Physics 121:  Laboratory

Black Box Rotation Experiment

Introduction


Quite often in science, we are obliged to investigate systems that are inaccessible to our direct senses: atoms and molecules are too small, stars are too hot and too far away.  To study these systems, we first make a bold and daring assumption: the laws of physics apply equally to all objects in the Universe.  This means, for example, the the principle of energy conservation, which we can readily test in the laboratory using masses, pulleys, strings and timers, is equally valid for nuclei, atoms, molecules, planets, stars, galaxies and the Universe as a whole.  By studying the light spectrum of a distant star, and then comparing this light to that emitted from laboratory sources, we can determine the atomic makeup of the star, its rotation rate, its temperature, and also its speed relative to Earth (the Doppler Effect).  Similarly, by examining the spectrum of light emitted by electrically excited gas molecules, we can determine the molecular moments of inertia and deduce the placement and spacing of the individual atoms comprising the molecule.  


Today’s experiment is a laboratory analogue of the latter example.  An object hidden from view is rotated, in succession, about each of three mutually orthogonal axes passing through its center of mass.  Your task is to determine the shape, size, and material composition of the hidden object by measuring the moments of inertia about the three axes.  Rather than verifying a law of physics, you are asked to apply your understanding of physics to examine an invisible object!

Experiment and Theory


An object of simple shape is suspended within an opaque sphere by three low-mass axles.  The center of mass of the object coincides with that of the sphere.  The three axles pass through the center of mass, and, moreover, coincide with the axes of symmetry of the body.  The object-sphere assembly is mounted on low friction bearings and spun by a string passing over a pulley attached to a hanging mass, exactly as in the previous lab (Figure 1). 
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Figure 1

Invoking the conservation of energy,  
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where I is the total moment of inertia of the spinning object and the sphere, ω is their common angular velocity, m is the attached falling mass, and v is its velocity when it has fallen a distance h.  

If the spindle has a radius r, then
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Since, for uniform acceleration a, v2 = 2ah, then the acceleration of the falling mass is given by
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Hence, by measuring the acceleration, it is straightforward to determine the moment of inertia I.  Using this information, it is possible to determine the shape of the hidden body. 
Procedure


In the spirit of a true experiment, we will not offer you a detailed procedure.  Your lab instructor will serve as a research collaborator rather than as an instructor.  Here are a few pieces of information and advice that you might find useful.

1.
The mass of the plastic sphere is 375 g, and its radius is 10.5 cm.  It is a thin spherical shell.

2.
The hidden object is either a cylinder, a sphere, a rectangular parallelopiped, or an annular cylinder.  

3.
The object is made of either brass (ρ = 8.4 g-cm-3) or aluminum (ρ = 2.7 g-cm-3).

4.
You can measure a by taking data with the aid of the Smart Pulley and its associated software.  Inspect the velocity-time graph you obtain for a given hanging mass, noting which points at the beginning and end of the data lie away from a straight line.  Use the DELETE DATA option from the Data Analysis menu to remove these data, then redraw the v(t) graph (include “Regression Line” and “Statistics” in the “Select Graph Style” options).  The value of a is equal to the value of the slope “m” shown on the screen.

5.
Friction in the bearings of the apparatus is not negligible.  Its presence means that it is necessary to include a constant term representing the effective friction force in the numerator of the equation for a given above.

You can eliminate the effect of friction by plotting the acceleration vs. the mass m, for 150 g < m < 400 g.  What do you expect this graph to look like?  (Hint:  Since a << g, then I/r2 >> m.)  How is the value of da/dm related to I?

You should obtain an a(m) graph for ONE of the three possible orientations of the black body.  For each of the other two orientations, find a for two values of m, and deduce the slope da/dm from these data.


Here are a few questions which a careful researcher would want to answer.

1.
Are your measured values for the acceleration a reproducible?

2.
Within experimental error, are any two of your calculated moments of inertia the same?  If so, does give you a clue about the shape of the hidden body?

3.
From your measurements, it is possible to determine the dimensions and composition of the hidden body.  Is the mass density consistent with either aluminum or brass?  Is there any other shape which would also yield consistent answers?  Can you determine with certainty the dimensions of the object?

Reporting your results


As usual, your report should contain, in orderly fashion, all measurements and observations taken during the course of the experiment.  Here are some suggestions for a well-structured report.

1.
What measurements are needed to calculate the results?  All measured values should be assigned appropriate uncertainties.

2.
Repeated trials of the same measurement, to determine standard deviation, can be neatly summarized and displayed in tabular form.

3.
Similarly, measurements to determine functional dependence (e.g., acceleration vs. mass) can be summarized in a table, and most importantly,  displayed in graphical form.

4.
The reasoning you used to reach your final conclusions should be written out in clear prose.

5.
The final result, or conclusion, should be clearly stated in a quantitative fashion, with carefully assigned uncertainties.
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