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Uni versal Gravitation

Teacher Gui de
Overvi ew:
Thi s nmodel shows the effect of gravitational attraction between two objects.
The force between them causes an accel eration, which then causes the objects

to nove toward each ot her.

Activities at a Gl ance:

Activity Title Mat eri al s Estimated Ti me
1 Earth Gravity Pasco’s ball drop 45 mn.
Expl orati on appar at us
2 Buil ding a Model STELLA, conputers 45 mn.

for Universal
Gravitation

3 Ext ensi on: STELLA, computers 45 mn.
Earth Gravity

4 Ext ensi on: STELLA, computers 45 mn.
Bui | di ng a Model
for Coul onb’s Law

Prior Knowl edge:

The student should be familiar with the Universal Gavitation equation and
shoul d have built some sinple STELLA nodels involving force as well as a nodel
i nvol ving nore than one particle. The student should recognize that the two
particles will need to be placed at different positions to start and that
gravity is an attractive force. 1In order to use the extension activity, the
students should be aware of the relative strengths of the gravitational and
el ectrostatic forces. These strengths have inplications for the nodels as

expl ai ned bel ow.

Best Practices:

To start the discussion of Universal Gavitation, the teacher shoul d engage
the class in sonme real life activities. For exanple, have a student push a
table. ldentify how force acts on mass to accelerate it. Ask what stops the
table from accel erati ng beyond a certain speed. Drop a book. Wy does the book
accel erate? Note that the Earth is acting on the book wi thout the two bodies
being in contact.

Activity 1 serves as an exploration and explanation activity in which the
students calculate the value of the Earth’'s gravity. In Activity 2, the
students build a STELLA nodel to extend their understanding of the kinematics
and forces involved in the notion. The Teacher Guide contains detail ed notes
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regardi ng the construction of the nodel.

In activity 3, the students revise the Universal Gavitation nodel to show
Earth’'s gravitational acceleration.

The Extension Activity may be used later in the year after the students have
studi ed the basic laws of electromagnetics. Wth ninor nodifications, the
students turn their Universal Gavitation nodel into a Coul onb’s Law nodel
Sci ence Core Learning Goals Match

Core Goal 1: Skills and Processes

4, Expectation: The student will denbnstrate that data analysis is a
vital aspect of the process of scientific inquiry and conmunication

(8) The student will use nodels and computer sinulations to represent
syst ens.

6. Expectation: The student will use mathematical processes.

(2) The student will express and conpare snmall and |large quantities
using scientific notation and relative order of nmgnitude.

(3) The student will mani pul ate quantities and/or nunerical values in
al gebrai ¢ equati ons.
Core Goal 5: Concepts of Physics

1. Expectation: The student will know and apply the laws of mechanics
to explain the behavior of the physical world.

(3) The student will analyze and expl ain how changes in an object’s
noti on are described by Newton's Laws.

(4) The student will analyze the behavior of forces.

At |east --
-- Conparison of relative nmagnitude
-- The inverse square nature of gravitational and
el ectronagnetic forces
2. Expectation: The student will know and apply the | aws of

electricity and magneti smand explain their significant role in nature and
t echnol ogy.

(1) The student will describe the types of electric charges and the
forces that exist between them

At | east --
-- Coul onb’s Law
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Uni versal Gravitation
Teacher Gui de

Activity 1 - Earth Gravity Exploration

Usi ng Pasco’s ball drop apparatus and various size steel ball bearings,
determ ne the acceleration due to the Earth’s gravity: g. Find the mass and
di ameter of each sphere. Place each sphere so the bottom of the sphere is the
sanme di stance above the pedal and drop each sphere at |east 5 tines.

Using the average tine of the drops for a given sphere, cal culate the average

val ue of g.

Ql.1: Does the mass or the dianmeter of the sphere nake any difference
in the value of g? If so, what is the trend?

The mass of the sphere should make no difference in
the value of g. The Diameter of the sphere m ght
appear to make a difference if the student does not
measure accurately fromthe bottom of the sphere to
the floor for each trial. Taki ng one measurement and
then changing the diameter changes the actua

di stance dropped.

