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ABSTRACT

Bubble formation and bubbling regimes are well-characterized for the cases of single-orifice bubblers
and industrial perforated plates. However, bubbling regimes from bubblers with multiple in-line orifices
remain poorly described. Here, we investigate the dynamics of bubble formation at both single-orifice
and multi-orifice bubblers, with one, three, five and nine in-line orifices in an 80-cm-long bubbler. We
use high-speed videography and image processing to identify the effects of bubbler volume, and the
number, spacing, and diameter of orifices, on bubbling regimes, bubble period, and bubble formation
time. We identify five main bubbling regimes based on synchronization among orifices, and discuss the
parameters affecting the bubbling dynamics. Decreasing bubbler volume leads to a decrease in bubble
volume and bubble period, and enhances synchronization. Increasing orifice diameter leads to an increase
in bubble volume and enhances synchronization. Spacing between orifices doesn’t play an important role
in determining the bubbling regime. Based on the experimental observations, we develop new bubbling

regime maps constructed using the dimensionless Capacitance number and Weber number.

© 2019 The Authors. Published by Elsevier Ltd.
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1. Introduction

Bubble formation plays an important role in many industrial
and environmental settings, such as cooling systems, gas absorp-
tion units, air-lift reactors, metallurgic processing, and waste-water
treatment. Consequently, a large body of industrial literature exists
on the processes associated with bubble formation - usually gen-
erated via a gas chamber fitted with orifices or nozzles - and the
subsequent dispersion of the bubbles into the liquid phase (e.g.,
Leibson et al., 1956; Davidson and Schueler, 1960a, b; Kumar and
Kuloor, 1970; Jamialahmadi et al., 2001; Badam et al., 2007).

Previous experimental investigations have identified three dif-
ferent conditions under which bubbles may form at an orifice:
constant-flow conditions, where gas flux from the chamber to the
forming bubble is constant; constant-pressure conditions, where
pressure in the chamber is constant; and intermediate conditions,
where both flux into the forming bubble and the chamber pres-
sure vary (e.g., Davidson and Schueler, 1960a, b; Kumar and Ku-
loor, 1970; Tsuge and Hibino, 1983). Since this classification was
proposed, most of the experimental studies have considered bub-
ble formation at a single orifice under either constant-flow con-
ditions (e.g., Jamialahmadi et al., 2001; Buwa et al, 2007) or
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constant-pressure conditions (e.g., Davidson and Schueler, 19603,
b; Satyanarayan et al., 1969), and a number of different bubbling
regimes have been identified. At low gas flow rates, bubbles can
form singly and periodically, without interacting with one another.
Increasing gas flow rates leads to bubble interaction, and processes
of pairing, coalescence and chaining (e.g., Muller and Prince, 1972;
Wang et al., 2017). Various studies have shown that bubble vol-
ume, velocity, and bubbling regimes for differing gas flow rates
are influenced by properties of the gas phase (e.g., Kumar and
Kuloor, 1970; Idogawa, 1987), liquid rheology (e.g., Kumar and
Kuloor, 1970; Clift et al., 1978; Jamialahmadi et al., 2001), cham-
ber volume (e.g., Kumar and Kuloor, 1970; Tsuge and Hibino, 1983)
and orifice diameter (e.g., Badam et al.,, 2007; Di Bari and Robin-
son, 2013). Higher gas density accelerates the detachment time
of a bubble for large diameter orifices, while for very small di-
ameters the gas density has negligible effects on the detachment
time (e.g., Kumar and Kuloor, 1970; Kulkarni and Joshi, 2005). The
influence of liquid viscosity on bubble size depends on the gas
flow rate: for low flow rates, the bubble volume is independent
of viscosity, while for high flow rates, bubble volume increases
with an increase in liquid viscosity (e.g., Jamialahmadi et al., 2001).
Variations in the chamber volume, together with changes in ori-
fice diameter, dictate bubble volume and frequency; an increase in
either of these parameters leads to a bigger bubble volume and in-
crease in frequency (e.g., Kumar and Kuloor, 1970; Clift et al., 1978;
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Tsuge and Hibino, 1983; Badam et al., 2007; Di Bari and Robinson,
2013).

Work on bubbling through a single orifice has focused on bub-
ble formation at relatively low flow rates; typically, the highest
flow rate used is between 0.5 and 3 I/min (e.g., Davidson and
Schueler, 1960a, b; Jamialahmadi et al., 2001; Nahra and Kamotani,
2003; Badam et al.,, 2007). Investigation of bubblers with multi-
ple orifices has focussed mainly on spargers, or industrial perfo-
rated plates, with many closely-spaced orifices (such as sieve-plate
spargers). Investigation of bubblers with multiple discrete orifices
fed from a common gas chamber has been restricted to two ori-
fices (e.g., Xie and Tan, 2003) or up to thirteen orifices arranged
in different geometrical patterns (e.g., Ruzicka et al., 1999, 2000).
Results show that bubbling may be synchronous or asynchronous,
with transitional modes in between in which - depending on the
flow rate - only some of the open orifices are active, or bubble for-
mation from some orifices becomes asynchronous (Ruzicka et al.,
1999; Xie and Tan, 2003). The degree of synchronization is greater
for orifices that are further apart (Ruzicka et al., 2000). For multi-
orifice bubblers, the importance of the volume of the gas cham-
ber in determining bubble volume and frequency diminishes as the
number of active orifices increases (e.g., Ruzicka et al., 1999; Xie
and Tan, 2003; Kulkarni and Joshi, 2005).

Notwithstanding these studies, bubble formation in a multi-
orifice system remains under-investigated, particularly for linear
bubblers - to our knowledge, no study has investigated the be-
haviour of linear bubblers with more than four in-line, discrete
orifices. The effects on bubbling regime of parameters such as gas
flow rate, and diameter, number, and spacing of orifices, are rel-
atively unexplored. The lack of experimental data on this sub-
ject, compared to single-orifice bubblers, has prevented the devel-
opment of models of bubbling at multiple orifices (Kulkarni and
Joshi, 2005). Here, we aim to address this gap by providing ex-
perimental details on the bubbling modes from linear bubblers.
First, we investigate the bubbling dynamics from a single-orifice,
to connect our work to existing literature observations, and extend
them to higher gas flow rates. Then, we move to multi-orifice sys-
tems, describing and quantifying bubbling regimes, and the effects
of changing gas flow rate, orifice diameter, and bubbler volume, on
bubble formation time, bubble period, and transitions in bubbling
modes.

