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C2 Force and Motion

[CHO5S MOMENTUM] PART 1

1.Momentum

(1) Definition of Momentum

The linear momentum of an object is

Unit: kgm s or Ns

Momentum is a vector which has the same direction as the velocity.

Exarmples that you must fully understand

A stone is thrown vertically upwards and it finally falls back to the starting point. Assume the air resistance is
negligible. Which of the following statements concerning the stone at the final point compared with that at the

starting point is / are true?

{1) The acceleration of the stone is the same.
{Z2) The potential enerqy of the stone is thesame. @ =========-

{3) The kinetic enerqgy of the stone is the same.

{4) The momentum of the stone is the same.
State whether each of the following statements is true or false.

{1) When two bodies of different masses are released from the same height above the qround, they

have the same momentum just before hitting the qround.

{2) When a body is released from rest, it falls down under gravity with its momentum remains

unchanged.

{3) When a ball is rebounded from the wall with the same speed, its final momentum is same as the

momentum before collision.

Two objects 4 and B of mass 4 kg and 3 kg respectively have the same momentum. What is the ratio of the

kinetic energy of 4 to that of B?
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(2) Change of momentum (subtraction of vectors)

Similar to change of velocity, change of momentum, also called :| is found by:

[ |
e.g. A car of mass 2500 kg travels from A to B along a circular path as shown.
1-D situation 2-D situation
6 ms! 4 6ms’?
T S -‘\ l'-— ."'\
// N%\\ (It ‘\\
r’ \.l I; \\
A B ! B
‘(‘ “\ /
Sms” Sms!

Lxamples hal you must [ully undorsland

Calculate the change of momentum in the following cases:
{a) A vehicle of mass 2,000 kg travelling in straight line decreases its speed from 20m s to Sm 5.
60 m s

_.)

{b) A ball of mass 200 g hitting the wall with a velocity of 60 m s rebounds with the
e

same speed. Take the direction towards the left as positive.
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(3) Newton’s Second Law

B \Whenever a body experiences a net force, there must be an acceleration, Newton’s Second Law
states the relatienship between the net force and the acceleration.

a
—

m

B Whenever a body experiences a net force, there must be a change of momentum in a certain period
of time. Newton’s Second Law also states the relationship between the net force and the change of

momentum.
H ¥
D —— —
/1] "
14
< a

B Therefore, net force/resultant force/unbalanced force can also be called “rate of change of

momentum”.

L xamplcs 1hal you musl [ully undorsland

5. In atable game, a small disc of mass 0.12 kg is set to move on a frictionless horizontal table by a strike of a rod as
shown in the figure below. The average force exerted by the rod on the disc is 60 N and the duration time of

contact between the rod and the disc is 5 ms.

rod disc

. a. ..

{a) What is the speed of the disc on leaving the rod?

{b) What is the work done on the disc by the player?
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6. A ball of mass 0.2 kg is dropped from a height of S m and rebounds to a height of 3.2 m.

®,

Sm
O
3.2m

@\r @ @

{a) Find the speed of the ball »; just before hitting the ground »: just after hitting the ground.

{b) If the time of contact with the ground is 0.5 5, find the average net force acting on the ball during the

impact.

{c) Hence find the impact force acting on the ball by the ground during the collision.

7. Arrifle of mass 0.5kg fires bullets each of mass 10 g with a muzzle velocity of 200 m s,  If the bullets are fired at a

rate of 100 shots per second, find the average force acting on the rifle. State the direction as well.

200 m s
e I.‘.:-—}
10g
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8. Arocket of initial mass 3.84 x 10° kg ejects fuel at a rate of 1500 kg in 1 second with a speed of 3200 m s

{a) Find the thrust acting on the rocket in the first second.

{b) Determine the initial acceleration of the rocket.

9. A soldier standing firmly on the ground fires a machine gun held in his hands. Six bullets, each of mass 0.15 kg,
are fired from the gun every second. The bullets travel horizontally to the right and hit Donald Tsang at a speed

of 1000 ms! and leave at 200ms?. What is the magnitude and the direction of the force acting on Donald?

