Problem 16.1 The 20-kg crate is stationary at time

t = 0. It is subjected to a horizontal force given as a F

function of time (in newtons) by F = 10 + 272, —

(@) Determine the magnitude of the linear impulse
exerted on the crate fromr =0tot =4s.

(b) Use the principle of impulse and momentum to
determine how fast the crate ismoving at r = 4 s.

Solution:

(& Theimpulse

1 4 2
I= / Fdt = / (10 + 2% dr = 10(4) + 5(4)3 =827 N-s
to 0

I =827 N-s.

(b) Use the principle of impulse and momentum

muvg+ I = mvy

82.7 N-s

0+ 82.7 N-s= (20 k =
+ S=( gPv = 20 kg

v=413 m/s.

Problem 16.2 The 100-N crate is released from rest
on the inclined surface at time ¢ = 0. The coefficient
of kinetic friction between the crate and the surface is
uk = 0.18.

(@ Determine the magnitude of the linear impulse due
to the forces acting on the crate from ¢+ =0 to
t=2s

(b) Use the principle of impulse and momentum to 30°
determine how fast the crateismoving at r = 2 s.

Solution: We have

100 N

XF /:N — (100 N)cos30° =0= N =86.6 N
(& Then, aong the slope the impulse is
1= (WS'I']30O — ukN)t
I = ([100 N]sin30° — [0.18][86.6N])(2 9)

I =68.8 N-s.

(b) Using the principle of impulse-momentum,

N

mvy + I = mvz

100 N
0+ 68.8 N—s:( )vz

9.81 m/s?

Solving we find

vy = 6.75 m/s.
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Problem 16.3 The mass of the helicopter is9300 kg. It
takes off vertically at time ¢t = 0. The pilot advances the
throttle so that the upward thrust of its engine (in kN) is
given asafunction of timein secondsby 7 = 100 + 2¢2.

(8 Determine the magnitude of the linear impulse due
to the forces acting on the helicopter from ¢ = 0 to
t=3s.

(b) Use the principle of impulse and momentum to
determine how fast the helicopter is moving at
t=3s.

Solution:

(@ Theimpulse - using the total force (7 and the weight).
173 1]
1:/ th:/ (T —mg)dr
11 1

3
= / (100 + 212 — 9.3[9.81]) dr = (8.77)(3) + 2(3)3 = 443 kN-s.
0

I =443 kN-s.

(b) Using the principle of impulse - momentum,

mv1+ I = mvy

0+ 44.3 kN-s = (9300 kg)v,

vy = 4.76 m/s.

Problem 16.4 A 150 million-kg cargo ship starts from
rest. The total force exerted on it by its engines and
hydrodynamic drag (in newtons) can be approximated
as a function of time in seconds by X F, = 937,500 —
0.65¢2. Use the principle of impulse and momentum to
determine how fast the ship is moving in 16 minutes.

Solution: Theimpulseis

I 16(60)
I= f Fdt = f (937,500 — 0.65%) d¢
n 0

= (937,500)(960) — %(0.65)(960)3 =7.08 x 108 N-s.
Using the principle of impulse and momentum, we have

mvy + I = mvap

0+ 7.08 x 108 N-s = (150 x 10° kg)v,
Solving, we find

| vo = 4.72 m/s (9.18 knots). |
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Problem 16.5 The combined mass of the motorcycle
and rider is 136 kg. The coefficient of kinetic friction
between the motorcycle' s tires and the road is ux = 0.6.
Therider startsfrom rest and spinsthe rear (drive) wheel.
The normal force between the rear wheel and road is
790 N.

(8 What impulse does the friction force on the rear
wheel exertin 2 s?

(b) If you neglect other horizontal forces, what velocity
is attained by the motorcycle in 2 s?

Solution:

m = 136 kg

g =9.81m/s
Ng =790 N

dvy
dt

ZEY:MkNR:m

2

2
Imp:/ .ukNRdt:MkNRl’O
)

(& Imp=(0.6x 790 x 2) =948 N-s

2 v
(b) / ukNRdt:m/ dv =Imp
0 0

948 N-s = mv

v = 948 N-s/136 kg = 6.97 m/s

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

256




Problem 16.6 A bioengineer models the force gen-
erated by the wings of the 0.2-kg snow petrel by an
equation of the form F = Fy(1 + sinwt), where Fy and
w are constants. From video measurements of a bird
taking off, he estimates that « = 18 and determines that
the bird requires 1.42 s to take off and is moving at
6.1 m/s when it does. Use the principle of impulse and
momentum to determine the constant Fj.

Solution:
t
/ Fo(l4sinwt)dt = mv
0

1 ! 1
Fo|lt— —coswt | = Fo|t+ —[1—coswt] | =mv
0} 0 0}

my B (0.2 kg) (6.1 m/s)

Fo=

(1 — cos[(18)(1.42)])

1 - 1
t+ 5(1 — COSwt) (142 s) + m

Fo =0.856 N.

Problem 16.7 In Active Example 16.1, what is the
average total force acting on the helicopter from ¢t =0
tor=10¢5?

Solution:  From Active Example 16.1 we know the total impulse
that occurs during the time. Then

|
Far=1=F=—
(36,000 + 3600)) N-s

F
10s

F = (3600i + 360)) N.

Problem 16.8 Attimer = 0, the velocity of the 15-kg
object isv = 2i 4+ 3j — 5k (m/s). The total force acting
onitfroms=0tor=4sis

©F = (212 — 3t + 7)i + 5tj + (3t + Dk (N).

Use the principle of impulse and momentum to deter-
mineits velocity at t =4 s.

Solution: Working in components we have

4
152 + / (2% — 3t + ) df = (5w
0
4
153) + / Stdt = (15)vz,
0

4
(15)(-5) + [ @3+ 7)dr = (15w
0

Solving we find vo, = 5.11 m/s, vz, = 5.67 m/s, vp; = —1.53 m/s.

| V, = (5.11i + 5.67 — 1.53k) m/s.
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Problem 16.9 Attimer = 0, the velocity of the 15-kg y
object isv = 2i 4+ 3] — 5k (m/s). The total force acting
onitfroms=0tor =4sis

YF = (262 — 3t + 7)i + 5t + (3t + 7)k (N).

What is the average total force on the object during the
interval of timefroms=0tot =4 s? SF

Solution: The components of the impulse are

4
2
I, :/ 2% =3+ 7dt = 5(4)3 - 2(4)24-7(4) =46.7N,
0
4 5
1).=/ 5tdt = = (4)> =40 N,
o 2

4
I =/ @t +7dt = 2(4)2+7(4) =52N.
0

The average force is given by
| (46.7i + 40j +52k) N

At 4s

Fave =

Fave = (11.7i + 10j + 13K)N.

Problem 16.10 The 1-N collar A is initialy at rest
in the position shown on the smooth horizontal bar. At
t =0, aforce

F= () i+ () = () % ]

is applied to the collar, causing it to slide along the bar.
What is the velocity of the collar at ¢ = 2 S?

IS

4m ‘

. 12
Solution: The impulse applied to the collar is / Zth =
n

muy2 — mvy1: Evaluating, we get

2 1 2
—1?dr = (1/9.81
/O 2o (1/9.81)uy2,

1 .72
or [513} = (1/9.81)v;2.
0

Hence, v,2 = 1.31 m/s.
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Problem 16.11 The y axis is vertical and the curved
bar is smooth. The 4-N dlider is released from rest in
position 1 and requires 1.2 sto slide to position 2. What
is the magnitude of the average tangential force acting
on the dider as it moves from position 1 to position 27

Solution: We will use the principle of work and energy to find the
velocity at position 2.

1+ Wiso=T12

0+ @N)@m) =1

4N
5 ( > V2% = vo = 6.26 m/s.

9.81 m/s?

Now, using the principle of impulse - momentum we can find the
average tangential force

mv1 + FaeAt = mvo

F (v2 —v1) 4N (6.26 m/s — 0)
=m =
e At 9.81 m/s2 12s

Fae = 213 N.

Problem 16.12 During the first 5 s of the 14,200-kg
airplane’s takeoff roll, the pilot increases the engine's
thrust at a constant rate from 22 kN to its full thrust of
112 kN.

(@ What impulse does the thrust exert on the airplane
during the 5 s?

(b) If you neglect other forces, what total time is
required for the airplane to reach its takeoff speed
of 46 m/s?

Solution:
m = 14200 kg

F = (22000 + 18000 7) N

5
Imp :/ (22000 + 18000 ¢) dt(N-s)
0

5
Imp = 22000 7 + 9000 72 .

(@ Imp = 335000 N-s= 335 kN-s

7 0
/ Fdt = mvy —mv

0

5 t

/ (22000 + 18000 t) dt +/ (112000) dt = mvy

0 5

t

335000 + 112000 t‘s = (14200) (46)

112000(t — 5) + 335000 = (14200)(46)

(b) t=784s
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Problem 16.13 The 10-kg box starts from rest on the
smooth surface and is subjected to the horizontal force —
described in the graph. Use the principle of impulse and
momentum to determine how fast the box is moving at

t=12s.
F(N)
S50NF————

| |
Solution: The impulse is equal to the area under the curve in the } }
graph 0 4 8 n'®

I = %(50 N) (4 9)+ (50 N) (4 s) + %(50 N) (4 s) = 400 N-s.
Using the principle of impulse and momentum we have
mv1 + I = mva = 0+ (400 N-s) = (10 kg)vz
Solving we find
Problem 16.14 The 10-kg box starts from rest and is v
subjected to the horizontal force described in the graph. —_—
The coefficients of friction between the box and the sur-
face are us = ux = 0.2. Determine how fast the box is
moving at r = 12 s.
F(N)
SO0N[———

\ \

\ \

| |

0 4 8 o e

Solution: The box will not move until the force F is able to over-
come friction. We will first find this critical time.

N =W = (10 kg) (9.81 m/s?) =98.1 N
f=pN=(02)(981N)=196N

50 N
F=——t=196N=1t, =157s.
4s

The impulse from 7., to 12 sis

= le%“)m S—1579+(50N) (49 + (502

N (49

—(19.6 N)(12s—1.57 s) = 180 N-s.

The principle of impulse and momentum gives

mvy + I = mvy = 0+ 180 N-s = (10 kg)vy.

Solving we find | v, = 18.0 m/s.
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Problem 16.15 The crate has a mass of 120 kg, and
the coefficients of friction between it and the sloping
dock are u, = 0.6 and u, = 0.5. The crate starts from
rest, and the winch exerts atension 7 = 1220 N.

(@ What impulseis applied to the crate during the first
second of motion?
(b) What is the crate's velocity after 1 s?

Solution: The motion starts only if T —mgsin30° > u,mg
cos30°, from which 631.4 > 611.7. The motion indeed starts.

(@ Theimpulse in the first second is

17} 1
/ Fdt = / (T —mgsin30° — mgu cos30°) dt
11 0
=121.7t=121.7 N-s

N 121.7
b) Thevelocity is|v= —/—— =1.
(b) ylis|v= "7 =101 m/s

\N
HN

Problem 16.16 Solve Problem 16.15 if the crate starts
from rest at + = 0 and the winch exerts a tension 7 =
1220 + 200¢ N.

Solution: From the solution to Problem 16.15, motion will start.

(& Theimpulse at the end of 1 second is

7] 1
/ Fdt :/ (1220 + 200r — mg sin30° — pmg cos30°) dr
11 0

= [1220¢ + 100r? — 1098.31]3 = 221.7 N-s

2217 2217
=——=——=18m/s

b) The velocity is =
() yiSjv=— 120

Problem 16.17 In an assembly-line process, the 20-kg
package A starts from rest and slides down the smooth
ramp. Suppose that you want to design the hydraulic
device B to exert a constant force of magnitude F on
the package and bring it to a stop in 0.15 s. What is the
required force F?

Solution:
crate at point of contact with device B. mgh = :—zlmv%, where h =
2sin30° = 1 m, from which vp = \/2g = 4.43 m/s. The impulse to
be exerted by B is/rdet = mvp = 88.6 N-s. The constant force to

n
88.6
be applied by device B is F — mgsin30° = 015 = 590.67 N, from

which| F = 688.8 N

Use conservation of energy to obtain the velocity of the
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Problem 16.18 The 20-kg package A starts from rest
and dides down the smooth ramp. If the hydraulic
device B exerts a force of magnitude F = 540(1+
0.4r%) N on the package, where ¢ isin seconds measured
from the time of first contact, what time is required to
bring the package to rest?

Solution: See the solution of Problem 16.17. The velocity at first 100
contact is 4.43 m/s. Impulse and momentum is \

t
/ [mgsin30° — 540(1 + 0.4r%)] dt =0 —4.43 m.
0 50

Integrating yields \

e 0.413
mgt SiN30° — 540 1‘+T +443m=0. 0

By examining calculated results, we estimate the solution to be
t =0.199s. -50

The graph of the left side of this equation as a function of ¢ is shown. \

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
t,s

Problem 16.19 In a cathode-ray tube, an electron y
(mass=9.11 x 103! kg) is projected a O with

velocity v = (2.2 x 107)i (m/s). While the electron is ‘
between the charged plates, the electric field generated
by the plates subjectsit to aforce F = —eFEj. The charge
of the electronise = 1.6 x 10~1% C (coulombs), and the ; X
eectric field strength is E = 15sin(wt) KN/C, where the o

circular frequency o = 2 x 10° s71.

(& What impulse does the electric field exert on the A A
electron while it is between the plates? 30mm

(b) What is the velocity of the electron as it leaves the
region between the plates?

Solution: Thex component of the velocity is unchanged. Thetime

008 __ 1.36x 1079 s

it bet the platesist = ———
spent between the platesis 1 = ————

(@ Theimpulseis
7] t t
f th:/ (—eE)dt:f — (15 x 10%)(sinwt) dt
1 0 0

1.36x107°

[(15 x 10%)e }
= | ——  COSw!?
0

@

2
/ Fdt =—23x10"% N-s
n

The y component of the velocity is

—23x107%

_ _ 6
= S1Ix 10 = —2.52 x 10° m/s.

vy

(b) The velocity on emerging from the plates is

v =22 x 105 — 2.5 x 10%j m/s.
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Problem 16.20 The two weights are released from
rest at time r = 0. The coefficient of kinetic friction
between the horizontal surface and the 5-N weight is
uk = 0.4. Use the principle of impulse and momentum
to determine the magnitude of the velocity of the 10-N
weightat r =1s.

Strategy: Apply the principle to each weight indi-
vidually.

10N

Solution:
Impulse = (10 N)(1s) — 0.4(5)(1s) =8 N-s

15N
8Ib—s=( )vé v=>5.23m/s
9.81 m/s?

Problem 16.21 The two crates are released from rest.
Their masses are m 4 = 40 kg and mp = 30 kg, and the
coefficient of kinetic friction between crate A and the
inclined surface is u; = 0.15. What is the magnitude of
the velocity of the crates after 1 s?

Solution: The force acting to move crate A is

Fo =T+ mug(sin20° — p; cos20°) 11.

m l
=T+789N, * Nl T *
L m,g cos 20°

where T is the tension in the cable. mgg
m,g cos 20°

The impulse, since the force is constant, is

(T +78.9t =mapv.

For crate B,

Fp=—-T+mpg =—-T +294.3.

The impulse, since the force is constant, is

(—T +294.3)t = mpv.

Fort = 1's, add and solve: 78.9 + 294.3 = (40 + 30)v, from which

v=533m/s
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Problem 16.22 The two crates are released from rest.
Their masses are m 4 = 20 kg and m 3 = 80 kg, and the
surfaces are smooth. The angle & = 20°. What is the
magnitude of the velocity after 1 s?

Strategy: Apply the principle of impulse and
momentum to each crate individually.

Solution: The free body diagrams are as shown:

7]
Crate B: / Z Fydt = mvy — muvy1:

nn

1
/ [(80)(9.81) sin20° — T]dr = (80)(v — 0).
0

y

‘ Q T (20)(9-81) N

2
Crate A: F,dt = mvyy — mvy1: X
rate [11 Z t = muyp — muyy ‘\%

T N N

1 o (9.81)N _
/0[(20)(9.81)sm20 —T]dt = (20)[(—v) — Q] % (velocity of B

P att=1s

Subtracting the second equation from the first one,

1
/ (80 — 20)(9.81) sin20° dt = (80 + 20)v.
0

Solving, we get v = 2.01 n/s.

Problem 16.23 The two crates are released from rest.
Their masses are m, = 20 kg and mp = 80 kg. The
coefficient of kinetic friction between the contacting
surfaces is ux = 0.1. The angle 6 = 20°. What is the
magnitude of the velocity of crate A after 1 s?