2. Experimental set-up and scaling

We performed experiments using the apparatus shown in Fig. 1,
which consists of a large glass tank, a stainless steel bubbler (1),
and a gas injection system (2-4). The glass tank has dimensions
1x0.5x0.5m (length, breadth, height) and is open to the at-
mosphere. The tank was filled to a depth of 40cm with water
(viscosity p = 0.001Pa s, density p = 1000kg/m?3, surface tension
o =0.07N m~1). Compressed air was introduced into the bubbler
from both ends, using two flexible hoses of equal length. To avoid
pressure fluctuations, the air from the compressor was first passed
through a pressure regulator (3), and then through a gas flow me-
ter (2; flow range 0.2-10 1/min) with an integrated needle valve to
allow precise adjustment of the flow.

The bubblers were constructed using stainless steel pipes with
wall thickness 1.5mm, with three different internal diameters
(Dp = 0.7, 1.5, and 2.5cm) to give three different bubbler volumes
(Vy = 3.1 x1073, 6.3 x 107, and 4.0 x 10~4 m3). The bubblers were
supported by two aluminium tracks and held in place by lead
blocks, so that the orifices were 7.5cm above the bottom of the
tank. Rows of 9 orifices of diameter Dy = 1, 2, and 3 mm were care-
fully drilled in line. During experiments, we used sealing fasteners
to close some of the orifices, to have different configurations of
N orifices with spacing S (Fig. 1). In any single experiment, only

Table 1
Summary of experimental parameters.
Quantity Symbol Units Values
Bubbler volume Vy m3 31x1075, 6.3 x107°, 40x 104
Bubbler diameter Dy m 0.007, 0.01, 0.025
Gas flow rate Q 1/min 0.2,05, 038, 11, 2, 35,5, 10
Orifice diameter Do m 0.001, 0.002, 0.003
Number of orifices N - 1,359
Orifice spacing S m 0.035, 0.075, 0.15
Orifice configuration - - See Fig. 1
Liquid depth h m 0.40

orifices of the same diameter were open. The volumetric gas flow
rate, Q, was varied in the range 0.2-10 I/min, thus covering low gas
flow rates already investigated in the literature, as well as higher
flow rates that have not previously been reported. The entire ex-
perimental suite comprises 944 individual experiments; across the
suite, the parameters Vj, Dy, Q, Do, N, and S (Table 1) were var-
ied independently and systematically. All experiments were im-
aged with a high-speed camera, at 330 frames per second.

Variations in bubbler volume and number of orifices were cap-
tured using the dimensionless Capacitance number (Tsuge and Hi-
bino, 1983):

4Vpyg(p1 — Pg)
N, = _b/e\i— el 1
‘ N7t D2 pyc? M

where y is the gas specific heat ratio, g is gravitational acceler-
ation, p; and pg the density of the liquid and the gas respec-
tively, and c the sound speed in the gas. The Capacitance number
has previously been shown to discriminate bubbling regimes (e.g.,
Kumar and Kuloor, 1970; Tsuge and Hibino, 1983): for constant-
flow conditions N¢ < 1; for intermediate conditions 1 <N <9; and
for constant-pressure conditions N¢>9. For the selected bubbler
volumes and orifice diameters, the Capacitance number for our ex-
periments spans the range 0.05 < N: <50; we thus cover all three
regimes (Fig. 2).

Two additional dimensionless parameters are relevant: the
E6tvés number (or Bond number):

_ mgby

Eo — (2)

which describes the balance of buoyancy and surface tension
stresses, and the Froude number:
V.
Fr = s s (3)
gD,

which is a dimensionless velocity, in which Vg is the average gas
velocity at each orifice, given by dividing Q by the total area of the
orifices:

v- ¢ (4)
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Combining Eo and Fr, we obtain the dimensionless Weber num-
ber We, expressed as a function of the orifice diameter (e.g.,
Tsuge and Hibino, 1983):

:OlDng2

We = EoFr? = (5)

2.1. Data analysis

We performed image analysis using Fiji, an open source image
processing package built on Image] (Schindelin et al., 2012). Videos
of the experiments were used to calculate bubble period, forma-
tion time, and average bubble diameters and volumes. We defined
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Fig. 1. Experimental set-up (main glass tank; 1. stainless steel bubbler; 2. gas flow meter; 3. pressure regulator; 4. compressed air line; 5. high-speed camera system) and

configurations of orifices used.

the spatial scale for the videos using a calibration image for each
experiment so that Fiji automatically converted any pixel distance
to centimetres.

The duration and timing of bubble formation was extracted
from the videos as follows. First, each image in the video was con-
verted from RGB color to 8-bit grayscale. Flickering in light inten-
sity was corrected by applying the ‘Bleach Correction’ in Fiji, us-

ing the ‘Histogram Matching’ method. This method calculates the
pixel grayscale histogram for the first frame, and then adjusts the
histograms for all the successive frames to match the first. From
the flicker-free stack, we isolated the bubbles by first subtracting
the background from the stack so that only the bubbles are visible,
then we created binary images by applying a threshold to the stack
(Fig. 3). First, we applied an automatic threshold to the stack. Then,
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Fig. 3. Sequence of image processing: the raw frames acquired by the high-speed camera (1) are converted to 8-bit grayscale images and processed to eliminate flickering
and background, and to isolate the bubbles (2). A threshold is then applied to create binary images (3). At this stage, dilation and erosion algorithms may be applied to
eliminate any artefacts created by the binarization. By drawing a measurement line just above the active orifices, it is possible to identify variation in the pixel intensity.
Each peak identifies the time at which a bubble starts to form and detach (i.e., formation time) and the time interval between the onset of two consecutive peaks (i.e
bubble period).
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Fig. 4. Experimentally observed bubbling regimes for a single-orifice bubbler, with orifice Dy = 2mm and D, = 2.5 cm: a) Single bubbling (Q = 0.5 1/min); b) Bubbling with
pairing (Q = 0.8 1/min); c¢) Bubbling with coalescence (Q = 1.1 1/min); and d) Chaining (Q = 10 1/min).

we modified the threshold values for each stack, to better isolate
the bubbles and eliminate spurious pixels around them, created
by, e.g., reflections on the glass or variations in illumination condi-
tions. To refine the binary stack, we also used ‘Dilation’ and ‘Ero-
sion’ to smooth the bubble edges, and fill in holes in their interi-
ors, created by residual noise present in the stack. Once we obtain
a binarized stack, we were able to determine the temporal evolu-
tion of pixel level (black =255 =bubble, white=0=no bubble) in
the videos along a horizontal line just above the orifices, using the
built-in function in Fiji (Fig. 3).

3. Results
3.1. Bubbling regimes in single-orifice bubblers

The behaviour of a bubble emerging from an orifice depends
on whether or not it interacts with the wake of the previous bub-
ble to form at that orifice. The growth of a forming bubble may
be accelerated through this interaction, and the intensity of inter-
action between successive bubbles increases with increasing flow
rates. We observe the same regimes of bubble formation, as char-
acterized by degree of bubble interaction, as previously described
in the literature (e.g., Muller and Prince, 1972; Clift et al., 1978;
Badam et al., 2007; Wang et al., 2017). Here, we briefly describe
the main features of each regime based on our own observations.
We use ‘formation time’ to indicate the time interval between the
onset of bubble formation at an orifice and its detachment, and
‘bubble period’ to indicate the time interval between the onset of
formation of two consecutive bubbles (Fig. 3).

