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Experimental Observations of a Rise of a Single Large Sphere in 
a Bed of Granular Material Subjected to Vertical Vibration 

Laic Vanel, Rajesh N. Dave', Anthony D. Rosato 
Department of Mechanical Engineering 

New Jersey Institute of Technology 
Newark, New Jersey 07102 

ABSTRACT 
An experimental investigation of the motion of a single large sphere in a bed of dry granular 

material subjected to vertical vibration is presented. We have studied the rise time of the sphere as a 
hnction of vibration parameters, frequency and amplitude. While previous results report a decreasing 
rise time with increasing relative acceleration, we evidence the existence of a critical frequency where 
the rise time jumps to greater values before decreasing again. We also show that the rise time scales 
with the velocity amplitude of vibration and the transition corresponds approximately to a doubling of 
rise time. The results reported are over a rather narrow range of input accelerations, and generally 
involve gross phenomena of heaping and fluidization. Observations of the dynamic trajectory of the 
rising particle are also reported through the use of a novel non-intrusive particle tracking system. 

INTRODUCTION 
The use of particulates is widespread in industries such as chemical, pharmaceutical, ceramics, 

and agricultural. In these industries, vibration is often used for handling and processing of granular 
materials. The response of granular material placed in a container subjected to vibration is in general 
quite complicated, and a rich variety of resulting phenomena, such as convection, segregation, 
fluidization, densification, heaping, arching, and surface waves occur. In this paper, we report ongoing 
experimental observations made on a vibrated bed of granular material placed in a container. The 
experiments reported here consist of the transport of a single large sphere in a vertically vibrated bed of 
granular material. It is generally known that when bulk solids are vibrated, size segregation may occur, 
and it is well accepted that the principal cause of segregation is the discrepancy in particle size. There 
exists a growing body of literature on such experiments as well as simulations[l-9]. According to 
Knight etal. [l-21, segregation is driven by convection, while Rosato etal. [4] and Duran etal. [7] argue 
on geometrical effects. It is also argued that high fiction with the wall is a necessary condition for the 
upward motion of the larger particle [l-2,6,7]. Most reported experiments (and theories to explain 
segregation) are in general involved with only qualitative observations (and analysis) of the phenomena 
and some may involve only two dimensional geometries. Lack of theoretical analysis may be attributed 
to poor understanding of actual motion during each vibration cycle. 

The configuration used in our experiments is somewhat different from the usual setups reported 
in the literature [l-31. Unlike the whole cylinder vibrating in the usual experimental setups, in our 
experiment, only the piston, i.e. the bottom of the cylinder moves, while the walls of the cylinder are 
fixed. This creates shear near the wall even at the lowest acceleration. The trajectory measurements 
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reported are made in actual dynamic experiments using a tracer particle that contains miniature 
transmitters. This allows for tracking a single particle within a mass of many particles in a three 
dimensional flow configuration. The general experimental configuration is described in the next section, 
followed by a brief description of the non-intrusive tracking system. The experimental results are 
presented next and the paper is concluded with the discussion of results. 

EXPERIMENTAL APPARATUS 
The granular medium utilized in this experiment consists of 0.125” diameter acrylic spheres. 

These are placed in a fixed 4.5” diameter acrylic cylinder. There is a piston at the bottom of this 
cylinder, such that it can move fieely within the cylinder. The vibrations to the material inside the 
cylinder are induced by the sinusoidal motion, X ( t )  = asin( at), of the piston, which is connected to a 
Bruell & Kjaer electromagnetic shaker. Fabric softener is used on the cylinder wall as well as spheres to 
reduce static electricity. The vibration exciter is controlled through power amplifier and an 
accelerometer mounted on the piston to get the feedback for the controller. The “intruder” or the large 
sphere is a 1” diameter polyethylene ball that contains miniature high-frequency transmitters. Thus the 
size ratio (intruder size divide by the medium size) in all the experiments reported here is 8. The 
cylindrical container is surrounded by an antennae cage, which is used to collect signals from the 
transmitters inside the intruder. A schematic diagram of this apparatus is given in Fig. 1. 

The particle-tracking system consists of a sphere which 
includes three miniature high-frequency transmitters, a power 
source, and a set of receiving loop antennae surrounding the 
experimental device along with associated receiver electronics, 
data acquisition system, and elaborate software that allows for 
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Figure 1. Schematic of vibmtion apparatus 

apparatus is 5 0.03” for translation anc 

computing the position as well as orientation of the tracked 
sphere [lo-121. The unique feature of this system is that it 
allows us to measure three-dimensional translation as well as 
rotations of the intruder, which could be hlly immersed in the 
mass of other granular material, and may be invisible to optical 
instruments. In that sense, it is non-intrusive, and is the only 
system known to directly allow for such detailed instantaneous 
measurements at over 900 samples per second. While some 
time averaged measurements inside the flow may be made using 
NMR instruments [2], our device, at a fraction of the cost of 
MRI, can provide very detailed results for a single sphere. For 
instance, it would be extremely difficult to measure rotations 
using MRI. The relative average tracking accuracy in this 
& 2.0” for rotation. Some individual trajectories measured using 

this device are presented in the next section along with other experimental results. 

