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Two methods of decoupling pressure fluctuations in fluidized beds by using the inco-
herent part (IOP) of absolute pressure (AP) and differential pressure (DP) fluctuations
are evaluated in this study. Analysis is conducted first to demonstrate their similarities,
differences, and drawbacks. Then, amplitudes, power spectral densities, mean frequen-
cies, coherence functions, and filtering indices of the IOP of AP and DP fluctuations
are calculated and compared based on experimental data from a two-dimensional fluid-
ized column of FCC particles. Derived bubble sizes are also compared with the sizes of
bubbles viewed in the two-dimensional bed. The results demonstrate the similarity of
these two methods in filtering out global compression wave components from absolute
pressure fluctuations, especially those generated from oscillations of fluidized particles
and gas flow rate fluctuations. However, both methods are imperfect. Neither can filter
out all the compression wave components and retain all the useful bubble-related wave
components. Their amplitudes can be used to characterize global bubble property and
quality of gas—solids contacting in bed, but they do not give accurate measurement of
bubble sizes. © 2009 American Institute of Chemical Engineers AIChE J, 56: 869-877, 2010
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Introduction

Fluidized beds are widely used in various physical and
chemical applications. Pressure fluctuations have long pro-
vided qualitative information on the dynamics of gas—solids-
fluidized beds. In recent years, considerable attention has
been devoted to the study of pressure fluctuations to under-
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stand their origin and interpret their nature in terms of the
complex hydrodynamics.

In typical bubbling fluidized beds, pressure fluctuations
arise from a combination of local pressure variations induced
by bubble passages and remote compression waves, with the
latter originating from a number of hydrodynamic phenom-
ena, such as generation, coalescence, break-up, and eruption
of bubbles, as well as gas flow rate fluctuations.'? Decou-
pling the pressure signals in fluidized beds is very attractive,
as it can be an effective means, for example, of estimating
the average bubble size in a fluidized bed. From the bubble
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model of Davidson,> the amplitude of bubble-passage-
induced pressure waves is proportional to the bubble diame-
ter. Therefore, if remote compression pressure waves can be
selectively removed from a pressure signal, the remainder of
the signal should enable quantification of the average diame-
ter of the passing bubbles, a crucial parameter determining
the quality of gas—solids contacting in fluidized beds and the
performance of fluidized-bed reactors. As pressure fluctua-
tions are easily measured, even in high-temperature indus-
trial-scale units, these methods are potentially very useful,
especially in harsh environments where other measurement
techniques are impossible.

Two alternative decoupling methods have shown good
potential for some experimental conditions and have
received certain recognition in the fluidization community.
One, proposed by van der Schaaf et al.* separated the power
spectral density (PSD) of absolute pressure (AP) signals into
a coherent part (COP) and an incoherent part (IOP) by a fre-
quency-domain-based coherence function. This coherence
function is calculated from two pressure signals: p(x), meas-
ured in the plenum chamber below the gas distributor and
p(y), measured in the bed,
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where ¢ and ¢y, are the PSDs of the chamber and bed

pressure signals, respectively, whereas ¢, is their cross PSD

and f:y is the conjugate of ¢,. The PSD of the bed pressure

signal is then divided into a COP,

COP = g, fyy, )

and an IOP,

10P = (1-¢,)fy. 3)

As local pressure waves generated in the bed are unlikely
to be sensed in the plenum chamber, IOP is assumed to be
composed only of local waves related to bubbles or gas tur-
bulence.* The amplitude of IOP is then used to estimate the
bubble size in fluidized beds of Geldart B particles by

dy = O'Xy‘i/ppg(l ~ emp)’ 4)

where o,y ; is the standard deviation of IOP. The authors found
that bubble sizes determined by Eq. 4 were in good agreement
with those predicted by the semi-empirical equation of Darton
et al.” Kleijn van Willigen et al.® applied this method to a two-
dimensional fluidized bed with two types of particles: coarse
sand (Geldart B) and fine glass beads (Geldart A). However,
different scaling factors were needed to bring the bubble sizes
inferred from Eq. 4 into alignment with experimental values
measured by image analysis.

