Chapter 14.  Simple Harmonic Motion

Physics, 7th Edition


Chapter 14.  Simple Harmonic Motion

Periodic Motion, Hooke’s Law, and Newton’s Second Law
14-1. A rock swings in a circle at constant speed on the end of a string, making 50 revolutions in 30 s.  What is the frequency and the period for this motion?     
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14-2. A child sits at the edge of a platform rotating at 30 rpm.  The platform is 10 m in diameter.  What is the period of the motion and what is the child’s speed?   [ R = (D/2) = 5 m ]
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   f = 0.500 Hz;     
[image: image4.wmf]

 EMBED Equation.DSMT4  [image: image5.wmf]11

0.500 hz

T

f

==

     T = 2.00 s

[image: image126.wmf]22

11

max

22

45 mJ;

mvkA

==

[image: image127.wmf]2

2

4(2 kg)

;      35.1 N/m

(1.5 s)

kk

p

==


[image: image6.wmf]22(5 m)

2.00 s

R

v

T

pp

==

;      v = 15.7 m/s

[image: image128.wmf]22

2

2

44

2;      ;       k = 

mmm

TT

kkT

pp

p

==

14-3. A rubber ball swings in a horizontal circle 2 m in diameter and makes 20 revolutions in one minute.  The shadow of the ball is projected on a wall by a distant light. What are the amplitude, frequency, and period for the motion of the shadow?
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14-4.  Assume a ball makes 300 rpm while moving in a circle of radius 12 cm.  What are the amplitude, frequency, and period for the motion of its shadow projected on a wall?
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14-5.  A mass oscillates at a frequency of 3 Hz and an amplitude of 6 cm.  What are its positions at time t = 0 and t = 3.22 s?   

At t = 0:    x = A cos (2(ft) = (6 cm) cos [2((3 Hz)(0)];     x = 6.00 cm

At t = 2.5 s:    x = A cos (2(ft) = (6 cm) cos [2((3 Hz)(3.22 s)];     x = -3.22 cm


14-6.  A 50-g mass oscillates with SHM of frequency 0.25 Hz.   Assume the t = 0 when the mass is at its maximum displacement.  At what time will its displacement be zero? At what time will it be located at half of its amplitude?     f = 0.25 s,   T = 1/f = 4.0 s


One complete vibration takes 4 s,  Therefore the mass reaches zero in one-fourth of that time, or     t = 4s/4 = 1.00 s.      Now we find the time to reach x = A/2:
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Note that the time to reach A/2 is not  equal to one-half the time to reach x = 0. That is because the restoring force is not constant.  It reaches x = 0 in 1 s, but it covers half that distance in a time of 0.667 s.

14-7.  When a mass of 200-g is hung from a spring, the spring is displaced downward a distance of 1.5 cm.  What is the spring constant k?    [ F = mg; x = 1.5 cm = 0.015 m ]
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14-8.  An additional mass of 400 kg is added to the initial 200-g mass in Problem 14-7. What will be the increase in downward displacement?   ( F is due only to the added mass.)
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14-9. A 1.5-kg mass oscillates at the end of a spring in SHM. The amplitude of the vibration is 0.15 m and the spring constant is 80 N/m. What are the magnitude and direction of the acceleration and force on the mass when it is located at the following displacements: (a) 0.15 m, (b) -0.09 m, and (c) +0.05 m?  Recall that F = -kx and a = -kx/m.

(a)  F = -(80 N/m)(0.15 m)  or  F  = -12.0 N;        
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(b)  F = -(80 N/m)(-0.09 m)  or  F  = +7.20 N;        
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(c)  F = -(80 N/m)(0.05 m)  or  F  = -4.00 N;        
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14-10. A light spring and a 0.65-kg block are placed on a horizontal frictionless surface. The spring is compressed a distance of 6 cm and released to vibrate with SHM. If the spring constant is 9 N/m, what is the initial acceleration of the block? What is the initial force on the block?  The initial acceleration occurs when x = +0.06 m, and F = ma at that point.
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;
F = (0.65 kg)(-0.831 m/s2);     F = -0.540 N
Section 14-3. Work and Energy in SHM

14-11. A spring is compressed a distance of 4 cm. If the spring constant is 200 N/m, how much work is done by the compressing force? What is the potential energy?