Solution: The free body diagrams are as shown:

The sums of the forces in the y direction equa zero:

> Fy =N —(20)(9.81)cos20" =0 N = 184 N,

9.81) N
(velocity of B

> Fy=P—N—(80)(9.81)c0os20° =0 P = 922 N T~
’ at=1s)

12
Crate B: / Z Fydt = mvy — mvy1:
n
1
/ [(80)(9.81) sin20° — 0.1 P — 0.1 N-T]dt = (80)(v — 0). (1)
0
12
Crate A: / Z F, dt = mvyy — muvy1:
n

1
/ [(20)(9.81) sin20° + 0.1 N-T] d = (20)[(—v) — 0]. (2)
0

Subtracting Equation (2) from Equation (1),

1
/ [(80 — 20)(9.81) sin20° — 0.1 P— 0.2 N] dt = (80 + 20)v.
o]

Solving, v = 0.723 m/s.
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Problem 16.24 At ¢+ =0, a 20-kg projectile is given

an initial velocity vg =20 m/s at 6y = 60° above the

horizontal.

(@ By using Newton's second law to determine the Yo
acceleration of the projectile, determine its velocity
ar=3s

(b) What impulse is applied to the projectile by its 0
weight fromr =0tor =3 s? 0

() Use the principle of impulse and momentum to X
determine the projectile’s velocity at t = 3 s.

Solution:

a=—gj y

a, =0

a_\. =—8

vy, = Vo c0s60° = 10 m/s \ 60°

vy, = U0 SiN60° = 17.32 m/s "

xo=yo=0

vo =20 m/s

a, =0 ay = —g

vy = vgc0s60° v, = vpsSin60° — gr
V = (v c0s60°)i + (voSiN60° — gr)j (M/s)
Atr =3y,

@ v=10i—12.1j (m/9)

| ¢ = Impulse due to gravity

Fg = —mgj

3
IG:—/ mgjdt
0

lg = —mg i3] = ~3mgj (N-9
(b) 1g =—-589j (N-9)
I = mv(3) — mvg
—589) = muyi+mvy | —muy,i—mvy,j
x: 0=mvy —muy,
vy = Uy = 10 m/s
y.  —589 =mvy, —muvy,
20v, = (20)(17.32) — 589

vy =—121m/s

(© v=10i—121j (/9 atr=3s
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Problem 16.25 A soccer player kicks the stationary
0.45-kg ball to ateammate. The ball reaches a maximum
height above the ground of 2 m at a horizontal distance
of 5m form the point where it was kicked. The
duration of the kick was 0.04 seconds. Neglecting the
effect of aerodynamic drag, determine the magnitude of
the average force the player everted on the ball.

Solution: We will need to find the initial velocity of the ball. In
the y direction we have

vy = /2gh =,/ 2(9.81 m/s?)(2 m)

=6.26 m/s.

The time of flight is given by
vy _ (6.26 m's)

g (981 misd)
In the x direction we have
d B m)
y=—=——— =783
U= T 06399 s

The total velocity is then

v=/v2+v2=/(626 m/s)? + (7.83 m's)2 = 10.0 m/s.
The principle of impulse and momentum then gives

FAt =mv= F = mv (0.45 kg)(10.0 m/s)‘

At 0.04 s
F =113 N.

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storagein aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

266




Problem 16.26 An object of mass m = 2 kg dides
with constant velocity vg = 4 m/s on a horizontal table
(seen from above in the figure). The object is connected
by a string of length L = 1 m to the fixed point O and
is in the position shown, with the string parallel to the
x axis, att =0.

(@) Determine the x and y components of the force
exerted on the mass by the string as functions of
time.

Use your results from part (a) and the principle of
impulse and momentum to determine the velocity
vector of themassat r =1 s.

(b)

Strategy: To do part (a), write Newton's second law
for the mass in terms of polar coordinates.

Solution:
T =mv?/Ley

—ey = cosfi + sindj

Vo = rw.
4= 1w w=4radls
do
— =w=4radls
dt
0 =4t rad

T = —(mv%/L) cos(41)i — (mv2/L) sin(4t)j

T = —32cos4ti — 32sin4tj (N)

Yo

1
X: /(—320034t)dt:mvx
0

1
y: / (=32sin4t)dt =mv, —4m
0

m = 2Kkg
T, = —32cos4t N L L
. . —32sin4t — 2, 32 cos4t — 20,8

T, = —32sin4t N 4 o 0

1 Solving v = 3.03i — 2.61j (m/s)
/ Fdt = mvy —mvo

0

1
/ Tdt = muv,i +mv,j —m(4)

0
Problem 16.27 A rail gun, which uses an electromag- Solution:
netic field to accelerate an object, accelerates a 30-g
projectile from zero to 5 km/s in 0.0004 s. What is the Fae = 003 kg&fggfsmlsf 9 _ 375 kN

magnitude of the average force exerted on the projectile?
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Problem 16.28 The mass of the boat and its passenger
is 420 kg. At time ¢+ = 0O, the boat is moving at 14 m/s
and its motor is turned off. The magnitude of the
hydrodynamic drag force on the boat (in newtons) is
given as afunction of time by 830(1 — 0.08¢). Determine
how long it takes for the boat’s velocity to decrease to
5m/s.

Solution: The principle of impulse and momentum gives

2
mv1+/ Fdt =mvyp
n

(420 kg) (14 m/s) — f 830(1 — 0.08¢) dr = (420 kg) (5 m/s)
0

—830(t — 0.04r%) = —3780
1> — 25t +114=0

_Jos2 —
(e 25 2522 4(1)(114) _599s

Problem 16.29 The motorcycle starts from rest at ¢+ =
0 and travels along a circular track with 300-m radius.
Fromt: = 0to ¢ = 10 s, the component of the total force
on the motorcycle tangentia to its path is X F; = 600 N.
The combined mass of the motorcycle and rider is
150 kg. Use the principle of impulse and momentum
to determine the magnitude of the motorcycle’ s velocity
at + = 10 s. (See Active Example 16.2.)

Solution:

(600 N)(10 s) = (150 kg)v =

Problem 16.30 Suppose that from ¢t =0totr =10 s, Solution:

the component of the total tangentia force on the 10s

motorcycle in Problem 16.29 is given as a function of / (460 +31%) N dr = (150 kg)v =
time by X F =460+ 32 N. The combined mass of °

the motorcycle and rider is 150 kg. Use the principle

of impulse and momentum to determine the magnitude

of the motorcycle's velocity at + = 10 s. (See Active

Example 16.2.)
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Problem 16.31 The titanium rotor of a Beckman
Coulter ultracentrifuge used in biomedical research
contains 2-gram samples at a distance of 41.9 mm from
the axis of rotation. The rotor reaches its maximum
speed of 130,000 rpm in 12 minutes.

(@) Determine the average tangential force exerted
on a sample during the 12 minutes the rotor is
acceleration.

(b) When the rotor is at its maximum speed, what
normal acceleration are samples subjected to?

Solution:
(@) Using the principle of impulse and momentum we have (b)
0+ FaeAt =mv v2 (ro)? )
ap = — = =rw
Fae = — o
Y rev[2r rad][1 minT)2
oty /1 = (0.0419 m) ([130,000ﬁ} [ 7:3/ ] [ s D
(0.002 kg) (130, OOOE) ( i ) < mm) (0.0419 m)
_ min rev 60 s
- _ 6
(12 miy (ﬂ}) 4, = 777 x 10° /<. |
min

Fae = 0.00158 N

Problem 16.32 The angle 6 between the horizonta
and the airplane’'s path varies from § =0 to 6 = 30°
at a constant rate of 5 degrees per second. During this
maneuver, the airplane's thrust and aerodynamic drag
are again balanced, so that the only force exerted on
the airplane in the direction tangent to its path is due
to its weight. The magnitude of the airplane’s velocity
when 6 = 0is120 m/s. Use the principle of impulse and
momentum to determine the magnitude of the velocity
when 6 = 30°.

Solution:
w=2 _5/s  consant = 00873 "X
dt S

It takes 6 seconds to go from @ = 0° to # = 30°. The resisting force is

F, = —mgsinfe

F=m—e —pgsinfg

d 6 ) vr
:m—va—g/ sn@dz:/ dv
dt 0 120

W dr
—g/ sng—df = Vy — 120 m/s
0 do :

g 30°
-2 (= cos@)’ =V;—120 m/s
w 0 !
8 o
Vi =120+ 5(00530 -1

V; = 105 mis
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Problem 16.33 In Example 16.3, suppose that the
mass of the golf ball is 0.046 kg and its diameter is
43 mm. The club isin contact with the ball for 0.0006 s,
and the distance the ball travelsin one 0.001-sinterval is
50 mm. What is the magnitude of the average impulsive
force exerted by the club?

Solution:  Using the principle of impulse and momentum

0+ FaeAt = mv

0.05m
m (0.046 kg) (0001 S)
At 0.0006 s

Fave = 3830 N.

Fave=

Problem 16.34 In a test of an energy-absorbing
bumper, a 12700 N car is driven into a barrier at
8 km/h. The duration of the impact is 0.4 seconds. When
the car rebounds from the barrier, the magnitude of its
velocity is 1.6 km/h.

(@ What is the magnitude of the average horizontal
force exerted on the car during the impact?

(b) What is the average deceleration of the car during
the impact?

Solution: The velocities are

v =28 km/h = 2.22 m/s, vy = 1.6 km/h = 0.44 m/s.

(8 Using the principle of impulse and momentum we have

— mvy + FaelAt = mvy

Fave=

(v1 + v2) 12700 N (2.22 m/s+ 0.44 m/s
m =
At 9.81 m/s? 04s

Fave = 8609 N

(b) The average deceleration of the car during impact is
_v2—(-v1) _ (222 m/s+ 0.44 m/s)

At 04s

a=6.65 m/sz‘
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Problem 16.35 A bioengineer, using an instrumented
dummy to test a protective mask for a hockey goalie,
launches the 170-g puck so that it strikes the mask
moving horizontally at 40 m/s. From photographs of
the impact, she estimates the duration to be 0.02 s and
observes that the puck rebounds at 5 m/s.

(@ What linear impulse does the puck exert?

(b) What is the average value of the impulsive force
exerted on the mask by the puck?

Solution:

(@ The linear impulse is
v/.tZF dt = Fae(ty — t1) = mva — muy.

The velocities are v = —5 m/s, and vy = 40 m/s, from which

2
f F dt = Fae(to — 1) = (0.17)(—=5 — 40) = —7.65 N-s,

n

where the negative sign means that the force is directed parallel
to the negative x axis.

(b) The average vaue of the force is

—7.65
Fae= —— = —3825N
&7 0.02

Problem 16.36 A fragile object dropped onto a hard
surface breaks because it is subjected to a large impul-
sive force. If you drop a 0.56 N watch from 1.22 m
above the floor, the duration of the impact is 0.001 s,
and the watch bounces 51 mm. above the floor, what is
the average value of the impulsive force?

Solution: Theimpulseis

173 W
[ Fdt = Faeltz —11) = (;) (v2 — v1).

1

The weight of the watch is

W = 056N,

and its mass is

<K> =0.0571 kg
8

The velocities are obtained from energy considerations (the conserva-
tion of energy in free fall):

v1 = /2gh = /2(9.81)(1.22) = 4.88 m/s.
Vo = —/2gh = —/2(9.81)(0.051) = —1.0 m/s.

The average value of the impulsive force is

(0.0571x 1073 (—1 — 4.88)
Fave = =-334 N
ae 1x 103
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Problem 16.37 The 0.45-kg soccer ball is given akick
with a 0.12-s duration that accelerates it from rest to a
velocity of 12 m/s at 60° above the horizontal.

(@ What is the magnitude of the average total force
exerted on the ball during the kick?

(b) What isthe magnitude of the average force exerted
on the ball by the player's foot during the kick?

Strategy: Use Eq. (16.2) to determine the average
total force on the ball. To determine the average force
exerted by the player’s foot, you must subtract the ball’s
weight from the average total force.

Solution:
/th = FagAt =mVy —mVo

Fav(0.12) = 0.45(12cos60°i + 12sin60°j)

Fay =225 +39.0} N

@ [Fav|=450N mg = (0.45)(9.81) = 441 N * "
Fav = Froor + Fg
Fav = Froor — mgj
Froor = Fav +mgj

Froor = 22.5i + 39.0j + 4.41]

(b)  IFrooT| =489 N

Problem 16.38 An entomologist measures the motion
of a 3-g locust during its jump and determines that the
insect accelerates from rest to 3.4 m/s in 25 ms (mil-
liseconds). The angle of takeoff is 55° above the hori-
zontal. What are the horizontal and vertical components
of the average impulsive force exerted by the locust’s
hind legs during the jump?

Solution: Theimpulseis

7]
/ Fdt = Fae(t2 — 1) = m(v2) = m(3.4cos55°i + 3.4sin55%),

n
from which
Fave(2.5 x 1072) = (5.85 x 1073)i + (8.36 x 10~3)j N-s.

The average total force is

Fave

1 . .
= m((5.85 x 1073)i + (8.36 x 1073)j)

= 0.234i 4 0.334) N.

The impulsive force is

Fimp = Fave — (—mgj) = 0.234i + 0.364] N
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Problem 16.39 A 1.4 N baseball is 0.91 m above the
ground when it is struck by a bat. The horizontal distance
to the point where the ball strikes the ground is 54.9 m.
Photographs studies indicate that the ball was moving
approximately horizontally at 30.5 m/s before it was
struck, the duration of the impact was 0.015 s, and the
ball wastraveling at 30° above the horizontal after it was
struck. What was the magnitude of the average impulsive
force exerted on the ball by the bat?

Solution: Theimpulseis

n 1%
/ Fdt = Fae(tz —11) = <;> (V2 —v1).

n

The velocity vy is determined from the trajectory. The path is

gt o
y= —7 + (v25|n30 )t + Yo,

x = (v2c0s30°)¢

where v, is the magnitude of the velocity at the point of leaving the
bat, and yo = 0.91 m. At x = 54.9 m, ¢t = 54.9/(v2cos30°), and
y = 0. Substitute and reduce to obtain

=24.6 m/s.

8
—54.9
v2 \/ 2co%? 30°(54.9tan 30°+ yo)

- 30°

0o

-
-

1/_

From which:

1 w . . o .
Fave = <m> <?> ((v2c0s830%)i + (v2sin30°)j — (—30.5i))

= 489.3i + 116.1j.

Subtract the weight of the baseball: Fimp = Fave — (—Wj) = 489.3i +
117.5j, from which

|Fimpl = 503.2 N

Problem 16.40 Paraphrasing the official rules of rac-
quetball, a standard racquetball is 56 mm in diameter,
weighs 0.4 N, and bounces between 68 and 72 centi-
metres from a 100-cm drop at a temperature between
70 and 74 degrees Fahrenheit Suppose that a ball
bounces71 cm whenit isdropped from a100-cm height.
If the duration of the impact is 0.08 s, what average
force is exerted on the ball by the floor?

Solution: The velocities before and after the impact are

vy = [2(9.81 mis®)(1m) = 4.43 m/s,

vy = [2(9.81 m/s?)(0.71) = 3.73 m/s,

Using the principle of impulse and momentum we have

— mvy + FaelAt = mvy

vy + v2 1 (4.43 mis+ 3.73 m/s)
= (04N
t ( ) (9.81 m/52> 0.08 s

Fave=

Fae=4.16 N.
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Problem 16.41 The masses m4 = mp. The surface k

is smooth. At ¢+t =0, A is dationary, the spring is my  ANNVNA
unstretched, and B is given a velocity vy toward the
right.

(8 In the subsequent motion, what is the velocity of
the common center of mass of A and B?

(b) What are the velocities of A and B when the spring
is unstretched?

Strategy: To do part (b), think about the motions of
the masses relative to their common center of mass.

Solution:

(@ The velocity of the center of mass does not change because there
are no externa forces on the system

mavg+mpg0 g Vo
= = — Ve = —.
(myg +mp) 2 ¢ 2

(b) Looking at the system from a reference frame moving with the
center of mass, we have an oscillatory system with either the
masses moving towards the center or away from the center. Trans-
lating back to the ground reference system, this means

Either v4 = vp(to theright), vg =0
or vg = 0, vp = vo(to the right).

Problem 16.42 In Problem 16.41, m4 = 40 kg, mp =
30 kg, and £ = 400 N/m. The two masses are released
from rest on the smooth surface with the spring stretched
1 m. What are the magnitudes of the velocities of the
masses when the spring is unstretched?

Solution: From the solution of Problem 16.41, (1) mavs +
mpvg = 0: or, evauating, 40v4 + 30vg = 0. Energy is conserved,
Thus, (2) 3k8% = Imava? + Lmpvp?. Evaluating, we get

1 2_1 2 1 2
5(400)(1) = 2(40)vA + 2(30)vB
Solving Equations (1) and (2),

[Va| = 2.07 m/s,

Vgl = 2.76 m/s.
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Problem 16.43 A girl weighing356 N stands at rest on
al446 N floating platform. She starts running at 3.05 m/s
relative to the platform and runs off the end. Neglect the
horizontal force exerted on the platform by the water.

