1
02 .x±  
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force of gravity. We estimate that a 75-kg person will depress the trampoline about 25 cm at its 
midpoint. Hooke’s law (Eq. 6–8) can then be solved for the spring constant. 

  
2(75 kg)(9.80 m/s ) 2940 N/m 3000 N/m

0.25 m
mgkx mg k
x

= � = = = �  

Answers will vary based on the assumptions made. 

 6. The addition of the support will force the bridge to have an oscillation node at the center of the span. 
This makes the new fundamental frequency equal to the first overtone of the original fundamental 
frequency. If the wave speed in the bridge material doesn’t change, then the resonant frequency will 
double, to 6.0 Hz. Since earthquakes don’t do significant shaking at that frequency, the modifications 
would be effective at keeping the bridge from having large oscillations during an earthquake. 
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12-1 

Responses to Questions 

 1. Sound exhibits several phenomena that give evidence that it is a wave. Interference is a wave 
phenomenon, and sound produces interference (such as beats). Diffraction is a wave phenomenon, and 
sound can be diffracted (such as sound being heard around corners). Refraction is a wave phenomenon, 
and sound exhibits refraction when passing obliquely from one medium to another. Sound also 
requires a medium, a characteristic of mechanical waves. 

 2. Evidence that sound is a form of energy is found in the fact that sound can do work. A sound wave 
created in one location can cause the mechanical vibration of an object at a different location. For 
example, sound can set eardrums in motion, make windows rattle, or even shatter a glass. See  
Fig. 11–19 for a photograph of a goblet shattering from the sound of a trumpet. 

 3. The child speaking into a cup creates sound waves that cause the bottom of the cup to vibrate. Since 
the string is tightly attached to the bottom of the cup, the vibrations of the cup are transmitted to 
longitudinal waves in the string. These waves travel down the string and cause the bottom of the 
receiver’s cup to vibrate back and forth. This relatively large vibrating surface moves the adjacent air 
and generates sound waves from the bottom of the cup that travel up into the cup. These waves are 
incident on the receiver’s ear, and the receiver hears the sound from the speaker. 

 4. If the frequency were to change, the two media could not stay in contact with each other. If the two 
media vibrated with different frequencies, then particles from the two media initially in contact could 
not stay in contact with each other. But particles must be in contact in order for the wave to be 
transmitted from one medium to the other, so the frequency does not change. Since the wave speed 
changes in passing from air into water and the frequency does not change, we expect the wavelength to 
change. Sound waves travel about four times faster in water than in air, so we expect the wavelength in 
water to be about four times longer than it is in air. 

 5. If the speed of sound in air depended significantly on frequency, then the sounds that we hear would be 
separated in time according to frequency. For example, if a chord were played by an orchestra, then we 
would hear the high notes at one time, the middle notes at another, and the lower notes at still another. 
This effect is not heard for a large range of distances, indicating that the speed of sound in air does not 
depend significantly on frequency. 

SOUND 
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 6. The sound-producing anatomy of a person includes various resonating cavities, such as the throat. The 
relatively fixed geometry of these cavities determines the relatively fixed wavelengths of sound that a 
person can produce. Those wavelengths have associated frequencies given by / .f � �=  The speed of 

sound is determined by the gas that is filling the resonant cavities. If the person has inhaled helium, 
then the speed of sound will be much higher than normal, since the speed of sound waves in helium is 
about 3 times that in air. Thus, the person’s frequencies will go up by about a factor of 3. This is about 
a 1.5-octave shift, so the person’s voice sounds very high pitched. 

 7. The basic equation determining the pitch of the organ pipe is either closed , odd integer,
4
n

f n
�

= =
�A

 for a 

closed pipe, oropen , integer,
2
n

f n
�

= =
�A

 for an open pipe. In each case, the frequency is proportional to 

the speed of sound in air. Since the speed is a function of temperature, and the length of any particular 
pipe is very nearly constant over the relatively small range of temperatures in a room, the frequency is 
also a function of temperature. Thus, when the temperature changes, the resonant frequencies of the 
organ pipes change. Since the speed of sound increases with temperature, as the temperature increases, 
the pitch of the pipes increases as well. 

 8. A tube of a given length will resonate (permit standing waves) at certain frequencies. When a mix of 
frequencies is input to the tube, only those frequencies close to resonant frequencies will produce 
sound that persists, because standing waves are created for those frequencies. Frequencies far from 
resonant frequencies will not persist very long at all—they will “die out” quickly. If, for example, two 
adjacent resonances of a tube are at 100 Hz and 200 Hz, then sound input near one of those frequencies 
will persist and sound relatively loud. A sound input near 150 Hz would fade out quickly and thus 
have a reduced amplitude as compared to the resonant frequencies. The length of the tube can therefore 
be chosen to “filter” certain frequencies, if those filtered frequencies are not close to resonant 
frequencies. 

 9. For a string with fixed ends, the fundamental frequency is given by ,
2

f
�

=
�A

 so the length of string for 

a given frequency is .
2 f
�

=�A  For a string, if the tension is not changed while fretting, the speed of 

sound waves will be constant. Thus, for two frequencies 1 2,f f<  the spacing between the frets 

corresponding to those frequencies is given as follows: 

  1 2
1 2 1 2

1 1
2 2 2f f f f
� � � � § � ·

Š = Š = Š� ¨ � ¸
� © � ¹

� A � A  

Now see Table 12–3. Each note there corresponds to one fret on the guitar neck. Notice that as the 

adjacent frequencies increase, the interfrequency spacing also increases. The change from C to #C  is 

15 Hz, while the change from G to #G  is 23 Hz. Thus, their reciprocals get closer together, so from 
the above formula, the length spacing gets closer together. Consider a numerical example. 

  

4 4
C GC G

G G

C C

1 1 1 1
(2.07 10 ) (1.41 10 )

2 262 277 2 2 392 415 2

0.68

� � � �
# #

#

#

Š Š� § � · � § � ·Š = Š = × Š = Š = ×� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹

Š
=

Š

� A � A � A � A

� A � A

� A � A

 

The G to #G  spacing is only about 68% of the C to #C  spacing. 
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 10. When you first hear the truck, you cannot see it. There is no straight-line path from the truck to you. 
The sound waves that you are hearing are therefore arriving at your location due to diffraction. Long 
wavelengths are diffracted more than short wavelengths, so you are initially only hearing sound with 
long wavelengths, which are low-frequency sounds. After you can see the truck, you are able to 
receive all frequencies being emitted by the truck, not just the lower frequencies. Thus, the sound 
“brightens” due to your hearing more high-frequency components. 

 11. The wave pattern created by standing waves does not “travel” from one place to another. The node 
locations are fixed in space. Any one point in the medium has the same amplitude at all times. Thus, 
the interference can be described as “interference in space”—moving the observation point from one 
location to another changes the interference from constructive (antinode) to destructive (node). To 
experience the full range from node to antinode, the position of observation must change, but all 
observations could be made at the same time by a group of observers. 

  The wave pattern created by beats does travel from one place to another. Any one point in the medium 
will at one time have a 0 amplitude (node) and half a beat period later, have a maximum amplitude 
(antinode). Thus, the interference can be described as “interference in time.” To experience the full 
range from constructive interference to destructive interference, the time of observation must change, 
but all observations could be made at the same position. 

 12. If the frequency of the speakers is lowered, then the wavelength will be increased. Each circle in the 
diagram will be larger, so the points C and D will move farther apart. 

 13. Active noise reduction devices work on the principle of destructive interference. If the electronics are 
fast enough to detect the noise, invert it, and create the opposite wave (180° out of phase with the 
original) in significantly less time than one period of the components of the noise, then the original 
noise and the created noise will be approximately in a destructive interference relationship. The person 
wearing the headphones will then hear a net sound signal that is very low in intensity. 

 14. For the two waves shown, the frequency of beating is higher in wave (a)—the beats occur more 
frequently. The beat frequency is the difference between the two component frequencies, so since (a) 
has a higher beat frequency, the component frequencies are farther apart in (a). 

 15. There is no Doppler shift if the source and observer move in the same direction, with the same 
velocity. Doppler shift is caused by relative motion between source and observer, and if both source 
and observer move in the same direction with the same velocity, there is no relative motion. 

 16. If the wind is blowing but the listener is at rest with respect to the source, the listener will not hear a 
Doppler effect. We analyze the case of the wind blowing from the source toward the listener. The 
moving air (wind) has the same effect as if the speed of sound had been increased by an amount equal 
to the wind speed. The wavelength of the sound waves (distance that a wave travels during one period 
of time) will be increased by the same percentage that the wind speed is relative to the still-air speed of 
sound. Since the frequency is the speed divided by the wavelength, the frequency does not change, so 
there is no Doppler effect to hear. Alternatively, the wind has the same effect as if the air were not 
moving but the source and listener were moving at the same speed in the same direction. See Question 15 
for a discussion of that situation. Finally, since there is no relative motion between the source and the 
listener, there is no Doppler shift. 

 17. The highest frequency of sound will be heard at position C, while the child is swinging forward. 
Assuming the child is moving with SHM, the highest speed is at the equilibrium point, point C. And to 
have an increased pitch, the relative motion of the source and detector must be toward each other. The 
child would also hear the lowest frequency of sound at point C, while swinging backward. 
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Responses to MisConceptual Questions 

 1. (a) Students may answer that the speed of sound is the same, if they do not understand that the speed 
of sound is not constant, but depends upon the temperature of the air. When it is hotter, the speed 
of sound is greater, so it takes less time for the echo to return. 

 2. (d) Sound waves are longitudinal waves, so (a) is incorrect. The sound waves can be characterized 
either by the longitudinal displacement of the air molecules or by the pressure differences that 
cause the displacements. 

 3. (b) A common misconception is to treat the sound intensity level as a linear scale instead of a 
logarithmic scale. If the sound intensity doubles, the intensity level increases by about 3 dB, so 
the correct answer is 73 dB. 

 4. (e) Students often think that the sound intensity is the same as loudness and therefore mistakenly 
answer that doubling the intensity will double the loudness. However, the ear interprets loudness 
on a logarithmic scale. For something to sound twice as loud, it must have an intensity that is  
10 times as great. 

 5. (b) The octave is a measure of musical frequency, not loudness. Raising a note by one octave 
requires doubling the frequency. Therefore, raising a note by two octaves is doubling the 
frequency twice, which is the same as quadrupling the frequency. 

 6. (e) In a string or open tube the lowest vibration mode is equal to half of a wavelength. In a tube 
closed at one end the lowest vibration mode is equal to a quarter of a wavelength. Therefore, 
none of the listed objects have a lowest vibration mode equal to a wavelength. 

 7. (e) A common misconception is that the frequency of a sound changes as it passes from air to water. 
The frequency is the number of wave crests that pass a certain point per unit time. If this value 
were to change as it entered the water, then wave crests would build up or be depleted over time. 
This would make the interface an energy source or sink, which it is not. The speed of sound in 
water is greater than in air, so the speed of the wave changes. Since the frequency cannot change, 
the increase in speed results in an increase in wavelength. 

 8. (e) As the string oscillates, it causes the air to vibrate at the same frequency. Therefore, the sound 
wave will have the same frequency as the guitar string, so answers (b) and (c) are incorrect. The 
speed of sound in air at 20°C is 343 m/s. The speed of sound in the string is the product of the 
wavelength and frequency, 462 m/s, so the sound waves in air have a shorter wavelength than 
the waves on the string. 

 9. (c) Pushing the string straight down onto a fret does not affect the tension a significant amount, due 
to the fret being so close to the string. The amplitude of the wave is determined by how hard the 
string is plucked, not by pushing the string onto the frets. When the string is pushed down, its 
effective length is shortened, which shortens the wavelength and thus increases the oscillation 
frequency. (The wave speed on the string doesn’t change due to fretting the string.) 

 10. (a) The fundamental wavelength of an open-ended organ pipe is twice the length of the pipe. If one 
end is closed, then the fundamental wavelength is four times the length of the pipe. Since the 
wavelength doubles when one end of the pipe is closed off, and the speed of sound remains 
constant, the fundamental frequency is cut in half. 
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 11. (c) The two speakers create sound waves that interact as described by the principle of superposition. 
When the waves overlap, the frequency remains the same; it does not double. If the speakers 
occupied the same location so that each point in the room were equidistant from the speakers, 
then the intensity would double everywhere. However, the speakers are separated by a distance 
of 10 m. Since the path lengths from each speaker to different locations around the room are not 
the same, at some points in the room the path difference will be an odd integer number of half 
wavelengths, so the sounds will destructively interfere. At other locations in the room the 
speakers will be equidistant, or the path difference will be an integral number of whole 
wavelengths, and the sounds will constructively interfere. This results in dead spots and loud 
spots in the room. 

 12. (c) A common misconception is that since the cars are moving there must be a Doppler shift. In this 
situation, however, there is no relative motion between the two vehicles. The two vehicles travel 
in the same direction at the same speed. Since the distance between them does not change, you 
and your sister will hear the horn sound at the same frequency. 

 13. (e) As the string vibrates, each part of the string (other than the nodes) oscillates at the same 
frequency, so answer (a) is true. This oscillation excites the air to vibrate at that frequency, so 
answer (c) is true. The wave relationships in answers (b) and (d) are true for any wave, so both 
are true in this case as well. However, the speed of the wave on the string is determined by the 
tension and mass of the string, and the speed of sound in the air is determined by the 
temperature, pressure, and density of the air. The two speeds are not necessarily the same. Since 
the sound wave and wave on the string have the same frequencies, but not necessarily the same 
wave speeds, they do not necessarily have the same wavelengths. Thus, (e) is not true. 

Solutions to Problems 

In solving these problems, the authors did not always follow the rules of significant figures rigidly. We tended 
to take quoted frequencies as correct to the number of digits shown, especially where other values might 
indicate that. For example, in Problem 49, values of 350 Hz and 355 Hz are used. We took both of those 
values to have 3 significant figures. 

 1. The round-trip time for sound is 2.5 seconds, so the time for sound to travel the length of the lake is 
1.25 seconds. Use the time and the speed of sound to determine the length of the lake. 

  (343 m/s)(1.25 s) 429 m 430 md t�= = = �  

 2. The round-trip time for sound is 2.0 seconds, so the time for sound to travel the length of the lake is 
1.0 seconds. Use the time and the speed of sound in water to determine the depth of the lake. 

  (1560 m/s)(1.0 s) 1560 m 1600 md t�= = = =  

 3. (a) 2
20 Hz 20 kHz 4

343 m/s 343 m/s
17 m 1.7 10 m

20 Hz 2.0 10 Hzf f
� �

� � Š= = = = = = ×
×

 

  The range is from 1.7 cm to 17 m. 

 (b) 5
6

343 m/s
1.9 10 m

18 10 Hzf
�

� Š= = = ×
×
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 4. The distance that the sound travels is the same on both days and is equal to the speed of sound times 
the elapsed time. Use the temperature-dependent relationship for the speed of sound in air. 

  
1 1 2 2 2

2

[(331 0.6(31)) m/s](4.80 s) [(331 0 6( )) m/s](5.20 s)

14 C

d t t T

T

� �= = � + = + . �

= Š °
 

 5. (a) For the fish, the speed of sound in sea water must be used. 

   
1550 m

0.994 s
1560 m/s

d
d t t�

�
= � = = =  

 (b) For the fishermen, the speed of sound in air must be used. 

   
1550 m

4.52 s
343 m/s

d
d t t�

�
= � = = =  

 6. The two sound waves travel the same distance. The sound will travel faster in the concrete and thus 
take a shorter time. 

  

concrete
air air concrete concrete concrete air air

concrete air

concrete
air air air

concrete air

( 0.80s) (0.80 s)

(0.80 s)

d t t t t

d t

�
� � �

� �

�
� �

� �

= = = Š � =
Š

� § � ·
= = � ¨ � ¸

Š� © � ¹

 

The speed of sound in concrete is obtained from Eq. 11–14a, Table 9–1, and Table 10–1. 

  
9 2

concrete 3 3

20 10 N/m
2949 m/s

2.3 10 kg/m

E
�

�
×

= = =
×

 

  air air
2949 m/s

(343 m/s) (0.80 s) 310.5 m 310 m
2949 m/s 343 m/s

d t�
� § � ·

= = = �� ¨ � ¸Š� © � ¹
 

 7. The total time T is the time for the stone to fall down( )t  plus the time for the sound to come back to the 

top of the cliff up up down( ): .t T t t= +  Use constant-acceleration relationships for an object dropped 

from rest that falls a distance h in order to find down,t  with down as the positive direction. Use the 

constant speed of sound to find upt  for the sound to travel a distance h. 

  

2 21 1
0 0 down down down snd up up2 2

snd
2

2 2 2 2 2snd1 1 1
down up snd snd2 2 2

snd

down: up:

( ) 2 0

h
y y t at h gt h t t

h
h gt g T t g T h T h T

g

� �
�

�
� �

�

= + + � = = � =

� § � ·� § � ·
= = Š = Š � Š + + =� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹

 

This is a quadratic equation for the height. This can be solved with the quadratic formula, but be sure 
to keep several significant digits in the calculations. 

  

2 2 2
2

2 5 2

343 m/s
2(343 m/s) 2.7 s (2.7 s) (343 m/s) 0

9.80 m/s

25862 25796
(25862 m) 8.5766 10 m 0 25,829 m, 33 m

2

h h

h h h

� § � ·
Š + + = �� ¨ � ¸� ¨ � ¸

� © � ¹
±

Š + × = � = =

 

The larger root is impossible since it takes more than 2.7 s for the rock to fall that distance, so 
33 m .h =  
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 8. 12 12 12 2 2120
120 0

0
120 dB 10 log 10 10 (1.0 10 W/m ) 1.0 W/m

I
I I

I
Š= � = = × =  

 2 2 12 2 10 220
20 0

0
20 dB 10 log 10 10 (1.0 10 W/m ) 1.0 10 W/m

I
I I

I
Š Š= � = = × = ×  

The pain level is 1010  times more intense than the whisper. 

 9. 
6 2

12 2
0

1.5 10 W/m
10 log 10 log 61.76 dB 62 dB

1.0 10 W/m

I
I

�
Š

Š

×
= = = �

×
 

 10. Compare the two power output ratings using the definition of decibels. 

 150

100

120 W
10 log 10 log 2.0 dB

75 W

P

P
� = = =  

This would barely be perceptible. 

 11. From Example 12–4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity. 
Thus, the sound level for one firecracker will be 85 dB 3 dB 82 dB .Š =  

 12. From Example 12–4, we see that a sound level decrease of 3 dB corresponds to a halving of intensity. 
Thus, if two engines are shut down, the intensity will be cut in half, and the sound level will be 137 dB. 
Then, if one more engine is shut down, the intensity will be cut in half again, and the sound level will 
drop by 3 more dB, to a final value of 134 dB . 

 13. For the 82-dB device: 8.2 8
signal noise tape signal noise tape82 dB 10 log ( / ) ( / ) 10 1.6 10 .I I I I= � = = ×   

For the 98-dB device: 9.8 9
signal noise tape signal noise tape98 dB 10 log ( / ) ( / ) 10 6.3 10 .I I I I= � = = ×  

 14. (a) The energy absorbed per second is the power of the wave, which is the intensity times the area. 

   

5.5 5.5 12 2 7 2
0

0

7 2 5 2 11 11

55 dB 10 log 10 10 (1.0 10 W/m ) 3.162 10 W/m

(3.162 10 W/m )(5.0 10 m ) 1.581 10 W 1.6 10 J/s

I
I I

I

P IA

Š Š

Š Š Š Š

= � = = × = ×

= = × × = × � ×

 

 (b) 3
11 7

1s 1 yr
1.0 J 2001 yr 2.0 10 yr

1.581 10 J 3.16 10 sŠ

� § � ·� § � ·
= � ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸× ×� © � ¹� © � ¹

 

 15. (a) Find the intensity from the 130-dB value, and then find the power output corresponding to that 
intensity at that distance from the speaker. 

   2.8 m 13 13 12 2 2
2.8 m 0

0
130 dB 10 log 10 10 (1.0 10 W/m ) 10 W/m

I
I I

I
� Š= = � = = × =  

   2 2 24 4 (2.5 m) (10 W/m ) 785.4 W 790 WP IA r I� �= = = = �  
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 (b) Find the intensity from the 85-dB value, and then from the power output, find the distance 
corresponding to that intensity. 

   

8.5 8.5 12 2 4 2
0

0

2
4 2

85 dB 10 log 10 10 (1.0 10 W/m ) 3.162 10 W/m

785.4 W
4 444.6 m 440 m

4 4 (3.162 10 W/m )

I
I I

I

P
P r I r

I

�

�
� �

Š Š

Š

= = � = = × = ×

= � = = = �
×

 

 16. The first person is a distance of 1 100mr =  from the explosion, while the second person is a distance 

2 5(100 m)r =  from the explosion. The intensity detected away from the explosion is inversely 

proportional to the square of the distance from the explosion. 

  
22

1 2 1
2

2 21

5(100 m)
5; 10 log 10 log5 6.99 dB 7 dB

100 m

I r I

I Ir
�

� ª � º
= = = = = = �� « � »

� ¬ � ¼
 

 17. (a) The intensity is proportional to the square of the amplitude, so if the amplitude is 3.5 times 

greater, the intensity will 2increase by a factor of 3.5 12.25 12 .= �  

 (b) 010 log / 10 log12.25 10.88 dB 11 dBI I� = = = �  

 18. The intensity is given by Eq. 11–18, 2 2 22 .I f A���=  If the only difference in two sound waves is 

their frequencies, then the ratio of the intensities is the ratio of the square of the frequencies. 

  
2

2
2

(2.2 )
4.8f

f

I f
I f

= =  

 19. The intensity is given by Eq. 11–18, 2 2 22 ,I f A� ��=  using the density of air (from Table 10–1) and 

the speed of sound in air. 

  

2 2 2 3 2 2 4 2 2

2

12 2
0

2 2(1.29 kg/m )(343 m/s) (440 Hz) (1.3 10 m) 28.576 W/m

28.576 W/m
10 log 10 log 134.56 dB 130 dB

1.0 10 W/m

I f A

I
I

��� �

�

Š

Š

= = × =

= = = �
×

 

Note that according to Fig. 12–6, this is above the threshold of pain at that frequency. 

 20. (a) According to Table 12–2, the intensity of normal conversation, at a distance of about 50 cm from 

the speaker, is about 6 23 10 W/m .Š×  The intensity is the power output per unit area, so the 

power output can be found. The area to use is the surface area of a sphere. 

  2 6 2 2 6 6(4 ) (3 10 W/m )4 (0.50 m) 9.425 10 W 9.4 10 W
P

I P IA I r
A

� �Š Š Š= � = = = × = × � ×  

 (b) 6
6

1 person
60 W 6.37 10 6 million people

9.425 10 WŠ

� § � ·
= × �� ¨ � ¸� ¨ � ¸×� © � ¹
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 21. The intensity of the sound is defined to be the power per unit area. We assume that the sound spreads 
out spherically from the loudspeaker. 

 (a) 2 2
220 452 2

220 W 45 W
1.429 W/m 0.292 W/m

4 (3.5 m) 4 (3.5 m)
I I

� �
= = = =  

     

2
220

220 12 2
0

2
45

45 12 2
0

1.429 W/m
10 log 10 log 121.55 dB 122 dB

1.0 10 W/m

0.292 W/m
10 log 10 log 114.66 dB 115 dB

1.0 10 W/m

I

I

I

I

�

�

Š

Š

= = = �
×

= = = �
×

 

 (b) According to the textbook, for a sound to be perceived as twice as loud as another, the intensities 
need to differ by a factor of 10, or differ by 10 dB. They differ by only about 7 dB. 
The expensive amp will not sound twice as loud as the cheaper one.  

 22. From Fig. 12–6, a 100-Hz tone at 50 dB has a loudness of about 20 phons. At 5000 Hz, 20 phons 
corresponds to about 20 dB . Answers may vary due to estimation in the reading of the graph. 

 23. From Fig. 12–6, at 40 dB the low-frequency threshold of hearing is about 70 80 Hz .Š  There is no 

intersection of the threshold of hearing with the 40-dB level on the high-frequency side of the chart, so 
we assume that a 40-dB signal can be heard all the way up to the highest frequency that a human can 
hear, 20,000 Hz . Answers may vary due to estimation in the reading of the graph. 

 24. (a) From Fig. 12–6, at 100 Hz, the threshold of hearing (the lowest detectable intensity by the ear) is 

approximately 9 25 10 W/m .Š×  The threshold of pain is about 25 W/m . The ratio of highest to 

lowest intensity is thus 
2

9
9 2

5 W/m
10 .

5 10 W/mŠ
=

×
 

 (b) At 5000 Hz, the threshold of hearing is about 13 210 W/m ,Š  and the threshold of pain is about 

1 210 W/m .Š  The ratio of highest to lowest intensity is 
1 2

12
13 2

10 W/m
10 .

10 W/m

Š

Š
=  

  Answers may vary due to estimation in the reading of the graph. 

 25. Each octave is a doubling of frequency. The number of octaves, n, can be found from the following: 

  
20,000 Hz 2 (20 Hz) 1000 2 log 1000  log 2

log1000
9.97 10 octaves

log 2

n n n

n

= � = � = �

= = �
 

 26. For a closed tube, Fig. 12–12 indicates that 1 .
4

f
�

=
�A

 We assume the bass clarinet is at room 

temperature. 

  1
1

343 m/s
1.2 m

4 4 4(69 Hz)
f

f
� �

= � = = =�A
�A
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 27. For a vibrating string, the frequency of the fundamental mode is given by Eq. 11–19b combined with 
Eq. 11–13. 

  2 2 4T T
T

1 1
4 4(0 32 m)(440 Hz) (3.5 10 kg) 87 N

2 2 2 /

F F
f F f m

m
�

µ
Š= = = � = = . × =�A

� A � A � A � A
 

 28. (a) If the pipe is closed at one end, only the odd harmonic frequencies are present. 

   
1 1

3 1 5 1 7 1

343 m/s
, 1, 3, 5, 73.9 Hz

4 4 4(1.16 m)

3 222 Hz  5 370 Hz  7 517 Hz

n
n

f nf n f

f f f f f f

�
= = = � = = =

= = = = = =

�A
�"

� A � A 

 (b) If the pipe is open at both ends, then all the harmonic frequencies are present. 

   
1 1

2 1 3 1 4 1

343 m/s
, 1, 3, 5, 148 Hz

2 2 2(1.16 m)

2 296 Hz 3 444 Hz 4 591 Hz

n
n

f nf n f

f f f f f f

� �
= = = � = = =

= = = = = =

�"
� A � A 

 29. (a) The length of the tube is one-fourth of a wavelength for this (one end closed) tube, so the 
wavelength is four times the length of the tube. 

   
343 m/s

360 Hz
4(0.24 m)

f
�
�

= = =  

 (b) If the bottle is one-third full, then the effective length of the air column is reduced to 12 cm. 

   
343 m/s

540 Hz
4(0.16 m)

f
�
�

= = =  

 30. For a pipe open at both ends, the fundamental frequency is given by 1 ,
2

f
�

=
�A

 so the length for a given 

fundamental frequency is 
1

.
2 f
�

=�A  

  3
20 Hz 20 kHz

343 m/s 343 m/s
8.6 m 8.6 10 m

2(20 Hz) 2(20,000 Hz)
Š= = = = ×� A � A 

 31. For a fixed string, the frequency of the nth harmonic is given by 1.nf nf=  Thus, the fundamental for 

this string is 1 3/3 540 Hz/3 180 Hz.f f= = =  When the string is fingered, it has a new length of 70% of 

the original length. The fundamental frequency of the vibrating string is also given by 1 ,
2

f
�

=
�A

 and 

� is constant for the string, assuming its tension is not changed. 

  1 1
fingered fingered

1 180 Hz
260 Hz

2 2(0 70) 0.70 0 70
f f

� �
= = = = =

. .� A � A
 

 32. We approximate the shell as a closed tube of length 15 cm and calculate the fundamental frequency. 

  
343 m/s

572 Hz 570 Hz
4 4(0.15 m)

f
�

= = = �
�A
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 33. (a) We assume that the speed of waves on the guitar string does not change when the string is 

fretted. The fundamental frequency is given by ,
2

f
�

=
�A

 so the frequency is inversely 

proportional to the length. 

   
1

constantf f	 � =�A
�A

 

   E
E E A A A E

A

330 Hz
(0.68 m) 0.51 m

440 Hz

f
f f

f

� § � ·
= � = = =� ¨ � ¸

� © � ¹
� A � A � A � A  

  The string should be fretted a distance 0.68 m 0.51 m 0.17 mŠ =  from the tuning nut of the 

guitar: (at the right-hand node in Fig. 12–8a of the textbook). 

 (b) The string is fixed at both ends and is vibrating in its fundamental mode. Thus, the wavelength is 
twice the length of the string (see Fig. 12–7). 

   2 2(0.51 m) 1.02 m� = = =�A  

 (c) The frequency of the sound will be the same as that of the string, 440 Hz . The wavelength is 

given by the following: 

   
343 m/s

0.78 m
440 Hzf

�
� = = =  

 34. (a) At 18 C,T = °  the speed of sound is given by (331 0 60(18)) m/s 341.8 m/s.� = + . =  For an open 

pipe, the fundamental frequency is given by .
2

f
�

=
�A

 

   
341.8 m/s

0.652 m
2 2 2(262 Hz)

f
f

� �
= � = = =�A

�A
 

 (b) The frequency of the standing wave in the tube is 262 Hz .  The wavelength is twice the length 

of the pipe, 1.30 m . 

 (c) The wavelength and frequency are the same in the air, because it is air that is resonating in the 
organ pipe. The frequency is 262 Hz  and the wavelength is 1.30 m . 

 35. The speed of sound will change as the temperature changes, and that will change the frequency of the 
organ. Assume that the length of the pipe (and thus the resonant wavelength) does not change. 

  

22 0 11 22 011
22 0 11 11 22.0

11 22 0

211

22 0 22.0

331 0.60(11)
1 1 1.92 10 1.9%

331 0.60(22.0)

f f f f f

f
f

� � ��
� � �

� �
��

� �
�

. .
.

.

Š

.

Š
= = 
 = Š =

Š

 +

= = Š = Š = Š × = Š
+

 

 36. A flute is a tube that is open at both ends, so the fundamental frequency is given by ,
2

f
�

=
�A

 where �A 

is the distance from the mouthpiece (antinode) to the first open side hole in the flute tube (antinode). 

  
343 m/s

0.491 m
2 2 2(349 Hz)

f
f

� �
= � = = =�A

�A
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 37. (a) At 22 C,T = °  the speed of sound is (331 0 60(22))m/s 344.2 m/s.� = + . =  For an open pipe, the 

fundamental frequency is given by .
2

f
�

=
�A

 

   
344.2 m/s

0.58537 m 0.585 m
2 2 2(294 Hz)

f
f

� �
= � = = = ��A

�A
 

 (b) The speed of sound in helium is given in Table 12–1 as 1005 m/s. Use this and the pipe’s length 

to find the pipe’s fundamental frequency. 

   
1005 m/s

858.43 Hz 858 Hz
2 2(0.58537 m)

f
�

= = = �
�A

 

 38. (a) The difference between successive overtones for this pipe is 176 Hz. The difference between 
successive overtones for an open pipe is the fundamental frequency, and each overtone is an 
integer multiple of the fundamental. Since 264 Hz is not a multiple of 176 Hz, 176 Hz cannot be 
the fundamental, so the pipe cannot be open. Thus, it must be a closed pipe. 

 (b) For a closed pipe, the successive overtones differ by twice the fundamental frequency. Thus, 176 Hz 
must be twice the fundamental, so the fundamental is 88 Hz . This is verified since 264 Hz is 

three times the fundamental, 440 Hz is five times the fundamental, and 616 Hz is seven times the 
fundamental. 

 39. (a) The difference between successive overtones for an open pipe is the fundamental frequency. 

   1 330 Hz 275 Hz 55 Hzf = Š =  

 (b) The fundamental frequency is given by 1 .
2

f
�

=
�A

 Solve this for the speed of sound. 

   12 2(1.70 m)(55 Hz) 187 m/s 190 m/sf� = = = ��A  

 40. The difference in frequency for two successive harmonics is 40 Hz. For an open pipe, two successive 
harmonics differ by the fundamental, so the fundamental could be 40 Hz, with 280 Hz being the 7th 
harmonic and 320 Hz being the 8th harmonic. For a closed pipe, two successive harmonics differ by twice 
the fundamental, so the fundamental could be 20 Hz. But the overtones of a closed pipe are odd multiples 
of the fundamental, and both overtones are even multiples of 30 Hz. So the pipe must be an open pipe. 

  
[331 0 60(23.0)]m/s

4.3 m
2 2 2(40 Hz)

f
f

� � + .
= � = = =�A

�A
 

 41. (a) The harmonics for the open pipe are .
2n
n

f
�

=
�A

 To be audible, they must be below 20 kHz. 

   
4

4 2(2.18 m)(2 10 Hz)
2 10 Hz 254.2

2 343 m/s
n

n
� ×

< × � < =
�A

 

  Since there are 254 harmonics, there are 253 overtones.  

 (b) The harmonics for the closed pipe are ,
4n
n

f
�

=
�A

 n odd. Again, they must be below 20 kHz. 

   
4

4 4(2.18 m)(2 10 Hz)
2 10 Hz 508.5

4 343 m/s
n

n
� ×

< × � < =
�A

 

  The values of n must be odd, so n = 1, 3, 5, …, 507. There are 254 harmonics, so there are 
253 overtones.  
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 42. A tube closed at both ends will have standing waves with displacement nodes at each end, so it has the 
same harmonic structure as a string that is fastened at both ends. Thus, the wavelength of the 
fundamental frequency is twice the length of the hallway, 1 2 18 m.� = =�A  

  1 2 1
1

343 m/s
19.056 Hz 19 Hz ; 2 38 Hz

18 m
f f f

�
�

= = = � = =  

 43. The tension and mass density of the string do not change, so the wave speed is constant. The frequency 

ratio for two adjacent notes is to be 1/122 .  The frequency is given by .
2

f
�

=
�A

 

        

1st 1st
fret fret unfingered1/12

1st 1/12 1/12
fretunfingered

unfingered

1st
fret unfingered unfingered

2nd th th unfingerd th unf1/12 2/12 /12
fret fret fret fret

2
75.0 cm

2 70.79 cm
2 2 2

2

;
2 2 2

n n nn

f

f
f

x

�

�
�

= � = = � = = =

= = � = = Š =

�A
�A

�A
�A

�A

�A
� A � A

� A � A � A� A� A/12
ingered

1/12 2/12
1 2

3/12 4/12
3 4

5/12 6/12
5 6

(1 2 )

(75.0 cm)(1 2 ) 4.2 cm ; (75.0 cm)(1 2 ) 8.2 cm

(75.0 cm)(1 2 ) 11.9 cm ; (75.0 cm)(1 2 ) 15.5 cm

(75.0 cm)(1 2 ) 18.8 cm ; (75.0 cm)(1 2 ) 22.0 cm

n

x x

x x

x x

Š

Š Š

Š Š

Š Š

Š

= Š = = Š =

= Š = = Š =

= Š = = Š =

 

 44. The ear canal can be modeled as a closed pipe of length 2.5 cm. The resonant frequencies are given by 

,  odd.
4n
n

f n
�

=
�A

 The first several frequencies are calculated here. 

  
2

1 3 5

(343 m/s)
(3430 Hz),  odd

4 4(2.5 10 m)

3430 Hz 10,300 Hz 17,200 Hz

n
n n

f n n

f f f

�
Š

= = =
×

= = =

�A  

In the graph, the most sensitive frequency is between 3000 and 4000 Hz. This corresponds to the 
fundamental resonant frequency of the ear canal. The sensitivity decrease above 4000 Hz, but is seen 
to “flatten out” around 10,000 Hz again, indicating higher sensitivity near 10,000 Hz than at 
surrounding frequencies. This 10,000-Hz relatively sensitive region corresponds to the first overtone 
resonant frequency of the ear canal. 

 45. From Eq. 11–18, the intensity is proportional to the square of the amplitude and the square of the 

frequency. From Fig. 12–15, the relative amplitudes are 2

1
0.4

A

A
�  and 3

1
0.15.

A

A
�  

  

2 22 2 2 2 2
2 2 2 2 22 2 2 2 2 2 2

2 2 2 2 2
1 1 11 1 1 1

2 2
2 23 3 3

1 1 1

32
2 1 3 1

1 1

2
2 2 (0.4) 0.64

2

3 (0.15) 0.20

10 log 10 log 0.64 2 dB ; 10 log 10 log 0.24 7 dB

I f A f A f A
I f A

I f Af A f A

I f A

I f A

II

I I

� ��
� ��

� ��

� �Š Š

� § � · � § � ·
= � = = = = =� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

� § � · � § � ·
= = =� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

= = = Š = = = Š

 

Answers may vary due to the reading of the figure. 
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 46. The beat period is 2.0 seconds, so the beat frequency is the reciprocal of that, 0.50 Hz. Thus, the other 
string is off in frequency by 0.50 Hz .±  The beating does not tell the tuner whether the second string is 

too high or too low. 

 47. The 5000-Hz shrill whine is the beat frequency generated by the combination of the two sounds. This 
means that the brand X whistle is either 5000 Hz higher or 5000 Hz lower than the known-frequency 
whistle. If it were 5000 Hz lower, then it would just barely be in the audible range for humans. Since 
humans cannot hear it, the brand X whistle must be 5000 Hz higher than the known frequency whistle. 
Thus, the brand X frequency is 23.5 kHz 5 kHz 28.5 kHz .+ =  Since the original frequencies are good 

to 0.1 KHz, we assume that the 5000-Hz value is 5.0 kHz. 

 48. The beat frequency is the difference in the two frequencies, or 277 Hz 262 Hz 15 Hz .Š =  If both 

frequencies are reduced by a factor of 4, then the difference between the two frequencies will also be 
reduced by a factor of 4, so the beat frequency will be 1

4
(15 Hz) 3.75 Hz 3.8 Hz .= �  

 49. Since there are 3 beats/s when sounded with the 350-Hz tuning fork, the guitar string must have a 
frequency of either 347 Hz or 353 Hz. Since there are 8 beats/s when sounded with the 355-Hz tuning 
fork, the guitar string must have a frequency of either 347 Hz or 363 Hz. The common value is 
347 Hz . 

 50. The fundamental frequency of the violin string is given by T1
294 Hz.

2 2

F
f

�
µ

= = =
� A � A

 Change the 

tension to find the new frequency and then subtract the two frequencies to find the beat frequency. 

  
T T(0.975)1 1

0.975 0.975
2 2

(1 0.975) (294 Hz)(1 0.975) 3.7 Hz

F F
f f

f f f f

µ µ
� = = =


 = Š � = Š = Š =

� A � A 

 51. (a) Since the sounds are initially 180° out of phase, 
another 180°  of phase must be added by a path 
length difference. Thus, the difference of the distances from the speakers to the point of 
constructive interference must be half of a wavelength. See the diagram. 

   1 1 1
min2 2 2

343 m/s
( ) 2 0.562 m

2 2(305 Hz)
d x x d x d

f
�

� � �Š Š = � = + � = = = =  

  This minimum distance occurs when the observer is right at one of the speakers. If the speakers 
are separated by more than 0.583 m, the location of constructive interference will be moved 
away from the speakers, along the line between the speakers. 

 (b) Since the sounds are already 180°  out of phase, as long as the listener is equidistant from the 
speakers, there will be completely destructive interference. So even if the speakers have a tiny 
separation, the point midway between them will be a point of completely destructive 
interference. The minimum separation between the speakers is 0. 

 52. The beat frequency is 3 beats per 2.5 seconds, or 1.2 Hz. We assume the strings are the same length 
and the same mass density. 

 (a) The other string is either 220.0 Hz 1.2 Hz 218.8 HzŠ =  or 220.0 Hz 1.2 Hz 221.2 Hz .+ =  

A B
x d xŠ
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 (b) Since T1
,

2 2

F
f

�
µ

= =
� A � A

 we have 
2

T T T
T T

.
f f f

f F F F
fF F

� § � ·� ��	 � = � = � ¨ � ¸
� � © � ¹

 

   To change 218.8 Hz to 220.0 Hz: 
2

T T
220.0

1.011 , 1 1% increase .
218.8

F F F� § � ·� = = .� ¨ � ¸
� © � ¹

 

   To change 221.2 Hz to 220.0 Hz: 
2

T T
220.0

0.9892 , 1.1% decrease .
221.2

F F F� § � ·� = =� ¨ � ¸
� © � ¹

 

 53. (a) For destructive interference, the smallest path difference must be one-half wavelength. Thus, the 
wavelength in this situation must be twice the path difference, or 1.00 m. 

   
343 m/s

343 Hz
1.00 m

f
�
�

= = =  

 (b) There will also be destructive interference if the path difference is 1.5 wavelengths, 2.5 
wavelengths, etc. 

   

0.50 m 343 m/s
1.5 0.333 m 1029 Hz 1000 Hz

1.5 0.33 m

0.50 m 343 m/s
2.5 0.20 m 1715 Hz 1700 Hz

2.5 0.20 m

f

f

�
� �

�
�

� �
�


 = � = = � = = = �


 = � = = � = = = �

�A

�A
 

 54. (a) The microphone must be moved to the right until the difference 
in distances from the two sources is half a wavelength. See the 
diagram. We square the expression, collect terms, isolate the 
remaining square root, and square again. 

   ( ) ( )

( ) ( )

1
2 1 2

2 22 21 1 1
2 2 2

2 22 21 1 1
2 2 2

d d

d x d x

d x d x

�

�

�

Š = �

+ + Š Š + = �

+ + = + Š + �

� A � A

� A � A

 

   
( ) ( ) ( ) ( )

( ) ( )

2 2 22 2 2 21 1 1 1 1
2 4 2 2 2

2 22 2 2 2 2 4 2 21 1 1 1 1
4 2 4 16 2

2

2 4 2(2 )

d x d x d x

dx d x d x dx d x

� �

� � � � �

+ + = + Š + + Š + �

� ª � ºŠ = Š + � Š + = Š +� « � »� ¬ � ¼

� A � A � A

� A � A
 

   
( )2 2 21 1

4 162 2 2 4 2 2 2 2 2 2 21 1
16 4 2 2

4
(4 )

d
d x dx d dx x x

d

�
� � � � � � �

�

+ Š
Š + = Š + + � =

Š

�A
�A  

   The values are 3.00 m, 3.20 m,d = =�A and / (343 m/s)/(474 Hz) 0.7236 m.f� �= = =  

   
2 2 21 1

4 16
2 2

(3.00 m) (3 20 m) (0.7236 m)
(0.7236 m) 0.429 m

4(3.00 m) (0.7236 m)
x

+ . Š
= =

Š
 

 (b) When the speakers are exactly out of phase, the maxima and minima will be interchanged. The 
intensity maxima are 0.429 m to the left or right of the midpoint, and the intensity minimum is 
at the midpoint. 

d 

l

x

d  2 d1
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 55. (a) To find the beat frequency, calculate the frequency of each sound and then subtract the two 
frequencies. 

   beat 1 2
1 2

1 1
(343 m/s) 8.936 Hz 8.9 Hz

2.54 m 2.72 m
f f f

� �
� �

 = Š = Š = Š = �  

 (b) The speed of sound is 343 m/s, and the beat frequency is 8.936 Hz. The regions of maximum 
intensity are one “beat wavelength” apart. 

   
343 m/s

38.38 m 38 m
8.936 Hzf

�
� = = = �  

 56. (a) Observer moving toward stationary source: 

   obs

snd

30.0 m/s
1 1 (1650 Hz) 1790 Hz

343 m/s
f f

�
�

� § � ·� § � ·
 � = + = + =� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹
 

 (b) Observer moving away from stationary source: 

   obs

snd

30.0 m/s
1 1 (1650 Hz) 1510 Hz

343 m/s
f f

�
�

� § � ·� § � ·
 � = Š = Š =� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹
 

 57. The moving object can be treated as a moving “observer” for calculating the frequency it receives and 
reflects. The bat (the source) is stationary. 

  object
object bat

snd
1f f

�

�

� § � ·
� = Š� ¨ � ¸

� © � ¹
 

Then the object can be treated as a moving source emitting the frequency objectf �  and the bat as a 

stationary observer. 

  

object

object snd objectsnd
bat bat bat

object object snd object

snd snd

4 4

1
( )

( )
1 1

343 m/s 27.0 m/s
(5.00 10 Hz) 4.27 10 Hz

343 m/s 27.0 m/s

f
f f f

�
� ��

� � � �

� �

� § � ·
Š� ¨ � ¸� Š� © � ¹�� = = =

+� § � · � § � ·
+ +� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

� § � ·Š
= × = ×� ¨ � ¸+� © � ¹

 

 58. The frequency received by the stationary car is higher than the frequency emitted by the stationary car, 
by 4.5 Hz.f 
 =  

  

source
obs source

source

snd

snd
source

source

1

343 m/s
1 (4.5 Hz) 1 81.25 Hz 81 Hz

18 m/s

f
f f f

f f

�
�

�
�

 = + 
 = �
� § � ·

Š� ¨ � ¸
� © � ¹

� § � ·� § � ·
= 
 Š = Š = �� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹
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 59. The wall can be treated as a stationary “observer” for calculating the frequency it receives. The bat is 
flying toward the wall. 

  wall bat
bat

snd

1

1

f f
�
�

� =
� § � ·

Š� ¨ � ¸
� © � ¹

 

Then the wall can be treated as a stationary source emitting the frequency wallf �  and the bat as a 

moving observer, flying toward the wall. 

  

bat bat snd bat
bat wall bat bat

snd snd snd batbat

snd

4 4

( )1
1 1

( )
1

343 m/s 6.0 m/s
(3.00 10 Hz) 3.11 10 Hz

343 m/s 6.0 m/s

f f f f
� � � �
� � � ��

�

� § � · � § � ·+
�� � = + = + =� ¨ � ¸ � ¨ � ¸

Š� § � ·� © � ¹ � © � ¹Š� ¨ � ¸
� © � ¹

+
= × = ×

Š

 

 60. We assume that the comparison is to be made from the frame of reference of the stationary tuba. The 
stationary observers would observe a frequency from the moving tuba of 

  source
obs beat

source

snd

75 Hz
78.19 Hz 78.19 Hz 75 Hz 3.19 Hz 3 Hz

14.0 m/s
11

343 m/s

f
f f

�
�

= = = = Š = �
� § � · � § � ·

ŠŠ� ¨ � ¸ � ¨ � ¸
� © � ¹� © � ¹

 

 61. The ocean wave has 44 m� =  and 18 m/s� = relative to the ocean floor. The frequency of the ocean 

wave is then 
18 m/s

0.4091 Hz.
44 m

f
�
�

= = =
 

 

 (a) For the boat traveling west, the boat will encounter a Doppler shifted frequency, for an observer 
moving toward a stationary source. The speed 18 m/s� =  represents the speed of the waves in 

the stationary medium, so it corresponds to the speed of sound in the Doppler formula. The time 
between encountering waves is the period of the Doppler shifted frequency. 

