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a b s t r a c t

Oscillations in the gas holdup and liquid circulation velocity were found at low liquid levels in an air-
lift reactor with a designed gas–liquid separator. The hydrodynamic behavior and the frequency and
amplitude of the oscillations were investigated. The gas holdup and liquid circulation velocity oscillated
eywords:
irlift reactor
elf-oscillation
as holdup
iquid circulation velocity

at the same frequency. The frequency increased from 0.07 to 0.18 Hz with an increase in the super-
ficial gas velocity or liquid level. The gas holdup oscillation occurred mainly in the downcomer. The
oscillation amplitude of the average gas holdup in the downcomer was 0.02 at superficial gas veloci-
ties of 0.03–0.06 m/s, and was close to zero at other superficial gas velocities. Using the superficial gas
velocity and unaerated liquid level, the flow was classified into three regimes: non-circulating regime,
self-oscillation regime and completely circulating regime. The self-oscillation regime, determined from

, beca
the oscillation amplitude

. Introduction

Airlift reactors are now widely used in chemical and environ-
ental processes. They are very promising reactors because of their

imple construction, lower shear fields, lower power input, and eas-
er scale-up in comparison with continuous stirred tank reactors
1,2]. Most airlift reactors are operated under steady-state optimal
onditions. However, unsteady-state operation has been shown to
ive a better performance in some processes [3,4]. Periodic opera-
ion is a typical unsteady-state operation, and has been widely used
n trickle bed [5–8] where a higher time-average conversion of the
eactant has been reported [9,10].

An operation with a forced oscillation can be obtained by
eriodic operating conditions, such as a periodically changing tem-
erature, pressure, flow rate, or concentration. For example, a
orced oscillation due to periodically changing the air flow rate was
ound to significantly improve the oxygen transfer rate in an air-
ift reactor used for citric fermentation [11]. A forced oscillation
an also be obtained by alternately pumping gas into the riser and
owncomer, and the gas holdup and gas–liquid mass transfer rate
ere enhanced [12–14]. The production of yeast cell in an airlift

eactor using this operation gave an increased yield of the yeast
ells [15].
However, there are few investigations on self-oscillations with
constant gas–liquid flow operation, and these have only been

eported for rectangular reactors. A few papers have reported on
he oscillation of local gas holdup and liquid velocity in a partly
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aerated rectangular bubble column with a non-uniform gas distri-
bution [16–19]. An oscillation of the local liquid circulation velocity
was observed in a rectangular airlift reactor with two isolated
downcomers [20]. However, there has been no report on self-
oscillation in the commonly used airlift reactor.

This work reports an experimental study of a self-oscillatory
hydrodynamic behavior in an internal airlift reactor with a designed
gas–liquid separator. The conditions where self-oscillations
occurred were determined. The influences of the superficial gas
velocity and liquid level on the oscillation frequency and ampli-
tude were studied. The axial profiles of the oscillating gas holdup
were also studied.

2. Experimental

2.1. Apparatus

The experiments were carried out in an internal-loop airlift reac-
tor. The schematic of the experimental apparatus is shown in Fig. 1.
The reactor used was made of Plexiglas and comprised four main
parts: riser, downcomer, gas distributor and gas–liquid separator.
The total height of the reactor was 2.5 m. The riser was surrounded
by two coaxial cylinder columns, which were the outer column and
the draft tube. The outer column was 0.19 m in inner diameter (i.d.)
and 2.02 m in height with a gas–liquid separator on its top. The draft

tube was 0.12 m outer diameter, 0.11 m i.d., and 2.0 m in height. Air
and tap water were used as the gas and liquid phases, respectively.
The air was pumped into the riser through the gas distributor. The
difference between the gas holdup in the riser and downcomer was
the driving force for the liquid circulation in the reactor.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:wangtf@tsinghua.edu.cn
mailto:wangtf@flotu.org
dx.doi.org/10.1016/j.cej.2010.03.005
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Nomenclature

