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9.14: Introduction

Linear Momentum

Linear momentum is the product of the mass and velocity of an object, it is conserved in elastic and inelastic collisions.

learning objectives

o Calculate the momentum of two colliding objects

In classical mechanics, linear momentum, or simply momentum (SI unit kg m/s, or equivalently N s), is the product of the mass
and velocity of an object. Mathematically it is stated as:

p=mv (9.14.1)

(Note here that p and v are vectors. ) Like velocity, linear momentum is a vector quantity, possessing a direction as well as a
magnitude. Linear momentum is particularly important because it is a conserved quantity, meaning that in a closed system (without
any external forces ) its total linear momentum cannot change.

Because momentum has a direction, it can be used to predict the resulting direction of objects after they collide, as well as their
speeds. Momentum is conserved in both inelastic and elastic collisions. (Kinetic energy is not conserved in inelastic collisions but
is conserved in elastic collisions. ) It important to note that if the collision takes place on a surface with friction, or if there is air
resistance, we would need to account for the momentum of the bodies that would be transferred to the surface and/or air.

Let’s take a look at a simple, one-dimensional example: The momentum of a system of two particles is the sum of their momenta.
If two particles have masses m; and m,, and velocities v; and v,, the total momentum is:

P =Pp1+p2 =mvy +mpvy. (9.14.2)

Keep in mind that momentum and velocity are vectors. Therefore, in 1D, if two particles are moving in the same direction, v1 and
v2 have the same sign. If the particles are moving in opposite directions they will have opposite signs.

If two particles were moving on a plane we would choose our xy-plane to be on the plane of motion. We can then write the x and y
component of the total momentum as:

Px = P1x +Pax = M1 Vix +MaVay (9.14.3)
Py = P1y + P2y = M Viy +myVay. (9.14.4)

If the 2D momentum vector is decomposed into two components, the equations for each component are reduced to its 1D
equivalents.

Momentum, like energy, is important because it is conserved. “Newton’s cradle” shown in is an example of conservation of
momentum. As we will discuss in the next concept (on Momentum, Force, and Newton’s Second Law ), in classical mechanics,
conservation of linear momentum is implied by Newton’s laws. Only a few physical quantities are conserved in nature. Studying
these quantities yields fundamental insight into how nature works.

Newton’s Cradle: Total momentum of the system (or Cradle) is conserved. (neglecting frictional loss in the system. )
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Momentum, Force, and Newton’s Second Law

, . d
In the most general form, Newton’s 2" law can be written as F = f .

learning objectives

o Relate Newton’s Second Law to momentum and force

In a closed system (one that does not exchange any matter with the outside and is not acted on by outside forces), the total
momentum is constant. This fact, known as the law of conservation of momentum, is implied by Newton’s laws of motion.
Suppose, for example, that two particles interact. Because of the third law, the forces between them are equal and opposite. If the
particles are numbered 1 and 2, the second law states that

dpp _ dp
dt dt

or

(9.14.5)

d
a(p1 +p2)=0 (9.14.6)

Therefore, total momentum (p;+p>) is constant. If the velocities of the particles are u; and uy before the interaction, and afterwards
they are v; and vy, then

miu; +moly =mMyVy +MoVy (9147)

This law holds regardless of the nature of the interparticle (or internal) force, no matter how complicated the force is between
particles. Similarly, if there are several particles, the momentum exchanged between each pair of particles adds up to zero, so the
total change in momentum is zero.

Newton’s Second Law

Newton actually stated his second law of motion in terms of momentum: The net external force equals the change in momentum of
a system divided by the time over which it changes. Using symbols, this law is

Ap
F.=— 9.14.8
net A t ] ( )
where F; is the net external force, Ap is the change in momentum, and At is the change in time.
This statement of Newton’s second law of motion includes the more familiar

Fpet = ma)\ (asaspecialcase. Wecanderivethisformasfollows. First, notethatthechangeinmomentum)\ (Ap is given
by Ap = A(mv). If the mass of the system is constant, then A(mv) =mAv. So for constant mass, Newton’s second law of
motion becomes

Ap mAv
F.=—= . 9.14.9
TUAL At ( )
Because % = a, we get the familiar equation F .t = ma when the mass of the system is constant. Newton’s second law of motion

stated in terms of momentum is more generally applicable because it can be applied to systems where the mass is changing, such as
rockets, as well as to systems of constant mass.

https://phys.libretexts.org/@go/page/18225



https://libretexts.org/
https://phys.libretexts.org/@go/page/18225?pdf

LibreTexts-

Momentum in a Closed System: In a game of pool, the system of entire balls can be considered a closed system. Therefore, the
total momentum of the balls is conserved.

