
PHYSICS  EDUCATION  SERIES

IN  CLASS  EXERCISES

LESSON PLAN I:  MAKING A FORCE METER

PURPOSE:  to create a meter for measuring forces at the amusement park.

OBJECTIVES:

•  To build a meter and understand how to use it.

GENERAL STATEMENT:
A mass on a spring or rubber band can be used as a meter to measure the forces experienced on rides in terms of the force gravity normally exerts on a person or object.  When the force factor is defined as force experienced divided by normal weight, it turns out that, on a given ride all objects, regardless of mass, experience the same multiple of normal weight.  

MATERIALS:  clear tennis ball container or 1 foot section of plastic tubing used to cover fluorescent lights and a pair of end caps, (Tubes are available at commercial lighting supply centers and home improvement stores), #1 paper clips,  three 2 oz fishing sinkers, several #18  rubber bands, indelible pen.
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•  Part 1.  MAKE a thick line across the widest part of one sinker.  PUSH a rubber band (RB) through the eye of one sinker.  LOOP one end of the RB through the other end and pull tight

•  Part 2. UNBEND paper clip to create a U.  LAY the free end of the RB across the U near one side.   SLIDE the sinker through the rubber band loop and pull it tight.  

•  Part 3.  POKE the ends of the U up through the top of the cover so that the weight will hang close to one side of the can.  PUSH paper clip up against the top, bend the ends back across the top and tape down.  SLIDE the string through the hole of the sinker and tie the ends together.  Connect the small paper clip to the string loop.  For the tennis can the loop need not be very long.  For the plastic tubing, make the string loop long enough so that the masses can be threaded through the tube and hang out the bottom.
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•
Part 4:  TO MARK FORCE FACTOR  CALIBRATIONS

HANG two additional sinkers on the small clip.  HOLD the top against the edge of the can.  PLACE a strip of tape on the can level with the line on the permanent sinker and label it force-factor = 3.

•
REMOVE one extra sinker and place a strip of tape on the can level with the line on the permanent sinker, and label it force factor = 2

•
REMOVE everything but the PERMANENT SINKER.  INSERT the sinker into the can and tape the top on SECURELY.  MARK midline of sinker as force factor = 1.  

• If you use a spring the marks should be evenly spaced.  Twice the force gives twice the stretch.

• If you used a rubber band, the marks are not evenly spaced because rubber bands are not linear.  Double the force does not give double the stretch.  
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•
Part 5.  ESTIMATE the O or "weightless"  position.  Turn the can on its side. jiggle to the unextended position for the rubber band and mark with a strip of tape for force factor = 0.

• TAPE a 3 rubber band chain onto the meter as a wrist strap. It will hold onto the meter on an exciting ride but will break in an emergency.

• NOTE:  Accelerometer kits are available from PASCO SCIENTIFIC  (1-800-772-8700)


The kits include both the vertical meter described here using a spring and mass and a horizontal meter, based on a protractor model, for making angle measurements such as those needed for the Flying Wave.

understanding a force meter

The force meter indicates the force the chair is exerting on the rider in the direction in which the meter is pointing.  The size of the force is shown as a multiple of the rider's own weight.  This multiple we have called a force factor.* 

            ff = force factor =  EQ \f(contact force applied to object,weight of object) 
CASE I:  A meter pointing forward indicates the force the back of the chair exerts on the rider’s back.

 A.  When the ride is at rest, or moving horizontally at constant speed, it reads 0.  If, as below, it shows a force factor of 1.5, then a force 1.5 times the rider’s normal weight is being used to make him or her accelerate forward.  The actual force felt depends on the rider’s weight.  A 120 pound rider would feel a force of 180 pounds, but a 200 pound rider would feel 300 pounds of force.  Metric units are shown below. 
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force factor =  EQ \f(force applied, weight)   =   EQ \f(1.5 mg,mg)   =   EQ \f(1.5 Mg,Mg)   = 1.5   

B. On Typhoon, the meter shows the force the wall exerts on the rider’s back.  Although the force is actually pushing IN on the rider to make him or her go in a circle, riders often misinterpret the inward push as meaning they are being pulled out. They are confused because the upward push from the floor means gravity is pulling down so they feel as if a wall pushing in means some other force is pulling out. 

When you are on the ride, try to visualize the wall pushing you into a circle just the way a seat back pushes you forward when a car is speeding up.  
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CASE II:  A meter parallel to the rider’s backbone indicates the force the seat of the chair exerts on the rider’s seat.

 Under normal circumstances, the seat of a chair pushes in the direction we call “up” to keep us from falling “down” due to gravitational forces.  On rides, forces on a rider’s seat can fool the rider into thinking gravity has gotten stronger or even into feeling right side up when the ride is upside down.

A:  If the rider is standing still, or moving horizontally, the meter reads 1 and the rider feels a chair force equal to his or her normal weight.  The spring pulls up with mg on the small mass inside the meter.  The seat pushes up with Mg on the rider.   

For this rider "up" is in the normal place, right above the rider's head and towards the sky.
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*In the media, when they say that a person is "pulling 3 G's," they actually mean that the person is experiencing a force three times normal gravitational weight, a force factor of 3.  We prefer force factor because the "g" terminology  is often confused with the acceleration due to gravity and we want students to understand that we are dealing with the forces experienced.




B:  In the picture at the right, the rider is in a curved portion of the track at the bottom of a coaster loop.  The meter reading of "3.5." means the spring is pulling up on the small mass with a force F = 3.5 mg to keep it moving in an arc.   The seat exerts 3.5 Mg up on the rider.

Because we interpret the upward force of the seat as indicating the downward pull of gravity, riders feel  heavier as if gravity has, somehow gotten bigger.       

The direction of "up" still seems to be above the rider's head and toward the sky.
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C.  When the meter, held vertically, reads 0, the seat is exerting no force at all.  The only time this happens is if seat and rider are in some sort of free fall.  Gravity, as always, is pulling down with a force equal to Mg but the chair is offering no resistance.  This is what happens on the ride Stuntman's Freefall.  It can also happen coming over the top of a coaster hill if the curve of the track matches the parabola the rider would follow naturally.  

The speed and the shape of the track determine how light the rider feels.  When the meter reads less than zero, the rider loses contact with the seat.
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D.  A  most interesting moment is when a rider is upside down inside a vertical loop and moving very fast.  This rider is going through a loop so fast that the meter is reading .8.   

The rider is being forced into a curved motion with an arc smaller than the curve a ball thrown in the air at that speed would follow.  The seat must therefore push down to keep the rider moving in this smaller than natural arc.
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In this case, the rider feels lighter than usual but does not feel upside down.   To the rider, a force coming from the seat means "up" is above his or her head.  The direction this rider considers "up" is actually toward the ground!!  This phenomenon is particularly evident on Spin Meister where the repetitive motion gives riders a chance to get used to the motion and start noticing sensations.

E.  Upside down, on rides that go slowly enough, riders can feel "negative" force factors.  They feel decidedly upside down as they feel the harness holding them in.  Change falls out of pockets, hair hangs down, hats fall off.  Six Flags Great Adventure's Space Shuttle actually stops upside down and riders feel their harnesses holding them in position.  On most rides, however, force factors in the inverted loops are so large that riders feel as if they are right side up.

A word of warning.  The meter is very difficult to read on many rides.  It is often most effective if a student estimates the expected force factor for a given spot first and then tries to check at the right moment to see how well the meter reading matches the prediction.

For a more comprehensive discussion of the forces involved see lesson plan 8, Forces and Vertical Circles and the force meter diagrams at the beginning of the student workbook.  