1000 m 5!
.
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10. A conveying belt is moving with a uniform velocity of 3.5m s'. Sand from a funnel drops onto the moving belt
continuously at a rate of 2.4 kg min. When the sand drops onto the belt, it takes some time to accelerate until it
attains the same velocity as the moving belt. During this time, the belt has moved a distance of 14 m. Assume

the sand undergoes constant acceleration before it reaches the speed of the belt.

{a) After the sand drops onto the helt,
(i) Which force acts on the sand to give its acceleration? |:|
(i) What is the direction of this force?| |

(lii} Find the magnitude of this force.

{b) Find the horizontal force required to keep the belt move at the uniform velocity of 3.5m s
Horizontal force to keep the belt move = :l

{¢) What is the distance moved by the sand during the period of acceleration?

y/ms’}
A
3.5
sk
a t/s

{d) Determine the acceleration of the sand before it reaches the velocity of the belt.
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11. A person wears a water jetpack which

: \a"a_terjetpﬁc-k_
enables him to stay 'afloat’ in equilibrium RLA

in the air as shown in the above figure. A

pump on the sea surface continuously {5
pumps water to the jetpack via a hose

and the water is then ejected pump 5

downwards.

{a) Referring to the above figure, water enters the U-shape hose inside the jetpack with a certain speed
and is then ejected out vertically downwards. Use Newton's law(s) of motion to explain why a lifting
force acting on the person is produced.

By Newton’s second law,
By Newton’s third law,

{b) Suppose that water enters the jetpack with a speed of 10 m s vertically upwards and is then ejected
out at the same speed vertically downwards. Take g = 10 ms2.
[{}] Just by considering the change of momentum of water, estimate how much water, in kg, has to

be ejected per second to support a 100 kg person. (Neglect the weight of the hose.)

(i) Water is pumped continuously to the water jetpack at a height of 7.5 m above sea surface and
then ejected from it. By considering the gain in mechanical energy of the water, estimate the

minimum output power of the pump.

{c) Suppose the person wants to go up to a higher position. If the speed by which water enters and is
ejected from the jetpack remains the same, would the amount of water ejected per second be
greater than, equal to or smaller than the result found in (b) (i) for him to stay “afloat” in equilibrium at
a higher position? Explain.

To stay afloat in equilibrium, |:| lifting force is required. Thus, the amount of water

ejectedis the[ |
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(4) Time variation graphs of force and momentum

-

a
'y
| 1
] 1
1 1
) 1
] ]
) ]
1 1
0 ] 1 b
1 | t/s
: :
] 1
] I
] ]
1 1
] 1
1 1
> i i
0 t/s
momentum
resultant force
A
A
1 :
: : i !
] 1 1 I
: : [ 1
1 I ] ]
H 1 1 1
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: : ; | t/s
! ! \ |
I I ! !
] 1 i i
: : [ 1
] | ! !
i 1 : ]
' ' ol : :
0 t/s

Fxarmples that you must fully understand

12. A ball of mass 10 kg moving at an initial speed of 3 m s is subjected to a force as shown in the F-f graph.

F/N p/Ns
A A

11—

]
]
]
i
30 ; —_—
I
)
]
I
1

U 3 5 7 £ f 3 5 7

Sketch the variation of the momentum of the ball.

/s
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13. A rocket ejects fuel so that its mass decreases at a constant rate. If the acceleration of the rocket keeps
constant and it starts from rest, sketch the variation of the resultant force F acting on the rocket with time # and
the variation of the momentum p of the rocket with time ¢

F/N p/Ns
A A

- -

/s 4 /s

/]

14. A ball of mass 0.2 kg is released from rest. It hits the ground and rebounds. The velocity-time graph of the ball

is shown above. Which of the following statements are correct?

b
-r/
e o

0 T 1 ol B
= SammaEumas \/ |
E i Al {

=2

4

e magnitude of the chanqge in momentum of the ba uring the collision is 1.2 kg ms-'.
11 Th gnitude of the changei f the ball during th Hisi is 1.2 kg 1

e maqgnitude of the averaqge force acting on the ba the qroun uring the collision is .
2) Th gnitude of th ge f ing he ball by the g d during th Hisi isT2N

{3) There is mechanical enerqy loss during the collision.