   

obs
observer
moving snd

14 m/s
1 1 (0.4091 Hz) 0.7273 Hz

18 m/s

1 1
1.375 s 1.4 s

0.7273 Hz

f f

T
f

�
�

� § � ·� § � ·
� = + = + = �� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹

= = = �

 

 (b) For the boat traveling east, the boat will encounter a Doppler shifted frequency, for an observer 
moving away from a stationary source. 

   

obs
observer
moving snd

14 m/s
1 1 (0.4091 Hz) 0.09091 Hz

18 m/s

1 1
11s

0.09091 Hz

f f

T
f

�
�

� § � ·� § � ·
� = Š = Š = �� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹

= = =
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 62. (a) The observer is stationary, and the source is moving. First the source is approaching, and then 
the source is receding. 

   source
moving src
toward

snd

source
moving src
away

snd

1 m/s
120.0 km/h 33.33 m/s

3.6 km/h

1 1
(1580 Hz) 1750 Hz

33 33 m/s
11

343 m/s

1 1
(1580 Hz) 1440 Hz

33.33 m/s
11

343 m/s

f f

f f

�
�

�
�

� § � ·
=� ¨ � ¸

� © � ¹

� = = =
� § � · � § � ·.

ŠŠ� ¨ � ¸ � ¨ � ¸
� © � ¹� © � ¹

� = = =
� § � · � § � ·

++� ¨ � ¸ � ¨ � ¸
� © � ¹� © � ¹

 

 (b) Both the observer and the source are moving, so use Eq. 12–4. 

   
1 m/s

90.0 km/h 25 m/s
3.6 km/h

� § � ·
=� ¨ � ¸

� © � ¹
 

   

snd obs
approaching

snd src

snd obs
receding

snd src

( ) (343 m/s 25 m/s)
(1580 Hz) 1880 Hz

( ) (343 m/s 33.33 m/s)

( ) (343 m/s 25 m/s)
(1580 Hz) 1340 Hz

( ) (343 m/s 33.33 m/s)

f f

f f

� �
� �

� �
� �

+ +� = = =
Š Š

Š Š� = = =
+ +

 

 (c) Both the observer and the source are moving, so again use Eq. 12–4. 

   snd obs
police
car snd src
approaching

snd obs
police
car snd src
receding

1 m/s
80.0 km/h 22.22 m/s

3.6 km/h

343 m/s 22.22 m/s
 (1580 Hz) 1640 Hz

343 m/s 33.33 m/s

( )

( ) ( )
( ) ( )

( ) (343 m/s 22.22 m/s
1580 Hz

( )

f f

f f

� �

�

� �

�

�

�

=

Š Š
� = = =

Š Š

Š
� = =

Š

� § � ·
� ¨ � ¸
� © � ¹

+
1530 Hz

)
(343 m/s 33.33 m/s)

=
+

 

 63. The maximum Doppler shift occurs when the heart has its maximum velocity. Assume that the heart is 
moving away from the original source of sound. The beats arise from the combining of the original 
2.25-MHz frequency with the reflected signal which has been Doppler shifted. There are two Doppler 
shifts—one for the heart receiving the original signal (observer moving away from stationary source) 
and one for the detector receiving the reflected signal (source moving away from stationary observer). 

        

heart

sndheart heart snd heart
heart original detector original original

snd snd heartheart heart

snd snd

original detector original original

1
( )

1 ;
( )

1 1

(

f
f f f f f

f f f f f

�
�� � �

� � �� �
� �

� § � ·
Š� ¨ � ¸�� § � · Š� © � ¹� ��= Š = = =� ¨ � ¸

+� § � · � § � ·� © � ¹+ +� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹

��
 = Š = Š snd blood blood
original

snd blood snd blood

) 2

( ) ( )
f

� � �
� � � �

Š
= �

+ +

 

       3
blood snd 6

original

240 Hz
(1.54 10 m/s) 0.0821 m/s

2 2(2.25 10 Hz) 240 Hz

f
f f

� �



= = × =
Š 
 × Š
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If instead we had assumed that the heart was moving toward the original source of sound, we would 

get blood snd
original

.
2

f
f f

� �



=
+ 


 Since the beat frequency is much smaller than the original frequency, 

the f
  term in the denominator does not significantly affect the answer. 

 64. We represent the Mach number by the symbol M. 

 (a) obj
obj snd

snd
(0 33)[(331 m/s) 0.60(24)] 113.98 m/s 110 m/sM M

�
� �

�
= � = = . + = �  

 (b) obj obj
snd

snd

3000 km/h 1 m/s
967.7 km/h 270 m/s

3.1 3.6 km/h
M

M

� �
�

�
� § � ·

= � = = = =� ¨ � ¸
� © � ¹

 

 65. The speed is found from Eq. 12–5. 

  wave wave
obj

obj

2.2 km/h
sin 10.58 km/h 11 km/h

sin sin 12

� �
� �

� �
= � = = = �

°
 

 66. (a) The angle of the shock wave front relative to the direction of motion is given by Eq. 12–5. 

   1snd snd

obj snd

1 1
sin sin 28.44 28

2.1 2.1 2.1

� �
� �

� �
Š= = = � = = ° = °  

 (b) The displacement of the plane obj( )t�  from the time 

it passes overhead to the time the shock wave 
reaches the observer is shown, along with the shock 
wave front. From the displacement and height of the 
plane, the time is found. 

   
obj

tan
h

t
�

�
= �  

 

 
obj

6500 m
18 44 s 18 s

tan (2 1)(310 m/s) tan 28.44
h

t
� �

= = = �
. °

 

 67. (a) The Mach number is the ratio of the object’s speed to the speed of sound. 

   

4

obs

sound

1 m/s
(1.5 10 km/h)

3.6 km/h
99.21 99

42 m/s
M

�
�

� § � ·
× � ¨ � ¸

� © � ¹= = = �  

 (b) Use Eq. 12–5 to find the angle. 

   1 1 1snd

obj

1 1
sin sin sin 0 58

99 21M

�
� Š Š Š= = = = . °

.v
 

 68. From Eq. 12–7, snd

obj
sin .

�
�

�
=  The speed of sound in the ocean is taken from Table 12–1. 

 (a) 1 1snd

obj

343 m/s
sin sin 2.1

9200 m/s

�
�

�
Š Š= = = °  

 (b) 1 1snd

obj

1560 m/s
sin sin 9.8

9200 m/s

�
�

�
Š Š= = = °  

objtv

h

�
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 69. (a) The displacement of the plane from the time it passes 
overhead to the time the shock wave reaches the listener 
is shown, along with the shock wave front. From the 
displacement and height of the plane, the angle of the 
shock wave front relative to the direction of motion can 
be found. 

   11.45 km 1.45
tan tan 35.94 36

2.0 km 2.0
� � Š= � = = ° � °  

 (b) The speed and Mach number are found from Eq. 12–5. 

   

snd
obj

obj

snd

330 m/s
562.2 m/s 560 m/s

sin sin 35.94

1 1
1.7

sin sin 35.94
M

�
�

�
�

� �

= = = �
°

= = = =
°

 

 70. Find the angle of the shock wave, then the distance the plane 
has traveled when the shock wave reaches the observer. Use 
Eq. 12–5. 

  

1 1 1snd snd

obj snd

1
sin sin sin 30

2.0 2.0

9500 m 9500 m
tan 16,454 m 16 km

tan 30
D

D

� �
�

� �

�

Š Š Š= = = = °

= � = = �
°

 

 71. The minimum time between pulses would be the time for a pulse to travel from the boat to the 
maximum distance and back again. The total distance traveled by the pulse will be 170 m at the speed 
of sound in fresh water, 1440 m/s. 

  
170 m

0.12 s
1440 m/s

d
d t t�

�
= � = = =  

 72. The single mosquito creates a sound intensity of 12 2
0 1 10 W/m .I Š= ×  Thus, 200 mosquitoes will 

create a sound intensity of 200 times that of a single mosquito. 

  0
0

0

200
100 10 log 10 log 200 23 dB

I
I I

I
�= = = =  

 73. The two sound level values must be converted to intensities; then the intensities are added and 
converted back to sound level. 

  

8.1 881
82 81 0 0

0

8.7 887
87 87 0 0

0

8
total 82 87 0

8
80

total
0

: 81 dB 10 log 10 1.259 10

: 87 dB 10 log 10 5.012 10

(6.271 10 )

6.271 10
10 log 10 log 6.597 10 87.97 88 dB

I
I I I I

I

I
I I I I

I

I I I I

I

I
�

= � = = ×

= � = = ×

= + = × �

×
= = × = �

 

2.0 km

1.45 km

�

D

9500m

�
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 74. The power output is found from the intensity, which is the power radiated per unit area. 

  11.5 11.5 12 2 1 2
0

0
115 dB 10 log 10 10 (1.0 10 W/m ) 3.162 10 W/m

I
I I

I
Š Š= � = = × = ×  

  2 2 1 2
2

4 4 (8 25 m) (3.162 10 W/m ) 270.45W 270 W
4

P P
I P r I

A r
� �

�
Š= = � = = . × = �  

The answer has 3 significant figures. 

 75. Relative to the 1000-Hz output, the 15-kHz output is –12 dB. 

  

15 kHz 15 kHz 15 kHz1.2

1.2
15 kHz

12 dB 10 log 1.2 log 10
225 W 225 W 225 W

(225 W)(10 ) 14 W

P P P

P

Š

Š

Š = � Š = � = �

= =

 

 76. The 130-dB level is used to find the intensity, and the intensity is used to find the power. It is assumed 
that the jet airplane engine radiates equally in all directions. 

  

13 13 12 2 1 2
0

0

2 1 2 2 2

130 dB 10 log 10 10 (1.0 10 W/m ) 1.0 10 W/m

(1.0 10 W/m ) (2.0 10 ) 0.013 W

I
I I

I

P IA I r

�

� �

Š

Š

= = � = = × = ×

= = = × × =

 

 77. (a) The gain is given by out
3

in

135 W
10 log 10 log 51 dB .

1.0 10 W

P

P
�

Š
= = =

×
 

 (b) We solve the gain equation for the noise power level. 

   signal signal 9
noise /10 93/10

noise

10 W
10 log 5 10 W

10 10

P P
P

P �
� Š= � = = = ×  

 78. The strings are both tuned to the same frequency, and they have the same length. The mass per unit 
length is the density times the cross-sectional area. The frequency is related to the tension by  
Eqs. 11–13 and 11–19b. 

  

2 2 2T T T
T2

22 22 2 2 1
T high high high high2

2 2 2 1
T low low lowlow 2

1 1
; 4

2 2 2

4 0.724 mm
1.07

0.699 mm4

F F F
f f F f r

r

F f r r d

F r df r

�
� � �

µ µ ��

� �

�

= = � = = � = �

� § � ·� § � · � § � ·
= = = = =� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸� � © � ¹� © � ¹� © � ¹

�A
� A � A � A

�A

�A

 

 79. The apparatus is a closed tube. The water level is the closed end, so it is a node of air displacement. As 
the water level lowers, the distance from one resonance level to the next corresponds to the distance 
between adjacent nodes, which is one-half wavelength. 

  

1
2

2 2(0.395 m 0.125 m) 0.540 m

343 m/s
635 Hz

0.540 m
f

� �

�
�


 = � = 
 = Š =

= = =

� A � A
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 80. The fundamental frequency of a tube closed at one end is given by 1 .
4

f
�

=
�A

 The change in air 

temperature will change the speed of sound, resulting in two different frequencies. 

      

31.0 C

31.0 C 31.0 C 31.0 C
31.0 C 25.0 C

31.0 C25.0 C 25.0 C 25.0 C

31.0 C
31.0 C 25.0 C 25.0 C

25.0 C

4

4

331 0.60(31.0)
1 (349 Hz) 1 3.63 Hz 4 Hz

331 0.60(25.0)

f
f f

f

f f f f

�
� �

� � �

�
�

°

° ° °
° °

°° ° °

°
° ° °

°

� § � ·
= = � = � ¨ � ¸

� © � ¹

� § � ·� § � ·+

 = Š = Š = Š = �� ¨ � ¸� ¨ � ¸+� © � ¹� © � ¹

�A

�A  

 81. Call the frequencies of four strings of the violin A B C D, , , and ,f f f f  with Af  the lowest pitch. The 
mass per unit length will be named .µ  All strings are the same length and have the same tension. For a 

string with both ends fixed, the fundamental frequency is given by T
1

1
.

2 2

F
f

�
µ

= =
� A � A

 

  

T T A
B A B A2

B A

2 2T T A
C B A C A4

C A

3 3T T A
D C A D A6

D A

1 1
1.5 1.5 0.44

2 2 (1.5)

1 1
1.5 (1 5) (1.5) 0.20

2 2 (1.5)

1 1
1.5 (1.5) (1.5) 0.088

2 2 (1.5)

F F
f f

F F
f f f

F F
f f f

µ
µ µ

µ µ

µ
µ µ

µ µ

µ
µ µ

µ µ

= � = � = =

= = . � = � = =

= = � = � = =

� A � A

� A � A

� A � A

 

 82. We combine the expression for the frequency in a closed tube with the Doppler shift for a source 
moving away from a stationary observer, Eq. 12–2b. 

  

snd
1

snd1

2source source

snd snd

4
343 m/s

1127 Hz 1130 Hz
25 m/s

4(7.10 10 m) 11 4 1
343 m/s

f

f
f

�

�

� �
� �

Š

=

� = = = = �
� § � · � § � · � § � ·

× ++ +� ¨ � ¸ � ¨ � ¸ � ¨ � ¸
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 83. The effective length of the tube is 1 1
eff 3 3

0.55 m (0.030 m) 0.56 m.D= + = + =� A � A  

Uncorrected frequencies: 
(2 1)

, 1, 2, 3,
4n

n
f n

�Š
= = ��"

�A
 

   1 4
343 m/s

(2 1) 156 Hz, 468 Hz, 770 Hz, 1090 Hz
4(0.55 m)

f nŠ = Š =  

Corrected frequencies: 
eff

(2 1)
, 1, 2, 3,

4n
n

f n
�Š

= = ��"
�A

 

   
1 4

343 m/s
(2 1) 153 Hz, 459 Hz, 766 Hz, 1070 Hz

4(0.56 m)

     150 Hz, 460 Hz, 770 Hz, 1100 Hz

f nŠ = Š =

�
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 84. As the train approaches, the observed frequency is given by approach
train

snd

.

1

f
f

�
�

� =
� § � ·

Š� ¨ � ¸
� © � ¹

 As the train 

recedes, the observed frequency is given by recede
train

snd

.

1

f
f

�
�

� =
� § � ·

+� ¨ � ¸
� © � ¹

 Solve each expression for ,f  

equate them, and then solve for train.�  

  

train train
approach recede

snd snd

approach recede
train snd

approach recede

1 1

( ) (565 Hz 486 Hz)
(343 m/s) 26 m/s

( ) (565 Hz 486 Hz)

f f

f f

f f

� �
� �

� �

� § � · � § � ·
� �Š = + �� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹
� �Š Š

= = =
� �+ +

 

 85. The Doppler shift is 3.5 Hz, and the emitted frequency from both trains is 508 Hz. Thus, the frequency 
received by the conductor on the stationary train is 511.5 Hz. Use this to find the moving train’s speed. 

  snd
source snd

snd source

508 Hz
1 1 (343 m/s) 2.35 m/s

( ) 511.5 Hz
f

f f
f

�
� �

� �
� § � ·� § � ·

 � = � = Š = Š =� ¨ � ¸� ¨ � ¸Š  �� © � ¹� © � ¹
 

 86. (a) Since both speakers are moving toward the observer at the same speed, both frequencies have the 
same Doppler shift, and the observer hears no beats. 

 (b) The observer will detect an increased frequency from the speaker moving toward him and a 
decreased frequency from the speaker moving away. The difference in those two frequencies 
will be the beat frequency that is heard. 

   

towards away
train train

snd snd

snd snd
towards away

snd train snd traintrain train

snd snd

1 1

1 1

1 1
( ) ( )

1 1

343 m/s 343 m/s
(348 Hz)

343 m/s 12.0 m/s (343 m/s

f f f f

f f f f f

� �
� �

� �
� � � �� �

� �

� �= =
� § � · � § � ·

Š +� ¨ � ¸ � ¨ � ¸
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Š
Š +

24.38 Hz 24 Hz
12.0 m/s)

� ª � º
= �� « � »

� ¬ � ¼

 

 (c) Since both speakers are moving away from the observer at the same speed, both frequencies 
have the same Doppler shift, and the observer hears no beats. 

 87. For each pipe, the fundamental frequency is given by .
2

f
�

=
�A

 Find the frequency of the shortest pipe. 

  
343 m/s

71.46 Hz
2 2 (2.40 m)

f
�

= = =
�A

 

The longer pipe has a lower frequency. Since the beat frequency is 6.0 Hz, the frequency of the longer 
pipe must be 65.46 Hz. Use that frequency to find the length of the longer pipe. 

  
343 m/s

2.62 m
2 2 2(65.46 Hz)

f
f

� �
= � = = =�A

�A
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 88. Use Eq. 12–4, which applies when both source and observer are in motion. There will be two Doppler 
shifts in this problem—first for the emitted sound with the bat as the source and the moth as the 
observer and then for the reflected sound with the moth as the source and the bat as the observer. 

  

snd moth snd bat snd moth snd bat
moth bat bat moth bat

snd bat snd moth snd bat snd moth

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

(343 5.0) (343 7.8)
(51.35 kHz) 55.3 kHz

(343 7.8) (343 5.0)

f f f f f
� � � � � � � �
� � � � � � � �

+ + + +
� �� � = = =

Š Š Š Š

+ +
= =

Š Š

 

 89. It is 70.0 ms from the start of one chirp to the start of the next. Since the chirp itself is 3.0 ms long, it is 
67.0 ms from the end of a chirp to the start of the next. Thus, the time for the pulse to travel to the 
moth and back again is 67.0 ms. The distance to the moth is half the distance that the sound can travel 
in 67.0 ms, since the sound must reach the moth and return during the 67.0 ms. 

  31
snd 2(343 m/s) (67.0 10 s) 11.5 md t� Š = = × =  

 90. The person will hear a frequency walk
toward

snd
1f f

�
�

� § � ·
� = +� ¨ � ¸

� © � ¹
 from the speaker that they walk toward. The 

person will hear a frequency walk
away

snd
1f f

�
�

� § � ·
� = Š� ¨ � ¸

� © � ¹
 from the speaker that they walk away from. The 

beat frequency is the difference in those two frequencies. 

  walk walk walk
towards away

snd snd snd

1.6 m/s
1 1 2 2(282 Hz) 2.6 Hz

343 m/s
f f f f f

� � �
� � �
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 91. The ratio of sound intensity passing through the door to the original sound intensity is a 30-dB decrease. 

  3
0 0 010 log / 30 log / 3 10I I I I I I� Š= = Š � = Š � =  

Only 1/1000 of the sound intensity passes through the door. 

 92. The alpenhorn can be modeled as an open tube, so the fundamental frequency is ,
2

f
�

=
�A

 and the 

overtones are given by , 1, 2, 3, .
2n
n

f n
�

= = �!
�A

 

  
1

1 F

343 m/s
50.44 Hz 50 Hz

2 2(3.4 m)

370
(50.44 Hz) 370 Hz 7.34

50.44n

f

f nf f n n

�

#

= = = �

= = � = � = =
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Thus, the 7th harmonic, which is the 6th overtone, is close to F#. 

 93. The walls of the room must be air displacement nodes, so the dimensions of the room between two parallel 

boundaries correspond to a half wavelength of sound. Fundamental frequencies are then given by .
2

f
�

=
�A

 

  

343 m/s 343 m/s
Length:  36 Hz Width:  48 Hz

2 2(4.7 m) 2 2(3.6 m)
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Height:  61 Hz

2 2(2.8 m)
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 94. (a) The “singing” rod is manifesting standing waves. When holding the rod at its midpoint, it has a 
node at its midpoint and antinodes at its ends. Thus, the length of the rod is a half wavelength. 
The speed of sound in aluminum is found in Table 12–1. 

   
5100 m/s

3187.5 Hz 3200 Hz
2 1.6 m

f
� �
�

= = = = �
�A

 

 (b) The wavelength of sound in the rod is twice the length of the rod, 1.6 m . 

 (c) The wavelength of the sound in air is determined by the frequency and the speed of sound in air. 

   
343 m/s

0.1076 m 0.11 m
3187.5 Hzf

�
� = = = �  

 95. Equation 11–18 gives the relationship between intensity and the displacement amplitude: 
2 2 22 ,I f A� ��=  where A is the displacement amplitude. Thus, 2,I A	  or .A I	  Since the 

intensity increased by a factor of 1210 , the amplitude would increase by a factor of the square root of 

the intensity increase, or 610 . 

 96. The beats arise from the combining of the original 3.5-MHz frequency with the reflected signal, which 
has been Doppler shifted. There are two Doppler shifts—one for the blood cells receiving the original 
signal (observer moving away from stationary source) and one for the detector receiving the reflected 
signal (source moving away from stationary observer). 

 

blood

sndblood blood snd blood
blood original detector original original

snd snd bloodblood blood

snd snd

1
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1
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1 1
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f f f f f
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snd blood blood
original detector original original original

snd blood snd blood
2

6
3 2

( ) 2

( ) ( )

2(3.0 10 )
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Solutions to Search and Learn Problems 

 1. The intensity can be found from the sound level in decibels. 

  /10 12 12 2 2
0

0
10 log 10 10 (10 W/m ) 1.0 W/m

I
I I

I
�� Š= � = = =  

Consider a square perpendicular to the direction of travel of the sound wave. The intensity is the 
energy transported by the wave across a unit area perpendicular to the direction of travel, per unit time. 

So ,
E

I
S t



=



 where S is the area of the square. Since the energy is “moving” with the wave, the 

“speed” of the energy is � ,  the wave speed. In a time ,t
  a volume equal to V S t�
 = 
  would 
contain all of the energy that had been transported across the area S. Combine these relationships to 
find the energy in the volume. 

  
2 3

9(1.0 W/m )(0.010 m)
2.9 10 J

343 m/s
E I V

I E IS t
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 2. As the car approaches, the frequency of the sound from the engine is Doppler shifted up, as given by 
Eq. 12–2a. As the car moves away, the frequency of the engine sound is Doppler shifted down, as 
given by Eq. 12–2b. Since the frequency shift is exactly an octave, we know that toward away2 .f f� �=  We 

then solve for the car’s speed. 

   

toward away
source source

snd snd

source source
toward away

snd sndsource source

snd snd

1 1
source snd3 3

;

1 1

2 2 1 2 1

1 1
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f f
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 3. Since the sound is loudest at points equidistant from the two sources, the two sources must be in phase. 
The difference in distance from the two sources must be an odd number of half wavelengths for 
destructive interference. See Fig. 12–17 and the accompanying discussion for a derivation of that 
relationship. 

  

0.25 m /2 0.50 m

/ 343 m/s/0.50 m 686 Hz

0.25 m 3 /2 0.1667 m

/ 343 m/s/0.1667 m 2060 Hz (out of range)

f

f

� �
� �

� �
� �

= � =

= = =

= � =

= = =

 

Thus, we see that the frequency must be about 690 Hz. 

 4. The Doppler effect occurs only when there is relative motion of the source and the observer along the 
line connecting them. In the first four parts of this problem, the whistle and the observer are not 
moving relative to each other, so there is no Doppler shift. The wind speed increases (or decreases) the 
velocity of the waves in the direction of the wind, as if the speed of sound were different, but the 
frequency of the waves doesn’t change. We do a detailed analysis of this claim in part (a). 

 (a) The wind velocity is a movement of the medium, so it adds or subtracts from the speed of sound 
in the medium. Because the wind is blowing away from the observer, the effective speed of 
sound is snd wind.� �Š  The wavelength of the waves traveling toward the observer is 

snd wind 0( )/ ,a f� � �= Š  where 0f  is the frequency of the sound emitted by the factory whistle. 

This wavelength approaches the observer at a relative speed of snd wind.� �Š  Thus, the observer 

hears the frequency calculated here. 

   snd wind snd wind
0

snd wind

0

770 Hza
a

f f
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 (b) Because the wind is blowing toward the observer, the effective speed of sound is snd wind.� �+  

The same kind of analysis as applied in part (a) gives 770 Hz .bf =  

 (c) Because the wind is blowing perpendicular to the line toward the observer, the effective speed of 
sound along that line is snd.�  Since there is no relative motion of the whistle and observer, there 

will be no change in frequency, so 770 Hz .cf =  

 (d) This is just like part (c), so 770 Hz .df =  
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 (e) Because the wind is blowing toward the cyclist, the effective speed of sound is snd wind.� �+  The 

wavelength traveling toward the cyclist is snd wind 0( )/e f� � �= +  and approaches the cyclist at a 

relative speed of snd wind cycle.� � �+ +  The cyclist will hear the following frequency: 

   

snd wind cycle snd wind cycle
0

snd wind

( ) ( ) (343 15.0 12.0)m/s
(770 Hz)

( ) (343 15.0)

796 Hz

e
e

f f
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+ + + + + +
= = =

+ +

=

 

 (f) Since the wind is not changing the speed of the sound waves moving toward the cyclist, the 
speed of sound is 343 m/s. The observer is moving toward a stationary source at 12.0 m/s. 

   obs

snd

12.0 m/s
1 (770 Hz) 1 797 Hz

343 m/sff f
�
�

� § � ·� § � ·
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 5. For a tube open at both ends, all integer harmonics are allowed, with 1.nf nf=  Thus, consecutive 

harmonics differ by the fundamental frequency. The four consecutive harmonics give the following 
values for the fundamental frequency: 

   1 523 Hz 392 Hz 131 Hz, 659 Hz 523 Hz 136 Hz, 784 Hz 659 Hz 125 Hzf = Š = Š = Š =  

The average of these is 1
1 3

(131 Hz 136 Hz 125 Hz) 131 Hz.f = + + �  We use that for the fundamental 

frequency. 

 (a) 1
1

343 m/s
1.31 m

2 2 2(131 Hz)
f

f
� �

= � = = =�A
�A

 

  Note that the bugle is coiled like a trumpet, so the full length fits in a smaller distance. 

 (b) G4 C5
1 G4 C5

1 1

392 Hz 523 Hz
2.99; 3.99;

131 Hz 131 Hzn
f f

f nf n n
f f

= � = = = = = =  

  E5 G5
E5 G5

1 1

659 Hz 784 Hz
5.03; 5.98

131 Hz 131 Hz

f f
n n

f f
= = = = = =  

  The harmonics are 3,  4, 5, and 6 . 
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13-1 

Responses to Questions 

 1. Because the atomic mass of copper is smaller than that of lead, an atom of copper has less mass than 
an atom of lead. Thus, 1 kg of copper will have more atoms than 1 kg of lead. 

 2. Properties of materials that can be exploited for the making of a thermometer include: 

(i) Volume of a liquid (mercury or alcohol thermometer) 

(ii) Electrical resistance (covered in a later chapter) 

(iii) Color (frequency) of emitted light from a heated object (covered in a later chapter) 

(iv) Volume of a gas 

(v) Expansion of a metal (bimetallic strip) 

 3. 1 C° is larger than 1 F°. There are 100 C° between the freezing and boiling temperatures of water, 
while there are 180 F° between the same two temperatures. 

 4. To be precise, 0�A  is to be the initial length of the object. In practice, however, since the value of the 

coefficient of expansion is so small, there will be little difference in the calculation of � �A caused by 
using either the initial or final length, unless the temperature change is quite large. 

 5. When heated, the aluminum expands more than the iron, because the expansion coefficient of 
aluminum is larger than that of iron. Thus the aluminum will be on the outside of the curve. 

 6. The steam pipe can have a large temperature change as the steam enters or leaves the pipe. If the pipe 
is fixed at both ends and the temperature changes significantly, then there will be large thermal stresses 
that might break joints. The “U” in the pipe allows for expansion and contraction, which is not 
possible at the fixed ends. This is similar to the joints placed in concrete roadway surfaces to allow 
expansion and contraction. 

 7. The bimetallic strip is made of two types of metal joined together. The metal of the outside strip has a 
higher coefficient of linear expansion than that of the inside strip, so it will expand and contract more 
dramatically. As the temperature cools, the strip will coil more tightly. That will tilt the liquid mercury 
vessel so that the mercury goes over the two contacts, making a complete circuit and turning on the 
heater. As the temperature rises, the strip will “uncoil,” moving the liquid mercury off of the contacts 
and shutting off the heater. Moving the temperature setting lever changes the initial position of the 
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glass vessel and thus changes the temperature at which the coil has expanded or shrunk enough to 
move the liquid mercury. 

 8. If one part is heated or cooled more than another part, there will be more expansion or contraction of 
one part of the glass compared to an adjacent part. This causes internal stress forces that may exceed 
the maximum strength of the glass. 

 9. If water is added quickly to an overheated engine, it comes into contact with the very hot metal parts of 
the engine. Some areas of the metal parts will cool off very rapidly; others will not. Some of the water 
will quickly turn to steam and will expand rapidly. The net result can be a cracked engine block or 
radiator, due to the thermal stress and/or the emission of high-temperature steam from the radiator. 
Water should always be added slowly, with the engine running. The water will mix with the hotter 
water already in the system and will circulate through the engine, gradually cooling all parts at about 
the same rate. 

 10. The coefficient of expansion is derived from a ratio of lengths: 
0

1
.

T
�

�
=

�
�A

�A
 The length units cancel, 

so the coefficient does not depend on the specific length unit used in its determination, as long as the 
same units are used for both � �A and 0.�A  

 11. The glass is the first to warm due to the hot water, so the glass will initially expand a small amount. As 
the glass initially expands, the alcohol level will decrease. As thermal equilibrium is reached, the 
alcohol will expand more than the glass expands, since alcohol has a larger coefficient of expansion 
than water, and the alcohol level will rise to indicate the higher temperature. 

 12. Since Pyrex glass has a smaller coefficient of linear expansion than ordinary glass, it will expand less 
than ordinary glass when heated, making it less likely to crack from internal stresses. Pyrex glass is 
therefore more suitable for applications involving heating and cooling. An ordinary glass mug may 
expand to the point of cracking if boiling water is poured in it, whereas a Pyrex mug will not. 

 13. On a hot day, the pendulum will be slightly longer than at 20°C, due to thermal expansion of the brass 
rod. Since the period of a pendulum is proportional to the square root of its length, the period will be 
slightly longer on the hot day, meaning that the pendulum takes more time for one oscillation. Thus, 
the clock will run slow. 

 14. The soda is mostly water. As water cools below 4°C it expands. There is more expansion of the soda 
as it cools below 4°C and freezes than there is available room in the can (the can has actually shrunk a 
small amount, making the mismatch more pronounced), so the freezing soda pushes against the can 
surfaces hard enough to push them outward. Evidently the top and bottom of the can are the weakest 
parts. 

 15. The buoyant force on the aluminum sphere is the weight of the water displaced by the sphere, which is 
the volume of the sphere times the density of water times g. As the substances are heated, the volume 
of the sphere increases and the density of the water decreases (because of its increased volume). Since 
the volume expansion coefficient of the water is almost three times larger than that of the aluminum, 
the fractional decrease in the water density is larger than the fractional increase in the aluminum 
volume. Thus, the product of the volume of the sphere and the density of water decreases, and the 
buoyant force gets smaller. 

 16. For an absolute vacuum, no. But for most “vacuums,” there are still a few molecules in the containers, 
and the temperature can be determined from the (very low) pressure. 
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 17. (a) Because the escape velocity for the Moon is 1/5 that of the Earth, heavy molecules with lower 
speeds will be able to escape. The Moon may have started with an atmosphere, but over time 
almost all of the molecules of gas have escaped. 

 (b) Hydrogen is the lightest gas. For a given kinetic energy (temperature) it has the highest speed 
and will be most likely to escape. 

 18. Boiling occurs when the saturated vapor pressure equals the external pressure. When we say the 
oxygen “boils” at –183°C, we mean that the saturated vapor pressure for oxygen will be 1 atm (the 
same as atmospheric pressure) at a temperature of –183°C. At this temperature and pressure, liquid 
oxygen will vaporize. 

 19. The freezing point of water decreases slightly with higher pressure. The wire exerts a large pressure on 
the ice (due to the weights hung at each end). The ice under the wire will melt, allowing the wire to 
move lower into the block. Once the wire has passed a given position, the water now above the wire 
will have only atmospheric pressure on it and will refreeze. This process allows the wire to pass all the 
way through the block and yet leave a solid block of ice behind. 

 20. (a) A pressure cooker is sealed, so as the temperature of its contents increases, the number of 
particles inside and the volume are kept constant. Thus, the pressure increases according to the 
ideal gas law. Assuming there is water inside the pressure cooker, an increased pressure yields a 
higher boiling point for the water. The water in which the food is prepared will boil at a higher 
temperature than normal, thereby cooking the food faster. 

 (b) At high altitudes, the atmospheric pressure is less than it is at sea level. If atmospheric pressure 
decreases, the boiling point of water will decrease, so boiling occurs at a lower temperature than 
at sea level. Food being cooked in an open pot (including pasta and rice) will need to cook 
longer at this lower temperature to be properly prepared. 

 (c) It is actually easier to boil water at higher altitude, because the water boils at a lower 
temperature. Thus, it will take less time to add enough heat to the water to bring it to the boiling 
temperature. 

 21. Liquids boil when their saturated vapor pressure equals the external pressure. For water, from  
Table 13–3, the saturated vapor pressure of water at 20°C is about 0.023 atm. So if the external 
pressure is lowered to that level (about 2.3% of normal air pressure), the water will boil at that low 
temperature. 

 22. Exhaled air contains a large amount of water vapor and is initially at a temperature equal to body 
temperature. When the exhaled air comes into contact with the external air on a cold day, it cools 
rapidly and reaches the dew point. At the dew point temperature, the air can no longer hold all the 
water vapor and water condenses into little droplets, forming a cloud. The white cloud seen is due to 
the condensed water vapor. 

 24. The water in the radiator of an overheated automobile engine is under pressure. Similar to a pressure 
cooker, that high pressure keeps the water in the liquid state even though the water is quite hot—hotter 
than 100°C. When the cap is opened, the pressure is suddenly lowered, and the superheated water boils 
quickly and violently. That hot steam can cause severe burns if it contacts the skin. Also, the violent 
bursting forth of steam propels some of the overheated water out of the radiator as well, which can 
spray onto the person opening the cap and again cause serious burns. 
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Responses to MisConceptual Questions 

 1. (c) Students may confuse thermal expansion with elasticity and surmise that the narrower rod would 
expand more for the same temperature change. However, in thermal expansion the change in 
length is independent of the rod’s diameter or cross-sectional area. 

 2. (d) Equation 13–1a for thermal expansion shows that the change in length depends upon the initial 
length, the change in temperature, and the coefficient of thermal expansion (which depends upon 
the type of material). 

 3. (c) Many students have the misconception that as the plate expands, the hole will get smaller. To 
understand what actually happens, imagine that the hole is filled with a steel disk. As the plate 
and the steel disk are heated, both will expand. After the plate and disk are heated, the disk is 
removed from the plate. Since the disk expanded, the hole that is left must also have expanded. 
As the steel ring is heated its circumference will expand, causing its interior to also expand. 

 4. (b) A common error is to treat the temperature as doubling. If the temperature doubled, the pressure 
would also double. However, the temperature is given in degrees Celsius, not kelvins. When the 
temperature is converted to kelvins, it is easy to see that the temperature only increases by about 25%, 
from 373 K to 437 K. The pressure then also increases by about 25%. (The actual amount is 26.8%.) 

 5. (b) The absolute (Kelvin) scale must be used in the ideal gas law. If the Celsius scale is used, it 
appears that the temperature has doubled. However, 0°C is an arbitrarily chosen point on the 
temperature scale and cannot be used to determine temperature ratios. When the temperatures are 
converted to kelvins (293 K and 313 K) it can be seen that their ratio is about 1.07. 

 6. (c) By the ideal gas law, when the temperature is held constant, the pressure is proportional to the 
number of moles and inversely proportional to the volume. If the second bottle has twice the 
volume with only half the number of moles, it would only experience one-fourth the pressure. 

 7. (e) A common misconception is that if the temperature increases, both the pressure and volume will 
increase. However, by the ideal gas law, when the temperature increases, the product of the 
pressure and volume must increase. This increase can occur by increasing the pressure, 
increasing the volume, or both. 

 8. (c) The temperature of the gas is a measure of the average kinetic energy of the gas molecules. 

 9. (e) Some students might erroneously relate the temperature of the gas to the velocity of the gas 
molecules and surmise that the rms speeds would be equal. However, when the two gases are at 
the same temperature, the molecules will have the same average kinetic energy. The kinetic 
energy is proportional to the mass of the molecule and the square of the rms speed. Since mass B 
is half the mass of A, the speed of molecules of mass B must be 2 1.4� ×  greater than the 
speed of molecules of mass A. 

 10. (a) In the mixture, the oxygen molecules and helium atoms will be at the same temperature, which 
means that their average molecular kinetic energies will be the same. Since a helium atom has 
less mass than an oxygen molecule, the helium atoms will be moving faster than the oxygen 
molecules on average. 

 11. (d) The temperature of an ideal gas is a measure of the average kinetic energy of the gas, so 
increasing the temperature will increase the average kinetic energy—(a) is true. Even though the 
temperature is proportional to the average kinetic energy of the molecules, each molecule can 
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have a random kinetic energy (according to the Maxwell distribution of speeds). The speeds of 
individual molecules will vary about this average, so (d ) is false. Per the ideal gas law, the 
product of the pressure and volume is proportional to the temperature. Therefore, if pressure or 
volume is held constant as the temperature increases, the other parameter (volume or pressure) 
must increase, so (b) and (c) are true. For a gas to be ideal, it is assumed that the space occupied 
by the gas is mostly empty. For this to be true, the molecules are assumed to be far apart 
compared with their size. Thus, (e) is also true. 

 12. (a) Students frequently do not understand that gauge pressure and temperature in Celsius are a 
comparison of pressure and temperature to an arbitrary zero point. For the ideal gas law to hold, 
the temperature, pressure, and volume must be measured relative to the true zero points: absolute 
zero pressure, absolute zero temperature, and zero volume. The volume units are not critical, 
since changing them only affects the value of the ideal gas constant. Gauge pressure and Celsius 
temperature have additive terms that change the functional form of the ideal gas law. 

 13. (c) The rms speed of a gas is an average molecular speed found by taking the square root of the 
average of the square of the molecule speeds. Consider a gas in which 2/3 of the molecules are at 
rest and 1/3 move at a constant speed. The most probable speed is 0, but the rms speed is greater 
than zero. Therefore, the most probable speed is not necessarily the rms speed, so (a) is false. 
The rms speed is an average speed; therefore, it will always be equal to or smaller than the 
maximum speed, so (b) is false. The temperature of a gas is determined by the average molecular 
kinetic energy. As the temperature increases, the molecular kinetic energy increases; therefore, 
the rms speed must also increase, so (c) is true. 

Solutions to Problems 

In solving these problems, the authors did not always follow the rules of significant figures rigidly. We tended 
to take quoted temperatures as correct to the number of digits shown, especially where other values might 
indicate that. 

 1. The number of atoms in a pure substance can be found by dividing the mass of the substance by the 
mass of a single atom. Take the atomic masses of gold and silver from the periodic table. 

  

2

27
Au

Au Ag2
Ag

27

2.75 10 kg

107.8682(196.96655 u/atom)(1.66 10 kg/u)
0.548 0.548

196.966552.75 10 kg

(107.8682 u/atom)(1.66 10 kg/u)

N
N N

N

Š

Š

Š

Š

×

×
= = = � =

×

×

 

Because a gold atom is heavier than a silver atom, there are fewer gold atoms in the given mass. 

 2. The number of atoms is found by dividing the mass of the substance by the mass of a single atom. 
Take the atomic mass of copper from the periodic table. 

  
3

22
Cu 27

3.4 10 kg
3.2 10 atoms of Cu

(63.546 u/atom)(1.66 10 kg/u)
N

Š

Š

×
= = ×

×
 

 3. (a) 5 5
9 9

( C) [ ( F) 32] [68 32] 20 CT T° = ° Š = Š = °  

 (b) 9 9
5 5

( F) ( C) 32 (1900) 32 3452 F 3500 FT T° = ° + = + = ° � °  
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 4. High: 5 5
9 9

( C) [ ( F) 32] [136 32] 57.8 CT T° = ° Š = Š = °  

 Low: [ ] [ ]5 5
9 9

( C) ( F) 32 129 32 89.4 CT T° = ° Š = Š Š = Š °  

 5. 9 9
5 5

( F) ( C) 32 (38.9 C) 32 102.0 FT T° = ° + = ° + = °  

 6. (a) 9 9
5 5

( F) ( C) 32 ( 18) 32 0.4 F 0 FT T° = ° + = Š + = Š ° � °  

 (b) o o5 5
9 9

( C) [ ( F) 32] [ 18 32] 27.78 C 28 CT T= Š = Š Š = Š ° � Š °  

 7. The two temperatures, as given by the conversions, are to be the same. 

  9 9 54
5 5 5 4

( F) ( C) 32 32 32 ( 32) 40T T x x x x° = ° + � = + � Š = � = Š = Š  

Thus, 40 C 40 F .Š ° = Š °  

 8. Assume that the temperature and the length are linearly related. The change in temperature per unit 
length change is as follows: 

  
100.0 C 0.0 C

9.823C /cm
22.79 cm 12.61 cm

T� ° Š °
= = °

� Š�A
 

 Then the temperature corresponding to length �A is ( ) 0.0 C ( 12.61 cm)(9.823C /cm).T = ° + Š °� A � A 

 (a) (18.70 cm) 0.0 C (18.70 cm 12.61 cm)(9.823C /cm) 59.8 CT = ° + Š ° = °  

 (b) (14.60 cm) 0.0 C (14.60 cm 12.61 cm)(9.823C /cm) 19.5 CT = ° + Š ° = °  

 9. Take the 300-m height to be the height in January. Then the increase in the height of the tower as the 
temperature rises is given by Eq. 13–1a. 

  6
0 (12 10 /C )(300 m)(25 C 2 C) 0.08 mT� Š� = � = × ° ° Š ° =� A � A  

 10. When the concrete cools in the winter, it will contract, and there will be no danger of buckling. Thus, 
the low temperature in the winter is not a factor in the design of the highway. But when the concrete 
warms in the summer, it will expand. A crack must be left between the slabs equal to the increase in 
length of the concrete as it heats from 15°C to 50°C. 

  6 3
0 (12 10 /C )(12 m)(50 C 15 C) 5.0 10 mT� Š Š� = � = × ° ° Š ° = ×� A � A  

 11. The increase in length of the table is given by Eq. 13–1a. 

  6 6
0 (0.20 10 /C )(1.8 m)(6.0 C ) 2.2 10 mT� Š Š� = � = × ° ° = ×� A � A  

 For steel, 6 4
0 (12 10 /C )(1.8 m)(8.0 C ) 1.7 10 m .T� Š Š� = � = × ° ° = ×� A � A  

 The change for Super Invar is only 1
60

 of the change for steel. 

 12. The increase in length of the rod is given by Eq. 13–1a. 

  0 0 6
0 0

0.015
25 C 814.5 C 810 C

19 10 /C
T T T T�

� � Š

� �
� = � � � = � = + = ° + = ° � °

× °

� A � A
� A � A

� A � A
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 13. The rivet must be cooled so that its diameter becomes the same as the diameter of the hole. 

  
0 0 0 0

0
0 6

0

( )

1.870 cm 1.872 cm
22 C 67 C 70 C

(12 10 /C )(1.872 cm)

T T T

T T

� �

� Š

� = � � Š = Š

Š Š
= + = ° + = Š ° � Š °

× °

� A � A � A � A � A

� A � A

�A

 

The temperature of “dry ice” is about 80 C,Š °  so this process will be successful. 

 14. The amount of water that can be added to the container is the final volume of the container minus the 
final volume of the water. Also note that the original volumes of the water and the container are the 
same. We assume that the density of water is constant over the temperature change involved. 

  
2 2 2added 0 container 0 H O container H O container �þ O 0

6 6

( ) ( ) ( )

(27 10 /C 210 10 /C )(450.0 mL)( 80.0 C ) 6.59 mL

V V V V V V V V T� �
Š Š

= + � Š + � = � Š � = Š �

= × ° Š × ° Š ° =
 

 15. The change in volume of the aluminum is given by the volume expansion formula, Eq. 13–2. The percent 
change is found by taking the change, dividing by the original volume, and then multiplying by 100. 

  60

0 0
(100) (100) (100) (75 10 /C )(160 C 30 C)(100) 0.975 0.98%

V TV
T

V V

�
� Š��

= = � = × ° ° Š ° = =  

 16. (a) The amount of water lost is the final volume of the water minus the final volume of the 
container. Also note that the original volumes of the water and the container are the same. 

   

2 2 2

2

lost 0 H O 0 container H O container H O 0 container 0

6 5lost
container H O

0

( ) ( )

1 mL
(0.35 g)

0.98324 g
210 10 /C 5.0 10 /C

(55.50 mL)(60 C 20 C)

V V V V V V V V T V T

V

V T

� �

� � Š Š

= + � Š + � = � Š � = � Š �

� § � ·
� ¨ � ¸
� © � ¹= Š = × ° Š = × °

� ° Š °

 

 (b) From Table 13–1, the most likely material is copper. 

 17. The sum of the original diameter plus the expansion must be the same for both the plug and the ring. 

  

0 iron 0 brass iron iron iron brass brass brass

brass iron
6 6

iron iron brass brass

final initial final f

( ) ( )

8.755 cm 8.741 cm

(12 10 /C )(8.741 cm) (19 10 /C )(8.755 cm)

228C 15 C

T T

T

T T T T

� �

� � Š Š

+ � = + � � + � = + �

Š Š
� = =

Š × ° Š × °

= Š ° = Š = Š ° �

� A � A � A � A � A � A � A � A

� A � A

� A � A

inal 213 C C= Š ° � Š210°

 

 18. Since the coefficient of volume expansion is much larger for the coolant than for the aluminum and the 
steel, the coolant will expand more than the aluminum and steel, so coolant will overflow the cooling 
system. Use Eq. 13–2. 