1) Single bubbling

Bubbles form singly at the orifice, with regular period, and
without interacting with previous or successive bubbles (Fig. 4a).
During the formation time, each bubble maintains a spherical
shape and, as soon as it detaches from the orifice, it rises buoy-
antly while deforming irregularly. Bubble volume and period are
constant at a given flow rate. As flow rate increases, bubble volume
increases, the bubble period becomes shorter (Table 2), and the
deformation during ascent becomes more pronounced. The wake
generated by the rising bubble doesn’t appear to affect the forma-
tion and ascent processes of the following bubble.

2) Bubbling with pairing

There is some interaction between successive bubbles - two or
more bubbles appear to collide, but without coalescence, and rise
together as a pair or group (Fig. 4b). After the formation of the
leading bubble, its wake causes the next bubble that forms to ac-
celerate so that the two bubbles group together. Once they pair,
they rise with a characteristic motion in which they approach and
retreat from one another cyclically. As flow rate increases, bubble
volume increases and bubble period decreases, but bubble forma-
tion time remains constant (Table 2). Higher flow rates promote
the formation of three- and four-bubble groups. The bubbles tend
to group just above the orifice, and then rise as a bubble raft.

3) Bubbling with coalescence

Strong interaction leads to coalescence of two to four bubbles
(Fig. 4c). The wake of the lead bubble causes the next bubble to
elongate vertically while still forming and accelerates its detach-
ment. This is followed by coalescence of the two bubbles just
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Table 2

Single-orifice bubbler bubbling regimes, bubble period (s) and formation time (s).

Gas flow rate (I/min) Dy

1 mm 2 mm 3 mm
D, =25 cm
0.2 Pairing Single bubbling Single bubbling
0.5 Coalescence Single bubbling Single bubbling
0.8 Coalescence Pairing Pairing
11 Coalescence Coalescence Pairing
2 Chaining Coalescence Coalescence
35 Chaining Coalescence Coalescence
5 Chaining Chaining Coalescence
10 Jetting Chaining Chaining
Dy,=1cm
0.2 Pairing Pairing Single bubbling
0.5 Pairing Pairing Single bubbling
0.8 Coalescence Pairing Pairing
11 Coalescence Coalescence Pairing
2 Chaining Coalescence Coalescence
35 Chaining Coalescence Coalescence
5 Chaining Chaining Coalescence
10 Jetting Chaining Chaining
D, =0.7 cm
0.2 Single bubbling Single bubbling No bubbling
0.5 Pairing Single bubbling No bubbling
0.8 Coalescence Pairing Single bubbling
11 Coalescence Coalescence Single bubbling
2 Chaining Coalescence Pairing
3.5 Chaining Coalescence Coalescence
5 Chaining Coalescence Coalescence
10 Jetting Chaining Coalescence
D, = 2.5 cm - Bubble period (s)/formation time (s)
0.2 0.024-0.126/0.021 0.222/0.033 0.111/0.03
0.5 0.024/0.02 0.099/0.03 0.111/0.03
0.8 0.0216/0.02 0.069/0.03 0.084/0.03
11 0.021/0.022 0.057/0.03 0.080/0.03
2 Continuous/Continuous 0.047/0.03 0.045/0.03
35 Continuous/Continuous 0.035/0.03 0.048/0.034
5 Continuous/Continuous 0.03/0.03 0.034/0.036
10 Continuous/Continuous Continuous/0.021 Continuous/0.036
D, =1 cm - Bubble period (s)/formation time (s)
0.2 0.024-0.078/0.021 0.09-0.036/0.018-0.033 0.096/0.042
0.5 0.024/0.0185 0.06-0.048/0.033 0.075/0.036
0.8 0.021/0.0156 0.024-0.042/0.024-0.033  0.069/0.036
11 0.021/0.012 0.048/0.03 0.057/0.036
2 Continuous/0.012-0.015 0.048/0.03 0.03-0.036/0.027-0.03
3.5 Continuous/0.009-0.015  0.032/0.03 0.027-0.048/0.027-0.03
5 Continuous/<0.009 0.03/0.018-0.03 0.018-0.048/0.015-0.03
10 Continuous/Stream Continuous/<0.02 Continuous/0.015-0.03
D, = 0.7 cm - Bubble period (s)/formation time (s)
0.2 0.174/0.027 0.093/0.03 -/~
0.5 0.099/0.027 0.063/0.03 -/~
0.8 0.081/0.021 0.042/0.03 0.024/0.045
11 0.069/0.021 0.015-0.033/0.018-0.03 0.024/0.036
2 Continuous/0.018 0.018-0.036/0.015-0.036 0.045/0.036
3.5 Continuous/0.015 0.012-0.03/0.015-0.03 0.03-0.042/0.027-0.036
5 Continuous/<0.015 0.009-0.027/0.009-0.03 0.021-0.045/0.024-0.042
10 Continuous/Stream Continuous/<0.2 0.012-0.045/0.015-0.03

above the orifice. The bubble formation time is generally lower
than for the pairing regime (Table 2). As flow rate increases, bub-
ble volume increases, bubble period decreases, and the number of
bubbles that coalesce increases up to a maximum of four, as also
observed by Wang et al. (2017). Just after coalescence, the coa-
lesced bubble breaks up into smaller bubbles again, which either
coalesce again to rise as single large bubble, or group together as
a bubble raft. Often this break-up process results in small satellite
bubbles that rise with the main bubble.

4) Chaining

Four or more bubbles rapidly coalesce at the orifice, forming a
continuous chain that connects to a large leading bubble (Fig. 4d).
The number of bubbles involved, their size, and the chain height,
increase for increasing flow rates; the chain may be few cm high

(~5cm) at the lower flow rates, up to ~17-20cm for the highest
flow rates. The leading bubble rises rapidly following detachment,
and its wake causes the following bubbles to elongate as soon as
they start to form, so that the bubble tip is sucked into the wake
of the previous bubble and coalescence often occurs before detach-
ment. Consequently, it is often not possible to identify a formation
time or bubble period. During the entire process, the chain moves
upwards rapidly as a continuous gas body. If the chain breaks, it
then reconnects rapidly, generating several smaller satellite bub-
bles in the surrounding liquid.

5) Jetting

At the highest flow rate, air flows continually from the orifice
with chaotic behaviour (Fig. 5). A central main plume of air is
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Fig. 5. Experimentally observed Jetting regime for single-orifice bubbler, with ori-
fice Dp = 1mm, D, = 0.7cm, and Q = 10 I/min.

surrounded by smaller bubbles that form at the gas-liquid inter-
face. Formation time and period cannot be determined. At the top
of the plume it may be possible to observe occasional breaking and
coalescence of large, deformed bubbles that detach from the main
jet.

