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บทคัดยอ 

งานวจิัยน้ีมจีุดประสงคเพื่อศึกษาพฤติกรรมทางไฮโดรไดนามกิสของอนุภาคละเอยีด (อนุภาค เกลดารท 

กลุม เอ) ของการฟลูอไิดเซชันที่ถกูชวยดวยเสยีงภายใตอทิธพิลของคลื่นน่ิงที่แฝงไวซึ่งคุณสมบัติตางๆ

ของคลื่นเสยีงและเพื่อพัฒนาความสัมพันธทางคณติศาสตรที่ใชอธบิายพฤติกรรมทางไฮโดรไดนามกิส

ของอนุภาคละเอยีด  ในงานน้ีคุณสมบัติของคลื่นเสยีงที่ใชคอืที่ระดับความดันเสยีง 80 เดซเิบลและ

ความถี่ชวง 50-500 เฮริต พฤติกรรมทางไฮโดรไดนามกิสที่ศึกษาไดแก ความดันลดครอมเบดความดัน

ลดครอมเบดน่ิง ความเร็วเริ่มตนของการฟลูอไิดเซชัน ความเร็วสมบรูณของการฟลูอไิดเซขัน (ความเร็ว

ตํ่าสุดของการฟลูอไิดเซขัน) และลักษณะเฉพาะการขยายตัวของเบด โดยวธิกีารทดลองที่ใชศึกษาคอื

การทดลองฟลูอไิดเซชันและดีฟลูอไิดเซชัน และการทดลอง 1-วาลว และ 2-วาลวเบดคอลแลปส 

นอกจากน้ีเพื่อใหไดขอมูลการขยายตัวของเบดทถีูกตอง กราฟเบดคอลแลปสจะถูกแปลผลโดยใชแบด

คอลแลปสโมเดล 

สําหรับการฟลูอไิดเซชันที่สมบรูณพบวาความดันลดครอมเบดจะเทากับนํ้าหนักเบดตอ

พื้นที่หนาตัดเบดเสมอ แตความดันลดครอมเบดน่ิงจะเพิ่มข้ึนตามความถี่เสยีงที่เพิ่มข้ึนเมื่อเทยีบกับการ

ฟลูอไิดเซชันพื้นฐาน ซึ่งพสูิจนวาเสยีงสงแรงกระทําตอเบดของอนุภาค นอกจากน้ียังพบวาเมื่อเพิ่ม

ความถี่เสยีงความเร็วตํ่าสุดของการฟลูอไิดเซขันจะลดลงจนถงึคาตํ่าสุดที่ความถี่เสยีงวกิฤต 50 เฮริต 

หลังจากจุดน้ีการเพิ่มความถี่เสยีงจะทําใหความเร็วตํ่าสุดของการฟลูอไิดเซขันเพิ่มข้ึนและคงที่ในที่สุด 

รูปแบบการเปลี่ยนแปลงความเร็วตํ่าสุดของการฟลูอไิดเซขันตามความถี่เสยีงเชนน้ีพบวาสอดคลองกับ

ลักษณะเฉพาะของคลื่นน่ิงที่ตัวกลางฟลูอไิดเซชัน ซึ่งคาเฉลี่ยของระดับความดันเสยีงของคลื่นน่ิงจะมี

การเพิ่มข้ึนแบบเอ็กซโพเนนเชียลเมื่อคาความถี่เสยีงเขาใกลคาวกิฤตและและมลัีกษณะเปนรอบสําหรับ

แตละเลขฮาโมนิกส ซึ่งความสัมพันธน้ียังช้ีใหเห็นวาคาตํ่าสุดของความเร็วตํ่าสุดของการฟลูอไิดเซขันมี

ไดหลายคาตามรูปแบบการเปลี่ยนแปลงที่มลัีกษณะเปนรอบของคลื่นน่ิงในฟลูอไิดซเบดตามคุณสมบัติ

ของคลื่นเสยีง สุดทายความสัมพันธทางคณติศาสตรสําหรับความดันลดครอมเบดน่ิงของการฟลูอไิดเซ

ชันที่ถูกชวยดวยเสยีงไดถูกเสนอโดยอยูบนฐานของสมการเออรกัน และสมการปรับปรุงของสมการ
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เออรกัน ที่พจิารณาความเร็วในการส่ันสะเทอืนของกาซภายใตรูปแบบการเคลื่อนที่ของคลื่นน่ิงในฟลูอิ

ไดซเบดรวมดวย 

ลักษณะเฉพาะการขยายตังของเบดของอนุภาคเกลดารทกลุม เอ ในการฟลูอไิดเซชันที่ถูกชวย

ดวยเสยีงไดแก สัดสวนชองวางในเบดทัง้หมด และสัดสวนชองวางในวัฏภาคแนนมกีารเปลี่ยนแปลงตาม

ความเร็วในทอเปลาที่ทางเขาในลักษณะเดยีวกันกับการฟลูอไิดเซชันพื้ฐาน นอกจากน้ียังพบวาสัดสวน

ชองวางในการฟลูอไิดเซชันที่ถูกชวยดวยเสยีงจะมคีาตํ่ากวาสัดสวนชองวางในการฟลูอไิดเซชันพื้นฐาน

และไมข้ึนอยูกบัความถี่เสยีง และยังพบวาความสัมพันธระหวางสัดสวนชองวางในวัฏภาคแนนและ

ความเร็วในทอเปลาในวัฏภาคแนนที่ความถี่เสยีงตางๆกระจายอยูบนแนวโนมเดยีวกันกับความสัมพันธ

ดังกลาวของการฟลูอไิดเซชันพื้นฐาน และยังพบวาจุดตํ่าสุดของการเกดิฟองกาซจะไมข้ึนอยูกับ

แรงส่ันสะเทอืนของเสยีง เมื่อระบุโดยใชกราฟลักษณะเฉพาะของความสมพันธระหวางสัดสวนชองวาง

ในวัฏภาคแนนและความเร็วในทอเปลาในวัฏภาคแนน สิ่งที่พบเหลาน้ีช้ีใหเห็นวาแรงส่ันสะเทอืนของเสยีง

มแีนวโนมที่จะสรางวัฏภาคชองวางหรอืวัฏภาคฟองกาซในฟลูอไิดซเบดมากกวาที่จะเปลี่ยนแปลง

ความสัมพันธทางไฮโดรไดนามกิสในวัฏภาคแนน ดังน้ันสมดุลแรงสําหรับการฟลูอไิดเซชันที่ถูกชวยดวย

เสยีงจงึเหมอืนกับสมดุลแรงสําหรับการฟลูอไิดเซชันพื้นฐาน และเชนกันสําหรับเกณฑตัดสนิความ

เสถยีรของอนุภาคเบด ในงานวจิัยนน้ียังไดพสูิจนใหเห็นวาความสัมพันธปรับปรุงของเออรกันสําหรับ

การฟลูอไิดเซชันพื้นฐานสามารถใชอธบิายกราฟลักษณะเฉพาะของความสมพันธระหวางสัดสวน

ชองวางในวัฏภาคแนน และความเร็วในทอเปลาในวัฏภาคแนนของการฟลูอไิดเซชันที่ถูกชวยดวยเสยีงได

เปนอยางดใีนทํานองเดยีวกันกับเกณฑตัดสนิความเสถยีรของอนุภาคเบดเสนอโดย เชิญธงไชยและบ

รานดานิ ใน ป ค.ศ. 2013 
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ABSTRACT 

Objectives of this work were to investigate hydrodynamics behaviors of a sound-

assisted fluidization of fine powder (Geldart’s group A powder) under effects of 

standing wave characteristics in which the wave properties were embedded and to 

develop mathematical models to describe the hydrodynamics behaviors of this fine 

powder in the sound assisted fluidization. The sound wave properties used in this work 

were a sound frequency ranging from 0-500 Hz at a fixed sound pressure level of 80 dB 

and the hydrodynamics behaviors observed were a total bed pressure drop, a fixed bed 

pressure drop, an incipient fluidization velocity, a complete fluidization velocity (a 

minimum fluidization velocity) and bed expansion characteristics. Experimental 

methods used for the study of fluidization hydrodynamics behaviorswerefluidization 

and de-fluidization experiments and 1-valve and 2-valve bed collapse experiment. And, 

to obtain an accurate bed expansion data, a bed collapse model was used for a correct 

interpretation of bed collapse curves. 

 

It was found that, for full fluidization, the total bed pressure drop was always equaled to 

weight of a bed per cross section area but the fixed bed pressure drop increased with 

sound frequency, in comparison with a conventional fluidization. This was proved that 

the sound wave also associated its force on the particle bed. In addition, with increasing 

sound wave frequency, the minimum fluidization velocity was decreased and reached 

the local minimum value at sound critical frequency of 50 Hz. After this point, the 

further increase in the sound frequency caused the minimum fluidization velocity to be 

increased again and, then, leveled off. This pattern of variation was found to be 

consistent with the standing wave characteristics in fluidization medium, where an 

average magnitude of the sound pressure level varied exponentially around the critical 
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frequency and periodically for each harmonic number. It was also pointed out that the 

local minimum of the minimum fluidization velocity can be multiple values according 

to this periodic variation pattern of the standing wave in the fluidized bed with the 

sound wave properties. Finally, by taken into account the gas oscillation velocity caused 

by a particular pattern of the  standing wave travelling inside the fluidized bed, the fixed 

bed pressure drop correlations based on revised Ergun equation and Ergun equation, 

including their empirical closure equations, were proposed. 

