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Gas-liquid-solid fluidized beds are used extensively in the
refining, petrochemical, pharmaceutical, biotechnology, food,
and environmental industries. An extensive review of gas-
liquid-solid fluidization has been published by Fan (1989).

The performance of multiphase reactors is affected by the
flow regime and the quality of the gas distribution. The liquid
and gas velocities at which flow regime transitions occur de-
pend on liquid and solid properties which often evolve un-
predictably in industrial reactors (Nacef et al., 1991; Wild et
al., 1984). There is at present no reliable method to identify
the flow regime in industrial gas-liquid-solid fluidized beds.
Even well-designed reactors encounter gas distribution prob-
lems as the distributor becomes plugged or particles agglom-
erate and form defluidized zones.

Simple, robust and effective ways of determining the flow
regime and the gas distribution in industrial units would make
it possible to maintain optimal operating conditions through
on-line control of liquid or gas velocity. The various measure-
ment systems may be classified according to the scale of their
measuring volume. First, probes such as bubble probes have
a measurement volume smaller than the size of most bubbles
and particles (Saxena et al., 1988). Second, “local probes”
have a measurement volume smaller than the reactor cross-
section. Third, cross-sectional probes measure cross-sectional
averages. Fourth, bed average probes measure at the scale of
the bed volume. All these probes measure properties such as
capacitance, conductivity, density, light, or y-ray absorption
(Deckwer, 1992; Fan, 1989; Hetsroni, 1982). Their applica-
tion to on-line control of industrial units is impaired by their
sensitivity to fouling, misalignment, and variations in particle
or liquid properties.

Although nonlinear chaos analysis of a probe signal can
provide useful information, it is time-consuming and requires
an expert for the selection of parameters such as delay time
(Hay et al., 1996). This makes it unsuitable for on-line
process-control.

Hurst’s rescaled range analysis of a probe signal is not sig-
nificantly affected by moderate changes in probe calibration
constants (Hurst, 1951). Hurst’s analysis of probe signals could
eliminate problems associated with changes in probe, liquid,
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or solid characteristics. Its simplicity and rapidity make it
suitable for on-line process control.

Hurst exponents were obtained from pressure signals in
gas-liquid-solid fluidized beds by Fan et al. (1990) who did
not relate them to hydrodynamics and by Kwon et al. (1994)
who did. Fan et al. (1993) attributed variations in Hurst expo-
nent from pressure signals in a liquid-solid fluidized bed to
changes in solid mixing. Latifi et al. (1994) applied Hurst’s
analysis to the local liquid-solid mass-transfer fluctuations in
a trickle bed. Drahos et al. (1992) used Hurst’s analysis to
discriminate between flow regimes in a gas-liquid bubble col-
umn. Franca et al. (1991) similarly identified flow regimes in
horizontal gas-liquid pipe flow. Hurst’s analysis has been ap-
plied to many other natural phenomena (Feder, 1988).

The objective of this article is to establish whether the hy-
drodynamics of gas-liquid-solid fluidized beds can be charac-
terized through Hurst’s analysis of signals obtained from a
variety of probes. Two problems of industrial importance for
fluidized beds are focused on: the detection of gas maldistri-
bution and the identification of fluidization regimes.

Equipment and Experimental Methods

Two fluidization columns were used in this study: an 8-cm-
dia. column for the gas maldistribution experiments and a
10-cm-dia. column for the fluidization regimes study. The lig-
uid was an aqueous solution of 1 wt. % of NaHPQO,, the gas
was oil-free air and the particles were 3 mm spherical, mono-
size glass beads with a density of 2,470 kg/m°.

In all cases, the probe signal was acquired with a high pre-
cision 16 bit card at a frequency of 500 Hz for 60 s, yielding a
time series of 30,000 points. No frequency filter was applied
to the signal. Spectral analysis failed to identify any dominant
frequency.

e The bubble probe was made of two 0.5-mm stainless steel
needles spaced 1 mm apart to which an alternating sinusoidal
potential of 5 V and 2,500 Hz was applied (this alternating
potential was also used for the conductivity probes). Even
very small bubbles, which did not span the gap between the
needles, yielded a detectable change in the signal.

e Local probes consisted of two solid stainless steel rods,
4.8 mm in diameter which were coated with insulating Rilsan
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except for the tips for a 9 mm electrode length. The two tips
were placed at a vertical distance of 5 cm apart and at the
same radial position.

e The cross-sectional conductivity probe consisted of two
radially opposed wall electrodes, 30 cm above the grid, made
of 1 cm X 6 cm platinized titanium mesh.

e The bed-average conductivity probe consisted of two ra-
dially opposed wall electrodes, one located 10 cm and the
other 50.5 cm above the grid.

e The bed-average pressure gradient was obtained with a
fast-response ( <1 ms) differential transducer. The two wall
pressure taps were 6 cm and 46 cm above the grid.

e The pressure difference across the bed surface was also
obtained with an identical pressure transducer. The first tap
was 51 cm and the second was 71 c¢cm above the grid.

