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Chapter 9 Impulse and Momentum

Chapter Goal: To learn about impulse, momentum, and a
new problem-solving strategy based on conservation laws.
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Chapter 9 Preview
Looking Ahead: Impulse

» This golf club delivers an impulse to the ball as the club
strikes iIt.

* You’ll learn that a longer-lasting, stronger force delivers a
greater impulse to an object.
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Chapter 9 Preview
Looking Ahead: Momentum and Impulse

» The impulse delivered by the player’s head changes the ball’s
momentum.

* You’ll learn how to calculate this momentum change using the
Impulse-momentum theorem.
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Chapter 9 Preview
Looking Ahead: Conservation of Momentum

» The momentum of these pool balls before and after they collide
IS the same—it IS conserved.

* You’ll learn a powerful new before-and-after problem-solving
strategy using this law of conservation of momentum.
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Chapter 9 Preview
Looking Ahead

Impulse Momentum and Impulse Conservation of Momentum
This golf club delivers an impulse to the The impulse delivered by the player’s head The momentum of these pool balls before and
ball as the club strikes it. changes the ball’s momentum. after they collide is the same—it is conserved.

717 =

You'll learn that a longer-lasting, stronger You'll learn how to calculate this momentum You’ll learn a powerful new before-and-after
force delivers a greater impulse to an object. change using the impulse-momentum problem-solving strategy using this law of
theorem. conservation of momentum.

Text: p. 288
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Momentum

* Momentum 1s a vector quantity
that points in the same direction

as the velocity vector:
* Momentum is the product of ~ Momentum is a vector that

the object’s mass and velocity, ~ Points in the same direction
It has units of kg - m/s. as the obJ:ect S Ve:loc1ty.

* The magnitude of an object’s ___ 3 __&5__
momentum is simply the k ’
product of the object’s mass
and speed.

-

p=my

Momentum of an object of mass m and velocity v
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Section 9.1 Impulse



Impulse

* In physics, a collision is an isolated event in which two or
more objects exert relatively strong forces on one another
for a relatively short time.

- exert relatively strong forces on one another for a
relatively short time.

» During a collision, it takes time to compress the object,
and it takes time for the object to re-expand.

* The duration of a collision depends on the materials.

Contact begins Maximum compression Contact ends
= - -
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Impulse

* When kicking a soccer
ball, the amount by which
the ball is compressed Is a
measure of the magnitude F(N)

/Point of rpaximum
of the force the foot exerts 3997 compression
on the ball. 600+
* The force Is applied only 4004
while the ball 1s In contact 2004 Contact Contact
. 4 begi d
with the foot. N ATTANTT )
_ _ 0 20 | 40 60 | 80 100
* The impulse force is a large ———

force exerted during a short
Interval of time.

© 2016 Pearson Education, Ltd. Slide 1-11



Impulse

* The effect of an impulsive
force iIs proportional to
the area under the
force-versus-time curve.

* The area Is called the
Impulse J of the force.
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(a) F
Impulse J is the area

under the force curve.
Fmax_ 4

t

0

The area under both force curves is the
same; thus, both forces deliver the
same impulse. This means that they
have the same effect on the object.

(b) F The area under the rectangle is

Faye At, its width Ar multiplied
by its height F,,.
g y

p
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J \
F . Vi \:.
avg | 7, ¥
4 ey
V4 \
’ N
0 | | !
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Same duration At
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Impulse

* It 1s useful to think of the @ F o
- = - mpuise J 18 the area
collision in terms of an i under the force curve.
average force F,,. -

* Favg 1S defined as the constant

force that has the same Oﬂ o -
. e area under both force curves 1s the
duratlon At and the Same same; thus, both forces deliver the

same impulse. This means that they

area under the force curve have the same effect on the object.
as the I’ea| fOI’CE (b) F The area under the rectangle is

Fayg At, its width A7 multiplied
% by its height Fyy,.
. - \ .. =

t

p
/7 A"
J \
F . ! \:.
avg | 7 G
4 ey
V4 \
’ N
0 | | !

€ ql
Same duration At
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impulse J = area under the force curve = F,,, At

[mpulse due to a force acting for a duration Af

Impulse has units of N - s same as momentum, but N - s
are equivalent to kg - m/s.

The latter are the preferred units for impulse.

The impulse Is a vector guantity, pointing in the direction
of the average force vector:

J=Fy, At
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A rubber ball experiences the F

force shown in the figure ——
as It bounces off the floor.
a. What is the impulse on the
ball? 0 ,

b. What Is the average force
on the ball?
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Example 9.1 Finding the impulse on a bouncing
ball (cont.)

