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monotonically from the top to bottom, while the solids fraction reached its maximum at

an intermediate level.

1.2.3 Vibration-Induced Densification

As previously noted in Section 1.2.1, Scott & Kilgour [7, 29] used vertical vibrations to

disrupt particle beds so as to produce a random close packing. They did not report the

values of the vibration parameters that were used. In 1967, D'Appolonia [5] carried out

similar vibration tests on air-dry sand using a mechanical vibrator that was able to

produce unidirectional harmonic motion. The frequency w range was 10 to 60 cps with

amplitudes a up to 0.01". Sand was placed in a cylindrical mold (4" in diameter and 3.5"

high) that was vibrated until the sand volume remained constant over the last 20 minutes

of the test. The change in volume of the sample was measured with a depth micrometer.

A density-acceleration plot was used to show the effect of dimensionless

acceleration F, from which it was found that the largest density occurred at F = 2, and the

density increase was minimal when F < 1. Additionally, they reported that dry sand with

zero-surcharge required less time to reach the maximum density under the vibration

for F =1.5 . What was unclear in the experiment was their observation that an increase in

acceleration produced a decrease in compacted density.

In 1995, Knight et al. [9] carried out a systematic experimental investigation of

the evolution of bulk density in a tapped granular material using a noninvasive, capacitive

technique. Their apparatus consisted of mono-disperse, 2mm-diameter spherical soda-

lime glass beads confined to a 1.88cm diameter Pyrex tube, which was mounted

vertically on a Bruel and Kjaer 4808 vibration exciter. Four parallel plate capacitors were
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arranged along the tube's length to measure the bulk density (or equivalently solids

fraction) at four depth sections. The bed was prepared in a low-density initial state by

flowing high pressure, dry nitrogen gas through the tube from the bottom. The initial

height of the beads before tapping was 87cm, corresponding to an initial column packing

density of 0.577 ± 0.005. Smooth tube walls and the low static friction reduced the

occurrence of convection. A 30Hz sine wave was fed to the exciter, producing a single

shake, or "tap" followed by a one-second-relaxation period. They found the evolution of

solids fraction against the number of taps depended not only relative acceleration but also

number of taps. At = 1.4, significant relaxation was clearly observed at the base of the

column, but only after an extended tapping time. However at F = 1.8, the behavior

changed radically as the density began to immediately increase immediately, a trend that

continued until t = 200, at which time, the rate of increase was dramatically reduced. At

values of r greater than 2.7, the data appeared to collapse onto a single curve. Near the

top of the bed, a sharp transition in densification behavior was noted between F = 1.4 and

F = 1.8, similar to what was seen at the bottom of the tube. However, the difference in

density between the F = 1.8 and r = 2.3 data were minimal. The data strongly suggested

that the evolution of density versus the number of taps was depth dependent. Another

discovery was that a steady state density was not attained for accelerations greater than r

> 2.7 up to t = 10,000.

The authors proposed a four-parameter phenomenological model to fit their

experimental data, i.e,
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Here, ρ∞ is the steady-state density (which is dependent on the acceleration history), r is

a relaxation time, and B is a constant that is also dependent on F. The relationship

between the relative acceleration and packing density is contained in the parameter B,

although a model for this was not specified. It is noted that this model was explained by

Linz [24] who carried out an asymptotic analysis on the stroboscopic decay law (derived

from his physical model of the compaction process) for the inverse

In 1998, Nowak et al. [11] extended the experiments of Knight et al. by

investigating the frequency dependence and amplitude of density fluctuations as a

function of vibration intensity F . They found at certain intensities and after long periods

of vibration, the system attained a steady-state density having a well-defined average

with large fluctuations. The magnitude of the fluctuations depended on the depth at which

measurements were made as well as the vibration intensity (that is, an increase in F

resulted in larger fluctuations about the mean density). In addition, they reported a rather

large value of solids fraction p = 0.656 in comparison to other experiments in the

literature [7, 29-35]. It is likely that this discrepancy was a consequence of the influence

of the walls as the aspect ratio (particle to cylinder diameter) dID 9.4 was small.

In 1991, Baker and Mehta [52] used Monte Carlo simulations to investigate the

structure and "dynamics" of frictionless, mono-disperse spheres subject to vibration. The

continuous evolution of particle positions and velocities that occurs during a physical

process is replaced by a time-ordered, discrete set of static configurations. Their study

focused principally on how shaking intensity affected solids fraction and the steady-state
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mean coordination number. Emphasis was placed on the role of cooperative structures

within the shaken assembly, such as bridges and "holes". Their results suggested the

existence of a critical acceleration I', below which the solids fraction would increase with

time, and when Г > Гc, the solids fraction decreased with "time".