A amplitude of the self-oscillation
C velocity of ultrasound in the medium (m/s)
F frequency of the self-oscillation (Hz)
fe frequency of emitted ultrasound (Hz)
fr frequency of received ultrasound (Hz)
fe frequency of emitted ultrasound (Hz)
HL liquid level (m)
HL0 unaerated liquid level (m)
H height (m)
P pressure (Pa)
t time (s)
U superficial velocity (m/s)

Greek symbols
ε phase holdup
� density (kg/m3)
ϕ phase angle

Subscripts
D downcomer
G gas phase
L liquid phase

s
c
t
T
t
t

2

t
l
a

R riser
SO self-oscillation

Two designs of the gas–liquid separator were used. These are
hown in Fig. 2. In case A, the downcomer was a single cylinder
olumn. In case B, the downcomer had a gas–liquid separator on its
op. The two downcomers had the same diameter and total height.
he gas–liquid separator was a cone of diameter 0.12 m at the bot-
om and 0.27 m at the top. The cone was perforated and connected
o three pipes of 0.04 m i.d. as shown in Fig. 2c.

.2. Liquid level
In an airlift reactor, the liquid level has a significant effect on
he flow resistance at the gas–liquid separator, especially when the
iquid level is low [21–23]. The liquid level was defined in this work
s the height from the top of the draft tube to the free-surface of the

Fig. 1. Schematic of the experimental set-up.
Fig. 2. Schematic of the two types of reactors: Case A: without a gas–liquid separa-
tor; Case B: with a gas–liquid separator.

liquid. This was noted as HL for the gas–liquid two-phase flow and
HL0 for the unaerated liquid, as shown in Fig. 3. When the liquid
level was negative, the free-surface of liquid was lower than the
top of the draft tube, and there was no liquid circulation.

The liquid level where self-oscillation occurred in the airlift
reactor was low, and it was difficult to measure it accurately due
to the fluctuation of the liquid surface. Moreover, when the liquid
level was low, as the liquid in the downcomer was less expanded
in the downcomer, the liquid overflowed from the riser and fell
down into the downcomer. In such situations, the liquid level was
non-uniform in the radial direction, with a higher value near the
wall and a lower value in the central region. Due to this, in our
experiments, it was the unaerated liquid level that was measured
and used as the operating parameter. This is shown in Fig. 3b. The
aerated liquid level was higher than the unaerated liquid level, and
varied with the superficial gas velocity.

2.3. Measuring methods

2.3.1. Gas holdup
The gas holdup measurements were made both in the riser and

downcomer with the differential pressure transducers. The reactor

had several tapping ports at positions of 0.1, 0.4, 0.8, 1.2, 1.6 and
2.0 m above the gas distributor in the riser, and 0.05, 0.6, 0.9, 1.2, 1.5
and 1.8 m in the downcomer. Six differential pressure transducers
were used to measure the axial profile of the pressure drop. The

Fig. 3. Schematic of liquid level (HL in (a)) and unaerated liquid level (HL0 in (b)).
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ig. 4. Measured signal of gas holdup (a), original (b) and filtered (c) signals of liquid
irculation velocity.

ransducer was connected to the reactor by two pipes filled with
ater as the pressure transfer medium. The pressure drop due to

iscous flow was negligible compared to the static pressure drop,
nd the pressure drop (�P) between two tapping ports with vertical
istance h was:

P = �Lgh(1 − εG) (1)

here �L is the liquid density and εG is the gas holdup. From the
ressure drop, the gas holdup can be determined using Eq. (2).

G = 1 − �P

�Lgh
(2)

he differential pressure transducer signal was sampled at 10 Hz.
he variation of the gas holdup with time was acquired, and shown
n Fig. 4a. The global gas holdup in the riser/downcomer was
btained by measuring the pressure drop between the top and bot-
om of the riser/downcomer through two tapping ports. The local
as holdup was obtained by measuring the pressure drop between
wo adjacent tapping ports.