15. An object of mass 3 kg is initially at rest on a smooth horizontal FI/N
§ . ; ; A
ground. A force F is applied horizontally to the object such
that the magnitude Fvaries with time ¢ as shown. What is the 10

speed of the object at£=3s? Neglect air resistance.

0 : »1/s
3
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2. Impact

(1) Impact

B Deformation of an elastic ball during impact:

y .r"
e ,_ Y

net \-/'
A
+
u l"‘Ha’."! ".ia'i‘." v
l A A ]\
O D as D O
J f
B Variation of the velocity and momentum of the ball with time:
v/ms! p/Ns
A A
upward (1) ; :
i i
i i
I | '_/s h tis
0 i 0 T -
downward (-) ! | i
I i
B Time variation of the net (impact) force on the ball by the ground:
Net force Net force
A ~
7 “
{ v
Il LY
! \
/ \
: |‘
7 1
F v
i \
.."lr ‘\- »-
0 time 0 time

B For the same change of momentum, longer time of impact gives the smaller average net {impact)

force.
Net force Net force
A
e time
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16. A ball of mass 0.25 kg hits a vertical wall with a horizontal speed of 30 m s. It rebounds with a speed of 20 m s

Find the impulse exerted by the wall on the ball. (Take the initial direction as positive.)

17. A football with initial momentum of 3 kg m s is stopped by a goalkeeper in 0.01 s. Calculate the average force

applies on the ball. (Take the initial direction as negative.)

18. A car of mass 1000 kg with a velocity of 15 m s and accelerates to 20 m s2. Calculate the impulse on the car.

(Take the initial direction as positive.)

18. In a baseball game, a pitcher throws a 1 kg baseball with speed S m s' and the ball is hit by a batsman with

impulse of 13N s.  Find the final speed of the ball. (Take the initial direction as negative.)

20. The graph shows the time variation of the net force, F, acting on an object of mass 2 kg. The object is initially at

rest and its subsequent motion is along a straight line. Which of the following statements is / are correct?

{1) The object is undergqoing uniform F/N

A

acceleration in this period.

{Z2) At the instant when the force F drops to

zero, the object becomes at rest.

{3) The momentum of the object is conserved

throughout the motion.

{4) The object attains maximum acceleration 0 8 i7s
att=0s.

{5) The maximum velocity of the object is greater than 10 ms’'.
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(2) Examples

B Landing: When we jump down from a high place, we must bend our knees to increase the duration time of landing and
thus reducing the average impact force during landing.

B Choice of shoes: Air-cushioned shoes can increase the time of impact and reduce the average force whenever the
shoes are in contact with the ground.

B Seat belt in vehicles: Seat belt should be elastic to increase the time of impact and thus reduce the average impact
force during collision.  Seat belt prevents the passenger from being thrown out of the car.

B Air-bags: During accident, the air-bags would explode out. Passengers would then collide with the elastic air-bags to
increase the time of impact and thus reduce the average impact force.

B Car bumpers: The car humpers are glastic to increase the time of impact and thus reduce the average impact force.

B Design of the car body: The front section and rear sections of a car are designed to be crumple (i.e. collapsible) during

impact. This can increase the time of impact during collision and thus decrease the average impact force acting on the
passengers.
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21. A car moving at high speed hits a wall as shown in the figure below.

{a) The driver wears a seat-belt. Which of the following statements is / are correct?

{1) The seat-belt can reduce the change in momentum of the passenqger during a collision.
{2) The seat-belt can reduce the impact force acting on the passenger by increasing the duration
time of impact.