EXPERIMENTAL RESULTS 
First, in a series of observations, we report the rise time of the intruder. The group of 

experimental results presented in Fig. 2 are for a fixed amplitude of 0.225”, the range of frequency from 
6 to 15 Hz, and two different bed heights of 2” and 4”. As can be seen from this figure, a very 
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Figure 3. Vertical rise of the intruder for lower acceleration Figure 2. Rise time of the intruder as a function of acceleration 
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Figure 5. Rise time of the intruder as a function of frequency 

Figure 4. Vertical rise of the intruder for higher acceleration 

interesting behavior is found. In this figure, the segregation time (time for the intruder to reach the 
maximum height) for different experiments is plotted versus the input acceleration (r = am2 / g , 
where a is the amplitude, w is the fi-equency, and g is the gravitational acceleration). I' is the natural 
nondimensional control parameter [2,3,5]. Till about r= 1.8, the segregation time decreases with 
increasing acceleration. However, beyond that, the behavior is counter-intuitive, as the segregation time 
actually increases with the acceleration. Gross motion of the bed reveals that the changing behavior may 
be attributed to the change in flow regime. Below 1.8g, the flow regime is heaping type, while above 
1.8g, the flow regime is surface fluidization with apparently random motion. Looking at the trajectory 
of the intruder we observe a bifbrcation (the acceleration threshold for bifurcation is different from the 
one for the change in flow regime). As shown in Fig. 3, the intruder trajectory for r< 2.5 shows same 
periodicity as the piston, while as shown in Fig. 4, for r> 2.5,  the motion shows the phenomena of 
period doubling as the intruder is rising. Such bifbrcation has been observed before, see for example 
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[ 1 3 , 141. However, a carehl scrutiny 
of the literature reveals that in 
comparing results with each other, 
the researchers do not always keep in 
mind the possibility of being in 
entirely different regimes from one 
set of experiments to another. 

Another set of experiments 
are carried out by varying the 
amplitude as well as fiequency. The 
amplitudes ranged from 0.125” to 
0.225”, and the frequency ranged 
from about 5 Hz to 15 Hz. In Fig. 5, 
these results are plotted as a series of 
curves, depicting the segregation 
time versus frequency. Each curve 
corresponds to a fixed value of the 

amplitude. In this figure, for all the amplitudes, the rise time curves show a jump between 12 Hz and 13 
Hz. Above 13 Hz, the rise time again decreases. In Fig. 6, the same data of Fig. 5 is plotted as a 
h c t i o n  of the piston velocity amplitude (equivalently square root of kinetic energy). The velocity 
amplitude is simply aw. We see that the data collapses into two sets. As seen, the points for frequencies 
at or above 13 Hz are separated from the points for frequencies at or below 12 Hz. It seems that the 
gross motion of the bulk material is different for these two sets of data. At or below 12 Hz, you can 
clearly observe either heaping at low r or surface fluidization at higher r. At or above 13 Hz, even at 
low r, the top surface is flat indicating that heaping may not be present. The two sets of data in Fig. 6 
collapse together when the rise time for points above transition is divided by 2 as shown in the inset. 
The transition could be interpreted as a period doubling in the segregation mechanism above the 
transition, and hence doubling of the rise time. The detailed motion of the intruder for these series of 
experiments are not included here due to the space constraint, but will be reported in a forthcoming 
paper. 

DISCUSSION AND CONCLUSIONS 
A series of results for the rise of a single intruder sphere in a three-dimensional bed of smaller 

spheres are presented. These preliminary results represent a part of ongoing experimental investigation 
of vibrated beds and in particular, study of size segregation. The results presented here corroborate 
some of the results previously reported by others, but they also indicate some departure from the usual 
conclusions made by others. The main observation is that the velocity amplitude (or the kinetic energy 
amplitude) may be a good parameter for such studies, as indicated by the lumping of curves plotted as a 
h c t i o n  of a m  in Fig. 6. Another main observation is that as seen in Fig. 5 ,  the frequency of about 12 
Hz for this experimental configuration is seen as a threshold. Usually, only relative acceleration r is 
used to describe transitions in granular material behavior [15]. We show here that frequency also is a 
transition parameter. As for granular waves [16], we find a typical time through this frequency 
threshold. An interesting observation from Fig. 2, is that even for r < lg, the rise of the intruder could 
occur. We did observe segregation for even lower r than actually shown. More investigation of this 
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Figure 7, The actual trajectory of the intruder and offseted 
motion of the piston 

the granular medium below it changes along the height of the bed. The amplitude of motion during the 
flight of the intruder increases as the intruder rises. Also, the motion during a given cycle is not always 
sinusoidal, thus just sampling the motion at one or less samples per cycle (as done in [3] for many plots) 
may preclude one from observing nuances of the motion. For instance, one obtains rise curves which are 
quite different from one another if a single sample per cycle is taken from Fig. 4 at fixed value of phase 
angle. We have also observed that almost all the detailed trajectories that were obtained for various 
operating conditions exhibited a linear rise of the particle (except some curved motion at the beginning 
and end of the rise), thus corroborating the general trend observed in [3], while somewhat contradicting 
the observations in [ 1,2]. It is noted, however, that in [ 1,2], the trajectories plotted are not dynamic, and 
are synthesized through a series of careful experiments where the initial position of the intruder is 
different for each experiment. Another difference in [1,2] versus our experiment (also [3]) is that the 
vibrations are simply a series of taps. 

In closing, even the simple experiments reported here indicate a rich variety of behavior for the 
motion of an intruder in a vertically vibrated bed. More detailed results along with the analysis of 
individual trajectories will be forthcoming. 
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