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SCOPE 

In a gas-solid fluidized bed, bubbles form near the distributor, 
coalesce, grow, and increase in velocity as they rise through the 
bed. Knowledge of the rise velocity of gas bubbles is important, 
since it is one of the factors determining the gas residence time 
in the bed. It has been observed that the rise velocity of bubbles 
is directly related to the bubble size, which governs the quality 
of fluidization and the rate of mass or heat transfer between the 
dilute and dense phases. 

The rise velocity of an isolated spherical capped bubble has 
been determined to approximately obey the expression 

u b  = k(gDb)'I2 (1) 
where k varies between 0.57 and 0.85 (Davidson et al., 1959; 
Harrison and Leung, 1961; Reuter, 1963; Rowe and Partridge, 
1965; Kunii and Levenspiel, 1969). When the diameter of the 
bubble becomes comparable to that of the containing vessel, 
the rise velocity becomes independent of its volume and is given 
by (Ormiston et al., 1965) 

Us = 0.35(gDt)1/p (2) 

In bubbling beds, a bubble rises in the company of a crowd 
of rising bubbles, and the absolute rise velocity of the bubble 
is given by Davidson and Harrison (1963) as 

vb=(u- umf)+ Vb 
= ( u  - Umf)  + k(g&)'/' (3) 

For slugging beds, the velocity of the gas slug has been measured 
by Davidson and Harrison (1963), Ormiston et al. (1965), and 
Matsen et a]. (1969) as 

v, = k'( u - Umf) + us 
= k'( U - Umf) + 0.35 (gDt)'/2 (4) 

where k' ranges between 0.87 and 9.68. 

Various experimental techniques for measuring the bubble 
rise velocity were used in the previous studies. The techniques 
included: photographing with ordinary cameras (Pyle and 
Harrison, 1967a, 1967b; Godard and Richardson, 1969) or with 
X-ray cameras (Rowe and Partridge, 1965; Toei et al., 1965); and 
sensing with capacitance probes (Lanneau, 1960; Toei et al., 
1965; Ormiston et al., 1965; Werther and Molerus, 1973) or 
electroresistivity probes (Park et al., 1969; Rigby et al., 1970). The 
pressure transducer technique was also employed in measuring 
the rise velocity of bubbles in a fluidized bed. Littman and 
Homolka (1970) determined bubble rise velocities in a two- 
dimensional fluidized bed from pressure-time curves detected 
by a pressure transducer. Swinehart (1966) determined bubble 
rise velocities in a fluidized bed by calculating off-line the 
crosscorrelation function between two pressure fluctuation 
signals, which were taken simultaneously from two vertically 
separated pressure taps. While the correlation technique has 
been demonstrated to be a powerful tool in determining the 
bubble rise velocity, the excessive time and effort needed to 
employ it for off-line calculation have prevented its widespread 
use. 

In this work, a totally on-line approach was used to cross- 
correlate pressure fluctuation signals for determining the rise 
velocities of bubbles, slugs and pressure waves in a three-di- 
mensional gas-solid fluidized bed. Pressure transducers were 
used to detect the pressure fluctuations and a correlation and 
probability analyzer was used for on-line calculation of the 
crosscorrelation functions. Sand and glass beads with different 
particle sizes were tested. Effects of the fluidizing gas flow rate 
and column diameter on the rise velocities of bubbles and slugs 
were investigated. The results were correlated with two models 
developed in this work and were compared with the data ob- 
tained by other investigators. 

CONCLUSIONS AND SIGNIFICANCE 

It has been demonstrated that the rise velocities of bubbles, 
slugs, or pressure waves in a fluidized bed can be measured 
on-line through the use of pressure transducers coupled with the 

cross-correlation technique. The measured results were com- 
pared with the data observed by other investigators, and good 
agreement was obtained. The two models proposed appear to 
describe the experimental data reasonably well. 
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(e.g., Dt 2 0.2 m), the experimental results show that, as the gas 
flow rate exceeds the minimum fluidization velocity, three op- 
erating regimes, bubbling, slugging and turbulent, will appear 
in succession in the bed with the increase in the gas flow rate. 
However, the turbulent bed regime is not observed in a fluidized 
bed with a relatively small column diameter. 