The other method is based on differential pressure (DP)
fluctuations. Roy and Davidson’ showed that the amplitude
of DP fluctuations measured across a small axial interval
inside a bubbling fluidized bed was proportional to the bub-
ble size. Later, Bi® proved that compression wave compo-
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nents can be filtered out by a DP transducer with a small
separation distance between its two taps, making differential
signals more useful than absolute (single-port) pressure
measurements.

These two decoupling methods have only been used so far
in a limited number of laboratory-scale fluidized beds, with
few types of particles examined. No study has been reported
in which the two decoupling methods have been compared.
In this study, we apply and compare the two decoupling
methods in a two-dimensional fluidized bed, allowing bubble
sizes to be roughly estimated from visual observation. This
facilitates identification of the advantages and limitations of
the two methods.

Theoretical Considerations

The two decoupling methods are based on different filtra-
tion principles. Decoupling by DP fluctuations is based on
the different propagation velocities of compression waves
and bubble-passage-induced waves. Bubble-passage-induced
waves propagate at the same velocities as the bubble rise
velocities, usually less than 2 m/s. On the other hand, the
propagating velocity of compression wave is in the range of
5-30 m/s, with the higher limit (~30 m/s) for voidage close
to minimum fluidization conditions and decreasing quickly
to ~10 m/s with bed voidage increasing to that at minimum
bubbling.g’10 Compression waves are also subject to serious
attenuation in the presence of bubbles, especially in fluidized
beds with high bubble volume fractions.'' To filter out more
compression wave components, the distance between the two
taps of a DP transducer should be relatively small (same
order as the bubble diameter). On the other hand, given the
pressure field around a single bubble,’ the distance should be
no less than half a bubble diameter to minimize removal of
bubble-passage-induced wave components. In most gas—sol-
ids-fluidized beds, bubbles are of a wide range of sizes, mak-
ing it difficult to choose the most suitable spacing of the two
taps of a DP transducer. This also means that it is likely to
be impossible to avoid removal (filtering) of some bubble-
passage-induced wave components, while some compression
wave components also remain in processed DP signals.

The TOP method” is based on the degree of similarity in
the frequency domain between a chamber pressure signal
and a bed pressure signal. Components in a pressure signal
measured in the bed with a frequency equal to the chamber
pressure signal are selectively removed. The advantage of
this decoupling method is that the attenuation because of the
presence of bubbles no longer influences the filtering of
compression wave components. However, it is also possible
that the compression and bubble-passage-induced wave com-
ponents overlap in their PSDs, leading to removal (filtering)
of some bubble-passage-induced wave components. On the
other hand, the gas distributor alters some components of
compression waves, with the consequence that the chamber
pressure signal cannot contain all the compression wave
components in the bed. As a result, it is also difficult for the
IOP method to completely separate the two types of pressure
signals based on frequency domain analysis. In the data anal-
ysis later, we use a simple example to confirm this state-
ment. Figure 1 plots the axial profiles of oyy.;, measured by
van der Schaaf et al.* in an experimental column of 0.385
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Figure 1. Standard deviation of incoherent pressure
fluctuations (o) vs. measurement height in
a bubbling fluidized bed for different gas
velocities (sand: d, = 0.38 mm, p, = 2650 kg/
m3, d; = 0.385 m, data obtained from van der
Schaaf et al.%).

LD., under different superficial gas velocities. For every su-
perficial gas velocity, ayy.; reached a peak in the upper part
of the bed. If the bubble size is proportional to ogyy.;, there
should be a maximum bubble size in the upper part of the
bed. This is inconsistent with previous experimental findings
for both Geldart A and B particles>'*'* and also demon-
strates that IOP is not composed of bubble-passage-induced-
wave components.

In summary, both decoupling methods have drawbacks in
analyzing pressure fluctuations for characterizing bubble
properties. In the following sections, we analyze and com-
pare these two methods based on our experimental measure-
ments to verify these conclusions and to provide further
comparison with experimental data.

