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Problema 1: Um projétil de massa m move-se para a direita com velocidade vi, 
conforme figura (1a). O projétil atinge e gruda na extremidade de uma barra, que 
estava inicialmente em repouso, de massa M e comprimento d, a qual pode girar ao de 
um eixo sem atrito que passa pelo seu centro, conforme figura (1b).

(a) Determine os momentos linear e angular do sistema antes da colisão.

(b) Determine os momentos linear e angular após a colisão e discuta suas  possíveis 
conservações.

(c) Encontre a velocidade angular do sistema após a colisão.

(d) Determine a fração de energia mecânica perdida devido à colisão.
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Figura 1: Vista superior da colisão
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key climbs the rope in an attempt to reach the bananas.
(a) Treating the system as consisting of the monkey, ba-
nanas, rope, and pulley, evaluate the net torque about the
pulley axis. (b) Using the results of (a), determine the total
angular momentum about the pulley axis and describe the
motion of the system. Will the monkey reach the bananas?

A puck of mass m is attached to a cord passing through a
small hole in a frictionless, horizontal surface (Fig. P11.49).
The puck is initially orbiting with speed vi in a circle of ra-
dius ri. The cord is then slowly pulled from below, decreas-
ing the radius of the circle to r. (a) What is the speed of the
puck when the radius is r? (b) Find the tension in the cord
as a function of r. (c) How much work W is done in moving
m from ri to r ? (Note: The tension depends on r.) (d) Ob-
tain numerical values for v, T, and W when r ! 0.100 m,
m ! 50.0 g, ri ! 0.300 m, and vi ! 1.50 m/s.

49.

Two astronauts (Fig. P11.51), each having a mass of
75.0 kg, are connected by a 10.0-m rope of negligible mass.

51.

50. A projectile of mass m moves to the right with a speed vi
(Fig. P11.50a). The projectile strikes and sticks to the end
of a stationary rod of mass M, length d, pivoted about a
frictionless axle through its center (Fig. P11.50b). (a) Find
the angular speed of the system right after the collision.
(b) Determine the fractional loss in mechanical energy
due to the collision. 
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Figure P11.51 Problems 51 and 52.

Figure P11.50

They are isolated in space, orbiting their center of mass at
speeds of 5.00 m/s. Treating the astronauts as particles,
calculate (a) the magnitude of the angular momentum of
the system and (b) the rotational energy of the system. By
pulling on the rope, one of the astronauts shortens the dis-
tance between them to 5.00 m. (c) What is the new angu-
lar momentum of the system? (d) What are the astronauts’
new speeds? (e) What is the new rotational energy of the
system? (f) How much work does the astronaut do in
shortening the rope?
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52. Two astronauts (Fig. P11.51), each having a mass M, are con-
nected by a rope of length d having negligible mass. They
are isolated in space, orbiting their center of mass at speeds
v. Treating the astronauts as particles, calculate (a) the mag-
nitude of the angular momentum of the system and
(b) the rotational energy of the system. By pulling on the
rope, one of the astronauts shortens the distance between
them to d/2. (c) What is the new angular momentum of the
system? (d) What are the astronauts’ new speeds? (e) What
is the new rotational energy of the system? (f) How much
work does the astronaut do in shortening the rope?

53. Global warming is a cause for concern because even small
changes in the Earth’s temperature can have significant
consequences. For example, if the Earth’s polar ice caps
were to melt entirely, the resulting additional water in the
oceans would flood many coastal cities. Would it apprecia-
bly change the length of a day? Calculate the resulting
change in the duration of one day. Model the polar ice as
having mass 2.30 " 1019 kg and forming two flat disks of
radius 6.00 " 105 m. Assume the water spreads into an un-
broken thin spherical shell after it melts.