Rosato and Yacoub [53] carried out discrete element simulation to model the

densification process experienced by a bed of frictional, inelastic spheres of diameter d in

a rectangular vessel whose floor is subject to high frequency f and low amplitude a/d <

0.1 sinusoidal oscillations in 1999. They selected two values of relative acceleration (i.e.,

1.02 and 6.4) corresponding to aid = 0.1 and f = 20 and 50Hz respectively to assess their

influence on the coordination number and solid fraction of spheres. They found that at F

= 6.4, the evolution of the coordination number distribution proceeded at a faster rate

than what occurred when F = 1.02. Also evaluated was the evolution of the mean solids

fraction, whose value was computed as a space-time average taken within the central

region of the bed over five second time intervals. Good fits of the data to both the

phenomenological model of Nowak et al. (equation (1.1) above) and the exponential

decay model of Takahashi and Suzuki [54] were found. The simulations also showed that

at F = 6.4, very little difference in solids fraction between the center and top of the bed

existed, while at F = 1.02, the solids fraction was larger near the center of the bed. This

behavior is in qualitative agreement with the reported experiments [9] in which density

decreases toward the surface at F < 1.8, while greater homogeneity is achieved at higher

accelerations.
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1.3 Objectives

A survey of the literature reveals that physical experiments, computer simulations and

theoretical approaches have been extensively used to investigate the random packing of

particles, vibration-induced fluidization and densification. However, the phenomenon of

densification under continuous vibrations appears to have received relatively little

attention. This dissertation presents an experimental investigation coupled with

analogous discrete element simulations in an effort to understand the conditions favorable

to the occurrence of densification. A large parameter space is taken into account,

consisting of particle properties, containment geometry, initial poured states, and a wide

range of vibratory amplitudes and frequencies.

Several important insights have been gained from the results of this work, that is,

• identification of the factors that control the pouring process,

• a quantification of the system's dynamic steady state,

• recognition of factors to predict the final relaxed solids fraction, and

• the relationship between the dynamic and final relaxed states.

1.4 Outline of Dissertation

Chapter 1 presents a concise overview of some of the relevant literature on the packing of

particles, vibration-induced fluidization and densification, followed by the motivation

and specific objectives and structure of the investigation. Chapter 2 describes the

experimental results obtained for mono-disperse acrylic spheres and polyethylene pellets,

which provide a backdrop for the computer simulations. Chapter 3 provides an overview

the discrete element method, the algorithm and hard sphere and soft sphere models.
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Details of the simulation code, including the integration method, force models, and

definitions of various computed physical quantities are given in Chapter 4. Chapter 5

consists of the results from the simulation of pouring process with different two normal

force contact models, and the results are compared with those from other experiments and

simulations [7, 30, 55]. Chapter 6 shows the effects of various parameters on the dynamic

steady state of the system before the final relaxation process. Here results are

qualitatively compared with the experiments of Thomas et al. [41]. In Chapter 7,

densification results are discussed, comparisons are made with specific physical

experiments [5], and a relationship between dynamic and relaxed state is established. In

addition, the evolution of overall or bulk solids fraction is reported that includes an

examination of the particle structure that develops against the solid wall, and

comparisons with the work of others. Lastly, the summary and conclusions are present in

Chapter 8, and some suggestions for future research are given.



CHAPTER 2

PHYSICAL EXPERIMENT

Densification of bulk solids by vibration often occurs in industrial solids handling

systems, and for different materials at different vibration conditions, the densification

processes can be very different. In this chapter, two series of physical experiments using

acrylic spheres and polyethylene pellets are carried out to highlight the difference.

Additionally, the results from these experiments supply physical data that can be used for

comparison purposes with the computer simulations that are discussed in subsequent

chapters.

Before imposing vibration on the granular bed, an initial poured particle bed is

needed. In order to minimize the effects of the initial configuration, the pouring process

should be carried out so as to produce as best as possible almost same initial state for

each trial.

2.1 Experimental Equipment

The experimental system consists of a fixed acrylic cylinder, several acrylic rings and a

piston mounted onto a Bruel & Kjar shaking head. Figure 2.1 diagrams the apparatus,

whose components are as follows:

1) Bruel and Kjar Vibration Exciter Control Type 1050

2) Bruel and Kjar Power Amplifier Type 2707

3) Bruel and Kjar Vibration Exciter type 4801/Vibration Head Type 4812

4) Accelerometer
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5) Kistler Dual Mode Amplifier Type 5010

6) Acrylic cylinder

7) Fixing Plate

8) Exciter plate

9) Electrical Balance Type XP-1500

10) Acrylic particles with different diameters.

