Chapter 7: Impulse and Momentum
Newton's Second Law in Another Guise

* Impulse-Momentum Theorem

* Principle of Conservation of Linear Momentum
* Collisions in One Dimension

* Collisions in Two Dimensions

- Centre of Mass

Monday, October 29, 2007

Impulse and Momentum

. F
Newton’s second law: F' = md B
AV " !
- 3%
OrF =m—
At

So FAt = mAV

FAt is the impulse of the force F

Define momentum p' = mu

Then FAt = mAV = Ap (Impulse-momentum theorem)

That is, impulse = change in momentum
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FAt = mAV = Ap

If F =0, then AP =0

That is, momentum is conserved when the net force
acting on an object is zero.

This applies also to an isolated system of two of more
objects (no external forces) that may be in contact - the
total momentum is conserved.

Compare Newton's first law: velocity is constant when the
net force is zero.
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Alternative formulation of Newton's second law

FAt = mAV = Ap

lT
T

Ap

OR: F="%
At

The net force acting on an object is equal to the rate
of change of momentum of the object.
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A 0.14 kg baseball has an initial velocity vo = -38 m/s
as it approaches a bat.

vr=+58 m/s
The bat applies an average force F that is much o—>
larger than the weight of the ball. Vo = -38 m/s

After being hit by the bat, the ball travels at speed vs = +58 m/s.
a) The impulse applied to the ball is mvs - mvo = m(vs - vo)

Impulse = (0.14 kg) x (58 - (-38)) = 13.44 N.s  (or kg.m/s)
b) The bat is in contact with the ball for 1.6 ms.

The average force of the bat on the ball is

F = Impulse/time = (13.44 N.s)/(0.0016 s) = 8,400 N
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7.13/9: A golf ball strikes a hard, smooth floor at an angle of 30°,
and rebounds at the same angle. What is the impulse applied o the
golf ball by the floor?

NB: velocity in sideways direction is : Ty 45 m/s/ﬂ
unchanged /v
m = 0.047 kg /

. — O 1 i
vi=—45c08 30° 1, y-direction

|

|

| /
Vi =+ 45 cos 300 |

. /
m = 0.047 kg \@? 50,0
-\ /
V; \1\\ : /
Impulse = ps— pi 45 m/s ¥ : /
=m(vy— Vi) NV
=0.047(45 + 45)cos 300 Y
=3.7N.s
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7.50/8: Absorbing the shock when jumping straight down.

a) A 75 kg man jumps down and makes a stiff-legged impact
with the ground at 6.4 m/s (eg, a jump from 2.1 m) lasting 2 ms.
Find the average force acting on him in this time.

F = net force acting on person

‘ vo=-6.4m/s

Change in momentum = impulse = force x time
FAt = Ap =0 — mug

So F' = —muwg /At = (75 kg x 6.4 m/s)/(0.002 s) = 240,000 N
=327mg !!
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b) After extensive reconstructive surgery, he tries again, this time
bending his knees on impact to strefch out the deceleration time to
0.1s.

The average force is now: F' = —mug/At

F=75%x6.4/0.1=4,800 N = 6.5mg

c) The net force acting on the person is: Fy
F=Fy—mg
So the force of the ground on the mg
person is:

Fyn=F+mg=F+75g

= 5535 N = momentary reading on bathroom scales,
equivalent to weight of a 565 kg mass.
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Conservation of Momentum

Two isolated masses collide. The
initial total momentum is:

pP=D1+ D2

with ﬁl = mVo
P2 = maVo
While the masses are in contact, they

exert equal and opposite forces on each
other (Newton's third law).