Now vary the height for a given size sphere. Make a table for your data. Use
at least 4 different heights and run at least 5 trials at each hei ght. Again,
calcul ate the average tinme for each height and cal cul ate the average val ue of

g.

QL. 2: Does the height nake any difference in the acceleration? |If
so, what is the trend?

The hei ght makes no difference in the accel eration. It
does make a difference in the final speed. (Emphasize
the differences among final speed, average speed, and
accel eration.)

Q1. 3: VWhat part of the equation F = Gmm equals g if

r2

m = n’larth and r = rearth ’)
G ml/r2

«Q
1

Ql. 4: What is the value and the units for G?

G = 6.67 E-11 Nm2/ kg2
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Activity 2 - Building a Model for Universal Gravitation

Notes to the Teacher:

The student could start with a basic force nodel, fromscratch or from
the action-reaction nodel. Instructions are included for the first and | ast
options. The student needs to build two sets of icons, one for each
particle. The distance icons would nore properly be |abeled position in this
nodel . The student needs to determne a relative point to neasure from and
t hen assign each particle an appropriate value for the initial position
Students generally over-estinate the size of the gravitational force, so they
need to be reninded of its relative strength when determning the initial mass

and distances. |If the particles are too snall or too far apart, then the
force won't be large enough to cause any appreci abl e novenent while the nodel
runs. Al so students need to recognize that this is an attractive force, so

t he accel erations nust have opposite signs if the two particles are to nove
toward each ot her

Appropriate tine scal es should be chosen. There is no fail-safe way in
the nodel to tell the particles that they have collided, so they will fly past
each other. Students will only see this for certain selections of tinme, nmass
and distance. Again, this is an excellent opportunity to teach the lintations
of nodeling, i.e. that the nodel can only predict for conditions which have
been programed in.

In creating a position graph, showing the two particles noving toward
each other, students will need to set the axes so that there is only one set
of values for both axes. It is also useful to create an x-y scatter graph of
the force vs. the distance between the particles. Again, if the axes are
adj usted, this graph shows the expected inverse-square curve.

Annot at ed Student Gui de:

Based on your know edge of force nodels, it should be fairly sinple to
build a nodel which shows how two objects will nove toward each ot her due to
gravitational forces. This nodel is different fromearlier nodels in that you
have two objects, so each object will need its own set of distance, velocity
and acceleration icons. Also, since we are interested in the position of each
obj ect, the distance stocks should be re-naned as position stocks. Also, the
net force icon will reflect the fact that the two nasses are interacting.

1. Open STELLA

2. Create a series of stocks, flows and converters to represent position, rate
of change of position, velocity, rate of change of velocity, acceleration and
mass. You will create two sets of these, one for mass 1 and one for mass 2.
Al'l flows should go i nto stocks. Each mass should connect to its
acceleration (mass 1 to acceleration 1, mass 2 to acceleration 2). Just to
be safe, make sure your velocities can be negative and that your flows are
biflows. (See Appendi x A)

3. Create one net force converter. This converter should have connectors
going to each of the acceleration converters. Connectors from each of the
masses should lead to net force and connectors from each of the distance
stocks should | ead to net force.
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Q.1: WII this net force be constant or will it change? Explain

The gravitational force will be directly proportional
to the mass of each body but inversely proportiona
to the square of the distance between the bodies. So,
the force will increase while the distance between
the bodi es decreases.

4. Al equations should be as before except for the net force equation. This
nmeans that you know what to enter for rate of change of position, rate of
change of velocity and acceleration. The initial velocities of both particles
will be zero. The initial values for position and the values for nass are

di scussed below. (See Appendi x A)

5. If all the right connections are made, you should be able to enter the
equation for universal gravitation into the net force converter. It should
| ook sonething like this

6. 67E- 11*mass1*nass2/ (Di stancel - Distance2)”2

Q2.2: The equation in the book just says d2. Wy are we subtracting
t he di stances before squaring?

d2 in the book means the distance between the centers
of each body. On a distance time graph that would be
the difference in distance between the temporal
positions of each body squared.

