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AbstractÐThe aim of this study is to investigate the structure of upwards air-water ¯ow and its vari-
ation as the bubble-to-slug transition is approached, with a view to understanding the mechanism of
the transition. The development of bubble size with column height is measured with a double needle
resistivity probe, and of void fraction waves with an Impedance Void Fraction Meter (IVFM) with
quadrant electrodes in a 150 mm diameter column. The results are compared with some experimental
data gathered in a 28.9 mm column. Traditional slug ¯ow does not exist in the 150 mm diameter col-
umn; instead there is a gradual transition to churn ¯ow. Possible instabilities of void fraction waves are
detected during the transition from bubble to churn at constant liquid rate, but not at constant gas
rate. In the 28.9 mm column at constant liquid rate, an abrupt transition from bubble-to-slug ¯ow
occurs, with strong indications of associated void fraction wave instabilities. # 1998 Elsevier Science
Ltd. All rights reserved
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1 . INTRODUCTION

Systems involving gas-liquid two-phase ¯ows are found widely in the process, chemical, nuclear
power, petroleum and related industries. In gas-liquid two-phase concurrent vertical ¯ow, there
are a number of di�erent ¯ow regimes, of which the most important are bubble, slug, churn and
annular. These regimes are important in themselves (the slug and churn regimes have large
pressure ¯uctuations which can damage equipment), and also because of their in¯uence on heat
and mass transfer phenomena; thus, the ®rst stage in analysing a two-phase ¯ow is usually to
determine the prevailing ¯ow regime. This requires an understanding of the factors in¯uencing
the transition between regimes, and as part of a larger project looking at all the transitions, this
paper concentrates on the ¯ow from bubble to slug.

Bubble ¯ow is characterised by bubbles which are small compared to the tube diameter, dis-
persed more-or-less randomly in the liquid continuum within the tube, while slug ¯ow is charac-
terised by Taylor bubbles separated by slugs of continuous liquid.

A Taylor bubble is a constant pressure surface, whose shape is that of a cylinder bounded on
top by a spherical cap or a bullet shaped nose, and at the bottom by a distorted ¯at tail. The
mean diameter of the bubble cylinder is almost equal to the tube diameter, and the length is at
least one tube diameter. Between the Taylor bubble and the pipe wall, liquid ¯ows downward in
the form of a thin falling ®lm, and there are often small bubbles in the slug of liquid following
the Taylor bubble.

In early 1960s, Radovcich and Moissis (1962) suggested that the bubble-to-slug transition is
due to collisions between small bubbles, with a fraction of these collisions resulting in coalesc-
ence, ultimately leading to bubbles which are of similar diameter to the pipe and hence to slug
¯ow. Bubble ¯ow is thus only a transient ¯ow regime, which, given a su�ciently long residence
time in a pipe, will develop into slug ¯ow. Because the rate of collision increases dramatically at
void fractions of 0.25±0.3, they suggested a void fraction criterion for the transition. Taitel et al.
(1980) also claimed that gradual bubble coalescence is responsible for the transition to slug ¯ow,
but suggested a dispersed bubble ¯ow pattern can be maintained if an equilibrium between
bubble coalescence and break-up due to liquid turbulence is reached.
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However, Hewitt (1990) found that there was no e�ect of channel length on the transition
condition and void fraction, implying that the transition from bubble to slug occurs simul-
taneously throughout the channel, and making it unlikely that break-up and coalescence of the
bubbles is the mechanism responsible for the transition. Similarly, Kapteyn (1989) measured
bubble size and number density in bubble ¯ow, and observed no di�erences in these parameters
between the top and the bottom of his ¯ow channel, suggesting no gradual coalescence of the
type envisaged by Radovcich and Moissis (1962).

Some recent work has developed the suggestion, ®rst made by Wallis (1969), that the bubble-
to-slug transition is associated with instabilities of void fraction waves. Such waves have been
studied extensively by workers in Grenoble and subsequently in many other laboratories, mainly
using a series of Impedance Void Fraction Meters (IVFM) along the length of the test section.
However, only some of the more recent papers cover the transition from bubble-to-slug ¯ow
(Matuszkiewicz et al. 1987; KytoÈ maa 1987; Tournaire 1987; BoureÂ 1988; Saiz-Jabardo and
BoureÂ 1989; KytoÈ maa and Brennen 1991; Park 1992; Monji 1993; Park et al. 1993 Song et al.
1995a; Song et al. 1995b).

There are two main approaches to the experimental study of void fraction waves: a few
workers generated small amplitude waves of di�erent known frequencies and studied their
propagation up the column (Micaelli 1982; Tournaire 1987; Saiz-Jabardo and BoureÂ 1989),
while the majority investigated the behaviour of naturally occurring waves. The principal results
are discussed below.