 

Bed expansion characteristics of the Geldart,group A powder in the sound assisted 

fluidization were as follows; a total bed voidage and a dense bed voidage for the sound 

assisted fluidization were varied with an inlet superficial velocity in the same fashion as 

those for a conventional fluidization. Besides, the voidage with respect to the inlet 

superficial velocity of the sound assisted fluidization was found to be lower, in 

comparison with those of the conventional fluidization and was independent with the 

sound frequency. In addition, dense phase voidage and its superficial velocity relations 

of the sound assisted fluidization at different sound frequency were approximately on 

the same trend as that for the conventional fluidization. Finally, a minimum bubbling 

point, defined using the dense phase voidage and dense phase superficial velocity 

characteristic curve, was also unaffected by the sound vibration force. These findings 

suggested that a sound vibrational force tended to create more cavity or bubble phase in 

the fluidized bed, rather than changing a hydrodynamics relation in the dense phase. 

Therefore, the same equilibrium of force as that of the conventional fluidization can still 

be applied for the sound assisted fluidization, as well as stability criteria. Finally, it was 

proved that the modified revised Ergun drag force correlation, applicable for the 

conventional fluidization, can describe well the dense phase voidage and the dense 

11 
 



phase superficial velocity characteristic curves of the sound assisted fluidization. 

Likewise, the stability criterion purposed by Cherntongchai and Brandani (2013) can 

predict excellently the minimum bubbling points for the sound assisted fluidized bed. 

 

KEYWORDS: Sound; Fluidization; Hydrodynamics 
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EXECUTIVE SUMMARY 

1. Objectives 

1.1 To extend level of understanding on hydrodynamics behaviors fine particles in 

sound assisted fluidization.  

1.2 To develop mathematical models to describe the hydrodynamics behaviors of the 

fine particles in the sound assisted fluidization. 

 

2. Research overview 

Sound-assisted fluidization is a modification of conventional fluidization by 

implementing sound vibrational force. And, the additional equipment is a sound wave 

generator, connected to a sound amplifier and a loudspeaker.Then, the sound wave 

which is a pressure wave will propagate through a bed of particles and break up the 

inter-particle forces, resulting in better fluidization quality, smaller agglomerate size, 

particle elutriation reduction, and change in the fluidization hydrodynamics. 

 

The characteristics of sound-assisted fluidization are implicitly related to the 

characteristics of a standing wave traveling through the fluidizing bed, which has been 

thoroughly described by Herrera et al. (2002). However, the knowledge has never been 

used to explain the fluidization characteristics observed. In this work, we applied the 

knowledge regarding the standing wave characteristics to explain the influence of sound 

frequency on the minimum fluidization velocity of sound-assisted fluidization of 

Geldart’s group A powder. In addition, fixed bed pressure drop correlations for sound-

assisted fluidization were also developed, where gas oscillation velocity, varied 

according to the characteristics of the standing wave, was taken into account. 
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Bed expansion characteristics in the sound assisted fluidization require a further 

interesting investigation. We, therefore, underwent a research work to discover intrinsic 

bed expansion characteristics of Geldart’s group A powder in the sound assisted 

fluidization. To obtain accurate bed expansion characteristics, the 1-valve and 2-valve 

bed collapse experiment and the bed collapse model (Cherntongchai and Brandani, 

2005) were used to interpret correctly the bed collapse curves. Finally, the drag force 

correlation and the minimum bubbling criterion for the description of the bed expansion 

characteristics of Geldart’s group A powder in the sound assisted fluidization 

werevalidated. 

 

3. Research scope 

This research work is a basic research divided into two parts. One is an experimental 

part and another is a theoretical part. A focus of an investigation is on hydrodynamics of 

fine particles (Geldart’s group A powder) in sound assisted fluidization under following 

operating condition parameters; 

3.1 An inlet superficial velocity for the flow regime ranging from fixed bed to bubbling 

bed (≈ 0-50 L/min) 

3.2 A sound pressure level (80 dB)  

3.3 A sound frequency (50 Hz-500 Hz) 

 

4. Outputs 

4.1 International conference  

• Cherntongchai, P., Hydrodynamics of Sound Assisted Fluidization of Rigid-

microsized Powder, 2017AIChE Annual Meeting, October 29 - November 3, 

2017, Minneapolis, MN, USA.(Oral presentation) 
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4.2 International publications 

• Cherntongchai P., Chaiwattana S., Leruk R., Panyaruean J., Sriboonnak S., 

Influence of Standing Wave Characteristics on Hydrodynamics Behaviors in 

Sound Assisted Fluidization of Geldart’s Group A Powder, Chemical 

Engineering Science. (Submitted). 

• Cherntongchai P., Chaiwattana S., Leruk R., Bed expansion characteristics in 

Sound Assisted Fluidization of Geldart’s Group A powder, Chemical 

Engineering Science. (Submitted) 
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NOMENCLATURES 

A = Constant depending on boundary condition 

Ar    = Archimedes number 

Area = Bed cross section area (m2) 

B = Constant depending on boundary condition  

CD   = Drag coefficient 

Co = Standing wave velocity in fluidization media (m/s) 

dP   = Mean particle size (m) 

FD   = Drag force of particles in suspension/volume (kg/m2s2) 

f    = Sound frequency (Hz) 

fc = Critical frequency (Hz) 

g  = Acceleration of gravity (m2/s) 

h = Total bed height (m) 

i = 1, 2, 3, … n 

Kg = Bulk modulus of nitrogen gas = 117×103 Pa 

Kp = Bulk modulus of glass bead = 40×109 Pa 

k = Wave number = 2πf/Co 

L    = Bed height (m) 

Lc = Column height (m) 

Lo = Total bed height from distributor (m) 

L1 = Height of Zone1 from distributor (m) 

L2 = Height of Zone 2 from distributor (m) 

n = Harmonic number 

n’    = Richardson and Zaki index    

Patm = Atmospheric pressure (Pa) 
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Pfs  = Source amplitude at surface boundary at x=h (Pa) 

Pref = 2×10−5 Pa  

Prms = Root mean square of sound pressure (Pa)  

p = Pressure (Pa) 

Pw =  Absolute pressure in a windbox (Pa) 

QV =  Volumetric flow rate of gas through discharge valve (m3/s) 

QWindbox=  Volumetric flow rate of gas at windbox pressure (m3/s) 

ReP =   Particle Reynold number =
F

FUPd
µ
ρ  

SPL   =  Sound pressure level (dB) 

t  =  Time (s) 

tbub =  Bubble escape time (s) 

U    =  Superficial velocity (m/s) 

UA = Amplitude of gas oscillation velocity (4.83×10−8 m/s) 

UD =  Dynamic wave velocity (m/s) 

Ud =  Dense phase superficial velocity (m/s) 

Udis =  Superficial velocity of gas flowing through a distributor (m/s) 

Umb   =  Minimum bubbling velocity (m/s) 

Uref = Reference velocity (m/s) 

Ut   =  Terminal falling velocity (m/s) 

Uo =  Inlet superficial velocity (m/s) 

U1 =  Zone 1 superficial velocity (m/s) 

Uε =  Continuity wave velocity (m/s) 

uac = Gas oscillation velocity (m/s) 

acu    = Average gas oscillation velocity over distance ∆x(m/s) 
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Vw =  Windbox volume (m3) 

x = Axial displacement of wave propagation (m) 

 

Greek letters 

β =  Exponential factor for modified revised Ergun correlation 

∆P  =  Piezometric pressure drop (Pa) 

∆Pac = Pressure drop due to acoustic force(Pa) 

∆Pd = Pressure drop due to drag force(Pa) 

δ =  Characteristic length (m) 

ε = Bed voidage 

εd =  Dense phase voidage 

εfixed   =  Fixed bed voidage 

εmb   =  Minimum bubbling voidage 

εmf   =  Minimum fluidization voidage 

εo   =  Total bed voidage 

ε1   =  Zone 1 bed voidage 

ε2   =  Zone 2 bed voidage  

ρF = Fluid density(kg/m3) 

ρg = Gas density of nitrogen = 1.21 kg/m3 

ρP = Particle density of glass bead = 2432 kg/m3 

θ = Phase angle 

ω = Angular frequency 

µF = Fluid viscosity (kg/m.s)    

 

18 
 



CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Sound-assisted fluidization is a modification of conventional fluidization by 

implementing sound vibrational force. And, the additional equipment is a sound wave 

generator, connected to a sound amplifier and a loudspeaker. Sound waves from the 

loudspeaker can be directed to a fluidized bed from either the top or thebottom of a 

column. Then, the sound wave which is a pressure wave will propagate through a bed of 

particles and break up the inter-particle forces, resulting in better fluidization quality, 

smaller agglomerate size, particle elutriation reduction, and change in the fluidization 

hydrodynamics.  

