
Korean J. of Chem. Eng., 6(1)(1989) 15-22 
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Abstract~Using Ihe cross-correlation function of two pressure fluctuation signals, the rise velocities of 
slugs and voids and the slug frequency in the slugging and turbulent fluidized beds of glass beads (dp= 0.362 
ram) have been determined in a 0.1 m-lD x 3.0 m high Plexiglas column 

The slug rise velocity in the slugging flow regime increases with an increase in gas velocity, while the void 
velocity remains almost constant with the variation of gas velocity in the turbulent flow regime. The slug fre- 
quencies are found to be insensitiw,, to the increase of gas velocity in the. slugging flow regime within the 
frequency range of 0.47-0.64 Hz. 

The data of the present and previous studies on the slug rise velocity in the slugging flow regime have 
been correlated as 

U, = 1.73 " l0 ~, ~1,,. o.o,3 { g.,. ) o.~,, (U,~- U,,/,  q-0.35 ,:gD~ ' ~  

INTRODUCTION 

In a bubbling fluidized bed, as gas velocity is in- 
creased, the bubbles grow considerably in size as a 
result of coalescence. The phenomenon may be ob- 
served in which each of bubbles appears to occupy the 
whole cross section of the bed, which marks the slugg- 
ing flow regime in a fluidized bed. A further increase of 
gas velocity gives the turbulent flow regime which is 
c[~aracterized by the breakdown of larger slugs into 
smaller ones[l-3]. 

In recent years, considerable interest has been 
shown in the high velocity fluidized bed beyond the 
bubbling flow regime. Though the operation in the 
slugging flow regime produces large pressure fluclua- 
tions, the slugging fluidized bed is easy to scaleup. 
The turbulent fluidized bed has the great contacting 
capability between the gas and solid phases without 
bubble formation in the catalytic and non-catalytic 
reaction systems. Especially, a knowledge of the rise 
w~locity of slugs or voids in the slugging and turbulent 
flow regimes is important since it governs the gas 
residence time in a fluidized bed which is one of the 
main factors determining the rate of mass and heat 
transfers between the dilute and dense phases. 

For slugging fluidized beds, the rise velocity of 
slugs has been measured by the several investigators 
(Table 1). It has been found that a slug velocity of 
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coarse particle beds is lower than that of fine particle 
beds[10,12]. However, it has not been suggested the 
generalized equation involved the properties of par- 
ticles for slug rise velocity in the slugging flow regime. 

Also, slug rise velocity in the transition region from 
the slugging to the turbulent flow regimes has been 
studied by previous investigators[6,13]. By contrast, 
studies on the rise velocity of the smaller bubbles 
or voids from the breakdown of slugs in the turbulent 
flow regime are relatively sparse. 

Therefore, in this study, the rise velocities of slugs 
and small voids in the slugging and the turbulent flow 
regimes have been determined from the cross-correla- 
tion function between two pressure fluctuation signals. 
Also, the slug frequency has been examined by calcu- 
lating the power spectral density function of the pres- 
sure fluctuations. The obtained results and the data 
from the literature have been used to develop a gen- 
eralized slug rise velocity equation for the slugging 
flow regime. 

CROSS-CORRELATION FUNCTION 

The cross-correlation function between two con- 
tinuous, stationary and ergodic random variables, X(t) 
and Y(t), is expressed as[9,14] 

f r / 2  
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Table I. Summary of measurements of slug rise velocity in the fluidized beds 

Bed Mean Particle Experimental 
Workers diameter Particles diameter density U g / U m t  methods 

(cm) (am) {g/crn 3) 

Given 

relation 

Lanneau 7.6 Catalyst 70 2.0 5-76 C 
(1960) 

Ormisi:on 2.5 Catalyst 41.5 11.03-2.5 C, X 
et al. I 

5.7 (t965) 
14.0 

Matsen 46,0 Sand 125.0 
et al. 
(1969) 

Kehoe and 2.54 Quartz 68-275 2.55-2.83 1.34-135.0 C,X 

Davidson 5. t 0 Catalyst 55, 62 1.1 2.10-85.5 
(197t) 

10.2 Sand 145 2.65 2.77-13.0 

Carotenuto 15.0 FCC 60 0.94 1.0-2.91 C 

et al. Alumina 95 1.55 
(t974) 270 

Thiel and 5.1 FCC+ AI 58.6 1.73 4.76-133 C 
Potter 
(t977) 10.2 Glass 74.7 2.45 

21.8 spheroid 

Fan et al. 10.2 Sand 
(1983) 15.3 

20.3 

Satija and 10.2 Glass beads 

Fan(1985) Aluminum 

491 2.62 1.2-3.5 P 

711 2.64 

1122 2.65 

1000 2.77 0.2-1.5* P 

2320 3.537 1.4-1.5* 

5500 0.5-1.5* 

6900 

Cui et al. 15.0 Silica gel 650 2.3-11.8 O 
(1985) 

