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Newton’s Laws

* To use Newton’s Laws effectively, we need to
know the force in order to calculate the
acceleration and determine the resulting
motion.

* In many cases we might not know exactly
what the force is at any instant in time.

* We can still deduce what the resulting motion
will be using two new concepts: impulse and
linear momentum.
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First: Accounting for Mass

The mass of a log in a campfire decreases as
the log burns. What happens to the "lost"
mass from the log?

If we choose only the log as the system, the
mass of the system decreases as it burns.

.

Air is needed for burning. What happens to
the mass if we choose the surrounding air and
the log as the system?

Accounting for Mass

* |Is the mass of a system
always a constant value?

* Burn some steel wool in a
closed container...
— The total mass doesn’t

change.

* Burnitin an open container,

allowing fresh air to enter...

— More steel wool burns and
the resulting stinky mess is
more massive.




Law of Constancy of Mass

« Lavoisier defined an isolated system as
a group of objects that interact with
each other but not with external
objects.

¢ When a system of objects is isolated (a
closed container), its mass equals the
sum of the masses of components and
remains constant in time.

¢ When the system is not isolated, any
change in mass is equal to the amount
of mass leaving or entering the system.

Lavoisier —Born 1743. Died 1794 by the guillotine during the second phase of the
French Revolution. Contemporary of Benjamin Franklin (1706-1790), George
Washington (1732-1799) and Mozart (1756-1791). Note the powdered wig...
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Accounting for Changing Mass

initial mass of new mass entering or final mass of
system at earlier | + | leaving system between | = | system at later
clock reading the two clock readings clock reading

* The mass is constant if there is no flow of
mass in or out of the system.

* The mass changes in a predictable way if there

is some flow of mass between the system and
the environment.

Mass Bar Chart

m

0()|:‘ m = H

+ Am = my

¢ The left bar represents the initial mass of the system,
the central bar represents the mass added or taken
away, and the right bar represents the mass of the
system in the final situation.

¢ The height of the left bar plus the height of the central
bar equals the height of the right bar.




Observing Collisions of Two Carts

OBSERVATIONAL EXPERIMENT TABLE

5.1 Collisions in a system of two carts (all velocities are with respect
to the track).

Observational experiment

Experiment 1. Cart A (0.20 kg) moving
right at 1.0 m/s collides with cart B
(0.20 kg), which is stationary. Cart A
stops and cart B moves right at 1.0 m/s.

The direction of motion is indicated with a plus and a minus sign.

= Speed: The sum of the speeds of the system objects is the same before and
after the collision: 1.0m/s + 0m/s = Om/s + 1.0m/s.

' Mass - speed: The sum of the products of mass and speed is the same
before and after the collision: 0.20 kg(1.0m/s) + 0.20 kg(0m/s) =
0.20 kg(0 m/s) + 0.20 kg(1.0 m/s).

= Mass - velocity: The sum of the products of mass and the x-component of velocity
is the same before and after the collision: 0.20 kg(+1.0m/s) + 0.20 kg(0) =
0.20kg(0) + 0.20 kg(+1.0m/s).
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Observing Collisions of Two Carts

OBSERVATIONAL EXPERIMENT TABLE

5.1 Collisions in a system of two carts (all velocities are with respect
to the track). (Continued)
VIDEO 5.1

Observational experiment Analysis

Experiment 2. Cart A (0.40 kg) moving
right at 1.0 my/s collides with cart B
(0.20 kg), which is stationary. After the
collision, both carts move right, cart B
at1.2m/s, and cart Aat 0.4 m/s.

Vi = HOATS v — 12
e

B mm

= Speed: The sum of the speeds of the system objects is not the same before and
after the collision: 1.0m/s + 0m/s # 0.4m/s + 1.2m/s.
= Mass - speed: The sum of the products of mass and speed s the same
before and after the collision: 0.40 kg(1.0 m/s) + 0.20kg(0m/s) =
0.40 kg(0.4m/s) + 0.20kg(1.2m/s).
' Mass - velocity: The sum of the products of mass and the x-component
of velocity is the same before and after the collision:
0.40 kg(+1.0m/s) + 0.20kg(0) = 0.40 kg(+0.4 m/s) + 0.20 kg(+1.2m/s).

Observing Collisions of Two Carts

5.1 Collisions in a system of two carts (all velocities are with respect
to the track). (Continued)
VIDEO 5.1

Observational experiment Analysis

Experiment 3. Cart A (0.20 kg) with

a piece of clay attached to the front
moves right at 1.0 m/s. Cart B (0.20 kg)
moves left at 1.0 m/s. The carts collide,
stick together, and stop.

