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The mass transfer of gas-liquid systems is commonly reported through the volumetric mass transfer coefficient,
ka, which is a function of several complex phenomena. To optimize the rate of mass transfer, increased
knowledge about the individual effects of the interfacial area, g, and the liquid-side mass transfer coefficient,
ki, on kya is necessary. In this study, k; a was measured by monitoring the dissolved oxygen concentration in
a bubble column. The bubble flows were recorded by a photographic method and the images were analyzed
by means of artificial neural network to determine the bubble size. The effects of rheology, superficial gas
velocity, and gas sparger design were analyzed. k; decreased with an increase in the superficial gas velocity and
with an increase in the viscosity. The relative change in a was much larger compared to the relative change in
k;, and hence, for the investigated operational conditions and liquid solutions, the change in k; @ was mainly
attributed to the change in a. Bubble clusters were formed in the non-Newtonian solutions but for the given
operating conditions and liquid solutions, the bubble cluster formation did not have a prominent effect on the

mass transfer.

1. Introduction

Interfacial mass transfer is an important phenomenon influencing a
variety of industrial processes involving gas-liquid or gas-liquid-solid
interactions, e.g., distillation, waste-water treatment, and chemical
and biochemical reactors. Optimizing these processes requires accurate
knowledge and data about the transfer of mass across the phase bound-
aries.

The rate of mass transfer is proportional to the concentration differ-
ence between the phases, where the proportionality constant is the volu-
metric mass transfer coefficient, k; a. Existing works on gas-liquid mass
transfer have mainly focused on determining k;a in bubble swarms
(Akita and Yoshida, 1973; Muroyama et al., 2013; Scargiali et al., 2010;
Vandu et al., 2004; Zednikova et al., 2018). Complex phenomena are
involved in the liquid-side mass transfer coefficient, k; , and the inter-
facial area, a. The individual effect of k; and « on the mass transfer
cannot easily be predicted when lumped into the combined coefficient
of k; a. Relatively few studies exist where k; and « have been individ-
ually determined in bubble columns (Akita and Yoshida, 1974; Bouaifi
et al., 2001; Eckenfelder and Barnhart, 1961; Jeng et al., 1986; Kawase
and Moo-Young, 1990; Koide et al., 1985; Miller, 1983; Sastaravet et
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al., 2020; Vasconcelos et al., 2003). Relevant studies on k; and a in
bubble columns where the latter is determined using a photographic
method (Bouaifi et al., 2001; Koide et al., 1985; Sastaravet et al., 2020;
Vasconcelos et al., 2003) are summarized in the following.

Koide et al. (1985) and Vasconcelos et al. (2003) studied the in-
fluence of anti-foaming agents on k; a, k;, and a. Koide et al. (1985)
performed experiments in water and aqueous solutions of alcohols,
while the work of Vasconcelos et al. (2003) was restricted to water.
Both Koide et al. (1985) and Vasconcelos et al. (2003) found that & a
and k; decreased with presence of anti-foaming agents. Koide et al.
(1985) observed that k; decreased and the gas hold-up, «g, increased
with presence of surfactants (n-alcohols). Furthermore, a; decreased
with presence of anti-foaming agents. Bubble size distributions were
not provided in the studies of Vasconcelos et al. (2003) and Koide et
al. (1985). Sastaravet et al. (2020) investigated the effect of solid par-
ticles on bubble hydrodynamics and mass transfer enhancement in tap
water. k; a increased with increasing superficial gas velocity, ug, for all
conditions, where the presence of solid particles enhanced k; a. k; de-
creased with an increase in u, (u, € [0.26,1.53] cm/s) both with and
without solid particles. The bubble sizes with solid particles were re-
ported smaller than without particles (~ 22-27% on average). However,
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in none of the studies the bubble size distributions from which the av-
erage bubble diameters were calculated were provided. Considering the
splitting of k; a into k; and a, it is desirable to have a narrow bubble
size distribution from which the mean bubble diameter is calculated. A
narrow bubble size distribution increases the accuracy of the influence
of a on ky a. Furthermore, in mass transfer studies where k; is calculated
from k; a and a, reducing the uncertainty in a reduces the uncertainty
in k; . Therefore, when studying the individual effects of k; and a on
k; a, the information of bubble size distributions is necessary. Bouaifi et
al. (2001) measured k; in tap water where air was dispersed through
spargers of various designs (membrane, porous plate, and perforated
plate). k; a increased with increasing u at all the operating conditions.
k; was independent of the specific power consumption which was re-
lated to the gas pressure drop — a function of u,, the sparger pressure
drop, the liquid density, gravity, and tank liquid height. Bubble size
distributions for the different spargers were provided, where the size
distributions ranged from 1.5-6.5 mm and 1.5-6.5 mm for the porous
plate and membrane, respectively, and the size distribution ranged from
1.5-11.5 for the perforated plate. For the membrane, approximately 80%
of the bubble sizes were within the 3.5-4.5 mm size range.

Despite the analysis of the individual parameters of k; and a, the
experimental data obtained by Koide et al. (1985), Vasconcelos et al.
(2003), Sastaravet et al. (2020), and Bouaifi et al. (2001) are limited
to Newtonian solutions. In bioprocesses, e.g., in fermentation, the vis-
cosity of the fermentation fluids is affected by the presence of cells,
substrates, and products (Doran, 2013). A variety of fermentation pro-
cesses involve materials that exhibit non-Newtonian behavior (Badino
et al.,, 1976; Blanch and Bhavaraju, 1976), e.g., culture broths with
suspended cells and extracellular polysaccharides (Doran, 2013). The
non-Newtonian fluids commonly found in bioprocesses are pseudoplas-
tic, Bingham plastic, and Casson plastic (Doran, 2013). Motivated by
industrial application, the study of the individual contributions of k;
and a to k; a should be extended from Newtonian solutions to viscous
Newtonian and non-Newtonian solutions.

Augier and Raimundo (2021) studied the effect of rheology on mass
transfer and bubble size in bubbly flows in the heterogeneous regime
(us € [3, 30] cm/s). k;, a, and local gas volume fraction were measured
in non-Newtonian solutions (carboxymethyl cellulose (CMC) and xan-
than gum (XG)). The gas was dispersed by a perforated plate which was
chosen similar to that of Gemello et al. (2018), which enabled genera-
tion of bubbles in water that were close to their initial size. An in-situ
probe (referred to as cross-correlation method) was applied to measure
the bubble size and the local gas volume fraction. The differences in
the measured bubble size between the solutions were governed by the
rheology and not u. Except in water, where u, had a strong effect on
ki, the rheology of the solutions explained the differences in the mea-
sured k; . k; a and the local gas volume fraction were governed by both
the rheology and u,. The summarized results by Augier and Raimundo
(2021) are based on radially averaged values of the bubble size and the
local gas volume fraction. For u; > 3 cm/s, the bubble diameter varied
with the radial position. Bubble size distributions were not provided,
and with a variation in the bubble diameter and the local gas volume
with the radial position it is challenging to evaluate the accuracy in k;,
when k; is calculated from a and & a.

