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a b s t r a c t

The local bubble-induced pressure fluctuation signals, which were extracted by Zhang’s method [15],
were used to identify the flow regime in an inner-loop airlift reactor. For this purpose, local energy ratio
and chaotic analysis were employed to extract useful information in detecting the flow regime transition.
ccepted 20 April 2010
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It was found that local energy ratio was able to indicate the two transition points in the downcomer and
two transition points in the riser. Correlation dimension and Kolmogorov entropy can also detect two
transition points in the downcomer, but only one transition points in the riser. Since the local energy ratio
was easy to calculate, it had a great potential for detecting flow regime transition in an internal-loop airlift
reactor or other multiphase systems.
olmogorov entropy
low regime

. Introduction

Internal-loop airlift reactors (ILALR) have been found useful in
he bio-processing and wastewater treatment industry due to low
ower consumption, low maintenance costs, low shear stress and
ufficient oxygen transfer rate [1]. It is a type of multiphase con-
actor consisting of two concentric cylinders with a gas distributor
t the bottom and a separator at the top. In the riser or drat tube,
he homogeneous regime occurs at low superficial gas velocity, and

ay turn into the transition regime with an increase of superficial
as velocity and enters the heterogeneous regime at high superfi-
ial gas velocity. In the downcomer, there are mainly three different
ow regimes: regime I, which corresponds to no gas entrainment

n the downcomer; regime II, which corresponds to gas entrain-
ent without gas recirculation in the downcomer; regime III, which

as recirculation is completed in the downcomer [2,3]. The tran-
ition could be instantaneous or expanded transition, which has
een influenced by many factors, such as column geometry, sparger
esign and operation conditions. The study of flow transition is

mportant for improvement of design, operation and control of
he reactor. However, the determination of flow transition or flow

egime is not easy due to complicated mechanisms.

Since the measurement of pressure fluctuation signals is rela-
ively cheap and well developed, it has a great potential application
n experimental condition and industrial conditions. In recent
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years, most of the studies on flow transition in the gas–liquid
systems have been focused on the wall pressure fluctuation sig-
nals or differential pressure fluctuation signals. Meanwhile, several
analysis methods are successfully applied to extract useful infor-
mation from pressure fluctuation signals for flow regime detection
[3–15]. In the early years, statistical analysis was mainly adopted
in detecting flow regime. Fan et al. [4] have attempted to char-
acterize the flow regimes in a gas–liquid–solid fluidized bed by
the statistical properties of the wall pressure fluctuations signals,
specifically the power spectral density function and the root mean
square of the pressure fluctuations signals. More recently, many
advanced analysis methods were applied in detecting flow transi-
tion. Many researchers have found that [5–11] chaotic analysis of
pressure fluctuation signal could be a powerful technique for iden-
tification of flow regimes in multiphase reactor. Ruthiya et al. [12]
have employed the coherent standard deviation and the average
frequency of wall pressure fluctuation signals to determine flow
regimes in a slurry bubble column. Briens and Ellis [13] have applied
statistical, fractal, chaos and wavelet analysis methods to examine
the hydrodynamics of three-phase fluidized bed systems and found
that the standard deviations of the decomposed signals through
wavelet transformation could be successfully in flow regime detec-
tion. Al-Masry et al. [14] have applied auto-correlation function
on the differential pressure fluctuation signals in determining flow

regime transition.

Since the hydrodynamics of multiphase reactor has relation
with bubble characteristics, it may be a better way to apply
bubble-induced pressure fluctuation signals directly in flow regime
detection. In the most recent year, Zhang et al. [15] have studied

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lxg@tju.edu.cn
dx.doi.org/10.1016/j.cej.2010.04.038
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Fig. 1. The schematic diagram of the experiment.

he origin of wall pressure fluctuation signals in an internal-loop
irlift reactor and found that the bubble-induced pressure fluctua-
ion signals could be extracted by wavelet and coherence analysis

ethod. Hence, the aim of this paper is to adopt Zhang’s method
o extract local bubble-induced pressure fluctuation signals from
all pressure fluctuation signals and apply local energy ratio and

haotic analysis of them in determining the flow regime transitions
n the reactor.

. Equipment and experimental methods

The schematic diagram of the experiment was shown in Fig. 1.
he reactor was constructed of 0.186 m ID Plexiglas column and
.5 m in height. The inside diameter of the draft tube was 0.11 m and
he height was 1.02 m; the draft tube was located 0.08 m above the
as distributor. The inside diameter of the enlarged section at top
olumn was 0.28 m; the inside diameter of the separator tube was
.186 m; the top clearance (the distance between the liquid surface
nd the upper end of the draft tube) was 0.1 m. The gas distribu-
or was a perforated plate containing 64 holes of 0.8 mm diameter
rranged in an equilateral triangular configuration. The gas was oil-
ree air and the liquid was tap water maintained at 293 ± 0.5k. All
xperiments were operated at superficial gas velocity between 1.46
nd 11.7 cm/s (based on draft tube area).