6. Now comes the experinmental part. The initial position for mass 1 should
probably be 0. That gives us a reference point. The initial position for
mass 2 shoul d be sonmewhere farther away. Try 0.2 (that would be 20 cm
Renenmber that the gravitational force is very snall. Now nake the nmasses

| arge enough (sonmething E5 or in the 100,000's). Create a graph showing the
position of each mass. You should set the axes to have the sane scale (0 to
your position for nmass2). Run the nbdel and sketch the graph

(See Appendi x B)

Q2.3: Is the graph what you expected? Explain.

The graph did not curve very much nor did the objects
meet in the time frame of the graph. The two di stances
stayed pretty much the same over the time frame of the
run. Ei t her the masses must be increased considerably
or the dt increments increased.

7. Sketch the nodel on your paper as well. W will build a simlar nodel
when we | ook at el ectromagnetic forces. Be sure to put your initial positions
and nasses on the sketch for conparison.

8. Create a second graph. This will be a scatter graph. Put
di stance_between on the x axis and force on the y axis. Run the nodel again
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and sketch the graph. (See Appendi x C)

Q2.4: Wat is the relationship shown by this graph?

Putting distance on the x axis and net force on the
y axis, creates a graph that | ooks al most |inear
with a negative sl ope. Cl oser inspection reveals a
curve. Changing the masses to the e6 range makes
the curve more pronounced. The curve suggests the
inverse square law is operating

Experi mentation will show that a great curve is
achi eved by setting the masses = 1075, the initial
position for the second mass to 0.12, running the
model for 12 sec with a dt of 0.01 and Euler’s.

9. Return to the first graph (Il ooking at the two positions). Experinment with
different initial positions and masses.

Q2.5: What happens if the masses are too | arge?

If the masses are too large in the range of 6 e5
and the time range is increased to 4 seconds, the
masses go right through each other after they meet.

Q2. 6: Wat happens if the distances are too |arge?

If the distances are too | arge, the graph stays
rather flat and difficult to see the effect of the
inverse square | aw.

10. Save your nodel as Universal Gravitation
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Activity 2 (Alternate) - Building a Model for Universal
Gravitation fromthe Action-Reaction Model

Buil ding a Universal Gavitation nodel is sinple if you start with the
Action-Reaction nodel. There are afew significant changes such as renaning the
di stance stocks as position, creating a distance converter and changing the
applied force icon so that it will reflect the fact that the two nasses are
i nteracting.

1. Open the Force 2 Objects nodel.
2. Change the nanme of the distance stocks to position and position 2.

3. Create a distance converter. This converter should cal cul ate the

di fference between the two positions. Later on you will be told to start
position2 at a |arger nunber than positionl, so set the formula in the

di stance converter so that the distance will be positive. Note: a negative
di stance won't affect the first graph because distance is squared,
but the second graph between applied force and distance will curve
backwar ds.

3. The applied force converter will hold the equation for Universa
Gravitation.

Q2A. 1: Before you enter the equation into this converter, what other
converters will need to be connected to it?

Bot h mass converters and the distance converter shoul d

be linked to the applied force converter

*Q2A. 2: WII this applied force be constant or will it change?
Expl ai n.

The gravitational force will be directly proportional to

the mass of each body but inversely proportional to the
square of the distance between the bodies. So, the force
will increase while the distance between the bodies

decr eases.

4. Make the connections you suggested in 2.1 above and then enter the
Universal Gravitation fornula (using STELLA nanes) into the applied force
converter.

Q2A. 3: Record here the equation as it appears in your converter

Student answers will vary dependent on the names they
have used for icons, but should be the appropriate
equation.

5. Now conmes the experinmental part. The initial position for mass 1 should
probably be 0. That gives us a reference point. The initial position for
mass 2 shoul d be sonewhere farther away. Try 0.2 (that would be 20 cm
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Renenmber that the gravitational force is very snall. Now nake the nmasses
| arge enough (sonmething E5 or in the 100,000's). Create a graph showing the
position of each mass. You should set the axes to have the sane scale (0 to

your

6.

position for nass2). Run the nodel and sketch the graph

Q2A. 4: |s the graph what you expected? Explain.

The graph did not curve very much nor did the objects
meet in the time frame of the graph. The two di stances
stayed pretty much the same over the time frame of the
run. Eit her the masses must be increased considerably
or the dt increments increased.