1.1. Forced waves

. At low void fractions (0.2 or below), all waves are damped, the extent of damping increasing
with frequency. Any wave of frequency above a few Hz is strongly damped in all conditions.
The upper frequency is typically 3 or 4 Hz, although in the experiments of Micaelli (1982) at
high liquid velocity (i1 m/s) it was more like 10 Hz, suggesting that there is probably a critical
wavelength rather than critical frequency.

. For lightly-damped waves, the coherence between signals at successive measuring stations
remains close to 1.0, but as damping takes e�ect, coherence falls away rapidly.

. At low void fractions, the wave velocity is independent of frequency (non-dispersive waves),
and decreases slightly with increasing void fraction. It lies between the mean ¯uid velocity
(jG+jL) and the mean bubble velocity jG/a.

. As the void fraction is increased, a faster mode of kinematic wave appears, whose speed
increases with void fraction; these waves are damped at high frequencies, but ampli®ed at low
frequencies, and seem to be associated with a clustering of the bubbles prior to coalescence
and slug formation. When such ampli®cation occurs, the coherence between successive signals
is relatively high. These faster waves have a velocity greater than the mean bubble velocity jG/
a; Saiz-Jabardo and BoureÂ (1989) suggest that the appearance of such waves could be a non-
subjective indicator of the transition from bubble to slug.

1.2. Natural waves

. In bubbly ¯ow there is a broad power spectral density with a peak around 3 Hz. As the void
fraction increases, the spectral density becomes sharper and moves to somewhat lower fre-
quencies until, when the transition to slug ¯ow occurs, a second peak appears at around
1 Hz.

. At lower void fractions, the standard deviation of the signal increases along the test section,
while the system gain factor remains below 1.0 (i.e. wave attenuation). Matuszkiewicz et al.
(1987) explain this apparent contradiction by saying that fresh disturbances are being created
along the section (increasing the standard deviation) but they are also rapidly damped out. As
would be expected, the coherence function between successive measuring stations is low in
this range.

. At low void fractions, the wave velocity (calculated from the system phase factor) is constant
along the section and independent of frequency; as the transition to slug ¯ow is approached,
it tends to increase towards the end of the test section and when slug ¯ow develops it exhibits
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a marked minimum: at the same time the gain factor becomes r1. The coherence function
between successive observations also increases markedly as slug ¯ow is approached.

. Park et al. (1993), working with a more viscous air/oil system, found the two modes of kin-
ematic wave already noted in the forced wave study. Their velocities could only be obtained
by cross-correlation: the system phase factor cannot yield information on two simultaneous
waves, as was shown theoretically by BoureÂ (1988). The velocity of the faster wave was equal
to the measured velocity of bubble clusters which were seen to form at quite low void frac-
tions; this velocity rose with void fraction up to the transition to slug ¯ow, after which it
remained constant. These signals were lightly damped at low void fractions, but strongly
ampli®ed as the transition was approached.

. Working with air and water in a larger column (102 mm), KytoÈ maa and Brennen (1991)
found a transition to churn-turbulent rather than to slug. Kinematic waves were always
damped, but as the transition was approached, the minimum damping decreased dramatically,
and the frequency at which it occurred also decreased suddenly. The wave velocity relative to
the zero ¯ux plane decreased with void fraction.

. Song et al. (1995a) investigated the e�ect of variable, controlled bubble size, using a bubble
generator of the type developed by Serizawa et al. (1988) and Serizawa et al. (1991). Bubble
size is known to a�ect the radial distribution of void fraction (Serizawa and Kataoka 1987)
and also the void fraction at transition to slug ¯ow (Liu 1993). In a 25 mm channel, they
found that large bubbles (i4 mm), which congregate in the centre of the channel, form clusters
even at quite low void fractions, and as the void fraction increases, these clusters gradually
coalesce along the channel into cap bubbles and ®nally slugs. The wave velocity increases reg-
ularly, and the gain factor of the dominant (least attenuated) frequency gradually increases,
reaching 1 at about the transition. This behaviour is very similar to that of the faster wave of
Park et al. (1993) and of BoureÂ (1988), both of whom associated it with ``clusters'' or
``swarms'' of bubbles.