LESSON PLAN 2:   KINEMATICS (SPEEDY GREAT ADVENTURES)

purpose:
To use amusement park examples to illustrate kinematic fundamentals

objectives:
•
To calculate speeds, accelerations and distances

general statement:
When accelerations are constant, the following equations are valid

vf = 2vaverage     d = vit +  EQ \f(1,2) at2        a =  EQ \f(∆v,∆t)          d = vaverage∆t       vf2 - vi2 = 2ad

Classroom applications to amusement park physics

Lecture

•
When creating problems use amusement park examples

Demonstrations

•
Mark off a 2 m long inclined plane or track at 0 cm , 10 cm, 40 cm, 90 cm and 160 cm.


Set plane at low incline.  Place a cart at the 0 position.  


Have students clap as you release the cart and as it passes each marker


Note that claps are evenly spaced indicating that distance travelled is proportional to time squared 


Vary the incline to show that frequency changes but claps are still evenly spaced


Use other distance series such as 12, 48, 108, 192 to emphasize pattern

Laboratories

•
As you do your standard laboratories remind students that they can use the same analysis skills to find the speeds and accelerations of rides.

Sample Problems

•
See problem set Speedy Great Adventures

APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK:

•
BATMAN The Ride

•
Stuntman's Freefall

•
Log Flume

•
Movietown Water Effect

•
Great American Scream Machine

SPEEDY GREAT ADVENTURES

NOTE:  MANY PROBLEMS CAN BE DONE TWO DIFFERENT WAYS

1.   The final chute of the Log Flume, a water ride at Six Flags Great Adventure, is about 36 m long.  The log starts basically from rest and shoots down the hill.  It takes 4.0 seconds to get to the bottom.   

      a.  What is the acceleration on the chute that day?

      b.  What is the final speed with which you hit the water?

2.  Assume that the speed with which you enter the stopping

     track on Stuntman's Freefall is 28 m/s.  It takes you 3.4 seconds to stop,

     a.  What is the stopping acceleration? 

     b.  What is the stopping distance?

3.
Another water ride at Six Flags Great Adventure is called Movietown Water Effect.  It is a little different from Log Flume in that you do not have a zero speed at the top.  You can calculate the speed at the top by knowing the length of the boat and how long it  takes to come over.  A 3 m long boat takes 1.5 second to come over the top of the hill at a constant speed.   How fast is it going?

4.  If you did #3 correctly, you now know that you come over the top and start down the ramp at  2 m/s.  It then takes you 3.2 seconds to get to the bottom of the 50 meter long ramp.   Find the speed at the bottom of the ramp?

5.  After getting soaked you realize that the boat has slowed down.  A well trained physoid, you time the boat ( which is 3.0 m long)  as it goes past a post near the bridge.  It took 2.0 seconds.  How fast did you end up going?

6.  Your friendly physics teacher noticed that the splash lasted 1.2 seconds.   Calculate your stopping acceleration using this time along with the speeds before and after splash which were the answers from problems 4 and 5.

7.  Calculate how far the boat moved while it was slowing down. 

8.  You can't resist going back onto Stuntman's Freefall.  It turns out that a 14  m section of fall takes 1.9 seconds.  What was your actual acceleration while falling?  How fast were you going at the end of this section?

9.  Use the factor label method to find the  speeds in miles per hour for the log flume (problem one), the bottom of the Movietown Water Effect (problem 4) and Stuntman's Freefall (problem 8).  One way is to use 88 ft/sec = 60 mph and 9.8 m = 32 feet 

Answers in size order:  1.5,  2.0, 7.8, 4.5, 8.2, 15, 18, 18,  23,  29, 33, 40, 48, 65
Answers to SPEEDY GREAT ADVENTURES

1.  a. 
D =  EQ \f(1,2)  at2


36 m = 1/2 a (4.0 s)2
  

a = 4.5 m/s2  


b.  vf = vi + at



V = 18 m/s

2.   a.  vf = vi + at



0  = 28 m/s + a (3.4 s)



a = 8.2 m/s2

b.  d = (average speed ) x time



d = 14 EQ \f(m,s) (3.4 s)  = 47.6 m = 48 m

3.  If speed is constant,   v =  EQ \f(d,t) 

v = 3 m/1.5 s


v = 2 m/s

4.  average speed = d/t


Average speed =50 m,3.2 s  = 15.6 m/s


if acceleration is constant 


average speed =  EQ \f(vi + vf,2) 

2 ( average speed) - vi = vf


v f   =   29 m/s

5.  v = 3.0 m/ 2 s = 1.5 m/s

6.  a =  EQ \f( ∆v, ∆t)  =   EQ \f  (29.2 m/s - 1.5 m/s, 1.2 s) 

a  = 23 m/s2
7.  D = average speed x time or 


 D =   v it +   EQ \f(1,2)  at2 


D = 18.4 m = 18m
8.    D =   v it +   EQ \f(1,2)  at2 


a = 7.8 m/s2

b.  v = at = 14.8 m/s = 15 m/s

9  a.   EQ \f(29 m,   s)   \f( 32 ft, 9.8 m)  \f(60 mph, 88 ft/s)  = 65 mph

    b.   EQ \f(15 m,   s  ) \f(32 ft, 9.8 m)  \f(60 mph, 88 ft/s)   = 33 mph

LESSON PLAN 3:   WORK AND ENERGY

purpose:
To understand concepts of work and energy and apply them to real life examples involving roller coasters.

objectives:
•
To define work

•
To relate work and kinetic energy



•
To recognize a situation in which work is independent of path

•
To determine the force necessary to move an object along a given incline.

general statement:
Work is done on an object when a force displaces an object.  Work is equal to the product of the force (F) acting on an object and its resultant displacement  or distance moved (∆s) in the direction of the force.

W = F • ∆s
Work is independent of path for a conservative force such as the gravitational force.  No matter what route is taken from one position to another the amount of work done is the same. 

On a frictionless level surface, work done is equal to kinetic energy created.  

Kinetic Energy =  EQ \f(1,2)  mv2
classroom applications to amusement park physics:
Lecture

•
On the inclined plane - The cable on the roller coaster supplies the force to move the carts up the incline.  The work done becomes the total energy available during the ride.

•
Going straight up - The cable of the elevator in Stuntman's Freefall does the work to lift the car into position.

Demonstrations
•
Catapult a cart along the lab table to show work creating kinetic energy.  Using a low friction pulley, attach the cart  (or the glider of an air track) to a heavy mass, m1, that can fall a measured distance to the floor.  After the mass lands, the cart or glider will move freely at a close to constant speed.


Use a Smart Pulley or Sonic Ranger to find the final speed of the cart.  


Calculate the work done on the system by the force of gravity acting on the falling mass.  Work will equal force times distance fallen which is m1g • h.


Calculate the final kinetic energy of the system. Since both mass and cart are moving, the total mass of the system must be used to calculate kinetic energy of the system.  Kinetic energy = 1/2(m1 + mcart)v2.


Compare the work done to the kinetic energy gained.  


Discuss what would happen if:


a.  there was no friction.  b.  the falling mass was larger.  c.  the cart was heavier.

•
Use an inclined plane to show the relationship between force and angle.  Discuss how this relates to the force the motor on a coaster must exert to raise the cars. 

Laboratory activities
•
Most laboratory manuals have exercises involving work on an inclined plane.  The plane's length  is varied while the height is kept constant.  In each case, the force needed to pull a low friction cart up the plane is determined.  The product of force and distance is then shown to be constant within acceptable error and equivalent to the work needed (mgh) to lift the cart directly upwards to the top of the incline.  A typical lab is included on the next page.