Calculations for Hurst's Rescaled Range Analysis

Hurst invented a new method of analysis for the time se-
ries of natural phenomena (Hurst, 1951). Hurst worked with
time as a series set of discrete data. If the steps in the time
series are sufficiently small then the time series of discrete
points may be described as a function with derivative y().
The Hurst exponent of this function may be calculated
through the following steps: (1) Divide the time series in N
intervals of length 1, called “subperiods”; (2) for each sub-
period k.

(a) Calculate the signal average for this subperiod which
starts at time £,

1 ety
yk=——/ N y(¢)dt 1

TH 't

(b) Calculate the standard deviation of the signal

S = i/’**’”( -5 @)
& ™, y Yi
(c) Calculate the accumulated departure from the average

X0 = [*" (yw - 5 du (3)

e

(d) Calculate the minimum X ., and the maximum
X max Of the accumulated departure values over the subpe-
riod k.

(e) Calculate the range over the subperiod &

Re=X = Xk min 4)
(f) Calculate the rescaled range for subperiod k

(R/S)i = Ry/S (5

(3) Average the (R/S), obtained for the N subperiods
1 N
(R/S)ey =5 X (R/S)i (6)
N (2
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Repeating steps 1 through 3 for various values of the subpe-
riod length 7,;, one can obtain the variation of the average
rescaled range (R/S), with 74. The Hurst exponent H is
then estimated with the following equation

_ dlIn(R/S).,]

" dln(s)] @

The Hurst exponent is, thus, the slope of the log-log plot of
(R/S),, against 7.

For a random walk process such as Brownian motion, there
is no correlation between past and future increments and the
Hurst exponent is 0.5. An exponent greater than 0.5 indicates
persistence in the data, that is, the trend in the time series,
whether increasing or decreasing, will likely continue. An ex-
ponent less than 0.5 indicates antipersistence in the data, that
is, the trend will likely reverse itself. A detailed mathematical
analysis can be found in Feder (1988) and Peters (1994).

Experimental Results and Discussion
High- and low-frequency Hurst exponents

Figure 1 shows that the rescaled range (R/S) for the
three-phase systems varied with the subperiod length 7, in a
similar manner for all the measurement methods in log-log
coordinates. Similar results were obtained for all the liquid
and gas velocities and for all flow regimes. In all cases, the
slope was steeper at small subperiod lengths than at large
subperiod lengths. There was a smooth transition between
these two extreme regions (Figure 1). Since the regions of
interest are those where the slope H is constant, the (R/S)
values obtained at both ends of the range of subperiod length
must be accurate.

To increase the accuracy of the slope H at small subperiod
lengths, the rescaled range (R/S) was calculated for all possi-
ble subperiod lengths above 20 ms. Each subperiod con-
tained at least ten original data points, as recommended by
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Figure 1. Variation of the rescaled range with the sub-
period length for various measurement de-
vices.

Ve=6cm/s; V, =3 cmss.

1905



Peters (1994). To get as many (R/S) values as possible, (R/S)
was then calculated for all possible subperiod lengths, that is,
all multiples of the original data time interval. The resulting
increase in computation time was more than justified by the
increased accuracy.

To increase the accuracy of the slope H at large subperiod
lengths, the record length was first increased to 30,000 points
for a total sampling time of 60 s. Figure 1 shows that there
was significant scatter at large subperiod lengths, even when
using a minimum of ten contiguous subperiods. To determine
an accurate exponent, H required increasing the number of
(R/S) values at large subperiod lengths 7. This cannot be
achieved when using subperiod lengths which are exact divi-
sors of the total record length, as recommended by Peters
(1994) to ensure that each (R/S) estimate uses all the origi-
nal data. Korsan (1993) takes a random starting point for each
subperiod to increase the number of subperiods. Since sub-
periods are overlapping, this greatly increases the computa-
tion time. The present study takes a simpler approach. The
rescaled range is calculated with contiguous subperiods of all
possible lengths, even though the subperiod length may not
be an exact divisor of the total record length. Since each
record contains 30,000 points, the fraction of the points which
may be dropped at the end of the record is small (such as for
subperiods ranging to 6,000 ms, the maximum number of
dropped points was 48 which is 0.16% of the total record).