Small bubbles (h4 mm), on the other hand, congregate near the tube walls, and show no ten-
dency to form clusters, but simply become closer packed as the void fraction increases up to
void fractions as high as 35%. At a certain void fraction, there is an abrupt coalescence
throughout the channel to a churn-like structure, which with a further small increase in gas rate,
leads to slug ¯ow. Wave velocity decreases slightly with void fraction at low liquid rates (0.2 m/
s) and increases slowly at higher rates, but there is always a sudden increase as the transition is
reached. The gain factor of the dominant frequency remains low, and may even decrease as
void fraction increases, but then jumps dramatically to a value of 1.0 at the transition. This
behaviour shows similarities to that of the slower wave of Park et al. (1993) and of BoureÂ
(1988), although these workers could not maintain the slow wave up to the transition.

Very similar behaviour was found in an 80 mm column (Song et al. 1995b), except that the
small bubble transitions occurred at somewhat lower void fractions.

The purpose of this research is to make further investigations of the transition from bubbly
¯ow, in an attempt to decide whether the instability of void fraction waves or a gradual coalesc-
ence process is the cause of the bubble-to-slug transition. This is achieved by measuring the vari-
ation of bubble properties (size, velocity and density distribution) with column height and also
the propagation of void fraction waves along the column as the transition is approached.
Bubble properties are determined using a double resistivity needle probe, and the void fraction
waves are measured with an impedance void fraction meter.

In this paper, we present some experimental measurements of bubble property distributions at
two di�erent heights in a 150 mm diameter column, and of the propagation of void fraction
waves both in the 150 mm column, and a smaller 28.9 mm diameter column.

2. EXPERIMENTAL SET-UP AND INSTRUMENTATION

2.1. 150 mm column

The 150 mm diameter column is shown schematically in ®gure 1. It is essentially the equip-
ment used by Hills (1976) with the addition of a liquid circulating pump. The riser and downco-
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Figure 1. Experiment Rig (ID = 150 mm).
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mer are constructed in u-PVC pipe of 150 mm internal diameter, and have a vertical straight
section 10.5 m high. Five transparent sections are installed to observe the ¯ow pattern in the
riser and to check for air entrainment in the downcomer. A centrifugal pump is installed in the
cross pipe between the riser and downcomer, so that the water ¯ow rate can be varied indepen-
dently, although in most of the experiments described here, the liquid was circulated by the gas-
lift e�ect. Twenty-two pressure tappings are provided along the riser at 457 mm intervals, and
are connected to manometers to estimate mean void fraction.

Compressed air from the laboratory air main enters the column through a 51 mm sparge cap
at the foot of the riser. This sparge cap has 60� 3.1 mm holes in the vertical cylindrical wall
arranged in ®ve banks of 12. Gas velocity is measured by an ori®ce plate in the feed line, and
water velocity by an ori®ce plate in the downcomer.

Two di�erent instruments are used in this column: a needle resistivity probe, and an impe-
dance void fraction meter (IVFM). The double needle resistivity probe consists of two platinum
wires of 0.1 mm diameter, insulated apart from their tips and fastened vertically alongside each
other, with the tips about 5 mm apart in a vertical direction. The needle probe may be inserted
at either of the two measuring stations (A and B) shown in ®gure 1.

The IVFM is similar to that used by Matuszkiewicz et al. (1987) and other workers. It con-
sists of a pair of quadrant electrodes 20 mm high with 10 mm high guard electrodes on either
side. The electrodes are made of 0.076 mm stainless steel sheet bent to the curvature of the col-
umn and glued to the inner wall. A reference electrode, of identical construction and situated in
the downcomer serves to eliminate the e�ects of temperature variation on the conductivity of
the water. The two electrodes are inserted into a Wheatstone's bridge operated at 5 kHz, and
the out-of-balance voltage gives a measure of the voidage.

As shown in ®gure 1, four measuring electrodes are installed in the riser in two pairs; the two
members of a pair (stations 1 and 2, and 3 and 4) are 20 cm apart, and the distance between 2
and 3 is 1.637 m. It was found experimentally that stations 20 cm apart are too close to allow
meaningful measurements, so only the measurements at stations 2 and 3 will be presented in
this paper.

The IVFM is calibrated in situ by averaging the signal electronically and comparing the value
with the mean void fraction calculated from pressure measurements by ignoring frictional
e�ects. Neglect of friction was justi®ed by the observation that water velocity in the range 0±
2 m/s had no noticeable e�ect on the calibration. Figure 2 gives the calibration curve, empiri-
cally ®tted by:

Ve ÿ V0 � 0:1798e2 � 0:3065e

where Ve and V0 are the output voltages at void fractions of e and zero, respectively.