 

Sound-assisted fluidization has been successfully used to improvethe qualityof 

fluidizationsince 1955 by Morsefor the fluidization of Geldart’s group C/A powders, as 

well as in the works of Kaliyaperumal et al. (2011),Langde et al. (2011), Russo et al. 

(1995), and Xu et al. (2006). Zhu et al. (2004) was the first to report better fluidization 

quality in sound-assisted fluidized bed of nanoparticles, followed by Guo et al. (2005), 

Guo et al. (2006), and Liu et al. (2007). The sound-assisted fluidization of Geldart’s 

group B powder was also investigated byEscudero and Heindel (2013) and Leu et al. 

(1997) and it was concluded that the sound wave field helped to improve the ease of 

fluidization. 

 

Numerous hydrodynamic investigations of sound-assisted fluidization have been 

reported, except bed expansion characteristics. In general, it has been known that 

characteristics of sound-assisted fluidization are implicitly related to the characteristics 

of a standing wave traveling through the fluidizing bed, which has been thoroughly 
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described by Herrera et al. (2002). However, the knowledge has never been used to 

explain the fluidization characteristics observed. For the bed expansion characteristic, 

there is much more comprehension for a further interesting investigation and an 

accurate expansion data is required. Therefore, in this work, the aim was to apply the 

knowledge regarding the standing wave characteristics to explain the influence of sound 

frequency on the minimum fluidization velocity of sound-assisted fluidization of 

Geldart’s group A powder. In addition, fixed bed pressure drop correlations for sound-

assisted fluidization were developed, where gas oscillation velocity, varied according to 

the characteristics of the standing wave, was taken into account. Besides, intrinsic bed 

expansion characteristics of Geldart’s group A powder in the sound assisted fluidization 

was also discovered. To obtain accurate bed expansion characteristics, the 1-valve and 

2-valve bed collapse experiment and the bed collapse model (Cherntongchai and 

Brandani, 2005) were used to interpret correctly the bed collapse curves. Finally, for the 

description of the bed expansion characteristics of Geldart’s group A powder in the 

sound assisted fluidization, the drag force correlation and the minimum bubbling 

criterion were validated. 

 

1.2Objectives 

• To extend level of understanding on hydrodynamics behaviors fine particles in 

sound assisted fluidization.  

• To develop mathematical models to describe the hydrodynamics behaviors of 

the fine particles in the sound assisted fluidization. 
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1.3Research scope 

This research work is a basic research divided into two parts. One is an experimental 

part and another is a theoretical part. A focus of an investigation is on hydrodynamics of 

fine particles (Geldart’s group A powder) in sound assisted fluidization under following 

operating condition parameters; 

• An inlet superficial velocity for the flow regime ranging from fixed bed to 

bubbling bed (≈ 0-50 L/min) 

• A sound pressure level (80 dB)  

• A sound frequency (50 Hz-500 Hz) 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Minimum fluidization point in sound assisted fluidization 

Transition from the fixed to the fluidized bed under the effect of sound waves appeared 

as a range from the incipient fluidization stage to the complete fluidization stage, 

reported by Xu et al. (2006). And, the minimum fluidization point has been generally 

defined to be at the point of complete fluidization (Escudero and Heindel, (2013); Guo 

et al.,(2006);Si et al., 2015),apart from the work of Xu et al. (2006), who defined the 

minimum fluidization velocity to be at the intersecting point of the defluidization curve 

with the constant pressure line, and the work of Kaliyaperumal et al. (2011), who 

proposed a novel curve-fitting iteration method to define the minimum fluidization 

point. In any case, it has been observed that inthe presence of sound, there is significant 

reduction in the minimum fluidization velocity (Kaliyaperumal et al., 2011; Leu et al., 

1997;Si et al., 2015; Zhu et al., 2004).  

 

Variation in minimum fluidization under the influence of the properties of sound waves 

can be summarized as follows: All previous works have reported that an increase in the 

sound frequency causes the minimum fluidization point to decrease to the local minima 

and, then, increase with increase in the sound frequency (Escudero and Heindel, 2013; 

Guo et al., 2005; Guo et al., 2006; Kaliyaperumal et al., 2011; Liu et al., 2007; Russo et 

al., 1995;Si et al., 2015; Xu et al., 2006; Zhu et al., 2004;).And, the common 

explanation involves the resonance behavior between the natural frequency of the fixed 

bed and the sound frequency. Under the effect of the sound pressure level, it has been 

reported, as the sound pressure level increases, the minimum fluidization decreases 

(Escudero and Heindel, 2013; Guo et al., 2005; Kaliyaperumal et al., 2011; Russo et al., 
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1995;Si et al., 2015; Xu et al., 2006) because the vibrational forces help to loosen the 

bed and reduce the energy required for particle fluidization.  

 

Russo et al. (1995)studied the effect of particle loading on sound-assisted fluidization of 

Geldart’s group C powder and reported that with increase in particle loading, the 

minimum fluidization velocity was observed to increase. They explained that the more 

the particle loading, the more the sound attenuation and the more the decrease in the 

sound pressure level, resulting in an increase in the minimum fluidization velocity. 

 

2.2 Fixed bed pressure drop in sound assisted fluidization 

It is well-known that the fixed bed pressure drop undergoes variation in accordance with 

the sound wave properties. For example, Xu et al. (2006) reported that the fixed bed 

pressure drop increased significantly with sound frequency for Geldart’s group A 

powders. In order to describe the variation of the fixed bed pressure drop with respect to 

sound frequency, the force-balance principle as well as the drag force correlation and 

the acoustic force correlation should be taken into consideration. To the best of the 

researchers’ knowledge, there is no previous report that has purposed an appropriate 

correlation for the prediction of the fixed bed pressure drop in sound-assisted 

fluidization. Instead, there have been a number of previous works using the principle of 

force-balance and the related force correlations for describing sound-assisted 

fluidization. For example, Russo et al. (1995) developed the cluster/subcluster oscillator 

model to predict the agglomeration size of Geldart’s group C powder in sound-assisted 

fluidization and implemented Stokes’ law to identify the drag force due to gas flow in 

an acoustic field. Likewise, Si and Guo (2008)and Urciuolo et al. (2008) also used 

Stokes’ law for drag force under fluid velocity and gas oscillation velocity in force-
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balance analysis. Wang et al. (2011)used the Ergun equation for drag force correlation 

and applied the gas oscillation velocity in the same equation for the acoustic force in 

order to establish the equation of motion for cohesive powder.  

 

2.3 Bed expansion characteristics in sound assisted fluidization 

There are still very limit numbers of research works investigating the bed expansion 

characteristics of the particle bed in the sound assisted fluidization. Currently, there are 

some of the work used a visual observation to obtain a bed expansion ratio and a bed 

collapse experiment to obtain a bed collapse time and a shape of a bed collapse curve in 

order to determine a fluidization quality. Russo et al. (1995) studied an influence of a 

particle loading, a sound pressure level and a sound frequency on the bed expansion 

ratio of Geldart’s group C powder, to determine the fluidization quantity. It was found 

from this work that, in relation to an inlet superficial velocity, the bed expansion ratio 

was found to non-monotonically increase with increasing the inlet superficial velocity 

and, hence, the fluidization quality. Herrera and Levy (2001) investigated the effect of 

the sound pressure level on the homogeneous bed expansion and the minimum bubbling 

point for Geldart’s group A powder. The increase of the bed height and the minimum 

bubbling velocity with increasing the sound pressure level was reported. And, a change 

in a void structure under the sound vibrational force was an underlined explanation. Zhu 

et al. (2004) studied the effect of the sound pressure level and the sound frequency on 

the bed expansion for nanoparticle agglomerates. With an application sound, the bed 

expansion increased due to the breakup of the large agglomerate under the combined 

effect of hydrodynamics forces and acoustic excitations. Guo et al. (2006) carried out 

the bed collapse experiment and used the bed collapse time to identify the de-aeration 

characteristic of silica nanoparticle with different surface properties in the sound 
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assisted fluidization. It was pointed out that there was a greater bed collapse time under 

the sound vibrational force. This was due to the more reduction in the van der waals 

forces between the nanoparticles and the better fluidization quality. Ammendola and 

Chirone (2010) studied aeration and a mixing behavior of the nano-sized powders under 

the sound vibration. The bed expansion ratio was also used for an index of the 

fluidization quality. Under the influence of sound, the fluidization quality was 

improved. Similar to the previous reports, the higher the sound intensity, the higher the 

bed expansion, as far as the sound pressure level was higher enough to compensate the 

sound attenuation. In addition, the optimum sound frequency, giving the maximum bed 

expansion, was also found. Ammendola et al. (2011) focused on the aeration behavior 

of the binary mixtures of nanoparticle under acoustic field and reported the better 

fluidization quality in term of the bed expansion ratio. In this work, they also worked 

with the homogenous bed expansion data using the Richardson and Zaki correlation at n 

≈ 5 in order to estimate the terminal falling velocity of the agglomerate. Kaliyaperumal 

et al. (2011) observed the bed expansion ratio for the nano and sub-micron powder 

under the acoustic vibration to determine the fluidization quality. Similarly, the bed 

expansion ratio increased with the sound pressure level and was raised with increasing 

inlet superficial velocity. This was due to the reorientation of the bed voidage under the 

vibration induced the sound excitation. In addition, the maximum bed expansion ratio 

was found at a resonance sound frequency. Langde and Sonolikar (2011) investigated 

the bed expansion of Geldart group C/A powder under the sound field. They reported 

that the expansion ratio increase non-monotonically with the inlet superficial velocity. 