.3.2. Liquid circulation velocity
The liquid circulation velocity (UL) was measured with an Ultra-

ound Doppler Velocimetry DOP2000. Typical results are shown in
ig. 4b and c. Ultrasound Doppler velocimetry has been used in
he measurement of single phase flow and multiphase flow [24,25]
y using the Doppler Effect. When the DOP2000 probe emits an
ltrasonic beam, moving particles in the liquid scatter the sound
ave. The backscattered sound wave is received by the same sen-

or probe. The movement of the particle gives the received sound

ave a frequency shift (fshift) proportional to the particle velocity

up) [24]:

shift = fe − fr =
2fe

∣
∣up

∣
∣ cos �

c
(3)
Fig. 5. Effect of the sieve on the flow field near the ultrasound probe.

where fe, is the emitted sound wave frequency, fr the received
sound wave frequency, � the angle between the ultrasonic beam
and the particle velocity, and c the velocity of sound in the medium.
From fshift, the velocity of the particles in the liquid is determined
as:

∣
∣up

∣
∣ = cfshift

2fe cos �
(4)

The DOP2000 is very effective for liquid velocity measurement
in single phase flow. However, its use in a gas–liquid two-phase
flow is difficult because the bubbles produce a stronger scattering
of the sound wave than the tracing particles in the liquid, such that
the frequency shift of the received sound wave is mainly due to the
bubble velocity. To exclude the effect of gas bubbles, a hollow sieve
column was installed at the front of the ultrasound probe. The effect
of the sieve on the flow field and the measured liquid velocity was
calibrated using a single phase flow. The liquid velocities inside the
sieve (ULin, average distance of 21–37.5 mm from the probe) and
outside the sieve (ULout, average distance of 75–105 mm from the
probe) were measured. The relationship between ULin and ULout is
shown in Fig. 5. During measurements in a gas–liquid two-phase
flow, ULin was measured and ULout was determined from Fig. 5. The
liquid circulation velocity was measured in the riser, with the probe
located in the middle of the two walls of the annular riser. The
measured time series of the liquid velocity in the gas–liquid flow is
shown in Fig. 4b.

2.4. Signal processing

The liquid circulation velocity was measured with a sampling
frequency of 100 Hz. Due to flow turbulence and bubble move-
ment, the original signal had a big dispersion. It was filtered by
a moving average method. The point in the filtered signal was the
average value of 0.5 s original signals. This signal filtration had no
effect on the self-oscillation result because the time scale of the
self-oscillation was about 10 s, which was much larger than the
0.5 s. The original signal and filtered signal were shown in Fig. 4b
and c.

In studying a self-oscillation, the oscillation frequency is an
important parameter. The oscillation frequency was obtained from
the time series of the gas holdup and liquid circulation velocity

using a spectral analysis based on the Short Time Fourier Transform
(STFT). A time series of the gas holdup and its power spectrum are
shown in Fig. 6. The dominant frequency in the power spectrum is
the oscillation frequency, which is 0.160 Hz in Fig. 6b.
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Fig. 6. Power spectrum of the gas holdup time series.

. Results and discussion

.1. Characteristics of the self-oscillation

.1.1. Self-oscillation of the gas holdup
In the airlift reactor with a cone-shaped gas–liquid separator

n the top of the downcomer, self-oscillation was observed with
he condition of a low liquid level. The time evolution of the global
as holdup in the riser and the downcomer at UG = 0.03 m/s and an
naerated liquid level HL0 = −0.08 m are shown in Fig. 7. The results
howed that the global gas holdups in the riser and downcomer had
periodic oscillation. Two stages became dominant alternately:

n the first stage, the global gas holdup increased with time and
n the second stage, the global gas holdup decreased with time.
n a steady-state process, when a disturbance is introduced, its
mplitude will decrease and the process will approach a steady-
tate gradually. However, the oscillation found in this work had a
onstant amplitude without any forcing oscillation in the input con-
itions, thus, it was a self-oscillation. The oscillation of the global
as holdup (εG) can be correlated as:

G = A sin(2�ft + ϕ) + 〈εG〉 (5)

here A, f, ϕ were the oscillation amplitude, frequency and phase

ngle, respectively, and 〈εG〉 is the time-average gas holdup. The
as holdups in the riser (εGR) and in the downcomer (εGD) can be
orrelated as:

GR = 0.005 sin(0.139 × 2�t + 3.806 + �) + 0.117 (6)

ig. 7. Gas holdup time series in the different types of reactors. Case A: without a
as–liquid separator; Case B: with a gas–liquid separator.
g Journal 160 (2010) 277–283

εGD = 0.018 sin(0.139 × 2�t + 3.844) + 0.091 (7)

where the standard deviations of Eqs. (6) and (7) are 0.0035 and
0.0062, respectively.