Create a second graph. This will be a scatter graph. Put distance on the

X axis and applied force on the y axis. Run the nodel again.

7.

*Q2.5: What is the relationship shown by this graph?

Putting distance on the x axis and net force on

the y axis, creates a graph that | ooks almost |inear
with a negative slope. Cl oser inspection reveals a
curve. Changing the masses to the e6 range makes the
curve more pronounced. The curve suggests the inverse
square law is operating.

Experi mentation will show that a great curve is
achi eved by setting the masses = 1075, the initial
position for the second mass to 0.12, running the
model for 12 sec with a dt of 0.01 and Euler’s.

Return to the first graph (looking at the two positions). Experinent with

different initial positions and nmasses.

8.

Q2. 6: Wat happens if the masses are too | arge?

If the masses are too large in the range of 6 e5 and
the time range is increased to 4 seconds, the masses
go right through each other after they meet.

Q2. 7: Wat happens if the distances are too |arge?

If the distances are too |large, the graph stays rather
flat and difficult to see the effect of the inverse

square | aw.

Save your nodel as Universal Gravitation
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Activity 3: Universal Gravitation Model
and the gravitational acceleration of Earth

Once you have a working Universal Gravitation nodel that has been
checked by your instructor, nodify the nodel to so that it represents the
attraction between Earth and an object 1500 m above Earth.

I nformati on needed:
Mass of Earth: 5.98 x 1024 kg

Radi us of Earth: 6.38 x 106 m

Mass of object: 1 kg
Remi nder: The distance in the Universal Gravitation equation is fromcenter
to center of the two objects. This was not explicitly part of the earlier

nodel s but becones a crucial point in this one.

Q3.1: If the initial position of Earth is at 0, what is the initial position
of an object 1500 m above Earth?

6.38x106 + 1500 m

After you have a working nodel:

Q3. 2: \What is the average accel eration of the obj ect?O‘ Eart h?
l_;.64 x_10-24

Q3. 3: Look at the position graph and coment on the notion of the Earth.

If the axes are not |ocked for a preset val ue,
the graph will show that there is some movement
(very small) of Earth.

Q3.4: Vary the nmass of the object from1l kg to 1000 kg and observe the
accel eration of the object. How does nass of a falling object affect the
val ue of the gravitational acceleration?

It doesn’'t have any noticeable affect. Thi s

poi nt should be driven home and the connecti on
made to the free fall model, where mass does not
affect the rate of acceleration.
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Appendi x A
Model for Universal Gravitation

Di agram

@ c

@

position 1 position 2

rate of change of pos 1 Distance| between change of pos 2

velocity 1

Q

net force

rate of ¢ghange of vel 1 rate of change &f vel 2

accel 1
accel 2

mass 2

mass 1

Equati ons

Ti me

position_1(t) = position_1(t - dt) + (rate_of_change_of pos_1) * dt
INIT position_1 =0

rate_of _change_of _pos_1 = velocity_1

position_2(t) = position_2(t - dt) + (rate_of_change_of pos_2) * dt
INIT position_2 = .2

rate_of _change_of _pos_2 = velocity_2

velocity 1(t) = velocity_1(t - dt) + (rate_of _change_of _vel 1) * dt
INNT velocity 1 =0

rate_of change_of _vel _1 = accel _1

velocity 2(t) = velocity 2(t - dt) + (rate_of _change_of _vel 2) * dt
INNT velocity 2 =0

rate_of _change_of _vel 2 = accel _2

accel 1 = net _force/nmass_1

accel 2 = -net_force/mass_2

Di stance_between = position_2-position_1

mass_1 = 6E6

mass_2 = 6E6

net _force = 6.67E-11*(mass_1*mass_2)/ (Di st ance_bet ween) *2

Specs
Range: 0 -2, dt = 0.1, Integration Method: Runge-Kutta 2



&Q 1: position 1

Appendi x B

Position vs.