(b) During

Fip = —F

So the impulse acting on mq is equal in magnitude and opposite in
direction to the impulse acting on m,
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So the impulse acting on m, is equal AN

in magnitude and opposite in
direction to the impulse acting on m,

(c) After

Therefore, Ap; = —Ap, (change in momentum = impulse)
After the collision: p| = p; + Ap;

Py =P+ Apr=pr— AP
So, the total momentum after the collision is:

P =0+, = (B + A1) + (P — AP1)
D1+ D2
p

Thatis, P’ = p and the total momentum is conserved.
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GENERAL PHYSICS I: PHYS 10

Schedule - Fall 2007
(lecture schedule is approximate)

Jlﬁl-__

MID-TERM TEST, Ch 1-5, Tuesday, October 23, 7-9 pm

No lab or tutorial
24 I_-l-

29

26 21

secnons l 3 p nly Rotational kinematics
31 -_ e
Nov

ézmizmi

2
S 25 Chapter 10 . q 5
exclude 10.7 and| . Simple harmonic motion, .
26 108 sections 10.5 and 10.6, for self study only Tutorial and Test 3
(chapters 7, 8)
JERE--~ .

10

7
Week of October 29
Experiment 3: Forces in Equilibrium
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Mastering Physics Assignment 3

Is due Friday, October 26 at 11 pm
Covers material from chapters 4 and 5

There are 8 questions for practice and 6 for credit

Assignment 4 arrives on Monday
Chapters 6,7
Due November 12 at 11 pm
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Newton's Second Law in Various Forms

Define momentum p' = md, so,

impulse FAt = mAT = Ap

(impulse-momentum theorem,
the change in momentum is equal to the impulse imparted)

N
4, F="2
and, At

If F = 0, then momentum is constant
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Clickers!

You are standing on the edge of a dock and jump straight down. If
you land on sand your stopping time is much shorter than if you
land on water. Using the impulse-momentum theorem as a guide,
FAt = Ap, determine which one of the following statements is

correct.

A) In bringing you to a halt, the sand exerts a greater impulse on
you than does the water.

B) In bringing you to a halt, the sand and the water exert the
same impulse on you, but the sand exerts a greater average force.

C) In bringing you to a halt, the sand and the water exert the
same impulse on you, but the sand exerts a smaller average force.
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Conservation of Momentum

In a collision between two isolated
masses (no applied or friction
forces) the total momentum is (@) Before
conserved:

Fy = —Fig 50 Apy = —Aps

F12 <

P1 + P2 = pi + P

This is because the action and
reaction forces that act between the ~ -
masses while they're in contact are
equal in magnitude, but opposite in
direction, so what one mass gains in
momentum the other loses...
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7.C13: An ice boat slides without friction horizontally across
the ice. Someone jumps vertically down from a bridge onto the
boat.

Does the momentum of the boat change?

Jumping person As the momentum of the person is
m downward, not sideways, the horizontal
momentum of the boat is unchanged.

q As the mass of the boat is increased by

M =)
___ the mass of the person, the boat moves

more slowly, so that the momentum is

unchanged -
Mvy = (M +m)v
before = My, ~ after
v M+ m

Monday, October 29, 2007 16



7.14: A dump truck is being filled with sand at a rate of 55 kg/s.
The sand falls straight down from rest from a height of 2 m
above the truck bed.

m =55 ke/s The truck stands on a weigh scale.

Fv f|2m By how much does the reading of the
scale exceed the weight of the ftruck?

‘ The truck and scale absorb the
mg momentum of the falling sand.

The force exerted by the ftruck and scale to bring the sand to
rest is equal to the rate at which they absorb momentum.

A
That is, F = 2p Work out speed and momentum of the

sand at impact.
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Conservation of mechanical energy:
PEo + KEo = PE + KE

mgyo+0 =0+ mv*/2

yo=2m m =55 kg/s

2m

So v =1/2gy0 = v/2¢ x (2 m) = 6.261 m/s v

The momentum carried by the sand is then,

mv = (55 kg) x (6.261 m/s) = 344.4 kg.m/s, each second

This is the rate at which the momentum of the sand is
changed by impact with the truck and scale, i.e. Ap/At.

Ap
Then, F = —
o At

So the force exerted by the truck and scale is 344.4 N.

Monday, October 29, 2007
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Conservation of Momentum

A

Vo2
B e

e

(a) Before (b) After

The freight car on the left catches up with the one on the right
and connects up with it. They travel on with the same speed vs.