PREPARE The impulse Is the F
area under the force curve.
Here the shape of the graph
1s triangular, so we’ll need
to use the fact that the area
of a triangle is 5 x height x base.

300 N -

0 t
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Example 9.1 Finding the impulse on a bouncing
ball (cont.)

SOLVE a. The impulse Is K
J = 3(300 N)(0.0080 s) 300 N -
=12N-+-s=1.2kg-m/s
b. We have:
J = F,,4 At, so we can find
the average force that would 0 ] ] f
8.0 ms

give this same impulse:

J 12N-s

Fopo = —7—= = 150 N
e Ar 0.0080 s
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ASSESS In this particular F

example, the average value p—
of the force is half the

maximum value. This Is not

surprising for a triangular

force because the area of a )

triangle is half the base |
times the height.
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Section 9.2 Momentum and
the Impulse-Momentum Theorem



Momentum and the Impulse-Momentum
Theorem

* We know that I
giving a kick to a heavy
object will change its
velocity much less than
giving the same kick to a
light object.

While the stick is in contact
with the puck, it exerts a force
F,y, on the puck, causing it

to accelerate.

-

F,

Vg

* We can calculate how the
final velocity is related to e
the initial velocity.
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From Newton’s second law, the average acceleration of an
object during the time the force iIs being applied Is
F
avg

m

_)
aavg o

The average acceleration is related to the change in the

velocity by LA B—¥
e TN T A
We combine those two equations to find Fave _ > Ve~ Vi
77) avg Al_

SO 1721Vg At — WL\_/)f — WL\_/)i
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Impulse and momentum are related as:

J=pi—pi=Ap

Impulse-momentum theorem

The impulse-momentum theorem states that an

impulse delivered to an object causes the object’s
momentum to change.

Impulse can be written in terms of its x- and y-
components:

Jy = Ap, = (por — (Poi = m(v)r — m(vy);
Jy, = Al?y = (py)r — (Pyi = m(Vy)f — m(Vy)i
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The Impulse-Momentum Theorem

(a) A putter delivers an impulse to a golf ball, changing its momentum.

The club delivers an impulse J to the ball,
increasing the ball’s momentum.

v
\ | r. .
.

~u

Vector addition shows

(b) A soccer player delivers an impulse to a soccer ball, changing its momentum. e
that pf = p; + J.

The player’s head delivers an impulse Vi
#" to the ball, changing its momentum.-,
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A 2.0 kg object moving to the right with speed 0.50 m/s
experiences the force shown. What are the object’s speed
and direction after the force ends?

F, (N)
A. 0.50 m/s left oy
B. Atrest
_ 0 1(s)
C. 0.50 m/s right T
D. 1.0 m/s right 5
E. 2.0 m/sright
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Two 1.0 kg stationary cue balls are struck by cue sticks.
The cues exert the forces shown. Which ball has the
greater final speed?

F) F(1)
100 N

0 t 0 t
0 2ms 0 20 ms

Force of cue on ball 1 Force of cue on ball 2

A. Balll
B. Ball 2
C. Both balls have the same final speed.
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Section 9.4 Conservation of Momentum



The forces acting on two balls @_» <_@
during a collision form an

. . . Before
action/reaction pair. They
have equal magnitude but }”f“ _____________ @

: . . b e .
op_pos1te directions (Newton’s sctonftescton
third law). pai. :

Fl on 2
If the momentum of ball 1 Duting
INncreases, the momentum of @

ball 2 will decrease by the

same amount. 4—@ @—>

After
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Law of Conservation of Momentum

- There is no change in the total F Srstein 1

momentum of the system no Frwi 7
. lon3
matter how complicated the B jg
forces are between the particles. . "
Flon2 on
* The total momentum of the Mz

SyStem |S conse rVEd . Each pair of pg,lrticles interacts via
Qction/reaction pair of forces.
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Law of Conservation of Momentum

- Internal forces act only F Sydtein N

between particles within a Fami P
lon3
system. 7 @3" ﬁ
> The total momentum of a P Fronst,
system subjected to only 2@/&2 :

|nte rnal fO Fces |S conse rVEd ] Each pair of pélrticles interacts via
Qction/reaction pair of forces.
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Law of Conservation of Momentum

- External forces are forces from agents outside the system.
- External forces can change the momentum of the system.