Time - Graph

2: position 2
1 0.20 2 2
2 —_
—
1 -
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2 0.00 == lm——————————y T T 1
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Appendi x C
Di stance Between vs. Net Force - Scatter Graph

1: distance between v. net force

100000.00 =
I
[ ]
5
- 80000.00 1
—
s
=
60000.00 T T T ]
0.15 0.18 0.21
Graph 2 (Untitled) distance between 1:50 PM 6/16/98



Appendi x D
Earth Gravity Model

Mass position

Earth position

@.Tc

rate of change of Earth pos distance petween

rate of change of mass pos

Earth velocity Mass velocity

rate of chahge of Earth vel

rate of change of mass vel

Earth acce Mass accel

O

initial pos Earth

net force

Earth mass mass O

initial pos mass

Earth_position(t) = Earth_position(t - dt) + (rate_of change of Earth_pos) *
dt
INIT Earth_position = initial_pos_Earth

| NFLOWS:

rate_of _change_of __Earth_pos = Earth_velocity

Earth_velocity(t) = Earth_velocity(t - dt) + (rate_of change of Earth vel) *
dt

INIT Earth_velocity = 0

| NFLOWS:

rate_of _change_of _Earth_vel = Earth_acce

Mass_position(t) = Mass _position(t - dt) + (rate_of change_of mass_pos) * dt
INIT Mass_position = initial_pos_nass

| NFLOWS:

rate_of change_of nass _pos = Mass _velocity

Mass_vel ocity(t) = Mass_velocity(t - dt) + (rate_of change_of mass _vel) * dt
INI'T Mass_velocity =0

| NFLOWS:

rate_of change_of nass vel = Mass_acce

di stance_bet ween = ABS(Mass_position-Earth_position)
Earth_accel = net _force/Earth_mass

Earth_mass = 5. 98E24



initial _pos Earth =0

initial _pos mass = 6.38E6 + 1500 {n}

mass = 1
Mass_accel = -net_force/ mass
net force = 6.67E-11*(Earth_nass*nmass)/ (di stance_bet ween”2)
_,Q 1: Mass position 2: Mass velocity 3: Mass accel
1: 6381500.00%~
2 s000| 00—
3: -9.50 1
-\ l
1: 6381150.00
2: -50.00H
3: -9.75
° ? 23\1 3
i 2
1: 6380800.00
2: -150.00
3: -10.00 T T T 1
0.00 3.00 6.00 9.00 12.00
ﬂ a @-; Graph 1: p1 (Untitled) Time 6:59 PM 10/11/98
‘,ﬁ 1: Earth position
1: 2.00e-22+
1: 1.00e-22"
1
/1
/1
1: 0.00 = 1=—— T T T ]
0.00 3.00 6.00 9.00 12.00
ﬂ a @f Graph 1: p2 (Untitled) Time 6:59 PM 10/11/98
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Appendi x E

Ext ension - Building a Model for Coulomb’s Law
Notes to the Teacher:

This extension will require that the students be aware that acceleration is
dependent upon force divided by mass. Wen the particles have charge, the
main force is an electrostatic force that foll ows Coul onb's Law

Fo = k g0, k =9.0 x 10° Nni/ C
r?2

You need this to nodify the net force equation in the equation section. Both
mass and static charge for each particle nust appear in the nodel. The
probl em of attraction or repul sion may be avoided in a first cut by
arbitrarily naking the force attractive so that it parallels the gravitationa
force.

Annot at ed Student Gui de:

1. Open the Universal Gavitation Mdel in Stella.

2. Pull down the Fil e nenu and save as Coul onb’ s Law.

3. Add charge 1 and charge 2 converters to the nodel. (See Appendi x D)
4. Go to the map level and click on the force converter. Change the force

converter equation to
9.0 B9 * chargel*charge2/( Distancel - Distance2)”2

5. The mass of the bodies may have to be nodified to get the nass noving in
the tine frame given.

6. You may pick your own conbi nati on of nass and charge for each particle
but think about the ratio that exists for an electron or a proton. Change
things until you get the nodel working. Then vary the mass and charge rati os
to find out the effect

7. There is a problemw th this nodel that you may want to avoid at first.
Li ke charges repel and unlike charges attract. To keep the run simlar to the
Uni versal Gravitation Mddel, you may want to arbitrarily pick an attraction at
first and make the nodel nore variable later. (See bel ow)

QEx. 1: How do mass and charge relate to acceleration?
The mass of each particle is inversely proportional

to acceleration. The charge on each particle is
directly proportional to acceleration.



