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7 
Rotational Motion and the Law of Gravity 

QUICK QUIZZES 

 1. Choice (c). For a rotation of more than 180°, the angular displacement must be larger than  The angular 
displacements in the three choices are (a)  (b)  (c)  

 2. Choice (b). Because all angular displacements occurred in the same time interval, the displacement with the lowest 
value will be associated with the lowest average angular speed. 

 3. Choice (b). From 

   

 it is seen that the case with the smallest angular displacement involves the highest angular acceleration. 

 4. Choice (b). All points in a rotating rigid body have the same angular speed. 

 5. Choice (a). Andrea and Chuck have the same angular speed  but Andrea moves in a circle with twice the radius of the 
circle followed by Chuck. Thus, from  it is seen that Andrea’s tangential speed is twice Chuck’s. 

 6. 1. Choice (e). Since the tangential speed is constant, the tangential acceleration is zero. 

 2. Choice (a). The centripetal acceleration, , is inversely proportional to the radius when the tangential speed 
is constant. 

 3. Choice (b). The angular speed, , is inversely proportional to the radius when the tangential speed is constant. 

 7. Choice (c). Both the velocity and acceleration are changing in direction, so neither of these vector quantities is constant. 

 8. Choices (b) and (c). According to Newton’s law of universal gravitation, the force between the ball and the Earth 
depends on the product of their masses, so both forces, that of the ball on the Earth, and that of the Earth on the ball, are 
equal in magnitude. This follows also, of course, from Newton’s third law. The ball has large motion compared to the 
Earth because, according to Newton’s second law, the force gives a much greater acceleration to the small mass of the 
ball. 

 9. Choice (e). From  the gravitational force is inversely proportional to the square of the radius of the orbit. 

10. Choice (d). The semimajor axis of the asteroid’s orbit is 4 times the size of Earth’s orbit. Thus, Kepler’s third law 
 indicates that its orbital period is 8 times that of Earth. 

ANSWERS TO WARM-UP EXERCISES 

1. (a) The distance around the track is equal to its circumference: 

   ( )2 2 125 m 785 mc rπ π= = =   

 (b) One full circuit of the track is 2p radians, therefore, 

   ( )275 m 2  radians 2.20 radians
785 m

θ π⎛ ⎞= =⎜ ⎟
⎝ ⎠

  

2. (a) To convert degrees to radians, we use 360 2  radians:π° =  

   ( ) 2  radians47.0 47.0 0.820 rad
360

π⎛ ⎞° = ° =⎜ ⎟°⎝ ⎠
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 (b) Again, we use 360 2  radians:π° =  

   ( ) 3602.35 rad 2.35 rad 135
2  radiansπ

°⎛ ⎞= = °⎜ ⎟
⎝ ⎠

  

 (c) We use Equation 7.1: 

   ( )( )          1.70 m 0.820 rad 1.39 ms s r
r

θ θ= → = = =   

3. (a) We will use 60 s = 1 min and 1 rev 2  radians:π=  

   
rev rev12.0 12.0 
min

=
min

1 min⎛ ⎞
⎜ ⎟
⎝ ⎠

2  rad
60 s 1 rev

π⎛ ⎞
⎜ ⎟
⎝ ⎠

1.26 rad/s
⎛ ⎞

=⎜ ⎟
⎝ ⎠

  

 (b) We will once again use 60 s = 1 min and 1 rev 2  radians:π=  

   
rad rad 60 s 1 rev2.57 2.57 24.5 rev/min
s s 1 min 2  radπ

⎛ ⎞⎛ ⎞⎛ ⎞= =⎜ ⎟⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠⎝ ⎠

 

4. (a) From Equation 7.3, the average angular speed is given by 

   av
8.60 rad 1.43 rad/s
6.00 s

f i

f it t t
θ θ θω

− Δ= = = =
− Δ   

 (b) We find the average angular acceleration from 

   2
av

3.30 rad/s 0 0.550 rad/s
6.00 s

f i

f it t t
ω ω ωα

− Δ −= = = =
− Δ   

5. The planet travels through 2π rad in 1.00 yr. We first compute the number of seconds in one year: 

  1 yr 1 yr= ( ) 365 days
1 yr

24 h⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠ 1 day

3 600 s
1 h

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

73.15 10  s⎛ ⎞ = ×⎜ ⎟
⎝ ⎠

  

 Its angular speed is 

   7
7

2  rad 1.99 10  rad/s
3.15 10  st

θ πω −Δ= = = ×
Δ ×

  

6. (a) The angular acceleration of the grindstone is calculated from  

   212.0 rad/s 4.00 rad/s 2.00 rad/s
4.00 st

ωα Δ −= = =
Δ

  

 (b) We use Equation 7.8: 

   ( )( ) ( )( )

2

22

1
2

14.00 rad/s 4.00 s 2.00 rad/s 4.00 s
2

32.0 rad

it tθ ω αΔ = +

= +

=
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7. (a) We use Equation 7.11 relating tangential acceleration to angular acceleration: 

   ( )( )2 20.380 m 1.60 rad/s 0.608 m/sta rα= = =   

 (b) From Equation 7.10 relating tangential speed to angular speed, we obtain 

   
11.0 m/s 28.9 rad/s
0.380 m

t

r
υω = = =   

 (c) We use Equation 7.9 to obtain 

   
( )