Experimental Set-Up and Measurement
Techniques

A schematic of the experimental set-up appears in Figure
2. The main column, with a cross-section of 500 mm x 30
mm and a height of 6 m, was constructed of plexiglass. This
“two-dimensional” design provided direct views of the flow
behavior of gas and solids. Although unsteady motion and
distribution of the small bubbles generated by frequent split-
ting and coalescence in the fluidized bed of FCC particles
prevented accurate measurement of bubble sizes by image
analysis, the approximate bubble sizes and the quality of
gas—solids contacting could be estimated roughly by visual
observations. The column consisted of six sections of height
1 m, connected by flanges. The gas distributor was an 11-
hole perforated plate with a 1.44% open area. Two-stage
external cyclones captured particles entrained in the dis-
charge gas flow and returned them to the dense bed via stand-
pipes to maintain a constant solids inventory in the column.

Ambient air was introduced by a Roots blower. Equilib-
rium FCC particles of mean diameter 78 pum and density of
1500 kg/m® were the bed solids. The static bed height was
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maintained at 1.28 m for all experiments. The superficial gas
velocity ranged from 0.2 to 1.1 m/s, covering both the bub-
bling and turbulent flow regimes.

Three pressure taps were installed flush with the inner
wall of the column, two in the dense bed, 0.11 m (P;) and
0.31 m (P,) above the distributor, respectively, and the other
in the plenum chamber (P,). Each pressure tap was a steel
tube of 7 mm ID. Wire gauze was inserted into the tip of
each pressure tap to prevent entry or blockage by fine par-
ticles. The dead volume of each pressure measurement sys-
tem was less than 8000 mm® throughout this study, which
has been shown to give negligible damping of fluidized-bed
pressure signals.'> Three AP pressure transducers were used
to obtain the transient pressure signals from the three taps.
With this measurement arrangement, the differential signal
between P, and P, could also be obtained. Absolute pressure
transducers in this study were Gems-1200. The analog sig-
nals from transducers were converted into digital signals by
an ADLINK PCI9111-DG A/D converter and then saved in
a computer. For measuring pressure fluctuations, the mini-
mum sampling frequency is usually required to be greater
than 20 Hz to satisfy the Nyquist Sampling Criterion." The
sampling frequency here was 200 Hz and the sampling inter-
val was 60 s for all runs.

Experimental Results
Comparison of fluctuation amplitudes

Figure 3 compares the fluctuation amplitudes (represented
by the standard deviations) of AP signals (P,), its IOP and
COPs with respect to the chamber pressure signals (P), and
DP signals between the P; and P, bed pressure taps, repre-
sented by o}, 04y, Oxyc, and ogp, respectively. As the super-
ficial gas velocity increased, all four standard deviations first

second-stage
cyclone

first-stage |
cyclone

fluidized
bed

distributor pressure
chamber gauge
air
surge
valve tank

Figure 2. Schematic of two-dimensional experimental
cold model column.
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Figure 3. Comparison of amplitudes (represented by
the standard deviation) of absolute pressure
signals (o), their incoherent and coherent
parts (ox, and oy, ) with respect to the
chamber pressure signals, and differential
pressure signals (o4p)-

increased, and then decreased after passing through a maxi-
mum at a superficial gas velocity approximately coinciding
with the onset of turbulent flow regime. The o, and oy
curves are similar in shape, indicating that the AP fluctuation
signal is mainly composed of compression wave compo-
nents. This is because the bubbles in fluidized beds of FCC
particles are usually small, so the fluctuations caused by bub-
ble-passage-induced waves are also small. The g,y ; and ogp
curves are similar in shape, but o4, is always larger than
Ogyi- This is because local bubble-passage-induced waves
constitute the main parts of both IOP and DP, so they follow
similar trends with increasing superficial gas velocity. The
difference in magnitude may arise from several causes. First,
as shown in Figure 4, when the distance between the two
taps of a DP transducer is large enough, the bubble-passage-
induced components of the two AP signals become uncorre-
lated. Therefore, the DP signal may contain bubble-passage-
induced components of the two AP signals. Second, there
may still be significant compression wave components left in
the DP signal, because the distance between the two taps of
the DP transducer is not small enough.

