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Pressure Fluctuations

An on-line statistical study of the pressure fluctuations in fluidized beds was
conducted by using pressure transducers, a correlation and probability analyzer

in a Fluidized Bed

L. T. FAN
THO-CHING HO

and a Fourier transform analyzer. The causes of the fluctuations were explored,

and the effects of the gas velocity, bed height, particle size and distributor design
on the major frequency and amplitude of the fluctuations were investigated. The
results indicate that the motion of bubbles appears to be the major cause of the
pressure fluctuations in the upper portion of a fluidized bed. In the lower portion,
the combined effects of the formation of large bubbles in the middle portion of the
bed, the formation of small bubbles near the distributor, and the jet flow im-
mediately above the distributor appear to be the major causes of pressure fluctua-

tions.

S. HIRAOKA
and
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SCOPE

Pressure fluctuations have been observed to occur in most
fluidized beds and these fluctuations have been used to define
an index for the quality of fluidization (Shuster and Kisliak,
1952; Fiocco, 1964; Sutherland, 1964; Winter, 1968). Small and
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rapid fluctuations are considered to be associated with a good
quality of fluidization.

The nature of pressure fluctuations in a fluidized bed is a
complex function of particle properties, bed geometry,
pressure in the bed, and properties and flow conditions of the
fluidizing fluid. The pressure fluctuations have been studied by
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several investigators (Tamarin, 1964; Swinehart, 1966; Hiby,
1967; Kang et al., 1967; Lirag and Littman, 1971; Wong and
Baird, 1971; Verloop and Heertjes, 1974). However, the
phenomena of pressure fluctuations have not yet been fully
understood because of their complexity and the limitation in
the available techniques and facilities for measuring them.

The previous investigations have led to two different conclu-
sions about the cause of pressure fluctuations in a fluidized bed.
Tamarin (1964) and Hiby (1967) have concluded that the
pressure fluctuations are related to the passage of bubbles
through the upper boundary of the bed and to the changes in
the height of the bed. Lirag and Littman (1971) have also
concluded that the bed height fluctuations, resulting from bub-
bles escaping at the surface of the bed, cause the pressure
fluctuations. Kang et al. (1967), however, have concluded that
the action of bubbles causes changes in the mode and condition
of gas flow and porosity in the dense phase, and eventually
induces the pressure fluctuations.

Among the investigators, Swinehart (1966), Kang et al. (1967)
and Lirag and Littman (1971) used statistical approaches.
Swinehart (1966) calculated the cross-correlation function
between two pressure fluctuation signals taken from two verti-
cally separated pressure taps and determined the
“correlation-average propagation velocity” of bubbles in a
fluidized bed. Kang et al. (1967) and Lirag and Littman (1971)

calculated the probability density function, the auto-
correlation function, and the power spectral density function of
the pressure fluctuations off-line. The resultant auto-
correlation function and power spectral density function were
then used to determine the frequency and the root mean
square of the fluctuations. Lirag and Littman (1971) also used
the measured frequency to estimate the bubble size. The above
investigators have amply demonstrated the power of the statis-
tical analysis or correlation approach in analyzing the random
pressure fluctuation signals in a fluidized bed; however, exces-
sive time and effort needed to employ it off-line have prevented
its wide-spread uses in systematic studies of fluctuation phe-
nomena in process systems.

In this work, an on-line approach was used to statistically
analyze the pressure fluctuations in a fluidized bed. The prob-
abilistic and statistical characteristics of the pressure fluctua-
tions along the fluidized bed including the jet zone adjacent to
the distributor plate were studied. The causes of the fluctua-
tions were explored, and the effects of the gas velocity, bed
height, particle size and distributor design on the major fre-
quency and amplitude of the fluctuations were investigated.
The measured major frequencies were compared with the
results predicted from the model proposed by Verloop and
Heertjes (1974).

CONCLUSIONS AND SIGNIFICANCE

A study of the pressure fluctuations in a fluidized bed with
on-line measurement and data processing has been found to be
efficient with respect to computational effort and to give
sufficiently accurate results from the statistical point of view.
The study has given rise to the following conclusions:

1. The motion of bubbles causes pressure fluctuations in the
upper portion of a fluidized bed. The major pressure fluctua-
tions in the lower portion of the bed are caused by the forma-
tion of large bubbles in the middle of the bed through bubble
coalescence. However, the small pressure fluctuations, which
are superimposed on the major fluctuations in the lower half of
the pressure-time curve, are caused by the formation of small
bubbles near the distributor and the jet flow right above the
distributor.