3.1.1. Effect of orifice diameter and bubbler volume

We observe the same regimes described above for different
orifice diameter and bubbler volume, but at different flow rates
(Table 2). Orifice and bubbler diameter have an important role in
controlling bubble properties, period and formation time.

The size of the bubbles depends on the flow conditions. Bubbles
forming under constant-pressure conditions are generally larger
than those forming under constant-flow conditions, and those
forming under intermediate conditions have a size that is inter-
mediate between the two other regimes (Clift et al., 1978). We
observe this clearly in single bubbling experiments that cover all
three regimes (Fig. 2). For example, Q = 0.2 1/min and Dy = 2 mm
gives constant-pressure, intermediate, and constant-flow condi-
tions for D, = 2.5, 1.0, and 0.7 cm respectively. By measuring the
diameter of the bubble at the moment of detachment (Dyppie)
and assuming spherical shape, we obtain volumes of ~0.45, ~0.25
and ~0.15 cm? for D, =2.5, 1.0, and 0.7cm respectively (mea-
sured Dpypple Of ~0.95, ~0.78 and ~0.66 cm, Table 3). In the sin-
gle bubbling regime, bubble size also increases as orifice diameter
increases, for constant bubbler diameter and flow rate, as reported
in the literature (e.g., Clift et al., 1978; Tsuge and Hibino, 1983).

It is more complicated to determine variations in volume and
formation time for the pairing and coalescence regimes, which
are characterized by higher flow rates. In these regimes the wake
of the leading bubble accelerates the detachment of the fol-
lowing bubbles, which are then usually smaller than the lead-
ing bubble, as also observed by Tsuge and Hibino (1983) and
Chakraborty et al. (2015). Generally, for larger bubbler diameter
(2.5cm and 1cm) and fixed flow rate, both bubble formation time
and period tend to increase with increasing orifice diameter. For
the smaller bubbler diameter (0.7cm), we observe more variabil-
ity: increasing orifice diameter from 1 to 2mm leads to a de-
crease in bubble period, while bubble formation time increases;
for the bigger orifice diameter (3 mm), bubble period increases
again while the formation time remains stable. Fewer bubbles are

Table 3

Measured bubble diameters for different flow regimes, in single- and multi-orifice
bubblers (CP: constant-pressure conditions; IC: intermediate-flow conditions; CF:
constant-flow conditions).

System configuration Dy (cm) Flow regime Dpubple (cm)
N=1, Q=0.2 I/min, Dgp =2 mm 25 cP ~0.95

1 IC ~0.78

0.7 CF ~0.66
N=3, Q=0.2I/min, Do =1 mm 2.5 CcP ~0.72

1 IC ~0.67

0.7 CF ~0.61
N=3, Q=0.2Il/min, Dp =2 mm 2.5 IC ~0.79

1 CF ~0.67

0.7 CF ~0.67
N=5, Q=0.2I/min, Dp =2 mm 25 IC ~0.70

1 CF ~0.65

0.7 CF ~0.63
N=9, Q=02 I/min, Dg =2 mm 25 IC ~0.60-0.78

1 CF ~0.42-0.63

0.7 CF ~0.67

released faster, and the bubbles are smaller, for a larger orifice di-
ameter.

3.2. Bubbling regimes in multi-orifice in-line bubblers

Bubbling behaviour at each orifice of a multi-orifice bubbler can
be characterized using the classification described above. For our
experiments, bubbling at any orifice was always in the single bub-
bling, pairing, or coalescence regime - gas flow rates were insuffi-
cient to reach the chaining or jetting regime for multiple orifices.
A more important metric for describing behaviour of the multi-
orifice bubbler is the degree of synchronization among the active
orifices. We identify five modes of bubbling, which encompass all
of the configurations used for the experiments: 1) Solo bubbling,
2) Synchronous, 3) Partly-synchronous, 4) Alternate, and 5) Asyn-
chronous. Tables 4, 5 and 6 illustrate the regimes of bubbling for
each bubbler diameter, as a function of number of orifices, orifice
spacing, and orifice diameter.

1) Solo bubbling

Only one of the open orifices is active and bubbles form singly
at the orifice. During the formation time each bubble maintains
a spherical shape and, as soon as it detaches from the orifice,
it starts to deform irregularly. As flow rate increases, bubble vol-
ume increases, bubble formation time decreases, bubble period be-
comes shorter and bubble deformation becomes more pronounced.
Higher flow rates promote the interaction between successive bub-
bles, and bubbling shifts from single bubbling, to pairing regime,
up to bubbling with coalescence (Fig. 6a, b, ¢ respectively). Bub-
bling never reaches chaining or jetting regimes. For the same gas
flow rate, bubbler volume and orifice diameter, 3- and 5-orifice
configurations show a longer bubble period and formation time
compared to a single-orifice configuration, while for a 9-orifice
configuration both bubble period and formation time are shorter
than for a single-orifice configuration (Table 7).

2) Synchronous

All the open orifices are active and bubbles form simultane-
ously at each of them, with the same bubble period and formation
time (Fig. 7a). As soon as they detach, bubbles rise buoyantly
from each orifice, creating well-organized trails of bubbles sharing
similar size, position, deformation pattern, velocity and trajec-
tory. The trails maintain a distance between them equal to the
orifice spacing. As flow rate increases, bubble size and degree of
deformation increase, and bubble period decreases equally at each
orifice. Sometimes - and independent of the gas flow rate - one
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Multi-orifice bubbler bubbling regimes, for D, = 2.5 cm, varying flow rates, number of orifices and spacing (51 = 3.5 cm, S2 = 7.5 cm, S3 = 15 cm). The numbers in brackets
indicate the active orifices for each case.

Q (I/min)

3 orifices

5 orifices

S1

S2

S3

S1

S2

S3

9 orifices

Partly synch.
Partly synch.
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)

Solo (1)

Partly synch (all)
Partly synch (all)
Alternate (all)
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)

Solo (1)

Solo (1)

Partly synch. (3)
Partly synch. (3)
Partly synch. (all)
Alternate (all)
Alternate (all)
Asynch. (all)

Partly synch.
Partly synch.
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)

Partly synch. (all)
Partly synch. (all)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)
Alternate (all)
Asynch. (all)

Solo (1)
Partly synch.
Partly synch.
Partly synch.
Partly synch.
Alternate (all)
Alternate (all)
Asynch. (all)

2)

all)
all)
all)

Partly synch.

