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Kinematics:

, , , and .

Ans.

Ans. t = 26.7 s

 15 = 0 + 0.5625t

 A :+ B v = v0 + act

 ac = 0.5625 m>s2

 152 = 02 + 2ac(200 - 0)

 A :+ B v2 = v0 
2 + 2ac(s - s0)

s = 200 ms0 = 0v = 15 m>sv0 = 0

•12–1. A car starts from rest and with constant
acceleration achieves a velocity of when it travels a
distance of 200 m. Determine the acceleration of the car
and the time required.

15 m>s
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Kinematics:

, , , and .

Ans.

Ans. = 450 m

 = 0 + 0 + 1
2

(1) A302 B
 A :+ B  s = s0 + v0t + 1

2
act

2

 = 0 + 1(30) = 30 m>s A :+ B  v = v0 + act

t = 30 ss0 = 0v0 = 0ac = 1 m>s2

12–2. A train starts from rest at a station and travels with
a constant acceleration of . Determine the velocity of
the train when and the distance traveled during
this time.

t = 30 s
1 m>s2
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Kinematics:

, , , and .

Ans.

Ans. s = 22.5 ft

 152 = 02 + 2(5)(s - 0)

 A + T B  v2 = v0 
2 + 2ac(s - s0)

 t = 3s

 15 = 0 + 5t

 A + T B  v = v0 + act

s0 = 0v = 15 ft>sv0 = 0ac = 5 ft>s2

12–3. An elevator descends from rest with an acceleration
of until it achieves a velocity of . Determine the
time required and the distance traveled.

15 ft>s5 ft>s2
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Kinematics:

, , and .

Ans.

Ans. t = 6.67 s

 0 = 15 + (-2.25)t

 A :+ B  v = v0 + act

 ac = -2.25 m>s2 = 2.25 m>s2 ;
 0 = 152 + 2ac(50 - 0)

 A :+ B  v2 = v0 
2 + 2ac(s - s0)

v0 = 15 m>ss = 50 ms0 = 0v0 = 0

*12–4. A car is traveling at , when the traffic light
50 m ahead turns yellow. Determine the required constant
deceleration of the car and the time needed to stop the car
at the light.

15 m>s
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Velocity:

Ans.

Position: Using this result and the initial condition at ,

Ans. s = a2t3 - 4
5

t5>2 + 15b ft

 s!
s

15 ft = a2t3 - 4
5

 t5>2b 2 t
0

 L
s

15 ft
ds = L

t

0
A6t2 - 2t3>2 Bdt

 A :+ B  ds = v dt

t = 0 ss = 15 ft

 v = A6t2 - 2t3>2 B ft>s
 v! 

v

0 = A6t2 - 2t3>2 B 2 t
0

 L
v

0
dv = L

t

0
A12t - 3t1>2 Bdt

 A :+ B  dv = a dt

•12–5. A particle is moving along a straight line with the
acceleration , where t is in seconds.
Determine the velocity and the position of the particle as a
function of time. When , and .s = 15 ftv = 0t = 0

a = (12t – 3t1/2) ft>s2
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Kinematics: When the ball is released, its velocity will be the same as the elevator at
the instant of release. Thus, . Also, , , , and

.

Ans.

Ans. = -90.6 ft>s = 90.6 ft>s T

 v = 6 + (-32.2)(3)

 A + c B  v = v0 + act

 h = 127 ft

 -h = 0 + 6(3) + 1
2

 (-32.2) A32 B A + c B  s = s0 + v0t + 1
2

 ac t2

ac = -32.2 ft>s2
s = -hs0 = 0t = 3 sv0 = 6 ft>s

12–6. A ball is released from the bottom of an elevator
which is traveling upward with a velocity of . If the ball
strikes the bottom of the elevator shaft in 3 s, determine the
height of the elevator from the bottom of the shaft at the
instant the ball is released. Also, find the velocity of the ball
when it strikes the bottom of the shaft.

6 ft>s
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Ans.

Ans.

Ans.t = 8.33 s

0 = 25 + (-3)(t)

v = v0 + ac t

¢s = s - 0 = 25(4) + 1
2

 (-3)(4)2 = 76 m

¢s = s - s0 = v0 t + 1
2

 ac t2

v = 25 + (-3)(4) = 13 m>sv = v0 + act

12–7. A car has an initial speed of and a constant
deceleration of . Determine the velocity of the car
when .What is the displacement of the car during the
4-s time interval? How much time is needed to stop the car?

t = 4 s
3 m>s2

25 m>s
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Ans. = 20 ft

 = 0 + 12(10) + 1
2

 (-2)(10)2

 A :+ B  s = s0 + v0 t + 1
2

 ac t2

*12–8. If a particle has an initial velocity of to
the right, at , determine its position when , if

to the left.a = 2 ft>s2
t = 10 ss0 = 0

v0 = 12 ft>s

Velocity:

Ans. v = 22kt + v0 
2

 t = 1
2k

 Av2 - v0 
2 B

 t 2 t
0

= 1
2k

v2
 2 v

v0

 L
t

0
dt = L

v

v0

1
k

 vdv

 L
t

0
dt = L

v

v0

dv
k>v

 A :+ B  dt = dv
a

•12–9. The acceleration of a particle traveling along a
straight line is , where k is a constant. If ,

when , determine the velocity of the particle as
a function of time t.

t = 0v = v0

s = 0a = k>v
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Distance Traveled: Time for car A to achives can be obtained by
applying Eq. 12–4.

The distance car A travels for this part of motion can be determined by applying 
Eq. 12–6.

For the second part of motion, car A travels with a constant velocity of 
and the distance traveled in ( is the total time) is

Car B travels in the opposite direction with a constant velocity of and
the distance traveled in is

It is required that

The distance traveled by car A is

Ans.sA = s1 + s2 = 533.33 + 80(46.67 - 13.33) = 3200 ft

 t1 = 46.67 s

 533.33 + 80(t1 - 13.33) + 60t1 = 6000

 s1 + s2 + s3 = 6000

A :+ B    s3 = yt1 = 60t1

t1

y = 60 ft>sA :+ B   s2 = yt¿ = 80(t1 - 13.33)

t1t¿ = (t1 - 13.33) s
y = 80 ft>s s1 = 533.33 ft

 802 = 0 + 2(6)(s1 - 0)

 A :+ B   y2 = y0
2 + 2ac (s - s0)

 t = 13.33 s

 80 = 0 + 6t

 A :+ B    y = y0 + ac t

y = 80 ft>s

12–10. Car A starts from rest at and travels along a
straight road with a constant acceleration of until it
reaches a speed of . Afterwards it maintains this
speed. Also, when , car B located 6000 ft down the
road is traveling towards A at a constant speed of .
Determine the distance traveled by car A when they pass
each other.

60 ft>st = 0
80 ft>s 6 ft>s2

t = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A B

6000 ft

60 ft/s
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(1)

Ans.

Ans.

From Eq. (1):

when 

Ans.sT = (21 - 5) + (901 - 5) = 912 m

s|t = 2 = 12(2) - (2)3 - 21 = -5

t = 2sv = 0

¢s = -901 - (-21) = -880 m

s|t = 10 = -901

s| t = 0 = -21

s = 12t - t3 - 21

s + 10 = 12t - t3 - 11

L
s

-10
ds = L

t

1
v dt = L

t

1
A12 - 3t2 Bdt

a = dv
dt

= -6t 2
t = 4

= -24 m>s2

v = 12 - 3t2

12–11. A particle travels along a straight line with a
velocity , where t is in seconds. When

, the particle is located 10 m to the left of the origin.
Determine the acceleration when , the displacement
from to , and the distance the particle travels
during this time period.

t = 10 st = 0
t = 4 s

t = 1 s
v = (12 - 3t2) m>s
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Velocity: at . Applying Eq. 12–2, we have

[1]

At , from Eq.[1]

Distance Traveled: at . Using the result and applying
Eq. 12–1, we have

[2]

At , from Eq. [2]

Ans.s = 27(3.00) - 3.003 = 54.0 m

t = 3.00 s

 s = A27t - t3 B  m L
s

0
ds = L

t

0
A27 - 3t2 B  dt

 A + T B    ds = ydt

y = 27 - 3t2t0 = 0 ss0 = 0 m

0 = 27 - 3t2 t = 3.00 s

y = 0

 y = A27 - 3t2 B  m>s L
y

27
dy = L

t

0
-6tdt

 A + T B     dy = adt

t0 = 0 sy0 = 27 m>s

*12–12. A sphere is fired downwards into a medium with
an initial speed of . If it experiences a deceleration of

where t is in seconds, determine the
distance traveled before it stops.
a = (-6t) m>s2,

27 m>s
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Ans.

Ans.(vsp)avg =
sT

t
= 6

6
= 1 m>s

vavg = ¢s
t

= 2
6

= 0.333 m>s
t = (2 + 4) = 6 s

sT = (0.5 + 1.5 + 1.5 + 2.5) = 6 m

¢s = (sC - sA) = 2 m

•12–13. A particle travels along a straight line such that in
2 s it moves from an initial position to a
position . Then in another 4 s it moves from 
to . Determine the particle’s average velocity
and average speed during the 6-s time interval.

sC = +2.5 m
sBsB = -1.5 m

sA = +0.5 m
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Average Velocity: The displacement from A to C is 
.

Ans.

Average Speed: The distances traveled from A to B and B to C are
and , respectively. Then, the

total distance traveled is .

Ans.Aysp Bavg =
sTot

¢t
= 20.0

4 + 5
= 2.22 m>s

sTot = sA : B + sB : C = 11.0 - 9.00 = 20.0 m
sB : C = 3 + 6 = 9.00 msA : B = 8 + 3 = 11.0 m

yavg = ¢s
¢t

= 2
4 + 5

= 0.222 m>s
=  2 m

¢s = sC - SA = -6 - (-8)

12–14. A particle travels along a straight-line path such
that in 4 s it moves from an initial position to a
position .Then in another 5 s it moves from to

. Determine the particle’s average velocity and
average speed during the 9-s time interval.
sC = -6 m

sBsB = +3 m
sA = -8 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Stopping Distance: For normal driver, the car moves a distance of
before he or she reacts and decelerates the car. The

stopping distance can be obtained using Eq. 12–6 with and .

Ans.

For a drunk driver, the car moves a distance of before he
or she reacts and decelerates the car. The stopping distance can be obtained using
Eq. 12–6 with and .

Ans. d = 616 ft

 02 = 442 + 2(-2)(d - 132)

 A :+ B   y2 = y2
0 + 2ac (s - s0)

y = 0s0 = d¿ = 132 ft

d¿ = yt = 44(3) = 132 ft

 d = 517 ft

 02 = 442 + 2(-2)(d - 33.0)

 A :+ B   y2 = y2
0 + 2ac (s - s0)

y = 0s0 = d¿ = 33.0 ft
d¿ = yt = 44(0.75) = 33.0 ft

12–15. Tests reveal that a normal driver takes about 
before he or she can react to a situation to avoid a collision.
It takes about 3 s for a driver having 0.1% alcohol in his
system to do the same. If such drivers are traveling on a
straight road at 30 mph (44 ) and their cars can
decelerate at , determine the shortest stopping
distance d for each from the moment they see the
pedestrians. Moral: If you must drink, please don’t drive!

2 ft>s2
ft>s

0.75 s

d

v1 ! 44 ft/s
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Kinematics: For the first kilometer of the journey, , , ,
and . Thus,

For the second kilometer, , , , and 
. Thus,

Ans.

For the whole journey, , , and . Thus,

Ans. t = 250 s

 14 = 2 + 0.048t

 A :+ B  v = v0 + act

0.048 m>s2v = 14 m>sv0 = 2 m>s v = 14 m>s v2 = 102 + 2(0.048)(2000 - 1000)

 A :+ B  v2 = v0 
2 + 2ac (s - s0)

0.048 m>s2
s = 2000 ms0 = 1000 mv0 = 10 m>s ac = 0.048 m>s2

 102 = 22 + 2ac (1000 - 0)

 A :+ B  v2 = v0 
2 + 2ac (s - s0)

s = 1000 m
s0 = 0v = 10 m>sv0 = 2 m>s

*12–16. As a train accelerates uniformly it passes
successive kilometer marks while traveling at velocities of

and then . Determine the train’s velocity when
it passes the next kilometer mark and the time it takes to
travel the 2-km distance.

10  m>s2 m>s
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•12–17. A ball is thrown with an upward velocity of 
from the top of a 10-m high building. One second later
another ball is thrown vertically from the ground with a
velocity of . Determine the height from the ground
where the two balls pass each other.

10 m>s
5 m>s

Kinematics: First, we will consider the motion of ball A with ,
, , , and . Thus,

(1)

Motion of ball B is with , , , and
. Thus,

(2)

Solving Eqs. (1) and (2) yields

Ans.

t¿ = 1.68 m

h = 4.54 m

 h = 19.81t¿ - 4.905(t¿)2 - 14.905

 h = 0 + 10(t¿ - 1) + 1
2

 (-9.81)(t¿ - 1)2

 A + c B  sB = (sB)0 + (vB)0 tB + 1
2

 ac tB 
2

ac = -9.81 m>s2
tB = t¿ - 1sB = h(sB)0 = 0(vB)0 = 10 m>s h = 5t¿ - 4.905(t¿)2 + 10

 h - 10 = 0 + 5t¿ + 1
2

 (-9.81)(t¿)2

 A + c B  sA = (sA)0 + (vA)0 tA + 1
2

 actA 
2

ac = -9.81 m>s2tA = t¿sA = (h - 10) m(sA)0 = 0
(vA)0 = 5 m>s
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Kinematics: For stage (1) of the motion, , , , and
.

For stage (2) of the motion, , , , and . Thus,

Ans.

The average speed of the car is then

Ans.vavg = s
t1 + t2

= 1708.33
16.67 + 60

= 22.3 m>s
 = 1708.33ft = 1708 m

 s = 208.33 + 25(60) + 0

 A :+ B  s = s0 + v0t + 1
2

 ac t2

ac = 0t = 60 sv0 = 25 ft>ss0 = 108.22 ft

 s1 = 208.33 m

 252 = 0 + 2(1.5)(s1 - 0)

 A :+ B  v2 = v0 
2 + 2ac(s - s0)

 t1 = 16.67 s

 25 = 0 + 1.5t1

 A :+ B  v = v0 + act

ac = 1.5 m>s2
v = 25 m>ss0 = 0v0 = 0

12–18. A car starts from rest and moves with a constant
acceleration of until it achieves a velocity of .
It then travels with constant velocity for 60 seconds.
Determine the average speed and the total distance traveled.

25 m>s1.5 m>s2

Ans. t = t1 + t2 = 21.9 s

 t2 = 14.61 s

 0 = 4.382 - 0.3 t2

 t1 = 7.303 s

 4.382 = 0 + 0.6 t1

 + c v = v0 + ac t

 y = 16.0 ft, vmax = 4.382 ft>s 6 8 ft>s 0 = 1.2 y - 0.6(48 - y)

 0 = v2
max + 2(-0.3)(48 - y)

 v2
max = 0 + 2(0.6)(y - 0)

 + c v2 = v0
2 + 2 ac (s - s0)

12–19. A car is to be hoisted by elevator to the fourth
floor of a parking garage, which is 48 ft above the ground. If
the elevator can accelerate at decelerate at

and reach a maximum speed of determine
the shortest time to make the lift, starting from rest and
ending at rest.

8 ft>s,0.3 ft>s2,
0.6 ft>s2,
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Ans.

Ans.a = dv
dt

=
16(2)(8t + 1)(8)

(8t + 1)4 = a 256
(8t + 1)3 b  m>s2

v = -4a 2
8t + 1

b2

= a - 16
(8t + 1)2 b  m>s

s = 2
8t + 1

t = 1
4

 (s- 1 - 0.5)

-s- 1| 
s
2 = -4t|0t

L
s

2
s- 2 ds = L

t

0
-4 dt

ds
dt

= -4s2

v = -4s2

*12–20. A particle is moving along a straight line such that
its speed is defined as , where s is in meters.
If when , determine the velocity and
acceleration as functions of time.

t = 0s = 2 m
v = (-4s2) m>s
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Velocity: The velocity of particles A and B can be determined using Eq. 12-2.

The times when particle A stops are

The times when particle B stops are

and 

Position: The position of particles A and B can be determined using Eq. 12-1.

The positions of particle A at and 4 s are

Particle A has traveled

Ans.

The positions of particle B at and 4 s are

Particle B has traveled

Ans.

At the distance beween A and B is

Ans.¢sAB = 192 - 40 = 152 ft

t = 4 s

dB = 2(4) + 192 = 200 ft

 sB |t = 4 = (4)4 - 4(4)2 = 192 ft

 sB |t =12 = (22)4 - 4(22)2 = -4 ft

t = 22 s

dA = 2(0.5) + 40.0 = 41.0 ft

sA |t = 4 s = 43 - 3
2

 (42) = 40.0 ft

sA |t = 1 s = 13 - 3
2

 (12) = -0.500 ft

t = 1 s

 sB = t4 - 4t2

 L
sB

0
dsB = L

t

0
(4t3 - 8t)dt

 dsB = yBdt

 sA = t3 - 3
2

 t2

 L
sA

0
dsA = L

t

0
(3t2 - 3t)dt

 dsA = yAdt

t = 22 s4t3 - 8t = 0 t = 0 s

3t2 - 3t = 0 t = 0 s and = 1 s

 yB = 4t3 - 8t

 L
yB

0
dyB = L

t

0
(12t2 - 8)dt

 dyB = aBdt

 yA = 3t2 - 3t

 L
yA

0
dyA = L

t

0
(6t - 3)dt

 dyA = aAdt

•12–21. Two particles A and B start from rest at the origin
and move along a straight line such that

and , where t is in
seconds. Determine the distance between them when

and the total distance each has traveled in .t = 4 st = 4 s

aB = (12t2 - 8) ft>s2aA = (6t - 3) ft>s2
s = 0
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Velocity: The velocity of the particle can be related to its position by applying 
Eq. 12–3.

[1]

Position: The position of the particle can be related to the time by applying Eq. 12–1.

When ,

Choose the root greater than Ans.

Substitute into Eq. [1] yields

Ans.y = 8
16(11.94) - 159

= 0.250 m>s
s = 11.94 m

10 m s = 11.94 m = 11.9 m

8s2 - 159s + 758 = 0

8(4) = 8s2 - 159s + 790

t = 4 s

 8t = 8s2 - 159s + 790

 L
t

0
dt = L

s

10m
 
1
8

 (16s - 159) ds

 dt = ds
y

 y = 8
16s - 159

 s - 10 = 1
2y

- 1
16

 L
s

10m
ds = L

y

8m>s- dy
2y2

 ds = ydy
a

12–22. A particle moving along a straight line is subjected
to a deceleration , where is in . If it
has a velocity and a position when

, determine its velocity and position when .t = 4 st = 0
s = 10 mv = 8 m>s m>sva = (-2v3) m>s2
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ln 

Ans.

Ans.

Ans.s = 10(1 - e- 2t)m

s = -10e- 2t|t0 = -10(e- 2t - 1)

L
s

0
ds = L

t

0
v dt = L

t

0
(20e- 2t)dt

a = dv
dt

= (-40e- 2t)m>s2

v = (20e- 2t)m>s
v

20
= -2t

L
v

20
 
dv
v

= L
t

0
-2 dt

dv
dt

= -2v

a = -2v

12–23. A particle is moving along a straight line such that
its acceleration is defined as , where is in
meters per second. If when and ,
determine the particle’s position, velocity, and acceleration
as functions of time.

t = 0s = 0v = 20 m>s va = (-2v) m>s2
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Velocity:

Ans. t = 5ln
30

30 - 0.2(50)
= 1.12 s

 t = 5ln
30

30 - 0.2v

 t|t0 = - 1
0.2

 ln(30 - 0.2v) 2 v
0

 L
t

0
dt = L

v

0
 

dv
30 - 0.2v

 A :+ B  dt = dv
a

*12–24. A particle starts from rest and travels along a
straight line with an acceleration ,
where is in . Determine the time when the velocity of
the particle is .v = 30 ft>sft>sv

a = (30 - 0.2v) ft>s2

Position:

The particle achieves its maximum height when . Thus,

Ans. = 1
2k

 ln¢1 + k
g

 v0 
2≤ hmax = 1

2k
 ln¢g + kv0 

2

g
≤ v = 0

 s = 1
2k

 ln¢g + kv0 
2

g + kv2 ≤ s|s0 = - c 1
2k

ln Ag + kv2 B d 2 v
v0

 L
s

0
ds = L

v

v0

- vdv
g + kv2

 A + c B  ds = v dv
a

•12–25. When a particle is projected vertically upwards
with an initial velocity of , it experiences an acceleration

, where g is the acceleration due to gravity,
k is a constant and is the velocity of the particle.
Determine the maximum height reached by the particle.

v
a = -(g + kv2) 

v0
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Velocity:

(1)

Position:

When ,

Solving the above equation by trial and error,

Thus, the velocity and acceleration when are

Ans.

Ans.

Ans.a = 0.02e5.329 = 4.13 m>s2

a = 0.02e5.329 = 4.13 m>s2

v = 0.02 Ae5.329 - 1 B = 4.11 m>ss = 4 m (t = 5.329 s)

t = 5.329 s

et - t - 201 = 0

4 = 0.02 Aet - t - 1 Bs = 4 m

 s = 0.02 Aet - t - 1 B  m s|
s

0 = 0.02 Aet - t B 2 t
0

 L
s

0
ds = L

t

0
0.02 Aet - 1 Bdt

 A :+ B  ds = v dt

 v = C0.02 Aet - 1 B D  m>s v|
v

0 = 0.02e 
t
 2 t

0

 L
v

0
dv = L

t

0
0.02et dt

 A :+ B  dv = a dt

12–26. The acceleration of a particle traveling along a
straight line is , where t is in seconds. If

, when , determine the velocity and
acceleration of the particle at .s = 4 m

t = 0s = 0v = 0
a = (0.02et) m>s2

Ans.v = 1.29 m>s
0.8351 = 1

2
 v2

L
2

1

5 dsA3s
1
3 + s

5
2 B = L

v

0
v dv

a ds = v dv

a = 5A3s
1
3 + s

5
2 B

12–27. A particle moves along a straight line with an
acceleration of , where s is in
meters. Determine the particle’s velocity when , if it
starts from rest when . Use Simpson’s rule to
evaluate the integral.

s = 1 m
s = 2 m

a = 5>(3s1>3 + s5>2) m>s2
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Velocity: The velocity of the particle can be related to the time by applying Eq. 12–2.

[1]

a) When , then, from Eq. [1]

Ans.

b) If , . Then, from Eq. [1]

Ans.ymax = 100 m>s
e0.1962t - 1

e0.1962t + 1
 :  1t : q

y =
100[e0.1962(5) - 1]

e0.1962(5) + 1
= 45.5 m>s

t = 5 s

 y =
100(e0.1962t - 1)

e0.1962t + 1

 9.81t = 50lna1 + 0.01y
1 - 0.01y

b
 t = 1

9.81
 cLy0

dy
2(1 + 0.01y)

+ L
y

0

dy
2(1 - 0.01y)

d
 L

t

0
dt = L

y

0

dy
9.81[1 - (0.01y)2]

 (+ T)     dt = dy
a

*12–28. If the effects of atmospheric resistance are
accounted for, a falling body has an acceleration defined by
the equation , where is in 
and the positive direction is downward. If the body is
released from rest at a very high altitude, determine (a) the
velocity when , and (b) the body’s terminal or
maximum attainable velocity (as ).t : q

t = 5 s

m>sva = 9.81[1 - v2(10-4)] m>s2
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Position: The position of the particle when is

Ans.

Total Distance Traveled: The velocity of the particle can be determined by applying
Eq. 12–1.

The times when the particle stops are

The position of the particle at , 1 s and 5 s are

From the particle’s path, the total distance is

Ans.stot = 10.5 + 48.0 + 10.5 = 69.0 ft

s! t = 5s = 1.5(53) - 13.5(52) + 22.5(5) = -37.5 ft

s! t = 1s = 1.5(13) - 13.5(12) + 22.5(1) = 10.5 ft

s! t = 0s = 1.5(03) - 13.5(02) + 22.5(0) = 0

t = 0 s

t = 1 s and t = 5 s

4.50t2 - 27.0t + 22.5 = 0

y = ds
dt

= 4.50t2 - 27.0t + 22.5

 s|t = 6s = 1.5(63) - 13.5(62) + 22.5(6) = -27.0 ft

t = 6 s

•12–29. The position of a particle along a straight line is
given by , where t is in
seconds. Determine the position of the particle when

and the total distance it travels during the 6-s time
interval. Hint: Plot the path to determine the total distance
traveled.

t = 6 s

s = (1.5t3 - 13.5t2 + 22.5t) ft
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Position:

Ans.

Velocity:

Acceleration:

Ans.a = -kv0e
- kt

a = dv
dt

= d
dt

 Av0e
- kt B

v = v0e
- kt

v = ds
dt

= d
dt

 cv0

k
 A1 - e- kt B d

 s =
v0

k
 A1 - e- kt B

 ekt =
v0

v0 - ks

 t = 1
k

 ln¢ v0

v0 - ks
≤ t! t0 = - 1

k
 ln (v0 - ks) 2 s

0

 L
t

0
dt = L

s

0

ds
v0 - ks

 A :+ B  dt = ds
y

12–30. The velocity of a particle traveling along a straight
line is , where k is constant. If when ,
determine the position and acceleration of the particle as a
function of time.

t = 0s = 0v = v0 - ks

When ,

Ans.

Ans.

Since then

Ans.d = 67 - 1 = 66 m

v Z 0

s = 67 m

v = 32 m>st = 6 s

 s = 1
3

 t3 - 1
2

 t2 + 2 t + 1

 L
s

1
ds = L

t

0
(t2 - t + 2) dt

 v = t2 - t + 2

 L
v

2
dv = L

t

0
(2 t - 1) dt

12–31. The acceleration of a particle as it moves along a
straight line is given by where t is in
seconds. If and when determine the
particle’s velocity and position when Also, determine
the total distance the particle travels during this time period.

t = 6 s.
t = 0,v = 2 m>ss = 1 m

a = 12t - 12 m>s2,
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Origin at roof:

Ball A:

Ball B:

Solving,

Ans.

Distance from ground,

Ans.

Also, origin at ground,

Require

Ans.

Ans.sB = 20.4 m

t = 2 s

30 + 5t + 1
2

 (-9.81)t2 = 20t + 1
2

 (-9.81)t2

sA = sB

sB = 0 + 20t + 1
2

 (-9.81)t2

sA = 30 + 5t + 1
2

 (-9.81)t2

s = s0 + v0 t + 1
2

 ac t2

d = (30 - 9.62) = 20.4 m

s = 9.62 m

t = 2 s

 -s = -30 + 20t - 1
2

 (9.81)t2

 A + c B s = s0 + v0 t + 1
2

 ac t2

 -s = 0 + 5t - 1
2

 (9.81)t2

 A + c B s = s0 + v0 t + 1
2

 ac t2

*12–32. Ball A is thrown vertically upward from the top 
of a 30-m-high-building with an initial velocity of . At
the same instant another ball B is thrown upward from the
ground with an initial velocity of . Determine the
height from the ground and the time at which they pass.

20 m>s 5 m>s
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Motorcycle:

In car travels

Distance between motorcycle and car:

When passing occurs for motorcycle,

For car:

Solving,

Thus, for the motorcycle,

Ans.

Ans.sm = 208.33 + 3463.54 = 3.67(10)3 ft

t = 69.27 + 8.33 = 77.6 s

t– = 69.27 s

x = 3463.54 ft

s = v0 t; 5541.67 - x = 30(t–)

s = v0 t; x = 50(t–)

6000 - 250 - 208.33 = 5541.67 ft

s– = v0 t¿ = 30(8.33) = 250 ft

t¿ = 8.33 s

s¿ = 208.33 ft

(50)2 = 0 + 2(6)(s¿ - 0)

v2 = v2
0 + 2ac (s - s0)

 t¿ = 8.33 s

 50 = 0 + 6t¿

 A :+ B v = v0 + ac t¿

•12–33. A motorcycle starts from rest at and travels
along a straight road with a constant acceleration of 
until it reaches a speed of . Afterwards it maintains
this speed. Also, when , a car located 6000 ft down the
road is traveling toward the motorcycle at a constant speed
of . Determine the time and the distance traveled by
the motorcycle when they pass each other.

30 ft>s t = 0
50 ft>s 6 ft>s2

t = 0
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Acceleration:

Thus,

When ,

Ans.

Position:

At ,

Ans.t = 1
200

 ln 
2000
500

= 6.93 A10- 3 B  s = 6.93 ms

s = 2000 mm

 t = 1
200

 ln 
s

500

 t 2 t
0

= 1
200

 lns 2 s
500 mm

 L
t

0
dt = L

s

500 mm 
 

ds
200s

 A :+ B  dt = ds
v

a = 40 A103 B(2000) = 80 A106 B  mm>s2 = 80 km>s2

s = 2000 mm

a = v 
dv
ds

= (200s)(200) = 40 A103 Bs mm>s2

A :+ B  
dv
ds

= 200s

12–34. A particle moves along a straight line with a
velocity , where s is in millimeters.
Determine the acceleration of the particle at .
How long does the particle take to reach this position if

when ?t = 0s = 500 mm

s = 2000 mm
v = (200s) mm>s

91962_01_s12-p0001-0176  6/8/09  8:07 AM  Page 22



23

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Velocity:

When ,

Ans.

Ans.v = 26.6 m>st = 0.372 s

s = 100 m

 s = (27t - t3) m>s s 2 s
0

= A27t - t3 B 2 t
0

 L
s

0
ds = L

t

0
A27 - 3t2 Bdt

 A :+ B  ds = v dt

 v = (27 - 3t2) m>s v 2 v
27

= A -3t2 B 2 t
0

 L
t

27
dv = L

t

0
(-6t)dt

 A :+ B  dv = a dt

!12–35. A particle has an initial speed of If it
experiences a deceleration of where t is in
seconds, determine its velocity, after it has traveled 10 m.
How much time does this take?

a = 1-6t2 m>s2,
27 m>s.

*12–36. The acceleration of a particle traveling along a
straight line is , where s is in meters. If

at , determine the velocity of the particle at
, and the position of the particle when the velocity

is maximum.
s = 2 m

s = 0v = 0
a = (8 - 2s) m>s2

Velocity:

At ,

Ans.

When the velocity is maximum . Thus,

Ans.s = 4 m

16 - 4s = 0

dv
ds

= 16 - 4s

2216s - 2s2
= 0

dv
ds

= 0

v! s = 2 m = 216(2) - 2 A22 B = ;4.90 m>ss = 2 m

 n = 216s - 2s2 m>s
 
v2

2
` v
0

= A8s - s2 B 2 s
0

 L
v

0
vdv = L

s

0
(8 - 2s) ds

 A :+ B  v dv = a ds
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Kinematics: First, we will consider the motion of ball A with , ,
, , and .

(1)

(2)

The motion of ball B requires , , , , and
.

(3)

(4)

Solving Eqs. (1) and (3),

Ans.

Substituting this result into Eqs. (2) and (4),

Ans.

Ans. = 1
2

 gt c

 vB = v0 - ga2v0 + gt

2g
- tb

 = -  
1
2

 gt = 1
2

 gtT

 vA = v0 - ga2v0 + gt

2g
b

t¿ =
2v0 + gt

2g

v0t¿ -
g

2
 t¿2 = v0(t¿ - t) -

g

2
 (t¿ - t)2

 vB = v0 - g(t¿ - t)

 vB = v0 + (-g)(t¿ - t)

 A + c B vB = (vB)0 + (ac)B tB

 h = v0(t¿ - t) -
g

2
 (t¿ - t)2

 h = 0 + v0(t¿ - t) + 1
2

 (-g)(t¿ - t)2

 A + c B sB = (sB)0 + (vB)0tB + 1
2

 (ac)BtB 
2

(ac)B = -g
tB = t¿ - tsB = h(sB)0 = 0(vB)0 = v0

 vA = v0 - gt¿

 vA = v0 + (-g)(t¿)

 A + c B vA = (vA)0 + (ac)A tA

 h = v0t¿ -
g

2
t¿2

 h = 0 + v0t¿ + 1
2

(-g)(t¿)2

 A + c B sA = (sA)0 + (vA)0tA + 1
2

(ac)A tA 
2

(ac)A = -gtA = t¿sA = h
(sA)0 = 0(vA)0 = v0

•12–37. Ball A is thrown vertically upwards with a
velocity of . Ball B is thrown upwards from the same point
with the same velocity t seconds later. Determine the
elapsed time from the instant ball A is thrown to
when the balls pass each other, and find the velocity of each
ball at this instant.

 t 6 2v0>g
v0
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Ans. = 11167 m>s = 11.2 km>s = 22(9.81)(6356)(10)3

 v = 22g0 R

 
v2

2
2 0
y

=
g0 R

2

R + y
2 q
0

 L
0

y

v dv = -g0R
2

L
q

0

dy

(R + y)2

 v dv = a dy

12–38. As a body is projected to a high altitude above the
earth’s surface, the variation of the acceleration of gravity with
respect to altitude y must be taken into account. Neglecting air
resistance, this acceleration is determined from the formula

, where is the constant gravitational
acceleration at sea level, R is the radius of the earth, and the
positive direction is measured upward. If and

, determine the minimum initial velocity (escape
velocity) at which a projectile should be shot vertically from
the earth’s surface so that it does not fall back to the earth.
Hint: This requires that as y : q .v = 0

R = 6356 km
g0 = 9.81 m>s2

g0a = -g0[R2>(R + y)2]

From Prob. 12–38,

Since 

then

Thus

When , ,

Ans.v = -3016 m>s = 3.02 km>s T

v = -6356(103)A 2(9.81)(500)(103)

6356(6356 + 500)(106)

y = 0y0 = 500 km

v = -RA 2g0 (y0 - y)
(R + y)(R + y0)

g0 R2[
1

R + y
- 1

R + y0
] = v2

2

g0 R2 c 1
R + y

dy
y0

= v2

2

-g0 R2 L
y

y0

 
dy

(R + y)2 = L
v

0
v dv

a dy = v dv

(+ c) a = -g0 
R2

(R + y)2

12–39. Accounting for the variation of gravitational
acceleration a with respect to altitude y (see Prob. 12–38),
derive an equation that relates the velocity of a freely falling
particle to its altitude.Assume that the particle is released from
rest at an altitude from the earth’s surface.With what velocity
does the particle strike the earth if it is released from rest at an
altitude ? Use the numerical data in Prob. 12–38.y0 = 500 km

y0
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Ans.t = 0.549avf

g
b

t =
vf

2g
 ln ¢vf + vf>2

vf - vf>2 ≤t =
vf

2g
 ln ¢vf + v

vf - v
≤1

2vf
 ln ¢vf + v

vf - v
≤ ` y

0
=

g

v2
f
 t

L
v

0

dy

v2
f - v2¿ =

g

v2
f
 L

t

0
 dt

dv
dt

= a = ¢ g

v2
f
≤ Av2

f - v2 B

*12–40. When a particle falls through the air, its initial
acceleration diminishes until it is zero, and thereafter it
falls at a constant or terminal velocity . If this variation of
the acceleration can be expressed as 
determine the time needed for the velocity to become

Initially the particle falls from rest.v = vf>2.

a = 1g>v2
 f21v2

 f - v22,vf

a = g
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Velocity:

The velocity of the particle changes direction at the instant when it is momentarily
brought to rest. Thus,

Position: The positions of the particle at , 1 s, 2 s, and 3 s are

Using the above results, the path of the particle is shown in Fig. a. From this figure,
the distance traveled by the particle during the time interval to is

Ans.

The average speed of the particle during the same time interval is

Ans.vavg =
sTot

¢t
= 30

3 - 1
= 15 m>s

sTot = (2 + 8) + (8 + 12) = 30 m

t = 3 st = 1 s

s! t = 3 s = 12 - 15 A32 B + 5 A33 B = 12 m

s! t = 2 s = 12 - 15 A22 B + 5 A23 B = -8 m

s! t = 1 s = 12 - 15 A12 B + 5 A13 B = 2 m

s! t = 0 s = 12 - 15 A02 B + 5 A03 B = 12 m

t = 0 s

t = 0 and 2 s

t(-30 + 15t) = 0

v = -30t + 15t2 = 0

 v = -30t + 15t2 m>s
 A :+ B  v = ds

dt
= d

dt
 A12 - 15t2 + 5t3 B

•12–41. A particle is moving along a straight line such that
its position from a fixed point is ,
where t is in seconds. Determine the total distance traveled
by the particle from to . Also, find the average
speed of the particle during this time interval.

t = 3 st = 1 s

s = (12 - 15t2 + 5t3) m
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The total distance traveled is equal to the area under the graph.

Ans.sT = 1
2

 (20)(16) + 1
2

 (40 - 20)(16 + 21) + 1
2

 (60 - 40)(21 + 24) = 980 m

12–42. The speed of a train during the first minute has
been recorded as follows:

Plot the graph, approximating the curve as straight-line
segments between the given points. Determine the total
distance traveled.

v- t

t (s) 0 20 40 60 

( ) m>sv 0 16 21 24 
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Since , the constant lines of the a–t graph become sloping lines for the v–t graph.

The numerical values for each point are calculated from the total area under the a–t graph to
the point.

At 

At 

Since , the sloping lines of the v–t graph become parabolic curves for the s–t graph.

The numerical values for each point are calculated from the total area under the v–t graph to
the point.

At 

At 

Also:

:

At :

:

When :

s = 3687.5 m = 3.69 km

v = 395 m>st = 20

s = s0 + v0 t + 1
2

 ac t2 = 2025 + 270(t - 15) + 1
2

 (25)(t - 15)2

v = v0 + ac t = 270 + 25(t - 15)

a = 25

15 … t … 20

s = 9(15)2 = 2025

v = 18(15) = 270

t = 15

s = s0 + v0 t + 1
2

 ac t2 = 0 + 0 + 9t2

v = v0 + ac t = 0 + 18t

a = 18

0 … t … 15

t = 20 s, s = 2025 + 270(20 - 15) + 1
2

 (395 - 270)(20 - 15) = 3687.5 m = 3.69 km

t = 15 s, s = 1
2

 (15)(270) = 2025 m

s = Lv dt

t = 20 s, v = 270 + (25)(20 - 15) = 395 m>st = 15 s, v = (18)(15) = 270 m>s
v = La dt

12–43. A two-stage missile is fired vertically from rest
with the acceleration shown. In 15 s the first stage A burns
out and the second stage B ignites. Plot the and 
graphs which describe the two-stage motion of the missile
for .0 … t … 20 s

s- tv- t a (m/s2)

t (s)
15

18

25

20

A

B
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Total Distance Traveled: The distance for part one of the motion can be related to
time by applying Eq. 12–5 with and .

The velocity at time t can be obtained by applying Eq. 12–4 with .

[1]

The time for the second stage of motion is and the train is traveling at
a constant velocity of (Eq. [1]). Thus, the distance for this part of motion is

If the total distance traveled is , then

Choose a root that is less than 160 s, then

Ans.

Graph: The equation for the velocity is given by Eq. [1]. When ,
.y = 0.5(27.34) = 13.7 ft>s t = t¿ = 27.34 sY! t

t¿ = 27.34 s = 27.3 s

 0.25(t¿)2 - 80t¿ + 2000 = 0

 2000 = 0.25(t¿)2 + 80t¿ - 0.5(t¿)2

 sTot = s1 + s2

sTot = 2000

A :+ B  s2 = yt2 = 0.5t¿(160 - t¿) = 80t¿ - 0.5(t¿)2

y = 0.5t¿
t2 = 160 - t¿

A :+ B  y = y0 + act = 0 + 0.5t = 0.5t

y0 = 0

 s1 = 0 + 0 + 1
2

 (0.5)(t¿)2 = 0.25(t¿)2

 A :+ B    s = s0 + y0 t + 1
2

 ac t2

y0 = 0s0 = 0t = t¿

*12–44. A freight train starts from rest and travels with a
constant acceleration of .After a time it maintains a
constant speed so that when it has traveled 2000 ft.
Determine the time and draw the –t graph for the motion.vt¿

t = 160 s
t¿0.5 ft>s2
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•12–45. If the position of a particle is defined by
, where t is in seconds, construct

the , , and graphs for .0 … t … 10 sa- tv- ts- t
s = [2 sin (p>5)t + 4] m
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For stage (1) motion,

(1)

(2)

Eliminating from Eqs. (1) and (2), we have

(3)

For stage (2) motion, the train travels with the constant velocity of for
. Thus,

(4)

For stage (3) motion, the train travels for . Thus,

(5)

(6)

Eliminating from Eqs. (5) and (6) yields

(7)

Solving Eqs. (3), (4), and (7), we have

Ans.

Based on the above results the graph is shown in Fig. a.v- t

vmax = 16.7 m>st1 = 120 s   t2 = 240 s

360 - t2 = 2000
vmax

(ac)3

 (ac)3 =
vmax 

2

2000

 0 = vmax 
2 + 2 C -(ac)3 D(4000 - 3000)

 A :+ B  v3 
2 = v2 

2 + 2(ac)3(s3 - s2)

 vmax = (ac)3(360 - t2)

 0 = vmax - (ac)3(360 - t2)

 A :+ B  v3 = v2 + (ac)3t

t = 360 - t2

 t2 - t1 = 2000
vmax

 1000 + 2000 = 1000 + vmax (t2 - t1) + 0

 A :+ B  s2 = s1 + v1t + 1
2

 (ac)2 t2

t = (t2 - t1)
vmax

t1 = 2000
vmax

(ac)1

 (ac)1 =
vmax 

2

2000

 vmax 
2 = 0 + 2(ac)1(1000 - 0)

 A :+ B  v1 
2 = v0 

2 + 2(ac)1(s1 - s0)

 vmax = (ac)1t1

 vmax = 0 + (ac)1 t1

 A :+ B  v1 = v0 + (ac)1 t

12–46. A train starts from station A and for the first
kilometer, it travels with a uniform acceleration. Then, for
the next two kilometers, it travels with a uniform speed.
Finally, the train decelerates uniformly for another
kilometer before coming to rest at station B. If the time for
the whole journey is six minutes, draw the graph and
determine the maximum speed of the train.

v–t
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Graph: For ,

At and 3 m,

For ,

At and 6 m,

The graph is shown in Fig. a.a-s

a|s = 6 m = 6 + 7 = 13 m>s2

a|s = 3 m = 3 + 7 = 10 m>s2

s = 3 m

A :+ B  a = v 
dv
ds

= (s + 7)(1) = (s + 7) m>s2

3m 6 s … 6 m

a|s = 3 m = 4(3) + 8 = 20 m>s2

a|s = 0 m = 4(0) + 8 = 8 m>s2

s = 0 m

A :+ B  a = v 
dv
ds

= (2s + 4)(2) = (4s + 8) m>s2

0 … s 6 3 ma!s

12–47. The particle travels along a straight line with the
velocity described by the graph. Construct the graph.a-s

s (m)

v (m/s)

3 6

4

10
13

v ! 2s " 4

v ! s " 7
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Graph: The function of acceleration a in terms of s for the interval
is

For the interval ,

Graph: The function of velocity in terms of s can be obtained by applying
. For the interval ,

At 

For the interval ,

At s = 300 m, y = 2-0.02(3002) + 12(300) - 1200 = 24.5 m>s y = A2-0.02s2 + 12s - 1200 B  m>s L
y

20.0m>s ydy = L
s

200m
(-0.02s + 6)ds

 ydy = ads

200 m 6 s … 300 m

s = 200 m,   y = 0.100(200) = 20.0 m>s y = (0.1s) m>s
 L

y

0
ydy = L

s

0
0.01sds

 ydy = ds

0 m ◊ s<200 mydy = ads
yY!s

a - 2
s - 200

= 0 - 2
300 - 200

 a = (-0.02s + 6) m>s2

200 m 6 s … 300 m

a - 0
s - 0

= 2 - 0
200 - 0
 a = (0.01s) m>s2

0 m … s 6 200 m
a!s

*12–48. The a–s graph for a jeep traveling along a straight
road is given for the first 300 m of its motion. Construct the

–s graph. At , .v = 0s = 0v

s  (m)

a (m/s2)

2

200 300
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at 

, and ,

s|t = 0.4226 = 0.385 m

s|t = 1.577 = -0.386 m

t = 0.4226 st = 1.577 s

0 = 3t2 - 6t + 2v = 0

a = dv
dt

= 6t - 6

v = ds
dt

= 3t2 - 6t + 2

s = t3 - 3t2 + 2t

•12–49. A particle travels along a curve defined by the
equation where is in seconds. Draw
the and graphs for the particle for

.0 …  t …  3 s
a - tv - t,s - t,

ts = (t3 - 3t2 + 2t) m.

Graph: For ,

At ,

For ,

The graph is shown in Fig. a.a-s

A :+ B  a = v 
dv
ds

= 75(0) = 0

625 ft 6 s 6 1500 ft

a|s = 625 ft = 0.27 A6251>2 B = 6.75ft>s2

s = 625ft

A :+ B  a = v 
dv
ds

= A0.6s3>4 B c3
4

 (0.6)s- 1>4 d = A0.27s1>2 B ft >s2

0 … s 6 625 fta!s

12–50. A truck is traveling along the straight line with a
velocity described by the graph. Construct the graph
for .0 … s …  1500 ft

a-s

s(ft)

v (ft/s)

625 1500

75

v ! 0.6 s3/4
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Graph: For the time interval , the initial condition is when
.

When ,

For the time interval , the initial condition is when
.

When ,

Ans.

The graph shown is in Fig. a.

Graph: For the time interval ,

For the time interval ,

The graph is shown in Fig. b.

Note: Since the change in position of the car is equal to the area under the 
graph, the total distance traveled by the car is

s!t = 90 s = 1350 s

s!t = 90 s - 0 = 1
2

 (90)(30)

¢s = L  vdt

v-  t

a-  t

a = dv
dt

= d
dt

 (-0.5t + 45) = -0.5 m>s2

30 s 6 t … 90 s

a = dv
dt

= d
dt

 (t) = 1 m>s2

0 6 t 6 30 sa! t

s -  t

s!t = 90 s = - 1
4

 A902 B + 45(90) - 675 = 1350 m

t = 90 s

 s = a - 1
4

 t2 + 45t - 675b  m

 L
s

450 m
ds = L

t

30s
(-0.5t + 45)dt

 A :+ B  ds = vdt

t = 30 s
s = 450 m30 s 6 t … 90 s

s = 302

2
= 450 m

t = 30 s

 s = ¢ t2

2
≤  m

 L
s

0
ds = L

t

0
tdt

 A :+ B  ds = vdt

t = 0 s
s = 00 … t 6 30 ss! t

12–51. A car starts from rest and travels along a straight
road with a velocity described by the graph. Determine the
total distance traveled until the car stops. Construct the 
and graphs.a–t

s–t

t(s)

v(m/s)

30 90

30
v ! #0.5t " 45v ! t 

60
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Distance traveled is area under graph.

Ans.s = (10)(30) + 1
2

 (10)(30) = 450 m

v-  t

*12–52. A car travels up a hill with the speed shown.
Determine the total distance the car travels until it stops
( ). Plot the graph.a- tt = 60 s

30
t (s)

v (m/s)

10

60

Graph: The position function in terms of time t can be obtained by applying

. For time interval , .

At ,

For time interval ,

At 

Graph: The acceleration function in terms of time t can be obtained by applying 

. For time interval and ,

and , respectively.a = dy
dt

= 0=  0.4 m>s2

a = dy
dt

= 2
5

30 s<t ◊ 50 s0 s ◊ t<30 sa = dy
dt

a! t

t = 50 s,   s = 12(50) - 180 = 420 m

 s = (12t - 180) m

 L
s

180 m
ds = L

t

30 s
12dt

 ds = ydt

30 s<t ◊ 50 s

s = 1
5

 A302 B = 180 mt = 30 s

 s = a 1
5

 t2b  m

 L
s

0
ds = L

t

0
 
2
5

 tdt

 ds = ydt

y = 12
30

 t = a2
5

 tb  m>s0 s … t 6 30 sy = ds
dt

s! t

•12–53. The snowmobile moves along a straight course
according to the –t graph. Construct the s–t and a–t graphs
for the same 50-s time interval. When , .s = 0t = 0

v

t (s)

12

30 50

v (m/s)
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Motorcycle:

Time to reach ,

Distance traveled,

In , truck travels

Further distance for motorcycle to travel:

Motorcycle:

Truck:

Thus 

Ans.

Total distance motorcycle travels

sT = 302.08 + 85(5.717) = 788 ft

t = 4.167 + 5.717 = 9.88 s

t¿ = 5.717 s

s = 0 + 60t¿

 (s + 142.92) = 0 + 85t¿

 s = s0 + v0 t

=  142.92 ft
40 + 55 + 250 + 100 - 302.08

st = 60(4.167) = 250 ft

t = 4.167 s

 sm = 302.08 ft

 (85)2 = (60)2 + 2(6)(sm - 0)

 v2 = v2
0 + 2ac (s - s0)

 t = 4.167 s

 85 = 60 + 6t

 v = v0 + ac t

85 ft>s

12–54. A motorcyclist at A is traveling at when he
wishes to pass the truck T which is traveling at a constant
speed of To do so the motorcyclist accelerates at

until reaching a maximum speed of If he then
maintains this speed, determine the time needed for him to
reach a point located 100 ft in front of the truck. Draw the

and graphs for the motorcycle during this time.s- tv- t

85 ft>s.6 ft>s2
60 ft>s.

60 ft>s
100 ft55 ft40 ft

A

T

(vm)1 ! 60 ft/s (vm)2 ! 85 ft/s

vt ! 60 ft/s
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Graph: For the time interval , the initial condition is 
when .

When ,

For the time interval , the initial condition is when .

When ,

Ans.

Also, the change in velocity is equal to the area under the a–t graph. Thus,

The v–t graph is shown in Fig. a.

t¿ = 8.75s¿

5 - 70 = - C5(10) + 4(t¿ - 5) D¢v = Ladt

5 = -4t¿ + 40     t¿ = 8.75 s

v = 5 m>s v = (-4t + 40) m>s
 L

v

20 m>sdv = L
t

5 s
-4dt

 A :+ B  dv = adt

t = 5 sv = 20 m>s5 s 6 t … t¿

v|t = 5 s = -10(5) + 70 = 20 m>st = 5 s

 v = (-10t + 70) m>s
 L

v

70 m>s dv = L
t

0
-10dt

 A :+ B  dv = adt

t = 0 s
v = 70 m>s0 … t 6 5 sN! t

12–55. An airplane traveling at lands on a straight
runway and has a deceleration described by the graph.
Determine the time and the distance traveled for it to
reach a speed of . Construct the and graphs for
this time interval, .0 …  t …  t¿

s- tv–t5 m>st¿
70 m>s

t(s)

a(m/s2)

5 t¿

!4

!10
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Graph: For the time interval , the initial condition is when
.

When ,

For the time interval the initial condition is when
.

When ,

Ans.

Also, the change in position is equal to the area under the v–t graph. Referring to
Fig. a, we have

Ans.

The s–t graph is shown in Fig. b.

s!t = 8.75 s - 0 = 1
2

 (70 + 20)(5) + 1
2

 (20 + 5)(3.75) = 271.875 m = 272 m

¢s = L  vdt

s!t = 8.75 s = -2 A8.752 B + 40(8.75) + 75 = 271.875 m = 272 m

t = t¿ = 8.75 s

 s = A -2t2 + 40t + 75 Bm L
s

225 m
ds = L

t

5
(-4t + 40)dt

 A :+ B  ds = vdt

t = 5 s
s = 225 m5 6 t … t¿ = 8.75 s

s!t = 5 s = -5 A52 B + 70(5) = 225 m

t = 5 s

 s = A -5t2 + 70t Bm L
s

0
ds = L

t

0
(-10t + 70)dt

 A :+ B  ds = vdt

t = 0 s
s = 00 … t 6 5 ss! t

12–57. Continued
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Graph: For the time interval ,

When and 10 s,

For the time interval ,

When and 20 s,

The v–t graph is shown in Fig. a.

Graph: For the time interval ,

When and 10 s,

For the time interval ,

the a–t graph is shown in Fig. b.

A :+ B  a = dv
dt

= d
dt

 (-1.25t + 27.5) = -1.25 m>s2

10 s 6 t … 20 s

a! t = 0 s = 0.3(0) = 0     a! t = 10 s = 0.3(10) = 3 m>s2

t = 0 s

A :+ B  a = dv
dt

= d
dt

 A0.15t2 B = (0.3t) m>s2

0 … t 6 10 sa! t

v! t = 20 s = -1.25(20) + 27.5 = 2.5 m>sv! t = 10 s = -1.25(10) + 27.5 = 15 m>st = 10 s

A :+ B  v = ds
dt

= d
dt

 A -0.625t2 + 27.5t - 162.5 B = (-1.25t + 27.5) m>s
10 s 6 t … 20 s

v!t = 0 = 0.15 A02 B = 0   v!t = 10 s = 0.15 A102 B = 15 m/s

t = 0 s

A :+ B  v = ds
dt

= d
dt

 A0.05t3 B = A0.15t2 B  m>s0 … t 6 10 sN! t

*12–56. The position of a cyclist traveling along a straight
road is described by the graph. Construct the and 
graphs.

a–tv–t

t (s)

s (m)

s ! #0.625 t2 " 27.5t # 162.5

10 20

50

137.5

s ! 0.05 t3 
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Graph: For , the initial condition is at .

At ,

For , the initial condition is at .

When ,

Ans.

The v–s graph is shown in Fig. a.

0 = 2-30s¿ + 12000   s¿ = 400 m

v = 0

 v = A2-30s + 12000 B  m>s 
v2

2
2 v
77.46 m>s = -15s! 

s

200 m

 L
v

77.46 m>s v dv = L
s

200 m
-15ds

 A :+ B  vdv = ads

s = 200 mv = 77.46 m>s200 m 6 s … s¿

v! s = 200 m = 20.1 A2002 B + 10(200) = 77.46 m>s = 77.5 m>ss = 200 m

 v = a20.1s2 + 10sb  m>s
 
v2

2
2 v
0

= A0.05s2 + 5s B 2 s
0

 L
v

0
vdv = L

s

0
(0.1s + 5)ds

 A :+ B  vdv = ads

s = 0v = 00 … s 6 200 mN!s

•12–57. The dragster starts from rest and travels along a
straight track with an acceleration-deceleration described
by the graph. Construct the graph for and
determine the distance traveled before the dragster again
comes to rest.

s¿
0 … s … s¿,v-s

s (m)

a(m/s2)

200 

s¿

25

5

!15

a " 0.1s # 5
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Graph: For , the initial condition is at .

When ,

For , the initial condition is at .

When ,

Ans.

The v–s graph is shown in Fig. a.

0 = 220 000 - 8s¿    s¿ = 2500 ft

v = 0

 v = A220 000 - 8s B  ft>s 
v2

2
2 v
109.54 ft>s = -4s! s1000 ft

 L
v

109.54 ft>svdv = L
s

1000 ft
-4ds

 A :+ B  vdv = ads

s = 1000 ftv = 109.54 ft>s1000 ft 6 s … s¿

v = 212(1000)1>2 = 109.54 ft>s = 110 ft>ss = 1000 ft

 v = A212s1>2 B  ft>s 
v2

2
= 6s

 L
v

0
vdv = L

s

0
6ds

 A :+ B  vdv = ads

s = 0v = 00 … s 6 1000 ftN!s

12–58. A sports car travels along a straight road with an
acceleration-deceleration described by the graph. If the car
starts from rest, determine the distance the car travels
until it stops. Construct the graph for .0 …  s …  s¿v-s

s¿

s(ft)

a(ft/s2)

s¿

!4

6

1000

91962_01_s12-p0001-0176  6/8/09  8:10 AM  Page 43



44

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

For ,

When ,

For ,

When ,

Distance at :

Distance at :

Ans. s = 917 m

 s - 125 = 1
3

 t3 + 10t2 - 50t d10

5

 L
s

125
ds = L

10

5
A t2 + 20t - 50 Bdt

 ds = v dv

t = 10 s

 s = (5)3 = 125 m

 L
s

0
ds = L

5

0
3t2 dt

 ds = v dt

t = 5 s

v = 250 m>st = 10 s

 v = t2 + 20t - 50

 v - 75 = t2 + 20t - 125

 L
v

75
dv = L

t

5
(2t + 20) dt

 dv = a dt

 a = 2t + 20

5 6 t 6 10 s

v = 75 m>st = 5 s

 v = 3t2

 L
v

0
dv = L

t

0
6t dt

 dv = a dt

 a = 6t

t … 5 s

12–59. A missile starting from rest travels along a straight
track and for 10 s has an acceleration as shown. Draw the

graph that describes the motion and find the distance
traveled in 10 s.
v- t

30

5 10

40

t(s)

a (m/s2)

a " 2t # 20

a " 6t
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For 

When 

For 

When 

Ans.s = 114 m

t = 10 s,  v = 36 m>s s = 3t2 - 24t + 54

 L
s

18
ds = L

t

6
(6t - 24) dt

 ds = v dt

 v = 6t - 24

 L
v

12
dv = L

t

6
6 dt

6 6 t … 10   dv = a dt

t = 6 s,  v = 12 m>s s = 18 m

 s = 1
72

 t4

 L
s

0
ds = L

t

0
 

1
18

 t3 dt

 ds = v dt

 v = 1
18

 t3

 L
v

0
dv = L

t

0
 
1
6

 t2 dt

0 … t 6 6  dv = a dt

*12–60. A motorcyclist starting from rest travels along a
straight road and for 10 s has an acceleration as shown.
Draw the graph that describes the motion and find the
distance traveled in 10 s.

v- t

6 10
t (s)

6
1—
6

a (m/s2)

a "    t2 
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From the v–t graph at , , and ,

The equations defining the portions of the s–t graph are

0 … t … 5 s  v = 4t; ds = v dt; L
s

0
ds = L

t

0
4t dt; s = 2t2

s3 = A1 + A2 + A3 = 350 + 1
2

 (30 - 20)(20) = 450 m

s2 = A1 + A2 = 50 + 20(20 - 5) = 350 m

s1 = A1 = 1
2

 (5)(20) = 50 m

t3 = 30 st2 = 20 st1 = 5 s

20 … t … 30  a = ¢v
¢t

= 0 - 20
30 - 20

= -2 m>s2

5 … t … 20  a = ¢v
¢t

= 20 - 20
20 - 5

= 0 m>s2

0 … t … 5  a = ¢v
¢t

= 20
5

= 4 m>s2

•12–61. The graph of a car while traveling along a
road is shown. Draw the and graphs for the motion.a- ts- t

v- t

20

20 305
t (s)

v (m/s)

20 … t … 30 s  v = 2(30 - t); ds = v dt; L
s

350
ds = L

t

20
2(30 - t) dt; s = - t2 + 60t - 450

5 … t … 20 s  v = 20; ds = v dt; L
s

50
ds = L

t

5
20 dt; s = 20t - 50
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Graph: For , the initial condition is at .

The maximum velocity of the boat occurs at , where its acceleration
changes sign. Thus,

Ans.

For , the initial condition is at .

Thus, when ,

Ans.

The v–s graph is shown in Fig. a.

0 = 2-8s¿ + 2550   s¿ = 318.7 m = 319 m

v = 0

 v = 2-8s + 2550 m>s
 
v2

2
2 v
36.74 m>s = -4s 2 s

150 m

 L
v

36.74 m>svdv = L
s

150 m
-4ds

 A :+ B  vdv = ads

s = 150 mv = 36.74 m>s150 m 6 s 6 s¿

vmax = v! s = 150 m = 2-0.02 A1502 B + 12(150) = 36.74 m>s = 36.7 m>s
s = 150 m

 v = a2-0.02s2 + 12sb  m>s
 
v2

2
2 v
0

= A -0.01s2 + 6s B ! s0
 L

v

0
vdv = L

s

0
(-0.02s + 6)ds

 A :+ B  vdv = ads

s = 0v = 00 … s 6 150 mN!s

12–62. The boat travels in a straight line with the
acceleration described by the graph. If it starts from rest,
construct the graph and determine the boat’s maximum
speed.What distance does it travel before it stops? s¿

v-s
a-s

s(m)
s¿

a(m/s2)

3

150

!4

6
a " !0.02s # 6
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Graph: For the time interval , the initial condition is at .

When ,

The initial condition is at .

When ,

The v–t graph is shown in Fig. a.

Graph: For the time interval , the initial condition is when
.

When ,

For the time interval , the initial condition is when
.

When ,

The s–t graph is shown in Fig. b.

s! t = 14 s = 2
3

 A143 B - 9 A142 B + 108(14) - 340.2 = 1237 m

t = 14 s

 s = a2
3

 t3 - 9t2 + 108t - 340.2b  m

 L
s

388.8 m
ds = L

t

9 s
A2t2 - 18t + 108 Bdt

 A + c B  ds = vdt

t = 9 s
s = 388.8 m9 s 6 t … 14 s

s! t = 9 s = 8
5

 A95>2 B = 388.8 m

t = 9 s

 s = 8
5

 t5>2
 L

s

0
ds = L

t

0
4t3>2 dt

 A + c B  ds = vdt

t = 0
s = 00 … t 6 9 ss! t

v! t = 14 s = 2 A142 B - 18(14) + 108 = 248 m>st = 14 s

 v = A2t2 - 18t + 108 B  m>s L
v

108 m>sdv = L
t

9 s
(4t - 18)dt

 A + c B  dv = adt

t = 9 sv = 108 m>s
v! t = 9 s = 4 A93>2 B = 108 m>st = 9 s

 v = A4t3>2 Bm>s L
v

0
dv = L

t

0
6t1>2dt

 A + c B  dv = adt

s = 0v = 00 … t 6 9 sN! t

12–63. The rocket has an acceleration described by the
graph. If it starts from rest, construct the and 
graphs for the motion for the time interval .0 …  t …  14 s

s- tv- t

t(s)

a(m/s2)

38

18

9 14

a2 " 36t
a " 4t ! 18

91962_01_s12-p0001-0176  6/8/09  8:20 AM  Page 48



49

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Graph: For ,

For ,

At and 525 m,

The a–s graph is shown in Fig. a.

a! s = 525 m = 0.04(525) - 24 = -3 m>s2

a! s = 225 m = 0.04(225) - 24 = -15 m>s2

s = 225 m

A :+ B  a = v 
dv
ds

= (-0.2s + 120)(-0.2) = (0.04s - 24) m>s2

225 m 6 s … 525 m

A :+ B  a = v 
dv
ds

= A5s1>2 B a5
2

s- 1>2b = 12.5 m>s2

0 … s 6 225 ma ! s

*12–64. The jet bike is moving along a straight road 
with the speed described by the graph. Construct the

graph.a-s
v-s

v(m/s)

v " 5s1/2

75

15

225 525

v " !0.2s # 120

s(m)
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Graph: For , the initial condition is at .

At ,

For , the initial condition is at .

At ,

The v–s graph is shown in Fig. a.

v! s = 500 ft = 220(500) - 1600 = 91.65 ft>s = 91.7 ft>ss = 500 ft

 v = 220s - 1600 ft>s
 
v2

2
2 v
48.99 ft>s = 10s! 

s

200 ft

 L
v

48.99 ft>svdv = L
s

200 ft
10ds

 A :+ B  vdv = ads

s = 200 ftv = 48.99 ft>s200 ft 6 s … 500 ft

v! s = 200 ft = 20.04 A2002 B + 4(200) = 48.99 ft>s = 49.0 ft >ss = 200 ft

 v = 20.04s2 + 4s ft>s
 
v2

2
2 v
0

= 0.02s2 + 2s! s0

 L
v

0
vdv = L

s

0
(0.04s + 2)ds

 A :+ B  vdv = ads

s = 0v = 00 … s 6 200 ftN!s

•12–65. The acceleration of the speed boat starting from
rest is described by the graph. Construct the graph.v-s

a(ft/s2)

10

2

200 500

a " 0.04s # 2

s(ft)
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Graph: For , the initial condition is when .

When ,

For , the initial condition is when .

When ,

Ans.

The s–t graph is shown in Fig. a.

Graph: For ,

For ,

When and 400 m,

The a–s graph is shown in Fig. b.

a! s = 400 m = 0.04(400) = 16 m>s2

a! s = 100 m = 0.04(100) = 4 m>s2

s = 100 m

a = v 
dv
ds

= (0.2s)(0.2) = 0.04s

100 m 6 s … 400 m

a = v 
dv
ds

= A2s1>2 B As- 1>2 B = 2 m>s2

0 m … s 6 100 ma!s

t = 16.93 s = 16.9 s

400 = 13.53et>5s = 400 m

 s = A13.53et>5 B  m 
et>5
e2 = s

100

 et>5 - 2 = s
100

 
t
5

- 2 = ln 
s

100

 t - 10 = 5ln 
s

100

 L
t

10 s
dt = L

s

100 m
 

ds
0.2s

 A :+ B  dt = ds
v

t = 10 ss = 100 m100 6 s … 400 m

100 = t2  t = 10 s

s = 100 m

 s = A t2 B  m t = s1>2 L
t

0
dt = L

s

0

ds

2s1>2
 A :+ B  dt = ds

v

t = 0 ss = 00 … s 6 100 ms! t

12–66. The boat travels along a straight line with the
speed described by the graph. Construct the and 
graphs. Also, determine the time required for the boat to
travel a distance if .s = 0  when  t = 0s = 400 m

a-ss- t
v(m/s)

100 400

20

80

s(m)

v2 " 4s

v " 0.2s 
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Graph: The velocity in terms of time t can be obtained by applying .
For time interval ,

When 

For time interval ,

Graph: The acceleration in terms of time t can be obtained by applying .

For time interval and , and 

, respectively.a = dy
dt

= 0

a = dy
dt

= 0.800 m>s230 s 6 t … 40 s0 s … t 6 30 s

a = dy
dt

a! t

y = ds
dt

= 24.0 m>s
30 s 6 t … 40 s

t = 30 s,   y = 0.8(30) = 24.0 m>sy = ds
dt

= 0.8t

0 s … t … 30 s
y = ds

dt
Y! t

12–67. The s–t graph for a train has been determined
experimentally. From the data, construct the and a–t
graphs for the motion.

v- t

t (s)

600

360

30 40

s (m)

s " 24t ! 360

s " 0.4t2
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Graph: For , the initial condition is at .

At ,

For , the initial condition is at .

When 

Ans.

The v–s graph is shown in Fig. a.

s¿ = 2375 ft

25 = 236 250 - 15s

v = 25 ft>s v = 236 250 - 15s

 
v2

2
2 v
100 ft>s = (-7.5s)! s1750 ft

 L
v

100 ft>svdv = L
s

1750 ft
-7.5ds

 A :+ B  vdv = ads

s = 1750 ftv = 100 ft>s1750 ft 6 s 6 s¿

v! s = 1750 ft = 262 500 - 30(1750) = 100 ft>ss = 1750 ft

 v = A262 500 - 30s B  ft>s 
v2

2
2 v
250 ft>s = -15s! s0

 L
v

250 ft>svdv = L
s

0
-15ds

 A :+ B  vdv = ads

s = 0 sv = 250 ft>s0 … s 6 1750 ftN!s

*12–68. The airplane lands at on a straight
runway and has a deceleration described by the graph.
Determine the distance traveled before its speed is
decreased to . Draw the graph.s- t25 ft>s s¿

250 ft>s a(ft/s2)

1750

!7.5

!15

s¿
s(ft)
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graph: For the time interval , the initial condition is when
.

When ,

For the time interval , the initial condition is when .

Thus, when ,

Ans.

Also, the change in velocity is equal to the area under the graph. Thus,

Ans.

The v–t graph is shown in Fig. a.

t¿ = 16.25 s

90 - 0 = 1
2

 (8)(10) + 8(t¿ - 10)

¢v = L adt

a- t

90 = 8t¿ - 40    t¿ = 16.25 s

v = 90 m>s v = (8t - 40) m>s v! v40 m>s = 8t! t10 s

 L
v

40 m>sdv = L
t

10 s
8dt

 A :+ B  dv = adt

t = 10 sv = 40 m>s10 s 6 t … t¿

v = 0.4 A102 B = 40 m>st = 10 s

 v = A0.4t2 B  m>s L
v

0
dv = L

t

0
0.8tdt

 A :+ B  dv = adt

t = 0 s
v = 00 … t 6 10 sv! t

•12–69. The airplane travels along a straight runway with
an acceleration described by the graph. If it starts from rest
and requires a velocity of to take off, determine the
minimum length of runway required and the time for take
off. Construct the and graphs.s- tv- t

t¿
90 m>s

t(s)

a(m/s2)

t¿10

8

a " 0.8t
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Graph: For the time interval , the initial condition is when
.

When ,

For the time interval , the initial condition is 
when .

When 

Ans.

The s–t graph is shown in Fig. b.

s! t = 16.25 s = 4(16.25)2 - 40(16.25) + 133.33 = 539.58 m = 540 m

t = t¿ = 16.25 s

 s = A4t2 - 40t + 133.33 Bm s! s133.33 m = A4t2 - 40t B 2 t
10 s

 L
s

133.33 m
ds = L

t

10s
(8t - 40)dt

 A :+ B  ds = vdt

t = 10 s
s = 133.33m10 s 6 t … t¿ = 16.25 s

s! t = 10 s = 0.1333 A103 B = 133.33m

t = 10 s

 s = A0.1333t3 B  m
 L

s

0
ds = L

t

0
0.4t2dt

 A :+ B  ds = vdt

t = 0 s
s = 00 … t 6 10 ss! t
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Graph: For the time interval , the initial condition is when
.

When ,

For the time interval , the initial condition is at .

Thus, when ,

Choosing the root ,

Ans.

Also, the change in velocity is equal to the area under the a–t graph. Thus,

0 = - 1
30

 t¿2 + 5t¿ - 75

0 = 1
2

 (3)(75) + 1
2

 B ¢ - 1
15

 t¿ + 5≤(t¿ - 75)R¢v = L  adt

t¿ = 133.09 s = 133 s

t¿ 7 75 s

0 = - 1
30

 t¿2 + 5t¿ - 75

v = 0

 v = ¢ - 1
30

 t2 + 5t - 75≤  m>s
 L

v

45 m>sdv = L
t

30 s
¢ -  

1
15

 t + 5≤dt

 A :+ B  dv = adt

t = 30 sv = 45 m>s30 s 6 t … t¿

v! t = 30 s = 0.05 A302 B = 45 m>st = 30 s

 v = A0.05t2 B  m>s L
v

0
dv = L

t

0
0.1tdt

 A :+ B  dv = adt

t = 0 s
v = 00 … t 6 30 sN! t

12–70. The graph of the bullet train is shown. If the
train starts from rest, determine the elapsed time before it
again comes to rest. What is the total distance traveled
during this time interval? Construct the and graphs.s–tv–t

t¿
a–t

t(s)

a(m/s2)

3

30 75

a " !(     )t # 51
15

a " 0.1t 

t¿
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This equation is the same as the one obtained previously.

The slope of the v–t graph is zero when , which is the instant .Thus,

The v–t graph is shown in Fig. a.

Graph: Using the result of v, the equation of the s–t graph can be obtained by
integrating the kinematic equation . For the time interval , the
initial condition at will be used as the integration limit. Thus,

When ,

For the time interval , the initial condition is 
when .

When and ,

Ans.

The s–t graph is shown in Fig. b.

s! t = 133.09 s = -  
1
90

 A133.093 B + 5
2

 A133.092 B - 75(133.09) + 750 = 8857 m

s! t = 75 s = - 1
90

 A753 B + 5
2

 A752 B - 75(75) + 750 = 4500 m

t¿ = 133.09 st = 75 s

 s = a - 1
90

 t3 + 5
2

 t2 - 75t + 750b  m

 L
s

450 m
ds = L

t

30 s
a - 1

30
 t2 + 5t - 75bdt

 A :+ B  ds = vdt

t = 30 s
s = 450 m30 s 6 t … t¿ = 133.09 s

s! t = 30 s = 1
60

 A303 B = 450 m

t = 30 s

 s = a 1
60

 t3b  m

 L
s

0
ds = L

t

0
0.05t2 dt

 A :+ B  ds = vdt

t = 0 ss = 0
0 … t 6 30 sds = vdt

s! t

v! t = 75 s = - 1
30

 A752 B + 5(75) - 75 = 112.5 m>s
a = dv

dt
= 0t = 75 s
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Velocity:

When ,

Thus, the magnitude of the particle’s velocity is

Ans.

Acceleration:

When ,

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ax 
2 + ay 

2 + az 
2 = 2362 + 0.35362 + 62 = 36.5 m>s2

a = C18(2)i + 2- 3>2j + 6k D  m>s2 = [36i + 0.3536j + 6k] m>s2

t = 2 s

a = dv
dt

= d
dt

 c A9t2 - 2 B i - A2t- 1>2 + 1 Bj + (6t)k d  m>s = C(18t)i + t- 3>2j + 6k D  m>s2

v = 2vx 
2 + vy 

2 + vz 
2 = 2342 + (-2.414)2 + 122 = 36.1 m>s

 = [34i - 2.414j + 12k] m>s v = B c9 A22 B - 2 d i - c2 A2- 1>2 B + 1 d j + 6(2)kR  m>s
t = 2 s

v = dr
dt

= d
dt

 c A3t3 - 2t B i - A4t1>2 + t B j + A3t2 - 2 Bk d = c A9t2 - 2 B i - A2t- 1>2 + 1 B j + (6t)k d  m>s

12–71. The position of a particle is 
, where t is in seconds.

Determine the magnitude of the particle’s velocity and
acceleration when .t = 2  s

– (4t1/2 + t)j + (3t2 - 2)k6 m
r = 5(3t3 - 2t)i

Position: The position r of the particle can be determined by integrating the
kinematic equation using the initial condition at as the
integration limit. Thus,

When and 3 s,

Thus, the displacement of the particle is

Ans. = [6i + 4j] m

 = (9i + 9j) - (3i + 5j)

 ¢r = r! t = 3 s - r! t = 1 s

r! t = 3 s = 3(3)i + C6(3) - 32 Dj = [9i + 9j] m>sr! t = 1 s = 3(1)i + C6(1) - 12 Dj = [3i + 5j] m>st = 1 s

r = c3ti + A6t - t2 B j dmL
r

0
dr = L

t

0
C3i + (6 - 2t)j Ddt

dr = vdt

t = 0r = 0dr = vdt

*12–72. The velocity of a particle is ,
where t is in seconds. If , determine the
displacement of the particle during the time interval

.t = 1 s to t = 3  s

r = 0 when t = 0
v = 53i + (6 - 2t)j6 m>s
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Velocity:

Substituting the result of y into ,

Thus, the x component of the particle’s velocity can be determined by taking the
time derivative of x.

Acceleration:

Ans.

Ans.ay = v
#
y = d

dt
Act2 B = 2ct

ax = v
#
x = d

dt
 ¢3

2A c
3b

t1>2≤ = 3
4A c

3b
 t- 1>2 = 3

4A c
3b

 
12t

vx = x
# = d

dt
 BA c

3b
 t3>2R = 3

2A c
3b

 t1>2

x = A c
3b

 t3>2
c
3

 t3 = bx2

y = bx2

y = c
3

 t3

L
y

0
dy = L

t

0
ct2 dt

dy = vy dt

•12–73. A particle travels along the parabolic path
. If its component of velocity along the y axis is
, determine the x and y components of the particle’s

acceleration. Here b and c are constants.
vy = ct2
y = bx2
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Acceleration: The acceleration expressed in Cartesian vector form can be obtained
by applying Eq. 12–9.

When , . The magnitude
of the acceleration is

Ans.

Position: The position expressed in Cartesian vector form can be obtained by
applying Eq. 12–7.

When ,

Thus, the coordinate of the particle is

Ans.(42.7, 16.0, 14.0) m

r = 16
3

 A23 B i + A24 B j + c5
2
A22 B + 2(2) dk = {42.7i + 16.0j + 14.0k} m.

t = 2 s

 r = c16
3

 t3i + t4j + a5
2

t2 + 2tbk d  m
 L

r

0
dr = L

t

0
A16t2i + 4t3j + (5t + 2)k B  dt

 dr = v dt

a = 2a2
x + a2

y + a2
z = 2642 + 482 + 52 = 80.2 m>s2

a = 32(2)i + 12 A22 B j + 5k = {64i + 48j + 5k} m>s2t = 2 s

a = dv
dt

= {32ti + 12t2j + 5k} m>s2

12–74. The velocity of a particle is given by
, where t is in seconds. If

the particle is at the origin when , determine the
magnitude of the particle’s acceleration when . Also,
what is the x, y, z coordinate position of the particle at this
instant?

t = 2 s
t = 0

v = 516t2i +  4t3j + (5t +  2)k6 m>s

91962_01_s12-p0001-0176  6/8/09  8:24 AM  Page 60



61

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Velocity:

Substituting this result into , we obtain

Thus,

Acceleration:

Ans.

Ans.ay = v
#
y = d

dt
 (2r cos 2t) = -4r sin 2t

ax = v
#
x = d

dt
 (<2r sin 2t) = <4r cos 2t

vx = x
# = d

dt
 (<r cos 2t) = <2r sin 2t

x = <r cos 2t

x2 = r2 A1 - sin2 2t Bx2 + r2 sin2 2t = r2

x2 + y2 = r2

y = r sin 2t

L
y

0
dy = L

t

0
2r cos 2tdt

dy = vy dt

12–75. A particle travels along the circular path
. If the y component of the particle’s velocity is

, determine the x and y components of its
acceleration at any instant.
vy = 2r  cos  2t
x2 + y2 = r2
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Velocity: The x and y components of the box’s velocity can be related by taking the
first time derivative of the path’s equation using the chain rule.

or

At , . Thus,

Ans.

Acceleration: The x and y components of the box’s acceleration can be obtained by
taking the second time derivative of the path’s equation using the chain rule.

or

At , and . Thus,

Ans.ay = 0.1 C(-3)2 + 5(-1.5) D = 0.15 m>s2 c

ax = -1.5 m>s2vx = -3 m>sx = 5 m

ay = 0.1 Avx 
2 + xax B

y = 0.1[x
#
x
# + xx] = 0.1 Ax# 2 + xx B

vy = 0.1(5)(-3) = -1.5 m>s = 1.5 m>s T

vx = -3 m>sx = 5 m

vy = 0.1xvx

y
# = 0.1xx

#
y = 0.05x2

*12–76. The box slides down the slope described by the
equation m, where is in meters. If the box has
x components of velocity and acceleration of 
and at , determine the y components
of the velocity and the acceleration of the box at this instant.

x = 5 max = –1.5 m>s2
vx = –3 m>sxy = (0.05x2)

y

x

y " 0.05 x2
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Velocity: The velocity expressed in Cartesian vector form can be obtained by
applying Eq. 12–7.

When , . Thus, the
magnitude of the velocity is

Ans.

Acceleration: The acceleration expressed in Cartesian vector from can be obtained
by applying Eq. 12–9.

When , .Thus, the
magnitude of the acceleration is

Ans.

Traveling Path: Here, and . Then,

[1]

[2]

Adding Eqs [1] and [2] yields

However, . Thus,

(Equation of an Ellipse) (Q.E.D.)
x2

25
+

y2

16
= 1

cos2 2t + sin2 2t = 1

x2

25
+

y2

16
= cos2 2t + sin2 2t

y2

16
= sin2 2t

x2

25
= cos2 2t

y = 4 sin 2tx = 5 cos 2t

a = 2a2
x + a2

y = 28.3232 + (-14.549)2 = 16.8 m>s2

a = -20 cos 2(1)i - 16 sin 2(1)j = {8.323i - 14.549j} m>s2t = 1 s

a = dv
dt

= {-20 cos 2ti - 16 sin 2tj} m>s2

y = 2y2
x + y2

y = 2(-9.093)2 + (-3.329)2 = 9.68 m>s
v = -10 sin 2(1)i + 8 cos 2(1)j = {-9.093i - 3.329j} m>st = 1 s

v = dr
dt

= {-10 sin 2ti + 8 cos 2tj} m>s

•12–77. The position of a particle is defined by
, where t is in seconds and the

arguments for the sine and cosine are given in radians.
Determine the magnitudes of the velocity and acceleration
of the particle when . Also, prove that the path of the
particle is elliptical.

t = 1 s

r = 55 cos 2t i + 4 sin 2t j6 m
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Velocity: The x and y components of the peg’s velocity can be related by taking the
first time derivative of the path’s equation.

or

(1)

At ,

Here, and . Substituting these values into Eq. (1),

Thus, the magnitude of the peg’s velocity is

Ans.

Acceleration: The x and y components of the peg’s acceleration can be related by
taking the second time derivative of the path’s equation.

or

(2)

Since is constant, . When , , , and

. Substituting these values into Eq. (2),

Thus, the magnitude of the peg’s acceleration is

Ans.a = 2ax 
2 + ay 

2 = 202 + (-38.49)2 = 38.5 m>s2

ay = -38.49 m>s2 = 38.49 m>s2 T

1
2

 A102 + 0 B + 2 c(-2.887)2 + 23
2

 ay d = 0

vy = -2.887 m>s vx = 10 m>sy = 23
2

 mx = 1 max = 0nx

1
2
Avx 

2 + xax B + 2 Avy 
2 + yay B = 0

1
2

 Ax# 2 + xx B + 2 Ay# 2 + yy B = 0

1
2

 (x
#
x
# + xx) + 2(y

#
y
# + yy) = 0

v = 2vx 
2 + vy 

2 = 2102 + 2.8872 = 10.4 m>s
1
2

(1)(10) + 2¢23
2
≤vy = 0    vy = -2.887 m>s = 2.887 m>s T

x = 1vx = 10 m>s
(1)2

4
+ y2 = 1   y = 23

2
 m

x = 1 m

1
2

xvx + 2yvy = 0

1
2

 xx
# + 2yy

# = 0

1
4

 (2xx
#
) + 2yy

# = 0

x2

4
+ y2 = 1

12–78. Pegs A and B are restricted to move in the elliptical
slots due to the motion of the slotted link. If the link moves
with a constant speed of , determine the magnitude of
the velocity and acceleration of peg A when .x = 1 m

10 m/s

A

C D

B

y

x

v " 10 m/s

x2

4  # y2 " 1
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Velocity: The x and y components of the particle’s velocity can be related by taking
the first time derivative of the path’s equation using the chain rule.

or

(1)

At , . Thus Eq. (1) becomes

(2)

The magnitude of the particle’s velocity is

(3)

Substituting and Eq. (2) into Eq. (3),

Ans.

Substituting the result of into Eq. (2), we obtain

Ans.

Acceleration: The x and y components of the particle’s acceleration can be related
by taking the second time derivative of the path’s equation using the chain rule.

or

(4)

When , , and . Thus Eq. (4) becomes

(5)ay = 0.5ax - 0.8

1.7892 + 4ay = 2ax

vy = 1.789 m>sy = 4 mx = 4 m

vy 
2 + yay = 2ax

y
# 2 + yy = 2x

2(y
#
y
# + yy) = 4x

vy = 1.789 m>s = 1.79 m>snx

vx = 3.578 m>s = 3.58 m>s
4 = Avx 

2 + a1
2

 vxb2

v = 4 m>s v = 2vx 
2 + vy 

2

vy = 1
2

 vx

y = 24(4) = 4 mx = 4 m

vy = 2
y

 vx

y
# = 2

y
 x
#

2yy
# = 4x

#

12–79. A particle travels along the path with a
constant speed of . Determine the x and y
components of the particle’s velocity and acceleration when
the particle is at .x = 4 m

v = 4 m>s y2 = 4x

Since the particle travels with a constant speed along the path, its acceleration along 
the tangent of the path is equal to zero. Here, the angle that the tangent makes with the

horizontal at is .

Thus, from the diagram shown in Fig. a,

(6)

Solving Eqs. (5) and (6) yields

Ans.ax = 0.32 m>s2  ay = -0.64 m>s2 = 0.64 m>s2 T

ax cos 26.57° + ay sin 26.57° = 0

u = tan- 1¢dy

dx
≤ 2

x = 4 m
= tan- 1¢ 1

x1>2 ≤ 2
x = 4 m

= tan- 1 (0.5) = 26.57°x = 4 m
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Velocity: The x and y components of the van’s velocity can be related by taking the
first time derivative of the path’s equation using the chain rule.

or

When ,

(1)

The magnitude of the van’s velocity is

(2)

Substituting and Eq. (1) into Eq. (2),

Ans.

Substituting the result of into Eq. (1), we obtain

Ans.

Acceleration: The x and y components of the van’s acceleration can be related by
taking the second time derivative of the path’s equation using the chain rule.

or

When , . Thus,

(3)ay = -(16.504 + 0.15ax)

ay = -3 A10- 3 B c(-74.17)2 + 50ax d
vx = -74.17 ft>sx = 50 ft

ay = -3 A10- 3 B Avx 
2 + xax B

y
$ = -3 A10- 3 B(x

#
x
# + xx)

vy = -0.15(-74.17) = 11.12 ft>s = 11.1 ft>s c

nx

vx = 74.2 ft>s ;
75 = 2vx 

2 + (-0.15vx)2

v = 75 ft>s v = 2vx 
2 + vy 

2

vy = -3 A10- 3 B(50)vx = -0.15vx

x = 50 ft

vy = -3 A10- 3 Bxvx

y
# = -3 A10- 3 Bxx

#
y = -1.5 A10- 3 Bx2 + 15

*12–80. The van travels over the hill described by
. If it has a constant speed of

, determine the x and y components of the van’s
velocity and acceleration when .x = 50 ft
75 ft>sy = (-1.5(10–3) x2 + 15) ft

x

y " (!1.5 (10!3) x2 # 15) ft

y

100 ft

15 ft

Since the van travels with a constant speed along the path, its acceleration along the tangent 
of the path is equal to zero. Here, the angle that the tangent makes with the horizontal at 

is .

Thus, from the diagram shown in Fig. a,

(4)

Solving Eqs. (3) and (4) yields

Ans.

Ans.ay = -16.1 ft>s = 16.1 ft>s2T

ax = -2.42 ft>s = 2.42 ft>s2 ;

ax cos 8.531° - ay sin 8.531° = 0

u = tan- 1¢dy

dx
≤ 2

x = 50 ft
= tan- 1 c -3 A10- 3 Bx d 2

x = 50 ft
= tan- 1(-0.15) = -8.531°x = 50 ft
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Position: The coordinates for points B and C are and
. Thus,

Average Velocity: The displacement from point B to C is 
.

Ans.(vBC)avg =
¢rBC

¢t
=

7.765i + 13.45j
3 - 1

= {3.88i + 6.72j} m>s
=  (28.98i - 7.765j) - (21.21i - 21.21j) = {7.765i + 13.45j} m

¢rBC = rC - rB

 = {28.98i - 7.765j} m

 rC = (30 sin 75° - 0)i + [(30 - 30 cos 75°) - 30]j

 = {21.21i - 21.21j} m

 rB = (30 sin 45° - 0)i + [(30 - 30 cos 45°) - 30]j

[30 sin 75°, 30 - 30 cos 75°]
[30 sin 45°, 30 - 30 cos 45°]

•12–81. A particle travels along the circular path from A
to B in 1 s. If it takes 3 s for it to go from A to C, determine
its average velocity when it goes from B to C.

45"

30"

30 m

x

y

A

B

C

Total Distance Traveled and Displacement: The total distance traveled is

Ans.

and the magnitude of the displacement is

Ans.

Average Velocity and Speed: The total time is .
The magnitude of average velocity is

Ans.

and the average speed is

Ans.Aysp Bavg = s
¢t

=
9 A103 B
1380

= 6.52 m>s
yavg = ¢r

¢t
=

6.708 A103 B
1380

= 4.86 m>s
¢t = 5 + 8 + 10 = 23 min = 1380 s

¢r = 2(2 + 4)2 + 32 = 6.708 km = 6.71 km

s = 2 + 3 + 4 = 9 km

12–82. A car travels east 2 km for 5 minutes, then north 
3 km for 8 minutes, and then west 4 km for 10 minutes.
Determine the total distance traveled and the magnitude
of displacement of the car. Also, what is the magnitude of
the average velocity and the average speed?
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Ans.

Ans.a = 2(-ck2 sin kt)2 + (-ck2 cos kt)2 + 0 = ck2

v = 2(ck cos kt)2 + (-ck sin kt)2 + (-b)2 = 2c2k2 + b2

z
$ = 0z

# = -bz = h - bt

y
$ = -ck2 cos kty

# = -ck sin kty = c cos kt

x
$ = -ck2 sin ktx

# = ck cos ktx = c sin kt

12–83. The roller coaster car travels down the helical path at
constant speed such that the parametric equations that define
its position are , , , where
c, h, and b are constants. Determine the magnitudes of its
velocity and acceleration.

z = h - bty = c cos ktx = c sin kt

x

y

z

Ans.

Ans.ax = c
2k

 Ay + ct2 B2(ct)2 + 2yc = 4kax

ay = c

vy = ct

2v2
y + 2yay = 4kax

2yvy = 4kvx

y2 = 4kx

*12–84. The path of a particle is defined by , and
the component of velocity along the y axis is , where
both k and c are constants. Determine the x and y
components of acceleration when  y = y0.

vy = ct
y2 = 4kx
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Velocity: Taking the first derivative of the path , we have

[1]

However, and . Thus, Eq. [1] becomes

[2]

Here, at . Then, From Eq. [2]

Also,

Ans.

Acceleration: Taking the second derivative of the path , we have

[3]

However, and . Thus, Eq. [3] becomes

[4]

Since is constant, hence at . Then, From Eq. [4]

Also,

Ans.a = 2a2
x + a2

y = 202 + (-0.020)2 = 0.0200 ft>s2

ay = 0 - 1
200

 C22 + 20(0) D = -0.020 ft>s2

x = 20 ftax = 0yx = 2 ft>s ay = ax - 1
200

 Ay2
x + xax By

$ = ayx
$ = ax

y
$ = x

$ - 1
200
Ax# 2 + xx

$ B y = x - x2

400

y = 2y2
x + y2

y = 222 + 1.802 = 2.69 ft>s
yy = 2 - 20

200
 (2) = 1.80 ft>sx = 20 ftyx = 2 ft>s yy = yx - x

200
 yx

y
# = yyx

# = yx

 y
# = x

# - x
200

x
#

 y
# = x

# - 1
400

 (2xx
#
)

y = x - x2

400

•12–85. A particle moves along the curve ,
where x and y are in ft. If the velocity component in the x
direction is and remains constant, determine the
magnitudes of the velocity and acceleration when .x = 20 ft

vx = 2 ft>s y = x - (x2>400)

91962_01_s12-p0001-0176  6/8/09  8:27 AM  Page 69



70

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.

Ans.vy =
v0 pc

L
 acos 

p

L
xb B1 + ap

L
 cb2

 cos2 ap
L

 xb R - 1
2

vx = v0 B1 + ap
L

 cb2

 cos2 ap
L

 xb R - 1
2

v2
0 = v2

x B1 + ap
L

 cb2

 cos2 ap
L

 xb Rv2
0 = v2

y + v2
x

vy = p
L

 c vx acos 
p

L
 xb

y = p
L

 cacos 
p

L
 xbx

#

y = c sin ap
L

 xb

12–86. The motorcycle travels with constant speed 
along the path that, for a short distance, takes the form of a
sine curve. Determine the x and y components of its
velocity at any instant on the curve.

v0

L L

c
c

x

y

v0

y # c sin (     x) ––
L
π

Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , and . Thus,

(1)

y-Motion: Here, , , and . Thus,

(2)

Solving Eqs. (1) and (2) yields

Ans.vA = 6.49 m>s t = 0.890 s

 4.905t2 - vA sin 30° t - 1 = 0

 -1 = 0 + vA sin 30° t + 1
2

 (-9.81)t2

 A + c B yB = yA + (vA)y t + 1
2

 ay t
2

yB = -1 may = -g = -9.81 m>s2(vA)y = vA sin 30°

 t = 5
vA cos 30°

 5 = 0 + vA cos 30° t

 A :+ B xB = xA + (vA)xt

xB = 5 mxA = 0(vA)x = vA cos 30°

12–87. The skateboard rider leaves the ramp at A with an
initial velocity . If he strikes the ground at
B, determine and the time of flight.vA

vA at a 30° angle
vA

5 m

1 m

A

B

30$
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Ans.

Ans.h = 5 + 0 + 1
2

 (-32.2)(0.4286)2 = 2.04 ft

A + c B s = s0 + v0 t + 1
2

 ac t2

 t = 0.4286 = 0.429 s

 A ;+ B s = vt; 60 = 140t

*12–88. The pitcher throws the baseball horizontally with
a speed of 140 from a height of 5 ft. If the batter is 60 ft
away, determine the time for the ball to arrive at the batter
and the height h at which it passes the batter.

ft>s
h 5 ft

60 ft

Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , , and , and . Thus,

(1)

y-Motion: Here, , , , and ,
and . Thus,

(2)

Solving Eqs. (1) and (2) yields

Ans.

Using the result of and , we obtain

Thus,

Thus, the magnitude of the ball’s velocity when it strikes the ground is

Ans.vB = 2202 + 73.32 = 76.0 ft>s
 (vB)y = 23.3 + (-32.2)(3) = -73.3 ft>s = 73.3 ft>s T

 A + c B (vB)y = (vA)y + ayt

(vA)x = 30.71 cos 49.36° = 20 ft>s  (vA)y = 30.71 sin 49.36° = 23.3 ft>snAu

u = 49.36° = 49.4°   vA = 30.71 ft>s = 30.7 ft>s
 vA sin u = 23.3

 -75 = 0 + vA sin u(3) + 1
2

 (-32.2) A32 B A + c B yB = yA + (vA)y t + 1
2

 ay t
2

t = 3 s
yB = -75 ftyA = 0ay = -g = -32.2 ft>s2(vA)y = vA sin u

 vA cos u = 20

 60 = 0 + vA cos u(3)

 A :+ B xB = xA + (vA)xt

t = 3 sxB = 60 ftxA = 0(vA)x = vA cos u

•12–89. The ball is thrown off the top of the building. If it
strikes the ground at B in 3 s, determine the initial velocity 
and the inclination angle at which it was thrown.Also, find
the magnitude of the ball’s velocity when it strikes the ground.

uA

vA 

75 ft

60 ft

vA

B

A

uA
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x-Motion: For the motion of the first projectile, , ,
and . Thus,

(1)

For the motion of the second projectile, , , and .
Thus,

(2)

y-Motion: For the motion of the first projectile, , ,
and . Thus,

(3)

For the motion of the second projectile, , , and
. Thus,

(4)

Equating Eqs. (1) and (2),

(5)

Equating Eqs. (3) and (4),

(6)t1 = 30 sin u + 1.22625
60 sin u - 47.06

(60 sin u - 47.06)t1 = 30 sin u + 1.22625

51.96t1 - 4.905t1 
2 = (60 sin u)t1 - 30 sin u - 4.905t1 

2 + 4.905t1 - 1.22625

t1 = cos u
2 cos u - 1

30t1 = 60 cos u(t1 - 0.5)

 y = (60 sin u)t1 - 30 sin u - 4.905 t1 
2 + 4.905t1 - 1.22625

 y = 0 + 60 sin u(t1 - 0.5) + 1
2

 (-9.81)(t1 - 0.5)2

 A + c B y = y0 + vyt + 1
2

 ayt2

ay = -g = -9.81 m>s2
y0 = 0vy = 60 sin u

 y = 51.96t1 - 4.905t1 
2

 y = 0 + 51.96t1 + 1
2

 (-9.81)t1 
2

 A + c B y = y0 + vyt + 1
2

 ayt2

ay = -g = -9.81 m>s2
y0 = 0vy = 60 sin 60° = 51.96 m>s x = 0 + 60 cos u(t1 - 0.5)

 A :+ B x = x0 + vxt

t = t1 - 0.5x0 = 0vx = 60 cos u

 x = 0 + 30t1

 A :+ B x = x0 + vxt

t = t1

x0 = 0vx = 60 cos 60° = 30 m>s

12–90. A projectile is fired with a speed of at
an angle of . A second projectile is then fired with the
same speed 0.5 s later. Determine the angle of the second
projectile so that the two projectiles collide. At what
position (x, y) will this happen? 

u
60°

v = 60 m>s
y

y

x
x

v " 60 m/s

v " 60 m/s60$
u
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Equating Eqs. (5) and (6) yields

Solving by trial and error,

Ans.

Substituting this result into Eq. (5) (or Eq. (6)),

Substituting this result into Eqs. (1) and (3),

Ans.

Ans.y = 51.96(7.3998) - 4.905 A7.39982 B = 116 m

x = 30(7.3998) = 222 m

t1 = cos 57.57°
2 cos 57.57° - 1

= 7.3998 s

u = 57.57° = 57.6°

49.51 cos u - 30 sin u = 1.22625

cos u
2 cos u - 1

= 30 sin u + 1.22625
60 sin u - 47.06

91962_01_s12-p0001-0176  6/8/09  8:29 AM  Page 73



74

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , , and . Thus,

(1)

y-Motion: Here, , , ,
and . Thus,

Substituting these results into Eq. (1), the two possible distances are

Ans.

Ans.s = 34.64(0.9917) = 34.4 ft

s = 34.64(0.2505) = 8.68 ft

 t = 0.2505 s and 0.9917 s

 16.1t2 - 20t + 4 = 0

 4 = 0 + 20t + 1
2

 (-32.2)t2

 A + c B yB = yA + (vA)y t + 1
2

 ay t
2

yB = 8 - 4 = 4 ft
yA = 0ay = -g = -32.2 ft>s2(vA)y = 40 sin 30° ft>s = 20 ft>s s = 34.64t

 s = 0 + 34.64t

 A :+ B xB = xA + (vA)xt

xB = sxA = 0(vA)x = 40 cos 30° ft>s = 34.64 ft>s

12–91. The fireman holds the hose at an angle 
with horizontal, and the water is discharged from the hose
at A with a speed of . If the water stream strikes
the building at B, determine his two possible distances s
from the building.

vA = 40 ft>s u = 30° 

B

4 ft

A

s

8 ft

vA # 40 ft/s

u
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , , and . Thus,

(1)

y-Motion: Here, , , , and 
. Thus,

(2)

Substituting Eq. (1) into Eq. (2) yields

Solving by trial and error,

Ans.u = 23.8° and 77.5°

5 sin 2u - cos 2u = 3.0125

5 sin 2u - A2 cos2 u - 1 B - 1 = 2.0125

10 sin u cos u - 2 cos2 u = 2.0125

20 sin u cos u - 4 cos2 u = 4.025

16.1¢ 1
2 cos u

≤2

- 40 sin u¢ 1
2 cos u

≤ + 4 = 0

 16.1t2 - 40 sin ut + 4 = 0

 4 = 0 + 40 sin ut + 1
2

 (-32.2)t2

 A + c B yB = yA + (vA)yt + 1
2

 ayt2

=  4 ft
yB = 8 - 4yA = 0ay = -g = -32.2 ft>s2(vA)y = 40 sin u

 t = 1
2 cos u

 20 = 0 + 40 cos ut

 A :+ B xB = xA + (vA)xt

xB = 20 ft>sxA = 0(vA)x = 40 cos u

*12–92. Water is discharged from the hose with a speed of
. Determine the two possible angles the fireman can

hold the hose so that the water strikes the building at B.
Take .s = 20 ft

u40 ft>s
B

4 ft

A

s

8 ft

vA # 40 ft/s

u
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , and . Thus,

(1)

y-Motion: Here, , , and . Thus,

(2)

Substituting Eq. (1) into Eq. (2) yields

Solving by trial and error,

Ans.uA = 7.19° and 80.5°

1.2 cos2 uA + 30 sin uA cos uA - 4.905 = 0

4.905¢ 1
cos uA

≤2

- 30 sin uA¢ 1
cos uA

≤ - 1.2 = 0

 4.905t2 - 30 sin uA t - 1.2 = 0

 -1.2 = 0 + 30 sin uAt + 1
2

 (-9.81)t2

 A + c B yB = yA + (vA)yt + 1
2

 ayt2

yB = -1.2 may = -g = -9.81 m>s2(vA)y = 30 sin uA

 t = 1
cos uA

 30 = 0 + 30 cos uAt

 A :+ B xB = xA + (vA)xt

xB = 30 mxA = 0(vA)x = 30 cos uA

•12–93. The pitching machine is adjusted so that the
baseball is launched with a speed of . If the ball
strikes the ground at B, determine the two possible angles 
at which it was launched.

uA

vA = 30 m>s
30 m

B

A

1.2 m

vA # 30 m/s

uA
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , , , and . Thus,

(1)

y-Motion: Here, , , , and 
. Thus,

(2)

Solving Eqs. (1) and (2) yields

Ans.uA = 30.5°    vA = 23.2 m>s
 vA sin uA = 11.7825

 -1.2 = 0 + vA sin uA (2.5) + 1
2

 (-9.81) A2.52 B A + c B yB = yA + (vA)y t + 1
2

 ay t
2

=  -9.81 m>s2
ay = -gyB = -1.2 myA = 0(vA)y = vA sin uA

 vA cos uA = 20

 50 = 0 + vA cos uA(2.5)

 A :+ B xB = xA + (vA)xt

t = 2.5 sxB = 50 mxA = 0(vA)x = vA cos uA

12–94. It is observed that the time for the ball to strike the
ground at B is 2.5 s. Determine the speed and angle at
which the ball was thrown.

uAvA

vA

A

B

1.2 m

50 m

uA

350 ft

30 ft

110 ft/s

A B

h
30$

Coordinate System: The x–y coordinate system will be set so that its origin coincides
with the take off point of the motorcycle at ramp A.

x-Motion: Here, , , and . Thus,

y-Motion: Here, , , , and 
. Thus, using the result of t, we have

Ans. h = 14.7 ft

 h - 30 = 0 + 55(3.674) + 1
2

 (-32.2) A3.6742 B A + c B yB = yA + (vA)yt + 1
2

 ayt2

=  -32.2 ft>s2
ay = -g(vA)y = 110 sin 30° = 55 ft>syB = h - 30yA = 0

 t = 3.674 s

 350 = 0 + 95.26t

 A :+ B xB = xA + (vA)xt

(vA)x = 110 cos 30° = 95.26 ft>sxB = 350 ftxA = 0

12–95. If the motorcycle leaves the ramp traveling at
, determine the height h ramp B must have so that

the motorcycle lands safely.
110 ft>s
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Vertical Motion: The vertical component of initial velocity for the football is
. The initial and final vertical positions are 

and , respectively.

Horizontal Motion: The horizontal component of velocity for the baseball is
. The initial and final horizontal positions are

and , respectively.

The distance for which player B must travel in order to catch the baseball is

Ans.

Player B is required to run at a same speed as the horizontal component of velocity
of the baseball in order to catch it.

Ans.yB = 40 cos 60° = 20.0 ft>s
d = R - 15 = 43.03 - 15 = 28.0 ft

 R = 0 + 20.0(2.152) = 43.03 ft

 A :+ B   sx = (s0)x + (y0)x t

sx = R(s0)x = 0
(y0)x = 40 cos 60° = 20.0 ft>s

 t = 2.152 s

 0 = 0 + 34.64t + 1
2

 (-32.2)t2

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = 0
(s0)y = 0(y0)y = 40 sin 60° = 34.64 ft>s

*12–96. The baseball player A hits the baseball with
and . When the ball is directly above

of player B he begins to run under it. Determine the
constant speed and the distance d at which B must run in
order to make the catch at the same elevation at which the
ball was hit.

vB

uA = 60°vA = 40 ft>s vA # 40 ft/s

A
vB

A
u B C

15 ft d
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Vertical Motion: For the first ball, the vertical component of initial velocity is
and the initial and final vertical positions are and ,

respectively.

[1]

For the second ball, the vertical component of initial velocity is and
the initial and final vertical positions are and , respectively.

[2]

Horizontal Motion: For the first ball, the horizontal component of initial velocity is
and the initial and final horizontal positions are and

, respectively.

[3]

For the second ball, the horizontal component of initial velocity is 
and the initial and final horizontal positions are and , respectively.

[4]

Equating Eqs. [3] and [4], we have

[5]

Equating Eqs. [1] and [2], we have

[6]

Solving Eq. [5] into [6] yields

Thus, the time between the throws is

Ans. =
2y0 sin (u1 - u2)

g(cos u2 + cos u1)

 ¢t = t1 - t2 =
2y0 sin(u1 - u2)(cos u2 - cos u1)

g(cos2 u2 - cos2 u1)

 t2 =
2y0 cos u1 sin(u1 - u2)

g(cos2 u2 - cos2u1)

 t1 =
2y0 cos u2 sin(u1 - u2)

g(cos2 u2 - cos2 u1)

y0 t1 sin u1 - y0 t2 sin u2 = 1
2

 g A t2
1 - t2

2 B
t2 =

cos u1

cos u2
 t1

 x = 0 + y0 cos u2 t2

 A :+ B  sx = (s0)x + (y0)x t

sx = x(s0)x = 0
(y0)x = y0 cos u2

 x = 0 + y0 cos u1 t1

 A :+ B  sx = (s0)x + (y0)x t

sx = x
(s0)x = 0(y0)x = y0 cos u1

 y = 0 + y0 sin u2t2 + 1
2

 (-g)t2
2

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = y(s0)y = 0
(y0)y = y0  sin u2

 y = 0 + y0 sin u1t1 + 1
2

 (-g)t2
1

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = y(s0)y = 0(y0)y = y0 sin u1

•12–97. A boy throws a ball at O in the air with a speed 
at an angle . If he then throws another ball with the same
speed at an angle , determine the time between
the throws so that the balls collide in mid air at B.

u2 6 u1v0

u1

v0

B

y

x

O
u

u1
2
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, , , and 
. Thus,

(1)

y-Motion: Here, , ,

, and .

Thus,

(2)

Substituting Eq. (1) into Eq. (2) yields

Since , then

Ans.d = 94.1 m

3.9303 A10- 3 Bd = 0.37002 = 0

d Z 0

d C3.9303 A10- 3 Bd - 0.37002 D = 0

3.9303 A10- 3 Bd2 - 0.37002d = 0

4.905(0.02831d)2 - 20(0.02831d) + 0.1961d = 0

 4.905t2 - 20t + 0.1961d = 0

 0.1961d = 0 + 20t + 1
2

 (-9.81)t2

 A + c B yB = yA + (vA)yt + 1
2

 ayt2

ay = -g = -9.81 m>s2=  0.1961d

yB = d¢A 1252 + 1
≤yA = 0(vA)y = 40 sin 30° = 20 m>s t = 0.02831d

 0.9806d = 0 + 34.64t

 A :+ B xB = xA + (vA)xt

=  0.9806d
xB = d¢ 5252 + 1

≤xA = 0(vA)x = 40 cos 30° = 34.64 m>s

12–98. The golf ball is hit at A with a speed of
and directed at an angle of with the

horizontal as shown. Determine the distance d where the
ball strikes the slope at B.

30°vA = 40 m>s
A

B
vA " 40 m/s

1
5

d
30$
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: For the motion from A to C, , and , ,
and . Thus,

(1)

For the motion from A to B, , and , , and
. Thus,

(2)

y-Motion: For the motion from A to C, , and , ,
and . Thus,

(3)

For the motion from A to B, . Thus,

Since , then

(4)

Substituting Eq. (1) into Eq. (3) yields

Ans.

Substituting this result into Eq. (4),

Substituting the result of and into Eq. (2),

Ans. = 22.9 ft

 s = 76.73 cos 45°(3.370) - 160

yAtAB

tAB = 3.370 s

16.1tAB - 76.73 sin 45° = 0

vA = 76.73 ft>s = 76.7 ft>s
16.1¢ 160

vA cos 45°
≤2

- vA sin 45°¢ 160
vA cos 45°

≤ + 20 = 0

16.1tAB - vA sin 45° = 0

tAB Z 0

 tAB (16.1tAB - vA sin 45°) = 0

 0 = 0 + vA sin 45°(tAB) + 1
2

 (-32.2)tAB 
2

 A + c B yB = yA + (vA)yt + 1
2

 ayt2

yA = yB = 0

 16.1tAC 
2 - vA sin 45° tAC + 20 = 0

 20 = 0 + vA sin 45° tAC + 1
2

 (-32.2)tAC 
2

 A + c B yC = yA + (vA)yt + 1
2

 ayt2

ay = -g = -32.2 ft>s2
(vA)y = vA sin 45°yC = 20 ftyA = 0

 s = vA cos 45°(tAB) - 160

 160 + s = 0 + vA cos 45° tAB

 A :+ B xB = xA + (vA)xt

t = tAB

(vA)x = vA cos 45°xB = 160 + sxA = 0

 tAC = 160
vA cos 45°

 160 = 0 + vA cos 45° tAC

 A :+ B xC = xA + (vA)xt

t = tAC

(vA)x = vA cos 45°xC = 160 ftxA = 0

12–99. If the football is kicked at the , determine
its minimum initial speed so that it passes over the goal
post at C. At what distance s from the goal post will the
football strike the ground at B?

vA

 45° angle
vA

A

C

Bs160 ft

20 ft45$
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Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A. The speed of the water that the jet discharges from A is

x-Motion: Here, , , , and . Thus,

(1)

y-Motion: Here, , , , , and
. Thus,

Thus,

Ans.x = 0 + 6.264(0.553) = 3.46 m

 tA = 0.553 s

 -1.5 = 0 + 0 + 1
2

 (-9.81)tA 
2

 A + c B yB = yA + (vA)yt + 1
2

 ayt2

t = tA

yB = -1.5 myA = 0 may = -g = -9.81 m>s2(vA)y = 0

 x = 0 + 6.264tA

 A :+ B xB = xA + (vA)xt

t = tAxB = xxA = 0(vA)x = vA = 6.264 m>svA = 22(9.81)(2) = 6.264 m>s

*12–100. The velocity of the water jet discharging from the
orifice can be obtained from , where is
the depth of the orifice from the free water surface. Determine
the time for a particle of water leaving the orifice to reach
point B and the horizontal distance x where it hits the surface.

h = 2 mv = 22gh

1.5 m

2 m A

x
B

vA

10 m

20 m

1.8 m

B

A
vA

30$

C

Coordinate System: The x–y coordinate system will be set so that its origin coincides
with point A.

x-Motion: Here, and . Thus,

(1)

y-Motion: Here, , , and . Thus,

Thus,

So that

Ans.vA = 20
cos 30°(0.8261)

= 28.0 m>s
t = 0.8261 s

10 - 1.8 = ¢ 20 sin 30°
cos 30°(t)

≤(t) - 4.905(t)2

 10 = 1.8 + vA sin 30°(t) + 1
2

 (-9.81)(t)2

 A + c B yC = yA + (vA)yt + 1
2

 ayt2

ay = -g = -9.81 m>s2(vA)y = vA sin 30°yA = 1.8

 20 = 0 + vA cos 30° t

 A :+ B xC = xA + (vA)xt

xC = 20 mxA = 0

•12–101. A projectile is fired from the platform at B. The
shooter fires his gun from point A at an angle of .
Determine the muzzle speed of the bullet if it hits the
projectile at C.

30°
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Horizontal Motion: The horizontal component of velocity is 
.The initial and final horizontal positions are and ,

respectively.

[1]

Vertical Motion: The vertical component of initial velocity is 
. The initial and final vertical positions are and ,

respectively.

[2]

Solving Eqs. [1] and [2] yields

Ans.

t = 3.568 s

d = 166 ft

 d sin 10° = 0 + 65.53t + 1
2

(-32.2)t2

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = d sin 10°(s0)y = 0=  65.53 ft>s (y0)y = 80 sin 55°

 d cos 10° = 0 + 45.89t

 A :+ B   sx = (s0)x + (y0)x t

sx = d cos 10°(s0)x = 0=  45.89 ft>s (y0)x = 80 cos 55°

12–102. A golf ball is struck with a velocity of 80 as
shown. Determine the distance d to where it will land.

ft>s

d

B

A 10"
45"

vA # 80 ft/s

Horizontal Motion: The horizontal component of velocity is 
. The initial and final horizontal positions are and ,

respectively.

Vertical Motion: The vertical component of initial velocity is 
. The initial and final vertical positions are and ,

respectively.

Since , the football is kicked over the goalpost. Ans.

Ans.h = H - 15 = 37.01 - 15 = 22.0 ft

H 7 15 ft

 H = 37.01 ft

 H = 0 + 69.28(0.625) + 1
2

 (-32.2) A0.6252 B A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = H(s0)y = 0=  69.28 ft>s (y0)y = 80 sin 60°

 t = 0.625 s

 25 = 0 + 40.0t

 A :+ B   sx = (s0)x + (y0)x t

sx = 25 ft(s0)x = 0=  40.0 ft>s (y0)x = 80 cos 60°

12–103. The football is to be kicked over the goalpost,
which is 15 ft high. If its initial speed is ,
determine if it makes it over the goalpost, and if so, by how
much, h.

vA = 80 ft>s
25 ft 30 ft

15 ft
y

45"

h

60"

vA # 80 ft/s

x

B
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Horizontal Motion: The horizontal component of velocity is 
. The initial and final horzontal positions are and ,

respectively.

[1]

Vertical Motion: The vertical component of initial velocity is 
. The initial and final vertical positions are and

, respectively.

[2]

Solving Eqs. [1] and [2] yields

Ans. y = x = 63.8 ft

 t = 2.969 s

 x = 0 + 69.28t + 1
2

 (-32.2)t2

 A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = y = x tan 45° = x
(s0)y = 0=  69.28 ft>s (y0)y = 80 sin 60°

 55 + x = 0 + 40.0t

 A :+ B   sx = (s0)x + (y0)x t

sx = (55 + x)(s0)x = 0=  40.0 ft>s (y0)x = 80 cos 60°

*12–104. The football is kicked over the goalpost with an
initial velocity of as shown. Determine the
point B (x, y) where it strikes the bleachers.

vA = 80 ft>s
25 ft 30 ft

15 ft
y

45"

h

60"

vA # 80 ft/s

x

B

8 m

4 m

1 m

AA

d

vA

C

u

Vertical Motion: The vertical component, of initial and final velocity are
and , respectively. The initial vertical position is

.

[1]

[2]

Solving Eqs. [1] and [2] yields

Ans.

Horizontal Motion: The horizontal component of velocity is 
. The initial and final horizontal positions are 

and , respectively.

Ans. d = 7.18 m

 d + 4 = 0 + 9.363(1.195)

 A :+ B  sx = (s0)x + (y0)x t

sx = (d + 4) m
(s0)x = 0=  15 cos 51.38° = 9.363 m>s (y0)x = yA cos uA

 t = 1.195 s

 uA = 51.38° = 51.4°

 8 = 1 + 15 sin uAt + 1
2

 (-9.81)t2

 A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

 0 = 15 sin uA + (-9.81)t

 A + c B   yy = (y0) + ac t

(s0)y = 1 m
yy = 0(y0)y = (15 sin uA) m>s

•12–105. The boy at A attempts to throw a ball over the
roof of a barn with an initial speed of .
Determine the angle at which the ball must be thrown so
that it reaches its maximum height at C. Also, find the
distance d where the boy should stand to make the throw.

uA

vA = 15 m>s
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Vertical Motion: The vertical components of initial and final velocity are
and , respectively. The initial vertical position is

.

[1]

[2]

Solving Eqs. [1] and [2] yields

Ans.

Horizontal Motion: The horizontal component of velocity is 
. The initial and final horizontal positions are 

and , respectively.

Ans. d = 12.7 m

 d + 4 = 0 + 13.97(1.195)

 A :+ B   sx = (s0)x + (y0)x t

sx = (d + 4) m
(s0)x = 0=  18.23 cos 40° = 13.97 m>s (y0)x = yA cos uA

 t = 1.195 s

 yA = 18.23 m>s = 18.2 m>s
 8 = 1 + yA sin 40°t + 1

2
 (-9.81) t2

 A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

 0 = yA sin 40° + (-9.81) t

 A + c B   yy = (y0) + ac t

(s0)y = 1 m
yy = 0(y0)y = (yA sin 40°) m>s

12–106. The boy at A attempts to throw a ball over the
roof of a barn such that it is launched at an angle .
Determine the minimum speed at which he must throw
the ball so that it reaches its maximum height at C. Also,
find the distance d where the boy must stand so that he can
make the throw.

vA

uA = 40°

8 m

4 m

1 m

AA

d

vA

C

u

Thus,

Solving,

Ans.

Ans.u2 = 85.2° (above the horizontal)

u1 = 25.0° (below the horizontal)

 20 cos2 u = 17.5 sin 2u + 3.0816

 20 = 80 sin u 
0.4375
cos u

 t + 16.1¢0.1914
cos2 u

≤ -20 = 0 - 80 sin u t + 1
2

 (-32.2)t2

 A + c B  s = s0 + v0 t + 1
2

 act
2

 35 = 0 + (80) cos u

 A :+ B  s = s0 + v0 t

12–107. The fireman wishes to direct the flow of water
from his hose to the fire at B. Determine two possible
angles and at which this can be done.Water flows from
the hose at .vA = 80 ft>su2u1

35 ft

20 ft

A
u

B

vA
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Vertical Motion: The vertical component of initial velocity is 
. The initial and final vertical positions are and ,

respectively.

Choose the positive root 

Horizontal Motion: The horizontal component of velocity is 
and the initial horizontal position is . If , then

Ans.

If , then

Ans. R = 0.189 m

 R + 1 = 0 + 1.732(0.6867)

 A :+ B   sx = (s0)x + (y0)x t

sx = R + 1

 R = 0 + 1.732(0.6867) = 1.19 m

 A :+ B   sx = (s0)x + (y0)x t

sx = R(s0)x = 0=  1.732 m>s (y0)x = 2 cos 30°

 t = 0.6867 s

 3 = 0 + 1.00(t) + 1
2

 (9.81) A t2 B A + T B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = 3 m(s0)y = 0=  1.00 m>s (y0)y = 2 sin 30°

*12–108. Small packages traveling on the conveyor belt
fall off into a l-m-long loading car. If the conveyor is running
at a constant speed of , determine the smallest
and largest distance R at which the end A of the car may be
placed from the conveyor so that the packages enter the car.

vC = 2 m>s
vc # 2 m/s

30"

3 m

1 m

A B

R
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Vertical Motion: The vertical component of initial velocity is . For the ball
to travel from A to B, the initial and final vertical positions are and

, respectively.

For the ball to travel from A to C, the initial and final vertical positions are
and , respectively.

Horizontal Motion: The horizontal component of velocity is . For the ball
to travel from A to B, the initial and final horizontal positions are and

, respectively. The time is .

Ans.

For the ball to travel from A to C, the initial and final horizontal positions are
and , respectively. The time is .

Ans. s = 6.11 ft

 21 + s = 0 + 39.72(0.6825)

 A ;+ B  sx = (s0)x + (y0)x t

t = t2 = 0.6825 ssx = (21 + s) ft(s0)x = 0

 yA = 39.72 ft>s = 39.7 ft>s 21 = 0 + yA (0.5287)

 A ;+ B   sx = (s0)x + (y0)x t

t = t1 = 0.5287 ssx = 21 ft
(s0)x = 0

(y0)x = yA

 t2 = 0.6825 s

 0 = 7.5 + 0 + 1
2

 (-32.2)t2
2

 A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = 0(s0)y = 7.5 ft

 t1 = 0.5287 s

 3 = 7.5 + 0 + 1
2

 (-32.2)t 
2
1

 A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = 3 ft
(s0)y = 7.5 ft

(y0)y = 0

•12–109. Determine the horizontal velocity of a tennis
ball at A so that it just clears the net at B. Also, find the
distance s where the ball strikes the ground.

vA

21 fts

7.5 ft
3 ft

vA

C

A

B
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Solving,

Ans.

Ans.tAB = 4.54 s

vA = 19.4 m>s
 -4 - 100a3

5
b = 0 + vA sin 25°tAB + 1

2
 (-9.81)t2

AB

 A + c B    s = s0 + v0 t + 1
2

 ac t2

 100a4
5
b = vA cos 25°tAB

 A :+ B s = v0 t

12–110. It is observed that the skier leaves the ramp A at an
angle with the horizontal. If he strikes the ground
at B, determine his initial speed and the time of flight .tABvA

uA = 25°

4 m

vAA

100 m

B

A
u

3
4

5

Acceleration: Since the car is traveling with a constant speed, its tangential
component of acceleration is zero, i.e., . Thus,

Ans.r = 208 m

3 = 252

r

a = an = v2

r

at = 0

12–111. When designing a highway curve it is required
that cars traveling at a constant speed of must not
have an acceleration that exceeds . Determine the
minimum radius of curvature of the curve.

3 m>s2
25 m>s

Acceleration: Here, the car’s tangential component of acceleration of 
. Thus,

Ans.r = 100 m

4 = 202

r

an = v2

r

an = 4 m>s2

5 = 4A -3 B2 + an 
2

a = 2at 2 + an 2

at = -3 m>s2

*12–112. At a given instant, a car travels along a circular
curved road with a speed of while decreasing its speed
at the rate of . If the magnitude of the car’s acceleration
is , determine the radius of curvature of the road.5 m>s2

3 m>s2
20 m>s

91962_01_s12-p0001-0176  6/8/09  8:38 AM  Page 88



89

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Acceleration: Since the speed of the race car is constant, its tangential component of
acceleration is zero, i.e., . Thus,

Ans.n = 38.7 m>s7.5 = v2

200

a = an = v2

r

at = 0

•12–113. Determine the maximum constant speed a
race car can have if the acceleration of the car cannot
exceed while rounding a track having a radius of
curvature of 200 m.

7.5 m>s2

Acceleration: Since the automobile is traveling at a constant speed, .

Thus, . Applying Eq. 12–20, , we have

Ans.y = 2ran = 2800(5) = 63.2 ft>s
an = y

2

r
an = a = 5 ft>s2

at = 0

12–114. An automobile is traveling on a horizontal
circular curve having a radius of 800 ft. If the acceleration of
the automobile is , determine the constant speed at
which the automobile is traveling.

5 ft>s2

Ans.a = 2a2
t + a2

n = 20.15432 + 0.46302 = 0.488 m>s2

an = y
2

r
= 16.672

600
= 0.4630 m>s2

y = a60 km
h
b a1000 m

1 km
b a 1h

3600 s
b = 16.67 m>s

at = ¢2000 km
h2 b a1000 m

1 km
b a 1h

3600 s
b2

= 0.1543 m>s2

12–115. A car travels along a horizontal circular curved
road that has a radius of 600 m. If the speed is uniformly
increased at a rate of , determine the magnitude
of the acceleration at the instant the speed of the car is 

.60 km>h 2000 km>h2
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Acceleration: The tangential acceleration is

Ans.

and the normal acceleration is . Applying 

Eq. 12–20, , we have

Ans.r = y
2

an
= 802

5.00
= 1280 ft

an = y
2

r

an = a sin 30° = 10 sin 30° = 5.00 ft>s2

at = a cos 30° = 10 cos 30° = 8.66 ft>s2

*12–116. The automobile has a speed of at point A
and an acceleration a having a magnitude of , acting
in the direction shown. Determine the radius of curvature
of the path at point A and the tangential component of
acceleration.

10 ft>s2
80 ft>s

# 30"

n

t

a
u

A

Velocity: The time for which the boat to travel 20 m must be determined first.

The magnitude of the boat’s velocity is

Ans.

Acceleration: The tangential accelerations is

To determine the normal acceleration, apply Eq. 12–20.

Thus, the magnitude of acceleration is

Ans.a = 2a2
t + a2

n = 20.82 + 0.6402 = 1.02 m>s2

an = y
2

r
= 5.6572

50
= 0.640 m>s2

at = y# = 0.8 m>s2

y = 0.8 (7.071) = 5.657 m>s = 5.66 m>s
 t = 7.071 s

 L
20 m

0
 ds = L

t

0
 0.8 tdt

 ds = ydt

•12–117. Starting from rest the motorboat travels around
the circular path, , at a speed ,
where t is in seconds. Determine the magnitudes of the
boat’s velocity and acceleration when it has traveled 20 m.

v = (0.8t) m>sr = 50 m  r # 50 m

v

91962_01_s12-p0001-0176  6/8/09  8:39 AM  Page 90



91

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Velocity: When , the boat travels at a speed of

Ans.

Acceleration: The tangential acceleration is . When ,

To determine the normal acceleration, apply Eq. 12–20.

Thus, the magnitude of acceleration is

Ans.a = 2a2
t + a2

n = 21.202 + 0.06482 = 1.20 m>s2

an = y
2

r
= 1.802

50
= 0.0648 m>s2

at = 0.4 (3) = 1.20 m>s2

t = 3 sat = y# = (0.4t) m>s2

y = 0.2 A32 B = 1. 80 m>st = 3 s

12–118. Starting from rest, the motorboat travels around
the circular path, , at a speed ,
where t is in seconds. Determine the magnitudes of the
boat’s velocity and acceleration at the instant .t = 3 s

v = (0.2t2) m>sr = 50 m  r # 50 m

v

When ,

Ans.

Ans.¢s = 14 ft

¢s = 3
2

 t2 + t3 d2
0

Lds = L
2

0
 3 A t + t2 B  dt

ds = v dt

a = 2(15)2 + (1.296)2 = 15.1 ft>s2

an = v2

r
=
C3(2 + 22) D2

250
= 1.296 ft>s2

at = 3 + 6(2) = 15 ft>s2

t = 2 s

at = dv
dt

= 3 + 6t

v = 3 A t + t2 B

12–119. A car moves along a circular track of radius 250 ft,
and its speed for a short period of time is

, where t is in seconds. Determine the
magnitude of the car’s acceleration when . How far
has it traveled in ?t = 2 s

t = 2 s
v = 3(t + t2) ft>s 0 … t … 2 s
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Solving,

Ans.

Ans.a = 2a2
t + a2

n = 220.352 + 13.142 = 24.2 m>s2

an = y
2

r
= 19.852

30
= 13.14 m>s2

at = y# = 0.5e t ƒ t = 3.7064 s = 20.35 m>s2

y = 0.5(e 3.7064 - 1) = 19.85 m>s = 19.9 m>st = 3.7064 s

 18 = 0.5(e t - t - 1)

 L
18

0
 ds = 0.5L

t

0
 (e 

t - 1)dt

 y = 0.5(e 
t - 1)

 L
y

0
 dy = L

t

0
 0.5e 

t dt

*12–120. The car travels along the circular path such that
its speed is increased by , where t is in
seconds. Determine the magnitudes of its velocity and
acceleration after the car has traveled starting
from rest. Neglect the size of the car.

s = 18 m

at = (0.5et) m>s2

s # 18 m

# 30 mρ

Radius of Curvature:

Acceleration:

The magnitude of the train’s acceleration at B is

Ans.a = 2at
2 + an

2 = 2 A -0.5 B2 + 0.10502 = 0.511 m>s2

an = v2

r
= 202

3808.96
= 0.1050 m>s2

a t = v
# = -0.5 m>s2

r =
c1 + ady

dx
b2 d3>22 d2y

dx2
2 =

C1 + ¢0.2 e
x

1000 ≤2S3>2

` 0.2 A10-3 Be x
1000 ` 6

x = 400 m

= 3808.96 m

d2y

dx2 = 0.2a 1
1000

be
x

1000 = 0.2 A10-3 Be x
1000.

dy

dx
= 200a 1

1000
be

x
1000 = 0.2e

x
1000

y = 200e
x

1000

•12–121. The train passes point B with a speed of 
which is decreasing at . Determine the
magnitude of acceleration of the train at this point.

at = – 0.5 m>s2
20 m>s y

x

400 m

y " 200 e        
x

1000

B
A
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Velocity: The speed of the train at B can be determined from

Radius of Curvature:

Acceleration:

The magnitude of the train’s acceleration at B is

Ans.a = 2at
2 + an

2 = 2 A -0.5 B2 + 0.18222 = 0.309 m>s2

a n = v2

r
= 26.342

3808.96
= 0.1822 m>s2

a t = v
# = -0.25 m>s2

r =
B1+ ady

dx
b2R3>22 d2y

dx2
2 =

C1 + £0.2e
x

1000≥2S3>22 0.2 A10-3 Be x
1000 2 6

x = 400 m

= 3808.96 m

d2y

dx2 = 0.2 A10-3 Be x
1000

dy

dx
= 0.2e

x
1000

y = 200e
x

1000

vB = 26.34 m>svB 
2 = 302 + 2(-0.25)(412 - 0)

vB 
2 = vA 

2 + 2a t (sB - sA)

12–122. The train passes point A with a speed of 
and begins to decrease its speed at a constant rate of

. Determine the magnitude of the
acceleration of the train when it reaches point B, where

.sAB = 412 m

at = – 0.25 m>s2

30 m>s y

x

400 m

y " 200 e        
x

1000

B
A
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Velocity: The speed of the car at B is

Radius of Curvature:

Acceleration:

When the car is at 

Thus, the magnitude of the car’s acceleration at B is

Ans.a = 2at
2 + an

2 = 2(-2.591)2 + 0.91942 = 2.75 m>s2

a t = C0.225 A51.5 B - 3.75 D = -2.591 m>s2

B As = 51.5 m Ba t = v 
dv
ds

= A25 - 0.15s B A -0.15 B = A0.225s - 3.75 B  m>s2

an =
vB 

2

r
= 17.282

324.58
= 0.9194 m>s2

r =
B1 + ady

dx
b2B3>22 d2y

dx2
2 =

c1 + a -3.2 A10-3 Bxb2 d3>22 -3.2 A10-3 B 2 4
x = 50 m

= 324.58 m

d2y

dx2 = -3.2 A10-3 B
dy

dx
= -3.2 A10-3 Bxy = 16 - 1

625
 x2

vB = C25 - 0.15 A51.5 B D = 17.28 m>s

12–123. The car passes point A with a speed of 
after which its speed is defined by .
Determine the magnitude of the car’s acceleration when it
reaches point B, where .s = 51.5 m

v = (25 - 0.15s)  m>s25 m>s
y # 16 !        x2 1

625

y

s

x
16 m

B

A
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Velocity: The speed of the car at C is

Radius of Curvature:

Acceleration:

The magnitude of the car’s acceleration at C is

Ans.a = 2at
2 + an

2 = 20.52 + 1.602 = 1.68 m>s2

an =
vC 

2

r
= 22.3612

312.5
= 1.60 m>s2

a t = v
# = 0.5 m>s

r =
B1 + ady

dx
b2R3>22 d2y

dx2
2 =

c1 + a -3.2 A10-3 Bxb2 d3>2
!-3.2 A10-3 B ! 4

x = 0

= 312.5 m

d2y

dx2 = -3.2 A10-3 B
dy

dx
= -3.2 A10-3 Bxy = 16 - 1

625
 x2

vC = 22.361 m>svC 
2 = 202 + 2(0.5)(100 - 0)

vC 
2 = vA 

2 + 2a t (sC - sA)

*12–124. If the car passes point A with a speed of 
and begins to increase its speed at a constant rate of

, determine the magnitude of the car’s
acceleration when .s = 100 m
at =  0.5 m>s2

20 m>s
y # 16 !        x2 1

625

y

s

x
16 m

B

A
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Velocity: Using the initial condition at ,

(1)

Position: Using the initial conditions when ,

Acceleration: When the car reaches C, . Thus,

Solving by trial and error,

Thus, using Eq. (1).

The magnitude of the car’s acceleration at C is

Ans.a = 4Aat BC 
2 + Aan BC 

2 = 4(-0.9982)2 + 0.82842 = 1.30 m>s2

Aan BC =
vC 

2

r
= 14.3912

250
= 0.8284 m>s2

(a t)C = v
# = - 1

4
 A15.9421>2 B = -0.9982 m>s2

vC = 25 - 1
6

 (15.942)3>2 = 14.391 m>s
t = 15.942 s

330.90 = 25t - 1
15

 t5>2
sC = 200 + 250ap

6
b = 330.90 m

s = a25t - 1
15

 t 5>2b  m

L
s

0
 ds = L

t

0
 a25- 1

6
 t 3>2bdt

L  ds = L  vdt

t = 0 ss = 0

v = a25 - 1
6

 t3>2b  m>sL
v

25 m>sdv = L
t

0
- 1

4
 t1>2 dt

dv = at dt

t = 0 sv = 25 m>s

•12–125. When the car reaches point A it has a speed of
. If the brakes are applied, its speed is reduced by

. Determine the magnitude of acceleration
of the car just before it reaches point C.
at = (-1

4 t
1>2

) m>s2
25 m>s

B

C

A

200 m30"

r # 250 m
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Velocity: Using the initial condition at ,

Acceleration: When the car is at point C, . Thus,
the speed of the car at C is

The magnitude of the car’s acceleration at C is

Ans.a = 2(at)C 
2 + (an)C 

2 = 2(-0.6691)2 + 0.29082 = 0.730 m>s2

(an)C =
vC 

2

r
= 8.5262

250
= 0.2908 m>s2

(at)C = v
# = [0.001(330.90) - 1] = -0.6691 m>s2

vC = 40.001 A330.902 B - 2(330.90) + 625 = 8.526 m>s2

sC = 200 + 250ap
6
b = 330.90 m

v = 20.001s2 - 2s + 625

L
v

25 m>s vdv = L
s

0
 (0.001s - 1)ds

dv = ads

t = 0 sv = 25 m>s
12–126. When the car reaches point A, it has a speed of

. If the brakes are applied, its speed is reduced by 
. Determine the magnitude of

acceleration of the car just before it reaches point C.
at = (0.001s - 1) m>s2
25 m>s

B

C

A

200 m30!

r " 250 m

Acceleration: From the geometry in Fig. a, or . Thus,

or .

Thus,

Since the airplane travels along the circular path with a constant speed, .Thus,
the magnitude of the airplane’s acceleration is

Ans.a = 2at 
2 + an 

2 = 202 + 7.8542 = 7.85 ft>s2

at = 0

an = v2

r
= 3002

36 000>p = 7.854 ft>s2

r =
sAB

u
= 12 000
p>3 = 36 000

p
 ft

sAB = vt = 300 A40 B = 12 000 ft

u = 60° = p
3

 rad
u

2
= 90° - 60°

f = 60°2f + 60° = 180°

12–127. Determine the magnitude of acceleration of the
airplane during the turn. It flies along the horizontal
circular path AB in , while maintaining a constant speed
of .300 ft>s 40 s

A

B

60!
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Velocity: Using the initial condition when ,

Position: Using the initial condition when ,

Acceleration: From the geometry, or .Thus,

or .

The magnitude of the airplane’s acceleration is

Ans.a = 2at 
2 + an 

2 = 2(-6)2 + 2.4852 = 6.49 ft>s2

Aa t BB = v
# = -0.1(60) = -6ft>s2

Aan BB =
vB 

2

r
= 2202

61 200>p = 2.485 ft>s2

vB = 400 - 0.05 A602 B = 220 ft>sr =
sAB

u
= 20 400
p>3 = 61200

p
 ft

sAB = 400 A60 B - 0.01667 A603 B = 20 400 ft

u = 60° = p
3

 rad

u

2
= 90° - 60°f = 60°2f + 60° = 180°

s = A400t - 0.01667 t3 B  ftL
s

0
 ds = L

t

0
 A400 - 0.05t2 B  dt

L  ds = L  vdt

t = 0 ss = 0

v = A400 - 0.05t2 B  ft>sL
v

400 ft>s dv = L
t

0
 -0.1tdt

dv = at dt

t = 0 sv = 400 ft>s

*12–128. The airplane flies along the horizontal circular path
AB in 60 s. If its speed at point A is , which decreases at
a rate of , determine the magnitude of the
plane’s acceleration when it reaches point B.

at = (–0.1t) ft>s2
400 ft>s

A

B

60!
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Radius of Curvature:

Acceleration:

The magnitude of the roller coaster’s acceleration is

Ans.a = 2at 
2 + an 

2 = 232 + 7.8812 = 8.43 m>s2

an =
vB 

2

r
= 252

79.30
= 7.881 m>s2

a t = v
# = 3 m>s2

r =
B1 + ady

dx
b2R3>22 d2y

dx2
2 =

B1 + a 1
50

 xb2R3>22 1
50
2 5

x = 30 m

= 79.30 m

d2y

dx2 = 1
50

dy

dx
= 1

50
 x

y = 1
100

 x2

•12–129. When the roller coaster is at B, it has a speed of
, which is increasing at . Determine the

magnitude of the acceleration of the roller coaster at this
instant and the direction angle it makes with the x axis.

at = 3 m>s225 m>s y

s

A

x

30 m

y "       x2 1
100

B

The angle that the tangent at B makes with the x axis is .

As shown in Fig. a, is always directed towards the center of curvature of the path. Here,

. Thus, the angle that the roller coaster’s acceleration makes

with the x axis is

Ans.u = a - f = 38.2°

ua = tan-1aan

at
b = tan-1a7.881

3
b = 69.16°

an

f = tan-1¢dy

dx
2
x = 30 m

≤ = tan-1 c 1
50
A30 B d = 30.96°
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Velocity: Using the initial condition at ,

(1)

Thus,

Radius of Curvature:

Acceleration:

The magnitude of the roller coaster’s acceleration at B is

Ans.a = 2at 
2 + an 

2 = 23.6002 + 4.8422 = 6.03 m>s2

an = v2

r
= 19.602

79.30
= 4.842 m>s2

a t = v
# = 6 - 0.06(40) = 3.600 m>s2

r =
B1 + ady

dx
b2R3>22 d2y

dx2
2 =

B1 + a 1
50

 xb2R3>22 1
50
2 5

x = 30 m

= 79.30 m

d2y

dx2 = 1
50

dy

dx
= 1

50
 x

y = 1
100

 x2

vB = 412 A40 B - 0.06 A40 B2 = 19.60 m>s
v = a212s - 0.06s2b  m>sL

v

0
 vdv = L

s

0
A6 - 0.06s Bds

dv = at dt

s = 0v = 0

12–130. If the roller coaster starts from rest at A and its
speed increases at , determine the
magnitude of its acceleration when it reaches B where

.sB = 40 m

at = (6 - 0.06 s) m>s2
y

s

A

x

30 m

y "       x2 1
100

B
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Velocity: Using the initial condition when ,

(1)

Position: Using the initial condition when ,

(2)

Acceleration:

The magnitude of the car’s acceleration at point C is

Ans.a = 2(at)C 
2 + (an)C 

2 = 2(-0.7229)2 + 0.39572 = 0.824 m>s2

Aa t BC = v
# = -0.08(9.036) = -0.7229 m>s2

Aan BC =
vC 

2

r
= 9.0362

206.33
= 0.3957 m>s2

vC = 30e -0.08(15) = 9.036 m>sr =
sBC

u
= 162.05
p>4 = 206.33 m

sBC = sC - sB = 262.05 - 100 = 162.05 m

sC = 375 A1 - e -0.08(15) B = 262.05 m

s = C375 A1 - e-0.08t B D  mL
s

0
 ds = L

t

0
 30e-0.08t dt

ds = vdt

t = 0 ss = 0

v = A30e-0.08t B  m>st = 12.5 In 
30
v

L
t

0
 dt = L

v

30 m>s- dv
0.08v

dt = dv
a

t = 0 sv = 30 m>s

12–131. The car is traveling at a constant speed of .
The driver then applies the brakes at A and thereby reduces
the car’s speed at the rate of , where is
in . Determine the acceleration of the car just before it
reaches point C on the circular curve. It takes 15 s for the
car to travel from A to C.

m>s vat = (-0.08v) m>s2

30 m>s
C

B

s

A

100 m

45!
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Velocity: Using the initial condition when ,

Position: Using the initial condition when ,

Acceleration:

The magnitude of the car’s acceleration at point C is

Ans.a = 4Aat BC 
2 + Aan BC 

2 = 4A -1.875 B2 + 0.71332 = 2.01 m>s2

Aan BC =
yC 

2

r
= 15.93752

356.11
= 0.7133 m>s2

Aa t BC = v
# = - 1

8
 (15) = -1.875 m>s2

vC = 30 - 1
16

 A152 B = 15.9375 m>s
r =

sBC

u
= 279.6875

p>4 = 356.11 m

sBC = sC - sB = 379.6875 - 100 = 279.6875 m

sC = 30(15) - 1
48

 A153 B = 379.6875 m

s = a30t - 1
48

 t3bm

L
s

0
 ds = L

t

0
 a30 - 1

16
 t2bdt

ds = vdt

t = 0 ss = 0

v = a30 - 1
16

 t2b  m>sL
v

30 m>s dv = L
t

0
- 1

8
 tdt

dv = at dt

t = 0 sv = 30 m>s

*12–132. The car is traveling at a speed of . The
driver applies the brakes at A and thereby reduces the 
speed at the rate of , where t is in seconds.
Determine the acceleration of the car just before it reaches
point C on the circular curve. It takes 15 s for the car to
travel from A to C.

at = A -1
8t B  m>s2

30 m>s
C

B

s

A

100 m

45!
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Velocity: Using the initial condition at .

Position: Using the initial condition when .

When ,

Acceleration:

The magnitude of the particle’s acceleration is

Ans.a = 4a2
t + a2

n = 4A -8.415 B2 + 5.83852 = 10.2 m>s2

an = v2

r
= 10.812

20
= 5.8385 m>s2

v = 4400 - 0.25 A33.6592 B = 10.81 m>sat = v
# = -0.25(33.659) = -8.415 m>s2

s = 40 sin (2>2) = 33.659 m

t = 2 s

s = A40 sin (t>2) B  mt = 2 sin-3 a s
40
bL

t

0
 dt = L

s

0

ds2400 - 0.25s2
= 2L

s

0
 

ds21600 - s2

dt = ds
v

t = 0 ss = 0

v = a4400 - 0.25s2
 b  m>sL

v

20 m>s vdv = L
s

0
 -0.25 sds

vdv = ads

s = 0v = 20 m>s

•12–133. A particle is traveling along a circular curve
having a radius of 20 m. If it has an initial speed of 
and then begins to decrease its speed at the rate of 

, determine the magnitude of the
acceleration of the particle two seconds later.
at = (-0.25s) m>s2

20 m>s
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Radius of Curvature:

(1)

(2)

Differentiating Eq. (1),

(3)

Substituting Eq. (2) into Eq. (3) yields

Thus,

Acceleration: Since the race car travels with a constant speed along the track, .
At and ,

The speed of the race car is

Thus,

Ans.aA = v2

rA
= 66.672

1000
= 4.44 m>s2

v = a240 
km
h
b a 1000 m

1 km
b a 1h

3600 s
b = 66.67 m>s

rA =
A16y2 + x2 B3>2
4 A4y2 + x2 B 3

x = 4 km
y = 0

=
A0 + 42 B3>2
4 A0 + 42 B = 1 km = 1000 m

y = 0x = 4 km
at = 0

r =
B1 + ady

dx
b2R3>22 d2y

dx2
2 =

B1 + a- x
4y
b2R3>22 4y2 + x2

16y3
2 =

¢1 + x2

16y2 ≤3>2¢4y2 + x2

16y3 ≤ =
A16y2 + x2 B3>2
4 A4y2 + x2 B

d2y

dx2 = - B4y2 + x2

16y3 R
d2y

dx2 = - D1 + 4ady

dx
b2

4y
T

d2y

dx2 =
- 1

2
 - 2ady

dx
b2

2y

2ady

dx
b ady

dx
b + 2y 

d2
 y

dx2 = - 1
2

dy

dx
= - x

4y

2y 
dy

dx
= - x

2

y2 = 4a1 - x2

16
b

12–134. A racing car travels with a constant speed of
around the elliptical race track. Determine the

acceleration experienced by the driver at A.
240 km>h

x2
––
16

y2
––
4

y

x

2 km

4 km

#       " 1

A

B
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Radius of Curvature:

(1)

(2)

Differentiating Eq. (1),

(3)

Substituting Eq. (2) into Eq. (3) yields

Thus,

Acceleration: Since the race car travels with a constant speed along the track, .
At and 

The speed of the car is

Thus,

Ans.aB = v2

rB
= 66.672

8000
= 0.556 m>s2

v = a240 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b = 66.67 m>s

rB =
A16y2 + x2 B3>2
4 A4y2 + x2 B 3 x = 0 

y = 2 km

=
C16 A22 B + 0 D3>2
4 C4 A22 B + 0 D = 8 km = 8000 m

y = 2 kmx = 0
at = 0

r =
B1+ ady

dx
b2R3>22 d2y

dx2
2 =

B1+ a - x
4y
b2R3>22 4y2 + x2

16y3
2 =

¢1 + x2

16y2 ≤3>2¢4y2 + x2

16y3 ≤ =
A16y2 + x2 B3>2
4 A4y2 + x2 B

d2y

dx2 = - B4y2 + x2

16 y3 R
d2y

dx2 = - D1 + 4ady

dx
b2

4y
T

d2y

dx2 =
- 1

2
 - 2ady

dx
b2

2y

2ady

dx
b ady

dx
b + 2y 

d2y

dx2 = -  
1
2

dy

dx
= - x

4y

2y 
dy

dx
= - x

2

y2 = 4a1 - x2

16
b

12–135. The racing car travels with a constant speed of
around the elliptical race track. Determine the

acceleration experienced by the driver at B.
240 km>h

x2
––
16

y2
––
4

y

x

2 km

4 km

#       " 1

A

B
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Velocity:

The magnitude of the velocity is

Ans.

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ax 
2 + ay 

2 + az 
2 = B¢ -  

p2

8
 sin 
p

4
  t≤2

+ ¢ -  
p2

8
  cos 

p

4
 t≤2

= p
2

8
  m>s2 = 1.23 m>s2

a = dv
dt

= c -p2

8
 sin ap

4
 tb i - p

2

8
  cos ap

4
  tb j d  m>s2

 = Ap2

4
+ 9 = 3.39 m>s

 v = 2vx 
2 + vy 

2 + vz 
2 = A ap2  cos p

4
 tb2

+ a- p
2

 sin p
4

tb2

+ 32

v = dr
dt

= cp
2

 cos ap
4

 tb i - p
2

  sin ap
4

 tb j + 3k d  m>s
r = c2 sin ap

4
 t b i + 2 cos ap

4
 tb j + 3tk d  m

*12–136. The position of a particle is defined by
, where t is in

seconds. Determine the magnitudes of the velocity and
acceleration at any instant.

r = 52  sin (p4)t i + 2 cos (p4)t j + 3 t k6 m
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Velocity:

When ,

The magnitude of the velocity is

Ans.

Acceleration:

When ,

Thus, the magnitude of the particle’s acceleration is

Ans.

Since is parallel to v, its magnitude can be obtained by the vector dot product 

, where . Thus,

Thus,

Ans.r = 51.1 m

6.889 = 18.762

r

an = v2

r

an = 6.889 m>s2

13.42 = 211.512 + an 
2

a = 2at 
2 + an 

2

at = A12i + 6j B # A0.6396i + 0.6396j + 0.4264k B =  11.51 m>s2

uv = v
v

= 0.6396i + 0.6396j + 0.4264kat = a # uv

at

a = 2ax 
2 + ay 

2 + az 
2 = 2122 + 62 + 02 = 13.42 = 13.4 m>s2

a = C6 A2 B i + 6j D = [12i + 6j] m>s2

t = 2 s

a = dv
dt

= [6ti + 6j] m>s2

v = 2vx 
2 + vy 

2 + vz 
2 = 2122 + 122 + 82 = 18.76 = 18.8 m>s

v = c3 A22 B i + 6 A2 B j + 8k d = [12i + 12j + 8k] m>st = 2 s

v = dr
dt

= C3t2i + 6tj + 8k D  m>sr = C t3i + 3t2j + 8tk D  m

•12–137. The position of a particle is defined by
, where t is in seconds. Determine

the magnitude of the velocity and acceleration and the
radius of curvature of the path when .t = 2  s

r = 5t3
 i + 3t2

 j + 8t k6 m
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Velocity: The speed in terms of time t can be obtained by applying .

[1]

When , the car has traveled a distance of .

The time required for the car to travel this distance can be obtained by applying 

.

Solving by trial and error

Substituting into Eq. [1] yields

Ans.

Acceleration: The tangential acceleration for the car at is
.To determine the normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration is

Ans.a = 2a2
t + a2

n = 24.1802 + 2.7082 = 4.98 m>s2

an = y
2

r
= 3.6802

5
= 2.708 m>s2

at = 0.5e2.1234 = 4.180 m>s2
t = 2.1234 s

y = 0.5 Ae2.1234 - 1 B = 3.680 m>s = 3.68 m>st = 2.1234 s

t = 2.1234 s

 2.618 = 0.5 Aet - t - 1 B L
2.618 m

0
 ds = L

t

0
 0.5 Aet - 1 B  dt

 ds = ydt

y = ds
dt

s = ru = 5a 30°
180°

 pb = 2.618 mu = 30°

 y = 0.5 Aet - 1 B L
y

0
 dy = L

t

0
 0.5et dt

 dy = adt

a = dy
dt

y

12–138. Car B turns such that its speed is increased by
, where t is in seconds. If the car starts

from rest when , determine the magnitudes of its
velocity and acceleration when the arm AB rotates .
Neglect the size of the car.

u = 30°
u = 0°

(at)B = (0.5et) m>s2 B

A u

5 m

91962_01_s12-p0001-0176  6/8/09  8:49 AM  Page 108



109

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Velocity: The speed in terms of time t can be obtained by applying .

When Ans.

Acceleration: The tangential acceleration of the car at is
. To determine the normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration is

Ans.a = 2a2
t + a2

n = 23.6952 + 2.0412 = 4.22 m>s2

an = y
2

r
= 3.1952

5
= 2.041 m>s2

at = 0.5e2 = 3.695 m>s2
t = 2 s

t = 2 s,  y = 0.5 Ae2 - 1 B = 3.195 m>s = 3.19 m>s y = 0.5 Aet - 1 B L
v

0
 dy = L

t

0
 0.5et dt

 dy = adt

a = dy
dt

y

12–139. Car B turns such that its speed is increased by
, where t is in seconds. If the car starts

from rest when , determine the magnitudes of its
velocity and acceleration when . Neglect the size of
the car.

t = 2 s
u = 0°

(at)B = (0.5et) m>s2 B

A u

5 m

Velocity: The speed in terms of position s can be obtained by applying .

At Ans.

Acceleration: The tangential acceleration of the truck at is
. To determine the normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration is

Ans.a = 2a2
t + a2

n = 20.5002 + 0.4202 = 0.653 m>s2

an = y
2

r
= 4.5832

50
= 0.420 m>s2

at = 0.05 (10) = 0.500 m>s2
s = 10 m

s = 10 m, y = 20.05(102) + 16 = 4.583 m>s = 4.58 m>s y = A20.05s2 + 16 B  m>s L
y

4 m>s ydy = L
s

0
 0.05sds

 ydy = ads

ydy = adsy

*12–140. The truck travels at a speed of along a
circular road that has a radius of 50 m. For a short distance
from , its speed is then increased by ,
where s is in meters. Determine its speed and the magnitude
of its acceleration when it has moved .s = 10 m

at = (0.05s) m>s2s = 0

4 m>s

50 m

91962_01_s12-p0001-0176  6/8/09  8:49 AM  Page 109



110

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Velocity: The speed in terms of time t can be obtained by applying .

When Ans.

Acceleration: The tangential acceleration of the truck when is
. To determine the normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration is

Ans.a = 2a2
t + a2

n = 21.602 + 1.0372 = 1.91 m>s2

an = y
2

r
= 7.202

50
= 1.037 m>s2

at = 0.4(4) = 1.60 m>s2
t = 4 s

t = 4 s,   y = 0.2 A42 B + 4 = 7.20 m>s y = A0.2t2 + 4 B  m>s L
y

4 m>s dy = L
t

0
 0.4tdt

 dy = adt

a = dy
dt

y

•12–141. The truck travels along a circular road that has a
radius of 50 m at a speed of 4 . For a short distance when

, its speed is then increased by , where
t is in seconds. Determine the speed and the magnitude of
the truck’s acceleration when .t = 4 s

at = (0.4t) m>s2t = 0
m>s

50 m

91962_01_s12-p0001-0176  6/8/09  8:49 AM  Page 110



111

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Distance Traveled: Initially, the distance between the cyclists is 

. When , cyclist B travels a distance of 

. The distance traveled by cyclist A can be obtained as follows

[1]

Thus, the distance between the two cyclists after is

Ans.

Acceleration: The tangential acceleration for cyclist A and B at is
and (cyclist B travels at constant speed),

respectively. At , from Eq. [1], . To
determine normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration for cyclist A and B are

Ans.

Ans.aB = 2(at)2
B + (an)2

B = 202 + 1.282 = 1.28 ft>s2

aA = 2(at)2
A + (an)2

A = 29.4022 + 3.0482 = 9.88 ft>s2

(an)B =
y2

B

r
= 82

50
= 1.28 ft>s2

(an)A =
y2

A

r
= 12.342

50
= 3.048 ft>s2

yA = 29.4022 + 64 = 12.34 ft>st = 1 s

(at)B = 0(at)A = sA = 9.402 ft>s2
t = 1 s

d = d0 + sA - sB = 104.72 + 9.402 - 8 = 106 ft

t = 1 s

 sA = 9.402 ft

 1 = sinh-1 a sA

8
b

 L
1s

0
 dt = L

sA

0
 

dsA2s2
A + 64

 dt =
dsA

yA

 yA = 2s2
A + 64

 L
yA

8 ft>s yA dyA = L
sA

0
sA dsA

 yAdyA = aA dsA

=  8 ft

sB = 8(1)t = 1 s=  50a120°
180°

 pb = 104.72 ft

d0 = ru

12–142. Two cyclists, A and B, are traveling
counterclockwise around a circular track at a constant speed
of  at the instant shown. If the speed of A is increased
at , where is in feet, determine the
distance measured counterclockwise along the track from B
to A between the cyclists when . What is the
magnitude of the acceleration of each cyclist at this instant?

t = 1 s

sA(at)A = (sA) ft>s2
8 ft>s

r " 50 ft

" 120! sB

sA

B

A

u
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Acceleration: The radius of curvature of the path at point A must be determined

first. Here, and , then

To determine the normal acceleration, apply Eq. 12–20.

Here, . Thus, the magnitude of accleration is

Ans.a = 2a2
t + a2

n = 232 + 0.52472 = 3.05 m>s2

at = y# A = 3 m>san = y
2

r
= 102

190.57
= 0.5247 m>s2

r =
[1 + (dy>dx)2]3>2

|d2y>dx2|
=

[1 + (0.02x)2]3>2
|0.02|

2
x = 60 m

= 190.57 m

d2y

dx2 = 0.02
dy

dx
= 0.02x

12–143. A toboggan is traveling down along a curve which
can be approximated by the parabola .
Determine the magnitude of its acceleration when it
reaches point A, where its speed is , and it is
increasing at the rate of .(at)A = 3 m>s2

vA = 10 m>sy = 0.01x2

60 m

36 m

y " 0.01x2

y

x

A

Ans.

Since

Ans.u = 10.6°

dy

dx
= tan u = 0.1875

a = 2(-40)2 + (32.04)2 = 51.3 m>s2

at = -40 m>s2

an = v2

r
=

(120)2

449.4
= 32.04 m>s2

 =
[1 + (0.1875)2]3>2

|-0.002344|
= 449.4 m

 r 4
x = 80 m

=
C1 + (dy

dx)2 D3>2` d2y

dx
2 ` 4

x =  80 m

d2y

dx2 = - 15
x2
2
x = 80 m

= -0.002344

dy

dx
= 15

x
2
x = 80 m

= 0.1875

y = 15 lna x
80
b

*12–144. The jet plane is traveling with a speed of 120 
which is decreasing at when it reaches point A.
Determine the magnitude of its acceleration when it is at this
point.Also, specify the direction of flight, measured from the
x axis.

40 m>s2
m>s y

x

  y " 15 ln (     ) 

A

80 m

x––
80
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Since the plane travels with a constant speed, . Hence

Ans.a = an = 26.9 m>s2

at = 0

an = y
2

r
=

(110)2

449.4
= 26.9 m>s2

 =
C1 + (0.1875)2 D3>2

|-0.002344|
= 449.4 m

 r 4
x = 80 m

=
C1 + (dy

dx)2 D3>2` d2y

dx
2 ` 4

x = 80 m

d2y

dx2 = - 15
x2
2
x = 80 m

= -0.002344

dy

dx
= 15

x
2
x = 80 m

= 0.1875

y = 15 lna x
80
b

•12–145. The jet plane is traveling with a constant speed
of 110 along the curved path. Determine the magnitude
of the acceleration of the plane at the instant it reaches
point A ( ).y = 0

m>s y

x

  y " 15 ln (     ) 

A

80 m

x––
80

Since the motorcyclist travels with a constant speed, . Hence

Ans.a = an = 0.897 ft>s2

at = 0

an = y
2

r
= 302

1003.8
= 0.897 ft>s2

 =
[1 + (-0.05)2]3>2

|0.001|
= 1003.8 ft

 r 4
x = 100 ft

=
[1 + (dy

dx)2]3>2
` d2y

dx
2 ` 4

x = 100 ft

d2y

dx2 = 1000
x3
2
x = 100 ft

= 0.001

dy

dx
= -  

500
x2
2
x = 100 ft

= -0.05

12–146. The motorcyclist travels along the curve at a
constant speed of 30 . Determine his acceleration when
he is located at point A. Neglect the size of the motorcycle
and rider for the calculation.

ft>s

100 ft
x

y

y " 500–—x v " 30 ft/s

A
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Ans.a = 2a2
t + a2

n = 2(4)2 + (7.622)2 = 8.61 m>s2

an =
yB 

2

r
= 82

8.396
= 7.622 m>s2

r =
C1 + (dy

dx)2 D3>2` d 
2y

dx
2 ` 4

x = 2 m

=
C1 + (1.6)2 D3>2

|0.8|
= 8.396 m

d2y

dx2
2
x = 2 m

= 0.8

dy

dx
2
x = 2 m

= 0.8x 2
x = 2 m

= 1.6

y = 0.4 x2

12–147. The box of negligible size is sliding down along a
curved path defined by the parabola .When it is at
A ( , ), the speed is and the
increase in speed is . Determine the
magnitude of the acceleration of the box at this instant.

dvB>dt = 4 m>s2
vB = 8 m>syA = 1.6 mxA = 2 m

y = 0.4x2
y

x
2 m

y " 0.4x2

A

Ans.a = 2a2
t + a2

n = 20 + (1.81)2 = 1.81 ft>s2

an = y
2

r
= 402

885.7
= 1.81 ft>s2

r 4
x = 600 ft

=
[1 + (dy

dx)2 D3>2` d2y

dx
2 ` 4

x = 600 ft

=
[1 + (1.08)2]3>2

|3.6(10)-3|
= 885.7 ft

d2y

dx2
2
x = 600 ft

= 6(10)-6x 2
x = 600 ft

= 3.6(10)-3

dy

dx
2
x = 600 ft

= 3(10)-6x2 2
x = 600 ft

= 1.08

y = (10)-6x3

*12–148. A spiral transition curve is used on railroads to
connect a straight portion of the track with a curved
portion. If the spiral is defined by the equation

, where x and y are in feet, determine the
magnitude of the acceleration of a train engine moving with
a constant speed of 40 when it is at point .x = 600 ftft>sy = (10- 6)x3

600 ft

v " 40 ft/s

x

y

y " (10#6)x3
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Distance Traveled: Initially the distance between the particles is

When , B travels a distance of

The distance traveled by particle A is determined as follows:

(1)

Thus the distance between the two cyclists after is

Ans.

Acceleration:

For A, when ,

The magnitude of the A’s acceleration is

Ans.

For B, when ,

The magnitude of the B’s acceleration is

Ans.aB = 202 + 12.802 = 12.8 m>s2

(an)B =
v2

B

r
= 82

5
= 12.80 m>s2

Aat BB = v
#
A = 0

t = 1 s

aA = 23.41762 + 18.642 = 19.0 m>s2

(a n)A =
v2

A

r
= 9.6552

5
= 18.64 m>s2

vA = 0.632528.5442 + 160 = 9.655 m>sAa t BA = v
#
A = 0.4 A8.544 B = 3.4176 m>s2

t = 1 s

d = 10.47 + 8.544 - 8 = 11.0 m

t = 1 s

 s = 8.544 m

 1 = 1
0.6325

 £InC2s2 + 160 + s2160
S ≥ L

t

0
 dt = L

s

0
 

ds

0.63252s2 + 160

 dt = ds
v

 v = 0.63252s2 + 160

 L
v

8 m>s vdv = L
s

0
 0.4 sds

 vdv = ads

dB = 8(1) = 8 m

t = 1 s

d0 = rdu = 5a 120°
180°

bp = 10.47 m

•12–149. Particles A and B are traveling counter-
clockwise around a circular track at a constant speed of

. If at the instant shown the speed of A begins to
increase by where is in meters,
determine the distance measured counterclockwise along
the track from B to A when . What is the magnitude
of the acceleration of each particle at this instant?

t =  1 s

sA(at)A =(0.4sA) m>s2,
8 m>s

r " 5 m

" 120! sB

sA

A

B

u
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Distance Traveled: Initially the distance between the two particles is 

. Since particle B travels with a constant acceleration,

distance can be obtained by applying equation

[1]

The distance traveled by particle A can be obtained as follows.

[2]

In order for the collision to occur

Solving by trial and error Ans.

Note: If particle A strikes B then, .This equation will result in 
.

Acceleration: The tangential acceleration for particle A and B when are
and , respectively. When

, from Eq. [1], and 
.To determine the normal acceleration, apply Eq. 12–20.

The magnitude of the acceleration for particles A and B just before collision are

Ans.

Ans.aB = 2(at)2
B + (an)2

B = 242 + 65.012 = 65.1 m>s2

aA = 2(at)2
A + (an)2

A = 22.0062 + 22.112 = 22.2 m>s2

(an)B =
y2

B

r
= 18.032

5
= 65.01 m>s2

(an)A =
y2

A

r
= 10.512

5
= 22.11 m>s2

=  8 + 4(2.5074) = 18.03 m>s yB = (y0)B + ac tyA = 0.4 A2.50742 B + 8 = 10.51 m>st = 2.5074 s
(a t)B = 4 m>s2(a t)A = 0.8 t = 0.8 (2.5074) = 2.006 m>s2

t = 2.5074

t = 14.6 s 7 2.51 s
sA = 5a240°

180°
 pb + sB

t = 2.5074 s = 2.51 s

 0.1333t3 + 8t + 10.47 = 8 t + 2 t2

 sA + d0 = sB

 sA = 0.1333t3 + 8 t

 L
sA

0
 dsA = L

t

0
 A0.4 t2 + 8 B  dt

 dsA = yA dt

 yA = A0.4 t2 + 8 B  m>s
 L

yA

8 m>s dyA = L
t

0
 0.8 tdt

 dyA = aA dt

 sB = 0 + 8t + 1
2

 (4) t2 = A8 t + 2 t2 B  m
 sB = (s0)B + (y0)B t + 1

2
 ac t2

=  5a120°
180°

 pb = 10.47 m

d0 = ru

12–150. Particles A and B are traveling around a circular
track at a speed of at the instant shown. If the speed of B
is increasing by , and at the same instant A has
an increase in speed of , determine how long
it takes for a collision to occur. What is the magnitude of the
acceleration of each particle just before the collision occurs?

(at)A = 0.8t m>s2
(at)B = 4 m>s2

8 m>s

r " 5 m

" 120! sB

sA

A

B

u
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Ans.

Ans.

Ans.a = 2(3.501)2 + (11.305)2 = 11.8 m>s2

a n = v2

r
=

(47.551)2

200
= 11.305 m>s2

a t = 4
3

 (47.551)
1
4 = 3.501 m>s2

v = (10.108 + 8)
4
3 = 47.551 = 47.6 m>st = 10.108 s = 10.1 s

For s = p
2

 (200) = 100p = 3
7

 (t + 8)
7
3 - 54.86

s = 3
7

 (t + 8)
2
3 - 54.86

s = 3
7

 (t + 8)
2
3 2 t

0

L
s

0
 ds = L

t

0
 (t + 8)

4
3 dt

ds = v dt

v = (t + 8)
4
3

v
3
4 - 8 = t

v
1
4! 16

v
= t

L
v

16
 0.75 

dv

v
1
4

= L
t

0
 dt

dv = 4
3

 v 
1
4 dt

dv = at dt

at = 4
3

 v
1
4

12–151. The race car travels around the circular track with
a speed of 16 . When it reaches point A it increases its
speed at , where is in . Determine the
magnitudes of the velocity and acceleration of the car when
it reaches point B. Also, how much time is required for it to
travel from A to B?

m>svat = (4
3 v1>4) m>s2
m>s

200 m

A

y

xB
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When 

Ans.

Ans.

At 

Ans.an =
2 c v2

0

(1 + b2)3>2
x = 0, r =

(1 + b2)3>2
2 c

d2y

dx2 = 2 c

dy

dx
= b + 2c x

r =
C1 + Ady

dx B2 D 32` d2y

dx
2 `

an =
v2

0

r

vy =
v0 b21 + b2

vx = x
# =

v021 + b2

v2
0 + x

#
 
2 + b2 x

#
 
2

x = 0, y
# = b x

#

y
$ = b x

$ + 2 c (x
#
)2 + 2 c xx

$
y
# = bx

# + 2 c x x
#

y = a + bx + cx2

*12–152. A particle travels along the path 
, where a, b, c are constants. If the speed of the particle

is constant, , determine the x and y components
of velocity and the normal component of acceleration
when .x = 0

v = v0

+  cx2
y = a + bx
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Horizontal Motion: The horizontal component of velocity is 
and the initial horizontal and final positions are and ,

respectively.

[1]

Vertical Motion: The vertical component of initial velocity is 
. The initial and final vertical positions are and ,

respectively.

[2]

Eliminate t from Eqs [1] and [2], we have

Ans.

The tangent of the path makes an angle with the x axis.

Acceleration: When , from Eq. [1], . Here,

. At ,

and the tangent of the path makes an angle with the x axis.
The magnitude of the acceleration is and is directed downward. From
the figure, .Therefore,

Ans.

Ans.an = a cos a = 9.81 cos 23.70° = 8.98 m>s2

at = a sin a = 9.81 sin 23.70° = 3.94 m>s2

a = 23.70°
a = 9.81 m>s2

u = tan-1 0.4389 = 23.70°

dy

dx
= 0.8391 - 0.2612(1.532) = 0.4389x = 1.532 m

dy

dx
= 0.8391 - 0.2612x

x = 0 +  6.128(0.25) = 1.532 mt = 0.25 s

u = tan-1 
3.644

4
= 42.33°

y = {0.8391x - 0.1306x2} m = {0.839x - 0.131x2} m

 y = 0 + 5.143t + 1
2

 (-9.81) A t2 B A + c B  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

sy = y(s0)y = 0=  5.143 m>s (y0)y = 8 sin 40°

 x = 0 + 6.128t

 A :+ B   sx = (s0)x + (y0)x t

sx = x(s0)x = 0=  6.128 m>s (v0)x = 8 cos 40°

•12–153. The ball is kicked with an initial speed
at an angle with the horizontal. Find

the equation of the path, , and then determine the
normal and tangential components of its acceleration when

.t = 0.25 s

y = f(x)
uA = 40°vA = 8 m>s

x

y

y

xA

uA ! 40"

vA = 8 m/s
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Velocity: Here, .To determine the velocity v, apply Eq. 12–7.

When , . Then 
. Since the velocity is always directed tangent to the path,

Ans.

The velocity v makes an angle with the x axis.

Acceleration: To determine the acceleration a, apply Eq. 12–9.

Then

The acceleration a makes an angle with the x axis. From the

figure, . Therefore,

Ans.

Ans.at = a cos a = 2.828 cos 11.31° = 2.77 m>s2

an = a sin a = 2.828 sin 11.31° = 0.555 m>s2

a = 45° - 33.69 = 11.31°

f = tan-1 
2
2

= 45.0°

a = 222 + 22 = 2.828 m>s2

a = dv
dt

= {2i + 2j} m>s2

u = tan-1 
4
6

= 33.69°

yn = 0 and yt = 7.21 m>s=  7.21 m>s y = 262 + 42v = [2 + 2(2)]i + 2(2)j = {6i + 4j} m>st = 2 s

v = dr
dt

= {(2 + 2t) i + 2tj } m>s
r = E A2 t + t 

2 B  i + t2 jF  m

12–154. The motion of a particle is defined by the
equations and , where t is in
seconds. Determine the normal and tangential components
of the particle’s velocity and acceleration when .t = 2 s

y = (t2) mx = (2t + t2) m
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Acceleration: Differentiating twice the expression , we have

The radius of curvature of the path is

[1]

To have the maximum normal acceleration, the radius of curvature of the path must be
a minimum. By observation, this happens when and . When ,

. Then, .

Substituting this value into Eq. [1] yields . At ,

To determine the normal acceleration, apply Eq. 12–20.

Since the motorcycle is traveling at a constant speed, . Thus,

Ans.amax = (an)max = a
b2 y2

at = 0

(an)max = y
2

r
= y2

b2>a = a
b2 y2

r = b2

a4 Aa3 B = b2

a

x = ar = b2

a4 x3

c1 + b2x2

a2(a2 - x2)
d3>2 : c b2x2

a2(a2 - x2)
d3>2 = b3x3

a3(a2 - x2)3>2b2x2

a2(a2 - x2)
 7 7 7  1

x : ax = ay = 0

r =
c1 + ady

dx
b2 d3>22 d2y

dx2
2 =

B1 + ¢ -  
bx

a2a2 - x2
≤2R3>22 - ab

(a2 - x2)3>2 2 =
c1 + b2x2

a2(a2 - x2)
d3>2

ab

(a2 - x2)3>2

d2y

dx2 = -  
ab

(a2 - x2)3>2

dy

dx
= -   

bx

a2a2 - x2

y = b
a
2a2 - x2

12–155. The motorcycle travels along the elliptical track
at a constant speed . Determine the greatest magnitude of
the acceleration if .a 7 b

v b

a

y

x

#      ! 1x2

a2
y2

b2
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Time Derivatives:

Velocity: The radial and transverse components of the particle’s velocity are

Thus, the magnitude of the particle’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-19.2)2 + 2.42 = 19.3 m>s2

a u = ru
$

+ 2r
#
u
#

= 0.3(8) + 0 = 2.4 m>s2

a r = r
$ - ru

#
2 = 0 - 0.3 A82 B = -19.2 m>s2

v = 2vr 
2 + vu 

2 = 202 + 2.42 = 2.4 m>s
vr = r

# = 0   vu = ru
#

= 0.3(8) = 2.4 m>s
u
#

= 2t2! t = 2 s = 8 rad>s  u
$

= 4t! t = 2 s = 8 rad>s2

r
# = r

$ = 0

*12–156. A particle moves along a circular path of radius
300 mm. If its angular velocity is , where t is 
in seconds, determine the magnitude of the particle’s
acceleration when .t = 2 s

= (2t2) rad>su
#
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Time Derivatives: Using the initial condition when ,

At ,

Velocity:

Thus, the magnitude of the particle’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-1.957)2 + 1.6612 = 2.57 m>s2

a u = ru
$

+ 2r
#
u
#

= 0.3(5.536) + 0 = 1.661 m>s2

a r = r
$ - ru

#
2 = 0 - 0.3 A2.5542 B = -1.957 m>s2

v = 2vr 
2 + vu 

2 = 202 + 0.76612 = 0.766 m>s
vr = r

# = 0   vu = ru
#

= 0.3(2.554) = 0.7661 m>s
u
#

= 3t2! t = 0.9226 s = 2.554 rad>s  u
$

= 6t! t = 0.9226 s = 5.536 rad>s2

r
# = r

$ = 0

p

4
= t3   t = 0.9226 s

u = 45° = p
4

 rad

u = A t3 B  rad

L
u

0
 du = L

t

0
 3t2 dt

du = 3t2dt

t = 0 su = 0°

•12–157. A particle moves along a circular path of radius
300 mm. If its angular velocity is , where t is
in seconds, determine the magnitudes of the particle’s
velocity and acceleration when . The particle starts
from rest when .u = 0°

u = 45°

u
#

= (3t2) rad>s
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Time Derivative: At ,

Using the result of t, the value of the first and second time derivative of r and are

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-3.084)2 + 1.9632 = 3.66 ft>s2

a u = ru
$

+ 2r
#
u
#

= 5(0.3927) + 0 = 1.963 ft>s2

a r = r
$ - ru

#
2 = 0 - 5 A0.78542 B = -3.084 ft>s2

u
$

= 0.25e 
0.5t! t = 0.9032 s = 0.3927 rad>s2

u
#

= 0.5e 
0.5 t! t = 0.9032 s = 0.7854 rad>sr

# = r
$ = 0

u

p

2
= e0.5t     t = 0.9032 s

u = 90° = p
2

 rad

12–158. A particle moves along a circular path of radius 
5 ft. If its position is , where t is in seconds,
determine the magnitude of the particle’s acceleration
when .u = 90°

u = (e0.5t) rad
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Time Derivatives: The first and second time derivative of r and when are

Velocity:

Thus, the magnitude of the particle’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-42.0)2 + 74.252 = 85.3 m>s2

a u = ru
$

+ 2r
#
u
#

= 12(0.5303) + 2(16)(2.121) = 74.25 m>s2

a r = r
$ - ru

#
2 = 12 - 12 A2.1212 B = -42.0 m>s2

v = 2vr 
2 + vu 

2 = 2162 + 25.462 = 30.1 m>s
vr = r

# = 16 m>s   vu = ru
#

= 12(2.121) = 25.46 m>s
u
$

= 3
4

 t-1>2 2
t = 2 s

= 0.5303 rad>s2r
$ = 6t! t = 2 s = 12 m>s2

u
#

= 3
2

 t1>2 2
t = 2 s

= 2.121 rad>sr
# = 3t2 + 4! t = 2 s = 16 m>s

u = t3>2r = t3 + 4t - 4! t = 2 s = 12 m

t = 2 su

12–159. The position of a particle is described by
and , where t is in

seconds. Determine the magnitudes of the particle’s
velocity and acceleration at the instant .t = 2 s

u = (t3>2) radr = (t3 + 4t - 4) mm
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Time Derivatives: The first and second time derivative of r and when are

Velocity:

Thus, the magnitude of the particle’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the particle’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-79.36)2 + (-42.51)2 = 90.0 mm>s2

a u = ru
$

+ 2r
#
u
#

= 141.71(0.6) + 2(-70.85)(0.9) = -42.51 mm>s2

ar = r
$ - ru

#
2 = 35.43 - 141.71 A0.92 B = -79.36 mm>s2

v = 2vr 
2 + vu 

2 = 2(-70.85)2 + 127.542 = 146 mm>s
vr = r

# = -70.85 mm>s   vu = ru
#

= 141.71(0.9) = 127.54 mm>s
u
$

= 0.6 rad>s2r
$ = 75e-0.5t ! t-1.5 s = 35.43 mm>s2

u
#

= 0.6t! t - 1.5 s = 0.9 rad>sr
# = -150e-0.5t! t-1.5 s = -70.85 mm>s u = 0.3t2 radr = 300e-0.5t! t - 1.5 s = 141.77 mm

t = 1.5 su

*12–160. The position of a particle is described by
and , where t is in seconds.

Determine the magnitudes of the particle’s velocity and
acceleration at the instant .t = 1.5 s

u = (0.3t2) radr = (300e–0.5t) mm

Ans.

Ans.a = 2a2
Pl + a2

Pr = 2(0.001 22)2 + (43 200)2 = 43.2(103) ft>s2

aPr =
y2

Pr

r
=

(360)2

3
= 43 200 ft>s2

y = 2y2
Pl + y2

Pr = 2(293.3)2 + (360)2 = 464 ft>syPr = 120(3) = 360 ft>s
aPl = ¢3 mi

h2 ≤ ¢5280 ft
1 mi

≤ ¢ 1 h
3600 s

≤2

= 0.001 22 ft>s2

yPl = ¢200 mi
h
≤ ¢5280 ft

1 mi
≤ ¢ 1 h

3600 s
≤ = 293.3 ft>s

•12–161. An airplane is flying in a straight line with a
velocity of 200 and an acceleration of . If the
propeller has a diameter of 6 ft and is rotating at an
angular rate of 120 , determine the magnitudes of
velocity and acceleration of a particle located on the tip
of the propeller.

rad>s 3 mi>h2mi>h
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When 

Ans.a = 2a2
r + a2

u = 2(-11.6135)2 + (-8.3776)2 = 14.3 in.>s2

au = ru
$

+ 2r
#
u
#

= 4(-2.0944) + 0 = -8.3776 in.>s2

ar = r
$ - ru

#
2 = 0 - 4(-1.7039)2 = -11.6135 in.>s2

r = 4  r
# = 0  r

$ = 0

u
$

= d2u

dt2 = -4 cos 2t 2
t = 0.5099 s

= -2.0944 rad>s2

u
#

= du
dt

= -2 sin 2t 2
t = 0.5099 s

= -1.7039 rad>s
u = p

6  rad,  p
6 = cos 2t t = 0.5099 s

12–162. A particle moves along a circular path having a
radius of 4 in. such that its position as a function of time is
given by where t is in seconds. Determine
the magnitude of the acceleration of the particle when

.u = 30°

u = (cos 2t) rad,

Ans.

Ans.

Ans.

Ans. = (b - a cos u)u
$

+ 2au
#
2 sin u

 au = ru
$

+ 2 r
#

 u
#

= (b - a cos u)u
$

+ 2aa sin uu
# bu# = (2a cos u - b) u

#
2 + a sin u u

$
 ar = r

$ - r u
#
2 = a cos uu

#
2 + a sin uu

$
- (b - a cos u)u

#
2

vu = r u = (b - a cos u)u
#

vr = r
# = a sin uu

#
r
# = a cos uu

#
2 + a sin uu

$
r
# = a sin uu

#
r = b - a cos u

12–163. A particle travels around a limaçon, defined by
the equation , where a and b are constants.
Determine the particle’s radial and transverse components
of velocity and acceleration as a function of and its time
derivatives.

u

r = b - a cos u
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.

Ans.

Ans.

Ans.

Ans.au = ru
$

+ 2ru
#

= a u- 
1
2u
$

+ 2(a)a - 1
2
bu- 

3
2u
# au# b = aBu$ -

u
#
2

u
Ru- 

1
2

=  a c a 3
4

 u 
-2 - 1bu- 

1
2 u

#
2 - 1

2
 u- 

3
2 u

$ d
ar = r

$ - r u
#
2 = -  

1
2

 aa -  
3
2

 u- 3
2 u

#
2 + u- 

3
2 u
$b - au- 

1
2 u

#
2

vu = ru
#

= au- 
1
2 u

#
vr = r

# = -  
1
2

 au- 
3
2 u

#

r
$ = -  

1
2

aa -  
3
2

 u 
- 

 3
2  u

#
2 + u- 

3
2 u
$b

r = aa -  
1
2
bu- 

3
2u
#

r = au- 
1
2

r2u = a2

*12–164. A particle travels around a lituus, defined by the
equation , where a is a constant. Determine the
particle’s radial and transverse components of velocity and
acceleration as a function of and its time derivatives.u

r2u = a2

Velocity: Applying Eq. 12–25, we have

Thus, the magnitude of the velocity of the car is

Ans.

Acceleration: Applying Eq. 12–29, we have

Thus, the magnitude of the acceleration of the car is

Ans.a = 2a2
r + a2

u = 2(-48.0)2 + 60.02 = 76.8 ft>s2

au = ru
$

+ 2r
#
u
#

= 300(0.2) + 2(0)(0.4) = 60.0 ft>s2

ar = r
$ - ru

#
2 = 0 - 300 A0.42 B = -48.0 ft>s2

y = 2y2
r + y2

u = 202 + 1202 = 120 ft>s
yr = r

# = 0 yu = ru
#

= 300(0.4) = 120 ft>s

•12–165. A car travels along the circular curve of radius
. At the instant shown, its angular rate of rotation

is , which is increasing at the rate of 
. Determine the magnitudes of the car’s

velocity and acceleration at this instant.
u
$

= 0.2 rad>s2
u
#

= 0.4 rad>sr = 300 ft

r ! 300 ft

A

u

u

u

 ! 0.2 rad/s2
..  ! 0.4 rad/s

.
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Time Derivatives:

Since is constant, . Thus,

Velocity:

Thus, the magnitude of the pin’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the pin’s acceleration is

Ans. = 416a 
2u

#
4 Acos2

 u + sin 2 u B = 4au
#
2    

 a = 2ar 
2 + au 

2 = 4A -4a cos uu
#
2 B2 + A -4a sin uu

#
2 B2

au = ru
$

+ 2r
#

 u
#

= 0 + 2 A -2a sin uu
# Bu# = -4a sin uu

#
2

ar = r
$ - ru

#
2 = -2a cos uu

#
2 - 2a cos uu

#
2 = -4a cos uu

#
2

 = 44a2u
#

 
2 Asin2

 u + cos2
 u B = 2au

#
 v = 4vr 

2 + vu 
2 = 4A -2a sin uu

# B2 + A2a cos uu
# B2

vr = r
# = -2a sin uu

#   vu = ru
#

= 2a cos uu
#

r
$ = -2a cos uu

#
2

u
$

= 0u
#

r
$ = -2a Ccos uu

#
u
#

+ sin uu
$ D = -2a Ccos uu

#
2 + sin uu

$ Dr
# = -2a sin uu

#
r = 2a cos u

12–166. The slotted arm OA rotates counterclockwise
about O with a constant angular velocity of .The motion of
pin B is constrained such that it moves on the fixed circular
surface and along the slot in OA. Determine the magnitudes
of the velocity and acceleration of pin B as a function of .u

u
#

O

B
A

a

u

r ! 2 a cos u
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Time Derivatives:

When ,

Velocity:

Thus, the magnitude of the pin’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the pin’s acceleration is

Ans. = 2a44u
# 4 + u

$2

 a = 2ar 
2 + au 

2 = 4C - 22a A2u# 2 + u
$ B D2 + C22a Au$ - 2u

#
2 B D2

au = ru
$

+ 2r
#

 u
#

= 22au
$

+ 2 A - 22au
# B Au# B = 22a Au$ - 2u

#
2 Bar = r

$ - ru
#
2 = - 22a Au# 2 + u

$ B - 22au
#
2 = - 22a A2u# 2 + u

$ B
v = 2vr 

2 + vu 
2 = 4A - 22au

# B2 + A22au
# B2 = 2au

#

vr = r
# = - 22au

#   vu = ru
#

= 22au
#

r
$! u = p

4 = -2a¢ 122
 u
#
2 + 122

 u
$≤ = - 22a Au# 2 + u

$ B
r
# ! u = p

4 = -2a¢ 122
≤u# = - 22au

#

r! u = p
4 = 2a¢ 122

≤ = 22a

u = p
4

 rad

r
$ = -2a Ccos uu

#
u
#

+ sin uu
# D = -2a Ccos uu

#
2 + sin uu

# Dr
# = -2a sin uu

#
r = 2a cos u

12–167. The slotted arm OA rotates counterclockwise
about O such that when , arm OA is rotating with
an angular velocity of and an angular acceleration of .
Determine the magnitudes of the velocity and acceleration
of pin B at this instant. The motion of pin B is constrained
such that it moves on the fixed circular surface and along
the slot in OA.

u
$

u
# u = p>4

O

B
A

a

u

r ! 2 a cos u
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Ans.

Ans.

Ans.

Ans.au = r u + 2 r u = 400(-0.008) + 0 = -3.20 ft>s2

ar = r - r u
#
2 = 0 - 400(0.025)2 = -0.25 ft>s2

vu = ru
#

= 400(0.025) = 10 ft>svr = r
# = 0

u
#

= 0.025 u = -0.008

r = 400 r
# = 0 r

$ = 0

*12–168. The car travels along the circular curve having a
radius . At the instant shown, its angular rate of
rotation is , which is decreasing at the rate 

. Determine the radial and transverse
components of the car’s velocity and acceleration at this
instant and sketch these components on the curve.

u
$

= -0.008 rad>s2
u
#

= 0.025 rad>sr = 400 ft

r ! 400 ft

u
.

Ans.

Ans.a = 2(-2.25)2 + (0)2 = 2.25 ft>s2

au = r u + 2 r
#

 u = 400(0) + 2(0)(0.075) = 0

ar = r
$ - r u

#
2 = 0 - 400(0.075)2 = -2.25 ft>s2

u
$

= 0

u = 0.075 rad>sv = 6(0)2 + a400 u
# b2

= 30

vr = r = 0 vu = r u = 400aubr = 400 ft r
# = 0 r

$ = 0

•12–169. The car travels along the circular curve of radius
with a constant speed of . Determine

the angular rate of rotation of the radial line r and the
magnitude of the car’s acceleration.

u
# v = 30 ft>sr = 400 ft

r ! 400 ft

u
.
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Velocity: When , the position of the boy is given by

The boy’s radial component of velocity is given by

Ans.

The boy’s transverse component of velocity is given by

Ans.

Acceleration: When , , , , .
Applying Eq. 12–29, we have

Ans.

Ans.au = ru
$

+ 2ru
#

= 2.25(0) + 2(1.50)(0.2) = 0.600 m>s2

ar = r
$ - ru

#
2 = 0.5 - 2.25 A0.22 B = 0.410 m>s2

u
$

= 0r
$ = 0.5 m>s2r

# = yr = 1.50 m>sr = 2.25 mt = 3 s

yu = ru
#

= 2.25(0.2) = 0.450 m>s
 = 0 + 0.5(3) = 1.50 m>s yr = (y0)r + (ac)r t

r = 0 + 0 + 1
2

 (0.5) A32 B = 2.25 m

s = (s0)r + (y0)r t + 1
2

 (ac)r t2

t = 3 s

12–170. Starting from rest, the boy runs outward in the
radial direction from the center of the platform with a
constant acceleration of . If the platform is rotating 
at a constant rate , determine the radial and
transverse components of the velocity and acceleration of
the boy when . Neglect his size.t = 3 s

u
#

= 0.2 rad>s0.5 m>s2
0.5 m/s2! 0.2 rad/s

r
u

u

Thus, Ans.

Thus, Ans.a = {-5.81ur - 8.14uz} mm>s2

az = 10a 700
860.23

b = 8.14

au = 0

ar = 10a 500
860.23

b = 5.81

v = {-116ur - 163uz} mm>svz = (200)a 700
860.23

b = 163 mm>svu = 0

vr = (200)a 500
860.23

b = 116 mm>s
OB = 2(400)2 + (300)2 = 500 mm

OA = 2(400)2 + (300)2 + (700)2 = 860.23 mm

12–171. The small washer slides down the cord OA. When it
is at the midpoint, its speed is 200 and its acceleration
is . Express the velocity and acceleration of the
washer at this point in terms of its cylindrical components.

10 mm>s2
mm>s

300 mm

700 mm

400 mm

r
O

z

z

y

x

u

A

v, a
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Time Derivatives:

At ,

Velocity:

Thus, the magnitude of the peg’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the peg’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-24.82)2 + 8.5972 = 26.3 m>s2

a u = r u
$

+ 2r
#

 u
#

= 0 + 2(2.149)(2) = 8.597 m>s2

a r = r
$ - ru

#
2 = -17.37 - 1.861 A22 B = -24.82 m>s2

v = 2vr 
2 + vu 

2 = 22.1492 + 3.7222 = 4.30 m>s
vr = r

# = 2.149 m>s   vu = ru
#

= 1.861(2) = 3.722 m>s
r
$! u= 30° =

4 C0 - 2 sin 60° A22 B D - (2.149)2

1.861
= -17.37 m>s2

r
# ! u= 30° =

(4 cos 60°)(2)
1.861

= 2.149 m>s
r! u= 30° = 24 sin 60° = 1.861 m

u = 30°

r
$ = C 4 Acos 2uu

$
- 2 sin 2uu

#
2 B - r

# 2

r
S  m>s2   u

$
= 0

2 Arr
$ + r

# 2 B = 8 A -2 sin 2uu
#
2 + cos 2u u

$ Br
# = B4 cos 2uu

#

r
R  m>s           u

#
= 2 rad>s

2rr
# = 8 cos 2uu

#
r2 = 4 sin 2u

*12–172. If arm OA rotates counterclockwise with a
constant angular velocity of , determine the
magnitudes of the velocity and acceleration of peg P at

. The peg moves in the fixed groove defined by the
lemniscate, and along the slot in the arm.
u = 30°

= 2 rad>su
#

r

O

P

r2 ! (4 sin 2 u)m2

u
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Time Derivatives:

At ,

Velocity:

Thus, the magnitude of the peg’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the peg’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-23.20)2 + 11.392 = 25.8 m>s2

au = ru
$

+ 2r
#

 u
#

= 1.861(1.5) + 2(2.149)(2) = 11.39 m>s2

a r = r
$ - r u

#
2 = -15.76 - 1.861 A22 B = -23.20 m>s2

v = 2ar 
2 + au 

2 = 22.1492 + 3.7222 = 4.30 m>s
vr = r

# = 2.149 m>s   vu = ru
#

= 1.861(2) = 3.722 m>s
r
$! u= 30° =

4 Ccos 60°(1.5) - 2 sin 60° A22 B D - (2.149)2

1.861
= -15.76 m>s2

r
# ! u= 30° =

(4 cos 60°)(2)
1.861

= 2.149 m>sr! u= 30° = 24 sin 60° = 1.861 m

u = 30°

u
$

= 1.5 rad>s2r
$ = C 4 Acos 2uu

$
- 2 sin 2uu

#
2 B - r

# 2

r
S  m>s2

2arr
$ + r

# 2b = 8a -2 sin 2uu
$

+ cos 2uu
#
2b

u
#

= 2 rad>sr
# = ¢4 cos 2uu

#

r
≤  m>s

2rr
# = 8 cos 2uu

#

•12–173. The peg moves in the curved slot defined by the
lemniscate, and through the slot in the arm. At , the
angular velocity is , and the angular acceleration 
is . Determine the magnitudes of the velocity
and acceleration of peg P at this instant.
u
$

= 1.5 rad>s2
u
#

= 2 rad>s u = 30°

r

O

P

r2 ! (4 sin 2 u)m2

u
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Ans.

Ans.

Ans.

Ans.

Ans.