  

coolant aluminum steel coolant coolant aluminum aluminum steel steel

coolant coolant aluminum aluminum steel steel
6 6 6

( )

[(410 10 /C )(14.0 L) (75 10 /C )(3.5 L) (35 10 /C )(10.5 L)

V V V V V T V T V T

V V V T

� � �

� � �
Š Š Š

� = � Š � Š � = � Š � Š �

= Š Š �

= × ° Š × ° Š × ° ](12 C )

0.06132 L 61.3 mL

°

= �

 

 19. The thermal stress must compensate for the thermal expansion. E is Young’s modulus for the 
aluminum. 

  6 9 2 7 2Stress / (25 10 /C )(70 10 N/m )(35 C 12 C) 4.0 10 N/mF A E T� Š= = � = × ° × ° Š ° = ×  
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 20. Notation: we will use T for the period, and “Temp” for the temperature. The pendulum has a period of 

0 02 /T g�= �A  at 17 C°  and a period of 2 /T g�= �A  at 28 C.°  Notice that 0T T>  since 0.>� A � A With 

every swing of the clock, the heated clock will indicate that a time 0T  has passed, but the actual 

amount of time that has passed is T. Thus, the heated clock is “losing time” by an amount of 

0T T T� = Š  every swing. The fractional loss is given by 
0

T
T
�

 and is found as follows: 

  

0 0 0 0 0 0 00

0 0 0 0 0 0

6 4

2 / 2 / ( Temp)

2 /

1 ( Temp) 1 1 (19 10 /C )(12 C ) 1 1.1399 10

g gT TT
T T g

� � �

�

� Š Š

Š Š +� Š + � ŠŠ�
= = = = =

= + � Š = + × ° ° Š = ×

� A � A � A � A � A � A � A � A � A � A

� A � A � A � A 

Thus, the amount of time lost in any time period 0T  is 4
0(1.1399 10 ) .T TŠ� = ×  For one year, we have 

the following: 

  4 7(1.1399 10 )(3.156 10 s) 3598 s 60 minT Š� = × × = �  

 21. Use the relationship that 5
9

(K) [ ( F) 32] 273.15.T T= ° Š +  

  
5
9

9 9
5 5

(K) [ ( F) 32] 273.15

( F) [ (K) 273.15] 32 [0 K 273.15] 32 459.67 F

T T

T T

= ° Š + �

° = Š + = Š + = Š °
 

 22. Use the relationship that (K) ( C) 273.15.T T= ° +  

 (a) 6( ) ( ) 273.15 15 10 K(K) ( C) 273.15 4270 K 4300 K ; K CT TT T = + = ×= ° + = � °  

 (b) 
273.15

% error 100 100
(K) (K)
T

T T
�

= × = ×  

  6 3
6

273.15 273.15
4000 C: 100 6.4% 15 10 C:  100 1.8 10 %

4270 15 10
Š° × � × ° × � ×

×
 

 23. Assume the gas is ideal. Since the amount of gas is constant, the value of /PV T  is constant. 

  3 31 1 2 2 1 2
2 1

1 2 2 1

1.00 atm (273 38.0) K
(3.50 m ) 1.25 m

3.20 atm 273 K
PV P V P T

V V
T T P T

� § � ·+
= � = = =� ¨ � ¸

� © � ¹
 

 24. Assume the air is an ideal gas. Since the amount of air is constant, the value of /PV T  is constant. 

  1 1 2 2 2 2
2 1

1 2 1 1

40 atm 1
(293 K) 1302 K 1029 C 1000 C

1 atm 9
PV P V P V

T T
T T P V

� § � ·� § � ·= � = = = = ° � °� ¨ � ¸� ¨ � ¸
� © � ¹� © � ¹

 

 25. (a) Assume that the helium is an ideal gas and then use the ideal gas law to calculate the volume. 
Absolute pressure must be used, even though gauge pressure is given. 

   3
5

(16.00 mol)(8.314J/mol K)(283.15 K)
0.2754 m

(1.350 atm)(1.013 10 Pa/atm)

nRT
PV nRT V

P
�

= � = = =
×

 

 (b) Since the amount of gas is not changed, the value of /PV T  is constant. 

   1 1 2 2 2 2
2 1

1 2 1 1

2.00 atm 1
(283.15 K) 210 K 63 C

1.350 atm 2
PV P V P V

T T
T T P V

� § � ·� § � ·= � = = = = Š °� ¨ � ¸� ¨ � ¸
� © � ¹� © � ¹
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 26. Assume that the nitrogen and carbon dioxide are ideal gases and that the volume and temperature are 

constant for the two gases. From the ideal gas law, the value of 
P RT
n V

=  is constant. Also note that 

concerning the ideal gas law, the identity of the gas is unimportant, as long as the number of moles is 
considered. 

  

2
3

1 2 2 2
2 1

21 2 1
3

2

21.6 kg CO

44.01 10 kg CO /mol
(3.45 atm) 2.20 atm

21.6 kg N

28.01 10 kg N /mol

P P n
P P

n n n

Š

Š

� § � ·
� ¨ � ¸×� ¨ � ¸= � = = =
� ¨ � ¸
� ¨ � ¸

×� © � ¹

 

 27. (a) Assume the nitrogen is an ideal gas. The number of moles of nitrogen is found from the atomic 
weight, and then the ideal gas law is used to calculate the volume of the gas. 

   

2
3

3 3
5

1 mole N
(28.5 kg) 1017 mol

28.01 10 kg

(1017 mol)(8.314J/mol K)(273 K)
22.79 m 22.8 m

1.013 10 Pa

n

nRT
PV nRT V

P

Š
= =

×

�
= � = = = �

×

 

 (b) Hold the volume and temperature constant and again use the ideal gas law. 

   

2
3

5
3

1 mole N
(28.5 kg 32.2 kg) 2167 mol

28.01 10 kg

(2167 mol)(8.314J/mol K)(273 K)
2.16 10 Pa 2.13 atm

22.79 m

n

PV nRT

nRT
P

V

Š
= + =

×

= �

�
= = = × =

 

 28. We assume that the mass of air is unchanged and the volume of air is unchanged (since the tank is 
rigid). Use the ideal gas law. 

  1 2 2
2 1

1 2 1

191 atm
[(273 29)K] 283 K 10 C

204 atm

P P P
T T

T T P

� § � ·
= � = = + = = °� ¨ � ¸

� © � ¹
 

The answer has 2 significant figures. 

 29. Assume the argon is an ideal gas. The number of moles of argon is found from the atomic weight, and 
then the ideal gas law is used to find the pressure. 

  
3

8
3 3

1 mole Ar
(105.0 kg) 2628 mol

39.95 10 kg

(2628 mol)(8.314J/mol K)(273.15 K 21.6 K)
1.69 10 Pa

(38.0 L)(1.00 10 m /L)

n

nRT
PV nRT P

V

Š

Š

= =
×

� +
= � = = = ×

×

 

This is 1670 atm. 

 30. We assume that the gas is ideal, that the amount of gas is constant, and that the volume of the gas is 
constant. 

  1 2 2
2 1

1 2 1

2.00 atm
 [(273.15 20.0)K] 586.3 K 313.15 C 313 C

1.00 atm

P P P
T T

T T P

� § � ·
= � = = + = = ° � °� ¨ � ¸

� © � ¹
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 31. Assume that the air is an ideal gas and that the volume of the tire remains constant. We consider two 
states: the original state 1, with temperature 1,T  pressure 1,P  and amount of gas 1;n  and the final state 

2, with temperature 2,T  pressure 1,P  and amount of gas 2.n  The ideal gas law is used. 

  2 1
1 1 1 1 2 2

1 2

(273 15)K
;  0.926

(273 38)K

n T
PV n RT PV n RT

n T
+

= = � = = =
+

 

Thus, 1 0.926 0.074 7.4%Š = =  must be removed. 

 32. Assume the oxygen is an ideal gas. Since the amount of gas is constant, the value of /PV T  is 
constant. 

  1 1 2 2 1 2
2 1

1 2 2 1

61.5 L (273.15 56.0)K
(2.45 atm) 4.39 atm

38.8 L (273.15 18.0)K

PV P V V T
P P

T T V T

� § � ·+
= � = = =� ¨ � ¸+� © � ¹

 

 33. The pressure inside the bag will change to the surrounding air pressure as the volume of the bag 
changes. We assume the amount of gas and temperature of the gas are constant. Use the ideal gas law. 

  1
1 1 2 2 2 1 1 1

2

1.0 atm
1.33

0.75 atm
P

PV P V V V V V
P

� § � ·
= � = = =� ¨ � ¸

� © � ¹
 

Thus, the bag has expanded by 33%. 

 34. Assume the helium is an ideal gas. Since the amount of gas is constant, the value of /PV T  is constant. 
We assume that since the outside air pressure decreases by 30%, the air pressure inside the balloon will 
also decrease by 30%. 

  

1 1 2 2

1 2

2 1 2

1 2 1

1.0 (273 5.0)K
1.3954 1.4 times the original volume

0.70 (273 20.0)K

PV P V

T T

V P T

V P T

= �

+� § � ·= = = �� ¨ � ¸+� © � ¹

 

 35. We calculate the density of water vapor, with a molecular mass of 18.0 grams per mole, from the ideal 
gas law. 

  5
3(0.0180 kg/mol)(1.013 10 Pa)

0.588 kg/m
(8.314J/mol K)(373 K)

n P
PV nRT

V RT

m Mn MP
V V RT

	

= � = �

×
= = = = =

�

 

The density from Table 10–1 is 30.598 kg/m . Because this gas is very “near” a phase change state 
(water can also exist as a liquid at this temperature and pressure), we would not expect it to act like  
an ideal gas. It is reasonable to expect that the molecules will have other interactions besides purely 
elastic collisions. That is evidenced by the fact that steam can form droplets, indicating an attractive 
force between the molecules. 

 36. We ignore the weight of the stopper. Initially there is a net force (due to air pressure) on the stopper  
of 0, because the pressure is the same both above and below the stopper. With the increase in 
temperature, the pressure inside the tube will increase, so there will be a net upward force given by 

net in out( ) ,F P P A= Š  where A is the cross-sectional area of the stopper. The inside pressure can be 

expressed in terms of the inside temperature by means of the ideal gas law for a constant volume and 
constant mass of gas. 
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in tube 0 tube in
in 0

in 0 0

in in
net in out 0 0 0

0 0

net
in 0 5 2

0

( ) 1

(10.0 N)
1 1 (273 K 18 K) 454 K 181 C

(1.013 10 Pa) (0.0075 m)

P V P V T
P P

T T T

T T
F P P A P P A P A

T T

F
T T

P A �

= � =

� § � · � § � ·
= Š = Š = Š �� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

� ª � º� § � ·
= + = + + = = °� « � »� ¨ � ¸

×� « � »� © � ¹� ¬ � ¼

 

 37. The ideal gas law can be used to relate the volume at the surface to the submerged volume of the 
bubble. We assume the amount of gas in the bubble doesn’t change as it rises. The pressure at the 
submerged location is found from Eq. 10–3c. 

   submerged submergedsurface surface

surface submerged
constant

P VP VPV
PV nRT nR

T T T
= � = = � = �  

  

submerged surface atm surface
surface submerged submerged

surface submerged atm submerged

5 3 3 2
3

5

3

[1 013 10 (1.00 10 kg/m )(9.80 m/s )(41.0 m)] (273.15 18.5)K
(1.00 cm )

(273.15 5.5)K(1 013 10 )Pa

5.198 cm

P T P gh T
V V V

P T P T

	+
= =

. × + × +
=

+. ×

= =

1/33
34

3
3(5.198 cm )

1.07 cm
4

r r�
�

� ª � º
� = =� « � »

� « � »� ¬ � ¼

 

 38. At STP, 1 mole of ideal gas occupies 22.4 L. 

  
23

25 3
3 3

1 mole 6.02 10 molecules 1 L
2.69 10 molecules/m

22.4 L mole 10 mŠ

� § � ·� § � ·×
= ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹
 

 39. We assume that the water is at 4°C, so its density is 31000 kg/m . 

  

3 3

3 3

23
25

10 m 1000 kg 1 mol
1.000 L 55.51 mol

1 L 1 m (15.9994 2 1.00794) 10 kg

6.022 10 molecules
55.51 mol 3.343 10 molecules

1 mol

Š

Š

� § � ·� § � · � § � ·
=� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸ + × ×� © � ¹ � © � ¹� © � ¹

� § � ·×
= ×� ¨ � ¸� ¨ � ¸

� © � ¹

 

 40. (a) Since the average depth of the oceans is very small compared to the radius of the Earth, the 

ocean’s volume can be calculated as that of a spherical shell with surface area 2
Earth4 R�  and a 

thickness .y�  Then use the density of sea water to find the mass and the molecular weight of 

water to find the number of moles. 

   2 6 2 3 18 3
EarthVolume 0.75(4 ) 0.75(4 )(6.38 10 m) (3 10 m) 1.15 10 mR y� �= � = × × = ×  

   18 3 22 22
3 3

1025 kg 1 mol
1.15 10 m 6.55 10 moles 7 10 moles

m 18 10 kgŠ

� § � ·� § � ·× = × � ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹×� © � ¹
 

 (b) 22 23 466.55 10  moles(6.02 10 molecules/1 mol) 4 10 molecules× × � ×  
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 41. Assume the gas is ideal at those low pressures and use the ideal gas law. 

  

12 2 6 3
8

23 3 3

3

1 10 N/m molecules 10 m
3 10

(1.38 10 J/K)(273 K) m 1 cm

300 molecules/cm

N P
PV NkT

V kT

Š Š

Š

� § � ·× � § � ·= � = = = × � ¨ � ¸� ¨ � ¸� ¨ � ¸× � © � ¹� © � ¹

=

 

 42. We assume an ideal gas at STP. Example 13–9 shows that the molar volume of this gas is 22.4 L. We 

calculate the actual volume of one mole of gas particles, assuming a volume of 3
0,�A  and then find the 

ratio of the actual volume of the particles to the volume of the gas. 

  
23 10 3

4molecules
3 3

gas

(6.02 10 molecules)((3.0 10 m) /molecule)
7.3 10

(22.4 L)(1 10 m /1 L)

V

V

Š
Š

Š

× ×
= = ×

×
 

The molecules take up less than 0.1% of the volume of the gas. 

 43. (a) The average translational kinetic energy of a gas molecule is 3
2

.kT  

   23 213 3KEavg 2 2
(1.38 10 J/K)(273 K) 5.65 10 JkT Š Š= = × = ×  

 (b) The total translational kinetic energy is the average kinetic energy per molecule times the 
number of molecules. 

   

23
233KE KEtotal avg 2

6.02 10 molecules
( ) (1.0 mol) (1.38 10 J/K)(298 K)

1 mol

3700 J

N Š� § � ·×
= = ×� ¨ � ¸� ¨ � ¸

� © � ¹

=

 

 44. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  Helium has an atomic mass of 4.0. 

  
23

3
rms 27

3(1.38 10 J/K)(6000 K)
3 / 6116 m/s 6 10 m/s

4.0(1.66 10 kg)
kT m


Š

Š

×
= = = � ×

×
 

 45. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  The temperature must be in kelvins. 

  2rms 2 2

rms 1 11

3 /( ) 273 K 160 K
1.22

( ) 273 K 20 K3 /

kT m T

TkT m






+
= = = =

+
 

 46. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  Since the rms speed is proportional to the square 

root of the absolute temperature, to triple the rms speed without changing the mass, the absolute 
temperature must be multiplied by a factor of 9. 

  fast slow4 9(273 20)K 2637 K 2364 C 2360 CT T= = + = = ° � °  

 47. The average kinetic molecular energy is 3
2

.kT  Set this equal to the kinetic energy of the paper clip. 

  
23

2 931
2 2 3

3 3(1.38 10 J/K)(273 22)K
3.5 10 m/s

1.0 10 kg

kT
m kT

m

 


Š
Š

Š

× +
= � = = = ×

×
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 48. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  

  
2rms 2 2

rms 1 11

2 2
2 1

3 /( )
1.040

( ) 3 /

(1 040) (293.15 K)(1.040) 317.07 K 43.9 C

kT m T
TkT m

T T






= = = �

= . = = = °

 

 49. From the ideal gas law, ,PV nRT=  if the volume and amount of gas are held constant, the 

temperature is proportional to the pressure, (constant) .
nR

PV nRT P T T
V

= � = =  Thus, the 

temperature will be tripled. Since the rms speed is proportional to the square root of the temperature, 

rms 3 / (constant) ,kT m T
 = =  rms
  will be multiplied by a factor of 3 1.73.�  

 50. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  The temperature can be found from the ideal gas 

law, / .PV NkT kT PV N= � =  The mass of the gas is the mass of a molecule times the number of 

molecules: ,M Nm=  and the density of the gas is the mass per unit volume, .
M
V

	 =  Combining 

these relationships gives the following: 

  rms
3 3 3

3 /
PV PV P

kT m
Nm M



	

= = = =  

 51. The rms speed is given by Eq. 13–9, rms 3 / ,kT m
 =  where m is the mass of one particle. 

  2rms 2 rms 21 1 A 1 1

rms 1 2 2 A 2 rms 1 21

3 /( ) ( )

( ) ( )3 /

kT m m m N M M

m m N M MkT m


 


 


= = = = � =  

 52. The temperature of the nitrogen gas is found from the ideal gas law, and then the rms speed is found 
from the temperature. 

  
23 5 3

rms 27

3 3 3(1.38 10 J/K) (2.9 atm)(1.013 10 Pa/atm)(8.5 m )
(2100 mol)(8.314J/mol K)28(1.66 10 kg)

356.9 m/s 360 m/s

PV
PV nRT T

nR

kT k PV
m m nR



Š

Š

= � =

× ×
= = =

�×

= �

 

 53. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  

 
235235 238

66 6

238 235238
6 66

rms ( UF )( UF ) ( UF )

rms ( UF ) ( UF )( UF )

3 /( ) 238.050788 6(18 998403)
1.004298 1.004

( ) 235.043930 6(18.998403)3 /

kT m m

mkT m






+ .

= = = = �
+

 

 54. (a) The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  

   
23

rms 27

3 3(1.38 10 J/K)(273 K)
461 m/s

2(15.9994)32(1.66 10 kg)

kT
m



Š

Š

×
= = =

×
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 (b) Assuming that the particle has no preferred direction, we have the following: 

   2 2 2 2 2
rms rms3 / 3x y z x x
 
 
 
 
 
 
= + + = � =  

  The time for one crossing of the room is then given by rms/ 3 / ,xt d d
 
= =  so the time for a 

round trip is rms2 3 / .d 
  Thus, the number of back and forth round trips per second is the 

reciprocal of this time, rms .
2 3d



 

   rms 461 m/s
 round trips per second 26.62 27 round trips per second

2 3 2 3(5.0 m)d



# = = = �  

 55. From Fig. 13–23, we see that 2CO  is a vapor at 35 atm and 35 C° .  

 56. (a) From Fig. 13–23, at atmospheric pressure, 2CO  can exist as solid or vapor. 

 (b) From Fig. 13–23, for 2CO  to exist as a liquid, 5.11 atm 73 atmP� �  and 

56.6 C 31 C .TŠ ° � � °  

 57. (a) From Fig. 13–22, water is vapor when the pressure is 0.01 atm and the temperature is 90°C. 

 (b) From Fig. 13–22, water is solid when the pressure is 0.01 atm and the temperature is 20 C.Š °  

 58. (a) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a vapor at 
some pressure between 1.0 atm and 0.006 atm. It would still be a vapor at 0.004 atm. 

 (b) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a solid at a 
pressure of 1.0 atm, and then becomes a vapor at some pressure lower than 0.006 atm. It would 
be a vapor at 0.004 atm. 

 59. From Table 13–3, the saturated vapor pressure at 30°C is 4240 Pa. Since the relative humidity is 75%, 
the partial pressure of water is as follows: 

  water saturated0.75 0.75(4240 Pa) 3180 Pa 3200 PaP P= = = �  

 60. At the boiling temperature, the external air pressure equals the saturated vapor pressure. Thus, from 

Table 13–3, for 80 C°  the saturated air pressure is 355 torr  or 44.73 10 Pa×  or 0 467 atm ..  

 61. From Table 13–3, if the temperature is 25°C, the saturated vapor pressure is 23.8 torr. If the  
relative humidity is 65%, then the partial pressure of water is 65% of the saturated vapor pressure, or 
15.47 torr. The dew point is the temperature at which the saturated vapor pressure is 15.47 torr, and 
from Table 13–3 that is between 15°C and 20°C. Since there is no entry for 15.47 torr, the temperature 
can be estimated by a linear interpolation. Between 15°C and 20°C, the temperature change per torr is 
as follows: 

  
(20 15) C

1.064 C /torr
(17.5 12.8) torr

Š °
= °

Š
 

Thus, the temperature corresponding to 15.47 torr is as follows: 

  15 C [(15 47 12 8) torr](1.064 C /torr) 17.8 C 18 C° + . Š . ° = ° � °  
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 62. At the boiling temperature, the air pressure equals the saturated vapor pressure. The pressure of 0.80 

atm is equal to 48.10 10 Pa.×  From Table 13–3, the temperature is between 90°C and 100°C. Since 

there is no entry for 48.10 10 Pa,×  the temperature can be estimated by a linear interpolation. Between 

90°C and 100°C, the temperature change per Pa is as follows: 

  4
4

(100 90) C
3.236 10  C /Pa

(10.1 7.01) 10 Pa
ŠŠ °

= × °
Š ×

 

Thus, the temperature corresponding to 47.27 10 Pa×  is 

  4 490 C [(8.10 7.01) 10 Pa](3.236 10  C /Pa) 93.53 C 94 C .Š° + Š × × ° = ° � °  

 63. The volume, temperature, and pressure of the water vapor are known. We use the ideal gas law to 
calculate the mass. The pressure is found from Table 13–3 to be 3170 Pa. 

  

2H O

(0.55)(3170 Pa)(5.0 m)(6.0 m)(2.4 m)
50.48 mol

(8.314 J/mol K)(273.15 K 25 K)

(50.48 mol)(0.018 kg/mol) 0.91 kg

PV
PV nRT n

RT

m

= � = = =
� +

= =

 

 64. For boiling to occur at 120 C,°  the pressure inside the cooker must be the saturated vapor pressure of 
water at that temperature. That value can be found in Table 13–3. For the mass to stay in place and 
contain the steam inside the cooker, the weight of the mass must be greater than the force exerted by 
the gauge pressure from the gas inside the cooker. The limiting case, to hold the temperature right at 
120 C,° would be with the mass equal to that force. 

  2
gauge inside atm inside atm
pressure

( ) ( )mg F P P A P P r�= = Š = Š �  

  
2 5 5 3 2

inside atm
2

( ) (1.99 10 Pa 1.01 10 Pa) (1.5 10 m)
0.07068 kg 71 g

9.80 m/s

P P r
m

g

� � ŠŠ × Š × ×
= = = �  

 65. From Table 13–3, the saturated vapor pressure at 20°C is 2330Pa.  The total amount of water vapor 

that can be in the air can be found from the saturated vapor pressure, using the ideal gas law. 

  
3(2330 Pa)(420 m )

401.7 moles
(8 314 J/mol K)(273 20) K

PV
PV nRT n

RT
= � = = =

. � +
 

Since the relative humidity is 65%, only 65% of the total possible water is in the air. Thus, 35% of the 
total possible water can still evaporate into the air. 

  
3

evaporate
18 10 kg

0.35(401.7 moles) 2.531 kg 2.5 kg
1 mole

m
Š� § � ·×

= = �� ¨ � ¸� ¨ � ¸
� © � ¹

 

 66. The outside air is saturated at 5°C, so the vapor pressure of water is 872 Pa, as read from Table 13–3. 
The ideal gas law gives the following result for the change in volume of the given mass of air: 

  1 2

1 2
constant

T TP T
PV nRT

nR V V V
= � = = � =  

Thus the vapor pressure of a given mass of air that moves from outside to inside is as follows: 

  outin
in out

in out
872 Pa

nRTnRT
P P

V V
= = = =  
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The saturated vapor pressure at 22°C is estimated to be 2666 Pa by using linear interpolation. 

        25 C 20 C 22 C 20 C 22 C
22 C

2330 Pa3170 Pa 2330 Pa
2666 Pa

25 C 20 C 22 C 20 C 5 C 2C

P P P P P
P° ° ° ° °

°
Š Š ŠŠ

= � = � =
° Š ° ° Š ° ° °

 

Thus the the relative humidity is as follows: 

  
872 Pa

relative humidity 0.327 33%
2666 Pa

= = �  

 67. (a) The true atmospheric pressure will be greater than the reading from the barometer. In Fig. 10–8, 
if there is a vapor pressure at the top of the tube, then atm vapor.P gh P	Š =  The reading from the 

barometer will be atm vapor atm.gh P P P	 = Š <  

 (b) The percent error is found from the atmospheric pressure and the vapor pressure. 

   

( )

vaporatm

atm atm

4

0.0015 mm Hg
% error 100 100 100

760 mm Hg

2.0 10 %

Pgh P

P P

	

Š

� § � ·� § � · � § � ·Š Š
= × = Š × = Š ×� ¨ � ¸� ¨ � ¸ � ¨ � ¸Š� © � ¹� © � ¹� © � ¹

= Š ×

 

 (c) From Table 13–3, the saturated water vapor pressure at STP is 611 Pa. 

   vapor
5

atm

611 Pa
% error 100 100 0.603 %

1.013 10 Pa

P

P

� § � ·� § � ·
= × = × =� ¨ � ¸� ¨ � ¸� ¨ � ¸×� © � ¹� © � ¹

 

 68. From Example 13–19, we have an expression for the time to diffuse a given distance. Divide the 
distance by the time to get the average speed. 

  
312 6 2

2
3 11 2

(1 00 0 50) mol/m( ) (25 10 m)
0.9868 s 0.99 s

(1.00 0.50) mol/m (95 10 m /s)

C x
t

C D

Š

Š

. + .� ×
= = = �

� Š ×
 

  
6

5
diffuse

25 10  m
2.5 10 m/s

0.9868 s
x
t



Š

Š� ×
= = = ×  

The rms thermal speed is given by Eq. 13–9, rms 3 / .kT m
 =  

  
23

rms 27

3(1.38 10 J/K)(293 K)
3 / 312.1 m/s 310 m/s

75(1 66 10 kg)
kT m


Š×
= = = �

. × 2
 

  
5

8diffuse

rms

2.5 10 m/s
8.0 10 (about 7 orders of magnitude difference)

312.1 m/s






Š
Š×

= = ×  

 69. (a) Use the ideal gas law to find the concentration of the oxygen. We assume that the air pressure is 
1.00 atm, so the pressure caused by the oxygen is 0.21 atm. 

   5
3 3(0.21 atm)(1.013 10 Pa/atm)

8.732 mol/m 8.7 mol/m
(8.315 J/mol K)(293 K)

PV nRT

n P
V RT

= �

×
= = = �

�

 

  Half of this is 34 366 mol/m ..  
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 (b) Use Eq. 13–10 to calculate the diffusion rate. 

   

3 3
5 2 9 21 2

3

11 11

8.732 mol/m 4.366 mol/m
(1 10 m /s)(2 10 m )

2 10 m

4.366 10 mol/s 4 10 mol/s

C C
J DA

x
Š Š

Š

Š Š

� § � ·Š Š
= = × × � ¨ � ¸� ¨ � ¸� ×� © � ¹

= × � ×

 

 (c) From Example 13–19, we have an expression for the time to diffuse a given distance. 

   
3 312 3 2

2
3 3 5 2

(8.732 mol/m 4.366 mol/m )( ) (2 10 m)
0.6 s

(8.732 mol/m 4.366 mol/m ) 1 10 m /s

C x
t

C D

Š

Š

+� ×
= = =

� Š ×
 

 70. Since the glass does not expand, the measuring cup will contain 375 mL of hot water. Find the volume 
of water after it cools. 

  6
0 (375 mL)(210 10 /C )(20 C 95 C) 5.91 mL 5.9 mLV V T� Š� = � = × ° ° Š ° = Š � Š  

The volume of cool water is 5.9 mL less than the desired volume of 375 mL. 

 71. (a) At 37°C, the tape will expand from its calibration, so it will read low. 

 (b) 6 4 2

0
(12 10 / C)(37 C 14 C) 2.76 10 (2.8 10 )%T� Š Š Š�

= � = × ° ° Š ° = × � ×
�A

�A
 

 72. The net force on each side of the box will be the pressure difference between the inside and outside of 
the box times the area of a side of the box. The outside pressure is 1 atmosphere. The ideal gas law is 
used to find the pressure inside the box, assuming that the mass of gas and the volume are constant. 

  2 1 2
2 1

2 1 1

(273 165) K
constant (1.00 atm) 1.521 atm

(273 15) K

P P TP nR
P P

T V T T T
+

= = � = � = = =
+

 

The area of a side of the box is given by the following. 

  2 1/3 2 2 2 2/3 1 2Area [(Volume of box) ] (6.15 10 m ) 1.5581 10 mŠ Š= = = × = ×�A  

The net force on a side of the box is the pressure difference times the area. 

  5 1 2(  Pressure)(Area) (0.521 atm)(1.013 10 Pa)(1.5581 10 m ) 8221 N 8200 NF Š= � = × × = �  

 73. Assume the helium is an ideal gas. The volume of the cylinder is constant, and we assume that the 
temperature of the gas is also constant in the cylinder. From the ideal gas law, ,PV nRT=  under these 
conditions the amount of gas is proportional to the absolute pressure. 

  1 2 2 2

1 2 1 1

5 atm 1 atm 6
constant

32 atm 1 atm 33

P P n PP RT
PV nRT

n V n n n P
+

= � = = � = � = = =
+

 

Thus, 6/33 0.182 18%= �  of the original gas remains in the cylinder. 

 74. Assume that the air in the lungs is an ideal gas, that the amount of gas is constant, and that the 
temperature is constant. The ideal gas law then says that the value of PV  is constant. The pressure a 
distance h below the surface of the water is discussed in Chapter 10 and is given by 0 ,P P gh	= +  
where 0P  is atmospheric pressure and 	  is the density of the water. 
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submerged atm
surface submerged surface submerged submerged

surface atm
5 3 3 2

5

( ) ( )

1.013 10 Pa (1.0 10 kg/m )(9.80 m/s )(9 m)
(5.5 L) 10.29 L 10 L

1.013 10 Pa

P P gh
PV PV V V V

P P

	+
= � = =

× + ×
= = �

×

 

It is obviously very dangerous to have the lungs attempt to inflate to almost twice their volume. Thus, 
it is not advisable to quickly rise to the surface. 

 75. To do this problem, the “molecular weight” of air is needed. If we approximate air as 70% 2N  

(molecular weight 28) and 30% 2O  (molecular weight 32), then the average molecular weight is 

0.70(28) 0.30(32) 29.+ =  

 (a) Treat the air as an ideal gas. Assume that the pressure is 1.00 atm. 

   

5 3
4

4 3

(1.013 10 Pa)(1200 m )
5.076 10 moles

(8 315 J/mol K)(288 K)

(5.076 10 moles)(29 10 kg/mol) 1472 kg 1500 kg

PV
PV nRT n

RT

m Š

×
= � = = = ×

. �

= × × = �

 

 (b) Find the mass of air at the lower temperature, and then subtract the mass at the higher 
temperature. 

   

5 3
4

4 3

(1.013 10 Pa)(1200 m )
5.666 10 moles

(8 315 J/mol K)(258 K)

(5.666 10 moles)(29 10 kg/mol) 1643 kg

PV
n

RT

m Š

×
= = = ×

. �

= × × =

 

  The mass entering the house is 1643 kg 1472 kg 171 kg 200 kg .Š = �  

 76. Assume the air is an ideal gas, and that the pressure is 1.0 atm. 

  5 3
27 27

23

(1.013 10  Pa)(6.0 3.0 2.5) m
1.1197 10 molecules 1.1 10 molecules

(1.38 10 J/K)(273 22) K

PV NkT

PV
N

kT Š

= �

× × ×
= = = × � ×

× +

 

  27
23

1 mole
1.1197 10 molecules 1860 moles 1900 moles

6.02 10 molecules

� § � ·
× = �� ¨ � ¸� ¨ � ¸×� © � ¹

 

 77. (a) The iron floats in the mercury because Hg Fe,	 	>  as seen in Table 10–1. As the substances are 

heated, the density of both substances will decrease due to volume expansion.  The density of the 

mercury decreases more upon heating than the density of the iron, because Hg Fe,� �>  as seen 

in Table 13–1. The net effect is that the densities get closer together, so relatively more mercury 

will have to be displaced to hold up the iron, and the iron will float lower in the mercury. 

 (b) The fraction of the volume submerged is Hg Fe
displaced

/ .V V  Both volumes expand as heated. The 

subscript “displaced” is dropped for convenience. 
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0 Hg Hg
0 Hg 0 Fe

Hg Fe 0 Hg 0 Fe Hg0 Fe Fe

0 Hg 0 Fe 0 Hg 0 Fe Fe

6
3

6

(1 )
/

/ / (1 )(1 )
fractional change 1

/ / (1 )

1 (180 10 /C )(25C ) 1.0045
1 1 3.6 10

1.0008751 (35 10 )(25C )

% change (3.

V T
V V

V V V V TV T

V V V V T

�
��
�

Š
Š

Š

+ �
Š

Š + �+ �
= = = Š

+ �

+ × ° °
= Š = Š = ×

+ × °

= 36 10 )(100) 0.36%Š× =

 

 78. We find the number of moles of helium in the balloon from the ideal gas law. 

  

5 34
3(1.08)(1.013 10 Pa) (0.240 m)

2.6006 mol 2.60 mol
(8 314 J/mol K)(293 K)

4.00 g
2.6006 mol 10.4 g

1 mol

PV
PV nRT n

RT

�×
= � = = = �

. �

� § � ·
=� ¨ � ¸

� © � ¹

 

 79. We assume the temperature is constant. As the oxygen pressure drops to atmospheric pressure, we can 
find the volume that it occupies at atmospheric pressure. We assume the final pressure inside the 
cylinder is atmospheric pressure. The gas would quit flowing at that pressure. 

  
7 5

1
1 1 2 2 2 1 5

2

(1.38 10 Pa 1.013 10 Pa)
(14 L) 1921 L

1.013 10 Pa

P
PV P V V V

P
× + ×

= � = = =
×

 

14 L of that gas is not available—it is left in the container. So there is a total of 1907 L available. 

  
1 min

(1907 L) 908.1 min 910 min 15 h
2.1 L

= � �  

 80. The gap will be the radius of the lid minus the radius of the jar. Also note that the original radii of the 
lid and the jar are the same. 

  
gap 0 lid 0 jar lid jar brass glass 0

6 6 3

( ) ( ) ( )

(19 10 /C 9 10 /C )(4.0 cm)(40 C ) 1.6 10 cm

r r r r r r r r T� �

Š Š Š

= + � Š + � = � Š � = Š �

= × ° Š × ° ° = ×
 

 81. (a) Assume that a mass M of gasoline with volume 0V  at 0°C is under consideration, so its density 

is 0 0/ .M V	 =  At a temperature of 33°C, the same mass has a volume 0(1 ).V V T�= + �  

   

3 3
3 30

6
0

3 3

0.68 10 kg/m
0.6593 10 kg/m

(1 ) 1 1 (950 10 /C )(33 C )

  0.66 10 kg/m

M M
V V T T

	
	

� � Š

×
= = = = = ×

+ � + � + × ° °

� ×

 

 (b) Calculate the percentage change in the density. 

   
3 3

3 3

(0.6593 0.68) 10 kg/m
% change 100 3.0%

0.68 10 kg/m

Š ×
= × = Š

×
 

 82. The change in length is to be restricted to 61.0 10 m.Š� < ×�A  

  
6

6
0 6

1.0 10 m
1.0 10 m 0.11 C

(9 10 /C )(1.0 m)
T T�

Š
Š

Š

×
� = � � × � � � � °

× °
� A � A  

 Thus, the temperature would have to be controlled to within 0.11 C± °  
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 83. The original length of the steel band is 0 Earth2 .R�=�A  At the higher temperature, the length of the 

band is 0 Earth2 2 ( ).R R R� �= + � = = + �� A � A � A  The change in radius, ,R�  would be the height above 

the Earth. 

  
0

6 60
Earth

2

(12 10 /C )(6.38 10 m)(55 C 25 C) 2297 m 2300 m
2

T R

T
R R T

� �

�
�

�
Š

� = � = � �

�
� = = � = × ° × ° Š ° = �

� A � A

�A  

 84. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  Hydrogen atoms have a mass of 1 atomic mass 

unit. 

  
23

rms 27

3 3(1 38 10 J/K)(2.7 K)
260 m/s

1(1.66 10 kg)

kT
m



Š

Š

. ×
= = =

×
 

The pressure is found from the ideal gas law, .PV NkT=  

  

23
17

56 3
3

3

22 22

(1)(1.38 10 J/K)(2.7 K) 1 atm
3.726 10 Pa

1.01 10 Pa1 10 m
1 cm

1 cm

3.689 10 atm 3.7 10 atm

NkT
PV NkT P

V

Š
Š

Š

Š Š

� § � ·×
= � = = = × � ¨ � ¸� ¨ � ¸� § � · ×× � © � ¹� ¨ � ¸� ¨ � ¸

� © � ¹

= × � ×

 

 85. It is stated in the text that the relationship rms 3 /kT m
 =  is applicable to molecules within living 

cells at body temperature (37°C). The rms speed is given by Eq. 13–9. 

 (a) 
23

rms 27

3 3(1.38 10 J/K)(310 K)
294.7 m/s 290 m/s

(89 u)(1.66 10 kg/u)

kT
m



Š

Š

×
= = = �

×
 

 (b) 
23

rms 4 27

3 3(1.38 10 J/K)(310 K)
9.537 m/s 9.5 m/s

(8.5 10 u)(1.66 10 kg/u)

kT
m



Š

Š

×
= = = �

× ×
 

 86. The rms speed is given by Eq. 13–9, rms 3 / .kT m
 =  Set the escape velocity to rms
 solve for T. 

 (a) For oxygen molecules: 

   
2 27 4 2

5rms
23

2(15.9994)(1.66 10 kg)(1.12 10 m/s)
1.61 10 K

3 3(1.38 10 J/K)

m
T

k


 Š

Š

× ×
= = = ×

×
 

 (b) For helium atoms: 

   
2 27 4 2

4rms
23

(4.002602)(1.66 10 kg)(1.12 10 m/s)
2.01 10 K

3 3(1.38 10 J/K)

m
T

k


 Š

Š

× ×
= = = ×

×
 

 (c) Because the “escape temperature” is so high for oxygen, very few oxygen molecules ever escape 
the atmosphere. But helium, with one-eighth the mass, can escape at a much lower temperature. 
While the temperature of the Earth is not close to 42.0 10 K×  today, during the Earth’s 
formation its temperature was possibly much hotter—presumably hot enough that helium was 
able to escape the atmosphere. 
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 87. The gravitational potential energy is given by PE ,mgh=  and the average kinetic energy is 
2 31KE rms2 2

.m kT
= =  We find the ratio of potential energy to kinetic energy. The molecular mass of 

oxygen molecules is 32.0 u. 

  
27 2

PE 5
3 23KE 3
2 2

(32 0)(1.66 10 kg)(9.80 m/s )(1.00 m)
8.50 10

(1.38 10 J/K)(296 K)

mgh

kT

Š
Š

Š

. ×
= = = ×

×
 

Yes, it is reasonable to neglect the gravitational potential energy. 

 88. The temperature can be found from the rms speed by Eq. 13–9, rms 3 / .kT m
 =  The molecular mass 

of nitrogen molecules is 28. 

  rms 3 /kT m
 = �  

  

2
27 4

2
5rms

23

1 m/s
(28)(1.66 10 kg) (4.2 10 km/h)

3.6 km/h
1.5 10 K

3 3(1.38 10 J/K)

m
T

k



Š

Š

� ª � º� § � ·
× ×� « � »� ¨ � ¸

� © � ¹� ¬ � ¼= = = ×
×

 

 89. Assume that the water is an ideal gas and that the temperature is constant. From Table 13–3, saturated 
vapor pressure at 85°C is midway between the given saturated vapor pressures for 80°C and 90°C, 
which is 45.87 10 Pa.×  To have a relative humidity of 10%, the vapor pressure will be 35.87 10 Pa.×  
Use the ideal gas law to calculate the amount of water. 

  

3 3

3

(5.87 10 Pa)(8.5 m )
16.76 moles

(8 315 J/mol K)(273 85) K

18 10 kg
16.76 moles 0.3017 kg 0.30 kg

1 mole

PV
PV nRT n

RT
Š

×
= � = = =

. � +

� § � ·×
= �� ¨ � ¸� ¨ � ¸

� © � ¹

 

 90. Following the development of the kinetic molecular theory in Section 13–10 of the textbook, the tennis 
balls hitting the trash can lid are similar to the particles colliding with the walls of a container causing 
pressure. Quoting from the text, “the average force averaged over many collisions will be equal to the 
force exerted during one collision divided by the time between collisions.” That average force must be 
the weight of the trash can lid in order to suspend it. The fact that the collisions are elastic means that 
the change in momentum of one of the balls is twice its original momentum. 

  ball ball ball ball ball ball ball ball
avg lid avg

lid

( ) 2 2
;  

m m m mp
F M g F t

t t t M g


 
 
 
Š Š�
= = = = � � =

� � �
 

The above expression is “seconds per ball,” so its reciprocal will be “balls per second.” 

  
2

lid

ball ball

1 (0.50 kg)(9.80 m/s )
balls/s 2.7 balls/s

2 2(0.060 kg)(15 m/s)

M g

t m 

= = = =

�
 

 91. Assume that the water vapor behaves like an ideal gas. At 20°C, the saturated vapor pressure is 
32.33 10 Pa.×  Using the ideal gas law, find the number of moles of water in the air at both 95% and 

40%. Subtract those mole amounts to find the amount of water that must be removed. 

  
PV

PV nRT n
RT

= � = �  
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2
3

1 2 1 2

3

(105 m )(2.4 m)
( ) (2.33 10 Pa)(0.95 0.40) 134.8 mol

(8.314 J/mol K)(293 K)

18 10 kg
134.8 mol 2.426 kg 2.4 kg

1 mol

V
n n P P

RT
Š

Š = Š = × Š =
�

� § � ·×
= �� ¨ � ¸� ¨ � ¸

� © � ¹

 

Solutions to Search and Learn Problems 

 1. The first method for calculating the thermal expansion is given in Eq. 13–2, with the coefficient of 
expansion given in Table 13–1. Using this method, we calculate the volume change for each 
temperature difference as follows: 

  
6

A 0 A

6
B 0 B

(3400 10 /C )(1000 L)(0 C 100 C) 340 L

(3400 10 /C )(1000 L)(100 C 0 C) 340 L

V V T

V V T

�

�

Š

Š

� = � = × ° ° Š Š ° =

� = � = × ° ° Š ° =
 

Note that the textbook states that this method is accurate only if the change in volume is small 
compared to the actual volume. This is obviously not the case here, so the values above are not 
particularly accurate. 

The second method is to use the ideal gas law of Eq. 13–3. 

  1 1 2 2
2 1 2 1 1

2 2 1 1
1

pV nRT T T
pV nRT V V V V V V

pV nRT T T

� § � ·
= � = � = � � = Š = Š� ¨ � ¸

� © � ¹
 

The temperature must be converted to kelvins for this method. 

  

2A
A 1

1A

2B
B 1

1B

273 K
1 (1000 L) 1 580 L

173 K

373 K
1 (1000 L) 1 370 L

273 K

T
V V

T

T
V V

T

� § � ·� § � ·
� = Š = Š =� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹

� § � ·� § � ·
� = Š = Š =� ¨ � ¸� ¨ � ¸

� © � ¹� © � ¹

 

The answers are different because the first method assumed small temperature changes, such that the 
relationship between the temperature and volume could be assumed linear. The second method 
accounts for a nonlinear relationship over large changes in volume and temperature. 

 2. (a) We treat the air as an ideal gas. Since the amount of air and temperature of the air are the same in 
both cases, the ideal gas law says PV nRT=  is a constant. 

   1
2 2 1 1 2 1

2

180 atm
(11.3 L) 2034 L 2030 L

1.00 atm

P
P V PV V V

P
= � = = = �  

 (b) Before entering the water, the air coming out of the tank will be at 1.00 atm pressure, so the 
person will be able to breathe 2034 L of air. 

   
1 breath 1 min

2034 L 84.75 min 85 min
2.0 L 12 breaths

t
� § � · � § � ·

= = �� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹

 

 (c) When the person is underwater, the temperature and pressure will be different. Use the ideal  
gas law to relate the original tank conditions to the underwater breathing conditions. The amount 
of gas will be constant, so /PV T nR=  will be constant. The pressure a distance h below the 
surface of the water is given in Eq. 10–3c, 0 ,P P gh	= +  where 0P  is atmospheric pressure  
and 	  is the density of the sea water. 
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2 2 1 1 1 2
2 1

2 1 2 1

5

2 5 3 3 2

(180 atm)(1.013 10  Pa/atm) 283 K
(11.3 L)

291 K1.013 10 Pa (1.025 10 kg/m )(9.80 m/s )(23.0 m)

1 breath 1 min
602.95 L (602.95 L) 25.12 min 25 min

2.0 L 12 breaths

P V PV P T
V V

T T P T

V

t

= � =

� ª � º� § � ·×
= � « � »� ¨ � ¸

× + ×� « � »� © � ¹� ¬ � ¼

� § � · � § � ·
= = = �� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

 

 3. The change in radius with heating does not cause a torque on the rotating wheel, so the wheel’s angular 
momentum does not change. Also recall that for a cylindrical wheel rotating about its axis, the moment 

of inertia is 21
2

.I mr=  

  

21 2
0 00 0 0 02

0 final 0 0 final final final 2 21
final 2

2
0 0

2 2 202
final 0 0 0 0

2 2 2 2
0 0 0 0 0

2 2

2 2

1
1 1 1 1

( ) ( ) (1 )

1 (1 2 ( ) ) 2 ( ) 2

(1 ) (1 )

mrI r
L L I I

I mr r

r
r r rr
r r r r r T T

T T T T
T

t T

�� �
� � �

�
�

� ��
� � � � �

� � � �
�

� �

= � = � = = =

Š
Š�

= = = Š = Š = Š = Š
+ � + � + �

Š + � + � Š � Š � +
= = = Š �

+ � + � 2(1 )

T

T

�

�

�

+ �

 

Now assume that 1,T� � ��  so 
2

2
2 .

(1 )

T
T T

T

� �
� �

� �

� + �
= Š � � Š �

+ �
 Evaluate at the given values. 

  6 32 2(25 10 /C )(80.0 C ) 4.0 10T� Š ŠŠ � = Š × ° ° = Š ×  

The negative sign means that the frequency has decreased. This is reasonable, because the rotational 
inertia increased due to the thermal expansion. 