V=0 vy, =0

= Speed. The sum of the speeds of the system vbjecis is not the sanme before and
after the collision: 1.0m/s + 1.0m/s # 0m/s + 0m/s.

= Mass - speed: The sum of the products of mass and speed is not the same
before and after the collision: 0.20 kg(1.0m/s) + 0.20 kg(1.0m/s) #
0.20kg(0 m/s) + 0.20 kg(0 m/s)

= Mass - velocity: The sum of the products of mass and the x-component of velocity
is the same before and after the collision:
020 kg(+1.0m/s) + 0.20 kg(~1.0m/s) = 0.20 kg(0m/s) + 0.20 kg(0 m/s).

Patterns

One quantity remains the same before and after the collision in each experiment—the sum of the products of the mass and
xvelocity component of the system objects.




Observing Collisions of Two Carts

* One quantity remains the same before and
after the collision in each experiment: the sum
of the products of the mass and x-velocity
component of the system objects.

* Hypothesis to test: The sum of mass times
velocity is the quantity characterizing motion
that is constant in an isolated system.
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Testing the Hypothesis

TESTING EXPERIMENT TABLE

5.2 Testing the idea that Sm in an isolated i Of-40)
(all velocities are with respect to the track).

=, VIDEO 5.2
Testing experiment. Outcome
Cart A (0.40 kg) has a piece
of modeling clay attached to
its front and is moving right
at1.0 m/s. Cart B (0.20 kg)
is moving left at 1.0 m/s. The
carts collide and
Predict the velocity of the carts

affer the collision The system consists of the two carts. The direction of velocity is

noted with a plus or minus sign of the velocity component:

After the collision, the
carts move together
toward the right at
close to the predicted
speed.

(0.40kg)(+1.0m/s) + (0.20 kg)(—1.0m/s)
= (0.40kg + 0.20 kg,
or
Ve = (+0.20 kg m/5)/(0.60 kg) = +0.33m/s
After the collision, the two carts should move right at a speed of
about 0.3 m/s.
Conclusion

Our prediction matched the outcome. This result gives us increased confidence that
this new quantity m7 might be the quantity whose sum is constant in an isolated syster.

Linear Momentum

Linear Momentum The linear momentum P of a single object is the product of
its mass m and velocity v:

p=mv (5.1)
Linear momentum is a vector quantity that points in the same direction as the
object’s velocity ¥ (Figure 5.3). The SI unit of linear momentum is (kg - m/s). The
total linear of a system ining multiple objects is the vector sum of
the (plural of um) of the individual objects.

Poet = mVy + myy + o0 + my, = Sm¥




Important Points About Linear Momentum

¢ Linear momentum is a vector quantity; it is important
to consider the direction in which the colliding objects
are moving before and after the collision.

¢ Momentum depends on the velocity of the object, and

the velocity depends on the choice of the reference

frame. Different observers will measure different

momenta for the same object.

To establish that momentum is a conserved quantity,

we need to ensure that the momentum of a system

changes in a predictable way for systems that are not

isolated.
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Momentum of an Isolated System is
Constant

Momentum constancy of an isolated system The momentum of an isolated
system is constant. For an isolated two-object system:

mVy + mpVy = mVye + myvy (5.2)

Because momentum is a vector quantity and Eq. (5.2) is a vector equation, we will
work with its x- and y-component forms:

mvix F My = mviee oMy, (5.3%)

mviy, + mpvy, = mvig, + My, (5.3y)

* To describe a system with more than two
objects, we simply include a term on each side
of the equation for each object in the system.

Example: Two Rollerbladers

« Jen (50 kg) and David (75 kg), both on rollerblades,
push off each other abruptly. Each person coasts
backward at approximately constant speed. During a
certain time interval, Jen travels 3.0 m.

¢ How far does my=50kg | ﬁu: my = 75 kg S'(;1&\2:]!:::;2\]:|n|xh
David travel dn_p :
during that same

time interval?
Later Jen has How far has
traveled 3.0 m. David traveled?
X

kK b
3.0m ?




