
Momentum
Chapter 9



Linear Momentum
Having discussed conversation of energy, it makes sense 
to ask if there are other quantities that are conserved in 
nature.

The answer is yes, and the next one we will discuss is 
called linear momentum, or just momentum (but there 
is angular momentum too).

Momentum is the product of mass and velocity and is 
given the simple p.

~p = m⇥ ~v



Conservation of  Momentum
We can see that momentum should be conserved in a 
collision using Newton’s laws.

Newton’s second law can be written as

During a collision between two object a and b, according 
to Newton’s 3rd law the forces exerted on a by b will be 
equal and opposite to the forces exerted by b on a.

~F =
d~p

dt
since d~p

dt
= d

m~v

dt
= m~a

~Fab = �~Fba
~Fab =

d~pb
dt

~Fba =
d~pa
dt

~Fab + ~Fba = 0 =
d(~pa + ~pb)

dt
~pa + ~pb = constant



Momentum Conservation
Momentum is only conserved if there are no external 
forces in the problem.  

Momentum is most useful for problems where the 
forces are very hard to calculate, like the collision 
between two objects.

Collisions can be of two types, elastic or inelastic. In an 
elastic collision kinetic energy is also conserved, while in 
an inelastic collision it is not.



Example 9-3
A 10,000kg railroad car, A, traveling at a speed of 24.0m/s strikes an 
identical car, B, at rest.  If the cars lock together as a result of the 
collision, what is their common speed immediately after the collision?

known
mA = mB = 10,000kg

vA = 24 m/s
vB = 0

unknown
v’ = ?

physics
conservation of momentum

initial momentum pi = mAvA + mBvB = mAvA 

final momentum pf = (mA+mB)v’  

pi = pf =mAvA  = (mA+mB)v’

v0 =
mA

mA +mB
vA =

10, 000kg

10, 000kg + 10, 000kg
24.0m/s = 12.0m/s



Impulse
Sometimes we are not concerned with the total force applied 
on an object, but instead how quickly that force is applied.

A large force applied over a short time is more likely to break 
things, than a smaller force applied over a longer time.

The measure of this is called impulse, J, and it is the integral 
of force over time.

Sine F=dp/dt you can see that the impulse is also equal to the 
change in momentum.

~J =

Z t2

t1

~Fdt

~J = �~p = ~p2 � ~p1 =

Z t2

t1

~Fdt



Casino Royale (2006) 

How much force does it take to stop his fall from the crane?



We can estimate the height of the crane above the roof 
from the size of the people at about 6.5 meters. 

Neglecting air resistance and using energy conservation 
we can find his velocity as he impacts the roof.

1

2
mv2 = mgh

v =
p

2gh =
p

2(9.8m/s2)(6.5m) = 11.3m/s

When either man lands on the roof their y momentum 
will go from mv to 0. If we take the force that causes this 

momentum change to be constant we have

�p =

Z
Fdt = Ft =) F =

�p

t

Much better. This is why extending the time to stop the fall is a critical part of arts like freerunning.

F =
(65kg)(11.3m/s)

0.5s
= 1469N

F =
(80kg)(11.3m/s)

0.1s
= 9040N

Let's say Bond's mass is 80kg and he takes 0.1s 
to stop his fall. Then the force would be

Ouch! That's going to hurt. Let's say Foucan's 
mass is 65kg and he takes 0.5s to stop his fall



Elastic Collisions
In an elastic collision both momentum and kinetic energy 
are conserved.  So in this case we have

For a collision to be elastic that means no energy can go 
into another form, it must all stay kinetic.

If the collision does something else, deforms the objects 
that collide, creates thermal energy, etc. then the collision 
is inelastic and only the momentum is conserved.

mAvA +mBvB = mAv
0
A +mBv

0
B

1

2
mAv

2
A +

1

2
mBv

2
B =

1

2
mAv

02
A +

1

2
mBv

02
B



Example 9-7
Billiard ball A of mass m moving with speed vA collides with ball B 
of equal mass. What are the speeds of the two balls after the 
collision assuming it is elastic?  Assume a) both balls are initially 
moving (vA and vB). b) ball B is initially at rest (vB=0).

conservation of momentum mAvA +mBvB = mAv
0
A +mBv

0
B

conservation of energy 1

2
mAv

2
A +

1

2
mBv

2
B =

1

2
mAv

02
A +

1

2
mBv

02
B

masses are equal so we have v2A + v2B = v02A + v02BvA + vB = v0A + v0B

we can rewrite the first equation as 

v2A � v02A = v02B � v2B = (vA � v0A)(vA + v0A) = (v0B � vB)(v
0
B + vB)

we can rewrite the second equation as 
(vA � v0A) = (v0B � vB)