Sample Problems
1.
A catapult provides an average force of 1500 newtons for a distance of 20.0 meters.  What is the work done by the catapult on the cars?  (30,000 N-m or 30,000 Joules)

2.
The first hill of a roller coaster is 90 meters long .  The cable provides a force of 300 newtons.  How much work is done in pulling the coaster to the top of the hill?  (27000 N-m or 27000 Joules)

3.
The first incline on a roller coaster is 40 meters high and 120 meters long.  If friction can be ignored, how much force is needed to pull a 60 kg person up the incline?  

      Solution:


Work to lift the person directly to the top = mg•h 


mgh   =  23,520 Joules 


Work to lift 
=
work on incline, 


23,520 Joules
=
Fincline • Lincline 

      23,520 Joules
= 
Fincline • 120 m 

                    Fincline
= 196 N.

applications in the student workbook used at the park:

•
Stuntman's Freefall 

•
Rolling Thunder


•
Great American Scream Machine

•
BATMAN The Ride

classroom lab:   "INCLINED TO WORK"

Materials:

•  Cart, string, ramp, meter stick, spring scale (or pulley and weights), ramp support system that can change angle of ramp.   

Procedure:  

1.
Determine the mass of the cart.  (With plastic carts, put in a .5 kg mass.)

2.
Calculate the work needed to lift the cart directly upwards .15 m.

3.
Adjust the  ramp so that its highest point is 15 cm (.15 m) above the table.

4.
Measure the length along the incline down to the table.

5.  Place the cart on the ramp and determine the force needed to move it uphill at a constant speed.  (If a pulley is used find the falling weight needed to pull it uphill at a constant speed.  

      Remember:  Weight = mass x 9.8 N /kg))

6.
Calculate the work used to pull the cart up the length of the ramp.   Work = Framp • Lramp

7.
Raise the end of the ramp to make it a little steeper.

8.
Place a strip of tape at the point on the ramp which is now 15 cm above the table.

9.
Measure the new length along the incline from the table to the tape point which is 15 cm above the table.  It is shorter than the first trial.

10.
Find the force needed to move the cart along this shorter, steeper ramp at constant speed.

11.   Repeat 6 - 9 for three other trials until you have used 5 different angles.
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Questions:

1.
What happens to the force used to pull the cart up the ramp as the ramp gets longer?

2.
What happens to the amount of work done pulling the cart up the ramp as the ramp gets longer?

3.
Compare the average work done using the ramps to the work done lifting the cart straight up.  

4.
This laboratory exercise illustrates the principle that work is independent of path.  In other words, the work to move the cart to the top of the ramp, a vertical distance of .15 meters, should have been the same no matter how the job was accomplished.  How close to identical were the values for work found for all of the ramps?  What factors kept them from being identical?  What factors kept them from matching the work used to lift the cart straight up .15 m?

DATA AND RESULTS CHART

Distance to be lifted
Force to lift  (F = mg)
Work to lift  (W= mg•h)

.15 meters







Length of Ramp (meters)
Force along Ramp (Newtons)
Work on ramp (W =Framp•Lramp)

1.



2.



3.



4.



5.



LESSON PLAN 4:   POTENTIAL AND KINETIC  ENERGY

purpose:
To use the principle of conservation of mechanical energy to predict the speed of an object 

objectives:
•
To define potential and kinetic energy

•
To define mechanical energy as the sum of the potential and kinetic energies

•
To recognize that, in the absence of friction,  total mechanical energy  is conserved.  The magnitude of the total energy remains the same

general statement:
Potential energy is the energy of position.  It is energy "stored" in the gravitational field.

Potential Energy = mgh 

When an object loses potential energy, work is being done on that object by the gravitational field.  That work becomes the kinetic energy of the object.

Kinetic Energy =  EQ \f(1,2)  mv2.   

In the absence of outside forces such as friction, the sum of the potential and kinetic energies, the total mechanical energy of a system, will remain the same.  

Total Mechanical Energy = Potential  Energy + Kinetic Energy

For a given system, the speed of the object at any position can be determined if you know the total mechanical energy and the potential energy. 

Classroom applications to amusement park physics
Lecture

•
If a roller coaster starts from rest at the top of the first hill, its initial potential energy, mgh which depends on the height of that hill, determines the total mechanical energy of the system. Show that because the potential and kinetic energies must add to the total energy, the speed of the coaster can be determined at any subsequent height.

•
For a given roller coaster hill, the speed of the coaster is independent of the mass of the car.  Using the same coaster hill, perhaps 180 meters, show that a car of triple mass has triple the potential energy which will convert to triple kinetic energy and yield the same speed.  This always amazes students. 

•
Demonstrate that work is independent of path by showing that a roller coaster car starting from rest at the top of a 180 m "hill" will have the same speed when it is 135 m above the ground as a car which starts at the top of a 45 m "hill" and goes to the ground.

•
Friction does diminish the total mechanical energy of a roller coaster as it goes through its run.  Thus, the first hill of a roller coaster is always the highest.

•
Significantly heavier coaster cars actually will go slightly faster because the air drag on all the cars is the same.  Although the magnitude of the energy lost is independent of the mass of the car, the percentage loss of energy is greater for the lighter car making 


its speed less.

Demonstrations

•
To show that speed is independent of mass, set up a Hot Wheels™ track on the front desk  Use "cars" of different masses and show that they take the same time to get to the bottom.

•
With a good Hot Wheels™ set, actual calculations can be made to show the conversion of potential to kinetic energy.   Set the track so that the launch position for the cars is 80 cm above the table.  Provide enough track to have as long a track as possible on the table.  Have students measure the time for the car to go a fixed distance across the table.  Speeds of close to 2 m/s can be observed. 

Laboratories

•
A lab is attached which can be used to verify the conversion of potential energy into kinetic energy.  A pendulum is released from a measured height .  The string is cut by a razor blade just at the bottom of the ball's swing.   The change in potential energy from release to cut is used to find the kinetic energy and then the speed of the bob at the bottom of the arc.  The speed is combined with the distance from the bottom of the pendulum to the floor at the instant the string is severed and an understanding of trajectories to predict the landing point of the bob.    A successful run validates the transfer of potential energy into kinetic energy. 

Sample Problems

•
See Roller Coaster Problems 

APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK:

•
Stuntman's Freefall

•
Rolling Thunder

•
Runaway Train

•
Great American Scream Machine

classroom Lab:
"USING YOUR POTENTIAL TO HIT THAT SPOT"
purpose:
to use the principles of potential and kinetic energy and trajectory motion to predict the landing point of a ball

materials:  
base, two rods, right angle clamp, string, pendulum bob, two meter sticks, two blocks, two large C clamps, tape, razor will be supplied by the teacher when appropriate

procedure:

1.
Set up equipment as shown below.

2.
Adjust the string so that the ball hangs just below the meter stick.

3.
Place a piece of tape where the string touches the meter stick.

4.
Measure the distance,H, from the bottom of the ball to the floor.

5.
Decide how far above rest position, h, you intend to lift the ball.

6.
Use PE and KE to calculate the speed the ball will have at the bottom of its swing  when it is released from your chosen height.

7. 
Use trajectories to predict the place the ball will land on the floor.

8. 
Place a meter stick on the table measuring out from just beneath the ball to your predicted distance.  Use the plumb line to locate the target point on the floor.

9.
Make a line across a sheet of paper as a target.  Cover it with carbon paper.

10.
Have your teacher place the razor at the contact point you marked with tape.

11.
Stand a meter stick on the table and move it back until your ball can be pulled to the desired height with the string slightly stretched.  

