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Abstract— The effects of gas (0.02-0.1 m/s) and liquid velocities (0.0-0.10 m/s) on the bubble prop-
erties and pressure fluctuations have been determined in a 0.376 m-ID X 2.1 m-high bubble column.
The pressure fluctuations have been analyzed by resorting to the Fractal analysis; the time series
of pressure fluctuation signals have been analyzed by means of the Rescaled range analysis and
the Hurst exponent has been obtained. The bubble chord length and its rising velocity increase
but the Hurst exponent decreases with increasing gas velocity. Whereas, the bubble chord length
decreases, but the Hurst exponent increases with an increase in liquid velocity in the continuous
bubble column (U;>0.02 m/s). The Hurst exponent has been found to have a definite relationship
with the bubble chord length and its standard deviation.

INTRODUCTION

Bubble columns have been found in numerous in-
dustrial applications as reactors, contactors and sepa-
ration units in the chemical, mining, pharmaceutical
and biochemical industries, since they have exhibited
high heat and mass transfer rates due to efficient con-
tact between the phases during continuous operation
[1-3].

The bubble column generally comprises gas bubbles
as a dispersed in the upward continuous flowing liquid
phase. Thus, the motion and flow behavior of gas bub-
bles have been recognized as the fatal elements to
determine the hydrodynamic characteristics of bubble
columns. Therefore, several investigators [ 4-9] have
examined the bubble properties and its flow behavior
in bubble columns however, the effects of bubble prop-
erties on the performance of bubble column reactors
or contactors are not well defined until now since the
bubbling phenomena in the bubble columns are ex-
tremely complex. Thus, the fault diagnosis of the bub-
ble column system, pressure fluctuations in the sys-
tem can be used as the diagnostic tools for the detec-
tion of the highly stochastic and random bubbling mo-
tions in the system.

Recently, the pressure fluctuation signals from the
multiphase flow systems have been successfully ana-
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lyzed by means of the Rescaled range analysis [ 10-13],
which is based on the concept of fractional Brownian
motion [14].

In the present study, the bubbling phenomena in
bubble columns have been investigated by means of
the Fractal analysis; the time series of the pressure
fluctuation signals have been analyzed by resorting
to the Rescaled range analysis. The relationships be-
tween bubble property (chord length, rising velocity)
and the pressure fluctuations have been determine
in bubble columns.

THEORY

The model of fractional Brownian motion (FBM)
has been proposed by Mandelbrot and van Ness [14]
from the central concept of Brownian motion; it is
one of the major contributions in the field of temporal
fractals. FBM [Bx(t)] is a single-valued function of
one variable, t (usually time), which is capable of iden-
tifying and interpreting long-term persistence or cor-
relation in a time series. A sequence of the increments
of FBM (.e., [Bu(t;) — Bu(to)]) has the scaling property
which is characterized by parameter, H, in the range,
0<H<1, with the simple relation of By(t;) — Bgu(to)e (t,
--to). The increment, [Bu{t + 1) — Bi(t)], of FBM yields
a Gaussian distribution with a variance proportional
to . For the classical Brownian motion, H=1/2 and
thus its variance is proportional to /.
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It is well known that the FBM, Bu(t), has a long
run correlation; for H>1/2, the increments of Bt
are positively correlated for all values of t whereas,
for H<1/2, the increments negatively correlated for
all values of t. The former is called “persistence” and
the latter is called “antipersistence”. In case of H=1/
2, the sequence of increments corresponds to the in-
dependent increment process of the classical Brow-
nian motion, i.e. the correlation vanishes [10, 11]. The
record of antipersistent process appears very noisy,
Le. the local noise is the same order of magnitude
as the total excursions of the record. A persistent pro-
cess exhibit rather clear trends with relatively little
noise [15].

1. Construction of the Sample Range

To obtain H for a given pressure fluctuation, the
sample and rescaled ranges have to be defined and
constructed as follows [10-12].

