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Newton’'s Law of Universal Gravitation

People have been very curious about the stars in the sky, making
observations for a long time. But the data people collected have not been
explained until Newton has discovered the law of gravitation.

Every object in the Universe attracts every other objects with a force
that is directly proportional to the product of their masses and
inversely proportional to the square of the distance between them.

ite thi m,m m,m
ngyvould you wrlt.e '[hIS? F, oo —-2 ‘ With G F, =G —2
principle mathematically* I I

G is the universal gravitational 11 . 2 2
constant, and its value is G =6.673x10 unite. N -m*= /kg

This constant is not given by the theory but must be measured by experiment.

This form of forces is known as an inverse-square law, because the magnitude of the
force is inversely proportional to the square of the distances between the objects.
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More on Law of Universal Gravitation

Consider two particles exerting gravitational forces to each other.

TR @ Two objects exert gravitational force on each other
@ """ r «— following Newton's 3" law.
— q:12

Fy Taking F,, as the unit vector, we can =8 j@G mm, »

write the force m, experiences as r2

What do you think the It means that the force exerted on the particle 2 by
negative sign mean? particle 1 is attractive force, pulling #2 toward #1.

Gravitational force is a field force: Forces act on object without physical contact
between the objects at all times, independent of medium between them.

The gravitational force exerted by a finite size, How do you think the
spherically symmetric mass distribution on a particle gravitational force on the
outside the distribution is the same as if the entire mass  surface of the earth look?
of the distributions was concentrated at the center. = M. m
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Work Done by a Constant Force

Work in physics is done only when the SUM of forces

exerted on an object caused a motion to the object.

Free Body
Diagram

Which force did the work? Force E
Nem

How much work did it do? W =‘Z( F)Hd‘COSQ unit? — _j (for Joule)

Physical work is done only by the component of

' ?
What does this mean’ the force along the movement of the object.
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Example of Work w/ Constant Force

A man cleaning a floor pulls a vacuum cleaner with a force of magnitude F=50.0N at
an angle of 30.0° with respect to East. Calculate the work done by the force on the
vacuum cleaner as the vacuum cleaner is displaced by 3.00m to East.

W = ‘@ E)‘a‘cos 0
W =50.0x3.00xc0s30° =130J

Does work depend on mass of the object being worked on? Yes!

Why don't | see the mass It is reflected in the force. If the object has smaller
term in the work at all then? | | mass, it would take less force to move it the same
distance as the heavier object. So it would take less
work. Which makes perfect sense, doesn'’t it?
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Kinetic Energy and Work-Kinetic Energy Theorem

« Some problems are hard to solve using Newton’s second law
— The forces exerting on the object during the motion are very complicated.

— Relate the work done on the object by the net force to the change of the
speed of the object.

LF Suppose net force X Fwas exerted on an object for
w displacement d to increase its speed from v, to Vg

— >

v; Vs The work on the object by the net force X Fis
d " W =Fd cos@ =(ma)d cos0 =(ma)d
1 — v,
Displacement  d = 5 (Vf +Vi)t Acceleration a= Vi n Vi
_ _ Vi —Vi |1 1 5, 1 2 Kinetic 1
Work W =(ma)d = {m[ " ﬂ 5 (Vf Vi )t =5 MV 5 my; Energy KEZE mv

Work W :%mvi _% mv? =KE, —KE, = AKE The work done by the net force caused

change of object’s kinetic energy.
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Example for Work-KE Theorem

A 6.0kg block initially at rest is pulled to East along a horizontal, frictionless surface by a
constant horizontal force of 12N. Find the speed of the block after it has moved 3.0m.

Work done by the force Fis

=3 W = |F|ld|cos 0= 12x3.00050=36(J)

2
From the work-kinetic energy theorem, we know | W = > mv; 5 my,

1

Since initial speed is 0, the above equation becomes W=_— me

Solving the equation for v; we obtain V, = / / 2 3 —3.5m/s
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Work and Energy Involving Kinetic Friction

« Some How do you think the work looks like if there is
friction?
— Why doesn't static friction matter? I:>

Because it isn't there while
the object is moving.

