Goals for Chapter 8

* To learn the meaning of the momentum of a particle
and how an impulse causes it to change

* To learn how to use the conservation of momentum
* To learn how to solve problems involving collisions

* To learn the definition of the center of mass of a
system and what determines how it moves

» To analyze situations, such as rocket propulsion, in
which the mass of a moving body changes

Copyright © 2012 Pearscn Educaticn bac.

Introduction

* In many situations, such as a bullet hitting a carrot, we
cannot use Newton’s second law to solve problems because
we know very little about the complicated forces involved.

* In this chapter, we shall introduce momentum and impulse,
and the conservation of momentum, to solve such problems.
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Impulse and Momentum

From Newton's Second Law, ZF = ma = mdv/dt
2Fdt = mdv

Let us integrate both side of the equation

j=[ZFdt =mV;—mv, or | =F, At=my;-my,
The integral is called the impulse. | . of the force acting
on an object over At, mv is called linear momentum, p,
and mv; —mv, represents a change in momentum

J =mt = mv; —mv; represents impulse-momentum
theorem
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More About Impulse
Impulse is a vector quantity

The magnitude of the
impulse is equal to the area SF
under the force-time curve

* The force may vary with time
Dimension of impulse is N's

Impulse is a measure of the
change in momentum of the
particle

(a)

Copyright © 2012 Pearscn Educaticn bac.

Impulse and momentum

: 7 ©
* The impulse of a force is the ; . ,

product of the force and the ime cxuas the impalse o the it orve:
time interval during which it I A= s, = frca
acts. 5

* Ona graph of ZF, versus time,
the impulse is equal to the area
under the curve, as shown in

figure to the right. o
*  Impulse-momentum theorem: ®
The change in momentum of a X,

Large force that acts
for a short time

particle during a time interval
is equal to the impulse of the
net force acting on the particle
during that interval.

Sealler farce that
acts for a longer time
L

t
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Momentum and Newton’s second law

*  The momentum of a Y
particle is the product
of its mass and its
velocity:

* Newton’s second law
can be written in
terms of momentum

Momentum p is a vector quantity;

Impulse-Momentum: Crash Test Example 1

Before

In particular crash test, a car of
mass 1500 kg collides with a wall.
The initial and final speed of the
cararev, =15m/s and v, = 2.6
m/s, respectively. If the collision

lasts 150 ms, find the average

=150 m/s
m—

After

u particle’s momentum has the same . )
as direction as its velocity U force exerted on the car. +2.60 m/s
.
______ (a)
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Kicking a soccer ball Linear Momentum
A kick changes the direction of a soccer ball. A 0.40 ~kg soccer ball The linear momentum of a particle of mass m

moving initially to the left at 20 m's is kicked. Afier the kick it is

moving at 45” upward and to the right with a speed of 30 m's. Find the

average net foree. assuming a collision time 0.01 s.

navg

J WK
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moving with a velocity v is defined to be the
product of the mass and velocity:

p=mv
Linear momentum is a vector quantity
« Its direction is the same as the direction of the velocity
The Sl units of momentum arekg- m/s
Momentum can be expressed in component form:

Pe=mv, py=mvy p,=myv,
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An isolated system

* The total momentum of a system of particles is the vector sum

of the momenta of the individual particles.

* No external forces act on the isolated system consisting of the

two astronauts shown below, so the total momentum of this
system is conserved.
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Conservation of momentum

« External forces (the normal

3 4 £ A ?
force and gravity) act on the % !A ::-»i‘,ﬁ:'

skaters shown in Figure 8.9
at the right, but their vector / ? é
sum is zero. Therefore the o

total momentum of the e o A o o
skaters is conserved. y

« Conservation of momentum: ‘ ot " |
If the vector sum of the . i
external forces on a system
is zero, the total momentum
of the system is constant.
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Conservation of Linear Momentum

Types of Collisions

Whenever two or more particles in an isolated
system interact, the total momentum of the
system remains constant

« Law of conservation of linear momentum can be
applied to analyze such events as collisions,
explosion and recoil

* Types of collisions : elastic collision

inelastic collision
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In an elastic collision, momentum and kinetic
energy are conserved

« elastic collisions occur on a microscopic level

* In macroscopic collisions, only approximately elastic
collisions actually occur

Generally some energy is lost to deformation, sound, etc.
In an inelastic collision, kinetic energy is not

conserved, although momentum is still
conserved

« If the objects stick together after the collision, it is a perfectly
inelastic collision
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Recoil of a rifle

« Arrifle fires a bullet. causing the rifle to recoil.