Ans.az = z
$ = -0.00725 m>s2

au = r u
$

+ 2r
#

 u
#

= 4(0) + 2(0)(0.2) = 0

a r = r
$ - r u

#
2 = 0 - 4(0.2)2 = -0.16 m>s2

yz = z
# = -0.0932 m>syu = ru
#

= 4(0.2) = 0.8 m>syr = r
# = 0

z
$ = -0.5 Ccos uu

#
2 + sin uu

$ D ! u= 1.2 rad = -0.007247 m>s2

z
# = -0.5 sin u u

#
! u= 1.2 rad = -0.0932 m>sz = 0.5 cos u

u
$

= 0r
$ = 0

u
#

= 0.2 rad>sr
# = 0

u = 0.2t! t = 6 s = 1.2 radr = 4 m

12–174. The airplane on the amusement park ride moves
along a path defined by the equations ,

, and , where t is in seconds.
Determine the cylindrical components of the velocity and
acceleration of the airplane when .t = 6 s

z = (0.5 cos u) mu = (0.2t) rad
r = 4 m

r ! 4 m
z u
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Time Derivatives:

. Thus, when ,

Velocity:

Thus, the magnitude of the peg’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the peg’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-76.37)2 + (-44.09)2 = 88.2 m>s2

au = ru
$

+ 2r
#
u
#

= 0 + 2(-7.348)(3) = -44.09 m>s2

ar = r
$ - ru

#
2 = -63.64 - 22(3)2 = -76.37 m>s2

v = 2vr 
2 + vu 

2 = 27.3482 + (-4.243)2 = 8.49 m>s
vu = ru

#
= 22(3) = 4.243 m>svr = r

# = -7.348 m>s
r
$! u= 30° =

-4 C0 + 2 cos 60°(3)2 D - (-7.348)222
= -63.64 m>s2

r
# ! u= 30° =

-4 sin 60°(3)22
= -7.348 m>s

r! u= 30° = 24 cos 60° = 22 m

u = 30°u
#

= 3 rad>s
u
$

= 0r
$ = C -4 Asin 2uu

$
+ 2 cos 2uu

#
2 B - r

# 2

r
S  m>s2

2 Arr
$ + r

# 2 B = -8 Asin 2uu
$

+ 2 cos 2u u
#
2 B u

#
= 3 rad>sr

# = ¢ -4 sin 2uu
#

r
≤  m>s

2rr
# = -8 sin 2uu

#
r2 = 4 cos 2u

12–175. The motion of peg P is constrained by the
lemniscate curved slot in OB and by the slotted arm OA. If
OA rotates counterclockwise with a constant angular
velocity of , determine the magnitudes of the
velocity and acceleration of peg P at .u = 30°

= 3 rad>su
#

r
P A

O Br2
 ! (4 cos 2 u)m2u
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Time Derivatives:

At ,

Thus,

r
$! u= 30° =

-4 Csin 60°(3.812) + 2 cos 60°(1.824)2 D - (-4.468)222
= -32.86 m>s2

r
# ! u= 30° =

-4 sin 60°(1.824)22
= -4.468 m>s

r! u= 30° = 24 cos 60° = 22 m

u
$

= 9
2

 t1>2 2
t = 0.7177 s

= 3.812 rad>s2

u
#

= 3t3>2 2
t = 0.7177 s

= 1.824 rad>s
p

6
= 6

5
 t5>2     t = 0.7177 s

u = 30° = p
6

 rad

u = ¢6
5

 t5>2≤  

rad

L
u

0°
 du = L

t

0
 3t3>2dt

du
dt

= u
#

= 3t3>2
r
$ = C -4 Asin 2uu

$
+ 2 cos 2uu

#   2 B - r
#  2

r
S  m>s2

2 Arr
$ + r

# 2 B = -8 Asin 2uu
$

+ 2 cos 2u u
#
2 Br

# = ¢ -4 sin 2uu
#

r
≤  m>s

2rr
# = -8 sin 2uu

#
r2 = 4 cos 2u

*12–176. The motion of peg P is constrained by the
lemniscate curved slot in OB and by the slotted arm OA.
If OA rotates counterclockwise with an angular velocity of

, where t is in seconds, determine the
magnitudes of the velocity and acceleration of peg P at

. When , .u = 0°t = 0u = 30°

= (3t3/2) rad>su
#

r
P A

O Br2
 ! (4 cos 2 u)m2u
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Velocity:

Thus, the magnitude of the peg’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the peg’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-37.57)2 + (-10.91)2 = 39.1 m>s2

au = ru
$

+ 2r
#
u
#

= 22(3.812) + 2(-4.468)(1.824) = -10.91 m>s2

ar = r
$ - r u

#
2 = -32.86 - 22(1.824)2 = -37.57 m>s2

v = 2vr 
2 + vu 

2 = 2(-4.468)2 + 2.5792 = 5.16 m>s
vr = r

# = -4.468 m>s    vu = ru
#

= 22(1.824) = 2.579 m>s

12–176. Continued
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Time Derivatives:

At ,

Velocity: Referring to Fig. a, and .

(1)

and

(2)

Solving Eqs. (1) and (2) yields

Ans.u
#

= 0.3024 rad>s = 0.302 rad>sf = 40.89°

40 sin f = 86.60u
#

vu = ru
#

-40 cos f = -100u
#

vr = r
#

vu = 40 sin fvr = -40 cos f

r
# ! u= 15° = -200 sin 30°u

#
= -100u

#
 m>sr! u= 15° = 100 cos 30° = 86.60 m

u = 15°

r
# = (-200 sin 2uu

#
) m>sr = 100 cos 2u

•12–177. The driver of the car maintains a constant speed
of . Determine the angular velocity of the camera
tracking the car when .u = 15°

40 m>s
r ! (100 cos 2u) m

u
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Time Derivatives:

At ,

Velocity: Referring to Fig. a, and . Thus,

(1)

and

(2)

Solving Eqs. (1) and (2) yields

Ans.u
#

= 0.378 rad>sf = 40.89°

50 sin f = 86.60u
#

vu = ru
#

-50 cos f = -100u
#

vr = r
#

vu = 50 sin fvr = -50 cos f

r
# ! u= 15° = -200 Csin 30° u

$
+ 2 cos 30° u

#
2 D = A -100u

$
- 346.41u

#
2 B  m>s2

r
# ! u= 15° = -200 sin 30°u

#
= -100u

#
 m>sr! u= 15° = 100 cos 30° = 86.60 m

u = 15°

r
$ = -200 Csin 2uu

$
+ 2 cos 2uu

#
2 D  m>s2

r
# = (-200 sin 2uu

#
) m>sr = 100 cos 2u

12–178. When , the car has a speed of 
which is increasing at . Determine the angular
velocity of the camera tracking the car at this instant.

6 m>s2
50 m>su = 15°

r ! (100 cos 2u) m

u

Time Derivatives:

When ,

Velocity: The radial component gives the rod’s velocity.

Ans.

Acceleration: The radial component gives the rod’s acceleration.

Ans.ar = r
$ - ru

#
2 = -2156.06 - 286.60(52) = -9330 mm>s2

vr = r
# = -250 mm>s

r
# ! u= 30° = -100 C0 + cos 30° A52 B D = -2165.06 mm>s2

r
# ! u= 30° = -100 sin 30°(5) = -250 mm>sr! u= 30° = 200 + 100 cos 30° = 286.60 mm

u = 30°

u
$

= 0r
$ = -100 Csin uu

$
+ cos uu

#
2 D  mm>s2

u
#

= 5 rad>sr
# = (-100  sin uu

#
) mm>sr = (200 + 100 cos u) mm

12–179. If the cam rotates clockwise with a constant
angular velocity of , determine the magnitudes
of the velocity and acceleration of the follower rod AB at
the instant . The surface of the cam has a shape of
limaçon defined by .r = (200 + 100  cos  u) mm

u = 30°

= 5 rad>su
#

A B

r ! (200 " 100 cos u) mm

u
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Time Derivatives:

When ,

Velocity: The radial component gives the rod’s velocity.

Ans.

Acceleration: The radial component gives the rod’s acceleration.

Ans.ar = r
$ - ru

#
2 = -2465.06 - 286.60 A52 B = -9630 mm>s2

vr = r
# = -250 mm>s

r
$! u= 30° = -100 Csin 30°(6) + cos 30° A52 B D = -2465.06 mm>s2

r
# ! u= 30° = -100 sin 30°(5) = -250 mm>sr! u= 30° = 200 + 100 cos 30° = 286.60 mm

u = 30°

r
# = -100 Csin uu

$
+ cos uu

$
2 D  mm>s2

r
# = (-100 sin uu

#
) mm>sr = (200 - 100 cos u) mm

*12–180. At the instant , the cam rotates with a
clockwise angular velocity of and and angular
acceleration of . Determine the magnitudes of
the velocity and acceleration of the follower rod AB at this
instant. The surface of the cam has a shape of a limaçon
defined by .r = (200 + 100  cos  u) mm

= 6 rad>s2u
$ = 5 rad>su

#u = 30°

A B

r ! (200 " 100 cos u) mm

u
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Since

Since 

Ans.a = 2(-0.217)2 + (0)2 + (0)2 = 0.217 m>s2

az = z
$ = 0

au = r
#

 u
$

+ 2 r u = 10(0) + 2(0)(0.1473) = 0

ar = r - r
#

 u2 = 0 - 10(0.1473)2 = -0.217

u = 0

vu = r u
#

= 1.473 u = 1.473
10

= 0.1473

r = 10 r
# = 0 r = 0

vz = -1.5 sin 10.81° = -0.2814 m>svu = 1.5 cos 10.81° = 1.473 m>svr = 0

v = 1.5 m>sf = tan-1 a 12
2p(10)

b = 10.81°

•12–181. The automobile travels from a parking deck
down along a cylindrical spiral ramp at a constant speed of

. If the ramp descends a distance of 12 m for
every full revolution, rad, determine the magnitude
of the car’s acceleration as it moves along the ramp,

. Hint: For part of the solution, note that the
tangent to the ramp at any point is at an angle of

from the horizontal. Use
this to determine the velocity components and , which
in turn are used to determine and .z

#
u
# vzvu

f = tan- 1 (12>32p(10)4) = 10.81°

r = 10 m

u = 2p
v = 1.5 m>s

10 m

12 m
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Velocity: The inclination angle of the ramp is .

Thus, from Fig. a, and . Thus,

Acceleration: Since is constant, .Also, is constant, then .
Using the above results,

Since is constant . Thus, the magnitude of the box’s acceleration is

Ans.a = 2ar 
2 + au 

2 + az 
2 = 2(-7.264)2 + 02 + 02 = 7.26 m>s2

az = 0vz

au = r u
$

+ 2r
#
u
#

= 0.5(0) + 2(0)(3.812) = 0

ar = r
$ - r u

#
2 = 0 - 0.5(3.812)2 = -7.264 m>s2

u
$

= 0u
#

r
# = r

$ = 0r = 0.5 m

u
#

= 3.812 rad>s1.906 = 0.5u
#

vu = ru
#

vz = 2 sin 17.66° = 0.6066 m>svu = 2 cos 17.66° = 1.906 m>sf = tan-1 
L

2pr
= tan-1B 1

2p(0.5)
R = 17.66°

12–182. The box slides down the helical ramp with a
constant speed of . Determine the magnitude of
its acceleration. The ramp descends a vertical distance of

for every full revolution.The mean radius of the ramp is
.r = 0.5 m

1 m

v = 2 m>s
 1 m

0.5 m
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Time Derivatives:

When ,

Thus,

Velocity:

Thus, the magnitude of the box’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the box’s acceleration is

Ans.a = 2ar 
2 + au 

2 + az 
2 = 2(-32.867)2 + 3.4872 + (-0.4)2 = 33.1 m>s2

az = z
$ = -0.4 m>s2

a u = r u
$

+ 2r
#

 u
#

= 0.5(6.975) + 2(0)(8.108)2 = 3.487 m>s2

a r = r
$ - r u

#
2 = 0 - 0.5(8.108)2 = -32.867 m>s2

v = 2vr 
2 + vu 

2 + vz 
2 = 202 + 4.053852 + (-0.92996)2 = 4.16 m>s

vz = z
# = -0.92996 m>svu = ru
#

= 0.5(8.108) = 4.05385 m>svr = r
# = 0

z
$! t = 2.325 s = -0.4 m>s2

z
# ! t = 2.325 s = -0.4(2.325) = -0.92996 m>su
$
! t = 2.325 s = 3(2.325) = 6.975 rad>s2

u
#
! t = 2.325 s = 1.5(2.325)2 = 8.108 rad>s

t = 2.325 s2p = 0.5t3

u = 2p rad

z
$ = -0.4 m>s2z

# = (-0.4t) m>sz = 2 - 0.2t2

u
$

= 3(3t) rad>s2u
#

= A1.5t2 Brad>sr
# = r

$ = 0

r = 0.5 m

12–183. The box slides down the helical ramp which is
defined by , , and ,
where t is in seconds. Determine the magnitudes of the
velocity and acceleration of the box at the instant

.u = 2p rad

z = (2 – 0.2t2) mu = (0.5t3) radr = 0.5 m

 1 m

0.5 m
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Time Derivatives: Using the initial condition when ,

Velocity:

Thus, the magnitude of the collar’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the collar’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-14.25)2 + (-27)2 = 30.5 m>s2

a u = ru
$

+ 2r
#

 u
#

= 0.5625(0) + 2(2.25)(6) = 27 m>s2

a r = r
$ - r u

#
2 = 6 - 0.5625 A62 B = -14.25 m>s2

v = 2vr 
2 + vu 

2 = 22.252 + 3.3752 = 4.06 m>s
vr = r

# = 2.25 m>s   vu = ru
#

= 0.5625(6) = 3.375 m>s
u
$

= 0r
$ = 8t 2

t = 0.75 s
= 6 m>s2

u
#

= 6 rad>sr
# = 4t2 2

t = 0.75 s
= 2.25 m>s

r = 4
3

 t3 2
t = 0.75 s

= 0.5625 m

r = c4
3

 t3 d  mL
r

0
 dr = L

t

0
 4t2 dt

dr
dt

= r
# = 4t2

t = 0 sr = 0

*12–184. Rod OA rotates counterclockwise with a constant
angular velocity of . Through mechanical means
collar B moves along the rod with a speed of ,
where t is in seconds. If , determine the
magnitudes of velocity and acceleration of the collar when

.t = 0.75 s

r = 0  when  t = 0
= (4t2) m>sr

#= 6 rad>su
#

O

Br

A

u
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Position: Using the initial condition when ,

At ,

Using the initial condition when ,

When ,

Time Derivatives:

Velocity:

Thus, the magnitude of the collar’s velocity is

Ans.

Acceleration:

Thus, the magnitude of the collar’s acceleration is

Ans.a = 2ar 
2 + au 

2 = 2(-5.998)2 + 38.952 = 39.4 m>s2

au = ru
$

+ 2r
#
u
#

= 2.094(4.650) + 2(5.405)(2.703) = 38.95 m>s2

a r = r
$ - r u

#
2 = 9.300 - 2.094 A2.7032 B = -5.998 m>s2

v = 2vr 
2 + vu 

2 = 25.4052 + 5.6602 = 7.83 m>s
vr = r

# = 5.405 m>s  vu = ru
#

= 2.094(2.703) = 5.660 m>s
u
$

= 4t 2
t = 1.162 s

= 4.650 rad>s2r
$ = 8t 2

t = 1.162 s
= 9.300 m>s2

u
#

= 2t2 2
t = 1.162 s

= 2.703 rad>sr
# = 4t2 2

t = 1.162 s
= 5.405 m>s

r = 4
3

 t3 2
t = 1.162 s

= 2.094 m

t = 1.162 s au = p
3

 radb
r = c4

3
 t3 d  mL

r

0
 dr = L

t

0
 4t2 dt

dr
dt

= r
# = 4t2

t = 0 sr = 0

p

3
= 2

3
 t3   t = 1.162 s

u = 60° = p
3

 rad

u = c2
3

 t3 d  rad

L
u

0°
 du = L

t

0
 2t2dt

du
dt

= u
#

= 2t2

t = 0 su = 0

•12–185. Rod OA is rotating counterclockwise with an
angular velocity of .Through mechanical means
collar B moves along the rod with a speed of . If

and , determine the magnitudes of
velocity and acceleration of the collar at .u = 60°

r = 0  when  t = 0u = 0
= (4t2) m>sr

#= (2t2) rad>su
#

O

Br

A

u
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Time Derivatives: Since is constant, then .

Velocity: Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans.au = ru
$

+ 2r
#

 u
#

= 0 + 2(au
#
)(u

#
) = 2au

#
2

ar = r
$ - ru

#
2 = 0 - auu

#
2 = -auu

#
2

yu = ru
#

= auu
#

yr = r
# = au

#

r = au r
# = au

# r
$ = au

$
= 0

u
$

= 0u
#

12–186. The slotted arm AB drives pin C through the spiral
groove described by the equation . If the angular
velocity is constant at , determine the radial and transverse
components of velocity and acceleration of the pin.

u
# r = a u

r

A

u

B

C

Time Derivatives: Here, and .

Velocity: Integrate the angular rate, , we have .

Then, . At , ,

and . Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans.au = r u
$

+ 2r
#
u
#

= 4.571(4) + 2(6) (4) = 66.3 ft>s2

ar = r
$ - ru

#    2 = 6 - 4.571 A42 B = -67.1 ft>s2

yu = ru
#

= 4.571 (4) = 18.3 ft>syr = r
# = 6.00 ft>su

#
= 4(1) = 4 rad>s r

# = 6(1) = 6.00 ft>sr = 1
2

 C6(12) + p D = 4.571 ftt = 1 sr = b 1
2

 (6t2 + p) r  ft

u = 1
3

 (6t2 + p) radL
u

p
3

 du = L
t

0
 4tdt

r = 1.5 u r
# = 1.5 u

#
= 1.5(4t) = 6t r

$ = 1.5 u
$

= 1.5 (4) = 6 ft>s2

u
$

= 4 rad>s2u
#

= 4 t

12–187. The slotted arm AB drives pin C through the
spiral groove described by the equation , where

is in radians. If the arm starts from rest when and
is driven at an angular velocity of , where t is
in seconds, determine the radial and transverse components
of velocity and acceleration of the pin C when .t = 1 s

u
#

= (4t) rad>su = 60°u
r = (1.5 u) ft

r

A

u

B

C
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Ans.

Ans.a = 2(-655.33)2 + (65.6976)2 = 659 mm>s2

au = r u
$

+ 2 r
#

 u
#

= 0 + 2(8.2122)(4) = 65.6976

ar = r
$ - r u

#
2 = 1.642 44 - 41.0610(4)2 = -655.33

v = 2(8.2122)2 + (164.24)2 = 164 mm>svu = ru
#

= 41.0610(4) = 164.24

vr = r
# = 8.2122

r
$ = 0.1e 0.05Ap6 B (4)2 + 0 = 1.64244

r
# = 2e 0.05Ap6 B (4) = 8.2122

r = 40e 0.05Ap6 B = 41.0610

u
$

= 0

u
#

= 4

u = p
6

r
$ = 0.1e 

0.0 5 uau# b2

+ 2e 0.05 u
 u
$

r
# = 2e 

0.05u
 u
#

r = 40e0.05 u

*12–188. The partial surface of the cam is that of a
logarithmic spiral , where is in radians. If
the cam rotates at a constant angular velocity of ,
determine the magnitudes of the velocity and acceleration of
the point on the cam that contacts the follower rod at the
instant .u = 30°

u
#

= 4 rad>sur = (40e0.05u) mm

! 4 rad/s·

r ! 40e0.05   
u

u

u
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Ans.

Ans.a = 2(-651.2)2 + (147.8197)2 = 668 mm>s2

au = r u
$

+ 2r
#
u
#

= 41.0610(2) + 2(8.2122)(4) = 147.8197

ar = r
$ - r u

#
2 = 5.749 - 41.0610(4)2 = -651.2

v = 2(8.2122)2 + (164.24)2 = 164 mm>svu = r u
#

= 41.0610(4) = 164.24

vr = r = 8.2122

r
$ = 0.1e 0.05Ap6 B (4)2 + 2e 0.05Ap6 B (2) = 5.749

r = 2e 0.05 Ap6 B (4) = 8.2122

r = 40e 0.05 Ap6 B = 41.0610

u = 2

u = 4

u = p
6

r = 0.1e 0.05 uaub2

+ 2e 0.05 uu
#

r = 2e 
0.05 u

 u
#

r = 40e 
0.05u

•12–189. Solve Prob. 12–188, if the cam has an angular
acceleration of when its angular velocity is 

at .u = 30°u
#

= 4 rad>s u
$

= 2 rad>s2

! 4 rad/s·

r ! 40e0.05   
u

u

u
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Time Derivatives: Here,

Velocity: Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans.au = r u
$

+ 2r
#

 u
#

= 4p(5) + 2(32.0)(4) = 319 ft>s2

ar = r
$ - r u

#
2 = 40 - 4p A42 B = -161 ft>s2

yu = r u
#

= 4p(4) = 50.3 ft>syr = r
# = 32.0 ft>s

r
$ = 8 u

$
= 8(5) = 40 ft>s2

r = 8u = 8ap
2
b = 4p ft r

# = 8 u
#

= 8(4) = 32.0 ft>s

12–191. Solve Prob. 12–190 if the particle has an angular
acceleration when at rad.u = p>2u

#
= 4 rad>su

$
= 5 rad>s2

y

x

u

r ! (8 u) ft

r

Time Derivatives: Since is constant, .

Velocity: Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans.au = ru
$

+ 2r
#

 u
#

= 0 + 2(32.0)(4) = 256 ft>s2

ar = r
$ - ru

#
2 = 0 - 4p A42 B = -201 ft>s2

yu = ru
#

= 4p (4) = 50.3 ft>sy r = r
# = 32.0 ft>s

r = 8u = 8ap
2
b = 4pft r

# = 8 u
#

= 8(4) = 32.0 ft>s r
$ = 8u

$
= 0

u
$

= 0u
#

12–190. A particle moves along an Archimedean spiral
, where is given in radians. If 

(constant), determine the radial and transverse components
of the particle’s velocity and acceleration at the instant

. Sketch the curve and show the components on
the curve.
u = p>2 rad

u
#

= 4 rad>sur =  (8u) ft
y

x

u

r ! (8 u) ft

r
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Time Derivatives: Here, , and . When ,

and .

At , ,

and .

Velocity: Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans.au = ru
$

+ 2r
#
u
#

= 83.47(0.8) + 2(-68.75)(0.8) = -43.2 ft>s2

ar = r
$ - r u

#
2 = -232.23 - 83.47 A0.82 B = -286 ft>s2

yu = ru
#

= 83.47(0.8) = 66.8 ft>syr = r
# = -68.8 ft>s

r
$ =

-10(103) C2 cos 0.8(0.82) + sin 0.8(0.8) D - (-68.75)2

83.47
= -232.23 ft>s2

r
# = -  

10(103) sin 0.8
83.47

 (0.8) = -68.75 ft>sr = 1002cos 0.8 = 83.47 ftu = 0.4 rad

r
$ =

-10(103) A2 cos 2uu
#
2 + sin 2uu

$ B - r
#

 
2

r

2rr
$ + 2r

# 2 = -20 A103 B  A2 cos 2uu
#
2 + sin 2uu

$ B2rr
# = -20 A103 B  sin 2uu

# r
# = -

10(102) sin 2u
r

 u
#

r2 = 10 A103 B  cos 2u r = 1002cos 2u

u
#

= 0.8 (1) = 0.8 rad>su = 0.4 A12 B = 0.4 rad

t = 1 su
$

= 0.8 rad>s2u
#

= 0.8 tu = 0.4t2

*12–192. The boat moves along a path defined by
, where is in radians. If 

where t is in seconds, determine the radial
and transverse components of the boat’s velocity and
acceleration at the instant .t = 1 s

(0.4t2) rad,u =
ur2 = 310(103) cos 2u4 ft2

Ans.

Ans.yu = 600
p

 (0.1325) = 25.3 ft>s
yr = - 1800

p 
2  (0.1325) = -24.2 ft>su = 0.1325 rad>s

352 = ¢ -  
1800
p2  u

# ≤2

+ ¢600
p

 u
# ≤2

y2 = y2
r + y2

u

yr = r
# = - 1800

p 
2  u

#  yu = ru
#

= 600
p

 u
#

r
# = -  

200
u2  u# 2

u=p>3 rad
= -  

1800
p2  u

#

r = 200
u
2
u=p>3 rad

= 600
p

 ft

•12–193. A car travels along a road,which for a short distance
is defined by , where is in radians. If it
maintains a constant speed of , determine the radial
and transverse components of its velocity when rad.u = p>3v = 35 ft>sur = (200>u) ft

r

u
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Time Derivatives: Here, and .

At , ,

and .

Velocity: Applying Eq. 12–25, we have

Ans.

Ans.

Acceleration: Applying Eq. 12–29, we have

Ans.

Ans. = 0.06765 km>s2 = 67.7 m>s2

 a u = ru
$

+ 2r
#
u
#

= 35.36 C2 A10-3 B D + 2(-0.3062) C5 A10-3 B D = -0.1278 km>s2 = -128 m>s2

 ar = r
$ - r u

#
2 = -0.1269 - 35.36 C5 A10-3 B D2

yu = ru
#

= 35.36 C5 A10-3 B D = 0.1768 km>s = 177 m>syr = r
# = -0.3062 km>s = 306 m>s

r
$ =

-2500{2 cos 60° C5(10-3) D 2 + sin 60° C2(10-3) D } - (-0.3062)2

35.36
= -0.1269 km>s2

r
# = -  

2500 sin 60°
35.36

C5 A10-3 B D = -0.3062 km>sr = 502cos 60° = 35.36 kmu = 30°

r
$ =

-2500(2 cos 2 uu
#
2 + sin 2 uu

$ B - r
# 2

r

2rr
$ + 2r

# 2 = -5000 A2 cos 2uu
#
2 + sin 2uu

$ Br# = - 2500 sin 2u
r

 u
#

2rr
# = -5000 sin 2uu

#
r = 502cos 2ur2 = 2500 cos 2u

u
$

= 2(10-3) rad>s2u
#

= 5(10-3 B  rad>s

12–194. For a short time the jet plane moves along a path
in the shape of a lemniscate, . At the
instant , the radar tracking device is rotating at 

with . Determine the
radial and transverse components of velocity and
acceleration of the plane at this instant.

u
$

= 2(10- 3) rad>s2u
#

= 5(10- 3) rad>su = 30°
r2 =  (2500 cos 2u) km2

r

u

ur2 ! 2500 cos 2
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Thus,

Hence,

Ans.vP = 3(-2) = -6 m>s = 6 m>s Q

3vC - vP = 0

2sC + (sC - sP) = l

12–195. The mine car C is being pulled up the incline
using the motor M and the rope-and-pulley arrangement
shown. Determine the speed at which a point P on the
cable must be traveling toward the motor to move the car
up the plane with a constant speed of .v = 2 m>svP

v C

P

M

Since , then

Ans.¢sB = -1.33 ft = 1.33 ft :
3¢sB = -4

¢sC = -4

3¢sB - ¢sC = 0

3sB - sC = l

2sB + (sB - sC) = l

*12–196. Determine the displacement of the log if the
truck at C pulls the cable 4 ft to the right.

CB

Ans.vA = -4 ft>s = 4 ft>s ;
2(2) = -vA

2vH = -vA

2sH + sA = l

•12–197. If the hydraulic cylinder H draws in rod BC at
determine the speed of slider A.2 ft>s,

A

B C
H

91962_01_s12-p0001-0176  6/8/09  9:21 AM  Page 153



154

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Position Coordinates: By referring to Fig. a, the length of the two ropes written in
terms of the position coordinates , , and are

(1)

and

(2)

Eliminating from Eqs. (1) and (2) yields

Time Derivative: Taking the time derivative of the above equation,

Here, . Thus,

Ans.vB = -20 m>s = 20 m>s c

vB + 4(5) = 0

vA = 5 m>sA + T B vB + 4vA = 0

sB + 4sA = l1 - 2a + 2l2

sC

2sA - sC = l2

sA + (sA - sC) = l2

sB + 2sC = l1 - 2a

sB + 2a + 2sC = l1

sCsBsA

12–198. If end A of the rope moves downward with a speed
of , determine the speed of cylinder B.5 m>s

5 m/s

A

B

Position Coordinates: By referring to Fig. a, the length of the two cables written in
terms of the position coordinates are

(1)

and

(2)

Eliminating from Eqs. (1) and (2) yields

Time Derivative: Taking the time derivative of the above equation,

Here, . Thus,

Ans.vE = -2.14 m>s = 2.14 m>s c

7vE - C2 A -5 B D - A -5 B = 0

vA = vB = -5 m>sA + T B 7vE - 2vA - vB = 0

7sE - 2sA - sB = 2l1 + l2

sC

3sE - sB - 2sC = l2

(sE - sB) + 2(sE - sC) = l2

2sE - sA + sC = l1

sE + (sE - sA) + sC = l1

12–199. Determine the speed of the elevator if each
motor draws in the cable with a constant speed of .5 m>s B C
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Position Coordinates: By referring to Fig. a, the length of the rope written in terms
of the position coordinates and is

Time Derivative: Taking the time derivative of the above equation,

Here, . Thus,

Ans.vA = -3.33 m>s = 3.33 m>s c

3vA + 10 = 0

vM = 10 m>sA + T B 3vA + vM = 0

3sA + sM = l

sMsA

*12–200. Determine the speed of cylinder A, if the rope is
drawn towards the motor M at a constant rate of .10  m>s

M

A

h

Position Coordinates: By referring to Fig. a, the length of the rope written in terms
of the position coordinates and is

Time Derivative: Taking the time derivative of the above equation,

Here, . Thus,

Ans.vA = ¢ - 5
3

 t3>2≤  m>s = ¢5
3

 t3>2≤  m>s 2
t = 1 s

= 1.67 m>s c

3vA + 5t3>2 = 0

vM = A5t3>2 B  m>sA + T B 3vA + vM = 0

3sA + sM = l

sMsA

•12–201. If the rope is drawn towards the motor M at a
speed of , where t is in seconds, determine
the speed of cylinder A when .t = 1 s

vM = (5t3>2)  m>s

M

A

h
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Position-Coordinate Equation: Datum is established at fixed pulley D. The position
of point A, block B and pulley C with respect to datum are , and ,
respectively. Since the system consists of two cords, two position-coordinate
equations can be developed.

[1]

[2]

Eliminating from Eqs. [1] and [2] yields

Time Derivative: Taking the time derivative of the above equation yields

[3]

Since , from Eq. [3]

Ans. yB = -0.5 m>s = 0.5 m>s c

 A + T B    2 + 4yB = 0

yA = 2 m>s yA + 4yB = 0

sA + 4sB = l1 + 2l2

sC

sB + AsB - sC B = l2

2sC + sA = l1

sCsBsA

12–202. If the end of the cable at A is pulled down with a
speed of , determine the speed at which block B rises.2 m>s

C

 2 m/s
A

D

B

Position Coordinates: By referring to Fig. a, the length of the two ropes written in
terms of the position coordinates , , and are

(1)

and

(2)

Eliminating from Eqs. (1) and (2),

(3)

Time Derivative: Taking the time derivative of Eq. (3),

Here, . Thus,

Ans.vB = -1 m>s = 1 m>s c

4vB + 4 = 0

vA = 4 m>sA + T B 4vB + vA = 0

4 sB + sA = 2l2 + l1

sC

sB + (sB - sC) = l2

sA + 2sC = l1

sCsBsA

12–203. Determine the speed of B if A is moving
downwards with a speed of at the instant shown.vA = 4 m>s

B

A vA ! 4 m/s
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Position-Coordinate Equation: Datum is established as shown. The positon of point
A and B and load C with respect to datum are , and , respectively.

Time Derivative: Since h is a constant, taking the time derivative of the above
equation yields

[1]

Since and , from Eq. [1]

Ans. yC = -1.50 ft>s = 1.50 ft>s c

 4yC + 2 + 4 = 0

yB = 4 ft>syA = 2 ft>s 4yC + yA + yB = 0

4sC + sA + sB + 2h = l

sCsBsA

*12–204. The crane is used to hoist the load. If the motors
at A and B are drawing in the cable at a speed of 2 and
4 , respectively, determine the speed of the load.ft>s ft>s A B

4 ft/s2 ft/s

Thus,

Ans.

Ans.aA = 0.5 ft>s = 0.5 ft>s2 T

2 = 4aA

vA = -1 ft>s = 1 ft>s c

-4 = 4vA

aB = 4aA

vB = 4vA

2vC = vB

sC + (sC - sB) = l

2vA = vC

2sA + (h - sC) = l

•12–205. The cable at B is pulled downwards at 4 , and
the speed is decreasing at . Determine the velocity
and acceleration of block A at this instant.

2 ft>s2
ft>s

C

D

B
4 ft/s

A
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Ans.vB = -1 ft>s = 1 ft>s c

4 + 2vB - 2 = 0

vA + 2vB + vC = 0

sA + 2sB + sC = l

12–206. If block A is moving downward with a speed of 4
while C is moving up at 2 , determine the speed of block B.ft>s ft>s

B
C

A

Ans.vB = -12 ft/s = 12 ft>s c

6 + 2vB + 18 = 0

vA = 2vB + vC = 0

sA = 2sB + sC = l

12–207. If block A is moving downward at 6 while block
C is moving down at 18 , determine the speed of block B.ft>s ft>s

B
C

A

Position-Coordinate Equation: Datum is established at fixed pulley. The position of
point A, pulley B and C and block E with respect to datum are , , and ,
respectively. Since the system consists of three cords, three position-coordinate
equations can be developed.

[1]

[2]

[3]

Eliminating and from Eqs. [1], [2] and [3], we have

Time Derivative: Taking the time derivative of the above equation yields

[4]

Since , from Eq. [3]

Ans. yE = -0.250 m>s = 0.250 m>s c

 A + T B   2 + 8yE = 0

yA = 2 m>s yA + 8yE = 0

sA + 8sE = l1 + 2l2 + 4l3

sBsC

 sE + (sE - sC) = l3

 sC + (sC - sB) = l2

 2sB + sA = l1

sEsCsBsA

*12–208. If the end of the cable at A is pulled down with a
speed of 2 , determine the speed at which block E rises.m>s

B

C

D

E

 2 m/s
A
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If and , then,

Thus,

(1)

(2)

Ans.

Thus, from Eqs. (1) and (2):

Ans.vC = -2.21 m>s = 2.21 m>s c

2vC - (-1.474) + 2.947 = 0

vD = -1.474

2.947 = -2vD

vA = vB = 2.947 m>sv = 0.1(5.428)2 = 2.947 m>st = 5.428 s = 5.43 s

s = 0.1
3

 t3 = 5.33

L
s

0
ds = L

t

0
0.1t2 dt

ds = v dt

v = 0.1t2

L
v

0
dv = L

t

0
0.2t dt

dv = a dt

a = 0.2t

2vC - vD + vB = 0

vA = -2vD

¢sD = -2.67 m ¢sA = ¢sB = 5.33 m

¢sA = -2¢sD 2(-4) - ¢sD + ¢sA = 0

¢sA = ¢sB¢sC = -4

¢sA = -2¢sD 2¢sC - ¢sD + ¢sB = 0

(sC - sD) + sC + sB = l¿

sA + 2sD = l

•12–209. If motors at A and B draw in their attached
cables with an acceleration of , where t is in
seconds, determine the speed of the block when it reaches a
height of , starting from rest at . Also, how
much time does it take to reach this height?

h = 0h = 4 m

a = (0.2t) m>s2

h
A

C

D

B

91962_01_s12-p0001-0176  6/8/09  9:23 AM  Page 159



160

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

For A:

For B:

Require 

Set 

The positive root is . Thus,

Ans.

Ans.

Ans.vB = 5(1.0656) = 5.33 m>svA = .0.5(1.0656)2 = 0.605 m>st = 1.0656 = 1.07 s

u = 1.1355

u = t2 0.125u2 + 2.5u = 3

0.125t4 + 2.5t2 = 3

sA + sB = d

sB = 2.5t2 ;
vB = 5t ;
aB = 5 m>s2 ;

sA = 0.125t4 :
vA = 0.5t3 :
aA = -1.5t2 = 1.5t2 :
2aA = aC = -3t2

2vA = vC

sA + (sA - sC) = l

12–210. The motor at C pulls in the cable with an
acceleration , where t is in seconds. The
motor at D draws in its cable at . If both motors
start at the same instant from rest when , determine
(a) the time needed for , and (b) the velocities of
blocks A and B when this occurs.

d = 0
d = 3 m

aD = 5 m>s2
aC = (3t2) m>s2

d ! 3 m

A

D

C

B
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Evaluating these equations:

Ans.

Ans.sB =
((3)(-2))2

((3)2 + 16)
3
2

-
(-2)2 + 3(1)

((3)2 + 16)
1
2

= -1.11 ft>s2 = 1.11 ft>s2 c

sB = -3(-2) A(3)2 + 16 B- 
1
2 = 1.20 ft>s T

s
#
B =

AsAs
#
A B2As2

A + 16 B 32 -
AsA B2 + sAs

$
AAs2

A + 16 B 12
s
#
B = - B as

#
Ab2 As 2

A + 16 B- 
1
2 + sAs

$
A As 2

A + 16 B- 
1
2 + sAs

#
Aa- 1

2
b As2

A + 16 B- 
3
2a2sAs

#
Ab Rs

#
B = -sAs

#
A As2

A + 16 B- 
1
2

1
2

 As2
A + 16 B- 

1
2 (2sA)s

#
A + sB = 0

2s2
A + 42 + sB = l

12–211. The motion of the collar at A is controlled by a
motor at B such that when the collar is at it is
moving upwards at 2 and decreasing at .
Determine the velocity and acceleration of a point on the
cable as it is drawn into the motor B at this instant.

1 ft>s2ft>s sA = 3 ft

B

4 ft

A

sA

Position-Coordinate Equation: Using the Pythagorean theorem to determine ,

we have . Thus,

[1]

Time Derivative: Taking the time derivative of Eq. [1] and realizing that 

and , we have

[2]

At the instant , from Eq. [2]

Ans.

Note: The negative sign indicates that velocity is in the opposite direction to that
of positive .yB

yB

yB = - 4242 + 64
 (1.5) = -0.671 m>s = 0.671 m>s c

xA = 4 m

 yB = -
xA2x2
A + 64

 yA

 yB =
dyB

dt
= -

xA2x2
A + 64

 
dxA

dt

yB =
dyB

dt

yA =
dxA

dt

 yB = 16 - 2x2
A + 64

 16 = 2x2
A + 82 + yB

 l = lAC + yB

lAC = 2x2
A + 82

lAC

*12–212. The man pulls the boy up to the tree limb C by
walking backward at a constant speed of 1.5 .
Determine the speed at which the boy is being lifted at the
instant . Neglect the size of the limb. When

, , so that A and B are coincident, i.e., the
rope is 16 m long.

yB = 8 mxA = 0
xA = 4 m

m>s
8 m

yB

B

A

xA

C
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Position-Coordinate Equation: Using the Pythagorean theorem to determine ,

we have . Thus,

[1]

Time Derivative: Taking the time derivative of Eq. [1] Where and

, we have

[2]

At the instant , from Eq. [1], , . The
velocity of the man at that instant can be obtained.

Substitute the above results into Eq. [2] yields

Ans.

Note: The negative sign indicates that velocity is in the opposite direction to that
of positive .yB

yB

yB = - 8.94428.9442 + 64
 (1.891) = -1.41 m>s = 1.41 m>sc

 yA = 1.891 m>s y2
A = 0 + 2(0.2)(8.944 - 0)

 y2
A = (y0)2

A + 2(ac)A CsA - (s0)A D
xA = 8.944 m4 = 16 - 2x2

A + 64yB = 4 m

 yB = -
xA2x2
A + 64

 yA

 yB =
dyB

dt
= -

xA2x2
A + 64

 
dxA

dt

yB =
dyB

dt

yA =
dxA

dt

 yB = 16 - 2x2
A + 64

 16 = 2x2
A + 82 + yB

 l = lAC + yB

lAC = 2x2
A + 82

lAC

•12–213. The man pulls the boy up to the tree limb C by
walking backward. If he starts from rest when and
moves backward with a constant acceleration ,
determine the speed of the boy at the instant .
Neglect the size of the limb.When , , so that A
and B are coincident, i.e., the rope is 16 m long.

yB = 8 mxA = 0
yB = 4 m

aA =  0.2 m>s2
xA = 0

8 m
yB

B

A

xA

C

91962_01_s12-p0001-0176  6/8/09  9:24 AM  Page 162



163

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Since , , and

Then,

Since ,

Ans.vC = -6 sec u = (6 sec u) ft>s :

a ctn u
csc u

bvC = cos uvC = -6

1 + ctn2 u = csc2 u

(20 ctn u)vC

(400 + 400 ctn2 u)
1
2

= -6

xC = 20 ctn u

vC = x
#
Cx

#
T = vT = 6 ft>s

1
2

 A(20)2 + (xC)2 B- 
1
2a2xCx

#
Cb + x

#
T = 0

2(20)2 + x2
C + xT = l = 100

12–214. If the truck travels at a constant speed of
, determine the speed of the crate for any angle 

of the rope. The rope has a length of 100 ft and passes over
a pulley of negligible size at A. Hint: Relate the coordinates

and to the length of the rope and take the time
derivative. Then substitute the trigonometric relation
between and .uxC

xCxT

uvT = 6 ft>s T vT
xTxC

C
20 ft

A

u

Velocity: Referring to Fig. a, the velocity of cars A and B expressed in Cartesian
vector form are

Applying the relative velocity equation,

Thus, the magnitude of is given by

Ans.

The direction angle of measured from the x axis, Fig. a is

Ans.uv = tan- 1a 8.618
7.162

b = 50.3°

vB/Auv

vB>A = 2(-7.162)2 + 8.6182 = 11.2 m>svB/A

vB>A = [-7.162i + 8.618j] m>s14.49i - 3.882j = 21.65i - 12.5j + vB>A
vB = vA + vB>A
vB = [15 cos 15° i - 15 sin 15° j] m>s = [14.49i - 3.882j] m>svA = [25 cos 30° i - 25 sin 30° j] m>s = [21.65i - 12.5j] m>s

12–215. At the instant shown, car A travels along the
straight portion of the road with a speed of . At this
same instant car B travels along the circular portion of the
road with a speed of . Determine the velocity of car B
relative to car A.

15 m>s 25 m>s

A

B

r ! 200 m

C

30"

15"
15"
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Velocity: The velocity of cars A and B expressed in Cartesian vector form are

Applying the relative velocity equation, we have

Thus, the magnitude of is given by

Ans.

and the direction angle that makes with the x axis is

b Ans.

Acceleration: The acceleration of cars A and B expressed in Cartesian vector form are

Applying the relative acceleration equation,

Thus, the magnitude of is given by

Ans.

and the direction angle that makes with the x axis is

d Ans.ua = tan- 1a4.061
1.061

b = 75.4°

aA/Cua

aA>C = 2(-1.061)2 + (-4.061)2 = 4.20 m>s2

aA/C

aA>C = [-1.061i - 4.061j] m>s2

-1.061i - 1.061j = 3j + aA>C
aA = aC + aA>C

aC = [3j]m>s2

aA = [-1.5 cos 45°i - 1.5 sin 45°j] m>s2 = [-1.061i - 1.061j] m>s2

uv = tan- 1a12.32
17.68

b = 34.9°

vA/Cuv

vA>C = 2(-17.68)2 + 12.322 = 21.5 m>svA/C

vA>C = [-17.68i + 12.32j] m>s-17.68i - 17.68j = -30j + vA>C
vA = vC + vA>C

vC = [-30j] m>svA = [-25 cos 45°i - 25 sin 45°j] m>s = [-17.68i - 17.68j] m>s

*12–216. Car A travels along a straight road at a speed of
while accelerating at . At this same instant

car C is traveling along the straight road with a speed of
while decelerating at . Determine the velocity

and acceleration of car A relative to car C.
3 m>s230 m>s 1.5 m>s225 m>s

 r ! 100 m 3 m/s2

2 m/s2
30 m/s

15 m/s

B
C

A

1.5 m/s2

25 m/s

30"

45"
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Velocity: The velocity of cars B and C expressed in Cartesian vector form are

Applying the relative velocity equation,

Thus, the magnitude of is given by

Ans.

and the direction angle that makes with the x axis is

Ans.

Acceleration: The normal component of car B’s acceleration is 

. Thus, the tangential and normal components of car B’s 

acceleration and the acceleration of car C expressed in Cartesian vector form are

Applying the relative acceleration equation,

Thus, the magnitude of is given by

Ans.

and the direction angle that makes with the x axis is

Ans.ua = tan- 1a0.1429
0.9486

b = 8.57°

aB/Cua

aB>C = 20.94862 + (-0.1429)2 = 0.959 m>s2

aB/C

aB>C = [0.9486i - 0.1429j] m>s2

(-1i + 1.732j) + (1.9486i + 1.125j) = 3j + aB>C
aB = aC + aB>C
aC = [3j] m>s2

(aB)n = [2.25 cos 30° i + 2.25 sin 30° j] = [1.9486i + 1.125j] m>s2

(aB)t = [-2 cos 60° i + 2 sin 60°j] = [-1i + 1.732j] m>s2

=  
152

100
= 2.25 m>s2

(aB)n =
vB 

2

r

uv = tan- 1a17.01
7.5
b = 66.2°

vB/Cuv

vBC = 27.52 + 17.012 = 18.6 m>svB/C

vB>C = [7.5i + 17.01j] m>s7.5i - 12.99j = -30j + vB>C
vB = vC + vB>C

vC = [-30j] m>svB = [15 cos 60° i - 15 sin 60° j] m>s = [7.5i - 12.99j] m>s

•12–217. Car B is traveling along the curved road with a
speed of while decreasing its speed at . At this
same instant car C is traveling along the straight road with a
speed of while decelerating at . Determine the
velocity and acceleration of car B relative to car C.

3 m>s230 m>s 2 m>s215 m>s
 r ! 100 m 3 m/s2

2 m/s2
30 m/s

15 m/s

B
C

A

1.5 m/s2

25 m/s

30"

45"
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Solution I

Vector Analysis: The velocity of the smoke as observed from the ship is equal to the
velocity of the wind relative to the ship. Here, the velocity of the ship and wind
expressed in Cartesian vector form are 

and .
Applying the relative velocity equation,

Thus, the magnitude of is given by

Ans.

and the direction angle that makes with the x axis is

Ans.

Solution II

Scalar Analysis: Applying the law of cosines by referring to the velocity diagram
shown in Fig. a,

Ans.

Using the result of and applying the law of sines,

Thus,

Ans.u = 45° + f = 74.0°

sin f
10

= sin 75°
19.91
      f = 29.02°

vw/s

 = 19.91 m>s = 19.9 m>s vw>s = 2202 + 102 - 2(20)(10) cos 75°

u = tan- 1a19.14
5.482

b = 74.0°

vw/su

vw = 2(-5.482)2 + (-19.14)2 = 19.9m>svw/s

vw>s = [-5.482i - 19.14j] m>s8.660i - 5j = 14.14i + 14.14j + vw>s
vw = vs + vw>s

=  [8.660i - 5j] m>svw = [10 cos 30° i - 10 sin 30° j]=  [14.14i + 14.14j] m>s vs = [20 cos 45° i + 20 sin 45° j] m>s

12–218. The ship travels at a constant speed of 
and the wind is blowing at a speed of , as shown.
Determine the magnitude and direction of the horizontal
component of velocity of the smoke coming from the smoke
stack as it appears to a passenger on the ship.

vw = 10 m>svs = 20 m>s
vs ! 20 m/s

vw ! 10 m/s
y

x

30"
45"
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Solution I

Vector Analysis: The speed of the car is 

.The velocity of the car and the rain expressed in Cartesian vector form
are and .
Applying the relative velocity equation, we have

Thus, the magnitude of is given by

Ans.

and the angle makes with the x axis is

Ans.

Solution II

Scalar Analysis: Referring to the velocity diagram shown in Fig. a and applying the
law of cosines,

Ans.

Using the result of and applying the law of sines,

Ans.u = 9.58°

sin u
6

= sin 120°
31.21

vr/c

 = 19.91 m>s = 19.9 m>s vr>c = 227.782 + 62 - 2(27.78)(6) cos 120°

u = tan- 1a5.196
30.78

b = 9.58°

xr/c

vr>c = 230.782 + (-5.196)2 = 31.2m>svr/c

vr>c = [30.78i - 5.196j] m>s3i - 5.196j = -27.78i + vr>c
vr = vc + vr>c

vr = [6 sin 30°i - 6 cos 30°j] = [3i - 5.196j] m>svc = [-27.78i] m>s=  27.78 m>s vc = a100 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b

12–219. The car is traveling at a constant speed of .
If the rain is falling at in the direction shown, determine
the velocity of the rain as seen by the driver.

6 m>s 100 km>h
vr

30!
vC " 100 km/h
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Solution I

Vector Analysis: Here, the velocity of the boat is directed from A to B. Thus,

. The magnitude of the boat’s velocity relative to the

flowing river is . Expressing , , and in Cartesian vector form,
we have , ,
and . Applying the relative velocity equation, we have

Equating the i and j components, we have

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.

Solution II

Scalar Analysis: Referring to the velocity diagram shown in Fig. a and applying the
law of cosines,

Choosing the positive root,

Ans.

Using the result of and applying the law of sines,

Ans.u = 84.4°

sin 180° - u
5.563

= sin 63.43°
5

nb

nb = 5.563 m>s = 5.56 m>s
vb =

-(-1.789); 2(-1.789)2 - 4(1)(-21)
2(1)

vb 
2 - 1.789vb - 21 = 0

52 = 22 + vb 
2 - 2(2)(vb) cos 63.43°

vb = 5.56 m>s    u = 84.4°

0.8944vb = 5 sin u

0.4472vb = 2 + 5 cos u

0.4472vb i + 0.8944vb  j = (2 + 5 cos u)i + 5 sin uj

0.4472vb i + 0.8944vb j = 2i + 5 cos ui + 5 sin uj

vb = vw + vb>w
vb>w = 5 cos ui + 5 sin uj

vw = [2i] m>svb = vb cos 63.43i + vb sin 63.43j = 0.4472vb i + 0.8944vb j
vb/wvwvbvb>w = 5 m>sf = tan- 1a50

25
b = 63.43°

vb

*12–220. The man can row the boat in still water with a
speed of . If the river is flowing at , determine
the speed of the boat and the angle he must direct the
boat so that it travels from A to B.

u
2 m>s5 m>s

B

A

50 m

25 m

5 m/s
vw ! 2 m/s

u
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20

h

Solving

Ans.

Ans.

1200

h

Solving

Ans.

Ans.u = tan- 1(
1705.9
554.7

) = 72.0° au

aB>A = 2(554.7)2 + 1705.9)2 = 1.79(103) mi>h2

(aB>A)x = 554.7 :  ; (aB>A)y = 1705.9 c

A + c B 1200 cos 30° + 1333.3 sin 30° = (aB>A)y

A :+ B -1200 sin 30° + 1333.3 cos 30° = (aB>A)x

+ au
1333.3

30°
= 0 + (aB>A:)x + (aB>A

c
)y

30°

aB = aA + aB>A
(aB)n =

(20)2

0.3
= 1333.3

u = tan- 1(
17.32

20
) = 40.9° au

vB>A = 2(20)2 + (17.32)2 = 26.5 mi>h(vB>A)y = 17.32 c

(vB>A)x = 20 :

A + c B 20 cos 30° = (vB>A)y

A :+ B -20 sin 30° = -30 + (vB>A)x

= 30
;

+ (vB/A:
)x + (vB/A

c
)y

30°

vB = vA + vB>A

•12–221. At the instant shown, cars A and B travel at speeds
of and respectively. If B is increasing its
speed by while A maintains a constant speed,
determine the velocity and acceleration of B with respect to A.

1200 mi>h2,
20 mi>h,30 mi>h

A

B
0.3 mi

vB " 20 mi/h

vA " 30 mi/h

30!
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20

h

Solving

Ans.

Ans.

Ans.

Ans. u = tan- 1(
26.154
1954.7

) = 0.767° cu

 aB>A = 1955 mi>h2

 (aB>A) = 2(1954.7)2 + (26.154)2

 (aB>A)y = -26.154 = 26.154 T

 A + c B 1333.3 sin 30° - 800 cos 30° = (aB>A)y

 (aB>A)x = 1954.7 :
 A :+ B 1333.3 cos 30° + 800 sin 30° = -400 + (aB>A)x

[
202

0.3
= 1333.3
au 

30°

] + [800
30°f

] = [400; ] + [(aB>A)x:
] + [(aB>A

c
)y]

aB + aA + aB>A
u = tan- 1(

17.32
20

) = 40.9° au

vB>A = 2(20)2 + (17.32)2 = 26.5 mi>h(vB>A)y = 17.32 c

(vB>A)x = 20 :

A + c B 20 cos 30° = (vB>A)y

A :+ B -20 sin 30° = -30 + (vB>A)x

= 30
;

+ (vB/A:
)x + (vB/A

c
)y

30°

vB = vA + vB>A

12–222. At the instant shown, cars A and B travel at
speeds of respectively. If A is
increasing its speed at whereas the speed of B is
decreasing at determine the velocity and
acceleration of B with respect to A.

800 mi>h2,
400 mi>h2

30 m>h and 20 mi>h,

A

B
0.3 mi

vB " 20 mi/h

vA " 30 mi/h

30!
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vA

vB

A

O

B

30!

45!

Ans.

Ans.

Ans.

Also

Ans.t = 800
vA>B = 800

21.68
= 36.9 s

t = 36.9 s

(800)2 = (20 t)2 + (15 t)2 - 2(20 t)(15 t) cos 75°

u = tan- 1 (
6.714
20.61

) = 18.0° b

vA>B = 2(-20.61)2 + (+6.714)2 = 21.7 ft>svA>B = {-20.61i + 6.714j} ft>s-20 sin 30°i + 20 cos 30°j = 15 cos 45°i + 15 sin 45°j + vA>B
vA = vB + vA>B

12–223. Two boats leave the shore at the same time and travel
in the directions shown. If and 
determine the velocity of boat A with respect to boat B. How
long after leaving the shore will the boats be 800 ft apart?

vB = 15 ft>s,vA = 20 ft>s

Relative Velocity:

Thus, the magnitude of the relative velocity is

Ans.

The direction of the relative velocity is the same as the direction of that for relative
acceleration. Thus

Ans.

Relative Acceleration: Since car B is traveling along a curve, its normal 

acceleration is . Applying Eq. 12–35 gives

Thus, the magnitude of the relative velocity is

Ans.

And its direction is

Ans.f = tan- 1 
833.09
3642.95

= 12.9° c

aB>A = 23642.952 + (-833.09)2 = 3737 mi>h2

aB/A

 aB>A = {3642.95i - 833.09j} mi>h2

 (1100 sin 30° + 3571.43 cos 30°)i + (1100 cos 30° - 3571.43 sin 30°)j = 0 + aB>A
 aB = aA + aB>A

(aB)n =
y2

B

r
= 502

0.7
= 3571.43 mi>h2

u = tan- 1 
26.70
25.0

= 46.9°  c

yB>A = 225.02 + (-26.70)2 = 36.6 mi>hvB/A

 vB>A = {25.0i - 26.70j} mi>h 50 sin 30°i + 50 cos 30°j = 70j + vB>A
 vB = vA + vB>A

*12–224. At the instant shown, cars A and B travel at speeds
of 70 and 50 , respectively. If B is increasing its speed
by , while A maintains a constant speed, determine
the velocity and acceleration of B with respect to A. Car B
moves along a curve having a radius of curvature of 0.7 mi.

1100 mi>h2
mi>hmi>h

vB " 50 mi/h
vA " 70 mi/h

B

A

30!
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Relative Acceleration: Since car B is traveling along a curve, its normal acceleration

is . Applying Eq. 12–35 gives

Thus, the magnitude of the relative acc. is

Ans.

And its direction is

Ans.f = tan- 1 
3798.15
2392.95

= 57.8° c

aB>A = 22392.952 + (-3798.15)2 = 4489 mi>h2

aB/A

 aB>A = {2392.95i - 3798.15j} mi>h2

(3571.43 cos 30° - 1400 sin 30°)i + (-1400 cos 30° - 3571.43 sin 30°)j = 800j + aB>A
 aB = aA + aB>A

(aB)n =
y2

B

r
= 502

0.7
= 3571.43 mi>h2

•12–225. At the instant shown, cars A and B travel at
speeds of 70 and 50 , respectively. If B is
decreasing its speed at while A is increasing its
speed at , determine the acceleration of B with
respect to A. Car B moves along a curve having a radius of
curvature of 0.7 mi.

800 mi>h2
1400 mi>h2

mi>hmi>h
vB " 50 mi/h

vA " 70 mi/h

B

A

30!

Ans.

Ans.u = tan- 1 a45.293
19.04

b = 67.2° d

vA>B = 2(-19.04)2 + (-45.293)2 = 49.1 km>h(vA>B)y = -45.293

(vA>B)x = -19.04

 0 = 45.293 + (vA>B)y

 200 = 219.04 + (vA>B)x

 200i = 219.04i + 45.293j + (vA>B)xi + (vA>B)y j

 vA = vB + vA>B
v B = 50i + 175 cos 15°i + 175 sin 15°j = 219.04i + 45.293j

vB = vC + vB>C

12–226. An aircraft carrier is traveling forward with a
velocity of At the instant shown, the plane at A
has just taken off and has attained a forward horizontal air
speed of measured from still water. If the plane
at B is traveling along the runway of the carrier at

in the direction shown, determine the velocity of
A with respect to B.
175 km>h200 km>h,

50 km>h.

15!

50 km/h

B
A
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Solution I

Vector Analysis: For the first case, the velocity of the car and the velocity of the wind
relative to the car expressed in Cartesian vector form are and

. Applying the relative velocity equation, we have

(1)

For the second case, and .
Applying the relative velocity equation, we have

(2)

Equating Eqs. (1) and (2) and then the i and j components,

(3)

(4)

Solving Eqs. (3) and (4) yields

Substituting the result of into Eq. (1),

Thus, the magnitude of is

Ans.

and the directional angle that makes with the x axis is

Ans.u = tan- 1 a50
30
b = 59.0° b

vWu

vw = 2(-30)2 + 502 = 58.3 km>hvW

vw = [-30i + 50j] km>h(vw>c)1

(vw>c)1 = -30 km>h(vw>c)2 = -42.43 km>h
50 = 80 + (vw>c)2 sin 45°

(vw>c)1 = (vw>c)2 cos 45°

vw = (vw>c)2 cos 45° i + C80 + (vw>c)2 sin 45° Djvw = 80j + (vw>c)2 cos 45°i + (vw>c)2 sin 45° j

vw = vc + vw>c
vW>C = (vW>C)2 cos 45°i + (vW>C)2 sin 45° jvC = [80j] km>hvw = (vw>c)1i + 50j

vw = 50j + (vw>c)1 i

vc = vw + vw>c
vW>C = (vW>C)1 i

vc = [50j] km>h

12–227. A car is traveling north along a straight road at
An instrument in the car indicates that the wind is

directed towards the east. If the car’s speed is the
instrument indicates that the wind is directed towards the
north-east. Determine the speed and direction of the wind.

80 km>h,
50 km>h.
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Ans.

b Ans.

Ans.

Ans.f = tan- 1¢1.1428
1.6206

≤ = 35.2° d

aB>A = 2(1.6206)2 + (1.1428)2 = 1.98 m>s2

(aB>A)y = -1.1428 ft>s2 = 1.1428 m>s2 T

(aB>A)x = -1.6206 ft>s2 = 1.6206 m>s2 ;
-0.8 sin 60° - 0.9 cos 60° = (aB>A)y

-0.8 cos 60° + 0.9 sin 60° = 2 + (aB>A)x

-0.8 cos 60°i - 0.8 sin 60°j + 0.9 sin 60°i - 0.9 cos 60°j = 2i + (aB>A)x i + (aB>A)y j

aB = aA + aB>A
(aB)n = v2

r
= 152

250
= 0.9 m>s2

u = tan- 1a12.99
22.5

b = 30°

vB>A = 2(22.5)2 + (12.99)2 = 26.0 m>s(vB>A)y = 12.99 m>s c

(vB>A)x = -22.5 = 22.5 m>s ;
15 sin 60° = 0 + (vB>A)y

15 cos 60° = 30 + (vB>A)x

15 cos 60°i + 15 sin 60°j = 30i + (vB>A)xi + (vB>A)y j

vB = vA + vB>A

*12–228. At the instant shown car A is traveling with a
velocity of and has an acceleration of along
the highway. At the same instant B is traveling on the
trumpet interchange curve with a speed of which is
decreasing at Determine the relative velocity and
relative acceleration of B with respect to A at this instant.

0.8 m>s2.
15 m>s,

2 m>s230 m>s

60"

A

B r ! 250 m
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Ans. = y22(1 - sin u)

 = 22y2 - 2y2 sin u

 yA>B = 2(y sin u - y)2 + (y cos u)2

 = (y sin u - y)i + y cos uj

 = (y sin ui + y cos u j) - y i

 vA>B = vA - vB

vA = y sin ui + y cos u j  vB = y i

•12–229. Two cyclists A and B travel at the same constant
speed Determine the velocity of A with respect to B if A
travels along the circular track, while B travels along the
diameter of the circle.

v.

v

v

r
A

f
uB

Relative Velocity: The velocity of the rain must be determined first. Applying 
Eq. 12–34 gives

Thus, the relative velocity of the rain with respect to the man is

The magnitude of the relative velocity is given by

Ans.

And its direction is given by

Ans.u = tan- 1 
7
15

= 25.0° c

yr>m = 2152 + (-7)2 = 16.6 km>hvr/m

 vr>m = {15i - 7j} km>h 20i - 7j = 5i + vr>m
 vr = vm + vr>m

vr = vw + vr>w = 20i + (-7j) = {20i - 7j} km>h

12–230. A man walks at 5 in the direction of a
wind. If raindrops fall vertically at 7 in still air,

determine the direction in which the drops appear to fall with
respect to the man. Assume the horizontal speed of the
raindrops is equal to that of the wind.

km>h20-km>h km>h
vw " 20 km/h

vm " 5 km/h
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Relative Velocity:

Equating i and j component, we have

[1]

[2]

Solving Eqs. [1] and [2] yields

Ans.

Thus, the time t required by the boat to travel from point A to B is

Ans.t =
sAB

yb
= 2502 + 502

6.210
= 11.4 s

 yb = 6.210 m>s = 6.21 m>s u = 28.57°

 -yb cos 45° = -2 - 5 sin u

 yb sin 45° = 5 cos u

 yb sin 45°i - yb cos 45°j = -2j + 5 cos ui - 5 sin uj

 vb = vr + vb>r

12–231. A man can row a boat at 5 in still water. He
wishes to cross a 50-m-wide river to point B, 50 m
downstream. If the river flows with a velocity of 2 ,
determine the speed of the boat and the time needed to
make the crossing.

m>sm>s

50 m

B

u

A

50 m

2 m/s
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•13–1. The casting has a mass of 3 Mg. Suspended in a
vertical position and initially at rest, it is given an upward
speed of 200 mm s in 0.3 s using a crane hook H. Determine
the tension in cables AC and AB during this time interval if
the acceleration is constant.

>
Kinematics: Applying the equation , we have

Equations of Motion:

Ans. FAB = FAC = F = 18146.1 N = 18.1 kN

 + c ©Fy = may ; 2Fcos 30° - 29430 = 3000(0.6667)

 FAB = FAC = F

 :+ ©Fx = max; FAB sin 30 - FAC sin 30° = 0

(+ c) 0.2 = 0 + a(0.3) a = 0.6667 m>s2

y = y0 + ac t
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30! 30!

B C

A

H

13–2. The 160-Mg train travels with a speed of 
when it starts to climb the slope. If the engine exerts a
traction force F of of the weight of the train and the
rolling resistance is equal to of the weight of the
train, determine the deceleration of the train.

1>500FD

1>20

80 km>h

Free-Body Diagram: The tractive force and rolling resistance indicated on the free-

body diagram of the train, Fig. (a), are and

, respectively.

Equations of Motion: Here, the acceleration a of the train will be assumed to be
directed up the slope. By referring to Fig. (a),

Ans. a = -0.5057 m>s2

+Q©Fx¿ = max¿ ;  78 480 - 3139.2 - 160(103)(9.81)¢ 12101
≤ = 160(103)a

FD = a 1
500
b(160)(103)(9.81)N = 3139.2 N

F = a 1
20
b(160)(103)(9.81) N = 78 480 N

F

10
1
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13–3. The 160-Mg train starts from rest and begins to
climb the slope as shown. If the engine exerts a traction
force F of of the weight of the train, determine the
speed of the train when it has traveled up the slope a
distance of 1 km. Neglect rolling resistance.

1>8

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F

10
1

Free-Body Diagram: Here, the tractive force indicated on the free-body diagram of

the train, Fig. (a), is .

Equations of Motion: Here, the acceleration a of the train will be assumed directed
up the slope. By referring to Fig. (a),

Kinematics: Using the result of a,

Ans. v = 22.4 m>s v2 = 0 + 2(0.2501)(1000 - 0)

 A +Q B v2 = v0 
2 + 2ac(s - s0)

 a = 0.2501 m>s2

 +Q©Fx¿ = max¿ ;  196.2(103) - 160(103)(9.81)a 12101
b = 160(103)a

F = 1
8

 (160)(103)(9.81) N = 196.2(103) N

*13–4. The 2-Mg truck is traveling at 15 m s when the
brakes on all its wheels are applied, causing it to skid for a
distance of 10 m before coming to rest.Determine the constant
horizontal force developed in the coupling C, and the frictional
force developed between the tires of the truck and the road
during this time.The total mass of the boat and trailer is 1 Mg.

>

Kinematics: Since the motion of the truck and trailer is known, their common
acceleration a will be determined first.

Free-Body Diagram: The free-body diagram of the truck and trailer are shown in
Figs. (a) and (b), respectively. Here, F representes the frictional force developed
when the truck skids, while the force developed in coupling C is represented by T.

Equations of Motion: Using the result of a and referrning to Fig. (a),

Ans.

Using the results of a and T and referring to Fig. (b),

Ans.    F = 33 750 N = 33.75 kN

 + c ©Fx = max ;    11 250 - F = 2000(-11.25)

 T = 11 250 N = 11.25 kN

 :+ ©Fx = max ;    -T = 1000(-11.25)

 a = -11.25 m>s2 = 11.25 m>s2 ;
 0 = 152 + 2a(10 - 0)

 a :+ b v2 = v0 
2 + 2ac(s - s0)

C
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•13–5. If blocks A and B of mass 10 kg and 6 kg,
respectively, are placed on the inclined plane and released,
determine the force developed in the link. The coefficients
of kinetic friction between the blocks and the inclined plane
are and . Neglect the mass of the link.mB = 0.3mA = 0.1

Free-Body Diagram: Here, the kinetic friction and
are required to act up the plane to oppose the motion of

the blocks which are down the plane. Since the blocks are connected, they have a
common acceleration a.

Equations of Motion: By referring to Figs. (a) and (b),

(1)

and

(2)

Solving Eqs. (1) and (2) yields

Ans.F = 6.37 N

a = 3.42 m>s2

 F + 14.14 = 6a

 R+ ©Fx¿ = max¿ ;  F + 6(9.81) sin 30° - 0.3(50.97) = 6a

 NB = 50.97 N

 +Q©Fy¿ = may¿ ;  NB - 6(9.81) cos 30° = 6(0)

 40.55 - F = 10a

 R+ ©Fx¿ = max¿ ;  10(9.81) sin 30° - 0.1(84.96) - F = 10a

 NA = 84.96 N

 +Q©Fy¿ = may¿ ;  NA - 10(9.81) cos 30° = 10(0)

(Ff)B = mB NB = 0.3NB

(Ff)A = mANA = 0.1NA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

30!
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13–6. Motors A and B draw in the cable with the
accelerations shown. Determine the acceleration of the 
300-lb crate C and the tension developed in the cable.
Neglect the mass of all the pulleys.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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AB

P¿ P

C

aP¿ " 2 ft/s2
aP " 3 ft/s2

Kinematics: We can express the length of the cable in terms of , , and by
referring to Fig. (a).

The second time derivative of the above equation gives

(1)

Here, and . Substituting these values into Eq. (1),

Ans.

Free-Body Diagram: The free-body diagram of the crate is shown in Fig. (b).

Equations of Motion: Using the result of aC and referring to Fig. (b),

Ans. T = 162 lb

 + c ©Fy = may ; 2T - 300 = 300
32.2

 (2.5)

aC = -2.5 ft>s2 = 2.5 ft>s2 c

3 + 2 + 2aC = 0

aP¿ = 2 ft>s2aP = 3 ft>s2

A + T B aP + aP¿ + 2aC = 0

sP + sP¿ + 2sC = l

sCsP¿sP
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13–7. The van is traveling at 20 km h when the coupling
of the trailer at A fails. If the trailer has a mass of 250 kg and
coasts 45 m before coming to rest, determine the constant
horizontal force F created by rolling friction which causes
the trailer to stop.

>

Ans.:+ ©Fx = max ; F = 250(0.3429) = 85.7 N

 a = -0.3429 m>s2 = 0.3429 m>s2 :
 0 = 5.5562 + 2(a)(45 - 0)

 a ;+ b  y2 = y2
0 + 2ac (s - s0)

20 km>h =
20(103)

3600
= 5.556 m>s

A

20 km/h

F
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*13–8. If the 10-lb block A slides down the plane with a
constant velocity when , determine the acceleration
of the block when .u = 45°

u = 30°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: The free-body diagrams of the block when and
are shown in Figs. (a) and (b), respectively. Here, the kinetic friction

and are required to act up the plane to oppose the motion of
the block which is directed down the plane for both cases.

Equations of Motion: Since the block has constant velocity when ,
. Also, . By referring to Fig. (a), we can write

Using the results of and referring to Fig. (b),

Ans. a = 9.62 ft>s2

 R+ ©Fx¿ = max¿ ;  10  sin 45° - 0.5774(7.071) = 10
32.2

 a

 N¿ = 7.071 lb

 +Q©Fy¿ = may¿ ;  N¿ - 10 cos 45° = 10
32.2

 (0)

mk

 mk = 0.5774

 R+ ©Fx¿ = max¿ ;  10 sin 30° - mk(8.660) = 10
32.2

 (0)

 N = 8.660 lb

 +Q©Fy¿ = may¿;  N - 10 cos 30° = 10
32.2

 (0)

ay¿ = 0ax¿ = a = 0
u = 30°

Ff¿ = mkN¿Ff = mkN
u = 45°

u = 30°

A

B

C
u
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•13–9. Each of the three barges has a mass of 30 Mg,
whereas the tugboat has a mass of 12 Mg. As the barges are
being pulled forward with a constant velocity of 4 m s, the
tugboat must overcome the frictional resistance of the water,
which is 2 kN for each barge and 1.5 kN for the tugboat. If the
cable between A and B breaks, determine the acceleration of
the tugboat.

>
A B

1.5 kN

4 m/s

2 kN2 kN2 kN

Equations of Motion: When the tugboat and barges are travelling at a constant
velocity, the driving force F can be determined by applying Eq. 13–7.

If the cable between barge A and B breaks and the driving force F remains the
same, the acceleration of the tugboat and barge is given by

Ans. a = 0.0278 m>s2

 :+ ©Fx = max ; (7.50 - 1.5 - 2 - 2) A103 B = (12 000 + 30 000 + 3000)a

:+  ©Fx = max ; F - 1.5 - 2 - 2 = 0 F = 7.50 kN

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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13–10. The crate has a mass of 80 kg and is being towed by
a chain which is always directed at 20° from the horizontal
as shown. If the magnitude of P is increased until the crate
begins to slide, determine the crate’s initial acceleration if
the coefficient of static friction is and the
coefficient of kinetic friction is .mk =  0.3

ms =  0.5

Equations of Equilibrium: If the crate is on the verge of slipping, .
From FBD(a),

(1)

(2)

Solving Eqs.(1) and (2) yields

Equations of Motion: The friction force developed between the crate and its
contacting surface is since the crate is moving. From FBD(b),

Ans. a = 1.66 m>s2

 :+ ©Fx = max ; 353.29 cos 20° - 0.3(663.97) = 80a

 N = 663.97 N

 + c ©Fy = may ; N - 80(9.81) + 353.29 sin 20° = 80(0)

Ff = mkN = 0.3N

P = 353.29 N N = 663.97 N

:+ ©Fx = 0; P cos 20° - 0.5N = 0

+ c ©Fy = 0; N + P sin 20° - 80(9.81) = 0

Ff = ms N = 0.5N

20!

p
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13–11. The crate has a mass of 80 kg and is being towed by
a chain which is always directed at 20° from the horizontal
as shown. Determine the crate’s acceleration in if
the coefficient of static friction is the coefficient of
kinetic friction is and the towing force is

, where t is in seconds.P = (90t2) N
mk =  0.3,

ms =  0.4,
t = 2 s

Equations of Equilibrium: At , . From FBD(a)

Since , the crate accelerates.

Equations of Motion: The friction force developed between the crate and its
contacting surface is since the crate is moving. From FBD(b),

Ans. a = 1.75 m>s2

 :+ ©Fx = max ; 360 cos 20° - 0.3(661.67) = 80a

 N = 661.67 N

 + c ©Fy = may ; N - 80(9.81) + 360 sin 20° = 80(0)

Ff = mkN = 0.3N

Ff 7 (Ff)max = ms N = 0.4(661.67) = 264.67 N

:+ ©Fx = 0;  360 cos 20° - Ff = 0 Ff = 338.29N

+ c ©Fy = 0; N + 360 sin 20° - 80(9.81) = 0 N = 661.67 N

P = 90 A22 B = 360 Nt = 2 s

20!

p

91962_02_s13_p0177-0284  6/8/09  10:00 AM  Page 184



185

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

*13–12. Determine the acceleration of the system and the
tension in each cable. The inclined plane is smooth, and the
coefficient of kinetic friction between the horizontal surface
and block C is .(mk)C =  0.2

Free-Body Diagram: The free-body diagram of block A, cylinder B, and block C are
shown in Figs. (a), (b), and (c), respectively. The frictional force

must act to the right to oppose the motion of block C
which is to the left.

Equations of Motion: Since block A, cylinder B, and block C move together as a
single unit, they share a common acceleration a. By referring to Figs. (a), (b), and (c),

(1)

and

(2)

and

(3)

Solving Eqs. (1), (2), and (3), yields

Ans.

Ans.T2 = 33.11 N = 33.1 N

a = 1.349 m>s2 T1 = 88.90 N = 88.9N

:+ ©Fx = max;  -T2 + 0.2(98.1) = 10(-a)

 NC = 98.1 N

 + c ©Fy = may ;  NC - 10(9.81) = 10(0)

+ c ©Fy = may ; T1 - T2 - 5(9.81) = 5(a)

©Fx¿ = max¿ ;    T1 - 25(9.81) sin 30° = 25(-a)

(Ff)C = (mk)C NC = 0.2NC

A

E

B

D
C

25 kg

5 kg

10 kg
30!

(mk)C " 0.2
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•13–13. The two boxcars A and B have a weight of 20 000 lb
and 30 000 lb, respectively. If they coast freely down the
incline when the brakes are applied to all the wheels of car A
causing it to skid, determine the force in the coupling C
between the two cars. The coefficient of kinetic friction
between the wheels of A and the tracks is . The
wheels of car B are free to roll. Neglect their mass in the
calculation. Suggestion: Solve the problem by representing
single resultant normal forces acting on A and B, respectively.

mk = 0.5

Car A:

(1)

Both cars:

Solving,

Ans.T = 5.98 kip

a = 3.61 ft>s2

+Q©Fx = max ; 0.5(19 923.89) - 50 000 sin 5° = a50 000
32.2

ba

+Q©Fx = max ; 0.5(19 923.89) - T - 20 000 sin 5° = a20 000
32.2

ba

+a©Fy = 0; NA - 20 000 cos 5° = 0 NA = 19 923.89 lb

C
5!

A B
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13–14. The 3.5-Mg engine is suspended from a spreader
beam AB having a negligible mass and is hoisted by a
crane which gives it an acceleration of when it has
a velocity of 2 m s. Determine the force in chains CA and
CB during the lift.

> 4 m>s2

System:

Joint C:

Ans. T = TCA = TCB = 27.9 kN

 + c ©Fy = may ; 48.335 - 2 T cos 30° = 0

 T¿ = 48.335 kN

 + c ©Fy = may ; T¿ - 3.5 A103 B(9.81) = 3.5 A103 B  (4)

60!

C

B

ED

A

60!

13–15. The 3.5-Mg engine is suspended from a spreader
beam having a negligible mass and is hoisted by a crane
which exerts a force of 40 kN on the hoisting cable.
Determine the distance the engine is hoisted in 4 s, starting
from rest.

System:

Ans. s = 0 + 0 + 1
2

 (1.619)(4)2 = 12.9 m

 A + c B s = s0 + y0 t + 1
2

 ac t2

 a = 1.619 m>s2

 + c ©Fy = may ; 40 A103 B - 3.5 A103 B(9.81) = 3.5 A103 Ba
60!

C

B

ED

A

60!
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*13–16. The man pushes on the 60-lb crate with a force F.
The force is always directed down at 30° from the
horizontal as shown, and its magnitude is increased until the
crate begins to slide. Determine the crate’s initial
acceleration if the coefficient of static friction is 
and the coefficient of kinetic friction is .mk = 0.3

ms = 0.6

Force to produce motion:

Since ,

Ans. a = 14.8 ft>s2

 :+ ©Fx = max ; 63.60 cos 30° - 0.3(91.80) = a 60
32.2
ba

N = 91.80 lb

 N = 91.80 lb F = 63.60 lb

 + c ©Fy = 0; N - 60 - F sin 30° = 0

:+ ©Fx = 0; Fcos 30° - 0.6N = 0

30!

F
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•13–17. A force of is applied to the cord.
Determine how high the 30-lb block A rises in 2 s starting
from rest. Neglect the weight of the pulleys and cord.

F = 15 lb

Block:

Ans. s = 64.4 ft

 s = 0 + 0 + 1
2

 (32.2)(2)2

 (+ c) s = s0 + y0 t + 1
2

 ac t2

 aA = 32.2 ft>s2

 + c ©Fy = may ; -30 + 60 = a 30
32.2
baA

F
A

B
C
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13–18. Determine the constant force F which must be
applied to the cord in order to cause the 30-lb block A to
have a speed of 12 ft/s when it has been displaced 3 ft
upward starting from rest. Neglect the weight of the pulleys
and cord.

Ans. F = 13.1 lb

 + c ©Fy = may ; - 30 + 4F = a 30
32.2
b(24)

 a = 24 ft>s2

 (12)2 = 0 + 2(a)(3)

 A + c B y2 = y2
0 + 2ac (s - s0)

F
A

B
C
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13–19. The 800-kg car at B is connected to the 350-kg car
at A by a spring coupling. Determine the stretch in the
spring if (a) the wheels of both cars are free to roll and 
(b) the brakes are applied to all four wheels of 
car B, causing the wheels to skid. Take . Neglect
the mass of the wheels.

(mk)B = 0.4

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
k " 600 N/m

B

4

3

5a) Equations of Motion: Applying Eq. 13–7 to FBD(a), we have

For FBD(b),

The stretch of spring is given by

Ans.

b) Equations of Motion: The friction force developed between the wheels of car B
and the inclined plane is . For car B only [FBD(c)],

For the whole system (FBD(c)],

For FBD(b),

The stretch of spring is given by

Ans.x =
Fsp

k
= 573.25

600
= 0.955 m

 Fsp = 573.25 N

 R+  ©Fx¿ = max¿ ; 350(9.81) sin 53.13° - Fsp = 350 (6.210)

 a = 6.210 m>s2

 R+ ©Fx¿ = max¿ ; (800 + 350)(9.81) sin 53.13° - 0.4(4708.8) = (800 + 350)a

 NB = 4708.8 N

 +Q©Fy¿ = may¿ ; NB - 800(9.81) cos 53.13° = 800(0)

(Ff)B = (mk)B NB = 0.4NB

x =
Fsp

k
= 0

 Fsp = 0

 R+ ©Fx¿ = max¿ ; 350(9.81) sin 53.13° + Fsp = 350(7.848)

 a = 7.848 m>s2

 R+ ©Fx¿ = max¿ ; (800 + 350)(9.81) sin 53.13° = (800 + 350)a
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*13–20. The 10-lb block A travels to the right at
at the instant shown. If the coefficient of kinetic

friction is between the surface and A, determine
the velocity of A when it has moved 4 ft. Block B has a
weight of 20 lb.

mk = 0.2
vA = 2 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Block A:

(1)

Weight B:

(2)

Kinematics:

(3)

Solving Eqs. (1)–(3):

Ans.y = 11.9 ft>sy2 = (2)2 + 2(17.173)(4 - 0)

y2 = y2
0 + 2ac (s - s0)

aA = -17.173 ft>s2 aB = 8.587 ft>s2 T = 7.33 lb

aA = -2aB

sA + 2sB = l

+ T ©Fy = may ; 20 - 2T = a 20
32.2
baB

;+ ©Fx = max ; -T + 2 = a 10
32.2
baA

A

B
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•13–21. Block B has a mass m and is released from rest
when it is on top of cart A, which has a mass of 3m.
Determine the tension in cord CD needed to hold the cart
from moving while B slides down A. Neglect friction.

Block B:

Cart:

Ans. T = amg

2
bsin 2u

 T = mg sin u cos u

 :+ ©Fx = max ; -T + NB sin u = 0

 NB = mg cos u

 +a©Fy = may ; NB - mg cos u = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
u

B

CD

13–22. Block B has a mass m and is released from rest
when it is on top of cart A, which has a mass of 3m.
Determine the tension in cord CD needed to hold the cart
from moving while B slides down A. The coefficient of
kinetic friction between A and B is .mk

Block B:

Cart:

Ans. T = mg cos u(sin u - mk cos u)

 :+ ©Fx = max ; -T + NB sin u - mk NB cos u = 0

 NB = mg cos u

 +a©Fy = may ; NB - mg cos u = 0

A
u

B

CD
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13–23. The 2-kg shaft CA passes through a smooth journal
bearing at B. Initially, the springs, which are coiled loosely
around the shaft, are unstretched when no force is applied
to the shaft. In this position and the shaft
is at rest. If a horizontal force of is applied,
determine the speed of the shaft at the instant ,

. The ends of the springs are attached to the
bearing at B and the caps at C and A.
s¿ = 450 mm

s = 50 mm
F = 5 kN

s = s¿ = 250 mm

Ans.v = 30 m>s
2500(0.2) - ¢2500(0.2)2

2
≤ = v2

2

L
0.2

0
 (2500 - 2500x) dx = L

v

0
 v dv

a dx - v dv

 2500 - 2500x = a

;+ ©Fx = max ; 5000 - 3000x - 2000x = 2a

FCB = kCBx = 3000x FAB = kABx = 2000x

s¿ s

A

kCB " 3 kN/m kAB " 2 kN/m

F " 5 kN
C B
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*13–24. If the force of the motor M on the cable is
shown in the graph, determine the velocity of the cart
when The load and cart have a mass of 200 kg and
the car starts from rest.

t = 3 s.

Free-Body Diagram: The free-body diagram of the rail car is shown in Fig. (a).

Equations of Motion: For , . By referring to Fig. (a),
we can write

For , . Thus,

Equilibrium: For the rail car to move, force 3F must overcome the weight
component of the rail crate. Thus, the time required to move the rail car is given by

Kinematics: The velocity of the rail car can be obtained by integrating the kinematic
equation, . For , at will be used as the
integration limit. Thus,

When ,

Ans.y = 1.125(3)2 - 4.905(3) + 5.34645 = 0.756m>st = 3 s

  = A1.125t2 - 4.905t + 5.34645 Bm>s y = A1.125t2 - 4.905t B 2 t
2.18 s

 L
y

0
 dy = L

t

2.18 s
 (2.25t - 4.905)dt

 A + c B   L  dy = L  adt

t = 2.18 sv = 02.18 s … t 6 3 sdv = adt

©Fx¿ = 0; 3(150t) - 200(9.81) sin 30° = 0 t = 2.18 s

 a = 1.845 m>s2

 +Q©Fx¿ = max¿ ; 3(450) - 200(9.81) sin 30° = 200a

F = 450 Nt 7 3 s

 a = (2.25t - 4.905) m>s2

 +Q©Fx¿ = max¿ ; 3(150t) - 200(9.81) sin 30° = 200a

F = 450
3

 t = A150t B  N0 … t 6 3 s

C

M
F

F (N)

450

3
t (s)

30!
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•13–25. If the motor draws in the cable with an
acceleration of , determine the reactions at the
supports A and B.The beam has a uniform mass of 30 kg m,
and the crate has a mass of 200 kg. Neglect the mass of the
motor and pulleys.

>3 m>s2

However 

Q.E.D. y = 22gh

 
y2

2
= gh

 L
y

0
 y dy = L

h

0
g dy

dy = ds sin uy dy = at ds = g sin u ds

+R©Ft = mat ; mg sin u = mat at = g sin u

C

A B

2.5 m 3 m
0.5 m

 3 m/s2

13–26. A freight elevator, including its load, has a mass of
500 kg. It is prevented from rotating by the track and wheels
mounted along its sides.When , the motor M draws in
the cable with a speed of 6 m s, measured relative to the
elevator. If it starts from rest, determine the constant
acceleration of the elevator and the tension in the cable.
Neglect the mass of the pulleys, motor, and cables.

>t = 2 s

Ans.

Ans. T = 1320 N = 1.32 kN

 + c ©Fy = may ; 4T - 500(9.81) = 500(0.75)

 aE = 0.75 m>s2 c

 1.5 = 0 + aE (2)

 A + c B y = y0 + ac t

 yE = - 6
4

= -1.5 m>s = 1.5 m>s c

 -3yE = yE + 6

 A + T B yP = yE + yP>E
3yE = -yP

3sE + sP = l

M
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13–27. Determine the required mass of block A so that
when it is released from rest it moves the 5-kg block B a
distance of 0.75 m up along the smooth inclined plane in

. Neglect the mass of the pulleys and cords.t = 2 s

Kinematic: Applying equation , we have

Establishing the position - coordinate equation, we have

Taking time derivative twice yields

(1)

From Eq.(1),

Equation of Motion: The tension T developed in the cord is the same throughout
the entire cord since the cord passes over the smooth pulleys. From FBD(b),

From FBD(a),

Ans. mA = 13.7 kg

 + c ©Fy = may ; 3(44.35) - 9.81mA = mA (-0.125)

 T = 44.35 N

 a+ ©Fy¿ = may¿ ; T - 5(9.81) sin 60° = 5(0.375)

3aA - 0.375 = 0 aA = 0.125 m>s2

3aA - aB = 0

2sA + (sA - sB) = l 3sA - sB = l

(a+) 0.75 = 0 + 0 + 1
2

 aB A22 B aB = 0.375 m>s2

s = s0 + y0 t + 1
2

 ac t2
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*13–28. Blocks A and B have a mass of and , where
. If pulley C is given an acceleration of , determine

the acceleration of the blocks. Neglect the mass of the pulley.
a0mA > mB

mBmA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: The free-body diagram of blocks A and B are shown in
Figs, (a) and (b), respectively. Here, aA and aB are assumed to be directed
upwards. Since pulley C is smooth, the tension in the cord remains constant for
the entire cord.

Equations of Motion: By referring to Figs. (a) and (b),

(1)

and

(2)

Eliminating T from Eqs. (1) and (2) yields

(3)

Kinematics: The acceleration of blocks A and B relative to pulley C will be of the
same magnitude, i.e., . If we assume that aA/C is directed
downwards, aB/C must also be directed downwards to be consistent. Applying the
relative acceleration equation,

(4)

and

(5)

Eliminating arel from Eqs.(4) and (5),

(6)

Solving Eqs. (3) and (6), yields

Ans.

Ans.aB =
2mAaO + (mA - mB)g

mA + mB
 c

aA =
2mg aO - (mA - mB)g

mA + mB
 c

aA + aB = 2aO

 aB = aO - arel

 A + c B   aB = aC + aB>C

 aA = aO - arel

 A + c B   aA = aC + aA>C

aA>C = aB>C = arel

(mA - mB)g = mB aB - mA aA

+ c ©Fy = may ; T - mB g = mB aB

+ c ©Fy = may ; T - mA g = mAaA

a0 

C

A

B
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•13–29. The tractor is used to lift the 150-kg load B with
the 24-m-long rope, boom, and pulley system. If the tractor
travels to the right at a constant speed of 4 m s, determine
the tension in the rope when . When ,

.sB = 0
sA = 0sA = 5 m

>

sA

sB

A
B

12 m

13–30. The tractor is used to lift the 150-kg load B with the
24-m-long rope, boom, and pulley system. If the tractor
travels to the right with an acceleration of and has a
velocity of 4 m s at the instant , determine the
tension in the rope at this instant. When , .sB = 0sA = 0

sA = 5 m> 3 m>s2

Ans. T = 1.80 kN

 + c ©Fy = may ; T - 150(9.81) = 150(2.2025)

aB = - C (5)2(4)2

((5)2 + 144)
3
2

-
(4)2 + (5)(3)

((5)2 + 144)
1
2

S = 2.2025 m>s2

s
$

B = - C s2
A s

# 2
AAs2

A + 144 B 32 -
s
# 2
A + sA s

$
AAs2

A + 144 B 12 S
-s

$
B - As2

A + 144 B- 
3
2 asAs

#
Ab2

+ As2
A + 144 B- 

1
2 as

# 2
Ab + As2

A + 144 B- 
1
2 asAs

$
Ab = 0

-s
#
B + 1

2
 As2

A + 144 B- 
3
2 a2sA s

#
Ab = 0

12 = sB + 2s2
A + (12)2 = 24

sA

sB

A
B

12 m

Ans. T = 1.63 kN

 + c ©Fy = may ; T - 150(9.81) = 150(1.0487)

aB = - C (5)2(4)2

((5)2 + 144)
3
2

-
(4)2 + 0

((5)2 + 144)
1
2

S = 1.0487 m>s2

s
$

B = - C s2
As

# 2
AAs2

A + 144 B 32 -
s
# 2
A + sAs

$
AAs2

A + 144 B 12 S
-s

$
B - As2

A + 144 B- 
3
2 asAs

#
Ab2

+ As2
A + 144 B- 

1
2 as

# 2
Ab + As2

A + 144 B- 
1
2 asA s

$
Ab = 0

-sB + As2
A + 144 B- 

1
2 asAs

#
Ab = 0

12 - sB + 2s2
A + (12)2 = 24
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13–31. The 75-kg man climbs up the rope with an
acceleration of , measured relative to the rope.
Determine the tension in the rope and the acceleration of
the 80-kg block.

0.25 m>s2

Free-Body Diagram: The free-body diagram of the man and block A are shown in
Figs. (a) and (b), respectively. Here, the acceleration of the man am and the block aA
are assumed to be directed upwards.

Equations of Motion: By referring to Figs. (a) and (b),

(1)

and

(2)

Kinematics: Here, the rope has an acceleration with a magnitude equal to that of
block A, i.e., and is directed downward. Applying the relative acceleration
equation,

(3)

Solving Eqs. (1), (2), and (3) yields

Ans.

Ans.

am = 0.4455 m>s2

T = 769.16 N = 769 N

aA = -0.19548 m>s2 = 0.195 m>s2T

 am = -aA + 0.25

 A + c B    am = ar + am>r
ar = aA

+ c ©Fy = may ;   T - 80(9.81) = 80aA

+ c ©Fy = may ; T - 75(9.81) = 75am

A

B
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*13–32. Motor M draws in the cable with an acceleration
of , measured relative to the 200-lb mine car.
Determine the acceleration of the car and the tension in the
cable. Neglect the mass of the pulleys.

4 ft>s2

P
M

aP/c " 4 ft/s2

30!

Free-Body Diagram: The free-body diagram of the mine car is shown in Fig. (a).
Here, its acceleration aC is assumed to be directed down the inclined plane so that it
is consistent with the position coordinate sC of the mine car as indicated on Fig. (b).

Equations of Motion: By referring to Fig. (a),

(1)

Kinematics: We can express the length of the cable in terms of sP and sC by referring
to Fig. (b).

The second derivative of the above equation gives

(2)

Applying the relative acceleration equation,

(3)

Solving Eqs. (1), (2), and (3) yields

Ans.

Ans.

aP = 2.667 ft>s2

T = 36.1 lb

aC = -1.333 ft>s2 = 1.33 ft>s2

aP = aC + 4

aP = aC + a P>C

aP + 2aC = 0

sP + 2sC = 0

+Q©Fx¿ = max¿ ;  3T - 200 sin 30° = 200
32.2

 (-aC)
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•13–33. The 2-lb collar C fits loosely on the smooth shaft.
If the spring is unstretched when and the collar is
given a velocity of 15 ft s, determine the velocity of the
collar when .s = 1 ft

> s = 0

Ans.y = 14.6 ft>s
- C2s2 - 431 + s2 D10 = 1

32.2
Ay2 - 152 B

-L
1

0
¢4s ds - 4s ds21 + s2

≤ = L
y

15
 a 2

32.2
by dy

:+ ©Fx = max ; -4 A21 + s2 - 1 B ¢ s21 + s2
≤ = a 2

32.2
b ay 

dy
ds
b

Fs = kx; Fs = 4 A21 + s2 - 1 B

C

1 ft

k " 4 lb/ft

15 ft/s
s
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13–34. In the cathode-ray tube, electrons having a mass m
are emitted from a source point S and begin to travel
horizontally with an initial velocity . While passing
between the grid plates a distance l, they are subjected to a
vertical force having a magnitude eV w, where e is the
charge of an electron, V the applied voltage acting across
the plates, and w the distance between the plates. After
passing clear of the plates, the electrons then travel in
straight lines and strike the screen at A. Determine the
deflection d of the electrons in terms of the dimensions of
the voltage plate and tube. Neglect gravity which causes a
slight vertical deflection when the electron travels from S to
the screen, and the slight deflection between the plates.

>v0

t1 is the time between plates.

t2 is the tune to reach screen.

During t1 constant acceleration,

During time t2,

Ans.d = eVLl
y2

0 wm

d = yy t2 = ¢ eVl
mwy0

≤ a L
y0
b

ay = 0

yy = ay t1 = a eV
mw
b a l
y0
b

A + c B y = y0 + ac t

ay = eV
mw

+ c ©Fy = may ; eV
w

= may

t1 = L
y0

t1 = l
y0

yx = y0

L

l

d

S
e
v0

w

A

+ +

– –
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13–35. The 2-kg collar C is free to slide along the
smooth shaft AB. Determine the acceleration of collar C
if (a) the shaft is fixed from moving, (b) collar A, which is
fixed to shaft AB, moves to the left at constant velocity
along the horizontal guide, and (c) collar A is subjected to
an acceleration of to the left. In all cases, the
motion occurs in the vertical plane.

2 m>s2

a, b) Equation of Motion: Applying Eq. 13–7 to FBD(a), we have

Ans.

c) Equation of Motion: Applying Eq. 13–7 to FBD(b), we have

Relative Acceleration:

Thus, the magnitude of the acceleration ac is

Ans.

and its directional angle is

Ans.u = tan-1a5.905
3.905

b = 56.5° R—

aC = 23.9052 + (-5.905)2 = 7.08 m>s2

 = {3.905i - 5.905j} m>s2

 = -2i + 8.351 cos 45°i - 8.351 sin 45°j

 :+  aC = aA + aC>A

 aC>A = 8.351 m>s2

 R+ ©Fx¿ = max¿ ; 2(9.81) sin 45° = 2aC>A + 2(-2 cos 45°)

 aC = 6.94 m>s2 R—

 R+ ©Fx¿ = max¿ ; 2(9.81) sin 45° = 2aC

B

C

A

45!

*13–36. Blocks A and B each have a mass m. Determine
the largest horizontal force P which can be applied to B so
that A will not move relative to B. All surfaces are smooth.

Require

Block A:

Block B:

Ans. P = 2mg tan u

 P - mg tan u = mg tan u

;+ ©Fx = max; P - N sin u = ma

 a = g tan u

;+ ©Fx = max ; N sin u = ma

+ c ©Fy = 0; N cos u - mg = 0

aA = aB = a

A

B
P

u

C
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•13–37. Blocks A and B each have a mass m. Determine
the largest horizontal force P which can be applied to B so
that A will not slip on B. The coefficient of static friction
between A and B is . Neglect any friction between B and C.ms

Require

Block A:

Block B:

Ans. P = 2mga sin u + ms cos u
cos u - ms sin u

b
 P - mga sin u + ms cos u

cos u - ms sin u
b = mga sin u + ms  cos u

cos u - ms sin u
b

;+ ©Fx = max; P - ms N cos u - N sin u = ma

 a = ga sin u + ms cos u
cos u - ms sin u

b
 N =

mg

cos u - ms sin u

;+ ©Fx = max ; N sin u + ms N cos u = ma

+ c ©Fy = 0; N cos u - ms N sin u - mg = 0

aA = aB = a

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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13–38. If a force is applied to the 30-kg cart,
show that the 20-kg block A will slide on the cart. Also
determine the time for block A to move on the cart 1.5 m.
The coefficients of static and kinetic friction between the
block and the cart are and . Both the cart
and the block start from rest.

mk = 0.25ms = 0.3

F = 200 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: The free-body diagram of block A and the cart are shown in
Figs. (a) and (b), respectively.

Equations of Motion: If block A does not slip, it will move together with the cart
with a common acceleration, i.e., . By referring to Figs. (a) and (b),

(1)

and

(2)

Solving Eqs. (1) and (2) yields

Since , the block A will slide on the
cart. As such . Again, by referring to Figs. (a)
and (b),

and

Kinematics: The acceleration of block A relative to the cart can be determined by
applying the relative acceleration equation

Here, . Thus,

Ans. t = 1.08 s

 a :+ b   1.5 = 0 + 0 + 1
2

 (2.5792)t2

 sA>C = AsA>C BO + AyA>C BO t + 1
2

 aA>C t2

sA>C = 1.5 m ;
 aA>C = -2.5792 m>s2 = 2.5792 m>s2 ;

 a :+ b   2.4525 = 5.0317 + aA>C
 aA = aC + aA>C

:+ ©Fx = max ; 200 - 49.05 = 30aC  aC = 5.0317 m>s2

:+ ©Fx = max ; 49.05 = 20aA     aA = 2.4525m>s2

Ff = mkN = 0.25(196.2) = 49.05 N
Ff 7 (Ff)max = mSN = 0.3(196.2) = 58.86 N

a = 4 m>s2     Ff = 80 N

:+ ©Fx = max ;   200 - Ff = 30a

:+ ©Fx = max;   Ff = 20a

N = 196.2 N

 + c ©Fy = may ; N - 20(9.81) = 2(0)

aA = aC = a

F " 200 N

1.5 m

A
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13–39. Suppose it is possible to dig a smooth tunnel through
the earth from a city at A to a city at B as shown. By the
theory of gravitation, any vehicle C of mass m placed within
the tunnel would be subjected to a gravitational force which is
always directed toward the center of the earth D.This force F
has a magnitude that is directly proportional to its distance r
from the earth’s center. Hence, if the vehicle has a weight of

when it is located on the earth’s surface, then at an
arbitrary location r the magnitude of force F is 
where , the radius of the earth. If the vehicle is
released from rest when it is at B, , determine
the time needed for it to reach A, and the maximum velocity it
attains. Neglect the effect of the earth’s rotation in the
calculation and assume the earth has a constant density. Hint:
Write the equation of motion in the x direction, noting that r
cos . Integrate, using the kinematic relation

, then integrate the result using .v = dx>dtv dv = a dx
u = x

x = s = 2 Mm
R = 6328 km

F = (mg>R)r,
W = mg

Equation of Motion: Applying Eq. 13–7, we have

Kinematics: Applying equation , we have

(1)

Note:The negative sign indicates that the velocity is in the opposite direction to that
of positive x.

Applying equation , we have

At (2)

Substituting and into Eq.(2) yields

Ans.

The maximum velocity occurs at . From Eq.(1)

(3)

Substituting , , and into Eq.(3) yields

Ans.ymax = - ¢C 9.81
6328 (103)

≤ C2 A106 B D = -2490.18 m>s = 2.49 km>s
g = 9.81 m>s2s = 2 A106 B  mR = 6328 A103 B  m

ymax = - Cg

R
 (s2 - 02) = - Cg

R
s

x = 0

t = pC6328(103)
9.81

= 2523.2 s = 42.1 min

g = 9.81 m>s2R = 6328 A103 B  mx = -s,  t = CR
g

 ap
2

- sin-1 -s
s
b = pCR

g

 t = CR
g

 ap
2

- sin -1 x
s
b

 (a+)  L
t

0
 dt = - CR

gL
x

s
 

dx2s2 - x2

dt = dx>y

 y = - Cg

R
 (s2 - x2)

 
y2

2
=

g

2R
 As2 - x2 B

 (a+)  L
y

0
 ydy = -

g

RL
x

s
 x dx

y dy = adx

a+ ©Fx¿ = max¿ ; -  
mg

R
 r cos u = ma a = -  

g

R
 r cos u = -  

g

R
 x
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F

s

x

C
B

A
u

s

D
R

r
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*13–40. The 30-lb crate is being hoisted upward with a
constant acceleration of . If the uniform beam AB has
a weight of 200 lb, determine the components of reaction at
the fixed support A. Neglect the size and mass of the pulley
at B. Hint: First find the tension in the cable, then analyze
the forces in the beam using statics.

6 ft>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Crate:

Beam:

Ans.

a Ans.

Ans.+ ©MA = 0; MA - 200(2.5) - (35.59)(5) = 0 MA = 678 lb # ft

+ c ©Fy = 0; Ay - 200 - 35.59 = 0 Ay = 236 lb

:+ ©Fx = 0; -Ax + 35.59 = 0 Ax = 35.6 lb

+ c ©Fy = may ; T - 30 = a 30
32.2
b(6) T = 35.59 lb

5 ft

y

x
B

A

6 ft/s2

•13–41. If a horizontal force of is applied to
block A, determine the acceleration of block B. Neglect
friction. Hint: Show that .aB = aA tan 15°

P = 10 lb

Equations of Motion: Applying Eq. 13–7 to FBD(a), we have

(1)

Applying Eq. 13–7 to FBD( b), we have

(2)

Kinematics: From the geometry of Fig. (c),

Taking the time derivative twice to the above expression yields

(Q.E.D.) (3)

Solving Eqs.(1), (2) and (3) yields

Ans.

 aA = 21.22 ft>s2 NB = 18.27 lb

 aB = 5.68 ft>s2

aB = aA tan 15° 

sB = sA tan 15°

+ c ©Fy = may ; NB cos 15° - 15 = a 15
32.2
baB

:+ ©Fx = max ; 10 - NB sin 15° = a 8
32.2
baA

P
A

B

15 lb

8 lb

15!
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13–42. Block A has a mass and is attached to a spring
having a stiffness k and unstretched length . If another
block B, having a mass , is pressed against A so that the
spring deforms a distance d, determine the distance both
blocks slide on the smooth surface before they begin to
separate. What is their velocity at this instant?

mB

l0
mA

Block A:

Block B:

Since ,

Ans.

Ans.y = C kd2

(mA + mB)

1
2

 y2 = k
(mA + mB)

 B(d)x - 1
2

x2Rd

0
= 1

2
kd2

(mA + mB)

L
v

0
 y dv = L

d

0

k(d - x)
(mA + mB)

 dx

y dy = a dx

N = 0 when d - x = 0, or x = d

a =
k(d - x)

(mA + mB)
 N =

kmB (d - x)
(mA + mB)

-k(x - d) - mB a = mA a

aA = aB = a

:+ ©Fx = max ; N = mB aB

:+ ©Fx = max ; -k(x - d) - N = mA aA

A
k

B
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13–43. Block A has a mass and is attached to a spring
having a stiffness k and unstretched length . If another
block B, having a mass , is pressed against A so that the
spring deforms a distance d, show that for separation to
occur it is necessary that , where 
is the coefficient of kinetic friction between the blocks and
the ground.Also, what is the distance the blocks slide on the
surface before they separate?

mkd 7  2mkg(mA + mB)>kmB

l0
mA

A
k

B

Block A:

Block B:

Since ,

, then for separation. Ans.

At the moment of separation:

Require , so that

Thus,

Q.E.D.d 7
2mk g

k
 (mA + mB)

kd 7 2mk g(mA + mB)

kd2 - 2mk g(mA + mB)d 7 0

v 7 0

v = Bkd2 - 2mk g(mA + mB)d

(mA + mB)

1
2

 v2 = k
(mA + mB)

 B(d)x - 1
2

 x2 - mk g xRd

0

L
v

0
 v dv = L

d

0
B k(d - x)

(mA + mB)
- mk gR  dx

v dv = a dx

x = dN = 0

N =
kmB (d - x)
(mA + mB)

a =
k(d - x) - mk g(mA + mB)

(mA + mB)
=

k(d - x)
(mA + mB)

- mk g

aA = aB = a

:+ ©Fx = max ; N - mk mB g = mB aB

:+ ©Fx = max ; -k(x - d) - N - mk mA g = mA aA
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*13–44. The 600-kg dragster is traveling with a velocity of
when the engine is shut off and the braking

parachute is deployed. If air resistance imposed on the
dragster due to the parachute is ,
where is in determine the time required for the
dragster to come to rest.

m>s,v
FD = (6000 + 0.9v2) N

125 m>s

Free-Body Diagram: The free-body diagram of the dragster is shown in Fig. (a).

Equations of Motion: By referring to Fig. (a),

Kinematics: Using the result of a, the time the dragster takes to stop can be obtained
by integrating.

When ,

Ans.t = 8.165 C0.9922 - tan-1 (0) D = 8.10 s

v = 0

 = 8.165 C0.9922 - tan-1 (0.01225v) D = -666.67C 126666.67(1)
 tan-1¢ v26666.7

≤ S 3 v
125 m>s

 t = -666.67L
v

125 m>s dv
6666.67 + v2

 L
t

0
dt = L

v

125 m>s dv
-1.5(10-3)(6666.67 + v2)

 a ;+ b   Ldt = L  
dv
a

 = -1.5(10-3) C6666.67 + v2 D  m>s2

 a = - C10 + 1.5(10-3)v2 D  m>s2

 :+ ©Fx = max ; 6000 + 0.9v2 = 600(-a)
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•13–45. The buoyancy force on the 500-kg balloon is
, and the air resistance is , where is

in Determine the terminal or maximum velocity of the
balloon if it starts from rest.

m>s.
vFD = (100v) NF = 6 kN

Free-Body Diagram: The free-body diagram of the balloon is shown in Fig. (a).

Equations of Motion: By referring to Fig. (a),

Kinematics: Using the result of a, the velocity of the balloon as a function of t can be

determined by integrating the kinematic equation, . Here, the initial

condition at will be used as the integration limit. Thus,

When , the balloon achieves its terminal velocity. Since when ,

Ans.ymax = 10.95 m>s t : qe- t>5 : 0t : q

 y = 10.95(1 - e -t>5)
 e t>5 = 2.19

2.19 - 0.2y

 t = 5 ln¢ 2.19
2.19 - 0.2y

≤ t = - 1
0.2

 ln(2.19 - 0.2y) 2 y
0

L
t

0
 dt = L

y

0
 

dy
2.19 - 0.2y

 A + c B    L  dt = L  
dy
a

t = 0y = 0

dt = dy
a

 a = (2.19 - 0.2v) m>s2

 + c ©Fy = may ; 6000 - 500(9.81)100v = 500a

F " 6 kN

FD " (100v)N
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13–46. The parachutist of mass m is falling with a velocity
of at the instant he opens the parachute. If air resistance
is , determine her maximum velocity (terminal
velocity) during the descent.

FD = Cv2
v0

Free-Body Diagram: The free-body diagram of the parachutist is shown in Fig. (a).

Equations of Motion: By referring to Fig. (a),

Kinematics: Using the result of a, the velocity of the parachutist as a function of t

can be determined by integrating the kinematic equation, . Here, the initial

condition at will be used as the integration limit. Thus,

 e2Agc

m
t = E ¢Amg

c
+ v≤ ¢Amg

c
- v0≤¢Amg

c
- v≤ ¢Amg

c
+ v0≤ U

 2A m
gc

t = lnE ¢Amg

c
+ v≤ ¢Amg

c
- v≤¢Amg

c
- v≤ ¢Amg

c
+ v0≤ U

 t = 1
2

 A m
gc

 lnDAmg

c
+ vAmg

c
- v
T 4 v

v0

 t = 1

2Agc

m

 ln§2g + A c
m

v2g - A c
m

v
¥ 4 v

v0

 L
t

0
dt = L

v

v0

 
dv

g - c
m

 v2

 A + T B    Ldt = L
dv
a

t = 0v = v0

dt = dv
a

 a =
mg - cv2

m
= g - c

m
 v2 T

 + T ©Fy = may; mg - cv2 = ma

FD " Cv2
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When , . Thus, the

terminal velocity of the parachutist is

Ans.

Note: The terminal velocity of the parachutist is independent of the initial velocity .v0

vmax = Amg

c

§A m
gc

+ v0A m
gc

- v0

¥e2Agc

m
t - 1 ! 1 + §A m

gc
+ v0A m

gc
- v0

¥e2Agc

m
tt : q

 v =

Amg
c
D §Am

gc
+ v0A m

gc
- v0

¥e2Agc
m

t - 1T
1 + §A m

gc
+ v0A m

gc
- v0

¥e2Agc

m
t

13–46. Continued
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Ans. (1)

For minimum escape, require ,

Ans.

when 

Escape velocity is

Ans. (2)

From Eq. (1), using the value for from Eq. (2),

Ans.t = 2

3r022g
 ar

3
2max - r

3
2
0b

122gr2
0

 c2
3

 r
3
2 d rmax

r0

= t

L
r

r0

drC2gr2
0

r

= L
t

0
dt

v = dr
dt

= C2gr2
0

r

v

vesc = 22gr0

v2
0 : 2gr0rmax : q

rmax =
2gr2

0

2gr0 - v2
0

v2
0 - 2gr0a1 -

r0

r
b = 0

v = 0

v = Cv0
2 - 2gr0a1 -

r0

r
b

1
2

 (v2 - v2
0) = -gr2

0 c - 1
r
d r

0
= gr2

0a1
r

- 1
r0
b

L
v

v0

v dv = L
r

r0

-gr2
0 

dr
r2

v dv = a dr

 a =
gr2

0

r2

+ c ©Fy = may; -magr2
0

r2 b = ma

13–47. The weight of a particle varies with altitude such
that , where is the radius of the earth and
r is the distance from the particle to the earth’s center. If the
particle is fired vertically with a velocity from the earth’s
surface, determine its velocity as a function of position r.
What is the smallest velocity required to escape the
earth’s gravitational field, what is , and what is the time
required to reach this altitude?

rmax

v0

v0

r0W = m(gr2
0)>r2
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*13–48. The 2-kg block B and 15-kg cylinder A are
connected to a light cord that passes through a hole in the
center of the smooth table. If the block is given a speed of

, determine the radius r of the circular path
along which it travels.
v = 10 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: The free-body diagram of block B is shown in Fig. (a). The
tension in the cord is equal to the weight of cylinder A, i.e.,

. Here, an must be directed towards the center of the
circular path (positive n axis).

Equations of Motion: Realizing that and referring to Fig. (a),

Ans. r = 1.36 m

 ©Fn = man;  147.15 = 2a102

r
b

an = y
2

r
= 102

r

T = 15(9.81)N = 147.15 N

r

A

v

B

•13–49. The 2-kg block B and 15-kg cylinder A are
connected to a light cord that passes through a hole in the
center of the smooth table. If the block travels along a
circular path of radius , determine the speed of
the block.

r = 1.5 m

Free-Body Diagram: The free-body diagram of block B is shown in Fig. (a). The
tension in the cord is equal to the weight of cylinder A, i.e.,

. Here, an must be directed towards the center of the
circular path (positive n axis).

Equations of Motion: Realizing that and referring to Fig. (a),

Ans. y = 10.5 m>s
 ©Fn = man;  147.15 = 2a v2

1.5
b

an = y
2

r
= y

2

1.5

T = 15(9.81)N = 147.15N

r

A

v

B
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13–50. At the instant shown, the 50-kg projectile travels in
the vertical plane with a speed of . Determine
the tangential component of its acceleration and the radius
of curvature of its trajectory at this instant.r

v = 40 m>s
Free-Body Diagram: The free-body diagram of the projectile is shown in Fig. (a).
Here, an must be directed towards the center of curvature of the trajectory (positive
n axis).

Equations of Motion: Here, . By referring to Fig. (a),

Ans.

Ans. r = 188 m

 +R©Fn = man;  50(9.81) cos 30° = 50a402

r
b

 at = -4.905 m>s2

 +Q©Ft = mat;  -50(9.81) sin 30° = 50at

an = y
2

r
= 402

r

r

30!

13–51. At the instant shown, the radius of curvature of the
vertical trajectory of the 50-kg projectile is .
Determine the speed of the projectile at this instant.

r = 200 m

Free-Body Diagram: The free-body diagram of the projectile is shown in Fig. (a).
Here, an must be directed towards the center of curvature of the trajectory (positive
n axis).

Equations of Motion: Here, . By referring to Fig. (a),

Ans. y = 41.2 m>s
 R+ ©Fn = man;  50(9.81) cos 30° = 50a y2

200
b

an = y
2

r
= y2

200

r

30!
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*13–52. Determine the mass of the sun, knowing that the
distance from the earth to the sun is . Hint: Use
Eq. 13–1 to represent the force of gravity acting on the earth.

149.6(106) km

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.Ms =
C(29.81)(103) D2 (149.6)(109)

66.73(10- 12)
= 1.99 A1030 B  kg

y = s
t

=
2p(149.6)(109)
365(24)(3600)

= 29.81 A103 B  m>s
R+ ©Fn = man; G 

MeMs

R2 = Me
y2

R
 Ms = y

2R
G

•13–53. The sports car, having a mass of 1700 kg, travels
horizontally along a 20° banked track which is circular and
has a radius of curvature of . If the coefficient of
static friction between the tires and the road is ,
determine the maximum constant speed at which the car can
travel without sliding up the slope. Neglect the size of the car.

ms = 0.2
r = 100 m

Ans. ymax = 24.4 m>s
 ;+ ©Fn = man; 19 140.6 sin 20° + 0.2(19 140.6) cos 20° = 1700ay2

max

100
b

 N = 19 140.6 N

 + c ©Fb = 0; N cos 20° - 0.2Nsin 20° - 1700(9.81) = 0

" 20!u

91962_02_s13_p0177-0284  6/8/09  10:04 AM  Page 218



219

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

13–54. Using the data in Prob. 13–53, determine the
minimum speed at which the car can travel around the track
without sliding down the slope. " 20!u

Ans. ymin = 12.2 m>s
 ;+ ©Fn = man; 16543.1 sin 20° - 0.2(16543.1) cos 20° = 1700ay2

min

100
b

 N = 16543.1 N

 + c ©Fb = 0; N cos 20° + 0.2N sin 20° - 1700(9.81) = 0

13–55. The device shown is used to produce the
experience of weightlessness in a passenger when he
reaches point A, , along the path. If the passenger
has a mass of 75 kg, determine the minimum speed he
should have when he reaches A so that he does not exert a
normal reaction on the seat. The chair is pin-connected to
the frame BC so that he is always seated in an upright
position. During the motion his speed remains constant.

u = 90°

Equation of Motion: If the man is about to fly off from the seat, the normal reaction
. Applying Eq. 13–8, we have

Ans. y = 9.90 m>s
 + T ©Fn = man; 75(9.81) = 75a y2

10
b

N = 0

B

A

C
u

10 m
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*13–56. A man having the mass of 75 kg sits in the chair
which is pin-connected to the frame BC. If the man is
always seated in an upright position, determine the
horizontal and vertical reactions of the chair on the man at
the instant . At this instant he has a speed of 6 m s,
which is increasing at .0.5 m>s2

>u = 45°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equation of Motion: Applying Eq. 13–8, we have

(1)

(2)

Solving Eqs.(1) and (2) yields

Ans.Rx = 217 N Ry = 571 N

+b©Fn = man; Rx sin 45° - Ry sin 45° + 75(9.81) sin 45° = 75¢ 62

10
≤+a©Ft = mat; Rx cos 45° + Ry cos 45° - 75(9.81) cos 45° = 75(0.5)

B

A

C
u

10 m

•13–57. Determine the tension in wire CD just after wire
AB is cut. The small bob has a mass m.

Free-Body Diagram: The free-body diagram of the bob is shown in Fig. (a).

Equations of Motion: Since the speed of the bob is zero just after the wire AB is cut,

its normal component of acceleration is . By referring to Fig. (a),

Ans. TCD = mg sin u

 +Q©Fn = man;  TCD - mg sin u = m(0)

an = y
2

r
= 0

A D

B C

u u
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13–58. Determine the time for the satellite to complete its
orbit around the earth. The orbit has a radius r measured
from the center of the earth. The masses of the satellite and
the earth are and , respectively.Mems

Free-Body Diagram: The free-body diagram of the satellite is shown in Fig. (a). The

force F which is directed towards the center of the orbit (positive n axis) is given by

(Eq. 12–1). Also, an must be directed towards the positive n axis.

Equations of Motion: Realizing that and referring to Fig. (a),

The period is the time required for the satellite to complete one revolution around
the orbit. Thus,

Ans.T = 2pr
vs

= 2prAGMe

r

= 2pC r3

GMe

 vs = AGMe

r

 +b©Fn = man;  GMems

r2 = ms¢vs 
2

r
≤an = v2

r
=

vs 
2

r

F =
GMems

r2

r

13–59. An acrobat has a weight of 150 lb and is sitting on a
chair which is perched on top of a pole as shown. If by a
mechanical drive the pole rotates downward at a constant
rate from , such that the acrobat’s center of mass G
maintains a constant speed of , determine the
angle at which he begins to “fly” out of the chair. Neglect
friction and assume that the distance from the pivot O to G
is .r = 15 ft

u
va = 10 ft>su = 0°

Equations of Motion: If the acrobat is about to fly off the chair, the normal reaction
. Applying Eq. 13–8, we have

Ans. u = 78.1°

 +R©Fn = man; 150 cos u = 150
32.2

 a102

15
b

N = 0

G

O

u

va
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*13–60. A spring, having an unstretched length of 2 ft, has
one end attached to the 10-lb ball. Determine the angle of
the spring if the ball has a speed of 6 ft s tangent to the
horizontal circular path.

> u
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Free-Body Diagram: The free-body diagram of the bob is shown in Fig. (a). If we
denote the stretched length of the spring as l, then using the springforce formula,

. Here, an must be directed towards the center of the
horizontal circular path (positive n axis).

Equations of Motion: The radius of the horizontal circular path is .

Since , by referring to Fig. (a),

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.

Ans.l = 2.585 ft

u = 31.26° = 31.3°

;+ ©Fn = man;  20(l - 2) sin u = 10
32.2
a 62

0.5 + l sin u
b

+ c ©Fb = 0;  20(l - 2) cos u - 10 = 0

an = y
2

r
= 62

0.5 + l sin u

r = 0.5 + l sin u

Fsp = ks = 20(l - 2) lb

6 in.

A

k " 20 lb/ftu

•13–61. If the ball has a mass of 30 kg and a speed
at the instant it is at its lowest point, ,

determine the tension in the cord at this instant. Also,
determine the angle to which the ball swings and
momentarily stops. Neglect the size of the ball.

u

u = 0°v = 4 m>s
4 m

u

Ans.

Since , then

Ans.u = 37.2°

39.24(cos u - 1) = -8

C9.81(4)cos u Du0 = -  
1
2

 (4)2

-9.81L
u

0
sin u(4 du) = L

0

4
y dy

ds = 4 duat ds = y dy

 at = -9.81 sin u

 +Q©Ft = mat; -30(9.81) sin u = 30at

 T = 414 N

 + c ©Fn = man; T - 30(9.81) = 30a (4)2

4
b
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13–62. The ball has a mass of 30 kg and a speed 
at the instant it is at its lowest point, . Determine the
tension in the cord and the rate at which the ball’s speed is
decreasing at the instant . Neglect the size of the ball.u = 20°

u = 0°
v = 4 m>s

Since , then

At 

Ans.

Ans.T = 361 N

at = -3.36 m>s2 = 3.36 m>s2 b

v = 3.357 m>su = 20°

39.24(cos u - 1) + 8 = 1
2

 v2

9.81(4) cos u 2 u
0

= 1
2

 (v)2 - 1
2

 (4)2

-9.81L
u

0
sin u (4 du) = L

v

4
v dv

ds = 4 duat ds = v dv

 at = -9.81 sin u

 +Q©Ft = mat; -30(9.81) sin u = 30at

+a©Fn = man; T - 30(9.81) cos u = 30av2

4
b

4 m

u
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13–63. The vehicle is designed to combine the feel of a
motorcycle with the comfort and safety of an automobile. If
the vehicle is traveling at a constant speed of 80 km h along
a circular curved road of radius 100 m, determine the tilt
angle of the vehicle so that only a normal force from the
seat acts on the driver. Neglect the size of the driver.

u

> u

Free-Body Diagram: The free-body diagram of the passenger is shown in Fig. (a).
Here, an must be directed towards the center of the circular path (positive n axis).

Equations of Motion: The speed of the passenger is 

. Thus, the normal component of the passenger’s acceleration is given by= 22.22 m>s v = a80 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b

. By referring to Fig. (a),

Ans. u = 26.7°

 ;+ ©Fn = man; 9.81m
cos u

 sin u = m(4.938)

 + c ©Fb = 0;  N cos u - m(9.81) = 0    N = 9.81m
cos u

an = v2

r
= 22.222

100
= 4.938 m>s2
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*13–64. The ball has a mass m and is attached to the cord
of length l. The cord is tied at the top to a swivel and the ball
is given a velocity . Show that the angle which the cord
makes with the vertical as the ball travels around the
circular path must satisfy the equation .
Neglect air resistance and the size of the ball.

tan u sin u = v2
0>gl

uv0
O

u

l

v0

Q.E.D. tan u sin u =
v2

0

gl

 amv2
0

l
b a cos u

sin2 u
b = mg

 Since r = l sin u T =
mv2

0

l sin2 u

+ c ©Fb = 0; T cos u - mg = 0

:+ ©Fn = man; T sin u = mav0
2

r
b
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•13–65. The smooth block B, having a mass of 0.2 kg, is
attached to the vertex A of the right circular cone using a
light cord. If the block has a speed of 0.5 m s around the cone,
determine the tension in the cord and the reaction which
the cone exerts on the block. Neglect the size of the block.

>

Ans.

Ans.

Also,

Ans.

Ans. NB = 0.844 N

 T = 1.82 N

 + c ©Fb = 0; Ta4
5
b + NBa3

5
b - 0.2(9.81) = 0

:+ ©Fn = man; Ta3
5
b - NBa4

5
b = 0.2a (0.5)2

0.120
b

 NB = 0.844 N

 +a©Fx = max; NB - 0.2(9.81)a3
5
b = - B0.2¢ (0.5)2

0.120
≤ R a4

5
b

 T = 1.82 N

 +Q©Fy = may; T - 0.2(9.81)a4
5
b = B0.2¢ (0.5)2

0.120
≤ R a3

5
b

r

200
= 300

500
 ; r = 120 mm = 0.120 m

z

A

B 400 mm

200 mm

300 mm
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13–66. Determine the minimum coefficient of static
friction between the tires and the road surface so that the
1.5-Mg car does not slide as it travels at 80 km h on the
curved road. Neglect the size of the car.

>
Free-Body Diagram: The frictional force Ff developed between the tires and the
road surface and an must be directed towards the center of curvature (positive n
axis) as indicated on the free-body diagram of the car, Fig. (a).

Equations of Motion: Here, the speed of the car is v = a80 
km
h
b a 1000 m

1 km
b a 1 h

3600 s
b

  r ! 200 m

. Realizing that and referring to Fig. (a),

The normal reaction acting on the car is equal to the weight of the car, i.e.,
. Thus, the required minimum is given by

Ans.ms =
Ff

N
= 370.70

14 715
= 0.252

msN = 1500(9.81) = 14 715 N

+a©Fn = man;  Ff = 1500(2.469) = 3703.70 N

an = v2

r
= 22.222

20
= 2.469 m>s2= 22.22 m>s

13–67. If the coefficient of static friction between the tires
and the road surface is , determine the maximum
speed of the 1.5-Mg car without causing it to slide when it
travels on the curve. Neglect the size of the car.

ms = 0.25

Free-Body Diagram: The frictional force Ff developed between the tires and the
road surface and an must be directed towards the center of curvature (positive n
axis) as indicated on the free-body diagram of the car, Fig. (a).

Equations of Motion: Realizing that and referring to Fig. (a),

The normal reaction acting on the car is equal to the weight of the car, i.e.,
. When the car is on the verge of sliding,

Ans.v = 22.1 m>s7.5 v2 = 0.25(14 715)

Ff = msN

N = 1500(9.81) = 14 715 N

+a©Fn = man;  Ff = 1500¢ v2

200
≤ = 7.5v2

an = v2

r
= v2

200

  r ! 200 m
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*13–68. At the instant shown, the 3000-lb car is traveling
with a speed of 75 ft s, which is increasing at a rate of 
Determine the magnitude of the resultant frictional force
the road exerts on the tires of the car. Neglect the size of
the car.

6 ft>s2.>
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: Here, the force acting on the tires will be resolved into its n
and t components Fn and Ft as indicated on the free-body diagram of the car,
Fig. (a). Here, an must be directed towards the center of curvature of the road
(positive n axis).

Equations of Motion: Here, . By referring to Fig. (a),

Thus, the magnitude of force F acting on the tires is

Ans.F = 2Ft 
2 + Fn 

2 = 2559.012 + 873.452 = 1037 lb

;+ ©Fn = man;   Fn = 3000
32.2

 (9.375) = 873.45 lb

+ c ©Ft = mat; Ft = 3000
32.2

 (6) = 559.01 lb

an = v2

r
= 752

600
= 9.375 ft>s2

 r ! 600 ft
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•13–69. Determine the maximum speed at which the car
with mass m can pass over the top point A of the vertical
curved road and still maintain contact with the road. If the
car maintains this speed, what is the normal reaction the
road exerts on the car when it passes the lowest point B on
the road?

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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r r

r r

A

B

Free-Body Diagram: The free-body diagram of the car at the top and bottom of the
vertical curved road are shown in Figs. (a) and (b), respectively. Here, an must be
directed towards the center of curvature of the vertical curved road (positive n axis).

Equations of Motion: When the car is on top of the vertical curved road, it is
required that its tires are about to lose contact with the road surface. Thus, .

Realizing that and referring to Fig. (a),

Ans.

Using the result of , the normal component of car acceleration is

when it is at the lowest point on the road. By referring to Fig. (b),

Ans. N = 2mg

 + c ©Fn = man; N - mg = mg

an = v2

r
=

gr

r
= g

v

+ T ©Fn = man; mg = m¢v2

r
≤     v = 2gr

an = v2

r
= v2

r

N = 0
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13–70. A 5-Mg airplane is flying at a constant speed of 
350 km h along a horizontal circular path of radius

. Determine the uplift force L acting on 
the airplane and the banking angle . Neglect the size of the
airplane.

u
r = 3000 m

>
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Free-Body Diagram: The free-body diagram of the airplane is shown in Fig. (a).
Here, an must be directed towards the center of curvature (positive n axis).

Equations of Motion: The speed of the airplane is v = ¢350 
km
h
≤ ¢1000 m

1 km
≤ ¢ 1 h

3600 s
≤

r

L

u

. Realizing that and referring to Fig. (a),

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.u = 17.8°  T = 51517.75 = 51.5 kN

;+ ©Fn = man;    T sin u = 5000(3.151)

+ c ©Fb = 0;    T cos u - 5000(9.81) = 0

an = v2

r
= 97.222

3000
= 3.151 m>s2=  97.22 m>s

13–71. A 5-Mg airplane is flying at a constant speed of 
350 km h along a horizontal circular path. If the banking
angle , determine the uplift force L acting on the
airplane and the radius r of the circular path. Neglect the
size of the airplane.

u = 15°
>

Free-Body Diagram: The free-body diagram of the airplane is shown in Fig. (a).
Here, an must be directed towards the center of curvature (positive n axis).

Equations of Motion: The speed of the airplane is v = a350 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b

r

L

u

. Realizing that and referring to Fig. (a),

Ans.

Ans. r = 3595.92 m = 3.60 km

 ;+ ©Fn = man;    50780.30 sin 15° = 5000¢97.222

r
≤ L = 50780.30 N = 50.8 kN

 + c ©Fb = 0;    L cos 15° - 5000(9.81) = 0

an = v2

r
= 97.222

r
=  97.22 m>s
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*13–72. The 0.8-Mg car travels over the hill having the
shape of a parabola. If the driver maintains a constant
speed of 9 m s, determine both the resultant normal force
and the resultant frictional force that all the wheels of the
car exert on the road at the instant it reaches point A.
Neglect the size of the car.

>

Geometry: Here, and . The slope angle at point

A is given by

and the radius of curvature at point A is

Equations of Motion: Here, . Applying Eq. 13–8 with and
, we have

Ans.

Ans. N = 6729.67 N = 6.73 kN   

 ©Fn = man;  800(9.81) cos 26.57° - N = 800a 92

223.61
b

 Ff = 3509.73 N = 3.51 kN

 ©Ft = mat;  800(9.81) sin 26.57° - Ff = 800(0)

r = 223.61 m
u = 26.57°at = 0

r =
[1 + (dy>dx)2]3>2

|d2y>dx2|
=

[1 + (-0.00625x)2]3>2
|-0.00625|

2
x = 80 m

= 223.61 m

tan u =
dy

dx
2
x = 80 m

= -0.00625(80) u = -26.57°

u
d2y

dx2 = -0.00625
dy

dx
= -0.00625x

y

A
x

y ! 20 (1 "           )

80 m

x2

6400
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•13–73. The 0.8-Mg car travels over the hill having the
shape of a parabola.When the car is at point A, it is traveling
at 9 m s and increasing its speed at . Determine both
the resultant normal force and the resultant frictional force
that all the wheels of the car exert on the road at this instant.
Neglect the size of the car.

3 m>s2>

Geometry: Here, and . The slope angle at point

A is given by

and the radius of curvature at point A is

Equation of Motion: Applying Eq. 13–8 with and , we have

Ans.

Ans. N = 6729.67 N = 6.73 kN   

 ©Fn = man;  800(9.81) cos 26.57° - N = 800a 92

223.61
≤ Ff = 1109.73 N = 1.11 kN

 ©Ft = mat;    800(9.81) sin 26.57° - Ff = 800(3)

r = 223.61 mu = 26.57°

r =
C1 + (dy>dx)2 D3>2

|d2y>dx2|
=
C1 + (-0.00625x)2 D3>2

|-0.00625|
2
x = 80 m

= 223.61 m

tan u =
dy

dx
2
x = 80 m

= -0.00625(80) u = -26.57°

u
d2y

dx2 = -0.00625
dy

dx
= -0.00625x

y

A
x

y ! 20 (1 "           )

80 m

x2

6400
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13–74. The 6-kg block is confined to move along the
smooth parabolic path. The attached spring restricts the
motion and, due to the roller guide, always remains
horizontal as the block descends. If the spring has a stiffness
of , and unstretched length of 0.5 m, determine
the normal force of the path on the block at the instant

when the block has a speed of 4 m s. Also, what is
the rate of increase in speed of the block at this point?
Neglect the mass of the roller and the spring.

>x = 1 m

k = 10 N>m

Ans.

Ans. at = 6.35 m>s2

 +R©Ft = mat; 6(9.81) sin 45° - 5 sin 45° = 6at

 N = 11.2 N

 +b©Fn = man; 6(9.81)cos 45° - N + 5 cos 45° = 6a (4)2

2.8284
b

Fs = kx = 10(1 - 0.5) = 5 N

r =
B1 + ady

dx
b2R 3

22 d2y

dx2
2 =

C1 + (-1)2 D 32
|-1|

= 2.8284 m

d2y

dx2 = -1

dy
dx

= tan u = -x 2
x = 1

= -1 u = -45°

y = 2 - 0.5x2

y

y ! 2 " 0.5 x2

k ! 10 N/m

x

B A

13–75. Prove that if the block is released from rest at point
B of a smooth path of arbitrary shape, the speed it attains
when it reaches point A is equal to the speed it attains when
it falls freely through a distance h; i.e., v = 22gh.

Q.E.D. y = 22gh

y2

2
= gh

 L
y

0
y dy = L

h

0
g dy

 y dy = at ds = g sin u ds However dy = ds sin u

+R©Ft = mat; mg sin u = mat at = g sin u A

B

h

91962_02_s13_p0177-0284  6/8/09  10:40 AM  Page 233



234

*13–76. A toboggan and rider of total mass 90 kg travel
down along the (smooth) slope defined by the equation

. At the instant , the toboggan’s speed
is 5 m s. At this point, determine the rate of increase in
speed and the normal force which the slope exerts on the
toboggan. Neglect the size of the toboggan and rider for the
calculation.

> x = 10 my = 0.08x2
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Geometry: Here, and . The slope angle at is

given by

and the radius of curvature at is

Equations of Motion: Applying Eq. 13–8 with and , we have

Ans.

Ans. N = 522 N

 ©Fn = man; -90(9.81) cos 57.99° + N = 90a 52

41.98
b

 at = 8.32 m>s2

 ©Ft = mat;   90(9.81) sin 57.99° = 90at

r = 41.98 mu = 57.99°

r =
C1 + (dy>dx)2 D3>2

|d2y>dx2|
=
C1 + (0.16x)2 D3>2

|0.16|
2
x = 10 m

= 41.98 m

x = 10 m

tan u =
dy

dx
 2

x = 10 m
= 0.16(10) u = 57.99°

x = 10 mu
d2y

dx2 = 0.16
dy

dx
= 0.16x

y ! 0.08x2

v ! 5 m/s

y

x

10 m
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•13–77. The skier starts from rest at A(10 m, 0) and
descends the smooth slope, which may be approximated
by a parabola. If she has a mass of 52 kg, determine the
normal force the ground exerts on the skier at the instant
she arrives at point B. Neglect the size of the skier. Hint:
Use the result of Prob. 13–75.

Geometry: Here, and . The slope angle at point B is given by

and the radius of curvature at point B is

Equations of Motion:

(1)

Kinematics: The speed of the skier can be determined using . Here, at
must be in the direction of positive ds. Also,

Here, . Then, .

Substituting , , and into Eq.(1) yields

Ans. N = 1020.24 N = 1.02 kN

 N - 52(9.81) cos 0° = 52a98.1
10.0
b

r = 10.0 mu = 0°y2 = 98.1 m2>s2

 y2 = 9.81 m2>s2

(+  ) L
y

0
y dy = -9.81L

0

10 m
¢ x

1021 + 1
100x2

≤ A21 + 1
100x2dx B

sin u = x

1021 + 1
100x2

tan u = 1
10

x

= 21 + 1
100x2dx

ds = 21 + (dy>dx)2dx
y dy = at ds

+a©Fn = man;   N - 52(9.81) cos u = may2

r
b

+b©Ft = mat;  52(9.81) sin u = -52at at = -9.81 sin u

r =
C1 + (dy>dx)2 D3>2

|d2y>dx2|
=
c1 + a 1

10
xb2 d3>2

|1>10|
 4

x = 0 m

= 10.0 m

tan u =
dy

dx
 2

x = 0 m
= 0 u = 0°

u
d2y

dx2 = 1
10

dy

dx
= 1

10
x
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10 m

5 m

y

B

A
x

y ! x2 " 51––
20

91962_02_s13_p0177-0284  6/8/09  10:40 AM  Page 235



236

13–78. The 5-lb box is projected with a speed of 20 ft s at
A up the vertical circular smooth track. Determine the
angle when the box leaves the track.u

>
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Free-Body Diagram: The free-body diagram of the box at an arbitrary position is
shown in Fig. (a). Here, an must be directed towards the center of the vertical circular
path (positive n axis), while at is assumed to be directed toward the positive t axis.

Equations of Motion: Here, . Also, the box is required to leave the

track, so that . By referring to Fig. (a),

(1)

Kinematics: Using the result of at, the speed of the box can be determined by
integrating the kinematic equation , where . Using the
initial condition at as the integration limit,

(2)

Equating Eqs. (1) and (2),

Ans.u = 111.62° = 112°

386.4 cos u + 142.4 = 0

v2 = 257.6 cos u + 142.4

v2

2
2 v
20 ft>s = 128.8 cos u|u0°

L
v

20ft>sv dv = L
u

0°
-32.2 sin u(4 du)

u = 0°v = 20 ft>s ds = r du = 4 duv dv = at ds

 v2 = -128.8 cos u

 +a©Fn = man; -5 cos u = 5
32.2
¢v2

4
≤ at = -(32.2 sin u) ft>s2

 +Q©Ft = mat; -5 sin u = 5
32.2

 at

N = 0

an = v2

r
= v2

4

u

B

4 ft
v

A

30#

u
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13–79. Determine the minimum speed that must be given
to the 5-lb box at A in order for it to remain in contact with
the circular path.Also, determine the speed of the box when
it reaches point B.

Free-Body Diagram: The free-body diagram of the box at an arbitrary position is
shown in Fig. (a). Here, an must be directed towards the center of the vertical circular
path (positive n axis), while at is assumed to be directed toward the positive t axis.

Equations of Motion: Here, . Also, the box is required to leave the

track, so that . By referring to Fig. (a),

(1)

Kinematics: Using the result of at, the speed of the box can be determined by
intergrating the kinematic equation , where . Using
the initial condition at as the integration limit,

(2)

Provided the box does not leave the vertical circular path at , then it will
remain in contact with the path.Thus, it is required that the box is just about to leave
the path at , Thus, . Substituting these two values into Eq. (1),

Substituting the result of and into Eq. (2),

Ans.

At point B, . Substituting this value and into Eq. (2),

Ans.vB = 12.8 ft>svB 
2 = 257.6 cos 210° - 257.6 + 25.382

v0 = vmin = 25.38 ft>su = 210°

vmin = 25.38 ft>s = 25.4 ft>s11.352 = 257.6 cos 180° - 257.6 + vmin 
2

v0 = vminv

v = 11.35 ft>s0 = 00.03882v2 + 5 cos 180°

N = 0u = 180°

u = 180°

v2 = 257.6 cos u - 257.6 + v0 
2

v2

2
2 v
v0

= 128.8 cos u|u0°

L
v

v0

v dv = L
u

0°
-32.2 sin u(4du)

u = 0°v = v0

ds = r du = 4 duv dv = at ds

 N = 0.03882v2 + 5 cos u

 +a©Fn = man;  N - 5 cos u = 5
32.2
¢v2

4
≤ at = -(32.2 sin u) ft>s2

 +Q©Ft = mat; -5 sin u = 5
32.2

 at

N = 0

an = v2

r
= v2

4

u
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B

4 ft
v

A

30#

u
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*13–80. The 800-kg motorbike travels with a constant
speed of 80 km h up the hill. Determine the normal
force the surface exerts on its wheels when it reaches
point A. Neglect its size.

>
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Geometry: Here, . Thus, and . The angle that

the hill slope at A makes with the horizontal is

The radius of curvature of the hill at A is given by

Free-Body Diagram: The free-body diagram of the motorcycle is shown in Fig. (a).
Here, an must be directed towards the center of curvature (positive n axis).

Equations of Motion: The speed of the motorcycle is 

Thus, . By referring to Fig. (a),

Ans. N = 7689.82 N = 7.69 kN

 R+ ©Fn = man;  800(9.81)cos 4.045° - N = 800(0.1733)

an = v2

rA
= 22.222

2849.67
= 0.1733 m>s2

v = a80 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b = 22.22 m>s

rA =
B1 + ady

dx
b2R3>22 d2y

dx2
2 5

x = 100 m

=
B1 + a 22

2(1001>2) b2R3>22 - 22

4(1003>2) 2 = 2849.67 m

u = tan- 1ady

dx
b 2

x = 100 m
= tan- 1¢ 22

2x1>2 ≤ 2
x = 100 m

= 4.045°

d2y

dx2 = -  
22

4x3>2dy

dx
= 22

2x1>2y = 22x1>2

y

100 m

A

x

y2 ! 2x
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•13–81. The 1.8-Mg car travels up the incline at a constant
speed of 80 km h. Determine the normal reaction of the
road on the car when it reaches point A. Neglect its size.

>

Geometry: Here, and 

.The angle that the slope of the road at A makes with the horizontal is

. The radius of curvature of the

road at A is given by

Free-Body Diagram: The free-body diagram of the car is shown in Fig. (a). Here, an
must be directed towards the center of curvature (positive n axis).

Equations of Motion: The speed of the car is 

Thus, . By referring to Fig. (a),

Ans. N = 19280.46 N = 19.3 kN

 +a©Fn = man;  N - 1800(9.81) cos 18.25° = 1800(1.395)

an = v2

rA
= 22.222

354.05
= 1.395 m>s2

v = a80 
km
h
b a1000 m

1 km
b a 1 h

3600 s
b = 22.22 m>s2

rA =
B1 + ady

dx
b2R3>22 d2y

dx2
2 5

x = 50 m

=
B1 + A0.2e50>100 B2R3>2

! 0.002e50>100!
= 354.05 m

u = tan- 1ady

dx
b 2

x = 50 m
= tan- 1 A0.2e50>100 B = 18.25°

= 0.002ex>100

d2y

dx2 = 0.2a 1
100
bex>100dy

dx
= 20a 1

100
bex>100 = 0.2ex>100
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y

x

y ! 20e

50 m

x
100

A
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13–82. Determine the maximum speed the 1.5-Mg car can
have and still remain in contact with the road when it passes
point A. If the car maintains this speed, what is the normal
reaction of the road on it when it passes point B? Neglect
the size of the car.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Geometry: Here, and . The angle that the slope of the
d2y

dx2 = -0.01
dx
dy

= -0.01x

1
200

y

x

25 m

A B y ! 25 "        x2

road makes with the horizontal at A and B are uA = tan- 1ady

dx
b 2

x = 0 m

and . The

radius of curvature of the road at A and B are

Free-Body Diagram: The free-body diagram of the car at an arbitrary position x is
shown in Fig. (a). Here, an must be directed towards the center of curvature of the
road (positive n axis).

Equations of Motion: Here, . By referring to Fig. (a),

(1)

Since the car is required to just about lose contact with the road at A, then
, and . Substituting these values into 

Eq. (1),

Ans.

When the car is at B, and . Substituting these
values into Eq. (1), we obtain

Ans. = 839.74N = 840 N

 NB = 14 715 cos 14.04° -
1500 A31.322 B

109.52

r = rB = 109.52 mu = uB = 14.04°

v = 31.32 m>s = 31.3 m>s
0 = 14 715 cos 0° - 1500v2

100

r = rA = 100 mu = uA = 0N = NA = 0

 N = 14 715 cos u - 1500v2

r

 ©Fn = man;  1500(9.81) cos u - N = 1500¢v2

r
≤an = v2

r

rB =
B1 + ady

dx
b2R3>22 d2y

dx2
2 5

x = 25 m

=
C1 + (0.25)2 D3>2

0.01
= 109.52 m

rA =
B1 + ady

dx
b2R3>22 d2y

dx2
2 5

x = 0 m

=
C1 + (0)2 D3>2

0.01
= 100 m

uB = tan- 1ady

dx
b 2

x = 25 m
= tan- 1 A -0.01(25) B = -14.04°= tan- 1(0) = 0°
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13–83. The 5-lb collar slides on the smooth rod, so that
when it is at A it has a speed of 10 ft s. If the spring to which
it is attached has an unstretched length of 3 ft and a stiffness
of , determine the normal force on the collar
and the acceleration of the collar at this instant.

k = 10 lb>ft >
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

2 ft

10 ft/s

A

O

y

x

1––
2y  ! 8 "      x2

Ans.

Ans. a = 2(59.08)2 + (8.9443)2 = 59.8 ft>s2

 an = v2

r
=

(10)2

11.18
= 8.9443 ft>s2

 at = 59.08 ft>s2

 +R©Ft = mat; 5 sin 63.435° + 33.246 sin 8.1301° = a 5
32.2
bat

 N = 33.8 lb

 +b©Fn = man; 5 cos 63.435° - N + 33.246 cos 8.1301° = a 5
32.2
b a (10)2

11.18
b

tan f = 6
2

 f1.565°

Fs = kx = 10(6.3246 - 3) = 33.246 lb

OA = 2(2)2 + (6)2 = 6.3246

v = 8 - 1
2

 (2)2 = 6

r =
B1 + ady

dx
b2R 3

22 d2y

dx2
2 =

(1 + (-2)2)
3
2

|-1|
= 11.18 ft

d2y

dx2 = -1

dy
dx

= tanu = -x 2
x = 2

= -2 u = -63.435°

v = 8 - 1
2

x2
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*13–84. The path of motion of a 5-lb particle in the
horizontal plane is described in terms of polar coordinates
as and rad, where t is in
seconds. Determine the magnitude of the resultant force
acting on the particle when .t = 2 s

u = (0.5t2 - t)r = (2t + 1) ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.F = 2Fr
2 + F2

u = 2(-0.7764)2 + (1.398)2 = 1.60 lb  

©Fu = mau; Fu = 5
32.2

 (9) = 1.398 lb

©Fr = mar; Fr = 5
32.2

 (-5) = -0.7764 lb

au = ru
$

+ 2r
#
u
#

= 5(1) + 2(2)(1) = 9 ft>s2

ar = r
$ - ru

#
2 = 0 - 5(1)2 = -5 ft>s2

u = 0.5t2 - t|t = 2 s = 0 rad u
#

= t - 1|t = 2 s = 1 rad>s u
$

= 1 rad>s2

r = 2t + 1|t = 2 s = 5 ft r
# = 2 ft>s r

$ = 0

•13–85. Determine the magnitude of the resultant force
acting on a 5-kg particle at the instant , if the particle
is moving along a horizontal path defined by the equations

and rad, where t is in
seconds.

u = (1.5t2 - 6t)r = (2t + 10) m

t = 2 s

Hence,

Ans.F = 2(Fr)2 + (Fu)2 = 210 N

©Fu = mau; Fu = 5(42) = 210 N

©Fr = mar; Fr = 5(0) = 0

au = ru
$

+ 2r
#
u
#

= 14(3) + 0 = 42

ar = r
$ - ru

#
2 = 0 - 0 = 0

u
$

= 3

u
#

= 3t - 6! t = 2 s = 0

u = 1.5t2 - 6t

r
$ = 0

r
# = 2

r = 2t + 10|t = 2 s = 14
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13–86. A 2-kg particle travels along a horizontal smooth
path defined by 

,

where t is in seconds. Determine the radial and transverse
components of force exerted on the particle when .t = 2 s

r = ¢1
4

t3 + 2≤  m,  u = ¢ t2

4
≤  rad

Kinematics: Since the motion of the particle is known, ar and will be determined
first. The values of r and the time derivative of r and evaluated at aret = 2 su

au

r|t = 2 s = 1
4

t3 + 2 2
t = 2 s

= 4 m   r
#
|t = 2 s = 3

4
t2 2

t = 2 s
= 3 m>s   r

$
|t = 2 s = 3

2
t 2

t = 2 s
= 3 m>s2

Using the above time derivative,

Equations of Motion: By referring to the free-body diagram of the particle in Fig. (a),

Ans.

Ans.

Note: The negative sign indicates that Fr acts in the opposite sense to that shown on
the free-body diagram.

©Fu = mau;  Fu = 2(8) = 16 N

©Fr = mar;  Fr = 2(-1) = -2 N

au = ru
$

+ 2r
#
u
#

= 4(0.5) + 2(3)(1) = 8 m>s2

ar = r
$ - ru

#
2 = 3 - 4(12) = -  1 m>s2

u
#

= t
2
2
t = 2 s

= 1 rad>s    u
$
! t = 2 s = 0.5 rad>s2
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13–87. A 2-kg particle travels along a path defined by

and , where t is in seconds. Determine the r,
, z components of force that the path exerts on the particle

at the instant .t = 1 s
u

z = (5 - 2t2) m

r = (3 + 2t2) m,  u = ¢1
3

t3 + 2≤  rad

Kinematics: Since the motion of the particle is known, ar, , and az will be
determined first. The values of r and the time derivative of r, , and z evaluated at

are

Using the above time derivative,

Equations of Motion: By referring to the free-body diagram of the particle in Fig. (a),

Ans.

Ans.

Ans.

Note: The negative sign indicates that Fr acts in the opposite sense to that shown on
the free-body diagram.

©Fz = maz;  Fz - 2(9.81) = 2(-4);  Fz = 11.6 N

©Fu = mau;  Fu = 2(18) = 36 N

©Fr = mar;  Fr = 2(-1) = -2 N

az = z
$ = -4 m>s2

au = ru
$

+ 2r
#
u
#

= 5(2) + 2(4)(1) = 18 m>s2

ar = r
$ - ru

#
2 = 4 - 5(12) = -1 m>s2

z
# = -4t        z

$ = -4 m>s2

u
#
! t = 1 s = t2 2

t = 1 s
= 1 rad>s    u

$
! t = 1 s = 2t|t = 1 s =  2 rad>s2

r|t = 1 s = 3 + 2t2 2
t = 1 s

= 5 m r
#
|t = 1 s = 4t|t = 1 s = 4 m>s r

$
|t = 1 s = 4 m>s2

t = 1 s
u

au
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*13–88. If the coefficient of static friction between the
block of mass m and the turntable is , determine the
maximum constant angular velocity of the platform without
causing the block to slip.

m s

Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Here,
the frictional force developed is resolved into its radial and transversal components
Fr, , ar, and are assumed to be directed towards their positive axes.

Equations of Motion: By referring to Fig. (a),

(1)

(2)

Kinematics: Since r and are constant, and .

Substituting the results of ar and into Eqs. (1) and (2),

Thus, the magnitude of the frictional force is given by

Since the block is required to be on the verge of slipping,

Ans.u
#

= Amsg

r

mru
#
2 = msmg

F = msN

F = 2Fr 
2 + Fu 

2 = 2(mru
#
)2 + 0 = mru

#
2

Fr = mr u
#
2    Fu = 0

au

au = ru
$

+ 2r
#
u
#

= 0

ar = r
$ - ru

#
2 = 0 - ru

#
2 = -ru

#
2

u
$

= 0r
# = r

$ = 0u
#

©Fz = maz;  N - mg = m(0) N = mg

©Fu = mau;  Fu = mau

©Fr = mar;  -Fr = mar

auFu

r
u
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•13–89. The 0.5-kg collar C can slide freely along the smooth
rod AB.At a given instant, rod AB is rotating with an angular
velocity of and has an angular acceleration of

. Determine the normal force of rod AB and the
radial reaction of the end plate B on the collar at this instant.
Neglect the mass of the rod and the size of the collar.

u
$

= 2 rad>s2
u
#

= 2 rad>s

Free-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). Here, ar
and are assumed to be directed towards the positive of their respective axes.

Equations of Motion: By referring to Fig. (a),

(1)

(2)

Kinematics: Since is constant, .

Substituting the results of ar and into Eqs. (1) and (2) yields

Ans.

Ans.FAB = 0.6 N

NB = 1.20 N

au

au = ru
$

+ 2r
#
u
#

= 0.6(2) + 0 = 1.2 m>s2

ar = r
$ - ru

#
2 = 0 - (0.6)(22) = -2.4 m>s2

r
# = r

$ = 0r = 0.6 m

©Fu = mau;  FAB = 0.5au

©Fr = mar;  -NB = 0.5ar

au

A

C B

0.6 m

u, u
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13–90. The 2-kg rod AB moves up and down as its end
slides on the smooth contoured surface of the cam, where

and . If the cam is rotating with a
constant angular velocity of 5 rad s, determine the force on
the roller A when . Neglect friction at the bearing C
and the mass of the roller.

u = 90°
>z = (0.02 sin u) mr = 0.1 m

Kinematics: Taking the required time derivatives, we have

Thus,

At 

Equations of Motion:

Ans.Fz = 18.6 N

 ©Fz = maz;    Fz - 2(9.81) = 2(-0.500)

u = 90°,  az = -0.5 sin 90° = -0.500 m>s2

az = z
$ = 0.02 Ccos u(0) - sin u A52 B D = -0.5 sin u

z = 0.02 sin u z
# = 0.02 cos uu

# z
$ = 0.02 Acos uu

$
- sin uu

#
2 Bu

#
= 5 rad>s u

$
= 0

z

z ! 0.02 sin

0.1 m

! 5 rad/s

A
u

u

C

B
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13–91. The 2-kg rod AB moves up and down as its end
slides on the smooth contoured surface of the cam, where

and . If the cam is rotating at a
constant angular velocity of 5 rad s, determine the maximum
and minimum force the cam exerts on the roller at A. Neglect
friction at the bearing C and the mass of the roller.

>z = (0.02 sin u) mr = 0.1 m

Kinematics: Taking the required time derivatives, we have

Thus,

At 

At 

Equations of Motion: At , applying Eq. 13–9, we have

Ans.

At , we have

Ans.(Fz)max = 20.6 N

 ©Fz = maz;       (Fz)max - 2(9.81) = 2(0.500)

u = -90°

 (Fz)min = 18.6 N

 ©Fz = maz; (Fz)min - 2(9.81) = 2(-0.500)

u = 90°

u = -90°,   az = -0.5 sin (-90°) = 0.500 m>s2

u = 90°,      az = -0.5 sin 90° = -0.500 m>s2

az = z
$ = 0.02 Ccos u(0) - sin u A52 B D = -0.5 sin u

 z = 0.02 sin u z
# = 0.02 cos uu

# z
$ = 0.02 Acos uu

$
- sin uu

#
2 B u

#
= 5 rad>s u

$
= 0

z

z ! 0.02 sin

0.1 m

! 5 rad/s

A
u

u

C

B
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*13–92. If the coefficient of static friction between the
conical surface and the block of mass m is ,
determine the minimum constant angular velocity so that
the block does not slide downwards.

u
#ms = 0.2

Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Since
the block is required to be on the verge of sliding down the conical surface,

must be directed up the conical surface. Here, ar is assumed to
be directed towards the positive r axis.

Equations of Motion: By referring to Fig. (a),

Kinematics: Since is constant,

Ans.u
#

= 4.67 rad>s-6.54 = 0 - 0.3u
#
2

ar = r
$ - ru

#
2

r
# = r

$ = 0.r = 0.3 m

:+ ©Fr = mar; 0.2(11.56m) cos 45° - (11.56m) sin 45° = mar ar = -6.54 m>s2

+ c ©Fz = maz; N cos 45° + 0.2N sin 45° - m(9.81) = m(0)   N = 11.56m

Ff = mkN = 0.2N

A

300 mm

45#45#

u
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•13–93. If the coefficient of static friction between the conical
surface and the block is , determine the maximum
constant angular velocity without causing the block to slide
upwards.

u
#ms = 0.2

Free-Body Diagram: The free-body diagram of the block is shown in Fig. (a). Since the
block is required to be on the verge of sliding up the conical surface,

must be directed down the conical surface. Here, ar is assumed to be
directed towards the positive r axis.

Equations of Motion: By referring to Fig. (a),

Kinematics: Since is constant, .

Ans.u
#

= 7.00 rad>s-14.715 = 0 - 0.3u
#
2

ar = r
$ - ru

#
2

r
# = r

$ = 0r = 0.3 m

:+  ©Fr = mar; -17.34m sin 45° - 0.2(17.34m)cos 45° = mar ar = -14.715 m>s2

+ c  ©Fz = maz; N cos 45° - 0.2N sin 45° - m(9.81) = m(0)  N = 17.34m

Ff = mkN = 0.2N

A

300 mm

45#45#

u
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13–94. If the position of the 3-kg collar C on the smooth rod
AB is held at , determine the constant angular
velocity at which the mechanism is rotating about the
vertical axis.The spring has an unstretched length of 400 mm.
Neglect the mass of the rod and the size of the collar.

u
# r = 720 mm

Free-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). The

k ! 200 N/m
300 mm

r

A
B

C

u

force in the spring is given by .Fsp = ks = 200a20.722 + 0.32 - 0.4b = 76 N

Here, ar is assumed to be directed towards the positive r axis.

Equations of Motion: By referring to Fig. (a),

Kinematics: Since is constant, .

Ans.u
#

= 5.70 rad>s-23.38 = 0 - 0.72u
#
2

ar = r
$ - ru

#
2

r
# = r

$ = 0r = 0.72 m

:+ ©Fr = mar;   -76a12
13
b = 3ar    ar = -23.38 m>s2
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13–95. The mechanism is rotating about the vertical axis
with a constant angular velocity of . If rod AB
is smooth, determine the constant position r of the 3-kg
collar C. The spring has an unstretched length of 400 mm.
Neglect the mass of the rod and the size of the collar.

u
#

= 6 rad>s

k ! 200 N/m
300 mm

r

A
B

C

u

force in the spring is given by . Here, ar isFsp = ks = 200a2r2 + 0.32 - 0.4bFree-Body Diagram: The free-body diagram of the collar is shown in Fig. (a). The

assumed to be directed towards the positive r axis.

Equations of Motion: By referring to Fig. (a),

(1)

However, from the geometry shown in Fig. (b),

Thus, Eq. (1) can be rewritten as

(2)

Kinematics: Since r is constant, .

(3)

Substituting Eq. (3) into Eq. (2) and solving,

Ans.r = 0.8162 m = 816 mm

ar = r
$ - ru

#
2 = -r(62)

r
# = r

$ = 0

-200¢r—
0.4r2r2 + 0.32

≤ = 3ar

cos a = r2r2 + 0.32

:+ ©Fr = ma r;  -200a2r2 + 0.32 - 0.4bcos a = 3ar
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*13–96. Due to the constraint, the 0.5-kg cylinder C travels
along the path described by . If arm OA
rotates counterclockwise with an angular velocity of

and an angular acceleration of at
the instant , determine the force exerted by the arm
on the cylinder at this instant. The cylinder is in contact with
only one edge of the smooth slot, and the motion occurs in
the horizontal plane.

u = 30°
u
$

= 0.8 rad>s2u
#

= 2 rad>s r = (0.6 cos u) m

Kinematics: Since the motion of cylinder C is known, ar and will be determined
first. The values of r and the time derivatives at the instant are evaluated
below.

Using the above time derivatives, we obtain

Free-Body Diagram: From the geometry shown in Fig. (a), we notice that .
The free-body diagram of the cylinder C is shown in Fig. (b).

Equations of Motion: By referring to Fig. (b),

Ans.

Kinematics: The values of r and the time derivatives at the instant are
evaluated below.

u = 30°

+a©Fu = mau; FOA - 2.539 sin 30° = 0.5(-1.984) FOA = 0.277 N

+Q©Fr = ma r; -N cos 30° = 0.5(-4.397)   N = 2.539 N

a = 30°

au = ru
$

+ 2r
#
u
#

= 0.5196(0.8) + 2(-0.6)(2) = -1.984 m>s2

ar = r
$ - ru

#
2 = -2.318 - 0.5196 A22 B = -4.397 m>s2

r
$ = -0.6(cos uu

#
2 + sin uu

$
)! u= 30° = -0.6 ccos 30° A22 B + sin 30°(0.8) d = -2.318 m>s2

r
# = -0.6 sin uu

#
! u= 30° = -0.6 sin 30°(2) = -0.6 m>sr = 0.6 cos u|u= 30° = 0.6 cos 30° = 0.5196 m

u = 30°
au

O

A

C
r ! 0.6 cos u 

0.3 m

0.3 mu

u, u
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•13–97. The 0.75-lb smooth can is guided along the
circular path using the arm guide. If the arm has an
angular velocity and an angular acceleration

at the instant , determine the force of
the guide on the can. Motion occurs in the horizontal plane.

u = 30°u
$

= 0.4 rad>s2
u
#

= 2 rad>s

Using the above time derivative, we obtain

Equations of Motion: By referring to Fig. (a),

Ans.©Fu = ma u; F - 0.1917 sin 30° = 0.75
32.2

 (-0.5359) F = 0.0835 lb

©Fr = ma r; -N cos 30° = 0.75
32.2

 (-7.128)   N = 0.1917 lb

au = ru
$

+ 2r
#
u
#

= 0.8660(4) + 2(-1)(2) = -0.5359 ft>s2

ar = r
$ - ru

#
2 = -3.664 - 0.8660 A22 B = -7.128 ft>s2

r
$ = -(cos uu

#
2 + sin uu

$
)! u= 30° = -3.664 ft>s2

r
# = -sin uu

#
! u= 30° = -1.00 ft>sr = cos u|u= 30° = 0.8660 ft

0.5 ft

u

r

0.5 ft

13–98. Solve Prob. 13–97 if motion occurs in the vertical
plane.

Kinematics: The values of r and the time derivatives at the instant are
evaluated below.

Using the above time derivative, we obtain

Equations of Motion: By referring to Fig. (a),

Ans.F = 0.516 lb

©Fu = ma u;  F + 0.2413 sin 30° - 0.75 sin 60° = 0.75
32.2

(-0.5359) 

N = -0.2413 lb

©Fr = ma r;  -N cos 30° - 0.75 cos 60° = 0.75
32.2

(-7.128)

au = ru
$

+ 2r
#
u
#

= 0.8660(4) + 2(-1)(2) = -0.5359 ft>s2

ar = r
$ - ru

#
2 = -3.664 - 0.8660 A22 B = -7.128 ft>s2

r
$ = -(cos uu

#
2 + sin uu

$
)! u= 30° = -3.664 ft>s2

r
# = -sin uu

#
! u= 30° = -1.00 ft>sr = cos u!u= 30° = 0.8660 ft

u = 30°

0.5 ft

u

r

0.5 ft
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13–99. The forked rod is used to move the smooth 
2-lb particle around the horizontal path in the shape of a
limaçon, . If at all times ,
determine the force which the rod exerts on the particle at
the instant . The fork and path contact the particle
on only one side.

u = 90°

u
#

= 0.5 rad>sr = (2 + cos u) ft

At , , and 

Ans. F = -0.0155 lb

 ;+ ©Fu = mau; F - 0.03472  sin 26.57° = 2
32.2

(-0.5)

+ c ©Fr = mar; -N cos 26.57° = 2
32.2

(-0.5) N = 0.03472 lb

tan c = r
dr>du = 2 + cos u

-sin u
2
u= 90°

= -2 c = -63.43°

au = ru
$

+ 2r
#
u
#

= 2(0) + 2(-0.5)(0.5) = -0.5 ft>s2

ar = r
$ - ru

#
2 = 0 - 2(0.5)2 = -0.5 ft>s2

r
$ = -cos 90°(0.5)2 - sin 90°(0) = 0

r
# = -sin 90°(0.5) = -0.5 ft>sr = 2 + cos 90° = 2 ft

u
$

= 0u
#

= 0.5 rad>su = 90°

r
$ = -cos uu

#
2 - sin uu

$
r
# = -sin uu

#
r = 2 + cos u
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3 ft

r2 ft

·

u

u
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*13–100. Solve Prob. 13–99 at the instant .u = 60°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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3 ft

r2 ft

·

u

u

At , , and 

Ans. F = -0.0108 lb

 +a©Fu = mau; F - 0.04930 sin 19.11° = 2
32.2

 (-0.4330)

+Q©Fr = mar; -N cos 19.11° = 2
32.2

(-0.75) N = 0.04930 lb

tan c = r
dr>du = 2 + cos u

-sin u
2
u= 60°

= -2.887 c = -70.89°

au = ru
$

+ 2r
#
u
#

= 2.5(0) + 2(-0.4330)(0.5) = -0.4330 ft>s2

ar = r
$ - ru

#
2 = -0.125 - 2.5(0.5)2 = -0.75 ft>s2

r
$ = -cos 60°(0.5)2 - sin 60°(0) = -0.125 ft>s2

r
# = -sin 60°(0.5) = -0.4330 ft>sr = 2 + cos 60° = 2.5 ft

u
$

= 0u
#

= 0.5 rad>su = 60°

r
$ = -cos uu

#
2 - sin uu

$
r
# = -sin uu

#
r = 2 + cos u
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•13–101. The forked rod is used to move the smooth 
2-lb particle around the horizontal path in the shape of a
limaçon, . If rad, where t is in
seconds, determine the force which the rod exerts on the
particle at the instant . The fork and path contact the
particle on only one side.

t = 1 s

u = (0.5t2)r = (2 + cos u) ft

At , , , and 

Ans. F = 0.163 lb

+a©Fu = mau; F - 0.2666 sin 9.46° = 2
32.2

 (1.9187)

+Q©Fr = mar; -N cos 9.46° = 2
32.2

(-4.2346) N = 0.2666 lb

tan c = r
dr>du = 2 + cos u

-sin u
2
u= 0.5 rad

= -6.002 c = -80.54°

au = ru
$

+ 2r
#
u
#

= 2.8776(1) + 2(-0.4794)(1) = 1.9187 ft>s2

ar = r
$ - ru

#
2 = -1.375 - 2.8776(1)2 = -4.2346 ft>s2

r
$ = -cos 0.5(1)2 - sin 0.5(1) = -1.357 ft>s2

r
# = -sin 0.5(1) = -0.4974 ft>s2

r = 2 + cos 0.5 = 2.8776 ft

u
$

= 1 rad>s2u = 1 rad>su = 0.5 radt = 1 s

r
$ = -cos uu

#
2 - sin uu

$ u
$

= 1 rad>s2

r
# = -sin uu    u

#
= t

r = 2 + cos u    u = 0.5t2
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3 ft

r2 ft

·

u

u
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13–102. The amusement park ride rotates with a constant
angular velocity of . If the path of the ride is
defined by and ,
determine the r, , and z components of force exerted by
the seat on the 20-kg boy when .u = 120°

u
z = (3 cos u) mr = (3 sin u + 5) m

u
#

= 0.8 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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r

z

! 0.8 rad/s

u

u

Kinematics: Since the motion of the boy is known, ar, , and az will be determined
first. The value of r and its time derivatives at the instant are

Using the above time derivatives, we obtain

Also,

Equations of Motion: By referring to the free-body diagram of the boy shown in Fig. (a),

Ans.

Ans.

Ans.

Note: The negative signs indicate that Fr and act in the opposite sense to those
shown on the free-body diagram.

Fu

©Fz = maz;  Fz - 20(9.81) = 20(0.96)  Fz = 215 N

©Fu = mau;  Fu = 20(-1.92) = -38.4 N

©Fr = mar;  Fr = 20(-6.526) = -131 N

= 0.96 m>s2

 az = z
$ = -3(sin uu

$
+ cos uu

#
2) 2
u= 120°

= -3 Csin 120°(0) + cos 120°(0.82) Dz = 3 cos u m    z
# = -3 sin uu

#
 m>s

au = ru
$

+ 2r
#
u
#

= 7.598(0) + 2(-1.2)(0.8) = -1.92 m>s2

ar = r
$ - ru

#
2 = -1.663 - 7.598(0.82) = -6.526 m>s2

= 3 Ccos 120°(0) - sin 120°(0.82) D = -1.663 m>s2

r
$ = 3(cos uu

$
- sin uu

#
2)! u= 120°

r
# = 3 cos uu

#
! u= 120° = 3 cos 120°(0.8) = -1.2 m>sr = (3 sin u + 5)|u= 120° = 3 sin 120° + 5 = 7.598 m

u = 120°
au
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13–103. The airplane executes the vertical loop defined by
. If the pilot maintains a constant

speed along the path, determine the normal
force the seat exerts on him at the instant . The pilot
has a mass of 75 kg.

u = 0°
v = 120 m>sr2 = [810(103)cos 2u] m2

Kinematics: Since the motion of the airplane is known, ar and will be determined
first. The value of r and at are

and

and

The radial and transversal components of the airplane’s velocity are given by

Thus,

Substituting the result of into , we obtain

Since and are always directed along the tangent, then the tangent of the
path at coincide with the axis, Fig. (a). As a result , Fig. (b),
because is constant. Using the results of and , we have

Equations of Motion: By referring to the free-body diagram of the pilot shown in
Fig. (c),

Ans. N = 2864.25 N = 2.86 kN

 + c ©Fr = mar;   -N - 75(9.81) = 75(-48)

ar = r
$ - ru

#
2 = -32 - 900(1.13332) = -48 m>s2

u
#

r
$

v
au = at = 0uu = 0°

vv = vu

r
$ = -1800(0.13332) = -32 m>s2

r
$

u
#

u
#

= 0.1333 rad>s2

120 = 900u
#

v = vu

vr = r
# = 0  vu = ru

#
= 900u

#

= -1800u
#
2

=
-810(103) Csin 0°u

$
+ 2 cos 0°u

#
2 D - 0

900

r
$ =

-810(103) Csin 2uu
$

+ 2 cos 2uu
#
2 D - r

# 2

r
`
u= 0°

rr
$ + r

# 2 = -810(103) Csin 2uu
$

+ 2 cos 2uu
#
2 D

r
# =

-810(103) sin 2uu
#

r
2
u= 0°

=
-810(103) sin 0°u

900
= 0

2rr
# = -810(103) sin 2u(2u

#
)

r = 900 m

r2 = 810(103) cos 2u! u= 0° = 810(103) cos 0°

u = 0°u
au
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r

r2 ! [810(103) cos 2 u]m2

u
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*13–104. A boy standing firmly spins the girl sitting on a
circular “dish” or sled in a circular path of radius 
such that her angular velocity is . If the attached
cable OC is drawn inward such that the radial coordinate r
changes with a constant speed of determine
the tension it exerts on the sled at the instant .The sled
and girl have a total mass of 50 kg. Neglect the size of the girl
and sled and the effects of friction between the sled and ice.
Hint: First show that the equation of motion in the 
direction yields . When
integrated, , where the constant C is determined from
the problem data.

r2u
#

= C
au = ru

$
+ 2r

#
u
#

= (1>r) d>dt(r2u
#
) = 0

u

r = 2 m
r
# =  -0.5 m>s,

u
#
0 = 0.1 rad>s r0 = 3 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equations of Motion: Applying Eq.13–9, we have

Q.E.D.

Thus, . Then, . At , .

Hence, ,

Here, and . Applying Eqs. 12–29, we have

At , . Then

Ans. T = 5.66 N

 ©Fr = mar; -T cos 26.57° = 50(-0.10125)

f = tan- 1 a1
2
b = 26.57°r = 2 m

ar = r
$ - ru

#
2 = 0 - 2 A0.2252 B = -0.10125 m>s2

r
$ = 0r

# = -0.5 m>sA22 Bu# = A32 B(0.1) u
#

= 0.225 rad>sr = 2 m

u
#

= u
#
0 = 0.1 rad>sr = r0 = 3 mr2 u

#
= CL

d Ar2u
# B

dt
= C

 Aru$ + 2r
#
u
# B = 1

r
 
d Ar2u

# B
dt

= 0

 ©Fu = mau;  0 = 50 Aru$ + 2r
#
u
# B

C

u

O
r ! 2 m

r ! 3 m

1 m
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13–105. The smooth particle has a mass of It is
attached to an elastic cord extending from O to P and due to
the slotted arm guide moves along the horizontal circular
path If the cord has a stiffness

and an unstretched length of 0.25 m, determine
the force of the guide on the particle when The
guide has a constant angular velocity u

#
= 5 rad>s.

u = 60°.
k = 30 N>mr = 10.8 sin u2 m.

80 g.

At 

Ans.

 NP = 12.1 N

 F = 7.67 N

 a+ ©Fu = mau; F - NP sin 30° = 0.08(20)

Q+ ©Fr = m ar; -13.284 + NP cos 30° = 0.08(-34.641)

Fs = ks;  Fs = 30(0.6928 - 0.25) = 13.284 N

au = ru
$

+ 2 r
#
u
#

= 0 + 2(2)(5) = 20

 ar = r
$ - r(u

#
)2 = -17.321 - 0.6928(5)2 = -34.641

r
$ = -17.321

r
# = 2

u = 60°, r = 0.6928

u
#

= 5, u
$

= 0

r
$ = -0.8 sin u (u

#
)2 + 0.8 cos uu

$
r
# = 0.8 cos u u

#
r = 0.8 sin u
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P

r

O

u ! 5 rad/s ·0.4 m

u
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13–106. Solve Prob. 13–105 if when 
and u = 60°.

u
#

= 5 rad>su
$

= 2 rad>s2

At 

Ans.

 NP = 12.2 N

 F = 7.82 N

 +a©Fu = mau; F - NP sin 30° = 0.08(21.386)

Q+ ©Fr = m ar; -13.284 + NP cos 30° = 0.08(-33.841)

Fs = ks;  Fs = 30(0.6928 - 0.25) = 13.284 N

au = r u
$

+ 2 r
#
u
#

= 0.6925(2) + 2(2)(5) = 21.386

 ar = r
$ - r(u

#
)2 = -16.521 - 0.6928(5)2 = -33.841

 r
$ = -16.521

 r
# = 2

u = 60°, r = 0.6928

u
#

= 5, u
$

= 2

r
$ = -0.8 sin u (u

#
)2 + 0.8 cos uu

$
r
# = 0.8 cos u u

#
r = 0.8 sin u

P

r

O

u ! 5 rad/s ·0.4 m

u
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13–107. The 1.5-kg cylinder C travels along the path
described by . If arm OA rotates
counterclockwise with a constant angular velocity of

, determine the force exerted by the smooth slot
in arm OA on the cylinder at the instant . The spring
has a stiffness of 100 N m and is unstretched when  .
The cylinder is in contact with only one edge of the slotted
arm. Neglect the size of the cylinder. Motion occurs in the
horizontal plane.

u = 30°> u = 60°
u
#

= 3 rad>s r = (0.6 sin u) m

Kinematics: Since the motion of cylinder C is known, ar and will be determined first.
The values of r and its time derivatives at the instant are evaluated below.

Using the above time derivatives,

Free-Body Diagram: From the geometry shown in Fig. (a), we notice that .
The force developed in the spring is given by 

. The free-body diagram of the cylinder
C is shown in Fig. (b).

Equations of Motion: By referring to Fig. (a),

Ans. FOA = 12.68 N = 12.7 N

 a+ ©Fu = mau;   FOA - 9.159 sin 30° = 1.5(5.4)

 N = 9.159 N

 +Q©Fr = mar;   N cos 30° - 21.96 = 1.5(-9.353)

= 100(0.6 sin 60° - 0.6 sin 30°) = 21.96 N
Fsp = ks
a = 30°

au = ru
$

+ 2r
#
u
#

= 0.5196(0) + 2(0.9)(3) = 5.4 m>s2

ar = r
$ - ru

#
2 = -4.677 - 0.5196(32) = -9.353 m>s2

r
$ = 0.6(cos uu

$
- sin u Au# B2) 2

u= 60°
= 0.6 ccos 60°(0) - sin 60° A32 B d = -4.677 m>s2

r
# = 0.6 cos uu

#
! u= 60° = 0.6 cos 60°(3) = 0.9 m>sr = 0.6 sin u|u= 60° = 0.6 sin 60° = 0.5196 m

u = 60°
au
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A

O

C

r ! 0.6 sin u 

uu, u

91962_02_s13_p0177-0284  6/8/09  10:53 AM  Page 263



264

*13–108. The 1.5-kg cylinder C travels along the path
described by . If arm OA is rotating
counterclockwise with an angular velocity of ,
determine the force exerted by the smooth slot in arm OA on
the cylinder at the instant . The spring has a stiffness
of 100 N m and is unstretched when  .The cylinder is
in contact with only one edge of the slotted arm. Neglect the
size of the cylinder. Motion occurs in the vertical plane.

u = 30°> u = 60°

u
#

= 3 rad>sr = (0.6 sin u) m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Kinematics: Since the motion of cylinder C is known, ar and will be determined first.
The values of r and its time derivatives at the instant are evaluated below.

Using the above time derivatives,

Free-Body Diagram: From the geometry shown in Fig. (a), we notice that 
and . The force developed in the spring is given by 

. The free-body diagram of the cylinder
C is shown in Fig. (b).

Equations of Motion: By referring to Fig. (a),

Ans. FOA = 27.4 N

 a+ ©Fu = mau;  FOA - 1.5(9.81) sin 30° - 23.87 sin 30° = 1.5(5.4)

 N = 23.87 N

 +Q©Fr = mar;  N cos 30° - 21.96 - 1.5(9.81) cos 30° = 1.5(-9.353)

= 100(0.6 sin 60° - 0.6 sin 30°) = 21.96 N
Fsp = ksb = 30°
a = 30°

au = ru
$

+ 2r
#
u
#

= 0.5196(0) + 2(0.9)(3) = 5.4 m>s2

ar = r
$ - ru

#
2 = -4.677 - 0.5196(32) = -9.353 m>s2

r
$ = 0.6(cos uu

$
- sin u Au# B2) 2

u= 60°
= 0.6 ccos 60°(0) - sin 60° A32 B d = -4.677 m>s2

r
# = 0.6 cos uu

#
! u= 60° = 0.6 cos 60°(3) = 0.9 m>sr = 0.6 sin u|u= 60° = 0.6 sin 60° = 0.5196 m

0 = 60°
au

A

O

C

r ! 0.6 sin u 

uu, u

•13–109. Using air pressure, the 0.5-kg ball is forced to
move through the tube lying in the horizontal plane and
having the shape of a logarithmic spiral. If the tangential
force exerted on the ball due to air pressure is 6 N,
determine the rate of increase in the ball’s speed at the
instant .Also, what is the angle from the extended
radial coordinate r to the line of action of the 6-N force?

cu = p>2
Ans.

Ans.©Ft = mat; 6 = 0.5at at = 12 m>s2

tan c = r
dr>du = 0.2e0.1 u

0.02e0.1u = 10  c = 84.3°

F ! 6 Nu

r ! 0.2e0.1u

r
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13–110. The tube rotates in the horizontal plane at a
constant rate of If a 0.2-kg ball B starts at the
origin O with an initial radial velocity of and
moves outward through the tube, determine the radial and
transverse components of the ball’s velocity at the instant it
leaves the outer end at C, Hint: Show that 
the equation of motion in the r direction is 
The solution is of the form Evaluate the
integration constants A and B, and determine the time t
when Proceed to obtain and vu .vrr = 0.5 m.

r = Ae-4t + Be4t.
r
$ - 16r = 0.

r = 0.5 m.

r
# = 1.5 m>su

#
= 4 rad>s.

Solving this second-order differential equation,

(1)

(2)

At , , :

From Eq. (1) at ,

Using Eq. (2),

At :

Ans.

Ans.vu = ru
#

= 0.5(4) = 2 m>s vt = r = 2.50 m>sr
# = 1.5 cos h[4(0.275)]

t = 0.275 s

r
# = 8(0.1875)a e- 4t + e4t

2
b = 8(0.1875)(cos h(4t))

r
# = 4(0.1875) Ae- 4t + e4t B

t = 1
4

 sin h- 1(1.333) t = 0.275 s

1.333 = sin h(4t)

2.667
2

=
(-e- 4t + e4t)

2

0.5 = 0.1875 A -e- 4t + e4t Br = 0.5 m

A = -0.1875 B = 0.1875

0 = A + B 1.5
4

= -A + B

r
# = 1.5r = 0t = 0

r
# = -4Ae- 4t + 4Be4t

r = Ae- 4t + Be4t

 r
$ - 16r = 0

 ©Fr = mar; 0 = 0.2 Cr$ - r(4)2 Du
#

= 4 u
$

= 0

r

Bx

y

z

0.5 m

 · ! 4 rad/s

C

O

u

u

91962_02_s13_p0177-0284  6/8/09  10:53 AM  Page 265



266

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

13–111. The pilot of an airplane executes a vertical 
loop which in part follows the path of a cardioid,

. If his speed at A ( ) is a
constant , determine the vertical force the
seat belt must exert on him to hold him to his seat when
the plane is upside down at A. He weighs 150 lb.

vP = 80 ft>s u = 0°r = 600(1 + cos u) ft

Ans.+ c ©Fr = mar; N - 150 = a 150
32.2
b(-8) N = 113 lb

au = ru
$

+ 2r
#
u
#

= 0 + 0 = 0

ar = r
$ - ru

#
2 = -600(0.06667)2 - 1200(0.06667)2 = -8 ft>s2

0 = 0 + 0 + 2r2 uu
$ u

$
= 0

2vpvp = 2rr
$ + 2aru

# b ar
#
u + ru

$b
(80)2 = 0 + a1200u

# b2 u
#

= 0.06667

y2
p = r

# 2 + aru
# b2

r
$ = -600 sin uu

$
- 600 cos uu

#
2! u= 0° = -600u

#
2

r
# = -600 sin uu

#
! u= 0° = 0

r = 600(1 + cos u)|u= 0° = 1200 ft

A

u

ur ! 600 (1 + cos   ) ft

*13–112. The 0.5-lb ball is guided along the vertical circular
path using the arm OA. If the arm has an
angular velocity and an angular acceleration

at the instant , determine the force of
the arm on the ball. Neglect friction and the size of the ball.
Set .rc = 0.4 ft

u = 30°u
$

= 0.8 rad>s2
u
#

= 0.4 rad>sr = 2rc cos u

At , , and 

Ans. FOA = 0.300 lb

 a+ ©Fu = mau; FOA + 0.2790 sin 30° - 0.5 cos 30° = 0.5
32.2

(0.4263)

+Q©Fr = mar; N cos 30° - 0.5 sin 30° = 0.5
32.2

 (-0.5417) N = 0.2790 lb

au = ru
$

+ 2r
#
u
#

= 0.6928(0.8) + 2(-0.16)(0.4) = 0.4263 ft>s2

ar = r
$ - ru

#
2 = -0.4309 - 0.6928(0.4)2 = -0.5417 ft>s2

r
$ = -0.8 cos 30°(0.4)2 - 0.8 sin 30°(0.8) = -0.4309 ft>s2

r
# = -0.8 sin 30°(0.4) = -0.16 ft>sr = 0.8 cos 30° = 0.6928 ft

u
$

= 0.8 rad>s2u
#

= 0.4 rad>su = 30°

r
$ = -0.8 cos uu

#
2 - 0.8 sin uu

$
r
# = -0.8 sin uu

#
r = 2(0.4) cos u = 0.8 cos u

P

r

u

A

O

rc
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•13–113. The ball of mass m is guided along the vertical
circular path using the arm OA. If the arm has
a constant angular velocity , determine the angle 
at which the ball starts to leave the surface of the
semicylinder. Neglect friction and the size of the ball.

u … 45°u
#
0

r = 2rc cos u

Since is constant, .

Ans. tan u =
4rc u

#
2
0

g
  u = tan- 1¢4rc u

#
2
0

g
≤ +Q©Fr = mar; -mg sin u = m(-4rc cos uu

#
2
0)

ar = r
$ - ru

#
2 = -2rc cos uu

#
2
0 - 2rc cos uu

#
2
0 = -4rc cos uu

#
2
0

u
$

= 0u
#

r
$ = -2rc cos uu

#
2 - 2rc sin uu

$
r
# = -2rc sin uu

#
r = 2rc cos u

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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P

r

u

A

O

rc

13–114. The ball has a mass of 1 kg and is confined to
move along the smooth vertical slot due to the rotation of
the smooth arm OA. Determine the force of the rod on the
ball and the normal force of the slot on the ball when

. The rod is rotating with a constant angular velocity
. Assume the ball contacts only one side of the

slot at any instant.
u
#

= 3 rad>su = 30°

Kinematics: Here, and . Taking the required time derivatives at
, we have

Applying Eqs. 12–29, we have

Equations of Motion:

Ans.

Ans. FOA = 19.3 N

 +Q©Fu = mau; FOA - 1(9.81) cos 30° - 9.664 sin 30° = 1(6.00)

 N = 9.664 N = 9.66 N

 a+ ©Fr = mar; Ncos 30° - 1(9.81) sin 30° = 1(3.464)

au = ru
$

+ 2r
#
u
#

= 0.5774(0) + 2(1.00)(3) = 6.00m>s2

ar = r
$ - ru

#
2 = 8.660 - 0.5774 A32 B = 3.464 m>s2

 r
$ = 0.5 c tan u sec uu

$
+ Asec3 u + tan2u sec u B  u# 2 d 2

u= 30°
= 8.660 m>s2

 r
# = 0.5 sin u

cos2 u
 u
#

= 0.5 tan u sec uu
# 2
u= 30°

1.00 m>s
 r = 0.5

cos u
2
u= 30°

= 0.5774 m

u = 30°
u
$

= 0u
#

= 3 rad>s

0.5 m

O

u
u! 2 rad/s

A

r
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13–115. Solve Prob. 13–114 if the arm has an angular
acceleration of when at .u = 30°u

#
= 3 rad>su

$
= 2 rad>s2

Kinematics: Here, and . Taking the required time
derivatives at , we have

Applying Eqs. 12–29, we have

Equations of Motion:

Ans.

Ans. FOA = 20.9 N

 ©Fu = mau; FOA - 1(9.81)cos 30° - 10.43 sin30° = 1(7.155)

 N = 10.43 N = 10.4 N

 ©Fr = mar; Ncos 30° - 1(9.81)sin 30° = 1(4.131)

au = ru
$

+ 2r
#
u
#

= 0.5774(2) + 2(1.00)(3) = 7.155 m>s2

ar = r
$ - ru

#
2 = 9.327 - 0.5774 A32 B = 4.131 m>s2

 r
$ = 0.5 c  tan u sec uu

$
+ Asec2 u + tan2u sec u B  u# 2 d 2

u= 30°
= 9.327 m>s2

 r
# = 0.5 sin u

cos2u
 u
#

= 0.5 tan u sec uu
# 2
u= 30°

= 1.00 m>s
 r = 0.5

cos u
2
u= 30°

= 0.5774 m

u = 30°
u
$

= 2 rad>s2u
#

= 3 rad>s
0.5 m

O

u
u! 2 rad/s

A

r
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*13–116. Prove Kepler’s third law of motion. Hint: Use
Eqs. 13–19, 13–28, 13–29, and 13–31.

From Eq. 13–19,

For and ,

Eliminating C, from Eqs. 13–28 and 13–29,

From Eq. 13–31,

Thus,

Q.E.D.T2 = a 4p2

GMs
ba3

4p2a3

T2h2 =
GMs

h2

b2 = T2h2

4p2a2

T = p
h

 (2a)(b)

2a
b2 =

2GMs

h2

1
ra

= -C +
GMs

h2

1
rp

= C +
GMs

h2

u = 180°u = 0°

1
r

= C cos u +
GMs

h2
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•13–117. The Viking explorer approaches the planet Mars
on a parabolic trajectory as shown.When it reaches point A its
velocity is 10 Mm h. Determine and the required velocity
at A so that it can then maintain a circular orbit as shown.The
mass of Mars is 0.1074 times the mass of the earth.

r0>

When the Viking explorer approaches point A on a parabolic trajectory, its velocity
at point A is given by

Ans.

When the explorer travels along a circular orbit of , its velocity is

Thus, the required sudden decrease in the explorer’s velocity is

Ans. = 814 m>s
 = 10(106)a 1

3600
b - 1964.19

 ¢vA = vA - vA¿

 = 1964.19 m>s
 vA¿ = AGMr

r0
= D66.73(10- 12) C0.1074(5.976)(1024) D

11.101(106)

r0 = 11.101(106) m

r0 = 11.101(106) m = 11.1 Mm

B10(106) 
m
h
R ¢ 1 h

3600 s
≤ = D2(66.73)(10- 12) C0.1074(5.976)(1024) D

r0

vA = A2GMM

r0

A

r0
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13–118. The satellite is in an elliptical orbit around the
earth as shown. Determine its velocity at perigee P and
apogee A, and the period of the satellite.

AP

2 Mm
8 Mm

Here,

and 

Ans.

Using the result of vp, we have

Ans.

Thus,

Ans.= 12 075.71 s = 3.35 hr

= p

64.976(109)
 C8.378(106) + 14.378(106) D28.378(106)(14.378)(106)

T = p
h

 Arp + ra B2rp ra

 = 64.976(109) m2>sh = rp vp = 8.378(106)(7755.53)

vA = va = 4519.12 m>s = 4.52 km>sh = 8.378(106)(7755.53 m>s) = 14.378(106)va

h = rp vp = ra va

vp = v0 = 7755.53 m>s = 7.76 km>s
14.378(106) =

8.378(106)

2(66.73)(10- 12)(5.976)(1024)

8.378(106)v0 
2

- 1

ra =
r0

2GMe

r0v2
0

- 1

= 14.378(106) m

ra = 8(106) + 6378(103)

r0 = rp = 2(106) + 6378(103) = 8.378(106) m
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13–119. The satellite is moving in an elliptical orbit with an
eccentricity . Determine its speed when it is at its
maximum distance A and minimum distance B from the earth.

e = 0.25

.

where .

Ans.

Ans.vA =
rp

ra
 vB =

8.378(106)

13.96(106)
 (7713) = 4628 m>s = 4.63 km>s

ra =
r0

2GMe

r0 v0
- 1

=
8.378(106)

2(66.73)(10- 12)(5.976)(1024)

8.378(106)(7713)2
- 1

= 13.96 A106 B  m
vB = v0 = C66.73(10- 12)(5.976)(1024)(0.25 + 1)

8.378(106)
= 7713 m>s = 7.71 km>s

r0 = rp = 2 A106 B + 6378 A103 B = 8.378 A106 B  m
r0 v2

0

GMe
= e + 1 v0 = BGMe (e + 1)

r0

e = ¢ r0 v2
0

GMe
- 1≤e = 1

GMe r0
 ¢1 -

GMe

r0 v2
0
≤  (r0 v0)2

where C = 1
r0

 ¢1 -
GMe

r0v2
0
≤  and h = r0 v0

e = Ch2

GMe
 

BA 2 Mm
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*13–120. The space shuttle is launched with a velocity of
17 500 mi/h parallel to the tangent of the earth’s surface at
point P and then travels around the elliptical orbit. When
it reaches point A, its engines are turned on and its
velocity is suddenly increased. Determine the required
increase in velocity so that it enters the second elliptical
orbit. Take , slug,
and , where 5280 ft mi.=re = 3960 mi

Me = 409(1021)G = 34.4(10- 9) ft4>lb # s4

P¿

4500 mi

1500 mi

P A

For the first elliptical orbit,

and 

Using the results of rp and vp,

Since is constant,

When the shuttle enters the second elliptical orbit,

and .

Since is constant,

Thus, the required increase in the shuttle’s speed at point A is

Ans. = 1812.03 ft>s = 1812 ft>s ¢vA = vA¿ - vA = 14 174.44 - 12 362.40

va¿ = 14 174.44 ft>s59.854(106)va¿ = 848.40(109)

ra¿ va¿ = h¿

h¿ = rP¿ vP¿ = 44.6688(106)(18 993.05) = 848.40(109) ft2>svP¿ = 18 993.05 ft>s
59.854(106) =

44.6688(106)

2(34.4)(10- 9)(409)(1021)

44.6688(106)avP¿ b2 - 1

ra¿ =
rP¿

2GMe

rP¿ avP¿ b2 - 1

ra¿ = ra = 59.854(106) ft8460 mi¢5280 ft
1 mi

≤ = 44.6688(106) ft

rP¿ = 4500 + 3960 =

 va = 12 362.40 ft>s 59.854(106)va = 739.94(109)

ra va = h

h = rP vP = 28.8288(106)(25666.67) = 739.94(109) ft2>s = 59.854(106) ft>s
 ra =

rP

2GMe

rp vP 
2 - 1

=
28.8288(106)

2(34.4)(10- 9)(409)(1021)

28.8288(106)(25666.672)
- 1

vP = a17500 
mi
h
b a 5280 ft

1 mi
b a 1h

3600 s
b = 25 666.67 ft>s

rP = 1500 + 3960 = (5460 mi)a5280 ft
1 mi

b = 28.8288(106) ft
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•13–121. Determine the increase in velocity of the space
shuttle at point P so that it travels from a circular orbit to an
elliptical orbit that passes through point A. Also, compute
the speed of the shuttle at A.

When the shuttle is travelling around the circular orbit of radius
, its speed is

When the shuttle enters the elliptical orbit, and
.

Thus, the required increase in speed for the shuttle at point P is

Ans.

Since is constant,

Ans.vA = 4519.11 m>s = 4.52 km>s14.378(106)va = 64.976(109)

ra va = h

h = rp vp = 8.378(106)(7755.54) = 64.976(109) m2>s¢vp = vp - vo = 7755.54 - 6899.15 = 856.39 m>s = 856 m>s
vp = 7755.54 m>s
14.378(106) =

8.378(106)

2(66.73)(10- 12)(5.976)(1024)

8.378(106)vp 
2

- 1

ra =
rp

2GMe

rp vp 
2 - 1

ra = 8(106) + 6378(103) = 14.378(106) m
rp = ro = 8.378(106) m

vo = BGMe

ro
= B66.73(10- 12)(5.976)(1024)

8.378(106)
= 6899.15 m>s

ro = 2(106) + 6378(103) = 8.378(106) m 8 Mm
2 Mm

AP

13–122. The rocket is in free flight along an elliptical
trajectory The planet has no atmosphere, and its
mass is 0.60 times that of the earth. If the orbit has the
apoapsis and periapsis shown, determine the rocket’s velocity
when it is at point A. Take 

1 mi = 5280 ft.Me = 409110212 slug,
G = 34.4110-921lb # ft22>slug2,

A¿A.

