Circular Motion: 

This treatment of circular motion should follow the Energy unit since conservation of energy principals are used in the paradigm lab.

Drawing a Motion Map for circular motion:

Hypothetically, what would a motion map look like for an object traveling along a circular path at a constant speed? 

Step 1.
Draw a circle with no smaller than 5cm and no larger than will fit on the page. Be sure to leave a mark on the paper showing the location of the center of the circle. As students work in groups, encourage them to have each member of the group use a different diameter. 

Marking dots for position: If the object is moving at a constant speed, what would be true about the spacing of the dots along the perimeter of the circle? “They should be equally spaced.” Since the path is curved, it would be difficult to use a ruler to ensure that the dots are equally spaced. Is there another way to ensure that the dots represent motion with a constant speed. “We could use a constant angle between the dots…” 

Step 2. Using a protractor, mark off dots of equal angular spacing around the perimeter of the circle. The angle used should be any angle between 15 and 45 degrees. Once again, encourage students in each group to use a different angle.  Be sure to start your dots at either the extreme top or bottom of your circle. 

After the marking dots with equal spacing, what comes next on a motion map? “Arrow to represent the velocity at each instant.” How does velocity differ from speed? “Velocity includes both speed and direction.” How do we use the arrows to represent both the speed and the direction? “The length of the arrow represents the speed and the orientation of the arrow indicates direction.” So at each point along the path, what direction should the velocity arrow be?  The velocity is tangent to the circular path. 

Note: In Unit IV when using either dry ice or a hover disc to demonstrate the difference between motion with no net force and motion with a net force, it is also worth using a spring to move the object along a circular path and release it at various points to demonstrate that once the force is taken away, the object movies along a path tangent to the circular path. If you didn’t make this point in Unit IV, it is worth pulling the hover puck back out to demonstrate this idea. 

To assist students in seeing this phenomena, talking about the velocity at various points on the face of a clock can be useful i.e. if moving counter-clockwise the velocity is to the right at 6 o’clock, upward at 3 o’clock, to the left at 12 o’clock and downward at 9 o’clock. 

What is the angle between the radius and any of the velocity arrows? “It should be 90 degrees.” 

Step 3. Holding the protractor so that the 90 mark is oriented toward the center of the circle and so that the straight edge of the protractor is ‘tangent’ to the circle at one of your position dots, draw an arrow to represent the velocity of the object at that point. How long should your arrow be? No shorter than 3cm and no longer than the radius of your circle. Once again, encourage students within each group to use different lengths for their velocity arrows. Continue drawing velocity arrows around at least one half of the circle. 

Is the object accelerating? Some student will say no and others will say yes. Ask one of the students who says no, why they think the object is not accelerating. They will usually reply that since the speed is constant, there is no acceleration. Ask one of the students who answered yes why they think the object is accelerating. They will normally reply that the change in direction means velocity is changing. In the ensuing discussion, be sure that all students agree that the change in the direction of the velocity arrows does imply that an acceleration is occurring. 

Ask students to recall how we defined acceleration and how we determined the direction of acceleration back in Unit III. Write the expression 
[image: image1.wmf] on the board and review that concept that 
[image: image2.wmf]. Since the magnitude of the velocity arrows is the same, it would seem that (v ought to be zero. On the other hand since velocity is a vector quantity and the direction must be factored into the subtraction process, the (v doesn’t equal zero. 

Rather than subtracting the arrows from one another, is there a way to turn the subtraction into an addition? “Add the negative…” In other words, 
[image: image3.wmf]. At this point review the graphical addition of vectors, the concept that the ‘-‘ symbol means the opposite direction and how to find the direction of the resultant vector. 
Ask students to select three points and their corresponding velocity arrows on their motion maps. As them to be sure that either their initial or their final arrow is at the extreme top or bottom of the circle so that the corresponding velocity arrow is ‘horizontal’.  Going in order label the first dot’s arrow vi and the third dot’s arrow vf. Using the straight edge of the protractor, re-draw vf somewhere else on the page away from the circle. After drawing vf , remind the students that the ‘-‘ means that we should draw vi in the opposite direction of the original arrow on the motion map. Using the protractor to ensure that the angle of both the length and orientation of each of the two arrows is correct at this step is critical to the success of the activity. 