5g:300m/s -
o O=myv,tmyv. v, = -———— = _().5m/s
UL R A 3000 g
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Conservation of Momentum, Recoil Example 4

A 60-kg archer stands on
frictionless ice and fires a
0.5 kg arrow horizontally at
50 m/s. Find the recoil
velocity of the archer.
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Objects colliding along a straight line

* Two gliders collide on an air track.

Uppe = 20mfs Vg = —20mfs
— e

(a) Before collision —@—_@— X

my = 050kg myg = 030 kg

(b) Collision

Uga, = 20mfs
—-

~fp—
After collisi
() After collision —%:BL\_ =t
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Elastic collisions

(2) Before collision «In an elastic collision, the
Springs total kinetic energy of the
By L 3
— /| system is the same after the
Wy . u
@ N collision as before.
(b) Etastic collsion *Figure at the left illustrates

an elastic collision between
air track gliders.
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Inelastic collisions

(a) Before collision
* In an inelastic collision, the

Velero®
total kinetic energy after the B O
.. . — \ —-—
collision is less than before the a ==
collision. R B

* A collision in which the bodies
stick together is called a —
completely inelastic collision ﬁE N
In any collision in which the .
external forces can be
neglected, the total momentum
is conserved.

(b) Completely inelustic collision
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The ballistic pendulum

Ballistic pendulums are used to measure bullet
speeds. Assume m=35g. my =2.00 kg,

y=3 cm
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Some inelastic collisions

» Cars are intended to have
inelastic collisions so the car
absorbs as much energy as
possible.

Vore = “20mjs

ik Vars 2.0 wis oe
Before @
m, = 0,50 mg = 030 ky
Af Ve ?
frer £
Afrer (A5 5
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Elastic collisions

(3) Ping-Pong ball strikes bowling ball

* The behavior of the

BEFORE

colliding objects is b (3
1 A
great.ly affected by their .
relative masses. S
Vi ™ "'4»!- el Uy
When a moving object A has a 1-D A i

elastic collision with an equal-mass,
motionless object B ... (b) Bowling ball strikes Ping-Poag ball.
- YAlx . BEFORE
S——=—— ..
B !

A

S . . A
all of A’s momentum and kinetic

energy are transferred to B

Vane =0 Upa = Uy, WW_@‘.:__’L
_Q_( S — X B
A B
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An elastic straight-line collision

Two gliders on air track undergo elastic collision. Find the
velocity of each glider after the collision

i After collision 7 _Mv + in;_v
[ i ”-m:“”’: " om+m, ?
B8R | 2m mem
' T meam, VT moam,
Vaix =2.0m/fs Vg, = —2.0m/s
Before | A Pw—) <—\N* B
m, =050 k3 my=0.30 kg
Y, x:? VBZX:?

sw T W5
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Two-Dimensional Collision

For two-dimensional collision conservation of
momentum has to be expressed by two
component equations:

M1V1ixFM2Vaix = M1V tMaVas

M1V1iy+M2Voiy = MV tMaVagy
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A two-dimensional collision

A (@) Before collision
Two robots collide and go off at ce

different angles. ’ .
Assume mp=20 kg, vy ;=2m/s, i on g
me=12 kg, 3 % = :
va=lm/s at a=300

A

(b) After collision

¥
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A two-dimensional perfectly inelastic collision

A 1500 kg car traveling east with a speed of 25
m/s collides at an intersection with a 2500 kg
van traveling north at a speed of 20 m/s. Find
the direction and magnitude of the velocity of
the wreckage after the collision, assuming the
vehicles stick together after the collision.