Impulse

Impulse, or change in momentum, equals the average net external force multiplied by the time this force acts.

learning objectives

o Explain the relationship between change in momentum and the amount of time a force acts

Impulse

Forces produce either acceleration or deceleration on moving bodies, and the greater the force acting on an object, the greater its
change in velocity and, hence, the greater its change in momentum. However, changing momentum is also related to how long a
time the force acts. If a brief force is applied to a stalled automobile, a change in its momentum is produced. The same force
applied over an extended period of time produces a greater change in the automobile’s momentum. The quantity of impulse is force
x time interval, or in shorthand notation:
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Momentum & Impulse

Honors Physics

APlusPhysics

Momentum & Impulse: A brief overview of momentum and impulse for high school physics students.

Impulse = FAt, (9.14.10)
where F is the net force on the system, and At is the duration of the force.
From Newton’s 2nd law:

A
F= Tf: (Ap: change in momentum), (9.14.11)
change in momentum equals the average net external force multiplied by the time this force acts.
Ap =FAt. (9.14.12)
Therefore, impulse as defined in the previous paragraph is simply equivalent to p.

A force sustained over a long time produces more change in momentum than does the same force applied briefly. A small force
applied for a long time can produce the same momentum change as a large force applied briefly because it is the product of the
force and the time for which it is applied that is important. Impulse is always equal to change in momentum and is measured in Ns
(Newton seconds), as both force and the time interval are important in changing momentum.

Our definition of impulse includes an assumption that the force is constant over the time interval At. Forces are usually not
constant. Forces vary considerably even during the brief time intervals considered. It is, however, possible to find an average
effective force Fer that produces the same result as the corresponding time-varying force. shows a graph of what an actual force
looks like as a function of time for a ball bouncing off the floor. The area under the curve has units of momentum and is equal to
the impulse or change in momentum between times t; and t,. That area is equal to the area inside the rectangle bounded by
Fer, t1, and to. Thus, the impulses and their effects are the same for both the actual and effective forces. Equivalently, we can
simple find the area under the curve F(t) between t; and t, to compute the impulse in mathematical form:

F A

Factual

’:eﬂ

Force vs. Time: A graph of force versus time with time along the x-axis and force along the y-axis for an actual force and an
equivalent effective force. The areas under the two curves are equal.

ty
Impulse:/ F(t)dt. (9.14.13)
t1

9.14.4 https://phys.libretexts.org/@go/page/18225



https://libretexts.org/
https://phys.libretexts.org/@go/page/18225?pdf
https://www.youtube.com/watch?v=XSR7khMBW64

LibreTextsw

Key Points

o Like velocity, linear momentum is a vector quantity, possessing a direction as well as a magnitude.

e« Momentum, like energy, is important because it is a conserved quantity.

e The momentum of a system of particles is the sum of their momenta. If two particles have masses m; and my, and velocities v;
and vy, the total momentum is p =p; +p2 =m;vy; +movy. .

¢ In a closed system, without any external forces, the total momentum is constant.

o The familiar equation F = ma is a special case of the more general form of the 2" law when the mass of the system is
constant.

e Momentum conservation holds (in the absence of external force) regardless of the nature of the interparticle (or internal) force,
no matter how complicated the force is between particles.

o A small force applied for a long time can produce the same momentum change as a large force applied briefly, because it is the
product of the force and the time for which it is applied that is important.

o A force produces an acceleration, and the greater the force acting on an object, the greater its change in velocity and, hence, the
greater its change in momentum. However, changing momentum is also related to how long a time the force acts.

o In case of a time-varying force, impulse can be calculated by integrating the force over the time duration.
Impulse = tiz F(t)dt..

Key Terms

o inelastic: (As referring to an inelastic collision, in contrast to an elastic collision. ) A collision in which kinetic energy is not
conserved.

o elastic collision: An encounter between two bodies in which the total kinetic energy of the two bodies after the encounter is
equal to their total kinetic energy before the encounter. Elastic collisions occur only if there is no net conversion of kinetic
energy into other forms.

¢ conservation: A particular measurable property of an isolated physical system does not change as the system evolves.

o closed system: A physical system that doesn’t exchange any matter with its surroundings and isn’t subject to any force whose
source is external to the system.

« momentum: (of a body in motion) the product of its mass and velocity.

o impulse: The integral of force over time.
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