High dynamic pressure transducers were used to measure wall
ressure fluctuation signals within the reactor. The sampling ports
ere located at 0.33, 0.59, 0.98 m height above gas distributor in

he riser and in the downcomer. All signals were sampled by a data
cquisition system (PCI 6220 board, LABVIEW 8.0 data acquisition
oftware) at a frequency of 400 Hz for intervals of 300 s.

. Analysis methods

.1. Wavelet transform

Wavelet transform is a newly developed time frequency analysis
ethod that has been shown to be a powerful tool for revealing

ocal signal characteristics such as local turbulence or local bubble
haracteristic [15,16].
The discrete wavelet transform allows the decomposition of
ignals into different resolution components. Each level of decom-
osition contains information associated with a scale, which can
e related to the pseudo-frequency by associating a purely peri-
dic signal of frequency with a given wavelet. After decomposition,
ing Journal 162 (2010) 296–300 297

high-scale and low frequency components of the signal are called
approximations (As), and low-scale and high-frequency compo-
nents of the signal are called details (Ds). For discrete wavelet
transform, the discrete wavelet coefficients Wij at dyadic scale j
and displacement k can be expressed as

Wjk = 1√
N

∑
x(i) jk(i)

where {x(i)} is time series data whose length is N. The wavelet
function  ij(i) can be expressed as

 jk(i) = 2j/2 (2ji− k)
where j = 0, 1, ..., J and k = 1, ..., 2J with J = log N/log 2.

Daubechies wavelet is often used for signal decomposition due
to its higher number of vanishing moments for a given support
width. In this study, Daubechies 12th order wavelet is applied in
wall pressure fluctuation signal decomposition, which is selected
on minimizing the upper bound on the 2-norm of the signal approx-
imation error at the desired resolution level [17].

3.2. Deterministic chaotic analysis

A chaotic system is a non-linear, deterministic system that
exhibits a great sensitivity to small modifications in initial con-
dition [18]. So far, the chaotic phenomenon has been found to
prevail in multiphase systems such as gas–solid, gas–liquid or
gas–liquid–solid systems [5,7,8,10,11]. The correlation dimension
(D2) and the Kolmogorov entropy (K2) are two important chaotic
invariants, which have been shown to be useful in predicting hydro-
dynamics of multiphase systems.

D2 can be determined from the relation as follows [19]:

lim
r → 0
N→∞

Cm(r,N)) ∝ rD2

where r is the distance between two point in the phase space, m is
embedding dimension. The correlation integral, Cm(r, N) is defined
as

Cm(r,N) = lim
n→∞

1
N2
˙H(r − ||Xi(m,�) − Xj(m, r)||)

where Xi is the m-dimensional reconstructive vector drawn from
the time series of wall pressure fluctuation signals, xi with time
delay �. N is the length of time series of wall pressure fluctuation
signals

Xi = {xi, xi+�, . . . , xi+(m−1)� }, (i = 1,2, . . . , N)

K2 can be estimated as follows [20]:

K2 ∝ lim
m→∞

lim
r→0
K2,m(r,N)

where K2,m(r, N) is defined as

K2,m(r,N) = 1
�

ln
Cm(r)
Cm+1(r)

Time delay and embedding dimension can be determined by the
mutual information method [21] and Cao’s method [22] respec-
tively.

4. Results and discussion
4.1. Pre-treatment of wall pressure fluctuation by wavelet
analysis

Pressure fluctuations in multiphase system are of multi-scale
and complex in nature [23]. Wall pressure fluctuations could be
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ig. 2. The typical wall pressure fluctuation signals (a) and local bubble-induced
ressure fluctuation signals (b).

lassified into two types: global pressure fluctuations, which are
ainly generated by air supply system, bubble eruption at surface

ed, etc. and local pressure fluctuations, which are mainly caused
y bubble movement, breakup and liquid vortex, etc. [15,24,25].

Since the flow regime transition is associated with local bubble-
nduced pressure fluctuation signals, this paper adopt Zhang’s

ethod to extract local bubble-induced pressure fluctuation sig-
als from wall pressure fluctuation signals. The pre-treatment
ethod was as follows:

(a) Decompose origin wall pressure fluctuation signals into differ-
ent resolution components by Daubechies 12th order wavelet.

b) Calculate the coherence of two wall pressure fluctuation sig-
nals.

(c) Determine the details (Ds) with low coherence, which is less
than a certain value (such as 0.75).

d) Add all the details with low coherence except for the details
influenced obviously by noise.

