Physics 204A Class Notes

Section 24 — Collisions and Conservation of Energy

Why do objects do what they do? We now have three powerful explanations; forces and Newton’s
Laws of Motion, linear momentum and the Law of Conservation of Linear Momentum, and energy and
the Law of Conservation of Energy. In this section we’ll look again at collisions.

Section Outline
1. Elastic Collisions
2. Inelastic Collisions

A collision is a short, strong interaction where objects exert equal and forces on each other according to
the Newton’s Third Law. As a result, we showed that the Law of Conservation of Linear Momentum
always holds for collisions. Since the Law of Conservation of Energy holds for all interactions
everywhere, all the time, it is also valid for all collisions. However, when non-conservative forces are
involved in the collision, the Law of Conservation of Energy is often not very helpful because we can’t
calculate how much work is done by these forces.

For example, think about ball colliding with a concrete wall. If the ball is a superball, the ball will
rebound with just about the same kinetic energy it had before the collision. However, if the ball is made
of clay, it might just stick to the wall and all the kinetic energy would be spent on work done by non-
conservative forces. So for collisions, it is not a question of whether the Law of Conservation of Energy
applies because it does, it is a question of whether that knowledge is useful. The key distinction is
whether the kinetic energy alone is conserved. When the kinetic energy is conserved, we say the
collision is “elastic” and when it is not, we say the collision is inelastic.

In summary for collisions,

Collisions Conserved?
Linear Momentum | yes — as long as external force can be neglected
Total Energy yes - always but often not helpful
Kinetic Energy sometimes
e if yes the collision is elastic
e if no the collision is inelastic

Below are several example problems first elastic collision, then inelastic.
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1. Elastic Collisions

Example 24.1: The cue ball is traveling at 4.00m/s when it hits the waiting eight ball head on.
Find the speed of both balls after collision assuming the collision is elastic and both balls have

equal mass.
N 4
y y )
Cane v — — vy V2
Given: v, = 4.00m/s, v, = 0, and v, v,=0 < > |
m; = m,. ’ -@_’ . > x (m) @ > x
Find: v, =?and v, =?
before after
The Law of Conservation of
Linear Momentum requires, , ,
p,=p= p, =my, p=my, +my,
’ ’ ’ ’ 2 ’\2 ’\2
mv,=mv, +mv, =v,=v, +v, . K,=3my, K=3m,)" +3m(,)

The fact that the collision is
elastic requires,
’ 4 ’ 4
K,=K=imv}=1m@ )Y +im@,) =v) =) +,)".
Solving the momentum equation for v,’,

’ ’

Vo =Vi— Vs
and substituting into the elasticity equation,

v, = (vl,)2 +(, - vl,)2 = (vl’)2 +v]— 2v1v1, + (vl’)2 =0= 2(\/1,)2 - 2v1v1, = vl’ =y, or vl’ =0|.
There are two solutions that conserve both momentum and kinetic energy. The first one is where
the cue ball completely misses the eight ball (what would happen if I played). The second
solution is the one that interests us. The cue ball stops dead. Using the previous equation for the
speed of the second ball,

v, =v,—v, =4.00-0 =|v, =4.00m/s].
If you have played this game you know that in a ahead on collision (with no spin) the cue ball
comes to rest and the other ball heads off with the same speed the cue ball had before the
collision.

Now, let’s look at a two dimensional collision.
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Example 24.2: The cue ball is traveling at 4.00m/s when it collides with the eight ball. The cue
heads off at 40.0° to its original direction. Again assume the collision is elastic and both balls
have equal mass. Find the velocity of the eight ball after the collision.