Martinez-Mercado et al. (2007) and Vélez-Cordero and Zenit (2011)
developed experimental set-ups which allowed for production of close
to mono-sized (narrow bubble size distribution) bubbles. The exper-
imental set-ups were used for studies on bubbly flows in Newtonian
(Martinez-Mercado et al. (2007), Vélez-Cordero and Zenit (2011)) and
non-Newtonian (Vélez-Cordero and Zenit (2011), Vélez-Cordero et al.
(2012)) solutions. With the ability of creating mono-sized bubbles, the
design of the experimental set-ups has thus a potential to be further
used for accurate mass transfer studies where k; a is split into k; and a.
Martinez-Mercado et al. (2007) measured the gas and liquid velocities
in water and water/glycerol solutions, where the gas was introduced
by an array of capillaries which created a mono-sized bubbly flow. The
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measurements were conducted for bubble Reynolds numbers from 10
to 500. The mean bubble velocity decreased with increasing ag. For
very dilute flows, the measured mean bubble velocity deviated largely
from the velocity of a single isolated bubble. Vélez-Cordero and Zenit
(2011) studied bubbly flows in the homogeneous regime (u, € [0.09,
0.6] cm/s), using XG and glycerol/water solutions. The bubble column
was similar to that used by Martinez-Mercado et al. (2007), where sets
of capillary banks were designed to create mono-sized bubbles. Bubble
clusters (aggregates of bubbles) were only formed in the shear-thinning
liquids, where the clusters grew with increased gas volume fraction.
Compared to single bubbles, the mean bubble velocity of the clusters
increased. During bubble ascent, the bubble clusters had a dynamic
structure, rising in the center and descending on the exterior part of the
cluster. In some of the shear-thinning solutions, only the smallest bub-
bles formed clusters. Vélez-Cordero et al. (2012) studied the properties
of bubbly flows in elastic fluids with approximately constant viscos-
ity. The bubble column was similar to that by Martinez-Mercado et al.
(2007), and the capillary banks were similar to those used by Vélez-
Cordero and Zenit (2011). The bubble dispersion changed as function
of the bubble size. For smaller bubble diameters, large vertical bubble
clusters were formed. The larger bubbles, on the other hand, ascended
in a dispersed manner. Although mass transfer analyzes were not per-
formed, Vélez-Cordero et al. (2012) suggested that the formation of
small bubbles may not be optimal to achieve high mass transfer rates
in visco-elastic flows due to the formation of bubble clusters. Hence,
larger bubble sizes could be more convenient for the mass transfer. A
next step in the investigations of bubbly flows by Martinez-Mercado et
al. (2007); Vélez-Cordero and Zenit (2011), and Vélez-Cordero et al.
(2012) is to include mass transfer studies.

The objective of this work was to study the effect of liquid rheology
and operating conditions on the mass transfer in a bubble column which
enabled the generation of mono-sized bubbles. Due to the complex phe-
nomena involved in kj a, it was of desire to evaluate the individual
effects of k; and a. When splitting k; a into k;, and a, d;, should be
based on a narrow bubble size distribution. A column and sparger de-
sign similar to those described by Vélez-Cordero and Zenit (2011) were
thus applied to enable production of bubbles with a narrow bubble size
distribution. For each sparger used in the present work, bubble size dis-
tributions were provided at different u, and liquid solutions. The oxygen
concentration and the bubble sizes were obtained using in situ dissolved
oxygen (DO) probes and a high-speed camera. An artificial neural net-
work (ANN) was used in the image processing procedure to determine
the bubble sizes with a small statistical uncertainty. The individual ef-
fects of k;, and a on k; a were studied for u, € [0.07, 0.47] cm/s. Bubble
clusters can be seen in fluids represented in the bioprocess industry. The
existing literature on bubble clusters mainly focuses on bubble cluster
formation and bubble cluster velocity (Vélez-Cordero and Zenit, 2011).
With the increasing interest for bioprocess industry, it is crucial to estab-
lish understanding of the mass transfer from bubble clusters for optimal
process performance. In this work, the effects of bubble clusters on k; a
and flow dynamics were investigated.

2. Materials and methods
2.1. Experimental setup

The bubble experiments were carried out in a vertical rectangular
column with dimensions 180 x 10 x 5 cm?, as illustrated in Fig. 2.1.
The column was made of stainless steel except from the two widest
walls which were made of soda-lime glass. The column was mounted
to a gas chamber with dimensions 11 x 10 x 5 cm?® from where the gas
phase was dispersed by a capillary bank. Different mean bubble sizes
were generated using three capillary banks which were made of stain-
less steel, noted here as N1, N2, and N3, and which differed in the
number of capillaries and their inner diameter. The capillary banks, il-
lustrated in Fig. 2.2 (a), were designed similar to those in the work by
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Fig. 2.1. Experimental facility composed of 1) liquid column, 2) camera, 3) oxy-
gen probes, 4) transmitter, 5) computer, 6) gas chamber, 7) capillary bank,
8) gas supply, 9) illumination.

Table 2.1

Design parameters of the capillary banks. D, and
Dy,p, are the inner diameter of the upper and lower
capillaries, respectively. N and L are the number and
length of the capillaries, respectively. AL, is the dis-

tance between the capillaries.