Also, the bed expansion ratio was reported to increase with the sound pressure level due 

to the breaking up of the interparticle forces at higher sound intensity. As a result, more 

void was created. Under the influence of the sound frequency, the bed expansion ratio 
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reached the maximum point at a certain frequency (120 Hz), where the sound oscillation 

was the highest and for other sound frequency the bed expansion was approximately the 

same. Raganati et al. (2014) studied the effect of the CO2 partial pressure, the sound 

pressure level and the sound frequency on the fluidization quality using the bed 

expansion ratio for the CO2adsorption on the fine activated carbon. It was pointed out 

the bed expansion ratio increased with the sound pressure level after the threshold value 

where the sound intensity overcame the attenuation effect. Under the effect of the sound 

frequency, the optimum frequency was found for the best fluidization quality and the 

maximum aggregate break-up. Either too low or too high sound frequency, the 

fluidization quality failed out on the same range. The explanation given was that for too 

high frequencies the acoustic filed is not able to propagate inside the bed and to promote 

the break-up of aggregates. On the other hand, for too low frequency, the relative 

motion between the smaller and the larger sub-aggregates, leading the large aggregates 

to be broken up, was practically absent. 
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CHAPTER 3: THOERY 

3.1 Standing wave characteristics in sound-assisted fluidized bed 

The concept of pressure wave propagation in fluidization was used to describe sound 

wave propagation in the fluidization medium. Considering Herrera et al. (2002), they 

assumed that sound propagation was an adiabatic one-dimensional process; the wave 

equation in terms of pressure is written as follows: 

  

 
(3.1) 

A known solution to the above equation is as follows: 

  
 (3.2) 

Transmission of a sound wave in the sound-assisted fluidization system consists of 

traveling of the sound wave in two media, confined in a vertical column (Fig.3.1). One 

is the top end, where the sound wave is supplied, which was the nitrogen media (in this 

study), and the other is the bottom end which is the heavier fluidization media supported 

by a rigid porous distributor. As the sound wave travels through the nitrogen, the 

incident pressure wave (pi1) reaches the interface between the nitrogen and the fluidized 

bed. A fraction of the incident wave is reflected (pr1) and the rest (pt) travels downward 

through the bed and reaches the distributor. Once the incident wave in the fluidized bed 

(pi2) reaches the rigid distributor, the reflected wave (Pr2) travels backward. The incident 

wave and the reflected wave then combine to form a steady wave called the “standing 

wave.” The sum of the incident and the reflected waves within the fluidized bed in the 

form of the total pressure is illustrated in Eq. (3.3): 

  
 (3.3) 

The amplitude  can be written as follows: 
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(3.4) 

 

Fig. 3.1Standing wave pattern in the fluidization media 

 

When the reflecting boundary is solid, the incident and the reflected amplitude are 

equal; therefore, A=B. In addition, assuming that the incident and the reflected waves 

were in phase (θ=0), the resulting standing wave amplitude becomes 

  
 

(3.5) 

At x=h, the pressure was 

   (3.6) 

Pfsis related to the sound pressure level as 

  

 
(3.7) 
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(3.8) 

Thus, the pressure distribution becomes 

  

 
(3.9) 

And,  

  

 
(3.10) 

is very large when cos(kh) = 0, which occurs at 

  

 
(3.11) 

This point is called the “critical state,” and the critical frequency can be calculated as 

follows: 

  

 
(3.12) 

  

 

(3.13) 

The value of can be interchanged using Eqs. (3.7), (3.8), and (3.10), and this 

would also enable the gas oscillation velocity (uac(x,t)) along the bed height to be 

calculated thus: 

  )kxsin(AU)ft2sin(AU)t,x(acu =π=  (3.14) 

And, 
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Finally, the point is reached at whichit is possible to explain the characteristics of 

fluidization under the influence of sound wave properties using the value of or 

uac(x,t) of the standing wave. 

 

3.2 1-valve and 2-valve bed collapse model 

1-valve and 2-valve bed collapse model was developed by Cherntongchai and Brandani 

2005 for a correct interpretation of 1-valve and 2-valve bed collapse curves.  

 

1-valve bed collapse experiment is carried out by abruptly shut down an inlet valve. For 

2-valve bed collapse experiment, there is a discharged valve attached at a windbox. This 

valve is synchronized with the inlet valve. Once the inlet valve is abruptly shut down, 

the discharge valve is opened to vent gas in a bed and the windbox. For both cases, a 

bed surface starts to collapse with a lapse of time once the valves were energized and a 

bed collapse structure is presented in Fig. 3.2. From 0≤t≤tbub(Fig. 3.2(a)), so called “a 

bubble escape stage”, remained bubbles will escape from the collapsing bed. The 

collapsing bed is comprised of 3zones. Zone 0 (ε = εo) is the bubbling bed zone, 

extended from Lo to L1. This zone is diminished with time due to the escape of the 

bubbles and the falling down of Lo together with the growing up of L1. Zone 1 (ε = ε1= 

εd) is the homogeneous expanded zone, extended from L1 to L2, where both L1 and L2 

moved upward. Zone 2 (ε = ε2= εfixed) is the fixed bed zone, formed up from t=0 and 

growth upward all along the collapsing process. At t= tbub, all bubbles disappear and the 

bed collapse structure is of 2 zone as shown in Fig. 3.2(b). From t≥tbub(Fig. 3.2(c)), at 

this stage is called “a sedimentation stage”. L1 is falling down while L2 keep growing 

upward. And, the bed collapse process ends when L1 = L2. During the entire bed 

collapse process, the gas flows through the bed are from the gas residue in the windbox 

)t,x(p
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and the gas generated at the interface L2, due to the change in the bed voidage between 

zone 1 and zone 2. For 1-valve bed collapse process, the gas always flows in an upward 

direction. On the other hand, for 2-valve bed collapse process, the gas from the windbox 

and the gas generated at the interface can flow in both upward and downward 

directions, due to the characteristic of the discharge valve.   

 

 

 

 

 

 

 

 

 

(a)      (b)             (c) 

Fig. 3.2Schematic of (a) bubble escape stage, (b) and (c) sedimentation stage for 1-

valve bed collapse experiment 
 

The main assumptions of the model equations are; one dimensional system, ideal gas, 

incompressible fluid in the bed section, compressible fluid in the windbox, negligible 

inertial effects, a constant voidage fraction ε1 (ε1 = εd) according to a gas velocity Ud 

(U1 = Ud). 

 

The bed collapse model can be summarized as follows; 

3.2.1 Sedimentation stage 

1-valve configuration 

Zone 0 

Zone 1 

Zone 2 

Lo 

L1 

L2 

εo 

ε1 

ε2 

Udis 

Control 

l  

0 ≤ t ≤tbub 

Lo=L1 

L2 

ε1 

U1 

ε2 

Udis 

t = tbub 

Lo=L1 

L2 

ε1 

U1 

ε2 

Udis 

t >tbub 
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dUdisU

dt
1dL

−=  (3.16) 

  
)21(

)dUdisU)(11(
dt

2dL
ε−ε

−ε−
=  (3.17) 

  
AreadisU

wV
wp

dt
wdp

=−  (3.18) 

The bed collapse model can be solved through integration of Eqs. (3.16) - (3.18), 

simultaneously. Udis can be calculated from the knowledge of the distributor pressure 

drop, determined from the collapsing bed momentum balance (Eq. (3.19)). The initial 

condition for L1 is Lo and for L2 is zero: 

  2P1PcgLF)atmpwp(DistP ∆−∆−ρ−−=∆  (3.19) 

  g)2L1L)(11)(FP(1P −ε−ρ−ρ=∆  (3.20) 

  )disU(f2P =∆  (3.21) 

2-valve configuration 

  
dUdisU

dt
1dL

−±=  (3.22) 

  
)21(

)dUdisU)(11(
dt

2dL
ε−ε

±ε−
=  (3.23) 

  
)VQAreadisU(

wV
wp

dt
wdp

+±=−  (3.24) 

  2P1PcgLF)atmpwp(DistP ∆±∆−ρ−−=∆  (3.25) 

The solution of the model equations requires the knowledge of the discharge valve 

pressure drop. A positive sign in Eqs. (3.22) – (3.25) applies when the gas is flowing 

from the windbox to the particle bed. 
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3.2.2 Bubble escape stage 

1-valve configuration 

The properties in the bubbling zone are assumed to be similar to those in the steady 

state bubbling fluidized bed. 

  
oUdisU

dt
odL

−=  (3.26) 

  2P1PoPcgLF)atmpwp(DistP ∆−∆−∆−ρ−−=∆  (3.27) 

  g)1LoL)(o1)(FP(oP −ε−ρ−ρ=∆  (3.28) 

Eq. (3.26) has to be integrated simultaneously with Eqs. (3.16) – (3.18). Udis can be 

calculated using Eq. (3.27). The initial condition for L2 and L1 is zero. 