11) Polyethylene pellets with different shapes and friction coefficient.

12) Colorful sand with different diameters.
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Figure 2.1 Schematic drawing of vibration assembly.

An accelerometer mounted to the shaking platform provides feedback so that

precise control over the excitation amplitude and frequency is obtained. The displacement

of the piston is sinusoidal in nature.



16

2.2 Particle Pouring Experiment

The objective of first stage of the experiment is to obtain an initial poured particle bed of

acrylic spheres. Multiple trials were conducted on uniform systems over a number of

different particle diameters. The procedures for this part of the experiment is as follows:

Figure 2.2 Pouring procedures.

• Insert five rings (ID2.5", OD2.75", h = 0.75") in a larger tube (ID2.75", OD3.00",
h = 5.5") and use a plug as a bottom. The top of rings should be lower than the top
of tube.

• Weigh the rings, plug and tubing separately.

• Insert a tube with same ID and OD as that of the rings from the top, and then pour
particles with certain diameter into the container until the particles reach the top
of bigger tubing (see Figure 2.2 (a)).

• Use a tube with same ID and OD as those of rings; slowly push the particles bed
and rings from the bottom until the top surface of rings meets with that of the big
tube (see Figure 2.2 (b)).

• Quickly remove the top tube to make a flat surface.

• Weigh the total assembly (including particles).

• Calculate the weight of particles.

• Repeat the experiment for 20 times.

• Determine the average weight of particles.
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• Calculate the overall solids fraction and its deviation.

• Change the size of particles and repeat the experiments.

In the pouring experiments, five different sphere diameters (d) are used. Denoting

D as the cylinder inner diameter, the aspect ratio is given by D/d.

Aspect Ratio D/d

Figure 2.3 Solids fraction versus aspect ratio D/d for the pouring
experiment. The vertical bars represent the spread of the data over
20 trials and the solid curve is included to show the overall trend.

From Figure 2.3, it is clear that with the increase of the aspect ratio, the poured

solids fraction increases. The reason for this is that near the container wall, there are more

voids, which affect the overall poured solids fraction. From the error bars, it is clear that

the use of 1/8" acrylic spheres gives the most stable initial poured state because the error

bar is the smallest. Thus the 1/8" spheres are chosen for the vibration experiments.
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2.3 Vibration Experiment using 1/8" Acrylic Spheres

After producing the initial poured particle bed, vibrations are imposed to this system

under different conditions by selecting various amplitudes and frequencies.

The cylinder is filled with mono-disperse acrylic spheres of diameter d = 1/8".

The initial undisturbed bed depth is H = 3.75", and the bed aspect ratio is HIDcy = 1.5. A

sinusoidal signal is used to vibrate the piston over a range of amplitudes 0.04 5_ a/d 0.24

and frequencies between 25Hz-100Hz, corresponding to relative accelerations F

between 0.94 and 11.54. The vibration time is 10 minutes. In order to reduce the buildup

of static charge, the inside tube wall and particles are treated with a household anti-static

agent. In summary, the following procedures are followed.

• Obtain the initial poured bed.

• Attach the particle bed to the vibrator, and then vibrate it at different frequencies
and amplitudes for 600s.

• Because of the difficulty of measuring the heights of the compacted particle bed,
remove the top ring to produce a flat surface, and then to calculate the overall
average solids fraction.

• Use the following equation to calculate the improvement of solids fraction:
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Improvement of Solids Fraction = 
P 

2 —
P

 1 x 100 (%) 	 (2.1)
P i

where  ρ1 is the poured solids fraction, p2 is the solids fraction after 10 minutes of

vibration and relaxation. The detailed experimental parameters are shown in the

Appendix, while the experimental results are summarized in Figures 5~11.

From Figure 2.5, it can be seen that when a/d = 0.04, the solids fraction increases

with the relative acceleration F, but the improvement is relatively slow. When F <= 1, the

total particle bed just moved with the floor and no relative movement could be observed,

including convection. However, when F was slowly increase beyond approximately 2,

motion of the particle at the surface was visible.

Figure 2.5 Solids fraction versus relative acceleration at aid = 0.04.
The solid line is a best fit curve to show the trend.
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When a/d is between 0.06 and 0.12 (Figures 2.6 to 2.9), the particle bed attains a

"maximum density" (p 0.636) when F is between 5 and 7, followed by an expansion

upon a further increase of F.

Figure 2.7 Solids fraction versus relative acceleration at aid = 0.08.
The solid line is a best fit curve to show the trend.



Figure 2.9 Solids fraction versus relative acceleration at aid = 0.12.
The solid line is a best fit curve to show the trend.
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