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interactions. They obtained maps of solid concentrations to investigate the jet stability under the 

different distributor configurations. They concluded that depending on the design of the 

distributor plate, jets migrate in preferential directions. For example, the jets that are closer to 

each other are attracted to one another, while jets that are near the wall have a tendency to bend 

out towards the wall. 

Guo et al. (Guo et al., 2010) studied the flow characteristics in a fluidized bed with jetting 

produced by a horizontal nozzle under acoustic assistance. They investigated the jet penetration 

depth and the particle concentration using an optical probe. They concluded that the jet 

penetration depth increased when an acoustic field of a certain sound pressure level and 

frequency is applied to the fluidized bed; also they concluded that sound waves have a different 

effect on particle concentration depending on the region of the bed. 

2.1.4 Vibration Effects on Fluidized Bed Hydrodynamics 

Intrusive and nonintrusive methods have been study in the literature to improve the 

fluidization quality of granular material. These methods may produce changes in the 

hydrodynamic behavior of the fluidized material. In industrial applications, vibrations have been 

used together with fluidization in order to overcome cohesion problems. Vibrations, in fact, are 

able to interact directly with structures of the dispersed phase determined by cohesive forces 

such as aggregates and channels (Barletta et al., 2013). These vibrations can be applied to the 

fluidized bed in the form of mechanical vibrations or acoustic vibrations. The following 

subsections summarize studies made first using mechanical vibrations and then studies that focus 

on the use of acoustic vibrations. 
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2.1.4.1 Mechanical Vibrations  

Mechanical vibrations are being used to ease fluidization in materials that present poor 

fluidization quality.  Zhang et al. (Zhang et al., 2012) studied the fluidization characteristics of 

fly ash in a fluidized bed subjected to mechanical vibrations. They found that the minimum 

fluidization velocity decreased due to the vibrations, implying that fly ash can be fluidized at a 

lower superficial gas velocity. Marring et al. (Marring et al., 1994) studied the effect of vibration 

on the fluidization behavior of glass beads and potato starch. Glass beads falling in the Geldart 

type A category had a decrease in the minimum fluidization velocity and bed voidage when the 

vibration frequency was keep constant and the amplitude was increased. Moreover, for a more 

cohesive powder like potato starch, which presents a poor fluidization quality without vibration, 

the use of vibration allowed the bed to fluidize well with different conditions of cohesiveness, 

thus showing vibration helped to improve the fluidization quality for cohesive powders. 

Barletta et al. (Barletta et al., 2008) also studied the effects of mechanical vibration on the 

fluidization of a fine aeratable FCC powder. Changing the parameters of peak acceleration and 

frequency, they determined the effects on bed expansion, voidage, and fluidization. They found 

that bed packing degree reached without gas flow when the bed was vibrated was always higher 

than that reached without vibration. Also, the pressure drop in the fully fluidized bed may be 

equal to or smaller than, sometimes significantly, those obtained without vibration. The bed 

started to expand when the gas pressure drop was consistently smaller than what was necessary 

for fluidization. The largest bed expansion of the vibrated bed was always smaller than that 

attained without vibration. If the discrepancies between vibrated and not vibrated fluidization 

was assumed as a measure of the significance of the effect of vibration, these were generally 

larger at low frequencies and tended to become less important at high frequencies; these effects 
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were also apparent under full fluidization conditions. Similar and more recent studies were 

performed by Barletta and Poletto (Barletta and Poletto, 2012) and Barletta et al. (Barletta et al., 

2013) 

Finally, Levy and Celeste (Levy and Celeste, 2006) studied the combined effects of 

mechanical and acoustic vibrations on the fluidization of cohesive powders. In their experiment, 

they used powder ranging in size from 0.012 to 15 μm, using both acoustic vibration and 

horizontal mechanical vibrations to produce fluidization of these powders. They found that when 

the fluidized bed was subjected to both types of vibrations, the agglomerate size and the 

minimum fluidization velocities were reduced for all the powders tested; however, the vertical 

acoustic vibrations were found to be more effective than the horizontal mechanical vibrations, 

even when the relative accelerations caused by the mechanical vibrations were of the same 

magnitude as those caused by the acoustics. 