For a given time series of the recorded pressure
fluctuations, X(t), spaced in time (t) from 1 to T, the
mean value of the recorded signals within subrecord
from time t+1 to time t+t can be written as

i[X*(t-&'t)fX*(t)] (1)
T
where X*(t) is defined as
X*t)= £ X ©
u=1

Here, let B(t, u) denotes the cumulative departure of
X(t+u) from the mean value for the subrecord be-
tween time t+1 to time t+t as can be written as

Bt w = Xt 0 Xe0] [ & [ 0 -xr0)

)

Then, the sample sequential range, R(t, t) can be defi-
ned as

R(t, t):(l)\iluzg. B, u)*})\ilui?c. B(t, u) €Y

On the other hand, the sample sequential variance

of the subrecord from time t+1 to time t+<t can be
written as

1/ 1 2

Sto-< T Xw-[1 T Xw) (5)
IEREt VEIED!

Thus, the ratio of R(t, t)/S(t, t) can be obtained which

is termed as the rescaled range. As can be written

in Eq. (6), the R/S ratio has been found to scale as

a power function of t;
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where H is the Hurst exponent.

Where R/S ratio scales as ™ where H>1/2, it is long-
term persistence or correlation, often called “Hurst
Phenomenon”™ [15].

EXPERIMENTAL

Experiments were carried out in a 0.376 m-IDX2.1
m-high Plexiglas column as shown in Fig. 1. A perfora-
ted plate which contained 786 evenly spaced holes
(3 mm-ID) which served as a liquid distributor. Air
was fed to the column through 6.4 mm perforated feed
pipes with 232 holes of 1.0 mm-ID drilled horizontally
through the grid. Pressure taps were mounted flush
with the column wall at 0.14 m height intervals. The
static pressure at each point was measured by a liquid
manometer. Water and oil-free compressed air was
used as a liquid and a gas phase, respectively.

1. Pressure Fluctuation
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The pressure tap was located at 0.4 m from the dis-
tributor. One of two channels of the differental pres-
sure transducer was connected to the pressure tap.
The remaining channel was pressurized by the water
column having static head equivalent to the mean stat-
ic pressure in the column; the transducer yielded
pressure fluctuations. The pressure transducer produ-
ced an output voltage proportional to the pressure fluc-
tuations. Signals were processed with the aid of data
acquisition system {(Data Precision Model, D-6000) and
a personal computer (IBM-AT 486). The pressure fluc-
tuation signals, which is a voltage-time signal corres-
ponding to the pressure-time signal, were sampled th-
rough the data acquisition system with the sampling
rate of 0.01 s and transferred to the personal compu-
ter. A total acquisition was 40 s and a typical sample
comprised 4000 points. This combination of sampling
rate and length ensured that the full spectrum of hy-
drodynamic signals, typically 0-25 Hz, was captured
from the bubble column.

2. Bubble Chord Length

The bubble chord length and its rising velocity were
measured by means of a two-channel optical fiber
probe which was made of a plastic fiber of 0.250 mm
in diameter. The probe was made by bending the fiber
into a U-shape and encasing the entire fiber except
the U-shaped bend in a stainless-steel tube of 6.0 mm
diameter [4,9]. The distance between the two tips
was 2.0 mm. The probe was located at 0.40 m from
the distributor and its radial positions were either 0.0,
0.16, 0.32, 0.48, 0.64, or 0.80 in dimensionless radial
direction (r/R). A He-Ne laser was used as the light
source and two photo transistors were used as conver-
ters of light intensity to electrical voltage. The signals
were fed to the personal computer at the selected
sampling rate of 500 ps. The sampling time was 90 s
and the total number of measured bubble during the
sampling time was in the range of 100-400. The mean
bubble chord length, 1 ..., was calculated by Eq. (7)
as the follow

08

Z (Nb,r/R)(lU.r/R)
l.mm,,: rR=0

038 (7)
z Nb.r/l\’

rR=0

where N,,» is the number of ascending bubbles and
l..% is the bubble chord length detected at the radial
position, r/R, respectively. Details of data processing
on the bubble properties is described else where [9].