Capillary Deapu Deap N L ALy
bank [mm] [mm] [-] [em] [em]
N1 1.6 0.48 16 8.9 1.2
N2 0.6 0.25 27 8.5 0.9
N3 0.13 0.13 43 7.0 0.6

Vélez-Cordero and Zenit (2011), where the inner diameters of the cap-
illaries were selected by balancing the buoyancy and surface tension
forces. The capillary bank configurations used in this work are shown
in Fig. 2.2 (b-d) and the design parameters are given in Table 2.1. The
geometrical ratios in Fig. 2.2 (b-d) correspond to the physical ratios.
The capillaries were glued to the metal plates. For capillary banks N1
and N2, the metal plates had two sets of capillaries where the capil-
laries on the topside of the plates had a different inner diameter than
the ones on the underside. For capillary bank N3, the inner diameter of
the capillaries on the topside and underside was the same. The design
of the capillary banks ensured sufficient hydrostatic resistance to pro-
duce individual bubbles and avoid the generation of gas jets. The gas
volume flow rate, O, was controlled by a flow-meter (ALICAT SCIEN-
TIFIC MC-2slpm), and u, was in the range of 0.07 cm/s to 0.47 cm/s
(ug = Q/A, where A is the cross sectional area of the bubble column).
Table 2.2 provides the investigated flow conditions. All analyzes of the
bubble column were conducted under ambient temperature and pres-
sure (22 +1°C and 1 atm). The DO concentration was monitored by
three probes (METTLER TOLEDO InPro6860i). The DO probes were in-
serted into the column through the side walls in such a way that they
did not affect the fluid dynamics. The DO probes were inserted at two
heights and on both side walls of the column to observe any effects of
the measurement position. The column was disassembled and cleaned
with deionized water after each experimental day. The capillary banks
were cleaned after each experimental day by inserting them into a con-
tainer with a water—ethanol solution. The container was then put into
an ultrasonic bath and left for 20 minutes.

Data on the bubble size distribution and the mean bubble size were
acquired using a high-speed camera (Photron FASTCAM MINI AX100)
and a lens (Tamron SP 90mm F2.8 Di VC USD Macro), known as shadow
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imaging technique. The frame rate was adjusted to the desired objec-
tive; 50 frames per second (fps) when recording images for measuring
the bubble size, and 500 fps when recording images for analyzing the
bubble flow dynamics. The camera-to-column position was varied to
obtain both high-resolution and low-resolution images, where the for-
mer were used to determine the bubble size and the latter for study of
the flow fields. The camera-to-column distances were 47 cm and 147
cm for the high-resolution and the low-resolution images, respectively.
Diffusion paper was attached to the column wall opposing the camera
and a light-emitting diode (LED) was located 90° to the column and re-
flected by a panel. The resolution of the camera was 1024 x 1024 px>
(pixels?). The geometrical calibration between px and length scale was
obtained as the average from the acquired images of a ruler placed in
front and back of the column.

2.2. Liquid solutions

Table 2.3 summarizes the physical properties of the solutions. Deion-
ized water and glycerol/water were used as Newtonian solutions. 0.04
M MgSO, (Magnesium sulfate heptahydrate, ACS reagent, > 98%, Sigma
Aldrich) was introduced in all the solutions to prevent coalescence
(Lessard and Zieminski, 1971). To obtain a shear-thinning behavior
with negligible elastic properties, solutions consisting of a mixture of
XG, glycerol, and water were selected. The percentages of XG and glyc-
erol solutions in Table 2.3 are given in weight terms and volume terms,
respectively. The non-Newtonian solutions were prepared by dissolving
XG (from Xanthomonas campestris, Sigma Aldrich) in water (preheated
to 50°C) under mechanical stirring for 60 minutes. While stirring the
solution, the container was sealed with aluminum foil to keep the tem-
perature close to 50 °C. Then the MgSO, was introduced and kept under
stirring for 15 minutes. Finally, glycerol (> 97%, TECHNICAL, VWR
Chemicals) was added. The solutions were stirred for 24 h, after which
they were held at rest for additional 24 h. The resting time was neces-
sary to let the entrapped bubbles ascend and leave the liquid.

Samples were collected each experimental day for measuring the
surface tension, o, density, p, and the apparent viscosity, u,, of the so-
lutions. The surface tension was measured by a tensiometer (Sigma 701,
Biolin Scientific, Sweden), using the Du Noiiy ring method. The samples
were stirred, and entrapped bubbles removed before the surface tension
was measured. To measure the liquid density a density meter (DMATM
5000 M, Anton Paar GmbH, Austria) was employed. The apparent vis-
cosity was measured by a rheometer (Physica MCR 301, Anton Paar
GmbH, Austria) using a cup geometry. Before viscosity measurements,
the samples were left at rest for a sufficient time to remove small bub-
bles trapped in the solutions. A shear rate in the range of 0.1 — 1000 s~!
was applied to measure the shear-thinning behavior of the XG-solutions.
The viscosity as function of shear rate is plotted in Fig. 2.3. The appar-
ent viscosity of the non-Newtonian solutions can be characterized well
with the Power-law model (Ostwald-de Waele) (Irgens, 2014):

=Ky (€9)

where K is the consistency index [Pa-s"], n the power law index [-],
and 7 the shear rate [s~'].

2.3. Volumetric mass transfer coefficient

k; a was estimated using the dynamic gas-in method (Garcia-Ochoa
and Gomez, 2009). The liquid phase was flushed with nitrogen gas
until the DO concentration was less than 10%. Clean compressed air
was introduced, and the DO concentration was monitored until the air
concentration in the liquid phase, C;, was >70%. According to Doran
(2013), the dynamics of the oxygen probe can be neglected if the probe
response time, 7., is less than the characteristic time of mass transfer,
i.e., 7p = 1/(kpa). The probe time constant was measured for all the
probes and found negligible in all the solutions. Assuming perfect mix-
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Fig. 2.2. (a) scheme of a capillary bank, and (b-d) capillary bank configurations: (b) N1, (¢) N2, (d) N3.

Table 2.2
Investigated flow conditions (u, and Q) in the liquid solutions.
Capillary Water Glycerol/water 0.02% XG 0.1% XG
bank
N1 [0.29, 0.4, 0.47] [0.4, 0.47] [0.4, 0.47] [0.4, 0.47]
ug N2 [0.07, 0.12, 0.2, 0.29, 0.4, 0.47] [0.07, 0.29, 0.47] [0.07, 0.47] [0.07, 0.29, 0.47]
N3 [0.07, 0.12, 0.2, 0.29, 0.4, 0.47] [0.07, 0.29, 0.47] [0.07, 0.47] [0.07, 0.29, 0.47]
N1 [0.86, 1.19, 1.42] [1.19, 1.42] [1.19, 1.42] [1.19, 1.42]
(0] N2 [0.22, 0.35, 0.61, 0.86, 1.19, 1.42] [0.22, 0.86, 1.42] [0.22, 1.42] [0.22, 0.86, 1.42]
N3 [0.22, 0.35, 0.61, 0.86, 1.19, 1.42] [0.22, 0.86, 1.42] [0.22, 1.42] [0.22, 0.86, 1.42]
Table 2.3
Physical properties of the solutions.
Solution p Uy c n K
[kg/m3]  [mPas"]  [mN/m]  [-] [mPa-s"]
Water 1000 1.0 72 1
83% glycerol/water 1226 120 63.8 1 -
0.02% XG, 75% glycerol/water 1209 63.2 0.856 134.2
0.1% XG, 60% glycerol/water 1173 64.2 0.532 411.8

ing in both phases, the rate of change of the oxygen concentration can
be expressed by equation (2) as (Garcia-Ochoa and Gomez, 2009):

dc,

— =ka(C - Q) @

where C* denotes the DO saturation concentration [%].
Integrating equation (2), the following linear relation is obtained:

"
ln(é_—é)):—kLWt 3)
where t denotes the time, and C,_, the DO concentration at time 7 =0.
When the gas is switched from nitrogen to air, the incoming air
mixes with the existing nitrogen until all the excess gas from the de-
oxygenation step is flushed out. During this process, the change of gas
composition influences the measured oxygen concentration. ky a is esti-

c*—C : :
oo > against 7 (in

MATLAB R2021b, MathWorks, USA). k; a was estimated in the range of

mated as the slope of a linear line by plotting In

30-70% oxygen concentration. The measurements were repeated three
times for each operational condition. k; a was calculated as the aver-
age from the three probes applied in the set-up and for three repetitions
of measurements such that an averaged k; a value for a specific bubble
column condition is based on 9 independent measurements.

2.4. Bubble size and flow measurements

The number of bubbles necessary to achieve statistical significance
of the bubble size data was ensured by recording a total number of
1000 images per experiment. The recorded images were processed by
an image analysis algorithm using ANN, developed by SOPAT Gmbh
(Berlin, Germany). The ANN algorithm was trained to recognize and dis-
tinguish between different scenarios; single bubbles, doublets, triplets,
or clusters of bubbles. Further training of the algorithm is necessary for
precise detection of the bubble clusters, hence, in this work the ANN al-
gorithm has been used to determine « for bubbles that do not form part
of a cluster. Fig. 2.4 illustrates the image acquisition and bubble detec-
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Fig. 2.3. Viscosity as function of shear rate, including the Power-law model
(Irgens, 2014). The plot is presented on a logarithmic scale.

Fig. 2.4. Image acquisition and bubble detection of system (a-b) water, (c-d)
glycerol/water, and (e-f) 0.1% XG. The first column shows the raw images and
the second column shows the processed images. The images have been cropped
and are not shown in their original sizes.

tion performed by the image analysis software. Blue borders mark the
boundaries of the detected bubbles by the ANN algorithm.

In the two-dimensional plane, the Feret diameter, dg, is based on
the distance between two parallel lines that restrict a particle, in this
case a bubble (Emmerich et al., 2019). Fig. 2.5 illustrates the principle
of the Feret diameter using a caliper where its two parallel pins restrict

Chemical Engineering Science 277 (2023) 118828

Fig. 2.5. A caliper with two parallel pins which restrict the bubble of an image.

the bubble. In such, for non-spherical bubbles, dr depends upon the
orientation of the bubble in the caliper. In the algorithm applied, 16
values of dp are measured upon rotating the bubble in equidistantly
steps between 0° and 180°. From these 16 dg-values, the average Feret
diameter, df ., is computed.

The equivalent bubble diameter, d, is estimated from dp eq;, as:

4A\1/2
a=(7) “)
A= %dé,mean ®

where A denotes the side-viewed projected bubble area.

The bubbles in a bubble column are unavoidably produced with var-
ious sizes. The distribution in bubble size can be small or large depend-
ing on the sparger design, operational conditions, and fluid properties.
The various bubble sizes constitute a size distribution which can be
characterized in terms of a histogram. A mean bubble size is commonly
computed from the bubble size distribution and applied in analyzes and
calculations of mass transfer. The Sauter mean diameter, d,, is com-
monly used to characterize the mean bubble size:

N,
I
N,
IYNTH
where N, denotes the total number of bubbles, and i the bubble index
number.

A sensitivity analysis was performed to evaluate the evolution of d,
versus the number of measured bubbles, n. Fig. 2.6 shows sensitivity
plots for the cases of water and glycerol/water. For every new mea-
sured bubble size (blue dots), d,, was recalculated (red dots). As seen
from Fig. 2.6, d,, converged rapidly for all the operational conditions
(~ 5000 bubbles for water and ~ 20000 bubbles for glycerol/water were
sufficient to achieve the steady bubble diameter).

(6)

dy

2.5. Liquid mass transfer coefficient

The gas hold-up was calculated by measuring the change in liquid
height due to the presence of gas. With the gas present, sufficient time
was given to reach a steady state before measuring the liquid height.
ag can be related as a; = AH/H, where H denotes the liquid level
without gas (H = 136 + 2 cm in the present experiments), and AH the
height difference resulting from the dispersed gas (Vandu et al., 2004).
When d, and g are known, the interfacial area can be calculated by
equation (7) (Jakobsen, 2014):

6ag
o= 8 %)

The liquid-side mass transfer coefficient can thus be calculated by
equation (8):

6 -1
ki =ka ( ﬂ) ®)
dy
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Fig. 2.6. Evolution of the calculated Sauter mean diameter (red marks) as function of the number of measured bubbles in water and glycerol/water, where u, = 0.07
cm/s for capillary banks N2 and N3, and u, = 0.40 cm/s for capillary bank N1. The green line marks the selected diameter.

3. Results and discussion
3.1. Bubbly flow dynamics

Figs. 3.1, 3.2, and 3.3, illustrate the bubble formation by the capil-
lary banks in water, glycerol/water, and 0.1% XG, respectively. Fig. 3.1
shows formation of mono-sized bubbles in water by the capillary banks.
Capillary banks N3 and N2 in glycerol/water (Figs. 3.2 (a-b)) and cap-
illary bank N3 in 0.1% XG (Fig. 3.3 (a)) produce mono-sized bubbles
which densely ascend in the same path close to the capillaries. In glyc-
erol, the bubbles produced by capillary banks N3 and N2 are homoge-
neously dispersed across the column cross-section after approximately
20 — 30 cm. Figs. 3.4 (b) and 3.5 (b) illustrate the homogeneous disper-
sion in glycerol acquired at a column height of approximately 110 cm.
Due to the shear-thinning behavior in 0.1% XG, a bubble produced by
capillary bank N3 continues to ascend in the same path as the previous
bubble along the column height. That is, a successive bubble will ex-
perience a lower viscosity and hence take this path. Fig. 3.6 illustrates
the flow pattern of bubbles in the non-Newtonian solutions which as-
cend in the same path independent of the vertical position in the bubble
column. The bubbles produced by capillary bank N1 in glycerol/water
(Fig. 3.2 (c)) and capillary banks N2 and N1 in 0.1% XG (Figs. 3.3 (b-c)
do not ascend in dense path close to the capillaries. In 0.1% XG, how-
ever, the bubbles produced by capillary banks N2 and N1 are affected

by the shear-thinning behavior which causes the bubbles to ascend in
the same path and form bubbles clusters higher up in the bubble col-
umn, as illustrated in Figs. A.1-A.3 in Appendix A.