(@) After she starts running, what is her velocity rela
tive to the water?

(b) While she is running, what is the velocity of the
common center of mass of the girl and the platform
relative to the water? (See Active Example 16.4.)

Solution:
(@ Momentum is conserved.

0=mgvg +mpvp, vg/p = Vg — V)

0= (356 N)u,+ (1446 N)v,, (3.05 m/s) = v,— v,

Solving we find
(3.05 m/s)(1446 N)
=~ =245m/s
Ve 1802 N 5 ms

‘ v, = 2.45 m/s to the right.

(b) Since momentum is conserved, the velocity of the center of mass
is always zero.

Problem 16.44 Two railroad cars with weights W, = e (0,305 m /5
533.8 kN and Wz = 311.4 kN collide and become cou- = =

pled together. Car 4 is full, and car B is half full, of ) @ )
carbolic acid. When the carscollide, theacidin B Sloshes —88& =7 ___ess” “esm < oug”

back and forth violently.

(@ Immediately after the impact, what is the velocity
of the common center of mass of the two cars?

(b) When the sloshing in B has subsided, what is the
velocity of the two cars?

Solution:

(533800 N)(0.61 m/s) + (311400 N)(0.305 m/s)
v =
@ | of mass (533800 N + 311400 N)

= 0.497 m/s

(b) After the sloshing Stops | vears = Veenter of mass = 0.497 m/s
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Problem 16.45 Supposethat therailroad track in Prob-
lem 16.44 has a constant slope of 0.2 degrees upward
toward theright. If the carsare1.83 m apart at the instant
shown, what is the velocity of their common center of
mass immediately after they become coupled together?

Solution:  Time to couple (both accelerate at the same rate) is ¢ = 0.305 m/s
1.83m —6s 0.61m/s
(0.61 m/s— 0.305 m/s) )

Impulse— momentum is now

(533800 N
9.81 m/&

311400 N
9.81 m/s?

) (0.61 m/s) + ( )(0.305 m/s)

845200 N
— (845200 N)sin0.2°(68) = —— | v
( ) 69 ( 9.81 m/82> center of mass

Veerter of mass = 0.292 m/s|

Problem 16.46 The 400-kg satellite S traveling at
7 km/s is hit by a 1-kg meteor M traveling at 12 km/s.
The meteor is embedded in the satellite by the impact.
Determine the magnitude of the velocity of their

common center of mass after the impact and the angle 8 S 7km/s _-TB B
between the path of the center of mass and the original —— \/

path of the satellite. 45°
Solution: M

(& b) mpva +mpvg = (mp+mp)vy
(9600)(2) + (5400)(1) = (15000)v¢

246
Vp = —
/= 180

vy = 1.64 m/s to the right

Problem 16.47 The 400-kg satellite S traveling at
7 km/s is hit by a 1-kg meteor M. The meteor is
embedded in the satellite by the impact. What would
the magnitude of the velocity of the meteor need to
be to cause the angle B8 between the original path of
the satellite and the path of the center of mass of the
combined satellite and meteor after the impact to be
0.5°? What is the magnitude of the velocity of the center
of mass after the impact?

Solution: Conservation of linear momentum yields (400)(7i) +

(1)(—vy, SIN45%1 + v,, 0545°%)) = (400 + 1) (v cos0.5% + v Sin0.5%). Y

Equating i and j components, we get (400)(7) — vy, c0s45° =

401 v c0s0.5%; v, Sin45° = 401 vsin0.5° and solving, we obtain v
vy = 34.26 ks : v = 6.92 ks, S— . O\/B:—o_g,o
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Problem 16.48 A 68-kg astronaut is initially station-
ary at the left side of an experiment module within an
orbiting space shuttle. The 105,000-kg shuttle’ s center of
massis 4 m to the astronaut’ s right. He launches himsel f
toward the center of mass at 1 m/s relative to the shut-
tle. He travels 8 m relative to the shuttle before bringing
himself to rest at the opposite wall of the experiment
module.

(@) What isthe change in the magnitude of the shuttle’s
velocity relative to its origina velocity while the
astronaut is in motion?

(b) What isthe change in the magnitude of the shuttle’s
velocity relative to its origina velocity after his
“flight”?

(c) Whereisthe shuttle’s center of mass relative to the
astronaut after his “flight”?

Solution: Consider the motion of the astronaut (A) and shuttle (S)
relative to a reference frame that is stationary with respect to their
common center of mass. During the astronaut’s motion,

mava +msvs =0

and vy —vg =1

Solving these two equations, we obtain
(& vs = —0.000647 m/s.

(b) After hisflight v4 = vg, SO vg = 0.

() Itis4 mto hisleft.
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Problem 16.49 An 356 N boy ditting in a stationary
89 N wagon wants to simulate rocket propulsion by
throwing bricks out of the wagon. Neglect horizontal
forces on the wagon’' s wheels. If the boy has three bricks
weighing 44.5 N each and throws them with a horizontal
velocity of 3.05 m/s relative to the wagon, determine the
velocity he attains (@) if he throws the bricks one a a
time and (b) if he throws them all at once.

Solution: Solving, v,3 = 0.765 m/s.

(& The boy (B) in the wagon (w) throws one brick (b) at a time. (b) All the bricks are thrown at once.

First brick: 0= (mp +my)vy + 3ml7vbs
0= (mp + my + 2mp)vy1 + mpvp1, v — vy = —3.05 m/s.
vp1 — vy1 = —3.05. Solving, v, = 0.704 m/s.

Solving, ve1 = 0.234 m/s.

Second brick:
(mp +my + 2mp)vyr = (mp + my + mp)vy2 + Mmpvp2,
Up2 — Uy2 = —3.05.

Solving, v,2 = 0.489 m/s.

Third brick :

(mp +my + mp)vy2 = (Mp + My)vy3 + Mpvps,

vp3 — Vy3 = —3.05.

Problem 16.50 A catapult designed to throw a line to v
ships in distress throws a 2-kg projectile. The mass of /
the catapult is 36 kg, and it rests on a smooth surface.

It the velocity of the projectile relative to the earth as 6,
it leaves the tube is 50 m/s at 6y = 30° relative to the

horizontal, what is the resulting velocity of the catapult \
toward the left?

Solution:

0= mcve + mp(50c0s30°).

Solving,

_ —(2)(50c0s30°)
ve = 36 =

—2.41 m/s.
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Problem 16.51 The catapult, which has a mass of 36  Solution:

kg and throws a 2-kg projectile, rests on a smooth sur-

face. The velocity of the projectilerelativetothecatapult 0= m.v. 4+ mpvpy,
asit leaves the tube is 50 m/s at 6y = 30° relative to the

horizontal. What is the resulting velocity of the catapult ~ where

toward the left?
Vpx — Ve = 50c0s30°.

Soalving,

ve = —2.28 mls.
Problem 16.52 A bullet with a mass of 3.6 grams is
moving horizontally with velocity v and strikes a 5-kg v
block of wood, becoming embedded in it. After the ————>
impact, the bullet and block slide 24 mm acrossthe floor. =
The coefficient of kinetic friction between the block and

the floor is uk = 0.4. Determine the velocity v.

Solution: Momentum is conserved through the collision and then
work energy is used to finish the problem

1
mpv = (M + mp)vz, E(M +mp)v2? — k(M + mp)gd = 0

Solving we find
v2 = /2urgd,

v = (M + mb) Vrred = (g'ggzg :g) \/2(0.4)(9.81 mis?)(0.024 m)

Problem 16.53 A 28-g bullet hits a suspended 45-kg
block of wood and becomes embedded in it. The angle
through which the wires supporting the block rotate as a
result of the impact is measured and determined to be 1
7°. What was the bullet’s velocity?

Solution: Momentum is conserved through the collision and then
work-energy is used to finish the problem.

1
mpvp = (M + mp)vz, E(M + m;;)vz2 = (M 4+ mp)gL(1— cosh)

Solving we have

v2 = /2¢gL(1— cosh) = \/2(9.81 m/s?)(1 m)(1— cos7°) = 0.382 m/s,

M+ my 45+ 0.028
vy = (m_b> Vo= <W) (0.382 m/s) = 615 ms.

vp = 615 m/s.
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Problem 16.54 The overhead conveyor dropsthe 12-kg
package A into the 1.6-kg carton B. The packageistacky
and sticks to the bottom of the carton. If the coefficient
of friction between the carton and the horizontal con-
veyor is ux = 0.2, what distance does the carton dide
after impact?

Solution: The horizontal velocity of the package (A) relative to
the carton (B) is

0.2 m/s
va = (1)c0s26° — 0.2 = 0.699 /s, —

Let v be the velocity of the combined object relative to the belt.

mavg = (mg +mp)u.

. _mava (120699
Solving, v=-r = 1s

= 0.617 m/s.
Use work and energy to determine the sliding distance d:
— p(ma +mp)gd =0— L(ma +mp)v2,

v2 (0.617)2

T 2msg  2(0.2)(9.8))

d = 0.0969 m.

Problem 16.55 A 53376 N bus collides with a12454
N car. The velocity of the bus before the collision
isvg = 5.5i (m/s) and the velocity of the car is ve=
10j (m/s). The two vehicles become entangled and
remain together after the collision. The coefficient of
kinetic friction between the vehicles' tires and the road
is uk = 0.6.

(@ What isthe velocity of the common center of mass
of the two vehicles immediately after the collision?

(b) Determine the approximate final position of the
common center of mass of the vehicles relative to
its position when the collision occurred. (Assume X
that the tires skid, not roll, on the road.)

Solution:

(@) The collision (impulse - momentum).

53376 N 12454 N 65830 N
5.5i m/s) + 10j m/s) = \
(9.81 m/52> ¢ ) (9.81 m/sZ) (10 mfs) (9.81 m/32>

| V= (445 +1.90) mls, v=484mls 0=232°

(b) The skid after the accident (work—energy).

1 (65830 N

= (2222 (484 mis)2 — (0.6)(65830 N)s = s = 1.99 m
2 9.81m/52>( )" OO =

The final position is

| r =(1.99 m)(cos23.2°i +sin23.2°j) = (1.83i +0.78)) m
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Problem 16.56 The velocity of the 200-kg astronaut
A relative to the space station is 40i + 30j (mm/s). The
velocity of the 300-kg structural member B relative to
the station is —20i + 30j (mm/s). When they approach
each other, the astronaut grasps and clings to the struc-
tural member.

(@ What is the velocity of their common center of
mass when they arrive at the station?

(b) Determine the approximate position at which they
contact the station.

Solution:

(& The velocity of the center of mass after the collision

(200 kg)(0.04i + 0.03)) m/s+ (300 kg)(—0.02i + 0.03)) m/s

= (500 kg) v

| v = (0.004i 4 0.03)) m/s

. ) L 6m
(b) The time to arrive at the station ist = 003 = 200 s.
The center of mass of the two bodies starts at
[ _ (200 kg)(0) + (300 kg)(9) m

0= 500 kg

The position upon arrival is

=54m

r = (5.4i) m+ [(0.004i + 0.03j) m/s|(200 s) = (6.2 + 6)) m

Problem 16.57 The weights of the two objects are o4
W4 =5Nand Wz =8 N. Object A ismoving a vy = —

2 m/s and undergoes a perfectly elastic impact with the 4@—@7
stationary object B. Determine the velocities of the A B
objects after the impact.

Solution: Momentum is conserved and the coefficient of restitu-
tion is also used.

MAVA = MAvV) +mpVB, evy =Vp — V)

(5N) (2mis) = (5 N)va+ (8 N)vg, (2 m/s) = v — vy
Solving, we find v4 = —0.462 m/s, v = 1.54 m/s.

Therefore | vj = 0.462 m/s to the left, vz = 1.54 m/s to the right.

(© 2008 Pearson Education South Asia PteLtd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

281



Problem 16.58 The weights of the two objects are V4
W4 =5N and Wz = 8 N. Object A ismoving at vy = —_—

2 m/s and undergoes a direct central impact with the sta- 4@—@7
tionary object B. The coefficient of restitutionise = 0.8. A B
Determine the velocities of the objects after the impact.

Solution: Momentum is conserved and the coefficient of restitu-
tion is also used.

! / / ’
MAVA = MAVA +MBUR, €VA=UVUp — U4

(5 N)(2 mls) = (5 N)vh + (8 N)v’z, (0.8)(2 m/s) = vz — v}
Solving, we find v4 = —0.215 m/s, v = 1.38 m/s.

Therefore | vj = 0.462 m/s to the left, vp = 1.54 m/s to the right.

Problem 16.59 The objects A and B with velocities
va =20 m/s and vg = 4 m/s undergo a direct centra — —

impact. Their masses are m, = 8 kg and m = 12 kg. 4@—@7
After the impact, the object B is moving to the right at A B
16 m/s. What is the coefficient of restitution?

Solution: Momentum is conserved, the coefficient of restitution is
used.

mavs +mpvg =mavy +mpvp, e(va—vp) =vp —vj
(8 kg) (20 m/s) + (12 kg) (4 m/s) = (8 kg)vy + (12 kg) (16 m/s)

(20 m/'s— 4 m/s) = (16 m/s) — v}

Solving we find vy = 2.0 m/s, |e = 0.875.

Problem 16.60 The 8-kg mass A and the 12-kg mass

B dlide on the smooth horizontal bar with the velocities 3mjs Zm/s

shown. The coefficient of restitution is e = 0.2. Deter- - — —
mine the velocities of the masses after they collide. (See R * ;.i1 ——
Active Example 16.5). N A B

Solution: Momentum is conserved, and the coefficient of restitu-
tion is used.

mava +mpvg =mavy +mpv, e(va —vp) =vp — Vi
Putting in the numbers we have

(8 kg) (3 m/s) + (12 kg)(—3 m/s) = (8 kg)uy + (12 kg)v's

(0.2)([3 M/s] — [—2 m/s)) = vy — v4
Solving we find v} = —0.6 m/s, v = 0.4 m/s.

Thus | vj = 0.6 m/sto the left, v = 0.4 m/s to the right.
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Problem 16.61 In astudy of the effects of an accident
on simulated occupants, the 1900 N car with velocity
v4 = 30 km/h collides with the 2800 N car with velocity
vg = 20 km/h. The coefficient of restitution of the
impact is e = 0.15. What are the velocities of the cars
immediately after the collision?

Solution: Momentum is conserved, and the coefficient of restitu-
tion is used.

mava +mpvp =mavy+mpvg, e(va—vp) =vp— V)
(1900 N) (30 knmvh) + (2800 N)(—20 km/h) = (1900 N) v} + (2800 N)v's

(0.15)([30 km/h] — [—20 km/h]) =v's — vj
Solving we find vy = —4.26 km/h, v = 3.24 km/h.

Converting into ft/swefind | vj = 1.18 m/sto the left, vz = 0.9 m/s to the right.

Problem 16.62 In astudy of the effects of an accident
on simulated occupants, the 1900 N car with velocity
v4 = 30 km/h collides with the 2800 N car with velocity
vp = 20 km/h. The coefficient of restitution of theimpact
ise = 0.15. The duration of the collisionis0.22 s. Deter-
mine the magnitude of the average acceleration to which
the occupants of each car are subjected.

Solution: The velocities before the collision are converted into
ft/s. The velocities after the collision were calculated in the preceding
problem. The velocities are

va =8.33m/s, vg =5.55mls, vy =-1.18 m/s, vz =0.9 m/s.
The average accelerations are
Av  |(=1.18 m/g) — (8.33 mls)

an = 023 5 = — 4323 m/s
Av (0.9 m/s) — (—5.55 m/s)
= — = =29.32 m
9B = A 022s 9.32 mis?

las = — 4323 Wi, 0y =2932 /S, |
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Problem 16.63 The balls are of equal mass m. Bals
B and C are connected by an unstretched spring and are = =

stationary. Ball A moves toward ball B with velocity K
va. Theimpact of A with B is perfectly elastic (e = 1).
(8 What isthe velocity of the common center of mass

of B and C immediately after the impact?

(b) What isthe velocity of the common center of mass
of B and C at time r after the impact?

Solution: Consider the impact of bals A and B. From the
equations

mvg = my +my,

y
/ / LO—‘,\/\/\/\/\"O —mee——— X
e:l:%f'ﬂ\’
B C

vA

we obtain y =0, y; = va. (b) With no external forces,

(&8 The position of the center of massis dx 1
— =const. = Zva.
dt 2
mxg + mxc __XB + xc
T m+m 2 ’
so
dx _ 1 dxp i dxc
dt — 2\ dt dar )’

Immediately after the impact dxp/dt = va and dx¢/dt = 0, sO

dx _ 1
a2

Problem 16.64 In Problem 16.63, what is the maxi-
mum compressive force in the spring as a result of the

impact?