12.
Hold the ball extremely still at the desired point.

13.
Release the ball and let it swing down.  The string should be severed by the razor and the ball should land on your line.

14.
REMOVE YOUR CARBON PAPER AND DECIDE IF YOU ARE "AWESOME"
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DATA AND CALCULATIONS

Part A:  Calculate the speed of the ball at launch
Distance above rest, h, you will release the ball._____________

pe = _____

ke = _____

v =   0



 EMBED Word.Picture.8  





pe = ________



ke = ________



  v  = _________

PART B:  Calculate the landing point of the ball using trajectories.  

Height, H,  of bottom of ball above floor = _______
Final Essay

things to think about and include :

1.
Explain the purpose of this lab as if you were talking to a friend who missed it.

2.
Explain where the concepts of PE and KE are used in this lab.

a.
Tell what measurements you took and how you used them to get the exact horizontal speed of your ball.   

b.
Include your actual data and results.  How could you have made the ball go faster?

3.  Explain how you figured out the exact landing point.

a.
Give  the measurement you took and how you used it to get the length of time it takes the ball to land once the string is cut.  You may have to remind your friend about some of the ideas in trajectories.  Be sure to include the actual numbers you used.

b.
Give your predicted landing point and explain how you found it.  BE SURE you explain clearly how and why you used the time from 3a

4.
Describe the actual result of your experiment.  Account for the sources of error and calculate the percent error as well.

5.
Predict what would have happened to the landing point if :

a.
the ball had been more massive.  WHY?

b.
the string had been longer but you used the same distance, h, above the rest position.  Explain your answer.  

c.
you had used a greater distance, h, above the rest position.  WHY?

d.
the bottom of the pendulum had been up higher.  WHY?

LESSON PLAN 5:   IMPULSE AND MOMENTUM

purpose:
to understand and apply the concepts of impulse, momentum and momentum conservation 
objectives:
•
to define impulse and momentum

•
to calculate the magnitude of the force applied from momentum change and time elapsed

•
to apply the concepts of impulse and momentum to real life examples such as the rides Stuntman's FreeFall and Movietown Water Effect

General statement
Momentum is defined as the product of mass times velocity.

P = mv

The momentum of an isolated system remains constant unless acted on by an external impulse.  An impulse is exerted when a force acts for a time interval.

Impulse = F∆t

An external impulse changes the momentum of an object. 

Pinitial + Impulse = Pfinal
classroom applications to amusement park physics

Lecture
•
The momentum of a moving object remains unchanged unless it is acted on by an external impulse.  For example, the cage on Stuntman's FreeFall is stopped as a result of the brakes being applied for a period of time.  Since cages with different masses have different momenta, the force applied by the brakes is computer controlled to provide a uniform change in velocity. 

•
On the water rides the frictional force of the water provides the impulse to slow the boats.  The interaction of bumper cars illustrates, qualitatively, the vector nature of momentum.

Demonstrations

•
Newton's Law apparatus also called the "executive toy"

•
Collisions involving spring loaded carts

•
The ballistic pendulum


Laboratory activities
•
Many laboratory manuals have exercises involving collisions of spring loaded carts and ballistic pendulums

Sample problems

1.
The passenger on Stuntman's Freefall who has a mass of 60 kg  is moving at 30 m/s when the cage reaches the braking area.  If the brakes are applied for 1.5 s, calculate:

a.
the average force felt.   (1200 N)

b.
the force factor experienced.  (2)

APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK:

•
Stuntman's Freefall

•
Log Flume                                                           

•
Movietown Water Effect                                                

LESSON PLAN 6:   VECTORS AND CIRCULAR MOTION 

purpose:
To use vectors in conjunction with circular motion and gravity.

OBJECTIVES:  

•
To use vectors and the equation for  centripetal force to predict the angle a support rope will make on a swing ride

•
To demonstrate mathematically that all swings travel at the same angle regardless of the mass of the passenger

GENERAL STATEMENT:

Free body diagrams are used to describe the vector forces acting on an individual object.  Often, separating these forces into components simplifies the problem.

Whenever an object moves in a circle, an unbalanced or net centripetal force must exist.  This force, directed along the radius towards the center of the arc, must have a magnitude:

∑Fradial = Fcentripetal =  EQ \f(mv2,r)       
When the object is moving in a horizontal circle, vertical forces must be balanced.  Cars on banked curves,  and riders on a swing or airplane ride move in horizontal circles and both can be analyzed the same way.  Only two forces are actually acting on the passenger.  The force of gravity on the passenger, the weight, acts straight down and the force of the seat on the passenger presses up at  an angle to the horizontal.        

On the swing ride, the seat force acts parallel to the tension in the chain.  On a banked curve, the road surface, or roller coaster track, exerts a normal force on the car perpendicular to the angle of the bank.  The car seat then pushes upwards on the passenger at the same angle as the normal  force while gravity pulls vertically downward.  In all cases, however, the seat force, may be divided into two components, one horizontal and one vertical.  The vertical component  balances the weight.  The unbalanced horizontal component provides the centripetal, or center directed,  force necessary to maintain circular motion.

Because  the vertical component and the weight of the rider are equal,  the rider moves in a horizontal circle, moving neither up nor down.  In the diagram shown to the right, the object on the left shows only the actual force vectors, while on the right the components of the seat force vector are shown by the light lines.
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Applications to amusement park physics
Lecture 

•
On a swing ride an angled force is supplied by the chains  

• 
On roller coasters, curves are banked so that the horizontal component of the normal force provides the centripetal force to keep the coaster from flying off the track. 

Demonstrations

•
The swing ride demonstrator described on the following pages can be used either as an introductory demonstration or as a class laboratory activity in which actual measurements are taken.  


Place the swing ride on a turntable at 33 or 45 RPM.


Present the swing initially with the same mass on all seats.  Ask the students to predict what will happen if different weights are used on each swing.  Will the heavier masses swing at larger, smaller or the same angles.


Once they have committed to their choice, add weights to swings on opposite sides so that the swing will not be off balance.  Students will be amazed that all strings are again quite obviously at the same angle.


For more quantitative measurements you can project the shadow of the motion onto the board.  Draw the angle of the string or tension vector and note that all the swings go through the same angle.  


Sketch vectors representing the horizontal component of the tension which provides the unbalanced centripetal  force and the vertical component which balances the object's weight.  Point out that for an object of twice the mass the vectors would be double the length but the angle of the resultant would stay the same. 


For an even more quantitative version, use the lab format as a class.

•
A similar demonstration can be done using a mechanized model airplane sold in most stores. When tethered to the ceiling, the plane moves in a horizontal circle.  A flashlight held directly under the plane projects a shadow on the ceiling allowing measurement of the radius.  Angle can be measured using a protractor with a washer hanging from a string through its vertex.  Line up the edge of the protractor with the wire tethering the plane to the ceiling.
Laboratory activities

•
School media centers can often provide enough turntables to allow students to perform the demonstration described in small groups.   Alternately, groups could use one set up and vary the speed and/or mass.

Sample problems

See work sheet "Swing Ride Problems"

APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK:

•
Flying Wave

•
Carousel

•
BATMAN The Ride

SWING RIDE PROBLEMS
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Tension in the string must both balance mg and provide unbalanced centripetal force
1.  A 2 kg ball is whirled so that the ball makes a circle of radius 2 m while going 5 m/s. 

a.  What is the centripetal force on the ball? 

b.  What is the tension in the string?                                                                                                    

c.  What angle (ß) is the string making with the vertical?