Work = ½kx2= ½(200 N/m)(0.04 m)2;   The potential energy is equal to work done.
Work = 0.16 J; U = Work = 0.16 J

14-12. A toy gun operates by pushing a 0.15-kg plastic ball against a spring, compressing it a distance of 8 cm. The spring constant is 400 N/m. When the ball is released, what will be the velocity as it leaves the end of the spring?  Total energy is conserved.
½mv2 = ½kx2;   Solve for v gives:  
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14-13. A 0.5-kg mass is attached to a light spring with a spring constant of 25 N/m. The mass is displaced a distance of 6 cm and released to vibrate with SHM on a horizontal frictionless surface. (a) What is the total energy of the system? (b) What is the maximum velocity? (c) What is the maximum acceleration?  The total energy at x = A is same as at other points.
(a)  E = U + K = ½kA2 + 0   or    E = ½(25 N/m)(0.06)2 =  45.0 mJ
(b) The maximum velocity occurs where x = 0, so that E = K since U = 0
     
    

(c) The maximum acceleration occurs when x = A, so that
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14-14. Consider the same conditions as in Prob. 11-13. What is the velocity of the 0.5-kg mass when its position is x = +5 cm and what is its velocity when x = -3 cm?
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:    k = 25 N/m, A = 0.06 m, m = 0.5 kg, x = 0.05 m and -0.03 m
For x = 5 cm:  
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For x = 5 cm: 
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The same results are found by direct substitution into:  
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Velocity in Simple Harmonic Motion

14-15. A body vibrates with a frequency of 1.4 Hz and an amplitude of 4 cm. What is the maximum velocity?  What is its position when the velocity is zero? 


          v = -2(fA sin(2(ft);      vmax occurs when sin( = 1,      vmax = 2(fA

vmax = 2((1.4 Hz)(4 cm);    vmax = 35.2 cm/s

When v = 0,  x = (A   or    x = ( 4.00 cm


14-16.  An object oscillates at a frequency of 5 Hz and an amplitude of 6 cm.  What is the maximum velocity? 

vmax = -2(fA = -2((5 Hz)(6 cm);    vmax = ( 189 cm/s


14-17.  A smooth block on a frictionless surface is attached to a spring, pulled to the right a distance of 4 cm and then released.  Three seconds later it returns to the point of release. What is the frequency and what is the maximum speed?  [  T = 3.00 s ]
f =  1/T = 0.333 Hz;    vmax = 2(fA = 2((0.333 Hz)(4 cm);   vmax = 8.38 cm/s

 14-18.  In Problem 14-17, what are the position and velocity 2.55 s after release?

x = A cos(2(ft) = (4 cm)cos[2((0.333 Hz)(2.55 s)];    x = 2.35 cm

v = -2(fA sin(2(ft) = -2((0.333 Hz)(4 cm)sin [2((0.333 Hz)(2.55 s);   

 v = 6.78 cm/s       The location is 2.35 cm to the right (+) of center,

and the body is moving to the right (+) at 6.78 cm/s.

*14-19.  A mass at the end of a spring vibrates up and down with a frequency of 0.600 Hz and an amplitude of 5 cm.  What is its displacement 2.56 s after it reaches a maximum?  
x = A cos(2(ft) = (5 cm) cos [2((0.6 Hz)(2.56 s)];     x = -4.87 cm

*14.20.  An object vibrates with an amplitude of 6 cm and a frequency of 0.490 Hz.  Starting from maximum displacement in the positive direction, when will be the first time that its displacement is 2 cm? 

x = A cos(2(ft);     
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*14-21.  Show that the velocity of n object in SHM can be written as a function of its amplitude and displacement:  (Look at the reference circle:  ( = 2(ft)
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 from Pythagoras’s theorem,  Thus:   
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NOTE:  This expression can also be derived from conservation of energy principles.