( )
22 2

2

28.9 rad/s 0
262 rad

2 2 1.60 rad/s
iω ωθ

α
−−

Δ = = =   

 (d) The distance traveled by the bicyclist is found from  

   ( ) ( )( )0.380 m 262 rad 99.5 ms r θΔ = Δ = =   

8. (a) From Equation 7.13 the magnitude of the car’s centripetal acceleration is 

   ( )22
218.0 m/s

5.40 m/s
60.0 mca

r
υ= = =   

 (b) On a flat road, Newton’s second law in the radial direction gives 

   
2

r s cF f ma m
r

υ= = =∑   

  or 

   ( ) ( )22
318.0 m/s

1 230 kg 6.64 10  N
60.0 msf m

r
υ ⎡ ⎤

= = = ×⎢ ⎥
⎢ ⎥⎣ ⎦

  

9. (a) At the top of the path, Newton’s second law in the radial (vertical) direction, with inward (downward) as the 
 positive direction, gives 

   
2

r cF T mg ma m
r

υ= + = =∑   

  Solving for the tension, we obtain 

   
( ) ( )

2 2

2
24.00 m/s

0.20 kg 9.80 m/s 4.44 N
0.500 m

T m mg m g
r r

υ υ⎛ ⎞
= − = −⎜ ⎟

⎝ ⎠
⎡ ⎤

= − =⎢ ⎥
⎢ ⎥⎣ ⎦

  

 (b) At the top of the path, Newton’s second law in the radial (vertical) direction, with inward (upward) as the  

  positive direction, gives 

   
2

r cF T mg ma m
r

υ= − = =∑   

  Solving for the tension, we obtain 
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( ) ( )

2 2

2
24.00 m/s

0.20 kg 9.80 m/s 8.36 N
0.500 m

T m mg m g
r r

υ υ⎛ ⎞
= + = +⎜ ⎟

⎝ ⎠
⎡ ⎤

= + =⎢ ⎥
⎢ ⎥⎣ ⎦

  

10. (a) From Equation 7.20, the gravitational force between the planet and its moon is 

   ( ) ( ) ( )
( )

2

24 22
11 3 2

28

20

5.98 10  kg 7.36 10  kg
6.673 10  m /kg s

3.84 10  m

1.99 10  N

p m
g

m m
F G

r

−

=

× ×
= × ⋅

×

= ×

  

 (b) From Newton’s second law, 

   
20

3 2
22

1.99 10  N 2.71 10  m/s
7.36 10  kg

g
m

m

F
a

m
−×= = = ×

×
  

 (c) Again, from Newton’s second law, 

   
20

5 2
24

1.99 10  N 3.33 10  m/s
5.98 10  kg

g
p

p

F
a

m
−×= = = ×

×   

11. (a) The magnitude of the gravitational acceleration near Earth’s surface is 

   2
E

E

GM
g

R
=   

  If the mass of the planet is 2ME and its radius is 2RE, then the gravitational acceleration at its surface is (2/22) = 
 0.5 times that of Earth, or  

   planet 0.5g g=   

12. (a) We find the orbital period of the satellite from Equation 7.23, Kepler’s third law: 

  

( ) ( ) ( )

2
3

2 36
11 3 2 23

4

4

4 7.20 10  m
6.673 10  m /kg s 9.40 10  kg

1.53 10  s

p

T r
GM

π

π
−

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠

⎡ ⎤
⎢ ⎥= ×

× ⋅ ×⎢ ⎥⎣ ⎦

= ×

  

  To find the orbital speed, we divide the distance traveled in one orbit by the orbital period: 

   ( )6
3

4

2 7.20 10  m2 2.95 10  m/s
1.53 10  s

d r
T T

ππυ
×

= = = = ×
×

  

 (b) From part (a), 

   41.53 10  sT = ×   
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13. We use Equation 7.22 to find the escape velocity from this world: 

   

( )( )11 3 2 24

esc 6

4

2 6.673 10  m /kg s 9.10 10  kg2
6.80 10  m

1.34 10  m/s

GM
R

υ
−× ⋅ ×

= =
×

= ×

  

14. (a) We use Equation 7.21. The final position of the capsule is rf = 1.20 × 107 m – 3.00 × 106 m = 9 × 106 m, and the 
 change in the system’s gravitational potential energy is 

 ( )( )( )11 3 2 24

7 6

9

1 1

6.673 10  m /kg s 5.98 10  kg 645 kg

1 1                                                
1.20 10  m 9.00 10  m

7.15 10  J

E E
f i E

f i i f

GM m GM m
PE PE PE GM m

r r r r
−

⎛ ⎞⎛ ⎞
Δ = − = − − − = −⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

= × ⋅ ×

⎛ ⎞× −⎜ ⎟× ×⎝ ⎠

= − ×

  

 (b) We use conservation of energy for the Earth-capsule system: 

   0          KE PE KE PEΔ + Δ = → Δ = −Δ   

  or 

   21 0
2

KE mv PE⎛ ⎞Δ = − = −Δ⎜ ⎟
⎝ ⎠

  

  Solving for the speed of the capsule gives 

   ( ) ( )9
3

2 7.15 10  J2
4.71 10  m/s

645 kg
PE

v
m

×−Δ
= = = ×   

15. (a) We use the simple form of Keper’s third law, T2 = a3, noting that with the orbital period in years, we obtain 
the semimajor axis in AU, to find 