54. A solid cube of wood of side 2a and mass M is resting on a
horizontal surface. The cube is constrained to rotate about
an axis AB (Fig. P11.54). A bullet of mass m and speed v is
shot at the face opposite ABCD at a height of 4a/3. The
bullet becomes embedded in the cube. Find the minimum
value of v required to tip the cube so that it falls on face
ABCD. Assume m ## M.



Problema 2: Dois baldes vazios, de massa m cada e presos por uma barra de massa 
desprezível, são postos a girar como velocidade angular ω em torno de um eixo fixo, 
como mostra a figura (2). Em seguida, enche-se cada balde com uma quantidade de 
água de massa 2m e deixa-se o sistema girar com a mesma velocidade angular ω 
anterior. Considerando que os baldes tem raio interno muito pequenos de tal modo que 
podemos desprezar seus momentos de inércia com relação ao eixo do balde, determine:

(a) o momento angular antes e depois de se encher os baldes, e compare os resultados.

(b) a energia cinética antes e depois de se encher os baldes, e compare os resultados.

Problema 3: Quais as coordenadas x e y do centro de massa para uma chapa de aço 
uniforme apresentada na figura (3).
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Figura 3: Formato da chapa de aço 

Figura 2: Baldes girando
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Problema 4: Dois carrinhos estão sobre um trilho de ar. Uma mola de constante 
elástica k está presa num das extremidades de um dos carrinhos. O primeiro carrinho  
de massa m1 tem velocidade v1, e o segundo carrinho de massa m2 tem velocidade v2, 
conforme mostra figura (4). Quando m1 colide com a mola presa em m2 e a comprime, a 
mola tem seu máximo de compressão xmax, a velocidade de ambos carrinhos é v. 
Encontre:

(a) a velocidade v no máximo de compressão.

(b) o máximo de compressão na mola xmax .

(c) a velocidade de cada carrinho após m1 perder contato com a mola.

(d) a velocidade do centro de massa do sistema antes e depois da colisão.

Problema 5: Um projétil é lançado obliquamente e ao chegar no ponto mais alto de 
sua trajetória este se fragmenta em dois pedaços, de massas m/3 e 2m/3 
respectivamente. O alcance de cada projétil foi 2d e d, respectivamente. Sabemos que 
a trajetória do centro de massa é aquela seguida pelo projétil se ele não se 
fragmentasse. Desta forma, qual seria o alcance o projétil se ele não explodisse? Em 
outras palavras, qual foi o alcance do centro de massa?
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Figura 4: Dois carrinhos sobre trilho de ar.

Problems 287

(a) Plot these particles on a grid or graph paper. Draw 
their position vectors and show their velocities. (b) Find
the position of the center of mass of the system and mark
it on the grid. (c) Determine the velocity of the center of
mass and also show it on the diagram. (d) What is the total
linear momentum of the system?

Romeo (77.0 kg) entertains Juliet (55.0 kg) by playing his
guitar from the rear of their boat at rest in still water, 2.70 m
away from Juliet, who is in the front of the boat. After the
serenade, Juliet carefully moves to the rear of the boat (away
from shore) to plant a kiss on Romeo’s cheek. How far does
the 80.0-kg boat move toward the shore it is facing?

48. A ball of mass 0.200 kg has a velocity of 150 î m/s; a ball of
mass 0.300 kg has a velocity of ! 0.400 î m/s. They meet in
a head-on elastic collision. (a) Find their velocities after
the collision. (b) Find the velocity of their center of mass
before and after the collision.

Section 9.7 Rocket Propulsion

The first stage of a Saturn V space vehicle consumed
fuel and oxidizer at the rate of 1.50 " 104 kg/s, with an
exhaust speed of 2.60 " 103 m/s. (a) Calculate the thrust
produced by these engines. (b) Find the acceleration of
the vehicle just as it lifted off the launch pad on the Earth
if the vehicle’s initial mass was 3.00 " 106 kg. Note: You
must include the gravitational force to solve part (b).