Conservation of momentum:
myvop +mvor = (my +my)vy

mavp + M voq

So Vf =
my +nmy
Monday, October 29, 2007 19
MaVo2 + M1V01
Uf =
mi + Mao

(a) Before (b) After

Example: m, = 65,000 kg, m, = 92,000 kg
Vo; = 0.8 m/s, Vep = 1.3 m/s

~ 92,000 x 1.3+65,000 x 0.8

— 1.09 m/
Vs 92,000 + 65,000 e

mlvgl m2’l}(2)2
2 2
my + mo)v>

KE; = % — 93,266 J

What happened to the missing kinetic energy?

Kinetic energy: KE; =

= 98,540 J Missing

527417

(The collision was inelastic, some KE got turned into heaT.)

Monday, October 29, 2007 20



* Elastic collision: the total kinetic energy after collision is equal
to the total before collision.

* Inelastic collision: the total kinetic energy is not conserved. If
objects stick together after collision, the collision is “perfectly
inelastic” — there is no bounce.

Example: A ball of mass m; = 0.25 kg makes a perfectly elastic

collision with a ball of mass m, = 0.8 kg.
m, m,
o~ (O
v, =5m/s v, =0

Initial momentum = mv, + 0

Momentum after impact = m Ve T myve,
Momentum conserved: myv, =mvy + MoV

Monday, October 29, 2007 21

m, m,
Momentum conserved: m v, = m vy + myv, o=> O

mpvy —nmyvei
SO,sz = ML A

my

o ] substitute for vp
The collision is elastic, so:

mlU% n 0— mlvj%l m2lv‘?'2
2 2 2

KE:

Solution, after some algebra, is:

Vi =V | ————=

/ my +my
If my = my, then Vil =0, Vi =V

[ 2m1 ]

V=V |—

/ my +myp

If m;=0.25 kg, mz2 = 0.8 kg, then v¢1 = -2.62 m/s, ve2 = 2.38 m/s

Monday, October 29, 2007 22



Dec 2003 Final, Q26: A bullet of mass m is fired with speed vo into a
block of wood of mass M. The bullet comes to rest in the block. The
block with the bullet inside slides along a horizontal surface with
coefficient of kinetic friction u. How far does the block slide before
it comes to rest? initial position final position

bullet

For the impact -

Conservation of momentum: muvg = (m + M)

v : .
———right after impact
muvg

So, speed of block + bullet immediately after impact is: v =
m+ M

Work-energy theorem, block coming to rest: W, = Fys = AKE + APE

That is: —pr(m + M)g x s = —(m + M)v?/2 +0

2 2
ve/2 1 muv
So, s = / = [ 0 ]
prg  2pkg [m+ M
Monday, October 29, 2007 23

Ballistic pendulum
Measure the speed of a bullet

Conservation of momentum for initial impact:

mivor = (my +my)vy

The collision is inelastic - the
bullet drills into the block,
generating a lot of heat.

BUT, after the collision, the block
+ bullet swing up to a highest point
and conserve mechanical energy.

E , (after impact) = E

Monday, October 29, 2007 24



_ _ MYor
mivor = (M1 +mo)vy — vy =

(m1 + mg)
)]
0.650 m
B
my +mo
E,=Ep
That is
vp= /—2ghf _ _mMivoi

mp +my

Speed of bullet, vo; = M\ /28hy
my

Monday, October 29, 2007 25
(@) e (my +m2)
Speed of bullet, v = "2\ /2¢h,
m
Bullet, m; = 0.01 kg,
block, me = 2.5 kg,
hy = 0.65m

0.01+2.5)
Speed of bullet, vo; = ( 0. 8_1 \/2g % 0.65 =896 m/s

Monday, October 29, 2007 26



vo1 = 0.900 ms ~ Collisions in Two Dimensions

my = 0.150 kg Ty

W
e

voz = 0.540 m/s :
my = 0.260 kg ' RS
1 e
|
|
! vgp = 0.700 m/s
| N
| N
Conservation of momentum: py = pr
x and y components:  po, = Py
Poy = Pfy
Monday, October 29, 2007 27