4 A V
Given: v, = 4.00m/s and y y Vi .
0,=40.0° Vo -0 @---.1
—_ V=
Find1V1=?,V2=?,and92:? -@ . ? X > x

before after ‘%
Recall that momentum is a \%)

vector  quantity, so each

component must be kept track of Py = MV, p, =mv,cos6, + mv,cosb,
separately. p,, =0 p, =mv,sin6 —mv, sinO
. ) 1 1 2 2
The Law of Conservation of > L2 ’ L2 2
. K,=5mv, K=>mv; +5mv;
Momentum applies to each
direction independently,
D,. =P, = mv,=my,cosb, +mv,cos6, = v,cos0,=v, —v,cosb, (1)
P,y =P, = 0=my sin6 +mv,sin6, = v,sin6, =v, sin6, 2)

The elasticity of the collisions requires that,

K,=K=imv:=lmv+imv =v =v+v] 3)
Squaring eq. 2 and adding it to the square of eq. 1,

(v, sin92)2 +(v, cos92)2 =(v, sinl91)2 +(v, —v, cos91)2 =
vg(sin2 0, + cos’ 92) =v.+ vf(sin2 6, + cos’ 91) —2v_v,cos0, =
vy =v2+v] —2v v, cos6, (4)
Substituting eq. 4 into eq. 3,
v2=vl+v2+v] =2v v cosh = 0=2v] —2v v cos6, = v, =V, cos0,.

Plugging in the numbers,
v, =v, cosf =4.00cos 40°:>.
Putting this value into eq. 4,
v, =Av2 v =2v,v, cos6, =/(4.00)* +(3.06)> —2(4.00)(3.06)cos 40" =[v, =2.58m/s]
We can get 0, by dividing eq. 2 by eq. 1,
v,sin@,  v,sinf,

v, sin6, v, sin6,

= = tan0, = = 0, =arctan
v,co0s8, v, —v,cosb v, —Vv,cos6, v, —V,cosb,

Plugging in the numbers,

0, = arctan[ (3.06)sin40 j:> 0, =50.0°|.

4.00-(3.06)cos40°
If you play this game you probably know that (with no spin) the cue ball heads off at a right
angle to the ball that is struck. This is because the balls both have the same mass and the
collision is very nearly elastic.
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2. Inelastic Collisions
During inelastic collisions, momentum is conserved, but kinetic energy is not.

Example 24.3: You probably watched the collision of the Smart Car with the concrete barrier at
http://www.youtube.com/watch?v=cfidc9TuFvk. Let’s simplify matters and assume all the
motion happened along a line. The 820kg car is traveling at a speed of 31m/s as it collides with
the 20,000kg concrete barrier. It rebounds at 3.0m/s. Find (a)the speed of the barrier just after
collision and (b)the fraction of the kinetic energy that is lost in the collision.

Given: m = 820kg, M B Vl/ Ty ;
M = 20,000kg, v, = 31m/s, ™ v va=0 «—|p 2,
V1/=3.0m/S,al’ldV2=0. ‘O‘ﬁ & 7 X ‘O‘ﬂ 7 X
Find: v, = ? and K}:K =1 before after
(a)The Law of Conservation of
Linear Momentum requires, p, =my, p=Mv,—my,

p, = p=>my, = MY, —my,. K, = tmy? K= tmG{ Y + L M0

SOlVil’lg for the barriers speed,
’ m(v, + V, 820)(31 ’
( 1 1) ( )( )

) v,=14%
M 20000 :
(b)The fraction of kinetic energy lost is,
- 3m()’ +3M(v5)° D +M ()
K(kK:l_KL:}l_zm x,L;’zz vh zl_m(‘,)r:jzl/l(vz)
o o 2 V] V]

Plugging in the numbers,
K, =K _q _ (82037 +2000014)° _K}_K =0.94 =94%|.

K, (820)(31)?

I bet you can guess where the energy went! Just remember that after all the bending, smashing,
and crunching is all wound up as heat.

Here is a second example drawn from a common lab experiment.
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Example 24 .4: You will use the device shown below in lab to study collisions. It is called a
“ballistic pendulum.” A ball of mass 50.0g is fired at a catching device of mass 300g. Once the
ball is caught, it swings up through an angle of 37.0° on the end of a 25.0cm long arm. Find
(a)the initial velocity of the ball, (b)the initial kinetic energy of the ball, (c)the kinetic energy of
the system just after collision, and (d)explain whether the collision is elastic or not.