2. The static bed height has a significant effect on the major
frequency of the pressure fluctuations, whereas the air flow
rate, the distributor design, and the particle size do not sig-
nificantly affect the major frequency. The measured major
frequencies are in fairly good agreement with the results pre-

dicted from the equation derived by Verloop and Heertjes
(1974).

3. The amplitude of the pressure fluctuations is related to
both the bed density and the size of bubbles which are the
sources of the pressure fluctuations.

4. The probability density profile of a pressure fluctuation
signal around its mean has different shapes at different loca-
tions of the bed. It skews to the negative side at the bottom of
the bed, is nearly symmetrical at the middle, and skews to the
positive side at the top of the bed.

Pressure fluctuation signals can be employed for calculating
bubble size (Lirag and Littman, 1971) and measuring bubble
rise velocity (Swinehart, 1966). The analysis of pressure fluctu-
ations for determining their density function, frequency, and
power spectral density function could also be a useful way of
monitoring changes in bed conditions and for diagnosing ab-
normalities in bed operation. Pressure fluctuations in a
fluidized bed can enhance vibrations of heater tubes in a
fluidized bed combustor or beiler; thus, this analysis is essential
for reliable design of such a system.

THEORETICAL

For a continuous stationary random variable X(t), its probabil-
ity density function fy. (x) can be calculated as:

fxor (x)Ax = lim —71—; 3(AT) 1)
Tox

The probability distribution function is a cumulative function of
the probability density function, i.e.,

Jg
Fao = [ funds @
The first moment of X(¢t), i.e., the mean, is defined as:

p= f_ xfxn(x)dx 3)
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The r-th central moment of X(¢) about its mean, ., isdefined as:

x

b= B0 = ) = [ 6w fod @

Note that the first central moment is equal to zero, and the
second central moment is the variance of X(¢). The nondimen-
sionalized third central moment, defined as:

x

_ My 1
S=03_0'3 =

(x — #)3 fxm(x)dx
(5)

is the skewness, which is a measure of the lack of symmetry in
fxn(x) about the mean. The nondimensionalized fourth central
moment, defined as:
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1 ~ rotomeler
2 — pressure gouge
3 — temperoture gouge

8 — pressure transducer
9 - strip chart recorder
10 — correlation ond probability anpiyzer

4 - plesum
5 — disicibutor
6 - bed

7 — pressurs top

1t - oscilloscops
12 ~ Fourier transform analyzer
13 — oscilioscope
14 — X-Y plotter
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Figure 1. Experimental facilities.
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is the kurtosis or flatness factor, which is a measure of the extent
of the skirt of fy(x) about the mean.

Under the assumption of ergodicity, the mean and the vari-
ance can also be expressed, respectively, as:

T
po=lim— | a(t)dt M
and
T
(8

1[5
o? = lTl_rgT f_l (x(t) — p)dt
2

And, the auto-correlation and the cross-correlation can be ex-
pressed, respectively, as:

1 2
bustr) = lim 2 [ T xrnte + e ©
2
and
1 r
D7) = lim — f 2 x(ty(t + 7)dt (10)
2

Note that if X(¢) has a zero mean, ¢, (0) defines the variance of
X(t).

The power spectral density function S, (@) of X(t) is the
Fourier transform of its auto-correlation function, i.e.,
Sex@) = [ Gurlriemide an

The function expresses the behavior of a signal in the frequency
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TABLE 1. PHSYSICAL PROPERTIES OF SAND AND TEST RANGE OF
EXPERIMENTAL VARIABLES.

Experimental Variables Test Range

Sand Size Sieve No. 20-30
D, = 0.000711 m;
Puwr = 2640 kg/ma;
€y = 046,
U,; = 0.368 m/s
Sieve No. 30-40
D, = 0.000491 m;
Py = 2620 kg/m3;
€, = 0.47;
Uy = 0.140 m/s
Distributor Two: hole diameter 0.00316 m &
0.00158 m
U/U,, 1.25-2.50

Static Bed Height 0.04 m-0.50 m

domain rather than in the time domain. For details of the
statistical analysis of random functions, the reader is referred to
treaties by Bendat(1958), Brown and Nilsson(1962), Crandall
and Mark(1963), Davenport and Root(1958), and Lee(1960).
Verloop and Heertjes (1974) have derived an expression,
which relates the major frequency of pressure fluctuations to the

bed height as:
_ Ll g (2-€ )
f= o VL ( €

In deriving this expression, they have assumed that all particles
move in phase and have the same frequency, and that the fluid
moves in phase with the particles. Furthermore, they have
considered that the fluid velocity with respect to the particles,
instead of the superficial velocity, is constant.

