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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
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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 Aninlet 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. Qutputs
4.1 International conference
e Cherntongchai, P., Hydrodynamics of Sound Assisted Fluidization of Rigid-
microsized Powder, 2017AIChE Annual Meeting, October 29 - November 3,

2017, Minneapolis, MN, USA.(Oral presentation)

14



4.2 International publications
e 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).
e 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 (m?)

B = Constant depending on boundary condition
Co = Drag coefficient

Co = Standing wave velocity in fluidization media (m/s)
dp = Mean particle size (m)

Fo = Drag force of particles in suspension/volume (kg/m?s?)
f = Sound frequency (Hz)

fe = Critical frequency (Hz)

g = Acceleration of gravity (m2/s)

h = Total bed height (m)

[ = 1,2,3,...n

Kq = Bulk modulus of nitrogen gas = 117x10° Pa
Ko = Bulk modulus of glass bead = 40x10° Pa

k = Wave number = 2xf/C,

L = Bed height (m)

Lc = Column height (m)

Lo = Total bed height from distributor (m)

Ly = Height of Zonel from distributor (m)

L, = Height of Zone 2 from distributor (m)

n = Harmonic number

n’ = Richardson and Zaki index

Pam =  Atmospheric pressure (Pa)



O
=
@D
@

Qv =

Qwindbox=

Rep =

SPL =
t =

toub =

Ua =
Up =
Uyg =
Udgs =

Umb =

Source amplitude at surface boundary at x=h (Pa)

2x10"° Pa

Root mean square of sound pressure (Pa)

Pressure (Pa)

Absolute pressure in a windbox (Pa)

Volumetric flow rate of gas through discharge valve (m*/s)

Volumetric flow rate of gas at windbox pressure (m*/s)

dpUpe
HF

Particle Reynold number =

Sound pressure level (dB)

Time (S)

Bubble escape time (s)

Superficial velocity (m/s)

Amplitude of gas oscillation velocity (4.83x10* m/s)
Dynamic wave velocity (m/s)

Dense phase superficial velocity (m/s)

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

Minimum bubbling velocity (m/s)
Reference velocity (m/s)
Terminal falling velocity (m/s)
Inlet superficial velocity (m/s)
Zone 1 superficial velocity (m/s)
Continuity wave velocity (m/s)
Gas oscillation velocity (m/s)

Average gas oscillation velocity over distance Ax(m/s)
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Vi = Windbox volume (m®)

X = Axial displacement of wave propagation (m)

Greek letters

§ = Exponential factor for modified revised Ergun correlation
AP = Piezometric pressure drop (Pa)

APy = Pressure drop due to acoustic force(Pa)
APy = Pressure drop due to drag force(Pa)

) = Characteristic length (m)

€ = Bed voidage

€4 = Dense phase voidage

Efixed = Fixed bed voidage

Emb = Minimum bubbling voidage

Emf = Minimum fluidization voidage

€o = Total bed voidage

€1 = Zone 1 bed voidage

€2 = Zone 2 bed voidage

PF = Fluid density(kg/m®)

Py = Gas density of nitrogen = 1.21 kg/m®

Pp = Particle density of glass bead = 2432 kg/m*
0 = Phase angle

® = Angular frequency

irs = Fluid viscosity (kg/m.s)



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.

1.20bjectives
e To extend level of understanding on hydrodynamics behaviors fine particles in

sound assisted fluidization.

e 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;

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

bubbling bed (=~ 0-50 L/min)
e Asound pressure level (80 dB)

e 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 CO, partial pressure, the sound
pressure level and the sound frequency on the fluidization quality using the bed
expansion ratio for the COadsorption 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:

82p 1 azp
2 2.2 @1
OX e” ot
A known solution to the above equation is as follows:
p(x, 1) = Ae~ J(©L=kX) (32)

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 (pj1) reaches the interface between the nitrogen and the fluidized
bed. A fraction of the incident wave is reflected (py1) and the rest (p;) 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 (Py,) 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 Eg. (3.3):

p(X,t) _ Ae—j((l)t—kX) n Be—j(o)t—kx+9) (33)

The amplitude |p(x,t)| can be written as follows:
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Fig. 3.1Standing wave pattern in the fluidization media

At x=h, the pressure was

p(h,t) = Pg; cos ot

Pslis related to the sound pressure level as

SPL = —201og[p‘-"'f'f's
Pref

were in phase (6=0), the resulting standing wave amplitude becomes

‘p(x,t)‘ =2Av cos? kx

Porous distributor plate

(3.4)

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

(3.5)

(3.6)

(3.7)
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Pt _ P

P = 3.8
rms \/E \/E ( )
Thus, the pressure distribution becomes
cos? kx
p(X,t) = Pfg cos ot (3.9
cos“ kh
And,
2
Ip(x, ] = Prs, | (310)
cos“ kh
Ip(x,1)| is very large when cos(kh) = 0, which occurs at
kh :(2n—l)g,forn =1,2... (3.11)

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

follows:

fe =L4‘DCT°,forn =12... (3.12)

e -9
. Kg Kp (3.13)

epg +(1-¢)pp
The value of |p(x,t)| can be interchanged using Egs. (3.7), (3.8), and (3.10), and this

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

calculated thus:

Ugc (X, 1) = U a sin(2xft) = U p sin(kx) (3.14)
And,
Ua
SPL =20log (3.15)
LEU ref }
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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 |p(x,t)| 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<tp,,(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 (e = &) is the bubbling bed zone,
extended from L, to L;. This zone is diminished with time due to the escape of the
bubbles and the falling down of L, together with the growing up of L;. Zone 1 (¢ = ;=
€q) IS the homogeneous expanded zone, extended from L; to L, where both L; and L,
moved upward. Zone 2 (g = €= &fixeq) 1S the fixed bed zone, formed up from t=0 and
growth upward all along the collapsing process. At t= ty,p, all bubbles disappear and the
bed collapse structure is of 2 zone as shown in Fig. 3.2(b). From t>ty,(Fig. 3.2(c)), at
this stage is called “a sedimentation stage”. L; is falling down while L, keep growing
upward. And, the bed collapse process ends when L; = L,. During the entire bed

collapse process, the gas flows through the bed are from the gas residue in the windbox
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and the gas generated at the interface L,, 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.
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0
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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 &; (e; = g4) according to a gas velocity Uy

(U1 = Uy).