Solution: See the solution of Problem 16.63. Just after the col- B D c
lison of A and B, B is moving to the right with velocity va, C is

stationary, and the center of mass D of B and C is moving to the right Q—J\/\/\/\%\/\N@
with velocity %vA (Fig. @). Consider the mation in terms of areference

frame that is moving with D (Fig. b). Relative to this reference frame, e ——

B is moving to the right with velocity $v4 and C is moving to the V=V Vg = Y2vp v¢=0
left with velocity %UA. There total kinetic energy is @

1 /1 \% 1 /1 \ 1 , y

ém (évA) + ém (évA) = ZmuA.

When the spring has brought B and C to rest relative to D, their
kinetic energy has been transformed into potential energy of the spring.
This is when the compressive force in the spring is greatest. Setting

#mv? = k52, we find that the compression of the spring is .

Yavp
m
S:—UA E

Therefore the maximum compressive force is

—t——
® ™

mk
k|S| = va -
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Problem 16.65* The balls are of equal mass m. Balls
B and C are connected by an unstretched spring and are
stationary. Ball A moves toward ball B with velocity
va. Theimpact of A with B is perfectly elastic (e = 1).
Suppose that you interpret this as an impact between ball
A and an “object” D consisting of the connected balls
B and C.

(@ What is the coefficient of restitution of the impact
between A and D?

(b) If you consider the total energy after the impact
to be the sum of the kinetic energies, Zm(v')2 +

1
> (2 m)(v},)?, where v}, isthe velocity of the center

of mass of D after the impact, how much energy
is“logt” as aresult of the impact?

(c) How much energy is actually lost as aresult of the
impact? (This problem is an interesting model for
one of the mechanisms for energy loss in impacts
between objects. The energy “loss’ calculated in
part (b) istransformed into “internal energy” —the
vibrational motions of B and C relative to their
common center of mass.)

Solution: Seethe solution of Problem 16.135. Just after the impact
of A and B, A is stationary and the center of mass D of B and C is
moving with velocity v4.

(8 The coefficient of restitution is

(b) The energy before the impact is %mvi. The energy after is

1 1 , 1
ém(v%)2 + é(2m)(uD)2 = va%.

The energy “lost” is 3mvZ.

() No energy is actualy lost. The total kinetic energy of A, B, and
C just after the impact is mv2.

A B D cC
e
VA=0 Vo =Y Vp
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Problem 16.66 Suppose that you investigate an acci-
dent in which a 1300 kg car A struck a parked 1200 kg
car B. All four of car B’s wheels were locked, and skid
marks indicate that it dlid 8 m after the impact. If you
estimate the coefficient of kinetic friction between B’s
tires and the road to be ux = 0.8 and the coefficient of
restitution of the impact to be ¢ = 0.4, what was A’s
velocity v, just before the impact? (Assume that only
one impact occurred.)

Solution: We can use work-energy to find the velocity of car B
just after the impact. Then we use conservation of momentum and the
coefficient of restitution to solve for the velocity of A. In general terms

we have
1 2 ’
Emsv’s — pmimpgd =0= vp = /2uxgd

! / ’ ’
MAVA = MAVA +MBVUR, €VA = Up — U4

Putting in the numbers we have

v = \/2(0.8)(9.81 m/$)(8 m) = 11.2 m/s,
(1300 kg) v4 = (1300 kg) vy + (1200 kg) (11.2 m/s)

(0.2)v4 = (9.81 m/s?) — v)4

Solving the last two eguations simultaneously we have

v4 =6.45m/s, | vy =16.8 m/s

Problem 16.67 When the player releases the ball from
rest at a height of 1.52 m above the floor, it bouncesto a
height of 1.07 m. If he throws the ball downward, releas- +
ing it a 0.91m above the floor, how fast would he need
tothrow it so that it would bounce to aheight of 3.66 m?

1.52m
Solution: When dropped from 1.52 m, the ball hits the floor ——
with a speed /

Ubefore = 1/ 2(9.81 m/s?)(1.52 m) = 5.47 m/s

In order to rebound to 1.07 m, it must leave the floor with a speed

A - v

Vefter = 1/ 2(9.81 m/s?)(1.07 m) = 4.58 m/s

The coefficient of restitution is therefore e = % =0.837
547 m/s

To bounce to a height of 3.66 m we need a rebound velocity of

Vrebound = 1/ 2(9.81 m/s?)(3.66 m) = 8.47 m/s

Therefore, the ball must have a downward velocity of % =

10.13 m/s before it hits the floor. To find the original velocity when
it leaves his hands,

1, 1 2
5mv? +m(9.81 m/$)(0.91m) = > m(1013 mis? =
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the ground when it is kicked upward at 12 m/s. If the
coefficient of restitution between the ball and the ground
ise = 0.6, what maximum height above the ground does @ o

the ball reach on its first bounce?
N 1im

Problem 16.68 The 0.45-kg soccer ball is 1 m above 1
12 m/s

Solution:  Wemust first find the velocity with which the ball strikes Post Impact:
the ground. Then we analyze the impact. Finaly, we analyze the post

impact bounce. %m(v/l)Z +0=0+mghs
Kick-to-Bounce Phase:- Use Cons. of Energy Datum is the ground 12
level. hy = 0
2
%mv(z) + mgho = %mv% + mg(0) hy = 3.00m

Impact occurs at vy

vo =12 m/s, ho = 1 m, m = 0.45 kg,
g =9.81 m/s?

Solving, v = —12.79 m/s (downward)
Impact:

/
—v
e=—2=06
V1

v) = 7.67 m/s upward after impact

Problem 16.69 The 0.45-kg soccer ball is stationary
just before it is kicked upward at 12 m/s. If the impact
lasts 0.02 s, what average force is exerted on the ball by
the player’s foot?

Solution: (Neglect gravity during the impact) Details of kick (all
in y direction)

vp=0
vy =12 m/s
m = 0.45 kg

j: /FAvdt:FAVAt:mvl—muo

Fay At = mv1 = (0.45)(12) = 5.40 N-s

At =0.02 s,

Solving Fay = 270 N
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Problem 16.70 By making measurements directly
from the photograph of the bouncing golf ball, estimate
the coefficient of restitution.

Solution: For impact on a stationary surface, the coefficient of
restitution is defined to be e = —v/, /v4. (Since theimpact and rebound
velocities have opposite signs, e is positive.) (See Eg. (16.19)).
From the conservation of energy, %mA(vg)Z = magh, the velocity
is proportional to the sguare root of the rebound height, so that if
h1, ho,...hy, ... ae successive rebound heights, then an estimate
of e ise = y/hi11/h;. Measurements are h; = 5.1 ¢cm, hp = 3.1 cm,
from which

e=4/31/51=0.78

Problem 16.71 If you throw the golf ball in Prob-
lem 16.70 horizontally at 0.61m/s andreleaseit 1.22 m
above the surface, what is the distance between the
first two bounces?

Solution: The normal velocity at impact is va, = —v/2g(1.22) =
—4.89 m/s (downward). The rebound normal velocity is (from
Eq (16.19)) v, = — eva, = —(0.78)(—4.89) = 3.81 m/s (upward).
From the conservation of energy for free fall the first rebound height
is h = (v),,)%/2g = 0.74 m/s. From the solution of Newton's second
law for free fall, the time spent between rebounds is twice the time
to fall from the maximum height: + = 2,/2h/g = 0.778 s from which
the distance between bounces is:

|d:vot:2l:0.48m

Problem 16.72 In a forging operation, the 100-N
weight is lifted into position 1 and released from rest. It
falls and strikes a workpiece in position 2. If the weight
is moving at 15 m/s immediately before the impact and 1
the coefficient of restitution is e = 0.3, what is the ]
velocity of the weight immediately after impact?

Solution: The strategy is to treat the system as an in-line impact
on a rigid, immovable surface. From Eq. (16.16) with B’s velocity
equal to zero: v/, = —ewvy, from which

k
Workpiece

v, = —0.3(—15) = 4.5 m/s 305 mm
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Problem 16.73 The 100-N weight is released from
rest in position 1. The spring constant is k = 1751 N/m,
and the springs are unstretched in position 2. If the

coefficient of restitution of the impact of the weight 1

with the workpiece in position 2 is ¢ = 0.6, what is —

the magnitude of the velocity of the weight immediately

after the impact? 406.4 mm
Solution: Work-energy will be used to find the velocity just before k k

the collision. Then the coefficient of restitution will give the velocity

- Workpi
after impact. orkpiece

1 1
2 (Ekx2> +mgh = > mv?

k
v=,/2—x2+42gh
m

1751 N/m
[ 100 N ]
9.81 m/¢
v = ev = (0.6)(4.73 m/s) = 2.84 m/s.

v = 2.84 m/s|

(0.51 m—0.305m)?+ 2(9.81 m/s>) (0.406 m) = 4.73 m/s

Problem 16.74* A bioengineer studying helmet design
uses an experimental apparatus that launches a 2.4-kg
helmet containing a 2-kg model of the human head
against a rigid surface at 6 m/s. The head, suspended
within the helmet, is not immediately affected by the
impact of the helmet with the surface and continues to
move to the right at 6 m/s, so the head then undergoes
an impact with the helmet. If the coefficient of restitu-
tion of the helmet’s impact with the surface is 0.85 and
the coefficient of restitution of the subsequent impact
of the head with the helmet is 0.15, what is the velocity
of the head after its initial impact with the helmet?

Solution: The helmet's rebound velocity is
Vhemet = (0.85)(6 m/s) = 5.1 m/s
The collision of the helmet and head
(2 kg)(6 m/s) + (2.4 kg)(—5.1 m/s) = (2 kg) vhead’ + (2.4 KG) vheimet’

0.15(6 — [—5.1]) M/S = vheimet’ — Vhead’

Solving we find | vhead’ = —0.963 m/s
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Problem 16.75*

(@ If the duration of the impact of the head with the
helmet in Problem 16.74 is 0.004 s, what is the
maghnitude of the average force exerted on the head
by the impact?

(b) Suppose that the simulated head alone strikes the
rigid surface at 6 m/s, the coefficient of restitution
is 0.5, and the duration of the impact is 0.0002 s.
What is the magnitude of the average force exerted
on the head by the impact?

Solution: See the solution to Problem 16.74

(@ (2kg)(6 M/s) — Fae(0.004 s) = (2 kg)(—0.963 m/s)

= | Fave = 348 kN

(b) The velocity of the head after the collision is
v=0.5(6 m/s)y =3 m/s

(2 kg)(6 M/S) — Fae(0.0002 ) = (2 kg)(—3 m/s)

= | Fave = 90 kN

Problem 16.76 Two small bals, each of 1-N weight,
hang from strings of length L = 3 m. The left ball is
released from rest with & = 35°. The coefficient of resti-
tution of the impact ise = 0.9. Through what maximum
angle does the right ball swing?

Solution:
have

1
mgL(1— cost) = 3 mva? = vy = /2gL(1 — cosh)

Using work-energy and conservation of momentum we

, _l+te
VR =
B 5 va

mvag = mvy +mv’s
evy = v —v)

1 ;2 1 U’BZ
= = L(1— cos = COS 1-—
5 MuBT=mg ( ¢)=> ¢ 2L

Putting in the numbers we find

v = \/2(9.81 m/s*)(3 m)(1 — cos35°) = 3.26 ms,
L
Vg = 79(3.26 m/s) = 3.1 m/s,

_ Bimd® ) =332
(981 m/3ml /)

— —1 _
¢ = cos (1 5
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Problem 16.77 In Example 16.6, if the Apollo
command-service module approaches the Soyuz space-
craft with velocity 0.25i 4+ 0.04j + 0.01k (m/s) and the
docking is successful, what is the velocity of the center
of mass of the combined vehicles afterward?

Solution: Momentum is conserved so

ma

maVa = (ma + ms)Veomb = Veomb = Va

ma+mg

18 . .

Veomb = (0.183i 4- 0.0293] + 0.00732k) m/s. |

Problem 16.78 The 3-kg object A and 8-kg object B
undergo an oblique central impact. The coefficient of
restitution is e = 0.8. Before the impact, v, = 10i +
4j + 8k (m/s) and v = —2i — 6] + 5k (m/s). What are
the velocities of A and B after the impact?

Solution: Tangent to theimpact plane the velocities do not change.
In the impact plane we have

(3 kg)(10 m/s) + (8 kg)(—2 m/s) = (3 kg)va,' + (8 kg)vg,’

0.8(10 — [—2]) m/s= vp,' — vay’
Solving we find v4,” = —5.71 m/s, vp,’ = 3.89 m/s

Thus | v4' = (=5.71i + 4j + 8k) m/s, v’ = (3.89 — 6j + 5k) m/s
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Problem 16.79 A baseball bat (shown with the bat’'s y
axis perpendicular to the page) strikes a thrown base-
ball. Before their impact, the velocity of the baseball is
Vp = 132(cos45°i + cos45°j) (m/s) and the velocity of
the bat is vg = 60(— cos45°i — cos45°j)(m/s). Neglect
the change in the velocity of the bat due to the direct
central impact. The coefficient of restitution is e = 0.2.
What is the ball’ s velocity after the impact? Assume that
the baseball and the bat are moving horizontally. Does
the batter achieve a potential hit or a foul ball?

baseball 4&&““«

Solution: Tangent to the impact plane, the velocity does not
change. Since we are neglecting the change in velocity of the bat,
then

0.2([132c0s45°] — [—60c0s45°]) m/s = (—60c0s45°) M/s — v pal,’

Solving we find vpgi,” = —69.6 m/s

Thus | Vg’ = (—69.6i + 132c0s45°j) m/s = (—69.6i + 93.3j) m/s

The ball is foul.

Problem 16.80 The cuegivesthecueball A avelocity
parallel to the y axis. The cue ball hits the eight ball
B and knocks it straight into the corner pocket. If the
magnitude of the velocity of the cue ball just before the
impact is 2 m/s and the coefficient of restitutionise = 1,
what are the velocity vectors of the two balls just after
the impact? (The balls are of equal mass.)

Solution: Denote the line from the 8-ball to the corner pocket by ~ and

BP. This is an oblique central impact about BP. Resolve the cue ball

velocity into components parallel and normal to BP. For a 45° angle, 1— Vpp — Vyp
the unit vector parallel to BPisegp = %(—i + j), and the unit vector - VAP ’

normal to BPisegp, = %(i + j). Resolve the cue ball velocity before

impact into components. Va4 = vap€gp + vapn,€ppn. The magnitudes
vap and vy p, are determined from

For m4 = mp, these have the solution v/;, =0, vp =vap, from
which

V), = vapp€pn =i+]j m/s‘
VIvap€sp|2 + [vapurPal2 = V4| = 2 M/s ‘ A APn=BPn I (m's)

and the condition of equality imposed by the 45° angle, from which and
vAp = vapn = ~/2 m/s. The cue ball velocity after impact is v/, =
V), p€BP + Vapn€Bpa, (SiNCe the component of v, that is a right ‘ng — vap€sp = —i+] (M9). |
angles to BP will be unchanged by the impact). The velocity of the
8-ball after impact is Vi, = v p€pp. The unknowns are the magni-
tudes v}, and v/, ,. These are determined from the conservation of
linear momentum along BP and the coefficient of restitution.

’ /
MAVAP = MAV,p +MBUgp,
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Problem 16.81 In Problem 16.80, what are the veloc-
ity vectors of the two balls just after impact if the coef-
ficient of restitution is e = 0.9?

Solution: Use the resuits of the solution to Problem 16.80, where
the problem is solved as an oblique central impact about the line from
the 8-ball to the corner pocket. Denote the line from the 8-ball to
the corner pocket by BP. The unit vector paralel to BP is ezp =
%(—i +1]), and the unit vector normal to BP is egp, = %(i +J).
Resolve the cue ball velocity before impact into components:

VA = vap€pp + VAP#EBPn,
where, from Problem 16.80, vsp = vapn = /2 m/s. The velocity of
the 8-ball after impact isv} , = v} p€pp. The unknowns are the mag-

nitudes v , and v/, ,. These are determined from the conservation of
linear momentum along BP and the coefficient of restitution.

a /
MAVAP = MAV,p +MBUgp,
and

’ ’
Ypp —Vap
VAP

e =
For m 4 = mpg, these have the solution
, 1

var =\ 3 (1—e)vap = 0.0504p,
and

, 1

Vpp = é (14 e)vap = 0.95v4p.

The result:

qu =vapegp + vapu€ppn = (—0.05 + 0.05 +i+])
= 0.95 + 1.05) m/s

vl = 0.95(—i + ) (M/9)
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Problem 16.82 If the coefficient of restitution is the
same for both impacts, show that the cue bal’'s path
after two banks is parallel to its origina path.