RESULTS AND DISCUSSION

1. Bubble Properties
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Fig. 2. Effects of U on l,, it’s standard deviation and U,,
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The effect of gas velocity on the bubble chord le-
ngth, its standard deviation, and bubble rising velocity
in bubble columns is shown in Fig. 2, where all of
these bubble properties increase with an increase in
gas velocity since the probability of bubble coalescence
can increase as a result of the increase in the bubble
density in the column with increasing gas velocity.
Prince and Blanch [5] reported that bubble coales-
cence can be modeled by considering the bubble colli-
sions due to turbulence, buoyancy, and laminar shear,
and that bubble break-up can be analyzed in terms
of bubble interactions whith turbulent eddies. They
also suggested that the bubble collisions might result
from the random motion of bubbles due to turbulence
and different rising velcoity of bubbles owing to differ-
ent size. Anyhow, bubbles located in a region of rela-
tively high liquid velocity may collide with bubbles in
a slower section of the velocity field. Thus, the bubble
coalescence would occur irregularly, which leads to
the non-uniform distribution of bubble size in the bed.
These can explain the reason why the standard devia-
tion of the bubble length increases with an increase
in gas velocity (Fig. 24).

The bubble coalescence can produce the larger bub-
bles and increase their rising velocity since bubble
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rising velocity is proportional to the bubble size in
the column [4]. As can be seen in Fig. 2B, the rate
of increase in bubble rising velocity decreases with
increasing gas velocity. This trend can be anticipated
from the increase of hindrance effect between the ad-
jacent bubble swarms with increasing gas velocity [2,
61.

The effect of liquid velocity on bubble properties
in bubble columns is shown in Fig. 3. As can be seen
in Fig. 3A, the bubble chord length exhibits the slight
maximum with an increase in liquid velocity however,
it decreases almost linearly with the liquid velocity
in the range of 0.02<U,.<0.10 m/s. Not that the in-
crease in the fluid element velocity of the continuous
liquid phase can enhance the turbulence intensity and
the bubble rising velocity in the multiphase system
[16]. The increase of turbulence can let the bubbles
become unstable, and the increase of bubble rising
velocity can reduce the probability and time of bubble
coalescence in the column, thus, these consequently
lead to the reduction of bubble chord length with in-

10 -
= 0 U =002 m/s
o g
>
2,
[
by
5
“n
ol
g -o00s
a,
~0.10
—
=
Q
5
&
Q
ey
j=)
a -0
a -o00sh
i
2
~0.10 F
L . - 1 1 1 1
0.10
—
=
(o)
© oos
O
¢ 0.0
5
a
a 005
ey
Q.
~0.10
0 & 10 15 20 25 30 35 40
Time [s]

Fig. 4. Typical examples of pressure fluctuation signals
in bubble columns (U;=0.10 m/s).

creasing liquid velocity as found previous studies in
0254 m-ID and 0.152 m-ID bubble columns [4,9].
However, the bubble chord length increases slightly
by introducing the liquid to the static bubble column
(U, =0.0 m/s), because the bubble size reduction by
turbulence intensity may be overcome by the increase
of probability of bubble collision due to the increase
of fluctuation of velocity profiles at the relatively lower
liquid velocity ranges (Up<0.02 m/s).

As can be seen in Fig. 3C, the effect of liquid veloc-
ity on bubble rising velocity is negligible. Whereas,
the bubbles can be disintegrated by the small-scale
liquid eddies, they are also dragged along by the liquid
flow, with an increase in liquid velocity. Therefore,
the bubble rising velocity is not changed considerably
with the liquid velocity since the above two effects
may compensate each other [8].

2. Pressure Fluctuations

Typical time series of pressure fluctuation signals
from bubble can be seen in Fig. 4 with the variation
of gas velocity. As can be seen, the amplitude and
frequency of pressure fluctuation signals increase with
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increasing gas velocity due to the increase in the size
and frequency of the rising bubbles.