After wall pressure fluctuation signals have been pre-treated as
bove, the local bubble-induced pressure fluctuation signals, which
ould be expressed by Ds3 + Ds4 (or a linear superposition of Ds3
nd Ds4) in this works, were obtained. The typical wall pressure
uctuation signals and local bubble-induced pressure fluctuation
ignals are shown in Fig. 2.

.2. Correlation dimension and Kolmogorov entropy
Firstly, in order to understand the regimes occurred in the reac-
or, visual observations in the internal-loop airlift reactor were
escribed as follow: in the downcomer, at the lowest superficial
as velocity, liquid recirculation velocity was too low to carry bub-
Fig. 3. D2 of bubble-induced pressure fluctuation signals in the downcomer (a) and
in the riser (b) respectively at different superficial gas velocities.

bles into the downcomer, which corresponds to regime I. With
the increase of superficial gas velocity, bubbles began to enter the
downcomer without recirculation, which corresponds to regime II.
Then, as the velocity increases further, small bubbles began to flow
downwards and into the riser, which corresponds to regime III-1; at
higher superficial gas velocity, bigger bubbles began recirculation,
which corresponds to regime III-2. In the riser, at low superficial
gas velocity, bubble size almost did not vary with superficial gas
velocity, which corresponds to homogenous regime; at high super-
ficial gas velocity, bubble size became large and the distribution of
bubble size becomes broader, which corresponds to heterogeneous
regime.

According to gas holdup data (which was shown in another
paper [15]), we can find three flow regimes (regime I, regime III-1
and regime III-2) in the downcomer and two flow regimes (homo-
geneous regime and heterogeneous regime) in the riser, which was
similar with van Benthum’s result [3]. However, it cannot indicate
regime II in the downcomer and the transition flow regime in the
riser.

In order to determine the regime transition, two chaotic
invariants of bubble-induced pressure fluctuation signals were
investigated. The length of data was 40,000. The embedding dimen-
sion was 14 estimated by Cao’s method at all the superficial gas
velocity and the time delay was different estimated by mutual
information method at all the supercritical gas velocity.

The correlation dimension (D2) of a chaotic system could indi-

cate the complex of the system. Fig. 3a and b shows that D2 of
bubble-induced pressure fluctuation signals in the downcomer and
in the riser respectively varies with different superficial gas veloc-
ity. In Fig. 3a, it is shown that the general trend of D2 first increases



gineering Journal 162 (2010) 296–300 299

s
b
s
I
i
w
c
m

fi
c
e
u
w
g
p
g
r
l
m
t
i
c
s
m
b
t
p
o
o

t
c
i
r
c
s
m
m
d

4

c
b
t
r
b
s
fl

�

w
i
s

a
w
c
f
t
w
i

Fig. 4. K2 of local bubble-induced pressure fluctuation signals in the downcomer
(a) and in the riser (b) respectively at different superficial gas velocities.
W.-H. Zhang et al. / Chemical En

lightly across first transition point (corresponding to the transition
etween regime II and regime III-1), then decreases rapidly across
econd transition point (corresponding to regime III-1 and regime
II-2) and changes with gas velocity at high superficial gas veloc-
ty. In Fig. 3b, it is shown that the trend of D2 in the riser decreases

ith superficial gas velocity at low gas velocity and almost does not
hange with gas velocity at high gas velocity, except for the highest
easurement position.
In the downcomer, the number of bubble increases with super-

cial gas velocity in regime II, which leads to the increase of the
omplex of system. Above the first transition point, the system
nters regime III-1, bubbles move more regularly due to high liq-
id circulation velocity and the complex of system decreased fast,
hich is similar to the phenomenon of “self-organization” [5]. As

as velocity increases further and across the second transition
oint, the complex of system reaches a steady state due to big-
er bubble movement and “self-organization” phenomenon. In the
iser, small bubbles rise through the column in a straight line at
ow superficial gas velocity, almost all the bubbles has approxi-

ately the same speed. As superficial gas velocity increases (in
he homogenous regime), the liquid recirculation velocity also
ncreases, which leads to bubble movement more regularly and the
omplex of system decreases fast. However, at the highest mea-
urement position, bubble movement is not the same as the other
easurement positions within reactor due to significant change of

ubble velocity direction, which may decreases the complex of sys-
em much slowly at low superficial gas velocity. After the transition
oint, the flow enters the heterogeneous regime and the complex
f system reaches a steady state due to bigger bubble movement
r breakup and “self-organization” phenomenon.

Kolmogorov entropy can be thought of a number measuring the
ime rate of creation of information or information loss rate as a
haotic obit evolves. Fig. 4a and b shows that K2 of local bubble-
nduced pressure fluctuation signals in the downcomer and in the
iser respectively varies with different superficial gas velocity. The
hange trends of K2 is almost the same as the one of D2, which is
imilar with the results of Karamavruq et al. [26]. It is because that
ore or bigger bubble movement leads to the increase of infor-
ation loss rate and “self-organization” phenomenon leads to the

ecrease of information loss rate.