   ( )2 / 32 / 3 76.3 yr 18.0 AUa T= = =   

 (b) In an elliptical orbit, the minimum and maximum distances from the Sun (the perihelion and the aphelion) add 
to twice the length of the semimajor axis, so that 

   ( )max min2 2 18.0 AU 0.610 AU 35.4 AUd a d= − = − =   

ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS 

 2. The statement is wrong for two reasons. First, gravity is the centripetal force that keeps the astronauts and their space-
craft in orbit around the Earth, so the astronauts aren’t beyond gravity’s influence.  Second, weight is the magnitude of 
the gravitational force, so astronauts in Earth orbit have weight, although it’s lower than on Earth’s surface.  Because 
they are freely falling around the Earth along with their spacecraft environment, gravity doesn’t press them against the 
cabin’s walls or floor, giving rise to the feeling of weightlessness. The same feeling of weightlessness would occur in a 
freely falling elevator. 

 4. To a good first approximation, your bathroom scale reading is unaffected because you, the Earth, and the scale are all in 
free fall in the Sun’s gravitational field, in orbit around the Sun. To a precise second approximation, you weigh slightly 
less at noon and at midnight than you do at sunrise or sunset. The Sun’s gravitational field is a little weaker at the center 
of the Earth than at the surface sub-solar point, and a little weaker still on the far side of the planet. When the Sun is 
high in your sky, its gravity pulls up on you a little more strongly than on the Earth as a whole. At midnight the Sun 
pulls down on you a little less strongly than it does on the Earth below you. So you can have another doughnut with 
lunch, and your bedsprings will still last a little longer. 
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 6. Consider one end of a string connected to a spring scale and the other end connected to an object, of true weight  
The tension T in the string will be measured by the scale and construed as the apparent weight. We have 

 This gives  Thus, the apparent weight is less than the actual weight by the term  
At the poles the centripetal acceleration is zero, and  However, at the equator the term containing the centripetal 
acceleration is non-zero, and the apparent weight is less than the true weight. 

 8. (a) If the acceleration is constant in magnitude and perpendicular to the velocity, the object is moving in a circular path 
at constant speed. 

 (b) If the acceleration is parallel to the velocity, the object moves in a straight line, and is either speeding up (υ and a 
in same direction) or slowing down (υ and a in opposite directions). 

10. Kepler’s second law says that equal areas are swept out in equal times by a line drawn from the Sun to the planet. For 
this to be so, the planet must move fastest when it is closest to the Sun. This occurs during the winter season in the 
northern hemisphere. 

12. (a) Velocity is north at A, west at B, and south at C. 

 (b) The acceleration is west at A, nonexistent at B, east at C, to be radially inward. 

ANSWERS TO EVEN NUMBERED PROBLEMS 

 2. (a) 2.1 m (b)  (c)  

 4. (a)  (b) Yes. 

 6.  

 8. (a) The tire is slowing down, so the second drop was released with a smaller initial velocity. 

 (b)  

10. 51 revolutions 

12. (a)  (b)  

 (c) 76° counterclockwise from the +x-axis 

14. (a) 5.25 s (b) 27.6 rad 

16.  

18. No. The required maximum tension in the vine is  

20. (a) the static friction force; slipping starts when . 

 (b) 6.55 s 

22. (a)  (b) 700 N 

24.  

26. (a) a normal force exerted by the “floor” of the cabin 

 (b)  (c) 294 N (d)  

 (e)  (f) 8.98 s (g) slower; 5.74 m/s 
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28. (a)  (b)  (c)  

 (d)  

30. (a) the gravitational force and a contact force exerted by the pail 

 (b) the contact force (the gravitational force alone would produce projectile motion) 

 (c) No, the motion would be identical to projectile motion. 

32. (a) 25 kN (b)  

34. (a)  (b)  

36. (a)  (b)  (c)  

38.  

40. The two masses are 2.00 kg and 3.00 kg. 

42. (a)  (b)  

44. (a)  (b) 3.98 h (c)  

46.  

48.   

50. (a)  (b)  (c)  

 (d)  (e) 5.81 km 

52. (a)   (b)  

54. (a) 8.42 N (b) 64.8° (c) 1.67 N 

56. See Solution. 

58. (a)   (b)   

60. (a) See Solution. (b) See Solution. 

 (c) The seat exerts the greatest force on the passenger at the bottom of the loop. 

 (d)  

62. 12.8 N 

64.  

66. (a) 0  (b) 1.3 kN (c) 2.1 kN 
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68. (a)   (b) 196 N 

 (c) With the right speed, the needed centripetal force at the top of the loop can be made exactly equal to the 
gravitational force. At this speed, the normal force exerted on the pilot by the seat (his apparent weight) will be 
zero, and the pilot will have the sensation of weightlessness. 

 (d)  

70. (a) a downward gravitation force and a tension force that is directed toward the center of the circular path 

 (b) See Solution. (c) 6.05 N (d)   

72. (a)   (b) 80°  (c) 1.7 m 

 (d) No. Flying slower increases the minimum radius of achievable turns. 