-

—— AP (P2

|——DP (P1-P2)

Figure 4. Absolute and differential pressure signals.
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Figure 5. Estimated bubble sizes by differential pres-
sure fluctuation and IOP.

The bubble size in the bed can be estimated from the
amplitudes of the DP fluctuations and IOP by Eq. 4. Figure
5 plots and compares the two estimated bubble sizes as a
function of superficial gas velocity. It is seen that bubble
sizes estimated from oy, ; ranged from 2 to 4 cm. Bubble
sizes estimated from o4, were always larger than the corre-
sponding sizes estimated from oy, ; at the same u,, ranging
from 2 to 6 cm. In our experiments, the bubble sizes could
be roughly estimated by visual observation. Although there
were occasional large bubbles of ~10 cm diameter, most
bubbles observed in the bed were small, usually in the range
of 2-4 cm in diameter, as shown by the band of shading in
Figure 5. Therefore, bubble sizes estimated from o, ; were
closer to the actual bubble sizes. The larger bubble size esti-
mated from o4, may largely arise, as discussed earlier, from
the superposition of the bubble-related-wave components of
two AP signals, and some compression wave component
remaining in the DP fluctuations.

Comparison of power spectral densities

Figure 6 compares the PSDs of AP signals, IOPs, and DP
signals at different superficial gas velocities. For PSDs of
AP signals, the high-intensity components were concentrated
in the range of 0-3 Hz. When superficial gas velocities were
low, the highest intensities usually appeared at frequencies
near 1 Hz, near the natural oscillation frequency of the fluid-
ized bed.'®" This indicates that these components may cor-
respond to the pressure waves caused by oscillation of fluid-
ized particles. At higher superficial gas velocities in our
results [PSD(P1)], a high-intensity peak gradually emerged
near 0 Hz, as seen most clearly in Figures 6e, f. This compo-
nent should be related to compression waves generated by
gas flow rate fluctuations characterized by very low fre-
quency and increasing amplitude with increasing superficial
gas velocity. The above two types of high-intensity compo-
nents (near 1 and 0 Hz) are both global compression waves.
On the other hand, the intensity of compression waves gen-
erated by oscillation of fluidized particles (at f = 1 Hz) first
increased with increasing superficial gas velocity and then
began to decrease at uy = 0.37 m/s, near the onset of the
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Figure 6. Comparison of power spectral densities of absolute pressure signals, IOPs and differential pressure

signals.

turbulent flow regime. The first stage of increasing ampli-
tudes arises mainly from the increase of average bubble size,
resulting in stronger energy input and higher intensities.
However, bubbles become small transient voids, continu-
ously splitting and coalescing after the turbulent flow regime
is reached. The intensities of compression waves generated
by oscillation of fluidized particles decrease drastically
because of less energy input and stronger attenuation caused
by the presence of numerous voids in the bed.

The PSDs of DP signals [PSD(P;-P,) in Figure 6] were
more evenly distributed across the frequency range. Compo-
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nents at f = 1 Hz, generated from oscillation of fluidized
particles, were most seriously filtered out by the DP trans-
ducer. This can be observed most clearly at low superficial
gas velocities, as shown in Figures 6a—c. As u, increased,
the high-intensity peaks at f = 0 Hz, corresponding to the
components generated by gas flow rate fluctuations, also
attenuated strongly, as can be seen in Figures 6e, f. How-
ever, the intensities of the components of DP signals in other
frequency ranges were comparable to, or even larger than,
those for the AP signals. As bubbles in fluidized beds of fine
FCC particles are relatively small, these components likely
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correspond to local bubble behavior, such as passage, break-
ing, or coalescence. As discussed earlier, these components
measured by a DP transducer are less correlated, so they
may be superposed in the DP signals.