Vo1 = 0.900 m/s
my = 0.150 kg

vop = 0.540 m/s

my = 0.260 kg
2

ap—}\vfz =0.700 m/s

\\
x: po1sin50° 4 por = pyix+ parcos35°

That is, psix = 0.9 x 0.15s5in50° 4-0.26 x 0.54 —0.26 x 0.7 cos 35°

Prix = 0.0947 kg.m/s

Monday, October 29, 2007 28



Vo1 = 0.900 m/s
my = 0.150 kg

Poz2 :
R T e +Xx
L Z":\\ "
vpp = 0.540 m/s N/ 350
my = 0.260 kg e
2 9 2

|

|

|

|

| N

I

|

— =0.700 m/s

: pr j’fZ

|

Y
8.

y: —Po01€OS 50° +0= Priy —Pr2 sin35°
So, priy = py28in35° — poi cos 50°

=0.26 x0.7sin35 —0.15 x 0.9cos 50°

priy = 0.0176 kg.m/s
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Pl Ppriy =0.0176 kg.m/s
0

Prix = 0.0947 kg.m/s

psi = /0.0947240.01762 = 0.0963 kg.m/s

V1 :pfl/ml =0.64 m/s

0.0176
— —0.185
tan® = 5047 ?
0= 10.5°

Monday, October 29, 2007
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GENERAL PHYSICS I: PHYS 10

Schedule - Fall 2007
(lecture schedule is approximate)
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MID-TERM TEST, Ch 1-5, Tuesday, October 23, 7-9 pm

No lab or tutorial
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Week of October 29
Experiment 3: Forces in Equilibrium
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PHYS 1020 Web Page

Required Suggested
E T

Answers to Even-Numbered Problems

Answers for tutorial test problems

Answers for midterm test

Mastering Physics Assignment #3
Due Friday, October 26 at 11 pm

Information on "Mastering Physics"

" 9 Marks files |

. Average: 13.6/20
Midterm Marks Papers without responses were marked by hand

ID Mark 3 5232424311422354154111242411151423143651

16

13 11124 2421 1242514323
13 11124 34111 5543524333
11 31324 44111 1113514345

55232424321421254135
173 5332422311452354154
7 51124 41213 5331115545
104 56432224341433234143
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Mastering Physics Assignment 4

Is due Monday, November 12 at 11 pm
Covers material from chapters 6 and 7

There are 8 questions for practice and 6 for credit

Monday, October 29, 2007

Impulse and Momentum

Impulse = FAt = Ap = change in momentum

Momentum is constant if there is zero net applied force

o AD
Alternative statement of Newton's second law: F = KZZ

For a system of 2 or more colliding objects, momentum is
conserved if there is zero net applied force:

P1+ P2 =Py + Dy

Total momentum before = total momentum after

Monday, October 29, 2007
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Clickers!

A canoe with two people aboard is coasting with an initial momentum
of +110 kg.m/s. Then, one of the people (person 1) dives of f the back
of the canoe. During this time, the net average external force
acting on the system of canoe and two people is zero.

The table lists four possibilities for the final momentum of person 1
and the final momentum of the canoe with person 2, immediately
after person 1 leaves the canoe. Only one possibility could be
correct. Which is it?

Person 1 Person 2 and canoe
A) -60 kg.m/s +170 kg.m/s
B) -30 kg.m/s +110 kg.m/s Momentum is
C) -40 kg.m/s -70 kg.m/s conserved!
D) +80 kg.m/s -30 kg.m/s

Monday, October 29, 2007 35

Dec 2003 Final, Q25. A boy who weighs 50 kg runs at a speed of 10 m/s
and jumps onto a cart, as shown. What is the mass of the cart?

(a) 175kg (®) 350 kg () 117kg (@ 88kg () 163 kg
3,00 m/s
mz=72? e
m1=50 kg 228 v,=1m/s (m1 + mz)
vi=10 m/s )  v=100m/s v=3m/s

ooooooooo

Conservation of momentum: mywvy + mave = (M1 + mo)v

my(vy —v)  50(10 — 3)

= =175k
v — Vg 3—1 &

Solve for m»: mg =

Monday, October 29, 2007 36



7.19: A fireworks rocket breaks into two pieces of equal
mass. Find the velocities of the pieces.