=> (vA + v0A) = (v0B + vB) => (vA � vB) = �(v0A + v0B)



Example 9-7
Billiard ball A of mass m moving with speed vA collides with ball B 
of equal mass. What are the speeds of the two balls after the 
collision assuming it is elastic?  Assume a) both balls are initially 
moving (vA and vB). b) ball B is initially at rest (vB=0).

vA + vB = v0A + v0B and 

adding them together 

vA � vB = �(v0A � v0B)

2vA = 2v0B => v0B = vA

subtracting them 2vB = 2v0A => v0A = vB

if vB=0 then v’B=vA



Example 9-10
For the completely inelastic collision of the two railroad cars that 
we considered previously, calculate how much of the initial kinetic 
energy into thermal or other forms of energy.

known
mA = mB = 10,000kg

vA = 24 m/s
v’ = 12 m/s

initial KE KEi =
1

2
mv2 =

1

2
(10, 000kg)(24m/s)2 = 2.88⇥ 106J

final KE KEf =
1

2
mv2 =

1

2
(20, 000kg)(12m/s)2 = 1.44⇥ 106J

�KE = 2.88⇥ 106J � 1.44⇥ 106J = 1.44⇥ 106J



Example 9-11
The ballistic pendulum is a device used to measure the speed of a 
projectile such as a bullet. The projectile of mass m is fired into a 
large block (of wood or other material) of mass M which is 
suspended like a pendulum.  (Usually, M is somewhat greater than 
m). As a result of collision the pendulum and projectile swing up 
together to a maximum height h. Determine the relationship 
between the initial horizontal speed of the projectile v and h.



Example 9-10
The ballistic pendulum is a device used to measure the speed of a 
projectile such as a bullet. The projectile of mass m is fired into a 
large block (of wood or other material) of mass M which is 
suspended like a pendulum.  (Usually, M is somewhat greater than 
m). As a result of collision the pendulum and projectile swing up 
together to a maximum height h. Determine the relationship 
between the initial horizontal speed of the projectile v and h.

momentum  conservation mv = (m+M)v0

energy conservation 1

2
(m+M)v02 = (m+M)gh

=> v0 =
p

2gh

v =
m+M

m
v0 =

m+M

m

p
2gh



Collisions in 2D or 3D
Momentum is a vector.  So far we have been considering 
it only in one direction, but like all vectors everything 
we have said holds for each component of the vector.

~pi = ~pf

mAvAx +mBvBx = mAv
0
Ax +mBv

0
Bx

mAvAy +mBvBy = mAv
0
Ay +mBv

0
By



Example 9-12
Billiard ball A moving a speed vA=3.0 m/s in the +x direction strikes 
an equal mass ball B initially at rest. The two balls are observed to 
move off at 45˚ to the x axis, ball A above the x axis and ball B 
below the x axis.  That is θ’A = 45˚ and θ’B = -45˚.  What are the 
speeds of the two balls after the collision?

momentum in x direction mvA = mv0A cos (45) +mv0B cos (�45)

momentum in y direction 0 = mv0A sin (45) +mv0B sin (�45)

v0A sin (45) = v0B sin (45) => v0A = v0B

vA = 2v0A cos (45) => v0A = v0B =
vA

2 cos (45)
=

3.0m/s

0.707
= 2.1m/s



Center of  Mass
We have been discussing the linear momentum of objects 
and we have been treating the objects as if they were 
points.

But what if an object is extended?  Can we still use linear 
momentum?

Yes we can! The linear momentum just applies to the 
center of mass of the object.

For an object composed of n discrete parts the center of 
mass is 

xCM =

Pn
i=1 mixiPn
i=1 mi

as an integral ~rCM =
1

M

Z

V
⇢(r)rdV



The center of mass is the thing for which the forces, velocities, 
accelerations, energy and momentum we have discussed applies to. 
An object can then have other motion around its center of mass, 

like rotational motion, which we will discuss soon.



Variable Mass

So far we have always considered mass to be unchanging.  
However in some systems, like a rocket ejecting gas, the 
mass of an object can increase or decrease.

We can easily deal with this using Newton’s second law 
in terms of momentum, ΣF = dp/dt.

M
d~v

dt
=

X
~Fext + ~vrel

dM

dt



Homework

Chapter 9: 24,27,29,36,42,45,52,54