74. (a)   (b) 54°  (c)   

76. 0.75 m 

PROBLEM SOLUTIONS 

 7.1 (a) Earth rotates  radians (360°) on its axis in 1 day. Thus, 

      

 (b) Because of its rotation about its axis,  

 7.2 The distance traveled is  where θ  is in radians. 

 (a) For 30°,   

 (b) For 30 radians,       

 (c) For 30 revolutions,    

 7.3 (a)  

 (b) The car travels a distance equal to the circumference of the tire for every revolution the tire makes if there is no 
slipping of the tire on the roadway. Thus, the number of revolutions made during the warranty period is 

      

 7.4 (a)  

 (b)  When an object starts from rest, its angular speed is related to the angular acceleration and time by the equa-
tion  Thus, the angular speed is directly proportional to both the angular acceleration and the time in-
terval. If the time interval is held constant, doubling the angular acceleration will double the angular speed attained 
during the interval. 
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 7.5 (a)  

 (b)  

     

 7.6  

  

 Thus,  

 7.7 (a) From  the angular displacement is 

      

 (b) From the equation given above for  observe that when the angular acceleration is constant, the displacement 
is proportional to the difference in the squares of the final and initial angular speeds. Thus, the angular displace-
ment would  if both of these speeds were doubled. 

 7.8 (a) The maximum height h depends on the drop’s vertical speed at the instant it leaves the tire and becomes a projec-
tile. The vertical speed at this instant is the same as the tangential speed,  of points on the tire. Since the 

second drop rose to a lesser height,  during the intervening rotation of the 
tire. 

 (b) From  with , and  the relation between the tangen-
tial speed of the tire and the maximum height  is found to be 

        or    

  Thus, the angular speed of the tire when the first drop left was  and when the second drop left, 

the angular speed was  From , with  the angular accel-

eration is found to be 

       

  or    
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 7.9 Main Rotor:   

      

 Tail Rotor:   

     

7.10 We will break the motion into two stages: (1) an acceleration period and (2) a deceleration period. 

 The angular displacement during the acceleration period is 

     

 and while decelerating, 

     

 The total displacement is    

7.11 (a) The linear distance the car travels in coming to rest is given by  as 

      

  Since the car does not skid, the linear displacement of the car and the angular displacement of the tires are related 
by  Thus, the angular displacement of the tires is 

      

 (b) When the car has traveled 120 m (one half of the total distance), the linear speed of the car is 

      

  and the angular speed of the tires is 

     

7.12 (a) The angular speed is  

 (b) Since the disk has a diameter of 45.0 cm, its radius is . Thus, 
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  and    

 (c) The angular displacement of the disk is 

      

  and the final angular position of the radius line through point P is 

     

  or it is at  after turning 19° beyond one full revolution. 

7.13 From  we find the initial angular speed to be 

     

 The angular acceleration is then 

     

7.14 (a) The initial angular speed is 

      

  The time to stop (i.e., reach a speed of  with  is 

     

 (b)  

7.15 (a) The car travels 235 m at constant speed in an elapsed time of 36.0 s. Its constant speed is therefore 

     

 (b) The angular displacement of the car during the 36.0 s time interval is one-fourth of a full circle or  
Thus, the radius of the circular path is 

     

  During the 36.0 s interval, the car has zero tangential acceleration, but does have a centripetal acceleration of con-
stant magnitude 
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  This acceleration is always directed  Therefore, when the car is at point B, 
the vector expression for the car’s acceleration is 

      

7.16 The radius of the cylinder is . Thus, from  the required angular velocity 

is 

     

7.17 (a) The tangential acceleration of the bug as the disk speeds up is 

      

 (b) The final tangential speed of the bug is 

      

 (c) Since the bug has constant angular acceleration, and hence constant tangential acceleration  the tan-
gential acceleration at t = 1.00 is  as above.  

 (d) At t = 1.00 s, the tangential velocity of the bug is 

     

  and the radial or centripetal acceleration is 

      

 (e) The total acceleration is  and the angle this acceleration makes with the direc-

tion of  is 

     

7.18 In order for the archeologist to make it safely across the river, the vine must be capable of giving him a net acceleration 
of  upward as he passes through the lowest point on the swing with a speed of  Thus, 

with  being the tension in the vine, the net force acting on the archeologist at the lowest point is , 
giving the required minimum tensile strength of the vine as 
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7.19 (a) The tension in the string must counteract the radial component of the object’s weight, and also supply the needed 
centripetal acceleration. 

     
 

 

   

   

 (b) The net tangential force acting on the object is , so the tangential acceleration has magnitude 

     

  and is directed  

  The radial component of the acceleration is 

      

 (c) The total acceleration has magnitude 

      

  or    

  at   

   

   

 (d)  in answers if the object is swinging toward the equilibrium point instead of away from it. 
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 (e) If the object is swinging toward the equilibrium position, it is gaining speed, whereas it is losing speed if it is 
swinging away from the equilibrium position. In both cases, when the cord is 20.0° from the vertical, the tangen-
tial, centripetal, and total accelerations have the magnitudes and directions calculated in parts (a) through (c). 

7.20 (a) The natural tendency of the coin is to move in a straight line (tangent to the circular path of radius 15.0 cm), and 
hence, go farther from the center of the turntable. To prevent this,  must act toward the 
center of the turntable and supply the needed centripetal force. When the necessary centripetal force exceeds the 
maximum value of the static friction force, , the coin begins to slip. 