.3. Local energy ratio

Since the local bubble-induced pressure fluctuation signals
ould be associated with bubble size, bubble movement and
reakup [15,25], the energy of local bubble-induced pressure fluc-
uation may have different variation tendency in different flow
egimes. Here, we use the local energy ratio, defined as the ratio
etween the energy of local bubble-induced pressure fluctuation
ignals and the energy of wall pressure fluctuation signals, to detect
ow regime transition. It can be expressed as follows:

L = ELocal
ETotal

=
(
�Local
�

)2

here �Local and � are the standard deviation of local bubble-
nduced pressure fluctuation signals and wall pressure fluctuation
ignals respectively.

Fig. 5a and b show that the local energy ratio of pressure fluctu-
tion signals in the downcomer and in the riser respectively varies
ith superficial gas velocity. In Fig. 5a, it is shown that in the down-
omer, the general trend of the local energy ratio first increases
ast across the first transition point (corresponding to the transi-
ion between regime II and regime III-1), then increases moderately
ith gas velocity across the second transition point (correspond-

ng to the transition between regime III-1 and regime III-2) and
Fig. 5. Local energy ratio of pressure fluctuation signals in the downcomer (a) and
in the riser (b) respectively at different superficial gas velocities.
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ecreases or increases slowly at high superficial gas velocity. In
ig. 5b, it is shown that in the riser, the general trend of the local
nergy ratio first decreases slightly across the first transition point
xcept for the highest measurement position (corresponding to the
ransition between homogeneous regime and transition regime),
hen increases fast with gas velocity across the second transition
oint (corresponding to the transition between transition regime
nd heterogeneous regime) and almost does not change with gas
elocity at high superficial gas velocity.

In the riser, when the superficial gas velocity is below the first
ransition point, the energy of local bubble-induced pressure fluc-
uation increases with gas velocity mainly due to the increase of
ubble number instead of bubble size. Since the energy of global
ressure fluctuation increases fast due to gas supply system and
ttenuates along the axial direction [15], it leads to the decrease of
ocal energy ratio at lower measurement positions and the slight
ncrease of local energy ratio at the highest measurement position.
fter gas velocity is above the first transition point, the flow enters

he transition regime. Local energy ratio increases with gas veloc-
ty mainly due to the increase of not only bubble number but also
ubble size. After gas velocity is above the second transition point,
he energy of global pressure fluctuation due to gas supply system
nd the energy of local bubble-induced pressure fluctuation caused
y bubble movement, coalescence and breakage increases almost
t the same rate; hence local energy ratio almost does not change.

In the downcomer, the second transition point can be explained
y the same reason as the one in the riser; the first transition point
an be explained by two reasons: one is that the increase of bubble
umber will increase the energy of local bubble-induced pressure
uctuation and the other is that the turn-back flow zone between
he riser and the downcomer leads to the attenuation of global
ressure fluctuation at low superficial gas velocity.

As a conclusion, the increase rate of local-energy ratio has a rela-
ion with the regime hydrodynamic in the reactor, which indicates
he flow transition.

. Conclusions

In this paper, the flow regimes and their transition points in
n internal-loop airlift reactor were studied. Flow regime transi-
ions were predicted by local energy ratio and chaotic analysis in
he local bubble-induced pressure fluctuation signals, which can
e extracted by Zhang’s method from wall pressure fluctuation
ignals.

As far as local energy ratio analysis method was concerned, it
as found that local energy ratio can indicate four transition points

n the reactor, including the first transition point (around 4.38 cm/s)
rom regime II and to III-1 in the downcomer, the second transi-
ion point (around 7.31 cm/s) from regime III-1 to regime III-2 in
he downcomer, the first transition point (around 4.38 cm/s) from
omogeneous regime to transition regime in the riser, and the sec-
nd transition point (around 8.77 cm/s) from transition regime to
eterogeneous regime in the riser respectively. The two transition
oints in the riser were similar with the ones predicted by Lin et al.
8] in a bubble column.

For chaotic analysis method, two chaotic invariants including
orrelation dimension and Kolmogorov entropy can detect two
ransition points in the downcomer, which were almost the same

s that indicated by local energy ratio analysis. However, the two
haotic parameters can detect only one transition point (around
.81 cm/s) from homogenous regime to heterogeneous regime.

It should be noted that local energy ratio and chaotic analysis
ethods were able to determine the flow regime transition in the

[

[

ing Journal 162 (2010) 296–300

reactor. Since the local energy ratio analysis method was easy to
implement, it can be a novel method to detect flow regime transi-
tion in internal-loop airlift reactors or other multiphase systems.
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