Solution: The strategy is to treat the two banks as two successive
oblique central impacts. Denote the path from the cue ball to the first
bank impact as CP1, the path from the first impact to the second as
CP2, and the final path after the second bank as CP3. The cue ball
velocity along CP1 is

VAL = VALd + vaty),

and the angle is

o =tan~t <—UAX1> .
YAyl
The component va1,j is unchanged by the impact. The x component

after the first impact is va2, = —eva1y, from which the velocity of
the cue ball along path CP2 is

Va2 = —evatyl + UA]_yj.

The angle is

B =tan-t (J) .

VAly
The x component of the velocity along path CP2 is unchanged after

the second impact, and the y component after the second impact is
va3y = —eva1y. The velocity along the path CP3 is

VA3 = —evaLd — evayy,

and the angle is

_ —€VALx
y =tan 1 (—) =«
—€VAly

The sides of the table at the two banks are at right angles; the angles
show that the paths CP1 and CP3 are parallel.
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Problem 16.83 The velocity of the 170-g hockey puck
isvp = 10i — 4j (m/s). If you neglect the change in the
velocity vs = vgj of the stick resulting from the impact,
and if the coefficient of restitutionise = 0.6, what should
vs be to send the puck toward the goal ?

Solution: The strategy is to treat the collision as an oblique cen-
tral impact with a moving object of infinite mass. The horizontal
component of the puck velocity is unchanged by the impact. The
vertical component of the velocity after impact must satisfy the condi-
tion tan*l(v’,,x/v’,,y) = tan~1(10/v},) = 20°, from which the velocity
of the puck after impact must be v}, = 27.47 m/s. Assume for the
moment that the hockey stick has a finite mass, and consider only the y
component of the puck velocity. The conservation of linear momentum
and the definition of the coefficient of restitution are

mpvpy +mgvs = myvp, +msug,
and

/ ’
Ve — UV
S Py
627).
vp_vag

These two simultaneous eguations have the solution

Vpy, = (1/(mp +ms))(ms(L+ e)vs + (mp — ems)vpy).
Divide numerator and denominator on the right by mg and take the
limit as

. mp
mgs — 00, vp, = lim (l/ <—+1>>((1+e)v5
) nmg—»00 mg

m
+ (—P — e) vpy> = (1+e)vs —evpy.

ms

Substitute the values: v},y =27.47mfs, e = 0.6, and vp, = -4 m/s
and solve:

v, +evpy
vs= 2" 1567 mis
1+e)

Direction
of goa

20°

—

N
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Problem 16.84 In Problem 16.83, if the stick responds
to the impact the way an object with the same mass as
the puck would, and if the coefficient of restitution is
e = 0.6, what should vs be to send the puck toward
the goa?

Solution:  Usethe solution to Problem 16.83, where ms hasafinite ~ Substitute mp = mg, e = 0.6, vp,, = 27.47 m/s, and vp, = —4 m/s,
mass, and solve:

/ — —
)(mS(l+€)US+(I1’lp—emS)Upy). Vg = M
(1+e)

/

Vp, = <m =35.3m/s

Problem 16.85 At theinstant shown (t; = 0), the posi-
tion of the 2-kg object’s center of massisr = 6i + 4j +
2k (m) and its velocity is v = —16i + 8] — 12k (m/s).
No external forces act on the object. What is the object’s
angular momentum about the origin O at r, =1 s?

Solution:
Ho = (6i 4+ 4j + 2k) m x (2 kg)(—16i + 8 — 12k) m/s

Ho = (—128i + 80j 4 224k) kg-m?/s

296

Problem 16.86 Suppose that the total external force  Solution:

on the 2-kg object shown in Problem 16.85 is given as

afunction of time by F = 2ri + 4j(N). Attime#; = 0, (@ F=@i+4)N=2kga a=(i+2) ms
the object’s position and velocity arer = 0 and v = 0.

2 3

(@ UseNewton's second law to determine the object’s V= (%I +2tj) mis, r= (%i +t21') m
velocity v and position r as functions of time.

(b) By integrating r x XF with respect to time from
t1 =0 to 1, = 6 s, determine the angular impulse (b) Angular Impulse =[5 *M od1
about O exerted on the object during this interval
of time. 6s bsrres S

() Use the results of part (a) to determine the change _/0 Rt _/o [(E' + J) m] x [ (i + 4N
in the object’s angular momentum from ¢z, = 0 to

— 6s 3
tr=6s. :/ <74Lk> N-md
b 3

‘ Angular Impulse = (—432k) kg-m?/s

6s
(© |AHp :/ M odt = (—432k) kg-m?/s
0
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Problem 16.87 A satellite is in the elliptic earth orbit B

shown. Its velocity at perigee A is 8640 m/s. The radius T

of the earth is 6370 km.

(@) Use conservation of angular momentum to deter- 13,900 km
mine the magnitude of the satellite’s velocity at
apogee C.

(b) Use conservation of energy to determine the mag- Ce A 1A

nitude of the velocity at C.
(See Example 16.8.)

Solution:

l«—16,000 km—»% 8000 km-« 8000 km
(@ rava =rcvc = [Hol

(8000)(8640) = (24000)vc

ve = 2880 m/s
1 ng2 1 ng2
2 E 2 E
(b) éva - = zmvc T

vi_gRE v R

2 raA 2 rc

where vs = 8640 m/s, g= 9.81 m/s, Rp =6370000 m, ry =
8,000,000 m, rc = 24,000,000 m.

Solving for ve, ve = 2880 m/s

Problem 16.88 For the satellite in Problem 16.87,
determine the magnitudes of the radial velocity v, and
transverse velocity vy a B. (See Example 16.8.)

Solution: Use conservation of energy to find the velocity
magnitude at B. Then use conservation of angular momentum to
determine the components.

1 V2 ng%_l V2 ng%

m
274 raA 2 B rp

where r4 = 8 x 106 m, v4 = 8640 m/s

rp = /(8 x 106)2 + (13.9 x 106)2

rg=16x 108 m, Rz =6.370 x 10° m
Solving, we get vg = 4990 m/s

From conservation of angular momentum

FAVA =TBVp

Solving, vy = 4320 m/s

Findly v, =,/v2 —v2 = 2500 m/s
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Problem 16.89 The bar rotates in the horizontal plane
about a smooth pin at the origin. The 2-kg sleeve A
dlides on the smooth bar, and the mass of the bar is
negligible in comparison to the mass of the deeve.
The spring constant k = 40 N/m, and the spring is
unstretched when » = 0. At ¢+ =0, the radia position
of the deeve is r = 0.2 m and the angular velocity of
the bar is wg = 6 rad/s. What is the angular velocity of
the bar when r = 0.25 m?

Solution:  Since the spring force is radial, it does not affect the
angular momentum which is constant.

(0.2 m)(2 kg)[(0.2 m)(6 rad/s)] = (0.25 m)(2 kg)[(0.25 m)w]

w = 3.84 rad/s

Problem 16.90 At r =0, the radia position of the
sleeve A in Problem 16.89 is r = 0.2 m, the radial
velocity of the sleeve is v, = 0 and the angular velocity
of the bar is wg = 6 rad/s. What are the angular velocity
of the bar and the radial velocity of the sleeve when
r=0.25m?

Solution:  From problem 16.89 we have

Use work - energy to find the radial velocity

%(2 kg) (07 4 [(0.2 m)(6 rad/s)?]) + %(40 N/m)(0.2 m)2 =

%(2 kg) (v,2 + [(0.25 m)(3.84 rad/s)?]) + %(40 N/m)(0.25 m)2

v, = £0.262 m/s
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Problem 16.91 A 2-kg disk dides on a smooth
horizontal table and is connected to an elastic cord whose
tension is T = 6r N, where r is the radial position of
the disk in meters. If thedisk isat »r =1 m and is given
an initia velocity of 4 m/s in the transverse direction,
what are the magnitudes of the radial and transverse
components of its velocity when r = 2 m? (See Active
Example 16.7.) @

Solution: The strategy is to (a) use the principle of conservation
of angular momentum to find the transverse velocity and (b) use
the conservation of energy to find the radial velocity. The angular
momentum the instant after r = 0 is (r x mv), = Hoe, = (mruvg),€;,
from which Ho = 8 kg-m?/s. In the absence of externa transverse
forces, the angular momentum impulse vanishes:

7]
(r x F)dt =0=Hy — Hy,
[Texy

1

so that H1 = Hy, that is, the angular momentum is constant. At

H 8
r=2, Ug:—O:—:Zm/s.
mr 4

From conservation of energy:

1.2 1.2 lp¢2 1,2, 1.2 1;¢2
mvy + smvy + 5kS; = zmv; + 3mvg + 3kS<.

Solve:

k
v = \/U,ZO +v2 —vi+ (Z) (52 - 52).

Substitute numerical values: Noting m = 2 kg, v,y =0, vg, =4 m/s,
k=6N/m, r=2m, vy=2mls, S, =1m, S=2m from which

. The velocity is[ v = 1.732e, + 2, | (M/S).

Problem 16.92 In Problem 16.91, determine the max-
imum value of r reached by the disk.

Solution: The maximum value is the stretch of the cord when Solve rZ, = —b+vb? —c =5.333,= 1, from which the greatest
v, = 0. From the solution to Problem 16.91, positive root is

k . . .
vZ=v2 +vi —vi+ <—) (82— 5% =0, [Check: This value is confirmed by a graph of the value of
o m

2
Ho Ho _( H§ 1 k )
where vg = — mis, v2 =0, vg, = e m/s, S, =ro=1m, § = fr) = <_m2) (l —=)t(;,)d=-

rm, and Ho = 8 kg-m?/s. Substitute and reduce:

H2
vf=0= (mg) (1— %) +<£>(l—r2).

Denote x = r2 and reduce to a quadratic canonical form x2 + 2bx +

to find the zero crossing. check.]

¢ =0, where
1\ [ H? H?
b=—(Z)(2+1)=-3167,c=—2 =5333
2 km km
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Problem 16.93 A 1-kg disk dides on a smooth
horizontal table and is attached to a string that passes
through a hole in the table.

(@ If the mass moves in a circular path of constant
radius r = 1 m with a velocity of 2 m/s, what is
the tension 7?

(b) Starting from the initial condition described in
part (a), the tension T is increased in such a way
that the string is pulled through the hole a a
constant rate until » = 0.5 m. Determine the value
of T as afunction of r while this is taking place.

Solution:
(& Circular motion
T = —mv?/re

ITI=1)(©2?2/1=4N

(b) By conservation of angular momentum,

rovo
r

mrovg = mrvr, .U =
and from Newton’'s second law

— o2 /r = m (102)
\Tl—mvT/r—m( r ) /r

2
T=( (—(11(2)> /r =4/r*N

Problem 16.94 In Problem 16.93, how much work is
done on the mass in pulling the string through the hole
as described in part (b)?

Solution: The work done is

05 2.2
U = f (— mr03r0> € -dre,
1 r
05 05
dr 1
2.2 2092

=— = = (D2 —=

mrovo/l 3 DO @ |:—2r2:|

_ 1 1
T [_ 2052 © E}

Upp = —4[—1.5] = 6 N-m
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Problem 16.95 Two gravity research satellites (m, =
250 kg, mp = 50 kg) are tethered by a cable. The
satellites and cable rotate with angular velocity wo =
0.25 revolution per minute. Ground controllers order
satellite A to slowly unreel 6 m of additional cable. What
is the angular velocity afterward?

Solution: The satellite may be rotating in (a) a vertical plane, or
(b) in the horizontal plane, or (c) in some intermediate plane. The
strategy is to determine the angular velocity for the three possibilities.

Case (a) Assume that the system rotates in the x-y plane, with y
positive upward. Choose the origin of the coordinates at the center of
mass of the system. The distance along the cable from the center of
mass to A is

12m B

———— =2 m, from which the distance to B is 10 m.
my +mp

Assume that both satellites lie on the x axis at r = 0. The radius
position of satellite Ais ry = —2(icoswot + j Sinwet), and the
radius position of satellite B is rp = 10(i cOswot + j SiNwot). The
acceleration due to gravity is

ng%,

W=_— = —mg'j,
o =—mg]

from which W, = —m g’} and Wg = —mpg’j (or, aternatively).
The angular momentum impulse is

73 2
/(erF)dt:/ (Ta xWa+rg x Wg)dt.
n 1

Carry out the indicated operations:
i j k
ra x Wy = | —2(coswot) —2(Sinwgt) 0
0 —mag 0
=2 mug coswotk.
i j k
rg x Wg = [ 10(coswpt) 10(Sinwot)
0 -mpg’ O
= —10mpg’ coswotk.

Substitute into the angular momentum impulse:

7]
/ (r xZF)dt:O:Hg—Hl,
n

from which Hy = Hy; that is, the angular momentum is conserved.
From Newton's second law, the center of mass remains unchanged as
the cable is slowly reeled out.

A repeat of the argument above for any additional length of cable
leads to the same result, namely, the angular momentum is constant,
from which the angular momentum is conserved as the cable is reeled
out. The angular momentum of the original system is

ra X maVv—+rg x mgV=4mawok + 100m gwok

= 157.1 kg-m?/s,

in magnitude, where wo = 0.026 rad/s. After 6 meters is reeled out,
the distance aong the cable from the center of massto A is

mp(6+12)

3m,
mpg+mp

from which the distance to B is 15 m. The new angular velocity when
the 6 mis reeled out is

H

= ———— =00116 rad/s= 0.1111
@ 32mA —+ 152m3 rears rpm

Case (b): Assume that the system rotates in the x-z plane, with
y positive upward. As above, choose the origin of the coordinates
a the center of mass of the system. Assume that both satellites
lie on the x axis a ¢+ =0. The radius position of satellite A is
ra = —2(icoswot + k Sinwopt), and the radius position of satellite B
is rp = 10(i coswot + k sinwpt). The force due to gravity is W, =
—mag'j and Wg = —mpg’j. The angular momentum impulse is

7] 7]
/(erF)dr:/ (ra xWy +1p x Wg)dt.
n

n

Carry out the indicated operations:
raxWu =2mug' coswoti,

rg x Wg = —10mpgg’ coswoti.

Substitute into the angular momentum impulse:

7]
f (r xZF)dt:O:Hz—Hl,
n

from which H; = Hy; that is, the angular momentum is conserved. By
a repeat of the argument given in Case (8), the new angular velocity
isw = 0.0116 rad/s = 0.111 rpm.

Case (c): Since the angular momentum is conserved, a repeat of the
above for any orientation of the system relative to the gravity vector
leads to the same result.
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Problem 16.96 The astronaut moves in the x—y plane
at the end of a 10-m tether attached to a large space
station at 0. The total mass of the astronaut and his
equipment is 120 kg.

(8 What is the astronaut’s angular momentum about
O before the tether becomes taut?

(b) What is the magnitude of the component of his
velocity perpendicular to the tether immediately
after the tether becomes taut?

Solution:

(8 The angular momentum by definition is

i j k
(r x mv) = 0 6 0| =-6(2)(120k
(1202 0 O

= —1440k (kg-m?/s).

(b) From conservation of angular momentum,
(b) H = —1440k = —(10)(120)vk, from which

1440

v:m:L m/s

y
2i (m/s)
6m
T
v
10m

|=—3 —]
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Problem 16.97 The astronaut moves in the x—y plane
at the end of a 10-m tether attached to a large space
station a O. The total mass of the astronaut and his
equipment is 120 kg. The coefficient of restitution of the
“impact” that occurs when he comes to the end of the
tether is e = 0.8. What are the x and y components of
his velocity immediately after the tether becomes taut?

Solution: From the solution of Problem 16.96, his velocity
perpendicular to the tether is 1.2 m/s.

Before the tether becomes taught, his component of velocity parallel
to the tether is

v, = 2c0s36.9° = 1.6 m/s.

After it becomes taught,

v. = —ev, = —(0.8)(1.6) = —1.28 m/s.
The x and y components of his velocity are

v, = v/ c0836.9° + (1.2)Sin36.9°

= —0.304 m/s

6m

and

N

10m

6 =36.9°

= —-1.728 m/s.

v; = sin36.9° — (1.2) cos36.9°
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Problem 16.98 A ball suspended from a string that
goes through a hole in the ceiling a& O moves with
velocity v, inahorizonta circular path of radiusr,. The
string is then drawn through the hole until the ball moves
with velocity vg in a horizontal circular path of radius
rp. Use the principle of angular impulse and momentum
to show that rpavq = rpup.

Strategy: Let e be a unit vector that is perpendicular
to the ceiling. Although this is not a centra-force
problem—the bal’s weight does not point toward
O —youcanshowthate- (r x Y F) =0,sothate-Hy
is conserved.

Solution:  Assume that the mation is in the x-y plane, and that the
ball lies on the positive x axis at t = 0. The radius vector

ra =ra(icoswat +jSnwat),

where w4 is the angular velocity of the ball in the path. The velocity
is

V4 = —jrawa SNwat + jraws COSwat.