2.1.4.2 Acoustic Vibrations 

Acoustic vibrations can also be used to enhance particle fluidization. Acoustic fluidized beds 

have been studied for different Geldart type particles (Geldart type A-C) to understand the 

effects produced by the acoustic field on the fluidization behavior and quality. This is an 

attractive option because no internal changes are made to the bed and there is no limitation to the 

particle type that can be fluidized.  

Leu et al. (Leu et al., 1997) studied the fluidization of Geldart type B particles in an acoustic 

fluidized bed. They determined the influence of speaker power, sound frequency, particle 

loading, and distance between the speaker and bed surface on the hydrodynamic properties of a 

fluidized bed filled with 194 μm sand. They found that when an acoustic field was applied, a 

different particle loading height created a different minimum fluidization velocity, making 
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minimum fluidization velocity dependent on bed height. They also showed that the standard 

deviation of the pressure fluctuations and the bubble rise velocity was reduced in the presence of 

an acoustic field. 

Guo et al. (Guo et al., 2006) investigated the behavior of ultrafine (Geldart type C) particles 

under the influence of sound waves. They studied both nanometer and micrometer size particles, 

and found that as frequency increased, the minimum fluidization velocity decreased. After a 

specified frequency (40-50 Hz), the minimum fluidization velocity then increased. When the 

sound pressure level was changed (100 dB - 103.4 dB) and the sound frequency remained fixed, 

the minimum fluidization velocity decreased for all particles, thus improving the fluidization 

quality of the particles. The same trends were found by Kaliyaperumal et al. (Kaliyaperumal et 

al., 2011) and Levy et al. (Levy et al., 1997). 

Herrera et al. (Herrera et al., 2002)  used visual observations as well as invasive techniques 

such as fiber optic probes to measure the bubbling characteristic of a Geldart type A fluidized 

bed. Using these techniques they determined that high values of the sound pressure level affected 

the fluidization behavior of the bed, and had a large impact on the bubble characteristics, such as 

size and frequency.  

Moreover, Guo et al. (Guo et al., 2011) analyzed the effects of the acoustic field on a 

fluidized bed at different temperatures for quartz sand (74 μm, 2650 kg/m
3
) and SiO2 particles 

(0.5 μm, 2560 kg/m
3
) using pressure transducer and pressure fluctuations analysis as a 

measurement technique. The results obtained in that study showed that minimum fluidization 

velocity decreased with increasing temperature with, as well as without, acoustic assistance. In 

the same way, at a fixed sound pressure level (120 dB), the minimum fluidization velocity 
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decreased when the frequency was increased from 50-200 Hz, and then the minimum fluidization 

velocity increased with frequency from 200-400 Hz.  

Si and Guo (Si and Guo, 2008) studied how an acoustic fluidized bed improved the 

fluidization of two different biomass particles, sawdust and wheat stalks, alone or mixed with 

quartz sand. They compared the fluidization behavior of the biomass without and with the 

acoustic field to determine if there was any improvement due to the acoustic field. Additionally, 

they determined the effects that the sound pressure level (SPL) had on the minimum fluidization 

velocity. Initially, they found that the biomass by itself fluidized poorly with and without the 

presence of the acoustic field. They then added quartz sand to aid fluidization and maintained the 

biomass mass fraction at 60%. They observed that below a SPL of 90 dB, plugging and 

channeling occurred in the fluidized bed. Increasing the SPL diminished the effects of 

channeling and improved the quality of fluidization. By varying the sound frequency between 50 

to 400 Hz, they determined that the minimum fluidization velocity decreased with increasing 

frequency until it reached a minimum value and then increased with increasing frequency. 

Similar results were found by Escudero and Heindel (Escudero and Heindel, 2012) using glass 

bead particles. 

Si and Guo (Si and Guo, 2008) also fixed the sound frequency at 150 Hz and varied the 

sound pressure level between 90 and 120 dB. Using these conditions, they determined the effects 

on the minimum fluidization velocity. They found that when the sound pressure level was above 

100 dB, the fluidization quality improved, and they observed that the biomass mixture fluidized 

smoothly without any obvious slugging or channeling. All of their conclusions were obtained 

using visual observations. 
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Figure 7.3: Sound pressure level as a function of distance for a fluidized bed filled with 500-

600 µm glass beads. 
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Figure 7.4: Sound pressure level as a function of distance for a fluidized bed filled with 500-

600 µm ground walnut shell. 