{3) The seat-belt can prevent the passenger from

Impact force
throwing forward and hitting the front window of A
the vehicle.
{b) The figure on the right shows the time variation of the ’/" \“\\
force acting on the driver. Draw the variation of force if /,.f" ‘\\
the car is not equipped with an airbag. 0 - y >

22. The figure below shows a crash cushion system installed at some junctions on highways. The system consists
of a number of identical cushion boxes, containing sand or water, lined up and fixed on the road surface. During
a crash, the boxes will burst one after another when the car runs through them. The boxes will act as a series of

cushions and offer protection to the passengers.

cushion box

7 1) —

In a pilot test on the cushion boxes, a car of mass 1800 kg travelling at a speed of 28 m s runs through the boxes

oh aroad. Each box has a length of 1 m. the speed v of the car after running through all the boxes is recorded.
The test is repeated by varying the number of boxes N installed in the system. The Table below shows the

results obtained. Assume that the deceleration of the car remains unchanged in the test.

Number of boxes V 0 1 2 3 4
v/m st 28.0 26.3 24.4 22.4 202
¥/ m?s? 784 692 593 502 408
THE TRUE TRILOR-MADE PHYSICS B - AIRERITE
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{a) Using the data in the Table, plot a graph of v’ against .
v /m? 52

A

» N
0

{b) From the graph, determine the minimum number of cushion hoxes to stop the car in the test.

Minimum number of boxes to stop the car = |:|

{¢) Hence find the average resistive force exerted by the cushion boxes on the car during the collision.

{d) If the test is repeated with a lighter car travelling at the same initial speed, sketch the graph of »*

against N that you would expect to obtain. Label it as X.

{e} If the test is repeated with the same car but travelling at a greater initial speed, sketch the graph of

v’ against & that you would expect to obtain. Label it as Y.

{f}y If the cushion boxes are replaced with concrete blocks, it is found that the above test car would be
stopped within 0.2 5. Calculate the average impact force acting on the car. Comment on this force

with that of using cushion boxes.

This impact force is |:| than that of using cushion boxes since the duration time of

impact is |:| for the |:| momentum change.
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23. A motor-bike driver has to wear a helmet according to the Hong Kong laws. The
interior of helmet is made of spongy material. Explain the importance of the

helmet.

The spongy material can increase the time of impact, thus reduce

the impact force on the head during an accident.

24, In a government advertisement, a dry cell of mass 65 g is dropped from the 15* floor of a building at a height of

60 m. The dry cell finally hits the head of a girl.

{a) Find the average force acting on the girl by the dry cell during the impact if the duration time of

impact is Sms.

Average force acting on the girl by the dry cell during the impact = |:|

{b) What are the main assumptions in the above calculation?

Assume the[  |ofthegiris[ |

Assume the | |is negligible.
Assume the dry cell | [ | from the girl’s head.
TIHE TRUE TEILOR-MADE PIHYSICS B BREHITE
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3. Conservation of Momentum

(1) The Law of conservation of momentum

The total momentum of a system remains conserved provided there is no EXTERNAL NET
FORCE acting on the system.

(2) Conservation of momentum in a collision

my, 15U m,v, n,v,
Before collision After collision

O O

B According to the Newton’s third law, during the impact, each ball experiences the same magnitude of

During collision

impact force, thus, there is no external net force acting cn the | | The total

momentum of the two balls is conserved, i.e. total initial mementum is equal to the total final momentum.

By Newton’s Second Law: By Newton’s Third Law:
THE TRUE TRILOR-MADE PHYSICS B - AIRERITE
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25. Two balls 4 and B move towards each other on a smooth horizontal surface as shown. After collision, ball B

moves away with a velocity of 3 m s*. Duration time of impact is 0.5 s. take the direction towards the right as

positive.
I6ms! 10ms’ 6ms’!
— -— ——
4 kg o fi kg 4 kg o 6 kg

Betfore collision After collision

{a) Find the velocity of 4 after impact. State its direction.

{b) Is momentum of ball 4 conserved during the impact? Explain briefly.

! ereis acting on ball 4 by ball B during the impact.
I There is | | acti ball A4 by ball B during the i

{¢) Is the total momentum of the two balls conserved during the impact? Explain briefly.

|:|! There is| |acting on the two balls during the impact.

{d) Which of the following statements is/are correct?

{1) The change of momentum of A is equal in magnitude to the change of momentum of B.