 

2-valve configuration 

A criterion to specify the different bed collapse structures during the bubble escape 

stage has been added, due to the possibility of the flow reversal of the gas generated at 

the interface L2. The first possible structure is as shown in Fig. 3.2(a), when zone 1 can 

exist. Another possible structure is when zone 1 cannot exist. To determine whether 

zone 1 can exist, U1 is calculated based firstly on the assumption that zone 1 can exist 

using Eq. (3.29) 

  dU)11()disU(11U ε−+±ε=  (3.29) 

If U1 is greater than zero, then zone 1 can exist. And, the bed collapse rate can be 

expressed as follows; 

  
oUdisU

dt
odL

−=  (3.30) 

  2P1PoPcgLf)atmpwp(DistP ∆±∆−∆−ρ−−=∆  (3.31) 

Eq. (3.30) has to be integrated simultaneously with Eqs. (3.22) – (3.24). 
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If U1 is less than zero, the zone 1 cannot exist. In this case Eq. (3.30) has to be 

integrated with Eqs. (3.22), (3.24) and (3.32). 

  
)2o(

)disUoU)(o1(
dt

2dL
ε−ε
−ε−

=  (3.32) 

 

3.3 Prediction of dense phase properties using bed collapse model 

System configuration information and model parameters, as the required inputs for the 

bed collapse model, are listed in Table 3.1. 

 

Table 3.1Model input information 

System configurations Parameters 
Windbox volume 
Distributor pressure drop 
Discharge valve pressure drop 

Fixed bed pressure drop 
Bed voidage, εo 
Dense phase voidage, εd 
Fixed bed voidage, ε2 
Inlet superficial velocity, Uo 
Dense phase superficial velocity, Ud 

 

All parameters can be achieved independently, except the dense phase voidage and the 

dense phase superficial velocity, which have to be obtained from the interpretation of 

the experimental bed collapse curves following the method outlined bellows; 

 

For a homogeneous expanded bed: 

• Introducing the system configuration, fixed bed pressure drop, εo, ε2 and Uo 

• Initial estimate of εd 

- ∆PDist/∆PBed<1, y-intercept of 1-valve sedimentation curve gives the correct εd. 

- ∆PDist/∆PBed>1, y-intercept of 2-valve sedimentation curve gives the correct εd. 

• Evaluation of Ud 
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- ∆PDist/∆PBed<1, the correct Ud is selected iteratively until the experimental 1-

valve sedimentation curve is fitted with the model prediction. 

- ∆PDist/∆PBed>1, the correct Ud is selected iteratively until the experimental 2-

valve sedimentation curve is fitted with the model prediction. 

• Re-validation of εd and Ud 

εd and Ud from the 1-valve collapse curve (∆PDist/∆PBed<1) are used to predict the entire 

experimental 2-valve sedimentation collapse curve to validate the values obtained. On 

the contrary, for εd and Ud obtained from the 2-valve collapse curve (∆PDist/∆PBed>1), 

the 1-valve sedimentation collapse curve was used to validate the values. 

 

For a bubbling bed, the same procedure can be applied except for εo interpretation. εo 

was selected to fit the bubble escape time of the 1-valve collapse curve (∆PDist/∆PBed<1). 

The εo, εd and Ud from the 1-valve collapse curve were validated by comparing the 

predictions for the 2-valve collapse curve with the experimental results. On the other 

hand, εo selected from the 2-valve collapse curve for ∆PDist/∆PBed>1, the εo, εd and Ud 

from the 2-valve collapse curve were validated by comparing the predictions for the 1-

valve collapse curve with the experimental results. 
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CHAPTER 4:MATERIAL AND METHODS 

4.1 Experimental setup 

 

Fig. 4.1The sound-assisted fluidization setup for the 0.10 m ID fluidization column 

 

The sound-assisted fluidization setup (Fig.4.1) consisted of 99.99% pure nitrogen gas 

connected to a rotameter. After metering the gas flow rate, the nitrogen gas line was 

connected to a 0.10 m ID or 0.05 m ID fluidization column. The column was equipped 

with a gas distributor, pressure transducers, a sound level meter, and a speaker on top of 

the column. The pressure transducers and the sound meter were connected to a data 

acquisition board and, then, to a data acquisition program. To carry out 2-valve bed 

collapse experiment, the discharge valve, attached at the windbox, is synchronized with 

 

Data acquisition program 
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Function generator and 
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Pressure transducer 

Sound meter 
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0.05m I.D  
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N2 gas 

Discharge 
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Inlet 
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the inlet valve. These two valves are controlled using a valve switch. A flow range for 

this setup is from 0-30 L/min. A sound pressure level was fixed at 80 dB and a sound 

frequency is ranged from 0-500 Hz. A data acquisition rate is 100 data point per second. 

Finally, a measuring range of a pressure transducer is at 0-5 psi.  

 

Empirical correlations of the distributor pressure drop and the discharge valve pressure 

drop are presented in Eqs. (4.1) and (4.2), respectively 

  WindboxQ28.2)kPa(DistP =∆  (4.1) 

  
WindboxQ0046.02

WindboxQ0008.0)kPa(vP +=∆  (4.2) 

 

4.2Material 

The powder used was glass ballotini. In this work, the particle density was measured 

using pycnometer and the laser light scattering method was used for the measurement of 

the particle size and the particle size distribution. The particle properties are presented 

in Table 4.1and the particle size distribution is illustrated in Fig.4.2. The particle 

loading was 0.8509 kg.  

 

Table 4.1Particle Density and Average Particle Size  

Material Apparent density  

(kg/m3) 

Average particle diameter 

(µm) 

Glass ballotini 2,432 32.61 

 

37 
 



 

Fig. 4.2The particle size distribution of glass ballotini 

 

4.3Experimental methods 

Fluidization experiment was performed by increasing the inlet superficial gas velocity 

and measuring the bed pressure drop at each gas velocity. On the other hand, 

defluidization experiment was carried out by decreasing the inlet superficial gas 

velocity and, likewise, measuring the bed pressure drop at each velocity. Table 4.2 

presents the summary of the experimental conditions used in this work. 

 

1-valve bed collapse experimental was carried out by energizing the inlet valve to close 

while the discharge valve remained closed. For the 2-valve bed collapse experiment, the 

inlet valve was synchronized to close, with the opening of the discharge valve to release 

the gas.Then, the particle bed collapsed. A digital camera was used to record the bed 

surface during the bed collapse process. 
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Table 4.2Summary of Experimental Conditions 

Experimental 

conditions 

Inlet superficial velocity 

(mm/s) 

Sound pressure level 

(dB) 

Sound frequency 

(Hz) 

0–15 0 0 

0–15 80 50,80,100,300,500 
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CHAPTER 5:RESULTS AND DISCUSSION 

5.1 Total bed pressure drop in sound-assisted fluidization 

5.1.1 Total bed pressure drop in sound assisted fluidization 

Fig. 5.1 presents the total bed pressure drop of both conventional fluidization (Fig. 5.1 

(a)) and sound-assisted fluidization at a sound pressure level of 80 dB and a sound 

frequency of 50 Hz (Fig. 5.1 (b)). It was found that if the particle bed is fully fluidized, 

the total bed pressure drop can reach the maximum point in both the cases where the 

total bed pressure drop values were equal to the weight of the bed per cross section area. 

In addition, it needs to be pointed out that with the application of sound, the flow 

resistance in the fixed bed was observed to have increased. 

 

5.1.2 Fixed bed pressure drop  

Fig. 5.2 presents the fixed bed pressure drop of the sound-assisted fluidized bed in 

comparison with the fixed bed pressure drop of the conventional fluidized bed from the 

fluidization and the defluidization experiments. It can be seen that the increase in the 

sound frequency resulted in an increase in the fixed bed pressure drop, also reported 

byXu et al. (2006). Besides, there was linear relation between the sound frequency and 

the fixed bed pressure drop resistance, as illustrated in Fig. 5.3. This can be explained 

by the fact that gas oscillation velocity due to propagation of sound wavescauses higher 

pressure drop in the fixed bed. 

 

5.2 Transition from fixed bed to fluidized bed 

5.2.1 Incipient and complete fluidization 

The transition point from the fixed bed to the fluidized bed for the sound-assisted 

fluidized bed can be observed as a range from the incipient and the complete 
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fluidization points (Fig. 5.4), also reported by Xu et al. (2006). The incipient 

fluidization point was defined at the inlet superficial velocity where the fixed bed 

pressure drop implicitly deviated from the linear trend of the fixed bed pressure drop 

but was still less than the desired maximum value. As for the complete fluidization 

point, the value was defined at the first inlet superficial velocity where the total bed 

pressure reached the maximum value. And, the complete fluidization point is also 

specified as the minimum fluidization point.  