While most of the previous studies employed visual obser- 

vation to determine the onset of slugging, the present technique 
enables us to determine it on-line and instrumentally using the 
rise velocity of the bubbles or slugs as the criterion. Because the 
rise velocities and the operating regime in the bed are deter- 
mined on-line, potential applications of the present technique 
in  process design and control of pilot plants or production fa- 
cilities are obvious. 

THEORETICAL 

The cross-correlation function between two continuous, sta- 
tionary and ergodic random variables, X ( t )  and Y(t ) ,  is expressed 
as 

where x ( t )  is the value of X ( t )  sampled at time ( t ) ,  and y(t + T )  

is the value of Y ( t )  sampled at time ( t  + 7) (e.g., Lee, 1960). In this 
work, X ( t )  and Y( t )  are, respectively, pressure fluctuation signals 
detected at a location upstream and another location downstream. 
The average time required for a fluctuation waveform to travel 
between these two locations is the transit time, T,, where the 
cross-correlation function is maximum (Swinehart, 1966; Werther 
and Molerus, 1973; Oki et al., 1977; Oki et a]., 1978). The velocity 
of the fluctuation waveform, V j ,  can be calculated as 

L 
7 m  

vj  = - 

where L is the known distance between the two detecting loca- 
tions. 

It has been pointed out (Swinehart, 1966; Kang et al., 1967; Fan 
et al., 1981) that the motion of bubbles causes the pressure fluctu- 
ations in the upper portion of a fluidized bed. In the case where 
only a single bubble is observed to pass a horizontal plane at a time, 
each periodic waveform in the detected pressure-time curve ob- 
viously corresponds to the passing of one single bubble. The velocity 
of a fluctuation waveform, V f ,  defined by Eq. 6, is essentially the 
average rise velocity of bubbles, slugs or pressure waves, respec- 
tively, in  each bed regime, i.e., 

V f  = Vb (in the bubbling bed regime) 
(7)  

V f  = V t  (in the turbulent bed regime) 

Two models, Model I and Model 11, are presented in this work to 
describe the rise velocities of bubbles, slugs and pressure waves in 
a fluidized bed. 

Model I is based on postulations that the rise velocity of an iso- 
lated bubble or an isolated slug is, respectively, a function of the 
bubble diameter or the bed diameter only, and that the rise of 
bubbles or slugs is promoted by an upward movement of the dense 
phase (Davidson and Harrison, 1963). Thus, the rise velocity of 
bubbles, v),, can be related to the velocity of the upward movement 
of the dense phase, U - U m f ,  and the bubble diameter, Db, as 

(8 )  

and similarly the rise velocity of slugs, V,, can be related to the 
term, U - U m j ,  and the bed diameter, D t ,  as 

(9) 
These two expressions for the bubbling bed regime and the slugging 
bed regime are essentially identical to Eqs. 3 and 4 except that two 
parameters are used instead of one. Furthermore, based on the 
experimental observations, which will be delineated later, Model 
I postulates that the upward moving velocity of pressure waves in 
the turbulent bed regime is essentially constant, i.e., 

V t  = Vta = constant (10) 

V j  = V,y (in the slugging bed regime) ] 

Vb = k l ( U  - U m f )  + k2(gDb)1’2 

V ,  = k; ( V  - U,,j) + k;(gDt)1/2 
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Model I1 is more empirical in nature than Model I. In the former, 
the dimensionless or normalized rise velocity of bubbles, slugs or 
pressure waves, defined as 

respectively, are assumed to be power functions of the dimen- 
sionless or normalized fluidization gas flow rate, defined as 

respectively, in each bed regime. The behavior of bubbles in the 
bubbling bed regime is profoundly affected by the bed properties, 
e.g., the particle size and the particle density; therefore, the ex- 
ponent of the postulated power function in this bed regime is 
considered to be a function of the dimensionless particle size and 
the dimensionless particle density, i.e., 

or 

The behavior of slugs in the slugging bed regime is assumed to be 
influenced mostly by the characteristics of the column wall and 
is affected only slightly by the particle properties and the column 
size; thus, the exponent of the postulated power function in this bed 
regime is considered to be constant, i.e., . 
or 