The angular momentum per unit mass about the axis normal to the
celling is

I x mv : _J k 2
— ) = 74 COSwt raSNwat 0 | =k(rjwa).
m .

—rawg SSNwat rawg COSwat 0

Define the unit vector parallel to this angular momentum vector, e = k.
From the principle of angular impulse and momentum, the external
forces do not act to change this angular momentum. This is shown as
follows:

The external force is the weight, W = —mgk. The momentum
impulse is

t2 1
/(erF)dt:/ (ra x W)dt.
n n

Carry out the operation

i j k
ra xW = | raCoSwat rpSnNwat 0
0 0

= ramg CoSwatj,
—mg

from which

12
/ jramg coswt dt = —j(rawamg)(SiNwaty — SiNwat1)
n

=Hy — H;.

Since this has no component parallel to the unit vector e =k, the
angular momentum along the axis normal to the ceiling is unaffected
by the weight, that is, the projection of the angular momentum impulse
due to the external forces on the unit vector normal to the ceiling is
zero e- Hy = e- Hy = 0, hence the angular momentum normal to the
ceiling is conserved. This result holds true for any length of string,
hence

(rxv)y = kriwA =(rxV)g = k}’lzia)g,

from which r2ws = r2wg. SINCe vy = rawa, vg = rpwp, the result

can e expresor
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Problem 16.99 The Cheverton fire-fighting and rescue
boat can pump 3.8 kg/s of water from each of its two
pumps at a velocity of 44 m/s. If both pumps point in
the same direction, what total force do they exert on the
boat.

Solution: The magnitude of the total force is

2(3.8 kg/s)(44 m/s) = 334 N.

Problem 16.100 The mass flow rate of water through
the nozzle is 23.3 kg/s. Determine the magnitude of the
horizontal force exerted on the truck by the flow of the
water.

20°

366m =

10.67 m |

Solution: We must determine the velocity with which the water
exits the nozzle. Relative to the end of the nozzle, the x-coordinate of
a particle of water is x = vgc0s20°t and the y coordinate is

y = vosin20°r — 1(9.81)12.

Setting x = 10.67 m and y = 2.44 m and eliminating  we obtain

10.67 1 1067 \?
44 = in20° | ———— | — =(9.8) | ———
2:44 = vosin (vo cosZO") 2( )(vo cosZO°>

From this equation, vg = 20.94 m/s. The horizontal force exerted by
the flow of water is

d
%u,- 0520° = (23.3 kg/s)(20.94) c0s20° = 458.1 N.
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Problem 16.101 The front-end loader moves at a
constant speed of 3.2 km/h scooping up iron ore. The
constant horizontal force exerted on the loader by the
roadis 1780 N. What weight of iron ore is scooped up
in3s?

Solution:

dmg 3.2 x 1000 dmy
170N = | — || ——— ——~ =2002.5 N-s/m
80 ( dt )( 3600 >:> dt 002.5 N-¢/

In 3 smy = (2002.5 N-¥m)(3 9) = 6007.5 N-s2/m

‘ W =mg = (6007.5) (9.81 m/s?) = 58933.6 N

Problem 16.102 The snowblower moves at 1 m/s and
scoops up 750 kg/s of snow. Determine the force exerted
by the entering flow of snow.

Solution: The mass flow rate is

dmy
— | =750 k
(dt ) 50 kg/s.

The velocity is vy = 1 m/s. The force exerted by the entering flow of
snow is

d
F= <%> vy = 750(1) = 750 N
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Problem 16.103 The snowblower scoops up 750 kg/s
of snow. It blows the snow out the side at 45° above
the horizontal from a port 2 m above the ground and the
snow lands 20 m away. What horizontal force is exerted
on the blower by the departing flow of snow?

Solution: The strategy is to use the solution of Newton's second
law to determine the exit velocity.

dvy
From Newton's second law (ignoring drag) m_/% = —myg, from
which v, = —gt + vy sin45° (M/s),
vy = vy cos45’ (m/s),
and

y = —%z2+ (vrsind5®)t +2m,

x = (v cos45%) .

At y =0, the time of impact is ti%np+2btimp +c¢ =0, where b =
v sin45’ 4
_ o=

8 4

The solution:

fimp = —b £ Vb2 — ¢

vr 8g
=— 1+ /1+—=).
ﬁg( V v?)

Substitute:

x=20= (%) (}—gg) (1i\/@).

This equation is solved by iteration using TK Solver Plus to yield
vy = 13.36 m/s.

The horizontal force exerted on the blower is

dmy 5
F= (=) vy = 750(13.36) cos45™ = 7082.7 kN
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Problem 16.104 A nozzle gjects a stream of water hor-
izontally at 40 m/s with amass flow rate of 30 kg/s, and

y
the stream is deflected in the horizontal plane by a plate. ‘ 450
Determine the force exerted on the plate by the stream — ﬁ
in cases (a), (b), and (¢). (See Example 16.11.) |

Solution: Apply the strategy used in Example 16.7. The exit veloc-
ity isvy, = vo(i cos@ + ] sing) where ¢ isthe total angle of deflection
of the stream, and vg is the magnitude of the stream velocity. Theinlet
velocity isvy; = voi. The force on the plate exerted by the exit stream
is in a direction opposite the stream flow, whereas the force exerted
on the plate by the inlet stream is in the direction of stream flow. The
sum of the forces exerted on the plate (see Eq. (16.25)) is

Y F=(dmys/dt)Vsi — Vo),
from which
> " F = (dmy/dt)vo(i(1 — cosd) — j sind).

The mass flow is (dmy /dt) = 30 kg/s and the stream velocity is vp =
40 m/s. For Case(a), 0 = 45°,

> F = (30)(40)(0.2929i — 0.7071j) = 3515 — 848.5) (N).

The force is downward to the right. For Case (b) 6 = 90°,

> F = (30)(40)(i — j) = 1200i — 1200} (N)

For Case (c) 6 = 180°,

> F = (30)(40)(2i) = 2400i (N)
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Problem 16.105* A stream of water with velocity y
80i (m/s) and a mass flow of 6 kg/s strikes a turbine i
blade moving with constant velocity 20i (m/s). / }70

(8 What force is exerted on the blade by the water?
(b) What is the magnitude of the velocity of the water 20 mis

. —
as it leaves the blade? 80 m/s

Solution: Denote the fixed reference frame as the nozze frame,
and the moving blade frame as the blade rest frame. Assume that the
discharge angle (70°) is referenced to the blade rest frame, so that the
magnitude of the stream velocity and the effective angle of discharge
in the blade rest frame is not modified by the velocity of the blade.
Denote the velocity of the blade by vg. Theinlet velocity of the water
relative to the blade is vs; = (vo — vp)i. The magnitude (vg — vp) is
the magnitude of the stream velocity asit flows along the contour of the
blade. At exit, the magnitude of the discharge velocity in the blade rest
frame is the inlet velocity in the blade rest frame |vy.| = (vo — vp) =
60 m/s, and the vector velocity is vy, = vf.(icos70° +jsin70°) in
the blade rest frame. From Eq. (16.25) the sum of the forces on the
blade is

> F = (dmy/dr)((vo — vg — vse COSTO")i —  (vr, SINTO%)).
(a) Substitute numerical values:

(dmy/dt) = 6 kgls,

vo = 80 m/s,
vp =20 m/s,
from which

> F=236.9i — 3383

(b) Assume that the magnitude of the velocity of the water as it
leaves the blade is required in the nozzle frame. The velocity of the
water leaving the blade in the nozzle frame (see vector diagram)
is Vet = 20i + 60cos70°i + 60sin70°j = 40.52i + 56.38] (m/s). The
magnitude of the velocity is

Iv| = 69.4 ms.
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Problem 16.106 At the instant shown, the nozzle A of y
the lawn sprinkler islocated at (0.1, 0, 0) m. Water exits

each nozzle at 8 m/s relative to the nozzle with a mass

flow rate of 0.22 kg/s. At the instant shown, the flow

relative to the nozzle at A isin the direction of the unit

vector L L .

e=Zi— 5l + ﬁk.
Determine the total moment about the z axis exerted on

the sprinkler by the flows from all four nozzles. A X
Solution:

P — 01, v= dmy _
e= 7§(I+J +k), r=0.1, v=(8m/se, o = 0.22 kg/s
M = 4(_%> (r x v) = (0.406 N-m)(j + k)
The moment about the z-axis is| M, =M ek =0.406 N-m |
Problem 16.107 A 45-kg/s flow of gravel exits the
chute a 2 m/s and falls onto a conveyor moving at
0.3 m/s. Determine the components of the force exerted
on the conveyor by the flow of gravel if 6 = 0.

X

Solution: The horizontal component of the velocity of the gravel
flow is v, = 2c0s45° = +/2 m/s. From Newton’s second law, (using
the chain rule) the vertical component of the velocity is

(vsind5°)2 + 2gh = —/2 + 2(9.81)(2) = —6.422 m/s.

d
The mass flow rate is <%) = 45 kg/s. The force exerted on the
belt is

dmy . . . ’
> F= (7> ((vy — 0.3)i + v,j) = 50.1i — 289 (N)
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Problem 16.108 Solve Problem 16.107 if 8 = 30°.

Solution:  Usethe solution to Problem 16.107 as appropriate. From
Problem 16.107:

vy =2¢€0845° = V2 mis, vy = —/(vSin45°)2 + 2gh
= —4/2+2(9.81)(2) = —6.422 m/s.

The velocity of the conveyor belt is
Vp = vpyi + vpy]
= 0.3(i cos30° — j sin30°) = 0.2598i — 0.15j (m/s).

The magnitude of the velocity of the gravel:

Umag = \/Ux - UB.);)Z + (U)' - Uby)z

= 6.377 (m/s).

The angle of impact:

B = tan1 (w> — 796

Ux — Ubx

The force on the belt is

SF= ("%) (vmeg) (j COSB + ] SinB) = 51.9i — 282.2] (N)

Problem 16.109 Suppose that you are designing a toy
car that will be propelled by water that squirts from

aninternal tank at 3.05 m/srelative to the car. The total 20°
weight of the car and its water “fuel” isto be 8.9 N. If
you want the car to achieve a maximum speed of - 1) <

3.66 m/s, what part of the total weight must be water? B = c—— o

Solution: See Example 16.10

8.9N
W =248 N
)"

3.66 m/s— 0 = (3.05 m/s) cos20° In(

The water must be | Wyater = (8.9 N) — (2.48 N) =6.42 N

Problem 16.110 The rocket consists of a 1000-kg

payload and a 9000-kg booster. Eighty percent of the A\

booster's mass is fuel, and its exhaust velocity is
1200 m/s. If the rocket starts from rest and external
forces are neglected, what velocity will it attain? (See

Example 16.10.) Booster Payload

Solution:

10,000 kg
1,000 kg + 0.2[9,000 kg]

v = (1200 m/s) In<

) = 1530 m/s

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

310




Problem 16.111* The rocket consists of a 1000-kg
payload and a booster. The booster has two stages whose
total mass is 9000 kg. Eighty percent of the mass of
each stage is fuel, and the exhaust velocity of each stage
is 1200 m/s. When the fuel of stage 1 is expended,
it is discarded and the motor of stage 2 is ignited.
Assume that the rocket starts from rest and neglect
external forces. Determine the velocity attained by the
rocket if the masses of the stages are m; = 6000 kg and
my = 3000 kg. Compare your result to the answer to
Problem 16.110.

Solution:
Full mass = 10,000 kg
First burn, {
Empty mass = 4,000 kg + 0.2(6,000 kg) = 5,200 kg
Full mass = 4,000 kg
Second burn {
Empty mass = 1,000 kg + 0.2(300 kg) = 1,600 kg

10,000 kg
5200 kg

v = (12,000 m/s) In(

) + (12,000 m/s) In (4’000 kg>

1600 kg
= 1880 /s

Much faster using stages.

Problem 16.112 A rocket of initial mass mq takes off
straight up. Its exhaust velocity v, and the mass flow rate
of itsenginem; = dmy /dt are constant. Show that, dur-
ing the initia part of the flight, when aerodynamic drag
is negligible, the rocket’s upward velocity as a function
of timeis

mo
U=Uf|n —0 | — gt.
’ mo —mgt

Solution: Start by adding a gravity term to the second equation in
Example 16.10. (Newton's second law). We get

dmy dv
S = g =

dt dt
Substitute
dm  dmy
dt —  dt

as in the example and divide through by m to get

1 dvy
—v | — |dmdt — g = —.
K <m) " § dt

Integrate with respect to time gives the relation

_/’ 1 dmdt
vf 0 m dt

/’ lt—/’dvxdt
o ST Jo Tar

Simplifying the integrals and setting appropriate limits when we
change the variable of integration, we get

m d t v
7vf/ —mfg/ dt:/dvx‘
mg M 0 0

Integrating and evaluating at the limits of integration, we get
v = vy In(mo/m) — gt.

Recalling that m = mo —myt and substituting this in, we get the
desired result.
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Problem 16.113 The mass of the rocket ded in
Active Example 16.9 is 440 kg. Assuming that the only
significant force acting on the sled in the direction of its
motion is the force exerted by the flow of water entering
it, what distance is required for the sled to decelerate
from 300 m/s to 100 m/s?

Solution: From Example 16.9, the force in the x direction (the
only force that affects the speed) is

Fx = 7)0Av2

From Newton's Second law

may = —pAv?

X A
In(v)’ = —'(;—ls_/
where
p = 1000 kg/m®, z
A =0.01n?,
m = 440 kg.
Solving
sp=483m
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Problem 16.114* Suppose that you grasp the end of a
chain that weighs 43.8 N/m and lift it straight up off
the floor at a constant speed of 0.61 m/s.

(@) Determine the upward force F you must exert as
a function of the height s.

(b) How much work do you do in lifting the top of the
chaintos =1.22 m?

Strategy: Treat the part of the chain you have lifted
as an object that is gaining mass.

Solution: The force is the sum of the “mass flow” reaction and
the weight of suspended part of the chain,

F n dm
=m vl — ).
§ dt

(a) Substitute:

i) _ (85, g
ar ) =\ o081 )V "

The velocity is 0.61 m/s.
The suspended portion of the chain weighs 43.8s N. The force
required to lift the chain is

43.8(0.61)2
9.81

9.81

43.8s5 + ( v>v=43.8s+

(b) The work done is

1.22 1.22
/ Fds = |:<16—'3>s+<@>s2:| = 34.6 N-m
0 8 2 0

Problem 16.115* Solve Problem 16.114, assuming
that you lift the end of the chain straight up off the
floor with a constant acceleration of 0.61 m/s?.

Solution: Assume that the velocity is zero at s = 0. The mass

3 ;
of the chain currently suspended is m = (7) s. Use the solution to from which
8

Problem 16.114. From Newton's second law,

dv dm
m|{—|=F—-v|—|—mg.
(dt) (dt)

The velocity is expressed in terms of s as follows: The acceleration is
constant: dv/dr = 0.61 m/s?. Usethe chain rule v(dv/ds) = 0.61. 4 80 27122

Integrate: v2 = 0.37 s, where it is assumed that thevelocity is zero / Fds = [(— +43.8> —} = 38.66
at s =0, from which 0 8 2 1o

dv dm
F = — 2/s | — 43.8s
m(d[> ﬁ(dl )+ s

Fe (@ +43.8>s:11.155
8

(b) The work done is

Substitute:

m:<43'8)s,d—m=(@)v=(@>ﬁ’
g dt g g
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Problem 16.116* It has been suggested that a heavy
chain could be used to gradually stop an airplane that
rolls past the end of the runway. A hook attached to
the end of the chain engages the plane's nose wheel,
and the plane drags an increasing length of the chain as
it rolls. Let m be the airplane’'s mass and vy its initial
velocity, and let p, be the mass per unit length of the
chain. Neglecting friction and aerodynamic drag, what
is the airplane’s velocity as a function of s?

Solution: Assume that the chain is laid out lengthwise along the
runway, such that the aircraft hook seizes the nearest end as the aircraft
proceeds down the runway. As the distance s increases, the length of

chain being dragged is % (see figure). The mass of the chain being

LS
dragged is pT The mass “flow” of the chain is

pL*
d( 2 ) _ va

dt 2

From Newton’s second law,

pL* dv ,oL”2
+m)—=- :
2 dt 2

Use the chain rule and integrate:

(;{)Lj ) dv pLY dv pL
+m)—=- T = dS,
2 s 2 L*
ds v 2<_,0 +m>

In(v) = —In<m+ pé' ) +C.

bl

Forv=1vgat s =0, C =In(mvg), and

muvg

:7_
m
m + >

Problem 16.117* In Problem 16.116, the frictiona
force exerted on the chain by the ground would actually
dominate other forces as the distance s increases. If the
coefficient of kinetic friction between the chain and the
ground is u; and you neglect al other forces except
the frictional force, what is the airplane’s velocity as a
function of s?