External force

System \

-
F lon3
F exton 3
F 2on3
—)
F 3o0n?2
_’
K ext on 2
External External

force force
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The change In the total momentum is
AP = AP, + Ap, + AP,
= (Fexton 180) + (Fexton 2 A0) + (Fegon 3 A1)
= (Foxton 1 + Fexton2 T Fxton3) At
=F . At

fnet IS the net force due to external forces.
If Floq = 0, the total momentum P of the system does not

change.
An isolated system is a system with no net external force acting on

It, leaving the momentum unchanged.
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aw of conservation of me ' The total momentum P of an isolated
system is a constant. Interactlons w1th1n the system do not change the system’s
total momentum.

The law of conservation of momentum for an isolated
system IS written

—_

B2

Law of conservation of momentum for an isolated system

The total momentum after an interaction is equal to
the total momentum before the interaction.
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Law of Conservation of Momentum

» SiInce momentum IS a vector, we can rewrite the law of
conservation of momentum for an isolated system:

Final momentum Initial momentum

N\

x-component =3 (D1 )y T (P2 )+ (P3)e T+ = (P)i T (P2)i t (P3o)i T

Parti:cle ] Parti:cle 2 Parti:cle 3

v v

y-component -=>(p1y)¢ + (Poy)r + (P3ye + - -+ = (Piy)i (P T+ (P3y)i + -
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Law of Conservation of Momentum

Conservation of momentum problems

We can use the law of conservation of momentum to relate the momenta
and velocities of objects after an interaction to their values before the inter-
action.

PREPARE Clearly define the system.

® [f possible, choose a system that is isolated (fnet = 6) or within which the
interactions are sufficiently short and intense that you can ignore external
forces for the duration of the interaction (the impulse approximation).
Momentum is then conserved.

®m [f it’s not possible to choose an isolated system, try to divide the problem
into parts such that momentum is conserved during one segment of the
motion. Other segments of the motion can be analyzed using Newton’s laws
or, as you’ll learn in Chapter 10, conservation of energy.
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Law of Conservation of Momentum

Conservation of momentum problems

Following Tactics Box 9.1, draw a before-and-after visual overview. Define
symbols that will be used in the problem, list known values, and identify what
you’re trying to find.

soLve The mathematical representation is based on the law of conservation
of momentum, Equations 9.15. Because we generally want to solve for the
velocities of objects, we usually use Equations 9.15 in the equivalent form

my(vi e + my(vo e+ - -+ = my(v); T mp(vy)i + - -
mi(viy)e + ma(vay)e + - - - = my(vyy); + ma(vyy)i + - -

assess Check that your result has the correct units, is reasonable, and answers
the question.
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A 30 g ball is fired from a Before: my = 0.030 kg

(vBx)i = 0 m/s

1.2 kg spring-loaded toy rifle [ Swen
with a speed of 15 m/s. What | i ”nJR:_.‘%kg/
is the recoil speed of the rifle? e

0
After:

PREPARE As the ball moves 3 >
down the barrel, there are J‘»Z/;U)_/ e
complicated forces exerted h

on the ball and on the rifle. However, If we take the system

to be the ball + rifle, these are internal forces that do not
change the total momentum.
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The external forces of the Before: g = 0.030 kg

(vBx)i = 0 m/s

rifle’s and ball’s weights are [ Sysen
balanced by the external force 7 m-i2.
exerted by the person holding — A
the rifle, so F.., = 0. This Is After S
an isolated system and the (4)-))7/;0_/ (3.0 = 15 mis
law of conservation of i Dl

momentum applies.

The figure shows a visual overview before and
after the ball 1s fired. We’ll assume the ball i1s fired in the
+x-direction.
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SOLVE The x-component of the  Befor: s = 0,030 kg

(vBx)i = 0 m/s

total momentum is Ty Swen
_ = L3

I:)x = Ppx + Prx- (vRX)iZOri/s

Everything is at rest before the ;.. 0

- - - - om AAYAVAVAV.V I 8 o =
trigger is pulled, so the initial 4.))7/@_” (g = 15 mis

(VRx)f
momentum IS zero.

Find: (vg,)f

After the trigger is pulled, the internal force of
the spring pushes the ball down the barrel and pushes the
rifle backward. Conservation of momentum qives

(P = mg(vpys T mr(vp)e = (£); =0
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Example 9.7 Recoll speed of arifle (cont.)