As in the case of Model I, the velocity of pressure waves in the 
turbulent bed regime is assumed to be constant in this model; thus, 
we can write 

or 

V, = V i a  = constant J 
EXPERIMENTAL 

The facilities and procedure used in carrying out the experiments and 
measurements are described in this section. 

Facilities 

A schematic diagram of the experimental equipment is shown in Figure 
1. The fluidized bed assembly included a bed column, a gas distributor and 
a plenum column. The bed and plenum columns, which were fabricated 
from “plexiglas” to permit visual observation, were 2 m and 0.17 m long, 
respectively. Columns of three different diameters, i.e., 0.102 m (4 in.), 
0.153 m (6 in.) and 0.203 m (8 in.), were tested. The gas distributor was a 
perforated aluminum plate 0.00159 m (l/16 in.) thick and had holes, each 
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Figure 1. The experimental facilities. 

with a diameter of 0.00159 m ( I / I ~  in.), drilled in the pattern shown in Figure 
2. Five groups of solids were used as the fluidizing particles. Their physical 
properties are summarized in Table 1. The values of U,f listed were de- 
termined experimentally from the pressure drop vs. gas flow rate curve. 
Air was used as the fluidizing gas for all experiments. 

Pressure taps were installed vertically along the columns. The inside 
opening of each tap was covered with a screen to prevent the sand from 
entering the tap. The outside opening of a tap was connected to a differ- 
ential pressure transducer (Enterprise Model CD3], natural frequency 
around 5 kHz), which had two input channels and produced an output 
voltage proportional to the pressure difference between the two input 
channels. In measuring the pressure fluctuations at a specific location (tap), 
the tap was connected to the positive input channel while the other channel 
was left exposed to the atmosphere. With the use of interchangeable.dia- 
phragms, the transducers provided a multi-range working capacity. Two 
transducers, each with a diaphragm capacity of f20.67 kPa ( f 3  psi), were 
used. The lines which connected the taps and the transducers were balanced 
so that constant transient response could be maintained. 

The calculating assembly included a correlation and probability analyzer 
(Honeywell Model SAI-43A) and an oscilloscope. The analyzer executed 
calculations of the cross-correlation functions of the fluctuation signals. The 
recording apparatus included a strip chart recorder and an X-Y plotter. The 
strip chart recorder registered the pressuretime signal from the transducer. 
It had two input channels so that the pressure-time curves at two locations 
(taps) could be simultaneously recorded and compared. 

Measurements and Calculations 

Measurements of the bubble or slug rise velocity were conducted in the 
upper portion of the bed where only one bubble at a time was observed to 
pass a horizontal plane. The static bed height at the onset of fluidization 
for all the experiments was 0.60 m, and the two pressure taps were located 
at 0.4 ni and 0.59 m above the distributor. The range of air flow rate tested 
was between U,j and the air flow rate where the bed expansion ratio, 
H / H , f ,  was approximately equal to 3. For each run with a specific com- 
bination of experimental variables, pressure fluctuations at the two pressure 
taps were detected by connecting the taps to the two pressure transducers. 
The two voltage-time (corresponding to pressure time) signals, simulta- 
neously taken, were sent to both the strip chart recorder and the correlation 
and probability analyzer. The recorder registered the pressure-time curves, 
and the analyzer calculated the cross-correlation function between the two 
fluctuation signals. The sampling interval for the calculation was selected 

k , % % ? ~ Y F ~ ~  
Figure 2. Hole layout of the distributor. 