Us- (Ug- U,r,f),- 0.4 l(gDt) 1:2 

Us-  (0.87-9.68XUg- Um~) 

+ (0.335-0.383 XgDz) 1/2 

Us = (Ug- Urn,') + 0.35(gDt) I'2 

Us = (Ug- Urn:) + 0.35(gDt) 1/2 

Us = (Ug- Ur,;) + 0.35(gD,) 1/2 

U~ = (U~- U,,a + 0.35(2gD,) l/z 

Us = (Ug- U,,:) * 0.35(gDt) 1'2 

U - 2 4 3  r176 P~ ~-.~2 
~- " 'D,' ' i 6 b 0 7 ~ '  

(Ug- Urn,') + 0.35(gDt) u-2 

do -09 ps -.12 U~=l.48(r~ ) ( ~  . . . .  ) . 
L,' t IUUUp~ 

(Ug- U,n~ + 0.35(gDl) 1 ':" 

Us = 0.7613(Ug- Urn:) 

+ 0.35(1.19gDt) 1/2 

C: Capacitance probe, O: Optical fiber, P: Pressure transducer, X: X-ray,. : U~-Um,,value (m/s) 

where  x( t / i s  the value of X(t) sampled at t ime t, and 
y ( t + r  ) is the value of Y(t) sampled at t ime t+ r .  In 
this work, X(t) and Y(t) are pressure fluctuation signals 
at an upstream and a downs t ream in the bed, respec- 

tively. The average t ime required for a pressure fluc- 
tuation waveform to travel be tween these  two points is 
the transit time, r,,,, at which the cross-correlation 
function be tween the two detected pressure fluctuation 
signals is maximum[9,15].  

The velocity of the pressure fluctuation waveform, 
V:, can be calculated from 

V:~:' L (2) 
r m  

where  L is the known  distance be tween  the two mea- 
suring locations in the  bed. 

The velocity of a pressure fluctuation waveform 
defined in Eq.(2) is the average rise velocity of slugs or 
voids in each flow regime; 

U~ V :  

V, V:, (3) 

where  U s and V t are the rise velocities of slugs and 
smaller voids in the slugging and the turbulent flow 
regimes, respectively. 

EXPERIMENTAL 

Experiments  we ~ carried out in a Plexiglas col- 

umn of 0.1m-ID • ? u high as shown schematically in 
Fig. 1. Glass beads with a mean  diameter  of 0.362 m m  
(0.210-0.417 ram) aqd density of 2500 kg/m 3 were 
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1. oil filter 
2. pressure regulator 
3. rotameter 
4. fluidized bed 
5. cyclone 
6, probe 
7. pressure transducer 
8. D.C. power supplier 
9. amplifier 

10. AID converter 
1 1. personal computer 

a_~ ~ 3 3 
i 

Fig. I. Schematic  diagram of exper imenta l  ap- 
paratus. 

fluidized by compressed air. The ndnimum fluidizing 
velocity of the particle was found to be 0 105 m/s. "['he 
solid particles were supported on a bubble cap dis- 
tributor plate which contained 7 bubble caps in which 
6 x 3.0ram in diameter holes were drilled around each 
bubble cap. The distributor was situated between ~!he 
main column and the air box into which air was fed to 
the column through a pressure regulator, oil filter and 
a calibrated rotameter. The entrained solid particles 
from the bed were collected by the first and second 
cyclones in series and they were recycled to the main 
bed simultaneously. The colunm was icitially loaded 
with 10 kg of glass beads giving static bed height of 
1 m. The pressure probe was made of 0.7~'~ cm-lD stain- 
less steel pipe which can be moved radially across the 
bed width through the pressure tap hole. One end of 
the probe was covered with a 200 mesh size screen to 
prevent the solid particles from the bed and the other 
end was connected to a differentia] pressure trans- 
ducer (Fisher Controls Co., 1151). The pressure 
transducer was connected to a D.C. power supplier 
which has two input channels and the output voltages 
were calibrated against the pressure difference be- 
tween two channels in the linear response range of 
0.0-6.14 kPa. For measuring pressure fluctuations, one 
channel of the transducer was connected to the pres- 
sure probe in the bed and the other one was exposed 
to the atmosphere. In order to determine the effect of 
bed height on the rise velocities of slugs or voids, the 
velocities were measured along the bed height above 
the distributor. The measured velocities are found to 
decrease with bed height up to 23 cm above the dis- 
tributor and they remained almost constant above the 
bed level of 23 cm from the distributor in the given 