The bed collapse model can be summarized as follows;
3.2.1 Sedimentation stage

1-valve configuration
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dLq

a1y u 3.16

" dis d (3.16)

dlp _ (-&1)(Udis —Ud) (3.17)

dt (e1-¢2) |

_Pw _ Pw i Area (3.18)
dt Vi

The bed collapse model can be solved through integration of Egs. (3.16) - (3.18),
simultaneously. Ugis 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 L; is L, and for L, is zero:

APpDjst = (Pw —Patm) —PFILc — AP — AP (3.19)
APy =(pp —pF)d-¢€1)(L1 - L2)g (3.20)
AP =f(Udis) (3.21)
2-valve configuration
dﬂ=iUdis - Ug (3.22)
dt
dLr (1-¢1)(Ugis £ U
2 _ (-&1)(Udis +Ud) (3.23)
dt (e1—¢€2)
d
_M:p_w(iudiSArea'i‘QV) (324)
dt Vi
APpjst = (Pw —Patm) —PFILc — AP £ AP (3.25)

The solution of the model equations requires the knowledge of the discharge valve
pressure drop. A positive sign in Egs. (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.

dL
—0 — Ugis - Ug (3.26)

dt
APDist = (Pw —Patm) —PFILc — APg — APy —AP) (3.27)
APy = (pp —pF)(1—¢0)(Lo —L1)9 (3.28)

Eq. (3.26) has to be integrated simultaneously with Egs. (3.16) — (3.18). Ugis can be

calculated using Eq. (3.27). The initial condition for L, and L, 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 L. 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, Uy is calculated based firstly on the assumption that zone 1 can exist
using Eg. (3.29)

Ug =e1(xUgjs) + (1 —1)Uqg (3.29)

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

expressed as follows;

dL
—9 —Uygis -Ug (3.30)
dt
APDjst = (Pw —Patm) —pf9ILc —APg — AP £ AP (3.31)

Eqg. (3.30) has to be integrated simultaneously with Egs. (3.22) — (3.24).
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If U; is less than zero, the zone 1 cannot exist. In this case Eq. (3.30) has to be

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

dly _ (d-20)(Uo —Udis)
dt (60 —£2)

(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 Fixed bed pressure drop
Distributor pressure drop Bed voidage, &,
Discharge valve pressure drop Dense phase voidage, &4

Fixed bed voidage, ¢,
Inlet superficial velocity, U,
Dense phase superficial velocity, Uy

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:

e Introducing the system configuration, fixed bed pressure drop, €, €2 and U,

e Initial estimate of g4
- APpis/ APgeg<1, y-intercept of 1-valve sedimentation curve gives the correct &g.
- APpisAPgeg>1, y-intercept of 2-valve sedimentation curve gives the correct gq.

e Evaluation of Uy
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- APpis/APgeg<l1, the correct Uy is selected iteratively until the experimental 1-
valve sedimentation curve is fitted with the model prediction.
- APpis/APgeg>1, the correct Uy is selected iteratively until the experimental 2-
valve sedimentation curve is fitted with the model prediction.
e Re-validation of g4 and Uy
gg and Uq from the 1-valve collapse curve (APpis/APgeg<1) are used to predict the entire
experimental 2-valve sedimentation collapse curve to validate the values obtained. On
the contrary, for g4 and Uy obtained from the 2-valve collapse curve (APpis/APgeg>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 ¢, interpretation. g,
was selected to fit the bubble escape time of the 1-valve collapse curve (APpis/APgeg<1).
The &,, €4 and Uy 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, ¢, selected from the 2-valve collapse curve for APpis/APgeg>1, the €, €4 and Uy
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

Function generator and
Rotameter sound amplifier

N, cylinder
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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
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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 Egs. (4.1) and (4.2), respectively

APDijst (kPa) = 2.28Q\windbox (4.1)

APy (kPa) = 0.0008Q% i +0.0046QWindbox (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 Average particle diameter
(kg/m®) (um)
Glass ballotini 2,432 32.61
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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

Sound pressure level

Sound frequency

(mm/s) (dB) (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
(@)) 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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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

Egs.(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 ©/2 and kh from r/2 to = 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
n/2. In addition, it has been illustrated that SPL increases with kh. Besides, when kh
approached n/2, there appeared to be a rapid increase in the SPL, and the maximum
SPL was found at kh = 0.997/2. In contrast, for kh from n/2 to = (Fig. 5.6(b)), there
appeared to be one trough for kh >n/2, but there was no trough at kh = n/2. With
increasing kh, the trough tends to move toward the distributor. In addition, at kh=n/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 SPL, with kh: the figure illustrates that there was a
critical kh value for each harmonic number that gave a high magnitude of SPL,. For
n=1 (0<kh<mr), the critical kh is at ©/2 and for n=2 (n<kh<2r), the critical kh is at 37/2,
according to Eq. (3.11). In addition, for each harmonic number, SPL, 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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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
magnitude had changed in accordance with the explanation, as described above. At the
sound frequency of 50 Hz, the SPL magnitude along the distance x of the standing wave

was the highest in comparison with those of all the other sound frequencies as well as
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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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Table5.1Summary of Standing Wave Properties and Corresponding Minimum

Fluidization Velocities

Sound frequency kh Harmonic number Average SPL Unn¢
(H2) (n) (dB) (mm/s)
50 /2 1 108.15 0.750
80 1.73w/2 1 7452 0.956
100 2.26m/2 2 76.02 1.100
300 6.227/2 4 75.13 1.100
500 10.367/2 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.

fd+fac
fq =Drag force
f.c = Acoustic force

f, =Buoyancy force

T + flow

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)
fg +fac +We =mal6 (5.1)
when
fp+w=weg. (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 (us) on the sound wave

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

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

fq = %A% (5.4)
and
3
fac = %AP% (55)
Therefore, the fixed bed pressure drop can be written as follows:
AP = AP + APy (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 Ax is as presented in Eq.(5.7).

) 0336((Ug/e)?+T2 )
17,

AP PE (1-¢)[17.3u £ (Ug /€) +Tgac;, acit1’ | -38 (57)

AX d d

P PPF &

For an overall distance L, the fixed bed pressure correlation can be rewritten as follows:
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Ap_pF(l—S
AX d
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(5.8)

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 AX.

2, =2
AP 150(Uo /&) +Uac Jup -g? PP WUolel™H T )y
ax 2,2 2 " d (5.9)
Ax 9c0sd5 g gcosdp € -
For the overall distance L, the fixed bed pressure drop correlation based on the Ergun
equation can be written as follows:
_ 2 =2
150(Z(U0/8)i+1+2Uac- )Llf 175pf (Z(Uolﬁ) +Zu . )
AP i T 192 i LT I 1-g)
AX gc¢§d% g2 gchsd p €
(5.10)

The gas oscillation velocity (ua(x,t)) at distance x along the bed height can be

calculated according to Eq. (5.11):

Uac (X, 1) = U A sin(2nft) (5.11)
And,
Ua
SPL =20log (5.12)
V2U ref

The average gas oscillation velocity (U, 1) over the distance Ax can be calculated as

= Ugc (X, t)j +Ugc(X,t)j+1
Uacjy1 = = I+ (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 (Eg. (5.8)) and Fig. 5.10(b) for the Ergun
equation (Eqg. (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 (Eqg. (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.