Alternate (all)
Alternate (all)
Asynch. (all)

Asynch. (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)

Partly synch. (2)
Partly synch. (2)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)
Alternate (all)
Asynch. (all)

Solo (1)

Solo (1)

Solo (1)

Partly synch. (2)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)

Dy =2.5 cm, Dp =1 mm

Partly synch. (4)
Partly synch. (all)
Partly synch. (all)
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)
Asynch. (all)

Db =2.5cm, Do =2 mm

Partly synch. (4)
Partly synch. (4)
Partly synch. (4)
Partly synch. (all)
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)

Dy =2.5 cm, Dp =3 mm

Solo (1)

Solo (1)

Partly synch. (all)
Partly synch. (all)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)

Partly synch. (
Partly synch. (
Partly synch. (
Partly synch. (
Alternate (all)
Alternate (all)
Alternate (all)
Alternate (all)

4)
4)
4)
4)

Partly synch. (2)
Partly synch. (2)
Partly synch. (3)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)
Asynch. (all)

Solo (1)

Solo (1)

Solo (1)

Partly synch. (2)
Partly synch. (all)
Partly synch. (all)
Alternate (all)
Alternate (all)

Partly synch. (4)
Partly synch. (4)
Partly synch. (4)
Partly synch. (4)
Alternate (all)
Alternate (all)
Asynch. (all)
Asynch. (all)

Partly synch. (3)
Partly synch. (3)
Partly synch. (4)
Alternate (all)
Alternate (all)
Alternate (all)
Alternate (all)
Alternate (all)

Solo (1)

Solo (1)

Partly synch. (2)
Partly synch. (2)
Partly synch. (all)
Alternate (all)
Alternate (all)
Alternate (all)

Partly synch.
Partly synch.
Partly synch.
Partly synch.
Alternate (all
Alternate (all)
Asynch. (all)

Asynch. (all)

333G

Partly synch. (3)
Partly synch. (3)
Partly synch. (5)
Partly synch. (7)
Partly synch. (7)
Alternate (all)
Alternate (all)
Alternate (all)

Solo (1)

Solo (1)

Partly synch.
Partly synch.
Partly synch.
Partly synch.
Alternate (all
Alternate (all

Table 5

Multi-orifice bubbler bubbling regimes, for D, = 1 cm, varying flow rates, number of orifices and spacing (S1 = 3.5 cm, S2 = 7.5 cm, S3 = 15 cm). The numbers in brackets
indicate the active orifices for each case.

Q (I/min) 3 orifices 5 orifices 9 orifices
S1 S2 S3 S1 S2 S3 -
Dp=1cm, Dp =1 mm
0.2 Partly synch. (2) Partly synch. (2) Solo (1) Partly synch. (2) Partly synch. (2) Solo (1) Solo
0.5 Partly synch. (2) Synch. (All) Partly synch. (2) Partly synch. (3) Partly synch. (3) Partly synch. (4) Partly synch. (4)
0.8 Partly synch. (2) Synch. (All) Alternate (all) Partly synch. (4) Synch. (all) Partly synch. (4) Partly synch. (7)
11 Alternate (all) Alternate (all) Alternate (all) Alternate (4) Synch. (all) Synch. (all) Partly synch. (all)
2 Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
35 Alternate (all) Alternate (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
5 Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all)
10 Asynch. (all) Asynch (all) Asynch. (all) Asynch. (all) Alternate (all) Asynch. (all) Asynch. (all)
Dy =1 cm, Do =2 mm
0.2 Solo (1) Solo (1) Solo (1) Partly synch. (2) Solo (1) Solo (1) Partly synch. (3)
0.5 Partly synch. (2) Solo (1) Solo (1) Partly synch. (2) Partly synch. (2) Partly synch. (2) Partly synch. (3)
0.8 Partly synch. (all) Solo (1) Partly synch. (2) Partly synch. (4) Partly synch. (3) Partly synch. (2) Partly synch. (4)
11 Partly synch. (all) Partly synch. (all) Partly synch. (2) Partly synch. (all) Partly synch. (3) Synch. (2) Partly synch. (5)
2 Synch. (all) Synch. (all) Partly synch. (all) Alternate (all) Synch. (4) Synch. (4) Partly synch. (7)
35 Asynch (all) Alternate (all) Alternate (all) Alternate (all) Alternate (4) Alternate (4) Alternate (all)
5 Asynch. (all) Alternate (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
10 Asynch (all) Asynch. (all) Asynch. (all) Asynch. (all) Alternate (all) Alternate (all) Asynch. (all)
Dy =1 cm, Dp =3 mm
0.2 Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1)
0.5 Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1)
0.8 Solo (1) Solo (1) Partly synch. (2) Solo (1) Solo (1) Solo (1) Solo (1)
11 Solo (1) Solo (1) Partly synch. (2) Solo (1) Solo (1) Partly synch. (2) Partly synch. (2)
2 Partly synch. (all) Partly synch. (2) Partly synch. (all) Partly synch. (2) Partly synch. (4) Partly synch. (3) Partly synch. (3)
35 Alternate (all) Alternate (all) Synch. (all) Partly synch. (4) Partly synch. (4) Partly synch. (4) Partly synch. (5)
5 Alternate (all) Alternate (all) Alternate (all) Alternate (4) Partly synch. (4) Alternate (4) Partly synch. (5)
10 Asynch. (all) Alternate (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)

(or more) orifice may produce bigger bubbles than the other
orifices. The wake generated by the rising bubbles does not affect
the formation and ascent processes of the following bubble, and
there are no pairing or coalescence events. Fig. 8a shows how, for
a 3-orifice configuration, bubble period and formation time are

fully synchronous among the orifices.

3) Partly-synchronous

Only a subset of the open orifices is active synchronously, form-
ing bubbles with equal bubble period and formation time, while
the others remain inactive (Fig. 7b). Similarly to the Synchronous
regime, after detachment the bubbles rising from the active ori-
fices create trails characterized by the same bubble shape, position,
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Table 6
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Multi-orifice bubbler bubbling regimes, for D, = 0.7 cm, varying flow rates, number of orifices and spacing (51 = 3.5 cm, S2 = 7.5 cm, $S3 = 15 cm). The numbers in brackets
indicate the active orifices for each case.