It was found that the gas–liquid separator determined the
existence of self-oscillation phenomenon. When a single cylinder
column was used as the draft tube, the gas holdups in the riser and
the downcomer fluctuated randomly with time. With a gas–liquid
separator installed on the top of the downcomer, self-oscillation of
the gas holdup occurred. The reason for the self-oscillation was
probably that the bubbles were entrained into the downcomer
selectively by the gas–liquid separator. Only bubbles smaller than
a certain size can be entrained into the downcomer by the circulat-
ing liquid. The decrease in the bubbles in the downcomer caused
an increase in the driving force, i.e. the difference between the gas
holdups in the riser and downcomer, which led to an increase in the
liquid circulation velocity. The driving force and liquid circulation
velocity then decreased because more bubbles were entrained into
the downcomer. The self-oscillation phenomenon thus appeared.
The separation performance and a sufficiently large flow resistance
due to the gas–liquid separator were important for producing the
self-oscillations in the driving force, gas holdup and liquid circula-
tion velocity.

The gas holdup oscillation resulted in a pressure oscillation.
However, this variation in the pressure was different from the pres-
sure fluctuations due to gas bubbles, which has a much higher
frequency [26,27].

From Fig. 7, it can be seen that the self-oscillation of the gas
holdups in the riser and downcomer had the following characteris-
tics. First, the oscillation was much larger in the downcomer, with
its amplitude (ASO) being 3.6 times larger than that in the riser.
Second, the oscillations in the riser and downcomer had the same
frequency (fSO), but with a phase difference of about �. Although
the oscillation of the gas holdup in the downer was significant, the
oscillation of the global gas holdup was not significant due to the
out-of-phase oscillation in the riser and the larger volume of the
riser over that of the downcomer. From the different volumes of the
riser and downcomer, the global gas holdup (εG) can be calculated
from Eqs. (6) and (7) as:

εG = 0.0032 sin(0.139 × 2�t + 3.84) + 0.108 (8)

The liquid level (H) also oscillated in time due to the oscillation of
the global gas holdup, with an oscillation amplitude of 0.67 cm.

3.1.2. Axial profile of the gas holdup
Besides temporal oscillation, the gas holdup in the downcomer

also showed a complex non-uniform axial profile. Thus, the gas
holdup oscillation was a complex spatial-temporal phenomenon.
The time evolution of the gas holdups at different axial positions
in the downcomer are shown in Fig. 8. The gas holdups at all the
axial positions showed oscillation at the same frequency but with
different amplitudes and phase angles. They can be correlated with
sine functions as:

εGD(1.5–1.8) = 0.0343 sin(0.129 × 2�t + 4.64) + 0.0618 (9)

εGD(1.2–1.5) = 0.0257 sin(0.129 × 2�t + 4.12) + 0.0562 (10)

εGD(0.9–1.2) = 0.0234 sin(0.129 × 2�t + 2.36) + 0.0401 (11)

εGD(0.6–0.9) = 0.0250 sin(0.129 × 2�t + 2.29) + 0.0300 (12)

The standard deviations are 0.0121, 0.0075, 0.0077 and 0.0090. Eqs.