Example: Two Rollerbladers

* What is the initial momentum?
* What is Jen’s final velocity?

x] _3.0 m
v]x ===
Tt tr
* What is Jen’s final momentum?
Djx = MyVpx
* What is David’s final momentum?
Xp Xy
Ppx = MpVpx = th_ = "DPix = _m]t_
f f
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Example: Two Rollerbladers

* David’s final momentum:

Xp x]
mD)? = _m]/t_f/

¢ David’s final distance:

m 50k
Xp = ——]x] = ——g(—3.0 m)
mp 75 kg
=2.0m

Importance of Linear Momentum

* In the last example, we were able to
determine the velocity by using the principle
of momentum constancy.

— We did not need any information about the
forces involved.

— This is a very powerful result, because in all
likelihood the forces exerted were not constant.

* The kinematics equations we have used
assumed constant acceleration of the system
(and thus constant forces).




Impulse due to a Force Exerted on a
Single Object

We need a way to account for change in
momentum when the net external force on a
system is not zero

A relationship can be derived from Newton's laws
and kinematics:

vr—v XF

tf - t,: N m

N
a:

- -
me —mv; =

ﬁf_ﬁizzﬁ(tf_ti)
S

Impulse
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Two Important Points about Impulse

This equation is Newton's second law written in a
different form—one that involves the physical
quantity momentum:

Both force and time interval affect momentum: a
small force exerted over a long time interval can
change the momentum of an object by the same
amount as a large force exerted over a short time
interval.

Impulse: The product of the external force
exerted on an object and the time interval

FON

..... bad)

Impulse The impulse 7 of a force is the product of the average force Fav exerted
on an object during a time interval (#; — ) and that time interval:

J = Fy(t = t) (55)
Impulse is a vector quantity that points in the direction of the force. The impulse has
a plus or minus sign depending on the orientation of the force relative to a coordinate
axis. The SI unit for impulseis N-s = (kg-m/s?) s = kg-m/s, the same unit as
momentum.




Impulse-momentum equation for a
single object

Impulse-momentum equation for a single object If several external objects

exert forces on a single-object system during a time interval ( — ), the sum of
-

their impulses 3] causes a change in momentum of the system object:

Br-B=37= zﬁonsystcm(tf - %) (5.6)

The x- and y-scalar p forms of the impul um equation are
Ptx — Pix = SFonsyems(t; — 1) (5.7%)
Py = Py = ERuspasmplle — &) (5.7y)

* |If the magnitude of the force changes during the
time interval considered, then we just use the
average force.
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Example: An abrupt stop in a car

A 60-kg person is traveling in a car that is
moving at 16 m/s with respect to the ground
when the car hits a barrier. The person is not
wearing a seat belt, but is stopped by an air
bag in a time interval of 0.20s.

.

Determine the average force that the air bag
exerts on the person while stopping him.

Abrupt stop in a car

¢ What is the initial momentum?
pi =my;
* What is the final momentum?
pr=0
* What is the change in momentum?
pr—pi=-mv; =] =F(t; —t;)
* What is the average force?

- = i  —(60kg)(16
oMy _—(60kp)A6m/s)
tf_tl. 0.2s

(The force is opposite the direction of the initial velocity.)




Using Newton’s laws to understand the
constancy of momentum

* Newton's third law provides a connection
between our analyses of two colliding carts.

* Interacting objects at each instant exert
equal-magnitude but oppositely directed forces
on each other:

- - - -
mvy oy = myvie + o myvye
Initial momentum Final momentum

¢ With an additional, external impulse:
ml‘l_;li + mzﬁzi +] = ml“-}lf + mz“-}zf
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Impulse-momentum bar charts

REASONING SKILL C¢ ing a qualitative impul bar chart.

1. Sketch the process, choose the initial and

final states, and choos tem.

Initial Final

2. Draw initial and final
‘momentum bars for each
object in the system
(Note cart directions and
bar directions.)

Slowerin -
negative
direction

4. Convert each bar in

the chart into a term in
(Vg + mavy) + I, = (v, + myvy,) | the component form of
o the impulse-momentum
g+ (=) + 0= (n, 4 my, | equation

Example: Measuring the speed of a bullet

Sketch and translate

= Sketch the initial and final states and in-  The left side of the sketch below shows the bullet traveling in the posi-
clude appropriate coordinate axes. Label  tive x-direction with respect to the grounds it then joins the wood. All
the sketches with the known informa- motion is along the x-axis; the object of reference is Earth. The system
tion. Decide on the object of reference.  includes the bullet and wood; it is an isolated system since the vertical

forces balance. The initial state is immediately before the collision; the

# Choose a system based on the quan-
final state is immediately after.

tity you are interested in; for example,

a multi-object isolated system to deter- Intial Fioal
mine the velocity of an object, or a single- 1 = 0020 kg, g = 10kg P
object nonisolated system to determine

an impulse or force.