Solution:  Assume that the chain layout is configured as shown in

Problem 16.116. From Problem 16.116, the weight of the chain being
85

. . pL
dragged at distance s is P~ From Newton's second law

" pL*\ dv ukpL®’
m —_—=——,
2 dt 2

where only the friction force is considered. Use the chain rule and
integrate:

n pL*\ dv uppLE d pL*

m V— =——7——,vdv = — —_—

2 ) s 2 His < pLé)
2(m+

2

from which

2 _2 LS
U TS m+p——m|n(m+
2 pL 2

Forv=wvas=0,

2
2
C = % + M(l— In(m)),
pL

2

from which, after reduction

%)) el

2m PLS
22 _ 201 f—ln(l pLy
02 = 12 gm<s 2 in(1+ 22

)
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Problem 16.118 A turbojet engine is being operated
on a test stand. The mass flow rate of air entering the
compressor is 13.5 kg/s, and the mass flow rate of fuel
is 0.13 kg/s. The effective velocity of air entering the
compressor is zero, and the exhaust velocity is 500 m/s.
What is the thrust of the engine? (See Example 16.12.)

Solution:

dm dm, dmy
— )= — | =135+0.13=13.63 k
(@) - ()~ () 2+ o

The sum of the mass flows is

Theinlet velocity is zero, and the exit velocity is500 m/s. Thethrust is

| T = 13.63(500) = 6820 N |

dm;
—— dt
— dm,
dt

ZIZ 1212

I1

Turbine

|| —
JAUERNNNARRRY

¢

: RRANNNARRY

: RRANANARRY
Y

L] #
Z
22
2z
22 -

000000000 000000000

Compressor Combustion
chamber

RN T

Problem 16.119 A turbojet engine is in an airplane
flying at 400 km/h. The mass flow rate of air entering the
compressor is 13.5 kg/s and the mass flow rate of fuel is
0.13 kg/s. The effective velocity of the air entering the
inlet is equal to the airplane's velocity, and the exhaust
velocity (relative to the airplane) is 500 m/s. What is the
thrust of the engine? (See Example 16.12.)

Solution: Use the “rest frame” of the engine to determine the
thrust. Use the solution to Problem 16.118. The inlet velocity is

i =400 10° =111.11 m/s.
v = 3600 ) = . .

The thrust is

dme d dm,
7= (e L ) 500 — (£ 11111,
dt dt dt

| T = 13.63(500) — (111.11)13.5 = 5315 N |

Problem 16.120 A turbojet engine's thrust reverser
causes the exhaust to exit the engine at 20° from the
engine centerline. The mass flow rate of air entering
the compressor is 44 kg/s, and the air enters at 60 m/s.
The mass flow rate of fuel is 1.5 kg/s, and the exhaust
velocity is 370 m/s. What braking force does the engine
exert on the airplane? (See Example 16.12.)

Solution:

dm.dt dmy dm, .
T= —L — . _
(555 =]

where

dm,
dt

=44 kg/s

% =15Kkg/s
ve, = —370¢0s(20°) m/s
v; = +60 m/s
Solving,
T = —18500 N = —18.5 KN (to the Right)

|T| = 18.5 KN
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Problem 16.121 The total external force on a 10-kg  Solution:

object is constant and equal to 90i — 60j + 20k (N). At ) )

t = 2 s, the object’s velocity is —8i + 6] (M/s). (@ Theimpulseis

() What impulse is applied to the object from s =2's /lzpd; — 90(4 — 2)i — 60(4 — 2)j + 20(4 — )k
tor=4s? n

(b) What is the object’s velocity at r = 4 s?

| = 180i — 120j + 40Kk (N-9).

(b) The velocity is
7]
mvVo — mVy :/ Fdt,
n

from which

1\ ([~ 180 120
= = Fdt=(-8+==)i+(6-=—=)j
v () [[ra= (or )i+ (o= )

40 —
+<E>k|=10|—61+4k (m/s)|

Problem 16.122 The total external force on an object
is F =10ri +60j (N). At r =0, the object’s velocity
isv =20 (m/s). At t =12 s, the x component of its
velocity is 48 m/s.

(8 What impulse is applied to the object from r =0
tor=6s?
(b) What is the object’s velocity at t = 6 s?
Solution:
(& Theimpulseis
/ Idez = [5:21§i + [60r]§j = 180i + 360j (N-5)
n

(b) The mass of the object is found from the x component of the
velocity at 12 s.

The velocity at 6 sis

2
mVo —m\V1 = / Fdt,

1

from which

180, 36

Vo =20 + —i + Oj = 12i + 44j (m/s).

15 ' 15
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Problem 16.123 An aircraft arresting systemisused to
stop airplanes whose braking systems fail. The system
stops a 47.5-Mg airplane moving at 80 m/sin 9.15 s.

(@ What impulse is applied to the airplane during the
9.15s?

(b) What is the average deceleration to which the
passengers are subjected?

Solution:

(@ Theimpulseis

2
/ F dt = mvy — mv1 = 47500(80) = 3.8 x 10° N-s.

1

(b) The average force is

7]
/ Fdt 5
" _ 3.8x 10

Y = OB =4.153 x 10° N.

Fae =

From Newton's second law

dv Fae
& = = 8.743 m/s?
( dt )m 47500 /

Problem 16.124 The 1895 Austrain 150-mm howitzer
had a 1.94-m-long barrel, possessed a muzzle velocity
of 300 m/s, and fired a 38-kg shell. If the shell took
0.013 s to travel the length of the barrel, what average
force was exerted on the shell?

Solution: The average force is

7
/ Far 38300
Fave = —1 = = 877,000 N
T T —n 0.013
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Problem 16.125 An athlete throws a shot put weighing
71.2 N. When he releases it, the shot is 2.13 m above
the ground and its components of velocity are v, = y
9.45 m/s and vy, = 7.92 m/s.

(8) Supposethe athlete accelerates the shot from rest in @
0.8 s, and assume as a first approximation that the =
force F he exerts on the shot is constant. Use the {
principle of impulse and momentum to determine
the x and y components of F.

(b) What is the horizontal distance from the point
where he releases the shot to the point where it
strikes the ground?

Solution:
(@ Let Fy, F, bethe components of the force exerted by the athlete. (b) From the conservation of energy for the vertical component of
The impulse is the motion, the maximum height reached is
13 1
/ Fdt =i(F)(t2— t1) + ] (Fy — W) (12 — 11) h= <§> 124213 =533 m.
n
W W From the solution of Newton's second law for free fall, the time
_ (7) 9.45) +] <7> (7.92) of flight is
8 8
i [2(h —2.13 [2h
from which i = ( ) I
’ 8 8
9.45
X = <K> <—> =85.8N.
g/ \08 and the horizontal distance is‘ D=9.454=175m

w 7.92
F,=|— — W = 143.2 N.
y <g><a8>+
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Problem 16.126 The 26688 N pickup truck A moving
at 12.2 m/s collides with the 17792N car B moving
a 9.1m/s.

(@ What is the magnitude of the velocity of their
common center of mass after the impact?

(b) Treat the collision as a perfectly plastic impact.
How much kinetic energy is lost?

Solution:

(@) From the conservation of linear momentum,

W, W W, 1%
<_A> vg + <_B> u5 0086 = <M> -
8 8 8
W, . W, W,
(_B>v33n9 _ (u) .
8 8

Substitute numerical values, with 6 =30° to obtain v, =
10.48 m/s, v,= 1.83 m/s, from which v = \/vf +v2=10.64 m/s

(b) The kinetic energy before the collision minus the kinetic energy
after the collision is the loss in kinetic energy:

1/W 1/W 1/w W
() o (M) 2 (Bat e e
2\ g 2\ g 2 g

= 21,2853 N-m

Problem 16.127 Two hockey players (m, = 80 kg,
mpg = 90 kg) converging on the puck a&& x =0, y =
0 become entangled and fall. Before the collision,
vy =9 +4 (mls) and vz = —3i+ 6] (m/s). If the
coefficient of kinetic friction between the players and
the ice is ux = 0.1, what is their approximate position
when they stop diding?

Solution: The strategy is to determine the velocity of their
combined center of mass immediately after the collision using the
conservation of linear momentum, and determine the distance using
the conservation of energy. The conservation of linear momentum
is Omy —3mp = (ma +mp)v,, and 4my +6mp = (ms +mp)vy,
from which v, =2.65m/s, and v, =5.06 m/s, from which v =

/v2 4+ v2 = 571 m/s, and the angle of the path is

0 —tan? (”—’) — 6.4

Ux

The work done by friction is

s
/ — pig(ma +mp)ds = —purg(ma +mp)s,
0

where s is the distance the players slide after collision. From the con-
servation of work and energy %(mA +mp)v? — urg(mya +mp)s =0,
from which

v2

218

N

The position of the players after they stop dliding is

r =s(icosf +jsing) = 7.7i + 14.7j (m)
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Problem 16.128 The cannon weighed 1780 N, fired a
cannonball weighing 44.5 N, and had a muzzle velocity
of 61 m/s. For the 10° elevation angle shown, determine
(a) the velocity of the cannon after it was fired and
(b) the distance the cannonball traveled. (Neglect drag.)

Solution: Assume that the height of the cannon mouth above the
ground is negligible. (a) Relative to areference frame moving with the
cannon, the cannonball’s velocity is 61 m/s at. The conservation of
linear momentum condition is —mcvc + mp(vp c0s10° — vc) =0,
from which

cos10°
ve = MBYBERTE 1 464 mis.
mp +mc

The velocity of the cannon ball relative to the ground is

vp = (61c0s10° — v()i + 61sin10°j = 58.57i + 10.59) m/s,

from which vg, = 58.57 m/s, vg, = 10.59 m/s. The maximum height
is (from the conservation of energy for free fall) hma = v, /(2g) =
5.72 m/s, where the height of the cannon mouth above the ground is
negligible. The time of flight (from the solution of Newton's second
law for free fall) is twice the time required to fall from the maximum
height,

2h
fight = 2,/ —— =216 s.
8

From which the range is ‘ Ximpact = Voxflight = 126.5 m | since vo,
is constant during the flight.

Problem 16.129 A 1-kg bal moving horizontaly
a 12 m/s strikes a 10-kg block. The coefficient of
restitution of the impact is e = 0.6, and the coefficient
of kinetic friction between the block and the inclined () —>
surface is u;, = 0.4. What distance does the block dide

before stopping?

Solution:  First we analyze the impact between the ball (b) and the
block (B). The component of the ball’s velocity parallel to the inclined
surface is v, = (12) c0s25° = 10.9 m/s. Solving the equations

mpvp = mpvy, + mpvl,

/ a
Up— Y
v

e =

we obtain v}, = 1.58 m/s. We use work and energy to determine the
distance d the block slides:

1
(—mpg sin25° — pmpgcos25°)d = 0 — émg(v}g)z.

Solving yields d = 0.162 m.

(© 2008 Pearson Education South Asia Pte Ltd. All rightsreserved. Thispublication is protected by Copyright and permission should be obtained fromthe publisher prior
to any prohibited reproduction, storage in aretrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording or likewise.

320




Problem 16.130 A Peace Corps volunteer designs the
simple device shown for drilling water wells in remote
areas. A 70-kg “hammer,” such as a section of log or
a steel drum partialy filled with concrete, is hoisted to :
h =1 m and alowed to drop onto a protective cap on £\ Hammer
the section of pipe being pushed into the ground. The
combined mass of the cap and section of pipe is 20 kg.
Assume that the coefficient of restitution is nearly zero.

(@ What is the velocity of the cap and pipe
immediately after the impact?

(b) If the pipe moves 30 mm downward when the
hammer is dropped, what resistive force was
exerted on the pipe by the ground? (Assume that
the resistive force is constant during the motion of
the pipe.)

Solution: The conservation of momentum principle for the
hammer, pipe and cap is myvy +myv, = (my +mpy)v, where
vy, v, are the velocity of the hammer and pipe, respectively, before
impact, and v is the velocity of their combined center of mass
immediately after impact. The velocity of the hammer before impact
(from the conservation of energy for a free fall from height &) is

vy = «/2gh = /2(9.81)(1) = 4.43 m/s. Since vp =0,

my 70
= ———vy = —(4.43) = 3.45 m/:
v my +mva 90( ) ms.

(b) The work done by the resistive force exerted on the pipe
by the cap is [g —Fds = —Fs N-m, where s =0.03 m. The
work and energy principle for the hammer, pipe and cap is
—Fs+ (myg +mp)gs = %(mH + mp)v2, from which

_ Ong+mp)(v2+2gs) _ (90)(345 + 2(9.81)(0.03))

F
2s 2(0.03)

= 18,700 N

Problem 16.131 A tugboat (mass= 40 Mg) and a .
barge (mass= 160 Mg) are stationary with a dack o |
hawser connecting them. The tugboat accelerates to
2 knots (1 knot = 1852 m/h) before the hawser becomes
taut. Determine the velocities of the tugboat and
the barge just after the hawser becomes taut () if
the “impact” is perfectly plastic (¢ = 0) and (b) if the
“impact” is perfectly elastic (e = 1). Neglect the forces
exerted by the water and the tugboat’ s engines.

Solution: The tugboat's initid velocity is vy = 2(1852 ?) (b) With e = 1, we obtain

l h H H [ "
(3600 s) = 1.03 m/s. The equations governing the “impact” are Vp = —0.617 m/s (—1.2 knots).,
mrvur = mTv/T +va/B, U/B = 0.412 m/s 0.8 knots).
ro_
e = —UB vT .
vr

(8 With e =0, we obtain

vy = v = 0.206 m/s (0.4 knots).
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Problem 16.132 In Problem 16.131, determine the
magnitude of the impulsive force exerted on the tugboat
in the two cases if the duration of the “impact” is 4 s.
Neglect the forces exerted by the water and the tugboat’ s
engines during this period.

Solution: Since the tugboat is stationary at r =11, the linear
impulse is

2
/ Fdt = Fae(tr — t1) = va};,
1

from which Fae = mpvy/4= (4 x 10%v}. For Case(a) vy =

0.206 m/s, from which | Fae = 8230 N |. Case (b). v'5 = 0.412 m/s,
Fae = 16,500 N

Problem 16.133 The 10-kg mass A ismoving a 5 m/s 5m/s
when it is 1 m from the stationary 10-kg mass B. The —
coefficient of kinetic friction between the floor and the
two massesis u, = 0.6, and the coefficient of restitution A
of the impact is e = 0.5. Determine how far B moves
from its initial position as a result of the impact.

—in—]

Solution: Use work and energy to determine A’s velocity just
before impact:

—urmg(l) = %mvf‘ — %m(5)2.
Solving, vy = 3.64 m/s. Now analyze the impact:

mvy = mv'y +mvj,

/ ’
VUp — VU
e = 8 A.
VA

Solving these two equations, we abtain vy, = 2.73 m/s. We use work
and energy to determine how far B dides:

—pugmgd =0 — %m(v’B)z.

Solving, d = 0.632 m.
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Problem 16.134 The kinetic coefficients of friction
between the 5-kg crates A and B and the inclined
surface are 0.1 and 0.4, respectively. The coefficient of
restitution between the crates is ¢ = 0.8. If the crates
are released from rest in the positions shown, what are
the magnitudes of their velocities immediately after they
collide?

Solution: The free body diagrams of A and B are shown. From
the diagram of A, we have Ny = m g cos60° = (5)(9.81) cos60° =
245N

ZFX =musgsin60° — 0.1 Ny = maay.

Solving, (5)(9.81)sin60° — 0.1(24.5) = (5)as, as = 8.01 m/s>. The
velocity of A isvs = aut and its position is x4 = %aAtz. From the
free body diagram of B, we have Ng = Ny =245N and }_ F, =
magsin60° — 0.4Np = mpap. Solving we have (5)(9.81)sin60° —
0.4(24.5) = (5)ag, of ag = 6.53 m/s2. The velocity of B isvg = apt
and its position is xz = ar?/2. To find the time of impact, set

xp =xp+0.1 %aAtz = %agtz +0.1

Solving for ¢

20D \/ 200D
- _ —0369s
! \/aA “ap VBO0l-653 S

The velocities at impact are
va = aat = (8.01)(0.369) = 2.95 m/s vg = apt = (6.53)(0.369)

=241 m/s

Conservation of linear momentum yields
mava +mpvg =mavy +mpvj :

(5)(2.95) + (5)(2.41) = 5V, + B D)
The coefficient of restitution is

/_/
_Yp "V .

va —vp

Evaluating, we have

/ a
Up —Va

08= 295 241

(2).

Solving equations (1) and (2), v/, = 2.46 m/s, v}y = 2.90 m/s.

<
o.m\y

60°

0.1Njx Mg

04 Nsmg -
Ng < o

X
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Problem 16.135 Solve Problem 16.134 if crate A has
a velocity of 0.2 m/s down the inclined surface and
crate B is at rest when the crates are in the positions
shown.