(9)–(12) fitted the experimental data well. This is shown in Fig. 8.
The phase angle of the gas holdup oscillation decreased along the
flow direction. The time-average gas holdup in the downcomer
was non-uniform in the axial direction. It increased with increasing
axial height, as shown in Fig. 9.
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Fig. 8. Gas holdup time series axial distribution in

.1.3. Self-oscillation of the driving force and liquid circulation
elocity

In the airlift reactor, liquid circulation is caused by the dif-
erence in the gas holdups in the riser and the downcomer
�εG = εGR − εGD). When the self-oscillation occurred, the driving
orce �εG also showed an oscillation. The driving force in Fig. 7a
an be calculated from Eqs. (6) and (7) as:
εG = 0.023 sin(0.139 × 2�t + 0.644) + 0.026 (13)

he variation of �εG was from 0.003 to 0.049, which led to a sig-
ificant variation in the liquid circulation velocity.

ig. 9. Axial profile of the time-average gas holdup in the downcomer with a
as–liquid separator.
wncomer (UG = 0.03 and 0.04 m/s, HL0 = −0.05 m).

The time evolution of the driving force �εG and liquid circu-
lation velocity ULR at UG = 0.03 m/s and HL0 = −0.08 m are shown
in Fig. 10. A frequency spectrum analysis was carried out for the
oscillations of �εG and ULR using the STFT method. The dominant
frequencies for the gas holdup and circulation velocity had the same
value of 0.108 Hz.

3.2. Frequency and amplitude of the self-oscillation
3.2.1. Frequency of the self-oscillation
The effects of the superficial gas and unaerated liquid level on

the frequency of the self-oscillation (fSO) are shown in Fig. 11. It
can be seen that fSO increased with an increase in the superficial

Fig. 10. Oscillation of �εG and ULR (UG = 0.03 m/s, HL0 = −0.08 m).



282 N. Zhang et al. / Chemical Engineering Journal 160 (2010) 277–283

F
q

g
l
t

f
w
i
o
f
t

3

s
i
i
A
i
n
t
a
z
fl
c
s
I
i

n
z
a
t
r
h
r
t
n

t
t
w
m
m
A
c
a
s

hydrodynamic behavior of the reactor. The variation of the time-
average gas holdup in the downcomer, 〈εGD〉, with UG is shown
in Fig. 14. The unaerated liquid levels were −0.04 m (Fig. 14a)
and −0.08 m (Fig. 14b). The gas holdup increased with an increase
ig. 11. Effect of the superficial gas velocity and unaerated liquid level on the fre-
uency of self-oscillation of the gas holdup.

as velocity, and decreased with an increase in the unaerated liquid
evel. It is worth noting that fSO was approximately proportional to
he superficial gas velocity in the self-oscillation regime.

In gas–liquid flow, pressure fluctuations are caused by two dif-
erent effects [16–19,28]. One is the macro-scale liquid circulation
ith low frequency oscillations of 10−1 to 100 Hz. The other cause

s from bubble-scale dynamic behavior that causes high frequency
scillations of 100–101 Hz. The frequency found in this work was
rom 0.07 to 0.18 Hz, which was in the range of the liquid circula-
ion.

.2.2. Amplitude of the self-oscillation
The amplitude of the self-oscillation, ASO, depended on the

uperficial gas velocity and unaerated liquid level. This is shown
n Fig. 12a. It can be seen that ASO of the gas holdup can be divided
nto three stages with an increase in the superficial gas velocity.
t low superficial gas velocities (Stage I), ASO of the gas holdup

ncreased from 0 to around 0.02, and the flow changed from the
on-circulating regime to the self-oscillation regime. In Stage II,
he flow was in the typical self-circulating regime and ASO showed
constant value between 0.15 and 0.2. In Stage III, ASO decreased to
ero with a further increase in the superficial gas velocity, and the
ow changed from the self-oscillation regime to the completely
irculating regime. The ASO of the liquid circulation velocity had
imilar characteristics to the ASO of the gas holdup in Stages I and
II, as shown in Fig. 12b. However, it decreased in Stage II with an
ncrease in UG.