0
- - - -
mqVq; + myvy; +///= MqVir + MyUs¢

10



Example: Measuring the speed of a bullet

Initial Final
my, = 0.020 kg, my, = 1.0 kg Vawe = ?
Vi = +250 m/s, vy, = 0 Vawe
somnmmmn - : =
' Vgi [ I’ = _ b -I
| — / !
) - =7
T J—*l X

0
mpUp; + mWi = (mp+my)Vg_wy

mBT}Bi - _ mp+my -
or vBi = —vB—Wf

N
Vp_ =
B-wf mp+myy mp
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Determining the Speed of a Bullet

* It might be easier to measure the distance it
takes for an object to stop during a collision.

* The stopping distance can be measured after a
collision, such as how far a car's front end
crumples or the depth of a hole left by a
meteorite.

* Impulse-momentum tells us information

about the stopping time; we must use
kinematics to relate this to distance.

Determining the stopping time interval
from the stopping distance

¢ Assume that the acceleration of the object while
stopping is constant.

¢ The average velocity is the average of the initial and
. -, 1
final velocities v,y,g = 3 (vr +vy)

¢ The stopping displacement and the stopping time
interval are related by

1
Xp = X = Vayg(tr — t;) = 5 Wrx + Vi)t — 1)
* Solve for the stopping time:
2(xr — x;)
tf - ti =
fo + Vix

11



Example: Stopping the fall of a movie
stunt diver

.

The record for the highest movie stunt fall
without a parachute is 71 m, held by 80-kg
Super-Dave Osborne. His fall was stopped by
a large air cushion, into which he sank about
4.0 m. His speed was approximately 36 m/s
when he reached the top of the air cushion.
Estimate the average force that the cushion
exerted on this stunt diver's body while
stopping him.
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Example

¢ Impulse-momentum relation:
pr—pi=-mv;=]=F(t; - t;)

Fe Pr—Di
tr— ¢
* We know the initial momentum: p; = —mv;
¢ We don’t know the time interval (yet)...
- g = 207 =)
Vrx + Uiy

* We know the initial velocity, and the final velocity is
zero.

Example

br”bi_ __ PiVi _ m v}
tf - ti 2 (xf - xi) Z(xf - xi)
__(80kg)(36m/s)’
B 2(—4m)
= 12,960 N
(ouch)

12



Jet Propulsion

* Cars change velocity because of an interaction
with the road; a ship's propellers push water
backward.

* Arocket in empty space has nothing to push
against.

— If the rocket and fuel are at rest before the rocket fires
its engines, the momentum is zero. Because there are
no external impulses, after the rocket fires its engines,
the momentum should still be zero.

— Burning fuel is ejected backward at high velocity, so
the rocket must have nonzero forward velocity.
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Thrust

* Thrust is the force exerted by the fuel on a rocket
during jet propulsion.

Typical rocket thrusts measure approximately 10°
N, and exhaust speeds are more than 10 times
the speed of sound.

Thrust provides the impulse necessary to change
a rocket's momentum.

— The same principle is at work when you blow up a
balloon, but then open the valve and release it, and
when you stand on a skateboard with a heavy ball and
throw the ball away from you.

Assumptions for Jet Propulsion

* In reality, a rocket burns its fuel gradually
rather than in one short burst; thus its mass is
not a constant number but changes gradually.

* To solve jet propulsion problems without
calculus, we need to assume the fuel burns in
a short enough burst to ignore the change in
mass when the thrust is applied.

13



Final Example: Meteorite impact

¢ Arizona's Meteor Crater was produced 50,000 years ago by
the impact of a 3 x 108-kg meteorite traveling at
1.3 x 10* m/s. The crater is approximately 200 m deep.

-

* Estimate (1) the change in Earth's velocity as a result of the
impact and (2) the average force exerted by the meteorite on
Earth during the collision.
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Example

* Change in the earth’s velocity:
My V1 + MaVp = MyVUyp + MpVUsp
¢ Assume that the earth is initially at rest

— this defines the reference frame we will use

myvy = (Mmy + mg)vgy
myvy

my +mg
_ (3x10%kg)(1.3 x 10* m/s)
" (3% 108 kg) + (6 X 102* kg)

* The average force can be determined the same
way as in the previous example.

VE+M =

=6.5x10"3m/s
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