{2) The change of velocity of 4 is equal in magnitude to the change of velocity of B.

{e} Find the force acting on 4 by B; and the force acting on B by 4 during the impact. Explain briefly why

their magnitude are equal.

They are equal in magnitude since they are |

THE TRUE TAILOR-MADE PHYSICS B - HIRESTE
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(3) Transfer of momentum

B Momentum cannct be destroyed, dissipated or created. Momentum can only be transferred between
two bodies.

F

E

F, :
. F,

Fxarmples that you rmust fully understand

26. A trolley travels with constant velocity to the right on a smooth horizontal ground and collides with a light spring
attached to a wall fixed to the ground {(Earth) as shown in the figure. At the instant that the trolley comes

momentarily to rest during collision, what has happened to the initial momentum of the trolley?

A. The initial momentum has been stored in the spring.

B. The initial momentum has been changed into sound and heat. —
C. The initial momentum has been destroyed by the friction due
to the qround. T T T T T

D. The initial momentum has been transferred to the Earth.

27. Considering the above question, at the instant that the trolley comes momentarily to rest during the collision, we

cannot observe the Earth to be moving. Thus, is momentum not conserved?

For the trolley, since there is an | | acting on the trolley, its momentum is not
conserved.
For the trolley and Earth system, since there is| |acting on the system, the

momentum of the trolley and Earth system is conserved. At the instant that the trolley comes
momentarily to rest, its momentum is transferred to the |:| However, since the |:| of

the Earth is too large, its[ | is negligible.

28. In a racing competition, the momentum of each competitor during the race is greater than that before they start

running. Which of the below statements is / are correct?

{1) This situation violates the law of conservation of momentum.
{2) The law of conservation of momentum applies only to collisions between two objects.

{3) A force acts on each competitor to increase his momentum as he starts running.
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29.

30.

| xamplcs hal you musl [ully undorsland

The figure below shows the variation of the velocity of a ball X of mass 0.2 kg when it collides with another ball ¥

which is initially at rest.

y/ms!

A

—_—

2.0 .
: OO
] : >
0.5 1.0 15 20 t/s @XD

- L0

{a) Find the change of momentum of the ball X.

{b) Find the average impact force acting on the ball X.

{c) Sketch the variation of the momentum of ball ¥ and the total momentum of the two balls on the

graphs below.

p/kgmsT!
A
ne L i 3 d : B i 1 . ; = 10
0.2
Total momentum
of the balls
0 :
0.5 1.0 L5 20 /s
_0.2 Momentum of
ball Y

Two astronauts, A and B float in the cabin of a space shuttle orbiting round the Earth. Astronaut A is at rest and
he carries a tool box while Astronaut B is moving towards A. In order to avoid head-on collision with astronaut
B, A throws the toolbox to B and B grasps the toolbox once it reaches him. How can a collision be avoided by

doing so?

Since some momentum of A is |:| to B, the | | of A and B can then
be |:| to avoid the occurrence of a collision.
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(4) Conservation of momentum in an explosion
B Suppose a stationary body splits into two fragments:

VI_Q Fl F?. )qu

B Since no external net force acts on the system, the total momentum of the system is conserved.

B After the explosion, the total kinetic energy of the system is increased. If the two fragments have
different masses, they must have different kinetic energy:

Fxarmples that you must fuly understand

31. At a certain instant, an object flying horizontally to the right at 1 m s suddenly explodes into two fragments of
mass ratio 1: 2. If just after the explosion the more massive fragment flies to the right at 3 m s, what would

happen to the other fragment just after the explosion?

It would fly to the left at 3 ms.
It would fly to the left at 4 ms.

It would be momentarily at rest.

O N R

It would fly to the right at T m s™.

32. Explain why it is impossible to have the

following explosion.

Since the total momentum of the

system is | [ this

explosion is not possible.