 4. There are three forces to consider: the buoyant force upward (which is the weight of the cold air 
displaced by the volume of the balloon), the downward weight of the hot air inside the balloon, and the 
downward weight of the passengers and equipment. For the balloon to rise at constant speed, the 
buoyant force must equal the sum of the two weights. 

  buoyant hot cold hot3300 N 3300 NF m g V g V g	 	= + � = +  

The ideal gas law can be written in terms of the gas density 	  and the molecular mass M as follows: 

  
m PM m

PV nRT RT T T
M R V

	= = � = =  

The gas inside and outside the balloon is air, so M is the same for inside and outside. Also, since the 
balloon is open to the atmosphere, the pressure inside the balloon is the same as the pressure outside 
the balloon. Thus, the ideal gas law reduces to cold hotconstant ( ) ( ) .T T T	 	 	= = =  This equation can 
be used to eliminate the density of the hot gas from the force equation, and the resulting equation can 
be solved for the temperature of the gas inside the balloon. 

  cold
cold hot cold

hot
3300 N 3300 N

T
V g V g V g

T
	 	 	= + = + �  
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3 3 2
cold cold

hot 3 3 2
cold

(1800 m )(1.29 kg/m )(273 K)(9.80 m/s )
( 3300 N) [(1800 m )(1.29 kg/m )(9.80 m/s ) 3300�� ]

319.3 K (2 significant figures) 319.3 K 273.15 K 46.15 C 50 C

V T g
T

V g

	
	

= =
Š Š

= � Š = ° � °

 

One factor limiting the maximum altitude would be that as the balloon rises, the density of the air 
decreases, and thus the temperature required gets higher. Eventually the air would be too hot and the 
balloon fabric might be damaged. 

 5. We assume that the last breath Galileo took has been spread uniformly throughout the atmosphere 
since his death and that each molecule remains in the atmosphere. Calculate the number of molecules 
in Galileo’s last breath and divide it by the volume of the atmosphere to get “Galileo 3molecules/m .” 
Multiply that factor times the size of a breath to find the number of Galileo molecules in one of our 
breaths. 

  

5 3 3
22

23

2 6 2 4 18 3
Earth
22

3
3 18 3

(1.01 10 Pa)(2.0 10 m )
4.9 10 molecules

(1.38 10 J/K)(300 K)

Atmospheric volume 4 4 (6.38 10 m) (1.0 10 m) 5.1 10 m

Galileo molecules 4.9 10 molecules
9.6 10 mol

m 5.8 10 m

PV
PV NkT N

kT

R h� �

Š

Š

× ×
= � = = = ×

×

= = × × = ×

×
= = ×

×
3ecules/m

 

  
3 3

3
3

Galileo molecules molecules 2.0 10 m molecules molecules
9.6 10 19 20

breath 1 breath breath breathm

Š� § � ·×
= × = �� ¨ � ¸� ¨ � ¸

� © � ¹
 

 6. (a) We calculate the volume per molecule from the ideal gas law and assume the molecular volume 
is spherical. 

   

34
3

1/31/3 23
9

inter- 5
molecular

3 3(1.38 10 J/K)(273 K)
2.07 10 m

4 4 (1.01 10 Pa)

V kT
PV NkT r

N P

kT
r

P

�

� �

Š
Š

= � = = �

� § � ·×� § � ·= = = ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹ ×� © � ¹

 

  The intermolecular distance would be twice this “radius,” so about 94 10 m.Š×  This is about  

14 times larger than the molecular diameter. 

   
inter- inter-9
molecular molecular

10
actual actual
molecule molecule

4.14 10 m
13.8 14

3 10 m

d d

d d

Š

Š

×
� = � �

×
 

 (b) Now we scale the molecular diameter up to 4 cm. The intermolecular distance would be  
13.8 times that, which is about 55 cm. 

 (c) We replace the pressure in part (a) with 3 atm. 

   
1/31/3 23

9
inter- 5
molecular

3 3(1.38 10 J/K)(273 K)
1.44 10 m

4 4 (3 atm)(1.01 10 Pa/atm)

kT
r

P� �

Š
Š� § � ·×� § � ·= = = ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹ ×� © � ¹

  

   
inter- inter-9
molecular molecular

10
actual actual
molecule molecule

2(1 44) 10 m
9.58 9.6

3 10 m

d d

d d

Š

Š

. ×
� = � �

×
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  We see that the intermolecular distance has decreased with the increased pressure, from about 14 
times larger to only about 10 times larger. 

 (d) We are to calculate the volume occupied by the molecules themselves, compared to the total 
volume of the gas. The total volume is the volume of the molecules plus the volume of the 
intermolecular distance. Since we don’t know the actual number of gas particles, we use the 
volume of one gas particle and the volume associated with the intermolecular distance. 

   

3 3

4 1
actual actualactual 3 2
molecule moleculemolecule

3 3 3
inter- actual

4 1 4 1molecular molecule inter- actual inter- actual3 2 3 2
molecule molecule molecule molecul

d dV

V V
d d d d

�

� �

� § � · � § � ·
� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹= =

+ � § � · � § � · � § � ·
+ +� ¨ � ¸ � ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹ � © � ¹

3

e

3

inter- actual
molecule molecule

2
3

3

1

1

1
1 atm: % 100 (3.8 10 )%

13.8 1

1
3 atm: % 100 0.11 %

9.58 1

d d

P

P

Š

� § � ·
� ¨ � ¸� ¨ � ¸
� © � ¹

=
� § � ·

+� ¨ � ¸� ¨ � ¸
� © � ¹

� § � ·
= = = ×� ¨ � ¸

+� © � ¹

� § � ·
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14-1 

Responses to Questions 

 1. The work goes primarily into increasing the temperature of the orange juice, by increasing the average 
kinetic energy of the molecules comprising the orange juice. 

 2. When a hot object warms a cooler object, energy is transferred from the hot object to the cold object. 
Temperature does NOT flow. The temperature changes of the two objects are not necessarily equal in 
magnitude. Under certain circumstances, they can be equal in magnitude, however. In an ideal case 
(where no heat energy is lost to the surroundings), the amount of heat lost by the warmer object is the 
same as the amount of heat gained by the cooler object. 

 3. (a) Internal energy depends on both the number of molecules of the substance and the temperature  
of the substance. Heat will flow naturally from the object with the higher temperature to the object 
with the lower temperature. The object with the high temperature may or may not be the  
object with the higher internal energy. 

 (b) The two objects may consist of one with a higher temperature and smaller number of molecules, 
and the other with a lower temperature and a larger number of molecules. In that case it is 
possible for the objects to have the same internal energy, but heat will still flow from the object 
with the higher temperature to the one with the lower temperature. 

 4. The water will coat the plants, so the water, not the plant, is in contact with the cold air. Thus, as the 
air cools, the water cools before the plant does—the water insulates the plant. As the water cools, it 
releases energy, and raises the temperature of its surroundings, which includes the plant. Particularly if 
the water freezes, relatively large amounts of heat are released due to the relatively large heat of fusion 
for water. 

 5. Because the specific heat of water is quite large, it can contain a relatively large amount of thermal 
energy per unit mass with a relatively small increase in temperature. Since the water is a liquid, it is 
relatively easy to transport from one location to another, so large quantities of energy can be moved 
from one place to another with relative simplicity by water. And the water will give off a large amount 
of energy as it cools. 

 6. The water on the cloth jacket will evaporate. Evaporation is a cooling process since energy is required 
to change the liquid water to vapor. As water evaporates from the moist cloth, the canteen surface is 
cooled. 

HEAT 

14
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 7. Steam at 100°C contains more thermal energy than water at 100°C. The difference is due to the latent 
heat of vaporization, which for water is quite high. As the steam touches the skin and condenses, a 
large amount of energy is released, causing more severe burns. And the condensed water is still at 
100°C, so more burning can occur as that water cools. 

 8. Evaporation involves water molecules escaping the intermolecular bonds that hold the water together 
in the liquid state. It takes energy for the molecules to break those bonds (to overcome the bonding 
forces). This energy is the latent heat of vaporization. The most energetic molecules (those having the 
highest speed) are the ones that have the most energy (from their kinetic energy) to be able to 
overcome the bonding forces. The slower moving molecules remain, lowering the average kinetic 
energy and thus lowering the internal energy and temperature of the liquid. 

 9. The pasta will not cook faster if the water is boiling faster. The rate at which the pasta cooks depends 
on the temperature at which it is cooking, and the boiling water is the same temperature whether it is 
boiling fast or slow. 

 10. Even though the temperature is high in the upper atmosphere, which means that the gas particles are 
moving very fast, the density of gas particles is very low. There would be relatively very few collisions 
of high-temperature gas particles with the animal, so very little warming of the animal would occur. 
Instead, the animal would radiate heat to the rarified atmosphere. The emissivity of the animal is much 
greater than that of the rarified atmosphere, so the animal will lose much more energy by radiation 
than it can gain from the atmosphere. 

 11. Snow consists of crystals with tiny air pockets in between the flakes. Air is a good insulator, so when 
the Arctic explorers covered themselves with snow they were using its low thermal conductivity to 
keep heat from leaving their bodies. (In a similar fashion, down comforters keep you warm because of 
all the air trapped in between the feathers.) Snow would also protect the explorers from the very cold 
wind and prevent heat loss by convection. 

 12. We assume that the wet sand has been wetted fairly recently with water that is cooler than the sand’s 
initial temperature. Water has a higher heat capacity than sand, so for equal masses of sand and water, 
the sand will cool more than the water warms as their temperatures move toward equilibrium. Thus, 
the wet sand may actually be cooler than the dry sand. Also, if both the wet and dry sand are at a lower 
temperature than your feet, the sand with the water in it is a better thermal conductor, so heat will flow 
more rapidly from you into the wet sand than into the dry sand, giving more of a sensation of having 
touched something cold. 

 13. An object with “high heat content” does not have to have a high temperature. If a given amount of heat 
energy is transferred into equal-mass samples of two substances initially at the same temperature, the 
substance with the lower specific heat will have the higher final temperature. But both substances 
would have the same “heat content” relative to their original state. So an object with “high heat 
content” might be made of material with a very high specific heat and therefore not necessarily be at a 
high temperature. 

 14. A hot-air furnace heats primarily by air convection. A return path (often called a “cold air return”) is 
necessary for the convective currents to be able to completely circulate. If the flow of air is blocked, 
then the convective currents and the heating process will be interrupted. Heating will be less efficient 
and less uniform if the convective currents are prevented from circulating. 

 15. A ceiling fan makes more of a breeze when it is set to blow the air down (usually called the “forward” 
direction by fan manufacturers). This is the setting for the summer, when the breeze will feel cooling 
since it accelerates evaporation from the skin. In the winter, the fan should be set to pull air up. This 



Heat   14-3 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

forces the warmer air at the top of the room to move out toward the walls and down. The relocation of 
warmer air keeps the room feeling warmer, and there is less “breeze” effect on the occupants of the 
room. 

 16. When the garment is fluffed up, it will have the most air trapped in its structure. The air has a low 
thermal conductivity, and the more the garment can be “fluffed,” the more air it will trap, making it a 
better insulator. The “loft” value is similar to the R-value of insulation, since the thicker the insulation, 
the higher the R-value. The rate of thermal conduction is inversely proportional to the thickness of the 
conductor, so a thick conductor (high loft value) means a lower thermal conduction rate, so a lower 
rate of losing body heat. 

 17. For all mechanisms of cooling, the rate of heat transfer from the hot object to the cold one is dependent 
on surface area. The heat sink with fins provides much more surface area than just a solid piece of 
metal, so there is more cooling of the microprocessor chip. A major mechanism for cooling the heat 
sink is that of convection. More air is in contact with the finned heat sink than would be in contact 
with a solid piece of metal. There is often a fan circulating air around that heat sink as well, so that 
heated air can continually be replaced with cool air to promote more cooling. 

 18. When there is a temperature difference in air, convection currents arise. Since the temperature of the 
land rises more rapidly than that of the water, due to the large specific heat of water, the air above the 
land will be warmer than the air above the water. The warm air above the land will rise, and that rising 
warm air will be replaced by cooler air from over the body of water. The result is a breeze from the 
water toward the land. 

 19. We assume that the temperature in the house is higher than that under the house. Thus, heat will flow 
through the floor out of the house. If the house sits directly on the ground or on concrete, the heat flow 
will warm the ground or concrete. Dirt and concrete are relatively poor conductors of heat, so the 
thermal energy that goes into them will stay for a relatively long time, allowing their temperature to 
rise and thus reducing the heat loss through the floor. If the floor is over a crawlspace, then the thermal 
energy from the floor will be heating air instead of dirt or concrete. If that warmed air gets moved 
away by wind currents or by convection and replaced with colder air, then the temperature difference 
between the inside and outside will stay large, and more energy will leave through the floor, making 
the inside of the house cooler. 

 20. Air is a poorer conductor of heat than water by roughly a factor of 20, so the rate of heat loss from 
your body to the air is roughly 20 times less than the rate of heat loss from your body to the water. 
Thus, you lose heat quickly in the water and feel cold. Another contributing factor is that water has a 
high heat capacity, so as heat leaves your body and enters the water, the temperature rise for the water 
close to your body is small. Air has a smaller heat capacity, so the temperature rise for the air close to 
your body is larger. This reduces the temperature difference between your body and the air, which 
reduces the rate of heat loss to the air as well. 

 21. A thermometer in the direct sunlight would gain thermal energy (and thus show a higher temperature) 
due to receiving radiation directly from the Sun. The emissivity of air is small, so it does not gain as 
much energy from the Sun as the mercury and glass do. The thermometer is to reach its equilibrium 
temperature by heat transfer with the air, in order to measure the air temperature. 

 22. Premature babies have underdeveloped skin, and they can lose a lot of moisture through their skin  
by evaporation. For a baby in a very warm environment, like an incubator at 37°C, there will be a  
large evaporative effect. A significant increase in evaporation occurs at incubator temperatures, and 
that evaporation of moisture from the baby will cool the baby dramatically. Thus, an incubator must 
have not only a high temperature but also a high humidity. Other factors might include radiative 
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energy loss, blood vessels being close to the skin surface so there is less insulation than in a more 
mature baby, and low food consumption to replace lost energy. Also, the smaller the child, the larger 
the surface-area-to-volume ratio, which leads to relatively more heat being lost through the body 
surface area than for an older, larger baby. 

 23. An ordinary fan does not cool the air directly. It actually warms the air slightly, because the motor 
used to power the fan will exhaust some heat into the air, and the increase in average kinetic energy of 
the air molecules caused by the fan blades pushing them means the air temperature increases slightly. 
The reason for using the fan is that it keeps air moving. The human body warms the air immediately 
around it, assuming the air is initially cooler than the body. If that warmed air stays in contact with the 
body, then the body will lose little further heat after the air is warmed. The fan, by circulating the air, 
removes the heated air from close to the body and replaces it with cooler air. Likewise, the body is also 
cooled by evaporation of water from the skin. As the relative humidity of the air close to the body 
increases, less water can be evaporated, and cooling by evaporation is decreased. The fan, by 
circulating the air, removes the hot, humid air from close to the body and replaces it with cooler, less 
humid air, so that evaporation can continue. 

 24. (a) (1) Ventilation around the edges is cooling by convection. 

  (2) Cooling through the frame is cooling by conduction. 

  (3) Cooling through the glass panes is cooling by conduction and radiation. 

 (b) Heavy curtains can reduce all three heat losses. The curtains will prevent air circulation around 
the edges of the windows, thus reducing the convection cooling. The curtains are more opaque 
than the glass, preventing the electromagnetic waves responsible for radiation heat transfer from 
reaching the glass. And the curtains provide another layer of insulation between the outdoors and 
the warm interior of the room, lowering the rate of conduction. 

 25. The thermal conductivity of the wood is about 2000 times less than that of the aluminum. Thus, it 
takes a long time for energy from the wood to flow into your hand. Your skin temperature rises very 
slowly due to contact with the wood compared to contact with the aluminum, so the sensation of 
heating is much less. 

 26. The Earth cools primarily by radiation. The clouds act as insulation in that they absorb energy from  
the radiating Earth and reradiate some of it back to the Earth, reducing the net amount of radiant 
energy loss. 

 27. Shiny surfaces have low values of ,�  the emissivity. Thus, the net rate of heat flow from the person to 
the surroundings (outside the blanket) will be low, since most of the heat is reflected by the blanket 
back to the person, and the person will stay warmer. The blanket will also prevent energy loss due to 
wind (convection) and will insulate the person, reducing heat transfer by conduction. 

 28. Cities situated on the ocean have less extreme temperatures because the oceans are a heat reservoir. 
Due to ocean currents, the temperature of the ocean in a locale will be fairly constant during a season. 
In the winter, the ocean temperature remains above freezing. Thus, if the air and land near the ocean 
get colder than the oceans, the oceans will release thermal energy, moderating the temperature of the 
nearby region. Likewise, in the warm seasons, the ocean temperatures will be cooler than the 
surrounding land mass, which heats up more easily than the water. Then the oceans will absorb 
thermal energy from the surrounding areas, again moderating the temperature. 
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 29. The specific heat of water is large, so water is able to absorb a lot of heat energy with just a small 
temperature change. This helps to keep the temperature of the cup lower, preventing it from burning. 
Without the water, the cup’s temperature would increase quickly, and then it would burn. 

 30. The air just outside the window will be somewhat warmed by conduction of heat energy through the 
window to the air. On a windy day, convection removes that warmer air from near the outside surface 
of the window. This increases the rate of heat conduction through the window, thus making the 
window feel colder than on a day with no wind. 

Responses to MisConceptual Questions 

 1. (c) A common misconception is that “cold” flows from the ice into the tea. When the ice is placed in 
the tea, the ice has less kinetic energy per molecule than the tea, so in molecular collisions 
between the tea and ice, energy transfers from the tea into the ice. This energy transfer cools the 
tea as it melts the ice and then heats up the ice. The transfer of energy from the warmer tea to the 
colder ice is called “heat.”  

 2. (c) Students frequently interpret having more ice with being colder. However, whenever ice and 
water are mixed together and are in thermal equilibrium they will be at the melting/freezing 
point of the water. Therefore, the two containers will be at the same temperature.  

 3. (a) When two objects are in thermal equilibrium, heat does not transfer between them. This occurs 
when the two objects are at the same temperature. Internal energy is an extrinsic property that 
depends upon the amount of the substance present. Therefore, two gases in thermal equilibrium 
with each other would have different internal energies if one consisted of one mole of gas and 
the other consisted of two moles of gas. Heat is a transfer of energy between objects that are not 
in thermal equilibrium. Heat is not a property of an object. 

 4. (c) Phase changes occur at specific temperatures (melting point, boiling point, or sublimation point) 
while heat is being added to or removed from the material. During the phase change the 
temperature remains constant. The thermal energy at this temperature is equal to the 
intermolecular binding energy. These energies are much lower than the energy necessary to break 
the molecules apart into their atoms or to change the chemical composition of the molecules. 

 5. (a) A common misconception is that as heat is added to water the temperature will always rise. 
However, Fig. 14–5 shows that heat is added to water at its melting and boiling points without 
the temperature changing. At these temperatures the water is undergoing a phase change. 

 6. (d) Heat is able to transfer through a vacuum by radiation, but heat requires a medium to transfer by 
conduction and by convection. Therefore, the vacuum in a thermos prevents heat loss by 
conduction and convection. 

 7. (c) Students often think that heat is a substance or a property of a material. When two materials are 
at different temperatures (that is, they have different average kinetic energies per molecule), 
energy can transfer from the hot object to the cold object. This transfer of energy is called heat. 

 8. (d) Radiation is emitted by all objects not at absolute zero. Very hot objects, such as the Sun, emit 
radiation in the visible spectrum, so they appear to be glowing. If the temperature of an object is 
less than that of its surroundings, it has a net gain in energy as it absorbs more radiation than it 
emits. However, it is still emitting radiation. The amount of radiation emitted is independent of 
the object’s specific heat. 
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 9. (c) The problem does not specify the initial temperatures of the ice and water. If the ice and water 
are both initially at 0°C, then none of the ice will melt, since heat will not transfer between them. 
Alternatively, if the ice is at 0°C and the water is at 100°C, then the water can provide 

(0 010 kg)(4186 J/kg C )(100C ) 4186 JQ mc T= � = . � ° ° =  of heat as it cools to 0°C. The ice only 
needs (0 010 kg)(333 kJ/kg) 3330 JQ mL= = . =  to melt completely, so in this case all the ice 
would melt. Since the water could provide more heat than needed, you need to know the initial 
temperatures of the ice and water to determine just how much of the ice would melt. 

 10. (d) As the two objects are in thermal contact, the heat given off by the hot object will equal the heat 
absorbed by the cold object. The objects have the same specific heat, so the heat transfer is 
proportional to the product of the mass of each object and its change in temperature. The object 
with the smaller mass will then have the larger temperature change. 

 11. (d) The specific heat of an object is a measure of how much heat is required to change its 
temperature. Water has a high specific heat (much higher than air), so its temperature remains 
fairly constant even though the surrounding air may experience large temperature fluctuations. 

 12. (a) The two objects absorb the same amount of heat from the stove. From Eq. 14–2, given that the 
masses are the same, the object with the higher specific heat will experience the smaller 
temperature increase and will therefore be cooler. 

Solutions to Problems 

In solving these problems, the authors did not always follow the rules of significant figures rigidly. We tended 
to take quoted temperatures as correct to the number of digits shown, especially where other values might 
indicate that. 

 1. The kilocalorie is the heat needed to raise 1 kg of water by 1 C°. Use this relation to find the change in 
the temperature. 

  
1 kcal (1 kg)(1C ) 1

(8200 J) 0 653C
4186 J 1 kcal 3 0 kg

� § � · � § � ·°
= . °� ¨ � ¸ � ¨ � ¸.� © � ¹ � © � ¹

 

Thus, the final temperature is 10 0 C 0 653 C 10 7 C .. ° + . ° � . °  

 2. The kilocalorie is the heat needed to raise 1 kg of water by 1 C°. Use the definition to find the heat 
needed. 

  7 71 kcal 4186 J
(34 0 kg)(95 C 15 C) 1 139 10 J 1 1 10 J

(1 kg)(1 C ) 1 kcal

� § � ·
. ° Š ° = . × � . ×� ¨ � ¸° � © � ¹

 

 3. Find the mass of warmed water from the volume of water and its density of 31025 kg/m . Then use the 
fact that 1 kcal of energy raises 1 kg of water by 1 C°  and that the water warms by 25C .°  

  

3 2 3    (1025 kg/m )(1 0 m )(0 5 10 m) 0 5125 kg

(1 kcal) 1 bar
(0 5125 kg)(25 C ) 12 8 kcal;  12 8 kcal 0 043 bars 0 04 bars

(1 kg)(1 C ) 300 kcal

m
V At m At�

�
Š= = � = = . . × = .

� § � ·
. ° = . . = . � .� ¨ � ¸° � © � ¹
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 4. (a) 
3

74 186 10 J
2500 Cal 1 0 10 J

1 Cal

� § � ·. ×
= . ×� ¨ � ¸� ¨ � ¸

� © � ¹
 

 (b) 
1 kWh

2500 Cal 2.9 kWh
860 Cal

� § � ·
=� ¨ � ¸

� © � ¹
 

 (c) At 10 cents per day, the food energy costs $0 29 per day ..  It would be impossible to feed 

yourself in the United States on this amount of money. 

 5. On page 79 of the textbook, the conversion 1 lb 4.44822 N=  is given. We use that value. 

  
2

4 44822 N 1 kg 5/9 C 1 kcal
1Btu (1 lb)(1 F ) 0 2522 kcal 0 252 kcal

1 lb 1 F (1 kg)(1 C )9 80m/s

4186 J
0 2522 kcal 1056 J

1 kcal

� § � · � § � ·. °� § � ·
= ° = . � .� ¨ � ¸ � ¨ � ¸� ¨ � ¸° °.� © � ¹� © � ¹ � © � ¹

� § � ·
. =� ¨ � ¸

� © � ¹

 

 6. The energy generated by using the brakes must equal the car’s initial kinetic energy, since its final 
kinetic energy is 0. 

  

2
2 4 41 1
02 2

4

1 m/s
(1300 kg) (95 km/h) 4 526 10 J 4 5 10 J

3 6 km/h

1 kcal
4 526 10 J 108 1 kcal 110 kcal

4186 J

Q m
� ª � º� § � ·

= = = . × � . ×� « � »� ¨ � ¸.� © � ¹� ¬ � ¼

� § � ·
. × = . �� ¨ � ¸

� © � ¹

v

 

 7. The energy input is causing a certain rise in temperature, which can be expressed as a number of joules 
per hour per C°. Convert that to mass using the definition of kcal, relates mass to heat energy. 

  
73 2 10 J/h 1 kcal (1 kg)(1 C )

254 8 kg/h 250 kg/h
30 C 4186 J 1 kcal

� § � ·� § � ·. × °
= . �� ¨ � ¸� ¨ � ¸� ¨ � ¸° � © � ¹� © � ¹

 

 8. The wattage rating is 375 joules per second. Note that 1 L of water has a mass of 1 kg. 

  1 1 kg 1 kcal 4186 J 1s
(2.5 10 L) (60 C ) 167 s 170 s 2.8 min

1 L (1 kg)(1 C ) kcal 375 J
Š� § � ·� § � · � § � ·� § � ·× ° = � =� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸� ¨ � ¸° � © � ¹� © � ¹ � © � ¹� © � ¹

 

 9. The heat absorbed can be calculated from Eq. 14–2. Note that 1 L of water has a mass of 1 kg. 

  
3 3 3

6
3

1 10 m 1 0 10 kg
(18 L) (4186 J/kg C )(95 C 15 C) 6 0 10 J

1 L 1 m
Q mc T

Š� ª � º� § � · � § � ·× . ×
= � = � ° ° Š ° = . ×� « � »� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� « � »� © � ¹ � © � ¹� ¬ � ¼

 

 10. The specific heat can be calculated from Eq. 14–2. 

  
51 35 10 J

    1715 J/kg C 1700 J/kg C
(4 1 kg)(37 2 C 18 0 C)

Q
Q mc T c

m T
. ×

= � � = = = � ° � � °
� . . ° Š . °
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 11. (a) The heat absorbed can be calculated from Eq. 14–2. Note that 1 L of water has a mass of 1 kg. 

   

3 3 3

3

5 5

1 10 m 1 0 10 kg
(1 0 L) (4186 J/kg C )(100 C 20 C)

1 L 1 m

  3 349 10 J 3 3 10 J

Q mc T
Š� ª � º� § � · � § � ·× . ×

= � = . � ° ° Š °� « � »� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� « � »� © � ¹ � © � ¹� ¬ � ¼

= . × � . ×

 

 (b) Power is the rate of energy usage. 

   
53 349 10 J

    5582 s 5600 s 93 min
60 W

E Q Q
P t

t t P
� . ×

= = � � = = = � �
� �

 

 12. The heat absorbed by all three substances is given by Eq. 14–2, .Q mc T= �  Thus, the amount of mass 

can be found as .
Q

m
c T

=
�

 The heat and temperature change are the same for all three substances. 

  
2

2 2

Cu Al H O
Cu Al H O Cu Al H O

1 1 1 1 1 1
: : : : : : : :

390 900 4186

4186 4186 4186
                       : : 10 7 : 4 65 :1

390 900 4186

Q Q Q
m m m

c T c T c T c c c
= = =

� � �

= = . .

 

 13. The heat must warm both the water and the pot to 100°C. The heat is also the power times the time. 
The temperature change is 89 C°. 

  

2 2 2

2 2 2

Al Al H O H O H O

Al Al H O H O H O

2

( )   

( ) [(0 28 kg)(900 J/kg C ) (0 75 kg)(4186 J/kg C )](89 C )
750 W

402 s 4 0 10 s 6 7 min

Q Pt m c m c T

m c m c T
t

P

= = + � �

+ � . � ° + . � ° °
= =

 = � . × = .

 

 14. The heat lost by the copper must be equal to the heat gained by the aluminum and the water. The 
aluminum and water have the same temperature change. 

  

2 2 2Cu Cu i Cu eq Al Al eq i Al H O H O eq i H O

eq eq

eq

( ) ( ) ( )

(0 145 kg)(900 J/kg C )
(0 265 kg)(390 J/kg C )(245 C ) ( 12 0 C)

(0 825 kg)(4186 J/kg C )

18 532 C 18 5 C

m c T T m c T T m c T T

T T

T

Š = Š + Š

. � °� ª � º
. � ° ° Š = Š . °� « � »+ . � °� ¬ � ¼

= . ° � . °

 

 15. The heat gained by the glass thermometer must be equal to the heat lost by the water. 

  
2 2 2

2

2

glass glass eq glass H O H O H O eq

H O

H O

( ) ( )

(31 5 g)(0 20 cal/g C )(41 8 C 23 6 C) (135 g)(1 00 cal/g C )( 41 8 C)

42 6 C

m c T T m c T T

T

T

Š = Š

. . � ° . ° Š . ° = . � ° Š . °

= . °
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 16. The heat lost by the horseshoe must be equal to the heat gained by the iron pot and the water. Note that 
1 L of water has a mass of 1 kg. 

  

2 2 2shoe Fe ishoe eq pot Fe eq i pot H O H O eq i H O

ishoe

( ) ( ) ( )

(0 40 kg)(450 J/kg C )( 25 0 C) (0 30 kg)(450 J/kg C )(25 0 C 20 0 C )

                                                       (1 25 kg)(4186 J

m c T T m c T T m c T T

T

Š = Š + Š

. � ° Š . ° = . � ° . ° Š . °

+ .

ishoe

/kg C )(25 0 C 20 0 C )

174 C 170 CT

� ° . ° Š . °

= ° � °

 

 17. The heat lost by the iron must be the heat gained by the aluminum and the glycerin. 

  
Fe Fe i Fe eq Al Al eq i Al gly gly eq i gly

gly

gly

( ) ( ) ( )

(0 290 kg)(450 J/kg C )(142 C ) (0 095 kg)(900 J/kg C )(28 C ) (0 250 kg) (28 C )

2305 J/kg C 2300 J/kg C

m c T T m c T T m c T T

c

c

Š = Š + Š

. � ° ° = . � ° ° + . °

= � ° � � °

 

 18. (a) Since Q mc T= �  and ,Q C T= �  equate these two expressions for Q  and solve for C . 

       Q mc T C T C mc= � = � � =  

 (b) For 1.0 kg of water: 3(1 0 kg)(4186 J/kg C ) 4 2 10 J/CC mc= = . � ° = . × °  

 (c) For 45 kg of water: 5(45 kg)(4186 J/kg C ) 1 9 10 J/CC mc= = � ° = . × °  

 19. We assume that all of the kinetic energy of the hammer goes into heating the nail. 

  

( )
( )

21KE hammer hammer nail Fe2

21 2hammer hammer2

nail Fe

    8   

8  4(1 20 kg)(7 5m/s)
42 86 C 43 C

(0 014 kg)(450 J/kg C )

Q m m c T

m
T

m c

�

�

= � = � �

. .
� = = = . ° � °

. � °

 

 20. The heat lost by the substance must be equal to the heat gained by the aluminum, water, and glass.  

  
2 2 2x x i x eq Al Al eq i Al H O H O eq i H O glass glass eq i glass( ) ( ) ( ) ( )m c T T m c T T m c T T m c T TŠ = Š + Š + Š  

  

2 2 2Al Al eq i Al H O H O eq i H O glass glass eq iglass
x

x ix eq

( ) ( ) ( )

( )

(0.105 kg)(900 J/kg C ) (0.185 kg)(4186 J/kg C )
(35.0 C 10.5 C)

(0.017 kg)(840 J/kg C )

(0 215 kg)(330 C 35.0 C)

341 16 J/kg C

m c T T m c T T m c T T
c

m T T

Š + Š + Š
=

Š

� ° + � °� ª � º
° Š °� « � »+ � °� ¬ � ¼=

. ° Š °

= . � 341 J/kg C° � � °

 

 21. 65% of the original potential energy of the aluminum goes to heating the aluminum. 

  

PE Al Al Al
2

Al

0 65     0 65   

0 65 0 65(9 80 m/s )(55 m)
0 39 C

(900 J/kg C )

Q m gh m c T

gh
T

c

. = � . = � �

. . .
� = = = . °

� °
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 22. The heat released by the 15 grams of candy in the burning is equal to the heat absorbed by the 
aluminum and water. 

  

2 215g Al Al H O H O
candy

( )

   [(0 325 kg 0 624 kg)(0 22 kcal/kg C ) (1 75 kg)(1 00 kcal/kg C )](53 5 C 15 0 C)

   75 41 kcal

Q m c m c T= + �

= . + . . � ° + . . � ° . ° Š . °

= .

 

The heat released by 65 grams of the candy would be 65/15 times that released by the 15 grams. 

  65 65
65g 15g15 15
candy candy

(75 41 kcal) 326 8kcal 330 CalQ Q= = . = . �  

 23. The heat released by the 10 grams of fudge cookies in the burning process is equal to the heat absorbed 
by the aluminum and water. 

  

2 2100g Al Al H O H O
cookies

( )

   [(0 615 kg 0 524kg)(0 22 kcal/kg C ) (2 00 kg)(1 00 kcal/kg C )](36 0 C 15 0 C)

   47 26 kcal 47 3 kcal

Q m c m c T= + �

= . + . . � ° + . . � ° . ° Š . °

= . � .

 

Since this is the energy content of 10 grams, the content of 100 grams would be 10 times this, or 
473kcal . 

 24. The oxygen is all at the boiling point, so any heat added will cause oxygen to evaporate (as opposed to 
raising its temperature). We assume that all the heat goes to the oxygen and none to the flask. 

  
5

V 5
V

3 40 10 J
    1 6 kg

2 1 10 J/kg

Q
Q mL m

L
. ×

= � = = = .
. ×

 

 25. The silver must be heated to the melting temperature and then melted. 

  
heat melt F

5 6   (23 50 kg)(230 J/kg C )(961 C 25 C) (23 50 kg)(0 88 10 J/kg) 7 1 10 J

Q Q Q mc T mL= + = � +

= . � ° ° Š ° + . . × = . ×
 

 26. Assume that the heat from the person is only used to evaporate the water. Also, we use the heat of 
vaporization at room temperature (585 kcal/kg), since the person’s temperature is closer to room 
temperature than 100°C. 

  V
V

185 kcal
    0 316 kg 316 mL

585 kcal/kg
Q

Q mL m
L

= � = = = . =  

 27. The heat lost by the steam condensing and then cooling to 30°C must be equal to the heat gained by 
the ice melting and then warming to 30°C. 

  

2 2

2

2

steam V H O isteam eq ice F H O eq iice

5
F H O eq iice

steam ice 5
V H O isteam eq

[ ( )] [ ( )]

[ ( )] [3 33 10 J/kg (4186 J/kg C )(30 C)]
(1.00 kg)

[ ( )] [22 6 10 J/kg (4186 J/kg C )(30 C)]

0.18 kg

m L c T T m L c T T

L c T T
m m

L c T T

+ Š = + Š

+ Š . × + � ° °
= =

+ Š . × + � ° °

=
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 28. Assume that all of the heat lost by the ice cube in cooling to the temperature of the liquid nitrogen is 
used to boil the nitrogen, so none is used to raise the temperature of the nitrogen. The boiling point of 
the nitrogen is 77 K 196 C.= Š °  

 

ice ice ice ice nitrogen V
initial final

ice ice ice ice 2initial final 2
nitrogen 3

V

  

(2 8 10 kg)(2100 J/kg C )(0 C 196 C)
5 8 10 kg

200 10 J/kg

m c T T m L

m c T T

m
L

Š
Š

� § � ·
Š = �� ¨ � ¸� ¨ � ¸

� © � ¹

� § � ·
Š� ¨ � ¸� ¨ � ¸. × � ° ° Š Š °� © � ¹= = = . ×

×

 

 29. (a) The energy absorbed from the body must warm the snow to the melting temperature, melt the 
snow, and then warm the melted snow to the final temperature. 

   

warm melt warm snow 1 F liquid 2 snow 1 F liquid 2
snow liquid

5

5

[ ]

(1 0 kg)[(2100 J/kg C )(15 C ) (3 33 10 J/kg) (4186 J/kg C )(37 C )]

5 2 10 J

aQ Q Q Q mc T mL mc T m c T L c T= + + = � + + � = � + + �

= . � ° ° + . × + � ° °

= . ×

 

 (b) The energy absorbed from the body only has to warm the melted snow to the final temperature. 

   5
heat liquid 2
liquid

(1 0 kg)(4186 J/kg C )(35 C ) 1 5 10 JbQ Q mc T= = � = . � ° ° = . ×  

 30. (a) The heater must heat both the boiler and the water at the same time. 

   
2 21 1 Fe Fe H O H O( )Q Pt m c m c T= = + � �  

   
2 2Fe Fe H O H O

1 7

( ) [(180 kg)(450 J/kg C ) (730 kg)(4186 J/kg C )](82 C )

5 8 10 J/h

4 435 h 4 4 h

m c m c T
t

P

+ � � ° + � ° °
= =

. ×

= . � .

 

 (b) Assume that after the water starts to boil, all the heat energy goes into boiling the water, and 
none goes to raising the temperature of the iron or the steam. 

   2

2

5
H O V

2 2 H O V 2 7

(730 kg)(22 6 10 J/kg)
28 445 h

5 8 10 J/h

m L
Q Pt m L t

P
. ×

= = � = = = .
. ×

 

  Thus, the total time is 1 2 4 435 h 28 445 h 32 88 h 33 h .t t+ = . + . = . �  

 31. The heat lost by the aluminum and the water must equal the heat needed to melt the mercury and to 
warm the mercury to the equilibrium temperature. 

  

2 2 2

2 2 2

Al Al Al eq H O H O H O eq Hg F Hg eq melt

Al Al Al eq H O H O H O eq
F Hg eq melt

Hg

( ) ( ) [ ( )]

( ) ( )
( )

[(0 620 kg) (900 J/kg C ) (0 400 kg) (4186 J/kg C )](12.80 C 5.06 C)]
1.00 kg

(138 J/kg C )[5.

m c T T m c T T m L c T T

m c T T m c T T
L c T T

m

Š = Š = + Š

Š + Š
= = Š

. × � ° + . × � ° ° Š °
=

Š � °
4

06 C ( 39.0 C)]

1.12 10 J/kg

° Š Š °

= ×
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 32. The kinetic energy of the bullet is assumed to warm the bullet and melt it. 

  

21
Pb melt initial F2

5
Pb melt initial F

( )

2[ ( ) ] 2[(130 J/kg C )(327 C 20 C) (0 25 10 J/kg)]

  360 m/s

m Q mc T T mL

c T T L

�

�

= = Š + �

= Š + = � ° ° Š ° + . ×

=

 

 33. Assume that all of the melted ice stays at 0°C, so that all the heat is used in melting ice and none in 
warming water. The available heat is half of the original kinetic energy. 

  

( )21 1
skater ice F2 2

2 21 1
skater 34 4

ice 5
F

(64 kg)(7 5 m/s)
2 7 10 kg 2 7 g

3 33 10 J/kg

m Q m L

m
m

L

�

� Š

= = �

.
= = = . × = .

. ×

 

 34. The heat lost by the aluminum and 310 g of liquid water must be equal to the heat gained by the ice in 
warming in the solid state, melting, and warming in the liquid state. 

  
2 2 2 2Al Al iAl eq H O H O iH O eq ice ice melt i ice F H O eq melt

ice 5

( ) ( ) [ ( ) ( )]

[(0 085 kg)(900 J/kg C )(3 0 C ) (0.31 kg)(4186 J/kg C )(3.0 C )]
9.

[(2100 J/kg C )(8 5 C ) 3.3 10 J/kg (4186 J/kg C )(17 C )]

m c T T m c T T m c T T L c T T

m

Š = Š = Š + + Š

. � ° . ° + � ° °
= =

� ° . ° + × + � ° °
38 10 kgŠ×

 

 35. Assume that the kinetic energy of the bullet was all converted into heat, which melted the ice. 

  

21
bullet ice F2

2 2 21 1
bullet 32 2

ice 5
F

(5 5 10 kg)(250 m/s)
5 2 10 kg 5 2 g

3 33 10 J/kg

m Q m L

m
m

L

�

� Š
Š

= = �

. ×
= = = . × = .

. ×

 

 36. The heat conduction rate is given by Eq. 14–5. 

  2 41 2
3

[15 0 C ( 5 C)]
(0 84 J/s m C )(3 0 m ) 1 6 10 W

3 2 10 m

T TQ
kA

t Š

Š . ° Š Š °
= = . � � ° . = . ×

. ×�A
 

 37. The heat conduction rate is given by Eq. 14–5. 

  2 21 2 (460 C 22 C)
(380 J/s m C ) (1 0 10 m) 93 W

0 56 m

T TQ
kA

t
	 ŠŠ ° Š °

= = � � ° . × =
.�A

 

 38. (a) The power radiated is given by Eq. 14–6. The temperature of the tungsten is 
273 K 25 K 298 K.+ =  

   4 8 2 4 2 4(0 35)(5 67 10 W/m K )4 (0 19 m) (298 K) 71 W
Q

AT
t

�
 	Š�
= = . . × � . =

�
 

 (b) The net flow rate of energy is given by Eq. 14–7. The temperature of the surroundings is 268 K. 

   
( ) ( ) ( ) ( ) ( ) ( )2 4 44 4 8 2 4

1 1 0 35 5 67 10 W/m K 4 0 19 m 298 K 268 K

25 W

Q
A T T

t
�
 	Š� �ª �º= Š = . . × � . Š�« �»�¬ �¼�

=
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 39. Eq. 14–8 gives the heat absorption rate for an object facing the Sun. The heat required to melt the ice is 
the mass of the ice times the latent heat of fusion for the ice. The mass is found by multiplying the 
volume of ice by its density. 

  

2
F F F

F F
2 2

2 3 2 5
4

2

( ) (1000W/m ) cos

( ) ( )

(1000 W/m ) cos (1000 W/m ) cos

(9 17 10 kg/m )(1 0 10 m)(3 33 10 J/kg)
    7 5 10 s 21 h

(1000 W/m )(0 050)cos35

Q
Q mL VL A x L A

t
A x L x L

t
A

� � � �

� �

� � �
Š

�
� = = = � = �

�
� �

� = =
�

. × . × . ×
= = . × �

. °

 

 40. The distance can be calculated from the heat conduction rate, given by Eq. 14–5. The rate is given as a 
power (150 W = 150 J/s). 

  2 31 2 1 2 0 50 C
(0 2 J/s m C )(1 5 m ) 1 0 10 m

150 W

T T T TQ
P kA kA

t P
ŠŠ Š . °

= = � = = . � � ° . = . ×�A
�A

 

 41. This is a heat transfer by conduction, so Eq. 14–5 is applicable. 

  21 2 30 C 10 C
(0 84 J/s m C )(16 m ) 1920 W

0 14 m

T TQ
P kA

t

Š ° Š °
= = = . � � ° =

.�A
 

It would take 19.2 lightbulbs, so 20 bulbs are needed to maintain the temperature difference. 

 42. This is an example of heat conduction. The temperature difference can be calculated by Eq. 14–5. 

  
4

1 2
2 2

(95 W)(5 0 10 m)
    5 0 C

(0 84 J/s m C )4 (3 0 10 m)

T TQ P
P kA T

t kA 	

Š

Š

Š . ×
= = � � = = = . °

. � � ° . ×

�A
�A

 

 43. This is an example of heat conduction. The heat conducted is the heat released by the melting ice, 

ice F.Q m L=  The area through which the heat is conducted is the total area of the six surfaces of the 
box, and the length of the conducting material is the thickness of the Styrofoam. We assume that all of 
the heat conducted into the box goes into melting the ice and none into raising the temperature inside 
the box. The time can then be calculated by Eq. 14–5.  

  

ice F1 2

5 2

4 4

(8 2 kg)(3 33 10 J/kg)(1 5 10 m)
2(0 023 J/s m C )[2(0 25 m)(0 35 m) 2(0 25 m)(0 55 m) 2(0 35 m)(0 55 m)](34 C )

  3 136 10 s 3 1 10 s 8 7 h

m LT TQ
kA t

t kA T
Š

Š
= � =

�

. . × . ×
=

. � � ° . . + . . + . . °

= . × � . × � .

�A

�A

 

 44. For the temperature at the joint to remain constant, the heat flow in the rods must be the same. Note 
that the cross-sectional areas and lengths are the same. Use Eq. 14–5 for heat conduction. 

  hot middle middle cool
Cu Al

Cu Al

T T T TQ Q
k A k A

t t

Š Š� § � · � § � ·= � = �� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹ � A � A

 

 Cu hot Al cool
middle

Cu Al

(380 J/s m C )(205 C) (200 J/s m C )(0 0 C)
134 3 C 130 C

380 J/s m C 200 J/s m C

k T k T
T

k k

+ � � ° ° + � � ° . °
= = = . ° � °

+ � � ° + � � °
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 45. The conduction rates through the two materials must be equal. If they were not, the temperatures in the 
materials would be changing. Call the temperature at the boundary between the materials .xT  

  1 2 1 2
1 2 1 2

1 2 1 2
    ;x x

x x
T T T TQ Q Q

k A k A T T T T
t t k A t k A

Š Š
= = � = Š = Š

� A � A

� A � A
 

Add these two equations together, and solve for the heat conduction rate. 

  

1 2 1 2
1 2 1 2

1 2 1 2

1 2 1 2

1 21 2

1 2

1

( ) ( )

( )

x x
Q Q Q

T T T T T T
t k A t k A t k k A

T T T TQ
A A

t R R

k k

� § � ·
+ = Š + Š � + = Š �� ¨ � ¸

� © � ¹
Š Š

= =
+� § � ·

+� ¨ � ¸
� © � ¹

� A � A � A � A

� A � A

 

The R-value for the brick needs to be calculated, using the definition of R given on page 402 of the 
textbook. 

  

2

21 2
2

1 2

1 ft
12 in4 in

0 69ft h F /Btu
J 1 Btu 1 m 5 C 3600 s0 84

s m C 1055 J 3 281 ft 9 F 1 h

( ) (35 F )
(195 ft ) 347 Btu/h 350 Btu/h

( ) (0 69 19)ft h F /Btu

R
k

T TQ
A

t R R

� § � ·
� ¨ � ¸.. � © � ¹= = = . � � °

� § � · � § � · � § � · � § � ·°. � ¨ � ¸ � ¨ � ¸ � ¨ � ¸ � ¨ � ¸� � ° . °� © � ¹ � © � ¹ � © � ¹ � © � ¹
Š °

= = = �
+ . + � � °

�A

 

This is about 100 watts. 

 46. The heat needed to warm the liquid can be calculated by Eq. 14–2.  

  (0 35 kg)(1 00 kcal/kg C )(37 C 5 C) 11 2 kcal 11 CalQ mc T= � = . . � ° ° Š ° = . �  

 47. (a) Use Eq. 14–6 for total power radiated. 

   

4 2 4 8 2 4 8 2 4
Sun

26 26

4 (1 0)(5 67 10 W/m K )4 (7 0 10 m) (5500 K)

3 195 10 W 3 2 10 W

Q
AT R T

t
�
 �
 	 	Š= = = . . × � . ×

= . × � . ×

 

 (b) Assume that the energy from the Sun is distributed symmetrically over a spherical surface with 
the Sun at the center. 