Ignore friction Model the cars
as particles The collision is
perfectly inelasticThe cars stick
together
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The Center of Mass

There is a special point in a system or object,
called the center of mass, that moves as if all
of the mass of the system is concentrated at
that point

The system will move as if an external force were
applied to a single particle of mass M located at
the center of mass

* M is the total mass of the system
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Center of Mass of System of Particles,
Coordinates

The coordinates of the
center of mass are

>mx,
Ko = ,,A,,MW Xom

Zmy' m mg
You=- ——O—l—O; X

M =
CM
Z’"zf — X |<— ‘
= I,Mi I Xo |

M is the total mass of the
system
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Example

Find the position of center

of mass of the system le———xcu
consisting of two particles my

my=2kgand my;=10kgif | O & CI) i

X4=20 cm I CM
and x, =60 cm |<_ |
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Center of mass of a water molecule

For simple model of water molecule, find the position of center
of mass if d = 0.0957nm, my; = luand mp = 16 u
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Center of Mass, position

The center of mass in three dimgnsions can be
located by its position vector, rey

* For a system of particles,
fou = i Zm:f:
r=xi+yj+zk

* For an extended object,
1
Fo = HI Fdm

Center of mass of symmetrical objects
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Center of mass
74 ol 3 « Itis easy to find the center
=5 W L|--3 of mass of a homogeneous
Cube Sphere Cylinder symmetric object, as shown

in Figure 8.28 at the left.

I & homogencous object has a geometric center

that s where the center of mass is located
Axis of symmetry

S |I:4 —

Disk Donut

If an object has an axis of symmetry, the center

cs along it As in the ca

of ma
the center of mass may not be within the object
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Center of Mass, Rod

1 L L M2 L
Xem = Efﬂ xdm =[ " xhdx =—{=1=;

dm = Adx
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Motion of a System of Particles

Assume the total mass, M, of the system remains
constant

We can describe the motion of the system in
terms of the velocity and acceleration of the
center of mass of the system

We can also describe the momentum of the
system and Newton’s Second Law for the
system
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Velocity and Momentum of a System of Particles

The velocity of the center of mass of a system of particles is

Lo Oy, 1 dY mr 1 dr, 1 :

” dr, .
Vem = dch = A_}vavl

The momentum can be expressed as
Micy =2 Mm%, =3 B, =Py

The total linear momentum of the system equals the total
mass multiplied by the velocity of the center of mass
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External forces and center-of-mass motion

* When a body or collection of particles is acted upon by
external forces, the center of mass moves as though all the
mass were concentrated there (see Figure 8.31 below).

wn.-.,..\*-. m_'\ & .

-
/ 4
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Rocket Propulsion

The operation of a rocket depends upon the law of
conservation of linear momentum as applied to an
isolated system, where the system is the rocket plus
its ejected fuel.

As the rocket moves in free space, its linear
momentum changes when some of its mass is
ejected in the form of exhaust gases.

* Because the gases are given momentum when they are
ejected out of the engine, the rocket receives a
compensating momentum in the opposite direction.

* In free space, the center of mass of the system moves
uniformly Section 99
weight © 2012 P

Rocket Propulsion, 2

The initial mass of the rocket plus all its

fuel is M + Gmat time t; and speed v. —-
The initial momentum of the system is M+ Am
- = B =
= + * +
P (M ém)v p,= (M+ AmV

At some time t + &t, the rocket's mass a8
has been reduced to M and an amount
of fuel, &m has been ejected.

The rocket's speed has increased by Am _ _\l -

ov. Dt < oo PO
‘ﬁ‘
v+ Av

Burned fuel

[ v
i

At time ¢, A AL time ¢
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The basic equation for rocket propulsion is
vV, -V, = vnln(%’l
The increase in rocket speed is proportional to the speed of
the escape gases (Ve).
*  So, the exhaust speed should be very high.

The increase in rocket speed is also proportional to the natural
logarithm of the ratio M/M;

*  So, the ratio should be as high as possible, meaning the mass of
the rocket should be as small as possible and it should carry as
much fuel as possible.

Section 9.9

Thrust

The thrust on the rocket is the force exerted on it by the
ejected exhaust gases.

dv M
thrust =M= =\v, —~
H dt | dt

The thrust increases as the exhaust speed increases.

Vv,

The thrust increases as the rate of change of mass increases.

* The rate of change of the mass is called the burn rate.

Section 9.9

Rocket propulsion

\ rocket moving in space has a speed of 3000m's relative to Earth.
Fuel is ¢jected in a direction opposite the rocket’™s motion at a speed
o S000 m/s relative to the rocket. (a)What is the speed of the rocket
relative to carth once the rocket’™s mass is reduced to half its mass
before ignition? (b) What is the thrust on rocket if it burns at the rate
of S0 ke's




