Studio Physics I    

Activity 04 – Forces and Motion in Coupled Systems

Equipment:
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A cart is pulled along a level track by a string that passes over a pulley and is attached to a mass that hangs down, as shown in the figure below.  You will be able to vary the length of the string by using a thumb screw on the side of the hanging mass.  The mass will fall through a distance that is much less than the length of the track.  That is, the mass hits the floor significantly before the cart hits the end of the track.  You will also have a motion detector and LoggerPro software to use in making measurements.

We will assume the string and pulley are ideal, meaning massless, frictionless, and inelastic.  However, we will not neglect the friction of the cart on the track because it has a significant effect.

Individual Preparation:

You should answer the following five questions before class, individually, in your laboratory notebook and later in your write-up:

1. Make a sketch of the problem situation (equipment).

2. Decide on your origin and coordinate system for the cart and the hanging mass (they don't have to be the same) and draw them.

3. Assign variable names:  Let a = magnitude of acceleration and assume you know it.  Why must it be the same for both the cart and the hanging mass?  (We will calculate and measure it later in the activity.)  Let d = distance the hanging mass drops from where you let it go until it hits the floor.  Let v = velocity the cart is moving (horizontally) when the hanging mass hits the floor.

4. What is the relation between distance (down) the falling weight travels and the displacement of the cart (horizontal) over the same time interval?  What is the relation between velocity (down) of the falling weight and the velocity of the cart (horizontal) at the same instant?  What is the relation between acceleration (down) of the falling weight and the acceleration of the cart (horizontal) at the same instant?  (Hint: Easy answers.)  How do you know that?

5. Write down what principles of Physics you will use to solve this problem and derive a formula for velocity in terms of acceleration and distance the weight falls.  (Hint: One of the equations of motion on the formula sheet is very useful here.)

Team Work In Class:

The first thing that you should do in class is to compare everyone’s work on questions 1-5.  In particular, you should compare your group’s expressions for maximum velocity of the cart in terms of the distance the hanging mass falls and the acceleration of the cart.  The expression should not contain the time variable.  Do all of you agree on the expression?  If not, come to some consensus on what is correct.

Observations:

6. Go to your Physics I folder and double-click on the file L01A2-1(Velocity Graphs).xmbl .  You can also download this file from the Physics I web site.  The first step is to measure the friction force acting on the cart as it moves.  Determine this using the same method that you used in Activity 3.  (If you don’t remember, look in your lab notebook.)  Note: the mass of the cart without the fan is 0.50 kg.  You should get a value for friction between 0.01 and 0.1 N in the direction opposite the motion of the cart.  If you did not get a value in this range, check with your instructor or TA

7. Adjust the starting point of the cart so that you start at least 20 cm away from the motion detector.  You will be measuring the velocity of the cart after the hanging mass hits the floor but before the cart hits the end of the track.  Please don’t let the cart smash into the end stop on the track too hard.  Record the mass of the cart (0.50 kg), the mass of the hanging mass you will use (52 g or 0.052 kg), and the distance through which the mass will fall.  There is a “meter stick” on the low friction tracks that you are using – you can see how far the hanging mass falls by subtracting the position of the cart when the hanging mass hits the floor from the position of the cart at the point you will release it.  What do you expect the velocity versus time and acceleration versus time graphs should look like if the measurements were ideal?

8. Making Experimental Measurements:  Use LoggerPro to measure the velocity of the cart after the hanging mass hits the ground.  This will be the maximum velocity.  Record that value.  Repeat the measurement at least once and record the second value.  Be as accurate as you can in determining the maximum velocity from the LoggerPro graphs.  For example, click on the “x=“ (“Examine”) icon at the top of the page and point the cursor to the graph.

Analysis:

9. Free Body Diagrams and Force Equations: Draw separate free-body diagrams for the cart and hanging mass after they start accelerating.  You should include the following forces: gravity, the normal force on the cart from the track, the tension of the string, and friction of the cart on the track.  Check to see if any of these forces are related by Newton’s Third Law (Third Law pairs).  Newton’s Third Law pairs are forces between the same two objects, but which object is exerting the force and which is being acted on are exchanged.  (For the purposes of this activity, consider the tension at either end of the string to be the equivalent of a Newton’s Third Law pair although strictly speaking it does not fit the definition.)  If there are any, list all Newton’s Third Law pairs in this problem.
For easy reference, it is useful to draw the acceleration vector for the object next to its free-body diagram. The origin (tail) of all force vectors for one object should be drawn touching the object with the head pointing in the direction of the force.
For each object, write down Newton’s Second Law along each of the axes of the coordinate system (X and Y).  It is important to make sure that all of your signs are correct.  For example, if the acceleration of the cart is in the + direction, is the acceleration of the hanging mass + or –?  Your answer will depend on how you define your coordinate systems.  Your + directions should agree with your choices in step 2.  Note that it is OK to have a different coordinate system for each object.

Have your instructor or TA check your free-body diagram and Newton’s Second Law equations before going to step 10.  Step 9 is critical to getting the correct answer for a Newton’s Second Law problem, whether on an activity or on a test.

10. Solving for acceleration: Use the equations that you came up with in step 9 to solve for the acceleration of the cart during the time that the hanging mass is falling.  The acceleration expression should contain only the mass of the cart, the hanging mass, the force of friction, and the constant of gravity on the earth, g (9.8 N/kg).  You must eliminate all other variables from the expression, because we cannot measure (and do not know the values of) these other variables.

11. Solving for the velocity of the cart after the block hits the floor:  Use the acceleration you obtained in step 10 with the formula from step 5 to determine your prediction of the final velocity of the cart.

12. Comparing your predicted value with the measured values.  Do the two values agree?  What is the percent difference between the two values?  What are the limitations on the accuracy of your measurements and analysis?

Exercise

Mass m3 can slide in one dimension on a frictionless track.  It is connected by strings at either end via pulleys to hanging masses m1 and m2 as shown in the figure below.  Neglect the mass of the strings and pulleys and neglect all sources of friction.  Assume m2 > m1.  In this exercise, we will use the following variables:

Masses:
m1, m2, m3

String Tensions:
T1, T2

Acceleration of mass m3:
a (positive to the right)

Constant of gravity:
g
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13. For m1, m2, and m3, perform the following analysis steps: (1) identify the forces acting on each, (2) choose a coordinate system for each, (3) draw a free-body diagram for each showing the coordinate system and the direction it will accelerate, (4) determine whether each force is positive or negative in the selected coordinate system for each, (5) write Newton’s 2nd Law (in one dimension) for each object making sure each force is on the left-hand side of the equation and m a is on the right.

14. Solve for tension T1 in terms of m1, a, and g.

15. Solve for tension T2 in terms of m2, a, and g.

16. Solve for acceleration a in terms of m1, m2, m3, and g.  Hint: Use Newton’s 2nd Law equation for m3 and the expressions you derived in steps 14 and 15.

17. Check that your result is reasonable.  Here are some unreasonable results that would indicate an error:  Are you dividing by an expression that could be zero if m1, m2, and m3 are positive values?  Could the acceleration be greater than g?  Does the expression have units other than acceleration?  Could the expression be negative when m2 > m1?  Could the expression be positive if we made m1 > m2?  Does your expression have “a” in it as a variable (in which case you haven’t solved for a)?  [Note: These are all errors students made on past exams.]

18. Check your result with a test case: Let m1 = 0.5 kg, m2 = 1.0 kg, and m3 = 1.5 kg.  Did you get a = g/6?  If not, go back and check each step carefully.
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