   
26

3 2 2
2 11 2
Sun-Earth

/ 3 195 10 W
1 130 10 W/m 1100 W/m

4 4 (1 5 10 m)

P Q t
A R	 	

. ×
= = = . × �

. ×
 

 48. The heat released can be calculated by Eq. 14–2. To find the mass of the water, use the density (of pure 
water). 

  3 3 3 3 15(1 0 10 kg/m )(1 0 10 m) (4186 J/kg C )(1 C ) 4 10 JQ mc T Vc T�= � = � = . × . × � ° ° = ×  



Heat   14-15 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

 49. The heat gained by the ice (to melt it and warm it) must be equal to the heat lost by the steam (in 
condensing and cooling). 

  
2 2

2

F H O eq V H O eq

V F
eq

H O

( 0) (100 C )

2260 kJ/kg 333 kJ/kg
50 C 50 C 280 C

2 2(4 186 kJ/kg C )

mL mc T mL mc T

L L
T

c

+ Š = + ° Š

Š Š
= + ° = + ° = °

. � °

 

This answer is not possible. Because this answer is too high, the steam must not all condense, and none 
of it must cool below 100°C. Calculate the energy needed to melt a kilogram of ice and warm it to 100°C. 

  
2F H O eq( 0) (1 kg)[333 kJ/kg (4 186 kJ/kg C )(100 C )] 751 6 kJQ mL mc T= + Š = + . � ° ° = .  

Calculate the mass of steam that needs to condense in order to provide this much energy. 

  V
V

751 6 kJ
0 333 kg

2260 kJ/kg
Q

Q mL m
L

.
= � = = = .  

Thus, one-third of the original steam mass must condense to liquid at 100°C in order to melt the ice 
and warm the melted ice to 100°C. The final mixture will be at 100°C, with 1/3 of the total mass as 
steam, and 2/3 of the total mass as water. 

 50. Use the heat conduction rate equation, Eq. 14–5. 

 (a) 21 2
2

[34 C ( 18 C)]
(0 025 J/s m C )(0 95 m ) 35 3 W 35 W

3 5 10 m

T TQ
kA

t Š

Š ° Š Š °
= = . � � ° . = . �

. ×�A
 

 (b) 21 2
3

[34 C ( 18 C)]
(0 56 J/s m C )(0 95 m ) 5533 W 5500 W

5 0 10 m

T TQ
kA

t Š

Š ° Š Š °
= = . � � ° . = �

. ×�A
 

 51. The temperature rise can be calculated from Eq. 14–2. 

  
(0 80)(200 kcal/h)(0 75 h)

2 065 C 2 C
(70 kg)(0 83 kcal/kg C )

Q
Q mc T T

mc
. .

= � � � = = = . ° � °
. � °

 

 52. For an estimate of the heat conduction rate, use Eq. 14–5. 

  21 2
2

(37 C 34 C)
(0 2 J/s m C )(1 5 m ) 22 5 W 20 W

4 0 10 m

T TQ
kA

t Š

Š ° Š °
= = . � � ° . = . �

. ×�A
 

This is only about 10% of the cooling capacity that is needed for the body. Thus, convection cooling is 
clearly necessary. 

 53. We are told that 80% of the cyclist’s energy goes toward evaporation. The energy needed for 
evaporation is equal to the mass of the water times the latent heat of vaporization for water. Note that  
1 L of water has a mass of 1 kg. Also, we use the heat of vaporization at room temperature (585 
kcal/kg), since the cyclist’s temperature is closer to room temperature than 100°C.  

  2

2

H O V 3
rider H O V rider

(9 0 kg)(585 kcal/kg)
0 80 6581 kcal 6 6 10 kcal

0 80 0 8

m L
Q m L Q

.
. =  � = = = � . ×

. .
 

 54. Since 30% of the heat generated is lost up the chimney, the heat required to heat the house is 70% of 
the heat provided by the coal. 

  
5

5 6 2 0 10 MJ
2 0 10 MJ 0 70(30 10 MJ/kg)(  kg) 9500 kg

0 70(30 MJ/kg)
m m

. ×
. × = . × � = =

.
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 55. We assume that the initial kinetic energy of the bullet all goes into heating the wood and the bullet. 

  

21
bullet i bullet lead lead wood wood wood2

bullet lead wood wood
i 1

bullet2

1
2

2

( )

[(0 015 kg)(130 J/kg C ) (35 kg)(1700 J/kg C )](0 020 C )
398 3m/s

(0 015 kg)

4 0 10 m/s

m Q m c T m c T

m c m c T

m

�

�

= = � + � �

+ �
=

. � ° + � ° . °
= = .

.

� . ×

 

 56. We assume that the starting speed of the boulder is zero, and that 50% of the original potential energy 
of the boulder goes to heating the boulder. 

  
1 2
21 1PE marble2 2
marble

0 50(9 80 m/s )(120 m)
( ) 0 68 C

860 J/kg C

gh
Q mgh mc T T

c
. .

= � = � � � = = = . °
� °

 

 57. The heat lost by the lead must be equal to the heat gained by the water. Note that 1 L of water has a 
mass of 1 kg. 

  
2 2 2Pb Pb i Pb eq H O H O eq i H O( ) ( )m c T T m c T TŠ = Š  

  
i Pb

i Pb

(2 3 kg)(130 J/kg C )( 32 0 C) (2 5 kg)(4186 J/kg C )(12 0 C )

452 C 450 C

T

T

. � ° Š . ° = . � ° . ° �

= ° � °
 

 58. (a) The energy required to raise the temperature of the water is given by Eq. 14–2. 

   J 80 C
(0 250 kg) 4186 797 W 800 W (2 significant figures)

kg C 105 s

Q mc T

Q T
mc

t t

= � �

� § � ·� § � ·� °
= = . = �� ¨ � ¸� ¨ � ¸� � � °� © � ¹� © � ¹

 

 (b) After 105 s, the water is at 100 C° .  So for the remaining 15 s the energy input will boil the water. 
Use the heat of vaporization. 

   V
V V

(Power) (797 W)(15 s)
5 3 g

2260 J/g
Q t

Q mL m
L L

�
= � = = = = .  

 59. Assume that the loss of kinetic energy is all turned into heat, which changes the temperature of the 
squash ball. 

  
2 2 2 2

2 2 i f1KElost i f2
(22 m/s) (12 m/s)

( ) 0 14 C
2 2(1200 J/kg C )

Q m mc T T
c

� �
� �

Š Š
= � Š = � � � = = = . °

� °
 

 60. (a) We consider just the 30 m of crust immediately below the surface of the Earth, assuming that all 
the heat from the interior gets transferred to the surface, so it all passes through this 30-m layer. 
This is a heat conduction problem, so Eq. 14–5 is appropriate. The radius of the Earth is about 

66 38 10 m.. ×  

   

21 2 1 2
interior Earth

16 16

1 0 C 3600 s
(0 80 J/s m C )4 1 h

30 m h

                                           4 910 10 J 4 9 10 J

T T T TQ
kA Q kA t R

t
	

Š Š . ° � ª � º� § � ·= � = = . � � ° � ¨ � ¸� « � »
� © � ¹� ¬ � ¼

= . × � . ×

� A � A 
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 (b) The cross-sectional area of the Earth, perpendicular to the Sun, is a circle of radius Earth,R  so it 
has an area of 2

Earth.R	  Multiply this area by the solar constant of 21350 W/m  to get the amount 
of energy incident on the Earth from the Sun per second, and then convert to energy per day. 

  2 2 20
Sun Earth

3600 s
(1350 W/m ) 1 h 6 215 10 J

h
Q R	

� ª � º� § � ·= = . ×� ¨ � ¸� « � »
� © � ¹� ¬ � ¼

 

  

2 2
Earth 2

Sun

2interior
Earth

4

3600 s
(1350 W/m ) 1 h

day (1350 W/m )

1 0 C 3600 s 1 0 C
(0 80 J/s m C )4 1 h (0 80 J/s m C )4

30 m h 30 m

1 266 10

R
Q

Q
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= . ×

 

  So 4
Sun interior1 3 10 .Q Q� . ×  

 61. Assume that the final speed of the meteorite, as it completely melts, is 0, and that all of its initial 
kinetic energy was used in heating the iron to the melting point and then melting the iron. 

  

21
i Fe melt i F2

5
i Fe melt i F

( )

2[ ( ) ] 2[(450 J/kg C )(1538 C ( 105 C)) 2 89 10 J/kg]

1430 m/s

m mc T T mL

c T T L

�

�

= Š + �

= Š + = � ° ° Š Š ° + . ×

=

 

 62. We assume that the lightbulb emits energy by radiation, so Eq. 14–7 applies. Use the data for the 75-W 
bulb to calculate the product A�
  for the bulb, and then calculate the temperature of the 150-W bulb. 

  

( )

( ) [ ] [ ]

( )

4 4
75 W 75 W room

9 475 W
4 44 4

75 W room

4 4
150 W 150 W room

( / )

( / ) (0 90)(75 W)
9 006 10 W/K

(273 75)K (273 18)K

( / )

Q t A T T

Q t
A

T T

Q t A T T




�


�


Š

= Š �

.
= = = . ×

Š + Š +

= Š �

 

  

1/41/4
150 W 4 4

150 W room 9 4

( / ) (0 90)(150 W)
(291 K)

(9 006 10 W/K )

386 K 113 C 110 C

Š

�ª �º� ª � º.
= + = +�« �»� « � »

. ×�« �»� ¬ � ¼�¬ �¼

= = ° � °

Q t
T T

e A
  

 63. The body’s metabolism (blood circulation in particular) provides cooling by convection. If the 
metabolism has stopped, then heat loss will be by conduction and radiation, at a rate of 200 W, as 
given. The change in temperature is related to the body’s heat loss by Eq. 14–2, .= �Q mc T  

  
(65 kg)(3470 J/kg C )(36 6 C 35 6 C)

1128 s 1100 s 19 min
200 W

�
= = �

� � ° . ° Š . °
= = = � =

Q mc T
P

t t
mc T

t
P

 

 64. (a) The bullet will gain an amount of heat equal to 50% of its loss of kinetic energy. Initially assume 
that the phase of the bullet does not change, so that all of the heat causes a temperature increase. 

   ( ) ( )2 21 2 2i f42 21 1
i f Pb2 2

Pb

(220 m/s) (160 m/s)
44 C

4(130 J/kg C )
m Q mc T T

c

� �
� �

Š Š� ª � ºŠ = = � � � = = = °
� ¬ � ¼ � °
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 (b) The final temperature of the bullet would be about 64 C,°  which is not above the melting 
temperature of lead, which is 327 C.°  Thus, none of the bullet will melt. 

 65. (a) The rate of absorbing heat for an object facing the Sun is given by Eq. 14–8. 

   
2

2 2 2
4 2

1 m
(1000 W/m ) cos (1000 W/m )(0 85)(40 cm ) (1) 3 4 W

1 10 cm

Q
A

t
� �

� § � ·�
= = . = .� ¨ � ¸� ¨ � ¸� ×� © � ¹

 

 (b) The rise in temperature is related to the absorbed heat by Eq. 14–2. We assume that all absorbed 
heat raises the temperature of the leaf. 

   

4

1 3 4W 1 kcal
2 256C /s 2 3C /s

4186 J(4 5 10 kg)(0 80 kcal/kg C )Š

�
� = � � � = �

� § � ·� � .
= = = . ° � . °� ¨ � ¸� � . × . � ° � © � ¹

Q
Q mc T T

mc

T Q
t mc t

 

 (c) This temperature rise cannot continue for hours. In one hour, the leaf’s temperature would 
increase to over 8000 C,°  and the leaf would combust long before that temperature was reached. 

 (d) We assume that the rate of heat loss by radiation must equal the rate of heat absorption of solar 
energy. Note that the area of the leaf that radiates is twice the area that absorbs heat energy. 

   2 4 4
absorb radiate 1 2

solar radiationheating

(1000 W/m )  cos ( )
� �� § � · � § � ·= � = Š �� ¨ � ¸ � ¨ � ¸� �� © � ¹ � © � ¹

Q Q
A A T T

t t
� � �
  

   

1/4 1/42 2
4 4

1 2 8 2 4

(1000 W/m )cos (1000 W/m )(1)
(297 K)

2 2(5.67 10 W/m K )

359 K 86 C

Š

� ª � º� ª � º
= + = +� « � »� « � »

× �� « � »� « � »� ¬ � ¼� ¬ � ¼

= = °

T T
�


  

  This is very hot, which indicates that the leaf must lose energy by other means than just 
radiation, in order to cool to a more reasonable temperature. 

 (e) The leaf can also lose heat by conduction to the cooler air around it; by convection, as the wind 
continually moves cooler air over the surface of the leaf; and by evaporation of water. 

 66. The rate of energy absorption from the Sun must be equal to the rate of losing energy by radiation plus 
the rate of losing energy by evaporation if the leaf is to maintain a steady temperature. The latent heat 
of evaporation is taken to be the value at 20°C, which is 2450 kJ/kg. Also note that the area of the leaf 
that radiates is twice the area that absorbs heat energy. 

  
solar radiation evaporationheating
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t
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A
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6
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Š

Š

Š

�ª �ºŠ × � Š�« �»�¬ �¼= ×
×

� § � · � § � ·
= × =� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹

 



Heat   14-19 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

 67. (a) The amount of heat energy required is given by Eq. 14–2. One liter of water has a mass of 1 kg. 

   7 7(245 kg)(4186 J/kg C )(45 C 10 C) 3 589 10 J 3 6 10 J= � = � ° ° Š ° = . × � . ×Q mc T  

 (b) The heat energy is the power input times the time. 

   
7

3

3 589 10 J
    3778 s 3800 s 63 min

9 5 10 W

. ×
= � = = = � �

. ×

Q
Q Pt t

P
 

 68. We model the heat loss as conductive, so that, using Eq. 14–5, ,= � � = �
�A

Q kA
T Q t T

t
�  where �  

describes the average heat conductivity properties of the house, such as insulation materials and 
surface area of the conducting surfaces. It could have units of J/h C�° .  We see that the heat loss is 
proportional to the product of elapsed time and the temperature difference. We assume that the 
proportionality constant �  does not vary during the day, so that, for example, heating by direct 
sunlight through windows is not considered. We also assume that �  is independent of temperature, so 
it is the same during both the day and the night. 

  
turning
down

not turning
down

( J/h C )(15 h)(22 C 8 C) ( J/h C )(9 h)(16 C 0 C) 354 J

( J/h C )(15 h)(22 C 8 C) ( J/h C )(9 h)(22 C 0 C) 408 J

= � ° ° Š ° + � ° ° Š ° =

= � ° ° Š ° + � ° ° Š ° =

Q

Q

� � �

� � �
 

  
turning
down

408 J 354 J
0 1525 15

354 J
� Š

= = . �
Q

Q
� �

�
,  

Keeping the thermostat “up” in this model requires about 15% more heat than turning it down. 

Solutions to Search and Learn Problems 

1.  
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We chose a starting temperate of –200 C,°  so that all three substances would be in the solid state. Lead 
has small specific and latent heats, so the temperature of lead increases rapidly as a function of input 
heat. Water has the largest specific and latent heats and therefore has the smallest temperature 
increase. There is no temperature range for which water, lead, and ethyl alcohol are all liquid. All three 
are solids at temperatures below –114 C.°  All three are gases for temperatures above 1750°C.  

 2. (a) The cross-sectional area of the Earth, perpendicular to the Sun, is a circle of radius Earth,R  so it 

has an area of 2
Earth.R	  Multiply this area by the solar constant to get the rate at which the Earth 

is receiving solar energy. 

  2 6 2 2 17
Earth(solar constant) (6 38 10 m) (1350 W/m ) 1 73 10 W= = . × = . ×

Q
R

t
	 	  

 (b) Use Eq. 14–7 to calculate the rate of heat output by radiation, and assume that the temperature of 
space is 0 K. The whole sphere is radiating heat back into space, so we use the full surface area 
of the Earth, 2

Earth4 .R	  

   

1/4
4

1/4
17

8 2 4 6 2

1

1
(1 73 10 J/s) 278 K 5 C

(1 0)(5 67 10 W/m K )4 (6 38 10 m)Š

� § � ·= � = � ¨ � ¸
� © � ¹

� ª � º
= . × = = °� « � »

. . × � . ×� « � »� ¬ � ¼

Q Q
AT T

t t A
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 3. We take the 1000 J as an exact number. 

 (a) Solve Eq. 14–2 for the final temperature of the ice. Use the specific heat of ice. 

   0 0
1000 J

( ) 20 C 15 C
(0 100 kg)(2100 J/kg C)

= Š � = + = Š ° + = Š °
. °

Q
Q mc T T T T

mc
 

 (b) The heat will melt part of the ice. Solve Eq. 14–4 for the mass of ice that will melt, with L being 
the latent heat of fusion of water. The temperature will remain constant at 0°C. 

   
1000 J

3 00 g of ice will melt
333 kJ/kg

= � = = = .
Q

Q mL m
L

 

 (c) Solve Eq. 14–2 for the final temperature of the water. Use the specific heat of water. 

   0 0
1000 J

( ) 10 C 12 C
(0 100 kg)(4186 J/kg C)

= Š � = + = ° + = °
. °

Q
Q mc T T T T

mc
 

 (d) The heat will convert some of the water into steam. Solve Eq. 14–4 for the mass of the water that 
will be converted to steam, with L being the latent heat of vaporization of water. The temperature 
will remain constant at 100°C. 

   
1000 J

0 442 g of water will be converted to steam
2260 kJ/kg

=  �  = = = .
Q

Q mL m
L

 

 (e) Solve Eq. 14–2 for the final temperature of the steam. Use the specific heat of steam. 

   0 0
1000 J

( ) 110 C 115 C
(0 100 kg)(2010 J/kg C)

= Š � = + = ° + = °
. °

Q
Q mc T T T T

mc
 

 4. (a) To calculate heat transfer by conduction, use Eq. 14–5 for all three areas—walls, roof, and 
windows. Each area has the same temperature difference. 
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   conduction
1 2

walls roof windows
( )

� ª � º� § � · � § � · � § � ·= + + Š� « � »� ¨ � ¸ � ¨ � ¸ � ¨ � ¸
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2 2

2

3

5 5

(0 023 J/s m C )(410 m ) (0 1 J/s m C )(250 m )
0 195 m 0 055 m

 (38 C )
(0 84 J/s m C )(33 m )

6 5 10 m

1 812 10 W 1 8 10 W

Š

� ª � º. � � ° . � � °
+� « � »

. .� « � »= °� « � ». � � °� « � »+
� « � ». ×� ¬ � ¼
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 (b) The energy being added must both heat the air and replace the energy lost by conduction, as 
considered above. The heat required to raise the temperature is given by Eq. 14–2, 

raise air air warming
temp

( ) .Q m c T= �  The mass of the air can be found from the density of the air times 

its volume. The conduction heat loss is proportional to the temperature difference between the 
inside and outside, which, if we assume the outside temperature is still 15 C,Š °  varies from 
30 C°  to 38 C .°  We will estimate the average temperature difference as 34C°  and scale the 

answer from part (a) accordingly. 

   

conduction
added raise conduction air air warming

temp

3
3

( ) (1800 s)

kg kcal 4186 J
1 29 (750m ) 0 24 (8 C)

kg C kcalm

� § � ·
= + = � + � ¨ � ¸

� © � ¹
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Q
Q Q Q Vc T

t
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   5 8 8J 34 C
               1 812 10 (1800 s) 2 996 10 J 3 0 10 J

s 38 C
°� § � ·� § � ·+ . × = . × � . ×� ¨ � ¸� ¨ � ¸°� © � ¹� © � ¹

 

 (c) We assume a month is 30 days. 

   gas month
conduction

0 9 � § � ·. = �� ¨ � ¸
� © � ¹

Q
Q t

t
 

  

5 11
gas month

conduction

11
7

1 1 24 h 3600 s
(1 812 10 J/s)(30 days) 5 219 10 J

0 9 0 9 1 day 1 h

1 kg $0 080
5 276 10 J $773 12 $770

kg5 4 10 J
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As an extra comment, almost 90% of the heat loss is through the windows. Investing in insulated 
window drapes and double-paned windows in order to reduce the thermal conductivity of the windows 
could mean major savings for this homeowner. 
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15-1 

Responses to Questions 

 1. Since the process is isothermal, there is no change in the internal energy of the gas. Thus 
0 ,U Q W Q W� = Š = � =  so the heat absorbed by the gas is equal to the work done by the gas. Thus 

3700 J of heat was added to the gas. 

 2. Mechanical energy can be transformed completely into heat. When a moving object slides across a 
rough level floor and eventually stops, the mechanical energy of the moving object has been 
transformed completely into heat. Also, if a moving object were to be used to compress a frictionless 
piston containing an insulated gas, the kinetic energy of the object would become internal energy of 
the gas. A gas that expands adiabatically (without heat transfer) transforms internal energy into 
mechanical energy, by doing work on its surroundings at the expense of its internal energy. Of course, 
that is an ideal (reversible) process. In any nonideal process, only a fraction of the internal energy can 
be changed into mechanical energy. Some of the internal energy might also be changed into heat. 

 3. It is possible for temperature (and thus internal energy) to remain constant in a system even though 
there is heat flow into or out of the system. By the first law of thermodynamics, there must be an equal 
amount of work done on or by the system, so that 0U Q W Q W� = Š = � = .  The isothermal 

expansion or compression of a gas is an example of this situation. A change of state (melting, freezing, 
boiling, condensing, evaporating) is another example of heat transfer without a corresponding 
temperature change. 

 4. If the gas is compressed adiabatically, then no heat enters or leaves from the gas. The compression 
means that work was done ON the gas. By the first law of thermodynamics, ,� = ŠU Q W  since 

0,=Q  then � = .U W2  The change in internal energy is equal to the opposite of the work done by the 
gas or is equal to the work done on the gas. Since positive work was done on the gas, the internal 
energy of the gas increased, and that corresponds to an increase in temperature. This is conservation of 
energy—the work done on the gas becomes internal energy of the gas particles, and the temperature 
increases accordingly. 

THE LAWS OF THERMODYNAMICS  

15
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Pressure 

V1 V2 = 2V1 

Isobaric 

Isothermal 

Adiabatic 

Volume 

 5. �¨U is proportional to the change in temperature. The 
change in the internal energy is zero for the isothermal 
process, greatest for the isobaric process, and least 
(negative) for the adiabatic process. The work done, W, 
is the area under the curve and is greatest for the 
isobaric process and least for the adiabatic process. 
From the first law of thermodynamics, Q is the sum of 
�¨U and W and is zero for the adiabatic process and a 
maximum for the isobaric process. 

 
 
 

 6. (a) When the lid is removed, the chlorine gas mixes 
with the air in the room around the bottle so that eventually both the room and the bottle contain 
a mixture of air and chlorine. 

 (b) The reverse process, in which the individual chlorine particles reorganize so that they are all in 
the bottle, violates the second law of thermodynamics and does not occur naturally. It would 
require a spontaneous decrease in entropy. 

 (c) Adding a drop of food coloring to a glass of water is another example of an irreversible process; 
the food coloring will eventually disperse throughout the water but will not ever gather into a 
drop again. The toppling of buildings during an earthquake is another example. The toppled 
building will not ever become “reconstructed” by another earthquake. 

 7. No. The definition of heat engine efficiency as L/=e W Q  does not account for H ,Q  the energy needed 
to produce the work. Efficiency should relate the input energy and the output work. This definition of 
efficiency is also not useful because if the exhaust heat LQ is less than the work done W (which is 
possible), the “efficiency” would exceed unity. 

 8. (a) In an internal combustion engine, the high-temperature reservoir is the ignited gas–air mixture in 
the cylinder. The low-temperature reservoir is the “outside” air. The burned gases leave through 
the exhaust pipe. 

 (b) In the steam engine, the high-temperature reservoir is the heated, high-pressure steam from the 
boiler. The low-temperature reservoir is the condensed water in the condenser. 

In the cases of both these engines, these areas are not technically heat “reservoirs,” because each one is 
not at a constant temperature. 

 9. To utilize thermal energy from the ocean, a heat engine would need to be developed that operated 
between two different temperatures. If surface temperature water was to be both the source and the 
exhaust, then no work could be extracted. If the temperature difference between surface and deep 
ocean waters were to be used, then there would be considerable engineering obstacles, high expense, 
and potential environmental difficulties involved in having a heat engine that connected surface water 
and deep ocean water. Likewise, if the difference in temperature between tropical water and arctic 
water were to be used, then major difficulties would be involved because of the large distances 
involved. 

 10. It is possible to warm the kitchen in the winter by having the oven door open. The oven heating 
elements radiate heat energy into the oven cavity, and if the oven door is open, then the oven is just 
heating a bigger volume than usual. There is no thermodynamic cycle involved here. However, you 
cannot cool the kitchen by having the refrigerator door open. The refrigerator exhausts more heat than 
it removes from the refrigerated volume, so the room actually gets warmer with the refrigerator door 
open because of the work done by the refrigerator compressor. If you could have the refrigerator 
exhaust into some other room, then the refrigerator would be similar to an air conditioner, and it could 
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cool the kitchen, while heating up some other space. Or you could unplug the refrigerator and open the 
door. That would cool the room somewhat, but would heat up the contents of the refrigerator, which is 
probably not a desired outcome! 

 11. For a refrigerator, LCOP /= .Q W  That definition makes sense because we are interested in removing 
heat from the low-temperature reservoir (the interior of the refrigerator). The more heat that can be 
removed per amount of input work, the better (more efficient) the refrigerator is. 

For a heat pump, HCOP / .= Q W  The objective of the heat pump is to heat (deliver H )Q  rather than 

cool (remove L ).Q  It is the heat delivered to the house that is important now. The more heat that can 

be delivered to the house per amount of input work, the better the heat pump is. 

 12. Any air conditioner-type heat engine will remove heat from the room L( theQ �  low-temperature 
input). Work ( )W  is input to the device to enable it to remove heat from the low-temperature region. 
By the second law of thermodynamics (conservation of energy), there must be a high-temperature 
exhaust heat HQ  which is larger than L .Q  Perhaps the inventor has come up with some clever method 
of having that exhaust heat move into a well-insulated heat “sink,” like a container of water. But 
eventually the addition of that heat to the device will cause the device to become warmer than the 
room itself, and then heat will be transferred to the room. One very simple device that could do what is 
described in the question would be a fan blowing over a large block of ice. Heat from the room will 
enter the ice; cool air from near the surface of the ice will be blown by the fan. But after the ice melts, 
the fan motor would again heat the air. 

 13. Some processes that would obey the first law of thermodynamics but not the second, if they actually 
occurred, include: 

 • a cup of tea warms itself by gaining thermal energy from the cooler air molecules around it; 

 • a ball sitting on a soccer field gathers energy from its surroundings and begins to roll; 

 • a bowl of popcorn placed in the refrigerator “un-pops” as it cools; 

 • an empty perfume bottle is placed in a room containing perfume molecules, and all of the 
perfume molecules move into the bottle from various directions at the same time; 

 • water on the sidewalk coalesces into droplets that are propelled upward and rise into the air; 

 • a house gets warmer in the winter while the outdoors gets colder, due to heat moving from the 
outdoors to inside the house. 

 14. While the state of the papers has changed from disorder to order, they did not do so spontaneously. An 
outside source (you) caused the increase in order. You had to provide energy to do this (through your 
metabolic processes), and in doing so, your entropy increased more than the entropy of the papers 
decreased. The overall effect is that the entropy of the universe increased, satisfying the second law of 
thermodynamics. 

 15. The first statement, “You can’t get something for nothing,” is a whimsical way of saying that energy is 
conserved. For instance, one way to write the first law is .W Q U= Š �  This says that work done by a 
system must have a source—either heat is input to the system or the internal energy of the system is 
lowered. It “costs” energy—either heat energy or internal energy—to get work done. Another way to 
say this is that no heat engine can be built which puts out more energy in the form of work than it 
extracts in the form of heat or internal energy. 
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The second statement, “You can’t even break even,” reflects the fact that a consequence of the second 
law is that there is no heat engine that is 100% efficient. Even though the first law is satisfied by an 
engine that takes in 100 J of heat and outputs 100 J of work, the second law says that that is 
impossible. If 100 J of heat were taken in, then less than 100 J of work will be output from the heat 
engine, even if it is an ideal heat engine. Some energy will be “lost” as exhaust energy. 

 16. (a) If a gas expands adiabatically, then 0,=Q  so 0� =S  by Eq. 15–8, /S Q T� = .  

 (b) If a gas expands isothermally, then there is no change in its internal energy, and the gas does 
work on its surroundings. Thus by the first law of thermodynamics, there must be heat flow into 
the gas, so 0 the� > �S  entropy of the gas increases. 

 17. One kilogram of liquid iron will have greater entropy, since it is less ordered than solid iron and its 
molecules have more thermal motion. In addition, heat must be added to solid iron to melt it; the 
addition of heat will increase the entropy of the iron. 

 18. (a) The erosion of soil due to water flow over the ground. 

 (b) The oxidation of various metals (copper, zinc, iron, etc.) when left exposed to the air. 

 (c) Fallen leaves decaying in the woods. 

 (d) A pile of compost decomposing. 

 (e) A landslide. 

The reverse of these processes is not observed. 

 19. In an action movie, you might see a building or car changing from an exploded state to an unexploded 
state, or a bullet that was fired going backward into the gun and the gunpowder “unexploding.” In a 
movie with vehicle crashes, you might observe two collided vehicles separating from each other, 
becoming unwrecked as they separate, or someone “unwrite” something on a piece of paper—moving 
a pen over paper, taking away written marks as the pen moves. 

 20. The synthesis of complex molecules from simple molecules does involve a decrease in entropy of the 
constituent molecules, since they have become more “structured” or “ordered.” However, the 
molecules are not a closed system. This process does not occur spontaneously or in isolation. The 
living organism in which the synthesis process occurs is part of the environment that must be 
considered for the overall change in entropy. The “living organism and environment” combination will 
have an increase in entropy that is larger than the decrease in entropy of the molecules, so overall, the 
second law is still satisfied, and the entropy of the entire system will increase. 

Responses to MisConceptual Questions 

 1. (d)  An isobaric process is one in which the pressure is kept constant. In a compression the volume of 
the gas decreases. By Eq. 15–3, the work done by the gas is negative, so an external force had to 
do work on the gas. In isobaric processes heat is allowed to flow into or out of the system and 
the internal energy changes.  

 2. (c) According to the second law of thermodynamics, it is impossible for heat to be entirely 
converted into work in a cycle or a heat engine. However, the question does not specify that we 
must consider a complete cycle. In an isothermal process .=Q W  In an isothermal compression 
work is entirely converted into heat, and in an isothermal expansion heat is entirely converted 
into work. 
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 3. (c) A common misconception is that the work done in 
moving an object between two states is 
independent of the path followed. In the graph 
shown, the work done in going from point A to B 
to C by the isobaric and isovolumetric processes is 
equal to the area under the AB line. The work 
done by the isothermal process is the area under 
the curved line. Since the AC line includes all of 
the area under the AB line as well as the area 
between the AB and AC lines, more work is done 
on the gas in the isothermal process. 

 4. (d) In an isothermal process the internal energy remains constant ( 0)� = .U  In an expansion the gas 
does work on the surroundings ( 0)= .W  Since the internal energy is constant and the work is 
positive, the first law of thermodynamics requires the heat absorbed also be positive ( 0)= .Q  

 5. (d) Students may misunderstand the difference between isothermal (temperature remains constant so 
0)U� =  and adiabatic ( 0)= .Q  In an isothermal process heat can be absorbed, as long as an 

equal amount of work is done, so statement (i) is not true. For an ideal gas the temperature is 
proportional to the internal energy of the gas, statements (ii) and (iii) are equivalent, and both are 
true. 

 6. (b) As the gas expands, its volume increases and it does work on the surroundings. Since no heat is 
absorbed while the gas does this work, the first law of thermodynamics says that the internal 
energy and temperature of the gas must decrease. For the volume to increase as the temperature 
decreases, the ideal gas law requires that the pressure also decrease. 

 7. (d) A frequent misconception made in calculating the efficiency of an engine is to leave the 
temperatures in degrees Celsius, which would imply an efficiency of 50%. However, when the 
temperatures are properly converted to kelvins, Eq. 15–5 gives the efficiency as only about 34%. 

 8. (d)  A common misconception in this situation is not realizing that a heat cycle running in reverse, 
like a refrigerator, must have a high-temperature exhaust. Furthermore, that high-temperature 
exhaust is the sum of the heat removed from the inside of the refrigerator and the work done by 
the refrigerator’s compressor. 

 9. (a, c) The maximum efficiency of an engine is given by Eq. 15–5, which can be written in the form 

H C H( )/e T T T= Š . Increasing the temperature difference, as in (a), results in a higher efficiency. 
In (b) the temperature difference remains the same, while the hot temperature increases, which 
results in a lower efficiency. In (c) the efficiency increases as the temperature difference remains 
the same, but HT  decreases. In (d) the temperature difference decreases, which lowers the 
efficiency. 

 10. (a) The text states that “real engines that are well designed reach 60 to 80% of the Carnot 
efficiency.” The cooling system of the engine keeps the high temperature at about 120°C (400 K) 
and the exhaust is about room temperature (300 K). The maximum efficiency would then be 
around 25%. Eighty percent of this maximum would be closest to 20% efficient. Any of the 
other choices for this question are not reasonable. 

 11. (b) Heat must be added to the ice cube to melt it. The change in entropy is the ratio of the heat added 
to the temperature of the ice cube. Since heat is absorbed in the process, the entropy increases. 

Isobaric 
A 

C 

B 

Iso- 
volumetric 

Isothermal

Volume 

Pressure 
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Solutions to Problems 

In solving these problems, the authors did not always follow the rules of significant figures rigidly. We tended 
to take quoted temperatures as correct to the number of digits shown, especially where other values might 
indicate that. 

 1. Use the first law of thermodynamics, Eq. 15–1, and the definition of internal energy, Eq. 14–1. Since 
the work is done by the gas, it is positive. 

 (a) The temperature does not change, so 0 .U� =  

 (b) 3 30 4 30 10 J 4 30 10 J� = Š � = � + = + . × = . ×U Q W Q U W  

 2. For the drawing of the graph, the pressure is given relative to the 
starting pressure, which is taken to be 0.P  

Segment A is the cooling at constant pressure. 

Segment B is the isothermal expansion. 

 3. Segment A is the compression at constant pressure. Since 
the process is at a constant pressure, the path on the 
diagram is horizontal from 2.5 L to 1.0 L. 

Segment B is the isothermal expansion. Since the 
temperature is constant, the ideal gas law says that the 
product PV is constant. Since the volume is increased by a 
factor of 2.5, the pressure must be divided by 2.5, so the 
final point on this segment is at a pressure of 1 atm/2 5 0 4 atm. = . . The path is a piece of a hyperbola. 

Segment C is the pressure increase at constant volume. Since the process is at a constant volume, the 
path on the diagram is vertical from 0.4 atm to 1.0 atm. 

 4. (a) The work done by a gas at constant pressure is found from Eq. 15–3. 

  
5

3 3 5 51 01 10 Pa
(1 atm) (16 2 m 12 0 m ) 4 242 10 J 4 2 10 J

1 atm

� § � ·. ×
= � = . Š . = . × � . ×� ¨ � ¸� ¨ � ¸

� © � ¹
W P V  

 (b) The change in internal energy is calculated from the first law of thermodynamics. 

  5 54186 J
(254 kcal) 4 242 10 J 6 4 10 J

1 kcal

� § � ·
� = Š = Š . × = . ×� ¨ � ¸

� © � ¹
U Q W  

 5. The pressure must be converted to absolute pressure in 
order to use the ideal gas equation, so the initial 
pressure is 4.5 atm absolute pressure, and the lower 
pressure is 2.0 atm absolute pressure. Segment A is the 
isothermal expansion. The temperature and the amount 
of gas are constant, so =PV nRT is constant. Since 
the pressure is reduced by a factor of 2.25, the volume 
increases by a factor of 2.25, to a final volume of 2.25 L. 
Segment B is the compression at constant pressure, and segment C is the pressure increase at constant 
volume. 

 

0

0.5

1

0.0 0.5 1.0

0P P
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 6. (a) Since the container has rigid walls, there is no change in volume. 

   0W P V= � =  

 (b) Use the first law of thermodynamics to find the change in internal energy. 

   ( 465 kJ) 0 465 kJU Q W� = Š = Š Š = Š  

 7. (a) Since the process is adiabatic, 0Q = .  

 (b) Use the first law of thermodynamics to find the change in internal energy. 

   0 ( 2630 J) 2630 JU Q W� = Š = Š Š =  

 (c) Since the internal energy is proportional to the temperature, a rise in internal energy means a 
rise  in temperature. 

 8. A graph of the process is shown. The expansion process is 
the horizontal line, and the constant-volume process is the 
vertical line. The dashed line is an isotherm starting from 
the original state. 

 (a) Work is only done in the expansion at constant 
pressure, since there must be a volume change in 
order for there to be work done. 

   W P V= �  

       
5 3 31 01 10 Pa 1 10 m

(3 0 atm) (0 28 L) 85 J
1 atm 1 L

Š� § � ·. × ×
= . . =� ¨ � ¸� ¨ � ¸

� © � ¹
 

 (b) Use the first law of thermodynamics to find the heat flow. Notice that the temperature change 
over the entire process is 0, so there is no change in internal energy. 

   0 85 JU Q W Q W� = Š = � = =  

 9. Since the expansion is adiabatic, there is no heat flow into or out of the gas. Use the first law of 
thermodynamics to calculate the temperature change. 

   

3
2

2
3

0

2(8300 J)
78 3 K 78 K

3(8 5 mol)(8 314 J/mol K)

U Q W nR T W

W
T

nR

� = Š � � = Š �

� = Š = Š = Š . � Š
. . �

 

 10. (a) No work is done during the first step, since the volume is constant. The work in the second step 
is given by W P V= � .  

   
5 3 31 01 10 Pa 1 10 m

(1 4 atm) (9 3 L 5 9 L) 480 J
1 atm 1 L

W P V
� § � · � § � ·. × ×

= � = . . Š . =� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹

2

 

 (b) Since there is no overall change in temperature, 0U� = .  

 (c) The heat flow can be found from the first law of thermodynamics. 

   ( )0 480 J 480 J into the gas� = Š � = � + = + =U Q W Q U W  
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 11. (a) Since the gas is well insulated, no heat can flow into or out of the gas. When the gas is 
compressed, work is done on that gas. Thus the gas gains energy. That energy manifests as an 
increase in the average kinetic energy of the gas particles, so the temperature of the gas 
increases. 

 (b) When the gas expands, the opposite effect occurs. The gas does work on the piston during the 
expansion. To accomplish that work, the energy of the gas decreases. Since the gas is well 
insulated, no heat can flow into the gas to compensate for that lost work, so the average kinetic 
energy of the gas particles decreases, and thus there is a decrease in temperature. 

 12. (a) See the diagram. The isobaric expansion is just a 
horizontal line on the graph. 

 (b) The work done is found from Eq. 15–3. 

    2 3 3   (425 N/m )(8 00 m 2 00 m ) 2550 J

= �

= . Š . =

W P V
 

The change in internal energy depends on the 
temperature change, which can be related to the ideal 
gas law, PV nRT= . 

   
3 3

2 12 2

3 3 3 3
2 12 2 2 2

( )

       [( ) ( ) ] (2550 J) 3830 J

� = � = Š

= Š = � = = =

U nR T nRT nRT

PV PV P V W
 

 (c) For the isothermal expansion, since the volume expands by a factor of 4, the pressure drops by a 
factor of 4 to 2106 N/m . See the diagram. 

 (d) The change in internal energy only depends on the initial and final temperatures. Since those 
temperatures are the same for process B as they are for process A, the internal energy change is 
the same for process B as for process A, 3830 J.  

 13. For the path ac, use the first law of thermodynamics to find the change in internal energy. 

  ac ac ac 63 J ( 35 J) 28 JU Q W� = Š = Š Š Š = Š  

Since internal energy only depends on the initial and final temperatures, this U
�

�  applies to any path 
that starts at a and ends at c. And for any path that starts at c and ends at a, ca ac 28 JU U� = � = .2  

 (a) Use the first law of thermodynamics to find abc.Q  

   abc abc abc abc abc abc 28 J ( 54 J) 82 JU Q W Q U W� = Š � = � + = Š + Š = Š  

 (b) Since the work along path bc is 0, abc ab b ab b b a( ).= = � = ŠW W P V P V V  Also note that the work 

along path da is 0. 

   1 1 1
cda cd c cd c d c b a b abc2 2 2

( ) ( ) ( 54 J) 27 JW W P V P V V P V V W= = � = Š = Š = Š = Š Š =  

 (c) Use the first law of thermodynamics to find abcQ .  

   cda cda cda cda cda cda 28 J 27 J 55 JU Q W Q U W� = Š � = � + = + =  

 (d) As found above, c a ca ac 28 JŠ = � = Š� = .U U U U  

A

B B



The Laws of Thermodynamics   15-9 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

 (e) d c d c12 J 12 JU U U UŠ = � = + �  

   da a d a c ca12 J 12 J 28 J 12 J 16 J� = Š = Š Š = � Š = Š =U U U U U U  

  Use the first law of thermodynamics to find da.Q  

   da da da da da da 16 J 0 16 J� = Š � = � + = + =U Q W Q U W  

 14. In Example 15–7, the total energy transformed was 71 15 10 J. × .  We will subtract the energy for 1 
hour of desk work and add the energy for 1 hour of running. 

  [ ]7 7Energy 1 15 10 J 115 J s 1150 J s (3600 s h) 1 52 10 J 3640 Cal= . × + Š + = . × �/ / /  

 15. Follow the pattern set in Example 15–7. Find the average rate by dividing the total energy for the day 
by 24 hours. 

  
(8 0 h)(70 J/s) (6 0 h)(115 J/s) (6 0 h)(230 J/s)

Avg energy 24 h 172 W 170 W
(2.0 h)(115 J/s) (1.5 h)(460 J/s) (0.5 h)(1150 J/s)

. + . + .� ª � º
. = = �� « � »+ + +� ¬ � ¼

 

 16. From Table 15–2, the change in metabolic rate if one hour of sleeping is exchanged for light activity is 
an addition of 230 watts 70 watts 160 watts.Š =  Note that this increased rate is only applicable for one 
hour per day. 

  
7

J 3600 s 1 h 365 day 1 kg fat 2 20 lb
160 5 256 kg 5 3 kg 121b

s 1 h day 1 y 1 kg4 10 J

� § � ·� § � · � § � · � § � ·� § � · .� § � · = . � . =� ¨ � ¸� ¨ � ¸ � ¨ � ¸ � ¨ � ¸� ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹ ×� © � ¹� © � ¹ � © � ¹� © � ¹� © � ¹
 

 17. (a) The person runs seven times per week, 30 minutes each time. We use Table 15–2. 

   7 7J 60 s 30 min 7 runs
1150 1 449 10 J/week 1 4 10 J in one week

s 1 min run 1 week

� § � · � § � ·� § � · � § � ·= . × � . ×� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹� © � ¹ � © � ¹

 

 (b) Convert the energy used to run from joules to Calories. 

   7
3

1 Cal
1 449 10 J 3462 Cal 3500 Cal

4 186 10 J

� § � ·
. × = �� ¨ � ¸� ¨ � ¸. ×� © � ¹

 

 18. The efficiency of a heat engine is given by Eq. 15–4a. 

  
H L

2600 J
0 24 24%

2600 J 8200 J
W W

e
Q W Q

= = = = . =
+ +

 

 19. The maximum (or Carnot) efficiency is given by Eq. 15–5, with temperatures in kelvins. 

  L

H

(345 273) K
1 1 0 258 25 8%

(560 273) K

T
e

T
+

= Š = Š = . = .
+

 

  We assume that both temperatures are measured to the same precision—the nearest degree. 

 20. The Carnot efficiency is given by Eq. 15–5, with temperatures in kelvins. 

  L L
H

H

(230 273) K
1 762 K 489 C 490 C

1 1 0 34
+

= Š � = = = = ° � °
Š Š .

T T
e T

T e
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 21. The efficiency of a heat engine is given by Eq. 15–4a. 

  
H

9200 J
0 0879 8 8

(25 0 kcal)(4186 J/kcal)
= = = . � .

.
W

e
Q

,  

 22. Calculate the Carnot efficiency for the given temperatures, using Eq. 15–5. 

  L
ideal

H

77 K
1 1 0 7372 74

293 K
= Š = Š = . �

T
e

T
,  

 23. A 10°C decrease in the low-temperature reservoir will give a greater improvement in the efficiency of 
a Carnot engine. By definition, LT  is less than H,T  so a 10°C change will be a larger percentage 
change in LT  than in H ,T  yielding a greater improvement in efficiency. As an example, we use the 
values from Problem 22 above. 

  L

H

L
lower

H

L
higher

H

67 K
1 1 0 7713 compared to 0 7372

293 K

77 K
1 1 0 7458 compared to 0 7372

303 K

T

T

T
e

T

T
e

T

= Š = Š = . .

= Š = Š = . .
 

  We see that the decrease in the lower temperature was more effective. Here is a more rigorous proof. 
Note that we never multiply by a negative value, so the original ordering of 

L

lower
T

e  on the left of the 

comparison and 
H

higher
T

e  on the right of the comparison is preserved. We use the sign <=> to mean 

“compare to.” 

  

L H

L 0 L
lower higher

H H 0

L 0 L 0 L 0L L L

H H 0 H H 0 H 0 H

L H L 0 H 0 0 H 0 0 L 0 H 0 L

1 ; 1

1 1 ; ; ;

( )( ); ;

T T

T T T
e e

T T T

T T T T T TT T T

T T T T T T T T T

T T T T T T T T T T T T T T T

Š
= Š = Š

+

Š Š Š
Š <=> Š Š <=> Š <=>

+ + +

<=> Š + + <=> + <=>

 

  Since the left-hand side of this last expression is larger than the right-hand side, 
L H

lower higher.
T T

e e>  Thus 

in general, a change in the low-temperature reservoir has a larger effect on the efficiency than the 
same change in the high-temperature reservoir. 

 24. The efficiency of a heat engine is given by Eq. 15–4a. 

  
L

H L

L

(1/ 1)

/ / (1/ 1) (580 MW)(1/0 32 1) 1232 MW 1200 MW

= = � = Š �
+

= Š = . Š = �

W W
e Q W e

Q W Q

Q t W t e

 

 25. The maximum (or Carnot) efficiency is given by Eq. 15–5, with temperatures in kelvins. 

  L

H

(330 273) K
1 1 0 3537

(660 273) K
+

= Š = Š = .
+

T
e

T
 

Thus the total power generated can be found as follows. 