Ans.v0 = 23.9 A103 B  ft>s
v0 = R 2GMP

OAa OA
OA¿ + 1b = R2(34.4)(10- 9)(245.4)(1021)

21.12(106)a21.12
52.80

+ 1b

OA¿ = OA¢2GMp

OAv2
0

- 1≤MP = A409 A1021 B B(0.6) = 245.4 A1021 B  slug

OA¿ = (10 000)(5280) = 52.80 A106 B ftr0 = OA = (4000)(5280) = 21.12 A106 B  ft
A¿

r ! 2000 mi
B

OA

4000 mi 10 000 mi
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13–123. If the rocket is to land on the surface of the planet,
determine the required free-flight speed it must have at 
so that the landing occurs at B. How long does it take for the
rocket to land, in going from to B? The planet has no
atmosphere, and its mass is 0.6 times that of the earth.
Take 
1 mi = 5280 ft.

Me = 409110212 slug,G = 34.4110-921lb # ft22>slug2,

A¿

A¿

Ans.

Thus,

Ans.t = T
2

= 6.10 A103 B  s = 1.69 h

T = 12.20 A103 B  sT =
p(10.56 + 52.80)(106)

385.5(109)
 A2(10.56)(52.80) B A106 B

h = (OB)(v0) = 10.56 A106 B36.50 A103 B = 385.5 A109 BT = p
h

 (OB + OA¿) 2(OB)(OA¿)

vA¿ = 7.30 A103 B  ft>svA¿ =
10.56(106)36.50(103)

52.80(106)

vA¿ =
OBv0

OA¿

v0 = 36.50 A103 B  ft>s (speed at B)

v0 = S 2GMP

OBa OB
OA¿ + 1b = S2(34.4(10- 9))245.4(1021)

10.56(106)a10.56
52.80

+ 1b

OA¿ = OB¢2GMP

OBv2
0

- 1≤OA¿ = (10 000)(5280) = 52.80 A106 B  ft OB = (2000)(5280) = 10.56 A106 B  ftMP = 409 A1021 B(0.6) = 245.4 A1021 B  slug
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A¿
r ! 2000 mi

B
OA

4000 mi 10 000 mi
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*13–124. A communications satellite is to be placed into
an equatorial circular orbit around the earth so that it
always remains directly over a point on the earth’s surface.
If this requires the period to be 24 hours (approximately),
determine the radius of the orbit and the satellite’s velocity.

Ans.

Ans.v =
2p(42.25)(106)

24(3600)
= 3.07 km>s

r = 42.25(106) m = 42.2 Mm

66.73(10- 12)(5.976)(1024)C 2p
24(3600)

D2 = r3

GMe

r
= B 2pr

24(3600)
R2

GMe

r
= v2

GMeMs

r2 =
Ms v2

r

•13–125. The speed of a satellite launched into a
circular orbit about the earth is given by Eq. 13–25.
Determine the speed of a satellite launched parallel to
the surface of the earth so that it travels in a circular orbit
800 km from the earth’s surface.

For a 800-km orbit

Ans. = 7453.6 m>s = 7.45 km>s
 v0 = B66.73(10- 12)(5.976)(1024)

(800 + 6378)(103)

91962_02_s13_p0177-0284  6/8/09  10:58 AM  Page 276



277

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

13–126. The earth has an orbit with eccentricity
around the sun. Knowing that the earth’s

minimum distance from the sun is , find the
speed at which a rocket travels when it is at this distance.
Determine the equation in polar coordinates which
describes the earth’s orbit about the sun.

151.3(106) km
e = 0.0821

Ans.

Ans.
1
r

= 0.502(10- 12) cos u + 6.11(10- 12)

1
r

= 1
151.3(109)

 a1 -
66.73(10- 12)(1.99)(1030)

151.3(109)(30818)2 bcos u +
66.73(10- 12)(1.99)(1030)C151.3(109) D2 (30818)2

1
r

= 1
r0

 a1 -
GMS

r0 y2
0
bcos u +

GMS

r2
0y

2
0

  = B66.73(10- 12)(1.99)(1030)(0.0821 + 1)
151.3(109)

= 30818 m>s = 30.8 km>s
 y0 = BGMS (e + 1)

r0

e = 1
GMS r0

 ¢1 -
GMS

r0 y2
0
≤(r0y0)2  e = ¢ r0 y2

0

GMS
- 1≤  r0y

2
0

GMS
= e + 1

e = Ch2

GMS
 where C = 1

r0
 ¢1 -

GMS

r0 y2
0
≤  and h = r0 y0

13–127. A rocket is in a free-flight elliptical orbit about the
earth such that the eccentricity of its orbit is e and its perigee
is . Determine the minimum increment of speed it should
have in order to escape the earth’s gravitational field when it
is at this point along its orbit.

r0

To escape the earth’s gravitational field, the rocket has to make a parabolic
trajectory.

Parabolic Trajectory:

Elliptical Orbit:

Ans. ¢y = A2GMe

r0
- AGMe (e + 1)

r0
= AGMe

r0
 a22 - 21 + eb

 
r0 y2

0

GMe
= e + 1 y0 = BGMe (e + 1)

r0

 e = a r0 y2
0

GMe
- 1b

 e = 1
GMe r0

 ¢1 -
GMe

r0 y2
0
≤(r0 y0)2

 e = Ch2

GMe
 where C = 1

r0
 ¢1 -

GMe

r0y
2
0
≤  and h = r0 y0

ye = A2GMe

r0
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*13–128. A rocket is in circular orbit about the earth at an
altitude of Determine the minimum increment
in speed it must have in order to escape the earth’s
gravitational field.

h = 4 Mm.
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Circular Orbit:

Parabolic Orbit:

Ans.¢v = 2.57 km>s¢v = ve - vC = 8766.4 - 6198.8 = 2567.6 m>s
ve = A2GMe

r0
= B2(66.73)(10- 12)5.976(1024)

4000(103) + 6378(103)
= 8766.4 m>s

vC = AGMe

r0
= B66.73(10- 12)5.976(1024)

4000(103) + 6378(103)
= 6198.8 m>s

•13–129. The rocket is in free flight along an elliptical
trajectory . The planet has no atmosphere, and its mass
is 0.70 times that of the earth. If the rocket has an apoapsis
and periapsis as shown in the figure, determine the speed of
the rocket when it is at point A.

A¿A

6 Mm 9 Mm

BA A¿

r ! 3 Mm

O

Central-Force Motion: Use , with and

, we have

Ans. yP = 7471.89 m>s = 7.47 km>s
 9 A106 B =

6(10)6¢2(66.73) (10-12) (0.7) [5.976(1024)]

6(106)y2
P

≤ - 1

M = 0.70Me

r0 = rp = 6 A106 B  mra =
r0

(2 GM>r0 y2
0 B -1
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13–130. If the rocket is to land on the surface of the
planet, determine the required free-flight speed it must
have at so that it strikes the planet at B. How long does
it take for the rocket to land, going from to B along an
elliptical path? The planet has no atmosphere, and its mass
is 0.70 times that of the earth.

A¿
A¿

6 Mm 9 Mm

BA A¿

r ! 3 Mm

O

Central-Force Motion: Use , with ,

, and . We have

Applying Eq. 13–20, we have

Ans.

Eq. 13–20 gives . Thus, applying
Eq.13–31, we have

The time required for the rocket to go from to B (half the orbit) is given by

Ans.t = T
2

= 2763.51 s = 46.1 min

A¿

 = 5527.03 s

 = p

35.442(109)
 C(9 + 3) A106 B D23(106) 9 (106)

 T = p
6

 ArP + rA B  2rP rA

h = rp yp = 3 A106 B  (11814.08) = 35.442 A109 B  m2>s
yA = a rP

rA
byP = B3(106)

9(106)
R(11814.08) = 3938.03 m>s = 3.94 km>s

 yP = 11814.08 m>s
 9 A106 B =

3(106)¢2(66.73)(10-12) (0.7)[5.976(1024)]

3(106)y2
P

≤ - 1

M = 0.70Me=  3 A106 B  m r0 = rPrA = 9 A106 B  mrA =
r0A2GM>r0 y2

0 B - 1
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13–131. The satellite is launched parallel to the tangent of
the earth’s surface with a velocity of from an
altitude of 2 Mm above the earth as shown. Show that the
orbit is elliptical, and determine the satellite’s velocity when
it reaches point A.

v0 = 30 Mm>h

Here,

and 

and

The eccentricity of the satellite orbit is given by

Since , the satellite orbit is elliptical (Q.E.D.). at , we obtain

Since h is constant,

Ans.vA = 3441.48 m>s = 3.44 km>s20.287(106)vA = 69.817(109)

rAvA = h

rA = 20.287(106) m

1
rA

= 37.549(10-9) cos 150° +
66.73(10-12)(5.976)(1024)C69.817(109) D2

1
r

= C cos u +
GMe

h2

u = 150°r = rAe 6 1

e = Ch2

GMe
=

37.549(10-9) C69.817(109) D2
66.73(10-12)(5.976)(1024)

= 0.459

= 37.549(10-9) m-1

= 1

8.378(106)
 B1 -

66.73(10-12)(5.976)(1024)

8.378(106)(8333.332)
RC = 1

r0
 ¢1 -

GMe

r0 v0
 

 
2 ≤h = r0 v0 = 8.378(106)(8333.33) = 69.817(109) m2>s

v0 = c30(106) 
m
h
d a 1 h

3600 s
b = 8333.33m>s

r0 = 2(10 6) + 6378(10 3) = 8.378(106) m

A

P

2 Mm

v0 ! 30 Mm/h
u ! 150"
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*13–132. The satellite is in an elliptical orbit having an
eccentricity of . If its velocity at perigee is

, determine its velocity at apogee A and the
period of the satellite.
vP = 15 Mm>h e = 0.15

Here, .

(1)

and

(2)

Using the result of rp

Since is constant,

Ans.

Using the results of h, rA, and rP,

Ans. = 54 508.43 s = 15.1 hr

 = p

110.06(109)
 C26.415(106) + 35.738(106) D226.415(106)(35.738)(106)

 T = p
6

 ArP + rA B2rP rA

vA = 3079.71 m>s = 3.08 km>s35.738(106)vA = 110.06(109)

rA vA = h

h = rP vP = 26.415(106)(4166.672) = 110.06(109) m2>s = 35.738(106) m

 =
26.415(106)

2(66.73)(10-12)(5.976)(1024)

26.415(106)(4166.672)
- 1

 rA =
rP

2GMe

rP vP 
2 - 1

rP = 26.415(106) m

0.15 =

1
rP
B1 -

22.97(106)
rP

R(4166.67 rP)2

66.73(10-12)(5.976)(1024)

e = Ch2

GMe

C = 1
rP

 B1 -
22.97(106)

rP
RC = 1

rp
 B1 -

66.73(10-12)(5.976)(1024)

rp(4166.672)
RC = 1

rP
 ¢1 -

GMe

rP vP 
2 ≤h = rP (4166.67) = 4166.67rp

h = rPvP

vP = c15(106) 
m
h
d a 1 h

3600 s
b = 4166.67 m>s

AP

15 Mm/h
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•13–133. The satellite is in an elliptical orbit. When it is at
perigee P, its velocity is , and when it reaches
point A, its velocity is and its altitude above
the earth’s surface is 18 Mm. Determine the period of the
satellite.

vA = 15 Mm>hvP = 25 Mm>h
AP

vP ! 25 Mm/h

18 Mm

Here,

and 

Since h is constant and ,

Using the results of h, rA, and rP,

Ans. = 4301 58.48 s = 119 h

 = p

101.575 A109 B C14.6268 A106 B + 24.378 A106 B D214.6268 A106 B(24.378) A106 B T = p
6

 ArP + rA B2rP rA

rP = 14.6268(106) m

rP (6944.44) = 101.575(109)

rP vP = h

vP = c25 A106 B  m
h
d a 1 h

3600 s
b = 6944.44 m>s

h = rA vA C24.378 A106 B D(4166.67) = 101.575 A109 B  m2>srA = 18 A106 B + 6378 A103 B = 24.378 A106 B  m
vA = c15 A106 Bm

h
d a 1 h

3600 s
b = 4166.67 m>s

13–134. A satellite is launched with an initial velocity
parallel to the surface of the earth.

Determine the required altitude (or range of altitudes)
above the earth’s surface for launching if the free-flight
trajectory is to be (a) circular, (b) parabolic, (c) elliptical,
and (d) hyperbolic.

v0 = 4000 km>h

(a) For circular trajectory,

Ans.

(b) For parabolic trajectory,

Ans.

(c) For elliptical trajectory,

Ans.

(d) For hyperbolic trajectory,

Ans.r 7 640 Mm

e 7 1

317 Mm 6 r 6 640 Mm

e 6 1

r = r0 - 6378 km = 640 A103 B  km = 640 Mm

y0 = A2GMe

r0
  r0 =

2GMe

y2
0

=
2(66.73)(10- 12)(5.976)(1024)

11112 = 646 A103 B  km

e = 1

r = r0 - 6378 km = 317 A103 B  km = 317 Mm

y0 = AGMe

r0
  r0 =

GMe

y2
0

=
(66.73)(10- 12)(5.976)(1024)

(1111)2 = 323(103) km

e = 0

y0 =
4000(103)

3600
= 1111 m>s
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13–135. The rocket is in a free-flight elliptical orbit about
the earth such that as shown. Determine its speed
when it is at point A. Also determine the sudden change in
speed the rocket must experience at B in order to travel in
free flight along the orbit indicated by the dashed path.

e = 0.76

9 Mm 8 Mm 5 Mm

ACB

(1)

(2)

Substituting Eq.(1) into (2) yields:

(3)

From Eq.(1),

Ans.

From Eq.(3),

From Eq. (1),

Ans.¢yB = 6458 - 8831 = -2374 m>s = -2.37 km>s
yB =

rp

ra
 yC =

8(106)

9(106)
 (7265) = 6458 m>s

yC = y0 = B66.73(10- 12)(5.976)(1024)(0.05882 + 1)

8(106)
= 7265 m>s

GMe

r0 y2
0

= 1
e + 1
 y0 = BGMe (e + 1)

r0

9(10)6 =
8(106)(e + 1)

1 - e
 e = 0.05882

ra =
r0 (e + 1)

1 - e

yA =
rp

ra
 yB =

9(106)

13(106)
 (8831) = 6113 m>s = 6.11 km>s 

yB = y0 = B66.73(10- 12)(5.976)(1024)(0.76 + 1)

9(106)
= 8831 m>s

GMe

r0 y2
0

= 1
e + 1
 y0 = AGMe (e + 1)

r0

ra =
r0

2 A 1
e + 1 B - 1

=
r0 (e + 1)

1 - e

ra =
r0

2GMe

r0 y2
0

- 1

r0 y2
0

GMe
= e + 1 or GMe

r0 y2
0

= 1
e + 1

e = ¢ r0 y2
0

GMe
- 1≤e = 1

GMe r0
 ¢1 -

GMe

r0 y2
0
≤(r0 y0)2

e = Ch2

GMe
 where C = 1

r0
 ¢1 -

GMe

r0y
2
0
≤  and h = r0 y0
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*13–136. A communications satellite is in a circular orbit
above the earth such that it always remains directly over a
point on the earth’s surface. As a result, the period of the
satellite must equal the rotation of the earth, which is
approximately 24 hours. Determine the satellite’s altitude h
above the earth’s surface and its orbital speed.

The period of the satellite around the circular orbit of radius
is given by

(1)

The velocity of the satellite orbiting around the circular orbit of radius
is given by

(2)

Solving Eqs.(1) and (2),

Ans.h = 35.87(106) m = 35.9 Mm   vS = 3072.32 m>s = 3.07 km>s
vS = C66.73(10-12)(5.976)(1024)

h + 6.378(106)
 

vS = CGMe

r0

r0 = h + re = Ch + 6.378(106) D  m
vs =

2p Ch + 6.378(106)

86.4(103)

24(3600) =
2p Ch + 6.378(106) D

vs

T =
2pr0

vs

r0 = h + re = Ch + 6.378(106) D  m

•13–137. Determine the constant speed of satellite S so
that it circles the earth with an orbit of radius .
Hint: Use Eq. 13–1.

r = 15 Mm

Ans.y = AG 
me

r
= B66.73(10- 12) a5.976(1024)

15(106)
b = 5156 m>s = 5.16 km>s

ms ay2
0

r
b = G 

ms me

r2

F = G 
ms me

r2  Also F = ms ay2
s

r
b Hence

S

r ! 15 Mm
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Ans.

Ans.UT = (744.4 cos 15°)(25) = 18.0 A103 B  ft #  lb

T = 744.4 lb = 744 lb

N = 1307 lb

+ c ©Fy = 0; N + Tsin 15° - 1500 = 0

:+ ©Fx = 0; Tcos 15° - 0.55N = 0

•14–1. A 1500-lb crate is pulled along the ground with a
constant speed for a distance of 25 ft, using a cable that
makes an angle of 15° with the horizontal. Determine the
tension in the cable and the work done by this force.
The coefficient of kinetic friction between the ground and
the crate is .mk = 0.55

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Work and Energy: Here, the bumper resisting force F does negative
work since it acts in the opposite direction to that of displacement. Since the boat is
required to stop, . Applying Eq. 14–7, we have

Ans. s = 1.05 ft

 
1
2

 a6500
32.2

b A32 B + c -Ls

0
3 A103 B  s3ds d = 0

 T1 + aU1-2 = T2

T2 = 0

14–2. The motion of a 6500-lb boat is arrested using a
bumper which provides a resistance as shown in the graph.
Determine the maximum distance the boat dents the
bumper if its approaching speed is .3 ft>s F(lb)

s(ft)

F ! 3(103)s3

v ! 3 ft/s

s

91962_03_s14_p0285-0354  6/8/09  9:40 AM  Page 285



286

Ans.v = 0.365 ft>s
3a3

4
b(0.05)

4
3 = 1

2
 a 20

32.2
bv2

0 + L
0.05

0
3s

1
3 ds = 1

2
 a 20

32.2
bv2

T1 + ©U1-2 = T2

14–3. The smooth plug has a weight of 20 lb and is pushed
against a series of Belleville spring washers so that the
compression in the spring is . If the force of the
spring on the plug is , where s is given in feet,
determine the speed of the plug after it moves away from
the spring. Neglect friction.

F = (3s1>3) lb
s = 0.05 ft
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The work done is measured as the area under the force–displacement curve. This
area is approximately 31.5 squares. Since each square has an area of ,

Ans.v2 = 2121 m>s = 2.12 km>s (approx.)

0 + C(31.5)(2.5) A106 B(0.2) D = 1
2

 (7)(v2)2

T1 + ©U1-2 = T2

2.5 A106 B(0.2)

*14–4. When a 7-kg projectile is fired from a cannon
barrel that has a length of 2 m, the explosive force exerted
on the projectile, while it is in the barrel, varies in the
manner shown. Determine the approximate muzzle velocity
of the projectile at the instant it leaves the barrel. Neglect
the effects of friction inside the barrel and assume the
barrel is horizontal.

15

10

5

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

F (MN)

s (m)

91962_03_s14_p0285-0354  6/8/09  9:40 AM  Page 286



287

Principle of Work and Energy: The spring force Fsp which acts in the opposite direction
to that of displacement does negative work. The normal reaction N and the weight of
the block do not displace hence do no work.Applying Eq. 14–7, we have

Ans. y = 3.58 m>s
 
1
2

 (1.5) A42 B + c -L0.2 m

0
900s2 ds d = 1

2
 (1.5) y2

 T1 + aU1-2 = T2

•14–5. The 1.5-kg block slides along a smooth plane and
strikes a nonlinear spring with a speed of . The
spring is termed “nonlinear” because it has a resistance of

, where . Determine the speed of the
block after it has compressed the spring .s = 0.2 m

k = 900 N>m2Fs = ks2

v = 4 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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v

k

Ans.d = 192 m

1
2

 m(22.22)2 - (1.286)m(d) = 0

T1 + ©U1-2 = T2

mkg = 1.286

1
2

 m(2.778)2 - mkmg(3) = 0

T1 + ©U1-2 = T2

10 km>h =
10 A103 B

3600
= 2.778 m>s  80 km>h = 22.22 m>s

14–6. When the driver applies the brakes of a light truck
traveling it skids 3 m before stopping. How far will
the truck skid if it is traveling when the brakes are
applied?

80 km>h10 km>h,
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Ans.s = 0.632 ft = 7.59 in.

0 + 2(6) - 1
2

 (5)(12)s2 = 0

T1 + ©U1-2 = T2

14–7. The 6-lb block is released from rest at A and slides
down the smooth parabolic surface. Determine the
maximum compression of the spring.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

2 ft

2 ft

k  ! 5 lb/in.

y !      x21––
2

Principle of Work and Energy: Referring to the free-body diagram of the 
ball bearing shown in Fig. a, notice that Fsp does positive work. The spring 
has an initial and final compression of and

.

Ans.vA = 10.5 m>s
0 + B1

2
 (2000)(0.05)2 - 1

2
 (2000)(0.03752)R = 1

2
 (0.02)vA 

2

0 + B1
2

 ks1 
2 - 1

2
 ks2 

2R = 1
2

 mvA 
2

T1 + ©U1-2 = T2

s2 = 0.1 - (0.05 + 0.0125) = 0.0375 m
s1 = 0.1 - 0.05 = 0.05 m

*14–8. The spring in the toy gun has an unstretched
length of 100 mm. It is compressed and locked in the
position shown. When the trigger is pulled, the spring
unstretches 12.5 mm, and the 20-g ball moves along the
barrel. Determine the speed of the ball when it leaves the
gun. Neglect friction.

150 mm
k ! 2 kN/m D A

B

50 mm
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Principle of Work and Energy: By referring to the free-body diagram of the collar,
notice that W, N, and do no work. However,

does positive work and and do negative work.

Ans.v = 4.00 m>s
0 + 150 cos 30°(0.2) + c - 1

2
 (300)(0.22) d + c - 1

2
(200)(0.22) d = 1

2
 (2)v2

T1 + ©U1-2 = T2

AFsp BCDAFsp BAB

Fx = 150 cos 30° NFy = 150 sin 30°

•14–9. Springs AB and CD have a stiffness of 
and , respectively, and both springs have an
unstretched length of 600 mm. If the 2-kg smooth collar starts
from rest when the springs are unstretched, determine the
speed of the collar when it has moved 200 mm.

k¿ = 200 N>m k = 300 N>m
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Free-Body Diagram: The normal reaction N on the car can be determined by
writing the equation of motion along the y axis. By referring to the free-body
diagram of the car, Fig. a,

Since the car skids, the frictional force acting on the car is 
.

Principle of Work and Energy: By referring to Fig. a, notice that only does work,Ff

Ff = mkN = 0.25(19620) = 4905N

+ c ©Fy = may;  N - 2000(9.81) = 2000(0)  N = 19 620 N

14–10. The 2-Mg car has a velocity of when
the driver sees an obstacle in front of the car. If it takes 0.75 s
for him to react and lock the brakes, causing the car to skid,
determine the distance the car travels before it stops. The
coefficient of kinetic friction between the tires and the road
is .mk = 0.25

v1 = 100 km>h

F = 150 N

k ! 300 N/m k¿ ! 200 N/m

600 mm 600 mm

D

C

A

B

30"

v1 ! 100 km/h

which is negative. The initial speed of the car is 

. Here, the skidding distance of the car is denoted as .

The distance traveled by the car during the reaction time is
. Thus, the total distance traveled by the car

before it stops is

Ans.s = s¿ + s– = 157.31 + 20.83 = 178.14 m = 178 m

s– = v1t = 27.78(0.75) = 20.83 m

s¿ = 157.31 m

1
2

 (2000)(27.782) + (-4905s¿) = 0

T1 + ©U1-2 = T2

s¿27.78 m>s v1 = c100(103) 
m
h
d a 1 h

3600 s
b  =
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Free-Body Diagram: The normal reaction N on the car can be determined by
writing the equation of motion along the y axis and referring to the free-body
diagram of the car, Fig. a,

Since the car skids, the frictional force acting on the car can be computed from
.

Principle of Work and Energy: By referring to Fig. a, notice that only does work,Ff

Ff = mkN = mk(19 620)

+ c ©Fy = may;  N - 2000(9.81) = 2000(0)  N = 19 620 N

14–11. The 2-Mg car has a velocity of 
when the driver sees an obstacle in front of the car. It takes
0.75 s for him to react and lock the brakes, causing the car to
skid. If the car stops when it has traveled a distance of 175 m,
determine the coefficient of kinetic friction between the
tires and the road.

v1 = 100 km>h
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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v1 ! 100 km/h

which is negative. The initial speed of the car is

. Here, the skidding distance of the car is .

The distance traveled by the car during the reaction time is
. Thus, the total distance traveled by the car

before it stops is

Ans.mk = 0.255

175 = 39.327
mk

+ 20.83

s = s¿ + s–

s– = v1t = 27.78(0.75) = 20.83 m

s¿ = 39.327
mk

1
2

 (2000)(27.782) + C -mk(19 620)s¿ D = 0

T1 + ©U1-2 = T2

s¿27.78 m>s v1 = c100(103) 
m
h
d a 1 h

3600 s
b  =
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Free-Body Diagram: The free-body diagram of the block in contact with both
springs is shown in Fig. a.When the block is brought momentarily to rest, springs (1)
and (2) are compressed by and , respectively.

Principle of Work and Energy: When the block is momentarily at rest, W which
displaces downward , does positive work, whereas

and both do negative work.

Solving for the positive root of the above equation,

Thus,

Ans.s1 = 5.72 in.    s2 = 5.720 - 3 = 2.72 in.

y = 5.720 in.

37.5y2 - 145y - 397.5 = 0

0 + 10(60 + y) + c - 1
2

 (30)y2 d + c - 1
2

 (45)(y - 3)2 d = 0

T1 + ©U1-2 = T2

AFsp B2AFsp B1 h = C5(12) + y D in. = (60 + y) in.

s2 = (y - 3)s1 = y

*14–12. The 10-lb block is released from rest at A.
Determine the compression of each of the springs after the
block strikes the platform and is brought momentarily to
rest. Initially both springs are unstretched. Assume the
platform has a negligible mass.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

k1 ! 30 lb/in.

k2 ! 45 lb/in.

5 ft

3 in.
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Block A:

Block B:

Use the system of both blocks. NA, NB, T, and R do no work.

When ,

Also,

Substituting and solving,

Ans.

vB = -1.54 ft>svA = 0.771 ft>s  

2vA = -vB

|¢sA| = 1 ft|¢sB| = 2 ft

2¢sA = - ¢sB

2sA + sB = l

(0 + 0) + 60 sin 60°|¢sA| - 40 sin 30°|¢sB| - 3|¢sA|-3.464|¢sB| = 1
2

 a 60
32.2
bv2

A + 1
2
a 40

32.2
bv2

B

T1 + ©U1-2 = T2

 FB = 0.1(34.64) = 3.464 lb

 NB = 34.64 lb

 +Q©Fy = may; NB - 40 cos 30° = 0

 FA = 0.1(30) = 3 lb

 NA = 30 lb

 +a©Fy = may; NA - 60 cos 60° = 0

14–13. Determine the velocity of the 60-lb block A if the
two blocks are released from rest and the 40-lb block B
moves 2 ft up the incline. The coefficient of kinetic friction
between both blocks and the inclined planes is mk = 0.10.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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60"

A
B

30" 
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Solving for the real root yields

Ans.s = 3.41 m

s3 - 5.6961 s - 20.323 = 0

40 + 13.33 s3 - 58.86 s - 3 s3 = 250

1
2

 (20)(2)2 + 4
5L

s

0
50 s2 ds - 0.3(196.2)(s) - 0.3L

s

0
30 s2 ds = 1

2
 (20) (5)2

T1 + ©U1-2 = T2

NB = 196.2 + 30 s2

 + c ©Fy = 0;  NB - 20(9.81) - 3
5

 (50 s2) = 0

14–14. The force F, acting in a constant direction on the
20-kg block, has a magnitude which varies with the position
s of the block. Determine how far the block slides before its
velocity becomes When the block is moving to
the right at The coefficient of kinetic friction
between the block and surface is mk = 0.3.

2 m>s.
s = 05 m>s.
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Ans.v = 3.77 m>s40 + 360 - 176.58 - 81 = 10 v2

1
2

 (20)(2)2 + 4
5L

3

0
50 s2 ds - 0.3(196.2)(3) - 0.3L

3

0
30 s2 ds = 1

2
 (20) (v)2

T1 + ©U1-2 = T2

 NB = 196.2 + 30 s2

 + c ©Fy = 0;  NB - 20(9.81) - 3
5

 (50 s2) = 0

14–15. The force F, acting in a constant direction on the
20-kg block, has a magnitude which varies with position s of
the block. Determine the speed of the block after it slides
3 m. When the block is moving to the right at 
The coefficient of kinetic friction between the block and
surface is mk = 0.3.

2 m>s.s = 0

F (N)

F ! 50s2

s (m)

4
3

F
5 v

F (N)

F ! 50s2

s (m)

4
3

F
5 v
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Ans. = GMema 1
r1

- 1
r2
b

F1-2 = LF dr = GMemL
r2

r1

 
dr

r2

 F = G
Mem

r2

14–16. A rocket of mass m is fired vertically from the
surface of the earth, i.e., at Assuming no mass is lost
as it travels upward, determine the work it must do against
gravity to reach a distance The force of gravity is

(Eq. 13–1), where is the mass of the earth
and r the distance between the rocket and the center of
the earth.

MeF = GMem>r2
r2 .

r = r1 .
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r2

r1

r

Principle of Work and Energy: The spring force which acts in the direction of
displacement does positive work, whereas the weight of the block does negative
work since it acts in the opposite direction to that of displacement. Since the block is
initially at rest, . Applying Eq. 14–7, we have

Ans.v = 1.11 ft>s
 0 + L

0.05 ft

0
100s1>3 ds - 20(0.05) = 1

2
a 20

32.2
by2

 T1 + aU1-2 = T2

T1 = 0

•14–17. The cylinder has a weight of 20 lb and is pushed
against a series of Belleville spring washers so that the
compression in the spring is . If the force of the
spring on the cylinder is , where s is given
in feet, determine the speed of the cylinder just after it
moves away from the spring, i.e., at .s = 0

F = (100s1>3) lb
s = 0.05 ft

s
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Ans.vC = 1.37 m>s
0 + 1

2
 (50)(0.5)2 + 1

2
 (100)(0.5)2 = 1

2
 (20)v2

C

T1 + ©U1-2 = T2

14–18. The collar has a mass of 20 kg and rests on the
smooth rod. Two springs are attached to it and the ends
of the rod as shown. Each spring has an uncompressed
length of 1 m. If the collar is displaced and
released from rest, determine its velocity at the instant it
returns to the point .s = 0

s = 0.5 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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k ! 50 N/m k¿ ! 100 N/m

1 m
0.25 m

1 m

s

Equations of Motion: Here, it is required that .Applying Eq. 13–8 to FBD(a),
we have

Principle of Work and Energy: The weight of the roller coaster car and passengers
do negative work since they act in the opposite direction to that of displacement.
When the roller coaster car travels from B to C, applying Eq. 14–7, we have

When the roller coaster car travels from B to D, it is required that the car stops at D,
hence .

Ans. h = 47.5 m

 
1
2

 (200) A30.532 B - 200(9.81)(h) = 0

 TB + aUB-D = TD

TD = 0

 yB = 30.53 m>s
 
1
2

 (200) y2
B - 200(9.81) (35) = 1

2
 (200)(245.25)

 TB + aUB-C = TC

©Fn = man; 200(9.81) = 200ayC
2

25
b yC

2 = 245.25 m2>s2

N = 0

14–19. Determine the height h of the incline D to which
the 200-kg roller coaster car will reach, if it is launched at B
with a speed just sufficient for it to round the top of the loop
at C without leaving the track. The radius of curvature at C
is .rc = 25 m

h

D
C

B

35 m
Cr

F
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Equations of Motion:

Principle of Work and Energy: Only force components parallel to the inclined plane
which are in the direction of displacement [15(7/25) lb and

] do work, whereas the force components
perpendicular to the inclined plane [15(24/25) lb and normal reaction N] do no work
since no displacement occurs in this direction. Here, the 15(7/25) lb force does
positive work and does negative work. Slipping at the contact surface
between the package and the belt will not occur if the speed of belt is the same as
the speed of the package at B. Applying Eq. 14–7, we have

Ans.

The time between two succesive packages to reach point B is . Hence,

the distance between two succesive packages on the lower belt is

Ans.s = yt = 15.97(0.5) = 7.98 ft

t = 3
6

= 0.5 s

 y = 15.97 ft>s = 16.0 ft>s
 
1
2

 a 15
32.2
b A62 B + 15a 7

25
b(25) - 2.16(25) = 1

2
a 15

32.2
by2

 T1 + aU1-2 = T2

Ff = 2.16 lb

Ff = mk N = 0.15(14.4) = 2.16 lb

+ ©Fy¿ = may¿; N - 15a24
25
b = 15

32.2
 (0) N = 14.4 lb

*14–20. Packages having a weight of 15 lb are transferred
horizontally from one conveyor to the next using a ramp for
which . The top conveyor is moving at and
the packages are spaced 3 ft apart. Determine the required
speed of the bottom conveyor so no sliding occurs when the
packages come horizontally in contact with it. What is the
spacing s between the packages on the bottom conveyor?

6 ft>smk = 0.15
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s

135"

B

A

u

k ! 500 N/m

1.5 m

Equations of Motion:

Principle of Work and Energy: Here, the weight of the ball is being displaced
vertically by and so it does negative work. The
spring force, given by , does positive work. Since the ball is at
rest initially, . Applying Eq. 14–7, we have

Ans. s = 0.1789 m = 179 mm

 0 + L
s

0
500(s + 0.08) ds - 0.5(9.81)(2.561) = 1

2
 (0.5)(10.41)

 TA + aUA-B = TB

T1 = 0
Fsp = 500(s + 0.08)

s = 1.5 + 1.5 sin 45° = 2.561 m

©Fn = man; 0.5(9.81) cos 45° = 0.5a y2
B

1.5
b y2

B = 10.41 m2>s2

•14–21. The 0.5-kg ball of negligible size is fired up the
smooth vertical circular track using the spring plunger. The
plunger keeps the spring compressed 0.08 m when .
Determine how far s it must be pulled back and released so
that the ball will begin to leave the track when .u = 135°

s = 0

6 ft/s

3 ft

24 ft

7 ft
sA
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Point B:

Ans.

Ans.

Point C:

Ans.

Ans. NC = 1.18 lb

 + T ©Fn = man; NC + 2 = a 2
32.2
b ¢ (16.0)2

5
≤vC = 16.0 ft>s

1
2

 a 2
32.2
b(30)2 - 2(10) = 1

2
 a 2

32.2
b(vC)2

T1 + ©U1-2 = T2

 NB = 7.18 lb

 : ©Fn = man; NB = a 2
32.2
b ¢ (24.0)2

5
≤vB = 24.0 ft>s

1
2

 a 2
32.2
b(30)2 - 2(5) = 1

2
 a 2

32.2
b(vB)2

T1 + ©U1-2 = T2

14–22. The 2-lb box slides on the smooth circular ramp. If
the box has a velocity of at A, determine the velocity
of the box and normal force acting on the ramp when the
box is located at B and C.Assume the radius of curvature of
the path at C is still 5 ft.

30 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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5 ft

30 ft/s

B

A

C
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Ans.

Ans.

Ans.

Ans.

Ans.vD = 18.2 ft>s
1
2
a 50

32.2
b(3)2 + 50(5) = 1

2
 a 50

32.2
bv2

D

TA + ©UA - D = TD

 NC = 133 lb

+Q©Fn = man ;  NC - 50 cos 30° = a 50
32.2
b c (16.97)2

5
d

vC = 16.97 = 17.0 ft>s
1
2
a 50

32.2
b(3)2 + 50(5 cos 30°) = 1

2
a 50

32.2
bv2

C

TA + ©UA - C = TC

 NB = 27.1 lb

+b©Fn = man;  -NB + 50 cos 30° = a 50
32.2
b c (7.221)2

5
d

vB = 7.221 = 7.22 ft>s
1
2

 a 50
32.2
b(3)2 + 50(5)(1 - cos 30°) = 1

2
a 50

32.2
bv2

B

TA + ©UA - B = TB

14–23. Packages having a weight of 50 lb are delivered to
the chute at using a conveyor belt. Determine
their speeds when they reach points B, C, and D. Also
calculate the normal force of the chute on the packages at B
and C. Neglect friction and the size of the packages.

vA = 3 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

30"
30"

30"
30"

5 ft

5 ft

5 ft

A

D

B

C

vA ! 3 ft/s
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Ans.

Ans.

Ans.
1
2

 a 2
32.2
b(10)2 - 2(vmax - 4) = 0 ymax = 5.55 ft

TA + ©UA - C = TC

aB = 2(-14.4)2 + (122.2)2 = 123 ft>s2

an =
v2

B

r
=

(18.48)2

2.795
= 122.2 ft>s2

r =
c1 + ady

dx
b2 d 122 d2y

dx2
2 =

C1 + (0.5)2 D 32
|0.5|

= 2.795 ft

 at = -14.4 ft>s2

+Q©Ft = mat ;  -2 sin 26.565° = a 2
32.2
bat

d2y

dx2 = 0.5

dy

dx
= tan u = 0.5x 2

x = 1
= 0.5 u = 26.565°

vB = 18.48 ft>s = 18.5 ft>s
1
2

 a 2
32.2
b(10)2 + 2(4-0.25) = 1

2
 a 2

32.2
bv2

B

TA + ©UA - B = TB

yB = 0.25(1)2 = 0.25 ft

yA = 0.25(-4)2 = 4 ft

y = 0.25x2

*14–24. The 2-lb block slides down the smooth parabolic
surface, such that when it is at A it has a speed of .
Determine the magnitude of the block’s velocity and
acceleration when it reaches point B, and the maximum
height reached by the block.ymax

10 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y ! 0.25x2

10 ft/s
A

B

y

C

4 ft
1 ft

ymax
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Equations of Motion: Since the crate slides, the friction force developed between
the crate and its contact surface is . Applying Eq. 13–7, we have

Principle of Work and Energy: The horizontal components of force 800 N and
1000 N which act in the direction of displacement do positive work, whereas the
friction force does negative work since it acts in the
opposite direction to that of displacement. The normal reaction N, the vertical
component of 800 N and 1000 N force and the weight of the crate do not displace,
hence they do no work. Since the crate is originally at rest, . Applying
Eq. 14–7, we have

Ans. s = 1.35m

 0 + 800 cos 30°(s) + 1000a4
5
bs - 156.2s = 1

2
 (100) A62 B

 T1 + aU1-2 = T2

T1 = 0

Ff = 0.2(781) = 156.2 N

 N = 781 N

 + c ©Fy = may; N + 1000a3
5
b - 800 sin 30° - 100(9.81) = 100(0)

Ff = mk N = 0.2N

14–26. The crate, which has a mass of 100 kg, is subjected
to the action of the two forces. If it is originally at rest,
determine the distance it slides in order to attain a speed of

The coefficient of kinetic friction between the crate
and the surface is .mk = 0.2
6 m>s.
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3
4

5

1000 N

30"

800 N

Ans.

Eliminating t,

Solving for the positive root

Ans.s = 130 m

s2 - 122.67s - 981.33 = 0

 s sin 30° + 4 = 0 + 0 + 1
2

 (9.81)t2

A + T B  s = s0 + v0 t + 1
2

 ac t2

 s cos 30° = 0 + 30.04t

A :+ B  s = s0 + v0 t

vB = 30.04 m>s = 30.0 m>s
0 + 70(9.81)(46) = 1

2
 (70)(vB)2

TA + © UA - B = TB

•14–25. The skier starts from rest at A and travels down
the ramp. If friction and air resistance can be neglected,
determine his speed when he reaches B. Also, find the
distance s to where he strikes the ground at C, if he makes
the jump traveling horizontally at B. Neglect the skier’s size.
He has a mass of 70 kg.

vB

30"

s

50 m

4 m

A

B

C
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Ans.

Solving for the positive root,

Ans.

Ans.vC = 54.1 ft>s
1
2

 a 2
32.2
b(5)2 + 2(45) = 1

2
 a 2

32.2
bv2

C

TA + ©UA-C = TC

d = 31.48a4
5
b(0.89916) = 22.6 ft

t = 0.89916 s

16.1t2 + 18.888t - 30 = 0

 30 = 0 + 31.48a3
5
b t + 1

2
 (32.2)t2

 A + T B s = s0 + v0t - 1
2

 ac t2

 d = 0 + 31.48a4
5
b t

 a :+ b s = s0 + v0t

vB = 31.48 ft>s = 31.5 ft>s
1
2

 a 2
32.2
b(5)2 + 2(15) = 1

2
 a 2

32.2
bv2

B

TA + ©UA-B = TB

14–27. The 2-lb brick slides down a smooth roof, such that
when it is at A it has a velocity of Determine the
speed of the brick just before it leaves the surface at B, the
distance d from the wall to where it strikes the ground, and
the speed at which it hits the ground.

5 ft>s.
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30 ft

d

A

B

15 ft

5 ft/s

5

x

y

3

4
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Principle of Work and Energy: Here, the rider is being displaced vertically
(downward) by and does positive work. Applying Eq. 14–7
we have

Equations of Motion: It is required that . Applying Eq. 13–7, we have

Ans. r = 88.3 ft

 ©Fn = man; 3.5W - W = a W
32.2
b ¢7109

r
≤N = 3.5W

 y2 = 7109 ft2>s2

 
1
2

 a W
32.2
b A52 B + W(110) = 1

2
 a W

32.2
by2

 T1 + a  U1-2 = T2

s = 120 - 10 = 110 ft

*14–28. Roller coasters are designed so that riders will not
experience a normal force that is more than 3.5 times their
weight against the seat of the car. Determine the smallest
radius of curvature of the track at its lowest point if the
car has a speed of at the crest of the drop. Neglect
friction.

5 ft>sr
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120 ft

r

10 ft

Initial acceleration is 

For Ans.

Ans.v2 = 18.0 ft>s
0 + c 1

2
 (642.2)(2)2 - 120(8)sin 45° d = 1

2
 a 120

32.2
bv2

2

T1 + © U1-2 = T2

s = 2 ft; 1284 85 = k(2) k = 642.4 = 642 lb>ft
+Q©Fx = max; Fs - 120 sin 45° = a 120

32.2
b(322), Fs = 1284.85 lb

10g = 322 ft>s2

•14–29. The 120-lb man acts as a human cannonball by being
“fired” from the spring-loaded cannon shown. If the greatest
acceleration he can experience is ,
determine the required stiffness of the spring which is
compressed 2 ft at the moment of firing. With what velocity
will he exit the cannon barrel, , when the cannon is
fired? When the spring is compressed then 
Neglect friction and assume the man holds himself in a rigid
position throughout the motion.

d = 8 ft.s = 2 ft
d = 8 ft

a = 10g = 322 ft>s2

d

45"

! 8 ft
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Free-Body Diagram: The free-body diagram of the passenger at positions B and C
are shown in Figs. a and b, respectively.

Equations of Motion: Here, . The requirement at position B is that

. By referring to Fig. a,

At position C, NC is required to be zero. By referring to Fig. b,

Principle of Work and Energy: The normal reaction N does no work since it always
acts perpendicular to the motion. When the rollercoaster moves from position A
to B, W displaces vertically downward and does positive work.

We have

Ans.

When the rollercoaster moves from position A to C, W displaces vertically
downward 

Ans.hC = 12.5 m

0 + mg(22.5 - hC) = 1
2

 m(20g)

TA + ©UA-B = TB

h = hA - hC = (22.5 - hC) m.

hA = 22.5 m

0 + mghA = 1
2

 m(45g)

TA + ©UA-B = TB

h = hA

 vC 
2 = 20g

 + T ©Fn = man; mg - 0 = m¢vC 
2

20
≤ vB 

2 = 45g

 + c ©Fn = man; 4mg - mg = m¢vB 
2

15
≤NB = 4mg

an = v2

r

14–30. If the track is to be designed so that the passengers
of the roller coaster do not experience a normal force equal
to zero or more than 4 times their weight, determine the
limiting heights and so that this does not occur. The
roller coaster starts from rest at position A. Neglect friction.

hChA
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A

hA

C

B
hC

rC ! 20 m
rB ! 15 m
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Ans.

Ans.vC = 7.67 m>s
0 + [0.005(9.81)(3) = 1

2
 (0.005)v2

C

TA + © UA-C = T1

 R = 0 + 4.429(0.6386) = 2.83 m

 a :+ b s = s0 + v0 t

 t = 0.6386 s

 2 = 0 + 0 = 1
2

 (9.81)t2

 A + T B s = s0 + v0t + 1
2

 ac t
2

vB = 4.429 m>s
0 + [0.005(9.81)(3 - 2)] = 1

2
 (0.005)v2

B

TA + © UA-B = TB

14–31. Marbles having a mass of 5 g fall from rest at A
through the glass tube and accumulate in the can at C.
Determine the placement R of the can from the end of the
tube and the speed at which the marbles fall into the can.
Neglect the size of the can.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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R

2 m

3 m

A

B

C

Principle of Work and Energy: The weight of the ball, which acts in the direction of
displacement, does positive work, whereas the force in the rubber band does
negative work since it acts in the opposite direction to that of displacement. Here it
is required that the ball displace 2 m downward and stop, hence . Applying 
Eq. 14–7, we have

Ans. y = 7.79 m>s
 
1
2

 (0.5)y2 + 0.5(9.81)(2) - 1
2

 (50)(2 - 1)2 = 0

 T1 + a  U1-2 = T2

T2 = 0

*14–32. The ball has a mass of 0.5 kg and is suspended
from a rubber band having an unstretched length of 1 m
and a stiffness . If the support at A to which the
rubber band is attached is 2 m from the floor, determine the
greatest speed the ball can have at A so that it does not
touch the floor when it reaches its lowest point B. Neglect
the size of the ball and the mass of the rubber band.

k = 50 N>m
2 m

A

B
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Free-Body Diagram: The normal reaction N on the crate can be determined by
writing the equation of motion along the axis and referring to the free-body
diagram of the crate when it is in contact with the spring, Fig. a.

Thus, the frictional force acting on the crate is 
.

Principle of Work and Energy: By referring to Fig. a, we notice that N does no work.
Here, W which displaces downward through a distance of does
positive work, whereas Ff and Fsp do negative work.

Solving for the positive root

Ans.x = 2.556 m = 2.57 m

1000x2 - 520.25x - 5202.54 = 0

0 + 100(9.81) C(10 + x) sin 45° D + C -173.42(10 + x) D + c - 1
2

(2000)x2 d = 0

T1 + ©U1-2 = T2

h = (10 + x)sin 45°

173.42  N
Ff = mkN = 0.25(693.67) N =

a+Fy¿ = may¿;  N - 100(9.81)cos 45° = 100(0)   N = 693.67 N

y¿

•14–33. If the coefficient of kinetic friction between the
100-kg crate and the plane is , determine the
compression x of the spring required to bring the crate
momentarily to rest. Initially the spring is unstretched and
the crate is at rest.

mk = 0.25
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10 m

x

k ! 2 kN/m

45"

Free-Body Diagram: The normal reaction N on the crate can be determined by
writing the equation of motion along the axis and referring to the free-body
diagram of the crate when it is in contact with the spring, Fig. a.

Thus, the frictional force acting on the crate is 
. The force developed in the spring is .

Principle of Work and Energy: By referring to Fig. a, notice that N does no work. Here,
W which displaces downward through a distance of 
does positive work, whereas Ff and Fsp do negative work.

Ans.v = 8.64m>s  
0 + 100(9.81)(8.132) + C -173.42(10 + 1.5) D + c - 1

2
 (2000)(1.52) d = 1

2
(100)v2

T1 + ©U1-2 = T2

h = (10 + 1.5)sin 45° = 8.132 m

Fsp = kx = 2000x173.42 N
0.25(693.67) N =Ff = mkN =

a+Fy¿ = may¿;  N - 100(9.81)cos 45° = 100(0)   N = 693.67 N

y¿

14–34. If the coefficient of kinetic friction between the
100-kg crate and the plane is , determine the speed
of the crate at the instant the compression of the spring is

. Initially the spring is unstretched and the crate is
at rest.
x = 1.5 m

 mk = 0.25
10 m

x

k ! 2 kN/m

45"
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Ans.l0 = 2.77 ft

0 + 1
2

 (2) Cp(1.5) - l0 D2 - 1
2

 (2) c3p
4

 (1.5) - l0 d2 - 2(1.5 sin 45°) = 1
2

 a 2
32.2
b(5.844)2

T1 + © U1-2 = T2

 v = 5.844 ft>s
 +b©Fn = man; 2 sin 45° = 2

32.2
 a v2

1.5
b

14–35. A 2-lb block rests on the smooth semicylindrical
surface. An elastic cord having a stiffness is
attached to the block at B and to the base of the
semicylinder at point C. If the block is released from rest at
A( ), determine the unstretched length of the cord so
that the block begins to leave the semicylinder at the instant

. Neglect the size of the block.u = 45°

u = 0°

k = 2 lb>ft
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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C Au

B

k ! 2 lb/ft

1.5 ft
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Geometry: Here, . At point B, , hence and
.

The slope angle at point B is given by

and the radius of curvature at point B is

Principle of Work and Energy: The weight of the block which acts in the opposite
direction to that of the vertical displacement does negative work when the block
displaces 1 m vertically. Applying Eq. 14–7, we have

Equations of Motion: Applying Eq. 13–8 with , and
, we have

Ans. N = 1131.37 N = 1.13 kN

 +Q©Fn = man;  N - 50(9.81) cos 45° = 50a44.38
2.828

b
r = 2.828 m

y2
B = 44.38 m2>s2u = 45.0°

 y2
B = 44.38 m2>s2

 
1
2

 (50) A82 B - 50(9.81)(1) = 1
2

 (50) y2
B

 TA + a  UA-B = TB

r =
C1 + (dy>dx)2 D3>2

|d2y>dx2|
=
C1 + (-1)2 D3>2

|1|
2 = 2.828 m

tan u =
dy

dx
2
x = 1 m, y = 1 m

= -1 u = -45.0°

u

 
d2y

dx2 = y1>2B 1

2y3>2 ady

dx
b2

+ 1

2x3>2 R 2
x = 1 m, y = 1 m

= 1

 y-1>2d2y

dx2 + a -  
1
2
by-3>2ady

dx
b2

= - a -  
1
2

x-3>2b
 y-1>2dy

dx
= -x-1>2 dy

dx
= x-1>2

y-1>2 2
x = 1 m, y = 1 m

= -1

x = y = 1 m
2x1>2 = 2y = xx1>2 + y1>2 = 2

*14–36. The 50-kg stone has a speed of when
it reaches point A. Determine the normal force it exerts on
the incline when it reaches point B. Neglect friction and the
stone’s size.

vA = 8 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

C

y

x
A

y ! x

x1/2 # y1/2 ! 2
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Free-Body Diagram: The free-body diagram of the crate and cable system at an
arbitrary position is shown in Fig. a.

Principle of Work and Energy: By referring to Fig. a, notice that N, W, and R do no
work. When the crate moves from A to B, force F displaces through a distance of

. Here, the work of F is
positive.

Ans.vB = 5.42 m>s
0 + 300(3.675) = 1

2
 (75)vB 

2

T1 + ©U1 - 2 = T2

s = AC - BC = 282 + 62 - 222 + 62 = 3.675 m

•14–37. If the 75-kg crate starts from rest at A, determine
its speed when it reaches point B.The cable is subjected to a
constant force of . Neglect friction and the size of
the pulley.

F = 300 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

C

A

6 m 2 m

6 m

30"

F

Free-Body Diagram: The free-body diagram of the crate and cable system at an
arbitrary position is shown in Fig. a.

Principle of Work and Energy: By referring to Fig. a, notice that N, W, and R do no
work. When the crate moves from A to B, force F displaces through a distance of

. Here, the work of F is
positive.

Ans.F = 367 N

0 + F(3.675) = 1
2

 (75)(62)

T1 + ©U1 - 2 = T2

s = AC - BC = 282 + 62 - 222 + 62 = 3.675 m

14–38. If the 75-kg crate starts from rest at A, and its
speed is when it passes point B, determine the
constant force F exerted on the cable. Neglect friction and
the size of the pulley.

6 m>s

B

C

A

6 m 2 m

6 m

30"

F
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Free-Body Diagram: The free-body diagram of the skier at an arbitrary position is
shown in Fig. a.

Principle of Work and Energy: By referring to Fig.a,we notice that N does no work since
it always acts perpendicular to the motion.When the skier slides down the track from A
to B, W displaces vertically downward 
and does positive work.

Ans.

Ans.N = 1.25 kN

+ c ©Fn = man ; N - 60(9.81) = 60¢ (14.87)2

20
≤r =

[1 + 0]3>2
0.5

= 20 m

d2y>dx2 = 0.05

dy>dx = 0.05x

vB = 14.87 m>s = 14.9 m>s
1
2

 (60)(52) + C60(9.81)(10) D = 1
2

 (60)vB 
2

TA + ©UA - B = TB

h = yA - yB = 15 - C0.025 A02 B + 5 D = 10 m

14–39. If the 60-kg skier passes point A with a speed of
, determine his speed when he reaches point B. Also

find the normal force exerted on him by the slope at this
point. Neglect friction.

5 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15 m

y ! (0.025x2 # 5)m
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Free-Body Diagram: The free-body diagram of the skater at an arbitrary position is
shown in Fig. a.

Principle of Work and Energy: By referring to Fig. a, notice that N does no work since it
always acts perpendicular to the motion. When the skier slides down the track from A
to B, W displaces vertically downward and
does positive work.

Ans.

Equations of Motion: Here, . By referring to Fig. a,

(1)

Geometry: Here, , , and . The slope that the

track at position B makes with the horizontal is 

. The radius of curvature of the track at position B is

given by

Substituting , , and into
Eq. (1),

Ans. = 135 lb

 NB = 150 cos 11.31° - 150
32.2

 ¢ 26.082

265.15
≤ r = rB = 265.15 ftv = vB = 26.08 ft>su = uB = 11.31°

rB =
B1 + ady

dx
b2R3>22 d2y

dx2
2 =

C1 + ¢ 1

x 1>2 ≤2S3>22 - 1

2x 3>2 2 6
x = 25 ft

= 265.15 ft

= tan a 1

x 1>2 b 2
x = 25 ft

= 11.31°

uB = tan-1 adx
dy
b 2

x = 25 ft

d2y

dx2 = - 1

2x 3>2dy

dx
= 1

x 1>2y = 2x 1>2
 N = 150 cos u - 150

32.2
av2

r
b

 R+ ©Fn = man ;  150 cos u - N = 150
32.2
av2

r
b

an = v2

r

vB = 26.08 ft>s = 26.1 ft>s
1
2

 ¢ 150
32.2
≤ A62 B + C150(10) D = 1

2
 ¢ 150

32.2
≤vB 

2

TA + ©UA-B = TB

h = yA - yB = 20 - C2(25)1>2 D = 10 ft

*14–40. The 150-lb skater passes point A with a speed of
. Determine his speed when he reaches point B and the

normal force exerted on him by the track at this point.
Neglect friction.

6 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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25 ft

91962_03_s14_p0285-0354  6/8/09  9:42 AM  Page 310



311

Principle of Work and Energy: By referring to the free-body diagram of the block,
Fig. a, notice that N does no work, while W does positive work since it displaces
downward though a distance of .

(1)

Equations of Motion: Here, . By
referring to Fig. a,

It is required that the block leave the track. Thus, .

Since ,

Ans.u = 41.41° = 41.4°

3 cos u - 9
4

= 0

mg Z 0

0 = mga3 cos u - 9
4
b

N = 0

 N = mga3 cos u - 9
4
b

 ©Fn = man ;  mg cos u - N = m cga9
4

- 2 cos ub d
an = v2

r
=

gra9
4

- 2 cos ub
r

= ga9
4

- 2 cos ub
v2 = gra9

4
- 2 cos ub

1
2

 ma1
4

 grb + mg(r - r cos u) = 1
2

 mv2

T1 + ©U1 - 2 = T2

h = r - r cos u

•14–41. A small box of mass m is given a speed of
at the top of the smooth half cylinder.

Determine the angle at which the box leaves the cylinder.u
 v = 21

4gr

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Also,

Ans.Pavg = F # vavg = 40 A103 B a10
2
b = 200 kW

:+ ©Fx = max; F = 400 A103 B(0.1) = 40 A103 B  Nac = 0.1 m>s2

10 = 0 + ac (100)

v = v0 + ac t

Pavg =
U1 - 2

t
=

20(106)
100

= 200 kW

U1 - 2 = 20 A106 B  J0 + U1 - 2 = 1
2

 (400) A103 B(102)

T1 + ©U1 - 2 = T2

14–42. The diesel engine of a 400-Mg train increases the
train’s speed uniformly from rest to in 100 s along a
horizontal track. Determine the average power developed.

10 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Power: The power output can be obtained using Eq. 14–10.

Using Eq. 14–11, the required power input for the motor to provide the above
power output is

Ans. = 1500
0.65

= 2307.7 ft # lb>s = 4.20 hp

 power input =
power output

P

P = F # v = 300(5) = 1500 ft # lb>s

14–43. Determine the power input for a motor necessary
to lift 300 lb at a constant rate of The efficiency of the
motor is .P = 0.65

5 ft>s.
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F = ma = W
g

 av dv
ds
b

*14–44. An electric streetcar has a weight of 15 000 lb and
accelerates along a horizontal straight road from rest so
that the power is always 100 hp. Determine how far it must
travel to reach a speed of .40 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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At .

Ans.P = 5200(600)a 88 ft>s
60 m>h b 1

550
= 8.32 (103) hp

600 ms>h

•14–45. The Milkin Aircraft Co. manufactures a turbojet
engine that is placed in a plane having a weight of 13000 lb.
If the engine develops a constant thrust of 5200 lb,
determine the power output of the plane when it is just
ready to take off with a speed of 600 mi>h.

Equations of Motion: By referring to the free-body diagram of the car shown in Fig. a,

Power: The power input of the car is .

Thus, the power output is given by .

Ans.v = 63.2 ft>s22 000 = 348.26v

Pout = F # v

Pout = ePin = 0.8(27 500) = 22 000 ft # lb>sPin = A50 hp B a550 ft # lb>s
1 hp

b = 27 500 ft # lb>s
+Q©Fx¿ = max¿ ; F - 3500 sin 5.711° = 3500

32.2
 (0) F = 348.26 lb

14–46. The engine of the 3500-lb car is generating a
constant power of 50 hp while the car is traveling up the
slope with a constant speed. If the engine is operating with
an efficiency of , determine the speed of the car.
Neglect drag and rolling resistance.

P = 0.8
1

10

Ans.s =
(15 000)(40)3

3(32.2)(100)(550)
= 181 ft

Ps = W
g

 a1
3
bv3 s = W

3gP
 v3

P = constant

L
s

0
 P ds = L

v

0
 
W
g

 v2 dv

P = Fv = B ¢W
g
≤ ¢v dv

ds
≤ Rv
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Ans.Pmax = F # vmax =
2188.35(30)

550
= 119 hp

 F = 2188.35 lb

 ;+ ©Fx = max ; F - 325 = ¢16(103)
32.2

≤(3.75)

a = ¢v
¢t

= 30 - 15
4

= 3.75 ft>s2

14–47. A loaded truck weighs and accelerates
uniformly on a level road from to during 
If the frictional resistance to motion is 325 lb, determine the
maximum power that must be delivered to the wheels.

4 s.30 ft>s15 ft>s16(103) lb

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Also,

Ans.Pin =
Po

e
=

17.062 (103) ft #  lb>s
0.65

= 26.249 A103 B  ft # lb>s = 47.7 hp

Pout = F # v = 426. 543 (40) = 17.062 A103 B  ft # lb>sF = 3500 sin 7° = 426.543 lb

Pout =
U1 - 2

t
=

17.602(103)
1

= 17.062 A103 B  ft # lb>s
Pin =

Po

e
=

17.062(103) ft # lb>s
0.65

= 26.249 A103 B  ft # lb>s = 47.7 hp

U1 - 2 = (3500)(40 sin 7°) = 17.062 A103 B  ft # lb

s = vt = 40(1) = 40 ft

*14–48. An automobile having a weight of 3500 lb travels
up a 7° slope at a constant speed of . If friction
and wind resistance are neglected, determine the power
developed by the engine if the automobile has a mechanical
efficiency of .P = 0.65

v = 40 ft>s
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Step height: 0.125 m

The number of steps:

Total load:

If load is placed at the center height, , then

Ans.

Also,

Ans.P = F # v = 47 088(0.2683) = 12.6 kW

P = U
t

= 94.18
7.454

= 12.6 kW

t = h
vy

= 2
0.2683

= 7.454 s

vs = v sin u = 0.6¢ 42(32(0.25))2 + 42
≤ = 0.2683 m>s

U = 47 088a4
2
b = 94.18 kJ

h = 4
2

= 2 m

32(150)(9.81) = 47 088 N

4
0.125

= 32

•14–49. An escalator step moves with a constant speed of
If the steps are 125 mm high and 250 mm in length,

determine the power of a motor needed to lift an average
mass of 150 kg per step. There are 32 steps.

0.6 m>s.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Power: The work done by the man is

Thus, the power generated by the man is given by

Ans.

The power of the bulb is 
. Thus,

Ans.t = U
Pbulb

= 2250
73.73

= 30.5 s

73.73 ft # lb>s Pbulb = 100 W * a 1 hp
746 W

b * a550 ft # lb>s
1 hp

b  =

Pmax = U
t

= 2250
4

= 562.5 ft # lb>s = 1.02 hp

U = Wh = 150(15) = 2250 ft # lb

14–50. The man having the weight of 150 lb is able to run
up a 15-ft-high flight of stairs in 4 s. Determine the power
generated. How long would a 100-W light bulb have to burn
to expend the same amount of energy? Conclusion: Please
turn off the lights when they are not in use! 15 ft
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Equations of Motion: Here, . By referring to the free-body diagram of
the hoist and counterweight shown in Fig. a,

(1)

Solving,

Power:

Thus,

Ans.Pin =
Pout

e
= 15603

0.8
= 19.5(103) W = 19.5 kW

Pout = 2T # v = 2(3900.75)(2) = 15 603 W

T = 3900.75 N

T¿ = 1246.5 N

+ T ©Fy = may ; 150 A9.81 B - T¿ = 150 A1.5 B+ c ©Fy = may ; 2T + T¿ - 800(9.81) = 800(1.5)

a = 1.5 m>s2

14–51. The material hoist and the load have a total mass
of 800 kg and the counterweight C has a mass of 150 kg. At
a given instant, the hoist has an upward velocity of 
and an acceleration of . Determine the power
generated by the motor M at this instant if it operates with
an efficiency of .P = 0.8

1.5 m>s2
2 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Kinematics: The acceleration of the hoist can be determined from

Equations of Motion: Using the result of a and referring to the free-body diagram of
the hoist and block shown in Fig. a,

Solving,

Power:

Thus,

Ans.Pin =
Pout

e
= 7009.8

0.8
= 8762.3 W = 8.76 kW

(Pout)avg = 2T # vavg = 2(3504.92)a1.5 + 0.5
2

b = 7009.8 W

T = 3504.92 N

T¿ = 1371.5 N

+ T ©Fy = may ; 150 A9.81 B - T¿ = 150(0.6667)

+ c ©Fy = may ; 2T + T¿ - 800(9.81) = 800(0.6667)

 a = 0.6667 m>s2

 1.5 = 0.5 + a(1.5)

 A + c B v = v0 + ac t

*14–52. The material hoist and the load have a total mass
of 800 kg and the counterweight C has a mass of 150 kg. If
the upward speed of the hoist increases uniformly from

to , determine the average power
generated by the motor M during this time. The motor
operates with an efficiency of .P = 0.8

1.5 m>s in 1.5 s0.5 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Kinematics: The constant acceleration of the car can be determined from

Equations of Motion: By referring to the free-body diagram of the car shown in
Fig. a,

Power: The maximum power output of the motor can be determined from

Thus, the maximum power input is given by

Ans.

The average power output can be determined from

Thus,

Ans.(Pin)avg =
(Pout)avg

e
= 45236.62

0.8
= 56 545.78 W = 56.5 kW

(Pout)avg = F # vavg = 3618.93a25
2
b = 45 236.62 W

Pin =
Pout

e
= 90473.24

0.8
= 113 091.55 W = 113 kW

(Pout)max = F # vmax = 3618.93(25) = 90 473.24 W

 F = 3618.93N

 ©Fx¿ = max¿ ; F - 2000(9.81) sin 5.711° = 2000(0.8333)

 ac = 0.8333 m>s2

 25 = 0 + ac (30)

 A :+ B v = v0 + ac t

•14–53. The 2-Mg car increases its speed uniformly from
rest to in 30 s up the inclined road. Determine the
maximum power that must be supplied by the engine, which
operates with an efficiency of . Also, find the
average power supplied by the engine.

P = 0.8

25 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equations of Motion: By referring to the free-body diagram of the crate shown in
Fig. a,

(1)

Power: Here, the power input is . Thus,

(2)

Kinematics: The speed of the crate is

(3)

Substituting Eq. (3) into Eq. (2) yields

(4)

Substituting Eq. (4) into Eq. (1) yields

Solving for the positive root,

Substituting the result into Eq. (3),

Ans.v = 15(1.489) = 22.3 ft>s
a = 1.489 ft>s2

73.33
a

= 200
32.2

 a + 40

T = 73.33
a

 v = 15a

 v = 0 + a(15)

 a :+ b v = v0 + ac t

 1100 = Tv

 Pout = T # v

 Pout = ePin = 0.8(1375) = 1100 ft # lb>s.

Pin = A2.5 hp B a550 ft # lb>s
1 hp

b = 1375 ft # lb>s
 T = a 200

32.2
 a + 40b  lb

 :+ ©Fx = max ;    T - 0.2(200) = 200
32.2

 (a)

+ c ©Fy = may ; N - 200 = 200
32.2

 (0)   N = 200 lb

14–54. Determine the velocity of the 200-lb crate in 15 s if
the motor operates with an efficiency of .The power
input to the motor is 2.5 hp. The coefficient of kinetic
friction between the crate and the plane is .mk = 0.2

P = 0.8
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Equations of Motion: Here, . By referring to the free-body diagram of the
crate shown in Fig. a,

(1)

Power: Here, the power input is . Thus,

Ans. v = 56.5 ft>s
 
v2

2
2 v
0

= 106.26 dt
2
 

15 s

0

 L
v

0
 vdv = L

15 s

0
 106.26 dt

 660 = 200
32.2

 adv
dt
bv

 Pout = T # v

 Pout = ePin = 0.8(825) = 660 ft # lb>s.

Pin = A1.5 hp B a550 ft # lb>s
1 hp

b = 825 ft # lb>s
:+ ©Fx = max ;    T = 200

32.2
adv

dt
b

a = dv
dt

14–55. A constant power of 1.5 hp is supplied to the motor
while it operates with an efficiency of . Determine
the velocity of the 200-lb crate in 15 seconds, starting from
rest. Neglect friction.

P = 0.8
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Equations of Motion: Here, . By referring to the fre -body diagram of the

truck shown in Fig. a,

(1)

Power: Here, the power output is .

Using Eq. (1),

Ans.s = 1086 ft

53.13s
2
 

s

0 = v3

3
2 60 ft>s
35 ft>s

L
s

0
 53.13ds = L

60 ft>s
35 ft>s v2 dv

49500 = ¢30000
32.2

≤ av 
dv
ds
bv

Pout = F # v

Pout = A90 hp B a550 ft # lb>s
1 hp

b = 49500 ft # lb>s
;+ ©Fx = max;      F = ¢30000

32.2
≤ av 

dv
ds
b

a = v 
dv
ds

*14–56. The fluid transmission of a 30 000-lb truck allows
the engine to deliver constant power to the rear wheels.
Determine the distance required for the truck traveling on
a level road to increase its speed from to if 
90 hp is delivered to the rear wheels. Neglect drag and
rolling resistance.

60 ft>s35 ft>s

M
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Equations of Motion: Here, . By referring to the free-body diagram of the

car shown in Fig. a,

Power:

Ans.v = 18.7 m>s
10s
2
 

200 m

0 = v3

3
2 v
0

L
200 m

0
 10ds = L

v

0
v2 dv

15(103) = 1500av 
dv
ds
bv

Pout = F # v

:+ ©Fx = max ;    F = 1500av 
dv
ds
b

a = v 
dv
ds

•14–57. If the engine of a 1.5-Mg car generates a constant
power of 15 kW, determine the speed of the car after it has
traveled a distance of 200 m on a level road starting from
rest. Neglect friction.
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Equations of Motion: By referring to the free-body diagram of the mine car shown
in Fig. a,

Kinematics: The speed of the mine car at can be determined by integrating
the kinematic equation and using the result of a.

Power: At , .

Ans. = 42.2 kW

 = 42.1875(103) W

 = 3(1677.05)(8.385)

 Pout = 3F # v

F = 150(53>2) = 1677.05 Nt = 5 s

v = 0.15t5>2 2
 

5 s

0  = 8.385 m>s
 a :+ b  L

v

0
 dv = L

5 s

0
 0.375t3>2 dt

dv = adt
t = 5 s

 a = A0.375t3>2 B  m>s2

 :+ ©Fx = max ;     3 A150t3>2 B = 1200a

14–58. The 1.2-Mg mine car is being pulled by the winch
M mounted on the car. If the winch exerts a force of

on the cable, where t is in seconds,
determine the power output of the winch when ,
starting from rest.

t = 5 s
F = (150t3>2) N

M

91962_03_s14_p0285-0354  6/8/09  9:46 AM  Page 321



322

Equations of Motion: Here, . By referring to the free-body diagram of the

mine car shown in Fig. a,

(1)

Power:

(2)

Substituting Eq. (1) into Eq. (2) yields

Ans.v = 13.1 m>s
v3

3
2 v
0

= 25s 2  30 m

0

L
v

0
 v2dv = L

30 m

0
 25ds

30(103) = 1200av 
dv
ds
bv

30(103) = 3Fv

Pout = 3F # v

:+ ©Fx = max ;    3F = 1200av 
dv
ds
b

a = v 
dv
ds

14–59. The 1.2-Mg mine car is being pulled by the winch M
mounted on the car. If the winch generates a constant power
output of 30 kW, determine the speed of the car at the
instant it has traveled a distance of 30 m, starting from rest.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equations of Motion: Here, . By referring to the free-body diagram of the

mine car shown in Fig. a,

(1)

Power:

(2)

Substituting Eq. (1) into Eq. (2) yields

Ans.v = 15.8 m>s
v2

2
2 v
0

= 25t
2
 

5 s

0

L
v

0
vdv = L

5 s

0
 25dt

30(103) = ¢1200 
dv
ds
≤v

30(103) = 3Fv

Pout = 3F # v

:+ ©Fx = max ;     3F = 1200av 
dv
ds
b

a = v 
dv
ds

*14–60. The 1.2-Mg mine car is being pulled by winch M
mounted on the car. If the winch generates a constant
power output of 30 kW, and the car starts from rest,
determine the speed of the car when .t = 5 s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.Pi = 2.05 hp

Pi = 734.16
0.65

= 1129.5 ft # lb>s
Po = 30.59(24) = 734.16

2(12) = vP = 24 ft>s2 vC = vP

sC + (sC - sP) = l

T = 30.59 lb

a = 7.20 ft>s2

 (12)2 = 0 + 2(a)(10 - 0)

 (+ c) v2 = v2
0 + 2 ac (s - s0)

+ c ©Fy = may ;  2T - 50 = 50
32.2

 a

•14–61. The 50-lb crate is hoisted by the motor M. If the
crate starts from rest and by constant acceleration attains a
speed of after rising , determine the power
that must be supplied to the motor at the instant .
The motor has an efficiency . Neglect the mass of
the pulley and cable.

P = 0.65
s = 10 ft

s = 10 ft12 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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M
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Equations of Motion:

Power: The crate travels at a constant speed of .The power output

can be obtained using Eq. 14–10.

Thus, from Eq. 14–11, the efficiency of the motor is given by

Ans.e =
power output
power input

= 1471.5
3200

= 0.460   

P = F # v = 588.6 (2.50) = 1471.5 W

y = 5
2

= 2.50 m>s
+ c ©Fy = may ; F - 60(9.81) = 60(0) F = 588.6 N

14–62. A motor hoists a 60-kg crate at a constant velocity
to a height of in 2 s. If the indicated power of the
motor is 3.2 kW, determine the motor’s efficiency.

h = 5 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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h

Equations of Motion: By referring to the free-body diagram of the dragster shown
in Fig. a,

Kinematics: The velocity of the dragster can be determined from

Power:

Ans. = C400(103)t D  W P = F # v = 20(103)(20 t)

 v = 0 + 20 t = (20 t) m>s a :+ b v = v0 + ac t

:+ ©Fx = max ;  20(103) = 1000(a)   a = 20 m>s2

14–63. If the jet on the dragster supplies a constant thrust
of , determine the power generated by the jet as
a function of time. Neglect drag and rolling resistance, and
the loss of fuel. The dragster has a mass of 1 Mg and starts
from rest.

T = 20 kN
T
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Equations of Motion: The time required for the conveyor to move from point A to

point B is . Thus, the weight of the sand on the

conveyor at any given instant is .

By referring to the free-body diagram of the sand shown in Fig. a,

Power: Using the result of F,

Thus,

Ans.

Note that P can also be determined in a more direct manner using

Pout = dW
dt

 (h) = ¢360 000 
lb
h
≤ ¢ 1 h

3600 s
≤ A20 ft B = 2000 ft # lb>s

P = A2000 ft # lb>s B a 1 hp
550 ft # lb>s b = 3.64 hp

P = F # v = 666.67(3) = 2000 ft # lb>s
 F = 666.67 lb

 +Q©Fx¿ = max¿ ;  F - 1333.3 sin 30° = 1333.33
32.2

 (0)

W = A360 000 lb>h B a 1 h
3600 s

≤ A13.33 s B = 1333.33 lb

tAB =
sAB

v
=

20>sin 30°
3

= 13.33 s

*14–64. Sand is being discharged from the silo at A to the
conveyor and transported to the storage deck at the rate of

. An electric motor is attached to the conveyor
to maintain the speed of the belt at . Determine the
average power generated by the motor.

3 ft>s360 000  lb>h

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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20 ft

A

B

30!

When ,

Ans. PO = 35.4 kW

 PO = 1968.33(18)

 vP = 3(6) = 18 m>s vE = 0 + 2(3) = 6 m>s(+ c)   v0 + ac t

t = 3 s

3 vE = vP

3sE - sP = l

 T = 1968.33 N

 + c ©Fy = m ay ;  3T - 500(9.81) = 500(2)

14–65. The 500-kg elevator starts from rest and travels
upward with a constant acceleration 
Determine the power output of the motor M when 
Neglect the mass of the pulleys and cable.

t = 3 s.
ac = 2 m>s2.

M

E
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Ans.P = T # v = 300 (103) (27.69t) = 8.31 t MW

 = 0 + 27.69t = 27.69t

 (+ c) y = y0 + ac t

+ c ©Fy = may ; 300(103) - 8(103)(9.81) = 8(103)a a = 27.69 m>s2

14–66. A rocket having a total mass of 8 Mg is fired
vertically from rest. If the engines provide a constant thrust
of , determine the power output of the engines
as a function of time. Neglect the effect of drag resistance
and the loss of fuel mass and weight.

T = 300 kN

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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T " 300 kN

Equations of Equilibrium: If the crate is on the verge of slipping, .
From FBD(a),

Equations of Motion: Since the crate moves 3.9867 s later, .
From FBD(b),

Kinematics: Applying , we have

Power: At , . The power can be obtained using 
Eq. 14–10.

Ans.P = F # v = 3 (220) (1.7045) = 1124.97 W = 1.12 kW

F = 8 A52 B + 20 = 220 Nt = 5 s

 y = 1.7045 m>s
 L

y

0
 dy = L

5 

3.9867 s
 A0.160 t2 - 1.562 B  dt

dy = adt

 a = A0.160 t2 - 1.562 B  m>s2

 :+ ©Fx = max ; 0.2 (1471.5) - 3 A8 t2 + 20 B = 150 (-a)

+ c ©Fy = may ; N - 150(9.81) = 150 (0) N = 1471.5 N

Ff = mk N = 0.2N

:+ ©Fx = 0; 0.3(1471.5) - 3 A8 t2 + 20 B = 0 t = 3.9867 s

+ c ©Fy = 0; N - 150(9.81) = 0 N = 1471.5 N

Ff = ms N = 0.3N

14–67. The crate has a mass of 150 kg and rests on a
surface for which the coefficients of static and kinetic
friction are and , respectively. If the motor
M supplies a cable force of , where t is in
seconds, determine the power output developed by the
motor when .t = 5 s

F = (8t2 + 20) N
mk = 0.2ms = 0.3

M
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When ,

Ans.P = 126.79 ft #  lb>s = 0.231 hp

P = F # v = (42.25 cos 30°)(3.465)

F = 40 + (1.5)2 = 42.25 lb

s = 1.5 ft

v2 = 3.465 ft>s0 + 52.936 - 22.5 - 21.1125 = 0.7764 v2
2

0 + L
1.5

0
 A40 + s2 B  cos 30° ds - 1

2
 (20)(1.5)2 - 0.2L

1.5

0
 A70 + 0.5s2 B  ds = 1

2
 a 50

32.2
bv2

2

T1 + ©U1 - 2 + T2

 NB = 70 + 0.5s2

 + c ©Fy = 0; NB - A40 + s2 B  sin 30° - 50 = 0

*14–68. The 50-lb block rests on the rough surface for
which the coefficient of kinetic friction is . A force

, where s is in ft, acts on the block in the
direction shown. If the spring is originally unstretched
( ) and the block is at rest, determine the power
developed by the force the instant the block has moved

.s = 1.5 ft

s = 0

F = (40 + s2) lb
mk = 0.2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F
k " 20 lb/ft30!

Ans. v = 4.86 m>s P = F # v ; 1500 = 308.68 v

F = 92(9.81) sin 20° = 308.68 N

•14–69. Using the biomechanical power curve shown,
determine the maximum speed attained by the rider and his
bicycle, which have a total mass of 92 kg, as the rider
ascends the 20° slope starting from rest.

1400

t (s)
5 10 20 30

1450

1500

P (W)

20!
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Kinematics: Applying equation , we have

Equations of Motion:

Power: The power output at the instant when can be obtained using 
Eq. 14–10.

Using Eq. 14–11, the required power input to the motor in order to provide the
above power output is

Ans. = 1.181
0.74

= 1.60 kW

 power input =
power output

e

P = F # v = 295.25 (4) = 1181 W = 1.181 kW

y = 4 m>s+ ©Fx¿ = max¿ ; F - 50(9.81) sin 30° = 50(1.00) F = 295.25 N

42 = 02 + 2a(8 - 0) a = 1.00 m>s2

y2 = y2
0 + 2ac (s - s0)

14–70. The 50-kg crate is hoisted up the 30° incline by the
pulley system and motor M. If the crate starts from rest and,
by constant acceleration, attains a speed of after
traveling 8 m along the plane, determine the power that
must be supplied to the motor at the instant the crate has
moved 8 m. Neglect friction along the plane. The motor has
an efficiency of .P = 0.74

4 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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M

30!

Kinematics: Applying equation , we have

Equations of Motion:

Power: The power output at the instant when can be obtained using 
Eq. 14–10.

Using Eq. 14–11, the required power input to the motor to provide the above power
output is

Ans. = 1.691
0.74

= 2.28 kW

 power input =
power output

e

P = F # v = 422.69 (4) = 1690.74 W = 1.691 kW

y = 4 m>s F = 422.69 N

 + ©Fx¿ = max¿ ; F - 0.3 (424.79) - 50(9.81) sin 30° = 50(1.00)

+ ©Fy¿ = may¿ ; N - 50(9.81) cos 30° = 50(0) N = 424.79 N

42 = 02 + 2a(8 - 0) a = 1.00 m>s2

y2 = y2
0 + 2ac (s - s0)

14–71. Solve Prob. 14–70 if the coefficient of kinetic
friction between the plane and the crate is .mk = 0.3

M

30!
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Put Datum at center of block at lowest point.

Solving for the positive root of the above equation,

Thus,

Ans.s1 = 5.72 in.    s2 = 5.720 - 3 = 2.72 in.

y = 5.720 in.

37.5y2 - 145y - 397.5 = 0

0 + 10(60 + y) = 0 + c1
2

 (30)y2 d + c1
2

 (45)(y - 3)2 d = 0

T1 + V1 = T2 + V2

*14–72. Solve Prob. 14–12 using the conservation of
energy equation.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Datum at B:

Ans.x = 0.6325 ft = 7.59 in.

0 + 6(2) = 0 + 1
2

 (5)(12)(x)2

TA + VA = TB + VB

•14–73. Solve Prob. 14–7 using the conservation of energy
equation.

The spring has an initial and final compression of and
.

Ans.vA = 10.5 m>s
0 + c1

2
 (2000)(0.05)2 d = 1

2
 (0.02)vA 

2 + 1
2

 (2000)(0.03752)

0 + c1
2

 ks1 
2 d + C -Wh D = 1

2
 mvA 

2 + 1
2

 ks2 
2 + 0

T1 + V1 = T2 + V2

s2 = 0.1 - (0.05 + 0.0125) = 0.0375 m
s1 = 0.1 - 0.05 = 0.05 m

14–74. Solve Prob. 14–8 using the conservation of energy
equation.

Ans.v = 1.37 m>s
0 + 1

2
 (100)(0.5)2 + 1

2
 (50)(0.5)2 = 1

2
 (20)v2 + 0

T1 + V1 = T2 + V2

14–75. Solve Prob. 14–18 using the conservation of energy
equation.
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Datum at A

Ans.

Ans.

Ans.

Ans. NC = 1.18 lb

 + T ©Fn = man ; NC + 2 = a 2
32.2
b ¢ (16.0)2

5
≤vC = 16.0 ft>s

1
2

 a 2
32.2
b(30)2 + 0 = 1

2
 a 2

32.2
bv2

C + 2(10)

TA + VA = TC + VC

 NB = 7.18 lb

 :+ ©Fn = man ; NB = a 2
32.2
b ¢ (24.042)2

5
≤vB = 24.042 = 24.0 ft>s

1
2

 a 2
32.2
b(30)2 + 0 = 1

2
 a 2

32.2
bv2

B + 2(5)

TA + VA = TB + VB

*14–76. Solve Prob. 14–22 using the conservation of
energy equation.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.v = 2.86 m>s
0 + (2)a1

2
b(50)[2(0.05)2 + (0.240)2 - 0.2]2 = 1

2
 (0.025)v2

T1 + V1 = T2 + V2

•14–77. Each of the two elastic rubber bands of the
slingshot has an unstretched length of 200 mm. If they are
pulled back to the position shown and released from rest,
determine the speed of the 25-g pellet just after the
rubber bands become unstretched. Neglect the mass of
the rubber bands. Each rubber band has a stiffness of
k = 50 N>m.

50 mm

240 mm

50 mm
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Ans.h = 0.416 m = 416 mm

0 + 2a1
2
b(50)[2(0.05)2 + (0.240)2 - 0.2]2 = 0 + 0.025(9.81)h

T1 + V1 = T2 + V2

14–78. Each of the two elastic rubber bands of the
slingshot has an unstretched length of 200 mm. If they are
pulled back to the position shown and released from rest,
determine the maximum height the 25-g pellet will reach if
it is fired vertically upward. Neglect the mass of the rubber
bands and the change in elevation of the pellet while it is
constrained by the rubber bands. Each rubber band has a
stiffness k = 50 N>m.
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50 mm

240 mm

50 mm

Ans.v2 = 106 ft>s
0 + 2 c1

2
 (150) A2(2)2 + (1.5)2 - 0.5 B2 d = 1

2
a 1.5

32.2
b(v2)2 + 2 c1

2
 (150)(2 - 0.5)2 d

T1 + V1 = T2 + V2

14–79. Block A has a weight of 1.5 lb and slides in the
smooth horizontal slot. If the block is drawn back to

and released from rest, determine its speed at the
instant . Each of the two springs has a stiffness of

and an unstretched length of 0.5 ft.k = 150 lb>fts = 0
s = 1.5 ft

s

2 ft

2 ft

A

k " 150 lb/ft

k " 150 lb/ft

D

C
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Set then

Solving for the positive root,

Ans.s = 0.988 ft

(2.231)2 = (2)2 + s2

d = 2.231

d2 - d - 2.745 = 0

d = 2(2)2 + s2

1
2

 a 2
32.2
b(60)2 + 2 c1

2
 (150)(2 - 0.5)2 d = 0 + 2B1

2
 (150)a2(2)2 + s2 - 0.5b2RT1 + V1 = T2 + V2

*14–80. The 2-lb block A slides in the smooth horizontal
slot. When the block is given an initial velocity of 
60 ft s to the right. Determine the maximum horizontal
displacement s of the block. Each of the two springs has a
stiffness of and an unstretched length of 0.5 ft.k = 150 lb>ft> s = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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s

2 ft

2 ft

A

k " 150 lb/ft

k " 150 lb/ft

D

C

Conservation of Energy:

Ans.h = 113 in.

0 + 0 + 1
2

 (200)(4)2 + 1
2

 (100)(6)2 = 0 + h(30) + 0

1
2

 mv1 + B aVgb
1

+ AVe B1R = 1
2

 mv2 + B aVgb
2

+ AVe B2RT1 + V1 = T2 + V2

•14–81. The 30-lb block A is placed on top of two nested
springs B and C and then pushed down to the position
shown. If it is then released, determine the maximum height
h to which it will rise.

A

B

C

6 in. 4 in.

A

h

kB " 200 lb/in.

kC " 100 lb/in.
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Potential Energy: With reference to the datum set in Fig. a, the gravitational potential

energy of the block at positions (1) and (2) are and

. When the block is at position

(1) the spring is unstretched. Thus, the elastic potential energy of the spring at this

instant is . The spring is stretched when the

block is at position (2). Thus, since it

is being stretched .

Conservation of Energy:

Ans.v2 = 2.15 m>s
0 + A0 + 0 B = 1

2
 (15)v2 

2 + C -147.15 + 112.5 D
1
2

 mv1 
2 + B aVgb

1
+ AVe B1R = 1

2
 mv2 

2 + B aVgb
2

+ AVe B2RT1 + V1 = T2 + V2

s2 = x

AVe B2 = 1
2

 ks2 
2 = 1

2
 (75)(2 cos 30°)2 = 112.5 J

s2 = 2 cos 30° mAVe B1 = 1
2

 ks1 
2 = 0

AVg B2 = mgh2 = 15(9.81) C -2 sin 30° D = -147.15 J

AVg B1 = mgh1 = 15(9.81)(0) = 0

14–82. The spring is unstretched when and the
block is released from rest at this position. Determine

the speed of the block when . The spring remains
horizontal during the motion, and the contact surfaces
between the block and the inclined plane are smooth.

s = 3 m
15-kg

s = 1 m
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s

Ak " 75 N/m

30!
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Potential Energy: With reference to the datum set in Fig. a, the gravitational potential

energy of the collar at positions A and C are and

. When the collar is at positions A and

C, the spring stretches and 

. The elastic potential energy of the spring when the collar is at these two

positions are and

.

Conservation of Energy:

Ans.vC = 2.09 m>s
0 + A0 + 1.25 B = 1

2
 (5)vC 

2 + A -14.715 + 5 B
1
2

 mvA 
2 + c AVg BA + (Ve)A d = 1

2
mvC 

2 + c AVg BC + (Ve)C d
TA + VA = TC + VC

AVe BC = 1
2

 ksC 
2 = 1

2
 (250)(0.22) = 5 J

AVe BA = 1
2

 ksA 
2 = 1

2
 (250)(0.12) = 1.25 J

0.2 m

sC = 20.42 + 0.32 - 0.3 =sA = 0.4 - 0.3 = 0.1 m

AVg BC = mghC = 5(9.81)(-0.3) = -14.715 J

AVg BA = mghA = 5(9.81)(0) = 0

14–83. The vertical guide is smooth and the 5-kg collar is
released from rest at A. Determine the speed of the collar
when it is at position C. The spring has an unstretched
length of 300 mm.
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A
B

C

k " 250 N/m

0.4 m

0.3 m

Potential Energy: With reference to the datum set in Fig. a, the gravitational potential

energy of the collar at positions A and B are and

. The spring stretches 

and when the collar is at positions A and B,

respectively. Thus, the elastic potential energy of the spring when the collar 

is at these two positions are and

.

Conservation of Energy:

Ans.vB = 3.02 m>s
0 + A0 + 40 B = 1

2
 (5)vB 

2 + A14.715 + 2.5 B
1
2

 mvA 
2 + B aVgb

A
+ AVe BAR = 1

2
 mvB 

2 + B aVgb
B

+ AVe BBRTA + VA = TB + VB

AVe BB = 1
2

 ksB 
2 = 1

2
 (500)(0.12) = 2.5 J

AVe BA = 1
2

 ksA 
2 = 1

2
 (500)(0.42) = 40 J

sB = 0.3 - 0.2 = 0.1 m0.4 m

sA = 0.6 - 0.2 =AVg BB = mghB = 5(9.81)(0.3) = 14.715 J

AVg BA = mghA = 5(9.81)(0) = 0

*14–84. The 5-kg collar slides along the smooth vertical
rod. If the collar is nudged from rest at A, determine its
speed when it passes point B. The spring has an
unstretched length of 200 mm.

A

B

k ! 500 N/m

u

r ! 0.3 (1 " cos u) m
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Potential Energy: Datum is set at the cylinder position when .When the cylinder

moves to a position below the datum, its gravitational potential energy at this

position is . The initial and final elastic potential energy are

and , respectively.

Conservation of Energy:

Ans. y = 6.97 m>s
 0 + 0 = 1

2
 (20) y2 + 103.11 + (-588.6)

 ©T1 + ©V1 = ©T2 + ©V2

2 c1
2

 (40) A222 + 32 - 2 B2 d = 103.11 J2 c 1
2

 (40)(2 - 2)2 d = 0

20(9.81)(-3) = -588.6 J

h = 3 m

h = 0

•14–85. The cylinder has a mass of 20 kg and is released
from rest when . Determine its speed when m.
The springs each have an unstretched length of 2 m.

h = 3h = 0
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2 m 2 m

k ! 40 N/mk ! 40 N/m
h

Datum at C

Ans.

Just before striking B, :

Ans.

Just after striking B, :

Ans. T = 2.90 kN

 + c ©Fn = man ; T - 981 = 100a (7.581)2

3
b

r = 3 m

 T = 1.56 kN

 + c ©Fn = man ; T - 981 = 100a (7.581)2

10
b

r = 10 m

vC = 7.581 = 7.58 m>s
0 + 0 = 1

2
 (100)(vC)2 - 100(9.81)(10)(1 - cos 45°)

T1 + V1 = T2 + V2

14–86. Tarzan has a mass of 100 kg and from rest swings
from the cliff by rigidly holding on to the tree vine, which
is 10 m measured from the supporting limb A to his center
of mass. Determine his speed just after the vine strikes the
lower limb at B. Also, with what force must he hold on to
the vine just before and just after the vine contacts the
limb at B?

7 m

B

A

C

45#

10 m
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Thus,

Ans.

At B: (For h to be minimum.) Ans.

Ans. NC = 16.8 kN  

 + T ©Fn = m an ;  NC + 800(9.81) = 800a14.692

7
b

an = 14.692

7

vC = 14.69 m>s
1
2

 (800)(3)2 + 0 = 1
2

 (800)(vC)2 - 800(9.81)(24.5 - 14)

TA + VA = TC + VC

NB = 0

h = 24.5 m

vB = 9.90 m>s
+ T ©Fn = m an ;  800(9.81) = 800av2

B

10
b

1
2

 (800)(3)2 + 0 = 1
2

 (800)(vB
2 ) - 800(9.81)(h - 20)

TA + VA = TB + VB

14–87. The roller-coaster car has a mass of 800 kg,
including its passenger, and starts from the top of the hill A
with a speed Determine the minimum height h
of the hill so that the car travels around both inside loops
without leaving the track. Neglect friction, the mass of the
wheels, and the size of the car. What is the normal reaction
on the car when the car is at B and at C?

vA = 3 m>s.
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h

10 m

C 
B

A

7 m
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Since friction is neglected, the car will travel around the 7-m loop provided it first
travels around the 10-m loop.

Thus,

Ans.

At B: (For h to be minimum.) Ans.

Ans. NC = 16.8 kN

 + T ©Fn = m an ;  NC + 800(9.81) = 800a (14.69)2

7
b

vC = 14.69 m>s
0 + 0 = 1

2
 (800)(vC)2 - 800(9.81)(25 - 14)

TA + VA = TC + VC

NB = 0

h = 25.0 m

vB = 9.90 m>s
+ T ©Fn = m an ;  800(9.81) = 800av2

B

10
b

0 + 0 = 1
2

 (800)(vB
2 ) - 800(9.81)(h - 20)

TA + VA = TB + VB

*14–88. The roller-coaster car has a mass of 800 kg,
including its passenger. If it is released from rest at the top
of the hill A, determine the minimum height h of the hill so
that the car travels around both inside loops without
leaving the track. Neglect friction, the mass of the wheels,
and the size of the car. What is the normal reaction on the
car when the car is at B and at C?
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h

10 m

C 
B

A

7 m
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Equations of Motion: In order for the roller coaster to just pass point B without
falling off the track, it is required that . Applying Eq. 13–8, we have

Potential Energy: Datum is set at lowest point A.When the roller coaster is at point B,
its position is h above the datum. Thus, the gravitational potential energy at this
point is mgh.

Conservation of Energy: When the roller coaster travels from A to B, we have

Ans.

When the roller coaster travels from A to C, we have

Equations of Motion:

Ans. NC =
mg

rC
 (rB + rC + 2h)

 ©Fn = man ; NC - mg = marB g + 2gh

rC
b

 y2
C = rB g + 2gh

 
1
2

 m(rB g + 2gh) + 0 = 1
2

 my2
C + 0

 TA + VA = TC + VC

 yA = 2rB g + 2gh

 
1
2

 my2
A + 0 = 1

2
 m(rB g) + mgh

 TA + VA = TB + VB

©Fn = man ; mg = mayB
2

rB
b yB

2 = rB g

NB = 0

•14–89. The roller coaster and its passenger have a total
mass m. Determine the smallest velocity it must have when
it enters the loop at A so that it can complete the loop and
not leave the track. Also, determine the normal force the
tracks exert on the car when it comes around to the bottom
at C. The radius of curvature of the tracks at B is , and at
C it is . Neglect the size of the car. Points A and C are at
the same elevation.

rC

rB
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B

C

A

h
 Cr

 Br
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Potential Energy: The datum is set at the lowest point (compressed position).

Finally, the ball is above the datum and its gravitational

potential energy is . The initial and final elastic potential

energy are and ,

respectively.

Conservation of Energy:

Ans. y = 32.3 ft>s
 0 + 10.42 = 1

2
a 0.5

32.2
by2 + 0.625 + 1.667

 ©T1 + ©V1 = ©T2 + ©V2

1
2

 (120)a 2
12
b2

= 1.667 ft # lb
1
2

 (120)a2 + 3
12
b2

= 10.42 ft # lb

0.5(1.25) = 0.625 ft # lb

30
12

 sin 30° = 1.25 ft

14–90. The 0.5-lb ball is shot from the spring device. The
spring has a stiffness . and the four cords C and
plate P keep the spring compressed 2 in. when no load is on
the plate. The plate is pushed back 3 in. from its initial
position. If it is then released from rest, determine the speed
of the ball when it reaches a position on the
smooth inclined plane.

s = 30 in.

k = 10 lb>in
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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P
C

k

30#

s

Potential Energy: The datum is set at the lowest point (compressed position).

Finally, the ball is above the datum and its gravitational

potential energy is . The initial and final elastic potential

energy are and , respectively.

Conservation of Energy:

Ans. k = 8.57 lb>ft 0 + 0.08681k = 0 + 0.625 + 0.01389k

 ©T1 + ©V1 = ©T2 + ©V2

1
2

 (k)a 2
12
b2

= 0.01389k
1
2

 (k)a2 + 3
12
b2

= 0.08681k

0.5(1.25) = 0.625 ft # lb

30
12

 sin 30° = 1.25 ft

14–91. The 0.5-lb ball is shot from the spring device
shown. Determine the smallest stiffness k which is required
to shoot the ball a maximum distance . up the
plane after the spring is pushed back 3 in. and the ball is
released from rest. The four cords C and plate P keep the
spring compressed 2 in. when no load is on the plate.

s = 30 in

P
C

k

30#

s
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Equation of Motion: Since it is required that the roller coaster car is about to leave

the track at B, . Here, . By referring to the free-body

diagram of the roller coaster car shown in Fig. a,

Potential Energy: With reference to the datum set in Fig. b, the gravitational
potential energy of the rollercoaster car at positions A, B, and C are

, ,

and .

Conservation of Energy: Using the result of and considering the motion of the
car from position A to B,

Ans.

Also, considering the motion of the car from position B to C,

Ans.vC = 21.6 m>s
1
2

 m(73.575) + 196.2m = 1
2

 mvC 
2 + 0

1
2

 mvB 
2 + AVg BB = 1

2
 mvC 

2 + AVg BCTB + VB = TC + VC

h = 23.75 m

0 + 9.81mh = 1
2

 m(73.575) + 196.2m

1
2

 mvA 
2 + AVg BA = 1

2
 mvB 

2 + AVg BBTA + VA = TB + VB

vB 
2

AVg BC = mghC = m(9.81)(0) = 0

AVg BB = mghB = m(9.81)(20) = 196.2 mAVg BA = mghA = m(9.81)h = 9.81mh

©Fn = ma n;  m(9.81) = m¢vB 
2

7.5
≤ vB 

2 = 73.575 m2>s2

an =
vB 

2

rB
=

vB 
2

7.5
NB = 0

*14–92. The roller coaster car having a mass m is released
from rest at point A. If the track is to be designed so that the
car does not leave it at B, determine the required height h.
Also, find the speed of the car when it reaches point C.
Neglect friction.
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C

A

B

20 m

7.5 m

h
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Kinematics: We can express the length of the cord in terms of the position
coordinates sA and sP. By referring to Fig. a,

Thus,

(1)

Potential Energy: By referring to the datum set in Fig. b, the gravitational potential

energy of the cylinder at positions (1) and (2) are 

and . When the cylinder is at

positions (1) and (2), the stretch of the springs are and

. Thus, the elastic potential energy of the 

spring at these two instances are and

.

Conservation of Energy: For the case when , from Eq. (1), we obtain
or . We have

Ans.

For the case when the cylinder momentarily stops at position (2), from Eq. (1),
Also, .

Ans.¢sA = 0.6175 m = 617.5 mm

0 + A0 + 6 B = 0 + c(-490.5¢sA) + 150 A0.2 + 2¢sA B2 d
1
2

 mA AvA B1 
2 + B aVgb

1
+ AVe B1R = 1

2
 mA AvA B2 

2 + B aVgb
2

+ AVe B2RT1 + V1 = T2 + V2

(vA)2 = 0¢sP = |-2¢sA|

(vA)2 = 1.42 m>s
0 + A0 + 6 B = 1

2
 (50)(vA)2 

2 + c -490.5(0.2) + 150 A0.2 + 0.4 B2 d
1
2

 mA AvA B1 
2 + B aVgb

1
+ AVe B1R = 1

2
 mA AvA B2 

2 + B aVgb
2

+ AVe B2RT1 + V1 = T2 + V2

¢sP = -0.4 m = 0.4 m :¢sP + 2(0.2) = 0
¢sA = 0.2 m

AVe B2 = 1
2

 ks2 
2 = 1

2
 (300)(0.2 + ¢sP)2 = 150(0.2 + ¢sP)2

AVe B1 = 1
2

 ks1 
2 = 1

2
 (300)(0.22) = 6 J

s2 = s1 + ¢sP = (0.2 + ¢sP) m

s1 = F
k

= 60
300

= 0.2 m

AVg B2 = mgh2 = 50(9.81)(- ¢sA) = -490.5¢sA

AVg B1 = mgh1 = 50(9.81)(0) = 0

¢sP + 2¢sA = 0

sP + 2sA = l

•14–93. When the 50-kg cylinder is released from rest, the
spring is subjected to a tension of 60 N. Determine the
speed of the cylinder after it has fallen 200 mm. How far has
it fallen when it momentarily stops? 
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Potential Energy: With reference to the datum set in Fig. a, the gravitational potential

energy of the box at positions (1) and (2) are and

. Initially, the spring

stretches . Thus, the unstretched length of the spring is

and the initial elastic potential of each spring is

. When the box is at position (2), the

spring stretches . The elastic potential energy of the

springs when the box is at this position is 

s2 = a2d2 + 12 - 0.8b  m

AVe B1 = (2)
1
2

 ks1 
2 = 2(250 > 2)(0.22) = 10 J

l0 = 1 - 0.2 = 0.8 m

s1 = 50
250

= 0.2 m

AVg B2 = mgh2 = 10(9.81) C - A0.5 + d B D = -98.1 A0.5 + d BAVg B1 = mgh1 = 10(9.81)(0) = 0

14–94. A pan of negligible mass is attached to two
identical springs of stiffness . If a 10-kg box is
dropped from a height of 0.5 m above the pan, determine
the maximum vertical displacement d. Initially each spring
has a tension of 50 N.

k = 250 N>m
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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.AVe B2 = (2) 
1
2

 ks2 
2 = 2(250 > 2) c2d2 + 1 - 0.8 d2 = 250ad2 - 1.62d2 + 1 + 1.64b

Conservation of Energy:

Solving the above equation by trial and error,

Ans.d = 1.34 m

250d2 - 98.1d - 4002d2 + 1 + 350.95 = 0

0 + A0 + 10 B = 0 + B -98.1 A0.5 + d B + 250¢d2 - 1.62d2 + 1 + 1.64≤ R1
2

 mv1 
2 + B aVgb

1
+ AVe B1R = 1

2
 mv2 

2 + B aVgb
2

+ AVe B2RT1 + V1 + T2 + V2

1 m 1 m

0.5 m
k " 250 N/m k " 250 N/m

d
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Geometry: Here, .

The slope angle at point B is given by

and the radius of curvature at point B is

Since the center of mass for the cyclist is 1.2 m off the track, the radius of curvature
for the cyclist is

Equations of Motion: In order for the cyclist to just pass point B without falling off
the track, it is required that . Applying Eq. 13–8 with 
and , we have

Potential Energy: Datum is set at the center of mass of the cyclist before he enters
the track. When the cyclist is at point B, his position is 
above the datum. Thus, his gravitational potential energy at this point is

.

Conservation of Energy:

Ans. yA = 11.0 m>s
 
1
2

 (85)yA
2 + 0 = 1

2
 (85)(10.30) + 4669.56

 TA + VA = TB + VB

85(9.81)(5.6) = 4669.56 J

(8 - 1.2 - 1.2) = 5.6 m

©Fn = man ; 85(9.81) = 85a vB
2

1.05
b vB

2 = 10.30 m2>s2

r = 1.05 m
u = 0°NB = 0

r¿ = r - 1.2 = 1.05 m

r =
C1 + (dy>dx)2 D3>2

|d2y>dx2|
=
C1 + 02 D3>2
|-0.4444|

2 = 2.25 m

tan u =
dy

dx
2
x = 0

= 0 u = 0°

u

 
d2y

dx2 = - 4
3

 cx2 A9 - x2 B - 3>2
+ (9 - x)- 1>2 d 2

x = 0
= -0.4444

 
dy

dx
= - 4

3
 x A9 - x2 B - 1>2! x = 0 = 0

y = 4
3

 29 - x2

14–95. The man on the bicycle attempts to coast around
the ellipsoidal loop without falling off the track. Determine
the speed he must maintain at A just before entering the
loop in order to perform the stunt. The bicycle and man
have a total mass of 85 kg and a center of mass at G. Neglect
the mass of the wheels.
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A

x

y

B

3 m

4 m
G

= 1+

1.2 m

x2

9
y2

16
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Potential Energy: With reference to the datum set in Fig. a, the gravitational potential
energy of the skier at positions A and B are and

.

Conservation of Energy:

Ans.

Kinematics: By considering the x-motion of the skier, Fig. b,

(1)

By considering the y-motion of the skier, Fig. a,

(2)

Solving Eqs. (1) and (2) yields

Ans.

t = 3.743 s

s = 64.2 m

 0 = 4.5 + 0.5s + 8.5776t - 4.905t2

 - A4.5 + s sin 30° B = 0 + 17.16 sin 30° t + 1
2
A -9.81 B t2

 a + c b  sy = AsB By + AvB By t + 1
2

 ay t2

 s = 17.16t

 s cos 30° = 0 + 17.16 cos 30°(t)

 a :+ b  sx = AsB Bx + AvB Bx t

vB = 17.16 m>s = 17.2 m>s
0 + 0 = 1

2
 (65)vB 

2 + A -9564.75 B
1
2

 mvA 
2 + AVg BA = 1

2
 mvB 

2 + AVg BBTA + VA = TB + VB

AVg BB = mghB = 65(9.81)(-15) = -9564.75 J

AVg BA = mghA = 65(9.81)(0) = 0

*14–96. The 65-kg skier starts from rest at A. Determine
his speed at B and the distance s where he lands at C.
Neglect friction.
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Cs

A

B

15 m

4.5 m

vB

30!

30!
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Potential Energy: With reference to the datum set at the surface of the water, the

gravitational potential energy of the man at positions A and B are 

and . When the man

is at position A, the elastic cord is unstretched , whereas the elastic cord

stretches , where is the unstretched length of the cord. Thus, the

elastic potential energy of the elastic cord when the man is at these two positions are

and .

Conservation of Energy:

Ans.

l0 = 141 m

1
2

 (75)(1.52) + A110362.5 + 0 B = 0 + C0 + 1500(150 - l0)2 D
1
2

 mvA 
2 + B aVgb

A
+ AVe BAR = 1

2
 mvB 

2 + B aVgb
B

+ AVe BBRTA + VA = TB + VB

AVe BB = 1
2

ksB 
2 = 1

2
 (3000)(150 - l0)2 = 1500(150 - l0)2AVe BA = 1

2
 ksA 

2 = 0

l0sB = A150 - l0 B  m (sA = 0)
AVg BB = mghB = 75(9.81)(0) = 075(9.81)(150) = 110362.5 J

AVg BA = mghA =

•14–97. The 75-kg man bungee jumps off the bridge at A
with an initial downward speed of . Determine the
required unstretched length of the elastic cord to which he
is attached in order that he stops momentarily just above
the surface of the water. The stiffness of the elastic cord is

. Neglect the size of the man.k = 3 kN>m
1.5 m>s
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A

B
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Potential Energy: With reference to the datum set in Fig. a, the gravitational potential

energy of the block at positions (1) and (2) are 

and , respectively.

The spring is unstretched initially, thus the initial elastic potential energy of the

spring is . The final elastic energy of the spring is

since it is being compressed .

Conservation of Energy:

Solving for the positive root of the above equation,

Ans.x = 0.4529 m = 453 mm

2500x2 - 49.05x - 490.5 = 0

0 + A0 + 0 B = 0 + C -49.05 A10 + x B D + 1
2

 (5)(103)x2

1
2

 mv1 
2 + B aVgb

1
+ AVe B1R = 1

2
 mv2 

2 + B aVgb
2

+ AVe B2RT1 + V1 = T2 + V2

s2 = xAVe B2 = 1
2

 ks2 
2 = 1

2
 (5)(103)x2

AVe B1 = 0

AVg B2 = mgh2 = 10(9.81) C - A10 + x Bsin 30° D = -49.05 A10 + x BAVg B1 = mgh1 = 10(9.81)(0) = 0

14–98. The 10-kg block A is released from rest and slides
down the smooth plane. Determine the compression x of
the spring when the block momentarily stops.
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10 m

A

30!
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Potential Energy: With reference to the datum set at the x–y plane, the 
gravitational potential energy of the collar at positions A and B are

and . The 
stretch of the spring when the collar is at positions A

and B are and

. Thus, the elastic potential
energy of the spring when the collar is at these two positions are

and 

.

Conservation of Energy:

Ans.vB = 32.1 ft>s
0 +  A120  +   225 B = 1

2
a 20

32.2
bvB 

2
 + A0 +  25 B

1
2

 mvA 
2 + c AVg BA + AVe BA d = 1

2
 mvB 

2 + c AVg BB + AVe BB dTA + VA = TB + VB

25 ft # lb

AVe BB = 1
2

 ks B2 = 1
2

 (50)(12) =AVe BA = 1
2

 ksA 
2 = 1

2
 (50)(32) = 225  ft # lb

sB = OB - l0 = 2(4 - 0)2 + (3 - 0)2 - 4 = 1 ft

sA = OA - l0 = 2(3 - 0)2 + (-2 - 0)2 + (6 - 0)2 - 4 = 3 ft

AVg BB = WhB = 20(0) = 0AVg BA = WhA = 20(6) = 120 ft # lb

14–99. The 20-lb smooth collar is attached to the spring
that has an unstretched length of 4 ft. If it is released from
rest at position A, determine its speed when it reaches
point B.
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z

k " 50 lb/ft

A

O

x y

B

6 ft

3 ft

2 ft

3 ft
4 ft
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Potential Energy: With reference to the datum set in Fig. a, the gravitational
potential energy of the collar at positions A and B are

and .
When the collar is at positions A and B, the spring stretches

and .
Thus, the elastic potential energy of the spring when the collar is at these two
positions are 

and

.

Conservation of Energy:

Ans.

Equation of Motion: When the collar is at position B, and

. Here,

.

By referring to the free-body diagram of the collar shown in Fig. b,

Ans.

Note:The negative sign indicates that NB acts in the opposite sense to that shown on
the free-body diagram.

 NB = -208.09 N = 208 NT

 ©Fn = ma n ;  2(9.81) +  49.71 sin 45°-  NB = 2(131.43)

an = v2

r
=

vB 
2

0.2
=

(5.127)2

0.2
= 131.43 m>s2

Fsp = ksB = 600(0.08284) = 49.71 N

u = tan- 1a0.2
0.2
b = 45°

vB = 5.127  m>s = 5.13  m>s
0 +  (0 +   40.118) = 1

2
 (2)vB 

2 +  (11.772 +  2.0589)

1
2

 mvA 
2 +  c AVg BA + (Ve)A d = 1

2
 mvB 

2 +  c AVg BB + (Ve)B d
TA + VA = TB + VB

AVe BB = 1
2

 ksB 
2 = 1

2
 (600)(0.082842) = 2.0589 J

AVe BA = 1
2

 ksA 
2 = 1

2
(600)(0.36572) = 40.118 J

sB = 20.22 + 0.22 -  0.2 = 0.08284 msA = 20.42 + 0.42 - 0.2 = 0.3657 m

AVg BB = mghB = 2(9.81)(0.6) = 11.772 JAVg BA = mghA = 2(9.81)(0) = 0

*14–100. The 2-kg collar is released from rest at A and
travels along the smooth vertical guide. Determine the speed
of the collar when it reaches position B.Also, find the normal
force exerted on the collar at this position. The spring has an
unstretched length of 200 mm.
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C
k " 600 N/m

0.2 m

A

B

D

0.4 m
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Potential Energy: The location of the center of gravity G of the chain at
positions (1) and (2) are shown in Fig. a. The mass of the chain is

. Thus, the center of mass is at .

With reference to the datum set in Fig. a the gravitational potential energy of the
chain at positions (1) and (2) are

and 

Conservation of Energy:

Ans.v2 = A 2
p

(p - 2)gr

0 +  ap - 2
2
bm 0r

2g = 1
2

 ap
2

 m 0rbv 2 
2 + 0

1
2

 mv1 
2 +  AVg B1 = 1

2
  mv2 

2 + AVg B2T1 + V1 = T2 + V2

AVg B  2 = mgh 2 = 0

AVg B1 = mgh1 = ap
2

 m 0rgb ap - 2
p
br = ap - 2

2
bm 0r

2g

h1 = r - 2r
p

= ap - 2
p
brm = m 0ap2  rb = p

2
 m 0r

•14–101. A quarter-circular tube AB of mean radius r
contains a smooth chain that has a mass per unit length of  .
If the chain is released from rest from the position shown,
determine its speed when it emerges completely from the tube.

m0
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B

O
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Equation of Motion: If the ball is just about to complete the small circular path, the

cord will become slack at position C, i.e., . Here, . By
referring to the free-body diagram of the ball shown in Fig. a,

(1)

Potential Energy: With reference to the datum set in Fig. b, the gravitational
potential energy of the ball at positions A and C are 
and .

Conservation of Energy:

(2)

Solving Eqs. (1) and (2) yields

Ans.

vC = A1
2

 gr

x = 2
3

 r

vC 
2 = g(2x  -   r)

1
2

 m(3gr) +  0 = 1
2

 mvC 
2 + mg(2r  -   x)

1
2

  mv A 
2

 +  AVg BA = 1
2

  mvC 
2

 +  AVg BCTA + VA = TC + VC

AVg BC = mghC = mg(2r - x)
AVg BA = mghA = mg(0) = 0

©Fn = ma n ;  mg = ma vC 
2

r  -  x
b  vC 

2 = g(r  -  x)

an = v2

r
=

vC 
2

r - x
T = 0

14–102. The ball of mass m is given a speed of
at position A. When it reaches B, the cord hits

the small peg P, after which the ball describes a smaller
circular path. Determine the position x of P so that the
ball will just be able to reach point C.

vA = 23gr
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P

C

B

A

vA 
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Potential Energy: With reference to the datum set in Fig. a, the gravitational
potential energy of the ball at positions A and C are 

and .

Conservation of Energy:

Ans.

Equations of Motion: Here, . By referring to the free-body diagraman =
vC 

2

r
=

7
3

 gr

r>3
vC = A7

3
  gr

1
2

 m(5gr) +  0 = 1
2

 mv C 
2 + 4

3
 mgr

1
2

  mv A 
2

 +  AVg BA = 1
2

  mvC 
2

 +  AVg BCTA + VA = TC + VC

AVg BC = mghC = mga4
3

rb = 4
3

 mgr

AVg BA = mghA = mg(0) = 0

14–103. The ball of mass m is given a speed of
at position A. When it reaches  B, the cord hits

the peg P, after which the ball describes a smaller circular
path. If , determine the speed of the ball and the
tension in the cord when it is at the highest point C.

x = 2
3r

vA = 25gr
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x

O

r

P

C

B

A

vA 

of the ball shown in Fig. b,

Ans. T = 6mg

 ©Fn = man;  T + mg = m(7g)
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The work is computed by moving F from position r1 to a farther position r2.

As , let , , then

To be conservative, require

Q.E.D. =
-G Me m

r2

 F =  -  § Vg = - 0
0r

 a -  
G Me m

r
b

Vg : -G Me m
r

F2 = F1r2 = r1r1 : q

 = -  G Me ma 1
r2

- 1
r1
b

 = -G Me m L
r2

r1
 
dr
r2

 Vg = -  U = -  LF dr

*14–104. If the mass of the earth is , show that the
gravitational potential energy of a body of mass m located a
distance r from the center of the earth is .
Recall that the gravitational force acting between the earth
and the body is , Eq. 13–1. For the
calculation, locate the datum an “infinite” distance from the
earth. Also, prove that F is a conservative force.

F = G(Mem>r2)

Vg = -GMem>rMe
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Since 

Ans.vB = 9672 m>s = 34.8 Mm>h
1
2

 (60)(11 111.1)2 -
66.73(10)- 12(5.976)(10)23(60)

20(10)6
= 1

2
 (60)vB

2 -
66.73(10)- 12(5.976)(10)24(60)

80(10)6

T1 + V1 = T2 + V2

V = -  
GMe m

r

yA = 40 Mm>h = 11 111.1 m>s

•14–105. A 60-kg satellite travels in free flight along an
elliptical orbit such that at A, where ,
it has a speed . What is the speed of the
satellite when it reaches point B, where ?
Hint: See Prob. 14–104, where and

.G = 66.73(10- 12) m3>(kg # s2)
Me = 5.976(1024) kg

rB = 80 Mm
vA = 40 Mm>h rA = 20 Mm

A

B

vA

vB rB ! 80 Mm

rA ! 20 Mm
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(1)

(2)

Solving Eqs. (1) and (2) yields:

Ans.sA = s1  +   s2 = 0.7722  +  0.5148 = 1.29 ft

s2 = 0.5148 ft s1 = 0.7722 ft

s1 = 1.5s2

Fs = 3000s1 = 4500s2 ;

1
2

 a1500
32.2

b(8)2
 +  0 = 0 +  

1
2

 (3000)sL
2

 
 +  

 
1
2

 (4500)s
2
2

T1 + V1 = T2 + V2

14–106. The double-spring bumper is used to stop the
1500-lb steel billet in the rolling mill. Determine the
maximum displacement of the plate A if the billet strikes
the plate with a speed of Neglect the mass 
of the springs, rollers and the plates A and B. Take
k1 = 3000 lb>ft, k2 = 45000 lb>ft.8 ft>s.
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v ! 8 ft/s
A

B k2
k1
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Ans. t = 0.439 s

 
5

32.2
 (10) + (-5 sin 45°)t = 0

AQ+ B m(yx¿)1 + ©L
- t2

t1

Fx dt = m(yx¿)2

•15–1. A 5-lb block is given an initial velocity of 10 up
a 45° smooth slope. Determine the time for it to travel up
the slope before it stops.

ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Ans.   s = 48.4 m

   s = 0 + 0 + 1
2

 (2.690)(6)2

A + c B s = s0 + v0 t + 1
2

 ac t2

   a = 2.690 m>s2

   16.14 = 0 + a(6)

A + c B v = v0 + ac t

   v = 16.14 m>s = 16.1 m>s   0 + 150 A103 B(6) - 12 A103 B(9.81)(6) = 12 A103 BvA + c B m(vy)1 + ©LFy dt = m(vy)2

15–2. The 12-Mg “jump jet” is capable of taking off
vertically from the deck of a ship. If its jets exert a constant
vertical force of 150 kN on the plane, determine its velocity
and how high it goes in , starting from rest. Neglect
the loss of fuel during the lift.

t = 6 s

150 kN
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15–3. The graph shows the vertical reactive force of the
shoe-ground interaction as a function of time.The first peak
acts on the heel, and the second peak acts on the forefoot.
Determine the total impulse acting on the shoe during the
interaction.

F (lb)

 t (ms)

750

600

500

25 50 100 200

*15–4. The 28-Mg bulldozer is originally at rest.
Determine its speed when if the horizontal traction
F varies with time as shown in the graph.

t = 4 s

Impulse: The total impluse acting on the shoe can be obtained by evaluating the
area under the F – t graph.

Ans.  = 90.0 lb # s

 +  
1
2

 (500 + 750)(100 - 50) A10- 3 B + 1
2

 (750) C(200 - 100) A10- 3 B D
 I = 1

2
 (600) C25 A10- 3 B D + 1

2
 (500 + 600)(50 - 25) A10- 3 B

Ans.   y = 0.564 m>s
   0 + L

4

0

(4 - 0.01t2)(103)dt = 28(103)v

a :+ b m(yx)1 + ©L
- t2

t1

Fx dt = m(yx)2

F (kN)

t (s)

4

20

F ! 4 " 0.01t2 

F
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Free-Body Diagram: The free-body diagram of blocks A and B are shown in Figs. b
and c, respectively. Here, the final velocity of blocks A and B, (vA)2 and (vB)2 must
be assumed to be directed downward so that they are consistent with the positive
sense of sA and sB shown in Fig. a.

Kinematics: Expressing the length of the cable in terms of sA and sB by referring to
Fig. a,

(1)

Taking the time derivative of Eq. (1), we obtain

(2)

Principle of Impulse and Momentum: Initially, the velocity of block A is directed
downward. Thus, .

From Eq. (2),

By referring to Fig. b,

(3)

By referring Fig. c,

(4)

Solving Eqs. (2), (3), and (4),

Ans.

Ans.   T = 43.6 N

   AvB B2 = 1.27 m>sT

   AvA B2 = -1.27 m>s = 1.27 m>sc

   6T = 274.3 - 10(vB)2

   10(2) + 2T(3) - 10(9.81)(3) = 10 C - AvB B2 Da + c b m AvB B1 + ©L
t2

t1

Fydt = m AvB B2
   6T = 251.44 - 8 AvA B2   8(-2) + 2T(3) - 8(9.81)(3) = 8 C - AvA B2 Da + c b m AvA B1 + ©L

t2

t1

Fy dt = m AvA B2
a + T b 2 + AvB B1 = 0      AvB B1 = -2 m>s = 2 m>s c

AvA B1 = 2 m>s T

A + T B vA + vB = 0

  sA + sB = l>2  2sA + 2sB = l

•15–5. If cylinder is given an initial downward speed of
determine the speed of each cylinder when 

Neglect the mass of the pulleys.
t = 3 s.2 m>s,

A

8 kg

10 kg A

B
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Entire train:

Ans.

Three cars:

Ans.   0 + T(80) = 3(30) A103 B(11.11)  T = 12.5 kN

a :+ b m(vx)1 + ©LFx dt = m(vx)2

   F = 19.4 kN

   0 + F(80) = [50 + 3(30)] A103 B(11.11)

a :+ b m(vx)1 + ©LFx dt = m(vx)2

(vx)2 = 40 km>h = 11.11 m>s

15–6. A train consists of a 50-Mg engine and three cars,
each having a mass of 30 Mg. If it takes 80 s for the train to
increase its speed uniformly to 40 , starting from rest,
determine the force T developed at the coupling between
the engine E and the first car A. The wheels of the engine
provide a resultant frictional tractive force F which gives
the train forward motion, whereas the car wheels roll freely.
Also, determine F acting on the engine wheels.

km>h
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15–7. Determine the maximum speed attained by the
1.5-Mg rocket sled if the rockets provide the thrust shown in
the graph. Initially, the sled is at rest. Neglect friction and the
loss of mass due to fuel consumption.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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t (s)

T (kN)

30

60

90

1 1.5 2 2.50.5

Principle of Impulse and Momentum: The graph of thrust T vs. time t due to the
successive ignition of the rocket is shown in Fig. a. The sled attains its maximum
speed at the instant that all the rockets burn out their fuel, that is, at . The
impulse generated by T during is equal to the area under the T vs t
graphs. Thus,

By referring to the free-body diagram of the sled shown in Fig. a,

Ans.   vmax = 90 m>s   1500(0) + 135000 = 1500vmax

a :+ b m Av1 Bx + ©L  Fxdt = m Av2 Bx
+ 60(103)(2 - 1.5) + 30(103)(25 - 2) = 135 000 N # s

I = L  Tdt = 30(103)(0.5 - 0) + 60(103)(1 - 0.5) + 90(103)(1.5 - 1)

0 … t … 2.5 s
t = 2.5 s
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Free-Body Diagram: The free-body diagram of the jeep and crates are shown in Figs.
a and b, respectively. Here, the maximum driving force for the jeep is equal to the
maximum static friction between the tires and the ground, i.e., .
The frictional force acting on the crate is .

Principle of Impulse and Momentum: By referring to Fig. a,

(1)

By considering Fig. b,

(2)

Solving Eqs. (1) and (2) yields

Ans.   P = 5297.4 N

   v = 11.772 m>s = 11.8 m>s
   v = 0.005P - 14.715

   1000(0) + P(5) - 0.3(9810)(5) = 1000v

a :+ b m Av1 Bx + ©L
t2

t1

Fxdt = m Av2 Bx   NC = 9810 N

   1000(0) + NC (5) - 1000(9.81)(5) = 1000(0)

a + c b m Av1 By + ©L
t2

t1

Fydt = m Av2 By
   v = 29.43 - 3.333(10- 3)P

   1500(0) + 0.6(14715)(5) - P(5) = 1500v

a :+ b m Av1 Bx + ©L
t2

t1

Fxdt = m Av2 Bx         NJ = 14715 N

         1500(0) + NJ (5) - 1500(9.81)(5) = 1500(0)

a + c b m Av1 By + ©L
t2

t1

Fydt = m Av2 By
AFf BC = mkNC = 0.3NC

FD = msNJ = 0.6NJ

*15–8. The 1.5-Mg four-wheel-drive jeep is used to push
two identical crates, each having a mass of 500 kg. If the
coefficient of static friction between the tires and the
ground is , determine the maximum possible speed
the jeep can achieve in 5 s without causing the tires to slip.
The coefficient of kinetic friction between the crates and
the ground is .mk = 0.3

ms = 0.6
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Principle of Linear Impulse and Momentum: Applying Eq. 15–4, we have

Ans. y = 0.849 m>s
A :+ B 0 + L

10s

0
30 A106 B A1 - e- 0.1t Bdt = 0.130 A109 B  y
 m(yx)1 + ©L

t2

t1

Fx dt = m(yx)2

•15–9. The tanker has a mass of 130 Gg. If it is originally
at rest, determine its speed when . The horizontal
thrust provided by its propeller varies with time as shown in
the graph. Neglect the effect of water resistance.

t = 10 s
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F

F (MN)

F ! 30(1 " e"0.1t)

t (s)

Solving for the positive root,

Ans.t = 4.64 s

   3.727 + 3.840t - t2 = 0

   a 20
32.2
b(6) + 20(sin 20°)t - L

t

0
(3 + 2t) dt = 0

 (+b) m(vx)1 + ©LFx dt = m(vx)2

15–10. The 20-lb cabinet is subjected to the force
, where t is in seconds. If the cabinet is

initially moving down the plane with a speed of 6 ,
determine how long for the force to bring the cabinet to
rest. F always acts parallel to the plane.

ft>sF = (3 + 2t) lb

20#

F
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Free-Body Diagram: Here, the x–y plane is set parallel with the inclined plane.Thus,
the z axis is perpendicular to the inclined plane. The frictional force will act along
but in the opposite sense to that of the motion, which makes an angle with the x
axis. Its magnitude is .

Principle of Impulse and Momentum: By referring to Fig. a,

and

(1)

and

(2)

Solving Eqs. (1) and (2),

Ans.  v = 20.99 ft > s = 21.0 ft >s  u = 39.80°

  sin u(v + 16.73) = 24.15

  20
32.2

 (0) + 15(3) - (20 sin 30°)(3) - C0.2(17.32) sin u D(3) = 20
32.2

 (v sin u)

  m Av1 By + ©L
t2

t1

Fy dt = m Av2 By
  cos u(v + 16.73) = 28.98

  20
32.2

 (0) + 6(3) - C0.2(17.32) cos u D(3) = = 20
32.2

 (v cos u)

  m Av1 Bx + ©L
t2

t1

Fx dt = m Av2 Bx
  N = 17.32 lb

  20
32.2

 (0) + N(3) - 20 cos 30°(3) = 20
32.2

 (0)

  m Av1 Bz + ©L
t2

t1

Fz dt = m Av2 Bz
Ff = mkN = 0.2N

u

15–11. The small 20-lb block is placed on the inclined
plane and subjected to 6-lb and 15-lb forces that act parallel
with edges AB and AC, respectively. If the block is initially at
rest, determine its speed when . The coefficient of
kinetic friction between the block and the plane is .mk = 0.2

t = 3 s

C

B

A

6 lb
15 lb

30!
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Principle of Linear Impulse and Momentum: The total impluse acting on the bullet
can be obtained by evaluating the area under the F–t graph. Thus,

. Applying Eq. 15–4, we have

Ans. F0 = 2666.67 N = 2.67 kN

 A :+ B  0 + 0.375 A10- 3 B  F0 = 2 A10- 3 B(500)

 m(yx)1 + ©L
t2

t1

Fx dt = m(yx)2

= 0.375 A10- 3 B  F0

I = ©L
t2

t1

Fx dt = 1
2

 (F0) C0.5 A10- 3 B D + 1
2

 (F0) C(0.75 - 0.5) A10- 3 B D

*15–12. Assuming that the force acting on a 2-g bullet, as
it passes horizontally through the barrel of a rifle, varies
with time in the manner shown, determine the maximum
net force applied to the bullet when it is fired.The muzzle
velocity is 500 when . Neglect friction
between the bullet and the rifle barrel.

t = 0.75 msm>sF0

F

t (ms)

F(kN)

F0

0.5 0.75

Ans.   T = 526 lb

   0 + 2(T cos 30°)(0.3) - 600(0.3) = a 600
32.2
b(5)

A + c B m(vy)1 + ©LFy dt = m(vy)2

•15–13. The fuel-element assembly of a nuclear reactor
has a weight of 600 lb. Suspended in a vertical position from
H and initially at rest, it is given an upward speed of 5 
in 0.3 s. Determine the average tension in cables AB and AC
during this time interval.

ft>s
30! 30!

B C

A

H
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Principle of Impulse and Momentum: The impulse generated by force F during

is equal to the area under the F vs. t graph, i.e.,

. Referring to the

free-body diagram of the block shown in Fig. a,

Ans.   v = 4.50 m >s   10(3) + 15 = 10v

a :+ b m Av1 Bx + ©L
t2

t1

Fx dt = m Av2 Bx
I = LFdt = 1

2
 (20)(3 - 0) + c -  

1
2

 (20)(4.5 - 3) d = 15 N # s

0 … t … 4.5

15–14. The smooth block moves to the right with a
velocity of when force is applied. If the force
varies as shown in the graph, determine the velocity of the
block when t = 4.5 s.

Fv0 = 3 m>s10-kg

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F

v0 " 3 m/s

t (s)

F (N)

1.5

20

#20

4.53

Principle of Impulse and Momentum: By referring to the free-body diagram of the
crate shown in Fig. a,

Ans.   T = 520.5 N

   100(1.5) + 2T(5) - 100(9.81)(5) = 100(4.5)

a + c b m Av1 By + ©L
t2

t1

Fydt = m Av2 By

15–15. The 100-kg crate is hoisted by the motor M. If the
velocity of the crate increases uniformly from to

in 5 s, determine the tension developed in the cable
during the motion.
4.5 m>s 1.5 m>s

M
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Free-Body Diagram: Here, force 2T must overcome the weight of the crate before it
moves. By considering the equilibrium of the free-body diagram of the crate shown
in Fig. a,

Principle of Impulse and Momentum: Here, only the impulse generated by force 2T
after contributes to the motion. Referring to Fig. a,

Ans.   v = 2.34 m>s
   100(0) + 2L

5s

2.898 s
a200t1>2 + 150bdt - 100(9.81)(5 - 2.8985) = 100v

a + c b m Av1 By + ©L
t2

t1

Fy dt = m Av2 Byt = 2.8186 s

+ c ©Fy = 0;  2 A200t1>2 + 150 B - 100(9.81) = 0  t = 2.8985 s

*15–16. The 100-kg crate is hoisted by the motor M. The
motor exerts a force on the cable of ,
where t is in seconds. If the crate starts from rest at the ground,
determine the speed of the crate when .t =  5 s

T =  (200t1>2 +  150) N

M

Ans.

Tug:

Ans.   T = 24 kN

   12 A103 B(3) - T(1.5) = 0

a :+ b m (vx)1 + ©LFx dt = m (vx)2

   F = 24 kN

   0 + 12 A103 B(3) - F(1.5) = 0 + 0

a :+ b m1 (vx)1 + ©LFx dt = m2(vx)2

•15–17. The 5.5-Mg humpback whale is stuck on the shore
due to changes in the tide. In an effort to rescue the whale, a
12-Mg tugboat is used to pull it free using an inextensible
rope tied to its tail. To overcome the frictional force of the
sand on the whale, the tug backs up so that the rope
becomes slack and then the tug proceeds forward at 3 .
If the tug then turns the engines off, determine the average
frictional force F on the whale if sliding occurs for 1.5 s
before the tug stops after the rope becomes taut. Also, what
is the average force on the rope during the tow?

m>s
F
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When ,

`Ans.

Ans.    s = Ct¿2

pm

    s = aC t¿
pm
b c t - t¿

p
 sin apt

t¿ b d t¿0
    L

s

0
ds = L

t

0
a C t¿
p m
b a1 - cos apt

t¿ b b  dt

    ds = v dt

    v2 = 2C t¿
pm

t = t¿

    v = Ct¿
pm

 a1 - cos apt
t¿ b b

   -Ca t¿
p
b  cos apt

t¿ b 2 t0 = mv

   0 + L
t

0
C sin apt

t¿ b = mv

a :+ b m(vx)1 + ©LFx dt = m(vx)2

15–18. The force acting on a projectile having a mass m as
it passes horizontally through the barrel of the cannon is

. Determine the projectile’s velocity when
. If the projectile reaches the end of the barrel at this

instant, determine the length s.
t = t¿
F = C sin (pt>t¿)

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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s

Ans. (vx)2 = -91.4 = 91.4 ft>s ;

 -5.59 + (25)[-1]a10
p
b = a 30

32.2
b(vx)2

 -5.59 + (25) csin a p
10

 tb d15

0
a10
p
b = a 30

32.2
b(vx)2

 - a 30
32.2
b(6) + L

15

0
25 cos a p

10
 tb  dt = a 30

32.2
b(vx)2

 a :+ b m(vx)1 + ©LFx dt = m(vx)2

15–19. A 30-lb block is initially moving along a smooth
horizontal surface with a speed of to the left. If it
is acted upon by a force F, which varies in the manner
shown, determine the velocity of the block in 15 s.

v1 = 6 ft>s
t  (s)

F  (lb)

15105

25

F

v1

––
10F " 25 cos(       )tp
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Kinematics: The speed of block A and B can be related by using the position
coordinate equation.

[1]

Principle of Linear Impulse and Momentum: Applying Eq. 15–4 to block A, we have

[2]

Applying Eq. 15–4 to block B, we have

[3]

Solving Eqs. [1], [2] and [3] yields

Ans.

 T = 7.143 lb

 yA = -27.6 ft>s = 27.6 ft>s c yB = 55.2 ft>s T

 (+ c) - a 50
32.2
b(0) + T(2) - 50(2) = - a 50

32.2
b(vB)

 m Ayy B1 + ©L
t2

t1

Fy dt = m Ayy B2
 (+ c) - a 10

32.2
b(0) + 2T(2) - 10(2) = - a 10

32.2
b(vA)

 m Ayy B1 + ©L
t2

t1

Fy dt = m Ayy B2
 2yA + yB = 0

 2sA + sB = l

*15–20. Determine the velocity of each block 2 s after the
blocks are released from rest. Neglect the mass of the
pulleys and cord.

A B10 lb 50 lb

•15–21. The 40-kg slider block is moving to the right with
a speed of 1.5 when it is acted upon by the forces and

. If these loadings vary in the manner shown on the graph,
determine the speed of the block at . Neglect friction
and the mass of the pulleys and cords.

t = 6 s
F2

F1m>s
F2

F2

t (s)

F (N)

0 2 4 6

40

F1

F1

30

20

10

The impulses acting on the block are equal to the areas under the graph.

Ans.   v2 = 12.0 m>s ( : )

   + 40(6 - 4)] = 40v2

   40(1.5) + 4[(30)4 + 10(6 - 4)] - [10(2) + 20(4 - 2)

a :+ b m(vx)1 + ©LFx dt = m(vx)2
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15–22. At the instant the cable fails, the 200-lb crate is
traveling up the plane with a speed of . Determine the
speed of the crate 2 s afterward. The coefficient of kinetic
friction between the crate and the plane is .mk = 0.20

15 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

15 ft/s

45!

Free-Body Diagram: When the cable snaps, the crate will slide up the plane, stop,
and then slide down the plane. The free-body diagram of the crate in both cases are
shown in Figs. a and b. The frictional force acting on the crate in both cases can be
computed from .

Principle of Impulse and Momentum: By referring to Fig. a,

Thus, the time the crate takes to slide down the plane is .
Here, for both cases. By referring to Fig. b,

Ans. v = 26.4 ft>s
 
200
32.2

 (0) + 0.2(141.42)(1.451) - 200 sin 45° A1.451 B = 200
32.2

(-v)

 +Q m Av1 Bx¿ + ©L
t2

t1

Fx¿ dt = m Av2 Bx¿

N = 141.42
t– = 2 - 0.5490 = 1.451 s

 t¿ = 0.5490 s

 
200
32.2

 (15) - 200 sin 45° A t¿ B - 0.2(141.42) A t¿ B = 200
32.2

 (0)

 +Q m Av1 Bx¿ + ©L
t2

t1

Fx¿ dt = m Av2 Bx¿

 N = 141.42 lb

 
200
32.2

 (0) + N A t¿ B - 200 cos 45° A t¿ B = = 200
32.2

 (0)

 +a m Av1 By¿ + ©L
t2

t1

Fy¿ dt = m Av2 By¿

Ff = mkN = 0.2N

91962_04_s15_p0355-0478  6/8/09  11:33 AM  Page 368



369

Principle of Impulse and Momentum: The impulse generated by F1 and F2 during
the time period is equal to the area under the F1 vs t and F2 vs t graphs,

i.e., and 

. By referring to the impulse and momentum diagram

shown in Fig. a

Thus, the magnitude of v,

Ans.

and the direction angle makes with the horizontal is

Ans.   u = tan- 1 ¢ vy

vx
≤ = tan- 1a 6

5.392
b = 48.1°

u

   v = 2vx 
2 + vy 

2 = 25.3922 + 62 = 8.07 m>s
 vy = 6 m>s 0 + 60 sin 30° = 5vy

 a + c b m Av1 By + ©L
t2

t1

Fy dt = m Av2 By vx = -5.392 m>s = 5.392 m>s ;
 -5(3) + 40 - 60 cos 30° = 5vx

 a :+ b  m Av1 Bx + ©L
t2

t1

Fx dt = m Av2 Bx
= 40 N # s+ 1

2
 (20)(4 - 3)

I2 = 1
2

 (20)(3 - 0)I1 = 1
2

 (20)(1) + 20(3 - 1) + 10(4 - 3) = 60N # s

0 … t … 4 s

15–23. Forces and vary as shown by the graph. The 
5-kg smooth disk is traveling to the left with a speed of

when . Determine the magnitude and direction
of the disk’s velocity when .t =  4 s

t =  03 m>s F2F1

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

x

F1

F2

F2

F1

t (s)

F (N)

10

20

1 3 4

3 m/s

30!
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Principle of Impulse and Momentum: By referring to the free-body diagram of the
entire train shown in Fig. a, we can write

Ans.

Using this result and referring to the free-body diagram of the train’s car shown in
Fig. b,

Ans. FD = 15 714.29 N = 15.7 kN

 33000(0) + FD(30) = 33 000 A14.29 B a :+ b  m Av1 Bx + ©L
t2

t1

Fx dt = m Av2 Bx
 v = 14.29 m>s 63 000(0) + 30(103)(30) = 63 000v

 a :+ b  m Av1 Bx + ©L
t2

t1

Fxdt = m Av2 Bx

•15–25. The train consists of a 30-Mg engine E, and cars A,
B, and C, which have a mass of 15 Mg, 10 Mg, and 8 Mg,
respectively. If the tracks provide a traction force of

on the engine wheels, determine the speed of
the train when , starting from rest. Also, find the
horizontal coupling force at D between the engine E and
car A. Neglect rolling resistance.

t =  30 s
F =  30 kN

370

Principle of Impulse and Momentum:

The magnitude of v2 is given by

Ans. = 82.2 m>s v2 = 2 Av2 Bx 
2 + Av2 By 

2 + Av2 Bz 
2 = 2 A41 B2 + A -35 B2 + A62 B2

v2 = E41i - 35j + 62kF  m>s0.5(5i + 10j + 20k) + L
3 s

0
c2t2i - A3t + 3 B j + a10 - t2bk d = 0.5v2

mv1 + ©L
t2

t1

Fdt = mv2

*15–24. A 0.5-kg particle is acted upon by the force
, where t is in

seconds. If the particle has an initial velocity of
, determine the magnitude

of the velocity of the particle when .t =  3 s
v0 =  55i +  10j +  20k6 m>sF =  52t2i — (3t +  3)j +  (10 - t2)k6 N
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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E

F " 30 kN

ABC

D
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Equations of Equilibrium: For the period , . The

time needed for the motor to move the crate is given by

Principle of Linear Impulse and Momentum: The crate starts to move 3.924 s after
the motor is turned on. Applying Eq. 15–4, we have

Ans. y = 4.14 m>s
 (+ c) 20(0) + L

5 s

3.924 s
50tdt + 250(6 - 5) - 20(9.81)(6 - 3.924) = 20y

 m Ayy B1 + ©L
t2

t1

Fy dt = m Ayy B2
+ c ©Fy = 0; 50t - 20(9.81) = 0 t = 3.924 s 6 5 s

F = 250
5

 t = (50t) N0 … t 6 5 s

15–26. The motor M pulls on the cable with a force of F,
which has a magnitude that varies as shown on the graph. If
the 20-kg crate is originally resting on the floor such that
the cable tension is zero at the instant the motor is turned
on, determine the speed of the crate when . Hint:
First determine the time needed to begin lifting the crate.

t = 6 s

F (N)

t (s)

250

5

F
M

Principle of Linear Impulse and Momentum: For the time period ,

, .Applying Eq. 15–4 to bucket B, we have

Ans. y2 = 21.8 m>s
 (+ c) 70(3) + 2 c360(12) + L

18 s

12 s
(20t + 120)dt d - 70(9.81)(18) = 70y2

 m Ayy B1 + ©L
t2

t1

Fy dt = m Ayy B2
F = (20t + 120) N

F - 360
t - 12

= 600 - 360
24 - 12

12 s … t 6 18 s

15–27. The winch delivers a horizontal towing force F to
its cable at A which varies as shown in the graph. Determine
the speed of the 70-kg bucket when . Originally the
bucket is moving upward at .v1 = 3 m>st = 18 s

F (N)

t (s)
12

360

600

24

v
B

A

F
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Principle of Linear Impulse and Momentum: The total impluse exerted on bucket B

can be obtained by evaluating the area under the F–t graph. Thus,

. Applying

Eq. 15–4 to the bucket B, we have

Ans. y2 = 16.6m>s (+ c)  80(0) + 20160 - 80(9.81)(24) = 80y2

 m Ayy B1 + ©L
t2

t1

Fy dt = m Ayy B2
I = ©L

t2

t1

Fy dt = 2 c360(12) + 1
2

 (360 + 600)(24 - 12) d = 20160 N # s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F (N)

t (s)
12

360

600

24

v
B

A

F

*15–28. The winch delivers a horizontal towing force 
F to its cable at A which varies as shown in the graph.
Determine the speed of the 80-kg bucket when .
Originally the bucket is released from rest.

t = 24 s
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Kinematics: By considering the x-motion of the golf ball, Fig. a,

Subsequently, using the result of t and considering the y-motion of the golf ball,

Principle of Impulse and Momentum: Here, the impulse generated by the weight of
the golf ball is very small compared to that generated by the force of the impact.
Hence, it can be neglected. By referring to the impulse and momentum diagram
shown in Fig. b,

Ans. Favg = 847 lb

 0 + Favg (0.5)(10- 3) = 0.1
32.2

 A136.35 B
 A  B  m Av1 Bx¿ + ©L

t2

t1
Fx¿ dt = m Av2 Bx¿

 v = 136.35 ft>s
 0 = 0 + v sin 30°¢ 500

v cos 30°
≤ + 1

2
(-32.2)¢ 500

v cos 30°
≤2

 a + c b  sy = As0 By + Av0 By t + 1
2

 ay t2

 t = 500
v cos 30°

 500 = 0 + v cos 30° t

 a :+ b  sx = As0 B + Av0 Bx t

•15–29. The 0.1-lb golf ball is struck by the club and then
travels along the trajectory shown. Determine the average
impulsive force the club imparts on the ball if the club
maintains contact with the ball for 0.5 ms.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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500 ft

v
30!
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Subsequently, using the result of t and considering the y-motion of the golf ball.

Principle of Impulse and Momentum: Here, the impulse generated by the weight of
the baseball is very small compared to that generated by the force of the impact.
Hence, it can be neglected. By referring to the impulse and momentum diagram
shown in Fig. b,

Thus,

Ans. = 12.7 kN

    Favg = A aFavgb2

x
+ aFavgb2

y
= 211715.72 + 4970.92

 aFavgby
= 4970.9 N

 -0.15(30) sin 15° + aFavgby
 (0.75) A10- 3 B = 0.15(34.18) sin 30°

 a + c b  m Av1 By + ©L
t2

t1

Fy dt = m Av2 By aFavgbx
= 11 715.7 N

 -0.15(30) cos 15° + aFavgbx
 (0.75) A10- 3 B = 0.15(34.18) cos 30°

 a :+ b  m Av1 Bx + ©L
t2

t1

Fx dt = m Av2 Bx

 v = 34.18 m>s
 1.75 = 0 + v sin 30°¢ 100

v cos 30°
≤ + 1

2
A -9.81 B ¢ 100

v cos 30°
≤2

 a + c b  xy = As0 By + Av0 By t + 1
2

 ay t2

 t = 100
v cos 30°

 100 = 0 + v cos 30° t

 A :+ B  sx = As0 Bx + Av0 Bx t

15–30. The 0.15-kg baseball has a speed of 
just before it is struck by the bat. It then travels along the
trajectory shown before the outfielder catches it. Determine
the magnitude of the average impulsive force imparted to
the ball if it is in contact with the bat for 0.75 ms.

v =  30 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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100 m

2.5 m
0.75 m

15!
v1 " 30 m/s

v2 15!
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Ans.   v2 = 192 m>s   - 50(9.81)sin 30°(2) = 50v2

   50(2) + L
2

0
A300 + 1202t Bdt - 0.4(424.79)(2)

(+Q) m(vx)1 + ©LFx dt = m(vx)2

+a©Fx = 0; NB - 50(9.81)cos 30° = 0 NB = 424.79 N

15–31. The 50-kg block is hoisted up the incline using the
cable and motor arrangement shown. The coefficient of
kinetic friction between the block and the surface is 
If the block is initially moving up the plane at , and
at this instant ( ) the motor develops a tension in the cord
of , where t is in seconds, determine
the velocity of the block when .t = 2 s

T = (300 + 1202t) N
t = 0

v0 = 2 m>smk = 0.4.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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v0 " 2 m/s

30!

Free-Body Diagram: The free-body diagram of the cannon and ball system is shown
in Fig. a. Here, the spring force 2Fsp is nonimpulsive since the spring acts as a shock
absorber. The pair of impulsive forces F resulting from the explosion cancel each
other out since they are internal to the system

Conservation of Linear Momentum: Since the resultant of the impulsice force along
the x axis is zero, the linear momentum of the system is conserved along the x axis.

Ans.

Conservation of Energy: The initial and final elastic potential energy in each spring are

and . By referring to Fig. a,

Ans.k = 49 689.44 lb>ft = 49.7 kip>ft
1
2

 ¢ 500
32.2
≤ a402b + 2 A0 B = 0 + 2 A0.125k B

1
2

 mC AvC B i 
2 + 2 AVe B i = 1

2
 mC AvC Bf 

2 + 2 AVe BfTi + Vi = Tf + Vf

AVe Bf = 1
2

 ksf 
2 = 1

2
 k(0.52) = 0.125kAVe B i = 1

2
 ksi 

2 = 0

 AvC B2 = -40 ft>s = 40 ft>s ;

 
500
32.2

 (0) + 10
32.2

 (0) = 500
32.2

 AvC B2 + 10
32.2

 (2000)

 a :+ b mC AvC B1 + mb Avb B1 = mC AvC B2 + mb Avb B2

*15–32. The 10-lb cannon ball is fired horizontally by a 500-lb
cannon as shown. If the muzzle velocity of the ball is ,
measured relative to the ground, determine the recoil velocity
of the cannon just after firing. If the cannon rests on a smooth
support and is to be stopped after it has recoiled a distance of
6 in., determine the required stiffness k of the two identical
springs, each of which is originally unstretched.

2000 ft>s
kk

2000 ft/s
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Ans.

Ans.

This energy is dissipated as noise, shock, and heat during the coupling.

 = 20.25 - 3.375 = 16.9 kJ

 ¢T = T1 - T2

 T2 = 1
2

 (27 000)(0.5)2 = 3.375 kJ

 T1 = 1
2

 (15 000)(1.5)2 + 1
2

 (12 000)(0.75)2 = 20.25 kJ

 v2 = 0.5 m>s 15 000(1.5) - 12 000(0.75) = 27 000(v2)

 ( :+ ) ©mv1 = ©mv2

15–33. A railroad car having a mass of 15 Mg is coasting at
on a horizontal track. At the same time another car

having a mass of 12 Mg is coasting at in the
opposite direction. If the cars meet and couple together,
determine the speed of both cars just after the coupling.
Find the difference between the total kinetic energy before
and after coupling has occurred, and explain qualitatively
what happened to this energy.

0.75 m>s1.5 m>s vA " 3 ft/s vB " 6 ft/s

A B

Ans. v2 = -0.600 ft>s = 0.600 ft>s ;

 
4500
32.2

 (3) - 3000
32.2

 (6) = 7500
32.2

 v2

 ( :+ ) mA (vA)1 + mB(vB)1 = (mA + mB)v2

15–34. The car A has a weight of 4500 lb and is traveling to
the right at Meanwhile a 3000-lb car B is traveling at

to the left. If the cars crash head-on and become
entangled, determine their common velocity just after the
collision. Assume that the brakes are not applied during
collision.

6 ft>s 3 ft>s.
vA " 3 ft/s vB " 6 ft/s

A B
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Just before the blocks begin to rise:

For A or B: Datum at lowest point.

Ans.u = f = 9.52°

1
2

 (5)(0.7348)2 + 0 = 0 + 5(9.81)(2)(1 - cos u)

T1 + V1 = T2 + V2

v = 0.7348 m>s
(0 + 0) + 1

2
 (60)(0.3)2 = 1

2
 (5)(v)2 + 1

2
 (5)(v)2 + 0

T1 + V1 = T2 + V2

 vA = vB = v

 0 + 0 = -5vA + 5vB

 A :+ B ©mv1 = ©mv2

15–35. The two blocks A and B each have a mass of 5 kg
and are suspended from parallel cords. A spring, having a
stiffness of , is attached to B and is compressed
0.3 m against A as shown. Determine the maximum angles 
and of the cords when the blocks are released from rest
and the spring becomes unstretched.
f

u
k = 60 N>m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Just before the blocks begin to rise:

For A:

Datum at lowest point.

Ans.

For B:

Datum at lowest point

Ans.f = 6.34°

1
2

 (6)(0.4899)2 + 0 = 0 + 6(9.81)(2)(1 - cos f)

T1 + V1 = T2 + V2

u = 9.52°

1
2

 (4)(0.7348)2 + 0 = 0 + 4(9.81)(2)(1 - cos u)

T1 + V1 = T2 + V2

vB = 0.4899 m>s vA = 0.7348 m>s3.6 = 4(1.5vB)2 + 6vB
2

3.6 = 4vA
2 + 6vB

2

(0 + 0) + 1
2

 (40)(0.3)2 = 1
2

 (4)(vA)2 + 1
2

 (6)(vB)2 + 0

T1 + V1 = T2 + V2

 vA = 1.5vB

 0 + 0 = 6vB - 4vA

 A :+ B ©m1 v1 = ©m2 v2

*15–36. Block A has a mass of 4 kg and B has a mass of
6 kg.A spring, having a stiffness of , is attached
to B and is compressed 0.3 m against A as shown.
Determine the maximum angles and of the cords after
the blocks are released from rest and the spring becomes
unstretched.

fu

k = 40 N>m
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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(1)

However,

(2)

Substituting Eq. (2) into (1) yields:

Ans.

Ans.

Kinematics:

Ans. t = 2.5 s

 5 = 2t

 a :+ b sA>B = yA>B t

yA = 0.667 m>syB = 1.33m>s
a :+ b yA = -yB + 2  

vA = vB + vA>B
 0 = 2.5 A103 B  yA - 1.25 A103 B  yB

 a :+ b 0 + 0 = mA yA - mB yB

•15–37. The winch on the back of the Jeep A is turned on
and pulls in the tow rope at measured relative to the
Jeep. If both the 1.25-Mg car B and the 2.5-Mg Jeep A are
free to roll, determine their velocities at the instant they
meet. If the rope is 5 m long, how long will this take?

2 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

A
B

5 m

91962_04_s15_p0355-0478  6/8/09  11:34 AM  Page 379



380

Conservation of Linear Momentum: By referring to the free-body diagram of the
package and cart system shown in Fig. a, we notice the pair of impulsive forces F
generated during the impact cancel each other since they are internal to the system.
Thus, the resultant of the impulsive forces along the x axis is zero. As a result, the
linear momentum of the system is conserved along the x axis. The cart does not
move after the impact until the package strikes the spring. Thus,

When the spring is fully compressed, the package momentarily stops sliding on the
cart. At this instant, the package and the cart move with a common speed.

Ans.

Conservation of Energy: We will consider the conservation of energy of the system.

The initial and final elastic potential energies of the spring are 

and .

Ans.smax = 0.1632 m = 163 mm

B 1
2

 (40)(3.4642) + 0R + 0 = 1
2

 A40 + 20 B a2.3092b + 3000smax 
2

B 1
2

 mp avpb2

+ 1
2

 mc Avc B2 
2R + AVe B2 = 1

2
 amp + mpbv3 

2 + AVe B3T2 + V2 = T3 + V3

AVe B3 = 1
2

 ks3 
2 = 1

2
A6000 Bsmax 

2 = 3000smax 
2

AVe B2 = 1
2

 ks2 
2 = 0

 v3 = 2.309 m>s = 2.31 m>s 40(3.464) + 0 = A40 + 20 Bv3

 a :+ b mpavpb2
+ mc Avc B2 = amp + mcbv3

 avpb2
= 3.464 m>s :

 40 A4 cos 30° B + 0 = 40avpb2
+ 0

 a :+ b mp c avpb1
d

x
+ mc Avc B1 = mpavpb2

+ mc Avc B2

15–38. The 40-kg package is thrown with a speed of 
onto the cart having a mass of 20 kg. If it slides on the
smooth surface and strikes the spring, determine the velocity
of the cart at the instant the package fully compresses the
spring. What is the maximum compression of the spring?
Neglect rolling resistance of the cart.

4 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Linear Momentum: Since the pair of impulsice forces F
generated during the impact are internal to the system of cars A and B, they
cancel each other out. Thus, the resultant impulsive force along the x and y axes
are zero. Consequently, the linear momentum of the system is conserved along
the x and y axes. The common speed of the system just after the impact is

. Thus, we can write

(1)

and

Ans.

Substituting the result of vA into Eq. (1),

Ans.vB = 11.86 m>s = 11.9 m>s
 vA = 29.77 m>s = 29.8 m>s 2000vA sin 45° + 0 = A2000 + 1500 B A13.89 cos 30° B a + c b mA AvA By + mB AvB By = AmA + mB B Av2 By
 1414.21vA - 1500vB = 24305.56

 2000vA cos 45° - 1500vB = A2000 + 1500 B A13.89 sin 30° B a :+ b mA AvA Bx + c -mB AvB Bx d = AmA + mB B Av2 Bxv2 = B50(103) 
m
h
R ¢ 1 h

3600 s
≤ = 13.89 m>s

15–39. Two cars A and B have a mass of 2 Mg and 1.5 Mg,
respectively. Determine the magnitudes of and if the
cars collide and stick together while moving with a common
speed of in the direction shown.50 km>h vBvA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

50 km/h
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Conservation of Linear Momentum: By referring to the free-body diagram of the
projectile just after the explosion shown in Fig. a, we notice that the pair of
impulsive forces F generated during the explosion cancel each other since they are
internal to the system. Here, WA and WB are non-impulsive forces. Since the
resultant impulsive force along the x and y axes is zero, the linear momentum of the
system is conserved along these two axes.

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.

Ans.

By considering the x and y motion of segment A,

Solving for the positive root of this equation,

and

Ans. = 973.96a103b  m = 974 km

 dA = 0 + 3090.96 cos 45° A445.62 B a ;+ b  sx = As0 Bx + Av0 Bx t

tAC = 445.62 s

 4.905tAC 
2 - 2185.64tAC - 60 = 0

 -60 = 0 + 3090.96 sin 45° tAC + 1
2

 A -9.81 B tAC 
2

 a + c b sy = As0 By + Av0 By t + 1
2

 ay t2

vB = 2622.77 m>s = 2.62(103) m>svA = 3090.96 m>s = 3.09(103) m>s
 vB = 0.8485vA

 0 = 1.5vA sin 45° - 2.5vB sin 30°

 a + c b mvy = mA AvA By + mB AvB By 2.165vB - 1.061vA = 2400

 4(600) = -1.5vA cos 45° + 2.5vB cos 30°

 a :+ b mvx = mA AvA Bx + mB AvB Bx

*15–40. A 4-kg projectile travels with a horizontal
velocity of before it explodes and breaks into two
fragments A and B of mass 1.5 kg and 2.5 kg, respectively. If
the fragments travel along the parabolic trajectories shown,
determine the magnitude of velocity of each fragment just
after the explosion and the horizontal distance where
segment A strikes the ground at C.

dA

600 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Linear Momentum: By referring to the free-body diagram of the
projectile just after the explosion shown in Fig. a, we notice that the pair of
impulsive forces F generated during the explosion cancel each other since they are
internal to the system. Here, WA and WB are non-impulsive forces. Since the
resultant impulsive force along the x and y axes is zero, the linear momentum of the
system is conserved along these two axes.

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.

Ans.

By considering the x and y motion of segment B,

Solving for the positive root of the above equation,

and

Ans. = 103.91 m = 104 m

 dB = 0 + 2622.77 cos 30° A0.04574 B a :+ b sx = As0 Bx + Av0 Bx t

tBD = 0.04574 s

 4.905tBD 
2 + 1311.38tBD - 60 = 0

 -60 = 0 - 2622.77 sin 30° tBD + 1
2
A -9.81 B tBD 

2

 a + c b sy = As0 By + Av0 By t + 1
2

 ay t2

vB = 2622.77 m>s = 2.62(103) m>svA = 3090.96 m>s = 3.09(103) m>s
 vB = 0.8485vA

 0 = 1.5vA sin 45° - 2.5vB sin 30°

 a + c b  mvy = mA AvA By + mB AvB By 2.165vB - 1.061vA = 2400

 4(600) = -1.5vA cos 45° + 2.5vB cos 30°

 a :+ b  mvx = mA AvA Bx + mB AvB Bx

•15–41. A 4-kg projectile travels with a horizontal
velocity of before it explodes and breaks into two
fragments A and B of mass 1.5 kg and 2.5 kg, respectively. If
the fragments travel along the parabolic trajectories shown,
determine the magnitude of velocity of each fragment just
after the explosion and the horizontal distance where
segment B strikes the ground at D.

dB

600 m>s
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Free-Body Diagram: The free-body diagram of the man and cart system when the
man leaps off and lands on the cart are shown in Figs. a and b, respectively. The pair
of impulsive forces F1 and F2 generated during the leap and landing are internal to
the system and thus cancel each other.

Kinematics: Applying the relative velocity equation, the relation between the
velocity of the man and cart A just after leaping can be determined.

(1)

Conservation of Linear Momentum: Since the resultant of the impulse forces along
the x axis is zero, the linear momentum of the system is conserved along the x axis
for both cases. When the man leaps off cart A,

Solving Eqs. (1) and (2) yields

Using the result of and considering the man’s landing on cart B,

Ans. v = 0.720 m>s ;
 75(1.20) + 0 = A75 + 50 Bv a ;+ b  mm Avm B2 + mB AvB B1 = Amm + mB BvAvm B2Avm B2 = 1.20 m>s ;
AvA B2 = -1.80 m>s = 1.80 m>s :

 Avm B2 = -0.6667 AvA B2 0 + 0 = 75 Avm B2 + 50 AvA B2 a ;+ b  mm Avm B1 + mA AvA B1 = mm Avm B2 + mA AvA B2
a ;+ b  Avm B2 = AvA B2 + 3

 vm = vA + vm>A

15–42. The 75-kg boy leaps off cart A with a horizontal
velocity of measured relative to the cart.
Determine the velocity of cart A just after the jump. If he
then lands on cart B with the same velocity that he left cart
A, determine the velocity of cart B just after he lands on it.
Carts A and B have the same mass of 50 kg and are
originally at rest.

v¿ = 3 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equations of Equilibrium: From FBD(a).

When box B slides on top of plate P, . From
FBD(b).

Since , plate P does not move.
Thus

Ans.

Conservation of Linear Momentum: If we consider the block and the box as a system,
then the impulsive force caused by the impact is internal to the system. Therefore, it
will cancel out.As the result, linear momentum is conserved along the x axis.

Principle of Linear Impulse and Momentum: Applying Eq. 15–4, we have

Ans. t = 0.408 s

 A :+ B   5(0.8) + C -9.81(t) D = 5(0)

 m(yx)1 + ©L
t2

t1

Fx dt = m(yx)2

 y2 = 0.800 m>s :
 A :+ B    2(2) + 0 = (2 + 3) y2

 mA (yA)1 + mR (yR)1 = (mA + mR) y2

sP = 0

(Ff)P 6 C(Ff)P Dmax = ms¿NP = 0.5(78.48) = 39.24 N

:+ ©Fx = 0;  9.81 - (Ff)P = 0 (Ff)P = 9.81 N

+ c ©Fy = 0; NP - 49.05 - 3(9.81) = 0 NP = 78.48 N

(Ff)B = mkNB = 0.2(49.05) = 9.81 N

+ c ©Fy = 0; NB - (3 + 2)(9.81) = 0 NB = 49.05 N

15–43. Block A has a mass of 2 kg and slides into an open
ended box B with a velocity of 2 . If the box B has a
mass of 3 kg and rests on top of a plate P that has a mass of
3 kg, determine the distance the plate moves after it stops
sliding on the floor. Also, how long is it after impact before
all motion ceases? The coefficient of kinetic friction
between the box and the plate is , and between the
plate and the floor . Also, the coefficient of static
friction between the plate and the floor is m¿s = 0.5.

m¿k = 0.4
mk = 0.2

m>s
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Equations of Equilibrium: From FBD(a),

When box B slides on top of plate P. . From
FBD(b).

Since , plate P slides. Thus,
.

Conservation of Linear Momentum: If we consider the block and the box as a
system, then the impulsive force caused by the impact is internal to the system.
Therefore, it will cancel out. As the result, linear momentum is conserved along
x axis.

Principle of Linear Impulse and Momentum: In order for box B to stop sliding on
plate P, both box B and plate P must have same speed . Applying Eq. 15–4 to box
B (FBD(c)], we have

[1]

Applying Eq. 15–4 to plate P[FBD(d)], we have

[2]

Solving Eqs. [1] and [2] yields

Equation of Motion: From FBD(d), the acceleration of plate P when box B still
slides on top of it is given by

:+ ©Fx = max ; 9.81 - 7.848 = 3(aP)1 (aP)1 = 0.654 m>s2

t1 = 0.3058 s y3 = 0.200 m>s
 A :+ B   3(0) + 9.81(t1) - 7.848(t1) = 3y3

 m(yx)1 + ©L
t2

t1

Fx dt = m(yx)2

 A :+ B   5(0.8) + C -9.81(t1) D = 5y3

 m(yx)1 + ©L
t2

t1

Fx dt = m(yx)2

y3

 y2 = 0.800 m>s :
 A :+ B    2(2) + 0 = (2 + 3) y2

 mA (yA)1 + mR (yR)1 = (mA + mR) y2

(Ff)P = mk¿ NP = 0.1(78.48) = 7.848 N
(Ff)P 7 C(Ff)P Dmax = ms¿ NP = 0.12(78.48) = 9.418N

:+ ©Fx = 0;  9.81 - (Ff)P = 0 (Ff)P = 9.81 N

+ c ©Fy = 0; NP - 49.05 - 3(9.81) = 0 NP = 78.48 N

(Ff)B = mk NB = 0.2(49.05) = 9.81 N

+ c ©Fx = 0; NB - (3 + 2)(9.81) = 0 NB = 49.05 N

*15–44. Block A has a mass of 2 kg and slides into an open
ended box B with a velocity of 2 . If the box B has a
mass of 3 kg and rests on top of a plate P that has a mass of
3 kg, determine the distance the plate moves after it stops
sliding on the floor. Also, how long is it after impact before
all motion ceases? The coefficient of kinetic friction
between the box and the plate is , and between the
plate and the floor . Also, the coefficient of static
friction between the plate and the floor is .m¿s = 0.12

m¿k = 0.1
mk = 0.2

m>s
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When box B stop slid ling on top of box B, . From this instant onward
plate P and box B act as a unit and slide together. From FBD(d), the acceleration of
plate P and box B is given by

Kinematics: Plate P travels a distance s1 before box B stop sliding.

The time t2 for plate P to stop after box B stop slidding is given by

The distance s2 traveled by plate P after box B stop sliding is given by

The total distance travel by plate P is

Ans.

The total time taken to cease all the motion is

Ans.tTot = t1 + t2 = 0.3058 + 0.2039 = 0.510 s

sP = s1 + s2 = 0.03058 + 0.02039 = 0.05097 m = 51.0 mm

0 = 0.2002 + 2(-0.981)s2 s2 = 0.02039 m

 A :+ B   y2
4 = y2

3 + 2(aP)2 s2

 0 = 0.200 + (-0.981)t2 t2 = 0.2039 s

 A :+ B   y4 = y3 + (aP)2 t2

 = 0 + 1
2

 (0.654) A0.30582 B = 0.03058 m

 A :+ B  s1 = (y0)P t1 + 1
2

 (aP)1 t2
1

:+ ©Fx = max ; - 7.848 = 8(aP)2 (aP)2 = - 0.981 m>s2

(Ff)B = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Linear Momentum: The linear momentum of the block and cart
system is conserved along the x axis since no impulsive forces act along the x axis.

(1)

Kinematics: Here, the velocity of the block relative to the cart is directed up the
ramp with a magnitude of .Applying the relative velocity equation and
considering the motion of the block.

(2)

Solving Eqs. (1) and (2) yields

The time required for the block to travel up the ramp a relative distance of
is

Thus, the distance traveled by the cart during time t is

Ans.A ;+ B  sC = vCt = 1.443(0.4) = 0.577 m ;

 t = 0.4 s

 2 = 0 + 5t

 ( )  sB>C = (sB>C)0 + (vB>C)t

sB>C = 2 m

vC = -1.443 m>s = 1.443 m>s ;   (vB)x = 2.887 m>s
 A :+ B  (vB)x = vC + 5 cos 30°

 cvB d = c :vC d + c5 d vB = vC + vB>C
vB>C = 5 m>s

 0 + 0 = 20(vB)x + 40vC

 A :+ B  mB C(vB)x D1 + mC(vC)1 = mB C(vB)x D2 + mC(vC)2

•15–45. The 20-kg block A is towed up the ramp of the 
40-kg cart using the motor M mounted on the side of the
cart. If the motor winds in the cable with a constant velocity
of , measured relative to the cart, determine how far
the cart will move when the block has traveled a distance

up the ramp. Both the block and cart are at rest
when . The coefficient of kinetic friction between the
block and the ramp is . Neglect rolling resistance.mk = 0.2

s =  0
s = 2 m

5 m>s
A M

s

30!
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Free-Body Diagram: The free-body diagram of the bullet, man, and cart just after
firing and at the instant the bullet hits the target are shown in Figs., a and b,
respectively. The pairs of impulsive forces F1 and F2 generated during the firing and
impact are internal to the system and thus cancel each other.

Kinematics: Applying the relative velocity equation, the relation between the
velocity of the bullet and the cart just after firing can be determined

(1)

Conservation of Linear Momentum: Since the pair of resultant impulsive forces F1
and F2 generated during the firing and impact is zero along the x axis, the linear
momentum of the system for both cases are conserved along the. x axis. For the case
when the bullet is fired, momentum is conserved along the axis.

(2)

Solving Eqs. (1) and (2) yields

Ans.

Using the results of and and considering the case when the bullet hits
the target,

Ans. v3 = 0

 
0.2
32.2

(2999.20) + c - a150 + 600
32.2

b(0.7998) d = a150 + 600 + 0.2
32.2

bv3

 A :+ B mb(vb)2 + mc(vc)2 = (mb + mc)v3

(vb)2(vc)2

(vb)2 = 2999.20 ft>s :
(vc)2 = -0.7998 ft>s = 0.800 ft>s ;

 (vb)2 = -3750(vc)2

 0 + 0 = a 0.2
32.2
b(vb)2 + a150 + 600

32.2
b(vc)2

 A :+ B  mb(vb)1 + mc(vc)1 = mb(vb)2 + mc(vc)2

x¿

 (vb)2 = (vc)2 + 3000

 A :+ B  vb = vc + vb>c

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15–46. If the 150-lb man fires the 0.2-lb bullet with a
horizontal muzzle velocity of , measured relative to
the 600-lb cart, determine the velocity of the cart just after
firing. What is the velocity of the cart when the bullet
becomes embedded in the target? During the firing, the
man remains at the same position on the cart. Neglect
rolling resistance of the cart.

3000 ft>s
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(1)

(2)

(3)

Eliminating , from Eqs. (2) and (3) and substituting , results in

(4)

Substituting Eq. (4) into (1) yields:

Ans.yr = 8.93 ft>s
80a3

5
b(15) = 1

2
 a 80

32.2
b A5.7656y2

r B + 1
2
a 120

32.2
by2

r

y2
B = (yB)2

x + (yB)2
y = (1.5yr)2 + (1.875yr)2 = 5.7656y2

r   

(yB)y = 1.875 yr(yB)/r

A + c B(-yB)y = 0 - 3
5

 yB>r
a :+ b - (yB)x = yr - 4

5
 yB>r

 vB = vr + vB>r
 (yB)x = 1.5yr

0 + 0 = 120
32.2

 yr - 80
32.2

 (yB)x

( :+ )© m v1 = © m v2

0 + 80a3
5
b(15) = 1

2
 a 80

32.2
by2

B + 1
2
a 120

32.2
by2

r

T1 + V1 = T2 + V2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15–47. The free-rolling ramp has a weight of 120 lb. The
crate whose weight is 80 lb slides from rest at A, 15 ft down
the ramp to B. Determine the ramp’s speed when the crate
reaches B. Assume that the ramp is smooth, and neglect the
mass of the wheels.

5 3
4

A

B

15 ft
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Integrate

Ans.sr = 4.8 ft

2.5 sr = a4
5
b(15)

2.5 sr = (sB>r)x a4
5
b

 2.5 vr = (vB>r)x a4
5
b

 -1.5vr = vr - (vB>r)x a4
5
b

 -(vB)x = vr - (vB>r)x a4
5
b

 vB = vr + vB>r
 (vB)x = 1.5 vr

 0 = 120
32.2

 vr - 80
32.2

 (vB)x

 ( :+ ) ©mv1 = ©mv2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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*15–48. The free-rolling ramp has a weight of 120 lb. If the
80-lb crate is released from rest at A, determine the distance
the ramp moves when the crate slides 15 ft down the ramp
to the bottom B.

5 3
4

A

B

15 ft
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So that,

Time of flight for the ball:

Distance ball travels:

Distance gun travels:

Thus,

Ans.d = 2.207 + 0.4414 = 2.65 m  

 s¿ = 0.8660(0.5097) = 0.4414 m ;
 A ;+ B  s = v0t

 s = 4.330(0.5097) = 2.207 m :
 A :+ B  s = v0t

 t = 0.5097 s

 -2.5 = 2.5 - 9.81t

 A + c B  v = v0 + act

(vB)y = 4.330 tan 30° = 2.5 m>s c

(vB)x = 4.330 m>s :

 vG = 0.8660 m>s ;
 5vG = -vG + 6 cos 30°

 A :+ B  vB = vG + vB>G
 (vB)x = 5vG

 0 = 1(vB)x - 5vG

 A :+ B  ©mv1 = ©mv2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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•15–49. The 5-kg spring-loaded gun rests on the smooth
surface. It fires a ball having a mass of 1 kg with a velocity of

relative to the gun in the direction shown. If the
gun is originally at rest, determine the horizontal distance d
the ball is from the initial position of the gun at the instant
the ball strikes the ground at D. Neglect the size of the gun.

v¿ = 6 m>s 30!
B

C

D

d

v¿ " 6 m/s
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So that,

Time of flight for the ball:

Height of ball:

Distance ball travels:

Distance gun travels:

Distance from cannon to ball:

Ans.2(0.4587)2 + (1.324)2 = 1.36 m

1.103 + 0.2207 = 1.324 m

 s¿ = 0.8660(0.2548) = 0.2207 m ;
 A ;+ B  s = v0 t

 s = 4.330(0.2548) = 1.103 m :
 A :+ B  s = v0t

 h = 0.3186 m

 0 = (2.5)2 - 2(9.81)(h - 0)

 A + c B  v2 = v0
2 + 2ac (s - s0)

 t = 0.2548 s

 0 = 2.5 - 9.81t

 A + c B  v = v0 + act

(vB)y = 4.330 tan 30° = 2.5 m>s c

(vB)x = 4.330 m>s :

 vG = 0.8660 m>s ;
 5vG = -vG + 6 cos 30°

 A :+ B  vB = vG + vB>G
 (vB)x = 5vG

 0 = 1(vB)x - 5vG

 A :+ B  ©mv1 = ©mv2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15–50. The 5-kg spring-loaded gun rests on the smooth
surface. It fires a ball having a mass of 1 kg with a velocity of

relative to the gun in the direction shown. If the
gun is originally at rest, determine the distance the ball is
from the initial position of the gun at the instant the ball
reaches its highest elevation C. Neglect the size of the gun.

v¿ = 6 m>s 30!
B

C

D

d

v¿ " 6 m/s

91962_04_s15_p0355-0478  6/8/09  11:46 AM  Page 393



394

(1)

However,

(2)

Substituting Eq. (2) into (1) yields:

Ans.

For the block:

For the man:

Ans. N = 771 N

 0 + N(1.5) - 70(9.81)(1.5) - 83.81(1.5) = 0

 (+ c) m(yy)1 + ©L
t2

t1

Fy dt = m(yy)2

 0 + Fy (1.5) - 8(9.81)(1.5) = 8(2 sin 30°) Fy = 83.81 N

 (+ c) m(yy)1 + ©L
t2

t1

Fy dt = m(yy)2

yM =
2mB cos 30°
mB + mM

=
2(8) cos 30°

8 + 70
= 0.178m>s

0 = -mM yM + mB (-yM + 2 cos 30°)

(+ c) (yB)y = 0 + 2sin 30° = 1 m>sa :+ b (yB)x = -yM + 2 cos 30°

vB = vM + vB>M
a :+ b 0 = -mM yM + mB (yB)x

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15–51. A man wearing ice skates throws an 8-kg block
with an initial velocity of 2 , measured relative to
himself, in the direction shown. If he is originally at rest and
completes the throw in 1.5 s while keeping his legs rigid,
determine the horizontal velocity of the man just after
releasing the block. What is the vertical reaction of both his
skates on the ice during the throw? The man has a mass of
70 kg. Neglect friction and the motion of his arms.

m>s 30°
2 m/s
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*15–52. The block of mass m travels at in the direction 
shown at the top of the smooth slope. Determine its speed 
and its direction when it reaches the bottom.u2

v2

u1v1

   1

   2

v1

v2

x

h

y

u

u

z

•15–53. The 20-lb cart B is supported on rollers of
negligible size. If a 10-lb suitcase A is thrown horizontally
onto the cart at 10 when it is at rest, determine the
length of time that A slides relative to B, and the final
velocity of A and B. The coefficient of kinetic friction
between A and B is .mk = 0.4

ft>s 10 ft/s

A

B

System

Ans.

For A:

Ans.t = 0.5176 = 0.518 s

a 10
32.2
b(10) - 4t = a 10

32.2
b(3.33)

m v1 + ©LF dt = m v2

 v = 3.33 ft>s
 a 10

32.2
b(10) + 0 = a10 + 20

32.2
bv

 a :+ b ©m1 v1 = ©m2 v2

There are no impulses in the : direction:

Ans.

Ans.u2 = sin- 1¢ v1 sin u12v2
1 + 2gh

≤sin u2 =
vt sin u12v2

1 + 2gh

v2 = 2v2
1 + 2gh

1
2

 mv2
1 + mgh = 1

2
 mv2

2 + 0

T1 + V1 = T2 + V2

mv1 sin u1 = mv2 sin u2
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System:

For A:

Ans.

For B:

Ans. s = 0 + 0 + 1
2

 (6.440)(0.5176)2 = 0.863 ft

 a :+ b s = s0 + v0 t + 1
2

 act
2

 ac = 6.440 ft>s2

 3.33 = 0 + ac (0.5176)

 a :+ b v = v0 + act

t = 0.5176 = 0.518 s

a 10
32.2
b(10) - 4t = a 10

32.2
b(3.33)

m v1 + ©LF dt = m v2

 v = 3.33 ft>s
 a 10

32.2
b(10) + 0 = a10 + 20

32.2
bv

 a :+ b ©m1 v1 = ©m2 v2

15–54. The 20-lb cart B is supported on rollers of
negligible size. If a 10-lb suitcase A is thrown horizontally
onto the cart at 10 when it is at rest, determine the time
t and the distance B moves at the instant A stops relative to
B. The coefficient of kinetic friction between A and B is

.mk = 0.4

ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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10 ft/s

A

B
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Thus,

Block B:

Ans. t = 0.226 s

 a 10
32.2
b(2.909) - 4t = 0

 a :+ b m v1 + ©LF dt = m v2

(vA)2 = -9.091 ft>s = 9.091 ft>s ;
(vB)2 = 2.909 ft>s :

 (vB)2 - (vA)2 = 12

 0.6 =
(vB)2 - (vA)2

20 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (vA)2 + 10(vB)2 = 20

 a 1
32.2
b(20) + 0 = a 1

32.2
b(vA)2 + a 10

32.2
b(vB)2

 a :+ b ©m1 v1 = ©m2 v2

15–55. A 1-lb ball A is traveling horizontally at 
when it strikes a 10-lb block B that is at rest. If the
coefficient of restitution between A and B is , and
the coefficient of kinetic friction between the plane and the
block is , determine the time for the block B to
stop sliding.

mk = 0.4

e = 0.6

20 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Block B:

Ans.d = 0.329 ft

1
2

 a 10
32.2
b(2.909)2 - 4d = 0

T1 + ©U1-2 = T2

(vA)2 = -9.091 ft>s = 9.091 ft>s ;
(vB)2 = 2.909 ft>s :

 (vB)2 - (vA)2 = 12

 0.6 =
(vB)2 - (vA)2

20 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (vA)2 + 10(vB)2 = 20

 a 1
32.2
b(20) + 0 = a 1

32.2
b(vA)2 + a 10

32.2
b(vB)2

 a :+ b ©m1 v1 = ©m2 v2

*15–56. A 1-lb ball A is traveling horizontally at 
when it strikes a 10-lb block B that is at rest. If the
coefficient of restitution between A and B is , and
the coefficient of kinetic friction between the plane and the
block is , determine the distance block B slides on
the plane before it stops sliding.

mk = 0.4

e = 0.6

20 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Momentum: When ball A strikes ball B, we have

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Conservation of Momentum: When ball B strikes ball C, we have

[3]

Coefficient of Restitution:

[4]

Solving Eqs. [3] and [4] yields

Ans.

(yB)3 =
y(1 - e2)

4

(yC)2 =
y(1 + e)2

4

 A :+ B   e =
(yC)2 - (yB)3

y(1 + e)
2

- 0

 e =
(yC)2 - (yB)3

(yB)2 - (yC)1

 A :+ B  m cy(1 + e)
2

d + 0 = m(yB)3 + m(yC)2

 mB (yB)2 + mC (yC)1 = mB (yB)3 + mC (yC)2

(yA)2 =
y(1 - e)

2
 (yB)2 =

y(1 + e)
2

 A :+ B   e =
(yB)2 - (yA)2

y - 0

 e =
(yB)2 - (yA)2

(yA)1 - (yB)1

 A :+ B   my + 0 = m(yA)2 + m(yB)2

 mA (yA)1 + mB (yB)1 = mA (yA)2 + mB (yB)2

•15–57. The three balls each have a mass m. If A has a
speed just before a direct collision with B, determine the
speed of C after collision. The coefficient of restitution
between each ball is e. Neglect the size of each ball.

v

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: The datum is set at lowest point E. When the suitcase A is
at point C it is 6 ft above the datum. Its gravitational potential energy is

. Applying Eq. 14–21, we have

Ans.

Conservation of Momentum:

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Ans.

Ans.

Principle of Work and Energy: . Thus, the friction 
. The friction which acts in the opposite direction to

that of displacement does negative work. Applying Eq. 14–7, we have

Ans. sB = 9.13 ft

 
1
2

 a 10
32.2
b A15.332 B + (-4.00sB) = 0

 T1 + a  U1-2 = T2

FfNB = 0.4(10.0) = 4.00 lb
Ff = mkNB = 10.0 lb

(yB)2 = 15.33 ft>s = 15.3 ft>s ;
(yA)2 = 9.435 ft>s = 9.44 ft>s ;

 A ;+ B   0.3 =
(yB)2 - (yA)2

19.66 - 0

 e =
(yB)2 - (yA)2

(yA)1 - (yB)1

 A ;+ B a 15
32.2
b(19.66) + 0 = a 15

32.2
b(yA)2 + a 10

32.2
b(yB)2

 mA (yA)1 + mB (yB)1 = mA (yA)2 + mB (yB)2

 (yA)1 = 19.66 ft>s = 19.7 ft>s
 0 + 90.0 = 1

2
 a 15

32.2
b(yA)2

1 + 0

 T1 + V1 = T2 + V2

15(6) = 90.0 ft # lb

15–58. The 15-lb suitcase A is released from rest at C.
After it slides down the smooth ramp, it strikes the 10-lb
suitcase B, which is originally at rest. If the coefficient of
restitution between the suitcases is and the
coefficient of kinetic friction between the floor DE and
each suitcase is , determine (a) the velocity of A
just before impact, (b) the velocities of A and B just after
impact, and (c) the distance B slides before coming to rest.

mk = 0.4

e =  0.3

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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System:

Solving:

Block:

Datum at lowest point.

Ans.h = 0.0218 m = 21.8 mm

1
2

 (20)(0.6545)2 + 0 = 0 + 20(9.81)h

T1 + V1 = T2 + V2

(vB)2 = 0.6545 m>s(vA)2 = -2.545 m>s
 (vB)2 - (vA)2 = 3.2

 0.8 =
(vB)2 - (vA)2

4 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (vA)2 + 10(vB)2 = 4

 (2)(4) + 0 = (2)(vA)2 + (20)(vB)2

 a :+ b ©m1 v1 = ©m2 v2

15–59. The 2-kg ball is thrown at the suspended 20-kg
block with a velocity of 4 m/s. If the coefficient of restitution
between the ball and the block is , determine the
maximum height h to which the block will swing before it
momentarily stops.

e = 0.8

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
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System:

Solving:

Block:

Ans. F = 2618 N = 2.62 kN

 0 + F(0.005) = 20(0.6545)

 a :+ b m v1 + ©LF dt = m v2

(vB)2 = 0.6545 m>s(vA)2 = -2.545 m>s
 (vB)2 - (vA)2 = 3.2

0.8 =
(vB)2 + (vA)2

4 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (vA)2 + 10(vB)2 = 4

 (2)(4) + 0 = (2)(vA)2 + (20)(vB)2

 a :+ b ©m1 v1 = ©m2 v2

*15–60. The 2-kg ball is thrown at the suspended 20-kg
block with a velocity of 4 m/s. If the time of impact between
the ball and the block is 0.005 s, determine the average normal
force exerted on the block during this time.Take .e = 0.8

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Solving:

Ans.smax = 1.53 m

1
2

 (1.5)(5.60)2 + 2 c1
2

 (30)(0.5)2 d = 0 + 2 c1
2

 (3) A2s2
max + 22 - 1.5 B2 dT1 + V1 + T2 + V2

(vB)2 = 5.60 m>s(vA)2 = 2.40 m>s
 0.4 =

(vB)2 - (vA)2

8 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (1.5)(8) + 0 = (1.5)(vA)2 + (1.5)(vB)2

 a :+ b ©m v1 = ©m v2

•15–61. The slider block B is confined to move within the
smooth slot. It is connected to two springs, each of which
has a stiffness of .They are originally stretched
0.5 m when as shown. Determine the maximum
distance, , block B moves after it is hit by block A which
is originally traveling at . Take and
the mass of each block to be 1.5 kg.

e = 0.4(vA)1 = 8 m>ssmax

s = 0
k = 30 N>m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 m
k " 30 N/m
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BA

s(vA)1 " 8 m/s
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Solving:

Choosing block A:

Ans.

Choosing block B:

Ans. Favg = 1.68 kN

 0 + Favg (0.005) = 1.5(5.60)

 a :+ b m v1 + ©LF dt = m v2

 Favg = 1.68 kN

 (1.5)(8) - Favg (0.005) = 1.5(2.40)

 a :+ b m v1 + ©LF dt = m v2

(vB)2 = 5.60 m>s(vA)2 = 2.40 m>s
 0.4 =

(vB)2 - (vA)2

8 - 0

 a :+ b e =
(vB)2 - (vA)2

(vA)1 - (vB)1

 (1.5)(8) + 0 = (1.5)(vA)2 + (1.5)(vB)2

 a :+ b ©m v1 = ©m v2

15–62. In Prob. 15–61 determine the average net force
between blocks A and B during impact if the impact occurs
in 0.005 s.
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2 m

2 m
k " 30 N/m

k " 30 N/m

BA

s(vA)1 " 8 m/s
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The force of the sand on the pile can be considered nonimpulsive, along with the
weights of each colliding body. Hence,

Counter weight: Datum at lowest point.

System:

Solving:

Ans.

(vC)2 = 0.626 m>s(vP)2 = 0.940 m>s
 (vP)2 - (vC)2 = 0.31321

 0.1 =
(vP)2 - (vC)2

3.1321 - 0

 A + T B e =
(vP)2 - (vC)2

(vC)1 - (vP)1

 (vC)2 + 2.667(vP)2 = 3.1321

 300(3.1321) + 0 = 300(vC)2 + 800(vP)2

 A + T B ©m v1 = ©m v2

v = 3.1321 m>s
0 + 300(9.81)(0.5) = 1

2
 (300)(v)2 + 0

T1 + V1 = T2 + V2

15–63. The pile P has a mass of 800 kg and is being driven
into loose sand using the 300-kg hammer C which is
dropped a distance of 0.5 m from the top of the pile.
Determine the initial speed of the pile just after it is struck
by the hammer. The coefficient of restitution between the
hammer and the pile is . Neglect the impulses due to
the weights of the pile and hammer and the impulse due to
the sand during the impact.

e = 0.1
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The force of the sand on the pile can be considered nonimpulsive, along with the
weights of each colliding body. Hence,

Counter weight: Datum at lowest point,

System:

Solving:

Pile:

Ans.d = 0.0348 m = 34.8 mm

1
2

 (800)(0.9396)2 + 800(9.81)d - 18 000d = 0

T2 + © U2-3 = T3

(vC)2 = 0.6264 m>s(vP)2 = 0.9396 m>s
 (vP)2 - (vC)2 = 0.31321

 0.1 =
(vP)2 - (vC)2

3.1321 - 0

 A + T B e =
(vP)2 - (vC)2

(vC)1 - (vP)1

 (vC)2 + 2.667(vP)2 = 3.1321

 300(3.1321) + 0 = 300(vC)2 + 800(vP)2

 A + T B ©m v1 = ©m v2

v = 3.1321 m>s
0 + 300(9.81)(0.5) = 1

2
 (300)(v)2 + 0

T1 + V1 = T2 + V2

*15–64. The pile P has a mass of 800 kg and is being driven
into loose sand using the 300-kg hammer C which is dropped
a distance of 0.5 m from the top of the pile. Determine the
distance the pile is driven into the sand after one blow if the
sand offers a frictional resistance against the pile of 18 kN.
The coefficient of restitution between the hammer and the
pile is . Neglect the impulses due to the weights of
the pile and hammer and the impulse due to the sand during
the impact.

e = 0.1
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Kinematics: By considering the vertical motion of the falling ball, we have

Coefficient of Restitution (y):

Conservation of “x” Momentum: The momentum is conserved along the x axis.

The magnitude and the direction of the rebounding velocity for the ball is

Ans.

Ans.

Kinematics: By considering the vertical motion of tfie ball after it rebounds from
the ground, we have

Ans. h = 1.92 ft

 0 = 11.122 + 2(-32.2)(h - 0)

 (+ c)  (y)2
y = (y2)2

y + 2ac Csy - (s2)y D
 u = tan- 1a11.12

8
b = 54.3°

 y2 = 2(yx)2
2 + Ayy B22 = 282 + 11.122 = 13.7 ft>s  

A :+ B m(yx)1 = m(yx)2 ; (yx)2 = 8 ft>s :

 (y2)y = 11.12 ft>s
 (+ c)   0.8 =

0 - (y2)y

-13.90 - 0

 e =
Ayg B2 - (y2)y

(y1)y - Ayg B1
 (y1)y = 13.90 ft>s (y1)2
y = 02 + 2(32.2)(3 - 0)

 (+ T)  (y1)2
y = (y0)2

y + 2ac Csy - (s0)y D

•15–65. The girl throws the ball with a horizontal velocity
of . If the coefficient of restitution between the
ball and the ground is , determine (a) the velocity of
the ball just after it rebounds from the ground and (b) the
maximum height to which the ball rises after the first
bounce.

e = 0.8
v1 = 8 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: First, consider the weight’s fall from position A to position
B as shown in Fig. a,

Subsequently, we will consider the weight rebounds from position B to position C.

Coefficient of Restitution: Since the concrete blocks do not move, the coefficient of
restitution can be written as

Ans.

Principle of Impulse and Momentum: By referring to the Impulse and momentum
diagrams shown in Fig. b,

Ans. LFdt = 1987.70 lb # s = 1.99 kip # s

 
2000
32.2

 (25.38) - LFdt = - 2000
32.2

 (6.625)

 A :+ B m(v1)x + ©L
t1

t2

Fxdt = m(v2)x

A :+ B e = -
(vB)2

(vB)1
=

(-6.625)
25.38

= 0.261

(vB)2 = 6.625 ft>s ;

1
2
a2000

32.2
b(vB)1 

2 + [-2000(20)] = 0 + [-2000(20 sin 75°)]

1
2

 m(vB)1 
2 + AVg BB = 1

2
 mvC 

2 + AVg BCTB + VB = TC + VC

(vB)1 = 25.38 ft>s :

0 + [-2000(20 sin 30°)] = 1
2
a2000

32.2
b(vB)1 

2 + [-2000(20)]

1
2

 mAvA 
2 + AVg BA = 1

2
 m(vB)1 

2 + AVg BBTA + VA = TB + VB

15–66. During an impact test, the 2000-lb weight is
released from rest when . It swings downwards and
strikes the concrete blocks, rebounds and swings back up to

before it momentarily stops. Determine the
coefficient of restitution between the weight and the blocks.
Also, find the impulse transferred between the weight and
blocks during impact. Assume that the blocks do not move
after impact.

u = 15°

u = 60°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: By considering crate A’s fall from position (1) to position
(2) as shown in Fig. a,

Conservation of Linear Momentum: The linear momentum of the system is
conserved along the x axis (line of impact). By referring to Fig. b,

(1)

Coefficient of Restitution:

(2)

Solving Eqs. (1) and (2), yields

Ans.