TABLE 1. PHYSICAL PROPERTIES OF FLUIDIZING PARTICLES 

U.S. 
Standard Density U,f 

Material Sieve No. D&n) (kg/m3) (m/s) 

sand 14-20 0.001 122 2,650 0.66 
20-30 0.000711 2,640 0.36 sand 
30-40 0.000491 2,620 0.20 sand 

Glass Beads 30-40 0.000491 2,430 0.28 
Glass Beads 40-50 0.000358 2,400 0.16 

to be 1 ms, and a total of 64 X 1,024 points were sampled and calculated. 
The on-line measurements of the time shift, T,, were made on an oscillo- 
scope with the help of a bin marker on the analyzer. The distance between 
the two taps was known and the average rise velocities of bubbles, slugs, 
and pressure waves were determined from Eq. 7. 

RESULTS AND DISCUSSION 

Typical recorded pressure fluctuation signals, calculated cross- 
correlation functions and calculated rise velocities of bubbles, slug, 
or pressure waves are illustrated in the Figures 3 through 6. Typical 
pressure-time signals are shown in Figure 3. Each pair of pressure 
fluctuation signals shown in the figure was taken simultaneously 
from the two pressure taps in the fluidized bed whose operating 
conditions are cited in the figure. The lower curve of each pair was 
taken from the tap located at 0.4 m above the distributor and the 
upper curve was taken from the tap located at 0.59 m above the 
distributor. The figure indicates that the two curves do not coincide; 
the upper curve lags behind the lower one. The lag or delay time 
is considered the traveling time of bubbles or slugs from the lower 
tap to the upper tap. It can be observed that the delay time is 
shorter and that the signals are more irregular in shape for the pair 
of signals with the higher air flow rate than those for the pair with 
the lower air flow rate. 

The cross-correlation functions calculated on-line are shown in 
Figure 4; they confirm the observation that the delay time between 
the two pressure fluctuation signals decreases as the air flow rate 
increases. This appears to be reasonable, since it implies that the 
rise velocity of bubbles or slugs increases with the air flow rate. The 
figure also indicates that each of the calculated cross-correlation 
functions has a relatively flat peak. In calculating the rise velocity, 
two velocities were first determined based on the value of T, at 
both ends of the flat peak by means of Eq. 6. Their arithmetic av- 
erage is considered to be the average rise velocity of bubbles or slugs 
for the measurement. 

Figure 5 shows typical results obtained for the bed with a column 
diameter of 0.203 m (8 in.). It shows that the rise velocity increases 
with the air flow rate for U/Umf between 1.19 and 1.44. The rise 
velocity decreases for U/Umf between 1.44 and 1.55, and then 
increases again until U/Umf = 2.10. It fluctuates appreciably when 
U/Umf is greater than 2.10. 

Figure 3. Pressure fluctuation signals recorded. (sand with DP = 0.000711 
m, 0, = 0.203 m) 
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Figure 4. Cross-correlation functions calculated. (sand with 0, = 0.00071 1 
m, Dl = 0.203 rn) 

The decrease in the rise velocity around U/U,f = 1.44 was 
visually confirmed to be due to the slugging effect, i.e., the diam- 
eter of the bubbles became comparable to that of the bed, and the 
friction between the bed wall and the bubbles became active to 
reduce the rise velocity of bubbles. The fluctuation in the rise ve- 
locity beyond U / U m f  = 2.10 was probably caused by the bed 
turbulence. Visual observation confirmed that the slugging bed 
was transformed to the turbulent bed at this higher air flow rate, 
and thus, the velocities fluctuate. It is apparent from the results that, 
in the 0.203 m diameter column, the bed experienced all three 
regimes-the bubbling bed, slugging bed and turbulent bed-with 
the increase in the air flow rate. These three regimes were also 
observed when other fluidizing particles were tested in this 
column. 