 (b) When the turntable has angular speed , the required centripetal force is . Thus, if the coin is not to slip, 
it is necessary that  

  or    

  With a constant angular acceleration of , the time required to reach the critical angular speed is 

     

7.21 (a) From , we have 

      

 (b) The tension is  by a factor of 

      

7.22 (a) If T is the tension in each of the two support chains, the net force acting on the child at the lowest point on the cir-
cular path is  

     

  so the speed at this point is 

       

 (b) The upward force the seat exerts on the child at this lowest point is 

      

7.23 Friction between the tires and the roadway is capable of giving the truck a maximum centripetal acceleration of 

     

 If the radius of the curve changes to 75.0 m, the maximum safe speed will be 
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7.24 Since , the needed angular velocity is 

      

       

7.25 (a)  

 (b)  

 (c) We know the centripetal acceleration is produced by the force of friction. Therefore, the needed static friction force 
is . Also, the normal force is . Thus, the minimum coefficient of friction required is 

     

  Such a large coefficient of friction is unrealistic, and she will not be able to stay on the merry-go-round. 

7.26 (a) The only force acting on the astronaut is  exerted on him by the “floor” of the cabin. 

   

 (b)  

 (c) If , then 

      

 (d) From the equation in Part (b),  

 (e) Since , we have 

     

 (f) The period of rotation is 
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 (g) Upon standing, the astronaut’s head is moving slower than his feet because his head is closer to the axis of rotation. 
When standing, the radius of the circular path followed by the head is , and the 
tangential speed of the head is 

     

7.27 (a) Since the 1.0-kg mass is in equilibrium, the tension in the string is 

     

 (b) The tension in the string must produce the centripetal acceleration of the puck. Hence, . 

 (c) From , we find 

      

7.28 (a) Since the mass m2 hangs in equilibrium on the end of the string, 

      or   

 (b) The puck moves in a circular path of radius R and must have an acceleration directed toward the center equal to 
. The only force acting on the puck and directed toward the center is the tension in the string. Newton’s 

second law requires 

      giving   

 (c) Combining the results from (a) and (b) gives 

      or   

 (d) Substitution of the numeric data from Problem 7.27 into the results for (a) and (c) shown above will yield the an-
swers given for that problem. 

7.29 (a) The  acting toward the road’s center of curvature must supply the briefcase’s required 

centripetal acceleration. The condition that it be able to meet this need is that , or 

. When the tangential  the briefcase will begin 

to slide. 

 (b) As discussed above, the briefcase starts to slide when  If this occurs at the speed, , the 
coefficient of static friction must be 

      

7.30 (a) The external forces acting on the water are  and 
. 

 (b) The  is the most important in causing the water to move in a circle. If the gravita-
tional force acted alone, the water would follow the parabolic path of a projectile. 
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 (c) When the pail is inverted at the top of the circular path, it cannot hold the water up to prevent it from falling out. If 
the water is not to spill, the pail must be moving fast enough that the required centripetal force is at least as large as 
the gravitational force. That is, we must have 

      or   

  If the pail were to suddenly disappear when is it at the top of the circle and moving at 3.13 m/s, 
 launched with initial velocity components of 

. 

7.31 (a) The centripetal acceleration is 

      

 (b) At the bottom of the circular path, we take upward as positive and apply Newton’s second law. This yields 
, or 

      

 (c) At the top of the path, we again take upward as positive and apply Newton’s second law to find 
, or 

      

 (d) At a point halfway up, the seat exerts an upward vertical component equal to the child’s weight (392 N) and a 
component toward the center having magnitude . The total force exerted 
by the seat is 

     directed inward and at 

      

7.32 (a) At A, taking upward as positive, Newton’s second law gives . Thus, 

      

 (b) At B, still taking upward as positive, Newton’s second law yields or 

 If the car is on the verge of leaving the track, then n = 0 and  
giving 
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7.33 At the half-way point the spaceship is  from both bodies. The force exerted on the ship by the Earth is di-
rected toward the Earth and has magnitude 

     

 The force exerted on the ship by the Moon is directed toward the Moon and has a magnitude of 

     

 The resultant force is  

7.34 The radius of the satellite’s orbit is 

    

 (a)  

      

 (b)  

7.35 The forces exerted on the 2.0-kg by the other bodies are  as shown in the diagram at the right. The magnitudes 
of these forces are 

      

 and   
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 The resultant force exerted on the 2.0-kg is  

 directed at  

7.36 (a) The density of the white dwarf would be 

      

  Using data from Table 7.3, 

      

 (b) , so the acceleration of gravity on the surface of the white dwarf would be 

      

 (c) The general expression for the gravitational potential energy of an object of mass m at distance r from the center of 
a spherical mass M is . Thus, the potential energy of a 1.00 kg mass on the surface of the white 
dwarf would be 

      

7.37 (a) At the midpoint between the two masses, the forces exerted by the 200-kg and 500-kg masses are oppositely di-
rected, so from  and  we have 

    

  or    

 (b) At a point between the two masses and distance d from the 500-kg mass, the net force will be zero when 

        or   

  Note that the above equation yields a second solution . At that point, the two gravitational forces do 
have equal magnitudes, but are in the same direction and cannot add to zero. 
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7.38 The equilibrium position lies between the Earth and the Sun on the line connecting their centers. At this point, the gravi-
tational forces exerted on the object by the Earth and Sun have equal magnitudes and opposite directions. Let this point 
be located distance r from the center of the Earth. Then, its distance from the Sun is , and we may 
determine the value of r by requiring that 

     

 where mE and mS are the masses of the Earth and Sun, respectively. This reduces to 

    

 or  , which yields . 