Conservation of Energy: The maximum compression of the spring occurs when
crate B momentarily stops. By considering the conservation of energy of crate B,

Ans.smax = 1.41 ft

1
2
a 200

32.2
b(13.902) + 0 = 0 + 1

2
(600)smax 

2

1
2

 mB(vB)3 
2 + 1

2
 ks3 

2 = 1
2

mB(vB)4 
2 + 1

2
ksmax 

2

(TB)3 + (VB)3 = (TB)4 + (VB)4

(vB)3 = 13.90 ft>s = 13.9 ft>s ;  (vA)3 = 0

 (vB)3 - (vA)3 = 13.90

 0.5 =
(vB)3 - (vA)3

27.80 - 0

 A ;+ B e =
(vB)3 - (vA)3

(vA)2 - (vB)2

 100(vA)3 + 200(vB)3 = 2779.93

 a 100
32.2
b(27.80) + 0 = a 100

32.2
b(vA)3 + a 200

32.2
b(vB)3

 A ;+ B mA(vA)2 + mB(vB)2 = mA(vA)3 + mB(vB)3

(vA)2 = 27.80 ft>s
0 + 100(12) = 1

2
a 100

32.2
b(vA)2 

2 + 0

1
2

 mA(vA)1 
2 + AVg B1 = 1

2
 mA(vA)2 

2 + AVg B2(TA)1 + (VA)1 = (TA)2 + (VA)2

15–67. The 100-lb crate A is released from rest onto the
smooth ramp. After it slides down the ramp it strikes the
200-lb crate B that rests against the spring of stiffness

. If the coefficient of restitution between the
crates is , determine their velocities just after
impact. Also, what is the spring’s maximum compression?
The spring is originally unstretched.

e = 0.5
k = 600  lb>ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Just before impact:

Time to fall:

After impact:

Height after first bounce: Datum at lowest point

Time to rise to h2:

 t2 = eA2h
g

 0 = e22gh - gt2

 v3 = v2 - gt2

 (+ c) v = v0 + ac t

h2 = 1
2

 e2a2 gh

g
b = e2h

1
2

m Ae22gh B2 + 0 = 0 + mgh2

T2 + V2 = T3 + V3

 v2 = e22gh

 (+ c) e = v2

v

 t1 = A2h
g

 22gh = 0 + gt1

 v = v0 + gt1

 (+ T) v = v0 + ac t

v = 22gh

0 + mgh = 1
2

mv2 + 0

T 1 + V1 = T2 + V2

*15–68. A ball has a mass m and is dropped onto a surface
from a height h. If the coefficient of restitution is e between
the ball and the surface, determine the time needed for the
ball to stop bouncing.
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Total time for first bounce

For the second bounce.

For the third bounce.

Thus the total time for an infinite number of bounces:

Ans.ttot = A2h
g

 a1 + e
1 - e

b
ttot = A2h

g
 (1 + e) A1 + e + e2 + e3 + . . . B

t3b = B2h3

g
 (1 + e) = A2h

g
 (1 + e)e2

h3 = e2 h2 = e2 Ae2 h B = e4 h

t2b = B2h2

g
 (1 + e) = B2gh

g
 (1 + e)e

t1b = t1 + t2 = A2h
g

+ eA2h
g

= A2h
g

 (1 + e)

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

*15–68. Continued

91962_04_s15_p0355-0478  6/8/09  11:50 AM  Page 411



412

Just before impact Datum at lowest point

At B:

(1)

(2)

Solving Eqs. (1) and (2):

Ans.

Ans.vA = 2(12.510)2 + (11.434)2 = 16.9 ft>ss = 1.90 ft

s + 2
tan 45°

= (12.51)(0.3119)

st = vB t

a :+ b vAx = 12.587 cos 6.34° = 12.510 ft>s t = 0.3119 s

 11.434 = 12.587 sin 6.34° + 32.2t

 A + T B v = v0 + ac t

 vAr
= 11.434 ft>s AvAr
B2 = C12.587 sin 6.34° D2 + 2(32.2)(2 - 0)

 A + T B v2 = v2
0 + 2ac (s - s0)

f = 51.34° - 45° = 6.34°

(vB)2 = 12.587 ft>s u = 51.34°

 (vB)2 cos u = 7.863 ft>s
 0.8 =

(vB)2 cos u - 0
0 - (-13.900) cos 45°

 (+Q) e =
(vB)y2 - 0

0 - (vB)y1

 (vB)2 sin u = 9.829 ft>s
 a 2

32.2
b(13.900) sin 45° = a 2

32.2
b(vB)2 sin u

 (+R) ©m(vB)x1 = ©m(vB)x2

(vB)1 = 13.900 ft>s
0 + (2)(3) = 1

2
 a 2

32.2
b(vB)2

1 + 0

T1 + V1 = T2 + V2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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•15–69. To test the manufactured properties of 2-lb steel
balls, each ball is released from rest as shown and strikes the
45° smooth inclined surface. If the coefficient of restitution
is to be , determine the distance s to where the ball
strikes the horizontal plane at A. At what speed does the
ball strike point A?

e = 0.8

s

B

A

3 ft

2 ft
45"
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Conservation of Energy: First, we will consider bob A’s swing from position (1) to
position (2) as shown in Fig. a,

Conservation of Linear Momentum: The linear momentum of the system is
conserved along the x axis (line of impact). By referring to Fig. b,

(1)

Coefficient of Restitution: Applying Eq. 15–11 we have

(2)

Solving Eqs. (1) and (2), yields

Ans.

Conservation of Energy: We will now consider the swing of B from position (3) to
position (4) as shown in Fig. c. Using the result of ,

Ans.u = cos- 1B1 -
(1 + e)2

8
R1

2
m c a 1 + e

2
b2gL d2 + 0 = 0 + mg CL(1 - cos u) D

1
2

mB(vB)3 
2 + AVg B3 = 1

2
mB(vB)4 

2 + AVg B4(TB)3 + (VB)3 = (TB)4 + (VB )4

(vB)3

(vB)3 = a1 + e
2
b2gL

(vA)3 = a1 - e
2
b2gL

 (vB)3 - (vA)3 = e2gL

 e =
(vB)3 + (vA)32gL - 0

 A :+ B e =
(vB)3 - (vA)3

(vA)2 - (vB)2

 (vA)3 + (vB)3 = 2gL

 m2gL + 0 = m(vA)3 + m(vB)3

 A :+ B mA(vA)2 + mB(vB)2 = mA(vA)3 + mB(vB)3

(vA)2 = 2gL

0 + mgaL
2
b = 1

2
m(vA)2 

2 + 0

1
2

mA(vA)1 
2 + AVg B1 = 1

2
mA(vA)2 

2 + AVg B2(TA)1 + (VA)1 = (TA)2 + (VA)2
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15–70. Two identical balls A and B of mass m are
suspended from cords of length and L, respectively.
Ball A is released from rest when and swings down
to , where it strikes B. Determine the speed of each
ball just after impact and the maximum angle through
which B will swing. The coefficient of restitution between
the balls is e.

u
f = 0°

f = 90°
L>2

BA

L

f

u

L––
2
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Conservation of Linear Momentum: The linear momentum of the system is
conserved along the x axis (line of impact).

The initial speeds of the truck and car are 

and .

By referring to Fig. a,

(1)

Coefficient of Restitution: Here, .

Applying the relative velocity equation,

(2)

Applying the coefficient of restitution equation,

(3) e =
(vc)2 - (vt)2

8.333 - 2.778

 A :+ B e =
(vc)2 - (vt)2

(vt)1 - (vc)1

 (vc)2 - (vt)2 = 4.167

 A :+ B (vc)2 = (vt)2 + 4.167

 (vc)2 = (vt)2 + (vc>t)2

(vc>t) = c15 A103 B  m
h
d a 1 h

3600 s
b = 4.167 m>s :

 5 Avt B2 + 2 Avc B2 = 47.22

 5000(8.333) + 2000(2.778) = 5000 Avt B2 + 2000 Avc B2 a :+ b mt Avt B1 + mc Avc B1 = mt Avt B2 + mc Avc B2
(vc)1 = c10 A103 B  m

h
d a 1 h

3600 s
b = 2.778 m>s

(vt)1 = c30 A103 B  m
h
d a 1 h

3600 s
b = 8.333 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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15–71. The 5-Mg truck and 2-Mg car are traveling with the
free-rolling velocities shown just before they collide. After
the collision, the car moves with a velocity of to the
right relative to the truck. Determine the coefficient of
restitution between the truck and car and the loss of energy
due to the collision.

15 km>h 30 km/h

10 km/h
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Substituting Eq. (2) into Eq. (3),

Ans.

Solving Eqs. (1) and (2) yields

Kinetic Energy: The kinetic energy of the system just before and just after the
collision are

Thus,

Ans. = 9.65kJ

 = 9.645 A103 B  J ¢E = T1 - T2 = 181.33 A103 B - 171.68 A103 B
 = 171.68 A103 BJ = 1

2
 (5000)(5.5562) + 1

2
 (2000)(9.7222)

 T2 = 1
2

 mt(vt)2 
2 + 1

2
 mc(vc)2 

2

 = 181.33 A103 B  J = 1
2

 (5000)(8.3332) + 1
2

 (2000)(2.7782)

 T1 = 1
2

 mt(vt)1 
2 + 1

2
 mc(vc)1 

2

(vc)2 = 9.722 m>s(vt)2 = 5.556 m>s
e = 4.167

8.333 - 2.778
= 0.75
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Conservation of Energy: By considering block A’s fall from position (1) to position
(2) as shown in Fig. a,

Conservation of Linear Momentum: Since the weight of block A and plate P and
the force developed in the spring are nonimpulsive, the linear momentum of the
system is conserved along the line of impact (y axis). By referring to Fig. b,

(1)

Coefficient of Restitution: Applying Eq. 15–11 we have

(2)

Solving Eqs. (1) and (2) yields

Conservation of Energy: The maximum compression of the spring occurs when
plate P momentarily stops. If we consider the plate’s fall fromposition (3) to position
(4) as shown in Fig. c,

Ans.smax = 0.3202 m = 320 mm

750s2
 max + 175.95smax - 133.25 = 0

= 0 + c0 + 1
2

(1500) Csmax + (0.6 - 0.45) D2 d
1
2

(5)(7.3082) + c5(9.81)smax + 1
2

(1500)(0.6 - 0.45)2 d
1
2

 mP(vP)3 
2 + c AVg B3 + (Ve)3 d = 1

2
 mP(vP)4 

2 + c AVg B4 + (Ve)4 d
(TP)3 + (VP)3 = (TP)4 + (VP)4

(vA)3 = 2.610 m>s  (vP)3 = 7.308 m>s
 (vP)3 - (vA)3 = 4.698

 0.75 =
(vP)3 - (vA)3

6.264 - 0

 A + T B e =
(vP)3 - (vA)3

(vA)2 - (vP)2

 (vP)2 + 2(vA)3 = 12.528

 10(6.262) + 0 = 10(vA)3 + 5(vP)2

 A + T B mA(vA)2 + mP(vP)2 = mA(vA)3 + mP(vP)2

(vA)2 = 6.264 m>s
0 + 10(9.81)(2) = 1

2
 (10) AvA B2 

2 + 0

1
2

 mA(vA)1 
2 + AVg B1 = 1

2
mA(vA)2 

2 + AVg B2(TA)1 + (VA)1 = (TA)2 + (VA)2
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*15–72. A 10-kg block A is released from rest 2 m above
the 5-kg plate P, which can slide freely along the smooth
vertical guides BC and DE. Determine the velocity of the
block and plate just after impact. The coefficient of
restitution between the block and the plate is .
Also, find the maximum compression of the spring due to
impact. The spring has an unstretched length of 600 mm.

e = 0.75

A

B D
P

k ! 1500 N/m
C E

2 m

450 mm
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When sphere (1) strikes sphere (2), the linear momentum of the system is conserved
along the x axis (line of impact). By referring to Fig. a,

(1)

(2)

Eliminating from Eqs. (1) and (2), we obtain

Subsequently, sphere (2) strikes sphere (3). By referring to Fig. b and using the
result of ,

(3)

Applying Eq. 15–11 we have

(4)

Eliminating from Eqs. (3) and (4), we obtain

If we continue to use the above procedures to analyse the impact between spheres
(3) and (4), the speed of sphere (4) after the impact.

Thus, when sphere (n – 1) strikes sphere n, the speed of sphere n just after impact is

Ans.vn
œ = a1 + e

2
bn - 1

v1

v4
œ = a1 + e

2
b3

v1

v3
œ = a1 + e

2
b2

v1

v2
fl

 v3
œ - v2

fl = c e(1 + e)
2

dv1

 A :+ B e =
v3

œ - v2
fla1 + e

2
bv1 - 0

 v2
fl + v3

œ = a1 + e
2
bv1

 A :+ B ma1 + e
2
bv1 + 0 = mv2

fl + mv3
œ

v2
œ

v2
œ = a1 + e

2
bv1

v1
œ

 v2
œ - v1

œ = ev1

 A :+ B e =
v2

œ - v1
œ

v1 - 0

 v1
œ + v2

œ = v1

 A :+ B mv1 + 0 = mv1
œ + mvœ

2
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•15–73. A row of n similar spheres, each of mass m, are
placed next to each other as shown. If sphere 1 has a
velocity of , determine the velocity of the sphere just
after being struck by the adjacent . The
coefficient of restitution between the spheres is e.

(n - 1)th sphere
nthv1

1 2 3 n

v1
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Conservation of Energy: The datum is set at the initial position of ball B. When ball
A is above the datum its gravitational potential energy is

. Applying Eq. 14–21, we have

Conservation of Momentum: When ball A strikes ball B, we have

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Conservation of Momentum: When ball B strikes ball C, we have

[3]

Coefficient of Restitution:

[4]

Solving Eqs. [3] and [4] yields

(yB)3 =
(1 - e2)

4
22gl(1 - cos u)

(yC)2 =
(1 + e)2

4
22gl(1 - cos u)

 A :+ B  e =
(yC)2 - (yB)3

(1 + e)22gl(1 - cos u)
2

- 0

 e =
(yC)2 - (yB)3

(yB)2 - (yC)1

 A :+ B  mB (1 + e)22gl(1 - cos u)
2

R + 0 = m(yB)3 + m(yC)2

 mB (yB)2 + mC (yC)1 = mB (yB)3 + mC (yC)2

(yB)2 =
(1 + e)22gl(1 - cos u)

2

(yA)2 =
(1 - e)22gl(1 - cos u)

2

 A :+ B  e =
(yB)2 - (yA)222gl(1 - cos u) - 0

 e =
(yB)2 - (yA)2

(yA)1 - (yB)1

 A :+ B m22gl(1 - cos u) + 0 = m(yA)2 + m(yB)2

 mA (yA)1 + mB (yB)1 = mA (yA)2 + mB (yB)2

 (yA)1 = 22gl(1 - cos u)

 0 + mg[l(1 - cos u)] = 1
2

 m(yA)2
1 + 0

 T1 + V1 = T2 + V2

mg[l(l - cos u)]
l(1 - cos u)
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15–74. The three balls each have a mass of m. If A is released
from rest at , determine the angle to which C rises after
collision.The coefficient of restitution between each ball is e.

fu

CB
A

l l
fu

l
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Conservation of Energy: The datum is set at the initial position of ball C. When ball
C is above the datum its gravitational potential energy is

. Applying Eq. 14–21, we have

Ans. f = cos- 1 c1 -
(1 + e)4

16
 (1 - cos u) d   

 0 + 1
2

 m c (1 + e)2

4
22gl(1 - cos u) d2 = 0 + mgl(1 - cos f)

 T2 + V2 = T3 + V3

mg[l(1 - cos f)]
l(1 - cos f)
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Conservation of Momentum: When ball A strikes ball B, we have

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Conservation of “y” Momentum: When ball B strikes the cushion at C, we have

[3]

Coefficient of Restitution (x):

[4]

Solving Eqs. [1] and [2] yields

Ans.(yB)3 = 3.24 m>s u = 43.9°

 A ;+ B   0.6 =
0 - C -(yB)3 cos u D

4.50 cos 30° - 0

 e =
(yC)2 - AyBx

B3AyBx
B2 - (yC)1

 (yB)3 sin u = 2.25

 (+ T)   0.4(4.50 sin 30°) = 0.4(yB)3 sin u

 mB AyBy
B2 = mB AyBy

B3
(yA)2 = 0.500 m>s (yB)2 = 4.50 m>s

 A ;+ B   0.8 =
(yB)2 - (yA)2

5 - 0

 e =
(yB)2 - (yA)2

(yA)1 - (yB)1

 (+  )   0.4(5) + 0 = 0.4(yA)2 + 0.4(yB)2

 mA (yA)1 + mB (yB)1 = mA (yA)2 + mB (yB)2

15–75. The cue ball A is given an initial velocity
. If it makes a direct collision with ball B

( ), determine the velocity of B and the angle just
after it rebounds from the cushion at C ( ). Each ball
has a mass of 0.4 kg. Neglect the size of each ball.

e¿ = 0.6
ue = 0.8

(vA)1 = 5 m>s
(vA)1 ! 5 m/s

30"

C

A

u

B

15–74. Continued
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*15–76. The girl throws the 0.5-kg ball toward the wall
with an initial velocity . Determine (a) the
velocity at which it strikes the wall at B, (b) the velocity at
which it rebounds from the wall if the coefficient of
restitution , and (c) the distance s from the wall to
where it strikes the ground at C.

e = 0.5

vA = 10 m>s

Kinematics: By considering the horizontal motion of the ball before the impact,
we have

By considering the vertical motion of the ball before the impact, we have

The vertical position of point B above the ground is given by

Thus, the magnitude of the velocity and its directional angle are

Ans.

Ans.

Conservation of “y” Momentum: When the ball strikes the wall with a speed of
, it rebounds with a speed of .

[1]

Coefficient of Restitution (x):

[2] A :+ B   0.5 =
0 - C -(yb)2 cos f D

10 cos 30° - 0

 e =
(yw)2 - Aybx

B2Aybx
B1 - (yw)1

 (yb)2 sin f = 1.602

 A ;+ B  mb (1.602) = mb C(yb)2 sin f D mb Ayby
B1 = mb Ayby

B2 (yb)2(yb)1 = 8.807 m>s
 u = tan- 1 

1.602
10 cos 30°

= 10.48° = 10.5°

 (yb)1 = 2(10 cos 30°)2 + 1.6022 = 8.807 m>s = 8.81 m>s
(sB)y = 1.5 + 10 sin 30°(0.3464) + 1

2
 (-9.81) A0.34642 B = 2.643 m

(+ c)   sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

 = 1.602 m>s = 10 sin 30° + (-9.81)(0.3464)

 (+ c)   yy = (y0)y + (ac)y t

 3 = 0 + 10 cos 30°t t = 0.3464 s

 A :+ B   sx = (s0)x + yx t

vA ! 10 m/s

1.5 m
30"

3 m
s

A

C

B
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Solving Eqs. [1] and [2] yields

Ans.

Kinematics: By considering the vertical motion of the ball after the impact, we have

By considering the horizontal motion of the ball after the impact, we have

Ans. s = 0 + 4.617 cos 20.30°(0.9153) = 3.96 m

 A ;+ B    sx = (s0)x + yx t

 t1 = 0.9153 s

 -2.643 = 0 + 4.617 sin 20.30°t1 + 1
2

(-9.81)t2
1

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

f = 20.30° = 20.3° (yb)2 = 4.617 m>s = 4.62 m>s

Kinematics: The parabolic trajectory of the football is shown in Fig. a. Due to the
symmetrical properties of the trajectory, and .

Conservation of Linear Momentum: Since no impulsive force acts on the football
along the x axis, the linear momentum of the football is conserved along the x axis.

Coefficient of Restitution: Since the ground does not move during the impact, the
coefficient of restitution can be written as

Thus, the magnitude of is

Ans.

and the angle of is

Ans.u = tan- 1C Avœ
B ByAvœ
B Bx S = tan- 1¢ 5

21.65
≤ = 13.0°

vœ
B

vœ
B = 2 Avœ

B Bx + Avœ
B By = 221.652 + 52 = 22.2 m>svœ

B

 Avœ
B By = 5 m>s c

 0.4 =
- Avœ

B By
-25 sin 30°

 A + c B e =
0 -  Avœ

B ByAvB By - 0

 Avœ
B Bx = 21.65 m>s ;

 0.3 A25 cos 30° B = 0.3 Avœ
B Bx a ;+ b m AvB Bx = m Avœ

B Bx
f = 30°vB = vA = 25 m>s

•15–77. A 300-g  ball is kicked with a velocity of
at point A as shown. If the coefficient of

restitution between the ball and the field is ,
determine the magnitude and direction of the velocity of the
rebounding ball at B.

u
e = 0.4

vA = 25 m>s
AB

u 30!

  vA " 25 m/s
v¿B

*15–76. Continued
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Kinematics: By considering the x and y motion of the marble from A to B, Fig. a,

and

and

Since , the magnitude of vB is

and the direction angle of vB is

Conservation of Linear Momentum: Since no impulsive force acts on the marble
along the inclined surface of the concrete wall ( axis) during the impact, the linear
momentum of the marble is conserved along the axis. Referring to Fig. b,

(1) vœ
B cos f = 19.862

 
0.2

32.2
 A53.59 sin 21.756° B = 0.2

32.2
 Avœ

B cos f B A +Q B  mB Avœ
B Bx¿ = mB Avœ

B Bx¿

x¿
x¿

u = tan- 1C AvB ByAvB Bx S = tan- 1¢7.684
53.03

≤ = 8.244°

vB = 2 AvB Bx 
2 + AvB By 

2 = 253.032 + 7.6842 = 53.59 ft>sAvB Bx = AvA Bx = 75 cos 45° = 53.03 ft>s AvB By = 75 sin 45° + (-32.2)(1.886) = -7.684 ft>s = 7.684 ft>s T

 a + c b AvB By = AvA By + ay t

 = 42.76 ft

 AsB By = 0 + 75 sin 45°(1.886) + 1
2

 (-32.2)(1.8862)

 a + c b AsB By = AsA By + AvA By t + 1
2

 ay t2

 t = 1.886 s

 100 = 0 + 75 cos 45° t

 a :+ b  AsB Bx = AsA Bx + AvA Bx t

15–78. Using a slingshot, the boy fires the 0.2-lb marble at
the concrete wall, striking it at B. If the coefficient of
restitution between the marble and the wall is ,
determine the speed of the marble after it rebounds from
the wall.

e = 0.5

5 ft

A

B

C

100 ft

vA " 75 ft/s

45!

60!
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Coefficient of Restitution: Since the concrete wall does not move during the impact,
the coefficient of restitution can be written as

(2)

Solving Eqs. (1) and (2) yields

Ans.

f = 51.40°

vœ
B = 31.8 ft>s
 vœ

B sin f = 24.885

 0.5 =
-vœ

B sin f
-53.59 cos 21.756°

 A +a B  e =
0 -  Avœ

B By¿Avœ
B By¿ - 0

15–78. Continued
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System:

Solving:

Ball A:

Thus,

Ans.

Ans.

Ans.d = 0.708 m

1
2

 (6)(3.1588)2 - 6(9.81) sin 20°d - 0.4(55.31)d = 0

T1 + ©U1 - 2 = T2

+a©Fy = 0; -6(9.81) cos 20° + N = 0 N = 55.31 N

(vB)2 = 3.1588 = 3.16 m>s(vA)2 = 2(-3.0794)2 + (-3.4202)2 = 4.60 m>s
AvAy B2 = -3.4202 m>s mA (-10 sin 20°) = mA AvAy

B2 (+a) mA AvAy B1 = mA AvAy
B2

(vBx
)2 = 3.1588 m>s(vAx
)2 = -3.0794 m>s

 (vBx
)2 - (vAx

)2 = 6.23816

 (+Q) e =
(vBx

)2 - (vAx
)2

(vAx
)1 - vBx

)1
 : 0.6 =

(vBx
)2 - (vAx

)2

10 cos 20° - (-1)

 (vAx
)2 + 3(vBx

)2 = 6.3969

 2(10 cos 20°) - 6(1) = 2(vAx
)2 + 6(vBx

)2

 (+Q) ©m1 v1 = ©m2 v2

15–79. The 2-kg ball is thrown so that it travels
horizontally at 10 when it strikes the 6-kg block as it is
traveling down the inclined plane at 1 . If the coefficient
of restitution between the ball and the block is ,
determine the speeds of the ball and the block just after the
impact.Also, what distance does B slide up the plane before
it momentarily stops? The coefficient of kinetic friction
between the block and the plane is .mk = 0.4

e = 0.6
m>sm>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B
10 m/s

1 m/s

20!
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System:

Solving:

Block B.

Neglect impulse of weight.

Ans. F = 4.16 kN

 -6(1) + F(0.006) = 6(3.1588)

 (+Q) mv1 + ©LF dt = mv2

(vBx
)2 = 3.1588 m>s(vAx
)2 = -3.0794 m>s

 (vBx
)2 - (vAx

)2 = 6.23816

 (+Q) e =
(vBx

) - (vAx
)2

(vAx
)1 - (vBx

)1
 ; 0.6 =

(vBx
)2 - (vAx

)2

10 cos 20° - (-1)

 (vAx
)2 + 3(vBx

)2 = 6.3969

 2(10 cos 20°) - 6(1) = 2(vAx
)2 + 6(vBx

)2

 (+Q) ©m1 v1 = ©m2 v2

*15–80. The 2-kg ball is thrown so that it travels
horizontally at 10 when it strikes the 6-kg block as it
travels down the smooth inclined plane at 1 . If the
coefficient of restitution between the ball and the block is

, and the impact occurs in 0.006 s, determine the
average impulsive force between the ball and block.
e = 0.6

m>sm>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B
10 m/s

1 m/s

20!
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Ans. (vB)1 = 29.3 ft>s
 0 - a4000

32.2
b(vB)1 = - a4000

32.2
b(9.829) cos 40° - a4000

32.2
b(43.51) sin 30°

 A + c B ©m1 (vy)1 = ©m2 (vy)2

 (vB)2 = 43.51 ft>s
 a4000

32.2
b(44) + 0 = a4000

32.2
b(9.829) sin 40° + a4000

32.2
b(vB)2 cos 30°

 a :+ b ©m1 (vx)1 = ©m2 (vx)2

(vA)1 = 44 ft>s(vA)2 = 9.829 ft>s
1
2

 a4000
32.2

b(vA)2
2 - (0.15)(4000)(10) = 0

T1 + ©U1 - 2 = T2

•15–81. Two cars A and B each have a weight of 4000 lb
and collide on the icy pavement of an intersection. The
direction of motion of each car after collision is measured
from snow tracks as shown. If the driver in car A states that
he was going 44 (30 ) just before collision and that
after collision he applied the brakes so that his car skidded
10 ft before stopping, determine the approximate speed of
car B just before the collision. Assume that the coefficient
of kinetic friction between the car wheels and the pavement
is . Note: The line of impact has not been defined;
however, this information is not needed for the solution.
mk = 0.15

mi>hft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x

y

30!

40!

A

A

B

B

O
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15–82. The pool ball A travels with a velocity of 
just before it strikes ball B, which is at rest. If the masses of
A and B are each 200 g, and the coefficient of restitution
between them is , determine the velocity of both
balls just after impact.

e = 0.8

10 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x

y

AB

10 m/s

30!

A

Conservation of Linear Momentum: By referring to the impulse and momentum of
the system of billiard balls shown in Fig. a, notice that the linear momentum of the
system is conserved along the n axis (line of impact). Thus,

(1)

Also, we notice that the linear momentum of each ball A and B is conserved along
the t axis (tangent of plane impact). Thus,

(2)

and

Since , then . Thus

Coefficient of Restitution: The coefficient of restitution equation written along the
n axis (line of impact) gives

(3)

Using the result of and solving Eqs. (1), (2), and (3),

Ans.

Ans.vœ
B = 7.79 m>s ;

vœ
A = 5.07m>s   uA = 80.2°

uB

 vœ
B cos uB - vœ

A cos uA = 6.928

 0.8 =
vœ

B cos uB - vœ
A cos uA

10 cos 30° - 0

 a ;+ b  e =
Avœ

B Bn - Avœ
A BnAvA Bn - AvB Bn

uB = 0

sin uB = 0vœ
B Z 0

 vœ
B sin uB = 0

 0 = 0.2vœ
B sin uB

 a + c b mB Av B t = mB Avœ
B B t

 vœ
A sin uA = 5

 0.2(10) sin 30° = 0.2vœ
A sin uA

 a + c b mA AvA B t = mA Avœ
A B t

 vœ
A cos uA + vœ

B cos uB = 8.6603

 0.2(10)cos 30° = 0.2vœ
A cos uA + 0.2vœ

B cos uB

 a ;+ b mA AvA Bn + mB AvB Bn = mA Avœ
A Bn + mB Avœ

B Bn
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Solving:

Thus:

Ans.

Ans.(vA)2 = 2(-0.3750)2 + (1.732)2 = 1.77 ft>s(vB)2 = 2(1.250)2 + (2.598)2 = 2.88 ft>s
 (vBy

)2 = 2.598 ft>s a6.6(10- 3)
32.2

b3 cos 30° = a6.6(10- 3)
32.2

b(vBy
)2

 (+b) mB AvBy B1 = mB AvBy B2 (vAy
)2 = 1.732 ft>s a13.2(10- 3)
32.2

b2 cos 30° = a13.2(10- 3)
32.2

b(vAy
)2

 (+Q) mA AvAy B2 = mA AvAy B2(vBx
)2 = 1.250 ft>s(vAx
)2 = -0.3750 ft>s

 (+R) e =
(vBx

)2 - (vAx
)2

(vAx
)1 - (vBx

)1
  0.65 =

(vBx
)2 - (vAx

)2

2 sin 30° - (-3 sin 30°)

= a13.2(10- 3)
32.2

b(vAx
)2 + a6.6(10- 3)

32.2
b(vBx

)2

 a13.2(10- 3)
32.2

b2 sin 30° - a6.6(10- 3)
32.2

b3 sin 30°

 (+R) mA AvAx B1 + mB AvBx B1 = mA AvAx B2 + mB AvBx B2

15–83. Two coins A and B have the initial velocities shown
just before they collide at point O. If they have weights of

and and the
surface upon which they slide is smooth, determine their
speeds just after impact. The coefficient of restitution is

.e = 0.65

WB = 6.60(10- 3) lbWA = 13.2(10- 3) lb

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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30!

3 ft/s

Line of impact
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x¿

A
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Conservation of Linear Momentum: By referring to the impulse and momentum of
the system of disks shown in Fig. a, notice that the linear momentum of the system is
conserved along the n axis (line of impact). Thus,

(1)

Also, we notice that the linear momentum a of disks A and B are conserved along
the t axis (tangent to the plane of impact). Thus,

(2)

and

(3)

Coefficient of Restitution: The coefficient of restitution equation written along the
n axis (line of impact) gives

(4)

Solving Eqs. (1), (2), (3), and (4), yields

Ans.

Ans.vœ
B = 5.88 ft>s    uB = 58.3°

vœ
A = 11.0 ft>s    uA = 18.8°

 vœ
A cos uA - vœ

B cos uB = 7.317

 0.6 =
vœ

A cos uA - vœ
B cos uB

10 cos 30° - A -5 cos 45° B
 a :+ b e =

Avœ
A Bn - Avœ

B BnAvB Bn - AvA Bn
 vœ

B sin uB = 5

 
2

32.2
 (10) sin 30° = = 2

32.2
 vœ

B sin uB

 a + T b mB AvB B t = mB Avœ
B B t

 vœ
A sin uA = 3.5355

 
2

32.2
 (5) sin 45° = 2

32.2
 vœ

A sin uA

 a + T b mA AvA B t = mA Avœ
A B t

 2vœ
A cos uA + 5vœ

B cos uB = 36.23

 -  
2

32.2
 (5) cos 45° + 5

32.2
 (10) cos 30° = 2

32.2
 vœ

A cos uA + 5
32.2

 vœ
B cos uB

 a :+ b mA AvA Bn + mB AvB Bn = mA Avœ
A Bn + mB Avœ

B Bn

*15–84. Two disks A and B weigh 2 lb and 5 lb, respectively.
If they are sliding on the smooth horizontal plane with the
velocities shown, determine their velocities just after impact.
The coefficient of restitution between the disks is .e = 0.6

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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•15–85. Disks A and B have a mass of 15 kg and 10 kg,
respectively. If they are sliding on a smooth horizontal plane
with the velocities shown, determine their speeds just after
impact.The coefficient of restitution between them is e = 0.8.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

x

A

B

10 m/s

Line of
impact

8 m/s

4
3

5

Conservation of Linear Momentum: By referring to the impulse and momentum of
the system of disks shown in Fig. a, notice that the linear momentum of the system is
conserved along the n axis (line of impact). Thus,

(1)

Also, we notice that the linear momentum of disks A and B are conserved along the
t axis (tangent to? plane of impact). Thus,

(2)

and

(3)

Coefficient of Restitution:The coefficient of restitution equation written along the n
axis (line of impact) gives

(4)

Solving Eqs. (1), (2), (3), and (4), yeilds

Ans.

Ans.

fB = 42.99°

v¿
B = 9.38 m>sfA = 102.52°

v¿
A = 8.19 m>s 

 v¿
B cos fB - v¿

A cos fA = 8.64

 0.8 =
v¿

B cos fB - v¿
A cos fA

10a3
5
b - c -8a3

5
b d

 +Q e =
(v¿

B)n - (v¿
A)n

(vA)n - (vB)n

 v¿
B sin fB = 6.4

 10(8)a4
5
b = 10 v¿

B sin fB

 +a mB AvB B t = mB Av¿
B B t

 v¿
A sin fA = 8

 15(10)a4
5
b = 15v¿

A sin fA

 +a mA AvA B t = mA Av¿
A B t

 15v¿
A cos fA + 10v¿

B cos fB = 42

 15(10)a3
5
b - 10(8)a3

5
b = 15v¿

A cos fA + 10v¿
B cos fB

 +Q mA AvA Bn + mB AvB Bn = mA Av¿
A Bn + mB Av¿

B Bn

91962_04_s15_p0355-0478  6/8/09  12:39 PM  Page 431



432

Conservation of Linear Momentum: The orientation of the line of impact (n axis)
and the tangent of the plane of contact (t axis) are shownn in Fig. a. By referring to
the impulse and momentum of the system of disks shown in Fig. b, we notice that the
linear momentum of the system is conserved along the n axis. Thus,

(1)

Also, we notice that the linear momentum of disks A and B are conserved along the
t axis. Thus,

(2)

and

(3)

Coefficient of Restitution: The coefficient of restitution equation written along the
n axis (line of impact) gives

(4)

Solving Eqs. (1), (2), (3), and (4), yields

Ans.

Ans.

fB = 61.16°

v¿
B = 4.94 m>sfA = 86.04°

v¿
A = 9.68 m>s

 v¿
B cos fB + v¿

A cos fA = 3.053

 0.6 =
-v¿

B cos fB - v¿
A cos fA

-10 cos 75° - 5 cos 60°

 AR+ B e =
Av¿

B Bn - Av¿
A BnAvA Bn - AvB Bn

 v¿
B sin fB = 4.330

 4(5) sin 60° = 4 v¿
B sin fB 

 A +Q B mB AvB B t = mB Av¿
B B t

 v¿
A sin fA = 9.659

 6(10) sin 75° = 6 v¿
A sin fA

 A +Q B mA AvA B t = mA Av¿
A B t

 4 v¿
A cos fA - 6v¿

B cos fB = 5.529

 -6(10) cos 75° + 4(5)cos 60° = 6(v¿
A cos fA) - 4(v¿

B cos fB)

 AR+ B mA AvA Bn + mB AvB Bn = mA Av¿
A Bn + mB Av¿

B Bn

15–86. Disks A and B have a mass of 6 kg and 4 kg,
respectively. If they are sliding on the smooth horizontal
plane with the velocities shown, determine their speeds just
after impact. The coefficient of restitution between the
disks is .e = 0.6
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5 m/s

10 m/s

A
B

75 mm

100 mm
30!

30!
45!
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Conservation of Linear Momentum: The orientation of the line of impact (n axis)
and the tangent of the plane of contact, (t axis) are shown in Fig. a. By referring to
the impulse and momentum of the system of disks shown in Fig. b, notice that the
linear momentum of the system is conserved along the n axis. Thus,

(1)

Also, we notice that the linear momentum of disks A and B are conserved along the
t axis. Thus,

(2)

and

(3)

Coefficient of Restitution: The coefficient of restitution equation written along the
n axis (line of impact) gives

(4)

Solving Eqs. (1), (2), (3), and (4), yields

Ans.

Ans.
fB = 42.80°

v¿
B = 14.7 ft>sfA = 72.86°

v¿
A = 12.6 ft>s

v¿
A cos fA + v¿

B cos fB = 14.5

0.5 =
-v¿

B cos fB - v¿
A cos fA

-13a 5
13
b - 26a12

13
b

e =
Av¿

B Bn - Av¿
A BnAvA Bn - AvA Bn

v¿
B sin fB = 10

2
32.2

 (26)a 5
13
b = 2

32.2
 v¿

B sin fB

mB AvB B t = mB Av¿
B B t

v¿
B sin fA = 12

8
32.2

 (13)a12
13
b = 8

32.2
 v¿

A sin fA

mA AvA B t = mA Av¿
A B t

8v¿
A cos fA - 2v¿

B cos fB = 8

- 8
32.2

 (13)a 5
13
b + 2

32.2
 (26)a12

13
b = 8

32.2
 (v¿

A cos fA B - 2
32.2

 Av¿
B cos fB BmA AvA Bn + mB AvB Bn = mA Av¿

A Bn + mB Av¿
B Bn

15–87. Disks A and B weigh 8 lb and 2 lb, respectively. If
they are sliding on the smooth horizontal plane with the
velocities shown, determine their speeds just after impact.
The coefficient of restitution between them is .e = 0.5

B

13 ft/s

26 ft/s

x

y

A
18 in.

8 in.
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Velocity before impact:

Velocity after impact

Conservation of “y” momentum:

Conservation of “x” momentum:

(1)

Coefficient of Restitution (x direction):

(2)

Subtracting Eq. (1) from Eq. (2) yields:

Ans.u = u1 + u2 = 90° + 0° = 90°

cos u1 = 0  u1 = 90°

2 (yA)2 cos u1 = 0 Since 2(yA)2 Z 0

 (yA)1 cos f = -(yA)2 cos u1 + (yB)2

 e =
(yBx)2 - (yAx)2

(yAx)1 - (yBx)1
 ; 1 =

(yB)2 cos 0° - (yA)2 cos u1

(yA)1 cos f - 0

(yA)1 cos f = (yA)2 cos u1 + (yB)2

m (yA)1 cos f + 0 = m (yA)2 cos u1 + m (yB)2 cos 0°

mA (yAx)1 + mB (yBx)1 = mA (yAx)2 + mB (yBx)2

0 = m C -(yu)2 sin u2 D  u2 = 0°

mB (yBy)1 = mB (yBy)2

(yBx)2 = (yB)2 cos u2 (yBy)2 = -(yB)2 sin u2

(yAx)2 = (yA)2 cos u1 (yAy)2 = (yA)2 sin u1

(yBx)1 = 0   (yBy)1 = 0

(yAx)1 = (yA)1 cos f (yAy)1 = (yA)1 sin f

*15–88. Ball A strikes ball B with an initial velocity of 
as shown. If both balls have the same mass and the collision is
perfectly elastic, determine the angle after collision. Ball B
is originally at rest. Neglect the size of each ball.

u

(vA)1
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B
y

x

u

A

f

(vB)2

(vA)1

(vA)2
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System:

Solving,

Ball A:

Ball B:

Thus,

Ans.

Ans.(vB)2 = 2(1.95)2 + (2.40)2 = 3.09 ft>s(vA)2 = 2(0.550)2 + (2.40)2 = 2.46 ft>s
 (vBy

)2 = -2.40 ft>s
 - 2

32.2
 (3)a4

5
b = 2

32.2
 A  vBy B2 (+a)  mB A  vBy B1 = mB A  vBy B2

 A  vAy B2 = -2.40 ft>s
 -  

2
32.2

 (4)a3
5
b = 2

32.2
 A  vAy B2 (+a)  mA A  vAy B1 = mA A  vAy B2

(vBx)2 = -1.95 ft>s = 1.95 ft>s ;
(vA x)2 = 0.550 ft>s

(+Q) e =
(vAx)2 - (vBx)2

(vBx)1 - (vAx)1
 ; 0.5 =

(vAx)2 - (vBx)2

3a3
5
b - B -4a4

5
b R 

2
32.2

 (3)a3
5
b - 2

32.2
 (4)a4

5
b = 2

32.2
 (vB)2x + 2

32.2
 (vA)2 x

 (+Q) © mv1x = ©mv2x

•15–89. Two disks A and B each have a weight of 2 lb and
the initial velocities shown just before they collide. If the
coefficient of restitution is , determine their speeds
just after impact.

e = 0.5
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B

y

x

A

(vA)1 " 4 ft/s

(vB)1 " 3 ft/s

4
3 5
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Free-Body Diagram: The free-body diagram of the system is shown in Fig. a. Since
the moment reaction MC has no component about the z axis, the force reaction FC
acts through the z axis, and the line of action of WA and WB are parallel to the z axis,
they produce no angular impulse about the z axis.

Principle of Angular Impulse and Momentum:

Ans.v = 95.6 ft>s
4 t3

3
+ 2 t 2 3 s

0
= 0.4392 v

0 + L
3 s

0
 A4 t2 + 2 Bdt = 2a 4

32.2
 (v)(2.5 cos 45°)b

AH1 Bz + ©L
t1

t2

 Mz dt = AH2 B

15–90. The spheres A and B each weighing 4 lb, are
welded to the light rods that are rigidly connected to a shaft
as shown. If the shaft is subjected to a couple moment of

, where t is in seconds, determine the
speed of A and B when . The system starts from rest.
Neglect the size of the spheres.

t = 3 s
 M = (4t2 + 2) lb #  ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A B

M " (4t2 # 2) lb$ft

2.5 ft 2.5 ft45!45!
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Free-Body Diagram: The free-body diagram of the system is shown in Fig. a. Since
the moment reaction MS has no component about the z axis, the force reaction FS
acts through the z axis, and the line of action of W and N are parallel to the z axis,
they produce no angular impulse about the z axis.

Principle of Angular Impulse and Momentum:

Ans.v = 3.33 m>s
0 + L

5 s

0
 30 t2 dt + L

5 s

0
 15t(4)dt = 150v(4)

AH1 Bz + ©L
t1

t2

 Mz dt = AH2 Bz

15–91. If the rod of negligible mass is subjected to a
couple moment of and the engine of the
car supplies a traction force of to the wheels,
where t is in seconds, determine the speed of the car at the
instant . The car starts from rest. The total mass of
the car and rider is 150 kg. Neglect the size of the car.

t = 5 s

F = (15t) N
M = (30t2) N # m

M " (30t2) N$m

F " 15t N

4 m
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Ans.t = 3.41 s

(
10

32.2
)(2)(4) + (7 cos 30°)(4)(t) - 0.5(10)(4) t = 10

32.2
 (13.67)(4)

(HA) t + ©LMA dt = (HA)2

v = 13.67 ft>s
20 - 7 sin 30° - 2 = 10

32.2
 (

v2

4
)

©Fn = man ;

15–92. The 10-lb block rests on a surface for which
It is acted upon by a radial force of 2 lb and a

horizontal force of 7 lb, always directed at 30° from the
tangent to the path as shown. If the block is initially
moving in a circular path with a speed at the
instant the forces are applied, determine the time required
before the tension in cord AB becomes 20 lb. Neglect the
size of the block for the calculation.

v1 = 2 ft>s
mk = 0.5.
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A

B

30!
7 lb

4 ft

2 lb

Ans.t = 0.910 s

0 + (7 cos 30°)(4)(t) = 10
32.2

 (17.764)(4)

(HA)1 + ©LMA dt = (HA)2

v = 17.764 ft>s
30 - 7 sin 30° - 2 = 10

32.2
 (

v2

4
)

©Fn = man ;

15–93. The 10-lb block is originally at rest on the smooth
surface. It is acted upon by a radial force of 2 lb and a
horizontal force of 7 lb, always directed at 30° from the
tangent to the path as shown. Determine the time required
to break the cord, which requires a tension What
is the speed of the block when this occurs? Neglect the size
of the block for the calculation.

T = 30 lb.
A

B

30!
7 lb

4 ft

2 lb
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At the maximum height, the projectile travels with a horizontal speed of
.

Ans.HO = (d)(my) = 6371(3)(353.6) = 6.76(106) kg # m2>s  

 (sy)max = 6371 m

 0 = (500 sin 45°)2 + 2(-9.81) C(sy)max - 0 D (+ c) y2
y = (y0)2

y + 2ac Csy - (s0)y Dy = yx = 500 cos 45° = 353.6 m>s2

15–94. The projectile having a mass of 3 kg is fired from a
cannon with a muzzle velocity of . Determine
the projectile’s angular momentum about point O at the
instant it is at the maximum height of its trajectory.

v0 = 500 m>s
y

x

vO

45!

O

15–95. The 3-lb ball located at A is released from rest and
travels down the curved path. If the ball exerts a normal
force of 5 lb on the path when it reaches point B, determine
the angular momentum of the ball about the center of
curvature, point O. Hint: Neglect the size of the ball. The
radius of curvature at point B must first be determined.

10 ft

A

B

O

r

Datum at B:

Ans.HB = 30a 3
32.2
b(25.38) = 70.9 slug # ft2>s

 r = 30 ft

 A + c B©Fn = man ; 5 - 3 = a 3
32.2
b a (25.38)2

r
b

vB = 25.38 ft>s
0 + 3(10) = 1

2
 a 3

32.2
b(yB)2 + 0

T1 + V1 = T2 + V2
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Principle of Angular Impluse and Momentum: Applying Eq. 15–22, we have

Ans. y = 4.67 m>s
 0.5(10)(2) + L

2 s

0
 A2 t2 + 4 B  dt = 0.5(10) y

 (Hz)1 + ©L
t2

t1

 Mz dt = (Hz)2

*15–96. The ball B has a mass of 10 kg and is attached to
the end of a rod whose mass can be neglected. If the shaft is
subjected to a torque , where t is in
seconds, determine the speed of the ball when . The
ball has a speed when .t = 0v = 2 m>s t = 2 s

M = (2t2 + 4) N #  m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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M
0.5 m

vB

Principle of Angular Impluse and Momentum: Applying Eq. 15–22, we have

Ans. y = 6.15 m>s
 2[0.4 (3) (0)] + L

2 s

0
 A6e 0.2 t B  dt = 2 [0.4 (3) y]

 (Hz)1 + ©L
t2

t1

 Mz dt = (Hz)2

•15–97. The two spheres each have a mass of 3 kg and are
attached to the rod of negligible mass. If a torque

, where t is in seconds, is applied to the
rod as shown, determine the speed of each of the spheres in
2 s, starting from rest.

M = (6e0.2t) N #  m

M

0.4 m

0.4 m
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Principle of Angular Impluse and Momentum: Applying Eq. 15–22, we have

Ans. t = 1.34 s

 2[0.4 (3) (0)] + L
t

0
 (8 t) dt = 2[0.4 (3) (3)]

 (Hz)1 + ©L
t2

t1

 Mz dt = (Hz)2

15–98. The two spheres each have a mass of 3 kg and are
attached to the rod of negligible mass. Determine the time
the torque , where t is in seconds, must be
applied to the rod so that each sphere attains a speed of
3 starting from rest.m>s M = (8t) N #  m

M

0.4 m

0.4 m

Conservation of Angular Momentum: Cable OA is shorten by
. Thus, at this instant . Since no force

acts on the car along the tangent of the moving path, the angular momentum is
conserved about point O. Applying Eq. 15–23, we have

The speed of car after 3 s is

Ans.y2 = 20.52 + 4.5712 = 4.60 ft>s
 y¿ = 4.571 ft>s 12(m)(4) = 10.5(m) y¿

 r1 my1 = r2 my¿

 (HO)1 = (HO)2

r2 = 12 - 1.50 = 10.5 ft¢r = 0.5(3) = 1.50 ft

15–99. An amusement park ride consists of a car which is
attached to the cable OA. The car rotates in a horizontal
circular path and is brought to a speed when

. The cable is then pulled in at the constant rate of
0.5 . Determine the speed of the car in 3 s.ft>sr = 12 ft

v1 = 4 ft>s
A

O

r
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(1)

(2)

Solving,

Ans.

Ans.ru = 13.8 Mm

vu = 10.2 km>s
 -

66.73(10-12)(5.976)(1024)(700)
rB

 
1
2

 (700)[10(103)]2 -
66.73(10-12)(5.976)(1024)(700)

[15(106)]
= 1

2
 (700)(vB)2

1
2

 ms (vA)2 -
GMe ms

rA
= 1

2
 ms (vB)2 -

GMems

rB

TA + VA = TB + VB

700[10(103) sin 70°](15)(106) = 700(yB)(rB)

ms (vA sin fA)rA = ms (vB)rB

(HO)1 = (HO)2

*15–100. An earth satellite of mass 700 kg is launched into
a free-flight trajectory about the earth with an initial speed
of when the distance from the center of the
earth is If the launch angle at this position is

determine the speed of the satellite and its
closest distance from the center of the earth. The earth
has a mass Hint: Under these
conditions, the satellite is subjected only to the earth’s
gravitational force, Eq. 13–1. For part of
the solution, use the conservation of energy.

F = GMems>r2,

Me = 5.976110242 kg.
rB

vBfA = 70°,
rA = 15 Mm.

vA = 10 km>s
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  A

rA

rB

vB

vA

f
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Equation of Motion: When the ball is travelling around the 0.5 m diameter circular

path, and . Applying Eq. 13–8,

we have

Ans.

When the ball is travelling around the diameter circular path,

and . Applying Eq.

13–8, we have

[1]

[2]

Conservation of Angular Momentum: Since no force acts on the ball along the
tangent of the circular path, the angular momentum is conserved about z axis.
Applying Eq. 15– 23, we have

[3]

Solving Eqs. [1], [2] and [3] yields

Ans.

 y2 = 0.9610 m>s d¿ = 0.41401 m = 0.414 m T2 = 21.6 N

 0.25 (2) (0.7958) = d¿
2

 (2) y2

 r1 my1 = r2 my2

 (Hz)1 = (Hz)2

©Fn = man ;  T2 (d¿) = 2a y2
2

d¿>2 b
©Fb = 0;  T2 A21 - d2 B - 2(9.81) = 0

sin f = 20.25 - 0.25 d¿2

0.5
= 21 - d¿

 
2cos f =

d¿>2
0.5

= d¿

d¿

 y1 = 0.7958 m>s
 ©Fn = man ;  20.26(0.25) = 2a y2

1

0.25
b

 T1 = 20.26 N = 20.3 N

 ©Fb = 0;  T1 A20.9375 B - 2(9.81) = 0

sin u = 20.9375
1

= 20.9375cos u = 0.25
1

= 0.25

•15–101. The 2-kg ball rotates around a 0.5-m-diameter
circular path with a constant speed. If the cord length is
shortened from to , by pulling the cord
through the tube, determine the new diameter of the path .
Also, what is the tension in the cord in each case?

d¿
l¿ = 0.5 ml = 1 m
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Ans.

Ans.u = 33.2°

1
2

 (80)(4.310)2 + 0 = 0 + 80(9.81) C5.8 (1 - cos u) DT1 + V1 = T2 + V2

5 (80)(5) = 5.8 (80) y2 y2 = 4.310 m>s = 4.31 m>s(HO)1 = (HO)2

15–102. A gymnast having a mass of 80 kg holds the two
rings with his arms down in the position shown as he swings
downward. His center of mass is located at point . When
he is at the lowest position of his swing, his velocity is

. At this position he suddenly lets his arms
come up, shifting his center of mass to position .
Determine his new velocity in the upswing and the angle 
to which he swings before momentarily coming to rest.
Treat his body as a particle.

u
G2

(vG)1 = 5 m>s G1
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O

u

G1

(vG)1 ! 5 m/s

G2

(vG)2
0.8 m

5 m

Ans.v2 = 19.3 ft>s7.2 = 0.37267 v2

0 + L
4

0
 (0.5 t + 0.8) dt = 4B a 5

32.2
b(0.6 v2)R(Hz)1 + ©L  Mz dt = (Hz)2

15–103. The four 5-lb spheres are rigidly attached to the
crossbar frame having a negligible weight. If a couple moment

, where t is in seconds, is applied as
shown,determine the speed of each of the spheres in 4 seconds
starting from rest. Neglect the size of the spheres.

M = (0.5t + 0.8) lb # ft

0.6 ft

M ! (0.5t " 0.8) lb · ft
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Conservation of Energy: The intial and final stretch of the elastic cord is
and . Thus,

Ans.

Conservation of Angular Momentum: Since no angular impulse acts on the disk
about an axis perpendicular to the page passing through point O, its angular
momentum of the system is conserved about this z axis. Thus,

Since , then

Ans.Av 2 B r = 2v2 
2 - Av2 Bu 

2 = 26.7382 - 6.252 = 2.52 m>sv2 
2 = Av2 Bu 

2 + Av2 B r 
2

Av2 Bu =
r1v1

r2
=

1.5(5)
1.2

= 6.25 m>s
r1mv1 = r2m Av2 BuAHO B1 = AHO B2
v2 = 6.738 m>s
1
2

 5(52) + 1
2

 (200)(12) = 1
2

 (5)v2 
2 + 1

2
 (200)(0.72)

1
2

 mv1 
2 + 1

2
 ks1 

2 = 1
2

 mv2 
2 = 1

2
 ks2 

2

T1 + V1 = T2 + V2

s2 = 1.2 - 0.5 = 0.7 ms1 = 1.5 - 0.5 = 1 m

*15–104. At the instant , the 5-kg disk is given a
speed of , perpendicular to the elastic cord.
Determine the speed of the disk and the rate of shortening
of the elastic cord at the instant . The disk slides
on the smooth horizontal plane. Neglect its size. The cord
has an unstretched length of 0.5 m.

r = 1.2 m

v = 5 m>s r = 1.5 m

r

k ! 200 N/m

A

B

v ! 5 m/s
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•15–105. The 150-lb car of an amusement park ride is
connected to a rotating telescopic boom. When ,
the car is moving on a horizontal circular path with a speed
of . If the boom is shortened at a rate of ,
determine the speed of the car when . Also, find
the work done by the axial force F along the boom. Neglect
the size of the car and the mass of the boom.

r = 10 ft
3 ft>s30  ft>s r = 15 ft

F
r

Conservation of Angular Momentum: By referring to Fig. a, we notice that the
angular momentum of the car is conserved about an axis perpendicular to the
page passing through point O, since no angular impulse acts on the car about this
axis. Thus,

Thus, the magnitude of v2 is

Ans.

Principle of Work and Energy: Using the result of ,

Ans.UF = 2641 ft # lb

1
2

 a 150
32.2
b(302) + UF = 1

2
 a 150

32.2
b(45.102)

1
2

 mv1 
2 + UF = 1

2
 mv2 

2

T1 + ©U1 - 2 = T2

v2

v2 = 4Av2 B r 
2 - Av2 Bu 

2 = 232 + 452 = 45.10 ft>s = 45.1 ft>s
Av2 Bu =

r1 v1

r2
=

15(30)
10

= 45 ft>s
r1mv1 = r2m Av2 BuAHO B1 = AHO B2
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Conservation of Angular Momentum: By observing the free-body diagram of the
ball shown in Fig. a, notice that the weight W of the ball is parallel to the z axis and
the line of action of the normal reaction N always intersect the z axis, and they
produce no angular impulse about the z axis. Thus, the angular momentum of the

ball is conserved about the z axis. At point B, . Thus, orH - h = H
r0 

2 r2z = H - h

15–106. A small ball bearing of mass m is given a velocity
of at A parallel to the horizontal rim of a smooth bowl.
Determine the magnitude of the velocity v of the ball  when
it has fallen through a vertical distance h to reach point B.

is measured from v to the horizontal at point B.Angle u

v0

v

r
h

H

A

B

z

v0

r0

z !      r2

r0
2

H

H U

. Thus, we can write

(1)

Conservation of Energy: By setting the datum at point B,

Ans.v = 2v0 
2 + 2gh

1
2

 mv0 
2 + mgh = 1

2
 mv2 + 0

TA + VA = TB + VB

cos u =
v0

v
 C H

Hh

r0v0 = aAH - h
H

 r0bv cos u

r0mv0 = rmv cos u

AH1 Bz = AH2 Bzr = AH - h
H

 r0
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Equations of Motion: By referring to the free-body diagram of the bob shown in
Fig. a,

(1)

(2)

Eliminating F from Eqs. (1) and (2) yields

(3)

When , . Using Eq. (3), we obtain

Solving for the root 1, we obtain

Conservation of Angular Momentum: By observing the free-body diagram of
the system shown in Fig. b, notice that W and F are parallel to the z axis, MS has
no z component, and FS acts through the z axis. Thus, they produce no angular
impulse about the z axis. As a result, the angular momentum of the system is
conserved about the z axis. When and ,

and . Thus,

(4)v2 sin u2 = 1.6867

0.3373(2)(1.5) = 0.3 sin u2 (2)v2

r1mv1 = r2mv2

AHz B1 = AHz B2 r = r2 = 0.3 sin u2r = r1 = 0.6 sin 34.21° = 0.3373 m
u = u2u = u1 = 34.21°

u1 = 34.21°

6

cos2
 u1 + 0.3823 cos u1 - 1 = 0

1 - cos2 u1

cos u1
= 1.52

9.81(0.6)

v = v1 = 5 m>sl = 0.6 m

1 - cos2 u
cos u

= v2

9.81l

sin2 u
cos u

= v2

9.81l

; ©Fn = ma n; F sin u = 2a v2

l sin u
b

+ c ©Fb = 0;  F cos u - 2(9.81) = 0

15–107. When the 2-kg bob is given a horizontal speed of
, it begins to rotate around the horizontal circular

path A. If the force F on the cord is increased, the bob rises
and then rotates around the horizontal circular path B.
Determine the speed of the bob around path B. Also, find
the work done by force F.

1.5 m>s

A

B

F

300 mm

600 mm
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Substituting and into Eq. (3) yields

(5)

Eliminating from Eqs. (4) and (5),

Solving the above equation by trial and error, we obtain

Substituting the result of into Eq. (4), we obtain

Ans.

Principle of Work and Energy: When changes from to , W displaces vertically
upward . Thus, W does negatives
work.

Ans.UF = 8.32 N # m

1
2

 (2)(1.52) + UF - 2(9.81)(0.3366) = 1
2

 (2)(1.992)2

1
2

 mv1 
2 + UF + A -Wh B = 1

2
 mv2 

2

T1 + ©U1 - 2 = T2

h = 0.6 cos 34.21° - 0.3 cos 57.866° = 0.3366 m
u2u1u

v2 = 1.992 m>s = 1.99 m>su2

u2 = 57.866°

sin3
 u2 tan u2 - 0.9667 = 0

v2

1 - cos2 u2

cos u2
=

v2 
2

2.943

1 - cos2 u2

cos u2
= v2

9.81(0.3)

v = v2u = u2l = 0.3

15–107. Continued
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Here, the tractor moves with the constant speed of 

. Thus, since the snow on the ground is at rest.

The rate at which the tractor gains mass is . Since the tractor is

moving with a constant speeds . Referring to Fig. a,

Ans. T = 278 N

 ;+ ©Fs = m 
dv
dt

+ vD>s dms

dt
; T = 0 + 1.389(200)

dv
dt

= 0

dms

dt
= 200 kg>svD>s = v = 1.389 m>s= 1.389 m>s v = c5 A103 B  m

h
d c 1 h

3600 s
d

*15–108. A scoop in front of the tractor collects snow at a
rate of . Determine the resultant traction force T
that must be developed on all the wheels as it moves
forward on level ground at a constant speed of 5 . The
tractor has a mass of 5 Mg.

km>h200 kg>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Steady Flow Equation: Since the air is collected from a large source (the
atmosphere), its entrance speed into the engine is negligible. The exit speed of the
air from the engine is

When the four engines are in operation, the airplane has a constant speed of

. Thus,

Referring to the free-body diagram of the airplane shown in Fig. a,

When only two engines are in operation, the exit speed of the air is

Using the result for C,

Solving for the positive root,

Ans.vp = 165.06 m>s = 594 km>h
 0.044775vp 

2 + 2vp - 1550 = 0

 :+ ©Fx = dm
dt

 C AvB Bx - AvA Bx D ; ¢0.044775 
dm
dt
≤ Avp 

2 B = 2
dm
dt
C -vp + 775 B - 0 D

a :+ b ve = -vp + 775

 C = 0.44775 
dm
dt

 :+ ©Fx = dm
dt
C AvB Bx - AvA Bx D ; C(222.222) = 4 

dm
dt

 (552.78 - 0)

a :+ b ve = -222.22 + 775 = 552.78 m>s :

vp = c800(103) 
m
h
d a 1 h

3600 s
b = 222.22 m>s

a :+ b ve + vp + ve>p

•15–109. A four-engine commercial jumbo jet is cruising
at a constant speed of in level flight when all four
engines are in operation. Each of the engines is capable of
discharging combustion gases with a velocity of 
relative to the plane. If during a test two of the engines, one
on each side of the plane, are shut off, determine the new
cruising speed of the jet.Assume that air resistance (drag) is
proportional to the square of the speed, that is, ,
where c is a constant to be determined. Neglect the loss of
mass due to fuel consumption.

FD = cv2

775 m>s800 km>h
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The free-body diagram of the dragster and exhaust system is shown in Fig. a, The
pair of thrust T cancel each other since they are internal to the system. The mass of
the dragster at any instant t is .

(1)

The dragster acheives its maximum speed when all the fuel is consumed. The time it

takes for this to occur is . Integratiing Eq. (1),

Ans.v = 86.3 m>s
275000 + 210v275000 - 210v

= e 6.316

1n 
275000 + 210v275000 - 210v

= 6.316

- 1
50

 1n A1500 - 50t B 2 5 s

0
= 1

2275000(10)
 1n

275000 + 210v275000 - 210v
2 v
0

L
5 s

0
 

dt
1500 - 50t

= L
v

0
 

dv

75000 - 10v2

t = 250
50

= 5 s

 
dt

1500 - 50t
= dv

75000 - 10v2

 ;+ ©Fs = m 
dv
dt

- vD>e dm e
dt

; -10v2 = A1500 - 50t Bdv
dt

- 1500(50)

m = (1250 + 250) - 50t = (1500 - 50t) kg

15–110. The jet dragster when empty has a mass of
1.25 Mg and carries 250 kg of solid propellent fuel. Its
engine is capable of burning the fuel at a constant rate of

, while ejecting it at relative to the
dragster. Determine the maximum speed attained by the
dragster starting from rest. Assume air resistance is

, where is the dragster’s velocity in .
Neglect rolling resistance.

m>svFD = (10v2) N

1500 m>s50 kg>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Originally, the water flow is horizontal. The fireman alters the direction of flow to
from the horizontal.

Also, the velocity of the water through the hose is

Ans.

Ans.Nf = 174 lb

Nf - 150 = 0.6342 C60 sin 40° - 0 D+ c ©Fy = dm
dt

 ((vB)y - (vA)y)

Ff = 19.6 lb

Ff = 0.6342 C60 cos 40° - 15 D;+ ©Fx = dm
dt

 ((vB)x - (vA)x)

vA = 15 ft>s
rvA ap(1)2

(12)2 b = r (60)§pa1
2
b2

(12)2 ¥r vA AA = r vB AB

dm
dt

= r vBAB = 62.4
32.2

(60)§pa1
2
b2

(12)2 ¥ = 0.6342 slug>s
40°

15–111. The 150-lb fireman is holding a hose which has a
nozzle diameter of 1 in. and hose diameter of 2 in. If the
velocity of the water at discharge is 60 , determine the
resultant normal and frictional force acting on the man’s
feet at the ground. Neglect the weight of the hose and the
water within it. .gw = 62.4 lb>ft3

ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

v ! 60 ft/s

40"
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Ans.

a

Solving:

Ans.

Ans.Cy = 118 N

Dy = 38.9 N

2Dy (0.8) - 20(9.81)(1.05) = 4.791(-1.5(20) - 0)

+ ©MC = dm
dt

 (dCG vB - dCG vA)

+ c ©Fy = 0; Cy + 2Dy - 20(9.81) = 0

Cx = 95.8 N

Cx = 4.791(20 - 0)

:+ ©Fx = dm
dt

 (vBx
- vAx 

)

dm
dt

= rvA = 1.22(20)(p)(0.25)2 = 4.791 kg>s

*15–112. When operating, the air-jet fan discharges air
with a speed of into a slipstream having a
diameter of 0.5 m. If air has a density of ,
determine the horizontal and vertical components of
reaction at C and the vertical reaction at each of the two
wheels, D, when the fan is in operation. The fan and motor
have a mass of 20 kg and a center of mass at G. Neglect the
weight of the frame. Due to symmetry, both of the wheels
support an equal load. Assume the air entering the fan at A
is essentially at rest.

1.22 kg>m3
vB = 20 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

1.5 m

A

G

C

0.25 m

0.5 m

vB

0.8 m
0.25 m

D
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Equations of Steady Flow: Here, the flow rate . Then,

. Also, .

Applying Eq. 15–25 we have

Ans.

Ans. Fy = 4.93 lb

 ©Fy = ©dm
dt

 Ayouty
- yiny

B  ; Fy = 3
4

 (0.9689)(10.19) + 1
4

 (0.9689)(-10.19)

©Fx = ©dm
dt

 Ayouts
- yins

B  ; - Fx = 0 - 0.9689 (10.19) Fx = 9.87 lb

dm
dt

= rw Q = 62.4
32.2

 (0.5) = 0.9689 slug>sy =
Q

A
= 0.5
p
4  A 3

12 B2 = 10.19 ft>s Q = 0.5 ft2>s

•15–113. The blade divides the jet of water having a
diameter of 3 in. If one-fourth of the water flows downward
while the other three-fourths flows upwards, and the total
flow is , determine the horizontal and vertical
components of force exerted on the blade by the jet,

.gw = 62.4 lb>ft3

Q = 0.5 ft3>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

3 in.

Equations of Steady Flow: Here, and

. Applying Eq. 15–25, we have

Ans. Q = 0.217 A10-3 B  m3>s
 ©Fy = dm

dt
 AyBy

- yAy
B ; - [0.2 + 1.5 (0.03)] (9.81) = 1000Qa -

Q

6.25 (10-6) p
- 0b

dm
dt

= rw Q = 1000Q

y =
Q

p
4  (0.0052)

=
Q

6.25(10-6)p

15–114. The toy sprinkler for children consists of a 0.2-kg
cap and a hose that has a mass per length of 30 .
Determine the required rate of flow of water through the
5-mm-diameter tube so that the sprinkler will lift 1.5 m
from the ground and hover from this position. Neglect the
weight of the water in the tube. .rw = 1 Mg>m3

g>m
1.5 m
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Steady Flow Equation: Here, the mass flow rate of the sea water at nozzles A and B

are . Since the sea water is collected

from the large reservoir (the sea), the velocity of the sea water entering the control

volume can be considered zero. By referring to the free-body diagram of the control

volume(the boat),

Ans. T = 40 114.87 N = 40.1 kN

T cos 60° = 225 A50 cos 30° B + 225 A50 cos 45° B ;+ ©Fx =
dmA

dt
 AvA Bx +

dm B
dt
AvB Bx;

dmA

dt
=

dmB

dt
= rsw Q = 1020(0.25) = 225 kg>s

15–115. The fire boat discharges two streams of seawater,
each at a flow of and with a nozzle velocity of

. Determine the tension developed in the anchor
chain, needed to secure the boat. The density of seawater is

.rsw = 1020  kg>m3

50 m>s 0.25 m3>s 30"

60"

45"
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Steady Flow Equation: The speed of the sea water at the hull bottom A and B are

and and

the mass flow rate at the hull bottom A and nozle B are the same, i.e.,

. By referring to the

free-body diagram of the control volume shown in Fig. a,

Ans.

Ans. = 2876.53 lb = 2.28 kip

 a + c b©Fy = dm
dt

 C AvB By - AvA By D ;  Fy = 39.94 A101.86 sin 45° - 0 B = 6276.55 lb = 6.28 kip

 a :+ b©Fx = dm
dt

 C AvB Bx - AvA Bx D ;  Fx = 39.94 A229.18 - 101.86 cos 45° B
dmA

dt
=

dmB

dt
= dm

dt
= rsw Q = a64.3

32.2
b(20) = 39.94 slug>s

vB =
Q

AB
= 20
p

4
 a 4

12
b2 = 229.18 ft>svA =

Q

AA
= 20
p

4
 a 6

12
b2 = 101.86 ft>s

*15–116. A speedboat is powered by the jet drive shown.
Seawater is drawn into the pump housing at the rate of

through a 6-in.-diameter intake A. An impeller
accelerates the water flow and forces it out horizontally
through a 4-in.- diameter nozzle B. Determine the horizontal
and vertical components of thrust exerted on the speedboat.
The specific weight of seawater is .gsw = 64.3 lb>ft3

20  ft3>s

A

B

45"
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Equations of Steady Flow: Here . Then,

. Also, .

Applying Eq. 15–26 we have

a

Ans. d = 2.56 ft

 + ©MO = dm
dt

 (dOB yB - dOA yA B ; 30a0.5 + d
2
b = 0.2360 [4(56.59) - 0]

dm
dt

= ra Q = 0.076
32.2

 (100) = 0.2360 slug>sy =
Q

A
= 100
p
4  (1.52)

= 56.59 ft>s Q = a6000 ft3

min
b * a1 min

60 s
b = 100 ft3>s

•15–117. The fan blows air at . If the fan has a
weight of 30 lb and a center of gravity at G, determine the
smallest diameter d of its base so that it will not tip over.
The specific weight of air is .g = 0.076 lb>ft3

6000 ft3>min

4 ft

0.5 ft

1.5 ft G

d

Equations of Steady Flow: Here. . Then, theQ = yA = 8 cp
4

 a 5
12
b2 d = 1.091 ft3>s

15–118. The elbow for a 5-in-diameter buried pipe is
subjected to a static pressure of . The speed of the
water passing through it is . Assuming the pipe
connections at A and B do not offer any vertical force
resistance on the elbow, determine the resultant vertical
force F that the soil must then exert on the elbow in order
to hold it in equilibrium. Neglect the weight of the elbow
and the water within it. .gw = 62.4 lb>ft3

v = 8 ft>s10 lb>in2

45"

AB

F

45"
mass flow rate is . Also, the force

dm
dt

= rw Q = 62.4
32.2

 (1.091) = 2.114 slug>s
induced by the water pressure at A is . Applying

Eq. 15–26, we have

Ans.

(Check!) 0 = 0

= 2.114[-8 cos 45° - (-8 cos 45°)]

 ©Fx = dm
dt

 AyBx
- yAx

B ; 62.5 p sin 45° - 62.5 p sin 45°

 F = 302 lb

 ©Fy = dm
dt

 AyBy
- yAy

B ; -F + 2(62.5 p cos 45°) = 2.114(-8 sin 45° - 8 sin 45°)

F = rA = 10 cp
4

 A52 B d = 62.5p lb
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Conservation of Energy: The speed at which the water particle leaves the nozzle is

. The speed of particle when it comes in contact with the

bowl can be determined using conservation of energy. With reference to the datum
set in Fig. a,

0

Steady Flow Equation: The mass flow rate of the water jet that enters the control

volume at A is , and exits from the control volume at B is
dmA

dt
= rw Q

vA = C16Q2

p2 d4 - 2gh

1
2

 ma 4Q

pd2 b2

+ 0 = 1
2

 mvA 
2 + mgh

1
2

 mv1 
2 + AVg B1 = 1

2
 mv2 

2 + AVg B2T1 + V1 = T2 + V2

vAv1 =
Q

A
=

Q

p

4
 d2

=
4Q

pd2

15–119. The hemispherical bowl of mass m is held in
equilibrium by the vertical jet of water discharged through
a nozzle of diameter d. If the discharge of the water through
the nozzle is Q, determine the height h at which the bowl is
suspended. The water density is . Neglect the weight of
the water jet.

rw

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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h

. Thus, . Here, the vertical force

acting on the control volume is equal to the weight of the bowl. By referring to the

free - body diagram of the control volume, Fig. b,

Ans. h =
8Q2

p2d4g
-

m2g

8rw 
2Q2

 m2g2 = 4rw 
2Q2£16Q2

p2d4 - 2gh≥ mg = 2rwQ£C16Q2

p2d4 - 2gh≥
-mg = -(rwQ)£C16Q2

p2 d4 - 2gh≥ -rwQ£C16Q2

p2d4 - 2gh≥+ c ©Fy = 2 
dmB

dt
 vB -

dmA

dt
 vA;

vB = vA = C16Q2

p2 d4 - 2gh
dmB

dt
=

dmA

dt
= rw Q
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Equations of Steady Flow: Here, the flow rate . Then,

. Also, . Applying

Eqs. 15–26 and 15–28, we have

a

Ans.

Ans.

Ans.Dy = 600[0 - (-12.0)] Dy = 7200 N = 7.20 kN

+ c ©Fy = ©dm
dt

 Ayouty
- yiny

B  ;Dx + 4968 = 600 (12.0 - 0) Dx = 2232N = 2.23 kN

:+ ©Fx = dm
dt

 AyBx
- yAx

); 

 -Cx (2) = 600 [0 - 1.38(12.0)] Cx = 4968 N = 4.97 kN

+ ©MA = dm
dt

 (dDB yB - dDA yA);

dm
dt

= rw Q = 1000 (0.6) = 600 kg>sy =
Q

A
= 0.6

0.05
= 12.0 m>s Q = 0.6 m2>s

*15–120. The chute is used to divert the flow of water,
. If the water has a cross-sectional area of

, determine the force components at the pin D and
roller C necessary for equilibrium. Neglect the weight of the
chute and weight of the water on the chute. .rw = 1 Mg>m3

0.05 m2
Q = 0.6 m3>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 m

1.5 m

0.12 m

C

D

A

B

•15–121. The bend is connected to the pipe at flanges A and
B as shown. If the diameter of the pipe is 1 ft and it carries a
discharge of , determine the horizontal and vertical
components of force reaction and the moment reaction
exerted at the fixed base D of the support.The total weight of
the bend and the water within it is 500 lb, with a mass center at
point G. The gauge pressure of the water at the flanges at A
and B are 15 psi and 12 psi, respectively.Assume that no force
is transferred to the flanges at A and B.The specific weight of
water is .gw = 62.4 lb>ft3

50  ft3>s

D

A

4 ft

1.5 ft
G B

45"

Free-Body Diagram: The free-body of the control volume is shown in Fig. a. The
force exerted on sections A and B due to the water pressure is

and 

. The speed of the water at, sections A and B are

. Also, the mass flow rate at these two sections

are .
dm A

dt
=

dm B

dt
= rW Q = a62.4

32.2
b(50) = 96.894 slug>s

vA = vB =
Q

A
= 50
p

4
A12 B = 63.66 ft>s= 1357.17 lb

FB = PB AB = 12 cp
4
A122 B dFA = PA AA = 15 cp

4
A122 B d = 1696.46 lb
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Steady Flow Equation: The moment steady flow equation will be written about
point D to eliminate Dx and Dy.

a

Ans.

Writing the force steady flow equation along the x and y axes,

Ans.

Ans. Dx = 2543.51 lb = 2.54 kip

1696.46 - 1357.17 cos 45° - Dx = 96.894[63.66 cos 45° - 63.66 D a :+ b©Fx = dm
dt

 C AvB Bx - AvA Bx D ; Dy = 5821.44 lb = 5.82 kip

Dy-  500 -  1357.17 sin 45° = 96.894(63.66 sin 45° - 0)

 A + c B©Fy = dm
dt

 c AvB By-  AvA By d ;
 MD = 10 704.35 lb # ft = 10.7 kip # ft

= -96.894(4) A63.66 cos 45° B - [-96.894(4)(63.66)]

 MD + 1357.17 cos 45°(4) -  500 A1.5 cos 45° B -  1696.46(4)

 + ©MD =
dm B

dt
 dvB -  

dm A

dt
 dvA ;

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Ans.Fy = 1.9559 = 1.96 lb

Fy = 0.06606(25) + 0.03171a4
5
b(12) -  0

+ c ©Fy =
dmB

dt
  vBy

+
dmA

dt
  vAy

-
dm C

dt
  vCy

Fx = 19.5 lb

40(p)(0.375)2 - Fx = 0 - 0.03171(12)a3
5
b - 0.09777(16.44)

:+ ©Fx =
dmB

dt
  vB s

 +
dmA

dt
  vAs

-
dm C

dt
  vCs

vC = 16.44 ft>s
vC(p)a0.375

12
b2

= 12(p)a0.25
12
b2

+ 25(p)a0.25
12
b2

vC AC = vA AA + vB AB

dm C

dt
= 0.03171 + 0.06606 = 0.09777 slug>s

dmB

dt
= 62.4

32.2
 (25)(p)a0.25

12
b2

= 0.06606 slug>s
dmA

dt
= 63.4

32.2
 (25)(p)a025

15
b2

= 0.03171 slug>s

15–122. The gauge pressure of water at C is . If
water flows out of the pipe at A and B with velocities

and , determine the horizontal and
vertical components of force exerted on the elbow
necessary to hold the pipe assembly in equilibrium. Neglect
the weight of water within the pipe and the weight of the
pipe.The pipe has a diameter of 0.75 in. at C, and at A and B
the diameter is 0.5 in. .gw = 62.4 lb>ft3

vB = 25 ft>svA = 12 ft>s 40 lb>in2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

A

C

4 5

3

vB ! 25 ft/s
vA ! 12 ft/s

vC
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By referring to the free-body diagram of the missile system in Fig. a, notice that

the pair of thrust T cancel each other since they are internal to the system. The

mass of the missile at any instant t after lauch is given by

. Thus, the weight at the same instant

is .

(1)

The time taken for all the fuel to the consumed is . Substituting the

result of t into Eq. (1),

Ans.

Integrating Eq. (1),

Ans. = 330  m>s v = A -2000 ln(100 - t)-  9.81t B 2 25 s

0

L
v

0
dv = L

25 s

0
a 2000

100 -  t
- 9.81bdt

a = 2000
100 -  25

- 9.81 = 16.9  m>s2c

t = 500
20

= 25 s

 a = dv
dt

= 2000
100 -  t

  -  9.81

 + c ©Fs = m 
dv
dt

 -  vD>e 
dm e

dt
; - A200-  20t B(9.81) = A2000-20t B  dv

dt
 -2000(20) 

W = A2000 - 20t B(9.81)

m = A1500 + 500 B - 20t = A2000 - 20t Bkg

15–123. A missile has a mass of 1.5 Mg (without fuel). If it
consumes 500 kg of solid fuel at a rate of and ejects
it with a velocity of relative to the missile,
determine the velocity and acceleration of the missile at the
instant all the fuel has been consumed. Neglect air
resistance and the variation of its weight with altitude. The
missile is launched vertically starting from rest.

2000 m>s 20 kg>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A System That Loses Mass: Here, . Applying Eq. 15–28,

we have

[1]

Substitute Eq. [1] with , ,

and , we have

Ans. 
dm e

dt
= 32.2 slug>s

 e 
0 174 = 2018.63

2018.63 -
dm e

dt
(10)

 200 = 3000 1nD 2018.63

2018.63 -
dm e

dt
 (10)

T - 32.2(10)

t = 10 s

y = 200 ft>sy D>e = 3000 ft>sm0 = 65 000
32.2

= 2018.63 slug

 y = y D>e 1n§ m0

m0 -
dm e

dt
 t
¥ - gt

 y = c -  yD>e 1nam0 -
dm e

dt
 tb - gt d 2 t

0

 L
y

0
dy = L

t

0
§ yD>e 

dm e

dt

m 0 -
dm e

dt
 t

- g¥dt

 
dy
dt

=
yD>e 

dm e

dt
 

m0 -
dm e

dt
 t

- g

 - am0 -
dm  e

dt
 tbg = am0 -

dm e

dt
 tbdy

dt
- yD>edm e

dt

+ c ©Fs = m 
dv
dt

- yD>edm e

dt
 ;

W = am 0 -
dm  r

dt
 tbg

*15–124. The rocket has a weight of 65 000 lb including
the solid fuel. Determine the constant rate at which the fuel
must be burned so that its thrust gives the rocket a speed of
200 in 10 s starting from rest. The fuel is expelled from
the rocket at a relative speed of 3000 relative to the
rocket. Neglect the effects of air resistance and assume that
g is constant.

ft>sft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Initially, the bucket is full of water, hence 

Ans.a = 0.0476 m>s2

0 = 10.5(103)a -  (10)(50)

m = 10(103) +  0.5(103) = 10.5(103) kg

+ c ©Ft = m 
dy
dt

- yD>e 
dm e

dt

•15–125. The 10-Mg helicopter carries a bucket containing
500 kg of water, which is used to fight fires. If it hovers over
the land in a fixed position and then releases 50 of
water at 10 , measured relative to the helicopter,
determine the initial upward acceleration the helicopter
experiences as the water is being released.

m>s kg>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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a

Ans.F = 22.4 lb

F = 0 + (12 - 0)a10(6)
32.2

b
©Fx = m 

dv
dt

+ vD>t  
dm t

dt

15–126. A plow located on the front of a locomotive
scoops up snow at the rate of and stores it in the
train. If the locomotive is traveling at a constant speed of
12 , determine the resistance to motion caused by the
shoveling. The specific weight of snow is .gs = 6 lb>ft3

ft>s 10 ft3>s

Ans.T = 0 + 19.444(0.5) = 9.72 N

©Fs = m 
dv
dt

+ vD>i 
dm i

dt

vD>t = (70)a1000
3600

b = 19.444 m>s
dm
dt

= 40
80

= 0.5 kg>s

15–127. The boat has a mass of 180 kg and is traveling
forward on a river with a constant velocity of 70 ,
measured relative to the river. The river is flowing in the
opposite direction at 5 . If a tube is placed in the water,
as shown, and it collects 40 kg of water in the boat in 80 s,
determine the horizontal thrust T on the tube that is
required to overcome the resistance due to the water
collection and yet maintain the constant speed of the boat.

.rw = 1 Mg>m3

km>h km>h
T vR ! 5 km/h
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The free-body diagram of the tractor and water jet is shown in Fig. a.The pair of thrust
T cancel each other since they are internal to the system. The mass of the tractor and
the tank at any instant t is given by .

(1)

The time taken to empty the tank is . Substituting the result of t

into Eq. (1),

Ans.

Integrating Eq. (1),

Ans. = 4.05 m>s v = -10 ln A120 - t B 2
0

40 s
L

v

0
dv = L

40 s

0
 

10
120 -  t

dt

a = 10
120 -  40

= 0.125m>s2

t = 2000
50

= 40 s

 a = dv
dt

= 10
120 -  t

 ;+ ©Fs = m 
dv
dt

- vD>e 
dm e

dt
; 250 = A6000 - 50t Bdv

dt
- 5(50)

m = A4000 + 2000 B - 50t = A6000 - 50t Bkg

•15–129. The tractor together with the empty tank has a
total mass of 4 Mg. The tank is filled with 2 Mg of water.
The water is discharged at a constant rate of with a
constant velocity of , measured relative to the tractor.
If the tractor starts from rest, and the rear wheels provide a
resultant traction force of 250 N, determine the velocity
and acceleration of the tractor at the instant the tank
becomes empty.

5 m>s 50 kg>s

A System That Gains Mass: Here, , and 

. Applying Eq. 15–29, we have

Ans. ¢T = 3.88 lb

 :+ ©Fs = m 
dy
dt

+ yD>t dms

dt
 ; Tt - Tb = 0 + 5(0.7764)

* a 1 slug
32.2 lb

b * a1 sin
60 s
b = 0.7764 slug>s

dm t

dt
= a1500 lb

min
bdy

dt
= 0yD>t = 5 ft>s

*15–128. The bin deposits gravel onto the conveyor belt at
the rate of 1500 . If the speed of the belt is 5 ,
determine how much greater the tension in the top portion
of the belt must be than that in the bottom portion in order
to pull the belt forward.

ft>slb>min

Tb

Tt

5 ft/s

F
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A System That Loses Mass: At the instant when stage B of rocket is launched, the
total mass of the rocket is . Applying Eq. 15–29, we have

Ans.

At the instant just before all the fuel being consumed, the mass of the rocket is
. Applying Eq. 15–29, we have

Ans. 0 = (5000) 
dy
dt

- 3 A102 B(4) a = dy
dt

= 2.40 m>s2

 ©Fs = m 
dy
dt

- yD>e 
dm e

dt
;

m = 5000 kg

 0 = (5700) 
dy
dt

- 3 A103 B(4) a = dy
dt

= 2.11 m>s2

 ©Fs = m 
dy
dt

- yD>e 
dm e

dt
;

m = 5000 + 5700 kg

15–130. The second stage B of the two-stage rocket has a
mass of 5 Mg (empty) and is launched from the first stage A
with an initial velocity of 600 . The fuel in the second
stage has a mass of 0.7 Mg and is consumed at the rate of
4 . If it is ejected from the rocket at the rate of 3 ,
measured relative to B, determine the acceleration of B at
the instant the engine is fired and just before all the fuel is
consumed. Neglect the effects of gravitation and air
resistance.

km>skg>s km>h
vB ! 600 km/hB

A
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15–131. The 12-Mg jet airplane has a constant speed of
950 when it is flying along a horizontal straight line.
Air enters the intake scoops S at the rate of . If the
engine burns fuel at the rate of 0.4 and the gas (air and
fuel) is exhausted relative to the plane with a speed of
450 , determine the resultant drag force exerted on the
plane by air resistance. Assume that air has a constant
density of . Hint: Since mass both enters and exits
the plane, Eqs. 15–28 and 15–29 must be combined to yield.

©Fs = m 
dy
dt

- yD>e 
dme

dt
+ yD>i 

dmi

dt
.

1.22 kg>m3

m>s kg>s 50 m3>skm>h v ! 950 km/h

S

(1)

Forces T and R are incorporated into Eq. (1) as the last two terms in the equation.

Ans. FD = 11.5 kN

 ( ;+ ) - FD = 0 - (0.45)(61.4) + (0.2639)(61)

dm e

dt
= 0.4 + 61.0 = 61.4 kg>s

dm t

dt
= 50(1.22) = 61.0 kg>s

vD>t = 0.2639 km>svD>E = 0.45 km>s
v = 950 km>h = 0.2639 km>s, dv

dt
= 0

©Fs = m 
dv
dt

-
dm e

dt
 (vD>E) +

dm i

dt
 (vD>i)
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Ans.

Ans.vmax = arAv2
0 - F

rAv0
b lnaM + m 0

M
b

vmax  occurs when t =
m 0

rAv0
 , or,

v = arAv0
2 - F

rAv0
b lna M + m 0

M + m 0 - rAv0 t
b

a 1
rAv0

b lna M + m 0

M + m 0 - rAv0 t
b = v

rAv0
2 - F

- a 1
rAv0

b ln(M + m0) = rAv0 t) +  a 1
rAv0

b ln(M + m0) = v
rAv0

2 - F

L
t

0

dt
M + m0 - rAv0  t

= L
v

0

dv
rAv0

2 - F

-F = (M + m0 - rAv0 t) 
dv
dt

- v0 (rAv0)

dm e

dt
= rAv0

;+ ©Fs = m 
dv
dt

- vD>eadm e

dt
b

*15–132. The cart has a mass M and is filled with water
that has a mass . If a pump ejects the water through a
nozzle having a cross-sectional area A at a constant rate
of relative to the cart, determine the velocity of the cart
as a function of time. What is the maximum speed of the
cart assuming all the water can be pumped out? The
frictional resistance to forward motion is F. The density of
the water is .r

v0

m0

A System That Loses Mass: Initially, the total mass of the truck is

and .

Applying Eq. 15–29, we have

Ans. a = 0.104 m>s2

 :+ ©Fs = m 
dy
dt

- yD>e 
dm e

dt
; 0 = 57.6 A103 B  a-(0.8 cos 45°)(1216)

dm e

dt
= 0.8(1520) = 1216 kg>sm = 50 A103 B + 5(1520) = 57.6 A103 B  kg

•15–133. The truck has a mass of 50 Mg when empty.
When it is unloading of sand at a constant rate of

, the sand flows out the back at a speed of 7 ,
measured relative to the truck, in the direction shown. If the
truck is free to roll, determine its initial acceleration just as
the sand begins to fall out. Neglect the mass of the wheels
and any frictional resistance to motion. The density of sand
is .rs = 1520 kg>m3

m>s0.8 m3>s 5 m3

45"

7 m/s

a
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A System That Loses Mass: Here, , and . Applying

Eq. 15–29, we have

Ans.:+ ©FS = m 
dy
dt

+ yD>tdm t

dt
; F = 0 +  y(m¿y) = m¿y2

dm t

dt
= m¿ydy

dt
= 0yD>t = y

15–134. The truck has a mass and is used to tow the
smooth chain having a total length l and a mass per unit of
length . If the chain is originally piled up, determine the
tractive force F that must be supplied by the rear wheels of
the truck necessary to maintain a constant speed while the
chain is being drawn out.

v

m¿

m0
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v

F

Since , we have

Multiply by 2y and integrate:

when , , so that 

Thus,

Ans.v = B2
3

 g ay3 - h3

y2 b
v2 = 2

3
 gay3 - h3

y2 b
C = -  

2
3

 gh3y = hv = 0

2
3

 g3y3 + C = v2y2

L2gy2 dy = L a2vy2 
dv
dy

+ 2yv2b  dy

gy = vy 
dv
dy

+ v2

dt =
dy

v

m¿gy = m¿ ay 
dv
dt

+ v2b
m¿gy = m¿y 

dv
dt

+ v(m¿v)

©Fs = m 
dv
dt

+ vD>e 
dm e

dt

15–135. The chain has a total length and a mass per
unit length of . If a portion h of the chain is suspended
over the table and released, determine the velocity of its
end A as a function of its position y. Neglect friction.

m¿
L 6 d

h

y

d
A
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Steady Flow Equation: Since the air is collected from a large source (the
atmosphere), its entrance speed into the engine is negligible. The exit speed of the
air from the engine is given by

When the airplane is in level flight, it has a constant speed of

. Thus,

By referring to the free-body diagram of the airplane shown in Fig. a,

When the airplane is in the inclined position, it has a constant speed of

. Thus,

By referring to the free-body diagram of the airplane shown in Fig. b and using the
result of C, we can write

Ans. u = 13.7°

= 2(1000)(691.67 - 0)

 a+ ©Fx¿ = dm
dt

 C AvB Bx¿ - AvA Bx¿ D ; 23.817 A208.332 B + 150 A103 B(9.81)sin u

ve = -208.33 + 900 = 691.67 m>s
vp = c750 A103 B  m

h
d a 1 h

3600 s
b = 208.33 m>s

 C = 23.817 kg # s>m
 a :+ b©Fx = dm

dt
 C AvB Bx - AvA Bx D ;  C(236.112) = 2(1000)(663.89 - 0)

a :+ b  ve = -236.11 + 900 = 663.89 m>s :

vp = c850(103) 
m
h
d a 1 h

3600 s
b = 236.11m>s

ve = vp + ve>p

*15–136. A commercial jet aircraft has a mass of 150 Mg
and is cruising at a constant speed of in level flight

. If each of the two engines draws in air at a rate of
and ejects it with a velocity of , relative to

the aircraft, determine the maximum angle of inclination 
at which the aircraft can fly with a constant speed of

. Assume that air resistance (drag) is proportional
to the square of the speed, that is, , where c is a
constant to be determined. The engines are operating with
the same power in both cases. Neglect the amount of fuel
consumed.

FD = cv2
750 km>h u

900 m>s1000 kg>s(u = 0°)
850 km>h u
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Observing the free-body diagram of the system shown in Fig. a, notice that the pair

of forces F, which develop due to the change in momentum of the chain, cancel each

other since they are internal to the system. Here, since the chain on the

ground is at rest. The rate at which the system gains mass is and the

mass of the system is . Referring to Fig. a,

(1)

Since or ,

(2)

Integrating using the limit at and at ,

Ans.m¿ = M
s

1
2

= M
m¿s + M

1n v! 
1
2v0

v0
= -1n Am¿x + M B ! s

0

L
1
2 v0

v0

 
dv
v

= -L
s

0
 a m¿

m¿x + M
bdx

x = sv = 1
2

 v0x = 0v = v0

dv
v

= - ¢ m¿
m¿x + M

≤dx

Am¿x + M Bv 
dv
dx

+ m¿v2 = 0

dt = dx
v

dx
dt

= v

 0 = Am¿x + M)
dv
dt

+ m¿v2

 a :+ b©Fs = m 
dv
dt

+ vD>s dms

dt
; 0 = Am¿x + M B  dv

dt
+ v Am¿v B

m = m¿x + M

dms

dt
= m¿v

vD>s = v

•15–137. A coil of heavy open chain is used to reduce the
stopping distance of a sled that has a mass M and travels at
a speed of . Determine the required mass per unit length
of the chain needed to slow down the sled to within
a distance if the sled is hooked to the chain at .
Neglect friction between the chain and the ground.

x = 0x = s
(1>2)v0

v0
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15–138. The car is used to scoop up water that is lying in a
trough at the tracks. Determine the force needed to pull the
car forward at constant velocity v for each of the three
cases. The scoop has a cross-sectional area A and the
density of water is rw .

The system consists of the car and the scoop. In all cases

Ans. F = v2 r A

 F = 0 - v(r)(A) v

 ©Ft = m 
dv
dt

- vD>e dme

dt

F1

(a) (b)

F2

v v

F3

v

(c)

At a time t, , where . In space the weight of the rocket is zero.

[1]

The maximum speed occurs when all the fuel is consumed, that is, when
.

Here, , , .

Substitute the numerical into Eq. [1]:

Ans.vmax = 2068 ft>s
vmax = 4400 1na 24.8447

24.8447 - (0.4658(20))
b

vD>e = 4400 ft>sc = 15
32.2 = 0.4658 slug>sm0 = 500 + 300

32.2 = 24.8447 slug

t = 300
15 = 20 s

v = vD>e 1n¢ m0

m0 - ct
≤  L

y

0
 dv = L

t

0
¢ cvD>e

m0 - ct
≤dt

0 = (m0 - ct) 
dv
dt

- vD>e c

c =
dme

dt
m = m0 - ct

+ c ©Fs = dv
dt

- v D>e dme

dt

15–139. A rocket has an empty weight of 500 lb and
carries 300 lb of fuel. If the fuel is burned at the rate of

and ejected with a velocity of relative to
the rocket, determine the maximum speed attained by the
rocket starting from rest. Neglect the effect of gravitation
on the rocket.

4400 ft>s1.5 lb>s
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Ans.F = (7.85t + 0.320) N

 = 2[9.81(0.4)t + (0.4)2]

 F = m(gvt + v2)

F - mgvt = 0 + v(mv)

+ c ©Fs = m 
dv
dt

+ vD>i (dm i
dt

)

dmi

dt
= mv

mi = my = mvt

dv
dt

= 0, y = vt

*15–140. Determine the magnitude of force F as a function
of time, which must be applied to the end of the cord at A to
raise the hook H with a constant speed Initially
the chain is at rest on the ground. Neglect the mass of the
cord and the hook. The chain has a mass of .2 kg>mv = 0.4 m>s.
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v ! 0.4 m/s
H

A

When half the sand remains,

Ans.F = 3.55 kN

F = 37 600(0.1) - 900(0.237)

;+ ©Fs = m 
dv
dt

- dm
dt

 v

a = dv
dt

= 0.1

vD>e = 0.237 m>s900 = 1520(vD>e)(2.5)

dm
dt

= 900 kg>s = r vD>eA
m = 30 000 + 1

2
 (10)(1520) = 37 600 kg

•15–141. The earthmover initially carries of sand
having a density of The sand is unloaded
horizontally through a dumping port P at a rate of

measured relative to the port. If the earthmover
maintains a constant resultant tractive force at its
front wheels to provide forward motion, determine its
acceleration when half the sand is dumped. When empty,
the earthmover has a mass of 30 Mg. Neglect any resistance
to forward motion and the mass of the wheels. The rear
wheels are free to roll.

F = 4 kN
900 kg>s 2.5-m2

1520 kg>m3.
10 m3

P

F
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When half the sand remains,

Ans.F = 3.55 kN 

F = 37 600(0.1) - 900(0.237)

;+ ©Fs = m
dv
dt

- dm
dt

 v

a = dv
dt

= 0.1

vD>e = 0.237 m>s900 = 1520(vD>e)(2.5)

dm
dt

= 900 kg>s = r vD>e A
m = 30 000 + 1

2
(10)(1520) = 37 600 kg

15–142. The earthmover initially carries of sand
having a density of The sand is unloaded
horizontally through a dumping port P at a rate of

measured relative to the port. Determine the
resultant tractive force F at its front wheels if the acceleration
of the earthmover is when half the sand is dumped.
When empty, the earthmover has a mass of 30 Mg. Neglect
any resistance to forward motion and the mass of the wheels.
The rear wheels are free to roll.

0.1 m>s2

900 kg>s 2.5-m2
1520 kg>m3.

10 m3

P

F
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Ans.a = dv
dt

= 37.5 ft>s2

-(15 000) sin 30° - 0.7(733.3)2 = 15 000
32.2

 
dv
dt

- 32 800(12.52) + 733.3(12.42)

a+ ©Fs = m
dv
dt

- vD>edme

dt
+ vD>i 

dmi

dt

v = vD>i = 500 mi>h = 733.3 ft>s
dme

dt
= 403

32.2
= 12.52 slug>s

dmi

dt
= 400

32.2
= 12.42 slug>s

15–143. The jet is traveling at a speed of 30°
with the horizontal. If the fuel is being spent at and
the engine takes in air at whereas the exhaust gas
(air and fuel) has a relative speed of determine
the acceleration of the plane at this instant. The drag
resistance of the air is where the speed is
measured in ft/s. The jet has a weight of 15 000 lb. Hint: See
Prob. 15–131.

FD = 10.7v22  lb,

32 800 ft>s,
400 lb>s,

3 lb>s,
500 mi>h,

500 mi/h

30"
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(1)

Since vc/r is constant, integrating, with when yields

The time rate of fuel consumption is determined from Eq. (1).

Ans.

Note: vc/r must be considered a negative quantity.

dm
dt

= m0(
(a0 + g)

ve>r ) e[(a0 + g)ve>r] t

dm
dt

= m1(a0 + g)
ve>r )

m
m0

= e[(a0 + g)>ve>r] t

ve>r ln1m
m0

) = (a0 + g) t

m = m0t = 0

ve>rdm
m

= (a0 + g) dt

-mg = ma0 - ve>r dm
dt

+ c ©Fs = m
dv
dt

- vD>e dme

dt

a0 = dv
dt

*15–144. The rocket has an initial mass including the
fuel. For practical reasons desired for the crew, it is required
that it maintain a constant upward acceleration If the
fuel is expelled from the rocket at a relative speed 
determine the rate at which the fuel should be consumed to
maintain the motion. Neglect air resistance, and assume that
the gravitational acceleration is constant.

ve>ra0 .

m0 ,

a0
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At time t, the weight of the chain on the floor is 

Ans.R = (20t + 2.48) lb

R = 5
32.2

 (32.2(4)(t) + (4)2)

R = m(gvt + v2)

R - mg(vt) = 0 + v(mv)

©Fs = m 
dv
dt

+ vD>i dmi

dt

dmi

dt
= mv

dv
dt

= 0,  mi = m(vt)

W = mg(vt)

•15–145. If the chain is lowered at a constant speed,
determine the normal reaction exerted on the floor as a
function of time.The chain has a weight of and a total
length of 20 ft.

5 lb>ft

20 ft

v ! 4 ft/s
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Horizontal Motion: The horizontal component of velocity is and the
initial horizontal position is .

[1]

Vertical Motion: The vertical component of initial velocity and the initial
vertical position are .

[2]

Eliminate t from Eqs. [1] and [2] yields

Ans.

The vertical component of velocity when is given by

The magnitude and direction angle when are

Ans.

Ans.

Since the velocity is always directed along the tangent of the path and the
acceleration is directed downward, then tangential and normal
components of acceleration are

Ans.

Ans.an = 9.81 cos 17.04° = 9.38 m>s2

at = 9.81 sin 17.04° = 2.88 m>s2

a = 9.81 m>s2

u = tan- 1
 

yy

yx
= tan- 1

 
2.4525

8
= 17.04° = 17.0° c

y = 2y2
x + y2

y = 282 + 2.45252 = 8.37 m>st = 0.25 s

 yy = 0 + (-9.81)(0.25) = -2.4525 m>s = 2.4525 m>s T

 (+ c)    yy = (y 0)y + (ac)y t

t = 0.25 s

y = -0.0766x2

 y = 0 + 0 + 1
2

 ( -9.81) t2

 (+ c)  sy = (s0)y + (y0)y t + 1
2

 (ac)y t
2

(s 0)y = 0
(y 0)y = 0

 x = 0 + 8t

 A :+ B    sx = (s0)x + (y 0)x  t

(s0)x = 0
yx = 8 m>s

R1–1. The ball is thrown horizontally with a speed of
Find the equation of the path, and then

determine the ball’s velocity and the normal and tangential
components of acceleration when t = 0.25 s.

y = f(x),8 m>s.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

x
vA ! 8 m/s

A
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Ans. r = 9.32 m

 :+ ©Fn = m an ; 0.7W = W
9.81

 a82

r
b

 Fs = 0.7W

 N = W

 + c ©Fb = m ab ; N - W = 0

R1–2. Cartons having a mass of are required to move
along the assembly line with a constant speed of 
Determine the smallest radius of curvature, , for the
conveyor so the cartons do not slip.The coefficients of static
and kinetic friction between a carton and the conveyor are

and respectively.mk = 0.5,ms = 0.7

r
8 m>s.

5 kg

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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8 m/s

r

a)

Ans.

b) Ans.

Ans.a = dv
dt

= 90t 2
t = 5

= 450 mm>s2 = 0.450 m>s2

v = ds
dt

= 45t2 - 3 2
t = 5

= 1122 mm>s = 1.12 m>s
¢s = 948 - 114 = 834 mm

At t = 4 s, s3 = 948 mm

At t = 2 s, s1 = 114 mm

s = 15t3 - 3t

R1–3. A small metal particle travels downward through a
fluid medium while being subjected to the attraction of a
magnetic field such that its position is 
where is in seconds. Determine (a) the particle’s
displacement from to and (b) the velocity
and acceleration of the particle when .t = 5 s

t = 4 s,t = 2 s
t

s = (15t3 - 3t) mm,
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Position: When , its horizontal position is given by

Ans.

and its altitude is given by

Ans.

Velocity: When , the horizontal component of velocity is given by

The vertical component of velocity is

Thus, the plane’s speed at is

Ans.

Acceleration: The horizontal component of acceleration is

and the vertical component of acceleration is

Thus, the magnitude of the plane’s acceleration at is

Ans.a = 2a2
x + a2

y = 22.502 + 7.202 = 7.62 m>s2

t = 40 s

ay = y
$ = 0.18t! t = 40 s = 7.20 m>s2

ax = x
$ = 2.50 m>s2

yy = 2y2
x + y2

y = 21002 + 1442 = 175 m>st = 40 s

yy = y
# = 0.09t2! t = 40 s = 144 m>s

yx = x
# = 2.50t! t = 40 s = 100 m>st = 40 s

y = 0.03 A403 B = 1920 m = 1.92 km

x = 1.25 A402 B = 2000 m = 2.00 km

t = 40 s

*R1–4. The flight path of a jet aircraft as it takes off is
defined by the parametric equations and

where is the time after take-off, measured in
seconds, and and are given in meters. If the plane starts
to level off at determine at this instant (a) the
horizontal distance it is from the airport, (b) its altitude,
(c) its speed, and (d) the magnitude of its acceleration.

t = 40 s,
yx

ty = 0.03t3,
x = 1.25t2

x

y
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Relative Velocity: The horizontal component of the relative velocity of the boy with

respect to the car A is . Thus, the horizontal

component of the velocity of the boy is

[1]

Conservation of Linear Momentum: If we consider the boy and the car as a system,
then the impulsive force caused by traction of the shoes is internal to the system.
Therefore, they will cancel out. As the result, the linear momentum is conserved
along x axis. For car A

[2]

Solving Eqs. [1] and [2] yields

Ans.

For car B

Ans. yB = 0.904 ft>s
 A ;+ B  a 60

32.2
b(2.110) = a60 +  80

32.2
b  y B

 m b (y b)x = (m b + m B) yB

 (y b)x = 2.110 ft>s yA = 1.58 ft>s
 A ;+ B  0 = a 60

32.2
b(y b)x + a 80

32.2
b(-y A)

 0 = m b (y b)x + m A yA

 A ;+ B  (y b)x = -  yA + 3.692

 (y b)x = yA + (y b>A)x

(y b>A)x = 4a12
13
b = 3.692 ft>s

R1–5. The boy jumps off the flat car at with a velocity of
relative to the car as shown. If he lands on the

second flat car , determine the final speed of both cars
after the motion. Each car has a weight of The boy’s
weight is Both cars are originally at rest. Neglect the
mass of the car’s wheels.

60 lb.
80 lb.

B
v¿ = 4 ft>s A

5
12
13

v ¿ ! 4 ft/s

B A
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Conservation of Energy: The datum is set at the initial position of platform P.When
the man falls from a height of 8 ft above the datum, his initial gravitational potential
energy is . Applying Eq. 14–21, we have

Conservation of Momentum:

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Ans.

Conservation of Energy: The datum is set at the spring’s compressed position.

Initially, the spring has been compressed and the elastic potential

energy is . When platform P is at a height of s above the

datum, its initial gravitational potential energy is 60s. When platform P stops

momentary, the spring has been compressed to its maximum and the elastic

potential energy at this instant is . Applying

Eq. 14–21, we have

Ans. s = 2.61 ft

 
1
2

 a 60
32.2
b  A27.042 B + 60s + 9.00 = 100s2 + 60s + 9

 T1 + V1 = T2 + V2

1
2

 (200)(s + 0.3)2 = 100s 
2 + 60s + 9

1
2

 (200) A0.32 B = 9.00 ft # lb

60
200

= 0.3 ft

(y p)2 = 27.04 ft>s T = 27.0 ft>s T (y M)2 = 13.4 ft>s T

 (+ T)   0.6 =
(yP)2 - (yP)2

22.70 - 0

 e =
(yP)2 - (yM)2

(yM)1 - (yp)1

 (+ T) a 175
32.2
b(22.70) + 0 = a 175

32.2
b(y M) 2 + a 60

32.2
b(y p) 2

 mM  (y M)1 + mP (y P)1 = mM(y M)2 + mp (y p)2

 (y H)1 = 22.70 ft>s
 0 + 1400 = 1

2
 a 175

32.2
b(y M) 

2
1 + 0

 T1 + V1 = T2 + V2

175(8) = 1400 ft # lb

R1-6. The man A has a weight of and jumps from
rest at a height onto a platform P that has a weight
of The platform is mounted on a spring, which has a
stiffness Determine (a) the velocities of A
and P just after impact and (b) the maximum compression
imparted to the spring by the impact.Assume the coefficient
of restitution between the man and the platform is 
and the man holds himself rigid during the motion.

e = 0.6,

k = 200 lb>ft.60 lb.
h = 8 ft

175 lb

P

A

h
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Conservation of Energy: The datum is set at the initial position of platform P.When
the man falls from a height of h above the datum, his initial gravitational potential
energy is 100h. Applying Eq. 14–21, we have

Conservation of Momentum:

[1]

Coefficient of Restitution:

[2]

Solving Eqs. [1] and [2] yields

Conservation of Energy: The datum is set at the spring’s compressed position.

Initially, the spring has been compressed and the elastic potential

energy is . Here, the compression of the spring caused by

impact is . When platform P is at a height of 1.7 ft above the

datum, its initial gravitational potential energy is . When

platform P stops momentary, the spring has been compressed to its maximum and

the elastic potential energy at this instant is . Applying 

Eq. 14–21, we have

Ans. h = 4.82 ft

 
1
2

 a 60
32.2
b A264.4h B2 + 102 + 9.00 = 400

 T1 + V1 = T2 + V2

1
2

 (200) A22 B = 400 ft # lb

60(1.7) = 102 ft # lb

(2 - 0.3) ft = 1.7 ft

1
2

 (200) A0.32 B = 9.00 ft # lb

60
200

= 0.3 ft

(yp)2 = 264.4h T (yM)2 = 0.4264.4h T

 (+ T)   0.6 =
(yp)2 - (yM)2264.4h - 0

 e =
(yp)2 - (yM)2

(yM)1 - (yp)1

 (+ T) a 100
32.2
b(264.4h) + 0 = a 100

32.2
b(yM)2 + a 60

32.2
b(yP)2

 mM (yM)1 + mP (yP)1 = mM (yM)2 + mP (yP)2

 (yH)1 = 264.4h

 0 + 100h = 1
2

 a 100
32.2
b(yM)2

1 + 0

 T1 + V1 = T2 + V2

R1–7. The man has a weight of and jumps from
rest onto the platform that has a weight of The
platform is mounted on a spring, which has a stiffness

If the coefficient of restitution between the
man and the platform is and the man holds himself
rigid during the motion, determine the required height of
the jump if the maximum compression of the spring is 2 ft.

h
e = 0.6,

k = 200 lb>ft. 60 lb.P
100 lbA

P

A

h
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Ans.

Ans.

Ans. TC = 102.86 = 103 N

 :+ ©Fx = max ;  TC = (300)(0.3429)

 TB = 205.71 = 206 N

 :+ ©Fx = max ;  TB = 2(300)(0.3429)

 v = 0 + 0.3429(2) = 0.686 m>s ( :+ )     v = v0 + ac t

 a = 0.3429 m>s2

 :+ ©Fx = max ; 480 = [800 + 2(300)]a

*R1–8. The baggage truck has a mass of and is
used to pull each of the 300-kg cars. Determine the tension
in the couplings at and if the tractive force on the
truck is What is the speed of the truck when

starting from rest? The car wheels are free to roll.
Neglect the mass of the wheels.
t = 2 s,

F = 480 N.
FCB

800 kgA A

BC

F

Ans.

Ans. a = 0.436 m>s2

 :+ ©Fx = max ; 480 = (800 + 300)a

 a = 0.3429 = 0.343 m>s2

 :+ ©Fx = max ; 480 = [800 + 2(300)]a

R1–9. The baggage truck has a mass of and is
used to pull each of the 300-kg cars. If the tractive force 
on the truck is determine the acceleration of
the truck. What is the acceleration of the truck if the
coupling at suddenly fails? The car wheels are free to roll.
Neglect the mass of the wheels.

C

F = 480 N,
F

800 kgA
A

BC

F
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Ans.

Ans. s = 320 ft

 0 = (80)2 + 2(-10)(s - 0)

 a :+ b v2 = v2
0 + 2ac (s - s0)

 t = 8 s

 0 = 80 + (-10)t

 a :+ b v = v0 + ac t

R1–10. A car travels at when the brakes are
suddenly applied, causing a constant deceleration of

Determine the time required to stop the car and
the distance traveled before stopping.
10 ft>s2.

80 ft>s

Ans.

Ans. vB>C = -13.3 ft>s = 13.3 ft>s c

 -3.33 = 10 + vB>C
 A + T B vB = vC + vB>C
vB = -3.33 ft>s = 3.33 ft>s c

3vB = -(10)

3vB = -vC

3sB + sC = l

R1–11. Determine the speed of block if the end of the
cable at is pulled downward with a speed of What
is the relative velocity of the block with respect to ?C

10 ft>s.C
B

B

C

10 ft/s
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*R1–12. The skier starts fom rest at and travels down
the ramp. If friction and air resistance can be neglected,
determine his speed when he reaches . Also, compute
the distance to where he strikes the ground at , if he
makes the jump traveling horizontally at . Neglect the
skier’s size. He has a mass of 70 kg.

B
Cs

BvB

A

4 m

A

B

vB50 m

s 30"CPotential Energy: The datum is set at the lowest point B. When the skier is at point
A, he is above the datum. His gravitational potential energy at this
position is .

Conservation of Energy: Applying Eq. 14–21, we have

Ans.

Kinematics: By considering the vertical motion of the skier, we have

[1]

By considering the horizontal motion of the skier, we have

[2]

Solving Eqs. [1] and [2] yields

Ans.

t = 3.753 s

s = 130 m

 s cos 30° = 0 + 30.04 t

 A ;+ B      sx = (s0)x + yx t

 4 + s sin 30° = 0 + 0 + 1
2

 (9.81) t2

 (+ T)   sy = (s0)y + (y0)y t + 1
2

 (ac)y t2

 yB = 30.04 m>s = 30.0 m>s
 0 + 31588.2 = 1

2
 (70) y2

B

 TA + VA = TB + VB

70(9.81) (46) = 31588.2 J
(50 - 4) = 46 m
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Velocity: The velocity expressed in Cartesian vector form can be obtained by
applying Eq. 12–7.

When , . Thus, the
magnitude of the velocity is

Ans.

Acceleration: The acceleration express in Cartesian vector form can be obtained by
applying Eq. 12–9.

When , . Thus,
the magnitude of the acceleration is

Ans.

Travelling Path: Here, and . Then,

[1]

[2]

Adding Eqs [1] and [2] yields

However, . Thus,

(Q.E.D.)
x2

25
+

y2

16
= 1 (Equation of an Ellipse)

cos2 2 r + sin2 2t = 1

x2

25
+

y2

16
= cos2 2r + sin2 2t

y2

16
= sin2 2t

x2

25
= cos2 2t

y = 4 sin 2tx = 5 cos 2t

a = 2a2
x + a2

y = 28.3232 + (-14.549)2 = 16.8 m>s2

a = -20 cos 2(1) i - 16 sin 2(1) j = {8.323i - 14.549j} m>s2t = 1 s

a = dv
dt

= {-20 cos 2ri - 16 sin 2rj} m>s2

y = 2y2
x + y2

y = 2(-9.093)2 + (-3.329)2 = 9.68 m>s
v = -10 sin 2(1)i + 8 cos 2(1) j = (-9.093i - 3.329j} m>st = 1 s

v = dr
dt

= {-10 sin 2ri + 8 cos 2rj} m>s

R1–13. The position of a particle is defined by
where t is in seconds and

the arguments for the sine and cosine are given in radians.
Determine the magnitudes of the velocity and acceleration
of the particle when Also, prove that the path of the
particle is elliptical.

t = 1 s.

r = 551cos 2t2i + 41sin 2t2j6 m,
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Potential Energy: Datum is set at the final position of the platform. When the
cylinder is at point A, its position is (3 + s) above the datum where s is the maximum
displacement of the platform when the cylinder stops momentary. Thus, its
gravitational potential energy at this position is . The

initial and final elastic potential energy are and

, respectively.

Conservation of Energy: Applying Eq. 14–22, we have

Ans. s = 0.0735 ft

 
1
2

 a 5
32.2
b A102 B + (15 + 5s) + 112.5 = 0 + 200s2 + 300s + 112.5

 ©TA + ©VA = ©TB + ©VB

1
2

 (400) (s + 0.75)2 = 200s2 + 300s + 112.5

1
2

 (400) (1.75 - 1)2 = 112.5 ft # lb

5(3 + s) = (15 + 5s) ft # lb

R1–14. The 5-lb cylinder falls past with a speed
onto the platform. Determine the maximum

displacement of the platform, caused by the collision. The
spring has an unstretched length of and is originally
kept in compression by the 1-ft-long cables attached to the
platform. Neglect the mass of the platform and spring and
any energy lost during the collision.

1.75 ft

vA =  10 ft>s A

AvA ! 10 ft/s

1 ft

3 ft

k ! 400 lb/ft

Ans. vb = 0.379 m>s :
 vc = 0.253 m>s ;
 vb = 1.5ve

 0 + 0 = 50 vb - 75 ve

 ( :+ ) ©mv1 = ©mv2

12 = 50 v2
b + 75 v2

e

[0 + 0] + 1
2

 (300)(0.2)2 = 1
2

 (50) v2
b + 1

2
 (75) v2

e

T1 + V1 = T2 + V2

R1–15. The block has a mass of and rests on the
surface of the cart having a mass of If the spring
which is attached to the cart and not the block is
compressed and the system is released from rest,
determine the speed of the block after the spring becomes
undeformed. Neglect the mass of the cart’s wheels and the
spring in the calculation. Also neglect friction. Take
k = 300 N>m.

0.2 m

75 kg.
50 kg

B
k

C
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Ans. vb>c = 0.632 m>s :
 ( :+ ) 0.379 = -0.253 + vb>c

 vb = vc + vb>c
 vb = 0.379 m>s :
 vc = 0.253 m>s ;
 vb = 1.5 ve

 0 + 0 = 50 vb - 75 ve

 ( :+ ) ©mv1 = ©mv2

12 = 50 v2
b + 75 v2

e

[0 + 0] + 1
2

 (300)(0.2)2 = 1
2

 (50)v2
b + 1

2
 (75) v2

e

T1 + V1 = T2 + V2

*R1–16. The block has a mass of and rests on the
surface of the cart having a mass of If the spring
which is attached to the cart and not the block is
compressed and the system is released from rest,
determine the speed of the block with respect to the cart
after the spring becomes undeformed. Neglect the mass of
the cart’s wheels and the spring in the calculation. Also
neglect friction. Take k = 300 N>m.

0.2 m

75 kg.
50 kg

B
k

C
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Min. speed:

Solving

Ans.

Max. speed:

Solving:

Ans.vA = (vA)max = 5.85 m>st = 0.790 s

 0.25 = 1 + vA sin 30° t - 1
2

 (9.81) t2

 A + c B s = s0 + v0 t + 1
2

 ac t2

 4 = 0 + vA cos 30°t

 a :+ b s = s0 + v0 t

vA = AvA Bmin = 4.32 m>st = 0.669 s

 0.25 = 1 + vA sin 30°t - 1
2

 (9.81)t2

 A + c B s = s0 + v0 t + 1
2

 ac t2

 2.5 = 0 + vA cos 30°t

 a :+ b s = s0 + v0 t

R1–17. A ball is launched from point at an angle of 
Determine the maximum and minimum speed it can
have so that it lands in the container.

vA

30°.A

1 m

vA

A

CB

30"

4 m
2.5 m

0.25 m
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Ans.

Ans.

Ans.

Ans.u = tan-1 a3371.28
560.77

b = 80.6° a

aB>A = 2(560.77)2 + (3371.28)2 = 3418 mi>h2 = 3.42 A103 B  mi>h2

aB>A = {560.77i + 3371.28j} mi>h2

560.77i + 3371.28j = 0 + aB>A
aB = aA + aB>A
aA = 0

 = {560.77i + 3371.28j} mi>h2

 aB = (3200 sin 30° - 1200 cos 30°)i + (3200 cos 30° + 1200 sin 30°)j

(aB)n =
y2

B

r
= 402

0.5
= 3200 mi>h2  (aB)t = 1200 mi>h2

u = tan-1a 20
20.36

b = 44.5° a

yB>A = 220.362 + 202 = 28.5 mi>h = (-34.64i + 20j) - (-55i) = {20.36i + 20j} mi>h vB>A = vB - vA

vA = {-55i} mi>hvB = -40 cos 30°i + 40 sin 30°j = {-34.64i + 20j} mi>h

R1–18. At the instant shown, cars and travel at speeds
of and respectively. If is increasing its
speed by while maintains its constant speed,
determine the velocity and acceleration of with respect to

Car moves along a curve having a radius of curvature
of 0.5 mi.

BA.
B

A1200 mi>h2,
B40 mi>h,55 mi>h BA

vB ! 40 mi/h

vA ! 55 mi/h

B

A 30"
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Ans.

Ans. u = tan-1 a1097.521
3165.705

b = 19.1° a

 aB>A = 3351 mi>h2 = 3.35 A103 B  mi>h2

 (aB>A) = 2(1097.521)2 + (3165.705)2

 (aB>A)y = 1097.521 c

 (+ c) 2133.33 cos 30° - 1500 sin 30° = (aB>A)y

 (aB>A)x = 3165.705 :
 ( :+ ) 2133.33 sin 30° + 1500 cos 30° = -800 + (aB>A)x

= -800i + (aB>A)x i + (aB>A)y j

2133.33 sin 30°i + 2133.33 cos 30°j + 1500 cos 30°i - 1500 sin 30°j

aB = aA + aB>A
(aB)n =

v2
B

r
=

(40)2

0.75
= 2133.33 mi>h2

R1–19. At the instant shown, cars and travel at speeds
of and respectively. If is decreasing its
speed at while is increasing its speed at

determine the acceleration of with respect to
Car moves along a curve having a radius of curvature

of 0.75 mi.
BA.

B800 mi>h2,
A1500 mi>h2

B40 mi>h,55 mi>h BA
vB ! 40 mi/h

vA ! 55 mi/h

B

A 30"
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Assume both springs compress;

(1)

Choose the positive root;

NG!

The nested spring does not deform.

Thus Eq. (1) becomes

Ans.s = 0.195 ft

180 s2 + 80 s - 22.48 = 0

13.73 = 180(s + 0.25)2 - 10s - 20

s = 0.1874 ft 6 0.25 ft

480s2 - 70s - 3.73 = 0

33.73 = 180(s + 0.25)2 + 300(s - 0.25)2 - 10s

13.73 = 180(s + 0.25)2 + 300(s - 0.25)2 - 10s - 20

1
2

 (
10

32.2
)(4)2 + 0 + 1

2
 (360)(0.25)2 = 0 + 1

2
 (360)(s + 0.25)2 + 1

2
 (600)(s - 0.25)2 - 10(s + 2)

T1 + V1 = T2 + V2

k¿ = 50(12) = 600 lb>ftk = 30(12) = 360 lb>ft

*R1–20. Four inelastic cables are attached to a plate 
and hold the 1-ft-long spring in compression when
no weight is on the plate. There is also an undeformed
spring nested within this compressed spring. If the block,
having a weight of is moving downward at 
when it is above the plate, determine the maximum
compression in each spring after it strikes the plate.
Neglect the mass of the plate and springs and any energy
lost in the collision.

2 ft
v = 4 ft>s,10 lb,

0.25 ft
PC

C

P

v

0.75 ft
0.5 ft

2 ft

k ! 30 lb/in.

k¿ ! 50 lb/in.
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Ans. v = 0.969 m>s Ns = 21.3 N

 + c ©Fb = m ab ; Ns a4
5
b + 0.2Ns a3

5
b - 2(9.81) = 0

 ;+ ©Fn = man ; Ns a3
5
b - 0.2Nsa4

5
b = 2a v2

0.2
b

 r = 0.25 a4
5
b = 0.2 m

R1–22. The 2-kg spool fits loosely on the rotating
inclined rod for which the coefficient of static friction is

If the spool is located from , determine
the minimum constant speed the spool can have so that it
does not slip down the rod.

A0.25 mms = 0.2.

S z

S

A

0.25 m

3

4

5

Ans.v = 20.4 ft>s
1
2

 a 10
32.2
bv2 + 1

2
 (360)(0.25)2 = 1

2
 (360)(0.25 + 0.25 + 0.20)2 + 1

2
 (600)(0.20)2 - 10(2 + 0.25 + 0.20)

T1 + V1 = T2 + V2

k¿ = 50(12) = 600 lb>ftk = 30(12) = 360 lb>ft

R1–21. Four inelastic cables are attached to plate and
hold the 1-ft-long spring in compression when no
weight is on the plate.There is also a 0.5-ft-long undeformed
spring nested within this compressed spring. Determine the
speed of the 10-lb block when it is above the plate, so
that after it strikes the plate, it compresses the nested
spring, having a stiffness of an amount of 
Neglect the mass of the plate and springs and any energy
lost in the collision.

0.20 ft.50 lb>in.,

2 ftv

0.25 ft
PC

C

P

v

0.75 ft
0.5 ft

2 ft

k ! 30 lb/in.

k¿ ! 50 lb/in.
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Ans. v = 1.48 m>s Ns = 28.85 N

 + c ©Fb = m ab ; Ns a4
5
b - 0.2Ns a3

5
b - 2(9.81) = 0

 ;+ ©Fn = man ; Ns a3
5
b + 0.2Nsa4

5
b = 2a v2

0.2
b

 r = 0.25 a4
5
b = 0.2 m

R1–23. The 2-kg spool fits loosely on the rotating inclined
rod for which the coefficient of static friction is If
the spool is located from , determine the maximum
constant speed the spool can have so that it does not slip up
the rod.

A0.25 m
ms = 0.2.

S z

S

A

0.25 m

3

4

5

Ans. T = 4924 N = 4.92 kN

 + c ©Fy = may ; 2T - 800(9.81) = 800(2.5)

aB = -2.5 m>s2 = 2.5 m>s2 c

5 = - 2 aB

aA = - 2 aB

sA + 2 sB = l

*R1–24. The winding drum draws in the cable at an
accelerated rate of Determine the cable tension if
the suspended crate has a mass of 800 kg.

5 m>s2.
D

D
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Since the bottle is on the verge of slipping, then .

Ans. y = 5.38 ft>s
 ©Fn = man ;   0.3W = a W

32.2
b ay2

3
b
Ff = ms N = 0.3W

©Fb = 0;   N - W = 0 N = W

R1–25. The bottle rests at a distance of from the center
of the horizontal platform. If the coefficient of static friction
between the bottle and the platform is determine
the maximum speed that the bottle can attain before
slipping. Assume the angular motion of the platform is
slowly increasing.

ms = 0.3,

3 ft

3 ft

Applying Eq. 13–8, we have

Since the bottle is on the verge of slipping, then .

[1]

[2]

Solving Eqs. [1] and [2] yields

Ans.

u = 11.95°

y = 5.32 ft>s
©Fn = man ;  0.3W cos u = a W

32.2
b ay2

3
b

©Ft = mat ;   0.3W sin u = a W
32.2
b(2)

Ff = ms N = 0.3W

©Fb = 0;   N - W = 0 N = W

R1–26. Work Prob. R1–25 assuming that the platform
starts rotating from rest so that the speed of the bottle is
increased at 2 ft>s2.

3 ft
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Ans.

Ans.

Note: No slipping occurs

Since ms N = 138.4 lb 7 13.4 lb

 F = 13.4 lb

 +b©Fx = m(an)x ; -F + 150 sin 60° = 150
32.2
a202

8
b  cos 60°

 N = 277 lb

 +a ©Fy = m(an)y ; N - 150 cos 60° = 150
32.2

 a202

8
b  sin 60°

R1–27. The 150-lb man lies against the cushion for which
the coefficient of static friction is Determine the
resultant normal and frictional forces the cushion exerts on
him if, due to rotation about the z axis, he has a constant
speed Neglect the size of the man. Take
u = 60°.

v = 20 ft>s.

ms = 0.5.
z

G

8 ft

u

Ans. u = 47.5°

 0.5 cos u + sin u = 3.493 79 cos u - 1.746 89 sin u

 
(0.5 cos u + sin u)150

(cos u - 0.5 sin u)
= 150

32.2
a (30)2

8
b

 N = 150
cos u - 0.5 sin u

 + c ©Fb = 0;  -150 + N cos u - 0.5 N sin u = 0

;+ ©Fn = man ; 0.5N cos u + N sin u = 150
32.2
a (30)2

8
b

*R1–28. The 150-lb man lies against the cushion for which
the coefficient of static friction is If he rotates
about the z axis with a constant speed determine
the smallest angle of the cushion at which he will begin to
slip up the cushion.

u
v = 30 ft>s,
ms = 0.5.

z

G

8 ft

u
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for crate to start moving

Ans. v2 = 10.1 ft>s
 [30 t + 1

3
 t3]4

2 - 68 = 34
32.2

 v2

 0 + L
4

2
 (30 + t2)dt - 34(4 - 2) = 34

32.2
 v2

 (+ c) mv1 + ©LFdt = mv2

t = 2 s

30 + t2 = 34

R1–29. The motor pulls on the cable at with a force
where is in seconds. If the 34-lb crate is

originally at rest on the ground when determine its
speed when Neglect the mass of the cable and
pulleys. Hint: First find the time needed to begin lifting
the crate.

t = 4 s.
t = 0,

tF = (30 + t2) lb,
A

A

for crate to start moving

Ans. v2 = 2.13 ft>s
 
1
2

e 2 t 2 2
1.7632

- 8.0519 = 1.0559 v2

 0 + L
2

1.7632
 e 2 t dt - 34(2 - 1.7632) = 34

32.2
 v2

 (+ c) mv1 + ©LF dt = mv2

t = 1.7632 s

F = e 2t = 34

R1–30. The motor pulls on the cable at with a force
where is in seconds. If the 34-lb crate is

originally at rest on the ground when determine the
crate’s velocity when Neglect the mass of the cable
and pulleys. Hint: First find the time needed to begin lifting
the crate.

t = 2 s.
t = 0,

tF = (e2t) lb,
A

A
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At 

Ans.

Ans.F = 24.8 N

N = 24.8 N

©Fu = m a u ; F sin 45° + Nu sin 45° = 2(17.5462)

©Fr = m a r ; -Nr cos 45° + F cos 45° = 2(0)

c = u = 45°

tan c = rAdr
du B = e u>e u = 1

au = r u
$

+ 2 r
#
 u
#

= 0 + 2(4.38656)(2) = 17.5462 m>s2

ar = r
$ - r (u

#
)2 = 8.7731 - 2.1933(2)2 = 0

r
$ = 8.7731 m>s2

r = 4.38656 m>sr = 2.1933 m

u = 0

u
#

= 2 rad>su = 45°

r
$ = e u(u

#
)2 + e u u

#
r
# = e u u

#
r = e 

u

R1–31. The collar has a mass of and travels along the
smooth horizontal rod defined by the equiangular spiral

where is in radians. Determine the tangential
force and the normal force acting on the collar
when if force maintains a constant angular motion 
u
#

= 2 rad>s.
Fu = 45°,

NF
ur = (eu) m,

2 kg

F

r ! e   
r

u

u
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At 

Ans.

Ans. F = 54.4 N

 Nt = 54.4 N

 ;+ ©Fu = m au ; F sin 45° + N sin 45° = 2(38.4838)

+ c  ©Ft = m a t ; -N cos 45° + F cos 45° = 2(0)

c = u = 45°

tan c = rAdr
du B = e u>e u = 1

au = r u
$

+ 2 r
#
 u
#

= 0 + 2(9.6210)(2) = 38.4838 m>s2

ar = r
$ - r(u

#
)2 = 19.242 - 4.8105(2)2 = 0

r
$ = 19.242 m>s2

r
# = 9.6210 m>sr = 4.8105 m

u
#

= 0

u
#

= 2 rad>su = 90°

r
$ = e u (u

#
)2 + e u u

$
r
# = eu u

#
r = e u

*R1–32. The collar has a mass of and travels along the
smooth horizontal rod defined by the equiangular spiral

where is in radians. Determine the tangential
force and the normal force acting on the collar when

if force maintains a constant angular motion 
u
#

= 2 rad>s.
Fu = 90°,

NF
ur = (eu) m,

2 kg

F

r ! e   
r

u

u
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Note at 

and 

At ,

At ,

At ,

a) Ans.

b) Ans.

c) Ans.v|t = 9 = (9)2 - 9(9) + 10 = 10 m>sstot = (7.127 - 1) + 7.127 + 36.627 + (36.627 - 30.50) = 56.0 m

s = -30.5 m

s = -30.50 mt = 9 s

s = -36.627 mt = 7.702 s

s = 7.127 mt = 1.298 s

t = 7.702 st = 1.298 s

t2 - 9t + 10 = 0v = 0

s = 1
3

 t3 - 4.5t2 + 10t + 1

s - 1 = 1
3

 t3 - 4.5t2 + 10t

L
s

1
ds = L

t

0
A t2 - 9t + 10 Bdt

ds = v dt

v = t2 - 9t + 10

v - 10 = t2 - 9t

L
v

10
dv = L

t

0
(2t - 9) dt

dv = a dt

a = (2t - 9)

R1–33. The acceleration of a particle along a straight line is
defined by , where is in seconds. When

, and . When , determine 
(a) the particle’s position, (b) the total distance traveled, and
(c) the velocity. Assume the positive direction is to the right.

t = 9 sv = 10 m>ss = 1 mt = 0
ta = (2t - 9) m>s2
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Ans.

Also,

 v2 = 14.1 m>s 800 + 8533.33 - 3693.18 = 400v2

 +Q 400(2) + L
2

0
3200 t2 dt - 400(9.81)(2 - 0)a 8

17
b = 400v2

mv1 + ©LF dt = mv2

 v = 14.1 m>s
 L
y

2
dv = L

2

0
A8t2 - 4.616 Bdt

 dv = adt

+Q©Fx¿ = max¿ ; 3200t2 - 400(9.81)a 8
17
b = 400a a = 8t2 - 4.616

R1–34. The 400-kg mine car is hoisted up the incline using
the cable and motor . For a short time, the force in the
cable is where is in seconds. If the car has
an initial velocity when determine its
velocity when t = 2 s.

t = 0,v1 = 2 m>s tF = (3200t2) N,
M

15

8
17

M

v1 ! 2 m/s

Ans. s = 5.43 m

 L
s

2
ds = L

2

0
A2.667t3 - 4.616t + 2 Bdt

 v = ds
dt

= 2.667t3 - 4.616t + 2

 L
y

2
dv = L

t

0
A8t2 - 4.616 Bdt

 dv = adt

 ©Fx¿ = max¿ ; 3200t2 - 400(9.81)a 8
17
b = 400a a = 8t2 - 4.616

R1–35. The 400-kg mine car is hoisted up the incline using
the cable and motor . For a short time, the force in the
cable is where is in seconds. If the car has
an initial velocity at and determine
the distance it moves up the plane when t = 2 s.

t = 0,s = 0v1 = 2 m>s tF = (3200t2) N,
M

15

8
17

M

v1 ! 2 m/s
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Ans.s =
4(103)(60)3

3(450)(103)
= 640 m

s = m v3

3 P

Ps = m v3

3

PL
s

0
ds = mL

v

0
v2 dv

LP ds = mLv2 dv

P = F v = mav2 dv
ds
b

:+ ©Fx = m ax ; F = m a = mav dv
ds
b

*R1–36. The rocket sled has a mass of and travels
along the smooth horizontal track such that it maintains a
constant power output of Neglect the loss of fuel
mass and air resistance, and determine how far the sled must
travel to reach a speed of starting from rest.v = 60 m>s450 kW.

4 Mg v

T

Ans.vC = 2.36 m>s
0 + 100 sin 60°(0.5 - 0.3) + 20(9.81)(0.5 - 0.3) - 1

2
 (15)(0.5 - 0.3)2 - 1

2
 (25)(0.5 - 0.3)2 = 1

2
 (20)v2

C

T1 + ©U1 - 2 = T2

R1–37. The collar has a mass of and can slide freely on
the smooth rod. The attached springs are undeformed when

Determine the speed of the collar after the
applied force causes it to be displaced so that

When the collar is at rest.d = 0.5 md = 0.3 m.
F = 100 N

d = 0.5 m.

20 kg

60"

d
k ! 25 N/m

k¿ ! 15 N/m

F ! 100 N
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Ans.vC = 2.34 m>s
- [

1
2

 (15)[0.4 - 0.2]2 - 1
2

 (15)(0.4)2] = 1
2

 (20)v2
C

0 + 100 sin 60°(0.5 - 0.3) + 196.2(0.5 - 0.3) - [
1
2

 (25)[0.4 + 0.2]2 - 1
2

 (25)(0.4)2]

T1 + ©U1 - 2 = T2

R1–38. The collar has a mass of and can slide freely on
the smooth rod. The attached springs are both compressed

when Determine the speed of the collar
after the applied force causes it to be displaced
so that When the collar is at rest.d = 0.5 md = 0.3 m.

F = 100 N
d = 0.5 m.0.4 m

20 kg

60"

d
k ! 25 N/m

k¿ ! 15 N/m

F ! 100 N

Ans.

Ans.vB = 4.62 m>svA = 1.54 m>s
(0 + 0) + (0 + 0) = 1

2
 (20)(vA)2 + 1

2
 (30)(-3vA)2 + 20(9.81)a1.5

3
b - 30(9.81)(1.5)

T1 + V1 = T2 + V2

3 vA = - vB

3 ¢sA = - ¢sB

3 sA + sB = l

R1–39. The assembly consists of two blocks and which
have masses of and respectively. Determine the
speed of each block when descends The blocks are
released from rest. Neglect the mass of the pulleys and cords.

1.5 m.B
30 kg,20 kg

BA

A

B
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Ans.sB = 5.70 m

(0 + 0) + (0 + 0) = 1
2

 (20)(3)2 + 1
2

 (30)(-9)2 + 20(9.81)a sB

3
b - 30(9.81)(sB)

T1 + V1 = T2 + V2

vB = -9 m>s3 vA = - vB

3 ¢sA = - ¢sB

3 sA + sB - l

*R1–40. The assembly consists of two blocks and ,
which have masses of and respectively.
Determine the distance must descend in order for to
achieve a speed of starting from rest.3 m>s AB

30 kg,20 kg
BA

A

B

Just before impact, the velocity of A is

(1)

(2)

Solving Eqs. (1) and (2) for (vB)2 yields

Ans.(vB)2 = 1
3

 22gh (1 + e)

 m(vA) + 0 = m(vA)2 + 2m(vB)2

 A + T B ©mv1 = ©mv2

 e22gh = (vB)2 - (vA)2

 A + T B e =
(vB)2 - (vA)222gh

vA = 22gh

0 + 0 = 1
2

 mvA
2 - mgh

T1 + V1 = T2 + V2

R1–41. Block , having a mass , is released from rest,
falls a distance and strikes the plate having a mass 2 .
If the coefficient of restitution between and is ,
determine the velocity of the plate just after collision. The
spring has a stiffness .k

eBA
mB h

mA
A

B

k

h
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Just before impact, the velocity of A is

(1)

(2)

Solving Eqs. (1) and (2) for (vA)3 yields

Ans.(vA)3 = 0.125 m>s(vB)3 = 2.00 m>s
 2(3.132) + 0 = 2(vA)3 + 3(vB)3

 A + T B ©mv2 = ©mv3

 1.879 = (vB)3 - (vA)3

 0.6(3.132) = (vB)3 - (vA)3

 A + T B e =
(vB)3 - (vA)3

3.132 - 0

(vA)2 = 22(9.81)(0.5) = 3.132 m>s
0 + 0 = 1

2
 (2)(vA)2

2 - 2(9.81)(0.5)

T1 + V1 = T2 + V2

R1–42. Block , having a mass of is released from
rest, falls a distance and strikes the plate 
having a mass of If the coefficient of restitution
between and is determine the velocity of the
block just after collision. The spring has a stiffness
k = 30 N>m.

e = 0.6,BA
3 kg.

B h = 0.5 m,
2 kg,A A

B

k

h

Thus,

Choosing the root 

Ans.Fs = 14(0.5 - 0.1498) = 4.90 lb

d = 0.1498 ft

6 0.5 ft

d2 - 3.5d + 0.5018 = 0

1.5 - 3.5d + d2 = 0.9982

(0.5 - d)(3 - d) = 0.9982

14(0.5 - d) = 2
32.2

 c (15)2

3 - d
d

Fs = ks ;   Fs = 14(0.5 - d)

;+ ©Fn = m an ; Fs = 2
32.2

 c (15)2

3 - d
d

R1–43. The cylindrical plug has a weight of and it is
free to move within the confines of the smooth pipe. The
spring has a stiffness and when no motion
occurs the distance Determine the force of the
spring on the plug when the plug is at rest with respect to
the pipe.The plug travels in a circle with a constant speed of

which is caused by the rotation of the pipe about the
vertical axis. Neglect the size of the plug.
15 ft>s,

d = 0.5 ft.
k = 14 lb>ft 2 lb

d

G

k ! 14 lb/ft

3 ft
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After collision

Impact

Ans.(vB)1 = 120 m>s0.02(vB)1 + 0 = 0.320(7.50)

©mv1 = ©mv2

v2 = 7.50 m>s
1
2

 (0.320)(v2)2 - 1
2

 (200)(0.3)2 = 0

T1 + ©U1 - 2 = T2

*R1–44. A 20-g bullet is fired horizontally into the 300-g
block which rests on the smooth surface. After the bullet
becomes embedded into the block, the block moves to the
right before momentarily coming to rest. Determine
the speed of the bullet. The spring has a stiffness

and is originally unstretched.k = 200 N>m(vB)1

0.3 m
k ! 200 N/m(vB)1

Impact

After collision;

Ans.x = 3 m

1
2

 (0.320)(75)2 - 1
2

 (200)(x2) = 0

T1 + ©U1-2 = T2

v2 = 75 m>s0.02(1200) + 0 = 0.320(v2)

©mv1 = ©mv2

R1–45. The 20-g bullet is fired horizontally at
into the 300-g block which rests on the

smooth surface. Determine the distance the block moves to
the right before momentarily coming to rest. The spring has
a stiffness and is originally unstretched.k = 200 N>m
(vB)1 = 1200 m>s

k ! 200 N/m(vB)1
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Equation of Motion: Applying Eq. 13–7, we have

[1]

[2]

However, , , and . Substitute these values into

Eqs. [1] and [2], we have

[3]

[4]

The solution for the differential equation, Eq. [3], is in the form of

[5]

Thus,

[6]

However, at , and . Substitute these values into Eqs. [5] and

[6], one obtains and . Substitute C1 into Eq. [6]

and rearrange. This yields

[7]

The solution for the differential equation, Eq. [4], is in the form of

[8]

Thus,

[9]

However, at , and . Substitute these values into Eq. [8] and

[9], one obtains and .

Substitute C3 into Eq. [9] and rearrange. This yields

[10]

For the particle to achieve terminal speed, and . When this happen,

from Eqs. [7] and [10], and . Thus,

Ans.ymax = 2y2
x + y2

y = C02 + a -  

mg

k
b2

=
mg

k

yy = y
# = -  

mg

k
yx = x

# = 0

e- k
m t : 0t : q

y
# = e- k

m tay0 sin u0 +
mg

k
b -

mg

k

C4 = m
k
ay0 sin u0 +

mg

k
bC3 = -  

m
k
ay0 sin u0 +

mg

k
by

# = y0 sin u0y = 0t = 0

y
# = -  

C3 k
m

 e- k
m t -

mg

k

y = C3 e- k
mt + C4 -

mg

k
 t

x
# = e- 

k
m t (y0 cos u0)

C2 = m
k

 y0 cos u0C1 = -  
m
k

 y0 cos u0

x
# = y0 cos u0x = 0t = 0

x
# = -  

C1 k
m

 e- k
mt

x = C1 e- k
mt + C2

d2y

dt2 + k
m

 
dy

dt
= -g

d2x
dt2 + k

m
 
dx
dt

= 0

ay =
d2y

dt2yy =
dy

dt
ax = d2x

dt2yx = dx
dt

+ c ©Fy = may ; -mg - kyy = may ay = -g - k
m
yy    

:+ ©Fx = max ;  -kyx = max ax = - k
m
yx

R1–46. A particle of mass is fired at an angle with a
velocity in a liquid that develops a drag resistance

where is a constant. Determine the maximum
or terminal speed reached by the particle.

kF = -kv,
v0

u0m y

xO

v0

0u
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Equation of Motion: Applying Eq. 13–7, we have

[1]

[2]

However, , , and . Substituting these values into

Eqs. [1] and [2], we have

[3]

[4]

The solution for the differential equation, Eq. [3], is in the form of

[5]

Thus,

[6]

However, at , and . Substituting these values into Eq. [5]

and [6], one can obtain and . Substituting C1

and C2 into Eq. [5] and rearrange yields

Ans.

When , and . Then,

Ans.

The solution for the differential equation. Eq. [4], is in the form of

[7]

Thus,

[8]

However, at , and . Substitute these values into Eq. [7] and

[8], one can obtain and .

Substitute C3 and C4 into Eq. [7] and rearrange yields

Ans.y = m
k
¢y0 sin u0 +

mg

k
≤ a1 - e- 

k
m tb -

mg

k
 t

C4 = m
k
ay0 sin u0 +

mg

k
bC3 = -  

m
k
ay0 sin u0 +

mg

k
by

# = y0 sin u0y = 0t = 0

y
# = -  

C3 k
m

 e- 
k
m t -

mg

k

y = C3 e- 
k
m t + C4 -

mg

k
 t

xmax = m
k

 y0 cos u0

x = xmaxe- k
m t : 0t : q

x = m
k

 y0 cos u0 A1 - e- 
k
m t B

C2 = m
k

 y0 cos u0C1 = -  
m
k

 y0 cos u0

x
# = y0 cos u0x = 0t = 0

x
# = -  

C1 k
m

 e- k
mt

x = C1 e- k
m t + C2

d2y

dt2 + k
m

 
dy

dt
= -g

d2x
dt2 + k

m
 
dx
dt

= 0

ay =
d2y

dt2yy =
dy

dt
ax = d2x

dt2yx = dx
dt

+ c ©Fy = may ; -mg - kyy = may ay = -g - k
m

 yy

:+ ©Fx = max ;  -kyx = max ax = - k
m
yx

R1–47. A projectile of mass is fired into a liquid at an
angle with an initial velocity as shown. If the liquid
develops a friction or drag resistance on the projectile
which is proportional to its velocity, i.e., where 
is a constant, determine the and components of its
position at any instant. Also, what is the maximum distance

that it travels?xmax

yx
kF = -kv,

v0u0

m y

xO

v0

0u
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When collision occurs, .

Also,

The positive root is 

Thus,

Ans.

Hence, Ans.

Ans.

Ans.vB = 2(6)2 + (3)2 = 6.71 m>svB|t = 2 = {6i + 3j} m>s
vB =

drB

dt
= 3(2t - 2)i + 3j

vA = 2(3)2 + (-18)2 = 18.2 m>svA|t = 2 = {3i - 18j} m>s
vA =

drA

dt
= 3i + (18 - 18t)j

(6 m, 0)

x = 3(2) = 6 m y = 9(2)(2 - 2) = 0

t = 2 s

t = 2 s

3t2 - 5t - 2 = 0

9t(2 - t) = 3(t - 2)

t = 1 s, t = 2 s

t2 - 3t + 2 = 0

3t = 3(t2 - 2t + 2)

rA = rB

*R1–48. The position of particles and are
and 

respectively, where is in seconds. Determine
the point where the particles collide and their speeds just
before the collision. How long does it take before the
collision occurs?

t3(t - 2)j6 m,
rB = 53(t2 - 2t + 2)i +rA = 53ti + 9t(2 - t)j6 m BA

91962_05_R1_p0479-0512  6/5/09  3:56 PM  Page 511



512

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.

Ans.at = 3 cos 40° = 2.30 m>s2

v = 9.82 m>s
3 sin 40° = v2

50

an = v2

r

R1–49. Determine the speed of the automobile if it has the
acceleration shown and is traveling on a road which has a
radius of curvature of Also, what is the
automobile’s rate of increase in speed?

r = 50 m.

 ! 40"

a ! 3 m/s2

n

t

u

Potential Energy: Datum is set at point B. The collar is above the
datum when it is at A. Thus, its gravitational potential energy at this point is

. The length of the spring when the collar is at points A and B are
calculated as and ,
respectively. The initial and final elastic potential energy are

and , respectively.

Conservation of Energy: Applying Eq. 14–22, we have

Ans. yB = 27.2 ft>s
 0 + 20.0 + 41.82 = 1

2
a 5

32.2
by2

B + 4.550

 ©TA + ©VA = ©TB + ©VB

1
2

 (3) A214 - 2 B2 = 4.550 ft # lb
1
2

 (3) A253 - 2 B2 = 41.82 ft # lb

lOB = 212 + 32 + 22 = 214 ftlOA = 212 + 42 + 62 = 253 ft
5(4) = 20.0 ft # lb

(6 - 2) = 4 ft

R1–50. The spring has a stiffness and an
unstretched length of If it is attached to the 5-lb smooth
collar and the collar is released from rest at , determine
the speed of the collar just before it strikes the end of the
rod at . Neglect the size of the collar.B

A
2 ft.

k = 3 lb>ft z

x
y

B

A

k ! 3 lb/ft

O

6 ft

4 ft

3 ft

1 ft
1 ft

2 ft
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Ans.

Ans.a = 282 + (0.5)2 = 8.02 ft>s2

an = v2 r; an = (4)2(0.5) = 8 ft>s2

at = ra ; at = 0.5(1) = 0.5 ft>s2

v = rv; v = 0.5(4) = 2 ft>sv = 2 + 1(2) = 4 rad>sv = v0 + ac t;

•16–1. A disk having a radius of 0.5 ft rotates with an
initial angular velocity of 2 and has a constant angular
acceleration of . Determine the magnitudes of the
velocity and acceleration of a point on the rim of the disk
when .t = 2 s

1 rad>s2
rad>s
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when 

Ans.

Ans.u = 53.63 rad = 8.54 rev

u = 33.3a t + a 1
0.6
be- 0.6tb 2 3

0
= 33.3 c3 + a 1

0.6
b Ae- 0.6(3) - 1 B dL

u

0
du = L

t

0
33.3 A1 - e- 0.6t B  dt

du = v dt

vp = vr = 27.82(1.75) = 48.7 ft>st = 3sv = 27.82 rad>s
v = -  

20
0.6

 e- 0.6t 2 t
0

= 33.3 A1 - e- 0.6t BL
v

0
dv = L

t

0
20e- 0.6t dt

dv = a dt

16–2. Just after the fan is turned on, the motor gives the
blade an angular acceleration , where t
is in seconds. Determine the speed of the tip P of one of the
blades when . How many revolutions has the blade
turned in 3 s? When the blade is at rest.t = 0

t = 3 s

a = (20e - 0.6t) rad>s2

P

1.75 ft
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Angular Motion: The angular acceleration of the drum can be determine by
applying Eq. 16–11.

Ans.

Applying Eq. 16–7 with and 

, we have

Ans.

The angular displacement of the drum 4 s after it has completed 10 revolutions can
be determined by applying Eq. 16–6 with .

Ans. = (221.79 rad) * a 1 rev
2p rad

b = 35.3rev

 = 0 + 35.45(4) + 1
2

 (10.0) A42 B
 u = u0 + v0 t + 1

2
 ac t

2

v0 = 35.45 rad>s
 v = 35.45 rad>s = 35.4 rad>s v2 = 0 + 2(10.0)(20p - 0)

 v2 = v2
0 + 2ac (u - u0)

= 20p rad

u = (10 rev) * a2p rad
1 rev

bac = a = 10.0 rad>s2

at = ar;  20 = a(2) a = 10.0 rad>s2

16–3. The hook is attached to a cord which is wound
around the drum. If it moves from rest with an
acceleration of , determine the angular acceleration
of the drum and its angular velocity after the drum has
completed 10 rev. How many more revolutions will the
drum turn after it has first completed 10 rev and the hook
continues to move downward for 4 s?

20 ft>s2
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a ! 20 ft/s2

2 ft
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Angular Velocity: Here, . Applying Eq. 16–1, we have

By observing the above equation, the angular velocity is maximum if .
Thus, the maximum angular velocity is . The maximum speed of
point A can be obtained by applying Eq. 16–8.

Ans.

Angular Acceleration: Applying Eq. 16–2, we have

The tangential and normal components of the acceleration of point A can be
determined using Eqs. 16–11 and 16–12, respectively.

Thus,

Ans.aA = A -9 sin 3tut + 4.5 cos2 3tun B  ft>s2

an = v2 r = (1.5 cos 3t)2 (2) = A4.5 cos2 3t B  ft>s2

at = ar = (-4.5 sin 3t)(2) = (-9 sin 3t) ft>s2

a = dv
dt

= (-4.5 sin 3t) rad>s2

(yA)max = vmax r = 1.50(2) = 3.00 ft>s
vmax = 1.50 rad>s cos 3t = 1

v = du
dt

= (1.5 cos 3t) rad>su = (0.5 sin 3t) rad>s

*16–4. The torsional pendulum (wheel) undergoes
oscillations in the horizontal plane, such that the angle of
rotation, measured from the equilibrium position, is given
by rad, where t is in seconds. Determine the
maximum velocity of point A located at the periphery of
the wheel while the pendulum is oscillating. What is the
acceleration of point A in terms of t?

u = (0.5 sin 3t)

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
u

2 ft

•16–5. The operation of reverse gear in an automotive
transmission is shown. If the engine turns shaft A at

, determine the angular velocity of the drive
shaft, . The radius of each gear is listed in the figure.vB

vA = 40 rad>s
    B

vA ! 40 rad/sv

C

D

G

H

EF

rG ! 80 mm
rC ! rD ! 40 mm

rF ! 70 mm
rE ! rH ! 50 mm

B

A

Ans.vB = 89.6 rad>svF rF = vB rB : 64(70) = vB (50) vB = 89.6 rad>svE rE = vD rD : vE(50) = 80(40) vE = vF = 64 rad>srA vA = rC vC : 80(40) = 40vC vC = vD = 80 rad>s
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16–6. The mechanism for a car window winder is shown in
the figure. Here the handle turns the small cog C, which
rotates the spur gear S, thereby rotating the fixed-connected
lever AB which raises track D in which the window rests.
The window is free to slide on the track. If the handle is
wound at , determine the speed of points A and E
and the speed of the window at the instant .u = 30°vw

0.5 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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20 mm

C

B

A

E

uF

D

S

0.5 rad/s

vw

50 mm

200 mm

200 mm

Ans.

Points A and E move along circular paths. The vertical component closes the
window.

Ans.vw = 40 cos 30° = 34.6 mm>s
vA = vE = vS rA = 0.2(0.2) = 0.04 m>s = 40 mm>s

vS =
vC

rS
= 0.01

0.05
= 0.2 rad>s

vC = vC rC = 0.5(0.02) = 0.01 m>s

16–7. The gear A on the drive shaft of the outboard motor
has a radius . and the meshed pinion gear B on the
propeller shaft has a radius . Determine the
angular velocity of the propeller in , if the drive shaft
rotates with an angular acceleration ,
where t is in seconds. The propeller is originally at rest and
the motor frame does not move.

a = (400t3) rad>s2
t = 1.5 s

rB = 1.2 in
rA = 0.5 in

2.20 in.

P

B

A

Angular Motion: The angular velocity of gear A at must be determined
first. Applying Eq. 16–2, we have

However, where is the angular velocity of propeller. Then,

Ans.vB =
rA

rB
 vA = a0.5

1.2
b(506.25) = 211 rad>s 
vBvA rA = vB rB

 vA = 100t4 |1.5 s
0 = 506.25 rad>s

 L
vA

0
dv = L

1.5 s

0
400t3 dt

 dv = adt

t = 1.5 s

91962_06_s16_p0513-0640  6/8/09  2:10 PM  Page 516



517

*16–8. For the outboard motor in Prob. 16–7, determine
the magnitude of the velocity and acceleration of point P
located on the tip of the propeller at the instant .t = 0.75 s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2.20 in.

P

B

A

Angular Motion: The angular velocity of gear A at must be determined
first. Applying Eq. 16–2, we have

The angular acceleration of gear A at is given by

However, and where and are the angular
velocity and acceleration of propeller. Then,

Motion of P: The magnitude of the velocity of point P can be determined using
Eq. 16–8.

Ans.

The tangential and normal components of the acceleration of point P can be
determined using Eqs. 16–11 and 16–12, respectively.

The magnitude of the acceleration of point P is

Ans.aP = 2a2
r + a2

n = 212.892 + 31.862 = 34.4 ft>s2

 an = v2
B rP = A13.182 B a2.20

12
b = 31.86 ft>s2

 ar = aB rP = 70.31a2.20
12
b = 12.89 ft>s2

yP = vB rP = 13.18a2.20
12
b = 2.42 ft>s

aB =
rA

rB
 aA = a0.5

1.2
b(168.75) = 70.31 rad>s2

vB =
rA

rB
 vA = a0.5

1.2
b(31.64) = 13.18 rad>s

aBvBaA rA = aB rBvA rA = vB rB

aA = 400 A0.753 B = 168.75 rad>s2

t = 0.75 s

 vA = 100t4
 |0.75 s
0 = 31.64 rad>s

 L
vA

0
dv = L

0.75 s

0
400t3 dt

 dv = adt

t = 0.75 s
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•16–9. When only two gears are in mesh, the driving gear
A and the driven gear B will always turn in opposite
directions. In order to get them to turn in the same
direction an idler gear C is used. In the case shown,
determine the angular velocity of gear B when , if
gear A starts from rest and has an angular acceleration of

, where t is in seconds.aA = (3t + 2) rad>s2

t = 5 s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

B

C75 mm

50 mm

Driving gearIdler gear

A

a50 mm
A

Ans.vB = 31.7 rad>svB (75) = 47.5(50)

vC = 47.5 rad>s(47.5)(50) = vC (50)

vA = 1.5t2 + 2t|t = 5 = 47.5 rad>sL
vA

0
dvA = L

t

0
(3t + 2) dt

dv = a dt

Angular Motion: The angular velocity of the blade can be obtained by applying
Eq. 16–4.

Motion of P: The speed of point P can be determined using Eq. 16–8.

Ans.yP = vrP = 7.522(2.5) = 18.8 ft>s  
 v = 7.522 rad>s

 L
v

5 rad>svdv = L
4p

0
0.2udu

 vdv = adu

16–10. During a gust of wind, the blades of the windmill
are given an angular acceleration of ,
where is in radians. If initially the blades have an angular
velocity of 5 , determine the speed of point P, located
at the tip of one of the blades, just after the blade has turned
two revolutions.

rad>su
a = (0.2u) rad>s2

2.5 ft

! (0.2u) rad/s2

P

a
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Gears A and B will have the same angular velocity since they are mounted on the
same axle. Thus,

Wheel D is mounted on the same axle as gear C, which in turn is in mesh with
gear B.

Finally, the rim of can P is in mesh with wheel D.

Ans.vP = ¢ rD

rP
≤vD = a7.5

40
b(4) = 0.75 rad>s

vP rP = vD rD

vD = vC = ¢ rB

rC
≤vB = a10

25
b(10) = 4 rads>s

vC rC = vB rB

vB = vA = ¢ rs

rA
≤vs = a 5

20
b(40) = 10 rad>s

vA rA = vs rs

16–11. The can opener operates such that the can is driven
by the drive wheel D. If the armature shaft S on the motor
turns with a constant angular velocity of ,
determine the angular velocity of the can.The radii of S, can
P, drive wheel D, gears A, B, and C, are ,

, , , , and
, respectively.rC = 25 mm

rB = 10 mmrA = 20 mmrD = 7.5 mmrP = 40 mm
rS = 5 mm

40 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Motion of Pulley A: Here, . Since the angular

acceleration of shaft s is constant, its angular velocity can be determined from

Ans.vs = 274.6 rad>svs 
2 = 02 + 2(30)(400p - 0)

vs 
2 = (vs)0 

2 + 2aC Cus - (us)0 D
us = (200 rev)a2p rad

1 rev
b = 400p rad

*16–12. If the motor of the electric drill turns the
armature shaft S with a constant angular acceleration of

, determine the angular velocity of the shaft
after it has turned 200 rev, starting from rest.
aS = 30 rad>s2

P
B

A

C

D

S

S
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Motion of Armature Shaft S: Here, . The angular

velocity of A can be determined from

When ,

Thus, the angular velocity of the shaft after it turns is

Ans.

The angular acceleration of the shaft is

When ,

Ans.as = 50

7.0831>2 = 18.8 rad>s2

t = 7.083 s

as =
dvs

dt
= 100a1

2
 t- 1>2b = a 50

t1>2 b  rad>s2

vs = 100(7.083)1>2 = 266 rad>s200 rev (t = 7.083 s)

t = 7.083 s

400p = 66.67t3>2us = 400p rad

us = A66.67t3>2 Brad

us|us
0 = 66.67t3>2 2  t

0

L
us

0
us = L

t

0
100t1>2dt

L  dus = L  vsdt

us = (200 rev)a2prad
1 rev

b = 400p

•16–13. If the motor of the electric drill turns the armature
shaft S with an angular velocity of ,
determine the angular velocity and angular acceleration of
the shaft at the instant it has turned 200 rev, starting from rest.

vS = (100t1>2) rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Motion of the Disk: We have

When ,

Solving for the positive root,

Also,

When ,

Motion of Point P: Using the result for and , the tangential and normal
components of the acceleration of point P are

Ans.

Ans.an = v2 rp = (13)2a 6
12
b = 84.5 ft>s2

at = arp = 2a 6
12
b = 1 ft>s2

av

v = 2(5) + 3 = 13 rad>st = 5 s(u = 40 rad)

a = dv
dt

= 2 rad>s2

t = 5 s

t2 + 3t - 40 = 0

40 = t2 + 3t

u = 40 rad

u = A t2 + 3t B  rad

u ƒ u0 = A t2 + 3t B 2 t
0

L
u

0
du = L

t

0
(2t + 3)dt

L  du = L  vdt

16–14. A disk having a radius of 6 in. rotates about a fixed
axis with an angular velocity of , where t is
in seconds. Determine the tangential and normal components
of acceleration of a point located on the rim of the disk at the
instant the angular displacement is .u = 40 rad

v = (2t + 3) rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Motion of Pulley A: The angular velocity of pulley A can be determined from

Using this result, the angular displacement of A as a function of t can be
determined from

When 

Thus, when , is

Ans.aA = 27 A5.06251>2 B = 60.8 rad>s2

aAt = 1 s

uA = c3
2

 (1) d4 = 5.0625 rad

t = 1 s

uA = a3
2

 tb4

 rad

t = a2
3

 uA 
1>4b  

s

t|t0 = 2
3

 uA 
1>4 2 uA

0

L
t

0
dt = L

uA

0

duA

6uA 
3>4

L  dt = L  
duA

vA

vA = A6uA 
3>4 B  rad>s

vA 
2

2
2 v
0

A

= 18uA 
3>2! uA

0

L
vA

0
vAdvA = L

uA

0
27uA 

1>2duA

L  vA dvA = L  aA duA

16–15. The 50-mm-radius pulley A of the clothes
dryer rotates with an angular acceleration of

where is in radians. Determine its
angular acceleration when , starting from rest.t = 1 s

uAaA = (27u1>2
A ) rad>s2,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.
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Motion of Pulley A: The angular velocity of pulley A can be determined from

When 

Ans.vA = 10(3) + 25 A32 B = 225 rad>st = 3 s

vA = A10t + 25t2 Brad>svA|vA
0 = A10t + 25t2 B 2  t0L

vA

0
dvA = L

t

0
(10 + 50t)dt

L  dvA = L  aAdt

*16–16. If the 50-mm-radius motor pulley A of the clothes
dryer rotates with an angular acceleration of

, where t is in seconds, determine its
angular velocity when , starting from rest.t = 3 s
aA = (10 + 50t) rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

50 mm A

Motion of the Shaft: The angular velocity of the shaft can be determined from

When 

Motion of the Beater Brush: Since the brush is connected to the shaft by a non-slip
belt, then

Ans.vB = ¢ rs

rB
≤vs = a0.25

1
b(256) = 64 rad>s

vB rB = vs rs

vs = 44 = 256 rad>st = 4 s

vS = A t4 B  rad>st = vS 
1>4t

2 t
0 = vS 

1>4 2
 

vs

0

L
t

0
dt = L

vs

0

dvS

4vS 
3>4

L  dt = L  
dvS

aS

•16–17. The vacuum cleaner’s armature shaft S rotates
with an angular acceleration of , where is
in . Determine the brush’s angular velocity when

, starting from rest.The radii of the shaft and the brush
are 0.25 in. and 1 in., respectively. Neglect the thickness of the
drive belt.

t = 4 s
rad>s va = 4v3>4 rad>s2

A S A S
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Angular Motion: The angular acceleration of gear B must be determined first. Here,
. Then,

The time for gear B to attain an angular velocity of can be obtained
by applying Eq. 16–5.

Ans. t = 100 s

 50 = 0 + 0.5t

 vB = (v0)B + aB t

vB = 50 rad>s
aB =

rA

rB
 aA = a 25

100
b(2) = 0.5 rad>s2

aA rA = aB rB

16–18. Gear A is in mesh with gear B as shown. If A starts
from rest and has a constant angular acceleration of

, determine the time needed for B to attain an
angular velocity of .vB = 50 rad>saA = 2 rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

rA ! 25 mm

rB ! 100 mm

A

a

B
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Angular Motion: The angular velocity of the blade after the blade has rotated
can be obtained by applying Eq. 16–7.

Motion of A and B: The magnitude of the velocity of point A and B on the blade can
be determined using Eq. 16–8.

Ans.

Ans.

The tangential and normal components of the acceleration of point A and B can be
determined using Eqs. 16–11 and 16–12 respectively.

The magnitude of the acceleration of points A and B are

Ans.

Ans.(a)B = = 2(at)2
B + (an)2

B = 25.002 + 125.662 = 126 ft>s2

(a)A = 2(at)2
A + (an)2

A = 210.02 + 251.332 = 252 ft>s2

 (an)B = v2 rB = A3.5452 B(10) = 125.66 ft>s2

 (at)B = arB = 0.5(10) = 5.00 ft>s2

 (an)A = v2 rA = A3.5452 B(20) = 251.33 ft>s2

 (at)A = arA = 0.5(20) = 10.0 ft>s2

vB = vrB = 3.545(10) = 35.4 ft>syA = vrA = 3.545(20) = 70.9 ft>s
 v = 3.545 rad>s v2 = 02 + 2(0.5)(4p - 0)

 v2 = v2
0 + 2ac (u  -   u0)

2(2p) = 4p rad

16–19. The vertical-axis windmill consists of two blades
that have a parabolic shape. If the blades are originally at
rest and begin to turn with a constant angular acceleration
of , determine the magnitude of the velocity
and acceleration of points A and B on the blade after the
blade has rotated through two revolutions.

ac = 0.5 rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

20 ft

B

A

ac ! 0.5 rad/s2

10 ft
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Angular Motion: The angular velocity of the blade at can be obtained by
applying Eq. 16–5.

Motion of A and B: The magnitude of the velocity of points A and B on the blade
can be determined using Eq. 16–8.

Ans.

Ans.

The tangential and normal components of the acceleration of points A and B can be
determined using Eqs. 16–11 and 16–12 respectively.

The magnitude of the acceleration of points A and B are

Ans.

Ans.(a)B = 2(at)2
B + (an)2

B = 25.002 + 40.02 = 40.3 ft>s2

(a)A = 2(at)2
A + (an)2

A = 210.02 + 80.02 = 80.6 ft>s2

 (an)B = v2 rB = A2.002 B(10) = 40.0 ft>s2

 (at)B = arB = 0.5(10) = 5.00 ft>s2

 (an)A = v2 rA = A2.002 B(20) = 80.0 ft>s2

 (at)A = arA = 0.5(20) = 10.0 ft>s2

yB = vrB = 2.00(10) = 20.0 ft>syA = vrA = 2.00(20) = 40.0 ft>s
v = v0 + ac t = 0 + 0.5(4) = 2.00 rad>s

t = 4 s

*16–20. The vertical-axis windmill consists of two blades
that have a parabolic shape. If the blades are originally at rest
and begin to turn with a constant angular acceleration of

, determine the magnitude of the velocity and
acceleration of points A and B on the blade when .t = 4 s
ac = 0.5 rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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20 ft

B

A

ac ! 0.5 rad/s2

10 ft

Ans.

Ans.

Ans.an = v2r; (aA)n = (11)2(2) = 242 ft>s2

at = ra; (aA)t = 2(6) = 12.0 ft>s2

v = rv; vA = 2(11) = 22 ft>sv = 8 + 6(0.5) = 11 rad>sv = v0 + ac t

16.21. The disk is originally rotating at If it is
subjected to a constant angular acceleration of 
determine the magnitudes of the velocity and the n and t
components of acceleration of point A at the instant
t = 0.5 s.

a = 6 rad>s2,
v0 = 8 rad>s.

2 ft

1.5 ft

B

A

V0 ! 8 rad/s
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Ans.

Ans.

Ans.(aB)n = v2r = (14.66)2(1.5) = 322 ft>s2

(aB)t = ar = 6(1.5) = 9.00 ft>s2

vB = vr = 14.66(1.5) = 22.0 ft>sv = 14.66 rad>sv2 = (8)2 + 2(6)[2(2p) - 0]

v2 = v2
0 + 2ac (u - u0)

16–22. The disk is originally rotating at If it
is subjected to a constant angular acceleration of

determine the magnitudes of the velocity and
the n and t components of acceleration of point B just after
the wheel undergoes 2 revolutions.

a = 6 rad>s2,

v0 = 8 rad>s.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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16–23. The blade C of the power plane is driven by pulley
A mounted on the armature shaft of the motor. If the
constant angular acceleration of pulley A is ,
determine the angular velocity of the blade at the instant A
has turned 400 rev, starting from rest.

aA = 40 rad>s2

2 ft

1.5 ft

B

A

V0 ! 8 rad/s

A

B

C

 25 mm

 50 mm

75 mm

Motion of Pulley A: Here, . Since the angular

velocity can be determined from

Motion of Pulley B: Since blade C and pulley B are on the same axle, both will have
the same angular velocity. Pulley B is connected to pulley A by a nonslip belt. Thus,

Ans.vC = vB = ¢ rA

rB
≤vA = a25

50
b(448.39) = 224 rad>s

vB rB = vA rA

vA = 448.39 rad>svA 
2 = 02 + 2(40)(800p - 0)

vA 
2 = (vA)0 

2 + 2aC CuA - (uA)0 D
uA = (400 rev)a2p rad

1 rev
b = 800p rad
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Motion of the Gear A: The angular velocity of gear A can be determined from

When 

Motion of Gears B, C, and D: Gears B and C which are mounted on the same axle
will have the same angular velocity. Since gear B is in mesh with gear A, then

Also, gear D is in mesh with gear C. Then

Ans.vD = ¢ rC

rD
≤vC = a 40

100
b(55.90) = 22.4 rad>s

vD rD = vC rC

vC = vB = ¢ rA

rB
≤vA = a 25

100
b(223.61) = 55.90 rad>s

vB rB = vA rA

vA = 20 A53>2 B = 223.61 rad>st = 5 s

vA = A20t3>2 B  rad>svA ! 
vA

0 = 20t3>2 2 t
0

L
vA

0
dvA = L

t

0
30t1>2dt

L  dvA = L  adt

*16–24. For a short time the motor turns gear A with an
angular acceleration of , where t is in
seconds. Determine the angular velocity of gear D when

, starting from rest. Gear A is initially at rest.The radii
of gears A, B, C, and D are , ,

, and , respectively.rD = 100 mmrC = 40 mm
rB = 100 mmrA = 25 mm

t = 5 s

aA = (30t1>2) rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
B

C
D
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Motion of Wheel A: Here,

when . Since the angular acceleration of gear

A is constant, it can be determined from

Thus, the angular velocity of gear A when is

Motion of Gears B, C, and D: Gears B and C which are mounted on the same axle
will have the same angular velocity. Since gear B is in mesh with gear A, then

Also, gear D is in mesh with gear C. Then

Ans.vD = ¢ rC

rD
≤vC = a 40

100
b(29.45) = 11.8 rad>s

vD rD = vC rC

vC = vB = ¢ rA

rB
≤vA = a 25

100
b(117.81) = 29.45 rad>s

vB rB = vB rA

 = 117.81 rad>s = 0 + 39.27(3)

 vA = AvA B0 + aA t

t = 3 s

aA = 39.27 rad>s2

(100p)2 = 02 + 2aA (400p - 0)

vA 
2 = (vA)0 

2 + 2aA CuA - (uA)0 D
uA = (200 rev)a2p rad

1 rev
b = 400p rad

vA = a3000 
rev
min
b a 1 min

60 s
b a2p rad

1rev
b = 100p rad>s

•16–25. The motor turns gear A so that its angular velocity
increases uniformly from zero to after the shaft
turns 200 rev. Determine the angular velocity of gear D when

. The radii of gears A, B, C, and D are ,
, , and , respectively.rD = 100 mmrC = 40 mmrB = 100 mm

rA = 25 mmt = 3 s

3000 rev>min

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

C
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Motion of Part C: Since the shaft that turns the robot’s arm is attached to gear D,
then the angular velocity of the robot’s arm . The distance of
part C from the rotating shaft is . The
magnitude of the velocity of part C can be determined using Eq. 16–8.

Ans.

The tangential and normal components of the acceleration of part C can be
determined using Eqs. 16–11 and 16–12 respectively.

The magnitude of the acceleration of point C is

Ans.aC = 2a2
t + a2

n = 202 + 106.072 = 106 ft>s2

 an = v2
R rC = A5.002 B(4.243) = 106.07 ft>s2

 at = arC = 0

yC = vR rC = 5.00(4.243) = 21.2 ft>s
rC = 4 cos 45° + 2 sin 45° = 4.243 ft
vR = vD = 5.00 rad>s

16–26. Rotation of the robotic arm occurs due to linear
movement of the hydraulic cylinders A and B. If this motion
causes the gear at D to rotate clockwise at 5 , determine
the magnitude of velocity and acceleration of the part C
held by the grips of the arm.

rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft

A

D

C

B 3 ft

45"
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16–27. For a short time, gear A of the automobile
starter rotates with an angular acceleration of

, where t is in seconds. Determine
the angular velocity and angular displacement of gear B
when , starting from rest. The radii of gears A and B
are 10 mm and 25 mm, respectively.

t = 2 s

aA = (450t2 + 60) rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

Motion of Gear A: Applying the kinematic equation of variable angular
acceleration,

When ,

When 

Motion of Gear B: Since gear B is meshed with gear A, Fig. a, then

Ans.

Ans. = 288 rad

 = 720¢ 0.01
0.025

≤ uB = uA¢ rA

rB
≤= 528 rad>s

= (1320)¢ 0.01
0.025

≤vB = vA¢ rA

rB
≤vp = vA rA = vB rB

uA = 37.5(2)4 + 30(2)2 = 720 rad

t = 2 s

uA = A37.5t4 + 30t2 B  rad

uA! uA

0 = 37.5t4 + 30t2 2 t
0

L
uA

0
duA = L

t

0
A150t3 + 60t Bdt

L  duA = L  vA dt

vA = 150(2)3 + 60(2) = 1320 rad>st = 2 s

vA = A150t3 + 60t B  rad>svA! 
vA

0 = 150t3 + 60t 2 t
0

L
vA

0
dvA = L

t

0
A450t2 + 60 Bdt

L  dvAL  aAdt
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*16–28. For a short time, gear A of the automobile starter
rotates with an angular acceleration of ,
where is in . Determine the angular velocity of gear B
after gear A has rotated 50 rev, starting from rest.The radii of
gears A and B are 10 mm and 25 mm, respectively.

rad>sv
aA = (50v1>2) rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

Motion of Gear A: We have

The angular displacement of gear A can be determined using this result.

When ,

Thus, the angular velocity of gear A at is

Motion of Gear B: Since gear B is meshed with gear A, Fig. a, then

Ans. = 329 rad>s
 = 821.88a 0.01

0.025
b

 vB = vA¢ rA

rB
≤vp = vA rA = vB rB

vA = 625(1.1472) = 821.88 rad>st = 1.147 s(uA = 100p rad)

t = 1.147 s

100p = 208.33t3

uA = 50 reva2p rad
1 rev

b = 100p rad

uA = A208.33t3 B  rad

uA! uA

0 = 208.33t3 2 t
0

L
uA

0
duA = L

t

0
A625t2 Bdt

L  duA = L  vA dt

vA = A625t2 B  rad>s
t! t0 = 1

25
vA 

1>2 2 vA

0

L
t

0
dt = L

vA

0
 

dvA

50vA 
1>2

L  dt = L  
dvA

aA
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•16–29. Gear A rotates with a constant angular velocity of
. Determine the largest angular velocity of

gear B and the speed of point C.
vA = 6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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100 mm

B

C

A

100 mm

100 mm

100 mm

vB
vA! 6 rad/s

16–30. If the operator initially drives the pedals at
and then begins an angular acceleration of

, determine the angular velocity of the flywheel
when . Note that the pedal arm is fixed connected

to the chain wheel A, which in turn drives the sheave B
using the fixed connected clutch gear D. The belt wraps
around the sheave then drives the pulley E and fixed-
connected flywheel.

t = 3 sF
30 rev>min2
20 rev>min,

When rA is max., rB is min.

Ans.

Ans.vC = 0.6 m>svC = (vB)max rC = 8.49 A0.0522 B(vB)max = 8.49 rad>s
(vB)max = 6a rA

rB
b = 6¢5022

50
≤vB (rB) = vA rA

(rB)min = (rA)min = 50 mm

(rB)max = (rA)max = 5022 mm

D
B

A

rA ! 125 mm
rD ! 20 mm

rB ! 175 mm
rE ! 30 mm

F

E

Ans.vF = 784 rev>min

vE = 783.9 rev>min

134.375(175) = vE(30)

vB rB = vE rE

vD = vB = 134.375

21.5(125) = vD (20)

vA rA = vD rD

vA = 20 + 30a 3
60
b = 21.5 rev>min

v = v0 + ac t

91962_06_s16_p0513-0640  6/8/09  2:15 PM  Page 533



534

16–31. If the operator initially drives the pedals at
and then begins an angular acceleration of

, determine the angular velocity of the flywheel
after the pedal arm has rotated 2 revolutions. Note that

the pedal arm is fixed connected to the chain wheel A,
which in turn drives the sheave B using the fixed-
connected clutch gear D. The belt wraps around the sheave
then drives the pulley E and fixed-connected flywheel.

F
8 rev>min2
12 rev>min,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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D
B

A

rA ! 125 mm
rD ! 20 mm

rB ! 175 mm
rE ! 30 mm

F

E

Ans.vF = 484 rev>min

vE = 483.67

82.916(175) = vE(30)

vB rB = vE rE

vD = vD = 82.916

13 266(125) = vD (20)

vA rA = vD rD

v = 13 266 rev>min

v2 = (12)2 + 2(8)(2 - 0)

v2 = v2
0 + 2ac (u - u0)
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Angular Motion: The angular velocity between wheels A and B can be related by

During time dt, the volume of the tape exchange between the wheel is

[1]

Applying Eq. 16–2 with , we have

[2]

Substituting Eq.[1] into [2] yields

[3]

The volume of tape coming out from wheel A in time dt is

[4]

Substitute Eq.[4] into [3] gives

Ans.aB =
v2

A T
2pr3

B
 Ar2

A + r2
B B

 
drA

dt
=
vA T
2p

 2prA drA = (vA rA dt) T

aB = vA a r2
A + r2

B

r3
B
bdrA

dt

aB =
dvB

dt
= d

dt
 c rA

rB
 vA d = vA a 1

rB
 
drA

dt
-

rA

r2
B

 
drB

dt
b

vB =
rA

rB
 vA

drB = - ¢ rA

rB
≤drA

-2prB drB = 2prA drA

vA rA = vB rB or vB =
rA

rB
 vA

*16–32. The drive wheel A has a constant angular velocity
of . At a particular instant, the radius of rope wound on
each wheel is as shown. If the rope has a thickness T,
determine the angular acceleration of wheel B.

vA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B
A

A v

rB rA
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When 

Ans.

Ans.

The point having the greatest velocity and acceleration is located furthest from the
axis of rotation. This is at , where .

Hence,

Ans.

Ans.aP = 205 m>s2

aP = 2(at)2
P + (an)2

P = 2(7.532)2 + (204.89)2

(an)P = v2(z) = (28.63)2(0.25) = 204.89 m>s2

(at)P = a(z) = A1.5e3 B(0.25) = 7.532 m>s2

vP = v(z) = 28.63(0.25) = 7.16 m>s
z = 0.25 sin (p0.5) = 0.25 my = 0.5 m

u = 1.5 Ce3 - 3 - 1 D = 24.1 rad

v = 1.5 Ce3 - 1 D = 28.63 = 28.6 rad>st = 3 s

u = 1.5 Cet - t D t0 = 1.5 Cet - t - 1 DL
u

0
du = 1.5L

t

0
Cet - 1 D  dt

du = v dt

v = 1.5et! t0 = 1.5 Cet - 1 DL
v

0
dv = L

t

0
1.5et dt

dv = a dt

•16–33. If the rod starts from rest in the position shown
and a motor drives it for a short time with an angular
acceleration of , where t is in seconds,
determine the magnitude of the angular velocity and the
angular displacement of the rod when . Locate the
point on the rod which has the greatest velocity and
acceleration, and compute the magnitudes of the velocity
and acceleration of this point when . The rod is
defined by where the argument for the
sine is given in radians and y is in meters.

z = 0.25 sin(py) m,
t = 3 s

t = 3 s

a = (1.5et) rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

x y

1 m

z = 0.25 sin (   y)π
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We will first express the angular velocity of the plate in Cartesian vector form.The
unit vector that defines the direction of is

Thus,

Since is constant

For convenience, is chosen. The velocity and acceleration of
point C can be determined from

Ans.

and

Ans. = [38.4i - 64.8j + 40.8k]m>s2

 = 0 + (-6i + 4j + 12k) * [(-6i + 4j + 12k) * (-0.3i + 0.4j)]

 aC = a * rC

 = [-4.8i - 3.6j - 1.2k] m>s = (-6i + 4j + 12k) * (-0.3i + 0.4j)

 vC = v * rC

rC = [-0.3i + 0.4j] m

a = 0

v

v = vuOA = 14a - 3
7

 i + 2
7

 j + 6
7

kb = [-6i + 4j + 12k] rad>s
uOA =

-0.3i + 0.2j + 0.6k2(-0.3)2 + 0.22 + 0.62
= - 3

7
 i + 2

7
 j + 6

7
 k

v
v

16–34. If the shaft and plate rotate with a constant
angular velocity of , determine the velocity
and acceleration of point C located on the corner of the
plate at the instant shown. Express the result in Cartesian
vector form.

v = 14 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x y

C
O

D

B

z

0.2 m

0.3 m

0.3 m

0.4 m

0.4 m

0.6 m

A
v

a
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We will first express the angular velocity of the plate in Cartesian vector form.The
unit vector that defines the direction of and is

Thus,

For convenience, is chosen. The velocity and acceleration of
point D can be determined from

Ans.

and

 = [4.8i + 3.6j + 1.2k]m>s = (-6i + 4j + 12k) * (-0.3i + 0.4j)

 vD = v * rD

rD = [-0.3i + 0.4j] m

a = auOA = 7a - 3
7

 i + 2
7

 j + 6
7

kb = [-3i + 2j + 6k] rad>s
v = vuOA = 14a - 3

7
 i + 2

7
 j + 6

7
kb = [-6i + 4j + 12k] rad>s

uOA =
-0.3i + 0.2j + 0.6k2(-0.3)2 + 0.22 + 0.62

= - 3
7

 i + 2
7

 j + 6
7

 k

av
v

16–35. At the instant shown, the shaft and plate rotates
with an angular velocity of and angular
acceleration of . Determine the velocity and
acceleration of point D located on the corner of the plate at
this instant. Express the result in Cartesian vector form.

a = 7 rad>s2
v = 14 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x y

C
O

D

B

z

0.2 m

0.3 m

0.3 m

0.4 m

0.4 m

0.6 m

A
v

a

 = (-3i + 2j + 6k) * (-0.3i + 0.4j) + (-6i + 4j + 12k) * [(-6i + 4j + 12k) * (-0.3i + 0.4j)]

 aD = a * rD - v2 rD

Ans. = [-36.0i + 66.6j + 40.2k]m>s2
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Position Coordinate Equation: From the geometry,

[1]

Time Derivatives: Taking the time derivative of Eq. [1], we have

[2]

However, and , then from Eq. [2]

Ans.

Note: Negative sign indicates that is directed in the opposite direction to that of
positive x.

y

y = -2 csc2 u(5) = A -10 csc2u B
du
dt

= v = 5 rad>sdx
dt

= y

dx
dt

= -2 csc2 u 
du
dt

x = 2
tan u

= 2 cot u

*16–36. Rod CD presses against AB, giving it an angular
velocity. If the angular velocity of AB is maintained at

, determine the required magnitude of the
velocity v of CD as a function of the angle of rod AB.u
v = 5 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

D
C

Au

v

v

x

2 ft

Position Coordinate Equation:

Time Derivatives:

Ans.y
# = yy = 4 cos uu

#
= 4 cos ua0.375

sin u
b = 1.5 cot u

-1.5 = -4 sin uu
#   u

#
= 0.375

sin u

x
# = -4 sin uu

#  However, x
# = -yA = -1.5 ft>s

x = 4 cos u  y = 4 sin u

•16–37. The scaffold S is raised by moving the roller at A
toward the pin at B. If A is approaching B with a speed of
1.5 , determine the speed at which the platform rises as a
function of . The 4-ft links are pin connected at their
midpoint.

u
ft>s

D E

B
uA1.5 ft/s

S

C

4 ft
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Position Coordinate Equation: From the geometry,

[1]

Time Derivatives: Taking the time derivative of Eq. [1], we have

[2]

Since is directed toward negative x, then . Also, .

From Eq.[2],

Ans.

Here, . Then from the above expression

[3]

However, and . Substitute these values into

Eq.[3] yields

Ans.a =
y0

a
 sin 2uay0

a
 sin2ub = ay0

a
b2

 sin 2u sin2 u

v = du
dt

=
y0

a
 sin2 u2 sin u cos u = sin 2u

a =
y0

a
 (2 sin u cos u)

du
dt

a = dv
dt

 v =
y0

a csc2 u
=
y0

a
 sin2 u

 -y0 = -a csc2 u(v)

du
dt

= vdx
dt

= -y0y0

dx
dt

= -a csc2 u 
du
dt

x = a
tan u

= a cot u

16–38. The block moves to the left with a constant
velocity . Determine the angular velocity and angular
acceleration of the bar as a function of .u

v0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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a
u

x v0
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16–39. Determine the velocity and acceleration of platform
P as a function of the angle of cam C if the cam rotates with
a constant angular velocity . The pin connection does not
cause interference with the motion of P on C.The platform is
constrained to move vertically by the smooth vertical guides.

V
u

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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r

P

C

u

y

Position Coordinate Equation: From the geometry.

[1]

Time Derivatives: Taking the time derivative of Eq. [1], we have

[2]

However and . From Eq.[2],

Ans.

Taking the time derivative of the above expression, we have

[4]

However and . From Eq.[4],

Ans.

Note: Negative sign indicates that a is directed in the opposite direction to that of
positive y.

a = -v2 r sin u

a = dv
dt

= 0a = dy
dt

 = racos u 
dv
dt

- v2 sin ub
 
dy
dt

= r cv(-sin u) 
du
dt

+ cos u
dv
dt
d

y = vr cos u

v = du
dt

y =
dy

dt

dy

dt
= r cos u 

du
dt

y = r sin u + r
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As shown by the construction, as A rolls through the arc , the center of the
disk moves through the same distance . Hence,

Ans.

Link

Thus, A makes 2 revolutions for each revolution of CD. Ans.

2uCD = uA

s¿ = 2ruCD = s = uA r

vA = 33.3 rad>s5 = vA (0.15)

s
# = u

#
A r

s = uA r

s¿ = s
s = uA r

*16–40. Disk A rolls without slipping over the surface of
the fixed cylinder B. Determine the angular velocity of A if
its center C has a speed . How many revolutions
will A rotate about its center just after link DC completes
one revolution?

vC = 5 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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C

D

B

A

vC ! 5 m/s

150 mm

150 mm

vA
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•16–41. Crank AB rotates with a constant angular
velocity of 5 . Determine the velocity of block C and
the angular velocity of link BC at the instant .u = 30°

rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
u

B

C

5 rad/s
600 mm 300 mm

150 mm

Position Coordinate Equation: From the geometry,

[1]

[2]

Eliminate from Eqs. [1] and [2] yields

[3]

Time Derivatives: Taking the time derivative of Eq. [3], we have

[4]

However, and , then from Eq.[4]

[5]

At the instant , . Substitute into Eq.[5] yields

Ans.

Taking the time derivative of Eq. [2], we have

[6]

However, and , then from Eq.[6]

[7]

At the instant , from Eq.[2], . From Eq.[7]

Ans.

Note: Negative sign indicates that is directed in the opposite direction to that of
positive x.

yC

vBC = a2 cos 30°
cos 30.0°

b(5) = 10.0 rad>s
f = 30.0°u = 30°

vBC = a2 cos u
cos f

bvAB

du
dt

= vAB
df

dt
= vBC

0.6 cos u 
du
dt

= 0.3 cos f 
df

dt

yC = B -0.6 sin 30° +
0.15(2 cos 30° - 4 sin 60°)22 sin 30° - 4 sin2 30° + 0.75

R(5) = -3.00 m>s
vAB = 5 rad>su = 30°

yC = B -0.6 sin u +
0.15(2 cos u - 4 sin 2u)22 sin u - 4 sin2u + 0.75

RvAB

du
dt

= vAB
dx
dt

= yC

dx
dt

= B -0.6 sin u +
0.15(2 cos u - 4 sin 2u)22 sin u - 4 sin2u + 0.75

R  
du
dt

x = 0.6 cos u + 0.322 sin u - 4 sin2 u + 0.75

f

 0.6 sin u = 0.15 + 0.3 sin f

 x = 0.6 cos u + 0.3 cos f
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Position Coordinate Equation:

Time Derivatives:

Ans.yB = ah
d
byA

x
# = ah

d
by

#

x = ah
d
by

tan u = h
x

= d
y

16–42. The pins at A and B are constrained to move in the
vertical and horizontal tracks. If the slotted arm is causing A
to move downward at , determine the velocity of B as a
function of u.

vA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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90"

vA

y

d

h

x

B

u

A
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Position Coordinate Equation: From the geometry.

[1]

Time Derivatives: Taking the time derivative of Eq.[1], we have

[2]

Since is directed toward positive x, then . Also, . From the

geometry, and . Substitute these values into Eq.[2], we

have

Ans.

Taking the time derivative of Eq. [2], we have

[3]

Here, and . Substitute into Eq.[3], we have

[4]

However, , and . Substitute

these values into Eq.[4] yields

Ans.a = B r(2x2 - r2)

x2(x2 - r2)3>2 Ry2
A

v = - ¢ r

x2x2 - r2
≤yAcos u = 2x2 - r2

x
sin u = r

x

a = ¢1 + cos2 u
sin u cos u

≤v2

 0 = r
sin2 u

 B ¢1 + cos2 u
sin u

≤v2 - a cos uRd2u

dt2 = ad2x
dt2 = a = 0

d2x
dt2 = r

sin2 u
= B ¢1 + cos2 u

sin u
≤ adu

dt
b2

- cos u
d2u

dt2 R
 v = - ¢ r

x2x2 - r2
≤yA

 yA = - ¢ r A2x2 - r2>x B
(r>x)2 ≤vcos u = 2x2 - r2

x
sin u = r

x

du
dt

= vdx
dt

= yAy0

dx
dt

= - r cos u
r sin2 u

du
dt

x = r
sin u

16–43. End A of the bar moves to the left with a constant
velocity . Determine the angular velocity and angular
acceleration of the bar as a function of its position x.A

VvA
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A

,

x

vA
r

u
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Position Coordinate Equation: From the geometry,

[1]

Time Derivatives: Taking the time derivative of Eq. [1], we have

[2]

However and . From Eq.[2],

[3]

At the instant , , then substitute these values into Eq.[3] yields

Ans.

Taking the time derivative of Eq. [3], we have

[4]

However and . From Eq.[4],

[5]

At the instant , and , then substitute these values
into Eq.[5] yields

Ans.

Note: Negative sign indicates that a is directed in the opposite direction to that of
positive x.

a = 0.12 A2 cos 30° - 42 sin 30° B = -0.752 m>s2

a = 2 rad>s2v = 4 rad>su = 30°

a = 0.12 Aa cos u - v2 sin u Ba = dv
dt

a = dy
dt

 = 0.12acos u 
dv
dt

- v2 sin ub
 
dy
dt

= 0.12 cv(-sin u) 
du
dt

+ cos u
dv
dt
d

y = 0.12(4) cos 30° = 0.416 m>sv = 4 rad>su = 30°

y = 0.12v cos u

v = du
dt

y = dx
dt

dx
dt

= 0.12 cos u 
du
dt

x = 0.12 sin u + 0.15

*16–44. Determine the velocity and acceleration of the
plate at the instant , if at this instant the circular cam
is rotating about the fixed point O with an angular velocity

and an angular acceleration .a = 2 rad>s2v = 4 rad>s u = 30°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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O
120 mm

150 mm

C
u

,
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Position Coordinates: Due to symmetry, . Thus, from the geometry shown in
Fig. a,

Time Derivative: Taking the time derivative,

(1)

When , Thus,

Ans.