(12)

EXPERIMENTAL

The facilities and prodedure employed in carrying out experiments
and measurements are described in this section.

Facilities

A schematic diagram of the experimental facilities is shown in Figure
1. The fluidized bed assembly included abed column, adistributorand a
plenum column. The bed and plenum columns, which were fabricated
from “plexiglass” to permit visual observation, were 0.203 m(8 in.) in
diameter and were 3 m and 0.17 m long, respectively. The two distrib-
utors used were perforated aluminum plates, 0.00158 m (1/16 in.) thick
and had 164 holes. The holes in one of the plates had a diameter of
0.00316 m (1/8 in.) and the other adiameter of 0.00158 m (1/16 in.). The
layout of holes in the distributors is shown in Figure 2. The pressure
drop ratio (AP,/APy.) for the distributor with the hole diameter of
0.00316 m was about 10-15% and that for the distributor with the hole
diameter of 0.00158 m was about 20-40% for most of the experimental
runs. Two types of sand were used as the fluidizing particles. Their
physical properties and the experimental conditions are summarized in
Table 1.

Pressure taps were installed vertically along the columns. The dis-
tance between two adjacent taps was about 0.045 m. 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 differential
pressure transducer (Enterprise Model CD3J), 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 diaphrams, the transducer
provided a multirange working capacity. Two transducers, each with a
diaphram capacity of +6.89 kPa (=1 psi), were used. The lines which
connected the taps and the transducers were balanced so that constant
transient response could be maintained.

The calculating and recording assembly included a correlation and
probability analyzer (Honeywell Model SAI-43A), a Fourier trans-
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Figure 3. Sample calculation of the mean of a pressure fluctuation signal.

form analyzer (Honeywell Model SAI-470), a strip chart recorder,
an X-Y plotter, and two oscilloscopes. The correlation and probability
analyzer executed calculations of the auto-correlation function, the
cross-correlation function, the probability density function, and the
probability distribution function of a fluctuation signal. The analyzer had
two input channels, each had selection buttons AC and DC. The sam-
pling interval of the analyzer ranged from 2 us to 1 s, while the total
number of sampling points in a calculation could be up to 128 x 1024.
The Fourier transform analyzer transformed the auto-correlation func-
tion in the time domain into the corresponding power spectral density
function in the frequency domain according to Eq. 11. The calculated or
transformed functions were either directly exhibited on an oscilloscope
or recorded on an X-Y plotter.

Measurement

For each run at a specific combination of experimental variables,
pressure fluctuations at each selected location (tap) along the bed and
plenum columns were detected by connecting the tap to a pressure
transducer. The voltage-time (corresponding to pressure-time) signal
from the transducer was sent to both the strip chart recorder and the
correlation and probability analyzer. The recorder registered the
pressure-time signal, and the calculating assembly computed the auto-
correlation function, the probability density function, the probability
distribution function and the power spectral density function of the
pressure fluctuation signal. The sampling interval for calculating the
auto-correlation, density, and distribution functions was selected to be
10 ms, and a total of 8 X 1024 points were sampled or measured. This
gave rise to an operating time of 80 s.

The properties of a pressure fluctuation signal measured were its
mean, major frequency, average amplitude, root mean square, 90%
fluctuating interval and probability density profile. The probability
distribution function, calculated using DC coupling, was employed to
determine the mean of the fluctuation signal. It was accomplished by
reading the X-axis value of the Fy, (0.5) point, as shown in Figure 3.

I-— | sec —-‘ 0.35m above the distributor

L8k /\f\/\/\/\/\/\/\/\/\/\»f\
Y

F— [ 58C~‘i

-+~
1.38kPa
4

Figure 5. Pressure fluctugtion signals detected simultaneously from two
pressure taps in the upper portion of a deep fluidized bed (D, = 0.000711
m L =04m U, = 1.5).