2.  A 6 kg ball is whirled so that the ball makes a circle of radius 2 m while going 5 m/s.

a.  What is the centripetal force on the ball?

b.  What is the tension in the string this time?   (This ball was three times as massive.  How many times larger is the tension? )

c.  What angle is the string making with the vertical?  Compare to the answer to #1

3.   A  40 kg child is on the swing ride (also called the Flying Wave).   The chair is moving at 6 m/s in a circle of radius12 m.  The seat of the chair exerts a force on the child in the same direction as the chain which supports the chair.  

a.  What is the centripetal force on the child? 

b.  What is the total force exerted by the seat on the child.  It can be calculated the same way as the  string tension in the string of problems #1 and #2. 

c.  What angle does the seat force, and thus the chain holding the chair, make with the vertical?

(These problems use g as 10 m/s2.  Answers are in size order and to 3 significant figures.)


4.  An 80 kg teenager and is on the swing just behind the child in #3.  The chair is moving at the same 6 m/s and is also making a circle of radius 12 m.

a.  What angle does his chair's chain make with the vertical ? 

b.  What force is the seat exerting?

5.  The swing ride speeds up.  The chairs end up going at 9 m/s in a circle  of radius 15 m .

a.  Find the angle for a 40 kg child.

b.  Find the force now needed from the chair. 

c.  What will be the angle for someone four times as massive (160 kg)? Do you have to calculate?

d.   How much force will the chair need to exert for the BIGGY? (Is there a quick way to do this?)

e.  What would happen to the chain if a small elephant were to use the ride?

6.  A student at Six Flags observes that on a given day the swing ride has a radius of 8.0 meters and, at top speed, the swing makes one revolution in 6.7 seconds.  

a.  What is the top speed of a swing?

b.  What is the angle of the swing to the


vertical for a rider of mass 70 Kg?  

3, 7.50, 16.7°, 16.7°,  25, 28.4°, 28.4°, 32,  35.1°, 51.3°, 51.3°, 75, 96, 120,  418, 455, 840, 1820

5e.  Angle would ideally be the same but the chain  would probably break

Answers to Swing Ride Problems

For all of these problems the force diagram shows two acting forces, Tension and weight.

The Tension vector can be separated into its horizontal and vertical components.  The vertical component balances the weight while the horizontal component is unbalanced and provides the necessary centripetal force.
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tan ß =   EQ \f(Fc ,mg)  
1.   a.   Fc = 25 N


b.  Tension = 32 N


c.  tan ß =   EQ \f(Fc ,mg)  =  EQ \f(25 N,20 N)  = 1.25



ß = 51.3°

2.   a.  Fc = 75 N


b.  T = 96 N


c.  tan ß = 75 N/ 60 N


     ß = 51.3°

3.   a.  Fc = 120 N


b.  T = 418 N = 420 N


c.  tan ß = 120 N / 400 N = .3



ß = 16.7°

4.   a.  ß = 16.7°


b.  F = 836 N = 840 N

5.   a.  ß = 28.4°


b.  T = 455 N


c.  ß = 28.4°


d.  T = 1818

6.   a.  v =  EQ \f(2πR, T)  = 7.5 m/s


b.  ß = 35.1°

SWING RIDE DEMONSTRATOR
This easily constructed "toy" can be used to demonstrate the way all of the swings on the swing ride are at the same angle regardless of the mass of the rider.  (The same principle works for the Airplane Ride in the kiddie section of most parks.)

MATERIALS:

1.
10" - 15 " cardboard tube with a 3" to 4" diameter.  Mailing tubes available at most art supply stores and carpet tubes work well.  Thicker walls work better 

2.
11"  plastic plates (two layered for stiffness) or a Styrofoam plate

3.
4 oversized paper clips

4.
Tape, you will need clear tape, masking and some brightly colored tape or labels.

5.
eight pennies to level seats plus quarter, nickel and dime to add to vary load

6.
four brightly colored pieces of  string each about 28" long (at least two colors)

7.
12" phonograph record

8.
wrapping paper to decorate

9.
silicone glue and/or thumb tacks

10.
phonograph turntable 
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ASSEMBLY DIRECTIONS:

Place two pieces of tape horizontally across the paper clip and then flip it over.. 

Lay a string length wise along the paper clip with equal amounts over each end.

Wrap tape around the clip-string combination.  Cover with colored tape or labels to make 

      visible "seat."

Place pennies, one over and one under the "seat and wrap tightly with scotch tape.

Tie the ends of the strings together and tape the knot to the underside of the plate with a short narrow strip of tape just wide enough to hold the two strings apart. (A hole or slit in the plate also works.)

Adjust the strings so that they are even.  Adjust the pennies to level the seat.  

Repeat for the other three seats arranging them symmetrically.

Invert and glue the pie plate to the top of the tube.  Be sure it is centered.  You can also secure the plate to the edges of the tube with thumb tacks.

Decorate the tube as desired. A barber pole effect looks particularly good.

TO USE:
Center the tube on the phonograph record.   It can also be glued in place.

Many thanks to Ron DeFronzo and Ginny Moore for helping to bring my original design to this level of elegance and efficiency !!!      Barbara Wolff-Reichert                                                  

USING THE SWING RIDE DEMONSTRATOR IN CLASS

1.
Place the swing ride on a turntable at 45 RPM.  ( Check your media center for a phonograph they are throwing out.)

2.
Present the swing initially with the same mass on all seats.

3. 
Ask the students to predict what will happen if different weights are used on each swing.

4. 
Rearrange the swing with varied weights but be careful not to let it get off balance.   A nickel and a quarter on opposite sides will work.  Students will be amazed that all strings are again at the same angle. 

5.  For added drama you can project the shadow of this motion onto the board.  Draw the angle and note that all the swings go through the same angle.

6.  Make quantitative measurements and use them as the basis for a classic conical pendulum problem involving both centripetal force and vectors.  This can be done as a demonstration or, if you can build a set of swing rides, as a lab.

a.  Determine the mass of one of the "rider-swing combinations."

b.  Have the students use a stop watch to time five or ten rotations.  

    This is easily done by watching for the reappearance of a chosen "rider" or string. 

c.  Use a meter stick to measure the radius or diameter of the ride at full speed.

d.  Draw a free body diagram of one "rider." 

e.  Calculate the centripetal force on one of the "riders" and the angle the string should make.  

f.   Have students use a protractor with a washer hanging from a string through its vertex to measure the actual angle.  They can line up the edge of the protractor with the strings as they come around.  Be sure to point out that this will give them the vertex angle.

g.  Either repeat the calculations for double the mass or do it purely algebraically to show that mass drops out and the angle stays the same.

7.
If enough turntables are available the activity can be done as a student laboratory using the instructions on the following pages.

The results are impressively good.  Have fun ! !

classroom lab
"ON THE SWING RIDE"

Introduction: 

When an object moves in a horizontal circle as on a swing ride the tension in the string has two jobs.  It must provide a centripetal force directed towards the center of the ride to maintain the circular motion and exert an upwards gravity balancing force to keep the motion level.   These forces are the components of the tension and combine as vectors to give both the force in the string and its angle.  
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Materials:
• 
Turntable, swing ride demonstrator, tape, stop watch, meter stick, extra nickel, quarter, dime and penny,  protractor with a small mass hanging from a string through its vertex.  