The time derivative of Eq. (1) gives

When , , and . Thus,

Ans.

The negative sign indicates that vC and aC are in the negative sense of xC.

 = -52.6 m>s2 = 52.6 m>s2 ;
 aC = -0.6 Csin 30°(2) + cos 30°(102) Du

#
= 10 rad>su

$
= a = 2 rad>s2u = 30°

aC = x
$

C = -0.6 Asin uu
$

+ cos uu
#
2 B  m>s2

vC = -0.6 sin 30°(10) = -3 m>s = 3 m>s ;
u
#

= v = 10 rad>su = 30°

vC = x
#
C = A -0.6 sin uu

# Bm>s
xC = 2[0.3 cos u]m = 0.6 cos u m

f = u

•16–45. At the instant crank AB rotates with an
angular velocity and angular acceleration of 
and , respectively. Determine the velocity and
acceleration of the slider block at this instant. Take

.a = b = 0.3 m
C

a = 2 rad>s2
v = 10 rad>su = 30°,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Position Coordinates: The angles and can be related using the law of sines and
referring to the geometry shown in Fig. a.

(1)

When ,

Time Derivative: Taking the time derivative of Eq. (1),

(2)

When , and ,

Ans.

The time derivative of Eq. (2) gives

When , , , and ,

Ans.

The negative sign indicates that acts counterclockwise.aBC

 = -21.01 rad>s2

 aBC =
0.6 Ccos 30°(2) - sin 30°(102) D + sin 17.46°(5.4472)

cos 17.46°

u
$

= a = 2 rad>s2f
#

= 5.447 rad>su
#

= 10 rad>sf = 17.46°u = 30°

aBC = f
$

=
0.6 Acos uu

$
- sin uu

#
2 B + sin ff

#
2

cos f

cos ff
# #

- sin ff
#
2 = 0.6 Acos uu

$
- sin uu

#
2 B

vBC = f
#

= 0.6 cos 30°
cos 17.46°

 (10) = 5.447 rad>s = 5.45 rad>s
u
#

= 10 rad>sf = 17.46°u = 30°

vBC = f
#

= 0.6 cos u
cos f

 u
#

cos ff
#

= 0.6 cos uu
#

f = sin- 1 (0.6 sin 30°) = 17.46°

u = 30°

sin f = 0.6 sin u

sin f
0.3

= sin u
0.5

fu

16–46. At the instant , crank rotates with an
angular velocity and angular acceleration of 
and , respectively. Determine the angular
velocity and angular acceleration of the connecting rod BC
at this instant. Take and .b = 0.5 ma = 0.3 m

a = 2 rad>s2
v = 10 rad>sABu = 30°
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Position Coordinates: Applying the law of cosines to the geometry shown in Fig. a,

However, . Thus,

Time Derivatives: Taking the time derivative,

(1)

When , .Also, since is directed
towards the negative sense of s. Thus, Eq. (1) gives

Ans.v = u
#

= 0.0808 rad>s7 A -0.15 B = -15 sin 60°u
#

s
#

s
# = -0.15 m>ss = 234 +  30 cos 60° = 7 mu = 60°

ss
# = -  15 sin uu

#
2ss

# = 0  +   30 A -  sin uu
# B

s2 = 34  +   30  cos u

cos A180°-u B = -  cos u

s2 = 34 -  30 cos A180°-u Bs2 = 32 + 52 - 2(3)(5) cos A180°-u B

16–47. The bridge girder G of a bascule bridge is raised
and lowered using the drive mechanism shown. If the
hydraulic cylinder AB shortens at a constant rate of

, determine the angular velocity of the bridge girder
at the instant .u = 60°
0.15 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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*16–48. The man pulls on the rope at a constant rate of
. Determine the angular velocity and angular

acceleration of beam AB when . The beam rotates
about A. Neglect the thickness of the beam and the size of
the pulley.

u = 60°
0.5 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

C

6 m

6 m

A

u

Position Coordinates: Applying the law of cosines to the geometry,

Time Derivatives: Taking the time derivative,

(1)

Here, since acts in the negative sense of s. When ,
. Thus, Eq. (1) gives

Ans.

The negative sign indicates that acts in the negative rotational sense of .The time
derivative of Eq.(1) gives

(2)

Since is constant, . When .

Ans.a = u
$

=  0.00267 rad>s2

6(0) + (-0.5)2 = 36 csin 60° u
$

+  cos 60° A -0.09623)2 du = 60°s
$ = 0s

#

ss
$ + s

# 2 = 36asin uu
$

+ cos uu2
# b

uv

v = u
#

= -0.09623 rad>s - 0.0962 rad>s6 A -0.5 B = 36 sin 60°u
#

s = 272 -  72 cos 60° = 6 m
u = 60°s

#
s
# = -0.5  m>s

ss
# = 36  sin uu

#
2ss

# = 0-  72 A -  sin uu
# B

s2 = A72-  72 cos u B  m2

s2 = 62 + 62
 -  2(6)(6) cos u

91962_06_s16_p0513-0640  6/8/09  2:36 PM  Page 550



551

Position Coordinates: From the geometry shown in Fig.a,

Time Derivative: Taking the time derivative,

(1)

Here, since acts in the positive rotational sense of . When
,

Ans.

Taking the time derivative of Eq.(1) gives

Since is constant, . When ,

Ans.

The negative signs indicates that vCD and aCD act towards the negative sense of xB.

 = -259.80 ft>s = 260 ft>s2 ;
 aCD = -3 csin 30°(0) + cos 30° (102) du = 30°u

#
 

#
= a = 0v

aCD = x
$

B = -3asin uu
$

+ cosuu
#
2b

vCD = -3 sin 30° A10 B = -15 ft >  s = 15 ft >  s ;
u = 30°

uvu
#

= v = 10 rad >  s

vCD = x
#
B = -3 sin uu

#
  ft>s

xB = 3 cos u ft

•16–49. Peg B attached to the crank AB slides in the slots
mounted on follower rods, which move along the vertical
and horizontal guides. If the crank rotates with a constant
angular velocity of , determine the velocity
and acceleration of rod CD at the instant .u = 30°

v = 10 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Position Coordinates: From the geometry shown in Fig.a,

Time Derivatives: Taking the time derivative,

(1)

Here, since acts in the positive rotational sense of . When
,

Ans.

The time derivative of Eq.(1) gives

Since is constant, . When ,

Ans.

The negative signs indicates that aEF acts towards the negative sense of yB.

 = -150 ft>s2 = 150 ft>s2T

 aEF = 3 ccos 30°(0) - sin 30° (102) du = 30°u
$

= a = 0v

aEF = y
$

B = 3 ccos uu
$

 - sin uu
#
2 d  ft>s2

vEF = 3 cos 30° A10 B = 25.98 ft >  s = 26 ft >  sc

u = 30°
uvu

#
= v = 10 rad >  s

vEF = y
#
B = 3 cos uu

#
 ft >  s

yB = 3 sin u ft

16–50. Peg B attached to the crank AB slides in the slots
mounted on follower rods, which move along the vertical
and horizontal guides. If the crank rotates with a constant
angular velocity of , determine the velocity
and acceleration of rod EF at the instant .u = 30°

v = 10 rad>s
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F

E

v ! 10 rad/s

B

DC

A

3 ft

u

A B

15 ft

12 ft

C
u

Position Coordinates: Applying the law of cosines to the geometry shown in Fig. a,

(1)

Time Derivatives: Taking the time derivative,

(2)

since the hydraulic cylinder is extending towards the positive sense of s.
When , from Eq. (1), .Thus, Eq.(2) gives

Ans.u
#

= 0.0841 rad>s7.565(1) = 180 sin 30° u
#

s = 2369 - 360 cos 30° = 7.565 ftu = 30°
s
# = +1 ft>s

ss
# = 180 sin uu

#
2ss

# = 360 sin uu
#

s2 = (369 - 360 cos u) ft2

s2 = 152 + 122 - 2(15)(12) cos u

16–51. If the hydraulic cylinder AB is extending at a
constant rate of , determine the dumpster’s angular
velocity at the instant .u = 30°

1 ft>s
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Position Coordinates: Applying the law of sines to the geometry shown in Fig. a,

However, . Therefore,

Time Derivative: Taking the time derivative,

(1)

Since point A is on the wedge, its velocity is . The negative sign indicates
that vA is directed towards the negative sense of xA. Thus, Eq. (1) gives

Ans.u
#

=
v sin f

L cos (f - u)

vA = -v

vA = x
#
A = -  

L cos (f - u)u
#

sin f

x
#
A =

L cos (f - u)(-u
#
)

sin f

xA =
L sin (f - u)

sin f

sin A180° - f B = sinf

xA =
L sin(f - u)

sin A180° - f B
xA

sin(f - u) = L

sin A180° - f B

*16–52. If the wedge moves to the left with a constant
velocity v, determine the angular velocity of the rod as a
function of .u

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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L
v

fu

Ans.

Ans. =
15 (v2 cos u + a sin u)

(34 - 30 cos u) 
1
2

- 225 v2 sin2 u

(34 - 30 cos u) 
3
2

 aB = s
# =

15 v cos uu
#

+ 15v
#  sin u234 - 30 cos u

+
a -  

1
2
b(15v sin u)a30 sin uu

# b
(34 - 30 cos u) 

3
2

vB = 15 v sin u

(34 - 30 cos u)
1
2

vB = s
# = 1

2
 (34 - 30 cos u)- 1

2(30  sin u)u
#

s = 232 + 52 - 2(3)(5) cos u

•16–53. At the instant shown, the disk is rotating with an
angular velocity of and has an angular acceleration of .
Determine the velocity and acceleration of cylinder B at
this instant. Neglect the size of the pulley at C.

AV
3 ft

5 ft

A

V, A C
u

B
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16–54. Pinion gear A rolls on the fixed gear rack B with an
angular velocity . Determine the velocity of the
gear rack C.

v = 4 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Also:

Ans.vC = 2.40 ft>s-vC i = 0 + (4k) * (0.6j)

vC = vB + v * rC>B
vC = 2.40 ft>s( ;+ ) vC = 0 + 4(0.6)

vC = vB + vC>B

C

B

v 0.3 ft
A

Ans.

Ans.

Also,

Ans.

Ans.vA = 2 ft>s :
vA i = 8i + 20k * (0.3j)

vA = vB + v * rA>B
v = 20 rad>s-4 = 8 - 0.6v

-4i = 8i + (vk) * (0.6j)

vC = vB + v * rC>B

 vA = 2 ft>s :
 ( :+ ) vA = 8 - 20(0.3)

 vA = vB + vA>B
 v = 20 rad>s ( :+ ) -4 = 8 - 0.6(v)

 vC = vB + vC>B

16–55. Pinion gear rolls on the gear racks and . If B
is moving to the right at 8 and C is moving to the left at
4 , determine the angular velocity of the pinion gear and
the velocity of its center A.

ft>s ft>s CBA C

B

v 0.3 ft
A

91962_06_s16_p0513-0640  6/8/09  2:36 PM  Page 554



555

Ans. a :+ b yC = 1.33 ft>s :

 cyC: d = 0 + c1.33:(1) d
 vC = vD + vC>D

 a :+ b 2 = 1.5v v = 1.33 rad>s
 c 2: d = 0 + cv( 1:.5) d
 vA = vD + vA>D

*16–56. The gear rests in a fixed horizontal rack. A cord is
wrapped around the inner core of the gear so that it
remains horizontally tangent to the inner core at A. If the
cord is pulled to the right with a constant speed of 2 ,
determine the velocity of the center of the gear, C.

ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

C

A

0.5 ft

1 ft v ! 2 ft/s

•16–57. Solve Prob. 16–56 assuming that the cord is
wrapped around the gear in the opposite sense, so that the
end of the cord remains horizontally tangent to the inner
core at B and is pulled to the right at 2 .ft>s

B

C

A

0.5 ft

1 ft v ! 2 ft/s

Ans. a :+ b yC = 4 ft>s :

 cyC: d = 0 + c4 (:1) d
 vC = vD + vC>D

 a :+ b 2 = 0.5v v = 4 rad>s
 c 2: d = 0 + cv( 0:.5) d
 vB = vD + vB>D
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Ans.

Also,

Ans.a :+ b vA = 9.20 m>s :
vA i = 8i + (10k) * (-0.12j)

vA = vO + v * rA>O

vA = 9.20 m>s :
a :+ b vA = 8 + 10(0.12)

vA = vO + vA>O

16–58. A bowling ball is cast on the “alley” with a
backspin of while its center O has a forward
velocity of . Determine the velocity of the
contact point A in contact with the alley.

vO = 8 m>sv = 10 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 ! 10 rad/s

O

A

v

vO ! 8 m/s

120 mm

General Plane Motion: Applying the relative velocity equation to points B and C
and referring to the kinematic diagram of the gear shown in Fig. a,

Equating the i components yields

(1)

Ans. (2)

For points O and C,

Thus,

Ans.vO = 0.667 ft>s :

 = [0.6667i] ft>s = -4i + A -3.111k B * A1.5j B vO = vC + v * rO>C

v = 3.111 rad>s3 = 2.25v - 4

3i = A2.25v - 4 B i3i = -4i + A -vk B * A2.25j BvB = vC + v * rB>C

16–59. Determine the angular velocity of the gear and the
velocity of its center O at the instant shown.

3 ft/s

4 ft/s

A

O
0.75 ft

1.50 ft
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General Plane Motion: Applying the relative velocity equation to points B and C
and referring to the kinematic diagram of the gear shown in Fig. a,

Equating the i components yields

(1)

(2)

For points A and C,

Equating the i and j components yields

Thus, the magnitude of vA is

Ans.

and its direction is

Ans.u = tan- 1 C AvA ByAvA Bx S = tan- 1¢3.2998
3.9665

≤ = 39.8°

vA = 2 AvA Bx 
2 + AvA By 

2 = 23.96652 + 3.29982 = 5.16 ft>s
AvA Bx = 3.9665 ft>s  AvA By = 3.2998 ft>s

AvA Bx i + AvA By j = 3.9665i +  3.2998j

AvA Bx i + AvA By j = -4i + A -3.111k B * A -1.061i + 2.561j BvA = vC + v * rA>C

v = 3.111 rad>s3 = 2.25v - 4

3i = A2.25v - 4 B i3i = -4i + A -vk B * A2.25j BvB = vC + v * rB>C

*16–60. Determine the velocity of point on the rim of
the gear at the instant shown.

A

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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3 ft/s

4 ft/s

A

O
0.75 ft

1.50 ft

45"
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•16–61. The rotation of link AB creates an oscillating
movement of gear F. If AB has an angular velocity of

, determine the angular velocity of gear F at
the instant shown. Gear E is rigidly attached to arm CD and
pinned at D to a fixed point.

vAB = 6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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25 mm

C

A

B

D

E

v

F

150 mm
75 mm

100 mm

100 mm

AB ! 
  6 rad/s

30"

Kinematic Diagram: Since link AB and arm CD are rotating about the fixed points
A and D respectively, then vB and vC are always directed perpendicular their their
respective arms with the magnitude of and

. At the instant shown, vB and vC are directed toward
negative x axis.

Velocity Equation: Here,
. Applying Eq. 16–16, we have

Equating i and j components gives

Angular Motion About a Fixed Point: The angular velocity of gear E is the same
with arm CD since they are attached together. Then, . Here,

where is the angular velocity of gear F.

Ans.vF =
rE

rF
 vE = a100

25
b(3.00) = 12.0 rad>s

vFvE rE = vF rF

vE = vCD = 3.00 rad>s
 -0.450 = - [0.05(0) + 0.15vCD] vCD = 3.00 rad>s 0 = 0.08660vBC vBC = 0

 -0.450i = -(0.05vBC + 0.15vCD)i + 0.08660vBCj

 -0.450i = -0.15vCD i + (vBCk) * (0.08660i + 0.05j)

 vC = vB + vBC * rC>B
+ 0.05j} m

rB>C = {-0.1 cos 30°i + 0.1 sin 30°j} m = {-0.08660i

yC = vCD rCD = 0.15vCD

yB = vAB rAB = 6(0.075) = 0.450 m>s
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From the geometry:

For link BP

Equating the i and j components yields:

(1)

(2)

Solving Eqs. (1) and (2) yields:

For crankshaft AB: Crankshaft AB rotates about the fixed point A. Hence

d Ans.478.53 = vAB(1.45) vAB = 330 rad>s yB = vAB rAB

vBP = 83.77 rad>s yB = 478.53 in.>s
300 = yB sin 30° + 5 cos 81.66° vBP 0 = -yB cos 30° + 5 sin 81.66° vBP 

300j = (-yB cos 30°i + 5 sin 81.66°vBP)i + (yB sin 30° + 5 cos 81.66° vBP)j

300j = (-yB cos 30°i + yB sin 30°j) + (-vBPk) * (-5cos 81.66°i + 5 sin 81.66°j)

vP = vB + v * rP>B
rP>B = {-5 cos 81.66°i + 5 sin 81.66°j} in.

vP = {300j} in>s vB = -yB cos 30°i + yB sin 30°j v = -vBPk

cos u = 1.45 sin 30°
5
 u = 81.66°

16–62. Piston P moves upward with a velocity of 300 
at the instant shown. Determine the angular velocity of the
crankshaft AB at this instant.

in.>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2.75 in.

vP ! 300 in./s

P

5 in.
G

B

A

1.45 in.

30"
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From the geometry:

For link BP

Equating the i and j components yields:

(1)

(2)

Solving Eqs. (1) and (2) yields:

Ans.

Ans. u = tan- 1a272.67
186.49

b = 55.6°  b

 yG = 2(-186.49)2 + 272.672 = 330 in.>s = {-186.49i + 272.67j} in.>s = 300j + (-83.77k) * (2.25 cos 81.66°i - 2.25 sin 81.66°j)

 vG = vP + v * rG>P
rG>P = {2.25 cos 81.66°i - 2.25 sin 81.66°j} in.

vP = {300j} in>s v = {-83.77k} rad>svBP = 83.77 rad>s yB = 478.53 in.>s
300 = yB sin 30° + 5 cos 81.66° vBP

0 = -yB cos 30° + 5 sin 81.66° vBP

300j = (-yB cos 30° + 5 sin 81.66° vBP)i + (yB sin 30° + 5 cos 81.66° vBP)j

300j = (-yB cos 30°i + yB sin 30°j) + (-vBPk) * (-5 cos 81.66°i + 5 sin 81.66°j)

vP = vB + v * rP>B
rP>B = {-5 cos 81.66°i + 5 sin 81.66°j} in.

vP = {300j} in>s vB = -yB cos 30°i + yB sin 30°j v = -vBPk

cos u = 1.45 sin 30°
5
 u = 81.66°

16–63. Determine the velocity of the center of gravity G
of the connecting rod at the instant shown. Piston is
moving upward with a velocity of 300 .in.>s P

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2.75 in.

vP ! 300 in./s

P

5 in.
G

B

A

1.45 in.

30"
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Ans.

Ans.vA = 200
120

= 1.67 rad>s
vC = 0 + (-5k) * (-40j) = -200i

vC = vB + v * rC>B
vP = -5 rad>s = 5 rad>s0 = -400i - 80vp i

0 = -400i + (vp k) * (80j)

vB = vA + v * rB>A
vB = 0

vA = 5(80) = 400 mm>s ;

*16–64. The planetary gear system is used in an automatic
transmission for an automobile. By locking or releasing
certain gears, it has the advantage of operating the car at
different speeds. Consider the case where the ring gear R is
held fixed, , and the sun gear S is rotating at

. Determine the angular velocity of each of the
planet gears P and shaft A.
vS = 5 rad>svR = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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R

S

P

A

vS

vR

80 mm

40 mm

40 mm

Kinematic Diagram: Since the spool rolls without slipping, the velocity of the
contact point P is zero. The kinematic diagram of the spool is shown in Fig. a.

General Plane Motion: Applying the relative velocity equation and referring to Fig. a,

Equating the i components, yields

Using this result,

Ans.vO = ¢ R
R - r

≤v :

 = 0 + ¢ - v
R - r

 k≤ * Rj

 vO = vP + v * rO>P

v = v(R - r)    v = v
R - r

vi = v(R - r)i

vi = 0 + (-vk) * C(R - r)j DvB = vP + v * rB>D

•16–65. Determine the velocity of the center O of the spool
when the cable is pulled to the right with a velocity of v. The
spool rolls without slipping.

r
O

A

R
v
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Kinematic Diagram: Since the spool rolls without slipping, the velocity of the
contact point P is zero. The kinematic diagram of the spool is shown in Fig. a.

General Plane Motion: Applying the relative velocity equation and referring to Fig. a,

Equating the i components, yields

Using this result,

Thus,

Ans.vA = ¢ 2R
R - r

≤v :

 = B ¢ 2R
R - r

≤vR i

 = 0 + ¢ - v
R - r

 k≤ * 2Rj

 vA = vP + v * rA>P

v = v(R - r)    v = v
R - r

vi = v(R - r)i

vi = 0 + (-vk) * C(R - r)j DvB = vP + v * rB>D

16–66. Determine the velocity of point A on the outer rim
of the spool at the instant shown when the cable is pulled to
the right with a velocity of v. The spool rolls without
slipping.
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16–67. The bicycle has a velocity , and at the
same instant the rear wheel has a clockwise angular velocity

, which causes it to slip at its contact point A.
Determine the velocity of point A.
v = 3 rad>s v = 4 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 ! 3 rad/s

4 ft/s

A

v

C

26 in.

Ans.

Also,

Ans.vA = 2.5 ft>s ;
vA = 4i - 6.5i = -2.5i

vA = 4i + (-3k) * a - 26
12

 jb
vA = vC + v * rA>C

vA = 2.5 ft>s ;

B v
;AR = B 4:R + C a 26

1 2;
b(3) SvA = vC + vA>C

For link AB: Link AB rotates about a fixed point A. Hence

For link BC

Equating the i and j components yields:

Ans.yC = 0.5196 - 0.1732(-3) = 1.04 m>s :
0 = 0.3 + 0.1vBC  vBC = -3 rad>s
yCi = (0.5196 - 0.1732vBC)i - (0.3 + 0.1vBC)j

yC i = (0.6 cos 30°i - 0.6 sin 30°j) + (vBC k) * (-0.2 sin 30°i + 0.2 cos 30°j)

vC = vB + v * rC>B
rC>B = {-0.2 sin 30°i + 0.2 cos 30°j} m

vB = {0.6 cos 30°i - 0.6 sin 30°j}m>s vC = yCi v = vBC k

yB = vAB rAB = 4(0.15) = 0.6 m>s

*16–68. If bar AB has an angular velocity ,
determine the velocity of the slider block C at the instant
shown.

vAB = 4 rad>s
200 mm

150 mm

60"

30"

A

B

v

C

AB ! 4 rad/s

91962_06_s16_p0513-0640  6/8/09  2:39 PM  Page 563



564

•16–69. The pumping unit consists of the crank pitman
AB, connecting rod BC, walking beam CDE and pull rod F.
If the crank is rotating with an angular velocity of

, determine the angular velocity of the
walking beam and the velocity of the pull rod EFG at the
instant shown.

v = 10 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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C

7.5 ft

0.75 ft

4 ft

u ! 75°

A
B

E
D

F

G

v ! 10 rad/s

6 ft 6 ft

Rotation About a Fixed Axis: The crank and walking beam rotate about fixed axes,
Figs. a and b. Thus, the velocity of points B, C, and E can be determined from

(1)

General Plane Motion: Applying the relative velocity equation and referring to the
kinematic diagram of link BC shown in Fig. c,

Equating the i and j components

(2)

(3)

Solving Eqs. (1) and (2) yields

Ans.

Substituting the result for into Eq. (1),

Thus,

Ans.vE = 41.4 ft>s c

vE = u(6.898) = [41.39j] ft>svCDE

vBC = 0.714 rad>s    vCDE = 6.898 rad>s = 6.90 rad>s
-6vCDE = -(1.9411vBC + 40)

-0.75vCDE = -7.244vBC

-0.75vCDE i - 6vCDE j = -7.244vBC i - (1.9411vBC + 40)j

-0.75vCDEi - 6vCDE j = -40j + (vBC k) * (-7.5 cos 75° i + 7.5 sin 75° j)

vC = vB + vBC * rC>B 

vE = vCDE * rDE = AvCDEk B * A6i B = 6vCDE j

vC = vCDE * rDC = AvCDEk B * A -6i + 0.75j B = -0.75vCDEi - 6vCDEj

vB = v * rB = A -10k B * A4i B = C -40j D ft>s
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General Plane Motion: Applying the relative velocity equation to points B and C
and referring to the kinematic diagram of link ABC shown in Fig. a,

Equating the i and j components yields

Solving,

Ans.

Ans.vB = 1.15ft>s c

v = 0.577 rad>s
vB = 2v

0 = 3.464v - 2

vB j = (3.464v - 2)i + 2vj

vB j = -2i + (-vk) * (-4 cos 60°i + 4 sin 60° j)

vB = vC + v * rB>C

16–70. If the hydraulic cylinder shortens at a constant rate
of , determine the angular velocity of link ACB
and the velocity of block B at the instant shown.

vC = 2 ft>s
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A

C
D

4 ft

4 ft

vC ! 2 ft/s

u ! 60"

B

60"

General Plane Motion: First, applying the relative velocity equation to points B and
C and referring to the kinematic diagram of link ABC shown in Fig. a,

Equating the i components yields

Then, for points A and C using the result of ,

Equating the i and j components yields

Thus,

Ans.vA = (vA)y = 1.15 ft>sT

(vA)x = 0    (vA)y = -1.1547 ft>s = 1.1547 ft>s T

(vA)x i + (vA)y j = -1.1547j

(vA)x i + (vA)y j = -2i + (-0.5774k) * (4 cos 60° i + 4 sin 60° j)

vA = vC + v * rA>C
v

0 = 3.464v - 2   v = 0.5774 rad>s
vB j = (3.464v - 2)i + 2vj

vB j + -2i + (-vk) * (-4 cos 60° i + 4 sin 60° j)

vB = vC + v * rB>C

16–71. If the hydraulic cylinder shortens at a constant rate
of , determine the velocity of end A of link ACB
at the instant shown.

vC = 2 ft>s
A

C
D

4 ft

4 ft

vC ! 2 ft/s

u ! 60"

B

60"
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The velocity of the contact point P with the ring is zero.

b Ans.

Let be the contact point between A and B.

d Ans.vA =
vP¿

rA
= 36

0.2
= 180 rad>s 

vP¿ = 36 m>s c

vP¿ j = 0 + (-90k) * (-0.4i)

vP¿ = vP + v * rP¿>P
P¿

vB = 90 rad>s 9j = 0 + (-vB k) * (-0.1i)

vD = vP + v * rD>P

vD = rDE vDE = (0.5)(18) = 9 m>s c

*16–72. The epicyclic gear train consists of the sun gear A
which is in mesh with the planet gear B. This gear has an
inner hub C which is fixed to B and in mesh with the fixed
ring gear R. If the connecting link DE pinned to B and C is
rotating at about the pin at determine
the angular velocities of the planet and sun gears.

E,vDE = 18 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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BA

200 mm

100 mm

DE ! 18 rad/s

R

v

C

300 mm

E

600 mm

D
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•16–73. If link AB has an angular velocity of
at the instant shown, determine the velocity

of the slider block E at this instant.Also, identify the type of
motion of each of the four links.

vAB = 4 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

AB ! 4 rad/s

D

E

A
C

2 ft

1 ft
2 ft

v
1 ft

30"

30"Link AB rotates about the fixed point A. Hence

For link BD

For Link DE

Ans.A + c B -yE = -4 - 2 sin 30°(0)  yE = 4ft>s ;
A :+ B 0 = 2 cos 30° vDE   vDE = 0

-yEi = (-4 - 2 sin 30° vDE)i + 2 cos 30°vDEj

-yEi = -4i + (vDEk) * (2 cos 30°i + 2 sin 30°j)

vE = vD + vDE * rE>D
rE>D = {2 cos 30°i + 2 sin 30°j} ft

vD = {-4i} ft>s vDE = vDE k vE = -yEi

(+ c) 0 = vBD - 8 sin 60°  vBD = 6.928 rad>sA :+ B -yD = -8 cos 60°   yD = 4 ft>s-yD i = -8 cos 60°i + (vBD - 8 sin 60°)j

-yDi = (-8 cos 60°i - 8 sin 60°j) + (vBDk) * (1i)

vD = vB + vBD * rD>B
rD>B = {1i} ft

vB = {-8 cos 60°i - 8 sin 60° j} ft>s vD = -yDi vBD = vBD k

yB = vAB rAB = 4(2) = 8 ft>s
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16–74. At the instant shown, the truck travels to the right at
3 , while the pipe rolls counterclockwise at 
without slipping at B. Determine the velocity of the pipe’s
center G.

v = 8 rad>sm>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

B

Gv

1.5 m

Ans.

Also:

Ans.vG = -9 m>s = 9 m>s ;
vG = 3 - 12

vGi = 3i + (8k) * (1.5j)

vG = vB + v * rG>B

vG = 9 m>s ;

B v:GR = c 3: # d + C1.5;(8) DvG = vB + vG>B

16–75. At the instant shown, the truck travels to the right
at 8 . If the pipe does not slip at B, determine its angular
velocity if its mass center G appears to remain stationary to
an observer on the ground.

m>s
B

Gv

1.5 m

d Ans.

Also:

d Ans.v = 8
1.5

= 5.33 rad>s 
0 = 8 - 1.5v

0i = 8i + (vk) * (1.5j)

vG = vB + v * rG>B

v = 8
1.5

= 5.33 rad>s 
0 = c 8: d + c1.5;v d
vG = vB + vG>B
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Rotation About a Fixed Axis: Referring to Fig. a,

General Plane Motion: Applying the law of sines to the geometry shown in Fig. b,

Applying the relative velocity equation to the kinematic diagram of link BC shown
in Fig. c,

Equating the i and j components yields,

Solving,

Ans.

Ans.vC = 2.199 m>svBC = 3.780 rad>s
3.536 = 0.9354vBC

3.536 = vC + 0.3536vBC

3.536i + 3.536j = (vC + 0.3536vBC)i + 0.9354vBC j

3.536i + 3.536j = vC i + (-vBC k) * (-1 cos 20.70° i + 1 sin 20.70° j)

vB = vC + vBC * rB>C

sin f
0.5

= sin 135°
1
    f = 20.70°

 = [3.536i + 3.536j] m

 = (-10k) * (-0.5 cos 45° i + 0.5 sin 45°j)

 vB = v * rB

*16–76. The mechanism of a reciprocating printing table
is driven by the crank AB. If the crank rotates with an
angular velocity of , determine the velocity of
point C at the instant shown.

v = 10 rad>s
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D

C

A

B

0.5 m

1 m

75 mm

v ! 10 rad/s

45"

91962_06_s16_p0513-0640  6/8/09  2:40 PM  Page 569



570

•16–77. The planetary gear set of an automatic
transmission consists of three planet gears A, B, and C,
mounted on carrier D, and meshed with the sun gear E and
ring gear F. By controlling which gear of the planetary set
rotates and which gear receives the engine’s power, the
automatic transmission can alter a car’s speed and
direction. If the carrier is rotating with a counterclockwise
angular velocity of while the ring gear is
rotating with a clockwise angular velocity of ,
determine the angular velocity of the planet gears and the
sun gear. The radii of the planet gears and the sun gear are
45 mm and 75 mm, respectively.

vF = 10 rad>svD = 20 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F

A

BC

D

E

75 mm

45 mm

Rotation About a Fixed Axis: Here, the ring gear, the sun gear, and the carrier
rotate about a fixed axis.Thus, the velocity of the center O of the planet gear and the
contact points and P with the ring and sun gear can be determined from

General Plane Motion: First, applying the relative velocity equation for O and 
and referring to the kinematic diagram of planet gear A shown in Fig. a,

Thus,

Ans.

Using this result to apply the relative velocity equation for and P,

Thus,

Ans.-0.075vE = -6.45   vE = 86 rad>s
-0.075vEi = -6.45i

-0.075vEi = 1.65i + (-90j) * (-0.09j)

vP = vP¿ + vA * rP>P¿

P¿

vA = 90 rad>s-2.4 = 1.65 - 0.045vA

-2.4i = (1.65 - 0.045vA)i

-2.4i = 1.65i + (-vA k) * (-0.045j)

vO = vP¿ + vA * rO>P¿

P¿

vP = vE rE = vE(0.075) = 0.075vE

vP¿ = vF rF = 10(0.045 + 0.045 + 0.075) = 1.65 m>s :
vO = vD rO = 20(0.045 + 0.075) = 2.4 m>s ;

P¿
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16–78. The planetary gear set of an automatic transmission
consists of three planet gears A, B, and C, mounted on carrier
D, and meshed with sun gear E and ring gear F. By
controlling which gear of the planetary set rotates and which
gear receives the engine’s power, the automatic transmission
can alter a car’s speed and direction. If the ring gear is held
stationary and the carrier is rotating with a clockwise angular
velocity of , determine the angular velocity of
the planet gears and the sun gear. The radii of the planet
gears and the sun gear are 45 mm and 75 mm, respectively.

vD = 20 rad>s
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F

A

BC

D

E

75 mm

45 mm

Rotation About a Fixed Axis: Here, the carrier and the sun gear rotate about a fixed
axis. Thus, the velocity of the center O of the planet gear and the contact point P
with the sun gear can be determined from

General Plane Motion: Since the ring gear is held stationary, the velocity of the
contact point with the planet gear A is zero. Applying the relative velocity
equation for O and and referring to the kinematic diagram of planet gear A
shown in Fig. a,

Thus,

Ans.

Using this result to apply the relative velocity equation for points and P,

Thus,

Ans.

Ans.vE = 64 rad>s0.075vE = 4.8

0.075vE i = 4.8i

0.075vE i = 0 + (53.33k) * (-0.09j)

vP = vP¿ + vA * rP>P¿

P¿

vA = 53.33 rad>s = 53.3 rad>s2.4 = 0.045vA

2.4i = 0.045vA i

2.4i = 0 + (vAk) * (-0.045j)

vO = vP¿ + vA * rO>P¿

P¿
P¿

vP = vE rE = vE (0.075) = 0.075vE

vO = vD rD = 20(0.045 + 0.075) = 2.4 m>s
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Rotation About a Fixed Axis: Since link AB rotates about a fixed axis, Fig. a, the
velocity of the center B of gear C is

General Plane Motion: Since gear D is fixed, the velocity of the contact point P
between the gears is zero. Applying the relative velocity equation and referring to
the kinematic diagram of gear C shown in Fig. b,

Thus,

Ans.vC = 30 rad>s-3.75 = -0.125vC

-3.75i = -0.125vCi

-3.75i = 0 + (vC k) * (0.125j)

vB = vP + vC * rB>P

vB = vAB rAB = 10(0.375) = 3.75 m>s

16–79. If the ring gear D is held fixed and link AB rotates
with an angular velocity of , determine the
angular velocity of gear C.

vAB = 10 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

C

D

0.5 m

0.375 m

0.125 m

B
vAB ! 10 rad/s

Rotation About a Fixed Axis: Since link AB and gear D rotate about a fixed axis,
Fig. a, the velocity of the center B and the contact point of gears D and C is

General Plane Motion: Applying the relative velocity equation and referring to the
kinematic diagram of gear C shown in Fig. b,

Thus,

Ans.vC = 50 rad>s-3.75 = 2.5 - 0.125vC

-3.75i = (2.5 - 0.125vC)i

-3.75i = 2.5i + (vC k) * (0.125j)

vB = vP + vC * rB>P

vP = vD rP = 5(0.5) = 2.5 m>svB = vAB rB = 10(0.375) = 3.75 m>s

*16–80. If the ring gear D rotates counterclockwise with
an angular velocity of while link AB rotates
clockwise with an angular velocity of ,
determine the angular velocity of gear C.

vAB = 10 rad>svD = 5 rad>s
A

C

D

0.5 m

0.375 m

0.125 m

B
vAB ! 10 rad/s
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Kinematic Diagram: Block B and C are moving along the guide and directed
towards the positive y axis and negative y axis, respectively. Then, and

. Since the direction of the velocity of point D is unknown, we can
assume that its x and y components are directed in the positive direction of their
respective axis.

Velocity Equation: Here,
and . Applying Eq. 16–16 to
link ADB, we have

Equating i and j components gives

[1]

[2]

Solving Eqs.[1] and [2] yields

Ans.

The x and y component of velocity of vD are given by

Equating i and j components gives

Here, . Applying Eq. 16–16
to link CD, we have

Equating i and j components gives

[3]

[4]

Solving Eqs. [3] and [4] yields

Ans.yC = 2.93 ft>s T

vCD = 4.00 rad>s
-yC = 4 - 1.732vCD

0 = 4.00 - vCD

 -yC j = (4.00 - vCD) i + (4 - 1.732vCD) j

 -yC j = 4.00i + 4.00j + (vCDk) * (-1.732i + 1j)

 vC = vD + vCD * rC>D
rC>D = {-2 cos 30°i + 2 sin 30°j} ft = {-1.732i + 1j} ft

(yD)x = 4.00 ft>s (yD)y = 4.00 ft>s
 (yD)x i + (yD)y j = 4.00i + 4.00j

 (yD)x i + (yD)y j = 8i + (2.828k) * (1.414i + 1.414j)

 vD = vA + vADB * rD>A

yB = 8.00 ft>s c

vADB = 2.828 rad>s
yB = 2.828vADB

0 = 8 - 2.828vADB

 yB j = (8 - 2.828vADB) i + 2.828vADB j

 yB j = 8i + (vADB k) * (2.828i + 2.828j)

 vB = vA + vADB * rB>A
rD>A = {2 cos 45°i + 2 sin 45°j} ft = {1.414i + 1.414j} ft

rB>A = {4 cos 45°i + 4 sin 45°j} ft = {2.828i + 2.828j} ft

vC = -yC j
vB = yB j

•16–81. If the slider block A is moving to the right at
, determine the velocity of blocks B and C at

the instant shown. Member CD is pin connected to
member ADB.

vA = 8 ft>s
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573

vA ! 8 ft/s

45"

30"

2 ft

2 ft2 ft

A

D

BC
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Ans.vC = 4 rad>s(0.6 ft) = 2.40 ft>s 

16–82. Solve Prob. 16–54 using the method of
instantaneous center of zero velocity.
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C

B

v 0.3 ft
A

16–83. Solve Prob. 16–56 using the method of
instantaneous center of zero velocity.

B

C

A

0.5 ft

1 ft v ! 2 ft/s

Ans.vC = 1(1.33) = 1.33 ft>s :

v = 2
1.5

= 1.33 rad>s
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b Ans.

d Ans.vA = 200
(80 + 40)

= 1.67 rad>s 

vC = (5)(40) = 200 mm>s
vP = 400

80
= 5 rad>s 

vP = (80)(5) = 400 mm>s
*16–84. Solve Prob. 16–64 using the method of
instantaneous center of zero velocity.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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R

S

P

A

vS

vR

80 mm

40 mm

40 mm

Ans.vA = 10(0.8 + 0.120) = 9.20 m>s
rOI>C = 8

10
= 0.8 m

•16–85. Solve Prob. 16–58 using the method of
instantaneous center of zero velocity.

 ! 10 rad/s

O

A

v

vO ! 8 m/s

120 mm
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Ans.vA = 3(0.833) = 2.5 ft>s ;

rA>IC = = 26
12

- 1.33 ft = 0.833 ft

rC>IC = = 4
3

= 1.33 ft

16–86. Solve Prob. 16–67 using the method of
instantaneous center of zero velocity.
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 ! 3 rad/s

4 ft/s

A

v

C

26 in.

Ans.vC = 0.34641(3) = 1.04 m>s :

v = 0.6
0.2

= 3 rad>s
rB>IC = 0.2 m

rB>IC

sin 30°
= 0.2

sin 30°

rC>IC = 0.34641 m

rC>IC

sin 120°
= 0.2

sin 30°

vB = 4(0.150) = 0.6 m>s
16–87. Solve Prob. 16–68 using the method of
instantaneous center of zero velocity.

200 mm

150 mm

60"

30"

A

B

v

C

AB ! 4 rad/s
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Ans.

Ans.

Ans.uA = tan- 1a3
3
b = 45° c

vA = vrA>IC = 8¢322
12
≤ = 2.83 ft>s

vB = vrB>IC = 8a 11
12
b = 7.33 ft>s :

v = 8 rad>s
2 = va 3

12
b

vC = vrC>IC

*16–88. The wheel rolls on its hub without slipping on the
horizontal surface. If the velocity of the center of the wheel
is to the right, determine the velocities of points
A and B at the instant shown.

vC = 2 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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1 in.

0.5 in.

8 in.

3 in.

B

B

v

A

ACC ! 2 ft/s

•16–89. If link CD has an angular velocity of
, determine the velocity of point E on link BC

and the angular velocity of link AB at the instant shown.
vCD = 6 rad>s

B

E

30"

C

DA

0.3 m 0.3 m

0.6 m

vCD! 6 rad/s

d Ans.

Ans.

Ans.u = tan- 1a 0.3
0.6 tan 30°

b = 40.9° b

vE = vBC rE>IC = 10.392(0.6 tan 30°)2 + (0.3)2 = 4.76 m>s
vAB =

vB

rAB
= 7.20a 0.6

sin 30°
b = 6 rad>s 

vB = vBC rB>IC = (10.39)a 0.6
cos 30°

b = 7.20 m>s
vBC =

vC

rC>IC
= 3.60

0.6 tan 30°
= 10.39 rad>s

vC = vCD (rCD) = (6)(0.6) = 3.60 m>s
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16–90. At the instant shown, the truck travels to the right at
while the pipe rolls counterclockwise at 

without slipping at B. Determine the velocity of the pipe’s
center G.

v = 6 rad>s3 m>s,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

G 1.5 m
3 m/s

16–91. If the center O of the gear is given a velocity of
, determine the velocity of the slider block B at

the instant shown.
vO = 10 m>s

0.6 m

0.175 m

0.125 m

B

A

OvO ! 10 m/s 30"

30"

General Plane Motion: Since the gear rack is stationary, the IC of the gear is located
at the contact point between the gear and the rack, Fig. a. Here, and

. Thus, the velocity of point A can be determined using the similar
triangles shown in Fig. a,

The location of the IC for rod AB is indicated in Fig. b. From the geometry shown in
Fig. b,

Thus, the angular velocity of the gear can be determined from

Then,

Ans.vB = vAB rB>IC = 28.57(1.039) = 29.7 m>s
vAB =

vA

rA>IC
= 17.143

0.6
= 28.57 rad>s

rB>IC = 2(0.6 cos 30°) = 1.039 m

rA>IC = 0.6 m

vA = 17.143 m>s :

vA

0.3
= 10

0.175

vg =
vA

rA>IC
=

vO

rO>IC

rA>IC = 0.6 m
rO>IC = 0.175 m

Kinematic Diagram: Since the pipe rolls without slipping, then the velocity of point
B must be the same as that of the truck, i.e; .

Instantaneous Center: must be determined first in order to locate the the
instantaneous center of zero velocity of the pipe.

Thus, . Then

Ans.yG = vrG>IC = 6(1.00) = 6.00 m>s ;
rG>IC = 1.5 - rB>IC = 1.5 - 0.5 = 1.00 m

rB>IC = 0.5 m

3 = 6(rB>IC)

yB = vrB>IC

rB>IC

yB = 3 m>s
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General Plane Motion: Since the contact point B between the rope and the spool is
at rest, the IC is located at point B, Fig. a. From the geometry of Fig. a,

Thus, the angular velocity of the spool can be determined from

Ans.

Then,

Ans.

and its direction is

Ans.u = f = 26.6° b

vC = vrC>IC = 16(0.5590) = 8.94m>s
v =

vA

rA>IC
= 4

0.25
= 16rad>s

f = tan- 1a0.25
0.5
b = 26.57°

rC>IC = 20.252 + 0.52 = 0.5590 m

rA>IC = 0.25 m

*16–92. If end A of the cord is pulled down with a velocity
of , determine the angular velocity of the spool
and the velocity of point C located on the outer rim of 
the spool.

vA = 4 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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vA ! 4 m/s
A

B

C

250 mm

O

500 mm

•16–93. If end A of the hydraulic cylinder is moving with a
velocity of , determine the angular velocity of
rod BC at the instant shown.

vA = 3 m>s

A

B

C

vA ! 3 m/s

0.4 m 0.4 m

45"Rotation About a Fixed Axis: Referring to Fig. a,

General Plane Motion: The location of the IC for rod AB is indicated in Fig. b. From
the geometry shown in this figure, we obtain

Thus, the angular velocity of rod AB can be determined from

Then,

Ans.vBC = 5.30 rad>svBC (0.4) = 5.303(0.4)

vB = vAB rB>IC

vAB =
vA

rA>IC
= 3

0.5657
= 5.303 rad>s

rB>IC = 0.4 tan 45° = 0.4 m

rA>IC = 0.4
cos 45°
     rA>IC = 0.5657 m

vB = vBC rB = vBC (0.4)
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General Plane Motion: Since the wheel rolls without slipping on track C, the IC is
located there, Fig. a. Here,

Thus, the angular velocity of the gear can be determined from

Then,

Ans.vE = vrE>IC = 2.667(0.75) = 2 ft>s ;

v =
vD

rD>IC
= 6

2.25
= 2.667 rad>s

rD>IC = 2.25 ft       rE>IC = 0.75 ft

16–94. The wheel is rigidly attached to gear A, which is in
mesh with gear racks D and E. If D has a velocity of

to the right and wheel rolls on track C without
slipping, determine the velocity of gear rack E.
vD = 6 ft>s
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C

1.5 ft

0.75 ft
O

A

vD ! 6 ft/s

E

C

D

vE

General Plane Motion: The location of the IC can be found using the similar
triangles shown in Fig. a,

Thus,

Thus, the angular velocity of the gear is

Ans.

The velocity of the contact point F between the wheel and the track is

Since , the wheel slips on the track (Q.E.D.)

The velocity of center O of the gear is

Ans.vO = vrO>IC = 5.333(0.375) = 2ft>s ;

vF Z 0

vF = vrF>IC = 5.333(1.125) = 6 ft>s ;

v =
vD

rD>IC
= 6

1.125
= 5.333 rad>s = 5.33 rad>s

rF>IC = 2.25 - rD>IC = 2.25 - 1.125 = 1.125ft

rO>IC = 1.5 - rD>IC = 1.5 - 1.125 = 0.375ft

rD>IC

6
=

3 - rD>IC

10
     rD>IC = 1.125 ft

16–95. The wheel is rigidly attached to gear A, which is in
mesh with gear racks D and E. If the racks have a velocity
of and , show that it is necessary for
the wheel to slip on the fixed track C. Also find the angular
velocity of the gear and the velocity of its center O.

vE = 10 ft>svD = 6 ft>s
C

1.5 ft

0.75 ft
O

A

vD ! 6 ft/s

E

C

D

vE
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Rotation About a Fixed Axis: Referring to Fig. a,

General Plane Motion: Applying the law of sines to the geometry shown in Fig. b,

The location of the IC for rod BC is indicated in Fig. c. Applying the law of sines to
the geometry of Fig. c,

Thus, the angular velocity of rod BC is

and

Ans.vW = 22.8 rad>svW(0.15) = 5.521(0.6185)

vB = vBC rB>IC

vBC =
vC

rC>IC
= 3

0.5434
= 5.521 rad>s

rB>IC

sin 76.37°
= 0.45

sin 45°
    rB>IC = 0.6185 m

rC>IC

sin 58.63°
= 0.45

sin 45°
    rC>IC = 0.5434 m

sin f
0.15

= sin 45°
0.45
     f = 13.63°

vB = vWrB = vW(0.15)

*16–96. If C has a velocity of , determine the
angular velocity of the wheel at the instant shown.

vC = 3 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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C

A
0.15 m

0.45 m

B

vC ! 3 m/s

45"
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•16–97. The oil pumping unit consists of a walking beam
AB, connecting rod BC, and crank CD. If the crank rotates
at a constant rate of 6 , determine the speed of the rod
hanger H at the instant shown. Hint: Point B follows a
circular path about point E and therefore the velocity of B
is not vertical.

rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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9 ft

10 ft
3 ft

9 ft

1.5 ft

D
C

B

E
A

H

6 rad/s

9 ft

Kinematic Diagram: From the geometry, and

. Since crank CD and beam BE are rotating about
fixed points D and E, then vC and vB are always directed perpendicular to crank CD
and beam BE, respectively. The magnitude of vC and vB are

and . At the instant
shown, vC is directed vertically while vB is directed with an angle 9.462° with the
vertical.

Instantaneous Center: The instantaneous center of zero velocity of link BC at the
instant shown is located at the intersection point of extended lines drawn
perpendicular from vB and vC. From the geometry

The angular velocity of link BC is given by

Thus, the angular velocity of beam BE is given by

The speed of rod hanger H is given by

Ans.yH = vBErEA = 2.00(9) = 18.0 ft>s
 vBE = 2.00 rad>s 9.124vBE = 0.300(60.83)

 yB = vBC rB>IC

vBC =
yC

rC>IC
= 18.0

60.0
= 0.300 rad>s

 rC>IC = 10
tan 9.462°

= 60.0 ft

 rB>IC = 10
sin 9.462°

= 60.83 ft

yB = vBE rBE = 9.124vBEyC = vCD rCD = 6(3) = 18.0 ft>s
rBE = 292 + 1.52 = 9.124 ft

u = tan- 1a1.5
9
b = 9.462°
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d Ans.

d Ans.vOA = 2.125
0.2

= 10.6 rad>s 
vA = 57.5(0.05 - 0.01304) = 2.125 m>s
vs = 0.75

0.01304
= 57.5 rad>s 

x = 0.01304 m

5
0.1 - x

= 0.75
x

16–98. If the hub gear H and ring gear R have angular
velocities and , respectively,
determine the angular velocity of the spur gear S and the
angular velocity of arm OA.

vS

vR = 20 rad>svH = 5 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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O
150 mm

50 mm
A

SH

R

vH

vS

vR

250 mm

The IC is at A.

Ans.

Ans.vR = 0.75
0.250

= 3.00 rad>s
vS = 0.75

0.05
= 15.0 rad>s

16–99. If the hub gear H has an angular velocity
, determine the angular velocity of the ring

gear R so that the arm OA which is pinned to the spur gear
S remains stationary ( ). What is the angular
velocity of the spur gear?

vOA = 0

vH = 5 rad>s

O
150 mm

50 mm
A

SH

R

vH

vS

vR

250 mm
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Kinematic Diagram: From the geometry, .

Since links AB and CD is rotating about fixed points A and D, then vB and vC are always

directed perpendicular to links AB and CD, respectively. The magnitude of vB and vC

are and . At the instant

shown, vB is directed at an angle of 45° while vC is directed at 30°

Instantaneous Center: The instantaneous center of zero velocity of link BC at the
instant shown is located at the intersection point of extended lines drawn
perpendicular from vB and vC. Using law of sines, we have

The angular velocity of link BC is given by

Ans.vBC =
yB

rB>IC
= 6.00

3.025
= 1.983 rad>s = 1.98 rad>s

rC>IC

sin 1.898°
= 3

sin 75°
 rC>IC = 0.1029 ft

rB>IC

sin 103.1°
= 3

sin 75°
 rB>IC = 3.025 ft

yC = vCDrCD = 4vCDyB = vAB rAB = 3(2) = 6.00 ft>s
u = sin- 1a4 sin 60° - 2 sin 45°

3
b = 43.10°

*16–100. If rod AB is rotating with an angular velocity
, determine the angular velocity of rod BC at

the instant shown.
vAB = 3 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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AB ! 3 rad/s

2 ft

3 ft

4 ft

45" 60"

A

B

v

C

D
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Kinematic Diagram: From the geometry. .

Since links AB and CD is rotating about fixed points A and D, then vB and vC are

always directed perpendicular to links AB and CD, respectively. The magnitude of vB

and vC are and . At the

instant shown, vB is directed at an angle of 45° while vC is directed at 30°.

Instantaneous Center: The instantaneous center of zero velocity of link BC at the
instant shown is located at the intersection point of extended lines drawn
perpendicular from vB and vC. Using law of sines, we have

The angular velocity of link BC is given by

Thus, the angular velocity of link CD is given by

Ans. vCD = 0.0510 rad>s 4vCD = 1.983(0.1029)

 yC = vBCrC>IC

vBC =
yB

rB>IC
= 6.00

3.025
= 1.983 rad>s

rC>IC

sin 1.898°
= 3

sin 75°
 rC>IC = 0.1029 ft

rB>IC

sin 103.1°
= 3

sin 75°
 rB>IC = 3.025 ft

yC = vCD rCD = 4vCDyB = vAB rAB = 3(2) = 6.00 ft>s
u = sin- 1a4sin 60° - 2 sin 45°

3
b = 43.10°

•16–101. If rod AB is rotating with an angular velocity
, determine the angular velocity of rod CD at

the instant shown.
vAB = 3 rad>s
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AB ! 3 rad/s

2 ft

3 ft

4 ft

45" 60"

A

B

v

C

D
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Member BC:

Ans.vC = 0.4899(1.830) = 0.897 m>s Q

vBC = 1
0.5464

= 1.830 rad>s
rB>IC = 0.5464 m

rB>IC

sin 75°
= 0.4

sin 45°

rC>IC = 0.4899 m

rC>IC

sin 60°
= 0.4

sin 45°

vB = 0.2(5) = 1 m>s :

16–102. The mechanism used in a marine engine consists
of a crank AB and two connecting rods BC and BD.
Determine the velocity of the piston at C the instant the
crank is in the position shown and has an angular velocity of
5 .rad>s
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0.2 m

0.4 m

0.4 m

D

C
30°

60"

45"

B

A

45"

5 rad/s

Member BD:

Ans.vD = 1.830(0.28284) = 0.518 m>s R

vBD = 1
0.54641

= 1.830 rad>s
rD>IC = 0.28284 m

rD>IC

sin 30°
= 0.4

sin 45°

rB>IC = 0.54641 m

rB>IC

sin 105°
= 0.4

sin 45°

vB = 0.2(5) = 1 m>s :

16–103. The mechanism used in a marine engine consists
of a crank AB and two connecting rods BC and BD.
Determine the velocity of the piston at D the instant the
crank is in the position shown and has an angular velocity of
5 .rad>s

0.2 m

0.4 m

0.4 m

D

C
30°

60"

45"

B

A

45"

5 rad/s
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*16–104. If flywheel A is rotating with an angular velocity
of , determine the angular velocity of wheel
B at the instant shown.
vA = 10 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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D

C

BA

0.1 m

0.15 m
0.6 m

vA ! 10 rad/s

30"

Rotation About a Fixed Axis: Referring to Figs. a and b,

General Plane Motion: The location of the IC for rod CD is indicated in Fig. c. From
the geometry of this figure, we obtain

Thus, the angular velocity of rod CD can be determined from

Then,

Ans.vB = 26.0 rad>svB(0.1) = 5(0.5196)

vD = vCD rD>IC

vCD =
vD

rC>IC
= 1.5

0.3
= 5 rad>s

rD>IC = 0.6  cos 30° = 0.5196 m

rC>IC = 0.6  sin 30° = 0.3 m

vD = vBrD = vB(0.1) T

vC = vA rC = 10(0.15) = 1.5 m>s :
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Rotation About a Fixed Axis: Referring to Fig. a,

General Plane Motion: Since the gear rack is stationary, the IC of the gear is located
at the contact point between the gear and the rack, Fig. b. Thus, vO and vC can be
related using the similar triangles shown in Fig. b,

The location of the IC for rod BC is indicated in Fig. c. From the geometry shown,

Thus, the angular velocity of rod BC can be determined from

Then,

Ans.vO = 1.04 m>s :
2vO = 2(1.039)

vC = vBC rC>IC

vBC =
vB

rB>IC
= 2.4

1.2
= 2 rad>s

rC>IC = 0.6 tan 60° = 1.039 m

rB>IC = 0.6
cos 60°

= 1.2 m

vC = 2vO

vC

0.2
=

vO

0.1

vg =
vC

rC>IC
=

vO

rO>IC

vB = vAB rB = 6(0.4) = 2.4 m>s

•16–105. If crank AB is rotating with an angular velocity
of , determine the velocity of the center O of
the gear at the instant shown.
vAB = 6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B C

O0.4 m

0.6 m

0.1 m

0.1 m

60"

vAB ! 6 rad/s
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Ans.

Ans.u = 90° - 67.09° = 22.9°  g

f = 67.09°

sin f
0.3

= sin 60°
0.2821

vC = (0.2821)(30.792) = 8.69 m>srC>IC = 2(0.2598)2 + (0.3)2 - 2(0.2598)(0.3)cos 60° = 0.2821 m

v = 8
0.2598

= 30.792 rad>s
rA>IC = 0.3 cos 30° = 0.2598 m

16–106. The square plate is constrained within the slots at
A and B. When , point A is moving at .
Determine the velocity of point C at this instant.

vA = 8 m>su = 30°
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0.3 m

0.3 m

D

C

u

A

B

vA ! 8 m/s

 ! 30"

Ans.

Ans.u = 90° - 30° - 23.794° = 36.2°  b

f = 23.794°

sin f
0.15

= sin 30°
0.1859

vD = (30.792)(0.1859) = 5.72 m>srD>IC = 2(0.3)2 + (0.15)2 - 2(0.3)(0.15) cos 30° = 0.1859 m

rB>IC = 0.3 sin 30° = 0.15 m

v = 8
0.2598

= 30.792 rad>s
rA>IC = 0.3 cos 30° = 0.2598 m

16–107. The square plate is constrained within the slots at
A and B. When , point A is moving at .
Determine the velocity of point D at this instant.

vA = 8 m>su = 30°
0.3 m

0.3 m

D

C

u

A

B

vA ! 8 m/s

 ! 30"
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*16–108. The mechanism produces intermittent motion of
link AB. If the sprocket S is turning with an angular velocity
of , determine the angular velocity of link BC
at this instant.The sprocket S is mounted on a shaft which is
separate from a collinear shaft attached to AB at A.The pin
at C is attached to one of the chain links.

vS = 6 rad>s
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B

30"

C

15"

S

D

A

175 mm

150 mm

! 6 rad/s

50 mm

vs

Kinematic Diagram: Since link AB is rotating about the fixed point A, then vB is
always directed perpendicular to link AB and its magnitude is

. At the instant shown, vB is directed at an angle 60° with
the horizontal. Since point C is attached to the chain, at the instant shown, it moves
vertically with a speed of .

Instantaneous Center: The instantaneous center of zero velocity of link BC at the
instant shown is located at the intersection point of extended lines drawn
perpendicular from vB and vC. Using law of sines, we have

The angular velocity of bar BC is given by

Ans.vBC =
yC

rC>IC
= 1.05

0.2121
= 4.950 rad>s

rC>IC

sin 45°
= 0.15

sin 30°
 rC>IC = 0.2121 m

rB>IC

sin 105°
= 0.15

sin 30°
 rB>IC = 0.2898 m

yC = vS rS = 6(0.175) = 1.05 m>syB = vAB rAB = 0.2vAB
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Ans.

Ans.u = tan- 1a1.214
1.897

b = 32.6°  c

aB = 2(1.897)2 + (-1.214)2 = 2.25 m>s2

A + c B (aB)y = 0 + 4.5 sin 30° - 4 cos 30° = -1.214 m>s2

A :+ B (aB)x = -4 + 4.5 cos 30° + 4 sin 30° = 1.897 m>s2

aB = c 4; d + D(3)2 

a
(0.5

30°

)T + D  (0.5)
f

(8
30°

) TaB = aC + aB>C
aC = 0.5(8) = 4 m>s2

•16–109. The disk is moving to the left such that it has an
angular acceleration and angular velocity

at the instant shown. If it does not slip at A,
determine the acceleration of point B.
v = 3 rad>s a = 8 rad>s2
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Also,

Ans.

Ans. aB = 2(1.897)2 + (-1.214)2 = 2.25 m>s2

 u = tan- 1a1.214
1.897

b = 32.6°  c

 A + c B (aB)y = 0 - 8(0.5 cos 30°) + (3)2 (0.5 sin 30°) = -1.214 m>s2

A :+ B (aB)x = -4 + 8(0.5 sin 30°) + (3)2(0.5 cos 30°) = 1.897 m>s2

(aB)x i + (aB)y j = -4i + (8k) * (-0.5 cos 30°i - 0.5 sin 30°j) - (3)2 (-0.5 cos 30°i - 0.5 sin 30°j)

aB = aC + a * rB>C - v2 rB>C

C

A
B

D

v
a

0.5 m

30" 45"

 ! 3 rad/s
 ! 8 rad/s2
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Ans.

Ans.

Also,

Ans.

Ans. aD = 2(-10.01)2 + (-0.3536)2 = 10.0 m>s2

 u = tan- 1a0.3536
10.01

b = 2.02°  d

A + c B (aD)y = +8(0.5 cos 45°) - (3)2 (0.5 sin 45°) = -0.3536 m>s2

A :+ B (aD)x = -4 - 8(0.5 sin 45°) - (3)2(0.5 cos 45°) = -10.01 m>s2

(aD)x i + (aD)y j = -4i + (8k) * (0.5 cos 45°i + 0.5 sin 45°j) - (3)2 (0.5 cos 45°i + 0.5 sin 45°j)

aD = aC + a * rD>C - v2 rD>C

 aD = 2(-10.01)2 + (-0.3536)2 = 10.0 m>s2

 u = tan- 1a0.3536
10.01

b = 2.02°  d

A + c B (aD)y = 0 - 4.5 cos 45° + 4 sin 45° = -0.3536 m>s2

A :+ B (aD)x = -4 - 4.5 sin 45° - 4 cos 45° = -10.01 m>s2

aD = c 4; d + D(3)2 

e
(0.5
45°

)T + D  8
45°b

(0.5) TaD = aC + aD>C
aC = 0.5(8) = 4 m>s2

16–110. The disk is moving to the left such that it has an
angular acceleration and angular velocity

at the instant shown. If it does not slip at A,
determine the acceleration of point D.
v = 3 rad>s a = 8 rad>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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C

A
B

D

v
a

0.5 m

30" 45"

 ! 3 rad/s
 ! 8 rad/s2
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16–111. The hoop is cast on the rough surface such that it
has an angular velocity and an angular
acceleration . Also, its center has a velocity

and a deceleration . Determine the
acceleration of point A at this instant.

aO = 2 m>s2vO = 5 m>s a = 5 rad>s2
v = 4 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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! 4 rad/s

! 5 rad/s2

vO ! 5 m/s

aO ! 2 m/s2

0.3 m 45"

B

A

a

v

O

Ans.

Ans.

Also,

Ans.

Ans.u = tan- 1a4.8
0.5
b = 84.1°  d

aA = 4.83 m>s2

aA = {-0.5i - 4.8j} m>s2

aA = -2i - (4)2(0.3j) + (-5k) * (0.3j)

aA = aO - v2 rA>O + a * rA>O

u = tan- 1a4.8
0.5
b = 84.1°  d

aA = 4.83 m>s2

aA = c0.5; d + B4.
T
8RaA = c 2; d + B(4)2 (

T
0.3)R + c5( 0:.3) d

aA = aO + aA>O

*16–112. The hoop is cast on the rough surface such that it
has an angular velocity and an angular
acceleration . Also, its center has a velocity of

and a deceleration . Determine the
acceleration of point B at this instant.

aO = 2 m>s2vO = 5 m>s a = 5 rad>s2
v = 4 rad>s ! 4 rad/s

! 5 rad/s2

vO ! 5 m/s

aO ! 2 m/s2

0.3 m 45"

B

A

a

v

O

Ans.

Also:

Ans.

u = tan- 1a 2.333
6.4548

b = 19.9°  b

aB = 6.86 m>s2

aB = {-6.4548i + 2.333j} m>s2

aB = -2i + (-5k) * (0.3 cos 45°i - 0.3 sin 45°j) - (4)2(0.3 cos 45°i - 0.3 sin 45°j)

aB = aO + a * rB>O - v2 rB>O

u = tan- 1a 2.333
6.4548

b = 19.9°  b

aB = 6.86 m>s2

aB = C6.4548; D + c2.3
c
33 d

aB = c 2; d + C5
d
(0.3)S +  C (4)2 

b
(0.3)SaB = aO + aB>O

593
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Velocity Analysis: The angular velocity of link AB can be obtained by using the

method of instantaneous center of zero velocity. Since vA and vB are parallel,

. Thus, . Since , . Thus, the

angular velocity of the wheel is .

Acceleration Equation: The acceleration of point A can be obtained by analyzing
the angular motion of link OA about point O. Here, .

Link AB is subjected to general plane motion. Applying Eq. 16–18 with
, we have

Equating i and j components, we have

[1]

[2]

Solving Eqs.[1] and [2] yields

d Ans. aW = -0.2314 rad>s2 = 0.231 rad>s2 

 aAB = 0.4157 rad>s2

0 = 17.32aAB - 7.20

3 = 10.0aAB + 5aW

 3i = (10.0aAB + 5aW) i + (17.32aAB - 7.20) j

 3i = 5aW i - 7.20j + aAB k * (17.32i - 10.0j) - 0

 aB = aA + aAB * rB>A - v2
AB rB>A

rB>A = {20 cos 30°i - 20 sin 30°j} in. = {17.32i - 10.0j} in.

 = {5aW i - 7.20j} in.>s2

 = (-aW k) * (5j) - 1.202 (5j)

 aA = aW * rOA - v2
W rOA

rOA = {5j} in.

vW =
yA

rOA
= 6

5
= 1.20 rad>syA = yB = 6 in.>svAB = 0vAB = 0rA>IC = rB>IC = q

•16–113. At the instant shown, the slider block B is
traveling to the right with the velocity and acceleration
shown. Determine the angular acceleration of the wheel at
this instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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5 in.

A

B

20 in.

vB ! 6 in./s 

aB ! 3 in./s2 
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b Ans.

b Ans.

Also,

b Ans.

(aB)t = 30.7 ft>s2

a = 7.68 rad>s2 

A + c B -(aB)t sin 30° + 13.8564 = -3 + 2a - 13.8564

( :+ )  (aB)t cos 30° + 8 = -3.464a + 8

-(ak) * (-4 sin 30°i + 4 cos 30°j) - (2)2(-4 sin 30°i + 4 cos 30°j)

(aB)t cos 30°i - (aB)t sin 30°j + (
(8)2

4
) sin 30°i + (

(8)2

4
) cos 30°j = -3j

aB = aA + aAB * rB>A - v2rB>A

(aB)t = 30.7 ft>s2

a = 7.68 rad>s2 

(+ c) 16 cos 30° - (aB)t sin 30° = -3 + a(4) cos 60° - 16 sin 60°

( :+ ) 16 sin 30° + (aB)t cos 30° = 0 + a(4) sin 60° + 16 cos 60°

C
g
16

30°

S + C
c
(aB)

30°
t S = C3

T
S + Ca

g
(4)
60°

S + C (2)2 
c

(4
60°

)SaB = aA + aB>A
(aB)n =

(8)2

4
= 16 ft>s2

vB = 4(2) = 8 ft>s
v = 8

4
= 2 rad>s 

16–114. The ends of bar AB are confined to move along
the paths shown.At a given instant, A has a velocity of 
and an acceleration of . Determine the angular
velocity and angular acceleration of AB at this instant.

3 ft>s2
8 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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4 ft

4 ft

30"

30"

A

B

vA ! 8 ft/s
aA ! 3 ft/s2

91962_06_s16_p0513-0640  6/8/09  2:46 PM  Page 595



596

d

d

Ans.

Also,

d

Ans. aC = 66.5 ft>s2 :
 a = 30.5 rad>s2 

 (+ c) 0 - -35.355 + 4.243 - 1.25a + 69.282

A :+ B aC = -35.355 - 4.243 + 2.165a + 40

+ (ak) * (-2.5 cos 60°i - 2.5 sin 60°j) - (5.66)2 (-2.5 cos 60°i - 2.5 sin 60°j)

aC i = -  

(10)2

2
 cos 45°i -

(10)2

2
 sin 45°j - 6 cos 45°i + 6 sin 45°j

aC = aB + a * rC>B - v2 rC>B
 v = 5.66 rad>s A + c B 0 = 10 sin 45° - 2.5 v sin 30°

-vC i = -10 cos 45°i + 10 sin 45°j + vk * (-2.5 sin 30°i - 2.5 cos 30°j)

vC = vB + vC>B
vB = 5(2) = 10 ft>s

 aC = 66.5 ft>s2 :
 a = 30.5 rad>s2 

 A + c B 0 = 6 sin 45° - 50 sin 45° + 80 sin 60° - a(2.5)sin 30°

A :+ B aC = -6 cos 45° - 50 cos 45° + 80 cos 60° + a(2.5) cos 30°

c a:C d = C
45°

6
b

 S + D
45°

50
d
 T + D(5.66)2(2

60°
.5)

a
T + D a

c
(2. 5

30°

) TaC = aB + aC>B
(aB)n = 25(2) = 50 ft>s2

v = 10
1.7678

= 5.66 rad>s 
rB>IC = 1.7678 ft

rB>IC

sin 30°
= 2.5

sin 135°

16–115. Rod AB has the angular motion shown.
Determine the acceleration of the collar C at this instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2.5 ft

2 ft

B

A

C

45"

60"

aAB ! 3 rad/s2

vAB ! 5 rad/s
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Solving:

Ans.

Ans.

a = -3.00 rad>s2

aC = 54.7 in.>s2

(+ c) -0.6aC = -63 - 5a + 15.1875

A :+ B -0.8aC = -14 + 12a + 6.328

-aCa4
5
b i - aCa3

5
b j = -14i - 63j + (ak) * (-5i - 12j) - (1.125)2(-5i - 12j)

aC = aB + a * rC>B - v2 rC>B
(aB)t = (2)(7) = 14 in.>s2 ;
(aB)n = (3)2(7) = 63 in.>s2 T

vC = 9.375 in.>s = 9.38 in.>sv = 1.125 rad>s
(+ c) -0.6vC = -5v

A :+ B -0.8vC = -21 + 12v

-vCa4
5
b i - vCa3

5
b j = -21i + vk * (-5i - 12j)

vC = vB + v * rC>B
vB = 3(7) = 21 in.>s ;

*16–116. At the given instant member AB has the angular
motions shown. Determine the velocity and acceleration of
the slider block C at this instant.
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5 in.

5 in.

7 in.

3 rad/s
2 rad/s2

A

C

B

5
3

4
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Angular Velocity: The location of the IC for rod AB is indicated in Fig. a. From the
geometry of this figure,

Thus,

Acceleration and Angular Acceleration: Here,
. Applying the relative acceleration equation and referring to

Fig. b,

Equating the i and j components,

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.aA = 13.2ft>s2 ;
aAB = 3.945 rad>s2

0 = 6.833 - 1.732aAB

-aA = -(aAB + 9.238)

-aAi = -(aAB + 9.238)i + (6.833 - 1.732aAB)j

-aAi = 1.5j + (-aABk)*(1.732i - 1j) - 2.3092(1.732i - 1j)

aA = aB + aAB * rA>B - vAB 
2 rA>B

=  [1.732i - 1j] ft
rA>B = 2 cos 30°i - 2 sin 30° j

vAB =
vB

rB>IC
= 4

1.732
= 2.309 rad>s

rB>IC = 2 cos 30° = 1.732 ft

•16–117. The hydraulic cylinder D extends with a velocity
of and an acceleration of .
Determine the acceleration of A at the instant shown.

aB = 1.5 ft>s2vB = 4 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft

1 ft

D

A

B

C

vB ! 4 ft/s
aB ! 1.5 ft/s2

30"
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Angular Velocity: The location of the IC for rod AB is indicated in Fig. a. From the
geometry of this figure,

Thus,

Acceleration and Angular Acceleration: Here,
. Applying the relative acceleration equation to points A and B

and referring to Fig. b,

Equating the i and j components, we obtain

Using this result and , the
relative acceleration equation is applied at points B and C, Fig. b, which gives

aC = aB + aAB * rC>B - vAB 
2 rC>B

rC>B = -1 cos 30° i + 1 sin 30°j = [-0.8660i + 0.5j] ft

0 = 6.833 - 1.732aAB     aAB = 3.945 rad>s2

-aA i = -(aAB + 9.2376)i + (6.833 - 1.732aAB)j

-aAi = 1.5j + (-aAB k) * (1.732i - 1j) - 2.3092(1.732i - 1j)

aA = aB + aAB * rA>B - vAB 
2 rA>B

=  [1.732i - 1j] ft
rA>B = 2 cos 30° i - 2 sin 30° j

vAB =
vB

rB>IC
= 4

1.732
= 2.309 rad>s

rB>IC = 2 cos 30° = 1.732 ft

16–118. The hydraulic cylinder D extends with a velocity
of and an acceleration of .
Determine the acceleration of C at the instant shown.

aB = 1.5 ft>s2vB = 4 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft

1 ft

D

A

B

C

vB ! 4 ft/s
aB ! 1.5 ft/s2

30"

Equating the i and j components,

Thus, the magnitude of aC is

Ans.

and its direction is

Ans.u = tan- 1B (aC)y

(aC)x
R = tan- 1a 2.25

6.591
b = 18.8°  a

aC = 2(aC)x 
2 + (aC)y 

2 = 26.5912 + 2.252 = 6.96 ft>s2

(aC)x = 6.591 ft>s2 :    (aC)y = 2.25 ft>s2 c

(aC)x i + (aC)y j = 6.591i + 2.25j

(aC)x i + (aC)y j = 1.5j + (-3.945k) * (-0.8660i + 0.5j) - (2.309)2(-0.8660i + 0.5j)
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Angular Velocity: The velocity of point A is directed along the tangent of the
circular slot. Thus, the location of the IC for rod AB is indicated in Fig. a. From the
geometry of this figure,

Thus,

Then

Acceleration and Angular Acceleration: Since point A travels along the circular

slot, the normal component of its acceleration has a magnitude of

and is directed towards the center of the circular

slot. The tangential component is directed along the tangent of the slot. Applying

the relative acceleration equation and referring to Fig. b,

aA = aB + aAB * rA>B - vAB 
2 rA>B

(aA)n =
vA 

2

r
= 8.6602

1.5
= 50 ft>s2

vA = vAB rA>IC = 5(1.732) = 8.660 ft>s
vAB =

vB

rB>IC
= 5

1
= 5 rad>s

rB>IC = 2 sin 30° = 1 ft      rA>IC = 2 cos 30° = 1.732 ft

16–119. The slider block moves with a velocity of
and an acceleration of . Determine

the angular acceleration of rod AB at the instant shown.
aB = 3 ft>s2vB = 5 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

vB ! 5 ft/s
aB ! 3 ft/s2

A

1.5 ft

2 ft

30"

Equating the i components,

b Ans.aAB = -3.70 rad>s2 = 3.70 rad>s2 

50 = 46.30 - aAB

50i - (aA)t j = (46.30 - aAB)i + (1.732aAB + 25)j

50i - (aA)t j = 3i + (aAB k) * (-2 cos 30°i + 2 sin 30°j) - 52(-2 cos 30° i +  2 sin 30°j)
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Angualr Velocity: The velocity of point A is directed along the tangent of the
circular slot. Thus, the location of the IC for rod AB is indicated in Fig. a. From the
geometry of this figure,

Thus,

Then

Acceleration and Angular Acceleration: Since point A travels along the circular

slot, the normal component of its acceleration has a magnitude of

and is directed towards the center of the circular

slot. The tangential component is directed along the tangent of the slot. Applying

the relative acceleration equation and referring to Fig. b,

aA = aB + aAB * rA>B - vAB 
2 rA>B

AaA Bn =
vA 

2

r
= 8.6602

1.5
= 50 ft>s2

vA = vAB rA>IC = 5 A1.732 B = 8.660 ft>s
vAB =

vB

rB>IC
= 5

1
= 5 rad>s

rB>IC = 2 sin 30° = 1 ft     rA>IC = 2 cos 30° = 1.732 ft

*16–120. The slider block moves with a velocity of
and an acceleration of . Determine

the acceleration of A at the instant shown.
aB = 3 ft>s2vB = 5 ft>s
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B

vB ! 5 ft/s
aB ! 3 ft/s2

A

1.5 ft

2 ft

30"

Equating the i and j components,

Solving,

Thus, the magnitude of aA is

Ans.

and its direction is

Ans.u = tan-1 C AaA B tAaA Bn S = tan-1a18.59
50
b = 20.4°  c

aA = 4AaA B t 
2 + AaA Bn 

2 = 218.592 + 502 = 53.3ft>s2

AaA B t = 18.59 ft>s2 T

aAB = -3.70 rad>s2

- AaA B t = - A1.732aAB + 25 B50 = 46.30-aAB

50i - AaA B t j = A46.30 - aAB B i - A1.732aAB + 25 B j50i - AaA B t j = 3i + AaAB k B * A -2cos 30°i + 2 sin 30°j B -52 A -2 cos 30°i + 2 sin 30°j B
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•16–121. Crank AB rotates with an angular velocity 
of and an angular acceleration of

. Determine the acceleration of C and the
angular acceleration of BC at the instant shown.
aAB = 2 rad>s2
vAB = 6 rad>s
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602

A

B

150 mmC

300 mm

500 mm

30"

vAB ! 6 rad/s
aAB ! 2 rad/s2

Angular Velocity: Since crank AB rotates about a fixed axis, then

The location of the IC for rod BC is

Then,

and

Acceleration and Angular Acceleration: Since crank AB rotates about a fixed axis,
then

Since point C travels along a circular slot, the normal component of its acceleration

has a magnitude of and is directed towards the

center of the circular slot.The tangential component is directed along the tangent of
the slot. Applying the relative acceleration equation,

aC = aB + aBC * rC>B - vBC 
2rC>B

AaC Bn =
vC

2

r
= 3.1182

0.15
= 64.8 m>s2

 = {0.6i - 10.8j} m>s2

 = A -2k B * A0.3j B -62 A0.3j B aB = a¿AB * rB - vAB 
2rB

vC = vBC rC>IC = 7.2 A0.4330 B = 3.118 ft>s
vBC =

vB

rB>IC
= 1.8

0.25
= 7.2 rad>s

rB>IC = 0.5 sin 30° = 0.25 m     rC>IC = 0.5 cos 30° = 0.4330 m

vB = vAB rB = 6(0.3) = 1.8 m>s :

Equating the i and j components,

Solving,

d Ans.

Thus, the magnitude of aC is

Ans.

and its direction is

Ans.u = tan-1 C AaC B tAaC Bn S = tan-1a152.24
64.8

b = 66.9°  a

aC = 4AaC B t 
2 + AaC Bn 

2 = 2152.242 + 64.72 = 165m>s2

AaC B t = -152.24 m>s2 = 152.24 m>s2 c

a BC = -346.59 rad>s2 = 347rad>s2 

- AaC B t = 2.16 + 0.4330a BC

64.8 = - A0.25aBC - 21.85 B
64.8i- AaC B t j = - A0.25a BC - 21.85 B i + A2.16 + 0.4330aBC Bj64.8i- AaC B t j = A0.6i - 10.8j B + AaBCk B * A0.5 cos 30°i - 0.5 sin 30° j B -7.22 A0.5 cos 30°i - 0.5 sin 30° j B
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Angular Velocity: The location of the IC for link ABC is indicated in Fig. a. From the
geometry of this figure,

Then

Acceleration and Angular Acceleration: Applying the relative acceleration
equation to points A and B,

aB = aA + aABC * rB>A - vABC 
2rB>A

vABC =
vA

rA>IC
= 1.5

0.3
= 5 rad>s

rA>IC = 0.6 cos 60° = 0.3 m

16–122. The hydraulic cylinder extends with a velocity of
and an acceleration of .

Determine the angular acceleration of link ABC and the
acceleration of end C at the instant shown. Point B is pin
connected to the slider block.

aA = 0.5 m>s2vA = 1.5 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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-aB i = -0.5j + (-aABC k) * (-0.6 cos 60°i - 0.6 sin 60° j) - 52(-0.6 cos 60°i - 0.6 sin 60°j)

Equating the i and j components,

(1)

(2)

Solving Eqs. (1) and (2),

Ans.

From points B and C,

aC = aB + aABC * rC>B - vABC 
2rC>B

aB = -29.13 m>s2

aABC = -41.63 rad>s2 = 41.6 rad>s2

0 = 0.3aABC + 12.490

-aB = 7.5 - 0.5196aABC

-aB i = (7.5 - 0.5196aABC)i + (0.3aABC + 12.490)j

(aC)x i + (aC)y j = [-(-29.13)i] + [-(-41.63)k] * (-0.5 cos 30° i + 0.5 sin 30°j) - 52(-0.5 cos 30°i + 0.5 sin 30°j)

Equating the i and j components,

Thus, the magnitude of aC is

Ans.

and its direction is

Ans.u = tan-1 B (aC)y

(aC)x
R = tan-1a24.28

29.55
b = 39.4° c

aC = 2(aC)x 
2 + (aC)y 

2 = 229.552 + 24.282 = 38.2 m>s2

(aC)x = 29.55 m>s2     (aC)y = -24.28 m>s2 = 24.28 m>s2 T

(aC)x i + (aC)y j = 29.55i - 24.28 j

A

C

B

vA ! 1.5 m/s
aA ! 0.5 m/s2

0.5 m

0.6 m60"
90"
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Angular Velocity: Since pulley A rotates about a fixed axis,

The location of the IC is indicated in Fig. a. Thus,

Acceleration and Angular Acceleration: For pulley A,

Using this result and applying the relative acceleration equation to points C and D
by referring to Fig. b,

Equating the j components,

Ans.aB = 1.43 rad>s2

0 = 0.25 - 0.175aB

(aD)n i = [(aC)n - 22.86]i + (0.25 - 0.175aB)j

(aD)n i = (aC)n i + 0.25j + (-aB k) * (0.175i)-11.432(0.175i)

aD = aC + aB * rD>C - vB 
2rD>C

(aC)t = aArA = 5(0.05) = 0.25 m>s2 c

vB =
vC

rC>IC
= 2

0.175
= 11.43 rad>s

vC = vA rA = 40(0.05) = 2 m>s c

16–123. Pulley A rotates with the angular velocity and
angular acceleration shown. Determine the angular
acceleration of pulley B at the instant shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

E

vA ! 40 rad/s
aA ! 5 rad/s2

50 mm 

50 mm 

125 mm 
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Angular Velocity: Since pulley A rotates about a fixed axis,

The location of the IC is indicated in Fig. a. Thus,

Acceleration and Angular Acceleration: For pulley A,

Using this result and applying the relative acceleration equation to points C and D
by referring to Fig. b,

Equating the j components,

Using this result, the relative acceleration equation applied to points C and E, Fig. b,
gives

Equating the j components,

Ans.aE = 0.0714 m>s2c

aE j = [(aC)n - 16.33]i + 0.0714j

aE j = [(aC)n i + 0.25j] + (-1.429k) * (0.125i) - 11.432(0.125i)

aE = aC + aB * rE>C - vB 
2rE>C

aB = 1.429 rad>s = 1.43 rad>s2

0 = 0.25 - 0.175a B

(aD)n i = [(aC)n - 22.86]i + (0.25 - 0.175aB)j

(aD)n i = (aC)n i + 0.25j + (-aBk) * (0.175i) - 11.432(0.175i)

aD = aC + aB * rD>C - vB 
2rD>C

(aC)t = aA rA = 5(0.05) = 0.25 m>s2 c

vB =
vC

rC>IC
= 2

0.175
= 11.43 rad>s

vC = vArA = 40(0.05) = 2 m>s c

*16–124. Pulley A rotates with the angular velocity and
angular acceleration shown. Determine the acceleration of
block E at the instant shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

E

vA ! 40 rad/s
aA ! 5 rad/s2

50 mm 

50 mm 

125 mm 
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Angular Velocity: Crank AB rotates about a fixed axis. Thus,

The location of the IC for link BC is indicated in Fig. b. From the geometry of this
figure,

Then

and

Acceleration and Angular Acceleration: Since crank AB rotates about a fixed axis,
Fig. c,

Using these results and applying the relative acceleration equation to points B and
C of link BC, Fig. d,

aB = aC + aBC * rB>C - vBC 
2rB>C

 = (0.2598a AB)i - (0.15aAB + 34.64)j

 = (-a AB k) * (0.3 cos 60°i + 0.3 sin 60°j) - 11.552(0.3 cos 60°i + 0.3 sin 60°j)

 aB = a AB * rB - vAB 
2rB

vAB = 11.55 rad>svAB (0.3) = 5(0.6928)

vB = vBC rB>IC

vBC =
vC

rC>IC
= 2

0.4
= 5 rad>s

rC>IC = 0.4 m     rB>IC = 2(0.4 cos 30°) = 0.6928 m

vB = vAB rB = vAB (0.3)

•16–125. The hydraulic cylinder is extending with the
velocity and acceleration shown. Determine the angular
acceleration of crank AB and link BC at the instant shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

D

C

0.4 m

0.3 m30"
60"

vD ! 2 m/s
aD ! 1.5 m/s2

(0.2598aAB - 20)i - (0.15aAB + 34.64)j = -(0.2a BC + 7.160)i + (0.3464a BC - 5)j

(0.2598aAB - 20)i - (0.15aAB + 34.64)j = 1.5i + (a BCk) * (0.4 cos 30°i + 0.4 sin 30°j) - 52(0.4 cos 30°i + 0.4 sin 30°j)

Equating the i and j components,

Solving,

Ans.

Ans.a AB = 172.93 rad>s2 = 173 rad>s2

a BC = -160.44 rad>s2 = 160 rad>s2

-(0.15aAB + 34.64) = 0.3464a BC - 5

0.2598a AB - 20 = -(0.2a BC + 7.160)

91962_06_s16_p0513-0640  6/8/09  2:52 PM  Page 606



607

Velocity Analysis:

Ans.

Ans.

Acceleration Equation: From Example 16–3, Since ,

Ans.

Ans.aA = 2y2

r
 :

 = 0 + 0 - ay
r
b2

 (-2ri) = 2y2

r
 i

 aA = aG + a * rA>G - v2 rA>G
aB = 2 y2

r
 T

 = 0 + 0 - ay
r
b2

 (2 r j) = -  
2y2

r
j

 aB = aG + a * rB>G - v2 rB>G
rB>G = 2 r j rA>G = -2r i

a = 0aG = 0

yA = vrA>IC = y
r
a2(2r)2 + (2r)2b = 222y a 45°

yB = vrB>IC = y
r

(4r) = 4y:

v = y
r

16–126. A cord is wrapped around the inner spool of the
gear. If it is pulled with a constant velocity v, determine the
velocities and accelerations of points A and B. The gear
rolls on the fixed gear rack.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

r
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v

A
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Velocity Analysis: The angular velocity of the gear can be obtained by using the
method of instantaneous center of zero velocity. From similar triangles,

[1]

Where
[2]

Solving Eqs.[1] and [2] yields

Thus,

Acceleration Equation: The angular acceleration of the gear can be obtained by
analyzing the angular motion point C and D. Applying Eq. 16–18 with

, we have

Equating i and j components, we have

The acceleration of point A can be obtained by analyzing the angular motion point
A and C. Applying Eq. 16–18 with , we have

Thus,
Ans.

The acceleration of point B can be obtained by analyzing the angular motion point
B and C. Applying Eq. 16–18 with , we have

The magnitude and direction of the acceleration of point B are given by

Ans.

Ans. u = tan-1 
63.5
2.50

= 87.7°  b

 aC = 2(-2.50)2 + 63.52 = 63.5 ft>s2

 = {-2.50i + 63.5j} ft>s2

 = -64.0i - 3j + (-10.0k) * (-0.25i - 0.25j) - 16.02 (-0.25i - 0.25j)

 aB = aC + a * rB>C - v2rB>C
rB>C = {-0.25i - 0.25j} ft

aA = 0.500 ft>s2 T

 = {0.500j} ft>s2

 = -64.0i - 3j + (-10.0k) * (-0.25i) - 16.02 (-0.25i)

 aA = aC + a * rA>C - v2 rA>C
rA>C = {-0.25i} ft

 2 = 0.5 a - 3 a = 10.0 rad>s2

 64.0 = 64.0 (Check!)

 64.0i + 2j = 64.0i + (0.5a - 3)j

 64.0i + 2j = -64.0i - 3j + (-ak) * (-0.5i) - 16.02 (-0.5i)

 aD = aC + a * rD>C - v2 rD>C
rD>C = {-0.5i} ft

v =
yD

rD>IC
= 6

0.375
= 16.0 rad>s

rD>IC = 0.375 ft rC>IC = 0.125 ft

rD>IC + rC>IC = 0.5

6
rD>IC

= 2
rC>IC

v =
yD

rD>IC
=
yC

rC>IC

16–127. At a given instant, the gear racks have the velocities
and accelerations shown. Determine the acceleration of
points A and B.
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B

0.25 ft

a ! 2 ft/s2

v ! 6 ft/s

a ! 3 ft/s2

v ! 2 ft/s

A
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*16–128. At a given instant, the gear has the angular
motion shown. Determine the accelerations of points A and
B on the link and the link’s angular acceleration at this
instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 ! 6 rad/s
 ! 12 rad/s2 O

3 in.

2 in.

B 

60"

8 in.

A 

a
v

For the gear

Ans.

Ans.

For link AB

The IC is at , so , i.e.,

Ans.

b Ans.(+ c) 0 = 72 - 8 cos 60°aAB  aAB = 18 rad>s2 

A :+ B aB = -12 + 8 sin 60°(18) = 113 in.>s2 :
aB i = (-12i + 72j) + (-aAB k) * (8 cos 60°i + 8 sin 60°j) - 0

aB = aA + aAB * rB>A - v2 rB>A
aB = aB i aAB = -aAB k rB>A = {8 cos 60°i + 8 sin 60°j} in.

vAB =
yA

rA>IC
= 6

q = 0

vAB = 0q

u = tan-1a72
12
b = 80.5°  b

aA = 2(-12)2 + 722 = 73.0 in.>s2

 = {-12i + 72j} in.>s2

 = -36i + (12k) * (-2j) - (6)2(-2j)

 aA = a0 + a * rA>O - v2rA>O
aO = -12(3)i = {-36i} in.>s2 rA>O = {-2j} in. a = {12k} rad>s2

yA = vrA>IC = 6(1) = 6 in.>s
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IC is at , thus

b Ans.aAB = 10.8
0.3

= 36 rad>s2 

(aB)t = 10.8 m>s2

aBC = 12 rad>s2

(+ c) -10.8 = -3.6 -  0.6 aBC

A :+ B (aB)t = 3.6 + 0.6 aBC

(aB)t i - 10.8j = 3.6i - 3.6j + (aBCk) * (-0.6i - 0.6j) - 0

aB = aC + aBC * rB>C - v2
BC rB>C

(aB)n =
(1.8)2

0.3
= 10.8 m>s2 T

(aC)t = 4(0.9) = 3.6 m>s2 :
(aC)n = (2)2 (0.9) = 3.6 m>s2 T

vB = vC = (0.9)(2) = 1.8 m>svBC = 0

q

•16–129. Determine the angular acceleration of link AB if
link CD has the angular velocity and angular deceleration
shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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0.6 m

0.6 m

0.3 m

A

B

C

D

aCD ! 4 rad/s2

vCD ! 2 rad/s
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Angular Velocity: Arm DE rotates about a fixed axis, Fig. a. Thus,

The IC for gear B is located at the point where gears A and B are meshed, Fig. b.
Thus,

Acceleration and Angular Acceleration: Since arm DE rotates about a fixed axis,
Fig. c,

Using these results to apply the relative acceleration equation to points E and F of
gear B, Fig. d, we have

Equating the i and j components yields

Solving,

Ans.aB = 7.5 rad>s2

aF = 27 m>s2

0.5aF = 0.1732aB + 12.20

0.8660aF = 24.13 - 0.1aB

aF cos 30° i + aF sin 30°j = (24.13 - 0.1aB)i + (0.1732aB + 12.20)j

(-0.2 cos 30° i - 0.2 sin 30°j) - 152(-0.2 cos 30°i - 0.2 sin 30°j)

aF cos 30°i + aF sin 30°j = (-14.84i - 10.30j) + (-aB k) *

aF = aE + aB * rF>E - vB 
2 rF>E

 = [-14.84i - 10.30j] m>s2

 = (-3k) * (0.5 cos 30°i + 0.5 sin 30° j) - 62 (0.5 cos 30° i + 0.5 sin 30° j)

 aE = a DE * rE - vDE 
2 rE

vB =
vE

rE>IC
= 3

0.2
= 15 rad>s

vE = v DE rE = 6(0.5) = 3 m>s

16–130. Gear is held fixed, and arm rotates
clockwise with an angular velocity of and an
angular acceleration of Determine the
angular acceleration of gear at the instant shown.B

aDE = 3 rad>s2.
vDE = 6 rad>sDEA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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D

B

E

0.3 m

0.2 m

30!
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Angular Velocity: Arm DE and gear A rotate about a fixed axis, Figs. a and b. Thus,

The location of the IC for gear B is indicated in Fig. c. Thus,

Then,

Acceleration and Angular Acceleration: Since arm DE rotates about a fixed axis,
Fig. c, then

Using these results and applying the acceleration equation to points E and F of
gear B, Fig. e,

Equating the i and j components yields

Ans.aB = 7.5 rad>s2

aF = 162 m>s2

0.5aF = 79.70 + 0.1732aB

0.8660aF = 141.05 - 0.1aB

0.8660aF i + 0.5aF j = (141.05 - 0.1aB)i + (79.70 + 0.1732aB)j

(-0.2 cos 30° i - 0.2 sin 30°j) - 302(-0.2 cos 30°i - 0.2 sin 30°j)

aF cos 30°i + aF sin 30°j = (-14.84i - 10.30j) + (-aB k) *

aF = aE + aB * rF>E - vB 
2 rF>E

 = [-14.84i - 10.30j] m>s2

 = (-3k) * (0.5 cos 30°i + 0.5 sin 30° j) - 62 (0.5 cos 30° i + 0.5 sin 30° j)

 aE = a DE * rE - vDE 
2 rE

vB =
vE

rE>IC
= 3

0.1
= 30 rad>s

rE>IC = rF>IC = 0.1 m

vF = vA rF = 10(0.3) = 3 m>svE = v DE rE = 6(0.5) = 3 m>s

16–131. Gear rotates counterclockwise with a constant
angular velocity of while arm rotates
clockwise with an angular velocity of and an
angular acceleration of Determine the
angular acceleration of gear at the instant shown.B

aDE = 3 rad>s2.
vDE = 6 rad>sDEvA = 10 rad>s,

A
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D

B

E

0.3 m

0.2 m
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Angular Velocity: The location of the IC is indicated in Fig. a. Thus,

Then,

and

Acceleration and Angular Acceleration: The magnitude of the normal component

of its acceleration of points A and B are and

and both are directed towards the center of the

circular track. Since vA is constant, . Thus, . Applying the

relative acceleration equation to points A and B, Fig. b,

Equating the i and j components yields

Ans.

Thus, the magnitude of aB is

Ans.

and its direction is

Ans.u = tan-1 B (aB)t

(aB)n
R = tan-1a 0

90
b = 0° :

aB = 2(aB)t 
2 + (aB)n 

2 = 202 + 902 = 90 m>s2

(aB)t = 0 m>s2

aAB = 0 rad>s2

-(aB) = -0.6aAB

90 = -0.3464aAB + 90

90i - (aB)t j = (-0.3464aAB + 90)i - (0.6aAB)j

(-0.6928 cos 30°i + 0.6928 sin 30°j) - 152(-0.6928 cos 30°i + 0.6928 sin 30°j)

90i - (aB)t j = (-90 cos 60°i + 90 sin 60°j) + (aAB k) *

aB = aA + aAB * rB>A - vAB 
2rB>A

aA = 90 m>s2(aA)t = 0

(aB)n =
vB 

2

r
= 62

0.4
= 90 m>s2

(aA)n =
vA 

2

r
= 62

0.4
= 90 m>s2

vB = vAB rB>IC = 15(0.4) = 6 m>s
vAB =

vA

rA>IC
= 6

0.4
= 15 rad>s

rA>IC = rB>IC = 0.4 m

*16–132. If end A of the rod moves with a constant
velocity of , determine the angular velocity and
angular acceleration of the rod and the acceleration of end
B at the instant shown.

vA = 6 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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vA ! 6 m/s

B

A

400 mm

30"

91962_06_s16_p0513-0640  6/8/09  2:56 PM  Page 613



614

•16–133. The retractable wing-tip float is used on an
airplane able to land on water. Determine the angular
accelerations , , and at the instant shown if the
trunnion C travels along the horizontal rotating screw with
an acceleration of . In the position shown,

. Also, points A and E are pin connected to the wing
and points A and C are coincident at the instant shown.
vC = 0

aC = 0.5 ft>s2

aABaBDaCD

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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aC ! 0.5 ft/s2

2 ft

2 ft

2 ft
90"

AB

D

a

B

E
C

A

Velocity Analysis: Since , then . Also, one can then show that
.

Acceleration Equation: The acceleration of point D can be obtained by analyzing
the angular motion of link ED about point E. Here,

.

The acceleration of point B can be obtained by analyzing the angular motion of
links AB about point A. Here,

Link CD is subjected to general plane motion. Applying Eq. 16–18 with
, we have

Equating i and j components, we have

[1]

[2]

Solving Eqs.[1] and [2] yields

Ans.

Link BD is subjected to general plane motion. Applying Eq. 16–18 with 
and 

, we have

Equating i and j components, we have

[3]

[4]

Solving Eqs. [3] and [4] yields

Ans.aBD = 0.177 rad>s2  aAB = 0

0 = 0.25 - 1.414 aBD

2.828 aAB = 1.414 aBD - 0.25

 2.828 aAB i = (1.414 aBD - 0.25) i + (0.25 - 1.414 aBD) j

 2.828 aAB i = -0.25i + 0.25j + aBDk * (-1.414i - 1.414j) - 0

 aB = aD + aBD * rB>D - v2
BDrB>D

- 1.414 (-0.1768)j = {-0.25i + 0.25j} rad>s2
aD = [1.414 (-0.1768) i{-2 cos 45°i - 2 sin 45°j} ft = {-1.414i - 1.414j} ft

rB>D =
aCD = 0.177 rad>s2

aED = -0.1768 rad>s2

-1.414aED = 1.414aCD

1.414 aED = 1.414aCD - 0.5

 1.414 aED i - 1.414 aED j = (1.414 aCD - 0.5) i + 1.414 aCDj

 1.414 aED i - 1.414 aED j = -0.5i + aCDk * (1.414i - 1.414j) - 0

 aD = aC + aCD * rD>C - v2
CDrD>C

rD>C = {2 cos 44°i - 2 sin 45°j} ft = {1.414i - 1.414j} ft

 = {2.828 aAB i} ft>s2

 = (aAB k) * (-2.828j) - 0

 aB = aAB * rB>A - v2
AB rB>A

rAB = {-2.828j} ft

 = {1.414 aED i - 1.414 aED j} ft>s2

 = (aED k) * (-1.414i - 1.414j) - 0

 aD = aED * rED - v2
ED rED

rED = {-2 cos 45°i - 2 sin 45°j} ft = {-1.414i - 1.414j} ft

vBD = vAB = vED = 0
vCD = 0yC = 0
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b Ans.

d

d Ans.aCD = 43.71
4

= 10.9 rad>s2 

aCB = 4 rad>s2 

4 = 32 sin 30° - aCB (3)

(aC)t = 32 cos 30° - (2.309)2 (-3) = 43.71 ft>s2

(aC)t i + (1)2 (4)j = 32 cos 30°i + 32 sin 30°j + (aCB k) * (-3i) - (2.309)2 (-3i)

(aC)t + (aC)n = aB + aCB * rC>B - v2
 rC>B

aB = (aB)n = (4)2(2) = 32 ft>s2 :

vCD =
vC

rCD
= 4

4
= 1 rad>s 

vC = vBC rC>IC = (2.309)(3 tan 30°) = 4 ft>s
vCB =

vB

rB>IC
= 8

3>cos 30°
= 2.309 rad>s

vB = vAB rBA = (4)(2) = 8 ft>s c

16–134. Determine the angular velocity and the angular
acceleration of the plate CD of the stone-crushing
mechanism at the instant AB is horizontal. At this instant

and . Driving link AB is turning with a
constant angular velocity of .vAB = 4 rad>sf = 90°u = 30°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

2 ft

4 ft

3 ft

u " 30!

f " 90!

    AB " 4 rad/s
AB

C

D

v
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Kinematic Equations:

(1)

(2)

Substitute the data into Eqs.(1) and (2) yields:

Ans.

Ans. = {-14.2i + 8.40j} m>s2

 aB = 0 + (3k) * (0.4i) + (6k) * [(6k) * (0.4i) ] + 2 (6k) * (0.6i) + (0.15i)

vB = 0 + (6k) * (0.4i) + (0.6i) = {0.6i + 2.4j} m>s
(aB>O)xyz = {0.15i} m>s2

(vB>O)xyz = {0.6i} m>srB>O = {0.4 i } m

Æ = {3k} rad>s2

Æ = {6k} rad>saO = 0

vO = 0

aB = aO + Æ
#

* rB>O +  Æ *  (Æ *  rB>O) +  2Æ *  (vB>O)xyz +  (aB>O)xyz

vB = vO + Æ * rB>O + (vB>O)xyz

16–135. At the instant shown, ball B is rolling along the slot
in the disk with a velocity of 600 and an acceleration of

, both measured relative to the disk and directed
away from O. If at the same instant the disk has the angular
velocity and angular acceleration shown, determine the
velocity and acceleration of the ball at this instant.

150 mm>s2
mm>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

z

v

a

O
B

x

0.8 m
0.4 m

" 3 rad/s2
" 6 rad/s
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Reference Frames: The xyz rotating reference frame is attached to the plate and
coincides with the fixed reference frame XYZ at the instant considered, Fig. a. Thus,
the motion of the xyz frame with respect to the XYZ frame is

For the motion of ball C with respect to the xyz frame,

From the geometry shown in Fig. b, . Thus,

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation, we have

 = [-8.12i - 8.12j] ft>s = 0 + (6k) * (-1i + 1j) + (-2.121i - 2.121j)

 vC = vO + v * rC>O + (vrel)xyz

rC>O = (-1.414 sin 45°i + 1.414 cos 45°j)ft = [-1i + 1j] ft

rC>O = 2 cos 45° = 1.414 ft

(arel)xyz = (-1.5 sin 45°i - 1.5 cos 45°j) ft>s2 = [-1.061i - 1.061j] ft>s2

(vrel)xyz = (-3 sin 45°i - 3 cos 45°j) ft>s = [-2.121i - 2.121j] ft>s
vO = aO = 0   v = [6k] rad>s   v

# = a = [-1.5k] rad>s2

*16–136. Ball C moves along the slot from A to B with a
speed of , which is increasing at , both measured
relative to the circular plate. At this same instant the plate
rotates with the angular velocity and angular deceleration
shown. Determine the velocity and acceleration of the ball at
this instant.

1.5 ft>s23 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans. = [61.9i - 61.0j]ft>s2

 = 0 + (1.5k) * (-1i + 1j) + (6k) * [(6k) * (-1i + 1j)] + 2(6k) * (-2.121i - 2.121j) + (-1.061i - 1.061j)

 aC = aO + v# * rC>O + v * (v * rC>O) + 2v * (vrel)xyz + (a rel)xyz

yx

z

v ! 6 rad/s

a ! 1.5 rad/s2

2 ft

2 ft

B

C

A
45"
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Reference Frames: The xyz rotating reference frame is attached to the plate and
coincides with the fixed reference frame XYZ at the instant considered, Fig. a. Thus,
the motion of the xyz frame with respect to the XYZ frame is

For the motion of ball C with respect to the xyz frame, we have

The normal component of is .

Thus,

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation.

Ans. = [-1.2j] m>s2

 = 0 + (5k) * (0.3j) + (8k) * [(8k) * (0.3j)] + 2(8k) * (3i) + (1.5i - 30j)

 aC = aO + v# * rC>O + v * (v * rC>O) + 2v * (v rel)xyz + (a rel)xyz

 = [0.6i] m>s = 0 + (8k) * (0.3j) + (3i)

 vC = vO + v * rC>O + (v rel)xyz

Aa rel Bxyz = [1.5i - 30j] m>s
c Aarel Bxyz d

n
=
Avrel Bxyz 

2

r
= 32

0.3
= 30 m>s2Aa rel Bxyz

(vrel)xyz = [3i] m>srC>O = [0.3j] m

vO = aO = 0    v = [8k] rad>s  v
# = a = [5k] rad>s2

•16–137. Ball C moves with a speed of , which is
increasing at a constant rate of , both measured
relative to the circular plate and directed as shown. At the
same instant the plate rotates with the angular velocity and
angular acceleration shown. Determine the velocity and
acceleration of the ball at this instant.

1.5 m>s2
3 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x y

z

a ! 5 rad/s2
v ! 8 rad/s

300 mm

O

C
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Reference Frames: The xyz rotating reference frame is attached to boom AB and
coincides with the XY fixed reference frame at the instant considered, Fig. a. Thus,
the motion of the xy frame with respect to the XY frame is

16–138. The crane’s telescopic boom rotates with the
angular velocity and angular acceleration shown. At the
same instant, the boom is extending with a constant speed
of , measured relative to the boom. Determine the
magnitudes of the velocity and acceleration of point B at
this instant.

0.5 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Acceleration: Applying the relative acceleration equation,

Thus, the magnitude of aB, Fig. c, is

Ans.aB = 20.622 + (-0.024)2 = 0.6204 ft>s2

 = [0.62i - 0.024 j] ft>s2

 = 0 + (-0.01k) * (60j) + (-0.02k) * [(-0.02k) * (60j)] + 2(-0.02k) * (0.5j) + 0

 aB = aA + v# AB * rB>A + vAB * (vAB * rB>A) + 2vAB * (vrel)xyz + (a rel)xyz

vA = aA = 0   vAB = [-0.02k] rad>s  v
#

AB = a = [-0.01k] rad>s2

For the motion of point B with respect to the xyz frame, we have

Velocity: Applying the relative velocity equation,

Thus, the magnitude of vB, Fig. b, is

Ans.vB = 21.22 + 0.52 = 1.30 ft>s
 = [1.2i + 0.5j] ft > s = 0 + (-0.02k) * (60j) + 0.5j

 vB = vA + vAB * rB>A + (v rel)xyz

rB>A = [60j] ft   (vrel)xyz = [0.5j] ft>s   (arel)xyz = 0

B

A30"

60 ft

vAB ! 0.02 rad/s
aAB ! 0.01 rad/s2
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Ans.

Ans.aA = {-3.00i + 1.75j} ft>s2

aA = -1i - 1.25j - 2i + 3j

aA = 0 + (0.2k) * (5j) + (0.5k) * (0.5k * 5j) + 2(0.5k) * (2j) + 3j

aA = aO + Æ
#

* rA>O + Æ * (Æ * rA>O) + 2Æ * (vA>O)xyz + (aA>O)xyz

vA = {-2.50i + 2.00j} ft>svA = 0 + (0.5k) * (5j) + 2j

vA = vO + Æ * rA>O + (vA>O)xyz

16–139. The man stands on the platform at O and runs out
toward the edge such that when he is at A, , his mass
center has a velocity of 2 and an acceleration of ,
both measured relative to the platform and directed along
the positive y axis. If the platform has the angular motions
shown, determine the velocity and acceleration of his mass
center at this instant.

3 ft>s2ft>s y = 5 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

z

x

y
y " 5 ft

" 0.5 rad/s

" 0.2 rad/s2

A

v

a

O
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Solving:

d Ans.

aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

vAB = 1.89 rad>s 

(yC>A)xyz = 5.6569 ft>s
5.6569i - 5.6569j = (yC>A)xyz i - 3vAB j

5.6569i - 5.6569j = 0 + (vABk) * (-3i) + (yC>A)xyz i

vC = vA + Æ * rC>A + (vC>A)xyz

 = {-19.7990i - 25.4558j} ft>s2

 = (-2k) * (2 sin 45°i + 2 cos 45°j) - (4)2 (2 sin 45°i + 2 cos 45°j)

 aC = aCD * rC>D - v2
CD rC>D

vC = vCD * rC>D = (-4k) * (2 sin 45°i + 2 cos 45°j) = {5.6569i - 5.6569j} ft>s(aC>A)xyz = (aC>A)rel i

(vC>A)xyz = (yC>A)rel i

rC>A = {-3i} ft

Æ
#

= aAB k

Æ = vAB k

aA = 0

vA = 0

*16–140. At the instant , link DC has an angular
velocity of and an angular acceleration of

. Determine the angular velocity and
angular acceleration of rod AB at this instant. The collar at
C is pin connected to DC and slides freely along AB.

aDC = 2 rad>s2
vDC = 4 rad>su = 45°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

AC
B

v
a

D

u

DC
DC

3 ft

2 ft

Solving:

d Ans.aAB = 15.6 rad>s2 

(a C>A)xyz = -30.47 ft>s2

-19.7990i - 25.4558j = [10.6667 + (a C>A)xyz]i + (21.334 - 3aAB)j

-19.7990i - 25.4558j = 0 + (aAB k) * (-3i) + (1.89k) * [(1.89k) * (-3i)] + 2(1.89k) * (5.6569i) + (aC>A)xyz i
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Reference Frame: The xyz rotating reference frame is attached to member CDE
and coincides with the XYZ fixed reference frame at the instant considered. Thus,
the motion of the xyz reference frame with respect to the XYZ frame is

vC = 0   vCDE = vCDEk

•16–141. Peg B fixed to crank AB slides freely along the
slot in member CDE. If AB rotates with the motion shown,
determine the angular velocity of CDE at the instant shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

For the motion of point B with respect to the xyz frame,

Av rel Bxyz = Av rel Bxyz cos 45°i + Av rel Bxyz sin 45°j = 0.7071 Avrel Bxyz i + 0.7071 Av rel Bxyz j

rB>C = c20.32 + 0.32i d  m = 0.322i

Since crank AB rotates about a fixed axis, vB and aB with respect to the XYZ
reference frame can be determined from

Velocity: Applying the relative velocity equation,

vB = vC + vCDE * rB>C + Av rel Bxyz

 = [-2.898i - 0.7765j] m>s = A10k B * A -0.3 cos 75°i + 0.3 sin 75°j B vB = vAB * rB

Equating the i and j components yields

(1)

(2)

Solving Eqs. (1) and (2) yields

Ans.vCDE = 5 rad>s(v rel)xyz = -4.098 m>s
-0.7765 = 0.322vCDE + 0.7071(v rel)xyz

-2.898 = 0.7071(v rel)xyz

-2.898i - 0.7765j = 0.7071 Avrel Bxyzi + C0.322vCDE + 0.7071 Av rel Bxyz DjA -2.898i - 0.7765j B = 0 + AvCDE k B * a0.322ib + 0.7071 Av rel Bxyz i + 0.7071 Avrel Bxyz j

0.3 m

0.3 m

0.3 m

A

EB

D

C

30!

vAB " 10 rad/s
aAB " 5 rad/s2
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16–142. At the instant shown rod AB has an angular
velocity and an angular acceleration

. Determine the angular velocity and angular
acceleration of rod CD at this instant. The collar at C is pin
connected to CD and slides freely along AB.

aAB = 2 rad>s2
vAB = 4 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Motion of moving reference Motion of C with respect to moving
reference 

(a C>A)xyz = (aC>A)xyz i

(vC>A)xyz = (yC>A)xyz i

rC>A = 50.75i6m
Æ
#

= 2k rad>s2

Æ = 4k rad>saA = 0
vA = 0

The velocity and acceleration of collar C can be determined using Eqs. 16–9 and
16–14 with .

Substitute the above data into Eq.[1] yields

Equating i and j components and solve, we have

Ans.

Substitute the above data into Eq.[2] yields

Equating i and j components, we have

d Ans.aCD = -56.2 rad>s2 = 56.2 rad>s2 

(aC>A)xyz = 46.85 m>s2

 (20.78 - 0.250aCD)i + (0.4330 aCD + 12)j = C(aC>A)xyz - 12.0 D i - 12.36j

 = 0 + 2k * 0.75i + 4k * (4k * 0.75i) + 2 (4k) * (-1.732i) + (aC>A)xyz i

 C0.4330 A6.9282 B - 0.250 aCD D i + C0.4330aCD + 0.250 A6.9282 B Dj aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

 vCD = 6.928 rad>s = 6.93 rad>s (yC>A)xyz = -1.732 m>s
 -0.250vCD i + 0.4330vCD j = (yC>A)xyz i + 3.00j

 -0.250 vCD i + 0.4330vCDj = 0 + 4k * 0.75i + (yC>A)xyz i

 v C = vA + Æ * rC>A + (vC>A)xyz

 = A0.4330v2
CD - 0.250 aCD B  i + A0.4330aCD + 0.250v2

CD B j = -aCD k * (-0.4330i - 0.250j) - v2
CD(-0.4330i - 0.250j)

 aC = a CD * rC>D - v2
CD rC>D

 = -0.250vCDi + 0.4330vCDj

 vC = vCD * rC>D = -vCDk * (-0.4330i - 0.250j)

rC>D = {-0.5 cos 30°i - 0.5 sin 30°j }m = {-0.4330i - 0.250j} m

B

v
a

D

A

C

0.5 m60!

AB " 4 rad/s
AB " 2 rad/s2

0.75 m
Coordinate Axes: The origin of both the fixed and moving frames of reference are
located at point A. The x, y, z moving frame is attached to and rotate with rod AB
since collar C slides along rod AB.

Kinematic Equation: Applying Eqs. 16–24 and 16–27, we have

[1]

[2] aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (v C>A)xyz + (a C>A)xyz

 vC = vA + Æ * rC>A + (vC>A)xyz
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Solving:

b Ans.

aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

(yC>A)xyz = 1.732(10) = 17.32 ft>svCD = 10 rad>s 
(yC>A)xyz i - 10j = 1.732vCD i - vCDj

(yC>A)xyz i - 10j = (-vCD k) * (2cos 60°i + 2 sin 60°j)

vC = vCD * rCD

 = (yC>A)xyz i - 10j

 vC = 0 + (-5k) * (2i) + (yC>A)xyzi

vC = vA + Æ * rC>A + (vC>A)xyz

(aC>A)xyz = (aC>A)xyz i

(vC>A)xyz = (yC>A)xyz i

rC>A = {2i} ft

Æ
#

= {-12k} rad>s2

Æ = {-5k} rad>saA = 0

vA = 0

16–143. At a given instant, rod AB has the angular
motions shown. Determine the angular velocity and angular
acceleration of rod CD at this instant. There is a collar at C.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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vAB " 5 rad/s

VCD

A

C B

D

2 ft

2 ft

2 ft

aAB " 12 rad/s2

ACD

Solving:

b Ans.

(aC>A)xyz - 50 = 1.732(24) - 100  (aC>A)xyz = -8.43 ft>s2

- C10(17.32) + 24 D = -(aCD + 173.2) aCD = 24 rad>s2 

C(aC>A)xyz - 50 D i - A10(17.32) + 24 Dj = (1.732 aCD - 100)i - (aCD + 173.2)j

C(aC>A)xyz - 50 D i - C10(17.32) + 24 Dj = (-aCD k) * (2 cos 60°i + 2 sin 60°j) - (10)2(2 cos 60°i + 2 sin 60°j)

aC = aCD * rC>D - v2
CD rCD

 = [(aC>A)xyz - 50 D i - C10(yC>A)xyz + 24 D j aC = 0 + (-12k) * (2i) + (-5k) * [(-5k) * (2i) D + 2(-5k) * [(yC>A)xyzi] + (aC>A)xyz i
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*16–144. The dumpster pivots about C and is operated
by the hydraulic cylinder AB. If the cylinder is extending
at a constant rate of 0.5 , determine the angular
velocity of the container at the instant it is in the
horizontal position  shown.

V
ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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0.5 ft/s

3 ft

A

B

C

3 ft

1 ft

v

Thus,

d Ans.

Æ = 0.133 rad>sv = 0.833 rad>s 
-  

4
5

 v(1)i + 3
5
v(1)j = - Æ(5)i + 0.5j

-  
4
5

 v(1)i + 3
5

 v(1)j = 0 + (Æk) * (5j) + 0.5j

vB = vA + Æ * rB>A + (vB>A)xyz

vB = - 4
5

 v(1)i + 3
5

 v(1)j

vB>A = 0.5j

rB>A = 5 j
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Solving,

d Ans.

 +2(0.72k) * C -(0.8)(1.92)i - 0.6(1.92)j D + 0.8 aB>Ai + 0.6aB>A j

 -4.8i - 2j = 0 + (aBC k) * (1.6i + 1.2j) + (0.72k) * (0.72k * (1.6i + 1.2j))

aA = aB + Æ * rA>B + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz

vA>B = -1.92 ft>svBC = 0.720 rad>s 
0 = 1.6vBC + 0.6vA>B
-2.4 = -1.2 vBC + 0.8 vA>B
-2.4i = 1.6 vBC j - 1.2 vBC i + 0.8vA>Bi + 0.6vA>B j

-2.4i = 0 + (vBCk) * (1.6i + 1.2j) + vA>Ba4
5
b i + vA>B a3

5
b j

vA = vB + Æ * rA>B + (vA>B)xyz

aA = -4.8 i - 2j

aA = -4(0.7)i + (4k) * (0.5j) - (2)2(0.5j)

aA = aO + a * rA>O - v2rA>O
vA = -(1.2)(2)i = -2.4i ft>s

•16–145. The disk rolls without slipping and at a given
instant has the angular motion shown. Determine the
angular velocity and angular acceleration of the slotted link
BC at this instant. The peg at A is fixed to the disk.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Solving,

d Ans.

aB>A = -4.00 ft>s2

aBC = 2.02 rad>s2 

-2 = 1.6aBC - 0.6221 - 2.2118 + 0.6aB>A
-4.8 = -1.2aBC - 0.8294 + 1.6589 + 0.8aB>A
-4.8i - 2j = 1.6aBC j - 1.2aBC i - 0.8294i - 0.6221j - 2.2118j + 1.6589i + 0.8aB>A i + 0.6aB>A j

O

 " 2 rad/s

0.7 ft

0.5 ft  " 4 rad/s2

A

v
a

C

B

2 ft
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Reference Frame: The xyz rotating reference frame is attached to C and coincides
with the XYZ fixed reference frame at the instant considered, Fig. a. Thus, the
motion of the xyz reference frame with respect to the XYZ frame is

From the geometry shown in Fig.a,

For the motion of point A with respect to the xyz frame,

Since the wheel A rotates about a fixed axis, vA and aA with respect to the XYZ
reference frame can be determined from

 = [2.215i + 0.9231j] m>s = (-8k) * (-0.3 cos 67.38°i + 0.3 sin 67.38°j)

 vA = v * rA

rA>C = [-0.78i] m   (vrel)xyz = (vrel)xyz i  (arel)xyz = (arel)xyz i

u = tan-1 a0.72
0.3
b = 67.38°

rA>C = 20.32 + 0.722 = 0.78 m

vC = aC = 0    vAB = -vABk   v
#

AB = -aAB k

16–146. The wheel is rotating with the angular velocity
and angular acceleration at the instant shown. Determine
the angular velocity and angular acceleration of the rod at
this instant. The rod slides freely through the smooth collar.
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 = [8.492i - 17.262j] m>s2

 = (-4k) * (-0.3 cos 67.38°i + 0.3 sin 67.38° j) - 82(-0.3 cos 67.38°i + 0.3 sin 67.38°j)

 aA = a * rA - v2
 rA

Velocity: Applying the relative velocity equation, we have

Equating the i and j components yields

Ans.

Acceleration: Applying the relative acceleration equation.

0.78v AB = 0.9231   vAB = 1.183 rad>s = 1.18 rad>s(vrel)xyz = 2.215 m>s
2.215i + 0.9231j = (vrel)xyz i + 0.78vAB j

2.215i + 0.9231j = 0 + (-vABk) * (-0.78i) + (v rel)xyz i

vA = vC + vAB * rA>C + (vrel)xyz

Equating the j components yields

d Ans.aAB = -15.41 rad>s2 = 15.4 rad>s2 

-17.262 = 0.78aAB - 5.244

8.492i - 17.262j = C Aarel Bxyz + 1.092 D i + A0.78aAB - 5.244 B j8.492i - 17.262j = 0 + (-a ABk) * (-0.78i) + (-1.183k) * [(-1.183k) * (-0.78i)] + 2(-1.183k) * (2.215i) + (a rel)xyzi

aA = aC + v# AB * rA>C + vAB * (vAB * rA>C) + 2vAB * (vrel)xyx + (arel)xyz

300 mm

720 mm

A

O C

Bv " 8 rad/s
a " 4 rad/s2
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Solving:

b Ans.

aB = aC + Æ
#

* rB>C + Æ * (Æ * rB>C) + 2Æ * (vB>C)xyz + (aB>C)xyz

vDC = 3.22 rad>s 

(yB>C)xyz = 0.1294 m>s
0.1294i + 0.4830j = (yB>C)xyz i + 0.15vDC j

0.1294i + 0.4830j = 0 + (-vDCk) * (-0.15i) + (yB>C)xyz i

vB = vC + Æ * rB>C + (vB>C)xyz

 = {1.3627i + 0.2560j} m>s2

 = (-3k) * (-0.2 cos 15°i + 0.2 sin 15°j) - (2.5)2(-0.2 cos 15°i + 0.2 sin 15°j)

 aB = aAB * rB>A - v2
AB rB>A

 = {0.1294i + 0.4830j} m>s vB = vAB * rB>A = (-2.5k) * (-0.2 cos 15°i + 0.2 sin 15°j)

(aB>C)xyz = (aB>C)xyz i

(vB>C)xyz = (yB>C)xyz i

rB>C = {-0.15 i} m

Æ
#

= -aDC k

Æ = -vDC k

aC = 0

vC = 0

16–147. The two-link mechanism serves to amplify angular
motion. Link AB has a pin at B which is confined to move
within the slot of link CD. If at the instant shown, AB (input)
has an angular velocity of and an angular
acceleration of , determine the angular
velocity and angular acceleration of CD (output) at this
instant.

aAB = 3 rad>s2
vAB = 2.5 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Solving:

b Ans.aDC = 7.26 rad>s2 

(aB>C)xyz = -0.1923 m>s2

1.3627i + 0.2560j = C1.5550 + (aB>C)xyz D i + (0.15 aDC - 0.8333)j

1.3627i + 0.2560j = 0 + (-aDCk) * (-0.15i) + (-3.22k) * C(-3.22k) * (-0.15i) D + 2(-3.22k) * (0.1294i) + (aB>C)xyz i

AB " 2.5 rad/s
AB " 3 rad/s2

45!

30!

150 mm

200 mm

C

A

v
a

B

D
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*16–148. The gear has the angular motion shown. Determine
the angular velocity and angular acceleration of the slotted link
BC at this instant.The peg A is fixed to the gear.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

O

 ! 4 rad/s

0.4 m 0.3 m

1.25 m

 ! 6 rad/s2
Aa

v

C

D

B

Coordinate Axes: The origin of both the fixed and moving frames of reference are
located at point B. The x, y, z moving frame is attached to and rotates with rod BC
since peg A slides along slot in member BC.

Kinematic Equation: Applying Eqs. 16–24 and 16–27, we have

[1]

[2]aA = aB + Æ
#

* rA>B + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz

vA = vB + Æ * rA>B + (vA>B)xyz

 = {-6.2454i + 4.0094j} m>s2

 = 6.40 sin 18.66°i + 6.40 cos 18.66°j + 6k * (0.4122i + 0.2830j) - 42(0.4122i + 0.2830j)

 aA = aD + a * rA>D - v2rA>D

Motion of moving reference Motion of C with respect to moving
reference

(aA>B)xyz = (aA>B)xyz i

(vA>B)xyz = (yA>B)xyz i

rA>B = {1.25i} m

Æ
#

= aBC k

Æ = vBC k

aB = 0

vB = 0

The velocity and acceleration of peg A can be determined using Eqs. 16–16 and
16–18 with .

 = {-1.1319i + 1.6489j} m>s vA = vD + v * rA>D = 0 + 4k * (0.4122i + 0.2830j)

rA>D = {0.5 cos 34.47°i + 0.5 sin 34.47°j} m = {0.4122i + 0.2830j} m

Substitute the above data into Eq.[1] yields

Equating i and j components and solving, we have

Ans. vBC = 1.3191 rad>s = 1.32 rad>s (yA>B)xyz = -1.1319 m>s
 -1.1319i + 1.6489j = (yA>B)xyz i + 1.25 vBC j

 -1.1319i + 1.6489j = 0 + vBCk * 1.25i + (yA>B)xyz i

 vA = vB + Æ * rA>B + (vA>B)xyz

Substitute the above data into Eq.[2] yields

Equating i and j components, we have

Ans.aBC = 5.60 rad>s2

(aA>B)xyz = -4.070 m>s2

 -6.2454i + 4.0094j = C(aA>B)xyz - 2.1751 D i + (1.25aBC - 2.9861)j

 -6.2454i + 4.0094j = 0 + aBC k * 1.25i + 1.3191k * (1.3191k * 1.25i) + 2(1.3191k) * (-1.1319i) + (aA>B)xyz i

 aA = aB + Æ
#

* rA>B + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz
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•16–149. Peg B on the gear slides freely along the slot in
link AB. If the gear’s center O moves with the velocity and
acceleration shown, determine the angular velocity and
angular acceleration of the link at this instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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vO ! 3 m/s
aO ! 1.5 m/s2

A

O

B

600 mm

150 mm

150 mm

Gear Motion: The IC of the gear is located at the point where the gear and 
the gear rack mesh, Fig. a. Thus,

Then,

Since the gear rolls on the gear rack, . By referring to Fig. b,

Thus,

Reference Frame: The rotating reference frame is attached to link AB and
coincides with the XYZ fixed reference frame, Figs. c and d. Thus, vB and aB with
respect to the XYZ frame is

For motion of the frame with reference to the XYZ reference frame,

For the motion of point B with respect to the frame is

Velocity: Applying the relative velocity equation,

Equating the i and j components yields

Ans.

Acceleration: Applying the relative acceleration equation.

aB = aA + v# AB * rB>A + vAB * (vAB * rB>A) + 2vAB * (vrel)x¿y¿z¿ + (a rel)x¿y¿z¿

(vrel)x¿y¿z¿ = -5.196 m>s3 = 0.6vAB        vAB = 5 rad>s
3i - 5.196j = 0.6vAB i + (vrel)x¿y¿z¿j

3i - 5.196j = 0 + (-vABk) * (0.6j) + (vrel)x¿y¿z¿ j

vB = vA + vAB * rB>A + (vrel)x¿y¿z¿

rB>A = [0.6j]m (vrel)x¿y¿z¿ = (vrel)x¿y¿z¿ j   (arel)x¿y¿z¿ = (arel)x¿y¿z¿ j

x¿y¿z¿

vA = aA = 0   vAB = -vABk   v
#

AB = -aAB k

x¿y¿z¿

 = [-50.46i - 32.60j] m>s2

 aB = (3 sin 30° - 60 cos 30°)i + (-3 cos 30° - 60 sin 30°)j

vB = [6 sin 30°i - 6 cos 30° j] = [3i - 5.196j] m>s
x¿y¿z¿

(aB)t = 3 m>s2       (aB)n = 60 m>s2

(aB)t i - (aB)n j = 3i - 60j

(aB)t i - (aB)n j = 1.5i + (-10k) * 0.15j - 202(0.15j)

aB = aO + a * rB>O - v2 rB>O
a =

aO

r
= 1.5

0.15
= 10 rad>svB = vrB>IC = 20(0.3) = 6 m>s :

v =
vO

rO>IC
= 3

0.15
= 20 rad>s

Equating the i components,

Ans.aAB = 2.5 rad>s2

-50.46 = 0.6a AB - 51.96

-50.46i - 32.60j = (0.6aAB - 51.96)i + C(arel)x¿y¿z¿ - 15 D j-50.46i - 32.60j = 0 + (-aABk) * (0.6j) + (-5k) * [(-5k) * (0.6j)] + 2(-5k) * (-5.196j) + (arel)x¿y¿z¿j
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Reference Frames: The xyz rotating reference frame is attached to car B and

coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since

car B moves along the circular road, its normal component of acceleration is

. Thus, the motion of car B with respect to the XYZ

frame is

Also, the angular velocity and angular acceleration of the xyz frame with respect to
the XYZ frame is

The velocity of car A with respect to the XYZ reference frame is

From the geometry shown in Fig. a,

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation,

aA = aB + v# * rA>B + v * (v * rA>B) + 2v * (v rel)xyz + (arel)xyz

(vrel)xyz = [27i + 25j] m>s25j = -27i + (vrel)xyz

25j = -15i + (-0.06k) * (-200j) + (vrel)xyz

vA = vB + v * rA>B + (v rel)xyz

rA>B = [-200j] m

vA = [25j] m>s  aA = [-2j] m>s2

v
# =

(aB)t

r
= 2

250
= 0.008 rad>s2  v

# = [-0.008k] rad>s2

v =
vB

r
= 15

250
= 0.06 rad>s     v = [-0.06k] rad>s

aB = [-2i + 0.9j] m>s2

vB = [-15i] m>s
(aB)n =

vB 
2

r
= 152

250
= 0.9 m>s2

16–150. At the instant shown, car A travels with a speed of
, which is decreasing at a constant rate of ,

while car B travels with a speed of , which is
increasing at a constant rate of . Determine the
velocity and acceleration of car A with respect to car B.

2 m>s2
15 m>s 2 m>s225 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 250 m

15 m/s
2 m/s2

200 m

A

B

15 m/s
3 m/s2

25 m/s

2 m/s2

C

45!

Ans.(a rel)xyz = [0.6i - 0.38j] m>s2

-2j = -0.6i - 1.62j + (a rel)xyz

-2j = (-2i + 0.9j) + (-0.008k) * (-200j) + (-0.06k) * [(-0.06k) * (-200j)] + 2(-0.06k) * (27i + 25j) + (a rel)xyz
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Reference Frame: The xyz rotating reference frame is attached to car C and

coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since

car C moves along the circular road, its normal component of acceleration is

. Thus, the motion of car C with respect to the XYZ

frame is

vC = -15 cos 45°i - 15 sin 45°j = [-10.607i - 10.607j] m>s
(aC)n =

vC 
2

r
= 152

250
= 0.9 m>s2

16–151. At the instant shown, car A travels with a speed of
, which is decreasing at a constant rate of ,

while car C travels with a speed of , which is
increasing at a constant rate of . Determine the
velocity and acceleration of car A with respect to car C.

3 m>s2
15 m>s 2 m>s225 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 250 m

15 m/s
2 m/s2

200 m

A

B

15 m/s
3 m/s2

25 m/s

2 m/s2

C

45!

aC = (-0.9 cos 45° - 3 cos 45°)i + (0.9 sin 45° - 3 sin 45°)j = [-2.758i - 1.485j] m>s2

Also, the angular velocity and angular acceleration of the xyz reference frame is

The velocity and accdeleration of car A with respect to the XYZ frame is

From the geometry shown in Fig. a,

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation,

 -2j = (-2.758i - 1.485j) + (-0.012k) * (-176.78i - 273.22j)

aA = aC + v# * rA>C + v * (v * rA>C) + 2v * (v rel)xyz + (a rel)xyz

(vrel)xyz = [27i + 25j] m>s25j = -27i + (vrel)xyz

25j = (-10.607i - 10.607j) + (-0.06k) * (-176.78i - 273.22j) + (v rel)xyz

vA = vC + v * rA>C + (v rel)xyz

rA>C = -250 sin 45°i - (450 - 250 cos 45°)j = [-176.78i - 273.22j] m

vA = [25j] m>s  aA = [-2j] m>s2

v
# =

(aC)t

r
= 3

250
= 0.012 rad>s2  v

# = [-0.012k] rad>s2

v =
vC

r
= 15

250
= 0.06 rad>s   v = [-0.06k] rad>s

Ans.(arel)xyz = [2.4i - 0.38j] m>s2

-2j = -2.4i - 1.62j + (a rel)xyz

 + (-0.06k) * [(-0.06k) * (-176.78i - 273.22j)] + 2(-0.06k) * (27i + 25j) + (arel)xyz
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Reference Frame: The xyz rotating reference frame is attached to C and coincides

with the XYZ fixed reference frame at the instant considered, Fig. a. Since B and C

move along the circular road, their normal components of acceleration are

and . Thus, the

motion of cars B and C with respect to the XYZ frame are

aB = [-2i + 0.9j] m>s2

vC = [-15 cos 45°i - 15 sin 45°j] = [-10.607i - 10.607j] m>svB = [-15i] m>s
(aC)n =

vC 
2

r
= 152

250
= 0.9 m>s2(aB)n =

vB 2

r
= 152

250
= 0.9 m>s2

*16–152. At the instant shown, car B travels with a speed
of 15 , which is increasing at a constant rate of ,
while car C travels with a speed of , which is
increasing at a constant rate of . Determine the
velocity and acceleration of car B with respect to car C.

3 m>s2
15 m>s 2 m>s2m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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aC = (-0.9 cos 45°-3 cos 45°)i + (0.9 sin 45°-3 sin 45°)j = [-2.758i - 1.485 j] m>s2

Also, the angular velocity and angular acceleration of the xyz reference frame with
respect to the XYZ reference frame are

From the geometry shown in Fig. a,

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation,

(vrel)xyz = 0

-15i = -15i + (vrel)xyz

-15i = (-10.607i - 10.607j) + (-0.06k) * (-176.78i - 73.22j) + (vrel)xyz

vB = vC + v * rB>C + (v rel)xyz

rB>C = -250 sin 45°i - (250 - 250 cos 45°)j = [-176.78i - 73.22 j] m

v
# =

(aC)t

r
= 3

250
= 0.012 rad>s2  v# = [-0.012k] rad>s2

v =
vC

r
= 15

250
= 0.06 rad>s  v = [-0.06k] rad>s

 250 m

15 m/s
2 m/s2

200 m

A

B

15 m/s
3 m/s2

25 m/s

2 m/s2

C

45!

Ans.(a rel)xyz = [1i] m>s2

-2i + 0.9j = -3i + 0.9j + (arel)xyz

 +(-0.06k) * [(-0.06k) * (-176.78i - 73.22j)] + 2(-0.06k) * 0 + (a rel)xyz

-2i + 0.9j = (-2.758i - 1.485j) + (-0.012k) * (-176.78i - 73.22j)

aB = aC + v# * rB>C + v * (v * rB>C) + 2v * (vrel)xyz + (a rel)xyz
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•16–153. At the instant shown, boat A travels with a speed
of , which is decreasing at , while boat B travels
with a speed of , which is increasing at .
Determine the velocity and acceleration of boat A with
respect to boat B at this instant.

2 m>s210 m>s 3 m>s215 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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30 m

50 m 50 m

3 m/s2 10 m/s
2 m/s2

15 m/s

A B

Reference Frame: The xyz rotating reference frame is attached to boat B and

coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since

boats A and B move along the circular paths, their normal components of

acceleration are and .

Thus, the motion of boats A and B with respect to the XYZ frame are

Also, the angular velocity and angular acceleration of the xyz reference frame with
respect to the XYZ reference frame are

And the position of boat A with respect to B is

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation,

(vrel)xyz = [29j] m>s15j = -14j + (vrel)xyz

15j = -10j + (0.2k) * (-20i) + (vrel)xyz

vA = vB + v * rA>B + (vrel)xyz

rA>B = [-20i] m

v
# =

(aB)t

r
= 2

50
= 0.04 rad>s2  v

# = [0.04k] rad>s2

v =
vB

r
= 10

50
= 0.2 rad>s   v = [0.2k] rad>s

aA = [-4.5i - 3j] m>s2    aB = [2i - 2j] m>s2

vA = [15j] m>s     vB = [-10j] m>s
(aB)n =

vB 
2

r
= 102

50
= 2 m>s2(aA)n =

vA 
2

r
= 152

50
= 4.5 m>s2

Ans.(arel)xyz = [4.3i - 0.2j] m>s2

-4.5i - 3j = -8.8i - 2.8j + (arel)xyz

(-4.5i - 3j) = (2i - 2j) + (0.04k) * (-20i) + (0.2k) * C(0.2k) * (-20i) D + 2(0.2k) * (29j) + (arel)xyz

aA = aB + v# * rA>B + v * (v * rA>B) + 2v * (vrel)xyz + (arel)xyz
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16–154. At the instant shown, boat A travels with a speed
of , which is decreasing at , while boat B travels
with a speed of , which is increasing at .
Determine the velocity and acceleration of boat B with
respect to boat A at this instant.

2 m>s210 m>s 3 m>s215 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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30 m

50 m 50 m

3 m/s2 10 m/s
2 m/s2

15 m/s

A B

Reference Frame: The xyz rotating reference frame is attached to boat A and

coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Since

boats A and B move along the circular paths, their normal components of

acceleration are and .

Thus, the motion of boats A and B with respect to the XYZ frame are

Also, the angular velocity and angular acceleration of the xyz reference frame with
respect to the XYZ reference frame are

And the position of boat B with respect to boat A is

Velocity: Applying the relative velocity equation,

Ans.

Acceleration: Applying the relative acceleration equation,

(vrel)xyz = [-31j] m>s-10j = 21j + (vrel)xyz

-10j = 15j + (0.3k) * (20i) + (vrel)xyz

vB = vA + v * rB>A + (vrel)xyz

rB>A = [20i] m

v
# =

(aA)t

r
 = 3

50
= 0.06 rad>s2   v

# = [-0.06k] rad>s2

v =
vA

r
= 15

50
= 0.3 rad>s    v = [0.3k] rad>s

aA = [-4.5i - 3j] m>s2   aB = [2i - 2j] m>s2

vA = [15j] m>s           vB = [-10j] m>s
(aB)n =

vB 
2

r
= 102

50
= 2 m>s2(aA)n =

vA 
2

r
= 152

50
= 4.5 m>s2

Ans.(arel)xyz = [-10.3i + 2.2j] m>s2

2i - 2j = 12.3i - 4.2j + (arel)xyz

(2i - 2j) = (-4.5i - 3j) + (-0.06k) * (20i) + (0.3k) * C(0.3k) * (20i) D + 2(0.3k) * (-31j) + (arel)xyz

aB = aA + v# * rB>A + v(v * rB>A) + 2v * (vrel)xyz + (arel)xyz
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Reference Frame: The xyz rotating reference frame is attached to the impeller and
coincides with the XYZ fixed reference frame at the instant considered, Fig. a. Thus,
the motion of the xyz frame with respect to the XYZ frame is

The motion of point A with respect to the xyz frame is

Velocity: Applying the relative velocity equation.

Ans.

Acceleration: Applying the relative acceleration equation,

 = [-17.2i + 12.5j] m>s = 0 + (-15k) * (0.3j) + (-21.65i + 12.5j)

 vA = vO + v * rA>O + (vrel)xyz

(arel)xyz = (-30 cos 30° i + 30 sin 30° j) = [-25.98i + 15j] m>s2

(vrel)xyz = (-25 cos 30° i + 25 sin 30° j) = [-21.65i + 12.5j] m>srA>O = [0.3j] m

vO = aO = 0   v = [-15k] rad >  s   v
# = 0

16–155. Water leaves the impeller of the centrifugal pump
with a velocity of and acceleration of , both
measured relative to the impeller along the blade line AB.
Determine the velocity and acceleration of a water particle
at A as it leaves the impeller at the instant shown. The
impeller rotates with a constant angular velocity of

.v = 15 rad>s
30 m>s225 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans. = [349i + 597j] m>s2

 = 0 + (-15k) * [(-15k) * (0.3j)] + 2(-15k) * (-21.65i + 12.5j) + (-25.98i + 15j)

 aA = aO + v# * rA>O + v * (v * rA>O) + 2v * (vrel)xyz + (arel)xyz

v " 15 rad/s

B

A

0.3 m

y

x

30!
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*16–156. A ride in an amusement park consists of a rotating
arm AB having a constant angular velocity 
about point A and a car mounted at the end of the arm which
has a constant angular velocity 
measured relative to the arm.At the instant shown, determine
the velocity and acceleration of the passenger at C.

V ¿ = 5-0.5k6 rad>s,

vAB = 2 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

60!

30!

B

C

A
x

y 2 ft
10 ft

vAB " 2 rad/s

v¿ " 0.5 rad/s

Ans.

Ans. = {-34.6i - 15.5j} ft>s2

 = -34.64i - 20j + 0 + (1.5k) * (1.5k) * (-2j) + 0 + 0

 aC = aB + Æ
#

* rC>B + Æ * (Æ * rC>B) + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {-7.00i + 17.3j} ft>s = -10.0i + 17.32j + 1.5k * (-2j) + 0

 vC = vB + Æ * rC>B + (vC>B)xyz

Æ = (2 - 0.5)k = 1.5k

 = 0 - (2)2 (8.66i + 5j) = {-34.64i - 20j} ft>s2

 aB = aAB * rB>A - v2
AB rB>A

vB = vAB * rB>A = 2k * (8.66i + 5j) = {-10.0i + 17.32j} ft>srB>A = (10  cos 30° i + 10 sin 30° j) = {8.66i + 5j} ft

•16–157. A ride in an amusement park consists of a
rotating arm AB that has an angular acceleration of

when at the instant shown.
Also at this instant the car mounted at the end of the arm
has an angular acceleration of and
angular velocity of measured relative
to the arm. Determine the velocity and acceleration of the
passenger C at this instant.

V ¿ = 5-0.5k6 rad>s,
A¿ = 5-0.6k6 rad>s2

vAB = 2 rad>saAB = 1 rad>s2

60!

30!

B

C

A
x

y 2 ft
10 ft

vAB " 2 rad/s

v¿ " 0.5 rad/s

Ans.

Ans. = {-38.8i - 6.84j} ft>s2

 = -39.64i - 11.34j + (0.4k) * (-2j) + (1.5k) * (1.5k) * (-2j) + 0 + 0

 aC = aB + Æ
#

* rC>B + Æ * (Æ * rC>B) + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {-7.00i + 17.3j} ft>s = -10.0i + 17.32j + 1.5k * (-2j) + 0

 vC = vB + Æ * rC>B + (vC>B)xyz

Æ
#

= (1 - 0.6)k = 0.4k

Æ = (2-0.5)k = 1.5k

 = (1k) * (8.66i + 5j) - (2)2(8.66i + 5j) = {-39.64i - 11.34j} ft>s2

 aB = aAB * rB>A - v2
AB rB>A

vB = vAB * rB>A = 2k * (8.66i + 5j) = {-10.0i + 17.32j} ft>srB>A = (10 cos 30°i + 10 sin 30°j) = {8.66i + 5j} ft
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16–158. The “quick-return” mechanism consists of a crank
AB, slider block B, and slotted link CD. If the crank has the
angular motion shown, determine the angular motion of the
slotted link at this instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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d Ans.

d Ans.aCD = 3.23 rad>s2 

aB>C = -0.104 m>s2

-0.3294i + 1.2294j = 0.3aCD j - 0.225i + 0.2598j + aB>C i

+(0.866k) * (0.866k * 0.3i) + 2(0.866k * 0.15i) + aB>C i

0.9 cos 60°i - 0.9 cos 30°i + 0.9 sin 60°j + 0.9 sin 30°j = 0 + (aCD k) * (0.3i)

aB = aC + Æ
#

* rB>C + Æ * (Æ * rB>C) + 2Æ * (vB>C)xyz + (aB>C)xyz

vCD = 0.866 rad>s vB>C = 0.15 m>s0.3 cos 60°i + 0.3 sin 60°j = 0 + (vCDk) * (0.3i) + vB>C i

vB = vC + Æ * rB>C + (vB>C)xyz

(aB )n = (3)2 (0.1) = 0.9 m>s2

(aB)t = 9(0.1) = 0.9 m>s2

vB = 3(0.1) = 0.3 m>s
vCD, aCD

aAB " 9 rad/s2
vAB " 3 rad/s

30!

D

B

A

300 mm

C

30!

100 mm
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Reference Frame: The xyz rotating reference frame is attached to slotted arm AB
and coincides with the XYZ fixed reference frame at the instant considered, Fig. a.
Thus, the motion of the xyz reference frame with respect to the XYZ frame is

For the motion of point D with respect to the xyz frame, we have

Since the crank CD rotates about a fixed axis, vD and aD with respect to the XYZ
reference frame can be determined from

 = [6i + 10.39j] ft>s = (6k) * (2 cos 30° i - 2 sin 30° j)

 vD = vCD * rD

rD>A = [4i] ft   (vrel)xyz = (vrel)xyzi  (arel)xyz = (arel)xyz i

vA = aA = 0    vAB = vABk    v
#

AB = aAB k

16–159. The quick return mechanism consists of the crank
CD and the slotted arm AB. If the crank rotates with the
angular velocity and angular acceleration at the instant
shown, determine the angular velocity and angular
acceleration of AB at this instant.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft

4 ft

D

B

A

C

vCD " 6 rad/s
aCD " 3 rad/s2

30!

60!

 = [-59.35i + 41.20j] ft>s2

 = (3k) * (2 cos 30° i - 2 sin 30° j) - 62(2 cos 30° i - 2 sin 30° j)

 aD = aCD * rD - vCD 
2

 rD

Velocity: Applying the relative velocity equation,

Equating the i and j components yields

Ans.10.39 = 4vAB   vAB = 2.598 rad>s = 2.60 rad>s(vrel)xyz = 6 ft>s
6i + 10.39j = (vrel)xyz i + 4vAB j

6i + 10.39 j = 0 + (vABk) * (4i) + (vrel)xyz i

vD = vA + vAB * rD>A + (vrel)xyz

Acceleration: Applying the relative acceleration equation,

Equating the i and j components yields

Ans.aAB = 2.50 rad>s2

41.20 = 4aAB + 31.18

-59.35i + 41.20 j = c(arel)xyz - 27 d i + (4aAB + 31.18)j

-59.35i + 41.20 j = 0 + (aABk) * 4i + 2.598k * [(2.598k) * (4i)] + 2(2.598k) * (6i) + (arel)xyz i

aD = aA + v# AB * rD>A + vAB * (vAB * rAB) + 2vAB * (vrel)xyz + (arel)xyz
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The circular path of motion of P has a radius of

Thus,

Thus,

Solving,

Ans.

Solving,

d Ans.

aP>A = 0

aA = 9.24 rad>s2 

-36.95 = -4aA

-36.95i = 0 + (aAk) * (4j) + 0 + 0 - aP>A j

aP = aA + Æ
#

* rP>A + Æ * (Æ * rP>A) + 2Æ * (vP>A)xyz + (aP>A)xyz

vP>A = 9.238 in.>svA = 0

-9.238j = 0 + (vA k) * (4j) - vP>A j

vP = vA + Æ * rP>A + (vP>A)xyz

aP = -(4)2(2.309)i = -36.95i

vP = -4(2.309)j = -9.238j

rP = 4 tan 30° = 2.309 in.

*16–160. The Geneva mechanism is used in a packaging
system to convert constant angular motion into intermittent
angular motion. The star wheel A makes one sixth of a
revolution for each full revolution of the driving wheel B
and the attached guide C.To do this, pin P, which is attached
to B, slides into one of the radial slots of A, thereby turning
wheel A, and then exits the slot. If B has a constant angular
velocity of , determine and of wheel A
at the instant shown.

AAVAvB = 4 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

vB

B
C

P

4 in.

u " 30!

       " 4 rad/s
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Thus,

Ans.Iy = 1
3

 m l2

 m = r A l

 = 1
3

 r A l3

 = L
l

0
 x2 (r A dx)

 Iy = LM
 x2 dm

•17–1. Determine the moment of inertia for the slender
rod. The rod’s density and cross-sectional area A are
constant. Express the result in terms of the rod’s total mass m.

r
Iy

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x

y

z

A

l

Thus,

Ans.Ix = 3
10

 m r2

Ix = L
h

0
 
1
2
r(p)a r4

h4 bx4 dx = 1
10
rp r4 h

 = 1
2

 r(p)a r4

h4 bx4 dx

 = 1
2

 y2 (rp y2 dx)

 dIx = 1
2

 y2 dm

m = L
h

0
r(p)¢ r2

h2 ≤x2 dx = rp¢ r2

h2 ≤ a1
3
bh3 = 1

3
rp r2h

dm = r dV = r(p y2 dx)

17–2. The right circular cone is formed by revolving the
shaded area around the x axis. Determine the moment of
inertia and express the result in terms of the total mass m
of the cone. The cone has a constant density .r

Ix

y

x

r

 r–
h xy !

h
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Ans. kx = AIx

m
= A50

3
 (200) = 57.7 mm

 = r p a50
2
b(200)2

 = r p (50) c1
2

 x2 d200

0

 m = Ldm = L
200

0
 p r (50x) dx

 = r p a502

6
b(200)3

 = r pa502

2
b c1

3
 x3 d200

0

 Ix = L
1
2

 y2 dm = 1
2L

200

0
 50 x {p r (50x)} dx

dm = r p y2 dx = r p (50x) dx

17–3. The paraboloid is formed by revolving the shaded
area around the x axis. Determine the radius of gyration .
The density of the material is .r = 5 Mg>m3

kx

y

x

y2 ! 50x

200 mm

100 mm

*17–4. The frustum is formed by rotating the shaded area
around the x axis. Determine the moment of inertia and
express the result in terms of the total mass m of the
frustum. The frustum has a constant density .r

Ix

y

x

2b

b–a x " by !

a

z

b

Ans. Ix = 93
70

mb2

 m = Lm
 dm = rpL

a

0
 Ab2

a2x2 + 2b2

a
x + b2 Bdx = 7

3
rpab2

 = 31
10
rpab4

 Ix = LdIx = 1
2
rpL

a

0
Ab4

a4x4 + 4b4

a3 x3 + 6 b4

a2 x2 + 4 b4

a
x + b4 Bdx

 dIx = 1
2
rp Ab4

a4x4 + 4 b4

a3 x3 + 6 b4

a2 x2 + 4b4

a
x + b4 Bdx

 dIx = 1
2

dmy2 = 1
2
rpy4 dx

 dm = r dV = rpy2 dx = rp Ab2

a2x2 + 2b2

a
x + b2 Bdx
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Ans. Ix = 1
3

 ma2

 = 1
2

 r p a2 h

 m = L
h

0
 
1
2
r paa2

h
bx dx

 = 1
6

 p ra4 h

 Ix = L
h

0
 
1
2
r pa a4

h2 bx2 dx

d Ix = 1
2

 dm y2 = 1
2
r p y4 dx

dm = r dV = r (p y2 dx)

•17–5. The paraboloid is formed by revolving the shaded
area around the x axis. Determine the moment of inertia
about the x axis and express the result in terms of the total
mass m of the paraboloid. The material has a constant
density .r

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.Iy = 2
5

 m r2

 =
rp

2
 cr4y - 2

3
 r2 y3 +

y5

5
d r

0
=

4rp
15

 r5

 Iy = Lm
 
1
2

 (dm) x2 =
r

2
 L

r

0
px4 dy =

rp

2
 L

r

0
 (r2 - y2)2 dy

 = rp cr2 y - 1
3

 y3 d r
0

= 2
3
rp r3

 m = LV
 r dV = rL

r

0
 p x2 dy = rpL

r

0
(r2 - y2)dy

17–6. The hemisphere is formed by rotating the shaded
area around the y axis. Determine the moment of inertia 
and express the result in terms of the total mass m of the
hemisphere. The material has a constant density .r

Iy

x2 " y2 ! r2

y

x

y

x

a

 a2
–
h xy2 =

h
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17–7. Determine the moment of inertia of the
homogeneous pyramid of mass m about the z axis. The
density of the material is . Suggestion: Use a rectangular
plate element having a volume of .dV = (2x)(2y)dz

r

a–2
a–2

a–2

a–2

h

y

x

z

Thus,

Ans.Iz = m
10

 a2

 =
ra2h

3

 =
ra2

h2  ch3 - h3 + 1
3

h3 d
 m = L

h

0
4r(h - z)2a a2

4h2 bdz =
ra2

h2  L
h

0
 (h2 - 2hz + z2)dz

 =
ra4 h

30

 Iz =
r

6
 a a4

h4 bLh

0
 (h4 - 4h3z + 6h2z2 - 4hz3 + z4)dz =

r

6
 a a4

h4 b ch5 - 2h5 + 2h5 - h5 + 1
5

h5 d
dIz = 8

3
ry4 dz = 8

3
r(h - z)4a a4

16h4 bdz

dm = 4ry2 dz

dIz = dm
12

 C(2y)2 + (2y)2 D = 2
3

y2 dm
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Differential Element: The mass of the disk element shown shaded in Fig. a is

. Here, . Thus, . The

mass moment of inertia of this element about the z axis is

Mass: The mass of the cone can be determined by integrating dm. Thus,

Mass Moment of Inertia: Integrating , we obtain

From the result of the mass, we obtain . Thus, can be written as

Ans.Iz = 1
10
Arpro 

2h Bro 
2 = 1

10
(3m)ro 

2 = 3
10

mro 
2

Izrpro 
2h = 3m

 = 1
2

 rpC 1
5
aro -

ro

h
zb3¢ - h

ro
≤ S 3 h

0

= 1
10

 rpro 
4 h

 Iz = L  dIz = L
h

0
 
1
2

 rp¢ro -
ro

h
z≤4

 dz

dIz

 = rpC 1
3
aro -

ro

h
zb3¢ - h

ro
≤ S 3 h

0

= 1
3

 rpro 
2h

 m = L  dm = L
h

0
rp¢ro -

ro

h
z≤2

 dz

dIz = 1
2

 dmr2 = 1
2

 (rpr2dz)r2 = 1
2

 rpr4dz = 1
2

 rp¢ro -
ro

h
 z≤4

 dz

dm = rp¢ro -
ro

h
z≤2

 dzr = y = ro -
ro

h
zdm = r dV = rpr2dz

*17–8. Determine the mass moment of inertia of the
cone formed by revolving the shaded area around the axis.
The density of the material is . Express the result in terms
of the mass of the cone.m

r
z

Iz z

z !      (r0 " y)h––

y

h

x r0

r0
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•17–9. Determine the mass moment of inertia of the
solid formed by revolving the shaded area around the 
axis. The density of the material is . Express the result in
terms of the mass of the solid.m

r
y

Iy

z !    y2

x

y

z

1
4

2 m

1 m

Differential Element: The mass of the disk element shown shaded in Fig. a is

. Here, . Thus, .

The mass moment of inertia of this element about the y axis is

Mass: The mass of the solid can be determined by integrating dm. Thus,

Mass Moment of Inertia: Integrating , we obtain

From the result of the mass, we obtain . Thus, can be written as

Ans.Iy = 1
9
a5m

2
b = 5

18
m

Iypr = 5m
2

 =
rp

512
 ¢y9

9
≤ ` 2 m

0
=
pr

9

 Iy = LdIy = L
2 m

0
 
rp

572
 y8dy

dIy

m = Ldm = L
2 m

0

rp

16
 y4dy =

rp

16
¢y5

5
≤ ` 2 m

0
= 2

5
 rp

dIy = 1
2

dmr2 = 1
2

(rpr2dy)r2 = 1
2
rpr4dy = 1

2
rpa1

4
y2b4

dy =
rp

512
y8dy

dm = rpa1
4

 y2b2

 dy =
rp

16
 y4 dyr = z = 1

4
 y2dm = r dV = rpr2dy
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17–10. Determine the mass moment of inertia of the
solid formed by revolving the shaded area around the 
axis. The density of the material is . Express the result in
terms of the mass of the semi-ellipsoid.m

r
y

Iy

y

a

b

z

x

#       ! 1y2
––
a2

z2
––
b2

Differential Element: The mass of the disk element shown shaded in Fig. a is 

. Here, . Thus,

. The mass moment of inertia of this element about the y axis is

Mass: The mass of the semi-ellipsoid can be determined by integrating dm. Thus,

Mass Moment of Inertia: Integrating , we obtain

From the result of the mass, we obtain . Thus, can be written as

Ans.Iy = 4
15
Arpab2 Bb2 = 4

15
a3m

2
bb2 = 2

5
mb2

Iyrpab2 = 3m
2

 = 1
2

 rpb4¢y +
y5

5a4 -
2y3

3a2 ≤ 2 a
0

= 4
15
r p ab4

 Iy = LdIy = L
a

0
 
1
2

 rpb4¢H
y4

a4 -
2y2

a2 ≤dy

dIy

m = Ldm = L
a

0
rpb2¢1 -

y2

a2 ≤dy = rpb2¢y -
y3

3a2 ≤ 2 a
0

= 2
3

 r p ab2

 = 1
2
rpb4¢1 -

y2

a2 ≤2

dy = 1
2
rpb4¢1 +

y4

a4 -
2y2

a2 ≤dy

dIy = 1
2

 dmr2 = 1
2

(rpr2dy)r2 = 1
2
rpr4dy = 1

2
rp£bC1 -

y2

a2 ≥4

dy

=  rpb2¢1 -
y2

a2 ≤dy

dm = rp£bC1 -
y2

a2 ≥2

dzr = z = bC1 -
y2

a2dm = r dV = rpr2dy

Ans. = 118 slug # ft2

 + 1
2

 c a 90
32.2
bp(2)2(0.25) d(2)2 - 1

2
c a 90

32.2
bp(1)2(0.25) d(1)2

 IG = 1
2
c a 90

32.2
bp(2.5)2(1) d(2.5)2 - 1

2
c a 90

32.2
bp(2)2(1) d(2)2

17–11. Determine the moment of inertia of the assembly
about an axis that is perpendicular to the page and passes
through the center of mass G. The material has a specific
weight of .g = 90 lb>ft3

O

1 ft

2 ft

0.5 ft

G

0.25 ft

1 ft
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Ans.IO = 117.72 + 26.343(2.5)2 = 282 slug # ft2

m = a 90
32.2
bp(22 - 12)(0.25) + a 90

32.2
bp(2.52 - 22)(1) = 26.343 slug

IO = IG + md2

 = 117.72 slug # ft2

 + 1
2

 c a 90
32.2
bp(2)2(0.25) d(2)2 - 1

2
c a 90

32.2
bp(1)2(0.25) d(1)2

 IG = 1
2
c a 90

32.2
bp(2.5)2(1) d(2.5)2 - 1

2
c a 90

32.2
bp(2)2(1) d(2)2

*17–12. Determine the moment of inertia of the assembly
about an axis that is perpendicular to the page and passes
through point O. The material has a specific weight of

.g = 90 lb>ft3
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O

1 ft

2 ft

0.5 ft

G

0.25 ft

1 ft

Composite Parts: The wheel can be subdivided into the segments shown in Fig. a.
The spokes which have a length of and a center of mass located at a 

distance of from point O can be grouped as segment (2).

Mass Moment of Inertia: First, we will compute the mass moment of inertia of the
wheel about an axis perpendicular to the page and passing through point O.

The mass moment of inertia of the wheel about an axis perpendicular to the page
and passing through point A can be found using the parallel-axis theorem 

, where and .
Thus,

Ans.IA = 84.94 + 8.5404(42) = 221.58 slug # ft2 = 222 slug # ft2

d = 4 ftm = 100
32.2

+ 8a 20
32.2
b + 15

32.2
= 8.5404 slugIA = IO + md2

 = 84.94 slug # ft2

 IO = a 100
32.2
b(42) + 8 c 1

12
a 20

32.2
b(32) + a 20

32.2
b(2.52) d + a 15

32.2
b(12)

a1 + 3
2
b  ft = 2.5 ft

(4 - 1) = 3 ft

•17–13. If the large ring, small ring and each of the spokes
weigh 100 lb, 15 lb, and 20 lb, respectively, determine the
mass moment of inertia of the wheel about an axis
perpendicular to the page and passing through point A.

A

O
1 ft

4 ft
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Ans.

Ans. = 4.45 kg # m2

 = 1
12

 (3)(2)2 + 3(1.781 - 1)2 + 1
12

 (5)(0.52 + 12) + 5(2.25 - 1.781)2

 IG = ©IG + md2

y =
© ym

© m
=

1(3) + 2.25(5)
3 + 5

= 1.781 m = 1.78 m

17–14. The pendulum consists of the 3-kg slender rod and
the 5-kg thin plate. Determine the location of the center
of mass G of the pendulum; then calculate the moment of
inertia of the pendulum about an axis perpendicular to the
page and passing through G.

y

G

2 m

1 m

0.5 m

y

O

Ans.IO = 3B 1
12

 ma2 + m¢a sin 60°
3

≤2R = 1
2

ma2

17–15. Each of the three slender rods has a mass m.
Determine the moment of inertia of the assembly about an
axis that is perpendicular to the page and passes through
the center point O.

O

a

aa

Ans.kO = AIO

m
= A 4.917

0.4969
= 3.15 ft

m = a 4
32.2
b + a 12

32.2
b = 0.4969 slug

 = 4.917 slug # ft2

 = 1
12

 a 4
32.2
b(5)2 + a 4

32.2
b(0.5)2 + 1

12
a 12

32.2
b(12 + 12) + a 12

32.2
b(3.5)2

 IO = ©IG + md2

*17–16. The pendulum consists of a plate having a weight
of 12 lb and a slender rod having a weight of 4 lb. Determine
the radius of gyration of the pendulum about an axis
perpendicular to the page and passing through point O.

O

3 ft1 ft

1 ft

2 ft

Ans. = 5.64 slug # ft2

 = c1
2

 p(0.5)2(3)(0.5)2 + 3
10

 a1
3
bp(0.5)2 (4)(0.5)2 - 3

10
a1

2
bp(0.25)2(2)(0.25)2 d a 490

32.2
b

 Ix = 1
2

 m1 (0.5)2 + 3
10

 m2 (0.5)2 - 3
10

 m3 (0.25)2

•17–17. Determine the moment of inertia of the solid
steel assembly about the x axis. Steel has a specific weight of

.gst = 490 lb>ft3

2 ft 3 ft

0.5 ft

0.25 ft

x
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17–18. Determine the moment of inertia of the center
crank about the x axis.The material is steel having a specific
weight of .gst = 490 lb>ft3
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x

4 in.

1 in.

0.5 in. 0.5 in.

1 in.0.5 in. 0.5 in.1 in.

1 in. 1 in.

1 in.

0.5 in.

Ans. = 0.402 slug # in2

 + 2 c1
2

(0.0017291)(0.25)2 d + 1
2

 (0.0017291)(0.25)2 + (0.0017291)(4)2 d
 Ix = 2 c 1

12
 (0.02642) A(1)2 + (6)2 B + (0.02642)(2)2 d

mp = 490
32.2

 a (6)(1)(0.5)

(12)3 b = 0.02642 slug

ms = 490
32.2

 ap (0.25)2(1)

(12)3 b = 0.0017291 slug

Ans. = 0.00325 kg # m2 = 3.25 g # m2

 + c 1
12

(0.8478) A(0.03)2 + (0.180)2 B d
 Ix = 2 c1

2
 (0.1233)(0.01)2 + (0.1233)(0.06)2 d

mp = 7.85 A103 B((0.03)(0.180)(0.02)) = 0.8478 kg

mc = 7.85 A103 B A(0.05)p(0.01)2 B = 0.1233 kg

17–19. Determine the moment of inertia of the overhung
crank about the x axis. The material is steel for which the
density is .r = 7.85 Mg>m3

90 mm

50 mm

20 mm

20 mm

20 mm

x

x¿

50 mm 30 mm

30 mm

30 mm

180 mm

Ans.= 0.00719 kg # m2 = 7.19 g # m2

 + c 1
12

 (0.8478) A(0.03)2 + (0.180)2 B + (0.8478)(0.06)2 d
 Ix = c1

2
 (0.1233)(0.01)2 d + c1

2
 (0.1233)(0.02)2 + (0.1233)(0.120)2 d

mp = 7.85 A103 B((0.03)(0.180)(0.02)) = 0.8478 kg

mc = 7.85 A103 B A(0.05)p(0.01)2 B = 0.1233 kg

*17–20. Determine the moment of inertia of the overhung
crank about the axis. The material is steel for which the
density is .r = 7.85 Mg>m3

x¿
90 mm

50 mm

20 mm

20 mm

20 mm

x

x¿

50 mm 30 mm

30 mm

30 mm

180 mm
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Composite Parts: The pendulum can be subdivided into two segments as shown in
Fig. a. The perpendicular distances measured from the center of mass of each
segment to the point O are also indicated.

Moment of Inertia: The moment of inertia of the slender rod segment (1) and the
sphere segment (2) about the axis passing through their center of mass can be 

computed from and . The mass moment of inertia of 

each segment about an axis passing through point O can be determined using the
parallel-axis theorem.

Ans. = 5.27 kg # m2

 = c 1
12

 (10)(0.452) + 10(0.2252) d + c2
5

 (15)(0.12) + 15(0.552) d IO = ©IG + md2

(IG)2 = 2
5

 mr2(IG)1 = 1
12

 ml2

•17–21. Determine the mass moment of inertia of the
pendulum about an axis perpendicular to the page and
passing through point O.The slender rod has a mass of 10 kg
and the sphere has a mass of 15 kg.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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450 mm

A

O

B
100 mm

91962_07_s17_p0641-0724  6/8/09  3:34 PM  Page 651



652

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Composite Parts: The plate can be subdivided into the segments shown in Fig. a.
Here, the four similar holes of which the perpendicular distances measured from
their centers of mass to point C are the same and can be grouped as segment (2).
This segment should be considered as a negative part.

Mass Moment of Inertia: The mass of segments (1) and (2) are 
and , respectively. The mass

moment of inertia of the plate about an axis perpendicular to the page and passing
through point C is

The mass moment of inertia of the wheel about an axis perpendicular to the
page and passing through point O can be determined using the parallel-axis
theorem , where and

. Thus,

Ans.IO = 0.07041 + 2.5717(0.4 sin 45°)2 = 0.276 kg # m2

d = 0.4 sin 45°m
m = m1 - m2 = 3.2 - 4(0.05p) = 2.5717 kgIO = IC + md2

 = 0.07041 kg # m2

 IC = 1
12

 (3.2)(0.42 + 0.42) - 4 c1
2

 (0.05p)(0.052) + 0.05p(0.152) d
m2 = p(0.052)(20) = 0.05p kg(0.4)(0.4)(20) = 3.2 kg

m1 =

17–22. Determine the mass moment of inertia of the thin
plate about an axis perpendicular to the page and passing
through point O. The material has a mass per unit area of

.20 kg>m2

400 mm

150 mm

400 mm

O

50 mm

50 mm
150 mm

150 mm 150 mm
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Composite Parts: The plate can be subdivided into two segments as shown in Fig. a.
Since segment (2) is a hole, it should be considered as a negative part. The
perpendicular distances measured from the center of mass of each segment to the
point O are also indicated.

Mass Moment of Inertia: The moment of inertia of segments (1) and (2) are computed
as and . The moment of
inertia of the plate about an axis perpendicular to the page and passing through point
O for each segment can be determined using the parallel-axis theorem.

Ans. = 0.113 kg # m2

 = c1
2

 (0.8p)(0.22) + 0.8p(0.22) d - c 1
12

 (0.8)(0.22 + 0.22) + 0.8(0.22) d IO = ©IG + md2

m2 = (0.2)(0.2)(20) = 0.8 kgm1 = p(0.22)(20) = 0.8p kg

17–23. Determine the mass moment of inertia of the thin
plate about an axis perpendicular to the page and passing
through point O. The material has a mass per unit area of

.20 kg>m2

200 mm

200 mm

O
200 mm
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Canister:

Ans.

System:

Ans. TEF = TGH = T¿ = 27.6 kN

 + c ©Fy = m(aG)y ; 2T¿ cos 30° - 4050(9.81) = 4050(2)

 TAB = TCD = T = 23.6 kN

 + c ©Fy = m(aG)y ; 2T - 4 A103 B(9.81) = 4 A103 B(2)

*17–24. The 4-Mg uniform canister contains nuclear waste
material encased in concrete. If the mass of the spreader
beam BD is 50 kg, determine the force in each of the links
AB, CD, EF, and GH when the system is lifted with an
acceleration of for a short period of time.a = 2 m>s2

0.3 m

30$ 30$

a

A C

DB
E G

F H

0.3 m0.4 m
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Canister:

System:

Thus,

Ans.amax = 4.73 m>s2

 a = 4.73 m>s2

 + c ©Fy = m(aG)y ; 2 C34 A103 B  cos 30° D - 4050(9.81) = 4050a

 a = 5.19 m>s2

 + c ©Fy = m(aG)y ; 2(30) A103 B - 4 A103 B(9.81) = 4 A103 Ba

•17–25. The 4-Mg uniform canister contains nuclear waste
material encased in concrete. If the mass of the spreader
beam BD is 50 kg, determine the largest vertical acceleration
a of the system so that each of the links AB and CD are not
subjected to a force greater than 30 kN and links EF and GH
are not subjected to a force greater than 34 kN.

0.3 m

30$ 30$

a

A C

DB
E G

F H

0.3 m0.4 m
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17–27. When the lifting mechanism is operating, the 400-lb
load is given an upward acceleration of . Determine
the compressive force the load creates in each of the
columns, AB and CD.What is the compressive force in each
of these columns if the load is moving upward at a constant
velocity of 3 ? Assume the columns only support an
axial load.

ft>s
5 ft>s2

10 ft10 ft

A

B

C

D

Equations of Motion: Applying Eq. 17–12 to FBD(a), we have

(1)

Equation of Equilibrium: Due to symmetry . From FBD(b).

(2)

If , from Eq. (1), . Substitute into Eq. (2) yields

Ans.

If the load travels with a constant speed, . From Eq. (1), .
Substitute into Eq. (2) yields

Ans.FAB = FCD = 200 lb

F = 400 lb(aG)y = 0

FAB = FCD = 231 lb

F = 462.11 lb(aG)y = 5 ft>s2

+ c ©Fy = 0;   2FAB - F = 0

FCD = FAB

+ c ©Fy = m(aG)y ; F - 400 = a 400
32.2
b(aG)y

If the front wheels are on the verge of lifting off the ground, then .

a (1)

(2)

Solving Eqs. (1) and (2) yields

Ans.aG = 16.35 m>s2 y = 111 m>s
:+ ©Fx = m(aG)x;   1.6y2 = 1200aG

+ ©MA = ©(Mk)A ; 1.6 y2 (1.1) - 1200(9.81)(1.25) = 1200aG(0.35)

NB = 0

17–26. The dragster has a mass of 1200 kg and a center of
mass at G. If a braking parachute is attached at C and
provides a horizontal braking force of ,
where is in meters per second, determine the critical speed
the dragster can have upon releasing the parachute, such
that the wheels at B are on the verge of leaving the ground;
i.e., the normal reaction at B is zero. If such a condition
occurs, determine the dragster’s initial deceleration. Neglect
the mass of the wheels and assume the engine is disengaged
so that the wheels are free to roll.

v
F = (1.6v2) N

3.2 m
1.25 m

0.75 m 0.35 mC

GA B
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Ans.

a

Ans.

Ans. NA = 72 124.60 N = 72.1 kN

 + c ©Fy = m(aG)y ; NA + 2(71 947.70) - 22 A103 B(9.81) - 400 sin 30° = 0

 NB = 71 947.70 N = 71.9 kN

 = 22 A103 B(0.01575)(1.2)

+ ©MA = ©(Mk)A ;  400 cos 30° (0.8) + 2NB (9) - 22 A103 B  (9.81)(6)

 aG = 0.01575 m>s2 = 0.0157 m>s2

 ; ©Fx = m(aG)x ;  400 cos 30° = 22 A103 B  aG

*17–28. The jet aircraft has a mass of 22 Mg and a center
of mass at G. If a towing cable is attached to the upper
portion of the nose wheel and exerts a force of 
as shown, determine the acceleration of the plane and the
normal reactions on the nose wheel and each of the two
wing wheels located at B. Neglect the lifting force of the
wings and the mass of the wheels.

T = 400 N
0.4 m

6 m

0.8 m

3 m

BA

30$

T ! 400 N

G
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•17–29. The lift truck has a mass of 70 kg and mass
center at G. If it lifts the 120-kg spool with an acceleration
of , determine the reactions on each of the four
wheels. The loading is symmetric. Neglect the mass of the
movable arm CD.

3 m>s2

G

BA

C D

0.7 m

0.4 m

0.5 m0.75 m

a

Ans.

Ans. NB = 544 N

 + c ©Fy = m(aG)y ; 2(567.76) + 2NB - 120(9.81) - 70(9.81) = 120(3)

 NA = 567.76 N = 568 N

 = -120(3)(0.7)

+ ©MB = ©(Mk)B ;  70(9.81)(0.5) + 120(9.81)(0.7) - 2NA(1.25)
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17–30. The lift truck has a mass of 70 kg and mass center at
G. Determine the largest upward acceleration of the 120-kg
spool so that no reaction on the wheels exceeds 600 N.

G

BA

C D

0.7 m

0.4 m

0.5 m0.75 m

Assume .

a

OK

Thus Ans.a = 3.96 m>s2

 NB = 570 N 6 600 N

 + c ©Fy = m(aG)y ; 2(600) + 2NB - 120(9.81) - 70(9.81) = 120(3.960)

 a = 3.960 m>s2

 + ©MB = ©(Mk)B ; 70(9.81)(0.5) + 120(9.81)(0.7) - 2(600)(1.25) = -120a(0.7)

NA = 600 N
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a

Ans.

Ans.

Ans. FB = 4500 N = 4.50 kN

 :+ ©Fx = m(aG)x ;    2 FB = 1500(6)

 NB = 5576.79 N = 5.58 kN

 + c ©Fy = m(aG)y ; 2NB + 2(1780.71) - 1500(9.81) = 0

 NA = 1780.71 N = 1.78 kN

 + ©MB = ©(Mk)B ; 2NA (3.5) - 1500(9.81)(1) = -1500(6)(0.25)

*17–32. The dragster has a mass of 1500 kg and a center of
mass at G. If no slipping occurs, determine the frictional
force which must be developed at each of the rear drive
wheels B in order to create an acceleration of .
What are the normal reactions of each wheel on the
ground? Neglect the mass of the wheels and assume that
the front wheels are free to roll.

a = 6 m>s2
FB
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0.25 m
0.3 m

B 2.5 m1 m

G

A

If the front wheels A lift off the ground, then .

a

Since the required friction ,
it is not possible to lift the front wheels off the ground. Ans.

Ff 7 (Ff)max = mk NB = 0.6(14715) = 8829 N

+ c ©Fy = m(aG)y ; NB - 1500(9.81) = 0 NB = 14715 N

:+ ©Fx = m(aG)x ;   Ff = 1500(39.24) = 58860 N

 aG = 39.24 m>s2

 + ©MB = ©(Mk)B ;  -1500(9.81)(1) = -1500aG(0.25)

NA = 0

17–31. The dragster has a mass of 1500 kg and a center of
mass at G. If the coefficient of kinetic friction between the
rear wheels and the pavement is , determine if it is
possible for the driver to lift the front wheels, A, off the
ground while the rear drive wheels are slipping. Neglect the
mass of the wheels and assume that the front wheels are
free to roll.

mk = 0.6
0.25 m

0.3 m

B 2.5 m1 m

G

A
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Equations of Motion: Since the rear wheels B are required to slip, the frictional
force developed is .

(1)

(2)

a (3)

Solving Eqs. (1), (2), and (3) yields

Ans.NA = 640.46 lb = 640 lb  NB = 909.54 lb = 910 lb a = 13.2 ft>s2

+ ©MG = 0;    NB(4.75) - 0.7NB(0.75) - NA(6) = 0

+ c ©Fy = m(aG)y; NA + NB - 1550 = 0

;+ ©Fx = m(aG)x ; 0.7NB = 1550
32.2

a

FB = msNB = 0.7NB

•17–33. At the start of a race, the rear drive wheels B of
the 1550-lb car slip on the track. Determine the car’s
acceleration and the normal reaction the track exerts on the
front pair of wheels A and rear pair of wheels B. The
coefficient of kinetic friction is , and the mass
center of the car is at G. The front wheels are free to roll.
Neglect the mass of all the wheels.

mk = 0.7 6 ft 4.75 ft
A B

G
0.75 ft

Equations of Motion:

(1)

(2)

a (3)

If we assume that the front wheels are about to leave the track, . Substituting
this value into Eqs. (2) and (3) and solving Eqs. (1), (2), (3),

Since , the rear wheels will slip.
Thus, the solution must be reworked so that the rear wheels are about to slip.

(4)

Solving Eqs. (1), (2), (3), and (4) yields

Ans. a = 17.26 ft>s2 = 17.3 ft>s2

 NA = 626.92 lb    NB = 923.08 lb

FB = msNB = 0.9NB

FB 7 (FB)max = msNB = 0.9(1550) lb = 1395 lb

NB = 1550 lb  FB = 9816.67 lb a = 203.93 ft>s2

NA = 0

+ ©MG = 0;    NB(4.75) - FB(0.75) - NA(6) = 0

+ c ©Fy = m(aG)y; NA + NB - 1550 = 0

;+ ©Fx = m(aG)x ; FB = 1550
32.2

a

17–34. Determine the maximum acceleration that can be
achieved by the car without having the front wheels A leave
the track or the rear drive wheels B slip on the track. The
coefficient of static friction is .The car’s mass center
is at G, and the front wheels are free to roll. Neglect the
mass of all the wheels.

ms = 0.9
6 ft 4.75 ft

A B

G
0.75 ft
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(1)

(2)

a (3)

For Rear-Wheel Drive:

Set the friction force in Eqs. (1) and (3).

Solving yields:

Since , then

Ans.

For 4-Wheel Drive:

Since , then

Ans.t = 11.3 s

22.22 = 0 + 1.962t

v2 = v1 + aGt

v2 = 80 km>h = 22.22 m>sNA = 5.00 kN 7 0 (OK) NB = 9.71 kN aG = 1.962m>s2

 t = 17.5 s

 22.22 = 0 + 1.271t

 a ;+ b v = v0 + aG t

v = 80 km>h = 22.22 m>sNA = 5.18 kN 7 0 (OK) NB = 9.53 kN aG = 1.271m>s2

0.2NA = 0

+ ©MG = 0; -NA (1.25) + NB (0.75) - (0.2NA + 0.2NB)(0.35) = 0

+ c ©Fy = m(aG)y ; NA + NB - 1500(9.81) = 0

;+ ©Fx = m(aG)x ; 0.2NA + 0.2NB = 1500aG

17–35. The sports car has a mass of 1.5 Mg and a center of
mass at G. Determine the shortest time it takes for it to
reach a speed of 80 , starting from rest, if the engine
only drives the rear wheels, whereas the front wheels are
free rolling. The coefficient of static friction between the
wheels and the road is . Neglect the mass of the
wheels for the calculation. If driving power could be
supplied to all four wheels, what would be the shortest time
for the car to reach a speed of 80 ?km>h

ms = 0.2

km>h
B

G

A 1.25 m
0.75 m

0.35 m
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*17–36. The forklift travels forward with a constant speed
of . Determine the shortest stopping distance without
causing any of the wheels to leave the ground. The forklift
has a weight of 2000 lb with center of gravity at , and the
load weighs 900 lb with center of gravity at . Neglect the
weight of the wheels.

G2

G1

9 ft>s

1.5 ft
3.5 ft

3.25 ft2 ft

4.25 ft

A B

G1

G2

Equations of Motion: Since it is required that the rear wheels are about to leave the
ground, . Applying the moment equation of motion of about point B,

a

Kinematics: Since the acceleration of the forklift is constant,

Ans. s = 2.743 ft = 2.74 ft

 0 = 92 + 2(-14.76)(s - 0)

 A :+ B v2 = v2
0 + 2ac(s - s0)

 a = 14.76 ft>s2 ;
 + ©MB = (Mk)B; 2000(3.5) - 900(4.25) = a2000

32.2
ab(2) + a 900

32.2
 ab(3.25)

NA = 0
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•17–37. If the forklift’s rear wheels supply a combined
traction force of , determine its acceleration
and the normal reactions on the pairs of rear wheels and front
wheels. The forklift has a weight of 2000 lb, with center of
gravity at , and the load weighs 900 lb, with center of gravity
at . The front wheels are free to roll. Neglect the weight of
the wheels.

G2

G1

FA = 300 lb

1.5 ft
3.5 ft

3.25 ft2 ft

4.25 ft

A B

G1

G2

Equations of Motion: The acceleration of the forklift can be obtained directly by
writing the force equation of motion along the x axis.

Ans.

Using this result and writing the moment equation of motion about point A,

 a = 3.331ft>s2

 :+ ©Fx = m(aG)x ; 300 = 2000
32.2

 a + 900
32.2

 a

a

Ans.

Finally, writing the force equation of motion along the y axis and using this result,

Ans. NA = 778.28 lb = 778 lb

 + c ©Fy = m(aG)y; NA + 2121.72 - 2000 - 900 = 0

 NB = 2121.72 lb = 2122 lb

 + ©MA = (Mk)A ; NB (5) - 2000(1.5) - 900(9.25) = - ¢2000
32.2

≤(3.331)(2) - ¢ 900
32.2
≤(3.331)(3.25)
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17–38. Each uniform box on the stack of four boxes has a
weight of 8 lb. The stack is being transported on the dolly,
which has a weight of 30 lb. Determine the maximum force F
which the woman can exert on the handle in the direction
shown so that no box on the stack will tip or slip. The
coefficient of the static friction at all points of contact is

.The dolly wheels are free to roll. Neglect their mass.ms = 0.5 1.5 ft

2 ft

F

1.5 ft

1.5 ft

1.5 ft

30!

Assume that the boxes up, then . Applying Eq. 17–12 to FBD(a). we have

a

Since . slipping will not occur. Hence,
the boxes and the dolly moves as a unit. From FBD(b),

Ans. F = 23.9 lb

 :+ ©Fx = m(aG)x ;   F cos 30° = a32 + 30
32.2

b(10.73)

Ff 6 (Ff)max = ms NA = 0.5(32.0) = 16.0 lb

:+ ©Fx = m(aG)x ;   Ff = a 32
32.2
b(10.73) = 10.67 lb

+ c ©Fy = m(aG)y ;   NA - 32 = 0 NA = 32.0 lb

+ ©MA = ©(Mk)A; -32(1) = - c a 32
32.2
baG d(3) aG = 10.73 ft>s2

x = 1 ft

It is required that .

a

Ans. a = 96.6 ft>s2

 + ©MA = ©(Mk)A ; 2000(5) - 10000(4) = - c a2000
32.2

ba d(5)

NB = 0

17–39. The forklift and operator have a combined weight of
10 000 lb and center of mass at G. If the forklift is used to lift
the 2000-lb concrete pipe, determine the maximum vertical
acceleration it can give to the pipe so that it does not tip
forward on its front wheels.

5 ft 4 ft 6 ft

G

A B
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Equations of Motion: Since the car skids, then . Applying 
Eq. 17–12 to FBD(a), we have

a

(1)

(2)

(3)

From FBD(b),

a (4)

(5)

(6)

Solving Eqs. (1), (2), (3), (4), (5), and (6) yields

Ans.

Ans.

 a = 0.8405 m>s2 Ax = 672.41 N Ay = 285.77 N

 ND = 7562.23 N = 7.56 kN

NB = 9396.95 N = 9.40 kN  NC = 4622.83 N = 4.62 kN

:+ ©Fx = m(aG)x;    Ax = 800a

+ c ©Fy = m(aG)y ;  ND + Ay - 800(9.81) = 0

+ ©MA = ©(Mk)A ; ND (2) - 800(9.81)(2) = -800a(0.85)

:+ ©Fx = m(aG)x ;    0.4NC - Ax = 1400a

+ c ©Fy = m(aG)y ;  NB + NC - 1400(9.81) - Ay = 0

 -NC (1.5) = -1400a(0.35)

 + ©MA = ©(Mk)A ; 1400(9.81)(3.5) + 0.4NC (0.4) - NB (4.5)

Ff = mC NC = 0.4NC

•17–41. The car, having a mass of 1.40 Mg and mass center
at , pulls a loaded trailer having a mass of 0.8 Mg and
mass center at . Determine the normal reactions on both
the car’s front and rear wheels and the trailer’s wheels if the
driver applies the car’s rear brakes C and causes the car to
skid. Take and assume the hitch at A is a pin or
ball-and-socket joint.The wheels at B and D are free to roll.
Neglect their mass and the mass of the driver.

mC = 0.4

Gt

Gc
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*17–40. The forklift and operator have a combined weight
of 10 000 lb and center of mass at G. If the forklift is used
to lift the 2000-lb concrete pipe, determine the normal
reactions on each of its four wheels if the pipe is given an
upward acceleration of .4 ft>s2

5 ft 4 ft 6 ft

G

A B

a

Ans.

Ans. NA = 4686.34 lb = 4.69 kip

 + c ©Fy = m(aG)y ; 2NA + 2(1437.89) - 2000 - 10000 = a2000
32.2

b(4)

 NB = 1437.89 lb = 1.44 kip

 = - c a 2000
32.2

b(4) d(5)

+ ©MA = ©(Mk)A ;  2000(5) + 2NB (10) - 10000(4)

2 m

0.4 m
A

B C
1 m 1.5 m 2 m

D

Gt

1.25 m

Gc
0.75 m
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Equations of Motion: Assume that the crate slips, then .

a

(1)

(2)

(3)

Solving Eqs. (1), (2), and (3) yields

Ans.

Since , then crate will not tip. Thus, the crate slips. Ans.x 6 0.3 m

 a = 2.01 m>s2

 N = 447.81 N x = 0.250 m

R+ ©Fx¿ = m(aG)x¿ ;  50(9.81) sin 15° - 0.5N = -50a cos 15°

+Q©Fy¿ = m(aG)y¿ ;  N - 50(9.81) cos 15° = -50a sin 15°

 = 50a cos 15°(0.5) + 50a sin 15°(x)

 + ©MA = ©(Mk)A ; 50(9.81) cos 15°(x) - 50(9.81) sin 15°(0.5)

Ff = ms N = 0.5N

17–42. The uniform crate has a mass of 50 kg and rests on
the cart having an inclined surface. Determine the smallest
acceleration that will cause the crate either to tip or slip
relative to the cart. What is the magnitude of this
acceleration? The coefficient of static friction between the
crate and the cart is .ms = 0.5

15!

1 m

0.6 m

F

Curvilinear translation:

Member DC:

c

Ans.

Member BDE:

c

Ans.

Ans. Dy = 731 N

 + c ©Fy = m(aG)y ; -567.54 + Dy - 10(9.81) - 12(9.81) = -10(2.4) - 12(2.4)

 FBA = 567.54 N = 568 N

 = 10(2.4)(0.365) + 12(2.4)(1.10)

 + ©MD = ©(Mk)D ; -FBA (0.220) + 10(9.81)(0.365) + 12(9.81)(1.10)

 Dx = 83.33 N = 83.3 N

 + ©MC = 0; -Dx (0.6) + 50 = 0

(aD)n = (aG)n = (2)2(0.6) = 2.4 m>s2

17–43. Arm BDE of the industrial robot is activated by
applying the torque of to link CD. Determine
the reactions at pins B and D when the links are in the
position shown and have an angular velocity of Arm
BDE has a mass of 10 kg with center of mass at . The
container held in its grip at E has a mass of 12 kg with center
of mass at . Neglect the mass of links AB and CD.G2

G1

2 rad>s.

M = 50  N # m
0.220 m

0.600 m
M " 50 N # m

v " 2 rad/s

B D

CA

0.365 m 0.735 m

E

G1 G2 
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a

At each wheel,

Ans.

Ans.NB¿ =
NB

2
= 620 N

NA¿ =
NA

2
= 383 N

aG = 0.125 m>s2 NA = 765.2 N NB = 1240 N

+ ©MG = 0; -NA(0.3) + NB(0.2) + 50 cos 60°(0.3) - 50 sin 60°(0.6) = 0

+ c ©Fy = m(aG)y ; NA + NB - 200(9.81) - 50 sin 60° = 0

;+ ©Fx = m(aG)x ; 50 cos 60° = 200aG

*17–44. The handcart has a mass of 200 kg and center of
mass at G. Determine the normal reactions at each of the two
wheels at A and at B if a force of is applied to the
handle. Neglect the mass of the wheels.

P = 50 N

0.3 m 0.4 m0.2 m

0.2 m

0.5 m

60!

A B

G

P

•17–45. The handcart has a mass of 200 kg and center of
mass at G. Determine the largest magnitude of force P that
can be applied to the handle so that the wheels at A or B
continue to maintain contact with the ground. Neglect the
mass of the wheels.

0.3 m 0.4 m0.2 m

0.2 m

0.5 m

60!

A B

G

P

a

For , require

Ans.

aG = 4.99 m>s2

NB = 3692 N

P = 1998 N = 2.00 kN

NA = 0

Pmax

+ ©MG = 0; -NA (0.3) + NB (0.2) + P cos 60°(0.3) - P sin 60°(0.6) = 0

+ c ©Fy = m(aG)y ; NA + NB - 200(9.81) - P sin 60° = 0

;+ ©Fx = m(aG)x ; P cos 60° = 200aG
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17–46. The jet aircraft is propelled by four engines to
increase its speed uniformly from rest to 100 m/s in a distance
of 500 m. Determine the thrust T developed by each engine
and the normal reaction on the nose wheel A. The aircraft’s
total mass is 150 Mg and the mass center is at point G.
Neglect air and rolling resistance and the effect of lift. 30 m

7.5 m

9 m

T

T
5 m4 m

A B

G

Kinematics: The acceleration of the aircraft can be determined from

Equations of Motion: The thrust T can be determined directly by writing the force
equation of motion along the x axis.

Ans.

Writing the moment equation of equilibrium about point B and using the result of T,

a

Ans. NA = 114.3 A103 BN = 114 kN

 - NA(37.5) = 150 A103 B(10)(9)

+ ©MB = (Mk)B;  150 A103 B(9.81)(7.5) + 2 c375 A103 B d(5) + 2 c375 A103 B d(4)

 T = 375 A103 BN = 375 kN

 ;+ ©Fx = m(aG)x ; 4T = 150 A103 B(10)

a = 10 m>s2

1002 = 02 + 2a(500 - 0)

v2 = v0 
2 + 2ac(s - s0)
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Equations of Motion: can be obtained directly by writing the moment equation
of motion about point A.

a

Ans.

Using this result to write the force equation of motion along the y axis,

Ans. NA = 17354.46 N = 17.4 kN

 + c ©Fy = m(aG)y; NA + 1313.03 - 750(9.81) - 1000(9.81) = 750(2)

 NB = 1313.03 N = 1.31 kN

 + ©MA = (Mk)A ; NB (1.4) + 750(9.81)(0.9) - 1000(9.81)(1) = -750(2)(0.9)

NB

17–47. The 1-Mg forklift is used to raise the 750-kg crate
with a constant acceleration of . Determine the
reaction exerted by the ground on the pairs of wheels at A
and at B. The centers of mass for the forklift and the crate
are located at and , respectively.G2G1

2 m>s2

0.9 m 1 m
0.4 m

0.5 m

A B

G1
G2

0.4 m

Equations of Motion: Since the wheels at B are required to just lose contact with the
ground, . The direct solution for a can be obtained by writing the moment
equation of motion about point A.

a

Ans. a = 4.72 m>s2

 + ©MA = (Mk)A ; 750(9.81)(0.9) - 1000(9.81)(1) = -750a(0.9)

NB = 0

*17–48. Determine the greatest acceleration with which the
1-Mg forklift can raise the 750-kg crate, without causing 
the wheels at B to leave the ground. The centers of mass for 
the forklift and the crate are located at and , respectively.G2G1

0.9 m 1 m
0.4 m

0.5 m

A B

G1
G2

0.4 m
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Equations of Motion: Since the front skid is required to be on the verge of lift off,
. Writing the moment equation about point A and referring to Fig. a,

a

Ans.

Writing the force equations of motion along the x and y axes,

Ans.