2.2. 28.9 mm column

The small diameter column has a clear acrylic riser 4.1 m high, with the main water ¯ow cir-
culated by a pump. A bubble generator similar in design to that of Serizawa et al. (1991) is
placed at the base of the riser, so that bubble size can be varied, and the auxiliary water supply
for this comes from the mains through a ®lter. Both main and auxiliary water ¯ows, and the air
¯ow from the laboratory mains are measured by rotameter. There are 14 pressure tappings
along the riser at 300 mm intervals, which are connected to a manometer board.

Six equal-spaced measuring stations are used, with the ®rst station at 0.55 m above the bubble
generator. The distance between two successive measuring stations is 0.6 m. Each station is ®tted
with quadrant electrodes similar to those in the large column, except that they are ¯ush-mounted on
the inner wall of the test section in the 28.9 mm diameter column. Calibration was done in a similar
manner to that in the 150 mm column, and again a quadratic equation was ®tted to the result.

The data acquisition system, used for both needle probe and IVFM, consists of a 12 bit A/D
converter (Data Translation, DT-2821) operated by DATS_plus software loaded on a personal
computer. The output signals from both the needle probe and IVFM are statistically analysed
using the DATS_plus package. For the needle probe, the sampling frequency is 25 kHz for each
sensor (50 kHz for a double needle probe), and the sampling duration is 40±100 sec, depending
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on ¯ow conditions. For the IVFM measurements, the sampling frequency is 204.8 Hz and the
sampling duration is 500 s.

3 . EXPERIMENTAL CONDITIONS

Experimental measurements of both bubble size and void fraction wave have been completed
in the 150 mm diameter column. A series of bubble size measurements have been carried out at
stations A and B, 4 m and 7.2 m above the gas injector respectively, at constant water velocity
of 0, 0.64 and 1.25 m/s; with mean void fractions measured by manometer in the range 0.06±
0.41 at station A, and marginally higher at station B. The measurements of void fraction waves
in the 150 mm diameter column are performed at three constant water velocities of 0, 0.32 and
0.65 m/s, with void fractions in the range 0.05±0.52, and at two constant gas velocities of 0.426
and 0.737 m/s, with mean void fractions covering a similar range.

In the 28.9 mm diameter column, void fraction wave measurements have been carried out at
one constant water velocity of 0.65 m/s only, with the bubble generator run to produce a small
bubble size (although the size has not yet been measured) and the mean void fraction varied
from 0.073 to 0.3373 at the bottom and from 0.09995 to 0.4273 at the top.

In all cases, the void fraction range should cover the reported values for the bubble-to-slug
transition.

4 . DATA PROCESSING FOR BUBBLE SIZE MEASUREMENTS

The raw signals from the needle probe are not square-waves. They are processed by the
method developed by Serizawa (1984), based on derivatives of the original signal truncated to
eliminate spurious noise. We use the DATS_plus package to perform the di�erentiation and

Figure 2. IVFM calibration in 150 mm column.
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truncation numerically. The four output ®les generated by the package contain the times of the
rising signals and falling signals from the two needles. They are analysed by a series of discrimi-
nation programmes written in Quick BASIC.

First, the data from each needle is examined to check that ``rise'' and ``fall'' signals alternate,
and to reject two successive ``rise'' or ``fall'' signals. At this stage, data from the upstream
probe, felt to be more reliable, are analysed for bubble frequency and void fraction.

For a double needle probe with the two sensors separated by a known distance, bubble vel-
ocity can be determined from the time displacement of the interface. There are two methods
used in the literature to determine the time lag of a travelling bubble. One is the cross-corre-
lation technique, which gives the most probable time lag over the whole population sampled,
and the other is the direct time delay measuring technique, which gives the spectrum of the time
lags of individual bubbles. In our study, the latter method is adopted as it gives information on
the bubble size and velocity spectra.

For the direct time delay measuring technique, the essential requirement is to identify the two
corresponding signals for the same bubble, detected by both upstream and downstream sensor.
Four criteria are set in a discrimination programme: if two signals from the double needle probe
satisfy the four criteria simultaneously, they will be paired up.

1. The registered time at downstream needle should be later than the corresponding time at
upstream needle for the same bubble.

2. Maximum and minimum time delays were selected to exclude the outlying points of the vel-
ocity distribution.

3. Bubble time chord lengths (the time duration when the bubble is in contact with the sensor)
from upstream sensor and downstream sensor should agree within a reasonable range:

DTgas downstream

a2
>DTgas upstream > DTgas downstream � a2

4. Needle contacting time with water after a paired bubble (time duration between two succes-
sive bubbles) from upstream and downstream probes should agree within a reasonable range:

DTwater downstream

a1
>DTwater upstream > DTwater downstream � a1

The choice of values of a1 and a2 is a compromise between high values, which risk accepting
false pairs of signals, and low values, which, by rejecting a large number of true pairs may
unduly bias the sample. After some experimentation, we chose a1=6 and a2=8. As a check, one
set of experimental data have been re-processed with a1=2 and a2=2. Although the absolute
values of bubble mean chord length at each radial position are larger than those found with
a1=6 and a2=8, the trend of bubble chord length with column height remained the same.