Fig. 12 also shows that the unaerated liquid level had a sig-
ificant influence on ASO. When the unaerated liquid level was
ero or higher, the maximum value of ASO became much smaller,
nd the self-oscillation disappeared gradually. With a decrease in
he unaerated liquid level, the transition from the non-circulating
egime to the self-oscillation regime was delayed until there was a
igher superficial gas velocity, and the range of the self-circulation
egime became wider. When the unaerated liquid level was lower
han a critical value, ASO of the gas holdup had an approximately
on-changing value at different unaerated liquid levels.

The superficial gas velocity and unaerated liquid level are the
wo important operating parameters that affect the flow regimes. In
his work, the lower and upper limits of the self-oscillation regime
ere determined as the superficial gas velocities at half the maxi-
um amplitude of the oscillation. Fig. 13 shows the flow regimes

arked by the superficial gas velocity and unaerated liquid level.
t low superficial gas velocity without gas circulating in the down-
omer, the flow was in the non-circulating regime (regime I). With
n increase in the superficial gas velocity, the flow entered the
elf-oscillation regime (regime II). With a further increase in the
Fig. 12. Effect of the superficial gas velocity and unaerated liquid level on the
amplitude of the self-oscillation of the gas holdup in the downcomer (a) and liquid
circulation velocity (b).

superficial gas velocity, the flow entered the complete circulating
regime (regime III). The flow regime map can be used to identify
the flow type in this reactor for specific operation conditions. The
non-circulating regime should be avoided for a better performance
of the reactor, especially for a gas–liquid–solid system to realize
uniform suspension of the solid particles.

3.3. Effect of self-oscillation on the gas holdup

The self-oscillation phenomena had a significant effect on the
Fig. 13. Flow regime map: (I) non-circulating regime; (II) self-oscillation regime;
(III) completely circulating regime.
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[27] C. Vial, E. Camarasa, S. Poncin, G. Wild, N. Midoux, J. Bouillard, Study of hydrody-
namic behaviour in bubble columns and external loop airlift reactors through
analysis of pressure fluctuations, Chem. Eng. Sci. 55 (2000) 2957–2973.

[28] M.E. Diaz, F.J. Montes, M.A. Galan, Experimental study of the transition between
Fig. 14. Effect of the oscillation on the gas holdup.

n the superficial gas velocity. At an unaerated liquid level of
0.04 m, 〈εGD〉 was lower in the reactor with a gas–liquid separation
owncomer in the non-circulating regime (UG: 0.01–0.027 m/s)
nd completely circulating regime (UG: 0.058–0.08 m/s), but was
igher in the self-circulation regime (UG: 0.027–0.058 m/s). The
ituation was similar at H = −0.08 m/s, that is, 〈εGD〉 was higher in
he reactor with a gas–liquid separation downcomer in the self-
irculation regime (UG: 0.034–0.063 m/s). This indicates that the
elf-oscillation enhanced the gas holdup in the downcomer.

. Conclusions

A self-oscillation phenomenon in an airlift reactor was charac-
erized by the frequency and amplitude of the gas holdup and liquid
irculation velocity. The main conclusions are as follows.

1) A self-induced oscillation existed in an airlift reactor with a
designed gas–liquid separator within a specific range of super-
ficial gas velocity at a low unaerated liquid level.

2) When the self-oscillation occurred, the time evolution of the
gas holdup and liquid circulation velocity can be described by
a sine function. The oscillation amplitude of the gas holdup in
the downcomer was 3.6 times larger than that in the riser. The
gas holdup at different axial positions oscillated with the same
frequency, but with different amplitudes and phase angles.

3) The self-oscillations of the gas holdup and liquid circulation
velocity had the same frequency that increased from 0.07 to
0.18 Hz with an increase in the superficial gas velocity. The
oscillation amplitude of the gas holdup in the self-oscillation
regime was about 0.02.

4) The self-oscillation regime depended on the superficial gas
velocity and unaerated liquid level. For an unaerated liquid level
of −0.04 m, the self-oscillation regime existed in the superficial
gas velocity 0.02–0.06 m/s. The gas velocity range became wider
with a decrease in the unaerated liquid level.

5) Gas holdup in the downcomer was enhanced in the self-
oscillation regime.
cknowledgements
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