025m above the distributor

AIChE Journal (Vol. 27, No. 3)

90% Intervai= P(B) - P(A}
=0.8-(-1.0)
=1.8 {kPa)

o o o
EN o ®
T

o
o

Probability Distribution Function for A Pressure
Fluctuation Signal (with AC Coupling)

e - e e e

0.0

Pressure (kPa)

Figure 4. Sample calculation of the 90% fluctuation interval.

The major frequency of a fluctuation signal was determined from
locating the peak of its power spectral density function. The on-line
measurement was carried out on an oscilloscope with the help of a bin
marker. The root mean square of a pressure fluctuation signal was
obtained by calculating the square root of the value at zero time shift of
its auto-correlation function.

The pressure-time curve registered on the strip chart recorder was
used to calculate the average amplitude of a pressure fluctuation signal.
1t was determined by averaging the individual amplitudes along a chart
distance equivalent to 8 s. In the calculation, it was necessary to take into
account only those amplitudes corresponding to the frequencies near
the major frequency.

The probability distribution function, which was calculated employ-
ing AC coupling, was nsed to determine the 90% fluctuating interval of 2
pressure fluctuation signal. A sample calculation is shown in Figure 4.
The fluctuating range between points A and B in the figure stands for its
90% fuctuating interval. The probability density function of a pressure
fluctuation signal was calculated by the correlation and probability
analyzer as mentioned previously. The function itself showed the
characteristic properties of the pressure fluctuations.

The cross-correlation function between two fluctuation signals which
were taken simultaneously at two locations (taps) by the two transducers
was also calculated by the correlation and probability analyzer. Sam-
pling interval ranged from 0.1 to 1 ms and the total sampling points from
64 X 1024 to 128 X 1024. The on-line measurements of the time shift
between the two fluctuations were made on an oscilloscope with the
help of a bin marker.

RESULTS AND DISCUSSION

Pressure fluctuation signals were registered on the strip chart
recorder. The typical pressure-time curves are shown in Figures
5 and 6. The typical probability density function, auto-
correlation function, and power spectral density function re-

0.115 m above the distributor

|-—|sec“|

0.0t m above the distributor

Io—l sec—-|

N AV AW AN AWV VVIV.VARNVAWAD
1.38kRg

4
Figure 6. Pressure fluctuation signals detected simultaneously from two

pressure taps in the lower portion of a deep fluidized bed (D, = 0.000711
m, Ls = 0~4 m, U/u»zf = ].5).
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Figure 7. Probability density function of a pressure fluctuation signal (D, =
0.000711 m, L, = 0.35m, UNU,,; = 2.0, probe location: 0.2 m above the
distributor).

Power Spectral Density Function for A
Pressure Fluctuation Signal
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Figure 9. Power spectral density function of a pressure fluctuation signal
(D, = 0.000711 m,L, = 0.35m,U/U,,, = 2.0, probe location: 0.2 m above
the distributor).

corded are shown in Figures 7, 8, and 9, respectively. The
experimental results for static bed heights 0.06 m and 0.10 m are
summarized in Table 2, and those for 0.40 m in Table 3. The
effect of static bed height on the major frequency is shown in
Figure 10.

The probability density functions recorded at different axial
positions along the fluidized bed under the same set of experi-
mental conditions are shown in Figure 11. The figure also shows
their mean, variance, skewness and kurtosis. In Figure 12, the
mean pressure and the 90% interval of the pressure fluctuations
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Fugure 8. Auto-correlation function of a pressure fluctuation signal (D, =
0.000711 m, L, = 0.35 m, UIU,; = 2.0, probe focation: 0.2 m above the
distributor).

at a specific location in a fluidized bed are plotted against the air
flow rate for one set of experimental conditions.

Periodicity of Pressure Fluctuations

The presence of a periodic component in the pressure fluctua-
tions in fluidized beds was identified by Lirag and Littman (1971)
from analyzing the recorded probability density function, auto-
correlation function and power spectral density function of the
pressure fluctuations. The same functions obtained in this work
confirmed the existence of periodic phenomena. Specifically, it
has been observed that the probability density function has a
saddle shape about the mean, the auto-correlation function has a
sinusoidal shape, and the power spectral density function ex-
hibits a sharp peak. These observations are illustrated in Figures
7,8, and 9.