Bubble frequency is measured by counting the number of bubbles at the upstream probe for a
given time duration. The ratio of the time duration while the probe tip is in contact with gas
phase to the total sampling time is taken as the local void fraction. Bubble velocity is decided
from the averaged time displacement of liquid-gas interface and gas-liquid interface for a bubble
passing through the double sensors. Bubble chord length is calculated from bubble velocity and
bubble contacting time with the upstream probe for each individual bubble.

5 . STATISTICAL DATA ANALYSIS FOR VOID FRACTION WAVES

The instantaneous signals from two successive measuring stations are simultaneously
measured and then statistically processed, to determine the probability density function (PDF),
the power spectral density function (PSD), cross-spectral density function (CSDF), coherence
function, system gain factor, system phase factor, signal-to-noise ratio (SNR) and cross-corre-
lation function. These quantities are used in the sense de®ned by Bendat and Pierson (1971).
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All the analyses are performed by the DATS_plus package, by applying a Fast Fourier
Transform (FFT) to the digitised ¯uctuating components. The PDF and the PSD give direct
useful information on the ¯ow structure, as does the SNR, de®ned as the standard deviation of
the instantaneous void fraction signal normalised by its mean value. The magnitude and phase
of the CSDF yield the coherence function, the system gain factor and system phase factor
between signals. The wave propagation velocity can be found from the time lag, either deter-
mined from the system phase factor, or from the peak in the cross-correlation function. Because
the void fraction waves are non-dispersive, the wave propagation velocities determined from
cross-correlation and system phase factor in the 150 mm diameter column agree well. For the
150 mm column, only the data from the cross-correlation will be presented.

6 . RESULTS AND DISCUSSION

6.1. Measurements of bubble size and velocity in 150 mm diameter column

Surprisingly, the e�ect of column height on the radial distribution of local bubble properties
does not show any signi®cant di�erence for di�erent ¯ow conditions, in spite of the variation of
¯ow pattern. Therefore we only describe the observations at a water velocity of 0.64 m/s and
present one set of typical results measured at a water velocity of 0.64 m/s and gas velocity of
0.552 m/s. The sampling time at this ¯ow condition is 60 sec.

At constant water velocity of 0.64 m/s, with increasing gas velocity from 0.096 to 1.113 m/s, a
number of ¯ow con®gurations are observed by the naked eye. At a void fraction of 0.059, a uni-
form bubble ¯ow was observed. Occasional cap bubbles appear at a void fraction of 0.131, and
these increase in number as the void fraction increases to 0.171. At void fractions of
0.24800.3939, areas of high gas voidage separated by liquid slugs with low void fraction are
observed. The liquid slugs with low void fraction are sometimes lifted by the fast moving big
gas voidages and then re-bridge the column again. Near the wall, liquid containing small
bubbles may move upwards, downwards and sometimes alternate its moving direction.
Periodical pressure ¯uctuations generated by the alternate passage of liquid slugs and big gas
voidages are observed in the manometers, which is a characteristic of traditional slug ¯ow where
Taylor bubbles appear. But these big gas voidages do not have a closed smooth surface like the
traditional slug ¯ow in small pipes, and they expand with increasing column height. The length
of these voidages increases with increasing gas velocity at constant water velocity. The ¯ow is
chaotic, turbulent and fast. This is more like the churn ¯ow of third kind de®ned by Hewitt and
Jayanti (1993) rather than slug ¯ow.

Typical bubble frequency distributions at two di�erent heights are presented in ®gure 3(a).
Surprisingly, local bubble frequency increases with height, which indicates that bubble break-up
has happened in the interval from 4 m to 7.2 m above the gas inlet. Because of the coarse size of
the holes in the gas distributor (3.1 mm) which was designed to simulate an industrial sparger,
the initial bubble size is probably large, and it is not unlikely that bubble break-up could occur,
but it is remarkable that it is occurring at a void fraction where coalescence might be expected.

Local void fraction distributions at the same ¯ow condition at these two di�erent heights are
shown in ®gure 3(b). Local void fraction increases with increasing height, but this may be due
to the fact that the absolute pressure decreases with column height, and hence super®cial gas
velocity increases.