Friction force Tﬁworks on the object to slow down

_= The work on the object by the friction #Is
v s W, =F,dcos(180) = -F,d AKE="Fd

The final kinetic energy of an object, taking into account its initial
kinetic energy, friction force and other source of work, is

E K& LW R M

t=0, KE; Friction t=T, KE;
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Example of Work Under Friction

A 6.0kg block initially at rest is pulled to East along a horizontal surface with coefficient
of kinetic friction ,=0.15 by a constant horizontal force of 12N. Find the speed of the
block after it has moved 3.0m.

M Work done by the force Fis

—= > » W, = ‘FHd‘cosﬁz12><3.0cosO:36(J)
= W, = |F, E‘cos@ =|,mg ”E‘cos 0

Work done by friction &5 = 0.15%6.0x9.8x3.0cos 180 = —26(J)
Thus the total workis | W =W +W, =36—-26=10(J)

Using work-kinetic energy theorem and the fact that initial speed is 0, we obtain

1 olving the equation
W =W, +W, = = mv; J B e vp= [V _ 240 gy
2 for v, we obtain m 6.0
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Work and Kinetic Energy

Work in physics is done only when the sum of forces
exerted on an object made a motion to the object.

What does this mean? However much tired your arms feel, if you were
just holding an object without moving it you have

not done any physical work,

Mathematically, work is written in a product of magnitudes —\||=
of the net force vector, the magnitude of the displacement W = Z( Fi ) ‘d‘ cosé

vector and the angle between them,.

Kinetic Energy is the energy associated with motion and capacity to perform work, Work,
causes change of enerygy after the completion®€ \Work-Kinetic energy theorem

_1 2 — — Nm=TJoule
k=-m|| ) W=K; —K =AK

Wednesday, Mar. 3, 2004
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Potential Energy

Energy associated with a system of objects =¥ Stored energy which has
Potential or possibility to work or to convert to Rinetic energy

In order to describe potential enerygy, U,

' ?

What does this mean: o s s (o ol
The concept of potential energy can only be used under the
special class of forces called, conservative forces which By = K& +PE =KE +PE,
results in principle of conservation of mechanical energy.
What are other forms of energies in the universe?

Mechanical Energy | | Chemical Energy Biological Energy

Electromagnetic Energy Nuclear Energy

These different types of energies are stored in the universe in many different forms!!!

If one takes into account ALL forms of energy, the total energy in the
entire universe is conserved. It just transforms from one form to the other.

—

1

T |=apEvivivIpiviv e e mv




Gravitational Potential Energy

Potential energy given to an object by gravitational field
in the system of Earth due to its height from the surface

When an object is falling, gravitational force, Mg, performs work on the
object, increasing its Kinetic energy. The potential energy of an object at a
t height y which is the potential to worR is expressed as

) Ug:‘Fg

§‘sin9=

F

yj=may U, =mgy

by

Vr brick goes from y;to y; is:

Y Work performed on the object Wg = Ui -U f

the gravitational force as the

=May; —mMay; =—AU

What do

A

this mean?

g

€S || Work by the gravitational force as the brick goes from y;to y,
IS negative of the change in the system’s potential energy

Wednesday, Mar. 3, 2004
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Example for Potential Energy

A bowler drops bowling ball of mass 7kg on his toe. Choosing floor level as y=0, estimate the
total work done on the ball by the gravitational force as the ball falls.

E}} Let's assume the top of the toe is 0.03m from the floor and the hand
W was 0.5m above the floor.
» ;;,)4 U, =mgy, =7x9.8x0.5=343] U, =mgy, =7x9.8x0.03=2.06]

@éﬁ\}, W, =-AU = —(U, -U,)=32.24] =30

b) Perform the same calculation using the top of the bowler’s head as the origin.

What has to change? First we must re-compute the positions of ball at the hand and of the toe.

