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Abstract 

The behavior of group B particles ( sand with mean diameter 194 Ftm) was studied in a sound wave vibrated fluidized bed ( SVFB ). The 
fluidized bed consists of a transparent Plexiglas tube of i.d. 54 mm and height I m. A loudspeaker mounted at the top of the bed was supplied 
by a function generator ~;']~.h square waves, and was used to generate the sound as the source of vibration of the fluidized bed. The effects of 
the power of the loud:,peaker, sound frequencies, particle ioadin=o and the distance between the speaker and the bed surface on the hydrodynamic 
properties of the SVFB were investigated. The experimental results showed that the minimum tluidization velocity decreased with the addition 
of acoustic energy, and the standard deviation of pressure fluctuations became lower under the effect of sound. The sound wave alse, reduced 
the bubble rise velocity. The results were interpreted in terms of the operating parameters. © 1997 Elsevier Science S.A. 
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1. Introduction 

Morse J I [ was the lirst person to study the effect of sound 
on a fluidized bed. During his investigation, he put the loud- 
speaker at the bottom of the bed. He found that sufficient 
sonic energy (above I I0  dB) of low frequency (from 50 to 
500 Hz) will cause nonfluent group C particles 121 to flow 
sufficiently well that good fluidization is possible without 
channelling and stagnation. With group D particles 12 I, the 
effect is too small to be observed visually or to be detected 
with the capacitometer. Since then all research was limited 
to group C particles. Derczynski et al. l 31 studied the effect 
of sonic energy on fluidization and heat transfer of fine par- 
ticles which belong to group C powders. They found that the 
extent of bed expansion varies greatly according to the fre- 
quency of the sound; the highest increase in the heat transfer 
coefficient is at low frequencies, particularly at those at which 
resonance is secured. Nowak and Hasatani [ 4,5 ] have meas- 
ured the fluidizability, the bulk density and telative heat trans- 
fer coefficient. They found that the addition of acoustic 
energy at low frequency significantly improves the quality of 
fluidization. They also found that the relative heat transfer 
coefficient increases with increase of sound energy. Chirone 
et al. [61 found that large clusters of group C powders are 
disaggregmed into fluidizable subclu~ters by sound and such 
subclusters behave like a group A noocohesive material. They 
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found bubble-free fluidization is obtained with an appropriate 
acoustic field when the large clusters originally present in 
beds fluidized without sound are broken into subclusters 171. 
They also tk)und that the break-up occurs at contact points 
where the ex~.ernal forces induced by the acoustic lield are 
larger than the internal van der Waals forces. Leu and Huang 
18J measured the interparticle forces of certain group C par- 
titles in fluidized beds by using sound waves to improve the 
quality of fluidization. Leu and Chen J 91 put the speaker at 
the top of the bed to investigate the primary effect of acoustic 
sound on the fluidization of group B particles, and found that 
the minimum fluidization velocity decreases during the addi- 
tion of sound waves. 

In this study, the influence of sound on the minimum flui- 
dization velocity, standard deviation of pressure fluctua;.ions. 
bubble rise velocity and the hydrodynamic properties in 
group B particle fluidization systems was studied. 

2. Experimental 

The experimental apparatus is shown in Fig. I. It consists 
of a fluidized column, a sound generation system and a data 
acquisition system. The fluidized column is constructed from 
a 54 mm i.d., 1 m high Plexiglas tube and has a petlbrated 
plate distributor. The perlbrated plate h~s 72 1.5 mm i.d. holes 
with a 5.8% ,~pen ratio. The distributor is covered with 200 
mesh screen in order to prevent the solid particles flowing 
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Fig. I. Experimental setup: I, Rootes blower; 2, gas rotameter; 3, distributor; 
4, bed; 5, loudspeaker: 6, function generator; 7. high power amplilier; 8. 
pressure equilibrium line: 9, cyclone; I0, bag filter; I I. pressure transducer; 
12, amplilier: 13, data acquisition system: 14, FFT analyzer; P I-P3, pressure 
taps. 

into the holes. The bed is designed so that the bed length can 
be changed to adjust the distance between the bed surface and 
the speaker in order to get the resonance effect. Fluidization 
air was provided by a Rootes blower. A speaker rated at 30 
W with an audible range frequency of 20 Hz-20 kHz located 
at the top of the bed was used to generate sound as the source 
of the acoustic field. It was powered with an audio amplifier, 
in turn supplied by a function generator. A balancing line was 
used to connect between the front and back sides of the 
speaker in order to equilibrate the pressure on both sides of 
the speaker. The pressure drops across the empty bed and the 
fluidized bed were measured by the pressure transducer and 
the signals were sent to a data acquisition system for future 
use. Group B sand particles (density 2635 kg/m a) with size 
range 177-210 l~m (mean size 194 I~m) were used in all 
experiments, During the experiments, the effect of square 
waves was found to be stronger than that of other kinds of 
waves, so square waves were used in the subsequent analysis. 