Rotate:
[30.057
I\//

< 1
% 60.0
(% %
P O. / -
_-D_y__.(._/\k___ /L\ Vo

‘0, 45.0 m/s m

WU

2m

Momentum in x-direction: 2m x 45 = mwy cos 30° + muwy cos 60° (1)

Momentum in y-direction: 0 = mwy sin 30° — mws sin 60°

in 30°
g = 57740, (2) Substitute into (1)
sin 60°
= 9 = 7794 m/s vy = 45.0 m/s
T 0s30° + 0.5774cos 60° 2 '
Monday, October 29, 2007 37

Centre of Mass (or, centre of gravity)

o ° ()
I’}’l1 cm m2
xl xcm x2

The centre of mass of the two objects is defined as:

mxy + myx; (The mean position
my +my weighted by the masses)

Xem =

If the masses are moving, the centre of mass moves too:

m1Ax; +moAx,
my;+myp

Axcm -

Monday, October 29, 2007 38



o mlel +m2AX2

Motion of cm: Axem
my+my

The speed of the centre of mass is:

Axcm . miviy +m2V2 . Drot

- (Prot = P1+ D2)
At my +my mp +my

Vem =

Or, pior = (M1 +m2)vem

If zero net force acts on the masses, the total momentum is
constant and the speed of the centre of mass is constant also,
even after a collision.

In two or three dimensions:

. mivy +myh, .
Vem = — = velocity of centre of mass
mi + ny

ﬁtot = (ml + m2)ﬁcm

Monday, October 29, 2007 39

7.41: The earth and the moon are separated by a centre-to-centre
distance of 3.85x108 m. If:

Mearth = 5.98*1024 kg, Mmoon = 7.35*1022 kg,

how far does the centre of mass lie from the centre of the earth?

«— 0 =385x108 m —>

Earth Oxcm =@ ’ Moon
x=0 x=d

Measuring distances from the centre of the earth:

T o MearthTearth + MmoonTmoon . Mearth X 0+ Mpoon X d
cm — -
Meartn + Mimoon Mearth + Mimoon

735X 1022 x 3.85 x 108
"~ 5.98 x 1024 + 7.35 x 1022

= 4,675,000 m

Note, the radius of the earth is 6,380 km, so the cm is inside the earth.
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7.44/-: The figure shows the centres of
mass of:

1) torso, neck and head, mass m; = 41 kg,
2) upper legs, mass mz = 17 kg,

3) lower legs and feet, mass ms = 9.9 kg.

+y
A

b m; =41 kg
Find the position of the centre of mass of
the seated person. o Ocm
(NB minor appendages such as arms and m=1Tkg
hands have been left out for simplicity). T— i
| 0.26 m
m1$1 + m2x2 + m3x3 : msz= 9.9 kg |
Tem = |
L s 517 m026m
41 x 0417 x 0.17 + 9.9 x 0.43 ol MBSO R
= =0.11m
41417499 |
miyr + moys + mgys 41 x0.394+ 17 x0—-9.9 x 0.26
m1 + ma + ms3 41 +17+9.9

Monday, October 29, 2007
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7.54: A person stands in a stationary canoe and throws a 5 kg
stone at 8 m/s at 30° above the horizontal. What is the recoil

velocity of the canoe?

m=5kg v=8m/s

30°

Ve = final speed of canoe

M =105 kg

Conservation of momentum: canoe initially at rest, so momentum = O

Or, centre of mass is at rest and remains so.

x:  0=mvcos30°+ My,
—mvcos 30°
M

B —5 % 8cos30°
N 105

Ve =

= —0.33m/s

Monday, October 29, 2007
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Summary
Momentum

—

p=mu
Impulse and Momentum - Newton's 2nd law in another form

Impulse: FAt = mAG = Ap

Conservation of Momentum

In the absence of applied forces: pj + po = Py + Py

Centre of Mass

mixy + mox; continues to move at constant
 omymy velocity if no applied forces

me
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