The rescaled range of the data has been correlated
with the time lag as shown in Fig. 5. The value of
the Hurst exponent (H) has been determined from
the slope of the plot with the correlation coefficients
higher than 0.98 in the entire operating range employ-
ed in this study.

The variation of the Hurst exponent (H) with varia-
tion of gas velocity in bubble columns is shown
in Fig. 6, where the H decreases gradually with an in-
crease in gas velocity. As can be seen, the pressure
fluctuation signals become less persistent with an in-
crease in gas velocity [13]. In other words, the system
becomes more random and less predictable owing to
the complex contacting of multiphase with an increase
in gas velocity. The inner structure of bubble columns
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has been known to depend on the contacting and flow
modes of the dispersed phase such as rising bubbles
[6].

The amount of gas bubble as a dispersed phase in
the system increases with increasing gas velocity. With
increasing gas velocity, the frequency of bubble contac-
ting and coalescence as well as the turbulence inten-
sity increase [4, 5,9, 16]. The bubble coalescence can
produce the larger bubbles having higher rising veloc-
ity since bubble rising velocity is proportional to the
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bubble size in the column [4, 9]. However, the proba-
bility of bubble coalescence is stochastically nonuni-
form throughout the column. Therefore, bubble size
and its rising velocity are distributed widely thus, the
pressure fluctuation signals generated from this non-
uniform bubble flow condition are less persistent, and
the standard deviation of bubble size becomes signifi-
cant with increasing gas velocity.

The effect of liquid velocity on the Hurst exponent
(H) can be seen in Fig.7 where the H exhibits the
minimum value with an increase in liquid velocity.
This trend can be anticipated from Fig. 3A that the
bubble chord length increases with introducing the
liquid to the static bubble column but it decreases
almost linearly with an increase in liquid velocity hi-
gher than 0.02 m/s, since the pressure fluctuations
strongly depend on the bubble size in the bubble col-
umn. In the multiphase flow systems, the influences
of dispersed phase flow on the hydrodynamics have
become remarkable with an increase in bubble size.

For the optimal control and fault diagnosis of the
bubble column system, it is essential te analyze the
bubbling phenomena in the column during the system
is operating. Therefore, it is a valuable means to esti-
mate the bubble chord length from the Hurst expo-
nent which can be determined immediately from the

pressure fluctuation signals during the operation of
the system. As can be seen in Fig. 8, a definite relation-
ship can be obtained found between the bubble chord
length and the Hurst exponent. Note that the bubble
chord length generally decreases with increasing the
Hurst exponent, which represents the system be-
comes more stable with the smaller bubble size.

CONCLUSIONS

The bubbling phenomena in bubble columns have
been analyzed by means of the rescaled range analysis
of pressure fluctuations from which the Hurst expo-
nent can be estimated.

The bubble chord length and its rising velocity in-
crease but Hurst exponent decrease with an increase
in gas velocity. Whereas, the bubble chord length ex-
hibits the maximum value but Hurst exponent shows
the minimum value with an increase in liquid velocity
in the bubble. However, the bubble chord length de-
creases almost linearly but Hurst exponent increases
linearly with an increase in liquid velocity higher than
0.02 m/s. The effect of liquid velocity on bubble rising
velocity is found to be insignificant. The Hurst expo-
nents have a definite relationship with the bubble
chord length and its standard deviation.

NOMENCLATURE
d, : particle diameter [m]
Dr  :column diameter [m]
H : Hurst exponent [-]
lyman :mean bubble chord length [m]
r : radial position from center [m]
R : column radius [m]

R(t, t) : sample sequential range for lag <
SA(t, 1) variance

t :time [s]

T ; total available sample size

U,,  :bubble rising velocity [m/s]
U,  :liquid superficial velocity [m/s]
Ug : gas superficial velocity [m/s]

X(t) :time series

Greek Letter
T : time-lag [s]
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