50. Model rocket engines are sized by thrust, thrust duration,
and total impulse, among other characteristics. A size C5
model rocket engine has an average thrust of 5.26 N, a fuel
mass of 12.7 g, and an initial mass of 25.5 g. The duration of
its burn is 1.90 s. (a) What is the average exhaust speed of
the engine? (b) If this engine is placed in a rocket body of
mass 53.5 g, what is the final velocity of the rocket if it is fired
in outer space? Assume the fuel burns at a constant rate.

51. A rocket for use in deep space is to be capable of boosting
a total load (payload plus rocket frame and engine) of
3.00 metric tons to a speed of 10 000 m/s. (a) It has an en-
gine and fuel designed to produce an exhaust speed of
2 000 m/s. How much fuel plus oxidizer is required? (b) If
a different fuel and engine design could give an exhaust
speed of 5 000 m/s, what amount of fuel and oxidizer
would be required for the same task?

52. Rocket Science. A rocket has total mass Mi # 360 kg,
including 330 kg of fuel and oxidizer. In interstellar
space it starts from rest, turns on its engine at time t # 0,
and puts out exhaust with relative speed ve # 1 500 m/s
at the constant rate k # 2.50 kg/s. The fuel will last for
an actual burn time of 330 kg/(2.5 kg/s) # 132 s, but
define a “projected depletion time” as Tp # Mi /k #
144 s. (This would be the burn time if the rocket could
use its payload and fuel tanks as fuel, and even the walls
of the combustion chamber.) (a) Show that during the
burn the velocity of the rocket is given as a function of
time by

(b) Make a graph of the velocity of the rocket as a function
of time for times running from 0 to 132 s. (c) Show that

v(t) # !  ve ln[1 ! (t/Tp)]

49.

47.

the acceleration of the rocket is

(d) Graph the acceleration as a function of time. (e) Show
that the position of the rocket is

(f) Graph the position during the burn.

53. An orbiting spacecraft is described not as a “zero-g,” but
rather as a “microgravity” environment for its occupants and
for on-board experiments. Astronauts experience slight
lurches due to the motions of equipment and other astro-
nauts, and due to venting of materials from the craft. As-
sume that a 3 500-kg spacecraft undergoes an acceleration
of 2.50 $g # 2.45 " 10!5 m/s2 due to a leak from one of its
hydraulic control systems. The fluid is known to escape with
a speed of 70.0 m/s into the vacuum of space. How much
fluid will be lost in 1 h if the leak is not stopped?

Additional Problems

54. Two gliders are set in motion on an air track. A spring of
force constant k is attached to the near side of one glider.
The first glider, of mass m1, has velocity v1, and the second
glider, of mass m2, moves more slowly, with velocity v2, as in
Figure P9.54. When m1 collides with the spring attached to
m2 and compresses the spring to its maximum compression
xmax, the velocity of the gliders is v. In terms of v1, v2, m1,
m2, and k, find (a) the velocity v at maximum compression,
(b) the maximum compression xmax, and (c) the velocity of
each glider after m1 has lost contact with the spring.

x(t) # ve(Tp ! t)ln [1 ! (t/Tp)] % ve t

a(t) # ve /(Tp ! t)
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Figure P9.54

55. Review problem. A 60.0-kg person running at an initial
speed of 4.00 m/s jumps onto a 120-kg cart initially at rest
(Figure P9.55). The person slides on the cart’s top surface
and finally comes to rest relative to the cart. The coefficient
of kinetic friction between the person and the cart is 0.400.
Friction between the cart and ground can be neglected.
(a) Find the final velocity of the person and cart relative to
the ground. (b) Find the friction force acting on the person
while he is sliding across the top surface of the cart. (c) How
long does the friction force act on the person? (d) Find the
change in momentum of the person and the change in mo-
mentum of the cart. (e) Determine the displacement of the
person relative to the ground while he is sliding on the cart.
(f) Determine the displacement of the cart relative to the
ground while the person is sliding. (g) Find the change in