The Hurst exponents shown in Figure 2 were obtained from
Figure 1 by applying a smoothing spline to each curve and
taking its derivative. Two regions appear at both ends of the
subperiod length scale and are connected by a smooth transi-
tion region. The “high frequency Hurst exponent”is obtained
for subperiod lengths of 20 to 60 ms, that is, for frequencies
of 15 to 50 Hz. The “low frequency Hurst exponent” is ob-
tained for subperiod lengths of 2,000 to 6,000 ms, that is, for
frequencies of 0.15 to 0.5 Hz. The analysis presented herein
and the development of the low frequency Hurst exponent
depends on having a large record length, such as the 30,000
points used in this study.

In all cases, the low frequency Hurst exponent was well
below 0.5, indicating an antipersistent system behavior, that
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Figure 2. Variation of the Hurst exponent with the sub-
period length for various measurement de-

vices.
V, =6 cm/s; V, =3cm/ss.
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is, the trend will likely reverse itself (Figure 2). A possible
explanation is that from time to time at random intervals sev-
eral medium-sized gas bubbles rising through the bed coa-
lesce, forming a very large bubble. Such a large bubble will
be detected by all the measurement probes used in this study.
The very large bubble rises quickly though the bed sweeping
the medium-sized bubbles which could have coalesced into
another very large bubble. Another very large bubble is thus
unlikely to occur right away, giving an antipersistent signal.

The high frequency Hurst exponent of the bubble probe
signal was about 0.75 (Figure 2). It is persistent indicating
that the gas flow triggering the signal comes in groups. This
suggests that gas flows in trains or “chains” of smaller bub-
bles, some of which may be caught in local circulation pat-
terns.

As the probe measurement volume is increased, the high
frequency Hurst exponent becomes larger, indicating more
persistent behavior (Figure 2). At any given time, a cross-sec-
tional probe is more likely to continue detecting bubbles than
a bubble probe whose detection volume is much smaller. The
detection volumes of both probes are still small enough to
be affected by individual bubbles and, thus, they detect per-
sistence.

On the other hand, no persistence is detected with the bed
pressure gradient, since the high frequency Hurst exponent is
only about 0.5, which is the Hurst exponent of a random,
Brownian motion. The pressure transducers detect fluctua-
tions occurring over the whole column. Their detection vol-
ume includes a large number of smaller bubbles whose global
behavior appears random. However, the large bubbles are still
relatively infrequent and can be individually detected even at
this scale. This explains why their antipersistent behavior can
be identified from the pressure gradient which yields a low
frequency Hurst exponent of less than 0.5.

Detection of gas maldistribution

The radial profile of the gas holdup in a gas-liquid-solid
fluidized bed was obtained from a bubble probe, positioned
30 cm from the grid at nine radial locations using an intricate
calibration procedure (Hudson, 1996). When the column was
vertical, there was more gas at the center than near the wall,
which indicates that the gas distributor was operating prop-
erly (Hudson, 1996).

The high frequency Hurst exponent gives a similar radial
profile (Figure 3). The Hurst exponent was obtained directly
from a local conductivity probe signal, without any calibra-
tion. Figure 3 shows that the signal was persistent in the cen-
ter and antipersistent near the wall. (R is the inside column
diameter and r is the radial coordinate (r =0 at center; in
the inclined column, r <0 for the low column wall side.))
Since the local probe is affected primarily by relatively large
bubbles, the flow of such bubbles was regular at the center
and irregular near the wall. For a large bubble to form by
coalescence near the wall, enough bubbles had to be accumu-
lated there by eddies or wall effects. The large bubble then
swept smaller bubbles from this region, preventing the imme-
diate formation of another large bubble.

The maximum of the V statistic over the whole subperiod
range also gave a similar radial profile (Figure 3). The V
statistic was proposed by Hurst (1951) and successfully used
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Figure 3. Application of Hurst’s analysis to the local
conductivity in the vertical column: radial pro-
files of high frequency Hurst exponent and
maximum V value.

Ve=12 cm/s; V; = 6.8 cm/s.

by Peters (1994) to measure the strength of the cyclic nonpe-
riodic behavior of a time series. It has never been used for
chemical engineering applications. It is defined as
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Inclining the column by 10° led to a strong gas maldistribu-
tion, as shown in Figure 4 (FHudson, 1996). This gas maldistri-
bution can be detected from the high frequency Hurst expo-
nent (Figure 4). The occurrence of large bubbles was antiper-
sistent everywhere. The large bubble flow was not as regular
as in the vertical column, even in the region of maximum gas
holdup. Since little gas flows parallel to the liquid flow in the
inclined column, the gas flow is antipersistent. The maximum
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Figure 4. Application of Hurst's analysis to the local
conductivity in a 10° inclined column: radial
profiles of high frequency Hurst exponent and
maximum V value.