Cause of Pressure Fluctuations

The cause of pressure fluctuations in the upper portion of a
deep fluidized bed is discussed first. Here, the deep fluidized
bed refers to the fluidized bed with a static bed height greater
than 0.25 m (Ly/D, = 1.25), and the upper portion refers to the
portion of the bed where only one bubble at a time was observed
to pass the horizontal plane.

TABLE 2. EXPERIMENTAL RESULTS WITH LOW STATIC BED HEIGHTS.

U/Umf
Distributor* D, (m) L, (m) Fluctuation** 1.25 1.50 1.75 2.00
Fre (Hz) 5.00 4.75 4.75 4.75
A 0.000711 0.06 Amp (kPa) 0.10 0.14 0.16 0.19
0.10 Fre (Hz) 3.50 3.50 3.25 3.25
‘ Amp (kPa) 0.13 0.19 0.24 0.38
Fre (Hz) 5.25 5.25 5.00 5.00
B 0.000711 0.06 Amp (kPa) 0.06 0.09 0.12 0.16
0.10 Fre (Hz) 3.75 3.75 3.50 3.50
' Amp (kPa) 0.10 0.16 0.20 0.35
Fre (Hz) 5.00 5.00 5.50 5.50
A 0.000491 0.06 Amp (kPa) 0.05 0.06 0.07 0.12
0.10 Fre (Hz) 3.00 3.50 3.50 4.00
’ Amp (kPa) 0.07 0.14 0.16 0.19

*Distributor: A—hole diameter 0.00316 m; B—hole diameter 0.00158 m.
**Fluctuation: FRE—major frequency; Amp—amplitude.
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TABLE 3. EXPERIMENTAL RESULTS WITH 0.4 M STATIC BED HEIGHT.

Probe Location (Distance above Distributor, m)

Static Bed Height (m)
Figure 10. Effect of static bed height on the major frequency.
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Figure 12. Pressure vs. velocity curve in a fluidized bed at 0.15 m above the
distributor (D, = 0.000711 m, L, = 0.4).
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Distributor* D, (m) U/U,¢ Fluctuation**  plenum 0.01 0.055 0.105 0.150 0.195 0.230 0.285
Fre (Hz) 1.25 1.25 1.25 1.25 1.50 1.50 1.25 1.25
A 0.000711  1.25 Amp (kPa) 0.3 031 031 0.35 035  0.38 038  0.38
1.50 Fre (Hz) 1.75 1.75 1.75 1.50 1.50 1.75 1.50 1.75
! Amp (kPa) 0.64 0.60 0.60 0.64 0.66 0.70 0.73 0.66
2.00 Fre (Hz) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
. Amp (kPa) 1.95 1.90 1.90 2.00 2.07 2.14 1.90 1.45
Fre (Hz) 1.00 1.00 1.00 1.25 1.25 1.25 1.25 1.50
B 0.000711  1.25 Amp (kPa)  0.10 012 015 019 024 028 028 028
1.50 Fre (Hz) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
’ Amp (kPa) 0.31 0.41 0.41 0.48 0.52 0.59 0.66 0.66
2 00 Fre (Hz) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
= Amp (kPa) 1.17 1.31 1.32 1.45 1.50 1.59 1.56 1.38
‘ Fre (Hz) 1.25 1.25 1.75 1.50
A 0.000491  1.25 Amp (kPa) 0.13 0.21 048 048
Lso Fre (Hz) 1.50 1.50 1.75 1.75
: Amp (kPa) 0.34 0.52 0.55 0.48
2.00 Fre (Hz) 1.75 1.75 2.00 2.50
' Amp (kPa) 0.69 0.83 0.83 0.69
* Distributor: A—hole diameter 0.00316 m; B—hole diameter 0.00158 m.
** Fluctuation: Fre—major frequency; Amp—amplitude,
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Figure 11. Probability density functions at different locations of a fluidized
bed (D, = 0.000711 m, L, = 0.4 m, U, = 1.75).