Assuming the bowler’s height is 1.8m, the ball's original position is —1.3m, and the toe is at —1.77m.

U, =mgy. = 7><9.8><(—1.3)=—89.2J U, =mgy; = 7><9.8><(—1.77)=—121.4J
W, =—AU =—(U, -U, ) =32.2] =30J

Wednesday, Mar. 3, 2004
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Elastic Potential Energy

Potential energy given to an object by a spring or an object with elasticity
in the system consists of the object and the spring without friction.

The force spring exerts on an object when it is
F. = —kX

distorted from its equilibrium by a distance x is

The work performed on the | \ _ Ixf (= kx i :[_} kXZT
X 2

S —Llog+2kf ==lof =k
object by the spring is 2 2 2 2

%;

1.2
The potential energy of this system is U, = 5 KX

What do you see from The work done on the object by the spring depends only on
the above equations? the initial and final position of the distorted spring.

Where else didyou see this trend? The gra’uitationa[potentia[energy, Ug

So what does this tell you about the elastic force? | A conservative force!!!
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Conservative and Non-conservative Forces

The work done on an object by the gravitational
force does not depend on the object’s path.

N
When directly falls, the work done on the object is Wg = mgh
[ When sliding down the fill | Wg = Fginciine X | =mgsin & x|
mg 0 of length [, the work is W, =mg (Isin @) = mgh

How about if we lengthen the incline by a
factor of 2, keeping the height the same??

Still the same .
amount of workO Wg = mgh

So the work done by the gravitational force on an object is independent on the path of
the object’s movements. It only depends on the difference of the object’s initial and final
position in the direction of the force.

The forces like gravitational
or elastic forces are called
conservative forces

1. If the work performed by the force does not depend on the path
2. If the work performed on a closed path is 0.

Wednesday, Mar. 3, 2004
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More Conservative and Non-conservative Forces

A potential energy can be associated with a conservative force

initial and final states

A work done on a object by a conservative force is

the same as the potential energy change between WC — Ui — U f— _AU

So what is a conservative force?

OXK, Then what is a non-
conservative force?

The force that conserves mechanical eneryy.

The force that does not conserve mechanical eneryy.

The work by these forces depends on the path.

Can you give me an example?

Friction

Why is it a non-conservative force?

Because the longer the path of an object’s movement,
the more work the friction forces perform on it.

What happens to the — - _

: Kinetic energy converts to thermal energy and is not reversible.
mechanical energy?
Total mechanical energy is not conserved but the total E =B +Eoipe

energy is still conserved. It ]ustts in a different form. KE +PE =KE; +PE; +W,

Dr. Jaehoon Yu Friction




Conservative Forces and Potential Energy

The work done on an object by a conservative force is equal W _ AU

to the decrease in the potential energy of the system C
What else does this The work done by a conservative force is equal to the negative
statement tell you? of the change of the potential energy associated with that force.

Only the changes in potential energy of a system is physically meaningful!!

We can rewrite the above equation _
in terms of potential energy U WC = —AU =-U ¢ U i

So the potential energy associated

with a conservative force at any U ; ( X) = —WC + Ui j;OteZtla[ energy
unction

given position becomes

What can you tell from the Since U. is a constant, it only shifts the resulting
’Uf()() by a constant amount. One can always

potential energy function above: change the initial potential so that U, can be 0.
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Conservation of Mechanical Energy

Total mechanical energy is the sum of Kinetic and potential energies ||E = K +U

Let’s consider a brick What is its potential energy?
of mass m at a height
f f from the ground U, =mgh

h g

What happens to the energy as
” the brick falls to the ground? AU = Uf _Ui

A

The brick gains speed By how much? V = gt
ﬁ]

2

*L And?  The lost potential energy converted to Rinetic energy

The total mechanical energy of a system remains E _ Ef
What does constant in any isolated system of objects that

Principle of mecliamcal' energy conservation
Wednesday, Mar. 3, 2vu-
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Example for Mechanical Energy Conservation

A ball of mass m is dropped from a height # above the ground. Neglecting air resistance determine
the speed of the ball when it is at a height y above the ground.

