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Abstract:


Previous research in Dr. Zieve’s lab with homogeneous granular heaps demonstrated correlations between packing density and maximum angles of stability.  During the course of this project, we fixed problems that arose with the apparatus and the computer programs used to analyze the data.  We then began to gather data on heterogeneous granular heaps consisting of hexagonal shapes and single ball bearings.  We found that small amounts of single ball bearings affects the maximum angle of stability and the packing densities of the heaps, and in the future, further work will further illuminate the nature of this relationship.

I.  Background

Mountain avalanches and landslides are two of the most obvious applications of research in the area of granular objects.  Industry uses granular objects for a plethora of applications because this group of objects includes powders, nuts, and soils among many others [1, 2].  Finding what kind of correlations predict the points of avalanching within piles of granular objects or “heaps” is the main goal of our research.  More specifically, our particular goal is to understand what happens when mixes of different shapes are contained within a single heap.

Heaps of granular objects display strange characteristics that set them apart from normal piles of objects.  During an avalanche, the most noticeable to the naked eye is fluidization, where the top layer of granules flows down the surface as if it were a fluid [2].  Previous research done in Dr. Zieve’s lab revealed a positive correlation between packing density and the maximum angle of stability of a heap [3].  The packing density of a heap is a value between 0 and 1 that defines how densely packed the objects are in a certain configuration.  For example, a solid object has a packing density of 1 because there are no gaps, while a configuration of spheres can never have a packing density of 1 since gaps will always exist between them.  The maximum angle of stability in a heap, also known as the critical angle, describes the angle of the top surface of the heap at the point where an avalanche occurs.  The angle that the heap settles at after the avalanche is the angle of repose under which the heap will not avalanche.  


Since previous research has shown heterogeneous mixtures to have different critical angles and packing densities within a heap, our work focused on studying heterogeneous mixtures in detail [3].  We wished to observe what happens when two shapes with differing critical angle and density values mix in various proportions.

II. Apparatus and Techniques


In order to create our granular heaps in the lab we used 1/8” diameter ball bearings as our most simple granular objects and welded some of them into a seven-ball hexagon configuration.  We then used mixes of the single ball bearing mixes and the hexagon shapes in our experiments.
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We conducted our experiments inside of a two-dimensional rotating drum made from two 3/8” thick sheets of Plexiglas with a 1/8” thick aluminum sheet in the middle that had a 7” radius circle cut out of the center.  We angle the drum vertically and attach it to an axle that connects to a stepper motor, which rotates the apparatus in order to create the avalanches for our experiment [2].
We restricted our experiments to two-dimensions because it circumvents many problems that arise from three-dimensional rotating drums such as deciding where to pick a cross section for a critical angle or how to capture the top surface outline to measure it another way.  Two-dimensions allow us to take the top surface of the heap to calculate our angles.

We have a gap in the aluminum sheet that we can remove to fill the rotating drum with our ball bearings while it remains attached to the axle.  We use a hook to gently insert the ball bearings inside the rotating drum to reduce the possibility of our shapes breaking and skewing the data.  Then we adjust the stepper motor so that the rotating drum makes a complete rotation approximately once every 17 minutes.  We allow the drum to rotate at this speed for 5-10 minutes to loosen up the granules and then begin filming using a digital video camera on a tripod and a black curtain behind the camera to reduce glare.
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The trials last between 90-120 minutes with approximately one avalanche every minute giving us around 90-120 avalanches per experiment.  The digital video camera tapes last approximately 60 minutes so we have stop the rotating drum while changing tapes and resume immediately after switching tapes.


After the completion of the trial, we connect the digital video camera to the computer.  Using the program, KINO, we input before and after pictures of each avalanche by capturing one frame before and one frame after each avalanche.  Following this step, we use a program developed in the IDL computer language to analyze each picture finding the angle of the heap and the packing density giving us the values before and after each avalanche. 
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III. Results


Before gathering data with the heterogeneous granular heaps, we performed a fair amount of preliminary troubleshooting with our apparatus.  We began by testing if different rotation speeds affected the properties of the heaps, and found that this did not affect the data.  This enabled us to settle on our rotation period of 17 minutes, which gives us a good balance of obtaining enough avalanches and being able to accurately film each the avalanches.


After settling upon a rotation speed, we attempted to gather data, but discovered periodicity in both the angle and density values detected by IDL.  The problem turned out to be a result of our white border inaccurately covering the aluminum ring and leading to a misread of the aluminum border in IDL because it is the same color of the balls. We resolved this issue by placing white contact paper directly on the aluminum ring.


Finally, we had to reach a point in the experiment when the amount of broken hex shapes would not create unfavorable results within the data.  We made new shapes and as we continued to run experiments, the weaker shapes broke and we continued with stronger shapes so that by the later runs we had breakages around 0.5% of hexagon mass or below.


Once we began the actual experiment, we found that the critical angles of the shapes began to decrease as we added greater amounts of singles.  Starting from a high of 47.65 degrees when we ran a 100% hexagon run it continued to decrease to 42.98 degrees at 10% singles by mass mixed in with the hexagon shapes.  The graph below shows this data from 0 to 10% singles of total heap mass introduced with the hexagons.



Furthermore, we discovered that the singles tend to congregate in the center of the heap once we begin the rotation.  An example of this phenomenon appears in the picture below.




The last effect that appears in the data is a rise in packing density.  However, we found that we were actually having problems reading the bottom border of the heap in IDL.  This created a problem with density, but not with angles because this relies solely upon the top border that IDL finds when looking at the heap.  As a result, the density data is imprecise but the general trend should remain with the presence of a corrected outlining algorithm.  The preliminary data appears below.


IV. Discussion


The results for the decline of the critical angle are surprising due to the rapidly declining values for the angles.  A singles only trial from previous data demonstrated an average critical angle of 33.8 and in the addition of only 10% singles the critical angle has fallen about 1/3 of that entire difference [3].  This certainly invites the question: when does this slow down?  This creates a mystery in the exact reason why such small amounts of singles can lead to such dramatic drops in critical angles.  This answer could relate to the localization of the singles in the middle or other areas of the heap, which is an intriguing possibility.  The rise in packing density appears to be logical due to the ability of singles to fill in spaces that hexagons leave between one another.

V. Future Work


In order to better interpret current data, the IDL program needs adjustment so that it will eliminate the current periodicity in density data.  Additionally, further experiments should continue to learn more about the decline of the critical angle as greater amounts of singles exist in a heap.  Furthermore, dimers (two singles welded together) should be studied because the preliminary data showed them to increase critical angle although their homogeneous critical angle is below that of hexagons [2,3].  Finally, research into the relationship of different areas of the heap could help determine how the singles affect the stability of heaps.
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Figure 1: The single and hexagon ball bearing shapes.





Figure 2:  Experimental setup with rotating drum on right and digital video camera on left.





Figure 3:  IDL based program finding angle of top surface of heap and calculating density as well.





Figure 5: Singles (Brass Colored) appear to gather in the center of a granular heap of hexagon shapes and singles.








