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Learning Goals for Chapter 13

* Understand the mathematical expression of
Newton s Law of Gravitation

« Combine Newton s Law of Gravitation and
Newton’ s Second Law of Motion (F=ma) to
calculate orbital speed of satellites and planets

» Use energy method to determine “escape velocity”

« Use Newton’ s Law of Gravitation and Newton' s
Second Law of Motion to explain Kepler’ s Laws
of planetary motion




Newton s Law of Gravitation
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Cavandish’s experiment to find G — 1997-1998
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Deduce Mass of the Earth

We can measure little g

We can measure the radius of the Earth (the Greek
did it long time ago, how?)

Once Cavandish determined the Universal
Gravitational constant G.

Q: Deduce the mass of the Earth from these
information.

(In the later part of this Chapter, you will learn how to
determine the mass of the Earth from the orbital
period of the moon around the Earth and Earth-
moon distance)




Satellite motion = projectile with large enough initial speed

A projectile is launched
from A toward B.
Trajeclories@ through
show the effect of
increasing initial speed.

Orbital motion = projectile motion with very large initial velocity
How large an initial velocity is required?




Calculate the orbital speed for a given orbital radius

Apply F=ma and F is given by Newton’s Law of gravitation

—

The satellite is in a circular orbit: Its
acceleration a is always perpendicular to
its velocity v, so its speed v is constant.




Calculate satellite orbits - assume circular orbit

(1) Draw free diagram on the satellite

(2) Set up Newton's 2nd Law F=ma equation (a=v’ /r)
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The space shuttle has a mass ~ 80,000 kg, what is its kinetic
energy while in near-Earth orbit?




Space Shuttle stats:

“The Space Shuttle weighed 165,000 pounds empty. Its
external tank weighed 78,100 pounds empty and its two
solid rocket boosters weighed 185,000 pounds empty each.
Each solid rocket booster held 1.1 million pounds of fuel.
The external tank held 143,000 gallons of liquid oxygen
(1,359,000 pounds) and 383,000 gallons of liquid hydrogen
(226,000 pounds). The fuel weighed almost 20 times more
than the Shuttle. At launch, the Shuttle, external tank, solid
rocket boosters and all the fuel combined had a total weight
of 4.4 million pounds. The Shuttle could also carry a 65,000
payload”

“Cost per launch ~ US$ 450 million to 1.5 billion (2011)”




Gravitational potential energy

The expression for the gravitaitonal Earth, mass g
potential energy for a mass at height @
h from the surface of the Earth: | Astronaut, mass
U=mgh is only valid for an object . §<;mm.m] pontial
near the surface of the Earth. iff:f{ﬁi f;y-\-mmu’;t
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Recall: F=-dU/dr
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Calculate escape velocity

* What 1s the mimnimum 1nitial velocity of a rocket for it

to escape from the gravitational effect of the Earth?
(b)
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Note : If a star is very dense such that it has a large mass

but a small radius, then v > speed of light!!

escape
Such a star is a "black hole".
However, correct treatment of black hole requires

Einstein's theory of Gravitation (General Relativity).

Newton's theory of graviation is only approximate.




Newton s Law of gravitation

How did Newton come up with the Law of Gravitation?
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Newton relied on the astronomical data of Kepler.




Kepler’ s laws for planetary motion

1st Law: Each planet moves in
an elliptical orbit with the sun at
one of the foci

2nd Law: A line connecting the
sun to a given planet sweeps out
equal areas 1n equal times.

3rd Law: The periods of the
planets are proportional to the
3/, powers of the major axis
lengths 1n their orbits. (Planets
further away from the Sun takes
longer to go around the Sun)
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Kepler' s 1st Law - elliptical orbits

Elliptical orbits are consequence of the 1/r?
dependence of the gravitational force.

The proof requires advanced calculus.

Circular orbit is a special case of elliptical orbit.




Kepler’ s 2rd Law

*2nd Law: A line connecting the sun to a given planet
sweeps out equal areas 1n equal times => a planet moves
faster when it is closer to the sun.
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Kepler’ s 2rd Law - Conservation of angular momentum

dA '\\ Av..,_.,q LS Ry g
Kepler's 2nd Law : m = constant il e
t <\~ ________ -7

Relate d—A to angular momentum (ﬂ) of the planet about the Sun

dt
dA 1. _ 1 . _ \L\
—=—|r xv|=—|r><mv|=—
dt 2 2m 2m
dA -~
—— = constant = ‘L‘ = constant = small r means larger v.

dt
L =constant when torque =0.
Newtons concluded that the gravitaional force must be directed

along the "radius" from the Sun to the planet.

Since F and T are along the same direction, T x F =0.




Kepler’ s 3rd Law and Newton s Law of Gravitation

Derived in an earlier slide, repeat here:
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Newton did this backward, he started with Kepler's 3rd Law and

o« r** (Kepler's 3rd Law)

=T =

deduce that gravitaional force = GMm/r”.
Note: We can use Kepler's 3rd law to calculate the mass of the Sun

based on the radius and the period of the Earth's orbit around the Sun.




Sun and planet revolve about the center of mass.

We have assumed the Planet’s orbit around the center of mass

Sun was stationary \,/—--\\
. . 7 ~
while the planet orbits ,# Center of mass of the "~ _
around the Sun. ,/ system of star and Y
II planet v \\
In fact, a better way to ! ,;\f \|
view their motion is Planet \g>r<n/ Star A
that they both revolve \ VAN ]
about their center of N RIECISOToIL F,
. . \ :
mass. [his will . U
' \\\ The star is more massive than
lead to a S“ght Up ~ the planet and so orbits closer

to the center of mass.

correction to
Kepler's 3 Law.

The planet and star are always on
opposite sldes of the center of mass.
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Review Questions

In a hypothetical solar system, there is a sun and two planets
in circular orbits.

Planet A revolves around the sun once per 2 Earth's years.
Planet B revolves around the sun once per 5 Earth's years.
The distance from the sun to Planet A is 3.0x10"'m

Radius of Planet A is 1.0x10°m.

The escape velocity from Planet A is 1.0x10* m/s.

Q.1 What is the distance from the sun to Planet B? Which planet
is closer to the sun?

Q.2 What is mass of their sun?

Q.3 What is the mass of planet A and the "g" near its surface?
Q.4 Suppose Planet B has twice the mass as A but its radius
is 3 times larger. What is the "g" near Planet B surface

Q.5 What is the escape velocity from Planet A including the

gravitation effect of the sun (not that Planet B)?