PEKE Using the

+ mgh 0 mv22 | principle of
mg mechanical
h energy

conservation

1
K+U=K +U 0+mgh =—mv"+mgy
L - mglh-)

_,ﬁ@ mgy mv22 mv2/2

~v=4/2g(h-y)

b) Determine the speed of the ball at yf it had initial speed v, at the
time of release at the original height 4.

Y
Again using the
0 principle of mechanical
e —— energy conservation
but with non-zero initial
kinetic energy!!!

K +U. =K, +U,
1, 1
>y, +mgh =Emv§ +mgy

%m(vf ~v?)=mg(h-y)

This result look very similar to a kinematic

Wednesday, NI expression, doesn't it* Wh| one is it

vy =2 +2g(h-y)
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Example 6.8

If the original height of the stone in the figure is y1=h=3.0m, what is the stone’s speed
when it has fallen 1.0 m above the ground? Ignore air resistance.

L X At y=3.0m
all potential 1

energy Emvf + Mgy, = mgh = 30mg

— )y =h At y=1.0m

U K 1 5 1 5
Emv2 +mgy, = Emv2 +1.0mg

y ¢ Since Mechanical imv +1.0mg =3.0mg

Energy is conserved 2
J 1mv = 2.0mg %vz =2.0g
= /4.0g =+/4.0x9.8 =6.3m/s

YS 1441-004, Spring 2004
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Work Done by Non-conservative Forces

Mechanical energy of a system is not conserved when any one
of the forces in the system is a non-conservative force.

Two kinds of non-conservative forces:

Applied forces: Forces that are external to the system. These forces can
take away or add energy to the system. So the mechanical energy of the

system is no longer conserved.

If you were to carry around a ball, the force you apply to the W o, AW, =AK; W =—AU
ou g ! g

ball is external to the system of ball and the Earth.
Therefore, you add Rinetic energy to the ball-Earth system. V\éOu = V\é{qo =AK+AU

Kinetic Friction: Internal non-conservative W
force that causes irreversible transformation of fricion A :friaion - _fkd

energy. The friction force causes the Rinetic and AE_Ef —E = AK+AU £4
— = =—f

potential energy to transfer to internal energy
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Example for Non-Conservative Force

A skier starts from rest at the top of frictionless hill whose vertical height is 20.0m and the

inclination angle is 20°. Determine how far the skier can get on the snow at the bottom of the
hill with a coefficient of kinetic friction between the ski and the snow is 0.210.

1
St Compute the speed at the bottom of ME=mgh =Zmv’
on't we need _ _ _ 2
Q to know mass? the hill, using the mechanical energy

conservation on the hill before friction v=,/2gh
starts working at the bottom

fi=20.0m V=1/2x9.8x20.0 =19.8m/s
e=zo{ The change of kinetic energy is the same as the work done by kinetic friction.
What does this mean in this problem? Since we are interested in the distance the skier can get to
before stopping, the friction must do as much work as the
AK =K, -K. =—f d available kinetic energy.
f k

SinceK; =0| K =-fd; fd=K

fp =m0 = pmg

Well, it turns out we don’t need to know mass.

What does this mean?

1 2
T L No matter how heavy the skier is he will get
4, Mg 1, Mg 21,9 2x0.210x9.80 o matter how heavy the skier is he will get as

far as anyone else has gotten.

Wednesday, Mar. 3, 2004
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Energy Diagram and the Equilibrium of a System

One can draw potential energy as a function of position =2 Energy Diagram

Let’s consider potential energy of a spring-ball system | \j _ 1 o

What shape would this diagram be? A Parabola

1Y, What does this energy diagram tell you?

1. Potential eneryy for this system is the same
independent of the sign of the position.

2. The force is 0 when the slope of the potential

Minimum
=>» Stable
equilibrium

X energy curve is 0 at the position.