  Actual power (Total power)(max eff )(operating eff )= . . . �  
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9 13 13

Actual power 1.4 GW
Total power 6.089 GW

(max. eff.)(operating eff.) (0.3537)(0.65)

Exhaust power Total power Actual power 6.089 GW 1.4 GW 4.689 GW

(4.689 10 J/s)(3600 s/h) 1.688 10 J/h 1.7 10 J/h

= = =

= Š = Š =

= × = × � ×

 

 26. Find the intake temperature from the original Carnot efficiency, and then recalculate the exhaust 
temperature for the new Carnot efficiency, using the same intake temperature. 

  L1 L1
1 H

H 1

(340 273) K
1 958 K

1 1 0 36
+

= Š � = = =
Š Š .

T T
e T

T e
 

  L2
2 L2 H 2

H
1 (1 ) (958 K)(1 0 42) 556 K 283 C 280 C= Š � = Š = Š . = = ° � °

T
e T T e

T
 

 27. This is a perfect Carnot engine, so its efficiency is given by Eqs. 15–4a and 15–5. Use these two 
expressions to solve for the rate of heat output. 

  
L

L
H H L

L

(45 273)K
1 1 0 3416 (1/ 1)

(210 273)K

/ / (1/ 1) (910 W)(1/0.3416 1) 1754 W 1800 W

T W W
e e Q W e

T Q W Q

Q t W t e

+
= Š = Š = . = = �  = Š

+ +

= Š = Š = �

 

 28. (a) The work done per second is found from the engine specifications. 

  4J cycles
180 (4 cylinders) 25 1 8 10 J/s

cycle cylinder s

� § � ·� § � ·= = . ×� ¨ � ¸� ¨ � ¸� � © � ¹� © � ¹

W
t

 

 (b) The efficiency is given by Eq. 15–4a. 

  
4

4 4
H H

H

/ 1 8 10 J/s
/ 8 182 10 J/s 8 2 10 J/s

0 22
. ×

= = � = � = = = . × � . ×
.

W W W t
e Q Q t

Q e e
 

 (c) Divide the energy in a gallon of gasoline by the rate at which that energy gets used. 

   
6

4

130 10 J/gal
1589 s 26 min

8 182 10 J/s

×
= �

. ×
 

 29. This is a perfect Carnot engine, so its efficiency is given by Eqs. 15–4a and 15–5. Equate these two 
expressions for the efficiency. 

  
( )( )

L H H

5

L H H
H H

1 / /

/ 5 2 10 J/s
1 1 [(520 273) K] 1

/ 950 kcal/s 4186 J/kcal

   689 K 416 C 420 C

= Š = �

� § � ·� § � · � § � ·. ×
= Š = Š = + Š� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸� © � ¹ � © � ¹� © � ¹

= = ° � °

e T T W Q

W W t
T T T

Q Q t
 

 30. Find the exhaust temperature from the original Carnot efficiency, and then recalculate the intake 
temperature for the new Carnot efficiency, using the same exhaust temperature. Use Eq. 15–5. 

  
1 L H1 L H1

L
2 L H2 H2

2

1 / (1 ) [(580 273) K](1 0 22) 665 3 K

665 3 K
1 / 1147 K 874 C 870 C

1 1 0 42

= Š � = Š = + Š . = .

.
= Š � = = = = ° � °

Š Š .

e T T T T e

T
e T T T

e
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 31. We calculate both the energy per second (power) delivered by the gasoline and the energy per second 
(power) needed to overcome the drag forces. The ratio of these is the efficiency, as given by Eq. 15–4a. 

  output
(to move

car)

mi 1609 m 1 h
(350 N) 55 8604 W

h 1 mi 3600 s
W

P Fv
t

� § � · � § � ·� § � ·= = = =� ¨ � ¸ � ¨ � ¸� ¨ � ¸
� © � ¹� © � ¹ � © � ¹

 

  

7H
input
(from
gasoline)

output
(to move

car)

H input
(from
gasoline)

J 3 8 L 1 gal mi 1 h
3 2 10 55 58056 W

L 1 gal 32 mi h 3600 s

8604 W
0 148 0 15

58056 W

Q
P

t

P

W
e

Q P

� § � · � § � · � § � ·.� § � · � § � ·= = . × =� ¨ � ¸ � ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸
� © � ¹ � © � ¹� © � ¹ � © � ¹ � © � ¹

= = = = . � .

 

 32. The ideal coefficient of performance is given by Eq. 15–6c. 

  L
ideal

H L

(273 2 5) K
COP 14 13 14

(22 2 5) K
+ .

= = = . �
Š Š .

T

T T
 

 33. The coefficient of performance for a refrigerator is given by Eq. 15–6c, using absolute temperatures. 

  L

H L

( 8 273) K
COP 6 463 6 5

(33 273) K ( 8 273) K
Š +

= = = . � .
Š + Š Š +

T

T T
 

 34. The coefficient of performance for a refrigerator is given by Eq. 15–6c, using absolute temperatures. 

  L
L H

H L

COP 7 0
COP [(22 273) K] 258 1 K 14 9 C 15 C

1 COP 8 0

T
T T

T T
.� § � · � § � ·= � = = + = . = Š . ° � Š °� ¨ � ¸ � ¨ � ¸Š + .� © � ¹ � © � ¹

 

 35. We initially assume a COP of 3.0. For a heat pump the COP is given by Eq. 15–7. 

 (a) 3H H 3100 J
COP 1033 J 1 0 10 J

COP 3 0

Q Q
W

W
= � = = = � . ×

.
 

 (b) The calculation doesn’t depend on the outdoor temperature, so 31 0 10 J .= . ×W  

 (c) The efficiency of a perfect Carnot engine is given by Eqs. 15–4a and 15–5. Equate these two 
expressions to solve for the work required. 

   L L L
H

H H H H H
1 ; 1 1

T T TW W
e e W Q

T Q T Q T

� § � ·
= Š = � Š = � = Š� ¨ � ¸

� © � ¹
 

  L
H

H

0 273
1 3100 J 1 230 J

22 273

� § � · +� § � ·= Š = Š =� ¨ � ¸� ¨ � ¸+� © � ¹� © � ¹

T
W Q

T
 

  L
H

H

15 273
1 3100 J 1 390 J

22 273

� § � ·Š +� § � ·= Š = Š =� ¨ � ¸� ¨ � ¸+� © � ¹� © � ¹

T
W Q

T
 

 36. The COP for an ideal heat pump is given by Eq. 15–7. 

 (a) H H H

H L H L

(24 273) K
COP 16 5 17

18 K
+

= = = = = . �
Š Š

Q Q T

W Q Q T T
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 (b) 7 7H
HCOP ( / )( )(COP) (1200 W)(3600 s)(16 5) 7 128 10 J 7 1 10 J= � = = . = . × � . ×

Q
Q W t t

W
 

 37. The coefficient of performance for a refrigerator is given by Eq. 15–6a and is the heat removed from 
the low-temperature area divided by the work done to remove the heat. In this case, the heat removed 
is the latent heat released by the freezing ice, and the work done is 1.2 kW times the elapsed time. The 
mass of water frozen is its density times its volume. 

  

L F F

3
3 3 5 3

F

COP

(COP) (6 0)(1200 W)(3600 s) 1000 L
0 0778 m 78 L

(1 0 10 kg/m )(3 33 10 J/kg) 1 m

�

�

= = = �

� § � ·.
= = = . �� ¨ � ¸� ¨ � ¸. × . × � © � ¹

Q mL VL

W W Pt

Pt
V

L

 

 38. The $2000 worth of heat provided by the electric heater is the same amount of heat that the heat pump 
would need to provide, so this HQ  costs $2,000. The amount of energy required to run the heat pump 
to deliver that same amount of heat is found from the coefficient of performance. 

  H H HCOP
COP 2 9

Q Q Q
W

W
=  � = =

.
 

So if the cost for HQ  is divided by 2.9, we get the cost of running the heat pump to deliver the needed 
heat. Subtract that from the total cost to get the savings. 

  
$2 000

Savings $2 000 $1310
2 9
,

,= Š �
.

 

Divide the cost of the heat pump by the annual savings to find the break-even time. 

  
$15,000

11 45 years 11 years
$1310/year

= . �  

The total savings over 20 years is the savings in heating costs minus the price of the heat pump. 

  Total savings ($1310/year)(20 years) $15,000 $11, 200 $11,000= Š = �  

 39. Heat energy is taken away from the water, so the change in entropy will be negative. The heat transfer 
is the mass of the steam times the latent heat of vaporization. 

  
5

V (0 320 kg)(22 6 10 J/kg)
1939 J/K 1900 J/K

(273 100) K
. . ×

� = = Š = Š = Š � Š
+

mLQ
S

T T
 

 40. The heat added to the water is found from Eq. 14–2, Q mc T� = � .  Use the average temperature of 
50 C°  in Eq. 15–8 for entropy. 

  
(1 0 kg)(4186 J/kg C )(100 C )

1296 J/K 1300 J/K
(273 50) K

� . � ° °
� = = = = �

+
Q mc T

S
T T

 

 41. Heat energy is taken away from the water, so the change in entropy will be negative. The heat taken 
away from the water is found from FQ mL� = .  Note that 31 00 m.  of water has a mass of 

31 00 10 kg. × . Use Eq. 15–8 to calculate the entropy change. 

  
3 5

6fusion (1 00 10 kg)(3 33 10 J/kg)
1 22 10 J/K

273 K
. × . ×

� = = Š = Š = Š . ×
mLQ

S
T T
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 42. Energy has been made “unavailable” in the frictional stopping of the sliding box. We take that “lost” 
kinetic energy as the heat term of the entropy calculation, Eq. 15–8. 

  
2 21 1
02 2(5 8 kg)(4 0 m/s)

0 1584 J/K 0 16 J/K
293 K

mQ
S

T T

� . .
� = = = = . � .  

Since this is a decrease in “availability,” the entropy of the universe has increased. 

 43. There are three terms of entropy to consider. First, there is a loss of entropy from the water for the 
freezing process, 1� .S  Second, there is a loss of entropy from that newly formed ice as it cools to 

28 0 C,Š . ° � .S  That process has an “average” temperature of 4 0 CŠ . ° . Finally, there is a gain of entropy 
by the “great deal of ice,” 3,�S  as the heat lost from the original mass of water in steps 1 and 2 goes 
into that great deal of ice. Since it is a large quantity of ice, we assume that its temperature does not 
change during the processes. The density of water is 1000 kg per cubic meter. 

  

3 5
61 F

1
1 1

3
4ice 22

2
2 2

(1 00 10 kg)(3 33 10 J/kg)
1 2198 10 J/K

273 K

(1 00 10 kg)(2100 J/kg C )(8 0 C )
6 2453 10 J/K

( 4 273) K

. × . ×
� = = = Š = Š . ×

� . × � ° . °
� = = Š = Š = . ×

Š +

Q mL
S

T T

mc TQ
S

T T

2

2

 

  

3 F ice 21 2
3

3 3 3
3 5

6(1.00 10 kg)[(3.33 10 J/kg) (2100 J/kg C )(8 C )]
1.32 10 J/K

( 8 273) K

Q mL mc TQ Q
S

T T T

+ �Š Š
� = = =

× × + � ° °
= = ×

Š +

 

 44. The same amount of heat that leaves the high-temperature heat source enters the low-temperature body 
of water. 

  

1 2
high low low high

low high

2

1 1

1 1 4 186 J 1 1
(8 40 cal/s)

1 cal (22 273) K (225 273) K

J/K
      4 86 10

s
Š

� § � ·
� = � + � = Š + = Š �� ¨ � ¸� ¨ � ¸

� © � ¹

� § � ·� § � · � § � ·� .
= Š = . Š� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸ + +� © � ¹ � © � ¹� © � ¹

= . ×

Q Q
S S S Q

T T T T

S Q
t t T T

 

 45. The equilibrium temperature is found using calorimetry, from Chapter 14. The heat lost by the 
aluminum is equal to the heat gained by the water. We assume that the Styrofoam insulates the 
mixture. 

  

2 2 2

2 2 2

2 2

A1 A1 iA1 f H O H O f iH O

A1 A1 iA1 H O H O iH O
f

A1 A1 H O H O

( ) ( )

(2.8 kg)(900 J/kg C )(28.5 C) (1.0 kg)(4186 J/kg C )(20.0 C)
23.19 C

(2.8 kg)(900 J/kg C ) (1.0 kg)(4186 J/kg C )

m c T T m c T T

m c T m c T
T

m c m c

Š = Š �

+
=

+

� ° ° + � ° °
= = °

� ° + � °

 

The amount of heat lost by the aluminum, and gained by the water, is 

  
2 2 2

4
H O H O f iH O( ) (1 0 kg)(4186 J/kg C )(23 19 C 20 0 C) 1 335 10 JQ m c T T= Š = . � ° . ° Š . ° = . ×  
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In calculating the entropy change, we will need to use estimates for the temperatures of the water and 
the aluminum since their temperatures are not constant. We will use their average temperatures. 

  
2H O Al

avgavg
(20 C 23 19 C)/2 21 60 C (28 5 C 23 19 C)/2 25 85 CT T= ° + . ° = . ° = . ° + . ° = . °  

  
2

2

4
Al H O

Al H O
avg avg

1 1
(1 335 10 J)

(21 60 273) K (25 85 273) K

0 6444 J/K 0 64 J/K

Q Q
S S S

T T

� § � ·
� = � + � = Š + = . × Š� ¨ � ¸. + . +� © � ¹

= . = .

 

 46. Take the energy transfer to use as the initial kinetic energy of the rock, because this energy becomes 
“unusable” after the collision—it is transferred to the environment. We assume that the rock and the 
environment are both at temperature 0.T  

  KE 0/ /S Q T S T� = � � =  

 47. The same amount of heat that leaves the high-temperature water will enter the low-temperature water. 
Since the two masses of water are the same, the equilibrium temperature will be the midpoint between 
the two initial temperatures, 40 C° . The average temperature of the cool water is 
(35 C 40 C)/2 37 5 C,° + ° = . °  and the average temperature of the warm water is 

(45 C 40 C)/2 42 5 C.° + ° = . °  

  
1 2

high low low high

1 1

1 1
(1 0 kg)(4186 J/kg C )(5 C ) 1 068 J/K 1 1 J/K

(37 5 273) K (42 5 273) K

Q Q
S S S mc T

T T T T

� § � ·
� = � + � = + = � Š� ¨ � ¸� ¨ � ¸

� © � ¹

� § � ·
= . � ° ° Š = . � .� ¨ � ¸. + . +� © � ¹

2

 

 48. (a) actual H ideal L H/ 550 J/2500 J 0 22; 1 / 1 650 K/970 K 0 330= = = . = Š = Š = .e W Q e T T  

  Thus actual ideal/ 0 220/0 330 0 667 67 of ideal= . . = . � .e e ,  

 (b) The heat reservoirs do not change temperature during the operation of the engine. There is an 
entropy loss from the input reservoir, because it loses heat, and an entropy gain for the output 
reservoir, because it gains heat. Note that L H 2500 J 550 J 1950 J= Š = Š = .Q Q W  

   H L
input output

H L

2500 J 1950 J
0 42 J/K

970 K 650 K
� = � + � = Š + = Š + = .

Q Q
S S S

T T
 

 (c) For the Carnot engine, the exhaust energy will be L H Carnot H L H(1 ) /Q Q e Q T T= Š = . 

   H L H H L H H H
input output

H L H L H H

/
0

Q Q Q Q T T Q Q
S S S

T T T T T T
� = � + � = Š + = Š + = Š + =  

  A numeric calculation might give a very small number due to not keeping all digits in the 
calculation. 

 49. When throwing two dice, there are 36 possible microstates. 

 (a) The possible microstates that give a total of 4 are (1)(3), (2)(2), and (3)(1). Thus the probability 
of getting a 5 is 3/36 1/12= . 

 (b) The possible microstates that give a total of 10 are (4)(6), (5)(5), and (6)(4). Thus the probability 
of getting a 10 is 3/36 1/12= . 
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 50. From the table below, we see that there are a total of 62 64=  microstates. 
 

Macrostate Possible Micostates (H heads, T tails)= =  Number of 

Microstates 

6 heads, 0 tails H H H H H H  1 

5 heads, 1 tails H H H H H T H H H H T H H H H T H H H H T H H H H T H H H H T H H H H H 6 

H H H H T T H H H T H T H H T H H T H T H H H T T H H H H T  

H H H T T H H H T H T H H T H H T H T H H H T H HHTTH H  

4 heads, 2 tails 

H T H T H H T H H T H H H T T H H H T H T H H H T T H H H H  

15 

H H H T T T H H T H T T H T H H T T T H H H T T H H T T H T  

H T H T H T T H H T H T H T T H H T T H T H H T T T H H H T  

T T T H T H T T H T H H T H T T H H H T T T H H T T H H T H  

3 heads, 3 tails 

T H T H T H H T T H T H T H H T T H H T H T T H H H T T TH  

20 

T T T T H H T T T H T H T T H T T H T H T T T H H T T T T H  

T T T H H T T T H T H T T H T T H T H T T T H T T T H H T T  

2 heads, 4 tails 

T H T H T T H T T H T T T H H T T T H T H T T T H H T T T T  

15 

1 heads, 5 tails T T T T T H T T T T H T T T T H T T T T H T T T T H T T T T H T T T T T 6 

0 heads, 6 tails T T T T T T      1 
 

 (a) The probability of obtaining three heads and three tails is 20/64 or 5/16.  

 (b) The probability of obtaining six heads is 1/64.  

 51. (a) From the table below, we see that there are 10 macrostates and a total of 27 microstates. 
 
 

Macrostate Macrostate (r red, o orange, g green)= = =  Number of 

Microstates 

3 red, 0 orange, 10 0 green r r r   1 

2 red, 1 orange, 10 0 green r r o r o r o r r 3 

2 red, 0 orange, 10 1 green r r g r g r g r r 3 

1 red, 2 orange, 10 0 green r o o o r o o o r 3 

1 red, 0 orange, 10 2 green r g g g r g g g r 3 

1 red, 1 orange, 10 1 green r o g 

o g r 

r g o 

g r o 

o r g 

g o r 
6 

0 red, 3 orange, 10 0 green o o o   1 

0 red, 2 orange, 10 1 green g o o o g o o o g 3 

0 red, 1 orange, 10 2 green o g g g o g g g o 3 

0 red, 0 orange, 10 3 green g g g   1 
 

 (b) The probability of obtaining all 3 beans red is 1/27.  

 (c) The probability of obtaining 2 greens and 1 orange is 3/27  or 1/19.  

 52. A macrostate is a set of five cards from the deck, as given in the problem. For example, four aces and a 
king is a macrostate. Two jacks, two queens, and an ace is a macrostate. A microstate is a specific set 
of cards that meets the criterion of a certain macrostate. For example, the set (ace of spades, ace of 
clubs, ace of hearts, ace of diamonds, king of spades) is a microstate of the macrostate of four aces and 
a king. The problem then is asking for the relative number of microstates for the four given 
macrostates. 
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 (a) There are only four microstates for this macrostate, corresponding to the particular suit to which 
the king belongs. 

 (b) Since every card is specified, there is only one microstate for this macrostate. 

 (c) There are six possible jack pairs (spade/club, spade/heart, spade/diamond, club/heart, 
club/diamond, and heart/diamond), six possible queen pairs, and four possible aces, so there are 
6 6 4 144× × =  card combinations, or 144 microstates for this macrostate. 

 (d) There are 52 possibilities for the first card, 48 possibilities for the second card, and so on. It is 
apparent that there are many more microstates for this macrostate than for any of the other listed 
macrostates. 

  Thus in order of increasing probability, we have (b), (a), (c), (d). 

 53. The required area is 
3 2

2 210 W h 1 day 1 m
24 66 7 m 70 m .

day 9 h Sun 40 W

� § � · � § � ·� § � ·�
= . �� ¨ � ¸ � ¨ � ¸� ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹� © � ¹ � © � ¹

 A small house with 1000 

2ft  of floor space and a roof tilted at 30° would have a roof area of 
2

2 21 1 m
(1000 ft ) 110 m ,

cos 30 3 28 ft

� § � · � § � ·
=� ¨ � ¸ � ¨ � ¸° .� © � ¹ � © � ¹

 which is about 50% larger than the area needed, so the cells 

would fit on the house . But not all parts of the roof would have 9 hours of sunlight, so more than the 
minimum number of cells would be needed. 

 54. (a) Assume that there are no dissipative forces present, so the energy required to pump the water to 
the lake is just the gravitational potential energy of the water. 

  

5 2 9
PEgrav

6

(1 00 10 kg/s)(10 0 h)(9 80 m/s )(115 m) 1 127 10 W h

1 13 10 kW h

mgh= = . × . . = . × �

� . × �
 

 (b) 
6

4(1 127 10 kW h)(0 75)
6 0 10 kW 60 MW

14 h
. × � .

= . × =  

 55. We assume that the electrical energy comes from the 100% effective conversion of the gravitational 
potential energy of the water. 

  3 3 3 2

7

(1 00 10 kg/m )(32 m /s)(9 80 m/s )(48 m)

1 5 10 W 15 MW

W mgh

W m V
P gh gh

t t t
�

= �

= = = = . × .

= . × =

 

 56. According to the heat figures provided by the inventor, the engine is 67% efficient: 

  
H H

/ 2 00 MW
0 667

/ 3 00 MW
.

= = = = .
.

W W t
e

Q Q t
 

  The ideal engine efficiency at the operating temperatures is given by Eq. 15–5. 

  L
ideal

H

215 K
1 1 0 494

425 K
= Š = Š = .

T
e

T
 

Thus his engine is not possible, even if it were ideal. So yes, there is something fishy about his claim. 
His engine is even better than ideal, which means that the quoted values cannot be true. 
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 57. (a) The work done at constant pressure is Eq. 15–3, .W P V= �  

  5 3 3

5 5

   (1 00 atm)(1 01 10 Pa/atm)(4 1 m 1 9 m )

   2 22 10 J 2 2 10 J

= �

= . . × . Š .

= . × � . ×

W P V

 

 (b) Use the first law of thermodynamics, Eq. 15–1. 

  5 5 55 80 10 J 2 22 10 J 3 6 10 J� = Š = . × Š . × = . ×U Q W  

 (c) See the adjacent graph. 

 58. The coefficient of performance for an ideal refrigerator is given by Eq. 15–6c, with temperatures in 
kelvins. Use that expression to find the temperature inside the refrigerator. 

  L
L H

H L

COP 4 6
COP [(32 273) K] 251 K 22 C

1 COP 5 6
.

= � = = + = = Š °
Š + .

T
T T

T T
 

 59. The minimum value for HT  would occur if the engine were a Carnot engine. We calculate the 

efficiency of the engine from the given data and use this as a Carnot efficiency to calculate HT .  

  7H
output input
(to move (from

car) gasoline)

J 1 L 21 8 m
7000 W; 3 2 10 41,035 W

L 17,000 m 1s
QW

P P
t t

� § � · � § � ·.� § � ·= = = = . × =� ¨ � ¸ � ¨ � ¸� ¨ � ¸
� © � ¹� © � ¹ � © � ¹

 

  

output
(to move

car) L L
H

H input H
(from
gasoline)

7000 W (273 25) K
1 359 K 86 C

41 035 W (1 ) 7000 W
1

41 035 W

P

T TW
e T

Q P , T e

,

+
= = = = Š � = = = = °

Š � § � ·
Š� ¨ � ¸

� © � ¹

 

 60. (a) The heat that must be removed from the water L( )Q is found in three parts—that from cooling 

the liquid water to the freezing point, freezing the liquid water, and then cooling the ice to the 
final temperatures. 

   

L liquid liquid F ice ice

5
5

( )

(4186 J/kg C )(25 C ) (3 33 10 J/kg)
(0 65 kg) 3 077 10 J

(2100 J/kg C )(17 C )

= � + + �

� ª � º� ° ° + . ×
= . = . ×� « � »

+ � ° °� « � »� ¬ � ¼

Q m c T L c T

 

  The Carnot efficiency can be used to find the work done by the refrigerator. 

   L

H H L
1

T W W
e

T Q W Q
= Š = = �

+
 

   5 4 4H
L

L

(25 273) K
1 (3 077 10 J) 1 5 048 10 J 5 0 10 J

( 17 273) K

� § � · � § � ·+
= Š = . × Š = . × � . ×� ¨ � ¸ � ¨ � ¸Š +� © � ¹� © � ¹

T
W Q

T
 

 (b) Use the compressor wattage to calculate the time. The compressor power can be expressed as 
one-fourth of the nominal power, since it only runs 25% of the time. 

  4/ / 5 048 10 J/[(105 W) 0 25] 1923 s 32 min= � = = . × . = �P W t t W P  

 61. (a) Calculate the Carnot efficiency for an engine operated between the given temperatures. 

  L
ideal

H

(273 4) K
1 1 0 077 7 7%

(273 27) K

T
e

T
+

= Š = Š = . = .
+
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 (b) Such an engine might be feasible in spite of the low efficiency because of the large volume of 
“fuel” (ocean water) available. Ocean water would appear to be an almost inexhaustible source 
of heat energy. 

 (c) The pumping of water between radically different depths would probably move smaller sea-
dwelling creatures from their natural location, perhaps killing them in the transport process. This 
might affect the food chain of other local sea-dwelling creatures. Mixing the water at different 
temperatures will also disturb the environment of sea-dwelling creatures. There is a significant 
dynamic of energy exchange between the ocean and the atmosphere, so any changing of surface 
temperature water might affect at least the local climate, and perhaps also cause larger-scale 
climate changes. 

 62. Heat will enter the freezer due to conductivity, at a rate given by Eq. 14–5. This is the heat that must 
be removed from the freezer to keep it at a constant temperature, so is the value of LQ  in the equation 

for the COP, Eq. 15–6a. The work in the COP is the work provided by the cooling motor. The motor 
must remove the heat in 15% of the time that it takes for the heat to enter the freezer, so that it only 
runs 15% of the time. To find the minimum power requirement, we assume the freezer is ideal in its 
operation. 

  L H L L L L

H L

/
; COP

/(0 15 )

Q T T Q Q t T
kA

t W W t T T

Š
= = = = �

. Š�A
 

  

2H L

L H L H L

L L

37 K
(0 050 W/m K)(8 0 m )

/ 37 K0 12 m
/

(0 15) (0 15) (0 15) 258 K

117 9 W 120W 0 16hp

T T
kAQ t T T T T

W t
T T

Š . � .
� § � · � § � ·� § � ·Š Š .

= = =� ¨ � ¸ � ¨ � �̧ ¨ � ¸. . . � © � ¹� © � ¹ � © � ¹

= . � � .

�A
 

 63. We start with Eq. 15–6a for the COP of a refrigerator. The heat involved is the latent heat of fusion for 
water. 

  

L L

5
8L

ideal

COP
COP

/ 5 tons 5(909 kg/d)(3 33 10 J/kg)
/ 3 705 10 J/d

COP 0 18 COP 273 K 22 K
0 18

13 K

= � = �

. ×
= = = = . ×

. � § � ·+
. � ¨ � ¸

� © � ¹

Q Q
W

W

Q t
W t

 

  8
6

1 d 1 kWh $0 10
cost/h (3 705 10 J/d) $0 43/h

24 h kWh3 600 10 J

� § � ·� § � · .� § � ·= . × = .� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸� © � ¹. ×� © � ¹� © � ¹
 

 64. Take the energy transfer to use as the initial kinetic energy of the cars, because this energy becomes 
“unusable” after the collision—it is transferred to the environment. 

  

2

21
02

1 m/s
(1100 kg) (85 km/h)

2( ) 3 6 km/h
2093 J/K 2100 J/K

(20 273) K

mQ
S

T T

�
� ª � º� § � ·
� « � »� ¨ � ¸.� © � ¹� ¬ � ¼� = = = = �

+
 

 65. (a) The equilibrium temperature is found using calorimetry, from Chapter 14. The heat lost by the 
water is equal to the heat gained by the aluminum. 

   
2 2 2H O H O iH O f A1 A1 f iA1( ) ( )m c T T m c T TŠ = Š �  
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2 2 2

2 2

A1 A1 iA1 H O H O iH O
f

A1 A1 H O H O

(0.11 kg)(900 J/kg C )(35 C) (0.15 kg)(4186 J/kg C )(45 C)
43.64 C 44 C

(0.11 kg)(900 J/kg C )+(0.15 kg)(4186 J/kg C )

m c T m c T
T

m c m c

+
=

+

� ° ° + � ° °
= = ° � °

� ° � °

 

 (b) The amount of heat lost by the aluminum, and gained by the water, is 

   
2 2 2H O H O i H O f( ) (0 15 kg)(4186 J/kg C )(45 C 43 64 C) 853 9 J= Š = . � ° ° Š . ° = .Q m c T T  

  In calculating the entropy change, we need to use estimates for the temperatures of the water and 
the aluminum since their temperatures are not constant. We will use their average temperatures. 

   
2H O Al

avgavg
(45 C 43 64 C)/2 44 32 C; (35 C 43 64 C)/2 39 32 CT T= ° + . ° = . ° = ° + . ° = . °  

   
2

2

Al H O
H O Al

avgavg

1 1
(853 9 J)

(39 32 273) K (44 32 273) K

0 0431 J/K 0 043 J/K

Q Q
S S S

T T

� § � ·
� = � + � = Š + = . Š� ¨ � ¸. + . +� © � ¹

= . � .

 

 66. The efficiency is given by Eq. 15–4a, H
H

/
/ ,

/
= =

W t
e W Q

Q t
 so the input power H( / )Q t  and the useful 

power ( / )W t  are needed. 

  

4

4
4

H

4

4
H

/ (25 hp)(746 W/hp) 1.865 10 J/s

3.0 10 kcal 1 gal 110 km 4186 J 1 h
/ 9.359 10 J/s

1 gal 41 km 1 h 1 kcal 3600 s

/ 1.865 10 J/s
0.199 20%

/ 9.359 10 J/s

W t

Q t

W t
e

Q t

= = ×

� § � ·� § � · � § � · � § � · � § � ·×
= = ×� ¨ � ¸� ¨ � ¸ � ¨ � ¸ � ¨ � ¸ � ¨ � ¸� ¨ � ¸� © � ¹ � © � ¹ � © � ¹ � © � ¹� © � ¹

×
= = = �

×

 

 67. Find the original intake temperature H1T  from the original Carnot efficiency and then recalculate the 

intake temperature for the new Carnot efficiency, H2,T  using the same exhaust temperature. Use  

Eq. 15–5 for the Carnot efficiency. 

  

L L L L
1 H1 2 H2

H1 1 H2 2

H2 H1 L
2 1

1 1
1 1

1 1 1 1
(273 K 20 K) 60 10 K 60 K

1 1 1 0 35 1 0 25

T T T T
e T e T

T e T e

T T T
e e

= Š � = = Š � =
Š Š

� § � ·� § � ·Š = Š = + Š = . �� ¨ � ¸� ¨ � ¸Š Š Š . Š .� © � ¹� © � ¹

 

 68. Note that there is NO work done as the gas goes from state A to 
state B or state D to state C, because there is no volume change. 
In general, the work done can be found from the area under the 
PV curve representing the process under consideration. 

 (a) ADC A C A( )= ŠW P V V  

 (b) ABC C C A( )= ŠW P V V  

 (c) 1
AC C A C A2 ( )( )= + ŠW P P V V  

  (Use the formula for the area of a trapezoid.) 
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69. (a) The exhaust heating rate is found from the delivered power and the efficiency. Use the output 
energy with Eq. 14–2, ,�= � = �Q mc T Vc T to calculate the volume of air that is heated. The 

efficiency is given by Eq. 15–4a. 

   H L L/( )  (1 1)= = + � = Š �e W/Q W Q W Q W /e  

   

8 9
L

L
L L

/ ( )(1/ 1) (8 5 10 W)(1/0 38 1) 1 387 10 W

( / )
/

�
�

= Š = . × . Š = . ×

� �
= � � = = � =

�

Q t W/t e

Q tmc T Vc T
Q mc T Q t V/t

t t c T

 

  The change in air temperature is 7 0 C .. °  The heated air is at a constant pressure of 1 atm. 

   

9 4
L

3 3

9 3
10 3 3 3

3

( ) (1 387 10 W)(8 64 10 s day)
/

(1 3 kg m )(1 0 10 J kg C )(7 0 C )

10 km
     1 317 10 m /day 13 17 km /day 13 km /day

1 m

�
Š

. × . ×
= =

� . . × � ° . °

� § � ·
= . × = . �� ¨ � ¸� ¨ � ¸

� © � ¹

Q /t t /
V t

c T / /
 

  This could affect the local climate around the power plant. 

 (b) If the air is 180 m thick, find the area by dividing the volume by the thickness. 

   
3

2Volume 13 17 km
73 km

thickness 0 18 km
.

= = =
.

A  

  This would be a square of approximately 8.5 km or 5.3 miles to a side. Thus the local climate for 
a few miles around the power plant might be heated significantly. 

 70. (a) The exhaust heating rate can be found from the delivered power P and the Carnot efficiency. 
Then use Eq. 14–2, ,= �Q mc T  to calculate the temperature change of the cooling water. Eqs. 

15–4 and 15–5 for efficiency are also used. 

   

L L L L
L L

H H L H L H L H L

L L

1 / /

/ �

= Š = = � = � = =
+ Š Š Š

= � � = � = �

T T T TW W
e Q W Q t W t P

T Q Q W T T T T T T

m V
Q mc T Q t c T c T

t t

 

  Equate the two expressions for L / ,Q t  and solve for .� T  

   

L L

H L H L

8

3 3 3

8 8 10 W 285 K
4 763 K 4 8 C

(625 K 285 K)(1 0 10 kg/m )(37 m /s)(4186 J/kg C )

�
�

� § � ·
= � � � = � ¨ � ¸

Š Š� © � ¹

. ×
= = . = . °

Š. × � °

T TV P
P c T T

VT T t T Tc
t  

 (b) The addition of heat per kilogram for the downstream water is L / .= �Q t c T  We use the 

“average” temperature of the river water for the calculation: 1
0 2

.= + �T T T  Now the entropy 

increase can be calculated using Eq. 15–8. 

   
1 1

0 2 2

(4186 J/kg C )(4 763 K)
69 38 J/kg K 69 J/kg K

[285 (4 763)] K

Q c T
S

T T T

� � ° .
� = = = = . � � �

+ � + .
 

 71. (a) Calculate the Carnot efficiency by Eq. 15–5 and compare it to the 15% actual efficiency. 

   Carnot L H1 / 1 (85 273) K/(495 273) K 0 534 53 4%= Š = Š + + = . = .e T T  
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  Thus the engine’s relative efficiency is actual Carnot/ 0 15/0 534 0 281 28% .= . . = . =e e  

 (b) Take the stated 135 hp as the useful power obtained from the engine. Use the efficiency to 
calculate the exhaust heat. 

   5746 W
(135 hp) 1 01 10 W

1 hp

� § � ·
= = = . ×� ¨ � ¸

� © � ¹

W
P

t
 

   
H

= = �
+L

W W
e

Q Q W
 

   

5

9 9 9 5

1 1 3600 s 1
1 1 (1 01 10 J/s)(1 h) 1

1 h 0 15

1 kcal
2 054 10 J 2 1 10 J (2 054 10 J) 4 9 10 kcal

4186 J

LQ W Pt
e e

� § � ·� § � · � § � · � § � ·= Š = Š = . × Š� ¨ � ¸� ¨ � ¸ � ¨ � ¸ � ¨ � ¸.� © � ¹ � © � ¹ � © � ¹� © � ¹

� § � ·
= . × � . × = . × = . ×� ¨ � ¸

� © � ¹

 

 72. The net force on the piston must be 0, so the weight of the piston must be equal to the net force exerted 
by the gas pressures on both sides of the piston. See the free-body diagram. 

   

inside outside inside outside
air air

2
5

inside outside 2

5

0 0

Pa (0 15 kg)(9 8 m/s )
(1 0 atm) 1 01 10

atm 0 080 m

1 0102 10 Pa 1 atm

F F F mg P A P A mg

mg
P P

A

= Š Š = = Š Š =

. .� § � ·= + = . . × +� ¨ � ¸
� © � ¹.

= . × �

�¦

 

We see that the weight of the piston is negligible compared to the pressure 
forces. 

When the gas is heated, we assume that the inside pressure does not change. Since the weight of the 
piston does not change, and the outside air pressure does not change, the inside air pressure cannot 
change. Thus the expansion is at a constant pressure, so the work done can be calculated. Use this with 
the first law of thermodynamics to find the heat required for the process. 

  

3 3 3
2 2 2

5 2 23 5 5
2 2 2

2

2 5(1 01 10 Pa)(0 080 m )(1 0 10 m)

   202 J 2 0 10 J

Š

= = � � = � = Š

= � + = � + � = � = � = . . × . . ×

= � . ×

U nRT PV U P V Q W

Q U W P V P V P V PA y  

 73. (a) Multiply the power, the time, and the mass per joule relationship for the fat. 

   7(95 J/s)(3600 s/h)(24 h/d)(1 0 kg fat/3 7 10 J) 0 2218 kg/d 0 22 kg/d. . × = . � .  

 (b) 1 0 kg(1d/0 2218 kg) 4 5 days. . = .  

 74. (a) For each engine, the efficiency is given by Carnot0 65 .e e= .  Thus 

   

L1
1 C 1

H1

L2
2 C 2

H2

(440 273) K
0 65 0 65 1 0 65 1 0 197

(750 273) K

(270 273) K
0 65 0 65 1 0 65 1 0 137

(415 273) K

T
e e

T

T
e e

T

Š

Š

� § � ·� ª � º+
= . = . Š = . Š = .� ¨ � ¸� « � »+� ¬ � ¼� © � ¹

� § � ·� ª � º+
= . = . Š = . Š = .� ¨ � ¸� « � »+� ¬ � ¼� © � ¹
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  For the first engine, the input heat is from the coal. 

   1 1 H1 1 coal L1 H1 1 1 coaland (1 )= = = Š = ŠW e Q e Q Q Q W e Q  

  For the second engine, the input heat is the output heat from the first engine. 

   2 2 H2 2 L1 2 1 coal(1 )= = = ŠW e Q e Q e e Q  

  Add the two work expressions together and solve for coal.Q  

   
1 2 1 coal 2 1 coal 1 2 1 2 coal

1 2 1 2
coal coal

1 2 1 2 1 2 1 2

(1 ) ( )

( )/
/

+ = + Š = + Š

+ +
= � =

+ Š + Š

W W e Q e e Q e e e e Q

W W W W t
Q Q t

e e e e e e e e

 

  Calculate the rate of coal use from the required rate of input energy, coal/ .Q t  

   

6
9

coal

9
7

950 10 W
/ 3 094 10 J/s

0 197 0 137 (0 197)(0 137)

1 kg
(3 094 10 J/s) 110 5 kg/s 110 kg/s

2 8 10 J

×
= = . ×

. + . Š . .

� § � ·
. × = . �� ¨ � ¸� ¨ � ¸. ×� © � ¹

Q t

 

 (b) The heat exhausted into the water will make the water temperature rise according to Eq. 14–2. 
The heat exhausted into water is the heat from the coal minus the useful work. 

   
2 2 2 2

2 2 2 2

exhaust coal
exhaust coal exhaust H O H O H O H O

H O H O H O H O
;

Q Q W
Q Q W Q m c T m

c T c T

Š
= Š = � � = =

� �
 

   

2

2 2

9 8
H O 5coal

H O H O

3
5 8

3 3

( / ) ( / ) (3.094 10 J/s) 9.50 10 J/s
1.13 10 kg/s

(4186 J/kg C )(4.5 C )

kg s 1 m 1 L 1 gal
1.138 10 3600 1.1 10 gal/h

s h 1000 kg 3.785 L10 m

m Q t W t

t c T

Š

Š × Š ( × )
= = = ×

� � ° °

� § � ·� § � ·� § � ·� § � · � § � ·= × = ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹ � © � ¹� © � ¹� © � ¹� © � ¹

 

 75. According to Table 15–2, riding a bicycle at a racing pace requires an input of 1270 watts. That value 
is used to calculate the work input to the heat pump. The coefficient of performance equation, Eq. 15–7, 
is then used to calculate the heat delivered by the heat pump. 

  6 6H
H

J
COP (COP) 1270 (1800 s)(2 0) 4 572 10 J 4 6 10 J

s
� § � ·= � = = . = . × � . ×� ¨ � ¸
� © � ¹

Q
Q W

W
 

 76. The radiant energy that enters the room is the heat to be removed at the low temperature. It can be 
related to the work necessary to remove it through the ideal efficiency, Eq. 15–5. We then subtract the 
two rates of doing work to find the savings. 

  L H H
L L

H H L L L
1 1 / / 1

� § � · � § � ·
= Š = = � = Š � = Š� ¨ � ¸ � ¨ � ¸

+ � © � ¹ � © � ¹

T T TW W
e W Q W t Q t

T Q W Q T T
 

  H H
4800 500

L L
( / ) (4800 W) 1 ( / ) (500 W) 1

T T
W t W t

T T

� § � · � § � ·
= Š = Š� ¨ � ¸ � ¨ � ¸

� © � ¹ � © � ¹
 

  savings 4800 500
(273 32) K

( ) ( / ) ( / ) (4800 W 500 W) 1 160 9 W 160 W
(273 21) K

� § � ·+
= Š = Š Š = . �� ¨ � ¸+� © � ¹

W/t W t W t  
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 77. (a) The total rate of adding heat to the house by the heat pump must equal the rate of heat loss by 
conduction. 

     L
in out(650 W/C )( )

Q W
T T

t

+
= ° Š

�
 

  Since the heat pump is ideal, we have the following from the efficiency. 

   outside insideL L
L

inside H L L inside outside
1 1 1Š = Š = Š = � + =

+ + Š

T TQ Q W
Q W W

T Q Q W Q W T T
 

  Combine these two expressions and solve for out.T  

     

outside inside

insideL
inside outside

inside outside

2 inside
inside outside

inside

650 W/C

295 K

( )( )
( )

( )
(650 W/C )

295 K
(1500 W) 269 K C

(650 W/C ) (650 W/C )
T T

TQ W W
T T

t t T T

TW
T T

t

TW
t

°

Š

+
= Š = �

� � Š

Š = �
� °

= Š = = = Š4°
� ° °

 

 (b) If the outside temperature is 8 C,°  then the rate of heat loss by conduction is found to be 
(650 W/C )(14 C ) 9100 W.° ° =  The heat pump must provide this much power to the house in 

order for the house to stay at a constant temperature. That total power is L( )/Q W t+ � .  Use this 

to solve for the rate at which the pump must do work. 

   

inside
L

inside outside

inside outside

inside

( )/ 9100 W

14 K
9100 W 9100 W 432 W

295 K

TW
Q W t

t T T

T TW
t T

� § � ·
+ � = = �� ¨ � ¸

� Š� © � ¹

� § � ·� § � ·Š
= = =� ¨ � ¸� ¨ � ¸� � © � ¹� © � ¹

 

  Since the maximum power the pump can provide is 1500 W, the pump must work 
432 W

0 29
1500 W

= .  or 29% of the time. 

Solutions to Search and Learn Problems 

 1. If water vapor condenses on the outside of a cold glass of water, the internal energy of the water vapor 
has decreased, by an amount equal to the heat of vaporization of the water vapor times the mass of 
water that has condensed. Heat energy left the water vapor, causing it to condense, and heat energy 
entered the glass of water and the air, causing them to get slightly warmer. No work is done, but heat is 
exchanged. 

 2. The first step is an isothermal expansion—the volume increases and the 
pressure decreases as the temperature stays constant. It is represented by 
the line from A to B on the diagram. The second step must be at a 
constant volume since no work is done, so is a vertical line. It is 
represented by the line from B to C on the diagram. The third step is 
adiabatic and must be a compression since the work done is negative. It 
is represented by the line from C to A on the diagram. 
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 3. A Carnot engine is a four-step cycle consisting of, in order, an isothermal expansion, an adiabatic 
expansion, an isothermal compression, and an adiabatic compression. Each step of the cycle is a 
reversible process, so the net entropy change for the cycle is zero. Since the processes are reversible, 
the Carnot engine is the most efficient engine possible. A true Carnot engine is not practical to run and 
cannot be constructed, but it provides a theoretical limit to the maximum efficiency. 

 4. (a) For sale: Portable air conditioner. Place this air conditioner anywhere in your house and it will 
remove 500 J of heat per second from the air while using only 100 W of electrical power. No 
external exhaust vents needed. 

 (b) For sale: Automobile with 100% efficient engine. All of the gasoline energy goes directly into 
making the car move. No radiator (cooling system) or exhaust pipe needed. 

 5. The total entropy change would consist of two parts: 

 (i)  the energy taken away from the body at the higher body temperature divided by the body 
temperature; and 

 (ii) the energy delivered to the environment at the lower environmental temperature divided  by the 
environmental temperature. 

The person spends 7.0 hours sleeping, 1.0 hour running, 11.0 hours sitting, and 5.0 hours in light 
activity. An average body temperature is about 310 K, and an average environmental temperature is 
about 295 K. 

 7

7

body env

3600 s
[(70 W)(7 h) (1150 W)(1 h) (115 W)(11 h) (230 W)(5 h)]

h

1 46 10 J

1 1
(1 46 10 J) 2394J/K 2400 J/K

310 K 295 K

Q

Q Q
S

T T

� § � ·= + + + � ¨ � ¸
� © � ¹

= . ×

� § � ·� § � ·Š
� = + = . × Š + = �� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹� © � ¹

 

 6. The energy necessary to heat the water can be obtained using Eq. 14–2. The specific heat of the water 
is 4186 J/kg C .� °  

  5(1 0 kg)(4186 J/kg C )(95 C 25 C) 2 9302 10 JQ mc T= � = . � ° ° Š ° = . ×  

The intensity of sunlight at the Earth’s surface is 21000 W/m .	  The photovoltaic panel can therefore 

produce energy at this rate. 

  2 2(1000 W/m )(1 5 m )(0 20) 300 J/s
Q
t

= . . =  

Dividing the energy needed to heat the water by the rate at which energy is available will give the time 
required to heat the water using the photovoltaic cell. 

  
52 9302 10 J

977 s 16 minutes
/ 300 J/s

Q
t

Q t
. ×

= = = �  

Using the curved mirror allows all of the energy in the sunlight 2 2[(1000 W/m )(1 5 m ) 1500 J/s]. =  to 

go into heating the water. 

  
52 9302 10 J

195 s 3 minutes
/ 1500 J/s

Q
t

Q t
. ×

= = = �  
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 7. To find the mass of water removed, find the energy that is removed from the low-temperature reservoir 
from the work input and the Carnot efficiency. Then use the latent heat of vaporization to determine 
the mass of water from the energy required for the condensation. Note that the heat of vaporization 
used is that given in Chapter 14 for evaporation at 20°C. 