Figure 6 shows typical experimental results for the bed with a 
column diameter of 0.102 m (4 in.). It clearly indicates the occur- 
rence of the slug effect; however, it exhibits no turbulent effect. 
This is plausible because there is insufficient space for a rising slug 
to become turbulent in this smaller column. The results from 
fluidized beds, each with a column diameter of 0.153 m (6 in.), 
exhibit all three bed regimes for relatively small fluidizing particles 

I I I 

u / umf (-1 
I I 

00 020 0 40 0.M) 0 80 100 108 
u - umf (m/sec ) 

Figure 5. Plot of the rise velocities of bubbles, s lu~s  and pressure waves 
agalnst the dimensionless air flow rate. (sand with D, = 0.000711 m, D, = 

0.203 rn) 
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Figure 6. Plot of the rise velocities of b_ubbles and slugs against the dimen- 
sionless air flow rate. (sand with D, = 0.000711 rn, Dl = 0.102 m) 

- 
(e.g., D, 5 0.00035 m); however, no clear turbulent bed regime 
was observed for the beds with relatively large fluidizing particles 
(e.g., Dp 5 0.00036 m). 

Onset of Slugging 

The technique employed in this work enables us to determine 
the onset of slugging using the rise velocity as the criterion. The 
onset of slugging in this work is defined to be the air flow rate at 
which the rise velocity starts to decline in the transition between 
the bubbling bed and slugging bed regimes, e.g., U/U,f = 1.44 
in Figure 5, or U/Umf = 1.2 in Figure 6. The velocities at the onset 
of slugging observed in this work are compared with the data 
correlated by Stewart (Davidson and Harrison, 1971) in Figure 7. 
It can be seen that the agreement is good. 

The experimental results were correlated with Model I, Model 
I1 and the available models; they are discussed in the following 
paragraphs. 

Model I 

Model I as well as the available models (Eqs. 3 and 4) were fitted 
to the experimentally determined rise velocities of bubbles and 
slugs. The results are shown in Figures 5 and 6. Notice that, in the 
bubbling bed regime, the bubble diameter corresponding to each 
measured rise velocity was estimated using the equation derived 
by Darton et al. (1977), i.e., 

In the present work, 4 was experimentally determined by assuming 
that the bubble diameter, Db, was equal to the column diameter 

I 

P * I  
a 
-*- -? - - - 1 

I- 4 

H m f / 4  

Figure 7. Experimental data on the onset of slugging. 
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Figure 8. Plot of the measured k values against the estimated values. 

when the rise velocity of slugs was minimum. For example, = 
0.203 m at U/U,,,f = 1.53 for the fluidized bed of sand with D, = 
0.000711 m (Figure 5). It appears that Model I and the available 
models described the results equally well. This is true also for other 
sets of experimental results. This suggests that the use of the one 
parameter equation, i.e., Eqs. 3 and 4, is satisfactory in estimating 
the rise velocity of bubbles or slugs. 

The applicability of the two-phase theory in fluidized beds has 
been a controversial subject (e.g., Cranfield and Geldart, 1974; 
Xavier et al., 1978). However, a reasonably satisfactory description 
of the present results by Eq. 3 suggests that the two-phase theory 
may be applicable to our work. Since measurements of the bubble 
rise velocity in this work were conducted near the slug flow con- 
dition, it appears that the two-phase theory is at least applicable 
under such a condition; a comment to the same effect has been 
made by Grace (1981). 

An attempt was made to correlate the values of k in Eq. 3 in 
bubbling bed regime and those of k' in Eq. 4 in the slugging bed 
regime for different fluidizing particles and column diameters. 
For air-sand and air-glass beads systems, we have obtained 

D -0.32 
k = 0.18 (-$) 

lOOOPf 
in the bubbling bed regime, and 

k' = 2.43 (-$) -0.5 (A)-"'" 
l@%Jf 

(16) 

in the slugging bed regime. Note that Eq. 15 is based on the data 
obtained using the beds with Dt = 0.203 m and on the bubble di- 

5 0  40 # *  i 
45 10 20 SP 4.0 50 

d[.rcirnoC.d,Eq.O6)] 

Figure 9. Plot 01 the measured k' values against the estimated values. 
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Figure 10. Plot of the measured Vt. values against the estimated values. 