 

5.2.2 Minimum fluidization point 

It is obvious from Fig. 5.5 that with the application of sound, the particle bed can be 

fluidized at the lower inlet superficial velocity. The minimum value was found at the 

sound frequency of 50 Hz. After this, the minimum fluidization velocity increased again 

and was independent of sound frequency from sound frequency values of 100 Hz to 500 

Hz. And, the common explanation for the minimum value found was the resonance 

behavior between the bed natural frequency and the sound frequency. However, this 

explanation can be misleading in that the possibility for the minimum value of the 

minimum fluidization can exist at only one value of the sound frequency. Based on a 

different point of view, the theory of the standing wave characteristics could claim a 

better explanation for the observed behavior. Hence, this will be expanded in the 

following section.  
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Fig. 5.1Total bed pressure drop versus inlet superficial velocity for (a) conventional 

fluidization and (b) sound-assisted fluidization at sound pressure level = 80 dB and 

sound frequency = 50 Hz 
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Fig. 5.2Fixed bed pressure drop versus inlet superficial velocity of conventional and 

sound-assisted fluidized beds from the fluidization and the defluidization experiments 

 

 

Fig. 5.3Relation between sound frequency and fixed bed pressure drop resistance 
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Fig. 5.4Incipient and complete fluidization points of sound-assisted fluidization at 

sound pressure level = 80 dB and sound frequency = 100 Hz for the defluidization 

experiment 
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Fig. 5.5Minimum fluidization point versus sound frequency for sound-assisted 

fluidization 

 

5.3 Standing wave characteristics in sound-assisted fluidization 

The standing wave characteristics implicitly influence the fluidization characteristics. In 

this part, the change in the standing wave characteristics in the fixed bed with the sound 

wave properties was declared, where the standing wave pattern in the fluidized bed in 

the form of SPL versus distance from the distributor (x) can be calculated using 

Eqs.(3.7), (3.8), and (3.10). 

 

A variation in the wave number (kh)for the fixed bed, where h and bed voidage are 

constant, represents a variation in the sound wave frequency. Furthermore, the standing 

wave patterns with variation of kh from 0 to π/2 and kh from π/2 to π for the harmonic 

number (n) = 1 are shown in Fig. 5.6(a) and Fig. 5.6(b), respectively. It can be seen 

from Fig. 5.6(a) that at x= h, or at the bed surface, the SPL was always at 80 dB. With 
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increase in the distance down to the distributor, the SPL increased, and the maximum 

SPL was at x=0. From Fig. 5.6(a), it is evident that there is no trough for kh from 0 to 

π/2. In addition, it has been illustrated that SPL increases with kh. Besides, when kh 

approached π/2, there appeared to be a rapid increase in the SPL, and the maximum 

SPL was found at kh = 0.99π/2. In contrast, for kh from π/2 to π (Fig. 5.6(b)), there 

appeared to be one trough for kh >π/2, but there was no trough at kh = π/2. With 

increasing kh, the trough tends to move toward the distributor. In addition, at kh=π/2, 

the SPL is substantially high in comparison with the SPL for other kh values. This kh 

value was found to correspond to the critical kh calculated from Eq. (3.11). From Fig. 

5.6(b), it is clear that for kh higher than the critical value, the SPL decreased implicitly 

and was distributed approximately over the same average value, even though the 

decrease with increasing kh can still be observed.  

 

Fig. 5.7 presents the variation in SPLo with kh: the figure illustrates that there was a 

critical kh value for each harmonic number that gave a high magnitude of SPLo. For 

n=1 (0<kh<π), the critical kh is at π/2 and for n=2 (π<kh<2π), the critical kh is at 3π/2, 

according to Eq. (3.11). In addition, for each harmonic number, SPLo is observed to 

increase and decrease exponentially with kh for kh of less than the critical value and 

that of higher than the critical value, respectively. This explains the local minimum 

point of the minimum fluidization velocity at certain sound frequencies but 

approximately the same superficial velocity at other values of the sound frequency. 
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Fig. 5.6Variation in the sound pressure level along the bed height (0<x<h): (a) 

0<kh<π/2 and (b) π/2<kh<π for n = 1 
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Fig. 5.7Variation in SPLo with kh for 0<kh<π, n = 1 and for π<kh<π/2, n = 2 

 

5.4 Quantitative relation between minimum fluidization velocity and standing 

wave characteristics 

The magnitude of the SPL along the distance x and the standing wave pattern imparted 

an effect on the gas oscillation strength and, certainly, the hydrodynamic properties. It 

can be seen from Fig. 5.5 that the minimum fluidization velocity decreased with the 

application of the sound wave and that the local minima was found at the sound 

frequency of 50 Hz. After this, the minimum fluidization velocity increased again and 

leveled off at sound frequencies higher than 100 Hz. The standing wave patterns 

obtained in this study at different sound frequencies are presented in Fig. 5.8. It can be 

seen that with the change in the sound frequency, the standing wave pattern and the SPL 
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their average values (Table 5.1). This caused the minimum fluidization velocity to be 

the lowest at this particular sound frequency (Table 5.1). As for other sound frequency 

values, even though the standing wave patterns were different, the average value of the 

SPL, as demonstrated in Table 5.1, was found to be approximately the same and, hence, 

the minimum fluidization velocity.  

 

The important conclusion from the use of the standing wave characteristics to explain 

the variation in the minimum fluidization velocity with the sound properties is that the 

point of local minima of the minimum fluidization velocity can be several points, that 

is, wherever the kh values hit the critical points, as calculated by Eq. (3.11). And, this is 

more pronounced than the explanation using the resonance behavior between the 

standing wave frequency and the bed natural frequency, where there existed only a 

single resonance point and only one value of the local minima of the minimum 

fluidization velocity was possible. 
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Fig. 5.8Sound Pressure Level along Distance for Fixed Bed from Distributor at 

Different Sound Frequencies: (a) f = 50 Hz, 80 Hz, and 100 Hz; and (b) f = 300 Hz and 

500 Hz 
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Table5.1Summary of Standing Wave Properties and Corresponding Minimum 

Fluidization Velocities  

Sound frequency 

(Hz) 

kh Harmonic number 

(n) 

Average SPL 

(dB) 

Umf 

(mm/s) 

50 π/2 1 108.15 0.750 

80 1.73π/2 1 74.52 0.956 

100 2.26π/2 2 76.02 1.100 

300 6.22π/2 4 75.13 1.100 

500 10.36π/2 6 76.59 1.100 

 

5.5 Fixed bed pressure drop correlation for sound-assisted fluidization 

The analysis was based on the force-balance principle, and Fig. 5.9 shows the schematic 

diagram of the forces asserted on the particle under the fluid flow and the sound wave 

pressure. 

 

 

 

 

 

 

Fig. 5.9The schematic diagram of the forces asserted on the particle under fluid flow 

and sound wave pressure 
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According to Fig. 5.9, the force-balance can be presented as given in Eq. (5.1) 

  maewacfdf =++ 16 (5.1) 

when 

  ewwbf =+ . (5.2) 

For fixed bed, the pressure drop was contributed by the drag force due to the flowing of 

the fluid and the drag force due to the gas oscillation velocity (uac) on the sound wave 

field called “acoustic force.” These two forces can be defined in terms of the pressure 

drop, using Eqs. (5.3) and (5.4). 

  

dP
)1(L6

3
Pd

df ∆
ε−

επ
=  (5.4) 

and 

  

acP
)1(L6

3
Pd

acf ∆
ε−

επ
=  (5.5) 

Therefore, the fixed bed pressure drop can be written as follows: 

  acPdPP ∆+∆=∆  (5.6) 

According to the drag force correlation purposed by Foscolo et al. (1983), who modified 

the Ergun equation (Ergun, 1952), the pressure drop correlation due to the drag force 

under the field of the flowing fluid and that under the gas oscillation velocity under the 

sound wave field for a distance ∆x is as presented in Eq.(5.7).  
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∆
∆  (5.7) 

For an overall distance L, the fixed bed pressure correlation can be rewritten as follows: 
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The Ergun equation can also be used to represent the pressure drop in the fixed bed for 

the sound-assisted fluidized bed, which is as presented in Eq. (5.9) for a distance ∆x. 
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(5.9) 

For the overall distance L, the fixed bed pressure drop correlation based on the Ergun 

equation can be written as follows: 
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The gas oscillation velocity (uac(x,t)) at distance x along the bed height can be 

calculated according to Eq. (5.11): 

  )ft2sin(AU)t,x(acu π=  (5.11) 

And, 

  












=

refU2
AUlog20SPL  (5.12) 

The average gas oscillation velocity ( 1iacu + ) over the distance ∆x can be calculated as 

  
2

1i)t,x(acui)t,x(acu
1iacu ++
=+  (5.13) 
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5.6 Prediction ability of pressure drop correlations 

The revised Ergun equation and the Ergun equation were used, firstly, for the prediction 

of the fixed bed pressure drop for the conventional fluidized bed. It can be seen from 