Ans. NA = 400 lb

 + c ©Fy = m(aG)y ; NA - 250 - 150 = 0

 FA = 248.45 lb = 248 lb

 ;+ ©Fx = m(aG)x ; FA = 150
32.2

 (20) + 250
32.2

 (20)

 hmax = 3.163 ft = 3.16 ft

 + ©MA = (Mk)A ; 250(1.5) + 150(0.5) = 150
32.2

(20)(hmax) + 250
32.2

 (20)(1)

NB = 0

•17–49. The snowmobile has a weight of 250 lb, centered at
, while the rider has a weight of 150 lb, centered at . If the

acceleration is , determine the maximum height h
of of the rider so that the snowmobile’s front skid does not
lift off the ground. Also, what are the traction (horizontal)
force and normal reaction under the rear tracks at A?

G2

a = 20 ft>s2
G2G1
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a

1.5 ft

0.5 ft

G1

G2

1 ft

h

A
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Equations of Motion: Since the front skid is required to be on the verge of lift off,
. Writing the moment equation about point A and referring to Fig. a,

a

Ans.

Writing the force equations of motion along the x and y axes and using this result,
we have

Ans.

Ans. NA = 400 lb

 + c ©Fy = m(aG)y ; NA - 150 - 250 = 0

 FA = 257.14 lb = 257 lb

 ;+ ©Fx = m(aG)x ; FA = 150
32.2

 (20.7) + 250
32.2

 (20.7)

 amax = 20.7 ft>s2

 + ©MA = (Mk)A ; 250(1.5) + 150(0.5) = a 150
32.2

 amaxb(3) + a 250
32.2

 amaxb(1)

NB = 0

17–50. The snowmobile has a weight of 250 lb, centered at
, while the rider has a weight of 150 lb, centered at . If

, determine the snowmobile’s maximum permissible
acceleration a so that its front skid does not lift off the
ground. Also, find the traction (horizontal) force and the
normal reaction under the rear tracks at A.

h = 3 ft
G2G1
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a

1.5 ft

0.5 ft

G1

G2

1 ft

h

A
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Equations of Motion: Writing the force equation of motion along the x axis,

Ans.

Using this result to write the moment equation about point A,

a

Ans.

Using this result to write the force equation of motion along the y axis,

Ans. NA = 326.81 N = 327 N

 + c ©Fy = m(aG)y ; NA + 1144.69 - 150(9.81) = 150(0)

 NB = 1144.69 N = 1.14 kN

 + ©MA = (Mk)A ; 150(9.81)(1.25) - 600(0.5) - NB(2) = -150(4)(1.25)

:+ ©Fx = m(aG)x ; 600 = 150a    a = 4 m>s2 :

17–51. The trailer with its load has a mass of 150 kg and a
center of mass at G. If it is subjected to a horizontal force of

, determine the trailer’s acceleration and the
normal force on the pair of wheels at A and at B. The
wheels are free to roll and have negligible mass.

P = 600 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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1.25 m

0.75 m 1.25 m

0.25 m0.25 m 0.5 m

G

B A

P ! 600 N
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Curvilinear Translation:

c

Assume crate is about to slip.

Thus,

Crate must tip. Set .

Ans.

Note: O.K.(FC)max = 0.5(605) = 303 N 7 202 N

a = 0.587 rad>s2

NC = 605 N FC = 202 N

x = 0.25 m

x = 0.375 m 7 0.25 m

FC = 0.5NC

+ ©MG = ©(Mk)G ; NC(x) - FC(0.75) = 0

+ c ©Fy = m(aG)y ; NC - 50(9.81) = 50(4) cos 30° - 50(a)(4) sin30°

:+ ©Fx = m(aG)x ; FC = 50(4) sin 30° + 50(a)(4) cos30°

(aG)t = a(4) m>s2

(aG)n = (1)2(4) = 4 m>s2

*17–52. The 50-kg uniform crate rests on the platform for
which the coefficient of static friction is . If the
supporting links have an angular velocity ,
determine the greatest angular acceleration they can have
so that the crate does not slip or tip at the instant .u = 30°

a
v = 1 rad>sms = 0.5

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

C 1.5 m

4 m

u

v

a u

4 m

0.5 m

 ! 1 rad/s
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Curvilinear Translation:

Solving,

OK

c

OK

Thus, Ans.FC = 187 N

 x = 0.228 m 6 0.25 m

 613.7(x) - 186.6(0.75) = 0

 + ©MG = ©(Mk)G ; NC(x) - FC(0.75) = 0

(FC)max = 0.5(613.7) = 306.9 N 7 186.6 N

NC = 613.7 N

FC = 186.6 N

+ c ©Fy = m(aG)y ; NC - 50(9.81) = 50(4) cos 30° - 50(2) sin 30°

:+ ©Fx = m(aG)x ; FC = 50(4) sin 30° + 50(2) cos 30°

(aG)t = 0.5(4) m>s2 = 2 m>s2

(aG)n = (1)2(4) = 4 m>s2

•17–53. The 50-kg uniform crate rests on the platform for
which the coefficient of static friction is . If at the
instant the supporting links have an angular velocity

and angular acceleration ,
determine the frictional force on the crate.

a = 0.5 rad>s2v = 1  rad>su = 30°
ms = 0.5

C 1.5 m

4 m

u

v

a u

4 m

0.5 m

 ! 1 rad/s
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Equations of Motion: The free-body diagram of the crate and platform at the general
position is shown in Fig. a. Here, and , where

and are the angular velocity and acceleration of the links. Writing the force
equation of motion along the t axis by referring to Fig. a, we have

Kinematics: Using this result, the angular velocity of the links can be obtained by
integrating

When , . Referring to the free-body diagram of the crate and
platform when , Fig. b,

(1)

a (2)

Solving Eqs. (1) and (2) yields

Ans.FAB = 1217.79 N = 1.22 kN   FCD = 564.42 N = 564N

+ ©MG = 0;    1500(2) - FAB(2) - FCD(1) = 0

:+ ©Fn = m(aG)n ;   FAB - FCD = 200 C1.0442(3) Du = 90°
v = 1.044 rad>su = 90°

v = 21.54(0.7071 - cos u)

L
v

0
v dv = L

u

45°
0.77 sin u du

L v dv = L a du

 a = 0.77 sin u

 +Q©Ft = m(aG)t ;    200(9.81) sin u - 1500 sin u = 200 Ca(3) D
av

(aG)n = v2r = v2(3)(aG)t = ar = a(3)

17–54. If the hydraulic cylinder BE exerts a vertical force
of on the platform, determine the force
developed in links AB and CD at the instant . The
platform is at rest when . Neglect the mass of the
links and the platform. The 200-kg crate does not slip on
the platform.

u = 45°
u = 90°

F = 1.5 kN

3 m

3 m

1 m

2 m

F

G

C

A

B

D

E

u
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Equations of Motion: Since the plate undergoes the cantilever translation,
. Referring to the free-body diagram of the plate shown

in Fig. a,

(1)

(2)

a (3)

Since the mass of link AB can be neglected, we can apply the moment equation of
equilibrium to link AB. Referring to its free-body diagram, Fig. b,

a (4)

Solving Eqs. (1) through (4) yields

Ans.

Ans.(aG)t = 32.18 ft>s2 = 32.2 ft>s2

FCD = 9.169 lb = 9.17 lb

Bx = 8.975 lb      By = -2.516 lb

+ ©MA = 0;  Bx(1.5 sin 30°) - By(1.5 cos 30°) - 10 = 0

+ ©MG = 0; Bx(1) - By(0.5) - FCD cos 30°(1) - FCD sin 30°(0.5) = 0

©Ft = m(aG)t ; Bx sin 30° - By cos 30° + 50 cos 30° = 50
32.2

 (aG)t

©Fn = m(aG)n ; -FCD - Bx cos 30° - By sin 30° + 50 sin 30° = a 50
32.2
b(6)

(aG)n = A22 B(1.5) = 6 ft>s2

17–55. A uniform plate has a weight of 50 lb. Link AB is
subjected to a couple moment of and has a
clockwise angular velocity of at the instant .
Determine the force developed in link CD and the tangential
component of the acceleration of the plate’s mass center at
this instant. Neglect the mass of links AB and CD.

u = 30°2 rad>sM = 10 lb # ft 1.5 ft

2 ft

1 ft

C

D

B

A

u ! 30"

M ! 10 lb # ft 
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c

Ans. v = 20.8 rad>s v = 16.67 c t + 1
0.2

e- 0.2t d4
0

 L
v

0
dv = L

4

0
16.67 A1 - e- 0.2t B  dt

 dv = a dt

 a = 16.67 A1 - e- 0.2t B + ©MO = IOa; 3 A1 - e- 0.2t B = 0.18a

*17–56. The four fan blades have a total mass of 2 kg and
moment of inertia about an axis passing
through the fan’s center O. If the fan is subjected to a moment
of , where t is in seconds, determine
its angular velocity when starting from rest.t = 4 s

M = 3(1 - e - 0.2t) N # m

IO = 0.18 kg # m2

MO

Equations of Motion: The mass moment of inertia of the spool about point O is
given by . Applying Eq. 17–16, we have

a

Kinematics: Here, the angular displacement . Applying

equation , we have

(c

Ans. t = 6.71 s

 +)   6.25 = 0 + 0 + 1
2

 (0.2778)t2

u = u0 + v0 t + 1
2

 at2

u = s
r

= 5
0.8

= 6.25 rad

+ ©MO = IO a; -300(0.8) = -864a a = 0.2778 rad>s2

IO = mk2
O = 600 A1.22 B = 864 kg # m2

•17–57. Cable is unwound from a spool supported on
small rollers at A and B by exerting a force of 
on the cable in the direction shown. Compute the time
needed to unravel 5 m of cable from the spool if the spool
and cable have a total mass of 600 kg and a centroidal
radius of gyration of . For the calculation,
neglect the mass of the cable being unwound and the mass
of the rollers at A and B. The rollers turn with no friction.

kO = 1.2 m

T = 300 N

30"

1 m

O

T ! 300 N

0.8 m

A B

1.5 m
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Equations of Motion: Here, and 
.

a

Ans.

Ans.

Ans.©Ft = m(aG)t ;    VP = 2(1.875) = 3.75 N

 NP = 7.38 N

 ©Fn = m(aG)n ;   NP + 2(9.81) = 2(13.5)

 MP = 2.025 N # m

 + ©MP = ©(Mk)P ;  -MP = -0.18(5) - 2(1.875)(0.3)

v2 rG = 62(0.375) = 13.5 m>s2
(aG)n =(aG)t = arG = 5(0.375) = 1.875 m>s2

17–58. The single blade PB of the fan has a mass of 2 kg
and a moment of inertia about an axis
passing through its center of mass G. If the blade is
subjected to an angular acceleration , and has
an angular velocity when it is in the vertical
position shown, determine the internal normal force N,
shear force V, and bending moment M, which the hub
exerts on the blade at point P.

v = 6 rad>s a = 5 rad>s2

IG = 0.18 kg # m2

300 mm

75 mm

P

B

v
a

G

 ! 6 rad/s
 ! 5 rad/s2

c

Ans.

Ans. NA = NB = 325 N

 + c ©Fy = may ; NA cos 15° + NB cos 15° - 39.6 - 588.6 = 0

:+ ©Fx = max ; NA sin 15° - NB sin 15° = 0

 P = 39.6 N

 + ©MO = IO a; P(0.8) = 60(0.65)2(1.25)

 a = 1
0.8

= 1.25 rad>s2

 ac = 1 m>s2

 8 = 0 + 0 + 1
2

 ac (4)2

 (T +) s = s0 + v0 t + 1
2

 ac t2

17–59. The uniform spool is supported on small rollers at
A and B. Determine the constant force P that must be
applied to the cable in order to unwind 8 m of cable in 4 s
starting from rest. Also calculate the normal forces on the
spool at A and B during this time. The spool has a mass of 
60 kg and a radius of gyration about of . For
the calculation neglect the mass of the cable and the mass of
the rollers at A and B.

kO = 0.65 mO

15" 15"

O

A B

0.8 m

1 m

P
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c

c

Ans. t = 9.90 s

 15 = 4 + (1.11)t

 v = v0 + ac t+

 a = 1.11 rad>s2

 + ©MO = IO a; 2 - 50(0.025) = 30(0.15)2a

*17–60. A motor supplies a constant torque to
a 50-mm-diameter shaft O connected to the center of the 
30-kg flywheel. The resultant bearing friction F, which the
bearing exerts on the shaft, acts tangent to the shaft and has a
magnitude of 50 N. Determine how long the torque must be
applied to the shaft to increase the flywheel’s angular velocity
from to The flywheel has a radius of gyration

about its center .OkO = 0.15 m
15 rad>s.4 rad>s

M = 2 N # m

25 mm O

F

M

c

c

Ans. t = 8.10 s

 0 = -15 + (1.852)t

 v = v0 + ac t+

 a = 1.852 rad>s2

 + ©MO = IO a; 50(0.025) = 30(0.15)2a

•17–61. If the motor in Prob. 17–60 is disengaged from the
shaft once the flywheel is rotating at 15 rad/s, so that ,
determine how long it will take before the resultant bearing
frictional force stops the flywheel from rotating.F = 50 N

M = 0

25 mm O

F

M
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Mass Moment Inertia: From the inside back cover of the text.

Equations of Motion: At the instant shown, the normal component of acceleration
of the mass center for the sphere and the rod are since the
angular velocity of the pendulum at that instant.The tangential component of
acceleration of the mass center for the sphere and the rod are 
and .

a

Thus,

Ans.FO = 2O2
x + O2

y = 202 + 6.1402 = 6.14 lb

 Oy = 6.140 lb

 ©Ft = m(aG)t ; 30 + 10 - Oy = a 30
32.2
b [3(10.90)] + a 10

32.2
b(10.90)

©Fn = m(aG)n ;     Ox = 0

 a = 10.90 rad>s2

 + a 30
32.2
b(3a)(3) + a 10

32.2
b(a)(1)

 + ©MO = ©(Mk)O ; 30(3) + 10(1) = 0.3727a + 0.1035a

C(aG)t DR = arR = a
C(aG)t DS = arS = 3a

v = 0
C(aG)n DS = C(aG)n DR = 0

(IG)R = 1
12

 ml2 = 1
12

 a 10
32.2
b A22 B = 0.1035 slug # ft2

(IG)S = 2
5

 mr2 = 2
5

 a 30
32.2
b A12 B = 0.3727 slug # ft2

17–62. The pendulum consists of a 30-lb sphere and a 
10-lb slender rod. Compute the reaction at the pin O just
after the cord AB is cut.

2 ft

O

A

B

1 ft

Since the deflection of the spring is unchanged at the instant the cord is cut, the
reaction at A is

c

Solving:

Ans.

Thus,

Ans.(aG) = 4.90 m>s2

a = 14.7 rad>s2

(aG)y = 4.905 m>s2

(aG)x = 0

+ ©MG = IGa; (19.62)(1) = c 1
12

 (4)(2)2 da
+ T ©Fy = m(aG)y ; 4(9.81) - 19.62 = 4(aG)y

;+ ©Fx = m(aG)x ;  0 = 4(aG)x

FA = 4
2

 (9.81) = 19.62 N

17–63. The 4-kg slender rod is supported horizontally by a
spring at A and a cord at B. Determine the angular
acceleration of the rod and the acceleration of the rod’s
mass center at the instant the cord at B is cut. Hint: The
stiffness of the spring is not needed for the calculation.

2 m
B

A
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Equations of Motion: The mass moment of inertia of the gondola and the counter
weight about point B is given by 

. Applying Eq. 17–16, we have

a

Kinematics: Applying equation , we have

Ans. u = 30.1°

 L
0

1 rad>sv dv = L
u

0°
-3.6970 sin u du

v dv = a du

 a = -3.6970 sin u

 -50 A103 B(9.81) sin u(5) = 639.5 A103 B  a + ©MB = IB a; 3 A103 B(9.81) sin u(3)

=  639.5 A103 B  kg # m2

IB = mg k2
B + mWr2

W = 50 A103 B A3.52 B + 3 A103 B A32 B

•17–65. The passengers, the gondola, and its swing frame
have a total mass of 50 Mg, a mass center at G, and a radius
of gyration . Additionally, the 3-Mg steel block
at A can be considered as a point of concentrated mass.
Determine the angle to which the gondola will swing
before it stops momentarily, if it has an angular velocity of

at its lowest point.v = 1 rad>s u

kB = 3.5 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equations of Motion: The mass moment of inertia of the gondola and the counter
weight about point B is given by 

.At the instant shown, the normal component of acceleration of
the mass center for the gondola and the counter weight are

and .
The tangential component of acceleration of the mass center for the gondola and
the counter weight are and . Applying 
Eq. 17–16, we have

a Ans.

Ans.

Ans. By = 760.93 A103 B  N = 761 kN

 = 3 A103 B(3.00) - 50 A103 B(5.00)

 ©Fn = m(aG)n ; 3 A103 B(9.81) + 50 A103 B(9.81) - By

©Ft = m(aG)t;     Bx = 0

+ ©MB = IB a;   0 = 639.5 A103 Ba a = 0

C(aG)t DW = arW = 3aC(aG)t Dg = arg = 5a

C(aG)n DW = v2 rW = 12 (3) = 3.00 m>s2C(aG)n Dg = v2 rg = 12 (5) = 5.00 m>s2

=  639.5 A103 B  kg # m2

IB = mg k2
B + mWr2

W = 50 A103 B A3.52 B + 3 A103 B A32 B

*17–64. The passengers, the gondola, and its swing frame
have a total mass of 50 Mg, a mass center at G, and a radius
of gyration . Additionally, the 3-Mg steel block
at A can be considered as a point of concentrated mass.
Determine the horizontal and vertical components of
reaction at pin B if the gondola swings freely at 
when it reaches its lowest point as shown. Also, what is the
gondola’s angular acceleration at this instant?

v = 1 rad>s
kB = 3.5 m

5 m

3 m

B

A

v

G

5 m

3 m

B

A

v

G
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However,

and 

Q.E.D. = m(aG)t(rOG + rGP)

 m(aG)t rOG + IG a = m(aG)t rOG + (mrOG rGP) c (aG)t

rOG
d

a =
(aG)t

rOG
k2

G = rOG rGP

m(aG)t rOG + IG a = m(aG)t rOG + Amk2
G Ba

17–66. The kinetic diagram representing the general
rotational motion of a rigid body about a fixed axis passing
through O is shown in the figure. Show that may be
eliminated by moving the vectors and to
point P, located a distance from the center of
mass G of the body. Here represents the radius of
gyration of the body about an axis passing through G. The
point P is called the center of percussion of the body.

kG

rGP = k2
G>rOG

m(aG)nm(aG)t

IGA

rGP

rOG

m(aG)n

G
IG

m(aG)t

O

P

a

a

Using the result of Prob 17–66,

Thus,

Ans.

c

Ans. Ax = 0

 ;+ ©Fx = m(aG)x ; -Ax + 20 = a 10
32.2
b(64.4)

 (aG)t = 2(32.2) = 64.4 ft>s2

 a = 32.2 rad>s2

 + ©MA = IA a; 20(2.667) = c1
3

 a 10
32.2
b(4)2 da

rP = 1
6

 l + 1
2

 l = 2
3

 l = 2
3

 (4) = 2.67 ft

rGP =
k2

G

rAG
=
BB 1

12
 aml2

m
b R2

l
2

= 1
6

 l

17–67. Determine the position of the center of
percussion P of the 10-lb slender bar. (See Prob. 17–66.)
What is the horizontal component of force that the pin at 
exerts on the bar when it is struck at P with a force of

?F = 20 lb

A

rP

4 ft

P

A

rP

F
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Kinematics: Here, and

Since the angular acceleration is constant,

a

Equations of Motion: Here, the mass moment of inertia of the flywheel about its
mass center O is . Referring to the free-
body diagram of the flywheel,

a

Ans. TB = 1214.60 N = 1.21 kN

 + ©MO = IOa;   TB(0.3) - 2000(0.3) = -9.375(25.13)

IO = mkO 
2 = 150 A0.252 B = 9.375 kg # m2

 a = -25.13 rad>s2 = 25.13 rad>s2

 0 = (40p)2 + 2a(100p - 0)

 +  v2 = v0 
2 + 2a(u - u0)

¢2p rad
1 rev

≤ = 100prad

u = (50 rev)

v0 = ¢1200 
rev
min
≤ ¢2p rad

1 rev
≤ ¢1 min

60 s
≤ = 40p rad

•17–69. The 150-kg wheel has a radius of gyration about
its center of mass O of . If it rotates
counterclockwise with an angular velocity of 

and the tensile force applied to the brake band at A is
, determine the tensile force in the band at

B so that the wheel stops in 50 revolutions after and 
are applied.

TBTA

TBTA = 2000 N
min

v = 1200 rev>kO = 250 mm
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Equations of Motion: Here, the mass moment of inertia of the flywheel about its
mass center O is . Referring to the free-
body diagram of the flywheel in Fig. b, we have

a

Kinematics: Here, . Since the

angular acceleration is constant, we can apply

a

Ans. t = 3.93 s

 0 = 40p + (-32)t

 +  v = v0 + ac t

v0 = ¢1200 
rev
min
≤ ¢2p rad

1 rev
≤ ¢1 min

60 s
≤ = 40p rad

+ ©MO = IOa;  1000(0.3) - 2000(0.3) = -9.375a  a = 32 rad>s2

IO = mkO 
2 = 150 A0.252 B = 9.375 kg # m2

*17–68. The 150-kg wheel has a radius of gyration about
its center of mass O of . If it rotates
counterclockwise with an angular velocity of 

at the instant the tensile forces and
are applied to the brake band at A and B,

determine the time needed to stop the wheel.
TB = 1000 N

TA = 2000 Nmin
v = 1200 rev>kO = 250 mm

A

B

300 mm
v ! 1200 rev/min

O

TA

TB

A

B

300 mm
v ! 1200 rev/min

O

TA

TB
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Equations of Motion: Since the rod rotates about a fixed axis passing through point A,
and . The mass moment of inertia of the 

rod about G is . Writing the moment equation

of motion about point A,

a

Ans.

This result can also be obtained by applying , where

Thus,

a

Ans.

Using this result to write the force equation of motion along the n and t axes,

Thus,

Ans.FA = 2At 
2 + An 

2 = 2102 + 702 = 70.7 lb

:+ ©Ft = m(aG)t ; 50a4
5
b - At = 100

32.2
C3.220(3) D  At = 10.0 lb

+ c ©Fn = m(aG)n ;  An + 50a3
5
b - 100 = 100

32.2
 (0)  An = 70 lb

 a = 3.220 rad>s2 = 3.22 rad>s2

 + ©MA = IA a;   50a4
5
b(3) = 37.267a

IA = 9.317 + a 100
32.2
b A32 B = 37.267 slug # ft2

©MA = IAa

 a = 3.220 rad>s2 = 3.22 rad>s2

 + ©MA = (Mk)A ; 50a4
5
b(3) = 100

32.2
Ca(3) D(3) + 9.317a

IG = 1
12

 a 100
32.2
b A62 B = 9.317 slug # ft2

(aG)n = v2 rG = 0(aG)t = arG = a(3)

17–70. The 100-lb uniform rod is at rest in a vertical
position when the cord attached to it at B is subjected to a
force of . Determine the rod’s initial angular
acceleration and the magnitude of the reactive force that
pin A exerts on the rod. Neglect the size of the smooth
peg at C.

P = 50 lb
A

B

C

P ! 50 lb
3 ft

4 ft

3 ft
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Equations of Motion: Wheel A will slip on wheel B until both wheels attain the
same angular velocity. The frictional force developed at the contact point is

. The mass moment of inertia of wheel A about its mass center is 

. Referring to the free-body diagram of wheel A

shown in Fig. a.

a

Solving,

The mass moment of inertia of wheel B about its mass center is

Writing the moment equation of motion about point B using the free-body diagram
of wheel B shown in Fig. b,

Kinematics: Since the angular acceleration of both wheels is constant,

a

and

a

Since is required to be equal to , we obtain

Ans.t = 2.185 s = 2.19 s

100 + (-14.60)t = 31.16t

vBvA

 vB = 0 + 31.16t

 +  vB = (vB)0 + aB t

 vA = 100 + (-14.60)t

 +  vA = (vA)0 + aA t

 aB = 31.16 rad>s2

 + ©MB = IB aB ; 0.3(181.42)(1) = 100
32.2

 A0.752 BaB

IB = mB kB 
2 = 100

32.2
 A0.752 B  slug # ft2

N = 181.42 lb  TAC = 62.85 lb  aA = 14.60 rad>s
+ ©MA = IA aA ; 0.3N(1.25) = c 150

32.2
 A12 B daA

+ c ©Fy = m(aG)y ; N - TAC sin 30° - 150 = 0

:+ ©Fx = m(aG)x ; 0.3N - TAC cos 30° = 0

IA = mA kA 
2 = 150

32.2
 A12 B  slug # ft2

F = mk N = 0.3N

17–71. Wheels A and B have weights of 150 lb and 100 lb,
respectively. Initially, wheel A rotates clockwise with a
constant angular velocity of  and wheel B is
at rest. If A is brought into contact with B, determine the
time required for both wheels to attain the same angular
velocity. The coefficient of kinetic friction between the two
wheels is and the radii of gyration of A and B
about their respective centers of mass are and

. Neglect the weight of link AC.kB = 0.75 ft
kA = 1 ft

mk = 0.3

v = 100 rad>s 6 ft

1.25 ft

1 ft

BC

A
v

30"
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Equations of Motion: Since wheel B is fixed, wheel A will slip on wheel B. The
frictional force developed at the contact point is .The mass moment 

of inertia of wheel A about its mass center is .

Referring to the free-body diagram of wheel A shown in Fig. a,

a

Solving,

Kinematics: Since the angular acceleration is constant,

a

Ans. u = 342.36 rada 1 rad
2p rad

b = 54.49 rev = 54.5 rev

 02 = 1002 + 2(-14.60)(u - 0)

 +  vA 
2 = (vA)2

 0 + 2aA(u - u0)

N = 181.42 lb  TAC = 62.85 lb  aA = 14.60 rad>s
+ ©MA = IA aA ; 0.3N(1.25) = c 150

32.2
 A12 B daA

+ c ©Fy = m(aG)y ; N - TAC sin 30° - 150 = 0

:+ ©Fx = m(aG)x ; 0.3N - TAC cos 30° = 0

IA = mA kA 
2 = 150

32.2
 A12 B  slug # ft2

F = mk N = 0.3N

*17–72. Initially, wheel A rotates clockwise with a
constant angular velocity of . If A is brought
into contact with B, which is held fixed, determine the
number of revolutions before wheel A is brought to a stop.
The coefficient of kinetic friction between the two wheels is

, and the radius of gyration of A about its mass
center is . Neglect the weight of link AC.kA = 1 ft
mk = 0.3

v = 100 rad>s
6 ft

1.25 ft

1 ft

BC

A
v

30"

•17–73. The bar has a mass m and length l. If it is released
from rest from the position determine its angular
acceleration and the horizontal and vertical components of
reaction at the pin O.

u = 30°,

O

l

30"!u

c

Ans.

Ans.

Ans. Oy = 0.438mg

 + c ©Fy = m(aG)y ; Oy - mg = -ma l
2
b a1.299g

l
b  cos 30°

 Ox = 0.325mg

 ;+ ©Fx = m(aG)x ; Ox = ma l
2
b a1.299g

l
b  sin 30°

 a =
1.299g

l
=

1.30g

l

 + ©MO = IO a; (mg)a l
2
b  cos 30° = 1

3
ml2 a
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17–74. The uniform slender rod has a mass of 9 kg. If the
spring is unstretched when , determine the magnitude
of the reactive force exerted  on the rod by pin A when

, if at this instant . The spring has a
stiffness of and always remains in the
horizontal position.

k = 150 N>m v = 6 rad>su = 45°

u = 0°

800 mm

k ! 150 N/m

B

A

vv
u

Equations of Motion: The stretch of the spring when is
. Thus, . Since

the rod rotates about a fixed axis passing through point A, and
. The mass moment of inertia of the rod about 

its mass center is . Writing the moment

equation of motion about point A, Fig. a,

a

The above result can also be obtained by applying , where

Thus,

a

Using this result and writing the force equation of motion along the n and t axes,

Thus,

Ans. = 218.69 N = 219 N

 FA = 2At 
2 + An 

2 = 228.032 + 216.882

 An = 216.88 N

 +a©Fn = m(aG)n ;  An - 9(9.81) sin 45° - 35.15 sin 45° = 9(14.4)

 At = 28.03 N

 +b©Ft = m(aG)t ;  9(9.81) cos 45° - 35.15 cos 45° - At = 9[2.651(0.4)]

 a = 2.651 rad>s2

 + ©MA = IA a ;  35.15 cos 45°(0.8) - 9(9.81) cos 45°(0.4) = -1.92a

IA = IG + md2 = 1
12

 (9) A0.82 B + 9 A0.42 B = 1.92 kg # m2

©MA = lA a

 a = 2.651 rad>s2

 = -9[a(0.4)](0.4) - 0.48a

+ ©MA = ©(Mk)A ;  35.15 cos 45°(0.8) - 9(9.81) cos 45°(0.4)

IG = 1
12

 ml2 = 1
12

 (9) A0.82 B = 0.48 kg # m2

(aG)n = v2rG = 62(0.4) = 14.4 m>s2
(aG)t = arG = a(0.4)

Fsp = ks = 150(0.2343) = 35.15 Ns = 0.8 - 0.8 cos 45° = 0.2343 m
u = 45°
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a

Solving,

Ans.

Ans.

Ans.a = 23.1 rad>s2

Ay = 289 N

Ax = 0

;+ a  Fn = m(aG)n ; Ax = 0

+ ca  Ft = m(aG)t ; 1400 - 245.25 - Ay = 25(1.5a)

+aMA = IAa; 1.5(1400 - 245.25) = c1
3

 (25)(3)2 da

17–75. Determine the angular acceleration of the 25-kg
diving board and the horizontal and vertical components of
reaction at the pin A the instant the man jumps off. Assume
that the board is uniform and rigid, and that at the instant
he jumps off the spring is compressed a maximum amount
of 200 mm, and the board is horizontal. Take
k = 7 kN>m.

v = 0,
k

A
1.5 m 1.5 m
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Equations of Motion: The mass moment inertia of the rod about its mass center is 

given by . At the instant shown, the normal component of acceleration 

of the mass center for the rod is . The tangential component 

of acceleration of the mass center for the rod is .

a

Ans.

(1)

Kinematics: Applying equation , we have

Substitute into Eq. (1) gives

Ans.

If the rod is on the verge of slipping at A, . Substitute the data obtained
above, we have

Ans. u = tan-1 a m
10
b

 
5mg

2
 sin u = mamg

4
 cos ub
Ff = mNA

Ff =
5mg

2
 sin u

v2 =
3g

L
 sin u

 v2 =
3g

L
 sin u

 L
v

0
 v dv = L

u

0°
 
3g

2L
  cos u du

v dv = a du

a+ ©Fn = m(aG)n ;   Ff - mg sin u = m cv2aL
2
b d

 NA =
mg

4
 cos u

 +b©Ft = m(aG)t ; mg cos u - NA = m c 3g

2L
  cos uaL

2
b d

 a =
3g

2L
 cos u

 + ©MA = ©(Mk)O ; -mg cos uaL
2
b = - a 1

12
mL2ba - m caaL

2
b d aL

2
b

(aG)t = ars = aaL
2
b

(aG)n = v2rG = v2 aL
2
bIG = 1

12
 mL2

*17–76. The slender rod of length L and mass m is
released from rest when . Determine as a function of

the normal and the frictional forces which are exerted by
the ledge on the rod at A as it falls downward. At what
angle does the rod begin to slip if the coefficient of static
friction at A is ?m

u

u
u = 0°

L

A
u
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Equations of Motion: Since the pendulum rotates about the fixed axis passing
through point C, and .
Here, the mass moment of inertia of the pendulum about this axis is

. Writing the moment equation of
motion about point C and referring to the free-body diagram of the pendulum,
Fig. a, we have

a

Using this result to write the force equations of motion along the n and t axes,

Equilibrium: Writing the moment equation of equilibrium about point A and using
the free-body diagram of the beam in Fig. b, we have

Ans.

Using this result to write the force equations of equilibrium along the x and y axes,
we have

Ans.

Ans.+ c ©Fy = 0; Ay + 2890.5 - 5781 = 0 Ay = 2890.5 N = 2.89 kN

:+ ©Fx = 0;     Ax = 0

+ ©MA = 0; NB (1.2) - 5781(0.6) = 0 NB = 2890.5 N = 2.89 kN

+ c ©Fn = m(aG)n; Cn - 100(9.81) = 100(48) Cn = 5781 N

;+ ©Ft = m(aG)t ; -Ct = 100[0(0.75)]   Ct = 0

+ ©MC = ICa;   0 = 62.5a     a = 0

IC = 100(0.25)2 + 100(0.752) = 62.5 kg # m2

(aG)n = v2rG = 82(0.75) = 48 m>s2(aG)t = arG = a(0.75)

•17–77. The 100-kg pendulum has a center of mass at G
and a radius of gyration about G of .
Determine the horizontal and vertical components of
reaction on the beam by the pin A and the normal reaction
of the roller B at the instant when the pendulum is
rotating at . Neglect the weight of the beam and
the support.

v = 8 rad>s u = 90°

kG = 250 mm

A B

C

0.6 m 0.6 m

0.75 m

1 m

G

vv

u
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Equations of Motion: Since the pendulum rotates about the fixed axis passing
through point C, and .
Here, the mass moment of inertia of the pendulum about this axis is

. Writing the moment equation of
motion about point C and referring to the free-body diagram shown in Fig. a,

a

Using this result to write the force equations of motion along the n and t axes,
we have

Equilibrium: Writing the moment equation of equilibrium about point A and using
the free-body diagram of the beam in Fig. b,

Ans.

Using this result to write the force equations of equilibrium along the x and y axes,
we have

Ans.

Ans.+ c ©Fy = 0; 1049.05 - 98.1 - Ay = 0 Ay = 950.95 N = 951 N

:+ ©Fx = 0; 1200 - Ax = 0   Ax = 1200 N = 1.20 kN

 + ©MA = 0; NB (1.2) - 98.1(0.6) - 1200(1) = 0 NB = 1049.05 N = 1.05 kN

;+ ©Fn = m(aG)n ; Cn = 100(12)               Cn = 1200 N

+ c ©Ft = m(aG)t ; Ct - 100(9.81) = -100[11.772(0.75)]  Ct = 98.1 N

+ ©MC = ICa;  -100(9.81)(0.75) = -62.5a  a = 11.772 rad>s2

IC = 100(0.252) + 100(0.75)2 = 62.5 kg # m2

(aG)n = v2rG = 42(0.75) = 12 m>s2(aG)t = arG = a(0.75)

17–78. The 100-kg pendulum has a center of mass at G and
a radius of gyration about G of . Determine the
horizontal and vertical components of reaction on the beam
by the pin A and the normal reaction of the roller B at the
instant when the pendulum is rotating at .
Neglect the weight of the beam and the support.

v = 4 rad>su = 0°

kG = 250 mm

A B

C

0.6 m 0.6 m

0.75 m

1 m

G

vv

u
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17–79. If the support at B is suddenly removed, determine
the initial horizontal and vertical components of reaction
that the pin A exerts on the rod ACB. Segments AC and CB
each have a weight of 10 lb.

3 ft

3 ft

A

B

C

Equations of Motion: The mass moment inertia of the rod segment AC and BC

about their respective mass center is 

. At the instant shown, the normal component of acceleration of
the mass center for rod segment AB and BC are since
the angular velocity of the assembly at that instant. The tangential
component of acceleration of the mass center for rod segment AC and BC are

and .

a

Ans.

Ans. Ay = 6.50 lb

  - a 10
32.2
b [ 211.25 (9.660) ] cos 26.57°

+ c ©Fy = m(aG)y ;  Ay - 20 = - a 10
32.2
b [ 1.5(9.660)]

 Ax = 4.50 lb

 :+ ©Fx = m(aG)x ; Ax = a 10
32.2
b [ 211.25 (9.660) ] sin 26.57°

 a = 9.660 rad>s2

 + 0.2329 a + a 10
32.2
b(211.25a) (211.25)

 + ©MA = ©(Mk)A; 10(1.5) + 10(3) = 0.2329a + a 10
32.2
b(1.5a)(1.5)

[ (aG)t ]BC = 211.25a[(aG)t]AB = 1.5 a

v = 0
[(aG)n]AB = [(aG)n]BC = 0

=  0.2329 slug # ft2

IG = 1
12

 ml2 = 1
12

 a 10
32.2
b  A32 B
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Equations of Motion: The mass of the hose on the reel when it rotates through an
angle is . Then, the mass moment of

inertia of the reel about point O at any instant is .

Also, the acceleration of the unwound hose is .Writing the moment equation
of motion about point O,

a

However, . Thus, when 

, . Then

Ans. = 3.96 rad>s2

 a = 200
75(0.48) + 5(0.482)(4p)

r = 0.48 m=  4p rad

u = 2 reva2p rad
1 rev

br = 0.5 - u

2p
 (0.01) = 0.5 - 0.005

p
 u

 a = 200
75r + 5r2u

 + ©MO = ©(Mk)O ; -200(r) = - c1
2

 (150 - 10ru)r2 da - 10ru(ar)r

a = ar

IO = 1
2

 mr2 = 1
2

 (150 - 10ru)r2

m = 15(10) - ru(10) = (150 - 10ru) kgu

*17–80. The hose is wrapped in a spiral on the reel and is
pulled off the reel by a horizontal force of .
Determine the angular acceleration of the reel after it has
turned 2 revolutions. Initially, the radius is .The
hose is 15 m long and has a mass per unit length of .
Treat the wound-up hose as a disk.

10 kg>mr = 500 mm

P = 200 N

P ! 200 N

O

r

10 mm
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a

Ans.

c

Ans. t = 3.11 s

 0 = 60 + (-19.3) t

 v = v0 + ac t+

 a = 19.3 rad>s2

 FCB = 193 N

 NA = 96.6 N

 + ©MB = IB a; 0.3NA (0.15) = c1
2

 (20)(0.15)2 da
+ c ©Fy = m(aG)y ; FCB cos 30° - 20(9.81) + 0.3NA = 0

:+ ©Fx = m(aG)x ; FCB sin 30° - NA = 0

•17–81. The disk has a mass of 20 kg and is originally
spinning at the end of the strut with an angular velocity of

. If it is then placed against the wall, where the
coefficient of kinetic friction is , determine the
time required for the motion to stop. What is the force in
strut BC during this time?

mk = 0.3
v = 60 rad>s

C

!

B
A

60"

150 mm

17–82. The 50-kg uniform beam (slender rod) is lying on
the floor when the man exerts a force of on the
rope, which passes over a small smooth peg at C. Determine
the initial angular acceleration of the beam. Also find the
horizontal and vertical reactions on the beam at A
(considered to be a pin) at this instant.

F = 300 N

Equations of Motion: Since the beam rotates about a fixed axis passing through
point A, and . However, the beam is
initially at rest, so . Thus, . Here, the mass moment of inertia of the 

beam about its mass center is .Writing the 

moment equation of motion about point A, Fig. a,

a

Ans.

This result can also be obtained by applying , where

Thus,

a

Ans.

Using this result to write the force equations of motion along the n and t axes,

Ans.

Ans. Ay = 252.53 N = 253 N

 + c ©Fn = m(aG)n ; Ay + 300 sin 60° - 50(9.81) = 50[0.1456(3)]

;+ ©Ft = m(aG)t ; 300 cos 60° - Ax = 50(0) Ax = 150 N

 a = 0.1456 rad>s2 = 0.146 rad>s2

 + ©MA = ©(mk)A ; 300 sin 60°(6) - 50(9.81)(3) = 600a

IA = 1
12

 (50) A62 B + 50 A32 B = 600 kg # m2

©MA = IA a

 a = 0.1456 rad>s2 = 0.146 rad>s2

 + ©MA = ©(Mk)A ; 300 sin 60°(6) - 50(9.81)(3) = 50[a(3)](3) + 150a

IG = 1
12

 ml2 = 1
12

 (50) A62 B = 150 kg # m2

AaG Bn = 0v = 0
(aG)n = v2rG = v2(3)(aG)t = arG = a(3)

B

C

F ! 300 N

6 m
A

u ! 60"
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Equations of Motion: The mass moment of inertia of the rod about point O is given

by . At the instant 

shown, the tangential component of acceleration of the mass center for the rod is
. Applying Eq. 17–16, we have

a (1)

(2)

Solving Eqs. (1) and (2) yields:

Ans.a = 12.1 rad>s2 F = 30.0 lb

©Ft = m(aG)t ;    20 + F - 5 = a 30
32.2
b(4a)

+ ©MO = IO a;     -20(3) - F(6) = -19.88a

(aG)t = arg = 4a

IO = IG = mr2
G = 1

12
 a 30

32.2
b(82) + a 30

32.2
b(42) = 19.88 slug # ft2

17–83. At the instant shown, two forces act on the 30-lb
slender rod which is pinned at O. Determine the magnitude
of force F and the initial angular acceleration of the rod so
that the horizontal reaction which the pin exerts on the rod
is 5 lb directed to the right.

O

3 ft

3 ft

20 lb

2 ft

F

Equilibrium: Writing the moment equation of equilibrium about point A, we have

a

Equations of Motion: The mass moment of inertia of the flywheel about its center is
. Referring to the free-body diagram of the flywheel

shown in Fig. b, we have

Kinematics: Here, . Since the

angular acceleration is constant,

a

Ans. t = 6.40 s

 0 = 40p + (-19.64)t

 +  v = v0 + at

v0 = a1200 
rev
min
b a 2p rad

1 rev
b a 1 min

60 s
b = 40p rad>s

 a = 19.64 rad>s2

 + ©MO = IO a;  0.5(409.09)(0.3) = 3.125a

IO = 50 A0.252 B = 3.125 kg # m2

 NB = 409.09 N

 + ©MA = 0;  NB (1) + 0.5NB (0.2) - 300(1.5) = 0

*17–84. The 50-kg flywheel has a radius of gyration about
its center of mass of . It rotates with a
constant angular velocity of before the brake
is applied. If the coefficient of kinetic friction between the
brake pad B and the wheel’s rim is , and a force of

is applied to the braking mechanism’s handle,
determine the time required to stop the wheel.
P = 300 N

mk = 0.5

1200  rev>min
kO = 250 mm

P
1 m

0.2 m

0.5 m

0.3 m O

B

CA
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•17–85. The 50-kg flywheel  has a radius of gyration about
its center of mass of . It rotates with a constant
angular velocity of before the brake is applied.
If the coefficient of kinetic friction between the brake pad B
and the wheel’s rim is , determine the constant
force P that must be applied to the braking mechanism’s
handle in order to stop the wheel in 100 revolutions.

mk = 0.5

1200  rev>min
kO = 250 mm

P
1 m

0.2 m

0.5 m

0.3 m O

B

CA

Kinematics: Here,

and

Since the angular acceleration is constant,

a

Equilibrium: Writing the moment equation of equilibrium about point A using the
free-body diagram of the brake shown in Fig. a,

a

Equations of Motion: The mass moment of inertia of the flywheel about its center is
. Referring to the free-body diagram of the

flywheel shown in Fig. b,

Ans. P = 191.98 N = 192 N

 + ©MO = IOa; 0.5(1.3636 P)(0.3) = 3.125(12.57)

IO = mkO 
2 = 50(0.252) = 3.125 kg # m2

 NB = 1.3636P

 + ©MA = 0; NB (1) + 0.5NB (0.2) - P(1.5) = 0

 a = -12.57 rad>s2 = 12.57 rad>s2

 02 = (40p)2 + 2a(200p - 0)

 + v2 = v0 
2 + a(u - u0)

u = (100 rev)a2p rad
1 rev

b = 200p rad

v0 = a1200 
rev
min
b a2p rad

1 rev
b a1 min

60 s
b = 40p rad>s

Equations of Motion: The mass moment of inertia of the cylinder about point O is

given by . Applying Eq. 17–16,
we have

(1)

(2)

a (3)

Solving Eqs. (1), (2), and (3) yields;

Ans. a = 14.2 rad>s2

 NA = 51.01 N NB = 28.85 N

+ ©MO = IO a; 0.2NA (0.125) - 0.2NB (0.125) = 0.0390625a

+ c ©Fy = m(aG)y ; 0.2NB + 0.2NA sin 45° + NA cos 45° - 5(9.81) = 0

:+ ©Fx = m(aG)x ; NB + 0.2NA cos 45° - NA sin 45° = 0

IO = 1
2

 mr2 = 1
2

 (5)(0.1252) = 0.0390625 kg # m2

17–86. The 5-kg cylinder is initially at rest when it is
placed in contact with the wall B and the rotor at A. If the
rotor always maintains a constant clockwise angular
velocity , determine the initial angular
acceleration of the cylinder. The coefficient of kinetic
friction at the contacting surfaces B and C is .mk = 0.2

v = 6 rad>s

C

A

vv

125 mm

45"

B
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17–87. The drum has a weight of 50 lb and a radius of
gyration . A 35-ft-long chain having a weight of
2 is wrapped around the outer surface of the drum so
that a chain length of is suspended as shown. If the
drum is originally at rest, determine its angular velocity
after the end B has descended . Neglect the
thickness of the chain.

s = 13 ft

s = 3 ft
lb>ft kA = 0.4 ft

B

s

A

0.6 ft

a

Ans.v = 17.6 rad>s1.9398 c (13)2

2
-

(3)2

2
d = 1

2
 v2

1.9398L
13

3
 s ds = L

v

0
 v dv

1.164sa ds
0.6
b = v dv

a du = aa ds
0.6
b = v dv

1.164s = a

1.2s = 0.02236sa + (0.24845 + 0.7826 - 0.02236s)a

+ ©MA = ©(Mk)A ; 2s(0.6) = a 2s
32.2
b [(a)(0.6)](0.6) + c a 50

32.2
b(0.4)2 +

2(35 - s)
32.2

 (0.6)2 da

*17–88. Disk D turns with a constant clockwise angular
velocity of 30 . Disk E has a weight of 60 lb and is
initially at rest when it is brought into contact with D.
Determine the time required for disk E to attain the same
angular velocity as disk D. The coefficient of kinetic
friction between the two disks is . Neglect the
weight of bar BC.

mk = 0.3

rad>s

A

B

1 ft

2 ft

2 ft

1 ft

 ! 30 rad/s

C

E

D

v

Equations of Motion: The mass moment of inertia of disk E about point B is given

by . Applying Eq. 17–16, we have

(1)

(2)

a (3)

Solving Eqs. (1), (2) and (3) yields:

Kinematics: Applying equation , we have

(a

Ans. t = 1.09 s

 +)      30 = 0 + 27.60t

v = v0 + at

FBC = 36.37 lb N = 85.71 lb a = 27.60 rad>s2

+ ©MO = IO a;      0.3N(1) = 0.9317a

+ c ©Fy = m(aG)y ;    N - FBC sin 45° - 60 = 0

:+ ©Fx = m(aG)x ;   0.3N - FBC cos 45° = 0

IB = 1
2

 mr2 = 1
2

 a 60
32.2
b(12) = 0.9317 slug # ft2
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Equations of Motion: The mass moment of inertia of the paper roll about point A is

given by . Applying Eq. 17–16,
we have

(1)

(2)

a (3)

Solving Eqs. (1), (2), and (3) yields:

Ans.

 NC = 44.23 N

 FAB = 183 N a = 16.4 rad>s2

+ ©MA = IA a;   30(0.12) - 0.3NC(0.12) = 0.1224a

+ c ©Fy = m(aG)y ; 0.3NC + FAB a12
13
b - 30 cos 60° - 17(9.81) = 0

:+ ©Fx = m(aG)x ;    NC - FAB a 5
13
b + 30 sin 60° = 0

IA = 1
2

 mr2 = 1
2

 (17) A0.122 B = 0.1224 kg # m2

•17–89. A 17-kg roll of paper, originally at rest, is
supported by bracket AB. If the roll rests against a wall
where the coefficient of kinetic friction is , and a
constant force of 30 N is applied to the end of the sheet,
determine the tension in the bracket as the paper unwraps,
and the angular acceleration of the roll. For the calculation,
treat the roll as a cylinder.

mC = 0.3

C

120 mm

B

aa

A

P ! 30 N

60"

12

5

13
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System:

c

(c

Ans.

Also,

Spool:

c

Weight:

(c

Ans. v = 2.48 rad>s v = 0 + (0.8256) (3)

 +) v = v0 + ac t

 a = 0.8256 rad>s2

 + T ©Fy = m(aG)y ; 5 - T = a 5
32.2
b(1.5a)

+ ©MA = IA a; T(1.5) = a 180
32.2
b(1.25)2 a

 v = 2.48 rad>s v = 0 + (0.8256) (3)

 +) v = v0 + ac t

 a = 0.8256 rad>s2

 + ©MA = ©(Mk)A; 5(1.5) = a 180
32.2
b(1.25)2a + a 5

32.2
b(1.5a)(1.5)

17–90. The cord is wrapped around the inner core of the
spool. If a 5-lb block B is suspended from the cord and
released from rest, determine the spool’s angular velocity
when . Neglect the mass of the cord. The spool has a
weight of 180 lb and the radius of gyration about the axle A
is . Solve the problem in two ways, first by
considering the “system” consisting of the block and spool,
and then by considering the block and spool separately.

kA = 1.25 ft

t = 3 s

B

s

2.75 ft

A1.5 ft
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c

Since there is no slipping, .

Thus, .

By the parallel-axis theorem, the term in parenthesis represents . Thus,

Q.E.D.©MIC = IIC a

IIC

©MIC = (IG + mr2) a

aG = ar

+ ©MIC = © (Mk)IC ; ©MIC = IG a + (maG)r

17–91. If a disk rolls without slipping on a horizontal
surface, show that when moments are summed about the
instantaneous center of zero velocity, IC, it is possible to use
the moment equation , where represents
the moment of inertia of the disk calculated about the
instantaneous axis of zero velocity.

IIC©MIC = IICa

Equations of Motion: The mass moment of inertia of the semicircular disk about its

center of mass is given by . From

the geometry, . Also,

using the law of sines, , . Applying Eq. 17–16, we have

a

(1)

(2)

(3)

Kinematics: Since the semicircular disk does not slip at A, then . Here,
.

Applying Eq. 16–18, we have

Equating i and j components, we have

(4)

(5)

Solving Eqs. (1), (2), (3), (4), and (5) yields:

Ans.Ff = 20.1 N N = 91.3 N

a = 13.85 rad>s2 (aG)x = 2.012 m>s2 (aG)y = 0.6779 m>s2

(aG)y = 0.1470a - 1.3581

(aG)x = 0.3151a - 2.3523

 -(aG)x i - (aG)y j = (2.3523 - 0.3151a) i + (1.3581 - 0.1470a)j

 -(aG)x i - (aG)y j = 6.40j + ak * (-0.1470i + 0.3151j) - 42(-0.1470i + 0.3151j)

 aG = aA + a * rG>A - v2rG>A
rG>A = {-0.3477 sin 25.01°i + 0.3477 cos 25.01°j} m = {-0.1470i + 0.3151j} m

(aA)x = 0

+ cFy = m(aG)y ;   N - 10(9.81) = -10(aG)y

;+ ©Fx = m (aG)x;      Ff = 10(aG)x

 + 10(aG)y sin 25.01°(0.3477)

 + 10(aG)x cos 25.01° (0.3477)

 + ©MA = ©(Mk)A ; 10(9.81)(0.1698 sin 60°) = 0.5118a

u = 25.01°
sin u

0.1698
= sin 60°

0.3477

rG>A = 20.16982 + 0.42 - 2(0.1698)(0.4) cos 60° = 0.3477 m

IG = 1
2

 (10) A0.42 B - 10 A0.16982 B = 0.5118 kg # m2

*17–92. The 10-kg semicircular disk is rotating at
at the instant . Determine the normal

and frictional forces it exerts on the ground at at this
instant. Assume the disk does not slip as it rolls.

A
u = 60°v = 4 rad>s

O
0.4 m

A

!

u
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O
0.4 m

A

!

u

Equations of Motion: The mass moment of inertia of the semicircular disk about its

center of mass is given by . From

the geometry, Also,

using law of sines, , . Applying Eq. 17–16, we have

a

(1)

(2)

(3)

Kinematics: Assume that the semicircular disk does not slip at A, then .
Here, .
Applying Eq. 16–18, we have

Equating i and j components, we have

(4)

(5)

Solving Eqs. (1), (2), (3), (4), and (5) yields:

Since , then the semicircular 
disk does not slip. Ans.

Ff 6 (Ff)max = msN = 0.5(91.32) = 45.66 N

Ff = 20.12 N N = 91.32 N

a = 13.85 rad>s2 (aG)x = 2.012 m>s2 (aG)y = 0.6779 m>s2

(aG)y = 0.1470a - 1.3581

(aG)x = 0.3151a - 2.3523

 -(aG)x i - (aG)y j = (2.3523 - 0.3151 a) i + (1.3581 - 0.1470a)j

 -(aG)x i - (aG)y j = 6.40j + ak * (-0.1470i + 0.3151j) - 42(-0.1470i + 0.3151j)

 aG = aA + a * rG>A - v2rG>A
rG>A = {-0.3477 sin 25.01°i + 0.3477 cos 25.01°j} m = {-0.1470i + 0.3151j} m

(aA)x = 0

+ cFy = m(aG)y ;  N - 10(9.81) = -10(aG)y

;+ ©Fx = m(aG)x;    Ff = 10(aG)x

+ 10(aG)y sin 25.01°(0.3477)

+ 10(aG)x cos 25.01°(0.3477)

+ ©MA = ©(Mk)A ; 10(9.81)(0.1698 sin 60°) = 0.5118a

u = 25.01°
sin u

0.1698
= sin 60°

0.3477

rG>A = 20.16982 + 0.42 - 2(0.1698) (0.4) cos 60° = 0.3477 m

IG = 1
2

 (10) A0.42 B - 10 (0.16982) = 0.5118 kg # m2

•17–93. The semicircular disk having a mass of 10 kg is
rotating at at the instant . If the
coefficient of static friction at A is , determine if the
disk slips at this instant.

ms = 0.5
u = 60°v = 4 rad>s
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Ans.

a

Ans. a = 5.80 rad>s2

 + ©MG = IG a; -30(5) + 45(5) = c 1
12

 a 50
32.2
b(10)2 da

 aG = 16.1 ft>s2

 + c ©Fy = m(aG)y ; 45 + 30 - 50 = a 50
32.2
b  aG

17–94. The uniform 50-lb board is suspended from cords
at C and D. If these cords are subjected to constant forces
of 30 lb and 45 lb, respectively, determine the initial
acceleration of the board’s center and the board’s angular
acceleration. Assume the board is a thin plate. Neglect the
mass of the pulleys at E and F.

E

30 lb 45 lb

F

C D
A

10 ft
B

17–95. The rocket consists of the main section A having a
mass of 10 Mg and a center of mass at . The two identical
booster rockets B and C each have a mass of 2 Mg with
centers of mass at and , respectively. At the instant
shown, the rocket is traveling vertically and is at an altitude
where the acceleration due to gravity is . If
the booster rockets B and C suddenly supply a thrust of

and , respectively, determine the
angular acceleration of the rocket. The radius of gyration of
A about is and the radii of gyration of  B and
C about and are .kB = kC = 0.75 mGCGB

kA = 2 mGA

TC = 20 kNTB = 30 kN

g = 8.75 m>s2

GCGB

GA

A

GA

C B

GBGC

TC  ! 20 kN TB  ! 30 kN

TA  ! 150 kN

6 m

1.5 m1.5 m

Equations of Motion: The mass moment of inertia of the main section and booster
rockets about G is

Ans.

Ans. a = 0.0768 rad>s2

 + ©(MG)A = ©(IG)A a; 30 A103 B(1.5) - 20 A103 B(1.5) = 195.25 A103 Ba a = 5.536 m>s2 = 5.54 m>s2c

 = c2 A103 B + 2 A103 B + 10 A103 B d  a
 + 10 A103 B d(8.75)

 - c2 A103 B + 2 A103 B 150 A103 B + 20 A103 B + 30 A103 B + c ©Fy = m AaG By ;  = 195.25 A103 B  kg # m2

 AIG BA = 10 A103 B A22 B + 2a2 A103 B A0.752 B + 2 A103 B(1.52 + 62)b
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Equations of Motion: The mass moment of inertia of the wheel about the z axis is
. Referring to the free-body diagram of

the wheel shown in Fig. a, we have

Ans.

a Ans.+ ©MG = IGa;  -150(0.25) = -1.6875a  a = 22.22 rad>s2

+ T ©Fx = m(aG)x ; 150 = 75aG  aG = 2m>s2

(IG)z = mkz 
2 = 75 A0.152 B = 1.6875 kg # m2

*17–96. The 75-kg wheel has a radius of gyration about the
z axis of . If the belt of negligible mass is
subjected to a force of , determine the acceleration
of the mass center and the angular acceleration of the wheel.
The surface is smooth and the wheel is free to slide.

P = 150 N
kz = 150 mm

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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P ! 150 N

G

z

y
x

250 mm

a

Assume the wheel does not slip.

Solving:

Ans.

OKFmax = 0.2(29.34) = 5.87 lb 7 1.17 lb

a = 4.35 rad>s2

aG = 5.44 ft>s2

N = 29.34 lb

F = 1.17 lb

aG = (1.25)a

+ ©MG = IG a; F(1.25) = c a 30
32.2
b  (0.6)2 da

+a©Fy = m(aG)y ; N - 30 cos 12° = 0

+b©Fx = m(aG)x ; 30 sin 12° - F = a 30
32.2
baG

•17–97. The wheel has a weight of 30 lb and a radius of
gyration of If the coefficients of static and
kinetic friction between the wheel and the plane are

and determine the wheel’s angular
acceleration as it rolls down the incline. Set u = 12°.

mk = 0.15,ms = 0.2

kG = 0.6 ft.

1.25 ft

G

u
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Since wheel is on the verge of slipping:

(1)

(2)

a (3)

Substituting Eqs.(2) and (3) into Eq. (1),

Ans.u = 46.9°

tan u = 1.068

30 sin u = 32.042 cos u

30 sin u - 6 cos u = 26.042 cos u

+ ©MC = IG a; 0.2N(1.25) = c a 30
32.2
b(0.6)2 da

+a©Fy = m(aG)y ; N - 30 cos u = 0

+b©Fx = m(aG)x ; 30 sin u - 0.2N = a 30
32.2
b(1.25a)

17–98. The wheel has a weight of 30 lb and a radius of
gyration of If the coefficients of static and
kinetic friction between the wheel and the plane are

and determine the maximum angle of
the inclined plane so that the wheel rolls without slipping.

umk = 0.15,ms = 0.2

kG = 0.6 ft.

1.25 ft

G

u

Equations of Motion: The mass moment of inertia of the plank about its mass center 

is given by Applying Eq. 17–14,

we have

Ans.

a

Ans. a = 2.58 rad>s2

 + ©MG = IG a;  30(7.5) - 40(7.5) = -29.115 a

 aG = 12.9 ft>s2

 + c ©Fy = m(aG)y; 40 + 30 - 50 = a 50
32.2
baG

IG = 1
12

 ml2 = 1
12

 a 50
32.2
b  A152 B = 29.115 slug # ft2

17–99. Two men exert constant vertical forces of 40 lb
and 30 lb at ends A and B of a uniform plank which has a
weight of 50 lb. If the plank is originally at rest in the
horizontal position, determine the initial acceleration of
its center and its angular acceleration. Assume the plank
to be a slender rod.

15 ft

A B

40 lb 30 lb
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Equations of Motion: The mass moment of inertia of the system about its mass

center is . Writing the moment equation

of motion about point A, Fig. a,

(1)

Kinematics: Since the culvert rolls without slipping,

Applying the relative acceleration equation and referring to Fig. b,

Equating the i and j components,

(2)

(3)

Substituting Eqs. (2) and (3) into Eq. (1),

Ans.a = 0.582 rad>s2

-500(0.5) = - 500
32.2

(4a - 0.125)(4) - 500
32.2

(0.5a)(0.5) - 190.22a

(aG)y = 0.5a

(aG)x = 4a - 0.125

(aG)x i - (aG)y j = (4a - 0.125)i - 0.5aj

(aG)x i - (aG)y  

j = 4ai + (-ak) * (0.5i) - 0.52(0.5i)

aG = aO+a * rG>O - v2 rG>A

a0 = ar = a(4) :

+ ©MA = ©(Mk)A;  -500(0.5) = - 500
32.2

(aG)x(4) - 500
32.2

(aG)y(0.5) - 190.22a

IG = mkG 
2 = 500

32.2
A3.52 B = 190.22 slug # ft2

*17–100. The circular concrete culvert rolls with an angular
velocity of when the man is at the position
shown. At this instant the center of gravity of the culvert and
the man is located at point G, and the radius of gyration
about G is . Determine the angular acceleration
of the culvert. The combined weight of the culvert and the
man is 500 lb. Assume that the culvert rolls without slipping,
and the man does not move within the culvert.

kG = 3.5 ft

v = 0.5 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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4 ft

0.5 ft

G
O

v
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a

Assume no slipping:

Ans.

OK(FA)max = ms NA = 0.12(926.2) = 111.1 N 7 61.32 N

a = 5.01 rad>s2  NA = 926.2 N

FA = 61.32 N

aG = 0.2a

+ ©MG = IG a;    FA(0.2) = 80(0.175)2 a

+ c ©Fy = m(aG)y ;  NA - 80(9.81) - 200 sin 45° = 0

;+ ©Fx = m(aG)x;  200 cos 45° - FA = 80aG

•17–101. The lawn roller has a mass of 80 kg and a radius
of gyration . If it is pushed forward with a
force of 200 N when the handle is at 45°, determine its
angular acceleration. The coefficients of static and kinetic
friction between the ground and the roller are 
and , respectively.mk = 0.1

ms = 0.12

kG = 0.175 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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200 mm

200 N

G
45"

A

17–102. Solve Prob. 17–101 if and .mk = 0.45ms = 0.6

200 mm

200 N

G
45"

A

a

Assume no slipping:

Ans.

OK(FA)max = msNA = 0.6(926.2 N) = 555.7 N 7 61.32 N

a = 5.01 rad>s2

NA = 926.2 N

FA = 61.32 N

aG = 0.2 a

+ ©MG = IG a;   FA(0.2) = 80(0.175)2 a

+ c ©Fy = m(aG)y ;  NA - 80(9.81) - 200 sin 45° = 0

;+ ©Fx = m(aG)x;  200 cos 45° - FA = 80aG
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c

Assume no slipping:

Ans.

Since OK(FA)max = 0.2(981) = 196.2 N 7 2.00 N

aG = 0.520 m>s2 NA = 981 N FA = 2.00 N

a = 1.30 rad>s2

aG = 0.4a

+ ©MG = IG a;   50(0.25) - FA(0.4) = [100(0.3)2]a

+ c ©Fy = m(aG)y ; NA - 100(9.81) = 0

:+ ©Fx = m(aG)x ; 50 + FA = 100aG

17–103. The spool has a mass of 100 kg and a radius of
gyration of . If the coefficients of static and
kinetic friction at A are and ,
respectively, determine the angular acceleration of the
spool if .P = 50 N

mk = 0.15ms = 0.2
kG = 0.3 m

250 mm 400 mm
G

A

P

c

Assume no slipping:

Ans.

Since OK(FA)max = 0.2(931) = 186.2 N 7 20 N

aG = 0.2 m>s2 NA = 931 N FA = 20 N

a = 0.500 rad>s2

aG = 0.4 a

+ ©MG = IG a;   50(0.25) - FA(0.4) = [100(0.3)2]a

+ c ©Fy = m(aG)y ; NA + 50 - 100(9.81) = 0

:+ ©Fx = m(aG)x ; FA = 100aG

*17–104. Solve Prob. 17–103 if the cord and force
are directed vertically upwards.P = 50 N

250 mm 400 mm
G

A

P
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c

Assume no slipping:

Ans.

Since OK(FA)max = 0.2(981) = 196.2 N 7 24.0 N

aG = 6.24 m>s2 NA = 981 N FA = 24.0 N

a = 15.6 rad>s2

aG = 0.4a

+ ©MG = IG a; 600(0.25) - FA(0.4) = [100(0.3)2]a

+ c ©Fy = m(aG)y; NA - 100(9.81) = 0

:+ ©Fx = m(aG)x ; 600 + FA = 100aG

•17–105. The spool has a mass of 100 kg and a radius of
gyration . If the coefficients of static and kinetic
friction at A are and , respectively,
determine the angular acceleration of the spool if .P = 600 N

mk = 0.15ms = 0.2
kG = 0.3 m

250 mm 400 mm
G

A

P

(1)

a (2)

(3)

Solving Eqs. (1), (2), and (3) yields:

Ans.a = 0.692 rad>s2.

F = 14.33 lb aG = 0.923 ft>s2

a :+ b    

3 = aG + 3a

c(aA)t:
d + c(aA)n 

c
d = caG 

:
d + c3a : d + c(aA>G)n 

c
daA = aG + (aA>G)t + (aA>G)n

+  ©MG = IG a; F(3) = a 500
32.2
b(2)2 a

:+ ©Fx = m(aG)x; F = a 500
32.2
baG

17–106. The truck carries the spool which has a weight of
500 lb and a radius of gyration of Determine the
angular acceleration of the spool if it is not tied down on the
truck and the truck begins to accelerate at Assume
the spool does not slip on the bed of the truck.

3 ft>s2.

kG = 2 ft.

3 ft
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Equations of Motion: The mass moment of inertia of the rod about its mass center is

given by . At the instant force F is 

applied, the angular velocity of the rod . Thus, the normal component of
acceleration of the mass center for the rod . Applying Eq. 17–16, we have

a

Kinematics: Since , . The acceleration of roller A can be obtain by
analyzing the motion of points A and G. Applying Eq. 16–17, we have

Ans. aA = 193 ft>s2

 ( :+ )   48.3 = aA - 144.9

c48.3 
:
d = caA 

:
d + c144.9(1) 

;
d + c0 d

aG = aA + (aG>A)t + (aG>A)n

(aG>A)n = 0v = 0

 a = 144.9 rad>s2

 + ©MA = ©(Mk)A ; 0 = a 10
32.2
b(48.3)(1) - 0.1035 a

©Ft = m(aG)t; 15 = a 10
32.2
baG aG = 48.3 ft>s2

(aG)n = 0
v = 0

IG = 1
12

 ml2 = 1
12

 a 10
32.2
b(22) = 0.1035 slug # ft2

*17–108. A uniform rod having a weight of 10 lb is pin
supported at A from a roller which rides on a horizontal
track. If the rod is originally at rest, and a horizontal force of

is applied to the roller, determine the
acceleration of the roller. Neglect the mass of the roller and
its size d in the computations.

F =  15 lb

d A

2 ft

F

(1)

a (2)

Assume no slipping occurs at the point of contact. Hence, .

(3)

Solving Eqs. (1), (2), and (3) yields:

Ans.

Since OKFmax = (200 lb)(0.15) = 30 lb 7 9.556 lb 

a = 1.15 rad>s2

F = 9.556 lb aG = 1.538 ft>s2

a :+ b   
5 = aG + 3a

c(aA)t:
d + c(aA)n 

c
d = caG 

:
d + c3a : d + c(aA>G)n 

c
d

aA = aG + (aA>G)t + (aA>G)n

(aA)t = 5 ft>s2

+ ©MG = IGa; F(3) = a 200
32.2
b(2)2a

:+ ©Fx = m(aG)x ; F = a 200
32.2
baG  

+ c ©Fy = m(aG)y ; N - 200 = 0 N = 200 lb

17–107. The truck carries the spool which has a weight of
200 lb and a radius of gyration of Determine the
angular acceleration of the spool if it is not tied down on
the truck and the truck begins to accelerate at The
coefficients of static and kinetic friction between the spool
and the truck bed are and respectively.mk = 0.1,ms = 0.15

5 ft>s2.

kG = 2 ft.

3 ft

91962_07_s17_p0641-0724  6/8/09  4:07 PM  Page 710



711

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Equations of Motion: The mass moment of inertia of the rod about its mass center is

given by . At the instant force F is 

applied, the angular velocity of the rod . Thus, the normal component of
acceleration of the mass center for the rod . Applying Eq. 17–16, we have

a

Kinematics: Since , . The acceleration of block A can be obtain by
analyzing the motion of points A and G. Applying Eq. 16–17, we have

Ans. aA = 167 ft>s2

 ( :+ )   41.86 = aA - 125.58

c41. 8: 6 d = c a:A d + c125.58; (1) d + C0 DaG = aA + (aG>A)t + (aG>A)n

(aG>A)n = 0v = 0

 a = 125.58 rad>s2

+ ©MA = ©(Mk)A ;     0 = a 10
32.2
b(41.86)(1) - 0.1035a

©Ft = m(aG)t ;  15 - 0.2(10.0) = a 10
32.2
baG aG = 41.86 ft>s2

©Fn = m(aG)n ;   10 - N = 0 N = 10.0 lb

(aG)n = 0
v = 0

IG = 1
12

 ml2 = 1
12
a 10

32.2
b(22) = 0.1035 slug # ft2

•17–109. Solve Prob. 17–108 assuming that the roller at A
is replaced by a slider block having a negligible mass. The
coefficient of kinetic friction between the block and the
track is . Neglect the dimension d and the size of
the block in the computations.

mk = 0.2

d A

2 ft

F

Equations of Motion: Here, the mass moment of inertia of the ship about its mass

center is . Referring to the free-

body diagrams of the ship shown in Fig. a,

Ans.

a

Ans. a = 0.30912 A10-3 B  rad>s2 = 0.309 A10-3 B  rad>s2

+ ©MG = IGa;     2000(100)+2000(200) = 1.941 A109 Ba a = 0

+ c ©Fy = m(aG)y;  2000 - 2000 =
4 A106 B

32.2
 a

IG = mkG
 

 
2 =

4(106)
32.2

 (1252) = 1.941(109) slug # ft2

17–110. The ship has a weight of and center of
gravity at G. Two tugboats of negligible weight are used to
turn it. If each tugboat pushes on it with a force of

, determine the initial acceleration of its center
of gravity G and its angular acceleration. Its radius of
gyration about its center of gravity is . Neglect
water resistance.

kG = 125 ft

T = 2000 lb

4(106) lb

G

C

B

A

T ! 2000 lb

T = 2000 lb

200 ft
100 ft
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Equation of Motions: The mass moment of inertia of the cylinder about its mass

center is given by . Applying 

Eq. 17–16 to the cylinder [FBD(a)], we have

c (1)

(2)

Applying the equation of motion to the place [FBD(b)], we have

(3)

Kinematics: Analyzing the motion of points G and A by applying Eq. 16–18 with
, we have

Equating i components, we have

(4)

Since the cylinder rolls without slipping on the plate, then . Substitute
into Eq. (4) yields

(5)

Solving Eqs. (1), (2), (3), and (5) yields:

Ans.

The time required for the plate to travel 3 ft is given by

Ans. t = 0.296 s

 3 = 0 + 0 + 1
2

 (68.69)t2

 s = so + yo t +  
1
2

 aP t2

 aG = 22.90 ft>s2 aP = 68.69 ft>s2 Ff = 10.67 lb

 a = 73.27 rad>s2

aG = 1.25 a - aP

aP = (aA)x

aG = 1.25a - (aA)x

 -aG i = C(aA)x - 1.25a D i + C(aA)y - 1.25 v2 Dj -aG i = (aA)x i + (aA)y j + ak * (1.25j) - v2(1.25j)

 aG = aA + a * rG>A - v2rG>A
rG>A = {1.25j} ft

:+ ©Fx = max;   Ff = a 5
32.2
baP    

;+ ©Fx = m(aG)x;  Ff = a 15
32.2
baG    

+ ©MA = ©(Mk)A ; -40 = - a 15
32.2
baG(1.25) - 0.3639a

IG = 1
2

 mr2 = 1
2
a 15

32.2
b(1.252) = 0.3639 slug # ft2

17–111. The 15-lb cylinder is initially at rest on a 5-lb
plate. If a couple moment is applied to the
cylinder, determine the angular acceleration of the
cylinder and the time needed for the end B of the plate to
travel 3 ft to the right and strike the wall. Assume the
cylinder does not slip on the plate, and neglect the mass of
the rollers under the plate.

M = 40 lb #  ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

3 ft

1.25 ft

A

B

M ! 40 lb"ft
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Equation of Motions:

Disk:

(1)

(2)

c (3)

Bar:

(4)

(5)

a

(6)

Kinematics: Assume no slipping of the disk:

(7)

Solving Eqs. (1) through (7):

Ans.

OK(FC)max = 0.6(109) = 65.4 N 7 16.1 N

FC = 16.1 N

NC = 109 N

a = 13.4 rad>s2

aG = 4.01 m>s2

Ax = 8.92 N Ay = 41.1 N NB = 43.9 N

aG = 0.3a

 + Ay (0.5 cos 17.46°) = 0

 + ©MG = IGa; -NB (0.5 cos 17.46°) + Ax (0.5 sin 17.46°)

+Q©Fy = m(aG)y; NB + Ay - 10(9.81) cos 30° = 0

+R©Fx = m(aG)x ; 10(9.81) sin 30° - Ax = 10aG

+ ©MA = IA a; FC(0.3) = c1
2

(8)(0.3)2 da
+Q©Fy = m(aG)y ; NC - Ay - 8(9.81) cos 30° = 0

+R©Fx = m(aG)x ; Ax - FC + 8(9.81) sin 30° = 8aG 

*17–112. The assembly consists of an 8-kg disk and a 10-kg
bar which is pin connected to the disk. If the system is
released from rest, determine the angular acceleration of
the disk. The coefficients of static and kinetic friction
between the disk and the inclined plane are and

, respectively. Neglect friction at B.mk = 0.4
ms = 0.6

1 m

A

C

B

30#

0.3 m
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Equation of Motions:

(1)

(2)

c (3)

Kinematics: Assume no slipping:

Solving Eqs. (1)–(3):

NG

Slipping occurs:

Solving Eqs. (1) through (3):

Ans.

aG = 4.06 m>s2

a = 5.66 rad>s2

NC = 67.97 N

FC = 0.1NC

(FC)max = 0.15(67.97) = 10.2 N 6 13.08 N

FC = 13.08 N

a = 10.9 rad>s2

aG = 3.27 m>s2

NC = 67.97 N

aG = 0.3a

+ ©MG = IGa; FC (0.3) = c1
2

 (8)(0.3)2 da
+Q©Fy = m(aG)y ; -8(9.81) cos 30° + NC = 0

+R©Fx = m(aG)x ; 8(9.81) sin 30° - FC = 8aG

•17–113. Solve Prob. 17–112 if the bar is removed. The
coefficients of static and kinetic friction between the disk
and inclined plane are and , respectively.mk = 0.1ms = 0.15 1 m

A

C

B

30#

0.3 m
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Equation of Motions:

Disk:

c (1)

Block:

(2)

Kinematics:

Also,

Thus,

(3)

Note the direction for and are the same for all equations.

Solving Eqs. (1) through (3):

Ans.

b Ans.

Ans.T = 45.3 N

a = -7.55 rad>s2 = 7.55 rad>s2 

aB = 0.755 m>s2 = 0.755 m>s2 T

aBa

aB = -0.1a

aA = 0.2a

2aB = -aA

2sB + sA = l

+ T ©Fy = m(aG)y ; 10(9.81) - 2T = 10aB

+ ©MIC = ©(Mk)IC ; T(0.2) = - c1
2

(20)(0.2)2 + 20(0.2)2 da

17–114. The 20-kg disk A is attached to the 10-kg block B
using the cable and pulley system shown. If the disk rolls
without slipping, determine its angular acceleration and the
acceleration of the block when they are released.Also, what
is the tension in the cable? Neglect the mass of the pulleys.

B

A
G

0.2 m
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Equation of Motions:

Disk:

c (1)

Block:

(2)

Kinematics:

Also,

Thus,

(3)

Note the direction for and are the same for all equations. Solving 
Eqs. (1) through (3):

Also,

Ans.mmin = 15.09
196.2

= 0.0769

aA = 0.2(-7.55) = -1.509 m>s2, NA = 196.2 N, FA = 15.09 N

T = 45.3 N

a = -7.55 rad>s2

aB = 0.755 m>s2

aBa

aB = -0.1a

aA = 0.2a

2aB = -aA

2sB + sA = l

+ T ©Fy = m(aG)y ; 10(9.81) - 2T = 10aB

+ c ©Fy = m(aG)y ;   NA - 20(9.81) = 0

;+ ©Fx = m(aG)x ;   -T + FA = 20aA

+ ©MIC = ©(Mk)IC ;  T(0.2) = - c1
2

 (20)(0.2)2 + 20(0.2)2 da

17–115. Determine the minimum coefficient of static
friction between the disk and the surface in Prob. 17–114 so
that the disk will roll without slipping. Neglect the mass of
the pulleys.

B

A
G

0.2 m
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Equations of Motion: The mass moment of inertia of the plate about its mass center

is .

(1)

a (2)

Kinematics: Applying the relative acceleration equation and referring to Fig. b,

Equating the i and j components,

(3)

Solving Eqs. (1) through (3) yields:

Ans.a = 35.4 rad>s2

(aG)x = 2.5 m>s2 :
aA = 10 m>s2 :

(aG)y = 0

(aG)x = aA - 0.2121a

(aG)x i + (aG)y j = (aA - 0.2121a)i

(aG)x i + (aG)y j = aAi + (-ak) * (-0.3 sin 45° j) - 0

aG = aA + a * rG>A - v2 rG>A

+ ©MA = ©(mk)A ; 0 = 20(aG)x (0.3 sin 45°) - 0.3a

:+ ©Fx = m(aG)x; 100 = 5aA + 20(aG)x

IG = 1
12

 m Aa2 + b2 B = 1
12

 (20) A0.32 + 0.32 B = 0.3 kg # m2

*17–116. The 20-kg square plate is pinned to the 5-kg
smooth collar. Determine the initial angular acceleration
of the plate when is applied to the collar. The
plate is originally at rest.

P = 100 N P ! 100 N

A

300 mm 300 mm
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Equations of Motion: The mass moment of inertia of the plate about its mass center

is .

(1)

a (2)

Kinematics: Applying the relative acceleration equation and referring to Fig. b,

Equating the i and j components,

(3)

Solving Eqs. (1) through (3) yields

Ans.

a = 35.4 rad>s2

(aG)x = 2.5 m>s2 :
aA = 10 m>s2 :

(aG)y = 0

(aG)x = aA - 0.2121a

(aG)x i + (aG)y j = (aA - 0.2121a)i

(aG)x i + (aG)y j = aA i + (-ak) * (-0.3 sin 45°j) - 0

aG = aA + a * rG>A - v2
 rG>A

+ ©MA = ©(mk)A; 0 = 20(aG )x (0.3 sin 45°) - 0.3a

:+ ©Fx = m(aG)x; 100 = 5ax + 20(aG)x

IG = 1
12

 m Aa2 + b2 B = 1
12

 (20) A0.32 + 0.32 B = 0.3 kg # m2

•17–117. The 20-kg square plate is pinned to the 5-kg
smooth collar. Determine the initial acceleration of the
collar when is applied to the collar. The plate is
originally at rest.

P = 100 N P ! 100 N

A

300 mm 300 mm
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Equations of Motion: The mass moment of inertia of the spool about its mass center
is .

(1)

a (2)

Kinematics: Assuming that the spool rolls without slipping on the rail,

(3)

Solving Eqs. (1) through (3) yields:

Ans.

Ans.

Since , the spool does not slip as assumed.Ff 6 mk N = 0.3(1181) = 354.3 N

Ff = 144 N

aG = 1.44 m>s2 ;
a = 9.60 rad>s2

aG = arG = a(0.15)

+ ©MG = IGa;   200(0.3) - Ff(0.15) = 4a

+ c ©Fy = m(aG )y;  N - 100(9.81) - 200 = 0 N = 1181 N

;+ ©Fx = m(aG)x;  Ff = 100aG

IG = mkG 
2 = 100 A0.22 B = 4 kg # m2

17–118. The spool has a mass of 100 kg and a radius of
gyration of about its center of mass . If a
vertical force of is applied to the cable,
determine the  acceleration of and the angular
acceleration of the spool. The coefficients of static and
kinetic friction between the rail and the spool are 
and , respectively.mk = 0.25

ms = 0.3

G
P = 200 N

GkG = 200 mm
300 mm

150 mm

P

G
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Equations of Motion: The mass moment of inertia of the spool about its mass center
is .

(1)

a (2)

Kinematics: Assuming that the spool rolls without slipping on the rail,

(3)

Solving Eqs. (1) through (3) yields:

Since , the spool slips. Thus, the solution must be
reworked using . Substituting this result into
Eqs. (1) and (2),

Ans.

Ans.500(0.3) - 222.15(0.15) = 4a   a = 29.17 rad>s2 = 29.2 rad>s2

222.15 = 100aG     aG = 2.22 m>s2 ;

Ff = mk N = 0.15(1481) = 222.15 N
Ff 7 mk N = 0.2(1481) = 296.2 N

a = 24 rad>s2   aG = 3.6 m>s2    Ff = 360 N

aG = arG = a(0.15)

+ ©MG = IGa;   500(0.3) - Ff(0.15) = 4a

+ c ©Fy = m(aG )y;  N - 100(9.81) - 500 = 0 N = 1481 N

;+ ©Fx = m(aG)x;  Ff = 100 aG

IG =  mkG 
2 = 100 A0.22 B = 4 kg # m2

17–119. The spool has a mass of 100 kg and a radius of
gyration of about its center of mass . If a
vertical force of is applied to the cable, determine
the acceleration of and the angular acceleration of the spool.
The coefficients of static and kinetic friction between the rail
and the spool are and , respectively.mk = 0.15ms = 0.2

G
P = 500 N

GkG = 200 mm
300 mm

150 mm

P

G
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*17–120. If the truck accelerates at a constant rate of ,
starting from rest, determine the initial angular acceleration of
the 20-kg ladder. The ladder can be considered as a uniform
slender rod.The support at B is smooth.

6 m>s2

B

C

A

1.5 m

2.5 m

60"

Equations of Motion: We must first show that the ladder will rotate when the
acceleration of the truck is . This can be done by determining the minimum
acceleration of the truck that will cause the ladder to lose contact at B, .
Writing the moment equation of motion about point A using Fig. a,

a

Since , the ladder will in the fact rotate.The mass moment of inertia about

its mass center is . Referring to Fig. b,

a

(1)

Kinematics: The acceleration of A is equal to that of the truck. Thus,
.Applying the relative acceleration equation and referring to Fig. c,

Equating the i and j components,

(2)

(3)

Substituting Eqs. (2) and (3) into Eq. (1),

Ans.a = 0.1092 rad>s2 = 0.109 rad>s2

(aG)y =  a

(aG)x = 2 sin 60° a - 6

(aG)x i + (aG)y j = (2 sin 60° a - 6)i + aj

(aG)x i + (aG)y j = -6i + (-ak) * (-2 cos 60° i + 2 sin 60° j) - 0

aG = aA + a * rG>A - v2
 rG>A

aA = 6 m>s2 ;

- 20(aG)y (2 cos 60°) - 26.67a

+ ©MA = ©(Mk)A; 20(9.81) cos 60°(2) = -20(aG)x (2 sin 60°)

IG = 1
12

 ml2 = 1
12

 (20) A42 B = 26.67 kg # m2

amin 6 6 m>s2

 amin = 5.664 m>s2

 + ©MA = ©(Mk)A; 20(9.81) cos 60°(2) = 20amin (2 sin 60°)

NB = 0
6 m>s2
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Equations of Motion: The mass moment of inertia of the wheel about its mass
center is .Writing the moment equation of
motion about point A,

a (1)

Assuming that the wheel rolls without slipping.

(2)

Solving Eqs. (1) and (2) yields:

Ans.

Writing the force equation of motion along the x and y axes,

Since , the wheel does not slip as assumed.Ff 6 mkN = 0.2(735.75) = 147.15 N

;+ ©Fx = m(aG)x ; Ff = 75(1.749) = 131.15N

+ c ©Fy = m(aG)y ; N - 75(9.81) = 0   N = 735.75 N

aG = 1.749 m>s2

a = 3.886 rad>s2 = 3.89 rad>s2

aG = arG = a(0.45)

+ ©MA = ©(Mk)A ; 100 = 75aG(0.45) + 10.55a

IG = mkG 
2 = 75 A0.3752 B = 10.55 kg # m2

•17–121. The 75-kg wheel has a radius of gyration about its
mass center of . If it is subjected to a torque of

, determine its angular acceleration. The
coefficients of static and kinetic friction between the wheel
and the ground are and , respectively.mk = 0.15ms = 0.2

M = 100 N # m
kG = 375 mm

M

G

450 mm
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Equations of Motion: The mass moment of inertia of the wheel about its mass
center is .Writing the moment equation of
motion about point A, we have

a (1)

Assuming that the wheel rolls without slipping,

(2)

Solving Eqs. (1) and (2) yields

Writing the force equations of motion along the x and y axes,

Since , the wheel slips. The solution must be
reworked using . Thus,

Substituting this result into Eq. (1), we obtain

Ans.a = 9.513 rad>s2 = 9.51 rad>s2

150 = 75(1.4715)(0.45) + 10.55a

;+ ©Fx = m(aG)x ; 110.36 = 75aG    aG = 1.4715 m>s2

Ff = mkN = 0.15(735.75) = 110.36 N
Ff 7 mkN = 0.2(735.75) = 147.15 N

;+ ©Fx = m(aG)x ;  Ff = 75(2.623) = 196.72 N

+ c ©Fy = m(aG)y;  N - 75(9.81) = 0   N = 735.75 N

a = 5.829 rad>s2

aG = 2.623 m>s2

aG = arG = a(0.45)

+ ©MA = ©(mk)A ; 150 = 75aG(0.45) + 10.55a

IG = mkG 
2 = 75 A0.3752 B = 10.55 kg # m2

17–122. The 75-kg wheel has a radius of gyration about its
mass center of . If it is subjected to a torque of

, determine its angular acceleration. The
coefficients of static and kinetic friction between the wheel
and the ground are and , respectively.mk = 0.15ms = 0.2

M = 150 N # m
kG = 375 mm

M

G

450 mm
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Equations of Motion: The mass moment of inertia of the culvert about its mass
center is . Writing the moment equation of
motion about point A using Fig. a,

a (1)

Kinematics: Since the culvert does not slip at A, . Applying the
relative acceleration equation and referring to Fig. b,

Equating the i components,

(2)

Solving Eqs. (1) and (2) yields

Ans.a = 3 rad>s2

aG = 1.5 m>s2 :

aG = 3 - 0.5a

aGi = (3 - 0.5a)i + C(aA)n - 0.5v2 DjaGi - 3i + (aA)n j + (ak * 0.5j) - v2(0.5j)

aG = aA + a * rG>A - v2rG>A
(aA)t = 3 m>s2

+ ©MA = ©(Mk)A ; 0 = 125a - 500aG(0.5)

IG = mr2 = 500 A0.52 B = 125 kg # m2

17–123. The 500-kg concrete culvert has a mean radius of
0.5 m. If the truck has an acceleration of , determine
the culvert’s angular acceleration. Assume that the culvert
does not slip on the truck bed, and neglect its thickness.

3 m>s2 4 m
0.5m

3 m/s2
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Q.E.D. = 1
2

 IIC v2

 = 1
2
Amr2

G>IC + IG Bv2  However mr2
G>IC + IG = IIC

 = 1
2

 m(vrG>IC)2 + 1
2

 IG v2

 T = 1
2

 my2
G + 1

2
 IG v2   where yG = vrG>IC

•18–1. At a given instant the body of mass m has an
angular velocity and its mass center has a velocity .
Show that its kinetic energy can be represented as

, where is the moment of inertia of the body
computed about the instantaneous axis of zero velocity,
located a distance from the mass center as shown.rG>IC

IICT = 1
2IICv

2

vGV
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IC

G
V

rG/IC

vG

Ans.= 283 ft # lb

T = 1
2

 a 50
32.2

 (0.6)2b(20)2 + 1
2

 a 20
32.2
b C(20)(1) D2 + 1

2
a 30

32.2
b C(20)(0.5) D2

T = 1
2

 IO v2
O + 1

2
 mA v2

A + 1
2

 mB v2
B

18–2. The double pulley consists of two parts that are
attached to one another. It has a weight of 50 lb and a radius
of gyration about its center of If it rotates with
an angular velocity of 20 clockwise, determine the
kinetic energy of the system.Assume that neither cable slips
on the pulley.

rad>skO = 0.6 ft.

1 ft0.5ft
O

A
B 30 lb

20 lb

V ! 20 rad/s
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18–3. A force of is applied to the cable, which
causes the 175-kg reel to turn without slipping on the two
rollers A and B of the dispenser. Determine the angular
velocity of the reel after it has rotated two revolutions
starting from rest. Neglect the mass of the cable. Each roller
can be considered as an 18-kg cylinder, having a radius of
0.1 m.The radius of gyration of the reel about its center axis
is .kG = 0.42 m

P = 20 N

System:

Solving:

Ans.v = 1.88 rad>s
vr = 5v

v = vr (0.1) = v(0.5)

[0 + 0 + 0] + 20(2)(2p)(0.250) = 1
2

 C175(0.422) Dv2 + 2
2

 c1
2

(18)(0.1)2 dv2
r

T1 + ©U1 - 2 = T2

500 mm

400 mm

250 mm

30"

P

A

G

B

Ans.v2 = 17.4 rad>s
0 + (400)(8) = 1

2
 C200(0.325)2 Dv2

2

T1 + ©U1 - 2 = T2

*18–4. The spool of cable, originally at rest, has a mass of
200 kg and a radius of gyration of . If the
spool rests on two small rollers A and B and a constant
horizontal force of is applied to the end of the
cable, determine the angular velocity of the spool when 8 m
of cable has been unwound. Neglect friction and the mass of
the rollers and unwound cable.

P = 400 N

kG = 325 mm

BA

G P ! 400 N200 mm

800 mm

20" 20"
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Ans.v2 = 2.83 rad>s0 + (50)(9.81)(1.25) = 1
2

 C(50)(1.75)2 Dv2
2

T1 + ©U1 - 2 = T2

•18–5. The pendulum of the Charpy impact machine has a
mass of 50 kg and a radius of gyration of . If it
is released from rest when , determine its angular
velocity just before it strikes the specimen S, .u = 90°

u = 0°
kA = 1.75 m A

S

u

G

1.25 m

Principle of Work and Energy: The two tugboats create a couple moment of

to rotate the ship through an angular displacement of . The mass

moment of inertia about its mass center is . Applying Eq. 18–14, we have

Ans. v = 1
kG

 ApFd
m

 0 + Fdap
2
b = 1

2
 Amk2

G B  v2

 0 + Mu = 1
2

 IG v2

 T1 + a  U1 - 2 = T2

IG = mk2
G

u = p
2

 radM = Fd

18–6. The two tugboats each exert a constant force F on
the ship. These forces are always directed perpendicular to
the ship’s centerline. If the ship has a mass m and a radius
of gyration about its center of mass G of , determine the
angular velocity of the ship after it turns 90°. The ship is
originally at rest.

kG

G
d

–F

F
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Before braking:

Ans.

Set , then .

Brake arm:

a

Ans. P = 141 N

 + ©MA = 0; -353.2(0.5) + P(1.25) = 0

N = 176.6
0.5

= 353.2 N

F = 176.6 N

0 - F(5) + 15(9.81)(6) = 0

T1 + ©U1 - 2 = T2

sC = 5 msB = 3 m

sB

0.15
=

sC

0.25

vB = 2.58 m>s
0 + 15(9.81)(3) = 1

2
 (15)v2

B + 1
2
C50(0.23)2 D a vB

0.15
b2

T1 + ©U1 - 2 = T2

18–7. The drum has a mass of 50 kg and a radius of gyration
about the pin at O of . Starting from rest, the
suspended 15-kg block B is allowed to fall 3 m without
applying the brake ACD. Determine the speed of the block at
this instant. If the coefficient of kinetic friction at the brake
pad C is , determine the force P that must be applied
at the brake handle which will then stop the block after it
descends another 3 m. Neglect the thickness of the handle.

mk = 0.5

kO = 0.23 m

0.25 m
0.15 m

O

A

B

C

P

0.75 m

0.5 m

D
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Brake arm:

a

If block descends s, then F acts through a distance .

Ans.s = 9.75 m

1
2

 C(50)(0.23)2 D a 3
0.15
b2

+ 1
2

 (15)(3)2 + 15(9.81)(s) - 125(s)a0.25
0.15
b = 0

T1 + ©U1 - 2 = T2

s¿ = sa0.25
0.15
b

F = 0.5(250) = 125 N

N = 250 N

 + ©MA = 0; -N(0.5) + 100(1.25) = 0

*18–8. The drum has a mass of 50 kg and a radius of
gyration about the pin at O of . If the 15-kg
block is moving downward at 3 , and a force of

is applied to the brake arm, determine how far
the block descends from the instant the brake is applied
until it stops. Neglect the thickness of the handle. The
coefficient of kinetic friction at the brake pad is .mk = 0.5

P = 100 N
m>skO = 0.23 m

0.25 m
0.15 m

O

A

B

C

P

0.75 m

0.5 m

D
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Kinematics: Since the spool rolls without slipping, the instantaneous center of zero
velocity is located at point A. Thus,

Also, using similar triangles

Free-Body Diagram: The 40 lb force does positive work since it acts in the same
direction of its displacement sP. The normal reaction N and the weight of the spool
do no work since they do not displace. Also, since the spool does not slip, friction
does no work.

Principle of Work and Energy: The mass moment of inertia of the spool about point

O is . Applying Eq. 18–14, we have

Ans. v = 4.51 rad>s
 0 + 40(16.67) = 1

2
 a 150

32.2
b [v(3)]2 + 1

2
 (23.58) v2

 0 + P(sP) = 1
2

 my2
O + 1

2
 IO v2

 T1 + a  U1 - 2 = T2

IO = mk2
O = a 150

32.2
b A2.252 B = 23.58 slug # ft2

sP

5
= 10

3
 sP = 16.67 ft

yO = vrO>IC = v(3)

•18–9. The spool has a weight of 150 lb and a radius of
gyration . If a cord is wrapped around its inner
core and the end is pulled with a horizontal force of

, determine the angular velocity of the spool after
the center O has moved 10 ft to the right. The spool starts
from rest and does not slip at A as it rolls. Neglect the mass
of the cord.

P = 40 lb

kO = 2.25 ft

A

P

3 ft
2 ft

O
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Ans.v = 0.836 rad>s
0 + 80 A103 B(p) - (180)(120) = 1

2
 c a15 000

32.2
b(37)2 dv2 + 1

2
a 180

32.2
b(60v)2

T1 + ©U1 - 2 = T2

18–10. A man having a weight of 180 lb sits in a chair of
the Ferris wheel, which, excluding the man, has a weight of
15 000 lb and a radius of gyration . If a torque

is applied about O, determine the
angular velocity of the wheel after it has rotated 180°.
Neglect the weight of the chairs and note that the man
remains in an upright position as the wheel rotates. The
wheel starts from rest in the position shown.

M = 80(103) lb # ft
kO = 37 ft

60 ftM
O
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18–11. A man having a weight of 150 lb crouches down on
the end of a diving board as shown. In this position the radius
of gyration about his center of gravity is . While
holding this position at , he rotates about his toes at A
until he loses contact with the board when . If he
remains rigid, determine approximately how many revolutions
he makes before striking the water after falling 30 ft.

u = 90°
u = 0°

kG = 1.2 ft

30 ft

1.5 ft

A

u

G

During the fall no forces act on the man to cause an angular acceleration, so .

Choosing the positive root,

(c

Ans. u = 5.870 rad = 0.934 rev.

 u = 0 + 5.117(1.147) + 0

 +  ) u = u0 + v0 t + 1
2

 ac t2

t = 1.147 s

 30 = 0 + 7.675t + 1
2

 (32.2)t2

 A + T B s = s0 + v0 t + 1
2

 ac t2

a = 0

vG = (1.5)(5.117) = 7.675 ft>sv = 5.117 rad>s
0 + 150(1.5) = 1

2
 a 150

32.2
b(1.5v)2 + 1

2
c a 150

32.2
b(1.2)2 dv2

T1 + ©U1 - 2 = T2
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*18–12. The spool has a mass of 60 kg and a radius of
gyration . If it is released from rest, determine
how far its center descends down the smooth plane before it
attains an angular velocity of . Neglect friction
and the mass of the cord which is wound around the
central core.

v = 6 rad>skG = 0.3 m

30"

G

A

0.5 m
0.3 m

Ans.s = 0.661 m

0 + 60(9.81) sin 30°(s) = 1
2

 C60(0.3)2 D(6)2 + 1
2

 (60) C0.3(6) D2T1 + ©U1 - 2 = T2

Ans.sG = 0.859 m

+ 1
2

 (60) C(0.3)(6) D2
0 + 60(9.81) sin 30°(sG) - 0.2(509.7)(0.6667sG) = 1

2
C60(0.3)2 D(6)2

T1 + ©U1 - 2 = T2

 NA = 509.7 N

 +a©Fy = 0; NA - 60(9.81) cos 30° = 0

sA = 0.6667sG

sG

0.3
=

sA

(0.5 - 0.3)

•18–13. Solve Prob. 18–12 if the coefficient of kinetic
friction between the spool and plane at A is .mk = 0.2

30"

G

A

0.5 m
0.3 m
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For , then .

Ans.v = 1.32 rad>s
0 + 15(8) = 1

2
 c a 500

32.2
b(1.75)2 dv2 + 1

2
a 500

32.2
b(2.4v)2

T1 + ©U1 - 2 = T2

sA = 8 ftsG = 6 ft

sG

2.4
=

sA

3.2

18–14. The spool has a weight of 500 lb and a radius of
gyration of . A horizontal force of is
applied to the cable wrapped around its inner core. If the
spool is originally at rest, determine its angular velocity
after the mass center G has moved 6 ft to the left. The spool
rolls without slipping. Neglect the mass of the cable.

P = 15 lbkG = 1.75 ft
P

G

0.8 ft
A

2.4 ft
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Kinetic Energy and Work: The kinetic energy of the pulley and cylinders A and B is

Thus, the kinetic energy of the system is

(1)

However, since the pulley rotates about a fixed axis,

then

Substituting these results into Eq. (1), we obtain

Since the system is initially at rest,

Referring to Fig. a, FO does no work, while WA does positive work, and WB does
negative work. Thus,

Here, . Thus, the pulley rotates through an angle of 
. Then, . Thus,

Principle of Work and Energy:

Ans.

Then

Ans.vB = 0.5(3.520) = 1.76 m>sc

vA = 3.520 m>s = 3.52 m>sT

0 + C392.4 + (-196.2) D = 15.833vA 
2

T1 + ©U1 - 2 = T2

UB = -20(9.81)(1) = -196.2 J

UA = 20(9.81)(2) = 392.4 J

sB = rBu = 0.075(13.33) = 1 m= 13.33 rad
u =

sA

rA
= 2

0.15
sA = 2 m

UA = WAsA    UB = -WBsB

T1 = 0

T = 15.833vA 
2

vB = vrB = 6.667vA (0.075) = 0.5vA

v =
vA

rA
=

vA

0.15
= 6.667vA

T = 0.075v2 + 10vA 
2 + 10vB 

2

T = TP + TA + TB

TB = 1
2

 mB vB 
2 = 1

2
(20)vB 

2 = 10vB 
2

TA = 1
2

 mA vA 
2 = 1

2
(20)vA 

2 = 10vA 
2

TP = 1
2

 IOv
2 = 1

2
 c15 A0.12 B dv2 = 0.075v2

18–15. If the system is released from rest, determine the
speed of the 20-kg cylinders A and B after A has moved
downward a distance of 2 m. The differential pulley has a
mass of 15 kg with a radius of gyration about its center of
mass of .kO = 100 mm

B

A

150 mm

75 mm
O
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Kinetic Energy and Work: Since the reel rotates about a fixed axis, or

. The mass moment of inertia of the reel about its mass

centers is . Thus, the kinetic energy of
the system is

Since the system is initially at rest, . Referring to Fig. a, Ay, Ax, and Wr
do no work, while P does positive work, and WC does negative work. When the
cylinder displaces upwards through a distance of , the wheel rotates

. Thus, P displaces a distance of 

. The work done by P and WC is therefore

Principle of Work and Energy:

Ans.vC = 1.91 m>sc

0 + C1200 + (-981) D = 59.72vC 
2

T1 + ©U1 - 2 = T2

UWC
= -WC sC = -50(9.81)(2) = -981 J

UP = PsP = 300(4) = 1200 J

= 0.15(26.67) = 4 m

sP = rPuu =
sC

rC
= 2

0.075
= 26.67 rad

sC = 2 m

T1 = 0

 = 59.72vC 
2

 = 1
2

 (0.390625)(13.33vC)2 + 1
2

 (50)vC 
2

 = 1
2

 IA vr 
2 + 1

2
 mC vC 

2

 T = Tr + TC

IA = mrkA 
2 = 25 A0.1252 B = 0.390625 kg # m2

vr =
vC

rC
=

vC

0.075
= 13.33vC

vC = vr rC

*18–16. If the motor M exerts a constant force of
on the cable wrapped around the reel’s outer

rim, determine the velocity of the 50-kg cylinder after  it has
traveled a distance of 2 m. Initially, the system is at rest. The
reel has a mass of 25 kg, and the radius of gyration about its
center of  mass A is .kA = 125 mm

P = 300 N
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150 mm

75 mm
M

P ! 300 NA
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Equilibrium: Here, , where is the initial angle of twist for the
torsional spring. Referring to Fig. a, we have

Kinetic Energy and Work: Since the cover rotates about a fixed axis passing through

point C, the kinetic energy of the cover can be obtained by applying ,

where . Thus,

Since the cover is initially at rest . Referring to Fig. b, Cx and Cy do no
work.M does positive work,and W does negative work.When and , the angles
of twist for the torsional spring are and ,
respectively. Also, when , W displaces vertically upward through a distance of

. Thus, the work done by M and W are

Principle of Work and Energy:

Ans.v = 3.62 rad>s0 + C17.22 + (-12.49) D = 0.36v2

T1 + ©U1 - 2 = T2

UW = -Wh = -6(9.81)(0.2121) = -12.49 J

UM = L  M du = L
u1

u2

20u du = 10u2 2 1.4886 rad

0.7032 rad
= 17.22 J

h = 0.3 sin 45° = 0.2121 m
u = 45°

u2 = 1.489 - p
4

= 0.703 radu1 = 1.489 rad
45°u = 0°

(u = 0°), T1 = 0

T = 1
2

 ICv
2 = 1

2
 (0.72)v2 = 0.36v2

IC = 1
3

 mb2 = 1
3

 (6) A0.62 B = 0.72 kg # m2

T = 1
2

 IC v2

+ ©MC = 0;  6(9.81) cos 60°(0.3) - 20u0 = 0  u0 = 0.44145 rad

u0M = ku0 = 20u0

•18–17. The 6-kg lid on the box is held in equilibrium by
the torsional spring at . If the lid is forced closed,

and then released, determine its angular velocity at
the instant it opens to .u = 45°
u = 0°,

u = 60°
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0.6 m

0.5 m
A

B

C

Dk ! 20 N " m/rad

u
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18–18. The wheel and the attached reel have a combined
weight of 50 lb and a radius of gyration about their center of

. If  pulley B attached to the motor is subjected to
a torque of , where is in radians,
determine the velocity of the 200-lb crate after it has moved
upwards a distance of 5 ft, starting from rest. Neglect the
mass of  pulley B.

ulb # ftM = 40(2 - e-0.1u)
kA = 6 in

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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3 in.

7.5 in.

4.5 in.A

BM

Kinetic Energy and Work: Since the wheel rotates about a fixed axis,

. The mass moment of inertia of A about its mass center is

. Thus, the kinetic energy of the

system is

Since the system is initially at rest, . Referring to Fig. b, Ax, Ay, and WA do no
work, M does positive work, and WC does negative work. When crate C moves 5 ft

upward, wheel A rotates through an angle of . Then,

pulley B rotates through an angle of .

Thus, the work done by M and WC is

Principle of Work and Energy:

Thus,

Ans.vC = 45.06(0.375) = 16.9 ft>s c

v = 45.06 rad>s0 + [2280.93 - 1000] = 0.6308v2

T1 + ©U1 - 2 = T2

UWC
= -WC sC = -200(5) = -1000 ft # lb

 = 2280.93 ft # lb

 = c40 A2u + 10e- 0.1u B d 2 33.33 rad

0

 UM = L  MduB = L
33.33 rad

0
40 A2 - e- 0.1u Bdu
uB =

rA

rB
 uA = a0.625

0.25
b(13.333) = 33.33 rad

uA =
sC

r
= 5

0.375
= 13.333 rad

T1 = 0

 = 0.6308v2

 = 1
2

 (0.3882)v2 + 1
2

 a 200
32.2
b Cv(0.375) D2

 = 1
2

 IA v2 + 1
2

 mC vC 
2

 T = TA + TC

IA = mkA 
2 = a 50

32.2
b A0.52 B = 0.3882 slug # ft2

vC = vrC = v(0.375)
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18–19. The wheel and the attached reel have a combined
weight of 50 lb and a radius of gyration about their center of

. If pulley that is attached to the motor is
subjected to a torque of , determine the
velocity of the 200-lb crate after the pulley has turned 
5 revolutions. Neglect the mass of the pulley.

M = 50 lb # ft
BkA = 6 in
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3 in.

7.5 in.

4.5 in.A

BM

Kinetic Energy and Work: Since the wheel at A rotates about a fixed axis,
. The mass moment of inertia of wheel A about its mass center

is . Thus, the kinetic energy of the

system is

Since the system is initially at rest, . Referring to Fig. b, Ax, Ay, and WA do no
work, M does positive work, and WC does negative work. When pulley B rotates

, the wheel rotates through an angle of

. Thus, the crate displaces upwards through a

distance of . Thus, the work done by M and WC is

Principle of Work and Energy:

Thus,

Ans.vC = 31.56(0.375) = 11.8 ft>sc

v = 31.56 rad>s0 + [500p - 300p] = 0.6308v2

T1 + ©U1 - 2 = T2

UWC
= -WC sC = -200(1.5p) = -300p ft # lb

UM = MuB = 50(10p) = 500p ft # lb

sC = rC uA = 0.375(4p) = 1.5p ft

uA =
rB

rA
 uB = a 0.25

0.625
b(10p) = 4p

uB = (5 rev)a2p rad
1 rev

b = 10p rad

T1 = 0

 = 0.6308v2

 = 1
2

 (0.3882)v2 + 1
2

 a 200
32.2
b Cv(0.375) D2

 = 1
2

 IA v2 + 1
2

 mC vC 
2

 T = TA + TC

IA = mkA 
2 = a 50

32.2
b A0.52 B = 0.3882 slug # ft2

vC = vrC = v(0.375)
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Kinetic Energy and Work: Referring to Fig. a,

The mass moment of inertia of the ladder about its mass center is

. Thus, the final kinetic energy is

Since the ladder is initially at rest, . Referring to Fig. b, NA and NB do no
work, while W does positive work. When , W displaces vertically through a
distance of . Thus, the work done by W is

Principle of Work and Energy:

Ans.v2 = 2.92 rad>s0 + 84.85 = 9.938v2 
2

T1 + ©U1 - 2 = T2

UW = Wh = 30(2.828) = 84.85 ft # lb

h = 4 sin 45° ft = 2.828 ft
u = 0°

T1 = 0

 = 9.938v2 
2

 = 1
2

 a 30
32.2
b Cv2 (4) D2 + 1

2
 (4.969)v2 

2

 T2 = 1
2

 m(vG)2 
2 + 1

2
 IGv2 

2

IG = 1
12

 ml2 = 1
12

 a 30
32.2
b A82 B = 4.969 slug # ft2

(vG)2 = v2rG>IC = v2(4)

*18–20. The 30-lb ladder is placed against the wall at an
angle of as shown. If it is released from rest,
determine its angular velocity at the instant just before

. Neglect friction and assume the ladder is a uniform
slender rod.
u = 0°

u = 45°
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8 ft
B

A

u
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Kinetic Energy and Work: Due to symmetry, the velocity of point B is directed along
the vertical, as shown in Fig. a. Also, and

. Here, . The mass moment of
inertia of the rods about their respective mass centers is

. Thus, the final kinetic energy is

Since the system is initially at rest, . Referring to Fig. b, N does no work, while
W does positive work. When , W displaces vertically downward through a
distance of . Thus, the work done by W is

Principle of Work and Energy:

Ans.v2 = 2.91 rad>s0 + 2(127.44) = 30v2 
2

T1 + ©U1 - 2 = T2

UW = Wh = 10(9.81)(1.2990) = 127.44 J

h = 1.5 cos 30° = 1.2990 m
u = 180°

T1 = 0

 = 30v2 
2

 = 2 c1
2

 (10) Cv2(1.5) D2 + 1
2

 (7.5)v2 
2 d

 = 2 c1
2

 m(vG)2 
2 + 1

2
 IGv2 

2 d
 T2 = (TAB)2 + (TBC)2

IG = 1
12

 ml2 = 1
12

 (10) A32 B = 7.5 kg # m2

(vG)2 = v2rG>IC = v2(1.5)AvGAB
B2 = AvGBC

B2 = (vG)2

(vAB)2 = (vBC)2 = v2

•18–21. Determine the angular velocity of the two 10-kg
rods when if they are released from rest in the
position . Neglect friction.u = 60°

u = 180°
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A

B

C
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u
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Kinetic Energy and Work: Due to symmetry, the velocity of point B is directed along
the vertical, as shown in Fig. a. Also, and

. From the geometry of this diagram, . Thus,

. The mass moment of inertia of the rod about its mass

center is . Thus, the final kinetic energy is

Since the system is initially at rest, . Referring to Fig. b, N does no work, while
W does positive work. When , W displaces vertically downward through a
distance of . Thus, the work done by W is

Principle of Work and Energy:

Ans.v2 = 1.25 rad>s0 + 2(23.38) = 30v2 
2

T1 + ©U1-2 = T2

UW = Wh = 10(9.81)(0.2384) = 23.38 J

h = 1.5  cos 30° - 1.5 cos 45° = 0.2384 m
u = 90°

T1 = 0

 = 30v2 
2

 = 2 c1
2

 (10)[v2(1.5)]2 + 1
2

 (7.5)v2 
2 d

 = 2 c1
2

m(vG)2 
2 + 1

2
IGv2 

2 d
 T2 = (TAB)2 + (TBC)2

IG = 1
12

(10) A32 B = 7.5 kg # m2

(vG)2 = v2rG>IC = v2(1.5)
rG>IC = 1.5 mAvGAB

B2 = AvGBC
B2 = (vG)2

(vAB)2 = (vBC)2 = v2

18–22. Determine the angular velocity of the two 10-kg
rods when if they are released from rest in the
position . Neglect friction.u = 60°

u = 90°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B
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Kinetic Energy and Work: Since the windlass rotates about a fixed axis,

or . The mass moment of inertia of the windlass about its

mass center is

Thus, the kinetic energy of the system is

Since the system is initially at rest, . Referring to Fig. a, WA, Ax, Ay, and RB
do no work, while WC does positive work. Thus, the work done by WC, when it
displaces vertically downward through a distance of , is

Principle of Work and Energy:

Ans.vC = 19.6 ft>s0 + 500 = 1.2992vC 
2

T1 + ©U1-2 = T2

UWC
= WCsC = 50(10) = 500 ft # lb

sC = 10 ft

T1 = 0

 = 1.2992vC 
2

 = 1
2

(0.2614)(2vC)2 + 1
2
a 50

32.2
bvC 

2

 = 1
2

IAv
2 + 1

2
mCvC 

2

 T = TA + TC

IA = 1
2
a 30

32.2
b A0.52 B + 4 c 1

12
 a 2

32.2
b A0.52 B + 2

32.2
A0.752 B d = 0.2614 slug # ft2

vA =
vC

rA
=

vC

0.5
= 2vC

vC = vArA

18–23. If the 50-lb bucket is released from rest, determine
its velocity after it has fallen a distance of 10 ft.The windlass
A can be considered as a 30-lb cylinder, while the spokes are
slender rods, each having a weight of 2 lb. Neglect the
pulley’s weight.
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0.5 ft
0.5 ft

3 ft
B

A

C
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Kinetic Energy and Work: Since the plate is initially at rest, . Referring to
Fig. a,

The mass moment of inertia of the plate about its mass center is

. Thus, the final kinetic

energy is

Referring to Fig. b, NA and NB do no work, while P does positive work, and W does
negative work. When , W and P displace upwards through a distance of

and . Thus, the
work done by P and W is

Principle of Work and Energy:

Ans.v2 = 2.06 rad>s0 + [207.11 - 121.90] = 20v2 
2

T1 + ©U1-2 = T2

UW = -Wh = -60(9.81)(0.2071) = -121.90 J

UP = PsP = 500(0.4142) = 207.11 J

sP = 2(1 cos 45°) - 1 = 0.4142 mh = 1 cos 45° - 0.5 = 0.2071 m
u = 45°

 = 20v2 
2

 = 1
2

 m (60)(0.7071v2)2 + 1
2

 (10)v2 
2

 T2 = 1
2

 m(vG)2 
2 + 1

2
 IGv2 

2

IG = 1
12

 m Aa2 + b2 B = 1
12

 (60) A12 + 12 B = 10 kg # m2

(vG)2 = v2rG>IC = v2(1 cos 45°) = 0.7071v2

T1 = 0

*18–24. If corner A of the 60-kg plate is subjected to a
vertical force of , and the plate is released from
rest when , determine the angular velocity of the
plate when .u = 45°

u = 0°
P = 500 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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1 m

1 m

P = 500 N

u

A

B
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Kinetic Energy and Work: Referring to Fig. a,

The mass moment of inertia of the spool about its mass center is
. Thus, the final kinetic energy of the spool is

Since the spool is initially at rest, . Referring to Fig. b, T and N do no work,
while W does positive work. When the center of the spool moves down the
plane through a distance of , W displaces vertically downward

. Thus, the work done by W is

Principle of Work and Energy:

Ans.v = 10.5 rad>s0 + 1387.34 = 12.5v2

T1 + ©U1-2 = T2

UW = Wh = 100(9.81)(1.4142) = 1387.34 N

h = sO cos 45° = 2 cos 45° = 1.4142 m
sO = 2 m

T1 = 0

 = 12.5v2

 = 1
2

(100)[v(0.3)]2 + 1
2

(16)v2

 T = 1
2

mvO 
2 + 1

2
IOv

2

IO = mkO 
2 = 100 A0.42 B = 16 kg # m2

vO = vrO>IC = v(0.3)

•18–25. The spool has a mass of 100 kg and a radius of
gyration of 400 mm about its center of mass O. If it is released
from rest, determine its angular velocity after its center O has
moved down the plane a distance of 2 m.The contact surface
between  the spool and the inclined plane is smooth.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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300 mm

600 mm

O

45"
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18–26. The spool has a mass of 100 kg and a radius of
gyration of 400 mm about its center of mass O. If it is
released from rest, determine its angular velocity after its
center O has moved down the plane a distance of 2 m. The
coefficient of kinetic friction between the spool and the
inclined plane is .mk = 0.15

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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300 mm

600 mm

O

45!Kinetic Energy and Work: Referring to Fig. a,

The mass moment of inertia of the spool about its mass center is
. Thus, the kinetic energy of the spool is

Since the spool is initially at rest, . Referring to Fig. b, T and N do no work,
while W does positive work, and Ff does negative work. Since the spool slips at the
contact point on the inclined plane, , where N can be obtained
using the equation of motion,

Thus, . When the center of the spool moves down the
inclined plane through a distance of , W displaces vertically downward

.Also, the contact point A on the outer rim of

the spool travels a distance of , Fig. a. Thus, the

work done by W and Ff is

Principle of Work and Energy:

Ans.v = 7.81 rad>s0 + [1387.34 - 624.30] = 12.5v2

T1 + ©U1-2 = T2

UFf
= -FfsA = -104.05(6) = -624.30 J

UW = Wh = 100(9.81)(1.4142) = 1387.34 J

sA = ¢ rA>IC

rO>IC
≤sO = 0.9

0.3
(2) = 6 m

h = sO sin 45° = 2 sin 45° = 1.4142 m
sO = 2 m

Ff = 0.15(693.67) = 104.05 N

©Fy¿ = m(aa)y¿; N - 100(9.81) cos 45° = 0    N = 693.67 N

Ff = mkN = 0.15N

T1 = 0

 = 12.5v2

 = 1
2

(100) Cv(0.3) D2 + 1
2

(16)v2

 T = 1
2

 mvO 
2 + 1

2
IOv

2

IO = mkO 
2 = 100 A0.42 B = 16 kg # m2

vO = vrO>IC = v(0.3)
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Ans.uO = 1.66 rad

40 c AuO + p
2 B2 - u2

0 d = 307.2

0 + L
uO +p2

uO

 80u du = 1
2

 c1
3

 (20)(0.8)2 d(12)2

T1 + ©U1-2 = T2

18–27. The uniform door has a mass of 20 kg and can be
treated as a thin plate having the dimensions shown. If it is
connected to a torsional spring at A, which has a stiffness of

determine the required initial twist of the
spring in radians so that the door has an angular velocity of

when it closes at after being opened at
and released from rest. Hint: For a torsional spring
when k is the stiffness and is the angle of twist.uM = ku,

u = 90°
u = 0°12 rad>sk = 80 N # m>rad,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A
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0.8 m

0.1 m

u
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Equilibrium: Referring to Fig. a, we have

a

Kinetic Energy and Work: Since the wheel rotates about a fixed axis, (vB)1 =
(vA)1

rA

 NC = 3.6 P

 + ©MD = 0;  NC(1.5) - 0.5NC(0.5) - P(4.5) = 0

*18–28. The 50-lb cylinder A is descending with a speed of
when the brake is applied. If wheel B must be brought

to a stop after it has rotated 5 revolutions, determine the
constant force P that must be applied to the brake arm. The
coefficient of kinetic friction between the brake pad C and
the wheel is . The wheel’s weight is 25 lb, and the
radius of gyration about its center of mass is k = 0.6 ft.

mk = 0.5

20 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

P

C
1.5 ft

0.75 ft

0.375 ft

3 ft0.5 ft

D

B

. The mass moment of inertia of the wheel about its mass

center is .Thus, the initial kinetic energy

of the system is

Since the system is brought to rest, . Referring to Fig. b, Bx, By, WB, and NC

do no work, while WA does positive work, and Ff does negative work.When wheel B

rotates through the angle , WA displaces

vertically downward, and the contact point C on

the outer rim of the wheel travels a distance of . Thus,

the work done by WA and Ff is

Principle of Work and Energy:

Ans.P = 30.6 lb

708.07 + [187.5p - 13.5pP] = 0

T1 + ©U1-2 = T2

UFf
= -FfsC = -1.8P(7.5p) = -13.5pP

UWA
= WAsA = 50(3.75p) = 187.5p ft # lb

sC = rBu = 0.75(10p) = 7.5p

sA = rAu = 0.375(10p) = 3.75p ft

u = (5 rev)a2p rad
1 rev

b = 10p rad

T2 = 0

 = 708.07 ft # lb

 = 1
2
a 50

32.2
b A202 B + 1

2
(0.2795) A53.332 B

 = 1
2

 mA(vA)1
2 + 1

2
IB(vB)1

2

 T1 = (TA)1 + (TB)1

IB = mB k2 = 25
32.2
A0.62 B = 0.2795 slug # ft2

= 20
0.375

= 53.33 rad>s
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•18–29. When a force of  is applied to the brake
arm, the 50-lb cylinder A is descending with a speed of

. Determine the number of revolutions wheel B will
rotate before it is brought to a stop. The coefficient of
kinetic friction between the brake pad C and the wheel is

. The wheel’s weight is 25 lb, and the radius of
gyration about its center of mass is .k = 0.6 ft
mk = 0.5

20 ft>s P = 30 lb

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

P

C
1.5 ft

0.75 ft

0.375 ft

3 ft0.5 ft

D

B

Equilibrium: Referring to Fig. a,

a

Kinetic Energy and Work: Since the wheel rotates about a fixed axis,

. The mass moment of inertia of the wheel about its

mass center is . Thus, the initial kinetic

energy of the system is

Since the system is brought to rest, . Referring to Fig. b, Bx, By, WB, and NC
do no work, while WA does positive work, and Ff does negative work.When wheel B
rotates through the angle , WA displaces and the contact point
on the outer rim of the wheel travels a distance of . Thus, the work
done by WA and Ff are

Principle of Work and Energy:

Ans.u = 32.55 rada1 rev
2p
b = 5.18 rev

708.07 + [18.75u - 40.5u] = 0

T1 + ©U1-2 = T2

UFf
= -FfsC = -0.5(108)(0.75u) = -40.5u

UWA
= WAsA = 50(0.375u) = 18.75u

sC = rB u = 0.75u
sA = rAu = 0.375uu

T2 = 0

 = 708.07 ft # lb

 = 1
2
a 50

32.2
b A202 B + 1

2
(0.2795) A53.332 B

 = 1
2

 mA(vA)1
2 + 1

2
IB (vB)1

2

 T1 = (TA)1 + (TB)1

IB = mB k
2 = 25

32.2
A0.62 B = 0.2795 slug # ft2

=
(vA)1

rA
= 20

0.375
= 53.33 rad>s (vB)1

 NC = 108 lb

 + ©MD = 0;  NC(1.5) - 0.5NC(0.5) - 30(4.5) = 0
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Ans.vB = 5.05 ft>s
0 + 25(2) = 1

2
 a 100

32.2
b(vB)2 + 2B1

2
a 35

32.2
b a vB

2
b2

+ 1
2
a1

2
a 35

32.2
b(1.5)2b a vB

3
b2RT1 + ©U1-2 = T2

18–30. The 100-lb block is transported a short distance by
using two cylindrical rollers, each having a weight of 35 lb. If
a horizontal force is applied to the block,
determine the block’s speed after it has been displaced 2 ft
to the left. Originally the block is at rest. No slipping occurs.

P = 25 lb

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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P " 25 lb

1.5 ft1.5 ft

In the final position, the rod is in translation since the IC is at infinity.

Ans.vG = vA = 6.95 ft>s
0 + 150(2.5 - 1.75) = 1

2
 a 150

32.2
bv2

G

T1 + © U1-2 = T2

18–31. The slender beam having a weight of 150 lb is
supported by two cables. If the cable at end B is cut so that
the beam is released from rest when , determine the
speed at which end A strikes the wall. Neglect friction at B.

u = 30°

10 ft

4 ft

A

u

B

7.5 ft
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Ans.vAB = 4.28 rad>s
[0 + 0] + 2(15)(1.5) sin 45° - 1

2
 (4) C6 - 2(3) cos 45° D2 = 2 c1

2
 a1

3
a 15

32.2
b(3)2bv2

AB d
T1 + © U1-2 = T2

*18–32. The assembly consists of two 15-lb slender rods
and a 20-lb disk. If the spring is unstretched when 
and the assembly is released from rest at this position,
determine the angular velocity of rod AB at the instant

. The disk rolls without slipping.u = 0°

u = 45°

A C

B

u

3 ft

k " 4 lb/ft

3 ft

1 ft

18–33. The beam has a weight of 1500 lb and is being
raised to a vertical position by pulling very slowly on its
bottom end A. If the cord fails when and the beam
is essentially at rest, determine the speed of A at the instant
cord BC becomes vertical. Neglect friction and the mass of
the cords, and treat the beam as a slender rod.

u = 60°

12 ft

13 ft

7 ft

C

B

Au

Ans.vG = vA = 14.2 ft>s
0 + 1500(5.629) - 1500(2.5) = 1

2
 a1500

32.2
b(vG)2

T1 + ©U1-2 = T2
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a)

Ans.

Note: The work of the distributed load can also be determined from its resultant.

b)

Ans.v = B3p
2

 
w0

m
+

3g

L

v2 = 3
2

 
w0 pL

mL
+

mg(6)
2mL

[0] +
w0

4
 pL2 + mgaL

2
b = 1

2
 a1

3
 mL2bv2

T1 + ©U1-2 = T2

U1-2 = w0Lap2 b aL
2
b =

w0

4
pL2

v = A3p
2
aw0

m
b

w0 L
2

2
ap

2
b = 1

6
mL2v2

L
p
2

0
 
w0L

2

2
du = 1

6
mL2v2

[0] + L
p
2

0
 L

L

0
(w0 dx)(x du) = 1

2
a1

3
mL2bv2

T1 + ©U1-2 = T2

18–34. The uniform slender bar that has a mass m and a
length L is subjected to a uniform distributed load ,
which is always directed perpendicular to the axis of the
bar. If the bar is released from rest from the position shown,
determine its angular velocity at the instant it has rotated
90°. Solve the problem for rotation in (a) the horizontal
plane, and (b) the vertical plane.

w0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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w0

L

O

Datum at lowest point.

Ans.v = 2.83 rad>s
0 + 50(9.81)(1.25) = 1

2
 C50(1.75)2 Dv2 + 0

T1 + V1 = T2 + V2

18–35. Solve Prob. 18–5 using the conservation of energy
equation. A

S

u

G

1.25 m
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Datum at lowest point through G.

Ans.s = 0.661 m

0 + 60(9.81)(s sin 30°) = 1
2

 C60(0.3)2 D(6)2 + 1
2

 (60) C(0.3)(6) D2 + 0

T1 + V1 = T2 + V2

*18–36. Solve Prob. 18–12 using the conservation of
energy equation.

30!

G

A

0.5 m
0.3 m

Datum at lowest point.

Ans.vAB = 4.28 rad>s
0 + 2 C15(1.5 sin 45°) D = 2 c1

2
 a1

3
 a 15

32.2
b(3)2bv2

AB d + 1
2

 (4) C6 - 2(3 cos 45°) D2 + 0

T1 + V1 = T2 + V2

•18–37. Solve Prob. 18–32 using the conservation of
energy equation.

A C

B

u

3 ft

k " 4 lb/ft

3 ft

1 ft
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Since the rod is in translation at the final instant, then

Ans.vA = 6.95 ft>s
vG = 6.95 ft>s

0 + 150(2.5) = 1
2

 a 150
32.2
bv2

G + 150(1.75)

T1 + V1 = T2 + V2

18–38. Solve Prob. 18–31 using the conservation of energy
equation.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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10 ft

4 ft

A

u

B

7.5 ft

18–39. Solve Prob. 18–11 using the conservation of energy
equation.

30 ft

1.5 ft

A

u

G
Datum at A.

Time to fall:

Choosing the positive root:

Ans.u = 0 + 5.117(1.147) + 0 = 5.870 rad = 0.934 rev.

u = u0 + v0 t + 1
2

 ac t2

t = 1.147 s

30 = 0 + 1.5(5.117)t + 1
2

 (32.2)t2

s = s0 + v0 t + 1
2 ac t2

v = 5.117 rad>s
0 + 150(1.5) = 1

2
 c a 150

32.2
b(1.2)2 dv2 + 1

2
 a 150

32.2
b(1.5v)2 + 0

T1 + V1 = T2 + V2
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Datum through A.

Ans.v = 2.30 rad>s
+ 1

2
 (6)(7 - 2)2 - 50(1.5)

1
2

 c1
3

 a 50
32.2
b(6)2 d(2)2 + 1

2
 (6)(4 - 2)2 = 1

2
 c1

3
 a 50

32.2
b(6)2 dv2

T1 + V1 = T2 + V2

*18–40. At the instant shown, the 50-lb bar rotates
clockwise at 2 . The spring attached to its end always
remains vertical due to the roller guide at C. If the spring
has an unstretched length of 2 ft and a stiffness of

, determine the angular velocity of the bar the
instant it has rotated 30° clockwise.
k = 6 lb>ft

rad>s

A

B

k

C

6 ft

4 ft

2 rad/s

•18–41. At the instant shown, the 50-lb bar rotates
clockwise at 2 . The spring attached to its end always
remains vertical due to the roller guide at C. If the spring has
an unstretched length of 2 ft and a stiffness of ,
determine the angle , measured from the horizontal, to
which the bar rotates before it momentarily stops.

u
k = 12 lb>ftrad>s

A

B

k

C

6 ft

4 ft

2 rad/s

Set , and solve the quadratic equation for the positive root:

Ans.u = 25.4°

sin u = 0.4295

x = sin u

37.2671 = -6 sin u + 216 sin2 u

61.2671 = 24(1 + 3 sin u)2 - 150 sin u

1
2

 c1
3

 a 50
32.2
b(6)2 d(2)2 + 1

2
 (12)(4 - 2)2 = 0 + 1

2
 (12)(4 + 6 sin u - 2)2 - 50(3 sin u)

T1 + V1 = T2 + V2
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Ans.v = 41.8 rad>s
0 + 0 + 0 = 1

2
 (4)(0.1 v)2 + 1

2
 C2(0.05)2 Dv2 - 4(9.81)(1)

T1 + V1 = T2 + V2

18–42. A chain that has a negligible mass is draped over the
sprocket which has a mass of 2 kg and a radius of gyration of

. If the 4-kg block A is released from rest from
the position , determine the angular velocity of the
sprocket at the instant .s = 2 m

s = 1 m
kO = 50 mm
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O

s " 1 m

100 mm

A

Ans.v = 39.3 rad>s
+ 1

2
 (0.8)(2)(0.1 v)2 - 4(9.81)(2) - 0.8(2)(9.81)(1)

0 - 4(9.81)(1) - 2 C0.8(1)(9.81)(0.5) D = 1
2

 (4)(0.1 v)2 + 1
2

 C2(0.05)2 Dv2

T1 + V1 = T2 + V2

18–43. Solve Prob. 18–42 if the chain has a mass per unit
length of 0.8 . For the calculation neglect the portion of
the chain that wraps over the sprocket.

kg>m
O

s " 1 m

100 mm

A
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Kinematics: The speed of block A and B can be related using the position
coordinate equation.

(1)

Taking time derivative of Eq. (1), we have

Potential Energy: Datum is set at fixed pulley C.When blocks A and B (pulley D) are
at their initial position, their centers of gravity are located at sA and sB. Their initial
gravitational potential energies are , , and . When block B (pulley
D) rises 5 ft, block A decends 10 ft. Thus, the final position of blocks A and B (pulley
D) are and below datum. Hence, their respective final
gravitational potential energy are , , and .
Thus, the initial and final potential energy are

Kinetic Energy: The mass moment inertia of the pulley about its mass center is

. Since pulley D rolls without slipping,

. Pulley C rotates about the fixed point

hence . Since the system is at initially rest, the initial kinectic

energy is . The final kinetic energy is given by

Conservation of Energy: Applying Eq. 18–19, we have

Ans. y4 = 21.0 ft>s 0 + (-60sA - 25sB) = 1.0773y2
A + (-60sA - 25sB - 475)

 T1 + V1 = T2 + V2

 = 1.0773y2
A

 + 1
2

 (0.01941)(-yA)2 + 1
2

 (0.01941)(2yA)2

 = 1
2

 a 60
32.2
by2

A + 1
2

 a 20
32.2
b(-0.5yA)2 + 1

2
 a 5

32.2
b(-0.5yA)2

 T2 = 1
2

 mA y2
A + 1

2
 mB yB

2 + 1
2

 mD y2
B + 1

2
IGv

2
D + 1

2
IG v2

C

T1 = 0

vC =
yA

rC
=
yA

0.5
= 2yA

vD =
yB

rD
=
yB

0.5
= 2yB = 2(-0.5yA) = -yA

IG = 1
2

 a 5
32.2
b A0.52 B = 0.01941 slug # ft2

 V2 = -60(sA + 10) - 20(sB - 5) - 5(sB - 5) = -60sA - 25sB - 475

 V1 = -60sA - 20sB - 5sB = -60sA - 25sB

-5(sB - 5)-20(sB - 5)-60(sA + 10)
(sB - 5) ft(sA + 10) ft

-5sB-20sB-60sA

yA + 2yB = 0 yB = -0.5yA

¢sA + 2¢sB = 0 ¢sA + 2(5) = 0 ¢sA = -10 ft = 10 ftT

sA + 2sB = l

*18–44. The system consists of 60-lb and 20-lb blocks A and
B, respectively, and 5-lb pulleys C and D that can be treated
as thin disks. Determine the speed of block A after block B
has risen 5 ft, starting from rest. Assume that the cord does
not slip on the pulleys, and neglect the mass of the cord.

0.5 ft

A

C

D
0.5 ft

B

91962_08_s18_p0725-0778  6/8/09  4:22 PM  Page 757



758

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.vC = 13.3 ft>s
0 + 4(1.5 sin 45°) + 1(3 sin 45°) = 1

2
c1
3
a 4

32.2
b(3)2 d a vC

3
b2

+ 1
2
a 1

32.2
b(vC)2 + 0

T1 + V1 = T2 + V2

•18–45. The system consists of a 20-lb disk A, 4-lb slender
rod BC, and a 1-lb smooth collar C. If the disk rolls without
slipping, determine the velocity of the collar at the instant
the rod becomes horizontal, i.e., . The system is
released from rest when .u = 45°

u = 0°

0.8 ft

3 ft

A

u

C

B
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18–46. The system consists of a 20-lb disk A, 4-lb slender
rod BC, and a 1-lb smooth collar C. If the disk rolls without
slipping, determine the velocity of the collar at the instant

. The system is released from rest when .u = 45°u = 30°

0.8 ft

3 ft

A

u

C

B

Thus,

Thus,

Ans.vC = 2.598(1.180) = 3.07 ft>s
 vBC = 1.180 rad>s

 + 1
2
a 1

32.2
b(2.598vBC)2 + 4(1.5 sin 30°) + 1(3 sin 30°)

 + 1
2
c 1
12
a 4

32.2
b(3)2 dvBC

2 + 1
2
a 4

32.2
b(1.5vBC)2

= 1
2
c1
2
a 20

32.2
b(0.8)2 d(1.875vBC)2 + 1

2
a 20

32.2
b(1.5 vBC)2

 0 + 4(1.5 sin 45°) + 1(3 sin 45°)

T1 + V1 = T2 + V2

vA = 1.875 vBC

vC = 2.598vBCvB = vG = 1.5vBC

vBC =
vB

1.5
=

vC

2.598
=

vG

1.5

vB = 0.8vA
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18–47. The pendulum consists of a 2-lb rod BA and a 6-lb
disk.The spring is stretched 0.3 ft when the rod is horizontal
as shown. If the pendulum is released from rest and rotates
about point D, determine its angular velocity at the instant
the rod becomes vertical.The roller at C allows the spring to
remain vertical as the rod falls.

1 ft 1 ft
0.25 ft

k " 2 lb/ft

C

B D
A

1 ft

Potential Energy: Datum is set at point O. When rod AB is at vertical position, its
center of gravity is located 1.25 ft below the datum. Its gravitational potential energy
at this position is . The initial and final stretch of the spring are 0.3 ft
and , respectively. Hence, the initial and final elastic

potential energy are and . Thus,

Kinetic Energy: The mass moment inertia for rod AB and the disk about point O are

and 

Since rod AB and the disk are initially at rest, the initial kinetic energy is .
The final kinetic energy is given by

Conservation of Energy: Applying Eq. 18–19, we have

Ans. v = 1.74 rad>s 0 + 0.09 = 0.06179 v2 + (-0.0975)

 T1 + V1 = T2 + V2

 = 0.06179 v2

 = 1
2

(0.1178) v2 + 1
2

 (0.005823) v2

 T2 = 1
2

 (IAB)O v2 + 1
2

 (ID)O v
2

T1 = 0

(ID)O = 1
2
a 6

32.2
b(0.252) = 0.005823 slug # ft2

(IAB)O = 1
12
a 2

32.2
b(22) + a 2

32.2
b(1.252) = 0.1178 slug # ft2

V1 = 0.09 lb # ft V2 = 2.4025 + [-2(1.25)] = -0.0975 lb # ft

1
2

(2) A1.552 B = 2.4025 lb # ft
1
2

 (2) A0.32 B = 0.09 lb # ft

(1.25 + 0.3) ft = 1.55 ft
- 2(1.25) ft # lb
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Datum at initial position.

Ans.u0 = 56.15 rad = 8.94 rev.

0 + 2 c1
2

(0.7)u0
2 d + 0 = 0 + 150(9.81)(1.5)

T1 + V1 = T2 + V2

*18–48. The uniform garage door has a mass of 150 kg and
is guided along smooth tracks at its ends. Lifting is done using
the two springs, each of which is attached to the anchor
bracket at A and to the counterbalance shaft at B and C. As
the door is raised, the springs begin to unwind from the shaft,
thereby assisting the lift. If each spring provides a torsional
moment of , where is in radians,
determine the angle at which both the left-wound and
right-wound spring should be attached so that the door is
completely balanced by the springs, i.e., when the door is in
the vertical position and is given a slight force upwards, the
springs will lift the door along the side tracks to the horizontal
plane with no final angular velocity. Note: The elastic potential
energy of a torsional spring is , where and
in this case  .k = 0.7 N # m>rad

M = kuVe = 1
2ku2

u0

uM = (0.7u) N # m

3 m 4 m

C
A

B
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Thus,

Ans.I0 = 0.5 m - 0.201 m = 299 mm

x1 = 0.201 m

0 + 2 c1
2

 (350)(x1)2 d = 0 + 2 c1
2

 (350)(x1 + 1)2 d -50(9.81)(1)

T1 + V1 = T2 + V2

•18–49. The garage door CD has a mass of 50 kg and can be
treated as a thin plate. Determine the required unstretched
length of each of the two side springs when the door is in the
open position, so that when the door falls freely from the open
position it comes to rest when it reaches the fully closed position,
i.e., when AC rotates 180°. Each of the two side springs has a
stiffness of .Neglect the mass of the side bars AC.k = 350 N>m

0.5 m

k

A

B

C D

2 m

1 m

2 m
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18–50. The uniform rectangular door panel has a mass of
25 kg and is held in equilibrium above the horizontal at the
position by rod BC. Determine the required
stiffness of the torsional spring at A, so that the door’s
angular velocity becomes zero when the door reaches the
closed position once the supporting rod BC is
removed. The spring is undeformed when  .u = 60°

(u = 0°)

u = 60°

A

k

B

C

1.2 m

u " 60!

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the panel at positions (1) and (2) is

Since the spring is initially untwisted, . The elastic potential energy of the

spring when is

Thus, the potential energy of the panel is

Kinetic Energy. Since the rod is at rest at position (1) and is required to stop when it
is at position (2), .

Conservation of Energy.

Ans.k = 232 N # m > rad

0 + 127.44 = 0 + p
2

18
 k

T1 + V1 = T2 + V2

T1 = T2 = 0

V2 = (Vg)2 + (Ve)2 = 0 + p
2

18
 k = p

2

18
 k

V1 = (Vg)1 + (Ve)1 = 127.44 + 0 = 127.44 J

(Ve)2 = 1
2

 ku2 = 1
2

 (k)ap
3
b2

= p
2

18
 k

u = 60° = p
3

 rad

(Ve)1 = 0

(Vg)2 = W(yG)2 = 25(9.81)(0) = 0

(Vg)1 = W(yG)1 = 25(9.81)(0.6 sin 60°) = 127.44 J
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18–51. The 30 kg pendulum has its mass center at G and a
radius of gyration about point G of . If it is
released from rest when , determine its angular
velocity at the instant . Spring AB has a stiffness of

and is unstretched when .u = 0°k = 300 N>m u = 90°
u = 0°

kG = 300 mm

B

0.35 m

0.6 m

0.1 m

k " 300 N/m

A

G

O
u

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the pendulum at positions (1) and (2) is

Since the spring is unstretched initially, . When , the spring

stretches . Thus,

and

Kinetic Energy: Since the pendulum rotates about a fixed axis, .
The mass moment of inertia of the pendulum about its mass center is

. Thus, the kinetic energy of the pendulum is

Conservation of Energy:

Ans.v = 3.92 rad>s0 + 0 = 3.1875v2 - 49.005

T1 + V1 = T2 + V2

 = 1
2

(30) Cv(0.35) D2 + 1
2

(2.7)v2 = 3.1875v2

 T = 1
2

 mvG 
2+ 1

2
IGv

2

IG = mkG 
2 = 30 A0.32 B = 2.7 kg # m2

vG = vrG = v(0.35)

V2 = AVg B2 + (Ve)2 = -103.005 + 54 = -49.005 J

V1 = AVg B1 + (Ve)1 = 0

(Ve)2 = 1
2

 ks2 = 1
2

(300) A0.62 B = 54 J

s = AB - A¿B = 20.452 + 0.62 - 0.15 = 0.6 m

u = 90°(Ve)1 = 0

AVg B2 = -W(yG)2 = -30(9.81)(0.35) = -103.005 J

AVg B1 = W(yG)1 = 30(9.81)(0) = 0
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Potential Energy: With reference to the datum shown in Fig. a, the gravitational
potential energy of the plate at position (1) and (2) is

Since the spring is initially unstretched, . When the plate is at position (2),
the spring stetches .
Therefore,

Thus,

Kinetic Energy: Since the plate rotates about a fixed axis passing through point A,

its kinetic energy can be determined from , where

Thus,

Since the plate is initially at rest .

Conservation of Energy:

Ans.v = 6.76 rad>s0 + 0 = 0.5176v2 - 23.64

T1 + V1 = T2 + V2

T1 = 0

T = 1
2

 IA v2 = 1
2

 (1.035)v2 = 0.5176v2

IA = 1
12
a 50

32.2
b A12 + 12 B + 50

32.2
 (1 cos 45°)2 = 1.035 slug # ft2

T = 1
2

IA v2

V2 = AVg B2 + (Ve)2 = -35.36 + 11.72 = -23.64 ft # lb

V1 = AVg B1 + AVe B1 = 0 + 0 = 0

(Ve)2 = 1
2

 ks2 = 1
2

(20) A1.0822 B = 11.72 lb # ft

s = BC - B¿C = 2[1 cos 22.5°] - 2(1 cos 67.5°) = 1.082 ft
(Ve)1 = 0

AVg B2 = -W(yG)2 = -50(1 cos 45°) = -35.36 lb # ft

AVg B1 = W(yG)1 = 50(0) = 0

*18–52. The 50-lb square plate is pinned at corner A and
attached to a spring having a stiffness of . If the
plate is released from rest when , determine its
angular velocity when . The spring is unstretched
when .u = 0°

u = 90°
u = 0°

k = 20 lb>ft
1 ft

1 ft

k ! 20 lb/ft

1 ft

A

B

C

u
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•18–53. A spring having a stiffness of is
attached to the end of the 15-kg rod, and it is unstretched
when . If the rod is released from rest when ,
determine its angular velocity at the instant . The
motion is in the vertical plane.

u = 30°
u = 0°u = 0°

k = 300 N>m
k " 300 N/m

B

A

0.6 m

u

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the rod at positions (1) and (2) is

Since the spring is initially unstretched, . When , the stretch of the
spring is . Thus, the final elastic potential energy of the
spring is

Thus,

Kinetic Energy: Since the rod is initially at rest, . From the geometry shown in
Fig. b, . Thus, . The mass moment of inertia

of the rod about its mass center is . Thus,

the final kinetic energy of the rod is

Conservation of Energy:

Ans.v2 = 3.09 rad>s0 + 0 = 0.9v2 
2 - 8.5725

T1 + V1 = T2 + V2

 = 0.9v2 
2

 = 1
2

(15) Cv2 A0.3 B D2 + 1
2
A0.45 Bv2 

2

 T2 = 1
2

 m(vG)2 
2 + 1

2
 IGv2 

2

IG = 1
12

 ml2 = 1
12

(15) A0.62 B = 0.45 kg # m2

(VG)2 = v2rG>IC = v2 (0.3)rG>IC = 0.3 m
T1 = 0

V2 = (Vg)2 + (Ve)2 = -22.0725 + 13.5 = -8.5725 J

V1 = (Vg)1 + (Ve)1 = 0 + 0 = 0

AVe B2 = 1
2

 ksP 
2 = 1

2
(300) A0.32 B = 13.5 J

sP = 0.6 sin 30° = 0.3 m
u = 30°(Ve)1 = 0

AVg B2 = -W(yG)2 = -15(9.81)(0.3 sin 30°) = -22.0725 J

AVg B1 = W(yG)1 = 15(9.81)(0) = 0

91962_08_s18_p0725-0778  6/8/09  4:24 PM  Page 766



767

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

18–54. If the 6-kg rod is released from rest at ,
determine the angular velocity of the rod at the instant

. The attached spring has a stiffness of ,
with an unstretched length of 300 mm.

k = 600 N>mu = 0°

u = 30°

400 mm

k ! 600 N/m

200 mm

200 mm

300 mm

C

B

A

u

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the rod at positions (1) and (2) is

The stretch of the spring when the rod is in positions (1) and (2) is

and

. Thus, the initial and final elastic
potential energy of the spring is

Thus,

Kinetic Energy: Since the rod rotates about a fixed axis passing through point B, its

kinetic energy can be determined from , where

Thus,

Since the rod is initially at rest, .

Conservation of Energy:

Ans.v = 7.98 rad>s0 + 24.096 = 0.19v2 + 12

T1 + V1 = T2 + V2

T1 = 0

T = 1
2

 IBv
2 = 1

2
(0.38)v2 = 0.19v2

IB = 1
12

(6) A0.72 B + 6 A0.152 B = 0.38 kg # m2

T = 1
2

 IBv
2

V2 = (Vg)2 + (Ve)2 = 0 + 12 = 12 J

V1 = (Vg)1 + (Ve)1 = -4.4145 + 28.510 = 24.096 J

AVe B2 = 1
2

 ks2 
2 = 1

2
 (600) A0.22 B = 12 J

AVe B1 = 1
2

 ks1 
2 = 1

2
(600) A0.30832 B = 28.510 J

s2 = BC - l0 = 20.32 + 0.42 - 0.3 = 0.2 m

s1 = B¿C - l0 = 20.32 + 0.42 - 2(0.3)(0.4) cos 120° - 0.3 = 0.3083 m

AVg B2 = W(yG)2 = 6(9.81)(0) = 0

AVg B1 = -W(yG)1 = -6(9.81)(0.15 sin 30°) = -4.4145 J
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Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the door panel at its open and closed positions is

Since the spring is unstretched when the door panel is at the open position,

. When the door is closed, the half pulley rotates through and angle of

. Thus, the spring stretches . Then,

Thus,

Kinetic Energy: Since the door panel rotates about a fixed axis passing through

point A, its kinetic energy can be determined from , where

Thus,

Since the door panel is at rest in the open position and required to have an angular
velocity of at closure, then

Conservation of Energy:

Ans.k = 10494.17 N>m = 10.5 kN>m0 + 294.3 = 3 + 0.0028125p2k

T1 + V1 = T2 + V2

T1 = 0   T2 = 12 A0.52 B = 3 J

v = 0.5 rad>s
T = 1

2
 IAv

2 = 1
2

 (24)v2 = 12v2

IA = 1
12

 (50) A1.22 B + 50 A0.62 B = 24 kg # m2

T = 1
2

 IA v2

V2 = AVg B2 + (Ve)2 = 0 + 0.0028125p2k = 0.0028125p2k

V1 = AVg B1 + (Ve)1 = 294.3 + 0 = 294.3 J

(Ve)2 = 1
2

 ks2 = 1
2

 k(0.075p)2 = 0.0028125p2 k

s = ru = 0.15ap
2
b = 0.075p mu = p

2
 rad

(Ve)1 = 0

AVg B2 = W(yG)2 = 50(9.81)(0) = 0

AVg B1 = W(yG)1 = 50(9.81)(0.6) = 294.3 J

18–55. The 50-kg rectangular door panel is held in the
vertical position by rod CB. When the rod is removed, the
panel closes due to its own weight. The motion of the panel
is controlled by a spring attached to a cable that wraps
around the half pulley. To reduce excessive slamming, the
door panel’s angular velocity is limited to at the
instant of closure. Determine the minimum stiffness k of
the spring if the spring is unstretched when the panel is in
the vertical position. Neglect the half pulley’s mass.

0.5 rad>s
k 

1 m

0.15 m

1.2 m

C

B

A
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Potential Energy: From the geometry in Fig. a, . With

reference to the datum, the initial and final gravitational potential energy of the
system is

Since the spring is initially unstretched, . When , the spring
stretches . Thus,

And,

Kinetic Energy: Since the system is initially at rest . Referring to Fig. b,

. Then .(vBC)2 =
(vB)2

rB>IC
=

(vAB)2(1.5)
3

= 0.5(vAB)2(vB)2 = (vAB)2 rB = (vAB)2(1.5)

T1 = 0

V2 = AVg B2 + (Ve)2 = -123.75 + 36.17 = -87.58 ft # lb

V1 = AVg B1 + (Ve)1 = -51.96 + 0 = -51.96 ft # lb

(Ve)2 = 1
2

 ks2 = 1
2

 (20) A1.9022 B = 36.17 ft # lb

s = 4.5 - 3 cos 30° = 1.902 ft
u = 90°(Ve)1 = 0

 = -123.75 ft # lb

 = -15(0.75) - 30(3) - 5(4.5)

 AVg B2 = -WAB (yG1)2 - WBC (yG2)2 - WC (yG3)2

 = -51.96 ft # lb

 = 15(0) - 30(1.5 cos 30°) - 5(3 cos 30°)

 AVg B1 = WAB (yG1)1 - WBC (yG2)1 - WC (yG3)1

u = sin- 1 a1.5
3
b = 30°

*18–56. Rods AB and BC have weights of 15 lb and 30 lb,
respectively. Collar C, which slides freely along the smooth
vertical guide, has a weight of 5 lb. If the system is released
from rest when , determine the angular velocity of
the rods when . The attached spring is unstretched
when .u = 0°

u = 90°
u = 0°

1.5 ft

3 ft

A

B

C

k ! 20 lb/ft

u
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Subsequently, . Since point C
is located at the IC, . The mass moments of inertia of AB about point A and

BC about its mass center are 

and . Thus, the final kinetic

energy of the system is

Conservation of Energy:

Ans.

Thus,

Ans.(vBC)2 = 0.5(8.244) = 4.12 rad>s
(vAB)2 = 8.244 rad>s = 8.24 rad>s0 - 51.96 = 0.5241(vAB)2 

2 - 87.58

T1 + V1 = T2 + V2

 = 0.5241(vAB)2 
2

 = 1
2

 (0.3494)(vAB)2 
2 + c1

2
 a 30

32.2
b C0.75(vAB)2 D2 + 1

2
 (0.6988) C0.5(vAB)2 D  2 d + 0

 = 1
2

 (IAB)A (vAB)2 
2 + c1

2
 mBC (vG2)2 + 1

2
 (IBC)G2 (vBC)2 

2 d + 1
2

 mC vC 
2

 T2 = TAB + TBC + TC

(IBC)G2 = 1
12

 ml2 = 1
12

 a 30
32.2
b A32 B = 0.6988 slug>ft2

(IAB)A = 1
3

 ml2 = 1
3

 a 15
32.2
b A1.52 B = 0.3494 slug>ft2

vC = 0
(vG2)2 = (vBC)2 rG2>IC = 0.5(vAB)2(1.5) = 0.75(vAB)2

•18–57. Determine the stiffness k of the torsional spring at
A, so that if the bars are released from rest when ,
bar AB has an angular velocity of 0.5 rad/s at the closed
position, . The spring is uncoiled when . The
bars have a mass per unit length of .10 kg>m u = 0°u = 90°

u = 0° B

A

k

C

3 m 4 m

u

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the system at its open and closed positions is

 = 10(3)(9.81)(0) + 10(4)(9.81)(0) = 0

 AVg B2 = WAB (yG1)2 + WBC (yG2)2

 = 10(3)(9.81)(1.5) + 10(4)(9.81)(1.5) = 1030.5 J

 AVg B1 = WAB (yG1)1 + WBC (yG2)1

*18–56. Continued
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Since the spring is initially uncoiled, . When the panels are in the closed

position, the coiled angle of the spring is . Thus,

And so,

Kinetic Energy: Since the system is initially at rest, . Referring to Fig. b,

. Then, .

Subsequently, . The mass moments of
inertia of AB about point A and BC about its mass center are

and 

Thus,

Conservation of Energy:

Ans.k = 814 N # m>rad

0 + 1030.5 = 26.25 + p
2

8
 k

T1 + V1 = T2 + V2

 = 26.25 J

 = 1
2

 (90) A0.52 B + c1
2

 [10(4)] A0.752 B + 1
2

  (53.33) A0.375 
2 B d

 T2 = 1
2

 (IAB)A (vAB)2 
2 + c1

2
 mBC(vG2)2 + 1

2
  (IBC)G2 (vBC)2 

2 d
(IBC)G2 = 1

12
 ml2 = 1

12
 [10(4)] A42 B = 53.33 kg # m2

(IAB)A = 1
3

 ml2 = 1
3

 [10(3)] A32 B = 90 kg # m2

(vG)2 = (vBC)2 rG2>IC = 0.375(2) = 0.75 m>s(vBC)2 =
(vB)2

rB>IC
= 1.5

4
= 0.375 rad>s(vB)2 = (vAB)2 rB = 0.5(3) = 1.5 m>s T1 = 0

V2 = AVg)2 + (Ve)2 = 0 + p
2

8
 k = p

2

8
 k

V1 = AVg)1 + (Ve)1 = 1030.5 + 0 = 1030.5 J

(Ve)2 = 1
2

 ku2 = 1
2

 kap
2
b2

= p
2

8
 k

u = p
2

 rad

(Ve)1 = 0
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•18–57. Continued
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18–58. The torsional spring at A has a stiffness of
and is uncoiled when . Determine

the angular velocity of the bars, AB and BC, when , if
they are released from rest at the closed position, .
The bars have a mass per unit length of .10 kg>m u = 90°

u = 0°
u = 0°k = 900 N # m>rad

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

A

k

C

3 m 4 m

u

Potential Energy: With reference to the datum in Fig. a, the gravitational potential
energy of the system at its open and closed positions is

When the panel is in the closed position, the coiled angle of the spring is .

Thus,

The spring is uncoiled when the panel is in the open position . Thus,

And so,

Kinetic Energy: Since the panel is at rest in the closed position, . Referring to
Fig. b, the IC for BC is located at infinity. Thus,

Ans.
Then,

The mass moments of inertia of AB about point A and BC about its mass center are

and 

Thus,

Conservation of Energy:

Ans.(vAB)2 = 0.597 rad>s0 + 112.5p2 = 225(vAB)2 
2 + 1030.05

T1 + V1 = T2 + V2

 = 225(vAB)2 
2

 = 1
2

 (90)(vAB)2 
2 + 1

2
 [10(4)] C(vAB)2 (3) D2

 T2 = 1
2

 (IAB)A(vAB)2 
2 + 1

2
 mBC(vG2)2

(IBC)G2 = 1
12

 ml2 = 1
12

 [10(4)] A42 B = 53.33 kg # m2

(IAB)A = 1
3

 ml2 = 1
3

 [10(3)] A32 B = 90 kg # m2

(vG)2 = (vB)2 = (vAB)2 rB = (vAB)2 (3)

(vBC)2 = 0

T1 = 0

V2 = AVg)2 + (Ve)2 = 1030.05 + 0 = 1030.05 J

V1 = AVg)1 + (Ve)1 = 0 + 112.5p2 = 112.5p2 J

(Ve)2 = 0

(u = 0°)

(Ve)1 = 1
2

 ku2 = 1
2

 (900)ap
2
b2

= 112.5p2 J

u = p
2

 rad

 = 10(3)(9.81)(1.5) + 10(4)(9.81)(1.5) = 1030.05 J

 AVg B2 = WAB (yG1)2 + WBC (yG2)2

 = 10(3)(9.81)(0) + 10(4)(9.81)(0) = 0

 AVg B1 = WAB (yG1)1 + WBC (yG2)1
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18–59. The arm and seat of the amusement-park ride have
a mass of 1.5 Mg, with the center of mass located at point .
The passenger seated at A has a mass of 125 kg, with the
center of mass located at If the arm is raised to a position
where and released from rest, determine the  speed
of the passenger at the instant .The arm has a radius of
gyration of about its center of mass . Neglect
the size of the passenger.

G1kG1 = 12 m
u = 0°

u = 150°
G2

G1
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B

C

A

G2

G1

16 m

4 m

u

Potential Energy: With reference to the datum shown in Fig. a, the gravitational
potential energy of the system at position (1) and (2) is

Kinetic Energy: Since the arm rotates about a fixed axis passing through B,
and . The mass moment of inertia of the

arm about its mass center is . Thus, the
kinetic energy of the system is

Since the system is initially at rest, .

Conservation of Energy:

Ans.v = vr = (1.0359 rad>s)(20 m) = 20.7 m>sv = 1.0359 rad>s0 + 72 213.53 = 145 000v2 - 83 385

T1 + V1 = T2 + V2

T1 = 0

 = 145 000v2

 = c1
2

 (1500)[v(4)]2 + 1
2

 (216 000)v2 d + 1
2

  (125)[v(20)] 
2

 T = c1
2

 m1(vG)1 
2 + 1

2
  IG1v

2 d + 1
2

 m2 (vG2)2

IG1 = m1 kG1
2 = 1500 A122 B = 216 000 kg # m2

vG2 = vrG2 = v(20)vG1 = vrG1 = v(4)

 = -83 385 J

 = -1500(9.81)(4) - 125(9.81)(20)

 V2 = AVg B2 = -W1 (yG1)2 - W2 (yG2)2

 = 72 213.53 J

 = 1500(9.81)(4 sin 60°) + 125(9.81)(20 sin 60°)

 V1 = AVg B1 = W1 (yG1)1 + W2 (yG2)1
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Thus,

Substituting and solving yields,

Ans.vC = 1.52 m>s
v = 33.33vC

vB = 10 vC

vC = vB (0.1) = 0.03 vA

[0 + 0 + 0] + [0] = 1
2

 c1
2

 (3)(0.03)2 dv2
A + 1

2
 c1

2
  (10)(0.1)2 dv2

B + 1
2

 (2)(vC)2 - 2(9.81)(0.5)

T1 + V1 = T2 + V2

18–60. The assembly consists of a 3-kg pulley A and 10-kg
pulley B. If a 2-kg block is suspended from the cord,
determine the block’s speed after it descends 0.5 m starting
from rest. Neglect the mass of the cord and treat the pulleys
as thin disks. No slipping occurs.
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A
B

30 mm

100 mm

Ans.s = 2.44 ft

9s2 = -320 + 9(16 + 8s + s2)

0 + 2 c1
2

 (9)s2 d = 0 - 80(4) + 2 c1
2

 (9)(4 + s)2 d
T1 + V1 = T2 + V2

¢ss = -4 ft

8 ft = -2¢ss

¢sA = -2¢ss

sA + 2 ss = l

•18–61. The motion of the uniform 80-lb garage door is
guided at its ends by the track. Determine the required
initial stretch in the spring when the door is open, , so
that when it falls freely it comes to rest when it just reaches
the fully closed position, . Assume the door can be
treated as a thin plate, and there is a spring and pulley
system on each of the two sides of the door.

u = 90°

u = 0°

k ! 9 lb/ft

8 ft

8 ft
A

C

Bu
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Ans.v = 1.82 rad>s
+ 2 c1

2
 (9)(2 + 1)2 d

0 + 2 c1
2

 (9)(1)2 d = 1
2

 a 80
32.2
b(4v)2 + 1

2
 c 1

12
 a 80

32.2
b(8)2 dv2 - 80(4 sin 30°)

T1 + V1 = T2 + V2

¢ss = -2 ft

4 ft = -2¢ss

¢sA = -2¢ss

sA + 2ss = l

vG = 4v

18–62. The motion of the uniform 80-lb garage door is
guided at its ends by the track. If it is released from rest at

, determine the door’s angular velocity at the instant
. The spring is originally stretched 1 ft when the

door is held open, . Assume the door can be treated
as a thin plate, and there is a spring and pulley system on
each of the two sides of the door.

u = 0°
u = 30°
u = 0°

k ! 9 lb/ft

8 ft

8 ft
A

C

Bu
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Select datum at the bottom of the bowl.

Since 

Ans.vAB = 3.70 rad>svG = 0.1732vAB

0 + (0.5)(9.81)(0.05) = 1
2

 c 1
12

 (0.5)(0.2)2 dv2
AB + 1

2
 (0.5)(vG)2 + (0.5)(9.81)(0.02679)

T1 + V1 = T2 + V2

ED = 0.2 - 0.1732 = 0.02679

CE = 2(0.2)2 - (0.1)2 = 0.1732 m

h = 0.1 sin 30° = 0.05

u = sin- 1 a0.1
0.2
b = 30°

18–63. The 500-g rod AB rests along the smooth inner
surface of a hemispherical bowl. If the rod is released from
rest from the position shown, determine its angular velocity
at the instant it swings downward and becomes horizontal.

A

B

200 mm

200 mm

Ans.v = 1.18 rad>s
+ 1

2
 (5)(422 - 4)2

0 + 25(2) sin 30° + 1
2

 (5)(7.727 - 4)2 = 1
2

 c1
3

 a 25
32.2
b(4)2 dv2 + 25(2)

T1 + V1 = T2 + V2

l = 2(4)2 + (4)2 - 2(4)(4) cos 150° = 7.727 ft

*18–64. The 25-lb slender rod AB is attached to spring BC
which has an unstretched length of 4 ft. If the rod is released
from rest when determine its angular velocity at
the instant u = 90°.

u = 30°,

4 ft

4 ft

A
C

k ! 5 lb/ft

B

u
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Ans.v = 2.82 rad>s
0 + 25(2) sin 30° + 1

2
 (5)(7.727 - 4)2 = 1

2
 c1

3
 a 25

32.2
b(4)2 dv2 + 25(2)(sin 60°) + 0

T1 + V1 = T2 + V2

l = 2(4)2 + (4)2 - 2(4)(4) cos 150° = 7.727 ft

•18–65. The 25-lb slender rod AB is attached to spring BC
which has an unstretched length of 4 ft. If the rod is released
from rest when determine the angular velocity of
the rod the instant the spring becomes unstretched.

u = 30°,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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4 ft

4 ft

A
C

k ! 5 lb/ft

B

u

Ans.v = 5.28 rad>s
[0] + 2(8)(1.5 sin 60°) = 2 c1

2
 a1

3
b a 8

32.2
b(3)2 v2 d + [0]

T1 + V1 = T2 + V2

vAB = vBC

18–66. The assembly consists of two 8-lb bars which are pin
connected to the two 10-lb disks. If the bars are released
from rest when determine their angular velocities
at the instant Assume the disks roll without slipping.u = 0°.

u = 60°,

B

A

3 ft

0.5 ft 0.5 ft

3 ft

C

uu

Ans.vAB = 2.21 rad>s
 + 1

2
 a 8

32.2
b(1.5vAB)2 + 1

2
 e 1

12
 a 8

32.2
b(3)2 f(vAB)2 d + 2[8(1.5 sin 30°)]

= 2 c1
2

 e 1
2

 a 10
32.2
b(0.5)2 f(3vAB)2 + 1

2
 a 10

32.2
b {vAB (1.5)}2

 [0 + 0] + 2[8(1.5 sin 60°)]

T1 + V1 = T2 + V2

vG = 1.5vABvD = 3vAB

vA = vAB (1.5)vD =
vA

0.5

18–67. The assembly consists of two 8-lb bars which are pin
connected to the two 10-lb disks. If the bars are released from
rest when determine their angular velocities at the
instant Assume the disks roll without slipping.u = 30°.

u = 60°,

B

A

3 ft

0.5 ft 0.5 ft

3 ft

C

uu
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Selecting the smaller root:

Ans.k = 100 lb>ft
0 + 0 = 0 + 2 c1

2
 (k)(8 - 4.5352)2 d - 200(6)

T1 + V1 = T2 + V2

CD = 4.5352 ft

CD2 - 11.591CD + 32 = 0

(2)2 = (6)2 + (CD)2 - 2(6)(CD) cos 15°

*18–68. The uniform window shade AB has a total weight of
0.4 lb.When it is released, it winds up around the spring-loaded
core O. Motion is caused by a spring within the core, which is
coiled so that it exerts a torque , where

is in radians, on the core. If the shade is released from rest,
determine the angular velocity of the core at the instant the
shade is completely rolled up, i.e., after 12 revolutions. When
this occurs, the spring becomes uncoiled and the radius of
gyration of the shade about the axle at O is 
Note: The elastic potential energy of the torsional spring is

, where and .k = 0.3(10- 3) lb # ft>radM = kuVe = 1
2ku2

kO = 0.9 in.

u
M = 0.3(10- 3)u lb # ft

A

B
M

O O

3 ft

Ans.k = 42.8 N>m
0 + 0 = 0 + 1

2
 (k)(3.3541 - 1.5)2 - 98.1a1.5

2
b

T1 + V1 = T2 + V2

18–69. When the slender 10-kg bar AB is horizontal it is at
rest and the spring is unstretched. Determine the stiffness k
of the spring so that the motion of the bar is momentarily
stopped when it has rotated clockwise 90°.

kA B C

1.5 m 1.5 m
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Q.E.D. rP>G =
k2

G

rG>O
 However, yG = vrG>O or rG>O =

yG

v

 rP>G =
k2

G

yG>v  

 rG>O (myG) + rP>G (myG) = rG>O (myG) + (mk2
G) v

 HO = (rG>O + rP>G) myG = rG>O (myG) + IG v,  where IG = mk2
G

•19–1. The rigid body (slab) has a mass m and rotates with
an angular velocity about an axis passing through the
fixed point O. Show that the momenta of all the particles
composing the body can be represented by a single vector
having a magnitude and acting through point P, called
the center of percussion, which lies at a distance

from the mass center G. Here is the
radius of gyration of the body, computed about an axis
perpendicular to the plane of motion and passing through G.

kGrP>G = k2
G>rG>O

mvG

V

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

mvG

vG

G

V

PrP/G

rG/O

O

Q.E.D. = IIC v

 = (IG + mr2
G>IC) v

 = rG>IC (mvrG>IC) + IG v

 HIC = rG>IC (myG) + IG v,  where yG = vrG>IC

19–2. At a given instant, the body has a linear momentum
and an angular momentum computed

about its mass center. Show that the angular momentum of
the body computed about the instantaneous center of zero
velocity IC can be expressed as , where 
represents the body’s moment of inertia computed about
the instantaneous axis of zero velocity. As shown, the IC is
located at a distance away from the mass center G.rG>IC

IICHIC = IICV

HG = IGVL = mvG

G         IGV

rG/IC

IC

mvG

Since , the linear momentum . Hence the angular momentum
about any point P is

Since is a free vector, so is  . Q.E.D.HPv

HP = IG v

L = myG = 0yG = 0

19–3. Show that if a slab is rotating about a fixed axis
perpendicular to the slab and passing through its mass center
G, the angular momentum is the same when computed about
any other point P.

P

G

V
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(a

Ans.

Ans. (vG)2 = 1.25 A103 B  ft>s a17 000
32.2

b(1200) + 5800(5) = a17 000
32.2

b(vG)2

 a :+ b  m(vGx)1 + ©LFx dt = m(vGx)2

 v = 2.25 rad>s 0 + 5000(5)(1.25) - 800(5)(1.25) = c a17 000
32.2

b(4.7)2 dv +)     (HG)1 + ©LMG dt = (HG)2

*19–4. The pilot of a crippled jet was able to control his
plane by throttling the two engines. If the plane has a weight
of 17 000 lb and a radius of gyration of about the
mass center G, determine the angular velocity of the plane
and the velocity of its mass center G in if the thrust in
each engine is altered to and as
shown. Originally the plane is flying straight at .
Neglect the effects of drag and the loss of fuel.

1200 ft>sT2 = 800 lbT1 = 5000 lb
t = 5 s

kG = 4.7 ft
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1.25 ft
T2

T1

G

1.25 ft

Kinetic Energy: Since the assembly rolls without slipping, then 
.

Linear Momentum: Applying Eq. 19–7, we have

Ans.L = myG = 10
32.2

 (12.64) = 3.92 slug # ft>s
 yG = 12.64 ft>s

 31 = 1
2

 a 10
32.2
b  y2

G + 1
2

 c 10
32.2
A0.62 B d(0.8333yG)2

 T = 1
2

 my2
G + 1

2
 IG v

2

=  0.8333yG

v =
yG

rG>IC
=
yG

1.2

•19–5. The assembly weighs 10 lb and has a radius of
gyration about its center of mass G. The kinetic
energy of the assembly is when it is in the position
shown. If it rolls counterclockwise on the surface without
slipping, determine its linear momentum at this instant.

31 ft # lb
kG = 0.6 ft

Ans.LMdt = Iaxle v = 0.2081(4) = 0.833 kg # m2>s
Iaxle = 1

12
 (1)(0.6 - 0.02)2 + 2 c1

2
 (1)(0.01)2 + 1(0.3)2 d = 0.2081 kg # m2

19–6. The impact wrench consists of a slender 1-kg rod AB
which is 580 mm long, and cylindrical end weights at A and B
that each have a diameter of 20 mm and a mass of 1 kg. This
assembly is free to rotate about the handle and socket, which
are attached to the lug nut on the wheel of a car. If the rod AB
is given an angular velocity of 4 and it strikes the bracket
C on the handle without rebounding, determine the angular
impulse imparted to the lug nut.

rad>s

1 ft

1 ft0.8 ft

G

A

B

300 mm

300 mm

C
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(a

Ans. v = 0.0253 rad>s
 1200 A103 B c t + 1

0.3
 e-0.3 t d2

0
= 120 A103 B(14)2 v

 0 + L
2

0
600 A103 B A1 - e-0.3 t B(2) dt = C120 A103 B(14)2 Dv

+)       (HG)1 + ©LMG dt = (HG)2

19–7. The space shuttle is located in “deep space,” where the
effects of gravity can be neglected. It has a mass of 120 Mg, a
center of mass at G, and a radius of gyration 
about the x axis. It is originally traveling forward at

when the pilot turns on the engine at A, creating
a thrust , where t is in seconds.
Determine the shuttle’s angular velocity 2 s later.

T = 600(1 - e-0.3t) kN
v = 3 km>s (kG)x = 14 m
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2 m

T
AG

x

v = 3 km/s

z

y

Principle of Impulse and Momentum: The mass moment inertia of the cylinder about

its mass center is .Applying Eq. 19–14, we have

(1)

(2)

(a (3)

Solving Eqs. (1), (2), and (3) yields

Ans.

 N = 457.22 N

 FAB = 48.7 N t = 1.64 s

 +)   -1.00(30) + [0.2N(t)](0.2) = 0

 IG v1 + ©L
t2

t1

MG dt = IG v2

 A :+ B  0 + 0.2N(t) - 2FAB cos 20°(t) = 0

 m AyGx
B1 + ©L

t2

t1

Fx dt = m AyGx
B2 (+ c)  0 + N(t) + 2FAB sin 20° (t) - 50(9.81)(t) = 0

 m AyGy
B1 + ©L

t2

t1

Fy dt = m AyGy
B2

IG = 1
2

 (50) A0.22 B = 1.00 kg # m2

*19–8. The 50-kg cylinder has an angular velocity of
30 when it is brought into contact with the horizontal
surface at C. If the coefficient of kinetic friction is ,
determine how long it will take for the cylinder to stop
spinning. What force is developed in link AB during this
time? The axle through the cylinder is connected to two
symmetrical links. (Only AB is shown.) For the computation,
neglect the weight of the links.

mC = 0.2
rad>s

200 mm

A

B

C

500 mm

V ! 30 rad/s

20"
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Kinematics: Referring to Fig. a,

Principle of Angular Impulse and Momentum: The mass moment of inertia of the gear 
about its mass center is . From Fig. b,

c

Ans. v = 70.8 rad>s 0 + 150(4)(0.225) = 0.78125v + 50[v(0.15)](0.15)

 +  IP v1 + ©L
t2

t1

MP  dt = IP v2

IO = mkO 
2 = 50 A0.1252 B = 0.78125 kg # m2

vO = vrO>IC = v(0.15)

•19–9. If the cord is subjected to a horizontal force of
, and the gear rack is fixed to the horizontal plane,

determine the angular velocity of the gear in 4 s, starting from
rest. The mass of the gear is 50 kg, and it has a radius of
gyration about its center of mass O of .kO = 125 mm

P = 150 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum: The mass moment of inertia of the gear about 
its mass center is . Referring to the 
free-body diagram of the gear shown in Fig. a,

a

(1)

Since the gear rotates about the fixed axis, . Referring to the
free-body diagram of the gear rack shown in Fig. b,

(2)

Equating Eqs. (1) and (2),

Ans.

Then,

Ans.v = 36.548(0.15) = 5.48 m>s
vA = 36.548 rad>s = 36.5 rad>s0.75vA = 75 - 1.302vA

 F = 0.75vA

 0 + F(4) = 20[vA (0.15)]

 A ;+ B  mv1 + ©L
t2

t1

Fxdt = mv2

vP = vA rP = vA(0.15)

 F = 75 - 1.302vA

 0 + F(4)(0.15) - 150(4)(0.075) = -0.78125vA

 +  IO v1 + ©L
t2

t1

MO dt = IO v2

IO = mkO 
2 = 50 A0.1252 B = 0.78125 kg # m2

19–10. If the cord is subjected to a horizontal force of
, and gear is supported by a fixed pin at O,

determine the angular velocity of the gear and the velocity
of the 20-kg gear rack in 4 s, starting from rest. The mass of
the gear is 50 kg and it has a radius of gyration of

. Assume that the contact surface between
the gear rack and the horizontal plane is smooth.
kO = 125 mm

P = 150 N

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Gear A:

(c

Gear B:

(a

Since , or , then solving,

Ans.vB = 127 rad>svA = 63.3 rad>sF = 0.214 N

vB = 2 vA0.04vA = 0.02 vB

 0 + (F)(2)(0.02) = [0.3(0.015)2] vB

 +)   (HB)1 + ©LMB dt = (HB)2

 0 - 3(F)(2)(0.04) + 0.05(2) = [0.8(0.031)2] vA

 +)   (HA)1 + ©LMA dt = (HA)2

19–11. A motor transmits a torque of to
the center of gear A. Determine the angular velocity of each
of the three (equal) smaller gears in 2 s starting from rest.
The smaller gears (B) are pinned at their centers, and the
masses and centroidal radii of gyration of the gears are
given in the figure.

M = 0.05 N # m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equilibrium: Writing the moment equation of equilibrium about point A and
referring to the free-body diagram of the arm brake shown in Fig. a,

a

Using the belt friction formula,

Principle of Angular Impulse and Momentum: The mass moment of inertia of the 

wheel about its mass center is , and 

the initial angular velocity of the wheel is 

. Applying the angular impulse and momentum equation about point O
using the free-body diagram of the wheel shown in Fig. b,

a

Ans. t = 1.20 s

 3.494(40p) + 233.80(t)(1) - 600(t)(1) = 0

 + IO v1 + ©L
t2

t1

MO dt = IO v2

=  40p rad>s v1 = a1200 
rev
min
b a 2p rad

1 rev
b a 1 min

60 s
bIO = mkO 

2 = a 200
32.2
b A0.752 B = 3.494 slug # ft2

TC = 233.80 lb

600 = TC e0.3(p)

TB = TC e
mb

+ ©MA = 0;  TB(1.25) - 200(3.75) = 0   TB = 600 lb

*19–12. The 200-lb flywheel has a radius of gyration about
its center of gravity O of . If it rotates
counterclockwise with an angular velocity of 
before the brake is applied, determine the time required for
the wheel to come to rest when a force of is
applied to the handle. The coefficient of kinetic friction
between the belt and the wheel rim is . (Hint:
Recall from the statics text that the relation of the tension
in the belt is given by , where is the angle of
contact in radians.) 

bTB = TC e
mb

mk = 0.3

P = 200 lb

1200 rev>min
kO = 0.75 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Angular Impulse and Momentum: The mass moment of inertia of the 

wheel about its mass center is , and

the initial angular velocity of the wheel is 

. Applying the angular impulse and momentum equation about point O
using the free-body diagram shown in Fig. a,

a

(1)

Using the belt friction formula,

(2)

Solving Eqs. (1) and (2),

Equilibrium: Using this result and writing the moment equation of equilibrium
about point A using the free-body diagram of the brake arm shown in Fig. b,

a

Ans. P = 120 lb

 + ©MA = 0;  359.67(1.25) - P(3.75) = 0

TC = 140.15 lb TB = 359.67 lb

TB = TC e0.3(p)

TB = TC emb

 TB - TC = 219.52

 3.494(40p) + TC (2)(1) - TB (2)(1) = 0

 + IO v1 + ©L
t2

t1

MO dt = IO v2

=  40p rad>s v1 = a1200 
rev
min
b a 2p rad

1 rev
b a 1 min

60 s
bIO = mkO 

2 = a 200
32.2
b A0.752 B = 3.494 slug # ft2

•19–13. The 200-lb flywheel has a radius of gyration about
its center of gravity O of . If it rotates
counterclockwise with a constant angular velocity of

before the brake is applied, determine the
required force P that must be applied to the handle to stop
the wheel in 2 s. The coefficient of kinetic friction between
the belt and the wheel rim is . (Hint: Recall from the
statics text that the relation of the tension in the belt is given
by , where is the angle of contact in radians.)bTB = TC e

mb

mk = 0.3

1200 rev>min

kO = 0.75 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equation of Equilibrium: Since slipping occurs at B, the friction 
From FBD(a), the normal reaction can be obtained directed by summing
moments about point A.

a

Thus, the friction .

Principle of Impulse and Momentum: The mass moment inertia of the cylinder 

about its mass center is . Applying Eq. 19–14,
we have

(a (1)

However, is the area under the graph. Assuming , then

Substitute into Eq. (1) yields

Ans.

Since , the above assumption is correct.t = 5.08 s 7 2 s

 t = 5.08 s

 -0.240(20) + [-1.176(5t - 5)(0.2)] = 0

L
t

0
Pdt = 1

2
 (5)(2) + 5(t - 2) = (5t - 5) N # s

t 7 2 sP- tL
t

0
Pdt

 +)  -0.240(20) + c - a1.176L
t

0
Pdtb(0.2) d = 0

 IO v1 + ©L
t2

t1

MO dt = IO v2

IO = 1
2

 (12) A0.22 B = 0.240 kg # m2

Ff = 0.4NB = 0.4(2.941P) = 1.176P

 NB = 2.941P

 + ©MA = 0;  NB (0.5) - 0.4NB (0.4) - P(1) = 0

NB

Ff = mk NB = 0.4NB.

19–14. The 12-kg disk has an angular velocity of
. If the brake ABC is applied such that the

magnitude of force P varies with time as shown, determine
the time needed to stop the disk. The coefficient of kinetic
friction at B is . Neglect the thickness of the brake.mk = 0.4

v = 20 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum: Here, we will assume that the tennis racket is
initially at rest and rotates about point A with an angular velocity of immediately 

after it is hit by the ball, which exerts an impulse of on the racket, Fig. a. The 

mass moment of inertia of the racket about its mass center is 

. Since the racket about point A,

. Referring to Fig. b,

(1)

and

a

(2)

Equating Eqs. (1) and (2) yields

Ans.0.03882v = 0.05398v
rP
  rP = 1.39 ft

 LFdt = 0.05398v
rP

 0 + ¢LFdt≤rP = 0.01516v + 1.25
32.2

 Cv(1) D(1)

 + (HA)1 + ©L
t2

t1

MA dt = (HA)2

 L Fdt = 0.03882v

 0 + L  Fdt = a1.25
32.2
b Cv(1) D

 ;+  m(vG)1 + ©L
t2

t1

Fx dt = m(vG)2

(vG) = vrG = v(1)

= 0.01516 slug # ft2

IG = a1.25
32.2
b A0.6252 BLFdt

v

19–15. The 1.25-lb tennis racket has a center of gravity at
G and a radius of gyration about G of .
Determine the position P where the ball must be hit so that
‘no sting’ is felt by the hand holding the racket, i.e., the
horizontal force exerted by the racket on the hand is zero.

kG = 0.625 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.
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Principle of Impulse and Momentum: The mass moment of inertia of the bag about

its mass center is .

Referring to the impulse and momentum diagrams of the bag shown in Fig. a,

and

a

Ans.

Kinematics: Referring to Fig. b,

Ans.d = 0.0625 m

0.2667 = 0.3282(0.75 + d)

vG = vrG>IC

 v = 0.3282 rad>s = 0.328 rad>s 0 + 20(0.25) = 15.23v

 +  IGv1 + ©L
t2

t1

MG  dt = IG v2

 0 + 20 = 75vG      vG = 0.2667 m>s
 A :+ B  m(vG)1 + ©L

t2

t1

Fx  dt = m (vG)2

IG = 1
12

m A3r2 + h2 B = 1
12

(75) c3 A0.252 B + 1.52 d = 15.23 kg # m2

*19–16. If the boxer hits the 75-kg punching bag with an
impulse of , determine the angular velocity of
the bag immediately after it has been hit. Also, find the
location d of point B, about which the bag appears to rotate.
Treat the bag as a uniform cylinder.

I = 20 N # s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.
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Principle of Impulse and Momentum: Since the ball slips, .
The mass moment of inertia of the ball about its mass center is

Referring to Fig. a,

a

Ans.

Ans. t = 0.510 s

 5(5) - 0.08(49.05)(t) = 5(4.6)

 A :+ B m C(vO)x D1 + ©L
t2

t1

Fx  dt = m C(vO)x D2
 (vO)2 = 4.6 m>s 0.02(10) - 5(5)(0.1) + 0 = -5(vO)2 (0.1)

 +  (HA)1 + ©L
t2

t1

MA dt = (HA)2

 0 + N(t) - 5(9.81)t = 0      N = 49.05 N

 A + c B m c(vO)y d
1

+ ©L
t2

t1

Fy  dt = m c(vO)y d
2

IO = 2
5

 mr2 = 2
5

 (5) A0.12 B = 0.02 kg # m2

Ff = mkN = 0.08N

•19–17. The 5-kg ball is cast on the alley with a backspin
of , and the velocity of its center of mass O is

. Determine the time for the ball to stop back
spinning, and the velocity of its center of mass at this
instant. The coefficient of kinetic friction between the ball
and the alley is .mk = 0.08

v0 = 5 m>sv0 = 10 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum: The total mass of the assembly 
is . The mass moment of inertia of the assembly about its
mass center is 

Referring to Fig. b,

Thus, the magnitude of vG is

Ans.

Also

a

Ans. v = 9.49 rad>s 0 + [-10  cos 30°(0.2) - 10 sin 30°(0.2)] = -0.288v

 + IG v1 + ©L
t2

t1

MG dt = IG v2

vG = 2(vG)x
2 + (vG)y

2 = 21.2032 + 0.69442 = 1.39 m>s
 0 + 10  sin 30° = 7.2(vG)y    (vG)y = 0.6944 m>s A :+ B m(vy)1 + ©L

t2

t1

Fy dt = m(vy)2

 0 + 10 cos 30° = 7.2(vG)x    (vG)x = 1.203 m>s (+ T) m(vx)1 + ©L
t2

t1

Fx dt = m(vx)2

=  0.288 kg # m2IG = 1
12

 [6(0.4)] A0.42 B + 2 c 1
12

[6(0.4)] A0.42 B + 6(0.4) A0.22 B d
m = 3[6(0.4)] = 7.2 kg

19–18. The smooth rod assembly shown is at rest when it
is struck by a hammer at A with an impulse of 10 .
Determine the angular velocity of the assembly and the
magnitude of velocity of its mass center immediately after it
has been struck. The rods have a mass per unit length of

.6 kg>m
N # s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum: The mass moment inertia of the flywheel
about point C is . Applying Eq. 19–14 to the
flywheel [FBD(a)], we have

(a

(1)

The mass moment inertia of the disk about point D is 

. Applying Eq. 19–14 to the disk [FBD(b)], we have

(a

(2)

Substitute Eq. (2) into Eq. (1) and solving yields

Ans.v = 116 rad>s
 0.375T2 - 0.375T1 = -0.1953125v

 +) 0 + CT1 (3) D(0.125) - CT2 (3) D(0.125) = 0.1953125v

 ID v1 + ©L
t2

t1

MD dt = ID v2

=  0.1953125 kg # m2

ID = 1
2

 (25) A0.1252 B
 54.0 + 0.375T2 - 0.375T1 = 0.27075v

 +) 0 + L
3 s

0
12t dt + [T2 (3)](0.125) - T1 (3)](0.125) = 0.27075v

 IC v1 + ©L
t2

t1

MC dt = IC v2

IC = 30(0.0952) = 0.27075 kg # m2

19–19. The flywheel A has a mass of 30 kg and a radius of
gyration of . Disk B has a mass of 25 kg, is
pinned at D, and is coupled to the flywheel using a belt
which is subjected to a tension such that it does not slip at its
contacting surfaces. If a motor supplies a counterclockwise
torque or twist to the flywheel, having a magnitude of

, where t is in seconds, determine the
angular velocity of the disk 3 s after the motor is turned on.
Initially, the flywheel is at rest.

M = (12t) N #  m

kC = 95 mm

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum: The mass moment inertia of the flywheel 

about point C is . The angular velocity of the

flywheel is . Applying Eq. 19–14 to the

flywheel [FBD(a)], we have

(a

(1)

The mass moment inertia of the disk about point D is 

. Applying Eq. 19–14 to the disk [FBD(b)], we have

(a

(2)

Substitute Eq. (2) into Eq. (1) and solving yields

Ans.t = 1.04 s

 L(T2 - T1)dt = -34.94

 +) 0 + CLT1 (dt) D(0.75) - CLT2 (dt) D(0.75) = 0.4367(60)

 ID v1 + ©L
t2

t1

MD  dt = ID v2

=  0.4367 slug # ft2

ID = 1
2

 a 50
32.2
b(0.752)

 25t2 + 0.5L(T2 - T1)dt =  9.317

 +) 0 + L
t

0
 50t dt + CLT2 (dt) D(0.5) - CLT1(dt) D(0.5) = 0.1035(90)

 IC v1 + ©L
t2

t1

MC dt = IC v2

vA =
rB

rA
 vB = 0.75

0.5
 (60) = 90.0 rad>sIC = 30

32.2
 a 4

12
b2

= 0.1035 slug # ft2

*19–20. The 30-lb flywheel A has a radius of gyration
about its center of 4 in. Disk B weighs 50 lb and is coupled to
the flywheel by means of a belt which does not slip at its
contacting surfaces. If a motor supplies a counterclockwise
torque to the flywheel of , where t is in
seconds, determine the time required for the disk to attain
an angular velocity of 60 starting from rest.rad>sM = (50t) lb # f t

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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(+b)

Ans.I = 79.8 N # s

1
2

 c1
3

 (20)(2)2 d(0.065625I)2 + 20(9.81)(-1) = 0 + 20(9.81)(1 sin 60°)

T2 + V2 = T3 + V3

 v2 = 0.065625I

 0 + I(1.75) = c1
3

 (20)(2)2 dv2

IA v1 + ©L
t2

t1

MA dt = IAv2

•19–21. For safety reasons, the 20-kg supporting leg of a
sign is designed to break away with negligible resistance at
B when the leg is subjected to the impact of a car.Assuming
that the leg is pinned at A and approximates a thin rod,
determine the impulse the car bumper exerts on it, if after
the impact the leg appears to rotate clockwise to a
maximum angle of .umax = 150°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Principle of Impulse and Momentum:

(a

Kinematics: Point P is the IC.

Using similar triangles,

Ans.
v y

y
=

l
6

 v

y - l
2

  y = 2
3

 l

yB = v y

 0 + 1
6

 mlv = mvG         yG = l
6

 v

 a :+ b   m(yAx)1 + ©L
t2

t1

Fx dt = m(yAx)2

 0 + Ia l
2
b = c 1

12
ml2 dv I = 1

6
 mlv

 +)    IG v1 + ©L
t2

t1

MG  dt = IG v2

19–22. The slender rod has a mass m and is suspended at
its end A by a cord. If the rod receives a horizontal blow
giving it an impulse I at its bottom B, determine the location
y of the point P about which the rod appears to rotate
during the impact.

A

BI

P

l

y
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Principle of Angular Momentum: Since the disk is not rigidly attached to the yoke,
only the linear momentum of its mass center contributes to the angular momentum
about point O. Here, the yoke rotates about the fixed axis, thus .
Referring to Fig. a,

a

Ans. v = 20 rad>s 
5t3

3
2 3 s

0
= 2.25v

 0 + L
3 s

0
 5t2dt = 25 Cv(0.3) D(0.3)

 + (HO)1 + ©L
t2

t1

MO dt = (HO)2

vA = vrOA = v(0.3)

19–23. The 25-kg circular disk is attached to the yoke by
means of a smooth axle A. Screw C is used to lock the disk
to the yoke. If the yoke is subjected to a torque of

, where t is in seconds, and the disk is
unlocked, determine the angular velocity of the yoke when

, starting from rest. Neglect the mass of the yoke.t = 3 s

M = (5t2) N # m

0.15 m

0.3 m

A

C

M # (5t2) N ! m
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Principle of Angular Momentum: The mass moment of inertia of the disk about its

mass center is . Since the yoke rotates

about a fixed axis, . Referring to Fig. a,

a

Ans. v = 17.8 rad>s
 
5t3

3
2 3 s

0
= 2.53125v

 0 + L
3  s

0
 5t2dt = 0.28125v + 25 Cv(0.3) D(0.3)

 + (HO)1 + ©L
t2

t1

MO  dt = (HO)2

vA = vrOA = v(0.3)

IA = 1
2

 mr2 = 1
2

 (25) A0.152 B = 0.28125 kg # m2

*19–24. The 25-kg circular disk is attached to the yoke by
means of a smooth axle A. Screw C is used to lock the disk
to the yoke. If the yoke is subjected to a torque of

, where t is in seconds, and the disk is
locked, determine the angular velocity of the yoke when

, starting from rest. Neglect the mass of the yoke.t = 3 s

M = (5t2) N # m

0.15 m

0.3 m

A

C

M # (5t2) N ! m
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Principle of Impulse and Momentum: The mass moment of inertia of the rods 

about their mass center is . Since the 

assembly rotates about the fixed axis, and 

. Referring to Fig. a,

c

Ans. v = 9 rad>s 5t3 2 3 s

0
= 15v

 0 + L
3 s

0
15t2dt = 9 Cv(0.5) D(0.5) + 0.75v + 9 Cv(1.118) D(1.118) + 0.75v

 + (Hz)1 + ©L
t2

t1

Mz dt = (Hz)2

(vG)BC = v(rG)BC = va212 + (0.5)2b = v(1.118)

(vG)AB = v(rG)AB = v(0.5)

IG = 1
12

 ml2 = 1
12

 (9) A12 B = 0.75 kg # m2

•19–25. If the shaft is subjected to a torque of
, where t is in seconds, determine the

angular velocity of the assembly when , starting from
rest. Rods AB and BC each have a mass of 9 kg.

t = 3 s
M = (15t2) N # m 1 m

C

B

A

M ! (15t2) N " m1 m
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Principle of Impulse and Momentum. The mass moment of inertia of the wheels 

about their mass center are .

Since the wheels roll without slipping, . From Figs. a, b, and c,

a

(1)

and

c

(2)

From Fig. d,

(3)

Substituting Eqs. (1) and (2) into Eq. (3),

Ans.v = 19.4 ft>s
(160 - 1.019v)(10) - 1.019v(10) = a2000

32.2
bv

 0 + Ax(10) - Bx(10) = a2000
32.2

bv

 a ;+ b m C(vG)x D1 + ©L
t2

t1

Fx dt = m C(vG)x D2
 Bx = 1.019v

 0 + Bx(10)(1.25) = 6.211(0.8v) + 2 c a 100
32.2
bv d(1.25)

 + (HD)1 + ©L
t2

t1

MD  dt = (HD)2

 Ax = 160 - 1.019v

 0 + 2(100)(10) - Ax(10)(1.25) = 6.211(0.8v) + 2 c a 100
32.2
bv d(1.25)

 + (HC)1 + ©L
t2

t1

MC dt = (HC)2

v = v
r

= v
1.25

= 0.8v

IA = IB = 2mk2 = 2a 100
32.2
b A12 B = 6.211 slug # ft2

19–26. The body and bucket of a skid steer loader has a
weight of and its center of gravity is located at 
Each of the four wheels has a weight of and a radius
of gyration about its center of gravity of If the engine
supplies a torque of to each of the rear drive
wheels, determine the speed of the loader in 
starting from rest. The wheels roll without slipping.

t = 10 s,
M = 100 lb # ft

1 ft.
100 lb

G.2000 lb,

2 ft 1 ft

1.25 ft 1.25 ftG

M
2 ft
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Principle of Impulse and Momentum: The mass momentum of inertia of the wheels 

about their mass centers are .