)]_7_3”':(Zi:(UO/s)i+1+Zi:UaCi+1) 0.336(%(u0/s)i2+1+%u2 )

o et + )]
AX dP deF €
(5.14)
_ 2 =2
X(XZ(Ug le)j41 + X Uge; 1.75 Ug/e):, ., +2T
(%( o/8)i+1 le acj;1 M E 1-)? P,:(%( o/e)iq % aCi+1)(1_g)
AX gc(béd% g2 gcdsd p 8
(5.15)
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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 (Eg. (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 (B) for the modified revised Ergun equation (Eqg. (5.14)).
Fig. 5.14shows the variation in the empirical multiplication factor for the modified

Ergun equation (Eq. (5.15)).
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Fig. 5.13Variation in the empirical exponential factor (3) for the modified revised

Ergun equation (Eq. (28))
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For both cases, the linear relation between the factor and the sound frequency were

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

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

B =0.0162(f)+1.7092. (5.16)

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

X =1.3974(f) —-30.263. (5.17)
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5.7 Prediction of total bed voidage and dense phase properties using bed collapse
model

An interpretation of &, &g and Uy 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).
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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 4. Then, Uy, equivalent to U, was used to predict
correctly the entire 1-valve collapse curve. The 2-valve collapse curve was fully
predicted using g4 and Ug obtained from the 1-valve bed collapse curve. By this way,

the set of g4 and Uq was re-validated.
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The bubbling bed collapse curves were presented in Fig. 5.16. g, was selected to match
with the bubble escape time. ¢4 was acquired from the y-intercept of the 1-valve
sedimentation state linear extrapolation and Uy 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 &, €5 and Uy.
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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
previous works(Russo et al., 1995; Langde and Sonolikar, 2011) stated that there was a

non-monotonically increase with the inlet superficial velocity of the overall bed voidage
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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)
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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
the conventional fluidization that the total bed voidage increased with the inlet
superficial velocity in the homogeneous expanded bed(Fig. 5.17). After the minimum
bubbling point, where the dense phase voidage is the highest, the total bed voidage
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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).
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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.
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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.,
1983) This correlation was applicable for the fixed bed to the fluidized bed for an entire
range of flow regime. And, it was proved by Cherntongchai and Brandani (2013) that to
apply this correlation more accurately the empirical f should be applied. Therefore, they
proposed the modified revised Ergun equation, as presented in Eg. (5.18) and suggested
B 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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4pF 2 —B
Fp =———CpU“(-
D=3 dp DU (1-¢)e (5.18)

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

Fp =e(pp —pF)(1-¢)g (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
. =&y (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

(Uy) can be calculated from Eq. (5.21). (Dallavalle, 1948).

2
Ut =(—3.809+\/3.8092 +1.832«/Ar] _HE_ (5.21)
prdp
Where;
3 _PP-PF
Ar=gdppr 5 (5.22)
HE
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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 B 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 (B = 4.27). This was
considerably very close to the value suggested by Cherntongchai and Brandani (2013)

(B=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 (0’ =5.19)

Fig. 5.23 showed a good agreement between the prediction by the modified revised
Ergun correlation (B = 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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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).

6 T
f =100 Hz I .U0<Umb
U = 2.67 mm/s :
51 &m =0.533 | OUo>Umb
|
|
4 |
|
- |
L L . o
E 3 | Minimum bubbling point |
E |
> 2 m o !
[ |:|D :
|
|
1 !
|
|
O 1 1 1 1 1 I 1 1 1
042 044 046 048 050 052 054 056 058 0.60
€4

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 (emp) Of the conventional
fluidization (f = 0 Hz) and the sound assisted fluidization (f = 50-300 Hz) were
distributed on the same average value (emp=0.54). Accordingly, their minimum bubbling
velocities (Fig. 5.26) was distributed on the average value (Um, = 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 (3/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 (&/d,) 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);

Ug =Up (5.23)
ou 1-g  (B+HU

agJEqu” e 5, dCp Rep (5.24)
dRep Cp

Up =VV2 -G +V (5.25)

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

Ug = (1—8)[

coefficient.
Cp =|0.63+ 4.8 (5.26)
+Rep
1- U
v==—%__ PF (5.27)

¢ epp +(1-¢)pF

l-¢
TPFUZ -3[(L-€)pp +epFlg

ot (5.28)

epp +(1-¢€)pF
The empirical correlation for the characteristic length (6/dp) as function of the voidage
Is;

di =055+ 3.O[exp_42(8_8 mf )} (5.29)
P
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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 Sound Experimental average values Model prediction
pressure level frequency Emb Unnp €mb Umb
(dB) (H2) (mm/s) (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:

17.3uf (S (Uo /)i +1+STac;, 1) 0336(S(Ug /e)2,  +3T2. )
| I I

AP _ pf (L-¢) [ N acj+1 B,
AX dp dppf &
where

B =0.0162(f) +1.7092

2. Modified Ergun equation for the fixed bed pressure drop in sound-assisted

fluidization:
_ 2 =2
X Upg/e)jr1 + > Ugqe: 1.75 Ug/e)s ., +>U
(%( o/8)i+1 % acj,q JHf 1 6)2 Pf(%( o/€)iq % aCi+1)(1_g)
AX 9c63d3 e 9edsdp £

where

X =1.3974(f) — 30.263.

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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Hydrodynamics of Sound Assisted Fluidization of Rigid-microsized Powder
Cherntongchai, p.”

Department of Industrial Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand

Abstract

An objective of this work was to investigate hydrodynamic behaviors of sound-assisted
fluidization of rigid-microsized powder under different inlet superficial velocity and sound
frequency ranging from 0-500 Hz at a fixed sound pressure level of 80 dB. The hydrodynamics
behaviors were observed such as a fixed bed pressure drop, a total bed pressure drop, an incipient
fluidization velocity and a complete fluidization velocity (a minimum fluidization velocity). It
was found that the fixed bed pressure drop increased with sound frequency, in comparison with a
normal fluidization. The complete fluidization velocity was significantly decreased with
increasing sound frequency and the minimum value was found at sound critical frequency of 80
Hz. Then, the values were increased again and leveled off. This pattern of variation was found to
be according to a standing wave sound pressure level characteristic in fluidization medium, when
the magnitude of the sound pressure level changed exponentially and periodically with the
standing wave properties.

Keywords: Fluidization, Hydrodynamic, Bed collapse, Sound assisted, Rigid-microsized powder
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vibrational force caused a change in fluidization hydrodynamics. And, the hydrodynamics of
sound-assisted fluidization are implicitly related to the characteristics of a standing wave traveling
through the fluidizing bed. However, the knowledge of the standing wave characteristics has never
been used to explain the fluidization hydrodynamics observed. In this work, the aim was, therefore,
to apply the knowledge regarding the standing wave characteristics to explain the influence of
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e Knowledge of standing wave characteristics explains quantitatively well a variation
pattern of minimum fluidization velocity with sound properties.

¢ Due to an exponential and a periodic variation of vibration strength of a standing wave
with the sound properties, the minimum fluidization velocity was varied in the same
manner and the local minima of the minimum fluidization velocities were, thus, multiple
values rather than a single value.

e By taken into account gas oscillation velocity, calculated using a standing wave theory,
fixed bed pressure drop correlations for the sound-assisted fluidization, based on revised
Ergun equation and Ergun equation, were purposed, together with their corresponding

empirical closure equations.
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ABSTRACT

An objective of this work was to investigate hydrodynamics behaviors of a sound-assisted
fluidization of Geldart’s group A powder under effects of standing wave characteristics in
which the wave properties were embedded. 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 and a complete fluidization velocity (a minimum
fluidization veloeity). 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 30 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
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of the sound pressure level varied exponentially around the critical 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 veloeity caused by a particular patten 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.