  L L
L V

H H L H L
1

( )

T TW W
e Q W mL

T Q W Q T T
= Š = = � = =

+ Š
 

  L
6

V H L

(600 W)(3600 s) (273 8) K
14 6 kg 15 kg

( ) 17 K(2 45 10 J/kg)

TW
m

L T T
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= = = . �
Š . ×
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16-1 

Responses to Questions 

 1. A plastic ruler is suspended by a thread and then rubbed with a cloth. As shown in Fig. 16–2, the ruler 
is negatively charged. Now bring the charged comb close to the ruler. If the ruler is repelled by the 
comb, then the comb is negatively charged. If the ruler is attracted by the comb, then the comb is 
positively charged. 

 2. The clothing becomes charged as a result of being tossed about in the dryer and rubbing against the 
dryer sides and other clothes. When you put on the charged object (shirt), it causes charge separation 
(polarization) within the molecules of your skin (see Fig. 16–9), which results in attraction between the 
shirt and your skin. 

 3. Fog or rain droplets tend to form around ions because water is a polar molecule (Fig. 16–4), with a 
positive region and a negative region. The charge centers on the water molecule will be attracted to the 
ions or electrons in the air. 

 4. A plastic ruler that has been rubbed with a cloth is charged. When brought near small pieces of paper, 
it will cause separation of charge (polarization) in the bits of paper, which will cause the paper to be 
attracted to the ruler. A small amount of charge is able to create enough electric force to be stronger 
than gravity. Thus the paper can be lifted. 

On a humid day this is more difficult because the water molecules in the air are polar. Those polar 
water molecules will be attracted to the ruler and to the separated charge on the bits of paper, 
neutralizing the charges and thus reducing the attraction. 

 5. See Fig. 16–9 in the text. The part of the paper near the 
charged rod becomes polarized—the negatively charged 
electrons in the paper are attracted to the positively 
charged rod and move toward it within their molecules. 
The attraction occurs because the negative charges in 
the paper are closer to the positive rod than are the 
positive charges in the paper; therefore, the attraction 
between the unlike charges is greater than the repulsion between the like charges. 

 6. The net charge on a conductor is the sum of all of the positive and negative charges in the conductor. 
If a neutral conductor has extra electrons added to it, then the net charge is negative. If a neutral 

ELECTRIC CHARGE AND ELECTRIC FIELD  

16
  

+ + + + + + +

– +

– +

– +

– +
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conductor has electrons removed from it, then the net charge is positive. If a neutral conductor has the 
same amount of positive and negative charge, then the net charge is zero. 

The “free charges” in a conductor are electrons that can move about freely within the material because 
they are only loosely bound to their atoms. The “free electrons” are also referred to as “conduction 
electrons.” A conductor may have a zero net charge but still have substantial free charges. 

 7. For each atom in a conductor, only a small number of its electrons are free to move. For example, 
every atom of copper has 29 electrons, but only 1 or 2 from each atom are free to move easily. Also, 
not all of the free electrons move. As electrons move toward a region, causing an excess of negative 
charge, that region then exerts a large repulsive force on other electrons, preventing them from all 
moving to that same region. 

 8. The electroscope leaves are connected together at the top. The horizontal 
component of this tension force balances the electric force of repulsion. 
The vertical component of the tension force balances the weight of the 
leaves. 

 9. The balloon has been charged. The excess charge on the balloon is able to polarize the water molecules 
in the stream of water, similar to Fig. 16–9. This polarization results in a net attraction of the water 
toward the balloon, so the water stream curves toward the balloon. 

 10. Coulomb’s law and Newton’s law are very similar in form. When expressed in SI units, the magnitude 
of the constant in Newton’s law is very small, while the magnitude of the constant in Coulomb’s law is 
quite large. Newton’s law says the gravitational force is proportional to the product of the two masses, 
while Coulomb’s law says the electrical force is proportional to the product of the two charges. 
Newton’s law produces only attractive forces, since there is only one kind of gravitational mass. 
Coulomb’s law produces both attractive and repulsive forces, since there are two kinds of electrical 
charge. 

 11. Assume that the charged plastic ruler has a negative charge residing on its surface. That charge 
polarizes the charge in the neutral paper, producing a net attractive force. When the piece of paper then 
touches the ruler, the paper can get charged by contact with the ruler, gaining a net negative charge. 
Then, since like charges repel, the paper is repelled by the comb. 

 12. For the gravitational force, we don’t notice it because the force is very weak, due to the very small 
value of G, the gravitational constant, and the relatively small value of ordinary masses. For the 
electric force, we don’t notice it because ordinary objects are electrically neutral to a very high degree. 
We notice our weight (the force of gravity) due to the huge mass of the Earth, making a significant 
gravity force. We notice the electric force when objects have a net static charge (like static cling from 
the clothes dryer), creating a detectable electric force. 

 13. The test charge creates its own electric field, The measured electric field is the sum of the original 
electric field plus the field of the test charge. If the test charge is small, then the field that it causes is 
small. Therefore, the actual measured electric field is not much different than the original field. 

 14. A negative test charge could be used. For the purposes of defining directions, the electric field  
might then be defined as the OPPOSITE of the force on the test charge, divided by the test charge. 
Equation 16–3 might be changed to / , 0.q q= Š <E F

� G � G
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 15. 

           

 16. The electric field is strongest to the right of the positive charge (on the line connecting the two 
charges), because the individual fields from the positive charge and negative charge both are in the 
same direction (to the right) at that point, so they add to make a stronger field. The electric field is 
weakest to the left of the positive charge, because the individual fields from the positive charge and 
negative charge are in opposite directions at that point, so they partially cancel each other. Another 
indication is the spacing of the field lines. The field lines are closer to each other to the right of the 
positive charge and farther apart to the left of the positive charge. 

 17. At point A, the direction of the net force on a positive test 
charge would be down and to the left, parallel to the nearby 
electric field lines. At point B, the direction of the net force on 
a positive test charge would be up and to the right, parallel to 
the nearby electric field lines. At point C, the net force on a 
positive test charge would be 0. In order of decreasing field 
strength, the points would be ordered A, B, C. 

 

 18. Electric field lines show the direction of the force on a test charge placed at a given location. The 
electric force has a unique direction at each point. If two field lines cross, it would indicate that the 
electric force is pointing in two directions at once, which is not possible. 

 19. From rule 1: A test charge would be either attracted directly toward or repelled directly away from a 
point charge, depending on the sign of the point charge. So the field lines must be 
directed either radially toward or radially away from the point charge. 

 From rule 2: The magnitude of the field due to the point charge only depends on the distance from the 
point charge. Thus the density of the field lines must be the same at any location around 
the point charge for a given distance from the point charge. 

 From rule 3: If the point charge is positive, then the field lines will originate from the location of the 
point charge. If the point charge is negative, then the field lines will end at the location 
of the point charge. 

Based on rules 1 and 2, the lines are radial and their density is constant for a given distance. This is 
equivalent to saying that the lines must be symmetrically spaced around the point charge. 

 20. The two charges are located as shown in the diagram. 

 (a) If the signs of the charges are opposite, then the point 
on the line where 0E =  will lie to the left of Q. In 
that region the electric fields from the two charges 
will point in opposite directions, and the point will be 
closer to the smaller charge. 

 (b) If the two charges have the same sign, then the point on the line where 0E =  will lie between 
the two charges, closer to the smaller charge. In this region, the electric fields from the two 
charges will point in opposite directions. 

�A

�• 

Q 2Q 
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 21. We assume that there are no other forces (like gravity) acting on the test charge. The direction of the 
electric field line shows the direction of the force on the test charge. The acceleration is always parallel 
to the force by Newton’s second law, so the acceleration lies along the field line. If the particle is at 
rest initially and then is released, the initial velocity will also point along the field line, and the particle 
will start to move along the field line. However, once the particle has a velocity, it will not follow the 
field line unless the line is straight. The field line gives the direction of the acceleration, or the 
direction of the change in velocity. 

 22. The electric flux depends only on the charge enclosed by the gaussian surface (Eq. 16–9), not on the 
shape of the surface. E�  will be the same for the cube as for the sphere. 

Responses to MisConceptual Questions 

 1. (a) The two charges have opposite signs, so the force is attractive. Since 2Q  is located on the 

positive x axis relative to 1Q  at the origin, the force on 1Q  will be in the positive x direction. 

 2. (d) The signs of the charges are still opposite, so the force remains attractive. However, since 2Q  is 

now located at the origin with 1Q  on the positive x axis, the force on 1Q  will now be toward the 

origin, or in the negative x direction. 

 3. (e) A common misconception is that the object with the greater charge and smaller mass has a 
greater force of attraction. However, Newton’s third law applies here. The force of attraction is 
the same for both lightning bugs. 

 4. (d) Students sometimes believe that electric fields only exist on electric field lines. This is incorrect. 
The field lines represent the direction of the electric field in the region of the lines. The 
magnitude of the field is proportional to the density of the field lines. At point 1 the field lines 
are closer together than they are at point two. Therefore, the field at point 1 is larger than the 
field at point 2. 

 5. (d) A common misconception students have is recognizing which object is creating the electric field 
and which object is interacting with the field. In this question the positive point charge is 
creating the field. The field from a positive charge always points away from the charge. When a 
negative charge interacts with an electric field, the force on the negative charge is in the opposite 
direction from the field. The negative charge experiences a force toward the positive charge. 

 6. (a) An object acquires a positive charge when electrons are removed from the object. Since 
electrons have mass, as they are removed the mass of the object decreases. 

 7. (a) Students frequently think of the plates as acting like point charges with the electric field 
increasing as the plates are brought closer together. However, unlike point charges, the electric 
field lines from each plate are parallel with uniform density. Bringing the plates closer together 
does not affect the electric field between them. 

 8. (b) The value measured will be slightly less than the electric field value at that point before the test 
charge was introduced. The test charge will repel charges on the surface of the conductor, and 
these charges will move along the surface to increase their distances from the test charge. Since 
they will then be at greater distances from the point being tested, they will contribute a smaller 
amount to the field. 
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 9. (d) Students may equate the lack of the electric force between everyday objects as a sign that the 
electric force is weaker than other forces in nature. Actually, the electric force between charged 
particles is much greater than the gravitational force between them. The apparent lack of electric 
force between everyday objects is because most objects are electrically neutral. That is, most 
objects have the same number of positive and negative charges in them. 

 10. (b) In a lightning storm, charged particles in the clouds and ground create large electric fields that 
ionize the air, creating lightning bolts. People are good conductors of electric charge and when 
located in the electric field can serve as conduits of the lightning bolt. The inside of a metal car 
acts like a cavity in a conductor, shielding the occupants from the external electric fields. In each 
of the other options the person remains in the storm’s electric field and therefore may be struck 
by the lightning. If the car is struck by lightning, then the electricity will pass along the exterior 
of the car, leaving the people inside unharmed. 

 11. (a, c, e) Lightning will generally travel from clouds to the tallest conductors in the area. If the person 
is in the middle of a grassy field, near the tallest tree, or on a metal observation town, then he or 
she is likely to be struck by lightning. A person inside a wooden building or inside a car is 
somewhat shielded from the lightning. 

 12. (d) The electric field at the fourth corner is the vector sum of the electric fields from the charges at 
the other three corners. The two positive charges create equal-magnitude electric fields pointing 
in the positive x direction and in the negative y direction. These add to produce an electric field 
in the direction of (d) with magnitude 2  times the magnitude of the electric field from one of 
the charges. The electric field from the negative charge points in the direction of (b). However, 
since the charge is 2  times farther away than the positive charges, the magnitude of the 
electric field will be smaller than the field from the positive charges. The resulting field will then 
be in the direction of (d). 

 13. (e) A common misconception is that the metal ball must be negatively charged. While a negatively 
charged ball will be attracted to the positive rod, a neutral conductor will become polarized and 
also be attracted to the positive rod. 

Solutions to Problems 

 1. Use Coulomb’s law (Eq. 16–1) to calculate the magnitude of the force. 

   
19 19

9 2 2 31 2
2 12 2

(1.602 10 C)(26 1.602 10 C)
(8.988 10 N m /C ) 2.7 10 N

(1.5 10 m)

Q Q
F k

r

Š Š
Š

Š

× × ×
= = × � = ×

×
 

 2. Use the charge per electron to find the number of electrons. 

   6 14 14
19

1 electron
( 48.0 10 C) 2.996 10 electrons 3.00 10 electrons

1.602 10 C
Š

Š

� § � ·
Š × = × � ×� ¨ � ¸� ¨ � ¸Š ×� © � ¹

 

 3. Use Coulomb’s law (Eq. 16–1) to calculate the magnitude of the force. 

         
6 3

9 2 2 4 41 2
2 2

(25 10 C)(2.5 10 C)
(8.988 10 N m /C ) 2.194 10 N 2.2 10 N

(0.16 m)

Q Q
F k

r

Š Š× ×
= = × � = × � ×  
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 4. Use Coulomb’s law (Eq. 16–1) to calculate the magnitude of the force. 

   
19 2

9 2 21 2
2 15 2

(1.602 10 C)
(8.988 10 N m /C ) 14.42 N 14 N

(4.0 10 m)

Q Q
F k

r

Š

Š

×
= = × � = �

×
 

 5. The charge on the plastic comb is negative, so the comb has gained electrons and has a negative charge. 

   

31
6

19
15 13

1 9.109 10 kg
( 3.0 10 C)

1.602 10 C 1
1.90 10 (1.9 10 )%

0.0090 kg

e

em
m

Š Š
Š

Š Š
Š Š

� § � ·� § � ·×
Š × � ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸Š ×� � © � ¹� © � ¹= = × � ×  

 6. Since the magnitude of the force is inversely proportional to the square of the separation distance, 
2

1
,F

r
�  

if the distance is multiplied by a factor of 1/8, then the force will be multiplied by a factor of 64. 

   2
064 64(4.2 10 N) 2.688 N 2.7 NF F Š= = × = �  

 7. Since the magnitude of the force is inversely proportional to the square of the separation distance, 

2

1
,F

r
�  if the force is tripled, then the distance has been reduced by a factor of 3. 

    0 6.52 cm
3.76 cm

3 3

r
r = = =  

 8. Use the charge per electron and the mass per electron. 

    

6 14 14
19

31
14 16 16

1 electron
( 28 10 C) 1.748 10 1.7 10 electrons

1.602 10 C

9.109 10 kg
(1.748 10 ) 1.592 10 kg 1.6 10 kg

1
e

e

Š
Š

Š
Š Š Š

Š

� § � ·
Š × = × � ×� ¨ � ¸� ¨ � ¸Š ×� © � ¹

� § � ·×
× = × � ×� ¨ � ¸� ¨ � ¸

� © � ¹

 

 9. To find the number of electrons, convert the mass to moles and the moles to atoms and then multiply 
by the number of electrons in an atom to find the total electrons. Then convert to charge. 

    

23 19

8 8

1 mole Au 6.022 10 atoms 79 electrons 1.602 10 C
12 kg Au (12 kg Au)

0.197 kg 1 mole 1 atom electron

4.642 10 C 4.6 10 C

Š� § � · � § � ·� § � · � § � ·× Š ×
= � ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹ � © � ¹� © � ¹ � © � ¹

= Š × � Š ×

 

The net charge of the bar is 0 , since there are equal numbers of protons and electrons. 

 10. Take the ratio of the electric force divided by the gravitational force. Note that the distance is not 
needed for the calculation. 

  

1 2
9 2 2 19 22 39E 1 2

11 2 2 31 27
1 2G 1 2

2

(8.988 10 N m /C )(1.602 10 C)
2.27 10

(6.67 10 N m /kg )(9.11 10 kg)(1.67 10 kg)

Q Q
k

F kQ Qr
m mF Gm mG

r

Š

Š Š Š

× � ×
= = = = ×

× � × ×
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The electric force is about 392.27 10×  times stronger than the gravitational force for the given 

scenario. 

 11. Let the right be the positive direction on the line of charges. Use the fact that like charges repel and 
unlike charges attract to determine the direction of the forces. In the following expressions, 

9 2 28.988 10 N m /C .k = × �  

   

65 2 2

48 2 2

95 2

(65 C)(48 C) (65 C)(95 C)
115.65 N 120 N  (to the left)

(0.35 m) (0.70 m)

(48 C)(65 C) (48 C)(95 C)
563.49 N 560 N  (to the right)

(0.35 m) (0.35 m)

(95 C)(65 C) (95 C)(48 C)

(0.70 m) (0.35

F k k

F k k

F k k

µ µ µ µ

µ µ µ µ

µ µ µ µ

+

+

Š

= Š + = Š � Š

= + = �

= Š Š
2

447.84 N 450 N  (to the left)
m)

= Š � Š

 

 12. The forces on each charge lie along a line connecting the charges. Let d represent 
the length of a side of the triangle, and let Q represent the charge at each corner. 
Since the triangle is equilateral, each angle is 60°. 

   

2 2 2

12 12 122 2 2

2 2 2

13 13 132 2 2

2 2

1 12 13 1 12 13 2 2

 cos60 ,  sin 60

cos60 , sin 60

0 2  sin 60 3

x y

x y

x x x y y y

Q Q Q
F k F k F k

d d d

Q Q Q
F k F k F k

d d d

Q Q
F F F F F F k k

d d

= � = ° = °

= � = Š ° = °

= + = = + = ° =

 

   

2 6 2
2 2 9 2 2

1 1 1 2 2

2

(17.0 10 C)
3 3(8.988 10 N m /C ) 199.96 N

(0.150 m)

2.00 10 N

x y
Q

F F F k
d

Š×
= + = = × � =

� ×

 

The direction of 1F
�G

 is in the y direction. Also notice that it lies along the bisector of the opposite side 

of the triangle. Thus the force on the lower left charge is of magnitude 22.00 10 N×  and will point 

30 below the  axis .x° Š  Finally, the force on the lower right charge is of magnitude 22.00 10 N×  and 

will point 30  below the  axis .x° +  

 13. The spheres can be treated as point charges since they are spherical. Thus Coulomb’s law may be used 
to relate the amount of charge to the force of attraction. Each sphere will have a magnitude Q of 
charge, since that amount was removed from one (initially neutral) sphere and added to the other. 

     

2 2
1 2

2 2 9 2 2

7 12 12
19

1.7 0 N
(0.24 m)

8.988 10 N m /C

1electron
                                          3.3007 10 C 2.06 10 2.1 10 electrons

1.602 10 C

Q Q Q F
F k k Q r

kr r

Š

Š
Š

×
= = � = =

× �

� § � ·
= × = × � ×� ¨ � ¸� ¨ � ¸×� © � ¹

 

1Q

2Q 3Q

12F
�G

d

13F
�G

d

d
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 14. Determine the force on the upper right charge and then use the 
symmetry of the configuration to determine the force on the other 
three charges. The force at the upper right corner of the square is the 
vector sum of the forces due to the other three charges. Let the 
variable d represent the 0.100-m length of a side of the square, and let 
the variable Q represent the 6.15-mC charge at each corner. 

   
2 2

41 41 412 2
, 0x y

Q Q
F k F k F

d d
= � = =  

    

2 2 2 2

42 42 422 2 2 2

2 2

43 43 432 2

2 2
 cos 45 , 

2 2 4 4

0, 

x y

x y

Q Q Q Q
F k F k k F k

d d d d

Q Q
F k F F k

d d

= � = ° = =

= � = =

 

Add the x and y components together to find the total force, noting that 4 4 .x yF F=  

   

2 2 2

4 41 42 43 42 2 2

2 2
2 2

4 4 4 2 2

3 2
9 2 2 7 7

2

41

4
abov

2 2
0 1

44

2 1
1 2 2

4 2

(6 15 10 C) 1
(8.988 10 N m /C ) 2 6.507 10 N 6.51 10 N

2(0.100 m)

tan 45  e t

x x x x y

x y

y

x

Q Q Q
F F F F k k k F

d d d

Q Q
F F F k k

d d

F

F
�

Š

Š

� § � ·
= + + = + + = + =� ¨ � ¸� ¨ � ¸

� © � ¹

� § � ·� § � ·= + = + = +� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹� © � ¹

. × � § � ·= × � + = × � ×� ¨ � ¸
� © � ¹

= = ° he  directionx

 

For each charge, the net force will be the magnitude determined above and will lie along the line from 
the center of the square out toward the charge. 

 15. Take the lower left-hand corner of the square to be the origin of coordinates. The 2Q will have a 
rightward force on it due to Q, an upward force on it due to 3Q, and a diagonal force on it due to 4Q. 
Find the components of each force, add the components, find the magnitude of the net force, and find 
the direction of the net force. At the conclusion of the problem there is a diagram showing the net force 
on the charge 2Q. 

   2 :Q  ( )
2 2

2 2 2 2 2

(2 ) (2 )(4 )
cos 45 2 2 2 4.8284

2
Qx

Q Q Q Q Q kQ
F k k k= + ° = + =

� A � A � A � A
 

     

( )
2 2

2 2 2 2 2

2
22 2 1 1

2 2 2 22
2

(2 )(3 ) (2 )(4 )
sin 45 6 2 2 8.8284

2

8.8284
10.1 tan tan 61

4.8284

Qy

y
Q Qx Qy Q

x

Q Q Q Q Q kQ
F k k k

FkQ
F F F

F
� Š Š

= + ° = + =

= + = = = = °

� A � A � A � A

�A

 

41F
�G1Q

2Q 3Q

d

4Q

43F
�G

42F
�G
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 16. The wires form two sides of an isosceles triangle, so the two charges are separated 
by a distance 2(78 cm)sin 26 68.4 cm= ° =�A  and are directly horizontal from each 

other. Thus the electric force on each charge is horizontal. From the free-body 
diagram for one of the spheres, write the net force in both the horizontal and vertical 
directions and solve for the electric force. Then write the electric force as given by 
Coulomb’s law and equate the two expressions for the electric force to find the 
charge. 

   
T T

T E E T

cos 0
cos

sin 0 sin sin tan
cos

y

x

mg
F F mg F

mg
F F F F F mg

�
�

� � � �
�

= Š = � =

= Š = � = = =

�¦

�¦
 

   

2

E 2

3 2
6 6

9 2 2

( /2) tan
tan 2

(21 10 kg)(9.80 m/s ) tan 26
2(0.684 m) 4.572 10 C 4.6 10 C

(8 988 10 N m /C )

Q mg
F k mg Q

k
�

�

Š
Š Š

= = � =

× °
= = × � ×

. × �

�A
�A

 

 17. (a) If the force is repulsive, then both charges must be positive since the total charge is positive. Call 
the total charge Q. 

    
2

21 2 1 1
1 2 1 12 2

( )
0

kQ Q kQ Q Q Fd
Q Q Q F Q QQ

kd d

Š
+ = = = � Š + =  

     

2
2

1

2
6 6 21

2 9 2 2

6 6

4

2

(12.0 N)(0.280 m)
(90.0 10 C) (90.0 10 C) 4

(8.988 10 N m /C )

88.8 10 C, 1.2 10 C

Fd
Q Q

kQ

Š Š

Š Š

± Š
=

� ª � º
� « � »= × ± × Š
� « � »× �� ¬ � ¼

= × ×

 

 (b) If the force is attractive, then the charges are of opposite sign. The value used for F must then be 
negative. Other than that, the solution method is the same as for part (a). 

mg
�G

EF
�G

TF
�G

�
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2
2

1

2
6 6 21

2 9 2 2

6 6

4

2

( 12.0 N)(0.280 m)
(90.0 10 C) (90.0 10 C) 4

(8.988 10 N m /C )

91.1 10 C, 1.1 10 C

Fd
Q Q

kQ

Š Š

Š Š

± Š
=

� ª � ºŠ� « � »= × ± × Š
� « � »× �� ¬ � ¼

= × Š ×

 

 18. The negative charges will repel each other, so the third charge must 
put an opposite force on each of the original charges. Consideration 
of the various possible configurations leads to the conclusion that 
the third charge must be positive and must be between the other two 
charges. See the diagram for the definition of variables. For each 
negative charge, equate the magnitudes of the two forces on the charge. Also note that 0 .x< < �A 

   

( )

2 2

2 2 2 2

2 2

2 2

2 2 2 2

3 3 3
Left: Right: 

( )

3
0.366

3 1( )

3 3
3 0.402

3 1

Qq Q Qq Q
k k k k

x x

Qq Qq
k k x

x x

Qq Q x
k k q Q Q Q

x

= = �
Š

= � = =
+Š

= � = = =
+

� A � A � A

�A
�A

�A

� A � A

 

Thus the charge should be of magnitude 0.40 ,Q  and a distance 0.37  from  toward 3 .Q QŠ Š�A  

 19. Use Eq. 16–3 to calculate the force. 

   19 16( 1.602 10 C)(2460 N/C east) 3.94 10 N westq
q

Š Š= � = = Š × = ×
F

E F E

�G
� G � G � G

 

 20. Use Eq. 16–3 to calculate the electric field. 

   
14

5
19

1.86 10 N south
1.16 10 N/C south

1.602 10 Cq

Š

Š

×
= = = ×

×

F
E

�G
�G

 

 21. Use Eq. 16–4a to calculate the electric field due to a point charge. 

   
6

9 2 2 6
2 2

33.0 10 C
(8.988 10 N m /C ) 6.30 10 N/C upward

(0.217 m)

Q
E k

r

Š×
= = × � = ×  

Note that the electric field points away from the positive charge. 

 22. Use Eq. 16–3 to calculate the electric field. 

   5
6

6.4 N down
8.8 10 N/C up

7.3 10 Cq Š
= = = ×

Š ×

F
E

�G
�G

 

x

QŠ

l 

l  – x 

3QŠq
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 23. Assuming the electric force is the only force on the electron, then Newton’s second law may be used 
with Eq. 16–5 to find the acceleration. 

    
19

14 2
net 31

| | (1.602 10 C)
756 N/C 1.33 10 m/s

(9.11 10 kg)

q
m q a E

m

Š

Š

×
= = � = = = ×

×
F a E
� G � G�G

 

Since the charge is negative, the direction of the acceleration is opposite to the field . 

 24. The electric field due to the positive charge 1( )Q will 

point away from it, and the electric field due to the 
negative charge 2( )Q  will point toward it. Thus both 

fields point in the same direction, toward the negative 
charge, and the magnitudes can be added. 

    

1 2 1 2
1 2 1 22 2 2 2 2

1 2
9 2 2

6 6 8 8
2

4
( )

( /2) ( /2)

4(8.988 10 N m /C )
(8.0 10 C 5.8 10 C) 1.3782 10 N/C 1.4 10 N/C

(0.060 m)

Q Q Q Q k
E E E k k k k Q Q

r r

Š Š

= + = + = + = +

× �
= × + × = × � ×

� A � A � A
 

The direction is toward the negative charge . 

 25.  

 26. Assuming the electric force is the only force on the electron, Newton’s second law may be used to find 
the electric field strength. 

   
net

27 6 2

19

(1.673 10 kg)(2.4 10 )(9.80 m/s )
0.2456 N/C 0.25 N/C

(1.602 10 C)

F ma qE

ma
E

q

Š

Š

= = �

× ×
= = = �

×

 

 27. Since the electron accelerates from rest toward the north, the net force on it must be to the north. 
Assuming the electric force is the only force on the electron, Newton’s second law and Eq. 16–5 may 
be used to find the electric field. 

   
31

2 10
net 19

(9.11 10 kg)
(105 m/s north) 5.97 10 N/C south

( 1.602 10 C)

m
m q

q

Š
Š

Š

×
= = � = = = ×

Š ×
F a E E a
� G � G � G� G � G

 

�A

1 0Q >
2 0Q <

1E
�G

2�A 2E
�G
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 28. The field due to the negative charge will point toward 
the negative charge, and the field due to the positive 
charge will point toward the negative charge. Thus the 
magnitudes of the two fields can be added together to 
find the charges. 

   
2 2

10
net 2 2 9 2 2

8 (386 N/C)(0.160 m)
2 2 1.37 10 C

8( /2) 8(8.988 10 N m /C )
Q

Q kQ E
E E k Q

k
Š= = = � = = = ×

× �

�A

� A � A
 

 29. The field at the upper right-hand corner of the square is the vector sum 
of the fields due to the other three charges. Let �A represent the 1.22-m 
length of a side of the square, and let Q  represent the charge at each 

of the three occupied corners. 

   

1 1 12 2

2 2 22 2 2 2

3 3 12 2

, 0

2 2
cos 45 , 

2 2 4 4

0, 

x y

x y

x y

Q Q
E k E k E

Q Q Q Q
E k E k k E k

Q Q
E k E E k

= � = =

= � = ° = =

= � = =

� A � A

� A � A � A � A

� A � A

 

Add the x and y components together to find the total electric field, noting that .x yE E=  

   

1 2 3 2 2 2

2 2
2 2

6
9 2 2 4

2

1

2 2
0 1

44

2 1
1 2 2

4 2

(3.25 10 C) 1
(8.988 10 N m /C ) 2 3.76 10 N/C

2(1.22 m)

tan 45.0  from the  direction

x x x x y

x y

y

x

Q Q Q
E E E E k k k E

Q Q
E E E k k

E
x

E
�

Š

Š

� § � ·
= + + = + + = + =� ¨ � ¸� ¨ � ¸

� © � ¹

� § � ·� § � ·= + = + = +� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹� © � ¹

× � § � ·= × � + = ×� ¨ � ¸
� © � ¹

= = °

� A � A � A

� A � A
 

 30. The fields at the center due to the two 27.0 CµŠ  negative 

charges on opposite corners (lower right and upper left in the 
diagram) will cancel each other, so only the other two charges 
need to be considered. The field due to each of the other 
charges will point directly toward its source charge. 
Accordingly, the two fields are in opposite directions and can 
be combined algebraically. The distance from each charge to 
the center is / 2.�A  

QE
�G

QŠ

2l
QŠE

�G

Q

1E
�G

3E
�G

2E
�G

1Q

2Q 3Q

l

2Q

1 38.6 CQ µ= Š

l

2Q

1E
�G

2E
�G

2 27.0 CQ µ= Š
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AE
�G

Q+

l

l

l

QŠ

BE
�G

A

B

   1 2 1 2
1 2 2 2 2/2 /2 /2

Q Q Q Q
E E E k k k

Š
= Š = Š =

� A � A � A

6
9 2 2

2

6

(38.6 27.0) 10 C
(8.988 10 N m /C )

(0.425 m) /2

1.15 10 N/C, toward the 38.6 C chargeµ

ŠŠ ×
= × �

= × Š

 

 31. Choose the rightward direction to be positive. Then the field due to Q+  will be positive, and the field 
due to QŠ  will be negative. 

   
2 2 2 2 2 2 2

1 1 4

( ) ( ) ( ) ( ) ( )

Q Q kQxa
E k k kQ

x a x a x a x a x a

� § � ·Š
= Š = Š =� ¨ � ¸� ¨ � ¸+ Š + Š Š� © � ¹

 

The negative sign means the field points to the left. 

 32. For the net field to be zero at point P, the magnitudes of the fields created by 1Q  and 2Q  must be 

equal. Also, the distance x  will be taken as positive to the left of 1.Q  That is the only region where 

the total field due to the two charges can be zero. Let the variable �A represent the 12-cm distance. 

   

( ) ( )

1 2
1 2 2 2

1

2 1

  
( )

32 C
(12 cm) 64.57 cm 65 cm

45 C 32 C

Q Q
k k

x x

Q
x

Q Q

µ

µ µ

= � = �
+

= = = �
ŠŠ

E E
� G � G

�A

�A

 

 33. The field due to the charge at A will point straight downward, and the 
field due to the charge at B will point along the line from the origin to 
point B, 30° above the x axis. We first solve the problem symbolically 
and then substitute in the values. 

   

A A A2 2

B B2 2 2

B 2 2

A B A B2 2

0, 

3
cos30 ,

2

sin30
2

3

2 2

x y

x

y

x x x y y y

Q Q
E k E E k

Q Q Q
E k E k k

Q Q
E k k

Q Q
E E E k E E E k

= � = = Š

= � = ° =

= ° =

= + = = + = Š

� A � A

� A � A � A

� A � A

� A � A

 

   

2 2 2 2 2 2
2 2

4 4 4 2

9 2 2 6
7 7

2

21 1 1

2

3 4

4 4 4

(8.988 10 N m /C )(26 10 C)
3.651 10 N/C 3.7 10 N/C

(0.080 m)

12tan tan tan 330
3 3

2

x y

y

x

k Q k Q k Q kQ
E E E

Q
kE

E Q
k

�

Š

Š Š Š

= + = + = =

× � ×
= = × � ×

Š
Š

= = = = °

� A � A � A � A

�A

�A
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 34. The charges must be of the same sign so that the electric fields created by the two charges oppose each 
other and add to zero. The magnitudes of the two electric fields must be equal. 

   1 2 2 1
1 2 12 2

2

9 1
9

4 4( /3) (2 /3)

Q Q Q Q
E E k k Q

Q
= � = � = � =

� A � A
 

 35. In each case, find the vector sum of the field caused by the charge on the left left( )E
�G

 and the field 

caused by the charge on the right right( ).E
�G

 

Point A: From the symmetry of the geometry, in 
calculating the electric field at point A, only the 
vertical components of the fields need to be 
considered. The horizontal components will cancel 
each other. 

   
1

2 2

5.0
tan 26.6

10.0

(0.050 m) (0.100 m) 0.1118 md

� Š= = °

= + =

 

   
6

9 2 2 6
A A2 2

4.7 10 C
2 sin 2(8.988 10 N m /C ) sin 26.6 3.0 10 N/C 90

(0.1118 m)

kQ
E

d
� �

Š×
= = × � ° = × = °  

Point B: Now the point is not symmetrically placed. 
The horizontal and vertical components of each 
individual field need to be calculated to find the 
resultant electric field. 

   

1 1
left left

2 2
left

2 2
right

5.0 5.0
tan 45 tan 18.4

5.0 15.0

(0.050 m) (0.050 m) 0.0707 m

(0.050 m) (0.150 m) 0.1581 m

d

d

� �Š Š= = ° = = °

= + =

= + =

 

    

left right left right2 2
left right

9 2 2 6 6
2 2

( ) ( ) cos cos

cos 45 cos 18 4
(8.988 10 N m /C )(4.7 10 C) 4.372 10 N/C

(0.0707 m) (0.1581 m)

x x x
Q Q

E k k
d d

� �

Š

= + = Š

� ª � º° . °
= × � × Š = ×� « � »

� « � »� ¬ � ¼

E E
� G � G

 

   

left right left right2 2
left right

9 2 2 6 6
2 2

2 2 6 6
B

( ) ( ) sin sin

sin 45 sin 18.4
(8.988 10 N m /C )(4.7 10 C) 6.509 10 N/C

(0.0707 m) (0.1581 m)

7.841 10 N/C 7.8 10 N/C tan 56.11 5

y y y

y
x y B

x

Q Q
E k k

d d

E
E E E

E

� �

�

Š

Š1

= + = +

� ª � º° °
= × � × + = ×� « � »

� « � »� ¬ � ¼

= + = × � × = = ° �

E E
� G � G

6°

 

d

�

leftE
�G

Q+ Q+

leftE
�G

rightE
�G

�

d

rightE
�G leftE

�G

leftd

Q+Q+ left� right�

rightd
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The results are consistent with Fig. 16–32b. In the figure, the field at point A points straight up, 
matching the calculations. The field at point B should be to the right and vertical, matching the 
calculations. Finally, the field lines are closer together at point B than at point A, indicating that the 
field is stronger there, again matching the calculations. 

 36. We assume that gravity can be ignored, which is proven in part (b). 

 (a) The electron will accelerate to the right. The magnitude of the acceleration can be found from 
setting the net force equal to the electric force on the electron. The acceleration is constant, so 
constant-acceleration relationships can be used. 

    

net

2 2
0

19 4
2 6

31

| |
| |

| |
2 2 2

(1.602 10 C)(1.45 10 N/C)
2 (1.60 10 m) 9.03 10 m/s

(9.11 10 kg)

q E
F ma q E a

m

q E
a x a x x

m
	 	 	

Š
Š

Š

= = � =

= + � � = � = �

× ×
= × = ×

×

 

 (b) The value of the acceleration caused by the electric field is compared to g. 

    

19 4
15 2

31

15 2 2 14

| | (1.602 10 C)(1.45 10 N/C)
2.55 10 m/s

(9.11 10 kg)

/ (2.55 10 m/s )/(9.80 m/s ) 2.60 10

q E
a

m

a g

Š

Š

× ×
= = = ×

×

= × = ×

 

The acceleration due to gravity can be ignored compared to the acceleration caused by the electric 
field. 

 37. (a) The net force between the thymine and adenine is due to the following forces. 

     O–H attraction:     
2

OH 10 2 10 2

(0 4 )(0 2 ) 0.08

(1.80 10 m) (1.80 10 m)

e e ke
F k

Š Š

. .
= =

× ×
 

     O–N repulsion:     
2

ON 10 2 10 2

(0 4 )(0 2 ) 0.08

(2.80 10 m) (2.80 10 m)

e e ke
F k

Š Š

. .
= =

× ×
 

     N–N repulsion:     
2

NN 10 2 10 2

(0 2 )(0 2 ) 0.04

(3.00 10 m) (3.00 10 m)

e e ke
F k

Š Š

. .
= =

× ×
 

     H–N attraction:     
2

HN 10 2 10 2

(0 2 )(0 2 ) 0.04

(2.00 10 m) (2.00 10 m)

e e ke
F k

Š Š

. .
= =

× ×
 

    
2 2

A T OH ON NN HN 2 2 2 2 10 2

0.08 0.08 0.04 0.04 1

1.80 2.80 3.00 2.00 1.0 10 m

ke
F F F F F

d
Š Š

� § � ·� § � ·
= Š Š + = Š Š + � ¨ � ¸� ¨ � ¸� ¨ � ¸×� © � ¹� © � ¹

 

     
9 2 2 19 2

10 10
10 2

(8.988 10 N m /C )(1.602 10 C)
(0 02004) 4.623 10 N 5 10 N

(1.0 10 m)

Š
Š Š

Š

× � ×
= . = × � ×

×
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 (b) The net force between the cytosine and guanine is due to the following forces. 

    O–H attraction:     
2

OH 10 2 10 2

(0.4 )(0.2 ) 0.08
(two of these)

(1.90 10 m) (1.90 10 m)

e e ke
F k

Š Š
= =

× ×
 

    O–N repulsion:     
2

ON 10 2 10 2

(0.4 )(0.2 ) 0.08
(two of these)

(2.90 10 m) (2.90 10 m)

e e ke
F k

Š Š
= =

× ×
 

    H–N attraction:     
2

HN 10 2 10 2

(0.2 )(0.2 ) 0.04

(2.00 10 m) (2.00 10 m)

e e ke
F k

Š Š
= =

× ×
 

    N–N repulsion:     
2

NN 10 2 10 2

(0 2 )(0 2 ) 0.04

(3.00 10 m) (3.00 10 m)

e e ke
F k

Š Š

. .
= =

× ×
 

         

2 2

C G OH ON NN HN 2 2 2 2 10 2

9 2 2 19 2
10 10

10 2

0.08 0.08 0.04 0.04 1
2 2 2 2

1.90 2.90 3.00 2.00 1.0 10 m

(8.988 10 N m /C )(1.602 10 C)
(0.03085) 7.116 10 N 7 10 N

(1.0 10 m)

ke
F F F F F

d
Š Š

Š
Š Š

Š

� § � ·� § � ·
= Š Š + = Š Š + � ¨ � ¸� ¨ � ¸� ¨ � ¸×� © � ¹� © � ¹

× � ×
= = × � ×

×

 

 (c) For the 510  pairs of molecules, we assume that half are A–T pairs and half are C–G pairs. We 

average the above results and multiply by 510 . 

     

5 5 10 101
net A T C G2

5 5

10 ( ) 10 (4.623 10 N 7.116 10 N)

5.850 10 N 6 10 N

F F F Š Š
Š Š

Š Š

= + = × + ×

= × � ×
 

 38. Use Gauss’s law to determine the enclosed charge. Note that the size of the box does not enter into the 
calculation. 

    2 12 2 2 8encl
encl E 0

0
(1850 N m /C)(8.85 10 C /N m ) 1.64 10 CE

Q
Q 




Š Š� = � = � = � × � = ×  

 39. (a) Use Gauss’s law to determine the electric flux. 

    
6

5 2encl
12 2 2

0

1.0 10 C
1.1 10 N m /C

8.85 10 C /N m
E

Q




Š

Š

Š ×
� = = = Š × �

× �
 

 (b) Since there is no charge enclosed by surface 2A , 0 .E� =  
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 40. (a) Assuming that there is no charge contained within the cube, 
the net flux through the cube is 0. All of the field lines that 
enter the cube also leave the cube. 

 (b) Four faces have no flux through them, because no field lines 
pass through them. In the diagram, the left face has a 
positive flux and the right face has the opposite amount of 
negative flux. 

     

2 3 2 2
left

2 2
left right other

(7.50 10 N/C)(8.50 10 m)

54.2 N m /C ; 54.2 N m /C ; 0

EA E Š� = = = × ×

� = � � = Š � � =

�A
 

 41. Equation 16–10 applies. Note that the separation distance does not enter into the calculation. 

    12 2 2 2 10
0

0

/
(8.85 10 C /N m )(130 N/C)(0.85 m) 8.3 10 C

Q A
E Q EA




Š Š= � = = × � = ×  

 42. The electric field can be calculated by Eq. 16–4a, and that can be solved for the charge. 

    
2 2 2 2

11
2 9 2 2

(3.75 10 N/C)(3.50 10 m)
5.11 10 C

8.988 10 N m /C

Q Er
E k Q

kr

Š
Š× ×

= � = = = ×
× �

 

This is about 83 10× electrons. Since the field points toward the ball, the charge must be negative. 

 43. See Fig. 16–34 in the text for additional insight into this problem. 

 (a) Inside the inner radius of the shell, the field is that of the point charge, 
2

.
Q

E k
r

=  

 (b) There is no field inside the conducting material: 0 .E =  

 (c) Outside the shell, the field is that of the point charge, 
2

.
Q

E k
r

=  

 (d) The shell does not affect the field due to Q alone, except in the shell material, where the field is 0.  

  The charge Q does affect the shell—it polarizes it. There will be an induced charge of ŠQ 
uniformly distributed over the inside surface of the shell and an induced charge of +Q uniformly 
distributed over the outside surface of the shell. 

 44. Set the magnitude of the electric force equal to the magnitude of the force of gravity and solve for the 
distance. 

    

2

electric gravitational 2

9 2 2
19

31 2

(8.988 10 N m /C )
(1.602 10 C) 5.08 m

(9.11 10 kg)(9.80 m/s )

e
F F k mg

r

k
r e

mg
Š

Š

= � = �

× �
= = × =

×

 

 45. Water has an atomic mass of 18, so 1 mole of water molecules has a mass of 18 grams. Each water 
molecule contains 10 protons. 

    
23 19

926.02 10 H O molecules 10 protons 1.60 10 C
75 kg 4.0 10 C

0.018 kg 1 molecule proton

Š� § � ·� § � ·× ×� § � ·= ×� ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸� © � ¹� © � ¹� © � ¹
 

l
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 46. Calculate the total charge on all electrons in 3.0 g of copper and compare 32 Cµ  to that value. The 

molecular weight of copper is 63.5 g, and its atomic number is 29. 

    
23 19

51 mole 6.02 10 atoms 29 1.602 10 C
Total electron charge 3.0 g 1.32 10 C

63.5 g mole atoms 1
e

e

Š� § � · � § � ·� § � ·× ×� § � ·= = ×� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹� © � ¹� © � ¹ � © � ¹
 

    
6

10
5

32 10 C
Fraction lost 2.4 10

1.32 10 C

Š
Š×

= = ×
×

 

 47. Use Eq. 16–4a to calculate the magnitude of the electric charge on the Earth. We use the radius of the 
Earth as the distance. 

   
2 6 2

5
2 9 2 2

(150 N/C)(6.38 10 m)
6.8 10 C

8.988 10 N m /C

Q Er
E k Q

kr

×
= � = = = ×

× �
 

Since the electric field is pointing toward the Earth’s center, the charge must be negative. 

 48. (a) From Problem 47, we know that the electric field is pointed toward the Earth’s center. Thus an 
electron in such a field would experience an upward force of magnitude E .F eE=  The force of 

gravity on the electron will be negligible compared to the electric force. 

    
E

19
13 2 13 2

31

(1.602 10 C)(150 N/C)
2.638 10 m/s 2.6 10 m/s , up

(9.11 10 kg)

F eE ma

eE
a

m

Š

Š

= = �

×
= = = × � ×

×

 

 (b) A proton in the field would experience a downward force of magnitude E .F eE=  The force of 

gravity on the proton will be negligible compared to the electric force. 

    
E

19
10 2 10 2

27

(1.602 10 C)(150 N/C)
1.439 10 m/s 1.4 10 m/s , down

(1.67 10 kg)

F eE ma

eE
a

m

Š

Š

= = �

×
= = = × � ×

×

 

 (c) For the electron: 
13 2

12
2

2.638 10 m/s
2.7 10

9.80 m/s

a
g

×
= � ×  

  For the proton: 
10 2

9
2

1.439 10 m/s
1.5 10

9.80 m/s

a
g

×
= � ×  

 49. For the droplet to remain stationary, the magnitude of the electric force on the droplet must be the 
same as the weight of the droplet. The mass of the droplet is found from its volume times the density 
of water. Let n be the number of excess electrons on the water droplet. 

   

34
E 3

3 5 3 3 3 2
6 7

19

| |

4 4 (1.8 10 m) (1.00 10 kg/m )(9.80 m/s )
9.96 10 1.0 10 electrons

3 3(1.602 10 C)(150 N/C)

F q E mg neE r g

r g
n

eE

� �

� � � Š

Š

= = � = �

× ×
= = = × � ×

×
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 50. There are four forces to calculate. Call the rightward direction the positive direction. The value of k is 
9 2 28.988 10 N m /C× �  and the value of e is 191.602 10 C.Š×  

   
net CH CN OH ON 9 2 2 2 2 2

10 10

(0 40 )(0 20 ) 1 1 1 1

(1 10 m) (0 30) (0 40) (0 18) (0 28)

2.445 10 N 2.4 10 N

k e e
F F F F F

Š

Š Š

�ª �º. .
= + + + = Š + + Š�« �»

× . . . .�« �»�¬ �¼

= × � ×

 

 51. The electric force must be a radial force in order for the electron to move in a circular orbit. 

   

2 2

E radial 2
orbitorbit

2 19 2
9 2 2 11

orbit 2 31 6 2

(1.602 10 C)
(8.988 10 N m /C ) 5.2 10 m

(9.109 10 kg)(2.2 10 m/s)

Q m
F F k

rr

Q
r k

m

	

	

Š
Š

Š

= � = �

×
= = × � = ×

× ×

 

 52. If all of the angles to the vertical (in both cases) are assumed 
to be small, then the spheres only have horizontal 
displacement, and the electric force of repulsion is always 
horizontal. Likewise, the small-angle condition leads to 
tan sin� � �� �  for all small angles. See the free-body 
diagram for each sphere, showing the three forces of gravity, 
tension, and the electrostatic force on each charge. Take the 
right to be the positive horizontal direction and up to be the 
positive vertical direction. Since the spheres are in equilibrium, the net force in each direction is zero. 