Here the following equation is used to define the degree of 
resonance (DOR): 

DOR=sin [ (2N+ l ) f 2  ] 
f r  ( l )  

wheref~ is the resonant frequency andfis  the frequency used. 
The value of DOR is varied from zero to one; atf=fr,  3f~, 5f~, 
.... DOR = 1 ( maximum value); at f =  O, 2fr, 4f~ . . . . .  DOR = 0 
(minimum value). The DOR valuc represents the degree of 
deviation of the frequency used from the resonant frequency. 

3. Results and discussion 

3. i. Minimum fluidization veioci~ 

When sound waves were applied to the paniculate bed, the 
panicles in the bed tended to be in a denser condition, so the 
hysteresis state [ 10] in the pressure drop versus superficial 
velocity curve could not occur. The minimum fluidization 
velocity was then determined from the gas velocity at which 
the maximum pressure drop point in the pressure drop versus 
superficial gas velocity curve was first reached. 

The effect of sound waves on the minimum fluidization 
velocity is shown in Fig. 2. The minimum fluidization veloc- 
ity decreased as the sound energy increased and approached 
a constant value if the sound energy was strong enough. The 
bed pressure drop was nearly the same as that without sound 
[ I ! ]. This result is different from that obtained by Nowak et 
al. [5] for group C panicles: they found a lower pressure 
drop in the presence of sound. Nowak et al. showed theoret- 
ically that the minimum fluidization velocity may be expected 
to decrease in the presence of sound of sufficient energy. The 
result shown in Fig. 2 is as expected from their analysis. It 
can be seen that the minimum fluidization velocity decreased 
as the output power of the speaker increased for a given 
frequency. Also, it was found that lbr .f=./~= 100 Hz, 
DOR = 1, the effect on the minimum fluidization velocity 
was greater than with sound of other frequencies. The mini- 
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Fig. 2. Effect of sound energy on/-/mr in the acoustic field ( Wp=0.39 kg, 
f~= 100 Hz): - O - ,  130 Hz, DOR=0.891: - A - ,  70 Hz, DOR=0.891;  
- ~ - ,  100 Hz, DOR = 1. 
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mum fluidization velocity approached a constant-value min- 
imum fluidization velocity Umf~ at a certain power input. 
After that, an increase of power had no effect on the minimum 
fluidization velocity; this value of power was termed the 
critical power. The critical power Pc is defined empirically 
here as 

Pc = KWogL.~ / A ( 2 ) 

where Vep and L~ represent the bed particle loading and the 
distance which the sound wave must travel (the distance from 
the sound source to the surface of the bed), respectively, and 
K is an experimental constant with a value of about 3 × 10- 3 
m-'/s here. Pc is a function of the bed height (bed particle 
loading), bed area, distance the sound wave must travel and 
the kind of fluid medium for transmission. If the power used 
were less than the critical power, the minimum fluidization 
velocity would decrease as the power increased and approach 
a constant value Umf~- As the power exceeded the critical 
power the minimum fluidization velocity became independ- 
ent of power and only depended on the frequency (or DOR 
value) used. 

3,2. Effect of bed particle loading (or static bed height) on 
the minimum fluidization veloci~ 

In an ordinary fluidized bed, the minimum fluidization 
velocity is constant and independent of the static bed height 
or bed particle loading, but in the SVFB the result is quite 
different: the bed particle loading changes the static bed 
height, and the resonant frequency can be changed. 