ranges of gas velocity employed in this study. 
In general, the correlation between the two mea- 

sured signals becomes smaller and it is difficult to 
locate the peak of the cross-correlation function with 
an increase in the distance. On the contrary, the direc- 
lional characteristics of the signals become less distinct 
and the error caused by digitizing the signals to com- 
pute the transit time becomes larger with a decrease in 
the distance [16]. It has been shown that a distance be- 
tween the two vertically separated pressure taps ap- 
proximately equal to or two times larger than a dia- 
meter of the colunm is a suitable choice to measure 
bubble rising velocity in fluidized beds[9]. Therefore, 
the measuring points were selected at 33 and 53cm 
above the distributor throughout this study. 

The contimJous pressure signals from the trans- 
ducer were amplified and sent them via an ~ D  con- 
verter to a personal computer (Apple lie) for the record. 
The sampling inte~'al of the fluctuation was selected at 
10 ms and 8192 samples were collected for each ex- 
perimental condition. The cross-correlation function 
between the two fluctuation signals was determined by 
off-line calculation with Eq. (1). The time shift, r,,, 
was determined where the cross-correlation function is 
maximum, and the average rise velocity of slugs and 
voids in the slugging and turbulent flow regimes was 
determined from Eqs. (2) and (3), respectively. 

[n analyzing the pressure fluctuation signals with 
respect to the dominant frequency, an estimated 
smooth power spectral density function was obtained 
by the Hanning Window function[17] procedure. 

R E S U L T S  A N D  D I S C U S S I O N  

In order to operate a fiuidized bed in the slugging 
flow regime, the onset gas velocity to the slugging flow 
regime in the bed was determined based on the follow- 
ing equat ions f rom prev ious studies[18-201; 

U~.~- U,,,s 
. . . . . . . .  0.2 (4) 

0.35 ' gD,  ),.J2 

U ~ p.~ ,,,.~ . ,  Dt . . . . . . .  a 1.4 ~ L79 ( ,a~ )0.09 

150 -3 : = .2 

[ ' l - e " s , p ~  ' '' 9 '  ] : :0  (6) 3 : - ,  ,[.,,,s-~U~s) e~f I ~d,,,' 

The onset gas velocities to slugging flow regime cal- 
culated from the above three equations are 0.17, 0.11 
and 0.19 m/s, respectively. Therefore, the employed 
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i 

i ~ ' o.33m 

Fig. 2. 
Time 

Pressure fluctuation signals at a gas velocity 
of 0.42m/s. 

gas velocity in this study was 0.30 m/s which is higher 
than the values from the above equations since the 
slug flow was observed at a gas velocity of 0.30 m/s. In 
the shJgging flow regime, three types of slugs have 
been observed, namely, axisymmetric, asymmetric 
and square-nosed slugs[12,21,22]. In general, the 
square-nosed slug can be observed in the bed of coarse 
particles as used in the present study. 

Typical pressure fluctuation signals obtained at a 
gas w.%city of 0.42 m/s, taken simultaneo~lsly from 
the t'~'ro pressure taps, are shown in Fig. 2. The figure 
shows, that the two curves do not coincide and the up- 
per curve lags behind the lower ones. The lag or delay 
time is considered the travelling time of smaller bub- 
bles or slugs from the lower to the upper taps. 

The calculated typical cross-correlation functions 
are shown in Fig. 3. The average time required for a 
pressure fluctuation signal to travel the two locations 
of the bed is the transit time where the cross<or- 
relation function is maximum 

2.55 

&-- 

a~ 
l A0 

g o._)5 

-0.90 

G) 

-2.05 
0 

Fig. 3. 

i i 

A 0.42 
B 0.64 

r m =0.16 sec 
tr~ = 0"21sec, 
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018 1.2 
Shift time(sec) 

Cross-correlation functions 
pressure fluctuation signals. 
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Fig. 4. Variation of the rise velocity of smaller bub- 
bles or voids with gas velocity. 