KEYWORDS: Sound, Fluidization, Hydrodynamics, Standing wave, Sound frequency,

Pressure drop

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 the bottom 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 improve the quality of fluidization
since 1955 by Morse for the fluidization of Geldart’s group C/A powders, as well as in the
works of Kalivaperumal 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
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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 by
Escudero 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.
Upon focusing on the fixed bed region and the transition from the fixed to the fluidized bed
under the effect of sound waves, there appeared a range from the incipient fluidization stage
to the complete fluidization stage, as 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 in the 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; Kalivaperumal 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.
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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.. 20035:
Kaliyaperumal et al., 2011; Russo et al., 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 veloeity.

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)
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also used Stokes” law for drag force under fluid velocity and gas oscillation velocity in force-
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.

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 deseribed
by Herrera et al. (2002). However, the knowledge has never been used to explain the
fluidization characteristics observed. 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. Finally, fixed bed pressure drop correlations for sound-assisted fluidization were
also developed, in which gas oscillation velocity, which wvaries according to the

characteristics of the standing wave. was taken into account.

2. THOERY: Characteristics of 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:

c 1 ¢
2 W
ox s° Ot
A known solution to the above equation is as follows:
p(x. 1) = Ae~H(O1K) @
5

105



123

124

125

126

127

128

129

130

134

135

136

138

139

140

141

142

143

144

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. 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 (piy)
reaches the interface between the nitrogen and the fluidized bed. A fraction of the incident
wave is reflected (p;;) and the rest (p,) 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 (Pp) 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.
(E)2

p(x.1) = Ae~(Ot=kx) | p.—i(ot-kx+0) 3)

The amplitude

p(x 11 can be written as follows:

[p(x. 1) = J(A + 13)2 msz(—kx + %) +(A- 13)2 sin 2(—kx+ %) (4
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Fig. 1. The standing 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

(6=0), the resulting standing wave amplitude becomes

|p(x, t)| =2A4 cos? kx

At x=h, the pressure was

p(h, 1) =Pg cosmt

Py is related to the sound pressure level as

SPL =20 bg[m}
Pref

(©)

9
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p
Pone = —_— @
m T :
Thus, the pressure distribution becomes

2

p(x.1)=Pg cos” kx cos ot (&)
cos“ kh
And.
2052 lx
lp(x-‘t)lzl)& L()Szk_\ (10)
cos“ kh
|p(m_ tj 1s very large when cos(kh) = 0, which occurs at
kh=(2n—1)g,forn=l,2... (11)

This point is called the “critical state.” and the critical frequency can be calculated as follows:

[c=(2n—l)

C—h“,rom=1,2... 12)

-1
Ko Ky

epg +(1 —a)pp

4

(13)
Co=

The value of |p(x,lﬂ can be interchanged using Eqs. (7), (8). and (10), and this would also

enable the gas oscillation velocity (u,.(x.t)) along the bed height to be calculated thus:
uge(x,t) = Usin( 2nft) = Ussin( kx) (14)

And,

U
SPI,=20bg{7 (13)
“EUrel"j|
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Finally, the point is reached at which it is possible to explain the characteristics of

fluidization under the intluence of sound wave properties using the value of |p(x, t)| or Uge(X.1)

of the standing wave.

3. MATERIAL AND METHODS

3.1 Experimental setup

N>

Rotameter

Data acquisition board
and valve switch

N, gas

Function generator and
sound amplifier

Nz

0-

column’
il
=i

oas

Data acquisition program

Pressure transducer

Sound assisted fluidization rig

Fig. 2. The sound-assisted fluidization setup for the 0.10 m ID fluidization column.

The sound-assisted fluidization setup (Fig. 2) consisted of 99.99% pure nitrogen gas

connected to a rotameter. After metering the gas flow rate, the nitrogen gas line was
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connected to a 0.10 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. The flow range for this setup was 0-30 L/min. The sound

pressure level was fixed at 80 dB and the sound frequency was in the range of 0-500 Hz. The

data acquisition rate was 100 data points per second. Finally. the measuring range of the

pressure transducer was 0-5 psi.

3.2 Material

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

pvenometer 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 1

and the particle size distribution is illustrated in Fig. 3. The particle loading was 0.8509 kg.

Table 1 Particle Density and Average Particle Size

Material Apparent density Average particle diameter
(kg/m®) (um)
Glass ballotini 2.432 32.61

10
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Fig. 3. The particle size distribution of glass ballotini.

3.3 Experimental method

The 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, the
defluidization experiment was carried out by decreasing the inlet superficial gas velocity and,
likewise, measuring the bed pressure drop at each velocity. Table 2 presents the summary of

the experimental conditions used in this work.

Table 2 Summary of Experimental Conditions

Experimental Inlet superficial velocity | Sound pressure level Sound frequency
conditions (mm/s) (dB) (Hz)
0-15 0 0
0-15 80 50.80.100,300,500
11
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4. RESULTS AND DISCUSSION

4.1 Total bed pressure drop in sound-assisted fluidization

4.1.1 Total bed pressure drop in sound assisted fluidization

Figure 4 presents the total bed pressure drop of both conventional fluidization (Fig. 4(a)) and
sound-assisted fluidization at a sound pressure level of 80 dB and a sound frequency of 50 Hz
(Fig. 4(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.

4.1.2 Fixed bed pressure drop

Fig. 5 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 by Xu et al. (2006).
Besides, there was linear relation between the sound frequency and the fixed bed pressure
drop resistance, as illustrated in Fig. 6. This can be explained by the fact that gas oscillation

velocity due to propagation of sound waves causes higher pressure drop in the fixed bed.

4.2 Transition from fixed bed to fluidized bed

4.2.1 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 fluidization points (Fig.

7). also reported by Xu et al. (2006). The incipient fluidization point was defined at the inlet
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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.

4.2.2 Minimum fluidization point

It is obvious from Fig. 8 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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4.3 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. (7), (8), and (10).

A variation in the wave number (kh), according to Eq. (10). 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 @2 and kh from n/2 to = for the
harmonic number (n) = 1 are shown in Fig. 9(a) and Fig. 9(b), respectively. It can be seen
from Fig. 9(a) that at x= h, or at the bed surface, the SPL was always at 80 dB. With increase
in the distance down to the distributor, the SPL increased, and the maximum SPL was at x=0.
From Fig. 9(a). it is evident that there is no trough for kh from 0 to /2. In addition, it has
been illustrated that SPL increases with kh. Besides, when kh approached n/2, there appeared
to be a rapid increase in the SPL. and the maximum SPL was found at kh = 0.997/2. In
contrast, for kh from /2 to = (Fig. 9(b)), there appeared to be one trough for kh = n/2, but
there was no trough at kh = /2. With increasing kh, the trough tends to move toward the
distributor. In addition, at kh = n/2, the SPL is substantially high in comparison with the SPL
for other kh values. This kh value was found to correspond to the eritical kh calculated from
Eq. (11). From Fig. 9(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. 10 presents the variation in SPL, with kh: the figure illustrates that there was a critical kh
value for each harmonic number that gave a high magnitude of SPL,. For n = 1 (0O<kh<=n), the
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critical kh is at /2 and for n = 2 (n<kh<2x), the critical kh is at 3n/2, according to Eq. (11).
In addition, for each harmonic number, SPL, 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 bul approximately the same superficial velocity at other

values of the sound frequency.
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4.4 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. 8 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. 11. It can be seen that with the change in the sound
frequency. the standing wave pattern and the SPL magnitude had changed in accordance with
the explanation, as described above. At the sound frequency of 50 Hz, the SPL. magnitude
along the distance x of the standing wave was the highest in comparison with those of all the

other sound frequencies as well as their average values (Table 3). This caused the minimum
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fluidization velocity to be the lowest at this particular sound frequency (Table 3). As for other
sound frequency values. even though the standing wave patterns were different. the average
value of the SPL, as demonstrated in Table 3, was found to be approximately the same and,

hence. the minimum fluidization velocity.