7.39 (a) If air resistance is ignored, the only force acting on the projectile during its flight is the gravitational force. Since 
the gravitational force is a conservative force, the total energy of the projectile remains constant. At  the 
projectile has speed  and its total energy is 

       

  or   

  When the projectile reaches maximum height at  and is momentarily at rest, the kinetic energy is zero 
and we have 

       

  or    

 (b) The altitude of the projectile when at  is 

      

7.40 We know that , or  

     

     

 Thus,  or . 

 This yields . The answer  and  is physically equivalent. 
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7.41 (a) The radius of the satellite’s orbit is  

     

  Then, modifying Equation 7.23 (Kepler’s third law) for orbital motion about the Earth rather than the Sun, we have 

      

  yielding    and   

 (b) The constant tangential speed of the satellite is 

      

  or �  

 (c) The satellite’s only acceleration is centripetal acceleration, so 

      

7.42 (a) The satellite’s period is . 

  Using the form of Kepler’s third law (Equation 7.23) suitable for objects orbiting the Earth, we have 

      or   

  Thus, the radius of the orbit must be 

      

  and the altitude of the satellite is 

     

 (b) The gravitational force is 

      so   

  Thus, at the altitude of the satellite, the acceleration due to gravity is 
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7.43 From Kepler’s third law (Equation 7.23), written in the form suitable for bodies orbiting Mars, we have 
 so the mass of Mars, computed from the given data, must be 

    

7.44 (a) The satellite moves in an orbit of radius  and the gravitational force supplies the required centripetal accel-
eration. Hence,  or 

      

 (b) The period of the satellite’s motion is 

      

 (c) The gravitational force acting on the satellite is  or 

      

7.45 The radii of the orbits of the two satellites are 

       and    

 From Kepler’s third law, the ratio of the squares of the periods of the two satellites is 

     

 Thus, the ratio of their periods is 

    

7.46 A synchronous satellite will have an orbital period equal to Jupiter’s rotation period, so the satellite can have the red 
spot in sight at all times. Thus, the desired orbital period is 

     

 Kepler’s third law gives the period of a satellite in orbit around Jupiter as . The required radius of 
the circular orbit is therefore 

      

 or   

 The altitude of the satellite above Jupiter’s surface should be 
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7.47 From Kepler’s third law, the mass of Jupiter can be expressed in terms of one of its satellite’s orbital radius and period 
as  

 (a) For Io, 

        and   , 

  giving    

 (b) For Ganymede, 

        and   , 

  giving    

 (c)  The results of parts (a) and (b) are consistent. They predict the same mass within the limits of uncertainty 
of the data used to compute these results. 

7.48 The gravitational force on a small parcel of material at the star’s equator supplies the centripetal acceleration, or 
. Hence, . 

     

7.49 (a)  

 (b)  

   

   

 (c) In the radial direction at the release point, the hand supports the weight of the ball and also supplies the centripetal 
acceleration. Thus,  or 

      

  In the tangential direction, the hand supplies only the tangential acceleration, so 
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7.50 (a)  

 (b)  

 (c) The duration of the recording is 

      

  Thus,  

 (d)  

 (e) The track moves past the lens at a constant speed of  for 4 473 seconds. Therefore, the length of the 
spiral track is 

      

7.51 The angular velocity of the ball is  

 (a)  

 (b)  

 (c) We imagine that the weight of the ball is supported by a frictionless platform. Then, the rope tension need only 
produce the centripetal acceleration. The force required to produce the needed centripetal acceleration is 

. Thus, if the maximum force the rope can exert is 100 N, the maximum tangential speed of the ball is 

      

7.52 (a) When the car is about to slip down the incline, the friction force, , is directed up the incline as shown and has the 
magnitude . Thus, 

       

  or   [1] 
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  Also,  

  or  [2] 

  Substituting Equation [1] into [2] gives 

    

  If the car is about to slip up the incline,  is directed down the slope (opposite to what is shown in the 
sketch). Then, 

    [3] 

  Also, , or 

    [4] 

  Combining Equations [3] and [4] gives 

    

 (b) If  the lower and upper limits of safe speeds are 

        

  and    

7.53 The radius of the satellite’s orbit is 

     

 (a) The required centripetal acceleration is produced by the gravitational force, so   which gives 

 

      

 (b) The time for one complete revolution is 
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7.54 (a) At the lowest point on the path, the net upward force (i.e., the force directed toward the center of the path and sup-
plying the centripetal acceleration) is , so the tension in the cable is 

      

 (b) Using conservation of mechanical energy, , as the bob goes from the lowest to the 

highest point on the path, gives 

      

 (c) At the highest point on the path, the bob is at rest and the net radial force is 

      

  Therefore,  

      

7.55 (a) When the car is at the top of the arc, the normal force is upward and the weight downward. The net force directed 
downward, toward the center of the circular path and hence supplying the centripetal acceleration, is 

. Thus, the normal force is . 

 (b) If , then . For this to be true, the speed of the car must be 

      

7.56 The escape speed from the surface of a planet of radius R and mass M is given by . If the planet has uni-
form density, ρ, the mass is given by 

   

 The expression for the escape speed then becomes 

   

 or the escape speed is directly proportional to the radius of the planet. 

7.57 The speed the person has due to the rotation of the Earth is  where r is the distance from the rotation axis and 
ω is the angular velocity of rotation. 