The PSDs of IOP had the most evenly distributed inten-
sities over the frequency range of interest. Pressure waves
generated from the oscillation of fluidized particles (f =
1 Hz) were again filtered most effectively. Similarly, pressure
waves generated from gas flow rate fluctuations (f = 0 Hz)
were also strongly removed at high superficial gas velocities.
On the contrary, components corresponding to bubble behav-
ior or local gas turbulence were mostly retained.

In summary, both IOP and DP fluctuations can signifi-
cantly filter out the most dominant compression waves in
fluidized beds, while retaining more bubble-related local
pressure wave components. Therefore, they are more suitable
than AP fluctuations for the characterization of bubble
behavior in fluidized beds. However, the distance between
our two pressure taps of the DP transducer, 0.2 m, a com-
mon spacing industrially, was not small enough to remove
all compression wave components from the DP signals.

Comparison of mean frequency

The global filtering of different pressure wave components
can be characterized by the mean frequency introduced by
Trnka et al.,?° fm, Which satisfies

fmax

/o
by (f)df = . by (f)df ®)

min m

based on the PSD, where f,;, and f,,.x are the minimum and
maximum sampling frequencies. Unlike the dominant fre-
quency, which corresponds to the frequency with the highest
amplitude, the mean frequency accounts for all contributions
of waves based on their amplitudes, and it is therefore more
representative and more reproducible.

Figure 7 compares the mean frequencies of AP signals,
IOPs, and DP signals as a function of superficial gas veloc-
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ity. The mean frequency of the AP was always lowest of the
three, because the high-intensity components of AP, i.e.,
generated from oscillation of fluidized particles or gas flow
rate fluctuations, were all in the low frequency range. The
mean frequency of AP fluctuations increased monotonously
with increasing superficial gas velocity, mainly due to the
increasing attenuation of compression wave components gen-
erated from oscillation of fluidized particles with increasing
superficial gas velocity, as seen in Figure 6. The mean fre-
quency of DP fluctuations had a higher value. This demon-
strates that: (1) a large part of low-frequency compression
wave components, especially those generated from oscilla-
tion of fluidized particles or gas flow rate fluctuations, were
filtered out; (2) a large portion of compression waves were
still retained in the DP signals. The mean frequency of IOP
was highest for all operating conditions investigated, demon-
strating that more low-frequency compression wave compo-
nents were filtered out than for the DP signals.

Comparison of coherence functions

Figure 8 presents the (Py—P;) and (P,—P,) coherence func-
tion curves in the 0—7 Hz frequency range at different super-
ficial gas velocities. As can be seen from Figure 8, there
were two main peaks for most operating conditions, repre-
senting two main parts of wave component most filtered by
the IOP method. One was located at ~1 Hz, corresponding
to pressure waves generated from oscillation of fluidized par-
ticles and usually dominant at low gas velocities. The other,
near 0 Hz, corresponded to pressure waves generated from
gas flow rate fluctuations and this one becomes more domi-
nant with increasing superficial gas velocity. The two coher-
ence function curves showed similar trends under most oper-
ating conditions, but the coherence function between pres-
sure taps Py and P, was always lower than that between taps
Py and P,. This is because the P, pressure signal contained
mainly compression wave components, whereas P; and P,
reflected both global compression waves and local bubble-
related waves, making these two Py and P, signals less cor-
related, resulting in reduced coherence between them.
Another reason may be that the axial distance between P
and P, is larger than between P, and P,, thus making the
signals from Py and P, more correlated.

Comparison of filtering effect

An average coherence in the frequency range of 0-10 Hz
between P, and Py,

Py =— i Vaydf (6)

as proposed by Cai et al.,”! was explored next to quantify the
extent of similarity between two AP signals. The larger the
average coherence, the more components in the AP signal are
filtered out by the IOP method. This average coherence can be
viewed as a metric to characterize the extent of filtering by the
IOP method.