Solving for the rifle’s velocity, we find

mg 0.030 kg

(VRO = — m_R(VBx)f =T ke

X 15 m/s = —0.38 m/s

The minus sign indicates that . -
the rifle’s recoil 1s to the left. | G = 0 mis

The recoil speed is 0.38 m/s. . y~System
p Vg_/ mg = 1.2kg
(VRy)i = 0 m/s

X

|
0
After:

AYAVAVAYA.V I 4 o >
(vB)r = 15 m/s

(VRx)f .
Find: (vg )¢
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ASSESS Real rifles fire their Before: m = 0.030 ke

(vBx)i = 0 m/s

bullets at much higher e Sen
velocities, and their recoil e =i

is correspondingly higher. e
Shooters need to brace Aftes 0 . _
themselves against the (4)-))7/@_” ()= 15 mis
“kick’ of the rifle back - Find: Gy

against their shoulder.
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Section 9.5 Inelastic Collisions



Two objects approach and collide.

A perfectly inelastic

- - . - = . (V x)i (V x)i
collision is a collision In  Before: @1_> 42_@

which the two objects stick y my
together and move with a

common final velocity. They stick and move together.
Examples of perfectly After. @“’_)f,
Inelastic collisions include

clay hitting the floor and Clomibined T
a bullet embedding itself mgss vy g Veloaly

IN wood.
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"'he two boxes are sliding along a frictionless surface.

"hey collide and stick together. Afterward, the velocity of
the

two boxes IS

2 m/s to the left
1 m/s to the left 1k feep
0 m/s, at rest

1 m/s to the right
2 m/s to the right

moowr
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Before:
m; =2.0 X 10* kg m, = 4.0 X 10* kg

In assemb_llng a train from [ mE ChSLom G
several railroad cars, two

of the cars, with masses — x
2.0 x 10*kg and 4.0 x 10*Kg, - oosme____m*m
are rolled toward each other. < Te |

When they meet, they couple  Find: o2,

and stick together. The lighter

car has an initial speed of 1.5 m/s; the collision causes it to
reverse direction at 0.25 m/s. What was the initial speed of
the heavier car?
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Before:
m; =2.0 X 10* kg m, = 4.0 X 10* kg

PREPARE We model the cars JT..LW OIS 02

as particles and define the - MEE
two cars as the system. This .
IS an isolated system, so its After:

total momentum is conserved (00 =~025 mls — -

In the collision. The cars stick

together, so this is a perfectly Find: (2.0

Inelastic collision.

The figure shows a visual overview. We’ve chosen to let the

2.0 x 10% kg car (car 1) start out moving to the right, so (v,,); is a
positive 1.5 m/s. The cars move to the left after the collision, so their
common final velocity is (v,); = —0.25 m/s. You can see that velocity
(V,,); must be negative in order to “turn around” both cars.
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Example 9.8 A perfectly inelastic collision of
raillroad cars (cont.)

Before:
m; =2.0 X 10* kg m, = 4.0 X 10* kg
(le)i = 1.5 m/s (VZ.\')i

— — |2 |

After:

my + my

(vy)f=—0.25 m/s

Find: (V2x)i

SOLVE The law of conservation of momentum, (P,); = (P,);,
IS
(my + mp)(vo)e = my(vip; + my(vay);
where we made use of the fact that the combined mass
m; + m, moves together after the collision.
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Example 9.8 A perfectly inelastic collision of
railroad cars (cont.)

Before:
m; =2.0 X 10* kg m, = 4.0 X 10* kg

We can ea3|!ysolve for the -2 ™ <
Initial velocity of the

4.0 x 10% kg car: *

After:

my + my

(v,); =—0.25 m/s

(my + my)(v)y — my(vyy);

(Vor)i = Find: (v;.)
ny

(6.0 X 10" kg)(—0.25 m/s) — (2.0 X 10* kg)(1.5 m/s)
4.0 X 10* kg

= —1.1 m/s
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Before:
m; =2.0 X 10* kg m, = 4.0 X 10* kg

The negative sign, which we L G L U
anticipated, indicates that et B

the heavier car started out | '
moving to the left. The initial . ... men

speed of the car, which we n/H BN

were asked to find, Is Find: (v,

1.1 m/s.

ASSESS The key step in solving inelastic collision problems
IS that both objects move after the collision with the same
velocity. You should thus choose a single symbol (here,

(v, )¢ for this common velocity.
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Impulse IS

A. Aforce that is applied at a random time.
B. Aforce that is applied very suddenly:.

C. The area under the force curve In a force-versus-time
graph.

D. The time interval that a force lasts.
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The total momentum of a system Is conserved

A. Always.

B. If no external forces act on the system.
C. If no internal forces act on the system.
D. Never; 1t’s just an approximation.
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