Q (I/min) 3 orifices 5 orifices 9 orifices
S1 S2 S3 S1 S2 S3 -
Dy =0.7 cm, Do =1 mm
0.2 Partly synch. (2) Solo (1) Synch. (all) Solo (1) Solo (1) Partly synch. (2) Partly synch. (2)
0.5 Synch. (all) Partly synch. (2) Alternate (2) Partly synch. (4) Synch. (all) Partly synch. (3) Partly synch. (4)
0.8 Synch. (all) Alternate (all) Alternate (all) Partly synch. (4) Partly synch. (3) Partly synch. (4) Partly synch. (4)
11 Alternate (all) Alternate (all) Alternate (all) Partly synch. (4) Partly synch. (all) Alternate (4) Partly synch. (6)
2 Alternate (all) Alternate (all) Alternate (all) Alternate (4) Alternate (all) Alternate (all) Alternate (all)
35 Asynch. (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
5 Asynch. (all) Asynch. (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
10 Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all)
Dy =0.7 cm, Dp =2 mm
0.2 Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1)
0.5 Solo (1) Partly synch. (2) Solo (1) Partly synch. (2) Partly synch. (2) Partly synch. (3) Partly synch. (3)
0.8 Solo (1) Partly synch. (2) Partly synch. (2) Partly synch. (2) Partly synch. (3) Partly synch. (3) Partly synch. (3)
11 Alternate (2) Partly synch. (2) Partly synch. (2) Partly synch. (2) Partly synch. (3) Partly synch. (3) Partly synch. (6)
2 Alternate (all) Partly synch. (2) Synch. (all) Partly synch. (4) Partly synch. (4) Partly synch. (4) Partly synch. (7)
3.5 Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)
5 Asynch. (all) Alternate (all) Alternate (all) Asynch. (all) Alternate (all) Alternate (all) Alternate (all)
10 Asynch. (all) Asynch. (all) Asynch. (all) Asynch. (all) Alternate (all) Asynch. (all) Alternate (all)
Dy =0.7 cm, Dg =3 mm
0.2 NO Bubbling NO Bubbling NO Bubbling NO Bubbling NO Bubbling NO Bubbling NO Bubbling
0.5 NO Bubbling NO Bubbling Solo (1) NO Bubbling Solo (1) Solo (1) NO Bubbling
0.8 Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) NO Bubbling
11 Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1) Solo (1)
2 Partly synch. (2) Solo (1) Synch. (2) Partly synch. (2) Solo (1) Synch. (2) Solo (1)
3.5 Alternate (2) Alternate (all) Synch. (2) Partly synch. (3) Synch. (2) Partly Synch. (4) Partly synch. (3)
5 Alternate (2) Alternate (all) Synch. (all) Alternate (3) Alternate (4) Alternate (all) Partly synch. (4)
10 Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all) Alternate (all)

a) Solo - Single bubbling

b) Solo - Pairing

c) Solo - Coalescence

Fig. 6. Experimentally observed bubbling sub-regimes characterizing the main Solo bubbling regime for multi-orifice configurations, with Do = 3mm and D, = 1cm. The
arrows indicate the position of two open but inactive orifices, next to the active one: a) Solo bubbling - Single bubbling (Q = 0.5 I/min); b) Solo bubbling - Bubbling with
pairing (Q = 0.8 1/min); c) Solo bubbling - Bubbling with coalescence (Q = 1.1 I/min).

velocity and trajectory. As flow rate increases, bubble volume in-
creases, and bubble period becomes shorter. The number of ac-
tive orifices increases as well. A minimum of two orifices form
bubbles simultaneously and constantly (i.e., constantly-active). The
remaining orifices may be active only intermittently (i.e., partially-
active), forming bubbles impulsively with activity switching ran-
domly from orifice to orifice. Whenever the activity switches from

one orifice to the other, the newly active orifice shares the same
bubbling mode as the previous one that - at the same time -
becomes inactive. The activity from the partially-active orifices is
always synchronous with the constantly-active orifices. As flow
rate further increases, bubble interaction increases equally among
all the active orifices, where the same number of bubbles pair or
coalesce. Fig. 8b shows, for a 3-orifices configuration, how the two
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Table 7

Comparison between bubble period (s) and formation time (s) for single- and multiple-orifice configurations.

Configuration multi-orifice single-orifice
Q (I/min)  Orifices open/active ~ Spacing (cm)  Bubble period/formation time (s)  Bubble period/formation time (s)
Dy, =0.7cm, 0.2 32 35 0.297/0.03 0.174/0.027
Do =1 mm
Dy =0.7cm, 0.2 5/1 35 0.222/0.03 0.174/0.027
Do =1 mm
Dy =0.7cm, 0.2 5/1 75 0.108/0.03 0.174/0.027
Do =1 mm
Dy =1cm, 0.2 31 15 0.096/0.039 0.09/0.033
Do =2 mm
Dy =1cm, 0.2 31 35 0.093/0.036 0.09-0.036/0.018-0.033
Do =2 mm
Dy =0.7cm, 0.2 91 - 0.075/0.03 0.093/0.03
Do =2 mm
Dy =1cm, 11 5/1 35 0.06/0.03 0.057/0.036
Do =3 mm
Dy, =0.7cm, 11 9/1 - 0.096/0.03 0.24/0.036
Do =3 mm
Dy =2.5cm, 0.5 91 - 0.066/0.027 0.111/0.03
Do =3 mm

a) Synchronous

e

© £:0.003s
c) Alternate

t:0.114s

t:0s 1:0.04s

b) Partly synchronous

d) Asynchronous

t:0.03s

1:0.30s :0.60s

1:0.03s

Fig. 7. Experimentally observed bubbling regimes for multi-orifice bubblers: a) Synchronous (Do = 1 mm, D, = 0.7 cm, Q = 0.8 I/min, S = 3.5cm); b) Partly synchronous (Do =
1mm, Dy =0.7cm, Q = 0.2 I/min, S =3.5cm); c) Alternate (Do =2mm, D, =2.5cm, Q = 1.1 1/min, S = 3.5cm); d) Asynchronous (Dp = 1 mm, D, = 0.7cm, Q = 2 I/min, S =

3.5cm).

active orifices share the same bubble period and formation time
while the third, central orifice is inactive.

4) Alternate

The degree of synchronicity among the active orifices gradu-
ally decreases as flow rate increases, and bubbling becomes less
steady (Fig. 7¢). This regime is not always straightforward to distin-
guish from the Synchronous or Partly-synchronous regimes. How-
ever, in the synchronous regimes, at any position above the ori-
fices, the bubbles rise creating well-organized layers of bubbles of
similar size and position. Any out-of-phase bubbling creates more
unstable layers above the active orifices, with bubbles rising with
slightly different ascent time, size and degree of deformation. The
greater the distance from the point of origin, the more pronounced
the differences from the emission points. Similar to the Partly-
synchronous regime, increasing flow rate can increase the number

of active orifices. When not all the open orifices are constantly-
active, the partially-active ones may form bubbles intermittently,
with their activity switching from orifice to orifice and always
characterized by a slight time-offset between them. As flow rate
increases, bubbling modes at the active orifices move from single-
bubbling to bubbling with pairing or coalescence, and the level of
synchronicity decreases. Out-of-phase bubbling is well represented
in Fig. 8c, where the peaks from each orifice start to lose syn-
chronicity, although the formation time for each bubble remains
relatively stable.