Another filtering index, based on the absolute deviation,

5, Silpi=pl -

==,

n
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Figure 8. Coherence functions between two in-bed pressure signals (P1—-P,) and between one in-bed signal and
the plenum chamber pressure signal (Py—P4)-

was also investigated to quantify the extent of filtering by a Because of

DP signal. The DP signal is a combination of two AP

signals, so the absolute deviation of a DP signal can be written [(p1ii —P1) — (p2i —P2)| < |(pri —P1) + (p2i — P2)|,  (9)
as

(Sdp S (3p1 + (5p27 (10)

n
i —P2i) — - n ) — . . . .. .
21 |(Pi—p2) = (Pr —p2) _ 2111 =p1) = (P2 = P2 . where d,,; and J,, are the absolute deviations of the AP signals
n n at the two taps of a DP transducer. A filtering index of DP is
(8)  defined as

Sap =
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where 6,1 + 6,2 is the maximum possible absolute deviation of
a DP signal. The larger the 14y, the more components of AP
signals are filtered out by the DP signal.

Figure 9 shows that the average coherence and #g4, fol-
lowed similar trends with increasing superficial gas velocity:
first increasing slightly and then decreasing as the superficial
gas velocity increased. For uy > ~0.8 m/s, both indices
increased again. The results again demonstrated their similar
effect on the filtering of pressure waves.

In summary, the above comparisons confirm the similar
filtering effects of IOP and DP fluctuations. It is also clear
that both methods are imperfect. Some compression wave
components may still remain in IOP and DP fluctuations,
whereas some useful bubble-related wave components tend
to be filtered out by both methods. If the distance between
two pressure taps of a DP transducer is appropriately chosen,
the amplitude of DP fluctuations can be as useful as the IOP
amplitude in characterizing the average bubble size and the
quality of gas—solids contacting. However, bubble sizes
derived from their amplitudes, e.g., by Eq. 4, are at best ap-
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proximate because of the difficulties in filtering out all com-
pression wave components and retaining all useful and
uncorrelated wave components.

Conclusions

In this study, the two common decoupling methods for the
analysis of pressure fluctuations in fluidized beds, i.e., IOP
and DP fluctuations, are analyzed and evaluated based on
their amplitudes, power spectral densities, mean frequencies,
coherence functions, and two filtering indices. It can be con-
cluded that:

(1) Both IOP and DP fluctuations can significantly filter
out global compression wave components, especially those
generated from oscillations of fluidized particles and gas
flow rate fluctuations.

(2) Both methods are imperfect. They neither filter out all
compression wave components nor retain all useful bubble-
related wave components.

(3) Both the amplitudes of IOP and DP fluctuations can
be used to characterize global bubble properties and the
quality of gas—solids contacting, but neither is able to pro-
vide accurate bubble sizes.

(4) For DP fluctuations to optimally characterize bubble
properties, the distance between adjacent pressure taps of the
DP transducer should be small enough to filter out more
compression wave components, but larger than half the aver-
age bubble diameter to avoid excessive removal of bubble-
related wave components.
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Notation

d,, = bubble diameter, m

d,, = particle diameter, m
d; = column diameter, m
f = frequency, Hz
fin = mean frequency, Hz
Jfinins fmax = minimum and maximum sampling frequencies, Hz
¢ = gravitational acceleration, m/s
H,,,; = bed height at minimum fluidization velocity, m
IOP, COP = incoherent and coherent parts of power spectral density of
absolute pressure in the bed with respect to the plenum
chamber pressure signal, Pa%/Hz
n = number of sampling data points
pi = transient pressure value, Pa
P, = absolute pressure in chamber, Pa
Py, P, = absolute pressure at taps 1 and 2 in bed, Pa
u, = bubble rise velocity, m/s
uy = superficial gas velocity, m/s

Greek letters

Op, Ogp = absolute deviations of absolute and differential pressure
signals, Pa
ems = voidage at minimum fluidization
¢xx» Pyy = power spectral density, Pa*/Hz

- 2
xy = cross-power spectral density, Pa”/Hz
yfy = coherence function

yiy = average coherence function between 0 and 10 Hz
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nap = filtering index of differential pressure signal
pp = particle density, kg/m?
Gap, 0p = standard deviations of differential and absolute pressure
fluctuations, Pa

Oxy.i, Oxyc = standard deviations of incoherent and coherent parts of

absolute pressure fluctuations, Pa
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