The effect of bed particle loading on the minimum fluidi- 
zation velocity at a frequency of sound of 70 Hz is shown in 
Fig. 3. Thus, for Wp = 0.298 kg, the sound with DOR = 0.987 
was close to the resonant condition and the minimum fluidi- 

zation velocity was lowest. After addition of particles, the 
length of the empty tube was changed, and the resonant fre- 
quency also changed. The DOR then became 0.891, and the 
change in minimum fluidization velocity was smaller. The 
minimum fluidization velocity would approach the same 
value despite the bed particle loading if the frequency were 
adjusted to have the same DOR value. This is shown in Fig. 4 
where, for different bed particle loadings, the frequency used 
was adjusted to obtain the same DOR value, providing suf- 
ficient power is applied. When the bed particle loading was 
kept constant, but different DOR values were used (by using 
different lengths of empty tube above the bed surface), 
different minimum fluidization velocities were obtained 
(Fig. 5). The effect was inversely proportional to the DOR 
value. However, Fig. 2 shows that different minimum flui- 
dization velocities were obtained for the same DOR value, 
which would seem to be contrary to the above conclusion 
that the same DOR value gives the same minimum fluidiza- 
tion velocity, i.e. the same minimum fluidization velocity 
would be obtained for the long length of empty tube if the 
power exceeded the critical power P~. This is because the 
distance for sound transmission for different loadings would 
change with the change in empty tube length, so changing 
the value of the criticai power but not the minimum fluidi- 
zation velocity. In other words, if the power and the frequency 
of the sound were adjusted, the minimum fluidization velocity 
would then remain constant regardless of the bed particle 
loading despite the change in bed length. 

3.3. Pressure drop in a sound wave vihrated fixed bed 

The pressure drop in a sound wave fixed bed was calculated 
from the Ergun equation. Without sound the tbllowing equa- 
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Fig. 3. Effect of  sound energy, Wp and DOR on Umr: - A - ,  Wp = 0.596 kg, 
70 Hz, DOR=0.851;  - © - ,  Wp=0.39 kg, 70 Hz, DOR=0.891;  - @ - ,  

Wp = 0.298 kg, 70 Hz, DOR = 0.987. 
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Fig. 4. The effect of sound energy, Wp and DOR on U,,,: - A -, W 0 = 0.596 
kg, 108 Hz, DOR=I; -<~-, W0=0-298 kg, 78 Hz, DOR=I; - O - .  
W0 = 0.393 kg, 100 Hz, DOR= !. 
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Fig. 5. Effect of sound energy. L. and DOR on U.,, at W o = 0.596 kg.f= 70 
Hz: - © - .  L.=O.83 m. DOR=0.851; - A - .  L.=O.9 m. DOR=O.891: 
- (3 -. L.= 1.053 m. DOR =0.962. 
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Fig. 6. N,p vs. DOF of sound wave vibrated fluidized bed: (3, N~o vs. DOF; 

• , linear, Y=BX+A.  s lope= 1.08. 

tion was obtained for a fixed bed at the minimum fluidization 
condition: 

A P, nm/ Lh.,m -" a,.rilU,.l~) Rev < I ( 3 )  

and for a sound wave fixed bed at the minimum fluidization 
condition: 

A P,,,r, / Lh,,r~ "~ a,,,t:, U,,r Re I, < I ( 4 ) 

Eq. (3) was divided by Eq. (4) and rearranged to give 

Li, mr.tft.lfJ Lili,lillft.lill : A Pi.r, Uiiiio,# ttl PiililiUilif = CUilllll / Ulil I 

(5) 

We define 

N,~, = sound pressure number = Lh.,.a,,r,/L,. , ,~t, ,~) (6 )  

DOF = degree of fluidization = U.,~,/U,,r ( 7 ) 

From experimental data and various DOR values, N~o and 
DOF can be calculated. The relationship between N~o and 
DOF is shown in Fig. 6. 

The procedure for calculati, the pressure drop in the 
sound wave vibrated fixed bed is as follows: 

For given values of a , . . .  A P,.l~l, U,.nl and Lh.,ru: 
I. Find the critical power Pc from Eq. (2).  
2. From the length of the empty tube. calculate the resonant 

frequency by.f, = (2N + I )V/4L~. 
3. Find DOR by Eq. ( I ). 
4. From Fig. 7 find U,.,. and calculate DOF by Eq. (7). 
5. From Fig. 6 find N,~ r and get a.,r.. 
6. Calculate A P J L h .  in the sound wave vibrated fixed bed 

by using the equation 

A P~ILh~ --" a,,r,U ( 8 ) 

A similar method could be used to calculate the frequency 
used and the critical power if the pressure drop were known. 
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Fig. 7. Effect of DOR on U,,,,dU,,,, at It: - O - .  Wr=O.39 kg. O-f~; 
-- ©- -. Wr=0.39 kg../~-2f~: - A -. 14/i,=O.596 kg. O--f: -- A- -. Wo= 
0.596 kg. f -~l~. 