5) Asynchronous

At any given time, bubbles at active orifices are in a differ-
ent stage of formation, and there is no synchronicity among ori-
fices (Fig. 7d). Pairing and coalescence above the orifices is also
asynchronous, and bubbles are chaotically distributed above the



76 A. Capponi and E.W. Llewellin/International Journal of Multiphase Flow 114 (2019) 66-81

Db: 0.7 cm, DD: Tmm

E——

d) 3 orifices, S: 3.5 cm, Q: 3.5 I/min,

150

D,:0.7cm, D_: Tmm

a) Synchronous b) Partly Synchronous
250 1 "‘ H " FHF "‘
g
% 150
o
g .,
L o
3 250 nnANnARRRANAARNAARAARARARNARARRAANNT
g < =S
c 2
E 0_150
£ £
S 9
- . L : —
2 === nanaaAanARAnANAR
° (V)
E 150
o
=
o
& o
o a1 20 a 2
) Alternate d) Asynchronous
250 AA A A AA A AR A M AR A E MM — = =
mnn | M
o manman e mman anne
b 150
o
3
0
g o | L
32250 AANEA N N T nrm nrmne 1 r
g3 | 1 1
o X
= Q_lSO
£ c
$ w
o
_rccwzsg - -.‘ " T : "]'Il"' — T ilm
] () 1 r‘
= 150
]
b
=
o«
0o 1 2[o | 1
Time (s)
e)(ZSO m [_‘
a) 3 orifices, S: 3.5 cm, Q: 0.8 I/min, 1eo
Db:0.7cm,DD:1mm
b) 3 orifices, S: 3.5 cm, Q: 0.2 |/min,
D,:0.7cm, D_: 1mm
¢) 3 orifices, S5: 3.5 cm, Q: 1.1 I/min, B o lw_\ H

e | eft Orifice ©

250 m
e (Central Orifice
150
=== Right Orifice
o.1

W
|

0.2 o.3 o.4

I
ﬂ
!
L I

Fig. 8. Comparison of bubble period and formation time at each of the active orifices for a three-orifice bubbler in the a) Synchronous, b) Partly-synchronous, c) Alternate
and d) Asynchronous bubbling regimes. In all cases, each orifice is identified by a different colour. When the peaks are fully (a) or partly (b) synchronous, they align closely,
sharing the same bubble period, timing and formation time. As synchronicity decreases, the alignment among the peaks decreases (c), until bubbling becomes chaotic (d)
and each orifice is characterized by its own bubble period and formation time. The inset in (e) shows details of the first 0.5s of bubbling, highlighting how chaotic bubbling
may become in the Asynchronous regime.
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Fig. 9. Effects of bubbler volume on bubble period. For the same flow rate, orifice diameter and spacing, a decrease in the bubbler diameter leads to more regular bubble
period at the active orifices. This is particularly true for 5- and 9-orifices configurations.

bubbler, up to the liquid surface. As with the previous regimes,
some orifices may be inactive or only active intermittently. As flow
rate increases, the bubbling becomes less synchronous, and in-
teraction among bubbles increases. Both pairing and coalescence
regimes can occur at different orifices at the same time. Fig. 8d
shows the asynchronicity among 3 active orifices, with peaks from
each orifice characterized by different bubble period and formation
time.

3.2.1. Effect of orifice diameter, number of orifices, and bubbler
volume

We observe the same bubbling regimes described above for dif-
ferent orifice diameter, number and spacing, different bubbler vol-
ume, and at different flow rates (Tables 4, 5, 6). As a general trend,
Solo bubbling occurs for the lower flow rates. As flow rate in-
creases, more orifices become active. A low flow rate favours Syn-
chronous and Partly-synchronous regimes; intermediate flow rates
promote Alternate bubbling; and at higher flow rates, the orifices
become Asynchronous and bubbling becomes chaotic. Regardless
of orifice number, diameter and spacing, as gas flow rate increases,
bubbling begins first at one of the outer orifices, and the other
outer orifice is the next to become active. Further increase in flow
rate activates the orifices sequentially towards the centre, alternat-
ing from one end to the other, and the central orifice is always the
last to become active.

For 3- and 5-orifice configurations, spacing doesn’t affect
the bubbling dynamics. This is in contrast to the findings of
Ruzicka et al. (2000) and Xie and Tan (2003), who observed a
significant increase in degree of bubbling synchronicity for widely
spaced orifices, over a range of gas flow rates (Q = 0.05 — 0.5 1/min
and Q = 0 — 0.6 1/min respectively, Dy = 1.6 mm and V,, = 5 x 104
m3; Ruzicka et al., 2000; Xie and Tan, 2003). For our higher range
of flow rates, varying orifice diameters, spacing, and smaller bub-
bler volumes, we observe minor variations in the bubbling regimes,
mostly arising from changes in flow rates.

As for the single-orifice case, bubbling from the multi-
orifice bubblers spans across constant-flow, intermediate-flow and
constant-pressure conditions (Fig. 2). The volume of the bubbles
varies depending on bubbler diameter and, by extension, on the
flow conditions (Table 3). Changing bubbler diameter also affects
bubble period. Fig. 9 shows the bubble period for Dy =2 mm,
Q=0.2 I/min, D, =2.5, 1, 0.7cm, for 3-, 5-, and 9-orifices con-
figurations. A decrease in the bubbler diameter, for all the other
conditions remaining equal, leads to a shorter bubble period, and
makes bubbling more regular. This is clear especially for the 5- and
9-orifice configurations, where bubbling is irregular for the bigger
bubbler, but becomes increasingly regular for the smaller bubblers
(Fig. 9). Also, for 5- and 9-orifice configurations, bubbling activity
switches between active and inactive orifices more frequently for
the bigger bubbler that for the smaller bubbler.
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4. Discussion

4.1. Single-orifice bubblers

at low and medium flow rates, mainly under the assumptions of
constant flow conditions and spherical bubbles (e.g., Davidson and
Schueler, 1960a; Kumar and Kuloor, 1970; Acharya et al., 1978;
Gaddis and Vogelpohl, 1986; Tsuge et al., 1997; Jamialahmadi et al.,

Bubbling behaviour at a single orifice has been widely inves-
tigated, and several physical models have been developed to pre-
dict the volume of bubbles forming in the Single bubbling regime,

2001). For increasing gas flow rate the models predict a monotonic
increase in the bubble volume (Fig. 10). The models agree well
with our data at low gas flow rate, when bubbling is in the Single
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bubbling regime. However, the models underestimate the size of
the bubbles in the Pairing and Coalescence regimes. In the Pair-
ing and Coalescence regimes, interaction between successive bub-
bles at the orifice increases as gas flow rate increases, and the
wake effects influence the bubble volume. As result, a bigger lead-
ing bubble is followed by smaller ones, characterized by a shorter
formation time. For the Coalescence regime in particular, coales-
cence events at the orifice become a controlling process in deter-
mining the final volume of bubbles: as soon as a bubble forms

and detaches from the orifice, a new one grows at the orifice and
interacts and coalesces with the previous one, leading to a sig-
nificant increase in its volume. The higher the gas flow rate, the
sooner and closer to the orifice this interaction occurs. The discrep-
ancy between models and experimental data at high gas flow rates
demonstrates the need for new models that account for interac-
tions between successive bubbles at the orifice. Results from more
recent numerical simulations show qualitative agreement with
our experimental observations, predicting that bubble volume and
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formation time is constant in the Single bubbling regime, but that
in the Pairing regime, bubble size and formation time are reduced
for the following bubble of a pair (Chakraborty et al., 2015).