Given: m = 0.0500kg, M = 0.300kg, well after
6 =37.0",and L = 0.250m Ay p =0
Find: v,=?,K,=?,and K = ? . K'=0
/%X U’ =mgy
(a)During the collision, the Law of 7 x\ v=0
Conservation of Linear Momentum A NG
applies, 7, i v 4
p,=p=mv,=(m+Mpy. m----- M ------ - ——yt\4+m""'ﬁ.
We can’t assume the collision is elastic,
but once the collision is completed and
the system begins to swing upward, there .
are no non-conservative forces doing before just after
work, so the Law of Conservation of p.=my, X p=(m+ M)y
Energy can be useful, K =1lmy g 2
® AK+AU =W, = u=0 g_g(erM)v

[0—L1(m+ MW’ 1+ [(m+ M)gy—0]=0=

Lim+ MW’ =(m+ M)gy :>v=\/@
Substituting into the momentum equation,
my, :(m+M)\/@:>vo :% 2gy.

The height can be found using some trig,
L=LcosO+y=y=L—-Lcos@=L(l1-cos0).
Finally then,

v, =) Dol (1—cosB) = Lo0030) 59 80)(0.250)(1—cos37°) =[v, =6.95m/s].

(b)Using the definition of kinetic energy,
K, =1mv? =1(0.0500)(6.95) =[K,=121J].
(c)Again with the definition of kinetic energy,
K=1(m+ M)W’ =(m+ M)gy =(m+ M)gL(1—cos6) =
K = (m+ M)gL(1—cos8) = (0.0500 +0.300)(9.80)(0.250)(1 — cos 37°) =[K =0.173J].
(d)Since the kinetic energy drops during the collision, it is .
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Section Summary
Why do objects do what they do? We have now added a third answer to this question. In addition to

forces and linear momentum, we now have energy and the Law of Conservation of Energy.

The Law of Conservation of Energy
“Energy may be transformed from one type to another, but the total energy always remains constant.”

The law can be written mathematically as,

The Law of Conservation AK + AU =W,

We looked at several examples of the use of the law in collisions. All collisions conserve energy and
momentum, but some (even most) involve non-conservative forces making the application of the Law of
Conservation of Energy problematic. Collisions that only involve conservative forces are said to be
“elastic” which means that the collision conserves kinetic energy. “Inelastic” collisions involve non-
conservative forces and so don’t conserve kinetic energy.
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A Summary of the Course to Date

Now we can explain why objects do what they do using force, linear momentum, or energy depending
upon which is more convenient or useful.

Classical Mechanics
I
| 1
Translation Rotation
The motion of The spinning
objects as 1 whole moton of objects
| |
| | I 1
Kinematics Force Momentum Energy Kinematics ” Torque Angular Mosssatuos “ Energy
Laws: Laws: Laws: Laws:
none Newton's Laws Conservation of Conservation of
. 1. Law of [nertia Lincar Energy
Definitions: 2. SF = md Momentum AK+AU =W,
Position 7 3. Action/Reaction
Displacement dF Definitions: Definitions:
Velocity 7 = 4 Definitions: Linear Work
dt Coefficient of Momentum We J' Fodi
Acceleration Friction pmmi aW
ind Fe Power P = y
um—=
dr F, ll-npulsrc . Kinetic Energy
Useful Relations: o J-f,,m Kulim'
Kinematic Useful Relations: :
i Potential Energy
. ‘w
Equations . xﬁf cight Center of Mass AU = -W,
X=X, +V i=sal F;'"'S ;"“-l“l Fdm )
VeV, +ar Uxmanlanom
vi=vl+2a(x-x,) || Air Resistance Useful Relations: m‘:&i’“ﬂ
1 Fyrs o .
X=X, =ivev Fy=bv Original 2™ Law W, = AK
Tangential Velocity ) i Gravitational
2 Terminal Speed dr Potential Energy
V= T mg r »
Centripetal Vem= Impulse Momentum Uy =mgy
A““TP‘“:. Theorem Spring Poteatial
CCCl Cl‘v’a on Ap. -] Encrgy .
a = U, =i
r

24-7