Fig. 5.10(a) for the revised Ergun equation (Eq. (5.8)) and Fig. 5.10(b) for the Ergun 

equation (Eq. (5.10)) that without the sound vibration, these two original equations can 

predict perfectly the relation between the fixed bed pressure drop and the inlet 

superficial velocity. However, when the same correlations were used for sound-assisted 

fluidization with a sound pressure level of 80 dB and a sound frequency of 80 Hz, 

deviations between the experimental results and the theoretical prediction were found 

even though the gas oscillation velocity was taken into account in the correlations, as 

presented in Fig. 5.11(a) for the revised Ergun equation (Eq. (5.8)) and Fig. 5.11(b) for 

the Ergun equation (Eq. (5.10)). Therefore, in order to develop the fixed bed pressure 

drop correlations appropriately for sound-assisted fluidization, adjustment of the 

empirical factor of both the correlations is also needed. For the revised Ergun equation, 

the empirical exponential factor should be modified and for the Ergun equation, the 

empirical multiplication factor should be modified. Hence, a general form of the 

correlation should be drawn, as shown in Eq. (5.14) and Eq. (5.15), for the revised 

Ergun equation and the Ergun equation, respectively. 
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Fig. 5.10Comparison between the experimental fixed bed pressure drop from 

conventional fluidized bed and that from (a) revised Ergun equation prediction and (b) 

Ergun equation prediction 
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Fig. 5.11Comparison between the experimental fixed bed pressure drop from sound-

assisted fluidized bed (SPL = 80 dB and f = 80 Hz) and that from (a) the revised Ergun 

equation prediction and (b) the Ergun equation prediction 
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Fig. 5.12Comparison between the experimental fixed bed pressure drop from sound-

assisted fluidized bed and (a) the modified revised Ergun equation prediction (β = 3.05) 

and (b) the modified Ergun equation prediction (Χ = 85) 
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Fig. 5.12(a) and (b) present the experimental fixed bed pressure drop under the sound 

pressure level of 80 dB and sound frequency of 80 Hz from the fluidization and the 

defluidization experiments in comparison with the theoretical predictions from the 

modified revised Ergun equation (Eq. (5.14)) and the modified Ergun equation (Eq. 

(5.15)), respectively, when the empirical factors were used. It is obvious that the 

experimental fixed bed pressure drop was coinciding more with its corresponding 

theoretical predictions. Besides, it was also found that the empirical values varied with 

the sound frequency, as shown in Figs.5.13and 5.14. Fig. 5.13shows the variation in the 

empirical exponential factor (β) for the modified revised Ergun equation (Eq. (5.14)). 

Fig. 5.14shows the variation in the empirical multiplication factor for the modified 

Ergun equation (Eq. (5.15)).  

 

 

Fig. 5.13Variation in the empirical exponential factor (β) for the modified revised 

Ergun equation (Eq. (28)) 
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Fig. 5.14Variation in the empirical multiplication factor for the modified Ergun 

equation (Eq. (29)) 

 

For both cases, the linear relation between the factor and the sound frequency were 

found. Additionally, the closure equations were purposed in Eq. (5.16) and (Eq. (5.17). 

 

The closure equation for the modified revised Ergun equation is as follows: 

  7092.1)f(0162.0 +=β . (5.16) 

And, the closure equation for the modified Ergun equation is as follows: 

  263.30)f(3974.1 −=Χ . (5.17) 
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5.7 Prediction of total bed voidage and dense phase properties using bed collapse 

model 

An interpretation of εo, εd and Ud from 1-valve and 2-valve bed collapse curves for a 

homogeneous expanded bed and a bubbling bed has been explained thoroughly in 

Cherntongchai and Brandani (2005). 

 

Fig. 5.151-valve and 2-valved bed collapse curves and model predictions for 

homogenous expanded bed in sound assisted fluidized bed at SPL = 80 dB and f = 100 

Hz 

 

Fig. 5.15 was the bed collapse curves for the homogeneous expanded bed where there is 

no bubble escape stage. And, the y-intercept from the 1-valve bed collapse curve was 

used to determine the correct εd. Then, Ud, equivalent to Uo, was used to predict 

correctly the entire 1-valve collapse curve. The 2-valve collapse curve was fully 

predicted using εd and Ud obtained from the 1-valve bed collapse curve. By this way, 

the set of εd and Ud was re-validated. 
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The bubbling bed collapse curves were presented in Fig. 5.16. εo was selected to match 

with the bubble escape time. εd was acquired from the y-intercept of the 1-valve 

sedimentation state linear extrapolation and Ud was iterated to match the predicted 1-

valve sedimentation curve with the experimental curve. As for the homogeneous bed, 

the entire 2-valve collapse curve was predicted using the same set of εo, εd and Ud. 

 

Fig. 5.161-valve and 2-valved bed collapse curves and model predictions for bubbling 

bed in sound assisted fluidized bed at SPL = 80 dB and f = 100 Hz 

 

5.8 Total bed voidage and dense phase properties 

An aspect of the bed expansion in the sound assisted fluidization has been published by 

some previous works using the visual observation (Russo et al., 1995; Herrera and 

Levy, 2001; Zhu et al., 2004; Ammendola and Chirone, 2010; Ammendola et al., 2011; 

Kaliyaperumal et al., 2011; Langde and Sonolikar, 2011; Raganati et al., 2014). The 
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or the bed expansion ratio obtained visually. And, there was the increase of the bed 

expansion ratio in the sound assisted fluidization, in comparison with the conventional 

fluidization. In addition, based on the expansion ratio, the other works reported the 

existing of the maximum bed expansion at the resonance frequency, usually at 120 Hz. 

(Ammendola and Chirone, 2010; Kaliyaperumal et al., 2011; Langde and Sonolikar, 

2011) 

 

Fig. 5.17Total bed voidage and inlet superficial velocity relation for conventional 

fluidization and sound assisted fluidization at SPL = 80 dB and sound frequency = 100 

Hz 

 

Our work using the more accurate method on defining the bed expansion characteristics, 

as mentioned above. We have found in contrary, for the sound assisted fluidization and 
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decrease with increasing the inlet superficial velocity. At a certain inlet superficial 

velocity, the total bed voidage reached the minimum and, then, started to increase again. 

And, this same pattern of variation was also found for the relation between the dense 

phase voidage and the inlet superficial velocity for both the conventional and the sound 

assisted fluidization of different sound found frequency (Figs.5.18 and 5.19). 

 

Fig. 5.18Dense phase voidage and inlet superficial velocity relation for conventional 

fluidization and sound assisted fluidization at SPL = 80 db and sound frequency = 100 

Hz 

 

It was also proved in our work that the application of the sound vibrational force 

reduced the dense voidage, as well as the total bed voidage, in comparison with those of 

the conventional fluidization (Figs.5.17,5.18 and5.19). Besides, under the variation of 

the sound frequency, the dense phase voidage with respect to the inlet superficial 

velocity were considered to be randomly distributed over approximately the same 

values (Fig. 5.19).  
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Fig. 5.20 presented the relation between the dense phase voidage and the dense phase 

superficial velocity. It was found to be failed on the same trend for both the 

conventional and the sound assisted fluidization. Even, the dense phase voidage with 

respect to the inlet superficial velocity (Fig. 5.18 and Fig. 5.19) were different, 

including those for the homogeneous expanded bed.  

 

An explanation of the change of the total bed voidage and the dense phase voidage 

under the sound vibrational force field was similar to many other reports due to the 

rearrangement of the bed structure. However, from our results, it was possible to further 

explain that the gas oscillation under the sound vibrational induced more cavities or 

bubble phase in the fluidizing bed, and the structure of the dense phase was remained. 

Therefore, the same force equilibrium relation existed for both systems of fluidization.  

 

Fig. 5.19Dense phase voidage and inlet superficial velocity relation for conventional 

fluidization and sound assisted fluidization at SPL = 80 dB and sound frequency = 50 

Hz, 80 Hz, 100 Hz and 300 Hz 
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Fig. 5.20Dense phase voidage and inlet superficial velocity relation for sound assisted 

fluidization at SPL = 80 dB and sound frequency = 50 Hz, 80 Hz, 100 Hz and 300 Hz 

 

5.9 Validation of drag force correlation 

It is well known that the drag force is the key component on describing the fluidization 

characteristics. One of which is the revised Ergun drag force correlation (Foscolo et al., 
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range of flow regime. And, it was proved by Cherntongchai and Brandani (2013) that to 

apply this correlation more accurately the empirical β should be applied. Therefore, they 

proposed the modified revised Ergun equation, as presented in Eq. (5.18) and suggested 

β value from this work was 4.21 for the conventional fluidization. At equilibrium 

condition, this drag force correlation is equaled to an effective weight (Eq. (5.19)). 

Hence, the relation between the dense phase voidage and its superficial velocity can be 

described. 
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  β−εε−
ρ

= )1(2UDC
Pd
F

3
4

DF  (5.18) 

At equilibrium, Eq. (20) is equaled to Eq. (21) 

  g)1)(FP(DF ε−ρ−ρε=  (5.19) 

 

Richardzon and Zaki expansion law (Richardson and Zaki, 1954) (Eq. (5.20)) is also a 

basic correlation used to describe the relation between the dense phase voidage and its 

superficial velocity.  