The bubble flows are significantly different in the Newtonian and
non-Newtonian solutions, as illustrated in Figs. 3.4 and 3.5, where cap-
illary bank N3 was selected for the illustration. The bubbles in water
and glycerol/water are homogeneously dispersed for all three capillary
banks and at all investigated u in the interval of 0.07 — 0.47 cm/s. In
0.02% XG, however, the bubble flow pattern depends on the capillary
bank and . In 0.02% XG, capillary banks N1 and N2 produce homoge-
neously dispersed bubbles at all u,. On the other hand, capillary bank
N3in 0.02% XG produces homogeneously dispersed bubbles at the high-
est gas velocity u, = 0.47 cm/s (Fig. 3.5 (c)), while bubble clusters are
formed at the lowest gas velocity u; = 0.07 cm/s (Fig. 3.4 (c)). In 0.1%
XG, bubble clusters are formed for all three capillary banks and at all in-
vestigated ug; Figs. 3.4 (d) and 3.5 (d) show the bubble clusters formed
by N3 at u, =0.07 cm/s and u, = 0.47 cm/s, respectively. Increasing u
in 0.1% XG leads to increased formation of single bubbles in addition
to the bubble clusters, as shown by Figs. 3.4 (d) and 3.5 (d). Further-
more, an increase in u, increases the liquid circulation where single
bubbles are down-flowing on the opposite site of the uprising bubble
clusters. Downflowing bubbles on opposite side of bubble clusters are il-
lustrated for capillary bank N3 in 0.02% XG at u, = 0.07 cm/s in Fig. 3.6
(b). The bubble size of the single bubbles appears to be approximately
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Fig. 3.1. Bubble formation in water by capillary bank (a) N3, (b) N2, and (c) N1, where u, = 0.2 cm/s for capillary banks N2 and N3, and u, = 0.40 cm/s for capillary
bank N1. The images represent a physical size of (a) 11 x 8 cm?, and (b-c) 12 x 8 cm?.
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Fig. 3.2. Bubble formation in glycerol/water by capillary bank (a) N3, (b) N2, and (c) N1, where u, =0.13 cm/s for capillary banks N2 and N3, and u, = 0.40 cm/s
for capillary bank N1. The images represent a physical size of (a) 12 x 7 cm?, and (b-c) 15x 9 cm?.
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Fig. 3.3. Bubble formation in 0.1% XG by capillary bank (a) N3, (b) N2, and (c) N1, where u, = 0.13 cm/s for capillary banks N2 and N3, and u, = 0.40 cm/s for

capillary bank N1. The images represent a physical size of 15x 9 cm?.

the same as those forming clusters. Section 3.2 presents plots of the
bubble diameter of the single bubbles formed in the non-Newtonian so-
lutions.

In 0.1% XG and 0.02% XG, a bubble takes the same path as the pre-
vious bubble released from the same capillary due to the shear-thinning
effect. Fig. 3.6 illustrates the shear-thinning effect on the bubble flow
field for capillary banks N2 and N3 in 0.1% XG and 0.02% XG at
u, = 0.07 cm/s. For capillary bank N3 at u, = 0.07 cm/s in 0.1% XG
(Fig. 3.6 (a)), the bubbles leaving the capillary bank are rising in the
same path as the former bubbles before forming bubble clusters higher
up in the column. While rising, the bubble clusters have a dynamic
structure with the centered bubbles rising and the exterior bubbles de-
scending continuously. The bubbles are changing position within the
cluster as the cluster ascends, break up, and form new clusters, and
hence the gas-liquid-interface is continuously renewed. Similar dy-
namic behavior was observed by Vélez-Cordero and Zenit (2011). The
dynamic behavior of the clusters is attempted illustrated through the
various cluster structures present in Fig. 3.6 (a). Comparing Figs. 3.6
(a) and (b), the bubble clusters produced by capillary bank N3 in 0.1%
XG have denser structures compared to 0.02% XG, i.e., the number of
bubbles forming a bubble cluster is higher and the number of single
bubbles is lower in 0.1% XG. No bubble clusters are formed by capillary
bank N2 at u; = 0.07 cm/s in 0.02% XG (Fig. 3.6 (c)), where the bubbles
ascend in a less dense path due to the design of the capillary bank. Ap-
pendix A provides additional images of the bubble clusters formed in
0.1% XG by the three capillary banks.

3.2. Sauter mean diameter

Fig. 3.7 (a) shows the influence of u, on d, in water. d, pro-
duced by capillary bank N3 in water is approximately constant for
ug € [0.07,0.29] cm/s, whereas increases with a further increase in u,.
The opposite trend is observed for capillary bank N2, where d, in-
creases for ug € [0.07,0.29] cm/s, after which d, is constant. d, in
glycerol/water increases linearly with u, for all the capillary banks in
Fig. 3.7 (b). Capillary bank N1 produces bubbles with similar d,, in wa-
ter and glycerol/water at u, € [0.4,0.47] cm/s. The standard deviations
of d, presented in Fig. 3.7 are minor and not visible with the scale
of the figure. The uncertainties in the measurement methods, poten-
tially resulting in systematic errors, are difficult to measure. Hence, the
standard deviations of dy, ag, and k; a are based on the repeat of mea-
surements.

Fig. 3.8 presents d,, for the individual bubbles (not considering the
cluster size) in the non-Newtonian solutions. As in the Newtonian cases,
dy, in 0.02% XG and 0.1% XG increases with an increase in u. d;, of the
individual bubbles produced in 0.1% XG is slightly larger than that pro-
duced in glycerol/water. The bubbles produced in 0.02% XG, however,
are more similar in size to those obtained in glycerol/water. Based on
the trend in the data for d, in water, glycerol/water, 0.1% XG, and
0.02% XG, it is evident that dy, is influenced by the viscosity of the solu-
tions.