The important conclusion from the use of the standing wave characleristics 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. (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. 11. Sound Pressure Level along Distance for Fixed Bed from Distributor at Different
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Table 3 Summary of Standing Wave Properties and Corresponding Minimum Fluidization

Velocities
Sound frequency kh Harmonic Average SPL Ume
(Hz) number (n) (dB) (mm/s)
50 /2 1 108.15 0.750
80 1.73n/2 1 74.52 0.956
100 2.26m/2 2 76.02 1.100
300 6.22n/2 4 75.13 1.100
500 10.367/2 6 76.59 1.100

4.5 Fixed bed pressure drop correlation for sound-assisted fluidization

The analysis was based on the force-balance principle, and Fig. 12 shows the schematic

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

pressure,

fd'*'fac

T + flow

fa = Drag force
fae = Acoustic force

fu = Buoyancy force

Fig. 12. The schematic diagram of the forces asserted on the particle under fluid flow and

sound wave pressure.
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According to Fig. 12, the force-balance can be presented as given in Eq. (16)

fg +fac +We =ma (16)
when

fh +w=we. (a7

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 veloeity (u,e) on the sound wave field called

“acoustic force.” These two forces can be defined in terms of the pressure drop. using Eqs.

(18) and (19).
3
ndyne
fdzip_f\Pd (18)
6L(1—¢)
and
3
nd e
P
=—2 AP, (19)
T eL(1—-g) A€

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

AP = APg + APy (20)

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 Ax is as presented in Eq. (21).
0336(Uo /8)2 +u2. )

AP P (1-8) 1730 (U .u;)Jrua,“.i_l)I : o/®) +uaCi+1) . .
Ax d pPE £ ’ @1)

\ y,

(Il-,
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For an overall distance L, the fixed bed pressure correlation can be rewritten as follows:

A

2
1730 - (2 (Ug ()5 + T Wae: y 03360 (Uy /e); ,+20” )]
ﬁP:pF{l c;' F i 0 i+l i Ci+1 . i 0 i+l i aci+1 3.8
Ax d P d pPE €

kY

(22)

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. (23) for a distance Ax.

22
AP 150((Ug /8)+ Uae; 4 My (1 —(—:)2 ' L75pp @Wo /)™ + ua.ci vl )(l —£)

ax gc03d3 e? gedsdp e (2

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

equation can be written as follows:

. - . 2 =2
1500 (Ug /e)j41 + Z0ge: L75pp (B (U, /)7, + 20"
AP ;;.( o/ 8)i+1 : m.l.l]l"f (]_E)z Pf(;;.( o )l+l T ac1+])(l—a)
Ax gc¢§d12:'> g2 gcbsd P €
(24)

The gas oscillation velocity (uy(x.t)) at distance x along the bed height can be calculated
according to Eq. (25):
Uge(x 1) = Usm( 2rnft) (25)

And,

u
SPL = 20103[7 (26)
V2U pef }

The average gas oscillation velocity (g | ) over the distance Ax can be calculated as

- _ Uae (X 1)j +uge(X )i+
Vaci+] = 2

(27
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4.6 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. 13(a)
for the revised Ergun equation (Eq. (21)) and Fig. 13(b) for the Ergun equation (Eq. (22)) 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. 14(a) for the revised Ergun equation (Eq.
(21)) and Fig. 14(b) for the Ergun equation (Eq. (22)). 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. (28) and Eq. (29). for the revised Ergun equation and the Ergun
equation, respectively.

)\
acii]
1 © ﬁ (28)

(1T “ . Y- -
1730 L (B (U /8)i01 + Elige: 1) 0336((Ug /6)% 1 +30
.-"\P_[)F[l 1_) I ; o 1 i aci+] i o 1+1

Ax d

del; €

P

X(Z(Ug/ehs1+ ZUaci g Mp
i

5 1.?5pF(\.__;(U(,fs)2 ;1_;52
1 —£) 1 1

: )
a i+1 aciil’ (1-g)
Ax gc't%d% g2 godsd p =

(29)
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Fig. 13. Comparison 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. 15, Comparison between the experimental fixed bed pressure drop from sound-assisted

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

modified Ergun equation prediction (X = 85).
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Fig. 15(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. (28)) and the modified Ergun equation (Eq. (29)). 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. 16 and 17. Fig.16
shows the variation in the empirical exponential factor () for the modified revised Ergun
equation (Eq. (28)). Fig. 17 shows the variation in the empirical multiplication factor for the

modified Ergun equation (Eq. (29)).

4.0

o
h

y=0.0162x+ 1.70%

td

[
w

—
wh

Exponential factor 3
(o]
<

=]

=
[

o
o
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Sound frequency (Hz)

Fig. 16. Variation in the empirical exponential factor () for the modified revised Ergun

equation (Eq. (28)).
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Fig. 17. Variation 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. (30) and (Eq. (31).

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

B=0.0162(f)+1.7092. 30)

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

X =1.3974(f)—30.263. 31

5. CONCLUSIONS
Standing wave characteristics were employed to explain the hydrodynamic behavior of

sound-assisted fluidization of a rigid microsized powder under different inlet superficial
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492

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:

1. Modified revised Ergun equation for the fixed bed pressure drop in sound-assisted

fluidization:

/ = Y. 2
173uf (Z(Ug /8)j41+ 2 0g6: 1) 0336(Z(Ug /)7 ;+Zus )
aP:pf[l &) f i o/ ®itl i i1 ‘ i o il R £

Ax dp dpp £ [

B,

where

B =0.0162(f)+1.7092
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2. Modified Ergun equation for the fixed bed pressure drop in sound-assisted

fluidization:
X(Z(Ugp /e)js1 +ZUpe: 1mf 5 L75pp (Z(Ug / :—:).2 1+ EE?‘_
AP I L i G i (e
Ax gcb3dp e? gedsdp 8
where

NO
A
B
Co

dp

1)':5

Pn:l'

X =1.3974(f)-30.263.