14-22.  Use the relation derived in Problem 14-21 to verify the answers obtained for position and velocity in Problem 14-18.
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14-23.  A mass vibrating at a frequency of 0.5 Hz has a velocity of 5 cm/s as it passes the center of oscillation. What are the amplitude and the period of vibration?

vmax = -2(fA = 5 cm/s   
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*14-24. A body vibrates with a frequency of 8 Hz and an amplitude of 5 cm.  At what time  after it is released from x = +5 cm will its velocity be equal to +2.00 m/s?

v = -2(fA sin(2(ft);     
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NOTE: The negative sign for time, means that the velocity was +2 m/s, 18.3 ms BEFORE its displacement was +5 cm.  There will be two times within the first period of the vibration, that the velocity will be + 5 m/s.  One is 18.3 ms before reaching the end of the first period (t = -18.3 ms), the second is 18.3 s after reaching half of the period. Thus, to find the first time that the velocity was +2 m/s after release from +5 cm, we need to ADD 18.3 ms to one-half of the period T.
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  t = 62.5 ms + 18.3 ms;     t = 80.8 ms
Acceleration in Simple Harmonic Motion

14-25.  A 400-g mass is attached to a spring causing it to stretch a vertical distance of 2 cm. The mass is then pulled downward a distance of 4 cm and released to vibrate with SHM as shown in Fig. 14-13.  What is the spring constant?  What is the magnitude and direction of the acceleration when the mass is located 2 cm below its equilibrium position?                                         
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 EMBED Equation.DSMT4  [image: image42.wmf]     a = -9.8 m/s2,  directed upward


14-26.  What is the maximum acceleration for the system described in Problem 14-25 and what is its acceleration when it is located 3 cm above its equilibrium position?  (down + )
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 EMBED Equation.DSMT4  [image: image46.wmf]     a = 14.7 m/s2,  directed downward


14-27.  A body makes one complete oscillation in 0.5 s.  What is its acceleration when it is displaced a distance of x = +2 cm from its equilibrium position?    (T = 0.5 s)
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14-28.  Find the maximum velocity and the maximum acceleration of an object moving in SHM of amplitude 16 cm and frequency 2 Hz.
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*14-29.  A object vibrating with a period of 2 seconds is displaced a distance of x = +6 cm and released.  What are the velocity and acceleration 3.20 s after release? [f = 1/T= 0.5 Hz ]


[image: image49.wmf]2sin(2)2(0.5 Hz)(0.06 m)sin[(2(0.5 Hz)(3

.2 s)];

vfAft

pppp

=-=-

     

v  = +0.111 m/s;     v = +11.1 cm/s, in + direction

a = -4(2f2A cos(2(ft) = -4(2(0.5 Hz)2(0.06 m) cos [2((0.5 Hz)(3.2 s)]    

a = +0.479 m/s2, in positive direction


 14-30. A body vibrates with SHM of period 1.5 s and amplitude 6 in. What are its maximum velocity and acceleration?   [ f = 1/T = (1/1.5 s) = 0.667 Hz ;  A = 6 in. = 0.5 ft ]
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*14-31. For the body in Problem 14-30, what are its velocity and acceleration after a time of 7 s?                                                                                   
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Period and Frequency

*14-32. The prong of a tuning fork vibrates with a frequency of 330 Hz and an amplitude of 2 mm. What is the velocity when the displacement is 1.5 mm?  (See Prob. 14-21)
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*14-33. A 400g mass stretches a spring 20 cm. The 400-g mass is then removed and replaced with an unknown mass m.  When the unknown mass is pulled down 5 cm and released, it vibrates with a period of 0.1 s. Compute the mass of the object. 


