Conservation of linear momentum is another of the great conservation laws of physics. Colli-
sions, as between billiard or pool balls, illustrate this vector law very nicely: the total vector
momentum before the collision equals the total vector momentum just after the colli-

sion. In this photo, the moving cue ball strikes the 11 ball at rest. Both balls move

after the collision, at angles, but the sum of their vector momenta equals the

initial momentum of the incoming cue ball.

We will consider both elastic collisions (where kinetic energy is also
\ conserved) and inelastic collisions. We  also

examine the

¥ (before) concept of center of mass, and how it can make the study of
complex motion more readily analyzed and understood.
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CHAPTER

Linear Momentum

he law of conservation of energy, which we discussed in the previous

Chapter, is one of several great conservation laws in physics. Among the

other quantities found to be conserved are linear momentum, angular
momentum, and electric charge. We will eventually discuss all of these because
the conservation laws are among the most important ideas in science. In this
Chapter, we discuss linear momentum, and its conservation. The law of conser-
vation of momentum is essentially a reworking of Newton’s laws that gives us
tremendous physical insight and problem-solving power.,

We make use of the laws of conservation of linear momentum and of
energy to analyze collisions, Indeed, the law of conservation of momentum is
particularly useful when dealing with a system of two or more objects that
interact with each other, such as in collisions.

Our focus up to now has been mainly on the motion of a single object, often
thought of as a “particle™ in the sense that we have ignored anv rotation or
internal motion. In this Chapter we will deal with systems of two or more
objects, and toward the end of the Chapter, the concept of center ol mass.
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Linear momentum defined

Units of momentum

NEWTON'S SECOND LAW

| NEWTON'S SECOND LAW

0 CAUTION

The change in the momentum vector
is in the direction of the net force

Newton's second law
for constant mass

m Momentum and Its Relation to Force

The linear momentum (or “momentum” for short) of an object is defined as the
product of its mass and its velocity. Momentum (plural is momenta) is repre-
sented by the symbol p. If we let m represent the mass of an object and v repre-
sent its velocity, then its momentum p is defined as

p = mv. (7-1)

Velocity is a vector, so momentum too is a vector. The direction of the
momentum is the direction of the veloeity, and the magnitude of the momentum
is p = mv. Because velocity depends on the reference frame, so does momentum;
thus the reference frame must be specified. The unit of momentum is that of
mass ¥ velocity, which in ST units is kg-m/s. There is no special name for this unit,
Everyday usage of the term momenturn is in accord with the definition above,
According to Eq. 7-1, a fast-moving car has more momentum than a slow-moving
car of the same mass; a heavy truck has more momentum than a small car moving
with the same speed. The more momentum an object has, the harder it is to stop
it, and the greater effect it will have if it is brought to rest by striking another
object. A football player is more likely to be stunned if tackled by a heavy oppo-
nent running at top speed than by a lighter or slower-moving tackler. A heavy,
fast-moving truck can do more damage than a slow-moving motoreyele.

EXERCISE A Can a small sports car ever have the same momentum as a large sport-
utility vehicle with three times the sports car’s mass? Explain.

A force is required to change the momentum of an object, whether it is to
increase the momentum, to decrease it, or to change its direction. Newton orig-
inally stated his second law in terms of momentum (although he called the
product mv the “guantity of motion™). Newton’s statement of the second law of
motion, translated into modern language, is as follows:

The rate of change of momentum of an object is equal to the net foree
applied to it.

We can write this as an equation,

Ap
SF = o (7-2)
where TF is the net force applied to the object (the vector sum of all forces
acting on it) and Ap is the resulting momentum change that occurs during the
time interval” Ar. _

We can readily derive the familiar form of the second law, XF = mai, from
Eq. 7-2 for the case of constant mass, [T ¥ is the initial velocity of an object and
¥, is its velocity alter a time interval Ar has elapsed, then
Ap  mv, —my,  mlVy — V)

A At Ar
Av
AL

By definition, a = AvV/Al, so

F =

SF = ma. [constant mass]
Newton’s statement, Eq. 7-2, is more general than the more familiar version
because it includes the situation in which the mass may change. A change in
mass occurs in certain circumstances, such as for rockets which lose mass as they
burn fuel, and also in the theory of relativity {Chapter 26).

"Normally we think of Af as being a small time interval. If it is not small, then Eq. 7-2 is valid if IF
is constant during that time interval, or if ZF is the average net force during that time interval.
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Force of a tennis serve. For a top player, a
tennis ball may leave the racket on the serve with a speed of 55m/s (about
120 mi/h), Fig. 7- 1. If the ball has a mass of 0.060 kg and is in contact with the
racket for about 4ms (4 x 10*s), estimate the average force on the ball,
Would this force be large enough to lift a 60-kg person?

APPROACH The tennis ball is hit when its initial velocity is very nearly zero at
the top of the throw, so we take ¢, = 0. We use Newton's second law, Eq. 7-2,
to calculate the force, ignoring all other forces such as gravity in comparison to
that exerted by the tennis racket.

SOLUTION The force exerted on the ball by the racket is
Ap  muv, — my
A At
where v, = 35m/s, vy = 0, and Ar = 0.004 5. Thus
Ap (0060 kg)(55m/s) — 0
Ar 0.004's
= 800 N.
This is a large force, larger than the weight of a 60-kg person, which would
require a force mg = (60kg)(9.8 m/s?) = 600N to lift.

NOTE The force of gravity acting on the tennis ball is mg = (0.060 kg)(9.8 m/s’)
= (L59 N, which justifies our ignoring it compared to the enormous force the
racket exerts,

NOTE Iligh-speed photography and radar can give us an estimate of the
contact time and the velocity of the ball leaving the racket. But a direct
measurement of the force is not practical. Our calculation shows a handy
technique for determining an unknown force in the real world.

F:

F =

Washing a car: momentum change and force. Water
leaves a hose al a rate of 1.5 kg/s with a speed of 20m/s and is aimed al the
side of a car, which stops it, Fig. 7-2. {That is, we ignore any splashing back.)
What is the force exerted by the water on the car?

APPROACH The water leaving the hose has mass and velocity, so it has a
momentum  pyi. - When the water hits the car, the water loses this
momentum [:pﬁm. = D). We use Newton’s second law in the momentum form,
Eq. 7-2, to find the force that the car exerts on the water to stop it. By
Newton's third law, the force exerted by the water on the car is equal and
opposite. We have a continuing process: 1.5 kg of water leaves the hose in each
[.0-s time interval. So let us choose Ar = 1.0s, and m = 1.5kg in Eq. 7-2.
SOLUTION We take the x direction positive to the right. In each 1.0-s time
interval, water with a momentum of p, = mv, = (1.5kg)(20m/s) = 30kg-m/s
is brought to rest when it hits the car. The magnitude of the force (assumed
constant) that the car must exert to change the momentum of the water by this
amount is

Fe AP Prina — Piniiar _ 9 — 30kg-m/s

At At 1.0s

The minus sign indicates that the force on the water is opposite to the water’s
original velocity. The car exerts a force of 30N to the left to stop the water, so
by Newton's third law, the water exerts a force of 30N to the right on the car.
NOTE Keep track of signs, although common sense helps too. The water is moving
to the right, so common sense tells us the force on the car must be to the right.

= —30N.

EXERCISE B If the water splashes back from the car in Example 7-2, would the force
on the car be larger or smaller?

FIGURE 7-1 Example 7-1.

Measuring force

FIGURE 7-2 Example 7-2.

v=20m/s
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