  'n
dtU

dU
ε=  (5.20) 

And, the empirical Richardson and Zaki index (n’) was recommended, especially for 

gas fluidization.  For a sound assisted fluidization, Ammendola et al. (2011) worked 

with the homogeneous bed expansion data and gave the suggested value at 

approximately 5. While n index will be experimentally defined, terminal falling velocity 

(Ut) can be calculated from Eq. (5.21). (Dallavalle, 1948). 
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Fig. 5.21Empirical exponential factor of revised Ergun correlation for conventional 

fluidization and sound assisted fluidization at various sound frequency and SPL = 80 dB 

 

Fig. 5.21 showed that the empirical β values of the revised Ergun correlation for the 

conventional fluidization and the sound assisted fluidization at different sound 

frequency were distributed over the same average value (β = 4.27). This was 

considerably very close to the value suggested by Cherntongchai and Brandani (2013) 

(β=4.21).  
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Fig. 5.22Empirical Richardson and Zaki index (n’) for conventional fluidization and 

sound assisted fluidization at various sound frequency and SPL = 80 dB 

 

Fig. 5.22 presented empirical n index for the Richardson and Zaki expansion law. As for 

the drag force correlation, the n index of the conventional fluidization and those of the 

sound assisted fluidization at different sound frequency were failed on the same average 

value (n’ = 5.19)  

 

Fig. 5.23 showed a good agreement between the prediction by the modified revised 

Ergun correlation (β = 4.27) and the empirical Richardson and Zaki correlation (n’ = 

5.17) for the conventional fluidization and the sound assisted fluidization at sound 

pressure level of 80 dB and sound frequency of 50-300 Hz. 
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Fig. 5.23Predictability of modified revised Ergun correlation and Richardson and Zaki 

correlation using empirical Richardson and Zaki index  for conventional fluidization 

and sound assisted fluidization at various sound frequency and SPL = 80 dB 

 

It is enable us to conclude that the sound vibration force tended to initiate the cavity or 

the bubble in the sound assisted fluidized bed rather than causing the change in the 

dense phase voidage and its superficial velocity relation. Hence, the force equilibrium in 

the dense phase for the sound assisted fluidized bed is remained as that for the 

conventional fluidization and the same drag force correlation or the bed expansion law 

can be applied.  
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5.10 Minimum bubbling point 

A visual observation is the most common method used for an identification of a 

minimum bubbling point. However, it has been generally known that this method gives 

a very degree of uncertainty. By definition, the minimum bubbling point is the point 

where the very first bubble appears in the particle bed and the dense phase expansion is 

the highest. To define the minimum bubbling point, it was recommended to use the plot 

between the dense phase voidage and its superficial velocity (Cherntongchai and 

Brandani, 2013) and the minimum bubbling point was defined at the maximum dense 

phase expansion point (Fig. 5.24).  

 

Fig. 5.24Minimum bubbling point identification for the sound assisted fluidization at 

sound pressure level = 80 dB and sound frequency = 100 Hz 
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Fig. 5.25Minimum bubbling voidage for conventional fluidization and sound assisted 

fluidization at various sound frequency and SPL = 80 dB 

 

Fig. 5.25 showed that the minimum bubbling voidages (εmb) of the conventional 

fluidization (f = 0 Hz) and the sound assisted fluidization (f = 50-300 Hz) were 

distributed on the same average value (εmb=0.54). Accordingly, their minimum bubbling 

velocities (Fig. 5.26) was distributed on the average value (Umb = 2.714 mm/s). This 

means the sound vibrational force within the range of our study does not affect the bed 

stability. It rather imparts the effect of creating a premature bubbling in the 

homogeneous expanded bed or a more bubble fraction in the bubbling bed. 
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Fig. 5.26Minimum bubbling velocity for conventional fluidization and sound assisted 

fluidization at various sound frequency and SPL = 80 dB 

 

5.11 Prediction of minimum bubbling point for sound assisted fluidization 

The transition from the particulate to the bubbling beds is considered to be an instability 

problem. The stability criterion developed by Brandani and Zhang (2006)required a 

correct knowledge of the characteristic length and the drag force correlation. By 

Cherntongchai and Brandani (2013), the modified revised Ergun drag force correlation 

was recommended and the characteristic length (δ/dp) as a function of a voidage was 

purposed. In this work, the stability criterion of Brandani and Zhang (2006), with a 

combination the modified revised Ergun drag force correlation and a voidage 

dependency of the characteristic (δ/dp) will be used for a prediction of the minimum 

bubbling point in a system of the sound assisted fluidization.  
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The stability criterion can be summarized as follows(Cherntongchai and Brandani, 

2013); 

  DUU =ε  (5.23) 
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VG2VDU +−=  (5.25) 

Where β = 4.27 and the Dallavalle equation (Dallavalle, 1948) is used for the drag 

coefficient. 
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The empirical correlation for the characteristic length (δ/dP) as function of the voidage 

is; 
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Table 5.2Comparison between model prediction and experimental minimum bubbling 

point for sound assisted fluidization at various sound frequency and SPL = 80 dB 

Sound 

pressure level 

(dB) 

Sound 

frequency 

(Hz) 

Experimental average values Model prediction 

εmb Umb  

(mm/s) 

εmb Umb 

(mm/s) 

80 50-300 0.54 2.714 0.53 2.671 

 

It was presented in Table 5.2. that the new stability purposed by Cherntongchai and 

Brandani (2013) can be predicted excellently the minimum bubbling point of Geldart’s 

group A powder in the sound assisted fluidization. 
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CHAPTER 6:CONCLUSIONS 

Hydrodynamics behaviors of a sound-assisted fluidization of fine powder (Geldart’s 

group A powder) under effects sound wave properties were investigated. And, standing 

wave characteristics were employed to explain the hydrodynamic behavior of sound-

assisted fluidization of the fine powder under different inlet superficial velocities and 

sound frequencies ranging from 0 Hz to 500 Hz at a fixed sound pressure level of 80 

dB.   

 

It can be concluded that due to the exponential and periodic variation of the vibration 

strength of the standing wave with the sound properties, the minimum fluidization 

velocity was varied in the same manner. Besides, it can be pointed out that the local 

minima of the minimum fluidization velocities were, thus, multiple values rather than a 

single value. To this end, fixed bed pressure drop correlations, based on the revised 

Ergun equation and the Ergun equation, for sound-assisted fluidization were purposed, 

where the gas oscillation velocity, calculated using the standing wave theory, was taken 

into account. It was found that even when the gas oscillation velocity is included, the 

original revised Ergun equation and the original Ergun equation cannot be used to 

describe the fixed bed pressure drop in a sound-assisted fluidized bed unless the 

empirical exponential factor for the revised Ergun equation and the empirical 

multiplication factor for the Ergun equation are used. In addition, it was observed that 

these two empirical factors were not a constant value but varied linearly with the sound 

frequency. Hence, the purposed correlations and their corresponding empirical closure 

equations can be concluded as follows: 
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1. Modified revised Ergun equation for the fixed bed pressure drop in sound-

assisted fluidization: 

( ) β−ε
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2. Modified Ergun equation for the fixed bed pressure drop in sound-assisted 

fluidization: 
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263.30)f(3974.1 −=Χ . 

 

Intrinsic bed expansion characteristics of Geldart’s group A powder in the sound 

assisted fluidization of a fixed sound pressure level and a varied sound frequency was 

also investigated. To obtain an accurate bed expansion data, the 1-valve and 2-valve bed 

collapse experiment was carried out and the bed collapse model was used to interpret 

correctly the bed collapse curves. The bed expansion characteristics were found 

differently from previous reports. And, the following points can be concluded; 

1. A total bed voidage and a bed voidage for the sound assisted fluidization were 

varied with an inlet superficial velocity in the same fashion as those for a 

conventional fluidization.  
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2. The voidage with respect to the inlet superficial velocity of the sound assisted 

fluidization was found to be lower than that of the conventional fluidization.  

3. A dense phase voidage and its superficial velocity relations of the sound assisted 

fluidization at different sound frequency were found to be approximately on the 

same trend as that for the conventional fluidization.  

4. A minimum bubbling point, defined using the dense phase voidage and dense 

phase superficial velocity characteristic curve, was also unaffected by the sound 

vibration force.  

 

This suggested that an addition of sound vibrational force tended to create more cavity 

or bubble phase in the fluidized bed, rather than changing a hydrodynamics relation in 

the dense phase. Therefore, the same equilibrium of force can still be used to describe 

both systems of fluidization. Besides, the stability criteria can be applied for both 

systems. Finally, it was proved that the modified revised Ergun drag force correlation 

can describe well the dense phase voidage and the dense phase superficial velocity 

characteristic curves. And, the stability criterion purposed by Cherntongchai and 

Brandani (2013) can predict excellently the minimum bubbling points. 
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