Ve, =12 cm/s; V= 6.8 cm/s.
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of the V statistic amplifies the regions of high gas holdup and
provides an even better detection of the gas maldistribution
(Figure 4). Similar results were obtained under other condi-
tions.

Hurst analysis can therefore be used to identify regions of
high gas holdup in gas-liquid-solid fluidized beds. Instead of
using a fragile and easily fouled bubble probe which requires
an intricate calibration, one can use a much more sturdy lo-
cal probe without any calibration.

Determination of the fluidization regime

All the results presented in this section were obtained at a
superficial gas velocity of 6 cm/s in the 10-cm-dia. column.
Similar results were obtained with gas velocities ranging from
3to 12 cm/s.

Visual observations identified three distinct fluidization
regimes as the superficial liquid velocity was decreased from
5.6 to 0.4 cm/s. At high velocities, the fluidization was uni-
form, with vigorous and smooth solids backmixing. When the
velocity was decreased below about 2 cm /s, solids backmixing
occurred slowly in spurts and the bed started compacting. The
effect of the gas bubbles appeared similar to that of a me-
chanical vibrator; this regime was called “agitated.” As the
liquid velocity was decreased below about 1 cm/s, the bed
became completely fixed.

None of the standard time-averaged probe signals pro-
vided clear-cut detection of both visually observed regime
transitions. The fluctuations of the same signals were there-
fore analyzed to obtain their Hurst exponents. In all cases,
the equations of the straight lines and the velocities at which
they intersect were determined by minimizing the sum of
squared differences between the Hurst exponents obtained
from Hurst’s analysis and the values predicted from the
straight lines. This ensured an objective determination of the
transition velocities. For example, Figure 5 shows that the
low frequency Hurst exponent from the local conductivity
meaurements identifies the two regime transitions. (V; is su-
perficial liquid velocity, m/s; V, is the superficial gas velocity,

m/s).
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Figure 5. Variation with the superficial liquid velocity of
the low frequency Hurst exponent obtained
from the local conductivity.

Vy =6 cm/s.
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Figure 6. Variation with the superficial liquid velocity of
the high frequency Hurst exponent obtained
from the pressure drop across the bed sur-
face
Ve =6 cmys.

The transition from the agitated to fixed-bed flow regime
could be clearly identified from the variation with liquid ve-
locity of the high frequency Hurst exponent obtained from
either the cross-sectional average or local conductivity sig-
nals. It could also be identified from the variation of the low
frequency Hurst exponent from the bed average conductivity.

The transition from the fluidized to agitated flow regime
could be clearly identified from the variation with liquid ve-
locity of the high frequency Hurst exponent obtained from
either the bed average, cross-sectional average, or local con-
ductivity signals. It could also be identified in the same man-
ner from the bubble probe signals.

In many industrial applications, however, the main objec-
tive is to determine whether a bed is fluidized and varying
the liquid velocity over a wide range to determine the mini-
mum fluidization velocity would be awkward. The pressure
drop across the bed surface therefore seems to be most prac-
tical for industrial control: if its high frequency Hurst expo-
nent is kept below a critical value, the bed is fluidized (Fig-
ure 6).

Conclusions

The hydrodynamics of gas-liquid-solid fluidized beds can
be characterized through Hurst’s analysis of signals obtained
from a variety of measurement probes. Since Hurst’s analysis
characterizes the structure of the probe signals, it can toler-
ate changes in probe calibration constants.

Gas maldistribution can be detected from the radial profile
of Hurst exponents obtained from such measuring devices as
sturdy local conductivity probes. Hurst’s analysis will, thus,
allow the simple detection of gas maldistribution in environ-
ments unsuitable for delicate bubble probes.

Hurst’s analysis provides clear identification of the fluidiza-
tion regime transitions from a variety of measurement de-
vices, ranging in scale from bubble probes to bed average

conductivity and pressure measurements. While none of the
time-averaged signals obtained from the six different mea-
surement devices used in this study could identify the fixed to
agitated bed and the agitated to fluidized transitions, Hurst’s
analysis successfully detected these two transitions from any
single measurement probe. Results such as those obtained
with the pressure drop across the bed surface are most prac-
tical for industrial control: if the high frequency Hurst expo-
nent is kept below a critical value, the bed is fluidized.
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