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9. Center of Mass. Linear Momentum 11
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e Linear momentum for a system of particles
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e Collision and Impulse

The collision of a ball with a bat collapses
part of the ball. (Photo by Harold E.
Edgerton. ©The Harold and Esther
Edgerton Family Trust, courtesy of Palm
Press, Inc.)

Fig. 9-8 Force F(t) acts on a ba
as the ball and a bat collide.

The figure depicts the col-
lision at one instant. The
ball experiences a force F(t)
that varies during the colli-
sion and changes the linear
momentum of the ball.




The change in linear momentum of the ball is related
to the force by Newtons second law:
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e Impulse:
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The average force gives
the same area under the

curve.
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e The magnitude of J
equals the area under the
curve F(t).

e Average force

—

J

At

.
Faverage —

e Newton’s 3rd law:
Fpan(t) + Fpat(t) = 0

at all times. Hence:
Jbat = —Jpall

| Jbat| = | Jballl



I-Clicker
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A particle constrained to move on a horizontal smooth

surface is subject to five forces as shown below. Which
components of its momentum are conserved? W]

A) pz,py are conserved
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D) p.,p, NOt conserved.
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Answer
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A particle constrained to move on a horizontal smooth

surface is subject to five forces as shown below. Which

components of its momentum are conserved? W]
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I-Clicker

The graphs below encode the time dependence of
the force magnitude for a body involved in a collision.
How are the impulse magnitudes ordered?
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A)Ja>Jb>Jc B)Ja<Jb<Jc
C) Jo=Jy > J. D) J,=Jy=J.
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e Conservation of linear momentum

A system is closed if no particles leave or enter the
system.

A system is isolated if no external forces act on the
system.

Isolated closed system:

dP - =
— = Feet = 0 = P conserved

If no net external force acts on a closed system
of particles, the total linear momentum P of the
system cannot change.




Closed system:

x

(Fext)z =0 = = 0 = P, conserved

dP
(Fext)y =0 = d—ty = 0 = P, conserved

dP,

(Fext): =0 = = 0 = P, conserved

If the component of the net external force on
a closed system is zero along an axis, then the
component of the linear momentum of the sys-
tem along that axis cannot change.




e Example: one dimensional explosion

[ ome Page ]
- v, A space hauler coupled to a
—— space module moves with ve- —
\ Hauler locity v; = wv;i relative to the [
Cargo module Sun. The total mass of the
x system is M and the mass of
(a) the module is m < M.

The module is ejected by a small explosion such that
the relative velocitx of the hauler with respect to the
mOdU|e |S Ure| — 'Ure|7:.

Find the velocity of the hauler vgg relative to the
Sun after the explosion.



—

\_— = Vi Vs — Vs
—_ —> —
_vr— \ —
Hauler
Cargo module 0.20M 0.80M
X X
(a) (b)

—

Isolated closed system: P conserved.

ﬁi:ﬁf Pz:z;:Pf:c

Py = Muvig Pf:c — (M — m)vHS,a: + MUMSx

VHS = UMS + Urel VHS x — UMS,x + Urel,x
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e Example: two dimensional explosion

A firecracker placed inside a

100° — . coconut of mass M, initially EiEEeET
f’k«( xﬂ‘ at rest on a frictionless floor, 0 o
o blows the coconut into three
A ,l pieces that slide across the el B
130° floor.

= Piece C, with mass My = 0.3M,
s has final speed v;c = 5.0 m/s.

(a) What is the speed of piece B, which has mass
Mp = .20M 7

(b) What is the speed of A 7



Isolated closed system:
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OT The sysiem.
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Mpvspsinp = McvscsinOc
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I-Clicker

A golf ball of mass m moving with speed vy hits a
bowling ball initially at rest. The golf ball bounces
pback with speed 0.9vg. Let pp denote the magnitude
of the momentum of the bowling ball after collision.
Which of the following statements is true?

‘ -0.9V,

A) pp = muy B) pp = 0.9muy

C) PB — O.lmvo D) PB — 1.9m’00



Answer

A golf ball of mass m moving with speed vy hits a
bowling ball initially at rest. The golf ball bounces
pback with speed 0.9vg. Let pp denote the magnitude
of the momentum of the bowling ball after collision.
Which of the following statements is true?