THE TRUE TAILOR-MADE PHYSICS B - HIRESTE
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Typical examples of explosion:

Recoil of a rifle

Release of a compressed spring

U B RS WD T BB BN B0 BB W T D BT B BB T M BT R B BB B M M R W M M M M M K M M M M N MM M MMM MM N KA MR NN NN N NN N E N NN NN R NN R NN NN N NN
4 3¢ 500 3w 3 30 3 36 303 3 K 3 M MM 3N 3 b3 3 4 B3 3 W32 30 K M3 b3 WA 4 M B 36 0 363 13 N K e b M 436 5 3036 3 1 3 B N B 3 3 3 3 PRI T T TR 4 2

A cannon fires a cannonball

nty

smooth
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33. A student compresses two blocks P of 0.8 kg and @ of 0.6 kg resting on a smooth surface against a spring and

then releases them. After released, @ is found to move off with a velocity of 4 m s?,

(LD

R T T N T e e e e

{a) What is the total momentum of the two trolleys after separation?

{b) Find the velocity of P after released.

{c) State the energy change.
The[ ] energy of the student changes to[ | potential energy of the spring and

then changes to |:| energy of the two |:|

{d) Calculate the elastic potential energy stored in the spring hefore released.

{e) Suppose Pis held by the hand of a student during the release of the spring.

(i) What is the speed of @ after it moves off from the spring?

{ii) Is momentum of the two blocks conserved in this case? Explain briefly.

|:|! The momentum of the two blocks is not conserved since there is an |:|
|:| acting on the two blocks by the hand.
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34. Arifle of mass 0.5 kg fires a bullet of mass 10 g with a muzzle velocity of 200 m s towards the right as shown

below.

{a) Find the recoil velocity of the rifle when a bullet is fired.

{b) Which of the following statements is/are correct?

{1) The momentum of the bullet is equal to the recoil momentum of the rifle.
{2) The momentum of the bullet is equal in magnitude to the recoil momentum of the rifle.

{3) The velocity of the bullet is equal in magnitude to the recoil velocity of the rifle.

{¢) Find the kinetic energy of the bullet and the rifle. Compare these two energies.

The kinetic energy of the bulletis[ _____|than that of the rifle since the bulletis[ _____ |than
the rifle.

{d) Suppose thatin firing the rifle, 65 J of energy is releases as heat, light and sound. Find the chemical

energy stored in the bullet before explosion.

{e) Hence calculate the efficiency of the rifle in firing the bullet.
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35. After firing a cannon ball of weight 500 N, the 6000 kg cannon then recoils at a speed of 3 m s

® W WKWK M NN KWW
b e I 3 2 36 36 3 3 e S G 36 36 4 36 36 2 W o o€ 36 b 30 e b e

AWK NN N A KA R KN A KA NN NN AW WA WS
26 5 o o e e s e x =

K K B S S
G e s e e e e x

WX R W
B e e ko o e

{a)

)

{c)

Find the speed of the cannonball if it is fired at an angle of 30° above the horizontal.

Jasmine said that the cannon applies a larger force on the cannonball that than the force acting on

the cannon by the cannonball. Comment on this statement.

She is :l Since the two forces form a | , according to
Newton’s Third Law, they have the same[ |

Explain for the discrepancy between the chemical energy released by the explosive and the total

kinetic energy of the cannon and the cannonball.

The |:| energy released is |:| than the total |:| energy of the cannon and the
cannonball because some of the |:| energy released is converted into |:| and

[ ]energy.
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36. A Ra-226 nucleus emits an alpha particle when it undergoes an alpha decay according to the following equation:

226 222 4
aoRa — “42Rn + Se

{a) Find the ratio of the velocity of the daughter nucleus to the velocity of the alpha particle.

{b) Find the ratio of the kinetic energy of the daughter nucleus to the kinetic energy of the alpha particle.

37. Afanis attached to a trolley initially at rest as shown in the above figure. When the fan is switched on and wind

is blown towards the right, which of the following statements is / are correct?

{1) The trolley moves towards the left.

{2) The momentum of the trolley is conserved.

{3) The total momentum of the trolley and the wind is conserved.

{4) The force acting on the wind by the trolley is exactly equal in magnitude to the force acting on the
trolley by the wind.

{5) If a sheet of cardboard is attached at the right-hand side of the fan, then the trolley will remain at

rest.
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