The variation of the rise velocity calculated from 
the cross-correlation function with an increase in gas 
velocity are shown in Fig. 4. As can be seen, the rise 
velocity increases with gas velocity up to around 0.85 
m/s, thereafter, it remains almost constant wilh an in- 
crease in gas velocity. From the previous studies, the 
change of slope in the rise velocity of smaller bubbles 
,'Jr voids with gas velocity in the turbulent flow regime 
of fine particles was higher than that in the slugging 
flow regime[6] bin, a reverse trend was reported by 
Crescitelli et al. [13]. However, in the bed of coarse 
particles, the rise velocity of voids in the turbulent flow 
regime has found to be almost constant with the varia- 
tion of gas velocity in the present and previous 
studies[9]. The nearly constant rise velocity is observ- 
ed beyond a certain gas velocity which can be attri- 
buted to the breakdown of slugs into smaller bubbles 
or voids. The onset point of the constant rise velocity 
of voids can be regarded as the onset to the turbulent 
flow regime in the bed. Carotenuto et al.[7] observed 
that many small bubbles or voids rise regularly at 
relatively low velocity in the turbulent flow regime 
than the slugs in the slugging flow regime. Thus, it can 
be expressed as the rise velocity of smaller bubbles or 
voids in the turbulent flow regime by the following 
equation. 

Vt V~t (7) 

The determined transition velocity from the slugging 
to the turbulent flow regimes from the rise velocity of 
smaller bubbles or voids in Fig. 4 is quite similar to the 
values from the statistical properties of pressure fluc- 
tuations[23]. It may imply that the transition ve.locity 
from the slugging to the turbulent flow regimes can be 
determined from the rise velocity of smaller bubMes or 
voids. As can be seen in the figure, the rise velocity in 
the center is somewhat higher than that in the wall of 
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the column in the given range of gas velocity 
employed in this study. [t may be due to the friction 
between the smaller bubbles or voids and the wall of 
the bed and the downward motion of solid particles 
along the wall of the bed which will reduce the rise 
velocity of smaller bubbles[9,12]. 

Slug rise velocity has been measured and cor- 
related by several investigators as shown in Table 1. In 
general, the slug rise velocity has been correlated by 
the following equation which is similar to the behavior 
of slugs in the gas-liquid system[4,12,24]. 

U.~-k cU~- U,., +U~ (8) 

where UL.~ ': K (gDt) ~/2, K ~ 0.35 

In the previous studies[12,18,22], the constant K 
value in Eq.(8) is found to be 0.5 for asymmetric slugs 
instead of 0.35 for an isolated slug. Rearranging Eq.(8) 
gives the following equation; 

U~-  U~=k iUg- Urn,) (9) 

The variation of (U~-Ui~) with (U~-U,~I) is shown in Fig. 
5 with the data of previous[I,4,6-9] and the present 
studies. As can be seen from the figure, the values of k 
are wide spread according to the equipment size and 
the properties of particles in the range of 0.2-12.5. 
Therefore, the effects of equipment size and properties 
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O: Ormiston et al.[4] /x: Lanneau[l] 
EZ: Kehoe and Davidson ~ :  Hovmand et a1.[25] 

[6] 
�9 : Carotenuto et al.[7] .A: Thiel and PotterlS] 
n :  Fan et al.[9] v :  This study 

of particles on the rise velocity of slugs in Eq.(8) have 
to be considered. Consequently, an attempt is made to 
correlate the value of k in Eq.(8) for the slug rise veloci- 
ty with the data of other studies[l,4,6-9] by an expres- 
sion similar to that proposed by Fan et al.[9]. The cor- 
relation is 

U ~ = l . 7 3 x 1 0  2,Dr ~ 0.093(,~) 0.6,~lU~_Umsi 
p~ 

0.35 !gDt.I ~/2 Ilil) 

with a correlation coefficient of 0.89. This correla- 
tion covers the ranges of variables 2 .69x10-4~  
dJDts:9.92 x 10 -3 and 793.9~p~Jpg<2390.2. As can 
be seen in Eq. (10), the slugs rise faster with the 
decrease of particle density and the ratio of particle 
size to bed diameter at a given gas velocity. For the 
bed of coarse particles, the gas phase moves up and 
down freely from the particulate to the slug phases[9] 
and the upward movement of the slugs is largely in- 
fluenced by raining of solid particles through the 
slugs[12]. 

The goodness of fit between the measured and cal- 
culated values of the slugrise velocity from Eq.(lO) is 
shown in Fig. 6. For the sake of comparison, the ex- 
perimental data set used in Eq.(10) has been examined 
with the correlations of previous studies[9,10] as 
shown in Fig. 7. As can be seen in Figs. 6 and 7, the 
agreement between the values from the correlation of 
the present study and the experimental values is better 
than those of previous studies. 

g 
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1.6 

O~ 

Fig. 6. 

i u �9 / 
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0.8 1.6 2.4 
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Comparison between the measured and cal- 
culated values of the s lug rise  velocity in the 
s lugging f low regime. 
The symbols are identical as in Fig. 5. 
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Fig. 7. Comparisons of the slug rise velocity between the measured and calculated values from the corre- 
lation of  {A) Fan et  al,[9] and (B) Satija and Fan[lO]. 
The symbols are identical as in Fig. 5. 