The local mean bubble velocity is calculated from the velocity spectrum, and its distribution
at these two di�erent heights is displayed in ®gure 3(c). From this ®gure it is concluded that
local mean bubble velocity increases with increasing height; this could again be due to the
increased gas velocity due to expansion.

The local bubble chord length is calculated from bubble chord length spectrum. In order to
allow for the e�ect of decreasing pressure with height, the distributions of bubble chord length
at the two heights are corrected to 1 atm pressure by assuming that the air is ideal gas and the
bubbles are spherical; the results are presented in ®gure 3(d). The distribution of median chord
length is also shown in this ®gure; it could be more reliable as the mean is a�ected by the oc-
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Figure 3. Variations of local properties with heights, (a) bubble frequency, (b) void fraction, (c) bubble
velocity, (d) bubble chord length. Circles: 4 m above gas inlet; triangle: 7.2 m above gas inlet. In (d)

solid symbols are for the median and open ones for the mean.
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casional large bubble. Both mean and median bubble chord length appear to decrease with
increasing column height, con®rming the conclusion that bubble break-up is occurring.

However, if the maximum bubble chord length is considered (corresponding to observed cap
bubbles), it seems to increase somewhat with height, suggesting the possibility of growth of
these large bubbles by coalescence, although the evidence is by no means conclusive.

For all the experimental conditions investigated, the comparison between measured void frac-
tion by manometer and the integrated cross-sectional averaged void fraction at the two heights
is shown in ®gure 4, and the comparison between the super®cial gas velocity measured by ori®ce
plate and the integrated cross-sectional averaged gas velocity at the two heights (corrected to

Figure 4. Comparison between measured and integrated void fraction. circle: at water velocity of
1.25 m/s, triangle: at water velocity of 0.64 m/s, square: at water velocity of 0.0 m/s.

Figure 5. Comparison between measured and integrated gas velocity. For keys see ®gure 4.
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standard conditions) is shown in ®gure 5. At zero liquid ¯ow, where the bubbles and liquid may
move down as well as up, the error in void fraction is signi®cant, which indicates that the
double needle probe is only suitable in situations where the bubbles move upwards. However,
for the other ¯ow conditions the error is very reasonable, which has substantiated the reliability
of the double resistivity needle probe.

6.2. Measurements of void fraction waves at constant water velocity in 150 mm column

It is well-known that the PDF of void fraction shows two peaks for stable slug ¯ow in a
small pipe (Song et al. 1995a); one peak represents the void fraction in liquid slugs and another
peak represents the void fraction in gas slugs. However, during the development of the ¯ow pat-
tern from bubble ¯ow to slug-like or churn ¯ow in the 150 mm diameter column, as shown in
®gure 6, the PDF of void fraction is single peaked for all ¯ow conditions studied, moving to
higher void fraction as the mean void fraction is increased. This con®rms the earlier observation
that there is no slug ¯ow in this column, with the ¯ow pattern in the column varying from dis-

Figure 6. PDF plots at water velocity of 0.65 m/s.
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crete bubble ¯ow, through cluster bubble ¯ow, cap bubble ¯ow to churn ¯ow as the gas rate is
increased at constant liquid rate.

Bubble ¯ow is observed for void fractions less than 0.2 in the 150 mm diameter column. For
discrete bubble ¯ow, the PSD of the void fraction signal does not show a peak, but from bubble
cluster ¯ow onwards, there is a distinctive peak in the PSD and the dominant frequency, which
corresponds to the peak in the PSD, seems to remain unchanged as the void fraction is
increased. The variation of PSD with mean void fraction at the three constant water velocities is
similar; the results for UL = 0.65 m/s are illustrated in ®gure 7.

Wave velocity, determined from the peak time of the cross-correlation function, increases
gradually with mean void fraction, as shown in ®gure 8. The graph also plots the dominant fre-
quency (the peak frequency in the PSD curves of ®gure 7) and demonstrates that it is essentially
constant. Thus the regions of high void fraction, which would become slugs in a narrower col-
umn, remain constant in number, but increase in velocity and hence wave length, as void frac-
tion increases.

The development of SNR with mean void fraction at three constant water velocities is shown
in ®gure 9. At each water velocity the SNR goes through a maximum as the ¯ow pattern
changes from bubble-to-churn ¯ow; at the left-hand side of the maximum, it is a bubble ¯ow, at
the right-hand side it is a churn ¯ow, and the maxima are consistent with the visual observation
of cap bubble ¯ow for each condition.

Figure 7. PSD plots at constant water velocity of 0.65 m/s. (Note the change in vertical scale).
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Figure 8. The variation of wave velocity and dominant frequency with void fraction at water velocity
of 0.65 m/s. W Wave velocity (m/s) w Dominant frequency (Hz).