Figure 5 shows portions of two typical pressure fluctuation
signals detected simultaneously from two pressure taps which
were vertically apart. In the figure, the upper and lower curves
correspond to the pressure fluctuations in the bed at 0.35 m and
0.25 m above the distributor, respectively. A comparison of the
two curves indicates that the major fluctuating frequency for
both curves is the same. However, the upper curve shows a
slight time delay from the lower curve. The magnitude of delay
was measured from the cross-correlation function between the
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Figure 13. Cross-correlation function between two pressure fluctuation
signals 0, = 0.000711 m, L, = 0.4 m, UIU,,; = 1.5).

two pressure fluctuation signals. The resultant cross-correlation
function is shown in Figure 13. The figure indicates that the
signal from the upper tap has a time delay of 0.101 s compared to
the signal from the lower tap. This value agrees approximately
with that estimated from the two curves in Figure 5. Similar
observations were made under other experimental conditions.

If the pressure fluctuations were caused by the bed height
fluctuations as concluded by Lirag and Littman (1971), the
pressure fluctuation signal at the upper position should occur in
advance. Since this was not the case, we would say that the
pressure fluctuations in the upper portion of a deep fluidized
bed are not directly caused by the bed height fluctuations.

To interpret the observed results meaningfully, the
pressure-time curve for a single rising bubble in a fluidized bed
was examined. Figure 14 shows a pressure-time curve during
the rise of a single injected bubble as presented by Littman and
Homolka (1970). In their study, the bubble was injected into an
incipiently fluidized bed below a pressure tap, and a pressure
transducer was used to detect the pressure changes at the tap
during the rise of the bubble. Using a photographic method,
they found that point 3 of the curve in the figure corresponded to
the instant when the roof of the bubble reached the tap, and
point 5 corresponded to the instant when the floor of the bubble
reached the pressure tap. Therefore, the figure shows that the
motion of a bubble in a fluidized bed tends to produce a pressure
change at every position.

A comparison of the pressure-time curve of a single rising
bubble (Figure 14) with each fluctuating cycle of the pressure
fluctuation curve (Figure 5) indicates the pressure fluctuation
curve could be the result of serially connecting the partially
overlapping pressure-time curves of successive rising bubbles.
The observation that only one bubble at a time passed the
pressure tap confirms the fact that the continuous upward mo-
tion of bubbles causes the pressure fluctuations in the upper

|.2
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Figure 15. Values of 90% fluctuating interval, average amplitude and root
mean square of pressure fluctuation signals clong the bed column (D, =
0.000711 m, L, = 0.4 m, U, = 1.5).

portion of a deep fluidized bed. Since the bubbles in a fluidized
bed always move upward, the pressure fluctuations detected
from the upper tap have a time delay compared to those de-
tected from the lower tap; the delay time is equivalent to the
traveling time of the bubbles from the lower tap to the upper
tap. This is in agreement with the experimental results.

Figure 6 shows portions of two pressure fluctuation signals
detected simultaneously in the lower portion of a deep fluidized
bed, one at a position of 0.01 m above the distributor plate, and
the other at a position of 0.12 m. A comparison of the two curves
indicates that they are similar in shape, and the peaks and
valleys of the two curves almost coincide. The cross-correlation
function between these two pressure fluctuation signals
confirms the fact that time shift was extremely small; it indicates
that the pressure fluctuation signal at the position farther away
from the distributor (0.12 m above the distributor) had a time
advance of about 0.004 s over the position closer to the distribu-
tion (0.01 m above the distributor).

In thelower portion of the deep fluidized bed, it was generally
observed that, when slugging occurred, the pressure fluctuation
signal detected from the tap farther away from the distributor
had a very small time advance compared to the signal detected
from the tap closer to the distributor. However, when slugging
did not occur (approximately U/U,, < 1.5 for sand with D, =
0.000711 m), this tendency was reversed, i.e., the pressure

TABLE 4. TIME SHIFT BETWEEN TwO PRESSURE FLUCTUATION
SIGNALS DETECTED FROM TWO ADJACENT TAPS (L; = 0.4 m, U/U,,s

° T T T T

a 3

= o027t /1\2_/\ -

4 7

2 0.0 -

e |

w _0.27F \/ A

° " 56

a { 1 i i

0 0.25 0.50 0.75

Time (sec)

Figure 14. Pressure-time curve during the rise of a bubble (Littman and
Homolka, 1970).
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= 1.5).
Time Shift
Test Taps* (lower tap) (s)
1-2 —0.001
2-3 —0.001
3-4 —0.001
4-5 0.0085
5-6 0.0085
6.7 0.029

*Tap position: 1.—0.01 m above the distributor; 2—0.055 m; 3—0.105 m; 4—0.150 m;

5—0.195 m; 6—0.230 m; 7—0.285 m.
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fluctuation signal detected from the tap closer to the distributor
had a small time advance compared to the signal from the tap
farther away from the distributor. For most of the runs, the
major frequency observed in the lower portion of the deep
fluidized bed was essentially the same as that observed in the
upper portion (Table 3). This indicates that both fluctuations are
probably caused by the same source.