Figs. 3.9 and 3.10 show bubble size distributions at different u for
water and glycerol/water, respectively. The bubble size distributions
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(b)

(d

Fig. 3.4. Bubbly flow obtained with capillary bank N3 and u, = 0.07 cm/s in
(a) water, (b) glycerol/water, (c) 0.02% XG, and (d) 0.1% XG. The images are
recorded with slightly different spatial resolutions. The images are acquired at
column height of approximately 110 cm.

are distributions of d (mean Feret diameter) from which d; (Sauter
mean diameter) is calculated. The density distribution function, g, rep-
resents the number of bubbles in a defined bubble diameter class. The
blue bar denotes the arithmetic mean, and the red bar the d, of the
respective bubble size distribution. As previously mentioned, a narrow
bubble size distribution is desirable as it increases the certainty in the
interpreted effect of a on k; a. With a broad bubble size distribution,
it is not possible to characterize how the various bubble sizes in the
size distribution contribute to k; a. Hence, having a wide bubble size
distribution increases the uncertainty of the interpreted effect of a on
kya.

Table 3.1 presents the maximum and minimum standard deviations
of the bubble size distributions in water and glycerol/water, and the
maximum and minimum number of bubbles within +0.5 mm of the
arithmetic mean in water and glycerol/water. The values presented in
Table 3.1 correspond to the bubble size distributions in Figs. 3.9 and
3.10. The smallest standard deviations for capillary banks N3 and N2
in Table 3.1 are obtained for u; = 0.07 cm/s in both water and glyc-
erol/water. The smallest standard deviations for capillary bank N1 are
obtained for u, = 0.29 cm/s and u, = 0.4 cm/s in water and glycerol/wa-
ter, respectively. The standard deviations increase with an increase in
u, for all the capillary banks independent of the liquid solutions. The
high percentages of bubbles within +0.5 mm of the arithmetic means in
Table 3.1 (b) give a quantitative validation of the ability of the capillary
banks to produce mono-sized bubbles.

Table 3.2 provides an overview of the determined dy, in the different
liquid solutions.

Chemical Engineering Science 277 (2023) 118828

Fig. 3.5. Bubbly flow obtained with capillary bank N3 and u, = 0.47 cm/s in
(a) water, (b) glycerol/water, (c) 0.02% XG, and (d) 0.1% XG. The images are
recorded with slightly different spatial resolutions. The images are acquired at
column height of approximately 110 cm.

Table 3.1

(a) Maximum and minimum standard devia-
tions of the bubble size distributions in wa-
ter and glycerol/water for the various capillary
banks and u,, and (b) maximum and minimum
number of bubbles within +0.5 mm of the arith-
metic mean in water and glycerol/water for the
various capillary banks and u,.

Water Glycerol/water

min max min max

N3 9% 13% 8% 10%
(a) N2 7% 11% 7% 9%
N1 10% 12% 7% 7%

N3 90% 97% 90% 98%
(b) N2 90% 97% 90% 99%
N1 78% 84% 91% 93%

3.3. Gas hold-up and interfacial area

Fig. 3.11 illustrates the effect of liquid properties and u; on ag.
Comparing the Newtonian solutions in Figs. 3.11 (a-b), ag obtained
by capillary banks N2 and N3 in glycerol/water is approximately the
double of that found in water. The higher viscosity of glycerol/water
increases the drag force acting on the bubbles and results in a reduced
bubble rise velocity (increased residence time) and thus an increase in
ag. ag in 0.1% XG is considerably lower than ag in glycerol/water. This
can be explained by the presence of bubble clusters which have a larger
rise velocity (lower residence time) and hence reduces ag. In 0.02% XG,
bubble clusters are only obtained with capillary bank N3 at the low-
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Table 3.2
d, produced by the capillary banks in the liquid solutions.
Capillary Water Glycerol/water 0.02% XG 0.1% XG
bank
N1 [4.9, 5.0, 5.3] [4.7, 4.9, 5.2] [5.0, 5.2] [5.5, 5.6]
dy N2 [3.1, 3.2, 3.3, 3.5, 3.6] [2.8, 3.3, 3.8] [2.9, 4.1] [3.3, 4.1, 4.6]
N3 [2.4, 2.5, 2.8, 2.9] [2.3,3.1, 3.5] [2.5, 3.4] [2.7, 3.4, 3.9]

Fig. 3.6. Bubble flow field at u, =0.07 cm/s in (a) 0.1% XG using capillary bank
N3, (b) 0.02% XG using capillary bank N3, and (c) 0.02% XG using capillary
bank N2. The images taken in the lower-, mid-, and upper part of the bubble
column have been concatenated. The column height and width presented in the
images are of size 100 x 9 cm?.

est u,, where the number of bubbles constituting a cluster is lower and
the number of single bubbles is higher compared to 0.1% XG. ag is thus
larger in 0.02% XG compared to 0.1% XG. a; obtained with capillary
bank N1 in glycerol/water and 0.02% XG are significantly lower than
those obtained with capillary banks N2 and N3. In glycerol/water and
0.02% XG, the bubbles produced by capillary bank N1 are larger than
those produced by capillary banks N2 and N3 (for the respective so-
lutions) and thus have a larger rise velocity and lower residence time.
Some coalescence is observed for capillary bank N1 in glycerol/water
which leads to formation of cap bubbles. The number of cap bubbles,
however, is low and the bubble flow is dominated by mono-sized bub-
bles.

The uncertainty in a can be calculated from the propagation of the
error formula (Navidi, 2008):

da ? da ?
2_ 99 el
(6a)” = <0aG (SaG> + <6db (Sdb> 9

2 —6a 2
- (dibaac,> + < d205db>
b
where a denotes the uncertainty in a, dag the uncertainty in ag, and
5d,, the uncertainty in d,.

Fig. 3.12 (a) shows an increase in a with an increase in u for all the
capillary banks in water. a increases as a result of the larger increase
in ag relative to d, with an increase in u,. ag obtained in water is
close to equal for the capillary banks, and the largest and smallest a are
therefore obtained by the smallest and largest bubbles, respectively. For
capillary banks N2 and N3 in glycerol/water (Fig. 3.12 (b)), a increases
with an increase in ug, where the smallest and largest bubbles lead to
higher and lower a, respectively. The low a obtained by capillary bank
N1 in glycerol/water can be explained by the corresponding small ag
and large d,. a obtained with capillary banks N2 and N3 in 0.02% XG
(Fig. 3.12 (c)) is lower compared to glycerol/water due to the larger d,,
and smaller ag. The variation in d,, produced by capillary bank N1 at
u, € [0.4,0.47] cm/s in water, glycerol/water, and 0.02% XG is within the
uncertainty in d,, and hence dy, is concluded to be independent of the
solutions for the given u,. Furthermore, a; obtained by capillary bank
N1 is equal for glycerol/water and 0.02% XG, and thus the obtained a is
equal for glycerol/water and 0.02% XG.

