A model-based unit on rotational dynamics

COMPILATION. A model-based unit on rotational dynamics

Date:  Fri, 6 Jun 2008

From:  Rachael Black:
Subject: rotational dynamics
     I need to try to locate some good modeling type materials for rotational dynamics. I could re-invent the wheel, but I was sure that someone else had already developed a unit on rotational dynamics. I just cannot find it on the modeling website. Can anyone help me?

****************************************************************************
Date:    Mon, 9 Jun 2008 
From:    James Vesenka 
     Mitch Johnson had a great paradigm lab activity involving a bike wheel (I purchase wheels and bike forks of different sizes used from local bike stores, about $20).  With the wheel horizontal, attach a string to the wheel rim and run the string over a pulley attached to a weight.  Measure angular acceleration with a single photogate using the regularly spaced spokes as the beam blocks.  By plotting torque vs. angular acceleration, the slope is the moment of inertia.  Very slick.  For more advanced students add weights at one radius or one weight at different radii to dissect the moment of inertia relationship. Unfortunately my workbook activities for the rotational dynamics are primitive and need a major rewrite.  Does anyone have good rotational dynamics workbook activities out there?
****************************************************************************

Date:    Mon, 9 Jun 2008 
From:    Matt Greenwolfe 
     The following sequence with a rotational Atwood’s machine - which Jamie described in his last post - has worked well for me.
     First, just do a rotational kinematics lab.  Video-tape the rotating wheel from above as it accelerates.  Replay it in Logger Pro frame-by-frame and have the students actually measure the angle with a protractor every 5 - 10 frames or so.  (Put a piece of tape on one axle so it shows up in the video.)  Plotting angle vs. time makes a nice quadratic graph.  Getting the slopes of the tangents (or just taking the derivative if the students in the class are far enough along with their
calculus) produces an angular velocity vs. time graph. Ask about the meaning of the slope - the angular velocity --  then take another slope or derivative and discuss the meaning of that quantity - the angular acceleration.  

     I like starting this way rather than with torque and statics as most traditional materials and the [Mike Waters/Kim Trinklein] modeling unit do, because students discover for themselves the parallel between linear and rotational equations.  Once they see the pattern here, they can continue to look for it as the model gets more sophisticated.
     Then you can do a paradigm lab on rotational dynamics.  First add the photogate, as Jamie described, so you can determine the angular acceleration more quickly.  Ask about things that would affect the angular acceleration - the size and mass of the bicycle wheel, the amount of force exerted by the string on the wheel, and the radius at which the string is wound around the wheel's axle.  Of course, you need ways to vary each of these quantities - a multi-step pulley on the axle, some weights to attach to the bike wheel, etc.  I direct them first to the variables of force and radius, leaving the mass and size of the bicycle wheel for later.  Students do angular acceleration vs. force and angular acceleration vs. radius, get two linear graphs, combine them to force*radius and finally graph angular acceleration vs. F*R.  

     I like this sequence because their first exposure to torque is as the ability of a force to cause rotation, and they see that it involves both force and radius. Good opportunity for a discussion of why the radius should matter and help determine the ability of the force to cause rotation.
     This discussion is important, and much easier for the students to get to good conclusions themselves in this sequence.  In the traditional sequence, torque is introduced through a statics experiment in which torques are balanced, but then the students are always asking "what is
torque?" and you have to tell them too much.  The parallel with the linear concept of force is not clear for awhile, and then for some it seems to sink in too late.   By discovering torque first in a simpler situation with just one torque applied to the system and no angles involved, they figure out for themselves what it means and the parallel with the linear concept of force is clear. Getting the students to see this parallel at a deeper modeling level is the main thing in this model, and I think this sequence does a better job of it.
     Next, one can examine the slope of the alpha vs. torque graph, which has units of 1/(kg*m^2).  What does that describe?  Perhaps the wheel itself. How would you change it?  This goes back to properties of the wheel, size and mass, that were suggested in the initial brainstorming. Define moment of inertia by slope = 1/I (that's one over capital-I) and then you can investigate how it changes by adding masses to the wheel. First add just one object and vary its amount and radius, calculate I as torque/alpha and see that it has increased by the amount m*r^2.  Then add two masses.  If they are added at the same radius, the moment of inertia increases by 2m*r^2, but what if each mass is added at different radii?  The students will have some misconceptions here, and it’s important to have them predict and discuss their predictions.   Some will think you should average the masses and radii and then use m*r^2, others will think add the masses and average the radii; I rarely get the prediction m1r1^2  + m2r2^2, which means that you add the moment of inertia of each part.  