[image: image53.wmf]2

(0.40 kg)(9.8 m/s)

19.6 N/m

0.20 m

F

k

x

===

D

;     
[image: image54.wmf]2

m

T

k

p

=



[image: image55.wmf]22

22

22

(0.10 s)(19.6 N/m)

4;     

44

mTk

Tm

k

p

pp

æö

===

ç÷

èø
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*14-34. A long, thin piece of metal is clamped at its lower end and has a 2-kg ball fastened to its top end.  When the ball is pulled to one side and released, it vibrates with a period of 1.5 s. What is the spring constant for this device?




        
*14-35. A car and it passengers have a total mass of 1600 kg. The frame of the car is supported by four springs, each having a force constant of 20,000 N/m. Find the frequency of vibration of the car when it drives over a bump in the road.

Each spring supports ¼(1600 kg) or 400 kg;    k = 20,000 N/m.
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The Simple Pendulum 

 14-36.  What are the period and frequency of a simple pendulum 2 m in length?
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*14-37. A simple pendulum clock beats seconds every time the bob reaches its maximum amplitude on either side. What is the period of this motion? What should be the length of the pendulum at the point where g = 9.80 m/s2?   

T = 2.00 s/vib     
[image: image60.wmf]22

2

2

4

2;    ;     

4

LLTg

TTL

gg

p

p

p

===



[image: image61.wmf]22

2

(2.0 s)(9.8 m/s)

4

L

p

=

;       L = 0.993 m


 14-38. A 10 m length of cord is attached to a steel bob hung from the ceiling. What is the period of its natural oscillation?
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*14-39. On the surface of the moon, the acceleration due to gravity is only 1.67 m/s2.  A pendulum clock adjusted for the earth is taken to the moon.  What fraction of its length on earth must the new length be in order to keep time accurately?                                   
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*14-40.  A student constructs a pendulum of length 3 m and determines that it makes 50 complete vibrations in 2 min and 54 s.  What is the acceleration due to gravity at this student’s location?    [ 2 min = 120 s;   t = 120 s + 54 s = 174 s ]
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 The Torsional Pendulum
*14-41. A torsion pendulum oscillates at a frequency of 0.55 Hz. What is the period of its vibration? What is the angular acceleration when its angular displacement is 600.

T = (1/f) = 1.82 s;       = I;     = -k(;     I = -k(        
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*14-42. The maximum angular acceleration of a torsional pendulum is 20 rad/s2 when the angular displacement is 700. What is the frequency of vibration?  (See Prob. 14-41)
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*14-43. A disk 20 cm in diameter forms the base of a torsional pendulum. A force of 20 N applied to the rim causes it to twist an angle of 120. If the period of the angular vibration after release is 0.5 s, what is the moment of inertia of the disk?  [ R = D/2 = 0.10 m ]
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*14-44. An irregular object is suspended by a wire as a torsion pendulum. A torque of 40 lb ft causes it to twist through an angle of 150.  When released, the body oscillates with a frequency of 3 Hz. What is the moment of inertia of the irregular body?
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;      I = 0.430 lb ft2
Additional Problems

14-45.  The spring constant of a metal spring is 2000 N/m.  What mass will cause this spring to stretch a distance of 4 cm?         

Given:     x = 0.04 m,  k = 2000 N/m,     F = mg
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;     m = 8.16 kg

14-46.  A 4-kg mass hangs from a spring whose constant k is 400 N/m.  The mass is pulled downward a distance of 6 cm and released?  What is the acceleration at the instant of release?    [  x = 0.06 m,  k = 400 N/m,   m = 4 kg ,    F = ma = -kx  ]
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;      a = 6.00 m/s2
14-47. What is the natural frequency of vibration for the system described in Problem 14-46?  What is the maximum velocity? 
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     f = 1.59 Hz

vmax = -2(fA = -2((1.59 Hz)(0.06 m);       vmax = ( 59.9 cm/s


*14-48.  A 50-g mass on the end of a spring (k = 20 N/m) is moving at a speed of 120 cm/s when located a distance of 10 cm from the equilibrium position. What is the amplitude of the vibration?        [ v = 1.20 m/s,   k = 20 N/m,   x = 0.10 m,   m = 0.050 kg  ]             
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    (See Eq. from Prob. 14-19)
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*14-49.  A 40-g mass is attached to a spring (k = 10 N/m) and released with an amplitude of 20 cm.  What is the velocity of the mass when it is halfway to the equilibrium position? 
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14-50. What is the frequency of the motion for Problem 14-49.
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       f = 2.52 Hz
 