3. x=01is one of the stable or equilibrium of this
system where the potential energy is minimum.

_Xm
Maximum
=>» unstable
equilibrium

Position of a stable equilibrium corresponds to points where potential energy is at a minimum,

Position of an unstable equilibrium corresponds to points where potential energy is a maximum.
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General Energy Conservation and
Mass-Energy Equivalence

General Principle of | The total energy of an isolated system is conserved as
Energy Conservation | long as all forms of energy are taken into account.

Friction is a non-conservative force and causes mechanical

What about friction?
y energy to change to other forms of energy.

However, if you add the new form of energy altogether, the system as a
whole did not lose any energy, as long as it is self-contained or isolated.

In the grand scale of the universe, no energy can be destroyed or
created but just transformed or transferred from one place to another.
Total energy of universe is constant.

Principle of In any physical or chemical process, mass is neither created nor destroyed.
Conservation of Mass ~ Mass before a process is identical to the mass after the process.

Einstein’s Mass-
Energy equality. -

Wednesday, Mar. 3, 2004 =D PHYS 1441-004, Spring 2004 24
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Power

o Rate at which work Is done

— What is the difference for the same car with two different engines (4
cylinder and 8 cylinder) climbing the same hill? =» 8 cylinder car climbs
up faster

Is the total amount of work done by the engines different?  NO

Then what is different? ~ The rate at which the same amount of work
performed is higher for 8 cylinder than 4.

AW

Average power [P =——

As -
_— v|icos @
At

lim —= > F‘ cosd = ‘Z F

Unit? |J /s=Watts||{1HP = 746 Watts
What do power companies sell? IkWH = 1000Watts x 3600s = 3.6 x10° J

| Energy |

. AW : =
Instantaneous power P =lim ——=lim
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Energy Loss in Automobile

Automobile uses only at 13% of its fuel to propel the vehicle.

67% in the engine:

0
Wiy 1. Incomplete burning
2. Heat
3. Sound

16% in friction in mechanical parts

4% in operating other crucial parts
such as oil and fuel pumps, etc

resistance and road friction to tire, etc

13% used for balancing energy loss related to moving vehicle, like air

Two frictional forces involved in moving vehicles

Coefficient of Rolling Friction; n=0.016 pn=pumg =227N

1

Air Drag | 1, = DAV = % x05x1.293x2v* =0.647v* | Total Resistance | | f =f +1,

Total power to Reep speed v=26.8m/s=60mi/h

Power to overcome each component of resistance

Wednesday, Mar. 3, 2004
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P=fv= (691N )-26.8 =18.5kW
P, = f,v=(227)-26.8 = 6.08kW
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Linear Momentum

The principle of energy conservation can be used to solve problems
that are harder to solve just using Newton's laws. It is used to
describe motion of an object or a system of objects.

A new concept of linear momentum can also be used to solve physical
problems, especially the problems involving collisions of objects.

Linear momentum of an object whose massism |— =
and is moving at a velocity of v is defined as P=mVv

What can you tell from this 1.  Momentum is a vector quantity.
definition about momentum?

The heavier the object the higher the momentum

2
3. The higher the velocity the higher the momentum
4. Itsunit is Rg.m/s

What else can use see from the The change of momentum in a given time interval
definition? Do you see force? m (V ~Vo )

Ap  mv-—mvo

AV _
- m—=ma=) F
At At At At
/ PHYS 1441-004, Spring 2004 27
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Linear Momentum and Forces

= _Ap
2, = At

What can we learn from this Force-momentum
relationship?

«  The rate of the change of particle’s momentum is the same as
the net force exerted on it.

«  When net force is 0, the particle’s linear momentum is
constant as a function of time.

« |faparticle is isolated, the particle experiences no net force,
therefore its momentum does not change and is conserved.

do you think it is?

Something else we can do The relationship can be used to study
with this relationship. What the case where the mass changes as a

function of time.

Can you think of a
few cases like this?
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