Figure 9. Signal-to-noise ratio of st. 2 at di�erent water velocities. q Uw= 0.00 m/s bubble ¯ow; Q
Uw = 0.00 m/s churn ¯ow; r Uw= 0.32 m/s bubble ¯ow; R Uw= 0.32 m/s churn ¯ow; w

Uw = 0.65 m/s bubble ¯ow; . Uw= 0.65 m/s churn ¯ow.
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System gain factor and coherent function are function of wave frequency, and normally have
a peak at around dominant frequency. The variations of the maximum gain factor and with
void fraction are shown in ®gure 10. For bubble ¯ow, the system gain factor is less than 1 and
increases with void fraction, implying that the propagating void fraction waves are attenuated
and the attenuation has a decreasing tendency as the void fraction increases. For churn ¯ow,
the system gain factor becomes greater than 1, implying that the void fraction waves have been
ampli®ed. The transition point corresponds to cap bubble ¯ow at these three constant water vel-
ocities.

These results are similar to those recorded in the literature for large bubbles (Song et al.
1995a), or bubble clusters (Park et al. 1993), where the development of the ¯ow has also been
followed by increasing gas rate at constant liquid rate. The instabilities of void fraction wave
appear to be associated with the transition from bubble-to-churn ¯ow, as was also suggested by
these workers. However, the ¯ow pattern can be also changed from bubble ¯ow to churn ¯ow
by decreasing the liquid ¯ow rate at constant gas velocity, and this is discussed in the next sec-
tion.

6.3. Measurements of void fraction waves at constant gas velocity in 150 mm column

Figure 11 is a typical set of PSD curves at constant gas velocity. Compared to the results at
constant water velocity shown in ®gure 7, with increasing mean void fraction the PSD narrows
much more sharply, and the peak moves towards low frequencies rather than remaining at a
constant frequency. This variation of dominant frequency is brought out in ®gure 12 which also
shows that the wave velocity decreases with increasing void fraction. Comparing ®gures 8 and
12 it is clear that it is not void fraction alone which determines wave velocity and frequency,
but also the phase velocities. Thus the regions of high void fraction, which would become slugs
in a narrower column, decrease in number and increase in length, as void fraction increases.

Figure 10. Gain factor at di�erent water velocities. q Uw= 0.00 m/s bubble ¯ow; Q Uw = 0.00 m/s
churn ¯ow; r Uw= 0.32 m/s bubble ¯ow; R Uw= 0.32 m/s churn ¯ow; w Uw= 0.65 m/s bubble

¯ow; . Uw= 0.65 m/s churn ¯ow.
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Also unlike the experimental results at constant water velocity, the SNR does not go through
a clear maximum but rather increases with void fraction (®gure 13), and the system gain factor
is always bigger than 1 with very little clear trend, in spite of the variation of ¯ow pattern in the
column (®gure 14).

It would thus appear that the criteria suggested for detecting a transition from bubble-to-slug
¯ow are not universally applicable in this 150 mm column.

The comparison of ®gures 8 and 12 showed that the dominant wave frequency remains
unchanged with increasing void fraction for constant water velocity, and increases with increas-
ing water velocity. Further investigation leads to ®gure 15, which shows that for all the ¯ow
conditions studied in the 150 mm diameter column, the dominant frequency depends linearly on
the super®cial water velocity only, independent of gas velocity in the range 0.03 to 1.66 m/s.

Figure 11. PSD plots at constant gas velocity of 0.7378 m/s.
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The propagating wave velocity is compared with slug rising velocity calculated from available
equations in the literature in ®gure 16. Like the slug rising velocity, propagating wave velocity is
a linear function of mixture ¯ow rate of the two-phase ¯ow, but somewhat greater than the slug
rising velocity calculated from these equations.

Figure 13. Signal-to-noise ratio at constant gas velocities. w Ug = 0.7378 m/s bubble ¯ow; .
Ug= 0.7378 m/s churn ¯ow; r Ug = 0.426 m/s bubble ¯ow; R Ug= 0.426 m/s churn ¯ow.

Figure 12. The variation of wave velocity and dominant frequency with void fraction at constant gas
velocity of 0.7378 m/s. W wave velocity (m/s); w dominant frequency (Hz).
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Figure 14. Gain factor at constant gas velocities. W Ug= 0.426 m/s, bubble ¯ow; r Ug = 0.426 m/s,
churn ¯ow; R Ug = 0.7378 m/s, bubble ¯ow; r Ug= 0.7378 m/s, churn ¯ow.