MENCLATURE
Constant depending on boundary condition
Constant depending on boundary condition
Standing wave velocity in fluidization media (m/s)
Particle diameter (um)
Critical frequency (Hz)
Sound frequency (Hz)
Total bed height (m)
1.2.3....n
Bulk modulus of nitrogen gas = 117x10° Pa
Bulk modulus of glass bead = 40x10° Pa
Wave number = 2nf/C,
Bed height (m)
Harmonic number
Pressure (Pa)
Source amplitude at surface boundary at x=h (Pa)

2x107° Pa
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533

534

536

537

538

539

540

Prs Root mean square of sound pressure (Pa)

SPL Sound pressure level (dB)

t Time (s)

U Amplitude of gas oscillation velocity (4.83x10™° m/s)
U, Inlet superficial velocity (m/s)

Uper Reference velocity (m/s)

Uye Gas oscillation velocity (m/s)

[TPYS Average gas oscillation veloeity over distance Ax (m/s)
X Axial displacement of wave propagation (m)

Greek letters

APy Pressure drop due to acoustic force (Pa)
APy Pressure drop due to drag force (Pa)

€ Bed voidage

PF Fluid density (kg.f'mg)

Pe Gas density of nitrogen = 1.21 kg/m’

pp Particle density of glass bead = 2432 kg/m’

0 Phase angle
® Angular frequency
Uy Fluid viscosity (kg/m.s)
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Sound-assisted fluidization has been successfully used to improve quality of fluidization, induce
smaller agglomerate size and reduce particle elutriation. By the same time, the sound vibrational
force causes a change in fluidization hydrodynamics. One of which is a bed expansion
characteristics. There are some previous research works studying the bed expansion characteristics
of the Geldart’s Group A powder in the sound assisted fluidization. However, there is much more

comprehension on the bed expansion characteristics in the sound assisted fluidization for a further

investigation. Therefore, in our work, the intrinsic bed expansion characteristics of Geldart’s
group A powder in the sound assisted fluidization were further investigated based on an accurate
bed expansion data. And, to obtain such accurate bed expansion data, the 1-valve and 2-valve bed
collapse experiment and the bed collapse model (Cherntongchai and Brandani, 2005) were used.
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 was
validated.
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® Accurate bed expansion characteristics of Geldart’s group A powder were obtained,
by the use of 1-valve and 2-valve bed collapse experiment and the bed collapse model
for data interpretation.

* An addition of sound vibrational force tended to create more cavity or bubble phase in
a sound assisted fluidized bed, rather than changing a hydrodynamics relation in dense
phase.

e The same equilibrium of force and stability criteria can be used to describe both
conventional fluidization and sound assisted fluidization.

¢ Modified revised Ergun drag force correlation can describe well the dense phase
voidage and the dense phase superficial velocity characteristic curves.

* Stability criterion proposed by Cherntongchai and Brandani (2013) can predict

excellently the minimum bubbling points.
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ABSTRACT

Intrinsic bed expansion characteristics in a sound assisted fluidization of Geldart’s group A
powder were investigated. To obtain an accurate bed expansion data, a 1-valve and 2-valve
bed collapse experiment, together with a bed collapse model for a correct interpretation of
bed collapse curves, was used. It was found that a total bed voidage and a dense phase 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 on the sound frequency. In
addition, dense phase voidage and its superficial velocity relations of the sound assisted
fluidization at different sound frequencies 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
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correlation, applicable for the conventional fluidization, can describe well the dense phase
voidage and the dense phase superficial velocity characteristic curves of the sound assisted
fluidization. Likewise, the stability criterion proposed by Cherntongchai and Brandani (2013)

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

KEYWORDS: Sound: Fluidization; Bed expansion: Bed collapse; Drag force: Stability

criterion

1. INTRODUCTION

A sound assisted fluidization is a fluidization of a particle bed under a sound vibrational force
field due to a propagation of a sound wave through the bed. This sound vibrational force
renders a better fluidization quality, a smaller agglomerate size, a particle elutriation
reduction and a change in fluidization hydrodynamics. One of which is a bed expansion
characteristics, which is involving to a minimum fluidization point, a bed expansion ratio, a

total bed voidage, dense phase properties and a minimum bubbling point.

There are still very limit numbers of research works investigating the bed expansion
characteristics of the particle bed in the sound assisted fluidization. Currently, some works
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
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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 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 attenuvation. 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
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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 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 CO»
partial pressure, the sound pressure level and the sound frequency on the fluidization quality
using the bed expansion ratio for the CO, adsorption 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 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.

There is much more comprehension on the bed expansion characteiristics in the sound

assisted fluidization for a further interesting investigation. We. therefore, underwent a
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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, together with a bed collapse model for a
correct interpretation of bed collapse curves, was used. 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 was validated.

2. THOERY: l-valve and 2-valve bed collapse model (Cherntongchai and Brandani, 2005)

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. 1. From 0<t<tys (Fig. 1(a)), so called “a bubble escape stage”, remained
bubbles will escape from the collapsing bed. The collapsing bed is comprised of 3 zones.
Zone 0 (g = g,) is the bubbling bed zone, extended from L, to L;. This zone is diminished
with time due to the escape of the bubbles and the falling down of L, together with the
growing up of L;. Zone 1 (g = g,= gy) is the homogeneous expanded zone, extended from L,
to L,, where both L, and 1, moved upward. Zone 2 (& = £,= Egyeq) is the fixed bed zone,
formed up from t=0 and growth upward all along the collapsing process. At t= tyyp. all
bubbles disappear and the bed collapse structure is of 2 zones as shown in Fig. 1(b). From t=
toun (Fig. 1(c)). this stage is called “a sedimentation stage”. L, is falling down while L, keep
growing upward. And, the bed collapse process ends when L; = L,. During the entire bed
collapse process, the gas flows through the bed are from the gas residue in the windbox and

the gas generated at the interface L, due to the change in the bed voidage between zone 1
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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.

Ll‘

T f\/ Confrol
[ volume | L,=Ly
Zone 0 ; B — A

£, |
. ..I __Ll | £ £

Zone 1 1 Uy Uy

Uas Udis Ulis
0= towe = thub t = thub
(a) (b) (©)

Fig. 1. Schematic of (a) bubble escape stage, (b) and (¢) 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 € (g1 = &4) according to a gas velocity Ug (U; = Ug).

The bed collapse model can be summarized as follows;
2.1 Sedimentation stage

1-valve configuration
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dL
d—tl=Ud'u;—Ud (D
dLy _(-#1XUdis -Ud) 2
dt (e1-¢€2)
dpyw _ Pw
—SW W U gisA
a0 vy, Vds (3

The bed collapse model can be solved through integration of Eqs. (1) - (3), simultaneously.
Ugis can be calculated from the knowledge of the distributor pressure drop, determined from

the collapsing bed momentum balance (Eq. (4)). The initial condition for L is L, and for L,

is zero:
APDist = (Pw —Patm )~ PFel¢ — AP — AP (4
AP =(pp —pFX1-e1)L1 ~L2)g ()
APy =f(Udjs) (6)
2-valve configuration
%=iUdi‘; -Uy (7
dLp _ (d-e1XUdis +Ud) (%)
dt (e]—-82)
_%zﬁ(itldisA+Qv) (9
dt  Vy
APDjst =(Pw ~Patm)~ PFel¢ — AP £ AP (10)

The solution of the model equations requires the knowledge of the discharge valve pressure
drop. A positive sign in Egs. (7) — (10) applies when the gas is flowing from the windbox to

the particle bed.