 

7.3.2 Comparison with the Model 

Figure 7.5 shows the sound pressure level as a function of bed height for an empty reactor 

using the experimental data and the data obtained from the model. As shown, the trends 

exhibited for both the experiments and the model at the different frequencies are similar. As 

frequency increases, the sound pressure level starts to show a sinusoidal wave form (200 Hz), 

corroborating that in fact the acoustic waves inside a fluidized bed follow the standing wave 

theory, which was assumed in to the model too. The only big discrepancy between the model and 

the experimental data is the one observed for the 150 Hz curves. The model predicts higher 

values of the sound pressure level than the experimental values; this discrepancy is due to the 
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characteristic of the implemented model, which produces very large values of the pressure 

distribution at certain values of frequency. At the particular frequency of 150 Hz the model 

reaches a resonant state which creates these larger values of sound pressure level creating the gap 

between the model and the experimental data. Similar observations were made by Herrera et al. 

(Herrera et al., 2002). 

 

Figure 7.5: Experimental and model data for sound pressure level as a function of distance for 

an empty reactor. 

 

 

When the bed is filled with glass beads or ground walnut shell, the experimental sound pressure 

level exhibits a different behavior than the model when the sound wave is within the bed 

material. Figure 7.6 compares the experimental and model sound pressure level for a fluidized 

bed filled with glass beads without fluidization. As Figure 7.6 shows, when the sound wave is 
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located inside the static bed, the sound pressure level for the model exhibits a sinusoidal pattern 

with a general increase in the sound pressure level from the bottom of the distributor plate to the 

free surface of the bed material. This trend is not observed in the experimental sound pressure 

level data, even though both the model and the experimental data show a general increase in the 

sound pressure level as height increases within the bed. In the freeboard region, both the model 

and the experimental sound pressure level exhibit similar trends having a bigger discrepancy 

between sound pressure level values at a frequency of 200 Hz, which can be considered as a 

resonant frequency of the bed. Similar results are observed as the superficial gas velocity 

increases. When the bed material is changed to ground walnut shell similar trends are observed 

and are presented in Figure 7.7. 

 

Figure 7.6: Experimental and model data for sound pressure level as a function of distance for 

500-600µm glass beads fluidized bed. 
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Figure 7.7: Experimental and model data for sound pressure level as a function of distance for 

500-600µm ground walnut shell fluidized bed. 

 

7.4 Conclusions 

The acoustic pressure distribution inside the freeboard region of a fluidized bed exhibits 

standing wave behavior. Experiments showed that for an empty fluidized bed, the increase in the 

superficial gas velocity produced a slight change in the sound pressure level along the length of 

the fluidized bed. 

A fluidized bed filled with material (500-600 m glass beads or ground walnut shell) affects 

the sound wave pattern. When the fluidized bed has no fluidization and when it is at the 

minimum fluidization velocity, the sound pressure level exhibits a linear increase from the 

bottom of the distributor plate to the free surface of the bed material. When the sound wave 
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reaches the top of the bed material some of the energy is reflected and some of the energy of the 

wave is transmitted through the material; as the sound wave energy travels deeper into the 

material there is a decrease in the sound pressure level indicating there is an attenuation of the 

sound wave due to the particle properties. 

The model presented in this study shows a very good agreement between the experimental 

data and the model data of the pressure distribution when there is no material inside the fluidized 

bed. When material is introduced inside the fluidized bed, the sound pressure distribution 

observed between the model and the experimental data differ: the experimental data shows a 

linear increase in the sound pressure level inside the material while the model data shows a 

sinusoidal increase in the sound pressure level when the sound wave is passing the bed material.  
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS 

8.1 Conclusions 

This dissertation provided important findings regarding the hydrodynamic structure of 3D 

fluidized bed under the influence of acoustic vibrations using X-ray computed tomography 

imaging techniques. These findings will help to better understand the interaction between gas-

solid materials inside a multiphase flow reactor. The conclusive findings obtained from this 

research study are related to the objectives described in Chapter 1, and are the following: 

Objective 1: Determine the effects of frequency and sound pressure level on the minimum 

fluidization velocity. 