Since the wheels roll without slipping, . From Figs. a, b,
and c,

a

(1)

and

c

(2)

From Fig. d,

(3)

Substituting Eqs. (1) and (2) into Eq. (3),

Ans.M = 103 lb # ft

(1.6M - 20.37)(10) - 20.37(10) = 2000
32.2

 (20)

 0 + Ax (10) - Bx(10) = 2000
32.2

 (20)

 a ;+ b m C(vG)x D1 + ©L
t2

t1

Fx dt = m C(vG)x D2
 Bx = 20.37 lb

 0 + Bx(10)(1.25) = 6.211(16) + 2 c 100
32.2

 (20) d(1.25)

 + (HD)1 + ©L
t2

t1

MD dt = (HD)2

 Ax = 1.6M - 20.37

 0 + 2M(10) - Ax(10)(1.25) = 6.211(16) + 2 c 100
32.2

 (20) d(1.25)

 + (HC)1 + ©L
t2

t1

MC dt = (HC)2

v = v
r

= 20
1.25

= 16 rad>sIA = IB = 2mk2 = 2a 100
32.2
b A12 B = 6.211 slug # ft2

19–27. The body and bucket of a skid steer loader has a
weight of 2000 lb, and its center of gravity is located at G.
Each of the four wheels has a weight of 100 lb and a radius
of gyration about its center of gravity of 1 ft. If the loader
attains a speed of in 10 s, starting from rest,
determine the torque M supplied to each of the rear drive
wheels. The wheels roll without slipping.

20 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft 1 ft

1.25 ft 1.25 ftG

M
2 ft
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Bar BC:

(a

(1)

(2)

Bar AB:

(a

(3)

(4)

(5)A + c B vBy = (vG¿)y + vAB a l
2
b = (vG)y - vBC a l

2
b

vB = vG¿ + vB>G¿ = vG + vB>G
 0 + LBy dt = m(vG¿)y

 A + c B m(vGy)1 + ©LFy dt = m(vGy)2

 0 + LBy dt a l
2
b = IG vAB

 +) (HG¿)1 + ©LMG¿ dt = (HG¿)2

 0 - LBy dt + I sin 45° = m(vG)y

 (+ c) m(vGy)1 + ©LFy dt = m(vGy)2

 0 + LBy dt a l
2
b = IG vBC

 +) (HG)1 + ©LMG dt = (HG)2

*19–28. The two rods each have a mass m and a length l,
and lie on the smooth horizontal plane. If an impulse I is
applied at an angle of 45° to one of the rods at midlength as
shown, determine the angular velocity of each rod just after
the impact. The rods are pin connected at B.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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45#

l/2
l/2

l

A

C
I

B
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Eliminate from Eqs. (1) and (2), from Eqs. (3) and (4), and between 

Eqs. (1) and (3). This yields

Substituting into Eq. (5),

Ans.vAB = vBC = 3

422
 a I

ml
b

4
3

 vAB I = I
m

 sin 45°

a 4
ml
b a 1

12
 ml2bvAB + vAB l = I

m
 sin 45°

a 4
ml
bIGvAB + vAB l = I

m
 sin 45°

1
m

 a2
l
bIG vAB + vAB a l

2
b = - cIGavAB

m
b a2

l
b d + I

m
 sin 45° - vAB a l

2
b

vBC = vAB

m(vG)y a l
2
b = IG vAB

IG vBC = l
2

 (I sin 45° - m(vG)y)

LBy dt
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(a

Ans. LF dt = 15.2 kN # s

 0 + cLF dt d(3.5) = 175(2.25)2 (60)

 +) (HG)1 + ©LMG dt = (HG)2

•19–29. The car strikes the side of a light pole, which is
designed to break away from its base with negligible
resistance. From a video taken of the collision it is observed
that the pole was given an angular velocity of 60
when AC was vertical. The pole has a mass of 175 kg, a
center of mass at G, and a radius of gyration about an axis
perpendicular to the plane of the pole assembly and passing
through G of . Determine the horizontal
impulse which the car exerts on the pole at the instant AC is
essentially vertical.

kG = 2.25 m

rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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0.5 m

0.5 m

4 m

G

C

A

B
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Driving Wheels: (mass is neglected)

a

Frame and driving wheels:

(1)

Roller:

(a

(2)

Solving Eqs. (1) and (2):

Ans.vG = 0.557 m>sAx = 435 N

 Ax = 781.25vG

 0 + Ax (4)(0.6) = C2000(0.45)2 D a vG

0.6
b + C2000(vG) D(0.6)

 +)  (HB)1 + ©LMB dt = (HB)2

vG = vA = 0.6v

 Ax = 12 00 - 1375vG

 0 + 1200(4) - Ax (4) = 5500vG

 a ;+ b m(vGx)1 + ©LFx dt = m(vGx)2

 FC = 1200 N

 + ©MD = 0; 600 - FC (0.5) = 0

19–30. The frame of the roller has a mass of 5.5 Mg and a
center of mass at G. The roller has a mass of 2 Mg and
a radius of gyration about its mass center of . If
a torque of is applied to the rear wheels,
determine the speed of the compactor in , starting
from rest. No slipping occurs. Neglect the mass of the
driving wheels.

t = 4 s
M = 600 N # m

kA = 0.45 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A D

G

0.86 m
0.6 m

0.5 m

1.95 m 1.10 m
B C

M
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Principle of Angular Impulse and Momentum: The mass moment of inertia of the
satellite about its centroidal z axis is . The

initial angular velocity of the satellite is 

.Applying the angular impulse and momentum equation about the z axis,

Thus,

Ans.v2 = [-31.8k] rad>s
15625p + A150 000e- 0.1t B 2 5 s

0
= 312.5v2

312.5(50p) - B2L
5 s

0
5000e- 0.1t(1.5)dtR = 312.5v2

Iz  v1 + ©L
t2

t1

Mz  dt = Iz  v2

=  50p rad>s v1 = a1500 
rev
min
b a 2p rad

1 rev
b a1 min

60 s
bIz = mkz

2 = 200 A1.252 B = 312.5 kg # m2

19–31. The 200-kg satellite has a radius of gyration about
the centroidal z axis of . Initially it is rotating
with a constant angular velocity of .
If the two jets A and B are fired simultaneously and produce
a thrust of , where t is in seconds, determine
the angular velocity of the satellite, five seconds after firing.

T = (5e—0.1t) kN

V0 = 51500 k6 rev>min
kz = 1.25 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x y

z

1.5 m

1.5 m

T ! (5e(–t/10)) kN

T ! (5e(–t/10)) kN

A

B

Principle of Angular Impulse and Momentum: The mass moment of inertia of the 

assembly about the z axis is 

. Using the free-body diagram of the assembly shown in Fig. a,

a

Thus,

Ans. v2 = 13.6 rad>s
 A -300e- 0.1t B 2 5 s

0
= 8.70v2

 0 + L
5 s

0
30e- 0.1tdt = 8.70v2

 +  Iz v1 + ©L
t2

t1

Mz dt = Iz v2

=  8.70 kg # m2

Iz = 2 c1
3

 (5) A0.62 B d + c 1
12

 (25) A0.62 B + 25(0.6 sin 60°)2 d

*19–32. If the shaft is subjected to a torque of
, where t is in seconds, determine the

angular velocity of the assembly when , starting from
rest.The rectangular plate has a mass of 25 kg. Rods AC and
BC have the same mass of 5 kg.

t = 5 s
M = (30e—0.1t) N # m

x

C

B

A

y

z

0.6 m

0.6 m

0.6 m

0.2 m

M ! (30e($0.1t)) N " m
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Conservation of Angular Momentum: Other than the weight, there is no external
impulse during the motion. Thus, the angular momentum of the gymnast is
conserved about his mass center G. The mass moments of inertia of the gymnast at

the fully-stretched and tucked positions are 

and . Thus,

Ans.vB = 10.9 rad>s19.14(3) = 5.273vB

(HA)G = (HB)G

(IB)G = 1
2

 mr2 = 1
2

 (75) A0.3752 B = 5.273 kg # m2=  19.14 kg # m2

(IA)G = 1
12

 ml2 = 1
12

 (75) A1.752 B

•19–33. The 75-kg gymnast lets go of the horizontal bar in
a fully stretched position A, rotating with an angular
velocity of . Estimate his angular velocity
when he assumes a tucked position B. Assume the gymnast
at positions A and B as a uniform slender rod and a uniform
circular disk, respectively.

vA = 3 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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1.75 m

750 mm

G

G

A

B

vA ! 3 rad/s

Conservation of Angular Momentum: The mass moment of inertia of the rod about 

the z axis is and the mass moment of 

inertia of the man and the turntable about the z axis is 

. Since no external angular impulse acts on the system, the angular
momentum of the system is conserverved about the z axis.

Ans.kz = 0.122 m

2(2) = A0.225 + 75k2
z B3vr = -3 + 5 = 2 rad>svr = vm + lm

0 = 2(vr) - A0.225 + 75k2
z B(3)

AHz B1 = AHz B2
=  0.225 + 75k2

z

(Im)z = 1
2

 (5) A0.32 B + 75k2
z

(Ir)z = 1
12

 ml2 = 1
12

 (6) A22 B = 2 kg # m2

19–34. A 75-kg man stands on the turntable A and rotates a
6-kg slender rod over his head. If the angular velocity of the
rod is measured relative to the man and the
turntable is observed to be rotating in the opposite direction
with an angular velocity of , determine the radius
of gyration of the man about the z axis. Consider the turntable
as a thin circular disk of 300-mm radius and 5-kg mass.

vt = 3 rad>svr = 5 rad>s z

1 m1 m

A
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(a

Ans. v = 0.175 rad>s 0 = - a 300
32.2
b(8)2 v + a 150

32.2
b(-10v + 4)(10)

 +)  (Hz)1 = (Hz)2

a :+ b vm = -10v + 4

vm = vp + vm>p

19–35. A horizontal circular platform has a weight of
300 lb and a radius of gyration about the z axis
passing through its center O. The platform is free to rotate
about the z axis and is initially at rest. A man having a
weight of 150 lb begins to run along the edge in a circular
path of radius 10 ft. If he maintains a speed of 4 relative
to the platform, determine the angular velocity of the
platform. Neglect friction.

ft>s
kz = 8 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

O
10 ft

a)

Ans.

b)

Ans. v = 0

 0 + 0 = 0 - a 300
32.2
b(8)2 v - a 150

32.2
b(10v)(10)

 (Hz)1 = (Hz)2

 v = 0.0210 rad>s 228v = -10v + 5

 a :+ b vb = -10v + 5

vb = vm + vb>m
 vb = 228v

 0 + 0 = a 15
32.2
b(vb)(10) - a 300

32.2
b(8)2 v - a 150

32.2
b(10v)(10)

 (Hz)1 = (Hz)2

*19–36. A horizontal circular platform has a weight of
300 lb and a radius of gyration about the z axis
passing through its center O. The platform is free to rotate
about the z axis and is initially at rest. A man having a
weight of 150 lb throws a 15-lb block off the edge of the
platform with a horizontal velocity of 5 , measured
relative to the platform. Determine the angular velocity of
the platform if the block is thrown (a) tangent to the
platform, along the axis, and (b) outward along a radial
line, or axis. Neglect the size of the man.+n

+ t

ft>s
kz = 8 ft

z

O

n

t

10 ft
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Mass Moment of Inertia: The mass moment inertia of the man and the weights
about z axis when the man arms are fully stretched is

The mass moment inertia of the man and the weights about z axis when the weights
are drawn in to a distance 0.3 ft from z axis

Conservation of Angular Momentum: Applying Eq. 19–17, we have

Ans. (vz)2 = 6.75 rad>s 3.444(3) = 1.531(vz)2

 (Hz)1 = (Hz)2

(Iz)2 = a 160
32.2
b A0.552 B + 2 c 5

32.2
 A0.32 B d = 1.531 slug # ft2

(Iz)1 = a 160
32.2
b A0.552 B + 2 c 5

32.2
 A2.52 B d = 3.444 slug # ft2

•19–37. The man sits on the swivel chair holding two 5-lb
weights with his arms outstretched. If he is rotating at
3 in this position, determine his angular velocity when
the weights are drawn in and held 0.3 ft from the axis of
rotation. Assume he weighs 160 lb and has a radius of
gyration about the z axis. Neglect the mass of his
arms and the size of the weights for the calculation.

kz = 0.55 ft

rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

3 rad/s

2.5 ft2.5 ft

Conservation of Angular Momentum: When and , the mass
momentum of inertia of the satellite are

Thus,

Ans.v2 = 5.09 rev>s43.8(5) = 43v2

(Iz)1 v1 = (Iz)2 v2

(Hz)1 = (Hz)2

 = 43 kg # m2

 (Iz)2 = 200 A0.22 B + 2 c 1
12

 (30) A0.52 B + 30 A0.752 B d = 43.8 kg # m2

 (Iz)1 = 200 A0.22 B + 2 c 1
12

 (30) A0.52 + 0.42 B + 30 A0.752 B d
u = 90°u = 0°

19–38. The satellite’s body C has a mass of 200 kg and a
radius of gyration about the z axis of . If the
satellite rotates about the z axis with an angular velocity of

, when the solar panels are in a position of
, determine the angular velocity of the satellite when

the solar panels are rotated to a position of .
Consider each solar panel to be a thin plate having a mass
of 30 kg. Neglect the mass of the rods.

u = 90°
u = 0°

A and B5 rev>s kz = 0.2 m

0.5 m
0.5 m

0.4 m

B

y

z

A
Cx

u
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Kinematics: Since the platform rotates about a fixed axis, the speed of point P on
the platform to which the man leaps is . Applying the relative
velocity equation,

(1)

Conservation of Angular Momentum: As shown in Fig. b, the impulse 

generated during the leap is internal to the system. Thus, angular momentum of 
the system is conserved about the axis perpendicular to the page passing through
point O. The mass moment of inertia of the platform about this axis is  

Then

(2)

Solving Eqs. (1) and (2) yields

Ans.

vm = 3.05 ft>sv = 0.244 rad>s
vm = 12.5v

0 = a 150
32.2

 vmb(8) - 465.84v

(HO)1 = (HO)2

=  
1
2

 a 300
32.2
b A102 B = 465.84 slug # ft2IO = 1

2
 mr2

L  Fdt

 A + c B vm = -v(8) + 5

 vm = vP + vm>P
vP = vr = v(8)

19–39. A 150-lb man leaps off  the circular platform with a
velocity of , relative to the platform.
Determine the angular velocity of the platform afterwards.
Initially the man and platform are at rest. The platform
weighs 300 lb and can be treated as a uniform circular disk.

vm>p = 5 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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8 ft

10 ft

vm/p # 5 ft/s
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Kinematics: Since the platform rotates about a fixed axis, the speed of points P and
on the platform at which men B and A are located is and

. Applying the relative velocity equation,

(1)

and

(2)

Conservation of Angular Momentum: As shown in Fig. b, the impulses 

and are internal to the system. Thus, angular momentum of the system is 

conserved about the axis perpendicular to the page passing through point O. The 

mass moment of inertia of the platform about this axis is 
. Then

(3)

Substituting Eqs. (1) and (2) into Eq. (3),

Ans.v = 0.141 rad>s0 = 75(-2.5v + 2)(2.5) - 60(2v + 1.5)(2) - 675v

0 = 75vB (2.5) - 60vA (2) - 675v

(HO)1 = (HO)2

=  675 kg # m2
IO = 1

2
 mr2 = 1

2
 (150) A32 BLFB dt

LFA dt

 A + T B vB = v(2) + 1.5

 vA = vP¿ + vA>P¿

 A + T B vB = -v(2.5) + 2

 vB = vP + vB>P
vP¿ = vrP¿ = v(2)

vP = vrP = v(2.5)P¿

*19–40. The 150-kg platform can be considered as a
circular disk. Two men, A and B, of  60-kg and 75-kg mass,
respectively, stand on the platform when it is at rest. If they
start to walk around the circular paths with speeds of

and , measured relative to the
platform, determine the angular velocity of the platform.

vB>p = 2 m>svA>p = 1.5 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 m

2.5 m

3 m

B

A
vA/p = 1.5 m/s

vB/p = 2 m/s
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Mass Moment of Inertia: The mass moment inertia of the merry-go-round about the
z axis when both children are still on it is

The mass moment inertia of the merry-go-round about z axis when child A jumps off

The mass moment inertia of the merry-go-round about z axis when both children
jump off

Conservation of Angular Momentum: When child A jumps off in the –n direction,
applying Eq. 19–17, we have

Ans.

Subsequently, when child B jumps off from the merry-go-round in the –t direction,
applying Eq. 19–17, we have

(1)

Relative Velocity: The speed of a point located on the edge of the merry-go-round at
the instant child B jumps off is .

(2)

Substituting Eq. (2) into Eq. (1) and solving yields

Ans.v3 = 2.96 rad>s
yB = -yM + yB>M = -v3 (0.75) + 2

yM = v3 (0.75)

 81.675(2.413) = 64.80v3 - 30yB (0.75)

 (Iz)2 v2 = (Iz)3 v3 - (mB yB)(0.75)

 (Hz)2 = (Hz)3

 v2 = 2.413 rad>s = 2.41 rad>s 98.55(2) = 81.675v2

 (Iz)1 v1 = (Iz)2 v2

 (Hz)1 = (Hz)2

(Iz)3 = 180 A0.62 B + 0 = 64.80 kg # m2

(Iz)2 = 180 A0.62 B + 30 A0.752 B = 81.675 kg # m2

(Iz)1 = 180 A0.62 B + 2 C30 A0.752 B D = 98.55 kg # m2

•19–41. Two children A and B, each having a mass of 30 kg,
sit at the edge of the merry-go-round which rotates at

. Excluding the children, the merry-go-round
has a mass of 180 kg and a radius of gyration .
Determine the angular velocity of the merry-go-round if A
jumps off horizontally in the direction with a speed of
2 , measured relative to the merry-go-round. What is the
merry-go-round’s angular velocity if B then jumps off
horizontally in the direction with a speed of 2 ,
measured relative to the merry-go-round? Neglect friction
and the size of each child.

m>s- t

m>s -n

kz = 0.6 m
v =  2 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Mass Moment of Inertia: The mass moment inertia of the thin plate about the z axis
passing through its mass center is

The mass moment inertia of the thin plate about z axis passing through peg P is

Conservation of Angular Momentum: Applying Eq. 19–17, we have

Ans. v2 = 1
4

 v1

 a1
6

 ma2bv1 = a2
3

 ma2bv2

 HG = HP

(Iz)P = 1
12

 (m) Aa2 + a2 B + mB  Daa
2
b2

+ aa
2
b2R2

= 2
3

 ma2

(Iz)G = 1
12

 (m) Aa2 + a2 B = 1
6

 ma2

19–42. A thin square plate of mass m rotates on the
smooth surface with an angular velocity Determine its
new angular velocity just after the hook at its corner strikes
the peg P and the plate starts to rotate about P without
rebounding.

v1.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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So that

Ans.y2 = 1.56(0.125) = 0.195 m>s
v4 = 1.56 rad>s + 1
2

 (8)(v4)2(0.125)2

 = 8(9.81)(0.90326(10- 3)) + 1
2

 c2
5

 (8)(0.125)2 d(v4)2

 
1
2

 c2
5

 (8)(0.125)2 d(1.7980)2 + 1
2

(8)(1.7980)2(0.125)2 + 0

 T3 + V3 = T4 + V4

v3 = 1.7980 rad>s = c2
5

(8)(0.125)2 dv3 + 8(0.125)v3 (0.125)

 -  8(0.22948 sin 6.892°)(0.125 sin 6.892°)

 c2
5

 (8)(0.125)2 d(1.836) + 8(1.836)(0.125) cos 6.892°(0.125 cos 6.892°)

 (HB)2 = (HB)3

v = 1.836 rad>s = -(0.90326)(10- 3)8(9.81) + 1
2

 (8)v2(0.125)2 + 1
2

 c2
5

 (8)(0.125)2 d(v)2

 
1
2

 (8)(0.2)2 + 1
2

 c2
5

 (8)(0.125)2 d(1.6)2 + 0

 T1 + V1 = T2 + V2

h = 125 - 125 cos 6.8921° = 0.90326 mm

u = sin- 1 a 15
125
b = 6.8921°

v2 =
y2

0.125
= 8y2v1 = 0.2

0.125
= 1.6 rad>s

19–43. A ball having a mass of 8 kg and initial speed of
rolls over a 30-mm-long depression.Assuming

that the ball rolls off the edges of contact first A, then B,
without slipping, determine its final velocity when it
reaches the other side.

v2

v1 = 0.2 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The weight is non-impulsive.

When hoop is about to rebound, . Also, , and so

Ans.v1 = 6.9602
0.9444

= 7.37 rad>sv2 = 6.9602 rad>s cos u = 160
180

NA - 0

+R©Fn = m(aG)n ; (15)(9.81) cos u - NA = 15v2
2 (0.18)

v2 = 0.9444v1

15(v1)(0.18)(0.18 - 0.02) + C15(0.18)2 D(v1) = C15(0.18)2 + 15(0.18)2 Dv2

(HA)1 = (HA)2

*19–44. The 15-kg thin ring strikes the 20-mm-high step.
Determine the smallest angular velocity the ring can have
so that it will just roll over the step at A without slipping

v1

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: Datum is set at point B. When the pole is at its initial and
final position, its center of gravity is located 1.5 m and above 
the datum. Its initial and final potential energy are 
and . The mass moment of inertia about point B is

. The kinetic energy of the pole before 

the impact is . Applying Eq. 18–18, we have

Conservation of Angular Momentum: Since the weight of the pole is nonimpulsive
force, the angular momentum is conserved about point A. The velocity of its mass
center before impact is . The mass moment
of inertia of the pole about its mass center and point A are 

and 

Applying Eq. 19–17, we have

Ans. v2 = 1.53 rad>s [15(1.720)]a1.5 - 0.5
sin 60°

b + 11.25(1.146) = 24.02v2

 (myG)(rGA) + IG v1 = IA v2

 (HA)1 = (HA)2

IA = 1
12

 (15) A32 B + 15a1.5 - 0.5
sin 60°

b2

= 24.02 kg # m2

IG = 1
12

 (15) A32 B = 11.25 kg # m2

yG = v1 rGB = 1.146(1.5) = 1.720 m>s
 v1 = 1.146 rad>s 0 + 220.725 = 22.5v2

1 + 191.15

 T1 + V1 = T2 + V2

1
2

 IB v2
1 = 1

2
 (45.0)v2

1 = 22.5v2
1

IB = 1
12

 (15) A32 B + 15 A1.52 B = 45.0 kg # m2

15(9.81)(1.299) = 191.15 N # m
15(9.81)(1.5) = 220.725 N # m
1.5 sin 60° m = 1.299 m

•19–45. The uniform pole has a mass of 15 kg and falls
from rest when It strikes the edge at A when

. If the pole then begins to pivot about this point
after contact, determine the pole’s angular velocity just
after the impact. Assume that the pole does not slip at B as
it falls until it strikes A.

u = 60°
u = 90°.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: If the block tips over about point D, it must at least achieve
the dash position shown. Datum is set at point D. When the block is at its initial and
final position, its center of gravity is located 0.5 ft and 0.7071 ft above the datum. Its
initial and final potential energy are and

. The mass moment of inertia of the block about point D is

The initial kinetic energy of the block (after the impact) is .
Applying Eq. 18–18, we have

Conservation of Angular Momentum: Since the weight of the block and the normal
reaction N are nonimpulsive forces, the angular momentum is conserves about 
point D. Applying Eq. 19–17, we have

Ans. y = 5.96 ft>s c a 10
32.2
by d(0.5) = 0.2070(4.472)

 (myG)(r¿) = ID v2

 (HD)1 = (HD)2

 v2 = 4.472 rad>s 
1
2

 (0.2070) v2
2 + 5.00 = 0 + 7.071

 T2 + V2 = T3 + V3

1
2

 ID v2
2 = 1

2
 (0.2070) v2

2

ID = 1
12
a 10

32.2
b A12 + 12 B + a 10

32.2
b A20.52 + 0.52 B2 = 0.2070 slug # ft2

10(0.7071) = 7.071 ft # lb
10(0.5) = 5.00 ft # lb

19–46. The 10-lb block slides on the smooth surface when
the corner D hits a stop block S. Determine the minimum
velocity v the block should have which would allow it to tip
over on its side and land in the position shown. Neglect the
size of S. Hint: During impact consider the weight of the
block to be nonimpulsive.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular
impulse of the system about the z axis is zero. Thus, the angular impulse of the
system is conserved about the z axis.The mass moment of inertia of the target about 

the z axis is . Since the target rotates 

about the z axis when the bullet is embedded in the target, the bullet’s velocity is
. Then,

Ans.v = 26.4 rad>s0.025(600)(0.2) = 0.1125v + 0.025 Cv(0.2) D(0.2)

(Hz)1 = (Hz)2

(vb)2 = v(0.2)

Iz = 1
4

 mr2 = 1
4

 (5) A0.32 B = 0.1125 kg # m2

19–47. The target is a thin 5-kg circular disk that can
rotate freely about the z axis. A 25-g bullet, traveling at

, strikes the target at A and becomes embedded in
it. Determine the angular velocity of the target after  the
impact. Initially, it is at rest.

600 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular
impulses about point B is zero. Thus, angular impulse of the system is conserved
about this point. Since rod AC rotates about point B,
and . The mass moment of inertia of rod AC about its mass 

center is . Then,

Ans.

Conservation of Energy: With reference to the datum in Fig. a,

and 

The initial kinetic energy of the system is 

Since the system is required to be at rest in the final position, . Then,

Ans.u = 47.4°

10.11 + 0 = 0 + 13.734 sin u

T2 + V2 = T3 + V3

T3 = 0

 = 1
2

 (1.2) A3.3712 B +  
1
2

 (10) C3.371(0.2) D2 + 1
2

 (2) C3.371(0.3) D 2 = 10.11 J

 T2 = 1
2

 IGAC v2 
2 + 1

2
 mAC (vGAC)2 

2 + 1
2

 mD(vGD)2 
2 

 = 10(9.81)(0.2 sin u) - 2(9.81)(0.3 sin u) = 13.734 sin u

 V3 = AVg B3 = WAC (yGAC)3 - WD(yGD)3

V2 = AVg B2 = WAC (yGAC)2 + WD(yGD)2 = 0

v2 = 3.371 rad>s 2(10)(0.3) = 1.2v2 + 10 Cv2(0.2) D(0.2) + 2 Cv2(0.3) D(0.3)

 (HB)1 = (HB)2

IGAC = 1
12

 ml2 = 1
12

 (10) A1.22 B = 1.2 kg # m2

(vD)2 = v2rGD = v2(0.3)
(vGAC)2 = v2rGAC = v2(0.2)

*19–48. A 2-kg mass of putty D strikes the uniform 10-kg
plank ABC with a velocity of . If the putty remains
attached to the plank, determine the maximum angle of
swing before the plank momentarily stops. Neglect the size
of the putty.

u
10 m>s
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•19–49. The uniform 6-kg slender rod AB is given a slight
horizontal disturbance when it is in the vertical position and
rotates about B without slipping. Subsequently, it strikes the
step at C. The impact is perfectly plastic and so the rod
rotates about C without slipping after the impact.
Determine the angular velocity of the rod when it is in the
horizontal position shown.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: From the geometry of Fig. a,

and . Thus, . With 
reference to the datum, ,

,and .
Since the rod is initially at rest, . The rod rotates about point B before impact.
Thus, .The mass moment of inertia of the rod about its mass

center is . Then,

. Therefore,

The rod rotates about point C after impact. Thus, . Then,

so that

and 

(1)

Conservation of Angular Momentum: Referring to Fig. b, the sum of the angular
impulses about point C is zero. Thus, angular momentum of the rod is conserved
about this point during the impact. Then,

Substituting this result into Eq. (1), we obtain

Ans.v4 = 6.36 rad>sv4 
2 - (5.056)2 = 14.87

v3 = 5.056 rad>s6 C3.431(0.5) D(0.125) + 0.5(3.431) = 6 Cv3(0.125) D(0.125) + 0.5v3

(HC)1 = (HC)2

v4 
2 - v3 

2 = 14.87

0.296875v3 
2 + 17.658 = 0.296875v4 

2 + 13.2435

T3 + V3 = T4 + V4

T4 = 0.296875v4 
2T3 = 0.296875v3 

2

T = 1
2

 m(vG)2 + 1
2

 IGv
2 = 1

2
(6) Cv(0.125) D2 + 1

2
 (0.5)v2 = 0.296875v2

vG = vrCG = v(0.125)

v2 = 3.431 rad>s0 + 29.43 = 1v2 
2 + 17.658

T1 + V1 = T2 + V2

=  
1
2

 (6) Cv2(0.5) D2 + 1
2

 (0.5)v2 
2 = 1v2 

2

T2 = 1
2

 m(vG)2 
2 + 1

2
 IGv

2IG = 1
12

 ml2 = 1
12

 (6) A12 B = 0.5 kg # m2

(vG)2 = v2rBG = v2 (0.5)
T1 = 0

=  13.2435 JV4 = W(yG)4 = 6(9.81)(0.225)=  6(9.81)(0.5 sin 36.87°) = 17.658 J
V2 = V3 = W(yG)3V1 = W(yG)1 = 6(9.81)(0.5) = 29.43 J

rCG = 0.5 - 0.375 = 0.125 mBC = 20.32 + 0.2252 = 0.375 m

u = tan- 1 a0.225
0.3
b = 36.87°
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Conservation of Angular Momentum: Referring to Fig. a, the sum of the angular
impulses about point B is zero. Thus, angular momentum of the system is conserved
about this point during the impact. Since the plank rotates about point B,

and . The mass moment of inertia of the plank about 

its mass center is . Thus,

(1)

Coefficient of Restitution: Here, . Thus,

(2)

Solving Eqs. (1) and (2),

Conservation of Energy: With reference to the datum in Fig. b,
and .

and 

Thus,

and 

Then

Ans.h = 4.99 ft

249.33 + 0 = 0 + 50h

T2 + V2 = T3 + V3

T3 = 0T2 = 1
2

 mD(vD)2 
2 = 1

2
 a 50

32.2
b A17.922 B = 249.33 ft # lb

(vD)3 = 0AvD B2 = v2(1) = 17.92(1) = 17.92 ft>sV3 = AVg B3 = WD(yG)3 = 50h=  WD(yG)2 = 0
V2 = AVg B2v2 = 17.92 rad>s (vH)2 = -16.26 ft>s = 16.26 ft>s T

 3v2 + (vH)2 = 37.5

 0.5 =
-v2(3) - (vH)2

-75 - 0

 A + c B e =
(vA)2 - (vH)2

(vH)1 - (vA)1

(vA)2 = v2(3) T

4.581v2 - 1398(vH)2 = 104.81

15
32.2

 (75)(3) = 50
32.2

 Cv2(1) D(1) + 30
32.2
Cv2(1.25) D(1.25) + 1.572v2 - 15

32.2
 (vH)2(3)

(HB)1 = (HB)2

IG = 1
12

 ml2 = 1
12

 a 30
32.2
b A4.52 B = 1.572 slug # ft2

(vG)2 = v2(1.25)(vD)2 = v2(1)

19–50. The rigid 30-lb plank is struck by the 15-lb hammer
head H. Just before the impact the hammer is gripped
loosely and has a vertical velocity of . If the coefficient
of restitution between the hammer head and the plank is

, determine the maximum height attained by the 50-lb
block D. The block can slide freely along the two vertical
guide rods. The plank is initially in a horizontal position.

e = 0.5

75 ft>s
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Datum at lower position of G.

Ans.u = 17.9°

1
2

 c3
2

 (15)(0.15)2 d(2.0508)2 + 0 = 0 + 15(9.81)(0.15)(1 - cos u)

T2 + V2 = T3 + V3

 v¿ = 2.0508 rad>s
 a :+ b e = 0.6 =

0 - (-0.15v¿)
3.418(0.15) - 0

v = 3.418 rad>s
0 + (15)(9.81)(0.15)(1 - cos 30°) = 1

2
 c3

2
 (15)(0.15)2 dv2 + 0

T1 + V1 = T2 + V2

19–51. The disk has a mass of 15 kg. If it is released from
rest when , determine the maximum angle of
rebound after it collides with the wall. The coefficient of
restitution between the disk and the wall is . When

, the disk hangs such that it just touches the wall.
Neglect friction at the pin C.
u = 0°

e = 0.6

uu = 30°
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Conservation of Angular Momentum: Since force F due to the impact is internal to
the system consisting of the slender bar and the ball, it will cancel out. Thus, angular
momentum is conserved about the z axis.The mass moment of inertia of the slender 

bar about the z axis is . Here, .

Applying Eq. 19–17, we have

(1)

Coefficient of Restitution: Applying Eq. 19–20, we have

(2)

Solving Eqs. (1) and (2) yields

Thus, the angular velocity of the slender rod is given by

Ans.v2 =
(yB)2

2
= 6.943

2
= 3.47 rad>s

(yG)2 = 2.143 ft>s (yB)2 = 6.943 ft>s
0.8 =

(yB)2 - (yG)2

6 - 0

e =
(yB)2 - (yG)2

(yG)1 - (yB)1

 a 3
32.2
b(6)(2) = 0.2070 c (yB)2

2
d + a 3

32.2
b(yG)2(2)

 Cmb (yG)1 D(rb) = Iz v2 + Cmb (yG)2 D(rb)

 (Hz)1 = (Hz)2

v2 =
(yB)2

2
Iz = 1

12
 a 5

32.2
b A42 B = 0.2070 slug # ft2

*19–52. The mass center of the 3-lb ball has a velocity of
when it strikes the end of the smooth 5-lb

slender bar which is at rest. Determine the angular velocity
of the bar about the z axis just after impact if .e = 0.8

(vG)1 = 6 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Energy: With reference to the datum in Fig. a,

and 
. Since the post is initially at rest, . The post 

undergoes curvilinear translation, . Thus,

Conservation of Angular Momentum: The sum of the angular impulses about point
O is zero. Thus, angular momentum of the system is conserved about this point
during the impact. Since the bell rotates about point O, .

The mass moment of inertia of the bell about its mass center is 

. Thus,

(1)

Coefficient of Restitution: The impact point A on the bell along the line of impact 
(x axis) is . Thus,

(2)

Solving Eqs. (1) and (2),

Ans.v3 = 0.365 rad>s (vP)3 = 3.42 ft>s
 3v3 + (vP)3 = 4.513

 A :+ B 0.6 =
-v3(3) - (vP)3

-7.522 - 0

 e =
C(vA)3 Dx - (vP)3

(vP)2 - C(vA)2 Dx
C(vA)3 Dx = v3(3)

209.63v3 - 6.988(vP)3 = 52.56

 
75

32.2
 (7.522)(3) = 300

32.2
 Cv3(4.5) D(4.5) + 20.96v3 - 75

32.2
(vP)3(3)

 (HO)2 = (HO)3

=  
300
32.2

 A1.52 B = 20.96 slug # ft2

IG = 1
12

 mkG 
2

(vG)3 = v3rOG = v3(4.5)

(vP)2 = 7.522 ft>s0 + (-159.10) = 1
2

 c 75
32.2
d(vG)2 

2 + (-225)

T1 + V1 = T2 + V2

T2 = 1
2

 m(vP)2 
2 = 1

2
c 75
32.2
d(vP)2 

2

T1 = 0=  -75(3) = -225 ft # lb
V2 = AVg B2 = -W(yG)2=  -W(yG)1 = -75(3 cos 45°) = -159.10 ft # lb

V1 = AVg B1

•19–53. The 300-lb bell is at rest in the vertical position
before it is struck by a 75-lb wooden post suspended from
two equal-length ropes. If the post is released from rest at

, determine the angular velocity of the bell and the
velocity of the post immediately after the impact. The
coefficient of restitution between the bell and the post is

. The center of gravity of the bell is located at point
G and its radius of gyration about G is .kG = 1.5 ft
e = 0.6

u = 45°
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Conservation of Angular Momentum: Since force F due to the impact is internal to
the system consisting of the slender rod and the block, it will cancel out. Thus,
angular momentum is conserved about point A. The mass moment of inertia of the 

slender rod about point A is .

Here, . Applying Eq. 19–17, we have

(1)

Coefficient of Restitution: Applying Eq. 19–20, we have

(2)

Solving Eqs. (1) and (2) yields

Ans.

(yB)2 = 12.96 ft>s :
(yb)2 = 3.36 ft>s :

 A :+ B  0.8 =
(yB)2 - (yb)2

12 - 0

 e =
(yB)2 - (yb)2

(yb)1 - (yB)1

 a 2
32.2
b(12)(3) = 0.3727 c (yB)2

3
d + a 2

32.2
b(yb)2(3)

 Cmb (yb)1 D(rb) = IA v2 + Cmb (yb)2 D(rb)

 (HA)1 = (HA)2

v2 =
(yB)2

3

IA = 1
12

 a 4
32.2
b A32 B + 4

32.2
 A1.52 B = 0.3727 slug # ft2

19–54. The 4-lb rod AB hangs in the vertical position. A 
2-lb block, sliding on a smooth horizontal surface with a
velocity of 12 , strikes the rod at its end B. Determine
the velocity of the block immediately after the collision.The
coefficient of restitution between the block and the rod at B
is .e = 0.8

ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

A

3 ft

12 ft/s
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Just before impact:

Datum through O.

Since the floor does not move,

Ans.u1 = 39.8°

1
2

 (1.8197)(4.358)2 + 0 = 4(1 sin u1) + 10(2.3 sin u1)

T3 + V3 = T4 + V4

v3 = 10.023
2.3

= 4.358 rad>s (vP)3 = 10.023 ft>s A + c B e = 0.8 =
(vP) - 0

0 - (-12.529)

v = 2.3(5.4475) = 12.529 ft>sv2 = 5.4475 rad>s0 + 4(1) + 10(2.3) = 1
2

 (1.8197)v2 + 0

T1 + V1 = T2 + V2

IA = 1
3

 a 4
32.2
b(2)2 + 2

5
a 10

32.2
b(0.3)2 + a 10

32.2
b(2.3)2 = 1.8197 slug # ft2

19–55. The pendulum consists of a 10-lb sphere and 4-lb
rod. If it is released from rest when , determine the
angle of rebound after the sphere strikes the floor. Take

.e = 0.8
u

u = 90°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Angular Momentum: Since the weight of the solid ball is a
nonimpulsive force, then angular momentum is conserved about point A. The mass 

moment of inertia of the solid ball about its mass center is . Here,

. Applying Eq. 19–17, we have

(1)

Coefficient of Restitution: Applying Eq. 19–20, we have

(2)

Equating Eqs. (1) and (2) yields

Ans.u = tan- 1 ¢A7
5

e≤ tan2 u = 7
5

 e

 
5
7

 tan u = e cos u
sin u

y2

y1
= e cos u

sin u

e =
-(y2 sin u)
-y1 cos u

e =
0 - (yb)2

(yb)1 - 0

 
y2

y1
= 5

7
 tan u

 (my1)(r sin u) = a2
5

 mr2b ay2 cos u
r
b + (my2)(r cos u)

 Cmb (yb)1 D(r¿) = IG v2 + Cmb (yb)2 D(r–)

 (HA)1 = (HA)2

v2 =
y2 cos u

r

IG = 2
5

 mr2

*19–56. The solid ball of mass m is dropped with a
velocity onto the edge of the rough step. If it rebounds
horizontally off the step with a velocity , determine the
angle at which contact occurs. Assume no slipping when
the ball strikes the step. The coefficient of restitution is e.

u
v2

v1
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R2–1. An automobile transmission consists of the
planetary gear system shown. If the ring gear is held fixed
so that , and the shaft and sun gear , rotates at

, determine the angular velocity of each planet gear
and the angular velocity of the connecting rack , which

is free to rotate about the center shaft .s
DP

20 rad>s SsvR = 0
R

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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P

PR

4 in.

8 in.

D

2 in.

S

20 rad/s

R

s

v

For planet gear P: The velocity of point A is .

Ans.

For connecting rack D:

The rack is rotating about a fixed axis (shaft s). Hence,

Ans.3.333 = vDa 6
12
b vD = 6.67 rad>s

yC = vD rD

a :+ b   yC = 6.667 - 20a 2
12
b yC = 3.333 ft>s

 c y:C d = C6.6:67 D + B20 a
;

2
12
b R vC = vA + vC>A

a :+ b   0 = 6.667 - vPa 4
12
b vP = 20 rad>s

 0 = C6.6:67 D + BvP a
;

4
12
b R vB = vA + vB>A

yA = vs rs = 20a 4
12
b = 6.667 ft>s
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For planet gear P: The velocity of points A and B are 

and .

Ans.

For connecting rack D:

The rack is rotating about a fixed axis (shaft s). Hence,

Ans.2.667 = vDa 6
12
b vD = 5.33 rad>s

yC = vD rD

a :+ b  yC = 6.667 - 24a 2
12
b yC = 2.667 ft>s

 c y:C d = c6.6:67 d + B24 a
;

2
12
b R vC = vA + vC>A

a :+ b   -1.333 = 6.667 - vPa 4
12
b vP = 24 rad>s

 c1.3;33 d = c6.6:67 d + BvP a
;

4
12
b R vB = vA + vB>A

yB = vB rB = 2a 8
12
b = 1.333 ft>s=6.667 ft>s yA = vS rS = 20a 4

12
b

R2–2. An automobile transmission consists of the
planetary gear system shown. If the ring gear rotates at

, and the shaft and sun gear , rotates at
, determine the angular velocity of each planet gear

and the angular velocity of the connecting rack , which
is free to rotate about the center shaft .s

DP
20 rad>s SsvR = 2 rad>s R
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P

PR

4 in.

8 in.

D

2 in.

S

20 rad/s

R

s

v
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Datum at A:

a

Solving,

Ans.

vC = 7.61 ft>svBL = -35.3 ft>sv2 = 3.81 rad>s
vC = 2v2

e = 0.7 =
vC - vBL

50 - [-5.675(2)]

1
32.2

 (50)(2) - c1
3

 a 6
32.2
b(3)2 d(5.675) = c1

3
a 6

32.2
b(3)2 dv2 + 1

32.2
 (vBL)(2)

+ (HA)1 = (HA)2

v = 5.675 rad>s0 + 0 = 1
2

 c1
3

 a 6
32.2
b(3)2 dv2 - 6(1.5)

T1 + V1 = T2 + V2

R2–3. The 6-lb slender rod is released from rest when
it is in the horizontal position so that it begins to rotate
clockwise. A 1-lb ball is thrown at the rod with a velocity

. The ball strikes the rod at at the instant the
rod is in the vertical position as shown. Determine the
angular velocity of the rod just after the impact. Take

and .d = 2 fte = 0.7

Cv = 50 ft>s
AB

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

C

d

! 50 ft/sv

3 ft
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A

B

C

d

! 50 ft/sv

3 fta

Thus,

Ans.

vBL = -19.5 ft>sv2 = 7.73 rad>s
 vC = 2v2

 e = 0.7 =
vC - vBL

50 - 0

 a 1
32.2
b(50)(2) = c1

3
 a 6

32.2
b(3)2 dv2 + 1

32.2
(vBL)(2)

 +  (HA)1 = (HA)2

*R2–4. The 6-lb slender rod is originally at rest,
suspended in the vertical position. A 1-lb ball is thrown at
the rod with a velocity and strikes the rod at .
Determine the angular velocity of the rod just after the
impact. Take and .d = 2 fte = 0.7

Cv = 50 ft>sAB
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R2–5. The 6-lb slender rod is originally at rest, suspended
in the vertical position. Determine the distance where the
1-lb ball, traveling at , should strike the rod so
that it does not create a horizontal impulse at .What is the
rod’s angular velocity just after the impact? Take .e = 0.5

A
v = 50 ft>s d A

B

C

d

! 50 ft/sv

3 ftRod:

a

Thus,

Ans.

This is called the center of percussion. See Example 19–5.

a

Thus,

Ans.

vBL = -11.4 ft>sv2 = 6.82 rad>s
 vC = 2v2

 e = 0.5 =
vC - vBL

50 - 0

 
1

32.2
 (50)(2) = c1

3
 a 6

32.2
b(3)2 dv2 + 1

32.2
 (vBL)(2)

 + (HA)1 = (HA)2

d = 2 ft

m(1.5v)(d - 1.5) = 1
12

 (m)(3)2 v

 0 + LF dt = m(1.5v)

 m(vG)1 + ©LF dt = m(vG)2

 0 + LF dt (d - 1.5) = a 1
12

 (m)(3)2bv
 + (HG)1 + ©LMG dt = (HG)2
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Using instantaneous center method:

Equating the i and j components yields:

Ans.

d-9.6 = -0.5a + (12.5) sin 60°   a = 40.8 rad>s2

2.4 = -aA cos 60° + 8.64    aA = 12.5 m>s2 ;

2.4i - 9.6j = (-aA cos 60° + 8.64)i + (-0.5a + aA sin 60°)j

2.4i - 9.6j = (-aA cos 60°i + aA sin 60°j) + (ak) * (-0.5i) - (4.157)2(-0.5i)

aB = aA + a * rB>A - v2 rB>A
aA = -aA cos 60°i + aA sin 60°j a = ak rB>A = {-0.5i} m

aB = 16(0.15)i - 82 (0.15)j = {2.4i - 9.6j} m>s2

vAB =
yB

rB>IC
=

8(0.15)
0.5 tan 30°

= 4.157 rad>s

R2–6. At a given instant, the wheel rotates with the
angular motions shown. Determine the acceleration of the
collar at at this instant.A

A

60"

500 mm

B 150 mm

30"

 ! 8 rad/s
 ! 16 rad/s2a
v
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Potential Energy: Datum is set at point A. When the gear is at its final position
, its center of gravity is located ( ) below the datum. Its gravitational

potential energy at this position is . Thus, the initial and final potential
energies are

Kinetic Energy: When gear B is at its final position , the velocity of its

mass center is or since the gear rolls without slipping on the

fixed circular gear track. The mass moment of inertia of the gear about its mass

center is . Since the gear is at rest initially, the initial kinetic energy is

. The final kinetic energy is given by

Conservation of Energy: Applying Eq. 18–18, we have

Thus, the angular velocity of the radical line AB is given by

Ans.vAB =
yB

R - r
= A 4g

3(R - r)

 yB = B4g(R - r)
3

 0 + 0 = 3
4

 my2
B + [-mg(R - r)]

 T1 + V1 = T2 + V2

T2 = 1
2

 my2
B + 1

2
 IB v2

g = 1
2

 myB
2 + 1

2
 a1

2
 mr2b ayB

r
b2

= 3
4

 my2
B

T1 = 0

IB = 1
2

mr2

vg =
yB

r
yB = vg r

(u = 90°)

V1 = 0 V2 = -mg(R - r)

-mg(R - r)
R - r(u = 90°)

R2–7. The small gear which has a mass can be treated as
a uniform disk. If it is released from rest at , and rolls
along the fixed circular gear rack, determine the angular
velocity of the radial line at the instant .u = 90°AB

u = 0°
m A

B

r

R

u
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Ans.

(a

Ans. t = 1.53 s

 - c1
2

 (50)(0.2)2 d(30) + 0.2(490.5)(0.2)(t) = 0

+) IB v1 + ©L
t2

t1

MB dt = IB v2

 0 + 0.2(490.5)(t)—2FAB (t) = 0 FAB = 49.0 N

a :+ b    m(yAx)1 + ©L
t2

t1

Fx dt = m(yAx)2

 0 + NC (t) - 50(9.81)(t) = 0 NC = 490.5 N

(+ c)  m(yAy)1 + ©L
t2

t1

Fy dt = m(yAy)2

*R2–8. The 50-kg cylinder has an angular velocity of
when it is brought into contact with the surface at

. If the coefficient of kinetic friction is , determine
how long it will take for the cylinder to stop spinning. What
force is developed in link during this time? The axis of
the cylinder is connected to two symmetrical links. (Only

is shown.) For the computation, neglect the weight of
the links.
AB

AB

mk = 0.2C
30 rad>s

BA

200 mm

500 mm

C

 ! 30 rad/sv

Originally, both gears rotate with an angular velocity of .After

the rack has traveled , both gears rotate with an angular velocity of

, where is the speed of the rack at that moment.

Put datum through points A and B.

T1 + V1 = T2 + V2

y2v2 =
y2

0.05

s = 600 mm

vt = 2
0.05

= 40 rad>s

R2–9. The gear rack has a mass of 6 kg, and the gears each
have a mass of 4 kg and a radius of gyration of 
about their center. If the rack is originally moving
downward at , when , determine the speed of the
rack when . The gears are free to rotate about
their centers, and .BA

s = 600 mm
s = 02 m>s k = 30 mm

Ans.y2 = 3.46 m>s
1
2

 (6)(2)2 + b 1
2

 C4(0.03)2 D(40)2 r + 0 = 1
2

(6)y2
2 + 2b 1

2
 C4(0.03)2 D a y2

0.05
b r -6(9.81)(0.6)

s

A B

50 mm50 mm

91962_10_R2_p0827-0866  6/5/09  4:12 PM  Page 834



835

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

R2–10. The gear has a mass of 2 kg and a radius of
gyration . The connecting link (slender
rod) and slider block at have a mass of 4 kg and 1 kg,
respectively. If the gear has an angular velocity 
at the instant , determine the gear’s angular velocity
when .u = 0°

u = 45°
v = 8 rad>sB

ABkA = 0.15 m

 ! 8 rad/s

0.6 m

45"

B

A

0.2 m

v

u

At position 1:

At position 2:

Put datum through bar in position 2.

Ans.v2 = 13.3 rad>s5.7067 + 16.6481 = 0.1258v2
2 + 0

T1 + V1 = T2 + V2

V1 = 2(9.81)(0.6 sin 45°) + 4(9.81)(0.3 sin 45°) = 16.6481 J V2 = 0

T2 = 0.1258 v2
2

 + 1
2

 c 1
12

 (4)(0.6)2 d(0.2357v2)2 + 1
2

 (1)(0.1414v2)2

T2 = 1
2

 C(2)(0.15)2 D(v2)2 + 1
2

 (2)(0.2 v2)2 + 1
2

 (4)(0.1581v2)2

 = 5.7067 J

 T1 = 1
2

 C(2)(0.15)2 D(8)2 + 1
2

 (2)(1.6)2 + 1
2

 (4)(0.8)2 + 1
2
c 1
12

 (4)(0.6)2 d(2.6667)2

(yAB)2 = (vAB)2 rG>IC = 0.2357 v2(0.6708) = 0.1581v2

(yB)2 = (vAB)2 rB>IC = 0.2357 v2(0.6) = 0.1414v2

(vAB)2 =
(yA)2

rA>IC
=
v2 (0.2)

0.6
cos 45°

= 0.2357v2

(yAB)1 = (vAB)1 rG>IC = 2.6667(0.3) = 0.8 m>s
(vAB)1 =

(yA)1

rA>IC
= 1.6

0.6
= 2.6667 rad>s (yB)1 = 0
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Equation of Motion: The spring force is given by . The

mass moment of inertia for the clapper AB is 

. Applying

Eq. 17–12, we have

Ans. a = 12.6 rad>s2

 + ©MA = IA a; 0.4(0.05) - 0.5(0.09) = -1.9816 A10- 3 B  a
0.2 A0.0672 B + 2

5
(0.04) A0.0062 B + 0.04 A0.142 B = 1.9816 A10- 3 B  kg #  m2

(IAB)A = 1
12

 (0.2) A0.1342 B  +Fsp = kx = 20(0.02) = 0.4 N

*R2–11. The operation of a doorbell requires the use of
an electromagnet, that attracts the iron clapper that is
pinned at end and consists of a 0.2-kg slender rod to
which is attached a 0.04-kg steel ball having a radius of

If the attractive force of the magnet at is 0.5 N
when the switch is on, determine the initial angular
acceleration of the clapper. The spring is originally
stretched 20 mm.

C6 mm.

A
AB

44 mm

50 mm

40 mm

A

B

C

k ! 20 N/m

Moment of inertia of the door about axle AB:

Ans.v = 2.45 rad>s
0 + b15(2.5)ap

2
b - 2ap

2
b r = 1

2
 (18.6335) v2

T1 + © U1-2 = T2

IAB = 2 c 1
12

 a 100
32.2
b(6)2 d = 18.6335 slug # ft2

*R2–12. The revolving door consists of four doors which
are attached to an axle . Each door can be assumed to be
a 50-lb thin plate. Friction at the axle contributes a moment
of which resists the rotation of the doors. If a woman
passes through one door by always pushing with a force

perpendicular to the plane of the door as shown,
determine the door’s angular velocity after it has rotated
90°. The doors are originally at rest.

P = 15 lb

2 lb # ft

AB

A

7 ft

B

2.5 ft

3 ft

P ! 15 lb

u
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For the cylinder,

(1)

(c

(2)

For the dolly,

(3)

(4)

Solving Eqs. (1) to (4) yields:

Ans.

vC = 32.2 ft>s vD = 32.2 ft>s F = 0

v = 0

 vD = vC - 0.5v

(+R)  vD = vC + vD>C
 0 + F(2) + 20 sin 30°(2) = a 20

32.2
byD

(+R)  m(yDx¿)1 + ©L
t2

t1

Fx¿ dt = m(yDx¿)2

 0 + F(0.5)(2) = c1
2

 a 10
32.2
b(0.5)2 dv

+) IC v1 + ©L
t2

t1

MC dt = IC v2

 0 + 10 sin 30°(2) - F(2) = a 10
32.2
byC

(+R)  m(yCx¿)1 + ©L
t2

t1

Fx¿ dt = m(yCx¿)2

R2–13. The 10-lb cylinder rests on the 20-lb dolly. If the
system is released from rest, determine the angular velocity
of the cylinder in 2 s. The cylinder does not slip on the dolly.
Neglect the mass of the wheels on the dolly.

0.5 ft

30"
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R2–14. Solve Prob. R2–13 if the coefficients of static and
kinetic friction between the cylinder and the dolly are

and , respectively.m = 0.2ms = 0.3 0.5 ft

30"

For the cylinder,

(1)

(c

(2)

For the dolly,

(3)

(4)

Solving Eqs. (1) to (4) yields:

Ans.

Note: No friction force develops.

vC = 32.2 ft>s vD = 32.2 ft>s F = 0

v = 0

 vD = vC - 0.5v

(+R)  vD = vC + vD>C
 0 + F(2) + 20 sin 30°(2) = a 20

32.2
byD

(+R)  m(yDx¿)1 + ©L
t2

t1

Fx¿ dt = m(yDx¿)2

 0 + F(0.5)(2) = c1
2

 a 10
32.2
b(0.5)2 dv

+) IC v1 + ©L
t2

t1

MC dt = IC v2

 0 + 10 sin 30°(2) - F(2) = a 10
32.2
byC

(+R)  m(yCx¿)1 + ©L
t2

t1

Fx¿ dt = m(yCx¿)2
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For link AB,

For gear H,

Principle of Work and Energy: For the system,

Ans.vDE = 132 rad>s
 + 1

2
a 0.4

32.2
b(0.25vDE)2 + 1

2
c a 0.15

32.2
b a4.5

12
b2 dv2

DE + 1
2

 a0.15
32.2
b(0.25vDE)2

0 + 3(2p) = 1
2

 c a 0.2
32.2
b a 3

12
b2 d a 1

2
 vDEb2

+ 1
2
c a 0.4

32.2
b a 2

12
b2 dv2

DE

T1 + ©U1-2 = T2

yB = a1
2

 vDEb  
6
12

= 0.25vDE

vAB = 1
2

 vDE

vDE =
yB

rB>IC
=

0.5vAB

3>12
= 2vAB

yB = vAB rAB = vAB a 6
12
b = 0.5vAB

R2–15. Gears and each have a weight of 0.4 lb and a
radius of gyration about their mass center of 

Link has a weight of 0.2 lb and a radius of
gyration of ( , whereas link has a weight of
0.15 lb and a radius of gyration of ( If a
couple moment of is applied to link and
the assembly is originally at rest, determine the angular
velocity of link when link has rotated 360°. Gear 
is prevented from rotating, and motion occurs in the
horizontal plane. Also, gear and link rotate together
about the same axle at .B

DEH

CABDE

ABM = 3 lb # ft
kDE)B = 4.5 in.

DEkAB)A = 3 in.
AB(kC)A = 2 in.

(kH)B =
CH E

C

D

H B AM

3 in. 3 in.
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*R2–16. The inner hub of the roller bearing rotates with
an angular velocity of , while the outer hub
rotates in the opposite direction at . Determine
the angular velocity of each of the rollers if they roll on the
hubs without slipping.

vo = 4 rad>svi = 6 rad>s
o ! 4 rad/s

25 mm

50 mm

i ! 6 rad/sv

v

Since the hub does not slip, and 
.

b Ans.(+ T)  0.4 = -0.3 + 0.05v v = 14 rad>s
 c0.

T
4 d = c0.

c
3 d + Bv(0.

T
05)R vB = vA + vB>A

4(0.1) = 0.4 m>s yB = vO rO =yA = vi ri = 6(0.05) = 0.3 m>s

91962_10_R2_p0827-0866  6/5/09  4:14 PM  Page 840



841

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

(a

Solving,

Ans.t = 1.32 s

vG = 2.75 m>s
 -5(0.5)2(8) + 25.487(0.5)(t) = 5(0.5)2a vG

0.5
b

+) (HG)1 + ©LMG dt = (HG)2

 5(3) + 5(9.181) sin 30°(t) - 25.487t = 5vG

(b+)  mvx1 + ©LFx dt = mvx2

 Fh = 0.6Nh = 0.6(42.479 N) = 25.487 N

 Nh = 42.479 N

 0 + Nh (1) - 5(9.81)t cos 30° = 0

(+a)  mvy1 + ©LFy dt = mvy2

R2–17. The hoop (thin ring) has a mass of 5 kg and is
released down the inclined plane such that it has a backspin

and its center has a velocity as
shown. If the coefficient of kinetic friction between the
hoop and the plane is , determine how long the
hoop rolls before it stops slipping.

mk = 0.6

vG = 3 m>sv = 8 rad>s

See solution to Prob. R2–17. Since backspin will not stop in , then

a

d Ans. v = 2.19 rad>s  -5(0.5)2(8) + 25.487(0.5)(1) = -5(0.5)2 v

+    (HG)1 + ©LM dt = (HG)2

 Fh = 0.6Nh = 0.6(42.479 N) = 25.487 N

 Nh = 42.479 N

 0 + Nh (t) - 5(9.81)t cos 30° = 0

(+a)  mvy1 + ©LFy dt = mvy2

t = 1 s 6 1.32 s

R2–18. The hoop (thin ring) has a mass of 5 kg and is
released down the inclined plane such that it has a backspin

and its center has a velocity as
shown. If the coefficient of kinetic friction between the
hoop and the plane is , determine the hoop’s
angular velocity 1 s after it is released.

mk = 0.6

vG = 3 m>sv = 8 rad>s
G

0.5 m

30"

! 8 rad/s

! 3 m/svG

v

G

0.5 m

30"

! 8 rad/s

! 3 m/svG

v
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Here , and .

Ans.-5 = -0.03 csc2 30°(vCD)  vCD = 4.17 rad>su = 30°yAB = -5 m>su
#

= vCD

x
# = yAB = -0.3 csc2 uu

#

x = 0.3
tan u

= 0.3 cot u

R2–19. Determine the angular velocity of rod at the
instant . Rod moves to the left at a constant
speed of .vAB = 5 m>s ABu = 30°

CD

A

C

vAB

B

D

0.3 m
CD

u

v
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A

C

vAB

B

D

0.3 m
CD

u

v

Here , , , , and .

Ans.2 = 0.3 csc2 30° C2 cot 30°(0)2 - aCD D  aCD = -1.67 rad>s2

0 = -0.3 csc2 30°(vCD)     vCD = 0

u = 30°u
$

= aCDaAB = 2 m>s2yAB = 0u
#

= vCD

x
$ = aAB = -0.3 ccsc2 uu

$
- 2 csc2 u cot uu

#
2 d = 0.3 csc2 ua2 cot uu

#
2 - u

$bx
# = yAB = -0.3 csc2 uu

#

x = 0.3
tan u

= 0.3 cot u

*R2–20. Determine the angular acceleration of rod at
the instant . Rod has zero velocity, i.e., ,
and an acceleration of to the right when

.u = 30°
aAB = 2 m>s2

vAB = 0ABu = 30°
CD

91962_10_R2_p0827-0866  6/5/09  4:15 PM  Page 843



844

R2–21. If the angular velocity of the drum is increased
uniformly from when to when 
determine the magnitudes of the velocity and acceleration
of points and on the belt when . At this instant
the points are located as shown.

t = 1 sBA

t = 5 s,12 rad>st = 06 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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45" 4 in.

A

B

Angular Motion: The angular acceleration of drum must be determined first.
Applying Eq. 16–5, we have

The angular velocity of the drum at is given by

Motion of P: The magnitude of the velocity of points A and B can be determined
using Eq. 16–8.

Ans.

Also,

Ans.

The tangential and normal components of the acceleration of points B can be
determined using Eqs. 16–11 and 16–12, respectively.

The magnitude of the acceleration of points B is

Ans.aB = 2(at)B
2 + (an)B

2 = 20.4002 + 17.282 = 17.3 ft>s2

 (an)B = v2 r = A7.202 B a 4
12
b = 17.28 ft>s2

 (at)B = ac r = 1.20a 4
12
b = 0.400 ft>s2

aA = (at)A = ac r = 1.20a 4
12
b = 0.400 ft>s2

yA = yB = vr = 7.20a 4
12
b = 2.40 ft>s

v = v0 + ac t = 6 + 1.20(1) = 7.20 rad>st = 1 s

 ac = 1.20 rad>s2

 12 = 6 + ac (5)

 v = v0 + ac t
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Kinematics: Since pulley A is rotating about a fixed point B and pulley P rolls down
without slipping, the velocity of points D and E on the pulley P are given by

and where is the angular velocity of pulley A. Thus, the
instantaneous center of zero velocity can be located using similar triangles.

Thus, the velocity of block C is given by

Potential Energy: Datumn is set at point B. When block C is at its initial and final
position, its locations are 5 ft and 10 ft below the datum. Its initial and final
gravitational potential energies are and ,
respectively.Thus, the initial and final potential energy are

Kinetic Energy: The mass moment of inertia of pulley A about point B is

. Since the system is initially at rest, the

initial kinetic energy is . The final kinetic energy is given by

Conservation of Energy: Applying Eq. 18–19, we have

Thus, the speed of block C at the instant is

Ans.yC = 0.6vA = 0.6(21.15) = 12.7 ft>ss = 10 ft

 vA = 21.15 rad>s 0 + -100 = 0.2236v2
A + (-200)

 T1 + V1 = T2 + V2

 = 0.2236v2
A

 = 1
2

 a 20
32.2
b(0.6vA)2 + 1

2
 (0.2236) vA

2

 T2 = 1
2

 mC y2
C + 1

2
 IB v2

A

T1 = 0

IB = mkB
2 = 20

32.2
 A0.62 B = 0.2236 slug # ft2

V1 = -100 ft # lb V2 = -200 ft # lb

20(-10) = -200 ft # lb20(-5) = -100 ft # lb

yC

0.6
=

0.4vA

0.4
 yC = 0.6vA

x
0.4vA

= x + 0.4
0.8vA
 x = 0.4 ft

vAyE = 0.8vAyD = 0.4vA

R2–22. Pulley and the attached drum have a weight
of 20 lb and a radius of gyration of If pulley 
“rolls” downward on the cord without slipping, determine
the speed of the 20-lb crate at the instant .
Initially, the crate is released from rest when For
the calculation, neglect the mass of pulley and the cord.P

s = 5 ft.
s = 10 ftC

PkB = 0.6 ft.
BA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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0.8 ft

0.4 ft

0.2 ft

A
B

C

P

s
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Equations of Motion: The mass moment of inertia of the ring about its mass center
is given by . Applying Eq. 17–16, we have

a

Kinematics: The time required for the ring to stop back spinning can be determined
by applying Eq. 16–5.

(c

The distance traveled by the ring just before back spinning stops can be determine
by applying Eq. 12–5.

Ans. =
v1 r
2mg

 (2y1 - v1r)

 = 0 + y1 av1 r
mg
b + 1

2
 (-mg)av1r

mg
b2

A ;+ B    s = s0 + y0 t + 1
2

 ac t2

 t =
v1 r
mg

0  = v1 + a -
mg

r
b t +)

 v = v0 + ac t

+ ©MG = IG a;    mmgr = mr2 a     a =
mg

r

:+ ©Fx = m(aG)x ;   mmg = maG aG = mg

+ c ©Fy = m(aG)y ;   N - mg = 0 N = mg

IG = mr2

R2–23. By pressing down with the finger at , a thin ring
having a mass is given an initial velocity and a
backspin when the finger is released. If the coefficient of
kinetic friction between the table and the ring is ,
determine the distance the ring travels forward before the
backspin stops.

m
v1

v1m
B

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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B

1

1

v

r

A

v
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The wheels roll without slipping, hence .v =
yG

r

*R2–24. The pavement roller is traveling down the incline
at when the motor is disengaged. Determine the
speed of the roller when it has traveled 20 ft down the
plane. The body of the roller, excluding the rollers, has a
weight of 8000 lb and a center of gravity at . Each of the
two rear rollers weighs 400 lb and has a radius of gyration of

The front roller has a weight of 800 lb and a
radius of gyration of The rollers do not slip as
they turn.

kB = 1.8 ft.
kA = 3.3 ft.

G

v1 = 5 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 = 166.753 y2

 T2 = 1
2

 a8000 + 800 + 800
32.2

by2 + 1
2
c a 800

32.2
b(3.3)2 d a y

3.8
b2

+ 1
2
c a 800

32.2
b(1.8)2 d a y

2.2
b2

 = 4168.81 ft #  lb

 T1 = 1
2

 a8000 + 800 + 800
32.2

b(5)2 + 1
2
c a 800

32.2
b(3.3)2 d a 5

3.8
b2

+ 1
2
c a 800

32.2
b(1.8)2 d a 5

2.2
b2

Put datum through the mass center of the wheels and body of the roller when it is in
the initial position.

Ans.y = 24.5 ft>s4168.81 + 0 = 166.753y2 - 96000

T1 + V1 = T2 + V2

 = -96000 ft #  lb

 V2 = -800(20 sin 30°) - 8000(20 sin 30°) - 800(20 sin 30°)

 V1 = 0

Ans.vB = 2
0.3

= 6.67 rad>s
vD = 5(0.4) = 2 m>s

R2–25. The cylinder rolls on the fixed cylinder without
slipping. If bar rotates with an angular velocity

, determine the angular velocity of cylinder .
Point is a fixed point.C

BvCD = 5 rad>s CD
AB

B

G

4.5 ft

2.2 ft
5 ft

10 ft

30"

A

3.8 ft

A

B

C

D
0.1 m 0.3 m

CD ! 5 rad/sv
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c

Ans.

The displacement , hence 

Ans.h =
mg

M + 2m
 t2

h
R

= 0 + 0 + 1
2

 a 2mg

R(M + 2m)
b t2

u - u0 + v0 t + 1
2

 ac t2

u = h
R

h = Ru

 a =
2mg

R(M + 2m)

 + ©MO = ©tMk)0; mgR = 1
2

 MR2 (a) + m(aR)R

I0 = 1
2

 MR2

R2–26. The disk has a mass and a radius . If a block of
mass is attached to the cord, determine the angular
acceleration of the disk when the block is released from
rest. Also, what is the distance the block falls from rest in
the time ?t

m
RM

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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G

0.8 ft

M

u

G

0.8 ft

M

u

Ans.v = 3.89 rad>s
0 + 60ap

2
b - 70(0.8) = 1

2
 c a 70

32.2
b(1.3)2 d(v)2 + 1

2
c 70
32.2
d(0.8v)2

T1 + ©U1 - 2 = T2

R2–27. The tub of the mixer has a weight of 70 lb and a
radius of gyration about its center of gravity .
If a constant torque is applied to the dumping
wheel, determine the angular velocity of the tub when it has
rotated . Originally the tub is at rest when .
Neglect the mass of the wheel.

u = 0°u = 90°

M = 60 lb # ft
GkG = 1.3 ft

Ans.v = 1.50 rad>s
0 + L

p>2
0

50u du - 70(0.8) = 1
2
c a 70

32.2
b(1.3)2 dv2 + 1

2
 c 70

32.2
d(0.8v)2

T1 + ©U1 - 2 = T2

*R2–28. Solve Prob. R2–27 if the applied torque is
, where is in radians.uM = (50u) lb # ft
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R2–29. The spool has a weight of 30 lb and a radius of
gyration A cord is wrapped around the spool’s
inner hub and its end subjected to a horizontal force

. Determine the spool’s angular velocity in 4 s
starting from rest. Assume the spool rolls without slipping.
P = 5 lb

kO = 0.45 ft.

a

[1]

Since the seesaw is rotating about point A, then

[2]

Solving Eqs. (1) and (2) yields:

Ans.am = 1.45 m>s2 ab = 1.94 m>s2

a =
ab

2
=

am

1.5
 or am = 0.75ab

 = -40ab (2) - 75am (1.5)

+ ©MA = ©(Mk)A ;  40(9.81)(2) - 75(9.81)(1.5)

R2–30. The 75-kg man and 40-kg boy sit on the horizontal
seesaw, which has negligible mass. At the instant the man
lifts his feet from the ground, determine their accelerations
if each sits upright, i.e., they do not rotate. The centers of
mass of the man and boy are at and , respectively.GbGm

P ! 5 lb

0.9 ft

0.3 ft

A

O

2 m 1.5 m

A
Gb Gm

b)

Ans. v2 = 12.7 rad>s
 0 + 5(0.6)(4) = c a 30

32.2
b(0.45)2 + a 30

32.2
b(0.9)2 dv2

  IA v1 + ©L
t2

t1

MA dt = IAv2(+
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Principle of Impulse and Momentum: For the sphere,

a)

Ans.

Principle of Impulse and Momentum: For the cyclinder,

a)

Ans. (vC)2 =
2g sin u

3r
 t

 0 + mg sin u(r)(t) = c1
2

mr2 + mr2 d(vC)2

 IA v1 + ©L
t2

t1

MA dt = IAv2(+

 (vS)2 =
5g sin u

7r
 t

 0 + mg sin u(r)(t) = c2
5

mr2 + mr2 d(vS)2

  IA v1 + ©L
t2

t1

MA dt = IAv2(+

R2–31. A sphere and cylinder are released from rest on
the ramp at . If each has a mass and a radius ,
determine their angular velocities at time . Assume no
slipping occurs.

t
rmt = 0

u
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*R2–32. At a given instant, link has an angular
acceleration and an angular velocity

. Determine the angular velocity and angular
acceleration of link at this instant.CD
vAB = 4 rad>saAB = 12 rad>s2

AB

Ans.

d Ans.aCD = 155
1.5

= 103 rad>s2 

(aC)t = 155 ft>s2 aBC = 54.4 rad>s2

(+ T) 44.44 sin 60° + (aC)t sin 30° = -30 sin 45° + 40 sin 45° + 2aBC

( ;+ ) -44.44 cos 60° + (aC)t cos 30° = 30 cos 45° + 40 cos 45° + 62.21

C44.44

c60°
S + C (aC)t

30°d
S = C 30

45°b
S + C 40

45°d
S + c2(5.5;8)2 d + B2aBC

T
RaC = aB + aC>B

vCD = 8.16
1.5

= 5.44 rad>svC = 8.16 ft>svBC = 5.58 rad>s(+ T) vC sin 30° = - 10 sin 45° + 2vBC

( ;+ ) vC cos 30° = 10 cos 45° + 0

C nC

30°d
S = C 10

45°b
S + B2vBC

T
RvC = vB + vC>B

B 2 ft

45"

60"2.5 ft

1.5 ft

C

D
A

CD
AB
AB

CDa

a
v

v
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R2–33. At a given instant, link has an angular
acceleration and an angular velocity

. Determine the angular velocity and angular
acceleration of link at this instant.AB
vCD = 2 rad>saCD = 5 rad>s2

CD

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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d Ans.

b Ans.aAB = 12.332
2.5

= 4.93 rad>s2 

a = 1.80 rad>s2

(aB)t = -12.332 ft>s2

-3.818 + (aB)t(0.7071) = -5.1962 - 3.75 - 2a

-3.818 - (aB)t(0.7071) = 3 - 6.495 + 8.3971

 -7.5 cos 30°i - 7.5 sin 30°j + (ak) * (-2i) - (2.0490)2(-2i)

 -5.400 cos 45°i - 5.400 sin 45°j - (aB)t cos 45°i + (aB)t sin 45°j = 6 sin 30°i - 6 cos 30°j

aB = aC + a * rB>C - v2 rB>C
(aC)t = aCD(rCD) = 5(1.5) = 7.5 ft>s2

(aC)n =
vC

2

rCD
=

(3)2

1.5
= 6 ft>s2

(aB)n =
v2

B

rBA
=

(3.6742)2

2.5
= 5.4000 ft>s2

vAB = 3.6742
2.5

= 1.47 rad>svB = 2.0490(1.793) = 3.6742 ft>svBC = 3
1.464

= 2.0490 rad>s
rIC - B

sin 60°
= 2

sin 75°
 rIC - B = 1.793 ft

rIC - C

sin 45°
= 2

sin 75°
 rIC - C = 1.464 ft

B 2 ft

45"

60"2.5 ft

1.5 ft

C

D
A

CD
AB
AB

CDa

a
v

v
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(1)

(2)

c (3)

The spool does not slip at point A, therefore 

(4)

Solving Eqs. (1) to (4) yields:

b Ans.a = 2.66 rad>s2

 NB = 346.8 N T = 281.5 N aG = 0.2659 m>s2

aG = 0.1a

+ ©MG = IG a;   T(0.1) - 0.15NB(0.4) = 2.76125a

+ a©Fy¿ = m(aG)y¿ ;  NB - 50(9.81) cos 45° = 0

+b©Fx¿ = m(aG)x¿ ;  50(9.81) sin 45° - T - 0.15NB = 50aG

IG = mk2
G = 500(0.235)2 = 2.76125 kg # m2

R2–34. The spool and the wire wrapped around its core
have a mass of 50 kg and a centroidal radius of gyration of

. If the coefficient of kinetic friction at the
surface is , determine the angular acceleration of
the spool after it is released from rest.

mk = 0.15
kG = 235 mm

0.1 m

B

0.4 m

45"

G
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(1)

(2)

Combine Eqs. (1) and (2):

Ans.

From Eq. (1),

Ans.vB = sB = 5.774 cos 45°(1.076) = 4.39 ft>s
v = u = 1.08 rad>s-3.536u

#
= -6 + 2.041u

#
-5 sin u u

#
= -6 + 5.774 cos u(u

#
)(sin 30°)

-5 sin u u
$

= s
#
A + s

#
B sin 30°

5 cos u = sA + sB sin 30°

s
$

B = 5.774 cos uu
#

s
#
B = 5.774 sin u

sB cos 30° = 5 sin u

R2–35. The bar is confined to move along the vertical and
inclined planes. If the velocity of the roller at is

when , determine the bar’s angular
velocity and the velocity of at this instant.B

u = 45°vA = 6 ft>s A

See solution to Prob. R2–35.

Taking the time derivatives of Eqs. (1) and (2) yields:

Substitute the data:

Solving:

Ans.

Ans.aB = -5.99 ft>s2

u
#

= -0.310 rad>s2

aB = -8.185 - 7.071 u
$

aB = -4.726 + 4.083 u
$

-5 cos 45°(1.076)2 - 5 sin 45°(u
$
) = 0 + aB sin 30°

aB = -5.774 sin 45°(1.076)2 + 5.774 cos 45°(u
$
)

-5 cos u u
#
2 - 5 sin u(u

$
) = s

$
A + s

$
B sin 30°

aB = s
$

B = -5.774 sin u(u
#
)2 + 5.774 cos u(u

$
)

*R2–36. The bar is confined to move along the vertical
and inclined planes. If the roller at has a constant velocity
of , determine the bar’s angular acceleration and
the acceleration of when .u = 45°B

vA = 6 ft>s A

A

B

5 ft

30"

vB

vA

u

A

B

5 ft

30"

vB

vA

u
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Equations of Motion: By considering the entire beam [FBD(a)], we have

From the FBD(b) (beam segment),

a

Ans.

Ans.

Ans. V = 0

 + c ©Fy = m(aG)y ; 59166.86 sin 60° - 4000(9.81) - V = 4000(3)

 N = -29583.43 N = -29.6 kN

 :+ ©Fx = m(aG)x ;   59166.86 cos 60° + N = 0

 M = 51240 N # m = 51.2 kN # m

 -59166.86 sin 60°(2) = -4000(3)(1)

 + ©MO = ©(Mk)O ; M + 4000(9.81)(1)

 T = 59166.86 N

 + c ©Fy = may ; 2T sin 60° - 8000(9.81) = 8000(3)

R2–37. The uniform girder has a mass of 8 Mg.
Determine the internal axial force, shear, and bending
moment at the center of the girder if a crane gives it an
upward acceleration of .3 m>s2

AB

C

A B

3 m/s2

4 m 60" 60"
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Conservation of Momentum:

c

Ans.v = 0.0708 rad>s
+ c1

2
 a 3

32.2
b(0.5)2 dv + a 3

32.2
b(3v)(3)

c1
2

 a 3
32.2
b(0.5)2 d(8) + 0 = c1

3
 a 5

32.2
b(3)2 dv

+ ©(HB)1 = ©(HB)2

R2–39. The 5-lb rod supports the 3-lb disk at its end .
If the disk is given an angular velocity while
the rod is held stationary and then released, determine the
angular velocity of the rod after the disk has stopped
spinning relative to the rod due to frictional resistance at the
bearing . Motion is in the horizontal plane. Neglect friction
at the fixed bearing .B

A

vD = 8 rad>s AAB

A

B

3 ft

0.5 ft

D
v

Consider the system of both gears and the links.

The spring stretches .

Ans.

Note that work is done by the tangential force between the gears since each move.
For the system, though, this force is equal but opposite and the work cancels.

v = 30.7 rad>s
0 + b20ap

4
b - 1

2
 (200)(0.2828)2 r = 2b 1

2
C(2)(0.05)2 + (2)(0.04)2 Dv2 rT1 + ©U1 - 2 = T2

s = 2(0.2 sin 45°) = 0.2828 m

R2–38. Each gear has a mass of 2 kg and a radius of gyration
about its pinned mass centers and of .
Each link has a mass of 2 kg and a radius of gyration about
its pinned ends and of . If originally the
spring is unstretched when the couple moment

is applied to link , determine the angular
velocities of the links at the instant link rotates 
Each gear and link is connected together and rotates in the
horizontal plane about the fixed pins and .BA

u = 45°.AC
ACM = 20 N # m

kl = 50 mmBA

kg = 40 mmBA
200 mm

k ! 200 N/m

50 mm

50 mm

A
M

C

DB
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*R2–40. A cord is wrapped around the rim of each 10-lb
disk. If disk is released from rest, determine the angular
velocity of disk in 2 s. Neglect the mass of the cord.A

B

B
0.5 ft

0.5 ft
A O

Principle of Impulse and Momentum: The mass moment inertia of disk A about

point O is . Applying Eq. 19–14 to disk A

[FBD(a)], we have

(1)

The mass moment inertia of disk B about its mass center is 

. Applying Eq. 19–14 to disk B [FBD(b)], we have

(2)

(a (3)

Kinematics: The speed of point C on disk B is . Here,
which is directed vertically upward. Applying Eq. 16–15,

we have

(4)

Solving Eqs. (1), (2), (3), and (4) yields:

Ans.

 vB = 51.52 rad>s yG = 51.52 ft>s T = 2.00 lb

 vA = 51.5 rad>s
 (+ c)  -0.5vA = -yG + 0.5vB

 C0.5v
T

AS = By
T

GR + C0.5v
c

BS vC = vG + vC>G
yC>G = vB rC>G = 0.5vB

yC = vA rA = 0.5vA

 +)    0 - [T(2)](0.5) = -0.03882vB

 IG v1 + ©L
t2

t1

MG dt = IG v2

 (+ c)   0 + T(2) - 10(2) = - a 10
32.2
byG

 m AyGy
B1 + ©L

t2

t1

Fy dt = m AyGy
B1

0.03882 slug # ft2

IG = 1
2

 a 10
32.2
b A0.52 B =

 ( +)   0 - [T(2)](0.5) = -0.03882vA

 IO v1 + ©L
t2

t1

MO dt = IO v2

IO = 1
2

 a 10
32.2
b A0.52 B = 0.03882 slug # ft2
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R2–41. A cord is wrapped around the rim of each 10-lb
disk. If disk is released from rest, determine how much
time is required before attains an angular velocity

.vA = 5 rad>s At
B

B
0.5 ft

0.5 ft
A O

Principle of Impulse and Momentum: The mass moment inertia of disk A about

point O is . Applying Eq. 19–14 to disk A

[FBD(a)], we have

(1)

The mass moment inertia of disk B about its mass center is 

. Applying Eq. 19–14 to disk B [FBD(b)],

we have

(2)

(a (3)

Kinematics: The speed of point C on disk B is .
Here, which is directed vertically upward. Applying Eq.
16–15, we have

[4]

Solving Eqs. (1), (2), (3), and (4) yields:

Ans.

vB = 5.00 rad>s yG = 5.00 ft>s T = 2.00 lb

t = 0.194 s

 (+ c)   -2.50 = -yG + 0.5 vB

 B2.5
T
0R = By

T
GR + C0.5 v

c
BS vC = vG + vC>G

yC>G = vB rC>G = 0.5 vB

yC = vA rA = 0.5(5) = 2.50 ft>s +)    0 - [T(t)](0.5) = -0.03882vB

 IG v1 + ©L
t2

t1

MG dt = IG v2

 (+ c)   0 + T(t) - 10(t) = - a 10
32.2
byG

 m AyGy
B1 + ©L

t2

t1

Fy dt = m AyGy
B1

A0.52 B = 0.03882 slug # ft2

IG = 1
2

 a 10
32.2
b

 ( +)    0 - [T(t)](0.5) = -0.03882(5)

 IO v1 + ©L
t2

t1

MO dt = IO v2

IO = 1
2

 a 10
32.2
b A0.52 B = 0.03882 slug # ft2
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a

Ans.

Note that the calculation neglects the small mass of the bullet after it becomes
embedded in the plate, since its position in the plate is not specified.

u = 4.45°

1
2

 c1
2

 (15)(0.15)2 + 15(0.15)2 d  (0.5132)2 + 0 = 0 + 15(9.81)(0.15)(1 - cos u)

T1 + V1 = T2 + V2

v = 0.5132 rad>s
0.01(200 cos 30°)(0.15) = c C1

2
 (15)(0.15)2 + 15(0.15)2 d  v

+(HO)1 = (HO)2

R2–42. The 15-kg disk is pinned at and is initially at rest.
If a 10-g bullet is fired into the disk with a velocity of

, as shown, determine the maximum angle to which
the disk swings. The bullet becomes embedded in the disk.

u200 m>s O

0.15 m

30"
200 m/s

O

u
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Ans.

Ans.

d Ans. u = tan- 1 ¢ (aB)y

(aB)x
≤ = tan- 1a32.2

24
b = 53.3°

 aB = 2(aB)2
x + (aB)2

y = 2242 + 32.22 = 40.2 ft>s2

 A + c B (aB)y = -32.2 ft>s2 = 32.2 ft>s2 T

a :+ b (aB)x = -(4)2(1.5) = -24 ft>s2 = 24 ft>s2 ;

 c( a
: B)x d + B(a

c
B)yR = c32

T
.2 d + 0 + c(4)2 (

;
1.5) d

 aB = aG + (aB>G)t + (aB>G)n

 aA = (aA)y = 56.2 ft>s2 T

 (+ c) (aA)y = -32.2 - (4)2 (1.5) = -56.2 ft>s2 = 56.2 ft>s2 T

 a :+ b (aA)x = 0

 B( a
: A)xR + C (a

c
A)yS = c32

T
.2 d + 0 + B(4)2(

T
1.5)R aA = aG + (aA>G)t + (aA>G)n

R2–43. The disk rotates at a constant rate of as it
falls freely so that its center has an acceleration of

. Determine the accelerations of points and on
the rim of the disk at the instant shown.

BA32.2 ft>s2
G

4 rad>s

B

A

1.5 ft
 ! 4 rad/s

G
v
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Ans.vH =
rE

rF
 vE = 70

60
 (108) = 126 rad>s

vE = vD =
rC

rD
 vC = 30

50
 (180) = 108 rad>s

vC = vB =
rA

rB
 vG = 90

30
 (60) = 180 rad>s

*R2–44. The operation of “reverse” for a three-speed
automotive transmission is illustrated schematically in the
figure. If the shaft is turning with an angular velocity of

, determine the angular velocity of the drive
shaft . Each of the gears rotates about a fixed axis. Note
that gears and , and , and are in mesh. The
radius of each of these gears is reported in the figure.

FED CBA
H

vG = 60 rad>s G

E

H

F C

D

B

A

G

G ! 60 rad/s

H

rA ! 90 mm
rB ! rC ! 30 mm
rD ! 50 mm
rE ! 70 mm
rF ! 60 mm

v

v

For shaft S,

For connection D,

Ans.

Ans.uD =
rS

rD
 uS = 60

150
 (10.472) = 4.19 rad = 0.667 rev

aD =
rS

rD
 aS = 60

150
 (5.236) = 2.09 rad>s2   

 uS = 0 + 0 + 1
2

 (5.236)(2)2 = 10.472 rad

 u = u0 + v0 t+ 1
2

 ac t2

 
100(2p)

60
= 0 + aS (2) aS = 5.236 rad>s2

v = v0 + ac t

R2–45. Shown is the internal gearing of a “spinner” used
for drilling wells. With constant angular acceleration, the
motor rotates the shaft to in 
starting from rest. Determine the angular acceleration of
the drill-pipe connection and the number of revolutions
it makes during the 2-s startup.

D

t = 2 s100 rev>minSM

60 mm
150 mm

D

M

S
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Kinematics: The velocity of the mass center of gear A is , and since is
rolls without slipping on the fixed circular gear track, the location of the
instantaneous center of zero velocity is as shown. Thus,

The velocity of the mass center of gear B is . The location of the
instantaneous center of zero velocity is as shown. Thus,

Potential Energy: Datum is set at point C. When gears A, B and link AC are at their
initial position , their centers of gravity are located 0.25 m, 0.125 m, and
0.125 m above the datum, respectively.The total gravitational potential energy when
they are at these positions is 

. Thus, the initial and final potential energy is

Kinetic Energy: The mass moment of inertia of gears A and B about their mass center

is and .

The mass moment of inertia of link CD about point C is 

. Since the system is at rest initially, the initial kinetic

energy is .The final kinetic energy is given by

Conservation of Energy: Applying Eq. 18–19, we have

Ans. vCD = 6.33 rad>s 0 + 2.636 = 0.06577 v2
CD

 T1 + V1 = T2 + V2

 = 0.06577 vCD
2

  + 1
2
C2.42 A10-3 B D(5 vCD)2 + 1

2
C7.292 A10-3 B D AvCD

2 B
 = 1

2
 (0.5)(0.25 vCD)2 + 1

2
 C0.8 A10-3 B D(5vCD)2 + 1

2
(0.8)(0.125 vCD)2

 T2 = 1
2

 mA yD
2 + 1

2
 ID vA

2 + 1
2

 mB yF
2 + 1

2
 IFvB

2 + 1
2

 (ICD)C vCD
2

T1 = 0

0.35 A0.1252 B = 7.292 A10-3 B  kg # m2

(ICD)C = 1
12

 (0.35) A0.252 B +

IF = 0.8 A0.0552 B = 2.42 A10-3 B  kg # m2ID = 0.5 A0.042 B = 0.8 A10-3 B  kg # m2

V1 = 2.636 N # m V2 = 0

= 2.636 N # m
0.5(9.81)(0.25) + 0.8(9.81)(0.125) + 0.35(9.81)(0.125)

(u = 0°)

vB =
yE

rE>(IC)1
=

0.5 vCD

0.1
= 5vCD

yF = 0.125vCD

vA =
yD

rD>IC
=

0.25 vCD

0.05
= 5vCD yE = vA rE>IC = 5vCD (0.1) = 0.5 vCD

yD = 0.25 vCD

R2–46. Gear has a mass of 0.5 kg and a radius of
gyration of , and gear has a mass of 0.8 kg
and a radius of gyration of . The link is pinned
at and has a mass of 0.35 kg. If the link can be treated as a
slender rod, determine the angular velocity of the link after
the assembly is released from rest when and falls to

.u = 90°
u = 0°

C
kB = 55 mm

BkA = 40 mm
A

C

125 mm

50 mm

75 mm

A

B
125 mm

u
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R2–47. The 15-kg cylinder rotates with an angular
velocity of . If a force is applied to
bar , as shown, determine the time needed to stop the
rotation. The coefficient of kinetic friction between and
the cylinder is . Neglect the thickness of the bar.mk = 0.4

AB
AB

F = 6 Nv = 40 rad>s
400 mm 500 mm

A B

F ! 6 N

C
150 mm

v

For link AB,

a

a

a

Ans.   t = 10.4 s

   0 = 40 + (-3.84) t

 +v = v0 + at

+ ©MC = IC a; -0.4(10.8)(0.15) = 0.16875(a) a = -3.84 rad>s2

IC = 1
2

 mr2 = 1
2

 (15)(0.15)2 = 0.16875 kg # m2

+ ©MB = 0; 6(0.9) - NE(0.5) = 0 NE = 10.8 N

Link AB rotates about the fixed point A. Hence,

For link BC,

Ans.

Link CD rotates about the fixed point D. Hence,

Ans.0.8660 = vCD (0.4) vCD = 2.17 rad>syC = vCD rCD

yC = vBC rC>IC = 5.77(0.15) = 0.8660 m>s
vBC =

yB

rB>IC
= 1.5

0.2598
= 5.77 rad>s

rB>IC = 0.3 cos 30° = 0.2598 m rC>IC = 0.3 cos 60° = 0.15 m

yB = vAB rAB = 6(0.25) = 1.5 m>s

*R2–48. If link rotates at , determine
the angular velocities of links and at the instant
shown.

CDBC
vAB = 6 rad>sAB

AB ! 6 rad/s

A

B C

D
60" 

30" 

400 mm

300 mm

250 mm
v
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Equations of Motion: The mass moment of inertia of the hoop about its mass center

is given by . Applying Eq. 17–16, we have

c

Kinematics: The time required for the hoop to stop back spinning can be
determined by applying Eq. 16–5.

(c

The time required for the hoop to stop can be determined by applying Eq. 12–4.

It is required that . Thus,

Ans.v =
yG

r

vr
mg

=
yG

mg

t1 = t2

 t2 =
yG

mg

 0 = yG + (-mg) t2

 A ;+ B   y = y0 + a t2

 t1 = vr
mg

 +)   0 = v + a -
mg

r
b  t1

 v = v0 + a t1

+ ©MG = IG a;   mWr = W
g

 r2 a a =
mg

r

:+ ©Fx = m (aG)x ;  mW = W
g

 aG aG = mg

+ c ©Fy = m(aG)y ;  N - W = 0 N = W

IG = mr2 = W
g

 r2

R2–49. If the thin hoop has a weight and radius and is
thrown onto a rough surface with a velocity parallel to
the surface, determine the backspin, , it must be given so
that it stops spinning at the same instant that its forward
velocity is zero. It is not necessary to know the coefficient of
kinetic friction at for the calculation.A

V
vG

rW

G
Gv

r

A

v
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Equations of Motion: Since the tire rolls down the plane without slipping, then
.The mass moment of inertia of the tire about its mass center is given

by . Applying Eq. 17–16 to [FBD(a)], we have

(1)

a (2)

Solving Eqs. [1] and [2] yields

Equations of Equilibrium: From FBD(b).

a

Ans.

Ans.

Ans. Ax = 1.63 N

 :+ ©Fx = 0; Ax + 424.79 sin 30° - 75.46 cos 30° - 297.35 sin 30° = 0

 Ay = 344 N

 - 424.79 cos 30° - 75.46 sin 30° = 0

 + c ©Fy = 0; Ay + 297.35 cos 30° - 20(9.81)

 NB = 297.35 N = 297 N

 + ©MA = 0; NB (4) - 20(9.81) cos 30°(2) - 424.79(2) = 0

Ff = 75.46 N a = 5.660 rad>s2

+ ©MG = IG a;    Ff(0.6) = 8.00a

b+ ©Fx¿ = m(aG)x¿ ;  50(9.81) sin 30° - Ff = 50(0.6a)

a+ ©Fy¿ = m(aG)y¿ ; N - 50(9.81) cos 30° = 0 N = 424.79 N

IG = mkG
2 = 50 A0.42 B = 8.00 kg # m2

aG = ar = 0.6a

R2–50. The wheel has a mass of 50 kg and a radius of
gyration . If it rolls without slipping down the
inclined plank, determine the horizontal and vertical
components of reaction at , and the normal reaction at the
smooth support at the instant the wheel is located at the
midpoint of the plank. The plank has negligible thickness
and has a mass of 20 kg.

B
A

kG = 0.4 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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30"

2 m

2 m

A

B

0.6 m

G
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Ans.

Let .

Since and are independent of one another, they do not change their direction
or magnitude. Thus,

Ans.a = vy vx i - vx vz j

a = 0 + (vx i + vy j) * (vy k)

a = v# = Av$ Bxyz + (vx + vy) * vz

vyvx

Æ = vx i + vy j

v = vx i + vy j + vz k

•20–1. The anemometer located on the ship at A spins
about its own axis at a rate , while the ship rolls about the x
axis at the rate and about the y axis at the rate .
Determine the angular velocity and angular acceleration of
the anemometer at the instant the ship is level as shown.
Assume that the magnitudes of all components of angular
velocity are constant and that the rolling motion caused by
the sea is independent in the x and y directions.

vyvx

vs
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A

Vx
Vy

Vs

x

y

z

Ans.

Let x, y, z axes have angular velocity of , thus

Ans.a = v = {-3.39i} rad>s2

v2 = Av2 Bxyz + (v1 * v2) = 0 + (0.6k) * (8 cos 45°j + 8 sin 45°k) = -3.394i

v
#

1 = 0

Æ = v1

v
# = v# 1 + v# 2

v = {5.66j + 6.26k} rad>sv = 0.6k + 8 cos 45° j + 8 sin 45°k

v = v1 + v2

20–2. The motion of the top is such that at the instant
shown it rotates about the z axis at , while it
spins at . Determine the angular velocity and
angular acceleration of the top at this instant. Express the
result as a Cartesian vector.

v2 = 8 rad>s v1 = 0.6 rad>s

45!

z

x y

V1

V2
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Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular
velocity of the satellite at this instant (with reference to X, Y, Z) can be expressed in
terms of i, j, k components.

Angular Acceleration: The angular acceleration will be determined by
investigating separately the time rate of change of each angular velocity component
with respect to the fixed XYZ frame. is observed to have a constant direction
from the rotating xyz frame if this frame is rotating at .
Applying Eq. 20–6 with . we have

Since is always directed along the Z axis , then

Thus, the angular acceleration of the satellite is

Velocity and Acceleration: Applying Eqs. 20–3 and 20–4 with the and obtained
above and , we have

Ans.

Ans. = {10.4i - 51.6j - 0.463k} m>s2

+ (2i + 6k) * [(2i + 6k) * (1.2688j + 0.5917k)]

 = (1.3i + 12j + 3k) * (1.2688j + 0.5917k)

 aA = a * rA + v * (v * rA)

 = {-7.61i - 1.18j + 2.54k} m>s vA = v * rA = (2i + 6k) * (1.2688j + 0.5917k)

rA = {1.4 cos 25°j + 1.4 sin 25°k} m = {1.2688j + 0.5917k} m
av

a = v# 1 + v# 2 = {1.5i + 12j + 3k} rad>s2

v
#

1 = (v
#

1)xyz + 0 * v1 = {3k} rad>s2

(Æ = 0)v1

v
#

2 = (v
#

2)xyz + v1 * v2 = 1.5i + 6k * 2i = {1.5i + 12j} rad>s2

(v
#

2)xyz = {1.5i} rad>s2
Æ = v1 = {6k} rad>sv2

a

v = v1 + v2 = {2i + 6k} rad>s

20–3. At a given instant, the satellite dish has an angular
motion and about the z axis. At
this same instant , the angular motion about the x
axis is , and . Determine the
velocity and acceleration of the signal horn A at this instant.

v
#

2 = 1.5 rad>s2v2 = 2 rad>su = 25°
v
#

1 = 3 rad>s2v1 = 6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

For , .

For , .

Ans. = {-1.73i + 11.1j + 11.0k} rad>s2

 a = 12k + (-1.7320i + 11.0851j - 1k)

 a = v# = (v
#

1)XYZ + (v
#

2)XYZ

 = {12k} rad>s2

 = (12k) + 0

 (v1)XYZ = (v1)xyz + Æ * v1

Æ = 0v1

 = {-1.7320i + 11.0851j - 1k} rad>s2

 = (-2 cos 30°i - 2 sin 30°k) + (0.8k) * (16 cos 30°i + 16 sin 30°k)

 (v
#

2)XYZ = (v
#

2)xyz + Æ * v2

Æ = v1 = {0.8k} rad>sv2

 = {13.9i + 8.80k} rad>s = 0.8k + (16 cos 30°i + 16 sin 30°k)

 v = v1 + v2

*20–4. The fan is mounted on a swivel support such that 
at the instant shown it is rotating about the z axis at

, which is increasing at .The blade is
spinning at , which is decreasing at .
Determine the angular velocity and angular acceleration of
the blade at this instant.

2 rad>s2v2 = 16 rad>s 12 rad>s2v1 = 0.8 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The resultant angular velocity is always directed along the
instantaneous axis of zero velocity IA.

Equating j and k components

Hence Ans.

For , .

For , .

Ans.a = 0 + (32i) = {32i} rad>s2

a = v# = (v
#

1)XYZ + (v
#

2)XYZ

(v
#

1)XYZ = (v
#

1)xyz + Æ * v1 = 0 + 0 = 0

Æ = 0v1

 = {32i} rad>s2

 = 0 + (4k) * (-8j)

 (v
#

2)XYZ = (v
#

2)xyz + Æ * v2

Æ = v1 = {4k} rad>sv2

v = 225
 (-8.944)j - 125

(-8.944)k = {-8.0j + 4.0k} rad>s
v2 = 225

 (-8.944) = -8.0 rad>s
- 125

 v = 4 v = -8.944 rad>s

225
 vj - 125

 vk = 4k + v2 j

v = v1 + v2

v = v1 + v2

•20–5. Gears A and B are fixed, while gears C and D are
free to rotate about the shaft S. If the shaft turns about the z
axis at a constant rate of , determine the
angular velocity and angular acceleration of gear C.

v1 = 4 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in
terms of i, j, k components. Since the disk rolls without slipping, then its angular
velocity is always directed along the instantaneous axis of zero
velocity (y axis). Thus,

Equating k and j components, we have

Angular Acceleration: The angular acceleration will be determined by investigating

the time rate of change of angular velocity with respect to the fixed XYZ frame. Since

always lies in the fixed X–Y plane, then is observed to have a

constant direction from the rotating xyz frame if this frame is rotating at

.

.

Thus, . Applying Eq. 20–6, we have

Velocity and Acceleration: Applying Eqs. 20–3 and 20–4 with the and obtained
above and , we
have

Ans.

Ans. = {-0.135i - 0.1125j - 0.130k} m>s2

+ (-0.8660j) * [(-0.8660j) * (0.15j + 0.2598k)]

 = (0.4330i - 0.5196j) * (0.15j + 0.2598k)

aA = a * rA + v * (v * rA)

vA = v * rA = (-0.8660j) * (0.15j + 0.2598k) = {-0.225i} m>s
rA = {(0.3 - 0.3 cos 60°)j + 0.3 sin 60°k} m = {0.15j + 0.2598k} m

av

 = {0.4330i - 0.5196j} rad>s2

 = -0.5196j + 0.5k * (-0.8660j)

 a = v# = (v
#
)xyz + vz * v

(v
#
)xyz = v# z + (v

#
x)xyz = {-0.5196j} rad>s2

= e - 0.3
sin 30°

 (cos 30°) j - 0.3
sin 30°

 (sin 30°) k f  rad>s2 = {-0.5196j - 0.3k} rad>s2

(v
#

s)xyzÆ = vz = {0.5k} rad>s
v = {-0.8660j} rad>sv

a

-v = -1.00 cos 30° v = 0.8660 rad>s0 = -vs sin 30° + 0.5 vs = 1.00 rad>s
 -vj = -vs cos 30°j - vs sin 30°k + 0.5k

 v = vs + vz

 v = vs + vz

20–6. The disk rotates about the z axis 
without slipping on the horizontal plane. If at this same
instant is increasing at , determine the
velocity and acceleration of point A on the disk.

v
#

z = 0.3 rad>s2vz

vz = 0.5 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Also,

Thus,

(1)

From Eq. (1)

Ans.vA = a rC

h1
b a rB h1 v

rC h2 + rB h1
b j + a rB h1v

rC h2 + rB h1
bk

vAz =
rB h1 v

rC h2 + rB h1
; vAy = a rC

h1
b a rB h1v

rC h2 + rB h1
b

vrB = vAz c a rC h2

h1
b + rB d

vAy = vAza rC

h1
b

vR = 0 = 3 i j k
0 vAy vAz

0 -rC -h1

3 = (-vAy h1 + vAz rC)i

vAx = 0

0 = vAx rB

0 = vAx h2

vrB = vAy h2 + vAz rB

 = (vAy h2 + vAz rB)i - (vAx h2)j - vAx rB k

 vP = vA * (-rB j + h2k) = 3 i j k
vAx vAy vAz

0 -rB h2

3
vP = vk * (-rB j) = vrB i

20–7. If the top gear B rotates at a constant rate of ,
determine the angular velocity of gear A, which is free to
rotate about the shaft and rolls on the bottom fixed gear C.

V

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
frame (x, y, z) at the instant shown are coincident. Thus, the angular velocity of the
frame at this instant is

Angular Acceleration: is observed to have a constant direction relative 

to the rotating xyz frame which rotates at . With

, we obtain

Since is always directed along the X axis , then

Thus, the angular acceleration of the frame is

Velocity and Acceleration:

Ans.

 ac = a * roc + v * (v * roc)

 = [2.598i + 4.00j] m>s = [2.60i + 4.00j] m>s vc = v * roc = (-0.4i + 0.2598j + 0.15k) * (10k)

a = v# y¿ + u
$

= [-0.5i + 0.2332j - 0.003923k] rad>s2

u
$

= (u
$
)xyz + 0 * u

#
= [-0.5i] rad>s2

(Æ = 0)u
#
 = [0.2332j - 0.003923k] rad>s2

 = (0.1732j + 0.1k) + (-0.4i) * (0.3 cos 30°j + 0.3 sin 30°k)

 v
#

y¿ = Av# y¿ Bxyz + Æ * vy¿

Av# y¿ Bxyz = ay¿ = 0.2 cos 30°j + 0.2 sin 30°k = [0.1732j + 0.1k] rad>s2

Æ = u
#

= [-0.4i] rad>svy¿

 = [-0.4i + 0.2598j + 0.15k] rad>s v = u
#

+ vy¿ = -0.4i + (0.3 cos 30°j + 0.3 sin 30°k)

*20–8. The telescope is mounted on the frame F that
allows it to be directed to any point in the sky.At the instant

the frame has an angular acceleration of
and an angular velocity of 

about the axis, and while .
Determine the velocity and acceleration of the observing
capsule at C at this instant.

u
#

= 0.4 rad>su
$

= 0.5 rad>s2y¿
vy¿ = 0.3 rad>say¿ = 0.2 rad>s2

u = 30°,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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10 m

u " 0.4 rad/s·

u " 0.5 rad/s2··

vy¿ " 0.3 rad/s
vy¿ " 0.2 rad/s2

x

z

C

F

O

y

u y¿

·

 = (-0.5i + 0.2332j - 0.003923k) * (10k) + (-0.4i + 0.2598j + 0.15k) * [(-0.4i + 0.2598j + 0.15k) * (10k)]

Ans. = [1.73i + 5.39j - 2.275k] m>s2

 = [1.732i + 5.390j - 2.275k] m>s2
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Here, the solar panel rotates about a fixed point O. The XYZ fixed reference frame
is set to coincide with the xyz rotating frame at the instant considered. Thus, the
angular velocity of the solar panel can be obtained by vector addition of and .

Ans.

The angular acceleration of the solar panel can be determined from

If we set the xyz frame to have an angular velocity of , then
the direction of will remain constant with respect to the xyz frame, which is along
the y axis. Thus,

Since is always directed along the Z axis when , then

Thus,

When , . Thus,

Ans.

and

Ans. = [243i - 1353j + 1.5k] ft>s2

 = (-90i + 15j + 3k) * (-1i + 6j) + (6j + 15k) * [(6j + 15k) * (-1i + 6j)]

 aB = a * rOB + v * (v * rOB)

 = [-90i - 15j + 6k] ft>s vB = v * rOB = (6j + 15k) * (-1i + 6j)

rOB = [-1i + 6j] ftu = 90°

 = [-90i + 1.5j + 3k] rad>s2

 a = 3k + (-90i + 1.5j)

v
#

1 = (v
#

1)xyz + v1 * v1 = [3k] rad>s2

Æ = v1v1

v
#

2 = (v
#

2)xyz + v1 * v2 = 1.5j + (15k * 6j) = [-90i + 1.5j] rad>s2

v2

Æ = v1 = [15k] rad>sa = v# = v# 1 + v# 2

v = v1 + v2 = [6j + 15k] rad>s v2v1

•20–9. At the instant when , the satellite’s body is
rotating with an angular velocity of and
angular acceleration of Simultaneously, the
solar panels rotate with an angular velocity of 
and angular acceleration of . Determine the
velocity and acceleration of point B on the solar panel at
this instant.

v
#

2 = 1.5 rad>s2
v2 = 6 rad>sv

#
1 = 3 rad>s2.

v1 = 15 rad>su = 90°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The XYZ translating reference frame is set to coincide with the xyz rotating frame
at the instant considered. Thus, the angular velocity of the solar panel at this instant
can be obtained by vector addition of and .

The angular acceleration of the solar panel can be determined from

If we set the xyz frame to have an angular velocity of , then
the direction of will remain constant with respect to the xyz frame, which is along
the y axis. Thus,

Since is always directed along the Z axis when , then

Thus,

When , . Since the satellite undergoes general motion,
then

Ans.

and

 aB = aO + a * rB>O + v * (v * rB>O)

 = [410i - 15j + 6k] ft>s vB = vO + v * rB>O = (500i) + (6j + 15k) * (-1i + 6j)

rB>O = [-1i + 6j] ftu = 90°

 = [-90i + 1.5j + 3k] rad>s2

 a = 3k + (-90i + 1.5j)

v
#

1 = (v
#

1)xyz + v1 * v1 = [3k] rad>s2

Æ = v1v1

v
#

2 = (v
#

2)xyz + v1 * v2 = 1.5j + (15k * 6j) = [-90i + 15j] rad>s2

v2

Æ = v1 = [15k] rad>sa = v# = v1 + v2

v = v1 + v2 = [6j + 15k] rad>s v2v1

20–10. At the instant when , the satellite’s body
travels in the x direction with a velocity of 
and acceleration of . Simultaneously, the
body also rotates with an angular velocity of 
and angular acceleration of At the same
time, the solar panels rotate with an angular velocity of

and angular acceleration of 
Determine the velocity and acceleration of point B on the
solar panel.

v
#

2 = 1.5 rad>s2v2 = 6 rad>s v
#

1 = 3 rad>s2.
v1 = 15 rad>saO = 550i6 m>s2

vO = 5500i6 m>su = 90°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Angular Velocity: The coordinate axes for the fixed frame (X, Y, Z) and rotating
frame (x, y, z) at the instant shown are set to be coincident. Thus, the angular
velocity of the disk at this instant (with reference to X, Y, Z) can be expressed in
terms of i, j, k components. Since the disk rolls without slipping, then its angular
velocity is always directed along the instantaneuos axis of zero
velocity (y axis). Thus,

Equating k and j components, we have

Thus, Ans.

Angular Acceleration: The angular acceleration will be determined by
investigating the time rate of change of angular velocity with respect to the fixed
XYZ frame. Since always lies in the fixed X–Y plane, then is
observed to have a constant direction from the rotating xyz frame if this frame is
rotating at . Applying Eq. 20–6 with , we have

Ans.

Velocity and Acceleration: Applying Eqs. 20–3 and 20–4 with the and obtained
above and , we have

Ans.

Ans. = {-7.24j - 7.24k} m>s2

 = (64.0i) * (0.1131k) + (-8.00j) * [(-8.00j) * (0.1131k)]

 aA = a * rA + v * (v * rA)

vA = v * rA = (-8.00j) * (0.1131k) = {-0.905i} m>srA = {0.16 cos 45°k} m = {0.1131k} m
av

a = v# = (v
#
)xyz + vz * v = 0 + 8k * (-8.00j) = {64.0i} rad>s2

(v
#
)xyz = 0Æ = vz = {8k} rad>s v = {-8.00j} rad>sv

a

v = {-8.00j} rad>s-v = -11.13 cos 45° v = 8.00 rad>s0 = -vs sin 45° + 8 vs = 11.31 rad>s
 -vj = -vs cos 45°j - vs sin 45°k + 8k

 v = vs + vz

v = vs + vz

20–11. The cone rolls in a circle and rotates about the
z axis at a constant rate . Determine the
angular velocity and angular acceleration of the cone if it
rolls without slipping. Also, what are the velocity and
acceleration of point A?

vz = 8 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of point C relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# C>A)xyzÆ

#
¿ = v# 2 = [3j] rad>s2

Æ¿ = v2

 = [-1.8i - 6k] m>s = (-6k) + 6j * (-0.3k)

 (vC>A)xyz = (r# C>A)xyz = C(r# C>A)x¿y¿z¿ + v2 * (rC>A)xyz DArC>A Bxyz

x¿y¿z¿
ArC>A BxyzÆ¿ = v2 = [6j] rad>sx¿y¿z¿

x¿y¿z¿

= [-0.45i - 2.7j] m>s2

= (1.5k) * (0.3j) + (3k) * (3k * 0.3j)

aA = v# 1 * rOA + v1 * (v * rOA)

vA = v1 * rOA = (3k) * (0.3j) = [-0.9i] m>s
Æ = v1 = [3k] rad>s  v

# = [1.5k] rad>s2

*20–12. At the instant shown, the motor rotates about the
z axis with an angular velocity of  and angular
acceleration of . Simultaneously, shaft OA
rotates with an angular velocity of and angular
acceleration of and collar C slides along rod
AB with a velocity and acceleration of and .
Determine the velocity and acceleration of collar C at this
instant.

3 m>s26 m>sv
#

2 = 3 rad>s2,
v2 = 6 rad>sv

#
1 = 1.5 rad>s2

v1 = 3 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.

and

Ans. = [-73.35i - 13.5j + 7.8k] m>s = (-0.45i - 2.7j) + 1.5k * (-0.3k) + (3k) * [(3k) * (-0.3k)] + 2(3k) * (-1.8i - 6k) + (-72.9i + 7.8k)

 aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

 = [-2.7i - 6k] m>s = (-0.9i) + 3k * (-0.3k) + (-1.8i - 6k)

 vC = vA + Æ * rC>A + (vC>A)xyz

 = [-72.9i + 7.8k] m>s = [(-3k) + 6j * (-6k)] + (3j) * (-0.3k) + 6j * (-1.8i - 6k)

 (aC>A)xyz = (r$C>A)xyz = C(r$C>A)x¿y¿z¿ + v2 * (r# C>A)x¿y¿z¿ D + v# 2 * (rC>A)xyz + v2 * (r# C>A)xyz

x

O

C300 mm

300 mm

B

A

z

y

V2
V2

V1
V1

6 m/s
3 m/s2
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Ans.

Ans.aA = {-24.8i + 8.29j - 30.9k}ft>s2

aA = a # rA + v * vA = (-0.8i-0.1j + 0.6k) * (34.64j + 20k) + (-0.4i + 0.25k) * (-8.66i + 8.00j - 13.9k)

vA = {-8.66i + 8.00j - 13.9k}ft>svA = v * rA = 1 - 0.4 i + 0.25 k) * (34.64j + 20k)

rA = 40 cos 30°j + 40 sin 30°k = {34.64j + 20k} ft

 = {-0.8i - 0.1j + 0.6k} rad>s2

 v = v1 #2 + Æ * v = (-0.8 i + 0.6k) + (0.25k) * (-0.4 i + 0.25k)

Æ = {0.25 k} rad>sv = v1
# v2 = {-0.4 i + 0.25k} rad>s

•20–13. At the instant shown, the tower crane rotates about
the z axis with an angular velocity , which is
increasing at . The boom OA rotates downward
with an angular velocity , which is increasing
at . Determine the velocity and acceleration of
point A located at the end of the boom at this instant.

0.8 rad>s2
v2 = 0.4 rad>s0.6 rad>s2

v1 = 0.25 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Since gear C rotates about the fixed axis (zaxis), the velocity of the contact point P
between gears B and C is

Here, gear B spins about its axle with an angular velocity of and precesses about
shaft DE with an angular velocity of .Thus, the angular velocity of gear B is

Here, . Thus,

(1)

Since gear A is held fixed, will be directed along the instantaneous axis of zero
velocity, which is along the line where gears A and B mesh. From the geometry of Fig. a,

(2)

Solving Eqs. (1) and (2),

Thus,

Ans.vB = [5j + 5k] rad>s
(vB)y = (vB)z = 5 rad>s
(vB)z

(vB)y
= tan 45° (vB)z = (vB)y

vB

(vB)y + (vB)z = 10

1.5 = 0.15(vB)y + 0.15(vB)z

1.5i = C0.15(vB)y - (-0.15)(vB)z D i1.5i = C(vB)y j + (vB)z k D * (-0.15j + 0.15k)

vP = vB * rFP

rFP = [-0.15j + 0.15k] m

vB = (vB)y j + (vB)z k

(vB)z

(vB)y

vP = vDE * rC = (10k) * (-0.15j) = [1.5i] m>s

20–14. Gear C is driven by shaft DE, while gear B spins
freely about its axle GF, which precesses freely about shaft
DE. If gear A is held fixed , and shaft DE rotates
with a constant angular velocity of ,
determine the angular velocity of gear B.

vDE = 10 rad>s(vA = 0)

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Since gears A and C rotate about the fixed axis (z axis), the velocity of the contact
point P between gears B and C and point between gears A and B are

and

Gear B spins about its axle with an angular velocity of and precesses about
shaft DE with an angular velocity of . Thus, the angular velocity of gear B is

Here, and . Thus,

so that

(1)

and

Thus,

(2)

Solving Eqs. (1) and (2), we obtain

Thus,

Ans.vB = [7.5j + 2.5k] rad>s
(vB)z = 2.5 rad>s(vB)y = 7.5 rad>s

(vB)y - (vB)z = 5

-0.75 = 0.15(vB)z - 0.15(vB)y

-0.75i = C0.15(vB)z - 0.15(vB)y D i-0.75i = C(vB)y j + (vB)z k D * (-0.15j - 0.15k)

vP¿ = vB * rFP¿

(vB)y + (vB)z = 10

1.5 = 0.15(vB)y + 0.15(vB)z

1.5i = C0.15(vB)y + 0.15(vB)z D i1.5i = C(vB)y j + (vB)z k D * (-0.15j + 0.15k)

vP = vB * rFP

rFP¿ = [-0.15 j - 0.15k]rFP = [-0.15 j + 0.15k] m

vB = (vB)y j + (vB)z k

(vB)z

(vB)y

vP¿ = vA * rA = (-5k) * (-0.15j) = [-0.75i] m>s
vP = vDE * rC = (10k) * (-0.15j) = [1.5i] m>sP¿

20–15. Gear C is driven by shaft DE, while gear B spins
freely about its axle GF, which precesses freely about shaft
DE. If gear A is driven with a constant angular velocity of

and shaft DE rotates with a constant angular
velocity of , determine the angular velocity
of gear B.

vDE = 10 rad>svA = 5 rad>s
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

and

In order to determine the motion of point B relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# B>A)xyzÆ

#
¿ = v# 2 = [3i] rad>s2

Æ¿ = v2

 = [30k] m>s = 0 + (5i) * (6j)

 (vB>A)xyz = (r# B>A)xyz = C(r# B>A)x¿y¿z¿ + v2 * (rB>A)xyz D(rB>A)xyz

x¿y¿z¿
(rB>A)xyzÆ¿ = v2 = [5i] rad>sx¿y¿z¿

x¿y¿z¿

 = [-5i - 400j] m>s2

 = (5k) * (1j) + (20i) * C(20i) * (1j) D aA = v# 1 * rOA + v1 * (v1 * rOA)

vA = v1 * rOA = (20k) * (1j) = [-20i] m>s
Æ = v1 = [20k] rad>s    v

# = v# 1 = [5k] rad>s2

*20–16. At the instant the satellite’s body is
rotating with an angular velocity of , and it has
an angular acceleration of . Simultaneously, the
solar panels rotate with an angular velocity of 
and angular acceleration of . Determine the
velocity and acceleration of point B located at the end of one
of the solar panels at this instant.

v
#

2 = 3 rad>s2
v2 = 5 rad>sv

#
1 = 5 rad>s2

v1 = 20 rad>su = 0°,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.

and

Ans. = [-35i - 2950j + 18k] m>s2

 = (-5i - 400j) + (5k) * (6j) + (20k) * C(20k) * (6j) D + 2(20k) * 30k + (-150j + 18k)

 aB = aA + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = [-140i + 30k] m>s = (-20i) + (20k) * (6j) + (30k)

 vB = vA + Æ * rB>A + (vB>A)xyz

 = [-150 j + 18k] m>s2

 = [0 + 0] + (3i) * (6j) + (5i) * (30k)

 (aB>A)xyz = (r$B>A)xyz = C(r$B>A)x¿y¿z¿ + v2 * (r# B>A)x¿y¿z¿ D + v# 2 * (rB>A)xyz + v2 * (r# B>A)xyz
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

and

In order to determined the motion of point B relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# B>A)xyzÆ

#
¿ = v# 2 = 0

Æ¿ = v2

 = [-15j + 25.98k] m>s = 0 + (5i) * (6 cos 30° j + 6 sin 30° k)

 (vB>A)xyz = (r# B>A)xyz = C(r# B>A)x¿y¿z¿ + v2 * (rB>A)xyz D(rB>A)xyz

x¿y¿z¿
(rB>A)xyzÆ¿ = v2 = [5k] rad>sx¿y¿z¿

x¿y¿z¿

 = [-5i - 400j] m>s2

 = (5k) * (1j) + (20k) * [(20k) * (1j)]

 aA = v# 1 * rOA + v1 * (v1 * rOA)

vA = v1 * rOA = (20k) * (1j) = [-20i] m>s
Æ = v1 = [20k] rad>s    v

# = v# 1 = [5k] rad>s2

•20–17. At the instant , the satellite’s body is rotating
with an angular velocity of ,and it has an angular
acceleration of . Simultaneously, the solar panels
rotate with a constant angular velocity of .
Determine the velocity and acceleration of point B located at
the end of one of the solar panels at this instant.

v2 = 5 rad>sv
#

1 = 5 rad>s2
v1 = 20 rad>su = 30°
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Thus,

Ans.

and

Ans. = [569i - 2608j - 75k]m>s2        +2(20k)*(-15j +  25.98k)+(-129.90j -  75k)

 = (-5i -  400j)+(5k)*(6 cos 30°j +  6 sin 30° k)+(20k)* C(20k)*(6 cos 30° j +  6 sin 30°k) D aB = aA + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = [-124i - 15j + 26.0k] m>s = (-20i) + (20k) * (6 cos 30° j + 6 sin 30°k) + (-15j + 25.98k)

 vB = vA + Æ * rB>A + (vB>A)xyz

 = [-129.90 j - 75k] m>s2

 = [0 + 0] + 0 + (5i) * (-15j + 25.98k)

 (aB>A)xyz = ar$B>Ab
xyz

= C ar$B>Ab
x¿y¿z¿

+ v2 * (r# B>A)x¿y¿z¿ D + v# 2 * (rB>A)xyz + v2 * (r# B>A)xyz

91962_11_s20_p0867-0924  6/8/09  5:10 PM  Page 882



883

The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since the body of the satellite undergoes general motion, the motion of points O
and A can be related using

and

In order to determine the motion of point B relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity of

, the direction of will remain unchanged with respect
to the frame. Taking the time derivative of ,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# B>A)xyzÆ

#
= v# 2 = 0

Æ¿ = v2

 = [-15j + 25.98k] m>s = 0 + (5i) * (6 cos 30° j + 6 sin 30° k)

 (vB>A)xyz = (r# B>A)xyz = C(r# B>A)x¿y¿z¿ + v2 * (rB>A)xyz D(rB>A)xyzx¿y¿z¿
(rB>A)xyzÆ¿ = v2 = [5i] rad>s x¿y¿z¿

x¿y¿z¿

 = [495i - 400j] m>s2

 = (500i) + (5k) * (1j) + (20k) * [(20k) * (1j)]

 aA = aO + v# 1 * rA>O + v1 * (v1 * rO>A)

vA = vO + v1 * rA>O = 5000i + (20k) * (1j) = [4980i] m>s
Æ = v1 = [20k] rad>s    v

# = v# 1 = [5k] rad>s2

20–18. At the instant , the satellite’s body is
rotating with an angular velocity of , and it
has an angular acceleration of . At the same
instant, the satellite travels in the x direction with a velocity
of , and it has an acceleration of

. Simultaneously, the solar panels rotate
with a constant angular speed of . Determine
the velocity and acceleration of point B located at the end
of one of the solar panels at this instant.

v2 = 5 rad>saO = 5500i6 m>s2
vO = 55000i6 m>s v

#
1 = 5 rad>s2
v1 = 20 rad>su = 30°
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Thus,

Ans.

and

Ans. = [1069i - 2608j - 75k] m>s2        + 2(20k)*(-15j +  25.98k)+(-129.90j -  75k)

 = (495i -  400j)+  (5k)*(6 cos 30°j+6 sin 30° k) +  (20k)* C(20k)*(6 cos 30° j +  6 sin 30°k) D aB = aA + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = [4876i - 15j + 26.0k]m>s = (4980i) + (20k) * (6 cos 30° j + 6 sin 30°k) + (-15j + 25.98k)

 vB = vA + Æ * rB>A + (vB>A)xyz

 = [-129.90 j - 75k] m>s2

 = [0 + 0] + 0 + (5i) * (-15j + 25.98k)

 (aB>A)xyz = Ar$B>A Bxyz = C Ar$B>A Bx¿y¿z¿ + v2 * (r# B>A)x¿y¿z¿ D + v# 2 * (rB>A)xyz + v2 * (r# B>A)xyz

20–18. Continued
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Let the x, y, z axes rotate at , then

Ans.

Ans.aA = {-6.12i + 3j - 2k} ft>s2

aA = a + rA + v + vA = 3 i j k
-0.03 0 0
97.98 0 50

3 + 3 i j k
0 0.2 0.15
10 14.7 -19.6

3vA = {10i + 117j - 19.6k} ft>s
vA = vA rA = 3 i j k

0 0.2 0.15
97.98 0 50

3rA = C2(110)2 - (50)2 D i + 50k = {97.98i + 50k} ft
v = 0 + 0.15k * 0.2j = {-0.03i} rad>s2

v = v = | v | + v1 * v2

Æ = v1

v = v1 - v2

v
# = v1 + v2 = {0.2j + 0.15k} rad>s

20–19. The crane boom OA rotates about the z axis with a
constant angular velocity of , while it is
rotating downward with a constant angular velocity of

. Determine the velocity and acceleration of
point A located at the end of the boom at the instant shown.
v2 = 0.2 rad>s v1 = 0.15 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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If the bevel gear A spins about its axle with an angular velocity of , then its
angular velocity is

Since gear B rotates about the fixed axis (zaxis), the velocity of the contact point P
between gears A and B is

Since gear A rotates about a fixed point O then . Also,

Thus,

Ans.

We will set the XYZ fixed reference frame to coincide with the xyz rotating
reference frame at the instant considered. If the xyz frame rotates with an angular
velocity of , the direction of will remain constant with
respect to the xyz frame. Thus,

If , then is always directed along the z axis. Thus,

Thus,

Ans.a = v# = v# s + v# p = (259.81i) + 0 = [260i] rad>s2

v
#

p = Av# p Bxyz + vp * vp = 0 + 0 = 0

vpÆ = vp

 = [259.81i] rad>s2

 = 0 + (-10k) * (25.98j + 15k)

 v
#

s = (v
#

S)xyz + vp * vs

vsÆ = vp = [-10k] rad>s
v = 0.8660(30)j + [0.5(30) - 10]k = [26.0j + 5k] rad>svs = 30 cos 30° j + 30 sin 30°k = [25.98j + 15k] rad>s
vs = 30 rad>s-7.5 = -1.5(0.5vs - 10)

-7.5i = -1.5(0.5vs - 10)i

-7.5i = [0.8660vs j + (0.5vs - 10)k] * (1.5j)

vp = v * rOP

rOP = [1.5j] ft

vp = vB * rB = (5k) * (1.5j) = [-7.5i]ft>s
 = 0.8660vs j + (0.5vs - 10)k

 = (vs cos 30° j + vs sin 30° k) - 10 k

 v = vs + vp

vS

*20–20. If the frame rotates with a constant angular
velocity of  and the horizontal gear B
rotates with a constant angular velocity of ,
determine the angular velocity and angular acceleration of
the bevel gear A.

vB = 55k6 rad>svp = 5—10k6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Velocity Equation: Here,
, , and .

Applying Eq. 20–7, we have

Equating i, j and k components, we have

[1]

[2]

[3]

If is specified acting perpendicular to the axis of the rod AB. then

[4]

Solving Eqs. [1], [2], [3] and [4] yields

Thus,

Ans.

Ans. v = {0.667i + 0.333j + 0.833k} rad>s vB = {6.00j} ft>s
 vy = 0.3333 rad>s vz = 0.8333 rad>syB = 6.00 ft>s        vx = 0.6667 rad>s

 4vx + 2vy - 4vz = 0

 Avx i + vy j + vz k B # (4i + 2j - 4k) = 0

 v # rB>A = 0

v

2vx - 4vy = 0

yB = 4vx + 4vz

3 - 4vy - 2vz = 0

 yB j = A3 - 4vy - 2vz B  i + (4vx + 4vz) j + A2vx - 4vy B  k yB j = 3i + Avx i + vy j + vzk B * (4i + 2j - 4k)

 vB = vA + v * rB>A
v = vx i + vy j + vz kvB = yB jvA = {3i} ft>s= {4i + 2j - 4k} ft

rB>A = {[0 - (-4)] i + (2 - 0) j + (0 - 4)k} ft

•20–21. Rod AB is attached to collars at its ends by ball-
and-socket joints. If the collar A has a velocity of ,
determine the angular velocity of the rod and the velocity of
collar B at the instant shown. Assume the angular velocity of
the rod is directed perpendicular to the rod.

vA = 3 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Velocity Equation: Here,
, , and .

Applying Eq. 20–7. we have

Equating i, j, k components, we have

[1]

[2]

[3]

If is specified acting perpendicular to the axis of rod AB, then

[4]

Solving Eqs. [1], [2], [3] and [4] yields

Thus,

Acceleration Equation: With and the result obtained above,
applying Eq. 20–8, we have

 aB j = 8 i + Aax i + ay j + azk B * (4i + 2j - 4k)

 aB = aA + a * rB>A + v * (v * rB>A)

a = ax i + ay j + az k

v = {0.6667i + 0.3333j + 0.8333k} rad>s vy = 0.3333 rad>s vz = 0.8333 rad>s yB = 6.00 ft>s vx = 0.6667 rad>s
 4vx + 2vy - 4vz = 0

 Avx i + vy j + vz k B # (4i + 2j - 4k) = 0

 v # rB>A = 0

v

2vx - 4vy = 0

yB = 4vx + 4vz

3 - 4vy - 2vz = 0

 yB j = A3 - 4vy - 2vz B  i + (4vx + 4vz) j + A2vx - 4vy B  k yB j = 3i + Avx i + vy j + vzk B * (4i + 2j - 4k)

 vB = vA + v * rB>A
v = vx i + vy j + vz kvB = yB jvA = {3i} ft>s= {4i + 2j - 4k} ft

rB>A = {[0 - (-4)] i + (2 - 0) j + (0 - 4)k} ft

20–22. The rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has an acceleration of

and a velocity , determine the
angular acceleration of the rod and the acceleration of collar B
at the instant shown. Assume the angular acceleration of the
rod is directed perpendicular to the rod.

vA = 53i6 ft>saA = 58i6 ft>s2
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Equating i, j, k components, we have

[5]

[6]

[7]

If is specified acting perpendicular to the axis of rod AB, then

[8]

Solving Eqs. [5], [6], [7] and [8] yields

Thus,

Ans.

Ans. a = {-0.722i + 0.889j - 0.278k} rad>s2

 aB = {-6.50j} ft>s2

ay = 0.8889 rad>s az = -0.2778 rad>s2

aB = -6.50 ft>s2 ax = -0.7222 rad>s2

 4ax + 2ay - 4az = 0

 Aax i + ay j + a2 k B # (4i + 2 - 4k) = 0

 a # rB>A = 0

a

5 + 2ax - 4ay = 0

aB = -2.50 + 4ax + 4az

3 - 4ay - 2az = 0

 aB j = A3 - 4ay - 2az B  i + (-2.50 + 4ax + 4az)j + A5 + 2ax - 4ay B  k +(0.6667i + 0.3333j + 0.8333k) * [(0.6667i + 0.3333j + 0.8333k) * (4i + 2j - 4k)

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating i, j, and k

(1)

(2)

(3)

Since is perpendicular to the axis of the rod,

(4)

Solving Eqs.(1) to (4) yields:

Ans.

Then Ans.vAB = {1.17i + 1.27j - 0.779k} rad>syB = 4.71 ft>svx = 1.1684 rad>s vy = 1.2657rad>s vz = -0.7789 rad>s
1.5vx - 2vy - vz = 0

vAB
# rB>A = (vx i + vy j + vzk) # (1.5i - 2j - 1k) = 0

vAB

v - 2vx - 1.5vx = 4
5

 yB

vz + 1.5vz = 0

-vz + 2vz = -  
3
5

 yB

-  
3
5

 yB i + 4
5

 yBk = 8k + 3 i j k
vx vy vz

1.5 -2 -1

3vB = vA + vAB * rB>A
 rB>A = {1.5i - 2j - 1k} ft

vB = {8k} ft>s vB = -  
3
5

 yBi + 4
5

 yB k vAB = vx i + vy j + vz k

20–23. Rod AB is attached to collars at its ends by ball-and-
socket joints. If collar A moves upward with a velocity of

determine the angular velocity of the rod and
the speed of collar B at the instant shown. Assume that the
rod’s angular velocity is directed perpendicular to the rod.

vA = 58k6ft>s,
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From Prob. 20–23

Equating i, j, and k components

(1)

(2)

(3)

Since is perpendicular to the axis of the rod,

(4)

Solving Eqs.(1) to (4) yields:

Ans.

Then Ans.aAB = {-2.78i - 0.628j - 2.91k} rad>s2

aB = 17.6 ft>s2

ax = -2.7794 rad>s2 ay = -0.6285rad>s2 az = -2.91213 rad>s2

1.5ax - 2ay - az = 0

aAB
# rB>A = (ax i + ay j + azk) # (1.5i - 2j - 1k) = 0

aAB

7.5737 - 2ax - 1.5ay = 4
5

 a

ax + 1.5az + 7.1479 = 0

-ay + 2az - 5.3607 = -  
3
5

 aB

 * C(1.1684i + 1.2657j - 0.7789k) * (1.5i - 2j - 1k) D +(1.1684i + 1.2657j - 0.7789k)

 -  
3
5

 aB i + 4
5

 aB k = 4k + (axi + ay j + az k) * (1.5i - 2j - 1k)

 aB = aA + aAB * rB>A + vAB * (vAB * rB>A)

 aA = {4k} ft>s2  aB = -  
3
5

 aB i + 4
5

 aB k

aAB = ax i + ay j + az k

rB #A = {1.5i - 2j - 1k} ft

vAB = {1.1684i + 1.2657j - 0.7789k} rad>s

*20–24. Rod AB is attached to collars at its ends by ball-and-
socket joints. If collar A moves upward with an acceleration of

,determine the angular acceleration of rod AB
and the magnitude of acceleration of collar B.Assume that the
rod’s angular acceleration is directed perpendicular to the rod.

aA = 54k6ft>s2
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Since rod AB undergoes general motion vA and vB can be related using the relative
velocity equation.

Assume and . Also,

. Thus,rB>A = [-2i + 4j - 4k] ft
vAB = (vAB)x i + (vAB)y j + (vAB)z kvB = 4

5
 vB i - 3

5
 vB k

vB = vA + vAB * rB>A

•20–25. If collar A moves with a constant velocity of
, determine the velocity of collar B when

rod AB is in the position shown. Assume the angular
velocity of AB is perpendicular to the rod.

vA = 510i6 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4),

Then,

Ans.vB = 4
5

 (-25)i - 3
5

 (-25)k = [-20i + 15k] ft>s
vB = -25 ft>s(vAB)x = 1.667 rad>s   (vAB)y = 4.167 rad>s   (vAB)z = 3.333 rad>s

-2(vAB)x + 4(vAB)y - 4(vAB)z = 0

c(vAB)x i + (vAB)y j + (vAB)zk d # (-2i + 4j - 4k) = 0

vAB
# rB>A = 0

-  
3
5

 vB = 4(vAB)x + 2(vAB)y

0 = 4(vAB)x - 2(vAB)z

4
5

 vB = 10 - 4(vAB)y - 4(vAB)z

4
5

 vBi - 3
5

 vB k = c10 - 4(vAB)y - 4(vAB)z d i + c4(vAB)x - 2(vAB)z d j + c4(vAB)x + 2(vAB)y dk
4
5

 vB i - 3
5

 vBk = 10i + c(vAB)x i + (vAB)y j + (vAB)zk d * (-2i + 4j - 4k)

z

x

y

A

3

4

5

B

4 ft

4 ft

2 ft
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For general motion, aA and aB can be related using the relative acceleration
equation.

Using the result of Prob. 19-17, .

Assume and . Also,

. Thus,rB>A = [-2i + 4j - 4k] ft

aAB = (aAB)x i + (aAB)y j + (aAB)z kaB = 4
5

 aB i - 3
5

 aB k

vAB = [1.667i + 4.166j + 3.333k] rad>saB = aA + aAB * rB>A + vAB * (vAB * rB>A)

20–26. When rod AB is in the position shown, collar A
moves with a velocity of and acceleration of

. Determine the acceleration of collar B at
this instant. Assume the angular velocity and angular
acceleration of AB are perpendicular to the rod.

aA = 52i6 ft>s2
vA = 510i6 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

x

y

A

3

4

5

B

4 ft

4 ft

2 ft

Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4),

Then,

Ans.aB = 4
5

 (-1411.25)i - 3
5

(-1411.25)k = [-1129i + 846.75k] ft>s
aB = -1411.25 ft>s2

(aAB)x = 94.08 rad>s2  (aAB)y = 172.71 rad>s2   (aAB)z = 125.67 rad>s2

-2(aAB)x + 4(aAB)y - 4(aAB)z = 0

c(aAB)x i + (aAB)y j + (aAB)zk d # (-2i + 4j - 4k) = 0

aAB
# rB>A = 0

-  
3
5

 aB = 4(aAB)x + 2(aAB)y + 125

0 = 4(aAB)x - 2(aAB)z - 125

4
5

 aB = 64.5 - 4(aAB)y - 4(aAB)z     

 
4
5

 aB i - 3
5

 aB k = c64.5 - 4(aAB)y - 4(aAB)z d i + C4(aAB)x - 2(aAB)z - 125 Dj + c4(aAB)x + 2(aAB)y + 125 dk +(1.667i + 4.166j + 3.333k) * [(1.667i + 4.166j + 3.333k) * (-2i + 4j - 4k)]

 
4
5

 aB i - 3
5

 aB k = 2i + c(aAB)x i + (aAB)y j + (aAB)z k d * (-2i + 4j - 4k)
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Since rod AB undergoes general motion vA and vB can be related using the relative
velocity equation.

Assume , , and

. Thus,

vB j = 3i + c(vAB)x i + (vAB)yj + (vAB)z k d * (0.2i + 0.6j - 0.3k)

rB>A = [0.2i + 0.6j - 0.3k] ft

vAB = c(vAB)x i + (vAB)y j + (vAB)z k dvB = vB j

vB = vA + vAB * rB>A

20–27. If collar A moves with a constant velocity of
, determine the velocity of collar B when rod

AB is in the position shown. Assume the angular velocity of
AB is perpendicular to the rod.

vA = 53i6 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4),

Then,

Ans.vB = [1j]m>s
vB = 1 m>s(vAB)x = 0.6122 rad>s (vAB)y = 1.837 rad>s  (vAB)z = 4.082 rad>s

0.2(vAB)x + 0.6(vAB)y - 0.3(vAB)z = 0   

C(vAB)x i + (vAB)y j + (vAB)z k D # (0.2i + 0.6j - 0.3k) = 0

vAB
# rB>A = 0

0 = 0.6(vAB)x - 0.2(vAB)y      

vB = 0.3(vAB)x + 0.2(vAB)z

0 = 3 - 0.3(vAB)y - 0.6(vAB)z     

vB j = c3 - 0.3(vAB)y - 0.6(vAB)z d i + C0.3(vAB)x + 0.2(vAB)z D j + c0.6(vAB)x - 0.2(vAB)y dk

z

x

y

A

B

200 mm

300 mm

600 mm
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For general motion, aA and aB can be related using the relative acceleration
equation.

Using the result of Prob. 19-22,

Also, , , and
. Thus,

 aB j = (0.5i) + c(aAB)x i + (aAB)y j + (aAB)z k d * (0.2i + 0.6j - 0.3k)

rB>A = [0.2i + 0.6j - 0.3k] m
aAB = (aAB)x i + (aAB)y j + (aAB)z kaB = aB j

vAB = [0.6122i + 1837j + 4.082k] rad>saB = aA + aAB * rB>A + vAB * (vAB * rB>A)

*20–28. When rod AB is in the position shown, collar A
moves with a velocity of and acceleration of

. Determine the acceleration of collar B at
this instant. Assume the angular velocity and angular
acceleration of AB are perpendicular to the rod.

aA = 50.5i6 m>s2
vA = 53i6 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

x

y

A

B

200 mm

300 mm

600 mm

Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4),

Then,

Ans.aB = [-16.5j]m>s2

aB = -16.5 m>s2

(aAB)x = -10.1020 rad>s2 (aAB)y = 0.3061rad>s2 (aAB)z = -6.1224 rad>s2

0.2(aAB)x + 0.6(aAB)y - 0.3(aAB)z = 0

C(aAB)x i + (aAB)y j + (aAB)z k D # (0.2i + 0.6j - 0.3k) = 0

aAB
# rB>A = 0

0 = 0.6(aAB)x - 0.2(aAB)y + 6.1224

aB = 0.3(aAB)x + 0.2(aAB)z - 12.2449

0 = - c0.3(aAB)y + 0.6(aAB)z + 3.5816 d
 aBj = - c0.3(aAB)y + 0.6(aAB)z + 3.5816 d i + C0.3(aAB)x + 0.2(aAB)z - 12.2449 Dj + c0.6(aAB)x - 0.2(aAB)y + 6.1224 dk +(0.6122i + 1837j + 4.082k) * [(0.6122i + 1837j + 4.082k) * (0.2i + 0.6j - 0.3k)]
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Here, and . Since crank BC rotates about a fixed
axis, then

Since rod AB undergoes general motion vA and vB can be related using the relative
velocity equation.

Here, , , and

. Thus,

vA k = -1.8j + c(vAB)x i + (vAB)yj + (vAB)z k d * (-0.3i - 1j + 0.8k)

rA>B = [-0.3i - 1j + 0.8k] m

vAB = c(vAB)x i + (vAB)y j + (vAB)z k dvB = vA k

vA = vB + vAB * rA>B

vB = vAB * rB>C = A6k B * A -0.3i B = [-1.8j] m>s
vBC = [6k] rad>srC>B = [-0.3i] m

•20–29. If crank BC rotates with a constant angular
velocity of , determine the velocity of the
collar at A. Assume the angular velocity of AB is
perpendicular to the rod.

vBC = 6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4),

Then,

Ans.vA = [2.25k]m>s
vA = 2.25 m>s(vAB)x = -2.133 rad>s (vAB)y = 0.3902rad>s  (vAB)z = -0.3121 rad>s2

-0.3(vAB)x - (vAB)y + 0.8(vAB)z = 0

c(vAB)x i + (vAB)y j + (vAB)z k d # (-0.3i - 1j + 0.8k) = 0

vAB
# rA>B = 0

vA = 0.3(vAB)y - (vAB)x

0 = - c0.8(vAB)x + 0.3(vAB)z + 1.8 d0 = 0.8(vAB)y + (vAB)z

vA k = c0.8(vAB)y + (vAB)z d i- c0.8(vAB)x + 0.3(vAB)z + 1.8 d j + c0.3(vAB)y - (vAB)x dk

800 mm

300 mm

1000 mm

300 mmz

A

B

C y

x VBC, VBC
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Here, and . Since crank BC rotates about a
fixed axis, then

aBC = [1.5k] rad>s2rCB = [-0.3i] m

20–30. If crank BC is rotating with an angular velocity 
of and an angular acceleration of

, determine the acceleration of collar A at
this instant. Assume the angular velocity and angular
acceleration of AB are perpendicular to the rod.

v
#

BC = 1.5 rad>s2
vBC = 6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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For general motion, aA and aB can be related using the acceleration equation.

Using the result of Prob. 20-29, .

Also, , , and

. Thus,

Equating the i, j, and k components

(1)

(2)

(3)

The fourth equation can be obtained from the dot product of

(4)

Solving Eqs. (1) through (4).

Then,

Ans.aA = [-13.9k]m>s2

aA = -13.9 m>s2

(aAB)x = 7.807 rad>s2 (aAB)y = -7.399rad>s2 (aAB)z = -6.321 rad>s2

-0.3(aAB)x - (aAB)y + 0.8(aAB)z = 0

C(aAB)x i + (aAB)y j + (aAB)z k D # (-0.3i - 1j + 0.8k) = 0

aAB
# rA>B = 0

aA = 0.3(aAB)y - (aAB)x - 3.839

0 = 4.349 - 0.8(aAB)x - 0.3(aAB)z

0 = 0.8(aAB)y + (aAB)z + 12.24

aAk = C0.8(aAB)y + (aAB)z + 12.24 D i + C4.349 - 0.8(aAB)x - 0.3(aAB)z Dj + C0.3(aAB)y - (aAB)x - 3.839 Dk+(-2.133i + 0.3902j - 0.3121k) * [(-2.133i + 0.3902j - 0.3121k) * (-0.3i - 1j + 0.8k)]

 aAk = (10.8i - 0.45j) + C(aAB)x i + (aAB)yj + (aAB)z k D * (-0.3i - 1j + 0.8k)

rA>B = [-0.3i - 1j + 0.8k] m

aAB = (aAB)x i + (aAB)y j + (aAB)z kaA = aA k

vAB = [-2.133i + 0.3902j - 0.3121k] rad>saA = aB + aAB * rA>B + vAB * (vAB * rA>B)

 = [10.8i - 0.45j] m>s2

 aB = aBC * rCB + vBC * (vBC * rCB) = (1.5k) * (-0.3i) + 6k * [(6k) * (-0.3i)]

800 mm

300 mm

1000 mm

300 mmz

A

B

C y

x VBC, VBC
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Equating i, j, and k components yields:

(1)

(2)

(3)

If is perpendicular to the axis of the rod,

(4)

Solving Eqs. (1) to (4) yields:

Note: vB can be obtained by solving Eqs. (1)-(3) without knowing the direction of 

Hence 

Ans.vB = {10k} ft>svAB = {1.2245i + 1.3265j + 1.8367k} rad>s v

vx = 1.2245 rad>s vy = 1.3265 rad>s vz = 1.8367 rad>s yB = 10 ft>s
 -2vx + 6vy - 3vz = 0

 vAB
# rB>A = (vx i + vy j + vz k) #  (-2i + 6j - 3k) = 0

vAB

6vx + 2vy = yB

3 vx - 2 vz = 0

15 - 3 vy - 6vz = 0

yBk = 15i + 3 i j k
vx vy vz

-2 6 -3

3vB = vA + vAB * rB>A
rB>A = {-2 i + 6j - 3k} ft

vA = {15i} ft>s vB = yBk vAB = vx i + vy j + vz k

20–31. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a velocity at
the instant shown, determine the velocity of collar B.
Assume the angular velocity is perpendicular to the rod.

vA = 15 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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From Prob. 20–31

Equating i, j, and k components yields:

(1)

(2)

(3)

If is perpendicular to the axis of the rod,

(4)

Solving Eqs. (1) to (4) yields:

Note: aB can be obtained by solving Eqs. (1)-(3) without knowing the direction of 

Hence Ans.aB = { 110k } ft>s2

a

ax = 13.43 rad>s2 ay = 4.599 rad>s2 az = 0.2449 rad>s2 aB = 109.7 ft>s2

-2ax + 6ay - 3az = 0

aAB
# rB>A = (ax i + ay j + azk) # (-2i + 6j - 3k) = 0

aAB

6ax + 2ay + 19.8975 = aB

3ax - 2az - 39.7955 = 0

15.2653 - 3 ay - 6az = 0

* C(1.2245i + 1.3265j + 1.8367k) * (-2i + 6j - 3k) D+(1.2245i + 1.3265j + 1.8367k)

aB k = 2i + (ax i + ay j + azk) * (-2i + 6j - 3k)

aB = aA + aAB * rB>A + vAB * (vAB * rB>A)

aA = { 2i } ft>s2    aB = aB k

aAB = ax i + ay j + az k

rB>A = {-2 i + 6j - 3k} ft

vAB = {1.2245i + 1.3265j + 1.8367k} rad>s

*20–32. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a velocity of

and an acceleration of at
the instant shown, determine the acceleration of collar B.
Assume the angular velocity and angular acceleration are
perpendicular to the rod.

aA = 52i6 ft>s2vA = 515i6 ft>s
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Velocity Equation: Here, ,

, and

. Applying Eq. 20–7, we have

Equating i, j and k components, we have.

[1]

[2]

[3]

If is specified acting perpendicular to the axis of the rod AB, then

[4]

Solving Eqs. [1], [2], [3] and [4] yields

Ans.

vx = 1.50 rad>s vy = 0.225 rad>s vz = 0.450 rad>syB = 1.875 m>s
 2vy - vz = 0

 ( vx i + vy j + vz k) # (2j - 1k) = 0

 v # rB>A = 0

v

0 = 2 vx - 3

0.8 yB = vx

-0.6 yB = -vy - 2vz

 -0.6 yB i + 0.8 yB j = (-  vy - 2vz)i + vx j + (2vx - 3) k

 -0.6 yB i + 0.8 yB j = -3k + ( vxi + vy j + vz k) * (2j - 1k)

 vB = vA + v * rB>A
v = vx i + vy j + vz k

vB = yB B (0 - 1.5) i + (2 - 0) j2(0 - 1.5)2 + (2 - 0)2
R = -0.6 yB i + 0.8 yB jvA = {-3k} m>s

rB>A = {(2 - 0) j + (0 - 1 k) m = {2j - 1k} m

•20–33. Rod AB is attached to collars at its ends by ball-
and-socket joints. If collar A has a speed ,
determine the speed of collar B at the instant shown.
Assume the angular velocity is perpendicular to the rod.

vA = 3 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Velocity Equation: Here, ,

, and

. Applying Eq. 20–7, we have

Equating i, j, and k components, we have

[1]

[2]

[3]

If is specified acting perpendicular to the axis of the rod AB, then

[4]

Solving Eqs. [1], [2], [3] and [4] yields

Thus,

v = {1.50i + 0.225j + 0.450k} rad>s
vy = 0.225 rad>s vz = 0.450 rad>syB = 1.875 m>s vx = 1.50 rad>s

 2vy - vz = 0

 A  vx i + vy j + vz k B # (2j - 1k) = 0

 v # rB>A = 0

v

0 = 2vx - 3

0.8 yB = vx

-0.6 yB = -3-vy - 2vz

 -0.6 yB i + 0.8 yB j = ( - 3-vy - 2vz)i + vx j + (2 vx - 3) k

 -0.6yB i + 0.8 yB j = -3k + (vxi + vy j + vz k) * (2j - 1k)

 vB = vA + v * rB>A
v =  v j + vz k

vB = yB B (0 - 1.5)i + (2 - 0)j2(0 - 1.5)2 + (2 - 0)2
R = -0.6 yB i + 0.8 yB jvA = { - 3k}  m>s

rB>A = {(2 - 0)j + (0 - 1) k} m = {2j - 1k) m

20–34. If the collar at A in Prob 20–33 has an acceleration
of at the instant its velocity is

, determine the magnitude of the
acceleration of the collar at B at this instant. Assume the
angular velocity and angular acceleration are perpendicular
to the rod.

vA = 5-3k6 m>saA = 5-2k6 m>s2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

y

x

vA ! 3 m/s

1 m

1.5 m

A

B

z

2 m

91962_11_s20_p0867-0924  6/8/09  5:22 PM  Page 901



902

Acceleration Equation: With and the result obtained above,
Applying Eq. 20–8, we have

Equating i, j, and k components. we have

[5]

[6]

[7]

Solving Eqs. [6] and [7] yields

Ans.

Negative sign indicates that aB is directed in the opposite direction to that of the
above assumed direction

Note: In order to determine and . one should obtain another equation by
pacifying the direction of which acts perpendicular to the axis of rod AB.a

azay

aB = -6.57 m>s2

ax = -0.2515 rad>s2

0 = 2ay + 0.503125

0.8aB = ay - 5.00625

-0.6aB = -ay - 2az

 -0.6aB i + 0.8aB j = A  -ay - 2az B i + (ax - 5.00625) j + (2ax + 0.503125) k

 + (1.50i + 0.225j + 0.450k) * [(1.50i + 0.225j + 0.450k) * (2j - 1k)]

 -0.6aB i + 0.8aB j = -2k + Aax i + ay j + az k B * (2j - 1k)

 aB = aA + a * rB>A + v * (v * rB>A)

a = ax i + ay j + az k

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Solving,

Thus,

Ans.

Ans.vC = {10.4i - 7.79k} ft>sv = {1.50i + 2.60j + 2.00k} rad>s
(vC)z = -7.7942 ft>s(vC)x = 10.392 ft>svy = 2.5981 rad>s

(vC)z = -3vy

0 = 4vx - 6; vx = 1.5 rad>s(vC)x = 4vy

(vC)x i + (vC)zk = 3 i j k
vx vy 2
3 0 4

3vC = v * rC>A
2.165vx - 1.25vy = 0; vy = 1.732vx

-2.165vz = -4.33 ; vz = 2 rad>s
-4.33i + 2.5j = 3 i j k

vx vy vz

1.25 2.165 0

3vB = v * rB>A
rB>A = {1.25i + 2.165j} ft

rC>A = {3i + 4k} ft

vC = (vC)x i + (vC)z k

= {-4.33i + 2.5j} ft>svB = -5 sin 60°i + 5 cos 60°j

20–35. The triangular plate ABC is supported at A by a
ball-and-socket joint and at C by the plane.The side AB
lies in the plane. At the instant ,
and point C has the coordinates shown. Determine the
angular velocity of the plate and the velocity of point C at
this instant.

u
#

= 2 rad>su = 60°x-y
x-z

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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From Prob. 20–35.

(1)

(2)

(3)

(4)

Solving Eqs. (1)-(4),

Ans.

Ans.a = {10.4i + 30.0j + 3k} rad>s2

aC = {99.6i - 117k}ft>s2

(aC)z = -117 ft>s2

(aC)x = 99.6 ft>s2

ay = 29.96 rad>s2

ax = 10.369 rad>s2

 (aC)z = -3ay - 27

 0 = 3az - 4ax + 32.4760

 (aC)x = 4ay - 20.25

aC = (aC)x i + (aC)zk = 3 i j k
ax ay az

3 0 4

3 + 3 i j k
1.5 2.5981 2

10.39 0 -7.794

3vC>A = 10.39i - 7.794k

aC = a * rC>A + v * vC>A
 0 = 2.165ax - 1.25ay + 15

az = 3 rad>s2

-4.91025 = 1.25az - 8.66

-11.4952 = -2.165az - 5

-11.4952i - 4.91025j = 3 i j k
ax ay az

1.25 2.165 0

3 + 3 i j k
1.5 2.5981 2

-4.33 2.5 0

3aB = a * rB>A + v * vB>A
aB = -11.4952i - 4.91025j

aB = -7.5 sin 60°i + 7.5 cos 60°j - 10 cos 60°i - 10 sin 60°j

(aB)n = (2)2(2.5) = 10 ft>s2

(aB)t = 3(2.5) = 7.5 ft>s2

vB = -4.33i + 2.5j

rB>A = 1.25i + 2.165j

v = 1.5i + 2.5981j + 2k

*20–36. The triangular plate ABC is supported at A by a
ball-and-socket joint and at C by the plane. The side
AB l ies  in  the  p lane. At  the  ins tant  ,

, and point C has the coordinates
shown. Determine the angular acceleration of the plate and
the acceleration of point C at this instant.

u
$

= 3 rad>s2u
#

= 2 rad>s u = 60°x-y
x-z

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating i, j, and k components

(1)

(2)

(3)

Since is perpendicular to the axis of the rod,

(4)

Solving Eqs. (1) to (4) yields:

Then

Ans.

Ans.vB = {-0.333j} m>svBC = {0.204i - 0.612j + 1.36k} rad>s
vx = 0.204 rad>s vy = -0.612 rad>s vz = 1.36 rad>s vB = 0.333 m>s

 -0.2vx + 0.6vy + 0.3vz = 0

 vBC rB>C = (vx i + vy j + vzk) # (-0.2i + 0.6j + 0.3k) = 0

vBC

0.6vx + 0.2vy = 0

0.3vx + 0.2vz = vB

1 - 0.3vy - 0.6vz = 0

-vB = 1i + 3 i j k
vx vy vz

-0.2 0.6 0.3

3 vB = vC + vBC * rB>C
 rB>C = {-0.2i + 0.6j + 0.3k} m

vC = {1i} m>s vB = -vBj vBC = vx i + vy j + vz k

•20–37. Disk A rotates at a constant angular velocity of
If rod BC is joined to the disk and a collar by ball-

and-socket joints, determine the velocity of collar B at the
instant shown. Also, what is the rod’s angular velocity 
if it is directed perpendicular to the axis of the rod?

VBC

10 rad>s.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Equating i, j, and k components

(1)

(2)

(3)

Also,

(4)

Solving Eqs. (1) to (4) yields:

Then

Ans.

Ans.vB = {-0.333j} m>svBC = {0.769i - 2.31j + 0.513k} rad>s
vx = 0.769 rad>s vy = -2.31 rad>s vz = 0.513 rad>s vB = 0.333 m>s

0.5547vx - 0.8321vz = 0

vBC
# u = (vx i + vy j + vzk) # (0.5547i - 0.8321k) = 0

u = j * n = j * (0.8321i + 0.5547k) = 0.5547i - 0.8321k

n = 0.18i + 0.12k20.182 + 0.122
= 0.8321i + 0.5547k

rB>C * rD>C = 3 i j k
-0.2 0.6 0.3
-0.2 0 0.3

3 = {0.18i + 0.12k} m2

rD>C = {-0.2i + 0.3k} m

rB>C = {-0.2i + 0.6j + 0.3k} m

0.6vx + 0.2vz = 0

0.3vx + 0.2vz = vB

1 + 0.3vx - 0.6vz = 0

-vBj = 1i + 3 i j k
vx vy vz

-0.2 0.6 0.3

3 vB = vC + vBC * rB>C
 rB>C = {-0.2i + 0.6j + 0.3k} m

vC = {1i} m>s vB = -vBj vBC = vx i + vy j + vz k

20–38. Solve Prob. 20–37 if the connection at B consists of
a pin as shown in the figure below, rather than a ball-and-
socket joint. Hint: The constraint allows rotation of the rod
both about bar DE (j direction) and about the axis of the
pin (n direction). Since there is no rotational component in
the u direction, i.e., perpendicular to n and j where

, an additional equation for solution can be
obtained from . The vector n is in the same
direction as .rB>C :  rD>CV # u = 0
u = j :  n

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Relative to XYZ, let xyz have

Relative to xyz, let be coincident with xyz and be fixed to BD. Then

 + C(v# 1 + v# 2) * (rC>B)xyz D + C(v1 + v2) * (r# C>B)xyz D (aC>B)xyz = (r$C>B)xyz = C(r$C>B)x¿y¿z¿ + (v1 + v2) * (r# C>B)x¿y¿z¿ D = {-1i + 3j + 0.8k} m>s = 3j + (4i + 5k) * (0.2j)

 (vC>B)xyz = (r# C>B)xyz = (r# C>B)x¿y¿z¿ + (v1 + v2) * (rC>B)xyz

(rC>B)xyz = {0.2j} m

Æxyz = v1 + v2 = {4i + 5k} rad>s v
#

xyz = v# 1 + v# 2 = {1.5i - 6k} rad>s2

x¿ y¿ z¿

aB = {0.75j + 8k} m>s2

vB = {2j} m>srB = {-0.5k} m

Æ = 0 Æ
#

= 0

20–39. Solve Example 20–5 such that the x, y, z axes move
with curvilinear translation, in which case the collar
appears to have both an angular velocity 
and radial motion.

æxyz = V1 + V2

æ = 0

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Ans. = {-28.8i - 5.45j + 32.3k} m>s2

 = (0.75j + 8k) + 0 + 0 + 0 + (-28.8i - 6.2j + 24.3k)

 aC = aB + Æ * rC>B + Æ * (Æ * rC>B) + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {-1.00i + 5.00j + 0.800k} m>s = 2j + 0 + (-1i + 3j + 0.8k)

 vC = vB + Æ * rC>B + (vC>B)xyz

 = {-28.8i - 6.2j + 24.3k} m>s2

 (aC>B)xyz = C2j + (4i + 5k) * 3j D + C(1.5i - 6k) * 0.2j D + C(4i + 5k) * (-1i + 3j + 0.8k) D
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Relative to XYZ, let be concident with XYZ and have and 

Relative to , let xyz have

Ans.

 aC = aB + Æ * rC>B + Æ * (Æ * rC>B) + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {-1i + 5j + 0.8k}m>s = 2j + C(4i + 5k) * (0.2j) D + 3j

 vC = vB + Æ * rC>B + (vC>B)xyz

(aC>B)xyz = {2j} m>s2

(vC>B)xyz = {3j} m>sarC>Bb
xyz

= {0.2j} m

Æx¿y¿z¿ = 0; Æ
#

x¿y¿z¿ = 0;

x¿y¿z¿

 = 0 + 0 + C(1.5i) * (-0.5k) D + (4i * 2j) = {0.75j + 8k} m>s2

 aB = r# B = c ar$Bb
x¿y¿z¿

+ v1 * ar# Bb
x¿y¿z¿
d + v# 1 * rB + v1 * r# B

vB = r# B = ar# Bb
x¿y¿z¿

+ v1 * rB = 0 + (4i) * (-0.5k) = {2j} m>srB = {-0.5k} m

 = (1.5i + 0) + C -6k + (4i) * (5k) D = {1.5i - 20j - 6k} rad>s2

 v
# = v# 1 + v# 2 = c av# 1b

x¿y¿z¿
+ v1 * v1 d + c av2b

x¿y¿z¿
+ v1 * v2 dv

# = v# 1 + v# 2 = {4i + 5k} rad>s Æ
#

¿ = v# 1Æ¿ = v1x¿ y¿ z¿

*20–40. Solve Example 20–5 by fixing x, y, z axes to rod
BD so that . In this case the collar appears
only to move radially outward along BD; hence .æxyz = 0

æ = V1 + V2

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.aC = {-28.2i - 5.45j + 32.3k} m>s2

 = (0.75j + 8k) + C(1.5i - 20j - 6k) * (0.2j) D + (4i + 5k) * C(4i + 5k) * (0.2j) D + 2 C(4i + 5k) * (3j) D + 2j
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. The angular velocity and angular acceleration of this frame with
respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of point C relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Thus,

Ans. = [-4.5i - 1.8j] m>s = (-4.5i) + 6k * 0.15k + (-1.8j)

 vC = vA + Æ * rC>A + (vC>A)xyz

= [-1.8j] m>s= 0 + (12i) * (0.15k)

 (vC>A)xyz = (r# C>A)xyz = C(r# C>A)x¿y¿z¿ + vs * (rC>A)xyz D(rC>A)xyz

x¿y¿z¿
(rC>A)xyzÆ¿ = vS = [12i] rad>sx¿y¿z¿

x¿y¿z¿

vA = vP * rOA = (6k) * (0.75j) = [-4.5i] m>s
Æ = vp = [6k] rad>s     v

# = v# p = [3k] rad>s2

•20–41. At the instant shown, the shaft rotates with an
angular velocity of and has an angular
acceleration of . At the same instant, the 
disk spins about its axle with an angular velocity 
of , increasing at a constant rate of

. Determine the velocity of point C located on
the rim of the disk at this instant.
v
#

s = 6 rad>s2
vs = 12 rad>sv

#
p = 3 rad>s2

vp = 6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. The angular velocity and angular acceleration of this frame with
respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of the point C relative to point A, it is neccessary
to establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# C>A)xyzÆ

#
= v# s = [6i] rad>s2

Æ¿ = vs

 = [-1.8j] m>s = 0 + (12i) * (0.15k)

 (vC>A)xyz = (r# C>A)xyz = C(r# C>A)x¿y¿z¿ + vS * (rC>A)xyz D(rC>A)xyz

x¿y¿z¿
(rC>A)xyzÆ¿ = vs = [12i] rad>sx¿y¿z¿

x¿y¿z¿

 = [-2.25i - 27j] m>s2

 = (3k) * (0.75j) + 6k * [6k * 0.75j]

 aA = v# p * rOA + vp * Avp * rOA BvA = vp * rOA = (6k) * (0.75j) = [-4.5i] m>s
Æ = vp = [6k] rad>s      v

# = Æ
#

p = [3k] rad>s2

20–42. At the instant shown, the shaft rotates with an
angular velocity of and has an angular
acceleration of . At the same instant, the disk
spins about its axle with an angular velocity of  
increasing at a constant rate of . Determine
the acceleration of point C located on the rim of the disk at
this instant.

v
#

s = 6 rad>s2
vs = 12 rad>s,

v
#

p = 3 rad>s2
vp = 6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans. = [19.35i - 27.9j - 21.6k]m>s2

 = (-2.25i - 27j) + 3k * 0.15k + 6k * (6k * 0.15k) + 2(6k) * (-1.8j) + (-0.9j - 21.6k)

 aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

 = [-0.9j - 21.6k] m>s2

 = [0 + 0] + (6i) * (0.15k) + (12i) * (-1.8j)

 (aC>A) = (r$C>A)xyz = C(r$C>A)x¿y¿z¿ + vs * (r# C>A)x¿y¿z¿ D + v# s * (rC>A)xyz + vs * (r
#
C>A)xyz
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Relative to XYZ, let xyz have

( does not change direction relative to XYZ.)

Relative to xyz, let be coincident with xyz at O and have

( does not change direction
relative to XYZ.)

ÆxyzÆxyz = {0.6i} rad>s, Æ
#

xyz = {0.2i} rad>s2

x¿y¿z¿

rO = 0, vO = 0, aO = 0

ÆÆ = {0.3k} rad>s, v
# = 0

20–43. At the instant shown, the cab of the excavator
rotates about the z axis with a constant angular velocity of

. At the same instant , and the boom
OBC has an angular velocity of , which is
increasing at , both measured relative to the
cab. Determine the velocity and acceleration of point C on
the grapple at this instant.

u
$

= 0.2 rad>s2
u
#

= 0.6 rad>su = 60°vz = 0.3 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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change direction relative to XYZ.)

Thus,

Ans.

Ans. = {0.839i - 3.15j + 0.354k} m>s2

 + 2(0.3k) * (-1.3981j + 3.5785k) - 2.61310j + 0.35397k

 = 0 + 0 + (0.3k) * C(0.3k) * (5.9641j + 2.3301k) D aC = aO + Æ
#

* rC>O + Æ * aÆ * rC>Ob + 2Æ * (vC>O)xyz + (aC>O)xyz

 = {-1.79i - 1.40j + 3.58k} m>s vC = vO + Æ * rC>O + (vC>O)xyz = 0 + (0.3k) * (5.9641j + 2.3301k) - 1.3981j + 3.5785k

= {-2.61310j + 0.35397k} m>s2

= C0 + 0 D + (0.2i) * (5.9641j + 2.3301k) + (0.6i) * (-1.3981j + 3.5785k)

(aC>O)xyz = ar$C>Ob
xyz

= c ar$C>Ob
x¿y¿z¿

+ Æxyz * ar# C>Ob
x¿y¿z¿
d + Æ

#
xyz * r# C>O + Æxyz * r# C>O

= 0 + (0.6i) * (5.9641j + 2.3301k) = {-1.3981j + 3.5785k} m>s(vC>O)xyz = ar# C>Ob
xyz

= ar# C>Ob
x¿y¿z¿

+ Æxyz * arC>Ob
xyz

(rC>O)xyz

(rC>O)xyz = (5 cos 60° + 4 cos 30°)j + (5 sin 60° - 4sin 30°)k = {5.9641j + 2.3301k} m

z

y

x

4 m

90∞

θ

5 m
ω z = 0.3 rad/s

O

B

C
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Relative to XYZ, let xyz have

( does not change direction relative 
to XYZ.)

(ro does not change direction relative to XYZ.)

Relative to xyz, let have

( does not change direction relative to
xyz.)

ÆxyzÆxyz = {0.6i} rad>s, v
#

xyz = {0.2i} rad>s2

x¿y¿z¿

aO = {1j} m>s2

vO = {2j} m>srO = 0

ÆÆ = {0.3k} rad>s, v
# = {0.4k} rad>s2

*20–44. At the instant shown, the frame of the excavator
travels forward in the y direction with a velocity of 
and an acceleration of , while the cab rotates about
the z axis with an angular velocity of ,
which is increasing at . At the same instant

and the boom OBC has an angular velocity of
which is increasing at , both

measured relative to the cab. Determine the velocity and
acceleration of point C on the grapple at this instant.

u
$

= 0.2 rad>s2u
#

= 0.6 rad>s,
u = 60°,

az = 0.4 rad>s2
vz = 0.3 rad>s1 m>s2

2 m>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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( change direction relative to xyz.)

Thus,

Ans.

Ans. = {-1.55i - 2.15j + 0.354k} m>s2

 + 2(0.3k) * (-1.3981j + 3.5785k) - 2.61310j + 0.35397k

 = 1j + 0.4k * (5.9641j + 2.3301k) + (0.3k) * C(0.3k) * (5.9641j + 2.3301k) D aC = aO + Æ
#

* rC>O + Æ * aÆ * rC>Ob + 2Æ * (vC>O)xyz + (aC>O)xyz

 = {-1.79i + 0.602j + 3.58k} m>s vC = vO + Æ * rC>O + (vC>O)xyz = 2j + (0.3k) * (5.9641j + 2.3301k) - 1.3981j + 3.5785k

= {-2.61310j + 0.35397k} m>s2

= C0 + 0 D + (0.2i) * (5.9641j + 2.3301k) + (0.6i) * (-1.3981j + 3.5785k)

(aC>O)xyz = ar$C>Ob
xyz

= c ar$C>Ob
x¿y¿z¿

+ Æxyz * ar# C>Ob
x¿y¿z¿
d + Æxyz * arC>Ob

xyz
+ Æxyz * ar# C>Ob

xyz

 = 0 + (0.6i) * (5.9641j + 2.3301k) = {-1.3981j + 3.5785k} m>s(vC>O)xyz = ar# C>Ob
xyz

= ar# C>Ob
x¿y¿z¿

+ Æxyz * arC>Ob
xyz

(rC>O)xyz

(rC>O)xyz = (5 cos 60° + 4 cos 30°)j + (5 sin 60° - 4 sin 30°)k = {5.9641j + 2.3301k} m

z

y

x

4 m

90∞

θ

5 m
ω z = 0.3 rad/s

O

B

C
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Coordinate Axes: The rotating x, y, z frame and fixed X, Y, Z frame are set with the
origin at point B and O respectively.

Motion of B: Here, rB changes direction with respect to X, Y, Z frame. The time
derivatives of rB can be found by setting another set of coordinate axis , , ,
coincident with X, Y, Z rotating at and . Here,

Motion of A with Respect to B: Let xyz axis rotate at 
and . Here, .rA>B = {8j + 6k} mÆ

#
xyz = v# 2 = 0

Æxyz = v2 = {-0.2i} rad>s = (0 + 0) + 0 + 0.6k * (-0.9i) = {-0.540j} m>s2

 aB = r$B = C(r$B)x¿y¿z¿ + Æ¿ * (r# B)x¿y¿z¿ D + Æ
#

¿ * rB + Æ¿ * r# B

vB = r# B = (r# B)x¿y¿z¿ + Æ¿ * rB = 0 + 0.6k * 1.5j = {-0.9i} m>srB = {1.5j} m
Æ¿ = v# 1 = 0Æ = v1 = {0.6k} rad>s z¿y¿x¿

•20–45. The crane rotates about the z axis with a constant
rate , while the boom rotates downward with
a constant rate . Determine the velocity and
acceleration of point A located at the end of the boom at
the instant shown.

v2 = 0.2 rad>sv1 = 0.6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 = {-0.320j - 0.240k} m>s2

 = 0 + 0 + 0 + (-0.2i) * (1.20j - 1.60k)

 (aA>B)xyz = r$A>B = C(r$A>B)xyz + Æxyz * (r# A>B)xyz D + Æ
#

xyz * rA>B + Æxyz * r# A>B
(vA>B)xyz = r# A>B = (r# A>B)xyz + Æxyz * rA>B = 0 + (-0.2i) * (8j + 6k) = {1.20j - 1.60k} m>s

Motion of Point A: Here, and . Applying 
Eqs. 20–11 and 20-12, we have

v
# = v# 1 = 0Æ = v1 = {0.6k} rad>s

Ans.

Ans. = {-1.44i - 3.74j - 0.240k}m>s2

 = (-0.540j) + 0 + 0.6k * [0.6k * (8j + 6k)] + 2(0.6k) * (1.20j - 1.60k) + (-0.320j - 0.240k)

 aA = aB + Æ
#

* rAB + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz

 = {-5.70i + 1.20j - 1.60k}m>svA = vB + Æ * rA>B + (vA>B)xyz = (-0.9i) + 0.6k * (8j + 6k) + (1.20j - 1.60k)

y

A

x

B
O

z

1.5 m

v1 ! 0.6 rad/s

v2 ! 0.2 rad/s

8 m

6 m
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Coordinate Axes: The rotating x, y, z frame and fixed and fixed X, Y, Z frame are set
with the origin at point B and O respectively.

Motion of B: Here, rB change direction with respect to X, Y, Z frame. The time
derivatives of rB can be found by seeting another set of coordinate axis , ,
coincident with X, Y, Z rotating at and

. Here,

Motion of A with Respect to B: Let xyz axis rotate at 
and . Here, rA>B = {8j + 6k} mÆxyz = v# 2 = {-0.3i} rad>s2

Æxyz = v2 = {-0.2i} rad>s = (0 + 0) + 0.6k * 1.5j + 0.6k * (-0.9i) = {-0.9i - 0.540j} m>s2

 aB = r$B = C(r$B)x¿y¿z¿ + Æ¿ * (r# B)x¿y¿z¿ D + Æ
#

¿ * rB + Æ¿ * r# B

vB = r# B = (r# B)¿y¿z¿ + Æ¿ * rB = 0 + 0.6k * 1.5j = {-0.9i} m>srB = {1.5j} mÆ
#

= v# 1 = {0.6k} rad>s2
Æ¿ = v1 = {0.6k} rad>s z¿y¿x¿

20–46. The crane rotates about the z axis with a rate of
, which is increasing at . Also,

the boom rotates downward at , which is
increasing at . Determine the velocity and
acceleration of point A located at the end of the boom at
the instant shown.

v
#

2 = 0.3 rad/s2
v2 = 0.2 rad/s
v
#

1 = 0.6 rad/s2v1 = 0.6 rad/s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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 = {1.48j - 2.64k} m>s2

 = 0 + 0 + (-0.3i) * (8i + 6k) + (-0.2i) * (1.20j - 1.60k)

 (aA>B)xyz = r$A>B = C(r$A>B)xyz + Æxyz * (r# A>B)xyz D + Æ
#

xyz * rA>B + Æxyz * r# A>B
(vA>B)xyz = r# A>B = (r# A>B)xyz + Æxyz * rA>B = 0 + (-0.2i) * (8j + 6k) = {1.20j - 1.60k} m>s

Motion of Point A: Here, and .
Applying Eqs. 20–11 and 20-12, we have

Æ
#

= v# 1 = {0.6k} rad>s2Æ = v1 = {0.6k} rad>s
Ans.

Ans. = {-7.14i - 1.94j - 2.64k} m>s2

 + 2(0.6k) * (1.20j - 1.60k) + (1.48j - 2.64k)

 = (-0.9i - 0.540j) + 0.6k * (8j + 6k) + 0.6k * [0.6k * (8j + 6k)]

 aA = aB + Æ
#

* rA>B + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz

 = {-5.70i + 1.20j - 1.60k} m>s vA = vB + Æ * rA>B + (vA>B)xyz = (-0.9i) + 0.6k * (8j + 6k) + (1.20j - 1.60k)

y

A

x

B
O

z

1.5 m

v1 ! 0.6 rad/s

v2 ! 0.2 rad/s

8 m

6 m
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of the point C relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the instant
considered, Fig. a. If we set the frame to have an angular velocity relative to the
xyz frame of , the direction of will remain unchanged
with respect to the frame.Taking the time derivative of ,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# C>A)xyzÆ

#
¿ = v# 2 = 0

Æ¿ = v2

 = [-1.8i - 6k] m>s = (-6k) + 6j * (-0.3k)

 (vC>A)xyz = (r# C>A)xyz = C(r# C>A)x¿y¿z¿ + v2 * (rC>A)xyz D(rC>A)xyzx¿y¿z¿
(rC>A)xyzÆ¿ = v2 = [6j] rad>sx¿y¿z¿

x¿y¿z¿

= [-2.7j] m>s2

= 0 + (3k) * C(3k) * (0.3j) DaA = v# 1 * rOA + v1 * (v1 * rOA)

vA = v1 * rOA = (3k) * (0.3j) = [-0.9i] m>s
Æ = v1 = [3k] rad>s   Æ

#
= v# 1 = 0

20–47. The motor rotates about the z axis with a constant
angular velocity of . Simultaneously, shaft OA
rotates with a constant angular velocity of .
Also, collar C slides along  rod AB with a velocity and
acceleration of and . Determine the velocity
and acceleration of collar C at the instant shown.

3 m>s26 m>s v2 = 6 rad>sv1 = 3 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Thus,

Ans.

and

Ans. = [-72i - 13.5j + 7.8k] m>s2

 = (-2.7j) + 0 + 3k * [(3k) * (-0.3k)] + 2(3k) * (-1.8i - 6k) + (-72i + 7.8k)

 aC = aA + Æ
#

* rC>A + Æ * (Æ * rC>A) + 2Æ * (vC>A)xyz + (aC>A)xyz

 = [-2.7i - 6k] m>s = (-0.9i) + 3k * (-0.3k) + (-1.8i - 6k)

 vC = vA + Æ * rC>A + (vC>A)xyz

 = [-72i + 7.8k] m>s2

 = [(-3k) + 6j * (-6k)] + 0 + [6j * (-18j - 6k)]

 (aC>A)xyz = (r$C>A)xyz = C(r$C>A)x¿y¿z¿ + v2 * (r# C>A)x¿y¿z¿ D + v# 2 * (rC>A)xyz + v2 * (r# C>A)xyz

y
x

z

B

C

A

O

6 m/s
3 m/s2

300 mm

300 mm

V2

V1
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Relative to XYZ, let xyz have

( does note change direction relative to XYZ.)

(rB changes direction relative to XYZ.)

Relative to xyz, let have

( does not change direction relative to
xyz.)

ÆxyzÆxyz = {-180i} rad>s Æ
#

xyz = 0

x¿y¿z¿

 = {-16.2j + 2k} ft>s2

 = C2k + 0 D + 0 + C(0.9k) * (-18i + 4k) D aB = r# B = c(r$B)xyz + Æ * ar# Bb
xyz
d + Æ * rB + Æ * r# B

vB = r# B = (r# B)xyz + Æ * rB = 4k + (0.9k) * (20j) = {-18i + 4k} ft>srB = {20j} ft

ÆÆ = {0.9k} rad>s v
# = 0

*20–48. At the instant shown, the helicopter is moving
upwards with a velocity and has an
acceleration . At the same instant the frame H,
not the horizontal blade, rotates about a vertical axis with a
constant angular velocity . If the tail blade B
rotates with a constant angular velocity ,
measured relative to H, determine the velocity and
acceleration of point P, located on the end of the blade, at
the instant the blade is in the vertical position.

vB>H = 180 rad>svH = 0.9 rad>saH = 2 ft>s2
vH = 4  ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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H

B

y

P

z

20 ft

2.5 ft

VH

VB/H

vH 
aH 

x

( change direction relative to xyz.)

Thus,

Ans.

Ans. = {-810i - 16.2j - 81 000k} ft>s2

 = (-16.2j + 2k) + 0 + (0.9k) * C(0.9k) * (2.5k) D + C2(0.9k) * (450j) D + (-81000k)

 aP = aB + Æ
#

* rP>B + Æ * (Æ * rP>B) + 2Æ * (vP>B)xyz + (aP>B)xyz

 = {-18i + 450j + 4k}ft>s = (-18i + 4k) + C(0.9k) * (2.5k) D + (450j)

 vF = vB + Æ * rP>B + (vP>B)xyz

(aP>B)xyz = C0 + 0 D + 0 + (-180i) * (450j) = {-81 000k} ft>s2

(aP>B)xyz = (r$P>B)xyz = C(r$P>B)x¿y¿z¿ + Æxyz * (r# P>B)x¿y¿z¿ D + Æ
#

xyz * (rP>B)xyz + Æxyz * (r# P>B)xyz

(vP>B)xyz = (rP>B)xyz = (r# P>B)x¿y¿z¿ + Æxyz * (rP>B)xyz = 0 + (-180i) * (2.5k) = {450j} ft>s(rP>B)xyz(rP>B)xyz = {2.5k} ft
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Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X,Y,
Z frame with origin at point B.

Motion of B: Since point B does not move, then

Motion of A with Respect to B: Let xyz axis rotate at 
and . Here.

.rA>B = {40 cos 60°i + 40 sin 60°k} m = {20.0i + 34.64k} m
Æ
#

xyz = u
$

= {0.6j} rad>s2
Æxyz = u

#
= {0.4j} rad>saB = vB = 0

•20–49. At a given instant the boom AB of the tower crane
rotates about the z axis with the motion shown.At this same
instant, and the boom is rotating downward such
that and . Determine the
velocity and acceleration of the end of the boom A at this
instant. The boom has a length of .lAB = 40 m

u
$

= 0.6 rad>s2u
#

= 0.4 rad>su = 60°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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v1 ! 2 rad/s

z

u ! 0.4 rad/s
.

u ! 60"
B

x

v1 ! 3 rad/s2

u ! 0.6 rad/s2
....

A

. 

 = {17.58i - 17.54k} m>s2

 = 0 + 0 + 0.6j * (20.0i + 34.64k) + 0.4j * (13.86i - 8.00k)

 (aA>B)xyz = r$A>B = C(r$A>B)xyz + Æxyz * (r$A>B)xyz D + Æ
#

xyz * rA>B + Æxyz * r# A>B
(vA>B)xyz = r# A>B = (r# A>B)xyz + Æxyz * rA>B = 0 + 0.4j * (20.0i + 34.640k) = {13.86i - 8.00k} m>s

Motion of Point A: Here, and .Applying
Eqs. 20–11 and 20-12. we have

Æ
#

= v# 1 = {3k} rad>s2Æ = v1 = {2k} rad>s
Ans.

Ans. = {-62.4i + 115j - 17.5k} m>s2

 = 0 + 3k * (20.0i + 34.64k) + 2k * [2k * (20.0i + 34.64k)] + 2(2k) * (13.86i - 8.00k) + 17.58i - 17.54k

 aA = aB + Æ
#

* rA>B + Æ * (Æ * rA>B) + 2Æ * (vA>B)xyz + (aA>B)xyz

 = {13.9i - 40.0j - 8.00k} m>s vA = vB + Æ * rA>B + (vA>B)xyz = 0 + 2k * (20.0i + 34.64k) + (13.86i - 8.00k)
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Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X,Y,
Z frame with origin at point A.

Motion of A: Since point A does not move, then

Motion of B with Respect to A: Let xyz axis rotate at and
. Here, ,

and
.

 (vB>A)xyz = r# B>A = (r# B>A)xyz + Æxyz * rB>A
(r$B>A)xyz = {2 cos 30j + 2 sin 30°k} m>s2 = {1.7321j + 1k} m>s2
(r# B>A)xyz = {7 cos 30°j + 7 sin 30°k} m>s = {6.0621j + 3.50k} m>srB>A = {3 cos 30°j + 3 sin 30°k} m = {2.5981j + 1.50k} mÆ
#

xyz = v# 2 = 0
Æxyz = v2 = {5i} rad>saA = vA = 0

20–50. At the instant shown, the tube rotates about the
z axis with a constant angular velocity , while
at the same instant the tube rotates upward at a constant
rate . If the ball B is blown through the tube at
a rate , which is increasing at ,
determine the velocity and acceleration of the ball at the
instant shown. Neglect the size of the ball.

r
$ = 2 m>s2r

# = 7 m>sv2 =  5 rad>s v1 = 2 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

y

x

r ! 3 m
v1 ! 2 rad/s

v2 ! 5 rad/s

B

u ! 30"

 = {-98.2199j - 24.1218k} m>s2

 = 1.7321j + 1k + 5i * (6.0621j + 3.50k) + 0 + 5i * (-1.4378j + 16.4903k)

 (aB>A)xyz = r$B>A = C(r$B>A)xyz + Æxyz * (r$B>A)xyz D + Æ
#

xyz * rB>A + Æxyz * r# B>A
 = 6.0621j + 3.50k + 5i * (2.5981j + 1.50k) = {-1.4378j + 16.4903k} m>s

Motion of Point B: Here, and . Applying 
Eqs. 20–11 and 20–12, we have

Æ
#

= v# 1 = 0Æ = v1 = {2k} rad>s
Ans.

Ans. = {5.75i - 109j + 24.1k} m>s2

 = 0 + 0 + 2k * [2k * (2.5981j + 1.50k)] + 2(2k) * (-1.4378j + 16.4903k) + (-98.2199j + 24.1218k)

 aB = aA + + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = {-5.20i - 1.44j + 16.5k} m>s vB = vA + Æ * rB>A + (vB>A)xyz = 0 + 2k * (2.5981j + 1.50k) + (-1.4378j + 16.4903k)
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Coordinate Axis: The rotating x, y, z frame is set to be coincident with the fixed X,Y,
Z frame with origin at point A.

Motion of A: Since point A does not move, then

Motion of B with Respect to A: Let xyz axis rotate at and
. Here,

and .

 (vB>A)xyz = r# B>A = (r# B>A)xyz + Æxyz * rB>A
(r# B>A)xyz = {7 cos 30j + 7 sin 30°k} m>s = {6.0621j + 3.50k} m>srB>A = {3 cos 30°j + 3 sin 30°k} m = {2.5981j + 1.50k} mÆ

#
xyz = v# 2 = 0

Æxyz = v2 = {5i} rad>saA = vA = 0

20–51. At the instant shown, the tube rotates about the
z axis with a constant angular velocity , while
at the same instant the tube rotates upward at a constant
rate . If the ball B is blown through the tube at
a constant rate , determine the velocity and
acceleration of the ball at the instant shown. Neglect the
size of the ball.

r
# = 7 m>sv2 = 5 rad>s v1 = 2 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

y

x

r ! 3 m
v1 ! 2 rad/s

v2 ! 5 rad/s

B

u ! 30"

 = {-99.9519j + 23.1218k} m>s2

 = 0 + 5i * (6.0621j + 3.50k) + 0 + 5i * (-1.4378j + 16.4903k)

 (aB>A)xyz = r$B>A = C(r$B>A)xyz + Æxyz * (r# B>A)xyz D + Æ
#

xyz * rB>A + Æxyz * r# B>A
 = 6.0621j + 3.50k + 5i * (2.5981j + 1.50k) = {-1.4378j + 16.4903k} m>s

Motion of Point B: Here, and . Applying 
Eqs. 20–11 and 20–12, we have

Æ
#

= v# 1 = 0Æ = v1 = {2k} rad>s
Ans.

Ans. = {5.75i - 110j + 23.1k} m>s2

 = 0 + 0 + 2k * [2k * (2.5981j + 1.50k)] + 2(2k) * (-1.4378j + 16.4903k) + (-99.9519j + 23.1218k)

 aB = aA + + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = {-5.20i - 1.44j + 16.5k}m>s vB = vA + Æ * rB>A + (vB>A)xyz = 0 + 2k * (2.5981j + 1.50k) + (-1.4378j + 16.4903k)
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. The angular velocity and angular acceleration of this frame with
respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of point B relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# A>B)xyzÆ

#
¿ = v# 2 = 0

Æ¿ = v2

 = [-3j + 5.196k] m>s = 0 + (0.5i) * (12 cos 30° j + 12 sin 30°k)

 (vB>A)xyz = (r# B>A)xyz = C(r# B>A)x¿y¿z¿ + v2 * (rB>A)xyz D(rB>A)xyz

x¿y¿z¿
(rB>A)xyzÆ¿ = v2 = [0.5i] rad>sx¿y¿z¿

x¿y¿z¿

 = [-3.375j] m>s2

 = 0 + (1.5k) * [(1.5k) * (1.5j)]

 aA = v# 1 * rOA + v1 * (v1 * rOA)

vA = v1 * rOA = (1.5k) * (1.5j) = [-2.25i] m>s
Æ = v1 = [1.5k] rad>s     Æ

#
= v# 1 = 0

*20–52. At the instant , the frame of the crane and
the boom AB rotate with a constant angular velocity of

and , respectively. Determine
the velocity and acceleration of point B at this instant.

v2 = 0.5 rad>sv1 = 1.5 rad>s u = 30°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.

and

Ans. = [9i - 29.4j - 1.5k] m>s2

 = (-3.375j) + 0 + 1.5k * C(1.5k) * (12 cos 30° j + 12 sin 30° k) D + 2(1.5k) * (-3j + 5.196k) + (-2.598j - 1.5k)

 aB = aA + Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vAB)xyz + (aAB)xyz

 = [-17.8i - 3j + 5.20k] m>s = (-2.25i) + 1.5k * (12 cos 30° j + 12 sin 30° k) + (-3j + 5.196k)

 vB = vA + Æ * rB>A + (vB>A)xyz

 = [-2.598j - 1.5k] m>s2

 = [0 + 0] + 0 + (0.5i) * (-3j + 5.196k)

 (aA>B)xyz = (r$A>B)xyz = C(r$A>B)x¿y¿z¿ + v2 * (r# A>B)x¿y¿z¿ D + v# 2 * (rA>B)xyz + v2 * (r# A>B)xyz

12 m
1.5 m

z

y
A

B

O u

V2, V2

V1, V1
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The xyz rotating frame is set parallel to the fixed XYZ frame with its origin attached
to point A, Fig. a. Thus, the angular velocity and angular acceleration of this frame
with respect to the XYZ frame are

Since point A rotates about a fixed axis (Z axis), its motion can be determined from

In order to determine the motion of point B relative to point A, it is necessary to
establish a second rotating frame that coincides with the xyz frame at the
instant considered, Fig. a. If we set the frame to have an angular velocity
relative to the xyz frame of , the direction of will
remain unchanged with respect to the frame. Taking the time derivative of

,

Since has a constant direction with respect to the xyz frame, then
. Taking the time derivative of ,(r# B>A)xyzÆ

#
¿ = v# 2 = [0.25i] m>s2

Æ¿ = v2

 = [-3j + 5.196k] m>s = 0 + (0.5i) * (12 cos 30° j + 12 sin 30° k)

 (vB>A)xyz = (r# B>A)xyz = C(r# B>A)x¿y¿z¿ + v2 * (rB>A)xyz D(rB>A)xyz

x¿y¿z¿
(rB>A)xyzÆ¿ = v2 = [0.5i] rad>sx¿y¿z¿

x¿y¿z¿

= [-0.75i - 3.375j] m>s2

= (0.5k) * (1.5j) + (1.5k) * C(1.5k) * (1.5j) DaA = v# 1 * rOA + v1 * (v1 * rOA)

vA = v1 * rOA = (1.5k) * (1.5j) = [-2.25i] m>s
Æ = v1 = [1.5k] rad>s     Æ

#
= [0.5k] rad>s2

•20–53. At the instant , the frame of the crane is
rotating with an angular velocity of and
angular acceleration of , while the boom AB
rotates with an angular velocity of and angular
acceleration of . Determine the velocity and
acceleration of point B at this instant.

v
#

2 = 0.25 rad>s2
v2 = 0.5 rad>sv

#
1 = 0.5 rad>s2

v1 = 1.5 rad>su = 30°

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

12 m
1.5 m

z

y
A

B

O u

V2, V2

V1, V1

91962_11_s20_p0867-0924  6/8/09  5:35 PM  Page 921



922

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Thus,

Ans.

and

Ans. = [3.05i - 30.9j + 1.10k] m>s2

 +2(1.5k) * (-3j + 5.196k) + (-4.098j + 1.098k)

 = (-0.75i - 3.375j) + 0.5k * (12 cos 30°j + 12 sin 30° k) + (1.5k) * C(1.5k) * (12 cos 30° j + 12 sin 30° k) DaB = aA = Æ
#

* rB>A + Æ * (Æ * rB>A) + 2Æ * (vB>A)xyz + (aB>A)xyz

 = [-17.8i - 3j + 5.20k] m>s = (-2.25i) + 1.5k * (12 cos 30° j + 12 sin 30°k) + (-3j + 5.196k)

 vB = vA + Æ * rB>A + (vB>A)xyz

 = [-4.098j + 1.098k] m>s2

 = [0 + 0] + (0.25i) * (12 cos 30° j + 12 sin 30°k) + 0.5i * (-3j + 5.196k)

 (aB>A) = (r$B>A)xyz = C(r$B>A)x¿y¿z¿ + v2 * (r# B>A)x¿y¿z¿ D + Æ
#

2 * (rB>A)xyz + v2 * (r# B>A)xyz

•20–53. Continued
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Relative to XYZ, let xyz have origin at B and have

( does not change direction relative to
XYZ.)