 The person’s apparent weight, , equals the magnitude of the upward normal force exerted on him by the scales. 
The true weight, , is directed downward. The net downward force produces the needed centripetal accelera-
tion, or 



293 

     

 (a) At the equator, , so  

 (b) At the equator, it is given that  so the apparent weight is 

      

  At either pole, r = 0(the person is on the rotation axis) and 

      

7.58 Choosing  at the level of point B, applying the work-energy theorem 
 to the block’s motion gives 

   ,  or   [1] 

 (a) At point A,  (no non-conservative force has done work on the block yet). Thus, . 
The normal force exerted on the block by the track must supply the centripetal acceleration at point A, so 

    

  or  

  At point B,  is still zero. Thus, . Here, the normal force must supply the centripetal ac-
celeration and support the weight of the block. Therefore, 

         

  or      

 (b) When the block reaches point C,  and . At this point, the normal force is to be 
zero, so the weight alone must supply the centripetal acceleration. Thus, , or the required speed at 

point C is . Substituting this into Equation [1] yields  or 

      

7.59 Define the following symbols: MM = mass of the Moon, ME = mass of the Earth, RM = radius of the Moon, RE = radius 
of the Earth, and r = radius of the Moon’s orbit around the Earth. 

 We interpret “lunar escape speed” to be the escape speed from the surface of a stationary Moon alone in the universe. 
Then, 
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 Applying conservation of mechanical energy from launch to impact gives 

 , or  

 The needed potential energies are 

   and  

 Using these potential energies and the expression for  from above, the equation for the impact speed reduces to 

   

 With numeric values of , , , , 

, and , we find 

   

7.60 (a) When the passenger is at the top, the radial forces producing the centripetal acceleration are the upward force of the 
seat and the downward force of gravity. The downward force must exceed the upward force to yield a net force to-
ward the center of the circular path. 

   

 (b) At the lowest point on the path, the radial forces contributing to the centripetal acceleration are again the upward 
force of the seat and the downward force of gravity. However, the upward force must now exceed the downward 
force to yield a net force directed toward the center of the circular path. 

   

 (c) The seat must exert the greatest force on the passenger  on the circular path. 

 (d) At the top of the loop, , or 

     

  At the bottom of the loop,  or 
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7.61 The item of clothing will fall away from the rotating drum when the component of its weight directed toward the center 
of the drum exceeds the needed centripetal force. That is, when 

    

   

 Thus, if the clothing is to lose contact with the drum 

 at  we must have  

 The required angular velocity, expressed in revolutions per second, is therefore 

     

7.62 Since the airplane flies in a horizontal circle, its vertical acceleration is zero, and 

   

 or  [1] 

   

 Also, the components of the lift force and the tension in the wire directed toward the center of the circular path must 
supply the required centripetal acceleration. Hence, 

     or   [2] 

 Substituting Equation [1] into [2] yields 
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 or the tension in the wire is 

       where    

 If  and  this gives 

      

 or    

7.63 Choosing  at the top of the hill, the speed of the skier after dropping distance h is found using conservation of 
mechanical energy as 

   

   

 The net force directed toward the center of the circular path, and providing the centripetal acceleration, is 

   

 Solving for the normal force, after making the substitutions  and  gives 

   

 The skier leaves the hill when . This occurs when 

   or  

7.64 The centripetal acceleration of a particle at distance r from the axis is . If we are to have  
then it is necessary that 

   

 The required rotation rate increases as r decreases. In order to maintain the required acceleration for all particles in the 
casting, we use the minimum value of r and find 

   

7.65 The sketch at the right shows the car as it passes the highest point on the bump. Taking upward as positive, we have 

      

 or  
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 (a) If  the normal force exerted by the road is 

     

 (b) When the car is on the verge of losing contact with the road, . This gives  and the speed must be 

      

7.66 When the rope makes angle θ with the vertical, the net force directed toward the center of the circular path is 
 as shown in the sketch. This force supplies the needed centripetal acceleration, so 

  , or  

   

 Using conservation of mechanical energy,  with  at  and  at the 
bottom of the arc, the speed when the rope is at angle θ from the vertical is given by 

 or . The expression for the tension in the rope at 
angle θ  then reduces to  

 (a) At the beginning of the motion,  and  

 (b) At 1.5 m from the bottom of the arc,  and the tension is 

      

 (c) At the bottom of the arc,  and  so the tension is 
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7.67 (a) The desired path is an elliptical trajectory with the Sun at one of the foci, the departure planet at the perihelion, and 
the target planet at the aphelion. The perihelion distance rD is the radius of the departure planet’s orbit, while the 
aphelion distance rT is the radius of the target planet’s orbit. The semimajor axis of the desired trajectory is then 

. 

   

  If Earth is the departure planet, . 

  With Mars as the target planet,  

  Thus, the semimajor axis of the minimum energy trajectory is 

     

  Kepler’s third law, , then gives the time for a full trip around this path as 

     

  so the time for a one-way trip from Earth to Mars is  

 (b)  The departure must be timed so that the spacecraft arrives at the aphelion 
when the target planet is located there. 

7.68 (a) Consider the sketch at the right. At the bottom of the loop, the net force toward the center (i.e., the centripetal 
force) is 

      

  so the pilot’s apparent weight (normal force) is 

      

  or    
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 (b) At the top of the loop, the centripetal force is , so the apparent weight is 

      

 (c) With the right speed, the needed centripetal force at the top of the loop can be made exactly equal to the gravita-
tional force. At this speed, the normal force exerted on the pilot by the seat (his apparent weight) will be zero, and 
the pilot will have the sensation of weightlessness. 