The obtained power spectral density function of 
pressure fluctuation signals at 0.53m above the dis- 
tributor at a gas velocity of 0.71m/s is shown in Fig. 8. 
The dominant frequency of a pressure fluctuation 
signal can be determined from a peak of its power 
spectral density function of 0.63Hz as can be seen in 
the figure. The dominant frequency of the signals thus 
obtained is defined as the slug frequency in this study. 
The measured slug frequencies are found to be insen- 
sitive to an increase in gas velocity in the slugging flow 
regime within the frequency range of 0.47-0.64Hz. A 
similar tendency has been observed by Baeyens and 
Geldart[21], and Broadhurst and Becker[26] for the 
slug frequency to attain a limiting value which is not 

i i 

/ Ug = 0.'71 mfs 

/ 
0.63Hz 

0 1 2 3 4 
Frequency (Hz) 

Fig. 8. Power spectral density function of pressure  
signals  obtained at 0.53m above the distribu- 
tor with a gas velocity of 0.71m/s. 

influenced greatly by the particle properties and gas 
velocity above a certain value in the slugging flow 
regime. They proposed different correlations on the 
slug frequency as shown below. 

f~ = 1.17D, 0,,, (11) 

D, ( g )  o.5 (12) L.=0 34 (H~) ~ 
D ~ 

in which D t is in cm. The calculated slug lrequencies 
from Eqs. (11) and (12) for the present study are 0.84 
and 0.48Hz, respe.ctively. These values are quite si- 
milar to the values of the present study. 

The rise velocity of smaller bubbles or voids in the 
turbulent flow regime is found to be about 1.62m/s in 
the present study as can be seen in Fig. 4 and it can be 
expressed by Eq.(7). The nearly constant rise velocity 
of smaller bubbles or voids regardless of the increase 
in gas velocity may be attributed to the higher in- 
terstitial gas velocity through the homogeneous par- 
ticulate phase which is formed by the breakdown of 
large slugs into smaller bubbles or voids in the tur- 
bulent fluidized beds. Fan et al.[9] have measured the 
average rise velocity of pressure wave in the turbulent 
flow regime for the coarse particles which has been 
regarded as the rise velocity of smaller bubbles or voids 
in this study. They found that the average rise velocity 
decreases with an increase in particle size and the den- 
sity of particles. Also, the rise velocity was found to be 
about 2.12m/s for the glass beads with a mean size of 
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0.358mm which is similar to that used in this study. 
The obtained value of Fan et al.[9] is higher than that 
of the present study since their column diameter is 
larger than that of the present study. Therefore, it may 
imply that the average rise velocity of smaller bubbles 
or voids in the turbulent flow regime increases with an 
increase in column diameter due to the less wall-effect. 

CONCLUSIONS 

The rise velocity of slugs in the slugging flow 
regime increases with an increase in gas velocity, 
while it remains almost constant with the variation of 
gas velocity in the turbulent flow regime. The rise 
velocity of smaller bubbles or voids can be utilized to 
de~ermine the transition velocity from the slugging to 
the turbulent flow regime. The slug frequencies are 
found to be insensitive to an increase in gas velocity in 
the slugging flow regime within the frequency range of 
0.47-0.64Hz. 

A generalized correlation taking into account the 
particle properties and column size on the slug rise 
velocity in the slugging flow regime has been proposed 
based on the data of the present and previous 
studies. 

Urns 

U s 

Vf 
Vmt 

V, 

superficial gas velocity at the onset to the 
slugging flow regime, m/s 
rise velocity of slugs, m/s 
velocity of fluctuation waveform, m/s 
average rise velocity of smaller bubbles or 
voids at the onset to turbulent flow regime, 
m/s 
rise velocity of smaller bubbles or 'voids in 
turbulent flow regime, m/s 

Greek Letters 

Pg 

Ps 
E rnf 

Iz 
r 

~m 

density of gas, kg/m 3 
density of particles, kg/m 3 
voidage of the bed at minimum fluidization 
condition 
spherity of particle 
cross-correlation function between X(t) and 
Y(t) defined in Eq.(1) 
viscosity of gas, Pa. s 
shifted time, s 
transit time where the cross-correlation is 
maximum, s 

Subscripts 
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C 
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: calculated value 
: measured value 
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