Procedure:

Part I - seeing how it works

1.  Place the swing ride on a turntable at 45 RPM

2.  Predict what will happen if different weights are placed on each of the "swings."  

3.  After writing down your prediction tape the extra coins on the swings and try it.  

Part II - Making some measurements:

1.  With the ride at full speed, have one partner stand the meter stick vertically and move it in until the swing just misses as it passes.  

2.  Have another partner hold the protractor with the hanging mass so that its edge lines up with the swings as they pass meter stick.  The angle the string reads is the angle the swing is making with the vertical, angle ß.

3.  Choose one swing and time for five rotations.  Do this three times and average.

4.  Turn off the ride and measure the distance from the center of the ride to the stick.  This is the radius of the circle the seat is making.
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DATA AND CALCULATION CHART
angle

seen
times for 5 revolutions

(seconds)
average time (s)
period

 (s)
radius

   (m)
Fcent =  EQ \f(mv2,r) 

Calculated Angle



____°
_____ ,  _____,  _____
______
______
_____
_______N
______°



Calculations:

1.
Calculate the period of the ride.  (The time for one revolution.) 

2.
Calculate the circumference of the circular motion using C = 2πR

3.
Find the speed  v =  EQ \f(circumference, period)   
4.
Calculate the centripetal force holding the nickel in circular motion.  A nickel has a mass of 5 g = .005 kg. 

5.
Calculate the weight of the nickel.  

6.
Draw to scale a vector diagram for the components of the tension in the string holding the nickel. Show horizontal (centripetal) force and the upward, gravity balancing, force.

7.
Combine the forces as vectors to find both the magnitude and direction of the tension vector.  

8.
Compare the angle made with the vertical by the tension vector to the angle you found  experimentally.

9.
Use  a vector diagram to explain why all "riders" are at the same angle.

Discussion and Essay:  

1.
Make an opening statement describing the intention of the lab.

2.
Discuss what happened to the angle of the strings when you used riders of different mass.

3.
Describe the components of the tension vector explaining the function of each and giving the magnitude of each component.

4.
State the magnitude and direction of the tension you calculated and compare your calculated angle to that measured.

5.
Use a vector diagram and explain why "riders" of different mass are at the same angle.  One way is to draw the vectors for riders of two different masses on the same axes.

6.
Discuss the sources of error in this lab and ways of improving its accuracy.

LESSON PLAN 7:   CIRCULAR MOTION AND FRICTION

purpose:
To apply concepts of circular motion and friction.

objectives:
•
To incorporate ideas of circular motion and friction to solve classic problems.

general statement:
The maximum friction available to hold an object stationary depends on the force pressing the surfaces together and the roughness of the surfaces. The equation for the maximum static friction possible is:

Maximum static friction = Ffriction,max  = µstaticFnormal 

If an object is not moving the friction is not necessarily equal to µstaticFnormal .  The friction is only large enough to oppose the motion.  The magnitude  µstaticFnormal  determines a breaking point.  An applied force larger than µstaticFnormal   will result in motion.

Classroom applications to amusement park physics
Lecture

•
If a person chooses to stand on the merry-go-round rather than riding, as ticket takers and many parents do, the friction between the riders shoes and the floor must provide enough friction to keep the person moving in a circle.  On a slow merry-go-round this is not a problem but if a truck with packages rounds a curve, the packages in the truck will slip if the friction between truck and package is not large enough.  Here gravity provides the normal force and the friction must provide the centripetal force.

•
On the Typhoon, the normal force of the wall provides the centripetal force on the rider, forcing the rider to move in a circle.  The magnitude of this  force combined with the µstatic of the wall person interface then determines the frictional force available to prevent the rider from sliding down when the floor is lowered.  This is a reversal of the merry-go-round situation.  This time the centripetal force provides the normal force and the maximum friction available must equal or exceed the weight.

  µstaticFnormal  ≥ Ffriction = mg

Demonstrations

•
Arrange a block on the table with a string running over a pulley to a hanging weight.  Slowly increase the weight having the students recognize that in each case friction is balancing the weight.  Continue to increase the hanging weight until the block on the table slips.  The maximum weight that can be resisted is equal to Fstatic max .  The weight of the block on the table is equal to the normal force.  Now find  µstatic from Fstatic max = µstaticFnormal  

Demonstrations

•
Cut a cardboard "record" to use on a turntable.  Cover half the disc with felt or any rough fabric.  Place coins near the edge of the disc on each surface and show that the smoother surface does not have a large enough maximum friction to keep the coin from slipping.  You may want to use two different speeds so students can see that at the slower speed the smoother surface does have enough friction to supply the centripetal force needed to keep the coin moving with the record.  The friction needed is less than µstatic Fnormal. 

•
Hold a book up against the front wall.  Show that if enough pressure is exerted on the book perpendicular to the wall the book will not slip down.   

Laboratories

•
Have students perform the first demonstration described to find µstatic.  Have them repeat the process for several multiples of the mass on the table to see that the coefficient of static friction is a constant.  Create two different coefficients by using tracks on the desk covered with a variety of materials such as felt, wax paper, construction paper, etc.

Sample Problems

See On The Merry-go-round and the Typhoon
APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK:

•
Typhoon
0N THE MERRY-GO-ROUND AND THE TYPHOON

1.   A 60 kg parent is standing on a merry-go-round a distance 6 m from the center.  The merry-go-round makes one revolution every 13 seconds.

a.  What is the speed of the parent

b.  What centripetal force must the floor provide for the parent.

c.  What is the normal force between the floor and the parent.

d.  What is the minimum µstatic that will keep the parent from slipping. 


2.   A 30 kg child decides to stand next to the parent on ride in #1


a. What centripetal force must the floor provide for the child.


b. What is the normal force between the floor and the child


c. What is the minimum µstatic that will keep the child from slipping.


d. Compare and explain the answers found for µstatic.  

3.   A 100 kg man on a Typhoon ride with a 2.4 m radius realizes he is moving at 6.3 m/s when the floor is dropped.

a. What force must friction provide to keep him from slipping? 

b. What centripetal force is the rotor providing at this speed?

c. What is the minimum µ between his back and the wall if 
he just misses slipping.

d. What force-factor is he experiencing against his back?

e. For safety's sake, should the actual µ be larger or smaller?

4.   A 50 kg woman is also riding on the same ride.  

a. Repeat a - d for the new mass.

b. Compare the results.  Can people of different mass ride safely on the same rotor?  How do force factors compare.




5.   A Typhoon is built with a radius of 3.00 meters and a µ of .500.

a. Assuming a 60.0 kg passenger, what force is needed to hold her up when the floor drops?

b. What normal force must the wall exert to provide the friction needed?

c. How fast must the ride be going to provide the force calculated in b?

6.   Repeat problem 5 for a 20.0 kg child. How do the answers compare with those in problem 5?  Can people of different masses ride safely on the same rotor?

7.   How fast must the outer wall of the Typhoon ride of radius 1.80 meters be going if it has a µ of 2.0.  (This is a velcro wall!!!)

8.   A typhoon ride makes 10.0 revolutions in 24.0 seconds.  The rider has a radius of 3.00 meters and the rider in question has a mass of 40.0 kg.

a. What is the speed of the rider ?

b. What force must friction provide to keep the rider from slipping?

c. What centripetal force is being exerted on the rider's  back?

d. Calculate the µ using the above data.

e. Is this the only possible value for µ?  Could it be smaller?  Could it be larger?