3.4. S tandard deviat ion o f  pressure f l t tctuations 

Fig. 8 shows the standard deviation of pressure fluctuations 
versus excess velocity. At fixed values of  the excess velocity, 
U-U,,,-,  the standard deviation of the pressure fluctuations 
decreased compared with the corresponding one without the 
sound effect. This means that the sound has the effect of 
reducing the pressure fluctuations, i.e. the fluidized bed has 
a better quality in the acoustic field. This result was contrary 
to the results obtained by Morse [ 1 ] who found no improve- 
ment in the quality of fluidization with sonic energy for free- 
flowing particles. The standard deviation of the pressure fluc- 
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Fig. 10. Effect of UIU., on the mean bubble rise velocity at different 
cor:ditions: - © - (curve a I, without sound: - Zk - ( curve b). DOR = 0.891, 
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Fig. I I. Effect o f  U/U,,I. on the mean bubble rise velocity at different 
conditions: O. DOR = I.  5 W: A ,  DOR = 0.891.3.6 W: Q, without sound. 

tuat ions was plotted against  the superficial gas velocity and 

a straight l ine was obta ined (Fig.  9 ) .  No matter  what  the 

value o f  D O R  was for the system, with or without  the sound  

effect, the standard devia t ion of  the pressure f luctuat ions 

across the bed was the same at the same superficial gas 
velocity.  

3.5. Bubble rise velociO' 

The bubb le  rise velocity was measured  by taking the cross- 

correlat ion funct ion be tween two pressure fluctuation s ignals  

and was  calcula ted fo l lowing Sitnai  [ 12]. Thus,  the bubb le  
rise veloci ty can be obta ined as 

V h = L I T  o 

where L is the dis tance between the tw ~ pressure probes and 

rp is the t ime lag in the cross-correlat ion of  the pressure 

fluctuation signals.  Each time the lag data were averaged over  

50 t ime lag data sets and each data set was calculated from 

8192 pressure fluctuation signal points.  The bubble  rise 

velocity ob ta ined  is shown in Fig. I0. The sound had the 

effect of  reducing  the bubble  rise velocity.  All the data for 

bubble  rise velocity versus U~ U.,r could  be correlated well 

by a single straight line except in the low velocity range 

(Fig.  I I ) .  
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4. Conclusions 

The hydrodynamic behavior of group B particles was stud- 
ied in a sound wave vibrated fluidized bed. The sound reduces 
the minimum fluidization velocity. The main parameters 
involved in this effect are the degree of resonance (DOR) 
and the power of the sound. If the power is high enough 
(higher than the critical power), then the same DOR will 
give the same minimum fluidization velocity. The DOR cor- 
responding to the resonant effect has the strongest effect on 
the minimum fluidization velocity. The bed particle loading 
or static bed height influences the DOR value. The sound also 
reduces the standard deviation of the pressure fluctuations 
and the bubble rise velocity, the effect being correlated well 
by a simple straight line. 

S.D, 

U 
U~r 
Um,~ 

Umf~: 
V 
Vb 
% 

standard deviation of pressure fluctuations (Pa) 
superficial gas velocity (m/s) 
minimum fluidization velocity (m/s) 
minimum fluidization velocity without sound 
effect (m/s) 
minimum fluidization velocity limit (m/s) 
velocity of sound wave (m/s) 
bubble rise velocity (m/s) 
bed particle loading (kg) 

Greek letters 

~-p time lag in cross-correlation of pressure fluctuation 
signals (s) 
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5. List of symbols 

amfo 

amrs 
C 
DOF 
DOR 

f 
A 
g 
L 
Lbmfo 

Lb..'~ 

Lh,~ 
L~ 
N 
N,o 
& 
AP.,,~ 

A~ 
Rep 

constant defined by Eq. (3) 
constant defined by Eq. (4) 
constant 
degree of fluidization 
degree of resonance 
frequency of sound used (Hz) 
resonant frequency (Hz) 
acceleration due to gravity ( m/s 2) 
distance between pressure probes (m) 
bed height at minimum fluidization without sound 
effect (m) 
bed height at minimum fluid!zation with sound 
effect (m) 
bed height with sound effect (m) 
empty tube length (m) 
integer 
sound pressure number 
critical power defined by Eq. (2) (W) 
pressure drop at minimum fluidization condition 
without sound effect (Pa) 
pressure drop at minimum fluidization condition 
with sound effect (Pa) 
pressure drop across bed with sound effect (Pa) 
particle Reynolds number 
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