2.2 Bubble escape stage
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1-valve configuration
The properties in the bubbling zone are assumed to be similar to those in the steady state

bubbling fluidized bed.

dLg
=Ugje —U 11
dt dis 0 (1)
APDigt =(Pw —Patm ) —PFel¢ — APy — AP — AP (12)
APy =(pp —pFXl—go XLo —Lp)g (13)

Eq. (11) has to be integrated simultaneously with Eqs. (1) — (3). Ugs can be calculated using

Eq. (12). The initial condition for L> and L, 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 L.
The first possible structure is as shown in Fig. 1(a), when zone 1 can exist. Another possible
structure 1s when zone 1 cannot exist. To determine whether zone 1 can exist, Uy is calculated
based firstly on the assumption that zone 1 can exist using Eq. (14)

Uy =g1(xUgjs ) +(1-21)Ug (14)

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

as follows;
dL
—=Ugis - U 15
a dis 0 (13)
APpigt =(Pw —Patm ) —pfelc — AP, —APp £ AP, (16)

Eq. (15) has to be integrated simultaneously with Eqs. (7) — (9).
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If Uy is less than zero, the zone 1 cannot exist. In this case Eq. (15) has to be integrated with
Egs. (7). (9) and (17).

dLy _ (=80 XUo ~Udis)
dt (€0 —22)

(17

2.3 Prediction of dense phase properties using bed collapse model (Cherntongchai et al.,
2011)
System configuration information and model parameters, as the required inputs for the bed

collapse model, are listed in Table 1.

Table 1 Model input information

System configurations Parameters

Windbox volume Fixed bed pressure drop
Distributor pressure drop Bed voidage, &,
Discharge valve pressure drop Dense phase voidage, 4

Fixed bed voidage, &,
Inlet superficial velocity. U,
Dense phase superficial velocity, Uy

All parameters can be achieved independently, except the dense phase voidage and the dense
phase superficial wvelocity. 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, &, €, and U,

e Initial estimate of g4
- APpig/APpeg<1. v-intercept of 1-valve sedimentation curve gives the correct sg.
- APpig/APpeg=1, y-intercept of 2-valve sedimentation curve gives the correct g,

e  Ewvaluation of Uy
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- APpig/APpeg=1, the correct Uy is selected iteratively until the experimental 1-valve
sedimentation curve is fitted with the model prediction.
- APpig/APpeg=1, the correct Uy is selected iteratively until the experimental 2-valve
sedimentation curve is fitted with the model prediction.
¢ Re-validation of g4 and Uy
gg and Uy from the 1-valve collapse curve (APpig/APpeg=1) are used to predict the entire
experimental 2-valve sedimentation collapse curve to validate the values obtained. On the
contrary, for g4 and Uy obtained from the 2-valve collapse curve (APpjg/APpeg=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 g, interpretation. g, was
selected to fit the bubble escape time of the 1-valve collapse curve (APpis/APpea<1). The g,
g4 and Uy 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. &, selected from
the 2-valve collapse curve for APpia/APgea>1. the €., g4 and Ug from the 2-valve collapse
curve were validated by comparing the predictions for the 1-valve collapse curve with the

experimental results.

10
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3. EXPERIMENTS

3.1 Experimental setup

Function generator and
sound amplifier

N> | Rotameter

Data acquisition board
and valve switch

column!

Pressure transducer

Sound assisted fluidization rig

Data acquisition program

Fig. 2. Sound assisted fluidization setup for 0.05 m ID fluidization column

A sound assisted fluidization setup (Fig. 2) was consisted of 99.99% purity nitrogen gas
connected to a rotameter. After metering a gas flow rate, a nitrogen gas line is connected to a
0.05 m ID fluidization column. The column is equipped with a gas distributor, pressure
transducers, a sound level meter, a speaker on top of the column, an inlet solenoid valve and a
discharge solenoid valve. The pressure transducers and the sound meter are connected to a

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

11
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collapse experiment, the discharge valve, attached at the windbox, is synchronized with 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 0-300 Hz. A data acquisition rate is 100 data point per second. Finally, a
measuring range of a pressure transducer is at 0-3 psi. Empirical correlations of the
distributor pressure drop and the discharge valve pressure drop are presented in Eqs. (18) and
(19). respectively

APpjgt (kPa) = 2.28Qwindbox (18)

APy (kPa) = ()_00(18(){3%I dbox *+0-0046QWindbox (19)

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.

3.2 Material

A powder used was a glass ballotini. In this work, a particle density was measured using a
pycnometer and a laser light scattering method was used for a measurement of a particle size
and a particle size distribution. Particle properties were presented in Table 2 and the particle

size distribution was illustrated in Fig. 3. A particle loading was (.8509 kg.

12
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Table 2 particle density and average particle size

Material Apparent density Average particle diameter
(kg/m®) (um)
Glass ballotini 2,432 32.61
25
u
20
L |
15 -
2
E .
©
210 - "
]
5 - []
[
- L]
0 T T T === - - i —a
0 20 40 60 80 100 120 140 160 180 200

Particle diameter (um)

Fig. 3. Particle size distribution of glass ballotini

Table 3 was a summary of experimental conditions used in this work.

Table 3 Summary of experimental conditions

Experimental Inlet superficial velocity | Sound pressure level Sound frequency
conditions (mm/s) (dB) (hz)
0-15 0 0
0-15 80 50.80.100,300
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4. RESULTS AND DISCUSSION

4.1 Prediction of total bed voidage and dense phase properties using bed collapse model

An interpretation of &, &4 and Uy 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).

0.40
U, =0.001942 m/s
Uy=0.001910 m/s
0.38 £q = 0.479
0.36

1-valve prediction
0.34 %

0.32 QJq:I a Experimental 1-valve bed collapse
g, B
0.30 - ‘.ﬁn

»
-

L, (m)

T B A
2-valve prediction 4 MMAA

Experimental 2-valve bed collapse

0.28 1

0.26 T T : . . . - T T
0 5 10 15 20 25 30 35 40 45 50 55 60

t(s)

Fig. 4. 1-valve and 2-valved bed collapse curves and model predictions for
homogenous expanded bed in sound assisted fluidized bed at SPL = 80 dB and [ =

100 Hz

Fig. 4 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 £4. Then, Uy, equivalent to U, was used to predict correctly the entire

1-valve collapse curve. The 2-valve collapse curve was fully predicted using g4 and Uy

14
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obtained from the 1-valve bed collapse curve. By this way, the set of &4 and Uy was re-

validated.

The bubbling bed collapse curves were presented in Fig. 5. £, was selected to match with the
bubble escape time. £4 was acquired from the y-intercept of the 1-valve sedimentation state
linear extrapolation and Uy was ilerated 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 &, £4 and Ug.
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U, =0.027 m/s
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Fig. 5. 1-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
4.2 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
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et al., 2004; Ammendola and Chirone, 2010; Ammendola et al., 2011; Kaliyaperumal et al.,
2011; Langde and Sonolikar, 2011; Raganati et al., 2014). The previous works (Russo et al.,
1993; Langde and Sonolikar, 2011) stated that there was a non-monotonically increase with
the inlet superficial velocity of the overall bed voidage 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; Kalivaperumal et

al., 2011; Langde and Sonolikar, 2011)

0.60
ONo sound
W{=100 Hz
0.55 n]
B O O
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| ]
£y -
0.45 A
0.40 r T T - -
0 5 10 15 20 25 30
U, (mmy/s)

Fig. 6. Total bed voidage and inlet superficial velocity relation for conventional fluidization

and sound assisted fluidization at SPL = 80 dB and sound frequency = 100 Hz
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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 the
conventional fluidization that the total bed voidage increased with the inlet superficial
velocity in the homogeneous expanded bed (Fig. 6). After the minimum bubbling point,
where the dense phase voidage is the highest, the total bed voidage 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
veloeity for both the conventional and the sound assisted fluidization of different sound

frequencies (Figs. 7 and 8).
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Fig. 7. Dense phase voidage and inlet superficial velocity relation for conventional

fluidization and sound assisted fluidization at SPL = 80 db and sound frequency = 100 Hz
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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. 6, 7 and 8). 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. 8).