Our data show that the bubbling regimes and their transitions
are strongly controlled by Weber number, but do not appear to be
sensitive to Capacitance number (Fig. 11). As a general trend, Sin-
gle bubbling occurs for low Weber number (We < 250), with the
regime transitioning as Weber number increases through Pairing
(250 < We s 1500), Coalescence (500 s We < 2 x 10%), and Chain-
ing (1 x10* s We < 1.6 x 10°), reaching jetting conditions only
for the highest Weber numbers (We = 6 x 10°). The Weber num-
ber dependence indicates that bubbling behaviour is controlled by
a competition between inertial and surface tension forces. At low
Weber number (small orifice or low gas velocity) the surface ten-
sion dominates, and formation of stable, single bubbles is favoured.
At high Weber number (large orifice or high gas velocity) inertia
dominates favouring interaction and coalescence. Note that our ex-
perimental data (Fig. 11) appear to show that larger orifices lead
to lower Weber numbers, but this is because, for a given gas flow
rate, doubling the orifice diameter reduces gas velocity by a factor
of four, hence the change in gas velocity dominates.

4.2. Multi-orifice bubblers

When multiple orifices are active simultaneously, behaviour at
any orifice is characterized by the same suite of regimes that are
observed in a single-orifice bubbler. However, the bubbling regime
may vary from orifice to orifice, and the degree of synchroniza-
tion among the orifices, and the number of orifices that are active,
may also vary (Tables 4-6). Variations in behaviour at different ori-
fices is likely a result of complex interaction among the orifices
as they compete for gas, mediated by induced liquid flow. As dis-
cussed in the previous section, the wake of a bubble may affect
the behaviour of the next bubble produced at the same orifice.
Similarly, the repeated ascent of bubbles from an orifice may set
up convective cells in the surrounding liquid that affect the be-
haviour of bubbles forming at adjacent orifices (e.g., Ruzicka et al.,
1999). Thus, bubbles may behave as if they were forming in a co-
flowing environment rather than in a stagnant liquid (e.g., Sevilla
et al, 2005; Chakraborty et al., 2011). Co-flow (i.e. where there
is an upward flow of liquid past the orifice) may lead to an in-
crease in the mean distance between successive bubbles at an ori-
fice, thus decreasing the influence of the leading bubble’s wake on
the formation of the following bubble. This, in turn, may dimin-
ish or suppress pairing and coalescence processes. Such dynam-
ics have been observed in single-orifice bubbling both numerically
(Chakraborty et al., 2011) and experimentally (Sevilla et al., 2005)
where, for the same conditions, pairing and coalescence processes
are observed in stagnant liquids, but are suppressed at moderate
co-flowing velocities. For a multi-orifice bubbler we may expect
that orifices will interact less strongly when they are more widely
spaced (e.g., Ruzicka et al.,, 1999). In some cases, our data show
that increasing the spacing promotes a shift toward more stable
and synchronous regimes. However, there is no indication of a sys-
tematic relationship between regime and spacing (Tables 4, 5, 6)
and, unlike Ruzicka et al. (1999, 2000) and Xie and Tan (2003), we
did not observe a significant increase in degree of bubbling syn-
chronicity for more widely spaced orifices. We note that fully syn-
chronous bubbling is rare in our experiments (Table 4-6) and it
is likely that hydrodynamic interactions among the orifices are re-
sponsible for introducing perturbations that suppress synchroniza-
tion.

Similarly to the single-orifice configuration, the transitions be-
tween bubbling regimes do not appear to be sensitive to Ca-
pacitance number but are strongly controlled by Weber number
(Fig. 12). For a given gas flow rate, Weber number depends on

orifice diameter and on the number of orifices and, in the Partly-
synchronous, Alternate, and Asynchronous regimes (i.e. the unsyn-
chronized regimes), Weber number will vary from orifice to orifice
(values shown in Fig. 12 use mean gas velocity computed accord-
ing to Eq. (4)). Consequently, the boundaries for different bubbling
regimes for multi-orifice bubblers are not as sharply defined as for
single-orifice bubblers, and it is not possible to identify a unique
range for each orifice diameter. As general trend, a smaller orifice
diameter favours the more chaotic and unsynchronized regimes for
a given gas flux, with bubbles forming at a higher number of active
orifices. A larger orifice diameter favours synchronous behaviour,
and fewer orifices are active. Based on the association between
Weber number and bubbling regime, we infer that surface tension
effects again play an important role. At low Weber number (small
orifice diameter or low gas velocity) surface tension dominates,
but it is not clear why this is associated with more synchronous
behaviour, and with activity at a smaller number of orifices. It is
likely that complex resonance between gas pressure in the bubbler
and the elastic effects introduced by the surface tension play some
role.

5. Conclusions

We performed experiments and identified different bubbling
regimes from bubblers with a single orifice, and with multiple in-
line orifices in a stagnant liquid. Experimental observations and
measurements from high-speed videography allowed us to con-
strain the processes involved in bubble formation and the effects
on bubbling dynamics of varying number and diameter of orifices,
bubbler volume, and gas flow rate:

1) For single-orifice bubblers we extend previous experimental
studies to higher gas flow rates, and show that published mod-
els for bubble volume as a function of gas flow rate are inad-
equate for regimes in which the wake of a bubble affects the
formation of the next bubble.

Four different bubbling regimes were identified for in-line

multi-orifice bubblers, characterized by varying degree of syn-

chronicity of bubbling among the orifices. Full synchronicity, for
the given geometries, orifices configurations and gas flow rates,
occurs rarely and only for specific configurations.

3) For decreasing bubbler volumes, bubble period becomes more
regular and bubble volume decreases.

4) Both bubble volume and formation time increase for increasing
orifice diameter. A larger orifice also favours the development
of more stable and synchronous bubbling regimes.

5) Spacing between orifices doesn’t play a key role in regime tran-
sition.

6) Weber number controls the transition in bubbling regimes for
both single-orifice and multi-orifice bubblers.

N
—

Based on the experimental data, we built regime maps that al-
low bubbling behaviour to be predicted from gas flow rate, bub-
bler volume, and number and diameter of orifices. Our data can
also support validation of numerical and CFD models for bubble
formation and dynamics in bubblers with multiple in-line orifices.
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