(10

3.4. Volumetric mass transfer coefficient

Fig. 3.13 presents k; a as a function of u for the different liquid so-
lutions. In water (Fig. 3.13 (a)), kya increases with increasing u, for
all the capillary banks. The highest k; a is obtained by capillary bank
N3, producing the smallest bubbles with the largest a. By contrast, the
lowest k; a is achieved with capillary bank N1, producing the largest
bubbles with the smallest a. Increasing the liquid viscosity negatively
affects the rate of mass transfer. As shown in Fig. 3.13, k; a obtained in
water is more than a factor of ten larger than that obtained in 0.1% XG,
0.02% XG, and glycerol/water. k; a obtained in 0.02% XG and 0.1% XG
is larger compared to that obtained in glycerol/water for all u, > 0.07
cm/s. As it was shown in Fig. 2.3, the viscosities of 0.1% XG and 0.02%
XG decrease below that of glycerol/water for 7 of 2 s~' and 10 s~!,
respectively. To relate the shear rate to u,, Nishikawa et al. (1977) pro-
posed the correlation y = IOOu:/ 2 for u, <4 cm/s and at the center of the
bubble column. The correlation by Nishikawa et al. (1977) was derived
based on fitting heat transfer coefficients measured in Newtonian and
non-Newtonian solutions. For the u,-values in the present study, their
correlation results in y € [27,67] s~!. Schumpe and Deckwer (1987) pro-
posed the correlation y = 2800u,, which was derived based on fitting
values of k; a in Newtonian and non-Newtonian solutions (e.g., XG) for
ug > 2 cm/s. Using the correlation by Schumpe and Deckwer (1987) for
the present study results in 7 € [2,13] s~!. The estimations of 7 in the
present bubble column are rough estimates as the systems and operating
conditions used by Nishikawa et al. (1977) and Schumpe and Deckwer
(1987) are different from the present set-up. However, the estimations
indicate that the viscosities of the non-Newtonian solutions are decreas-
ing below that of glycerol/water, which reduce the resistance to mass
transfer and can explain the larger values of k; a for the non-Newtonian
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Fig. 3.7. Bubble diameter as function of superficial gas velocity in (a) water and (b) glycerol/water.
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Fig. 3.8. Bubble diameter of single bubbles as function of superficial gas velocity in (a) 0.02% XG and (b) 0.1% XG.

solutions compared to glycerol/water. The rate of change of the oxygen
concentration in equation (2) is calculated based on the assumption of
homogeneous bubble flow. Thus, the computed k; a values in the non-
Newtonian solutions are associated with larger uncertainty because the
formation of bubble clusters means that the assumption of homoge-
neous flow is weakened.

For ug = 0.07 cm/s and u, = 0.29 cm/s in 0.1% XG (Fig. 3.13 (d)), the
k; a achieved with capillary bank N2 is larger compared to that achieved
by capillary bank N3. However, for u, = 0.47 cm/s in 0.1% XG (Fig. 3.13
(d)), the k; a obtained by capillary bank N3 is larger compared to that by
capillary bank N2. Increasing u, from 0.29 cm/s to 0.47 cm/s in 0.1% XG
resulted in an increase in the number of bubbles present as individual
bubbles in addition to the bubble clusters. Fig. 3.8 (b) shows that the
individual bubbles produced by capillary bank N3 are smaller compared
to those produced by capillary bank N2. With the same o (Fig. 3.11
(d)), by only considering the individual bubbles in the bubble column
with capillary bank N3, the measured a-value is larger compared to that
obtained with capillary bank N2. This has a positive effect on & a.

The clusters were expected to negatively influence the mass transfer
because many of the bubbles in a cluster are prevented from being well
exposed to the surrounding liquid. However, as previously mentioned,
the bubble clusters in the shear-thinning solutions are highly dynamic.
That is, the interchange of bubble position and the bubble cluster colli-
sions are observed to be highly prominent. The dynamic characteristics
of the flow may have had a positive effect on the mass transfer and may
explain why the mass transfer in XG was relatively high compared to

10

the homogeneous dispersed flow in glycerol/water. At a shear rate of 2
(s71), the viscosities of 0.02% XG and 0.1% XG are approximately equal.
ky a obtained in 0.1% XG is higher than that obtained in 0.02% XG. The
bubble clusters are mainly formed in 0.1% XG, and hence the dynamic
characteristics of the flow due to the bubble clusters may explain the
larger k; a obtained in 0.1% XG compared to that obtained in 0.02% XG.

The largest standard deviations of k; a in 0.1% XG were 3%, 5%, and
4% for capillary banks N3, N2, and N1, respectively. For 0.02% XG, the
largest standard deviations were 4%, 3%, and 3% for capillary banks N3,
N2, and N1, respectively.

3.5. Liquid mass transfer coefficient

k. in water is shown by Fig. 3.14 (a) to decrease with an increase in
u,. Table 3.3 provides the relative change in k; for the capillary banks in
water, glycerol/water, and 0.02% XG. The relative change in a in water
is 143%, 149%, and 54% for capillary banks N3, N2, and N1, respec-
tively. With increasing u, in water, the decrease in k; is much smaller
than the increase in a, and the change in k; a is mainly caused by a. In
glycerol/water (Fig. 3.14 (b)), k; decreases with an increase in u,. For
capillary banks N3 and N2 in glycerol/water, k; mainly decreases be-
tween u, = 0.07 cm/s and u, = 0.29 cm/s, where the relative change is
43% and 47%, respectively. Between u; =0.29 cm/s and u, = 0.47 cm/s,
the relative change in k; is 14% for capillary bank N3 and 6% for capil-
lary bank N2. The relative change in a for capillary banks N3 and N2 in
glycerol/water (110% and 122%, respectively) is much larger than that
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Fig. 3.9. Bubble size distributions in water where u, = [0.07,0.29,0.47] cm/s for capillary bank N3 (top row) and capillary bank N2 (middle row), and

ug =[0.29,0.4,0.47] cm/s for capillary bank N1 (bottom row).
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Fig. 3.10. Bubble size distributions in glycerol/water where u, = [0.07,0.29,0.47] cm/s for capillary bank N3 (top row) and capillary bank N2 (middle row), and

u, =[0.4,0.47] cm/s for capillary bank N1 (bottom row).

of ki, and thus the change in k; a is mainly attributed to a. In 0.02%
XG, k;, decreases with an increase in u, for capillary banks N3 and N2.
Bubble clusters are formed for capillary bank N3 at u, = 0.07 cm/s and
may influence the value. For capillary banks N3 and N2, the increase in
a (relative change is 110% and 122%, respectively) is much larger than
the decrease in k; , and « is thus mainly causing the change in k; a. For
capillary bank N1 in 0.02% XG, k;, at u; =0.4 cm/s is within the stan-
dard deviation of k; at u; =0.47 cm/s. The change in a (relative change
of 9%) for capillary bank N1 in 0.02% XG causes a slight increase in k; a.