‘ -0.9V,

A) pp = muy B) pp = 0.9muy

C) pp = 0.1muy D) pp = 1.9muy



V. —>
o 0 -0.9,
—_—
-—

P, = ]3f = muvo = —0.9mvy + pB..

pB.c = 1.9mwvg



e Momentum and Kkinetic energy in collisions

Collisions in closed isolated system

e kinetic energy conserved =- elastic collisions

e kinetic energy not conserved, transferred to other
forms of energy such as thermal energy = inelastic
collisions




e Completely inelastic collisions in 1D

Completely inelastic: the objects stick together
after collision.

Here is the generic setup In a completely inelastic
for an inelastic collision. collision, the bodies
stick together.
Body 1 Body 2
v, Vo Vi
Before e —> Before > Vo, =0

. Q O Q x
m, my m mo

Projectile  Target

vy Vas : V
After —> > After Q SD -
Q Q x

m Moy my + mg



Here is the generic setup
for an inelastic collision.

Body 1 Body 2 = =
Vi, Vo F; = Py
Before  am—yp >
. Q
m, e 5 - .
M1V + MoVU2; = MULf + M2Vsy
7, 2
After —> >
Q Q

m my



In a completely inelastic
collision, the bodies

stick together.
vi;
Before =P Vo, =0
Q Q
my mo
Projectile Target
7
After -
Q

7711 + Mo
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m1U1; + mavz = (m1 + m2)‘7
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7= v + M2v2;

m1 —+ me

V, =

M1Vl + TM2V2

mi —+ mo




The com of the two
bodies is between
them and moves at a

constant velocity.
S S B
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I-Clicker

An object at rest explodes into two pieces of unequal
mass. One piece flies west at a speed v and the second
flies east at a speed 3v. What is the velocity of the
center of mass?

INITIPIL F/INAL
A) O D) cannot be determined
B) 2v west
C) 2v east




I-Clicker

An object at rest explodes into two pieces of unequal
mass. One piece flies west at a speed v and the second
flies east at a speed 3v. What is the velocity of the
center of mass?
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INITIPIL F/INAL
A) O D) cannot be determined
B) 2v west B = P; = MGcom =0
C) 2v east




e Example: ballistic pendulum

.-

e large block of wood
of mass M = 5.4kg sus-
pended from two long
cords.

e bullet of mass m =
9.5 ¢g fired into the block.

e system block 4+ bullet
swings upward a vertical
distance h = 6.3 cm.

® Upullet !




Step 1: e completely inelastic collision
e linear momentum conserved

e kinetic energy not conserved

mv = (m+ M)V




Step 2: e upward swing

e linear momentum not conserved

e Mmechanical energy conserved
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e Example: generic inelastic collision

lBullet

A bullet of mass m = 10g
moving directly upward at
v = 1000m/s strikes and

passes through the center of
mass of a M = 5.0kg block
initially at rest.

The bullet emerges from the
block moving directly upward
at v; =400m/s.

To what maximum height
does the Dblock then rise
above its initial

position?




Step 1: e inelastic collision
e linear momentum conserved

e kinetic energy not conserved

—

P, = Py
== == mv = muv; + Mwvs
m
Bullet U2 = M(v — 1)




Step 2: e upward motion
e linear momentum not conserved

e Mmechanical energy conserved

e assume the block does not move much
during the collision

1
=—— | [——
2 2
h=2=—"—(v—u)
29 2M?3g
Bullet



e Ellastic collisions in 1D: both linear momentum
and Kinetic energy are conserved




e Generic setup — stationary target
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Here is the generic setup  OFf the systems is con-
for an elastic collision with served:

a stationary target. S o I
Before v},— B — P
> _vyi=0 L]
(J . X
Projertile Target e The total kinetic en-
o ;2/ ergy of the system is
After i — conserved:
m my
1 K; = Ky

Note: the kinetic energy of each colliding body may
change, but the total Kkinetic energy of the system
does not change.



Here is the generic setup
for an elastic collision with

a stationary target. L | Home Page |
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