ameters estimated from Eq. 14. The experimental values of k and 
k' are well correlated according to these expressions, as can be seen 
in Figures 8 and 9, respectively. It can be observed that the k values 
range from 0.53 to 0.70, and the k' values from 1.03 to 3.80. These 
values are in good agreement with the results obtained by the 
previous investigators (e.g., Davidson and Harrison, 1963; Ormiston 
et al., 1965). For the rise velocity of a pressure wave in the turbulent 
bed regime (0.203 m diameter beds), Model I assumes that it is 
constant and can be expressed by Eq. 10, i.e., 

Vi N Vta (10) 

An empirical expression has been obtained for estimating the values 
of Vta for the air-sand and air-glass beads beds with D, = 0.203 m, 
i.e., 

D -0.56 
Vt, = 0.134 (g) [&)-i'16 (17) 

This correlation is compared with the experimental values of V t ,  
in Figure 10. As indicated by the figure, the agreement is good. 

It should be noted that all three correlations, i.e., Eq. 15, 16 and 
17 given in the above paragraph, indicate that bubbles, slugs or 
pressure waves rise faster in fluidized beds with smaller particle 
density andsmaller relative size between the particle and the col- 
umn, i.e., Dp/Dt, for the same value of (U  - Umf). This trend is 
in agreement with the observations made by Rowe and Partridge 
(1965) and Littman and Homolka (1970). 

Model II 

Model I1 has also been fitted to the experimentally determined 
rise velocities of bubbles, slugs, and pressure waves. The resultant 
equations are: 

Computed (.*-) 
bma hi 

Figure I l (a ) .  Comparison between the measured dimensionless bubble rise 
velocity and that computed from Equation (18). (See Fig. 9 for symbols) 
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TABLE 2. RISE VELOCITIES OF BUBRLES OR SLUGS MEASURED AT DIFFERENT SEPARATION DISTANCES OF PRESSURE TAPS (Di = 0.203 rn) 

Tap Position Separation 
(rn above the Distance Avg. Wise Velocity of Rubbles or Slugs (m/s) 
Distributors) (rn) 

Ir - 2.0 -- I' - 1.75 - - _ -  I' - 1.5 - _  - 1.25 
lJ,,i U,,,f Umf  tJn4 

Matrrial  D,,(rn) 

>" 
1 

>- 
W 

Sdnd 0.000711 0.40-0.59 
0.45-0.59 
0.49-0.59 

Send 0.000491 0.40-0.59 
0.45-0.59 
0.49-0.59 

0.45-0.59 
0.49-0.59 

Class Reads 0.000491 0.40-0.59 

E E  
>- 

>- 
'F 

0.19 
0.14 
0.10 
0.19 
0.14 
0.10 
0.19 
0.14 
0.10 

0.73 
0.75 
0.78 
0.75 
0.81 
0.81 
0.70 
0.73 
0.74 

0.82 
0.84 
0.98 
1 00 
1.01 
1.06 
1.09 
1 1 0  
1.10 

0 95 
0 96 
1 02 
115 
117 
1 28 
1 30 
1 44 
161 

1.16 
1.19 
1.47 
1.29 
152 
1 63 
1.52 
1 69 
1 95 

I .o 
08 

Q6 

0.4 

0.2 

QI 42 03 Q6 ae 10 
Computed( -'mi) 

vsmtivmi 

Figure 1 l(b). Comparison between the measured dimensionless slug rise 
velocity and that computed from Equation (19). (See Fig. 9 for symbols) 

( U-"IM ) 
TG- 

Figure ll(c). Plot of the measured (VdVla) against the term [(U - U,,,t)/(Ut 
- UmI)] of Equation (20). (See Fig. 9 for symbols) 

The experimentally obtained values of [(Vb - V h i ) / ( V h u  - 
V h i ) ]  are compared with those computed from Eq. 18 in Figure 
l l (a) ,  and the experimentally obtained values of [(V, - Vsmi)/ 
(V,,,, - Vsnli)]  are compared with those computed from Eq. 19 
and Figure I l (b) ;  the experimentally obtained values of ( V i / V t u )  
are plotted against the values of I( U - Urnt ) / (Ui  - Urnt)] in Figure 
l l (c ) .  It can be seen that the model describes the experimental 
results reasonably well. Note that, in fitting the above correlations 
to the data, the value of Vt,nli was set equal to zero; the values of 
Vsni, .  V,,,,, Vt, ,  Umf, Urn, and U,,, were experimentally deter- 
mined; and the value of Ut was estimated from Figure 9 in Chapter 
3 of the monograph by Kunii and Levenspiel (1969). 