Conclusion 1: The minimum fluidization velocity for a non-acoustic fluidized bed and for an 

acoustic fluidized was obtained using two different materials at different bed heights. Results 

showed that for every material tested, the acoustic field presence improved the ease of material 

fluidization (i.e., it lowered Umf). 

Results also showed that minimum fluidization velocity decreased with an increase in 

acoustic frequency until the material reached a point of homogeneous fluidization, beyond that 

point, Umf started to increase.  

An increase in the sound pressure level produced a decrease in the minimum fluidization 

velocity for both materials tested, for the entire particle size range, and for the different bed 

height conditions. The increase in SPL provided additional energy that assisted fluidization. 

Moreover, acoustic fluidized beds exhibit dependence between bed height and minimum 

fluidization velocity. As bed height increased at a fixed frequency, the changes in the minimum 

fluidization velocity were very noticeable; which did not happen when there was no acoustic 

field present in the bed.  
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Objective 2: Evaluate the effects of the acoustic field on the time-average local gas holdup. 

Conclusion 2: Using X-ray computed tomography; local time-average gas holdup was 

obtained for the materials tested at different operating conditions.  

Results showed that for a fluidized bed filled with glass beads, the presence of an acoustic 

field produced a more uniform void fraction distribution compared to a fluidized bed without any 

acoustic intervention. 

For glass bead beds with small particles size ranges of 212-500 μm, the presence of the 

acoustic field did not show any influence. However, for particles in the 500-600 µm range, 

acoustics did show an influence in the gas holdup distribution, showing a more homogenous void 

fraction distribution for a fixed Ug relative to Umf. 

For a ground walnut shell fluidized bed, the acoustic vibration effects had a strong 

dependence with the particle size ranges tested. For the particular frequency and sound pressure 

level tested, two out of the three particle size ranges did not exhibit any significant change in the 

void fraction distribution of the fluidized bed compared to the no acoustic case. While the 425-

500 m particle size ranges did exhibit differences between the acoustic and no acoustic case in 

void fraction distribution. 

Objective 3: Using the time-average local gas holdup images, determine qualitatively and 

quantitatively characteristics of the jetting phenomena produced by the distributor plate. 

Conclusion 3: Qualitative and quantitative information regarding the jetting phenomena were 

determined using the gas holdup images obtained from X-ray CT imaging. Results showed that 

the acoustic field influenced the jetting phenomena present near the aeration plate, where it was 

observed that the jets in the acoustic fluidized bed merged higher in the bed compared to the no 

acoustic condition. 
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The presence of acoustic vibrations allowed larger air bubbles to break into smaller ones, this 

increased the presence of solid particles; allowing the jets to have a higher average jet length 

compared with the fluidized bed without acoustics vibrations.  

Due to a lower minimum fluidization velocity, a consequence of the presence of the acoustic 

waves, the acoustic fluidized bed presented less active jets in the bed with a particle size greater 

than 500 µm, therefore less jetting phenomena near the distributor plate is observed compared to 

the one observed in the no acoustic fluidized bed. However, the acoustic bed produced a better 

and more homogenous distribution of the void fraction outside the aeration region. 

8.2 Recommendations 

Future studies examining the effects that different forms of waves (square, triangle) should 

be performed using the same fluidized bed to evaluate how the different shapes of the sound 

waves influenced the fluidization and the hydrodynamics of the bed; these results should be 

compared to those of this study to establish differences in the improvement of the fluidization of 

different type of particles.  

Future experiments should be performed using material of higher particle sizes, higher sound 

frequencies, higher sound pressure levels, and different locations of the acoustic source, to 

evaluate the fluidization and hydrodynamics dependency on material properties and acoustic 

parameters. Moreover, information regarding local time average gas holdup must be obtained for 

a range of frequencies and sound pressure levels to understand completely the effects of the 

acoustic field in the structure of the fluidized bed. Thus, performing these future experiments 

will expand the work that has been done in this research. 
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