14-51. A 2-kg mass is hung form a light spring. When displaced and released, it is found that the mass makes 20 oscillations in 25 s.  Find the period and the spring constant.           
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;      k = 50.5 N/m


*14-52. What length of pendulum is needed if the period is 1.6 s at a point were g = 9.80 m/s2?
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;        T  = 63.5 cm


*14-53. An object is moving with SHM of amplitude 20 cm and frequency 1.5 Hz. What are the maximum acceleration and velocity?      [ A = 0.20 m;  f = 1.5 Hz ]       
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*14-54.  For the object in Problem 14-53, what are the position, velocity, and acceleration at a time of 1.4 s after it reaches its maximum displacement?  [ f = 1.5 s; t = 1.4 s ]

x = A cos(2(ft) = (20 cm) cos [2((1.5 Hz)(1.4 s)];     x = 16.2 cm

v = -2(fA sin(2(ft) = -2((1.5 Hz)(0.2 m)sin [2((1.5 Hz)(1.4 s);    v = -1.11 m/s
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     a = -14.4 m/s2
Critical Thinking Questions

*14-55.  A mass m connected to the end of a spring oscillates with a frequency f = 2 Hz and an amplitude A.  If the mass m is doubled what is the new frequency for the same amplitude?  If the mass is unchanged and the amplitude is doubled what is the frequency?                                                                            
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;     f2 = 1.414 Hz

Since frequency is not a function of A , the frequency remains:    f2 = 2.00 Hz
*14-56.  Consider a 2-kg mass connected to a spring whose constant is 400 N/m. What is the natural frequency of vibration?  If the system is stretched by +8 cm and then released, at what points are its velocity and acceleration maximized?  Will it reach half its maximum velocity at half the amplitude?  Calculate the maximum velocity and the velocity at           x = 4 cm to verify your answer?  
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;      f = 2.25 Hz


Maximum velocity occurs at x = 0 because the restoring force has been acting in the same direction for the longest time when x = 0;     x = 0

           Maximum acceleration occurs when restoring force is greatest, i.e., at   x = ( 8 cm.


*14-57. A 200-g mass is suspended from a long, spiral spring. When displaced downward 10 cm, the mass is found to vibrate with a period of 2 s.  What is the spring constant? What are its velocity and acceleration as it passes upward through the point +5 cm above its equilibrium position?    [ f = 1/T = 0.500 Hz;   x = +5 cm ]
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;    k = 1.97 N/m
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v = + 0.272 m/s;   (positive because motion is upward)
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;      a = -0.493 m/s2
The acceleration is downward, because the restoring force is downward.


*14-58.  A pendulum clock beats seconds every time the bob passes through its lowest point. What must be the length of the pendulum at a place where g = 32.0 ft/s?  If the clock is moved to a point where g = 31.0 ft/s2, how much time will it lose in 1 day?

T = 2.0 s;     
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;    L = 3.24 ft

If g = 32 ft/s2,  Vib/day = 
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If g = 31 ft/s2,     
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Which means at g = 31 ft/s, 
[image: image116.wmf] Vib/day = 
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Vib. Lost = 43,200 – 42,520 = 680 vibrations

Time Lost = (2 s/vib)(680 vib) = 1360 s;    Time Lost = 22.7 min.


*14-59. A 500-g mass is connected to a device having a spring constant of 6 N/m. The mass is displaced to the right a distance x = +5 cm from its equilibrium position and then released. What are its velocity and acceleration when x = +3 cm  and when x = -3 cm?  
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;         f = 0.551 Hz
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The velocity can be + or – at either +3 cm or at –3 cm.

At x = +3 cm:   
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;      a = -0.360 m/s2
At x = -3 cm:   
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;      a = +0.360 m/s2
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