It appears that the formation of large bubbles through bubble
coalescence in the middle portion of the bed, the formation of
small bubbles near the distributor and the jet flow immediately
above the distributor, all affect the pressure fluctuations in the
lower portion of a deep fluidized bed. The major fluctuations are
caused by the formation of large bubbles and are transmitted
downward from the middle portion of the bed toward the lower
portion of the bed. The small fluctuations, which are caused by
the jet flow and the formation of small bubbles and are transmit-
ted upward, are superimposed on the major fluctuations.

As mentioned in the preceding paragraphs, the pressure wave
is transmitted upward and downward in the upper and lower
portions, respectively, of a deep fluidized bed accompanied by
slugging. An attempt was made to approximately locate the
position where the change in the direction occurred. This was
accomplished by computing the cross-correlation function
according to Eq. 10 between two fluctuation signals taken from
several pairs of adjacent taps along the column. The position
where the time shift, 7, changed its sign was taken as the location
where the change in the direction of the pressure wave propaga-
tion occurred. For a fluidized bed with particles of a mean
diameter of 0.000711 m and a static bed height of 0.4 m, and
operated at U/U,,, = 1.5, this position was approximately 0.15 m
above the distributor (Table 4). When the air flow rate was
increased, this position waslowered. This trend is in agreement
with that observed by Kadlec (1962) under the assumption that
slug was formed at this position.

For a fluidized bed with a relatively low static bed height of
0.12 m to 0.25 m, the pressure wave was propagated similarly to
a deep fluidized bed. In the upper portion of the bed, the
pressure fluctuation signal detected from a tap near the top of
the bed alwavs had a time delay compared to the signal detected
from a tap below it. In the lower portion of the bed, pressure
fluctuation signals taken from any two taps almost coincided.
The similarity of the pressure fluctuation phenomena between
the relatively shallow and deep fluidized beds indicates that the

cause of pressure fluctuations in the two beds is very similar.

Pressure Fluctuations in the Bed

The trends in the changes in the amplitude, root mean square
and 90% fluctuating interval of the pressure fluctuations are
similar, Figure 13. For shallow fluidized beds, the results in
Table 2 show that at the position 0.01 m above the distributor,
the major frequency of pressure fluctuations decreased slightly
with the air flow rate for the bigger particles and increased
slightly for the smaller particles. However, the amplitude al-
wavs increased with the air flow rate. For deep fluidized beds,
the results in Table 3 show that the major frequency essentially
remained invariant along the column at a fixed air flow rate and
increased slightly or negligibly when the air flow rate was in-
creased. The amplitude increased with the air flow rate at any
given position. When the air flow rate was fixed, the amplitude
of pressure fluctuations tended to increase and then decrease
along the column height from the bottom to the top. The height
where the maximum amplitude occurred decreased with an
increase in the air flow rate.

The fact that the major frequency of pressure fluctuations re-
mained essentially constant along the column implies that the
pressure fluctuations in a fluidized bed can be attributed to the
same cause as discussed in the previous section. The trend for
the amplitude to increase with the air flow rate was expected
since the bubble size became larger when air flow rate was
increased. The amplitude’s tendency to increase and then de-
crease with the distance above the distributor indicates that the
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bed density plays an important role in determining the
amplitude of the pressure fluctuations in a fluidized bed. The
position where the bed density begins to decrease descended
the column with an increase in the air flow rate (Fan et al., 1962),
and thus the position where the maximum amplitude occurred
also descended the column, as can be observed in Table 3.
Tables 2 and 3 also show that the diameter of the holes in the
distributor had little effect on the major frequency; however,
the use of the distributor with a smaller hole diameter resulted
in smaller fluctuating amplitudes in both the plenum and the
bed.