QEx. 2: How does a k value that is larger than G affect the
sel ection charge and mass val ues to enable a run?

Wth the K value at e 9 and the G value at e-11, the

new model must have a much smaller mass for the
particle if the object is to be seen moving in the time
frame given. Charges must be made | arge enough to get

the mass movi ng.

8. I nput sonme nunbers into the nodel (charge, nass, position, etc.) and run
it.

QEx. 3: |s the output graph what you expected? Wiy or why not?
(See bel ow)

If the mass to charge ratio is selected carefully
enough, you will get the particles converging in the
Coul ombs model in the same fashion that they moved in
the Gravitational model. The cause of the force may
be different and the scale may be different but the
force is still a force and it will affect the mass
according to F = ma.



Coul omb’ s Law Model

position 1 position 2

rate of change of pos 2
rate of chang& of pos 1

distance |between ¢q|lision

velocity 1
a)

D

velocity

¢

rate Of change of vel 1

rate of change of vel 2

accel 1 accel 2

net/force

initial pos 1

mass 2

initial pos 2

chargel charge2



Coul omb’ s Law Equati ons

position_1(t) = position_1(t - dt) + (rate_of change_of pos_ 1) * dt
INIT position_1 = initial _pos_1

rate_of change_of pos 1 = velocity_ 1

position_2(t) = position_2(t - dt) + (rate_of change_of pos 2) * dt
INIT position_2 = initial_pos_2

rate_of change_of pos 2 = velocity 2

velocity 1(t) = velocity 1(t - dt) + (rate_of change of vel 1) * dt
INNT velocity 1 =0

rate_of change of vel 1 = accel _1

velocity 2(t) = velocity 2(t - dt) + (rate_of _change of vel 2) * dt
INIT velocity 2 =0

rate_of change_of vel 2 = accel 2

accel 1 = -net_force/mass_1

accel 2 = net _force/ nass_2

chargel = le-4

charge2 = le-4

collision = if (distance_between<.3) then pause else 0

di stance_between = ABS(position_2-position_1)
initial_pos 1 = -1

initial _pos 2 =1

mass_1 = 1

mass 2 =1

net force = 9E9*char gel*char ge2/ di stance_bet ween”"2

Coul omb’ s Law Graph

&Q 1: position 1 2: position 2 3: velocity 1 4: velocity 2

1l 8.27=

2

3l 7.92

4 4 4
L
4 //

; Zéz-/"

> 0.00

a 0.00 |- vl\

1 — T ———3——
2 -8.27
3
H -7.92 r I I |
0.00 0.25 0.50 0.75 1.00
w a @;’ Graph 1: p1 (Untitled) Time 9:38 AM 4/8/98



Ext ension - Building a Model for Coulonmb’s Law

1. Open the Universal Gravitation Model in Stella.

2. Pull down the File menu and save as Coul onb’s Law

3. Add charge 1 and charge 2 converters to the nodel.

4, Go to the map level and click on the force converter. Change the force

converter equation to
9.0 B9 * chargel*charge2/( Distancel - Distance2)”2

5. The mass of the bodies may have to be nodified to get the nass noving in
the tine frame given.
6. You may pick your own conbination of nass and charge for each particle

but think about the ratio that exists for an electron or a proton. Change
things until you get the nodel working. Then vary the mass and charge ratios
to find out the effect

7. There is a problemw th this nodel that you may want to avoid at first.
Li ke charges repel and unlike charges attract. To keep the run simlar to the
Uni versal Gravitation Mddel, you may want to arbitrarily pick an attraction at
first and nake the nodel nore variable |ater

Q3.1: How do nmass and charge relate to accel eration?

Q3.2: How does a k value that is larger than G affect the
sel ection charge and mass val ues to enable a run?

8. I nput some nunbers into the nodel (charge, nass, position, etc.) and run
it.

QEx. 3: |Is the output graph what you expected? Wiy or why not?
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