Answers in size order using g = 9.8 N/kg:  0.14    0.477    0.59    0.59    1.7    1.7     2.9    2.97    7.67    7.67  7.85    42    84.1    196    294    382    392    490    588    588    822    827    980    1176      1654    µ can be larger  than calculated but not smaller    

ANSWERS TO MERRY-GO-ROUND AND TYPHOON PROBLEMS

In all problems Fc =  EQ \f(mv2,R) 
For the MERRY-GO-ROUND the Normal force of the floor balances the weight and friction provides the centripetal force

1.
a.
v =  EQ \f(2πr,T) 
b.
Fc = 84.1 N

c.
Fnormal = mg = 588 N

d.
µstatic = .14

2.
a.
Fc = 42 N

b.
Fnormal = mg = 295 N

c.
µstatic = .14
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On Typhoon it is the wall pushing in that provides the centripetal force.  It is important to emphasize that there is no outward force, only the inward force of  the wall pushing the rider into a circular path.  This is the normal force that creates the friction which then balances the weight.

3.
a.
Friction must balance gravity



F = mg = 980 N

b.
Fc = 1654 N

c.
Friction = mg  and


Friction = µ x Normal Force

The normal force provides the centripetal force

mg = µFc       

µ = .59


d.
force factor = 1.7


e.
for safety µ should be larger in case the speed is for some reason slower than usual

4.
a.
490 N


b.
F = 827 N


a and b are half but 


c, d and e are the same

5.
a.
588 N


b.
1176 N


c.
7.67 m/s

6.
a.
196 N


b.
392 N


For a 20 kg child a and b are 1/3 


but c is the same so the ride


is safe for both.
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7.
v = 2.97 m/s

8.
a.
7.85 m/s


b.
friction = mg = 392 N


c.
F = 822 N


d.
µ = 0.477


e.
µ could be any larger number



LESSON PLAN 8:   FORCES AND VERTICAL CIRCLES

PURPOSE:
To examine the forces acting when objects move in vertical circles and understand why riders will not fall out of a vertically looping coaster.

OBJECTIVES:  

•
To calculate centripetal force

•
To calculate the forces acting at the bottom and top of a vertical circle

•
To determine the minimum speed for an object to go through a vertical loop without falling out

GENERAL STATEMENT:

According to Newton's first law, an object moves at a constant speed in a straight line unless an unbalanced force acts on it.  To make an object move in a circle an unbalanced force directed toward the center of the circle must be applied.  The sum of the forces applying this NET, center directed (centripetal) force is fixed.

∑Fr =  Fc =  EQ \f(mv2,r)    . 

∑F = 0
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∑Fr =  Fc =  EQ \f(mv2,r)  

When a person on an amusement park ride is moving in a vertical loop, two forces are involved in supplying this centripetal force, the seat and gravity.  Gravity comes in the form of the rider's weight.

classroom Applications to amusement park physics
Lecture

•
On Spin Meister the speed of the riders stays constant, like that of a ball being whirled on a string.  Once the speed and mass are given, the forces are easily calculated.  On the ride, the seat provides the force that a string would supply on a whirling mass.  Vector diagrams like those on the next page can be used to show how the force of the seat or string combines with the force of the gravity to provide the force needed to make the rider or ball move in a circular arc.  

When the rider is at the bottom of the arc the force of  the seat ON the rider and the gravitational force on the rider are in opposite directions with the seat force aimed toward the center of the arc.

∑Fr =   EQ \f(mv2,r) 
Fseat - mg =  EQ \f(mv2,r) 
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When the rider is at the side of the loop only the seat force which is directed toward the center can provide the centripetal force needed for curved motion.  The gravity force is pulling straight down decreasing the coaster's speed.

∑Fr =   EQ \f(mv2,r) 
Fseat =  EQ \f(mv2,r) 
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When the rider is at the top of the loop, the seat force and gravity work together to create the curved motion. (Gravity alone would make a parabola)

∑Fr =   EQ \f(mv2,r) 
Fseat + mg  =  EQ \f(mv2,r) 
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For all other locations mg separates into tangential and radial components with the tangential component changing the speed while the radial is part of ∑Fr =   EQ \f(mv2,r)  
•
Looping coasters have a special tear drop or clothoid shape.  The first looping coasters were circular.  However, in order for the coaster to be going fast enough at the top to stay pinned to the track, the speed at the bottom produced forces over 6 times normal weight.  In 1905 the clothoid shape was developed.   With its large radius at the bottom of the arc becoming a small arc at the top forces at the bottom of the arc were minimized while the centripetal force needed at the top was so large that the seat exerted forces equal to the riders weight when the car was upside down.  The first commercially viable looping coaster was opened in California in 1976.  Six Flags Great Adventure got its first looping coaster soon afterward.  

•
Interestingly, a New York Times article, later reprinted in an encyclopedia, incorrectly explained what makes the clothoid loop work.  It assumed that a conservation of angular momentum (like a skater pulling in her arms) increased the speed, and thus the centripetal force, needed at the top of the loop.  That does not work in this case because work done by gravity, not conservation of angular momentum, is changing the speed.  Total mechanical energy must be conserved and the speed depends only on height.  

•
The calculation of the minimum speed needed and the force exerted at the bottom of a circular loop for an object to just make it around without falling out is often done.   First, calculate the speed needed at the top of the loop for Fc on the rider to exactly equal the passengers weight.  The force exerted by the seat then becomes zero and the passenger feels "weightless."  The total mechanical energy for the motion is then the sum of the potential and kinetic energies at the top of the loop.   Because energy must be conserved and the potential energy at the bottom of the loop is zero, the kinetic energy at the bottom of the loop is equal to the total energy.  From this both the speed at the bottom of the loop and the seat force on the rider at the bottom of the loop can be calculated.  Using a clothoid shape with its smaller top radius, does not increase the speed at the top.  That depends entirely on energy.  Rather, the large curve at the bottom of the arc lowers the net centripetal force needed so that the force on the person is only about 3.5 times normal weight.  The small curve at the top demands a larger net centripetal force to make the rider follow the path of the arc, a force larger than gravity.   The passenger will feel a strong force from the seat.  Since a force coming from the seat implies that we are right side up, the rider in a looping coaster never really feels upside down.   

Demonstrations

•
Attach four 40 cm strings to a one pint plastic container.  Half fill the container with water and whirl it vertically fast enough to keep the water from spilling out.

•
Attach a spring or rubber band to a 20 cm string.    Connect a 100 g mass to the rubber band and holding the string, swing the mass in a vertical circle.  Students should be able to see the change in force by watching what happens to the spring.

•
Set up a hot wheels track with a vertical loop.  Find the launch height such that the car does not fall out of the loop.  Compare the height to that predicted mathematically and estimate the energy lost to friction.  (This will not work with a ball unless you consider the rotational as well as translational kineti energy.)  

Laboratory activities
•
Give students small masses on a variety of string lengths.  Have them whirl the masses in a vertical circle at constant speed.  Find the slowest speed at which the circular motion can be maintained without having the mass fall out of the circle.  Check to see if it is indeed the speed such that    EQ \f(mv2,r)  = mg.  
Sample Problems

See problem sets "Vertical Variety,"  and Looping Coasters.
APPLICATIONS IN THE STUDENT WORKBOOK USED AT THE PARK
•
Spin Meister

•
Great American Scream Machine

•
BATMAN The Ride

Answers to Vertical Variety

The answers shown at the bottom of the problem sets are in size order so that students can check them in some way.  Often problems are identical so that one can be used as guided practice in class and students can do the others independently.

The centripetal force is a NET FORCE which must be the sum of the radial components all forces acting.  At times, the contact forces of rope, track, etc, work with, and at other times, against gravity to provide this net force which is equal in magnitude to  


Fc  =  EQ \f(mv2,r)   .  