Fig. 9 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. 7 and Fig. 8) 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.
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Fig. 9. Dense 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

4.3 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 foree correlation (Foscolo et al., 1983)
This correlation was applicable for the fixed bed to the fluidized bed for an entire range of
flow regime. And, it was proved by Cherntongchai and Brandani (2013) that to apply this
correlation more accurately the empirical B should be applied. Therefore, they proposed the
modified revised Ergun equation, as presented in Eq. (20) and suggested B 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. (21)). Hence, the relation between the dense

phase voidage and its superficial velocity can be described.
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4 -
Fp =L cpu?a-eeP (20)
3dp

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

Fp =e(pp —ppX1-e)g (21)

Richardson and Zaki expansion law (Richardson and Zaki, 1954) (Eq. (22)) is also a basic
correlation used to describe the relation between the dense phase voidage and its superficial

velocity.
— 1
=4 (22)

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 (U,) can be calculated from
Eq. (23). (Dallavalle, 1948).

-

Uy :[—3_809+J3_8093 +I_832-JAr] ME (23)
prdp
Where:
3 _PP-PF
Ar = gdppp PEPE (29
M
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Fig. 10. Empirical exponential factor of revised Ergun correlation for conventional

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

Fig. 10 showed that the empirical § values of the revised Ergun correlation for the

conventional fluidization and the sound assisted fluidization at different sound frequencies

were distributed over the same average value (B = 4.27). This was considerably very close to

the value suggested by Chemtongchai and Brandani (2013) (f=4.21).
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Fig. 11. Empirical Richardson and Zaki index (n) for conventional fluidization and sound

assisted fluidization at various sound frequencies and SPL = 80 dB

Fig. 11 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 frequencies were failed on the same average value (n =

5.19)

Fig. 12 showed a good agreement between the prediction by the modified revised Ergun
correlation (f = 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. This consolidated our conclusion 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
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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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Fig. 12. Predictability 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 frequencies and SPL = 80 dB

4.4 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 high
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
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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. 13).
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Fig. 13. Minimum bubbling point identification for the sound assisted fluidization at sound

pressure level = 80 dB and sound frequency = 100 Hz
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Fig. 14. Minimum bubbling voidage for conventional fluidization and sound assisted

fluidization at various sound frequencies and SPL = 80 dB

Fig. 14 showed that the minimum bubbling voidages (ey,) of the conventional fluidization (f
= () Hz) and the sound assisted fluidization (f = 50-300 Hz) were distributed on the same
average value (g,,=0.54). Accordingly, their minimum bubbling velocities (Fig. 15) was
distributed on the average value (Uyy, = 2.714 mmy/s). This means the sound vibrational force
within the range of our study does not affect the bed stability. Again, 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. 15. Minimum bubbling velocity for conventional fluidization and sound assisted

fluidization at various sound frequencies and SPL = 80 dB

4.5 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 (8/d,) as a function of a voidage was proposed. In this work, the
stability criterion of Brandani and Zhang (2006), with a combination of the modified revised
Ergun drag force correlation and a voidage dependency of the characteristic (6/dy) 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);

Ug =Up (25)
au l-¢ PB+hHuU
Ug =(l—€}[—) =—
dCp Re
oe Equil € 5y D P (26)
dRep Cp

Up=VyVZ-G+V (27)

Where § = 4.27 and Dallavalle equation (Dallavalle, 1948) was used for the drag coefficient.

2

Cp=|0.63+—28 (28)
JRep
1- U
e epp +(1-e)pF
1-¢ 2 .
ppU~ —6[(1-€)pp +&p

5 PF [ p +EPFJe G0

G=-=

epp +(1-€)pF

The empirical correlation for the characteristic length (6/dp) as function of the voidage is;

0
dp

=0.55+3.0[m—42(9—9nﬁ‘)} (31)

Table 4 Comparison between model prediction and experimental minimum bubbling point

for sound assisted fluidization at various sound frequencies and SPL = 80 dB

Sound Sound Experimental average values Model prediction
pressure frequency Emb Unb Emb Upb
level (dB) (Hz) (mm/s) (mm/s)
80 50-300 0.54 2.714 0.53 2.671
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It was presented in Table 4. that the new stability proposed by Cherntongchai and Brandani
(2013) can predict excellently the minimum bubbling point of Geldart’s group A powder in

the sound assisted fluidization.

5. CONCLUSIONS
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 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;

e A total bed voidage and a dense phase voidage for the sound assisted fluidization
were varied with an inlet superficial velocity in the same fashion as those for a
conventional fluidization.

e 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.

e A dense phase voidage and its superficial velocity relations of the sound assisted
fluidization at different sound frequencies were found to be approximately on the
same trend as that for the conventional fluidization.

e 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
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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 proposed by Cherntongchai and Brandani (2013) can predict

excellently the minimum bubbling points.

NOMENCRATURE

A
Ar
Cp
dp

Fp

Bed cross section area (m?)
Archimedes number
Drag coefficient

Mean particle size (m)

Drag force of particles in suspension/volume (kg/m’s)

Sound frequency (Hz)

Acceleration of gravity (m*/s)

Total bed height from distributor (m)

Height of Zonel from distributor (m)

Height of Zone 2 from distributor (m)

Column height (m)
Richardson and Zaki index

Atmospheric pressure (Pa)

Absolute pressure in a windbox (Pa)

Particle Reynold number =

Sound pressure level (dB)

dpUpfp
LUF
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t = time (s)

thub = Bubble escape time (s)

U Superficial velocity (m/s)

Up = Dynamic wave velocity (m/s)

Uy = Dense phase superficial velocity (m/s)

Ugis = Superficial velocity of gas flowing through a distributor (m/s)
Umnb = Minimum bubbling velocity (m/s)

Ui = Terminal falling velocity (m/s)

U, Inlet superficial velocity (m/s)

Uy = Zone 1 superficial velocity (m/s)

U, = Continuity wave velocity (m/s)

Vi - Windbox volume (m3)

Qv - Volumetric flow rate of gas through discharge valve (m®/s)
Qwindbox= Volumetric flow rate of gas at windbox pressure (msfs)

B = Exponential factor for modified revised Ergun correlation
AP Piezometric pressure drop (Pa)

i) Characteristic length (m)

84 = Dense phase voidage

Sfixed  — Fixed bed voidage

Emb = Minimum bubbling voidage

Emf = Minimum fluidization voidage

£ = Total bed voidage

£1 = Zone 1 bed voidage
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£ = Zone 2 bed voidage

PF = Fluid density (kg/m®)
pp = Particle density (kg/m?)
L = Gas viscosity (kg/m.s)
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