11

The uncertainty in k; can be calculated by the propagation of the
error formula:

ok 2 ok 2
Sk )2 = —= sk —Ls
(0kv) <akLa La) +<aa ¢
2 2
(1 —kra
= <26kLa> + < 2 6a>

where 6k; denotes the uncertainty in k;, §k; a the uncertainty in & a,
and §a the uncertainty in a.

1D

(12)
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Fig. 3.11. Gas hold-up as function of superficial gas velocity in (a) water, (b) glycerol/water, (c) 0.02% XG, and (d) 0.1% XG.
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Fig. 3.13. Volumetric mass transfer coefficient as function of superficial gas velocity in (a) water, (b) glycerol/water, (c) 0.02% XG, and (d) 0.1% XG.
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Fig. 3.14. Liquid-side mass transfer coefficient as function of superficial gas velocity in (a) water, (b) glycerol/water, and (c) 0.02% XG.
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Fig. 3.15. Liquid-side mass transfer coefficient as function of bubble diameter in (a) water, (b) glycerol/water, and (c) 0.02% XG.

Table 3.3

Relative change in k; . The relative change is

here defined as (p,, —

Ps2)/(bs1 + ps,)/2, where

D is the value of k; at u, =0.07 cm/s for cap-
illary banks N3 and N2, and u, = 0.4 cm/s for
capillary bank N1, and p,, is the value of k; at

u, =0.47 cm/s.

Water Glycerol/water 0.02% XG

N3 29% 56% 58%
N2 33% 53% 73%
N1 19% 18% 3%

The largest standard deviations in 0.02% XG are 5% for capillary
bank N3, 5% for capillary bank N2, and 4% for capillary bank N1.

ky is shown as function of d, in Fig. 3.15. At a given u, in water, k;
is independent of 4, (Fig. 3.15 (a)). In glycerol/water and 0.02% XG, k;_
increases with an increase in dj, at a given u,.

4. Concluding remarks

Despite the extensive research on mass transfer in bubble columns,
most of the studies are performed in Newtonian solutions, where the
volumetric mass transfer coefficient k; a is determined. Only a limited
number of experimental studies in Newtonian solutions exist where the
individual contributions of k; and a to k; a have been examined, and
the number of studies in non-Newtonian solutions is even more lim-
ited. Motivated by industrial application such as bioprocesses, in which

the fluids commonly show non-Newtonian behavior, the individual con-
tributions of k; and @ on k;a should be further extended to viscous
Newtonian and non-Newtonian solutions to increase the understanding
of the complex mechanisms involved.

In this study, mass transfer and bubble hydrodynamics in Newtonian
and non-Newtonian solutions were investigated in a bubble column. k; a
was calculated from measurements of the local DO concentration. a was
calculated based on d, and a. k; was estimated by combining k; a and
a. The effects of operating conditions and liquid rheology on the mass
transfer and bubble hydrodynamics were evaluated. The data from this
work contributes to the experimental data necessary in developing and
validating multiphase models. The main findings can be summarized as:

« The designs of the capillary banks enabled production of bubbles
with a narrow bubble size distribution.

14



LK. Kure, H.A. Jakobsen and J. Solsvik

» ag and a increased with u,. For capillary bank N1, « was indepen-
dent of the viscosity. The formation of bubble clusters reduced the
residence time, hence the lowest a; was obtained in 0.1% XG.
kpa increased with increasing u, and was negatively affected by
the viscosity. The formation of bubble clusters did not have a
prominent effect on k; a. This may be explained by the highly dy-
namic bubble clusters of which the interchange of bubble position
and cluster collisions are highly prominent. Furthermore, the dy-
namic flow characteristics may affect the apparent viscosity of the
shear-thinning liquid in the vicinity of the bubble clusters more
prominent because the bubble clusters have a higher rise velocity
than small and individual bubbles. The influence of the complex
dynamic flow characteristics of the bubble clusters on the mass
transfer is still not fully understood, and further work on the mech-
anisms involved is necessary.
The relative change in k; was much lower than the relative change
in @ in water, glycerol/water, and 0.02% XG. For the investigated
operational conditions and liquid solutions, the change in k; a was
mainly attributed to a.
« At a given u,, k; was independent of d, in water, whereas k; in-
creased with an increase in d, in glycerol/water and 0.02% XG.
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Appendix A

Figs. A.1-A.3 present different flow patterns obtained with the cap-
illary banks, operated at various gas flow rates in 0.1% XG. The images
are captured at different u, to show the impact of the gas flow rates on
the cluster shapes and formation of individual bubbles. Figs. A.1 (a-c)
and A.2 (a-c) show the tendency of a horizontal orientation of the bub-
ble clusters for u, = 0.07 cm/s. When u, increases, a vertical orientation
is observed in Figs. A.1 (d-j) and A.2 (d-j) to dominate the bubble clus-
ters. The number of individual bubbles formed in addition to the bubble
clusters increases when u increases for all the capillary banks.

° 9
(2) (

LaAL
h)

Fig. A.1. Bubble cluster shapes produced with capillary bank N3 in 0.1% XG at: (a-c) u, =0.07 cm/s, (d-f) u; =0.29 cm/s, and (g-j) u, = 0.47 cm/s.
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(@ () @

Fig. A.2. Bubble cluster shapes produced with capillary bank N2 in 0.1% XG at: (a-c) u, = 0.07 cm/s, (d-f) u; =0.29 cm/s, and (g-j) u, = 0.47 cm/s.

®

Fig. A.3. Bubble cluster shapes produced with capillary bank N1 in 0.1% XG at: (a-c) u, = 0.4 cm/s, and (d-f) u, = 0.47 cm/s.
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