 (d) When n = 0 at the top of the loop, , and the speed will be 

      

7.69 (a) At the instant the mud leaves the tire and becomes a projectile, its velocity components are . 

From  with  the time required for the mud to return to its starting point  is 

given by , for which the non-zero solution is . 

 (b) The angular displacement of the wheel (turning at constant angular speed ω) in time t is . If the displace-
ment is  at , then , or  and . 

7.70 (a) At each point on the vertical circular path, two forces are acting on the ball. These are: 

  (1)  with constant magnitude , and 

  (2)  

 (b) The sketch at the right shows the forces acting on the ball when it is at the bottom of the circular path, and when it 
is at the highest point on the path. Note that the gravitational force has the same magnitude and direction at each 
point on the circular path. The tension force varies in magnitude at different points and is always directed toward 
the center of the path. 
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 (c) At the top of the circle, , or 

      

 (d) At the bottom of the circle, , and solving for the speed gives 

      and   

  If the string is at the breaking point at the bottom of the circle, then T = 22.5 N, and the speed of the object at this 
point must be 

     

7.71 From Figure (a) at the right, observe that the angle the strings make with the vertical is 

     

   

 Also, the radius of the circular path is 

     

 Figure (b) gives a force diagram of the object with the +y-axis vertical and the +x-axis directed toward the center of the 
circular path. 

 (a) Since the object has zero vertical acceleration, Newton’s second law gives 
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        or    [1] 

  In the horizontal direction, the object has the centripetal acceleration  directed in the +x-direction (toward 
the center of the circular path). Thus, 

        or    [2] 

  Adding Equations [1] and [2] gives  so the tension in the upper string is 

      

 (b) To compute the tension T2 in the lower string, subtract Equation [1] above from Equation [2] to obtain 
. Thus, 

      

7.72 The maximum lift force is  where  and υ is the flying speed. For the bat to stay 
aloft, the vertical component of the lift force must equal the weight, or  where  is the banking angle. 
The horizontal component of this force supplies the centripetal acceleration needed to make a turn, or  
where r is the radius of the turn. 

 (a) To stay aloft while flying at minimum speed, the bat must have  (to give  and also use 
the maximum lift force possible at that speed. That is, we need 

       or    

  Thus, we see that minimum flying speed is 

      

 (b) To maintain horizontal flight while banking at the maximum possible angle, we must have , or 

. For , this yields 

      

 (c) The horizontal component of the lift force supplies the centripetal acceleration in a turn, . Thus, the 
minimum radius turn possible is given by 

     

  where we have recognized that sinθ has its maximum value at the largest allowable value of θ. For a flying speed 
of , the maximum allowable bank angle is  as found in part (b). The minimum radius turn 
possible at this flying speed is then 
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 (d) . Flying slower actually increases the minimum radius of the achievable turns. As found in part (c), 

. To see how this depends on the flying speed, recall that the vertical component of the lift force 
must equal the weight, or . At the maximum allowable bank angle,  will be a minimum. This oc-

curs when . Thus,  and 

     

  This gives the minimum radius turn possible at flying speed υ as 

      

  Decreasing the flying speed υ will decrease the denominator of this expression, yielding a larger value for the 
minimum radius of achievable turns. 

7.73 The angular speed of the luggage is   where T is the time for one complete rotation of the carousel. The resul-
tant force acting on the luggage must be directed toward the center of the horizontal circular path (that is, in the +x-
direction) and supply the needed centripetal force . 

   

 Thus,  [1] 

 and  

 or  [2] 

 Substituting Equation [2] into Equation [1] gives 

   

 or, multiplying by  and using the identity , we have 

   [3] 

 (a) With r = 7.46 m and T = 38.0 s, Equation [3] gives the required friction force as 
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 (b) If the bag is on the verge of slipping when  and , then  and (using Equa-
tions [2] and [3]) the coefficient of static friction is 

        

  or     

  giving  

7.74 The horizontal component of the tension in the cord is the only force directed toward the center of the circular path, so it 
must supply the centripetal acceleration. Thus, 

    

 or  [1] 

   

 Also, the vertical component of the tension must support the weight of the ball, or 

     [2] 

 (a) Dividing Equation [1] by [2] gives 

        or    [3] 

  With , 

     

 (b) From Equation [3], with , we find 

        or    

  Solving this quadratic equation for  gives 
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  If , this yields solutions  (which is impossible), and  (which is 
possible). Thus,  

 (c) From Equation [2], when T = 9.8 N and the cord is about to break, the angle is 

     

 Then Equation [3] gives 

    

7.75 The normal force exerted on the person by the cylindrical wall must provide the centripetal acceleration, so 
. 

 If the minimum acceptable coefficient of friction is present, the person is on the verge of slipping and the maximum 
static friction force equals the person’s weight, or  

 Thus,  

7.76 If the block will just make it through the top of the loop, the force required to produce the centripetal acceleration at 
point C must equal the block’s weight, or . 

 This gives  as the required speed of the block at point C. 

 We apply the work-energy theorem in the form 

    

 from when the block is first released until it reaches point C to obtain 

    

 The friction force between points A and B is , and for minimum initial compression of the spring,  
as found above. Thus, the work-energy equation reduces to 

     