Solution: From the solution of Problem 16.134, A’s acceleration
isay = 8.01 m/s® so A’s velocity is

v t
/ dv = / apdtvy = 0.2+ aat
0.2 0

and its position is x4 = 0.2r + %aAzz. From the solution of Problem
16.136, the acceleration, velocity, and position of B are ag =
6.53 M/ vp = apt xp = apt?, At impact, x4 = xp +0.1; 0.2 +
2aat? = Lapt? + 0.1. Solving for ¢, we obtain t = 0.257 50, vy =
0.2+ (8.01)(0.257) = 2.26 m/s; v = (6.53)(0.257) = 1.68 m/s

mavae +mpvp = mavly +mpvy :
(5)(2.26) + (5)(1.68) = (5)v;4 + (5)1)2; 1);

U )
vAa —vg 2.26 — 1.68

(2).

Solving Equations (1) and (2), v/, = 1.74 m/s vj; = 2.20 m/s.
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Problem 16.136 A small object starts from rest at A
and dlides down the smooth ramp. The coefficient of
restitution of the impact of the object with the floor is
e = 0.8. At what height above the floor does the object
hit the wall?

Solution: The impact with the floor is an oblique central impact
in which the horizontal component of the velocity is unchanged. The
strategy is

(a) determine the time between leaving the ramp and impact with
the wall,

(b) determine the time between the first bounce and impact with the
wall

(c) from the velocity and height after the first bounce, determine
the height at the time of impact with the wall. The steps in this
process are:

(1) The velocities on leaving the ramp. The velocity at the
bottom edge of the ramp is (from the conservation
of energy) v =+/2gh = +/2(9.81)(0.91— 0.305) = 3.46 m/s.
The horizontal component of the velocity is v, = vcos60° =
1.73 m/s. The vertical component of the velocity at the bottom
edge of the ramp is v, = vsin60° = 3 m/s.

(2) The maximum height after leaving the ramp: From the conserva-
tion of energy, the maximum height reached is

2

vy
hmax = =~ +0.305=0.762 m.
2g

(3) The velocity and maximum height after the first bounce: The
velocity of the first impact (from the conservation of energy
for a free fall) is vyimpat = —v/2ghmax = —3.86 m/s. The
vertical velocity after the first bounce (see equation following
Eq. (16.17)) is v}, = —evyimpact = 0.8(3.86) = 3.09 m/s. The
maximum height after the first bounce is

v/} 2
W, = @) =0.49 m.
Y 2g
(4) Thetime of impact with the wall, the time at the first bounce, and
the time between the first bounce and impact with the wall. The
time required to reach the wall is

183

w —

=1.058 s.

X

The time at the first bounce (from a solution to Newton's second
law for afreefal) is

2(hmax — 0.305 2)h
tb:\/(max )+\/()max

=07s

8 8

The time between the first bounce and wall impact is t,,_, =
ty —t, = 0.3582 s.

A
o
0.91m 60°
0.305m
v
1.83m
(5) Isthe ball on an upward or downward part of its path when it
strikes the wall? The time required to reach maximum height
after the first bounce is
, 2n,
t, =,/ — =03154s.
8
Since t,,—, > t;,,, the bal is on a downward part of its trajectory
when it impacts the wall.
(6) The height at impact with the wall: The height of impact is (from

a solution to Newton’'s second law for free fall)

hy =y = Sty — 1) = 0.48 mls
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Problem 16.137 The cue gives the cue ball A aveloc-
ity of magnitude 3 m/s. The angle 8 = 0 and the coef-
ficient of restitution of the impact of the cue bal and
the eight ball B is e = 1. If the magnitude of the eight
ball’s velocity after the impact is 0.9 m/s, what was the
coefficient of restitution of the cue ball’s impact with
the cushion? (The balls are of equal mass.)

Solution: Thestrategy isto treat the two impacts as oblique central
impacts. Denote the paths of the cue ball as P 1 before the bank impact,
P2 after the bank impact, and P3 after the impact with the 8-ball. The
velocity of the cue ball is

Vap1 = 3(1cos30° +j sin30°) = 2.6i + 1.5/ (m/s).

The x component is unchanged by the bank impact. The y component
after impact is vpp2y = —evpp1y, = —1.5e, from which the velocity
of the cue ball after the bank impact isvapy = 2.6 — 1.5¢j. At impact
with the 8-ball, the x component is unchanged. The y component after
impact is obtained from the conservation of linear momentum and the
coefficient of restitution. The two equations are

MAVAP2y = MAVAP3y + MBUBP3y

VBP3y — VAP3
and 1= —2 272
VAP2y

For ms = mp, these equations have the solution v4p3, =0 and
vpp3y = Vap2y, from which the velocities of the cue ball and the
8-ball after the second impact are v4pz = 2.6i (M/s), and vpp3 =
—1.5¢j (m/s). The magnitude of the 8-ball velocity isvgpz = 0.9 m/s,

from which
0.9
e=—=06
15

Problem 16.138 What is the solution to Prob-
lem 16.137 if the angle 8 = 10°?

Solution:  Use the results of the solution to Problem 16.137. The For ms =mp, these equations have the solution v/, ,;=0
strategy is to treat the second collision as an oblique central impact and v p5 = vap3. From the value of v p5 = 0.9 m/s, 0.9 = 0.4512 +
about the line P when g = 10°. The unit vector paralel to the line 1.477e, from which

Pis

0.9 0.4512
ep = (isin10° — j cos10°) = 0.1736i — 0.9848;. e= .7 —0304

The vector normal to the line P is ep, = 0.9848i 4+ 0.1736j. The
projection of the velocity V4p2 = vapzep + vaps.€p,. From the
solution to Problem 16.13, v4p2 = 2.6i — 1.5¢j, from which the two
simultaneous equations for the new components: 2.6 = 0.173 v4p3 +
0.9848v4p3,, and —1.5¢ = —0.9848v4p3 + 0.1736v4p3,. Solve:
vap3 = 0.4512 + 1.477¢, vap3, = 2.561 — 0.2605¢. The component
of the velocity normal to the line P is unchanged by impact. The
change in the component parallel to P isfound from the conservation
of linear momentum and the coefficient of restitution:

MAVAP3 = MAV)y p3 + MBVg ps,

/ !
and 1= 'BP3 " Yars
vAP3
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Problem 16.139 What is the solution to Prob-
lem 16.137 if the angle B8 = 15° and the coefficient
of regtitution of the impact between the two bals is
e=0.9?

Solution: Use the solution to Problem 16.137. The strategy is to
treat the second collision as an oblique central impact about P when
B = 15°. The unit vector paraléd to the line P is

where eg = 0.9. For my = mp, these eguations have the solution

1
Vgpg = (5) (1+ep)vapz = 0.95v4p3.

ep = (isin15° — j cos15°) = 0.2588i — 0.9659].
From thevalue of v}, ,; = 0.9 m/s, 0.9 = 0.95(0.6724 + 1.449¢), from

The vector normal to the line P is

epn = 0.9659i + 0.2588;.

The projection of the velocity v4p2 = vap3ep + vaps,€p,. From the
solution to Problem 16.139, v4p2 = 2.6 — 1.5¢j, from which the two
simultaneous equations for the new components: 2.6 = 0.2588v4 p3 +
0.9659v4 p3,, and —1.5¢ = —0.9659v4 p3 + 0.2588v4 p3, -

Solve: vap3 = 0.6724 + 1.449¢, v4p3, = 2.51 — 0.3882¢. The com-
ponent of the velocity normal to the line P is unchanged by impact.
The velocity of the 8-ball after impact is found from the conservation
of linear momentum and the coefficient of restitution:

/ /
MAVAP3 = MAV, p3 +MBVUgp3,

/ ’
_ YBP3 — Var3
VAP3

and ep

Problem 16.140 A ball is given a horizontal velocity @) >3m/s
of 3 m/s a 2 m above the smooth floor. Determine the T~
distance D between the ball’s first and second bounces AN
if the coefficient of restitution is e = 0.6. o AN
\
\\ ///_‘\\
v N
\\’/ AN
\ |
| D |

Solution: The strategy is to treat the impact as an oblique
central impact with a rigid surface. The horizontal component of
the velocity is unchanged by the impact. The vertical velocity
after impact is v/, = —ewvay. The vertical velocity before impact
is vay = —+/2 gh = —/2(9.81)2 = —6.264 m/s, from which v, =
—0.6(—6.264) = 3.759 m/s. From the conservation of energy for a
free fall, the height of the second bounce is

L W?

h/
2g

=0.720 m.

From the solution of Newton's second law for free fall, the time
between the impacts is twice the time required to fal from height

20
h,t =2 |— =0.7663 s, and the distance D is
8

| D = vot = (3)(0.7663) = 2.30 m
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Problem 16.141* A basketball dropped from a height y
of 1.22 m rebounds to a height of 0.91 m. In the layup e
shot shown, the magnitude of the ball’s velocity is
1.52m/s, and the angles between its velocity vector and
the positive coordinate axes are 6, = 42°, 0, = 68°, and
0, = 124° just before it hits the backboard. What are the
magnitude of its velocity and the angles between its
velocity vector and the positive coordinate axes just
after the ball hits the backboard?

Solution: Using work and energy to determine the dropped ball's
velocity just before and just after it hits the floor,

mg(122 m) = %mvz,

1
mg(0.91 m) = Em(u’)z,
weobtainv = 4.9 m/sand v’ = —4.24 m/s. The coefficient of restitu-
tionis

v

e = —— = 0.866.

v
The ball’s velocity just before it hits the backboard is
v = 1.52(cos42°i + cos68°j + cos124°k)

= 1.13i + 0.57] — 0.85k (m/s).

The z component of velocity just after the impact is
v, = —ev, = —(0.866)(—0.85)

=0.74 m/s.

The ball’s velocity after impact is V' = 1.13i 4+ 0.57j + 0.74k (m/s).
Its magnitude is |V'| = 1.47 m/s, and

113 o
0y = arccos(m> = 39.5°,

0.57
0y = arccos| —— | =67.1°,
: 147

0.74 .
0, = arccos(m> =59.8°.
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Problem 16.142* In Problem 16.141, the basketball’s
diameter is241.3 mm., the coordinates of the center of
basket rimarex =0, y = 0, and z = 305 mm., and the
backboard liesin the x-y plane. Determine the x and y
coordinates of the point where the ball must hit the
backboard so that the center of the ball passes through
the center of the basket rim.

Solution: See the solution of Problem 16.141. The ball’s velocity
after impact in m/s is

v/ =1.13i + 0.57] + 0.74k m/s

From impact to the center of the rim, the distance the center of the ball
moves in thez direction is 305— %(241.3) = 184.4 mm. The time
required is

0.1844 m

= ————— =0.250
0.74 m/s s

Setting
x = 0= x0+ vyot

= xo + (1.13)(0.250)

1
and y=0=yo+vyot — Egtz

= yo -+ (0.57)(0.250) — :—2L(9.81)(0.305)(0.250)2,

we obtain xo = —282.7 mm., yo = 163.1 mm.

Problem 16.143 A satellite at rg = 16090 km from
the center of the earth is given an initia velocity
vo = 6096 m/s in the direction shown. Determine the
magnitude of the transverse component of the satellite’s
velocity when » = 32180 km. (The radius of the earth
is6372 km.)

Solution: By definition,
Ho = |r x mV| = mrovg Sin45°

= m(16090)(1000)(6096) Sin45°
Hop = 6.93 m x 1010 kg-m?/s.

The gravitational force

ng% o
r2 T

F=

where e, is a unit vector paralel to the radius vector r. Since (r x
e.) = 0, it follows that the angular momentum impulse is

/[:2 (r x ZF) dt = 0= Hy — Ho,

from which Hop =Hj, and the angular momentum is conserved.
Thus the angular momentum at the distance 32180 km is Hp =
mrivgy SiN90°. From which

6.93 x 1010

. X

Vo1 =

is the magnitude of the transverse velocity.
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Problem 16.144 In Problem 16.143, determine the
magnitudes of the radial and transverse components of
the satellite’s velocity when r = 24135 km.

Solution:  From the solution to Problem 16.143, the constant angu-
lar momentum of the satellite is Ho = 6.93 m x 101° kg-m?/s. The
transverse velocity at r = 24135 km is

H
M _ 595
Y0 = L (24135)(1000) ms

From conservation of energy:

2 2
<1mvg> _ meRp _ (Emv§> _ ek
2 r=16090 o 2 r=24135 1

from which
11
2_2 1 0.p2(2_ 1
vy = vy +28Rg -
— (6096)%+ 2(9.81)(6372000)° 1 !
= : 24135000 16090000

=0.207x 108 (m/s)2.

The radial velocity is

v = ,/vf - vg = 3520.4 m/s

Problem 16.145 Thesnow is0.61m deep and weighs
3142 N/m3, the snowplow is 2.44 m wide, and the
truck travels at 8 km/h. What force does the snow
exert on the truck?

Solution: The velocity of the truck is
v = 8 kmh =222 m/s.

The mass flow is the product of the depth of the snow, the width of
the plow, the mass density of the snow, and the velocity of the truck,
from which

<%) =(0.61) <£42> (2.44)(2.22) = 1058.3 kg/s.
8

The force is

F= (dm_f> v =2375.2 N
dt
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Problem 16.146 An empty 244.6 N drum, 0.91m in
diameter, stands on a set of scales. Water begins pouring
into the drum at 5338 N/min from 2.44 m above the
bottom of the drum. The weight density of water isapp-
roximately 9802 N/m3. What do the scales read 40 s
after the water starts pouring?

Solution: The mass flow rate is

dmy 5338\ [ 1
()= () () oo

After 40 seconds, the volume of water in the drum is

5338 /40
lume= —— ( — ) = 0.363 m°.
volume 9802 (60) 0.363

The height of water in the drum is

volume
hater = —20MC - _ 0,553 m.
water = 270 4552) m

The velocity of the water stream at point of impact is (from the conser-

vation of energy for free fal) v = /2¢(2.44— hyae) = 6.081 m/s.
The scale reading is

d
W = (volume)(9802) + 244.6 + (%)

v = 0.363(9802) + 244.6+ 9.07(6.081) = 3856.4 N

Problem 16.147 The ski boat’s jet propulsive system
drawswater in at A and expelsit at B at 24.4 m/srelative
to the boat. Assume that the water drawn in enters
with no horizontal velocity relative to the surrounding
water. The maximum mass flow rate of water through the
engine is 36.5 kg/s. Hydrodynamic drag exerts a force !
on the boat of magnitude 1.5v N, where v is the boat’s i a—
velocity in feet per second. Neglecting aerodynamic
drag, what is the ski boat’s maximum velocity?

Solution: Use the boat's “rest” frame of reference. The force  from which
exerted by the inlet mass flow on the boat is

_ 36.5(24.4)

dm v = =23.4m/s
ma:—(%> v=-36.5V. 38

The force exerted by the exiting mass flow on the boat is
dmy
Feyit = e (24.4) = 36.5(24.4)

The hydrodynamic drag is Fgrag = —1.5 v. At top speed the sum of
the forces vanishes:

ZF:Finlet‘f‘Fexit‘i‘Fdrag:O

= —36.5v+ 36.5(24.4) — 1.5v = —38v + 36.5(24.4) =0,
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Problem 16.148 The ski boat of Problem 16.147
weighs 12454 N. The mass flow rate of water through
the engine is 36 kg/s, and the craft starts from rest at
t = 0. Determine the boat’s velocity (a) at + = 20 s and
(b) s =60s.

Solution: Use the solution to Problem 16.147: the sum of the Invert:
forces on the boat is

38¢
-
> F =-38v+36.5(24.4) N. v(t) = 23.4 (1—e w )

From Newton’'s second law

w (dl> — 380 4 890.6.

Substitute numerical values:

¢ \ar W = 12454 N,
Separate variables and integrate: g =9.81 m/s%
v _ 38 (@ Atr=20s |v=10.54ms|
23.4—v w
from which (b) Atr=60s, |v=19.52m/s
38¢g
In23.4—v) =— — t+C.
( v) w T
Att =0, v =0, from which C = In(23.4), from which
v 38¢
n(l-ga) =%
Problem 16.149* A crate of mass m dides across a s =

smooth floor pulling a chain from a stationary pile. The
mass per unit length of the chain is p;. If the velocity
of the crate is vop when s = 0, what is its velocity as a
function of s?

...

Solution: The “mass flow” of the chain is

dmy
()

The force exerted by the “mass flow” is F = pLv2. From Newton's
second law

dv 2
(oLs +m) | — | = —pLv".
dt
Use the chain rule:
dv 2
(pLs + m)v— = —ppv-.
ds

Separate variables and integrate:

m
In(v) = —|n<s + —) +C,
PL

from which
C=In <@> .
oL

Reduce and solve:

mug
V= ———
(pLs +m)
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