(rB does not change direction relative to XYZ.)

Relative to xyz, let coincident have origin at B and have

( does not change direction relative to xyz.)

( changes direction relative to xyz.)(rC>B)xyz(rC>B)xyz = {0.7i} m

ÆxyzÆxyz = {8j} rad>s, Æxyz = 0

x¿y¿z¿

aB = 0

vB = 0

rB = {0.5k} m

ÆÆ = {4k} rad>s, Æ = {3k} rad>s2

20–54. At the instant shown, the base of the robotic arm
rotates about the z axis with an angular velocity of

, which is increasing at .Also, the
boom BC rotates at a constant rate of .
Determine the velocity and acceleration of the part C held
in its grip at this instant.

vBC = 8 rad>sv
#

1 = 3 rad>s2v1 = 4 rad>s

Thus,

Ans.

Ans. = {-56i + 2.1j}  m>s2

 = 2(4k) * (-5.6k) - 44.8i

 = 0 + (3k) * (0.7i) + (4k) * C(4k) * (0.7i) D aC = aB + Æ * rC>B + Æ * aÆ * rC>Bb + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {2.80j - 5.60k} m>s vC = vB + Æ * rC>B + (vC>B)xyz = 0 + (4k) * (0.7i) + (-5.6k)

= 0 + 0 + 0 + (8j) * (-5.6k) = {-44.8i} m>s2

(aC>B)xyz = arC>Bb
xyz

= B ar$C>Bb
x¿y¿z¿

+ Æxyz * ar# C>Bb
x¿y¿z¿
R + Æ

#
xyz * arC>Bb

xyz
+ Æxyz * ar# C>Bb

xyz

(vC>B)xyz = arC>Bb
xyz

= ar# C>Bb
x¿y¿z¿

+ Æxyz * arC>Bb
xyz

= 0 + (8j) * (0.7i) = {-5.6k} m>s

X

B

Y

Z

0.7 m

0.5 m

v1 ! 4 rad/s
v1 ! 3 rad/s2

vBC ! 8 rad/s

A

C

·
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Relative to XYZ, let xyz with origin at B have

( does not change direction relative 
to XYZ.)

(rB does not change direction relative to XYZ.)

Relative to xyz, let coincident have origin at B and have

( does not change direction relative 
to xyz.)

( does not change direction relative to xyz.)Æ(rC>B)xyz = {0.7i} m

ÆÆxyz = {8j} rad>s, Æxyz = {2j} rad>s2

x¿y¿z¿

aB = 0

vB = 0

rB = {0.5k} m

ÆÆ = {4k} rad>s, Æ = {3k} rad>s2

Thus,

Ans.

Ans. = {-56i + 2.1j - 1.40k} m>s2

 = 2(4k) * (-5.6k) - 44.8i - 1.40k

 = 0 + (3k) * (0.7i) + (4k) * C(4k) * (0.7i) D aC = aB + Æ * rC>B + Æ * aÆ * rC>Bb + 2Æ * (vC>B)xyz + (aC>B)xyz

 = {2.80j - 5.60k} m>s vC = vB + Æ * rC>B + (vC>B)xyz = 0 + (4k) * (0.7i) + (-5.6k)

= 0 + 0 + (2j) * (0.7i) + (8j) * (-5.6k) = {-44.8i - 1.40k} m>s2

(aC>B)xyz = arC>Bb
xyz

= B ar$C>Bb
x¿y¿z¿

+ Æxyz * ar# C>Bb
x¿y¿z¿
R + Æ

#
xyz * arC>Bb

xyz
+ Æxyz * arC>Bb

xyz

(vC>B)xyz = arC>Bb
xyz

= arC>Bb
x¿y¿z¿

+ Æxyz * arC>Bb
xyz

= 0 + (8j) * (0.7i) = {-5.6k} m>s

20–55. At the instant shown, the base of the robotic arm
rotates about the z axis with an angular velocity of

, which is increasing at . Also,
the boom BC rotates at , which is increasing
at . Determine the velocity and acceleration
of the part C held in its grip at this instant.
v
#

BC = 2 rad>s2
vBC = 8 rad>sv# 1 = 3 rad>s2v1 = 4 rad>s

X

B

Y

Z

0.7 m

0.5 m

v1 ! 4 rad/s
v1 ! 3 rad/s2

vBC ! 8 rad/s

A

C

·

vBC ! 2 rad/s2·
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However, , where r is the distance from the origin O to dm. Since
is constant, it does not depend on the orientation of the x, y, z axis. Consequently,

is also indepenent of the orientation of the x, y, z axis. Q.E.D.Ixx + Iyy + Izz

ƒ r ƒ
x2 + y2 + z2 = r2

 = 2Lm
 (x2 + y2 + z2)dm

 Ixx + Iyy + Izz = Lm
 (y2 + z2)dm + Lm

(x2 + z2)dm + Lm
 (x2 + y2)dm

•21–1. Show that the sum of the moments of inertia of a
body, , is independent of the orientation of
the x, y, z axes and thus depends only on the location of its
origin.

Ixx + Iyy + Izz

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

91962_12_s21_p0925-0987  6/8/09  1:09 PM  Page 925



926

The mass of the differential element is .

However,

Hence,

Using the parallel axis theorem:

Ans.

Ans. = m
20

 (2h2 + 3a2)

 = 3m
80

 (h2 + 4a2) + mah
4
b2

 Iv = Iy + md2

Iv = 3m
80

 (h2 + 4a2)

3m
20

 (4h2 + a2) = Iv + ma3h
4
b2

Iv = Iv + md2

Iy = 3m
20

 (4h2 + a2)

m = Lm
 dm =

r pa2

h2  L
h

0
 x2 dx =

r pa2h

3

Iv = L  dIv =
rpa2

4h4  (4h2 + a2) L
h

0
 x4dx =

r pa2h

20
 (4h2 + a2)

 =
r pa2

4h4  (4h2 + a2) x4 dx

 = 1
4

 Brpa2

h2  x2 dxR a a
h

xb2

+ ¢r pa2

h2  x2≤x2 dx

 dIv = 1
4

 dmy2 + dmx2

dm = rdV = r(py2) dx =
rpa2

h2  x2dx

21–2. Determine the moment of inertia of the cone with
respect to a vertical axis that passes through the cone’s
center of mass.What is the moment of inertia about a parallel
axis that passes through the diameter of the base of the
cone? The cone has a mass m.

y¿

y

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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h

x

y

a

y y¿–
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Thus,

Ans.Ix = 1
3

 mr2

Iv = Lm
 
1
2

 dm z2 = 1
2

 rp L
a

0
 z4dy = 1

2
 rpa r4

a2 b  L
a

0
 v2dy = rpa r4

6
ba

m = rL
a

0
 pz2 dy = rp L

a

0
 a r2

a
bydy = rra r2

2
ba

21–3. Determine the moments of inertia and of the
paraboloid of revolution. The mass of the paraboloid is m.

IyIx

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.Ix = m
6

 (r2 + 3a2)

 = 1
4

 r pa r4

a2 bLa

0
 y2dy + rpa r2

a
bLa

0
 y3dy =

rpr 
4a

12
+
rpr 

2a 
3

4
= 1

6
 mr 

2 + 1
2

 ma 
2

 Ix = Lm
 a1

4
 dm z2 + dm y2b = 1

4
 rpL

a

0
 z4 dy + r L

a

0
 pz2 y2 dy

z

x a

r

y

z2 !       yr2
—
a

The mass of the differential element is .

Using the parallel axis theorem:

Ans.Iyz =
rh2

2
 L

a

0
 (ay - y2) dy =

ra3h2

12
= 1

6
ara2h

2
b(ah) = m

6
 ah

 =
rh2

2
 (ay - y2) dy

 =
rh2

2
 xydy

 = 0 + (rhxdy) (y) ah
2
b

 dIyz = (dIy¿z¿)G + dmyGzG

m = Lm
 dm = rh L

a

0
 (a - y)dy =

ra2h

2

dm = rdV = rhxdy = rh(a - y)dy

*21–4. Determine by direct integration the product of
inertia for the homogeneous prism. The density of the
material is . Express the result in terms of the total mass m
of the prism.

r
Iyz

a

x

y

z

a

h
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The mass of the differential element is .

Using the parallel axis theorem:

Ans. =
ra 

4h

24
= 1

12
 ara 

2h

2
ba 

2 = m
12

a 
2

 Ixy =
rh

2
 L

a

0
 (y3 - 2ay2 + a 2 y) dy

 =
rh2

2
 (y3 - 2ay2 + a 

2 y) dy

 =
rh2

2
 x2ydy

 = 0 + (rhxdy)ax
2
b(y)

 dIxy = (dIx¿y¿)G + dmxGyG

m = Lm
 dm = rh L

a

0
 (a - y)dy =

ra2h

2

dm = rdV = rhxdy = rh(a - y)dy

•21–5. Determine by direct integration the product of
inertia for the homogeneous prism. The density of the
material is . Express the result in terms of the total mass m
of the prism.

r
Ixy

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

a

x

y

z

a

h

From Prob. 21–5 the product of inertia of a triangular prism with respect to the xz

and yz planes is . For the element above, . Hence,

or,

Ans.Ixy = ma 
2

20

Ixy =
ra 

5

120

Ixy =
r

24
 L

a

0
 (a4 - 4a3z + 6z 

2a 
2 - 4az 

3 + z 
4)dz

dIxy =
rdz

24
 (a - z)4Ixy =

ra 
4h

24

m =
r

2
 L

a

0
 (a2 - 2az + z2)dz =

ra3

6

dm = r dV = r c1
2

 (a - z)(a - z) ddz =
r

2
 (a - z)2 dz

21–6. Determine the product of inertia for the
homogeneous tetrahedron. The density of the material is .
Express the result in terms of the total mass m of the solid.
Suggestion: Use a triangular element of thickness dz and
then express in terms of the size and mass of the
element using the result of Prob. 21–5.

dIxy

r
Ixy z

a

a

a
x

y
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Due to symmetry

For ,

Ans.

For ,

Ans.

For ,

Ans. = 13
24

 mr 
2

 = 7mr 
2

12
 ¢ -  

122
b2

+ 0 + 1
2

mr 
2a -  

122
b2

- 0 -  0 -  0

 Iz¿ = Ix u2
x + Iy u2

y + Iz u2
z - 2Ixy ux uy - 2Iyz uy uz - 2Izx uz ux

ux = cos 135° = - 122
, uy = cos 90° = 0, uz = cos 45° = 122

z¿

Iy¿ = Iy = 7mr 
2

12

y¿

 = 13
24

 mr 
2

 = 7mr 
2

12
 ¢ -  

122
b2

+ 0 + 1
2

mr 
2a -  

122
b2

- 0 -  0 -  0

 Ix = Ix u2
x + Iy u2

y + Iz u2
z - 2Ixy ux uy - 2Iyz uy uz - 2Izx uz ux

ux = cos 135° = - 122
, uy = cos 90° = 0, uz = cos 135° = - 122

x¿

Iy = Ix = 1
12

 m(3r 
2 + r 

2) + ma r
2
b2

= 7mr 
2

12
 Iz = 1

2
mr 

2

Ixy = Iyz = Izx = 0

21–7. Determine the moments of inertia for the
homogeneous cylinder of mass m about the , , axes.z¿y¿x¿

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x¿

x

z¿

z

y¿

y

r

r
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The mass of the differential rectangular volume element shown in Fig. a is
. Using the parallel - plane theorem,

However, . Then

Thus,

However, . Then

Ans.Ixy = 1
12

 ra 2b2h§ m
1
2

 rabh
¥ = 1

6
mab

m = rV = a1
2

 ahbb = 1
2

 rabh

 = 1
12

 ra 
2b 

2 h

 =
rb2h

2a
 ¢ay2

2
-

y3

3
b 2 a

0

 Ixy = L  dIxy =
rb 

2h

2a
 L

a

0
 Aay - y2 Bdy

dIxy =
rb2

2
 ch

a
 (a - y)y ddy =

rb2h

2a
 Aay - y2 B  dy

z = h
a

 (a - y)

 =
rb2

2
 zydy

 = 0 + [rbzdy]ab
2
by

 dIxy = dI x¿y¿ + dmxGyG

dm = rdV = rbzdy

*21–8. Determine the product of inertia of the
homogeneous triangular block. The material has a
density of . Express the result in terms of the total mass
m of the block.

r

Ixy

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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b

h

z
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The mass of segments (1), (2), and (3) shown in Fig. a is
. The mass moments of inertia of the bent rod about

the x, y, and z axes are
m1 = m2 = m3 = 6(2) = 12 kg

•21–9. The slender rod has a mass per unit length of
. Determine its moments and products of inertia

with respect to the x, y, z axes.
6 kg>m
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.

Ans.

Ans. = 176 kg # m2

 = c 1
12

 (12) A22 B + 12 A12 + 02 B d + c1
2

(12) A22 B + 12 A22 + 12 B d + c0 + 12 A22 + 22 B d Iz = ©Iz¿ + m AxG 
2 + yG 

2 B = 128 kg # m2

 = c 1
12

 (12) A22 B + 12 A12 + 02 B d + c0 + 12 A22 + 02 B d + c 1
12

(12) A22 B + 12 C22 + A -1 B2 D d Iy = ©Iy¿ + m AxG 
2 + zG 

2 B = 80 kg # m2

 = A0 + 0 B + c 1
12

 (12) A22 B + 12 A12 + 02 B d + c 1
12

(12) A22 B + 12 C22 + A -1 B2 D d Ix = ©Ix¿ + m AyG 
2 + zG 

2 B

Due to symmetry, the products of inertia of segments (1), (2), and (3) with respect to
their centroidal planes are equal to zero. Thus,

Ans.

Ans.

Ans. = -24 kg # m2

 = C0 + 12(1)(0) D + C0 + 12(2)(0) D + C0 + 12(2)(-1) D Ixz = ©Ix¿z¿ + mxGzG

 = -24 kg # m2

 = C0 + 12(0)(0) D + C0 + 12(1)(0) D + C0 + 12(2)(-1) D Iyz = ©Iy¿z¿ + myGzG

 = 72 kg # m2

 = C0 + 12(1)(0) D + C0 + 12(2)(1) D + C0 + 12(2)(2) D Ixy = ©Ix¿y¿ + mxGyG

2 m

2 m

2 m

O

y
x

z
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21–10. Determine the products of inertia , , and 
of the homogeneous solid. The material has a density of

.7.85 Mg>m3

IxzIyzIxy

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

yx

100 mm

200 mm

200 mm

200 mm

200 mm

The masses of segments (1) and (2) shown in Fig. a are 
and .

Due to symmetry for segment (1) and
for segment (2). Since segment (2) is a hole, it should be

considered as a negative segment. Thus

Ans.

Ans.

Ans. = 0.785 kg # m2

 = C0 + 125.6(0.2)(0.05) D - C0 + 31.4(0.3)(0.05) D Ixz = ©Ix¿z¿ + mxGzG

 = 1.10 kg # m2

 = C0 + 125.6(0.2)(0.05) D - C0 + 31.4(0.1)(0.05) D Iyz = ©Iy¿z¿ + myGzG

 = 4.08 kg # m2

 = C0 + 125.6(0.2)(0.2) D - C0 + 31.4(0.3)(0.1) D Ixy = ©Ix¿y¿ + mxGyG

Ix–y– = Iy–z– = Ix–z– = 0
Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

m2 = r V2 = 7850(0.2)(0.2)(0.1) = 31.4 kg= 7850(0.4)(0.4)(0.1) = 125.6 kg
m1 = r V1
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For zG,

For yG,

Ans.

Ans.

Ans.Iz = 1.26 kg # m2

Iz = 1
12

 (4.5)[(0.6)2 + (0.4)2] + 2[0.05 + 3(0.3 + 0.1)2]

Iy = 0.380 kg # m2

Iy = 1
12

 (4.5)(0.4)2 + 2[0.07 + 3(0.1732)2]

Ix = 1.36 kg # m2

Ix = 1
12

 (4.5)(0.6)2 + 2[0.04 + 3{(0.3 + 0.1)2 + (0.1732)2}]

 = 0.07 kg # m2

 IyG
= 0 + 0.08(0.866)2 + 0.04(-0.5)2 - 0 - 0 - 0

uz¿ =  cos 120° = - 0.50

uy¿ =  cos 30° = 0.866

ux¿ = 0

IxG
= Ix¿ = 0.04 kg # m2

 = 0.05 kg # m2

 IzG
= 0 + 0.08(0.5)2 + 0.04(0.866)2 - 0 - 0 - 0

uz¿ = cos 30° = 0.8660

uy¿ = cos 60° = 0.50

ux¿ = 0

Ix¿y¿ = Iz¿y¿ = Iz¿x¿ = 0

Iy¿ = 1
12

 (3)[(0.4)2 + (0.4)2] = 0.08 kg # m2

Ix¿ = Iz¿ = 1
12

 (3)(0.4)2 = 0.04 kg # m2

21–11. The assembly consists of two thin plates A and B
which have a mass of 3 kg each and a thin plate C which has
a mass of 4.5 kg. Determine the moments of inertia 
and Iz .

IyIx ,
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0.3 m

x
y

z

0.4 m

0.4 m
60"

60"
0.2 m

0.2 m

AC

B
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*21–12. Determine the products of inertia , , and ,
of the thin plate. The material has a density per unit area of

.50 kg>m2

IxzIyzIxy

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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200 mm

400 mm

400 mm

z

yx

The masses of segments (1) and (2) shown in Fig. a are 
and . Due to symmetry for
segment (1) and for segment (2).

Ans.

Ans.

Ans. = 0         = C0 + 8(0.2)(0) D + C0 + 4(0)(0.1) D Ixz = ©Ix¿z¿ + mxGzG

 = 0.08 kg # m2

 = C0 + 8(0.2)(0) D + C0 + 4(0.2)(0.1) D Iyz = ©Iy¿z¿ + myGzG

 = 0.32 kg # m2

 = C0 + 8(0.2)(0.2) D + C0 + 4(0)(0.2) D Ixy = ©Ix¿y¿ + mxGyG

Ix–y– = Iy–z– = Ix–z– = 0
Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0m2 = 50(0.4)(0.2) = 4 kg

m1 = 50(0.4)(0.4) = 8 kg

•21–13. The bent rod has a weight of Locate the
center of gravity G( ) and determine the principal
moments of inertia and of the rod with respect
to the axes.z¿y¿,x¿,

Iz¿Iy¿ ,Ix¿ ,
yx,

1.5 lb>ft.

x

y

z

x¿

y¿

z¿

1 ft

1 ft

G

A
_
x

_
yDue to symmetry

Ans.

Ans.

Ans.

Ans.

Ans.= 0.0427 slug #  ft2

+ 1
12

 a 1.5
32.2
b(1)2 + a 1.5

32.2
b(0.3333)2

Iz¿ = 2 c 1
12
a 1.5

32.2
b(1)2 + a 1.5

32.2
b(0.52 + 0.16672) d

 = 0.0155 slug #  ft2

 Iy¿ = 2 c 1
12
a 1.5

32.2
b(1)2 + a 1.5

32.2
b(0.667 - 0.5)2 d + a 1.5

32.2
b(1 - 0.667)2

 = 0.0272 slug #  ft2

 Ix¿ = 2 c a 1.5
32.2
b(0.5)2 d + 1

12
 a 1.5

32.2
b(1)2

x = ©x W
©w

=
(-1)(1.5)(1) + 2 C(-0.5)(1.5)(1) D

3 C1.5(1) D = -0.667 ft

y = 0.5 ft

934
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The mass of moment inertia of the assembly about the x, y, and z axes are

Due to symmetry, . From the geometry shown in Fig. a,

. Thus, the direction of the axis is defined by the unit

vector

Thus,

Then

Ans. = 1.25 slug # ft2

 = 4.3737(0) + 0.4658(0.8944)2 + 4.3737(-0.4472)2 - 0 - 0 - 0

 Iy¿ = Ix ux 
2 + Iy uy 

2 + Iz uz 
2 - 2Ixy  ux uy - 2Iyz uy uz - 2Ixzux uz

ux = 0   uy = 0.8944    uz = -0.4472

u = cos 26.57°j - sin 26.57°k = 0.8944j - 0.4472k

y¿u = tan-1a1
2
b = 26.57°

Ixy = Iyz = Ixz = 0

Iy = 1
2

 a 30
32.2
b A12 B + 0 = 0.4658 slug # ft2

 = 4.3737 slug # ft2

 Ix = Iz = c1
4

 a 30
32.2
b A12 B + 30

32.2
 A22 B d + c 1

12
a 10

32.2
b A22 B + 10

32.2
 A12 B d

21–14. The assembly consists of a 10-lb slender rod and a
30-lb thin circular disk. Determine its moment of inertia
about the axis.y¿

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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2 ft

1 ft
A

B
x

y

z

y¿

21–15. The top consists of a cone having a mass of 0.7 kg
and a hemisphere of mass 0.2 kg. Determine the moment of
inertia when the top is in the position shown.Iz

30 mm

z

y

x

30 mm
100 mm

45"

Ans.Iz = 3.54 A10-3 B  kg # m2

 = 0 + 6.816 A10-3 B(0.7071)2 + (0.261) A10-3 B(0.7071)2 - 0 - 0 - 0

 Iz = Ix¿ u2
x¿ + Iy¿ u2

y¿ + Iz¿ u2
z¿ - 2Ix¿y¿ux¿ uy¿ - 2Iy¿z¿ uy¿ uz¿ - 2Ix¿z¿ ux¿ uz¿

ux = cos 90° = 0, uy¿ = cos 45° = 0.7071, uz¿ = cos 45° = 0.7071

Iz = 0.261 A10-3 B  kg # m2

Iz¿ = a 3
10
b(0.7)(0.03)2 + a2

5
b(0.2)(0.03)2

+ a 83
320
b(0.2)(0.03)2 + (0.2) c3

8
 (0.03) + (0.1) d2 = 6.816 A10-3 Bkg # m2

Ix¿ = Iy¿ = 3
80

 (0.7) C(4)(0.3)2 + (0.1)2 D + (0.7) c3
4

(0.1) d2

91962_12_s21_p0925-0987  6/8/09  1:12 PM  Page 935



936

*21–16. Determine the products of inertia , , and
of the thin plate. The material has a mass per unit area

of .50 kg>m2
Ixz

IyzIxy
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z

yx

400 mm

400 mm

200 mm

200 mm

200 mm

200 mm

100 mm

The masses of segments (1), (2), and (3) shown in Fig. a are 

and .

Due to symmetry for segment (1),
for segment (2), and for segment (3). Since segment (3) is
a hole, it should be considered as a negative segment. Thus

Ans.

Ans.

Ans. = 0 kg # m2

 = C0 + 8(0.2)(0) D + C0 + 8(0)(0.2) D - C0 + 0.5p(0)(0.2) D Ixz = ©Ix¿z¿ + mxGzG

 = 0.257 kg # m2

 = C0 + 8(0.2)(0) D + C0 + 8(0.2)(0.2) D - C0 + 0.5p(0.2)(0.2) D Iyz = ©Iy¿z¿ + myGzG

 = 0.32 kg # m2

 = C0 + 8(0.2)(0.2) D + C0 + 8(0)(0.2) D - C0 + 0.5p(0)(0.2) D Ixy = ©Ix¿y¿ + mxGyG

Ix‡y‡ = Iy‡z‡ = Ix‡z‡ = 0
Ix–y– = Iy–z– = Ix–z– = 0Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

m3 = 50 cp(0.1)2 d = 0.5p kg=  50(0.4)(0.4) = 8 kg

m1 = m2

•21–17. Determine the product of inertia for the bent
rod. The rod has a mass per unit length of .2 kg>mIxy z

y

x

400 mm

600 mm

500 mm

Product of Inertia: Applying Eq. 21–4. we have

Ans. = 0.330 kg # m2

 = [0 + 0.4 (2) (0) (0.5)] + [0 + 0.6 (2) (0.3) (0.5)] + [0 + 0.5 (2) (0.6) (0.25)]

 Ixy = © AIx¿y¿ BG + mxG yG
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Moments of Inertia: Applying Eq. 21–3, we have

Ans.

Ans.

Ans. = 1.09 kg # m2

+ c 1
12

 (0.5) (2) A0.52 B + 0.5 (2) A0.62 + 0.252 B d
+ c 1

12
 (0.6) (2) A0.62 B + 0.6 (2) A0.32 + 0.52 B d = C0 + 0.4 (2) A02 + 0.52 B D Izz = ©(Iz¿z¿)G + m(x2

G + y2
G)

 = 0.547 kg # m2

+ C0 + 0.5(2) A0.62 + 02 B D+ c 1
12

 (0.6) (2) A0.62 B + 0.6 (2) A0.32 + 02 B d
 = c 1

12
 (0.4) (2) A0.42 B + 0.4 (2) A02 + 0.22 B d Ixy = ©(Iy¿y¿)G + m(x2

G + z2
G)

 = 0.626 kg # m2

+ c 1
12

 (0.5) (2) A0.52 B + 0.5 (2) A0.252 + 02 B d+ C0 + 0.6 (2) A0.52 + 02 B D = c 1
12

 (0.4) (2) A0.42 B + 0.4 (2) A0.52 + 0.22 B d Ixx = ©(Ix¿x¿)G + m(y2
G + z2

G)

21–18. Determine the moments of inertia , , for
the bent rod. The rod has a mass per unit length of .2 kg>mIzzIyyIxx

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

x

400 mm

600 mm

500 mm
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For the rod,

From Eq. 21–5,

For the ring,

The radius is 

Thus,

Thus the moment of inertia of the assembly is

Ans.Iz = 3(0.03) + 0.339 = 0.429 kg # m2

Iz = mR2 = [2 (2p)(0.3)](0.3)2 = 0.3393 kg # m2

r = 0.3 m

Iz = 0.03 kg # m2

Iz = 0.08333(0.6)2 + 0 + 0 - 0 - 0 - 0

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

Ix¿ = 0

Ix = Iy = 1
3

 [(0.5)(2)](0.5)2 = 0.08333 kg # m2

ux¿ = 0.6, uy¿ = 0, uz¿ = 0.8

21–19. Determine the moment of inertia of the rod-and-
thin-ring assembly about the z axis. The rods and ring have
a mass per unit length of .2 kg>m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

x

y

C

D

B

A

O

500 mm
400 mm

120"

120"
120"
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Equating the i, j, k components to the scalar equations (Eq. 21–10) yields

Solution for , , and requires

Expanding

Q.E.D.- AIxx Iyy Izz - 2Ixy Iyz Izx - Ixx I2
yz - IyyI2

zx - Izz I2
xy B = 0

I3 - (Ixx + Iyy + Izz)I2 + AIxx Iyy + Iyy Izz + Izz Ixx - I2
xy - I2

yz - I2
zx BI

3 (Ixx - I) -Ixy -Ixz

-Iyx (Iyy - I) -Iyz

-Izx -Izy (Izz - I)

3 = 0

vzvyvx

-Izx vz - Izy vy + (Izz - I) vz = 0

-Ixx vx + (Ixy - I) vy - Iyz vz = 0

(Ixx - I) vx - Ixy vy - Ixz vz = 0

H = Iv = Ivx i + Ivy j + Ivz k

*21–20. If a body contains no planes of symmetry, the
principal moments of inertia can be determined
mathematically. To show how this is done, consider the rigid
body which is spinning with an angular velocity , directed
along one of its principal axes of inertia. If the principal
moment of inertia about this axis is I, the angular momentum
can be expressed as . The
components of H may also be expressed by Eqs. 21–10,
where the inertia tensor is assumed to be known. Equate the
i, j, and k components of both expressions for H and consider

, , and to be unknown. The solution of these three
equations is obtained provided the determinant of the
coefficients is zero. Show that this determinant, when
expanded, yields the cubic equation

The three positive roots of I, obtained from the solution of
this equation, represent the principal moments of inertia

, , and .IzIyIx

- IyyI2
zx - IzzI

2
xy) = 0

- (IxxIyyIzz - 2IxyIyzIzx - IxxI2
yz

+ (IxxIyy + IyyIzz + IzzIxx - I2
xy - I2

yz - I2
zx)I

I3 - (Ixx + Iyy + Izz)I2

vzvyvx

H = IV = Ivx i + Ivy j + Ivz k

V
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•21–21. Show that if the angular momentum of a body is
determined with respect to an arbitrary point A, then 
can be expressed by Eq. 21–9. This requires substituting

into Eq. 21–6 and expanding, noting 
that by definition of the mass center and

.vG = vA + V  :  RG>A1RG dm = 0
RA = RG + RG>A

HA

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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RA

RG

RG/A

G P

A
y

Y

Z
z

x

X

Since and from Eq. 21–8 

Q.E.D. = (rG>A * mvG) + HG

 = rG>A * (vA + (v * rG>A))m + HG

 HA = (rG>A * vA)m + HG + rG>A * (v * rG>A)m

HG = Lm
 rG * (v * rG)dmLm

 rG dm = 0

+ aLm
 rGdmb * (v * rG>A) + rG>A * av * Lm

 rG dmb + rG>A * (v * rG>A)Lm
 dm

 = aLm
 rG dmb * vA + (rG>A * vA) Lm

dm + Lm
 rG * (v * rG) dm

 = aLm
 (rG + rG>A) dmb * vA + Lm

(rG + rG>A) * Cv * rG + rG>A) Ddm

 HA = aLm
 rA dmb * vA + Lm

 rA * (v * rA)dm
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Expand and equate components:

(1)

(2)

(3)

Also:

(4)

Solving Eqs. (1)–(4):

is perpendicular to the rod.

Ans.T = 0.0920 ft #  lb

T = a1
2
b a 4

32.2
b(1.054)2 + a1

2
b c 1

12
 a 4

32.2
b(3.3166)2 d(0.6356)2

v = 2(0.1818)2 + (-0.06061)2 + (0.6061)2 = 0.6356 rad>svG = 2(0.333)2 + (-1)2 = 1.054 ft>svG = {0.333i - 1j} ft>s
vG = -2j + 1

2
3 i j k
0.1818 -0.06061 0.6061

3 -1 -1

3vG = vB + v *
rA>B

2

rA>B = {3i - 1j - 1k} ft

vB = {-2j} ft>svz = 0.1818 rad>s, vy = -0.06061 rad>s, vz = 0.6061 rad>sv

vA = 0.667 ft>svz = 0.6061 rad>svy = -0.06061 rad>svx = 0.1818 rad>s
3vx - vy - vz = 0

v # rA>B = 0

0 = -vx - 3 vy

2 = vx + 3 vz

vA = -vy + vz

vAi = -(1)(2)j + 3 i j k
vx vy vz

3 -1 -1

3vA = vB + v * rA>B

21–22. The 4-lb rod AB is attached to the disk and collar
using ball-and-socket joints. If the disk has a constant
angular velocity of determine the kinetic energy of
the rod when it is in the position shown.Assume the angular
velocity of the rod is directed perpendicular to the axis of
the rod.

2 rad>s,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Expand and equate components:

(1)

(2)

(3)

Also:

(4)

Solving Eqs. (1)–(4):

is perpendicular to the rod.

Ans.HG = {0.0207i - 0.00690j + 0.0690k) slug #  ft2>sHG = IG v = 0.1139 (0.1818i - 0.06061j + 0.6061k)

IG = a 1
12
b a 4

32.2
b(3.3166)2 = 0.1139 slug #  ft2

rA>B = 2(3)2 + (-1)2 + (-1)2 = 3.3166 ft

v

vA = 0.667 ft>svz = 0.6061 rad>svy = -0.06061 rad>svx = 0.1818 rad>s
3vx - vy - vz = 0

v # rA>B = 0

0 = -vx - 3 vy

2 = vx + 3 vz

vA = -vy + vz

vAi = -(1)(2)j + 3 i j k
vx vy vz

3 -1 -1

3vA = vB + v * rA>B

21–23. Determine the angular momentum of rod AB in
Prob. 21–22 about its mass center at the instant shown.
Assume the angular velocity of the rod is directed
perpendicular to the axis of the rod.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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*21–24. The uniform thin plate has a mass of 15 kg. Just
before its corner A strikes the hook, it is falling with a
velocity of with no rotational motion.
Determine its angular velocity immediately after corner A
strikes the hook without rebounding.

vG = 5-5k6 m>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

y

z

x

G
A

200 mm

200 mm
300 mm

300 mm

vG

Referring to Fig. a, the mass moments of inertia of the plate about the x, y, and z
axes are

Iy = Iy¿ + m AxG 
2 + zG 

2 B = 1
12

 (15) A0.62 B + 15 c(-0.3)2 + 02 d = 1.8 kg # m2

Ix = Ix¿ + m AyG 
2 + zG 

2 B = 1
12

 (15) A0.42 B + 15 A0.22 + 02 B = 0.8 kg # m2

Iz = Iz¿ + m AxG 
2 + yG 

2 B = 1
12

 (15) A0.42 + 0.62 B + 15 c(-0.3)2 + 0.22 d = 2.6 kg # m2

Due to symmetry, . Thus,

Since the plate falls without rotational motion just before the impact, its angular
momentum about point A is

Since the plate rotates about point A just after impact, the components of its
angular momentum at this instant can be determined from

Thus,

Referring to the free-body diagram of the plate shown in Fig. b, the weight W is a
nonimpulsive force and the impulsive force FA acts through point A. Therefore,
angular momentum of the plate is conserved about point A. Thus,

Equating the i, j, and k components,

(1)

(2)

(3)

Solving Eqs. (1) through (3),

Thus,
Ans.v = [-10.7i - 7.14j] rad>s

vx = -10.71 rad>s  vy = -7.143 rad>s   vz = 0

0 = 2.6vz

-22.5 = 0.9vx + 1.8vy

-15 = 0.8vx + 0.9vy

-15i - 22.5j = (0.8vx + 0.9vy)i + (0.9vx + 1.8vy)j + 2.6vz k

(HA)1 = (HA)2

(HA)2 = (0.8vx + 0.9vy)i + (0.9vx + 1.8vy)j + 2.6vz k

 = 2.6vz

 = 0(vx) - 0(vy) + 2.6vz

 C(HA)2 Dz = -Ixz vx + Iyzvy - Iz vz

 = 0.9vx + 1.8vy

 = -(-0.9)vx + 1.8vy - 0(vz)

 C(HA)2 Dy = -Ixyvx + Iyvy - Iyz vz

 = 0.8vx + 0.9vy

 = 0.8vx - (-0.9)vy - 0(vz)

 C(HA)2 Dx = Ixvx - Ixyvy - Ixz vz

 = [-15i - 22.5j] kg # m2>s (HA)1 = rG>A * mvG = (-0.3i + 0.2j) * 15(-5k)

Ixz = Ix¿z¿ + mxGzG = 0 + 15(-0.3)(0) = 0

Iyz = Iy¿z¿ + myGzG = 0 + 15(0.2)(0) = 0

Ixy = Ix¿y¿ + mxGyG = 0 + 15(-0.3)(0.2) = -0.9 kg # m2

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0
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Since points A and C have zero velocity,

Thus,

Ans.vz = 2 58 rad>s
0 + 5(2p) (2) = 0 + 1

2
 (0.100)(-7.4342 vz)2 + 1

2
 (13.55)(0.99123 vz)2

T1 + ©U1 - 2 = T2

v = -7.4342 vz j¿ + 0.99123 vz k¿

vy¿ = 7.5664 vz

0 = -1.48684vz - 0.026433 vz + 0.2 vy¿

0 = 0 + C(0.13216 vz - vy¿)j¿ + 0.99123vz k¿ D * (1.5j¿ - 0.2k¿)

vC = vA + v * rC>A

 = (0.13216vz - vy¿)j¿ + 0.99123 vz k¿

 v = -vy j¿ + vz k = -vy¿ j¿ + vz sin 7.595°j¿ + vz cos 7.595°k¿

Iv = 1
2

 (5)(0.2)2 = 0.100

Ix = Iz = 1
4

 (5)(0.2)2 + 5(1.5)2 + 1
3

 (3)(1.5)2 = 13.55

•21–25. The 5-kg disk is connected to the 3-kg slender
rod. If the assembly is attached to a ball-and-socket joint at
A and the couple moment is applied, determine the
angular velocity of the rod about the z axis after the
assembly has made two revolutions about the z axis starting
from rest. The disk rolls without slipping.

5-N # m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Since points A and C have zero velocity,

Thus,

Since 

So that,

Ans.HA = 2(-1.4868)2 + (26.862)2 = 26.9 kg # m2>s = -1.4868j¿ + 26.862k¿

 HA = Ix¿ vx i¿ + Iy¿ vy¿ j + Iz¿ vz¿ k¿ = 0 + 0.100(-14.868)j¿ + 13.55(1.9825) k¿

v = -14.868j¿ + 1 9825k¿

vz = 2 rad>s v = -7.4342 vz j¿ + 0.99123 vz k¿

vy¿ = -7.5664 vz

0 = -1 48684vz - 0.26433vz + 0.2vy

0 = 0 + C(0.13216 vz - vy ) j¿ + 0.99123 vz k¿ D * (1.5j¿ - 0.2k¿)

vC = vA + v * rC>A

 = (0.13216vz - vy )j¿ + 0.99123 vz k¿

 v = -vy j¿ + vz k = -vy¿ j¿ + vz sin 7.595°j¿ + vz cos 7.595°k¿

Ix = 1
2

 (5)(0.2)2 = 0.100

Ix = Iz = 1
4

 (5)(0.2)2 + 5(1.5)2 + 1
3

 (3)(1.5)2 = 13.55

21–26. The 5-kg disk is connected to the 3-kg slender rod.
If the assembly is attached to a ball-and-socket joint at A
and the couple moment gives it an angular velocity
about the z axis of , determine the magnitude
of the angular momentum of the assembly about A.

vz = 2 rad>s5-N # m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Conservation of Angular Momentum: The angular momentum is conserved about
the center of mass of the space capsule G. Neglect the mass of the meteroid after the
impact.

Equating i, j and k components, we have

Thus,

Ans.v = {-0.0625i - 0.119j + 0.106k} rad>s
896 = 8450vz vz = 0.1060 rad>s-120 = 1012.5vy vy = -0.11852 rad>s-528 = 8450vx vx = -0.06249 rad>s

 -528i - 120j + 896k = 8450vx i + 1012.5vy j + 8450 vz k

 = 5000 A1.302 B  vx i + 5000 A0.452 B  vy j + 5000 A1.302 B  vz k

 (0.8i + 3.2j + 0.9k) * 0.8(-300i + 200j - 150k)

 rGA * mm vm = IG v

 (HG)1 = (HG)2

21–27. The space capsule has a mass of 5 Mg and the
radii of gyration are and .
If it travels with a velocity ,
compute its angular velocity just after it is struck by a
meteoroid having a mass of 0.80 kg and a velocity

. Assume that the
meteoroid embeds itself into the capsule at point A and
that the capsule initially has no angular velocity.

vm = 5-300i + 200j - 150k6 m>s
vG = 5400j + 200k6 m>sky = 0.45 mkx = kz = 1.30 m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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*21–28. Each of the two disks has a weight of 10 lb. The
axle AB weighs 3 lb. If the assembly rotates about the z
axis at , determine its angular momentum
about the z axis and its kinetic energy. The disks roll
without slipping.

vz = 6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

y

z

x vz ! 6 rad/s

2 ft

2 ft

1 ft

A

1 ft

B

Ans.

Ans. = 72.1 lb # ft

 + 1
2

 b2 c1
4

 a 10
32.2
b(1)2 + 10

32.2
 (2)2 d + 1

12
a 3

32.2
b(4)2 r(6)2

 = 1
2

 c2a1
2

 a 10
32.2
b(1)2b d(12)2 + 0

 T = 1
2

 Ix v2
x + 1

2
 Iy v2

y + 1
2

 Iz v2
z

Hz = {16.6k} slug # ft2>s
 + 0 + b2 c1

4
 a 10

32.2
b(1)2 + 10

32.2
(2)2 d(6) + 1

12
 a 3

32.2
b(4)2(6) rk

 Hz = c1
2

 a 10
32.2
b(1)2 d(12i) + c1

2
a 10

32.2
b(1)2 d(-12i)

vA = {-12i} rad>s vB = {12i} rad>s
6
vx

= 1
2
 vx = 12 rad>s
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The mass moments of inertia of the disk about the centroidal , , and axes,
Fig. a, are

Due to symmetry, the products of inertia of the disk with respect to its centroidal
planes are equal to zero.

Here, the angular velocity of the disk can be determined from the vector addition of
and . Thus,

The angular momentum of the disk about its mass center G can be obtained by
applying

Thus,

Since the mass center G rotates about the x axis with a constant angular velocity of
, its velocity is

Since the disk does not rotate about a fixed point O, its angular momentum must be
determined from

Ans.

The kinetic energy of the disk is therefore

Ans. = 78.5 J

 = 1
2

 (6i + 15k) # (21.9375i + 1.6875k)

 T = 1
2

 v # HO

 = [21.9i + 1.69k] kg # m2>s = [21.9375i + 1.6875k] kg # m2>s = (0.6j) * 10(3.6k) + (0.3375i + 1.6875k)

 HO = rC>O * mvC + HG

vG = v3 * rC>O = (6i) * (0.6j) = [3.6k] m>sv3 = [6i] rad>s
HG = [0.3375i + 1.6875k] kg # m2>s

Hz = Iz¿vz = 0.1125(15) = 1.6875 kg # m2>sHy = Iy¿vy = 0.05625(0) = 0

Hx = Ix¿vx = 0.05625(6) = 0.3375 kg # m2>s
v = v1 + v2 = [6i + 15k] rad>sv3v1

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

Iz¿ = 1
2

 mr2 = 1
2

 (10) A0.152 B = 0.1125 kg # m2

Ix¿ = Iy¿ = 1
4

 mr2 = 1
4

 (10) A0.152 B = 0.05625 kg # m2

z¿y¿x¿

•21–29. The 10-kg circular disk spins about its axle with a
constant angular velocity of . Simultaneously,
arm OB and shaft OA rotate about their axes with constant
angular velocities of and , respectively.
Determine the angular momentum of the disk about point O,
and its kinetic energy.

v3 = 6 rad>sv2 = 0

v1 = 15 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The mass moments of inertia of the disk about the centroidal , , and axes.
Fig. a, are

Due to symmetry, the products of inertia of the disk with respect to its centroidal
planes are equal to zero.

Here, the angular velocity of the disk can be determined from the vector addition of
, , and . Thus,

The angular momentum of the disk about its mass center G can be obtained by
applying

Thus,

Since the mass center G rotates about the fixed point O with an angular velocity of
, its velocity is

Since the disk does not rotate about a fixed point O, its angular momentum must be
determined from

Ans.

The kinetic energy of the disk is therefore

Ans. = 81.3J

 = 1
2

(6i + 10j + 15k) # (21.9375i + 0.5625j + 1.6875k)

 T = 1
2

 v # HO

 = [21.9i + 0.5625j + 1.69k] kg # m2>s = [21.9375i + 0.5625j + 1.6875k] kg # m2>s = (0.6j) * 10(3.6k) + (0.3375i + 0.5625j + 1.6875k)

 HO = rC>O * mvG + HG

vG = Æ * rG>O = (6i + 10j) * (0.6j) = [3.6k] m>sÆ = v2 + v3 = [6i + 10j]

HG = [0.3375i + 0.5625j + 1.6875k] kg # m2

Hz = Iz¿vz = 0.1125(15) = 1.6875 kg # m2

Hy = Iy¿vy = 0.05625(10) = 0.5625 kg # m2

Hx = Ix¿vx = 0.05625(6) = 0.3375 kg # m2

v = v1 + v2 + v3 = [6i + 10j + 15k] rad>sv3v2v1

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

Iz¿ = 1
2

 mr2 = 1
2

 (10) A0.152 B = 0.1125 kg # m2

Ix¿ = Iy¿ = 1
4

 mr2 = 1
4

 (10) A0.152 B = 0.05625 kg # m2

z¿y¿x¿

21–30. The 10-kg circular disk spins about its axle with a
constant angular velocity of . Simultaneously,
arm OB and shaft OA rotate about their axes with constant
angular velocities of and ,
respectively. Determine the angular momentum of the disk
about point O, and its kinetic energy.

v3 = 6 rad>sv2 = 10 rad>sv1 = 15 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The mass moments of inertia of the satellite about the , , and axes are

Due to symmetry, the products of inertia of the satellite with respect to the , ,
and coordinate system are equal to zero.

The angular velocity of the satellite is

Thus,

Then, the components of the angular momentum of the satellite about its mass
center G are

Thus,

The angular momentum of the satellite about point A can be determined from

Ans. = [-2000i - 25 000j + 22 500k] kg # m2>s = (0.8k) * 200(-250i + 200j + 120k) + (30 000i + 15 000j + 22 500k)

 HA = rG>A * mvG + HG

HG = [30 000i + 15 000j + 22 500k] kg # m2>s
(HG)z¿ = Iz¿vz¿ = 18(1250) = 22 500 kg # m2>s(HG)y¿ = Iy¿vy¿ = 50(-300) = 15 000 kg # m2>s(HG)x¿ = Ix¿vx¿ = 50(600) = 30 000 kg # m2>s

vx¿ = 600 rad>s vy¿ = -300 rad>s vz¿ = 1250 rad>s
v = [600i + 300j + 1250k] rad>s

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

z¿
y¿x¿

Iz¿ = 200 A0.32 B = 18 kg # m2

Ix¿ = Iy¿ = 200 A0.52 B = 50 kg # m2

z¿y¿x¿

21–31. The 200-kg satellite has its center of mass at point G.
Its radii of gyration about the , , axes are

, respectively. At the
instant shown, the satellite rotates about the , and 
axes with the angular velocity shown, and its center of mass
G has a velocity of .
Determine the angular momentum of the satellite about
point A at this instant.

vG = 5—250i + 200j +  120k6 m>sz¿y¿x¿,
kx¿ = ky¿ = 500 mmkz¿ = 300 mm,

y¿x¿z¿

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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The mass moments of inertia of the satellite about the , , and axes are

Due to symmetry, the products of inertia of the satellite with respect to the , ,
and coordinate system are equal to zero.

The angular velocity of the satellite is

Thus,

Since , the kinetic energy of the
satellite can be determined from

Ans. = 37.0025 A106 BJ = 37.0MJ

 = 1
2

 (200)(116 900) + 1
2

 (50) A6002 B + 1
2

 (50)(-300)2 + 1
2

(18) A12502 B
 T = 1

2
 mvG 

2 + 1
2

 Ix¿vx¿ 
2 + 1

2
Iy¿vy¿ 

2 + 1
2

 Iz¿vz¿ 
2

vG 
2 = (-250)2 + 2002 + 1202 = 116 900 m2>s2

vx¿ = 600 rad>s vy¿ = -300 rad>s vz¿ = 1250 rad>s
v = [600i - 300j + 1250k] rad>s

Ix¿y¿ = Iy¿z¿ = Ix¿z¿ = 0

z¿
y¿x¿

Iz¿ = 200 A0.32 B = 18 kg # m2

Ix¿ = Iy¿ = 200 A0.52 B = 50 kg # m2

z¿y¿x¿

*21–32. The 200-kg satellite has its center of mass at point G.
Its radii of gyration about the , , axes are 

, respectively. At the instant shown, the
satellite rotates about the , , and axes with the angular
velocity shown, and its center of mass G has a velocity of

. Determine the kinetic
energy of the satellite at this instant.
vG = 5—250i + 200j +  120k6 m>sz¿y¿x¿
kx¿ = ky¿ = 500 mm

kz¿ = 300 mm,y¿x¿z¿

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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•21–33. The 25-lb thin plate is suspended from a ball-and-
socket joint at O. A 0.2-lb projectile is fired with a velocity
of into the plate and
becomes embedded in the plate at point A. Determine the
angular velocity of the plate just after impact and the axis
about which it begins to rotate. Neglect the mass of the
projectile after it embeds into the plate.

v = 5-300i - 250j + 300k6 ft>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

y

0.5 ft

0.75 ft

0.25 ft

v

0.5 ft

x

0.25 ft

O

A
Angular momentum about point O is conserved.

Ans.

Axis of rotation line is along :

Ans. = -0.233i + 0.583j + 0.778k

 uO =
-2.160i + 5.400j + 7.200k2(-2.160)2 + (5.400)2 + (7.200)2

v

v = {-2.16i + 5.40j + 7.20k} rad>s
vz = 0.4658

0.06470
= 7.200 rad>s

vy = 1.3975
0.2588

= 5.400 rad>s
vx = -0.6988

0.3235
= -2.160 rad>s

-0.6988i + 1.3975j + 0.4658k = 0.3235vx i + 0.2588vy j + 0.06470vz k

(HO)1 = (HO)2

Iz = a 1
12
b a 25

32.2
b(1)2 = 0.06470 slug #  ft2

Iy = a 1
12
b a 25

32.2
b(1)2 + a 25

32.2
b(0.5)2 = 0.2588 slug # ft2

Ix = a 1
12
b a 25

32.2
b C(1)2 + (1)2 D + a 25

32.2
b(0.5)2 = 0.3235 slug #  ft2

(HO)1 = (0.25j - 0.75k) * a 0.2
32.2
b(-300i - 250j + 300k) = {-0.6988i + 1.3975j + 0.4658k} lb #  ft #  s

(HO)2 = (HO)1 = rOA * mp vp
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21–34. Solve Prob. 21–33 if the projectile emerges from
the plate with a velocity of in the same direction.275 ft>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

y

0.5 ft

0.75 ft

0.25 ft

v

0.5 ft

x

0.25 ft

O

A

Expanding, the i, j, k, components are:

Ans.

Axis of rotation is along :

Ans.uA = -0.233i + 0.583j + 0.778k

uA =
-0.954i + 2.38j + 3.18k2(-0.954)2 + (2.38)2 + (3.18)2

v

v = {-0.954i + 2.38j + 3.18k} rad>svx = -0.9538, vy = 2.3844, vz = 3.179

0.4658 = 0.06470vz + 0.26014

1.3975 = 0.25880vy + 0.78043

-0.6988 = 0.32350vx - 0.390215

+(0.25j - 0.75k) * a 0.2
32.2
b(275)(-0.6092i - 0.5077j + 0.6092k)

(0.25j - 0.75k) * a 0.2
32.2
b(-300i - 250j + 300k) + 0 = 0.32350vx i + 0.25880vy j + 0.06470vz k

H1 + ©LMO dt = H2

Iz = a 1
12
b a 25

32.2
b(1)2 = 0.06470 slug #  ft2

Iy = a 1
12
b a 25

32.2
b(1)2 + a 25

32.2
b(0.5)2 = 0.25880 slug # ft2

Ix = a 1
12
b a 25

32.2
b C(1)2 + (1)2 D + a 25

32.2
b(0.5)2 = 0.32350 slug #  ft2

uv = a -300
492.4

b i - a 250
492.4

b j + a 300
492.4

bk = -0.6092i - 0.5077j + 0.6092k
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Expand and equate components:

(1)

(2)

(3)

For (IO)y, use the parallel axis theorem.

Hence, from Eqs. (1) and (2):

The instantaneous axis of rotation is thus,

Ans.

The velocity of G just after the plate is hit is

Ans.LFO dt = {8.57i} N #  s

0 - 60i + LFO dt = -4(12.857)i

m(vG)1 + ©LF dt = m(vG)2

vG = (90.914j - 636.340k) * (-0.2(0.7071)k) = -12.857i

vG = v * rG>O

ulA =
90.914j - 636.340k2(90.914)2 + (-636.340)2

= 0.141j - 0.990k

vx = 0, vy = 90.914, vz = -636.340

(IO)y = 0.01333 + 4 C0.7071(0.2) D2, (IO)y = 0.09333

(IG)z = (IO)z = 0.01333

 = 0 + (0.01333)(-0.7071)2 + (0.01333)(0.7071)2 - 0 - 0 - 0

 (IG)z = Ix¿ u
2
x¿ + Iy¿ u

2
y¿ + Iz¿ u

2
z¿ - 2Ix¿y¿ux¿uy¿ - 2Iy¿z¿uy¿uz¿ - 2Iz¿x¿uz¿ux¿

ux¿ = cos 90° = 0, uy¿ = cos 135° = -0.7071, uz¿ = cos 45° = 0.7071

Iy¿ = a 1
12
b(4)(0.2)2 = 0.01333, Iz¿ = a 1

12
b(4)(0.2)2 = 0.01333

Ix¿y¿ = 0, Iy¿z¿ = 0, Ix¿z¿ = 0

-8.4853 = (IO)z vz

8.4853 = (IO)y vy

0 = (IO)x vx

0 + (-0.2(0.7071)j - 0.2(0.7071)k) * (-60i) = (IO)x vx i + (IO)y vy j + (IO)z vz k

0 + rA>O * IS = (HO)2

(HO)1 + ©LMO dt = (HO)2

21–35. A thin plate, having a mass of 4 kg, is suspended
from one of its corners by a ball-and-socket joint O. If a
stone strikes the plate perpendicular to its surface at an
adjacent corner A with an impulse of 
determine the instantaneous axis of rotation for the plate
and the impulse created at O.

Is = 5-60i6 N # s,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Due to symmetry

For z axis

Principle of work and energy:

Ans.v = 58.4 rad>s
0 + 8(1.2 sin 18.43°)(2p) = 1

2
 (0.01118)v2

T1 + ©U1 - 2 = T2

 = 0.01118 slug #  ft2

 = 0.05590(0.3162)2 + 0 + 0.006211(0.9487)2 - 0 - 0 - 0

 Iz = Ix¿ u
2
x¿ + Iy¿ u

2
y¿ + Iz¿ u

2
z¿ - 2Ix¿y¿ux¿uy¿ - 2Iy¿z¿uy¿uz¿ - 2Iz¿x¿uz¿ux¿

uz¿ = cos 18.43° = 0.9487

ux¿ = cos 71.57° = 0.3162 uy¿ = cos 90° = 0

Iz¿ = 1
12

 a 15
32.2
b(0.4)2 = 0.006211 slug #  ft2

Iy¿ = 1
12

 a 15
32.2
b(1.22 + 0.42) = 0.06211 slug #  ft2

Ix¿ = 1
12

 a 15
32.2
b(1.2)2 = 0.05590 slug #  ft2

Ix¿y¿ = Iy¿z¿ = Iz¿x¿ = 0

*21–36. The 15-lb plate is subjected to a force 
which is always directed perpendicular to the face of the
plate. If the plate is originally at rest, determine its angular
velocity after it has rotated one revolution (360°). The plate
is supported by ball-and-socket joints at A and B.

F = 8 lb

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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1.2 ft

y
x

0.4 ft

F ! 8 lb

z

B

A

Consevation Energy: Datum is set at the initial position of the plate. When the
plate is at its final position and its mass center is located h above the datum. Thus,
its gravitational potential energy at this position is . Since the
plate momentarily stops swinging, its final kinetic energy . Its initial kinetic
energy i

Ans. h = 0.00358 m = 3.58 mm

0.3516 + 0 = 0 + 98.1h

T1 + V1 = T2 + V2

T1 = 1
2

 IG v2 = 1
2

 c1
2

 (10) A0.252 B d A1.52 B = 0.3516 J

T2 = 0
10(9.81)h = 98.1h

•21–37. The plate has a mass of 10 kg and is suspended
from parallel cords. If the plate has an angular velocity of

about the z axis at the instant shown, determine
how high the center of the plate rises at the instant the plate
momentarily stops swinging.

1.5 rad>s z

y

x

120$

120$
120$

1.5 rad/s

250 mm
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The mass moments of inertia of the satellite about the x, y, and z axes are

Due to symmetry,

Thus, the angular momentum of the satellite about its mass center G is

Applying the principle of angular impulse and momentum about the x, y, and z axes,

Thus

Ans.v = {-28.1j + 80k} rad>s
vz = 80 rad>s0 + 1000(0.5) + 1000(0.5) = 12.5vz

(Hz)1 + ©L
t2

t1

My dt = (Hz)2

vy = -28.125 rad>s0 - 1000(0.4) - 1000(0.5) = 32vy

AHy B1 + ©L
t2

t1

My dt = AHy B2vx = 0

0 + 0 = 32vx

(Hx)1 + ©L
t2

t1

Mx dt = (Hx)2

Hx = Ixvx = 32vx  Hy = Iyvy = 32vy  Hz = Izvz = 12.5vz

Ixy = Iyz = Ixz = 0

Iz = 200 A0.252 B = 12.5 kg # m2

Ix = Iy = 200 A0.42 B = 32 kg # m2

21–38. The satellite has a mass of 200 kg and radii of
gyration of and . When it
is not rotating, the two small jets A and B are ignited
simultaneously, and each jet provides an impulse of

on the satellite. Determine the satellite’s
angular velocity immediately after the ignition.
I = 1000 N # s

kz = 250 mmkx = ky = 400 mm

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

400 mm
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500 mm
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A
B

G

I
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91962_12_s21_p0925-0987  6/8/09  1:57 PM  Page 956



957

Here, the angular velocity of the rod is

Thus,

The rod rotates about a fixed point O. Using the results of Prob. 20–91

Thus,

Ans.

The kinetic energy of the rod can be determined from

Ans. = 3168 J = 3.17 kJ

 = 1
2

 (6k) # (144i + 144j + 1056k)

 T = 1
2

 v # HO

HO = [144i + 144j + 1056k] kg # m2>s
 = -(-24)(0) - (-24)(0) + 176(6) = 1056 kg # m2>s Hz = -Ixzvx - Iyzvy + Izvz

 = -72(0) + 128(0) - (-24)(6) = 144 kg # m2>s Hy = -Ixyvx + Iyvy - Iyzvz

 = 80(0) - 72(0) - (-24)(6) = 144 kg # m2>s Hx = Ixvx - Ixyvy - Ixzvz

vx = vy = 0   vz = 6 rad>s
v = [6k] rad>s

21–39. The bent rod has a mass per unit length of ,
and its moments and products of inertia have been
calculated in Prob. 21–9. If shaft AB rotates with a constant
angular velocity of , determine the angular
momentum of the rod about point O, and the kinetic energy
of the rod.

vz = 6 rad>s
6 kg>m

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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In general

Substitute and expanding the cross product yields

Subsitute Hx, Hy and Hz using Eq. 21–10. For the i component

Ans.

One can obtain y and z components in a similar manner.

+ Æy (Iz vz - Izx vx - Izy vy)

©Mx = d
dt

 (Ix vx - Ixy vy - Ixz vz) - Æz (Iy vy - Iyz vz - Iyxvx)

+ a AH#
z Bxyz - Æy Hx + Æx Hybk

M = a AH#
x Bxyz - Æz Hy + ÆyHzb i + a AH#

y Bxyz - Æx Hz + ÆzHxb j

Æ = Æx i + Æy j + Æz k

 = AH#
x i + H

#
y j + H

#
z k Bxyz + Æ * (Hx i + Hyj + Hz k)

 M = d
dt

 (Hx i + Hy j + Hz k)

*21–40. Derive the scalar form of the rotational equation
of motion about the x axis if and the moments and
products of inertia of the body are not constant with respect
to time.

æ Z V
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In general

Substitute and expanding the cross product yields

Substitute Hx, Hy and Hz using Eq. 21–10. For the i component

For constant inertia, expanding the time derivative of the above equation yields

Ans.

One can obtain y and z components in a similar manner.

+ Æy (Iz vz - Izxvx - Izy vy)

©Mx = (Ix v
#

x - Ixy v
#

y - Ixzv
#

z) - Æz (Iy vy - Iyz vz - Iyx vx)

+ Æy (Iz vz - Izx vx - Izy vy)

©Mx = d
dt

 (Ix vx - Ixy vy - Ixz vz) - Æz (Iy vy - Iyz vz - Iyxvx)

+ a AH#
z Bxyz - Æy Hx + Æx Hybk

M = a AH#
x Bxyz - Æz Hy + ÆyHzb i + a AH#

y Bxyz - Æx Hz + ÆzHxb j

Æ = Æx i + Æy j + Æz k

 = AH#
x i + H

#
yj + H

#
z k Bxyz + Æ * (Hx i + Hyj + Hz k)

 M = d
dt

 (Hx i + Hy j + Hz k)

•21–41. Derive the scalar form of the rotational
equation of motion about the x axis if and the
moments and products of inertia of the body are constant
with respect to time.

æ Z V
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In general

Substitute and expanding the cross product yields

Substitute Hx, Hy and Hz using Eq. 21–10. For the i component

Set and require Ix, Iy, Iz to be constant. This yields

Ans.

One can obtain y and z components in a similar manner.

©Mx = Ix v
#

x - Iy Æz vy + Iz Æyvz

Ixy = Iyz = Izx = 0

+ Æy (Iz vz - Izx vx - Izy vy)

©Mx = d
dt

 (Ix vx - Ixy vy - Ixz vz) - Æz (Iy vy - Iyz vz - Iyxvx)

+ a AH#
z Bxyz - Æy Hx + Æx Hybk

M = a AH#
x Bxyz - Æz Hy + ÆyHzb i + a AH#

y Bxyz - Æx Hz + ÆzHxb j

Æ = Æx i + Æy j + Æz k

 = AH#
x i + H

#
yj + H

#
z k Bxyz + Æ * (Hx i + Hyj + Hz k)

 M = d
dt

 (Hx i + Hy j + Hz k)

21–42. Derive the Euler equations of motion for ,
i.e., Eqs. 21–26.

æ Z V
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Substitute the data,

Solving:

Ans.

Ans.Bx = 9.98 N

Ax = 9.64 N

Ax + Bx = 2(9.81)

Bx - Ax =
2(0.2)(0.3)

6
 C (0.3)2 - (0.2)2C(0.3)2 + (0.2)2 D 32 S(-4)2 = 0.34135

©Fx = m(aG)x ; Ax + Bx - mg = 0

Bx - Ax = amac
6
b £ c2 - a2Ca2 + c2 D 32 ≥v2

Bx B aa
2
b2

+ a c
2
b2R 1

2

- AxB aa
2
b2

+ a c
2
b2R 1

2

= -Izx (v)2

- Ixyav# x + vy vzb
©My = Iyy v

#
y - (Izz - Ixx)vz vx - Iyzav# z - vx vyb - Izx Av2

z - v2
x Bv

#
x = 0, v

#
y = 0, v

#
z = 0

vx = 0, vy = 0, vz = -4

21–43. The uniform rectangular plate has a mass of
and is given a rotation of about its

bearings at A and B. If and , determine
the vertical reactions at A and B at the instant the plate 
is vertical as shown. Use the x, y, z axes shown and note that

Izx = -  amac
12
b a c2 - a2

c2 + a2 b .

c = 0.3 ma = 0.2 m
v = 4 rad>sm = 2 kg

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Solving,

Ans.

Ans.

Ans.Bz = 18.5 N

Az = 23.1 N

Ax = Bx = 0

©Fz = maz ; Az + Bz - 3(9.81) = 3(9)2(0.05)

©Fx = max ; Ax + Bx = 0

Ax (1) - Bx (1.25) = 0 - 0

©Mz = Iz v
#

z - (Ix - Iy)vx vy

Bz (1.25) - Az (1) = 0 - 0

©Mx = Ix v
#

x - (Iy - Iz)vy vz

vx = 0, vy = -9, vz = 0

*21–44. The disk, having a mass of is mounted
eccentrically on shaft AB. If the shaft is rotating at a constant
rate of determine the reactions at the journal bearing
supports when the disk is in the position shown.

9 rad>s,

3 kg,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

v ! 9 rad/s

1.25 m

50 mm
75 mm

1 m
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The rotating xyz frame is set with its origin at the rod’s mass center, Fig. a. This
frame will be attached to the rod so that its angular velocity is and the x, y, z
axes will always be the principal axes of inertia. Referring to Fig. b,

Thus,

Since both the direction and the magnitude is constant . Also, since ,
. Thus,

The mass moments of inertia of the rod about the x, y, z axes are

Applying the equation of motion and referring to the free-body diagram of the rod,
Fig. a,

Ix = Iz = 1
12

 mL2   Iy = 0

v
#

x = v# y = v# z = 0

Av# xyz B = v# = 0
Æ = vv

# = 0

vx = 0   vy = -v cos u    vz = v sin u

v = -v cos uj + v sin uk

Æ = v

•21–45. The slender rod AB has a mass m and it is
connected to the bracket by a smooth pin at A. The bracket
is rigidly attached to the shaft. Determine the required
constant angular velocity of of the shaft, in order for the
rod to make an angle of with the vertical.u

V

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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A

B

L

L
3

V

u

(1) Az = mv2L
6

 sin u cos u

 ©Mx = Ixv
#

x - AIy - Iz Bvyvz; - AzaL
2
b = 0 - ¢0 - 1

12
 mL2≤(-v cos u)(v sin u)

The acceleration of the mass center of the rod can be determined from

and is directed as shown in

Fig. c. Thus,

(2)

Equating Eqs. (1) and (2),

Ans.v = A 3g tan u
L(2 sin u + 1)

mv2L
6

 sin u cos u = mg sin u - mv2L
6

 (3 sin u + 2) cos u

 Az = mg sin u = - mv2L
6

 (3 sin u + 2) cos u

 ©Fz = m(aG)z ;    Az - mg sin u = - mv2L
6

 (3 sin u + 2) cos u

aG = v2 r = v2aL
2

 sin u + L
3
b = v

2L
6

 (3 sin u + 2)
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Applying Eq. 21–25 with 

(1)

(2)

Also,

Ans.

(3)

(4)

Solving Eqs. (1) to (4) yields:

Ans.Ay = By = 0 Az = Bz = 24.5 N

©Fz = m(aG)z ; Az + Bz - 5(9.81) = 0

©Fy = m(aG)y ; Ay + By = 0

©Fx = m(aG)x ; Bx = -5(10)2 (0.5) Bx = -250N

©Mz = Iz v
#

z - (Ix - Iy)vx vy ; Ay (0.5) - By(0.5) = 0

©My = Iy v
#

y - (Iz - Ix)vz vx ; Bz (0.5) - Az(0.5) = 0

©Mx = Ix v
#

x - (Iy - Iz)vy vz ; 0 = 0

vx = vy = 0 vz = 10 rad>s v# x = v# y = v# z = 0

Iy = Iz = 1
12

 (5)(1)2 = 0.4167 kg #  m2 Ix = 0

21–46. The 5-kg rod AB is supported by a rotating arm.The
support at A is a journal bearing, which develops reactions
normal to the rod.The support at B is a thrust bearing, which
develops reactions both normal to the rod and along the axis
of the rod. Neglecting friction, determine the x, y, z
components of reaction at these supports when the frame
rotates with a constant angular velocity of .v = 10 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

ω

z

0.5 m

y

x

A

B

G

= 10 rad/s

0.5 m

Applying Eq. 21–24 with ,

Ans.

Ans.

Ans.

Note:This result indicates the normal reactions of the tires on the ground are not all
necessarily equal. Instead, they depend upon the speed of the car, radius of
curvature, and the products of inertia Iyz and Izx. (See Example 13–6.)

©Mz = 0

©My = -Izx B avG

r
b2

- 0R = -
Izx

r2 v2
G

©Mx = -Iyz B0 - avG

r
b2R =

Iyz

r2  v2
G

vx = vy = vz = 0

vx = 0, vy = 0, vz =
vG

r

21–47. The car travels around the curved road of radius 
such that its mass center has a constant speed . Write the
equations of rotational motion with respect to the x, y, z
axes. Assume that the car’s six moments and products of
inertia with respect to these axes are known.

vG

r

x

z

y

G

r
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Applying Eq. 21–25 with 

(1)

Ans.

(2)

Also,

(3)

Ans.

(4)

Solving Eqs. (1) to (4) yields:

Ans.Ax = Bx = 72.0 N Az = Bz = 12.9 N

©Fz = m(aG)z ; Az + Bz - 35.316 = -1.8(2)(0.04444)(58.9)

©Fy = m(aG)y ; Ay = 0

©Fx = m(aG)x ; -Ax - Bx = -1.8(2)(0.04444)(30)2

 ©Mz = Iz v
#

z - (Ix - Iy)vx vy ; Bx (0.7) - Ax(0.7) = 0

 v
#

y = 58.9 rad>s2

©My = Iy v
#

y - (Iz - Ix)vz vx; 35.316(0.04444) = 0.02667v
#

y

 ©Mx = Ix v
#

x - (Iy - Iz)vy vz ; Bz (0.7) - Az(0.7) = 0

vx = vz = 0 vy = 30 rad>s v# x = v# z = 0

 Ix = 2 c1
3

 C0.2(2) D(0.2)2 d + C0.2(2) D(0.2)2 = 0.02667 kg #  m2

 x = © xW
© W

= 1.5696
35.316

= 0.04444 m

 ©xW = 0 C1.2(2)(9.81) D + 0.1 C0.4(2)(9.81) D + 0.2 C0.2(2)(9.81) D = 1.5696 N #  m

 ©W = C3(0.2) + 1.2 D(2)(9.81) = 35.316 N

*21–48. The shaft is constructed from a rod which has a
mass per unit length of Determine the x, y, z
components of reaction at the bearings A and B if at the
instant shown the shaft spins freely and has an angular
velocity of .What is the angular acceleration of
the shaft at this instant? Bearing A can support a component
of force in the y direction, whereas bearing B cannot.

v = 30 rad>s
2 kg>m.

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z
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O

A

0.2 m
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For 

(1)

For 

(2)

For 

(3)

For 

(4)

Solving,

Ans.

Ans.

Ans.

Ans.mF = 1.32 kg

uF = 40.9°

mD = 0.661 kg

uD = 139°

+ (0.1 cos uF)(0.4)(mF) = 0

(0.1)(0.1)(1) + (0.2)(0.2 cos uD)mD - (0.3)(0.1 sin 30°)(2)

Ixy = 0; ©x1y1 m1 = 0

-(0.2)(0.2 sin uD)mD + (0.3)(0.1 cos 30°)(2) - (0.4)(0.1 sin uF)mF = 0

Ixz = 0; ©x1z1 m1 = 0

(0.1)(1) - (0.1 sin 30°)(2) + (0.2 cos uD)mD + (0.1 cos uF)mF = 0

z = 0; ©z1 m1 = 0

(0.1 cos 30°)(2) - (0.1 sin uF)mF - (0.2 sin uD)mD = 0

x = 0; ©x1 m1 = 0

•21–49. Four spheres are connected to shaft AB. If
and , determine the mass of spheres

D and F and the angles of the rods, and , so that the
shaft is dynamically balanced, that is, so that the bearings at
A and B exert only vertical reactions on the shaft as it
rotates. Neglect the mass of the rods.

uFuD

mE = 2 kgmC = 1 kg

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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F

E
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0.1 m
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0.2 m

0.1 m

30"

uD

uF

0.1 m
0.1 m

91962_12_s21_p0925-0987  6/8/09  1:59 PM  Page 965



966

The rotating xyz frame will be set with an angular velocity of .
Since the wheel is symmetric about its spinning axis, the x, y, and z axes will remain as
the principle axes of inertia.Thus,

The angular velocity of the wheel is . Thus,

Since the directions of and do not change with respect to the xyz frame and
their magnitudes are constant, . Thus,

Applying the equations of motion and referring to the free-body diagram shown in
Fig. a,

v
#

x = v# y = v# z = 0

v
#

xyz = 0
vpvs

vx = -30 rad>s   vy = 0    vz = 10 rad>sv = vs + vP = [-30i + 10k] rad>sIx =  mr2 = 3 A0.32 B = 0.27 kg # m2

Iy = Iz = 1
2

 mr2 = 1
2

 (3) A0.32 B = 0.135 kg # m2

Æ = vP = [10k] rad>s

21–50. A man stands on a turntable that rotates about a
vertical axis with a constant angular velocity of

. If the wheel that he holds spins with a
constant angular speed of , determine the
magnitude of moment that he must exert on the wheel to
hold it in the position shown. Consider the wheel as a thin
circular hoop (ring) having a mass of 3 kg and a mean radius
of 300 mm.

vs = 30 rad>svp = 10 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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500 mm

300 mm

vs ! 30 rad/s

vp ! 10 rad/s

Thus,

Ans.M = 2Mx 
2 + My 

2 + Mz 
2 = 202 + (-81.0)2 + 02 = 81.0 N # m

©Mz = Izv
#

z - IxÆyvx + IyÆxvy; Mz = 0

©My = Iyv
#

y - IzÆxvz + IxÆzvx; My = 0 - 0 + 0.27(10)(-30) = -81.0 N # m

©Mx = Ixv
#

x - IyÆzvy + IzÆyvz; Mx = 0
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The rotating xyz frame is established as shown in Fig. a. This frame will be set to
have an angular velocity of . Since the disk is symmetric about
its spinning axis, the x, y, and z axes will remain as the principle axes of inertia.Thus,

The angular velocity of the disk is . Thus,

Since the directions of and do not change with respect to the xyz frame and
their magnitudes are constant, . Thus,

Applying the equations of motion and referring to the free-body diagram shown in
Fig. a,

(1)

Ans.

Ans.

Since the mass center of the disk rotates about the X axis with a constant angular
velocity of , its acceleration is 

. Thus,

Substituting this result into Eq. (1), we have

Ans.MX = 100 lb # ft

©FZ = m(aG)Z ; AZ - 50 = 50
32.2

 (0) AZ = 50 lb

= 0 - 102(2j) = [-200j] ft>s2
aG = v# 2 * rG - v2rGv1 = [10i] rad>s

MZ = 0

©Mz = Izv
#

z - IxÆyvzx + IyÆxvy;       MZ = 0 - 0 + 0

MY = -218.36 lb # ft = -218 lb # ft

©My = Iyv
#

y - IzÆxvz + IxÆzvx; MY = 0 - 0.4367(10)(50) + 0

©Mx = Ixv
#

x - IyÆzvy + IzÆyvz; MX - AZ(2) = 0

v
#

x = v# y = v# z = 0

v
#

xyz = 0
v2v1

vx = 10 rad>s    vy = 0   vz = 50 rad>sv = vs + vp = [10i + 50k] rad>s
Iz = 1

2
 a 50

32.2
b A0.752 B = 0.4367 slug # ft2

Ix = Iy = 1
4

 a 50
32.2
b A0.752 B = 0.2184 slug # ft2

Æ = v2 = [10i] rad>s

21–51. The 50-lb disk spins with a constant angular rate of
about its axle. Simultaneously, the shaft

rotates with a constant angular rate of .
Determine the x, y, z components of the moment developed
in the arm at A at the instant shown. Neglect the weight of
arm AB.

v2 = 10 rad>sv1 = 50 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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y

B

A

x

2 ft

0.75 ft

v1 ! 50 rad/s

v2 ! 10 rad/s
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The rotating xyz frame shown in Fig. a will be attached to the head so that it rotates
with an angular velocity of , where . Referring to Fig. b,

. Thus,
. Then

The angular acceleration of the head with respect to the XYZ frame can be
obtained by setting another frame having an angular velocity of

. Thus

Since , . Thus,

Also, the x, y, z axes will remain as principal axes of inertia. Thus,

Applying the moment equations of motion and referring to the free-body diagram
shown in Fig. a,

Iy = 2
5

 a 10
32.2
b A0.3752 B = 0.01747 slug # ft2

Ix = Iz = 2
5

 
10

32.2
 A0.3752 B + a 10

32.2
b A0.3752 B = 0.06114 slug # ft2

v
#

x = 0   v
#

y = -4.5 rad>s2   v
#

z = 7.794 rad>s2

v
#

x¿y¿z¿ = v# = [-4.5j + 7.794k] rad>s2Æ = v

 = [-4.5j + 7.794k] rad>s2

 = 0 + 0 + 0 + (5.196j + 3k) * (-1.5i)

 = (v
#

1)x¿y¿z¿ + (v
#

2)x¿y¿z¿ + Æ¿ * v1 + Æ¿ * v2

 v
# = Av# x¿y¿z¿ B + Æ¿ * v

Æ¿ = v1 = [5.196j + 3k] rad>s x¿y¿z¿
v
#

vx = -1.5 rad>s   vy = 5.196 rad>s vz = 3 rad>s+  5.196j + 3k] rad>s v = [-1.5iv1 = [6 cos 30° j + 6 sin 30° k] rad>s = [5.196j + 3k] rad>sv = v1 + v2Æ = v

*21–52. The man stands on a turntable that rotates about a
vertical axis with a constant angular velocity of . If
he tilts his head forward at a constant angular velocity of

about point O, determine the magnitude of the
moment that must be resisted by his neck at O at the instant

. Assume that his head can be considered as a uniform
10-lb sphere, having a radius of 4.5 in. and center of gravity
located at G, and point O is on the surface of the sphere.

u = 30°

v2 = 1.5 rad>s v1 = 6 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Thus,

Ans.MA = 2Mx 
2 + My 

2 + Mz 
2 = 22.5562 + (-0.07861)2 + 0.81612 = 2.68 lb # ft

 = 0.8161 lb # ft

 ©Mz = Izv
#

z - (Ix - Iy)vxvy ; Mz = 0.06114(7.794) - (0.06114 - 0.01747)(-1.5)(5.196)

©My = Iyv
#

y - (Iz - Ix)vzvx ; My = 0.01747(-4.5) - 0  My = -0.07861 lb # ft

Mx = 2.556 lb # ft

 ©Mx = Ixv
#

x - AIy - Iz Bvyvz ; Mx - 10 sin 30°(0.375) = 0 - (0.01747 - 0.06114)(5.196)(3)

O

G
4.5 in.

u

V2 ! 1.5 rad/s

V1 ! 6 rad/s
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The rotating xyz frame shown in Fig. a will be attached to the blade so that it rotates
with an angular velocity of , where . Referring to Fig. b

. Thus, . Then

The angular acceleration of the blade with respect to the XYZ frame can be
obtained by setting another frame having an angular velocity of

. Thus,

Since , . Thus,

Also, the x, y, and z axes will remain as principle axes of inertia for the blade. Thus,

Applying the moment equations of motion and referring to the free-body diagram
shown in Fig. a,

Ix = Iy = 1
12

 (2m)(2l)2 = 2
3

 ml2    Iz = 0

v
#

x = -vsvp cos u   v
#

y = 0   v
#

z = vsvp sin u

v
#

x¿y¿z¿ = v#Æ = v

 = -vsvp cos ui + vsvp sin uk

 = 0 + 0 + Avp sin ui + vp cos uk B * (vsj) + 0

 = (v
#

1)x¿y¿z¿ + (v
#

2)x¿y¿z¿ + Æ¿ * vS + Æ¿ * vP

 v
# = Av# x¿y¿z¿ B + Æ¿ * v

Æ¿ = vp = vp sin ui + vp cos uk
x¿y¿z¿

v
#

vx = vp sin u    vy = vs vz = vp cos u

v = vp sin ui + vs j + vp cos ukvp = vp sin ui + vp cos uk
v = vs + vpÆ = v

•21–53. The blades of a wind turbine spin about the shaft S
with a constant angular speed of , while the frame
precesses about the vertical axis with a constant angular
speed of . Determine the x, y, and z components of
moment that the shaft exerts on the blades as a function of .
Consider each blade as a slender rod of mass m and length l.

u
vp

vs

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.

Ans.

Ans.©Mz = Izv
#

z - (Ix - Iy)vxvy ; Mz = 0 - 0 = 0

= 1
3

 ml2 vp 
2 sin 2u

 ©My = Iyv
#

y - AIz - Ix Bvzvx; My = 0 - a0 - 2
3

 ml2b(vp cos u)(vp sin u)

= - 4
3

 ml2 vsvp cos u

 ©Mx = Ixv
#

x - AIy - Iz Bvyvz; Mx = 2
3

ml2(-vsvp cos u) - a2
3

 ml2 - 0b(vs)(vp cos u)

z

x

y

S
u

u

Vs

Vp
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The rotating xyz frame shown in Fig. a will be attached to the rod so that it rotates
with an angular velocity of , where . Thus,

The angular acceleration of the rod with respect to the XYZ frame can be
obtained by using another rotating frame having an angular velocity of

. Fig. a. Thus,

Since , . Thus,

Also, the x, y, and z axes will remain as principal axes of inertia for the rod. Thus,

Applying the equations of motion and referring to the free-body diagram shown in
Fig. a,

(1)EZ - FZ = 0

©My = Iyv
#

y - AIz - Ix Bvzvx; EZ (a) - FZ (a) = 0 - 0

©Mx = Ixv
#

x - AIy - Iz Bvyvz; 0 = 0

Ix = 0    Iy = Iz = 1
12

 mL2

v
#

x = v# y = 0    v
#

z = -v1v2

v
#

x¿y¿z¿ = v#Æ = v

 = -v1v2k

 = 0 + 0 + Av2i B * (-v1j) + 0

 = (v
#

1)x¿y¿z¿ + (v
#

2)x¿y¿z¿ + Æ¿ * v1 + Æ¿ * v2

 v
# = Av# x¿y¿z¿ B + Æ¿ * v

Æ¿ = v2 = v2i
x¿y¿z¿
v
#

vx = v2  vy = -v1  vz = 0

v = v1 + v2 = v2i - v1jÆ = v

21–54. Rod CD of mass m and length L is rotating with a
constant angular rate of about axle AB, while shaft EF
rotates with a constant angular rate of . Determine the X,
Y, and Z components of reaction at thrust bearing E and
journal bearing F at the instant shown. Neglect the mass of
the other members.

v2

v1

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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(2)

Since the mass center G does not move, . Thus,

Ans.

(3)

(4)

Solving Eqs. (1) through (4),

Ans.

Ans.EZ = FZ =
mg

2

FY = -
mL2 v1v2

12a
   EY =

mL2v1v2

12a

©FZ = m(aG)Z ; FZ + EZ - mg = 0

©FY = m(aG)Y; FY + EY = 0

©FX = m(aG)X; EX = 0

aG = 0

FY - EY = -
mL2v1v2

6a

©Mz = Izv
#

z - (Ix - Iy)vxvy ; FY(a) - EY(a) = 1
12

 mL2 (-v1 v2) - a0 - 1
12

mL2b(v2)(-v1)

D
C

F

E
B

A

z

x y

L
2L

2

a

a

V1

V2

91962_12_s21_p0925-0987  6/8/09  2:00 PM  Page 970



971

21–55. If shaft AB is driven by the motor  with an angular
velocity of and angular acceleration of

at the instant shown, and the 10-kg wheel
rolls without slipping, determine the frictional force and the
normal reaction on the wheel, and the moment M that must
be supplied by the motor at this instant. Assume that the
wheel is a uniform circular disk.

v
#

1 = 20 rad>s2
v1 = 50 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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z

yx

0.3 m

0.1 m

0.1 m

A

M
V1 ! 20 rad/s2
V1 ! 50 rad/s

B

The rotating xyz frame is established to coincide with the fixed XYZ frame at the
instant considered, Fig. a. This frame will be set to have an angular velocity of

. Since the wheel is symmetric about its spinning axis, the x, y,
z axes will remain as the principal axes of inertia. Thus,

Since the wheel rolls without slipping, the instantaneous axis of zero velocity is
shown in Fig. b. Thus

The angular velocity of the wheel is . Then,

Since the directions of and do not change with respect to the xyz frame,
where . Thus,

, so that

Applying the equations of motion and referring to the free-body diagram shown in
Fig. a,

v
#

x = 60 rad>s2 v
#

y = 0   v
#

z = 20 rad>s2

v
#

xyz = [60i + 20k] rad>s2
(v

#
2)xyz = 3(v

#
1)xyz = 3(20) = 60 rad>s2v

#
xyz = (v

#
1)xyz + (v

#
2)xyz

v2v1

vx = 150 rad>s   vy = 0   vz = 50 rad>sv = v1 + v2 = [150i + 50k] rad>s
v2

v1
= 3

1
   v2 = 3v1 = 3(50) = 150 rad>s

Ix = 1
2

 (10) A0.12 B = 0.05 kg # m2

Iz = Iy = 1
4

 (10) A0.12 B + 10 A0.32 B = 0.925 kg # m2

Æ = v1 = [50k] rad>s

Ans.

Ans.

Ans. M = 27.5 N # m

©Mz = Izv
#

z - IxÆyvx + IyÆxvy;  M - 30(0.3) = 0.925(20) - 0 + 0

 N = 1348.1 N = 1.35 kN

©My = Iyv
#

y - IzÆxvz + IxÆzvx;  N(0.3) - 10(9.81)(0.3) = 0 - 0 + 0.05(50)(150)

©Mx = Ixv
#

x - IyÆzvy + IzÆyvz;  F(0.1) = 0.05(60) - 0 + 0  F = 30N
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, where 

Thus,

Ans.ND = 405 N

ND (0.8) - 25(9.81)(0.8) = (16.25)(256) - (0.5 - 16.25)(-32)(8)

©Mx = Ix vx - (Iy - Iz) vy vz

vx = 256 rad>s2

v
# = v# xyz + Æ * v = 0 + (8k) * (-32j + 8k) = 256i

v = -32j + 8k

vy = -  
6.4
0.2

= -32 rad>s
v = 0.8vz = (0.8)(8) = 6.4 m>svz = 8 rad>sv = -vy j + vz k

Iy = 1
2

 (25)(0.2)2 = 0.5 kg # m2

Ix = Iz = 1
4

 (25)(0.2)2 + 25(0.8)2 = 16.25 kg # m2

*21–56. A stone crusher consists of a large thin disk which
is pin connected to a horizontal axle. If the axle rotates at a
constant rate of determine the normal force which
the disk exerts on the stones. Assume that the disk rolls
without slipping and has a mass of 25 kg. Neglect the mass
of the axle.

8 rad>s,

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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0.8 m

0.2 m

8 rad/s
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Applying the third of Eq. 21–25 with , ,

Ans.©Mz = Iz v
#

z - (Ix - Iy) vx vy ; T = 3.9079(6) = 23.4 lb # ft

v
#

z = 6 rad>s2vx = vy = 0Ix = Iy

Iz = 1
2

 a 25
32.2
b(1)2 + a 25

32.2
b(2)2 + 1

3
a2(2)

32.2
b(2)2 + a1(2)

32.2
b(2)2 = 3.9079 slug # ft2

21–58. Solve Prob. 21–57, assuming rod BCD has a weight
per unit length of .2 lb>ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Applying the third of Eq. 21–25 with , ,

Ans.©Mz = Iz v
#

z - (Ix - Iy)vx vy ; T = 3.4938(6) = 21.0 lb # ft

v
#

z = 6 rad>s2vx = vy = 0Ix = Iy

Iz = 1
2

 a 25
32.2
b(1)2 + a 25

32.2
b(2)2 = 3.4938 slug # ft2

•21–57. The 25-lb disk is fixed to rod BCD, which has
negligible mass. Determine the torque T which must be
applied to the vertical shaft so that the shaft has an angular
acceleration of . The shaft is free to turn in its
bearings.

a = 6 rad>s2

2 ft

D

A

1 ft

1 ft

C

T

B

2 ft

D

A

1 ft

1 ft

C

T

B
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21–59. If shaft AB rotates with a constant angular velocity
of , determine the X, Y, Z components of
reaction at journal bearing A and thrust bearing B at the
instant shown. The thin plate has a mass of 10 kg. Neglect
the mass of shaft AB.

v = 50 rad>s
© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Applying the equations of motion,

(1)BZ - AZ = 180.42

©Mx = Ixv
#

x - AIy - Iz Bvyvz; BZ(0.45) - AZ(0.45) = 0 - (0.15 - 0.075)(-43.30)(25)

Ix = Iz = 1
12

 (10) A0.32 B = 0.075 kg # m2   Iy = 1
12

(10) A0.32 + 0.32 B = 0.15 kg # m2

(2)

(3)

Ans.

(4)

Solving Eqs. (1) through (4),

Ans.

Ans.

The negative sign indicates that AZ acts in the opposite sense to that shown on the
free-body diagram.

AX = BX = 0

AZ = -41.16N = -41.6 N    BZ = 139.26 N = 139 N

©FZ = m(aG)Z ; AZ + BZ - 10(9.81) = 0

©FY = m(aG)Y; BY = 0

©FX = m(aG)X; BX - AX = 0

AX = -BX

©Mz = Izv
#

z - AIx - Iy Bvxvy; -AX(0.45 sin 60°) - BX(0.45 sin 60°) = 0 - 0

AX = -BX

©My = Iyv
#

y - (Iz - Ix)vzvx; -AX(0.45 cos 60°) - BX(0.45 cos 60°) = 0 - 0

A

B

150 mm
150 mm

450 mm

450 mm

150 mm

150 mm

z

y

x

60"

V ! 50 rad/s

The rotating xyz frame is set with its origin at the plate’s mass center as shown on
the free-body diagram, Fig. a. This frame will be fixed to the plate so that its angular
velocity is and the x, y, and z axes will always be the principal axes of inertia
of the plate. Referring to Fig. b,

Thus,

Since is always directed towards the –Y axis and has a constant magnitude, .
Also, since , . Thus,

The mass moments of inertia of the plate about the x, y, and z axes are

v
#

x = v# y = v# z = 0

v
#

xyz = v# = 0Æ = v
v
# = 0v

vx = 0   vy = -43.30 rad>s   vz = 25 rad>s
v = [-50 sin 60° j + 50 cos 60° k] rad>s = [-43.30j + 25k] rad>s

Æ = v
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Using the principal axis shown,

Ans.

The couple acts outward, perpendicular to the face of the plate.

Mz = -0.9 A10- 3 Bv2 N # m = -0.9v2 mN # m

Mz = 0 - C3 A10- 3 B - 0.75 A10- 3 B Dv2 sin 26.57°cos 26.57°

©Mz = Iz vz - (Ix - Iy)vx vy

My = 0

©My = Iy vy - (Iz - Ix)vz vz

Mx = 0

©Mx = Ix vx - (Iy - Iz)vy vz

vz = 0, v
#

z = 0

vy = v cos 26.57°, vy = 0

vx = v sin 26.57°, v
#

x = 0

u = tan- 1 a 75
150
b = 26.57°

Iz = 1
12

 (0.4) C(0.3)2 + (0.15)2 D = 3.75 A10- 3 B  kg # m2

Iy = 1
12

 (0.4)(0.15)2 = 0.75 A10- 3 B  kg # m2

Ix = 1
12

 (0.4)(0.3)2 = 3 A10- 3 B  kg # m2

*21–60. A thin uniform plate having a mass of 0.4 kg spins
with a constant angular velocity about its diagonal AB. If
the person holding the corner of the plate at B releases his
finger, the plate will fall downward on its side AC.
Determine the necessary couple moment M which if
applied to the plate would prevent this from happening.

V

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

A

B

C

V

x

G

y

300 mm

150 mm
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From Fig. 21–15b. due to rotation , the x, y, z components of are simply along
z axis.

From Fig 21–15c, due to rotation , the x, y, z components of and are in
the y direction, in the z direction, and in the x direction.

Lastly, rotation . Fig. 21–15d, produces the final components which yieldsc

u
#

f
#  cos u

f
#  sin uu

#
f
#

u

f
#

f
#

f

21–61. Show that the angular velocity of a body, in
terms of Euler angles , , and , can be expressed as

, where i, j, and k are directed along the x, y,
z axes as shown in Fig. 21–15d.
(f

#
 cos u + c

#
)k

v =  (f
#
 sin u sin c + u

#
 cos c)i + (f

#
 sin u cos c - u

#
 sin c)j +

cuf

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Q.E.D.v = Af#  sin u sin c + u
#  cos c B i + Af 

#
sin u cos c - u

#
 sin c B j + Af#  cos u + c

# Bk

Ans.

Ans.

Ans.g = cos- 1(0.7071) = 45°          
b = cos- 1(-0.6124) = 128°         

a = cos- 1 0.3536 = 69.3°

u = 0.3536i - 0.6124j + 0.7071k

u = (1 sin 45°) sin 30° i - (1 sin 45°) cos 30°j + 1 cos 45° k

21–62. A thin rod is initially coincident with the Z axis
when it is given three rotations defined by the Euler angles

, , and . If these rotations are given in
the order stated, determine the coordinate direction angles ,

, of the axis of the rod with respect to the X, Y, and Z
axes. Are these directions the same for any order of the
rotations? Why?

gb
a

c = 60°u = 45°f = 30°
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Ans. Nw = 77.7 lb

 ©Mz = IzÆy vz; 30(3) - Nw(3) = c a 30
32.2
b(1.2)2 d(8)(-13.33)

vz = -  

3(8)
1.8

= -13.33 rad>s
Æy = v = 8 rad>s

21–63. The 30-lb wheel rolls without slipping. If it has a
radius of gyration about its axle AB, and the
vertical drive shaft is turning at determine the
normal reaction the wheel exerts on the ground at C.
Neglect the mass of the axle.

8 rad>s,
kAB = 1.2 ft

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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x
3 ft

y

V

z 1.8 ft

A

C

B

*21–64. The 30-lb wheel rolls without slipping. If it has a
radius of gyration about its axle AB,
determine its angular velocity so that the normal reaction
at C becomes 60 lb. Neglect the mass of the axle.

V
kAB = 1.2 ft

x
3 ft

y

V

z 1.8 ft

A

C

B

Ans. v = 6.34 rad>s
 ©Mx = IxÆyvz ; 30(3) - 60(3) = c 30

32.2
 (1.2)2 dv(-1.667v)
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•21–65. The motor weighs 50 lb and has a radius of
gyration of 0.2 ft about the z axis. The shaft of the motor is
supported by bearings at A and B, and spins at a constant
rate of , while the frame has an angular
velocity of . Determine the moment which
the bearing forces at A and B exert on the shaft due to this
motion.

Vy = 52j6 rad>sVs = 5100k6 rad>s

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Ans.¢F = 53.4 N

¢F(1.30) = 2.88(69.44)(0.347)

M = I vs vp

vp =
100(1000)
80(3600)

= 0.347 rad>s
vs =

100(1000)
3600(0.4)

= 69.44 rad>s
I = 2[16(0.3)2] = 2.88 kg # m2

21–66. The car travels at a constant speed of
around the horizontal curve having a radius

of 80 m. If each wheel has a mass of 16 kg, a radius of
gyration about its spinning axis, and a radius
of 400 mm, determine the difference between the normal
forces of the rear wheels, caused by the gyroscopic effect.
The distance between the wheels is 1.30 m.

kG = 300 mm

vC = 100 km>h

0.5 ft

0.5 ft

y

x

z

A

B

Vy

Vs

Applying Eq. 21–30: For the coordinate system shown 
.

reduces to

Ans.

Since 

Ans.

Ans.©Mz = 0; Mz = 0

©My = 0; My = 0

vx = 0

©Mx = Izf
#
c
#
; Mx = c a 50

32.2
b(0.2)2 d(2)(100) = 12.4 lb # ft

©Mx = -If
#

2 sin u cos u + Iz f
#  sin u(f 

#
cos u + c

#
)

u
#

= 0 f
#

= 2 rad>s c
#

= 100 rad>s u = 90° f = 90°

vC ! 100 km/h

80 m

1.30 m
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Ans.vs = c = 3.63 A103 B  rad>s + 0.090(0.018)2(0.5)(0.7071) C0.5(0.7071) + c
# D0.090(9.81)(0.06) sin 45° = -0.090(0.035)2 (0.5)2 (0.7071)2

©Mx = -If
#

2 sin u cos u + Izf
#  sin uaf 

#
cos u + c

# bvp = 0.5 rad>s

21–67. The top has a mass of 90 g, a center of mass at G,
and a radius of gyration about its axis of
symmetry. About any transverse axis acting through point O
the radius of gyration is . If the top is connected
to a ball-and-socket joint at O and the precession is

, determine the spin .Vsvp = 0.5 rad>s kt = 35 mm

k = 18 mm

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they currently
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Vp

Vs

60 mm

G

O

45"

Ans.c = 652 rad>s
(3)a4.5

12
b(sin 30°) - (0.01419)(5)2 sin 30° cos 30° + 0.43672 A10- 3 B(5) sin 30°a5 cos 30° + c

# b
©Mx = -If2 sin u cos u + Iz f 

#
sin uaf 

#
cos u + c

# b
Iz = 3

10
 a 3

32.2
b a1.5

12
b2

= 0.43672 A10- 3 B  slug # ft2

I = 3
80

 a 3
32.2
b B4a1.5

12
b2

+ a 6
12
b2R + 3

32.2
a4.5

12
b2

= 0.01419 slug # ft2

*21–68. The top has a weight of and can be considered
as a solid cone. If it is observed to precess about the vertical
axis at a constant rate of determine its spin.5 rad>s,

3 lb

5 rad/s

1.5 in.

30"6 in.

Vs
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Since the beer keg rolls without slipping, the instantaneous axis of zero velocity is
indicated in Fig. a. Thus, .

Since , , and are constant, the beer keg
undergoes steady precession.

and . Referring to the

free-body diagram of the beer keg in Fig. b,

(1)

Since the mass center G of the beer keg rotates about the Z axis, Fig. a, its

acceleration can be found from 

and it is directed towards the negative axis. Fig. a. Since the

mass center does not move along the , . Thus,

Substituting these results into Eq. (1),

Ans.vS = B 16g

r cos a A16 cos2 a - 26  sin2a + 1 B
©FZ¿ = m(aG)Z¿ ; NB - mg = 0    NB = mg

 FB = mvs
2r sin a cos2 a

 ©FY¿ = m(aG)Y¿ ; -FB = -m Avs
2

 r  sin a cos2 a B(aG)Z¿ = 0Z¿

Y¿= vs
2r sin a cos2 a

aG = vp
2R = (-vs sin a)2¢ r cos2 a

sin a
≤

FB cos a - NB sin a = 1
16

 mr vs
2  sin a cos a A26 sin2 a - 1 B

 +  
1

16
 mr2(-vs  sin a) sin (90°-a)[(-vs  sin a) cos (90°-a) + vs]

FB cos a(r) - NB sin a(r) = -  
25
16

 mr2(-vs  sin a)2 sin (90° - a) cos (90° - a)

©Mx = -If
#

2 sin u cos u + Izf 
#

sin u(f
#
 cos u + c

#
);

Iz = ma1
4

 rb2

= 1
16

 mr2I = Ix = Iy = ma5
4

 rb2

= 25
16

 mr2

u = 90° - af
#

= -vp = -vs sin ac
#

= vs

vp = vs sin a

•21–69. The empty aluminum beer keg has a mass of m,
center of mass at G, and radii of gyration about the x and 
y axes of , and about the z axis of ,
respectively. If the keg rolls without slipping with a constant
angular velocity, determine its largest value without having
the rim A leave the floor.

kz = 1
4 rkx = ky = 5

4 r
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Here, , , and are constants.Thus,

this is a special case of steady precession. ,

, and . Thus,

Ans. vp = -4.905 rad>s©Mx = IzÆyvz;   -10(9.81)(0.225) = 0.03 A -vp B(-150)

vz = c
#

= -150 rad>sÆy = -f
#

= -vp

Iz = 3
10

 (10) A0.12 B = 0.03 kg # m2

f
#

= vpc
#

= vs = -150 rad>su = 180° - 90° = 90°

21–70. The 10-kg cone spins at a constant rate of
. Determine the constant rate at which it

precesses if .f = 90°
vpvs = 150 rad>s
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exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

A

p 

s 

300 mm

100 mm
V

V

f

Since , , and are constants, the 

cone undergoes steady precession. and 

.Iy = 3
80

 (10) c4 A0.12 B + 0.32 d + 10 A0.2252 B = 0.555 kg # m2

I = Ix =Iz = 3
10

 (10) A0.22 B = 0.03 kg # m2

u = 180° - 30° = 150°f
#

= vpc
#

= vs = -150 rad>s
21–71. The 10-kg cone is spinning at a constant rate of

. Determine the constant rate at which it
precesses if .f = 30°

vpvs = 150 rad>s
A

p 

s 

300 mm

100 mm
V

V

f

Thus,

Solving,

Ans.vp = 13.5 rad>s or 3.60 rad>s
 0.2273vp

2 - 2.25vp + 11.036 = 0

-10(9.81) sin 30°(0.225) = -0.555vp
2 sin 150° cos 150° + 0.03vp sin 150° Cvp cos 150° + (-150) D©Mx = -If

#
2 sin u cos u + Izf

#
 sin u Af#  cos u + c

# B
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Since and and are constant, the top
undergoes steady precession.

and 

.

Thus,

=  3.4507 A10- 3 B  slug # ft2

I = Ix = Iy = a 1
32.2
b a 4

12
b2

Iz = a 1
32.2
b a 1

12
b2

= 215.67 A10- 6 B  slug # ft2

uf
#

= vp = -10 rad>sc
#

= vs = 60 rad>s

*21–72. The 1-lb top has a center of gravity at point G. If it
spins about its axis of symmetry and precesses about the
vertical axis at constant rates of and

, respectively, determine the steady state
angle . The radius of gyration of the top about the z axis is

., and about the x and y axes it is .kx = ky = 4 inkz = 1 in
u

vp = 10 rad>s vs = 60 rad>s
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y
x

O

z

3 in.

vp ! 10 rad/s
u

G

vs ! 60 rad/s

Ans.u = 68.1°

-1 sin u(0.25) = -3.4507 A10- 3 B(-10)2 sin u cos u + 215.67 A10- 6 B(-10) sin u[(-10) cos u + 60]

©Mx = -If
#

2 sin u cos u + Izf
#
 sin u Af#  cos + c

# B

When the plane travels with a speed of 

, its wheel spins with a constant angular velocity of

. Here, , and

are constants. This is a special case of steady precession.

. Thus,

Ans.©Mx = IzÆyvz;   Mx = 4.5(2)(222.22) = 2000 N # m = 2kN # m

Iz = 50 A0.32 B = 4.5 kg # m2

vz = vs = 222.22 rad>s Æy = vp = 2 rad>su = 90°vs = v
r

= 88.89
0.4

= 222.22 rad>sa 1 h
3600 s

b = 88.89 m>s v = a320 
km
h
b a 1000 m

1 km
b

•21–73. At the moment of take off, the landing gear of an
airplane is retracted with a constant angular velocity of

, while the wheel continues to spin. If the plane
takes off with a speed of , determine the
torque at A due to the gyroscopic effect. The wheel has a
mass of 50 kg, and the radius of gyration about its spinning
axis is .k = 300 mm

v = 320 km>hvp = 2 rad>s

B

A

0.4 m

Vp

Vs
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From Eq. 21–34 and Hence 

However, and 

Q.E.D.tan u = I
Iz

 tan b

vy

vz
= tan b =

Iz

I
 tan u

vz = v cos bvy = v sin b

vy

vz
=

Iz

I
 tan uvz =

HG cos u
Iz

vy =
HG sin u

I

21–74. The projectile shown is subjected to torque-free
motion. The transverse and axial moments of inertia are I
and , respectively. If represents the angle between the
precessional axis Z and the axis of symmetry z, and 
is the angle between the angular velocity and the z
axis, show that and are related by the equation

.tan u = (I>Iz) tan b
ub

V
b

uIz
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Gyroscopic Motion: Here, the spinning angular velocity
. The moment of inertia of the satelite about the

z axis is and the moment of inertia of the satelite

about its transverse axis is . Applying the third of
Eq. 21–36 with , we have

Ans. HG = 17.16 A103 B  kg # m2>s = 17.2 Mg # m2>s
 1.6pB10 952 - 2592

10 952(2592)
RHG  cos 6°

 c
#

=
I - Iz

IIz
 HG  cos u

u = 6°
I = 3200 A1.852 B = 10 952 kg # m2

Iz = 3200 A0.92 B = 2592 kg # m2
c = vs = 0.8(2p) = 1.6p rad>s

21–75. The space capsule has a mass of 3.2 Mg, and about
axes passing through the mass center G the axial and
transverse radii of gyration are and ,
respectively. If it spins at , determine its
angular momentum. Precession occurs about the Z axis.

vs = 0.8 rev>s kt = 1.85 mkz = 0.90 m

G

Z

u

V

y

x z

b

6"

Vs z

G

Z
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Use the result of Prob. 21–74.

From the law of sines,

Ans.c = 2.33 rev>h
sin 5.387°
c

= sin 4.613°
2

b = 4.613°

tan 10° = a28 900
13 225

b tan b

tan u = a I
Iz
b  tan b

I = 2500(3.4)2 = 28 900 kg # m2

Iz = 2500(2.3)2 = 13 225 kg # m2

*21–76. The radius of gyration about an axis passing through
the axis of symmetry of the 2.5-Mg satellite is ,
and about any transverse axis passing through the center of
mass G, . If the satellite has a steady-state
precession of two revolutions per hour about the Z axis,
determine the rate of spin about the z axis.

kt = 3.4 m

kz = 2.3 m
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10"

Zz

G

2 rev/h

Applying Eq. 21–36 with and 

Ans.

Note that this is a case of retrograde precession since .Iz 7 I

f =
HG

I
= 0.1995

0.015625
= 12.8 rad>s

 HG = 0.1995 kg # m2>s
 6 = 0.015625 - 0.03125

0.015625(0.03125)
 HO cos 160°

c
#

=
I - Iz

IIz
 HO cos u

c
#

= 6 rad>su = 160°

I = 1
4 (4)(0.125)2 = 0.015625 kg # m2 Iz = 1

2 (4)(0.125)2 = 0.03125 kg # m2

•21–77. The 4-kg disk is thrown with a spin 
If the angle is measured as 160°, determine the precession
about the Z axis.

u
vz = 6 rad>s.

125 mm

vz ! 6 rad/s

Z

z

u
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Since the only force that acts on the projectile is its own weight, the projectile

undergoes torque-free motion. ,

, and . Thus,

Ans.

Ans. = 35.1 rad>s
 =

0.0234375 - 6.3375 A10- 3 B
6.3375 A10- 3 B  (15) cos 30°

 c
#

=
I - Iz

Iz
f
#
 cos u

f
#

=
HG

I
; HG = If

#
= 0.0234375(15) = 0.352 kg # m2>s

u = 30°I = Ix = Iy = 1.5 A0.1252 B = 0.0234375 kg # m2

Iz = 1.5 A0.0652 B = 6.3375 A10- 3 B  kg # m2

21–78. The projectile precesses about the Z axis at a
constant rate of when it leaves the barrel of a
gun. Determine its spin and the magnitude of its angular
momentum .The projectile has a mass of 1.5 kg and radii
of gyration about its axis of symmetry (z axis) and about
its transverse axes (x and y axes) of and

, respectively.kx = ky = 125 mm
kz = 65 mm

HG

c
#f

#
= 15 rad>s
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G
y

Z

z

x
30!

f " 15 rad/s

Since the weight is the only force acting on the satellite, it undergoes torque-free
motion.

Here, , , and
. Then,

Using this result,

Ans.HG = 2096 kg # m2>s = 2.10 Mg # m2>s
25.88 =

HG

81

f
#

=
HG

I

f
#

= 25.88 rad>s
200 = a81 - 9

9
bf#  cos 15°

c
#

=
I - Iz

Iz
 f

#
 cos u

u = 15°
I = Ix = Iy = 100 A0.92 B = 81 kg # m2Iz = 100 A0.32 B = 9 kg # m2

21–79. The satellite has a mass of 100 kg and radii of gyration
about its axis of symmetry (z axis) and its transverse axes (x or
y axis) of and , respectively.
If the satellite spins about the z axis at a constant rate of

, and precesses about the Z axis, determine the
precession and the magnitude of its angular momentum .HGf

#c
#

= 200 rad>s kx = ky = 900 mmkz = 300 mm

z Z

y

x

15!
c " 200 rad/s
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Since the weight is the only force acting on the football, it undergoes torque-free

motion. ,

, and .

Thus,

Ans.

Ans.

Also,

Thus,

Ans.b = tan- 1¢vy

vz
≤ = tan- 1a12.57

34.92
b = 19.8°

vz =
HG cos u

Iz
= 0.02 cos 45°

0.405 A10- 3 B = 34.92 rad>s
vy =

HG sin u
I

= 0.02 sin 45°

1.125 A10- 3 B = 12.57 rad>s
 = 22.35 rad>s = 22.3 rad>s

 c
#

=
I - Iz

IIz
 HG cos u =

1.125 A10- 3 B - 0.405 A10- 3 B
1.125 A10- 3 B(0.405) A10- 3 B  (0.02) cos 45°

 f
#

=
HG

I
= 0.02

1.125 A10- 3 B = 17.78 rad>s = 17.8 rad>s
u = 45°= 1.125 A10- 3 B  kg # m2

I = Ix = Iy = 0.45 A0.052 BIz = 0.45 A0.032 B = 0.405 A10- 3 B  kg # m2

*21–80. The football has a mass of 450 g and radii of
gyration about its axis of symmetry (z axis) and its transverse
axes (x or y axis) of and ,
respectively. If the football has an angular momentum of

, determine its precession and spin .
Also, find the angle that the angular velocity vector
makes with the z axis.

b
c
#

f
#

HG = 0.02 kg # m2>s kx = ky = 50 mmkz = 30 mm
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y

x

G

45"

V

B

HG ! 0.02 kg # m2/s
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The only force acting on the space capsule is its own weight. Thus, it undergoes
torque-free motion. ,

. Thus,

(1)

(2)

Solving Eqs. (1) and (2),

Using these results,

Ans.

Ans.

Since , the motion is regular precession. Ans.I 7 Iz

 = 212 rad>s
 c
#

=
I - Iz

IIz
HG cos u = B60 500 - 15 125

60 500(15125)
R4.9446 A106 B  cos 30°

f
#

=
HG

I
=

HG

60 500
=

4.9446 A106 B
60 500

= 81.7 rad>s
HG = 4.9446 A106 B  kg # m2>s   u = 66.59°

HG cos u = 1 964 795.13

150 cos 30° =
HG cos u

15 125

vz =
HG cos u

Iz

HG sin u = 4 537 500

150 sin 30° =
HG sin u
60 500

vy =
HG  sin u

I

= 60 500 kg # m2
I = Ix = Iy = 2000 A5.52 BIz = 2000 A2.752 B = 15 125 kg # m2

•21–81. The space capsule has a mass of 2 Mg, center of
mass at G, and radii of gyration about its axis of symmetry
(z axis) and its transverse axes (x or y axis) of
and , respectively. If the capsule has the
angular velocity shown, determine its precession and spin

. Indicate whether the precession is regular or retrograde.
Also, draw the space cone and body cone for the motion.
c
# f

#kx = ky = 5.5 m
kz = 2.75 m
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x
G

z

30"

v ! 150 rad/s
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Hence 

Ans.

The solution of the above differential equation is of the form:

(1)

(2)

At , and 

From Eq. (1) 

From Eq. (2) 

Hence 

At ,

Ans. = 0.192 m

 y = 0.2003 sin C7.487(0.22) D + 0.1 cos C7.487(0.22) Dt = 0.22 s

 y = 0.2003 sin 7.487t + 0.1 cos 7.487t

 y0 = Ap cos 0 - 0 A -
y0

p
= 1.50

7.487
= 0.2003 m

 0.1 = A sin 0 + B cos 0 B = 0.1 m

y = y0 = 1.50 m>sy = 0.1 mt = 0

y = y
# = Ap cos pt - Bp sin pt

y = A sin pt + B cos pt

 ‹ y
$ + (7.487)2y = 0 y

$ + 56.1y = 0

 = A448.46
8

= 7.487

 p = A k
m
 Where k =

8(9.81)
0.175

= 448.46 N>m
 y
$ + k

m
 y = 0

 + T ©Fy = may ; mg - k(y + yst) = my
$ where kyst = mg

•22–1. A spring is stretched by an 8-kg block. If
the block is displaced downward from its
equilibrium position and given a downward velocity of

determine the differential equation which
describes the motion. Assume that positive displacement is
downward. Also, determine the position of the block when

.t = 0.22 s

1.50 m>s,

100 mm
175 mm

Ans.

Ans.t = 1
f

= 1
4.985

= 0.201 s

f =
p

2p
= 31.321

2p
= 4.985 Hz

p = A k
m

= A490.5
0.5

= 31.321

k = F
y

=
2(9.81)
0.040

= 490.5 N>m

22–2. When a 2-kg block is suspended from a spring, the
spring is stretched a distance of Determine the
frequency and the period of vibration for a 0.5-kg block
attached to the same spring.

40 mm.
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Hence 

Ans.

The solution of the above differential equation is of the form:

(1)

(2)

At , and 

From Eq. (1) 

From Eq. (2) 

Hence Ans.

Amplitude Ans. C = 0.2 ft

 y = -0.2 cos 12.7t

 y0 = Ap cos 0° - 0 A =
y0

p
= 0

12.689
= 0

 -0.2 = A sin 0° + B cos 0° B = -0.2 ft

y = y0 = 0y = -0.2 ftt = 0

y = y
# = Ap cos pt - Bp sin pt

v = A sin pt + B cos pt

 f =
p

2p
= 12.689

2p
= 2.02 Hz

 p = A k
m

= A 40
8>32.2

= 12.689

 y
$ + k

m
 y = 0

 + T ©Fy = may ; mg - k(y + yst) = my
$ where kyst = mg

22–3. A block having a weight of is suspended from a
spring having a stiffness . If the block is
pushed upward from its equilibrium position
and then released from rest, determine the equation which
describes the motion. What are the amplitude and the
natural frequency of the vibration? Assume that positive
displacement is downward.

y = 0.2 ft
k = 40 lb>ft8 lb

when ,

when ,

Thus,

Ans.y = -0.05 cos (20t)

0 = A(20) - 0; A = 0

t = 0v = 0

v = Ap cos pt - Bp sin pt

-0.05 = 0 + B; B = -0.05

t = 0y = -0.05 m

y = A sin pt + B cos pt

p = A k
m

= A800
2

= 20

*22–4. A spring has a stiffness of If a 2-kg block
is attached to the spring, pushed above its
equilibrium position, and released from rest, determine the
equation that describes the block’s motion. Assume that
positive displacement is downward.

50 mm
800 N>m.

91962_13_s22_p0988-1046  6/8/09  5:40 PM  Page 989



990

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

when ,

when ,

Thus,

Ans.

Ans.C = 2A2 + B2 = 2(0.1)2 + (0.150)2 = 0.180 m

x = 0.1 sin (20t) + 0.150 cos (20t)

-2 = A(20) - 0; A = -0.1

t = 0v = -2 m>sv = Ap cos pt - Bp sin pt

0.150 = 0 + B; B = 0.150

t = 0x = 0.150 m

x = A sin pt + B cos pt

p = A k
m

= A800
2

= 20

•22–5. A 2-kg block is suspended from a spring having a
stiffness of If the block is given an upward
velocity of when it is displaced downward a distance
of from its equilibrium position, determine the
equation which describes the motion.What is the amplitude
of the motion? Assume that positive displacement is
downward.

150 mm
2 m>s800 N>m.

when ,

when ,

Ans.

Ans.f = tan- 1aB
A
b = tan- 1a0.100

0.107
b = 43.0°

y = 0.107 sin (7.00t) + 0.100 cos (7.00t)

A = 0.107

0.75 = A(7.00)

t = 0v = 0.75 m>sv = Ap cos pt - Bp sin pt

0.1 = 0 + B; B = 0.1

t = 0y = 0.1 m

y = A sin pt + B cos pt

p = A k
m

= A735.75
15

= 7.00

k = F
y

=
15(9.81)

0.2
= 735.75 N>m

22–6. A spring is stretched by a 15-kg block. If the
block is displaced downward from its equilibrium
position and given a downward velocity of 
determine the equation which describes the motion.What is
the phase angle? Assume that positive displacement is
downward.

0.75 m>s,
100 mm

200 mm
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when .

when ,

Thus,

Ans.

Ans.C = 2A2 + B2 = 2(-0.0693)2 + (-0.075)2 = 0.102 m

x = -0.0693 sin (5.77t) - 0.075 cos (5.77t)

-0.4 = A(5.774) - 0; A = -0.0693

t = 0v = -0.4 m>sv = Ap cos pt - Bp sin pt

-0.075 = 0 + B; B = -0.075

t = 0x = 0.075 m

x = A sin pt + B cos pt

p = A k
m

= A200
6

= 5.774

22–7. A 6-kg block is suspended from a spring having a
stiffness of . If the block is given an upward
velocity of when it is above its equilibrium
position, determine the equation which describes the
motion and the maximum upward displacement of the
block measured from the equilibrium position.Assume that
positive displacement is downward.

75 mm0.4 m>sk = 200 N>m

Ans.

when ,

when ,

Hence,

Ans.

Ans.C = 2A2 + B2 = 2(0)2 + (-0.05) = 0.05 m = 50 mm

x = -0.05 cos (8.16t)

0 = A(8.165) - 0; A = 0

t = 0v = 0

v = Ap cos pt - Bp sin pt

-0.05 = 0 + B; B = -0.05

t = 0x = -0.05 m

x = A sin pt + B cos pt

f =
p

2p
= 8.165

2p
= 1.299 = 1.30 Hz

p = A k
m

= A200
3

= 8.165

*22–8. A 3-kg block is suspended from a spring having a
stiffness of If the block is pushed 
upward from its equilibrium position and then released
from rest, determine the equation that describes the
motion. What are the amplitude and the frequency of the
vibration? Assume that positive displacement is downward.

50 mmk = 200 N>m.
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Free-body Diagram: Here the stiffness of the cable is .

When the safe is being displaced by an amount y downward vertically from its

equilibrium position, the restoring force that developed in the cable

.

Equation of Motion:

[1]

Kinematics: Since , then substituting this value into Eq. [1], we have

[2]

From Eq. [2], , thus, . Applying Eq. 22–14, we have

Ans.

The solution of the above differential equation (Eq. [2]) is in the form of

[3]

Taking the time derivative of Eq. [3], we have

[4]

Applying the initial condition of and at to Eqs. [3] and [4] yields

[5]

[6]

Solving Eqs. [5] and [6] yields

Since , the maximum cable tension is given by

Ans.Tmax = W + kymax = 800(9.81) + 200 A103 B(0.3795) = 83.7 kN

vmax = C = 0.3795 m

f = 0° C = 0.3795 m

6 = 15.81 C cos f

0 = C sin f

t = 0y
# = 6 m>sy = 0

y
# = 15.81 C cos (15.81t + f)

y = C sin (15.81t + f)

f =
p

2p
= 15.81

2p
= 2.52 Hz

p = 15.81 rad>sp2 = 250

 y
$ + 250x = 0

 200 A103 B  y = -800y
$

a =
d2y

dt2 = y
$

+ c ©Fx = 0; 800(9.81) + 200 A103 B  y - 800(9.81) = -800a

T = W + ky = 800(9.81) + 200 A103 B  y
k = 4000

0.02
= 200 A103 B N>m

•22–9. A cable is used to suspend the 800-kg safe. If the
safe is being lowered at when the motor controlling the
cable suddenly jams (stops), determine the maximum tension
in the cable and the frequency of vibration of the safe.
Neglect the mass of the cable and assume it is elastic such
that it stretches when subjected to a tension of .4 kN20 mm

6 m>s

6 m/s
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a

However, for small rotation . Hence

From the above differential equation, .

Ans.t = 2p
p

= 2pA gd

k2
G + d2

= 2pCk2
G + d2

gd

p = B gd

k2
G + d2

u
$

+
gd

k2 + d2 u = 0

sin uLu

 u
$

+
gd

k2
G + d2 sin u = 0

 + ©MO = IO a; -mgd sin u = Cmk2
G + md2 Du$

22–10. The body of arbitrary shape has a mass m, mass
center at G, and a radius of gyration about G of . If it is
displaced a slight amount from its equilibrium position
and released, determine the natural period of vibration.

u
kG O

u

G

d

a

Ans. t = 2p
p

= 2pA 3r
2g

 p = B2g

3r

 u
$

+ a2g

3r
bu = 0

 + ©MO = IO a;   -mgru = a3
2

mr2bu$
22–11. The circular disk has a mass m and is pinned at O.
Determine the natural period of vibration if it is displaced a
small amount and released.

r

O
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a

Ans. t = 2p
p

= 6.10A a
g

 p = D322g

4a

 u
#

+ ¢322g

4a
≤u = 0

 + ©MO = IO a;  -mg¢22
2

a≤u = a2
3

 ma2bu$
IO = 1

12
 m(a2 + a2) + m¢22

2
 a≤2

= 1
6

 ma2 + 1
2

 ma2 = 2
3

 ma2

*22–12. The square plate has a mass m and is suspended
at its corner from a pin O. Determine the natural period of
vibration if it is displaced a small amount and released.

a a

O
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Free-body Diagram: When an object of arbitary shape having a mass m is pinned at
O and is displaced by an angular displacement of , the tangential component of its
weight will create the restoring moment about point O.

Equation of Motion: Sum monent about point O to eliminate Ox and Oy.

a [1]

Kinematics: Since and if is small, then substitute these

values into Eq. [1], we have

[2]

From Eq. [2], , thus, . Applying Eq. 22–12, we have

[3]

When the rod is rotating about B, and . Substitute these
values into Eq. [3], we have

When the rod is rotating about B, and . Substitute
these values into Eq. [3], we have

However, the mass moment inertia of the rod about its mass center is

Then,

Ans.

Thus, the mass moment inertia of the rod about its mass center is

The radius of gyration is

Ans.kG = BIG

m
= A0.3937m

m
= 0.627 m

IG = IA - md2 = 0.2894m (9.81)(0.1462) - m A0.14622 B = 0.3937 m

 d = 0.1462 m = 146 mm

 0.2894mgd - md2 = 0.3972mg (0.25 - d) - m (0.25 - d)2

IG = IA - mg2 = IB - m(0.25 - d)2

3.96 = 2pB IB

mg (0.25 - d)
 IB = 0.3972mg (0.25 - d)

l = 0.25 - dt = tB = 3.96 s

3.38 = 2pB IA

mgd
 IA = 0.2894mgd

l = dt = tA = 3.38 s

t = 2p
p

= 2pB IO

mgl

p = Bmgl

IO
p2 =

mgl

IO

-mglu = IO u
$ or u

$
+

mgl

IO
u = 0

usin u = ua = d2u

dt2 = u
$

+ ©MO = IO a;  -mg sin u(I) = IO a

u

•22–13. The connecting rod is supported by a knife edge
at A and the period of vibration is measured as .
It is then removed and rotated so that it is supported
by the knife edge at B. In this case the perod of vibration is
measured as . Determine the location d of the
center of gravity G, and compute the radius of gyration .kG

tB = 3.96 s

180°
tA = 3.38 s A

d

250 mm

B

G
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For equilibrium:

a

Ans. t = 2p
p

= 2p2245.3
= 0.401 s

 u
$

+ 245.3u = 0

 -2.25 - 45u + 2.25 = 0.131u
$

+ 0.05241u
$

 -Tst (0.75) - (80)(u)(0.75)(0.75) + (3)(0.75) = c1
2
a 15

32.2
b(0.75)2 du$ + a 3

32.2
b(0.75)u

$
(0.75)

a = 0.75a

©MO = IO a + ma(0.75)

Tst = 3 lb

22–14. The disk, having a weight of is pinned at its
center O and supports the block A that has a weight of 
If the belt which passes over the disk does not slip at its
contacting surface, determine the natural period of
vibration of the system.

3 lb.
15 lb,

k ! 80 lb/ft

0.75 ft
O

A
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For an arbitrarily shaped body which rotates about a fixed point.

a

However, for small rotation . Hence

From the above differential equation, .

In order to have an equal period

Ans. l = 0.457 m

 
8(l2)
8gl

=
375(0.4)2

375g(0.35)

 
(IO)T

mTgdT
=

(IO)B

mB gdB

(IO)B = moment of inertia of bell about O.

(IO)T = moment of inertia of tongue about O.

t = 2pB (IO)T

mTgdT
= 2pB (IO)B

mB gdB

t = 2p
p

= 2pAmgd

IO

= 2pB IO

mgd

p = Bmgd

IO

u
$

+
mgd

IO
 u = 0

sin uLu

 u
$

+
mgd

IO
 sin u = 0

 + ©MO = IO a; mgd sin u = -IO u
$

22–15. The bell has a mass of a center of mass at
G, and a radius of gyration about point D of .
The tongue consists of a slender rod attached to the inside
of the bell at C. If an 8-kg mass is attached to the end of the
rod, determine the length l of the rod so that the bell will
“ring silent,” i.e., so that the natural period of vibration of
the tongue is the same as that of the bell. For the
calculation, neglect the small distance between C and D and
neglect the mass of the rod.

kD = 0.4 m
375 kg,

0.35 m

l

G

C
D
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Free-body Diagram: When an object of arbitrary shape having a mass m is pinned at
O and being displaced by and angular displacement of , the tangential component
of its weight will create the restoring moment about point O.

Equation of Motion: Sum monent about point O to eliminate Ox and Oy.

a [1]

Kinematics: Since and if is small, then substitute these

values into Eq. [1], we have

[2]

From Eq. [2], , thus, . Applying Eq. 22–12, we have

[3]

When the platform is empty, . and . Substitute
these values into Eq. [3], we have

When the car is on the platform, ,

, and 

. Substitute these values into Eq. [3], we have

Thus, the mass moment inertia of the car about its mass center is

Ans. = 6522.76 - 1200 A1.832 B = 2.50 A103 B kg # m2

 (IG)C = (IO)C - mCd2

3.16 = 2pB (IO)C + 1407.55
1600(9.81)(1.9975)

 (IO)C = 6522.76 kg # m2

= (IO)C + 1407.55

IO = (IO)C + (IO)pl =
2.50(400) + 1.83(1200)

1600
= 1.9975 m= 1600 kg

m = 400 kg + 1200 kgt = t2 = 3.16 s

2.38 = 2pC (IO)p

400(9.81)(2.50)
 (IO)p = 1407.55 kg # m2

l = 250 mm = 400 kgt = t1 = 2.38 s

t = 2p
p

= 2pB IO

mgl

p = Bmgl

IO
p2 =

mgl

IO

-mgIu = IO u
$ or u

$
+

mgl

IO
u = 0

usin u L ua = d2u

dt2 = u
$

+ ©MO = IO a;  -mg sin u(l) = IO a

u

*22–16. The platform AB when empty has a mass of
center of mass at and natural period of

oscillation . If a car, having a mass of 
and center of mass at , is placed on the platform, the
natural period of oscillation becomes .
Determine the moment of inertia of the car about an axis
passing through .G2

t2 = 3.16 s
G2

1.2 Mgt1 = 2.38 s
G1,400 kg,

A B

2.50 m
1.83 m

O

G2

G1
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Kinematics: Since the wheel rolls without slipping, then . Also when
the wheel undergoes a small angular displacement about point A, the spring is
stretched by . Since us small, then . Thus, .

Free-body Diagram: The spring force will create the
restoring moment about point A.

Equation of Motion: The mass moment inertia of the wheel about its mass center is

.

a

[1]

Since , then substitute this values into Eq. [1], we have

[2]

From Eq. [2], , thus, . Applying Eq. 22–14, we have

Ans.f =
p

2p
= 3.921

2p
= 0.624 Hz

p = 3.921 rad>sp2 = 15.376

u
$

+ 15.376u = 0

a = d2 u

dt2 = u
$

 a + 15.376u = 0

 + ©MA = (Mk)A ; -28.8u(1.6) = 50
32.2

 (1.2a)(1.2) + 0.7609a

IG = mk2
G = 50

32.2
 A0.72 B = 0.7609 slug # ft2

Fsp = kx = 18(1.6u) = 28.8u

x = 1.6 usin u - uux = 1.6 sin u u
u

aG = ar = 1.2a

•22–17. The 50-lb wheel has a radius of gyration about its
mass center G of . Determine the frequency of
vibration if it is displaced slightly from the equilibrium
position and released. Assume no slipping.

kG = 0.7 ft

G
0.4 ft

k ! 18 lb/ft

1.2 ft
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Equation of Motion: When the gear rack is displaced horizontally downward by a
small distance x, the spring is stretched by Thus, . Since the gears

rotate about fixed axes, or . The mass moment of inertia of a gear

about its mass center is . Referring to the free-body diagrams of the rack
and gear in Figs. a and b,

(1)

and

c

(2)

Eliminating F from Eqs. (1) and (2),

Comparing this equation to that of the standard from, the natural circular frequency
of the system is

Thus, the natural period of the oscillation is

Ans.t = 2p
vn

= 2pCMr2 + 2mkO 
2

kr2

vn = C kr2

Mr2 + 2mkO 
2

x + ¢ kr2

Mr2 + 2mkO 
2 ≤x = 0

Mx +
2mkO 

2

r2  x + kx = 0

 F = -  
mkO 

2

r2 x

 + ©MO = IO a;    -F(r) = mkO 
2ax

r
b

 2F - kx = Mx

 + : ©Fx = max ; 2F - (kx) = Mx

IO = mkO 
2

u
#

= x
r

x = u
#
r

Fsp = kxs1 = x

22–18. The two identical gears each have a mass of m and
a radius of gyration about their center of mass of . They
are in mesh with the gear rack, which has a mass of M and is
attached to a spring having a stiffness k. If the gear rack is
displaced slightly horizontally, determine the natural period
of oscillation.

k0

k

r

r
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Since very small, the vibration can be assumed to occur along the horizontal.
Here, the equivalent spring stiffness of the cantilever column is

. Thus, the natural circular frequency of the system is

Then the natural frequency of the system is

Ans.fn =
vn

2p
= 1

2pA12EI
mL3

vn = Ckeq

m
= Q 12EI

I3

m
= A12EI

mL3

keq = P
d

= P
PL3>12EI

= 12EI
I3

d

22–19. In the “lump mass theory”, a single-story building
can be modeled in such a way that the whole mass of the
building is lumped at the top of the building, which is
supported by a cantilever column of negligible mass as
shown. When a horizontal force P is applied to the model,
the column deflects an amount of , where L
is the effective length of the column, E is Young’s modulus
of elasticity for the material, and I is the moment of inertia
of the cross section of the column. If the lump mass is m,
determine the frequency of vibration in terms of these
parameters.

d = PL3>12EI
P

L

PL3

12EI
!d

Equation of Motion: The mass moment of inertia of the wheel about point O is
. Referring to Fig. a,

a

Comparing this equation to the standard equation, the natural circular frequency of
the wheel is

Thus, the natural period of the oscillation is

Ans.t = 2p
vn

= 2pkOAm
C

vn = A C
mkO 

2 = 1
kOA C

m

 u
$

+ C
mkO 

2 u = 0

 +  ©MO = IO a;  -Cu = mkO 
2u
$

IO = mkO 
2

*22–20. A flywheel of mass m, which has a radius of
gyration about its center of mass of , is suspended from a
circular shaft that has a torsional resistance of . If
the flywheel is given a small angular displacement of and
released, determine the natural period of oscillation.

u
M = Cu

kO

L

u
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•22–21. The cart has a mass of m and is attached to two
springs, each having a stiffness of , unstretched
length of , and a stretched length of l when the cart is in
the equilibrium position. If the cart is displaced a distance
of such that both springs remain in tension

, determine the natural frequency of oscillation.(x0 6 l - l0)
x = x0

l0
k1 = k2 = k

xD C A Bk2 k1

Equation of Motion: When the cart is displaced x to the right, spring CD stretches
and spring AB compresses . Thus, and

. Referring to the free-body diagram of the cart shown in Fig. a,

Simple Harmonic Motion: Comparing this equation with that of the standard
equation, the natural circular frequency of the system is

Ans.vn = Bk1 + k2

m

 x + ak1 + k2

m
bx = 0

 -(k1 + k2)x = mx

 :+ ©Fx = max;  -k1x - k2x = mx

FAB = k1sAB = k1x
FCD = k2sCD = k2xsAB = xsCD = x

22–22. The cart has a mass of m and is attached to two
springs, each having a stiffness of and , respectively. If
both springs are unstretched when the cart is in the
equilibrium position shown, determine the natural frequency
of oscillation.

k2k1
xD C A Bk2 k1

Equation of Motion: When the cart is displaced x to the right, the stretch of springs
AB and CD are and . Thus,

and . Referring to
the free-body diagram of the cart shown in Fig. a,

Simple Harmonic Motion: Comparing this equation with that of the standard form,
the natural circular frequency of the system is

Ans.vn = A2k
m

 x + 2k
m

 x = 0

 -2kx = mx

 :+ ©Fx = max;  k[(l - l0) - x] - k[(l - l0) + x] = mx

FAC = ksAC = k[(l - l0) + x]FAB = ksAB = k[(l - l0) - x]
sAC = (l - l0) + xsAB = (l - l0) - x0
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Conservation of Linear Momentum: The velocity of the target after impact can be
determined from

Since the springs are arranged in parallel, the equivalent stiffness of a single spring
is . Thus, the natural circular frequency of
the system is

Ans.

The equation that describes the oscillation of the system is

(1)

Since when ,

Since , . Then . Thus, Eq. (1) becomes

(2)

Taking the time derivative of Eq. (2),

(3)

Here, when . Thus, Eq. (3) gives

Ans.C = 0.2301 m = 230 mm

17.65 = 76.70C cos 0

t = 0v = 17.65 m>sy
# = v = 76.70C cos (76.70t) m>s
y = C sin (76.70t)

f = 0°sin f = 0C Z 0

0 = C sin f

t = 0y = 0

y = C sin (76.70t + f) m

vn = Bkeq

m
= A18000

3.06
= 76.70 rad>s = 76.7 rad>s

keq = 2k = 2(9000 N>m) = 18000 N>m
v = 17.65 m>s0.06(900) = (0.06 + 3)v

mb(vb)1 = (mb + mA)v

22–23. The 3-kg target slides freely along the smooth
horizontal guides BC and DE, which are ‘nested’ in springs
that each have a stiffness of . If a 60-g bullet is
fired with a velocity of and embeds into the target,
determine the amplitude and frequency of oscillation of
the target.

900 m>sk = 9 kN>m k ! 9 kN/m

k ! 9 kN/m

C B

DE

900 m/s
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*22–24. If the spool undergoes a small angular
displacement of and is then released, determine the
frequency of oscillation.The spool has a mass of and a
radius of gyration about its center of mass O of

. The spool rolls without slipping.kO = 250 mm

50 kg
u 300 mm

150 mm O

A

B

k ! 500 N/m

k ! 500 N/m

u

Equation of Motion: Referring to the kinematic diagram of the spool, Fig. a, the
stretch of the spring at A andB when the spool rotates through a small angle is

and . Thus,

and . Also,

. The mass moment of inertia of the spool about its mass

center is . Referring the free-body and
kinetic diagrams of the spool, Fig. b,

IO = mkO 
2 = 50 A0.252 B = 3.125 kg # m2

aO = u
$
rO>IC = u

$
(0.15)

AFsp BB = ksB = 500[u(0.15)] = 75u= 500[u(0.45)] = 225u

AFsp BA = ksAsB = urB>IC = u(0.15)sA = urA>IC = u(0.45)

u

 +  ©MIC = ©(Mk)IC; - 225u(0.045) - 75u(0.15) = 50 Cu$(0.15) D(0.15) + 3.125u
$

Comparing this equation to that of the standard equation, the natural circular
frequency of the spool is

Thus, the natural frequency of the oscillation is

Ans.fn =
vn

2p
= 5.145

2p
= 0.819 Hz

vn = 226.47 rad>s = 5.145 rad>s
 u
$

+ 26.47u = 0

 -112.5u = 4.25u
$
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Equation of Motion: The mass moment of inertia of the bar about the z axis is

. Referring to the free-body diagram of the bar shown in Fig. a,

Then,

(1)

Since is very small, from the geometry of Fig. b,

Substituting this result into Eq. (1)

Since is very small, . Thus,

Comparing this equation to that of the standard form, the natural circular frequency
of the bar is

Thus, the natural period of oscillation is

Ans.t = 2p
vn

= 2pL
a A l

12g

vn = C12ga2

IL2 = a
L

 B12g

l

u
$

+
12ga2

IL2  u = 0

tanag

l
 ub !

g

l
 uu

u
$

+
12ga

L2  tanaa
l
 ub = 0

f = a
l
u

lf = au

u

 u
$

+
12ga

L2  tan f = 0

 c + ©Mz = Iza;    -2a mg

2 cos f
b  sin f(a) = a 1

12
 mL2bu$

+ c ©Fz = maz; 2T cos f - mg = 0   T =
mg

2 cos f

Iz = 1
12

 mL2

•22–25. The slender bar of mass m is supported by two
equal-length cords. If it is given a small angular
displacement of about the vertical axis and released,
determine the natural period of oscillation.

u

l

z

a

a

L

L

u

2

2
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Equation of Motion: The mass moment of inertia of the wheel about is z axis is
. Referring to the free-body diagram of the wheel shown in Fig. a,

Then,

(1)

Since is very small, from the geometry of Fig. b,

Substituting this result into Eq. (1)

Since is very small, . Thus,

Comparing this equation to that of the standard form, the natural circular frequency
of the wheel is

Thus, the natural period of oscillation is

Ans.kz = tr
2p

 A g

L

t = 2p¢kz

r
 AL

g
≤t = 2p

vn

vn = C gr2

kz 
2L

= r
kz

 A g

L

u
$

+
gr2

kz 
2L

 u = 0

tana r
L

 ub !
r
L

 uu

u
$

+
gr

kz 
2 tan a r

L
 ub = 0

f = r
L

 u

Lf = ru

u

 u
$

+
gr

kz 
2 tan f = 0

 c + ©Mz = Iz a;    -2a mg

2  cos f
b  sin f(r) = Amkz 

2 Bu$
+ c ©Fz = maz; 2T cos f - mg = 0   T =

mg

2 cos f

Iz = mkz 
2

22–26. A wheel of mass m is suspended from two equal-
length cords as shown. When it is given a small angular
displacement of about the z axis and released, it is
observed that the period of oscillation is . Determine the
radius of gyration of the wheel about the z axis.

t
u

L

z

r

r

u
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Equation of Motion: Due to symmetry, the force in each cord is the same. The mass
moment of inertia of the wheel about is z axis is . Referring to the free-
body diagram of the wheel shown in Fig. a,

Then,

(1)

Since is very small, from the geometry of Fig. b,

Substituting this result into Eq. (1)

(2)

Since is very small, . Thus,

Comparing this equation to that of the standard form, the natural circular frequency
of the wheel is

Thus, the natural period of oscillation is

Ans.kz = tr
2p

 A g

L

t = 2p¢kz

r
 AL

g
≤t = 2p

vn

vn = C gr2

kz 
2L

= r
kz

 A g

L

u
$

+
gr2

kz2L
 u = 0

tan a r
L

 ub !
r
L

 uu

u
$

+
gr

kz 
2 tan a r

L
ub = 0

f = r
L

 u

ru = Lf

u

 u
$

+
gr

kz 
2 tan f = 0

 c + ©Mz = Iz a;    -3¢ mg

3 cos f
≤  sin f(r) = mkz 

2u
$

+ c ©Fz = maz; 3T cos f - mg = 0   T =
mg

3 cos f

Iz = mkz 
2

22–27. A wheel of mass m is suspended from three equal-
length cords. When it is given a small angular displacement
of about the z axis and released, it is observed that the
period of oscillation is . Determine the radius of gyration
of the wheel about the z axis.

t
u

L

r

z

120"

120"

120"

u
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Ans.t = 2p
p

= 2pD Ak2
G + d2 B

gd

u
$

+
gdAk2

G + d2 B  u = 0

sin u = u

Ak2
G + d2 Bu#  u$ + gd(sin u)u

#
= 0

T + V = 1
2

 Cmk2
G + md2 Du2 + mg(d)(1 - cos u)

*22–28. Solve Prob. 22–10 using energy methods.
O

u

G

d

Ans.t = 2p
p

= 2pA 3r
2g

u + a2
3
b ag

r
bu = 0

sin u = u

3
2

 mr2 u
#
u
#

+ mg(r)(sin u)u
#

= 0

T + V = 1
2

 c3
2

 mr2 du# 2 + mg(r)(1 - cos u)

•22–29. Solve Prob. 22–11 using energy methods.

r

O
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Ans.t = 2p
p

= 2p
1.0299

 aA a
g
b = 6.10A a

g

u +
3g

222a
 u = 0

sin u = u

2
3

 ma2 u
#
 u
$

+ mg¢ a22
≤(sin u)u

#
= 0

T + V = 1
2

 C 1
12

m Aa2 + a2 B + m¢ a22
≤2Su# 2 + mg¢ a22

≤(1 - cos u)

22–30. Solve Prob. 22–12 using energy methods.

a a

O

Thus,

Ans.t = 2 p
p

= 2p2245.3
= 0.401 s

u
$

+ 245.36 = 0

0.1834u
$

+ 45 u = 0

seq = 0.0375 ft

Feq = 80s eq = 3

0 = 0.1834u
#
 u
$

+ 80(seq + 0.75 u) a0.75 u
# b - 2.25u

#

 + 1
2

 (80) (se q + 0.75 u)2 - 3(0.75 u)

 T + V = 1
2

 c1
2

 a 15
32.2
b(0.75)2 du# 2 + 1

2
a 3

32.2
b a0.75 u

# b2

s = 0.75 u, s
# = 0.75u

#

22–31. Solve Prob. 22–14 using energy methods.

k ! 80 lb/ft

0.75 ft
O

A
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Since 

Then

Ans.t = 2p
p

= pCm
k

p = C4k
m

y + 4k
m

 y = 0

my
$ + 4ky = 0

¢s =
mg

4k

m y
$ + m g + 4ky - 4k¢s = 0

m y
#
 y
$ + m g y

# - 4k(¢sy)y
# = 0

T + V = 1
2

 m(y
#
)2 + m g y + 1

2
 (4k)(¢s - y)2

V = m g y + 1
2

 (4k)(¢s - y)2

T = 1
2

 m(y
#
)2

T + V = const.

*22–32. The machine has a mass m and is uniformly
supported by four springs, each having a stiffness k.
Determine the natural period of vertical vibration.

d—
2

d—
2

G

kk
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Energy Equation: Since the spool rolls without slipping, the stretching of both

springs can be approximated as and when the spool is being

displaced by a small angular displacement . Thus, the elastic potential energy is

. Thus,

The mass moment inertia of the spool about point A is 
. The kinetic energy is

The total energy of the system is

[1]

Time Derivative: Taking the time derivative of Eq. [1], we have

Since , then 

Ans.u
$

+ 26.0 u = 0

0.384375 u
$

+ 10 u = 0u
#

Z 0

u
#
 (0.384375 u

$
+ 10 u) = 0

0.384375u
#
 u
$

+ 10 u u
#

= 0

U = T + V = 0.1921875u
#
2 + 5u

2

T = 1
2

 IA v2 = 1
2

 (0.384375) u
#
2 = 0.1921875u

# 2

+ 15 A0.12 B = 0.384375 kg # m2
IA = 15 A0.1252 BV = Ve = 5 u2

Vp = 1
2

 k x 21 + 1
2

 k x 22 = 1
2

 (200)(0.1u)2 + 1
2

 (200) (0.2u)2 = 5u2

u

x2 = 0.2ux1 = 0.1u

•22–33. Determine the differential equation of motion of
the 15-kg spool. Assume that it does not slip at the surface
of contact as it oscillates. The radius of gyration of the spool
about its center of mass is . The springs are
originally unstretched.

kG = 125 mm

k ! 200 N/m

k ! 200 N/m

G

200 mm

100 mm
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Ans.t = 2 p
p

= 2pA 8k
3m

= 3.85 Am
k

u + 8k
3m

 u = 0

0 = 3
2

 mr 2 uu
#

+ 4 kr 2 uu
#

T + V = 1
2

 c1
2

 mr2 + mr2 du# 2 + 1
2

 k(2r u)2

s = (2r) u

T + V = const.

22–34. Determine the natural period of vibration of the
disk having a mass m and radius r.Assume the disk does not
slip on the surface of contact as it oscillates.

k

r

Potential and Kinetic Energy: With reference to the datum established in Fig. a, the
gravitational potential energy of the wheel is

As shown in Fig. b, . Also, . Then, or .

The mass moment of inertia of the wheel about its mass center is . Thus,

the kinetic energy of the wheel is

The energy function of the wheel is

1
2

 mR2a r 
2 + kG 

2
 

r 
2 bu# 2 - mgR cos u = constant

T + V = constant

 = 1
2

 mR2¢ r 
2 + kG 

2

r 
2 bu# 2

 = 1
2

 m Au# R B2 + 1
2

(mk2
G) c aR

r
bu# d2

 T = 1
2

 mvG 
2 + 1

2
 IG v2

IG = mkG 
2

v = aR
r
bu#vr = u

#
RvG = vrG>IC = vrvG = u

#
R

V = Vg = -WyG = -mgR cos u

22–35. If the wheel is given a small angular displacement
of and released from rest, it is observed that it oscillates
with a natural period of . Determine the wheel’s radius of
gyration about its center of mass G.The wheel has a mass of
m and rolls on the rails without slipping.

t
u

r
G

R

u
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Taking the time derivative of this equation,

Since is not always equal to zero, then

Since is small, . This equation becomes

Comparing this equation to that of the standard form, the natural circular frequency
of the system is

The natural period of the oscillation is therefore

Ans.kG = r
2p

 Ct 
2g - 4 p 

2R

R

t = 2p
vn

= 2pCR
g

 ¢ r 
2 + kG 

2

r 
2 ≤

vn = Cg

R
 ¢ r 

2

r 
2 + kG 

2 ≤
u
$

+
g

R
 ¢ r 

2

r 
2 + kG 

2 ≤u = 0

sin u ! uu

u
$

+
g

R
 ¢ r 

2

r 
2 + kG 

2 ≤  sin u = 0

mR2¢ r 
2 + kG 

2

r 
2 ≤u$ + mgR sin u = 0

u
#

u
# cmR2¢ r 

2 + kG 
2

r 
2 ≤u# + mgR sin u d = 0

mR2a r 
2 + kG 

2

r 
2 bu#  u$ + mgR sin uu

#
= 0

*22–36. Without an adjustable screw, the 1.5-lb
pendulum has a center of gravity at If it is required that it
oscillates with a period of determine the distance from
pin to the screw. The pendulum’s radius of gyration aboutO

a1 s,
G.

A,

a G
A

O

7.5 in. u

Potential and Kinetic Energy: With reference to the datum established in Fig. a, the
gravitational potential energy of the system is

The mass moment of inertia of the pendulum about point O is 

. Since the pendulum rotates about point O,

. Thus, the kinetic energy of the system is

 T = 1
2

 IO u
#
2 + 1

2
 mAvA

2

vA = u
#
rOA = u

#
a

= 1.5
32.2

 a8.5
12
b2

= 0.02337 slug # ft2

IO = mkO 
2

 = -(0.9375 + 0.05 a) cos u

 = -1.5(0.625 cos u) - 0.05(a cos u)

 V = Vg = -WP yG - WA yA

is and the screw has a weight of 0.05 lb.kO = 8.5 in.O
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Thus, the energy function of the system is

Taking the time derivative of this equation,

Since is not always equal to zero, then

Since is small, . This equation becomes

Comparing this equation to that of the standard form, the natural circular frequency
of the system is

The natural period of the oscillation is therefore

Solving for the positive root,

Ans.a = 1.05 ft

0.06130a2 - 0.05a - 0.01478 = 0

1 = 2 pC0.02337 + 0.001553a 
2

0.9375 + 0.05a

t = 2p
vn

vn = C 0.9375 + 0.05a
0.02337 + 0.001553a 

2

u
$

+ ¢ 0.9375 + 0.05a
0.02337 + 0.001553a 

2 ≤u = 0

sin u ! 0u

u
$

+ ¢ 0.9375 + 0.05a
0.02337 + 0.001553a 

2 ≤  sin u = 0

A0.02337 + 0.001553a 
2 Bu$ + (0.9375 + 0.05a) sin u = 0

u

u
# c a0.02337 + 0.001553 a 

2bu$ + (0.9375 + 0.05a) sin u d = 0

A0.02337 + 0.001553a 
2 Bu#  u$ + (0.9375 + 0.05a) sin u u

#
= 0

A0.01169 + 0.0007764a 
2 Bu# 2 - (0.9375 + 0.05a) cos u = constant

T + V = constant

 = A0.01169 + 0.0007764 a 2 Bu# 2

 = 1
2

 (0.02337)u
#
2 + 1

2
¢0.05

32.2
≤ Au# a B2*22–36. Continued

91962_13_s22_p0988-1046  6/8/09  5:54 PM  Page 1014



1015

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Potential and Kinetic Energy: The elastic potential energy of the system is

The mass moment of inertia of the wheel about the z axis is . Thus, the
kinetic energy of the wheel is

The energy function of the wheel is

Taking the time derivative of this equation,

Since is not always equal to zero, then

Comparing this equation to that of the standard form, the natural circular frequency
of the system is

The natural period of the oscillation is therefore

Ans.t = 2pCMkz 
2

k

t = 2p
(vn)1

(vn) = C k
Mkz 

2

u
#

+ k
Mkz 

2 u = 0

Mkz 
2u
$

+ ku = 0

u
#
u
# AMkz 

2u
#

+ ku B = 0

Mkz 
2u

#
 u
$

+ kuu
#

= 0

1
2

 Mkz 
2u

#
2 + 1

2
 ku

2 = constant

T1 + V = constant

T1 = 1
2

 Izu
#
2 = 1

2
Mkz 

2u
#
2

Iz = Mkz 
2

V = Ve = 1
2

 ku2

•22–37. A torsional spring of stiffness k is attached to a
wheel that has a mass of . If the wheel is given a small
angular displacement of about the determine the
natural period of oscillation. The wheel has a radius of
gyration about the z axis of .kz

z axisu
M

z

k

u
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Potential and Kinetic Energy: Referring to the free-body diagram of the system at
its equilibrium position, Fig. a,

Thus, the initial stretch of the spring is . Referring to Fig. b,

When the cylinder is displaced vertically downward a distance , the spring
is stretched further by .

Thus, the elastic potential energy of the spring is

With reference to the datum established in Fig. b, the gravitational potential energy
of the cylinder is

The kinetic energy of the system is . Thus, the energy function of the
system is

Taking the time derivative of this equation,

Since is not equal to zero,

y
$ + 4k

m
 y = 0

my
$ + 4 ky = 0

y
#

y
#
(my

$ + 4ky) = 0

my
#
 y
$ + k¢mg

2k
+ 2y≤(2y

#
) - mgy

# = 0

1
2

 my
# 2 + 1

2
 k¢mg

2k
+ 2y≤2

- mgy = 0

T + V = constant

T = 1
2

 my
# 2

Vg = -Wy = -mgy

Ve = 1
2

 k(s0 + s1)2 = 1
2

 k¢mg

2k
+ 2y≤2

s1 = ¢sP = 2y
¢sC = y

 ¢sP = 2¢sC

 2¢sC - ¢sP = 0

 2sC - sP = l

 (+ T) sC + (sC - sP) = l

s0 =
(Fsp)st

k
=

mg

2k

+ c ©Fy = 0;  2(Fsp)st - mg = 0   (Fsp)st =
mg

2

22–38. Determine the frequency of oscillation of the
cylinder of mass m when it is pulled down slightly and
released. Neglect the mass of the small pulley. k
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Comparing this equation to that of the standard form, the natural circular frequency
of the system is

Thus, the frequency of the oscillation is

Ans.f =
vn

2p
= 1
pC k

m

vn = C4k
m

= 2C k
m

Potential and Kinetic Energy: Referring to the free-body diagram of the system at
its equilibrium position, Fig. a,

Thus, the initial stretch of the spring is . Referring to Fig. b,

When the cylinder is displaced vertically downward a distance , the spring

stretches further by . Thus, the elastic potential energy of the spring is

With reference to the datum established in Fig. c, the gravitational potential energy
of the cylinder is

The kinetic energy of the cylinder is . Thus, the energy function of the
system is

Taking the time derivative of this equation,

y
# ¢my

$ + k
4

 y≤ = 0

my
#
 y
$ + k¢2mg

k
+

y

2
≤ ay

#

2
b - mg y

# = 0

1
2

 my
# 2 + k¢2mg

2k
+

y

2
≤2

- mgy = constant

T + V = constant

T = 1
2

 my
# 2

Vg = -Wy = -mgy

Ve = 1
2

 k(s0 + s1)2 = 1
2

 k¢2mg

k
+

y

2
≤2

s1 = ¢sP =
y

2

¢sC = y

 ¢sP = -
¢sC

2
=

¢sC

2
 c

 2¢sP - ¢sC = 0

 (+ T) 2sP + sC = l

s0 =
(Fsp)st

k
=

2mg

k

+ c ©Fy = 0;  2mg - (Fsp)st = 0   (Fsp)st = 2mg

22–39. Determine the frequency of oscillation of the
cylinder of mass m when it is pulled down slightly and
released. Neglect the mass of the small pulleys.

k
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Since is not always equal to zero,

Comparing this equation to that of the standard form, the natural circular frequency
of the system is

Thus, the natural frequency of oscillation is

Ans.fn =
vn

2p
= 1

4pC k
m

vn = C1
4

 a k
m
b = 1

2C k
m

y
$ + 1

4
 a k

m
by = 0

my
$ + k

4
 y = 0

y
#

Potential and Kinetic Energy: Since the gear rolls on the gear rack, springs AO and
BO stretch and compress . When the gear rotates a small angle ,
Fig. a, the elastic potential energy of the system is

Also, from Fig. a, .The mass moment of inertia of the gear about its
mass center is .

Thus, the kinetic energy of the system is

 = 1
2

 m(r 
2 + kO 

2)u
#
2

 = 1
2

 m(u
#
r)2 + 1

2
 AmkO 

2 Bu# 2

 T = 1
2

 mvO 
2 + 1

2
 IO v2

IO = mkO 
2

vO = u
#
rO>IC = u

#
r

 = 1
2

 r 
2(k1 + k2)u2

 = 1
2

 k1 (ru)2 + 1
2

 k2 (ru)2

 V = Ve = 1
2

 k1sO 
2 + 1

2
 k2sO 

2

usO = rO>ICu = ru

*22–40. The gear of mass m has a radius of gyration about
its center of mass O of . The springs have stiffnesses of 
and , respectively, and both springs are unstretched when
the gear is in an equilibrium position. If the gear is given a
small angular displacement of and released, determine its
natural period of oscillation.

u

k2

k1kO

rA B
k1 k2

u

O
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The energy function of the system is therefore

Taking the time derivative of this equation,

Since is not always equal to zero, then

Comparing this equation to that of the standard form, the natural circular frequency
of the system is

Thus, the natural period of the oscillation is

Ans.t = 2p
vn

= 2pDm Ar 
2 + kO 

2 B
r 

2(k1 + k2)

vn = C r 
2(k1 + k2)

m Ar 
2 + kO 

2 B

u
$

+
r 

2(k1 + k2)

m Ar 
2 + kO 

2 B  u = 0

m Ar 
2 + kO 

2)u
$

+ r 
2(k1 + k2)u = 0

u
#
u
# cm Ar 

2 + kO 
2 Bu$ + r 

2(k1 + k2)u d = 0

m Ar 
2 + kO 

2 Bu#  u$ + r 
2(k1 + k2)uu

#
= 0

1
2

 m Ar 
2 + kO 

2 Bu# 2 + 1
2

r 
2(k1 + k2)u2 = constant

T + V = constant

Ans.t = 2.81 s

t = 2p
vn

= 2p
sin u

 C m
2k

= 2p
sin 45°C 8

2(40)

y
$ + 2k sin2 u

m
 y = 0

2ky sin2 u + my
$ = 0

2k(
mg

2k sin u
+ y sin u) sin u - mg + my

$ = 0

E
#

= 2k(seq + y sin u)y
#
 sin u - mgy

# + my
#
 y
$ = 0

E = 2(
1
2

)k(seq + y sin u)2 - mgy + 1
2

 my
# 2

22–41. The bar has a mass of 8 kg and is suspended from
two springs such that when it is in equilibrium, the springs
make an angle of 45° with the horizontal as shown.
Determine the natural period of vibration if the bar is
pulled down a short distance and released. Each spring has
a stiffness of k = 40 N>m.

A

k k

B C

45! 45!
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(Q.E.D.)

(1)

The general solution of the above differential equation is of the form of
.

The complementary solution:

The particular solution:

(2)

(3)

Substitute Eqs. (2) and (3) into (1) yields:

The general solution is therefore

Ans.

The constants A and B can be found from the initial conditions.

s = A sin pt + B cos pt +
F0>k

1 - av
p
b2 cos vt

C =

F0

m
p 

2 - v2 =
F0>k

1 - avpb2

-Cv2 cos v t + p2 (C cos vt) =
F0

m
  cos vt

x
$

P = -Cv2 cos v t

sp = .C cos vt

xc = A sin pt + B cos pt

x = xc + xp

 x
$ + p2x =

F0

m
 cos vt Where p = C k

m

 x
$ + k

m
x =

F0

m
 cos vt

 :+ ©Fx = max; F0 cos vt - kx = mx
$

22–42. If the block-and-spring model is subjected to the
periodic force , show that the differential
equation of motion is , where
x is measured from the equilibrium position of the block.
What is the general solution of this equation?

x
$ + (k>m)x = (F0>m) cos vt

F = F0 cos vt

F " F0 cos vtk

Equilibrium
position

x

m
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22–43. If the block is subjected to the periodic force
, show that the differential equation of

motion is , where y is
measured from the equilibrium position of the block. What
is the general solution of this equation?

y
$ + (k>m)y = (F0>m)  cos  vt

F = F0 cos vt

k

F " F0 cos vt

y

m
Since ,

(1)  (Q.E.D.)

Substitute yp into Eq. (1).

Ans.y = A sin pt + B cos pt + ¢ F0

(k - mv2)
≤cos vt

y = yc + yp

C =

F0

m¢ k
m

- v2≤
C¢ -v2 + k

m
≤cos vt =

F0

m
 cos vt

yp = C cos vt  (particular solution)

yc = A sin py + B cos py (complementary solution)

y
$ + a k

m
by =

F0

m
 cos vt

W = kdst

+ T ©Fy = may ; F0 cos vt + W - kdst - ky = my
$

Ans.td = 2p
pd

= 2p
9.432

= 0.666 s

pd = pC1 - a c
cc
b2

= 12.247C1 - a12.5
19.6
b2

= 9.432 rad>s
Cc = 2mp = 2(0.8)(12.247) = 19.60 N # s>m
p = C k

m
= C120

0.8
= 12.247 rad>s

F = cy c = F
y

= 2.5
0.2

= 12.5 N # s>m

*22–44. A block having a mass of 0.8 kg is suspended from
a spring having a stiffness of If a dashpot provides
a damping force of when the speed of the block is

determine the period of free vibration.0.2 m>s,
2.5 N

120 N>m.
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However, from equilibrium , therefore

From the text, the general solution of the above differential equation is

The initial condition when , and .

The solution is therefore

For this problem:

Ans.y = (0.0186 sin 8.02t + 0.333 cos 8.02t - 0.0746 sin 2t) ft

y0

p
-

(FO>k)v

p - v
2

p

= 0 -
(-7>100)2

8.025 - 22

8.025

= 0.0186

FO>k
1 - av

p
b2 =

-7>100

1 - a 2
8.025

b2 = -0.0746 y0 = 0.333

k = 50
6>12

= 100 lb>ft p = A k
m

= C 100
50>32.2

= 8.025 rad>s

y = §y0

p
-

(FO>k)v

p - v
2

p

¥sin pt + y0 cos pt +
FO>k

1 - av
p
b2 sin vt

y0 = Ap - 0 +
(FO>k)v

1 - av
p
b2 A =

y0

p
-

(FO>k)v

p - v
2

p

y0 = 0 + B + 0    B = y0

y = y0y = y0t = 0

y = y
# = Ap cos pt - Bp sin pt +

(FO>k)v

1 - av
p
b2 cos vt

y = A sin pt + B cos pt +
FO>k

1 - av
p
b2 sin vt

y
$ + p 2y =

FO

m
 sin vt

y
$ + k

m
 y =

FO

m
 sin vt where p = C k

m

my
$ + ky = FO sin vt

kyst - mg = 0

 my
$ + ky + kyst - mg = FO sin vt

 + c ©Fy = may ; k(yst + y) - mg - FO sin v t = -my
$

•22–45. The spring shown stretches 6 in. when it is loaded
with a 50-lb weight. Determine the equation which
describes the position of the weight as a function of time if
the weight is pulled 4 in. below its equilibrium position and
released from rest at . The weight is subjected to the
periodic force of , where t is in seconds.F = (-7 sin 2t) lb

t = 0
k

F " #7 sin 2t
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Free-body Diagram: When the block is being displaced by amount x to the right, the
restoring force that develops in both springs is .

Equation of Motion:

[1]

Kinematics: Since , then substituting this value into Eq. [1], we have

[2]

Since the friction will eventually dampen out the free vibration, we are only
interested in the particular solution of the above differential equation which is in the
form of

Taking second time derivative and substituting into Eq. [2], we have

Thus,

[3]

Taking the time derivative of Eq. [3], we have

Thus,

Ans.Ayp Bmax = 2.07 ft>s
yp = x

#
p = -2.0663 sin 3t

xp = 0.6888 cos 3t

 C = 0.6888 ft

 -9C cos 3t + 21.47C cos 3t = 8.587 cos 3t

xp = C cos 3t

x
$ + 21.47x = 8.587 cos 3t

a = d2x
dt2 = x

$

 a + 21.47x = 8.587 cos 3t

 :+ ©Fx = 0;  -2(10x) + 8 cos 3t = 30
32.2

 a

Fsp = kx = 10x

22–46. The 30-lb block is attached to two springs having a
stiffness of A periodic force ,
where t is in seconds, is applied to the block. Determine the
maximum speed of the block after frictional forces cause
the free vibrations to dampen out.

F = (8 cos 3t) lb10 lb>ft.
F "  8 cos 3t

    k " 10 lb/ft

    k " 10 lb/ft
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The general solution is defined by:

Since

Thus,

when ,

when ,

Expressing the results in mm, we have

Ans.y = (361 sin 7.75t + 100 cos 7.75t - 350 sin 8t) mm

v = A(7.746)-2.8 = 0; A = 0.361

t = 0v = y = 0

v = A(7.746) cos 7.746 - B(7.746) sin 7.746t - (0.35)(8) cos 8t

0.1 = 0 + B - 0; B = 0.1 m

t = 0y = 0.1 m

y = A sin 7.746t + B cos 7.746t + § 7
300

1 - a 8
7.746

b2¥sin 8t

p = C k
m

= C300
5

= 7.746 rad>s
F = 7 sin 8t, F0 = 7 N v = 8 rad>s, k = 300 N>m

v = A sin pt + B cos pt + § F0

k

1 - Avp B2¥sin vt

22–47. A 5-kg block is suspended from a spring having a
stiffness of If the block is acted upon by a vertical
periodic force where t is in seconds,
determine the equation which describes the motion of the
block when it is pulled down 100 mm from the equilibrium
position and released from rest at Consider positive
displacement to be downward.

t = 0.

F = 17 sin 8t2 N,
300 N>m.

k " 300 N/m

F " 7 sin 8t

Ans.vn = v = 2.83 rad>s
vn = C k

m
= C4(100)

50
= 2.83 rad>s

*22–48. The electric motor has a mass of 50 kg and is
supported by four springs, each spring having a stiffness of

If the motor turns a disk D which is mounted
eccentrically, 20 mm from the disk’s center, determine the
angular velocity at which resonance occurs. Assume that
the motor only vibrates in the vertical direction.

v

100 N>m.

20 mm
V

k " 100 N/m

D

k " 100 N/m
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Resonance occurs when

Ans.v = p = 14.0 rad>s
p = C k

m
= C4905

25
= 14.01 rad>s

k = F
¢y

=
25(9.81)

0.05
= 4905 N>m

•22–49. The fan has a mass of 25 kg and is fixed to the end
of a horizontal beam that has a negligible mass. The fan
blade is mounted eccentrically on the shaft such that it is
equivalent to an unbalanced 3.5-kg mass located 100 mm
from the axis of rotation. If the static deflection of the beam
is 50 mm as a result of the weight of the fan, determine the
angular velocity of the fan blade at which resonance will
occur. Hint: See the first part of Example 22.8.

V

The force caused by the unbalanced rotor is

Using Eq. 22–22, the amplitude is

Ans.(xp)max = 14.6 mm

(xp)max = 4 35
4905

1 - (
10

14.01
)2

4 = 0.0146 m

(xp)max = 4 F0

k

1 - (
v

p
)2

4
F0 = mr v2 = 3.5(0.1)(10)2 = 35 N

p = C k
m

= C4905
25

= 14.01 rad>s
k = F

¢y
=

25(9.81)
0.05

= 4905 N>m

22–50. The fan has a mass of 25 kg and is fixed to the end
of a horizontal beam that has a negligible mass. The fan
blade is mounted eccentrically on the shaft such that it is
equivalent to an unbalanced 3.5-kg mass located 100 mm
from the axis of rotation. If the static deflection of the
beam is 50 mm as a result of the weight of the fan,
determine the amplitude of steady-state vibration of the
fan if the angular velocity of the fan blade is . Hint:
See the first part of Example 22.8.

10 rad>s

V
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The force caused by the unbalanced rotor is

Using Eq. 22–22, the amplitude is

Ans.(xp)max = 35.5 mm

(xp)max = 4 113.4
4905

1 - a 18
14.01

b2
4 = 0.0355 m

(xp)max = 4 F0

k

1 - av
p
b2
4

F0 = mrv2 = 3.5(0.1)(18)2 = 113.4 N

p = C k
m

= C4905
25

= 14.01 rad>s
k = F

¢y
=

25(9.81)
0.05

= 4905 N>m
22–51. What will be the amplitude of steady-state vibration
of the fan in Prob. 22–50 if the angular velocity of the fan
blade is ? Hint: See the first part of Example 22.8.18 rad>s V

Ans.f¿ = 9.89°

f¿ = tan-1 §2a c
cc
b av

p
b

1 - av
p
b2 ¥ = tan-1 §2(0.8)a 2

18.57
b

1 - a 2
18.57

b2 ¥d0 = 0.15, v = 2

d = 0.15 sin 2t

p = C k
m

= S 75a 7
32.2
b = 18.57

*22–52. A 7-lb block is suspended from a spring having a
stiffness of . The support to which the spring is
attached is given simple harmonic motion which can be
expressed as , where t is in seconds. If the
damping factor is , determine the phase angle 
of forced vibration.

fc>cc = 0.8
d = (0.15 sin 2t) ft

k = 75 lb>ft

91962_13_s22_p0988-1046  6/8/09  6:03 PM  Page 1026



1027

© 2010 Pearson Education, Inc., Upper Saddle River, NJ. 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.

Ans.MF = 0.997

MF = 1CB1 - av
p
b2R2

+ B2a c
cc
b av

p
b R2

= 1CB1 - a 2
18.57

b2R2

+ B2(0.8)a 2
18.57

b R2

d0 = 0.15, v = 2

d = 0.15 sin 2t

p = C k
m

= S 75a 7
32.2
b = 18.57

•22–53. Determine the magnification factor of the block,
spring, and dashpot combination in Prob. 22–52.
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Equation of Motion: When the rod rotates through a small angle , the springs

compress and stretch . Thus, the force in each spring is

. The mass moment of inertia of the rod about point A is

. Referring to the free-body diagram of the rod shown in Fig. a,

Since is small, and . Thus, this equation becomes

(1)

The particular solution of this differential equation is assumed to be in the form of

(2)

Taking the time derivative of Eq. (2) twice,

(3)

Substituting Eqs. (2) and (3) into Eq. (1),

Ans.C =
3FO

3
2

(mg + Lk) - mLv2

C =
3FO > mL

3
2

 a g

L
+ k

m
b - v2

CB3
2

 a g

L
+ k

m
≤ - v2Rsin vt =

3FO

mL
 sin vt

-Cv2 sin vt + 3
2

 a g

L
+ k

m
≤(C sin vt) =

3FO

mL
 sin vt

u
$

p = -Cv2 sin vt

up = C sin vt

u
$

+ 3
2

 ¢ g

L
+ k

m
≤u =

3FO

mL
 sin vt

1
3

 mLu
$

+ 1
2

 (mg + kL)u = FO sin vt

cos u ! 1sin u ! 0u

= 1
3

 mL2u
#

+ ©MA = IAa; FO sin vt cos u(L) - mg sin uaL
2
b -2akL

2
 ubcos uaL

2
b

IA = 1
3

mL2

Fsp = ks = kL
2

 u

s = r AGu = L
2

 u

u

22–54. The uniform rod has a mass of m. If it is acted upon
by a periodic force of , determine the
amplitude of the steady-state vibration.

F = F0 sin vt

kk

L
2

L
2

F ! F0  sin vt

A
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If the first peak occurs when , then the successive peaks occur when

.

Thus, the two successive peaks are

and

Thus,

(Q.E.D.)ln¢ yn

yn + 1
≤ =

2p(c>cc)21-(c>cc)2

yn

yn + 1
= e£ 2p(c>cc)21-(c>cc)2

≥
 = De- ((c>cc)vn)t e-

2p(c>cc)21-(c>cc)2

 yn + 1 = De- C(c>cc)vn£t +
2p

vn21-(c>cc)2
≥S

yn = De- ((c>cc)vn)

tn + 1 = l + td = t + 2p
vd

= t + 2p

vn 21 - (c>cc)2

tn = t

22–55. The motion of an underdamped system can be
described by the graph in Fig. 20–16. Show that the relation
between two successive peaks of vibration is given by

, where is the
damping factor and is called the logarithmic
decrement.

ln(xn>xn + 1)
c>ccln(xn>xn + 1) = 2p(c>cc)>21—(c>cc)2
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Using the result of Prob. 22-55,

However,

Thus,

Ans.c = 9.15 N # s>m
c

200
= 0.04574

cc = 2mvn = 2(10)A1000
10

= 200 N # s>m

c
cc

= 0.04574

ln¢100
75
≤ =

2p(c>cc)21-(c>cc)2

ln¢ yn

yn + 1
≤ =

2p(c>cc)21-(c>cc)2

*22–56. Two successive amplitudes of a spring-block
underdamped vibrating system are observed to be 100 mm
and 75 mm. Determine the damping coefficient of the
system. The block has a mass of 10 kg and the spring has a
stiffness of . Use the result of Prob. 22–55.k = 1000 N>m

When the two dash pots are arranged in parallel, the piston of the dashpots have the
same velocity. Thus, the force produced is

The equivalent damping coefficient ceq of a single dashpot is

For the vibration to occur (underdamped system), . However,

. Thus,

Ans.c 6 2mk

2c 6 2mA k
m

ceq 6 cc

= 2mA k
m

cc = 2mvnceq 6 cc

ceq = F
y
# =

2cy
#

y
# = 2c

F = cy
# + cy

# = 2cy
#

•22–57. Two identical dashpots are arranged parallel to
each other, as shown. Show that if the damping coefficient

, then the block of mass m will vibrate as an
underdamped system.
c 6 2mk

k 

cc
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In this case, Thus, the natural circular frequency
of the system is

Here, and , so that

Thus,

Ans.

or

Ans.
v2

100
= 0.5   v = 7.07 rad>s

v2

100
= 1.5   v = 12.2 rad>s

v2

100
= 1 ; 0.5

;0.4 = 0.2

1 - ¢ v
10
≤2

(YP)max =
dO

1 - ¢ v
vn
≤2

(YP)max = ;0.4 mdO = 0.2 m

vn = Dkeq

m
= A5000

50
= 10 rad>s

keq = 2k = 2(2500) = 5000 N>m

22–58. The spring system is connected to a crosshead that
oscillates vertically when the wheel rotates with a constant
angular velocity of . If the amplitude of the steady-state
vibration is observed to be 400 mm, and the springs each
have a stiffness of , determine the two
possible values of at which the wheel must rotate. The
block has a mass of 50 kg.

V
k = 2500 N>mV

200 mm

k k

v
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In this case, Thus, the natural circular frequency of the system is

Here, and , so that

Thus,

Ans.

or

Ans.
625
k

= 0.5     k = 1250 N>m

625
k

= 1.5     k = 417 N>m

625
k

= 1 ; 0.5

;0.4 = 0.2

1 - ¢ 520.04k
≤2

(YP)max =
dO

1 - ¢ v
vn
≤2

(YP)max = ;0.4 mdO = 0.2 m

vn = Dkeq

m
= A2k

50
= 20.04k

keq = 2k

22–59. The spring system is connected to a crosshead that
oscillates vertically when the wheel rotates with a constant
angular velocity of . If the amplitude of the
steady-state vibration is observed to be 400 mm, determine
the two possible values of the stiffness k of the springs. The
block has a mass of 50 kg.

v = 5 rad>s 200 mm

k k

v
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*22–60. Find the differential equation for small
oscillations in terms of for the uniform rod of mass m.
Also show that if , then the system remains
underdamped. The rod is in a horizontal position when it is
in equilibrium.

c 6 2mk>2u
A

B
a

C

c k 

2

u

a

Equation of Motion: When the rod is in equilibrium, , and
. writing the moment equation of motion about point B by

referring to the free-body diagram of the rod, Fig. a,

Thus, the initial stretch of the spring is . When the rod rotates about

point B through a small angle , the spring stretches further by . Thus, the

force in the spring is . Also, the velocity of end C

of the rod is .Thus, .The mass moment of inertia of

the rod about B is . Again, referring to Fig. a and

writing the moment equation of motion about B,

Since is small, . Thus, this equation becomes

Ans.

Comparing this equation to that of the standard form,

Thus,

For the system to be underdamped,

Ans.c 6 1
2
2mk

4c 6 22mk

ceq 6 cc

cc = 2mvn = 2mA k
m

= 22mk

vn = A k
m
      ceq = 4c

u
$

+ 4c
m

 u
#

+ k
m
u = 0

cos u ! 1u

 u
$

+ 4c
m

 cos uu
#

+ k
m

 (cos u)u = 0

 = -ma2u
$

 ©MB = IB a; kamg

2k
+ aub  cos u(a) + A2au

# B  cos u(2a) - mg cos uaa
2
b

IB = 1
12

 m(3a)2 + maa
2
b2

= ma2

Fc = cy
#
c = c(2au

#
)vc = y

#
c = 2au

#
FA = k(s0 + s1) = k¢mg

2k
+ au≤ s1 = auu

sO =
FA

k
=

mg

2k

+ ©MB = 0;  -FA (a) - mgaa
2
b = 0    FA =

mg

2

u
$

= 0
Fc = cy

#
c = 0u = 0°
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Equation of Motion: When the pendulum rotates point C through a small angle , the

spring compresses . Thus, the force in the spring is

. Also, the velocity of end A is . Thus,

.The mass moment of inertia of the pendulum about point

C is . Referring to the free-

body diagram of the pendulum, Fig. a,

Since is small, and . Thus, this equation becomes

Comparing this equation to that of the standard form,

Here, . Thus, . Also,
. Since , the system is underdamped

(Q.E.D.). Thus,

Thus, the period of under-damped oscillation of the pendulum is

Ans.td = 2p
vd

= 2p
8.566

= 0.734 s

 = 8.566 rad>s
 = 8.923£C1 - ¢ 60

214.15
≤2≥ vd = vn C1 - ¢ ceq

cc
≤2

ceq 6 cccc = 2mvn = 2(12)8.923 = 214.15 N # m>s ceq = 5m = 5(12) = 60 N # m>sm = 2 C(10)(0.6) D = 12 kg

ceq = 5    vn = 8.923 rad>s
u
$

+ 5u
#

+ 79.62 = 0

cos u ! 1sin u ! uu

 u
$

+ 5 cos uu
#

+ 60 cos uu + 16.62 sin u = 0

 ©MC = IC a; -180u cos u(0.3) - 15u
#
 cos u(0.3) - 0.6(10)(9.81) sin u(0.3) = 0.9u

$

IC = 1
12

 c0.6(10) A0.62 B d + 1
3

 c0.6(10) A0.62 B d = 0.9 kg # m2

FA = cy
#
A = 50(0.3u

#
) = 15u

#
vA = y

#
A = 0.3u

#
FB = ks = 600(0.3u) = 180u

s = 0.3u

u

•22–61. If the dashpot has a damping coefficient of
, and the spring has a stiffness of

, show that the system is underdamped, and
then find the pendulum’s period of oscillation. The uniform
rods have a mass per unit length of .10 kg>mk = 600 N>mc = 50 N # s>m

CA B

D

k ! 600 N/mc ! 50 N"s/m

0.6 m

0.3 m0.3 m
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Here, .Thus, the circular frequency of the system is

The critical damping coefficient is

Then, the damping factor is

Here, and .

Thus,

Ans.yP = 0.111 sin (5t - 0.588) m

f¿ = tan- 1 E 2 
c
cc
¢ v
vn
≤

1 - ¢ v
vn
≤2
U = tan- 1 D2(0.5)a 5

10
b

1 - a 5
10
b2 T = 33.69° = 0.588 rad

 = 0.1109 m

 =
300>3000

Q C1 - a 5
10
b2S2

+ B2(0.5)(5)
10

R2

 Y =
FO > keq

Q C1 - ¢ v
vn
≤2S2

+ B ¢2
c
cc
≤ ¢ v
vn
≤ R2

v = 5 rad>sFO = 300 N

c
cc

= 300
600

= 0.5

cc = 2mvn = 2(30)(10) = 600 N # s>m
vn = Dkeq

m
= A3000

30
= 10 rad>s

keq = 2k = 2(1500) = 3000 N>m
22–62. If the 30-kg block is subjected to a periodic force of

, , and ,
determine the equation that describes the steady-state
vibration as a function of time.

c = 300 N # s>mk = 1500 N>mP = (300 sin 5t) N

P ! (300 sin 5 t)N

k c k
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Viscous Damped Free Vibration: Here ,

and . Since , the

system is underdamped and the solution of the differential equation is in the form of

[1]

Taking the time derivative of Eq. [1], we have

[2]

Applying the initial condition at to Eq. [2], we have

[3]

Here, and 

. Substituting these values into Eq. [3] yields

[4]

Applying the initial condition at to Eq. [1], we have

[5]

Solving Eqs. [4] and [5] yields

Substituting these values into Eq. [1] yields

Ans.y = 0.803 Ce- 0.8597 sin (9.23t + 1.48) D
f = 84.68° = 1.50 rad D = 0.8035 ft

 0.8 = D sin f

 0.8 = D Ce- 0  sin (0 + f) Dt = 0y = 0.8 ft

0 = D[-0.8587 sin f + 9.227 cos f]

= 9.227 rad>s pd = pB1 - a c
cc
b2

= 9.266B1 - a 0.8
8.633

b2c
2m

= 0.8
2(15>32.2)

= 0.8587

 0 = D c - a c
2m
b  sin f + pd cos f d

 0 = De- 0 c - a c
2m
b  sin (0 + f) + pd cos (0 + f) d

t = 0y = 0

 = De- (c>2m)t c - a c
2m
b  sin (pdt + f) + pd cos (pdt + f) d

 y = y
# = D c - a c

2m
be- (c>2m)t sin (pdt + f) + pde- (c>2m)t cos (pdt + f) d
y = D Ce- (c>2m)t sin (pdt + f) D

c 6 cccc = 2mp = 2a 15
32.2
b(9.266) = 8.633 lb # s>ft= 9.266 rad>s

p = A k
m

= A 40
15>32.2

c = 0.8 lb # s>ft

22–63. The block, having a weight of 15 lb, is immersed in
a liquid such that the damping force acting on the block has
a magnitude of , where is the velocity of
the block in If the block is pulled down 0.8 ft and
released from rest, determine the position of the block as a
function of time. The spring has a stiffness of .
Consider positive displacement to be downward.

k = 40 lb>ftft>s.
vF = (0.8 ƒ v ƒ ) lb

k ! 40 lb/ft
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*22–64. The small block at A has a mass of 4 kg and is
mounted on the bent rod having negligible mass. If the rotor
at B causes a harmonic movement ,
where t is in seconds, determine the steady-state amplitude
of vibration of the block.

dB = (0.1 cos 15t) m

k ! 15 N/m

0.6 m

1.2 m

A
O

B

V

Thus,

Set 

Ans.ymax = (0.6 m)(0.00595 rad) = 3.57 rad

umax = C = 0.00595 rad

C = 1.25
15 - (15)2 = -0.00595 m

-C(15)2 cos 15t + 15(C cos 15t) = 1.25 cos 15t

xp = C cos 15t

u + 15u = 1.25 cos 15t

x = 1.2u

-15(x - 0.1 cos 15t)(1.2) = 4(0.6)2u
$

 xst =
4(9.81)(0.6)

1.2(15)

 Fs = kx = 15(x + xst - 0.1 cos 15t)

 + ©MO = IO a; 4(9.81)(0.6) - Fs (1.2) = 4(0.6)2u
$
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a

[1]

From equilibrium . Also, for small , and hence
.

From Eq. [1] 

Ans.

By comparing the above differential equation to Eq. 22-27

Ans.Acd #p B c = 2
9

 2km = 2
9

 2200(1.55) = 3.92 lb # s>ft
£9 Acd #p B c

2m
≥2

- k
m

= 0

m = 1.55 k = 200 vn = A 200
1.55

= 11.35 rad>s c = 9cd #p

1.55u
#

+ 540u
#

+ 200u = 0

1.5528u
$

+ 180(3u
#
) + 40(5u) = 0

y
#
2 = 3u

y2 = 3uy1 = 5uu40yst - 15 = 0

 1.5528u
$

+ 180y
#
2 + 40y1 + 40yst - 15 = 0

 + ©MA = IA a; 6(2.5) - (60y
#
2)(3) - 8(y1 + yst)(5) = c1

3
 a 6

32.2
b(5)2 du$

•22–65. The bar has a weight of 6 lb. If the stiffness of the
spring is and the dashpot has a damping
coefficient determine the differential
equation which describes the motion in terms of the angle of
the bar’s rotation. Also, what should be the damping
coefficient of the dashpot if the bar is to be critically damped?

u
c = 60 lb # s>ft,k = 8 lb>ft CA

k

B

c

2 ft 3 ft
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Since , the system is underdamped,

From Eq. 22-32

Applying the initial condition at , and .

Ans.y = {-0.0702[e- 3.57t sin (8.540)]} m

 D = -0.0702 m

 -0.6 = De- 0 [8.542 cos 0° - 0]

sin f = 0 f = 0°

0 = D[e- 0 sin (0 + f)] since D Z 0

y = -0.6 m>sy = 0t = 0

y = De-A c
2mBt Cvd cos (vdt + f) - c

2m
 sin (vdt + f) D

v = y
# = D C e-A c

2mBt vd  cos (vdt + f) + A -  
c

2m
B  e-A c

2mBt sin (vdt + f)Sy = D C e-A c
2mBt sin (vdt + f)S

c
2m

= 50
2(7)

= 3.751

vd = vn B1 - a c
cc
b2

= 9.258 B1 - a 50
129.6

b2

= 8.542 rad>s
c 6 cz

cc = 2mvn = 2(7)(9.258) = 129.6 N # s>m
vn = A k

m
= A600

7
= 9.258 rad>s

c = 50 N s>m k = 600 N>m m = 7 kg

22–66. A block having a mass of 7 kg is suspended from a
spring that has a stiffness If the block is given
an upward velocity of from its equilibrium position
at determine its position as a function of time.
Assume that positive displacement of the block is
downward and that motion takes place in a medium which
furnishes a damping force where is the
velocity of the block in m>s.

vF = 150 ƒ v ƒ 2 N,

t = 0,
0.6 m>sk = 600 N>m.
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From Prob. 22-46

The initial condition when , and 

Thus,

Ans. y = {-0.0232 sin 8.97t + 0.333 cos 8.97t + 0.0520 sin 4t} ft

 
v0

vn
-
d0 v0

vn -
v

0
 2

vn

= 0 -
(0.5>12)4

8.972 - 42

8.972

= -0.0232

 
d0

1 - Av0
vn
B2 =

0.5>12

1 - A 4
8.972 B2 = 0.0520

 vn = A k
m

= A 10
4>32.2

= 8.972

 y = ¢ v0

vn
-
d0 v0

vn -
v 2

0
vn

≤  sin vnt + y0 cos vnt +
d0

1 - Av0
vn
B2 sin v0t

v0 = Avn - 0 +
d0 v0

1 - Av0
vn
B2 A =

v0

vn
-
d0 v0

vn -
v 2

0
vn

y0 = 0 + B + 0 B = y0

v = v0y = y0t = 0

v = y
# = Avn cos vnt - Bvn sin vnt +

d0 v0

1 - Av0
vn
B2 cos v0t

y = A sin vnt + B cos vnt +
d0

1 - Av0
v0
B2 sin v0t

22–67. A 4-lb weight is attached to a spring having a
stiffness The weight is drawn downward a
distance of 4 in. and released from rest. If the support
moves with a vertical displacement in.,
where t is in seconds, determine the equation which
describes the position of the weight as a function of time.

d = 10.5 sin 4t2k = 10 lb>ft.
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Equilibrium 

Here 

(1)

Ans.

By comparing Eq. (1) to Eq. 22–27

Since , the system will not vibrate. Therefore, it is overdamped. Ans.c 7 cc

cc = 2mvn = 2(25)(2) = 100 N #  s>m
m = 25 k = 100 c = 400 vn = A4

1
= 2 rad>s

y
$ + 16y

# + 4y = 0

25y
$ + 400y

# + 100y = 0

c = 200 N #  s>m m = 25 kg k = 100 N>mmy
$ + 2cy

# + ky = 0

kyst - mg = 0

 my
$ + ky + 2cy

# + kyst - mg = 0

 + T ©Fy = may ; mg - k(y + yst) - 2cy
# = my

$

*22–68. Determine the differential equation of motion
for the damped vibratory system shown. What type of
motion occurs?

k ! 100 N/m

c ! 200 N " s/mc ! 200 N " s/m

25 kg
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, so that 

Since , system is underdamped.

(1)

, at 

(trivial solution) so that 

Since 

Substituting into Eq. (1)

Expressing the result in mm

Ans.y = 33.8[e- 7.5t sin (8.87t)] mm

y = 0.0338[e- ( 60
2(4))t sin (8.87)t]

A = 0.0338

0.3 = A[0 + 1(8.87)]

f = 0

v = y = A[- c
2m

 e- ( c
2m)t sin (vdt + f) + e- ( c

2m)t cos (vdt + f)(vd)]

f = 0A Z 0

0 = A sin f

t = 0v = 0.3y = 0

y = A[e- ( c
2m)t sin (vdt + f)]

 = 8.87 rad>s
 = 11.62A1 - (

60
92.95

)2

 vd = vn A1 - (
c
cc

)2

c 6 cc

c = 60F = 60y

cc = 2mvn = 2(4)(11.62) = 92.95

vn = A k
m

= A540
4

= 11.62 rad>s
k = 540 N>m

•22–69. The 4-kg circular disk is attached to three springs,
each spring having a stiffness If the disk is
immersed in a fluid and given a downward velocity of

at the equilibrium position, determine the equation
which describes the motion. Consider positive displacement
to be measured downward, and that fluid resistance acting
on the disk furnishes a damping force having a magnitude

where is the velocity of the block in .m>svF = 160 ƒ v ƒ 2 N,

0.3 m>s k = 180 N>m.

120# 120#

120#
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Since ,

(1)

(General sol.)

(Particular sol.)

Substitute yp into Eq. (1)

Thus,

Ans.y = A sin vnt + B cos vnt +
kd

0

m

(k
m - v0 

2)
 cos v0t

y = yC + yP

C =
kd

0
m

(k
m - v0 

2)

C(-v0 
2 + k

m
) cos v0t =

kd0

m
 cos v0t

yp = C cos v0t

yC = A sin vn y + B cos vn y

y
$ + k

m
 y =

kd0

m
 cos v0t

W = kdst

+ T ©Fy = may ; kd0 cos v0t + W - kdst - ky = my
$

22–70. Using a block-and-spring model, like that shown in
Fig. 22–13a, but suspended from a vertical position and
subjected to a periodic support displacement of

determine the equation of motion for the
system, and obtain its general solution. Define the
displacement y measured from the static equilibrium
position of the block when t = 0.

d = d0 cos v0t,

Resonance occurs when Ans.v0 = vn = 19.7 rad>s
k = F

d
= 150

1>12
= 1800 lb>ft vn = A k

m
= A 1800

150>32.2
= 19.66

22–71. The electric motor turns an eccentric flywheel
which is equivalent to an unbalanced 0.25-lb weight
located 10 in. from the axis of rotation. If the static
deflection of the beam is 1 in. due to the weight of the
motor, determine the angular velocity of the flywheel at
which resonance will occur. The motor weights 150 lb.
Neglect the mass of the beam.

V
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The constant value F0 of the periodic force is due to the centrifugal force of the
unbalanced mass.

Hence 

From Eq. 22–21, the amplitude of the steady state motion is

Ans.C = 4 F0>k
1 - av0

vn
b2
4 = 4 2.588>1800

1 - a 20
19.657

b2
4 = 0.04085 ft = 0.490 in.

k = F
d

= 150
1>12

= 1800 lb>ft vn = A k
m

= A 1800
150>32.2

= 19.657

F = 2.588 sin 20t

F0 = man = mrv0 
2 = a0.25

32.2
b a 10

12
b(20)2 = 2.588 lb

*22–72. What will be the amplitude of steady-state
vibration of the motor in Prob. 22–71 if the angular velocity
of the flywheel is ?20 rad>s V

The constant value F0 of the periodic force is due to the centrifugal force of the
unbalanced mass.

From Eq. 22.21, the amplitude of the steady state motion is

Ans.

Or,

Ans.u0 = 20.3 rad>
 v = 19.0 rad>s

 
0.25
12

= 4 0.006470a v2

1800
b

1 - a v

19.657
b2
4

 C = 4 FO>k
1 - av

p
b2
4

k = F
d

= 150
1>12

= 1800 lb>ft p = A k
m

= A 1800
150>32.2

= 19.657

F = 0.006470v2 sin vt

FO = man = mrv2 = a0.25
32.2
b a 10

12
bv2 = 0.006470v2

•22–73. Determine the angular velocity of the flywheel in
Prob. 22–71 which will produce an amplitude of vibration of
0.25 in.

V
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For the block,

Using Table 22–1,

Ans.Lq + Rq + (
1
C

)q = E0 cos vt

mx + cx + kx = F0 cos vt

22–74. Draw the electrical circuit that is equivalent to the
mechanical system shown. Determine the differential
equation which describes the charge q in the circuit.

k

m
F ! F0 cos vt  

c

Free-body Diagram: When the block is being displaced by an amount y vertically
downward, the restoring force is developed by the three springs attached the block.

Equation of Motion:

[1]

Here, , and . Substituting these values into
Eq. [1] yields

Ans.

Comparing the above differential equation with Eq. 22–27, we have ,

and . Thus, .

Since , the system will not vibrate. Therefore it is overdamped. Ans.c 7 cc

cc = 2mp = 2(1)(3.464) = 6928 N # s>m
p = A k

m
= A12

1
= 3.464 rad>sk = 12 N>mc = 16 N # s>m m = 1kg

y
$ + 16y

# + 12y = 0

25y
$ + 400y

# + 300y = 0

k = 100 N>mc = 200 N # s>mm = 25 kg

 my
$ + 2cy

# + 3ky = 0

 + c ©Fx = 0;    3ky + mg + 2cy
# - mg = -my

$

22–75. Determine the differential equation of motion for
the damped vibratory system shown. What type of motion
occurs? Take , , .m = 25 kgc = 200 N # s>mk = 100 N>m

k k k

c c

m
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Electrical Circuit Analogs: The differential equation that deseribes the motion of
the given mechanical system is

From Table 22–1 of the text, the differential equation of the analog electrical circuit is

Ans.Lq
$ + Rq

# + a 2
C
bq = E0 cos vt

mx
$ + cx

# + 2kx = F0 cos vt

*22–76. Draw the electrical circuit that is equivalent to
the mechanical system shown. What is the differential
equation which describes the charge q in the circuit?

F ! F0 cos vt 

k

k

c
m

For the block

Using Table 22–1

Ans.Lq
$ + Rq

# + 1
C

q = 0

my
$ + cy

# + ky = 0

•22–77. Draw the electrical circuit that is equivalent to
the mechanical system shown. Determine the differential
equation which describes the charge q in the circuit.

k

m

c
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