Have students draw the resultant of the vector addition and remind them to include an arrow to indicate the direction of the resultant and label this arrow (v. Ask students where this (v arrow should be placed on the motion map. Guide them to the realization that this (v is an average value for the time interval and that it should be placed next to the middle dot on the motion. 

Being sure to keep both the length of the arrow and its orientation consistent with those found in the vector addition process, have the students redraw their (v arrows on the motion map. Begin asking students which way their arrows which represent the acceleration of the object are pointing. Ask them to compare their results to other members of their group. As students begin to realize that everyone has a (v arrow pointing towards the center of the circular path, ask the class for their attention and begin polling the students one  by one about the direction of their (v arrows. After asking various students about the radius of their circles, the angle they used to ensure the dots were equally spaced and the lengths of their velocity arrows, ask students whether they would have expected everyone to have (v arrows pointing in the same direction. 

Once the whole class has come to a consensus on the direction of the acceleration when moving along a circular path, it’s time to determine the magnitude of the acceleration. Going pack to the original motion map, add a radial line from the center to the initial and the final position dots and draw an arrow connecting the two position dots. Ask the students what this arrow would represent. “This arrow represents the displacement ((x) of the object.” Compare the new triangle inside the motion map to the vector addition triangle somewhere else on their paper. Review the geometry of similar triangle and write out the following equation: 


[image: image4.wmf]
At this point refer back to the mathematical definition of acceleration on the board. If the equation is rearranged to isolate 
[image: image5.wmf], dividing both sides by 
[image: image6.wmf]would produce an equation for acceleration. On the right hand side of the equation, since 
[image: image7.wmf], the final equation becomes: 
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Where ac represents centripetal acceleration (an acceleration that results in a change in velocity with no change in speed), v represents the speed along the tangent path and r represents the radius of the circular path. 

While this equation works in theory, we don’t have any evidence to support it’s application to the real world. Before we can use the equation, we should perform an experiment to verify the relationship. 

Using a demonstration size spring scale, suspend a mass from a string attached to the spring scale. Pull the mass to the side and release it so that it swings back and forth like a pendulum and ask students to observe the reading on the spring scale. They should notice that the reading changes as the object moves back and forth and that the maximum reading occurs at the bottom of the swing. The maximum reading is also larger than the weight of the handing object. Ask students if this makes sense in light of the formula that was just derived from the motion map for circular motion. 

Ask students to draw a force diagram for the object at the very bottom of the circular path. Ask them whether the upward and downward arrows should be the same length. Why should the upward arrow be longer than the downward arrow? “Because the object is accelerating upward toward the center of the circular path.” Ask the students to write a ‘sum of the forces’ equation for their force diagram. After plugging in the new expression for acceleration, the equation should take the form: 
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and if we solve for the tension, then the equation becomes: 


[image: image10.wmf]
At this point, ask the students to consider whether the swinging mass could be used to test the expression for centripetal acceleration. 

Independent variable: the speed of the object along the tangent path (varied by changing the height from which the object is released)

Dependent variable: the spring scale reading at the bottom of the circular path. 

Hypothesis: If the speed of the object along the circular path is increased, the spring scale reading should increase in a direct relation to the square of the speed. 

Measured variables: (h, the change in height from the release point to the bottom of the swing and the spring scale reading. 

Calculate variables: vtangential at the bottom of the swing from conservation of energy. 
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After calculating the v values, student should create a plot of Fstring/object vs. v. 

It is expected that this plot should form a top opening parabola with a non-zero intercept. 

Students should then test plot Fstring/object vs. v2 to linearize their graphs. 

Expected Outcome: 

1) The original plot of Fstring/object vs. v should appear to be a top-opening parabola. 

2) The test plot of Fstring/object vs. v2 should appear to be a straight, diagonal line with a non-zero intercept. 
3) When a linear fit is applied, the correlation value should be close to 1. 
4) The slope value of the linear fit should be within 10% of the ration of m/r. 
5) The intercept value should be within 10% of the Fstring/object. 
_1196751513.unknown

_1196751654.unknown

_1196751796.unknown

_1196752767.unknown

_1196753233.unknown

_1196752612.unknown

_1196751716.unknown

_1196751629.unknown

_1196749675.unknown

_1196750137.unknown

_1196749599.unknown