Figure 15. Dominant frequency against water velocity at di�erent gas velocity (0.03±1.66 m/s).
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6.4. Experiments of void fraction waves at constant water velocity of 0.65 m/s in 28.9 mm diameter
column for relatively small bubble size

At a constant water velocity of 0.65 m/s, with increasing gas velocity from 0.14 to 0.96 m/s,
two typical ¯ow regimes are observed. At void fraction of 0.07295 and 0.1058 (Run s01 and
Run s02), discrete bubble ¯ow is observed throughout the whole column, and the PDF plot of
the wave signal shows a single narrow peak. As the void fraction increased to 0.17065 (Run
s03), large bubble structures are observed from measuring station 3 upwards; these large bubble
structures expand with height and develop into Taylor bubbles at the top of the column. As the
gas ¯ow rate increases further, the length of the slugs is increased. Accompanying the appear-
ance of the large bubble structure, the PDF of the wave signal shows a single peak with a tail,
and the tail becomes more and more pronounced and eventually develops into a second peak,
as the mean void fraction increases. This is the classical behaviour reported in the literature.
During these experiments, no obvious bubble cluster ¯ow is observed.

The development of system gain factor and coherent function along the column for the given
¯ow conditions are shown in ®gure 17. For discrete bubble ¯ow, the system gain factor is less
than 1, generally increasing with column height in a given run and with increasing mean void
fraction from run to run. The coherent function is relatively low. For slug ¯ow, the system gain
factor is greater than 1, and the largest values occur in Run s03 where a large bubble structure
(the origin of slug ¯ow) is ®rst spotted. The signals from two successive measuring stations
become fully coherent in this case. At higher void fractions, the gain factor decreases somewhat,
while remaining above 1, which agrees with observations in the literature (e.g. Park et al. 1993;
Song et al. 1995a).

The variation of SNR with mean void fraction is illustrated in ®gure 18. There is a very rapid
increase up the column in the two runs where the slug ¯ow is developing (s03 & s04), which
again corresponds to the observations of Song et al. (1995a).

More experiments on void fraction waves at di�erent ¯ow conditions are to be carried out in
the 28.9 mm column. In particular, the e�ect of approaching the transition at constant gas rate
will be studied, to compare with the results in the 150 mm diameter column. The e�ects of initial
bubble size on the transition from bubble to slug will also be looked at.

Figure 16. Comparing wave velocity with slug velocity calculated from di�erent equations. w,
Experimental wave velocity; Q, Nicklin and Davidson (1962); X, Fernandes et al. (1983); q, Mao and

Duckler (1985); R, Lisseter and Fowler (1992).
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Figure 17. (a) Development of system gain factor along the column. W s01 bubble ¯ow; R S02 bubble
¯ow; r s03 slug ¯ow; r s04 slug ¯ow; �j s06 slug ¯ow; w s07 slug ¯ow. (b) Variation of coherency
with column height. W s01 Bubble ¯ow; R s02 Bubble ¯ow; r s03 Slug ¯ow; r s04 Slug ¯ow; �j s06

Slug ¯ow; w s07 Slug ¯ow.
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7. CONCLUSIONS

. Traditional slug ¯ow does not exist in our 150 mm diameter column. Instead, there is a very
gradual transition to a type of churn ¯ow as gas rate is increased.

. Bubble size, both mean and median chord lengths, decreases with height and the bubble fre-
quency increases. This suggests bubble break-up rather than coalescence, although there is
some evidence of an increase in the maximum size of cap bubbles found at high gas rates.

. When increasing gas rate at constant liquid rate in the 150 mm column, the gain factor gradu-
ally increases through 1.0, and the SNR passes through a maximum at the visually observed
onset of large ¯ow structures. There is no such obvious trend when the liquid rate is reduced
at constant gas rate, and although the same transition is observed visually, the system gain
factor remains above 1.0; gain factor alone is clearly not a suitable criterion for judging the
transition.

. In the 28.9 mm column, increasing the gas rate at constant liquid rate leads to a sudden tran-
sition to slug ¯ow, with a jump in the gain factor to i1.0, and also in the SNR. The sudden-
ness of the transition would suggest an instability mechanism, rather than a gradual
coalescence.

. The cause of the gradual transition in the 150 mm column remains unclear.

AcknowledgementsÐThis work has been carried out under a Research Contract No. GR/J47392 from the
EPSRC, whose support is gratefully acknowledged.

Figure 18. Variation of SNR with mean void fraction. W s01 bubble ¯ow; R s02 bubble ¯ow; r s03
slug ¯ow; r s04 slug ¯ow; �j s06 slug ¯ow; w s07 slug ¯ow.
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