As can be seen in Figure 10, the static bed height significantly
influenced the major frequency of pressure fluctuations. The
figure shows that the major frequencies decreased as the static
bed height increased and that the particle size did not sig-
nificantly affect the major frequencies. The major frequencies
predicted by Eq. 12 are also plotted in the figure. It appears that
the predicted results are, atleast, in qualitative or semiquantita-
tive agreement with the experimental results. This indicates a
need to develop a model which is capable of quantitatively
describing the bed fluctuation phenomena.

The shapes of the probability density functions of the pressure
fluctuations in a fluidized bed were different at different loca-
tions in the bed. Figure 11 shows that the density of a pressure
fluctuation signal skews to the negative side of its mean at the
bottom of the bed, skews to the positive side at the top of the bed
and is almost symmetrical at the middle of the bed. The result
observed at the bottom of the bed might be due to the fact that
small fluctuations, which were caused by small bubbles, were
superimposed on the major fluctuations, which were caused by
the formation of large bubbles, in the lower half of the pressure-
time curve. The superposition of the small fluctuations on the
major fluctuations was almost always found in the lower half of
the pressure-time curve, since the formation of small bubbles
and thus the occurrence of small fluctuations were most likely to
occur when the major fluctuations were at their valleys. The
situation was reversed at the top of the bed, i.e., small fluctua-
tions, possibly caused by the continuous raining of the sand,
occurred at the upper half of the pressure fluctuations. As indi-
cated in the figure, the kurtosis of the pressure fluctuations is
essentially independent of the bed position.

A pressure vs. velocity plot in Figure 12 shows the changes in
the mean pressure and the 90% fluctuating interval with the air
flow rate at a position 0.15 m above the distributor. The particle
size used was 0.000711 m and the static bed height was 0.40 m.
The figure shows that the mean and the fluctuating interval
increased with the air flow rate, and that the mean was not
located at the center of the fluctuating interval when the air flow
rate was high. This might be due to the low, relative position of
the tap (0.15 m above the distributor) in the bed when the air
flow rate was high.
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NOTATION

D, = average particle diameter

D, = bed diameter

L = bed height

L, = static bed height

Sxwn = probability density function of X(¢)
Fxun = probability distribution function of X(t)
g = gravitational acceleration

K = kurtosis or flatness factor, Eq. 6

APy.q = pressure drop across the bed

AP, = pressure drop across the distributor
S = skewness factor, Eq. 5

Sre = power spectral density function

T = duration of sampling
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AT = time interval during which X(¢) locates itself between
xrand 2 + Ax, Eq. 1
U = superficial gas velocity

Uy = superficial gas velocity at minimum fluidization
X(), Y(t) = random variables

Greek Letters

n = mean

Uy = r-th central moment about the mean
T = standard deviation

a? = variance

T = time shift variable, Egs. 9 and 10
Grr = auto-correlation function of X(¢)

by = cross-correlation function between X(t) and Y(#)
€ = voidage of the bed

€ms = voidage at minimum fluidization

w = angular frequency
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Simultaneous biological and activated-carbon treatment of organic wastewaters
appears promising. The effects of bacterial film growth on adsorbent particles is
investigated by laboratory work and mathematical modelling. Regeneration of the
adsorbent due to film growth does occur, but faster than predicted. The discrep-

ancy reflects uncertainty about the structure of bacterial films.

SCOPE

A promising method for removing soluble organic matter
from wastewater is to combine biological treatment and ac-
tivated carbon adsorption into a single unit. This is demon-
strated by the PACT system (addition of powdered carbon to an
activated sludge unit), the effects of bacterial growth in carbon
adsorption columns, and various proposals for the biological
regeneration of spent carbon.

This paper provides a mathematical model on which the
design and evaluation of such systems can be based. It predicts
the uptake rates of organic matter due to adsorption and bioleg-
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ical activity when a bacterial film grows on a granular carbon
particle. The predictions are compared with experimental data
from a laboratory-scale, fluidized-bed reactor operated with a
high-recirculation rate. The organic substrate is valeric acid,
and denitrifying bacteria are used.

Unlike previous work, this model is applicable to films which
are actively growing and are thick enough to cause bioregener-
ation. Also, all theoretical and practical work is done in a way
that could be repeated on a real wastewater whose constituents
are dilute, soluble, biodegradable, and adsorbable. Proce-
dures are given for the measurement of all but one of the
model’s parameters. The bacterial growth rate and yield val-
ues are determined from experiments with beds of nonadsorb-
ing coal particles.
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