In this series the centripetal direction, or "toward the center of the arc,"  is taken as positive at all times.   A negative contact force indicates that the stick or coaster seat must exert a force away from the center of the arc in order to combine with gravity to produce the required net force.

1.
a.  Fc =    EQ \f(mv2,r)     =  76.8 N

b.
At the bottom of the arc gravity works against the stick as the stick forces the ball into circular motion. 


Fc = Fb - mg =    EQ \f(mv2,r)   

Fb =    EQ \f(mv2,r)  + mg   = 106.2 N

c.
force factor =  3.6


forcefactor =   EQ \f(Force being applied,   weight)  
d.
Ftop + mg = Fc   


The stick and gravity work together to produce the necessary centripetal force. 

Ftop = Fc  - mg   = 47.4 N down.

e.
force-factor = 1.61

f.
The force is positive thus toward 



the center of the arc and in the 



"down" direction.




2. 
a.   Fc = 19.2 N

b.
Fbottom = 48.6 N
c.
force factor = 1.65

d. 
Ftop =  - 10.2 N

e. 
The negative means the force is away from the center, in this case, up.  The gravitational force alone would pull the ball into a smaller arc than the circle.

3.
 a.
Fc = 29.4 N

b.
Fb =  58.8 N

c. 
Force-factor = 2

d.
Ft = 0

e.
This is called "weightless."   Since gravity is obviously in action, it really means having a contact force of 0 .

4. 
If the person is to feel "weightless"


the force applied by the seat at the top


 must be 0


Ftop + mg = Fc   


0 +mg = Fc , so     EQ \f(mv2,r)  =  mg


v = 8.85 m/s

5.
Since mass will cancel the 80 kg person will be weightless at the same speed.


v = 8.85 m/s

6.
a.  - 240 N which means up


b.  .49


c.  The seat pushes up

7.
a.  72.5 N


b.  0.15


c.  The belt

8.
28 m/s

9.
a.
648 N

b.
1.1

c.
528 N

d. 
0.9

e.
the forces are minimal

ROLLER COASTER  PROBLEMS


A 50 kg person rides each of the looping coasters shown.  For each position indicated find the rider's total energy, potential energy, kinetic energy and speed.   Find the centripetal force needed to make the rider move along the arc of the coaster at the position shown.  Calculate the force the seat must exert to keep the rider in the desired motion as well as the force factor the rider experiences.  Remember that the forces exerted by gravity and the seat must combine to create the centripetal force.

1.  This coaster has a circular loop.  Think about how the rider will feel at the top and bottom of the loop.  A force factor of more than 4 is uncomfortable. 


ET =  _______

EP =   _______

EK =  _______

V =       0 m/s       
FC =   _______

Fseat = ______

force factor = ___
ET =  _______

EP =   _______

EK =  _______

V =                m/s       
FC =   _______

Fseat = ______

force factor = ___
ET =  _______

EP =   _______

EK =  _______

V =                  m/s    
FC =   _______

Fseat = ______

force factor = ___

2.  Now see what happens to the forces if the ride uses a clothoid loop which allows the bottom and top curves to have different radii.


ET =  _______

EP =   _______

EK =  _______

V =       0 m/s       
FC =   _______

Fseat = ______

force factor = ___
ET =  _______

EP =   _______

EK =  _______

V =               m/s      
FC =   _______

Fseat = ______

force factor = ___
ET =  _______

EP =   _______

EK =  _______

V =                 m/s       
FC =   _______

Fseat = ______

force factor = ___

ANSWERS TO ROLLER COASTER PROBLEMS

1. 
This is a circular path


At the top of the first hill

ET =  26,950 J
Ep = mgh = 50kg(9.8N/kg)55m = 26,950 J

Ek = 0

v = 0

Fc = 0

Fseat = 490 N  seat supports person

force factor = 1  person feels normal

b.
At the bottom of the loop

ET =  26,950 J
Ep = 0

Ek = 26,950 J

v = 32.8 m/s

Fc =  EQ \f(50kg(32.8m/s)2,20m)  = 2690 = ∑Forces


∑Forces = Fseat - mg


Fseat = Fc + mg

Fseat = 3180 N  

force factor = 6.5  This is dangerous for people not trained as astronauts

c.
Upside down looping the loop

ET =  26,950 J
Ep = 50kg(9.8 N/kg)(40m) = 19,600 J

Ek = 7,350 J

v = 17.1 m/s

Fc =  EQ \f(50kg(17.1m/s)2,20m)   = 740 N = ∑Forces

       ∑Forces = Fseat + mg


Fseat = Fc - mg

Fseat = 250 N  

force factor = .51

The rider feels right side up but only half as heavy as usual.  The sensation is as if going over a hill on the road.   Of course, coming through the bottom of the loop the person would probably have passed out.  The ride cannot be made slower to get the rider through the bottom arc still conscious because the rider would then feel upside down at the top of the arc and need to be held in place by a harness.

Obviously, roller coaster loops cannot be made circular and have the rider not feel as if he or she is in danger of falling out.

2.
The clothoid loop, developed at Coney Island, New York in the early 1900's has a constantly changing radius of curvature.  This means the force at the bottom can be minimized while the force at the top can be maximized by just changing the radius.  The speed itself depends on energy and will not change.  This is not a case where an object can be made to speed up by changing the radius.  Angular momentum is conserved only if there are no tangential forces acting.  As the coaster goes around the loop there is a component of the force of gravity tangential to the arc.

a. 
At the top of the first hill the situation is the same as ion the circular coaster.

ET =  26,950 J
Ep = mgh = 50kg(9.8N/kg)55m = 26,950 J

Ek = 0

v = 0

Fc = 0

Fseat = 490 N  seat supports person

force factor = 1  person feels normal

b.
At the bottom of the hill speeds are again the same but the force needed for circular motion is significantly less.

ET =  26,950 J
Ep = 0

Ek = 26,950 J

v = 32.8 m/s

Fc =  EQ \f(50kg(32.8m/s)2,45m)  = 1195 = ∑Forces


∑Forces = Fseat - mg


Fseat = Fc + mg

Fseat = 1685 N  

force factor = 3.4  This is the force factor on most coasters.

c.
Upside down at the top of the loop the speed is again the same as in a but now the smaller radius will increase the force needed to stay in a circle. 

ET =  26,950 J
Ep = 50kg(9.8 N/kg)(40m) = 19,600 J

Ek = 7,350 J

v = 17.1 m/s

Fc =  EQ \f(50kg(17.1m/s)2,9m)  = 1625 N = ∑Forces


∑Forces = Fseat + mg


Fseat = Fc - mg

Fseat = 1135 N  

force factor = 2.3

The rider feels pressed into the seat with a force more than double normal gravity and feels definitely and safely right side up.
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Video

Perceptual Physics at Cedar Point, Robert Speers, Assoc. Professor, Firelands College BTGSU, Huron, Ohio 44839 (send blank beta or VHS tape and self-addressed, stamped Jiffy #1 envelope)

 The Science Connection, Amusing Physics, by Joseph DePuglio, Steinert HS, Trenton, NJ, Videos of Great Adventure Rides, Laboratory Exercises, Problem Sets, Available for $29.95 from Dr. Thomas Ebeling, Dpt of Curric and Inst.  Hamilton Township Public Schools, Hamilton Square, NJ, 08690,  Checks to Hamilton Township Board of Education.

TV
3-2-1- Contact Programs: Space Monday (#301),  and Measurement Friday (#310)               


Check with local PBS for airing dates

Scientific American Frontiers - The World of Science:  October 1990

Channel One - Science Week:  November 1, 1991
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