     When I have not used this sequence, this point - that you add the moment of inertia of each part - has been the least understood.  They continually fall into their misconceptions about how to calculate it unless those misconceptions become conscious predictions, and then are explicitly tested.  Once they are over this hurdle, most of the work is done.  Moment of inertia is like a rotational version of mass, which they can see from its position in the equation alpha = torque/I. 

     Then you can go on to calculate moments of inertia for continuous objects by making integrals.  Each integral just applies the basic idea that you are adding the moment of inertia for each infinitesimal piece of the whole.  The calculus part is not so bad, if they know their calculus.  But the physics misconceptions will continue to hold them back unless they really confront them first. They will not understand *why* the integral is being set up as it is unless they first work through the simple adding of two masses at different radii.
     This finally leaves statics, and calculating torques when forces are applied at angles, the traditional starting point for torque; and they seem to have much less trouble with this part because they have a clear idea of what torque is and what it does already.
     Of course, you need problems for worksheets and whiteboards in class that are appropriate for this lab sequence.  I'll be glad to send along what I've got.  My worksheets could use some improvement, and there are many good problems in the [Waters/Trinklein] modeling unit that I have not yet used.  It’s just a matter of re-grouping them to fit this lab sequence.  

     In summary, I suggest this lab sequence, with the other materials from the modeling unit of rotational motion, but re-group the problems to fit.
****************************************************************************

Date:    Mon, 9 Jun 2008 
From:    Joseph Vanderway 
     Like you, I've made the parallel between rotational and linear kinematics first. The students see this pretty much right away - especially since we've used a rotational apparatus for UCM that
involves angular velocity.
     The tough part is the dynamics paradigm. I've always tried to make my paradigm labs ones where you determine the relationships and can generate a general model. I've found that when you've got the angular acceleration vs. torque lab, they are calculating torque based on a descending mass that pulls a rotating thing via a string wrapped around an axle. Since the tension in the string is dependent on the linear acceleration of the descending mass, the relationship can be figured out before any data are collected.  (T= mg-m*r*alpha)  The same problem arises when doing angular acceleration vs. radius. How do you get around this (if you do)?
****************************************************************************

Date:    Mon, 9 Jun 2008 
From:    Matt Greenwolfe
     Well, if the acceleration is slow, which is likely if your Atwood’s machine has a large angular momentum and your hanging mass is rather small, then the m*r*alpha term is negligible.  So I start out just fudging it.  I don't mention the complication and let the students ignore it if they will.  The results are excellent.  Using T = mg (which is only approximately correct), we plot alpha vs. T and then alpha vs. r and go from there.  Later we revisit the rotational Atwood’s machine in the deployment phase, and I emphasize that they must set up the linear equation from Newton's second law and the rotational analogue and solve them simultaneously.
     In those years (rare) when students are smart enough to pick up on the fact that T is not equal to mg during the paradigm pre-lab, then we go ahead and use the formula below to compute the tension.  It’s been my experience that trying to force this complication on them if they don't see it themselves at first complicates the lab to the extent that they can miss the main point.  If they are sharp enough to figure this out, then they are also ready for the more complicated analysis.
****************************************************************************

Date:    Mon, 9 Jun 2008

From:    Richard J McNamara 
      What if you attached a force sensor to the end of the string and hung the mass from the force sensor? You could record force values and not have to derive the tension.
****************************************************************************

Date:    Tue, 10 Jun 2008 
From:    Joseph Vanderway 
     Since the descending mass is accelerating, the forces can't add to zero and tension can't equal weight.  This sort of thing has been emphasized in earlier units.  I hope that students recognize this by the time we get to rotational dynamics.  If they don't, I think something is wrong. Perhaps the problem is that I'm thinking about Honors and AP students.
     Regarding Rich's suggestion of using a force sensor - this is possible, but again, one of the things I like students to do is to apply the models that they know.
     Perhaps, in the end, it doesn't matter if the lab establishes a "paradigm" - it may be a situation where we can graph angular acceleration vs. force and angular acceleration vs. radius KNOWING what we should get - confirm that and then graph angular acceleration vs. force * radius and go from there.

[Ed. Note: a revised Greenwolfe unit will be posted on the modeling website in summer 2009.]