To apply Model I1 for estimation of the rise velocities of bubbles, 
slugs, or pressure waves, the values of the parameters in the cor- 
relation equations, i.e., V h , , ,  Vsn,,, V,,, Vi,, U,f ,  U,,, UnLt and 
U, ,  need to be determined or estimated a priori. These values, 
except the values for U,,f and Ui which are available in the liter- 

ature, can be roughly estimated by the following correlations based 
on the data obtained in this work. 

It has been pointed out (Fan et al., 1981) that major fluctuations 
in the lower portion of a fluidized bed are caused by the formation 
of large bubbles in the upper portion of the bed, and thus pressure 
fluctuation signals detected in the lower portion of the bed coincide 
with each other in the major fluctuations. This prevents the ap- 
plication of the technique in the lower portion of the bed. The 
technique, however, can be used for any pair of locations in the 
upper portion of the bed, where the motion of bubbles causes 
pressure fluctuations. 

It should be noted that the separation distance between two taps 
has some effects on the result. Table 2 shows that the measured 
bubble rise velocity tends to be greater when the separation dis- 
tances are shorter; however, the deviation is not large except when 
the distance is excessively short. According to Oki et al. (1977), the 
correlation between the two measured signals becomes smaller as 
the distance increases, and thus, it becomes difficult to locate the 
peak of the cross-correlation function. Conversely, if the distance 
becomes small, the directional characteristics become less distinct 
and the error caused by digitizing the signal to compute the transit 
time becomes large. It appears that a distance approximately equal 
to or larger than the diameter of the column is a suitable choice. 
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NOTATION 

A o  

Db = equivalent bubble diameter 
Dp = average particle diameter 
Dt = bed diameter 
g = gravitational acceleration 
H = height in the bed 
H,,f = height in the bed at the minimum fluidization condi- 

= catchment area for a bubble stream at the distributor 
plate 

tion 
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k = coefficient, defined in Eqs. 1 and 3 
= coefficient, defined in Eq. 8 
= coefficient, defined in Eq. 4 
= coefficient, defined in Eq. 9 
= distance between taps 
= time 
= time period 
= superficial gas velocity 
= rise velocity of an isolated bubble 
= superficial gas velocity a t  the minimum fluidization 

= superficial gas velocity a t  the minimum slug condition 
= superficial gas velocity a t  the minimum turbulent con- 

= rise velocity of an isolated slug 
= terminal particle velocity 
= bubble rise velocity in the bubbling bed regime 
= maximum bubble rise velocity in the bubbling bed re- 

= minimum bubble rise velocity in the bubbling bed re- 

= velocity of a fluctuation waveform 
= slug rise velocity in the slugging fluidized bed regime 
= maximum slug rise velocity in the slugging bed re- 

= minimum slug rise velocity in the slugging bed re- 

= rise velocity of pressure wave in the turbulent bed re- 

= average rise velocity of pressure wave in the turbulent 

= random variables 
= random variable 

condition 

dition 

gime 

gime, zero 

gime 

gime 

gime 

bed regime 

Greek Letters 

4 
4 X Y  
Pf 
Ps 
Psand 

= constants, Eq. 11 
= constant, Eq. 1 2  
= shifted time 
= transit time where the cross-correlation function is 

maximum 
= coefficient defined in Eq. 14 
= cross-correlation function between X ( t )  and Y(t) 
= density of fluid 
= density of fluidizing particles 
= density of sand 
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