 (a) 1 T1 1 E1 E1 T1 1sin 0 sinxF F F F F� �= Š = � =�¦  

  1 1
1 T1 1 1 T1 E1 1 1 1 1 1

1 1
cos sin tan

cos cosy
m g m g

F F m g F F m g m g� � � �
� �

= Š � = � = = =�¦  

A completely parallel analysis would give E2 2 2.F m g�=  Since the electric forces are a Newton’s third 

law pair, they can be set equal to each other in magnitude. Note that the explicit form of Coulomb’s 
law was not necessary for this analysis. 

    E1 E2 1 1 2 2 1 2 2 1/ / 1F F m g m g m m� � � �= � = � = =  

 (b) The horizontal distance from one sphere to the other, represented by d, 
is found by the small-angle approximation. See the diagram. Use the 
relationship derived above that EF mg�=  to solve for the distance. 

    1 2 1 1( ) 2
2
d

d � � � �= + = � =� A � A
�A

 

    
1/32

1 1 E1 2

(2 ) 4
2

kQ Q d kQ
m g F mg d

mgd
�

� § � ·
= = = � = � ¨ � ¸� ¨ � ¸

� © � ¹

�A
�A

 

 53. Because of the inverse square nature of the electric 
field, any location where the field is zero must be closer 
to the weaker charge 2( ).Q  Also, in between the two 

charges, the fields due to the two charges are in the same direction and cannot cancel. Thus the only 

1Q
2Q

 d l

1mg
�G

E1F
�G

T1F
�G

1�

2m g
�G

E2F
�G

T2F
�G

2�

1sin�l

l
1� 2� l

2sin�l
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place where the field can be zero is closer to the weaker charge, but not between them. In the diagram, 
this means that �A must be positive. Evaluate the net field at that location. 

   2 2 21
2 12 2

0 ( )
( )

Q Q
E k k Q d Q

d
= Š + = � + = �

+
� A � A

� A � A
 

   
6

2 2

5 6 11 2

1.9 m from ,5.0 10 C
(2.4 m)

4.3 m from 2.5 10 C 5.0 10 C

Q Q
d

QQ Q

Š

Š Š

×
= = =

Š × Š ×
�A  

 54. The electric field at the surface of the pea is given by Eq. 16–4a. Solve that equation for the charge. 

   
2 6 3 2

9 9
2 9 2 2

(3 10 N/C)(3.75 10 m)
5 10 C ( 3 10 electrons)

8.988 10 N m /C

Q Er
E k Q

kr

Š
Š× ×

= � = = = ×  � ×
× �

 

 55. There will be a rightward force on 1Q  due to 2,Q  given by Coulomb’s law. There will be a leftward 

force on 1Q  due to the electric field created by the parallel plates. Let right be the positive direction. 

   

1 2
12

6 6
9 2 2 6 4

2

(6.7 10 C)(1.8 10 C)
       (8.988 10 N m /C ) (6.7 10 C)(5.3 10 N/C)

(0.47 m)

       0.14 N, right

Q Q
F k Q E

x
Š Š

Š

= Š

× ×
= × � Š × ×

=

�¦

 

 56. The weight of the sphere is the density times the volume. The electric force is given by Eq. 16–1, with 
both spheres having the same charge, and the separation distance equal to their diameter. 

   

2 2
34

32 2

5 3 2 2 5
9

9 2 2

( ) (2 )

16 16(35 kg/m ) (9.80 m/s )(1.0 10 m)
8.0 10 C
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Q kQ
mg k r g

d r

gr
Q

k

� �

�� � Š
Š

= � = �

×
= = = ×

× �

 

 57. Since the electric field exerts a force on the charge in the 
same direction as the electric field, the charge is positive. 
Use the free-body diagram to write the equilibrium equations 
for both the horizontal and vertical directions and use those 
equations to find the magnitude of the charge. 

   

1

E T E T

T T

3 2
7

43
cos 38.6

55
sin 0 sin

cos 0 tan
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tan (1.0 10 kg)(9.80 m/s ) tan 38.6
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 58. (a) The force of sphere B on sphere A is given by Coulomb’s law. 

    
2

AB 2
, away from B

kQ
F

R
=  

 (b) The result of touching sphere B to uncharged sphere C is that the charge on B is shared between 
the two spheres, so the charge on B is reduced to /2.Q  Again use Coulomb’s law. 

    
2

AB 2 2

/2
, away from B

2

QQ kQ
F k

R R
= =  

 (c) The result of touching sphere A to sphere C is that the charge on the two spheres is shared, so the 
charge on A is reduced to 3 /4.Q  Again use Coulomb’s law. 

    
2

AB 2 2

(3 /4)( /2) 3
, away from B

8

Q Q kQ
F k

R R
= =  

 59. (a) Outside of a sphere, the electric field of a uniformly charged sphere is the same as if all the 
charge were at the center of the sphere. Thus we can use Eq. 16–4a. According to Example 16–6, 
each toner particle has the same charge as 20 electrons. Let N represent the number of toner 
particles. 

    

0
2 2

2 2
10 10

9 2 2 19
0

(5000N/C)(0.50 m)
4.346 10 4 10 particles

(8.988 10 N m /C )(20)(1.6 10 C)

NQQ
E k k

r r

Er
N

kQ Š

= = �

= = = × � ×
× � ×

 

 (b) According to Example 16–6, each toner particle has a mass of 169.0 10 kg.Š×  

    10 16 5 5
0 (4.346 10 )(9.0 10 kg) 3.911 10 4 10 kgm Nm Š Š Š= = × × = × � ×  

 60. Since the gravity force is downward, the electric force must be upward. Since the charge is positive, 
the electric field must also be upward. Equate the magnitudes of the two forces and solve for the 
electric field. 

     
27 2

7
electric gravitational 19

(1.67 10 kg)(9.80 m/s )
1.02 10 N/C, up

(1.602 10 C)

mg
F F qE mg E

q

Š
Š

Š

×
= � = � = = = ×

×
 

 61. The weight of the mass is only about 2 N. Since the tension in the string is more than 
that, there must be a downward electric force on the positive charge, which means that 
the electric field must be pointed down. Use the free-body diagram to write an 
expression for the magnitude of the electric field. 

   
T E E T

2
6T

7

0

5.18 N (0.185 kg)(9 80 m/s )
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3.40 10 C
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 62. (a) Since the field is uniform, the electron will experience a constant force in the direction opposite to 
its velocity, so the acceleration is constant and negative. Use Eq. 2–11c with a final velocity of 0. 

    

2 2
0

2 2 2 31 6 2
30 0 0

19 3

; 2 0

(9.11 10 kg)(5.32 10 m/s)
8.53 10 m

2 2 2(1.60 10 C)(9.45 10 N/C)2

eE
F ma qE eE a a x

m

m
x

eEa eE
m

	 	

	 	 	 Š
Š

Š

= = = Š � = Š = + � = �

× ×
� = Š = Š = = = ×

� § � · × ×Š� ¨ � ¸
� © � ¹

 

 (b) Find the elapsed time from constant-acceleration relationships. Upon returning to the original 
position, the final velocity will be the opposite of the initial velocity. Use Eq. 2–11a. 

    

0
31 6

90 0 0
19 3

2 2 2(9.11 10 kg)(5.32 10 m/s)
6.41 10 s

(1.60 10 C)(9.45 10 N/C)

at

m
t

eEa eE
m

	 	

	 	 	 	 Š
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Š

= + �

Š Š × ×
= = = = = ×

� § � · × ×Š� ¨ � ¸
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 63. On the x axis, the electric field can only be zero at a location closer to the smaller magnitude charge. 
The field will never be zero to the left of the midpoint between the two charges. In between the two 
charges, the field due to both charges will point to the left. Thus the total field cannot be zero there. So 
the only place on the x axis where the field can be zero is to the right of the negative charge, and x 
must be positive. Calculate the field at point P and set it equal to zero. 

   ( )2 2
2 2

( /2)
0 2 ( ) 2 1 2.41

2 1( )

Q Q d
E k k x x d x d d

x x d

Š
= + = � = + � = = + �

Š+
 

The field cannot be zero at any points off the x axis. For any point off the x axis, the electric fields due 
to the two charges will not be along the same line, so they can never combine to give 0. 

 64. To find the number of electrons, convert the mass to moles and the moles to atoms and then multiply 
by the number of electrons in an atom to find the total electrons. Then convert to charge. 

   

23 19

2

9

1 mole Al 6.02 10 atoms 13 electrons 1.602 10 C
25 kg Al (25 kg Al)

1 mole 1 molecule electron2.7 10 kg

1.2 10 C

Š

Š

� § � · � § � ·� § � ·× Š ×� § � ·= � ¨ � ¸ � ¨ � ¸� ¨ � ¸� ¨ � ¸� ¨ � ¸ � ¨ � ¸ � ¨ � ¸� © � ¹×� © � ¹� © � ¹ � © � ¹

= Š ×

 

 65. The electric field will put a force of magnitude EF QE=  on 

each charge. The distance of each charge from the pivot point is 

/2,�A  so the torque caused by each force is ( )1
E 2 .F r QE
 �= = �A  

Both torques will tend to make the rod rotate counterclockwise 

in the diagram. The net torque is net 2 ,
2

QE
QE
 � § � ·= =� ¨ � ¸

� © � ¹

�A
�A  and it 

is counterclockwise. However, if the charges were switched, the 
torque would be clockwise. 

QŠ

E
�G

EF
�G

EF
�G

Q+
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 66. From the diagram, we see that the x components 
of the two fields will cancel each other at the 
point P. Thus the net electric field will be in the 
negative y direction and will be twice the y 
component of either electric field vector. 

   

net 2 2

2 2 2 2 1/2

2 2 3/2

2 sin 2 sin

2

( )

2
 in the negative  direction

( )

kQ
E E

x a
kQ a

x a x a

kQa
y

x a

� �= =
+

=
+ +

=
+

 

 67. One sphere will have a positive charge, and the other sphere will have the same amount of negative 
charge. First solve for that charge by equating the electric force to the gravitational force. Then 
compare that charge to the total charge. N represents the number of electrons moved from one sphere 
to the other. 

   
2 2

electric gravitational 2 2

( )Ne m
F F k G

r r
= � = �  

   

( )
( )

11
6

919

6
19

24

0 12kg 6 67 10
6 453 10 electrons

8 988 101 602 10 C

6 453 10 electrons
fraction 8 94 10

7 22 10 electrons

m G
N

e k

. . ×
= = = . ×

. ×. ×

. ×
= = . ×

. ×

2

2

2

 

Solutions to Search and Learn Problems 

 1. (a) When the leaves are charged by induction, no additional charge is added to the leaves. As the 
charged rod is near the top of the electroscope, it repels the charge onto the leaves, causing them 
to separate. When the rod is removed, the charge returns to its initial equilibrium position and the 
leaves come back together. 

 (b) When the leaves are charged by conduction, positive charge is placed onto the electroscope from 
the rod, causing the leaves to separate. When the rod is removed, the charge remains on the 
electroscope and the leaves remain separated. 

 (c) Yes. The electroscope has a negative charge on the top sphere and on the leaves. Therefore, the 
electroscope has a total net negative charge, so it must have been charged by conduction. 

 (d) In Fig. 16–11a the electroscope is charged by induction, so the net charge is zero. Electric field lines 
leaving the positive end of the electroscope end on the negative end. In Fig. 16–11b the electroscope 
has a net positive charge. Electric field lines originate on the electroscope and point away from it. 
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 2. A negative charge must be placed at the center of the square. Let 
6.4 CQ µ=  be the charge at each corner, let qŠ  be the magnitude of 

negative charge in the center, and let 9.2 cmd =  be the side length of 

the square. By the symmetry of the problem, if we make the net force 
on one of the corner charges be zero, then the net force on each other 
corner charge will also be zero. The force on the charge in the center 
is also zero, from the symmetry of the problem. 
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d d d d

Q Q
F k F F k

d d
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The net force in each direction should be zero. 
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4
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x
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So the charge to be placed is 66.1 10 C .q ŠŠ = Š ×  Note that the length of the sides of the square does 

not enter into the calculation. 

This is an unstable equilibrium. If the center charge were slightly displaced, say toward the right, then 
it would be closer to the right charges than the left and would be attracted more to the right. Likewise, 
the positive charges on the right side of the square would be closer to it and would be attracted more to 
it, moving from their corner positions. The system would not have a tendency to return to the 
symmetric shape; rather, it would have a tendency to move away from it if disturbed. 

 3. This is a constant-acceleration situation, similar to projectile motion in a uniform gravitational field. 
Let the width of the plates be ,�A the vertical gap between the plates be h, and the initial velocity be 

0.	  Notice that the vertical motion has a maximum displacement of h/2. Let upward be the positive 

vertical direction. We calculate the vertical acceleration produced by the electric field as the electron 
crosses the region. 

   y y y
eE

F ma qE eE a
m

= = = Š � = Š  

Since the electron has constant horizontal velocity in the region, we use the horizontal component of 
the velocity and the length of the region to solve for the time of flight across the region. 

   0 0
0 0

cos ( )
cos

t t	 �
	 �

= � =
�A

�A  

41F
�G1Q

d

2Q 3Q

qŠ

4qF
�G

4Q
43F

�G
42F

�G



Electric Charge and Electric Field   16-25 

© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

In half this time, the electron will travel vertically from the middle of the region to the highest point. 
At the highest point the vertical velocity must be zero. Using Eq. 2–11a with the known acceleration 
and time to reach the highest point, we can solve for the square of the initial speed of the electron. 

   21
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0 sin
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Finally, using Eq. 2–11a we solve for the initial angle. 
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 4. Coulomb observed experimentally that the force between two charged objects is directly proportional 
to the charge on each one. For example, if the charge on either object is tripled, then the force is 
tripled. This is not in agreement with a force that is proportional to the sum of the charges instead of to 
the product of the charges. Also, a charged object is not attracted to or repelled from a neutral 
insulating object. But if the numerator in Coulomb’s law were proportional to the sum of the charges, 
then there would be a force between a neutral object and a charged object, because their sum would not 
be 0. 

 5. Two forces act on the mass: gravity and the electric force. Since the acceleration is smaller than the 
acceleration of gravity, the electric force must be upward, opposite the direction of the electric field. 
The charge on the object is therefore negative. Using Newton’s second law, with down as the positive 
direction, we can calculate the magnitude of the charge on the object. 

   2 2
2( ) (1.0 kg)(8.0 m/s 9.8 m/s )

1.2 10 C
150 N/C

m mg qE ma

m a g
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 6. The magnitude of the electric field at the third vertex is the vector sum of the 
electric fields from each of the two charges. If we place the two charges at the 
lower two vertices, then the electric field at the top vertex will be vertically 
downward. By symmetry, the horizontal components of the electric field will 
cancel, leaving only the vertical components for the net field. 

   
2 2 2

sin 30 sin 30y
ke ke ke

E E= = ° + ° =
� A � A � A

 

The electric force on a third negative charge would be upward (opposite the direction of the electric 
field) and equal to the product of the electric field magnitude and the magnitude of the charge. 

l
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 7. Set the Coulomb electrical force equal to the Newtonian gravitational force on the Moon. 

     

2
Moon Earth

E G 2 2
orbit orbit

11 2 2 22 24
13Moon Earth

9 2 2

(6.67 10 N m /kg )(7.35 10 kg)(5.98 10 kg)
5.71 10 C

(8.988 10 N m /C )

M MQ
F F k G

r r

GM M
Q

k

Š

= � = �

× � × ×
= = = ×

× �

 



© Copyright 2014 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. 
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher. 

17-1 

Responses to Questions 

 1. If two points are at the same potential, then no NET work is done in moving a test charge from one 
point to the other. Along some segments of the path, some positive work might be done, but along 
other segments of the path, negative work would be done. And if the object is moved strictly along an 
equipotential line, then no work would be done along any segment of the path. 

Along any segment of the path where positive or negative work is done, a force would have to be 
exerted. If the object is moved along an equipotential line, then no force would be exerted along that 
segment of the path. 

This is analogous to climbing up and then back down a flight of stairs to get from one point to another 
point on the same floor of a building. Gravitational potential increased while going up the stairs, and 
decreased while going down the stairs. A force was required both to go up the stairs and to go down 
the stairs. If instead you walked on the level from one point to another, then the gravitational potential 
was constant, and no force was needed to change gravitational potential. 

 2. A negative charge will move toward a region of higher potential. A positive charge will move toward a 
region of lower potential. The potential energy of both charges decreases as they move, because they 
gain kinetic energy. 

 3. (a) Electric potential, a scalar, is the electric potential energy per unit charge at a point in space. 
Electric field, a vector, is the electric force per unit charge at a point in space. 

 (b) Electric potential energy is the work done against the electric force in moving a charge from a 
specified location of zero potential energy to some other location. Electric potential is the 
electric potential energy per unit charge. 

 4. The potential energy of the electron is proportional to the voltage used to accelerate it. Thus, if the 
voltage is multiplied by a factor of 4, then the potential energy is increased by a factor of 4 also. Then, 
by energy conservation, we assume that all of the potential energy is converted to kinetic energy 
during the acceleration process. Thus the kinetic energy has increased by a factor of 4 also. Finally, 
since the speed is proportional to the square root of kinetic energy, the speed must increase by a factor 
of 2. 

ELECTRIC POTENTIAL  

17
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 5. The electric field is zero at the midpoint of the line segment joining the two equal positive charges. 
The electric field due to each charge is of the same magnitude at that location, because the location is 
equidistant from both charges, but the two fields are in the opposite direction. Thus the net electric 
field is zero there. The electric potential is never zero along that line, except at infinity. The electric 
potential due to each charge is positive, so the total potential, which is the algebraic sum of the two 
potentials, is always positive. 

 6. A negative particle will have its electric potential energy decrease if it moves from a region of low 
electric potential to one of high potential. By Eq. 17–3, if the charge is negative and the potential 
difference is positive, then the change in potential energy will be negative and therefore decrease. 

 7. There is no general relationship between the value of V and the value of .E
�G

 Instead, the magnitude of 

E
�G

 is equal to the rate at which V decreases over a short distance. Consider the point midway between 
two positive charges. E

�G
 is 0 there, but V is high. Or consider the point midway between two negative 

charges. E
�G

 is also 0 there, but V is low, because it is negative. Finally, consider the point midway 
between positive and negative charges of equal magnitude. There E

�G
 is not 0, because it points toward 

the negative charge, but V is zero. 

 8. Two equipotential lines cannot cross. That would indicate that a region in space had two different 
values for the potential. For example, if a 40-V line and a 50-V line crossed, then the potential at the 
point of crossing would be both 40 V and 50 V, which is impossible. As an analogy, imagine contour 
lines on a topographic map. They also never cross because one point on the surface of the Earth cannot 
have two different values for elevation above sea level. Likewise, the electric field is perpendicular to 
the equipotential lines. If two lines crossed, then the electric field at that point would point in two 
different directions simultaneously, which is not possible. 

 9. The equipotential lines (in black) are perpendicular to the electric field lines (in red). 
 

   
 

 10. Any imbalance of charge that exists would quickly be resolved. Suppose the positive plate, connected 
to the positive terminal of the battery, had more charge than the negative plate. Then negative charges 
from the negative battery terminal would be attracted to the negative plate by the more charged 
positive plate. This would continue only until the negative plate had the same magnitude of charge as 
the positive plate. If the negative plate became “overcharged,” then the opposite transfer of charge 
would take place, again until equilibrium was reached. Another way to explain the balance of charge is 
that neither the battery nor the capacitor can create or destroy charge. Since they were neutral before 
they were connected, they must be neutral after they are connected. The charge removed from one 
plate appears as excess charge on the other plate. This is true regardless of the conductor size or shape. 

 11. (a) Once the two spheres are placed in contact with each other, they effectively become one larger 
conductor. They will have the same potential because the potential everywhere on a conducting 
surface is constant. 

 (b) Because the spheres are identical in size, an amount of charge /2Q  will flow from the initially 

charged sphere to the initially neutral sphere so that they will have equal charges. 
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 12. A force is required to increase the separation of the plates of an isolated capacitor because you are 
pulling a positive plate away from a negative plate. Since unlike charges attract, it takes a force to 
move the oppositely charged plates apart. The work done in increasing the separation goes into 
increasing the electric potential energy stored between the plates. The capacitance decreases, and the 
potential between the plates increases since the charge has to remain the same. 

 13. If the electric field in a region of space is uniform, then you can infer that the electric potential is 
increasing or decreasing uniformly in that region. For example, if the electric field is 10 V/m in a 
region of space, then you can infer that the potential difference between two points 1 meter apart 
(measured parallel to the direction of the field) is 10 V. 

If the electric potential in a region of space is uniform, then you can infer that the electric field there is 
zero. 

 14. The electric potential energy of two unlike charges is negative if we take the 0 location for potential 
energy to be when the charges are infinitely far apart. The electric potential energy of two like charges 
is positive. In the case of unlike charges, work must be done to separate the charges. In the case of like 
charges, work must be done to move the charges together. 

 15. (c) If the voltage across a capacitor is doubled, then the amount of energy it can store is quadrupled: 

  21PE
2

.CV=  

 16. (a) If the capacitor is isolated, then Q remains constant, and 
2

1PE 2
Q
C

=  becomes 
2

1PE 2
Q
KC

� =  and  

the stored energy decreases. 

 (b) If the capacitor remains connected to a battery so V does not change, then 21PE 2 CV=  becomes 

21PE
2

KCV� =  and the stored energy increases. 

 17. (a) When the dielectric is removed, the capacitance decreases by a factor of K. 

 (b) The charge decreases since Q CV=  and the capacitance decreases while the potential difference 

remains constant. The “lost” charge returns to the battery. 

 (c) The potential difference stays the same because it is equal to the battery voltage. 

 (d) If the potential difference remains the same and the capacitance decreases, then the energy stored 

in the capacitor must also decrease, since 21PE 2 .CV=  

 (e) The electric field between the plates will stay the same because the potential difference across 
the plates and the distance between the plates remain constant. 

 18. We meant that the capacitance did not depend on the amount of charge stored or on the potential 
difference between the capacitor plates. Changing the amount of charge stored or the potential 
difference will not change the capacitance. 

Responses to MisConceptual Questions 

 1. (b) The two different concepts, electric potential and electric potential energy, are often confused, 
since their names are so similar. The electric potential is determined by the electric field and is 
independent of the charge placed in the field. Therefore, doubling the charge will not affect the 
electric potential. The electric potential energy is the product of the electric potential and the 
electric charge. Doubling the charge will double the electric potential energy. 
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 2. (a) It is very important to realize that the electric field is a vector, while the electric potential is a 
scalar. The electric field at the point halfway between the two charges is the sum of the electric 
fields from each charge. The magnitudes of the fields will be the same, but they will point in 
opposite directions. Their sum is therefore zero. The electric potential from each charge is 
positive. Since the potential is a scalar, the net potential at the midpoint is the sum of the two 
potentials, which will also be positive. 

 3. (b) The net electric field at the center is the vector sum of the electric fields due to each charge. The 
fields will have equal magnitudes at the center, but the fields from the charges at opposite 
corners point in opposite directions, so the net field will be zero. The electric potential from each 
charge is a nonzero scalar. At the center the magnitudes of the four potentials are equal and sum 
to a nonzero value. 

 4. (d) A common misconception is that the electric field and electric potential are proportional to each 
other. However, the electric field is proportional to the change in the electric potential. If the 
electric potential is constant (no change), then the electric field must be zero. The electric 
potential midway between equal but opposite charges is zero, but the electric field is not zero at 
that point, so (a) is incorrect. The electric field midway between two equal positive charges is 
zero, but the electric potential is not zero at that point, so (b) is incorrect. The electric field 
between two oppositely charged parallel plates is constant, but the electric potential decreases as 
one moves from the positive plate toward the negative plate, so (c) is incorrect. 

 5. (b) It is commonly thought that it only takes 2W to bring together the three charges. However, it 
takes W to bring two charges together. When the third charge is brought in, it is repelled by both 
of the other charges. It therefore takes an additional 2W to bring in the third charge. Adding the 
initial work to bring the first two charges together gives a total work of 3W.  

 6. (e) A common misconception is that the electron feels the greater force because it experiences the 
greater acceleration. However, the magnitude of the force is the product of the electric field and 
the charge. Since both objects have the same magnitude of charge and are in the same electric 
field, they will experience the same magnitude force (but in opposite directions). Since the 
electron is lighter, it will experience a greater acceleration. 

 7. (c) It is often thought that the electron, with its greater acceleration and greater final speed, will have 
the greater final kinetic energy. However, the increase in kinetic energy is equal to the decrease 
in potential energy, which is the product of the object’s charge and the change in potential. 
However, in this situation, the increase in kinetic energy is equal to the decrease in electric 
potential energy, which is the product of the object’s charge and the change in electric potential 
through which it passes. The change in potential for each object has the same magnitude, but 
they have opposite signs since they move in opposite directions in the field. The magnitude of 
the charge of each object is the same, but they have opposite signs; thus they experience the 
same change in electric potential energy and therefore they have the same final kinetic energy. 

 8. (d), (e) The capacitance is determined by the shape of the capacitor (area of plates and separation 
distance) and the material between the plates (dielectric). The capacitance is the constant ratio of 
the charge on the plates to the potential difference between them. Changing the charge will 
change the potential difference but not the capacitance, so (d) is one correct answer. Changing 
the energy stored in a capacitor will change the charge on the plates and the potential difference 
between them, but will not change the capacitance, so (e) is also correct. 
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 9. (b) When the plates were connected to the battery, a charge was established on the plates. As the battery 
is disconnected, this charge remains constant on the plates. The capacitance decreases as the plates are 
pulled apart, since the capacitance is inversely proportional to the separation distance. For the charge 
to remain constant with smaller capacitance, the voltage between the plates increases. 

 10. (c) A vector has both direction and magnitude. Electric potential, electric potential energy, and 
capacitance all have magnitudes but not direction. Electric field lines have a direction at every 
point in space, and the density of the electric field lines gives us information about the 
magnitude of the electric field in that region of space. 

 11. (b) The similarity in the names of these concepts can lead to confusion. The electric potential is 
determined by the electric field and is independent of the charge placed in the field. Therefore, 
changing the charge will not affect the electric potential. The electric potential energy is the 
product of the electric potential and the electric charge. Changing the sign of the charge will 
change the sign of the electric potential energy. 

Solutions to Problems 

 1. The work done by the electric field can be found from Eq. 17–2b. 

  6 4ba
ba ba ba ( 7 7 10 C)( 65 V) 5 0 10 J

W
V W qV

q
Š Š= Š � = Š = Š Š . × + = . ×  

 2. The work done by the electric field can be found from Eq. 17–2b. 

  

19 17ba
ba ba ba

2

(1 60 10 C)( 45 V 125 V) 2 72 10 J

                                                   (1 )( 170 V) 1 70 10 eV

W
V W qV

q

e

Š Š= Š � = Š = Š . × Š Š = . ×

= Š Š = . ×

 

 3. Energy is conserved, so the change in potential energy is the opposite of the change in kinetic energy. 
The change in potential energy is related to the change in potential. 

  2 31 5 2
initial final

19

PE KE

KE KEKE (9 11 10 kg)(6 0 10 m/s)
1 025 V 1 0 V

2 2( 1 60 10 C)

q V

m
V

q q q
� Š

Š

� = � = Š� �

ŠŠ� . × . ×
� = = = = = Š . � Š .

Š . ×

 

The final potential should be lower than the initial potential in order to stop the electron.   

 4. The kinetic energy gained is equal to the work done on the electron by the electric field. The potential 
difference must be positive for the electron to gain potential energy. Use Eq. 17–2b. 

   

19 4 15ba
ba ba ba

4 4

( 1 60 10 C)(1 85 10 V) 2 96 10 J

                                                   ( 1 )(1 85 10 V) 1 85 10 eV

W
V W qV

q

e

Š Š= Š � = Š = Š Š . × . × = . ×

= Š Š . × = . ×

 

 5. The kinetic energy gained by the electron is the work done by the electric force. Use Eq. 17–2b to 
calculate the potential difference. 

  
16

ba
ba 19

6 45 10 J
4030 V

( 1 60 10 C)

W
V

q

Š

Š

. ×
= Š = Š =

Š . ×
 

The electron moves from low potential to high potential, so plate B is at the higher potential. 
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 6. We assume that the electric field is uniform. Use Eq. 17–4b, using the magnitude of the electric field. 

  4ba
3

220 V
3 2 10 V/m

6 8 10 m

V
E

d Š
= = = . ×

. ×
 

 7. The magnitude of the voltage can be found from Eq. 17–4b, using the magnitude of the electric field. 

  3ba
ba (525 V/m)(11 0 10 m) 5 78 V

V
E V Ed

d
Š= � = = . × = .  

 8. The distance between the plates is found from Eq. 17–4b, using the magnitude of the electric field. 

  2ba ba 45 V
2 4 10 m

1900 V/m

V V
E d

d E
Š= � = = = . ×  

 9. The gain of kinetic energy comes from a loss of potential energy due to conservation of energy, and 
the magnitude of the potential difference is the energy per unit charge. The helium nucleus has a 
charge of 2e. 

  
3

4PE KE 85 0 10 eV
4 25 10 V

2
V

q q e
� � . ×

� = = Š = Š = Š . ×  

The negative sign indicates that the helium nucleus had to go from a higher potential to a lower 
potential. 

 10. Find the distance corresponding to the maximum electric field, using Eq. 17–4b for the magnitude of 
the electric field. 

  5 5ba ba
6

45 V
1 5 10 m 2 10 m

3 10 V/m

V V
E d

d E
Š Š= � = = = . × � ×

×
 

 11. By the work-energy theorem, the total work done, by the external force and the electric field together, 
is the change in kinetic energy. The work done by the electric field is given by Eq. 17–2b. 

  
external electric final initial external B A final

4 4
external final

B A 6

KE KE KE

KE

( )

15 0 10 J 4 82 10 J
( ) 157 V

6 50 10 C

W W W q V V

W
V V

q

Š Š

Š

+ = Š � Š Š = �

Š . × Š . ×
Š = = = Š

Š . ×

 

Since the potential difference is negative, we see that a b.V V>  

 12. The kinetic energy of the electron is given in each case. Use the kinetic energy to find the speed. 

 (a) 
19

2 71
2 31

KE
KE

2 2(850 eV)(1 60 10 J/eV)
1 7 10 m/s

9 11 10 kg
m

m
� �

Š

Š

. ×
= � = = = . ×

. ×
 

 (b) 
3 19

2 71
2 31

KE
KE

2 2(0 50 10 eV)(1 60 10 J/eV)
1 3 10 m/s

9 11 10 kg
m

m
� �

Š

Š

. × . ×
= � = = = . ×

. ×
 

 13. The kinetic energy of the proton is given. Use the kinetic energy to find the speed. 

  
3 19

2 51
2 27

KE
KE

2 2(4 2 10 eV)(1 60 10 J/eV)
9 0 10 m/s

1 67 10 kg
m

m
� �

Š

Š

. × . ×
= � = = = . ×

. ×
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 14. The kinetic energy of the alpha particle is given. Use the kinetic energy to find the speed. 

  
6 19

2 71
2 27

KE
KE2 2(5 53 10 eV)(1 60 10 J/eV)

1 63 10 m/s
6 64 10 kg

m
m

� �
Š

Š

. × . ×
= � = = = . ×

. ×
 

 15. Use Eq. 17–4b without the negative sign in order to find the magnitude of the voltage difference. 

  6 3(3 10 V/m)(1 10 m) 3000 V
V

E V E x
x

Š�
= � � = � = × × =

�
 

No harm is done because very little charge is transferred between you and the doorknob. 

 16. (a) The electron was accelerated through a potential difference of 4.8 kV (moving from low 
potential to high potential) in gaining 4.8 keV of kinetic energy. The proton is accelerated 
through the opposite potential difference as the electron and has the exact opposite charge. Thus 
the proton gains the same kinetic energy, 4.8 keV . 

 (b) Both the proton and the electron have the same kinetic energy. Use that fact to find the ratio of 
the speeds. 

   
27

p2 2 e1 1
p p e e2 2 31

p e

1 67 10 kg
42 8

9 11 10 kg

Š

Š

. ×
= � = = = .

. ×

m
m m

m

�
� �

�
 

  The electron will be moving 42.8 times as fast as the proton. 

  17. 

 

 18. Use Eq. 17–5 to find the potential. 

  
6

9 2 2 5
1

0

1 3 00 10 C
(8 99 10 N m /C ) 1 80 10 V

4 1 50 10 m

Q
V

r��

Š

Š

. ×
= = . × 	 = . ×

. ×
 

 19. Use Eq. 17–5 to find the charge. 

  9
0 9 2 2

0

1 1
(4 ) (0 15 m)(165 V) 2 8 10 C

4 8 99 10 N m /C

Q
V Q rV

r
��

��
Š� § � ·

= � = = . = . ×� ¨ � ¸� ¨ � ¸. × 	� © � ¹
 

 20. The work required is the difference in potential energy between the two locations. The test charge has 

potential energy due to each of the other charges, given in Conceptual Example 17–7 as 1 2PE .
Q Q

k
r

=  

So to find the work, calculate the difference in potential energy between the two locations. Let Q 
represent the 35 Cµ  charge, let q represent the 0 50 Cµ.  test charge, and let d represent the 46-cm 

distance. 

  initial finalPE PE
/2 /2 [ /2 0 12 m] [ /2 0 12 m]

kQq kQq kQq kQq
d d d d

= + = +
Š . + .
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final initial

9 2 2 6 6 1

PE PEWork 2
[ /2 0.12 m] [ /2 0.12 m] /2

1 1 2
[0.23 m 0.12 m] [0.23 m 0.12 m] 0.23 m

(8.99 10 N m /C )(35 10 C)(0.50 10 C)(3.25 m ) 0.5117 J 0.51 J

kQq kQq kQq
d d d

kQq

Š Š Š

� § � ·= Š = + Š � ¨ � ¸Š + � © � ¹

� ª � º
= + Š� « � »Š +� ¬ � ¼

= × 	 × × = �

 

An external force needs to do positive work to move the charge. 

 21. (a) The electric potential is given by Eq. 17–5. 

   
19

9 2 2 5 5
15

0

1 1 60 10 C
(8 99 10 N m /C ) 5 754 10 V 5 8 10 V

4 2 5 10 m

Q
V

r��

Š

Š

. ×
= = . × 	 = . × � . ×

. ×
 

 (b) The potential energy of a pair of charges is derived in Conceptual Example 17.7. 

  
19 2

9 2 2 141 2
15

PE
(1 60 10 C)

(8 99 10 N m /C ) 9 2 10 J 0 58 MeV
2 5 10 m

Q Q
k

r

Š
Š

Š

. ×
= = . × 	 = . × = .

. ×
 

 22. The potential at the corner is the sum of the potentials due to each of the charges, found using Eq. 17–5. 

  
(3 ) ( 2 ) 1

1 (2 2)
22 2

k Q kQ k Q kQ kQ
V

Š � § � ·
= + + = + = +� ¨ � ¸

� © � ¹� A � A � A � A�A
 

 23. By energy conservation, all of the initial potential energy will change to kinetic energy of the electron 
when the electron is far away. The other charge is fixed and has no kinetic energy. When the electron 
is far away, there is no potential energy. 

  

21
initial final initial final 2

9 2 2 19 9

31

6

PE KE
( )( )

2 ( )( ) 2(8 99 10 N m /C )( 1 60 10 C)( 6 50 10 C)

(9 11 10 kg)(0 245 m)

  9 15 10 m/s

k e Q
E E m

r

k e Q
mr

�

�
Š Š

Š

Š
= � = � = �

Š . × 	 Š . × Š . ×
= =

. × .

= . ×

 

 24. By energy conservation, all of the initial potential energy of the charges will change to kinetic energy 
when the charges are very far away from each other. By momentum conservation, since the initial 
momentum is zero and the charges have identical masses, the charges will have equal speeds in 
opposite directions from each other as they move. Thus each charge will have the same kinetic energy. 

  
2

21
initial final initial final 2

PE KE 2( )
kQ

E E m
r

�= � = � = �  

  
2 9 2 2 6 2

3
6

(8 99 10 N m /C )(9 5 10 C)
3 9 10 m/s

(1 0 10 kg)(0 053 m)

kQ
mr

�
Š

Š

. × 	 . ×
= = = . ×

. × .
 

 25. (a) Because of the inverse square nature of the electric 
field, any location where the field is zero must be 
closer to the weaker charge 2( ).q  Also, in between 

the two charges, the fields due to the two charges 

 dx

1 0q >2 0q <
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are parallel to each other (both to the left) and cannot cancel. Thus the only places where the 
field can be zero are closer to the weaker charge, but not between them. In the diagram, they are 
labeled x. Take the positive direction to the right. 

   

2 2 21
2 12 2

6
2

26 6
1 2

0 ( )
( )

2 0 10 C
(4 0 cm) 18 cm left of

3 0 10 C 2 0 10 C

q q
E k k q d x q x

x d x

q
x d q

q q

Š

Š Š

= Š = � + = �
+

. ×
= = . =

Š . × Š . ×

 

 (b) The potential due to the positive charge is positive 
everywhere, and the potential due to the negative 
charge is negative everywhere. Since the negative 
charge is smaller in magnitude than the positive 
charge, any point where the potential is zero must be closer to the negative charge. So consider 
locations between the charges (position 1)x  and to the left of the negative charge (position 2)x  

as shown in the diagram. 

   

6
1 2 2

location 1 1 6
1 1 2 1

6
1 2 2

location 2 2 6
2 2 1 2

( 2.0 10 C)(4.0 cm)
0

( ) ( ) ( 5.0 10 C)

( 2.0 10 C)(4.0 cm)
0 8.0 cm

( ) ( ) (1.0 10 C)

Š

Š

Š

Š

Š ×
= + = � = =

Š Š Š ×

Š ×
= + = � = Š = Š =

+ + ×

kq kq q d
V x

d x x q q

kq kq q d
V x

d x x q q

 

  So the two locations where the potential is zero are 1.6 cm from the negative charge toward the 
positive charge and 8.0 cm from the negative charge away from the positive charge. 

 26. Let the side length of the equilateral triangle be .�A Imagine bringing the 

electrons in from infinity one at a time. It takes no work to bring the first 
electron to its final location, because there are no other charges present. 
Thus 1 0.W =  The work done in bringing in the second electron to its 

final location is equal to the charge on the electron times the potential 
(due to the first electron) at the final location of the second electron. 

Thus 
2

2
0 0

1 1
( ) .

4 4
e e

W e
L�� ��

� § � ·
= Š Š =� ¨ � ¸

� © � ¹�A
 The work done in bringing the third electron to its final 

location is equal to the charge on the electron times the potential (due to the first two electrons). Thus 
2

3
0 0 0

1 1 1 2
( ) .

4 4 4
e e e

W e
�� �� ��

� § � ·
= Š Š Š =� ¨ � ¸

� © � ¹� A � A � A
 The total work done is the sum 1 2 3.W W W+ +  

 

2 2 2 9 2 2 19 2

1 2 3 10
0 0 0

18 18
19

1 1 2 1 3 3(8 99 10 N m /C )(1 60 10 C)
0

4 4 4 (1 0 10 m)

1 eV
6 9 10 J 6 9 10 J 43 eV

1 60 10 J

e e e
W W W W

�� �� ��

Š

Š

Š Š
Š

. × 	 . ×
= + + = + + = =

. ×

� § � ·
= . × = . × =� ¨ � ¸� ¨ � ¸. ×� © � ¹

� A � A � A
 

 27. (a) The potential due to a point charge is given by Eq. 17–5. 

   
ba b a

b a b a

9 2 2 6 4

1 1

1 1
(8 99 10 N m /C )( 3 8 10 C) 1 6 10 V

0 88 m 0 62 m

kq kq
V V V kq

r r r r

Š

� § � ·
= Š = Š = Š� ¨ � ¸

� © � ¹

� § � ·
= . × 	 Š . × Š = . ×� ¨ � ¸. .� © � ¹

 

�A

eŠ eŠ

eŠ

�A

�A

  d
1x2x

1 0q >2 0q <
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 (b) The magnitude of the electric field due to a point charge 
is given by Eq. 16–4a. The direction of the electric field 
due to a negative charge is toward the charge, so the 
field at point a will point downward, and the field at 
point b will point to the right. See the vector diagram. 

   

9 2 2 6
4

b 2 2

9 2 2 6
4

a 2 2

2 2 4 2 4 2
b a a b

(8.99 10 N m /C )(3.8 10 C)
right right 4.4114 10 V/m, right

(0.88 m)

(8.99 10 N m /C )(3.8 10 C)
down down 8.8871 10 V/m, down

(0.62 m)

(4.4114 10 V/M) (8.8871 10 V/m) 9.

b

b

k q

r

k q

r

E E

Š

Š

× 	 ×
= = = ×

× 	 ×
= = = ×

Š = + = × × =

E

E

E E

�G

�G

� G � G 4

1 1a

b

9 10 V/m

88871
tan tan 64

44114

E

E

 Š Š

×

= = = °

 

 28. The potential energy of the two-charge configuration (assuming they are both point charges) is given 
in Conceptual Example 17–7. Note that the charges have equal but opposite charge. 

  

2
1 2

2
final initial

initial final

9 2 2 19 2
9 9 19

PE

PE PE PE
1 1

1 1 1 eV
(8 99 10 N m /C )(1 60 10 C)
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Q Q e
k k

r r

ke
r r

Š
Š Š Š

= = Š

� § � ·
� = Š = Š� ¨ � ¸

� © � ¹

� § � · � § � ·
= . × 	 . × Š� ¨ � ¸� ¨� ¸� ¨ � ¸� ¨� ¸. × . × . ×� © � ¹� ©� ¹
= Š .

 

Thus 1.3 eV of potential energy was lost. 

 29. We assume that all of the energy the proton gains in being accelerated by the 
voltage is changed to potential energy just as the proton’s outer edge reaches 
the outer radius of the silicon nucleus. 

  initial final initialPE PE
(14 )e e

eV k
r

= � = �  

  
19

9 2 2 6
initial 15

14 (14)(1 60 10 C)
(8 99 10 N m /C ) 4 2 10 V

(1 2 3 6) 10 m

e
V k

r

Š

Š

. ×
= = . × 	 = . ×

. + . ×
 

 30. Use Eq. 17–5. 

  
BA B A

( ) ( ) 1 1 1 1

1 1 2 (2 )
       2

( )

kq k q kq k q
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d b b b d b d b b b d b

kq b d
kq

d b b b d b

Š Š� § � · � § � · � § � ·= Š = + Š + = Š Š +� ¨ � ¸ � ¨ � ¸ � ¨ � ¸Š Š Š Š� © � ¹ � © � ¹ � © � ¹

Š� § � ·= Š =� ¨ � ¸Š Š� © � ¹

 

 31. (a) The electric potential is found from Eq. 17–5. 
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 (b) The kinetic energy can be found from the fact that the magnitude of the net force on the electron, 
which is the attraction by the proton, is causing circular motion. 

   

2 2 2
p e 2 2e 1 1KEnet e e2 22

atom atom atonatom
19 2

9 2 2 18 181
2 10

18
19

(1.60 10 C)
(8.99 10 N m /C ) 2.171 10 J 2.2 10 J
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1 eV
2.171 10 J 13.57 eV 14 eV

1.60 10 J

q qm e e
F k m k m k

r r rr

�
� �

Š
Š Š

Š

Š
Š

== = � = � =

×
= × 	 = × � ×

×

= × × �
×

 

 (c) The total energy of the electron is the sum of its KE and PE. The PE is found from Eq. 17–2a and 
is negative since the electron’s charge is negative. 

   

2 2 2
21 1 1

total e2 2 2
atom atom atom

18 18

PE KE

2 171 10 J 2 2 10 J 14 eV

e e e
E eV m k k k

r r r
�

Š Š

= + = Š + = Š + = Š

= Š . × � Š . × � Š

 

 (d) If the electron is taken to infinity at rest, then both its PE and KE would be 0. The amount of 
energy needed by the electron to have a total energy of 0 is just the opposite of the answer to  

part (c), 182 2 10 JŠ. ×  or 14 eV . 

 32. The dipole moment is the product of the magnitude of one of the charges and the separation distance. 

   19 10 30(1 60 10 C)(0 53 10 m) 8 5 10 C mp Q Š Š Š= = . × . × = . × 	�A  

 33. The potential due to the dipole is given by Eq. 17–6b. 

 (a) 
9 2 2 30
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 (b) 
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 (c) 
9 2 2 30
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cos (8 99 10 N m /C )(4 2 10 C m) cos 135
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r


 Š

Š

. × 	 . × 	 °
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   34 6 10 VŠ= Š . ×  

 34. We assume that 1p
�G

 and 2p
�G

 are equal in magnitude and that each makes a 52°  angle with p.
�G

 The 

magnitude of 1p
�G

 is also given by 1 ,p qd=  where q is the charge on the hydrogen atom and d  is the 

distance between the H and the O. 
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 35. The capacitance is found from Eq. 17–7. 

  
3

62 5 10 C
2 6 10 F

960 V
Q

Q CV C
V

Š
Š. ×

= � = = = . ×  

 36. The voltage is found from Eq. 17–7. 
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9
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Q
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C
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Š
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= � = = =

. ×
 

 37. We assume the capacitor is fully charged, according to Eq. 17–7. 

  6 5(5 00 10 F)(12 0 V) 6 00 10 CQ CV Š Š= = . × . = . ×  

 38. The area can be found from Eq. 17–8. 

 
3

7 20
12 2 2

0
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A Cd
C A

d

�
�

Š

Š

. . ×
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. × 	
 

Note that this is not very realistic—if it were square, each side would be about 8500 m. 

 39. Let 1Q  and 1V  be the initial charge and voltage on the capacitor, and let 2Q  and 2V  be the final 

charge and voltage on the capacitor. Use Eq. 17–7 to relate the charges and voltages to the capacitance. 

  
1 1 2 2 2 1 2 1 2 1
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( )
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6 3 10 F

24 V

Q CV Q CV Q Q CV CV C V V
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C
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Š ×
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 40. The desired electric field is the value of /V d  for the capacitor. Combine Eq. 17–7 and Eq. 17–8 to 
find the charge. 

  

12 2 2 4 2 50
0

8
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3 39 10 C
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d

�
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 41. Combine Eq. 17–7 and Eq. 17–8 to find the area. 
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 42. The work to move the charge between the capacitor plates is ,W qV=  where V is the voltage 
difference between the plates, assuming that q Q<<  so that the charge on the capacitor does not 

change appreciably. The charge is then found from Eq. 17–7. 
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3
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The assumption that q Q<< is justified. 
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